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ABSTRACT

Experimental results are presented for heat transfer by free and
forced convection at low velocities from small heated cylinders in dilute
solutions of polyethylene oxide in water. The expefimen‘cs were con-
ducted for a range of velocities (less than 1.0 ft/sec) and polymer
concentrations, with several cylinder diameters, and for several poly-
mer molecular weights. Experimental results are also presented for
the drag of a small cylinder in similar liquids and for a comparable
range of velocities.

The heat transfer and drag results at low velocities were iden-
tical to those for a Newtonian liquid; at high velocities, the measured
values departed considerably from Newtonian results. These depar-
tures result from the viscoelastic nature of the polymer solutions.
Visualization studies of the flow around a cylinder and of a minute
laminaz jet were conducted to determine the gross magnitude of the
viscoelastic effects. Due to the liquid's elasticity, a significant en-
largement of the flow field was observed for both configurations above
a critical Reynolds number. An allempl is made to explain the heat
transfer and drag re.sults in light of these observations.

Photographic materials on pp. 111 - 149 are essential and will
not reproduce clearly on Xerox copies. Photographic copies should be

ordered.
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CHAPTER I

INTRODUCTION

A, Preliminary Remarks

For the past five or six years considerable attenfion has been
‘focussed on the fluid mechanics of dilute polymer solutions. This
interest has been motivated by a phenomenon often described as the
Toms Effect, the reduction of wall friction in turbulent flow when
minute amounts of a high molecular-weight polymer are present. In
pipe flow, drag reductions by as much as 80 percent have been re-
ported (19) 1. The polymers used for the Toms Effect typically have
105 monomer units; they are highly flexible, linear molecular chains.
The dissolved molecules are said to be "randomly coiled', meaning
that the molecular chain has a random walk configuration. The
effectiveness of a polymef for drag reduction depends on its molecular
weight and its concentration in solution. In general, the concentration
of solute required for maximum drag reduction in a given flow is so
minute that the solution can be considered ''dilute'; viz., the spatial

separation of polymer molecules does not permit physical interaction,

1. . .
Numbers in parentheses designate references.



In order to understand the mechanism whereby such ""macro-
molecules' alter the wall shear stress, various types of polymers in
different solvents have been tested to find the importance of the poly-
mer length, linearity of the molecular chain, and flexibility of the
molecule. The Reynolds number and shear rate of the flow, as well as
the solution concentration and temperature, have been varied to ascer-
tain their separate influence on drag reduction and on the inception of
‘drag reductién.

In contrast to the many experimental studies on drag reduction
in turbulent flow, very little experimental work has been done to find
suitable '.'constitutive” relatidns,for dilute polymer solutions, This is
understandable because of the uncertainty of the usefulness of such
relations; since wall turbulence does not lend itself to theoretical
treatment even for Newtonian fluids, it is not obvious that a properly
set constitutive equation for dilute polymer solutions would aid in the
"~ explanation of the anomalous skin friction reduction.

Nevertheless, whatever the constitutive equation for a dilute
polymer solution might be, a proposed relation should include the
"elasticity" of the liquid solution. It is well known that polymer
solutions are elastic as well as viscous (6, 24). One well-known mani-
festation of the elastic property is shown when the fluid is poured from
a container and the stream is cut two or thfee inches below the lip of
the container; the top part of the stream then snaps back into the con-

tainer much like a severed rubber band., This elastic recovery is



clearly shown in a photograph on the éover jacket of Lodge's book (24).
The elastic effect of the fluid is a result of the preférred configuration
of the microscopic polymer molecules (33, 50). It is argued that in

a stagnant fluid, the randomly coiled molecular chain assumes a
roughly spherical equilibrium configuration. The long-chain molecule
can be thought of as a series of beads and springs which when stretched
from the equilibrium shape by the flow of the surrounding solvent
creates restoring forces within the molecule. When thetstress causing
the fluid deformation is removed, the molecular restoring forces re-
turn the molecule to its equilibrium configuration; this molecular
reorientaﬁion makes itself kno-'wn. at the macroscopic level as an elastic
"recoil'. This and other such elastic effects are clearly visible and
easily measured when the polymer solution is concentrated, but when
the solution is dilute the liquid's elasticity is difficult to detect by.
standard experimental techniques.

While considerable experimental work has been done on turbu-
lent flows of dilute polymezr solutions, it appears that laminar flows of
such solutions have received relatively little attention. This is perhaps
understandable s‘ince ordinary viscometric measurements of such |
laminar flows indicate a fluid behavior similar to that for a Newtonian
ligquid. It is not clear whether the study of laminar flows would lead to
a better understanding of the drag reducing. effect in turbulent flow. TYet
there have been indications that laminar flows subject to convective

acceleration are altered by the presence of long-chain molecules.



Several experimental investigators, for example, using thermo-
anemometers and Pitot tube velocity-measuring de.vices have noted
that the sensitivity of these instruments is decreased in polymer
solutions even in laminar flow. In fact the present work was motivated
by the finding that hot-film probes became insensitive to velocity in
polymer solutions. Subsequently Fabula (13) has re»ported that his
hot-film sensors likewise became insensitive to the free stream
velocity. Goren (17) also mentioned a discrepancy in Pitot tube
calibrations between pure water and a polymer solution. From a sur-
vey of the literature it has been found that, to date, there has been no

systematic investigation of these abnormal results in laminar flow.

B. Survey of Previous Investigations

As mentioned, turbulent flow drag reduction in dilute polymer
solutions was first reported by. Toms (43). His research was carried
out with polymethyl methacrylate in chlorobenzene; it went largely
unnoticed until the 1960's, when several investigators experimented
with a variety of polymers in a water solution. The pioneer work of
hydrodynamic interest was conducted By Hoyt and Fabula (19) who
measured the pressure drop in pipes for Wate'r-soluble polymers and
found that the most effective polymers for reducing the wall friction
consisted of linear, long-chain molecules. Their pipe flow experi-
ments indicated that the maximum drag reduction depended on the flow

.Reynolds number, as well as on the molecular weight and concentration

of the polymer,



The significant drag reduction in pipe flow suggested that the
velocity profile for the flow of dilute polymexr solutions is considerably
altered. Two investigations (10, 17) have examined the turbulent
velocity profile, but the results differ in the value of the Karman con-
staﬂt k. Elata et. al. (10) found no change in the constant [or all
concentrationé of guar gum, while Goren (17) finds that k decreases
with an increasing concentration of polyethylene oxide for the outer
fourth of the profile. To date no velocity measurement has been made
in the region of most interest — the viscous sublayer. Both Elata and
Goren employed small Pitot tubes to measure the velocities in the
tu,rbulen'.c core. Goren reporfs that, at the same velocity, there was
a discrepancy in the Pitot tube reading between clear water and a
dilute polymer solution; this discrepancy increased with polymer con-
centration and decreased with the Reynolds number.

Diminished sensitivity with another velocity-measuring device
was experienced by Fabula (13) in his work with hot-film sensors. To
measure the fluctuating velocities in the turbulent flow behind a grid,
Fabula employed a hot-film anemometer, He found that circular and
wedge-shaped sensors exhibited ilat calibration curves in the high
velocity ranges; i.e., at the higher velocities, the heat loss from the
sensors became independent of the free stream flow velocity. Virk (46)
also reported a similar calibration curve with a cylindrical hot-film

sensor. His data with polymer solutions is incomplete, but the charac-

teristics are somewhatl similar to Fabula's., For example, at low



speeds, the sensor heat loss is identical to that for the solvent alone,
but at higher speeds a significant reduction in the heat transfer occurs.
Lindgren (23) defected a slight decrease in sensitivity with hot-film
sensors in a polyethylene oxide solution; however, his velocities did
not éxtend to the regime where Fabula observed the flat calibration
curve with a wedge sensor.

It should be mentioned that several theoretical papers (21,32,
38, 39) have treated the flow of a viscoelastic fluid near a stagnation
point. The analyses differ in the choice of constitutive equation, but
none of these investigators extended their calculations to the regime
where elastic effects are expécted to be significant. Consequently
the computed boundary layer thickness in all cases differs only
slightly from that with an equally viscous Newtonian liquid.

Rouse's (33) model of a randomly-~coiled macromolecule has
provided an important theoreﬁqal contribution to the work in polymer
mechanics., He considered the dissolved polymer molecule to be a
series of beads and springs, and found that when the molecule was
disturbed from an equilibrium position, the return into the original
configuration was associated with a series of discrete relaxation tirnés.
His theory shows that the relaxation times depend on the length of the

molecule, and on the molecular forces between solute and solvent.

C. Objectives of the Present Investigation
The Toms Effect is associated with wall turbulence, and as

already indicated none of the above investigations has measured the



velocity profile in the critical viscous layer next to the wall. The
original intention of the present research was to examine the charac-
teristics in this region by use of hot-film sensors.

The feasibility of this technique for measurement of turbulent
boundary layers in water has been established by Townes (44) who
measured velocities to positions within . 004 inches of the wall corres-
ponding tc a Y=:< value of 1. 0. Similar measurements were planned.for
the present work with dilute polymer solutions, but the aforementioned
difficﬁlty appcared in calibratir;g thc hot-film scnsors in the polymer
solutions. (Fabula's difficulties with the hot-film sensors were not yet
known.) At low velocities the‘he.at transfer-velocity relationship was
found to be similar to that of pure water; but at higher velocities (on
the order of 0.2 ft/sec) the heat transfer became independent of the
velocity. This-indicated, of course, that the hot—film sensors would
be useless for velocity measurements whether the flow was turbulent
or not. At the same time it was realized that this insensitivity of
heat transfer to velocity was itself a significant phenomenon and might
provide an interesting research problem in its own right.l

As a result the present study was Idirected towards the heat
transfer characteristics of circular cylinders' in polymer solutions for

laminar flow in the hope that such measurements would provide addi-

tional insight into the mechanics of the flows of dilute polymer solutions.
Heat transfer measurements were planned for a range of concentrations

and velocities, with several cylinder diameters and several polymer



inolecular weights. It was hoped that these results could be correlated
with the characteristics of the polymer solution. The peculiar heat
transfer results mentioned suggested that the flow field around the
cylinder had been altered in a major way by the presence of the poly-
mer molecules. To gain additional insight iﬁto the nature of the altered
flow field, a further experimoent was carried out to measure the drag
of a small éylinder of a size similar to that of the heat transfer experi-
“ments and over an equivalent range of velocities and polymer concen-
trations.. These investigations were augmented by flow visualization
expe.riments on small jets and on the flow around a small cylinder,
both with and without the polyr.ner. - The following chapters describe
the experimental set-up for the heat transfer measurements, the
procedure that was used to make these measurements, and their
results. A similar description is given for the drag experiments and.
results. The observations of the visualization experiments are then
presented to maké plausible the heat transfér and drag results. The
experimental results are compared to studies of the Toms Effect, and
are discussed with reference to the viscoelastic nature of a polymer

solution.



CHAPTER 1I

EXPERIMENTAL EQUIPMENT

A. Viscometer

The viscosities of the liquids used in the heat transfer and
drag experiments were measured simply yet accurately by use of
a Cannon-Fenske viscometer, a picture of which appears in
Figﬁre 1. The viscosities of the polymer solutions vai'ied between
0.9 and 3 4 centipoise; the ASTM Standards (1) recommends a
size 50 viscometer for viscosities ranging from 0.8 to 3.2, and,
accordingly, a size 50 was used for the present wor"k.

To ensure that the liquid sample contained in the viscometer
remainéd at a coﬁstant temperature during the viscosity measure-
ment, the viscometer was immersed in a bath, a Lucite tank 11-1/4
inches in aiameter and 18 inches deep, filled with water. The
viscometer was s_uppprted vertically in the tank by a rubber clamp
which closea around the viscometer tubes. The clamp was arranged
so that only the top inch of the _v‘iscom'eter was not immersed in the
\l:vat:ezsb.’;u:ho A -15% to 32°C thermometer was suspended in the

" bath, and located about two inches from the viscometer.



-10-

"B, Polymer Solutions

A considerable number of high-weight, water-soluble
polymers have been used in the experimental studies of turbulent
drag reduction. The polymers tested by Shaver and Merrill (40)
produced pseudo-plastic solutions, .ViZ., the solution viscosity
decreased with increasing shear rate. Typical solute concentrations
for these '"non-Newtonian'' solutions were 0.3 percent by weight.
Hoyt an& Fabula (19) also tested a number of water-soluble polymérs;
they found that, with the pol?nders. of the highest molecular weight,
much lower solute concentrations were required for significant drag
reduction,.  ‘l'ypical solution concentrations for these high~-weight
polymers were 0, OQS percent, or equivalently, 50 parts per million
by weight (wppm). Two of these long=-chain, highly effective
polymers were polyethylene oxide (PEO) and guar gum, and .
viscometry meésurements of solutions of both polymers were made
over a range of shear rates. The viscosity of guar gum solutions,
for concentrations less than 500 wppm, was slightly greater than
tha_t for water, and was independent of shear _rate over the range of
 shear rates tested, 2 %1072 to 4x107° sec™t. The range of

‘shear rates was extended for the PEO solutions, and it was found

that the viscosities of two PEO solutions, 10 wppm and 100 wppm,

were constant for shear rates between 10”" and 5 x 1072 sec™ !,
The constant viscosity of these solutions is considerably different
from the non-Newtonian behavior of the solutions tested by Shaver

and Merrill, Almost all subsequent investigations used either PEO
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W_or guar gum because (a) PEO and guar gum solutions are highly
- effective drag reducers, (b) they have viscosities which differ
slightly from water, and (c) their \}iscosi’cies are independent of
shear rate. It was for these same reasons, plus the desirability of
coinpa.ring the present laminar studies with turbulence work, that
the choice of polymer in this investigation was limited to poly~-
ethylene oxide and guar gum. PEO was preferred over guar gum
for two basic reasons: (1) Only one grade of guar gum is commer=-
cially available, while PEO is available in four molecular weights
(the Union Carbide Company produces PEO under the brand name
Polyox); and (2) the molecular character of PEO is better known
than that of guar gum. This latter factor requires soﬁe explanation,
and to.do so, it is ﬁecessary to introduce the parameters commonly
used to describe polymers and polymer solutions.

The intrinsic viscosity [m] of a polymer solute is defined

as
: ﬂ‘ﬂs
[n] = lim s
c—0 s
where n = viscosity of solution
T]S = viscosity of solvent .
c = concentration of solute

Since the concentration c¢ is usually expressed in gm/100 mi, or
gm/dt , [n] has units of di&/gm. This parameter is exper-
imentally determined by measuring (1 - nS)/nsc at various

solution concentrations and extrapolating to ¢ = 0.
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The intrinsic viscosity is a measure of the hydrodynamic
influence of the dissolved macromolecule on the flow of solvent, It
is an indication of the force required to drég the molecule through the
solvent, and consequéntly the larger the molecule, the higher the

intrinsic viscosity. This relationship is usually given by
VAN
[n] = kM

where M is the molecular weight of the solute, and K and a are
constants whose values depeﬁd on the temperature and on the nature
of the solute and solvent. If the polymer sample is heterogeneous,
i.e., if it consists of several molecular weights, then an average
molecular weight must be substituted for M; by defihitién this
quantity is the viséosity—average and its symbol is M, . If the
distribution of molecular weights is unknown, then —M—v must be
determ'méd independently' to find the constants for the above equation.
The usual method is to measure the intensity of light passing through
the éolymer solution (42). Analysis of the light scattering data at

various concentrations yields the weight~average molecular weight

‘1\_[L'W , which can be used in the relation

where a and X would be different from the former values. From
light scattering measurements, Shin (41) and Bailey et al (2) have

found the correlation for Polyox to be
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[n] = 1.03x107* 5 7% (shin, at 25°C)
or
[n] = 1.25x107*™ *"°  (Bailey et al, at 30°C)

Both investigators tested commercial unfractionated samples of PEQ,
and consequently the difference in the constant K’ is probably due
to the variation in the distributions of the moleculér weights. Shin's
correlation thus allows the molecular weight of PEQC to be determined
by simple viscometric measurements. From light scattering
measurements, Deb and Mukherjee (9) found the molecular weight
of an unépecified commerciai sample of guar gum, They did not
measure the intrinsic viscosity of the sample, and they did not test
other samples of guar gum. Conéequently an equation such as

[T]] = kj—M"Wa is not available for this polymer, and the molecular
weight cannot be con1putéd from viscosity measurements. The
molecular weight is, of course, the most important property of a
polymer; the simple means 6f detfermining this parameter for PEO
was a considerable fa’c'tor in its choice for the present work in dilute
polymer solutions,

Three gi‘ades of Union Carbide's Polyox were obtained for

the experiments: WSR-205, WSR-301, and Coagulant. All were
samples of industrial blends donated by the Union Carbide Company
and were used as received. A commercial grade of Polyox is
required to have a viscosity, at 5 percent concentration in water,

which falls between two specified values. If a batch does not meet
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the specification, PEO of a different molecular weight is combined
with the batch until the specification is met. Consequently each
polymer sample used in the heat transfer experiments had an unknown
distribution of molecular weight, The molecular weight can be
computed from the intrinsic viscosity data for each grade, and this
value must be regarded as an estimate of the molecular character

of the heterogeneous polymer.

