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ABSTRACT

The ob ject o f th is  study is  to  inve s tiga te  the lam inar 

free convection heat tra n s fe r between a horizon ta l c y lin d e r and 

non-Newtonian, rheolog ica l d ila ta n t f lu id s .  Surface boundary con­

d itio n s  considered are constant heat f lu x  and isotherm al.

The c y lin d r ic a l model employed in  th is  in ve s tig a tio n  

consisted o f twenty aluminum segments each independently heated 

by resistance s tr ip s  bonded to the in te r io r  surface. Concentrated 

corn starch suspensions in  aqueous sucrose so lu tions are u t i l iz e d  

as d ila ta n t f lu id s  in  the experiment. Theoretical in te g ra l so lu tions  

are provided fo r  power-law non-Newtonian f lu id s .  Experimental fre e  

convection re su lts  are also compared w ith  the in te g ra l so lu tio n s .
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CHAPTER I

INTRODUCTION

Useful engineering studies which deal with transport processes 

in non-Newtonian flu ids  are receiving increased attention from varied 

technical areas which include the chemical process industry, aerospace 

and defense in terests, nuclear reactor developers, bioengineering, and 

environmental sciences. Naturally, heat transfer problems involving 

such non-Newtonian flu ids  become very important. Therefore, i t  is 

evident that an understanding o f heat transfer to non-Newtonian f lu id s  

may give good predictions to the problems encountered.

The heat transfer between a body surface and a motionless f lu id  

is one o f the most natura lly occurring physical phenomena. Free 

convection heat transfer occurs whenever a body is placed in  a f lu id  

at a higher or a lower temperature than that o f the body. Free con­

vection motion transfers internal energy stored in the f lu id  is  

essentia lly the same manner as forced convection. However the in te ns ity  

o f the mixing motion is generally less in free convection, and con­

sequently the heat transfer coeffic ients are lower than in forced 

convection. Although free convection heat transfer coe ffic ien ts  are 

re la tive ly  low, many devices including nuclear power application depend 

largely on th is mode o f heat transfer fo r cooling.

Investigations dealing with free convection heat transfer to non­

Newtonian flu ids  have been considerably fewer in number than to Newtonian 

flu id s . Most analytical works fo r non-Newtonian flu id s  have been
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concerned with laminar flow, because turbulence is less tractable 

in non-Newtonian flu id s . Fortunately laminar flow is very important 

in free convection to non-Newtonian flu ids  and the leading edge is  

not a serious source of distrubance. An exact evaluation o f the 

heat transfer fo r force convectio.. from the boundary layer is usually 

very d i f f ic u lt .  The problem has been solved fo r simple geometries, 

such as a vertica l f la t  plate and a horizontal cylinder.

Studies dealing with laminar free convection heat transfer to 

non-Newtonian flu ids  have been reported by several investigators. 

Theoretical studies on free convection to power-law flu ids  have been 

presented in the form of s im ila r ity  solutions fo r an isothermal two 
dimensional b o d y ^ \ s im ila rity  solutions fo r constant heat f lu x -ve rtica l 

(2) f la t  plates' ' ,  integral solutions fo r isothermal and constant heat 
(3) flu x -ve rtica l f la t  plates' '„  and integral solutions fo r isothermal 

(4) horizontal cylinders' ' .  Experimental investigations also have been 

reported in the cases o f isothermal vertica l f la t  p la te s '- ’ ; , constant 
heat flu x -ve rtica l f la t  p la te s ^ ,  and isothermal horizontal c y lin d e rs ^ ).

The results of the experimental work generally seem to agree with 

theoretical predictions. However, the use of a power-law model fo r 

non-Newtonian natural convection seems ju s tif ia b le  at least fo r engineer­

ing purposes. However, a ll of the above experimental work, without 

exception, has used only pseudoplastic flu ids  fo r non-Newtonian flu id s . 

Although the majority of non-Newtonian flu id s  are pseudoplastic, i t  

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

as d ila tan t) flu ids  are desirable.

1.1 Scope o f the Investigation

The object of th is  study is to investigate laminar free con­

vection heat transfer between a horizontal cylinder and d ila tan t f lu id s .
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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 approximate 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
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useful characteristics. These materials are commonly classified into 

three 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 recoverable 

as it is in the deformation of an elastic solid. Such materials 

possess properties of both fluids and elastic solids.

For the time independent non-Newtonian fluid, Newtonian fluid 

is simply a special case and thus is also termed as being purely a 

viscous non-Newtonian fluid. The majority of the non-Newtonian fluids 

that we encounter probably fall into this category, 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 plastics, curve A

2) Pseudoplastic fluids, curve B

3) Dilatant fluids, curve C

The Newtonian fluids are indicated by straight lines as shown by line D.
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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 Pp which is the slope of the straight line 

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

is then.

T  =  Ty +  U P ay (1.1)
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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.

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

T = K S ) "  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 

a Newtonian fluid. Defining apparent viscosity as equation (1.2), 

Equation (1.3) gives

=  K C ' 4 )

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

is characterized by linearity at very low and very high shear rates? * ' 

Dilatant Fluids

Dilatant fluids are similar to pseudoplastic fluids in having no 

yield stress. They differ from pseudoplastic fluids in that 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.



7

It is this latter which is more usually associated with dilatant 

fluids. Like behavior of pseudoplastic fluids, dilatant fluids are 

not dilatant rheologically at all shear rates. In many solid suspensions 

at low shearing stresses, Newtonian behavior occurs due to absence of 

sufficient forces to affect the particle size. In the range of 

slightly increased shearing stresses, the slope of the curve pro­

gressively increases. The imposed shearing forces may break up 
(19) loosely-bonded structures formed by groups of particles: '

Since dilatant fluids are employed as test fluids in the present 

investigation, related literature for the dilatant behavior of fluids 

will be presented in Chapter II.

1*3 Fundamentals of Free Convection Heat Transfer to Non-Newtonian 

Fluids

The fluid velocities in free convection currents are generally 

low, but the characteristics of the flow in the vicinity of the heat 
(20 21 22) transfer surface are similar to those in forced convection/ ’ ’ '

The fluid velocities near the surface and at the interface of a boundary 

layer are zero. Although the velocity profile is different from that 

observed in forced convection in the vicinity of the surface, the 

characteristics of both types of boundary layer are known to be similar. 

The differential form of the general equation governing heat 

transfer by convection can be written as

d q  = hx( Ts ' V  d A 0-5)

The reason for writing this equation for a differential area dA is that, 

in free convection, the heat transfer coefficient h is not uniform A

over a surface. Therefore, a local value of h is distinguished from A

an average value of ha v $ obtained by averaging hx over the entire
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surface. The temperatures, T and p r e f e r  to body surface temperature 

and bulk f lu id  temperature. Another equation fo r the surface heat 

flu x  may be expressed by the basic Fourier law,

dq = -k dA ( ^ ) r ( |  (1.6)

where k is  the thermal conductivity o f the f lu id  and ( j y ) ^  refers to 

temperature gradient in the f lu id  at the body surface. By equating 

Equations (1.5) and (1.6), the local heat transfer coe ffic ien t can

be defined as

u _ dqhx ‘  (Ts - TJdA Ts - T~ (1-7)

To obtain the governing d iffe re n tia l equations fo r laminar free

convection, boundary layer theory concepts are employed. The boundary 

layer phenomenon considered in th is  investigation is  lim ited  to the

steady and two dimensional case. With a power-law f lu id  assumption

the d iffe re n tia l equations which govern the conservation of mass, 

momentum, and energy w ithin the boundary layer appear (1), respectively.

as

S = 0 t1-8’
u ^ v ^ g M T - T j s l n ^  ^ r -1  |^ )  (1.9)

8 x  9 y  pCp ay2

where £ denotes the volume expansion coe ffic ien t. Constant properties 

have been assumed, except fo r the density in the buoyancy term. For

a f i r s t  approximation the fr ic t io n a l dissipation term in the energy 

equation is  neglected. The system o f coordinates is  displayed in 

Figure (1.2).
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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.
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CHAPTER I I

REVIEW OF THE LITERATURE

T h is  ch a p te r is  devoted to  th e  re v ie w  o f  the  l i t e r a t u r e  which is  

re la te d  to  the  p resen t in v e s t ig a t io n .  Free co n ve c tio n  hea t t r a n s fe r  

s tu d ie s  from  a two d im ensiona l body to  non-Newtonian f lu id s  f o r  both  

iso th e rm a l and co n s ta n t heat f lu x -s u r fa c e  c o n d it io n s  and th e  d i la t a n t  

beh av io r o f  f lu id s  are  being cons id e re d .

^ • l  Lam inar Free Convection Heat T ra n s fe r to  Non-Newtonian F lu id s  

Boundary la y e r  concepts have been s tu d ie d  by A c r iv o s ^ ^  and 

a p p lie d  to  th e  a n a ly s is  o f  la m in a r f re e  co n ve c tive  heat t r a n s fe r  to

power-law  f lu id s  from  iso the rm a l su rfa ce s  o f  v a r io u s  g e o m e trie s .

Using co n ve n tio n a l boundary la y e r  equ a tions  and in tro d u c in g  th e  gen er­

a l iz e d  G rashof and P ra n d tl numbers used to  reduce th e  boundary la y e r  

equa tions  to  d im ens ion less fo rm , A c riv o s  ob ta ined  s im i l a r i t y  s o lu t io n s  

w ith  th e  assum ption o f  la rg e  P ra n d tl number. For a v e r t ic a l  f l a t  p la te  

th e  lo c a l and average N u sse lt numbers are  expressed as

S '  

A

__ n 1 n__  -n  
h x 9  . ,  3n+l 2 (n + l)  3n+l ZX\ 3n+l■ k ^ '  « »  ®  S  N PrA  t ’  

A  "  (2 .1 )

where N ^
= P ^ C M C y i J j 2 ^  ( 2 . 2 )

K2

N Pr =

C 2 h n  3 (n -1 )
= V ^ " ^  L " + 1  [ L 8S(T

S  ’  U r " * 1 (2 .3 )

L denotes the  p la te  h e ig h t and 0 ' (0 ) is  the  param eter dependent on 

the  va lue  n. For a h o r iz o n ta l c y lin d e r  w ith  the  c h a r a c te r is t ic  le n g th  

L equal to  the  ra d iu s  r  in  both Nr  and ND th e  lo c a l N u sse lt number
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( W

( NNu ^r

= h r /k  was expressed as below: 
__n 1 n__  1__

-e '(0 )  ( § £ l ) 3 n + 1  N ^  ^ ^  ^  3n+ l ( ^ j Z n + l

(sin^>)2 n + 1
n

d * ]3 n + 1 (2 .4 )

The average Nusselt number ^Nu^avg is  given by

1__
) = A N 2(rr*TJ

Nu; avg *  HGrA

n_
M 3n+l 

r r A
(2 .5 )

where the constant A can re a d ily  be ca lcu la ted by in te g ra tin g  the

loca l Nusselt number over the surface and would be expected to  be a

func tion  o f n. Equation (2 .5) can be recognized as a g e n e ra liza tio n  to  

power-law, non-Newtonian f lu id s  o f the well-known c o rre la t io n  (NN u )a v g  = 

^ G r Npr ) ^  ^o r  Newtonian substances. Numerical computation shows 

th a t A is  only s l ig h t ly  a ffected  by the value o f n in  the range o f 

1/10 = n = 3/2 , which includes most o f the power-law f lu id s  o f in te re s t .

Numerical values fo r  A are shown in  Table (2 .1 ).

Table (2 .1) Numerical Values o f A fo r  Various 
_____ Geometries and n(isothermal surface)_____

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

F la t P late 0.60 0.63 0.67 0.71

Horizontal cy lin d e r 0.36 0.38 0.42 0.45
(L=radius) 

Sphere 
(L=radius) 0.44 0.45 0.49 0.52

V e rtica l cone 0.61 0.65 0.71 0.75

Stagnation region o f a 
horizon ta l c y lin d e r 0.36 0.45 0.54 0.60

Stagnation region o f 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 fo r the range of Npr

Chen^2 ^
, > 1 0 , which is  usually the case. 
A

obtained sim ilar solutions fo r the constant heat flu x

over the vertica l f la t  plate. Under the assumption that a generalized

Prandtl number approaches in f in i ty ,  Generalized Grashof and Prandtl

numbers were again introduced and the local and average Nusselt

number results were presented in the following form:

n__ 2(n+1)
3n+2 /X? 3n+2

h . 1 n__
( N ) = a.v 9__= C /  n+4 3n+2 /« 7)klW a v g  k b 4 V r  ^Pr- ^ ' n

where N ^ = (£)2 L4  ( ^ ) 2 ’ n (2.8)

c A  q M  3 (n -l)
and Np = (2^1 ( |)  L n + 4  [ - / ]  n + 4  (2.9)

The constant heat f lu x , qQ , over the f la t  plate appears in the dimension­

less groups. Cn and C are dependent on the flow behavior index n, and

expressed as

(3n+2)3 n + 2  Z(0)

2(n+l)
_ (3n+2)3 n + 2

" (5n+4) Z(0)

(2.10)

(2.11)

Z(0) is  a parameter and the values fo r d iffe re n t n are shown in 

Figure (2.1).
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Figure (2.1) Z(0) versus n

(31Using an integral technique, Tien' ' obtained approximate solutions 

fo r laminar natural convection heat transfer between a vertica l plate 

and a power-law f lu id  with high Prandtl number. The ve locity and 

temperature pro files are assumed to be of the follow ing form:

u = « [ s ( i )  e 6 ]  (2-12)

