FREE CONVECTION HEAT TRANSFER TO NON-NEWTONIAN
RHEOLOGICAL DILATANT FLUIDS FROM
A HORIZONTAL CYLINDER

A Dissertation
Presented to
the Faculty of the Graduate School

University of Missouri-Columbia

In Partial Fulfillment
of the Requirements for the Degree

Doctor of Philosophy

by
Chong Bo Kim
August 1375

Dr. David E. Wollersheim Dissertation Supervisor



The undersigned, appointed by the Dean of the Graduate Faculty, have

examined a thesis entitled

FREE CONVECTION HEAT TRANSFER TONON=NEWTONIAN
RHEOLOGICAL DILATANT FLUIDS FROM A“HORILZONTAL
CYLINDER

presented by Chong Bo Kim

a candidate for the degree of MPector of Philosophy

and herebyscertify'that in their opinion it is worthy of acceptance,

David E. Wollersheim

Johin B. Miles




FREE CONVECTION HEAT TRANSFER TO NON-NEWTONIAN
RHEOLOGICAL DILATANT FLUIDS FROM
A HORIZONTAL CYLINDER

Chong Bo Kim
Dr. David E. Wollersheim Dissertation Supervisor

ABSTRACT

The object of this study is to investigate the laminar
free convection heat transfer between a horizontal cylinder and
non-Newtonian, rheological dilatant fluids. Surface boundary con-
ditions considered are constant heat flux and isothermal.

The cylindrical model employed in thts iavestigation
consisted of twenty aiuminum segments each independenily nheated
by resistance strips bonded to the interior surface. Concentrated
corn starch suspensions in aqueous sucrose solutions are utilized
as dilatant fluids in the experiment. Theoretical integral solutions
are provided for power-law non-Newtonian fluids. Experimental free

convection results are also compared with the integral solutions.
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CHAPTER I
INTRODUCTION

Useful engineering studies which dea] with transport processes
in non-Newtonian fluids are receiving increased attention from varied
technical areas which include the chemical process industry, aerospace
and defense interests, nuclear reactor developers, bioengineering, and
environmental sciences. Naturally, heat transfer problems involving
such non-Newtonian fluids become very important. Therefore, it is
evident that an understanding of heat transfer to non-Newtonian fluids
may give good predictions to the problems encountered.

The heat transfer between a body surface and a motionless fluid
is one of the most naturally occurring physical phenomena. Free

Amien add o - ~ . : . .
onvection heat transfcr cccurs whenever a bedy is placed in a fluid

(%)

at a higher or a lTower temperature than that of the body. Free con-
vection motion transfers internal energy stored in the fluid is
essentially the same manner as forced convection. However the intensity
of the mixing motion is generally less in free convection, and con-
sequently the heat transfer coefficients are lower than in forced
convection. Although free convection heat transfer coefficients are
relatively low, many devices including nuclear power application depend
largely on this mode of heat transfer for cooling.

Investigations dealing with free convection heat transfer to non-
Newtonian fluids have been considerab1y fewer in number than to Newtonian

fluids. Most analytical works for non-Newtonian fluids have been



concerned with laminar flow, because turbulence is less tractable

in non-Newtonian fluids. Fortunately laminar flow is very important
in free convection to non-Newtonian fluids and the leéding edge is
not a serious source of distrubance. An exact evaluation of the

heat transfer for force convectio:.. from the boundary layer is usually
very difficult. The problem has been solved for simple geometries,
such as a vertical flat plate and a horizontal cylinder.

Studies dealing with laminar free convection heat transfer to
non-Newtonian fluids have bLeen reported by several investigators.
Theoretical studies on free convection to power-law fluids have been
presented in the form of <imilarity solutions for an isothermal two
dimensional body(]), similarity solutions for constant heat flux-vertical
flat p1ates(2), integral solutions for isothermal and constant heat

(3)

flux-vertical flat plates'™’, and integral solutions for isothermal

(4)

horizontal cylinders Experimental investigations also have been

reported in the cases of isothermal vertical flat p]ates(5’6)

(7)

, constant

(4)

heat flux-vertical flat plates‘’’, and isothermal horizontal cylinders
The results of the experimental work generally seem to agree with
theoretical predictions. However, the use of a power-law modei for
non-Newtonian natural convection seems justifiable at least for engineer-
ing purposes.' However, all of the above experimental work, withcut
exception, has used only pseudoplastic fluids for non-Newtonian fluids.
Although the majority of non-Newtonian fluids are pseudoplastic, it

is evident that further investigations using other non-Newtonian (such

as dilatant) fluids are desirable.

1.1 Scope of the Ihvestigation

The object of this study is to investigate laminar free con-

vection heat transfer between a horizontal cylinder and dilatant fluids.



Surface boundary conditions considered are both isothermal and con-
stant heat flux. Concentrated corn starch suspensions in aqueous
sucrose solutions are utilized as dilatant fluids in the experiment,
since they‘exhibit rheological dilatancy uniformly in a range of high
concentrations. Theoretical solutions for natural convection heat
transfer from a horizontal cylinder with constant heat flux surface
conditions to power-law, non-Newtonian fluids are provided by using an
integral technique.

Experimental local free convection results for the isothermal and
constant heat flux-surface conditions, expressed in dimensionless forms,
are compared with the appruximate integral solutions. Average free
convection results are also obtained by integrating the local values.
Besides getting the heat transfer rates to determine the Nusselt
number, it is also necessary to see whether test fluids exhibit similar
rheological behavior under natural flow conditions as those observed
in a rotational viscometer.

Next, non-Newtonian fluid classification and fundamentals of
laminar free convection heat transfer to non-Newtonian fluids will be

discussed.

1.2 Non-Newtonian Fluids

There are fluids that do not obey the simple relationship between
shear stress and rate of shear strain given by the linear relationship
for a Newtonian fluid. These fluids have been given the general name
non-Newtonian fluids and many common fluids are non-Newtonian. Although
the properties of non-Newtonian fluids do not lend themselves to the
elegant and precise analysis that has been developed for Newtonian

fluids, the flow of non-Newtonian fluids does possess some interesting



useful characteristics. These materials are commonly classified into
thre~ broad groups. The simplest of these is the time independent
non-Newtonian fluids in which the rate of shear at a given point is
solely dependent upon the instantaneous shear stress at that point.
Time dependent non-Newtonian fluids have more complex shearing stress-
strain rate relationships. In these fluids, the shear rate is a
function of 'oth magnitude and the duration of shear and possible of
the time lapse between consecutive application of shear stress. In
viscoelastic fluids, shear strain as well as strain rate are related
in some way to shear stress. Unlike a truly viscous fluid, some of
the energy of deformation of a viscoelastic fluid may be recoverabie
as it is in the deformation of an elastic solid. Such materials
possess properties of both fluids and elastic solids.

or the time indepaondent non-Newtcnian fluid, Newtonian fluid
is simply a specialcase and thus is also termed as being purely a
viscous non-Newtonian fluid. The majority of the non-Newtcnian fluids
that we encounter probably fall into this categbry, and in some cases
flow of fluids not in this category, such as time dependent fluids,
may be approximated in this category for simple cases. The time
independent non-Newtonian fluids have been commonly represented by
three distinct types as shown in Figure (1.1). These are

1) Bingham p]astfcs, curve A

2) Pseudoplastic fluids, curve B

3) Dilatant fluids, curve C

The Newtonian fluids are indicated by straight 1ines as shown by 1ine D.



Bingham
Plastic

Shear Stress, <t

Shear Strain Rate, g%

Figure (1.1) Typical Shear Stress-Strain Rate Relationship
for Non-Newtonian Fluids

Bingham Plastics

Bingham plastics exhibit a yield stress at zero shear rate,
followed by a straight line relationship between shear stress and shear
rate. The characteristics of these fluids are defined by two constants,

the yield stress T which is the stress that must be exceeded for flow

to begin, and the viscosity Hp which is the slope of the straight line

portion of curve A in Figure (1.1). The equation for a Bingham plastic

is then,

_ ou
T= T, Y Up gy (1.1)



Pseudoplastic Fluids

Pseudoplastic fluids as well as dilatant fluids do not have a
yield stress. The pseudoplastic fluid is also characterized by a
progressively decreasing slope of shear stress versus shear rate.

This slope has been defined as apparent viscosity.

b=t o (1.2)

There are a number of empirical relations that have been used to
describe pseudoplastic behavior. The most convenient of these is the

power law model due to Ostwald-de Waele. It is written as
Tt =K (g;)" where n < 1 (1.3)

K and n are constant for a particular fluid. K is a measure of the con-
sistency of the fluid and n is a measure of how the fluid deviates from

Newtonicn fluid. Defining apparent viscosity ac cgquation (1.2),

(4]

Equation (1.3) gives
- au n"'] .
b, = K (3 (1.4)

However, the flow curve B in Figure (1.1) for pseudoplastic fluids

is characterized by Tinearity at very low and very high shear rate55]7’]8)

Dilatant Fluids

Dilatant fluids are similar to pseudoplastic fluids in having no
yield stress. They differ from pseudoplastic fluids in thét the
apparent viscosity increases with increasing shear rate. As with the
pseudoplastic fluids, they may be represented by the power law model
where the exponent n is greater than unity. Two phenomena have been
observed with dilatant materials. Volumetric dilatancy denotes an
increase in total volume under shear, whereas rheological dilatancy

refers to an increase in apparent viscosity with increasing shear rate.






surface. The temperatures, Ts and T, refer to body surface temperature
and bulk fluid temperature. Anottar equation for the surface heat

flux may be expressed by the basic Fourier law,
dq = -k dA (a ) (1.6)

where k is the thermal conductivity of the fluid and (g§)y=0 refers to
temperature gradient in the fluid at the body surface. By equating
Equations (1.5) and (1.6), the local heat transfer coefficient can

be defined as
4T
dy’ -
= __dq = y=0
P ST - Tak T TS (1.7)

©o

To obtain the governing differential equations for laminar free
convection, boundary layer theory concepts are employed. The boundary
layer phenomenon considered in this investigation is limited to the
- steady and two dimensional case. With a power-law fluid assumption
the differential equations which govern the conservation of mass,

momentum, and energy within the boundary layer appear (1), respectively,

as
au v
' n-1
au u _ . K 9 _g_ ou.
Usx * Vay = 98 (T - T )sing + > 533|a | 5y (1.9)
2 .
oT oT _ k 7T
TCAIPA] I Ty (1.10)
9X oy Cp 3y2

where gdenotes the volume expansion coefficient. Constant pfoperties
have been assumed, except for the density in the buoyancy term. For

a first approximation the frictional dissipation term in the energy
equation is neglected. The system of coordinates is displayed in

Figure (1.2).



Figure (1.2). Free Convection Boundary Layer

The boundary conditions specify that the temperature or heat
flux is a function of x at y=0, and iS zero at infinity. The velocity
components are zero at y=0 and infinity. The partial derivatives of
temperature and velocity with respect to y are also zero at infinity.
The boundary conditions for velocity differ from their forced con-
vection counterpart, and have the effect that the velocity and temper-
ature profiles are quite different in shape. Velocity changes from
zero through a maximum to zero again, whereas temperature varies
monotonically from maximum to zero.

In most of the analytical work it is convenient to non-dimensionlize
the variables, and this can be done in many ways. A common device is
to allot special symbols to the basic variables which can be reserved
for the dimensionless variables in which the greater part of the
analysis is to be conducted. From dimensional analysis of free con-
vection to a non-Newtonian fluid, it is often convenient to define
generalized Grashof and Prandtl numbers according to corresponding

boundary conditions.
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The peculiarity which distinguishes free convection from forced,
is that the equations of momentum and energy are coupled; they cannot
be treated separately. The motion is directly caused by the transfer
of heat, and has no independent existence. As a consequence, the
principle of superposition cannot be used to develop solutions for

complicated situations from solutions for simple and idealized cases.



n

CHAPTER II
REVIEW OF THE LITERATURE

This chapter is devoted to the review of the literature which is
related to the present investigation. Free convection heat transfer
studies from a two dimensional body to non-Newtonian fluids for both
isothermal and constant heat flux-surface conditions and the dilatant
behavior of fluids are being considered.

2.1 Laminar Free Convection Heat Transfer to Non-Newtonian F1:ids

Boundary layer concepts have been studied by Acrivos(]) and
applied to the analysis of laminar free convective heat transfer to
power-law fluids from isothermal surfaces of various geometries.

Using conventional boundary layer equations and introducing the gener-
alized Grashof and Prandtl numbers used to reduce the boundary layer
equations to dimensionless form, Acrivos obtained similarity solutions
with the assumption of large Prandtl number. For a vertical flat plate

the local and average Nusselt numbers are expressed as

1 n -n
hxx o] n+i 2(n+T) 3n+] ) 3n+]
Ny, =—— =20"'(0) (5= N N L
Nux k 3n+l GrA PrA
(2.1)
2 n+2 2-n
where Nep. = [Bg(T T (2.2)
A
K2
2 T-n 3 n-1
N, = e (KT W [Leg(T, - 7,012 (2.3)
PrA k ‘p

L denotes the plate height and 8' (0) is the parameter dependent on
the value n. For a horizontal cylinder with the characteristic length

L equal to the radius r in both NGr and NPr the local Nusselt number

A A
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(NNux)r = hxr/k was expressed as below:
n 1 n 1
2n+1,3n+] 2(n+T) 3n+] . y2ntl
010 Gu) ™ Nary Npr, — (siné)
(NNu )r -
X 0 1 n
[ (sin¢)2"+i d¢}3n+] (2.4)
$=0
The average Nusselt number (NNu)avg is given by
Y | T
_ 2(n+1 3n+]
(NNu)avg = A NGrA Npr,A (2.5)

where the constant A can readily be calculated by integrating the
local Nusselt number over the surface and would be expec*ted to be a
function of n. Equation (2.5) can be recognized as a generalization to

power-law, non-Newtonian fluids of the well-known correlation (NNu)avg =

(NGr NPr)]/4 for Newtonian substances. Numerical computation shows

that A is only slightly affected by the value of n in the range of

<

1/10 Shn 3/2, which includes most of the power-law fluids of interest.

Numerical values for A are shown in Table (2.1).

Table (2.1) Numerical Values of A for Various
Geometries and n(isothermal surface)

n=1/10 n=1/2 n=1 n=3/2

Flat Plate 0.60 0.63 0.67 0.71
Horizontal cylinder 0.36 0.38 0.42 0.45
(L=radius)

Sphere
(L=radius) 0.44 0.45 0.49 0.52
Vertical cone 0.61 0.65 0.71 0.75

Stagnation region of a
horizontal cylinder 0.36 0.45 0.54 0.60

Stagnation region of a
sphere 0.45 0.55 0.64 0.70
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Acrivos suggests that his two-dimensional exact asymptotic solutions

are applicable for the range of N > 10, which is usually the case.

Pr
Chen(z) obtained simiiar so]ut?ons for the constant heat flux
over the vertical flat plate. Under the assumption that a generalized
Prandt1 number approaches infinity, Generalized Grashof and Prandt]l

numbers were again introduced and the local and average Nusselt

number results were presented in the following form:

i n__2(nt])

h_x
= X . + nt4 3nt2 Xy 3nt2
NNa, = & Calr Npy. () (2.6)
X C C
h L L ' §ﬂ__
=_avg + 4 n+2
(NNu)avg k ¢ NGrC NPrC (2.7)
. 969, o_
where NE-.»C = ()7 Lf (P (2.8)
' 5
— 2(n-1 3(n-1)
C nt+4 gBq
= 2Py (K ntd 7 "0y nt4
and Nprc ( K ) (p L L K ] (2.9)

The constant heat flux, q,> over the flat plate appears in the dimension-
less groups. Cn and C are dependent on the flow behavior index n, and

expressed as

c = !
n n
: (2.10)
(3n+2)3"2 7(0)
2§n+12
3n+2
¢ = {3n+2) (2.11)

- (5n+4) Z(0)

Z(0) is a parameter and the values for different n are shown in

Figure (2.1).
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z(0) 1.4}

1.0 1 ] | L 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.¢
Flow Behavior Index, n

Figure (2.1) Z(0) versus n

Using an integral technique, Tien(3) obtained approximate solutions
for laminar natural convection heat transfer between a vertical plate
and a power-law fluid with high Prandtl number. The velocity and

temperature profiles are assumed to be of the following form:

s(¥

u=uls®) e K5 (2.12)
3

":;—-";&— . (+d (1-%’-) (2.13)
S- - .

§ is boundary layer thickness, and the constant, s, was chosen to be

%ﬁ . For an isothermal flat plate, he obtained the local and average

Nusselt number to be
1 n -n

- T (%) 3T
Nu, = C](n) NGrT 3n+1 NprT 3n+1 (L) 3n+1 (2.14)

N
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and ] n
- 3n+1 3n+] (2.15)
(NNu)avg CZ(") NGrT NPrT
n2
where ) QB(TS -T)L 2-n
NGrT = 5 : (2.16)
Ky2-n
G
1 2(n-1)
2-n n-2
- Cp (K
NPrT = EE_'(Q) L (2.17)

1 n n
- + 3+l 3n+2 Xy 3n+2
Nu, = ¥ (n) NGrT NPrT (E) (2.18)
and
1 n .
_ + 3ntz 3nt2
(NNu)avg MZ(") NGrT NPrT (2.19)
. 2
+ o B, 7o k"2
where NGrT = (—E——) L (5) (2.20)

% is the constant heat flux over the flat plate. Numerical values of
C], C2’ M], and M2 are evaluated based on Tien's velocity and temperature
profile expressions and the dependency of the coefficients on n is

shown in Figure (2.2).
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Cl(n), Cz(n), Ml(n), or Mz(n)

D ——

1 11/4 11/2 13/4 2
Flow Behavior Index, n'

0 1/4 172 3/4

Figure {2.2) Relationships between the coefficients

C], CZ’ M], MZ’ and n

The agreement between the average Nusselt number and the experimental
results from reference (5) appears to be excellent.

Gentry and WOllersheim(4) employed an approximate integral
method to get the solution for free convection from an isothermal

horizontal cy]indef to power-law fluids. With the assumption of

high Prandtl numbér fluid, Gentry utilized Tien's(3) velocity and

temperature profile expressions. The local Nusselt number based
on the radius was expressed as

n

1
h r on+] 3n+l 2(n+1) 3n+1
(NNux)r Tk G(n) (§E¢T NGrA NPrA (2.21)

1 1
T % e n
(sind) nl [ I (sin¢)2"+] dp] “3n+l
¢=0
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where N and NPr are generalized Grashof and Prandtl numbers defined

Gr

by Acrivog(]). Thé flow behavior index-dependent coefficients G(n)
are shoWn in Table (2.2) and compared with the values of 8'(n), which
appeared in Acrivos' solutions. Gentry's integral solutions for an
isothermal cylinder agree closely with Acrivos' similarity solution
results.

(5)

Reilly, Tien, and Adelman carried out experimental work for
the study of natural convection from an isothermal vertical plate

to power-law fluids. The fluid was an aqueous solution of Carbopol
which is a carboxy-polymethylene. Three plates of different heights
(0.323, 0.656, and 0.989 ft.) were used. Carbopol solutions of two
concentrations (0.5% with average flow behavior index n=0.89 and 1.00%
solution with n=0.72, were investigated. A1l physical properties were

evaluated at the film temperature. Reilly suggested the feliowing Torm

of average Nusselt number for correlation.

N8 (2.22)

PrT

h L
. - _avg — _
(hNu)avg k R(n) [NGrT N

Table (2.2) The values of G(n) and Comparison with Acrivos'
Coefficient 6'(n)

n G(n) | -6' (0)
0.1 | 0.477 0.555
0.2 0.475 0.523
0.3 | 0.486 0.515
0.4 0.498 0.516
0.5 0.510 0.520
0.6 0.521 0.524

0.7 0.530 0.528
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Table (2.2) continued

n G(n) -5' (0)
0.8 0.538 : 0.534
0.9 0.545 0.537
1.0 0.551 0.540
1.1 0.557 0.546
1.2 0.562 0.550
1.3 0.566 0.555
1.4 0.570 0.559
1.5 0.573 ‘ 0.562

The experimental results and comparison with Acrivos' solution are shown

in Table (2.3).

Table (2.3) Comparisons between ReZigy‘s results and theoretical
predictions by Acrivost]

n
Fluid (Average) Npy. Exp'l | Cal'd | Exp'l | Cal'd

Water ‘ 1 5.8-7.76 0.54 0.59 0.25 0.25
0.5% Carbopol 0.891 102-145 0.65 0.665 | 0.275 | 0.282
1% Carbopol 0.720 916-2000 0.583 | 0.618 | 0.325 | 0.321

From this comparison it was found that experimentally determined
exponents were almost identical with those based on the asymptotic
solution. The experimental values of R are approximately 5-10% lower
than those predicted by Acrivos. However, this difference is well

within the limits of experimental error encountered.
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Sharma and Ade]man(6) continued the previous experimental work
by Reilly with flow behavior index n = 0.20-0.67. The experimental
results for three Carbopol solutions were correlated using Acrivos'
equation with generalized dimensionless parameters as defined in the
original paper. No single correlacion including the expression

(N (NGr Npp. M2 which was derived by Reilly was found to

Nu)avg =R T T
accommodate all the experimental data. A satisfactory correlation was

found by using the Lorentz equation which is the well-known correlation

form for Newtonian fluids. The equation gives the form of

(N = 0.514(Ny,, N y 0.263 (2.23)

T PPy
Experimental results have been reported by Dale(7) for a vertical

Nu)avg

flat plate under constant heat flux conditions. Two vertical flat
plates, constructed of thin 302 stainless steel shim stock, were
employed. Dimensions for the 1arge plate were 18.5 inches wide by
24 inches high, and for the small plate they were 6.5 inches wide by
12 inches high. The range of the power-law flﬁid index n was from
0.383 to 1.000. Heating was accomplished by passing alternating current
through the thin stainless steel sheets. Temperature profiles were
measured and utilized in determining the local surface heat flux.
Velocity profiles were obtained by both particle tracking and dye
injection techniques. Dale's experimental data were compared with
his finite difference computations. His local heat transfer rates

were expressed in the following form:

1

h_x
_ XD + n-3n+2
NNuX =1 - D(n) [NGrT NPrT ] (2.24)
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The agreement between Chen's similarity solutions for constant heat
flux condition and Dale's experimental results has been reported(z)
to be quite good.

Gentry(4)

conducted an experimental investigation for the free
convection heat transfer from an isothermal horizontal cylinder to
power law fluids. Fluids employed included water and four dilute water
soluble polymer solutions with fluid index range, 0.66 to 1.00. An
electrically heated; employed, and copper-constantan thermocouples

were embedded in each test section. Velocity profiles were determined
by dye injection technique. A1l local free convection results were
expressed in terms of Acrivos' dimensionless group using radius as a
characteristic length dimension. Local free convection data for water
appear approximately 10% lower than the similarity and integral solution
curves. However, experimental data obtained from the 0.053%, 0.055%
and 0.56% solutions agree quite well with similar and integral solution
predictions. Local free convection results for the 0.058% solution

are approximately 10% to 15% higher than the predicted curve. For

correlation a least squares fit of all experimental data was obtained

in the following form:

h d
- _avg  _ 0.200
(NNud)avg K 1.19 [(NGrA)d (NPrA)d] (2.25)

where the subscript d denoted that the diameter was taken to be a
characteristic length. Average free convection results using diameter

as a characteristic dimension in Nusselt, Prandtl and Grashof numbers

(22)

‘were also compared with McAdam's correlation = 0.53

> (NNud)avg
(N )0.25

Gr NPr , for Newtonian fluids. From the comparison with the
well-known McAdam's correlation for Newtonian fluids, the average
Nusselt number results from the experiment are approximately 5%-15%

higher than the McAdam's correlation.
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2.2 Rheological Dilatant Behavior of Fluids

Rheological dilatancy refers to an increase in apparent viscosity
with increasing shear rate. The flow curve shown in Figure (1.1) is
characterized by zero yield stress and may usually be fitted by the
power law model with n greater than unity.

The classical experiment demonstrating the dilatant behavior of

(8).

the fluid was performed by Reynolds One of the systems which
Reynolds considered was sand in water. The sand was placed in a
rubber balloon containing a small excess of water over that just
necessary to fill the void between the sand grains, and the water level
was shown by an attached glass tube. When Reynolds pressed or dis-
torted the balloon the liquid level in the glass tuBe decreased.
Obviously if the sand-water suspension originally had enough water to
i1l the voids between the sand grains and received mere on applicaticn
of pressure to thé system, then the volume of the suspension must have
increased, i.e., the system must have dilated.

Freundlick and Roder(g), working with starch-water and quartz-
water systems, found that increases in the viscosity of a given
system sometimes occurred with increases in shear rate. This was
also termed "dilatant" behavior, since Reynolds had also noted similar
increases in rigidity upon distortion and volumetric dilation of his
systems. From this and related experiments a second definition of
dilatancy has arisen: fluids for which a shear stress versus shear
rate plot is concave towards the stress axis be termed dilatant.
Using particles with diameter between 1.5 and 5 microns, dilatancy
was reported only in suspensions containing between 42 and 45% solids
by volume. Above and below this range no dilatancy was encountered

in either of the two systems studied (starch-water and quartz-water).
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Calderbank and Moo-Young(]O) also reported rheological dilatancy
in corn flour suspension in sugar solution at high concentrations.
The experimental results show that these solutions begin to show
dilatant behavior under relatively low shear rates.

Verwey and de Boer(]]) found that sometimes dilatant behavior
occurred only over very narrow concentration ranges in suspensions
of metallic particles in organic liquids, although few specific values
are given.

(12)

Meerman and de Bruijn reported dilatancy in a suspension of
glass particles at only 13.8% solids by volume. It suggests that
dilatancy may be confined to a narrow range of concentrations. The
effects of particle size on dilatancy are somewhat clearer than the
above data on concentration effects. Dilatancy was reported for all
particle sizes in their 0-50, 50-90, 90-250, 250-500 and 500-700
micron ranges.

(13)

Robinson encodntered no dilatancy in the rheological sense
with particle size in 3-4, 4-10, and 10-30 micron ranges, even with
particle concentrations as high as 52% by volume. However, it is
possible that he may have missed the phenomenon if it is restricted
to as narrow a range of concentrations as indicated above.

Similarly, Vand(]4) found no dilatancy in suspensions of 130
micron diameter glass beads, and Ting and Luebbers(]s) found no
dilatancy in their suspensions of 390 micron diameter glass beads
(at concentrations up to about 50% by volume).

Metzner and Whitlock(]ﬁ) tried to establish the ranges of variables
of primary interest in which the phenomena of dilatancy may be

observed. Dilatancy in the rheological sense was never obtained in

any of the glass bead-suspensions. However, dilatancy was found in
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the range of approximately 20-45% of titanium dioxide-suspensions by
vo]ume.in various aqueous solutions whose viscosities ranged from 1
td 42 centipose. As titanium dioxide concentration was increased,
non-Newtonian behavior was shown clearly. The particle sizes used
were 24-34vmi§ron diameter for glass beads, and 0.2-1.0 micron for
titanium dioxide.

The vis_osity of the suspending liquids used in studies of
dilatancy have not been found to vary over an appreciable range; all
studies have been in liquids having viscosity of a few centiposes or
less. Freund]ich(g) theorized that such Tow viscosities are probably
necessary to bring out the phenomenon.

An explanation of dilatant behavior-in solid-suspensions was

8)

offered by Reyno]ds( He'suggested'that the particles in a concen-

trated suspension wiii be oriented ai rest so that the void space is

a minimum. The suspending liquid is just sufficient'to fill the voids

in this state. The increase in voidage caused by shearing a dilatant

material means that the space between particTesvbecomes incompletely

filled with 1iquid. Under these conditions of inadequate lubrication

the surfaces of adjacent particles come into direct contact, causing

an increase in apparent viscosity with increasing shear rate.
Metzner(]s) has proposed a somewhat different tentative hypothesis

for the dilatant behavior. He proposed that at sufficiently Tow shear-

ing stresses Newtonian behavior occurs due to absence of sufficient

forces to affect either particle size or concentration. However in

the range of slightly increased shearing stresses, the slope of the

flow curve in the shear stress-strain rate relationship progressively

increases, as shown in Figure (1.1), as the flowing particles pro-



gressively decreased in size due to the imposed shearing forces which
may break up the loosely bonded structure formed by groups of particles.
Progressive decrease in the size of particles decreases not only the
excess momentum over that in an adjacent one, but also the total
intermolecular forces which account for the momentum transfer. At
increasing stresses the system begins to expand volumetrically.
Accordingly, entire Tayers of particles begin to glide over adjacent
layers. Figure (2.3) shows schematically that under a shear force
parcicles have no time to fall into voids in adjacent layers and each
layer glides over the adjacent one. If particles are suspended in
various liquids, the theory also suggests that rheological dilatancy

is more likely with low viscosity fluids. The theory also

Suspensions
at Rest Suspensions
Under Shear Force

Figure (2.3) Dilatant Behavior of Solid Suspensions in Liquid

suggests that dilatancy occurs at progressively decreasing shear rates
as the solids concentration is increased, since the slipping of

adjacent layers over one another should be easier to achieve
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CHAPTER III
INTEGRAL SOLUTIONS FOR CONSTANT
HEAT FLUX SURFACE CONDITIONS

Approximate solutions for laminar natural convection heat transfer
between a horizontal cylinder and a power-law, non-Newtonian fluid
with high Prandtl number are obtained using an integral method for a
case with constant heat flux-surface conditions. Since the similarity
solutions are not possible to find for constant flux boundary conditions,
the integral technique seems a powerful tool to solve these heat transfer
problems for a practical purpose.

With the assumption of high Prandtl number, inertial terms appear-
ing in the momentum equation are neglected. Then generalized Grashof
and Prandti numbers are defined properiy through nun-dimensional analysis,
~and velocity and temperature profile expressions are assumed to be
utilized in the integral equations to yield the solution form for the
local Nusselt number.

The velocity and temperature profile expressions utilized in this

analysis were originally proposed by Fujii(zs)

and Tien(3) for the
integral solutions for a vertical plate with constant flux and isothermal
boundary conditions. As shown in Chapter II, Tien's results appear to
be in excellent agreement with experimental data. Gentry and
No]lersheim(4) utilized the same velocity and temperature profile
expressions for their isothermal horizontal cylinder to prove that their
integral solutions agree quite well with Acrivos'(]) similar solutions

as well as with their experimental data. The choice of velocity and

temperature profiles used in the integral analysis is somewhat
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arbitrary and solution accuracy will be improved with good profile
assumptions. Using Tien's profiles for a horizontal cylinder with con-
stant heat flux surface condition seems reasonable since these profiles
satisfy the imposed boundary conditions of the present problem.
Integral solution results will be compared with the experimental data

in Chapter VII.

3.1 Boundary Layer Equations and Boundary Conditions

As shown in Chapter I, the governing differential eauations for

laminar free convection to power-law fluids are given as

ou oV _
X + -37 =0 (1.8)
udd by o gp(T-T )sing + & & (242U n'1) (1.9)
ax ay 9 ™ o 3y ‘aylay :
24y 2T 2 (1.10)
| X 3y Y2 .
* where the symbols have the ustial meanings and g is defined by
o /o =1+8(T-T) (3.1)

Assuming constant proberties except the density in the buoyancy term
is usually permissible to a first approximation, and the frictional

dissipation term in the energy equation is neglected. The system of
coordinates of the flow past a two-dimensional horizontal cylinder is
shown in Figure (3.1). For a constant heat flux-horizontal cylinder,

the boundary conditions are

- v = aT. = =
u=v=0, -k(ay)y=O g, at y=0 (3.2)
u=0,T=T_ at y== v (3.3)
u=0,T=T_ at x=0 (3.4)
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Figure (3.1) Configuration of Coordinates for F]ow Over a
Horizontal Cylinder

3.2 Integral Equations

The governing differential Equations (1.8-10) are integrated to
have the desired integral forms, and the dimensionless temperature

expression @ is introduced for convenience.