C. Heat Transfer

1. General Scheme

The basic equipment for the heat transfer measurements

from circular cylinders consisted of hot-film éensors, a constant-
temperature ‘anemometer, an electronic squaring circuit, and a
towingfank. This. equipment was originally intended for a research
problem of a different nature; as rﬁentioned in Chapter I, the author
planned to examine velocities in the viscous sub-layer of a turbulent
boundary layer, but the insensitivity of the hot-film sensors in dilute
poiymer solutions discouraged the planned research and suggested a
more interesting problem in heat transfer. Consequently, the
anemometer and sensors were employed for measurements of heat
transfer instead of velocity. Th.e heat transfer data were recorded
while the sensor was towed at a series of velocities through a variet.y
of polymer solutions. in the tow tank.

2. Anemometer

Hot-wire anemometers are generally designed around two
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basic principles: the constant-current type maintains a fixed
current through the sensor and detects changes in heat transfer
(t.e., velocity) by changes in the sensor resistance; the constant-
temperature.type maintains the sensor at a constant resistance
(i.e., temperature) and detects the corresponding changes in the
sensor current. The anemokmet»er used in the pres ent studies was
the latter type, and v?ras a modification of Shapiro and Edwards
"Model 60-B. Since the set was originally made for Townes' (44)
velocity measurements in water, it was considered to be suitable
for the present study in agueous polymex; solutions. The anemometer
circuit diagrarri is shown in Figure 2.

The 0-300 ma ammeter of the anemometer directly
measured the curreﬁt through the sensor, i.e., through the fourth
leg of the set's Wheatstone bridge. The resistances of two other legs
of the bridge are, of course, fixed and the third leg is made variable
in order to balance the bridge when sensors of different resistances
are inserted as the fourth leg, The resistance of the third leg was
varied by manually adjusting the resistance dial on the face of the
anemometer. This variable resistor is actually a wire-wound
potentiometef, and its numerical values were designed to corre=~
spond to the resistance of the fourth leg. When the anemometer is
used to measure resistance, the appropriate circuit switch is
momentarily closed., and the anemometer ammeter functions as a
null meter. If the meter needle doesn't deflect when the switch is

closed, the reading on the resistance dial corresponds to the

resistance of the fourth leg of the bridge.
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3. Heated Cylinders

A shielded low-resistance -cable connected the anemometer
to the probe holding the sensor. The probe and sensors were
standard products of Thermo-Systems Inc., and a photograph of the
probé assembly, and two sensor holders, is shown as Figure 3. The
pfobe, a TSI Model NT10, was combined with a N45 locking sleeve
and 'O' ring to prevent water leaking around the electrical connection
between the probe and sensor holder. . More details of this water -
tight locking arrangement can be found in TSI Bulletin N16A.

Figure 4 is a closer photograpﬂic examination of the sensor
and the legs of the sensor holder. TSI fabricates these sensors in
diameter sizes of ,001, ,002, and . 006 inches, and a detailed
drawing of the sensor construction is presented in Figure 5. The
quartz coating shown in Figure 5 is applied around the platinum by
éputtering in'a vacuum chamber; its application is necessary to
prevent the electrolysis which would result if the insulating quartz
were not present and electrical paths were established in the con-
ducting liquid. The élatinum film in Figure 5 is deposited by firing,
the thickness being approximately 1000 A to produce a sensor
resistance between 6 .j:\‘nd 9 ohms, The range .of the sensor
resistance is limited; a large resistance places considerable
demands on the circuit anemometi‘y to supply the poix}er for the
IZR heat loss from the sensor. On the other hand, a low resistance
does not permit an accurate ‘'overheat ratio' to be determined.

More will be said about the overheat ratio in the procedural details
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of Chapter III; for the present, it is sufficient to understand that this
ratio involves reading values from the anemometer resistance dial
which differ by as little as 2 percent.. A 2 percent change in the
resistance of 6,00 ohm sensor corresponds to a change of .12 ohm
on the resistance dial. Since this dial can be read to = ,005 ohm, the
error in the reading is 5/120 or £ 4 percent. This error would
increase and become unacceptable if the sensor resistance were less
than 6.0 ohms. Consequently the platipurn film sensors are produced
with a minimum sensor resistance of 6 ohms,

The length-to-diameter ratio of the standard TSI hot-film
sensors varied between 12:1 and 22:1. In order to estimate the
importance of end effects on heat transfer, a 0,006 inch sensor was
custom made by TSI with a length-to-diameter ratio of 96:1, This
sensor is included in the photograph in Figure 3.

4. Electronic Squaring Circuit

The anemometer supplied a voltage output which was the
product of the current through,the h_d film and a 10,00 resistor. As
it was desired to measure heat flux, the output terminal was connected
to an electronic squaring circuit to facilitate the measurement of the
dissipated energy. This additional circuitry was convenient because
in a typical experimental situatioh, the anemometer current varied
between 90 and 120 ma while the velocity of the fluid past the sensor.
varied from zero to é maximum. A squaring circuit was already
available and found to be very suitable for amplifying th'e anemometer

signals in this work, This squaring circuit amplified and then
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squared an input voltage signal; a bias system was also available in
the circuitry so that any specified voltage could be subtracted from
the amplified-and-squared voltage. For the present work, the bias
voltage was always used to suppress the zero-velocity output {rom
the anemometer. Consequently the output from the squaring circuit,
e, fora parti;:ular velocity, was proportional to IZ - IO2 , Wwhere
I equaled the ammeter current at the particular velocity and Io
equaled the ammeter current at zero velocity. The squaring circuit
voltage output, e, was measuredl with a Hewlett-Packard Model
425A DC Micro Volt-Ammeter. The suppression of the zero-
velocity current, Io’ is the essential feature in facilitating the
measurement of heat flux for the convection flow.

The accuraéy of the electronic operations of the squaring
circuit was checked by Townes (44), who found an accuracy of
+ 3 percent for the operations of the squaring circuit. The circuit.
amplifier was a Philbrick Model UPA-2, and the electronic squaring
was performed by a Douglas Quadratron, Type A, Model 10.

5. Tow Tank

An overall view of the tow tank and carriage employed ior
the heat transfer studies is exhibited in Figure 6. The inside
dimensions of the wooden tank were 95-1/2 x 11 x 18 inches, and
the 3-wheel carriage shown in the figure was fastened to a cable 1001)
driven by a 1/15 horsepower, 173 rpm speed-reducer motor. Coimn-
bined with the motor was a Minarik Model SH 56 E speed control to

provide carriage speeds between .08 and 1.0 feet per second.
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Since lower velocities were desired for the investigation, an
additional shaft was mounted above the motor shaft and a removable
pulley system was arranged between the two shafts to permit
carriage velocities between 0,01 and 0,10 feet per second with the
existing motor and speed control, Limit switches for the carriage
were instailed near the ends of the tank, and a scale was mounted
along the rail to measure the carriage travel. Also shown in

Figure 6 is the clamp mounted on the carriage to hold the probe and

sensor assembly,
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CHAPTER III
EXPERIMENTAL PROCEDURE

A, Viscometric Measurements

The ASTM Standards (1) for the Cannon-Fenske viscometer
served as a guideline for cleaning the lviscometer, and for introducing
and testing a liquid sample.

The viscometer was cleaned by thoroughly rinsing with a
technical .grade of acetone and‘drying with dehumidified air., Before
the viscometer was calibrated, it was soaked in chromic acid to
ensure a perfectly clean instrument. The calibration of the viscom-
eter was periodically checked with several liquids of known
viscosities, No discrepancies from the original calibration were
noted, and it was concluded that the acetone rinse provided a
satisfactory cleaning techniqu'e.

1. General Procedure

A measured amount of liquid was introdﬁced into the
viscometer (Fig. 15 by (a) attaching a short hose to the larger tube
of the viscometer, (b) inverting the viscometer and placing the end
of its smaller tube into the liquid to be tested, (c) applying suction
through the hose to cause the sample liquid to rise'through both
sn'.la,u bulbs to etched line E, marked in Figure 1, and (d) turning

the viscometer back to its normal vertical position. The hose was
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.then removed, the vis.cometer was inserted in the clamp, placed
in the constant-temperature bath, and vertically aligned by eye.

“ Before measuring the sample viscosity, a five-minute waiting
periodAwas allowed while the viscometer and its contents reached
the bath temperature. After this interval, suction was applied to the
smaller viscometer tube to bring the sample above the etched line C
 (see Figure l1). The liquid was allowed to fall, and the time was
~recorded while the liquid meniscus passed from line C to line E.
This time interval is known as the '"efflux time', and was measured
to within 0.1 second with a stopwatch., The bath temperature was
recorded to . OloC before and after the eiflux time was measured,
and the average of these temperatures was taken as the liquid
temperature during the viscosity measurement.

2. Calibration

The viscometer was calibrated by measuring the efflux time
of fresh distilled water and 16 water-glycerol solutions of various
proportions. These proportions Wére designed so that their
viscosities varied from 0,9 to 3.2 cp, the viécosity range of the
dilute polymer solutions used in the heat transfer experiments.
The viscosity of each solution was determined from the Handbook of
Chemistry and Physics (18), which provides viscosity data for all
concentrations of glycerol in water for the temperature range, 20°
to 30°C. The kinematic viscosity of each test liquid was plotted
against its efflux time, and the combined data of all liquids provided

the calibration curve for the viscometer.
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Maintaining a fixed temperature for the viscometric readings
provided an unforeseen difficulty. The water bath is equipped with
a constant-temperature device positioned several inches from the
thermometer. Thermal gradients produced by the heater caused
inconsistent viscémeter readings at identical thermometer tempezr-
atures., Consequently the heating apparatus was not employed for the
viscometric work, and all measurements were taken of the prevailing
bath temperature. The prevailing temperature fluctuated between
21.8°C and 23.6°C, but its maximum rate of change was observed
to be 0. ZOOC/hr. Since approximately seven minutes were required
for a viscosity measurement, - the bath temperature was essentially
constant for the measurement period.

TheAabove viscometric procedures provided an accuracy of
. 001 centipvise for a viscousity measurement. This accuracy is
evident in Table 1, which gives the repeated viscosity measurements
of four polymer solutions. In addi@ion, the occasional viscosity
measurement of fresh distilled water corresponded to within
. 0005 cp of the value listed in the Handbook of Chemistry and
Physics.

This accuracy was necessary since the difference in viscosity
between a polymer solution and pure water is required to characterize
the dissolved polymer. The description of this characterization will

be presented in the section on polymer solutions.
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TABLE 1

Representative Viscosity Data of Four Dilute Solutions

Concentration of | Viscosity
WSR=-301 2 cp o
: 5 corrected to 23,00°C
30 wppm L 0.996
g 0.996
|
25 wppm | 0.988
i ' 0.988 ¢
10 wppm _ ! 0,969
§ ‘E 0.970 ;
) ! !
§ : |
5 wppm ; . 962 |
- . 962
|

3. Temperature Correction

.The computations for the heat transfer results require the
viscosity of the polymer solutions at the tow tank temperature.
Since the solution viscosity was usually measured at a temperature .
different from that in the tow tank during heat transfer runs, it was
necessary to find some procedure for estimating the viscosity of the
same solution at the tow tank temperature, The following equation -
was used to correct for this temperature difference, and is based
on the assumption that the dissolved molecules increase the
viscosity by the same ratio at all temperatureé.

NMTy)  NUT,)
M{Ty) — Mg (To)
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where
T = temperature
n = solution viscosity
Mg = ‘sollv.ent viscosity

For polymer solutions, the viscosity dependence on concentration is

usually expressed in terms of the relation

n-n
() = [nl+xln)%

S

or

n = n (140l kine?)

where K is known as the Huggins constant and has a value near 0.35
for flexible polymer molecules (20). Since [mMlec< 1 for most
solutions used in the present work, the temperature dependence of

7 is mainly related to the temperature dependence of Mg s and
consequently Equation (1) is fully acceptable. When [nl=1, the
variation of [n] ‘with temperature is of importance. Pruitt and
‘Crawford found that

Alr] _
[nlaT

L28x10°%°F7

for Polyox Coagulant at 70°F. Since the temperatures of the tow tank
and of the bath were always close to room terhperature, the maximum
temperature difference between the two was 4°F, For this temper-
_ature difference, the chahge in [n] would be 1.0 percent and conse~

quently the change in solution viscosity T 1is roughly 0.8 percent.
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This error is considered acceptable and therefore correction

Equation (1) was employed for polymer solutions of all concentrations,

B. Pblymer Solutions
1. Concentration Rangc

The polymer concentrations in the heat transfer and drag
reduction studies are usually in the dilute regime, viz., the physical
separation of thc dissolved macromolecules should be large enough to
prevent mechanical interaction. The concentration at which molecular
interference is certain is termed the critical concentration, Co+ In
general,' . nl=1 , (47), and for PEO, Shin (41) computes fhat
C, [n] = 0.62 using the Kirkwood-Riseman theory. This difference
in the critical concéntration is not large, and consequently either can
serve as a criterion for dilution. For the solutions used in the heat
transfer and drag measurements, the maximum concentration of the
polymer approached . for each molecular Weight. of PEO. The
most dilﬁte solution employed for the experiments was the.10West
concentration which would produce deviations from thé pure water,

Distilled water was the solvent for all polyethylene oxide
solutions in this thesis. McGary (27) has observed that PEO solutions
are most stable when the solution is prepared with distilled water;
tap water solutions had lower initial viscosities and degraded more.
quickly_. It was alsb anticipated that distilled water would have a
smaller air content than tap water, and thus would be less likely to

generate air bubbles on the heated surface of the hot-film sensors.
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- This difficulty is rex'plained in more detail in the 'section on "Air
Bubbles",

The series of copcentrations for a particular grade of PEO
were designed to be geor;uetrically increasing, viz., each concen-
tration was half the previous value. In practice, the most concen=~
trated éolution was made first and the less concentrated solutions
were derived from it by continual dilution. The preparation of the
most concentrated solution for the 25 gallon tow tank required the
use of a master polymer solution. A solution of several gallons
was preiaared whose concentration was 5 to 10 times that of the
maximum desired in the tow tank. This concentrated solution was
_ thoroughly mixed with the water in the tow tank, and the resulting
solution was allowea to sit overnight. The heat transfer measure-~
ments were taken the next day, dufing which a sample was removed
for viscosity analysis. The next lower concentration was prepared
by emptying half of the prevailing liquid from the tank; and adding
distilled water to the original level. The solution was again
: completely mixed and the measurements with the hot-film sensor
were taken the following day. The viscosity, as well as several.
dilute solutions derived from it, were measured to find the intrinsic
viscosity of the dissoived polymer, and consequently to check on
molecular degradation.,

To check or; thé homogenleity of the tow tank solution, samples
were withdrawn at various positions and viscometrically tested.

The procedure was repeat'ed at several concentrations and the
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results indicated uniform polymer density,.
2. Measurement of Intrinsic Viscosity

The intrinsic viscésity of each PEO grade wasﬁ determined by
combining the measured viscosities of all solution concentrations,
vilz.-, (n—'r]s) / ng¢ was computed at several concentrations and
extrapolated to ¢ = 0 to yield [m] . To check on the accuracy of
this procedure an additional solution of WSR-301 was prepared and
thorﬁughly tested; the polymer was taken from the same manu-
facturer's sample which was used in the WSR-301 heat transfer
measurements, A 500 wppm solution was prepared, from which
three 100 wppm solutions were derived. After determining the
viscosity of these liquids, the three solutions were diluted to 75 wppm
and the viscosities remeasured. This dilution process was repeated
several times to providec the data fér Figurc 7. The figurc indicates
[ﬂ] = 9.9, which corresponds closely to the value of 9.6 which was
measured from the solutions used in the heat transfer results. Of
more sigyniﬁcance‘ is the data scatter; [n] cannot be determined
more closely than 0.6 (or +6 percent), even though the solutions
were carefully prepared and handled. Similar scatter of (T]-T]S) /'f’lsc
at the lower concentrations was observed with the three grades of
PEO used in the experiments. Consequently the accuracy of =6
perceﬁt has been assigned to all intrinsic viscosity values.

3. Polymer Degradation
The question of polymer degradat‘ion naturally arises in the

heat transfer investigations since the polymer solutions were
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contained in an open tank, Usually_seven days were required to
complete the heat transfer measurements for all concentrations
and cylinder sizes. To ascertain whether the character of the
polymer remained constant for this period, the intrinsic viscosity
was checked frequently during the WSR-301 éata runs, the results

of which are presented in Table 2.

TABLE 2

Polymer Degradation

Date . n]
- (1966) b ~ WSR-301"
March 21 10.6 |
28 B 10.5
31 L 8.9
April 1 8.9
2 : 9.4
3 - 9.8 |
|

‘The time variation of [nJ = is probably due to a slight polymer
degradation and to considerable data.scatter. The heat transfer
measurements with WSR-301 solutions were taken during the period
between March 28 and lApril 3, and the average [nj of 9.6 for this
period has been’assigned to all WSR=-301 runs. Polyox WSR-205 and
Coagu_lant solutions were exposed to the atmosphere for only half the
above duration, and thus degradation was not considered a p.roblem

for the present work,
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C. Heat Transfer Measurements
1. Preliminary Measuréments

The temperature coefficient of resistivity for each platinum
sensor was determined prior to its use in the heat transfer exper-
iments. This coefficient was found by immersing the sensor in water
at various temperatures and using the anemometer as a potentiometer
to measure the corresponding resistance, (As explained in Chapter
1I, the resistance dial of the anemometer functions as a potentiometer.)
Typical data from such a measurement are presented in Figure 8, which
shows the expec;te& linear relationship between resistance and temper-
ature., The temperature coefficient of resistivity for all platinum

sensors averaged O, 002606"1

, which closely corresponds to the
value of 0, 00-3 oC"'v1 for platinum given in the Handbook of Chemistry
and Physics.

