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An experimental study was made of heat transfer to the laminar
flow of aqueous solutions of sodium carboxymethylcellulose (CMC)
and polyethylene oxide, coagulant grade (polyox) in uniformly heated,
horizontal pipes. Polymer concentration was varied such that
several stages of pseudoplastic behavior were attained. A marked
contrast in the variation of viscous properties with temperature
occurred in the various fluids., Fluid rheology was determined us-
ing 2 Haake rotational viscometer, and a unique method of applying
the results to conditions in the pipe flow was employed.

Velocity profiles were fully-developed prior to entry to heated
sections which were 1,384 cm and 2, 680 cm in diameter and 303.5

cm in length., Mass flow rates of 98.5 - 416 g/sec and heat fluxes of



1,18 - 5,24 Watts/cmz produced local Nusselt numbers of 10.9 -
54,9 at local Graetz numbers of 225 - 38, 000.

It was found that local wall shear rates control the rate of heat
transfer, These shear rates increase with increasing pseudoplasti-
city; however, they are more substanfially increased due to the tem~
perature effect on viscous properties. Increases in the rate of heat
transfer over the temperature-independent property solution of 38%
at sz = 625, 15% at sz = 24,500, and 7% at sz = 38,000 were
obtained in cases where the effect of natural convection was not evi-
dent. In a case where natural convection explicitly affected the rate
of heat transfer, a 62% increase over the temperature-independent
property solution was obtained at sz = 230.

Other evidence of the existence of secondary flow patterns was
acquired, Flow patterns appeared far upstream of full thermal

development, even in the most viscous fluids.

In the absence of natural convection, the correlation

1/3 -0.0300/6
: x

Nu = 1,848 Gz
x x

is recommended.
The effect of viscous heating on the rate of heat transfer was

found to be negligible throughout the investigation. Maximum Brink-

mann number was 4.22 x 10-3.
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AN EXPERIMENTAL STUDY OF FORCED CONVECTION
HEAT TRANSFER TO NON-NEWTONIAN FLUIDS
IN THE THERMAL ENTRY REGION OF A
HORIZONTAL, UNIFORMLY HEATED,
CIRCULAR PIPE

1. INTRODUCTION TO HEAT TRANSFER TO STEADY,
LAMINAR, HORIZONTAL PIPE FLOWS

The rigorous analysis of heat transfer in the thermal entry
region of viscous, horizontal, laminar pipe flows is extremely com-
plex. The problem involves accounting for the following contribu-
tions:

l.. The basic conduction mechanism at the boundary,

2.. The temperature dependence of transport properties, par-
ticularly viscosity.

3.. The shear rate dependence of viscosity in non-Newtonian
fluids.

4,. The development of a secondary transverse flow due to
buoyancy.
5. A tertiary normal stress effect brought on by item 4 in

viscoelastic fluids.

Constant Property Solution

An analytical solution which considers only item 1 on the above

list was first obtained by Graetz (30) in 1885. Fully developed flow
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was specified prior to entry to an isothermally heated or cooled sec-
tion. Sellars, Tribus, and Klein (86) extended the Graetz solution to
the case of a uniformly heated or cooled section. Siegel, Sparrow,
and Hallman (92) obtained an improved solution of the latter case,
The asymptotic solutions to the Graetz problem applicable to

the two thermal regimes are given by (43, p. 372-373):

1/3

Thermal Entry Region: Nu = C., Gz (1.1)
b4 1 x
(Gz_ > 50m)
X
Fully Developed Region: Nu_ = C2 (1.2)
(sz < 2m)

where C1 and C2 are 1.17 and 3.656 respectively for an isothermal
boundary and 1.41 and 4.364 respectively for a uniformly heated
boundary.

Leveque (48) postulated that, in the thermal entry region, heat
transfer depends only on transport conditions near the boundary. He
obtained results identical to those of Graetz (in the thermal entry

region) by using a linear velocity profile in the vicinity of the wall.

Effect of Temperature Variation of Viscosity

Most liquids become less viscous when heated. In a fully-
developed isothermal pipe flow, the shear stress increases linearly
from zero at the center. In non-isothermal pipe flow, the shear

stress distribution remains essentially linear; however, local heating



(or cooling) near the wall changes the viscosity. The effect of heat-
ing, as shown in Figure 1.1, is to steepen the velocity profile near
the wall. The opposite effect occurs during cooling. The result is
to increase the rate of heat transfer during heating and to depress it
during cooling.

Sieder and Tate (91) correlated data for oils heated and cooled
in isothermal horizontal tubes., They added a large number of iso-
thermal data from other investigations and suggested the correlation,

1/3 n_b 0.14

Nu = 2.0Gz (1. 3)
m

w
where all properties except n, are evaluated at the bulk tempera-
ture. The resulting curve falls slightly above a correlation derived

from the Graetz solution (43, p. 377).

Heated
Isothermal
Cooled

R33N NN nenuy

Figure 1,1, Velocity profiles for isothermal, heated, and cooled
flows,
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Pigford (80) obtained a solution for the flow of viscous fluids in

isothermal vertical tubes by extending the Leveque solution to include

the effects of variable viscosity and buoyancy. The analysis resulted
in

/3 . 1/3

Nu = 1,75 61 Gz (1.4)
m

where & = 'yW/SV/D with y_ a function of Gz, % , and Gr,
The solution given for 6 was applicable to vertical flows; however,
the introduction of the term has been useful in subsequent horizontal
flow correlations,

Yang (107) has applied an integral technique to the problem of
temperature dependent viscosity pipe flows. He obtained solutions
for the cases of both an isothermal wall and uniform heat flux, His
results show that the latter case has the greatest potential for diver-
gence from the constant property solution, However, the viscosity
models were apparently chosen for computational convenience in that
they are not readily obtained from viscometric data,

Test (97) analyzed the same problem using a finite difference
solution of the boundary layer equations, He also attempted to con-
firm his results by experiment., The fluid chosen for the model and
the test was SAE 60 oil, The analysis showed that deviation from the

constant property solution by as much as 50% was possible, The

experimental data were greatly scattered; however, an attempt was



made to correlate both sets of data with

M\ 13
Nu, = 1.517| =) Gz, (1.5)

W

where m = 0. 05 for heating and 1/3 for cooling. Except for N, all

properties are evaluated at the bulk temperature.

Effect of Secondary Flow Due to Buoyancy

Early investigations of natural convection in horizontal flows
were all experimental, The complexity of the problem discouraged
analytical investigation until the digital computer became available,
A shortcoming of experimental investigations is the difficulty in iso-
lating the contributior}s to heat transfer from each effect. Conse-
quently, most of the insight regarding the effect of the secondary
flow has come from recent analytical work. None of the investigators
thus far has attempted to add the effects of temperature variation of
viscosity or non-Newtonian flow to his model. In addition, almost all
of the analytical work has been for the thermally fully developed re-
gion. There is evidence that significant secondary effects occur be-
fore leaving the thermal entry region.

Visual studies (67) of the flow of air in a uniformly heated
horizontal tube for (Z':r>:< > 40,000 show the presence of a pair of
vortices in the cross section (see Figure 1.2). The vortices are

centered symmetrically on either side of the vertical centerline and
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Figure 1.2. Flow cross section showing vortices which comprise the
secondary flow,

somewhat below the horizontal centerline. As Gr>:< is increased, the
centers move down and closer to the tube wall., The interaction of the
primary (axial) flow and the secondary flow result in a helical motion
of the fluid about the longitudinal centerline. Although some deviation
from this pattern is to be expected, the basic mechanism is similar
for other fluids.

Early empirical equaticns by Colburn (14),

u 0.14 /3 1
Nu = 1.75 {—— Gz (1 +0.015Gr 3) (1. 6)
m il ab af
af
Martinelli and Boelter (55)(for vertical tubes),
Gr_Pr D 0.7511/3
Num = 1.75]5'1 Gzab+0'0722F2 — T (1. 7)
.'F1 = Fl(Num’ Gzab)
FZ = FZ(X/L, Num, Gzab)

Eubank and Procter (21),



0.14 0.40]1/3

D
rabf (18)

n
Nu = 1.75 5 Gz +12.6 {Gr | P
m - ab ab

and more recent correlations by Jackson, Spurlock, and Purdy (41),

1.5,1/6

2 ] (1. 9)

2
Nu 2.67 [Gz,, +(0.0087)" (Gr_Pr_)

Im

Oliver (71),

uM 0.14 . 1\0- 70]1/3
.75 —- +0. Pr kK — .
Nu_ = 1.75 " Gz_, +0 00056@rab T D> (1. 10)

and Brown and Thomas (6).

0.14
n
_ b 1/3,4/3(1/3
Num = 1'75<n—) E}zab+0.012(GzabGrab) :l (1.11)

w

n

have been improved upon by Depew and August (17),

0.14

m
Nu = 1.75(— Gz +0.12(Cz Gr1/3pro].o36)o.881/3
m n ab ab~ "ab a (1.12)

All of these investigators correlated large amounts of data taken
during heating and cooling with isothermal walls. Depew and August
claim *40% accuracy for their correlation. Note that in most of the
recent correlations, the L/D term has been dropped.

More attention has been given recently to the uniform heat flux
boundary. For very long tubes with isothermal walls, the bulk tem-
perature will approach the wall temperature, thereby shutting off the

buoyant mechanism. Under the condition of uniform heat flux, a



temperature difference must always exist between the wall and the
bulk flow to allow the energy at the boundary to enter. Moreover, the
temperature difference increases as the flow moves down the tube
(the opposite is true for the isothermal wall) thus implementing and
feeding the secondary flow.

Mori et al. (68) have conducted an experimental investigation of
air flowing in a uniformly heated horizontal tube. Data were taken in
the fully developed region. As might be expected, the velocity and
temperature profiles are similar (Pr & 1). Typical vertical distor-

tion of the profiles is shown in Figure 1. 3. They determined the

Top

N\ N

Bottom

Figure 1.3. Typical velocity and temperature profiles for air show-
ing the effects of secondary flow.

¢
effect of buoyancy on the rate of heat transfer to appear at-Gr =~ 4000

and that

/5 /5

[1+1.8(Gr 747 (1. 13)

Nu = 0.61(Gr /4)}

correlated the data. (Nu pertains to the fully developed region and is

the local value. )



McComas and Eckert (51) took data for air in and beyond the
thermal entry region with uniform heat flux at the boundary. Their
data show a shorter thermal entry length than predicted. They state
that no appreciable heat transfer effect, due to buoyancy, occurred in
the thermal entry region. However, inspection of their plots reveals
a substantial secondary effect prior to full development. No correla-
tion of the data was attempted.

Ede (19) studied the flow of water through a horizontal pipe
while applying a uniform heat flux. He took data in the fully develop-

ed region and correlated it with:

Nu = 4.36(1 +0.06Gr" °)
or (1.15)
Nu = 4.36(1 +0.032Ra’" ")

Shannon and Depew (88, 89) have collected data in the thermal
entry region and beyond for the uniform heating of water and ethylene
glycol. On one of the water runs and on all of the ethylene glycol
runs shown, the data lie below the line for the constant property
solution. No satisfying explanation was given by the authors. An-
other interesting trend of the data was observed at low values of
sz. Typically the value of NuX reached a minimum and subsequently
rose rapidly as sz decreased further (flow moved downstream).

There was no apparent region of fully developed flow. Other data
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and analytical results have indicated a region of full thermal develop-
ment where the local Nusselt number is constant at a given flow and
flux rate. A possible explanation is that the method of wall tempera-
ture measurement used by the authors indicated a local circumfer-
ential value rather than an average value. In any event, the corre-

lation of
m

N 1
(Nu. - Nu ) vs Ra
x X0

w

b

/4/ Nu
X0

scaftered the data. As a criterion for defining the region of neglible

/4

buoyant effect (Ra1 /Nu ) < 2 was suggested. Nu is the
X0 X0

Nusselt number based on the constant property solution.
Petukhov and Polyakov (76, 77, 78, 79) have studied heat trans-
fer to water in a uniformly heated horizontal pipe. They obtained a

transition criterion for the onset of significant secondary flow,

e
5

Ratr

1]

6.37 x 103Gz , Gz > 460 (1.16)
x x

18000 + 83 Gz:{' 7, sz < 460 (1.17)

Ratr

and recommended a correlation:

* 0.045

Ra
Nu = Nu 1+
x X0 %*
Ra
tr

(1.18)

Their data show a trend typical of those in most of the recent inves-

tigations. The plot in Figure 1.4 shows this characteristic pattern.
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Increasing
Ra>,(

Nu

Ln Gz
X

Figure 1.4. Plot showing typical findings from recent investigations
of horizontal pipe flows,

The Nux used is an average circumferential value at a particular

axial position,

Petukhov and Polyakov have also plotted separately the values
of local Nusselt number at the top of the pipe and at the bottom of the
pipe against local Graetz number. The data taken at the top of the
pipe fall below the line for the constant property solution, while the
data taken at the bottom of the pipe are above the line.

Also of interest in this investigation is a sketch of the iso-
therms in the cross section of a flow with Re = 960 and Ra* =2.8x

7
10 . The coldest region is centered very close to the bottom
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indicating that the temperature gradients in the vicinity of the bottom
are extremely high,

In order to minimize circumferential conduction in the tube wall,
Bergles and Simonds (3) used a glass tube for the heated section. The
outside of the tube was coated to a nominal depth of 16 microns with
a conductive material so that uniform heating could be applied via
electrical resistance, The data taken for water in the fully developed
region exhibit considerable scatter. The authors speculated that
some of the problem probably was due to the non-uniformity of the
coating on the tube. Based on their data and some previous investi-
gations, the authors produced a 'predictions plot'' for heat transfer
to water flowing in horizontal tubes that are uniformly heated.

Except as noted, the following papers are analytical studies of
the secondary flow contribution to horizontal pipe flows with uniform
heating,

Morton (69) modeled the problem by superimposing a small

secondary flow on the forced flow. The perturbation parameter
. e . Gr_
chosen was Ra, and the technique has validity in the region 2 <

3000 and (Gr>l</4 Pe) < 100. A corrected version of the solution (67)

which is confined to the fully developed region is:

% 2
Nu _ _ 1+(o_1036-0.0007Pr+0.3334pr2)(izog4) +

(1.19)
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Del Casal and Gill (16) have extended Morton's solution to include
cases of very small Re; however, the perturbation method has
validity only for values of Gr*/4 at the low end of the range in which
secondary flows occur.

Faris and Viskanta (22) also used a perturbation method, their
parameter being Gr*/4Re3. Some very lengthy expressions for the
velocity and temperature profiles were obtained which match the air
data of Mori, et al. (68) quite well, A solution for the circumferen-

tial average Nusselt number in the fully developed region was also

obtained:
N R #2 8 7 1
u a - - -
B8/11 - 1.0+ T6Re [2.175x 10 +1.,0025x10 Pr ] (1.20)

The only limits mentioned were those for the case of the flow of air:

E
Gr /4 Rel/2 < 3000 (1.21)

Mori and Futagami (67) developed an integral solution of the
boundary layer equations (for the secondary flow) valid for Pr = 1,
They separated the fully developed flow into two regimes--a thin
layer near the wall where viscosity and thermal conductivity control
transport and a core region where they are ignored. (One might
expect this model to have the greatest validity at relatively large

values of Gr>'</4.) The heat transfer result,
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0.1634 for Pr

0
n
n

o

.72
/5

- cl(Gr*/cL)1 (1.22)

1.0

@]
n

0.1929 for Pr

matched their experimental results (68) for air; however, the solu-
tions for the velocity/temperature profiles were a poor fit,
Siegwarth, et al. (94) also used a boundary layer model which
they solved for the cases of Pr=1 and Pr — o, They based their
model on the experimental observation that the isotherms in the core
region are horizontal, Although a uniform heat flux was specified at
the outer surface of the tube wall, no variation in circumferential
temperature was allowed at the inside surface. This condition cor-
responds to a thick wall of high thermal conductivity. The possibility
of axial conduction in the tube wall under such extreme conditions was
not addressed. The solution for the case Pr — o in the fully devel-

oped region was found to be:

Nu = clRa*l/5 (1.23)

Using an approximate integral solution, the authors obtained C1 =
0.524. Comparison with the data of Siegwarth and Hanratty (93) for
ethylene glycol (Pr = 80) was quite good.

The experimental data of Siegwarth and Hanratty were taken to

confirm the analytical approach taken above. A 23-inch I.D., 1-

inch thick aluminum pipe was used in the experiment in order to



15
approach the boundary condition adopted for the model, The data and
the results obtained from the analysis agree quite well, Some of the
findings of this investigation were:

1. At a relatively small heating rate where Tw ~ Tb =0.05 F
and Ra==< = 35,800, the computed Nusselt number was found to be
twice the classic value of 48/11,

2. The secondary flow had very little effect on the axial
velocity profiles. Distortion from the classic parabolic form was
minor. The profiles from the data exhibited maximums that were
slightly above the horizontal plane indicating a temperature-dependent
viscosity effect,

3. Using the solution of Del Casal and Gill (16), there is less
than a 10% effect on the wall shear rate for (Ra*/PeZ) < 12.8.

In applying the results of findings by Siegwarth and co-workers
to thin-wall tubes, the difference in boundary conditions must be kept
in mind. The boundary condition used by these investigators results
in heat transfer that is greater than for the uniform circumferential
heat flux condition,

Newell and Bergles (70) obtained numerical solutions to the
two-dimensional continuity, momentum, and energy equations for the
fully developed region. They used water as the working fluid and

applied a uniform heat flux to two different pipe wall models. The

conditions of a very thick wall with high thermal conductivity, and a
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tube of low thermal conductivity (glass) were modeled., Severe ver-
tical distortion of the temperature and velocity profiles was noted for
relatively modest heat input to the glass tube, Unfortunately, similar
results for the high conductivity tube were not shown. Comparison of
the circumferential average Nusselt number for the two kinds of wall
conditions showed a definite advantage in the high conductivity wall
which increased with tube radius, For example, for an applied heat
flux of 1000 Btu./hr-ft2 and a bulk temperature of 100 F, the Nusselt
numbers were 9.7 and 13,5 for a :i-—inch radius and 11.3 and 23. 4 for
a %-inch radius,

Hwang and Cheng (39) used a 'boundary vorticity' method and a

numerical analysis to obtain results for Pr=0.72, 1, 2, 4, 10, 100,

e

Gr

and 500. The region of applicability is believed to be 2000 <
50000. A stated purpose of the study was to develop a method to
bridge the gap between the perturbation method on the low end and
the boundary layer method on the high end of the Gr*/4 range. A
plot of Nu/(48/11) against Gr*/4 for the various values of Pr show
asymptotic lines for Nusselt number ratios greater than about 1. 1.
The lines are parallel, and the spacing decreases logrithmically as
Pr increases. The analysis was confined to the fully developed
region.

Cheng, Hong, and Hwang (8) applied the same method to the

thermal entrance region of a rectangular duct. They were unable to
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handle the more complicated geometry imposed by circular tubes. A
condition specified was high Prandtl number, which the authors be-
lieve to offer reasonable results for Pr > 10. For a square channel,
the temperature profiles show vertical distortion (due to the secon-
dary flow) far upstream of the fully developed region. For example,
the minimum temperature for the cross section is located below the
horizontal plane at an axial location 2/3 of the distance upstream
from full development for Ra* = 30,000. The plot of Nux/(48/ll)
against TI'/4GZX for 1000 < Ra*< 300,000 shows the same asymptotic
characteristics as the plot in Figure 1.4. There was found to be no

effect on heat transfer for Raq\s 1000. Also, the effect is negligible

until a certain entry value of TI‘/4GZX is reached which depends on

%

Ra .
The Effects of Non-Newtonian Behavior
Flow media which depart from the well known Newtonian model,
T=n [ du/dr I, have received a great deal of attention in recent

years. They are important to many industries including rubber,
plastics, synthetic fibers, petroleum, soap, cosmetics, pharma-
ceuticals, cement, food, paper, paint, biological fluids, printing,
ore processing, brewing, and distilling.