T-T,
6 = Ts- Too (3.5)

Integration of the momentum Equation (1.9) from y=0 to y== gives the

following integral equation.
BU AUy ST )
J“ (u§§- + vay)dy gB(TS T )sing ody
=0 .y=0

-1
K 3,0u ou"
2 ot X 3.6
Yo Lo oy lyl I (3.6)
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Similarly, the energy Equation (1.10) gives the integral equation of

® 36 . 36,, _
J (ugg + va)dy = ar 5 (2 0y (3.7)
=0 y=0

Also, by integrating the continuity Equation (1.8), the expression for

v is obtained to be
Y
vJ (3Y) gy (3.8)
=0

Substituting the above expression for v into the momentum and energy
equations, the equations to be solved are reduced to two coupled

integral equations.

d l‘ 2 .
T u“dy = gB(Ta - T_)sing I ody - ( ) (3.9)
dx y=0 $ y=0 proy’y=0
rw
gr;J uedy = -a(33) . (3.10)
y’-"

(23)

Following Fujii's expression » the velocity and temperature profiles

are assumed to be of the following form:

u £(n) (3.11)

o (n) -~ (3.12)

u

0

uy and boundary layer thickness & are assumed to be functions of x
only, and the dimensionless variable n is expressed in terms of

coordinate y and boundary layer thickness &(x).
n = EXTYY (3.13)
Differentiations of u and 6 with respect to y give

.§y..= _a.i BJ. = U '
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2 m 1, |
0B Hte ) (3.15)

and the boundary condition (3.2) can be expressed in terms of n and

6 as follows:
-k(T,-T,) 6' (0)

$

%

or
(T-T,) = - % 0

K67 (0 (3.16)

Now, substitution of Equations (3.11-16) into the two coupled integral

momentum and energy equations (3.9-10) gives

n

q.6 u

& (u,76) = Bosegd— sing- o) g (3.17)

Da% (u8) = £ (3.18)
rGO

where A= Jo fz (n)dn (3.19)
roo

B = . 6 (n)dn (3.20)

c= (£ (o))" (3.21)

D= J: f (n) 6 (n)dn (3.22)

E=-6'(0) (3.23)

By simple integration and applying boundary conditions (3.4), Equation
(3.18) yields

X
= Ea dx
U, = B JO 5 (3.24)
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and substituting the above equation into Equation (3.17) gives

X 2 dx n
E I SR T ol (3.25)
X0 AE “kn AD"E%pa 520

For ronvenience, the following dimensionless quantities are defined as

+

X (3.26)

=jo =six

+

§ = (3.27)

By using these dimensionless variables, Equation (3.25) can be written

as + }
. . X
+ 2 r'g.gB 2
d (1 dx 2 BD 0 +° .
——[—(J =)= 73] [ 16 sing
dxt st Jo T AEST 02
o+
cp2-n [K‘n-z ] .fx Qéij" (3.28)
- = + 3.28
[AEZ-n ] py,Z(n-]) 0 §
, +én
S

The generalized Grashof and Prandtl numbers are defined as

2 2(n-1) 3§n-1;
n+1 n+l [ng0]2 n+l

C
-op (K
NPrK e &) r 0 (3.29)
oo @)2 A4 g8q, 2-n
NG,,K " r 2] (3.30)

Equation (3.28) can be written in terms of these dimensionless

variables.
d 1 X+d 2. BD? ‘ZT 2. 42
< [ (J ey = ) NG " Ny 18T sing
At s st apd’ T Gr Pry
+
3(1-n X
+.Nn
'-‘(CDZ n) IN: Znet N, 2N (fo 'di(_)
AEZ-n Gr PrK 1)
+2n-
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or +

( a2 2 2_ 2
—_ 9 _rl NF No. 16 sing
“r, & st Jo @ TS ery Pry
+
3(1-n X +
n+l 1-n (J gé&-n :
( ) [NGr Np ] o ¢ (3.31)
K K 7N
.'.
é

The terms on the left hand side of Equation (3.31) can be ignored for
substances with large Prandtl numbers. The limitation imposed by

this simplification shouid not severely restrict the usefulness of the
results since most of the non-Newtonian fluids commonly encountered
are highly viscous and have relatively large Prandtl numbers. Tﬂere-
fore, with the assumption of high Prandtl number, Equation (3.31)

reduces to be

2 3 1"‘”
BDZ ¥ ‘m » +2 _ CDZ-n + 2(n+1 1-n
—3 [Ng. © Np 187 sing = =0 [Ne, Ny
AE K K AE K K
+
;:
X N
)
(), &
2n
sF
or o 2(n+1) 1
dx _ n RS () '
==K ¢ (sing) (3.32)
0 8 1
3n+1
1 + 2n(n+T)
n N N
where K, = (BT’D‘W) [ Prx Pry q (3.33)
Mg 2ln+l)
n
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Differentiating both sides of Equation (3.32) with respect to x

gives
n+2 2(nt1) I-n
ok ) (sing)s ™ 9841 5 0 (sing) M (cose)SE]
(3.34)
For convenience, Equation (3.34) is rewritten as
] 1 2(n+1) 3n+2 1
Tf (sing)" & %;(6) n 4 O ’g'i (sing)"
or
1 3ne I-n 3n+2
+ . .
-K%= Z) (sing)" -9 (s M) + Using) ™ (cosp) 6 " 9 (3.35)
Consideiring coordinates for a herizontal cylinder,
@ 1 (3.36)

dx ¥
- the above expressions for ¢ and x, Equation (3.35) can be expressed

in terms of ¢ only instead of x.

3n+2 3n+2 ‘ ]
d n 3nt+2 n, _ 3nt2 [—L
aa (s ) + o0 (N1 coty (6 ) = 5 (1 ( )':T (3.37)
K,(sind
1

The above equation is recognized as a linear, first order-ordinary
differential equation. Therefore, the solution for the differential

equation is

3n+2 ¢ 3n+2

n 1 342 ) 2n(n+1)
5 72 J¢=o 2y 13 (51n0) 4

(sin¢)2("+]) K](simp)n
¢
_ 3nt2 1
= 2(n+1) L vz J [J¢=0 7 do]
K](Sin¢) 2n{n+1) (sin¢)2(n+])

(3.38)
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The expression of the boundary layer thickness is written as

n
3n+2
5) = [zpogy]  —— 7]
3n+2 2(n+1)
K, (sing)

¢ 1 n
[I¢_0 (sing)? M1 gg1P"*2 (3.39)

Including the expression of Ky from Equation (3.33), the expression

for § becomes

a2 3nt7 CE™] 3n12 r
6(¢) = [215137J [ 5 ] [ 3nt] a ]
N+ 2(n+1) (3n+2) N 3n+2
GrK PrK

¢ 1 n
[J (sing) 21V gp7°2

¢=0 ] (3.40)
2(n+1)
(sing)

3.3 Velocity and Temperature Profiles

Once the:specific expressions for f and 6 are known, the para-
meters, A,B,C,D, and E defined in Equation (3.19) to (3.23) can be
readily evaluated. Following Tien's proposed profiles for a flat

plate, the ve]dcity and temperature profiles are assumed to be
f(n) = sn e ™" for 0 <n<o ' (3.41)

(1+n) (1-)3  for 0 < n <1

6(n)
(3.42)

=0 for 1 <n<w»

.5
where s = e (3.43)
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These profiles satisfy the imposed boundary conditions for the present
problem. It can be seen that f = Jatn=0, f=0asn> o, 6 =1
at =0, and 6 > 0 as n > .

Combining Equation (3.19) to (3.23) with Equation (3.41) to (3.43),

the parameters, A,B,C,D, and E give

f°°
A=| PP dn= g = 3 (3.44)
J =0 S
n
1 |
o i 3 _3
B = (1+n)(1-n)” dn = 10 (3.45)
Jn:O
_ N, -sn -smn  _ .n_ (5 yn
C=s (e - sne )n=0 s (3n) (3.46)
1
D = Jn=0 sne” " (14n)(1-n)% dn
1 4 , 48 120 12,1 6 10
s[- o+ - —Fl+ Hx+-F5+ ¢l
S s2 S4 s5 CeS S3 S4 SS
3 5
= [0 23?43t - 120D
5
+12e M [ + 63" + 10(3P°] (3.47)
- 3 2 -
E=[4n" -6n + 2]n=0 = 2 (3.48)
3.4 Nusselt Number Results
Based on radius, the local Nusselt number is defined as
hxr
(N )r ale (3.49)

Nux
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and from Equation (1.7) the local heat transfer coefficient is

expressed as

h, = =0 - ke (0) (3.50)

Substituting Equation (3.50) into Equation (3.49) gives

_ -rg' (0) _rE
(NNUX) = st (3.51)

and utiliziny the expression for the boundary layer thickness given

in Equation (3.40), the local Nusselt number becomes

T e 3nt]
(N, ) = [giﬂilli3"+2[EQ_E____]3U+2 ntEo 2(nt1)(3n+2)
Nu_‘r 3n+2 C Gr
X K
n 1

PrK (3.52)

¢ 1 n
L (Sin¢)2(n+]) d¢]3n+2
¢=0

For convenience, the above equation can be rearranged in the following

form:
:
N NG
S (L JEN L) il —
+ () (3n%2) N, 3n+2 ¢ n
NGVK PYK 7 [I¢—0 (Sin¢)2(n+1)d¢]3n+2
(3.53)
2(n+1)-37¥7 BOESN] “"‘3]+2
where K(n) = [__ﬂ__l] nve 2L q°n (3.54)

3n+2 C

Since the parameters, B,D,C, and E are expressed in terms of n only,
the coefficient K(n) can be readily evaluated with the given flow
behavior index n. Numerical values of K(n) versus flow behavior

index n are presented in Table (3.1).



Table (3.1) Numerical Values of K(n) versus Flow Behavior Index, n

n , K(n)

—

.657
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.609
.605
.602
.599
.597

: o o o o o o o o o
o (] [0e] ~ (o)} o =] w N

.995
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594

—
.
—

.592
.591
.590
.589
.588
.587
.586
.585
.585
.584
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CHAPTER IV
EXPERIMENTAL APPARATUS

The heat transfer apparatus employed in this investigation is

(24). A cylindri-

essentiaily the same as that used -:arlier by Gentry
cal model was employed for this investigation. This cylindrical

model consisted of twenty aluminum segments each independently heated’
by resistance strips bonded to the interior surface. Due to the
symmetry of fluid behavior along the vertical axis, one electrical
power supply was used for two corresponding symmetrical test sections.
Therefore, ten individual ;ower supplies were used. In each of the
ten individually heated segments a copper-constantan thermocoupie was
embedded to measure the local surface temperature. By measuring

local power supply 950 local surface temperature Ts’ and bulk fluid
temperature T , local free convection heat transfer coefficients

along the cylinder surface, h,, can be determined from Equation (1.2).

X
A photograph of the experimental apparatus is shown in Figure (4.1).

4.1 Cylindrical Test Section

The cylindrical test model shown in Figure (4.2) and (4.3) con-
sisted of twenty instrumented aluminum segments. Aluminum was chosen
because it has high thermal conductivity, relatively small thermal
expansion coefficient, and good machinability. Ten calibrated
Omega #TT-T-30 copper-constantan thermocouples were installed at a
diameter of 1.806 inches as shown in Figure (4.3). Using the
integrated Fourier conduction equation surface temperatures were
determined from the thermocouple readings for interior temperatures

and local heat flux values.
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Nichrome Heater
Strip Copper-Constantan
{#{TT-T-30

Figure (4.3) Test Cylinder Cross Section
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a triac trigger circuit, a voltage measurement circuit, and a sensistor
bridge circuit.

A triac is a bi-directional, silicon switch device which may be
activated to an on or conducting condition by applying an excitation
voltage. This excitation voltage puts the triac in a conductiny con-
dition over a time period less than half the 60 Hz sine wave period.

As a result, only a portion of the sine wave voltage signal is utilized
for heating purposes. Thus control of the power is accomplished by
varying the time period that the triac is in the conducting state.
Figure (4.5) shows the utilized portion of the sine wave. To obtain
greater flexibility of the power supply, the transformer was used to
permit selection of the input voltage upon which the triac acted.

The effects of different input voltage at a fixed triac trigger point
arc illustrated in Figure (4.6). For the effective heating, root

mean square voltage is defined in the following equation.
| t
Ens = [ (E(t))%at] /2 (4.2)

1
rms ‘T

]

The voltmeter systgm shown in Figure (4.7) was employed to
measure the effective rms voltage for triac modified signals. Total
voltage drop across each heater strip was imposed across an appropriate
resistor, a limiting amplifier, and an incandescent lamp. The Timiting
amplifier served as an overload protection device for the type 47 lamp,
which was rated at 6 volts. The incandescent lamp was enclosed in a
light free container along with a vacuum photo-tube, type 868. Light
from the incandescent lamp impinged on the vacuum photo-tube cathode
surface, producing an emission of electrons from cathodeto anode. The

electrons received at the anode produced a small change in the anode
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Scale Limiting Incandescent
Resistors Amplificr Lamp, Type 47
Ry L N -
] 1 R .
Ry %cuum X @ N
Photo-Tulie 1 '
Ry s Type 868 ' ; '
t—o
R, §. = L=l 5
t L g 4 —----.- ——
Rg ¢ T T Ry, % E
1 o D
)
P
Transformer

Figure (4.7) Basic Voltmeter Circuit

current. This small change in .anode current, which is dependent only
on the voltage drop, was detected in the form of a voltage drop

across a large coupling resistance RL‘ This coupling resistor voltage
drop produced a three digit output display on the Weston voltmeter.

In the present investigation, two voltage ranges are used to obtain
the required voltage. Scale 1 covers the voltage range from 2.50 V

to 5.50 V, and scale 2 applies for the voltage range from 5.00 V to
10.00 V. Then local power to each strip was determined by using the
resistance values for each nichrome heater strip and the measured rms

voltages.
(Erms)2
Power, P = p——— (4.3)
strip
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Least Squares Equation

1.9956929213
= 4.3466235121
Cq =-2.2512947895
C, = 0.5138902982

(eI e]
N =
I ]

| L l | ] | | ]

- 2 3
RMS = Cp + CyV + C4V2 + C,V

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Weston Meter Digital Output

Figure (4.10) Weston Meter Calibration Curve, Scale 1
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Weston Meter Digital Output

Figure (4.11) Weston Meter Calibration Curve, Scale 2
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Calibration of the digital Weston meter was carried out by using
two dummy resistors, having resistance of 2.774 ohms and 5.461 ohms
and constructed of the same Tophet C nichrome strip material. Voltage
measurements were obtained from a pre-calibrated Ballentine true RMS
voltmeter, Model #323. The ammeters used were a Westinghouse Model
#682166, and a Weston, Model #433. The corresponding calibration

curves for scale 1 and 2 are shown in Figuve (4.10) and (4.11).

4.3 Temperature Measurement System

Omega TT-T-30, copper-constantan thermocouples were used to
measure the temperatures of all test sections. Components in the
measurement circuit included a ten point selector switch, an ice
point reference junction, and a two channel input Biddle Millivolt
Potentiometer. Figure (4.12) shows a typical tcmpcrature measurement

schematic.

Const (-)

A BN
Cu () ‘ N\
ega Connectors
Omega #fMJP1-12-12T and
Thermocouple {#IMP-CoCo-M
‘TT-T-30
Cu(+) Cu(+) ° o°
o-
- -0
Cu(-) Const (=)

Biddle Millivolt Potentiometer
Nox 72-3110, Ser. 44897

Digitec Scanner
Model 634,
Serial 3751

PPy yp———
Neww wad

Ice Reference
Junction

Figure (4.12) Temperature Measurement Schematic
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Calibration of all copper-constantan thermocouples shows that
the agreement between measured millivolt values at reference thermometer
temperatures and National Bureau of Standards, Circular 561 is within

1/2°F.

4.4 Viscometric Apparatus

Rheological properties of the dilatant fluids are determined
using a Brookffeld Synchro-Lectric Viscometier, Model LVT. Eight
rotaticnal speeds, 0.2, 0.6, 1.5, 3, 6, 12, 30, and 60 rpm established
the shear rate for a given spindle arrangement. Shear stress was
indicated by the torque reading on the rotating scale.

Since the dilatant fluids used in the present investigation have
a high viscosity, a two concentric cylinder type of viscometric setting
could not be used, because the torque required 1o iotate the inner
cyiinder rod was too iarge to give readings on the Brookfieid visco-
meter. Therefore, it was necessary to increase the gap distance (to
decrease the torques) between two cylinders until the torque was
readable on the viscometer. It was found that the rotating cylinder
in an infinite medium type of viscometric setting was proper in the
present investigation. By rotating the cylindrical rod in the middle
of the test fluid in a beaker whose radius is much larger than the
rotating rod, the walls of the beaker exert no influence on the shear-
ing movement of the fluid. The viscometric apparatus consists of the
Brookfield LVT viscometer, a Glass-Col Resistance Heater, Model
#71678, a Superior Powerstat Type 116, and a 1500 CC glass beaker, as
shown in Figure (4.13). The powerstat supplied voltage necessary to
maintain constant temperature conditions in the bath. Before the

viscometric data were taken, the fluid was constantly stirred
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- Brookfield Synchro-Lectric
9 . Viscometer, Model LVT
~
Y snunnnen. '
h ]
n Glass Omega
Beaker #TT-T-30
1500 m] i Thermocouple
]
|
|
1
\. y
Superior
Powerstat
Type 116

Glas-Col Resistance
Heater

Figure (4.13) Viscometric Apparatus Setting
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to ensure the uniformity of temperatures in the beaker, and temperatures
were measured with an Omega #TT-T-30 copper-constantan thermocouple
stationed in the middle of the fluid.

The concentric cylinder viscometer with a bob has length L and
radius R] and the beaker has radius R2. The bob rotates with an
angular velocity Q and a torque M exerted on the bob. Under laminar
flow the velezity gradient, where the fluid rotates with angular
velocity w, is

d
%§-= r a%- (4.5)

while the shearing stress is

M

T =
2mrlL . (4.6)

The term Le is the equivalent length which accounts for end effects,
and can be obtained by calibration with a Newtonian fluid of known
viscosity. The flow behavior of a non-Newtonian fluid is defined
by the functional relationship between the rate of shear g%; and the

shearing stress t.

%§-= g(t) (4.7)
Equation (4.7) becomes in this case

r'g%-= g(t) (4.8)
Further, since g$-= --g%-from Equation (4.6), Equation (4.8) may be

transformed to
-1 dt
do = 5 g(t) T (4.9)
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which on integration between the bob where w=Q and Ty = M/ZnR]ZLe, and

the beaker where w = 0 and Ty = 0 gives

N —

Q =

0
J ale) 4 (4.10)
0

Differentiation of Equation (4.10) with respect to T, gives

- 2dQ ‘ .

and combining Equation (4.7) and (4.11), and by the fact that Q = 2=N,

where N is rotational speed of the bob,

(Qg) __2de 2d(2mN)
dy’y = d(Inty) d[m(M/an]ZLe)}
_4ndN _ 4nIN d(In N)]
d(In M) d(Tn M)

= 4nN
d%]n M; (4.12)
d(In N

The shear rates at the surface of the rotating cylinder were
determined by Equation (4.12). Torque readings and rotational speeds
were obtained from the Brookfield LVT cylinder viscometer. Torque
values appeared as a percentage of the full scale torque, which was

4.969 x 10°° ft-1b,. Then the slope d(1n M)/d(In N) in Equation

f
(4.12) was readily determined from the plots. It was also necessary
to make measurements with more than two beakers of different diameters
to insure that the fluid was effectively infinite. Three containers
with different diameters (4.65", 6.23", and 12.5" were used to

determine the size of the beaker for this purpose. No significant

changes in the reading were detected between the three different
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sizes. Therefore, the beaker whose diameter is 4.65" was employed.
Throughout the whole viscometric test, spindle No. 3 (which has a
diameter of 0.235", and an effective length of 1.758") was used as a

rotating rod.

From these determined shear stress and shear rate values the plot
of T, versus (%%) constitutes the flow curve, and flow behavior
1
index n. Consistency index K values are obtained using the power-law

model expressed in Equation (1.3).

_ du,"
7, =K (ay)] (1.3)
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CHAPTER V
TEST FLUID PREPARATION AND
FLUID PROPERTIES

Corn starch suspensions in aqueous sucrose solution were ezployed
as a test fluid to represent a rheological dilatant fluid. In
searching for proper dilatant fluids for the present experiment,

possible fluids were narrowed down to corn starch suspensions(9510),

(16)

and titanium dioxide suspensions in aqueous sucrose solution. As
discussed in Chapter II, all the reliable data available on rheological
dilatancy indicated that it had been confined to suspen:ions of par-
ticles whose diameter is less than five microns in liquids having
viscosities of a few centiposes. Corn starch and titanium dioxide
- have average diameters of less than 1.0 micron. The aqueous sucrose
solutions were used because of their flexibility to obtain desired
viscosity and density.
Besides the above considerations the test fluid had to meet
the following four requirements.
1. The data of the test fluids must fit the power-law
fluid model.
2. The test fluids must show rheological dilatant behavior
in the range of low shear rates (approximately 10'] to
10 1/sec) which is encountered at the test section sur-
face during the present free convection experiments.
3. The test fluids must be time-independent.
4, The test fluids must not settle due to gravity during

the experiment, i.e., at least for one day.
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By measuring viscbmetric properties from sample fluids with
different combinations of particle concentrations and different
viscosities of sucrose solutions, it was obvious that corn starch
suspensions had advantages over titanium dioxide stspensions.
Titanium dioxide suspensions fai]ed to satisfy requirement 2 and 4,
whilé corn starch suspensions scemed to satisfy all of the above.
requirements. Titanium dioxide suspensions exhibit dilatant behavior
only in higher shear rates because of their longer particle sizes,
and they settle down faster than corn starch suspensions because of
their higher densities.

As shown in Table (5.1) four volume concentrations (38, 39, 41,
and 42%) of corn starch suspensions in sucrose solutions were chosen
to represent four different dilatant fluids. An aqueous sucrose
solution of 50% concentration by weight was used for liquids. This
sucrose solution had a viscosity of 8.4 centipose at 85.2°F, and had
a density of 1.23 gm/cc. The concentration of sucrose solution was
determined by making the density of sucrose solution close to the
density of corn starch (1.24 gm/cc) in order to minimize the settling

problem for the suspensions.

Table (5.1) Corn Starch Suspensions in Aqueous Sucrose Solution
for Test Fluids

Néme of Volume of Corn Volume of the Aqueous
Test Fluids Starch Sucrose Solution
38% CS/SS 612.9 cc 1000.0 cc
(760.0 g)

39% CS/SS 639.3 cc 1000.0 cc
(792.7 g)

41% CS/SS 694.9 cc 1000.0 cc
(861.7 g)

42% CS/SS 723.8 cc 1000.0 cc

(897.5 g)
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The viscometric tests showed that the dilatant behavior of the
fluid was restricted in the range of particle concentrations 36-44%
by volume. For the range lower than 36%, the fluid showed_pseudop]astic
behavior and for the range higher than 44%, the fluid showéd behavior
of Bingham plastics.

The method of preparation of the test fluids and physical pro-

perties of the fluids will be presented in the following section.

5.1 Test Fluid Preparation

The aqueous sucrose solution was obtained by dissolving 1.0 kg of
sugar in each of 1.0 kg of water. Therefore, the weight percentage

of sugar, A, in the aqueous sucrose solution is

A= weight of sugar » 100
weight of sugar + weight of water

1.0 . |
To+ 70 100 =50.0% by weight sugar (5.1)

The volume fraction x of corn starch in the sugar solution based on
the assumption of no change in volume or mixing is expressed as:

volume of corn starch
volume of corn starch + volume of the sucrose solution

x:

The important physical properties of the fluids are expressed in terms
of temperature, T, and volume fraétion, x, of corn starch.

Corn starch was measured to be 17.1 liters (21.104 kg) and mixed up
with 27.9 litérs of sucrose solution to make 45.0 Titers of 38.0% CS/SS
solution. To ensure the uniformity of the suspensions, mixing was done
using a Lightnin Rotation Mixer, Model S2, for about 30 minutes. The
fluid properties were measured before and after heat transfer experiments

to ensure the previously measured fluid properties.
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After completing the heat transfer experiments for 38% CS/SS
solution, 0.564 kg (0.455 1) of corn starch was added to the previous
45.0 Titers of 38% CS/SS solution to make 39% CS/SS solution. Again
the same procedures were followed to make 41%, 42% CS/SS solutions,
i.e., 1.131 kg and 0.566 kg of corn starch were added to 39% and

41% CS/SS solutions after each of the experiments.

5.2 Fluid Properties

5.2.1. Density
Reference (25) shows that the density of 50.0% by weight sucrose

solution is 1.23 gm/cc at 70°F and the density of solid corn starch is
given by Mohsenin(zs) to be 1.24 gm/cc at 75°F. Since the temperature
in the actual heat transfer experiment reaches not higher than 110°F,
densities can be assumed to be constant in this temperature range
without significant errors. Therefore, the density of the test fluids
can be expressed as
oo = 62.827961[1.24 x + 1.23 (1-x)]  (1bm/ft3)
(5.3)

T

5.2.2 Specific Heat Capacity

The empirical equation of heat capacity of sucrose solutions
between 70°F and 87°F is given by Gucker(27) to be
(c,); = 1.000 - 0.326 m - 0.0215m> (Btu/1bm-°F) (5.4)
where m is the mass fraction. Comparing the values at 70°F and at
87°F, the heat capacity remains constant. Therefore, assuming constant
values in our temperature ranges is quite acceptable. Since m is 0.5

for 50% sucrose solution, the final value becomes

(Cp).I = 0.8424 (Btu/1bm-°F) (5.5)
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The specific heat of corn starch is given by Sprockoff(28) to be

(C,), = 0.3555 (Btu/1bm-°F) (5.6)

(29)

According to Metzner , the total specific heat of solid suspensions

in liquids can be expressed as
(C)g = my(Cp)y *+ my(Cp),

mass fraction of sucrose solution

n

where m]

m, = mass fraction of corn starch

Therefore, the final expression for the total specific heat of the

test fluid becomes

(C ). = 1.23 (1-x) (0.8424) + 1.24 x (0.3555)
p'T ‘ 1.23 (1-x) + 1.24x

_ 1.038 (1-x) + 0.441x .
T T.23(0x) ¥ 1.28x (Btu/1bm-°F) (5.7)

£.2.3 Thermal Exnansion Coefficient

The empirical equation for thermal expansion coefficient of
50% sucrose solution was obtained based on the data given by reference
(30) in the temperature range of 65°F to 125°F. A second order

polynominal was used to express the data points.

By = Bgy [1+¢T + csz] (1/°F) (5.8)
-~ -4
where 60] =2.14 x 10
¢y = 1.56 x 1074
. -7
¢, = 5.42 x 10

and T is temperature in °F.

Blitz, Fisher, and wUnnenberg(3])

give a linear equation to express
the thermal expansion coefficient for corn starch for temperatures from

0°F to 220°F.



60

By = Bpp(1 +AT) (1/°F) (5.9)
, _ -3
whey e 602 = 1.18 x 10
a=2.14 x 107

and T is temperature in °F

According to Metzner(zg), the total thermal volume expansion
coefficient for solid suspensions in liquids can be easily expressed
as

Br = (1 - x)g; + x8, {1/°F) (5.10)

5.2.4 Thermal Conductivity

Kharbanda's(32)

experimental data show that thermal conductivities
of a sucrose solution for temperatures from 32°F to 200°F can be
expressed as
ky = [0.358 + 0.0000643T-0.000000011T2](1w0.0054w) (Btu/hr-ft-°F)
where w is weight percentage sugar in the soluticon, and T is temperature
in °F. Therefore, for w=50.0, k, becomes
ky = 0.730[0.358+0.0000643T-0.00000001]T2](Btu/hr-ft-°F) (5.11)

(33) experimental

These values agree quite well with Gillam and Lamm's
values.

The thermal conductivity of corn starch was measured by Garrett(34).
At 70°F, it gives the value of 0.0107 Btu/hr-ft-°F and with small
increase of temperature, the value stays almost constant. Therefore,

the thermal conductivity of corn starch for the present investigation

was assumed to be

k, = 0.0107 (Btu/hr-ft-°F) (5.12)

2
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Metzner(zg) suggests that the conductivity of solid suspensions

in liquids may be estimated by the following equation.

. - 2k]+k2-2x(k]-k2)

k (5.13)
T 2k]+k2+x(k]-k2) 1

(35,36,37)

A considerable body of experimental evidence is available

in support of the above predictions.

5.2.5A Consistency Index and Flow Behavior Index Number

Rheological properties of the test fluids were obtained at four
different temperatures (70°F, 80°F, 90°F, and 100°F) by using the
Brookfield LVT viscometer as shown in Chapter IV, and these values
were checked with a Weissenberg Rheogoneometer, Model R18 at 88°F.

Viscometric data presented in Figure (5.1), (5.2), (5.3), and
{5.4) appeared to be well rebresented by a power—iaw fluid model, since
the data fit a straight 1ine on log-log scale. The data taken at 88°F
from the rheogoneometer confirm the values of those from the Brookfield
viscometer.

Flow behavior index curves and consistency index curves for each
of the four concentrations appear as functions of temperature in
Figure (5.5) and (5.6). From a least squares fit of experimental data,
the following equations for flow behavior index n, and consistency

index K were obtained in terms of temperature T in °F.

38% CS/SS solution

n(T) = 1.03925526+0. 00428745T-0. 00003016 T2 (5.14)

In(K(T)) = -0.28868019'—0.00691136T-0.00003493T2 (5.15)
39% CS/SS solution

n(T) = 1.40231864-0.00284363T-0. 00000990T (5.16)
In(K(T)) = 0.13088331-0.1382273T+0. 00001 358T° (5.17)
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41% CS/SS solution
n(T) = 1.40118940+0.00064992T-0.00001006T2 (5.18)

In(K(T)) = 0.'l5981980-0.00756106T-0.00001587T2 (5.19)

42% CS/SS solution
n(T) = 1.54715146-0.00164812T+0.00000475T2 (5.20)

In(K(T)) = 0.]4652677-0.00432161T-O.00002974T2 (5.21)

Shear rates produced by the viscometer assemblies extended approximately
from 0.3 to 10.0 1/sec. As will be discussed later, these viscometric
shear rates were representative of the shear rates encountered at the
test section surface during free convection experiments. A complete

tabulation of viscometric data are shown in Appendix B.
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Figure (5.1) Viscometric Data for
38%-CS/SS Solution
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Figure (5.2) Viscometric Data for

39 % CS/SS Solution
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CHAPTER VI
EXPERIMENTAL PROCEDURES

The test fluids were prepared in a 3 ft3 aluminum container.
Befure energizing the instrumented test section, a complete electrical
check out was needed, since an electrical short would have been
destructive to certain power supply and controller circuits. Longi-
tudinal leveling of the test cylinder was accomplished by adjusting
a horizontal RTV segment 1ine to the liquid level of the test fluid.
Angular positioning was also required to achieve circumferential
symmetry of the test section. It was achieved using a Starret Precision

Level, #USAF-938-445,

6.1 Free Convection Data Acquisition

At the beginning of cach series of runs for 238%, 39%, 41%, and
42% CS/SS solutions, test fluids were first mixed at a moderate speed
for about half an hour to assure fluid uniformity. When ihe test fluid
was ready, 250 CC of sample was taken for viscometric measurement to
ensure that rheological properties had not been changed. Then the
test cylinder was adjusted to set about 3 inches from the bottom, and
'8 inches from the top of the surface. A gauze-wrapped swab was then
used on the test section to remove any entrapped air bubbles.

In obtaining thevdesired input voltage level, the power supply was
activated and the variac was set. Next, each of the ten-turn potentio-
meters connected to each of the ten test segments was adjusted gradually
to heat the test section to constant flux or isothermal surface condition.
In obtaining isothermal surface conditions, the test section thermocouples

were continuously monitored to get the desired isothermal temperatures



70

at all segments. Compared with obtaining the isothermal surface con-
ditions, obtaining the constant heat flux-surface conditions were
relatively easier, since the desired heat flux conditions were achieved
by simply setting up all the potentiometers to one voltage reading on
the wWeston-voltmeter. A stabilizing period of approximately 30 minutes
was needed before initial data were taken. During this stabilizing
period, continuous adjustment was needed to stabilize the desired sur-
face condition. The voltmeter signal was also checked using a Taktronic
Dual Eeam Oscilloscope, Model 52CA to ensure that the voltmeter signal
was not being topped off by the 1imiting amplifier on the voltmeter
scale being used.

Upon reaching the desired surface conditions, the following set
of data was taken

1) Voltmeter readinas for the ten test sections

2) Thermocouple readings for the ten test sections

3) Two thermocouple readings for the bulk fluid

4) Two thermometer readings for the bulk fluid
After the above data were taken, the test section surface was again
swabbed to ensure that fhere were no air bubbles entrapped. Then a
second set of data was taken following a restabilization period. The
"~ average of these two sets was considered to be the representative of
the run. After completion of a series of runs, viscometric data were
again checked to verify rheological properties.

In this manner, 38% CS/SS solution was used first to get the
data for constant heat flux surface conditions and then isothermal
surface conditions. After a series of experiments was completed for 38%

CS/SS solution, corn starch was added, as shown in Chapter V, to make 39%
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CS/SS solution. Similar procedures then were followed for the rest

of the fluids to acquire the necessary free convection data.

6.2 Shear Rate Verification

As mentioned in Chapter I, it is also necessary to see whether
test fluids exhibit similar rheological behavior under natural flow
conditions as those observed in the rotational viscometer, since
rheological properties determined by the viscometer were used for
the actual flow conditions.

Due to the opaqueness of the test fluid, optical methods of
determining the velocity profiles of the flow were impossible. Also,

a pitot-tube type of device was not possible to use, since the velocity
of the flow in the present experiment was too slow to give a significant
reading for a pitci-tube. However, the primary cbjective of the pro-
cess was to determine if shear rates under aciuail Tlow conditions were
indeed within the range of the shear rates obtained by the viscometer.

Therefore AcrivoS'(]) expression shown in Equation (6.1) was employed

to estimate the shear rates at the cylinder surface.

1
1 2(n+1)
3n+] 3ntT [gBr(TS-Tm]]/2 (NGrA)
( ) = F"(0) (QE;T) v gl—T
(N, ) o™
PrA
2 1 1
(sing)2™T [[ (sing)Z™T  dp3mT (6.1)
$=0

Figure (6.1) shows the values of F"(0) provided by Acrivos for values
of flow behavior index. The possible inaccuracy of the equation was
considered permissible because of the nature of the object of shear

rate verification.



Fll (U)

1.00

0.90
0.80 |
0.70 |

0.60 |
0.50 F

0.40 |

0.30

0.20

1 ] 1 i 1

1.0 2.0 3.0 4.0

Flow Behavior Index, h

Figure {6.1) F"(0) Vorsus Flow Behavior

-t

n

72



73

CHAPTER VII
EXPERIMENTAL RESULTS

Exberimenta] results for both the constant flux and isothermal
cases are presented in this chapter. Locé] free convectioh da.a
and average free convection values are compared with theoretical
solution predictions previously considered in ChaptersII and III.
The theoretical calculations for estimated shear rates under the
act1al flow conditions are also presented to ensure the validity of
non-Newtonian, dilatant fluid properties as determined by the rotational

viscometer.