An optical comparator was émployed to measure the diameter
of all sensors to within ., 0001 inch; the length of the heated portion,
viz., the distance between the gold—platinun'.x interface at either end
(Fig. 5 ),  was measured to within 0.03 mm with a travelling stage
microscope.

The resistance, R, for the heated portion of each hot-film
sensor could not be precisely determined. The resistance measured
by the anemometer includes the resistance of the wire cable, probe,
sensor holder, gold connections and the sensor itself. Shorting the

probe indicated the resistance of the first two items was 0.75 ohm

and the resistance of the steel legs of the sensor holder was
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calculated to be 0,25 ohm. The resistance of the gold bonding, which
varies with each sensor, cannot be determined since the commercially-
made sensors are coated with insulating materials, epoxy and quartz,
that prohibit measurement of the metal resistance underneath (Fig. 5).
Since the gold thickness, O. OCOZ inch, is much greater than that for
the platinum, 2000 X, and since .gold has a high conductivity, the
resistance of the sensors' .gold bonding was assumed to be negligible,
Thus the sensor resistance, R, was estimated to be the measured
resistance minus 1.00 ohm.

2. Proceduie for a Heat Transfer Run

The term ''run'' will be used in this thesis to dcsignatc the
set of measurements recorded for a series of towing velocities with
a given sensor in a ﬁarticular fluid. Usually three runs were made
with a given fluid, each with a different size of sensor. The preceding
section on polymer solutions explained the criteria for the range of
polymer concentrations, and the geometric progression of the
continued.dilution; these guidelines allowed about six different
concentrations for each grade of PEO. Since three molecular weights
of PEO were testéd, ‘there were approximately 60 heat transfer runs
in all.

Prior to the measurements in the PEO solutions, runs were
made in distilled water with the three sensor sizes. The data from
these measurements will be compé.r.ed'to previous investigations for
Newtonian liquids, and thus will serve as a check on the present

experimental technique. The distilled water data will also serve as
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the frame of reference for the heat transfer measurements in
polymer solutions.

Each run was preceded by the prepafation of the desired
polymer solution in the tow tank, as explained in Sectién B of this
chapter., The probe assembly was mounted vertically on the
carriage so that the sensor was at least two inches under the surface
of the liquid, and equidistant from the tank walls. The sensor was
horizontal and visually aligned to be normal to the approaching flow.
Figure 6 shows a mounted probe assembly, and the cable connection
to the ane_;mor_neter;

The temperature of the tow tank liquid was recorded, and
the resistance of the sensor assembly for this temperature was
measured by the anéfnometer.' For this procedure, the anemometer
ammeter functions as a null mgtér; the resistance dial (potentiometer)
of the anemometer was adjusted so that the null meter did not deflect
when the appropriate circuit switch was momentarily closed. The
reading of the resistance dial corre;sloondillg to this null condition is
known as the cold resistance, RC; The dial setting was then increased
to the operating resistance, Rop’ the desired sensor resistance for
the heat transfer run. The value of Rop is determined by the selected
‘temperature difference between the sensor and thé ambient fluid;
since the sensor resistance is linearly related to the temperature,
the temperature difference is propo.rtional'to the resistance difference,

R~ R _, In hot-wire terminology, the difference R__ - R _ is
op c op - ¢

incorporated in a term known as the overheat ratio, O.R., which is
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defined as

Rop - RC
100 —
c

Oo Rc"

it

The value of the overheat ratio for each run depended upon
several criteria, In general, the lowest possible overheat was used
.to avoid the associated difficulty with air bubbles; more details of
this particular problem will be presented in a later section of this
chapter, At the same time, éhigh overheat ratio was necessary to
provide reasonable sensitivity from the anemometer.

Sensitivity, in-'this case, refers to the difference, I _ - I

m o’

between the maximum and minimum current through the sensor. The
larger this difference, the moréleasily changes in current can be
detected and recorded. Since a squaring circuit was part of the
recording system ih the present work, sensitivity in practice referred

to the difference I 2 . I 2 , rather than to I - I . It will be
m o ™m o

helpful to examine how Im2 - IO2 depends on the cylinder diameter,
D, and the temperature difference, AT; King's Law will be used for

this purpose:

1
Nu = Nu0+ BRe-Z

For an electrically heated cylinder, this equation is

. L )
I R 12 R _ v D \Z
e = o + B | —=
T LkAT T LKAT v )
where k = thermal conductivity
L = length of cylinder
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1

AI'Z - 1% = const ATD?
m o

The equation indicates that the sensitivity increases linearly with AT,
or equivalently, with the overheat ratio; it also shows that the
smaller the cylinder diameter, the larger the temperature d‘ifference
required to achieve t.he same sensitivity. Consequently different
overheat ratios were used for the three sizes of sensors in the heat
transfer work. The minimum overheat ratio will of course apply to
the largest sensor, and the description of the anemometer in
Chapter II has indicated that the error in measurin.g O.R. is
acceptable 'if the minimum O.R. is 2.0. The overheat ratio for the

. 006 inch diameter sensor in water was 2.0, and to provide com-
parable sensitivity with the smaller sensors, overheat ratios of
approximately 3,0 and 5.0 were used for the 0,002 and 0.001 inch
sensors respectively.

These overheat values had to be increased for the measure-
ments in the dilute polymer solution. A glance at the heat transfer
results (Figs. 16~-24) for these fluids indicates that the heat loss
appears to follow King's Law for values below somec critical
.Reynolds number. To see how this behavior affects the sensitivity,
King's Law; will again be used; for purposes of discussion, the sub-
script k refers to the maximurﬁ conditions at which Kiﬁg's Law

approximates the heat transfer results in polymer solutions:
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1
2z
Re < Rek Nu = Nuo + B Re
1 2R I ZR V. D %’
k o k

“TKAT = +LEaT T+ B
or

1 1
2 2 22
I” - IO = const AT Vk D

The heat transfer results indicate that V, is typically 1/10V_,
m

where Vm is the maximum possible velocity; thus the sensitivity

in dilute polymer solutions, Ik2 - Io2 , willl equal that in water,
Im:2 - IO2 ) 6n1y if AT is increased by 102 (= 3.2). Increases in

the overheat ratio by this amount were unacceptable because of the
allied problem with air bubbles. Consequently, sensitivity was
sacrificed, and for the work in the more concentrated polymer
solutions, the overheat ratio was roughly twice the value used in
water.

Once the overheat ratio for a particular run had been
deterrﬁined, the anemometer was balanced. This procedure basically
balanced the set's Wheatstone bridge by passing enough current
through the sensor so that the sensor temperature became the
desired value (i.e., its resistanc_e increased to Rop’ the operating
resistance). If the sensor resistance tended to deviate from its
value, due to a change in sensor heat loss, a feedback system in

the anemometer supplied more or less current, as the case may be,
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to maintain the sensor at a resistance of Rop. This, in theory at
least, is the design of the anemometer operation; in practice, it did
not hold true. The anemometer did not maintain the sensor
resistance a~t Rop for all heat losses, but rather allowed it to
deviate in a systematic way., The anemometer was calibrated to
avoid this error, and the details of the method and results of the
calibration are presented in Appendix I.

Thé'cdnditions under which the anemometer was balanced
were dictated by the results of the anemometer calibration., The
current through the sensor when the anemometer is balanced is
termed 'Ib and its value depends on the sensor heat loss, i,e., on
" the corresponding sensor towing velocity, Vb' In general, the
 higher the sensor velocity, Vb , during the balancing, the larger
the heat loss and the greater the required balance current L -

If the anemometer were capable of maintaining. the sensor resistance
at a prescribed value for all heat losses, then the balance conditions,
Ib gnd, Vb , would have no effect on the current, I, at velocities
dii‘ffe?ent from Vb. But the anemometer was not capable of this

performance and Appendix I notes that the current deviation from the

correct values decreased as the balance current, 1 increased.

b ’
Thus the anemometer was balanced while the sensor was towed at
the velocity which was expected to provide the highest current

through the sensor, In plain water, this velocity corresponded to

the highest available velocity; in dilute polymer solutions, the heat

transfer results to be presented show that the maximum sensor
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current occurred at intermediate velocities, and consequently the
anemometer was balanced at these velocities. In each case, the
balance current, I‘b’ and the corresponding value at zero velocity,

I were recorded for the run.

o’
After the balancing procedure, the anemometer output was

connected to the electronic squaring circuit which was adjusted to

give a zero voltage output when the sensor was idle. The sensor

was towed through the tank liquid over a range of velocities, and for

each spee& the voltage output of the squaring circuit, e , was recorded.

The reading error for this voltage was estimated to be = 0.5 percent,

Halfway through each run, the pulley system at the motor was

changed to permit an additional series of velocities. FEach sensor

velocity was measured by timing the carriage over a given distance

with a stopwatch, a procedure that provided an accuracy of £ 0,5

percent, For each speed, the voltége reading, e , was recorded

during the carriage traverse over the given distance.

After the heat transfer data were completed with a given fluid,
samples of the 1iqﬁid were removed for viscometric measurements.
Measurements of the liquid temperature at various positions in the
tow tank indicated that the temperature was uniform throughout.

In order to check that the anemometer ammeter accurately
monitored the current through the heated cylinder, a second ammeter,
a Hewlett Packard Model 425A DC 'Micro Volt- Ammeter with a
1000:1 reducer probe, was placed in series with the cylinder. The

readings of both ammeters were compared at several currents and
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found to be identical.
3., Air Bubbles

Even at the lowest overheat ratios, air bubbles formed on
the surface of the heated cylinder. Distilled water was used for the
tow tank solutions, but nevertheless, the water was saturated with
air. When heated, the air comes out of solution and forms bubbles
on the cylinder surface, causing a reduction in heat transfer, These
bubbles were removed by carefully brushing the sensor with a
- camel-hair brush, The frequency of this cleaning depended on the
overheat ratio and on the temperature of the liquid, but in g;:ncral,
the sensor was brushed often enough to repfoduce the voltage reading
at. a given velocity. In some instances it was possible to cover the
entire range.of carfiage velocities without brushing more than twice;
in othérs it was necessary to brush just before i:he start of the
carriage travel, so that the heat transfer measurements were
recorded before bubbles were generated,

.4. Senéor Stability

Each ﬁlatinum hot-film sensor was used as long as its
resistance remained constant, The operating life of a sensor
varied between one and fifty hours, and the end of its usefulness
was signaled by a slight increase in cold resistance. After this
change was first detected, the resistance appeared to increase
monotonicaliy - even exponentially - with usage. A small change
in the cold'resisténce appeared as a relatively large change in
the voltage readout from the squaring circuit, This relationship

can be readily seen as follows:
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The overheat ratio

Rop-RC
O.R. = 100 ——ﬁ':-—'

where
R = sensor resistance at the temperature of the

ambient fluid

Rop operating resistance of the sensor

f_rom which

T " | R—-R R (2)

Since the sensor resistance is linearly related to its

temperature, i.e., since

R = aT+hb
C .

therefore
RQp - Rc = a AT
where
AT = temperature difference between the sensor
and the surrounding fluid,
Consequently
SRe _ afam)
X = —aT | (3)
c

Using King's Law as an approximation for heat loss from a circular

cylinder
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Nu = NU.0 + B Rel/Z
or
2 1°R 1/2
I"R_ o B(VD)
TLKAT ~ wLKAT v

For a given sensor operating at a fixed velocity

2 2
I --I0 = b AT
and
2 2
d{iI” - I
( o) | 4 (4)
IT—IZ ' T TAT
o

Since the voltage readout, e, from the squaring circuit was always
2 2

adjusted to be proportional to I - 1, then
2 2
d (e) da(r” - 1) (5)
- 5
e IZ oI 2
[o]

Combining Equations (2), (3), (4) and (5) yields
| R dr
i} op c

e R - R R
op c c

Typical values for R_ and Rop - R_ are 6.00 and 0.18 ohm,
respectively., - Thus if Ré increases by only 0,01 ohm, a change of
0.16 percent, the voltage readout is reduced by 5,7 percent, a change

that can be more readily detected.
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During the recording of the heat transfer data, the voltage
readout at a reference velocity _(‘usually the balancc velocity) was
periodically checked. The deterioration of a sensor was always
signaled by a steady but slight decrease in this reference voltage;
thus the reason for the term ''drift", If the observed drift
remained small compared to the maximum voltage, the recording
of the heat transfer data was continued until the completion of the
run,

In order to utilize the information which was recorded while
the sensor resistance was changing, drift corrections were applied
to the rn'eas_ured voltages. 'The method and results of the procedure
for finding the drift correction are presented in Appendix II. The
data in this Appendix indicate that the general correction curve

| was determined using corrections as high as 60 percent of the
reference (or maximum) voltage, Voltage drifts of this magnitude
were not tolerated for the heat transfer runs. In general, the data
were not retained unless the maximum voltage drift was no greater
t’han 30 percent of the highest voltage reading. Of the 59 runs in
the hea.,t‘ transfer results, two required 30 percent drift corrections,
three required 10 percent corrections, and sevén had corrections
of less than 5 percent.

5. Free Convection Studies

Up to now, this chapter has been concerned with the heat

transfer from circular cylinders by forced convection. Since the

data from these measurements indicated that the heat transfer at
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high velocities is significantly altered by the presence of the macro-
molecules, a separate investigation was undertaken to determine the
polymer effect on heat transfer at zero velocity., This information
could be obtained from the zero velocity Nusselt number, Nuo,
which is contained in the forced convection data. However, the
Nuois from this data rely on the anemometer calibration of

Appendix I, viz., the value of IO must be corrected in order to be
2 .
used in computing NuO = FTKAT  ° The appendix indicates that

the accurgcy of 'Nuo , after the necessary corre;tions, is = 4 percen
More precise results can be obtained by balancing the anemometer at
zero velocity, since this procedure eliminates the need for the
correction curve. 'Th.is baiancing at zero velocity was one of the
two differences in procedure from that used in the forced convection
measurements, The other difference was that the overheat ratio,
fo.r each of the three sensor sizes, waé varied from 1.0 to 10.0. In
order to check on end effects, i.e., to estimate the heat loss by
conduction through.the sensor ends, the extra-long (L/D = 96) -
sensor was also employed for the free convection investigation.

The heat transfer measurements were made while the four
sensors were immersed in fre.sh distilled water and in polymer
solutions contained in a four-litre beaker. Six concentrations of
"WSR-301, ranging from 10 to 304 wppm, were prepared.  The
results in the next chapter indicate that the polymer did not affect

the free convection heat transfer, and consequently only one grade
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of PEO was used. The WSR-301 used for this study was drawn from

the sample used in the forced convection heat transfer measurements,
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CHAPTER IV
HEAT TRANSFER RESULTS

A, Computation of Dimcnsionlcss Paramectexrs
The parameters used to correlate the heat transfer data are
the Reynolds nuinber Re, Nusselt number Nu, Grashof number Gr,
and Prandtl number Pr. The Calculation.of these dimensionless
parameters is not straightforward in some insténces, and conse-
quently this section will be concerned with the computational details.
Ail forced convection data have been correlated by the Reynolds

vDp . The procedure of Chapter III has described

number, Re =
the straightforward measurement of the velocity V and the cylinder
diameter D, The absolute viscosity, ¢ , is the product of the
measured kinematic viscosi'ty and the solution density, p . Since the
maximum polymer concentration in this work is 0,3 percent, the
"solution density p has been set equal to tha_tt for water in all cases.
Each viscosity measurement has been corrected to the ambient tow

tank temperature by means of the method in Chapter III, Section A-3,

The Nusselt number, Nu, for an electrically heated circular

°R

cylinder is 1TIL T -

The section on Preliminary Measurements in

' The symbol for viscosity in the fluid flow is p , while =n has
been previously introduced as viscosity in the section on polymer
solutions. Both are standard notation in their respective fields of
fluid mechanics and polymer chemistry. Since this thesis overlaps
in the two disciplines, it is not surprising to find an overlapping in
notation. '
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Chapter III has described the estimation of the sensor resistance, R,
and the measurement of the cylinder heated length, L. Knowing the
operating overheat ratio, the temperature difference, AT, for a
particular sensor can be found from the measured coefficient of
resistivity for that sensor (e.g., Figure 8). The pure water value
for the thermal conductivity, k, has been used in all cases, No
information apparently exists relatiﬁg k to the concentration of
PEOC in water., It is reasonable to assume that the relative change
in k is equal to the ratio of solute to solvent; the solution viscosity,
W, changes by a far greater amount, but u is associated with flow
and deformation, while the thermal conductivity has no dependence
on the motion of the fluid. Thus for dilute solutions, k is altered
to the same extent as the density, p , and since the magnitude is
negligible, the solvent value for k has been substituted.

The value of I for the Nusselt number calculations was

determined from the equation

R e e
Ibz - I b
where
Io' = anemometer current at zero velocity
Ib = anemometer current at the balance condition
e = voltage readout from the squaring circuit
ey = wvoltage readout from the .squaring circuit at

balance conditions
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This equation was used after any necessary drift corrections
(Appendix II) had been applied to e. After computing I from the
preceding equation, the result was adjusted to take the anemometer
calibration into account, The appropriate adjustment can be found
from the correction equation in Appendix I.