The departure from Newtonian behavior can result in peculiar

phenomena. Dilatant fluids (viscosity increases with shear rate)
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"'shatter' with a loud crack when a critical flow rate is attained in a
confined flow. Viscoelastic fluids (exhibiting elastic behavior) climb
a rotating shaft due to the tensile normal stresses generated. Visco-
elastic behavior in the turbulent flow of dilute polymer solutions re-
duces the drag even though the viscosity is greater than that of the
original fluid,

Non-Newtonian behavior has been observed only in fluids where
particles, bubbles, or large molecules are present in the fluid media.
A change in the flow rate causes a change in the interaction between
the particles resulting in non-linear behavior. For example, the
macromolecules in many polymer solutions have a ''pig's tail'' struc-
ture. At low flow rates they are oriented in a random fashion in the
flow media and tend to become greatly entangled with one another.

As the flow rate is increased, the molecules tend to straighten and
orient themselves more in the flow direction. At the same time
degradation increases as more of the molecules are sheared or
pulled apart. The result is a decrease in apparent viscosity (T/v)
with the increasing shear rate, ¥ (pseudoplasticity).

The entanglement of the molecules also explains the viscoelas-
tic behavior of most polymers., The helical-shaped molecules inter-
act like entangled springs.

Other particle interaction mechanisms are created by electro-

static bonding of particles into chains. In still others, macro-
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molecules are formed by agglomeration. The subsequent change in
particle bonding under varying flow conditions causes non-linear
behavior,.

Dilatant behavior is a relatively rare phenomenon that has been
documented in certain suspensions of particles in the 5-20 micron
range. The particle concentration necessary for such behavior is
usually 30-50% by volume and quite critical. A possible mechanism
to explain such behavior follows. At low shear rates, the particle
surfaces are well lubricated by the fluid media and slide over each
other with relative ease. At progressively higher shear rates the
particles interact at an increasing rate to scrape dry more and more
of the surface of an adjacent particle, This results in an increase in
flow resistance which appears as an increase in apparent viscosity
with increasing shear rate., The range of shear rates for which dila-
tant behavior is exhibited is usually quite limited. Once thought to be
related to volume dilatancy, Metzner and Whitlock (58) have demon-
strated otherwise,.

In a tube flow, pseudoplastic behavior promotes the same dis-
tortion of the velocity profile as heating does in the case of tempera-
ture-dependent viscosity. That is, the profile becomes blunt and
steeper at the wall, Dilatant behavior promotes the opposite effect,
analogous to cooling in the case of temperature-dependent viscosity.

Thus, one would expect an increase in heat transfer as pseudoplastic
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behavior becomes more severe; and conversely, a decrease in heat
transfer as the degree of dilatancy increases.

An introduction to basic rheology is given by Fredrickson (27).
Bird (5) has written a review of the use of various empirical models
to describe flow behavior. Skelland (95) has covered the non-Newton-
ian flow and heat transfer state of the art from a design standpoint.

In order to accomplish analytical progress in studying heat
transfer to non-Newtonian fluids, a compromise has been made,
Simplicity at the expense of accuracy has been the criterion in the
choice of rheological models. Any one of these models cannot begin
to describe the wide range of behavior which has simply been labeled
non-Newtonian. The rheologists dream, a general constituitive
equation which simply and accurately describes the behavior of all
fluids under a broad range of temperature and flow conditions, is not
a reality. In the absence of a general equation, the engineer has had
to use a patch-work of relatively simple empirical equations each of
which is justified for a particular class of fluids over a limited range
of temperature and flow conditions. Hence, a vast literature has
been developed, each investigation embracing a particular rheological

model,
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Non-Newtonian Effects~--Isothermal Tube Wall

Isothermal wall data have been gathered for a variety of fluids,
Orr and Dallavalle (73) studied the vertical flow of water-clay, water-
powdered copper, water-powdered aluminum, ethylene glycol-
graphite, and ethelene glycol-aluminum. Thomas (98) studied
thorium oxide-water. Charm and Merrill (7) used ammonium algi-
nate, applesauce, and banana puree in their work.,

The majority of data have been collected for polymer melts and
solutions., Polymer melt data have been taken by Gee and Lyon (28),
Griskey and Wiehe (32), Forsythe and Murphy (26), and Collins and
Filisko (15). Polymer solution data were taken by Metzner, Vaughn,
and Houghton (59) for water-CMC and water-carbopol; Metzner and
Gluck (57) for water-carbopol; Hanks and Christiansen (35) and
Christiansen and Craig (9) for water-CMC and water-carbopol; and
Oliver and Jenson (72) for water-CMC, water-carbopol, water-
polyox, and ethyl alcohol-carbopol.

Analytical studies employing the power law model,

oKD (1. 24)

have been made by Lyche and Bird (49), Toor (99, 100, 101), White-
man and Drake (105), Pawlek and Tien (75), and Foraboschi and de

Federico (24). Hirai (37), Wissler and Schechter (106), Kumar (46),
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Stephan (96), and Samant and Marner (82) obtained solutions for the
Bingham plastic model:

T =T +mn vy (1.25)

Shulman, et al. (90) employed a non-linear plastic,

n
T =T 4+ n v
o nov (1.26)

in their analysis.

None of the above analyses have included property variation
with temperature. Solutions using a temperature-dependent power
law are documented by Forsyth and Murphy (26), Hanks and Chris-
tiansen (35), Christiansen and Craig (9), Korayem (44), Christiansen,
Jensen, and Tao (11), and McKillop et al. (53, 54). Gee and Lyon

(28) used a temperature-dependent Ellis model.

T = noJ—n, n = n (T) (1.27)
1+KT

and Christiansen and Jensen (10) adopted a temperature-dependent

Powell-Eyring model,

. AH/RT 1 ye
+ — 351 - .
noye Cl sinh C (1.28)

in obtaining solutions.
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Non-Newtonian Effects--Uniform Heat Flux

Lyon (50) has developed equations for the case of uniform heat
flux at the wall which can be used with any temperature~-independent
rheological model. The equations which are restricted to the ther-

mally fully developed region include:

1 i 2
1 d§ u
N—u’zg? v 24z (1.29)
(o]

o}

where Z is a dummy variable and £ = 2r/D.

Sestak and Charles (87) extended Lyon's solution to include
radial-dependent heat generation. For the special case of viscous
dissipation using the power law model, for the fully developed region
they obtained:

. B (n)
Nu B (n) oo (1. 30)

T 8(3n+1)

where B(n) is the solution by Bird (4)(shown below) and others for
the case without viscous dissipation, and Br' is the modified Brink~
mann number.

Bird (4) has obtained asymptotic solutions (in addition to a
series solution) for large and small values of the dimensionless

axial coordinate. Using the power law model, Bird obtained

Nu = 1.412 61/3Gz1/3 (1.31)
X X
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for the thermal entry region. For power law fluids, 6= (3n+1 /4n)
and for % 6sz > 100 the error is less than 1% compared to the

/3

1
series solution. Except for the 6 term which corrects for the
non-Newtonian effect on the shear rate, the solution is the same as

for the constant property Newtonian case.

For the fully developed regime, Bird obtained:

8(n+l)(n+3)(n+5)

Nu (1.32)

n3+13n2+43n+31
A solution for the Ellis model also appears in this paper. All of the
solutions were restricted to the condition of temperature-independent
properties.

Grigull (31) obtained the same solution as Bird for the fully
developed region using the power law model. Temperature variation
of properties was not included.

Gill (29) added the possibility of viscous dissipation to the model
and obtained a series solution. As with most of the series solutions,
the eigenvalues are functions of the rheology parameters (in this case,
n). Consequently, a new set of eigenvalues must be obtained for each
new n.

Michiyoshi and Matsumoto (61) solved the same problem sub-
stituting uniform heat generation in lieu of viscous dissipation. Some

results were obtained for sz < 25,
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McKillop (52) used the power law model and a numerical solu-
tion of the continuity, momentum, and energy equations for two-dimen-
sional flow to get results for pseudoplastic fluids. Temperature vari-
ation of properties was not allowed, and both fully developed and uni-
form entry velocity profiles were specified. For the case of fully
developed entry flow, NuX showed a 7.5% increase when n was
changed from 1 to 0.5 at sz = 100w. At the same sz, for a
change in n from 1 to 0, a 119% increase in NuX was observed.

Other power law solutions include those by Inman (40) for the
fully developed region and circumferentially varying heat flux, and
by Deyoung and Scheele (18) for flow in a vertical pipe. In neither
case is the rheology temperature dependent.

The Bingham plastic model was used by Michiyoshi (60) and
Michiyoshi, Matsumoto, and Hozumi (62) to investigate, first the
fully developed region, and then a short way into the thermal entry
region (sz < 12.5m). Both investigations include internal heat
generation.

Matsuhisa and Bird (56) used a & based on the Ellis model to
modify Bird's previous thermal entry region solution. The Ellis
model was then applied to the Lyon solution to obtain results for the
fully developed region. Ellis model solutions for isothermal flow and
isothermal walls were also presented.

Mitsuishi and Miyatake (63) also obtained solutions for the Ellis
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model. They solved both the isothermal wall and the uniform heat
flux problem. Eigenvalues for 5 values of the model parameter, n,
are given for each solution.

Schenk and Van Laar (85) investigated the flow of Prandtl-

Eyring fluids,

C

T = C sinh‘1<—1‘—> (1.33)
2

where C1 and C2 are empirical constants. Provision for specifying
the external (outside tube surface) Nusselt number was made. Only
cooling was allowed and results were obtained for flows with and
without viscous dissipation. The cases investigated included infinite,
finite, and zero external Nusselt number. Typical of other eigen-
value solutions, the results are limited to relatively small values of
sz (near the end of thermal entry region).

In other papers, Schechter and Wissler (83) and Henning and
Yang (36) have obtained solutions for the flow of Bingham plastics in
tubes with insulated walls. Both analyses include internal heat gen-
eration, and the latter paper gives experimental data on the Joulean
heating of aluminum-sulfuric acid slurries.

The investigations described so far have been conducted with
the restriction of temperature-independent transport properties.
Mizushina et al. (66) derived a solution using the power law with

temperature-dependent consistency, K. They modified Bird's
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asymptotic solutions by applying a correction term (Kb/KW)O' 1/n0 7.
These solutions were supported by data taken using glycerol (New-
tonian) and aqueous solutions of CMC. The data include the region
10 < sz < 300 which covers the end of the developing region and
the beginning of full development. Significant scatter suggests the
possibility of buoyant effects which are not accounted for.

Using a temperature-dependent power law, Mitsuishi and
Miyatake (64, 65) paralleled Pigford's work. In their derivation a
uniform shear rate is specified all along the pipe wall. To compen-
sate for this inaccuracy, the authors evaluate 6X at the axial mean
wall temperature up to that point. Plots of & as a function of dimen-
sionless heat flux (which includes the temperature dependence param-
eter for the rheology) and 1/n are presented. The solution differs
from Bird's only in the method of evaluating &.

Experimental data taken in a vertical pipe for aqueous solutions
of CMC are also presented. The flow behavior indices (n) of the
fluids were 0. 735, 0.667, and 0. 606. Natural convection effects
were not considered. The approximate range of local Graetz num-
bers covered were 25 < sz < 1500.

Cochrane (12, 13) investigated the thermal entry region for
temperature-dependent power law flows by solving the boundary layer
equations numerically. The results show a 3, 7.5, and 19% increase

in heat transfer over the Newtonian case for n = 0.75, 0.50, and
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0.25 respectively (with no temperature variation of viscosity). Using

a rheological model,

T = K({(eAH/RT)n (1.34)

where AH is the so-called activation energy and R is the universal
gas constant, he obtained results for both heating (12) and cooling
(13). For dimensionless flux, ¢ = q"D/kTo = 2.0, n=1, Pr0= 1000,
and AH/RTo = 5,the increase in Nux is 5% at sz = -E X 105 and

14% at sz = -Z— b'e lO2 compared to the constant property solution.
For AH/RTo = 10 and other conditions the same, the increase is 7
and 27% respectively. In the case of cooling, the magnitude of ¢
imposed was low (0.25). However, of interest is the comparison of
the relative changes in Nu from the constant property solution. The
relétive decrease in Nux was almost twice as great during cooling

as the relative increase during heating.

Bader, McKillop, and Harper (1) also solved the boundary
layer equations for entrance region flow of temperature-dependent
power law fluids. The results are compared with data taken on
aqueous hydroxyethylcellulose and sucrose and aqueous HEC alone.
The flow condition on entry to the heated section was one of uniform
velocity. Results for entrance Prandtl numbers from 144 to 270 are

reported for the two fluids with n=0.85 and 0.62. The results are

not presented in terms of the usual Nux against sz and are difficult
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to interpret. In addition, the paper is brief and further weakened by
the unavailability of the back-up reference.

Khabakhpasheva, Popov, and Perepelitsa (42) and Kutateladze
et al. (47) report what is apparently the same set of data on the flow
of a 1% aqueous solution of Polyacrilamide. The fluid is viscoelastic;
however, for fully developed, steady, laminar flow in circular tubes
(in the absence of natural convection) no elastic effects emerge. The
data are presented in terms of NuxX_l/3, where X is a factor eval-
uated from an uncommon rheological model (at least in Western lit-
erature). In addition, the local Nusselt numbers have been ''reduced
to quasi-isothermal conditions by extrapolating to zero values of the
heat flux. ' These factors make it virtually impossible to interpret
the data.

Etchart (20) took rheological data for several non-Newtonian
fluids from the literature and obtained heat transfer results for them.
He used a temperature-dependent Powell-Eyring model and solved
the boundary layer equations numerically.

Forrest and Wilkinson (25) chose a temperature-dependent non-
linear plastic and the momentum and energy equations without the
radial velocity terms to model the problem. The equations were
solved numerically, and results were obtained for both heating and

cooling. Additional results were also obtained showing the effects of

viscous dissipation.
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Buoyancy in Non-Newtonian Pipe Flows

The only attempts to account for buoyancy eftects in non-New-
tonian horizontal pipe flows have been made by Metzner and Gluck
(57) and Oliver and Jenson (72). Both of these studies were experi-
mental and involved isothermal wall conditions.

Metzner and Gluck correlated results obtained from aqueous
solutions of carbopol and the data of Charm and Merrill (7) for aque-
ous ammonium alginate, applesauce, and banana puree. The corre-

lation,

0.14
Nao = 17563 Cb 12.6 [Pr Gr 2 0.4|1/3
u .75 'I_{—‘; Gzab+ 2. ( r,,OT, E) (1. 35)

scattered the data appreciably, but was an improvement over other
correlations which ignored buoyancy effects.

Oliver and Jenson took data on the heating and cooling of aque-
ous solutions of carbopol, polyox, and CMC and ethyl alcohol-carbo-

pol. They found that their data were better correlated by

K \0.14 /
. 75]1
Nu = 1.75(——@) [Gz +0.0083 (Gr_Pr )° 75] 3 (1. 36)
ab w W

m K
W

than by the Metzner and Gluck equation. However, they agreed with
Metzner and Gluck that the wall conditions control natural convection
in non-Newtonian horizontal flows. They show that buoyancy can

have a greater effect on the rate of heat transfer than either the
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non-Newtonian or temperature-dependent viscosity effects. Based on
their results, they claim that heat transfer can be increased as much
as 100% for less viscous non-Newtonian fluids.

At this time, no work has been reported on the effect ofvis-
coelasticity in laminar pipe flows which have developed secondary

flows.

Conclusion

Heat transfer to laminar, non-Newtonian, horizontal pipe flows
has been well investigated for the case of isothermal walls. Although
the effects of buoyancy can be important under certain circumstances
for the isothermal wall, it is of greater importance in flows with uni-
form heat flux at the boundary. Unfortunately, the lumped parameter
correlations developed for the isothermal wall are of little use for the
uniform heat flux case where local values are of inferest.

Exclusive of the effects of buoyancy, the case of uniform heat
flux has received a great deal of analytical attention. However, only
Newtonian fluids have been investigated to determine secondary flow
effects. Even those studies are not exhaustive. The experimental
data for non-Newtonian flows in uniformly heated (or cooled) hori-

zontal pipes are sparce and poorly documented.
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2. OBJECTIVE AND DESIGN OF EXPERIMENT

Objective of Present Study

The objective of this investigation is to gather experimental
data on the uniform heating of pseudoplastic fluids in laminar flow in
horizontal, circular tubes so that the effects of non-Newtonian beha-
vior, temperature-dependent viscosity, and buoyancy on the rate of
heat transfer can be interpreted.

In order to assist in the interpretation of the results, compari-
son with and utilization of existing theory and analyses will be attempt-
ed. A lumped parameter correlation accounting for the various ef-

fects will be sought,

Design of Experiment

It was obvious from the outset that the entire thermal entrance
region could not be investigated. Full development for flows without
appreciable natural convection occurs for Graetz numbers in the
vicinity of 10, Either very low flow rates or very long heated sec-
tions are necessary to obtain this value. The maximum test section
length that could be accommodated in the available facilities was 10
feet, This allowed room for a flow development section not to exceed
5 feet. It was deemed undesirable to turn the flow after entering the

flow development section and before leaving the test section.
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The working fluids chosen were dilute aqueous solutions of the
polymers sodium carboxymethylcellulose (CMC) and polyethylene
oxide (polyox). These fluids have been used extensively by others
who have conducted non-Newtonian investigations and their character-
istics are well known. Their behavior is pseudoplastic, and the de-
gree of behavior increases with increasing concentration. Aqueous
CMC produces flow behavior indices (n) as low as 0.6 to 0.7, and
aqueous polyox as low as 0.3 to 0.4. Behavior is maintained over a
wide range of shear rates. The fluids are non-toxic; and the proper-
ties, other than viscosity, are essentially equal to those of water,
Their cost is not prohibitive.

A dilatant flow system of ethylene glycol and corn starch was
also considered. This system has been investigated extensively by
Griskey and Green (33, 34), Roberts (81), and earlier by Fisher (23,
p. 194). It was not found possible to duplicate their results over a
significant range of gshear rates, and plans for its use were aban-
doned.

Test section diameters of 0.5 and 1.0 inches were selected
primarily due to their popular use in practice. In addition, smaller
sizes have a larger wall thickness to diameter ratio increasing the
possibility of significant heat conduction in the wall, Smaller sizes

also discourage buoyancy since the buoyancy parameter Gr varies

directly with D4. Larger diameters drop the wall shear rate and
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lower the heat flux input possible for a given flow., Large diameters
also increase heater costs and construction time.

Based on flange design, plastic pipe wall strength, pumping
losses, and the possibility of viscous dissipation, the maximum
allowable pressure drop along the entry and test sections was set at
100 psi. Using viscometric data obtained on the most viscous fluid
to be tested, a maximum flow rate of 1 ft3/min was calculated, This
calculation was made on the assumption of a 5-ft long flow develop-
ment section.

The maximum wall shear rate expected for this flow rate was
calculated and found to be within the capability of the available vis-
cometer., The maximum hydrodynamic entry length based on the
least viscous fluid to be tested was found to be 2.4 ft. This was cal-

culated using the Newtonian model (which is conservative):

L - 0.0575 D Re (2.1)

The maximum Reynolds number expected was 500. To assure full
development of the flow, an entry length of 5 ft was chosen for both
test sections.