7.1 Local Free Convection Results

For constant flux surface conditions, six different fluxes (255,
275, 235, 315, 335, ana 355 Btu/hr-ftz) were Suppiied to the cylinder
surfaces and 24 runs were carried out for the experimental results.
Local free convection data are expressed in terms of dimensionless
groups developed in Chapter III for this case, and the experimental
results are compared with integral solution results. For isothermal
surface conditions, six different temperature differences (28, 32, 36,
40, 44, and 48°F) were used for each of the four different test fluids.
A total of 24 runsvwere also made for the experimental results. Local
free convection data are expressed in terms of Acrivos(]) dimensionless
groups and comparisons are made with integral solutions by Gentry and

(4).

Wollersheim A complete 1isting of all free convection data is
described in Appendix A, and graphical presentations of local free
convection results for both constant flux and isothermal cases are

shown in Figures (7.1-7.8). The solid lines on the figures represent
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the theoretical solution predictions, and experimental values are

provided at angular positions of 2°, 27°, 45°, 63°, 81°, 99°, 117°,

135°, 153°, and 171°.measured from the lower stagnation point.
Dimensionless numbers for both cases are expressed as follows:

h.r

) = X (3.49)

(M, Iy =

qu

Dimensionless numbers for the constant flux case by the author:

2 2(n-1) 35n-1;
pC n+l n+l ghq. 2(n+l
= (=K o
Mpr, = (G (1) () (3.29)
g8q, 2-n
oo 4l
NGrK ()" r" () (3.30)
Dimensionless numbers for the isothermal case hy_ﬁprivos(]):
2 i-n 3(n-1
pC , Nt —E—%'z N+l
= .._.B l\. ]+n ) -
NP,.A (2 ) () [eer(Tg-T,) ] (2.3)
- (P2 n+2 . _T y42-n
Nor, = Q7 (™ [o8(T-T,)] | (2.2)

In expressing the experimental results with the above dimensionless
groups, all physical propefty data appearing in dimensionless groups
were evaluated at the local film temperature, which is the mean
temperature of the cylinder surface and the bulk fluid temperature.v

In comparing the experimenta results with theoretical solutions
the integral solution results for constant flux case by the author were
obtained from

3n+1 n

— + AnlD
r = K(n) NGrK 2(n+1)(3n+2) NPrK3n+2

(Ny, )

NuX
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1
(Sin¢)2‘n+]

¢ 1 n (3.52)
[J (sing) 2] gp75M2
¢=0

and the integral solutions for the isothermal case obtained by Gentry

and WOllersheim(4) were calculated from

(NNUX)Y' = G(n) (:232:})3'1.*.] ( GY‘ )——(?H-_ (NPY' )3n+]
1
q) (smcb)j"” . (2.21)
[J (sing) 2T o7

$=0

For the constant heat flux case, as shown in Figures (7.1-7.4),
experimental data for the four different diiatant fiuids were higher
than the theoretical values, but generally they agree quite well with
integral solution predictions for angles smaller than 140°. At angles
higher than 140° experimental values for the local free convection
coefficients are Significantly higher than coefficients from the
integral solutions. As shown in Figures (7.5-7.8), experimental values
for the isothermal‘case, again, show good agreement with integral solu-
tions for angles smaller than approximately 140°. At angles higher
than 140°, experimental values are higher than coefficients from the
integral solutions.

Similar experimental results were reported for pseudoplastic fluids
for isothermal conditions(4), and for mineral oil for both constant
flux and isothermal conditions(38). This phenomenon is primarily
attributable to boundary layer interaction in the upper stagnation

region which is not accounted for in the integral solution. At the
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upper stagnation region of the cylinder, the natural convection flow
from nne side of the cylinder interacts with the flow coming from the
other side of the cylinder. As a result the integral solutions are
not valid as the upper stagnation region is approached. |

Comparing the integral solutions for different n values including
the Newtonian case (n=1), it was found that the integral solutions are
very close to each other, as shown in Figures (7.1-7.8), when they

are expressed in dimensionless forms.

7.2 Average Free Convection Results

The average expressions for free convection were obtained by’
integratiﬁg local dimensionless groups over the test section surface.
The average experimental Nusselt numbers for the constant f]ux.case
appear to be approxim.tely 4% - 8% higher than the theoretical Nusselt
numbers, while the -average experimeniail Nusselt nuimbers fov the isc-
thermal case are approximately 3% - 8% higher than the theoretical ones.
The average Nusselt number for all experimental data were obtained
from a least squares fit to be

Constant Heat Flux Case:

- + 0.071
(NNu )avg = 3.544 (NGr NPr ) (7.1)
r K 'K v
and for the
Isothermal Case:
‘ 0.103
(N, ) = 2.816 (N.._ N, ) (7.2)
Nur avg GrA PrA

The above expressions for the average Nusselt number for non-Newtonian,
dilatant fluids are useful for design purposes, since the forms are

relatively simple to use.
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7.3 Shear Rate Verification

Local surface shear rates were calculated for each set of local
free convection data by using Equation (6.1) for theoretical velocity
gradient expressions. As shown in Appendix A, the range of shear rates
encountered under the actual flow condition was from approximately
0.100 to 2.000 1/sec, whiie the shear rates produced in the rotational
viscometer wzre in the range of- approximately 0.100-10.0 1/sec.
Therefore, it is safe to assume that test fluids exhibit similar

rheological dilatant behavior under natural flow conditions.

7.4 Errors For The Measurements

As mentioned previously, a stabilizing period of approximately
30 minutes was required before the initial data were taken. In most
of the cases, withbut taking a third set of data, it was possible to
obtain two representive sets of data with maximum difference of 0.01V
in values on the digital Weston meter (approximately 2% error in
values). Howevef, during certain runs, voltage fluctuations were as
much as 0.02 V. In such cases, another series of data were taken

until the voltmeter gave readings within 0.01V error.
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CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

Concluding remarks which summarize the results of the present
investigation are presented in this chapter. Recommendations a.e also

presented for possible areas of future study.

8.1 Conclusions

The present study has been an attempt to investigate the laminar
free convection heat transfer between a horizontal cylinder and
rheological dilatant fluids. Surface boundary conditions considered
were constant flux and isothermal. Heat transfer data were taken
and compared with the theoretical integral solutions. To summarize
the results of the present investigation, conclusions are made as
follows:

1) Experimental.results for dilatant fluids agree quite well
with the results from the integral solutions for both constant flux
and isothermal surface conditions at angles smaller than approximately
140° measured from the lower stagnation point. At angles higher than
140° experimental values for the local free convection coefficients are
significantly higher than coefficients from the integral solutions.
‘Therefore, the integral solutions are nbt valid as the upper stagnation
region is approached. The average experimental Nusselt numbers appear
to be approximately 3% - 8% higher than the theoretical Nusselt numbers.

2) The phenomenon which exhibits significantly higher experi-
mental Nusselt numbers at angles larger than 140° may be attributable
to boundary layer interaction in the upper stagnation region which

is not accounted for in the integral solutions.
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3) The experimental results agree quite well‘with those by
Gentry and wollersheim(4) for pseudoplastic fluids under isothermal
surface conditions, and those by Kim, Pontikes, and WOllersheim(]z)
for mineral oils under constant flux and isothermal surface conditions.

4) Since similiarity solutinns are not possible for the constant
heat flux case, the integral technique seems a powerful tool to
provide approximate theoretical solutions.

5) The integral solutions for different n values including
Newtonian fluids (n=1) ar= very close to each other for both

the constant heat flux case and the isothermal case, when they

are expressed in dimensionless forms.

8.2 Recommendations

Some areas are recommended to gain more insight of this heat
transfer problem. The following are recommendations for future study.
1) The boundary interaction for the upper stagnation region
which was not accounted for in the theoretical solution warrants
~attention for further study to gain more insight into this type

of heat transfer problem.

2) The possible turbulent free convection heat transfer in
non-Newtonian fluids is also worthy of consideration. Turbulent
flow may be achieved by supplying more heat to the surface and by
increasing the size of the test model.

3) No theoretical solutions for non-Newtonian fluids such as
Bingham plastic fluids, and time dependent fluids have been obtained
to date. Future study in this area is recommended by using a proper

fluid model.



4) Theoretical solutions with arbitrary temperature distri-
butions along the cylinder surface have not been reported yet.
Therefore, further considerations are desirahble for arbitrary

surface temperature conditions.

88



BIBL IOGRAPHY



10.

1.

12.

90

BIBLIOGRAPHY

Acrivos, A., "A Theoretical Analysis of Laminar Naturél Convection
Heat Transfer to Non-Newtonian Fluids," A.I.Ch.E. Journal,
Vol. 6, Nov. 4, 1960, pl :84.

Chen, T. Y., "On the Solution of External Laminar Free Convection
to Power Law Fluids," Ph.D. Thesis, University of Missouri-
Columbia, Columbia, Missouri, 1971.

Tien, C., "Laminar Natural Convection Heat Transfer from Vertical
Plate to Power-Law Fluid," Appl. Sci. Res., Vol. 17, 1967,
p. 233.

Gentry, C. C. and Wollersheim, D. E., "Local Free Convection to
Non-Newtonian Fluids from a Horizontal Isothermal Cylinder,"
J. Heat Transfer, Trans. ASME, Vol. 96, No. 1, 1973, p. 3.

Reilly, I. G., Tien, C., and Adelman, M., "Experimental Study
of Natural Convection Heat Transfer from a Vertical Plate
in a Non-Newtonian Fluid," Can. J. Chem. Eng., Vol. 47,
1965, p. 157.

Sharma, K. K., and Adelman, ., "Experimental Study of Natural
Convection Heat Transfer from a Vertical Plate in a
Non-Newtonian Fluid," Can J. Chem. Eng., Vol. 47, 1969,

p. 553.

Dale, J. D., "Laminar Free Convection of Non-Newtonian Fluids
from a Vertical Flat Plate with Uniform Surface Heat Flux,"
Ph.D. Thesis, University of Washington, Seattle, Washington,
1969.

Reynolds, 0., "On the Dilatancy of Media Composed of Rigid
Particles in Contact: With Experimental I1lustrations,"
Phil. Mag., Vol. 8, 1885, p. 20.

Freundlich, H., and Roder, H. C., "Dilatancy and Its Relation to
Thixotrophy," Trans. Faraday Soc., Vol. 34, 1938, p. 308.

Calderbank, P. H., and Moo-Young, M. B., "The Prediction of
Power Consumption in the Agitation of Non-Newtonian Fluids,"
Trans, Instr. Chem. Engrs., Vol. 37, 1959.

Verwey, E. J. W., and de Boer, J., "Dilatancy," Rec. Trav. Chim.,
Vol. 57, 1939, p. 383.

de Bruijn, H., and Meerman, P. G., Proc. Intern. Rheological
Congress (Holland), Vol. II. North Holland Pub. Co.,
Interscience, New York, 1948, p. 160.




13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

91

Robinson, R. B., "The Effect of Sphere Diameter," J. Phys.
and Colloid Chem., Vol. 55, 1951, p. 455.

Vand, V., "Experimental Determination of the Viscosity-
Concentration Function of Spherical Suspensions," Phys.
and Colioid Chem., Vol. 52, 1948. p. 300.

Ting, A. P. and Luebbers, R. H., "Viscosity of Suspensions of
Spherical and Other Isodimensional Particles in Liquids,"
A.I.Ch.E. Journal, Vol. 3, No. 1, 1957, p. 111.

Metzner, A. B., and Whitlock, M., "Flow Behavior of Concentrated
Dilatant Suspensions,” Trans. Sci. of Rheology, Vol. II,
1958, p. 239.

Fredrickson, A. G., Principles and Applications of Rheology,
Prentice-Hall, Inc., Enjlewood Cliffs, N.J., 1964.

Wilkinson, W. K., Non-Newtonian Fluids, Pergamon Press,
New York, 1960.

Skelland, A. H. P., Non-Newtonian Flow and Heat Transfer,
John Wiley and Sons, Inc., 1967.

Ede, A. J., "Advances.in Free Convection," Advanced in Heat
Transfer, Vol. 4, 1973, p. 1.

Jakob, M., Heat Transfer, Vol. 1, Néw York, John Wiley and Sons,
Inc., 1962.

McAdams, W. H., Heat Transmfssion, 3rd ed., New York, McGraw-Hill
Book Company, Inc., 1954, p. 175.

Fujii, T., "Mathematical Analysis of Heat Transfer from a
Vertical Flat Surface by Laminar Free Convection," Bull.
J.S.M.E., Vol. 2, 1959, p. 363.

Gentry, C. C., "Local Free Convection to Non-Newtonian Fluids
From a Horizontal, Isothermal Cylinder," Ph.D. Thesis,
University of Missouri-Columbia, Columbia, Missouri, 1972.

Weast, R. C., and Selby, S. M., Handbook of Chemistry and Physics,
55th ed., The Chemical Rubber Co., Cleveland, 1974-1975,
D-231.

Mohsenin, N. N., Physical Properties of Plant and Animal Materials,
Vol. 1, Gordon and Breach Science Publishers, New York, 1970,
p. 55.

Gucker, F. T., Pickard, H. B., and Planck, R. W., "A New
Microcalorimeter; the Heats of Dilution of Aqueous Solutions
of Sucrose at 20° and 30° and their Heat Capacities at 250,"
J. Am. Chem. Soc., Vol. 61, 1939, p. 459.




28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

92

Sprockhoff, F., "The Specific Heat and Heat Wetting of Dextrin,"
Z. Spiritusind, Vol. 45, 1922, p. 217.

Metzner, A. B., "Heat Transfer in Non-Newtonian Fluids,"
Advanced in Heat Transfer, Vol. 2, 1965, p. 357.

Internaticnal Critical Table, Vol. III, McGraw-Hill Book Co.,

Inc., 1927.

Beltz, W., Fisher, W., and Wunnenberg, Z., "The Claim to Uptake
of Space of Crystallized Organic Materials," Zeit. Phys.
Chem., 1930, p. 13.

Kharbanda; 0. P., "Chart Quickly Tells Thermal Conductivity of
Equeous Sugar Solutions in Wide Temperature-Concentration
Range," Food Engr., Feb., 1955, p. 94.

Gillam, D. G., and Lamm, 0., "Precision Measurements of the
Thermal Conductivities of Certain Liquids by the Hot-Wire
Method," Acta Chem. Scand., Vol. 9, 1955.

Garrett, M. P., "Apparent Thermal Conductivity for Three Types
of Structures in Freeze-Dried Food Models," M.S. Thesis,
Pennsylvania State Univ., Sept., 1967.

Thomas, D. G.., "Part I: Physical Properties and Laminar Transport,"

Ind. Eng. Chem., Voi. 55, No. 11, 1833, p. 18.

Jefferson, T. B., Witzell, 0. W., and Silbitt, W. L., "Thermal
Conductivity of Graphite-Silicone 0il1 and Graphite-Silicone
0i1 and Graphite-Water Suspensions,"” Ind. Eng. Chem., Vol.
50, 1958, p. 1589.

Orr, C., and Dalla Valle, J. M., "Heat Transfer Properties of
Liquid-Solid Suspensions," Chem. Eng. Propr. Symp. Ser. 50,
Vol. 9, 1954, p. 29.

Kim, C. B., Pontikes, T. J., and Wollersheim, D. E., "Free Con-
vection Heat Transfer from a Horizontal Cylinder with
Isothermal and Constant Heat Flux Surface Conditions,"

J. Heat Transfer, Trans. ASME, Vol. 97, No. 1, 1975, p. 129.

Emery, A. F., Chi, H. W., and Dale, J. D., "Free Convection
Through Vertical Plane Layers of Non-Newtonian Power Law
Fluids," J. Heat Transfer, Trans. ASME, Vol. 93, No. 2,
1971, p. 164.

Acrivos, A., Shah, M. J., and Peterson, E. E., "Momentum and

Heat Transfer in Laminar Boundary Layer Flows of Non-Newtonian

Fluids Past External Surfaces," A.I.Ch.E. Journal, Vol. 6,
No. 2, 1960, p. 312.




a1,

42.

43.

44,

45,

46.

a7.

48.

49,

50.

51.

52.

53.

93

Shah, M. J., Peterson, E. E., and Acrivos, A., "Heat Transfer
from a Cylinder to a Power-Law Non-Newtonian Fluid,"
A.I.Ch.E. Journal, Vol. 8, No. 4, 1962, p. 542.

Tomita, Y., "On the Fundamental Formula of Non-Newtonian Flow,"
" Bull. J.S.M.E., Vol. 2, No. 7, 1959, p. 469.

Eckert, E. R. G., and Soehngen, E. E., "Studies on Heat Transfer
in Laminar Free Convection with the Zehnder-Mach Interfero-
meter," USAF Air Material Command, Tech. Report No. 5747,
Dayton, Ohio, 1948.

Braun, W. H., and Heighway, J. E., "An Integral Method for
Natural Convection Flows at High and Low Prandtl Numbers,"
NASA TN D-292, 1960.

Hermann, R., "Heat Transfer by Free Convection from Horizontal
Cylinders in Diatonic Gases," NACA TM 1366, 1964.

Levy, S., "Integral Methods in Natural Convection Flow,"
J. Appl. Mech., 1955, p. 515.

Chiang, T., and Kaye, J., "On Laminar Free Convection from a

Horizontal Cylinder," Proc. of the Fourth U.S. National
Congress of Applied Mechanics, Vol. 2, University of
California, Berkeley, 1962, p. 1213.

Granville, P.S., "The Frictional Resistance and Boundary Layer
of Flat Plates in Non-Newtonian Fluids," J. Ship Research,
October, 1962, p. 43.

Eckert, E. R. G., and Drake, R. M., Heat and Mass Transfer,
2nd ed., New York, McGraw-Hill Book Company, Inc., 1959,
p. 312.

Sch]ithting, H., Boundary Layer Theory, 6th ed., McGraw-Hill,
New York, 1968.

Mooney, M., In Rheology, edited by Eirich, F. R., Vol. 2,
Academic Press, New York, 1958, p. 207.

Johnson, F. A., "The Thermal Conductivity of Aqueous Thoria
Suspensions," UKAEA Research Group, Atomic Energy Research
Establishment HARWELL. Data of Manuscript, June, 1958,

HX 5060(os).

Kreiger, I. M., and Maron, S. H., "Direct Determination of the
low Curves of Non-Newtonian Fluids," J. Appl. Physics,
Vol. 23, No. 1, 1952, p. 147.




54,

55.

56.

57.

94

Kreiger, I. M., and Maron, S. H., "Direct Determination of
the Flow Curves of Non-Newtonian Fluids. III. Standardized
Treatment of Viscometric Data," J. Appl. Physics, Vol. 25,
No. 1, 1954, p. 72.

Lee, S. Y., and Ames, W. F., "Similarity Solutions for Non-Newtonian
Fluids," A.I.Ch.E. Journal, Vol. 12, No. 4, 1966, p. 700.

Darfman, A. S., and Vishnevskii, Viki, "Approximate Solutions
of the Equations of the Dynamic and Thermal Boundary Layers
for Non-Newtonian Fluids with Arbitrary Pressure Gradients
and Surface Temperature," Int'l Chem. Eng., Vol. II, No. 3,
1971, p. 377.

Christiansen, E. B., and Craig, S. E., Jr., "Heat Transfer to
Pseudoplastic Fluids in Laminar Flow," A.I.Ch.E. Journal,
Vol. 8, No. 2, 1962, p. 154.




APPENDIX A
FREE CONVECTION HEAT TRANSFER RESULTS



96

FREE CONVECTION HEAT TRANSFER RESULTS

Nomenclature
TBULK bulk temperature, °F
DENSITY density, 1bm/ft
THERMK thermal conductivity, Btu/hr-ft-°F
SPHEAT specific heat, Btu-1bm-°F
BETA coefficient of thermal expansion, T/°F
KLBFTHR consistency index, ]bm/ft--(hr')z'n
NINDEX flow behavior index
ANGLE angle from lower stagnation point, degrees
NUX local Nusselt number
NUGPD product nf Nusselt number and Grashof number
HX local heat transfer coefficient, Btu/hr-ft2-°F
QFLUX local heat flux, Btu/hr-ft?
BTUHR heat transfer rate per segment, Btu/hr
TWALL local wall temperature, °F
DELT T wall-to-fluid temperature difference, °F
THETA Acrivos' constant 6' (0)
FACR Acrivos' constant F" (0)
KN Kim's constant
CN Gentry's constant
NPRK Kim's Prandtl number form
NGRK Kim's Grashof number form
NPR -~ Acrivos' Prandtl number form
NGR Acrivos' Grashof number form
NUAYG EXPMTL average experimehta] Nusselt number
NGRPRK product of Kim's Grashof and Prandtl numbers
NGRPR product of Acrivos' Grashof and Prandtl numbers
SHRAVG average surface shear rate, 1/sec

NUAVG INTGL average Nusselt number from the integral solutions
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EVEL 2 ( NOV 72 ) 0S/360 FORTRAN H EXTENDED
QUESTED OPTICNS: UBJECT ,NODECK

TIONS IN EFFECTI NAME(MAIN) OPTIMIZE(2) LINECOUNT(S8) SIZE(MAX) AUTODEBL {NONE)
SOURCE E£BCDIC NOLIST NODECK OBJECT MAP MOFORMAT NOGOSTMT NOX

C
C HORI ZONTAL CYLINDER DATA REDUCTION
C
ISN 0002 REAL MV, MV11s MV12, LENIN, LENFT, LACRIN, LACRFT,
1LDIAIN, LDIAFTy KINDEX, NINDEXs NUXs NGRs RNPR, NGRPR,
2NPRC14s NGRC132, NGPRUODs NUGRPRs NUGPAC, NUXACR,
3NUGPCWs NUXCW, NGRDs NUAVG, NUADMS, NUEKRTs NUACAV,
ANUXINT, NGPDAV, NUGPDs, NUGPIN, KAVG, NPRAVGs NGRAVG,
SNGPAVGs NUXACD, NUDAVGs NUGPD1s NUGPD2, NUXDs NGRDK,
6NPRCy NPRKs NFRD14, NGRD13, NGPDs NAVGs KINAVG,NUAVGI,
7NGR2, NGRD2, NPR2, NPRD2s, NPRK2, NGRPR2, NGPD2s: KNsKNAVG
C
ISN 0003 INTEGER RUNs LAY, MOs YRs TIMEs, NOs NUMBERs CODE,
1CASE, SCALE
C
ISN 0004 DIMENSION MV(25) s SCALE(10)s VRDG(10)s» RMS(10)s7(25),
1RSTRIP(10ys RTOTAL{10)s VTOTAL{10), AMPS(10},
ZWATTS(10)s GBTUHR{10)s QFLUX(10), TTC{25)s TWALL{20),
3TFILM{10)s HX{10), DEN{10)s THERMK(10)s BETA(10),
4VIS(10)s SPHT{10)s KINDEX(10)s NINDEX(10)» NUX{10),
SNGR{10)s NPR{10)» NGRPR{10), NPRC14(10)s NGRC13(10),
6NGZRGO(10) s NUGRPR{10)s ANGLE(10)s NO(10), THETA(10),
7FACR{10)s PHI{(10)s FCHEN({10})s ANGDEG{10}, CN{10),
B8V(10), NGRD{(10), DELT{1C)s MNUXD{10)s, NGRDK(10),
ONPRD(10) +NPRK(10)s NPRD14(10)s NGRD1I3{10)s NGPD(10),
INGR2(10)s NGRD2(10)s NPR2(10)s NPRD2{10)s NGRPRZ2{10),
2PRC214(10),PRD214(10),+,GRC213{10),GRD213(10),
3GPRODZ2(10) s NGPD2(10)sUGRPR2{10)+KN{10) NPRK2(10)
C
C X%kkkx¥x READ INPUT DATA &%%kkx%
C
ISN 0005 1 READ(S5+3) RUNSFLsUs IDs CONCENsCODE»CASE, TBULK
ISN 0006 3 FORMAT(I241Xs3A33F5e1+12512,F541)
ISN 0007 READ{5,5) {MV{13)+1=1,10)
ISN 0008 5 FORMAT{10F603)
ISN 0009 READ{(S5+7) (SCALE(I)y I=1,10)
ISN 0010 7 FORMAT{1012)
ISN 0011 READ(S5+77) (VRDG(1)2I=1,10)
ISN 0012 77 FORMAT(10FS.2)
C
C *x%kk%k INTERNAL INPUT DATA &k
C
ISN 0013 DODIN = 2.034
ISN 0014 DIDIN = 1.576
ISN 0015 DTCIN = 1.806
ISN 0016 LENIN = 8.000
ISN 0017 LACRIN = DODIN/2.0
ISN 0018 WIDTH = 0.1€8
ISN 0019 THKIN = 0,002
ISN 0020 SEGDEG = 1840
ISN 0021 SEGRAD = 0.321416
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ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN

ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
1SN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN

ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN

2 ( NOov 72 )

0022
0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0033
0034

0035
“0386
0038
0039
0040
0041

0042
0043
3045
0046
0047
0048
0049
0050
0052
0053
0054
0055
0056
0057
0059
0060
0061

0062
0063
0064
0065
0066
0067
0068

0069
0070
0071
0072
0073
0074
0075
0076
0077

(algNe!

12

14

16

18

100

125
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MAIN 0S/7360 FORTRAN H EXTENDED

GCONST = 3242 % (3600.0 %% 2.0)
LENFT = LENIN /7 12.0

LACRFT = LACRIN/12.0

DODFT = DODIN/12.0

DIDFT = DIDIN/1240

DTCFT = DYCIN/12.0

GROUPY = DCCIN/DTCIN

GROUP2 = ALCG(GROUP1)

GROUP3 = 118.0 % SEGRAD % LENFT
GROUP4 = GROUP2/GROUP3

ATOTAL =

ASEGFT = ATOTAL/20e.

SUMKN=0.0

{(31416*D0ODIN —(20c0%003125)1%LENIN)/144.0

ktkkkkk%k¥ REDUCING LOCAL EXPERIMENTAL DATA ¥kiokdkkkkk

DO 20 I=1510
IF(SCALE(I) .GT. 1) GO 7O 12
COF1= 1.9956929213
COF2= 4.3466235121
COF3= —-2.2512947895
COF4= 0.5138902982
GO TO 100
IF{SCALE(I) .GT. 2) GO TO 14
COFl= 3.,5568615913
COF2= 8.1442881772
CO: 3= —4.2801104006
COF4= 0,9927138130
GO 10 100
IF{SCALE(I) .GT.3) GO TO 16
COF1= 6.5996029623
COF2= 12.,7208%33095
COF3= -6.1138320465
COF&4= 1.,3742775228
GO TO 100
IF(SCALE(I) .GTe 4) GO TO 18
COF1= 11.3320824429
COF2= 26.0865237549
COF3=-13.9750489754
COF4= 3.2743372209
GU TO 100
COF1= 19.8399731S06
COF 2= 47.3033506494
COF3=—28.4300100730
COFa4= 7.72543285568

Z = COF1 + COF2*%VRDG(I) + COF3*%VRDG(I)I*VRDG(I) + COF4

1%VRDG(I)*VROG(I)%*VRDG(I)
VIOTAL(I) = Z

RSTRIP(1) = 1.162
RSTRIP(2) = 1.164
RSTRIP(3) = 1.163
RSTRIP{4) = 1.1560
RSTRIP(S) = 14150
RSTRIP(6) = 1.160
RSTRIP(7) = 1.155
RSTRIP(8) = 1163
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ISN 0078 RSTRIP(9) = 1166
ISN 0079 RSTRIP{10) = 14178
ISN 0080 RTOTAL(1) = 2752
ISN 0081 RTOTAL(2) = 2.761
ISN 0082 RTOTAL{3) = 2.739
ISN 0083 RTOTAL (4) = 2750
ISN 0084 R7TOTAL(S) = 2750
ISN 0085 RTOTAL(6) = 2768
ISN 0086 RTYOTAL(7) = 2.734
ISN 0087 RTOTAL(B) = 2.791
ISN 0088 RTOTAL(9) = 2.763
ISN 0089 RTOTAL(10) = 2.799
ISN 0090 AMPS (1) = VIOTAL(I)/RTOTAL(I)
ISN 0091 WATTS{I) = RSTRIP(I) * AMPS(I) % AMPS{1I)
ISN 0092 QBTUHR(I) = 32413 * WATTS(1)
ISN 0093 QFLUX(I) = QBTUHR(I)/ZASEGFT
ISN 0094 TTC{I) = 32.523355 + 45.531510%MV(]1) — 0.820318%MV (1)
1xMV(I)
ISN 0095 TWALL(I) = TTC(I) — (QBTUHR(I)} % GROUP4)
ISN 0096 TFILM(I) = (TBULK + TWALL{I))/2.0
ISN 0097 DELT(I) = TWALL(I) — TBULK
ISN 0098 HX{I) = QFLUX(I}/(TWALL{(I) - TBULK)
ISN 0099 IF(CGDE .EQ. 1) GO TO 101
ISN 0101 IF(CODE 4EQe 2) GO TO 102
ISN 0103 IF(CODE .EQe 3) GO TO 103
ISN 0105 IF(CODE +EQe 4) GO TO 104
C
C *% PHYSICAL PROPERTY EXPRESZIONS FOR 38.0 % CS/S5S 30L %%
c ;
ISN 0107 101 CCX=CONCEN/100.
ISN 0108 DEN(I)=62427961%(1e24%CCX+1e23%(1—-CCX))
ISN 0109 TK1=0e73%{0e358+00000643%TFILM(I}-0.000000011%
ITFILM({I) *%240)
ISN 0110 TK2=0.0107
ISN 0111 THERMK(I)=TKI*#{20%TK1+TK2-2.0%CCX¥(TK1-TK2))/
1(2s0%TKI+TK24CCXX{(TK1I-TK2))
ISN 0112 BETA(I)=(1+-CCX)%0000214%(1a4+0.0001S56%TFILM(I)+

10000000542 TFILM(I ) *%2.)+CCX*¥0001180%{140.000214%
2TFILM(I))

ISN 0113 SPHT(I)=(1e038%(1e—CCX)+04441%CCX)/(1e236%(1+-CCX)
141424%CCX) ‘
ISN 0114 NINDEX (I1)=1.03925526+0.00428745%TFILM(T)—
10.00003016% TFILM(I)%%2.0
ISN 0115 V(I)=-0.28868019-0.00691 136%TFILM(I)-
10.00003493%TFILM(I)*%2.0
ISN 0116 VIS(I) = EXP(V(I))
ISN 0117 KINDEX(I) = VIS(I) % (3600.0 #**{2<0-NINDEX(I1)))
ISN 0118 GO TO 110
c
C ** PHYSICAL PROPERTY EXPRESSIONS FOR 39,0 % CS/SS SOL *%*
C
ISN 0119 102 CCX=CONCEN/100,
ISN 0120 DEN(I)=62e427961%(1+28%CCX+1.23%(1e—CCX))
ISN 0121 TK1=04 73%( 0358+ 0, 00006434 TFILM({I)-0.000000011%

ITFILM(I)*%2e0)
ISN 0122 TK2=0+. 0107
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ISN 0123 THERMK(I)=TK1*(2 0% TK1+TK2~-2,0%CCX*{(TKi-TK2))/
1(2«0%TK1+TK24CCX%(TK1-TK2))
ISN 0124 BETA({I)=(] e —CCX)*¥0000214%(1e+0.0001S6XTFILM(I)+

10+000000542%TFILM(I)%*26)+CCX%0e001180%{1e640,000214%
2TFILM(I))

ISN 0125 SPHT(I)=(1.038%(1—CCX)+0+441%CCX)/(14230%(1+=CCX)
1+1024%CCX) ,
ISN 0126 NINDEX(I)=1.,40241864—0.00284363%TFILM(I)+
100000099« TFILM(I ) %%2,0
ISN 0127 V(I)=0.1308€331-0,01382273%TFILM(I)+
10.00001358%TFILM({I)%%2.,0
ISN 0128 VIS(I) = EXP(V(I))
ISN 0129 KINDEX{(I) = VIS(I) % (3600e0 *%*{2.0-NINDEX(1)))
ISN 0130 GO TO 110
C .
c *% PHYSICAL PROPERTY EXPRESSIONS FOR 41.0 % CS/SS SOL %%
c
ISN 0131 103 CCX=CONCEN/100.
ISN 0132 DEN(1)=62.427961%(124%CCX+1223%(1e=CCX))
ISN 0133 TK1=0473% (0358404 0000643 TFILM(1)~0.000000011%
ITFILM(I) *%240)
ISN 0134 TK2=0.0107
ISN 0135 THERMK(I)=TK14(2e0%TK1+TK2-24 0%CCX%*(TK1=TK2) )}/
1{2.0%TK1+TK2+CCX* (TK1-TK2))
ISN 0136 BETA{I)=(1+-CCX)%0+000214%(1++04000156%TFILM{I)+

10.000000542%TFILM({I)%%2,)4+CCX%0.001180%{1.40.000214%
2TFILM(T )

ISN 0137 SPHY(I)={1:038%(1e—CCXI1+0c441XCCX)/{1.230%{1.—-CCX)
. 14+1.24%CCX)
ISN 0138 NINDEX{I)=140118940+0.,00064992%TFILM{I)—
10.00001006%¥TFILM{I)%%2.0
ISN 0139 V{I1)=0.1598198~0.00756106%TFILM(I)~
1000001589k TFILM{I)%X%2.0
ISN 0140 VIS(I) = EXP(VI(I))
ISN 0141 KINDEX{I) = VIS{I) * (36000 *¥(2.0-NINDEX{1))}
ISN 0142 GO TO 110
C
C %% PHYSICAL PROPERTY EXPRESSIONS FOR 42.0 % CS/7SS SOL %%
c .
ISN 0143 104 CCX=CONCEN/100.
ISN 0144 DEN(I)=62+427961%{1e24%CCX+1e23%(1.~CCX))
ISN 0145 TKI=0+73%(0358+0.0000643%TFILM(I)—0.000000011%
ITFILM({I)**240)
ISN 0146 TK2=0.0107
ISN 0147 THERMK(I)=TKLI *{2 . 0%TK1+TK2-20%CCX*{(TK1-TK2))/
1{2. 0XTK1+TK24CCXX( TK1-TK2))
ISN 0148 BETA(I)=(1 e-CCX)*0000214%(1.+0.000156%TFILM{I)+

