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ABSTRACT
TIRBULENT FLOW OF PSEUDOPLASTIC FLUIDS IN STRAIGHT CYLINDRICAL TUBES
Robert G. Shaver

Submitted to the Department of Chemical Engineering on September 30, 1957
in partial fulfillment of the requirements for the degree of Doctor of
Science.

This work dealt with the fluid dynamics, particulariy in the tur-
bulent region; of pseudoplastic fluids; that ia, fluids whose viscos-
1ty decreases reversibly with increasing shear rate, which have no
"yield value", and which undergo no time-dependent change in consistency.
These were dilute solutions of free-draining, non-associating, linear
polymers -- sodium carboxymethylcellulose, ammonium alginate, polyiso-
butylene, carboxypolymethylene. The rheological properties of these
solutions (the relations between shear stress,”T, and shear rate, du/dy,
were determined with the Merrill-Brookfield coaxial-cylinder viscometer
and with a modified Brookfield Syncrolectric viscameter (for low shear
rateg). The rheology was then exgressed mathematically by fitting to
the power-law model:“T = b(du/dy)®, where s expresses the degree of
pseudoplasticity.

These fluids were then run in laminar, transition and turbulent
flow in a pipeline flow apparatus, designed to permit measurement of
dynamic pressure drop and also impact pressure by radial traverse. Di-
mensional analysis ard laminar calculations had led to the expectation
of friction factors and velocity profiles being some function of the
exponent,s, and the dimensionless group, (DSVe~"5 o /b).8 (2(3-1/8)] ~8,
which was called the pseudoplastic Reynolds Number. Previous work
showed that in laminar flow the date follow the conventional expres-
sion for the Fanning friction factor: f = lG/Nhe, using the pseudo-
plastic Nre defined above.

The experimental studies on the particular pseudoplastic fluids
described in this thesis have shown that: (1) velocity profiles for
laginar flow follow closely the theoretically anticipsted relatics,

2/ gax, = 1 = (1-y/R)1+17B; (2) for conditions of turbulent flow the
relation of the Fanning friction factor, f, to Reynolds Number, Nge,

for hydrodynamically smooth tubes 1is not expressible by a single curve,
as in the case of Newtonian fluids in turbulent flow, but inetead is
given by a family of curves, such that at any value of the pseudoplastic
Reynolds Fumber, the value of f is lower, the greater the degree of
pseudoplasticity {the lower the value of s); (3) veiocity profiles in
pseudoplastic turbulent flow do not follcw the classic generalized
turbulent profiles for Newtonians, but rather are progressively less
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blunt as pseudoplasticity is increased. The turbulent friction factor

data has been empirically generalized by the expression: f = 0.079/(35.NRex)
where ¥ = 2.63/(10.5)%8. ‘

Photographic studies using dye injection at the tube wall and at
the tube center showed that turbulent pseudoplastic flow hes the follow-
ing characteristics compared to the Newtonian case: (1) poor overall
radial mixing, (2) thicker non-turbulent layer at the wall, and (3)
decreased formation of horseshce vortices at the wml1,

Vaass w

The proposed mechanistic hypothesis to explain the foregoing
phenomena was, briefly, & decreasing frequency of vortex formation
in turbulent flow as psuedoplasticity is increased, due to an increas-
ingly steep radial gradient of viscosity -- the latter due to the rheolog-
ical peculariety of pseudoplastics as described by the viscametric studies.

Thesis Supervisor: Edward W. Merrill
Title: Assgistant Professor
of Chemical Engineering.
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This work dealt with the dynamics of pseudoplastic {fluids as de-

e 20

termined by (1) viscometric studies and (2) pipe-line flow studies,

with particular emphasgis on the turbuleant flow regime. This type of
fluid is defined as one whose viscosity decreases reversibly with shear
rate, which has no "yield value", and which undergoes no time-dependent
. change in consistency. In general, dilute solutions of free-draining,

non-asgociating polymers and also bulk polymer melts fall into this

- catagory.

Fluids Used in Experimentation. The fluids used in this experimentation

were dilute aqueous solutions of sodium carboxymethylcellulose, ammonium

alginate, carboxypolymethylene, and polyvinyl alcohol, and dilute cyclo-

hexane solutions of polyisobutylene.

& Determination of Rheological Curves. Due to the variation in the vis-

i cosities of these fluids with shear rate, it was necessary to determine
their rheological (shear stress - shear raste) curves over a very large

range in order to include any region of behavior that could reascnably
be expected to be of importance in the subsequent pipeline flow experi-
ments. This was done with the Merrill-Brookfield coaxial-cylinder vis-
cometer (28, 30) to 20,000 reciprocal seconds of shear rate. A Brook-
field Syncrolectric viscometer modified with a coaxial-cylinder rotor

and stator was used for accurate determinations in the low shear rate

= range (0.1 to 42 sec.”l). The rheology thus determined was expressed
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2.
mathematically by fitting to it the power-law model: ‘T = b(du/dy)®,

where’TJ= shear stress and du/dy = shear rate. Obviously, s expresses
the degree of curvature of the mathematical curve,and since this cur-
vature 1is an indication of the departure from Newtonian behavior, the

éxponens, s, is a measurs of the pseudcplasticity of a fluid in question.

Power-law Expressions. Since the shear stress distribution in a tute

flowing in laminar flow is known explicitly, the flow equations for

vseudoplastics in laminar flow can be derived by assuming the power

WL -

law rheology. The resultant expressions are:

friction factor: f = [l6b/(DSV2'5 p)] . [2(3+1/s)]s /8 (20)

Poiseuille’s law: Q = izlp/éLb)l/se1T/(3+l/s)‘R3+l/s (17)
. . . _ 1/s+1

Velecity distribution: u/umax.— 1 - {1-y/R) (15)

Examination of equa%tion 20 showed it to be analogous to the Newtonian

expression:

£ = lS/NRe (21)

if the Reynolds Number was defined as (DSV2'SQ>/b)o8 E2(3+l/5)] "=,

This was called %he pseudoplastic Reynclds Number. Previous work

(13, 31, 33) had shown that the above expressions for the Fenning friction
Tactor and Poiseuille'’s law were falicwed with a high degree of precision
in laminar flow by experimental dsta. However such data in turbulent

Tlow were meager and opeén to questicn, so the flow relations for pseudo-

DPlastics in turbulent flow wers e€ssentially unknown, previous to this work.
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Pipeline Flow Experimentation. The pipeline flow experimentation in

this work was carried out in a recirculating system that could be fit-
ted with smooth-bore test sections varying in diameter fram 3/8 inch
ID to 3/4 inch ID. These test sections were fitted so that frictional
pressure drcp could be measured at various locations along the tubes
and so that impact pressure could be measured as a function of radial
position. This system was pumped by either of two Moyno pumps in
parallel which provided essentially pulse-free, positive-displacement

pumping up to 4O GPM.

laminar flow the results obtained with this system and with the
independent viscometric studies confirmed the foregoing Fanning friction
factor and Poiseuille’s law expressions, and in addition confirmed the

laminar velocity distribution expression.

Turbulent Flow Results. In turbulent flow, the friction factor-Reynolds

Number relationship was found to consist of e series of curves differ-
ing from each other in the value of the rheological exponent, s, (see
Figure 13) if the pseudoplastic Reynclds Number as defined above was
used. It is interesting tc note that increasing the degree of pseudo-
plasticity {decreasing s) results in lowering the friction factor in

turbulent flow at a given Reynoids Number.

Figure 32 containe the velocity profile data collected in turbulent
flow, expressed as velocity deficiencies and collected on one plot. In
Newtonian turbulent flow, it has been found (5) that this type of cor-
relation brings together the profiles for =211 conditions of Reynolds

Number and tube roughness onto a single curve. However, it can be seen
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that this correlation did nct bring the pseudoplastic turtulent velocity
profiles onto a single curve, bgt rather presented a series of curves,
again depending on the value of s. 1In addition it can be geern that
there is a region in the vicinity of the center of the tube in which
all the curves coincide, but this region gets progressively smaller as
pseudoplasticity is increased. In general it can be said that, at a
given Reynolds Number in turbulent flow in a smooth tube, a pseudonlastic

fluid will have a lower friction factor and a less blunt velocity pro-

file than a Newtonian fiuid.

In addition it was found that the "mixing length" distribution
curves calculated from the velocity profiles did not coincide with the

classical curves obtained with Newtonian fluids, but aiso deviated sys-

tematically with the value of s.

In view of the apparent dependence of turbulent flow behavior upon

the Reynolds Number aand the rheological exponent, s, the following em-

Pirical expression was proposed to generalize the friction factor data
in turvulent flow:

H
|

= o.o79/(ss-NRe5 ) (39)
where:

¥ = 2.63/{10.5)° (L0 )

In Figure 45 it can be seen thet this expression correlated the exper-

imental data with behaviors from Newtonian o a pseudoplasticity of

§ = C.53 with a precision of about ¢ 12%4. This correlaticn cannot be

used with fluids having an s value less than about 0.4, gince the pre-
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dicted friction factor would then be less than in laminar flow, but
possibly true pseudoplastic flu;@s with an s value lower than 0.4 may
not exist. The author has not worked with any nor have any been re-
ported in the literature that are unmistakably true pseudoplastic solu-
tions. It 1s possible to attribute a very low s value to a fluid with
a yield value, but this is a plastic and not a pseudoplastic fluid.

It has been the experience of the author that the polymers that were
used to make pseudoplastic solutions will make plastic suspensions at
higher concentrations, and using higher concentrations is the common
method of decreasing the value of s. It is felt by the author that if
rseudoplastics exist with s values less than 0.4, the observed trend
suggests that the turbulent flow characteristics of such fiuids would

closely resemble laminar flow conditions -- at least to 100,000 Reynolds

Number.

Dye Injection. Photographic studies using injection of dyed fluid at
(1) the tube wall through a wall tap and (2) the center of the tube
through a hypodermic tubing probe are shown in Figures 38 to 44. A

40 microsecond exposure was cbtained by strobe flash. Examination of
the photos of injection at the center show that the effect of turbulence
on the fluid in the core of the flow is much different in the psuedo-
Plastic than in the Newtonian case. That is, the Newtonian turbulence
produced complete mixing of the dye stream across the diameter of the
tube, but the pseudoplastic turbulence had merely distorted the dye
stream in a gross fashion. Examination of the wall injection photos

showed the formetion of turhulent eddies at the wall as "horseshoe vortices",
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which have been reported elsewhere for Newtorian flow (55)- The fol-
; lowing characteristics of turbu;ént flow of pseudoplastics can be seen,
relative to Newtonian behavior: (1) poor cverall radial mixing, (2)
thicker non-turbulent layer at. the wall, and (3) decreased formation

fﬁ of the horseshoe vortices at the wall.

Mechanistic Hypothesis. Experiments reported by Richardson (ki) have

shown that stable laminar flow velocity profiles can be converted to
profiles that are identical with the logarithmic type of turbulent
flow simply by superimposing a periodic oscillation on the flow. The

explanation proposed by Richardson involves an "alternating" form of

flow in which most of the flow occurs near the wall of the tube -- a

hydrodynamic analogy to the "skin effect" in alternating electric cur-

raseadnlieli

rent. The turbulent profile would be therefore the time-average of
the laminar profile and the superimposed alternating profile. It was
oroposed in this study that the explanation for the decreased friction

factors and less blunt profiles in natural turbulent flow of pseudo-

plastic fluids lies in a decreased natural frequency of occurrence

of the “"alternating" form of flow with pseudopliastic fluids. In turn

i this decreased frequency of alternation can be explained as due to the

4 extraordinary damping effect upon any random eddy of the radial gradient
of viscosity present in a tute flowing with a pseudoplastic fluid in

: unstable laminar flow. That is, because of the decrease of viscosity

; with increase in shear stress with pseudoplastics, there would be a

A condition of minimum viscosity at the wall of a tube and maximum vis-

- cosity at its center, where theshear siress is zero. Since the tur-
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bulent vortex in forming at the wall and travelling inward toward the
center of the tube would be encqﬁntering.apositive gradient of viscosity,
it is to be expected that an additional damping tendency on suck a vortex

would exist beyond that for the Newtonian case. This would result in de-

creased frequency of formation of vortices (comparable to decreased fre-
quency of alternation in the Richardson theory) vwhich would lead in

turn to decreased friction factors and less blunt velocity distribution.
Thus the variation of turbulent fiow characteristics with the degree of

pseudoplasticity, s, follows, because the radial gradient of viscosity

would be a function of the value of S.
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I. INTRODUCTION

Pseudoplasticity. The term "pseudoplastic” is used herein to dencte

those fluids whose viscosity (the ratio of shear force to shear rate)
decreases reversibly with increasing shear rate and which have no

yield value or time dependency. The term "thixotropic” is sometimes
used to denote these fluids (19), but it is felt that "pseudoplastic”
is the more explicit term since it excludes yield velues and time de-
pendeacy, which thixotropy can include. See Figure 1 for typical

shear stress - shear rate curves of Newtonian and various non-=Newton-

ian fluids, together with the appropriate terminology.

Pseudoplasticity is found chiefly in most polymer sclutions and
in bulk polymer melts. Industrially, it is encountered in certain
crude oils; liquids thickened with natural or synthetic resins or gums,

and in high-polymer melts.

The Conceptual Difficulty. When one is considering Newtonian fluids --

that is, those fluids whose shear stress - shear rate ratio is constani,
except chiefly for the variables of temperatiure and pressure -= one can
speak of a parameter, viscosity, which possesses a high degree of con-
stancy, or order, and hence is an extremely valuable paramater in scien-
tific and engineering work. Indeed, in the case of liquids in the range
of pressures ordinarily of interest, the pressure coefficient of vie-
cosity is negligible. But, when viscosity is variable with shear rate,

the most pressing problem s 4o decide what characterizing factors
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should be substituted for the Newtonian viscosity, M, in for instance
the Reynclds Number, DVQ /p . There is a corresponding loss of physical
significence in both the term "vi;cosity" and the expressions containing
it. It was therefore a prime purpose of this work to attempt to general-
ize the characteristics of pseuduplastic fluid flow to the greatest poe-
sible extent in order to gain a valid physical concept of the processes

by which the flow phenomena of pseudoplastic fluids take place. Theories

-
e
T
i
=
3
e
o

on the cause of the pseudoplastic rheological phenamenon (decreasing

viscosity with increasing shear) are presented in the subsequent sections.

Theories of Pseudoplasticity. It seems to be a good generalization to
say that to have pseudoplastic behavior there must be present;, in the
fluid, bodies of extraordinary sniscmetry and of considerable flexibil-
ity. Those fluids having anisametric bodies of considerable rigidity
are generally Binghsm plastics such as clay or pulp suspensions. The
types of substances which seem to best fit into the category for pssudo-

plastics are high molecular weight polymars of the linear or branched-

chain type in roughly the colloidal range of dimensions. When dis-
solved, these large molecules, dissociated from each other to a greater

or lesser dagree, are free to flex or rotate as circumstances dictate.

A nurmber of theories with varying sophistication attempt to ex-

Plain the pseudoplastic type of behavior on the basis of either me-

chanics or energy considerations.

One of the simplest and most appealing theories is exemplified by
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that of Lewis, Squires and Broughton (2ik). The long molecules, randcm-
ly oriented in the fluid at rest, ere aligned in the direction of flow
by the viscous forces of shear and disrupted fram this alignment by the
randomizing influence of thermal agitation. The balance between these
two effects results in progressively greater aligmmeat with increasing
shear, and progressively lower viscosity because of the progressively
less tumbling of the long molecules acrcss successive layers of flow.
This effect has been evaluated quantitatively by Staudinger (53) by
cansidering the long molecules &8 tumbling long rods whose effective
velume is proportional to the volume swept ocut by the rod rotating about
its center point, this effective volume corresponding to the volume term

of the Einstein equaticn of viscosity.

Molecular Coil with Hydrodynamic Interaction. In this theory, the long-

chain molecules are envisioned as forming locse coils in solution; hence
sometimes called the "necklace model" (il). The solvent in which these
molecules are digpersed is then able to pass freely through the polymer
coil. Under a velocity gradiernt the coil would be caused to rotate by
the effect of viscous forces. As gseen in the accompanying diagrem
(Figure 2) the coil would be compressed and extended along axes at

right angles to each other, and, because of the rotation, the compres-

sion and extension zoness would move around the circumference of the

coil.
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Figure 2: Influence of Velocity Gradient on Coiled Molecule.

This would cause any given segment of the coll to be exposed to a

periodically vearying force, so that the coil would then resemble &

tenk tread in motion.

As Bueche (9) points ocut, if the polymer coil Were campletely
flexible (no resistance to deformation between its links) the exten-
sion and compression of the coil would in itself not lead to pseudd=
piasticity. However;, most pclymers are not coampletely flexible.:
Owing to bond angles, steric effects of side groups, the presence of
solvating sheath, and 30 cn, the polymer chain usually scts "some-
vhet stiff" when exposed to a deforming stress. In cther words it
does not instanteneously respond o the stress by essuming & new
configuration. Consequently the campression and extension of the
polymer coil is somewhat out of phase with the shear siress communi-
cated by the solvent and +therefore the sclvent surges thrsugk the

coill leading to hydrodynamic friction. The greatest extension and
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compression of the polymer cofl occurs at the lowest shear rate. As
the rate of rocteation is incressed, the time of rotation becomes com-
parable with, and then exceeds; the relaxation time of the polymer
coil. In other vords thLe palymer coil can respond less and less ef-
fectively to the shear stress by extension and compression as the
shear rate increases. Therefore, there is less viscous loass owing
to the surge of sclvent through the cecil. This would account, in

theory, for the decrease of viscosity with increasing shear rste.

Consideration of this mechanism led to the following type of

expression (&;) for the dependence of viscosity upon shear rate:

M=(H), [1==B(du/dy)n + . . j (1)

vhere (fJ )° is the viscosity =2t zero shear rete, B is & positive
constant, and n is a constant power. Due to limited accuracy of the
data used and various other difficulties, there isg samc disagreement
on the power to use in this expression -- Bueche (9) uses & power of
1/2 whereas others use powers of 1 or 2 (41). However, Beuche for-

milates his expression with sheﬁr stress instead of shear rate.

The confusion regariing the mathematical details cf this type of
expreszion make its use of doubtful value in the extension of limited
rheological data;, for example, but the mechanistic picture behind it
seems to be & very fruitful one in terms of visualizing the mechaniem

of pseudoplasticity, quantitatively at least.
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Goodeve Theory. Goodeve (19) explains the pseudoplastic decreage in

viscosity by means of an "impulse theory”.. He conceives of a "scaf-
folding" structure within the solution and of interference occurring
when particles touch one ancther. When they touch; they atick to-
gether and shearing the system distorts the resultant links until they
are broken. The resultant impulse is the mechanism for the transfer

of momentum, and obviously the amount of momentum transfered will de-
pend on the length of time the force has been applied =~ that is, the
life of the link. The strength of such a link i3 independent of shear
rate, but the rate of link breakages {rate of impulses) i3 proportional

to the shear rate.

However, there is also the possibllity -7 reduction of particie
size with shear -- an effect which would reduce the total force trans-

mitted.

In the case of pseudoplastics, the net result of the multipli-
cation of the impulse rate by the average impulse, taking into account
any breakdown in particle size, must be & less than proportional in-
creasgse in the shear force with shear rave. This can be visualized as
a disentanglement of long molecules by the shearing action. Thus
the chief difference betwe=en Newtonian and non-Newtonian fluids is a%-

tributed tco shear influencing the sverage life of a iink in the latter

caze,

The Goodeve <heory gives mathematical results that will describe

the rheclogy of melscules which associazz {by hydrecgen bonding) in
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solution. It does not give an accurate representation for molecules

like polystyrene, polyisobutylene,  end the polyelectrolytes which do

not associate.

Absclute Reaction Rates. An interesting treatment of liquid viscosity

in general is that involving the theory of absolute reaction rates,

as proposed by Eyring (LQ). It involves the conception of a liquid as
matter made up of molecules bound together and of holes moving about
through this system. Since flow of & liquid is a rate bProcess, the con-

cept of absolute reaction rates should apply.

In the process of flow, a moizcule will move from one equilibrium

position to another if there is a hole for it to move into. The pro-

duction of such a "hole" requires the expenditure of energy in pushing

back surrounding molecules. Hence the movement of a molecule fram one

equilibrium position to another can be thought of as movement through
& potential energy barrier, since any intermediate position would possess
more free energy than either equilibrium position. In a atatic liquid
this potential energy barrier is a symmetrical one, and there would be

20 greater tendency for a random moleculs to move in one dirsction

than in another. However, if flow were imposed on the gystem the poten-

tial energy barrier would be so distorted as to produce a lower free

energy state in a site farther downstream. In all cases, however, there

would be involved an energy of activation in going through the potential

energy barrier. This sort of consideration leads to a viscosity - tem-

Perature relationship of the sort:
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’J-=BeE/kT (2)

where B and k are constants, E is an energy term and T is absclute

temperature. This fits the known experimentsl facts well..

Also developed from this line of reasoning is the following

general reletionship between viscosity and shearing force:
P o= ()\lf)/[2>\K sinh (f)\2>\3 N\ /2kT) {3)

in which the lambdas are distances involved in the molecular move=

ment and f is the shear force.

In the case of ordinary viscous Newtonian flow et shear forces
of the order of 1 dyne per sq. cm. or less, the term 2 kT is much

greater than the term fX2>\3)\ . making possible the simplification:
= { A\ KT) 2 L
Po= OB/ OGN N (&)
in which there is no dependence of viscosity on shear force.

However, in the case of non-Newtonian fluids, the value of f
is very large due to the relative rigidity of the system and so
f)\g)\3>\ 1s approximately equal to, or greater than, 2kT. This leads

to an expression of the fcrm:
PRI o% (s)

in which A, a and b are constants. This expression now predicts

that the viscosity is & function of shear force 5 &8s is required by
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non-Newtonfan fluids. Also this expression predicts that the vis-
cosity should decrease with increasing shear force. Limited exper-
imental evidence with solutions of milled rubber, polystyrene and

polyisobutylene tends to confirm this expression (18, 43, 48).

Since the rheeological equation based on the above development:

B ORI

shear rate = ()\/)\1) 2k'sinh & f (6)

is quite complex and has the additional disadvantage of having no

term with the dimensions of viscosity, it is felt that the eppli-

cation of it to engineering correlations would be too cumbersome

to yield much information.

. Power Model of Rheology. Empirically, the shear stress - shear rate

curves for pseudoplastics have been found to fit the mathematical

model:

T =1v (au/ay)® (

-3
Nas”

over large ranges to very good precisiorn (2, 3, 6, 11, 13, 15, 31,
33, 34, 35, 60). In form it is strictly analogous to the Newtonian

equation:

T = M (aw/ay) (8)~

and reduces to it when s iz unity. For the pseudoplastic type of
fluid, & would be expected to lie in the range from one to zero in

order to effect a decrease in consistency with increase in shear rate.
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This has been experimentally verified (2, 6, 11, 13, 15, 33, 34, 35).
HAowever, in the range of s values gresater then one, the consistency
would increase with Iincreasing sﬁenr rate -=- a type of tehavior that
is called diletant. This is completely different phenomenon and 1is

not included in the present investigation.

One very convenient feature of this empirical expression is
the dimensionless exponent, s, which sets mathematically the cur-
vature of the shear stress -~ shear rate curve. Since the curvature
of the curve is a measure of the degree of pseudorlaztic behavior
(Newtonian is straight, highly pseudoplastic is highly curved), s
is then a measure of the degree or pseudoplasticity in dimension-
less form. As s decreases from unity, one would expect pseudoplastic

behavior to increase.

Criticism has been directed at this type of expression on several
eccounts (20): that it is empirical; that there is no parameter in
it with the dimensions of viscosity when s is different from unity,
and that it gives no mechanical picture of the cause of pseudoplas-
ticity. It is felt by the author that the lack of & parameter with
the dimensions of viscosity may be & blessing in disguise, sin:e the
term "viscosity” implies a degree of order (constancy) that is not
present with pseudorlastic fluids. Therefore, thers 18 some justi-
Tication for the power model from the negative point of not intro-

ducing a viscosity term that could be misinterpreted by casual *%resi-

mnent.
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Even though the power model gives no picture of the mechanics
of pseudoplastic behavior, this is only an academic disadvantage at
the present state of the art sincé ell expressions, theoretical or
not, presently require rheologicel studies to determine the factors
involved. None can use strictly non-rheological data (e.g2. molecu-
lar weight, refractive index) to predict a rheological curve that
is useful even for engineering purposes. Thus the theoretical exX-
pressions suffer the same disedvantage as the empirical ones -- need
for explicit rheologiczl deta -- but the resultant simplicity of the
empirical power-law expression seems to hold the greatest promise

for preactical epplication.

Therefore, the analyses of pseudoplastic fluid-flow behavior car-

ried out in this work were based on the Power model of rheology.