C_

The Prandtl number, Pr = E ., has been used.in both

the free and forced convection data. The method of computation for

i and k has been mentioned in the precéding paragraphs. Since

the specific heat, Cp, is a sblutioﬁ property not dependent on the
flow of the liquid, the same assumption will apply here as was applied
earlier fbr k, viz., the charige in Cp will approximate the
‘corresponding minute change in p and consequently the pure water

value will be used.
2 o3
- P BALD
2 i
e

is necessary for the presentation of the free convection data., The

The computation of the Grashof number, Gr

values for p, AT , D and p have been discussed in the preceding
paragraphs. The pure water value for the coefficient of thermal
expansion , B, will apply to all liquids for the same reason that

pure water values were assigned to .Cp’ ~k, and p in the preceding
paragraphs,

Unlecss specificd otherwise, the computation of fluid proper-
ties is taken at the tow tank temperature., In order to compare the
present data of distilled water with previous investigations .of
Newtonian liquids, the liquid properties will sometimes be taken at

the mean temperature, i.e., the temperature which is the arithmetic
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average of the sensor and tow tank temperatures; in these cases, the

subscript f will be added to the symbols,

B, Free Convection

The measurements of free convection heat transfer in WSR-301
solutions showed no change from the clear water data for concentrations
ranging from 10 to 304 wppm. This result can be summarized by
presenting the data for the most concentrated solution only. Figures
9, 10 and 11 show the free convection data for three sensor sizes at
various temperature differences in pure water and in 304 wppm of
WSR-301;the data are plottéd.in the standard form of Nusselt number,

Nu versus the product of the Grashof number, Grf , and Prandtl

£
number, Prf. The free convection results with the extra-long
(L/D = 96) 0,006 inch sensor have been plotted in Figure 12. For
purpéses of comparison, the measurements of previous investigators
have been included in the four graphs.

It must be noted that the computation.of the Grashof number
and the Prandtl number for Figures 9 to 12 requires an estimation
of the solution viscosity at the mean film temperature, Tf. None of
the polymer solution viscosities were measured at temperatures
higher than room temperature. Thus the high-temperature viscosities
were estimated by use of the equation

P (Ty) P (T 5)

w (T (T
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where
o = solution viscosity
Mg = solvent (water) viscosity
Tf = mean film temperature
Tl = temperature at which solution visco'sity was

measured
The acceptability of this approximation has been discussed in
Chapter III, Section A3, which notes that the error in the approxi-
mation increases as the temperature difference increases, Thus
the 304 wppm data at the lowe’r temperature differences, i,e., at
the lower values of the abscissa, GrPr, are correct to within
several percent, and the data at the highest temperature differences
may be questioned. The measured viscosity of the 304 wppm solution
was 1.82 times that of water at room temperature. If this ratio
were incorrect at the mean temperature by an unrealistic 50 percent,
the horizontal shift of the affected 304 wppm data would be very
slight; viz., GrPr varies as p.-l and a 50 percent error in
GrPrv results in a relatively small displacement on the 4-cycle log
paper; Consequently, even if some of the data points were incorrect,
the error in no way affects the basic finding that the dissolved polymer

does not alter free convection heat transfer.

C. Combined Free and Forced Convection
1., Distilled Water

In order to check on the accuracy of the present experimental



-48-

results the data with fresh distilled water were compared to the
previous work of Davis (8) and Piret (30), Davis examined the heat

loss from vertical wires in water and oils, and correlated his data

by Nu/(Pr)’ ! = .91 Re, %, for 0.1 < Re, < 50. Piret

measured the heat transfer from fine horizontal wires in water,

and found the correlation for his results to be Nuf/(Prf)O' 30

.28
f ! f

sensor sizes have been plotted in Figures 13, 14 and 15 with
3

. 965 Re for .08 < Re, < 8. The present data for three

Nuf/PrfO' and Ref as co-ordinates; the cqrrelations of Piret

and Davis have been drawn on these graphs, as well as McAdams'

.30

(26) recommended relation, Nu, = (0.35+ .65 Re - 52) Prf ,

f f
for this Reynolds number range.
The present data for water carll be correlated by the single
equation Nuf/vl?rf'30 = 1,02 Ref‘35 , for .02 < Ref < 50,
2. Polymer Solutions |
The principal heat transfer results of this thesis are
presented in Figures 16 to 24. Each graph shows the combined
forced and fre'e convection heat transfer for one cyclinder diameter
over a range of concentrations of one PEO grade; three cylinder
sizes and three grades of PEO were used for the nine graphs. The
pure water results have beex_l included in each graph in order to
complete the family of polymer cqncentrations. |
| It will be noted that these nine graphs are presented in a

different form than those for the distilled water, i.e., the coordinates

are Nusselt number, Nu, versus Reynolds number, Re, instéad of
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Nuf/PrfO' > versus Re.'. The plotting of the data in the latter
form requires the measurement of the polymer solution viscosities
at temperatures higher than room temperature. As noted in
Section B of this chapter, these viscosity measurements were not
taken for any solutions, and consequently the value of W, wused in
the calculation of Re, has been the solution viscosity at the tow
tank temperature.

It can be shown that the plotting of the data in the form Nu
versus Re, instead of the more standard Nuf/Prf'3 versus Ref .
has very little effect on the relationship of the family of concen-
trations; Figures 16 to 24 indicate in general that the heat transfer
data with polymer solutions merge with the pure water data at the
lowest velocities, The pure water results of the present work have

been correlated by

.30 .35
Nuf = 1,02 Prf Ref
C .30 VD .35
B QR AL Ml
= 1. = "
' £ f
This can be arranged as
o 30 .35 . .
Nu; = 1.02 ( & ) (p;VD) W
f

In this form, the heat transfer results are a very weak function
of viscosity, and consequently the relative values for the Nusselt

number and Reynolds number would not be greatly shifted if a
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different viscosity value were substituted, The plotting of the
present data with Nuf/Prf‘3 and Ref as co~-ordinates would
merely result in a shift of the axes of the present graphs; the
relative values of the data would not be significantly changed. Thus
the presentation of the polymer solution data, as Nuéselt number
versus Reynolds number, does not involve an unmeasured quantity
and gives an accurate picture of the effect of polymer concentration
on the heat transfer from circular cylinders,

The symbol at the left-hand edge of each graph is the free
convection Nusselt number, Nuo. The results on free convection
heat transfer demonstrated that NUL0 is independent of polymer
concentration. However, for the series of concentrations which
comprise a 'family" graph, Nuo var‘ied from run to run, probably
because of errors in the anemometer calibration. These values of
Nuo usually varied % 10 percent from the average Nuo' for that sct.
Consequently to show heat transfer features of the polymer solutions
as distinctly as possible, the heat transfer data for each run were
adjusted slightly so that the Nuo matched the average Nuo for the
correéponding family, This adjustment invariably permitted a better
| matching of the dilute polymer solution data along the pure water
line at low velocities. Table 4 contains Nuo for each concentration
and the average Nuo for each family graph. The table is presented
as a s.upplement to the graphical heat transfer results, and provides,
in addition to the Nuo values, the cylinder diameter, D, cylinder

length, L, temperature difference, AT, solution viscosity, u , and
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the ambient fluid temperature for each run. Table 4 also includes the
measured intrinsic viscosity, [n], for each of the three grades of
Polyox, and the corresponding molecular weight, Tva , calculated

from Shin's correlation (41).
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CHAPTER V

DRAG MEASUREMENTS

A. Preliminary Remarks

The heat tAransfer results in the previous section suggest that
the dissolved macromolecules significantly alter the velocity field
around the circular cylinder, The corollary of this assumption is
that the drag on the cylinder should also be changed, and it may be
anticipate'd that drag measurements should provide some insight into
the natﬁre of the flow field. Cons equently an experimentai investigation
was undertaken to measure the drag of a very small cylinder at the
same Reynolds numbers and polymer concentrations as in the heat
tralnsfer studies\.‘ The experimental technique was to employ a
cantilevered wire whose deflection in a flow field is a measure of the

drag.

B. Exﬁerimental Apparatus
1. Arrangement of Equipment
The experimental method consisted of immersing a portion of
a wire, fixed at one end only, into a rotating basin of liquid and
measu;-ing the deflection of the free cnd with a micro.sco;)c for various

speeds and polymer concentrations. The equipmentis showninthe drawing
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presented in Figure 25, and a photograph of the final arrangement
is shown in Figure 26. |
2. Rotating Tank
The Graham variable speed drive shown in Figﬁre 25 could
provide a range of angular speeds between.B and 600 rpm; it was
mounted on 1/4 inch rubber washers to dampen the vibrations trans-
mitted to the aluminum channel base, The circular Lucite tank was
removable from the turntable, but was securely positioned on it by
location blocks welded to tfle tank bottom., The turntable was
carefully levelled by shimming to prevent any surface \;vaves in the
tank which would result from a slanted turntable.
3. Travelling St_age Microscope

" The wire deflections were measured to within 0.0001 inch by
a travelling stage microscope, a picture of which appears as
Figure 27. The counter on the microscope indicated the horizontal
displacement of the instrument, relative to its support, to within
. 0001 inch, thus providing the above mentioned accuracy for the wire
deflections. The micréscope had a magnification of about 10, and
was mo;unted on an elevator table; the vextical movement of the table
permitted viewing along the entire length of the immersed wire, The
amount of immersion Was determined by measuring the elevation
difference of the support table whén the microscope horizontal cross-
hair wé,s aligned with the wire end and then aligned with the point of

immersion,
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4, Cantilever Wire
Several types of wires having a diameter of 0,006 inch or

less were investigated for use as-a cantilever beam, and all but steel
- music wire permanently yielded when subjected to even a slight

loading. Music wire having a diameter of 0,0050 inch was available
in coil form only and had to b.e straightened by hand; slight curves
in the wire could be tole_rated since these §v0u1d not affect the beam
deflections undei' loading., DBecause music wire ié susceptible to
rust, the straightened wire was dipped in a 50-50 mixturc of Dura-
chem Clear and its tﬂinner; this ‘coating was then baked, increasing
the cylinder diameter by 0. 0002 inch. To make sure that the end of
the wire was fixed, a portion of the coated wire was frozen in a
1/4x1/4x 5/8‘ inch block of Cerrolow, a type of Woods metal with
~a melting point of ll?oF. A photogré.ph of the cantilever wire and

its support mvounting is shown in Figure 28,

C. Experimental Procedure
-1, ‘Viscometric Measurements
A complete description of the techniqué for viscosity measure-
ments has been presented in Chapter III, Section A, Similé,r to the
procedure in the heat transfer runs, the solution viscosity was
determined after each set of drag measurements at a particular
polymer concentration.  The viscosity data for all concentrations

were combined to find the intrinsic viscosity of the dissolved polymer.
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2, Preparation of the Polymer Solution

The wire was .rnountcd as shown in Figure 25, and cxploratory
runs with distilled water indicated that the cylinder drag depended on
the freshness of the liquid. The deflection of the wire was measured
on three consecutive days for identical flow conditions, i.e., the
position of the wire was fixed and the angular speed of the turntable
was maintained constant. The deflection was measured on the first
day with fresh distilled water. After 24 hours, during which the tank
was motionless and covered, the deflection was again measured and
found to be 10 percent higher than the original reading. After two
days, the‘d_eflection was 25 percent greater, Without changing any
part of the experimental setwup, the '"old" water was drained from
the tank and fresh distilled water was added. The deflection was
again measured and found to coincide with the original value. It
was concluded that a.igae growth 1:1a.d caused the discrepancy in the
readings, and this problem was avoided with dilute polymer solutions
by the use of a master solution. A polymer solution was prepared
vyhose concenﬁration was several times that of the highest desired
value of the experiments., Just before a data fun, a small portion
of the master solution was mixed with fresh distilled water to
provide a solution of the desired concentration.

_Six solutions of WSR«301 were prepared for the drag
measurements. Similar to the heat transfer measurements, the '

concentrations increased in geometric progression, and the maximum
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concentration roughly corresponded to the critical concentration, oo
for that polymer,
3, Calibration of the Cantilever Wire

‘The cantilever wire could not be employed as a drag monitor
until its load-deflection re.lationship had been determined. This
 calibration consisted of supporting the wire horizontally, placing
known weights along its length, and measuring the resulting
deflections. Three loading weights were made by bending lengths of
fine steel wire into V-shapes; the weight of each was measured to
. 0000'5 gram, an accuracy of + 1 percent for the lightest weight..
~With one 'of‘three weights positioned on the cantilever wire, the
deflection and location of the load were measured to within 0, 0001
inch with an optical comparat‘or. The diameter of the cantilever
wire was measured by the comparator, and found to be .0052 + . 0001
inch., The uniformity of the wire along its length was also checked,
and it was found that the wire did not vary from the above diameter
by more than . 0001 inch.

The results of this calibration are pres enﬁed in Table 5; the
data indicate that, within the experimental accuracy of =1 percent,
the flexural rigidity, EI, of the wire is independe‘nt of the loading
weight and location for deflections which are less than 6 percent of
the beam length. These results indicate that the load-deflection
relationship is linear for the present range of deflections. The
calibration also serves to verify that the wire may be considered

a cantilever beam.
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4, Design Considerations

The length of the cantilever wire and its immersion distance
were govefned by the experimental velocities. It was found that a
2-inch cantilever wire with 1-1/2 inches penetrating into the liquid
permitted the deflect‘ion at the lowest steady speed available by the
motor to be large enough for accurate measurement, .The maximum
ve;ocity for.the drag meaisurernents was intended to be comparable
to the highest speeds in the heat transfer experiments, i.e., about
1.0 ft/sec. At this maximum velocity, the wire deflection in water
was 6 percent of the wire length, and thus within the range of
calibration deflections, For other experimental liquids, the
maximum speed was that velocity which produced a wire deflection
of 6 perc‘ent,

The wire was positioned vertically in the tank of water by
focussing the microscope on the free end of the wire and on the
point of immersion. When the microscope did not have to be
refocussed for the two positions, the wire was considered to be
" vertical. The error in this procedurc is the crror in rcfocussing
the miéro'scope on a given object. This refocussing error was found
to be about 0.010 inch, and since the wire was usually located about
3 inches from the tank center, the difference in fluid velocity at the
top and the bottom of the wire is about 0.010/3.00 or 0.3 percent.

| The preceding paragraph has mentioned that the radial |
distance of the wire from the center of the tank is about 3.0 inches.

Since the radius of the wire is . 0026 inch, the ratio of radii is about
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1000:1, Consequently the curvature of the fluid streamlines
approaching the wire was considered to be negligible, and the flow
was treated as a linear flow.

A simple test with dye streaks was conducted to check that
the velocity profile in the tank was uniform when a steady-state
condition had been reached. Very small potassium permanganate
crystals were dropped into the rotating tank liquid, and the distortion
of the vertical dye streaks was noted, Of course there was some
distortion of the streaks at the surface due to air drag, but the
magnitud‘e was so small that the corresponding error in assuming
a uniform velocity profile was negligible.

5; General Procedure for Deflection Measurements

The precediﬂg sections have described the preparation of
the liquid and apparatus for the deflection measurements. The
immersed length of the wire was measured at the beginning of each
run. As in the heat transfer experiments, the term ‘run' here
will indicate a set of measurements for a series of velocities with
a given fluid. The immersed length was determined by measuring
the change in elevation (relative to the channel base) of the micro-
scope support table; when the horizontal cross-hair of the
microscope was aligned with the top and then with the bottom of
the immersed pqrtion, A éteel scale was used to measure these
elevation distances to within + .008 inch. Since the wire deflection
was relatively insensitive to the loade& length of the wire (see

"Appendix III), the immersion length was measured only in the
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quiescent liquid before each run.

After the wire was positioned vertically for the run, its
distance to the tank wall was measured with a steel scale. Knowing
the tank radius, the radial position of the cantilever wire was
computed,

The zero deflection rehading for the wire was taken by aligning
the vertical croés-hair of the microscope with one side of the end of
the cantilever wire. Deflection readings w‘ere then recorded for a
series of velocities, and each measurement was taken when the
deflection of the wire was constant, viz., when the fluid velocity in
the rotating tank had reached.a steady-state condition. Before and
after the deflection reading foi' each velocity, several revolutions
of the rotating tank .were timed with a stopwatch., This measurement
of the angular speed was determined to an accuracy of + 0,2 percent;
this error and the previously determined error of £ 0,3 percent in
the vertical alignment result in an error of £ 0.5 percent for the
tank velocity at the radial position of interest.

6. Deflection Measurements

"Because the Lucite tank could not be perfectly centered on
the turntable, the wire appeared to oscillate while the tank was
rotating. The travel of the wire due to this eccentricity was about
0. 003 inch. Since this distance was the séme order as the smallest
hqeasured deﬂection, it was necessary to measure all the deflections
at an extremum of the oscillation. The angular tank position which

coincided with the travel extremum was marked so that before each
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run the tank could " 2 positioned correctly for the zero deflection
reading., At the end of a set of drag measurements, when the fluid
had come to rest, the zero deflection reading was again noted.
These procedures provided for an accuracy of 0,0001 inch in
measuring wire deflections at the low and moderate velocities, At
high velocities the wire vibrated in the flow field, and the error
in determining the oscillation extremum was increased to 0,005 inch,
This vibration was apparently due to the unsteadiness of the wake
behind the cylinder at the higher velocities, an expected behavior
when the Reynolds number is greater than 30 (45).

Since the tank was open to the atmosphere, it was impossible
to prevent dust and other particles from entering the liquid, A
microscopic examination of the submerged length revealed that the
wire would "catch'' small fibers, especially at the highest velocities,
In fact, by continually watching the end of the wire through the
microscope, it was obvious when a small particle attached itself to
the wire: the wire would instantly deflect a small amount. Conse-
quently the wire was brushed before each deflection reading; the
brushi.ng naturally disturbed the flow field and thus the deilection
measurement was taken when the wire became steady in the flow.
This procedure of brushing the wire and then measuring the steady
deflection was repeated several times for each velocity; consistent
readings indicated the absence of fibers on the wire.

