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| SUMMARY

Thermal conductivities were determined under non-isothermal
laminar flow conditions for non-Newtonian fluids (aqueous, neutralized
Carbopol solutions). The investigation was comducted with both
vertically uwward and vertically dovnwvard flow tlrough a water-
cooled, 1 inch schedule %0, stainless steel test section. Heat
was supplied to the test fluid through a pair of steam heated
concentric-pipe heat exchangers, and mixing and circulatiom were
provided by a centrifugal pump.

Radial and axisl temperatwre distribution data were obtained
from the dynamic flow system through five thermocouple ports for
eight different runs. These data were used with experimentally
determined temperature-depemdent rheologlical data to calculate:
(a) velocity distributions and (b) thermal comductivities. The
calculated thermel conductivity data qualitatively suggest that an
increase in shear stress causes a slight decrease in thermal
conductivity. It was not possible, however, to evaluate the
effect of shear stress quantitatively because the comstant
shear stress regions essentially coincided with the isotherme.

Temperature profiles, calculated numerically under the
assumption of constant 'thernal conductivity, agreed well with
experimental resnl!.ts. Hence, it was concluded that any variatioms
in thermal conduc‘l';iv:l.ty produced by shear stress and temperature
variation were small enough not to affect the temperature dis-
tributions in the system studied.



Studies of the rheoclogical behavior of the test fluids
(aquecus, neutralized Carbopol solutions) were carried out using
both a capillary and a rotationsl viscometer. These studies
indicated that aqueous, neutralized Carbopol solutions obey the
empirical pover-law rheological model with some deviatioms at
low shear stresses. The proportianality factor in the power law
was found to decrease linearly with increasing temperature, while
the shear-rate exponent was found to be temperature-indspendemt.

Both direct experimental and calculated data served to

indicate that free canvectional effects were negligible in the
viscous test fluids. The limited heat transfer data from this
work were campared with literatwre correlations and found to be

in reasonable agreement.
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CHAPTER I
INTRODUCTION

The variety and number of recent publications on facets of non;
Newtonian fluid behavior manifest the growing importance of this area
of scientific research. Current literature abounds with descriptions
of peculiar fluid behavior (1)(6)(23)(32)(34)(k3)(51); and, although
quantities of research have been dome on non-Newtonian rheology, many
questions remain unanswvered.

A multitude of isothermal, laminar flow analyses of non-Newtonian
fluid behavior have appeared in the literature (8)(17)(31)(36)(50).
Some of these analyses have semi-theoretical foundation while the re-
mainder are based on empirical observation alone. To date there has
been no gonéra} formulation made of a nc‘m-lewtodian fluid theory which
adequa_tely desacribes and exph;m the various types of fluid behavior.
Consequently, the methods cmontly employed for engineering design
depend on the rheological behavior of the particular type of nom-
Newtonian fluid in questiom.

The realm of non-isothermal lamimar flow is complicated by
temperature dependent fluid properties. Even for Newtonian fluids,
vhich are relatively uncomplicated, one finds that the addition of
heat (positive or pegative) to fluids in leminar flow generates problems
80 camplex nthemtican.y that solutions are all but impossible except
by numerical means or the inclusion of severe, simplifying assumptions
(20)(30) . The situation is the same for non-Newtonian fluids with the

further difficulty of a more camplex rbeological model. As a result,



the empirical methods commonly employed have inherently lacked the

generality required for application to changes in variables such as
shear stress, temperature, viscosity, thermal conductivity, etc. in
laminar, non-Newtonian fluid flow.

Based on the premise that tramsport phenomena in fluids (gases
and 1iquids) are functions of the same variable (6)(15)(k2) and
knowvledge that molecular viscosity is a non-proportional function of
shear stress in non-Newtonian fluids (liquids) (1)(23)(32), it 1s
conceivable that the thermal conductivity of non-Newtonian fluids
(11quids) may be some function of shear stress also. Experimental
thermal conductivity data for liquids are conventionally determined
by using thin layers of 1iquid in static test equipment (12)(18)(19)
(44). There are certain obvious reasoms for making measwrements in this
manner, such as: (a) the measurements are simple and standardized,

(b) the equipment i1s easy to calibrate, and (c) convectional effects

can be eliminated or accurately estimated (19)(4h). However, static
tests camnot show any shear stress dependence of the thermsl conductivity,
should s;ch exist.

"It was felt that a technique of experimentally evaluating tharmal
conductivities of liquids from a dynamic flow system was necessary for
the analysis of functiomnal relationships between thermal conductiyity.
and shear stress for non-Newtonian fluids, and the presént work was
undertaken in an attempt to develop such a technique. Specifically,
the objectives were: (a) to develop an experimental and mathematical
method to evaluate point values of thermal conductivity as a functgon of

temperature and shear stress, and (b) to evaluate the effect of liguid



therml conductivity variation on temperature profiles observed in
laminar non-isothermal flow.

To achieve these objectives, a mathematical analysis was made
to relate the desired fluid properties to quantities which could de
measured experimentally. Next a series of rheological experiments were
carried out to evaluate aqueous solutions of carboxypolymethylene
(Carbopol-934) for use as the mon-Newtonian fluid to be tested. Then a
series of steady-state, laminar, pipe-flow experiments were made to
determine actual temperature profiles in the thermal emtrance regiom.
Finally the data were analyzed with the aid of the IBM 1620 digital
camputer in the University of Tennessee Camputer Center. This analysis
yielded thermal conductivity values as functions of temperature and
shear stress and also denohltrated the effect of tharmsl comductivity
variations on the temperature profiles.

Those vho are not familiar with non-Newtonian fluids in general
are referred to ome of the gemeral referemces on the subject (1)(6)
(23) (32) (34) (43) (51) . The following chapter is a geperal review of
related literature. The next chapter is devoted to the techniq@ of
determining experimental thermal conductivities from a qynamic flow
system. This is then folloved by descriptione of the experimental
equipment and procedures, and finally the experimental results are pre;
sented. Mathematical derivations, explanation of calculations, experi-
mental data, camputer programe, and notation are found in the appendices.