Dimensional Anelysis. Since there is no paremeter in the power model
of rheology with the dimensions of viscosity, it is not immediately
obvious what expression should be used, for instance, in the place

of the Reynolds Number in attempting to generalize fluid flow con-
ditions. However, by 2pplying the techniques of dimensional analy-
sis to the case of pipe-line flow and realizing that the same fac-
tors would pProbably affect pseudoplastic flow as Newtonian flow, the
conclusion is reached that the dimensionless pressure drop (Fanning
friction factor, f) should be some function of the rheological ex-

ponent, s, and the dimensionless groug, DSV2°SG>/b. Expressed .sym-

?i bolically:



£ = (s, D‘Vz"@/b) (9 )

for any steady mode of flow.

Ingpection of the above dimensionlessg group shows it to be an-

alogous to the Newtonian Reynolds Nukber, and reduces to it whem g = 1.

Similarly, when dimension analysis is carried out with regpect

to the velocity distribution, the following conclusion is reached:

u, = (s, D'Vz"g /v, ¥/R) ( 10)
where uR is some reduced locel velocity such as u/u-nxinun; and y/R
is the dimensionless distance from the wall. The mext step is, there-
fore, to define these functions explicitly for the lsminar case, where

the shear stress conditions are known explicitly.

Laminar Pseudoplastic Flow. 1In the case of laminar flow, the energy

dissipaticn is all by the mechanism of viscous shear and transient
eddy effects are not present. Setting up & force balsnce on a cyl-
indrical Plug of fluid flowing concentrically in a tube (see Figure 3)

regults in:

Ap.1Tr2 = T.297r.L (11)

which defines the radical ghear gtress distribution. Bringing

—

P+AD [ ) flow —p

-‘-—’T’
Figure 3: Slug of Fluid Flowing in a Tube
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in the rheological power-law medel results in:
T = (Ap/2L).r = b (du/dr)® (12)

Therefore the radial distribution of velocity gradiemt is:

du/dr = (Ap/eLb)l/'- /8 (13)
Integratioa yields the fellowing velocity distribution:
u = (Ap/2Lb)l/s. (1 + 1/8)-1.(RL/8+1_;1/8+1) ( 14 )
Reduced te dimensieonless form it becomes:
1/8+1
u/u!‘x, =1 - (l-}'/R) ( 15 )

Evidently, in laminer flow, the function is dependent en s and y/R
arnd indeperdent of D'Va"§>/b; this is amalogous to the Newtcaian
cage im which the laminer velocity distribution is a function of y/R

only and imdependent of Reynolds Number.

Of ceurse, the abeve velocity distribution reduces to the Rew-
tonian distribution when s is unity, and of interest is the fact that
the predicted velocity distribution for a Pseudoplastic condition is
& higher power than 2 of the radisl position, leading to a more bluamt
drofile than in the Newtonisn cage. Por example, if 3 = 0.5, thea

the profile is a cubic ingteed of a parabolic one.

Laminar Friction Factors. In order to find the expression for the

pressure drop as a function of the average velocity, the following
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relates the local velocity with the average velocity!

TRV = /g(u-eﬂ'r)dr

(16)

Substituting equaticn ( 14 ) into the above expression and subse-

quent integration ylelds:

T2 = (ap/210) Y5 17/(3+1/s) .232/8

(17)

which 1s the pseudcpiastic form of Poisesuille’s Law, and reduces to

the conventional one when s = 1. The following expression defines

the Fanning friction factor (f):
Ap/L=f eVE/R
Substituting the above into equation ( 17 ) yields:
£ = (2R)5(V)*"% ()M (3+1/8)° (b)(2)%*
Rearranging:
f = {16b/(nsv2‘°9)] .28/8+ (3+1/8)"
which is analogous tc the Newtonian friction factor curve:
f = lG/NRe
if the pseudoplastic Reynolds Number is defined as follows:

Ko, = (0" ®o/b) . 8 {2(341/s)] "

ag

The latter half of the pseudoplastic Reynolds Number, which

(18)

(19)

(20 )

(21)

(22)

is a
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function of s only, is hereafter called @(s) for the sake of simplicity.

Thus:
#(s) = 8 [2(341/8)] ® (23)

Turbulent Pseudoplastic Flow. In the cage of laminar flow, explicit

expressions for pressure drop and velocity profile as functions of s
and a Reynolds Number or radial position were cbtained because the flow
equation is known explicitly. However, turbulent flow involves tran-
slent effects that prohibit rigorous mathematical treatment beyond the
stage of setting up differential equations even in the Newtonian case.
However the conclusions arrived at by dimensionail analysis are st1l1l

valid in turbulent flow:

£ = £(s, DEV2-5g /o) (s )
ug = w.(s, DSV2-8g /b, y/R) ( 10)

Since the mathematical treatment of laminar flow has Yielded a dimen-
sionless group, st2'9€»/b . #(s), that can easily be called a Reynolds
Number in laminar flow, it seems reasonable to continue using thig

same grcup in the turbulent regime even though the dimensional analy-
8is does not imply that the same function of & will apply in both flow
regimes. Indeed it would be very extracrdinary if such were the case,
and it was one purpose of this work to find out how friction factors

and velocity profiles vary in the tufbulent regime with variation in

S.

Since the flow conditions derived from the power-law model in
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laminar pseudoplastic flow resemble, by analogy, the flow conditions

Tor Newtonlan laminar flow, and since the expreasion for friction
factor vs. Reynclds Number and the one for Poiseuille's Law have
;f been experimentally verified (13, 31, 33), it seems that this type

f; of analysis applied to systematic data taken in the turbulent pseudo-

plastic regime should constitute a good test for the generality of

the classical correlations of turbulent flow conditions that have

been developed with Newtonian fluids (e.g., the turbulent f vs. L

3 curves, "universal” turbulent velocity profiles, velocity deficiencies,
; and mixing lengthsj. Therefore, another purpose of this work was to
: test these classical means of generalizing turbulent flow by system-
{ atic experime.vacion with pressure drops and velocity profiles in the

turbulent regime with fluids of a variety of degrees of pseudcpiasti-
city.

Classical Turbulent Flow Correlations. The first empirical mathemati-

cal expression for the friction factor, Reynolds Number data for smooth

1
L
L R T Na Sy 03

tubes in turbulent flow with Newtorian fluids was proposed by Blasius

after collecting all availatle data {5, 42). This expression wus:

D | R g e

£ = 0.079/(N, )% ( 2k )

The data that Blasius used extended e 1C0,000 Reynclds Number and is

5t1ll used for smooth <ubes in rzgion of 10,000 to 10C,000.

Upon the attainment of data Lo the region of 1,000,000 NRe’

Nikuadse proposed the following empirical correlation {53

£ = C.00080 + 0.0552/(1‘{3‘:)0’237 (25 )
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It is to be emphasized that these correlations are empirical and have

been arrived at on the basis of iata on Newtonian systems.

Universal Velocity Profile. In following the fruitful path of deal-

ing with dimensionless retios and thus abstracting the physical phenam-
ena from absolute values (dimensional quantities), Prandtl suggested

two ratios that have been of great value in Newtonian systems (2):

ut = u/u { 26 )
*
: / {27)
Yy = YP*§> M T
The former is the dimensionless local velecity involving the concep®

of "friction velocity", dafined as:
(28 )

The second expression 1is a "friction distance Reynoclds Number," involv-
ing the distance from the wall and the friction velocity. Experiments
by Nikuradse show that the velocity profile in the core of %urbulent

flow in tubes followsz the expression {5, 21):

ut = 5.5 + 5.75 log y (29 )

This verifies the semi-logarithmic shape commonly associated with
“urbulent velocity profiles. At values of y+ less than about 40,
the data deviatz from the above expression; and this is generally
taken to be the regiocn of the buffer and laminar layers that are hypo-

thesized to be in the vicinity of t<he wall in turbulent flow.
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Velocity Deficiencies. On the basis of data of velocity distributio=z

in turbulent flow, it came to light that the shape of the velocity
curve in the core of the flow seemeé to be the same for a given con-
dition of shear (e.g. constant wall shear stress) and, with this re-
striction, independent of the throughput rate, roughness, etc. (5).
The effect of roughness seemed to be limited to the region in the

vicinity of the wall, affecting the laminar layer thickness, but the

gradient remained constant. Von Karman deduced from these obser-

vetions that a "deficiency velocity”,-defined as upax.-u, should be

a function of the friction velocity, '\/"T'_w /@ , and of the relative

distance, y/R, only. If this were so, then there should be some func-
tion:

(umax.-u)/u* = function(y/R) ( 30 )

This assumption was confirmed by Nikuradze's experimentation which
found a unique curve of relative velocity deficiency vs. y/R under

variable conditions of roughness and flow (2), with fluids of Newtonian

properties.

An interesting feature of this type of correlstion is the fact that,
calculationally, it does not involve the use of viscosity in any form.
Hence the Possibility exists that it can be useful in correlating pseudo-

plastic turbulent profiles without making any assumption or approxi-

mation with regard to the rheology.

Mixing Lengths.

Since the local situation in turbulent flow is that of

fluctuating velocity components, both radial and axial, it ig clear



26.

that radiel transport of momentum can be accomplished by a particle
of fluid moving from a lamina of a certain momentum level and embed-
ding itself in anether lamina of differing momentum level by means

of the radial fluctuating velocity component. On the average, the
radial velocity is zero in normal tube flow, but the intensity of the
fluctuation about this mean clearly influences the degree of energy
dissipation and diffusicn of mass by the turbulent precess. Ir an
attempt to express this quantitatively, Prandtl introduced a length
parameter, 1, called the "mixing length", which represents the radial
distance traveled by a particle moving in a transient fashion before
it becomes embedded in another layer and loses its identity (5, 20).

Mathematically, it is expressed:

1 = u'/(du/day) (31)

Wwhere u' is the axial velocity component transported by the radial

movement and du/dy is the local velocity gradient.

Reasoning that this axial velocity component is of the same order
of magnitude as the fluctuating radial velocity component led to the

"Prandtl equation”:
2
T = 01%(ay/ay) (32)
and since shear stress is linearly distributed:

1-du/dy = u, V1-y/R ° (33)

fixing the interdependence of the velocity distribution curve and the
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distribution of mixing lengths.

Applying this relation to the data of Nikuradse led to a sgeries
of curves of mixing length radial distribution that appeared to ap-
proach a limiting curve with increasing Reynolds Number (2) suggesting
& concept of "fully developed turbulence" in which there is a constant
mixing length distribution. By making the mixing length relative, 1/R,

the curves were generalized for tubes of varying diameters.

Subsequent reesoning by von Karman (i, gg) led to the conclusion
that the ratio of consecutive derivatives of the velocity should be

proportional to the mixing length, e.g.:

1 = k(du/dy)/(aPu/ay?) (3% )

This factor, k, was considered to be = universal consteat for fully de-
veloped turbulence and to have a value of about 0.k, In the region
near the wall of the tube, the values of y and dy nearly coincide.
Since the ratio (du/dy)/(dzu/aya) 1s equivalent to dy, the equation

(34) becomes, in the vicinity of the wall:

1 = ky (35)

Thus the value of the constant, k, can be easily determined as the

slope at the wall of the radial mixing length distribution curve,

Hence an obvious course to follow in this work was to determine
if the constant, k, also had the same value in the turbulent flow of

Dseudoplastic fluids, and also to see if the whole mixing length dis-
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tribution curve for a pseudoplastic case coincided with that for New-

tonians.

Prior-Art Correlations with the Power Model. Friction factor data in

laminar flow for pseudoplastics have been correlated in different ways
by Weltmenn (60) and Metzner and Reed {33) using as a basis the power-
law expressicn of rheology. Generality of the correlation was claimed
for both laminar and turbulent flew regimes and for non-Newtonian
fluids in general, but the meager amount of data svailable in the tur-
bulent regime and the uncertainty of the rheological character of some
of the liquids tested (i.e. whether plastic or pseudoplastic), throw
doubt on the accuracy with which the proposed correlations (33, 60)

can be extrapolated into the turbulent regime.

Weltmann Correlation. In this correlietion, the friction factors were

plotted against a Reynolde Number, DVg/viscosity, in which the vis-
cosity is an "apparent" viscosity for pseudoplastics determined "at
the flow condition that exists in the pipeline®. Since there ars an
infinite number of flow conditions present in a pipeline from wall to
axis, it is not at all cbvious haow this "apparent" viscosity is deter-
mined in a consistent and dustifiable manner. Nevertheless, the re-
sultant correlation is a seriss of curves parallsl to the Newtonian
laminar flew curve which vary with a "struciure number” ; N, which is

actually the inverse of the exponent in the power-law model, equation

(7).

In this correlation the Pseudoplastic turbulent flow friction

factor curve is the same one as the Newtonian friction factor curve,
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but begins at the point where the appropriate laminar friction factor

curve intersects it. This results in an increasing Reynolds Number of

s transition with increasing pseudoplasticity,; a maltiplicity of curves
in the laminar region, and a single curve in the turbulent region based
or a limited amount of data of other workers in the turbulent region

(60).

Metzner and Reed Correlation. After exploring the possibilities of

correlations by means of apparent viscosities (32), Metzner, together

with Reed, (gi)concluded that the most fruitful approach was the use
of the pseudoplastic Reynolds Number based on the power-law model,

st2‘59>/b . #(8). By reworking the data collected fram various sources

ir the literature on not only pseudcplastic but alsc true plastic fluids,

the single curve of:

f = 16/N (21)
Re
in laminar flow was confirmed, the Reynclds Number being substantially

the one defined in this thesis {squatior 22).

In turbulent flow, the data did not contain any pcints made with
recognizably pseudoplastic fluids (33) and the conclusicn was resched,
in spite of thia, that the end of the laminar region was attained at
a friction factor of 0.008 (Nﬁe = 2000) and that the transition region

extended from 2000 to 70,000 Reynolds Number!

ile the confirmation of the laminar flow pseudoplastic correlation

based on the power-law model was gratifying, the complete lack of data

SR O IR
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on true pseudoplastic fluids in the turbulent regime indicated the

desirability of the investigation reported in this thesis.

The Rheological Problem. Since the viscosity of a pseudoplastic

fluid varies with shear rate, there is a practical problem involved

in arriving at the rheclogical curve, and the problem becames in-
creasingly acute with increasing curvature of the curve. This is due
to the difficulty in getting a single value of shear rate in the vis-
cometric apparatus under a given set of conditions. For example, in
the capillary viscometer, the shear rate varies from zero at the center
of the tube to some maximum at the wall, there are end effects and,
with certain types; the flow varies with time. All of these factors
make the analysis of the data from a capillary viscameter difficult

at best and puts a dependence on approximation and the assumption of

the rheological form of the fluid being studied {29).

Anotber common type of viscometer, the coaxial, rotational type
exemplified by the Stormer,Couette and MacMichael viscometers (29, 52)
have a shearing snnulus of substantial width which necessarily involves
a variation of shearing rate acreoss the annulus. In addition there is
en end effect in that the annulus is not bottomless and there is shear
taking place on the bottom surfaces of the rotor and stator. This,
%00, places a practical difficuity in the way of determining the true
rheological curve of a given pseudoplastic fluid. Further, the upper
1limit of shear rate measurable by these instruments is relatively low

because, owing to the wide gap, turbulence is readily established at
low rctaticnal speeds.
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A third common method of measuring viscosity is with a falling-

ball instrument. The terminsl velocity of the descending ball is

3
i
i
.‘VY

measured and, frem this, the dimensions eof the apparatus and the den-

sities involved, the viscosity is calculated by the application of

4

'ﬁ Stokes' Law. The difficulty here with respect to non-Newtonian systems
;§ is that the shear rate varies within the instrument from zero in the

| main body of the fluid to some maximum at the surface of the ball,

i

% Unfortunately these types of viscometers in which the problems

of variation in shear rate are the most acute, namely the capillary

_,\J: o

and falling-ball viscometers, are the ones mest often used in indus-
g trial practice to determine the viscosity of non-Newtonian fluids.

In effect what is happening is that a "viscosity" is calculated which,

if the fluid were Newtonian, would be +the true viscosity, but which

actually is some value averaged by some means over s very large and

SpE PR e

uncontrolled range of shear conditions. Any change in these shear

conditions, such as changing an instrumental dimension; would result
in the

calculation of a different value for the "viecosity" of the

B | S

fluiqd.

Hence any rheological curve determined by one of these instru-
@*ments Wwould necessarily vary with the dimensions of the instrument
jzunlesa some very great liberties were taken in

>

interpreting the, as
iyet unknown, final form of the rheology.

i
i
T
B
‘§
1

Modifications of the Classical Coaxisl Viscometers. The short-comings

ﬁof the classical forms of
1

the coaxial cylinder viscometer when used
“with pseudoplastic fluids are:
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(1) variation in shear conditions across the annulus
due to its finite width, ,
(2) end effects due to the necessity of containing the
fluid being tested, and
(3) an upper limit on the range of shear rates pos-
sible due to the onset of turbulent flow, usually

-1
in the range of 50 to 200 sec. =~ (26).

It is possible to minimize these shortcomings by the simple expedient
of minimizing the annular width, with the exception of the end effects.

To eliminate this defect, the annuwlus must be made bottomless.

A problem introduced by the production of very high shesr rates
is that of maintaining isothermal conditions. Clearly the reduction
in the annular width of a coaxial cylinder viscometer must then be
accompanied by some form of temperature control, since high shear

rates Infers high energy dissipation.

The advaentages of this form of viscometer lie mainly in its po-
tentials of (1) producing nearly unique shear conditions in the in-
strument and (2) controlling the shear rate over a wide range simply

by varying the speed of the rotor.

NACA Automatic Viscometier. One viscometer built for the NACA to over-

come the difficulties encountered in non-Newtcnian viscometry has
been reported by Weltmann and Kuhns (59). The features cof this vis-

cometer are: less than 15% variation in shearing stress across the
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annulus, rates of shear up to L0OOO sec.'l, autamatic programming and
recording of the shear stress - sheér rate curve, constant-temperature
bath to minimize temperature increase due to shear, and precise align-
ment of the rotor and stator. This machine tends to minimize the end-

effect but does not eliminate it altogether.

The Merrill-Brookfield Viscometer. The viscometer to be used in this

study is the coaxial-cylinder viscometer designed by E.W. Merrill and
built by the Brookfield Engineering Co. (28, 30). It, too, is designed
to overcome the difficulties involved in non-Newtonian viscometry. The

features ¢f this apparatus are:

(1) 1less than 0.5% variation of shear stress across the
annulus,

(2) vottomless annulus, shear occurring only between the
cylindrical surfaces,

(3) water jacketed stator and cored rotor, providing tem-
perature control of both shearing surfaces,

(4) rates of shear up to 20,000 sec.'l, with no turbulence,

(5) automatic variasble programming and recording of the
resultant shear stress - shear rate curve,

(6) eair bearings to minimize bearing drag and meke pos-

sible the testing of fluids of low viscosity.

Since the annulus is 0.006 inches wide, the bottomless annulus is pos-
sible, the fluid being held ur by capillary action. Fluids with vis-

cosities as low as that of water can be run in this apparatus with
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careful technique. See APPENDIX A for details of this apparatus.

Modified Brookfield Syncrolectric Viscometer. Another viscometer was

used in this work to obtain rheological data at very low shear rates
(0.1 to 4O sec.-l). With the fluids studied, the background noise
signal would make reliable iuterpretation of the Merrill viscometer
data at very low shear rates impossible. Therefore a coaxial cylinder
viscometer was furnished by the Brookfield Engineering Co. which con-
sisted of the standard Syncrolectric viscometer head with an 'attached
rotor bob immersed in an annular cup. The result was a double eannulus
with practically no end effect. The viscometer necessarily produced

stepwise changes of shear rate; giving discreet point values on the
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rheological curve. The details of the canstruction o

are given in APPENDIX A,

The main purpose of this viscometer was to determine whether or

not pseudoplastic materials become Newtonian at very low shear rates.

"S1lip" at the Wall. There was an additional topic of interest that was

borne in mind during this investigation, that of "81ip" of the fluid
at the wall of the tube. Behind this is the piloneering work of Bing-
ham in the field of plastic fluids (20). He developed the concept of
"yield value" for these materials to explain the anomalous results
that had been cobtained in capillary tubes, and as a consequence these
materials were named for him -- Bingham plastics. The natural consee~
quence of a material with a yield value flowing in a tube is the form-

ation of a layer of mobile material in the vicinity of the wall where
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the shear stress is high, and the remainder of the material in the

core of the tube acting as & solid: -- so-called "plug flow". This
situation results in all the velocity gradient being carried in the
layer near the wall -- hence a very blunt velocity profile is the

case.

Further work by R.J. Richardson (45) has shown that with paper
pulp slurries, which are plastic fluids, that there is formed a
layer at the wall which is deficient in pulp particles -- essentially
a layer of pure water -- and that most of the gradient occurs in this
layer, resulting in very unusual flow characteristics. Since it seems
reagsonable that the effect is that of the DPresence of the wall pre-
venting the relatively large pulp particles from being at the wall in
main-stream concentration; others -- notably Toms (56) and Oldroyd (38) --
have rationalized that the same effect could occur with pseudoplastic
fluids since they contain rather large molecules. Therefore, they set
up mathematical expressions by which they felt this effect could be
demonstrated in laminar and turbulent flow. Experiments (38, 56) were
conducted and the results interpreted to show that such a "glip" layer
does exist. In both cases the anomalous character of the flow character-
istics of pseudoplastic fluids supported their theory. For instence,
in the case of turbulent flow, the reasoning was, in effect, that the
presence of a slip layer would lead to lower pressure drops than would
be expected from the normal degree of turbulent energy dissipation
found with Newtonian systems. Since lower Pressure drops in turbulent

flow were found, the theory was supposedly Justified.
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Dakekien and Engelken (13) carried out a test of their own in
laminar flew to detect the presencé of & slip layer, and they came
to the conclusion that no such effect existed appreciably. Rather,
the flow rate - pressure drop relationship wes closely that to be
expected on the basis of the power-law model of rheology (equations 7,
17). Unfortunately, no such independent test of the contention of slip
at the wall in turbulent flow had been reported up to this present work,
80 one of the obJjecis of this experimentation was the confirming or
the denying of the contention of slip at the wall in pseudoplastic
turbulent flow. A very simple method of determining this was to com-
pare the pseudoplastic turbulent velocity profiles with the corres-

ponding Newtonian ones -- slip at the wall weuld necegsarily result

in a more blunt profile than Newtonian, as was demonstrated above.

Problem Restated. On the basis of the work done in prior studies and

the deficiencies revealed, the following problems were investigated

in this work:

(1) the form of tne friction factor vs. pseudoplastic
Reynolds Number curve(s) in turbulent flow,

(2) the accuracy of the theoretical laminar pseudoplastic
velocity profile,

(3) the form of the turbulent pseudoplastic velocity pro-
files,

(4) the generality of the classical turbulent flow cor-

relations, such as mixing length, velocity deficiency,
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(5)

(6)

and universal velocity profile,

the determinatien of reliable rheclogical curves
for these fluids, with which te obtain the desired
generali;ations, and

the determination of the presence or absence of an
anisotropic "slip" layer at the wall of the tube

with pseudoplastic fluids.

37.
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II. PROCEDURE

Apparatus. There were two main types of apparatus invelved in this
experimentation: the vigcometric apparatus to determine the shear
stress - shear rate curves, and the pipeline flow apparatus to de-
termine friction factors, velocity profiles and dye stream behavior

as functions of flow rate and tube diameter.

The chief viscometric aproeratus was the Merrill-Broekfield
viscometer (described in detail in APPENDIX A), a bottomless, co-
axial-cylinder, retational viscometer producing a centinucus plot
of shear stress versus shear rate from O to 20,000 reciprocal seconds.
A second viscometer, a modified Brookfield Syncrolectric with annular
cup and cylindrical beb (also described in detail in APPERDIX A),
was used to obtain asccurate deta in the low ghear rate range of 0.1

to 40 reciprocal seconds, stepwise.

The pipeline flow apparatus (Figure L4) consisted of a recir-
culating system containing: replaceable test section, reservoir, heat
exchanger, bypass and positive displacement pumping. The pumps were
&ML and 3L2 Moyno pumps which were driven by & 7.5 P shunt-wound
DC motor with shunt field control and an AC U.S. Varidrive, respectively.
The input speed to each of the pumps was monitored continuously by
meens of DC tachometer generators driven off the pump shafts and de-
livering voltage signals to voltmeters. The pumps were joined in

parallel in the recirculating system, pProviding calibrated flow rates
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that were continuougly variable up to 4O GPM.

Static pressure taps were carefully machined into the walls of
the various test section tubes at intervals of 3C inches, the closest
one to the entrance being 8.5 feet downstream. This provided a series
of five pressure taps, across any combination of which the pressure
differential could be measured. The taps were in no instance larger
than l/lO the diameter of the tube they were in, and the largest tap
used was 1/16 of an inch. The tubes were stainless steel and sec-
tiens ef 1/L4 inch copper tubing was silver-soldered over each tap to

connect it with the manameter system.

The impact-pressure traversing mechanism was designed and built

by the author (see APFENDIX A for details). Its main features were:

(1) positive continuous location of the probe in the tube
by means of a micrometer mechanism,
(2) detection of wall position by means of an electrical

circuit and an insulated probe,

~
w
~—

great structural rigidity in the probe, together with
small diameter of the probe tip -- accomplished by the
"nesting" of sections of successively smaller diameter
hypodermic tubing, the tip being 0.025 OD and 0.013 ID,
and,

(4) minimum disturbance of flow using a simple impact tube

and a weall tap.
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Viscemetric Data. The fluid to be tested was injected into the Mer-
rill viscometer and several plets of shear stress vs. shear rate were
cbtained from zero ‘o maximum shear rate and back agaein. Then where
applicable, the fluid was tested in the medified Brookfield viscameter
at the same temperature and the data frem beth viscometers put on a

cemposite rheological plet.