7. Calibration of the Microscope Counter

The travelling stage microscope was designed so that the
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numbers on the counter recorded the horizontal travel of the
instrument (relative to support frame) exactly in inches. However,
the circular tank wall magnified the wire and its deflection, and
consequently the counter had to be calibrated. Following a data run,
the cantilever wire was removed from the support while the focussing
of the microscope was not disturbed. A steel scale was inserted in
place of the wire and positioned to be in focus. The scale distances
were then compared to the counter readings to yield a calibration
factor. This factor was then used to correct all deflection readings

for that particular run,

D. Results

The drag coefficient CD for the wire was computed assuming
the cantilever wire was uniformly loaded along a portion of its length.
Since the calculation of the beam deflection for this situation is not
presented in standard texts on bending beams, the problem is worked
in Appendix III, The soiution of the problem 'proviAdes the uniform

load, q, for a measured deflection, y . Knowing q, in l1bf/ft,

CD is calculated by
CH = 4
D g2
D [¢] L
2
where

D = wire diameter
o} = density of liquid
V = velocity of liquid computed from angular

speed and radius
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The Reynolds number , Re = -Y(J.P , was computed using

the measured solution viscosity for W , and the clear water value
for p . Since the maximum concentration of polymer for the present
experiments is 226 wppm, or 0,02 percent by weight, the pure water
value has been used for all liquids.

The results of the drag measurements for water and for six
polymer solutions are presented in Figures 29, 30, and 31.
" Figure 29 compares the present data for fresh distilled water with
Wieselberger's classic data for a Newtonian liquid (48). The éolid
line .on the three graphs is the "best-fit'' line through Wieselberger's
data, Figure 30 presents the drag results for the three least con-

centrated. (dilute) polymer. solutions', and the data for the more

concentrated solutions are shown in Figure 31.

E. Flow Visualization

The heat transfer and drag measurements suggest that the flow
field around a circular cylinder is considerably different in polymer
solutions than in water. In an effort to visualize the flow field, a
simpl'é dye injection study was undertaken. The essential arrange-
ment of.the equipment for this investigatién was identical to that for
the drag measurements, with additions and modifications noted
below,

The 0,005 inch cantilever wire was bent 1/2 inch from the
free end to form a 90° angle. The wiré was mounted as in the drag

experiments, and the 1/2 inch portion was arranged to be horizontal
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and Iparallel to the line of sight of the travelling stage microscope,
A dye injection tube was made by drawin—g out one end of a standard
3/8 inch glass tube, so that the tube end had an inside diameter of
0, 005 inch and an outside diameter of 0, 008 inch. This injection
tube was mounted on a vertical rack with al fine adjustment, and the
small end of the tube was positioned about 0.10 inch upstream of the
now horizontal wire. The arrangement of the injection tube and wire
is shown in Figure 32, A blue anilinc dyc solution in water was
prepared and inserted inlthe injection tube. No attempt was made
t§ match the velocity of the issuing dye streak with the speed of the
extérnal fluid flow. Since this visualization study was concerned
with gross effects, the matching of velécities was not considered
essential. The dye exit velocity was always lower than the fluid
velocity, and thus the issuing dye streak was somewhat reduced in
diameter when it reached the flow field around the wire.

Dye patterns in water and in a 50 wppm soiution of WSR-~301
were observed through the microscope for several velocities between
0.1 and 0.6 ft/sec.

' The dye streaks indicated that the streamlines in the polymer
solution ére considerably displaced from the ﬁure water streamlines.
Drawinges of the observed dye patterns in water and in the polymer
solution at 0.5 ft/sec are shov&n in Figure 33. It was very hard to
detect the wake region in water at this velocity (Reynolds number =
20). However, as Figure 33 indicates, there was no doubt about the

wake behind the cylinder in the polymer solution; the point of
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separation appeared to be at the topmost part of the cylinder. As
the fluid speed decreased, the displacement of the streamlines
‘around the.cylinder decreased in the polymer solution. At 0.1 ft/sec
the maximum width of the dyed region arou,na the cylinder was

approximately twice the wire diameter,
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CHAPTER VI
JET EXPERIMENTS

A. Preliminary Remarks

The large differences in the heat transfer and drag results
between water and dilute polymer solutions suggested that perhaps
normal stress effects are importan.t in these flow regimes. The
measurement of thesé stresses is a subject of continual research
for polymer rheologists (6, 24),' and the literature on polymer
solutions provides the normal stress measurements for a consider-
able number of fluids. These liquids are invariably concentrated
poiymer solutions, however, and no measurements have apparently
been rep_orted to indicate the magniﬁude of the stresses for dilute
solutions, |

There are numerous ways of demonstrating normal stresses,
but the most straightforward, from our point of view, is the ''die
swell' of a liquid jet issuing from a smooth tube. The books by
Lodge (24) and Coleman et al (6) inclucie photographs which demon-
strate this swelling for concentrated solutions. | Consequenﬂy an
experimental program was conducted to examing jet swelling with
dilute solutions; it was hoped that the results would provide an
estimate of the magnitude of the normal stress effects in these

liquids. The jets were designed to produce the same flow Reynolds
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_number and fluid acceleration as in the flows around the circular
cylinders, These conditions necessitated a small jet diameter, and
to avoid associated surface tension problems, the jet issued into a
similar liquid. These minute laminar jets were examined with the
aid of ;\. microscope for water and dilute solutions of polyethylene

oxide.

B. Experimental Eqﬁipment

The general arrangement of the apparatus is shown in
Figure 34. The microscope was an American Optical Microstar
Series 10 and the lens were arranged to provide a magnification of
35, A Polaroid film holder, mounted above the microscope,
recorded the image on 4 x 5 inch prints. The flow nozzle was
prepared by drilling a 0,004 inch hole in a 0,005 inch plate, which
was cemented to a Polyflo nut., The hole was later broached and
checked for concentricity and size with an optical comparator; the
hole diameter was measured as . 0064 inch. A 3 x 3 x1-1/2 inch
tank constructed of 1/8 inch Lucite sheets contained the stagnant _
liquid, One side of the tank was 1/4 inch Lﬁcite, the extra thickness
being necessary to accommodate the pipe end of a 1/8 inch pipe-to-
1/4 inch’Polyflo fitting. The Polyflo end of the fitting took the nut
on which the flow nozzle was cemented. The tap hole for this pipe
fitting was drilled at a slight upward angle to ensure a direct view
of the jet nozzle from overhead, i.e., through the microscope.

One-eighth inch copper tubing was used between the wall fitting and
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valve, and between the valve and the vertical glass tube (see
Figure 34). A paper scale was posted to the tube for measuring
the elevation of the liquid inside the tube. Testing with drill sizes
indicated that the inside diameter of the glass tube was 0,105 inch.

| The jet outline was made visible by dissolving black aniline
dye in the issuing liquid. A viscosity measurement indicated that
the dissolved dye increased the fluid viscosity by approximately 5
percent. Several dyes were investigated and all degraded the polymer
when added to a PEO solution. It was found that the black aniline dye
had the slowest rate of chemical reaction and that its solution could
be employed for gross effects if utilized immediately after mixing

with a PEO solution.

C. Procedure

The liquid to be ;studied was injected into the vertical glass
tube. To check for trapped air in the fluid lines, the tank and
plumbing vs{ere. removed from the microscope; the tank was tilted to
45° and the valve was kept open until the black liguid continually
flowed .out the hole., The support table of the microscope was
equipped with a clamping arrangement which firmly positioned the
Lucite fank. Water was poured into the tank to just cover the Polyflo
cap. An overhead high-intensity light, as well as the base light and
condensor system of the microscope, provided the illumination of

the jet,
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Before taking each photograph, and while the valve was closed,
the microscope was focused on the nozzle opening. The valve was
then opened, and the liquid in the tube was allowed to fall to the level
which would provide the desired jet velocity. The time for the
meniscus to descend a prescribed distance was measured with a stop-

‘watch., The corresponding photograph of the jet was snapped at the
mid;point of the length. The jet velocity for this photograph was
computed knowing the liquid descent velocity in the glass tube, and
the diameters of the glass tube and flow nozzle. The average jet
velocity for the photographs varied between 0.20 and 2.5 ft/sec.

The liquids used in the jet experiment were water and a
solution of WSR-301l. The poly-rner solution was prepared by mixing
a 120 wppm solution with a concentrated dye solution to produce an
87 wppm solution. lThe two solutions were combined just before

insertion in the vertical glass tube.

D. Results

Polaroid prints of the jets appear as Figures 35 - 40, all photo-
graphed atthe same magnification. Figures 35, 36, and 37 with the
water indicate the dependence of the jet shape on the fluid velocity,
i. e., thé divergence angle increases as the velocity decreases. The
jet outline in Figure 35 appears irregular because of the uhdulatory
né.ture of the jet at low velocities. Figures 38, 39, and 40 were con-
secutive photographs of the 87 wppm PEO solution. I'igure 38 demon-

strates the immediate enlargement of the jet upon exiting, the diameter
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increasing by a factor of four. Figure 39indicates that at low velocities
the fluid flow is essentially the same as with clear water, the undula~
tions again being present. The velocity for Figure 40 was increased to
2.6 ft/sec and the diameter effect is noticeably less. This decrease is
very likely due to the reduced effectiveness of the polymer resulting
~ from its chemical reaction with the dye. A later picture, which has
not been included here, with the same liquid showed no jet enlarge-
ment at a high velocity, indicating further degradation of the polymer.

It should be noted that both Figures 38 and 40 demonstrate a
slight jet contraction just after the initial enlargement, similar to jet
swell in concentrated solutions, as shown in Liodge (24) and Coleman
et. al. (6).

The question of fluid acceleration and its importance in this
particular flow situation was briefly examined. The inlet distance for
a fully developed-laminér profile at the entrance to a pipe is given in

Schlichting (37) by

Lg’ = 0.20
v

Appropriate values for the present jet experiment are V=1.0 ft/sec,
r =0.0032 inch, 4=0.005 inch and v=1.05x10"> ft/sec, which yield

v

—— = 0. 06
rV

This value indicates that the profile is not fully developed and the fluid

is still accelerating.
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In order to estimate the importance of fluid acceleration on
jet enlargement, liquid - into - liquid jets from a small hypodermic
needle were examined with the aid of the travelling-stage microscope
described in Chapter V. The hypodermic needle was 7/16 inch lohg
~with an inside diameter of .0062 inch; in order to provide a symmetri-
cal and smooth exit geometry, the end of the needle was ground flat
and deburred. The needle was attached to a ld cc. syringe, and the jet
velocity was estimated by timing the decrease of fluid volume in the
graduated syringe. Similar to the preceding experiment, the polymer
was mixed with a concentrated dye solution just before use in the jet.
The jet shapes for water at veiocities between 0.1 and 2.5 ft/sec were
observed and noted. - Polymer solutions of less than 50 wppm did not
affect the shape of the jet at any velocity, perhaps because of the
chemical degradation of the macromolecules by the dye. With an
83 wppm solution, the jet enlarged immediately to a diameter of
0.012 inch for the higher velocities, but exhibited the same shape as
pure water at low speeds. A lll wppm solution produced similar
results. A slight necking of the jet after the initial enlargement was
again observed.

This latter set of observations suggests that the jet swell for a
polymer solution is dependent on the fluid acceleration through the
nozzle. A positive conclusion cannot be. made because the polymer
solution has not been carefully characterized. At this stage, it is suf-
ficient to note that for both nozzle geometries, the normal stresses

in the liquid cause a large increase in the diameter of the issuing jet.
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CHAPTER VII

‘DISCUSSION OF RESULTS

‘A, Pure Water Data

The primary goal of this thesis is to show that the heat transfer
and drag for the laminar flow around a circular cylinder are signifi-
cantly affected when minute amounts of a high-weight polymer are
present. Since the presenf; re.search is concerned with deviations
from a known behavior, it is necessary to establish that the experi-
mental technique yields results that reproduce the findings of previous
investigations for a known fluid. In the present case, the heat transfer
and drag measurements in water, i. é. , at zero polymer concentration,
will serve as the reference point and indicate the acceptability of the
experimental set-up.

1. Free Convection

The free convection heat transfer results in pure water have
been presented in Figures 9 to 12, These graphs indicate that the
data with the 0. 006 inch and 0. 002 inch sensors coincide very well
with the previous measurements in Newtonian liquids. The measure-
ments with the . 001 inch cylinder deviate by as much as 30 percent
from previous findings, although the data merge with the prior

measurements for the highest values of the abscissa, GrPr. This



-72-

deviation ié considered to be partly due to effects. Collis and
Williams (7) have observed that the heat transfer coefficient increased
as the cylinder length-to-diameter ratio decreased, for GrPr values in
the range 10-3 to 10-'9. Since the length-to-diameter ratio of the .001
~inch sensor was only 14:1, end effects have likely contributed to the
virtual increase in the Nusselt n@ber. The data with the . 002 sensor
and the two .006 inch sensors indicate that end effects are apparently
negligible at the higher Grashof numbers.
2, Combined Free and Forced Convection
The combined free and force convection measurements in water
are graphically presented in Figures 13, 14, and 15; the data compare
favorably with the prior correlatiohs for water by .Davis (8) and Piret
(30) which have been plotted on the same graphs. The heat transfer
results with the two smallest cylinders are in excellent agreement
with the previous investigations, while the data with the 0.006 inch
sensor, Figure 15, are consistently high. The 20 percent offset of
Nusselt number values for this sensor exceeds the sum of the experi-
mental errors and is considered to be the result of a mistake in the
cocificient of resistivity % , or in the length, L., for that sensor.
The offset of this particular Nusselt number data were exam-

ined in more detail by comparing the clear water data in Figure 15 to
other heat transfer results. The "family'' graphs, Figures 16 to 24,
indicate that at the lowest velocities, the heat transfer from circular

cylinders in dilute polymer solutions is identical to that for water.
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Thus the data from Figure 15 with distilled water were compared to
runs in dilute polymer solutions taken with the same sensor. For
this comparison, the free convection Nusselt numbers were not
matched as in the family graphs, and the heat transfer data at the low
velocities showed good agreement between water and the least concen-
"trated solutions. The same graph was then compared to runs in dilute
polymer solutions taken with other sensors of the same size; again the
free con\}ection values were not matched, and in this case, the water
data were consistently 25 percent higher than the data in dilute polymer
solutions at the low Reynqlds numbers. Consequently most of the
heat transfer in dilute. solutions at low Reynolds numbers shows good
agreement with the data of Pirct and Davis for Newtonian liquids. It
may be concluded that the offset data of Figure 15 probably resulted
from an incorrect measurement of a sensor parameter. Despite this
defect, the bulk of the evidence for the pure water data indicates that
the experimental set-up is suitable for measurements of heat transfer
from circular cylinders.
3. -Drag Measurements

Drag measurements in pure water, Figure 29, agree well with
the classic data of Wieselberger for the drag of a circular cylinder,
The present values for the drag coefficient .CD vary at most 5 percent
from the "best-fit' line through Wieselberger's data. Since the
scatter in his measurements is about 5 percent, the errors in the
present drag measurements, mostly due to end effects, are considered

acceptable.
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B. Results in Polymer Solutions

The most significant aspect of this work is that large changes
are observed in laminar flow when minute amounts of polyethylene
" oxide are present. Up to now, only turbulent wall flows have been
reported to be affected by the presence of polymer molecules. It
must he pointed out that the effects in both types of flowé are of a
similar magnitude. Investigations of turbulent pipe flows have indi-
cated drag reduction by as much as 80 percent. Figures 16 to 24 in
this report indicate that the heat loss from cylinders is reduced by at
least 70 percent at the highest Reynolds number tested; Figure 31
demonstrates that the cylinder drag has increased 3.3 times its pure
water value. Thus notahle differences hetween solvent and solution
behavior occur in laminar as well as turbulent flow.

The family of concentration curves in Figures 16 to 24 indicates
the general pattern of bebavior for heat transfer in polymer solutions
for Reynolds numbers below 50. The maximum heat loss from a cir-
cular cylinder depends on the concentration and molecular weight of
the dissolved polymer; thé higher the concentration and molecular
weight, the more effectively the heat transfer is réduced at the
high Reynolds numbers., The onset of the heatAtransfer reduction is
well-defined by the series of graphs; at low Reynolde number, the
heat loss is identical to that for water, but at some critical condition,
the heat transfer suddenly deviates from the pure water data and, in

fact, becomes independent of the external velocity. This point of



-75-

departure will be termed the critical Reynolds number, Rec, and the
nine graphs demonstrate that Re  decreases as the cylinder size de- |
‘creas.es, ‘and as the polymer concentration and molecular weight
increase. The drag measurements for a circular cylinder indicate a
similar dependence on the polymer concentration. At low Reynolds
numbers, the drag measurements in the dilute solutions follow the
pure water data but deviate to higher values for larger velocities. The
critical Reynolds number again decreases with increasing polymer
concentration. At high concentrations, the drag coefficient becomes
independent of the Reynolds number and is comparable to the insensi-
tivity of the Nusselt number for high Reynolds numbers.