In order to minimize the possibility of heat transfer to or from
the fluid in the entrance section, an entry temperature of 70 ¥ was
chosen. To stay well away from the boiling point, a maximum wall

temperature of 180 F was selected. Using the constant property



35
Graetz-type solution, the maximum power input necessary to achieve
this temperature for a number of flow rates from 0.1 to 1.0 ft3/min
was determined. This figure was scaled up approximately 50% to
account for an increase in heat transfer due to property variation
with temperature., The maximum design power was thereby set at
7500 watts,

Using the results of the above solution, axial positions at which
wall temperatures were to be recorded were chosen. Positions were
chosen at 10 F changes in the wall temperature in order to space the
data conveniently. The initial position was chosen at 3 inches from
the entrance to the test section. This was the closest position to the
entrance at which axial conduction was calculated not to exceed 2% of
the input heat flux., Other positions chosen were 9, 18, 30, 48, 72,
96, and 117 inches from the entrance of the test section. To provide
for the possibility of the presence of buoyancy, it was decided to
monitor the temperature at the top and bottom of the tube wall at each
axial location.,

With these design criteria in mind, it was planned to run flow
rates of 0.1, 0.5, and 1.0 ft3/min for each fluid and each test sec-
tion. Two or 3 concentrations of each polymer would be used to
cover the range in flow behavior indices from 0.3 to 1.0. In each

case, the power necessary to bring the maximum wall temperature
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to 180 F would be applied. As a result, a large amount of local heat

transfer data would be collected for 100 < sz < 40,000.



37
3. DESCRIPTION, DESIGN, AND CONSTRUCTION
OF APPARATUS

A schematic diagram of the entire test apparatus is shown in
Figure 3.1. Fluid was drawn from the feed tank by the pump through
a short span of 2 in. piping. It was pushed through 13 -inch piping to
the tube side of the heat exchanger where it was cooled by water on
the shell side. From there the fluid passed through more 13 -inch
piping to a static mixer where temperature gradients were destroyed.
It then flowed through a 10-inch long viewing section just prior to
having its bulk temperature measured. The flow was then routed to
one of two entrance sections which were flanged to the test sections,
Once in the test section, the fluid was uniformly heated by electrical
resistance heaters located on the walls, Thermocouples located at
various axial positions along the test section monitored the wall tem-
peratures, At the exit to the test section another static mixer pre-
pared the fluid for a bulk temperature measurement., Upon leaving
the mixer, the fluid was transported via 13 -inch piping to a weight
tank atop a beam balance scale. From there it was dumped back into
the feed tank. A tank mixer kept the fluid supply to the pump at uni-
form temperature and provided mixing capability in preparing the
working fluids,

A wood framework was used to support the apparatus and pro-

vide a means of inclosing the test sections. The inclosure extended
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from a point 1 ft upstream of the inlet flanges to the end of the static
mixer beyond the outlet of the test section. It was filled with loose,
vermiculite insulation., It was 24 inches wide and 18 inches deep.
The purpose of using loose insulation in lieu of a wrap type was to
eliminate the problem of getting around obstructions within the inclo-
sure, A disadvantage encountered with the loose insulation was diffi-
culty in its handling. Removal and replacement were tedious, and in

the process, a choking dust filled the room.

Flow System

A 55-gal steel drum was used for the feed tank. The bottom
was removed, the drum inverted, and the 2-inch fitting (once at the
top) was used as the exit,

The tank mixer was driven by a 240 volt DC motor, rated at
1/3 HP at 1750 rpm, through a 5 to 1 gear reduction unit, Power
was provided by a 110 volt variable transformer coupled to a 2:1
step-up transformer and a full wave bridge rectifier. A 4-inch
diameter, 3 blade, paddle stirrer was scaled up from a design
recommended by Union Carbide Corp. (102, p. 5) for the mixing of
water-soluble polymers,

The pump was a Moyno, 2L4, 'progressing cavity'' type with a
tool steel rotor and a Buna N rubber stator. It was selected to pro-

vide a steady, almost positive displacement, flow with less shearing
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action than a gear pump or a centrifugal pump. The rotor was 18 in.
long and 13in. in diameter. It performed much like a screw con-
veyer, As the rotor turned within the stator, the fluid was pushed
along in a cavity that progressed downstream. Increasing pressure
and/or increasing viscosity reduced the capacity. However, the
process was the next best thing to positive displacement.

The pump was rated by the manufacturer at 24 gpm at 1200 rpm
for fluids with viscosity in the range 1-1000 centipoise and moderate
exit pressure. Output dropped to 9 gpm at 450 rpm for a viscosity of
2500-5000 cp. These outputs decreased to 22 gpm and 6.7 gpm
respectively when the exit pressure was increased to 80 psig.

The pump was driven by a 240 volt DC motor rated at 2 HP at
1750 rpm. Speed reduction was accomplished by V-belt and sheaves.
The sheaves had pitch diameters of 2,65 and 8.0 inches resulting in
a 3.06:1 speed reduction.

Power was supplied to the motor armature using a 220 volt
variable transformer and a full wave bridge rectifier. Rectifier out-
put was smoothed with 2000 uf of capacitance. Power to the field was
supplied from 208 line voltage and a full wave bridge rectifier.
Smoothing was provided by 20 pnf of capacitance.

The shell and tube heat exchanger had 2 tube passes and
approximately 20 ft:2 of heat transfer area. The tubes were 3/4 inch

in diameter and 5 ft.long. The shell side inlet was connected to city
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water by a rubber hose. A rubber hose at the exit led to a drain.
According to the design specifications for the experiment, the area
was more than adequate,

Construction of the static mixers was based on a design patented
by Kenics Co. (74). The mixer consisted of a series of '"bow tie"
elements that were fabricated from 0.10 inch, annealed aluminum
sheet. Rectangular pieces, 1.939 inches wide and 3,25 inches long,
were held at one end while the other end was twisted 180°. Equal
numbers of clockwise and counter-clockwise elements were made,
the ends notched, and joined at right angles with epoxy glue. Ele-
ment twist directions were alternated in the joining process, The
idea of the design was to split, develop, and turn the flow with each
new element, For N elements, the flow would be divided into ZN
strata, and the size of each strata would be D/ZN.

Ten elements were coated with epoxy paint and inserted into a
2-inch, 'hi-temp' PVC pipe 30 inches long. The ends were capped
with reducing couplings to retain the elements and provide coupling
to 13 -inch pipe.

The entrance section ahead of the small test section was %-
inch, schedule 80, PVC pipe (0.840-inch OD and 0,546-inch ID) with
a length of 5 ft, Plastic pipe, with its low thermal conductivity, was

used to limit conduction losses from the test section. The large test

section was preceded by 5 ft of 1 inch, schedule 40, PVC pipe
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(1.315-inch OD and 1. 049-inch ID).

The entrance sections were flanged to the test sections. The
flange for the small entrance section was fabricated from 3 -inch
PVC flat stock. Its outside diameter was 3% inches. Four 3/8-inch
diameter holes were drilled on a 2 inch bolt circle, and the center of
the flange was drilled and tapped for 3 -inch pipe. The entrance pipe
was threaded and screwed into the flange to within 1/8 inch of the
bearing face.

A standard l-inch, 150 psi, PVC flange was used for the large
entrance section, It was a slip-on type secured with PVC cement,
The end of the pipe was butted against a lip on the flange 1/8 inch
from the bearing face.

The small test section was fabricated from a 10 ft-7/8 inch
long piece of 5/8-inch OD, hard drawn, copper tubing. Wall thick-
ness was 0.040 inch giving an inside diameter of 0,545 inch. A
1-1/8-inch OD, 0.035-inch wall copper tube of the same length was
used for the large test section, It had an inside diameter of 1. 055
inch,

The flanges on both test sections were fabricated from + -inch
carbon steel plate., They matched the dimensions of the correspond-
ing flanges on the entrance sections except that 5/16-inch bolt holes
were drilled, The flanges were silver-soldered to the test sections

leaving a 1/8-inch lip at each end.
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Assembly to the entrance sections was made using 1/16-inch
thick rubber gaskets and 5/16-inch steel bolts, The lip on each test
section was a snug fit inside the corresponding entrance section
flange. When the sections were mated, the edge of the test section
was within 1/16 inch of the edge of the entrance section.

The test sections were supported vertically and horizontally at
the entrance by inserting the flange bolts through a 3 inch thick piece
of plywood which was in turn bolted to the supporting structure., The
reaction from the pressure drop in the entrance and test sections
was taken here. The small test section was given additional verti-
cal support at two midspan locations and at the opposite end using
light construction from wood and PVC, The large test section was
given additional support at the mid~point and at the opposite end in a
similar manner, The materials used and the care taken to minimize
the heat transfer area limited the conduction losses from the
supports,

The small test section was located with its center axis 5 inches
from the inside wall of the inclosure and 9 inches from the bottom.
The large test section axis was 9 inches from the opposite side and
9 inches from the bottom,

The flanges which mated the test sections to the exit piping
were identical in size to those at the entrance. They were composed

of CPVC 'hi temp'' (chlorinated PVC) material for operation at the
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higher temperatures at the outlet. The exit piping, from test section
to weigh tank, was also of the same material. Exceptions were the
Celcon gate valves near the test section exits.

The weigh tank was constructed from a 17-gallon steel drum.
The side fitting was used in attaching 13-inch piping and a Celcon
gate valve.

A photograph of the apparatus in which the pump, feed tank,
tank mixer, weigh tank, and scale are prominent is displayed as
Figure 3.2. The stirrer is unattached from the mixer and sitting
along side the motor.

The static mixer used upstream of the test sections is shown
in Figure 3.3. Two elements are displayed in the foreground. The
thermocouple reference junctions and ice bath container are on the
left, and the heat exchanger is in the background.

A view of the test sections in place with the loose insulation
removed from the inclosure is shown in Figure 3.4. The white con~
duit between the test sections contained the thermocouple wires and

provided a surface for running the heater hookup wire.

Test Section Heaters

Selection of Heaters

Several methods of uniformly heating pipe flows have been used.

They include:
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Figure 3.2. View of test apparatus showing pump, feed tank, tank
mixer, weigh tank, and scale.

Figure 3.3. View of entrance piping, heat exchanger, static mixer,
mixer elements, and thermocouple reference junctions
with ice bath container.
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Figure 3.4. Test sections with surrounding insulation removed.

1. Joulean heating of the pipe wall.

2. Coating a non-conducting pipe with a thin conductive layer.

B Wi‘apping the pipe with nichrome wire or ribbon..

4. Applying longitudinal strips of nichrome wire or ribbon to
the pipe wall,
All of these methods incorporate electrical resistance heating of the
conductive media.

In evaluating these methods for possible use in this investiga-
tion, the following factors were considered:

1. Heat losses from lead wires.
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2. Uniformity of heat distribution,

3. Effect of temperature on heating elements and insulators,

4, Effect of method on wall temperature measurement,

5. Power supplies available,

6. Availability of materials,

7. Construction complexity,

Joulean heating of the pipe wall by simply supplying an electric
current to it was an attractive possibility, The advantages are sim-
plicity of construction, easily available materials, and the absence
of insulating materials (which might overheat). The best material
from a resistivity standpoint is stainless steel, Tubing is readily
available in a variety of sizes. The tolerances are no worse than for
wire or ribbon and are better than those on thin conductive films,
However, in order to keep a reasonable tolerance, the limit on wall
thickness is about 10 mils (0.010 in.).

For a design I.D. of 0.5 and 1.0 in., very high currents would
be needed to dissipate the maximum design power of 7500 watts, A
power supply capable of delivering approximately 500 amps would be
required, In addition, the high currents would require large lead
wires through which substantial heat losses would occur. Another
probhlem is introduced in measuring the wall temperature, If the
thermocouples are fastened directly to the wall, the measurement

system must operate above ground, creating a shock hazard, If the
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thermocouples are insulated from the wall with a thin strip of film,
a sizable measurement error can occur,

Coating a non-conductive tube with a conductive layer is also
attractive for its simplicity of construction (provided someone else
does the coating). However, film thickness must be on the order of
10 microns, and the control is not very good. Users have reported
large uncertainties. Another negative factor for this method is the
relative high cost of meeting the design criteria.

Wrapping the pipe with nichrome wire or ribbon is a low cost
alternative, The element size can be matched to almost any power
requirement, and low currents can be used. Though the concept is
simple, c0nstructién problems are more formidable., Each wrap
must be insulated from the pipe wall as well as its immediate neigh-
bors. The ingulation must be thin enough to prevent the heater ele-
ment from attaining temperatures which would destroy the insulation
integrity, yet it must be strong enough to resist puncture.

A serious problem peculiar to the wrapping method is the
possibility of local hot spots due to element expansion, Although
temperatures are moderate, the relatively long length of heater ele-
ment comprising the wrap can expand substantially. If the expansion
localizes, the heater element will pull away from the wall and sub-
sequently overheat, Such overheating is not so much a danger to the

element as to the insulation which is sensgitive to high temperatures.
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Application of longitudinal nichrome wires or ribbons to the
pipe wall has advantages similar to wrapping but with a lower risk
of developing local hot spots. Shorter element lengths and element
layout discourage the localization and diminish the magnitude of the
expansion, This method requires the most construction time; how-
ever, the materials are inexpensive, Since this method was able to
satisfy our requirements and more closely match our capabilities, it

was chosen,

Design of Heaters

Initially the task of design and construction of the heaters was
turned over to Electrofilm Corporation. Their design entailed the
use of nichrome wire elements which ran longitudinally along the
tube. The elements were spaced 0.1 inch and were held in place in
a silicon rubber medium bonded to the tube wall., Unfortunately, cold
regions between the elements made the test sections unsuitable for
use in this investigation,

Design and construction were then undertaken in the laboratory
using closely spaced longitudinal elements of nichrome ribbon. The
design criteria formulated were:

1. Heater element area equal to the inside area of the tube.

2. Overall heater resistance in the range 2.1 < R <12 ohms,

with a target of 7-8 ohms,
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The second criterion was dictated by the size of the available power
supply.

In trying to cover the maximum possible area and for ease of
construction, it was desirable to minimize the number of elements.
However, larger widths required reduced thicknesses, not only to
meet resistance specifications, but also to conform to the tube wall,
Availability decided the issue, and a 1/8-inch wide, 35 BWG, 0.93
ohm/ft ribbon was chosen. The design for each test section was
developed around this choice of ribbon and the two design criteria.

A schematic diagram of the layout of the heater elements for
the small (0.545-in I.D.) test section is shown in Figure 3.5. The
solid lines are individual elements, and the dashed lines are lower
resistance connections and lead wires. The design consisted of 7
pairs of elements running the length of the test section (10 ft,
nominal), The elements in each pair were at the same potential,

and no attempt was made to isolate them from each other,
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Figure 3.5. Schematic diagram of heater layout for small test sec-
tion,
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Connections at the ends and midpoint were made such that one might
think of the design as 35 ft of paired elements at the front end in
parallel (electrically) with the 35 ft at the other end. The resistance
is 8. 14 ohms for such a model, and the heater area is 102% of the
inside wall area.

A schematic diagram of the layout of the heater elements for
the large (1.055-in, I.D.) test section is shown in Figure 3,6, The
design consisted of 13 pairs of elements running the length of the test
section., In order to determine the resistance of this design, one
might think of it as equivalent to three 43.33-ft. pairs (each end and
the middle) in parallel with one another. The resistance is 6,72

ohms, and the heater area is 98.1% of the inside wall area.
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Figure 3.6, Schematic diagram of heater layout for large test sec-
tion.
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Construction of Heaters

Construction of the heaters, placing, and securing them on the
test sections presented some formidable problems., First of all, it
was necessary to isolate the elements electrically from the tube wall,
This requirement created a new problem in that a temperature drop
across the insulation would be necessary to drive the heat flux. Thus,
the insulation thickness was limited by the maximum temperature it
could sustain without losing its integrity.

Secondly, the elements had to be held temporarily in place so
that the critical spacing between each pair could be accomplished.
The design spacing was about 50 mils on the small test section and
about 20 mils on the large test section. Very often in the construc-
tion the elements had to be removed and re-applied to accomplish the
correct spacing.

In an initial attempt to solve these problems, a 1-mil mylar-
backed tape with 1 mil of acrilic adhesive on each side (total thick-
ness of 3 mils) was tried. The working temperature of the tape was
limited by the adhesive to 130 C. Although the backing was quite
tough, electrical continuity developed between the heater elements
and the tube wall during construction. This apparently resulted
from the presence of metal fragments under the elements which
punctured the tape backing.

Subsequently, one layer of the mylar tape was applied
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longitudinally in lengths not exceeding 2 ft. The tape width was 1
inch. Thus, 2 strips were a perfect fit on the small test section,
while 3 and a large fraction covered the large test section. A 4-mil
fiberglass backed tape with 3 mils of silicon adhesive on one side was
then wound, adhesive side out, without overlap, on top of the mylar
tape. This tape was limited by its adhesive to operation below 180 C.
However, silicon adhesives do not conduct when charred as other
adhesives do, leaving some margin beyond 180 C. The total insula-
tion thickness of 10 mils with thermal conductivity estimated at
0.10 Btu/hr-ft-F, could be expected to induce an 85 C temperature
difference between the elements and the wall of the small test section
when 7500 watts was dissipated. Since the largest wall temperature
was planned to be 85 C, the total of 170 C was less than the critical
temperature.

Another area of concern was that of providing electrical con-
nection between heater elements. The nichrome alloy could not be
soldered; and since the desirable time to make the connections was
during application to the test section, silver soldering, welding, or
brazing were not good alternatives (due to possible damage to the
insulating tape). The problem was solved by using a portable elec-
tric spot-welder to fasten 1/8-inch wide, 5-mil thick, brass strips
to the elements where connections were needed,

Attachment of leads was accomplished by soldering to a brass
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strip that was spot-welded to the appropriate element., The lead was
then rolled up in the strip tightly against the element and further
soldered to prevent a hot spot from developing on the strip. Wire
used for the leads was #12 BWG, stranded copper. Hook-up wire
was #10 BWG, stranded copper.

The final problem to be addressed was the need to work the
heaters around the thermocouples attached to the test section wall,
It was necessary to attach the thermocouples before mounting the
heaters to avoid overheating the insulating tape. (A great deal of
heat was required to solder the thermocouples to the copper wall,)
It was decided to temporarily terminate each element pair just prior
to each thermocouple location., Although only the elements in line
with the thermocouples needed to be routed around them, all of the
element pairs were treated in the same manner to avoid non-
uniformity., Figure 3.7 shows how each pair was temporarily ter-
minated and spliced by spot-welding to a brass strip. Thus, a 3/16-
inch square area was available to circumvent the thermocouple.
Heating was diminished at a distance of 1/8 inch on either side of
the thermocouple by the presence of the brass strip across the ele-
ment pair., The local effect from this gap in the heating on the wall
temperature is addressed in Chapter 5 and Appendix B,

An added incentive to temporarily terminating the element

pairs was the avoidance of a nightmarish tangle of 10-ft long ribbons.
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Figure 3.7. Method of joining element pairs that were temporarily
terminated at each thermocouple location.

Construction of the heaters by section greatly eased the handling and
spacing problems.