104000000542 %TFILM(I )%%26)+CCX*06001180%(140.C00214%
2TFILM(I))

ISN 0149 SPHT(I)=(1e038%(1e—CCX)+0:441*%CCX)/(1e230%(1-CCX)
1+124%CCX)

ISN 0150 NINDEX(I)=1+54715146-0.00164812%TFILM{I)+
100000047S«TF ILM(I ) %X%2,0

ISN 0151 V(I)=0.14652677-0.00432161%TFILM(I)-

10400002974 TFILM{I)*%2,0
ISN 0152 VIS(I) = EXP(VI(I))
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ISN 0153 KINDEX(I) = VISCI) * (3600¢0 %%(2.0-NINDEX(I1)))
ISN 0154 GO TO 110
C
C
ISN 0155 110 NUX(I) = (HX(I) * LACRFT)/THERMK(I)
ISN 0156 NUXD(I) = (HX(I) * DCDFT)/THERMK(I)
ISN 0157 A Cl = (DEN(I)/KINDEX(T1))%%2.0
ISN 0158 C2 = ((LACRFT) **{NINDEX(I) + 2.0))
ISN 0159 C3 = GCONST * BETA(I) % {TWALL(I) — TBULK)
ISN 0160 C4 = C3 %%(2.0 = NINDEX(I))
ISN 0161 NGR(I) = Cl % C2 * Ca4
ISN 0162 NGRD(I) = NGR(I) % ((DODFT/LACRFT)**(NINDEX(I) + 2.0))
ISN 0163 NGRDK(I) = C1 % GCONST % BETA(I) * (DODFT%%3.0) *
1(TWALL(I) —TBULK)
ISN 0164 C5 = (DEN(I) % SPHT(I))/THERMK(I1)
ISN 0165 C6 = KINDEX{I)/DEN(I)
ISN 0166 C7 = 2¢0/({NINDEX{I) + 140)
ISN 0167 C8 = C6 *% C7
ISN 0168 €C9 = (1.0 — NINDEX({I))I/ (1.0 + NINDEX(I))
ISN 0169 C10 = LACRFT %% C9
ISN 0170 CD10 = DODFT %% C9
ISN 0171 C11 = (30 *(NINDEX{I) — 10))/(2.0%(1.0 + NINDEX{1)))
ISN 0172 C12 = (LACRFT * C3) *%* Cl1
ISN 0173 CD12 = (DGDFT % C3) %% C11
ISN 0174 NPR(I) = C5 % €8 #* C10 * C12
ISN 0175 NPRD(I) = C5%C8%CD10*CD12
ISN 0176 NPRK(I) = SPHT(I) % KINDEX{I1)/THERMK(I)
ISN 0177 NGRPR{I) = NPR{I) % NGR{I)
1SN 0178 Cl3 = 120/{(20 % (NINDEX{I) + 1,0))
ISN 0179 Cl14 = NINDEX(I)/{(3.0 *NINDEX(I) + 1.0}
ISN 0180 NPRC14 (1) = NPR(I) *% Clé&
ISN 0181 NPRD14(1I) = NPRD(I) %% Clé4
ISN 0182 NGRC13(1I) = NGR(I) %* C13
ISN 0183 NGRDI3(I) = NGRD(I) *% C13
ISN 0184 NGPROD(I) = NPRC14(I) * NGRCI3(I)
ISN 0185 NGPD(I) = NPRD14(I) * NGRD13(1)
ISN 0186 NUGRPR({I) = NUX{1)/NGPROD(I)
ISN 0187 ANGLE(I) = ¢ %((2%1) - 1)
ISN 0188 NO(I) = 1
ISN 0189 THETA(I) = —0.49538476 — 0.04645549%«NINDEX(I) +
10.00153830%NINDEX( I)%NINDEX (1)
ISN 0190 FACR(I) = 2.29349982 — 2.20172694%NINDEX(I) +
10.92576695%NINDEX( [ ) *NINDEX ()
ISN 0191 S = 5.0/(3+0%xNINDEX(1))
ISN 0192 B = 0030
ISN 0193 'C = (S&%XNINDEX(I))
ISN 0194 E = 2.0
ISN 0195 C25 = 1.0/S
ISN 0196 C26 = 1.0/ (S*%*2.0)
ISN 0197 C27 = 140/ (S*%3.0)
ISN 0198 C28 = 1.0/ (S%%4.0)
ISN 0199 C29 = 1.0/(S**5.0)
ISN 0200 CGR1 = C25 — 4.0%¥C26 + 4B8.0%C28 — 120.%C29
ISN 0201 CGR2 = C27 + 6.0%C28 + 10.0%C29
ISN 0202 c30 EXP(S)

ISN 0203 C31 = 12.0/C30
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ISN
ISN
ISN
ISN

ISN
ISN
1SN
ISN
ISN
ISN
1SN
ISN
ISN
1SN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN

ISN
ISN
ISN
ISN
ISN
ISN

2 { NOV 72 1)

0204
0205
0206
0207
0208
0209
0210
0212
0213
0214
0215
0216
0217
0218
0219
0220
0221
0222
0223
0224
0225
0226
0227
0228
0229
02390
0231

0232
0233
0234
0235
0236
0237
0238
0239
0240
0241
0242
0243
0244
0245
0246
0247
0248
0249
0250

[aNa 3]

0251
0252
0253
0254
0255
0256

120

130

20

102

MAIN 0S/7360 FORTRAN H EXTENDED
D = CGR1 + C31%CGR2
CGR3 = (NINDEX(I)) /Z{3+.0*%NINDEX(I) + 1.0)
CGR4 = (2 OXNINDEX(I) 4+ 1.0)/(30%NINDEX(I) + 1.0)
CGRS5 = CGR4 ** CGR3 :
CGR6 = 1.0/(3.0%xNINDEX(I) + 1.0}
CN(I) = E % ((B/C)*%CGR6) * ((D/E)**CGR3)

IF(CASE<EQal) GO TO 20
D1=(DEN(I)/KINDEX{I))*%2.0
D2=LACRFT%%4.0
D3=GCONST#BETA(I)*QFLUX{ 1)/ THERMK(I)
D4=D3%%*( 2+ O-NINDEX( 1))

NGR2 (I )=D1%02%D4
NGRD 2(1)=NGR2(1)* ( (DODFT/LLACRFT) %4 ¢0)

DS=DEN{I)*SPHT(I)/THERMK(I)
D6=KINDEX(I)/DEN(I)
D7=2+0/(NINDEX([)+1+0)

D8=D6*%D7

DO=( 2+ OX{NINDEX{(T)=1e0))/{1«0+NINDEX (1))
D10=LACRFT%%DG

DD10=DODFT*%DY

D11=(3. 0% (NINDEX{I1)=1e0))/(2.0%({ 1-0+NINDEX(1)))
D12=D3%*D1 1

NPR2(1)=DS*C8%D10%D12

NPRD2(I)=DS5%D8%DD10%*D12
NPRK2(I)=SPHT { 1) %% K INDEX(1)/THERMK(I)
NGRPR2(I)=NPR2(I)*NGR2{ 1)
DI13=(3.04NINDEX(I1)410)/(2e0%(NINDEX(I)+140)%

13- 0%NINDEXITY+2,0))
D14=NINDEX (1) /(3 0OXNINDEX(I)+240)
PRC214{I)=NPR2(I1)*%D14
PRD214(1)=NPRD2(1)%*%D14&
GRC213(I)=NCR2(1)x%D13
GRD213(I)=NGRD2(1)*%D13
GPROD2(I1)=PRC214(1)*GRC213( 1)
NGPD2(I)=PRC214(1)*GRD213 (1)
UGRPR2Z2(I)=NUX(I)/GPROD2(1)
DGR3=(NINDEX(I))/(3«0*NINDEX{I)+2.0)
DGR4=(2+ OXNINDEX(I)+42e0)/ (3 0%NINDEX(L}+240)
DGRS=DGR4**CGR3
DGR6=1+0/{30%NINDEX(1)4240)
DGR7=2.0*NINDEX{TI)+140
DGR8=E*%*DGR7
DGRY=NINDEX(1)

DGR10=D**DGRY
KN{I)=DGRS* ( (E¥DGR10*DGR8/C ) %*DGR6 )
SUMKN=SUMKN+KN(T)

CONTINUE

*%%%k% AVERAGE PHYSICAL PROPERTY DETERMINATION *%ki&%

SUNK = 0.0
SUMDEN = 0.0
SUMBET = 0.0
SUMSPH=0.0
SUMN = 0.0
SUMKIN = 0.0



EVEL

I SN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
1SN
ISN
ISN
ISN
1SN
ISN
ISN
ISN
ISN
ISN
ISN
iISN
ISN
ISN

1SN
ISN

ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN

I SN
ISN
ISN
ISN
ISN
ISN

I SN
ISN
ISN
I SN

ISN
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2 ( NOV 72 ) MAIN 0S/7360 FORTRAN H EXTENDED
0257 SUMTHE = 0.0
0258 SUMFAC = 0e0
0259 SUMCN = 0.0
0260 DO 68 I=1,10
0261 SUMK = SUMK + THERMK(I)
0262 SUMDEN = SUMDEN + DEN({I)
0263 SUMBEY = SUMBET + BETA(I)
0264 SUMSPH=SUMSPH+SPHT(I)
0265 SUMN = SUMN + NINDEX(TI)
0266 SUMKIN = SUMKIN + KINDEX(1)
0267 SUMTHE = SUMTHE 4+ THETA(I)
0268 SUMFAC = SUMFAC + FACR(I1)
0269 SUMCN = SUMCN + CN(I)
0270 68 CONTINUE
0271 KAVG = SUMK/10.0
0272 DENAVG = SUMDEN/10.0
0273 BETAVG = SUMBET/10.0
0274 SPHAVG=SUMSPH/10.
0275 NAVG = SUMN /10.0
0276 KINAVG = SUMKIN/10.,0
0277 THEAVG = SUMTHE/10.0
0278 FACAVG = LUMFAC/10.0
0279 CNAVG = SUMCN/10.0
0280 IF({CASE.EQ.1) GO TO 69
0282 KNAVG=SUMKN/10.
C
C *kk%kk WRITE QUTPUT STATEMERTS #k%k¥kk
C
0233 69 WRITE(652)
0284 2 FORMAT(1HL1+//7/7s 21Xs 'LOCAL FREE CONVECTION FROM?Y,
11X, *HORIZONTAL CYLINDER'/3SX.'TO POWER-LAW FLUIDS*/)
0285 IF{CASE.EQs2) GO TO 222
0287 WRITE (6s4) RUN
0288 4 FORMAT (31X *RUN *,1I3,° ISOTHERMAL CASE'//)
0289 GO TO 333
0290 222 WRITE(6,44) RUN
0291 44 FORMAT (31X 'RUN *,I3,* CONSTANT FLUX CASE'//)
0292 333 WRITE(6,+6)
0293 6 FORMAT (31X, '%k%k%%% FLUID PROPERTIES *x%x%k%k9/)
0294 WRITE(6+8) CUNCEN, FlLs UysIDs SPHAVG
0295 8 FORMAT(16X,*FLUID = P aFh44191 X% ,1Xs3A3412X,
1 SSPHEAT = %y F543)
0296 WRITE(6,22) TEULK, BETAVG
0297 22 FORMAT (16Xs "TRBULK = # GaF5.1523X,*BETA = 1 4F7.5)
0298 WRITE(6+24) DENAVGs KINAVG ' ‘
0299 24 FORMAT(16X+"DENSITY = ® ,F5,2,23X+'KLSFTHR = %,F7.2)
0300 WRITE(6+:26) KAVG, NAVG
0301 26 FORMAT (16X, "THERMK = ', FS5.,3, 23X, 'NINDEX = v,
1FS.3//7)
0302 WRITE(6+28)
0303 28 FORMAT(26Xs "%¥%%* REDUCED EXPERIMENTAL DATA %k#kx*xt/)
0304 WRITE(6,30)
0305 30 FORMAT(16Xs *NO*, 1Xe *ANGLE®*, 2X, *NUX', 3X, *NUGPD"',
13Xs *HX's 4Xe *QFLUX®', 3Xs *BTUHR®*, 3X, "TWALL', 2X,
2DELT T*)
0306 IF(CASE.EQe2) GO TO 938



104

EVEL 2 ( NOV 72 ) MAIN , 0S/360 FORTRAN H EXTENDED

ISN 0308 . WRITE(6+32) (NO(I)s ANGLE(I)s NUX(I), NUGRPR(I),
1HX{1)s QFLUX(I)s QGBTUHR(I)es TWALL(I)» DELT(I),
2I=1,10)

ISN 0309 32 FORMAT(16Xs 12+ 1X» F4e0s 2Xs FS5e29 2Xoe FSe3, 2Xs
1FSelys 2Xy FHeOs 2Xs FSels 3Xs FSels 2Xs FSal)

ISN 0310 GO YO 140

ISN 0311 938 WRITE{6+32) (NO(I)s ANGLE{I)s NUX{I)s UGRPR2(I),
1HX(I)s QFLUX(I), QBTUHR(I)s TWALL(I), DELT(I),
21=1410)

ISN 0312 140 IF(CASE.EQ.1) GO TO 141

ISN 0314 WRI TE(6+35)

ISN 0315 35 FORMAT(//,21Xsv%%*%x%k INTEGRAL SOLUTIONS FOR CONSTANT?,
11X FLUX )%k¥k%k1/)

ISN 0316 WRITE(6,37)

ISN 0317 37 FORMAT (41X * INTEGRALY)

ISN 0318 WRITE(6,39) KNAVG

ISN 0319 39 FORMAT (40Xs'KN ="', F6e3)

ISN 0320 WRITE(6+43)

ISN 0321 43 FORMAT(//26Xs"NO®» 1 X+ " ANGLE® 42X+ *NUX? 33X
1*NUGPD' 24X, "HX? 34X, *SHEAR"' )

ISN 0322 GO TO 142

ISN 0323 141 WRITE(6,34)

ISN 0324 34 FORMAT{//+18X,"%%kxx% SIMILAR AND INTEGRAL SOLUTIONS?,
11Xy *FOR ISOTHERMAL Xk&%%k /)

ISN 0325 WRITE(&,36)

ISN 0326 36 FORMAT (34X, "ACRIVOS', 19X, ® INTEGRAL?')

ISN 0327 WRITE(6+38) THEAVG», CNAVG

ISN 0328 38 FORMAY({31Xs *THETA=',s F73s I5Xs 'CN =%, F6e3)

1SN 0329 WRITE(6,40) FACAVG

ISN 0330 40 FORMAT(31Xs *FACR =%, F7.3/)

ISN 0331 WRITE(6+42)

ISN 0332 42 FORMAT(16Xs *NO', 1Xs 'ANGLE', 2X, 'NUX', 3X,

1*NUGPD"s 4Xs 'HX'5s 4Xs, 'SHEAR®, 4Xs °*NUX's 3X,
2*NUGPD?', 4X.s *HX?)

c
C *kkkkkk SIMILAR AND INTEGRAL SOLUTION RESULTS ¥%&%kx
c
ISN 0333 142 J=1
ISN 0334 ASUM = 0.0
ISN 0335 ASUM2 = 0.0
ISN 0336 SUMANU = 0.0
ISN 0337 SUMSHR = 0.0
ISN 0338 DEGREE = 040
ISN 0339 RAD = 0.0
ISN 0340 SUMNUI = 0.0
ISN 03al DIVDEG = 025
ISN 0342 DIVRAD = 0.01745 * DIVDEG
ISN 0343 DELDEG = DIVDEG/240
ISN 0344 DELRAD = DVVRAD/2.0
ISN 0345 1S0 I = J
ISN 0346 ANGDEG(I1) = 9%({2%1) —1)
ISN 0347 C15 = (2.0 * NINDEX(I) + 1.0)/(3.0 * NINDEX(I) + 1.0)
ISN 0348 C16 = (NINDEX({(I))/(3+0 % NINDEX(I) + 1.0)
ISN 0349 C17 = 1.0/(2.0 %* NINDEX(I) # 140)
ISN 0350 D16=NINDEX (1) /(3 e0%NINDEX{T)+240)

ISN 0351 D17=1e60/{2« OXNINDEX{1)4+2.0)



EVEL

ISN
ISN
ISN
ISN

CISN
ISN
ISN
ISN
ISN

ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
I SN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN

ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN

ISN
I SN
ISN
ISN
ISN

2 ( NOV 72 )

0352
0353
0354
0355
0356
0357
0358
0359
0360

0361
0362
0363
0365
0366
0367
0368
0369
0370
0371
0372
0373
0374
0375
0376
0377
0379
0380
0381
0382
0383

0384
0385
0386
0387
0388
0389
0390
0391

0392

0394
0395
0396
0397
0398

(2N e NaNsl

000N

ann

160

190
192

170

161

300

c18
Cl9
c20
c21
cz22

C24
c32

MAIN

0s/360

FORTRAN H EXTENDED

105

(3.0 * NINDEX(I) +1e0)/(2e0 * NINDEX(I) + 10)
1.0/7(3.0 * NINDEX(I) + 1.0)

Cl8 %% Cl19

1¢0/7(2.0 H#{NINDEX{I) + 1.0))
2¢0/(2.0 % NINDEX(I) + 1.0)
C23=(32. 2%LACRFT*BETA(I ) X(TWALL(I)=TBULK))*%0.5

Cl15 %% C16

20 *% (NINDEX(I)/Z(2.0%{NINDEX(I) + 1.0)))

NUMBER

b

F&kkxk NUMERICAL INTEGRATION BY SIMPSONS RULE %k%*kx

VARI ABLES:

DEGREE

‘RAD

H=DELRAD
DEGREE + DIVDEG

RAD + DIVRAD v
IF(RAD .GT. DIVRAD) GO YO 190

DIVRAD) ) %%C17
DELRAD ) ) *%*C17

A=(H/33%(F1 + 4F2 + F3)

{DELRAD/3+0)%(FUN1 4+ 4.0%FUN2 + FUN3)

(SIN(RAD-DIVRAD) )%%D17
{(SIN(RAD—-DELRAD})I**D17

(DELRAD/30)%(FUN12+4.0%FUN22+FUN32)

ANGDEGI{TI}) GD 7O

FUN1 = 0.0

GO TGO 192

FUN1 = (SIN(RAD -

FUN2 = (SIN{RAD -

FUN3 = (SIN(RAD))*%xC17
AREA =

ASUM = ASUM + AREA
FUN12 =

FUN22 =

FUN32 = {SIN(RAD))**C17
AREAZ =

ASUMZ2 = ASUM2+AREA2
IF{DEGREE « EQ.

GO TG 160

FUN4 = FUN3/(ASUMX*C16)
FUN42 = FUN32/(ASUM2*%D16)
FUNS =

17¢

(SIN{(RAD) *%C22 )% { ASUMX%C19)
FUNSHR = (C20 #* €23 * {(NGR({I)X*%C21) % FUNS)/
1(LACRFTH{NPR(I)%*C19)) '

—===— ACRIVCS QUANTITIES —————

NUXACR, NUGPAC, HXACRS,

NUGPAC = {—-C24) % FUN4 * THETA(I)
NUXACR = NUGPAC % NGPROD(I)

NUXACD = NUGPAC * NGPD(I)

HXACR = (THERMK{I) % NUXACR)/LACRFT
HXACD = NUXACD * THERMK(I)/DOOFT
SHRACR = FUNSHR * FACRI(I)

SUMANU = SUMANU + NUXACD

SUMSHR = SUMSHR + SHRACR
IF(CASE«.GT«1) GO TO 171
—-=———]ISOTHERMAL INTEGRAL SOLUTION —————
NUGPIN = C24 % FUN4 * CN(I)

NUXINT = NUGPIN * NGPRAD(I)

HBARIN = (NUXINT % THERMK(I))/LACKRFT
SUMNUI = SUMNUI + NUXINT

WRITE(6+52) NUMBERs DEGREE,

I1SHRACRs NUXINTs NUGPINs HBARIN



EVEL

ISN

ISN

ISN
ISN
ISN
ISN
ISN
ISN

ISN
ISN
ISN

ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
iSN
ISN

ISN

ISN
ISN
1SN
ISN
ISN
ISN
IsSN
I SN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN

ISN
ISN

2 ( NOV 72 )

0399

0400

0401
0402
0403
0404
0405
0406

0407
0409

0410

0411
0412
G413
0414
0415
0416
0418
0419
0420
0421
0422
0423
0424
0425
0426
0427
0428
0429
0430
0431
0432
0433
0434
0435
0436
0437
0438
0439
0440
C441
0442
0443
0444
0445
0446

0447
0449

ann

52

171

53

172

180

200

181

203
201

S4
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MAIN 0S/7360 FORTRAN H EXTENDED

FORMAT{(16X4I2s 1Xs F4e0s 2Xe FS542y 2X» FSe3s 2X»

1FSels 2Xy FGe3ds 3Xs FSe29 2Xs FS5e3s 2Xs FSel)

GO 70 172

————— CONSTANT FLUX INTEGRATION SOLUTION-—=——-

UGPIN2 = FUN42%KN(I)

UXINTZ=UGPINZ%GPROD2(I
BARIN2=(UXINT2%¥THERMK{I))/LACRFT

SUMNUI = SUMNUI + UXINT2

WRITE(6+453) NUMBER, DEGREESUXINT2,UGPIN2,BARINZ2, SHRACR
FORMAT(26X 91291 XsF4e0+2X3sF5e282XsFSe392X9FSel32X3F6+3)

IF(DEGREE.GE»171.0) GO YO 180
J=J + 01
GO 70O 150

wkkkxkR Rk kxk AVERAGE HEAT TRANSFER RESULTS Hkkskkkikikk

SUMHX = 0.0
SUMPR = 0.0
SUMGR = 0.0
SUMNU = 0.0

SUMGPD = 0.0
IF(CASE«GT«1) GO TO 181
DO 200 I=1,10

SUMHX = SUMHX + HX{I)
SUMNU = SUMNU + NUX(I)
SUMPR = SUMPR + NPR(1}
SUMGR = SUMGR + NGR(1I}
SUMGPD = SUMGPD + NGPD(1)
CONTINUE

GO TG 201

DO 203 I=1,10
SUMHX=SUMHX +HX (1)

SUMNU = SUMNU + NUX(I)
SUMPR = SUMPR + NPR2{1)
SUMGR = SUMGR + NGR2({1I)
SUMGPD=SUMGPD+NGPD2(1)}
CONT INUVE
HBAR=SUMHX/10.0

SHRAVG = SUMSHR/10.0
NUAVG = SUMNJ/10.0

NGRAVG = SUMGR/10.0

NPRAVG = SUMPR/10.0

NGPAVG = NGRAVG * NPRAVG

NUAVGI = SUMNUI/10.0

NGPDAV = SUMGFD/10.,0

NUGPD1 = NUDAVG/{NGPAVG %X 0.25)
NUGPD2 = NUDAVG/NGPDAV

NUEKRT = 0+4 * NGPDAV

NUACAV = SUMANU/10.0

WRITE(6+54)
FORMAT(//s24X s+ % %k%k%kx% AVERAGE HCAT TRANSFER RESULTS?®,

11Xy ®kkk¥kk?/)

IF(CASE«GTe1l) GO TOC 207
WRITE(6+56) NPRAVGs NGRAVG, NUAVG



EVEL

ISN

I SN
ISN

ISN
ISN
ISN

ISN
ISN

ISN
ISN
I SN
ISN
ISN
ISN
ISN
ISN
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2 ( NOV 72 ) MAIN 0S/7360 FORTRAN H EXTENDED

0450 56 FORMAT (16X s "NPRC="3F 74l +s9Xs*NGRC=?,F8s2+5X
1*NUAVG EXPMTL =t'4F6.2)

0451 WRITE(6+58) NGPAVGs SHRAVGs NUAVGI

0452 S8 FORMAT (16X s *NGRPRC='"9F10e0s4Xy *SHRAVGT *4sF6e395Xs
1* NUAVG INTGRL =',F6.2)

0453 GO TO 208

0454 207 WRITE(6+57) NPRAVGsNGRAVG,NUAVG

0455 57 FORMAT(16X s NPRK=" 3F 7 el 39X " NGRK=?3F842+5X
1*NUAVG EXPMTL =3%,F6.2)

0456 WRITE(6559) NGPAVG, SHRAVG,NUAVGI

0457 SS9 FORMAT(16Xs "NGRPRK="3F10e0+4Xs* SHRAVG="! sF64355X
1"NUAVG INTGRL ='4F6.2)

0458 208 IF{(RUN.EQ.24) GO TO 701

0460 GO TO 1

0461 701 IF(CASE.EQ.1) GO TO 70

0463 GO TO 1

0464 70 WRITE(6+72)

0465 72 FORMAT (1H1)

0466 210 STOP

0467 END



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

FLUID
TBULK
DENSITY
THERMK

r4
(=]

e
27«
4S e
63
Ble
99

117,
135.
153.
i7T1le.

OOV ONONDUN -

s

ANGLE

T4e
77.0
O»14

It H

X ek Kk

NUX
10.,10
9«84
959
Ge34
9.05
Bel7
B.24
Te57
705

Ge32

RUN 1

CONSTANT FLUX CASE

*%%%% FLUID PROPERTIES #*%¥%%x%

o
2
S

* REDUCED EXPERIMENTAL

NUGPC
0661
O+644
0+ €25
0.8610
0591
O« 553
0.5395
Oe 494
0457
0.410

3840 X CS/SS SOL

HX QFLUX
17.2 34 8.
16.8 347
16«4 352
15.9 348
15+4 345 e
14. 4 344
1141 351.
12.9 33%.
12.0 347
108 341

SPHEAT
BETA
KLBFTHR
NINDEX

]

DATA %kkk¥%

BTUHR TWALL

Se6
Se5
Se6
Se6
Se5
545
5.6
Se4
Se6
5.5

9422
94.6
9545
95,8
96e 4
978
98.9
1002
102.8
1056

0657
000059

252497
1185

*%xkkk INTEGRAL SOLUTIONS FOR CONSTANT FLUX *%kx%k%

A

zZ
(=]

1
1
1
1

DVONOOHPUN

]

NGLE  NUX
e 10.04
27+ G.61
45, G934
63. 9.02
8le. Be66
99. Be 25
17 Te79
3Se Te12
53. 631
T1le. 4485

INTEGRAL
KN = 0591

NUGPD
04657
0629
0609
0.58¢
0«566
0eS539
0506
0465
0409
0.314

HX

17«1
16.4
15.9
1S4
14.8
14 a1
133
121
10.8
803

SHEAR
0101
0.264
0.409
0.521
0.603
0666
0.677
0635
0.539
0.314

*%xk%k¥% AVERAGE HEAT TRANSFER RESULTS #&%x¥kx*X

NPRK= 8879.2

NGRPRK=

6020

NGR
91. SHR

K= 67«81
AVG= 0473

NUAVG E
NUAVG I

XPMTL
NTGRL

108

DELT 7T
2002
206
215
21.8
224
249
2€ .2
28.8
316

B e 56
810



LOCAL FREE CONVECTICN FROM HUORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

FLUID
TBULK
DENSITY
THERNY.

Z
(=]

9
27«
45,
63 .
gl
99,

117
135.
153
171

CVDONdOO & UWIN ™

-

ANGLE

The
770
Oe14

o

Aok

NUX

1029

10.15
10.12
G50
9e34
8695
855
790
7.34
6«65

RUN 2

CONSTANT FLUX CASE

*kk¥x%k FLUID PROPERTIES *kx*&%¥k%k

5
2
S

% RECDUCED EXPERIMENTAL

NUGPD
0.651
O» 642
0.638
0. 5%S
0+59¢C
0+ 565
De«S37
02499
0.460
Cedi7

38.0 % CS/SS SOL

HX QFLUX
176 410
173 408«
17 .3 415,
16.2 410
15.9 407
1543 405.
14.6 413.
13.5 399.
12.5 409,
114 402

SPHEAT
BETA
KLBFTHR
NINDEX

BTUHR
6.6
645
6‘6
6.5
65
6.5
66
b4
65
64

DATA kikxkokx

Fkkkk INTEGRAL SOLUTIONS FOR CONSTANT FLUX k#dkok¥k

zZ
(w]

A

1
1
1
1

CVONOIUIWN -

-

NGLE  NUX
Qe 1039
27 Ge 94
45 Qeb66
63 934
81l Be96
99. B854
17 806
35 737
53 653
Tl 5.02

INTEGRAL
KN = 0591

NUGPD
0657
0629
0609
0.589
0566
04539
0.506
0.465
0,409
0+314

HX
177
17«0
1645
15.9
153
13 .8
12.6
11.2
Be6

SHEAR
0113
0293
Qe 446
0584
0669
0727
0750
0700
0597
0345

k% k% AVERAGE HEAT TRANSFER RESULTS #Xx¥k¥x*

NPRK= 8788.7

NGRPRK=

7261

NGR

K= 82462
02. SHRAVG= 0522

NUAVG E
NUAVG I

XPMTL
NTGRL

i

109

= 0657
= 000059
= 250.31
TWALL DELT T
97 .9 234
981 23«5
985 24.0
99«8 2543
100.0 255
101.0 265
102.38 2843
10441 296
107aA1 326
109.9 354

8. 88
8438



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

FLUID
TBULK
DENS1ITY
THERMK

rd
(]

G
27«
45,
63.
81l.
9G.

117
135
153,
1i71.

[y
OCVONDOULUNS

*%&%k% INTEGRAL SOLUTIONS FCR CONSTANT FLUX *%%¥%X%

ANGLE

380

74 .
77.0
O.14

% ek %k

NUX
1070
10.61
10.05

S+98

9. 56

9e24

8.88

8.21

7 »84

7«01

r4

COVORNOONSUN=O

A

1
1
1

[y

RUN 3

CONSTANT FLUX CASE

*k%kx%kk FLUID PROPERTIES *%%¥%

% CS/SS S
S

2

S

* REDUCED EXPERIMENTAL

NUGPC
0658
0.654
0+616
0613
0. 588
0.568
0e542
O« 504
0e 478
0e427

NGLE  NUX

9e 10.67
27« 10.21
45, 9.94
63. 9.59
81. 9.22
99. 8.78
17. 8.29
35. 7«57
53. 6.71

171. 5.16

OL

HX QFLUX
18,3 470
18.1 . 468.
17.2 475
170 470+
16.3 460
15.8 4644
152 473«
1490 457
13.4 460
12.0 461 »

INTEGRAL

NUGPD
0657
0.628
0.609
0589
0566
0539
0506
04465
0.409
0.314

HX
1862
174
170
164
1S«7
15«0
14.2
129
11.5

Be.8B

SPHEAT
BETA
KLBFTHR
NINDEX

BTUHR
Te5
T7e5
76
Te5
75
T4
Te6
T3
75
7.4

SHEAR
0.,122
0.314
0497
0624
0.730
0.787
0.810
0.756
0«631
0369

DATA ik

kkk¥dk AVERAGE HEAT TRANSFER RESULTS %%%X%xx*k

NPRK= 87528

NGRPRK=

8430

NGR
43. SHR

K= 96632
AVG= 0564

NUAVG E
NUAVG I

110

= 0657

= 000059

= 248.82

= 1.181

TWALL DELT 7T
100.2 2547
100.3 25.8
102.2 277
102.1 276
1030 2Be5
103.9 2G.4
1057 31l.2
107 .1 32.6
109.4 34.9
112.9 384
XPMTL = 9.21
NTGRL = B.61



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

FLUID
TBULK
DENSITY
THERMK

Z
(=]

ANGLE
Qe
27«
45.
63.
81.
99.
117.
135.
153.
171.