CHAPTER II

REVIEW OF PREVIOUS WORK

A - Isothermal, Laminar Flow

The theory of isothermal, laminer flow of Newtonian fluids is
comparatively well understood and mathematically developed. The

Navier-Stokes equations of fluid motion with friction

pE - pE-vR-(WD , ()

the continuity equation

22 . -wvp) (2-2)

and suitable boundary conditions provide sufficient information to
determine velocity profiles in isothermal laminar flow. However, the
complex non-linear nature of the equations makes it impossible to ob-
tain analytical solutions except for very simple geometries or in
regions vhere boundary layer simplifications apply. In equations (2-1)
and (2-2), t is time, D is the fluid demsity, | is the shear stress
tensor, g is the external force vegtor, W is the velocity vector,
and P is static pressure. For further information the reader is re-
ferred to one of the standard texts on hydrodynamic theory (1k)(22)(38)
(51) (46) ..

| The same general hydrodynamic equations are used for isothermal,
laminar flow of non-Newtonian fluids; however, some very useful results
have been obtained for particular non-Newtonian fluids in circular pipe

flow. Analysts desiring to predict certain flow quantities for n&n-



Newtonian fluids in circulgr pipe flow may use one of the rollcn(ing
approaches rather than the more camplex genmeral Navier-Stokes equations
(from which these methods come) .

One method of analyzing flow behavior is to use rheological data to
determine the local shear rate, (-dw/dr), as a function of shear stress, | .

-dw
= = £(7T) (2-3)

The resulting expression is then htograted twice to determine volwmetric

flow ute, Q’

noCA
Q = 2x \r[% r(T)dyr] ar, (2-h)

0
where: Rw is the pipe radius, is the dumxy integration symbol for
distance from the centerline, and r is the actual distance fram the
centerline.

Equation (2-4) has been evaluated for Bingham plastics by
Buckingham (7); for power-lav fluids by Weltman, McGinnis, and others
(23) (31) (50) ; for Eyring's simple hyperbolic sime relation by Tobolsky
and Eyring (48); and for the more complex Powell-Eyring equation by
Stevens (8).

An alternate method of evaluating flow parameters, proposed by
Metzner and Reed (36), is somewhat more gemeral simce no particular
rheological model need be assumed for the actual test fluid. The

pover-lav parameters C and n in equation (2-5)

T = ¢ (—j‘,—;’:)n B (2-5)



are replaced by the modified parameters C' and n' where

1 - 4 1in(8y 5
at d 1a(d AP/AL) °’ (2-6)
: WA or\® i
o et <D~) ’ (2-7)

Y is the average linear velocity, D is the mide pipe diameter, and

A P/L 1s the linear pressure gradient. Thus, by evaluating the
constants C' and n' from experimental capillary data, ome can use
equations (2-k), (2-5), and (2-7)‘1:0 evaluate the flov parameters
directly. This technmique has proven useful over wide ranges of shear
stress since the modified parameters C' and n' do not change
appreciably for many fluids (5)(9)(35)(36).

B _- Non-Isotharmal Lemipar Flow

The absence of any gemeral éxweuim for accurately depicting
the temperature dependence of fluld properties has caused the develop-
ment of matbematical theories of mom-isothermml, laminar flow to lag
behind the correspomding theory for isotheymal flow. Even in those
cases vhere temperature dspendence of properties cam be taken into
account, the mathematical solution appears to be mootible except by
oumerical means unless severe simplifying assumptions -are made.

Non-isotheruml, laminar flow can be described with equations
(2-1) and (2-2), and the emergy equatiom,

DB = (VRD-(T:VH. (2B



In equation (2-8), T is temperature, Cp is heat capacity,
G 18 the heat flux vector, and (T:V W) is heat production due to
viscous dissipation. The role of the heat production by the viscous
dissipation term is not importent under many conditions (27) and is
generally neglected (10)(16)(27).

In the general case, the density, D ; the viscous friction
term of equation (2-1), (V -T); the heat flux term of equation (2-8),
(V +Q); and heat capacity, Cps VAl be functions of the temperatwre
distribution, and therefore of the coordinate system chosen. Equation
(2-8) also involves the veloocities for which equatiom (2-2) is the
differential equation. Comsequently, to solve thp gcneral problem,
one must solve two non-linear partial differential equations, each of
vhich involves the integrated result of the other. The complexity of
this problem defies rigorous solution except by numerical means.

Several attempts have been made to solve equatioms (2-1), (2-2)
and (2-8). The classical solutions first obtained by Graetz, Leveque,
Nusselt, and Russell for Newtonian fluids genarally involved assumptions
of some particular form of velocity distribution for use im Equation (2-8).
These soluticns and their limitations are reviewed and discussed at
great length by Drew (10) and Boelter et al. (%), and the reader is
referred to these papers for further information.

In the above classical solutions to equations (2-1), (2-2), and
(2-8) , no attempt was made to take the effect of temperature on fluid
properties into account; i. e., constant fluid properties were assumed.
Some of the more recent investigators of the problem have attempted to

take the variation of fluid properties into account. Boelter et al. ()



and Lee (25) attempted to allow for Newtonian viscosity variations

by a series of successive approximations to determine pressure gradients

in non-~-isotharma)l flow, and Yamagata (52) made similar calculations in
vhich he attempted to evaluate heat transfer characteristics. Yammgata
found it necessary to add an emperical correction for density variation

in addition to his incoarporated Newtonian viscosity variation. Martinelli
and Boelter (29) and Boelter (3) allowed for the temperature dependemce

of density but not viscosity; and, therefore; accounted for natural
convection only. Their results proved successful in accoumting for
non-isotharmal effects in mass transfer (3) but proved inadequate when
applied to data for heated laminar flow of oils (29). Pigford (40)