As mentioned, pipe friction in turbulent flow is decreased with
the addition of dilute polymer solutions. As in the present experi-
ments of laminar flow about circular cylinders, the magnitude and
onset of the effect on the flow depend upon polymer concentration and
molecular weight (31, 46). It should be pointed out that the basic flows
are entirely different, one being a turbulent shear flow and the other
entirely laminar. The mechanism whereby the polymer solution
reduces turbulent skin friction,though not entirely clear at the present
time, appears to be due to viscoelasticity (15); it also appears that the
effects upon heat transfer and drag in laminar flow for the present
experiments on cylinders are due also to viscoelasticity as will be
discussed in the next sectién. Unlike turbulent pipe friction, the drag
on cylinders in the Reynolds number range studied is increased, rather

than decreased.
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The present heat transfer measurements for a circular cylinder
in a polymer solution agree well with the calibration curves of
Fabula (13). He found that the heat lbss from a circular cylinder in
a polymer solution became independent of the sensor speed for veloci-
ties greater than about 0.25 it/sec. He does not mention tke cylinder
size, but his critical velocity is of the same order :Ec;r the present work
with a . 006 inch sensor. On the other hand, Virk's (46) data with

. 002 inch heated cylinder indicate a behavior that seems somewhat
different from the present and Fabula's, Virk observed that the heat
transfer was idfentical to that for water for Reynolds numbers between
0 and 25.‘ At Re =25, the heat loss dropped sharply (to one-third the
pure water value) and for Re> 150, the heat loss was constantly one-
third the heat loss in pure water. Therefore he found only a very
small range of velocities where the heat tfansfer was insensitive to the
external velocity. For the highest velocities, his cylinder was less
sensitive to velocity but not insensitive; these highest velocities are
an order of magnitude higher than those in the present work. Unfor-
“tunately, at thié writing, the complete details of Virk's work are
unavailable, and thus the character of his polymer solution is unknown.
An exact comparison betwéen Virk's and the present meé.surements is
not possible; the two findings are compatible only if Virk used-an

extremely dilute polymer solution.

C. Viscoelastic Effects

The flow visualization studies and the jet experiments together
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present a'reasonably complete pic[ture which explains the heat transfer
‘and drag measurements for a circular cylinder in a polymer solution.
The Qbéerved dye patterns in the flow visualization studies

indicate that the streamlines around a circular cylinder are consider-
ably displaced by the presence of polymer molecules, and that this
.d’ispla.cement increases as the approaching fluid velocity increases.
The enlarged flow field reduces the local velocities near the cylinder
surface, thereby reducing the heal transferred from the cylinder,
Apparently the streamline displacement increases just enough to
mé,intain a constant heat loss from the cylinder for Reynolds numbers
' greater tﬁan Rec, although quaLntitative measurements of the stream-
line dis.pl_acement effect have not been carried out to verify this
supposition. |

. Although the displacement of the streamlines accounts for the
reducfion of the heat loss from the cylinder, the altered velocity field
does not explain the increased drag measurements. In fact, because
of the lower velocity gradient at the cylinder surface, the viscous
contribution to the drag on the front half of the cylinder will be reduced.
The explanatlon for the increased drag measurements cannot be sought
in the {low visualization obéervations. The dye patterns monitor the
vetloci.ty field,- and provide no information on the pressure distribqtion
around the cylinder. .The normal stresses in a flowing polymer
soh—J.tior; are very different from those in a Newtonian liquid, conse-
quently the pressure distribution on the’cylinder surface is unknown.

The "normal stress'' effects referred to in the preceding

paragraph are more readily understood from the observations of the
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laminar jet flow of a dilute polymer solution. The rapid swelling of
the laminar jet indicates that the axial stresses in the issuing fluid are
negative and very large. The jet enlargement is a macroscopic mani-
festation of the recoil of the polymer molecules. The introduction of
Chapter I mentioned that the equilibrium configuration of a long-chain,
randomly-coiled polymer molecule in a stagnant solvent is roughly
spherical and dependent only oﬁ the molecular forces between the solutev
and solvent. When the flow of solvent distorts the molecule from its
cequilibrium configurafion, the intermolecular forces‘ restoce the
molecule to its original shape. This return to the equilibrium condi-
tion is dictated by a series of felaxati_on" times, according to Rouse's
(33) model for the macromolecul_e.’ It may be expected that for a
sufficiently high rate of fluid deformation, i.e., when a characteristic
time for the fluid deformation rate is comparable to the nﬁolecular

" reléxation time, t.he molecule does not return to its originél shape, but
' is maintained in an elongated form. If the imposed deformation rate is
suddénly rermoved, the elongated molecule returns to the equilibrium
configuration, aﬁd this return is macroscopically manifest as elastic

) recoil. The magnitude of tlis property is defermined from normidl
stress experiments, and the standard techniques for these measufe—
ments are well known for polymer solutions (6, 24). The liquids which
have heen used in this type of measurement have invariably been con-
. centrated polymer solutions, and as such provide no direct indication

of the elasticity of a dilute solution.. The present jet observations are
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important because they do show visually that elastically induced normal
stress effects aré large for a dilute polymexr solution.

The normal stress effects do not appear to affect the laminar
jet at low velocities., Observations of the jet at low velocities indicated
that the shape of the jet is similar to that when no macromolecules are
present. This Newtonian behavior atlow velocities can be examinec in
light of Rouse's model. The characteristic time associated with tke
.lower deformation rates is much longer than the relaxation time for
the macromolecule. Consequently the molecule has time to adjust to
the flow of the solvent and is distgrbed very little from its equilibrium
condition.l Ip this case, elasticity is not generated and the jet flow is
similar to water.

Similar elastic effects may be expected for the flow around a
cylinder. When the rate of..deformation becomes sufficiently large
it may be antiéipated that the flow field will be altefed. The heat
transfer and drag measurements indicate such behavior. For low
velocities the heat transfer and drag measurements in a dilute solution
are identical to thosle for water; this implies that the solutions behave
as Néwtonian liquids, with the polymer molecules contributing only to
the viscosity. For higher approaching velocities, i.e., for larger
deformation. rates, it may be expected that the elastic effects become
important, and that the measurements of heat loss and drag may be
changed. This is borne out by the present experimental results which

indicate that the heat transfer and drag begin to deviate from the



«-80-

Newtonian results at similar values of the Reynolds number, as

shown in the following. table,
- TABLE 3

Critical Reynolds numbers for drag and heat transfer
measurements for dilute polymer solutions.

|Conc. Re_ for Drag Interpolated Re  from
‘Measurements (Fig. 30) Heat Transfer Data (Fig. 24)
wppm [n] = 15.0, D = .005 in. F{I = 14,5, D= .006 in.
7.4 . 10 6
15.7 | 7 4.5
30,2 3.5 3

Further cémparisons are not possible because of the single polymer
grade and limitéd velocity range in the drag measurements.

In the flow around a c;ylinder, the elasticity of the liquid causes
the streamlines to be displaced in the direction normal to the lines of
shear. ThiAs' stretching ofi the flow fiéld in\the normal direction is very
similar to the displaced streamlines in the laminar jet. The displace-
ment increases as the fluid velocity increases, both for the jet and
cylinder flows, These increased elastic effects with increasing
velocity are consistent with the molecular model described above. The
larger the deformation rate, the more the molecule is distorted from
its equilibrium position, and the greater the molecular restoring force.
This increased molecular force is manifeste.d by a larger displacement

of the flow streamline as discussed.
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It has been suggested (13) that a gelatinous film of the
polymer molecules coat the c.yli.nder thérehy causing the reduction
of heat transfer., Such a coating, if sufficienfly thick, would also
e#plain the increase in drag. However, the visual flow patterns
about the cyl'inder indicate that the coating explanation is not
necessary. Observation of the dye st/reaks shows that a coating, if
present, would have to be thinner than 0,001 inch which would not
he sufficient to account either for the drag or heat transfer changes.

It may be expected that the flow fields around W.edges and
conical sensors will also be affected by the presence.of the dissolved
molecules, In a similar way, it may be expected that the normal
stress distribution around # Pitot tube will be altered in a dilute
polymer solution' aﬁd that an un'ca.librated Pitot tube might provide

false readings.

D. Summary
The results presented in this thesis show that the laminar

flow aro’und a circular cylinder can be significantly altered when
minute amounts of a high molecular-weight polymer are present.
Measurements of heat transfer and drag, as well as the visualization
of the flow, indicate that large differences from Newtonian behavior
are observed under certain flow conditions.

| The results of a comprehensive set of heat transfer experiments
clearly show the dependence of the heat loss on the flow Reynolds num-

ber and on the character of the polymer solution, The heat transier
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was measured over a range of velocities and polymer concentrations,
for several cylinder diameters and with several polymer molecular
weights. The results for free convection and for combined free and
forced convection at the 1owestlﬂo§v velocities were identical to those
for a Newtonian liquid. At higher speeds, the heat transfer is sys-
tematically lower than Newtonian values and, in fact, becomes inde-
pendenf of the external flow.

Drag measurements for a vcirc‘ular cylinder were made under
flow conditions comparable to those in the heat transfer experiments.
The results also bear similarity to the heat transfer results; at low
velocities‘, the drag measurerﬁents were identical to Newtonian {ralues,
but at higher speeds, the drag measurements were consistently greater
than those for a Newtonian liquid at the same Reynolds number.

The Reynolds number at which the measured values of the heat
transfer or drag in polymer solutions deviate from corresponding
Newtonian values has been termed the critical Rey?l;alds number, Rec .
The heat transfer and drag results show that.Rec increases as the
_ cylinder diameter increases, and decreases as the polymer concen-
tration and molecular weight increase.

The explanation for th.e divergence of the heat transfer and
drag results is found in the viscoelastic nature of a dilute polymer |
solution. The mggnitu-de of the normal Stress_ effects which can be
induced in a flowing polymer solution is clearly evident from photo-

graphic observations of a minute laminar jet. The pictures show a
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jet enlargement of three to four times the nozzle diameter for fluid
velocities comparable to those in the heat transfer and drag experi-
ments. In addition, the flow around a circular cylinder was examined
by dye injection methods. The observed flow patterns indicate that
for Reynolds numbers greater than ReC the region of the flow field
influenced by the cylinder is about two to three times larger than that
for a Newtonian fluid. However at lower Reynolds numbers, both the
laminar jet and the cylinder flows were observed to be similar to those
when no polymer was preseﬁt. This Newtonian béhavior in the flow
visualization experiments at the low speeds is consistent with the
measured Newtonian val ues for the drag and heat transier at low

velocities in polymer solutions.
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SYMBOLS AND ABBREVIATIONS

exponent in intrinsic viscosity - molecular weight relation
Angstrom units

subscript to indicate halance conditions.

constant in King's Law

concentration of solute

drag coefficient, - ——q-—-—z
-I)p:%—
specific heat

cylinder diameter

voltage output from squaring circuit

subscript indicating mean temperature, the arithmetic
average of the sensor and tow tank temperatures

.2 3

‘Grashof number, e .ATD

!

current through sensor
maximum current through sensor
current through sensor at zero velocity

fﬁermal conductivity

constant in intrinsic viscosity - molecular weight relation
Huggins constant'(ZCS)

inlet length (jet experiment)

length of cylinder



PEO

Pr

wppm
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milliamperes

molecular weight

‘weight-average molecular weight

viscosity-average molecular weight

%R

Nusselt numbejr, —TRAT

free convection Nusselt number

- overheat ratio defined as

Rop- Rc
100 "

<

.polyethyl ene oxide

C M
Prandtl number, i

uniform beam load
radius of jet

fesistance of sensor
cold resistax}ce.of sensor

operating resistance of sensor

Reynolds number, E{—f——]?—
temperature
velocity

parts per million by weight

Greek Symbols

p
"

coefficient of thermal expansion

solution viscosity
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solvent viscosity

intrinsic viscosity, defined as
. N
lim e
co s

absolute viscosity

kinematic viscosity, £

P

density
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APPENDIX I

CALIBRATION OF THE ANEMOMETER

- The description of the heat transfer equipment has made
reference to the fact that the anemometer could not maintain the
sensor at a constant temperature for all velocities. This handicap in
an éllegedly constant-temperature device resulted from the low over- .
heat ratios that were réquired for measurements in water. To over-
come this difficulty, the anemometer was calibrated. |

The calibration scheme involved, essentially, comparing the
anemometer ammeter readings when the set was balanced at all
velocities with those when it was baianced at one velocity. More
specifically, the procedure was as follows: a . 006 inch sensor was
inserted in the probe holder, and the ensemble mounted on the tow
tank carriage. Any size of sensor could have been employed here,
of course, since the anemometer, and not the sensor, was being
tested. The anemometer was balanced while the carriage moved at a
fixed speed. This procedure was repeated for 16 velocities, ranging
from 0.01 to 1.0 ft/sec, and the ammeter curreht was recorded for
each.  The ammeter data were plotted as current vs. velocity, and the

smooth curve through the data points defined IC , the correct current.
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The anemometer was then rebalanced at one of the 16 velocities.
The ammeter current at this "balance' velocity is desigpated Ib’ and,
of course, is. cqual to IC at this velocity. Without rcbalancing, the
ammeter readings were recorded for the remaining 15 velocities; the
. measurements of these .currents were telrmed I, and are not equal to
IC at the corresponding velocity. If the velocity _ixl question was less
than the balance velocity, then I>IC ; and if higher, then I< IC . The
difference of the currents, I-IC, increased in magnitude as the I
moved away from the balance current I i.e. as lI - Ib‘ increased.

It was observed that, for a particular velocity, the current
correction, Al = IC— IC R depeﬁded on the overheat ratio, and on the
value at the balance current Ib . Accordingly, the above procedure
was repeated for several overheat ratios., and for several balance
conditions ‘at each overheat ratio. These overheat ratios and balance
conditions were chosen to be comparable to those encountered in the
heat transfer runs.

It was found that for every overheat ratio, O.R. , and balance
current, I, the correction Al was always linearly related to I- Ib )
the displacement of the current from the balance condition. This
linear relationship is shown in Figure 41, arepresentative plot of the
data for O.R. = 2.0, I

b
the graph has a slope, k, (: AI/(I- Ib)> , which is dependent on O. R.

= 127 ma. The line through the data points on

and Ib . The general relationship k=k (0. R., I} was found by trial

and error, and the results are summarized in Table 6.
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2.92

et

’ I -1 O. R.
Thus the equation IL}II = IC- = = 0. 1 (.3_i0_9>
b b b

was employed to compensate' for the electronic shortcomings of the
anemomeler circuitry. |

The inherent error in applying this correction eQuation can be
" estimated by examining Table 6 for the variance in the product

k(Ib/300)2' 92./0' R.

Except for the last run, which is actually out of
the range of interest, the numerical value for the product varies be-
tween . 089 and . 106; consequently, the error in k is =10 percent. This
error can also be estimated directly by examining the data in the AI vs.
(I-Ib) graphs. In each graph, the straight line through the data points
was considered to be the best fit. As shown in Figure 41, the slope k
may be varied to pa.és through some data points which are not close to
the 'best-fit!" line. The difference in the slape by this procedure is a
measure of the error in k, and was found to be about £10 percent for
each of the 12 data plots. Consequently, the inherent error of * 10 per~
cent in the above equation is coﬁsidered to be realistic.

It is necessary to invest'igate how a 10 percent error in AI
affects the a.ccﬁracy of the Nusselt Number, since Nu :IER/kaz;T.
The value of the curr.ent IC substituted in Nu is the measured current,
I, plus the correction, AL, Each of the graphs was examined to find the
maximum error in AlL/I when the error in Al was 10 percent. The
errors in AIL/I varied between 1 pei‘cent and 2 percent for the 12 graphs.

Consequently, the maximum error in Nu, due to inaccuracies in the

anemometer calibration, is £4 percent.
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APPENDIX II

DRIFT CORRECTIONS

In order to use the heat transfer data which were recorded
while the sensor resistance was changing, a correction curve was
found which was applied in all cases where the voliage readings had
drifted.

Collecting data for the drift corrections required the use of
an unstable sensor. An appropriate sensor was found by noting that
near the end of a regular heat transfer run, the reference voltage
began to fall off, indicating a changing sensor resistance. After the
completion of the heat transfer data, four additional runs were made
while the magnitude of the drift increésed._ The voltages recorded
prior to the onset of drift were considered to be the correct voltages,
S for this drift calibration procedure. During the four subse-
quent runs, the voltage readings, e, at eight given velocities, V,
were recorded.. Table 7 presents the data for e and e for each
velocity, as well as the correction voltage Ae, defined as e - ¢
in each instance.

It was found that the corrections were simply correlated by

\ 0.30
Ae A\

Aemax vmax }
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All the data from Table 7, except that for zero velocity, have been
plotted in Figure 42. Applying this equation to 'drifted' voltages
recorded during a regular heat transfer‘ run merely requires
knowledge of the voltage shiit, Aemax’ at the reference velocity,
Vmax' The voltage correction Ae is then easily calculated for
any other velocity.

It must be noted that the 'preceding equation does not apply
for the zero-velocity correction, Aeo .. It was found that Aemax
correlated all the correction data much better than any combination
of Aemax and Aeo; consequently, the correction curve is
prcscented without refercnce to the zero-velocity correction, The
computation of Aeg is uﬁnecessary since its value can always be
read easily from the voltmeter; viz., the electronic network was
always arranged to give a zero voltage readout at zero velocity,
and, therefore, the corresponding corfe_ction, Ae is simply the
voltage deviation from zero. A check of the heat transfer data
vs}hich was corrected by the preceding equation showed that the
minimum correction computed from the equation was always
greater than the corresponding Ae . In this sense, therefore,
the correctivn equalion was consiétcnt with Aeo, even though the
equation does not incorporate Ae .