Thus, after laying the insulation on each section, the ribbons
were cut to the appropriate length, The elements in each pair were
then fastened together by spot-welding a brass strip across them at
each end. One end was spot-welded to its temporarily terminated
mate, and the pair were pressed down on the adhesive. When all the
pairs were hooked up, laid down, and properly spaced for a given
section, fiberglass tape (the same as used beneath the elements) was
wound tightly around the outside, with a slight overlap, up to the
next thermocouple location. When the test section was completed,
an extra wrap of fiberglass tape was applied. Epoxy glue was applied
to the lead attachment regions to strengthen those areas. Finally the
whole test section was given a coat of polyurethane insulating spray.
Particular attention was given to the regions around the thermo-

couples to insure isolation from the heater elements.
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Heater Power Supply

Power to the heaters was provided by a Sorensen model DCR
300-35A, regulated DC supply. The rated output was 0-300 volts and
0-35 amps. Voltage output was regulated to the greater of £0.10%
or £60 mv., If current regulation was chosen, it was controlled to

+£70 ma,

Measurement System

Thermocouple Circuit

A schematic diagram of the thermocouple circuit is shown in
Figure 3,8, Forty-two copper-constantan thermocouples, taken
from the same spool, were used in the investigation. The wire size
was #24 BWG, the insulation was vinyl, the wires were paired, and
the grade was precision. Two reference junctions were formed using
each leg of the thermocouple and a length of #24 BWG solid, copper
hookup wire. An Omega 16-position thermocouple switch was wired
to each of the 16 thermocouples atitached to the wall of a test section.
Another identical switch was used for the other test section. The
output pair from each switch was fed to the input terminals of a third
switch., The latter was a 12 position type leaving 10 input pairs for
other thermocouples, The output pair from the last switch was con-

nected across the input of a Leeds and Northrup, model K-3,
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potentiometer. A #9834 null detector, a #099034 constant voltage
supply, and a standard cell from the same manufacturer were used
in conjunction with the potentiometer.

This precision type circuit, recommended by Benedict (2, p.
67-75), was used to reduce uncertainties in measurement, It was
used in lieu of a more simple circuit in which the reference junction
is switched into each thermocouple loop. The latter practice places
switches, terminals, and instruments in the loop between the mea-
suring junction and the reference junction. The effect is the creation
of another thermocouple which, if a temperature gradient exists
across it, adds an emf to the true value. Benedict estimates these
uncertainties are commonly on the order of 1-2 F for each piece of
hardware so placed in the circuit, The precision measuring arrange-
ment eliminates the hardware from the loop between the two junctions.

The thermocouple junctions were formed with an electric arc
thermocouple welder using an argon environment, The reference
junctions (84 in number) were isolated from one another by pushing
them through a PVC block 2-3/4 inches square, %inch thick, and
drilled 1 inch between centers. The junctions extended 1/8 inch
from the block,

The 16 test section thermocouples were located at axial posi-
tions 3, 9, 18, 30, 48, 72, 96, and 117 inches from the inside (non-

bearing) surface of the inlet flange. Two thermocouples were
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soldered, top and bottom, at each position. The site was prepared
by pitting the surface to a depth not exceeding 15 mils witha 1/16-
inch drill, The surface was heated, the bead located in the pit, and
a layer of solder, deep enough to cover the bead, applied. The area
was dressed with a file so that a solder button, 1/8 inch in diameter
and approximately 1/32 inch deep, was left around the junction.
Epoxy glue was applied to the bare leads which emerged from the
solder, and a 1 inch piece of ''spaghetti'’ insulation was pushed down
over the outside of the thermocouple to complete the isolation from
the surroundings. The leads were cut approximately 1 ft from the
measuring junction,

During the installation of the heaters, 4 of the thermocouples
on the small test section broke near the solder button, Thermo-
couples at 9 (top), 18 (top), and 96 inches (top and bottom) were re-
placed by using an adhesive of 1 part epoxy glue and 3 parts copper
powder. A button of the same size as the solder was fashioned.

After the test sections were installed, the corresponding legs
to the reference junction were spliced into the wall thermocouples,
These were contained in a 1-inch PVC conduit which was centered
between the two test sections., The thermocouples were not wrapped
around the test section, but emerged at right angles from the test
section wall and went directly to the conduit,

An ice bath at the reference junctions was contained in a 4 liter
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stainless steel vessel. The vessel was approximately 7 inches in
diameter and 8 inches deep. It was surrounded with 2% inches of
foam insulation. All this was contained in a larger pail. A top of 3
inch thick plywood and 3 inches of styrofoam was fabricated and
drilled to accept the 1%-inch diameter bundle of wire.

Thermocouple probes used to measure flow temperatures were
constructed by stringing thermocouple wire through a piece of 3-inch
copper tubing, 473 inches in length, The measuring junction was then
soldered into a hole in a copper button which in turn was soldered to
the end of the tube. The end was then dressed up and the probe in-
serted through a Swagelok male connector. Nylon farrules were used
so that when the connector was loosened, the probe could be easily
adjusted. These probes were located in the main flow at the outlet
of the feed tank, just prior to the entrance sections, and just after
the outlet mixer. Another probe was situated at the inlet to the shell
gside of the heat exchanger. A final one was used in an auxilary
capacity to measure, among other things, the ambient air tempera-
ture in the vicinity of the entrance sections,

Thermocouples were also glued to the top of the outside surface
of each entrance section, 6 inches upstream of the inlet flange. Oth-
ers were glued 1 inch downstream of the last wall thermocouple on
the outside wrap of each test section, The final thermocouple was

glued on the thermocouple conduit near the entrance end.



61

Power and Flow Measurement

Shunts, rated 50 mv/30 amp, were placed in both legs of the
heater circuit for the large test section., An identical shunt was also
placed in the parallel leg of the heater circuit for the small test sec-
tion. It was desired to monitor the relative input to each section of
the heater in operation. Any change in relative values would offer a
better indication of local problems than the total input values would.
These shunts were monitored by 2 Fairchild digital voltmeters with
l mv resolution. Since the purpose was only to detect changes,
accuracy was not important,

A 50 mv/30 amp shunt was also placed in the main leads from
the power source to the heaters. A Vidar 500 digital voltmeter with
resolution to 0.1 mv on the lowest scale was connected across the
shunt, Voltmeter accuracy was +£0.1% of full scale (100 mv on low-
est scale)., Provision was also made to switch this instrument
across the output of power supply to obtain an output voltage (1000-
volt scale used). Panel meters with resolution to 5 volts and 0.5
amps were mounted on the power supply providing a rough check on
the output.

The scale used to weigh the fluid was a Fairbanks platform type
with a range of 0-120 lb. It was calibrated with weights to the near-
est ounce. The lower scale, used during test, was incremented in 1

pound intervals, Sensitivity was found to be at least 1 ounce,
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Viscometer and Circulator

The instrument chosen for this investigation was a Haake
Rotovisco rotating viscometer., The instrument's task was to mea-
sure the torque required to turn a rotor or cone against the viscous
drag induced by the fluid sample located between it and a stationary
surface (cylinder or plate), Nine choices of measuring systems were
offered. Five were beaker and rotor types; 3 were plate and cone
types; and the last a double gap beaker and rotor type. Discrete
choices of rotational speed offered were: 3.6, 7.2, 10.8, 21.6,
32.4, 64.8, 97.2, 194.4, 291.6, and 583.2 rpm. The stationary
surfaces were jacketed so that temperature control could be exer-
cized by use of a fluid circulator. A complete description of the vis-
cometer and its capabilities is given by Van Wazer et al. (103, p.
102-108).

Two of the measuring systems were used in this investigation,
The first was a beaker and rotor type (MV-I) with diameters of 42
and 40,08 mm respectively, The second was the double-gap beaker
and rotor type (NV) with diameters of 35,7 and 40.2 mm for the rotor
and 35 and 41 mm for the beaker.

The circulator used for temperature control was a Haake model
Fe, It was capable of controlling the circulating fluid (distilled
water) to £0, 02 C. Heat was supplied by a 1000 watt element,

Reservoir capacity was 2 liters, and pumping capacity was 10 liters/
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min. A F-inch stainless steel coil in the reservoir allowed heating
or cooling of the circulating fluid by an external fluid source.

Figure 3.9 shows (from left) pump motor power supply, ther-
mocouple switches, and K-3 potentiometer. Below is the Sorensen
power supply, and at the far right is the.Rotovisco viscometer, Above
left is the null detector, and from bottom to top, the quartz thermom-
eter, Vidar digital voltmeter, and a Fairchild digital voltmeter used

as a monitor on the heater legs.

Figure 3.9, View of instrumentation, power supplies, and vis-
cometer.
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Thermocouple Calibration System

Thermocouples attached to the test section walls were cali-
brated after the test sections were installed. The schematic diagram
in Figure 3.10 shows the calibration apparatus which was a modifica-
tion of the test apparatus. The entrance sections were removed from
the test sections, and flanged adapters were mounted in their place.
These adapters (shown in Figure 3.11) functioned to connect the test
sections, via a rubber hose, to the outlet of a small Dunham Bush
C4A-5 centrifugal pump powered by a 1/8-HP motor. The suction
side of the pump was connected to the outlet of the feed tank,

The weigh tank was removed and the flow re-routed directly to
the feed tank by a short piece of rubber hose, The feed tank was
covered, top and sides, with 3 inches of foam type insulation. A 5-
ft long coil of 3/8-inch copper tubing was placed in the tank, one end
connected to a low pressure (60 psi) steam line and the other to a
drain line. Another coil, 10 ft in length, was connected to the Haake
circulator (described in conjunction with the viscometer). This coil
was also placed in the tank.

The sensor to a Hewlett Packard 2801 A quartz thermometer
replaced the thermocouple probe at the outlet bulk temperature
station. The quartz thermometer had an accuracy of £0.01 C over

the range 0-100 C. The instrument operated on the basis of the
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Figure 3.11. Flanged adapters at entrance end of test section used
during thermocouple calibration,

temperature dependence of the frequency response of a quartz cry-
stal located in the sensor. This response, which was essentially
linear over a limited range, was approximately 1000 hz/C. Conver-
sion to temperature units (C) was made by the instrument and indi-
cated on a digital display. A choice of resolution to 0.01, 0.001,

and 0.0001 C was offered.
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4, METHOD OF TESTING

Calibration of Test Section Thermocouples

At least 14 data points at temperatures in the neighborhood of
room temperature, 30, 40, 50, 60, 70, and 83 C were taken for each
test section thermocouple.

Water was used as the calibration fluid. Approximately 30 gal-
lons, close to test temperature, was placed in the tank for each run,
Only one test section was used during a test, The pump circulated
the water at a rate of approximately 8 gal/min. At temperatures of
50 C and below, the circulator was able to maintain equilibrium over
long periods of time. Above 50 C it was necessary to use the steam
heating system. The circulator was also used at these higher tem-
peratures to obtain more precise control,

The system was allowed to run at temperature at least one
hour before data were obtained. During a run, readings for all the
wall thermocouples, the ambient air temperature, and the thermo-
couples located on the thermocouple conduit and the heater wrap were
taken, The latter were taken for possible use in the diagnosis of the

results. All of the data for a run were usually gathered in 5 minutes,
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Mixing of Polymers

Initially, the polymers were mixed in amounts that correspond-
ed to earlier viscometric results. However, it was found that after
the fluid had been circulated for several hours through the test sec-
tion considerable degradation had occurred. It was often necessary
to add more polymer to a batch some time after its initial mixing to
obtain the desired degree of pseudoplasticity, A set of runs for a
particular fluid took from 1 to 2 days, and it was desirable to obtain
a rheological condition that would persist over this interval. The
alternative would have been to gather complete viscometric data for
each run. This alternative was hardly realistic in that a complete
viscometer run often took twice as long as a data run.

As a consequence of obtaining a stable rheology, the lowest
flow behavior index was only a bit below 0,4, At this stage, the
fluid was so viscous that addition of more polymer would have in-
creased the pressure drop in the test section beyond the design value.

Thus, early in the investigation, the polymers were carefully
blended into the water, the process sometimes taking an hour or
more. Batch sizes of 30 gallons were prepared using water from the
tap. With the tank mixer set at 100 rpm, the polymer was sifted into
the fluid by hand through a #30 standard sieve. Regardless of the

amount of care taken, lumps always appeared in the fluid,



69

Subsequently, when it became apparent that degradation was
unavoidable, less care was taken in adding the polymer. The fluid
was circulated through the bipass circuit at rates up to 1 ft3/min in
order to speed the mixing and blend in the lumps. A 14 mesh, 20 mil
wire screen was installed in the exit of the bipass to assist in this
task. With this procedure it became possible to test a batch as soon
as 24 hours after initially adding the polymer. Formerly, the pro-
cess took about 3 days.

The CMC obtained for use in this investigation was a commer-
cial grade from Dupont used primarily in laundries. Since the rhe-
ology of the mix was determined during the test, the presence of
impurities was not of concern. The polyox, coagulant grade, sup-
plied by Union Carbide was of considerably higher quality than the
CMC. If a lower grade had been available, it would have been used.

Table 4.1 shows the composition of the fluids which were pre-

pared for test. The higher concentrations were obtained by adding

Table 4.1. Composition of Test Fluids

Polymer Polymer Water Nominal
Type Amount, 1b Amount, gal % Polymer
CMC 7.5 30 3.0
CcMC 13.5 30 5.4

Polyox 2.5 30 1.0

Polyox 4.0 30 1.6

Polyox 6.0 30 2.4

Polyox* 6.0 30 2.4

* Severely degraded form of previous batch.
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more polymer to the previous batch, The last entry in the table is a
severely degraded version of the previous batch, It was run several

weeks later, and water was added to compensate for that lost due to

evaporation.

Test Procedure

Data were obtained on the first 5 fluids in Table I at flow rates
in the vicinity of 0.2 and 0.6 ft3/min. Each fluid was run at these
flow rates in each of the test sections, Only one test section was
used during a run. Power input to the heaters was adjusted such that
the highest indicated wall temperature was approximately 83 C,

Data were obtained on the last fluid at flow rates in the vicinity
of 0.6 and 0.9 ft3/min. The lower flow rate runs were made in each
test section using about half the power input that would have brought
the maximum wall temperature to 83 C. The higher flow rate runs
were made, first using a conservative heat input to each test section
of approximately 6000 watts, and then applying enough power to
bring the test sections to a maximum wall temperature of 83 C.
Hesitation to run the last condition was brought on by concern that
the tape insulation might become overheated (it did not),

Usually about an hour was required to bring the system from
start-up to steady state. An inlet temperature near ambient was

maintained, At the start and at the end of each run, flow rate data
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were acquired using the classic stop watch and beam balance method.
At the lowest flow rate, 10 lb of fluid was timed, At the medium and
high flow rates, 15 and 20 lb of fluid respectively were timed. The
average time for 3 trials was recorded.

Also recorded at the start and finish of a run were the ambient,
coolant inlet, thermocouple conduit, heater wrap, entrance section,
wall, tank outlet, inlet bulk, and outlet bulk temperatures, During
the run, test section wall temperatures were taken. If bulk or wall
conditions changed more than 0.1 C during a run, the run was re-
peated. Each run took about 20 minutes., During this time, the

power input to the heaters was always observed to be very stable.

Viscometer Procedure

The 4 runs required on each of the first 5 fluids were usually
completed in one day. Between each run, a fluid sample was drawn
from the weigh tank exit. It was loaded into the viscometer., Using
the MV-I system and controlling sample temperature at 20 C, data
were collected at each of the 10 speeds., At the end of the day,
another sample was drawn and data were taken at temperatures of
20, 30, 40, 50, 60, 70, and 83 C. At the lower temperatures tap
water was routed through the cooling coil to allow the controller to
operate more effectively. During higher speed runs, viscous heat-

ing was minimized by engaging the speed control only long enough to
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obtain a steady state reading (usually about 5 seconds).

The last fluid in Table 4,1 was also tested using the NV system
(due to higher shear rates at 0,9 ft3/min). Circulator fluid con-
trolled the temperature of both stationary surfaces during the use of
this system. The procedure used was the same as for the MV-I sys-
tem above.

The temperature of circulating fluid in the jacket was recorded
using the quartz thermometer described in the section on thermo-

couple calibration.
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5. REDUCTION OF DATA

Temperature Data

Calibration data for each thermocouple on the test sections'

walls were interpreted using a linear least squares fit:

AE = C, +C,E__ (5.1)

where AE is the emf error, C, and C

are constants, and E is
1 2 tc

the thermocouple indicated emf., The reference temperature, taken
using the quartz thermometer, was converted to an emf value by
interpolating the copper-constantan tables. A statistical program,
SIPS, available to users of the Oregon State University CDC 3300
computer, was used in fitting the data and obtaining the constants in
Equation (5.1) for each wall thermocouple.

After the emf values were corrected, temperatures were ob-
tained by using second degree Lagrange interpolation polynomials
based on key values of emf at 0, 50, 100, 150, and 200 F, One poly-
nomial covered the range 0-100 F while the other covered 100-200 F,
Using the inverse process to duplicate thermocouple tables, Benedict
(2, p. 78-83) claims that the generated values do not differ from the
tables by more than 1 pv at any entry,

Using these data values of wall temperature, a correction was

made to account for the effect of gaps in the heaters at the
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Figure 5.1. Effect of heater gaps on wall temperature.

thermocouple locations. An analysis of the problem is shown in
Appendix B. The computations were accomplished using program
TCOR listed in Appendix C. |

Figure 5.1 shows an exaggerated view of the ''gap effect.' The
lower curve is a line through the measured data. The upper curve
shows the actual wall temperature variation along the tube, including
a dip in the curve at each thermocouple location. Each dip in the
upper curve passes through a measured data point, Twm' The dip

in the lower curve is a predicted drop using the measured data. It
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was assumed that the difference, Twm- Twl was equal to Twu- Twm,
the actual drop. This value was added to Twm as a tentative cor-
rection. Using the corrected values, an attempt was made to gener-
ate Twm as a check.

In the absence of a conducting wall, the effect of the heating
gaps can be remarkable, Drops on the order of 10 C are predicted.
However, axial conduction in the tube wall reduced these drops to
more reasonable values. It is ironic that in the heated sections,
axial conduction in the tube wall was negligible; whereas, in the gaps,
axial conduction played a prominent role in moderating the tempera-
ture drop. This apparent contradiction can be resolved by compar-
ing the axial temperature gradients in each situation. Very high
gradients in the gap provided the driving mechanism for a substantial
flow of heat.

Bulk inlet temperatures were obtained from measured emf's
by direct use of the thermocouple tables, At the controlled inlet
condition of 21 to 23 C, the inlet probe was accurate to within 0.1 C.
The other temperature data taken were not corrected. Their function
was diagnostic only,

The input power to the test sections was assumed to be dis-

tributed uniformly over an area:

AL = ;-n'DL (5.2)
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where D is the inside diameter of the tube and L is the total length
of heated tubing, including the gaps (119.5 inches). The local bulk

temperature was then calculated using an energy balance:

- 1"y s
Tbx - To = waqo/m Cp (5.3)

These initial computations (exclusive of the gap correction)

were made using program DATRED listed in Appendix C.

Rheological Data

No viscometer has yet been devised which will measure the
shear stress and the rate of shear at the same point in the flow. In
the case of Newtonian fluids, the shear rate at the point of measure-
ment of the shear stress can usually be obtained quite easily by
analysis, However, in non-Newtonian cases, even if a model is
adopted, the determination is usually quite tedious. If accuracy is
not important, an average value of shear rate is sometimes used.

If accuracy is important, one must be put to a certain amount of

inconvenience in obtaining it.

Development of the Constitutive Equation

Consider the case of a rotor-beaker type of viscometer in
which a Couette flow is developed between a rotating inner cylinder

(rotor) and a stationary concentric outer cylinder (beaker). The
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fundamental equations, developed (103, p. 51-61) from the equations
of continuity and momentum under the conditions of one-dimensional,

steady, laminar, incompressible, isothermal flow, are:

Tr2 = constant (5. 3)
T. =M/2xR.h (5. 4)
1 1'r
T2
1 . dT
Q= - :2' S‘ Y T (5.5)
T

where M is the torque applied to the rotor, hr is the length of the

rotor, Q is the angular speed of the rotor, and R., R_, and r are

1’ 72

as shown in Figure 5.2,

Ry
Beaker Rotor

Figure 5.2. Geometry of the Couette system under consideration.
Gap size is exaggerated.