treated the case of laminar, Newtonian fluid flow in vertical tubes in
vhich both density and fluidity (the recripocal of viscosity) were assumed
to be linear functions of temperature. However, it was necessary to

assune leveque's temperature distribution for the boundary near the wall

in order to solve the differemtial equation for pressure gradients. There-
fore, Pigford's results are limited to flows with high Graetz moduli (shart
heated lengths and high linear velocities). Pigford also suggests
modifications to his theoretical sclution vhich might be used to account
for non-isotharwml effects in the flow of povar-law, non-Newtonian fluids.
Lyche and Bird (27) solved equations (2-1), (2-2) and (2-8) for the
1limiting case of "isotherwmal” heat transfer (1. e., the difference

betveen the tube wall and the bulk of the fluid is small, and the variation
of fluid properties is amall enough to be neglected) for pover-law, non-
Newtonian fluids. Thsy reduced these equations to a Sturm-Liouville
problem for which they tabulated ef{genvalue solutions for the cases of



9
n=1/35and n =1/2, Several mmerical solutions for the temperature
distribution or pressure gradient from equations (2-1), (2-2), and (2-8)
have recently been obtained for the power-law type of nom-Newtomian
fluids vith d1gital camputers (13)(16)(49). Gee and Lyon (13) made
the most general allowances for temperature dependemt fluid properties
reparted to date. They included temperature dependence of apparent
viscosity, thermal conductivity, and heat capacity in addition to
internal frictional generation of heat.

In addition to the above analytical and numerical solutions,
there have alsc been several ampirical investigations of the problem
of non-isotherzml, laminar flow. Perhaps the first was that of

Keevil and McAdams (21) who developed empirical curves of friction
factor versus Reynolds number as functions of temperature. Sieder
and Tate (47) obtained equation (2-9) for laminar non-isothermal
Newtonian fluid flow.

Tiso _ Ky - .
Tos 1.1 (TL-;) ’ (2-9)

where:s fyg0 18 the isothermal Fanning frictiom factar,

Tnt

Ly, is the viscosity evaluated at the bulk temperature,

is the non-isothermal Fanning friction factar,

u,,, is the viscosity evaluated at the wall temperature.
By means of equation (2-9) it is possible to bring non-isothermal laminar
friction factors into superposition with the isothermal form of
- Poiseuille's equation. Although the Sieder-Fate empirical correlation
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was proposed over twenty years ago, it is still the best available
empirical method of incorporating non-isothermal effects into engineering
design equations. Metzner (37) attempted to modify the Sieder-Tate
correlation for extepsion to non-Newtonian fluids and was able to show
some correlation. Metzner also made some erpirical heat transfer
correlations for non-Newtonian fluids in laminar flow.

In the work reviewed above, there has been little effort made to
incorporate the variation of thermal conductivity into a solutiom of
equations (2-1), (2-2), and (2-8). . Only ome investigation has been
conducted where a temparatire dependant thermal conductivity was used (13).
Apparently no work, either theoretical or experimental, has previously
been done on evaluating thermal canductivity data for liquids under
conditions other than those in static test equipment described in
many standard reference works (18)(19)(30)(39). All thermal conductivity
data reported in the open literature have been concerned with its
temperature dependence while assuming it to be unaffected by shear
stress or any other flow parameter (evea for non-Newtonian fluids).

The work presented 1n the remainder of this thesis was undertaken to
clarify this situation.



CHAPTER IIX
DYNAMIC THERMAL CONDUCTIVITIES

The equations of moticn (2-1), continuity (2-2), and energy
(2-8) presented in the preceding chapter provide the mathematical
framevork for extracting experimental 1igquid thermal comductivity
data from a dynamic test system for non-Hewtonian fluids. Consider
the non-iscthermal flow of a fluid through a cylindrical tube where it
may be assumed that: (a) steady state has been attained, (b) radial
velocity campcuents are megligibly small, (c) heat comduction in the axial
dtrection 1s negligible in camparison with heat transport in the
axial direction by the over-all fluid motion, (d) heat produced by
viscous dissipation 1s meglected, (e) the fluid obeys a non-Newtonian,
temperature dependent, rheoclogiceal model known as the pseudoplastic
pover-law, (f) there are no extarnal (body) forces acting on the flwid,
and (g) heat is removed from the fluid through the tube wall.

For cylindrical tubes (and incarparating the above aolt.ptim)
equatiocns (2-1), (2-2), and (2-8) may be simplified to:

Motion:
.1 & : %
0 = -3# & dr(r'tu). ‘(51)
Energy:
.3 1 O(rar)
by P % ™% = ¢ '§',.- (3-2)

in vhich Trz is the shear stress in the axial, z, direction per wnit
area on an element of fluid swface of constant radius, r, and q, is the
heat flux in the radial directiom, r. In order to solve these equatioms,
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the fluxes T -~ and q,. are expressed in ﬁerm of velocity and tempera-
ture gradients as follows:

Power-law:

]
Trl = <C dr dz (3‘3)
Fourier's law:
0
o = K —-f; (34).

in vhich C and n are parameters in the modification of Newton's law,
odbtainable as a function of temperature from analysis of flow data in
various types of viscameters (1)(6)(23)(32)(34)(%3)(51) and K is the
coefficient of thermal conductivity. The use of the power-law has been
discussed in detail in the above references. For Newtonian liquids
C is the coefficient of viscosity, (L, and n is wmity.

Substitution of equation (3-3) into equation (3-1) gives an
equation for velocity distribution which can be numerically integrated
(an analytical solution is possible in certain cases):

o - 1/n
v, = \ Q—-c&‘-) ay, (3-5)

vhere Tpg 18 evaluated from the pressure gradient by a simple force
balance.