The generality of the correction curve may be questioned
because the overheat ratio and balance conditions were not varied

for the correction data. This is not considered a sericus flaw

because the functional form of the correction curve was the primary
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goal. Since the corrections at the end points, V = Vmax and
V = 0, are known exactly, the present test was concerned with
finding some guideline for intermediate corrections.

It will now be shown that even a large error in an inter-
mediate correction results in a relatively small error in the
computation of the Nusselt number, Nu. The voltage readings
were arranged, by means of the electronic network, to be pro-

2

portional to I~ - IOZ , i.e.,

e, = e+ Ae = a(IZ—IOZ)
= b (Nu - Nuo)
Consequently
d{ae) = bd(Nu)

With some rearranging

o
1 = =2 : _
dNu _ Nu d{ae) (1)
Nu ’1 R A€
kS

As an example of an intermediate voltage, consider the halfway point:

1

e = =¢
' 2 max

For the heat transfer results in polymer solutions, NumaX = ZNuO,
and thus
. NuO ~ 1
Nu 2
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Consider the worst drift, 30%, tolerated in the heat transfer data,

i. e. Ae = 0.20 e

Finding the corresponding drift for the above-mentioned intermediate
voltage requires theuse of King's Liaw. The heat transfer data employ-
ing the correction equation will not be for values on the "flat" portion
of the heat transfer curves for polymer solutions, but rather for values
on the'sensitive portion where the heat loss is dependent on velocity.

In this range, the heat transfer can be approximated by King's Law:

Nu-Nu = B Rel/2
© 1
= const V2
since e = b(Nu - Nuo)
o _ v }1/2
e Y )
max max

1
€ =7 ®max

2

Thus for the intermediate voltage mentioned above,

v 1
vV T4
_ max
From the correction equation
Ae _ ( \2 30
Aemax max
B 1
B .30
(4)
=0.66

Thus the term (l+~§5> for equation (1) is found by
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e
e 2 ‘'max

“1+Z€: l+.66Ae

max

14 2 ®max
.66(.30e
m

)

ax

1}
[SN]
Ut

In this case,

dNu _ L d(Ae)
Nu ~ e Ae

Consequently an error in Ae of 15 percent results in an error
of about 2 percent for Nu. The values used in the foregoing example
must be considered an extreme case, and consequently the error in

Nu, due to the use of the correction equation, can be neglected.
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APPENDIX III

LOAD FUNCTION FOR THE CANTILEVER WIRE

Standard textbooks on strength of materials do not give the
deflection of a cantilever beam uniformly loaded along a portion of
its length, and consequently the calculation of this straightforward
problem will be presented in this section. The standard notation

for beam problems will be used:

q = uniform load

b = loaded length of beam
4 = total 1éngth of beam
vV o= shearing force

M = bending moment

y | = deflection

= modulus of elasticity

I = moment of inertia
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The following diagram indicate the load and shearing force

distributions for the present problem.

q
Y v ¥ 9 v 9 [! g
————— P ___ . 2 —
- t-oatb -
e X
V(x) b

The shearing force varies along the beam as

H

Vi(x) = gx . 0s£x<b
= qb bsxsa+b
Since there is a discontinuity in the shear force distribution, the

- problem will be worked by parts: the subscript 1 designates the

interval 0 £ x < b, and 2 designates b s x < a+b.
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<
bs=x=a+b MZ(X) = IV(Y)dY by definition,
0
b x

qudyurqbdy
0 b

o[- 3

The deflection equation for a laterally loaded beam is given by

i

2

d Y,
EI > = Mz(x)
dx
Integrating once gives
dy,
e qbX _ =
El o~ = %5~ [x-bl+ A
— __d_Y_ — 0 - . qb&a
at x =4, dx_o’ JOA = >
consequently
dy .
2 _gb -b)-
El —— = 2_[x(x b)-Lal
Integrating again,
3 2
- gb|x _bx g
EIyZ— > |3 > &ax.B]
at x=4, y=0, -’-Bzﬁz<a+‘§“'%)

so that
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This equation must be used to find the constants of integration when

solving for y, in the interval 0 = x < b.

X
For 0sx=<b Ml(k)zj‘qydy
0
2
- 9x
T2
dzyl
El —— = M, (x)
dx
and integrating once gives
dy 3
1 _agx
Bl gy =3 +¢C

The constant C can be found by matching deflections for b4 and y, at

their common point,

dy dy .
: - 1 _ 2 _ 9k (.
i.e. atx=b El—gr = EI = - 3 (-1a)
‘ 2
- _32[ b
C = 5 La+ 3
so that
Eliizi qx3 -4k P_E-}-{,a]
dx -~ b6 2 3

x4 2

Again matching with y, at the common point:
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3
b 2 b 4
at x=b EIylz Elyzz-qz.[{. (a-&--z—--g-)-'&?b-%]
D = -E-LZ(E{,_P_
- 12 3 2.)

~The end deflection yl(O) is thus

_ _gb
Ely,(0) = - LD
or
(0)-__.._1 ab _b3+4;2- 2, by 1
v(0) = g5 [Tzt (3t - 3) ] (1)

Thus the measurement of the wire deflection y(0) provides q,

the uniform load on the wire:

2EI 1
q = y(0) 3

b 2,2 b
S +1%(54- 3]

Two limiting cases will serve to check the validity of the

solution for y(0) in equation (1):

a) For a uniform load along the entire beam length, a=0, b =4;

the substitution of these values in y(0) yields

.

_at
y(0) = BRI

Lo}

which is the correct result for a uniformly loaded cantilever beam.

b) For a point load W at the beam end, a— 4, and b~ 0 such that

gb— W, a constant. Then
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y(0) = 557

the expected result in this case.
It will now be shown that the deflection y(0) is quite insensitive
to the loaded length b for values of £ and b which were typical in the

d'rag experiments. Differentiating equation (1}):

3
dy(0) _ g [b 2,3 z]
@ S ZEIL3 T3V Pt

with some rearranging

3 3

b +24 —3b&2>_§1_‘ri
pIi8e3 6pe?

dy_(
v = D

Typical values for b and 4 were 1.5 inch and 2. 0 inch respectively.
The substitution of these values in the above equation yields

db

dy _ 7 db
32 b

-
Since b can easily be measured to . 015 inch, or 1%, the

corresponding error in the deflection is only =0. 25%.



-105-

Z°2¢ oL"¢ 9°¢? 66°1 19 G0°1 010¢
g°'1? 60°2 1°6T 66°1 19 S0°'T 09%1
0°¢d (A1 ¥ret 26°1 | 5<) Pe'l ovL
¥ el €21 g8 L6°T €9 6" €8¢
6°1¢ €r’t g8 L6°1 €9 06" g0¢
8 '1¢ 80°1 g°8 L6°1 €g 86 L6’ 10T 81
6°61 68°¢ 98¢ (A L9 98" o10¢
612 00°¢ €'Pe 08" 1'L1 9L* 09%1
8°22 G2y 1 S°'61 08" 'Lt 9g " ovL
222 €2°1 €61 08" LT 8L* €8¢
8°1¢ I 9°'%v1 08" ['L1 9L° 90¢
9°1¢ 980T %I 86" gLt 18° ve’ 01 L1
L1¢ 2L 9°2¢ 19° 2’6 89" 010¢
6°1¢ 00°¢ Z2°8¢ oV’ 9’6 wL® 09%1 LM
L2z STyl 1o | oF° 96 LL or, PP = W
217 L2l 8 %2 ov”* 9'6 9L" €8¢ h.vuhcm_
8°1¢ €1l 8 %¢ ov* 9'6 FL” 90¢
L°17 980 °1 8'%2 | o0oVv° 96 vl 8L" 01 G0Z-d9SM 91
Uo uwm\mummuoﬁx Uo wua ﬁm-oﬂx
AAY
cdwiog, a *IIta T a OﬁZ wddm | opean *ON
justquy| LI1TSOOSIA *duta 1, | ydus ‘eI o3eIoAy °aN ‘DU0D) xofk1od oandtq

7

$3[NSOY I9jSuURI] JeSL] ,
UOI}09AU0D PODIOT puer 9314 paulquior) 2yj 10J Bied Lirvjuswerddng

P A1dV.L



-106-

L*0< §0°¢
9°1¢ Ly "1
0°1¢ §Z°1
8¢ 80 "I
¥ric 660 °1
L 1¢ G0°1
qL°2¢ GI0°1
L°0¢ g0°¢
9'1¢ L1
0°1¢ T |
9°2¢ 80°1
v1c G601
¢'1e G0°1
L°0¢ G0 ¢
1°1¢ S¥°U
L°0¢ g2°'1
9°¢¢ 80°1
v°ie g60°1
Z2°1¢ G0°1
. g X
o P08/ 33, 01
rduia g, a
justquuy| AJISODSIA

0°GT| 98°I €g 221 yo¥

0°ST| 98°I €9 22°1 502 g

0°GT| 98°I €g 921 201

gL 98 "1 €G . 90°1 ¥ 25

gL 98 ° I €9 Lz'1 Z2°92

gL 98 "I €g LZ°1 2°¢l

) 981 €9 6171 S0 1 299 1Z

8°y2| 96° G'LT $8-° 4054

Q°¥2| 96° S'LT 98 ° S0?e

8°'¥Z, 96° S*L1 68" 201

21| 96° G'LI1 88" ¥2g

¥l 96 gLl 06° 2°92

prel| 96° G'LIT L8" 68" 2 ¢l 07

y°9¢ | 19° 26 2L Yov

0°9¢| 19° 2°6 L 5072 e

p'9c| 19° 76 9L 201 [TV W

s¢ce| 19° 26 9L’ ¥ 29 9°6=[L]

0'se| 19° 2°6 cL= 2°92

272z | 19° 2°6 pL® €L’ AR 10g-9SM 61

Do | wWw 3. 01X

AV _ . o

“Ia 1 a nN - wddm opeidn *ON
*duray, | yaBuery BI(] a8evioAy Oszw *2U0n ‘xof1od |eand1g

(ponurjuod) 3 ATAV.L




-107-

€91

6°1¢ ¢r°l 0°2¢ 661 15 S0°1

2% q01°1 0°2¢ 66°1 | &) g0 "1 G LL

L'¢? €66 ” 2 1¢ 66°1 19 FO° 1 ¥ '8¢

1°¢¢ 286" 9°0¢ 66°1 19 66 ° €°0¢

£°'¢? £e6” 9°01 66°1 14 00°t | ¢°II

L°12 0%¥0°1 901 66°1 19 0°1 89°9

bree 000°1 9°01 66°1 19 S0°1 L0°L L'V be

6°¢? 1171 8 'bS 28" L'91 98 * qlL

¥ree 000°1 0°Le 28° L9l A ¥ '8¢

¥1e 000°1 0°L2 28" L°91 ¥8° €°0¢

622 0¥6° 1°1¢ 28" L°91 A I}

L'1e 0¥0°1 991 28" L°9T ¥8° 89°9

bree 000°T 991 28’ L°91 £€8° 88 ° 81°'¥ %4

8°1¢ G91°1 0°¢¢g 19° 2°6 ¥L” ¥ "8L N

2°€e S00°1 Gree 19° 2°6 FL® prgg PI¥Les N

A 4 000°T 2°¢2 i9° 2°6 PL” €°0¢

622 0%6 " L'zz | 19° 2°6 08" g 11 |¢¥1=[U]

T A S¥0°T (A A 19° 2’6 ] £8° 89°9

1°¢2 L0001 2°22 19° 2°6 gL® 8" 81°% jue{nieod (X4

Do umm\muwmaoﬂx 20 wtt u.ﬁm..oﬁun

v N

dwia t, A ‘Ing 1 a osZ | widds apean) *'oN

justquiy| AJI1SODSIA dwa g, yjduary e |o3eaoay oﬁZ *2U0nD xoAjod san3tg
. 4 B -

(panutjuod) y HTAV.L




-108-

TABLE 5

CALIBRATION OF CANTILEVER WIRE

5 W
y
—1 W (2-b)4(244b)
Y= ET 6
2
-
Flexural Rigidity
| 2, .
Weight |Deflection Lengths El = E(&'b)é(%Tb)
Date w y T b y
(1967) 1bs inch inch inch
13 Feb | 1.27x%107°| .0310 | 1.947| .0922 9.46x10"%
1.77 . 0398 .1853 9.36
4,45 - .0594 . 6656 9.28
4,45 .1119 . 0606 9.35
20 Feb | 1,27 . 0324 . 037 9.37
1.77 . 0396 ‘ .194 9.35
4. 45 . 0706 | . 536 9.26
4,45 .1135 | .053 9.25
28 Feb 1.27 .0314 . 080 9.25
1,77 . 0445 . 097 9.00
4,4k .1136 . 044 9.28
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TABLE 6

Summary of data for calibration of anemometer

Overheat ' | Balance | Slope k 1 3' . %—9?%
Ratio . | Current |, _ Al 2,92 b K (__z_)_)
0. R. Ib,ma I- Ib O. R. 300 300
2.0 104 . 44 1. 46 334 . 089

127 .316 423 '090,

137 316 457 .101

158 . 248 527 . 097

185 186 617 . 092

4.0 150 . 167 .73 500 . 101
180 . 146 602 .101

227 131 756 . 106

i 265 .113 884 . 103

6.0 | 167 .13 . 49 . 556 . 097
222 . 118 . 740 . 102

250 . 140 . 833 127
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Fig. 1. Cannon-Fenske Viscometer.
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Fig. 3.

Photograph of probe equipment. At the rear, a 0.006
inch sensor assembled with a probe and locking sleeve;
in the middle, a standard 0.006 inch sensor and holder;
in the foreground, the custom-made sensor with a
length-to-diameter ratio of 96:1.
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Photograph of 0. 006 in. dia. platinum hot film probe,
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LEG OF SENSOR HOLDER
(ELECTRICAL TERMINAL)

EPOXY COATING

- GOLD BONDING FOR
 MECHANICAL AND
ELECTRICAL CONNECTION

ELECTROPLATED GOLD
(& 0.0002 IN THICK)

QUARTZ COATING
(12,000 A)

PLATINUM FILM
(R21,000 A)
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Fig. 5. Draiwing of commercial hot film sensor.
The drawing is not to scale and the specified

distances are given by the manufacturer.
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Fig. 6. Photograph of tow tank and carriage.
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COLD RESISTANCE OF SENSOR, ohms

8.2

7.6
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2

ohms/°C

=1.86 X0

s
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SLOPE

] I |
15 20 25 30 35

TEMPERATURE , °C

Fig. 8. Representative data relating resistance and
temperature for a given sensor. The data are
used Lo delermine the coefficient of
resistivity for that sensor.



‘92 @Uﬁmwowmm O 0[~-2 °S14q woaj uede] sie fsoul] pI[os oM} ©Yj pue fgroquifs
pojeudisopun "IOSUdS YOUL [(Q " B WOIJ UOTID9AUOD 3317 Aq x9Isuea] jed{ 6 3149

o!

}ad 19) boy

| 0) I—= . l— €=
_ T ! " _ . '0-

(ddGgg2'1=7)dsSm 40 wddm £0¢ A
o (do ge'0 =7 )u3lym a3ITILSIA  ©

(6261)ANOIHL 113SSNN

~-119-

OnN

-($251) NOILYWIX0HddY 3D1d 10

bt OL oG = 39NvY LV |1 O
| :p] = VI3 : HLONIT
NI 11000= VIG ¥IANNAD




~-120-

'ge 2dudxaray Jo g1-L *I1q
wol] uaye)j aIe ‘Saull PI[OS om] 2] pue °‘stoquils pajeuldisopuq)

*IOSUSS YOUL 70 0 B WIOIJ UOTIDOAUOD 20X Aq roysuerxj 18O Q[ °*SI.q
. (0]]
:i 19y} T boy
| 0 _ | — - ¢—
T I T [ T I i yO—
(daGg2 1 =T)yYSM 40 wddm Hos @
B (d> 66'0 = ) y3ivm a3ITULSIA  © O~
| . N.Ol
(6261 )A¥0OTHL LT13ISSNN ?
o 0
- — -.Oll
-(#251) NOILYWIXOHddY 301d ~0
v
B v 208 Ol o6 =3onvy Ltv 110
N [:81="VId: HLONTT
‘NI 12000 ="VviQ ¥43IANITAD
| i 1 | 1 } i

A

0!60‘

OnN



*gg @dusi0jey JO Q1-, * S84 Woly udye) 9av ‘SIUl] PI[OS OM] pue ‘sroquuds
pojeudisopu] *IOSUIS YOUL 9(QQ *(Q B WIOIJ UOI}DDAUOD 231F Aq xo3ysues] 1e9H 11 3t
!
Yug19) oo

_ , 0 | — 2- ¢~
T I T | T T T 00—

(dd gl =7)y¥4sSm 40 wddm $O¢ m
(do G670 = Yy¥3LYM a3ITLSIA  ©

(6261)A403IHL 113SSNN

-121~-

(¥261) NOILYWIXO¥ddY 3D1Y 10

Y02t Ol ot = JONVH 1V 11’0
| :¢1 ="vId : HIONTT
‘NI $29000 ="VId ¥3IANITAD




*gg @2ouaI9Isy
Jo 01~L 314 woIj usye) dIr ‘SOUI PI[os oMm] pur ‘sToquiks pajeudisapun
*I0SsUdS YOUul 900 ‘0 (96 = a /1) Suol 2y3 woxJ uoljovAUOD 991 Aq I0fsuzi} jeel 21 *9ig

g 19y %'Bo)

_ 0 [— . - 2- ¢~
T 1 T T T I T VO|
(do Ge2'1 =) YSM 4O wddm pOE M
o (d2 G6°0 = 7)¥3LVM QINNLSIA  © cOo-
| N.Ol
& (6261) AHO3IHL 113SSNN 9
2 —
- o
! .IRU
- Hro-°
=z
&
- N\~ (p261) NOILYWIXOHddY 3D'H 10
0 +
- © v 90GE Ol ob = 3oN7d LV |10
1196 = "VIQ : HLONI
‘NI G£9000 ="vid YIANITAD
1 | 1 | s 1 1 20



I97em Ul
I0SUdS YOUL [gQ* B WOIJ UOT]IDAUOD PIDIOY pur 991y paulquiod Kq asjsuesl jeol] ¢ 314

ol [ 10 . 1000

I I S S T T _I_a..__~_ T T dj__allﬂ T T _.O

{92 "434) NOILYI3YYOD SWVAVIN —- — .
(8 434) viva SSIAVQ 40 NOILYI3YHO) ——— — ]
(0€ "43¥) viva S,L3¥ld 40 NOILYIIHH0D

viva UIN3S3¥d o

-123-

i Do 222 = LV
i \ . : [ 122 ="Vid : HLONTT . .