9 = 24^ = o +£ d 4>
3 <2-13>

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

4 -  . For an isothermal f la t  plate, he obtained the local and averageOil
Nusselt number to be

V c i ( n ) X 3 n ' 1  K  

A I I

n Y -  n 
3n+l (£) 3n+l (2.14)
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and .__ 1 n__
<«Nu>avg ‘  M " >  t T  ^ ^  \  3 n + '

n + 2
where gs(T - T ) L 2 " n

wGrT  2

1 2 (n-1)
r  A u  2-n n-2

(2.15)

(2 .16)

(2 .17)

For a constant f lu x  con d ition , Nusselt numbers are presented to  be

__ 1 n __n
<r>’  ( 2 - ” l

and

1__  __n
V a v g  = ¥ " 1  *2 rT  I 2 - ’ ”

4+ 9^AA T n  n-2where NG = ( - ^ )  LZ ' n  (J) (2.20)

qo  is  the constant heat f lu x  over the f l a t  p la te . Numerical values o f  

Cp Cg, Mp and Mg are evaluated based on T ien 's v e lo c ity  and temperature 

p ro f i le  expressions and the dependency o f the c o e ff ic ie n ts  on n is  

shown in  Figure (2 .2 ).
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Figure (2.2) Relationships between the coeffic ients

Cl*  C2* Ml* M2* a n d n

The agreement between the average Nusselt number and the experimental 

results from reference (5) appears to be excellent.
Gentry and Wollersheim^) employed an approximate in tegra l

method to get the solution fo r free convection from an isothermal

horizontal cylinder to power-law flu id s . With the assumption o f
(3)high Prandtl number f lu id .  Gentry u tiliz e d  T ien 's ' ' ve locity  and

temperature p ro file  expressions. The local Nusselt number based

on the radius was expressed as 
n _  1 n__

h r  3n+l 2(n+l) 3n+l
< W - T  “ G<"> < ^ )  N Np (2.21)

1 d) 1
( s in ^ J ^ ^  [ [ (sin$)2n+1  d^] "3n+T

<{>=0
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where Nr „G r A 
by Acrivos

and N

(1)

D~ a r e  generalized Grashof and Prandtl numbers defined

. The flow behavior index-dependent coefficients G(n)

are shown in Table (22) and compared with the values of 0'(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=0.72z were investigated. All physical properties were 

evaluated at the film temperature. Reilly suggested the following form 

of average Nusselt number for correlation.

Table (2.2) The values of G(n) and Comparison with Acrivos' 
Coefficient 0'(n)

n G(n) -0' (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

h 6(n) -0 ' (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 re s u lts  and comparison w ith  A crivos ' so lu tio n  are shown 

in  Table (2 .3 ).

Table (2 .3) Comparisons between R e i l ly ’ s re s u lts  and th e o re tic a l 
p red ic tions  by A crivos(U

F lu id
n

(Average) NPr

R a
Exp'l C al'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 th is  comparison i t  was found th a t experim enta lly  determined 

exponents were almost id e n tica l w ith  those based on the asym ptotic 

s o lu tio n . The experimental values o f R are approximately 5-10% lower 

than those predicted by Acrivos. However, th is  d iffe re n ce  is  w ell 

w ith in  the l im its  o f experimental e rro r encountered.
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Sharma and Adelman^) continued the previous experimental work 

by R e illy  with flow behavior index n = 0.20-0.67. The experimental 

results fo r three Carbopol solutions were correlated using Acrivos'

equation with generalized dimensionless parameters as defined in the

orig inal paper. No single correlation including the expression 

^N u \vg  = R^Gr ^pr " ^  ^ ^ ^  w as  d r iv e d  by R e illy  was found to 

accommodate a ll the experimental data. A satisfactory corre la tion was

found by using the Lorentz equation which is  the well-known corre la tion 

form fo r Newtonian flu id s . The equation gives the form of

<NNu>avg = NP r ’ ° ' 2 6 3  <2 -2 3 ’
3 T T

(7)Experimental results have been reported by Dale' ’ fo r a ve rtica l 

f la t  plate under constant heat flu x  conditions. Two ve rtica l f la t  

plates, constructed of th in 302 stainless steel shim stock, were 

employed. Dimensions fo r the large plate were 18.5 inches wide by 

24 inches high, and fo r the small plate they were 6.5 inches wide by 

12 inches high. The range of the power-law f lu id  index n was from 

0.383 to 1.000. Heating was accomplished by passing a lternating current 

through the th in  stainless steel sheets. Temperature p ro file s  were 

measured and u tilize d  in determining the local surface heat f lu x . 

Velocity p ro files  were obtained by both pa rtic le  tracking and dye 

in jection techniques. Dale's experimental data were compared with 

his f in i te  difference computations. His local heat transfer rates 

were expressed in the following form:

hYx 
N = x  - nNuv  k

= »W  [«6rT  «PrT " ] ! " t 2 (2.24)
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The agreement between Chen's s im ila r ity  solutions fo r constant heat 
(2) flu x  condition and Dale's experimental results has been reported' '

to be quite good.
(4)Gentry ' conducted an experimental, investigation fo r the free

convection heat transfer from an isothermal horizontal cylinder to

power law flu id s . Fluids employed included water and four d ilu te  water 

soluble polymer solutions with f lu id  index range, 0.66 to 1.00. An 

e le c tr ic a lly  heated, employed, and copper-constantan thermocouples 

were embedded in each test section. Velocity p ro files  were determined 

by dye in jection technique. A ll local free convection results were 

expressed in terms o f Acrivos' dimensionless group using radius as a 

characteristic length dimension. Local free convection data fo r water 

appear approximately 10% lower than the s im ila r ity  and integral solution 

curves. However, experimental data obtained from the 0.053%, 0.055% 

and 0.56% solutions agree quite well with sim ilar and integral solution 

predictions. Local free convection results fo r the 0.058% solution

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

correlation a least squares f i t  of a ll experimental data was obtained

in the following form: 
h „  d

(N ) I 0 ,2 0 0  l l T rA 'd J (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

were

(NGr

(22) also compared with McAdam's corre la tion ' '
x0.25 

Pr;

^Nu^avg 0.53

fo r Newtonian flu id s . From the comparison with the

well-known McAdam's correlation fo r Newtonian f lu id s , the average

Nusselt number results from the experiment are approximately 5%-15% 

higher than the McAdam's corre lation.
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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 

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 

fill the voids between the sand grains and received more on application 

of pressure to the system, then the volume of the suspension must have 

increased, i.e., the system must have dilated.

Freundlick and Roder' 7 , 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^) 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.

(121Meerman 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' ' encountered 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, V a n d ^ )  found no dilatancy in suspensions of 130 

(15) micron diameter glass beads, and Ting and Luebbers' ' found no 

dilatancy in their suspensions of 390 micron diameter glass beads 

(at concentrations up to about 50% by volume).

Metzner and Whitlock^) 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 

volume in various aqueous solutions whose viscosities ranged from 1 

to 42 centipose. As titanium dioxide concentration was increased, 

non-Newtonian behavior was shown clearly. The particle sizes used 

were 24-34 micron diameter for glass beads, and 0.2-1.0 micron for 

titanium dioxide.

The viscosity 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. Freundlich' ' theorized that such low viscosities are probably 

necessary to bring out the phenomenon.

An explanation of dilatant behavior in solid-suspensions was 

offered by Reynolds' . He suggested that the particles in a concen­

trated suspension will be oriented at 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 particles becomes incompletely 

filled with liquid. 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^^ has proposed a somewhat different tentative hypothesis 

for the dilatant behavior. He proposed that at sufficiently low 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-



24

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 layers of particles begin to glide over adjacent 

layers. Figure (2.3) shows schematically that under a shear force 

particles 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 I I I

INTEGRAL SOLUTIONS FOR CONSTANT 

HEAT FLUX SURFACE CONDITIONS

Approximate solutions fo r laminar natural convection heat transfer 

between a horizontal cylinder and a power-law, non-Newtonian f lu id  

with high Prandtl number are obtained using an integral method fo r a 

case with constant heat flux-surface conditions. Since the s im ila r ity  

solutions are not possible to find fo r constant flu x  boundary conditions, 

the integral technique seems a powerful tool to solve these heat transfer 

problems fo r a practical purpose.

With the assumption of high Prandtl number, in e r t ia l terms appear­

ing in the momentum equation are neglected. Then generalized Grashof 

and Prandtl numbers are defined properly through nuii-dimensional analysis, 

and ve locity  and temperature p ro file  expressions are assumed to be 

u tiliz e d  in the integral equations to y ie ld  the solution form fo r  the 

local Nusselt number.

The ve locity and temperature p ro file  expressions u tiliz e d  in  th is  
(23) (3)analysis were o rig in a lly  proposed by F u jii ' and Tien' ' fo r the 

integral solutions fo r a vertica l plate with constant flu x  and isothermal 

boundary conditions. As shown in Chapter I I ,  Tien's results appear to 

be in excellent agreement with experimental data. Gentry and 
(4) Wollersheim' ' u tilize d  the same ve loc ity  and temperature p ro file  

expressions fo r th e ir isothermal horizontal cylinder to prove that th e ir  
.integral solutions agree quite well with A crivo s '^^  s im ila r solutions 

as well as with the ir experimental data. The choice o f ve loc ity  and 

temperature pro files used in the integral analysis is  somewhat
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arb itra ry  and solution accuracy w ill be improved with good p ro file  

assumptions. Using Tien's p ro files  fo r a horizontal cylinder with con­

stant heat f lu x  surface condition seems reasonable since these p ro file s  

sa tis fy  the imposed boundary conditions of the present problem. 

Integral solution results w ill be compared with the experimental data 

in Chapter V II.

3.1 Boundary Layer Equations and Boundary Conditions

As shown in Chapter I ,  the governing d iffe re n tia l equations fo r 

laminar free convection to power-law flu ids  are given as

where the symbols have the usual meanings and $ is  defined by

Poo/p = 1 + B(T - T j  (3.1)

Assuming constant properties except the density in  the buoyancy term 

is  usually permissible to a f i r s t  approximation, and the fr ic t io n a l 

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-horizonta l cy linder, 

the boundary conditions are

u = v = 0, - k ( | ) y = 0  = q0 at y=0 (3.2)

u = 0, T = T at y=~ (3.3)

u = 0, T = TOT at x=0 (3.4)
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Figure (3.1) Configuration of Coordinates fo r Flow Over a 
Horizontal Cylinder

3.2 Integral Equations

The governing d iffe re n tia l Equations (1.8-10) are integrated to 

have the desired integral forms, and the dimensionless temperature 

expression 0 is introduced fo r convenience.

e = U r  (3.5)

S 00

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

following integral equation.

#00

t " t +  v l > y  = g e ( T s 

y=0

’00  1
, K 3 z 8u 18u। ^

p Jy = 0  3yk3y b y 1

- T^Jsin^ 6dy
Jy=O

) dy (3.6)
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S im ila r ly , the energy Equation (1.10) gives the in te g ra l equation o f

’°° / 96 96. , a ,30. .( u ^x +  v 3y ) d y  ’  a  3y ^  d y

^ = 0  Jy=0
(3 .7 )

A lso, by in te g ra tin g  the c o n tin u ity  Equation (1 .8 ), the expression fo r

v is  obtained to be
v  =  -  [y  ( ^  d y  

J y=0
(3 .8 )

S ubstitu ting  the above expression fo r  v in to  the momentum and energy 

equations, the equations to  be solved are reduced to  two coupled 

in te g ra l equations.
<9° r00

®? L u2dy=g6(Ts - T»)sin* L 8dy ■ p '^ o  <3-9>

.co

^  L u M y  = - “ ' # ^ 0  <3 - i ° ’

(23)Following F u j i i 's  expression^ ' ,  the v e lo c ity  and temperature p ro f i le s  

are assumed to  be o f the fo llo w in g  form:

u = u- f (n )A
e = e (n)

(3 .11)

(3 .12)

u and boundary layer thickness 6 are assumed to be functions o f x 

on ly, and the dimensionless variab le  n is  expressed in  terms o f 

coordinate y and boundary layer thickness 6 (x ).

n = 6% <3-13>
D iffe re n tia tio n s  o f u and 6 w ith  respect to y give

9u = u 9f i n  _ Ux \ / ,  12,x
ay x an 9y 6 T k n ;  ^ - ^ J
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^  = 1 ^ 1  
ay "  an ay = I  ’ ■ w (3.15)

and the boundary cond ition  (3 .2) can be expressed in  terms o f  n and

e as fo llo w s :
- K y u  o' (o) 

v ------- -̂-------
or

( y u  = - % ’
s  k e H o ) (3.16)

Now, su b s titu tio n  o f Equations (3.11-16) in to  the two coupled in te g ra l 

momentum and energy equations (3.9-10) gives

where

AE <“X S> = * t r s 1 *  c ^  ' jF > (3.17)

^  M  = E 1 (3.18)

A *
•

f 2  (n)dn 
0

(3.19)

•00

B =
«

6 (n)dn 
0

(3.20)

C = ( f  (0 ) )n (3.21)

D =
4

f  (n) 0 (n)dq 
0

(3 .22)

E = -•6' (0) (3.23)

By simple in te g ra tio n  and applying boundary cond itions (3 .4 ) ,  Equation

(3.18) y ie ld s  
Ea dx

Ux "  D6 Jo  6 (3.24)
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and s u b s t i tu t in g  the above e q u a tion  in to  E quation  (3 .1 7 ) g ive s

x

d x ^ ^
dx,2

2
— ^ i ^ c i n A  r CD2 En Kan

AEW  AD"EW

x n d x^
0 8 1

f 2n o

(3 .2 5 )

For convenience, the  fo llo w in g  d im ension less q u a n t i t ie s  a re  d e fin e d  as

/  = 7  (3 .2 6 )

5 * = |  (3 .2 7 )

By us ing  these d im ension less v a r ia b le s .  E quation (3 .2 5 ) can be w r i t t e n

as

A oge
koi'

6+  sin<|)

(3 .2 8 )

The g e n e ra lize d  G rashof and P ra n d tl numbers are d e fin e d  as

NP r K

2 2 ( n - l )  
n+1

r
9 ^ o  

k

3 (n - l
2(n+T

= (p2 /  ^ J 2-"

(3 .2 9 )

(3 .3 0 )

Equation (3 .2 8 ) can be w r i t te n  in  term s o f  these d im ens ion less

v a r ia b le s .

fX

dx+  6+  JO
dx ,2 BD2

6 AE

2 
[ 4 n + 1  

b r K
^P r 

r r K

2 1 /  * A
J6 sm<t>

C >  [ N Gr

AE^ n  b r K

3 ( l- n )  
2(n+T) .