Friction Facter Runs. With the appropriate test sectien in place, the

fluid was circulated until the proper temperature was attained. The
run was then made by proceeding stepwise from the lowest to the highest
flow rate and then beck again. Manometer displacements, temperature,
pump RPM and observatiens of the stability of the flow were made at

each flew rate.

Velocity Profile Runs. With the appropriate test section in place and

the impact pressure traversing device affixed thereto, the fluid was
circulated at the chosen flow rate until the proper temperature was
attained. The position of electrical contact of the probe tip with
the tube wall was noted. The run was then conducted by traversing
stepwise from the approximate tube center toward the tube wall until
the wall was contacted by the probe tip. Generally this was dore in
steps of 0.025 inch. Then the probe was returned to the center and
traversed as far as possible toward the opposite side of the tube.
At each position the manometer was allowed to come to rest and the
displacement noted. Periodically, the displacement of the fricticn

mancometers were noted. The technique developed te prevent fouling of
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the probe tip by the entry of the high polymer slurry was as follows:

The manometer line from the probe tip to the manometer
was maintained full of pure solvent {water or cyclohexane).
Because the golutions were so dilute, there was ne appreci-
able density difference between solution and solvent. To
maintain pure solvent in the line, solvent was injected inte
this line befere taking a reading, and thez manometer dis-
Placement therefore always decreased to the steady reading.
By this expedient the probe tip was kept clear of feuling
by the flew of pure selvent through it up to the moment of

the steady reading.

It was found early in this investigation that any attempt to obtain an
impact pressure reading by the usual method of allowing the fluid to
enter the prebe tip would resuit in almest instantaneous Plugging of
the probe, despite the fact that these fluids have no discernible gel

point of macroscepic particle size.

Coincident with the impact Pressure reading, temperature and pump
RPM were noted. The temperature and pump RPM were, of course; held as
constant as possible during the course of one run, generally less than

one percent variation was encountered.

Dye Injection Runs. The dye injectien experiments consisted of inject~

ing a small ameount of Pigmented test fluid at one of several positions

in a 3/L" ID Lucite tube and the dye stream observed visually and photo-
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graphically by means of a shert-duration flash. The two main points

of injection used were: ‘

1. centrally lecated at the entrance of the Lucite
test sectien by means of an 0.025 inch 0.D. hypodermic
tube, 185 diameters upstream of the point of observation.
2. through a wall tap lecated at, or slightly above, the

point of observation.

The injection was centrelled by a hypodermic syringe compressed by a

crank and screw-thread mechanism.

The purposes of the two above injection vositions were to observe
the effect of turbulence on (1) the fluid in the core of the tube and

(2) the fluid at the boundary of the tube.

The photographic equipment used was a Leica model IIIc with 50 mm.
Summar lens or 135 mm. Hektor lens fitted with an aporopriate amount of
extension tubes on a Focaslide attachment. The shutter of this camera
was synchronized to the flash of a General Radio Corporation Strobolume

of LO micro-second flash duration.
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III. RESULTS
The problem of determining the characteristics of pseudoplastic
turbulent flow fell inte two areas: (1) the determination of the
rheological curve for the fluid in question by means of the Merrill
and the modified Brookfield viscometers, and (2) the pipe-line flow
experimentation. Therefore, for clarity, the results presented in

this section will be grouped into these two main categories.

A. Rheological Curves

Figures 5 to 9 present the high ghear range rheological curves
for the fluids studied as determined by the Merrill viscometer. Since
this machine gives a curve rather than discreet data points, these
results have been plotted as continuous curves with the limits of
the spread of successive curves indicated. The curves are cut off
at the lower shear rate of 1000 sec.-l since reliabie reading of the

original curves could not be done with these fluids due to gize of

the randem fluctuations relative to the data at low shear rates.

Figures 10 to 12 present the low ghear range rheological behavier
for several of the fluids as determined by the modified Brookfield vig-
cometer. Since this machine gives discreet data points, these points

have been indicated on the plets.
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IITI. RESULTS (Cont.) B. Fipe=line Flow

Friction Factors. The following polymers were tested in solution for

dynamic pressure drop in straight, cylindrical tubes: sodium carboxy-
methylcellulose (Hercules Powder Co., CMC-TG and CMC-T70S, a highly re-
fined product), ammonium alginate (Kelco Co. Superloid), carboxypoly-
methylene (Goodrich Chemical Co. Carbopol 934), polyvinyl alcokol {(Du-

pont Elvanol 50-42), and polyiscbutylene (Enjay Co., Inc. Vistanex B-

100). All were dispersed in water, except the polyisobutylene, which
was dispersed in cyclohexane. With the exception of polyvinyl alco-
hol, they were solutions of free-draining, non-associating molecules.
According to information supplied by the Hercules Powder Co., CMC-T0
has areas of unreacted cellulose which do not €0 into solution, but re-
main in colloidal suspension. The CMC-T0S product, on the other hand,

has been processed to eliminate these areas, and is a homogeneous pro-

duct.

In determining the Reynolds Number,the rheological constants

were taken in that viscometric range in which the wall shear stress lay.

The friction factors and Reynolds Numbers thus obtained are gen=
eralized in Figure 13 for the laminar and turbulent regions between
100 and 100,000 Reynolds Numbers. Figure 1L shows the data pointe in
laminar flow for all +the pseudoplastic and Newtonian fluids teated.
Figures 15 to 21 show the data points obtained at each s value in lam=

iner, transition and turbulent regions.

Figure 22 shows the effect of varying the test section tube dia=
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Velocity Profiles. Laminar and turbulent velocity profiles were ob-

tained on most of the previously mehtioned liquids. No velocity pro-
file data was obtained with the Carbopol 934 solution because of plug-
ging of the impact probe tip, or with the Vistanex in cyclohexane be-
cause of the rapid breakdown of the solution, presumably due to scis-

sion of the molecules under shear.

In Figures 23 to 25 the laminar profiles are presented as u/umax

vs. y/R with the theoretical curve drawn according to:

u/umaxo =1 - (l-:,'/R)l/s +1 (15)

In Figures 26 to 31 the turbulent velocity profiles are presented

as velocity deficiencies, (umaxn'u), vs. 1l-y/R, with the curve for New-

Uy

tonian deficiencies drawn.

Figure 32 is a composite plot of all the velocity deficiencies,
the radial distance scale being logarithmic. This diagram is meent
to demonstrate the logarithmic quality of the velocity distributions

of pseudoplastics in turbulent flow.

In Figures 33 to 35 the turbulent velocity profile data is fur-
ther presented as mixing lengths, i/R, vs. y/R, with the Newtonian
mixing length curve drawn. Table 1 summarizes the values of k obtained

from the mixing length curves for the various values of s.
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TABLE I: Mixing Length Constants (k)
8 Run No. k NRe
1.00 1-C 0.k0 82,600
" 1-D 0.35 9,600
" 1-E 0.38 19,700
" 1-F 0.37 176,000
0.85 3-H 0.25 17,000
0.75 3-E 0.21 10,500
0.Th 6-B 0.27 7,540
" 6-D 0.30 9,680
0.68 3-D 0.17 9,500
0.66 3=C 0.15 14,600
0.64 S<A 0.16 8,800
" 5-B 0.18 12,700
0.62 h-F 0.1L4 8,400
" hog 0.16 14,300
0.61 9-B 0.1k 11,300
0.59 L-E 0.1k 12,200
0.54 8-B 0.09 8,780

k7.
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Eddy Viscosity. Figure 36 presents a typical comparison of the eday

viscoeity to molecular viscosity ratio for a highly pseudoplastic
liquid and for a Newtonian one. The ratio was calculated by the re-

lation:

€/p =T, (1-y/R) \

Fawa -3 (36

The viscosities for the pseudoplastic liquid were calculated by ob-

taining the shear stress locally:

T =T,G-y/R) (37)

then reading the corresponding du/dy from the viscometric curve and

dividing one by the other:

B =T /(aw/ay) (8 )

Figure 37 presents the same information except that the pseudo-
plastic viscosities were calculated by taking the du/dy from the
velocity profile and reading the corresponding ’r’fram the viscometric
curve. It is not all clear which of these two methods gives the more
valid molecular viscosity at & point for a pseudoplastic in turbulent

flow, and it is quite possible that neither is valid due to transient

effects.
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Dye Injection. The Figures 38 to 4k contain the photographic results

of the injection of pigmented solution in the flowing stream either

at the center of the tube at its entrance or at the side of the tube
from a wall tap. The liguids so studied were both water and sodium
carboxymethylcellulose solutions. This was deeigned to give obser-
vations under the same generalized conditions of bhoth Newtonian flow

and paeudoplastic flow of almost the greatest degree of pseudoplasticity
studied (s = 0.54). The alginate solutions were too dense optically

to yield good photographs at a high degree of pseudoplasticity, the
Carbopol solution was too small in volume and too unstable to stand
recycling with addition of dye, and the Polyisobutylene solution would

affect the Lucite tube if it had been used for this type or experiment.

The exposure for all -the Photographs presented was 40 micro-

seconds.
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Obsazrvations. During the course of the runs involving the more pseudc-

plastic liquids (S less than 0.7), it was noted that the manometers
measuring the friction pressure drop would oscillate when the flow
rate reached the transition rvange. This oscillation appeared to be
roughly between values which would correspond to laminar flow extra-
Polated and turbulent flow extrapolated. Several calculations carried
out on these extreme values generally confirmed this, although the

mancmeter column would tend to "overshoot” under some conditions.

With fluids of intermediate degree of pseudoplasticity (about
g = 0.8), this oscillation would be less pronocunced and the extreme

values often corresponded to friction factors between laminar and

turbulent.

With fluids of Newtonian behavior or nearly so, it was noted that
the manometers in this range would flutter slightly. Occasicnally

there was gross oscillation in this range with these fluids.

The magnitude of these oscillations seemed to be roughly inversely
propertional to the difference in density between the liquid in the
tube and the manometer liquid for & given flow condition. That is, de=
rending on whether mercury or carbon tetrachloride were in the mancmeters,

the oscillations would be lege or greater, respectively.

Upon entering the turbulent region of flow, this oscillation or
flutter would increase in frequency and decresse in magnitude until

the mancmeters were completely quiet to the eye with fluide of Newtonian
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behavior and with those of slightly or moderately pseudoplastic be-
havior. But with the highly pseudoplastic liquids tested (s less
than 0.6 ), a very slight flutter would persist as far into the tur-
bulent region as the experiment could be pushed. The magnitude of
this flutter with a mercury manometer would be much less than 1 mm.
The frequency of this turbulent range flutter was estimated to be

ebout 10 cycles per second.

In the runs concerned with velocity profiles, the impact pres-
sure manometer would be observed to undergo the same very slight flut-
ter in turbulent flow of the very pseudoplastic liquids. This flut-
ter would not occur under any other conditions except transition flow,

in which no velocity profiles were made.

During the turbulent flow range in each run, the liquid in the
test section could te heard to "gush" by piacing the ear against the
tube wall. This gushing noise was not present during the laminar
flow of any liquid tested and tended to be relatively less for the
highly pseudoplastic liquids than for any others, although no attempt

vas made to measures this guantitatively.



V. DISCUSSION OF RESULTS

A. Rheological Curves

It can be seen from the rheological curves of the fluids that

vere studied that they fit the pseudoplastic power model,

T = v(du/dy)® (7 )

very well over rather large ranges of shear rate. However, with all
fluids tested, there was a greater or lesser tendency for the curve

to become more Newtonian toward low shear rates. Thus, for example,
the 0.25% CMC-T0S was highly pseudoplastic at high shear (s = 0.61),
but was essentially Newtonian in the very low shear range. On the
other extreme, the ammonium alginate solutions were shown to be mod-
erately pseudoplastic in both shear rate regions,being somewhat more
Newtonian in the lower range. Table 2 summarizes the differences
between the pseudoplasticities at low and high shear rate and caompares

them.

The problem brought gbout by the change of the degree of pseudo-
plasticity, s, over a large range of shear rates is that of deciding
which rheological conestants, b and s, to use when computing the Reynolds
Number for a given pipe-=iine conditicn. Since, in flow in a pipe;, shear
stress varies from & meximum at the wall tc zero at the center of the

pipe, there is actually an infinite range of shear conditicons present.

Baged on the pipe=line flow resulte in leminar flow, which will
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TABLE 2: Summary of Differences in Pseudoplasticity between Low and
High Shear Rate Ranges.

Pgeudoplasticity
Decrease

High Range Low Range zfgg :Bhigh
Liquid 8 -] Asg high
0.25% CMC=~-T0S 0.61 1.00 0.39 100.0%
0.52% Vistanex 0.TL 0.98 0.27 93.1%
0.18% CMC-TC 0.60 0.86 0.26 65.0%
0.41% cMc-70 0.53 0.83 0.30 63.9%
0.12% Carbopol 0.78 0.85 0.07 31.8%
0.46% Alginate 0.82 0.86 0.04 22.2%

0.83% Alginate 0.73 0.78 0.65 18.5%
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be discussed in the next section, it was decided to use the rheological
constants in the shear range represented by the wall shear stress.
This can be rationalized two ways: (1) the friction factors vs. Reynolds
Numbers calculated this way follow the accepted f = 3.6/1vRe with ex-
cellent precision in laminar flow (13,31,33) and (2) the ammount of fluid
undergoing shear of the order of magnitwle of the wall shear stress is
mach greater than the amount of fluid undergoing shear of the order
of magnitude of the stress at the center of the tube because the great-
er amount of materiai is present in the annular area near the wall

than near the center.

It 18 not hard to rationalize why this effect of decreasing
pseudoplasticity with decreasing shear rate occurs, if one bears. in

mind the power model
8
T = vldu/ay) (7))

This expression predicts that a peseudoplastic liquid would have in=

finite viscosity at zero shear rate, since

= T/(au/ay) = v(au/ay)s-2 (38 )

Since s is always lees than 1 for a pseudoplastic liquid, s-1 is then
always negative, and as du/dy becomes zero, %A goes to infinity mathe-
matically. This does not seem reasonable, since infinite viscosity

connotes a yield value.

Thus, if one rejects an infinite slope on the rheological curve
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at zero shear rate, the only recourse left is a finite slope. This
inevitably leads to incrsasingly Newtonian behavior (s decrsasing)
as zero shear rate is approached, an effect which hss been verified
experimentally (Q). Therefore it appears that different pseudoplastic
liquids differ in the "speed” with which they become Newtonian in
approaching zero shear rate. By this it is meant thet different
pseudoplastic liquids begin to attain their pseudoplastic character
at different ranges of shear rate. For example, ammonium alginate
solutions appear to become pseudoplastic at much lower shear rate than

CMC solutions.

The explanation for this phenomena lies in the field of the
mechanics of macromolecules and is scmewhat of a digression fram the
topic being presented. Therefore, this explanation is pregented in

APPENDIX A. Supplementary Details.

The Vistanex solution in cyclohexane was +he only pseudoplastic
liquid tested that irreversibly broke down noticeably under the shear
in the pipe-~line flow system. Figure 9 shows the effect of constant
recycling of the Vistanex solution at constant temperature (77QF°),

25 GPM, and a system pressure drop of 15 psig. approximately. The
rather alarming drcp in both viscosity and pseudoplasticity was nct
recovered Lo any meagurable sxtsnt upon standing, and it is to be
presumed that polymer breakdown had cccurred. This is in accord with
the findings of Bestul and RBelcher (Q)a Nevertheless, it was shill
possible to cobtain a number of frichtion factor reuns without appraciable

change in rheclogical propertiss, but it wes impossible to do so with
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velocity profiles because of the much greater length of running time

needed with them.

V . DISCUSSION OF RESULTS (Cont.), B. Pipe-line Flow

Friction Factors in Laminar Flow. The friction factors in laminar

flow of the various liquids in the various tubes ranging from 1/4"
copper tubing to 3/4" I.D. stainless steel tube were found to fol-
low with a high degree of accuracy the £ = 16/NRe accepted for New-
tonian liquids (see Figure 14). This is in accord with the results
of Metzner and Reed (33) and with those of Dakekian and Engelken (13),
and substantiates the use of rheclogical constants obitained in the
range of shear of the same order as the tube wall shear cconditions.
It should be noted here that the results obtained with ammonium al-
ginate solutions do not depend on *this assumption to a very large
degree, since the veriation of = between low and high shear rates

wes found to be small. The fact that the results cbtained with CMC,
whose veriation in s is quite large; are Jjuat as close to the theo-
retical prediction az those obtained with ammonium alginate solutions

demonstrates the validity of the assumption.

The fact that a good single-line correlation exists for pseudo-
plastic friction factors in laminar flow is of great significance in

the experimentsz that followed in turbulent flow. This means that any
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frictional phenomena observed in pBeudoplastic turbulent flow can be
reasonably campared to laminar flow frictional Phenomena, if one uses
the Reynolds Number as presented and calculates the usual Fanning
friction factor. Compared to the non-=Newtcnian laminar correlations
that involve a series of parallel lines or family of curves, one can
readily see that a much higher degree of order results from the pro-
posed correlation; and any congequent study of the turbulent regime

is therefore less likely to be unduly complex.

Friction Factors in Turbulent Flow. As can be seen in Figure 13 the

friction factors in turbulent flow as a function of
Npe = (D20 /b) - be) (22)

seem to be a function additionally of = cnly, giving a family of curves
for differing values of s. The liquids included in this correlation

are both icnic and non-ionic systems;, and include behaviors from New-
tonian to a pseudoplasticity of s =~ 0.53. With the apparatus used and
the materials available, it wsa not possible to 8¢ beyond the liaminsr
region with liquids of greater pseudoplasticity. The reason for this
steme from the fact that to achieve a lower value of g, é greater con-
centraticn of polymer would have %o be uzed with the r@éﬁltant over=

all increase in vigecogity. This had the effect of decfeasing the meximum

rogsible Reynolds Number the apparatus could be made to produce.,

Empirical Correlstion. Since +he turbulent friction factors seem *c be

a functicn of NRe and 8 only, end eince the curves of f e, Nﬁe form an
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orderly family orf curves, it seems possible to correlate them empirically
by some mathematical eéxpression of f, HRe and s. It was found by extract-
ing the slopes and intercepts of the curves thet the following would £it
the data well:

F = 00079/(55°NR68) (39)
where ¥ = 2.63 /(10.5)® {v0)

It should be noted that this expression when applied to Newtonian liquids

(8 = 1.00) reduces to the Blasius equation:

£ = 0.079/Ny, 025 (24)

When this empirical correlation waé applied to the friction factor data

in turbulent flow, it was found that most points fell within + 12%.

Figure 45 shows this graphically by plotting f vs. 55°NReg . This ex-
pression is a very powerful function of the rheological constant; s, and
therefore one might expect most of the deviation from the correlation to
be due to inconsistencies in determiring the rheological curves. How-
ever this i1s not meant %o infer that this correlation constitutes an ab-
golute test for the rheoclogical behavicr {or 8 value) of a pseudcplastic,
since it is, after all, empirical. However, to the degree that one places
faith in the cerrelation; one can determine *he internal consistency of

*he datsa.

The limitations set on this correlaticn are: the fluids must be
pseudoplastic or Newtcnian, the Reynolds Number must be of the order of

100,000 or less and in turbulent regime, the values of s must be deter-
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mined in the region of shear that is of the same order of magnitude as
the shear conditions at the tube wall, and the value of 8 must not be
less than 0.41 and preferably not lesa than 0.53. The latter conditions

8tem from the fact that 1f this correlaticn is applied to fluids having

2n 8 less than 0.41, the predicted log-log sicpe of the f - KFe curve
would be more negative than =l. This is a logical absurdity since the
laminar flow curve has such a slope of =1 and such a condition would

predict turbulent friction factors lower than would be expected for

laminar flow at the same Reynolds Number.

It is the feeling of the author that et s values of the order of
0.41 or less, turbulent flow resembles laminar flow very strongly and
the laminar and turbulent friction factor curves merge. Thias argument

will be substantia:ed with more facts later in this section.

Friction Factor Trends. The above correlation and the f vs. Nﬁe pleot

in turbulent flow show the following trends:

{1) 1increasing Reynolde Number in turbulent flow at a given

degree of peeudoplasticity decreases friction factors, and

(2) increasing pseudoplasticity (decreasing s) decresses the

friction fector at a given Fpe.

i The striking practical implication of this is the poseibility of de-
creasing pipe-line dynamic pressure drop through the judiciocus addition
of a miscible high polymer. This is strikingly contrary tc what cne

might imagine at firs% thought. Ancther practical implication iz the 4in-
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creasing insensitivity of pressure drop to increasing flow rate as pseudo-
plasticity is increased. That is, for a Newtonian liquid,; pressure drop

increases as slightly less than the square of flow rate; other conditions
being constant, whereas s highly pseudoplastic liquid has a roughly first

power dependence of pressure drop on flow rate.

Transition Flow. Inspection of the friction factor data makes the fol-

lowing facts evident concerning transition:

(1) transition seems to occur at progressively higher Rey-
nolds Numbers as pseudoplasticity is increased, and

(2) transition is affected by the mechanical system in =
manner unaccounted for in the Reynolds Number. That
is, the Reynolds Number range of transition changed with
tube dismeter, and it was pushed to considerably lower
Reynolds Numbersz by the addition to the test section of
a source of artificial disturbance, such ag a ree-

triction at the entrance.

Of course, these factorz do not have any appreciable effect on fully lam-

inar or turbulent flow, except as accounted for in the Reynolds Number.

The foregoing =stablishes the fundamental difference between tran-
sition end turbulent flow. Though both are regions of eddy formation
and mixing across lamina, the turbulen® region 43 much more highly cor-
dered -- 1%t is not apprecisbly affected by the physical detaiis of the

tube in which it is flowing, except as is sxpressed by the Reynslds Num-
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ber. Transition flow is unstable; it can be forced into full turbulence

by additionel disturbdbance. .

Another interesting feature of transition flow, as brought out in
the "Observations" presented in the Results section, is that of oscil-
lation of the manometer columns. This oscillation seems to indicate =
roughly periodic change between the laminar form and something resembling
turbulence at & relatively low frequency. In order for the manometers
to respond to such an oscillation in flow form, ard hence in pressure
drop, the frequency must be quite low because of the inertia of the sys-
tem and the throttling at the wall taps. As the transition region is
entered from the laminar side, this frequency is very low =- often several

seconds -- but speeds up as the turbulent region is approached.

This effect of oscillation of the manometers has been observed by
others -- see Prandtl and Tietjens (42), p. 38 == and the effect atiribu-
ted to intermitient turbulence. The production of a smovth friction fsco
tor curve in the transition region is therefore produced, usually, by the
use of a mancmeter with very high damping. Shor% of this, the reading of

the mancmeter leg in thiz region is difficult.

Laminar Velocity Profiles. Since laminar pseudoplastic flow follows the

expression:

£ = 16/Np. {227

it 1# to be expecied that the psgeudsplastic veloeldy profiles in laminsar

flow would follow %the pradicited sxpressicn:
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. = 101w 1/ + 1 N
e, = =(1-y/R) (15)

This 18 expected because both relations involve only one assumption,
that of the power rheological model, and otherwise are rigorous mathe-

'é matically. So if one relation works, the other should.

2 The only significant deviations in the laminar velocity profile
.é data occur with the CMC solutions, with which the prcofile near the cen-
ter of the tube more closely resembles the profile for a Newtonian lig-
uid than that for the given degree of pseudoplasticity. But this can

be reasonably explained if one bearas in mind the tendency for the CMC

rheclogical curves to beccme more Newtonian at lower shear conditions.

Since the shear siress distributes iteelf in the tube according to the

relation:
T =T 13/ (37)

it is evident that the shear siress near the center of the tube is very

emal)l indeed. Therefore these velocity profiles are in accord with the
rheological curves. Since the shear condition near the center of the

Tube has relatively little effect on the shear conditions near the tube
¥all, the pressurs drop {energy dissipssion) is s for all practical pure
poges; that predicted by a comstant valus of g determined at high shear

rates.

An ingcidental result of the coincidence of the veleocity profile data

¥ith the predicted curves is the refutation of the concept of "slip” at
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the wall of the tube dues to a layer of fluid deficient in polymer &as
proposed, and supposedly proved, by Toms (56). If this effect is at

all present; it is of mincr significance.

Turbulent Velocity Profiles. In the presentation of velocity profile

data in turbulent flow there ig considerable difficulty in managing

to present the data with sufficient generality to permit camparison
both among the various runs and with previous work. For example; a
u/umax, vs. y/R plot, while completely general in laminar flow at a
given value of 8, is not sc general in turbulent flow. In Newtonian
turbulent flow, such a corrélation would vary with both Reynolds Number
and wall roughness, even though there would be common points at

y/R =0 and 1.0. The other common methods of presentation are the
Nikuradse "universal velocity profile" and the velocity deficiency
method, both giving a single curve in Newtonian turbulent flow at vari-

able Reynolds Number and roughness.