From Equations (5.3) and (5.4), the shear stress at any point
in the flow may be easily determined using only the geometry and the
applied torque. In the Newtonian case, determination of the shear

rate from Equation (5.5) is also quite easy:
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2

. 2, .2
¥ = 2aR)/(R; - R}

) (5. 6)

Using Equation (5. 6) for other than Newtonian fluids can lead to
errors of 5-10%. Using specific models, such as the power law,
improves the results only to the extent that the model is able to
describe the rheology of that fluid.

One popular way of solving this problem without having to
assume a specific model is to use a differentiated form of Equation
(5.5),

dQ 1 . .
a‘;‘; = E:r_i (Yl - YZ) (5.7)

Kreiger and Elrod (45) have used the Euler-MacLaurin sum formula

in conjunction with Equation (5.7) to obtain the series solution:
. _ d(LnQ)
Y| T Toe l:1+ Lne d(Ln'Tl) + .. ] (5.8)

where € = RZ/RI' To use this solution, one must differentiate the

data curve of LnQ vs. LnTl. Unfortunately, differentiated values

taken from data curves substantially weaken the accuracy arguments
for subsequent calculations.
Huang (38) has suggested a numerical scheme to solve Equation
(5.5). An initial assumption is that
2 3

vy = B1T+Bz’r +B3’r +. .. (5.9)
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will describe the data with a reasonable number of terms. This ex-

pression, when substituted into Equation (5.7), yields:

dg _ 1 2 4 2
3 l— 2’1'1 [Bl(e -l)Tl+B2(e —l)’l'l+...] (5.10)

Using a least squares fit of the data, one obtains:

dQ 2
T - CO+C1T1+C2T1 +. .. (5.11)

1

where Ci are known. Thus, one can solve for Bj:

2C_ 2C, 2C,
By = <5 By= 73— Byg= g (5.12)
e -1 e -1 e -1

The solution is completed. The disadvantage of using the differenti-
daq . .
ated values of —=— 1is still present.
dT;
In the present investigation, a modified version of Huang's

method was employed. Egquation (5.9) was substituted into Equation

(5.5), with the result:

B! B!
20 = 13'1(52-1)7l + -?:2- (54-1)7? + -3—3 (56-1)7? . (5. 13)

Equation (5. 13) was compared with a least squares fit:

_ ! T 1 2 1 3
= CL 4+ C\T +CLT T (5. 14)

The constants for the model were then,
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c(’) zc'l 3c"2
v v LA
Bl = 62_1, B‘2 ———-—64_1, B3 66-1’ e (5.15)

The values of ’Tl were obtained from the instrument scale read-
ing, S, using:

T =C.S (5. 16)
where Cl is a constant obtained from the manufacturer's calibration
of the instrument for a particular measuring system (beaker and
rotor combination). Comparison with Equation (5. 4) shows that the
geometry and a torque conversion factor are represented by the con-
stant, Cl. Also accounted for, since the constant was obtained by
calibration, are the end effects which have been excluded from the
analysis.

Each set of viscometer data taken at each temperature for each
test fluid was regressed using SIPS. A sixth order polynomial was
assumed as Equation (5.9), and the corresponding least squares fit,
Equation (5. 14), was made. Terms were dropped from the model
according to an F-test at the 99% level of confidence. The remain-
ing terms numbered from 3 to 6 when this process was accomplished.
The percent error was evaluated for the model at each of the data
values of 'Tl. It was rarely more than 3%.

The difficult geometry of the double~-gap NV measuring system

prevented an analysis comparable to the MV system. Therefore, an
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average shear rate (derived assuming Newtonian behavior) given by
the manufacturer was recorded. This data was used only for the high
flow-rate runs of the last fluid in Table 4. 1. It can be expected that
viscometric data for this fluid using this measuring system is in
error as much as £5%. When using this measuring system. Equa-
tion (5. 9) was obtained directly by least squares fit of "I'1 and y. As
in the previous case, terms were subjected to an F-test to determine
if they should be dropped from the model.

It should be emphasized that neither of these measuring sys-
tems was capable of producing data accounting for viscoelastic beha~-
vior. When this behavior is present in Couette viscometers, normal
stresses contribute to a secondary flow pattern in the vertical direc-
tion which can result in the fluid spilling over the top of the gap.

This normal stress phenomenon is called the Weissenberg effect.
Although the test fluids showed some evidence of viscoelasticity
(especially polyox solutions), it did not present a problem in the

viscometer.

Application to Tube Flow

In order to apply the constitutive equations, Equations (5. 9),

to tube flow, the Mooney-Rabinowitch equation was used:
w
8Q

.
5 . 5 T2 4T (5. 17)
™D T °

3
W
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where Q is the volume flow rate, and ’I'w is the shear stress at the
tube wall. Conditions imposed during its derivation (95, p. 70-72)
were:

1. Steady, laminar flow.

2. Fully developed, one-dimensional flow.

The second condition is not met when the velocity profile changes due
to temperature effects on viscosity. Also, it is obviously not met
when a secondary flow develops due to buoyancy. Thus, use of
Equation (5. 17) was restricted to the inlet.

Attempts to obtain a satisfactory general constitutive relation-
ship for each fluid that included temperature variation were not
successful. It was necessary to develop an interpolation scheme
using Equations (5. 9). Due to the integration scheme chosen for the
solution of Equation (5. 17), it was possible to interpolate at a chosen
shear rate. As can be seen from Figure 5.3, horizontal interpola-
tion provided better resolution between curves, particularly as one
became asymptotic.

An exponential method was chosen for the interpolation, based
upon the Arhhenius relationship:

-AH/RT
e

n(T) = C;

(5.18)

where C1 is a constant. Consider the two adjacent constitutive

curves shown in Figure 5.4. At a particular value of y = i/p and at
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Shear Rate

Shear Stress

Figure 5.3. Typical behavior of constitutive equations obtained from
the viscometric data.

Shear Rzte

Shear Stress

Figure 5.4. Interpolation between adjacent constitutive equations.
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a temperature, T, in the range Tl < TKL T2, from Equation (5. 18)

one obtains:
AH/RT AH/RT,

T = T = T
e le 26

AH/RT; (5. 19)

Assuming AH is constant over this small temperature range, it

follows from Equations (5. 19) that:

1 AH (1 1
= == - = (5. 20)
T, R (T, T,

Ln

Solving Equation (5.20) for AH/R and substituting into Equations

(5.19), yields:

(T h
T \T- T,
T
T = 'Tl ';r'I (5.21)

Using Equation (5.21), it was possible to obtain a discrete value of
T for a particular y at a temperature, T.

Since y is a factor, the integrand of Equation (5.17) behaves
in a manner similar to the viscosity curves. By changing the vari-
able of integration, the accuracy of the numerical integration was
improved. This was accomplished by applying integration by parts

to Equation (5.17):

Y w
29 . . L ‘g (5. 22)
3 -3
D w°
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The numerical procedure used to solve Equation (5. 22) was
based on the theme of Simpson's rule. Three points at a time were
considered, and the latest value was used as one of the next 3 points.
Thus, it was possible to change the spacing during an integration.
Knowing Q, D, T, and y = f(T) at discrete temperatures, the right
side of Equation (5.22) was "marched along' until it matched the left
side. At least 200 steps were taken for the integration.

Examination of the results of Etchart (20, p. 51-66) show that
the axial pressure gradient remains constant for the entire thermal
entrance region. (Some deviation occurs at low Graetz numbers,
becoming more pronounced as the degree of pseudoplasticity is in-
increased.) If the pressure gradient is constant, the wall shear
stress (in the absence of a substantial change in momentum flux)
also must remain constant.

Under the assumption of a constant pressure gradient, the wall
shear stress was taken to be equal to the entrance value at every
point along the heated section. Local shear rates were determined
by interpolating Equations (5. 9) using the wall shear stress and the
local wall temperature. Since a particular shear stress was speci-
fied, it was necessary to use vertical interpolation of the curves
shown in Figure 5.3. This was accomplished by replacing y with

T in Equation (5.21),
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Y = 'yl — (5.23)

When the local shear rates became too high, the constitutive
equations, Equations (5.9), were extended using the power law. If
the value of the wall shear stress was greater than 90% of the shear
stress at the highest data point on a curve, Tma , that curve was

b
extended. Values for the power law constants were obtained using
computed values of shear rate at 0.5 T and 0.9 T . A curve
max max
was extended only when 0.9 T was exceeded.
max
A '"mixing cup' analogy, first suggested by Charm and Merrill

(7), was used in obtaining an apparent viscosity representative of the

bulk flow conditions. The relationship used was:

D
d —
g‘”‘ A 2
_ A _ 2w
TIB = - — = 6 unrdr (5. 24)
S‘udA 0
A

where A is the cross-sectional area, and u is the velocity. For an

isothermal cross section (95, p. 71):

T
- = Constant (5. 25)

Using Equation (5. 25), Equation (5. 24) becomes:
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TW
2 2
ng "‘DZ g s a7 (5. 26)
20T %o Y

To generate the required values of velocity, u,

(5.27)

<
n
1
Q.-IQ..
R

was integrated. Equation (5.25) was used to change variables with

the result:

T
w
. _D -
u = 2'TW g vydT (5. 28)
T

Integration by parts was employed to change the variable of integra-

tion to vy )
Y YW
D . . .
u = = ’Twyw - Ty - g Tdy (5.29)
w Y

For the integrafion of Equation (5.29), the values of ’TW and ﬂ(w
were obtained from a solution of Equation (5. 22) where the entire
cross section was assumed to be at the local bulk temperature.

Once the values of u were generated, together with the correspond-
ing values of T and vy, it was a simple matter to integrate Equation
(5.26). As a check, the generated values of u were integrated over
the cross-sectional area to obtain a value which was compared with
the measured value of Q.

The computational tasks for all the viscosity calculations were
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performed using program VISCO, listed in Appendix C. It should be
emphasized that the numerical procedures used would not be neces-
sary in a design situation. Normally, a simple model, representa-
tive of the working fluid, would be used (such as the temperature-
dependent power law). Closed form solutions for Tw and u have
been derived for such models (see Skelland (95, p. 110 and 120), for
example); and a closed form, albeit lengthy, integration of Equation

(5.26) is possible.

Data From Other Sources

Christiansen and coworkers (9, 35) and Oliver and Jenson (72)
have found that properties (other than viscosity) of dilute, aqueous
solutions of CMC and Polyox do not vary substantially from those of
pure water, Heat capacity and density were found to be equal to those
of pure water by Christiansen and Craig (9). They reported results
from prior investigations that showed thermal conductivity to be with-
in 1 to 3% of that for pure water.

Thermal conductivity, density, thermal expansivity, and heat
capacity data for water were obtained from the Handbook of Chem-
istry and Physics (104, p. D-122, E-11, and ¥F-5). Thermal con-
ductivity data were extracted for temperatures from 7 to 97 C at
10 C intervals. Density and thermal expansivity data were obtained

from the reference for temperatures of 15-85 C at 5 C intervals,
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Heat capacity data for temperatures of 32 F and 40-200 F at intervals
of 20 F were used from the reference.

Each set of data was regressed using SIPS, All, except the
heat capacity data, were fitted by fifth order polynomials. The heat
capacity data were fitted by a fourth order polynomial, The resulting
functions appear at the end of the computer programs DATRED and

PARGEN listed in Appendix C.

Dimensionless Parameters

A number of pertinent dimensionless parameters were gen-
erated for use in analyzing the data. The local Nusselt and Graetz

numbers were computed:

Z
£
I

q) D/k(T_ - T (5.30)

b)

Q
N
I

mC /kx (5.31)
p

Properties in Gz were evaluated at the local bulk temperature.
Values of Nu were generated for the cases of k evaluated at the
local bulk temperature and at the wall temperature.

Prandtl numbers,

Pr = nCp/k (5.32)

were obtained for 4 separate conditions. Values were generated

based on the entrance bulk flow conditions, the entrance wall
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conditions, the local bulk flow conditions, and the local wall condi-
tions.

Brinkmann numbers,

Br = 4nQZ/TrToD2k (5.33)

were determined at the entrance wall condition.
Reynolds numbers,
Re = 4m/nDn (5.34)

were computed at the entrance and local bulk flow conditions.

Modified Grashof numbers,

; 2. 4 2
Gr; = p gD q/kn (5.35)

and modified Rayleigh numbers,
Ra* = Gr* Pr (5.36)
x X X
were computed at both the local wall and the local bulk flow condi-

tions.

Viscosity ratios, nb/‘nw and shear rate ratios,
5 =y _/(8V/D) = mwpy D3/32r'n (5.37)
w w

were determined at both the entrance and local conditions.

Dimensionless flux,

¢ = q(';D/lva0 (5.38)
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was obtained locally and at entrance evaluating k at the wall tem-
perature and at the local bulk temperature.

All of the computation was performed using program PARGEN
listed in Appendix C. Data are listed in Appendix F.

The hypothesis was then formed that the parameters would

obey:
m, m. m
1 2 3
NuX = Cle XZ. X3 (5.39)
or
InNu = InC, +m LnX. +m_LnX_+ ... (5.40)
X 1 1 1 2 2
where Cl is a constant, and Xl’ XZ’ X3, ... are the pertinent di-

mensionless parameters generated. The data, in log rithmic form,
were then fitted to the linear model of Equation (5.40) by the method

of least squares. The empirical constants C,, m_., m_, m

15’ 1) 2’ 3’

were obtained from this fit. An F-test was performed at each stage
that a variable was added to determine its statistical importance to

the model.

Another hypothesis tested was:

3 ...
1/3 cle +c3x‘2
Nu = Clex (5.41)

X

or

Ln (Nu /Gzl/3) = LnC_ +C_X LnGz +C_X_LnGz
X 1 21 X 32 X

+ ... (5.42)
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Again a linear least squares fit was employed to determine Cl’ CZ,
C3, ... and an F-test used as a criteria in retaining a parameter in
the model.

Finally, the hypothesis of:

Nu.X rn1 rn2 m3
= X X X (5.43)
1.41161/3Gzl/3 1 2 3
o X
or Nux
Lin , z m. InX., +m_LnX
1.41161/3Gzl/3 ! ! 2 2
o X
+ L +. .. 5.4
m3 nX3 ( 4)

was tested in a similar manner.
This statistical work was performed using the program, SIPS,

from the Oregon State University computer center library.
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6. RESULTS OF TEST

Calibration of Thermocouples

A plot of the calibration data obtained for the bottom thermo-
couple located 18 inches from the entrance to the small test section
is shown in Figure 6.1. A similar plot for the large test section,
Figure 6.2, displays the data taken for the top thermocouple, located
72 inches from the entrance. These plots are typical of the results
of the calibration runs for the 28 thermocouples which were soldered
to the walls of the test sections.

The 4 thermocouples which were broken and subsequently glued
to the wall of the small test section displayed AE values 5 to 10
times as great as the others; This can be attributed to a higher con-
tact resistance due to the presence of a thin layer of epoxy glue be-
tween the thermocouple and the wall. Because of this large error
and because of questionable readings during the test runs later, data
from these thermocouples were not correlated,

Although some scatter was evident in the calibration data, the

typical range of the residuals, AE was within

- AE ,
model data
*+ 3uv. Extreme cases were +8, -6 uv for the bottom thermocouple,
3 inches from the entrance to the small test section; and +13, -8 wv

for the top thermocouple, 3 inches from the entrance to the large test

section,.
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Figure 6.1. Calibration curve for bottom thermocouple located 18
inches from entrance to small test section.
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Figure 6.2. Calibration curve for top thermocouple located 72
inches from entrance to large test section.
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The model estimate (using the statistical program SIPS) of AE

for Etc at an expected measured value showed a 6 pv range of uncer-
tainty at the 99% level of confidence for the worst case for the small
test section. On the large test section, a 12 pv range of uncertainty

was obtained at the 99% level of confidence for the worst case. Typi-
cal uncertainty ranges for the calibration models were on the order

of 4 pv.
Viscometrz

Plots of the data obtained from the viscometer runs are shown
in Figures 6.3 through 6.8. Although Q, the angular speed of the
rotor, is plotted along the abscissa, the trend of the data is similar
toa y - T plot. Each oblique data line represents data taken at a
single temperature. At the higher temperatures and lower rotor
speeds, data were not always obtainable. For some of the fluids, the
scale readings were too low to be meaningful. Thus, there are not
10 data points at every temperature for every fluid.

Note that the power law model (straight line on a log-log plot)
might describe the CMC data quite well; however, for the polyox
solutions, the range of validity appears to be quite limited. Also
note the extreme difference in temperature-dependence between the
5.4% CMC solution in Figure 6.4 and the 2. 4% polyox solution in

Figure 6.7, particularly at higher values of Q@ (corresponding to
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Viscometry results for 3. 0% CMC solution.
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higher values of y). The polyox solutions appear to become less
temperature-dependent with concentration, whereas the CMC solu-
tions become more temperature-dependent with concentration,

As a final observation, there is an obvious drop in the data in
Figure 6.7 between that taken at 60 C and that at 70 C. Since the
problem of sample evaporation was difficult to solve, this drop might
well have been a result of that problem. Another explanation might
be that some of the polymer precipitated from the solution. Although
precipitation should not occur prior to boiling, salt impurities lower
the critical temperature. In any event, there is some question as to
whether these bottom 2 curves are representative of fluid behavior in
the test sections. By the time this irregularity was discovered, the
sample taken during the test runs had degraded too severely to rerun
the viscometer test,

A complete listing of the viscometer data is included as

Appendix D,

Heat Transfer

The Nusselt number determined using k evaluated at the local
wall temperature proved to correlate the data best. Its choice can
further be justified on the basis that this parameter should reflect the
ratio of the temperature gradient at the wall to the temperature gra-

dient across the fluid in the pipe. The range of NuX evaluated in this
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manner was 10.9 to 54.9 under the following range of conditions:

sz, 225 - 38,000; Pr, , 315 - 20,100; Prwo, 189 - 4310; Pr

bo bx’
282 - 19,600; Pr , 28.2 -2,260; Re , 1,68 - 574; Re , 1.73 - 633;
WX o X
* 4 e 2 6 %
Grb, 4,18 -1,07x10 ;er, 5.40x 10" - 2,40 x 10 ; Rab, 2.90 x
104 -5, 13 x 106; Ra*, 4.02 x 105 - 1.056x 108; Bro, 8.84 x 10-5 -
W
4.22x10-3;6 , 1,05-1.44;6 , 1,80-25.9;n /n _, 2.6l -55.7;
o X b 'w

¢o, 1.75 - 3.90,

Results for 8 of the 26 runs are shown in Figures 6,9 through
6.12. The solid lines below the data represent Equation (1. 31) in
which all properties are evaluated at the entrance conditions for the
run. This line represents the course the data might assume if the
fluid properties were not temperature-dependent. The lowest line
corresponds to the run with smallest value of 60.