N Pr ‘ 
r r K

2-n
x + n d / )

0 ?
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o r

1 d r l  ( T - ) 2 ]
N Pr., dx+ V  J o 4

IX

2 - A -  
^ ) C n + 1  
AEJ  ^ K

Np r  ]6 +  sin<|>

CP2 ~n  

AE2 n

3 ( l- n
x 2(n+T

[ ^ K  

IX

1-n
Npr 

r r K

X  ^ . \ n  

0 6  

> 2 n

(3 .3 1 )

The terms on the l e f t  hand s id e  o f  E quation  (3 .3 1 ) can be ig n o re d  f o r

substances w ith  la rg e  P ra n d tl numbers. The l im i t a t io n  imposed by

th is  s im p l i f ic a t io n  shou ld  no t s e v e re ly  r e s t r i c t  th e  u se fu ln e ss  o f  the

re s u lts  s in ce  most o f  the  non-Newtonian f lu id s  commonly encountered

are h ig h ly  v iscous and have r e la t iv e ly  la rg e  P ra n d tl numbers. There­

fo re ,  w ith  the assum ption o f  h igh P ra n d tl number, E q ua tion  (3 .3 1 )

reduces to  be

2 ^ [ N  

AEJ

2
+ n+1
G r K

+ 2
N Pr 1 6 sincf> =

3 ( l - n )  
r n 2-n , 2 (n+1) 1-n

K r  N Pr
A E z n b r K  p r K

+ 
f x  +

dx xn
■ 0 5+

o r
fx ^±11 1

^ -  = K, 6 (sin<p)n

/Q 6 ’
(3 .3 2 )

where

1
Bn  D ■ 

‘ 1 n+1 '
Cn  E n

K

3n+l
2 n (n + l)

N Pr P r K ]
2 (n + l)

n

(3 .3 3 )
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Differentiating both sides of Equation (3.32) with respect to x 

gives

n+2 2(n+l) 1-n
|  = K) [ ^  (sin*)6 n «  + 1  « " (sin|) n (cos*)^]

(3.34)

For convenience. Equation (3.34) is rewritten as

1  2(n+l) 3n+2 1
r  = (Sin*)" « ^(i) " +  « " 1  (sin*)” 

or

1  3n+2 1-n 3n+2
1 ^ = ^ S ^  ( s i n*)n 4 k  (6 (cos*) 6 n ^  (3.35)

Considering coordinates for a horizontal cylinder.

the above expressions for <|> and x. Equation (3.35) can be expressed 

in terms of f only instead of x.

3n+2 3n+2
d /x n \ 4. 3n+2 ., /x n x 3n+2 [--- E— r] /, „ »
d ^ 6 2n(n+l) c o t * ~ 2(n+l) 1  (3.37)

K,(sin*)n

The above equation is recognized as a linear, first order-ordinary 

differential equation. Therefore, the solution for the differential 

equation is

3n+2 r* 3n+2
n T o„±o 2n(n+l)

6 “ 3n+2" J 0 2(n+l) ^  ŝ i n ^  d $

(sin*)2 ( n + 1 ) ~ K^sin*)"

f*
" 2(n+l) *■ 3n+2 H  ] d *J

M /e<nA\ 2n(n+l) v^O 2(n+1)
K (sin*) ' ' (sin*) v  '
1 (3.38)
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The expression o f the boundary layer thickness is  w r it te n  as 
__n

Onxo 3n+2^> ’ ^  c -K- r , ]
3n+2 2 (n+ l)

K̂  (sin<j>)

1 n__
( s in < j) ) ^ ?^  d(j)]3 n + 2

(3.39)

Including the expression o f K̂  from Equation (3 .3 3 ), the expression 

fo r  6 becomes
__n_ , 1

X ^ \  -  r 3n+2 q 3n+2 r CEn 'i3n+2 r  r  n[ —  3n+i....... .. iF ]

BU N+ 2(n+ l) (3n+2) .. 3n+2
H  P r K

(3.40)

3.3 V e lo c ity  and Temperature P ro file s

Once the s p e c ific  expressions fo r  f  and e are known, the para­

meters, A,B,C,D, and E defined in  Equation (3.19) to  (3 .23) can be 

re a d ily  evaluated. Following T ien 's  proposed p ro f i le s  fo r  a f l a t  

p la te , the v e lo c ity  and temperature p ro f ile s  are assumed to  be

f(q )  = sq e ST1 fo r  0 < q < “ (3 .41)

0(q) =  (1+q) (l~n)3  fo r  0 < q < 1

= 0 fo r  1 < q < °°
(3.42)

where s = 5
3n (3.43)



34

These p ro f ile s  s a t is fy  the imposed boundary cond itions fo r  the present 

problem. I t  can be seen th a t f  = 9 a t n = 0> f  = 0 as n +  “ » 0 = 1 

a t ri = 0, and 6 0 as n +

Combining Equation (3.19) to  (3.23) w ith  Equation (3 .41) to  (3 .4 3 ), 

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

A =
Jn=o

(3 .44)

J n=0
( l ^ ) ( l - n ) 3  dn = JQ (3.45)

(3 .46)

0 = n = 0  sne"S n  ( l+ n ) ( l - n ) 3 dn

= f t  -  4 ( $ ) 2  + 4 8 (^ .)4  -  1 2 0 (% 5 ]  
0 3 3 3

+ 12e 3 n  [ ( W  + 6 ( ^ ) 4  + 1 0 ( ^ ) 5 ]

E = [4n3  -  6n2  + 2 ]n = Q = 2

(3 .47)

(3 .48)

3.4 Nusselt NumberResults

Based on rad ius, the loca l Nusselt number is  defined as

(3.49)
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and from Equation (1 .7) the loca l heat tra n s fe r c o e ff ic ie n t  is  

expressed as j j
hx  = ^ E O  =  i M L M  (3 .50)

S 00

S ubstitu ting  Equation (3.50) in to  Equation (3.49) gives

( N ) = z£®__ (Q i = HL (3 c i )
^N u v V 6 6 ^ ‘ b U

and u t i l iz in g  the expression fo r  the boundary laye r thickness given

in  Equation (3 .40 ), the loca l Nusselt number becomes

i \ -  r^ n ^ S n + Z rB D H E ^ n S n + a  M+ 2(n+ lj(3n+2)
W r  L 3n+2 J L C J ^G r. 

X lx

__n 1
Npr  3 n + 2  ( s i» * ) Z W

K  [*  1 .
l  (s in ^ )2 ^ 1 d<.]3 n + 2  

J <H)

(3.52)

For convenience, the above equation can be rearranged in  the fo llo w in g

form:

where

Nux ' r
3n+l

N+ 2(n+l)(3n+2) Np rNGr. H r K
lx

—  = K (n ) 
3n+2

( s i n ^ n

4>

J |=0

1 n

__n
K ( n )  =  [ © 3 n + 2 BDn E2 n + 1  

C

1
3n+2

( s i n c j ) ) ^ ^ ^ ^ ] 3 ^ 2

(3 .53)

(3 .54)

Since the parameters, B,D,C, and E are expressed in  terms o f n o n ly .

the c o e ff ic ie n t K(n) can be re a d ily  evaluated w ith  the given flo w  

behavior index n. Numerical values o f K(n) versus flow  behavior 

index n are presented in  Table (3 .1 ).
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Table (3 .1) Numerical Values o f K(n) versus Flow Behavior Index, n

n K(n)

0.1 0.657

0.2 0.629

0.3 0.616

0.4 0.609

0.5 0.605

0.6 0.602

0.7 0.599

0.8 0.597

0.9 0.595

1.0 0.594

1.1 0.592

1.2 0.591

1.3 0.590

1.4 0.589

1.5 0.588

1.6 0.587

1.7 0.586

1-8 0.585

1.9 0.585

2.0 0.584
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CHAPTER IV 

EXPERIMENTAL APPARATUS

The heat transfer apparatus employed in this investigation is 

essentially the same as that used earlier by G e n t r y ^ ) .  A cylindri­

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 tv/o corresponding symmetrical test sections. 

Therefore, ten individual power supplies were used. In each of the 

ten individually heated segments a copper-constantan thermocouple was 

embedded to measure the local surface temperature. By measuring 

local power supply q;, local surface temperature Tc , and bulk fluid 

temperature T , local free convection heat transfer coefficients 

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

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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Figure (4.1) Complete Setting of Experimental Apparatus 

^ , 2.034'

T = T - Q ---(4 1)'S 'c q Genv <f>kL u ‘u

Ten sensistors, Texas Instruments #Tl-TG-l/8, 120 ohm, were 

installed in the heater segments. The sensistor has dimensions of 

0.105 inch diameter and 0.300 inch long. These solid-state silicon 

sensistors are used for detectors for the power supply and controller. 

After all heater segments have been instrumented, they were assembled 

together by bonding with DOW 732 RTV to the structural frame-terminal 

board assembly. Power leads consisted of twenty #16 AWG Teflon 

insulated copper wires and sensistor leads consisted of #24 AWG Teflon 

insulated copper wire. The interior of the test cylinder was filled

with magnesia insulation. Magnesia was used because of its low thermal
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Figure (4.3) Test Cylinder Cross Section
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conductivity of 0.03 Btu/hr-ft-°F. Assembly was made by sealing the 

0.032 inch wide and 1/8 inch deep slots between the reassembled 

aluminum segments with Dow 732 RTV. Because of its low thermal con­

ductivity of 0.11 Btu/hr-ft-°F, this RTV seal serves as thermal 

insulation between adjoining aluminum segments.

The final reassembled test section model has 2.034 inches of 

diameter and 8.018 inches of length. A photograph of the assembled 

test section model is shown in Figure (4.4).

Figure (4.4) Test Section Model

4.2 Electrical Power Supply and Controller

Ten independent sensistor activated electrical power sources were 

employed in order to supply the power for each of the ten independent 

segments. Voltage measurements were obtained to determine local heat 

flux values. Basic components of the power supply and controller are
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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 conducting 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.

Erms Ct (E(t))2 dt]1 / 2 (4.2)

The voltmeter system 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 limiting 

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 cathode to anode. The 

electrons received at the anode produced a small change in the anode
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Figure (4.5) Triac Modified Voltage Signal

In p u t 
V oltage

Es

Time, t

Figure (4.6) Effects of D ifferent Input Voltages
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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 R|_. 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. o(E )2
Power, P = 1 ™ 1 L  (4.3)

K strip
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The activation voltage to the tr ia c  c irc u it  is  provided by the

temperature detection system. The temperature detection system con­

sists of the bridge c irc u it  shown in Figure (4.8). Texas Instruments

#Tl-TG-l/8, 120 ohm sensistor, a Spectrol Precision Ten Turn Potentio­

meter #570-246, and a range adjustment res is to r Ry . Desired power 

settings at a fixed input voltage could be made by adjustment o f the

pot resistance Rp o t - A variac was used fo r input voltage adjustment.

Therefore, the potentiometers were used only fo r fine  voltage adjust­

ments. Employing resisto r Ry , a temperature of 40°F was set to be 

the minimum temperature at which the triacs  could be activated. The

photograph of the ten potentiometers, Weston meter, and the voltmeter 

signal are shown in Figure (4.9).

Figure (4.9) Power Supply and Controller Unit
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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 Figure (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 temperature measurement 

schematic.

I c e  R e f e re n c e  
J u n c t i o n

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 Brookfield Synchro-Lectric Viscometer, Model LVT. Eight 

rotational 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 to iotate the inner 

cylinder rod was too large to give readings on the Brookfield 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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Superior 
Powerstat
Type 116

Glas-Col Resistance 
Heater

Figure (4.13) Viscometric Apparatus Setting
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to ensure the uniform ity of temperatures in the beaker, and temperatures 

were measured with an Omega #TT-T-30 copper-constantan thermocouple 

stationed in the middle of the f lu id .