Ap
Ty = ("‘ff‘) 2 (3-6)
Fourier's law, equation (3-4), substituted into equation (3-2) gives

the partial differential equation:
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T [rx-——- = r, pY Tz - (3-7)

By integrating the above with respect to the radial distance, one

obtains:
v _ h
o? » P Aok

-8
or/ g

or, from substitution of equations (3-5) and (3-6) into equatiom (3-8):

RNt
),

The integral in equation (3-9) can be numericelly evaluated from

KE(R) =

. (3-9)

temperature dependent rheological data, the pressure gradient, and an
experimental evaluation of the temperature distribution in both axial

and radial directions.



CHAPTER IV
EXPERIMENTAL EQUIPMENT
I. GENERAL

The equipment used in this investigation consisted of a flow
system and associated fluid testing equipment. A non-isothermal flow
loop, measuring and regulating apparatus, and a fluid reservoir
comprised the flow system. The fluid testing equipment included a
MacBeth continuous indicating pH meter, a capillary viscometer with
continuously varying pressure head used for a prelimimary fluid behavior
study (described in Appendix A), a Brookfield Synchro-Lectric
viscometer used for a study of the temperature dependent rheoiogic'a;

properties, and assorted laboratory glassware.
II. THE TEST FLUID

‘Carbopol 934 is the commercial pame for a high molecular
- weight, carboxy vinyl polymer manufactured by the B. F. Goodrich
Chemical Campany and used in this investigation. It was obtained as
a fluffy, wvhite, water-soluble, acid powdser which required
neutralization for the development of maximum viscosity. The powdered
form was dissolved in water and them neutralized with sodium hydroxide.
A Brookfield viscometer, with standard spindles, was used with
a MacBeth continuous indicating pH meter to study the effect of pH on
viscous properties and to establish the approximate range of
concentrations to be used later in the flow system. It was found
that concentrations of about 0.25 weight percent Carbopol had the
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desired physical properties; and, consequently, the test flulds used

in this work were near that composition.
III. THE ROTATIORAL VISCOMETER

The Brookfield Synchro-lectric Viscameter (No. 1474, U.T.
Ch.E. 678) was used to measure quantities for calculating the tempera-
ture dependent rheoclogicel parsmeters of test fluids. The spindles
normally used with the Brookfield viscometer were not of the
cylindrical geametry most amenable to mathematical analysis; therefore,
three cylindrical spindles (1.000, 0.500, and 0.250 inch outside
diameter) were made and used, Figwe 4.l.

The Brookfield viscameter was mounted on a steady, variable
height table, Figure 4.2, The table height was adjusted by means of
a vertical, threaded shaft geared to 0.0l inch of travel per twrn of the
feed handle. Elevation changes were measured with a spring dial,
since there was some gear backlash in the feed mechanism. A small heat
exchanger was mounted directly onto the table base and used to mainteain
the sample temperature at a constant value while the viscameter was in
use. The heat exchanger circulated constant temperature (* o.2°c)
wvater from a bath manufactured by Forma-Scientific, Inc.

IV. THE FLOW SYSTEM

All parts of the flow system that made contact with the test fluid
were either stainless steel or glass. The upstream piping to the
centrifugel pump (1/2 horsepower) was 1-1/2 inch schedule 40 pipe, and
the downstream piping through the test sectiom to the reservoir was
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1 inch schedule 40 pipe.

The schematic diagram, Figure 4.3 shows the arrangement of the
various components in the system. The check valve in the reservoir on
the upstream side of the pump prevented the system from draining after
shut-dowvn, and the fumnel om the upstream side was used to prime the
pump for start-up. Two concentric pipe heat exchangers were installed
upstream (2.25 feet vertical and 1.50 feet horizomtal) to heat the test
fluid. A‘ rotameter was used with a manual comtrol valve to maintain
steady flow rates and to determine the approximate volumetric flows.
Gate valves were arranged so that the directiom of flow through the
test section, Figure 4.k, could be reversed between runs, and a siphan-
breaking vent was provided in the return lime to the reservoir. City
water was passed through the comcentric pipe heat exchanger om the test
section in a direction cowmnmtercuwrrent to the test fluid for cooling.

An imverted differential mancmeter was used to measure the
pressure drop across the test section. Temperature profiles were
measured radially at 0.75 foot axial intervals along the cooled test
section with thsrmocouples inserted through ports in the comcentric
pipe heat exchanger; Figure L.bk. The 30 gage copper-constantan
thermocouples were sheathed in 0.072 inch outside diameter hypodermic
tubing. An engular rotation of 90° was made between each thermocouple
port.

The thermocouple probes; Figure %.5; were bent inside the test
section to form the "L" shape shown with the beaded point extending im
a direction parallel to the pipe wall and into the flow directiom of
the fluid. The s_nall conical nylon seal prevented leaks between the

sheath and the pipe fittings pictured vhile epoxy resin cement wvas
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used to seal the thermocouple wire to the sheath as shown. This

probe gecnétry eliminated steep temperature gradients along the thermo-
cowple wires near the bead, and also minimized flov distwrbances in the
immediate vicinity of the bead. Radial distances were determined from
measurements made with the vermier scale caliper shown in Figure k.5
on the length of the thermocowple probe extending outside the pipe.
The ther-ocowlg enfs were determined with the aid of a Leeds and
Borthrgp potentiameter (Ne. 319790, U.T. Ch.E. 117) and a Leeds and
Northrup galvanameter (No. 1062928, U.T. Ch.E. 496).



CHAPTER V¥
EXPERIMENTAL PROCEDURE
I. QENERAL

There were two experimental objectives in this investigatiom:
(a) to evaluate the rheological properties of the test fluid used and
(b) to obtain steady-state temparature profile data from the test
fluid in the flow loop. Rheological properties were evaluated through
isothermal viscometric experiments carried ocut at a series of
tqeratureso Temperature profiles were obtained from movable
probes inserted im the test loop.