Specifically compared in each of these plots are the results for
the 5.4% CMC solution and the 2.4% Polyox solution under similar
flow and heating conditions. Figure 6.9 compares the results at low
flow rate in the large test section. Note that the Polyox run is about
8% higher than the CMC run at sz = 600. Each is about 20% above
its corresponding temperature-independent property solution at the
same sz. However, far upstream at sz = 9300, the CMC run is
15% above and the Polyox run is only 7% above the temperature-
independent property solution,

Figure 6.10 shows results at a higher flow rate in the same test
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section. The Polyox run is just slightly above the CMC run, and
proximity to the lines is maintained. In Figure 6.11, at low flow
rate in the small test section, the CMC run is just slightly above the
Polyox run, The CMC has maintained the same proximity to the
temperature-independent property solution; however, the Polyox is
closer to the solution than previously (at downstream locations).
Finally, in Figure 6.12, the CMC run is 12% higher than the Polyox
run at all values of sz. The Polyox data has lost ground to the
temperature-independent property solution and is now 15% higher at
sz = 600 and 8% higher at sz = 8600, In contrast, the CMC data
has gained on the temperature-independent property solution and is
now 38% higher at sz = 600 and 17% higher at sz = 8600,

An explanation which synthesizes these results and is consis-
tent with the other data obtained during this investigation focuses on
the relative magnitude of local wall shear rates. Recall that the
effect of increasing pseudoplasticity and the effect of heating are to
increase the wall shear rate. In the case of uniform heating, the ef-
fect becomes more intense as the flow moves downstream, presum-
ably until some maximum wall value is reached. The data is consis-
tent in regard to these ideas.

Further, recall from Figures 6.4 and 6.7 the relative effect of
temperature on the viscous behavior of these 2 fluids. For the Poly-

ox, as the shear rate is increased, the temperature effect diminishes
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sharply. For the CMC, the temperature effect is more substantial
at all shear rates, and it does not diminish as sharply at higher
values, Hence, at the lowest entrance value for the wall shear rate,
the heat transfer to the Polyox is greater than to the CMC as the
superior pseudoplastic characteristics of the Polyox offset its slight-
ly inferior temperature-dependence characteristics. As the entrance
value of the wall shear rate is increased the superior temperature-
dependence characteristics of the CMC overcome the Polyox advan-
tage in pseudoplastic behavior,

Figure 6.13 shows 2 runs made with degraded 2. 4% Polyox
solution at a higher flow rate and power level than for results previ-
ously shown. Although the flow rate is about 50% larger than the pre-
vious maximum, only about 15% more power could be added (main-
taining the same maximum wall temperature). Data for the run in
the small test section is consistently below that of the large test sec-
tion, Convergence occurs near the exit, as the rate of heat transfer
appears to drop off in the large test section.

Results for a moderate flow rate and a relatively low power
input to the degraded 2. 4% Polyox solution are shown in Figure 6. 14,
Wall temperatures were substantially below those maintained for the
other runs. Again higher heat transfer results are achieved in the
large test section. The closer proximity to the temperature-inde-

pendent property solution reflects the effect of lower wall tempera-
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tures on the fluid properties.

Comparison of a run made with the 3, 0% CMC solution with one
of the numerical solutions obtained by Cochrane (12, p. 37) is shown
in Figure 6,15. The Cochrane solution is for a Newtonian fluid
(60 = 1) where Prwo = 1,000, AH/RT =10, and ¢ = 2. Correspond-
ing values for the data run were 60 = 1,09, Prwo = 635, AH/RT ~ 10,
and ¢ = 2,29. Unfortunately, a reasonable match of these parameters
for pseudoplastic behavior was not possible., In view of the slight
difference in fluid rheology and the higher flux rate used in the run,
the downstream data agree reasonably well with the Cochrane solu-
tion. However, agreement subsides at the upstream locations. The
difference is 12% at sz = 9800.

Figure 6.16 shows the only runs where natural convection had
an obvious effect on the rate of heat transfer, Both runs were con-
ducted at low flow rate in the large test section. The top data is for
1, 0% Polyox, the least viscous of the fluids tested. The other data
are for 3,0% CMC. The familiar contour at the downstream values
of sz is evident, indicating the onset of early full thermal develop-
ment, The Polyox data is 62% above the temperature-independent
property solution at sz = 230. The CMC data is 38% above the solu-
tion at the same sz. Moreover, if the Polyox flow is indeed fully
developed, Nuxo is 3.25 times the classic value of 4. 364,

An insufficient amount of data exists to document a criteria for



70 T ITIFII1I 1 lTlllll[ 1 k| T
60 -
O

50 |~ Cochrane 3.0% CMC -

Prwo 1000 635

¢ 2.00 2.29 -
40" Ap/RT 10 ~ 10 o

6. 1.00 1.09

o
30 |- -
]

2
1/3
1.411(6 Gz ) /
o x
20 -
Cochrane
(o)
10 Lt Lol 1 11
100 500 1, 000 5000 10, 000 50, 000
sz

Figure 6.15. Comparison of results for 3.0% CMC in small test section at low flow rate
with solution by Cochrane,

€11



70 rTillllll T lllIIlll T
60 -
] O
50  Fluid 3. 0% CMC 1. 0% Pol .
Dia, cm 2.680 2.680
40l ™, g/sec 110.0 101.8 -
W, watts 3953 4427
Yo, sec1 61.3 58.3
i 1.05 1.08 i
»
=}
Z
20 -
1
1.411(6 Gz )/
O X
(oo
g o
10 1 ] L 11 |||| I !
100 500 1,000 5000 10,000 50, 000
Gz
X

Figure 6.16. Heat transfer results for 3.0% CMC and 1. 0% Polyox at low flow rate in
large test section.

PIl



115
the onset of significant secondary flow due to buoyancy. The depar-
ture from linearity on the log-log plot appears to take place in the
vicinity of 4th data point upstream of the exit (sz = 575) for the
Polyox run. At this point, Raj:v =3.47 x 107 and (}r:::V =2.85x 105.
The corresponding critical point for the CMC flow appears to be in
the vicinity of the 3rd data point upstream of the exit (sz =410). In
this case, Ra::; =2.00x 107 and (}r:::V = 1,36 x 105. The transition
criteria of Petukhov and Polyakov (76) as given by Equations (1, 16)
and (1.17) predict Ra™ = 3.66 x 106 for the Polyox run at sz =575
and Ra™ =2.31x 106 for the CMC run at sz = 410, Recall that
their criteria was based on data obtained for water.

Evidence of the existence of secondary flow was found in other
runs also, During some of the tests at moderate flow rates (about
280 g/sec in the large test section and at low flow rates (about 100
g/sec in the small test section, as well as all of the tests at low
flow rates in the large test section, oscillations occurred in readings
for certain of the top thermocouples. Never was an oscillation noted
for a bottom thermocouple. In general, the less viscous the fluid,
the further upstream the oscillations first appeared. The intensity
of the oscillations was more pronounced in the less viscous fluids
and increased as the flow progressed downstream.

Further evidence of the existence of secondary flow in these

runs is contained in the wall temperature data. In several other



116
runs, differences exist between the top and bottom readings of the
wall temperature at downstream locations. Wall temperature re-
sults from one of these runs is shown in Figure 6.17. The data are
from a low flow rate run of 5.4% CMC solution through the large test
section, The Nusselt number results for this same run (Figure 6. 9)
show no explicit effect from secondary flow. Due to the small tem-
perature differences, the complication of circumferential heat con-
duction in the tube wall, and the uncertainties introduced by the gap
in the heating no attempt was made to develop these data into a
transition criteria,.

Figure 6.18 shows the data for all 26 runs (195 data points).
These data are contained in an envelope % 15% from a mean line. The
line beneath the data is the constant property solution for a Newtonian
fluid (Equation (1.1))., The maximum deviation of the data from this
line is 64%. At an extreme upstream location, sz = 38, 000, the
deviation is as much as 17%.

Correlation of the data, excluding the 2 runs where natural
convection was explicit, resulted in a best fit using:

No_ = 1.848 Gz}l(/3 - 0.300/8 (6.1)

The results of this correlation are shown in Figure 6.19. The spread
in the data was reduced to * 10% with a mean error of 3.57%. Other

parameters tried were not as effective as 6X, and when added after
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6x was in the model, not one proved to be significant,

Finally, it is probable that viscous heating had little or no effect
on the results. Results of work by Etchart (20, p. 47) indicate that
for ¢ = 1.0 and Bro = 0,03 in the flow of a 3% CMC solution, the
drop in Nux increases from zero at high sz to about 9% at sz =
250. The Brinkmann numbers for the present investigation were at
least an order of magnitude smaller. In addition, when the most
viscous fluid tested was run through the small test section at the
highest flow rate, no difference in wall temperature was observed

from entrance to exit.
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7. ANALYSIS OF ERROR

From Schenck (84, p. 45-53), the uncertainty interval, Wy for
a quantity, Y, where
Y o= (X, X, X, (7.1)
is given by
2 _ (oY c 2 + Y c 2 + >
Wy —(-5~5-(—i> wXl <8X2) WXz . .. (7.2)

Here Xl’ XZ’ X3, ... are measured quantities., If f(Xi) is com-

prised of products and quotients of the measured variables, then one

obtains from Equation (7. 2):

wé le sz
———2- = —-——2"—" + —-‘"—2 + . . . l ('70 3)
Y X] X,

Table 7.1 shows the uncertainties from various sources for the
basic quantities used in generating the results. The last column
shows the smallest value measured for the quantity. Entries under
"Uncertainty - other sources'' came from the assumption that fluid
properties other than viscosity were equal to those of pure water,

Power to the heaters was directly related to heater and shunt
voltage. An additional uncertainty (+0, -2%) in the power supplied to
the fluid came from losses to the inclosure. Thus, the square of the

relative error for the power, W, is:
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Table 7.1. Uncertainties in basic quantities
. . Measurement Correlation Uncertainty Smallest
*Quantity . .
Uncertainty Uncertainty - Other Value

e +0.05% £ 0.1 v 140.2 v
i £0.05% £ 0.1 mv 0.5 mv 32.5 mv
Etc +0,015% + 0.5 pv 1224 v
Etco £0.015% + 0.5 pv 832 pv
Mg +0.1 Lb 10 Lb
tf +0.1 sec 41.3 sec
Q +1.5%
T +1, 5%
Ty +0.02 C 20 C
k +0,1 +2%
p +0.0001% +1%
Cp +0, 0004% 0. 5%
B +0, 02% +2%
D +0, 005 in 0.545 in
L +1/16 in 119 1/2 in
X £1/32 in 3.0 1in

Previously undefined terms:

The

(0.026)°

e - heater voltage, i ~ heater shunt
voltage, E(., - inlet thermocouple emf, My - mass of fluid weighed,
ty - time for Mf to flow, Ty - viscometer temperature,

(7. 4)

(0.0012)2 + (0.0036)2 + (0. 0154)2 + (0. 02)2

square of the relative error in the mass flow rate is given
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2 W2 w2
wrh Mf tf
—_ = — 4 —= (7.5)
s M2 ¢
f f
= (0.01)2 + (0.0024)2 = (0.010)2

The inlet thermocouple reading has an additional uncertainty of
+4 pv from calibration and %1 pv from conversion of emf to tempera-

ture. Thus, the square of the relative error is:

2 2
w w
T E
o tco 2 2
= ——— + (0.0048) + (0.0012) (7.6)
2 2
T E
o tco

1t

(0. 00075)2 + (0. 0048)2 + (0. 0012)2 = (0. 0019)2

The wall thermocouple reading, when corrected by calibration,
has an additional uncertainty of 4 pv. Conversion of emf to temper-
ature adds an uncertainty of *1 pv, Finally, the heating gap correc-

tion (in terms of thermocouple emf) has an uncertainty of £10 pv.

Thus,
T E 2 2 2
2"" - Ztc + (0.0033)° + (0.00082)" + (0. 0082)
T E (7.7)
w tc

(0. 00056)2 + (0, 0033)2 + (0. 00082)2 + (0. 0082)2

(0. 0089)2

The fluid properties k, p, Cp, and B are related to
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temperature through the use of polynomials, In each case the zeroth
order term dominates the expression. Thus, the contribution to the
error in the properties from the error in the temperature is severe-
ly diminished. In addition, the error in the bulk and wall tempera-
tures is on the same order or below the maximum contribution from
other sources. Thus, a negligible contribution from temperature is

presumed, and the result is:

2
w
—25 = (0.001)% + (0.020)° = (0.020)° (7.8)
k
2
—g— = (0.0001)%+(0.010)> = (0.010) (7.9)
p

2
Ve
P 2 2 2

== = (0.0004)°+(0.005)° = (0.0054) (7.10)
C

p
W2
—;L = (0.0002)% +(0.020)% = (0.020)° (7.11)
B

The sequence of calculations in which the shear rate at the inlet
is obtained is also too complex to formally apply Equation (7.2). A
simple (hopefully meaningful) approach is to use Equation (7.3). The
uncertainty introduced in generating Equations (5.9) is £1.,5%.
Another source of uncertainty is introduced when exponential inter-

polation is used (£3%). Finally, the use of Equation (5.22) introduces
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uncertainty of £0. 1% for the integration and +£3.1% for the 24Q/nw D3

term. Then,

(0.015)2 + (0.015)2 + (0.03)2 + (0.001)2+(0.031)2

(7.12)

(0.048)2

In specifying the wall shear rate in the test section, uncertainty
of £5% is introduced with the assumption of constant pressure gradi-
ent. The extension of the viscosity curves using the power law intro-
duces 5% uncertainty, and the interpolation between viscosity

curves, +£3%. Thus,

<N
&

"

(0. 048)2' + (0.05)2 + (0.05)2 + (0.03)2 (7.13)

s N

(0.091)2

"

Recalling the relationship for the calculation of the local bulk

temperature, Equation (5.3), the square of the relative error of

Tb - TO is:
vv2 2 2 2 2 W2
Tb-T WW Wk WL wﬁ] C
02 = > + —é_ + "'—-2—- + '——2 + %‘ (7. 14)
(T, -T ) W k L m C
b o P

2
(0.010) + (0. 00052)2+ (0.020)2 + (0.010)2

+(0.0054)2 = (0.025)2
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Then the square of the relative error for the local bulk temperature

WZ 2 WZ 2 2 WZ 2
T W -T T W -T (T, -T ) T T
b _ b "o + o _ b "o b o + o) o)
2 2 2 2 2 2
Tb Tb Tb (T -To) Tb To Tb
2({ 9.3 2 2 (22.1 2 2 (-1
= (0.025) <3—1—4 + (0.0019) <§T—Z) = (0.0075)

for a point near the exit., Near the entrance, Tb;:; To’ so that:

2
W
b

2
—= = (0.0019)
TZ
b

(7.16)

The square of the relative error in the temperature difference,

AT=TW—Tb, is:

2 2
WZ WT WT WT TZ WT TZ
AT W b w W b b
2 z T 2~ T2 2t 3 2 (7.17)
AT AT AT T. AT T, AT

2 2
= (0. 0089)2 (%-%) + (0.0019)2 (2—1——9)

= (0.027)2

Estimates of the uncertainties for the pertinent dimensionless

parameters can now be obtained:

Nusselt number -
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Nu w L k AT
> = > + _2_ + _.2— + > (7 18)
Nu w L k AT
2 2 2
= (0.020)% + (0.00052)° + (0.020)° + (0.027)
2
= (0.039)
Graetz number -
2 2 W2 2 2
WGz Y ¢ Wk Wx
> T 2t t 3t (7.19)
Gz m C k X
P
2
= (0. 010)2 + (0. 0054)2 + (0.020)2 + (0.010)
= (0. 025)2
Entrance shear rate ratio -
w2 w.2 2 2 2
6o Yo v YD Vi
= + £+ 9= + X (7.20)
62 .2 2 DZ n'nz
o Yo P
= (0.048)% + (0.010)% + (0.028)% + (0.010)°
2
= (0.057)
Local shear rate ratio -
WZ W.Z 2 2 2
6 w WD Wr:h
X = X + £ 449 = + = (7.21)
62 .2 2 DZ .2
X Y w P m

= (0. 091)2 + (0. 010)2 + (0.028)2 + (0. 010)2

= (0.096)°
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Modified Rayleigh number -

w2 w2 w2 W2 w2 w2 wi
T T T
Ra™ p B D w L cp
w2 w2
fa— o+
k n

t

(0. 0002)% + (0.020)% + (0.028)% + (0.010)% + (0. 020)°
£ (0.00052)% + (0.0054)% + (0.040)% + (0. 091)%
- (0.108)%

(The uncertainty in m is assumed to be no worse than that in Qw .)
The relative errors in the Nusselt and Graetz numbers reflect
conditions at the first local position, 3 inches from entrance. It is
an extreme case. Most of the calculations at this position, as well
as downstream, have far less uncertainty. The errors in local shear
rate ratio and modified Rayleigh number reflect conditions far down-
stream of the inlet. However, 6x is never any better than 60, and

Ra" is never any better than vy °
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8. CONCLUSIONS AND RECOMMENDATIONS

This experimental study has provided the first comprehensive
set of data for heat transfer to pseudoplastic fluids in the the rmal
entry region of uniformly heated, horizontal pipes. In addition, an
improved method of applying data from rotational viscometers to con-
ditions in a pipe flow has been successfully employed.

From the heat transfer results, it can be concluded that for the
laminar flow of pseudoplastic fluids in the thermal entry region of
uniformly heated, horizontal pipes:

1. The local rate of heat transfer for a temperature-dependent
fluid is greater than that of a temperature-independent fluid at local
Graetz numbers as high as 38,000. Further, the difference increases
as the flow progresses downstream (sz decreases).

2. In the absence of natural convection effects, the difference
in the rate of heat transfer to temperature-dependent fluids as com-
pared to temperature-independent fluids can be 38% at sz = 625,

15% at sz = 24,500, and 7% at sz = 38, 000.

3. In general, temperature-dependence in fluid rheology is
more important in regard to the rate of heat transfer than the degree
of pseudoplasticity.

4. Secondary flows due to buoyancy can have a substantial

effect on the rate of heat transfer far upstream of the usual onset of
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full thermal development. The point at which this effect becomes
evident moves upstream for less viscous fluids.

5. The effect of the secondary flow coupled with the effect of
temperature-dependence of viscous properties can increase the rate
of heat transfer as much as 62% for sz = 230. For full thermal
development, the increase can be 225% aver the classic constant-
property value of 4,364.

6. Secondary flow patterns which have no obvious effect on the
rate of heat transfer can exist far upstream of full thermal develop-
ment in fluids with Prandtl numbers as high as 20,100 at the entrance.

7. The relative value of the local wall shear rate governs the
magnitude of the rate of heat transfer. The relationship, Equation
(6.1), determines the rate of heat transfer within + 10%, with a
mean error of 3,57%, for flows without significant natural convec-
tion effects,

8. No significant contribution to the rate of heat transfer is
obtained due to viscous heating for the flow of fluids with entrance
values of Brinkm ann number as high as 4,22 x 10—3.

It is recommended that further study be given to:
1. The determination of the flow patterns characteristic to

secondary flows in pseudoplastic fluids.