The concentric cylinder viscometer with a bob has length L and 

radius R̂  and the beaker has radius R2. The bob rotates with an 

angular ve locity fl and a torque M exerted on the bob. Under laminar 

flow the velocity gradient, where the f lu id  rotates with angular

velocity w, is

du _ du 
dy r  dr

while the shearing stress is

T = ---- ~2irr L e

(4.5)

(4.6)

The term L„ is  the equivalent length which accounts fo r end e ffec ts , 

and can be obtained by ca lib ration with a Newtonian f lu id  o f known

viscosity. The flow behavior o f a non-Newtonian f lu id  is  defined 
by the functional relationship between the rate o f shear ^y, and the 

shearing stress T .

a y - s N  (4.7)

Equation (4.7) becomes in th is  case

r ^ ’ g(T) (4.8)

Further, since ^  = -  | ^  from Equation (4 .6), Equation (4.8) may be 

transformed to
dm = ' | g ( t ) ^  (4.9)
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2
which on integration between the bob where w=Q and = M/2TTR̂  Le> and

the beaker where w = 0 and T2 = 0 gives

fT 1 l ^ d x  

T
(4.10)

0

D iffe ren tia tion  of Equation (4.10) with respect toT ^ gives

g ^ )  = 2dfl 
d l ln G p ] (4 .l l j

and combining Equation (4.7) and (4.11), and by the fac t that Q = 2uN,

where N is  rotational speed of the bob.

^  = _ M _  = 2d(27TN)
dy 1 d d n ip  d[ln(M/27rR1

2 Le ) ]

4irdN 4TT[N d(ln  N)]
“  dUrTMT d(ln  M) '

4TTN 
" d E r  (4.12)

d(ln N)

The shear rates at the surface of the ro ta ting cylinder were 

determined by Equation (4.12). Torque readings and rota tional speeds 

were obtained from the Brookfield LVT cylinder viscometer. Torque 

values appeared as a percentage of the fu l l  scale torque, which was 

4.969 x 10’  ̂ f t - lb f .  Then the slope d(ln M)/d(ln N) in Equation 

(4.12) was readily determined from the p lo ts. I t  was also necessary 

to make measurements with more than two beakers o f d iffe re n t diameters 

to insure that the f lu id  was e ffe c tive ly  in f in i te .  Three containers 

with d iffe ren t diameters (4.65", 6.23", and 12.5" were used to 

determine the size of the beaker fo r th is  purpose. Mo s ig n ifica n t 

changes in the reading were detected between the three d iffe re n t
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sizes. Therefore, the beaker whose diameter is  4.65" was employed.

Throughout the whole v iscom etric te s t ,  sp ind le  No. 3 (which has a 

diameter o f 0.235", and an e ffe c t iv e  length o f 1.758") was used as a

ro ta tin g  rod.

From these determined shear stress and shear ra te  values the p lo t

versus ( ^ )Of T-j 

index

co n s titu te s  the flow  curve, and flo w  behavior

n. Consistency index K values are obtained using the power-law

model expressed in  Equation (1 .3 ).

T 1 d y ^ (1 .3 )
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CHAPTER V 

TEST FLUID PREPARATION AND 

FLUID PROPERTIES

Corn starch suspensions in aqueous sucrose solution were employed 

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^’^ ,  

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 suspensions 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 viscometric 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 suspensions. 

Titanium dioxide suspensions failed to satisfy requirement 2 and 4, 

while corn starch suspensions seemed 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

Name of 
Test Fluids

Volume of Corn 
Starch

Volume of the Aqueous 
Sucrose Solution

38% CS/SS 612.9 cc 
(760.0 g)

1000.0 cc

39% CS/SS 639.3 cc 
(792.7 g)

1000.0 cc

41% CS/SS 694.9 cc 
(861.7g)

1000.0 cc

42% CS/SS 723.8 cc 
(897.5 g)

1000.0 cc
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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 pseudoplastic 

behavior and for the range higher than 44%, the fluid showed 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_________  -00weight of sugar + weight of water * ’

=  T o '  + T  0 ’ T°° = 50’°^ 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

The important physical properties of the fluids are expressed in terms 

of temperature, T, and volume fraction, x, of corn starch.

Corn starch was measured to be 17.1 liters (21.104 kg) and mixed up 

with 27.9 liters of sucrose solution to make 45.0 liters 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 liters 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^) 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

PT  = 62.427961 [1.24 x + 1.23 (1-x)] (lbm/ft3 )

(5.3) 

5.2.2 Specific Heat Capacity

The empirical equation of heat capacity of sucrose solutions 

(27) between 70°F and 87°F is given by Gucker' ' to be

(Cp )1 = 1.000 - 0.326 m - 0.0215m2 (Btu/lbm-°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 )1 = 0.8424 (Btu/lbm-°F) (5.5)
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The specific heat o f corn starch is  given by Sprockoff' ' to be

(Cp )2 = 0.3555 (Btu/lbm-°F) (5.6)

(29)According to Metzner \  the to ta l specific  heat o f so lid  suspensions 

in liqu ids can be expressed as

^Cp^T = ^ ^ p ^ l  +  m2 (C p^2 

where m̂ = mass fraction o f sucrose solution 

m2 = mass fraction o f corn starch

Therefore, the fina l expression fo r the to ta l specific  heat o f the 

test f lu id  becomes

f r  x _ 1.23 (1-x) (0.8424) + 1 .24 x (0.3555)
% 'T  ”  1.23 (1-x) + 1.24x

- 1 ♦OSS (1-x) + 0.441x /D+ , ,/ ik m oC\ re 7\-  1.23 (1-x) i- 1.24x ~ (Btu/lbm- F) (5.7)

5.2.3 Thermal Expansion Coefficient

The empirical equation fo r thermal expansion co e ffic ie n t o f 

50% sucrose solution was obtained based on the data given by reference 

(30) in the temperature range o f 65°F to 125°F. A second order 

polynominal was used to express the data points.

6 1 = %1 [1  +  C1T +  C2T2] (1/°F) (5'S)

where = 2.14 x 10”4

c1 = 1.56 x 10'4

c2 = 5.42 x 10- 7

and T is  temperature in °F.
(31)B litz , Fisher, and Wunnenberg' ' give a line a r equation to express 

the thermal expansion coe ffic ien t fo r corn starch fo r temperatures from 

0°F to 220°F.
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Bg = BO 2 (1 + * T )  ( l / ’ F) (5 .9 )

where ^  =  1*18 x 10 
a = 2.14 x 10"4

and T is  temperature in  °F

According to  Metzner' ' ,  the to ta l thermal volume expansion 

c o e ff ic ie n t fo r  s o lid  suspensions in  liq u id s  can be e a s ily  expressed 

as

^  = (1 -  x ) ^  + X£2  (1 /°F ) (5.10)

5.2 ,4  Thermal C onductiv ity
(32)Kharbanda's' '  experimental data show th a t thermal c o n d u c tiv it ie s  

o f a sucrose so lu tio n  fo r  temperatures from 32°F to  200°F can be 

expressed as

k]  = [0.358 + 0.0000643T-0.00000001 ir ] (N 0 .0 0 5 4 w )  (B tu /h r - f t - ° F )  

where w is  weight percentage sugar in  the s o lu tio n , and T is  temperature 

in  °F. Therefore, fo r  w=50.0, k-| becomes

k]  = 0 .730 [0 .358+0.0000643T-0.000000011T2 ] (B tu /h r - f t - ° F )  (5 .11)

(33)These values agree q u ite  well w ith  G illam  and Lamm's' '  experimental 

values.
(34) The thermal co n d u c tiv ity  o f corn starch was measured by G a rre tt ' .

A t 70°F, i t  gives the value o f 0.0107 B tu /h r - f t - ° F  and w ith  small 

increase o f temperature, the value stays almost constant. Therefore, 

the thermal co n d u c tiv ity  o f corn starch fo r  the present in v e s tig a tio n  

was assumed to  be

k2  = 0.0107 (B tu /h r - f t - ° F ) (5.12)
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(29)Metzner ' suggests that the conductivity o f so lid  suspensions 

in liqu ids may be estimated by the following equation.

2k,+k9 -2x(k.-k9 )
k T = Z l ^ + E ^ ^ ^  k l (5 - l3

(35 36 371A considerable body o f experimental evidence'0 ’ ’ ' i s  available 

in support of the above predictions.

5.2.5 Consistency Index and Flow Behavior Index Number

Rheological properties o f the tes t flu ids  were obtained at four 

d iffe ren t 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 RI8 at 88°F.

Viscometric data presented in Figure (5 .1 ), (5 .2 ), (5 .3 ), and 

(5.4) appeared to be well represented by a power-law f lu id  model, since 

the data f i t  a s tra igh t line  on log-log scale. The data taken at 88°F 

from the rheogoneometer confirm the values o f those from the Brookfield 

viscometer.

Flow behavior index curves and consistency index curves fo r  each 

of the four concentrations appear as functions of temperature in 

Figure (5.5) and (5.6). From a least squares f i t  of experimental data, 

the following equations fo r flow behavior index n, and consistency 

index K were obtained in terms o f temperature T in  °F.

38% CS/SS solution

n(T) = 1.03925526+0.00428745T-0.00003016T2 (5.14)

ln(K(T)) = -0.28868019-0.00691136T-0.00003493T2 (5.15)

39% CS/SS solution

n(T) = 1.40231864-0.00284363T-0.00000990T2 (5.16)

ln(K(T)) = 0.13088331-0.1382273T+0.00001358T2 (5.17)
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41% CS/SS solution

n(T) = 1.40118940+0.00064992T-0.00001006T2 (5.18)

ln(K(T)) = 0.15981980-0.00756106T-0.00001587T2 (5.19)

42% CS/SS solution

n(T) = 1.54715146-0.00164812T+0.00000475T2 (5.20)

ln(K(T)) = 0.14652677-0.00432161T-0.00002974T2 (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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F ig u r e  (5 .1 )  V is c o m e t r ic  D a ta  f o r  
38% CS/SS Solution
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F ig u r e  (5 .2 ) V is c o m e t r ic  D a ta  f o r  
39 % CS/SS Solution
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F ig u r e  (5 .3 )  V is c o m e t r ic  D a ta  f o r  
41% CS/SS Solution
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Figure (5.4) Viscometric Data for
42% CS/SS S o lu tion
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CHAPTER VI 

EXPERIMENTAL PROCEDURES

3 
The test flu ids  were prepared in a 3 f t  aluminum container.

Before energizing the instrumented tes t section, a complete e le c tr ica l 

check out was needed, since an e le c tr ica l short would have been 

destructive to certain power supply and con tro lle r c irc u its . Longi­

tudinal leveling o f the tes t cylinder was accomplished by adjusting 

a horizontal RTV segment line to the liq u id  level o f the tes t f lu id .  

Angular positioning was also required to achieve circumferential 

symmetry o f the tes t section. I t  was achieved using a S tarret Precision 

Level, #USAF-938-445.

6.1 Free Convection Data Acquisition

At the beginning o f each series c f runs fo r 38%, 39%, 41%, and 

42% CS/SS solutions, tes t flu id s  were f i r s t  mixed at a moderate speed 

fo r about ha lf an hour to assure f lu id  uniform ity. When the tes t f lu id  

was ready, 250 CC of sample was taken fo r viscometric measurement to 

ensure that rheological properties had not been changed. Then the 

tes t cylinder was adjusted to set about 3 inches from the bottom, and 

8 inches from the top o f the surface. A gauze-wrapped swab was then 

used on the test section to remove any entrapped a ir  bubbles.

In obtaining the desired input voltage leve l, the power supply was 

activated and the variac was set. Next, each o f the ten-turn potentio­

meters connected to each o f the ten tes t segments was adjusted gradually 

to heat the tes t section to constant f lu x  or isothermal surface condition. 

In obtaining isothermal surface conditions, the te s t section thermocouples 

were continuously monitored to get the desired isothermal temperatures
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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 Weston-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 Beam Oscilloscope, Model 52GA to ensure that the voltmeter signal 

was not being topped off by the limiting amplifier on the voltmeter 

scale being used.

Upon reaching the desired surface conditions, the following set 

of data was taken

1) Voltmeter readings 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 there 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 fo r the rest 

of the flu ids  to acquire the necessary free convection data.

6.2 Shear Rate V erifica tion

As mentioned in Chapter I ,  i t  is  also necessary to see whether 

test flu id s  exhib it s im ila r rheological behavior under natural flow 

conditions as those observed in the rotational viscometer, since 

rheological properties determined by the viscometer were used fo r 

the actual flow conditions.

Due to the opaqueness o f the test f lu id ,  optical methods of 

determining the ve locity  p ro files  of the flow were impossible. Also, 

a p ito t-tube type of device was not possible to use, since the ve loc ity  

of the flow in the present experiment was too slow to give a s ig n ifica n t 

reading fo r a p itc t-tube . However, the primary objective o f the pro­

cess was to determine i f  shear rates under actual flow conditions were 

indeed w ithin the range of the shear rates obtained by the viscometer. 
Therefore Acrivos1^  expression shown in Equation (6.1) was employed 

to estimate the shear rates at the cylinder surface.

3n+l [g B rC ^ -T j 1/2 (NG )2{N+1) 
b r A

(s in^)2n+1 [ (sin<D)2n+1 (6.1)

Figure (6.1) shows the values o f F"(0) provided by Acrivos fo r values 

o f flow behavior index. The possible inaccuracy o f the equation was 

considered permissible because of the nature of the object of shear 

rate ve rifica tio n .
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Flow Behavior Index, h

Figure (6.1) F"(0) Versus Flow Behavior Index, n
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CHAPTER VII 

EXPERIMENTAL RESULTS

Experimental results fo r both the constant f lu x  and isothermal 

cases are presented in th is  chapter. Local free convection dava 

and average free convection values are compared with theoretical 

solution predictions previously considered in Chapters I I  and I I I .  

The theoretical calculations fo r estimated shear rates under the 

actia l flow conditions are also presented to ensure the v a lid ity  o f 

non-Newtonian, d ila ta n t f lu id  properties as determined by the rotational 

viscometer.