The Nikuradse universal velocity profile involves the use of a

distance Reynolds Number:
¥t =3V V2 /M { 27 )

In translating this, by analogy, to the pseudoplastic form the following

18 obtained:
* oy %o { b1)
¥y =7 Y e

This expression has xeveral obwviocusly undesirable features, such as:
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(1) 1t is no longer = “distance"” Reynolds Number, strict-
1y spesking; since it carries y to the s power,

(2) becaume of the exponents involved, it can no longer be
readily visualized, and

(3) there is an inordinate amount of calculational complex-

ity involved in it.

This sort of correlation haz been tried by the author for several runs
and it was found tc not give a curve coinciding with the accepted Newton-
lan curve;, but rather differing widely for differing vailues of 3. This
fact, together with the excessive calculational complexity, leads the
author to reject it as a practical mesns of correlating pseudoplastic

turbulent velocity profiles.

The velocity deficiency method, proposed by von Karman (5), plots
(umax,=u)/u, as & function of 1l-y/R. Experiments show it to give a
single curve for Newtonian fluids, and this was verified in this work
by runs using water as the fluid. One great advantage of this method
is that, calculationally, it does nut involve any concept of viscosity.
That is, to calculate the data points all that need be known are the
local velocities at the various raedial points and the Fanning friction
factor or wnrll shear stress. Therefore one does not get involved in
the insupersable problem of deciding what the local viscosity at a given
radial point may be under the irregular conditions prevailing locally
in turbulent flow. Hence it was decided to present the pseudoplastic

turbulent velocity profiles by this method.
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Pseudoplastic Velocity Deficiencies. Exemination of Figures 26 to 32

shows that the pseudoplastic turbulent velocity deficiency curves devi-
ate progreeaively fram the Newtonian curve as s decreases. However, at
a given s value, the curve seems to be unique; it does not vary with

the Reynolds Numbers studied. Therefore, this method seems to be an
excellent one for comparing and contrasting the velocity distributions
for Newtonian and psuedoplastic liquids in turbulent flow. Figure 46,
in which the curves for the velocity deficiencies have been abstracted
and replotted semi-logarithmically with y/R instead of 1l-y/R, shows this
effect very clearly. Near the center of the tube, all the pseudoplastic
velocity deficiencies lie on the Newtonian curve, but progressively
toward the wall the pseudoplastic deficiencies deviate onto a family of

curves that are a function of s.

In general one could say that the pseudoplastic turbulent velo-
city profiles are less blunt, progressively, than those for Newtonians
under similar conditions of shear or at equal Reynolds Numbers. This
is in accord with the previously observed fact that pseudoplastic tur-
bulent friction factors are progressively lower than those for Newtonians.
In addition, this serves to refute the contention of Oldroyd (38) that
the abnormality in the pressure drcp in turbulent flow of pseudoplastic
liquids is due tc an anisotropic layer at the wall of the tube, produc-
ing "slip" -- an ebnormally high velocity gradient -- near the wall.

If this were the case, the velociiy profiles for pseudcplastic liquids
would be inevitably more blunt than those for Newtonians. This would be

due to the majcr portion of the velocity gradient being produced near
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the wall. Since this is in direct opposition to the facts, this concept
mist be rejected as a mejor consideration. Rather, it is evident that
the lower pressure drop in pseudoplastic turbulent flow is due to the

lower order of shear taking place in the tube as & whole. .

An additional effect that may be seean in the plots is that the
velocity deficiencies near the center of the tube coincide very closely
with the classical Newtonian deficiencies. Progressively; this region
of coincidence seems to decrease as pseudoplasticity is increased; un-
t11 when s = O.54 the similarity exists for only about 25% of the radial

distance. Near the wall the deficiencies are greatly different.

Turbulent Mixing Lengths. Ancther one of the classical expressicnz of

turbulent flow characteristics is that of the mixing length, which 1is
a distance in the transverse direction through which a particle from
one locality will travel before it completely equalizes momentum and

merges with the surrocundings. Mathematically it can be expressed:

1 = u’/(du/dy) (31)

where 1 is the mixing length and u' is the axial velocity component
transported by the transverse movement. Reasoning that this "axial
velocity component" is of the same order of magnitude as the pulsating

transverse velocity compcnent leads to the Prandtl equation:
2 2

Data by Nikuradse {5, 21) indicates that this mixing length for New-
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tonians distributes itself radially by increasing from zero at the wall
to a2 maximum at the tube center. This is verifiesd by the water pro-

files taken in this work.

Von Karman reascned that the ratio of consecutive derivatives of

the velocity should be proportional to this mixing length {5), leading to:

1 = k{du/dy)/(d%u/dy23) { 34 )

where k was considered to be a universal constant of about O.4. In the

region near the tube wall the above expression would reduce to:

1=k (35)

permitting one to determine the value of k as the slope of the mixing

length curve at the wall.

Therefore, in order to compare and contrast the characteristics
of Newtonian and pseudoplastic turbmlence further, it was reasonable
to see if pseudcoplastic mixing lengths followed the same generalized
curve as do Newtonian ones;, and if not, to see if the constant; k,

had also the same wvalue for the pseudcoplastics.

fseudoplastic Mixing Lengths. Examination of the curves for the mix-

ing lengths for the pseudoplasztic liquids ehows that neither do the curves
coincide with that for Newtaonians, nor are the values of k equal to
about O.4. Rather, it iz apparent that the values of k progressively de-

cresse fram O.4 as the paeudoplasticity is increased, and the curves de-
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viate progressively. That is, the mixing lengths are considerably smal-
ler toward the wall than are the Newtonian ones; but they increasse to
about the same magnitude or scmewhat larger than the Newtonian ones
near the tube center. This indicates that there is a progressively
larger =snnular area toward the wall in which the intensity of turbulent

agitation is considerably lower than in classical turbulence.

The rather large spread in the dats pointa near the center of the
tube is largely due to the fact that the reading of the very slight
slope of the velocity curve there is subject to great intrinsic error,

as is the original drawing of the curvature of the profile in that region.

BEddy Viscositieas. If one writez an expression for resistance to flow

in the turbulent regime that is analogous to that for viscous flow, it

would be like the fellowing:

T = €(au/dy) (b2)

where £ has the dimensions of viscosity, and is sometimes called The

"eddy viscosity"™. Referring to equation {32), this eddy viscosity be-

comes
2 .
€ = p1%u/dy (43)

Obvicusly, if physical significance is attributed to eddy viscosity,
the conclusion is reached that part of the energy dissipation in turbul-
ent flow is due to the effect of the eddies and part due to the effect

of molecular viscosiiy, though for well-developed classical turbulence
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the eddy effect would be much the greater.

Therefore one would expect the ratio of the eddy viscosity to the

molecular viscosity, € /rl » to be a good indication of the intensity

of turbulent agitation.

In order to gain some insight into the parameters that may affect
the viscosity ratio, the one assumption shall be made that Prandtl's

equation for Newtonian turbulent flow (5) holds:

du/dy = u,/(ky) ()

If this is combined with equation (42), the definition of Reynolds Rum-

ber, and the distribution of shear stress:

T =’Tw(1-y/R) (37)

the foliowing expression results for Newtonian turbulence:

€E/H =Nge* V2 -k/2-y/R-(1-y/R) (45)

Since; for Newtonian flow, f is a function of Nﬁe and ;6ughness
only and k is a constant; one would be led to expect the eddy viscosity
to molecular viscosity ratio to be a function only of Nre, roughness
and radial position. Therefore, it secems reasonable to campare plots
of the viscosity ratio as a function of y/R at constant NRo for the
smooth tubes used in this experimentation for the Newtonian and the

pseudoplastic situations.

Taois was done for a typical highly pseudoplastic veloclity profile



T0.

run and plotted in Figures 36 and 37. The difference between the two
plots lies in the assumptions used to determine the molecular viscosity
locally at the various radial positions. In one the basis was shear
stress as distributed linearly from ’Tl“‘r at the wall to zero at the cen-
ter and viscosities calculated from the viscometric curves at these
values of shear stress. The other one was basedon reading the slope
(du/dy) of the velocity profile and calculating from the viscometric
curve the viscosity at these values of shear rate. It is impossible to
completely Jjustify either method, and both are probably naive since the
transient shear conditions in turbulent flow at a point can be quite dif-

ferent than the time-averaged conditions.

Nevertheless, comparison of the pseudoplastic viscosity ratios
to the Newtonian ones, both the theoretical curve at the same NRe and
the points calculated from experiment at a slightly lower Nro, shows that
the pseudoplastic ratio is always less, and in this case much less. This
reaffirms the contention that pseudoplastic turbulent flow has a lower

degree of turbulence than classical Newtonlan turbulent flow.

Dye Injection Studies. In order to try to visualize what was actually

happening in the pseudoplastic liquid fiowing in turbulent flow, a series
of experiments were set up to inject pigmented liquid at various points
in a transparent tube and to observe the action of the resultant dye
stream photographically with high speed flash. The photographs pre-

sented in the Results section are the most pertihent ones of the group.

Finally, it became evident that the most information on the nature
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of the turbulence could be cobtained by injecting at two different points:

(1) at the entrance of the test section in the center of the tube,
and

(2) at a small, carefully drilled wall tap.

The first was intended to show the effect of turbulence on the liquid in
the core of the tube and the second to show the effect on the fluid in
layer near the wall. The first type of injection was at the portion of
the system where the large feed pipe necked down to the smaller test
section; hence the fluid there was being accelerated and there would be
less tendency for flow separation and vortex formation to occur because

of the presence of the hypodermic tubing probe.

Laminar Flow. As seen in Figure 38 the dye injected at the center of the

tube in laminar flow retains its radial position and identity in both the
Newtoniarn and the pseudoplastic cases, making a straight filament. This
is as was expected. The presence of the hypodermic probe did not seem to

disturb this corfiguration until very close to the transition region.

Ir the case of the dye injected at the wall, it can be seen thet the
resuitant dye stream also retains its unity and becomes a straight fila-

ment against the tube wall.

Newtonian Turbulent Flow. The dye stream injected into the center of the

tube into Newtonian turbulent flow as egeen by the 4O microsecond flash
185 diameters downstream from the point of injection is campletely dis-

pPersed across the diameter of the tube. There is no filamental quality
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left to it, at least on the macroscopic scale.

This is in accord with the understanding of Newtonian turbulence

as a very rapid, violent mixing action.

Where the dye was injected at the wall a very interesting effect
showed up (see Figure 43). That is the appearance of loops of dyed
liquid from the main body of the wall layer. This is in accord with
the observations and calculations reported by Theodorsen (55) concern-
ing "horseshoe" vortices formed in the vicinity of the wall and travel-
ing toward the center under the influence of the main stream of flow
going by it. The effect seen in the present experiments is the same as
that he pictured, and it indicates that turbulent eddies form at or
near the wall and travel radially eway fram it, thereby mixing fluid
from the region of the wall with fluid in the core of the flow. The
force that produces the movement toward the center is a "1ift" force
generated by the rotating mass intruding into the flowing stream. It
exchanges momentum with the fluid through which it is passing by means of

normal drag forces and finally loses its identity.

Pseudopliastic Turbulent Flow. When injected into a highly pseudoplastic

turbulent flow at the center of the tube, the dye stream takes on a much
different appearance 185 diameters ddwnstream from the point of injection
than it does in Newtonian turbulent flow (see Figures 41, 42). To a
large extent the dye stream seems to be still intact, although it is
highly distorted and grossly distributed across a large partion of the

diameter of the tube. This reinforces the previous assertion that pseudo-
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plastic turbulence is o lower degree of turbulence than Newtonian tur-

This effect also infers that the material originally at the cen-
ter of th: tube does not readily lose its {dentity, but rather is pushed
aside by the turbulent vortices and does not become part of them. The

action has been sptly described by T. K. Sherwood as a kneading action.

With respect to the wall injection study (Figure Lk}, it can Dbe
seen that the smoothly flowing layer near the wall is much thicker in
pseudoplastic turbulence than in Newtonian turbulence spd the horseshoe
vortices leaving this layer are very few in number and not at all well-

developed at this short distance from the point of inJjection.

On the basis of these observations it is concluded that the for-

mation of horseshoe vortices is highly repressed in pseudoplastic tur-

bulent flow leading to much lower energy dissipation. Also the core fluid

tends to retain its identity, although highly distorted by the vortices
that do penetrate it. This may be explained by the fact that the more
slowly sheared fluid in the center of the tube has as & result a higher
viscosity than the more highly sheared £1uid near the wall and the fluid
surrounding the core of a vartex, thereby resisting intermingling with
the more rapidly moving fluid. This may be visualized by the analogy
of mixing two liquids of widely differing viscosity, say water and
heavy syTrupeo In this case one f1uid will penetrate the other under the
action of the mixing forces but there will be considerasble retention of

+he unity of each of the two fluids, though highly distroted. Not until
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considerable mixing has occurred will the liquids be dispersed in one

another below the macroscopic level.

Fluctuations in Pressure Drop. The observed oscillations of the mano-

meter columns during transition of most of the fluids tested gave the
impression of periodic lapses into the turbulent form of flow from an
obviously unstable laminar form. That 18, the manameters often oscil-
lated between values corresponding to laminar and turbulent forms at
the particular Reynolds Number, so long as the frequency was slow enough
for the manometer to respond and settle down. When the frequency was
higher, the values tended to spproximate the above conditions more

and more poorly and averaged a value some where in the middle. When
these oscillations occurred, they happened at all the consecutive mano-
meters at very nearly the same moment. This indicated that whatever
change had occurred in the flow had happened throughout the whole test

gection at nearly the same moment.

In view of the foregoing demonstration of the presence of horse-
shoe vortices, it seems probeble that what is happening is the periodic
formation of horseshoe vortices, with the consequent distortion of

flow, at frequencies slow enough to be seen on the mancmeters.

Oscillations in the Low Turbulent Region. As the flow rate increases

from the transition region into the turbulent region, the great oscil-
lations in the manometers tended to increase in frequency and decrease
in amplitude until a quite steady reading is present for all but the

very pseudoplastic liquids (s less than 0.7). But for these materials
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a flutter of very small magnitude {(less than 1 mm.) and high frequency
Persisted for a long way into the turbulent reglon, cften as far as
the flow could be extended. The flutter wes more noticeable progres-

sively as more highly pseudoplastic liquids were tested.

These facts suggest that the periodic change between two forms
of flow that was observed in the transition reglon persists into the
turbulent region, only under stable and predictable conditions (in
the sense that the friction factors and velocity profiles are repro-
ducible in turbulent flow). However, the characteristics of this periodi-
city are such that it is not detectable by gross means (such as mano-
meters) under Newtonian or slightly pseudoplastic conditions. As ps¢udo-
plaetiéity is increased, this effect becomes more gross, less "statis-

tical" ,slower in frequency.

A possible explanation for the apparent decrease in the frequency
of the formation of vortices is the viscosity gradient present acroas the
radius of a tube flowing with a pseudoplastic fluid. Consider such a
fluid flowing in isminar flow at a high Reynolds Number: the viscousity
gradient in 1t would be defined by the linear shear stress distribution
and the rheological curve of the material. The effect would be to have
& minimm viscosity at the wall and a maximum viscosity ﬁt the center
of the tube. Thus, a vortex formed at the wall of the tube in travel-
ling inward toward the centexr penetrates layers of increasing viscosity.
As a consequence of this, it seems reasonable to expect that there would
be a damping effect on the vortex over and above that imposed by a New=

tonian system.,
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By means of this concept of viscosity gradient two effectes observed

in pseudoplastic flow can be explained:

(1) the persistence of stable laminar flow to abnormally low
friction factors (high Reynolds Numbers), and

(2) the relatively low frequency of formation of turbulent
vortices in turbulent flow leading to lower friction
factors than Newtonian and to flutter of manameter columns

under certain conditions.

One could reasonably expect such a viscosity gradient to retard both the
point of incipient formation of vortices and the frequency of their for-

mation once this point bas been passed.

Periodic Boundary Layers. In view of the foregoing it is interesting to

consider concept of "periodic boundary layers" as proposed by Richerdscn
(44). Reported experiments were conducted in a pipe fitted with a loose
gsection that could be oscillated In a direction transverse to the flow.
When a gtable laminar flow was passed through the tube and the loose
section oscillated;, the resultant velocity profile was the steep logarith-
mic type of turbulent flow (4L4). The effect is ascribed to an alternation
betwsen the ilaminar form of flow and an "alternating" form whose profile
has a peak near the wall. The "turbulent" profiie is then the time-aver-

age between the two (see Figure 47T).
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FIGURE L47. Conversion of Laminar to Turbulent Profiles.

This alternating form of flow is taken to be the hydrodynamic analogy

of the "skin" effect shesm by alternating current in a conductor.

If one a2sgcribes the formation of turbulent flow to same process re-
sembling the aboye artificial one, the decreasing bluntness of pseudo=-
plastic turbulent profiles with increasing pseudcplasticity can be readily
explained in the following manner. Given the laminar form of flow in an
unstable region, the vortex formation causes the flow to distort to the
"alternating" form, with a peak near the wall. However, the effect of
pseudoplasticity, as deduced from other facts, is to reduce the fre-
quency of occurrence of these vortices. Therefore, as pseudoplasticity
is increased, progressively less of the alternating form is time-aver-
aged with the laminar form resulting irn progressively less blunt turbulent
profilés and progressively lower friction factors. Since the laminar pro=-

files became more blunt as pseudaoplasticity 1s increesed, it is apparent
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that the decrease in frequency of alternation must be such as to more

than compensate for this effect in the resultant profile.

Thus the advantage of this concept of the oscillation between two
forms of flow in the turbulent region is that it reasonably explains all

the main phenamena observed with pseudoplastic turbulence:

i (1) the decrease in friction factors at constant Npe 28
3 peeudoplasticity is increased,
(2) the progressively less blunt velocity profiles with

p% increasing pseudoplasticity,

(3) the flutter of the mancmeter columns in the turbulent
region with the highly pseudoplastic liquids,

(4) the relatively poor mixing of dye stream injected into
the center of the tube, and

(5) the thicker calm layer near the wall and fewer horse-

shoe vortices as seen by wall dye inJjection.
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VI. CONCLUSIONS

The degree of turbulent agitaticon in the turbulent
flow regién is progressively less at compareble Rey-
nolds Numbers as pseudoplasticity is increased.

This i1s attributed to a progressively decreasing
frequency of vortex formation at the tube wall.

The result of this is lower friction factors and
lese blunt velocity profiles in pseudoplastic tur-
bulent flow than in Newtonian turbulent flow.
Pseudoplastic liquids became more Newtonian in the
vicinity of zero shear rate (e.g. 0.1 to 10 sec.'l).
There is considerable difference in the range of

shear rate at which a pseudoplastic liquid changes
from its highly pseudoplastic state at high shear
rates to Newtoniesn at very low shear rates. For
example, sodium carboxymethylcellulose solutions in
water are Newtonian to considerably higher sﬁear rates
than are those of ammonium alginate.

Laminar pseudoplastic velocity profiles are progres-
sively blunter than Newtonian ones, as is predicted

by the power model of pseudoplastic rheology.

(7) "Slip" of the fluid at the wall due to an anisotropic

layer is not a factor of significance for true pseudo-
plastic fluids in both the laminar and turbulent re-

gions. As a consequence there is no "plug flow" with
these fluids in either of these two regioms.

9.
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VII. RECOMMENDATIONS

The frequency of turbulent vortex formation in pseudo-
Plastics should be studied quantitatively, perheps by
the use of some sort of hot wire anemometer.

A rheological study should be undertaken to determine
whether a pseudoplastic solution of the type studied
can possibly have a value of s less than about 0.h4,

in order to determine if s = 0.4 1s & kind of natural
limitation on the rheology of free-draining, non-assoc-
iating molecules in solution.

The high Reynolds Number range (about 10,000) should
be studied for strictly pseudoplastic fluids of s

less than 0.5, and particularly s less than 0.4, if
they exist. This would entail apparatus capable of
very high flow rates and able to withstand pressures
upwards of 150 psig.

The range of Reynolds Numbers above 100,000 should be
studied for slightly and moderately pseudoplastic
fluids. This would also entail high flow rates and

high pressures.
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VIII. APPENDIX

A. Supplementary Details

1. Change in Degree of Pseudoplasticity with Shear Rate. As was brought

out in the DISCUSSION OF RESULTS Section, the degree of pseudoplasticity;
expressed as the exponent s, was constant within the range of 1000 to
20,000 sec.-l for the majority of pseudoplastic fluids used in this inves-
tigation. However, at the low shear rate range of the modified Brook-
field Syncrolectric viscameter (0.1 to 42 sec.'l) all the fluids tested
were to a greater or lesser degree less pseudoplastic than at the higher
range. That the fluids should become less pseudoplastic at very low
shear rates follows directly frcm the contention that infinite slope of
the shear stress - shear rate curve at zero shear rate is not possible

for a truly pseudoplastic fluid (that is, a fluid with no yield value
among other charmcteristics). Infinite slope of this curve is the math-
ematical necessity of differentiation of T = b (du/dy)® which would lead
to 4T /a(du/dy) —= oo 28 du/dy —»— O when s is less than 1.00. This con-
tention then precludes a value of s of less than 1.00 at zero shear rate.
If this 1s so, then there must be & region of transition from the low
values of s observed in the high shear rate region to an s of 1.00 at
zero shear rate, and the experiments with the Modified Brookfield in-

strument confirmed that this exists.

However, beyond this there is the question as to why the various
fluids apparently do not undergo this transition in the value of s at

the same shear rates (see Table 1). For example, the solution of CMC-T0S
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had become very nearly Newtonian in the low range whereas the ammonium

alginate sclutions were still highly pseudoplastic.

As Beuche (9) explains, the change in viscous loss with change in
shear rate with pseudoplastics takes place because of the change in
phase between the applied force and the deformation of a segment of
the polymer coil due to the "stiffness" of the coil. By analogy to a
spring and dashpot system, there would be a characteristic frequency
at which the change would be most pronounced. At higher frequencies
the viscosity is rapidly decreasing, while at lower frequencies the
viscosity approaches a maximum value. This theory is in accord with

the experimental facts concerning the slow change in viscosity at low

shear rates (nearly Newtonian behavior) and the rapid change in viscosity
at high shear rates (pseudoplastic behavior) that were found to a

greater or lesser extent with all the fluids used in this experimentation.
Hence the Beuche analysis would also predict that differences in the
shear rate range of the rapid transition from nearly Newtonian to highly
pseudoplastic behavior would be a function of the stiffness of the mole-

cular coil in question.

Therefore, by this analysis one would expect,with two solutions whose
only difference were the stiffness of the molecular coils contained with-
in, that the solution with the stiffer coils would exhibit its pseudo-
plastic behavior at lower shear rates than the soluticn with the less stiff
ccils. This then wouid lead one to expect the pseudoplastic behavior to
be affected by such factors as affect the stiffness of a molecule =--

such as presence of side groups with steric hindrance, bond angles, mul-
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tiple bonds, ring structure, amcunt of solvating sheath, etc.

Considering the specific cases of the sodium carboxymethylcellulose
solutions and the ammonium alginate solutions, the following analysis of
the differences in their rheological behavior would follow from the fore-
going type of analysis. Since the CMC solutions were much less pseudo-
plastic than the alginate sclutions in the low shear rate range but con-
siderably more pseudoplastic in the high shear rate regicn, it follows
that the frequency (shear rate) at which the transition to highly pseudo-
Plastic behavior occurs is higher with the CMC solutions than with the
alginate solutions. Therefore the molecular coils in the CMC solutions
must be less stiff than the ones in the alginate solutions. However the
molecular structures of these two Polymers are very similar -- both are

based on the anhydroglucose chain (see Figure 48).

C—90 cC
n/ \\,——O—\c/bﬂ oH\ H
¢ S /’ (o]
ST 2/ "\
___.? ?———43 +
H R KO NHe Ammonium Alginate
Hz
C-OH H H

c_._CH H-C o
H _CH2 <Ha coMC
CHz .
{ — sz

Figure 48. Molecular Structures of Ammonium Alginate and CMC.
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There are two main structural differences in these two polymers; (1)

the presence of longer side chains on the CMC molecule, and (2) the

presence of ammonium ion with one and sodium ion with the other. Since
the presence of the longer side chains on the CMC would predict a stif-
fer coil for the CMC, there must be some additional effect which over-

balances this one and makes the alginate coil more stiff.

In a solution of the alginate there was an excess of ammonia over
that ammonium ion tied up by the carboxy side groups. Therefore, there
exists the possibility of hydrogen-bonding of the excess ammonium ion
to the hydroxyl groups and to the carboxylic oxygens on the alginate
structure which would in turn suggest a large amount of water in the
solvating shear surrounding the alginate molecule, held by the large
number of ammonium ions at its surface. In the case of the CMC solu-
tion, any excess of sodium ions would not bond to the structure, so
the solvating sheath on the CMC molecule ocught to be less extensive
than on the alginate molecule. If this 1is so, one could attribute
the apparent greater stiffness of ammonium alginate coils to a greater
amount of water of solvation -- a thicker "coat" of solvating mole-
culeg -- which merely by its presence as a tube around the molecule,

makes it stiffer in effect.