II. THE TEST FLUID

Aqueous solutions of cazrboxypolymethyleme (Carbopol-93%4) were
investigated in a series of laboratory experiments. Solutions exhibiting
non-Newtonian behavicr were easily prepared with Caxrbopol concentrations
less than a half of ome percent by weight as noted by Metzmer (33).

Small amounts of stendardized solium hydroxide solution were added to
various concentrations of Cardopol solutioms after which the pH and
apparent, or Brookfield,; viscosity were measwred. The geperal
rheological behavior of several meutwralized Cardbopol solutions was
studied by testing the pseudoplastic power-iaw model with capillary
viscometer data, Appendix A, The demsities of Carbopol solutions were
found to be indistimguishable from those of water at the same temperature.
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The Brookfield Symehro-Lectric viscameter, Figure 4.1, was
used to evaluate the temperature-dependent rheoclogical properties of
test fluid samples taken before and after each run in the flow loop.
The experimental method used to obtain these data was to place the
sample in a small, constant-temperature heat exchanger mounted on
the base of a variable height table, Figure 4.2, and measure the
torque on a cylindrical spindle at various spindle speeds for a
number of immersiocn depths. The power-law constants were determined

from the data by the method outlined in Appendix B for several

temperatures.

III. THE FLOW LOOP

The experimental flow loop was described in the preceding
chapter, Figure k.3. The steps involved in obtaining steady-state
conditions and data fram this equipment are best comsidered in
four separate groups: (a) preliminary, (b) start-up, (c) steady-
state, and (@) shut-down procedures.

A preliminsry maintenance check of the equipment prefaced
the normal start-up procedure. This maintenance check included re-
pairing or replacing defective thermocouple probes, flushing the
system if necessary, and checking the manometer lines. Flushing
the system was periodically necessary to remove accumulated dirt
or to use new solutions in the system. HNew solutions were made p
directly in the flow loop by adding powdered Carbopol to the
reservoir, circulating the mixture until the powdered Carbopol dissolved,
and neutralizing with additions of measured quantities of a
standard sodium hydroxide molution.
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The start-up procedure included operations for each of the
control and instrumentation wnits. The pump was started, the rotamster
float level adjusted, cooling water twrned on, and the steam rate
regulated. The reference Junction for the potentiometer was then
prepared and preliminary the:nocdnple emf readings were noted. Arter
the thermocouple readings became steady, final ‘adjn_stmentl were made
on the test solution, cooling water, and steam flow rates.

The steady-state operational procedure involved the manual
maintenance of a steady rotameter level and the collection of data.
Rotameter control was unpredictable and required close attentiom to
prevent a wide variation in volumetric flow rates. During steady-
state operation the folloving data were recorded for each test rum:
(a) the static pressure drop across the test sectiom, (b) radial
temperatwre profiles at 0.75 foot axial intervals, (c) the flow
direction, and (d) the rotameter reading. In additiom, two samples
of the test solution were taken to evaluate the temperature-
dependent rheoclogical parameters for each rum.

The shut-down procedure required twrning off the steam about
five minutes before stopping circulation. This shart delay prevented
the stagnant test fluid fram becaming overheated in the flow loop.
Overheating wvas undesirable because of "vapozr locks" and "bubbles”
farmed by boiling the test fluid.



CHAPTER VI
PRESENTATION OF DATA AND RESULTS
I. DATA

The experimental data obtained in this investigation were those
required to evaluate temperature, velocity, shear stress, and thermal
conductivity distributions in the dynamic test system. An average
pressure gradient and sets of experimental temperature profiles at
five axial positions were measured for each test run. Liquid
samples taken before and after each test rum were analyzed for
temperature-dependent rheoclogical parameters. Complete tabulations
of these and other pertinent experimental data are recorded in note-
books entitled "Original Record of Belearch"ﬁ on file in the
Chemical and Metellurgical Engineering Department of the University
of Tennessee. These records are on pages 2552 to 2568, 3501 to 3519,
4551 to 4556, 16501 to 16550, 16851 to 16872, and 16901 to 16934,
inclusive.

An index of viscous behavior (i.e. Brookfield or apparent
viscosity) is plotted as a function of PH in Figure 6.1 for three
aqueous Carbopol solutions. This figure is representative of those
data taken in that portion of the investigation. The validity of
the power-law rheological model was examined with data from a
capillary viscometer and typical data from this analysis are shown

in Figmre 6.2. The method used and data for Figure 6.2 are given in

Appendix A.
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Complete experimsntal temperature distributions are tabulated
in Appendix D, and empirical equations fitted to these data are given
in Table I. Graphically evaluated constants used to calculate axial
temperature gradients are tabulated in Table II. The measured pressure
gradient and calculated pressure gradients at intermediate points along
the test section are tabulated in Table III for each run. The reduced
radial distance variable used in many of the tabulations is defined as
the radial distance from the centerline divided by the pipe radius
which was 1.332 centimeters in this work. The temperature-dependent
parameters in the power-law rheological equation are tabulated in
Table IV for each test run. These constants represent average values
obtained from two or more liquid samples tested at several temperatures
in the range encountered in the experimental test run. All temperatures,
linear measurements, and force umits in the above tables are given in
degrees Fahrenheit, centimeters, and dynes, respectively.