7.1 Local Free Convection Results

For constant f lu x  surface conditions, six d iffe re n t fluxes (255, 
2 . .275, 295, 315, 335, and 355 B tu /h r-ft / were supplied to the cylinder 

surfaces and 24 runs were carried out fo r the experimental resu lts . 

Local free convection data are expressed in terms of dimensionless 

groups developed in Chapter I I I  fo r th is  case, and the experimental 

results are compared with integral solution resu lts . For isothermal 

surface conditions, six d iffe re n t temperature differences (28, 32, 36, 

40, 44, and 48°F) were used fo r each o f the four d iffe re n t tes t f lu id s . 

A to ta l of 24 runs were also made fo r the experimental resu lts . Local 
free convection data are expressed in terms of Acrivos^^ dimensionless 

groups and comparisons are made with integral solutions by Gentry and 
Wollersheim^). A complete l is t in g  of a ll free convection data is  

described in Appendix A, and graphical presentations o f local free 

convection results fo r both constant f lu x  and isothermal cases are 

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

provided at angular positions of 9°, 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:

A

Dimensionless numbers for the constant f b 'x case by the author:

2 2(n-l) 3(n-l) 
9 Bq 2(n+l) 
< 7 >

NGFK
IX

2-n

(3.29)

(3.30)

Dimensionless numbers for the isothermal case by Acrivos^  

2 i 3(n-l)
PC K n+ 1 S  2(n+l)

N Pr = (^ ’ (P ’ W  ]
n  

n

(2.3)

(2.2)

In expressing the experimental results with the above dimensionless 

groups, all physical property 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.

In comparing the experimenta results with theoretical solutions 

the integral solution results for constant flux case by the author were 

obtained from

j. 3n+l n
( NNU }r = K ( n )  NGr 2 ( W ( W  Np r 3n+2

x K K
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1
I s jn ^ ) £ ^ l________

•<j> 1 n__
(s in ^ )^ n + 1  ̂ d$]3 n + 2

J $=0

(3.52)

and the integral solutions fo r the isothermal case obtained by Gentry 
(4)and Wollersheim' ' were calculated from

__n 1 n__
/ M 1 -  r i n \ /2n+K3n+l \2(n+l zM \3n+l(N NuJr ’  6 ( n )  (W  (N G r)  (N Pr >

(2.21)

For the constant heat flu x  case, as shown in Figures (7.1-7.4),

experimental data fo r the four d iffe re n t d ila ta n t flu id s  were higher

than the theoretical values, but generally they agree quite well with 

integral solution predictions fo r angles smaller than 140°. At angles 

higher than 140° experimental values fo r the local free convection 

coeffic ients are s ig n ifica n tly  higher than coeffic ien ts from the 

integral solutions. As shown in Figures (7.5-7.8), experimental values 

fo r the isothermal case, again, show good agreement with in tegra l solu­

tions fo r angles smaller than approximately 140°. At angles higher 

than 140°, experimental values are higher than coe ffic ien ts  from the 

integral solutions.

Similar experimental resu lts were reported fo r pseudoplastic flu id s  
(41fo r isothermal conditions' , and fo r mineral o il fo r both constant 

(381flu x  and isothermal conditions' . This phenomenon is  prim arily

a ttribu tab le  to boundary layer in teraction in the upper stagnation 

region which is  not accounted fo r in the integral solution. At the
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upper stagnation region of the cylinder, the natural convection flow 

from one side of the cylinder in teracts with the flow coming from the 

other side of the cylinder. As a resu lt the integral solutions are 

not va lid  as the upper stagnation region is  approached.

Comparing the integral solutions fo r d iffe re n t n values including 

the Newtonian case (n= l), i t  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 fo r free convection were obtained by ’ 

integrating local dimensionless groups over the tes t section surface. 

The average experimental Nusselt numbers fo r the constant flu x  case 

appear to be approximately 4% - 8% higher than the theoretical Nusselt 

numbers, while the average experimental Nusselt numbers fo r the iso­

thermal case are approximately 8% - 8% higher than the theoretical ones. 

The average Nusselt number fo r a ll experimental data were obtained 

from a least squares f i t  to be 

Constant Heat Flux Case;

% > a v g  = 3 -M 4  < KS ’ 0 ' ° 71 <’ J >

and fo r the 
Isothermal Case:

<NNur ’ aV9 ’  2 -8 1 6  <NGrA NPrA > ° '1 0 3  <7 ‘ 2 >

The above expressions fo r the average Nusselt number fo r non-Newtonian, 

d ila ta n t flu id s  are useful fo r design purposes, since the forms are 

re la tive ly  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, while the shear rates produced in the rotational 

viscometer w^re 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, without 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). However, 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 not 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 

(4)
Gentry and Wollersheim' ' for pseudoplastic fluids under isothermal

(121 
surface conditions, and those by Kim, Pontikes, and Wollersheim' ' 

for mineral oils under constant flux and isothermal surface conditions.

4) Since similiarity solutions 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=l) are 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.
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4) Theoretical solutions with arbitrary temperature distri­

butions along the cylinder surface have not been reported yet. 

Therefore, further considerations are desirable for arbitrary 

surface temperature conditions.
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FREE CONVECTION HEAT TRANSFER RESULTS

Nomenclature

TBULK b u lk  te m p e ra tu re , °F

DENSITY d e n s ity ,  lb m / f t 3

THERMK therm al c o n d u c t iv ity ,  B tu / h r - f t - ° F

SPHEAT s p e c i f ic  h e a t, B tu -lb m -°F

BETA c o e f f ic ie n t  o f  therm al expansion , 1 /°F

KLBFTHR c o n s is te n c y  in d e x , lb m / f t - ( h r ) ^ 'n

NINDEX f lo w  b e h a v io r index

ANGLE ang le  from  low er s ta g n a tio n  p o in t ,  degrees

NUX lo c a l N u sse lt number
NUGPD p ro d u c t o f  N u sse lt number and G rashof number

HX lo c a l hea t t r a n s fe r  c o e f f ic ie n t ,  B t u / h r - f t  -°F
QFLUX

BTUHR

lo c a l hea t f lu x ,  B t u / h r - f t

hea t t r a n s fe r  ra te  per segment, B tu /h r

TWALL lo c a l w a ll te m p e ra tu re , °F

DELT T w a l l - t o - f l u id  tem pera tu re  d if fe re n c e .  °F

THETA A c r iv o s ' c o n s ta n t 6 ' (0 )

FACR A c r iv o s ' co n s ta n t F" (0 )

KN Kim 's co n s ta n t

CN G e n try 's  c o n s ta n t

NPRK Kim 's P ra n d tl number form

NGRK Kim 's G rashof number form

NPR A c r iv o s ' P ra n d tl number form

NGR A c r iv o s ' G rashof number form

NUAVG EXPMTL average expe rim e n ta l N u sse lt number
NGRPRK p ro d u c t o f  K im 's G rashof and P ra n d tl numbers

NGRPR p ro d u c t o f  A c r iv o s ' G rashof and P ra n d tl numbers
SHRAVG average su rfa c e  shear r a te ,  1 /sec

NUAVG INTGL average N u sse lt number from  th e  in te g ra l s o lu t io n s
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EVEL 2 ( NOV 72 )

QUESTED OPTIONS: OBJECT, NODECK

OS/36O FORTRAN H EXTENDED

TIONS IN EFFECT: NAME(MAIN) OPTIMIZE(2) LINECOUNT(58) SIZE(MAX) AUTODBL(NONE)
SOURCE EBCDIC NOLIST NODECK OBJECT MAP NOFORMAT NOGOSTMT NOX

ISN 0002

ISN 0003

ISN 0004

ISN 0005 
ISN 0006 
ISN 0007
ISN 0008
ISN 0009 
ISN 0010
ISN 0011
ISN 0012

ISN 0013 
ISN 0014 
ISN 0015 
ISN 0016
ISN 0017 
ISN 0018 
ISN 0019 
ISN 0020
ISN 0021

C 
C HORIZONTAL CYLINDER DATA REDUCTION 
C

REAL MV, MV11, MV12, LENIN, LENFT, LACRIN, LACRFT, 
1LDIAIN, LDIAFT, KINDEX, NINDEX, NUX, NGR, NPR, NGRPR, 
2NPRC14, NGRC13, NGPROD, NUGRPR, NUGPAC, NUXACR, 
3NUGPCW, NUXCW, NGRD, NUAVG, NUADMS, NUEKRT, NUACAV, 
4NUXINT, NGPDAV, NUGPD, NUGPIN, KAVG, NPRAVG, NGRAVG, 
5NGPAVG, NUXACD, NUDAVG, NUGPD1, NUGPD2, NUXD, NGRDK, 
6NPRD, NPRK, NPRD14, NGRD13, NGPD, NAVG, KINAVG, NUAVGI, 
7NGR2, NGRD2, NPR2, NPRD2, NPRK2, NGRPR2, NGPD2, KN, KNAVG 

C 
INTEGER RUN, DAY, MO, YR, TIME, NO, NUMBER, CODE, 

1CASE, SCALE 
C

DIMENSION MV(25), SCALE(10), VRDG(10). RMS (10 ), T (25), 
1RSTRIP(10), RTOTAL(10), VTOTAL(10), AMPS(10), 
2WATTS(10), GBTUHR(10), QFLUX(10), TTC(25), TWALL(20), 
3TFILM(10), HX(10), DEN(10), THERMK(10), BETA(10), 
4VIS(10), SPHT(10), KINDEX(10), NINDEX(10), NUX(10), 
5NGR(10), NPR(10), NGRPR(10), NPRC14C10). NGRC13(10), 
6NGPRGD(10), NUGRPR(10), ANGLE(10), N0(10), THETA(10), 
7FACR(10), PHI(10), FCHENC10J, ANGDEG(10), CN(10), 
8V(10), NGRD(10), DELT(10), NUXD(10), NGRDK(10), 
9NPRD(10), NPRK(10), NPRD14(10), NGRD13(10), NGPD (10), 
1NGR2(10), NGRD2(10), NPR2(10), NPRD2(10), NGRPR2(10), 
2PRC214(10),PRD214(10),GRC213(10),GRD213(10), 
3GPROD2(10), NGPD2(10),UGRPR2(10), KN(10),NPRK2(10) 

C 
c ***** READ INPUT DATA ***** 
C 

1 READ(5,3) RUN, FL, U, ID, CONCEN, CODE,CASE,TBULK 
3 FORMAT (I2, 1X, 3A3, F5.1, I2, I2,F5.1) 

READ(5,5) (MV( I), I = 1, 10)
5 FORMAT(10F6.3) 

READ(5,7) (SCALE(I), I=1,10) 
7 FORMAT(1012) 

READ(5,77) (VRDG(I),I=1,10) 
77 FORMAT(10F5.2) 

C 
C ***** INTERNAL INPUT DATA *****
C 

DODIN = 2.034 
DIDIN = 1.576 
DTCIN = 1.806 
LENIN = 8.000 
LACRIN = D0DIN/2.0 
WIDTH = 0.168 
THKIN = 0.002 
SEGDEG =18.0 
SEGRAD = 0.31416
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EVEL 2 < NOV 72 ) MAIN 0S/360 FORTRAN H EXTENDED

ISN 0022 GCONST = 3 2 .2  * (3 6 0 0 .0  44 2 .0 )
ISN 0023 LEN FT = L E M N  / 1 2 .0
ISN 0024 LACRFT = L A C R IN / 1 2 .0
ISN 0025 DODFT = D0DIN /12.0
ISN 0026 D ID FT = D I0 IN /1 2 .O
ISN 0027 DTCFT = D TC IN Z1 2 .0
ISN 0028 GROUP! = DCCIN/DTCIN
ISN 0029 GROUP2 = ALCG(GRO UPl)
ISN 0 03 0 GROUPS = 1 1 8 .0  * SEGRAD 4 LEN FT
ISN 0031 GR0UP4 = GRQUP2/GR0UP3
ISN 0032 ATOTAL = ( ( 3 .1 4 1 64D0DIN - ( 2 0 .0 4 0 .0 3 1 2 5 ) )* LE N T N )/1 4 4 .0
ISN 0033 ASEGFT = A TG TA L/20 .
ISN 0034

C
SU M K N -0.0

C *****4*444 REDUCING LOCAL EXPERIMENTAL DATA 4444***44
C

ISN 0035 DO 20 1 = 1 9 10
ISN v 036 I F ( S C A L E d )  .G T .  1) GO TO 12
ISN 0038 COF1= 1 .99 5 6 9 29 2 1 3
ISN 0039 C0F2 = 4 .3466235121
ISN 0040 C0F3= -2 .2 5 1 2 9 4 7 8 9 5
ISN 0041 COF4= 0 .5 1 3 8 9 0 2 9 8 2
I SN 0042 GO TO 100
ISN 0043 12 IF C S C A L E (I)  .G T .  2) GO TO 14
ISN 0045 COF1= 3 .5 5 6 8 6 15 9 1 3
ISN 0046 C0F2= 8 .1 4 4 2  881772
ISN 0047 C0r3= -4 .2 8 0 1 1 0 4 0 0 6
ISN 0048 C0F4 = 0 .9 9 2 7 1 38 1 3 0
ISN 0049 GO TO 1OO
ISN 0050 14 I F ( S C A L E d )  . G T . 3) GO TO 16
ISN 0052 COF1 = 6 .5 9 9 6029623
ISN 0053 C0F2= 1 2 .7208933095
ISN 0054 C0F3= -6 .1 1 3 8 3 2 0 4 6 5
ISN 0055 COF4= 1 .374277522  8
ISN 0056 GO TO 100
ISN 0 057 16 I F ( S C A L E d )  .G T .  4) GO TO 18
ISN 0059 C O F 1= 1 1 .3 3 20824429
ISN 0060 COF2= 2 6 .0 8 6 5 2 3 7 5 4 9
ISN 0061 C O F3 = -13 .9750489754
ISN 0062 COF4= 3 .2 7 4 3 3 7 2 2 0 9
I SN 0063 GO TO 100
ISN 0064 18 C O F 1= 19 .8399731506
ISN 0065 COF2= 4 7 .3 0 3 3 50 6 4 9 4
ISN 0066 C O F 3 = -2 8 .4300100730
ISN 0067 C0F4= 7 .7 2 5 4 3 8 5 5 6 8
ISN 0068 100 Z — COFI * COF24VRDGCI) + CGF34VRDG d  5 *VRDG( I ) * C0F4 