SQVONAOAU D WN -

[

750
77.02
0.145

[}

%ok ok

NUX
11.08
10.78
10.58
10,23

977

9.23

9.01

B.24

8401

734

RUN 4

CONSTANT FLUX CASE

*k¥ %k FLUID PROPERTIES

RECUCED EXPERIMENTAL

NUGPD
0.666
0.648
0.633
0.613
0.586
0.553
0.537
0.493
00476
0.436

38.0 X CS/SS SGL

HX QFLUX
18.9 526«
18+ 4 524,
18.1 532.
17.5 526
167 521
158 519.
154 530.
141 512
13.7 524 .
12:5 516«

* % % % %

SPHEAT
BETA
KLBFTHR
NINDEX

BTUHR
B4
Be 4
Be5
Bea
B3
B3
B+5
8.2
B8e4
803

= 0 657
= 0.000
= 247
= 1179

DATA k%

TWALL
102.8
103.4
104.4
105.1
1062
1079
109.4
1114
113.3
11641

*%kkk& INTEGRAL SOLUTIONS FOR CONSTANT FLUX ¥%%kX%

NPRK= 86
NGRPRK=

NO ANGLE NUX
1 e 1092
2 27 10.45
3 4sS. 10.17
4 63> 9.83
S 81, 9+ 45
6 99. 9.00
7 117. 8450
8 13S. Te77
9 153 6«88

10 171. 5.29

INTEGRAL

NUGPD
0.656
0.628
0609
0.589
04566
0539
0.506
0465
04409
O0.314

KN = 0.591

HX
1846
179
174
16.8
161
15.4
145
133
11.8

9.0

SHEAR
0.129
0.339
0524
D672
0.787
0.866
0.881
0.830
0.683
0.392

*¥k¥k %k AVERAGE HEAT TRANSFER RESULTS k#kkxk

13.9
96695

NGRK=

3e

112 .25
SHRAVG= 0.610

NMUAVG E
NUAVG I

XPMTL =
NTGRL =

11

59
14

DELTY T
27«8
28+ 4
29. 4
30.1
3l.2
32.9
3444
36.4
383
41e1

943
B8.83



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

RUN 53

CONSTANT FLUX CASE

*kk ¥k FLUID PROPERTIES *%&¥kxX

112

FLUID = 38.0 %¥ CS/SS SOL SPHEAT = 0.657

TBULK = 7540 BETA = 0.00059

DENSITY = 77.02 KLBFTHR = 246419

THERMK = 0.145 NINDEX = 14177

Hkkk% REDUCED EXPERIMENTAL DATA #*¥kX¥*

NG ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 Ge 1115 04657 19.0 579% 9,3 105.4 304
2 27« 1095 0.645 1847 576 9.2 10548 30.8
3 45. 1067 0.626 18.2 585 Se4 1071 3201
4 63. 1029 04605 176 578 9.3 107.9 32.9
S B8le 10.02 0.589 171 573 9.2 108.5 33.5
6 99. 9.53 0.560 163 S71e 9.1 1101 3S.1
7 117, 9.17 04535 157 583 9.3 112.2 372
8 135. Be50 04508 14.7 563. 9.0 113.3 3843
9 153. BeOl 02466 13.7 576 9.2 1171 42.1
10 171. 673 0.389 11e5 567« 9.1 1243 49,3

%k%x%x% INTEGRAL SOLUTIOGNS FOR CONSTANT FLUX %k
INTEGRAL
KN = 0591
NG ANGLE NUX NUGPD HX SHEAR
1 9e 11413 04656 19«0 0.138
2 27« 10266 0.628 182 0.361
3 45. 10.38 0.609 177 0.561
4 63, 10.03 0.589 17.1 0.721
S B8l GeH63 04566 165 0.833
6 99. 9418 06539 157 0.911
7 117 867 0506 14.8 0.939
8 135 7«93 04465 13.5 0.867
9 153, 703 04409 12.0 0740
10 171. Se43 04314 9.3 0.458
*%¥%% AVERAGE HEAT TRANSFER RESULTS %%%x%x
NPRK= 8495.,7 NGRK= 128403 NUAVG EXPMTL = Q.51
NGRPRK= 1087745, SHRAVG= 0.653 NUAVG INTGRL = 9.01






LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER
TO POWER—-LAW FLUIDS

FLUID
TBULK
DENSITY
THERMK

Z
C

ANGLE
e
27«
4S5
63.
Ble.
99.
117
135.
153,
171

COONIOO P WNm~

boe

*xkkx INTEGRAL SOLUTICNS FOR CONSTANT FLUX #¥kXxkk

NPRK=120
NGRPRK=

wuu

k*¥% ¥k REDUCED EXPERIMENTAL

NUX
S9.91
9.61
9.34
9.08
8. 66
Be40
8.00
737
6299
633

b4
COVONOUIPUN~DE

L]

RUN 7

CONSTANT FLUX CASE

¥k%x%%k FLUID PROPERTIES *X%%%%

NUGPD
0659
0.639
De 619
0603
0576
0558
0529
Oe 4G50
0462
0,418

ANGLE  NUX

O 1000
27 949
45, G20
63 8.87
Ble. 8.50
9% 80 09
117 T+64
135. 698
153. 620
171e 4e78

39.0 %X CS/SS SOL
73.0
77.03
0.142

HX QFLUX
16.6 348»
1641 347
15.6 352.
15.2 348.
14.5 345.
las 1 344.
134 351.
12.3 3:9.
11.7 347
10e0 341

INTEGRAL
KN = 0.591

NUGPD
0. 665
0.632
04610
04589
04565
0538
0505
De.464
0409
0+316

HX
16.7
15.9
15.4
148
14 .2
13.5
12.8
11.7
10.4

B8e0

SPHEAT
BETA
KLBFTHR
NINDEX

BTUHR
Se.6
S5+5
Seb
S5e6
S5
Se5
Se6
Se4
Seb6
HeS

SHEAR
0.100
0253
0.388
0+.491
0.572
0.613
0632
0592
0.498
0.292

DATA *%k%#&%

114

= 000060

= 208.44

= 14232
TWALL DELT T
94 .0 210
945 2le5
2545 2245
95.9 229
06 8 238
97 eb 24. 4
99,2 262
1005 275
102.56 2956
1052 322

*%k%k%k AVERAGE HEAT TRANSFER RESULTS X%kk*kk

8le9

NGRK=

481026 SHR

3981

AVG= 04443

NUAVG E

XPMTL

NUAVG INTGRL

8437
798



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

FLUID
TBULK
DENSITY
THERMK

2

COVRNOOUNSUWN=AO

e
27«
454
63.
8le
99

117,
135
153.
171

[

ANGLE

W

3 ok o

NUX

10.36
Q.98
959
9,34
Be96
Be 65
Be36
T71
7+.35
Ge7T4

RUN 8

CONSTANT FLUX CASE

kk%kkk FLUID PROPERTIES X%k%k%

REDUCED EXPERIMENTAL

NUGPD
0. 6567
0e.642
0.615
0+ 569
0576
0. 556
0535
Oe 495
02470
0431

39.0 % CS/SS SOL
740
7703
O0.142

HX QFLUX
17+ 4 410.
16.7 408
16.1 415
156 410.
15.0 407
145 405
14.0 413.
12.9 399
12.3 409.
113 402

SPHEAT
BETA
KLBFTHR
NINDEX

BTUHR
6.6
6.5
646
-6 6
645
6.5
6.6
Dot
65
el

DATA #k%ik%

%dokdkk INTEGRAL SOLUTIONS FOR CONSTANT FLUX ¥#kk%kx%

Z
CVONOOLPdPUWN~D

[

ANGLE  NUX

9o 10.33

27 Se.81
4Sa 951
63. 9.17
81, 8480
99. Be37
117. 7290
13S. 722
153. 6e41
171 4494

INTEGRAL

NUGPD
0.665
0.631
0.610
0.589
0.565
0.538
0.505
0.464
0.409
0.316

KN = 0.591

HX
17 .3
16«4
159
15.4
1447
14.0
13.2
1241
10.7

Be3

SHEAR
0.109
0279
0.431
0.545
0.633
0.682
0696
0.652
0545
0317

*k%k%k AVERAGE HEAT TRANSFER RESULTS *%k%k%x%

NPRK=11967. 2

NGRPRK=

NGR

581243. SHR

K= 48 57
AVG= 00489

NUAVG E
NUAVG I

115

= 0 +653

= 0.00060

= 207.20

= 1229

TWALL DELT T
97 «7 237
G98e4 24. 4
99.8 258
100« 2 262
101e1 2761
1020 2860
1035 29¢ 5
104..9 30.9
1071 33.1
10G.6 35.6
XPMTL = 870
NYGRL = 825



LOCAL FREE CONVECTICN FROM HORIZONTAL CYLINDER

FLUID
TBULK
DENSITY
THERMK

z
(@]

Qe
27
4S5
63.
81
99.

117
135.
153
171«

cCOONdOOt>UWN-

[

*kxkkk INTEGRAL SOLUTIONS FOR CONSTANT FLUX *xk¥kx%k

ANGLE

!

S 3k Xk ok &

NUX
10.69
1025
10.01

9«73

9.32

880

Be 45

793

748

DeBO

4
VO NOOPWN=Q

-

TO POYER-LAW FLUIDS

RUN 9

CONSTANT FLUX CASE

*%k% %% FLUID PROPERTIES X%X%*%k

REDUCED EXPERIMENTAL

NUGPD
0669
Oe €42
Ne62S
0+608
0583
G550
O« 528
04495
O0.464
U= areS

ANGLE  NUX

Qe 10.61
27 10.08
4S5 Q77
63. 9e42
8le 9« 04
99. Be61
117. 8.13
135. Te43
153. 6459
171. 509

39.0 % CS/SS SOL
745

77«03

0.142

HX QFLUX
17.9 470«
17.2 468,
168 475
16.3 470
15+ 6 466
14.7 464 .
1402 473
13.3 47
12.5 468
115 401

INTEGRAL

NUGPD
0665
0.631
0,610
04589
D565
0.538
0505
O 464
0409
0316

KN = 00591

HX
17.8
169
164
15«8
15.1
144
13 .6
125
111
Be5

SPHEAT
BETA
KLBFTHR
NINDEX

B TUHR
75
75
Te6
T 5
75
T4
Teb
73
7 5
Te4&

SHEAR
0.118
0.303
06463
0586
0.682
0e747
0.767
0+709
0599
0.348

DATA #kk%k

116

= 0653

= 0.00060

= 206404

= 1le226
TWALL DELT T
1007 262
101 .7 272
102.8 28.3
103.3 288
104.3 298
105.9 3le4
107 -9 334
108.2 34+ 4
111.8 373
1i4e0 401

¥¥k%%k%k AVERAGE HEAT TRANSFER RESULTS %k¥x&kxx

NPRK=11879.8

NGRPRK=

679217.

NGRK=
SHRAVG= 0.532

5717

NUAVG EXPMTL
NUAVG INTGRL

8«95
Bel8



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER
TO PO%ER-LAW FLUIDS

FLUID
TBULK
DENSITY
THERMK

4
(w]

e
27
45.
63«
Ble
9G .

i17e.
13S.
153.
171

ocVONOMPLUWUN~

[

ANGLE

75
770
Oel4

I

!

#e ek %

NUX
10.87
1055
1030

Se88

De 63

9.26

Be 84

Be31

7«85

712

RUN 1

0 CONSTANT FLUX CASE

¥%k%k%k% FLUID PROPERTIES k%kkkk

0
3
2

¥ REDUCED EXPERIMENTAL

NUGPD
0.665
De.645
0.628
0.603
0.588
0565
0e537
0507
0.475
0.432

39.0 X CS/SS SOL

HX QFLUX
182 526
177 524 .
17.3 532«
16.6 526
16.1 521.
15.5 S1Qe.
148 530
139 512.
13.2 5244
11.9 S16e.

SPHEAT
BETA
KLBFTHR
NINDEX

BTUHR
8.4
B4
8e5
Bed
Be3
8e 3
B85
862
8'4
83

DATA *%k%%k*

117

= 0653

= 000060

= 205.01

= 1225
TWALL DELY T
103.9 2849
104.6 296
105.8 308
1067 31.7
1073 3263
1085 335
1108 358
1117 367
114.8 39.8
11842 43 .2

*%kk&k INTEGRAL SOLUTIONS FOR CONSTANT FLUX %%k

INTEGRAL
KN = 0.591

NGLE  NUX NUGPD

NO A
1 9. 10
2 27. 10
3 45, 10
4 63, 9
5 B8l 9
6 99. g
7 117 8
8 135. 7
9 153. 6
10 171. s

+8S5 0.664
«31 0.631
«00 0.610
«65 04589
25 04565
=81 0538
32 0505
«60 0464
«75 0.409
=21 0.316

HX
18.2
173
16«8
162
155
14.8
13.9
127
11.3

B8e7

SHEAR
0.127
0.323
0494
0.633
0e727
0.785
0.811
0.748
 0e632
0.371

*%k%%% AVERAGE HEAT TRANSFER RESULTS *%%%x%x

NPRK=11808.5
772869

NG RPRK=

NGRK=
SHRAVG=

65445
0«56S

NUAVG E
NUAVG 1T

XPMTL
NTGRL

i

P26
8. 67



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER

FLUID
TBULK
DENSITY
THERMK

2
(=]

ANGLE
Qe
27«
4S5
63 .
Ble.
99,
117,
135.
153.
171.

QVONOU D UN

[

hn

7640
77.03
Oes142

it

*kkokk

NUX
1103
10.68
10,43
1010

967

Qe 41

9«04

Be 46

B8s00

T +34

TGO POWER-LAW FLUIDS

RUN 11

CONSTANT

FLUX CASE

*%%%%x FLUID PROPERTIES *¥¥¥k¥%

RECUCED EXPERIMENTAL

NUGPD
0e 661
0640
0.623
O« 604
0.578
Oe 563
0538
0e506
De 475
0.435

39.0 % CS/SS SOL

HX QFLUX
1845 579
179 576
175 585
16.9 57 8.
16.2 573«
15.8 571
1952 583
14.2 563
13-4 STE
12.3 567

SPHEAT
BETA
KLBFTHR
NINDEX

BTUHR
93
942
904
Ge3
962
9.1
9e3
9.0
Ge 2
9.1

DATA *%&%kk

118

= 000060

= 203.49

= 1222
TWALL DELT T
1073 3163
108.2 322
1094 334
110.2 34.2
1114 3Se4
1122 362
il4.4 38e 4
115.6 39.6
1189 4273
122.0 46,0

*kk¥kk INTEGRAL SOLUTIONS FOR CONSTANT FLUX #%%%%

NPRK=116
NGRPRK=

AN

NO GLE NUX
1 9. 11.08
2 27. 10.53
3 45. 10.21
4 63 9.85
5 81l 945
6 99, 8.99
7 117. 8.49
B 135. 777
9 153. 650

10 171. Se 32

INTEGRAL

KN = 0.591
NUGPD HX
0.664 18+6
0631 177
0610 171
0589 165
0.565 15«9
0538 15.1
045C5 14.2
0464 130
0409 11.6
0.316 8e9

SHEAR
0.135
0« 346
0,529
0.673
0.784
0.840
0.864
0.800
0.676
04393

*k%k%kk%k AVERAGE HEAT TRANSFER RESULTS X%X%k

i34
87222

NGRK=
Se SHRAVG=

75.11
O« 604

NUAVG E
NUAVG 1

XPMTL
NTGRL

]

Q.42
8+ 86



LOCAL FREE CCANVECTIGN FROM HORIZONTAL CYLINDER

FLUID
TBULK
DENSITY
THERMK

Z
@]

ANGLE
Ge
27«
4S5
63
81,
99
117«
135.
153
171,

CVONOUPUWN=

-

¥k [INTEGRAL

NPRK=115
NGRPRK=

76.
77«0
O.14

ihu

% %k %k %k

NUX
11.26
10.91
10.63
10.29

G993

9«56

9.22

E+63

e 04

Te44

2

SV oNOOSWN=QO

A

1
1
1
1

e

TO POWER-LAW FLUIDS

RUN 12

CONSTANT FLUX CASE

*%k%k¥k%k FLUID PROPERTIES %¥¥%kx%x

0
3
2

* REDUCED EXPERIMENTAL

NUGPD
0.664
De 644
0.«624
D605
0+ 585
0563
00539
0.507
Ge 469
D434

NGLE NUX
Fe 1125
27« 10.70
45e 10.38
63 10.01
Bl. 9461
99. S.15
17 8.63
35. 790
53 702
71l. Se41l

39.0 % CS/SS SOL

HX QFLUX
189 627
18«3 624
17.8 634
173 627
167 622
1640 619
155 632
145 610.
135 624 .
125 615.

INTEGRAL

KN = 0.59!
NUGPD HX
O« 664 18.9
0.631 17 .G
0.610 17«4
0.589 16.8
0565 1651
0538 15.3
0505 14.5
0+.464 132
0.409 118
0316 Gel

SPHEAT
BETA
KLBFTHR
NINDEX

BTUHR
10.0
100
1Ce1
10.0
10.0

Q.9
10e1
Se8
10.0
9«8

SHEAR
Oe«141
0361
D.555
0.7086
0.817
0.883
0.906
0840
0.718
0.415

DATA %%ikx%

119

= 0e653

= 0.00060

= 202.65

= 1221
TWALL DELT T
109.2 33e2
1101 34.1
111.6 356
112.3 36.3
113.3 373
114.6 385
1168 40.8
118.1 421
122.3 4643
125.2 49.2

%k %kkk AVERAGE HEAT TRANSFER RESULTS *%%k%kkxX

734
9561

NGRK=

06 SHR

82

H1

AVG= 0.634%

NUAVG E
NUAVG 1

XPMTL
NTGRL

SOLUTIONS FOR CONMSTANY FLUX %k%k%¥

Qe 59
9.01



LOCAL FREE CONVECTION FROM HORIZONTYAL CYLINDER
TO POWER-LAW FLUIDS

FLUID
TBULK
DENSITY
THERMK

z

SO ONONAD2UWN=O

Qe
27.
4.5.
63.
81.
99.

117.
135.
153.
171.

-

ANGLE

72
T7.0
04,13

i n

ek %

NUX
10.09
Ge71
9.48
B8e.88
8461
413
7«82
722
589
635

RUN 13

CONSTANT FLUX CASE

¥k%k%¥k FLUID PROPERTIES H%kkXkx%k

*%k%kk INTEGRAL SOLUTIONS FOR CONSTANT FLUX %%k

z

CVwaONOUOHMUN~O

A

1

1

(3

NGLE NUX
9e 10.21
27 Se4b6
45, 9.07
63, .70
8le. 8.31
99 790
17 745

135. 6«83

53 6e 09

171. 4.76

INTEGRAL
KN = 0.58%9

NUGPD
0690
0,640
D612
0«587
0562
0533
0,501
0.461
0409
0320

HX
1644
15.2
14.6
14.0
134
127
12.0
11.0

9.8

Te7

SHEAR
0+.106
0.249
0366
0.465
0.528
D572
0584
0.548
0465
0.281

*%k%%k% AVERAGE HEAT TRANSFER RESULTS #*%%xk%

NPRK=24019.2

NG RPRK=

NGR

274497 SHR

K= 11243
AVG= 04416

NUAVG E
NUAVG I

XPMTL
NTGRL

120

410 % CS/SS SOL SPHEAT = 0..643

0 BETA = 0.00062

4 KLUBFTHR = 85451

7 NINDEX = 1.384

¥ REDUCED EXPERIMENTAL DATA %%%x¥k¥%
NUGPD HX QFLUX BTUHR TWALL DELT T
0« 682 163 348» Se6 93.4 2le4
0.+656 15,6 347 Se5 94.2 22.2
Je 639 i53 352 Seb 8540 2360
0599 143 348 56 96.3 2443
0.581 13.9 34S. 5.5 C69 249
Ce 549 13.1 344 55 98 .2 26.2
0.526 12.6 351. Se6 99.8 27.8
0.488 11.6 39 Se4 i0leal 291
0+ 463 11.1 347 5:6 103-2 312
De427 10.2 341, S5 1053 333

Be32
7.88



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIOS

FLUID
TBULK
DENSITY
THERMK

A
o

e
27«
45
63.
81.
99.

117
135«
1E83»
171

DVONOUDUN ™

-

ANGLE

T2
770
0.13

honou

d ok ok

NUX
10.48
10.21

992

G241

Q.10

Be.42

Be24

7«63

7.21

6.67

RUN 14

CONSTANT FLUX CASE

¥%%¥%x% FLUID PRCPERTIES *&kXk%xXx

S
4
7

* REGUCED EXPERIMENTAL

NUGPD
0+ 688
O.671
Je 649
0. 616
0.596
Ce551
0.538
0500
02470
Cs435

41.0 % CS/SS SOL

HX QFLUX
16.9 410.
165 408.
1640 415,
15.2 410.
14.7 407,
13.6 405.
13.3 413.
12.3 3¢9,
11.6 409,
10.8 402.

SPHEAT
BETA
KLBFTHR
NINDEX

BTUHR
66
65
€6
546
€GeS
645
6.6
Haelt
€5
6.4

DATA &k&k*k%k

*%x%%k¥ INTEGRAL SOLUTIONS FOR CONSTANT FLUX %k¥¥%X

2

cOVEANOULUN=D

A

1
1
1
1

(]

NGLE NuUX
Qe 10.51
27 Se74
45, 9435
63 896
Ble Be56
99. B8.14
17. 768
35. 7.04
53 6.28
71 4491

INTEGRAL

KN = 04589
NUGPD HX
02690 16.9
Q640 157
0.612 1S.1
0.587 14 <4
0562 13.8
0533 13«1
0e501 1244
O.461 114
0.409 10.1
0.320 7«9

SHEAR
0.115
0269
06396
0.499
0569
0 «625
0.630
0e591
0.504
0.304

kkkkk AVERAGE HEAT TRANSFER RESULTS *k%k%k%

NFRK=24409.9

NGRPRK=

3255

NGR

99 SHRAVG=

K= 13«34

0450

NUAVG E
NUAVG 1

XPMTL
NTGRL

121

= 0+643
= 0400062
= 1.381
TWALL DELT T
96 .8 2443
97.3 2448
984 259
99 .5 27.0
100.2 27.7
102.3 29.8
103:6 31.1
1050 32.5
107 .6 35,1
109.9 374

873
8.12



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER
TO POWER—-LAW FLUIDS

FLUID =
TBULK = 73.0
DENSITY = 77.04
THERMK = 0.137
%k ook %k %
NO ANGLE NUX
1 9. 10.70
2 27. 10,34
3 45. 10.02
4 63. Qe 72
5 8le. 922
6 99. 8.73
7 117. 8.30
8 13Se. Te32
‘9 153. 739
10 171 baB2

*&x%x%k%k INTEGRAL SOLUTIONS FOR CONSTANT FLUX %*¥%%%%

: P4
OV ONDOPUNWDOD

-

RUN 15

CONSTANT FLUX CASE

&%k FLUID PROPERTIES *¥k¥%

RECUCED EXPERIMENTAL

NUGPD
0685
0+ 662
0«639
0.621
O«58¢
0.558
Oe 528
0500
0.469
(433

ANGLE  NUX
Qe 10.77
27 Je 99
45. F«58
63« 9019
8le. e 79
99. £€.35
117, 788
135. 7«22
153. 644
171. S.04

41.0 % CS/SS SOL

HX QFLUX
17.3 470«
167 468Be
162 A47Se
15.7 470«
14.9 466
141 464
134 473
12.6 457
11.9 468
ileT G401ie

INTEGRAL

NUGPD

0.689
0640
00612
0587
0562
0+534

0.501

O0«461
04409
0320

KN = 0.589

HX
16.1
15.5
14.8
1442
13.5
12.7
11.7
10.4

Bel

SPHEAT
BETA
KLBFTHR
NINDEX

BTUHR
7«5
75
76
7 «S
7«5
X
7Teb6
T3
T «5
Teh

SHEAR
0.124
04292
0.431
0.536
0.618
0+.669
0.689
0-639
0.546
0330

DATA *%x%k%k%x%x

*k&k%x%k AVERAGE HEAT TRANSFER RESULTS *%&x&¥%%

NERK=24567.0

NGRPRK=

377996,

NGRK=
SHRAVG=

15.39
0487

NUAVG E
NUAVG I

122

= 0643

= 0.00062

= 85,04

= 1379

TWALL DELY T
1002 2762

101.0 280

102. 4 29. 4

103.90 30.0

1043 31.3

1059 329

10843 35.3

109.2 3662

112.2 3Ge2

1143 4163

XPMTL = 8691
NTGRL = 8,32



LLOCAL FREE CONVECTION FROM HCORIZONTAL CYLINDER
TO POWER-IL_AW FLUIDS

FLUID
TBULK
DENSITY
THERMK

>4
(w]

e
27
45
63.
B8le
99 «

117
135.
153.
171

CVWOO~NIMTPUWNM

™

xk%k¥k%k INTEGRAL SOLUTICONS FOR CONSTANT FLUX %k%k¥k

ANGLE

f

*%%%% REDUCED EXPERIMENTAL

NUX
10.81
1036

Se97

9.61

Ge23

8+86

8459

8+ 03

T564

7215

Z
@]

QU ONDINPUNM

-

RUN 16

NUGPD
0.677
0.649
Oe 622
0.600
06577
0+554
0534
06502
Oeti74
Os444

ANGLE  NUX

e 11.00
27 e 10.21
45, GeBO
63, 9«40
8le 899
9T Be 54
117 8406
135. 739
153 659
171 S5«15

CONSTANT FLUX CASE

41.0 % CS/SS SOL
740

= T77.04

0.137

HX QFLUX
17+ 4 526
167 524 .
16.1 532«
15.5 526
14.9 521
143 51G.
13.9 530
13.0 512
123 524,
115 516.

INTEGRAL
KN = 0.589

NUGPD
05689
0.640
0+612
0.587
0562
O0«534
0.501

0e461

04409
0.320

HX
17.7
16.5
15.8
15.2
14.5
138
13.0
119
10.6

8e3

*%kk%k FLUID PROPERTIES *¥kXx%x%x

SPHEAT
BETA
KLBFTHR
NINDEX

BTUHR
Be 4
8.4
25
8.4
83
8+ 3
85
Be2
8‘4
Be3

SHEAR
0.133
0.315
0469
0.585
0.670
0.719
0.732
0.682
0.580
0.347

DATA dkdksiok

123

= 0643

= 0400062

= 14376
TWALL DELT T
104.2 302
105.3 31.3
107.0 33.0
1079 339
109.0 3560
110.3 363
1122 38.2
1135 395
1165 4245
11807 4847

k%% %k AVERAGE HEAT TRANSFER RESULTS #X%kkX%

NPRK=24468.0

NGRPRK=

NGRK=

432690, SHR

17

68

AVG= 0.523

NUAVG E
NUAVG 1

XPMTL
NTGRL

9,03
8.51



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER
TO POWER-~LAW FLUIDS

FLUID
TBULK
DENSITY
THERMK

2

OV ONOMTODPWN=D

ANGLE
Qe
27
45.
63
81,
99
117.
135,
153.
171

s

&k kk INTEGRAL

il

RUN 17

CONSTANT FLUX CASE

¥k FLUID PROPERTIES %%X%¥%k%

124

410 % CS/SS SOL SPHEAT = 04643

745 BETA = 000062
77«04 KLBFTHR = 84,80
04137 NINDEX = 1373
*%k&%x%x RECUCED EXPERIMENTAL DATA *¥kixx

NUX NUGPC HX QFLUX BTUHR TWALL DELT 7
l11e12 0.684 179 S7%. Ge3 106.7 3262
1074 0De6861 173 576 92 1077 33.2
1037 0635 167 585. Yeb 109 <4 3449
1007 0.618 16.3 578 Q3 110.1 35.6
964 04592 15«6 573 De2 111<4 36.9
9419 0.564 l4.8 S71» Qa1 1130 3845
870 0.531 14,0 583. Qa3 116.0 4145
Be24 0.S0S 13.3 563 9.0 116.8 4203
T80 0.475 12.6 576 Q.2 120.2 45.7
Tel7 00437 116 567« Sel 1234 453

A

Z
o

1

1
1

CCONOUSdWNM™

]

NGLE  NUX
9. 11.20
27. 10.39
45, 9.98
63. 9.57
81. 9.15
99, 8.70
17. 8.21

135. 753

53. 671
71l 525

INTEGRAL
KN = 0589

NUGPD
0.689
0639
0e612
0.587
0562
0.534
0.501
0.461
0+409
0.320

HX
18.1
16.8
16.1
15.4
14.8
140
13.3
12.2
10.8

Be5

SHEAR
0.139
0329
0.488
0606
0.696
0751
0777
0717
0.613
0.371

*kx&%k¥k AVERAGE HEAT TRANSFER RESULTS *%kkx¥*%

NPRK=24507.7

NGRPRK=

4822

NGR
Ole. SHR

K= 1968
AVYG= 0De549

NUAVG E
NUAVG [

XPMTL
NTGRL

SOLUTIONS FOR CONSTANT FLUX k%% %Xk

Q630
8. 67



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER

FLUID
TBULK
DENSITY
THERMK

2
o

ANGLE
9.
27«
45.
63.
8le
99.
117
135.
153.
171

CVEBNOU L WN-

[

TO POWER-LAW FLUIDS

RUN 18

CONSTANT FLUX CASE

Fk%k%%k FIUID PROPERTIES %%k

= 41.0 %X CS/SS SOL

i

7Se
770
O0.13

il

Ak

NUX

11.33
10.78
10.65
10. 04
Y66
9.05
B+68
Beld
788
Te21

0
4
7

¥ REDUCED EXPERIMENTAL

NUGPD
0+686
04653
0+€43
0.606
0.584
0+E46
0.521
0492
0.472
Ce432

HX QFLUX
18.3 627
174 624
172 634.
16.2 627
15.6 622
14.6 61Ge.
1440 622,
132 610
127 624
117 515

SPHEAT
BETA

KLBFTHR
N INDEX

BTUHR
100
10.0
101
10.0
10.0

9.9
101
9.8
10.0
Ge 8

DATA F3kdkk

#*%%k%k% INTEGRAL SOLUTIONS FOR CONSTANT FLUX #¥%kx*x

NPRK=243
NGRPRK=

r
c

A

1
1
1
1

COONOULEWN™

[

NGLE NuUX

Ge 1137
270 10556
45, 1013
63 9.72
Ble G« 30
99. B85
17 8435
35. 766
53 6.82
T1le Se34

INTEGRAL
KN = 0.589

NUGPD HX
04688 183
0639 170
OeH12 156 4
0587 157
0.562 15.0
0.534 14.3
0.501 135
0461 12.4
0409 11.0
04320 Beb6

SHEAR
0145
0347
0.507
O.644
0.737
0.805
0.826
0.768
0.647
0.393

*k%%% AVERAGE HEAT TRANSFER RESULTS *%%¥k*

607
5333

NGRK:
71, SHRAVG=

21 «89
0.582

NUAVG E
NUAVG 1

XPMTL
NTGRL

]

125

= 0643

= 0.,00062

= B4.76

= 1371
TWALL DELT T
10943 343
1109 35.9
111.9 369
113.7 3867
114.8 398
117.3 4243
120.0 4540
121.3 A643
12441 49a1
127+ 8 52«8

Qe 34
8.81



LOCAL FREE CONVECTIGN FROM HORIZONTAL CYL INDER
TO POWER-LAW FLUIDS

FLUID
TBULK
DENSITY
THERMK

4

CVONGNPUND

ANGLE
9e
27.
45,
63.
8l.
99,
117.
13S5.
153,
171

e

(L]

T2«
770
0.13

%k X

NUX
999
Qe 68
9.36
B+86
Be46
8.10
T+606
707
&,66
625

RUN 19

CONSTANT FLUX CASE

%% %%k FLUID PROPERT IES *¥kxx

()
]
4

* REDUCED EXPERIMENTAL

NUGPD
0+680
04659
e 635
0602
0.575
Ce550
0«518
0+ 480
0.450
0+ 423

42.0 % CS/SS SOL

HX QFLUX
15.8 348.
1543 347
14.8 352,
14.0 348
13.4 345.
128 344,
12.1 351
11.2 3l
10,5 347a
99 341,

SPHEAT
BETA
KLBFTHR
NINDEX

BTUHR
Se6
S5e5
Se6
5.6
Se5
565
Se6
Sett
S5+6
Se5

DATA kkkdkk

126

= 0e538

= 000063

= 62452

= 14440

TWALL DELT T
Q4.5 220
952 22.7
963 2348
97.4 2449
983 25.8
9943 26. 8
101«4 2849
1028 30.3
105+ 4 32.9
107 0 345

Fkk%kk INTEGRAL SOLUTIONS FOR CONSTANT FLUX %xXxkkk

NPRK=312
NGRPRK=

4
o

A

1
1
1
1

cvoNOOPUNM

[

NGLE NUX
9e 10.27
27e 944
4S, 9. 02
63. B»63
Ble. Be24
99, 783
17. 738
35e. 677
53. 6.05
71e 4,75

INTEGRAL
KN = 0.588

NUGPD
05698
0.643
0.612
O0.586
0560
0e532
0499
0«460
0409
0322

HX
162
14.9
14«3
137
130
12. 4
117
107

e 6

75

SHEAR
0.110
0.250
0.365
D+ 456
0.521
0.558
0.575
0.541
0.464
0.282

k¥ %% AVERAGE HEAT TRANSFER RESULTS kk¥k¥x*k

09.7
2142

NGR
41 SHR

K= € .86
AVG= 0De.412

NUAVG E
NUAVG 1

XPMTL
NTGRL

1

]

Be21
7«84



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

FLUID
TBULK
DENSITY
THERMK

z
(=]

e
27«
45S.
63.
81
99.

117
135.
153.
iTie

OVONMULDUWUWN™

-8

ANGLE

74
770
0.13

Hokk

NUX

10.24
976
9e 39
Q.00
Be63
Be29
782
7<31
6499
Ge506

RUN 20

CONSTANT FLUX CASE

*¥%k%%%x FLUID PROPERTIES *%¥%xk

(o]
S
&

* RECUCED EXPERIMENTAL

NUCGPC
O+ €786
0. €45
0,618
0593
0569
0 546
0513
OO0 482
Do 458
G430

42.0 X CS/SS SOL

HX QFt.uUX
16.2 41 0.
154 408e.
14.9 41Se
142 410»
13.56 407,
13.1 405
12«4 413.
116 399.
11.1 409
i0e4 402

SPHEAT
BETA
KLBFTHR
NINDEX

BTUHR
6.6
6.5
6.5
6.6
645
645
66
6.4
645
6ol

DATA %kk&kx

127

*kkkk INTEGRAL SOLUTIONS FOR CONSTANT FLUX *%%k%k

A

4

1
1
1
1

CVONOIOOLPUWUNMD

(]

NGLE NUX
Ce 1057
27 S.73

45 9«30

63 8+90

8lese B850
99. B.07
17 7e62
35. 6499
S3. 6.24
71le 4490

INTEGRAL

KN = 0.588
NUGPD HX
0.698 167
0e642 15«4
00612 147
0.586 14 .1
0.560 13.4
0.532 12.8
0500 12e1
0.460 111
0.409 9.9
0322 7.8

SHEAR
0.120
0277
0406
0.504
0.575
0.615
0635
0.593
0505
0306

*kk %k AVERAGE HEAT TRANSFER RESULTS Xdkk%%k

APRK=31546.0

NGRPRK=

2569

NGR
0Se. SHR

K= 8e14
AVG= 04453

NUAVG E
NUAVG 1

= 0.,00063
= 6189
= 14438
TWALL DELT Y
993 253
100. 4 26+ 4
101.9 279
102.8 288
103.8 29a.8
104 .9 30.9
107.4 33.4
10845 34e5
1109 369
1127 36e7
XPMTL = 8.40
NTGRL = 8.08



LOCAL FREE CCONVECTIGCN FROM HORIZONTAL CYL INDER
TO POVWER~-LAW FLUIDS

FLUID
TBULK
DENSITY
THERMK

z
=]

Ge
27
45,
63.
Ble.
9%e.