The direction of flow through the test section in the flow loop
was changed between runs, and the experimental temperature distributions
at the outlet position are shown in Figure 6.3 for runs 3 and 4. The

lines represent the empirical equations fitted to the data points.
II. RESULTS

Four radial thermal comductivity and velocity profiles were
calculated for each run, and these values are tabulated in Appendix D.
The thermal conductivity profiles are presented graphically for rumns 5
and 8 in Figures 6.4 and 6.5. Figures 6.6 and 6.7 show thermal

conductivity data as functions of temperature for various experimental



TABLE I

SUMMARY OF TEMPERATURE PROFIIES,
EMPTRICAL APPROXIMATION, T = Tor-

where: r = radial position in ca
? = temperature in °r

A,
Position ,g" r/ca®

A
Run Position ’3}-’ O/ _m

30

Run n
(1) (2) (3) (b) (5) | (1) (2) (3) (&) (5)
1 m Inlet 138.0 30.5 3.%8 2 (1) Inlet 129.6 27.5 h.kh
1 2 136.3 k5.0 2.M7 2 (2 128.2 32.5 2.8
1 §3 Middle 130.0 39.5 2.1k 2 (3) Miadle 126.6 35.1 2.8k
1 122.3 35.2 1.87 2 b 122.0 ».5 1.78
1 (5) Ooutlet 106.7 3H.5 1.87 | 2 5) Outlet 117.5 3k.2 1.78
3 (1) Inlet I45.7 30.5 3.85 [ % (1) Inlet 1k6.9 30.5 3.86
5 (2 146.8 38.0 3.5 | & (2 1%6.9 k3.0 3,27
3 (5) Miadle 145.1 k1.0 2.69 | & §5 Middle 144.7 %0.0 2.k3
3 (b 142.5 3.0 2.42 | & b - 1k2.8 %0.5 2.21
5 (5) Outlet 138.3 §8.0 2.47 | & (5) outlet 138.3 53.5 2.23
5 (1) Imlet 133.0 23.0 k.70 | 6 51; Inlet 152.3 35.0 3.8
5 (2 132.6 3.0 3.5 | 6 2 150.2 k0.0 3.50
5 (3) Middle 132.1 36.8 2.82 6 (5; Middle k9.8 Mi.2 2.7
5 k) 130.3 k0.0 2.3 6 (b 149.3 %0.0 2.30
5 5) Outlet 127.5 %0.5 2.29 | 6 (5) Outlet 145.9 51.0 2.2%
7 (1) Imlet 157.0 35.0 4.13 8 (1) Imlet 170.0 k5.3 3.3%
7 sz 155.1 47.0 2.99 | 8 éz 169.3 55.0 2.75
7 3) Middle 155.0 55.0 2.47 8 3) Miadle 166.8 6.2 2.20
7 k) 1k9.1 5.5 2.26 | 8 éh 162.9 64.5 2.25
7 5) Outlet 1k%.8 57. 2.26 | 8 5) Outlet 157.5 4.5 2.25
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shear stress conditions (ranging from 0.0l to 0.07 1b2/rt%) for runs
5 and 8 vith the thermal conductivity of pure water (2) shown by
smooth curves for reference. The experimental temperature profiles
and calculated velocity distributions are shown in Figure 6.8 for four
axial positions along the test sectiom.

Temperature distributions were calculated for the three
positions downstream from the second thsrmocouple port (1.25 feet
from initial cooling) for each run by assuming an average constent
thermal conductivity. The data from the second thermocouple port
and an approximate wall temperature distribution were used as
boundary conditions for Equaticn (2-8). The calculated temperature
profiles are completely tabulated in Appendix D and graphically
presented in Figures 6.9 and 6.10 for runs 5 and 8.

Experimental data were also used to calculate dimensiomless
groups commonly exployed in hydrodynamics and heat transfer. These
data are givea in Tables V and VI. Experimsntal temperature profiles
from this investigation were recalculated and tabulated in Table VII
for runs 5 and 8 in terms of reduced temperatuwre. These data are
compared with theoretical curves of Lyche and Bird (27) im Figure
6.11 vhere B is the reciprocal Graetz number, d:/cPDQ, Q is
volumetric flow rate, and z is the cooled 1mgfh.

The calculated results are given in terms of degrees
Fahrenheit, feet, and pounds force. The linear velocities are given
in feet per minute and the thermal conductivities in Btu/hr-rt-°F.
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TABLE V

GROUPS
IMENSIONLESS

Wall
. Bulk Vel (1
Humber (6)
Fusber (5) 93.64
Position (») 16,Th5 99.40
m P — (5) 20’950 17’801 102.26
(1) (2) Lt 2-%;’ 2092552 19,& 11k,30
(%) Outlet 0.0376 1:.:115 igjzoo s 9k .59
1 . (ll» 0‘0388 9,&5 n’179 99.08
1 (3) Miadle 0.0410 13,386 11,678 108.27
b § (2 601-15 15,115 12,177 mao'rz
1l 0.0666 9.818 12,641 12,k26
(5) Outlet 0.0682 1.7 12,613 110.33
5 E 0.0705 15‘58 5 7,950 115.91
z 25 Middle 0.0707 8,922 8,440 120.56
2 (2 k271 8,710 8,943 126.37
2 0.1621 2.7718 8,522 9,518
(5) Outlet 0.1660 T.229 8,305 106.87
3 (,‘ 0.1698 1.928 8,054 110,38
; (3) miaale 0.17h1 9,547 8,813 115.29
(2 9.399 9,402 8,853 123.85
3 0.1400 11.187 9,205 9,518
Rl - b.A79 8,855 ’ 103.20
: k; 0.1852 T.MA% 7,287 105.83
§ §5) Middle 0.1%09 8,430 7,52k 110.5%
(@) 903 A% 8a7s A
SrHtt 3.068 7,995 - 115.k6
5 e 8,018 7,860 122,98
5 523 3.558 8,096 8,116 128,27
5 0.1993 9.595 T,T5% 8,390
(5) outlet 0.1913 5.762 1,%62  113.60
6 (hg 0.2059 808% . 7,1.15 1170k8
g (5; Middle 0.2112 7,955 T,510 122.T2
£ (2 alll reu L e 129.30
Outlet 0 :2059 7:975 ;;587 o4 121.82
T 0.2087 h.282 7,677 126.61
; (3) Miadle 0.215%4 ppon 8,132 3,192 132.68
T (2 0.1786 %.579 I 6D
8  (5) Outlet o.l%%’ 8.Thl
(k§ 0.1
8 (3 mame
8 (2

138.93
9,304 -
7.615 7,488 .