14V R D G CI)*V R D G (I)4V R D G (I)
ISN 0069 V TO TA L( I ) = Z
ISN 0070 125 RSTRIPC1) = 1 .162
ISN 0071 RSTRIPC2) = 1 .1 6 4
ISN 0072 RSTRIPC3) = 1 .1 6 3
ISN 0073 R STRIP{4) = 1 .160
ISN 0074 R S T R IP (5 ) = 1 .1 5 0
ISN 0075 RSTRIPC6) = 1 .1 6 0
ISN 0076 R S TR IP (7 ) = 1 .1 5 5
ISN 0077 R S TR IP (8 ) = 1 .1 6 3
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E V E L 2 ( NOV 7 2 1 M AIN O S Z 3 6 O  FO R TR A N  H EX T E N D E D

IS N 0 0 7 8 R S T R I P I 9 )  = 1 .1 6 6
ISN 0 0 7 9 R S T R I P I 10) = 1 .1 7 8
IS N 0 0 8 0 R T O T A L I 1 )  = 2 .7 5 2
IS N 0081 R T O T A L I 2 )  = 2 .7 6 1
ISN 0 0 8 2 R T O T A L 13) = 2 .7 3 9
IS N 0 0 8 3 R T O T A L  14) = 2 .7 5 0
ISN 0 08 4 R T 0 T A L I 5 )  = 2 . 7 5 0
ISN 0 0 8 5 R T O T A L C 6 )  = 2 .7 6 8
I SN 0 0 8 6 R T O T A L I 7 )  = 2 . 7 3 4
ISN 0 0 8 7 R T 0 T A L 1 8 )  = 2 .7 9 1
IS N 0 0 8 8 R T O T A L  ( 9 )  = 2 .7 6 3
ISN 0 0 8 9 R T O T A L ! 10) = 2 . 7 9 9
ISN 0 0 9 0 A M P S <I ) = V T O T A L ( I ) Z R T O T A L ( I )
I SN 0091 W A T T S !1) = R S T R I P I ! )  * A M P S !I )  * A M P S !I )
ISN 0 0 9 2 Q B T U H R II)  = 3 .4 1 3  * W A T T S !I )
IS N 0 0 9 3 Q F L U X I I ) = Q B T U H R !I l/ A S E G F T
ISN 0 0 9 4 T T C ! I )  = 3 2 .5 2 3 3 5 5  + 4 5 . 5 3 1 5 1 O * M V !I ) -  0 . 8  20 3 1 8*M VI I 1 

1 *MV <I )
I S N 009 5 T W A L L I 1 )  = T T C I I )  -  !Q B T U H R !I )  * G RO U P4)
ISN 0 0 9 6 T F I L M I I )  = (T B U L K  + TW A LL11 11Z 2 . 0
IS N 0 0 9 7 D E L T ! I )  = T W A L L !I )  -  T B U LK
ISN 0 0 9 8 H X ! I )  = Q F L U X 1 1 1 Z I T W A L L !I )  -  T B U L K )
ISN 0 0 9 9 I F I C O D E  . E Q .  1) GO TO 101
I SN 0101 I F t C O D E  . E Q .  2 )  GO TO  1 0 2
IS N 0 1 0 3 I F I C O D E  . E Q .  3 )  GO TO 10 3
ISN 0 1 0 5

C 
c 
c

I F I C O D E  . E Q .  4 )  GO TO 104

* *  P H Y S I C A L  P R O P ER T Y  E X P R E S S IO N S  FO R 3 8 . 0  X C S Z S S  SO L * *

IS N 0 1 0 7 101 C C X = C O N C E N Z 1 0 0 .
IS N 0 1 0 8 DENI 1 1 = 6 2 .4 2 7 9 6 1 * 1 1 • 2 4 * C C X + 1 • 2 3 * I 1•—C C X )1
I SN 01 09 T K l = 0 . 7 3 * 1 0 .3 5 8 + 0 .0 0 0 0 6 4 3 * T F I L M I  I ) - 0 .0 0 0 0 0 0 0 1 1  * 

1 T F I L M I I ) * * 2 . 0 )
IS N 0 1 1 0 T K 2 = 0 .0 107
ISN 01 1 1 TH ERM KI I 1= TKI * 12 • 0 * T K l+ T K 2 —2 . 0 * C C X * I T K 1—T K 2 ) )Z  

1 1 2 .O * T K 1 + T K 2 + C C X * !T K 1 - T K 2 ) 1
I SN 0 1 1 2 B E T A  I I 1=11 . - C C X 1 * 0 .0 0 0 2 1 4 * I 1 .+ 0 .0 0 0 1 5 6 * T F I L M I  I ) + 

1 0 . 0 0 0 0 0 0 5 4 2 * T F I L M I I ) * * 2 . 1 + C C X * 0 .0 0 1 1 8 0 * 1 1 .+ 0 .0 0 0 2 1 4 *  
2 T F I L M I I 1 )

IS N 0 1 1 3 S P H T I I 1 = 1 1 . 0 3 8 * I 1 . - C C X 1 + 0 .4  4 1 * C C X ) Z I 1 .2 3 0 * 1 1 . - C C X )  
1 + 1 .2 4 * C C X )

I SN 0 1 1 4 N IN D E X I I >-1 .0 3 9 2 5 5 2 6  + 0 .0 0 4 2 8 7 4 5 * T F I L M I  I 1 -
1 0 . 0 0 0 0 3 0 1 6 * T F I L M I I ) * * 2 .0

IS N 0 1 1 5 V I I 1 = - 0 . 2 8 8 6 8 0 1 9 - 0 . 0 0 6 9 1 1 3 6 * T F I L M t 1 1 -
1 0 . 0 0 0 0 3 4 9 3 * T F I L M lI ) * * 2 . 0

ISN 0 1 16 V I S I  I 1 = E X P I  VI I ) )
IS N 01 17 K I N D E X I I )  = V I S I I )  * 1 3 6 0 0 .0  * * t 2 . 0 - N I N D E X t I ) ) 1
ISN 0 1 1 8

c 
c 
c

GO TO 1 1 0

♦ ♦  P H Y S I C A L  P R O P ER T Y  E X P R E S S IO N S  FOR 3 9 . 0  X C S Z S S  SOL **

IS N 0 1 1 9 102 C C X = C O N C E N Z 1 0 0 .
IS N 0 1 2 0 D EN I I ) = 6 2 .4  27 9 6 1  * I 1 .2 4 * C C X  + 1 . 2 3 * 1 1 . - C C X ) )
IS N 0121 T K l = 0 . 7 3 * 1 0 .3 5 8 + 0 . 0 0 0 0 6 4 3 * T F I L M I I > - 0 .0 0 0 0 0 0 0 1 1 *  

1 T F I L M I I ) * * 2 . 0 )
IS N 0 1 2 2 T K 2 = 0 . 0 1 0 7
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E V E L 2 ( NOV 7 2 ) M A IN  O S /3 6 0  FO R TR A N  H E X T E N D E D

IS N 0 1 2 3 T H E R M K ( I ) = T K 1 * ( 2 . O * T K 1 + T K 2 - 2 • 0 * C C X * { T K 1 - T K 2 ) 1 /  
l ( 2 . 0 * T K l + T K 2 + C C X * ( T K l - T K 2 1 )

I  SN 0 1 2 4 B E T A ( I 1  =  (1  . - C C X 1 * 0 . 0 0 0 2 1 4 * (  1 . + 0 . 0 0 0 1 5 6 * T F I L M (  I ) + 
1 0 . 0 0 0 0 0 0 5 4 2 * T F I L M ( 1 1 * * 2 . ) + C C X * 0 . 0 0 1 1 8 0 * ( 1 . + 0 . 0 0 0 2 1 4 *  
2 T F I L M I I 1 )

I  SN 0 1 2 5 S P H T ( 1 1 =  ( 1 . 0 3 8 * ( I . - C C X ) + 0 . 4 4 1 * C C X ) / ( 1 . 2 3 0 * ( 1 . - C C X ) 
1 + 1 . 2 4 * C C X )

IS N 0 1 2 6 N I N D E X ( I  1 =  1 . 4 0 2 4 1 8 6 4 - 0 . 0 0 2 8 4 3 6 3 * T F I L M ( I  1 +
1 0 . 0 0 0 0 0 9 9 * T F I L M ( I  ) * * 2 . 0

IS N 0 1 2 7 V ( I  1 = 0 . 1 3 0 8 8 3 3 1 - 0 . 0 1 3 8 2 2 7 3 * T F I L M ( I  1 +
1 0 . 0 0 0 0 1 3 5 8 * T F I L M ( I ) * * 2 . 0

IS N 0 1 2 8 V I S ( I ) =  E X P ( V (  I  1 5
I  SN 0 1 2 9 K I N D E X d l  =  V I S ( I )  ♦  ( 3 6 0 0 . 0  ♦ * ( 2 . 0 - N I N D E X ( I  1 ) J
IS N 0 1 3 0

C
GO TO  1 1 0

C * ♦  P H Y S IC A L  P R O P E R TY  E X P R E S S IO N S  FOR 4 1 . 0  % C S /S S  SO L * ♦
C

IS N 0 1 3 1 1 0 3  C C X = C O N C E N /1 O O .
IS N 0 1 3 2 D E N ( I 1 = 6 2 . 4 2 7 9 6 1 * ( 1 . 2 4 * C C X + 1 . 2 3 * ( 1 . - C C X 11
IS N 0 1 3 3 T K l  =  0 . 7 3 * ( 0 . 3 5 8 + 0 . 0 0 0 0 6 4 3 * T F I L M ( I  1 - 0 . 0 0 0 0 0 0 0 1 1 *

I T F I L M d  1 * * 2 . 0 }
IS N 0 1 3 4 T K 2 = 0 . 0 1 0 7
IS N 0 1 3 5 T H E R M K C I ) = T K l * ( 2 . 0 * T K l + T K 2 - 2 . 0 * C C X * ( T K l - T K 2 ) 1 /  

1 ( 2 . 0 * T K l + T K 2 + C C X * ( T K l - T K 2 ) 1
IS N 0 1 3 6 B E T A ( I ) =  ( 1 . - C C X ) * 0 . 0 0 0 2 1 4 * ( 1 . + 0 . 0 0 0 1 5 6 * T F I L M  ( 11 +

1 0 . 0 0 0 0 0 0 5 4 2 * T F I L M ( I  1 * * 2 . ) + C C X * 0 . 0 0 1 1 8 0 * {  1 . + 0 . 0 0 0 2 1 4 *  
2 T F I L M ( I 11

IS N 0 1 3 7 S P H T d ) = ( 1 . 0 3 8 * ( 1 . - C C X ) + 0 . 4 4 1 * C C X ) / ( 1 . 2 3 0 * < l . - C C X )  
1 + 1 . 2 4 * C C X )

IS N 0 1 3 8 N I N D E X d 1 = 1 . 4 0 1 1 8 9 4 0 + 0 . 0 0 0 6 4 9 9 2 * T F I L M (  I 1 -
1 0 . 0 0  0 0 1 0 0 6 * T F I L M ( I  1 * * 2 . 0

IS N 0 1 3 9 V d 1 = 0 .  1 5 9 8 1 9 8 —0 . 0 0  7 5 6 1 0 6 * T F I L M ( 1 1 -
1 0 . 0 0 0 0 1 5 8 9 * T F I L M ( 1 1 * * 2 . 0

IS N 0 1 4 0 V I S ( I  1 =  E X P ( V ( I  1 1
IS N 0 141 K I N D E X ( I )  =  V I S ( I 1  *  ( 3 6 0 0 . 0  * * ( 2 . 0 - N I N D E X ( I  111
IS N 0 1 4 2

C
GO TO  1 1 0

c * *  P H Y S IC A L  P R O P E R T Y  E X P R E S S IO N S  FO R  4 2 . 0  X C S /S S  SO L * *
c

IS N 0 1 4 3 1 0 4  C C X = C 0 N C E N /1 0 0 .
IS N 0 1 4 4 D E N ( I ) = 6 2 . 4 2 7 9 6 1 * (  1 . 2 4 * C C X +  1 . 2 3 * ( l . - C C X ) )
I  SN 0 1 4 5 T K 1 = O .7 3 * ( 0 . 3 5 8 + 0 . 0 0 0 0 6 4 3 * T F I L M ( 1 1 - 0 . 0 0 0  0 0  0 0 1  1 *

1 T F I L M ( I  1 * * 2 . 0 )
IS N 0 1 4 6 T K 2 = 0 . 0 1 0 7
I  SN 0 1 4 7 T H E R M K ( 1 l = T K l * ( 2 . 0 * T K l + T K 2 - 2 . 0 * C C X * ( T K l - T K 2 >  1 /  