A remarkable set of rheological experiments by Beerli (§) tends
to confirm the above conclusion. In these experiments; solutions of
CMC and CMC with a amall amount of Gentian Violet added were studied
at high and low shear rates. The Gentian Violet (hexamethylpararosaniline

chloride), having a rather large organic cation, could exchange this
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group for the sodium on the CMC, splitting off sodium chloride. One
would expect the campound to be less soluble in water than the original
sodium CMC. This has been demonstrated by the addition of considerable
Gentian Violet solution to a solution of CMC which resulted in a pre-
cipitate. Therefore, a CMC molecule that had been reacted with Gentian
Violet, but not to the point of precipitation, would be less highly

solvated by water than the original CMC.

The rheological curves of these two types of CMC solutions --
sodium CMC and CMC reacted with Gentian Violet -- showed two remark-
able effects: (1) above 6000 sec.~! both solutions had similer rheology
-- both were highly pseudoplastic --, and (2) directly below 6000 sec. T
the CMC solution with Gentiar Violet was essentially Newtonian whereas
the unreacted CMC solution was still highly pseudoplastic. This is
directly analogous to the case of the CMC vs. ammonium algirate, where-
by the ammonium alginate was deduced to have a greater solvating sheath
by rheological considerations. The CMC-Gentian Violet combination, which
obviously has less solvation that pure CMC, when compared with the pure
CMC rheologically showed a much higher shear rate range of transition

from Newtonian to pseudoplastic behavior.

An alternative way of approaching this problem is to consider the

following.

We know that pure cellulose is insoluble in water. It hydrogen-
bonds intra and inter molecularly so strongly that the molecules can
neither be relaxed no separated from each other. Ssame is true for alginic

acid -- totally insoluble (though swellable) unless reacted with (NaOH)
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O=
or (NHhOH). Presumably the substitution of ionic side groups (-CE2-0-CH£-Q;0

or -G;g- ) not only increasee solvation of molecules by ion solvolysis

but alsoc means that when segments of the same or different molecules come
together, they are ionically repelled, cannot H-bond. If one decreases

the amount of Nat orNHh+ substitution in a given concentration of alginate
or CMC, the viscosity level drops until finally precipitation occurs.

This seems to mean that as the repulsive ionic sites are decreased in num=-
ber the molecule can more and more successfully hydrogen-bond intramole=-
cularly. This means that the molecule should not only be smaller in radius
(.. lower viscosity) but more rigid. According to Bueche, if you have

a campletely rigid spherical molecule you had better use Einstein's equation,
which predicts Newtonian flow. The addition of Gentian Violet probably ac-
camplishes about the same result as the addition of HC1l to CMC, conversion
of the ifonized carboxylic acid group to unionized, hydrogen-bonding -COOH.
According to this picture then, the CMC molecule rotates as essentially a
rigid sphere at low shear rates, owing to a small amount of internal tie-
up by H-bonding. As the shear rate increases this limited internal H-
bonding is disrupted and the molecule is free to flex -- giving the spring
and dashpot system treated by Beuche. One must admit that the molecule
under low shear rates must be lightly tied up in a much more voluminous
sphere than in the other extreme case of high shear rates, in order to
explain the very high Newtonian viscosity at low shear rates relative to

the viscosity found, e.g., at 20,000 sec. L.
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2. Merrill-Brookfield Viscaneter Details. The Merrill-Brookfield

viscometer is a rotational concentric-cylinder apparatus with a small,
bottomless annulus capable of shear rates continuous between 0O and
20,000 aec.-l. It provides cooling to both the rotor and stator to
eliminate non-isothermal conditions. It automatically programs and

records the shear information by means of electronic circuits.

Figure L9 presents a eross-Section of the head of this viscometer

and Figure 50 ghows & schematic of the layout of the viscameter system.
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3. Low Shear Rate Viscometer Details. The viscometer used for rheo-

logical studies at low shear rate consisted of the standard Brookfield
Syncrolectric viscometer modified to minimize the veriation in shear
stress usually present with this type of instrument, and hence to make
its measurements meaningful for pseudoplastic fluids. The modification
consisted of a special rotor and stator (see Figure 51) with small an-
nular width. The rotor was fastened to either an LVT or an RVF Syncro-

lectric head to provide the rotation and torque measurement.

The LVT head provided eight speeds: 20, 10, 4, 2, 1, 0.5, 0.2, and

0.1 RPM. TIts full-scale torque was 673.7 dyne-centimeters.

The RVF head provided four speeds: 20, 10, 4, and 2 RPM. Its

full-scale torque was 7073 dyne-centimeters.

2
The scale factors for the two heads were: 0.00613 dynes/cm. /division

for the LVT and 0.064k4 dynes/cm.a/division for the RVF.

In operation the rotor and stator assembly were fastened steady
and level in a thermostatic bath and the proper Syncrolectric head fastened

to the rotor and levelled.

The calibration of the rotor and stator assembly involved the fac-

tor: 2.10 sec.'l/RPM.
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4. Details of Moyno Pumps. Positive, pulse-free flow in the pipeline

system was provided by two Robbins and Myers "Moyno" pumps mounted in
rarallel. These pumps were substantially positive displacement in +the

range of pressures encountered.

o
For high flow rates, a 6M4 Moyno pump was used with rated perfor-

mence of 2.02 GPM/100 RPM and maximum rated pressure of 600 psi. See
Figure 52 for the experimentally determined performance curves for this
pump. The rotor on this pump was chromed steel and the stator neoprene

rubber,

For low flow rates, a 3L2 Moyno pump wes used with rated perfor-
mance of 0.26 GPM/100 RPM and a maximum rated pressure of 225 pei.
See Figure 53 for the performance curve of this pump determined experi-

mentally. This pump, tco, had a rubber stator and chromed steel rotor.

The 6ML4 unit was driven by a 7.5 HP DC motor with shunt field con-
trol and the 3L2 unit by a U.S. Varidrive No. 4500 3/h HP. The result
was a camplete control of flow rates, variable fram very low rates to
4LO GPM, with displacement known from voltage signals delivered from DC

tachometer generators driven from the pump shafts.
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5. Details of Traversing Impact Probe. The traversing impact probe

was designed and built by the author to be fitted onto any of the stain-
less-steel tube test sections. Details of the design were influenced

by designs for traversing probes intended for use in air flow (gi, 31, 28).
The salient characteristics of this probe were:

(1) positive traversing and location of the probe tip by
means of a micrometer,

(2) positive location of the wall relative to the probe
tip by means of an electric circuit and an insulated
probe,

(3) minimm disturbance of flow by means of a very small
probe tip (0.025 in. OD) and location of the static
pressure tap at the tube wall, and

(4) good structural rigidity of the probe by means of
stacking short lengths of successively smaller diameter

hypodermic tubing.

Figure 54 shows the Physical arrangement of the components of this mechan-

ism.
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VIII, APPENDIX (Cont.), B. Sample Calculations

1. Calculation of Fanning friction factor.

£ = (Ab.Ag.g.R)/( ©.7°.L) (46 )
For Run No. J-2, first point:

Manameter leg Ab=21.5 + 0.1 cm. (Hg-HZO)
Density Diff. &Q= 12.55 + 0.05 gn./ce.
Grav. const. g = 980 c.::m./sec.2
Radius of tube R = 0.231 + 0.005 cm.
Fluid density Q@ = 1.00 + 0.01 gm./cc.
Av. velocity V=2L471 + 7 cm./sec.
Length L = 30.5 + 0.1 cm.

f - (21.

f = 0.00700 + 0.00052
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2. Calculation of Reynolds' Number.

Moo = (D°VP750 /b)), g(s) (22)

For Run No. J-1, first point:

Diemeter of tube D=1.80 + 0.01 cm.
Av. velocity V ™ 2.99 + 0.045 cm./sec.
Fluid density © = 1.00 +0.01 gn./cec.
Exponent s = 0.82 (essume no error, put
all error in b)
Rheological const. b =™ 0.422 + 0.021 dyne-sec.?3%/cn.?
8 function # (8) = 1.39
N - (1.80 + 0.6%) ©-82 (2.99 + 1.5%)*+18(1.00 + 1.0%)(2.39)
we 0.122 + 5.0%

Np, = 1100 + 91

3. Calculation of wall shear stress.

Tv,(Ah.Ae .g.R)/2L (47 )
For Run No. J-2, first point:
Manometer leg Ah =21.5 + 0.1 cm. (Hg-'H 0)
Density Diff. Ag = 12.55 + 0.05 gm./cc.
Grav. const. Z = 980 '::l!./sec.2
Tube radius R = 0.231 + 0.005 cm.
Length L = 30.5 + 0.1 cm.

T v = (22.5 + 0.5%)(12.55 + 0.4%)(980)(0.231 + 2.2%)
(2)(30.5+ 0.3%)
T v = 1000 + 3k dy'ne:s/c:m.2
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b, Calculation of local velocity

u= /2. Ah. 0@ .8/ © ( 48)
For Run No. 9-B, first point:
Manometer leg Ah = 30.00 + 0.03 cm. (Hg-Hgo)
Density diff. AQ = 12.55 + 0.05 gm/cc.
Grav. constant g = 980 cm./aec.2
Fluid density © = 1.00 + 0.02 gn./cc.

U = /(2)(30.00+ 0.1%)(12.55 + 0.4%)(980)/(1.00 + 2.0%)
u = 861 + 11 cm./sec. = 28.25+ 0.35 ft./sec.

5. Calculation of average velocity
V = GPM. (conversion factor)/(1T R2) ( ¥9)

For Run No. F-2, first point:

Pump output GPM = 3.69 + 0.04 gal./min.
2
Conversion factor - 0.320\,(%_&‘1)_?_'.&%1
sec. )(gal.
Tube radius R = 0.3545 + 0.001 in.

(3.6941-_ 1.1%)(0.320)
(17)(0.3545 + 0.3%)°

V =2.99 + 0.05 ft./sec.

V -
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7.

95.
Caliculation of friction velocity

v, =V /]2 (50 )
For Run No. 9-B:
Av. velocity V= 22.1 + 0.4 £t./sec.

Friction factor f = 0.00394 + 0.00030

u, = (22.1 + 1.7%) / (0.0039% + 7.5%)/2
u, = 0.847 + 0.030 ft./sec.

Calculation of relative mixing length.

1/R = (u.*/ 1-y/R )/ (du/day - R) (33 )

For Run No. 9=B, first mixing length point:

Friction velocity u, = 0.847 + 0.030 ft./sec.
Distance from wall ¥/R = 0.025 (not sxperimental)
Tube radius R = 0.3545 + 0.001 in.
Velocity gradient du/dy e 630 + 63 ft./secdin.

(0.847 + 3.5%)(1-0.025)
(630 + 10.0%)(0.3545 + 0.3%)

1/R = 0.0037 + 0.0005

1/R =
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VIII. APPENDIX (Cont.), C. Summary of Data and Calculated Values
Friction Factor Run No. A-1 Material: Water
8 = 1.00
b = 0.00941 poise 5/8" s.s. Tube
M . Sg ' Condition

Ng s”’Np, (d{ges of
© € 7‘; cm! Mancmeters
20.0 0.00L45kL 103,500 17.9 865 steady
23.9 0.00423 123,000 18.6 1140 steady
Friction Factor Run No. A-2 Material: Water
8 = 1 . OO
b = 0.00890 poise 5/8" s.s. Tube
12.4 0.00493 67,600 16.1 360 steady
11.2 0.00536 61,200 15.7 320 steady
13.4 0.00485 80,800 16.8 Lk steady
15.2 0.004T2 91,000 17.3 510 steady
17.8 0.00451 107,000 18.1 675 steady
21.0 0.00440 126,000 18.8 917 steady
23.3 0.00433 140,000 19.3 1100 steady
27.2 0.00416 163,000 20.0 1450 steady
Fricticn Factor Run No. A-3 Material: Water
5 = 1.00
b = 0.00885 poise 5/8" s.s. Tube
10.k4 0.00489 57,000 15.4 268 steady
4.2 0.004k41 7,700 16.7 470 steady
16.6 0.00423 90,100 17.3 609 steady
20.4 0000415 111,000 18.2 870 steady
22.9 0.00397 127,000 18.8 1070 steady
26.3 0.0038C 148,500 19.6 1365 steady
28.8 0.00k19 162,300 20.0 1595 steady
34.3 0.00L405 197,000 21.0 2140 steady
3.77 0.00595 21,700 12.1 50.4 steady
2.52 0.00675 14,500 11.0 23.0 steady
1.20 0.00820 7,000 9.22 6.2 steady
Friction Factor Run No. A-4 Material: Water
s = 1.00
b = 0.00942 poise 0.182" Copper Tube
0.926 0.00691 17,100 11.h 552 steady
0.294 0.00925 5,340 8.53 72.2 steady
0.832 0.00929 15,400 11.1 Lsh steady
0.776 0.00935 14,240 10.9 398 steady




Friction Factor Run No. A-k (cont.)

oy X 5‘N Y ’T Condition
£ s dynes of

Re Re w( cm! ) Manometersa
0.681 0.00955 12,600 10.5 315 steady
0.545 0.0101 10,070 16.0 212 steady
0.418 0.00841 7,730 9.35 138 steady
1.187 0.00785 21,850 12.1 T79 steady
2.065 0.00778 38,100 13.9 2340 steady
2.67 0.0074T k9,300 4.9 3770 steady

Friction Factor Run No. A-5 Material: Yater
8 m 1.00

b = 0.0106 poise 3/8" s.s. Tube

13.6 0.00408 109,000 18.3 3040 steady

11.97 0.0¢k22 95,700 17.6 2430 stesdy

11.13 0.00430 : 89,200 17.3 2155 steady
9.67 0.00450 T7,500 16.7 1700 steady
7.62 0.00482 61,000 15.7 1125 steady
6.61 0.00499 53,000 15.2 877 steady
3.685 0.00596 29,600 13.1 33L steady
2.58 0.00640 20,650 12.0 177 steady
1.195 0.00760 9,570 9.90 .o steady

friction Factor Run No. A-6 Material: Water

B = 1.00 )

b = 0.00995 poise 3/8" 5.8. Tube

13.2 0.00423 113,000 18.3 2980 steady

11.67 0.00438 99,500 17.8 2400 steady

10.4L% 0.00450 89,300 17.3 1975 steady
8.50 0.00484 72,600 16.4 1405 steady
6.89 0.00501 58,900 15.6 959 steady
3.685 0.00619 31,500 13.3 339 steady
2.48 0.00700 21,200 12.1 173 steady
1.195 0.00927 10,200 10.1 67.1 steady

Friction Factor Run No. A-T7 Material: Water

8 & 1.00 )

b = 0.0105 poise 3/4" s.s. Tube
6.65 0.00585 28,300 13.0 79.2 steady
8.14 0.00518 34,6C0 13.6 105 steady

10.25 0.00530 43,600 1k, 170 steady

12.50 0.004k99 53,100 15.2 238 steady

14,50 0.00498 61,600 15.8 319 steady

17.00 0.00487 72,300 16.4 L2g steady

21.3 0.00L469 90.600 17.4 653 steedy




Friction Factor Run No. A-7 (cont.)
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Condition
GPM £ N 8K . dynes of
Re Re /]:‘k_cun;g-) Manometers
25.3 0.00453 107,500 18.1 88L4 steady
32.5 0.00433 138,300 19.2 1395 steady
36.09 0.00418 153,300 19.9 1660 steady
3.685 0.00703 15,670 11.2 29.0 steady
3.685 0.00705 15,670 11.2 28.9 steady
1.19 0.00975 5,060 8.48 3.93 fluctuations
(1/2 am.)
1.72 0.00917 7,310 9.25 T.97 steady
1.43 0.01005 6,080 8.85 5.99 steady
2.58 0.00797 11,000 10.2 15.9 steady
0.923 0.00436 3,920 -- 0.855 steady
0.298 0.011k4 1,270 -- 0.062 steady
Friction Factor Run No. B-1 Material: 1.5% Polyvinyl
8 = 1.00 Alcohol
b = 0.0254 5/8" g.s. Tube
11.1 0.00660 21,300 12.1 388 steady
13.3 0.00660 25,500 12.7 556 steady
16.2 0.00625 31,100 13.3 T80 steady
21.5 0.00578 41,300 4.2 1265 steady
28.9 0.00538 55,400 15.L4 2120 steady
31.4 0.00556 60,100 15.7 2585 steady
11.2 0.0068T7 21,600 12.2 410 steady
1.88 0.00485 3,610 -- 9.10 steady
1.21 0.00T700 2,330 -- 5.46 steady
3.75 0.0910 7,200 9.20 68.0 steady
3.05 0.07T72 5,860 -- 38.3 fluctuations
( 1/2 em.)
2.50 0.00402 -k,800 -- 13.3 steady
2.72 0.00375 5,210 -- 1.7 steady
Frictign Factor Rua No. C-1 Material: 0.178% CMC-T0
8 = 0.60
b =2.09 5/8" s.s. Tube
10.5 0.00372 4,300 - 196 steady
12.0 0.00316 5,180 -- 217 slight
fluctuation
16.0 0.00234 7,740 -- 284 fluctuation
(1/2:mm. )
19.2 0.00199 9,950 -- 348 fluctuation

(1L m.)



Friction Factor Run No. C-1 (cont.)
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M . - 5. ¥ ‘Condition
5K, dynes of
Re- Re '“‘( cm ) Manometers
23.6 0.00178 13,300 - 505 fluctu;tion
1l cm.
25.8 0.00188 14,900 36.6 623 'fluctu?tion
(1L cm.
3k.9 0.00163 23,000 48.1 972 almostlsteady
3.77 0.0104 1,020 - 84.1 steady
1.22 0.0816 211 - 32.3 steady
Friction Pactor Run No. D-1 Material: 0.30% CMC-TO
8 cu 0-5'4-
b = 4.80 5/8" s.s. Tube
10.52 0.00638 2,730 -- 330 steady
13.2 0.00473 3,820 .- 385 fluctuation
(12 mm.)
16.66 0.00353 5,400 26.0 458 fluctuﬁtion
1l mm.
22.50 0.00247 8,380 36.7 583 slight
fluctuation
33.2 0.00160 15,000. 56.0 828 slight
fluctuation
3.79 0.0223 695 - 168 steady
2.93 0.0326 495 - 148 steady
2.15 0.0LoL 320 - 120 steady
1.23 0.105 114 - 84.1 steady

Friction Factor Run No. D=2

B = 0.66

b =1.27
1.24 0.0520 291
1.63 0.0398 Loé
1.95 0.0318 509
2.50 0.0238 688
2.98 0.0190 853
3.kl 0.0158 1,024
3.86 0.0136 1,180
1.24 0.00525 291
1.94 0.00318 505

Material: 0.30% CMC=TO
5/8" s.s. Tube

41.9 steady

55.5 steady
63.6 steady
78.2 steady
88.8 steady
98.3 steady
106 steady
k2.5 steady
63.1 steady
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Friction Factor Run No. D=3 Material 0.30% CMC-TO
8 m 0.
b =1.27 , 5/8" s.8. Tube
aPM . 5N ¥ Condition
8 QEEB of
NRE Re /r:’( cm’ ) Manocmeters
6.57 0.00T70 2,270 - 155. ste
8.16 0.00550 2:950 -- 171 ,teiﬁi
9.54 0.00L56 3,580 -- 194 fluctuation
(1 mm.)
11.16 0.00382 4,330 - 221 fluctustion
(2 mm.)
13.80 0.00531 5,640 - 560 fluctuition
S mm.
28.30 0.00323 13,600 24.5 1245 fluctu3tion
1l mm.
21.50 0.00414 9,780 20.5 893 €1uctu?tion
1l mm.
17.45 0.00481 7,550 " 17.8 685 fluctuﬁtion
1l mm.
33.40 0.00313 16,700 27.5 1625 almost steady
Frictigg Factor Run No. D-4 Material: 0.30% CMC=T0
s = O.
b = 1.27 5/8" s.s. Tube
10.4 0.00356 4,500 -- 164 steady
11.4 0.0031%L 5,100 -- 173 steady
12.3 0.00288 5,630 -- 185 slight
fluctuation
12.65 0.0028% 5,830 -- 192 fluctuation
(L mm.)
13.35 0.00271 6,310 -- 20k fluctuation
(3 cm.)
13.9 0.00258 6,620 -- 212 fluctuation
(5 em.)
14.55 0.00367 ‘1,020 -- 329 fluctuation
(4 cm.)
15.4 0.00372 7,600 - 376 fluctuation
(3 am.)
16.9 0.0CkL37 8,700 19.2 532 fluctu?tion
3 mm.
18.2 0.00412 9,530 20.1 580 slight
fluctuation
19.95 0.00383 10,800 21.6 648 almost steady
22.0 0.00390 12,300 23.2 800 almost steady
26.3 0.00340 15,600 26.3 997 steady
k.0 0.00293 22,100 32.1 1443 steady
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Frictioﬁ Factor Run No. D-5 Material 0.30% CMC-70
8 = 0.7
b = 0.505 5/8" s.s. Tube
Condition
GPM b g s5N 8 ’TJ dynes of
“Re Re 114 % ) Mancmeters
32.4 0.00352 26,800 24,2 1720 steady
22.6 0.00L4k41 17,000 20.0 1054 steady
16.5 0.00535 11,500 16.7 681 steady
14.35 0.00590 9,590 15.3 566 steady
13.7 0.00610 9,030 1k.9 533 slight
fluctuation
12.73 0.00642 ° 8,260 14.3 483 slight
fluctuation
11.55 0.00682 7,300 13.5 ks slight
fluctuation
10.85 0.00700 6,760 13.0 385 fluctu?tion
1 mm.
10.31 0.00724 6,340 12.6 359 fluctu?tion
2 om.
10.2 0.00726 6,280 12.6 352 fluctu?tion
2 m.
6.64% 0.00L87 3,630 - 100 steady
3.79 0.00884 1,800 -- 66.6 steady
2.89 0.0126 1,280 -- 55.2 steady
2.18 0.0160 865 - Lo.o steedy
1.240 0.0295 439 - 23.7 eteady

Friction Factor Run No. D-6

8 = 0.7’4
b = 0.505

6.00
T.92
8.81
Q.70
12.00
6.28
8.21
9.41
10.3
10.8

31.7

0.00931
0.00823
0.00710
0.00750
0.00650
0.00560
0.00381
0.00LE2
0.00741
0.00705

0.003T7k

3,360
4,690
5,200

5,850
7,450
3,560
k,B10
5,630
6,230

& £Eon

S A

Material: 0.30% CMC-=T0

5/8% s.s. Tube
- 157
- 241
.- 257
12.0 330
13.5 436
- 104
- 120
- 191
12.4 367
12.9 383
22.6 1760

steady
steady
fluctuation
(3 cm.)
fluctuation
(X mm.)
steady
steady
steady
fluctuation
(3 cm.)
fluctuation
(2 m.)
fluctuation
(L mm.)
steady
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Frictigﬁ Factor Run No. D-7 Materisl: 0.30% CMC=T0
s = 0.
b = 0.505 5/8" 8.8, Tube w/ Turbulence
Promoter
— . - S X Condition
R 8°NR dynes - of
N © ’T‘;( cm' ) Manometers
6.93 0.00910 3,830 10.0 204 slight
fluctuation
8.71 0.00790 5,110 11.4 279 steady
10.7 0.00708 6,640 12.8 378 steady
10.95 0.00708 6,740 12.9 378 steady
135.85 0.00602 8,500 16.6 538 steady
33.3 0.00369 21,000 21.8 1920 steady
3.83 0.00821 2,010 - 63.2 £teady
3.00 0.0108 1,520 -- 51.0 steady
2.14 0.0157 1,030 - 37.6 eteady
1.24 0.0290 552 -- 23.4 steady
Frictign Factor Run No. D-8 Material: 0.30% CMC=TO
s = 0.85
b = 0.1195 5/8" 8.s. Tube
3.83 0.00700 2,220 -- 54,0 steady
3.16 0.00858 1,735 -- Lh,9 steady
2.16 0.0122 1,318 - 29.8 steady
1.24 0.0217 649 - 17.5 steady
3.83 0.00680 2,220 - 52.4 stesdy
3.83 0.00543 3,030 - 41.7 steady
1.24 0.0176 925 - k4.2 steady
2.16 - 0.00955 1,660 -- 23.4 steady
3.16 0.00649 2,465 -- 33.9 steady
Frictign Factor Run No. D=9 Material: ¢.30% CMC=T0
5 = 0. 5
b = 0.1195 5/8" g.s. Tube
9.90 0.00752 7,050 10.4 3kk4 steady
11.93 0.00720 $,900 11.7 480 steady
1k.25 0.00655 12,900 12.9 619 steady
17.1 0.00555 15,870 13.8 760 steady
21.8 0.00483 22,750 15.8 1070 steady
2L.9 0.00448 27,700 17.0 1297 steady
26.3 0.00458 31,100 17.7 1480 steady
31.3 0.00L04 39,700 19.3 1850 steady
6.40 0.00964 4,180 8.60 184 fluctua).tion
1 mu
8.05 0.00860 5,280 9,38 260 steady
1.2k4 0.0206 T71 -- 16.6 steady




Friction Factor Run No. D=9 (comt.)
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- . . 5NR X Condition
NRe ° e 7;’ cmezs) Man;ietera
3.85 0.0064T 2,470 - 50.1 t
3.16 0.00800 2:020 - WM.7 :tgggg
2.16 0.0118 1,366 - 28.7 steady

8 = 0.53

v = 9,20

10.32 0.0107 1,402
12.61 0.00803 1,980
15.2 0.00621 2,580
18.4 0.00470 3,390
22.3 0.00368 L,k50
6.78 0.0197 818
8.52 0.0141 1,135
10.35 0.0107 1,490
25.43 0.00308 5,430
32.2 0.00237 8,530

Friction Factor Run No. E-2

8 = 0.53
b = 9.20
10.18 0.00950 1,650
11.8 0.007656 2,050
13.18 0.00658 2,410
14.81 0.005L45 2,850
18.57 0.00400 3,970
21.77 0.00328 5,000
25.2 0.00276 6,200
32.2 0.00205 8,920
34.1 0.00207 9,730
35.3 0.00186 10,250
3.85 0.0362 3¢k

k3.2
45.8

Material: 0.41% CMC=T0

5/8" g.s. Tube

533 steady

597 steady

670 steady

T43 gteady

853 steady

k23 steady

476 steady

531 gteady

935 slight
fluctuation

1146 slight
fluctuation

Material: 0.41% CMC-=TO

5/8" s.s. Tube w/ Turbulence

Pramoter
500 steady
540 steady
579 steady
619 steady
T15 steady
808 steady
911 steady
1100 slight
fluctuation
1170 slight
fluctuation
1203 fluctuation
(1 mm.)