117
135.
153.
1710

OVONOU P UN=

["

*xgkEe INTEGRAL SOLUTIONS FOR CONSTANT FLUX %3okk%

ANGLE

LI}

n

ok %k K

NUX
10455
10.02

G 69

Qe32

8592

854

Be24

T e07

7«18

671

2
COVO~NOOCOPUWNWO

b

RUN 21

CONSTANT FLUX CASE

*%k k%% FLUID PROPERTIES ¥%kXx¥

RELCUCED EXPERIMENTAL

NUGPD
0.680
0. 646
0.623
0. 600
0.574
0+556
0.528
0.494
O« 455
00 430

ANGLE  NUX
Ge 10.82
27+ Q96
45 9» 53
63- 9.11
81le 871
99. Be27
117. 780
135. 716
153. 6439
171. 5.02

42.0 X CS/SS SOL
7440

77.05

0«134

HX QFLUX
167 470
159 468
15.3 475
14.7 470
14«1 4656+
137 464 «
13,0 473,
12.1 457«
1i.4 46
1D0.6 4061«

INTEGRAL
KN = 0.589

NUGPD
0.698
0.642
0.612
0.586
0560
0.532
04500
0.460
0.409
0.322

HX
171
158
1521
14.4

13.8

13.1
123
11.3
10.1

8.0

SPHEAT
BETA
KLBFTHR
N INDEX

BTUHR
75
75
7.6
75
75
T4
70O
T3
Te5
Teb

SHEAR
0.128
0297
0433
0537
0.014
0653
0.671
0.628
0542
04330

DATA #skkk

*xk%k%k% AVERAGE HEAT TRANSFER RESULTS *%k**

NPRK=32194.8

NGRPRK=

NGRK=

293892 SHR

F.13

AVG= 0483

NUAVG E
NUAVG I

XPMTL
NTGRL

i

128

= 0.638

= 0.,00063

— 61456

= 1436
TWALL DELT T
102.2 282
1035 29«5
105.0 31.0
105.9 31.9
107-0 33.0
107.9 33.9
1103 363
111.7 377
115.1 1.1
1173 423

Be 69
Be28



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER

FLUID
TBULK
DENSITY
THERMK

zZ
=}

Qe
27 »
45.
63
81.
99

117
135.
153
171

OV ONONEDLWN W

[

ANGLE

420

73
77.0
0.13

]

Hkkk

NUX
10.86
10-41

De 92

Q52

Y.18

8 84

B850

791

T e4T

Tol4

TO POWER-LAW FLUIDS

RUN 22

CONSTANT FLUX CASE

*%x% %% FLUID PROPERTIES #¥%kkx%

% CS/SSs sOL

0
5
4

* REDUCED EXPERIMENTAL

NUGPD
O« €8
0+ €660
O+ 626
0.601
0580
0558
0.534
0«5C0
O-469
O« 443

HX QFLUX
172 526
155 S24.
15.7 532
15.1 526
145 521
14,0 519.
13.5 530.
12.5 512.
11.8 524
1t.2 516

SPHEAT
BETA
KLBFTHR
NINDEX

BTUHR
Bett
Be4
te5
Be 4
83
8e3
B8e5
Be2
Bed
B3

DATA ik

129

= 04638

= 000063

= 61.46

= 16436
TWALL DELT T
103.6 30.6
104.8 3le8
10€.9 33.9
107-9 3449
1089 35.9
110.1 T 371
112.4 39.4
113.9 40.9
1173 443
1192 4H42

¥%%%k%k INTEGRAL SOLUTIONS FOR CONSTANT FLUX k%&k%

Z

CURXNOUVNPLUN=QD

A

1
1
1
1

)

NGLE NUX
Qe 11.02
27 10.14
45. Se70
63, Ge 29
Ble B.87
9G. Bed2
17 7295
35 729
53. 6+51
71le S5.12

INTEGRAL
KN = 0.588

NUGPD
0.698
0.642
De.612
0.586
0560
0532
0.500
0.460
0409
0.322

HX
17«4
160
154
147
14.0
133
12.6
115
103

8e1

SHEAR
0.135
0. 309
0..457
0567
0.645
0689
0.704
0660
0567
0343

*%k%k%kk AVERAGE HEAT TRANSFER RESULTS %%

NPRK=33038.0

NGRPRK=

3248

NGR
27 e SHR

K= e

83

AVG= 0.508

NUAVG E
NUAVG I

A& % ok

XPMTL
NTGRL

8BeC7
8. 43



LOCAL FREE CONVECTICN FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

FLUID
TBULK
DENSITY
THERMK

Z
o

Oe
27
45,

Bl.
99
117,
135.
153.
171.

QPO NOUPUWN-

[

ANGLE

63.

73
77.0
0-13

fl

it

%ok %k

NUX
10.86
10.48
10.20

9.73

Qeth2

B+96

Be74

8.22

T-87

Te22

RUN 23

CONSTANT FLUX CASE

k¥ %k FLUID PROPERTIES #¥&kXk%k

0
S
4

¥ RECUCED EXPERIMENTAL

NUGPD
0. 676
0« €52
0633
0« 604
0.586
O« 557
0e540
O«511
Qe 486
Ce 446

42.0 % CS/SS SOL

HX QFLUX
172 579«
16.6 576
16.1 585.
15.4 S78e
14,9 573
14,2 ST71e
13«8 583
13.0 563
12.5 576a
1ie4 567

SPHEAT
BETA
KLBFTHR
NINDEX

BTUHR
93
G2
Sed
9.3
9.2
9.1
Ge«3
9.0
Qa2
Gel

DATA #kikkk

*kF%xxk INTEGRAL SOLUTIONS FOR CONSTANT FLUX ¥%x%%k%

zZ
@]

A

1
1
1
1

QVONOVPUN-

-~

NGLE NUX

Qe 11.21
27 10.32
45 D87
63. Seb4
81l. Se 02
99. .57
17. 8.08
35. Te4l
53 662
Tle S5.21

INTEGRAL

KN = 0.588
NUGPD HX
0.698 177
O=642 16.3
0.612 1546
0.586 14.9
04560 143
0.532 13.6
0.500 12 .8
0.460 11.7
0409 10.5
0.322 Be3

SHEAR
0<143
0.328
0477
0595
0.675
0.727
0737
0.685
0.584
0.360

*¥%%x%%k AVERAGE HEAT TRANSFER RESULTS *kk%kx

NFRK=33439.8

NGRPRK=

3578

NGRK=

B4e SHR

1070

AVG= 0.531

NUAVG E
NUAVG 1

XPMTL
NTGRL

1

130

= 0638

= 000063

= 14435
TWALL DELT T
1067 337
1077 24.7
109.2 3662
1105 37«5
111.4 38. 4
113.2 40.2
115.1 421
11642 4362
1192 46 62
122.¢€ 4T 6

9«17
B«58



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER
TO POVWER-LAW FLUIDS

FLUID
TBULK
DENSITY
THERMK

z
(=]

e
27
45
63.
8l
99

117
135.
153,
171«

VO NOU P WN =

-

¥k%kk%k INTEGRAL

ANGLE

i

ke stk ok

NUX
11.07
10.69
10.32

998

9.68

Q.32

9«05

Ba46

Ball

T54%

Z
Q

COBONOUHUWN=-

[

RUN 24

CONSTANT FLUX CASE

$k%%k%x FLUID PROPERT IES #okk%k*

RECUCED EXPERIMENTAL

NUGPD
0680
0«656
Oe £31
Cel1
0« 593
D571
0.551
0.518
0493
00459

ANGLE  NUX
e 1137
27« 10.47
4Se 10.01
63 S«58
81. 915
99 B+69
117 820
135. Te52
153. 6e72
171. S.28

42.0 % CS/70S SOL
730
7705
0134

HX QFLUX
175 627.
16.9 624,
1643 634.
15.8 627.
15.3 622.
14.8 619.
1443 632.
13.4  610.
12.8 624«
119 615+

INTEGRAL
KN = 0589

NUGPFD
0.698
0642
0.612
0.586
0560
0532
0500
06460
0+409
0.322

HX
180
166
15.8
152
145
138
13.0
11.9
1046

8e4

SPHEAT
BETA
KLBFTHR
NINDEX

BTUHR
100
10.0
1Ce1
10.0
100

9.9
10.1
.8
100
G 3

SHEAR
0.149
0341
02499
0.617
0.700
Oe748
0.760
0.710
0.604
0.369

DATA %¥k%xx%

= D638

= 0.00063

= 60493

= 1434
TWALL DELT T
108.8 35.8
109.9 36.9
111.8 38,8
112.7 3%.7
1136 40456
114.9 41,9
1171 4441
1185 45,5
121.6 48. 6
1245 515

%%k %%k AVERAGE HEAT TRANSFER RESULTS #%¥%%x%

NPRK=33807.6

NGRPRK=

388241.

NGRK=
SHRAVG=

11.
0550

48

NUAVG E
NUAVG 1

XPMTL
NTGRL

SOLUTIONS FOR CONSTANT FLUX *Xk¥kkk

131

Gel2
8.70



LOCAL FREE CONVECTICN FROM HORIZONTAL CYLINDER

FLUID
TBULK
DENSITY
THERMK

4
w]

e
27
45 .
63
81
99

117«
135.
153
171«

COVONOUHUN-

[

ok ek

rd
(]

9e
27
4S.
63
8le
99
117
135.
153e.
171.

CVEBNOOTPUN-

-

ANGLE

ANGLE

TO POWER-LAW FLUIDS

RUN

1 ISOTHERMAL CASE

%%k k% FlL UID PRCPERTIES *k¥kkdk¥k

= 380 % CS/SS SOL
= 700

]

i

77.02
0e145

Hkkkk RECUCED EXPERIMENTAL

NUX
10.67
10.30
10.11

Qe59

907

8.51

B 07

716

653

5«84

NUGPD
0594
V«E74
De563
Oe 534
0506
Oe 473
0+ 450
0399
Oe«364
0325

SIMILAR AND 1

NUX
10.51
Qe 95
957
Ge18
8.72
7«56
6.78
S5.76
4el2

ACR
THETA=
FACR =

NUGPD
0. 585
Oe 554
0.533
0.511
0486
06457
0e 421
0378
0.321
O0e«229

HX

18.2
176
i73
16e¢4
15.5
14.5
13.8
12.2
11.1
i0.0

NTEGRAL

I1vgs
—-0+548
0.+984

HX
179
17.0
163
157
14.9
140
12.9
116

9.8

Te0

¥k%x%%k AVERAGE HEAT TRANSFER RESULTS ¥k¥%kkkxkx

MNPRC= 7100.0
89837.

NGRPRC=

NGRC=
SHRAVG=

132

SPHEAY = 0657
BETA = 0400059
KLBFTHR = 256407
NINDEX = 1.187
DATA kxdcokk
QFLUX BTUHR TWALL DELT T
510. Be2 980 2840
490 79 9729 279
481. Te7 97.9 279
458, T3 OB 0 280
431. 69 978 278
405 He5 07 «9 279
382« 6.1 97«8 278
339G Sef 977 277
309 4.9 97 eT 27 7
2735 465 98.0 2B+ C
SCLUTIONS FOR ISOTHERMAL kokk#x
INTEGRAL
CN = 0+.561
SHEAR NUX NUGPD HX
0.125 1075 00598 183
0.321 1018 0567 174
O0«481 Q+78 0545 16.7
0.608 G239 0522 160
O« 689 Be92 06497 15.2
0728 8439 06467 14.3
Oe711 Te74 06431 13.2
0«641 6.94 0.387 11.8
0506 590 00329 10.1
0277 4022 00234 Te2
12 .65 NUAVG EXPMTL = Be5S9
0509 NUAVG INTGRL Ba22



133

LOCAL FREE CONVECTION FROM HCRUZONTAL CYLINDER
TO POWER-LAW FLUIDS

RUN 2 ISOTHERMAL CASE

Xk%kkk FLUID PROPERTIES X%kkk

FLUID = 38«0 % CS/SS SOL SPHEAT = 0.657
TBULK = T72.0 8ETA = 000059
DENSITY = 77.02 KLBFTHR = 2S50.39
THERMK = 0145 NINDEX = 1.183

*%¥kkdk RECUCED EXPERIMENTAL DATA %kXk&kxk

NO ANGLE NUX NUGPD HX QFLuUX BTUHR TWALL DELTY T
1 Ge 1110 0.593 19.0 608, Qa7 10441 32.1
2 27« 1083 04579 185 591« 95 104.0 32.0
3 4S. 1043 V..559 178 564. 9.0 103.7 317
4 63. G394 04533 170 537 B«6 103.6 31.6
S 8l 9434 04459 160 Slle. 8.2 104.0 32.0
6 99. B8a.81 Oe471 15.0 481 T27 1040 32.0
7 117 Be46 0e454 1444 456 73 103.5 315

8 135 T261 06406 13.0 417 67 104.1 32.1
S 153. 6«89 06367 11.8 378 Ol 1041 321

10 171. .31 0« 3236 10.8 347. 5.6 104.3 32+3

*%%%k%k SIMILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL *%&k%

ACRIVOS INTEGRAL
THETA= —-0.548 CN = 0561
FACR = 0.984
NO ANGLE NUX NUGPD HX SHE AR NUX NUGPD HX
1 e 10.94 0O.584 18.7 0.141 11.18 04597 191
2 27« 1036 0.554 177 0363 1060 00566 1861
3 45. 9«94 0.533 17.0 0.541 1017 04545 17.4
4 63. 9453 0511 163 J0«681 Qe75 04522 16+6
S 8le 910 0.486 15.5 0.782 9e¢30 06497 15.9
6 99. B8e55 04457 14.6 0.824 874 0467 149
7 117. 7«86 06421 13.4 0e 799 8604 04431 137
8 135. 709 0.378 12.1 0.731 Te25 0387 12. 4
9 153. 602 0.321 103 0578 6016 0329 10.5
10 171. 430 04229 T3 0.314 4,39 0.234 75
*k%kkkk AVERAGE HEAT TRANSFER RESULTS X&kk¥xX
NPRC= 6848.2 NGRC= 15«81 NUAVG EXPMTL = 8.97

NGRPRC= 108271« SHRAVG= 0575 NUAVG INTGRL = B8.56



LOCAL FREE CONVECTICN FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

FLUID
TBULK
DENSITY
THERMK

2

COONOOOD™>UWN=O

ANGLE
Ge
27
45,
63.
81l
99
117.
135
153.
171

Ld

He ok ek ¥

Z

OCVONORPWUN™O

Ge
27
45.
63
81l
99«

117.
135.
153.
171

L

NFRC= 66
NGRPRC=

ANGLE

RUN

3 ISOTHERMAL CASE

*k%%kk FLUID PROPERTIES k%%

134

= 38.0 % CS/SS SOL SPHEAT = 0657
= T30 BETA = 0400059
= 7702 KLBFTHR = 247.37
= 0145 NINDEX = 1.180
*%%k%¥% RECUCED EXPERIMENTAL DATA k¥%¥kskk
NUX NUGPD HX QFLUX BTUHR TWALL DELT 7T
1137 0588 19.4 693 . 11.1 108.7 357
11«00 04569 18.8 6695 107 108.6 35.6
1066 04551 18.2 652 10.4 i108.8 3548
10.21 0.527 17«4 627 10.0 1090 3640
978 04506 167 508, 9.5 108.8 35.8
923 04477 15.8 506 el 108+9 359
890 06460 15.2 546 Be7 1089 35«9
7«79 0.402 13.3 480, Te7. 10941 36e 1
7«30 06377 1245 450 72 1091 3641
Ge58 02340 112 402 Ced 108.8 35.8
SIMILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL &%k %
ACRIVQAS INTEGRAL
THETA= —~0,548 CN = 0.561
FACRK = 04985
NUX NUGPD HX SHEAR NUX NUGPD HX
11.27 0583 19,3 0.155 11.53 04596 19.7
1069 06553 183 0.399 1093 0.566 187
1030 0+532 17.6 0.602 10.54 0.545 18.0
9.89 J.511 169 0761 1012 Da522 173
9«40 04486 16«1 0« 863 961 0.497 16.4
Be84 0457 iSe1l 0.912 9.04 0.467 15+ 4
Be1l6 0e421 13.9 0.896 835 04431 14.3
733 0.378 12.5 0.810 7«50 04387 12. 8
623 04321 10.6 0.640 6637 04329 109
4443 06229 76 0. 344 453 06234 Te7
*%k%¥%% AVERAGE HEAT TRANSFER RESULTS %¥*kkxX
676 NGRC= 18.93 NUAVG EXPMTL = 9.28
126241. SHRAVG= 0.638 NUAVG INTGRL = 8.85



LOCAL FREE CONVECTION FRCM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

FLUID
TBULK
DENSITY
THERMK

r4
o

ANGLE
Qe
27«
45.
63
81l.
99.
117
135.
153.
171

QU O NGO & WK

[y

% Ak ke ke

r4
(]

ANGLE
e
27
4S.
63
8Bl.
99
117,
135.
153.
171«

OVONOOUODUWN =

N

NFRC= 65
NGRPRC=

i

735
77.02
0.145

W

% ok %k %

NUX
11.75
1146
11.14
1053
10.13

Q.61

928

B.26

Te55

He 75

RUN

4 - ISOCTHERMAL CASE

*%¥k %% FLUID PROPERTIES %%k%x%

RECUCED EXPERIMENTAL

NUGPD
0. 589
Oes €74
0559
0.528
OeS0O8
0.481
Qe 464
0+.413
02377
0« 338

38.0 X CS/SS SOL

HX

201
19.6
1940
1840
17«3
164
15.8
1441
1195

SIMILAR AND INTEGRAL

NUX
11.62
1103
10.61
1019

G 69

.11

B8e43

7«56

6042

456

ACR
THETA=
FACR =

NUGPD
0.582
0. 553
04532
0.511
O« 486
0.457
De 421
0.378
0.321
0229

IvOos
~0+548
0.985

HX
19.9
188
181
174
16.5
15.6
14+ 4
12.9
11.0
78

QFLUX
801
779
757 -
718,
687
655,
636
568,
518,
46}.‘

SOLUTIONS

SHEAR
Del70
0+438
0e659
0833
Ce G46
1.001
0.987
O.891
0.702
0.378

SPHEAT
BETA
KLBFTHR
N INDEX

BTUHR
12.8
12.5
11.5
11.0
105
102

9.1
Be3
Teh

DATA **k%k*kk

135

= D657

= 000059

= 24555

= 1177
TwWaALL OELT T
113.4 39.9
1133 39.8
113.3 39. 8
113 <4 399
113.2 3967
1134 399
113.6 4061
113.7 40.2
1137 40e2
113.4 39.9

FOR ISOTHERMAL

INTEGRAL

CN = 0560

NUX
11.89
11.28
10.86
10.42

9«91

932

BebH2

Te74

657

4467

NUGPD
0596
0565
0.544
0522
0497
0467
0«431
0.387
0328
0234

#kkKxk AVERAGE HEAT TRANSFER RESULTS &%k

12. 6
14523

4.

NGRC=
SHRAVG=

22 .30
0.700

NUAVG EXPMTL
NUAVG INTGRL

]

P2 3 % 33

HX
203
19.3
18e5
17.8
16«9
15.9
14.7
13.2
112

80

Q.64
Q.13



136

LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

RUN 5 ISOGTHERMAL CASE

*k&kk FLUID PROPERTIES *%X¥%%

FLUID = 38.0 % CS/SS SOL , SPHEAT = 0657
TBULK = T4.0 BETA = 000059
DENSITY = 77.02 KLBFTHR = 244,42
THERMK = 04145 NINDEX = 1173

*%kx%k k% RECUCED EXPERIMENTAL DATA #k%k%xxXx

NO ANGLE NUX NUGPD HX QFLUX B8TUHR TWALL DELT T
1 9e 1228 04597 21.0 923 . 14 <8 1180 44,0
2 27 1169 O+ 569 200 875 140 1178 43.8
3 45. 1125 NeH48 19.2 841. 135 1177 43«7
4 63. 10.72 Oe 522 1843 801 12.8 1177 43 47
5 8le 10.13 0493 173 761, 122 118.0 44,0
6 GQ%e Ge62 Ge468 164 724« 116 118.1 4441
7 117« Sel4 Oc f444 15.6 690 11.0 118-1 4441
8 135. B.24 0,401 1441 6:9 9e9 1180 44,0
g9 153. T« 87 0e 383 134 591 . 95 117 9 439

10 171 T =206 e 344 121 526 B2 4 1176 436

¥k%k%k%x SIMILAR AND INTEGRAL SOLUTICNS FOR ISOTHERMAL k& Xk¥%k
ACRIVOS INTEGRAL
THETA= —-0.548 CN = 0.560
FACK = 0.985

NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 9. 11.95 D582 204 0.185 12,22 0595 209
2 27 11.34 0. 553 19+.4 06477 1160 D565 19.8
3 45. 10.92 0532 1847 0.718 11.17 0544 19.1
4 63 1047 O.511 179 0905 10.71 DeS22 183
S 8la 998 0486 17«1 1. 036 10.21 0497 175
6 99e. 939 0457 160 1094 Q.60 Oe 467 1644
7 117, Be67 DOe 421 14.8 1075 8487 0e431 15.2
8 135. T 77 0,378 13.3 0966 T .94 0387 13.0
S 153, 6+ 59 0.321 11.3 0761 6e74 0328 115

10 171 4,68 0228 860 06409 479 0233 8es2

¥k %k AVERAGE HEAT TRANSFER RESULTS X%kd¥%okk

NFRC= 6347.1 NGRC= 25 99 NUAVG EXPMTL = 9680

NGRPRC= 164937, SHRAVG= 0763 NUAVG INTGRL = 9.38



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

FLUID
TBULK
DENSITY
THER MK

ANGLE
e
27
45,
63.
81.
99.
117,
135.
153.
i7le

r4
Q

CVRIJNOO L UWN=

[

Sk ok %

Z
@]

ANGLE
Qe
27.
45.
63,
81,
99.
117.
135.
153.
171

VOO D>UWN=-

[

NFRC= 62
NGRPRC=

= 380

= 740
= 7702

= Qeld5

Aok k¥

NUX
1273
12.22
11.65
11.14
1053

Q.94

J«65

BeuB

Bel7

To4%1

SIMIL AR

NUX
12.24
11.62
11.290
10.75
10.24

Ge62

8«87

796

677

4 .81

RUN

6

ISCTHERMAL CASE

kkkk FLUID PROPERTIES X% %&X¥

% €S/SS sOouL

RECUCED EXPERIMENTAL

NUGPD
0.604
0. 581
0.553
0.529
0-500
0.472
0459
0.403
0.387
0351

HX

21.8
20.9
19 .9
190
18.0
170
1H5e5
14.5
i4.0
i2.7

AND INTEGRAL
ACRIVQOS
THETA= —0.548
FACR = 0.985
NUGPD HX
0581 209
Oe €52 19.9
0532 19.2
0511 184
0.486 175
0«457 164
Oe 421 15.2
0.378 13.6
0.321 11.6
0228 8e2

QFLUX
1045.
997
953.
912
864,
B81S5»
788
695.
6736
61 0.

SOLUTIONS

SHEAR
0.199
04513
0.7756
0.980
1«119
1.179
14153
1.041
0.825
Qe 445

SPHEAT
BETA

KLBFTHR
N INDEX

BTUHR
16«7
16.0
15.3
1446
13.8
13.0
12.6
11.1
1i0.8

F9eB

FOR ISOTHERMAL
INTEGRAL

CN = 04560
NUX NUGPD
12.52 0.594
11.89 04565
1146 Ue544
1100 04522
1047 0497
9.84 0.467
9.07 ©Ce431
B8el4 0387
6492 0328
492 0.233

DATA *Xx%%%

*%k%kx¥x%k AVERAGE HEAT TRANSFER RESULTS *x¥%%k%

15.6

NGRC=

185055,

SHRAVG=

2977
0.823

NUAVG EXPMTL
NUAVG INTGRL

]

]

137

"= 04657
= 0.,00059

= 243.98

= 14170

TWALL DELT T
122.0 48.0
121.7 4747
121.8 47.8
121.9 47 .9
122.0 48.0
1219 479
121.8 4748
121.9 47.9
122.2 4842
122:1 48,1

E3 22

HX
214
20.3
19.6

1848
179

16.8

15.5
13.9
11.8
Be4

1019
962



LOCAL FREE CONVECTICUN FROM HORTIZONTAL CYLINDER
TO POWER-LAW FLUIDS

RUN 7 ISOTHERMAL CASE

138

kkkkk FLUID PROPERTIES =*akdk%k¥

FLUID = 39.0 % CS/SS SOL SPHEAT = 0,653

TBULK = 715 ' BETA = 000060

DENSITY = 77,03 KLBFTHR = 208.48

THERMK = 04142 NINDEX = 1.232

*%%k %% RECUCED EXPERIMENTAL DATA kkxkk¥%

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT 7T
1 9. 1068 0.608 179 S04« Bel 99 .7 2882
2 27« 10.24 02582 172 485, 78 99 .8 283
3 45, 9e83 0559 165 463 . Te4 99+ 6 28e1
4 63. 9431 Oe 529 15.6 4404 Tel 998 2863
S 8l Be96 0.509 15.0 425, 6.8 S9.8 2843
6 99. 848 04483 142 39%. 64 99 .6 2841
7 117 Be 0D 04456 13+ 4 376 60 995 280
& 135. 745 0Os.424 12.5 351. Seb 99«06 28e 1
9 153~ HoHS D.378 111 215 SeD 998 283

10 171« 6205 0.344 10e1 285e 446 9GS5 28a1

*&x%kkk SIMILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL #kdok%
ACRIVOS INTEGRAL
THETA= —-0.550 CN = 0563
FACR = 0986

NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 Ge 10,45 0Oe«594 17 5 0.122 1069 0608 17.9
2 27 Qe 82 O+ 55¢& 164 0.305 10. 04 0,571 168
3 45, 940 0535 15.7 0.451 QeH 1 00547 16.1
4 63. 900 0.512 15.1 0566 9.21 0523 15«4
5 8l BeS6 0,486 14.3 06642 8e 75 0e497 14.7
6 99e. B.02 0,457 13.4 OeH672 821 0467 13.7
7 117. Te41l Ce 422 12«4 O«659 758 0.432 127
8 135. 6.66 0379 11.2 0.597 6.82 0. 388 11.4
S 153. S«69 00323 Y5 De476 S+82 0331 Qe7

10 171. 408 06232 6.8 0262 4.18 0.238 70

¥%k%¥x%% AVERAGE HEAT TRANSFER RESULTS *¥%k%%k

NPRC= B8855.6 NGRC= 8B8e61 NUAVG EXPMTL = BeS7

NGRPRC= 76237« SHRAVG= 04475 NUAVG INTGRL = B.09
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

RUN 8 ISOTHERMAL CASE

¥k%xkk FLUID PROPERTIES *k%kkX

FLUID = 39.0 X CS/SS SOL SPHEAT = 0.653

TBULK = 73.0 BETA = 000060

DENSITY = 77,03 KLBFTHR = 206.83

THERMK = 0e.142 NINDEX = 1.228
*¥x%x%% RECUCED EXPERIMENTAL DATA %x&k¥%¥%

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 Se 10390 04599 183 584 S9e3 104.9 319
2 27. 1044 0.573 175 560. 9.0 105.0 32.0
3 45. 1027 0563 172 553 8.9 105.2 32.2
4 63. G« 7S 0.534 163 526. Bed 105.2 322
S 8l. 933 0.513 156 500 8.0 105.0 32.0
6 99. Be86 04487 14.8 475 7«6 105.0 32.0
7 117, Bed?2 0@ 462 141 450 Te2 104.9 3le9
8 135. T«71 0.424 129 411 6.6 104.8 31.8
9 153. 7«00 0.384 1147 378, 61l 10542 32.2

10 171 6.25 04344 10+5 335, Se4 105.0 32.0

Fk%k%k SIMILAR AND INTEGRAL SOLUTIONS FOR ISDTHERMAL #¥&k%

ACRIVDS ' INTEGRAL
THETA= —0.550 CN = 0.563
FACR = 0.986
NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 9., 10.80 0.594 181 0.135 11.05 0.607 18.5
2 27« 10016 0eS558 17.0 0.338 1039 0.571 174
3 45, Q74 00535 16.3 0.503 9.97 04547 1607
4 63. Ge.33 D.512 15.6 Ce630 9.54 0.523 1640
5 8l. BeB5 04486 14.8 Oe711 9.05 04497 15.2
6 99. 8e32 04457 13.9 0748 8e51 0.467 1443
7 117 T7e67 0ea422 129 0.732 785 0432 13.2
8 135. 689 0.379 116 0.661 7.05 0.388 11.8
9 153, 5«89 0.323 9.9 0.530 6.03 0.331 10.1
10 171 4422 04232 r&y! 0e291 432 0.237 7.2
*%k%kkk AVERAGE HEAT TRANSFER RESULTS #%%k%x%
NPRC= 8672.8 NGRC= 10.35 NUAVG EXPMTL = 8.89
NGRPRC= 89794« SHRAVG= 0.528 NUAVG INTGRL = 8,38



LOCAL FREE CONVECTION FRCM

FLUID
TBULK
DENSITY
THERMK

Z

VRN EUN=O

e
27«
45,
63
8l
9.

117,
135.
153.
171

[

C ok kokXk

rd

9.
27
45
63
81l.
99.

117,
135
153.
171,

COVONIPONMWN=OD

[

ANGLE

TO POWER-LAW FLUIDS

RUN

9 ISOTHERMAL CASE

¥k %k FLUID PROPERTIES ¥¥kXk

= 39.0 % CS/SS SOL

= T4.0
= 7703
= 0.142

* sk ¥ %k

ANGLE NUX

1130
10.86
10.50
9699
Y54
906
8459
737
Te2Z29
6430

REDUCED EXPERIMENTAL

NUGPD
0601
06577
0.559
0+531
0507
0.481
Qe 457
04419
GC-3288
O« 338

HX

1829
1802
176
160
15«2
14 4
13.2
122
10.7

SIMILAR AND INTEGRAL

NUX
1114
10.48
10.05

e 64

Ge15

8460

793

Tel2

6. 07

4236

ACR
THEYA=
FACR =

NUCPD
0593
0e 558
0.534
NeS12
0+486
0457
Oe 422
0379
0,323
0.232

I1vOos
= 0550
0.986

HX
187
176
16.8
16e2
153
1a4.4
13.3
11.9
102

T3

QFLUX
681
656.
634.
608e
57 8Be
551.
51 Ge.
4740
433
384+

SPHEAT
BETA
KLBFTHR
N INDEX

HORIZONTAL CYLINDER

DATA *Xk%k%XxX

8TUHR
109
10.5
10.1
Qe7
93
B8e8
8.3
76
T a0
62

140

= 04653
= 0.00060

= 205.12

= 14225

TWALL DELT T
103 .9 35.9

110.0 36.0

110.0 3640

1103 3643

1102 36.2

110.2 36.2

110.0 360

109.9 35.9

109 .9 3549

110.0 3640

SOLUTIONS FOR ISOTHERMAL

SHEAR
0.148
0.372
0552
0¢695
Q0. 786
0829
0.810
0.730
0579
0. 320

INTEGRAL
CN = 0,563

NUX NUGPD
1140 0607
1072 04570
10.28 04547
G286 0523
9«36 04497
880 06467
8Be12 0.432
7«29 0.388
6.21 0330
446 06237

*%k%¥kk AVERAGE HEAT TRANSFER RESULTS %%%X¥

NPRC= 8521.8
104292

NGRPRC=

NGRC=

SHRAVG=

12.24
0«582

NUAVG EXPMTL
NUAVG INTGRL

[

3 3ok ok %

HX
19.1
18.0
17.2
16.5
15.7
14.8
13.6
12.2
10.4

7.5

Sel4
B.65
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

RUN 10 ISOTHERMAL CASE

kkkk FLUID PROPERTIES kX%

FLUID = 39.0 % CS/SS SOL SPHEAT = 0.653

TBULK = 7440 BETA = 000060

DENSITY = 77.03 KLBFTHR = 203.81

THERMK = 06142 NINDEX = 1222
*%¥%k%¥% RECUCED EXPERIMENTAL DATA ¥%¥%%

NGO ANGLE  NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 Qe 1175 0608 1947 790. 12.7 11441 401
2 27« 11.24 0.5381 189 757« 12«1 114.¢ 401
3 45. 1092 565 183 733 11.7 1141 401
4 63 1051 0e543 17+6 710 114 1143 403
S 8le. 10.01 0517 16.8 675, 10.8 114.2 40.2
6 99. 9235 (0.483 15.7 633. 101 1143 403
7 117 Be78 04454 14,7 593» Qe5 1142 4042
8 135. 791 0409 13.3 5.3 Be5S 11442 4062
9 153. 7«30 0.378 12.2 431 . Te9 114.1 40,1

i0 i71. Hed7T 0334 109 43 8. TeU 114,3 403

%k%k%k%k SIMILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL X&¥kx%

ACRIVOS INTEGRAL

THETA= —-0.550 CN = 0563

FACR = 0.985
NO ANGLE  NUX NUGPD HX SHEAR NUX NUGPD HX
1 e 11445 0592 19.2 0.161 11.72 0606 1947
2 27s 10.78 04557 1841 0404 1103 04570 185
3 45. 1033 0.534% 17«3 0.600 10.57 02547 17«7
4 63, 990 06512 1646 0.754 1013 04523 17.0
S 8le. 9641 0.486 158 O« 854 9e62 00497 161
6 99. BeB4 04457 14.8 0.901 905 06467 15.2
7 117. Belb 0e422 13.7 0.883 8.35 0.432 14.0
8 13S. 733 04379 123 0.797 750 0.388 12.6
S 153. 624 06323 105 0.631 639 04330 107
10 171, 4449 04232 745 0349 459 0237 Te7

*%%%k AVERAGE HEAT TRANSFER RESULTS *k¥k¥%xx

NFRC= 84S3.8 NGRC= 14 .02 KNUAVG EXPMTL = G.42
NGRPRC= 118548, SHRAVG= 04633 NUAVG INTGRL = 8Be«89



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER

FLUID
TBULK
DENSITY
THERMK

zZ

OC OO NOOODUWN=C

ANGLE
9.
27.
45,
63.
8le
99.
117.
135.
153.
171

[

%ok Xk X

2

CVINOOVPUND

ANGLE
Ge
27
4S.
63.
Ble
99e.
117,
135.
153.
171«

[

NPRC= 86
NGRPRC=

i

39.0
710

= 77.03

O»142

!