1 ( 2 . 0 * T K 1 + T K 2 + C C X * ( T K 1 - T K 2 11
I  SN 0 1 4 8 B E T A ( I  1 =  (1  . - C C X 1 * 0 . 0 0 0 2 1 4 * (  I . + 0 . 0 0 0 1 5 6 * T F I L M ( I  1 +

1 0 . 0 0 0 0  0 0 5 4 2 * T F I L M ( I  1 * * 2 . ) + C C X * O . 0 0 1 1 8 0 * ( 1 . + 0 . 0 0 0 2 1 4 *
2 T F I L M ( I  11

I  SN 0 1 4 9 S P H T ( I  1 = ( 1 . 0 3  8 * ( I . - C C X 1 + 0 . 4  4 1 * C C X ) / (  1 . 2 3 0 * (  1 . - C C X  1 
1 + 1 . 2 4 * C C X )

I  SN 0 1 5 0 N IN D E X ( 1 1  =  1 . 5 4 7 1 5 1 4  6 - 0 . 0  0 1 6  4 8 1 2 * T F I L M {  I  1 +
1 0 . 0 0 0 0 0 4 7 5 * T F I L M ( I l * * 2 . 0

IS N 0 1 5 1 V ( I  1 = 0 . 1 4 6 5 2 6 7 7 - 0 . 0 0 4 3 2 1 6 1 * T F I L M ( 1 1 -
1 0 . 0 0 0 0 2 9 7 4 * T F I L M { I l * * 2 . 0

IS N 0 1 5 2 V I S (  I  1 =  E X P (  V ( I  1 1
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E V E L 2  ( NOV 7 2  ) M A IN  C S /3 6 0  FO R TR A N  H E X T E N D E D

IS N 0 1 5 3 K I N D E X ( I )  =  V I S ( I )  *  ( 3 6 0 0 . 0  ♦ * ! 2 . 0 - N I N D E X ! I ) ) )
IS N 0 1 5 4 GO TO 1 1 0

C

IS N 0 1 5 5
c

1 1 0  N U X ( I )  =  ( H X ( I )  ♦ L A C R F T ) / T H E R M K ( I )
I  SN 0 1 5 6 N U X D ( I )  =  ( H X ( I )  *  D O D F T J /T H E R M K ! I )
IS N 0 1 5 7 C l  =  ! D E N ! I  ) / K I N D E X (  I ) ) * * 2 . 0
IS N 0 1 5 8 C 2  =  ( ( L A C R F T )  * * ( N I N D E X ( I )  +  2 . 0 > )
IS N 0 1 5 9 C 3  =  G C O N ST ♦  B E T A ! I )  *  ( T W A L L ( I )  -  T B U L K )
IS N 0 1 6 0 C 4 =  C 3  * * ( 2 . 0  -  N I N D E X ( D )
I SN 0 1 6 1 N G R ( I )  =  C l  ♦  C2 *  C4
IS N 0 1 6 2 N G R D ( I )  =  N G R ( I )  *  ! ID O D F T /L A C R F T ) * * ! N IN D E X I  I ) +  2 . 0 ) )
IS N 0 1 6 3 N G R D K ( I )  =  C l ♦  GCONST *  B E T A ( I )  ♦  ( D O D F T * * 3 . O )  *

K T W A L L ( I )  - T B U L K )
IS N 0 1 6 4 C 5  =  ( D E N ( I )  *  S P H T ( I ) ) / T H E R M K ( I )
IS N 0 1 6 5 C 6  =  K IN D E X ( I ) / D E N ! I )
IS N 0 1 6 6 C 7  =  2 . 0 / 1 N I N D E X ! I ) + 1 . 0 )
IS N 0 1 6 7 C 8  =  C 6 ♦ *  C7
IS N 0 1 6 8 C 9  =  ( 1 . 0  -  N IN D E X ( I  ) ) / ( 1  . 0  +  N I N D E X ( D )
IS N 0 1 6 9 C IO  =  L A C R F T  * *  C 9
IS N 0 1 7 0 C D 1 0  =  DO D FT * *  C 9
IS N 0 1 7 1 C l l  =  ( 3 . 0  * ( N I N D E X ( I )  -  1 . 0 )  ) / ( 2 ,  0 * ( l  . 0  + N I N D E X ( I ) ) )
IS N 0 1 7 2 C 1 2  =  (L A C R F T  ♦  C 3 ) * *  C l l
IS N 0 1 7 3 C D 1 2  =  (D O D F T  *  0 3 )  * *  C l l
IS N 0 1 7 4 N P R ( I )  =  C 5 *  C 8  *  C IO  *  C 1 2
IS N 0 1 7 5 N P R D ( I )  =  C 5 * C 8 * C D 1 0 * C D 1 2
IS N 0 1 7 6 N P R K ( I )  =  S P H T ( I )  *  K IN D E X ( I J /T H E R M K ( I )
IS N 0 1 7 7 N G R P R ( I )  =  N P R ( I )  *  N G R ( I )
I S N 0 1  78 C 1 3  =  1 . 0 / ( 2 . 0  *  ( N I N D E X ! I )  +  1 . 0 ) )
IS N 0 1 7 9 C 1 4  =  N I N D E X ( I ) / ( 3 . 0  * N I N D E X ( I )  + 1 . 0 )
IS N 0 1 8 0 N P R C 1 4 ( I )  =  N P R ( I )  * *  C 1 4
IS N 0 1 8 1 N P R D 1 4 ( I )  =  N P R D ( I )  * *  C 1 4
IS N 0 1 8 2 N G R C 1 3 ( I )  =  N G R ( l )  * *  C 1 3
IS N 0 1 8 3 N G R D 1 3 ( I )  =  N G R D ( I )  ♦ *  C 13
IS N 0 1 8 4 N G P R O D ( I )  =  N P R C 1 4 ( I )  *  N G R C 1 3 ( I )
I  SN 01 8 5 N G P D ( I )  =  N P R D 1 4 ( I )  *  N G R D 1 3 (T )
IS N 0 1 8 6 N U G R P R ( I )  =  N U X ( I ) / N G P R O D ( I )
IS N 0 1 8 7 A N G L E ! I )  =  9  * ( ( 2 * I )  -  1 )
IS N 0 1 8 8 N O ( I ) =  I
IS N 0 1 8 9 T H E T A ( I )  =  - 0 . 4 9 5 3 8 4 7 6  -  0 . 0 4 6 4 5 5 4 9 * N I N D E X ( I ) +

1 0 . 0 0 1 5 3 8 3 0 * N T N D E X ( I ) * N I N D E X ( I )
IS N 0 1 9 0 F A C R ( I )  =  2 . 2 9 3 4 9 9 8 2  -  2 . 2 0 1 7 2 6 9 4 * N I N D E X ( I ) +

1 0 . 9 2 5 7 6 6 9 5 * N I N D E X ! I ) * N I N D E X ! I )
I  SN 0 1 9 1 S =  5 . 0 / ( 3 . 0 * N I N D E X ! I ) )
IS N 01 9 2 B =  0 . 3 0
IS N 0 1 9 3 C =  ! S * * N I N D E X ( I ) )
I  SN 0 1 9 4 E =  2 . 0
IS N 0 1 9 5 C 2 5  =  1 . 0 / S
I  SN 0 1 9 6 C 2 6  =  1 . 0 / ( S * * 2 . 0 )
IS N 0 1 9 7 C 2 7  =  1 . 0 / ( S * * 3 . 0 )
IS N 0 1 9 8 C 2 8  =  1 . 0 / ! S * * 4 . 0 )
I  SN 0 1 9 9 C 2 9  =  1 . 0 / ! S * * 5 . 0 )
IS N 0 2 0 0 CGR1 =  C 2 5  -  4 . 0 * C 2 6  + 4 8 . 0 * C 2 8  -  1 2 0 . * C 2 9
I  SN 0 2 0 1 C G R 2 =  C 2 7  + 6 . 0 * C 2 8  + 1 0 . 0 * C 2 9
IS N 0 2 0 2 C 3 0  =  E X P ( S )
IS N 0 2 0 3 C 3 1  =  1 2 . 0 / C 3 0
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EVEL

IS N  
IS N  
ISN  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
I SN  
ISN  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
ISN  
IS N

IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
ISN  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
ISN
IS N

2  I NOV 7 2  ) MAIN O S /3 6 0  FORTRAN H EXTENDED

IS N  
IS N
I SN 
IS N  
IS N  
IS N

0 2 0 4  
0 2  0 5  
0 2 0 6  
0 2 0 7  
0 2 0 8  
0 2 0 9  
0 2 1  0 
0 2 1 2  
0 2 1 3  
0 2 1 4  
0 2 1 5  
0 2 1 6  
0 2 1 7  
0 2 1 8  
0 2 1 9  
0 2 2 0  
0 2 2 1  
0 2 2 2  
0 2 2 3  
0 2 2 4  
0 2 2 5  
0 2 2 6  
0 2 2 7  
0 2 2 8  
0 2 2 9  
0 2 3 0  
0 2 3 1

0 2 3 2  
0 2 3 3
0 2 3 4  
0 2 3 5
0 2 3 6  
0 2 3 7  
0 2 3  8  
0 2 3 9  
0 2 4 0  
0 2 4 1
0 2 4 2  
0 2 4 3  
0 2 4 4  
0 2 4 5  
0 2 4 6  
0 2 4 7  
0 2 4 8  
0 2 4 9  
0 2 5 0

0 2 5 1
0 2 5 2  
0 2 5 3
0 2 5 4  
0 2 5 5  
0 2 5 6

D =  CGR1 4- C 31*C G R 2
CGR3 = ( N I N D E X ( D )  Z ( 3 . 0 *NINDEX I I ) + 1 . 0 )
CGR4 =  ! 2 . 0 * N I N D E X (I )  + 1 . 0 ) Z ( 3 . 0 * N IN D E X ( I ) f  1 . 0 )  
CGR5 =  CGR4 * *  CGR3 
CGR6 ~  i . 0 Z ! 3 . 0 * N I N D E X ! I ) + 1 . 0 )  
C N ( I )  =  E ♦ ! ! B Z C )* * C G R 6 ) *  ( ( O / E ) n C G R 3 )  

1 2 0  IF (C A S E .E Q <  1 ) GO TO 2 0
D 1 = (D E N ( I ) ZKI NDEX( I ) ) W . 0
D 2~L A C R F T ** 4 . 0
D 3 = G C 0 N S T * B E T A (I)* Q F L U X !D Z T H E R M K !!)
D 4 = O 3 * * ( 2 . O -N IN D E X C I) )
N G R 2 ! I ) = D 1 * 0 2 * 0 4
N G R D 2 ! I )~ N G R 2 (I ) * ( IDOOFTZLACRFT) * * 4 • 0 )
D 5 = D E N !I )* S P H T (I 1 Z T H E R M K !I )
D 6 ~ K I N D E X (I ) Z D E N ( I )
D 7 = 2 .0 Z (N I N D E X (  D + 1 . 0 )
D 8 ~ D 6 * * D 7
D 9 = ! 2 .  O M N I N D E X ! I ) - l . 0 ) ) Z ( 1 .O + N I N D E X ( l ) )  
D 1 0= L A C R F T **D 9
D O I0 ~ D 0 D F T * * D 9
D l l - ( 3 .  0 * ! N IN D E X ! I ) —1 . 0  ) ) /  ! 2 .  0 * {  U O +N IN D E X C  I ) ) ) 
D 1 2 ~ O 3 * * D 1 1
N P R 2 ( I ) = D 5 * D 8 * D 1 0 * D 1 2
N P R D 2 I I ) = D 5 * D 8 * 0 D 1 0 * 0 1 2
N P R K 2 !I )= S P H T ! D * * K I N D E X ( IIZ T H E R M K !I3
N G R P R 2 I I ) ~ N P R 2 ( I ) * N G R 2 { I )
D 1 3 = ( 3 . 0 * N I N 0 E X ! I ) + l . 0 ) Z ( 2  • 0 * ! N IN D E X ! I ) + 1 . 0 ) *  

lO s O ^ N I N D E X f l  ) + 2 . 0 ) )
D 1 4 = N IN D E X ( l ) Z ! 3 .0 * N I N D E X < I  1 + 2 . 0 )
P R C 2 1 4 !  I ) = N P R 2 ! I ) * * 0 1 4
P R D 2 1 4 ! I ) - N P R 0 2 ( I ) * * D 1 4
G R C 2 1 3 ( I J - N C R 2 ! I ) * * D 1 3
G R D 2 1 3 ! I ) = N G R D 2 ! I ) * * D 1 3
G P R 0 D 2 ! I ) = P R C 2 1 4 ( I ) * G R C 2 1 3 ! I )
N G P D 2( I ) - P R C 2 1 4 ( I ) * G R D 2 1 3 ( I )
U G R P R 2 ! I )= N U X !I ) Z G P R 0 D 2 !I ) 

1 3 0  0 G R 3 -C N I N D E X !I > ) Z ! 3 . 0 *N IN O E X ( 1 1 + 2 . 0 )
D G R 4 = ( 2 .0 * N I N D E X ! I ) + 2 . 0 ) Z < 3 . 0 * N IN D E X ( I 1 + 2 * 0 )
D G R 5=D G R 4**C G R 3
D G R 6 - 1 .0 Z ( 3 .0 * N I N D E X !  I ) + 2 . 0 )
D G R 7 = 2 .0 * N I N O E X ! I ) + l . 0
D G R 8=E **D G R 7
D G R 9 -N I N D E X !I )
DGR1O=O**OGR9
KN! I ) = D G R 5 * ( ! S*D G R 1 0 *D G R 8Z C ) * * D G R 6 )
SUMKN=SUMKN+KN! I )