279 steady



104 .

Friction Factor Run No. E=3 Material: 0.41% CMC-7C
g = 0.53
b = 9.20 3/8" &.s. Tube
Condition
50 8 Y
GPM t a8”N. dymes of
"Re Re 7’;" ( cme ) Mencmeters
1.2h 0.0584 260 - 333 steady
2.02 0.,0288 535 -- 433 -steady
2.40 0.02215 686 -- LTh steady
3.12 0.014k2 1,010 .- 546 steady
3.85 0.0111 1,440 .= 609 steady
10.1 0.00307 5,590 -= 1160 slight
fluctuation
11.6L 0.00259 6,830 -- 1300 slight
fluctuation
13.21 0.00223 8,300 38.2 1440 slight
fluctuation
15.4L 0100188 10,350 45.0 1660 elmost steady
17.26 0.00166 12,300 50.9 1820 elmost steady
20.5 0.00139 15,700 61.7 2165 almost steady
22.2 0.00129 17,700 67.1 2355 almost steady
6.50 0.00535 2,920 -e 838 steady
8.3C 0.00385 L,210 -- 983 steady
Friction Factor Run No. E=-4 ) Material: 0.41% CMC=T0
e = 0.57
b = 5.59 3/8" s.s. Tube
1.24 0.0505 31k .- 288 steady
2.04 0.0249 6L0 -- 385 steady
2.88 0.0153 1,046 -= L69 steady
3.85 0.00952 1,580 .- 545 steady
6.32 0.00503 3,200 .= T4S steady
T Lk 0.00406 4,040 .- 832 steady
8.51 0.00336 4,900 - 902 fluctuation
(1 om.)
9.51 0.00286 5,720 - 956 fluctuation
(3 m.)
9.80 C.00284 6,000 - 1010 fluctuation
(3 mm.)
10.60 0.00276 6,650 .- 1145 f%uctu§tion
m«
13.10 0.00239 9,050 32.2 1525 fluctuation
(2 mm.)
15.10 0.00211 11,240 36.6 1780 Tluctuation
(1 mm.)
20.00 0.00170 16,500 48.0 2510 almost steady
21.8 0.00160 18,600 51.8 2815 almoet steady

1.2k 0.00500 31k o< 28k steady




BRGICN

Friction Factor Run No. E-=5 Material: 0.41% CMC=T70

8 = 0.59
b = k4,01 3/4" s.8. Pube
o 5. % Condition
' f N 8°N T 8 of
Re Re r“ (ggg_) Manameters
10.06 0.00985 1,800 - 305 steady
12.32 0.0073L 2,380 -- 341 steady
13.77 0.00627 2,790 - 363 steady
14.80 0.00570 3,080 -- 381 steady
18.58 0.00420 4,270 - Lh2 steady
20.Th 0.00363 5,000 -- L79 steady
23.3 0.00320 5,870 -- 533 slight
fluctuation
25.5 0.00283 6,640 - 564 fluctuation
(1 m.)
27.0 0.00268 7,260 - 600 fluctuation
(2 mm.)
28.5 0.00252 7,780 - 624 fluctuation
(5 mm.)
29.8 0.00239 8,280 - 650 fluctuation
(1 em.)
31.8 0.00293 9,050 28.7 290L fluctu;tion
5 mm.
35.1 0.00261 10,300 31.1 982 fluctuation
(2 mm.)
12.30 0.00745 2,380 - 345 steady
37.95 0.00252 11,630 33.9 1110 almost steady
Frictign Factor Run No. E=7 Material:0.41% CMC-TO
5 = O. 2
b = 2.70 3/4" s.s. Tube w/ turbulence
promoter
5 ¥ Condition
GPM f N 8" .N gﬂgs of
Re Re cm Mancmeters
10.31 0.00703 2,300 -- 229 steady
12.02 0.00571 2,830 - 254 steady
15.95 0.00391 4,090 -- 305 steady
20.L4 0.00287 5,700 - 365 slight
fluetuation
21.66 0.00293 6,180 -- L2y fluctuation
(1 em.)
2k.03 0.00355 7,200 21.1 630 fiuctu§tion
CI .
28.5 0.00311 9,120 24,1 T72 almost steady
32.6 0.00281 11,000 27.1 ghkh steady
36.45 0.00254 12,900 29.6 1040 steady

3.685 0.0271 585 -- 113 steady




106.

Friction Factor Run No. E-6 Material: 0.4% CMC-T0
s = 0.59
b = 4.01 3/4" s.s. Tube w/ Turbulence
Pramoter
GPM . - 5 5. . Condition
8. QE§3 of
Re Re 1:'4( cm ) Manometers
10.20 0.00905 1,820 - 285 stesdy
12.69 0.0066L4 2,510 -- 323 steady
15.6 0.00507 3,310 - 37k steady
19.15 0.00386 4,390 - 428 steady
22.2 0.00319 5,410 -- ¥7s slight
fluctuation
24,1 0.00284 6,100 - 500 fluctuation
(4 mm.)
26.05 0.00265 6,800 - Shl fluctu;tion
5 me.
27.5 0.00267 7,360 - 610 fluctuation
(1iem.)
30.1 0.00303 8,340 27.0 231 fluctuation
(1.5 cem.)
30.55 0.00327 8,570 27.5 g2z fluctuation
(2 mm.)
37.45 0.00245 11,400 33.4 1035 almost steady
40.35 0.00243 12,600 354 1195 almost steady
9.80 0.00956 1,730 - 278 steady
Frictigﬁ Factor Run No. F-1 Material: 0.35% CMC-TO
s = 0.
b = 2.22 3/4" s.s. Tube
3.685 0.0242 665 - 101 steady
10.48 0.00640 2,460 - 21k steady
12.25 0.00523 3,060 -- 240 steady
14.31 0.00431 3,760 - 270 steady
17.5 0.00337 4,960 -- 316 steady
19.9 0.00291 5,900 - 354 fluctuation
(1 mm.)
20.8 0.00L50 6,280 17.8 600 fluctuation
(1eem,)”
23.2 0.00415 7,240 19.3 685 fluctuation
(1 em.)
2.1 0.00401 T,68¢C 19.9 TS5 fltctuagion
Clm.
26.8 0.00369 8,850 21.5 811 almost steady
29.6 0.00346 9,510 22.5 931 almost steady
32.9 0.00308 11,650 25.2 1023 almost stemdy
37.05 0.00291 13,800 27.8 1230 steady
3.685 0.0235 665 -- 99 steady




107.

Frictigll:: Factor Run No. F-2 Material: 0.35% CMC-T0
8 = 0.
b = 2.22 , 3/4" s.s. Tube
— . N 5 X 8 ’r q Cond;:tion
8 . Ees O
Re Re w( om' ) Manometers
3.685 0.0234 665 - 96.1 steady
9.76 0.00668 2,240 - 195 steady
12.48 0.00489 3,120 -- 232 steady
17.3 0.00328 4,860 -- 302 slight
fluctuation
15.35 0.00297 5,660 -- 341 fluctuation
(5 m.)
20.9 0.00443 6,340 17.7 594 fluctuagion
S mm.
23.6 0.0040O4 7,480 19.5 691 fluctuagion
3 mm.
26.0 0.003g0 8,380 20.8 TT2 steady
30.1 0.00329 10,300 23.6 920 steady
31.9 0.00315 11,400 24.8 985 steady
36.0 0.00286 13,200 27.1 1136 steady
39.75 0.00262 14,100 28.2 1270 steady
3.685 0.0230 665 - 9L.8 steady
14,16 0.00k12 3,700 -- 254 steady
F‘rictigﬁ Fauctor Run No. F-3 Material: 0.35% CMC-T0
8 =0.
b =2.22 1/2" s.s. Tube
3.685 0.01215 1,230 - 206 steady
1.195 0.0501 267 -- 89.2 steady
10.25 0.00323 4,940 -- 423 steady
11.9 0.00275 6,040 -- 4183 steady
12.64 0.00260 6,600 -- 515 steady
13.73 0.00303 7,300 - 710 fluctuation
(1 cm.)
15.44 0.00259 8,650 - 767 fluctuation
( 1 cm.)
18.7 0.00298 11,200 24.8 1297 fluctuation
( 2 cm.)
20.1 0.0029k4 12,400 26.1 1470 fluctuation
( 2 m.)
21.8 0.00275 13,700 27.9 1623 almost steady
26.0 0.00241 17,600 31.9 2025 almost steady
31.35 0.00204 22,600 37.1 2610 steady
35.0 0.00198 26,200 40.7 3000 steady
38.50 0.00187 30,000 Lbh.1 3430 steady




108.

Frictign Factor Ryn No. F-l4 Material: 0.35% CMC-TO
8 o 0.6k
b =2.22 3/8" s.s. Tube
aPM . - 5 ¥ Condition
s .N @E‘B of
Re Re f,;l cm ) Manometers
3.685 0.00685 2,270 - 377 steady
1.195 0.0299 Lol -- 175 steady
6.10 0.00353 4,510 - 531 steady
8.02 0.00260 6,550 -- 673 -fluctuation
(1 m.)
8.5L4 0.00240 7,100 -- 709 fluctuation
(2 mm.)
9.02 0.00222 7,610 - T30 fluctuation
(2 em.)
9.52 0.00275 8,270 -- 1006 fiuctu;tion
m.
11.67 0.00301 10,900 4.4 1656 f1uctu3tion
1l cm.
12.78 0.00282 12,300 26.0 1870 fluctu;tion
2 mm.
14.33 0.00258 14,400 28.6 2150 almost steady
16.85 0.00228 17,800 32.3 2620 steady
17.76 0.0022L 19,200 33.6 2860 steady
3.685 0.00685 2,270 = 376 steady
1.195 0.0300 500 -- 175 steady
Frictigﬁ Factor Run No. F-5 Material: 0.35% CMC-TO
8 = 0.
b =2.22 5/8" s.s. Tube
1.195 0.070k4 216 -- 51.0 steady
3.685 0.0180 835 - 128 steady
10.1 0.00509 3,070 -- 263 steady
12.27 0.00400 k,030 -- 304 steady
14.09 0.00336 4,800 - 338 fluctuation
(1 mm.)
16.31 0.00283 5,950 -- 381 fluctuation
(2 m:)
19.2 0.00k21 7,380 19.4 789 fluctu?tion
3 cm.
22.53 0.00372 9,170 22.1 957 steady
26.85 0.00324 11,700 25.3 1185 steady
32.15 0.00290 14,900 29.0 1517 steady
35.6 0.00270 17,100 31.8 1725 steady
39.24 0.00248 19,600 3k, 1960 steady
3.685 0.0180 889 - 128 steady

1.195 0.0699 216 - 50.7 steady




109.

Friction Fector Run No. G-1 Material: 1.0% Ammonium
8 = 0.70 Alginate
b = 3.47 1/2" 8.8. Tube
M . 5 X Condition
NRe 8" .N dzm g8 of
Be 1“’?( cm' ) Manometers
10.60 0.00751 2,040 -- 1060 steady
12.53 0.00610 2,550 - 1200 steady
16.19 0.00440 3,490 - 1444 steady
20.05 0.00336 4,580 -- 1700 steady
23.83 0.00274 5,710 - 1944 steady
2k.55 0.00379 5,930 - 2860 fluctuagion
5 cm.
26.50 0.00550 6,770 4.7 4840 fluctuagion
5 mm.
26.80 0.00558 6,890 14.8 5020 fluctuagion
1 mm.
31.23 0.00L96 8,450 16.5 6010 steady
36.58 0.00455 10,300 18.3 7630 staady
3.685 0.0301 522 -- 510 steady
Friction Factor Run No. H-1 Material: 0.83% Ammonium
8 = 0.73 Alginate
b = 2.15 1/2" s.s. Tube
3.685 0.0234 685 -- 398 steady
10.62 0.00611 2,640 -- 865 steady
12.54 0.00492 3,240 - _970 steady
16.13 0.00360 L, k70 - 1180 steady
19.53 0.00430 5,720 -- 2050 fluctuation
( 2 em.)
22.60 0.00553 6,860 13.4 3790 fluctuation
( 2 m.)
25.15 0.00555 7,810 14.2 4400 steady
29.40 0.0050L4 9,610 15.9 5470 steady
33.75 0.00465 11,350 17.0 6640 steady
36.90 0.00431 12,800 18.0 7390 steady
Friction Factor Run No. I-=1 Material: 0.62% Ammonium
8 = 0.7k Alginate
b =1.38 1/2" s.s. Tube
T7.79 0.00601 2,550 - 476 steady
6.7L 0.00769 2,110 -- 433 steady
10.22 0.00851 3,590 9.77 1110 steady
9.36 0.00702 3,220 -- T70 fluctuation
( 1L cm.)
11.07 0.00820 4,000 10.2 1260 steady




110.
Friction Factor Run No. I-1 (cont.)

5 ¥ ’T . Condition
GPM hig N 87 . 8 of
Re NRe d (QEE_) Manometers
12.50 0.00536 4,650 - 1050 -fluctuagion
2 cm.
13.63 0.00730 5,150 11.3 1700 "fiuctuagion
{21 m.
15.86 0.00675 6,290 12.6 2120 fluctua?ion
( 1 mm.
20.16 0.00591 8,480 14.5 3000 steady
28.80 0.0048L 13,300 17.9 5010 sueady
31.23 0.00460 14,700 18.7 5670 steady
35.08 0.00422 17,000 20.0 6500 steady
3.85 0.0143 1,000 -- ' 24k steady
riction Factor Run No. I-1A Material: 0.62% Ammonium
s = O0.Th Alginate
b = 1.38 1/2" s.s. Tube
3.685 0.0154 1,000 -- 263 steady
1.195 0.05T3 ko -- 102 steady
6.05 0.0083L 1,860 -- 383 steady
7.09 0.00690 2,270 - 433 steady
8.31 0.00544 2,780 - Lo7 steady
11.14 0.00L407 4,010 - 630 steady
12.88 0.00337 4,850 - 699 fluctuation
( 2 em.)
15.05 0.00485 5,870 - 1375 flgctuagion
m.
16.92 0.00659 6,800 13.1 2360 flnctuagion
1 mm.
23.23 0.00542 10,150 15.9 3660 steady
Friction Factor Run No. I-2 Material: 0.62% Ammonium
8 = 0.7k Alginate
b =1.38 0.182" Copper Tube
1.196  0.0133 1,450 -- 1346 steady
3.70 0.00765 6,020 12.4 T4TO steady
Q.925 0.0165 1,050 - 1010 steady
0.299 0.0610 253 -- 387 steady
0.592 0.027k 597 -- 687 steady
1.85 0.0929 2,530 -- 2270 fluctuation
( 1 m.)
1.39 0.0119 1,760 - 1616 steady
2.37 0.00883 3,430 9.55 3520 fl;ctuaglon
nm.
1.915 0.0919 2,630 - 2420 fluctuation
{( 2 mmn.)

1.545 0.0107 2,000 - 1810 steady




Friction Factor Run No. I-3
B = O.Th

111.

Materiai: 0.62% Ammonium
Al ginate

b = 1.38 3/4" s.s. Pube
5 xv Condition
GPM £ N 8 . dynes of
Re Nﬁe ’R; ( cmr“) Mancmeters
10.45 0.00793 2,000 - 265 steady
13.27 0.00605 2,690 - 326 steady
15.48 0.00513 3,230 - 377 steady
18.41 0.00422 4,050 - 438 fiuctu?tion
1 mm.
21.25 0.00562 4,910 -- T97 f&uctugtion
2 am.)
25.00 0.00702 5,940 12.3 13Lk0 fluctu?tion
2 mm.
27.20 0.00680 6,590 12.9 1540 almost steady
33.05 0.00607 8,450 4.4 203¢ steady
36.40 0.005T78 9,530 15.2 2340 steady
40.05 0.00549 10,600 16.0 2690 steady
6.68 0.0133 1,050 - 182 steady
8.28 0.0104 1,480 -- 218 steady
3.685 0.0261 535 - 109 steady
Friction Factor Run No. I-L Material: 0.62% Armmonium
8 = 0.T4 Alginate
b =1.38 3/4" s.s. Tube
10.06 .00819 1,900 - 254 steady
12,04 .00643 2,380 - 287 steady
15.52 .00600 3,270 -- Lh2 slight
fluctuation
3.685 .0253 535 - 105 steady
21.45 .00Th1 4,910 11.3 1045 fluctu;tion
1l cm.
24 .00 .00705 5,680 12.0 1250 slight
fluctuation
32.75 .00598 8,400 4.4 1970 steady
36.45 .00565 9,610 15.3 2300 steady

Friction Factor Run No. J=-1
8 = 0.82

t = 0.hk22
3.685 0,0157 1,100
6.89 0.00773 2,080
8.80 0.00585 2,780
14.26 0.00349 4,910

Material: 0.46% Ammonium

Alginate
3/4" s.s. Tube

65.5 steady

13 steady

142 steady

2i8 fluctuation
(2 cm.)



Friction Fector Run No. J-1 (cont.)

112.

— . 5 ¥ ‘r Condition
N 8’. 8 . of
Re “Re w(%) Mancmeters
14.98 0.00632 5,200 - 437 fluctu?tian
2 cm.
16.83 0.00752 6,010 10.3 655 fluctugtian
1l mm.
25.10 0.00621 9,630 12.2 1203 steady
35.05 0.00530 14,100 14.3 2000 steady
38.90 0.00501 16,100 15.0 2330 steady
18.23 0.00T15 6,580 10.6 T30 steady
Friction Factor Run No. J-2 Material: 0.46% Ammonium
8 = 0.82 Alginate
b = 0.422 0.182" Copper Tube
1.245 0.00700 2,770 - 1002 steady
1.58 0.00684 3,960 - 1547 fluctuation
{2 mm.)
1.78 0.00680 4,200 - 1960 slight
Tluctuation
2.20 0.00628 5,320 -- 2760 fluctuation
(2 mm.)
2.495 0.00669 6,250 10.4 3780 steady
3.18 0.006i5 8,330 11.7 5620 steady
3.85 0.00538 10,500 12.7 7270 steady
0.310 0.0288 535 - 241 steady
0.965 0.00940 2,050 - T96 steady
Friction Factor Run No. K-1 Material: 0.10% Ammonium
8 = 0.95 Alginate
b = 0.0302 3/4" s.s. Tube
9.86 0.00660 20,400 12.7 196 steady
12.80 0.00580 26,700 13.7 291 steady
15.2 C.00550 31,800 1l b 385 steady
21.0 0.00489 Lk .900 15.9 661 steady
25.2 0.00459 54,500 16.7 8ok steady
31.9 0.00440 69,900 17.9 1365 steady
34.70 0.00427 76,200 18.4 1570 steady
3.85 0.00853 7,600 9.60 36.6 fiuctu?tion
mn «
1.245 0.00758 2,330 - 3.6 fluctuation

(1 mm.)



Friction Factor Run No. K=2

113.

Material: 9.10% Ammonium

8 = 0.95 Al ginate
b = 0.0302 3/4" s.s. Tube
— . 5 x Condition
8 . es of
NRe ERe 'T‘:"C%’_) Manameters
10.0 0.00634 20,660 12.7 195 steady
T.54 0.00705 15,400 11.8 124 steady
6.25 0.00790 12.650 1.1 98.8 steady
3.85 £.00800 T,6900 9.60 36.6 fluctua?icn
1 mm.
1.245 0.00795 2,330 -- 4.10 steady
0.963 0.00965 1,770 - 3.08 steady
0.311 0.0289 540 -- 1.20 steady
11.96 0.00605 24,900 13.4 265 steady
3.29 0.00820 6,450 - 27.6 steady
2.76 G.00845 5,360 - 20.0 steady
2.195 0.00454 4,200 - 6.84 steady
1.875 0.00516 3,590 - 5.T1 steady
1.50 0.00631 2,820 -- 4.51 steady
Friction Factor Run No. K-3 Material: 0.10% Ammonium
s = 0.95 Alginate
b = 0.0302 3/8" s.s. Tube
0.3115 0.0143 1,135 - 5.90 steady
0.505 0.00905 1,885 - 9.62 steady
0.633 0.00727 2,400 -- 12,1 steady
0.7TT7h 0.00600 2,950 - 14.8 steady
0.918 0.00505 3,540 -- 17.5 steady
0.962 0.00514 3,700 -- 19.4 fluctuation
(1em.)
1.245 0.00382 4,860 - 24,2 steady
1.625 0.00307 6,430 - 33.0 fl;ctuagion
m.
2.117 0.0073k4 8,480 9.90 8.15 fl;ctua?ion
cme.
1.245 0.00396 4,860 -- 1.16 fluctuagion
3 mm.
2.415 0.00730 9,760 10.3 8.05 steady
2.89 0.00693 11,750 10.8 10.9 steady
3.39 0.00643 13,500 11.% 1%.3 steady
3.85 0.00630 15,960 11.8 }7.6 steady
6.47 0.00578 27,500 13.8 45.8 steady
7.29 0.00532 31,200 14.3 53.3 steady
8.15 0.00510 3k,900 14.8 64.0 steady
9.32 0.00488 40,100 15.h 80.1 steady
10.53 0.0G469 45,900 16.0 68.1 steady
13.00 0.00435 57,200 17.0 139 steady



11k,

Priction Factor Run No. L-1 Meterial: 0.20% Ammonium

s = 0.84 Alginate
b = 0.119 3/8" s.s. Tube
Condition
™ e ORS Wfams
13.25 0.00442 40,000 20.0 3110 steady
11.90 0.00466 34,000 18.9 2660 steady
10.80 0.00480 31,100 18.2 2260 steady
9.36 0.00512 26,600 17.2 1800 steady
T7.54 0.00558 20,600 15.6 1280 steady
6.41 0.00595 17,100 14.6 98Y steady
3.85 0.00680 9,490 11.8 Los steady
3.18 0.00725 7,580 10.9 295 s%igh:uati
ac on
2.835 0.00707 6,660 - 228 flgétuagian
cm.
3.85 0.00680 9,490 -- 406 steady
2.01 0.00375 , 460 -- 61 steady
2.01 0.00360 4,460 -- 59 steady
1.555 0.00LTh 3,310 - k6 steady
1.243 0.00590 2,560 - 37 steady
0.96h4 0.COTTO0 1,900 - 29 steady
0.821 0.00905 1,580 -- 21 steady
0.687 0.0108 1,280 -- 18 steady
0.517 0.0146 923 - 16 steady
0.311 0.024l 513 9.6 10 steady
Friction Factor Run No. M-l Material: 2i30$ ::monium
8 m 0.83 Sinl
b = 0.189 3/8" s.s. Tube
0.964 0.0123 1,270 - 46.1 steady
0.311 0.0401 ’3&1 -- }5.8 steady
1.243 0.00910 1,710 -- 56.9 steady
2.60 0.00420 4,050 - 115. steady
3.85 0.00726 6,410 10.4 164, steady
6.28 0.00661 11,350 13.0 1045 flic::fgion
7.45 0.00604 13,900 13.8 1350 steady
9.86 0.00535 19:100 15.8 2100 stesdy
11.1k% 0.0050k4 22,200 16.5 2530 steady
12.57 0.00479 25,700 17.5 3040 steady



115.