% Aok %k %k

NUX
i1.88
11.33
10.96
1044

9.90

Se43

9«01

B8.08

751

673

SIMILAR

NUX
11.66
10.97
10.50
10.07

957

B 97

829

T+46

6436

4 .56

TO POWER-LAW FLUIDS

RUN 1

i ISOTHERMAL CASE

*¥%%k%k%x FLUID PROPERTIES *%%xk%

% CS/S

RFCUCED EXPERIMENTAL

NUGPD
0. 604
0576
Ue558
0+5230
0+503
O+ 480
De 458
Dea%11
O 382
0+ 3495

AND 1

ACR
THETA=
FACE =

NUGPD
0593
0« 557
06534
0.512
Oe 486
0457
Ve 422
0379
0323
0.232

S SOL

HX

19«9
19.0
184
175
166
15.8
15.1
13.95
125
11.4

NTEGRAL

I1vVvas
—0.550
0.986

HX
19.5
18.4
17 .6
160
15.0
13.9
1245
10.7
Teb

QFLUX
875
836.
£05.
771
731,
692«
5G6e
555
4095,

SOLUTIONS

SHEAR
0+169
04425
0631
0.793
0+899
0.942
0e926
0.838
0.667
0.366

SPHEAT
BETA
KLBFTHR
NINDEX

BTUHR
140
13.4
129
1244
117
11.1
10.6

G5
Be9
840

FOR ISOTHERMAL
INTEGRAL

CN = 04563
NUX NUGPD
1192 04506
11222 06570
1074 0547
1030 04523
9e79 04497
918 0467
Be49 0.432
7«63 0.388
65450 0330
4.66 0.237

DATA #ikkk

142

= 04653

= 0.00060

= 204.53

= 1224
TWALL DELTY T
11449 4369
115.0 44,0
114.8 4348
1151 44 .1
1150 44,40
114.8 43.8
114.9 43«9
115.0 4440
11561 44 41
114.9 43.9

%%k AVERAGE HEAT TRANSFER RESULTS *¥%¥x%xk

82.4

NGRC=

126944,

SHRAVG=

14.62
0665

NUAVG EXPMTL
NUAVG INTGRL

%k %k &k ok

HX
200
18.8
1840
17.3
154
14«2
12.8
10.9

7.8

.53
e 04



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER
TO POWER-LAYW FLUIDS

FLUID
TBULK
DENSITY
THERMK

z
=]

ANGLE
9e
27
4S ..
63.
81.
99,
117
135.
153.
171

QUVUONOUDUWN -

[

L 2 2 23

2z
(=]

ANGLE
Qe
27
45.
63
8l
9Fe.
117«
135.
153,
171

co~NOUBDI>UNS

-

NPRC= 84
NGRPRC=

= 39,0

= 725
= 0s142

*%¥%x%k% RELCUCED EXPERIMENTAL

NUX
12.13
11.65
1131
10.60
10.08

9.49

Ge25

Be26

T77

691

RUN 1

2 ISCTHERMAL CASE

#kkkk FLUID PRUOPERTIES % k&k%%

% €S/S

NUGPD
0600
0577
D560
O+ 524
Oe 499
Ce 470
Oe 457
0409
0. 384
0342

S SOL

HX
203
19.56
19.0
17.8
16«9
15.9
155
13.9
13.0
110

SIMILAR AND INTEGRAL

NUX
1197
11.26
10.79
1035

G 83

923

8453

766

653

4468

ACR
THETA=
FACR =

NUGPC
D«592
Oe 557
O«534
06512
0+486
Oe 457
Oe 422
0379
0. 323
0232

ivos
-0.550
0.985

HX
2001
18.9
181
17 .4
165
165.5
14.3
12.9
110

Te9

*%k%kkk AVERAGE HEAT TRANSFER RESULTS %%x¥%kx%

36. 6

144568,

NGRC=
SHRAVG=

143

SPHEAT = 0.653
BETA = 0,00060
KLBFTHR = 202.12
NINDEX = 1.220
DATA #H&k%k¥k
QrLuUX BTUHR TWALL DELT T
980 15.7 1207 4842
G38e 15.0 1205 48,0
910. 14.5 120.4 479
857 13.7 12047 482
811, 13.0 1205 48.0
765. 12.3 1205 4860
T&Te 12.0 120:.6 4841
6L 7e 10.7 1206 48a1
629, 10,1 1207 4862
S570 8.9 12006 4861
SOLUTIONS FOR ISOTHERMAL ki
INTEGRAL
CN = 0.562
SHEAR NUX NUGPD HX
0.184% 12425 0606 20.6
06461 1152 0.570 193
0.685 1104 04547 18¢5
0.8862 1059 04523 17.8
0.974 1005 00497 16.9
1.026 945 L4867 158
1.008 8e73 04431 14.6
0.911 784 00388 13.2
0724 6468 0330 1162
02397 479 0.237 8.0
17.14 NUAVG EXPMTL = 9,75
0. 723 NUAVG INTGRL = Q.29



LOCAL FREE CONVECTICN FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

RUN 13 ISCTHERMAL CASE

*k%k%k¥ FLUID PROPERTIES *%k%k¥

FLUID = 4140 % CS/SS SOL
TBULK = 74.0
DENSITY = 77.04
THERMK = 0.137

*%¥%%% RELDUCED EXPERIMENTAL

NO ANGLE NUX NUGPDC HX
Qe 10.68 0.631 17.2
27. 10217 0e59¢ 164
45, Qe83 V580 159
63, 9+21 04543 14.8
8l. Bes64 0511 13.9
9. Ba.16 Ce481 13.2
117 Te74 0457 12.5
135. 7216 0.423 11.5
153. G.54 0.386 10.6
171 S5.88 06347 G5

QUVUEBNOU&UWUWN-

-

**k%%k% SIMILAR AND INTEGRAL

QFLUX
481.
462.
445,
416.
388,
368.
351
3:0.
296.
266,

SHEAR
0.127
0.294
O.421
0515
0575
0604
0« 594
0537
0.438
0.254

SCLUTIONS FOR IS50THERMAL
INTEGRAL

CN = 0569
NUX NUGPD
1082 0639
9.91 0.584
G638 09553
Be92 0526
Bed4 00499
793 0e.468
734 06433
He61 04391
S5.70 0336
4420 06247

SPHEAT
BETA
KLBFTHR
N INDEX

DATA H%kkk%

BTUHR
Te?
T e
7.1
6e7
6 2
Ss9
Seb
5.1
4.7
4.3

144

= 0643

= 000062

= 85415

= 1.380
TWALL DELT T
101.9 279
102.2 2842
i02.1 281
10260 2890
101.9 279
102.0 2840
1021 28.1
101.7 277
102.0 28.0
102.1 28s1

*%k%k%kk AVERAGE HEAT TRANSFER RESULTS k&k&k%k¥

ACRIVOS
THETA= —0.557
FACR = 1.018
NO ANGLE NUX NUGPD HX
1 9e 1058 0.625 171
2 27 9e69 0571 15.6
3 45, 9.18 0.541 14 .8
4 63 B.73 04515 1441
S 8le 8426 Co488 13.3
6 99. 776 0458 12.5
7 117. 7.18 0.424 11.6
8 13S. 6.47 0.382 104
9 153. 558 04329 9e0
10 171 4410 0.242 6eb

NPRC=14284.5 NGRC=
NGRPRC= 495654 SHRAVG=

3647
0436

NUAVG EXPMTL
NUAVG INTGRL

xR F ok

~HX

174
16«0
15.1
14.4
13.6
12.8
11.8
10.7

9.2

6.8



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

FLUID
TBULK
DENSITY
THE RMK

NO ANGLE

Fe
27
45,
63.
8l a»
99.

117,
135.
153.
171,

COONOIUNLUN

[

% % %k Xk

Z
o

Qe
27
4S5,
63.
8le.
G9e.

117.
13S.
153.
171.

COVANOAODH WN -

oo

ANGLE

I

41.0
7200

= 7704
= 0137

Rk ok K

NUX
10.80
1037

S.87

936

Be96

8.51

8. 02

738

o83

£.21

SIMILAR

NUX
10.87
993
9e41
‘8497
8«50
7«97
736
6.65
Se 72
Le22

NFRC=14752. 1

NGRPRC=

RUN 14

ISOTHERMAL CASE

XXk %% FLUID PROPERTIES #&kkXx*%

145

% CS/SS Sou SPHEAT = 0.643
BETA = 000062
KLBFTHR = 8%.15
NINDEX = 1380
REDUCED EXPERIMENTAL DATA k¥kakxkxxk
NUGPD HX QFLUX BTUHR TWALL DELYT T
0.621 174 558 Be9 104.0 32.0
Oe 596 167 534 Beb 104.0 32.0
C=567 159 500 G2 104,0 32.0
0537 15.1 487« 78 10463 323
O«S14 14.5 466 75 1042 322
0489 13.7 441 . 71 104,1 3261
Ds 461 12,9 413, Geb 104 .0 32.0
0.424 11.9 381« 6.1 104,11 32.1
0e 392 11.0 353. Se7 104.1 32.1
0. 356 10,0 32 3. Se 2 104.2 322
AND INTEGRAL SOLUTIONS FOR ISOTHERMAL ¥%¥k%x
ACRIVOS INTEGRAL
THETA= - 0557 CN = 0569
FACR = 1.018
NUGPD HX SHEAR NUX NUGPD HX
0625 175 0137 11«11 D«639 179
D571 160 De316 10.16 0.584 164
OeS41 15.2 0.454% Qe63 0.5E3 155
0515 14.5 0.55%2 9617 0526 14.8
Oe 488 13.7 0626 B8eH9 Oe 499 14,0
Oe458 12.9 0.654 8e15 0468 13.1
Oe 424 119 Oe641 7«53 0433 1241
0e382 107 0.585 680 0391 11.0
0329 Qe2 0473 585 0336 9.4
0e242 68 06275 4031 06247 70
*kkkk AVERAGE HEAT TRANSFER RESULTS Xx%%%k%x
NGRC= 3.78 NUAVG EXPMTL = Be63
SHRAVG= 0.472 NUAVG INTGRL = B8e.14

55747



146

LOCAL FREE CONVECTIGCN FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

RUN 15 ISCTHERMAL CASE

*$4%% FLUID PROPERTIES #kk%x

FLUID = 410 % CS/SS SOL SPHEAT = 0.643
TBULK = 71«0 BETA = 000062
DENSITY = 7704 KLBFTHR = 85,06
THERMK = 0.137 NINDEX = 1379
*¥%k%%k RECUCED EXPERIMENTAL DATA Hakdkkxk
NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 e 11«14 0624 180 650 10«4 107.2 36.2
2 27. 1064 06597 17.2 61 9.» 99 107.1 36.1
3 45, 10«14 0O.5569 16+4 590. G4 107.0 36. 0
4 63« . 9259 0.538 155 558e Be9 107 .0 36.0
5 81. 9.17 0.515 14.8 532 B8+ 5 107.0 3640
€ 99. 8461 0.482 13.9 503, Bel 1072 36.2
7 117 818 04458 132 479. Te7 107 .3 363
8 135. 7-48 0420 12.1 434 T 0 1070 36.0
Q9 )S53. 7-.04 0,395 11.4 40%. 65 1070 36.0
10 171« Ge43 04361 10«4 372 6e 0 106.9 39

X%k SIMILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL X¥%k¥k%

ACRIVOS INTEGRAL
THETA= —0.557 CN = 0.569
FACR = 1.018
NG ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 e 1115 0.625 1840 O«.148 11440 00639 18«4
2 27e. 1019 0,571 16«4 0,341 1042 0O.584 168
3 45. Q.65 0.541 1546 0.489 GeB7 06553 15,9
4 63. 9418 0.515 14.8 0.600 939 0526 15-1
5 8le. Be69 0Oe488 14.0 0.671 8«89 0.499 14.3
€6 99. Bel7 0.458 132 0.706 B8e36 0.46€68 135
7 117 7«57 0O.424 12.2 0. 694 Te74 06433 125
8 135. 6.82 0.382 11.0 0.629 697 0391 11.2
9 153. 5486 06329 95 0509 @ 6.00 04336 9.7
10 171. 4031 0242 70 0. 294 4441 0.247 Tel
kX A%k AVERAGE HEAT TRANSFER RESULTS %k%k%%%
NPRC=15019.9 NGRC= 4.16 NUAVG EXPMTL = S.84
NGRPRC= 62437 SHRAVG= 0.508 KNUAVG INTGRL = 8.34



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

RUN 16 ISOCTHERMAL

CASE

*kk%¥kk FLUID PROPERTIES **%kkxk

147

FLUID = 41.0 % CS/SS SOL SPHEAT = 0,643
TBULK = 73.0 BETA = 000062
DENSITY = 77.04 KLBFTHR = 8479
THERNMX = 0.137 NINDEX = 1375
¥k%kkk RECUCED EXPERIMENTAL DATA kXxikkx
NO ANGLE  NUX NUGPD HX QFLUX BTUHR TWALL DOELT 7T
1 e 1160 0633 187 749 12.0 113.0 40.0
2 27. 1103 0.601 17.8 Tl4. 11.4 113.1 40 1
3 45, 10.53 0.574 170 67G. 10.9 113.0 40.0
4 63. 9495 0.543 16.1 641 10.3 1129 399
S 81. 9«44 0e.tl4 15.2 612 98 113.2 4002
6 99. B.91 0486 l4.4 576 Qa2 1131 4Ca1
7 117. Be44d4 04460 136 540 Be7 11341 40.1
8 135. 761 04415 123 49C. 79 1129 39«9
o 183: T3 D398 138 a74 - 726 113-1 40,1
10 171. 657 0358 10.6 426 6.8 113.2 40.2
*&kk%k SIMILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL k¥d%kxk
ACRIVOS INTEGRAL
THETA= - 0.556 CN = 0569
FACR = 1.0156
NO ANGLE NUX NUCGPD HX SHEAR NUX NUGPD HX
1 Qe 1144 0.624 185 0150 1169 0638 18.9
2 27. 10.48 0.571 169 0.371 1071 0.584 17.3
3 45. 992 0e541 160 0.531 1014 04553 164
4 63. Se44 Ve51S 15.2 0+651 D65 0526 156
S 8i1. 8,95 0.488 14.5 0.733 Gei5 06499 14.8
6 99. Be#D 0458 13.6 0765 Le59 0.4€8 13.9
7 117. Te77 00424 125 0752 794 0433 12.8
8 135. 7«01 0.382 11.3 0.683 7e16 0.391 11.6
S 1S53. 6204 0329 Se?7 0555 6.17 04336 1040
10 171. 4444 00242 Te2 0. 320 454 04247 73
HAhkk¥k AVERAGE HEAT TRANSFER RESULTS Xkkxk%k
NPRC=14777-9 NGRC= 4 .88 NUAVG EXPMTL = 9.14
NGRPRC= 72076« SHRAVG= 0552 NUAVG INTGRL = 8.58



LOCAL FREE CONVECTICN FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

FLUID
TBULK
DENSITY
THERMK

Z
O

ANGLE
Qe
27
4S5,
63.
8!.
99.
117
135
153.
171

QWSO DUN

.

KAk

r4
(]

ANGLE
Qe
27
4S.e
€3.
8lea
99.
117.
13Se.
153.
171

COONOO S WN-

s

NPRC=148
NGRPRC=

77.04
0.137

L}

o dox Xk Xk

NUX
11.86
1131
10.87
10.29

Q.74

D.16

Be66

802

Te43

GeH5

SIMILAR

NUX
11.68
1070
10.15
‘Ge 65
9.14
859
Te94
Tel7
6.16
4453

RUN 1

7 ISOTHERMAL CASE

*kk%kk FLUID PROPERTIES ¥¥¥xikk

41.0 % CS/SS SOL
72+ 5

RECUCED EXPERIMENTYAL
NUGPD HX
0633 19.1
O« 604 183
06879 175
O« 5439 16.6
0520 15.7
0.488 14.8
Os 462 14.0
Q427 12.9
0397 12.0
O 355 i0e7
AND INTEGRAL
ACRIVGS
THETA= —0.556
FACR = 1016
NucPe HX
0+623 189
0571 173
0e541 16.4
0.515 156
Oe 4868 14.8
0,458 13.9
Oe 423 12.8
0.0 382 11.6
Oe 329 100
00242 T3

QFLUX
843.
B04a
776«
T34
691.
655 .
617
573
529.
4T Ze

SOLUTIONS

SHEAR
0170
O+ 394
0568
0.696
0.779
0.819
0.80C3
0.732
0.591
0340

SPHEAT
BETA
KLBFTHR
NINDEX

BTUHR
13.5
12.9
17.4
117
11e1

FOR ISOTHERMAL
INTEGRAL

CN = 0.569
NUX NUGPD
11.95 0.637
1094 0.584
1038 0.553
987 0526
9e 34 0.499
8478 0.468
Bel2 04433
7«33 06391
630 04336
4e63 00247

DATA #*¥%%k%k

1435

= 0.000C€2

= 84.74

= 1373
TWALL OELT 7Y
1166 4461
1165 4440
116.7 4442
1167 44 62
11645 44.0
116.7 4442
1167 4442
1167 bb4e 2
116256 44641
1105 4400

¥k Xk AVERAGE HEAT TRANSFER RESULTS #%k%k%x%x

76« 6

NGRC=

79963

SHRAVG=

S.38
0589

NUAVG FEXPMTL
NUAVG INTGRL

%k kK

HX
193
17.7
168
159
15.1

142
1361
11.8
10.2

7e5

9440
Be 76



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

FLUID
TBULK
DENSITY
THE RMK

4
Q

ANGLE
9.
27
45.
63.
Ble
99
117,
135.
153.
171

COVINOUBHWN -

-

Atk ok

4
w}

ANGLE
9.
27.
45,
. 63.
81
99.
117.
13S.
153,
171,

CVWNONSHdUNS

[

NPRC=145
NGRPRC=

4140
745

= 7704

= 0137

I

¥ ok ¥k ¥

NUX
12.18
11.50
10.88
10.38

S.81

Ge36

B« 86

T7+99

726

6.65

NUX
11.95
10.96
10.38
9.87
9.36
8.79
8413
7.34
6.31

RUN 18

ISOCTHERMAL CASE

*%& %% FLUID PROPERTIES #kkkx

% CS/SS SoL

RECUCED EXPERIMENT AL

NUGPD
O0«634
0. 598
0.5€6
0e541
0.511
0.488
0461
0.416
0.378
Do 347

HX

19.7
18+6
176
168
15.9
1S.1
143
129
11 7
103

SIMILAR AND INTEGRAL
ACRIVOS
THETA= -0.556
FACR = 1.014
NUGPD HX
0.622 19.3
0.570 177
0.541 16.8
0+515 1640
0.488 1541
0.458  14.2
0+423  13.1
0.382 11.9
0.329 10.2
0.241 7.5

463

QFLUX
943.
893«
841
801.
757
T2% ¢
686
6135
561,
516w

SOLUTIONS

SHEAR
0.182
Oe 424 .
0.608
0.745
0.836
0.877
0. 861
0785
0.633
0« 366

SPHEAT
BETA
KLBFTHR
N INDEX

BTUHR
15.1
14,3
125
12.8
12.1
11.6
11.0

Q.9
90

8+ 3

FOR ISOTHERMAL
INTEGRAL

CN = 0569
NUX NUGPD
1222 0.636
11.21 0+583
1062 00553
1010 0.526
957 06499
Be99 0468
8+31 0433
751 06391
6.45 04336
474 0.247

DATA %Xkkd¥k

149

= 0+.643

= 0..00062

= 84.72

= le368
TWALL DELY T
122+ 4 479
12246 4801
122. 4 479
122.2 477
1223 47«8
122.4 47«9
122 .4 47«9
122.5 48 0
1223 478
122.4 47.92

¥k %%k AVERAGE HEAT TRANSFER RESULTS #%k¥k

43« 0

90525«

NGRC=

SHRAVG=

622
0.632

NUAVG EXPMTL
NUAVG INTGRL

]

3k % ok X

HX
19.7
18¢1
17.2
1663
1S5
14.5
13.4
1261

Te7

F649
8497



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER

FLUID
TBULK
DENSITY
THERMK

4
(]

Ge
27
45,
63.
8le
S99,

117
135.
153.
171

VBN DUWUNm

1]

Xk sk ok

4

CUWOSNOONPUWN=O

Ge
27
4S5e.
63e.
8l
99

117
135.
153.
171

-

ANGLE

ANGLE

42,0
695

= 7705

= 0.134

i

Aok g

NUX

10.28
Qe 99
D46
8,00
BeS52
7 88
7 69
€ .85
He B G
574

SIMILAR

NUX
10.51
9051
Be97
BeS3
807
7«58
7.00
634
5.47
4006

KkKKk A

NPRC=18278.7

NGRPRC=

3744

TO POWER-LAW FLUIDS

RUN 19 ISOTHERMAL CASE

k%A% FLUID PROPERTIES #&#%%

150

% CS/SS SOL SPHEAT = 0.638
BETA = 0.,00063
KLBFTHR = 6295
NINDEX = 1443
REDUCED EXPERIMENTAL DATA &xkkkx*
NUGPD HX QFLUX BTUHR TWALL DELT 7
0.623 162 452 Te2 97«3 278
D+ 606 15.8 4386 70 97 «3 278
06574 15.0 415 CebH 97«2 27«7
Oe 545 14,2 398 Se4 Q7 «5 2840
0« 516 135 376 6.0 97« 4 279
De477 1205 3590 Sa6 9706 28.1
Ve 4686 12.2 33 8. Set 97 «3 27 «8
0+ 415 108 302 448 97 .4 279
0390 10.2 283 45 97 «3 27«8
De 348 el 254 Sei 97 e 4 279
AND INTEGRAL SOLUTIONS FOR ISOTHERMAL kkdokk
ACRIVOS INTEGRAL
THETA= —0.559 CN = 0.571
FACR = 1044
NUGPD HX SHEAR NUX NUGPD HX
0.637 1656 0.125 1074 0650 17.0
0577 150 D280 Qe72 0589 154
OeS44 142 0396 9+.17 06556 14. 5
0516 1325 0+484 Be72 0e527 13.8
De 488 12.8 Ce540 8024 0e 499 13.0
D458 12.0 0.566 Te74 0468 12.2
Qe 424 111 0e5532 7016 0e434 11.3
0Oe«384 10.0 0506 Ged?7 06392 10.2
O« 331 Beb 0.412 S.59 0339 BeB
Oe 246 6e4 0243 415 06251 6.6
VERAGE HEAT TRANSFER RESULTS Xf&%kkxk
NGRC= 205 NUAVG EXPMTL = 8.19
Se SHRAVG= 04410 NUAVG INTGRL = Te77



LOCAL FREE CONVECTICN FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

RUN 20 ISCTHERMAL CASE

¥¥kxkk FLUID PROPERTIES *¥&k¥k

101

FLUID = 42,0 % CS/SS SOL SPHEAY = 0.638
TBULK = T2e5 BETA = 000063
DENSITY = 77.05 KLBFTHR = 62.14
THERMK = 0134 NINDEX = 1439
#%k%x%k% RECUCED EXPERIMENTAL DATA Xx¥ok¥kk
NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 Qe 1056 0619 167 531. B8e5S 1043 31.8
2 27+ 10,20 Ce 598 16.1 S13. Be2 1043 31.8
3 45, Q.73 0.571 15.4 486 . T8 104.1 3l.6
4 63, D»16 0536 145 464 o Tt 104.5 32.0
S 8le Be77 0514 13.9 [ 43, 71 104.4 3l1.9
6 99« Bel3 0476 12.9 411 6.6 1044 319
7T 117« 770 0« 451 122 389 b2 104 .4 31,9
8 135. 708 O.414 112 357« Se7 i04.4 319
g 153. GeS1 0. 381 103 328¢ 522 104.3 318
1¢ 171, £ 05 0+ 3595 9.6 304, 409 10442 3ia7
#Xx%k%k% SIMILAR AND INTEGRAL SOLUTICNS FOR ISOTHERMAL k%kxXk%
ACKIVQOS INTEGRAL
THETA= —0,559 CN = 0571
FACR = 1042
NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 O 10.85 0« £36 172 D.138 11.09 0.650 175
2 27« Q.83 Oe 576 15.86 0309 10.04% 0.589 15.9
3 4S5 Ge27 O0e544 147 0e436 9447 0.556 150
4% 63, ‘Be82 0516 14.0 0535 9.01 06527 14.3
5 81 8+34 Oe 488 13-2 O0eS96 Be52 0+ 499 13.5
6 99, 783 0,458 12.4 Q624 800 0,468 127
T 117 725 0s 424 11.5 0.612 740 0ed33 117
8 135. 655 0.384 104 0559 6669 06392 106
S 153 S5.65 06331 Be9 0455 S.78 0e338 Fel
10 171 4419 O 246 65 Oe 267 428 0+ 251 6.8
k%¥k%kk AVERAGE HEAT TRANSFER RESULTS Xxdkkkxk
NPRC=18152. 8 NGRC= 2445 NUAVG EXPMTL = 8e 39
NGRPRC= 44394, SHRAVG= 06453 NUAVG INTGRL = 8403



LOCAL FREE CONVECTIGN FROM HORIZONTAL CYLINDER
TO POWER-LAYW FLUIDS

FLUID
TBULK
DENSITY
THERMK

4

COBNONDUNMD

Oe
27
45.
63.
8l
99.

117
135.
1S53.
171«

b

Kk &k k

ra

cVvdINOUDPUWN=-O

Qe
27 .
45,
63e.
81
99.

117.
13S.
153e.
171.

-~

ANGLE

ANGLE

710
77.05
0.134

RUN 2

1 ISOTHERMAL CASE

¥k%¥%% FLUID PROPERTIES *¥*k*x¥

42,0 % CS/SS SOL

*kk%kk REDUCED EXPERIMENTAL

NUX
10.83
10.37

Q92

Se47

Be93

832

787

730

€482

6.09

NUGPD
0.619
04592
0¢566
O« 541
0510
0476
0+ 450
04417
0.389
0= 348

HX

171
16+ 4
15.7
15.0
1441
13.2
1245
11.6
10.8
9.6

SIMILAR AND INTEGRAL

NUX
11.12
10.09

9.52

9. 03

8455

8.02

Te42

6.71

S5.80

4430

ACR
THETA=
FACR =

NUGPD
0636
O« 576
0.544
0« 516
D.488
0+.458
0.424
O.384
0.331
0.246

IVGS
—~0e559
1.042

HX
17 <6
160
15«1
14.3
13«5
127
11,7
10.6

92
6.8

QFLUX
618,
596.
569
542.
S511e
475
450e
417
390.
347.

SPHEAT
BETA

KLBF THR
NINDEX

BTUHR
9.9
945
Cel
Be7
Be 2
76
Te2
6e7
He2

S.6

DATA FXk¥ok%k

RoT4

= 0638

= 000063

= 62.02

= 1438
TWwALL DELT 7T
107.0 36.0
1073 3663
1073 36+ 3
1072 36e2
1071 36.1
107-1 36.1
1071 3641
107.1 361
107 .2 26.2
107.1 36a.1

SOLUTIONS FOR ISOTHERMAL

SHEAR
0.148
0334
0.473
0575

Oe 641

0670
0658
0.601
0490
0«.288

Fokk ok

HX
18.0
163
15.4
14.6
13.8
13.0
12,0

Sed

INTEGRAL
CN = 0571

NUX NUGPD
1136 0650
1031 0.589
973 0556
Q423 0527
8e73 0.499
8«19 0.468
759 0434
6686 0.392
Se32 0338
4.39 0.251

*kk¥k AVERAGE HEAT TRANSFER RESULTS #kkkk

NPRC=18676.6

NGRPRC=

4972

2e

NGRC=
SHRAVG=

2 +66
C«488

NUAVG EXPMTL
NUAVG INTGRL

[

6.9

Be59
8423



LOCAL FREE CONVECTION FROM

FLUID
TBULK
DENSITY
THERMK

4
0

*
27
45
63.
Bl
S9.

117.
135.
153.
171

CVUONAODUN =

[

Bk ok &

2
=]

Qe
27«
45.
63.
81,
99.

117.
135.
153,
171.

COONONDUN -

[

ANGLE

ANGLE

4240

i

It

okok ok %

NUX
1111
10463
10.25

9. 78

927

8.+63

Be23

751

Tel2

€43

SIMILAR

NUX
11.41
1037

G.79

929

B.78

8625

7»63

6.90

S+ 96

4042

T4 S
7705
0.134

TO POWER-LAW FLUIDS

RUN 2

2 ISOCTHERMAL CASE

#%k¥k%%k FLUID FROPERTIES #okk%x

QFLUX
698 .
673,
648,
618
583
545,
51 9.
474 o
450
408,

SPHEAT
BETA
KLBFTHR
NINDEX

HORIZONTAL CYL INDER

DATA &¥kkk

BTUHR
11.2
10.8
10«4

9«9
Q3
Ba7
83
Teb
Te2
5.5

= 0.638

= 0.00063

= 60.89

= l1e434

TWALL DELT T
114.2 397

1145 400

114.4 39.9

1144 399

11462 397

i1l4.4 399

114.3 39.8

114.3 39. 8

llded 399

114466 40.1

SOLUTIONS FOR ISOTHERMAL

SHEAR
0.160
D6 362
0.513
Oe624
0e 696
0729
0.715
0+.653
0533
0.314

% CS/SS SOL
REDUCED EXPERIMENTAL
NUCPD HX
0.618 1766
0590 168
0.569 16.2
0544 15.5
0.515 147
0e479 13.7
0e 458 13.0
0.418 11.9
O« 396 11.3
0+ 357 10.2
AND INTEGRAL

ACRIVODS

THETA= —04559

FACR = 14040
NUGPD HX
0+ 635 1861
0e576 16«4
0+544 15.5
0.516 147
0488 139
0458 13.1
Oe424 12.1
0.384 10.9
0331 9.4
0« 245 7.0

INTEGRAL

CN = 0571
NUX NUGPD
11.66 0.649
1060 0.588
1000 0555
Fe49 0527
Be97 0499
B8e43 04468
780 0.433
7«05 0.392
6.09 0.338
4.52 0251

¥k%kk%x AVERAGE HEAT TRANSFER RESULTS ##%%%xx%

NFRC=18273«9
57672,

NGRPRC=

NGRC=
SHRAVG=

3.16
0530

NUAVG EXPMTL
NUAVG INTGRL

]

]

153

3k ok K %

HX
185
16.8
15.8
15.0
1442
13.4
11.2

96

7.2

8690
8.46



LOCAL FREE CONVECTION FROM HCRIZONTAL CYL INDER
TO POWER-LAW FLUIDS

FLUID
TBULK
DENSITY
THERMK

r4

OCYVWRNOIMRPUWN=O

9.
27,
45,
63.
81«
99.

117.

135.

153.

a >
2 ¢80

[

3 e ok K

4
]

Qe
27.
45.
63
81l
99

117
135e.
153.
171

COVUONONHIWN -

-

ANGLE

ANGLE

RUN 2

3 ISOTHERMAL CASE

*%¥xk%%k FLUID PROPERTIES Xkkik

= 42.0 %¥ CS/SS SOL

= 755
= 77.05
= 0el134

*¥%%%%* RELCUCED EXPERIMENT AL

NUX
11.39
10.94%
10.63

993

Ge51

9.01

67

8.04

T«49

-~ —-—
Vet

NUGPD
D617
0e 593
Ne 576
0.538
De5186
Ge4B8
0470
De436
0.406

-

~
Ve JOQ

HX

18.0
17.3
16.8
15.7
15.1
143
13.7
12.7
11.9
10«4

SIMILAR AND INTEGRAL

NUX
11.71
10.61
10.02

9.52

9.00

8+46

783

7.08

6.11

453

ACR
THETA=
FACR =

NUGPD
0635
06576
O0eS544
0.516
O.488
0+458
O« 424
0.384
0.331
0245

IV0os
~0559
1039

HX
186
168
15.9
15.1
143
13+4
12.4
11.2

9.7

Te2

¥k kkk AVERAGE HEAT TRANSFER RESULTS #okdkdkxk

ANFRC=18242.2
65284.