0.1939 g




TABLE VI

DIMENSIONLESS GROUPS FOR HEAT TBANSFER CORRELATION

Average values Average Values Empirical Theoretical
Based on Fluid Based on Axial Predictions of "Isothermal"
Temperature Gradient Bulk Temperature Metzner, Vaughn, Predictions of
__at_the Pipe Wall Change and Houghton (37) _Lyche-Bird (27)
Run Nusselt Craetz Nusselt Graetz Nusselt Graetz Nusselt Graetz
Number  Number Numnber Number Number Number Number Number Number
(1) (2) (3) (%) (5) (6) (7 (6) (9)
1l 8.0 24.0 B o 16.3 4.9 2k.0 3.25 15.7
2 1003 2703 108 1805 501 2700‘ - -
3 6.6 by .2 k.5 30.0 6.0 44 .0 come R
h 8.1 l"oﬂ9 ho"’ 2707 598 l"].4»0 o et
5 5.2 9.1 3.8 33.3 6.1 k9.0 ccoe cmes
6 700 l“eoe !’"co 5301 6.1 1"900 e iatad S
T 6.1 48.7 4.9 33.0 6.1 49.0 come coow
8 6.8 494 4.9 30.1 6.2 49.5 4.59 31.4

et t———— ———s s e rvmsara———
m————— ey e mm— — e
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TABLE VII
? -

FEDUCED TEMPERATURE, © =
- T4~ %y

T = Point Temperature
T = Wall Temperature = 58°F
T{ = Inlet Fluid Temperature

e ——

Run 5, 74 = 133% Rum 8, 7; = 170

Reduced Tempersture, Reduced Reduced  Temperatwre, Reduced
Radius,X °r Temp, © Radius,X °r Temp,

(1) (2) (3) (%) (5) (6)
-0.871 Th b 0.213 -0.886 5.7 0.089
L 0788 j 31.0 0507 - om 88.0 0268
- .5T8 10k.0 .613 - .623 109.3 455
- 03 117.2 .T87 - 420 137.1 .70%
- .225 125.0 .893 - J43 156.2 875
- .OhS 127.h <920 - .300 151.7 .839
.13 126.h 907 .030 157. 884
. 122.0 053 .1%0 155.5 875
450 11%.5 .760 <300 148,2 .80k
.638 98.7 ST k3 136.5 +705
.826 9.k .280 535 121.1 563
676 103.1 402
.T58 91.2 295
.833 81.7 .21%

WW



CHAPTER VII
DISCUSSION OF RESULTS
I. FLUID BEHAVIOR

The viscous behavior of aquecus Carbopol was found to be a
function of the solution's pH as well as its concentration, temperature,
and shear stress. An index of viscous behavior, the apparent or
Brookfield viscosity, was used to study the effect of pH in various
solutions at constant temperature (80°F) and spindle speed. This
study revealed that apparent viscosity reaches a maximum and remains
‘essentially constant for solutions of given concentration with pH's
between 6.5 and 8.0. This facet of agueous Carbopol behavior proved
helpful in preparing solutions in the flow system.

The capillary viscometer data showed that the isothermal
rheological behavior of Carbopol solutions could be described with a
pair of power-law models: (a) ome for low shear stresses and/or
temperatures and (b) another for higher shear stresses and/or
temperatures. Fortunately, a iingle pover-law model proved adequate
for describing the rheological behavior of the Carbopol solutions in
the shear stress and temperature ranges encountered in the non-isotharmal
flow loop. It was also fortunate that the comsistency index, C, of the
pover-law model exhibited a linear temperature dependence wvhile the
flow-behavior index, n, was unaffected by temperature.

A slight decrease in the caonsistency index was noted after high
temperature runs or the passage of several days. This effect occured

over periods of time much longer than the test run duratiom, so it was
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felt that the average rheological properties of samples taken before
and after each run would be adequate.

IX. DYNAMIC THERMAL CGNDUCTIVITIES

An exsmination of Figures 6.% and 6.5 reweals that wmusual
changes in the calculated thermal conductivities occur in the neighbor-
hood of both the pipe wall and the cemterlins. The unusual changes
near the pipe centerline resulted from the high amplification of
experimental error at emall radial distances in calculatiom with
Equation (3-9), since both the numerator and dencminator are small
vhen the distance from the centerline is small. A large portion of the
wausual changes in the neighdorhood of the pipe wall are believed to
result from the extrapolation of experimental temperature distributions
to the pipe wall by means of the empirical equations in Table I.
Figure 6.3 indicates that this extrapolatiom provides a poor estimate
of wvall temperature in same cases and points out the meed for an
experimantal evaluation of wall temperature.

It vas not possible to show any quamtitative effect of shear
stress on tharmal conductivity because the exparimental isotherms and
constant shear stress lines almost coincided with each othsr. However,
the data qualitatively suggest that thermal comductivity decreases
slightly with an increase in shear stress as indicated in FPigures 6.6
and 6.7 by a camparison of calculated dynmmic thermal comductivity
data from runs 5 and 8 with static thermal conductivity data for pure

vater (2).
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The flow direction through the test sectiom was alternated
betveen runs in an effort to determine whether or not comvectional
effects were involved. One set of these paired runs was obtained
under essentislly the same thermal and flow conditioms. Experimental
temperature distridbutions from the outlet axial position for runs
3 and 4 are shown in Figure 6.3 and indicate that there were no
significant free convectional effects involved since the distri-
butions have essentially the same shape.

The continuity equation (Equation 2-2) was used to calculate
the radial velocity campaoment at a number of radial and axial
positions for each run. The maximum radial velocities calculated

were less than 5 x 104

feet per minute (run 6) as campared to
axial velocities of about 3 feet per minute. No significant radial
convectional effects were expected because of the highly viscous
nature of the test fluid, and these data and calculations sub-
stantiated this opiniom.