Frictioi'fhntur'ﬁun'ﬁo; N-1 Material: 0.50% CMC-TOs
8 = 0.5
b = T7.05 3/8" g.s. Tube
—_ . 5 5 ,r Condition
8 . es of
"Re nRe W(%') Manameters
3.85 0.0165 1,530 - 629 steady
2.60 0.0192 873 - 523 steady
1.245 0.0587 302 -- 361 steady
6.61 0.0049h 3,340 - 868 steady
8.25 0.00361 4,600 - 982 steady
10.10 0.00268- 6,300 - 1110 slight
fluctuation
11.66 0.00224 7,710 - 1240 f&uctua?ian
2 mm.
13.23 0.00188 9,170 39.2 1325 ?1nctua§10n
2 mm.
4.9 0.00164 11,000 45.0 1480 fluctuagion
i mm.
17.57 0.00139 13,700 51.8 1750 slignt
fluctuation
19.85 0.0012% 16,500 60.1 2000 slight
fluctuation
23.65 0.00105 21,100 73.0 2k10 fluctuagian
2 mm.
28.9 0.000897 28,300 90.0 3040 fluctuation
(2 m.)
Frictioﬁ Factor Run No. N=-2 Material: 0.50% CMC-TOs
8 = 0.5
b = T7.05 1/2" s.s. Tube
10.28 0.00498 3,270 - 668 steady
11.55 0.00425 3,880 -- Té steady
13.52 0.00331 4,86Cq - 788 steady
15.18 0.00291 5,780 - 836 slight
fluctuation
17.5 0.00225 7,000 — 862 fluctuation
( 2 m.)
21.5 0.00183" 9,500 ko.k 1190 flgc;uagion
m,
24.8 0.00156 11,700 46.8 1240 ?luctuagion
1 mm.
32.9 0.00118 17,500 63.8 1655 ilgetuagion
T«
36.60 0.00106 20,500 .1 1815 fluctuation
(1 mm.)
6.50 0.00985 1,690 -- 525 steady
7.80 0.00750 2,200 - 579 steady
3.85 0.0214 7ok -- 403 steady
2.56 Q.03%€ Lhely - 329 steady

1.245 0.113 157 - 222 steady




116.

Frictioﬁ Factor Bun No. N-3 Material: 0.50% CMC-TOs
s = 0.5
b = T.05 5/8" s.8. Tube
Condition
GPM £ N .5 8 (gzges) of
Re Re 'T:V cm’ Manometers
10.25 0.00855 1,960 - sl steady
12.4 0.00646 2,580 - 516 steady
15.05 0.00k01 3,400 - 5T9 steady
17.4 0.00k402 4,150 - 638 steady
20.37 0.00324 5,260 - 703 slight
fluctuation
23.97 0.00261 6,660 -- 185 fluctuagion
( 2 mm.
3h.1 0.00172 11,000 k5.0 1048 fluctuagian
2 mm.
37.85 0.00167 12,800 50.0 1210 fluctuagion
2 mm.
6.64 0.0164 1,040 -- 376 gteady
3.85 0.0362 476 - 278 steady
1.245 0.184 93.9 - 147 steady
Hictioz Factor Run No. N-4 Material: C.50% CMC-T0s
s = 0.5
b = 7.05 3/4" s.s. Tube
38.00 0.00206 9,400 35.0 930 fluctu&?ian
3 mm.
3445 0.00206 8,200 -- 698 fluctuation
( 2 mm.)
28.55 0.00270 6,250 - 672 slight
fluctuation
25.4 0.00318 5,280 - 629 nearly steady
2.4 0.00377 L, 420 - 578 nearly steady
19.0 0.00473 3,470 -- 520 nearly steady
15.08 0.00665 2,500 - 458 steady
12.1 0.00923 1,750 -- 4131 steady
10.56 0.0113 1,490 - 382 steady
3.85 0.0483 349 - 216 steady
1.245 0.2%0 68.6 - 11 gteady
40.k45 0.00191 10,300 b3.1 951 fluctuation
( X m.)
Frictign Factor Run No. 0-1 Material: 0.25% CMC-70u3
8 = 0.61
b =2.22 3/4" s.s. Tube
13.9 0.00329 L, 440 - 194 steady
15.18 0.00296 5,000 -- 207 slight

fluctuation




117.
Friction Factor Run No. 0-1 ( cont.)

— . 5 5 Condition
. of
NRe : NRe % (ggss—) Mangneters
17.12 0.00260 5,940 -- 222 fluctuafion
3 mm.}
19.95 0.00263 7,320 - 305 fluctuagion
1l cm.
22.55 0.00266 8,670 24.8 370 slight .
fluctuation
24.6 0.00255 9,760 26.7 436 slight
fluctuation
28.0 0.00226 11,700 30.1 Lol s%iGh:uati
uc on
33.7 0.00210 15,200 35.3 708 B%iGh:uati
uc on
36.45 0.0019L4 16,600 371 755 B%iGh:uati
uac on
40.0k 0.00190 19,200 4o.5 926 B%ish:uati
uc on
10.54 0.00456 3,020 -- 154 steady
3.685 0.0189 T00 -- 39.6 steady
Frictigg Factor Run No. P-1 ) Material:0.12% Carbopol 93k
8 = O.
b = 0.710 3/4" s.s. Tube
6.90 0.00805 1,770 -- 117 steady
T7.76 0.00725 2,050 -- 120 steady
9.20 0.00595 2,520 -- 138 steady
10.7 0.00503 3,Ch0 -- 160 almost steady
11.8 0.00435 3,420 - 167 fl;ctuagion
mm.
13.3 0.00531 3,960 -- 290 fl;c:;égion
i4.2 0.00507 4,200 - 290 fl;ctua?ion
cm.
16.3 0.00702 5,080 10.3 203 flgctuagion
m.
18.6 0.00690 5,960 11.0 573 almost steady
2.7 0.00630 7,550 12.2 1000 steady
24.8 0.00640 8,470 12.8 1180 steady
32.5 0.00565 11,700 1k.5 1815 steady
25.5 0.00610 8,750 13.0 1200 stefgy
28.6 0.00583 10,050 13.9 1470 steady
22.8 0.00625 7,660 12.2 997 steady
19.8 0.00653 6,430 11.3 796 steady
15.2 0.00856 4,650 9.90 603 flgc::agLon
10.8 0.004k2 3,060 - 162 steady




Friction Pactor Run No. Q-2

8 m= O.Tl
b == 0'6)"'1" 3/"““ B.B. Tﬂb’!‘
GPM £ L e .N_ & 'T' es
e Tw(Gmse
3.685 0.0102 1,370 - 33.0
1.156 0.0352 Lol - 1.2
1.307 0.0403 560 -- 15.5
2.21 0.0161 996 - 17.9
2.755 0.0131 938 -- 22.8
3.3h4 0.0117 1,200 -- 30.3
3.73 0.0128 1,350 -- 41.8
1.17 0.0349 496 -- 1.4
1.343 0.0388 5TT - 15.9
6.60 0.00439 2,890 - 4k .8
6.50 0.00380 3,400 - 50.8
8.45 0.00630 3,980 -- 107

Friction Factor Run No. Q-3

8 =0.T1
b = 0.644

33.90
28.20

0.00261
0.00308
0.0033L
0.00364
0.00k00
0.00431
0.00481
0.00541
0.0063L
0.00712
0.00743
0.00803
0.00838
0.00920

23,900
18,900
16,900
ik,600
12,600
11,200
9,730
8,080
6,190
5,180
4,410
3,780
3,390
3,050

Friction Factor Run No. Q-k4

s = 0.82

0.00L460
0.00390
0.00586
0.00622

0.00779
0.00720

22,500
34,500
14,300
10,450
5,150
6,400

118.

almost steady
steady
steady
steady
steady
steady
fluctuation
( 1 om.)
steady
steady
steady

steady
fluctuation

(1L em.)

Material: 0.515% PIB

3/4" s.s. Tube

26.5 T10
23.8 583
22.6 532
21.0 L66
19.7 Loé
17.2 325
15.7 273
13.7 215
12.6 182
11.6 148
10.7 126
10.1 111
9.75 104

almost steady
elmost steady
almost steady
aimost steady
steady
steady
steady
steady
steady
steady
steady
2teady
steady
steady

Material: 0.515% PIB

3/4" s.s. Tube

17.0 630
20.1 1010
14.2 345
12.7 222
9.66 99.0
10.5 125

steady
steady
steady
steady
steady
steady



119.
Friction Factor Run No. Q-4 (cont.)

- . 5 X Condition
8 .K esd of
NRe < ’T:I(%-) Manometers
3.685 0.0101 2,680 7.55 32.6 slight
fluctuation
10.3 0.006660 9,050 12.0 167 steady
12.8 0.00562 11,700 13.2 219 steady
16.8 0.00486 16,100 15.0 326 steady
20.5 0.00448 20,000 16.3 439 steady
23.8 0.00405 22,800 17.0 Sk steady
32.6 0.00351 34,900 20.1 885 steady
Friction Factor Run No. R-1 Material: Impure Cyclohexane
B 1.00
b = 0.0108 poise 3/4" g.8. Tube
10.9 0.00538 34,800 13.7 152 steady
12.4 0.00527 39,700 14.1 192 steady
14.8 0.00502 47,300 4.7 261 steedy
17.2 0.00497 54,600 15.3 34k steady
21.2 0.00LE3 67,900 16.1 Los steady
2k .4 0.004k46 78,000 16.7 629 steedy
27.0 0.004k27 86,300 17.1 738 steady
29.5 0.00L422 94,400 17.5 875 steady
31.9 0.00415 102,000 17.9 1003 steady
35.5 0.00397 113,500 18.3 1185 steady
38.80 0.00372 153,000 19.8 1330 steady
6.70 0.00812 21,400 12.1 86.7 steady
8.57 0.00700 27,400 12.8 122 steady
3.70 0.00800 11,800 10.4 26.0 steady




120.

Turbulent Velocity Profile Run No. leC Material: Water
8 = 1.00
b = 0.00931 poise 5/8" s8.8. Tube
Npe = 82,600 Uy = 0.775 ft/sec.
y (4n.) u (ft./sec.) ‘max”" y/R  dufdr(ft/sec/in) 1/R
Uy
0.024 1k.2 €.22 0.025 1230 0.002
0.04%4 15.2 4.oh 0.050 114 0,021
0.069 16.1 3.77 0.075 85.4 0.028
0.094 16.7 2.97 0.100 55.5 0.043
0.119 17.2 2.33 0.150 40.5 0.057
0.14L 17.5 1.95 0.200 33.0 0.068
2.169 18.1 1.18 0.300 27.8 0.075
0.194 18.3 0.93 0.400 20.0 0.097
0.219 18.7 0.42 0.500 15.5 0.114
0.24k 18.8 0.29 0.600 13.0 0.122
0.269 19.0 0.0k4 0.700 9.2 0,148
0.294 19.0 0.0k 0.800 820 0.140
0.302 19.0 0.0k 0.900 5.2 0.151
0.287 19.0 G.OL 0.950 3.7 0.151
Turbulent Velocity Profile Run No. l-D Material: Water
8 = 1.00
b = 0.00905 poise 5/8" .8. Tube
NRe = 9,600 W = 0.1141 ft./sec.
y (in.) u (ft./sec.) x> y/R du/dr(ft/sec/in) 1/R
—_— M
0.030 1.69 6.24 0.025 52.5 0.0069
0.032 1.73 5.89 0.050 k3.0 0.0088
0.036 1.75 5.TL 0.075 15.6 0.0226
0.047 1.80 5.27 0.100 10.5 0.0332
0.097 2.01 3.43 .. 0.150 5.5 0.0626
0.147 2.13 2.38 0.200 5.1 0.0645
0.197 2.27 1.16 0.300 4.3 0.0715
0.247 2.35 0.46 0.400 3.2 0.0891
0.297 2.40 0.02 0.500 2.4 0.108
0.27k 2.37 0.2 0.600 2.05 0.113
0.249 2.36 0.37 0.700 1.80 0.112
0.013 1.25 10.10 0.80C 1.20 0.137
0.0295 1.68 6.32 0.900 0.75 0.155
0.05k45 1.83 5.01 0.950 0.55 0.149




Turbulent Velocity Profile Run No. l-E

8 = 1.00
b = 0.00950 poise
y (in.) u (£t./sec.) EEEE:E_
Ve
0.0130 2.84 8.74
0.0295 3.31 6.62
0.0545 3.70 4.87
0.0795 3.92 3.87
0.1295 .26 2.34
0.1795 4.50 1.26
0.2295 L .64 0.63
0.2795 4.75 0.1k
0.2915 4,76 0.09
0.2415 4,71 0.32

Turbulent Velocity Profile Run No. 1-F

Material:
5/8" s.s.

u, = 0.222 ft./gec.

Water

Tube

]—21.

s = 1.00
b = 0.00950
KRe = 176,000
y (1n.) u (ft./sec.) Ymax >
'L‘Ii
0.0130 30.2 7.95
0.0295 23.9 5.72
0.05L5 36.6 L.10
0.0795 37.9 3.31
0.1295 39.9 2.11
0.1795 k1.7 1.02
0.2295 42.6 0.48
0.2795 43.4 0.
0.2195 43.3 0.06
0.2415 42.3 0.66

y/R du/dr(ft/sec/in) 1/R
0.025 110 0.0065
0.050 38.0 0.0184
0.075 26.4 0.0260
0.100 18.3 0.0371
0.150 13.8 0.0478
0.200 10.3 0.0621
0.250 8.9 0.0696
0.300 8.0 0.07h7
0.350 6.8 0.08L46
0.400 6.1 0.0910
0.450 5.2 0.102
0.500 L.k ©.115
0.550 3.9 0.123
0.6C0 3.5 0.129
0.650 3.1 0.136
0.700 2.7 0.145
0.750 2.3 0.155
0.800 2.0 0.160
0.850 1.9 0.146
0.900 1.6 0.136
0.950 1.3 0.123

Material: Water
5/8" s8.s8. Tube
U, = 1.66 ft./sec.

y/R du/dr(ft/sec/in) 1/R
0.025 3360 0.0016
0.050 263 0.0198
0.075 195 0.0263
0.100 1k9 0.0340
0.150 88.5 0.0557
0.200 65.0 0.0720
0.300 50.5 0.0916
0.400 36.0 0.115
0.500 32.0 0.118
0.600 24.5 0.138
0.700 17.9 0.163
0.800 15.5 0.1L5
0.900 10.5 0.161
0.950 T.5 0.159



122.

Laminag Velocity Profile Run No. 2-A Material: 0.178% CMC-T0
8 = 0.60

b = 2.09 5/8" 8.8. Tube

N, = 5880

ne

vy (1n.)  u (rt./sec.)  y/R 9/ .

0.019 4L.51 0.061 0.217
0.0Lk T.91 0.141 0.381
0.069 10.62 0.221 0.512
0.09k4 13.18 0.301 0.635
0.119 15.10 0.381 0.728
0.14k 16.13 0.k61 0.779
0.169 17.32 0.541 0.835
0.219 18.95 0.701 0.913
0.269 19.25 0.861 0.928
0.319 19.94 0.979 0.96).
0.357 20.19 0.857 0.972
Laminar Velocity Profile Run No. 3-A Material: 0.3% CMC-TO
s = 0. 5)4
b = 4.80 5/8" s.s. Tube
NRe = 3530
v (4n.) u (rt./sec.) v/iR W/upgy.
0.019 4,10 0.061 0.202
0.034 5.65 0.109 0.279
0.059 9.1k 0.189 0.450
0.084 11.87 0.269 0.585
0.109 13.64 0.349 0.6T3
0.134 15.18 0.429 0.748
0.159 16.45 0.509 0.811
0.184 17.49 0.589 c.862
0.23h4 19.01 0.749 0.936
0.284 19.96 0.909 0.984
0.309 20.27 0.989 0.999
0.291 20.14 0.931 0.992
0.241 19.35 0.TT™ 0.95k4




123.

Lumiga;hVelocity Profile Run No. 3-B Material: 0.3% CMC-TC
8 = >
b = 4.80 5/8" s.s. Tube

y (dn.) u (ft./sec.) y/R  Wipey

0.020 1.46 0.064 0.247

0.020 1.4k2 0.064 0.241

0.035 2.05 0.112 0.348

c.035 1.84 0.112 0.312

0.035 1.68 0.112 0.285

0.085 2.91 0.272 0.4oL

0.135 4.31 0.Lk32 0.730

0.185 4.96 0.592 0.841

0.235 5.54 0.752 0.940

0.235 5.68 0.752 0.963

0.310 5.90 0.992 1.000

0.310 5.88 0.992 0.997
Turbulggt Velocity Profile Run No. 3-C Material: 0.3% CMC-70
s = 0.
b =1.27 5/8" s.s. Tube
NRe = 14,600 Uy = 0.995 ft./sec.
y (in.) u (ft./sec.) “max~" y/R  du/ar(ft/sec/in) 1/R

W

0.020 16.3 13.25 0.025 9Lo 0.0035
0.030 20.09 9.77 0.050 430 0.0072
0.055 23.2 6.64 0.075 329 0.009k
0.080 25.05 4.78 0.100 205 0.0148
0.105 26.18 3.64 0.150 111 0.0265
0.130 27.1 2.72 0.200 79.0 0.0361
0.155 27.4 2.42 0.300 4s5.5 0.0606
0.180 28.1 1.7 0.400 28.5 0.0868
0.205 28.2 1.61 0.500 21.5 0.105
0.230 28.9 0.91 0.600 16.5 0.122
0.255 29.1 0.70 0.700 16.0 0.109
0.280 29.2 0.60 0.800 15.0 0.0950
0.305 29.6 0.20 0.900 11.5 0.0875
0.295 29.8 0. 0.950 3.0 0.0795
0.270 29.4 0.40
0.245 28.8 1.01
0.220 28.5 1.31




12k,

Turbglggt Velocity Profile Run No. 3-D Material: 0.3% CMC=-T0
‘ = Je
b = 1.05 5/8" 8.8. Tube
Npe = 9500 u = 0.837 ft./sec.
y (in.) u (ft./sec.) Ypax™ R i
/ ) v/ du/ar(ft/sec/in) 1/R
0.020 11.9 11.50 0.025 830 0.00318
0.045 16.1 5.32 0.050 335 0.00780
0.070 17.7 k.60 0.075 19 0.0132
0.095 18.6 3.53 0.100 148 0.0172
0.120 19.5 2.4s G.150 99.0 0.0249
0.145 20.0 1.85 0.200 56.5 0.0424
0.170 20.5 1.25 0.300 34.5 0.0672
0.195 20.8 0,90 0.400 26.4 0.0786
0.220 21.1 0.54 0.500 19.5 0.103
0.245 21.4 0.18 0.A00 13.8 0.123
0.270 21.5 0.06 0.700 8.8 0.166
0.800 6.2 C.193
0.300 4.0 0.211
0.950 2.5 0.239
Turbulent Velocity Profile Run No. 3-E Material: 0.3% CMC-T70
8 = 0.75
b = 0.505 5/8" s.s. Tube
Npe = 10,500 U, = 0.800 ft./sec.
u =1
. . . R
y (4in.) u (ft./sec.) max y/R du/dr(ft/sec/in) 1/
0.027 11.4 9.00 0.025 660 0.0038
0.035 12.5 T.62 0.050 Loo 0.0063
0.060 1h.4 5.25 0.075 160 0.0154
0.085 15.55 3.81 0.100 116 0.0209
0.110 16.15 3.06 0.150 78.0 0.0303
0.135 16.65 2.4 0.200 55.0 0.041€
C.160 17.0 2.00 0.300 29.0 0.0755
0.185 17.4 1.50 0.400 20.0 C.0993
0.210 17.75 1.06 0.500 17.0 0.106
0.235 18.18 0.53 0.600 13.0 0.12L
0.260 18.45 0.19 0.700 12.0 c.117
0.285 18.5 0.13 0.800 9.0 0.127
0.310 18.68 0. 0.900 5.9 0.137
0.290 18.4k 0.25 0.950 5.0 0.115
0.265 18.3 0.37
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125.
Laminar Velocity Profile Run No. 3=F, Asymmetric
Material: 0.3% CMC-T0
8 = 0.75
b= 0.535 5/8" g.8. Tube
Ng, = 1850
. u Sft.ZIQC.z

.235 :

.235 .

.260

.285 .

.310

.310 od

.310 .

'2%

02%

.265 .

.265 e

240 ).

.165 ‘

121 5




126.

Laminer Velocity Profile Run No. 3-G terial: 0.3% CMC=TO
8 == O.,'C)S
b= 1.20 5/8" g.8, Tube
NRe "= 2150
v {in.) u (ft./sec.)  y/R U/ umay,
0.121 4,13 0.387 0.607
0.140 4.70 0.448 0.691
0.165 5.31 0.528 0.781
0.190 5.8L4 0.608 0.859
0.215 6.19 0.689 0.910
0.240 6.54 0.768 0.961
0.265 6.65 0.848 0.978
0.290 6.75 0.928 0.993
0.310 T.48 0.992 -=
0.310 6.65 0.992 0.978
0.310 €.76 0.992 0.994
0.285 7.23 0.913 -
C.260 €.99 0.833 -=
0.235 6.46 0.752 0.947
0.210 6.01 0.673 0.884
0.135 4,51 0.432 0.663
6.110 3.90 0.352 0.57h
0.085 2.82 0.272 0.415
0.027 1.03 C.087 2.152
Turbulgnt Velocity Profile Run No. 3-H Material: 0.3% CMC-70
& = 0,85
b = 0.1195 5/8" s.s. Tube
Npe = 17,000 u, = 1.165 f't./sec.
[ u vqu o
¥ { in.)} u {ft./sec.) ma: y/R du/dr(ft/sec/in) 1/R
0.025 685 0.005k%
C.050 335 0.0109
5,027 19.87 T7.75 0.075 229 0.0157
2.035 21.4 6.L4 0.100 151.5 0.0233
3.060 23.7 k.46 0.150 90.0 0.0382
3.085 24.8 3.52 0.200 70.0 0.0476
0.110 26.0 2.49 0.300 4o.s 0.0796
2.135 26.55 2.02 0.L4oo 28.0 0.103
¢.160 27.15 1.50 G.500 24,5 0.107
$.185 27.75 0.99 0.600 18.5 0.127
2,210 28.25 0.56 0.700 13.0 0.157
c.235 28.55 C.30 0.800 8.5 2.197
2,260 28.7 0.17 0.900 6.4 0.185
0.285 28.8 G.09 0.95C 5.2 .182
2.310 28.9 0.
>,290 268.8 0.09
%.265 28.65 0.21
>.ake 28.L4 6.43
.215 28.0 0.77
2.1%0 27.5 1.20
165 26,85 1.76
Z, 140 26.1 2.Lo




127.

Laminar Velocity Profile Run No. L4-A Material: 0.41% CMC-T0
s = 0.53

b = 9.20 5/8" s.s. Tube

NRe = 4180

7 (4n.)  u (ft./sec.) +/R 4/ ey

0.017 5.48 0.055 0.203
0.025 6.19 0.081 0.229
0.050 11l.4 0.161 0.422
0.075 15.2 0.242 0.563
0.100 17.9 0.322 0.663
0.125 20.3 0.402 0.752
0.125 20.1 0.402 0.Thk
0.150 21.6 0.483 0.800
0.175 23.1 0.564 0.855
0.200 24 .65 0.644 0.913
0.225 25.35 0.725 0.939
0.250 25.8 0.805 0.956
0.275 26.55 0.885 0.983
0.300 27.0 0.966 1.000
0.296 27.2 0.953 1.006
0.271 27.1 0.872 1.003
0.246 26.7 0.792 0.989
0.221 25.9 0.711 0.960
0.196 24,95 0.631 0.524
0.171 23.75 0.550 0.878
0.146 22.2 0.470 0.821
0.128 20.5 0.412 0.759

Laminar Velocity Profile Run Ro. L4-C,Asymmetric
Material: 0.4% CMC-T0

8 = 0.53

b = 9.20 3/8" s.s. Tube

Npe = 6000
y (in.) u (£t./sec.)
0.027 21.3
0.027 20.3
0.037 26.7
0.037 25.25
0.0L47 31.8
0.047 30.8
0.057 34,8
0.067 37.0
0.072 38.7
0.072 37.8
0.097 Lk .5
0.122 46.9
0.147 47.8
0.175S 4L7.9
0.178 L7.6
0.153 LE . L
0.153 L46.0
0.128 13.6
0.105 L0.5




128.

Laminar Velocity Profile Run No. L-D Materisl: 0.41% CMC-TO

8 = 0.59

b = k.01 3/4" s.s. Tube

Npe = L4000
y (in.) u (ft./sec.) v/R u/umax.
0.017 3.19 0.048 0.130
0.030 4.39 0.085 0.179
0.055 7.85 0.155 0.320
0.080 10.88 0.226 O.uhh
0.105 13.99 0.296 0.570
0.130 16.29 0.366 0.665
0.155 18.44 0.437 0.753
0.180 20.55 0.508 0.839
0.205 22.00 0.578 0.898
0.230 22.70 0.6L49 0.926
0.255 23.60 0.720 0.963
0.280 24,10 0.790 0.984
0.305 2L4.35 0.860 0.994
0.330 2L.35 0.930 0.994
0.340 2Lk.35 0.960 0.994
0.329 24.25 0.928 0.990
0.329 24.30 0.928 0.992
0.304 23.85 0.858 0.973
0.304 23.95 0.858 0.976
0.279 23.85 0.788 0.973
0.254 23.55 0.716 0.960
0.229 22.50 0.646 0.919
0.204 21.50 0.575 0.877
0.179 20.20 0.505 0.824
0.154 18.90 0.43k4 0.770
0.129 15.80 0.36k 0.645
0.104 13.63 0.293 0.556
0.089 12.40 0.251 0.506




129.