- : . R2 vlo_x 21670 = "vig HIANITAD .
431vM a3niLsia

AT T R 1 1 | T U R T O L a1 | I S S R 1 o1



Iojem ul
IOSUSS YOUT Z(Q " & WOIJ UOT}IDAUOD PIDIOF Ple 9dI] PIUIqUIOD Aq zoysuexj jeoy 1 ‘814

00l ol , | ‘ 1'0

O A L I L I T - __J__ T T | S | _~ﬁ_~ T i T

{ 92°434) NOILVIIHYOD SWYAVIW —-—

( 8°434) vivd SSIAVA 40 NOILVIIYEOD ~ ——— B
{0€ "434) V1iva S$,134l1d 40 NOLLVIIYHOD

viva LN3S3Hd o

]

<t =

[§M]

L | -

- —
"
. .,

\ % p°21 = LY

- . 1:€°81 = "VIQ : HIONA] N
vl H, 01X L7 = VIQ ¥IANMAD .
- 93LvM QITILSIA T

L1011 1 i | I T T B s 1 | TN R T N A 1 loy



: I9jem Ul
I0su9s YOUL gpQ * B LHOI) UOI)IDAUOD PIDIOY puew 991J pauiquiod Aq aojsuri) jeolf G ‘ST

ool . 0l , | I'o
T i

{92 "434) NOILV13HH¥0D SWVAVON —-- —
(8 434) Vlva S,SIAVQ 40 NOILYI3¥¥0d ——— — i
(0g°434) viva S,13dld 40 NOILVI3IHHOD
viva 1N3S3"dd = o

-125-

}
ot 1)
N

L - o .

X ° Do GL =1V
L ° : _ P71 =TV ¢ HLONGT 7
-~ B, 0IXes - . 7Ig ¥3IANNAD ]
i ¥3Lvm A3 THLSIG
l_ {




I93BM U GOZ-USM X0A[0g JO SUOTINOS PSIrIjUDUOD A[9jRIOpPOW pue II0TIP Ul

I0SUDS YOUI [0 " B WOIJ UOTJOIAUOD PIDIOY pur 23IF poulquiod £q Iojsuei) JedH 91 314
8y ‘' YIGWNNN SATONA3IYH
0l ] "0 100
L I R B T ¥ T/ [T T ¢t T T T T TV 1 171 T T T _.O

°AN NOILJZANOD 3344 O
[~ wddm Q10¢ o wddm ¢8¢ a .

wddm 09| o wddm 902 3
i wddm Qbs v wddm Q]| o ~

H3Llvm g3uisid °
1 B i
No) » ]
]

— L B
; N A v Q
- pa 0 o
- o 0, %R BIPF P T 000 .
"= 7 v w nw C Oogao og g _ a 2 WAvoW ey %3 g 00 © o —1

8 s & a A" .8 A7 OV 96@&%%%« v qa@a@@o@oo o o 00 O
o o 9O @Xv » °
o 0O O o &0 Coo0 ° ®
o 06 0 0 ° ° o * i
- o ® i -
*
¢ ® ¢
o *
- . e
i U= [U] ]
B 602 —4SM XOAT0d B
i NI 1000 ='VIQ ¥3IANITAD TVNINON ’
IR i L | RN R TS O B 1 | I W T T R 1 1 LO_

'H3gGWNN  1N3SSNN

N



197BM UT GOZ-VSM X0AT0d JO SUOLIN[OS PoajeIjuaduod A[9jeIopour pue ojufip Ul

IOSUSS YOUl ZO(Q * ® WOIJ UOTJIDAUOD PIDIO] pur 99IF paurquuod Aq Iojsued) Jeo] LT "8
8y *HIAgGWNN SAIONATH
167 Ol | 10 200
| L T L T T FyrT T o0 T | L 1 T _ O
°AN NOILD3IANOD 33ud 0
- wddm 0O|0¢ o wddm ¢g8¢ A 7
wddm 09t | o wddm go2 <
wddm oL v wddm |01 ® _
H31VvM Q3TILSIa °
id
™~ 4
X - ] &
; ~ —
X T o
" q 787 o w0 o0 1z
o [+]
6 090 oo 00 af S o 0© Z
v oo g 88 3 o © £ w%ﬁv o 8 o ©
LA S <<<u ?qqmu%ua%wﬁ% y 4
A A A A A AAN A A A A §>>m>m_m s
- o O < 080 089§ — )
000 0 © e =
® < ° [ o
o go o o 0 . °? :
X L .
P [ ]
- . -
A = [4] §
» G022 — HSM XO0A10d R
- ‘NI 2000=VIQ Y3IANITAD TVYNINON 4
N | VI W NS S N L 1 | IS N i | IR U B B | ,.O_




I93EM UL GOQZ~-HSM X0ATOog JO sUOTIN[OS PIJRIJUIIUOD A193exopowu pue oJNIIp ul

IOSUD S YOUul 9o * B UWOIJ UOTJIDAUOD pODIOF pue 9oaJ poutquod Aq i9fsuel] JeOH g1 '8t
9y ‘' ¥IGWNN SATIONA3Y
00l i (0} ] 10
LI S I T T T T T VT T T T T [ r—TT1 1 T T T
°nN  NOILJIANQD 3344 0
- wddm  010g ) wddm ¢g¢ a .
wddm Q9 kI a wddm 902 3
i wddm Ot 2 v wddm 101 ?
y3aLvm  a3niisia o
i B .
loa} a .
a
—~i - —4
1 B -
B a omv_
A o
@<>q Vg'o B ° o°
°ogf L 090 o o eeOH%snn_u ooo
o o g a
“0 @ o gogoad Po%e.mwmu&uo %o 0’
» VY VY ogyogy ﬂ\d%\o B
vV ¢ vV wyvvy mmp A
. m@e&
A A 8 & A p A8 B A AA %@w
L o 0 @ IS QW .
0% o o 09 ° [ %e
= PR
[ ° 6.9 N
i o 0 © oeﬁ b= _”NL
[ . . b
i o * G602 - 4SM XOA10d i
L) .
u ‘Nt 9000 ="vIQ HIANITAD TVYNINON 7
T 1 1 | N T W S TS | 1 L | BTN N N | ! 1 LO_

‘HABWNN  L73SSNN

NN



I9jeM Ul [0 -MSM X0L[0d JO SUOIIN[OS POJLIJUSOUOD AT9IRISPOWI pue SINTIP UL

I0SUSS YOUL [0 * B WOIJ TOIJIDAUOD PODJIO] PUB 991] PIUIQUUOD Aq xoysuex jeoH 61 814
) 3y ‘H3IGWNN SAIONAIY
0Ol | ) ) I'0 100 .
L L I T T _.4 T 1T 17T T ) T | L | | T ¥ _O
°AN NOILDIANOD 334 @]
- wddm  H0p o wddm $°2G A ]
wddm G022 a wddm 292 <
wddm 201 v wddm 2¢| ® ~
HILVYM a3T71HLSId °
- i
| B )
o » 4
2 —
i i wv
[~ - Yn 0o o
- <®EO o
| o (=] 0o o et ]an%ﬁ.@ ]
AARAA AR R RS v ot |
Vyv v %v &qﬂ% %
A AA A BAR & % %o
. 000000>0>0>0>0>Ooe@ee
o 60 ®
CI
B o 090 o 7
o @ 9.
o o @ 0 ® e
[ ]
- o ° >
| 96 = [4] i
- 10g - 4SMA XOATDd B
- ‘NI 1000="vIG H3IANITAD TUNINON ]
R 1 n | S TR U NS D b1 | NI S | s-‘lwlk,-,LlLOf

*¥3IgGWNNN  L13SSNN

nN



-130-

1o7eM UL [0¢-YSM XoA[odg jo suoln[os pajeIjueduod Afojerdopow pue 9INIIP UL

I0SUDS YOUL gQ( * © WIOIJ UOI}ISAUOD PODIOJ PuE 9DIF PIUIGUIOD Aq xoysuex) 1BOH 07 "9ug
ay, ‘d38WNN SGTONAIY
0l ] I'0 $00
___ﬁ]|~ T T ﬂ_.__~. T T ~_._q|- :v
ON  NOILZIANOD 3344 O
wddm  H0v o wddm $°26 A 1
wddm 602 o wddm 29z o
wddm 20| v wddm 2°¢| o ]
d3Llvm a31Lsia ®
c
- Q@ ao, v g Do © —1 I
go 0O Q0 o o 099 °° 9 o0 4, oo a2 m_oﬁonmnmoo
g OOQ@%OOO_@%OQWDDD o 0@
<<<<<$<<<<<< maOmw%quq
AB ana 888 A 4, >%qu> % N%qa
00 00 00 00 © ewoea- . i
o O Q¢ *
o ¢ 0° ® o ¢
e © 9 )
- [ o —
° ® ¢
*® N
9'6 = [ ] 4

10€ - 4SM  XOA10d
‘NI 20C0 = vid Y3IANITAD TVNIWON

| A A T T SO SR | 1 | T T

ol

‘93gWNN  L13SSNN

NN



I91eM UL [0¢-MSM XoL[odg Jo suorinfos pojrijudduod A[ejeropows pur 2nIp Ul
IDSUDS UYDUL g * B WOIJ UOIJISAUOD PIDIOY puB OIIJ PIUIqLU0D Aq zoysuexy 3eeH (7 *9iq

34 “YIGWNN SAIONA3TH

"HIBWNAN  LT3SSNN

N

001 0l ] "0
S I O T D M T T L L T T LI L T T
°NN NCOILIO3IANOD 3344 o)
wddm $26 A
L wddm $0p 0 wddm 2°g2 o ]
wdds GOz o wddm 2'¢ | @
wddm 201 v wddm 299 o i
H3ilvm Q371Lsia °
1 i 4
« - T
—t 1 A -
| l ]
- IA !
w5 8 oo w
@ﬂdo o m.“uo 0®
w25 00 :
N . 00GHED WTng ogo L ¢ ¢ 29 20 o _poilyifo oo
gvVOYIY Y g gy o 9 3o oog %oo@%ﬂﬁwu%kﬁy B
VY W o9 v oy, Xe
- AA B A AA A BAA A A B 8 Al %% .
000 00600000 0 0 ¢ €f .
I > o a o ©° @ we a® . 7
¢ .
= % 0 &n . . w m = ﬁb‘u o
i g 2 10£ - ¥SM  XOATOd i
o © @ ?
. .
B ¢ ‘NI 900°0="vIQ HIANITAD TVNINON ]
[ WS I B | 1 1 Ly s 1 1 | | I A A | 1 1 1 ] 0Ot




I9jem Ul juendeo) XoL[oq O SUOIINTOS POIBIJUDOUOD A[djBISpPOW pUER 9NIp UL

IOSUds YOul [pQ°* ® WOIJ UOTIIAUOD PIIIOY pUR 93.I] paulquuod Aq 1ojsuer) jesl 72 3149
ay ‘YIgGWNN SATONAIY
0! | I'0 100
T T 1 T T T T T v T T 1 T T L T~ 1 1 T _.O

°N NOILDIANOD 3384 O

wddm g/l o wddm ¢ A

wddm Q¢ 0 wddm §9°9 o
8 wddm ¢°02Z v wddm gy o
- H3Lvm a37711S1a e

-132-

- : Sl = [&]
- LNVINOV0D XO0AT0d
NI 1000="VIG ¥3INITAD TVYNIAON

TSI G T N N 1 . | N A T T S N ] 1 T TN U S T S ENR— o ¥

L

| O
‘H3IBWNN L73SSNN

N

4

-




ze3es ur juendec) x0A[od JO SUOIIN[OS PIJBIJUODOUOD >Houdaowoﬁ.®qm onTIp Ul
IOSUSS YOUL 70 * B WOIJ UOIJOOATOD PODIOY pue 99IJ pdutquiod Aq goysuer] 38 €7 °*8Lg

3y ‘Y3I8ANNN SATONATYH

'O
Onﬁ_,. LI I IR R | T O___ T 1777 T T T __ T 1 T 1 T T ’
i °AN NOILDIANOD 3344 O ]
wddm G2 2 o wddm €71} A
wddm $°8¢ 0 wddm 89'9 < .
B wddm ¢°0z2 v wddm gI'p o
= d31lvm a3antiLsia L] 4
1 1 -
o
o - ..
~ B % o)
B © 96 00 o0o. 0 O wﬁnqﬂqmy%@a —1
O Oag O g a og o 000 o ° o o P ,%nmé
00 omen o o %uwnuOD 0>w
Vv 99v v vy y VY vv <<<<M< %Wbam > &v
20X © .
i s A4 5 B2 A & A pwua@w@ N0
o ©
o ¢ < ° ¢ o I o? ¢
- o © % ] .
o @ M P
- 9o o -
i Gl = [&] i
» LNVINOVOD XOAT0d B
i NI 2000="viQ Y3ONITAD TUNIWON j
IS T I A SO N I T T A T ! \ | I T O T I ) MO.

AN ‘H3IBWAN L113SSNN



1o3em ut juendeon XoL[og JO suoIIn{os pojeIjuaduU0d L[ejervpowu pue INTIp Ul

IOSUes YOUul gQ( * & WOIJ UOT}IDAUOD PIDIOT PUB 99.1J PIUIGUIOD Aq xoysuea) jedH 7 914
94 ' HIGWNN SATONAIY
001 Ol | e
5 L G T T T T _ T T T T T LI T ¥ T T
°AN NOILD3IANOD 3344 0]
- wddm €02 A 1
. wddm  ¢Gi o wddm ¢ a
wddm G'1) ® wddm 89'9 o
i wddm '8¢ v wddm 81 o
- H3ivm a37isia ) 3
=
o 1 C
1 w
< = n w
o ] m
. B '
' - 4 =
H.. M_ Z
v m O ? m
m.»a@as
e@aeav@ﬁaeseaeaeaeeaaasaaaaaa eaﬁmo‘% .mu_
AN A R R ¥ © 5 o 4o e.m%@n s° 2
N . VY v wmy v g <@m@9@u 1 =
a8 A2 82 A ap aa >>>>%&Qﬁ>o <
N 0 g g gpaoo oo uo_u%im«% .
9064 000 O O 2 5,00
- o [o] O. L4 -~
o © °
! 000 ° = e ® g'bl = (4] N
B . °* ANVINOVOD X0AT0d ]
- . ‘NI 900°0="vI@ ¥IANITAD TUNINON .
L1100 o L ] | I TR 1 ! | T O M R N 1 1O_




7/ ~ I1GVINVA WVHYED
: . _ _“ : MNVL 3110M7 - .
. o | ‘ i _

3d0)SOHIIW — . Jam :
3J9VLS ONITIIAVYL . o _ B o

"SIUL IO IS BOUU
Sexp 103 yudwdinbe jo jusweBueizy

‘gz *91d

JigvlL
4O0LVvA313

S 3
0y . _ .

A

JAIMA 433dS

d4vindyid
d3A3TNLNVI




-136

Fig. 26. Photograph of equipment for drag measurements,



-137-

Fig. 27. The travelling stage microscope.
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ire and

Photograph of cantilever w
ing support.

its mount

Fig. 28,
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FWATER

WIDTH OF DYE STREAK &2 0.004 IN,

50 wppm of WSR ~ 301

Fig. 33. Observed dye patterns around a . 005 inch circular
cylinder. Fluid velocity is 0.5 ft/sec (Re=20).
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S POLAROID FILM HOLDER
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Lot J

GLASS TUBE

N

AMERICAN OPTICAL

IO MICROSCOPE

LUCITE TANK
FILLED WITH

WATER
JET NOZZLE :

(0.006 IN. HOLE
DRILLED IN
0.005 IN. PLATE)

R

Fig. 34. Arrangement ofvequipment for jet experiment.
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Fig. 35. Laminar jet of water. Mean velocity = 0.2 ft/sec,

Fig. 36. Laminar jet of water. Mean velocity = 0.4 ft/sec.
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Fig. 37. Laminar jet of water. Mean velocity = 1.5 ft/sec.
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Fig. 38. Laminar jet of a dilute polymer solution.
Mean velocity = 1.0 ft/sec.
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Fig. 39. Laminar jet of a dilute polymer solution.
Mean velocity = 0.4 ft/sec.

Fig. 40. Laminar jet of a dilute polymer solution.
Mean velocity = 2.6 ft/sec.
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