2. The determination of the onget of significant effect of the
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secondary flow on the rate of heat transfer for pseudoplastic fluids.
3. The effect of viscoelasticity when secondary flow is present,
4. Heat transfer to dilatant fluids in uniformly heated, hori-
zontal pipes.
5. The interesting possibility of discretely placed heating gaps
in a flow with otherwise uniform heating so that more energy may be

transfered to the fluid without exceeding a critical wall temperature.
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NOMENCLATURE

a Distance from test section inlet to upstream edge of
heating gap

A Cross-sectional area
AL Lateral area
b Distance from test section inlet to thermocouple
location
Bl’ BZ, B3 Empirical constants
Bl' , B'Z, Bé Empirical constants
B(n) Local Nusselt number defined by Equation (1. 32)
. 2 2
Br Brinkmann number, 4an /m TOD k
1+1 1
Br' Modified Brinkmann number, D Tw /n/q(')'K /n
c Distance from test section inlet to downstream edge
of heating gap
Cp Heat capacity
’ C ] C b i i
CO 10 €5 C3 Empirical constants
Cl ! 1 ! 3 3
O’Cl’CZ’C3 Empirical constants
d Distance from test section inlet to a point downstream

of heating gap

D Inside diameter of pipe

e Heater voltage

E Thermal emf

Etc Indicated thermocouple emf

F(\) Function defined by Equation (B. 11)



Gravitational acceleration

Function defined by Equation (B.12)

Grashof number, p 2[3gD3(TW - T
Modified Grashof number, p 2[3 gD4q(’)’/kn 2
Graetz number, rth/kx

Thermal convective conductance
Viscometer rotor length

Activation energy

Heater shunt voltage

Thermal conductivity

Thermal conductivity of tube wall

b

)/

2
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Empirical constant in the power law model or Ellis

model

Test section heated length
Hydrodynamic entry length
Empirical constant
Empirical constants

Mass flow rate

Torque

Mass of fluid weighed

Nusselt number, hD/k

Local Nusselt number from constant property solu-

tion (92)

Local Nusselt number in thermally fully developed

region
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Pe Peclet number, RePr = 4rth/TrkD

Pr Prandtl number, 7 Cp/k

Pro Prandtl number evaluated at inlet wall conditions

qg Energy into fluid irom heating gap portion of wall

q; Energy into fluid from tube wall

9, Energy crossing outside surface of tube wall

9 Energy conducted axially in tube wall

q" Heat flux

Aq" Heat flux difference, qé)’ - q'g’

q'g' Heat flux into fluid from heating gap portion of wall

q(')' Heat flux applied at outside surface of pipe, qo/AL

q"}"} Axial heat flux in pipe wall

Q Volume flow rate

r Variable in radial direction

R Universal gas constant

R1 Viscometer retor radius

R2 Viscometer beaker radius

Ra Rayleigh number, GrPxr = p Zﬁ gD3Cp(TW - Tb)/kn

Ra™ Modified Rayleigh number, G«*Pr = qzﬁ gD4q”Cp/k2’q

Rafr Modified Rayleigh number at onset of significant
secondary flow

Re Reynolds number, 4rm/wDn

S Viscometer scale reading



T T T Ty

y de b

Pipe wall thickness

Time for Mf to flow

Temperature

Temperature difference, Tw
Inlet temperature
Viscometer temperature
Temperatures defined in Figure 5.1

Wall temperature at thermocouple site, corrected
for effect of heating gap

Viscometer sample temperatures

Velocity

Average velocity, m/pA

- T

b

Uncertainty (error) in variable 1

Axial position measured from inlet
Independent variables

Dependent variable

Dummy variable

Coefficient of thermal expansion

Shear rate, ] du/dr |

Shear rate defined in Figure 5.4

Shear rate at respective positions, R1 and R
Shear rate ratio, \'{W/(SV/D)

Radius ratio, RZ/Rl

2
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Q
Subscripts:
ab

af

b

JJ

Im

W
wa,wb, wc,wd

X

136
Apparent viscosity, T/¥

Empirical constant

Temperature difference, T - T
wa wc

Dummy variable

Dimensionless radial position, 2r/D

Fluid density
Fluid shear stress

Maximum shear stress for wwhich rheological curve
is valid

Empirical constant

Shear stress at respective positions, R1 and R2
Dimensionless heat flux, q(‘)’D/kTO

Rheological parameter (42)

Angular speed of viscometer rotor

Average bulk condition

Average film temperature condition, W/Z
Local bulk condition

Local position, L

Log mean temperature difference

- T

Arithmetic mean temperature difference, (TW b)

Entrance condition
Local wall condition
Wall condifion at positions a, b, ¢, and d

Pesition, x
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APPENDIX A

AXIAL CONDUCTION IN TUBE WALL

Consider the model shown in Figure A.1l for the heat balance
on an incremental segment Ax located at axial position, x. Balanc-

ing the energy transfer for the model:

~<Flow ‘o,

lovw

Figure A.l. Model for heat balance on tube wall segment,.

qo+qw(x+Ax) - qw(x)— q.1=0 (A. 1)

More specifically,

)

=

|

g ™D Ax + k wDt (x + Ax) - k_mDt 2T (%)
(o] w w

d x

@
b

-hwaAx(T—T = 0 (A.2)

b)

where q; is the applied heat flux, kw is the thermal conductivity of

the wall, T is the local wall temperature, hX is the local convective
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conductance inside the tube, and T, is the local bulk temperature.

b
Dividing by m DAx and taking the limit as Ax — 0,

" 82T

o W 2

J x

-h (T-T.) =0 (A.3)

The second term is obviously the heat flux conducted in the axial
direction. It will be labeled q'v'v.

Near the entrance, the data are correlated by:
Nu = C sz (A. 4)

where C1 is a constant. But the Nusselt number is:

h D q.D
Nu = —=2— = —2 _ (A.5)
x k k(T - T,) .

if the axial conduction loss is neglected. Solving Equations (A.4) and

(A.5) for the temperature difference, one obtains:

_ 1" 1/3
T - Tb = q, D/k Clex (A. 6)

But Tb is a linear function of x; hence, differentiating Equation

(A. 6) twice results in:

[}
82T 2 qu
> = - -é' 173 2 (A.7)
Jd x kCIGZx b

Then the ratio q\'x'//qé)’ is given by:
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k k
w2 W 1/3,-1 Dt 2 w -1 Dt
3 =3 X (CleX ) = Nu

"
3]
o X X

0

(A.8)

Since the local Graetz numbers for each test section were comparable,
the largest axial conduction came from the large test section. The
lowest Nusselt number at the first axial position of 3 inches was

35.02 for run number 91. So for kW/k = 611 and Dt/x2 = 0.00410,

the ratio is:

$ =

—_ = 0.01590 (A.9)

0

max

Clearly, even if the Nusselt number was in error, say 10%, the

maximum axial flux was not greater than 1.8% of the input flux.
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APPENDIX B
EFFECT OF HEATING GAPS ON WALL TEMPERATURE

Consider a pipe flow in which a uniform heat flux is applied at

the boundary. A simple energy balance gives:

_ "y -
Tb - To = w Dxgq /me (B.1)

where Tb is the local bulk temperature, To is the entrance tempera-
ture, and q'' is the applied heat flux. Using the definition of the

Graetz number, Equation (B.1) becomes:

} . 9D =w
Tb To " Co (B.2)

X

From the definition of the local Nusselt number, one can write:

— (B.3)

where Tw is the local wall temperature. Adding Equation (B.2) and

Equation (B.3), the resultis:

— w 1
TW— To ok (Gz ¥ Nux) (B.4)

In the absence of a substantial secondary flow, the empirical

relationship,

m
Nuk = Clex (B.5)
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is very good. For a particular set of flow conditions, C., and m are

1
constant, Substituting into Equation (B.4), one obtains:
r 1
T -T =3$2( T (B. 6)
w o k Gz m
x C.Gz
17 x

Now, consider a boundary condition of uniform heating every-
where except at a certain number of small intervals where no radial
flux is applied. Taking advantage of the linearity of the energy equa-
tion, superposition can be used to model this boundary condition. The
model, shown in Figure B.1l, allows for a flow of heat into the gap
due to tube wall conduction. This heat is assumed to be uniformly

transferred to the fluid (probably not exactly true) and is given by:

1"
qo
.I')
0 4 } o
a ¢ d
q” _*_ /:\-q”__
0" [
I
abc d
O I;: $ X
-Aq'ﬁ-

Figure B.l. Model of uniform heat flux with gaps (above) and its
equivalent below.
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ay = q) - Aq" (B.7)

where q'g' is the heat flux into the fluid in the gap. Making use of
superposition and Equation (B. 6), the following equations give the

relationship for the wall temperature within the region specified:

T -T = F(x) , x< a (B.8)
W o]
T -T = F(x)-G(x-a) ,as x<c (B.9)
W o]
T, -T = F(x)-Glx-2)+Glx-c), x2 ¢ (B. 10)
where,
qllD ,
F(\) = — LU, 1 (B.11)
k Gz)\ C.Gz™
17N\
"
Goh) = 24D f = 1 (B.12)
k Gz m
Cle)\

Figure B.2 shows a plot of these functions. At any x, the
difference, Tw - To’ is the algebraic sum of the function values, If
the wall conduction were negligible, Aq'" ~ q(')', and the temperature
drop in the gap would be substantial., However, high axial gradients
in the wall cannot be maintained if an adequate thermal path exists.

Using the curve through the measured data, the difference be-
tween the measured wall temperature and the wall temperature which

would occur at the thermocouple site (position b) if no gaps were
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F{x)

G(x-c}

-Gi{x-a)

Figure B.2. Plot showing behavior of functions which, when super-
imposed, give T - To.
w

present can be approximated. This approximation can be obtained
from the following iterative process, making use of Equations (B. 8)
through (B. 12).
1. Obtain Cl for m for the data point using the measured
data for that point and the next point downstream and Equation (B.5).
2. Guess a temperature drop across the gap,

e =T - T (B.13)

3. Calculate T - T  using:
wce o

T - To = F(a) - Og (B.14)
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Obtain G{(c - a) from:

G(c-a) = F(c) - F(a) + eg (B.15)

Obtain G(d - c) and G(d - a) from:

B - ]

G(d-c) = ;}‘_((z—-—z_; F(d-c) (B.16)
[(G(c-a) ]

G(d-a) = Flc-a) F(d-a) (B.17)
Calculate T\vvd - To by:

de-To = F(d) + G(d-c) - G(d -a) (B.18)

Obtain the flux conducted into the gap from the upstream

side using the approximation:

side:

10.

" g (B.19)

Obtain the flux conducted into the gap from the downstream

k (de B To) ) (Twc ) To)

"nooo~ w
qwc - d-c (B.20)

Determine the flux into the fluid from the gap walls from:

q" = q" [1 - G'F___Ei:zi (B.21)

Compare the energy into the gap walls from conduction,

q = th(q\';,aJrq” ), (B.22)

W wcC
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where t is the wall thickness, with the energy convected out of the

gap walls,

= wD(c=a)q"
qg qg

(B.23)
11, Iterate on 6 until qW = qg.
12. Calculate the difference sought:
(c-a)
- ! = - = | ———— -
wa wa G(b -a) [F(c ) F(b-a) (B.24)

where T\':vb is the temperature at point b if there were no gap.
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APPENDIX C. LISTING OF COMPUTER PROGRAMS

Data Files

RAWDAT

DATRED @

TCOR

VISCO

PARGEN

0

Data Files
-
|
|
! .
i
I.._
I AN

N

| N
L_ —9, SIPS
| /
| /
L

%

Figure C.1. Flow chart.
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N~ E "TA._.E,E?M':gr:;.ji"-‘\?"’\,c.“‘,()z,i.l
¥ Ny F

O 33

FORMAT (AN s 3(FEL e 2,401 yFTul92(1X,F7 i)}

FORMAT(iXyeL 25,81}

FORMAT UIXyF7,2,1X,12,1X,FEqi)

FORMAT (1K ,FT7,2)

FORMAT {12, 28ULK CALL ITE® 6T 10002/,1K:2(F742,2%K) 4F745)
FORMATIIX2(F5,42,1%X)) :
FORMAT 22,2 0IA= 2,FEet4,2 ChM2)

N0

FUdsTI0n GAMIMU,353)

CoMMIY 2 (7,0)

GAMZA MO, 1) SutA (MG, 2) *3S** 244 (%0, 3) *SS** 4L (M0, L) *SS** 44
XA(MDen) *SC R B2 (M],£)*55%%5

RITURN

N3

FUNCTIUN GAME(MP,S$)

SHMMIL B (7,8)

GAMP=2(MF 1) #2, A(MP,2) 73543, A (MP,3)*55e%2s
Ko ¥ A (4P 6} *SS*# 345, P A (MP,5) #SS* 2446, *A (MF,E) ¥SS**5
RETURN

END



sAeNaNeRsEsNoEsEsFeoReoNao N N Re X NaleNoNo¥eRo oo R RoRe ke R X Ra Rt

PInGRLM *CRADA. 4y

ATwW T3 LrnL Ly e TUMEy Jie s TOT ROC ERFICYOCF

GAP It HMELTING,C

By FOI L MIE N L T Inue T wmELL COND

Roy wal4L ~8Ynluls w0 Zvml &7 300 ZCONC

PR3y OCOAL FRANDTL n0 Lval &7 SULE ZCND

PRW, LOTAL PRANDTL &0 TVAL wT Wil COND

Fuly LUOSAL RATIC UF *LhegEw? 70 £ZWT nel SHEEk RATe
STy Lulhl RATIO €F VISIUSITY &7 RULK TC wWaLL COND

GZ, LGCLXL GRAETZ NC tvAL AT 3ULK CTaC

PHIN, LUC2L DIMINSICOMLESS FLUX W/K TVAL AT WALL TEmMp
PATS, LOCAL CIMENSICALELS FLUY w/K Cvii &7 8LLK TEMFP
GrM3, LUCAL MUDIFIED CRAGHOF KU SVAL AT EULK CONHD
GoMdy LULiL MODLFIFSD CGRA3HOF K0 Evh. AT w&LL COND
RAM3, LOCAL MODIFIED FAYLEIod nC ZVAL AT ELLK CCNG
RAMW, ¢OCAL MUJDIFIED RAYLLIGH NO Zval pT #ALL COND

Hiy, LOCLe CORVECTIVE CORLLCTANLCE ZVAL T CIRC AVE wiLL
TovPy CAu/30 CM=-S:EC

0FY I5 CORKRECTION IN LCCAL WALL TEMP CUE TO BFFICT GF
GAP IN HEDBTING,C

M7y LUCAL CCONVECTIVE CULNSUCTALLE EVAL AT TCF wALL TEMF,
CAL/SG CHMeSZC

H3, LOCAL CONVECTIVE CONDUCTANCE ZVAL AT EBCTTCH WALL
TEMP, CAL/SQ CH-SEC

NUAW, LOCAL NUSSJILT NO cval AY CIRC AVe WALL COND
KUAT, LOCAL NUSSELT NC cvAL AT CIRC AVE wiali TEMF AND
W/ K ZYLL AT LOCAL EBULK TIwP

NUTy LGCAL NUSSZLT NC EVAL AT TOF walllk TEMF AND W/K EVAL
AT LGOCAL BULK TEMP

NU3, LOCAL MNUSSELT NO EvAL AT BUITOM WALL TEMF AND W/K
EYAL AT LOCAL 3ULK TENMF

Gy LCCAL GRASHOF NG Hvail wT WALL CONDITIONS

GRIy LUCAL GRASHCF WO EVAL AT BULK CCNCITIONS
QIMENSION ATHWI2),00L (S) 33T (I)HETAS(Q),ETAR(9),ETLRTIY),
‘GQMN(@),GM(Q),GQQ(C),uRHJ(Q),GR“V(C),GFN(C),GZ(C),HA(E),
*H3I(3) 4HT (QD,hUAQ(a) NUBWIS) yNUB(G) ,hLT (D) ,FHIE(S),
‘p"IH(Q)’P (‘J:’qu(g)’O(g),FArR(‘;I’RA"k )’RC(Q),
*T309) 9 THW{LB) yUM(3) X (C)yR ()

RiAL Ky MF‘F-"L’NUAB,'\UAN’NUB’NUT

INTEGCR “&TAN

'\--sJ(?*U)NAN JAY NU,[‘I,-T“Q’(TA",FL’GL “\ vaqC?qL,HFK,
¥11,0,7, A“H,T s TH UM, ¢

IF(EL (40)) CALL EXIT

C2=21,273240

5=980.7

3= (CTAW (L) *QC1)*%2) /((T3(1)+273,) %, 785%{(C**2)*x(18{1))
¥4L.4180EC7)

DG 130 I=1,4N

M=Z*]

JEMet

E{fy=neving

CL¥WHzy tiTw(l))

CaYa=<(Tu(I})

RIGI)TC2*MFR/(C*ITEB (1))

Po3d(Ii=CrITB (1) *TRBII) CAYR

PRO(II=CFIATRCI)I*ETARII)IZ/CAYN

CILIDI=5AMNIINI/ZGNLD)

ETARCII =R TAS(INZETAK (I

quw(I):“L¥‘/(“’Y i {TE(1)+2734))

PHIICI =5 In (1) *CaYW/CAY

CRM3 (Y =02 (D* Q)2 (FRCLT I **2) *F L S(T3 (I JLCAYE™
*CTA3(I)*22)
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GRANCL P =L (%20 ¥R AT (I )= L0302 (ATr i) )/ (L&YY
AR R DN LSS

QA4 Dy =l - {oprm 0

RAAA(I) =i iw {1y *Evpi 1)

IF(la.laty a0 T 15

HALT) =P /7 AT WL =153

HT (X =F L/ (TR L) =3T3y -T3LI))

H3LID) =C L/ {Td{M} =57 (2)~TBL{1))

NUAW (D) =HA () * 3 /00 h

NUASII)=pa (I}*D/ChYQ

NUT(I)=HT(1)*G/CAYE

NU3B(T)=H2(IY*D/CAYE

GRW(ZII= OGR4 (II/NUAKWII)

GRB{II=0FMA(IYZHLAELD)

CONT [uE

ARITZAEC) AT Ry Ry Dy CATARG gy CE Ly LTy ETAE yETARGETAR 3 FL s GAMW,
*OoNYyGREs LRMByGRMIW,yGRW g GZs HAYHMB s HT yL gy MFRyNZNLARLHNUAKWSNUB,
EHIT P F LSy Pl PRE, SR, Ly RAMPyRIMN G RE ,TALUL, T, Thyuy X
ARITEAE L, 102) IR(TI)HCZ (L) gl (1) g URRCTIY yLL L (1) TALCI),
FPHTIW(I) yPRPBCIY yRAMNW{TI) yI=2,4N)

FORMAT(LY 3F 2a 0y iXyF 3492 (1XgFEa3) )2 (1XyFTalt] yi1XyFEatley
*iIKyF3eZy1X,File1)

GO TO0 S

£14D

FUNCTICGN K(T)

THERMAL CONJUCTIVITY, CAL/CM~SEC=Cy AS FUNCTICN OF TEMP,
c

RZAL K

K2l o 82734 (1eBU7CE~LC)*T~(1sb07HE-1E)*T**34
X(263225E=08)*T*%4~(1,03491k=10)%T**5

K=K/ 3600

RITURN

N0

FUNCTION 3(T)

THERYAL EXPANSIVITY,1/C, &S FUNCTION OF TEMF, C
Bzwble(030t10e04u7*T~e 202704*T¥ 224 (2,6026E=-C3)*T**3~
X{1eT805HE=05) *T**L+(5,332E8E-08)*T**5

B=3*1,0E-06

RITURN

END

FUNCTIGH CPIT)

HIAT CAPLCITYy CaL/G-Cy AS FUNCTICN CF TEMF,C
CP=z140069=(E4704258=04)*T+{1,06972E=05)*T**2=(1,7174E-07)
X*T%#%34(649310e=10)%T*%,4

RITURN

ziD

FUNCTIUN RHO(T)

DINSITY, G/CUBIC CF, AS FUNCTION OF TEMP,C

RHOZ 49303974+ (5,029CE~05)¥T= (7 81HUE-QE)*T**2+(C,4549E-08)
X¥T*%3-(3,1064Ec=10) *T*%44 (£,039C7E=13)*T**¢E

RITURMN

]
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APPENDIX F

LISTING OF PARAMETERS



XJ e

G

A
.