The temperature profiles calculated by assuming a comstant
thermal conductivity with the experimental boundary conditions were
in good agreement with the experimentally measured temperature
distributions as illustrated in Figures 6.9 and 6.10. Therefore,
it would appear that neither shear stress nor temperature affected
the thermal conductivity lugficiently to cause appreciable changes in
the experimental temperature profiles. This opinion is further
supported by the close agreement of data fram this investigatiom with
the thecretical temperature distributions of Lyche and Bird (27) for

"i{sothermal” heat transfer.



III. HEAT TRANSFER CONSIDERATIONS

The scope of this experimental investigatm was
limited as indicated by the non-Newtonian heat transfer and hydro-
dynamic dimensionless groups given in Tables V and VI. Prandtl
numbers were calculated for both bulk and wall conditions. Nusselt
numbers were tabulated in three ways: (a) point values based on
the temperature gradiemt in the fluid at the wall (Table V), (b) an
average of the point values from (a) for each rwn (Table VI), and
(c) those based on the bulk temperature change in each run (Table VI).
The Nusselt-Graetz numbers from Table VI were compared with the
modified leveque equation for heat transfer to Newtonian fluids in

laminar flow (40) and,
1/3
32 gy - am (182) e o

with the exception of those data from runs 1 and 2, showed good
agreement for (c). The non-FNevtonian modification of Equation (7-1)
presented by Pigford (40) and experimentally verified by Metzner,
Vaughn, and Boughton (37) for non-Newtonian fluids

K':.% = 1.75 1621/3 | (7-2)

vhere A]'/B = %‘:—i

fits the data calculated for (b) slightly better than Equation (7-1),

but, since those data incorporate the errors of an estimated wall
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temperature, ‘the use of the non-Newtonian correction term cannot
be Justified from the experimental data of this work. Metzner,
Vaughn, and Houghton (37) also reconmended an empirical viscosity
correction term similar to the ome developed by Sieder and Tate
for Newtanisn fluids (47) to modify Equatiom (7-2).

! 0.1%
—Z:% . LB .Gzlb (ggw?;l ) (7-3)

vhere: Coyp = the consistency index evaluated at the
bulk temperature, and |
c“n s the comsistency index evaluated at the
wall temperature.
This additiomal correction emowunts to about 2.5% for the limited
data of this work and camnnot be amuioa here although some degree
of success has been claimed for extensive correlatiom of several
investigators® data (37).

A camparison of the Nusselt numbers calculated for (c) above
with the theoretical values calculated by Lyche and Bird (27) indicates
that the experimsutal data of this work are also in good agreement
on this point. This was to be expected since the Lyche-Bird theoretical
temperature profiles agree with the experimmntal profiles of this
investigation. |
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IV. EXPERIMENTAL ERRCRS

There were multiple opportunities for error in this investigatiom;
" however, it is believed that most of these errars were minimized by
careful experimsmtation. The usual measurement errors involved in the
temperature, distance, and rheological deterwinations were subject

to same “smoothing™ in the preliminary data analysis steps, and it is
felt that most of the random errors were eliminated or "averaged out".

The greatest observed experimental variation occurred in rums 1
and 2 vhere the source of heating was different from that employed in
the other runs. During these initial runs a pair of electrical
immersion heaters were placed in the reservoir for heating, and the
steam heat exchangers were not used. At the end of both runa 1l and 2
it was found that an appreciable quantity of the test fluid had
evaporated., The rheological properties of the ssemples taken before
and after these runs were quite different, and it was suspected that
some accelerated “aging" effects were involved. Some results obtained
from runs 1 and 2 were inconsistent with those obtained from the
remaining runs.

Most experimentally determined temperatures and pressure dif-
ferentials were reproducible within 5 percent with only a few larger
variations. The rheoclogical data were somevhat less consistent, and it
is believed that most of the error was due to accelerated "aging" of
the samples vhile heating them to the higher temperatures for testing.
Instead of measuring the pressure drop as was done in this work, it
would be preferable to measure the volumetric flow rate and compute

the pressure gradient since errors in measuring the pressure gradient
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are greatly amplified in calculating velocities for power-law fluids.
The need for experimental temperature data near the pipe wamll
wvas emphasized repeatedly by the abnormal results calculated for
quantities in that neighborhood .



CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS

The conclusions of the investigations repcrted!hare are
summarized in the folloving paragmﬁhi. | | |

The dynamic non-Newtonian thermal conductivity data qualitatively
suggest that an increase in shear stress causes a slight decrease in
thermal conductivity for aqueous Carbopol solutions. However, it is not
possible to shov any quantitative shear stress effects because the |
constant shear regions almost coincide with the experimental isctharms.
Supplamentary temperature profile calculations assuming comstant
thermal conductivity show that the effects of a shear stress and
temperature on the thermal conductivity of aqueous Carbopol are
amell enough to have no effect on the temperature distributiom in
the fluid.

The limited heat tramsfer data from this imvestigatiom agree
vith the theoretical calculations of Lyche and Bird (27) and the
experimental correlation of Metzner, Vaughn, and Houghten (37) . Bence,
it 1s felt that accurate heat transfer celculations can be made for
laminar non-Newtanian flow using constant values of thermal
cmductivity.l

Both exparhantal and calculated data indicate that free com-
vectional effects are negligible im such highly viscous, non-lwtm;lan
fluids for the range of conditiomns investigated.

The rheological dbehavior of neutralized aqueous chbqpol

solutions is well described by an empirical, temperature-dependsant,
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pover-law relation. The consistency index of the power-law, C,

decreases linearly with increasing temperature, vhile the expoxient ’
n, is independent of temperature.

Although it proved impossible to determine an exact relation
between shear siress and the thermal comductivity of non-Newtonian
fluids tn the equipment of the gresent Lnvestigatien, it is felt that
the equipment modifications recommendsd 1n the folloving peragraphs
would enable future workers to determine the‘ nature of such a
relation if one exists.
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