Turbglent Velocity Profile Run No. L-E Material: 0.4% CMC-70
8 == .59
b= k.01 3/4" s.s. Tube
Npe = 12,200 Ve = 1.115 ft./sec.
y (1n.) u (ft./sec.) Ymax™™ y/R  du/dr(ft/sec/in) 1/R
My
0.015 16.14 18.L4. C.025 675 0.0046
0.030 22.6 13.2 0.050 L8 0.0063
0.055 27.75 8.67 0.075 320 0.0095
0.080 30.6 6.40 0.100 254 0.012
0.105 32.4 L.73 0.150 140 0.021
0.130 33.7 3.59 0.200 102 0.028
0.155 3k.5 2.62 0.250 Th4.5 0.037
0.180 34.8 1.93 0.300 €3.5 0.041
0.205 35.4 1.31 0.350 53 0.048
0.230 36.L4 0.88 0.L400 ks 0.054
0.255 36.8 0.70 0.450 38 0.061
0.280 37.2 0.35 0.500 33 0.067
0.305 37.3 c.22 0.550 25.8 0.082
0.330 37.5 0.09 0.600 21.5 0.093
0.354 37.4 0.650 17.5 0.106
0.329 37.6 0.700 1kh.5 0.119
0.329 37.6 0.750 10.8 0.146
0.304 37.4 0.800 8.5 0.166
0.279 37.1 0.850 5.5 0.188
0.254 37.0 0.900 4.33 0.230
0.229 36.6 0.925 3.77 0.228
0.204 36.2 0.950 3.5 0.201
0.179 35.4 0.975 3.33 0.149
0.154 33.5
0.129 33.3
0.10k 31.3 |
0.100 30.8




130.

Turbulgnt Velocity Profile Run No. L4-F Material: 0.4% CMC-70

s = 0.62

b = 3.03 3/4" s.s. Tube

NRe = 8400 u, = 0.920 ft./sec.

y (1n.) u (ft./sec.) ‘max ~° y/R  du/dr(ft/sec/in) 1/R

0.015 10.1 18.10 0.025 540 0.0048
0.015 10.7 17.55 0.050 390 0.0065
0.030 15.08 12.64 0.075 252 0.0099
0.030 15.56 12.27 0.100 172 0.0143
0.055 18.86 8.62 0.150 1 0.023L4
0.055 18.96 8.62 0.200 75.0 0.0309
0.080 20.8 6.09 0.300 51.5 0.0437
0.105 22.5 k.40 0.400 38.0 0.0530
0.130 23.0 4.18 0.500 27.3 0.0672
0.155 24.8 1.90 0.600 17.8 0.0922
0.180 25.6 1.09 0.700 12.0 0.188

0.205 25.9 0.69 0.800 5.8 0.200

0.230 25.8 0.49 0.900 b.s5 0.182

0.255 26.5 0.27 0.950 3.7 0.157

0.280 26.7 0.11

0.305 26.7 0.

0.330 26.65 0.

0.354 26.8 0.

0.329 27.5 0.

0.329 26.4 0.33

0.304 26.3 0.82

0.279 25.9 1.20

0.254 25.6 1.58

0.229 25.4 1.74

0.204 25.1 2.12

0.179 24.5 2.45

0.154 24.3 2.99

0.129 23.45 3.97

0.10k 22.4 5.27

0.100 21.75 5.93




131.

Turbulgnt Velocity Profile Run No. 4-G Material: 0.4% CMC=TO

8 = 0.62

b = 3.03 3/4" g.s. Tube

Nge = 14,300 u, = 1.095 ft./sec.

y (1n.) u (ft./sec.) Ymay y/R du/dr(ft/sec/in) 1/R
0.015 19.77 16.00 0.025 3900 0.0034
0.015 15.57 15.20 0.050 465 0.0065
0.030 25.0 11.23 0.CT5 268 0.0111
0.030 25.4 10.88 0.100 17 0.0168
0.055 28.3 8.22 0.150 105.0 0.0270
0.055 29.05 T.54 0.200 83.0 0.0338
0.080 30.7 6.03 0.300 58.5 0.0457
0.105 32.05 4.80 0.400 k3.0 0.0558
0.130 33.1 3.8L4 0.500 29.8 0.0732
0.155 4.1 2.92 0.600 21i.2 0.0921
0.180 34,75 2.33 0.700 16.8 0.100
0.205 35.45 1.69 0.800 10.7 0.129
0.230 35.95 1.23 0.900 6.3 0.155
0.255 36.5 0.73 0.950 .7 0.147
0.280 36.8 0.46

0.305 37.1 0.18

0.330 37.3 0.

0.354 37.3 0.

0.329 37.3 0.

0.329 36.9 0.37

0.304 37.0 0.27

0.279 36.8 0.46

0.25L4 36.45 0.78

0.229 35.9 1.28

0.20h4 35.25 1.87

0.179 34 .45 2.60

0.15L4 33.6 3.38

0.129 32,45 L.43

0.10k4 31.0 5.75

0.101 30.6 6.11




132,

Turbglgﬁt Velocity Profile Run No. 5-A Material: 0.35% CMC-T0

8 = K

b = 2.22 3/4" 8.8, Tube

Nge = 8800 u, = 0.933 ft./sec.

vy (1n.) u (ft./sec.) “mﬂ:" y/R  du/ar(ft/sec/in)  1/R
0.015 11.88 15.46 0.025 630 0.00k41
0.015 11.88 15.46 0.050 410 0.0063
0.032 16.7 10.32 0.075 255 0.0099
0.032 16.88 10.12 0.100 1k4s5 0.0172
0.057 19.80 7.02 0.150 85 0.0285
0.082 21.47 5.25 0.200 65 0.0361
0.107 22.55 L.10 0.250 50 0.04s54
0.132 23.4k2 3.17 0.300 4o 0.0550
0.157 2k.15 2.40 0.350 36. 0.0590
0.182 2k, 75 1.76 0.400 32 0.0638
0.207 25.15 1.33 0.450 26 0.0750
0.232 o= -- 0.500 22.5 0.0826
0.257 26.0 0.43 0.550 21, 0.0838
0.282 26.15 .27 $.500 18.5 0.0900
0.307 26.3 0.1r 0.650 15 0.1038
0.332 26.3 0.11 0.700 11 0.1310
0.352 26.4 0. 0.750 7.5 0.1755
0.327 26.3 0.11 0.800 5.75 0.2045
0.327 26.56 0. 0.850 L.o 0.2540
0.302 26.L8 0. 0.900 3.67 0.2270
0.277 26.2 0.21 0.925 3.5 0.2060
0.152 25.95 0.48 0.950 3.1 0.1900
0.227 25.6 0.85 0.975 3.1 0.1340
0.202 25.2 1.28

0.177 2k.6 1.62

0.152 23.5 3.09

0.127 23.2 3.40

0.102 21.93 L.75

0.097 21.5 5.21




133.

Turbglgﬁt Velocity Profile Run No. 5-B Material: 0.35% CMC-T0

8 = .

b =2.22 3/4" s.s. Tube

Bpe = 12,700 w, = 1.092 ft./sec

y (in.) u (ft./sec.) umif-u y/R  du/dr(ft/sec/in) 1/R
0.015 18.3 1k4.5 0.025 765 0.00398
0.033 23.8 9.60 0.050 450 0.00683
0.058 26.8 6.90 0.075 228 0.0128
0.083 26.8 5.30 0.100 173 0.0169
0.108 29.75 L.26 0.150 92 0.0309
0.133 30.7 3.5 0.200 70.5 0.0391
0.158 31.4 2.78 0.300 43 0.0598
0.183 32.1 2.15 0.koo 33 0.0722
0.208 32.7 1.62 0.500 24 0.0906
0.233 33.2 1.17 0.600 21.5 0.0906
0.258 33.6 0.81 0.700 16.5 0.1022
0.283 34.0 0.45 0.800 11 0.1253
0.308 34,15 0.31 0.900 9 0.1083
0.333 34k.15 0.31 0.950 8.5 0.0810
0.351 34.5 0 0.975 7.5 0.0648
0.326 34.3 0.18 0.850 10 0.1093
0.326 34.15 0.31 0.750 12.3 0.1250
0.301 34.05 0.ko 0.650 20 0.0911
0.276 33.6 0.81 0.550 23.5 0.0880
0.251 33.25 1.12 0.450 30 0.0761
0.226 32.75 1.57 0.350 35 0.0710
0.201 32.2 2.06

0.176 31.7 2.60

0.151 30.9 3.32

0.126 29.9 L, 12

0.101 28.L45 5.43

0.098 28.1 5.75




134.

Turbulent Velocity Profile Run No. 6-B Material: 0.62% Ammonium

s = 0.7k Alginate

b =1.38 3/4" g.s. Tube

Noo = 7540

y (in.) u (ft./sec.) Ymax.™™ y/R du/dr(ft/sec/in) 1/R
Uy

0.319 29.50 0.29 0.025 900 0.0042

0.28L 29.20 0.51 0.050 375 0.0100

0.248 28.70 0.88 0.075 97 0.0187

0.213 28.15 1.29 0.100 130 0.0280

0.177 27.45 1.80 0.150 83.0 0.0L425

0.142 26.60 2.35 0.200 56.5 0.0606

0.106 25.55 3.20 0.300 36.0 0.0923

0.071 24.10 4,26 0.400 25.0 0.119

0.035 20.90 6.61 0.500 20.0 0.136

0.018 17.20 9.3k 0.600 16.0 0.151

0.337 29.70 0.15 0.700 4.0 0.150

0.136 26.35 -- 0.800 1C.0 0.172

0.111 25.65 --

0.086 24 .80 --

0.061 23.70 --

0.036 22.30 --

0.015 17.00 --

0.351 29.85 --

0g.233 28.40 --

0.208 28.00 --

0.183 27.40 --

0.158 25.95 --

0.133 25.20 --

0.108 24.80 --

0.083 2Lk . Lo --

0.058 23.10 --

0.033 20.80 --

0.015 12.58 --

0.326 29.60 --

0.301 29.40 --

0.276 29.10 --

0.251 28.70 --

0.226 28.20 --

0.201 27.65 --

0.176 27.00 --

0.151 26.20 --

0.126 25.35 -=

0.113 24.80 --

0.023 18.95 --

0.133 26.40 --




135.

Laminar Velocity Profile Run No. 6-C Material: 0.62% Ammonium
s = 0.7k Alginate
'; = 122 3/4" 8.s. Tube
Re ™ 4610
'y (in.) u (ft./sec.) v/R W/ upey,
0.351 23.85 0.990 1.000
0.258 22.65 0.728 0.950
0.251 22.65 0.708 0.950
0.226 22.00 0.637 0.921
0.201 21.25 0.567 0.890
0.176 20.45 0.496 0.857
0.151 19.25 0.426 0.806
0.126 17.70 0.356 0.Tk2
0.111 16.20 0.313 0.679
0.333 23.80 0.540 0.997
0.308 23.60 0.869 0.989
0.283 23.25 0.978 0.975
0.258 22.70 0.728 0.951
0.233 21.90 0.657 0.918
0.208 20.80 0.586 0.871
0.183 18.95 0.516 0.794
0.158 17.15 0.L4L6 0.71i9
0.133 15.40 0.375 0.6L45
0.108 12.75 0.305 0.534
0.083 10.20 0.23L4 0.Lk27
0.058 8.12 0.164 0.340
0.033 5.15 0.093 0.216
0.015 3.64 0.0k2 0.153
0.326 23.80 0.920 0.997
0.301 23.40 0.849 0.980
0.276 23.10 0.779 0.968




Turbulept Velocity Profile Run No. 6-D Material: 0.62% Ammonium

8 = 0.74 Alginate

b =1.38 3/4" s.s. Tube

Npe = 9680 w, = 1.575 ft./sec.

y (in.) u (ft./sec.) Ypax-u y/R  du/dr(ft/sec/in) 1/R
M

0.269 36.30 0.445 0.025 1860 0.0023

0.24Y4 35.70 0.825 0.050 395 0.0110

0.219 35.20 1.1k2 0.075 184 0.0232

0.194 3k.55 1.556 0.100 139 0.0303

0.169 33.85 2.00 0.150 90.0 0.0455

0.144 33.40 2.285 0.200 65.0 0.0610

0.119 32.10 3.11 0.300 51.8 0.0743

0.094 31.00 3.81 0.400 38.5 0.0895

0.069 29.70 L .64 0.500 30.4 0.103

0.0LL 27.85 5.81 0.600 22.0 0.128

0.015 21.95 9.55 0.700 20.5 0.119

0.340 37.05 0. 0.800 13.0 0.153

0.315 37.00 0. 0.900 7.5 0.188

0.290 36.70 0.191 0.95C 4.8 0.207

0.265 36.30 0.445

0.240 35.75 C.793

0.215 35.20 1.1Lk2

0.196 34.40 1.65

0.165 33.50 2.22

0.140 32.55 2.825

0.115 31.35 3.59

0.107 30.90 3.87

0.029 25.95 T7.01




137.
Lamiga;LVelocity Profile Run No. 8-A Material: 0.50% CMC-70s

8 = .

b = 7.05 4" 8.3,

Npo = 2600 3/W 8.8 Tube

v (in.) u (ft./sec.) v/R u/u‘max.

0.319 21.70 0.900 --

0.3u4k4 19.90 0.970 0.055
0.315 21.80 0.839 --

0.290 20.95 0.819 0.005
0.265 21.45 0.748 -

0.2Lo 20.€9 0.6TT 0.022
0.215 20.55 0.606 0.025
0.190 19.35 0.536 0.081
0.165 15.68 0.465 0.255
0.140 15.90 0.395 0.245
0.115 14.65 0.324 0.305
0.090 13.35 0.254 0.366
0.065 11.75 0.183 0.442
0.040 10.25 0.113 0.51kL
0.015 9.22 0.0423 0.562
0.319 21.70 0.900 -

0.294 21.50 0.830 -

0.269 21.25 0.759 -

0.24k 20.36 0.659 0.034
0.219 19.96 0.518 0.052
0.194 19.23 0.547 0.087
0.169 18.20 0.476 G.135
0.1h4i 16.90 0.406 0.197
0.119 15.50 0.336 0.265
0.105 14.50 0.308 0.312
0.34k4 2i.35 0.970 -

0.340 21.10 0.954 -

0.265 20.70 0.T48 0.017
0.2L40 20.22 0.677 0.040
0.215 19.60 0.606 0.070
0.015 7.55 0.0423 0.642
0.020 7.66 0.0565 0.636
0.025 8.02 0.0705 0.619
0.315 20.40 0.889 0.031
0.319 20.60 0.900 0.022
0.340 20.80 0.954 0.012
0.215 19.43 0.606 0.077
0.265 20.20 0.748 0.0LO




138.

Turbuleﬁt Velocity Profile Run No. 8-B Matarial: O0.50% CMC-T70Os
s = 0.5
b =7.05 3/L" s.s. Tube
Npe = 8780 w= 1.01 £t./sec.
y (4n.) u (ft./sec.) ‘“max b y/R du/dr(ft/sec/in) 1/R
u*
0.319 39.45 0.05 0.025 650 0.0043
0.3L4k4 39.75 o] G.050 610 0.004k4
0.340 39.30 0.20 0.075 377 0.02073
0.315 39.20 0.30 0.100 288 0.0094
" $.290 38.95 0.54 0.150 182 0.0144
0.265 38.80 0.69 0.200 142 0.0179
0.240 38.15 1.33 0.300 97.0 0.025L
0.215 37.50 1.98 0.400 68.5 0.0322
0.190 36.50 2.97 0.500 48.0 0.0Lk20
0.165 35.60 3.86 0.600 33.0 G.0546
0.140 3k4.310 5.35 0.700 27.5 0.0567
0.115 32.25 T7.18 0.800 15.5 0.0824
0.090 29.65 9.75 0.900 7.2 0.125
0.065 26.50 12.87 0.950 3.5 0.182
0.040 20.65 18.65
0.025 16.45 22.10
0.020 15.08 23.70
0.015 13.53 25.70
0.319 39.70 0.
0.294 39.35 C.15
0.269 38.90 0.59
0.24% 38.15 1.33
0.219 37.30 2.18
0.194 36.20 3.27
0.169 34.80 L.65
0.1kk 33.20 6.23
0.119 31.30 8.12
0.109 30.20 9.21




139.
Lamipaz Velocity Profile Run No. 9-A Material: 0.25% CMC-TOs
u=0.l

b =2.22 3/4" s.s. Tube

Nge = 3960

y (in.) u (ft./sec.)  y/R u/uma.x.
z 0.354 19.15 0.999 1.003
0.330 18.90 0.930 0.990
0.305 18.55 0.860 0.971
0.280 18.13 0.790 0.950
0.255 17.31 0.720 0.906
0.230 16.30 0.645 0.854
0.205 15.80 0.579 0.827
0.180 15.23 0.508 0.797
0.155 1447 0.437 0.757
0.130 13.17 0.367 0.689
0.105 11.19 0.296 0.585
0.080 9.58 0.226 0.501
0.055 8.15 0.155 0.ko7
0.030 7.39 0.0846 0.387
0.215 6.82 0.0423 0.357
0.354 18.75 0.999 0.981
0.329 18.15 0.929 e.9§9
0.304 18.50 0.858 0.969
0.297 18.50 0.787 0.969
0.254 18.20 0.716 0.953
0.229 17.50 C.546 0.915




140.
Laminag Velocity Profile Run No. 9-A-1 Material: 0.25% CMC-T70s
8 = O- l
b = 2,22 3/4" s.2. Tube
NRe = 3960

v (4n.) u (ft./sec.)  y/R w/ oy

.354 17.40 0.999 0.983
.330 17.35 0.931 0.980
.305 17.55 0.860 .9915
.280 17.30 0.790 .978
.255 16.78 0.720 .948
.230 16.18 0.6L49 .91k
.205 15.55 0.539 .879
.180 14.60 ©.508 .825
.155 13.37 0.437 .T55
.130 11.10 0.367 .627
.105 9.28 0.295 .525
.080 7.23 0.225 .Log
.055 5.23 0.155 296
.030 3.02 0.085 171
.015 2.45 0.0Lk2 .139
.354 17.70 0.999 .000
.329 17.60 0.928 .99k4
.304 17.47 0.858 936
279 16.85 0.776 .952
.254 17.00 0.71% .960
.229 16.50 0.646 .932
.204 15.83 0.575 .895
179 14.90 0.505 842
.15L4 14.02 0.L434 -7192
.133 12.72 0.375 0.719
.330 17.48 0.931 0.987

[eNeoNeoNeNeoNeNoNoNsNoNe oo No o Ne o NoNoNoNoNo e NoNoNo]
[eNeNoRoNeNoNoNel _NoloNoNoNoNoNeoNeoNoNoNoNe No)




1k,

Turbulgnt Velocity Profile Run No. 9-B Materisl: 0.25% CMC-T70s

g = 0.61

b =2.22 - 3/4" s.s. Tube

Nge = 11,300 u, = 0.847 £t./sec.

y (in.) u (ft./sec.) ugax-u ¥/R du/dr(ft/sec/in) 1/R

Ry

0.330 28.25 0 0.025 630 0.0037

0.305 27.20 0.71 0.050 334 0.0070

0.280 27.55 0.30 0.075 230 0.0100

0.255 27.75 1.24 0.100 179 0.0127

0.230 26.55 1.47 0.150 99.0 0.0216

0.205 26.45 1.59 0.200 79 0 0.0270

0.180 25.90 2.24 0.300 k7.5 0.0435

0.155 25.40 2.83 0.400 32.0 0.0580

0.130 24.65 3.72 0.550 23.0 0.0734

0.105 23.80 .72 0.600 4.0 0.108

0.080 22.60 6.1k4 0.700 9.5 0.138
“ 0.055 20.60 8.50 0.800 7.5 0.143
- 0.030 17.15 12.56 9.900 5.8 0.130

0.025 15.90 14.05 0.950 4.0 0.133

0.020 14 .27 15.97

0.015 12.57 17.98

0.354 27.85 0

0.329 27.94 0

©.304 27.25 0.65

0.279 27.50 0.35

0.254 27.45 0.41

0.229 27.20 0.71

G.20k 26.75 1.2k

0.179 26.20 1.89

0.154 25.50 2.72

0.132 24 .85 3.48




lhaa
Low Shear Rate Rheology Material: 0.18% CMC-T70
Tanpgra.ture Viscometer
F. Head du/dr (sec.-l)  “T’(dynes/cm.Z)
T2.0 LvT 02.210 0.101
T2.0 LvT 0.420 0.175
' T2.0 LvVT 1.05 0.387
- T72.0 LvT 0.420 0.172
: T2.0 LVT 0.210 0.0975
Material: 0.41% CMC-T0
T2.2 LvT 0.21 0.312
72.2 LvT 0.42 C.559
T2.2 Lvr 0.21 0.310
72.2 LvT 0.k42 0.556

Material: 0.83% Ammonium Alginate

T1.2 RVF L.20 3.70
T1.2 RVF 8.40 6.23
TL.2 RVF 21.0 13.28
T1.2 RVF 21.0 13.30
T1.2 RVF 8.40 6.4l
T1.1 RVF k.20 3.96
1.1 LVT 1.05 1.25

Material: 0.46% Ammonium Alginate

TL.3 RVF L.20 lL.27
T1.3 RVF 8.4o 2.57
T1.3 RVF 21.0 6.29
T71.1 RVF k2.0 11.85
T1.1 RVF 21.0 6.22
T1.1 RVF 8.40 2.84
T1.1 RVF k.20 1.51




143,
Low Shesr Rate Rheology Material: 0.25% CMC-T70s
Temperature Viscameter

°F. Head du/dr (sec.”t) ’T/(dynes/cm.?)
Th.9 RVF i,20 0.991

T4.9 RYF 8.k40 2.08

T4.9 RVF 21.0 5.26

T%.9 RVF 8.40 2.01

T4.9 RVF L. 20 0.944

75.0 RVF 4,20 1.19

75.0 RVF 8.40 2.27

75.0 RVF 21.0 5.50

75.0 RVF 8.40 2.19

75.0 RVF 4k.20 0.992

Meterial: 0.12% Carbopol 934

T0.4 RVF 4.20 1.55

T70.5 RVF 8.40 2.67

70.5 RVF 21.0 6.00

T0.7 RVF 8.40 2.75

T70.2 RVF k.20 1.53

70.5 LvT 2.10 off scale
69.8 LVT 1.05 0.458

T2.5 LVT 0.420 0.184

67.0 LvT 0.210 0.101

T70.2 LVT 0.210 0.098

Material: 0.52% Viztanex
in Cyclohexane

T7.4 LvT 8.40 off scale
7.4 Lvr 4.20 0.400
T7.5 LVT 2.10 0.194
T7.6 nvr 1.05 0.207
7.7 LVT 2.10 0.185
T7.4 v k,20 0.376
TT. b RYF 4.20 0.438
T7-4 RVF 8.40 0.759
7.4 RVF 21.0 1.94
77-5 RVF h2.0 3.83
17.5 RVE 21.0 1.91
T7.6 RVF 8.40 0.759
T7-.6 RVF L.20 0.450




1k,
Low Shear Rate Rheology Materiel: Cyclohexane (Impure)
Temperature Viscometer
°F, Head du/dr (sec.-l) ’Udynes/cm.a)
T7.5 LVT 42.0 0.445
T7.5 LVT 21.0 0.228
T7.5 LvT 8.L40 0.0963
T7.5 LVT 4.26 0.0k4k42
T7.5 LVT 42.0 0.452
T7.5 LVT 2.10 0.0301
T7.5 LVT 4,20 0.0515
T7.5 LVT 8.40 0.102
T7-5 LVT 21.0 0.227
775 LVT k2.0 0.4kg
T7.2 LVT 21.0 0.232
T7.5 LVT 8.40 0.0957
T7.5 LVT 4.20 0.0476
T7.5 LVT 2.10 0.0245
T7.5 LYT 1.05 0.0129
T7.5 ivr 0.k420 0.00613
T78.5 LVvT 0.210 0.00430
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VIII. APPENDIX (Cont. ) .

D. Location of Original Data

These notebooks
W. Merriil of the

are locatad in Che fileg of Professor E.

Chemical
Engineering Department of the Messachuget

ts Institute of Technology.
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VIII. APPENDIX (Cont.),

E. Nomenclature

peeudoplastic rheological constant
differential operator
tube diameter
Fanning frictor factor
conversion factor
mixing length constant
turbulent mixing length
length
' 8y2-

Reynold's No., DV@ /M, D :2 8. ¢ (s)
Pressure
volumetric flow rate
radius
tube radius
pseudoplastic rheological exponent
local velocity

iction velocity
average velocity
wall
distance from wall
exponent to Ngo in correlation
eddy viscosity
molecular viscosity
density
shear stress

wall shear stress

oy )
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(dyne)(sec.)8/cn.®
in., cm.

££.1b./1b. farce/gec.2
in., om.

ft., cm.

Ib/ft.e, dynes/cm.2
cu.ft./min.

in., cm.

in., om.

£t./sec., cm./sec.
ft./sec., cm./sec.
£t./sec., cm./sec.

in., cm.
(dyne)(sec.)/cm.2
poises

gn./cm.3
dynes/cm.2
dynes/cm.2
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