S
1

[
“w o

£+ NO Y Lo
.
[
-

re
o

AU 40
X735

2edm
Dev 3
17.46
2arsiele
hTed

thelh
“leuv

1lueSu

RUte HU

(A%

[ AU SV B I\

Jesuly
Lie ey
Liezuv
FE N
ivellil

1levuy

Kes 23263

62 WU
{ U
1786 wmiLenis
Siten  Jmesoy
Ctleb 250351
clcen Ciefai
377 el ivevav
F1veb  1loelde
2uden  itedlk

0l iU

13330e86 3240w
3339e5  2Yeb2Y
foene?  20edni
947 .0 17252
veles 1he721
w1243 1oecoy
EX A lecawonw
Sleu lececin

73 Ko= Yleow

Jie
.

4
>
Zeodd
2 <
“ -

Ry

-
1
LA N

Ouata
1,050
2edta
2e473
3765
44505
YeolY
7.li~
Qe
VedIw

[o8
A

"
3]

JLLTA
lasul?s
2+ 330
2ot
Sevn:z
welnl
Deidu
PR R
i eTw

seligi

[g¥]

oo

o

07C1LL'

FRR
160S.

4

37,

33..
201,

4
4
FS
4
1

«

N
4

12z,
Tt
St

e

Gte

>
«

+
t

N O MU [ZENNS S AR AN TN o B S S SN & ] (3]
P

san

C .

.

¢
.
[

w
+
« € 4
4 Lod e

Ped
Lule

LiDoe

L 7%

Viriwe

el

< W~

wile
bufc
553
2D

L SIS S VY

ro
.

Cr*n

Oc
1872c
43132
5660
75%08
45132
CIRVILER

LA XN

ul
v3
U4
U=
P
U
J4

2

G0
04
e

00
ba
i
R}
-+
52
-2
U2
L2

o~

m i

t

1
-
w
+
Cai .
[FeET I S U SIS

e

Gr*)
Jn
cJDu;L
Zds b

oi“wl;

EN N
.

e LByl
Cebllse
26392585
letudls

[AsN )

1Ty &

13050
PE-1-2-98
28315
ebinot
U451
vilven
ebidn

téudin

e s
-

LI SR S

X
.

181

Y

~

-

63
u3
313
i3
v3



A SVAF I VI | FLE (e Lk R AL S A A
ASO wl v Jolt . b LT GRE
< L MRS b S el in Gu Jt
ezl C2ESel luedls e Tl e Laniell (2 ii
iva.a vl cieliT S Yt e - . Lenitouaua U3 Se ! B
) Levlel  llenus ~e i ~liw vl lebloo. w3 F b
Die vy Sl ey 17010 Ve~ Selez Ll oD Selobo. W3 Jebuu~L ul
FERRR] Lt leawus Jed2: 21l e+ Frvel, tul 03 walmwin G2
18celd cLidew Loezut Sentu luten Ciived e Lelavor J1
Cl=eud Zlv ey lleou: l+e 53y 1l1e5 I2iaev U eIl 02
N el 02 RoE S de ue DRSS memiLOL* gl
A D 62 K Joo Tk Fer e un* o
o u u Lel/73 11la5hen 19¢9e9 uu ve SC
Lers  Ze lTet iecdo 2eto. T Ll lew Uo ferIrli Ui
ivewi slcd e drevl L SeuUD Swee 3 i4.1lez U3 LeuidL it 43
5303 +d7243  JLe. 273 ~a017 el e 107363 v  Ye=3uili ul
YLeuUl doewl e Coenll e On Cuer s v el ve el X s e
Lo 106c¢ey  ciawlic Zeilz 15560 1i~dew U= 1elosown o
132611 1J11 48 1ved+3 104453 1lb,: 17LS.5 G4 1e2392c
Ziwen s wlset lreldt  13ew42 ez lon3asl Us ded lanwg
U L 63 R = YIS G-
PVAY] G2 NU FR8 GR*H 7, Sd
1] d U 3 wez8od . 0¢ ve 0C
2edk 339247 3veloy 4 4osedbed vetSole (2 L.%E720 01
553 312cel 226352 3 4o+ lec25Tw 03 ‘L.8550c 01
17,06 12c¢lel 15e47% 1 4bleel  $43652L U3 ©£43857€ 01
Cieuir 34e4 17401l 1 4e21e3 2e7%510 U3 7aCl394c 2%
huebl S0leY  leesaty 2 w2iven 1617330 (+ bel2stc 01
Loelb Sovel lcdecll N U336 Dedvlic U4 Sewluyk 01
Sledl 2006w Lla.ul 8 doooes JewivoL uw leluwlin. L2
tlceesy dovet lUeows < M2 eD teclons we ledviorn ul
U ey e Ri= cvels 3RS 2eonz 3=yl
LYAY) L NU JELTA FR ~3 Gk*g
i t L 1,137 229243 Sbalei ad e GO
e84 25337 ¢3 wo.uil 24717 STued S02043 03 1.83%2c 42
Sel 3 Vol3 el SLelcZu Se 437 FCiel 39956l g3 1.0822L 02
liedl “3lteu  Creb EU el 3l P JieZal unr  levmuer Oc
Cos o 2otoet Jbot o RS " St ue3 Te  1e7ta il U2
sl lollen dLevdd Secuc a3.lef - ievi L we
[EEE Lo72el foeulde 1se70 . dU ey d=  Celiloll i
zle stley izervy 13eu02 Towiad 31.363 UD  ceduL il L&
1idend DLC el Lie%9r 1oe0 01 12042 Jul2.3 v cetoilc z

(@]
Y



183

Uiy wid L= mze d? SR L -
Ay 52 1o Juntin F el Gm*e
v K] leius Iniec L. ol
" d20e1¢l cmen il 2y int BECR S e lo0wztz 03
1 308362 Jle i al 2 Siai T e Lediil JE
3 100060 Zieiie Sewrd Toal Nl d Tedt i UG
3 PRSP R SO PSR Tiel Tt e lecdtovs 03
Jr EYR Y4 leanls se2ll Sie Jal:Y ek il 02
- Sty el Iden T I v oo R Tlwel Lechl b U3
. 2otz Llemi Jewle S1em A Ceuscln wd
W o 26 Mo LiweCo YT feizesLede
/o v Vi Jonl A N vt e Gm*5
g 1] 9 lelow ictes 1 So UG G- <05
PRI ] ;’)t':;)-ol e dn & SEVIRURG] el R i wo Lt U= < PEs s
1eeol 35326l S2ezwl ety Tled G weurzil Qe 2 10003
33403 w291.3  Zleah 34453 Soen g cu U5 3 . 23
Toaelt 20716l L3eui t el D [ io % M U3
Lewd izL3el  avevol Seml cled 3 e v leitonin W3
15324112 tlzoel  1recew De3BG Slel d  wedndly C%  leliolce 3
2i%evy 5526t Letdd 7aclz Chel 7 Jelclil U helialu 03
RUe wd 9l KL= =~24d0 S Bedwibi~(3
*70 6Z 1¥] JziTA PRG GR*A or*S
i} ] U 1.079 589" (246 Gc 00 [ E]
2son 330744 324023 Cotp=l LY RY: LCb .2 Jesbult 08  X,2702. G3
ved 3 3397 .0 e 3idL Jelos 100 Goleld ledbia2d 04 Jebdb5. 03
17.3¢ 154544 2Ledoul 40134 1sCe ellew  1e3w?30 05 3et032c U3
28elew 3c+4¢b 1ledln Se172 14cs: L3245 2.20a4u. Uz 4l28310 03
45600 2fved liewodu Le? 32 clec 22368 w2 05680 05 e09508 33
[ JTiew lweliuo Selll vl e e 3032222 33 (Led32332 23
Jaie .y 2ien awelwe Jez 07 Lo eZ Vs el dec .Sl o feCuwt. ud
iluesc 23C e ibheavl loed7 L AUD el iebivlue Jo TeSuval o3
KUV L 32 Re= Lliwecu 3KE selrelbi=yus
x/0 3 NJ UoLTa Pk Gr*n Gr*3
U U u 1412¢ wlben gz J@ Gc 40
ZeBnm 2275043 “TeUY7 Cenly 16347 e Lluwbi & vebCCUE 03
Sevd 35742 obeziz 2evil 15G6e0 1e212d1 L5 £e05570L 3
leus 4l ell Ziemi Jefo- 11t ey Uiiled  Celludz ¥ r.llull 33
26 -n Zotsel  Cmeznorz “eloT S e Ve 3 e weltidn oUW TewToilol U3
woe L il Inllel  Jlsic: Ceuc! Piew ..o el ler. . 0o Tellatl ouae
LCa s I0coer lwve.ab 7 e til BVl Tues v lia U CeSwrra O3
viel f206% i ecuy Yedwd e vyl e ievoddn Uu Cefveal L3
113e30 ohlel itewbi 1oeb4n JL W7 Licen 2sedroe (o 1607100 Ue



Tl e G Re2 37 awi N N
/U Ll Ay Dewli R LA L*n GCr*3
. e lecnl (ST Lia=s0 l1olb NN
ETRRY “lwzau el Tewal P D ST - SO Tk SR S TRV NI .
liens SiT e Jel il A 10 e TerT s LL §d Cefnize Ul
33eud Lo oo el ¢’ Z Iniled Fembawn W3 TelZ7cr U2
boery 3iden Sedlu iuses inefe3  lawledz ve Tetends ol
S%e Ui 372 ¢ caclit 13ze¢¢ lizweu  levnleg Jo det2-cz gi
13ie2l Tivel  iceowo 7ewl? st e’ Iilized selmile J%  weTa4s4l 31
2iwvete 23040 Lrelde 1ledwd ioes Lwdal Teuoeeli U=~ leloldl 32
L T < HoF ledel SRE leSimti=ul
X7/ o w? Ao Uinin Fan Prs RS G
] U U 1ec318 woled 10.2e% dJz Ju
et e 23mbLeu  emmaLlL 2e7 00 lode lieoew leltvmo Lotz wl
lve 9477635 O%euDu Sevut 1w liwmesr  24l0iaa coelmase U2
$3.373 42340 cdreuli Yol 185 1do%e9  4a5223C et 314 L2
L uy 2ritet Z2leudn Je e ¥ luiced wetTi3l U~ LeT5 30 G
Due J Y 12243 lsezle De 2T Cue lotDe  DecTlZ2l UR 0, 12040 32
1324112 tutler 174223 Ten$ Edel 92162 lewlezt L3 le37voc 22
Cl4eb el 1Ba47C 13,534 Ll ScT a3 2ei722. $0 cel3IL uc
Xt b dy L= J6 27 3R Seluwzi =Cae
»C oz NU DciiA FRR PR3 LR* Gk*B
0 M U 16251 1Swi. 3 37 +bes z 93 0t ©
ebly 93cde7  Ou.930 24337 9592.¢ 3727.5 2.0Lcdz 03 1,0172¢ 02
neo 3 312244 Zuelbi ool 1TCe2 Jozle3d JebSvug 3 1e0594L 02
17.0¢€ 198355 204000 Se36n Lovel 001242 ce7E508 (3 141238k 02
Coewtr 33263 ifenl*- Deusl 5L,/ 22272  ieitlii b4 1.21138 ¢2
Lusl 20Je0 12,.30% Cenlh 34¢a s 34003 2. UEB3L Ue  1eFw9il §2
Ched Jtse%  1lleDDZ cezel cluef debsel  Jedcioz U4 L45523C0 02
9ledl 28747 teecdls 1ledic lrtes Silew Cevzoaxln Wi ler it (2
iluvesu <ivel lieswzz loeni. stoe 4226w leviale U9 ceviviac o2
i sl 27 Re= 3oele 33T 1e3lrce=ul
X790 ol U JaLTA [ PR Gr*5
d 0 t 1ed3U  11wdel 25%1.¢ ot 00
2edx 2Z0074b 43,3501 2ec03 beled 2u3347 3¢27228 L2
Jen 2 252 eH  Srer3dl 34233 G3u,sl 2ol e Je 3Tk
1/eut wZtuel (A TIPE 46U Silez Zuwlel Sewzl fu
Coem 2ovlew  Josluwe Lewiil e Zul3s2 Sen i
-lew 0 Lo9let Cie=dz Jei 0 1% e Cwiued Jedatut we
RS 1o93ec  1ua=3u de 7. lecei it e e l77LL C&
3ledl y Fvlen  lie-=tw  lueilys iZen c3ooe? et 257w Ul
1luey D476 1Led3s 13enud i01ay Zel9e Yenuille (¢




185

<L ER> mLeE 3ol GRE L cw iyl e
XU 62 o Joni i b SR Lh*n
3 u Leduw  Ilyiex JiUSes EARVET 34
Deliu vuline?  5bezdu Zenc 70! en (I dead Inn UD e, PRy
1oe i Jidien Joedy P M N + w3 “ P e L MY A
Gae d iveldd Zeeto PR EXUNENEY . e T L3 Lew oL UL
Lieur P il e t4 U SEc e S.iie0 Je b v Lsedbobn SO
Boe iV 26243 lws . 2¢ liewor 15, en v D ed ez 2 gy va 1272 U
1o00ed L JCred Llewzw LAei 3 lutez P RUR I A T TR
Zl=ez PRy Liedoo Ltefou saet ~bnel we b ls uw deilive ul
SLic e g R-® S3ebo ORE L sliio=03
X/ 0 ol WU JeoTw tRn e Lr® e G- %
0 0 u 1e310 f2iek “71341 oz 00 [ ]
eDU Lo lhiat “te i Ce kil Celwd St oUed wetu. DL U3 Ze3Rlio el
vl sl v ull deliy Yl “909Lel  saeceval U3 deiiu?o vl
U3 91568 Z2cet? Sezly 363 413240 10310702 92 A.Ye1dL U3
& 2utne2  J2reuud KR Lewo? Stade ewlcosl Uw centfoe 01
ur lulide s lsewno 14ewd0 Lirs O el Levbiz L Lw Zewt w01
1 167243 ifevdu Lweidl?7 Lo SZ2uoe0 Le2317: L5 3el2c3k 91
Y PEoer ltedsd 10 4uvl L 307367 LeeSliac Ly cetlionce 01
RU NY 100 <= ls00 SRE Ce3bU.=Uw
X770 62 Wy DZ.TA PRy Pai CR*h
3 u t Lew39 w30veu 22137.8 do U8
Ceb i 9352.9 3b.ebl Celw2 215%e: 1951247 4we=E55z 02 3.
5453 311342 2hebnl Seblc 170869 leelleon 7eL502: G2 4
17.ub6 155347 214iow 40233 13wmes 1707243 1430618 035
2504t 323 et 1éel130 54212 1097 44 16Liwue 2 2elleile 13 s
54210 5?‘1:0 L.')Oﬁsa 100750 qu.C 1“51202 ‘7:2"?’.}){. 03 ‘
bLeelh Jth el 18ec 31 1rec30 313e7 1302141 Zetoc0I U4 <
shel U Covel  ldemswy 2ieuide chiel 1loYled wel072: Uw 1
Liseuvu 23403 11413l Puecod cloez 11ClwCeyw  CelTome Lw 1
STV QD L= lecy DRI et wuie=ly R
A7y vl Ny OoiciA Fiel PR3 GR*W OR*y
¢ G ¥ lew2s 2327e2 12w7Ye0 o 03 Je G0
2ebi 251052647 wbev9i 24524 111747 1227341 2459342 (3 fewmlbe 2
Cev3 55field JLebll 30378 92ie0 1167747 4%eilBG3L 03 149519z 03
17¢00 +icdeb 2%eill vei27 72t 230 ed ol TGl )3 1e7TZCRL 01
Coe e 25U 7 Zoecay DL Ja Lol 1oivden leinl= ln Tebett i
et d lotcded Clea=éd 1leu?. CLlied dnel el
ey Liinves i%auls iosul HERES E 2
tieul (1. 0d Aie lizelut Lno et Lio el
1iovezu WOl el liatun Z2lewdd 15742 THL2eD




RU:

De
ive
33.
Ze
Sde

1o

dlae

Ut

T

o
— -

[4
¢

C. L
W= c o

el 3

[£1)

i doe

(St

Zw

[

Y

€ b b

CYEN

[ RS

ro=
Z

G
Lo o

leaa’9

(&
4
-
¢
"

I

-

n,
~
)
~
[
-

(&
. o
~t
~n
93

[N e

»
4 AT =~ af
.« o
L o
U o
Gits L

[y
)
(&8

SLefl 03
3deta77
Jlec 29
2be vud
Zlevov
1Yvewaz

iteuwd

Coue s

U

U
511014
39eln7?
3deill
GLeImd
Cie (SN
lzevisz

17ecut

JziTA
1,200
Cedll
2.ul7
3.012
30000
+el31]
LXPEP

FEYE-DE

.
o
(&3]

«2U

VIR SV
e
L IS
et
Tl
[NV et

Lece
[
19

(3

3

PrRw
wl e
29t
21'40
18,
154,
idus
147,

luvewn

(NS S O 2 S o |

Sti=d3

«
.
Tl .
. 1 U-/
Louvsed
LI3en el
Lhe
2wl T .
4 o~ -Od

(&
[
1
-
[y

e
[SAR N
o o
G~

:
G

.

i

ror
[VANV¢
-
(a4
o o
LN 4

&

C
o
[
.
LM

PrB
1131,
112vu.
11w
11iv.
1137,

I~ NO

iUz
07360
luzied
Fs3
112049
11234
113 e6u
Lidden
ULt e

PP I

1iooed

e ¥
Wz
tedow. o

FLN
0c

1 .7
3 R Y.

Cr®y

7e9023:
i. U;"3-'
lekc b
16272

[N

Co
Je
4oLl T

PI-ANNI

c
[ VY e

[
(SN SH N VAN VY

Wi
43
G4
Ut

[
44

<
<4

v
03
uw
G4
U
v
v

us

)
)

o wr o~
.

[LalN 2}

PoEA R by el
-

S
.

Ny N
o o

ny ora

~
-

P
.

Gy
*.
+

e
g

o
~

SiegLo
tuli i
Li'v1_

&3 o

R
“H. o

HR*3

32174
35060c.
w1l be
LT X3S
LYoo
fobl

39cor.

[
(=

[

c C
Pi oA B b b b

e

-
[y

<

.

€. € IO ot
LAVSNAVEEIV I SRR SV BN AU RN AVIN AN o= }

N o

[APREAS 2N AV IR AU oS B A VY

TG v L. €3



.

RUW

[N

.

X

LN S A S A,

/

o

~

L

N

[REE R S S

c
LI s &

o

4

L.

J

-

[SR ¥ U

-

-

-
H

&

~

379¢l

ice

19

=y

1#)

57

e Dy

[ S W 7N

~o~ear

3

el SN AVREWERY ¢ S AN BN
[CR o Ve

Pl

v

i

<«

~)

“ U

<

VI el o}
WG Coives

-~ a0 o

-

J

4 N\

v e Py

1)

I

. -
O N d N

.
~

o
o5
o4
o
+ 0
o2
el
2

H

L
* »
- ¢
w
£

-
o
<
MoTo ¢
s

~ ¢
3
r

oRE 3e27

DLt A

iedv 1
dev IS
3elod
wab 3l
“ecli
Yel32
Le LD
Teoau
Seudl

LelUTuL

(S
P2
LR s &

~iqr

[aCI A
A%
[og
[aAVRN)

I

b

(9N

pe
5.

N
[T |
R

O~ L N

| p P A
(4
P

[SVERAV I R

ny o

[AVERSal T « SRR KN &% IV R4

(%3]

R L

-

LSl i Y
.

[N

£ 0

[}

PN SRR R
4 & Lo

L,

4
L I B A

[l =
AN

SN SYIE N

1
.

~3
[l A

< | .
I Y PP
LAREE LN SURE B S

[}
-
T

Lo

x

oo

AT

[N

[ =]
YN ) ©

<y

Coo e

[AVIN 81

187

LRI an}

b

[AS I A

o