NGRPRC=

NGRC=
SHRAVG=

154

SPHEAT = 0.638
BETA = 000063
KLBFTHR = 60.13
NINDEX = 14432
DATA Xkk¥Xk
QFLUX BTUHR TWALL DELT T
797 « 12.8 119.7 4442
761 . 12.2 119.4 43.9
741 . 11.9 119.5 464e0
693 111 1196 4441
662, 10.6 119+ 4 43.9
633. 10e1 119.8 4403
608. 9.7 119.7 4442
5.3 Q.0 119.7 44,2
524. Be4d 1196 bd4e1
46ie Tai 1157 442
SOLUTIONS FOR ISOTHERMAL k%kdkdkk
INTEGRAL
CN = 0.571
SHEAR NUX NUGPD HX
0.173 11.97 0.648 19.0
0.387 1084 0.588 17.2
0.551 1024 04555 16.2
0672 P72 0527 154
0«748 920 0.499 14.6
0787 B«6S 0.468 13.7
0.772 8B400 0.434 127
0.705 T7e23 0392 11.5
0573 6424 04338 Fe9
0,337 463 0251 7«3
358 NUAVG EXPMTL = 9.22
Ce570 NUAVG INTGRL = 8.67
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LOCAL FREE CONVECTIGON FROM HORIZONTAL CYLINDER
TO POWER-LAW FLUIDS

RUN 24 ISOCTHERMAL CASE

*x¥k&% FLUID PROPERTIES *¥kkkk

FLUID = 42.0 %¥ CS/SS SOL SPHEAT = 0638
TBULK = T5«5 BETA = 0.00063
DENSITY = 77.05 KLBFTHR = 59.66
THERMK = 0,134 NINDEX = 1430
%kk%x PECUCED EXPERIMENTAL DATA *%kk%x
NO ANGLE NUX NUGPD - HX QFLUX BTUHR TWALL DELT 7T
1 Qe 1201 04639 19.0 908« 14 .5 123.2 477
2 27. 11.36 0.604 1.0 861 . 13.8 123.3 478
'3 as. 10.88 0579 172 820. 13.1 1231 47.6
4 63. 10.31 O« 548 163 782 12.5 123.4 47«9
S B8le. 9«76 0520 15.5 T3S 11.8 1230 475
6 99. 913 04485 1445 692, liel 123 e 4 47 9
7 117. Be59 0457 13.6 65 0. 104 123.3 47«8
8 135. 790 0.421 12.5 596. Deb 123«1 476
9 153. 7«37 0.392 11.7 855. 89 123.1 47 .6
10 171. G205 00354 105 505 8e 1 i23e 4 479

*%%%k% SIMILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL *%k%x

ACRIVOS INTEGRAL
THETA= -0.559 CN = 04571
FACR = 1.038
NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 e 1192 0.634% 18.9 0.182 1218 0.648 19.3
2 27. 1082 04576 17.1 0-411 1105 0.588 175
3 45. 1020 04543 162 0.581 1043 0.555 165
4 63. 970 0O.516 15+4 0712 SeI2 0527 15.7
S 8le. D17 ODeo48E 145 0.750 9¢37 06499 14.8
6 99. B.62 0.458 13.7 0830 880 0.468 14.0
7 117 7«97 0Oe424 12.6 0.814 8s15 0,433 12«9
8 13S. 720 0.384 11.4 0742 7«36 0392 11.7
9 153. 6221 0331 S8 0.604 6435 0338 1061
10 171 461 0e24S 73 0«356 4e71 0250 75
*%% %k AVERAGE HEAT TRANSFER RESULTS *x%k&k%xxX
NPRC=18316.5 NGRC= 390 NUAVG EXPMTL = 9,39
NGRPRC= 71362, SHRAVG= 0,602 NUAVG INTGRL = Be.83



APPENDIX B

VISCOMETRIC DATA FOR TEST FLUIDS
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VISCOMETRIC DATA FOR TEST FLUIDS

Nomenclature
NINDEX flow behavior index
KSEC consistency index, Ibm/ft-(sec)z'"
DINNER inner cylinder diameter, inches
DOUTER outer cylinder diameter, inches
LEQUIN inner cylinder equivalent length, inches
STRESS shear stress, 1b/ft?
DU/PR sl:ear rate, 1/sec

APKSEC apparent viscosity, 1bm/ft-sec



o

Vo~NOO0

10
11

13
14
15

16

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

33
34
35
36
37
38
39
40
- 41
42
43
44
45
46
47

$£J0B
C
C
C
1
3
5
40
42
C
C
C

VISCOMETER DATA REDUCTION

REAL NODATA, NLOGes INDEXs Me KGLOGy KGs KSEC, KHR,
INCHECKs NCHKLGy LENIN, LENFT

DIMENSION RPM(30)s RCG(30)y TORQUE(30)s, STRESS(30),
1STRCHK(30), DUDR(30)+s DUDRN{30)s VISACP(30)»

2 APKSEC(30) ‘

DOUBLE PRECISICN SUMX1l, SUMYl, SUMXY1l, SUMXX1l, Y1ls Xl,
I1X1SQRDs XY1ls SUMX2, SUMY2s SUMXY2s SUMXX2s Y2s X2,
2X2SQRDs XY2

READ(S5+3) SOUs RCEs CONs Ts Yy PE, TEMPT, VISCOM, DIN,
1DOINs LENINs N ‘

FORMAT(2A3 s FOe3y 3A3y FSe0y F3.0s, BF6.3, 132

READ(5,5) (RPM(I)»s RDG(I)s I=1,N)

FCRMAT(FSe.ls F5.1)

DIF = DIN/12.0

DOF = DOIN/12.0

LENFT = LENIN/12.0

RIF = DiIF/2.0

RKCF = DOF/2.0

IF{VISCCHM +GT. 1.0) GO TO 40

S = DOF/DIF

STERM = (10 = (120/5%%2,0))

SL1 = ALOG(S)

SL2 = SL1%%2.0

SL4 = SL1X*%4.0

SERIES = {10 4 SL1 4+ (SL2/3.0) — {(SL4/45,0))/SL1

CR = 05 * SERIES #* STERM

€1 = (S*%2,C = 1.0)/7{S**%2:,0)

Cl = 045 % S1 ¥ (100 + 0.6667%ALUG(S))
C2 = {S1 % ALOG{(S))/6.0

GO TO 42

S = 0.0
STERM = 06,0
S1 = 0.0

Cl = 0.0

C2 = 0.0
CR = 0.0
GC TO 42

SPRING = 00000497
FLOW BEHAVICR INDEX DETERMINATION

SUMX1 = 0.0
SUMY1 = 0.0
SUMXY1 = 0OeO
SUMXX1 = 0.0

DC S0 I=1,N

Y1 = ALOG(RDG(I))
X1 = ALOG{RFM({I))
X1SQRD = X1 * X1

XYl = X1 %" Y1

SUMY1 = SUMY1l + Y1

SUMX1 = SUMXL + X1
SUMXX1 = SUMXX1 + X1SQRD
SUMXY1l = SUMXY1l + XY1

TORQUE(I) = (RDG(I) % SPRING)/10C.0
STRESS(I) = (TORQUE(I)/RIF)/ (62832 * RIFALENFT)
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48
49
50

81

52
53
S4
55
56

$7
58
59
60
61
62
63
&4
65
66
67
68
69

70
71
72
73
74
75
76
77
78
79
80
81
82

83

84

8s
86
87
88
89
90
91
92
93
94

0oNnn

N N2

oan

C

50

60

100

70

120

80

2

159

CONTINUVUE
NCDATA = N
INDEX= (NODATA*SUMXY1-SUMX1%¥SUMY1)/(NODATAXSUMXX]1~-

1SUMX1%SUMX 1)

M = 1.0/INDEX
CONSISTENCY INDEX DETERMINATION

SuMX2 0.0

SuUMY2 0.0

SUMXY2 = 0.0

SUMXX2 = 0.0

IF(VISCOM -GTe 1.0) GO TO 100

It

CONCENTRIC CYLINDER VISCOMETER

DO 60 I=1.N

DUDR(1) = 2.0 * 31416 * RPM(I) * SERIES/60.0
DUDRN{I) = DUDR{I) %*INDEX
Y2 = ALOG(STRESS{I))

X2 = ALOG(DUDRII))

X2SQRD = X2%X2

XyY2 = X2 % Y2

SUMY2 = SUMY2 + 2

SUMX2 = SUMX2 + X2

SUMXX2 = SUMXX2 + X2SQRD
SUMXY2 = SUMXY2 + XY2

CCNT INUE

GO 70 120

CYLINDER IN INFINITE FLUID BATH

DO 70 I=1sN

DUDRI(I) = (4.0 * 341416 % RPM{1))/7(60.0 * INDEX)
DUDRN{(I) = DUDR(1) *% INDEX
Y2 = ALOG(STRESS(1))

X2 = ALOG(DUDRII))

X2SQRD = X2%X2

X¥Y2 = X2 % Y2

SUMYZ = SUMY2 + Y2

SUMX2 = SUMX2 + X2

SUMXX2 = SUMXX2 + X2SQRD
SUMXY2 = SUMXY2 + XY2
CONTINUE

GO 70 120

NCHECK = (NODATA%SUMXY2 — SUMX2*SUMY2)/(NODATA®*SUMXX2

1—- SUMX2%SUMX2)

KGLOG = (SUMY2%SUMXX2 — SUMXY2%SUMX2)/{(NODATA%XSUMXX2 -

1SUMX2%SUMX2)

KG = EXP{KGLOG)

KSEC = 32.2 * KG

KHR = (3600. **{2.0-INDEX)) * KSEC

CENPS = 148840 * KSEC

DC 80 I=1,N

STRCHK(I) = KG* DUDRN(I)

APKSEC(I) = (32.2 % STRESS(I))/DUDR(I)

CONTINUE

WRITE(6,42)

FORMAT( 1H1 s ////777+ 37X+*VISCOMETER DATA REDUCTION'/)



995
96

57

98

99
100
101
102
103
104
105

WARNING %%

106

toz7
WARNING**

108

109
WARNINGk X%

110

111
WARNING* %

112

113
WARNING* %

114

115
WARNING* %

116

17

WARNINGH*
118
119

120

121

122

123

124

125

126
WARNING %

160

WRITE(S6+4) TEMPT
4 FORMAT (21Xs °*FLUID's 16Xs *TEMPT = ', F4.0y 15X,
1*VISCOMETER'///)
IF(VISCOM «GTe. 1.0) GO TO 140
WRITE(6+6) SOUs RCE

6 FORMAT(21Xs *SOURCE = *,2A3:26X,*TYPE: CONCENTRIC?Y/)

GC TO 160

140 WRITE(64+8) SOUs RCE

8 FORMAT(21X.*SOURCE = *4 2A3y 26Xs 'TYPE: SINGLE'/)

GO TO 160
160 VWRITE(6+10) CONs Ts Yy PE, DIN :
10 FORMAT (21X *TYPE = ' FSels 1Xs 3A3s 17X
1*DINNER = ", FS5.3/)

EXPECTING COMMA BETWEEN FORMAT ITEMS NEAR 1X 7
WRITE(6+12) INDEX, DCIN

12 FCRMAT(21X *NINDEX = %4 FSe3y 27Xs 'DCOUTER = ',FS.3/)

EXPECT ING COMMA BETWEEN FORMAT _TEMS NEAR 1X 'N
WRITE(6+14) NCHECKs LENIN

14 FORMAT(21X *NCHECK = %, FSa3s 27Xs 'LEQVIN = #,F54,3/7)

EXPECTING COMMA BETWEEN FORMAT ITEMS NEAR 1X N
WRITE(6+16) KGs S

16 FORMAT (21X *K/G = P3F 9.7y 23Xe *'S=DO/DI = 'y FS.3/)

EXFECTING COMMA BETWEEN FGRMAT ITEMS NEAR 1X *K
WRITE(6+,18) KSEC., STERM

18 FORMAT (21X *KSEC = %y F9e7s 23X» 'STERHM = '4.FS.3/)

EXPECTING COMMA BETWEEN FORMAT ITEMS NEAR 1X *K
WRITE(64+20) KHRs SPRING

20 FORMAT(21X *KHR = T, F8.0s 24Xy 'SPRING = *,FT.7/)

EXPECTING COMMA BETWEEN FORMAT ITEML N-ZAR 1X 'K
WRITE(6222) CENPS.: CR

22 FURMAT(21X *CENPS = *, F6,0s 26Xy "CRY 6X, = ¢,
1 FS.3777)

EXFECTING COMMA BETWEEN FORMAT ITEMS NEAR 1X ¢C
WRITE(64+24)

24 FUORMAT(22Xs "RPM*', 4Xy 'RDG'y, 6Xs *TORQUE®', 6X.
1 *STRESS's 3Xs *'DU/DR®*s 7Xs ®APKSEC'/)
WRITE(6+26) (RPM(1)s RDG(I2» TORQUE(I)s STRESS{I),
1 DUDR{I)»s APKSEC(I)s I=1,N)

26 FORMAT(21Xy F4sle FBaly Fl4el10s F1l0e69 FBeby F1245)
WRITE(6,28)

28 FCRMAT(1H1)

85 GO TO 1

95 <£Ta0P
END

UNREFERENCED STATEMENT 95 FOLLOWS A TRANSFER

$SENTRY



FLUID

SOURCE
TYPE
NINDE X
NCHECK
K/G
KSEC
KHR

CENPS

161

V:SCOMETER DATA RELCUCTION

TEMPT = 70.

= SAMP 1

= 38.0 CS/SS SCGL

]

1.192

= 0.0121068

= 03898389

= 291 .

= 580

G TORQUE STRESS

A
ol

1.00 0.0000004970 0.005632
230 0.0000011431 0.012952
5420 0.0000025844 0.029284
15.70 0.0000078029 0.088415
3550 060000176435 0.199918

TYPE:

DINNER

DCUTER

LEQVIN

S=D0/D1

STERM

SPRING

CR

DU/ DR

0.5271
10542
21083
S.2708
105416

VISCOMETER

S INGLE

= 06235

= 0000

1.758

il

0. 000

= 04000

000004G"

= 0.000

APKSEC
Oe 34404
0.39564
O« 44725
054014
061066



FLUID

SOURCE
TYPE
NINDEX
NCHECK
K/G
KSEC
KHR

CENPS

REM

3.0
64 0
120
30.0
6040

162

VISCOMETER DATA REDUCTION

TEMPT

= SAMP 1

= 38.0 CS/SS SOL

]

= 1+188

1.188

= 00106549

= 0+3430882

266

= Slle

0.90
2 00
4.60
13.50
3160

TONRQUE

0.0000004473
0.0000009940
0.0000022862
0.0000067095
00000157052

80.

crnoio S
~ AN

0.005068
0011263
Ce 025905
0.076025
0177956

TYPE?:

DINNER

DOVUTER

LEQVIN

S=D0/0D1

STERM

SPRING

CR

ousen

0.5291
1.0581
2e 1163
542907
10.5815

VISCOMETER

S INGLE

0.235

it

= 0.000

= 1758

]

0.000

= 0000

= 040000497

= 0.COC

:nvonr
S R IITE P R Gy V4

0e 30847
034274
0.3%9415
0.46270
0.54153



163

VISCOMETER DATA REDUCTION

FLUID TEMPT = 90, VISCOCMETER
SOURCE = SAMP 1 TYPE: SINGLE
TYPE = 3B.0 CS/SS sSCL DINNER = 0.235
NINDEX = 1,182 DOUTER = 0,000
NCHECK = 1.182 LEQVIN = 1.758
K/G = 0.0054558 S=p0/DI = 0.000
KSEC = 03044778 STERM = 0.000
KHR = 247, SPRING = 0.00004G7
CENPS = 453. CR = 0.000
RPM RDG TGCRQUE STRESS DU/ DR APKSEC
3.0 080 0.0000003976 0.004505 0.5316 0.27289
6.0 180 000000083846 0.010137 10632 0430700
12.0 410 0.0000020377 0.023089 2.12564% 0. 34954
30.0 11.90 0.0000059143 0.067015 5.3159 040593

60.0 27480 0.0000138166 0.156556 106319 0.47415



FLUID

SOURCE
TYPE
NI NDEX
NCHECK
K/G
KSEC
'KHR

CENPS

RPM

3.0
6.0
12.0
300
60.0

164

VISCOMETER DATA REDUCTION

TEMPTY

= SAMP 1

= 3B.0 CS/SS SOL

]

1.166

l.16¢€

= 0.0082077

= 02642867

244

= 393.

RDG

0.70
160
3.60
1050
23.00

TORQUE

0.0000003479
0. 0000007952
0.0000017892
0.0000052185
0.0000114310

= 100«

STRESS

0003942
0.009010
0.020273
0.059131
0129525

TYPE?

DINNER

DOUTER

LEQVIN

S=p0/DI

STERM

SPRING

CR

DU LR

0.5387
10775
2+ 1550
53874
107748

VISCOMETER

SINGLE

0235

= 0.000

= le758

0.000

0. 000

]

00000497

= 0,000

APFKSEC

0.23561
026927
0. 30293
0.35342
0.38708



165

VISCOMETER DATA REODUCTION

FLUID TEMPT = 70, VISCOMETER
SOURCE = SAMP 2 TYPE: SINGLE
TYPE = 39.0 CS/SS SOL DINNER = 06235
NINDEX = 1251 DOUTER = 0.000
NCHECK = 14251 LEQVIN = 1,758
K/G = 0.0143722 S=DQ/D! = 0.000
KSEC = 0,4627861 STERM = 04000
KHR = 213, SPRING = 00000467
CENPS = 686G, CR = 04000
RPM RDG TORQUE STRESS DU/DR APKSEC
3.0 1«10 0.0000005467 0006195 0.5021 0439729
640 250 0.0000012425 04014079 10041 0.45147
12.0 6620 000000030814 0.034915 2.,0083 0. 55582
30.0 18450 0.0000091945 0.,104183 5.0207 0.66817

60,0 4710 020000234087 0.265244 10.0414 O« 850556



166

VISCOMETER DATA RECUCTION

FLUID TEMPTY = 80. VISCCMETER
SOURCE = SAMP 2 TYPE: SINGLE
TYPE = 390 CS/SS SOL DINNER = 0.23S5
NINDEX = 1.241 DOUTER = 0.000
NCHECK = 1.241 LEQVIN = 1,758
K/G = 040127504 S=DU/DI = 0.000
KSEC = 044118493 STERM = 0,000
KHR = 206, SPRING = 0.00004G"
CENPS = 613 CR = 0000
RPM RDG TORQUE STRESS DU/DR APKSEC
3.0 1400 040000004270 0005632 0.5062 0.35821
6.0 2420 0.0000010934 0.012389 11,0124 0039403
12.0 5660 00000027832 0.031536 2.0249 0450149
30.0 1680 0.0000083496 02094609 5.0622 060179

60.90 40450 00000201285 0,228076 10.124S5 0.72538



FLUID

SOURCE
TYPE
NINDEX
NCHECK
K/G
KSEC

KHR

CENPS

RPM

3.0
6.0
12,0
30.0
60.0

167

ViSCOMETER DATA RECUCT ION

TEMPT

= SAMP 2

= 39.0 CS/SS SOL

= 1224

= l1l.224

= 0.0113785

= 0.3663873

211.

= 545,

RDG TORQUE

090 0.0000004473
200 0.0000009940
S« 10 0.0000025347
15.00 0.0000074550
34250 0.0000171465

90,

STRESS

0,005068
0.0112563
0.028721
02084473
0.194287

TYPE:
DINNER
DOUTER
LEQVIN
$=DQ/DI
STERM
SPRING

CR

DU/DR

05133
1.02¢66
20532
S5.1330
10.2660

VISCOMETER

SINGLE

= 0.235

= 04000

= le758

= 0000

= 0,000

= 0000049

= 0.000

APKSEC

031795
Ce 35327
0.45042
0.52991
0.60940



FLUID

SOURCE
TYPE
NINDEX
NCHECK
K/7G
KSEC
‘KHR

CENPS

RPM

3.0
60
12. 0
30.0
600

168

VISCOMETER DATA RECUCT ION

TEMPT

SAMP 2

= 39.0 CS/SS SOL

= 1218

= 1.218

= 0.0101814

03278401

]

198e.

= 4588,

ROG TORQUE

080 00000003976
180 000000068946

470 00000023359

1350 0.0000067095
3000 ©0.0000149100

10C.

STRESS

0+ 004505
0.010137
0.026468
0.076025
0.168945

VISCOMETER

TYPE: SINGLE

DINNER = 0.235
DOUTER = 04000
LEQVIN = 1.758

S=DO/DI = 0.000

STERM = 040060

SPRING = 0.00004¢:

CR = 0.000
pU/DR APKSEC
05159 0+28118
1.0318 0. 31€33
2.0637 0+41298
5.1592 0e¢47449

10.3185 0452721



169

VISCOMETER DATA RECLUCT ION

FLUID TEMPT = 70 VISCOMETER
SOURCE = SAMP 3 TYPE: SINGLE
TYPE = 40,0 CS/SS SOL DINNER = 0.235
WINDEX = 1328 DOUTER = 04000
NCHECK = 1326 LEQVIN = 1.758
K/G = 00164165 S=0D0/D1 = 0000
KSEC = 0.5286116 STERM = 0,000
KHR = 131. SPRING = 0.0000497%
CENPS = 787 CR = 0,000
RPM RDG TORQUE STRESS LU/ DK ARKSEC
3.0 1.10 0.0000005467 02006195 04737 0.42111
6+ 0 2.70 0.0000013419 0.015205 0.9473 051632
12.0 6+ 70 0,0000033299 02037731 1.8947 0.64124
30.0 2250 0.0000111825 0.126709 4.7367 0.86136

60. 0 582390 00000292733 0331696 S.4734 112743



FLUID

SOURCE
TYPE
NINDEX
NCHECK
K/G
KSEC
KHR

CENPS

RPM

3.0

6.0
12.0
30.0
60.0

]

170

VISCOMETER DATA RECUCTION

TEMPT

SAMP 3

= 40,0 CS/SS SOL

i

1324

= 1324

= D.0148625

= 0e4785716
= 121.
= T12.
RDG TORQUE
1.00 0.0000004970
2440 0.0000011928
620 0,0000030814
20680 00000103376
52400 00000258440

80.

STRESS

0.005632
0.013516
04034915
0117135
0.292838

TYPE:
DiNNER
DOUTER
LEQVIN
S=D0O/sDI
STERM
SPRING

CR

LU/ DR

0.47406
0.9492
1.8983
4.7458
94915

VISCOMETER

~

S INGLE

0. 235

1}

0.000

1.758

]

0.000

= 0.000

it

00000497

= 0.000

APKSEC

0.38210
0«45852
059225
0.79478C
039345



171

VISCOMETER DATA REDUCTION

FLUID TEMPT = 90

SOURCE = SAMP 3

TYPE = 40,0 CS/SS SOL

NINDEX 1.313

i

NCHECK = 14313

K/G = 0.0130877

KSEC = 064214253

KHR = 117

CENPS = 627,
REM ROG TORQUE STRESS
3.0 090 000000048473 0.005068
6.0 210 040000010437 0.011826
12.0 Se60 0.0000027832 0.031536

30.0 1820 0.0000090454 0.102493
6040 44.90 020000223153 0.252855

TYPEZ

DINNER

DOUTER

LEQVIN

$=D0O/0D1

STERM

SPRING

CR

DU/7 DR

0.4786
09572
1.9144
4.7861
95721

VISCOMETER

SINGLE

0.235

= 0«000

= 1758

= 0.000

I

0.000

0000042

1]

= 0.000

APKSEC

0.34099
039782
0.53043
068956
0.85059



172

VISCOMETER DATA RECUCTION

FLUID TEMPT = 100e. VISCOMETER
SOURCE = SAMP 3 TYPEZ SINGLE
TYPE = 40.0 CS/SS SCL DINNER = 0.235
NINDEX = 1.307 _ DOUTER = 0.000
NCHECK = 1,307 LEQVIN = 1.758
K/G = 0.0119294 S5=D0O/DI = 0.000
KSEC = 03841262 STERM = 0.000
KHR = 112 SPRING = 0.00004¢%;
CENPS = 572 CR = 0000
neY RDG TORQUE STRLSS BU/0oR APKSEC
3.0 0«80 00000003976 0.004505 0.4806 030187
6«0 200 040000009940 0011263 05611 037734
12.0 510 0.,0000025347 0.028721 1.9222 De. 48111
30.0 1700 . 0.0000084490 0.095736 4.8056 0.64148

600 39«50 000001986315 0.222444 9.6112 074525



FLUID

SOURCE
TYPE
NI NDEX
NCHECK
K/G
KSEC
KHR

CENPS

RPM

3.0
60
12.0
30«0
600

173

VISCOMETER DATA REDUCTION

JYEMPT

SAMP 4

= 410 CS/SS SOL

= 1397

1.3737

= 0.0198567

= 06393872

= Q0.

= 9S51.

RUG TCRQUE

1.20 0.0000005964
3.00 0.0000014910
T«50 0.0000037275
29,90 040000148603
7620 0.0000378714

70.

STRESS

0.006758
0.016895
0.042236
0.168382
0.42%5121

TYPE?S

DINNER

DOUTER

LEQVIN

S=Do/DI

STERM

SPRING

CR

DU/ DR

04499
0.8998
17996
444991
849982

VISCOMETER

SINGLE

= 0235

= 0.000

= 1.758

= 0.000

0.000

= 0.00004%27

il

0.000

APKSEC

0« 48365
060457
0.75571
1.20510
153560



174

VISCOMETER DATA RECUCTION

FLUID TEMPT = 80, VISCOMETER
SOURCE = SAMP 4 TYPE: SINGLE
TYPE = 41.0 CS/SS SOL DINNER = 0,235
NINDEX = 14390 DOUTER = 0,000
NCHECK = 1.390 LEQVIN = 1.758
K/G = 0.0179725 $=D0O/D1 = 0,000
KSEC = 0.57B7144 | STERM = 0.000
KHR = 85 SPRING = 0.0000497
CENPS = 861 CR = 0,000
PR RDG TORGUE STRE35  DU/DR APK3EC
3.0 110 0.0000005467 04006195 044520 0.44135
6.0 270 040000013419 0.015205 0.9039 0.54165
12.0 700 0.0000034790 0.039421 1.8078 0.70214
30.0 26.20 0.0000130214 0147545 445195 1.05120

60.0 69«30 0.0000344421 06390263 9,0391 1.39024



175

ViSCOMETER DATA RECUCT ION

FLUID TEMPT = 90, VISCOMETER
SOURCE = SAMP 4 TYPE: SINGLE
TYPE = 4140 CS/SS SOL DINNER = 0.235
NINDEX = 1377 DOUTER = 0.000
NCHECK = 1.377 LEQVIN = 1,758
K/G = 0401€2253 | S=DO/DI = 0,000
KSEC = 05224551 STERM = 0000
KHR = 8€ . SPRING = 0.0000497
CENPS = 777 CR = 0.000
RPM ROG TORQUE SIRESS DU/ LR APKSEC
3.0 100 0.0000004970 0.005632 0.4562 0439752
6.0 250 0.0000012425 0014079 0.9123 Oe 49690
12.0 650 0.0000032305 0.036605 1.8247 0+64596
30.0 23«00 00000114310 0.129525 4.,5617 091429

600 6180 0.0000307146 04348027 9.1234 1.22833



FLUID

SOURCE

TYPE

NINDEX

NCHECK

K/G

KHR

CENPS

RrRPM

3.0
6.0
12.0
300
60.0

176

VISCOMETER DATA RECUCT ION

TEMPT

= SAMP 4

= 41.0 CS/SS SOL

= 1366

= 1366

= 0.0145945

= 04699422

= 85e

= 69SGe

RODG YORQUE

090 040000004473
230 0.0000011431
6«10 00000030317
1990 00000098903
55,10 ©0.0000273847

100,

STRESS

0,005068
0.012952
0.034352
0.112067
0310296

TYPE:

DINNER

DOUTER

LEQVIN

S=D0/D1

STERM

SPRING

CR

DU/DR

04601
0.9202
1.8403
4.6008
9.2016

VISCOMETER

SINGLE

0.235

0.G00

]

= 1758

0.000

]

= 0000

]

0. 00004c7?

= 0,000

APKSEC

035472
0« 45326
060106
078433
1.08585



FLUID

SOURCE
TYPE
NINDE X
NCHECK
K/G
KSEC
KHR

CENPS

RPM

3.0
6.0
12.0
30.0
60.0

177

VISCOMETER DATA RECUCTION

TEMPT

= SAMP S

= 42,0 CS/SS SOL

= 1+455

= 14455

= 0.02320107

= 07409448

64.

RDG

130
3.10
8¢40
36.20

94+ 90

TORQUE

0.0000006461
0.0000015407
00000041748
0.0000179914
0.0000471653

70

STRESS

0.007321
0.017458
0047305
0.203861
0534429

TYPE:

DINNER

DOUTER

LEQVIN

S=D0O/DI1

STERM

SPRING

CR

OU/OR

04319
08637
17275
423187
B+6375

VISCOMETER

S INGLE

= 04235

= 0,000

i

1« 758

= 0.000

0000

]

0.00004%

= 0000

APKSEC

Ce54584
0.65081
C.88B17S
151996
1.99232



178

V1ISCOMETER DATA RELCUCTION

FLUID TEMPT = 80. : VISCOME TER
SOURCE = SAMP 5 TYPE: SINGLE
TYPE = 42.0 CS/SS SOL DINNER = 0.23S
NINDEX = 14446 DOUTER = 0.000
NCHECK = 1.446 LEQVIN = 1.758

K/G = 0.0209210 S=DQ/DI = 0.000
KSEC = 0.6736556 STERM = 00000
KHR = 63 SPRING = 040000497
CENPS = 1002 CR = 0.000

REM KDG TORGUE STRESS  DU/DR APKSEC

3.0 1+20 0.0000005964 0.0067S58 0.4344 0.50089

640 2.90 0.0000014413 0.016331 0.8689 0.60524
12.0 7.50 0.0000037275 04042236 17377 0.78263
30.0 32.50 0.0000161525 0.183024 4.3643 1.35657

60.0 86¢50 000000429905 0.487125 B8B.6886 1.80528



FLUID

SOURCE

TYPE

NINDEX

NCHECK

K/G

KSEC

KHR

CENPS

179

VISCOMETER DATA REDUCTION

TEMPT

SAMP S

= 42.0 CS/SS SOL

= 1437

= le437

= 0.0192562

06200510

= 62

il

923

2
)
2]

TORQUE

110 0.0000005467
270 0.0000013419
730 00000036281
2880 0.0000143136
7890 0.0000392132

90

0.006165
0.015205
0041110
0162187
0444326

TYPE:

DINNER

DOUTER

LEQVIN

S=D0/D1

STERM

SPRING

CR

-~ —

DU/ DR

0.4372

0.8744

l1«7488

443720
Be.7440

VISCOMETER

S INGLE

= 04235

= 0000

1758
= 0.000
= 0000
= 040000497

= 0+000

APKSEC

0s 45624
0455993
0.75694
1.19451
1.63624
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VITA

Chong Bo Kim was born in Seoul, Korea, on (N -

He received his elementary, high school, and college education
in Seoul. In June, 1967, he received his Bachelor of Science
from Seoul National University in Mechanical Engineering.

Upon completion of his four years of <ollege education, he
came to the United States in 1967, and he was employed with Soiltest
Engineering Equipment Company in Evanston, I1T1inois until Auguct,
1971.

In September, 1971, he enrolled as a graduate student in the
Department of Mechanical and Aerospace Engineering, University of

Missouri-Columbia. He received his M.S. degree in Mechanical



University Libraries
University of Missouri

Digitization Information Page

Local identifier Kim1975

Source information

Format Book

Content type Text with images

Source ID Gift copy from department; not added to MU collection

Notes Page numbers and text are cut off from some pages (148, 151, 152, 161-

181, etc.). Image on page 38 lacks detail.

Capture information

Date captured 08/15/2025

Scanner manufacturer Fujitsu

Scanner model fi-7460

Scanning system software ScandAll Prov. 2.1.5 Premium
Optical resolution 600 dpi

Color settings 8 bit grayscale

File types tiff

Notes N/A

Derivatives - Access copy

Compression Tiff: LZW compression
Editing software Adobe Photoshop 2025
Resolution 600 dpi

Color grayscale

File types tiff, combined into pdf

Notes Images cropped, straightened, and brightened to best ability.



	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0000a.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0000d.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0000e.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0000f.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0000g.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0000h.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0000i.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0000j.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0000k.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0000l.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0000m.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0000n.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0000o.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0001.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0002.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0003.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0004.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0005.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0006.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0007.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0008.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0009.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0010.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0011.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0012.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0013.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0014.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0015.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0016.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0017.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0018.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0019.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0020.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0021.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0022.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0023.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0024.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0025.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0026.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0027.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0028.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0029.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0030.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0031.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0032.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0033.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0034.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0035.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0036.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0037.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0038.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0039.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0040.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0041.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0042.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0043.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0044.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0045.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0046.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0047.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0048.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0049.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0050.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0051.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0052.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0053.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0054.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0055.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0056.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0057.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0058.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0059.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0060.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0061.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0062.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0063.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0064.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0065.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0066.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0067.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0068.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0069.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0070.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0071.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0072.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0073.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0074.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0075.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0076.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0077.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0078.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0079.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0080.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0081.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0082.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0083.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0084.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0085.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0086.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0087.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0088.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0089.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0090.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0091.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0092.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0093.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0094.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0095.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0096.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0097.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0098.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0099.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0100.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0101.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0102.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0103.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0104.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0105.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0106.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0107.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0108.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0109.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0110.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0111.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0112.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0113.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0114.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0115.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0116.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0117.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0118.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0119.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0120.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0121.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0122.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0123.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0124.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0125.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0126.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0127.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0128.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0129.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0130.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0131.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0132.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0133.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0134.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0135.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0136.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0137.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0138.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0139.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0140.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0141.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0142.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0143.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0144.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0145.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0146.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0147.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0148.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0149.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0150.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0151.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0152.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0153.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0154.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0155.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0156.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0157.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0158.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0159.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0160.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0161.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0162.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0163.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0164.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0165.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0166.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0167.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0168.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0169.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0170.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0171.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0172.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0173.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0174.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0175.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0176.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0177.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0178.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0179.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0180.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\Kim1975\Access\Kim1975p0181.tif‎