2 0  CONTINUE  
C 
c  * * * * *  AVERAGE PH YSICAL PROPERTY DETERM INATION * * * * *  
C

SUNK = 0 . 0
SUMDEN =  0 . 0
SUMBET -  0 . 0
S U M S P H = 0 .0
SUMN -  0 . 0
SUMKIN = 0 . 0
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E V E L 2  ( NOV 7 2  ) M A IN  0 S / 3 6 0  F O R TR A N  H E X T E N D E D

I  SN 0 2 5 7 SU M THE = 0 . 0
IS N 0 2 5 8 SUM FAC = 0 . 0
IS N 0 2 5 9 SUMCN = 0 . 0
IS N 0 2 6 0 DO 6 8  1 = 1 . 1 0
IS N 0 2 6 1 SUMK =  SUMK + T H E R M K ( I )
IS N 0 2 6 2 SUMOEN =  SUM DEN + D E N I I )
IS N 0 2 6 3 SUM BET =  SUM BET + B E T A ! I )
IS N 0 2 6 4 S U M S P H = S U M S P H + S P H T (I)
IS N 0 2 6 5 SUMN =  SUMN +  N I N D E X ( I )
IS N 0 2 6 6 S U M K IN  =  S U M K IN  + K I N D E X ( I )
IS N 0 2 6 7 SU M TH E =  SU M TH E +  T H E T A ( I )
IS N 0 2 6 8 SUMFAC =  SUM FAC + F A C R ( I )
IS N 0 2 6 9 SUMCN =  SUMCN +  C N ! I )
IS N 0 2 7 0 6 8  C O N T IN U E
IS N 0 2 7 1 KAVG =  S U M K /1 0 .0
IS N 0 2 7 2 DEN A VG  =  S U M D E N /1 0 . 0
IS N 0 2 7 3 B E TA V G  =  S U M B E T /1 0 .0
IS N 0 2 7 4 S P H A V G = S U M S P H /1  0 .
IS N 0 2 7 5 NAVG =  SUMN Z 1 0 . 0
IS N 0 2 7 6 K IN A V G  =  S U M K I N / 1 0 . 0
IS N 0 2 7 7 TH E A V G  =  S U M T H E /1 0 .0
IS N 0 2 7 8 FA C A V G  =  3 U M F A C / 1 0 .0
IS N 0 2 7 9 CNAVG =  S U M C N /1 0 .0
IS N 0 2 8 0 I F ( C A S E . E O . 1 )  GO TO  6 9
IS N 0 2 8 2 K N A V G = S U M K N /1  0 .

C
C * * * * *  W R IT E  O U TP U T S T A T E M E N T S  * * * * *
C

IS N 0 2 6 3 6 9  W R I T E ( 6 , 2 )
IS N 0 2 8 4 2  F O R M A T ( 1 H 1 , / / / / ,  2 1 X ,  ’ LO C A L F R E E  C O N V E C T IO N  F R O M ’ ,

1 1 X ,  ’ H O R IZ O N T A L  CYL IN D E R • / 3 5 X , • TO  P O W ER -LA W  F L U I D S ’ / )
IS N 0 2 8 5 I F ( C A S E . E Q . 2 )  GO T O  2 2 2
IS N 0 2 8 7 W R IT E  ( 6 , 4 )  RUN
IS N 0 2 8 8 4  F O R M A T ( 3 1 X , ’ RUN ’ , 1 3 , ’ IS O T H E R M A L  C A S E ’ / / )
IS N 0 2 8 9 GO TO 3 3 3
IS N 0 2 9 0 2 2 2  W R I T E ( 6 , 4 4 )  RUN
IS N 0 2 9 1 4 4  F O R M A T (3 1 X , ’ RUN ’ , 1 3 , ’  C O N S T A N T  F L U X  C A S E ’ / / )
IS N 0 2 9 2 3 3 3  W R IT E  ( 6 , 6 )
IS N 0 2 9 3 6  F 0 R M A T I 3 1 X , * * * * * *  F L U ID  P R O P E R T IE S  * * * * * • / )
I  SN 0 2 9 4 W R I T E ( 6 , 8 )  C U N C E N , F L .  U , I D ,  SPH AVG
IS N 0 2 9 5 8  F O R M A T (1 6 X , ’ F L U ID  =  • , F 4 . 1 , 1 X , • X • , 1 X , 3 A 3 • 1 2 X ,

i ’ S P H E A T =  » ,  F 5 . 3 )
I  SN 0 2 9 6 W R I T E ( 6 , 2 2 )  T B U L K , B E TA VG
IS N 0 2 9 7 2 2  F O R M A T ( 1 6 X ,  ’ TB U LK  =  • , F 5 .  1 • 2 3 X  ,  • B E TA  =  » , F 7 . 5 )
IS N 0 2 9 8 W R I T E ( 6 , 2 4 )  D E N A V G , K IN A V G
IS N 0 2 9 9 2 4  F O R M A T ! 1 6 X ,  'D E N S IT Y  =  • , F 5 . 2 » 2 3 X ,  • K L B F T H R  =  ’ , F 7 . 2 )
IS N 0 3 0 0 W R I T E ( 6 , 2 6 )  K A V G , NAVG
IS N 0 3 0 1 2 6  F O R M A T !1 6 X , ’ THERMK =  ' ,  F 5 . 3 ,  2 3 X .  ’ N IN D E X  =  •»

1 F 5 . 3 / / )
I  SN 0 3 0 2 W R I T E ( 6 . 2 8 )
IS N 0 3 0 3 2 8  F O R M A T !2 6 X ,  • + * * ♦ *  R ED U CED  E X P E R IM E N T A L  D A TA  * * ♦ * ♦ ’ / )
IS N 0 3 0 4 W R I T E I 6 , 3 0 )
I  SN 0 3 0 5 3 0  F O R M A T H 6 X ,  * NQ ’ , I X ,  • A N G L E ’ ♦ 2 X ,  ’ N U X » , 3 X , ’ N U G P D ’

1 3 X ,  ’ H X ’ .  4 X ,  ’ Q F L U X ’ ,  3 X ,  ’ B T U H R * .  3 X ,  ’ T W A L L ’ ,  2 X ,
2 ’ D E L T  T • )

IS N 0 3 0 6 I F ! C A S E . E Q . 2 )  GO TO 9 3 8
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E V E L 2 ( NOV 7 2 ) M A IN  O S /3 6 0  FO R TR A N  H E X TE N D E D

IS N 0 3 0 8  . W R I T E ( 6 , 3 2 )  ( N O ( D *  A N G L E ( I ) ,  N U X ( I ) ,  N U G R P R ( I ) ,  
1 H X ( I ) ,  Q F L U X ( I ) *  Q B T U H R ( I ) ,  T W A L L C D t  D E L T C I )9  
2 1 = 1  , 1 0 )

IS N 0 3 0 9 3 2 F 0 R M A T ( 1 6 X ,  1 2 ,  I X ,  F 4 . O ,  2 X ,  F 5 . 2 ,  2 X ♦ F 5 . 3 ,  2 X ,  
1 F 5 . 1 ,  2 X ,  F 6 . 0 ,  2 X ,  F 5 . 1 ,  3 X *  F 5 . 1  ,  2 X ,  F 5 . 1 )

IS N 0 3 1 0 GO TO 1 4 0
IS N 0 3 1  i 9 3 8 W R I T E { 6 , 3 2 )  C N O ( I ) ,  A N G L E ( I ) ,  N U X C D *  U G R P R 2 C I ) ,  

1 H X ( I ) ,  Q F L U X ( I ) ,  Q B T U H R ( O t  T W A L L C I ) ,  D E L T ( I ) ,  
2 1 = 1 9 1 0 )

IS N 0 3 1 2 1 4 0 I F ( C A S E . E Q . 1 )  GO TO  1 4 1
IS N 0 3 1 4 W R IT E C 6 .3 5 )
IS N 0 3 1 5 3 5 F O R M A T ( / / , 2 1 X 9 * * * * * *  IN T E G R A L  S O L U T IO N S  FOR C O N S T A N T* 

1 1 X , * F L U X  * * * * * • / )
IS N 0 3 1 6 W R I T E ( 6 , 3 7 )
IS N 0 3 1 7 3  Z F O R M A T (4 1 X  9 • IN T E G R A L *  )
IS N 0 3 1 8 W R IT E ( 6 » 3 9 )  KNAVG
IS N 0 3 1 9 3 9 FO R M A T ( 4 0 X , ’ KN =  ’ ,  F 6 . 3 )
IS N 0 3 2 0 W R I T E ( 6 , 4 3 )
IS N 0 3 2 1 4 3 F O R M A T C / /2 6 X *  * N O * ♦ I X , * A N G L E * , 2 X ,  * N U X * ,3 X »  

1 ’ N U G P D * » 4 X i* H X *  * 4 X > * S H E A R * )
IS N 0 3 2 2 GO TO 1 4 2
IS N 0 3 2 3 1 4 1 W R IT E ! 6 , 3 4 )
I  SN 0 3 2 4 3 4 F O R M A T ! / / , 1 8 X , ’ * * * * *  S IM IL A R  ANO IN T E G R A L  S O L U T IO N S * , 

1 1 X , * F O R  IS O T H E R M A L  * * * * * • / )
IS N 0 3 2 5 W I T E ( 6 # 3 6 )
IS N 0 3 2 6 3 6 F 0 R M A T C 3 4 X , ’ A C R IV O S ’ ,  1 9 X ,  ’ IN T E G R A L * )
IS N 0 3 2 7 W R I T E { 6 , 3 8 )  T H E A V G , CNAVG
I  SN 0 3 2 8 3 8 F O R M A T O I X ,  ’ T H E T A = ’ ,  F 7 . 3 ,  1 5 X ,  * C N = * ,  F 6 . 3 )
IS N 0 3 2 9 W R IT E C 6 , 4 0 )  FA CA VG
IS N 0 3 3 0 4 0 F O R M A T (3 1 X ,  ’ FACR =  * ,  F 7 . 3 / )
I  SN 0 3 3 1 W R IT E ( 6 » 4 2 )
IS N 0 3 3 2

C 
C 
c

4 2 F O R M A T ( 1 6 X ,  » N O * ,  IX 9  ’ A N G L E * ,  2 X ,  * N U X * 9  3 X 9 
1 ’ N U G P D * , 4 X ,  • H X • ,  4 X 9  ’ S H E A R * ,  4 X ,  ’ N U X * ,  3 X 9 
2 * N U G P D * ,  4 X ,  * H X * )

* * * * * * *  S IM IL A R  AND IN T E G R A L  S O L U T IO N  R E S U L T S  * * * * * *

IS N 0 3 3 3 1 4 2 J = 1
IS N 0 3 3 4 ASUM =  0 . 0
IS N 0 3 3 5 A SU M 2 =  0 . 0
IS N 0 3 3 6 SUMANU =  0 . 0
I  SN 0 3 3 7 SUMSHR =  0 . 0
IS N 0 3 3 8 D EG R E E -  0 . 0
IS N 0 3 3 9 RAD =  0 . 0
IS N 0 3 4 0 SU M N U I = 0 . 0
IS N 0 3 4 1 D IV D E G  =  0 . 2 5
I  SN 0 3 4 2 D IV R A D  =  0 . 0 1 7 4 5  *  D IV D E G
IS N 0 3 4 3 D E LD E G  =  D I V D E G / 2 . 0
IS N 0 3 4 4 D E LR A D  =  D T V R A D /2 .0
IS N 0 3 4 5 1 5 0 I  =  J
IS N 0 3 4 6 A N G D E G ( I )  =  9 * ( ( 2 * I )  - 1 )
I  SN 0 3 4 7 C 1 5  =  ( 2 . 0  *  N I N D E X ( I )  *  1 . 0 ) / ( 3 . 0  *  N I N D E X ( I )  + 1 . 0 )
IS N 0 3 4 8 C 1 6  =  ( N I N D E X ( I ) ) / ( 3 . 0  *  N I N D E X ( I )  + 1 . 0 )
IS N 0 3 4 9 C 1 7  -  1 . 0 / C 2 . 0  *  N I N D E X ( I )  *  1 . 0 )
IS N 0 3 5 0 D 1 6 = N IN D E X (  I ) / ( 3 . 0 * N IN D E X ( I  ) * 2 . 0  )
IS N 0 3 5 1 D I  7 = 1 . 0 / ( 2 .  O * N IN D E X (  D + 2 . 0 )
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E V E L 2  ( NOV 7 2  ) M A IN  O S /3 6 0  FO R TR A N  H E X T E N D E D

IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N

0 3 5 2  C 1 8  =  ( 3 . 0  *  N I N D E X ( I )  + 1 . 0 ) 7 ( 2 . 0  *  N I N D E X ( I )  + 1 . 0 )
0 3 5 3  C 1 9  =  1 . 0 7 ( 3 . 0  *  N I N D E X ( I )  + 1 . 0 )
0 3 5 4  C 2 0  =  C 1 8  ♦  *  C 1 9
0 3 5 5  C 2 1  =  1 . 0 7 ( 2 . 0  # ( N I N D E X ( I )  +  1 . 0 ) )
0 3 5 6  C 2 2  =  2 . 0 7 ( 2 . 0  *  N I N D E X ( I )  +  1 . 0 )
0 3 5 7  C 2 3 ~ ( 3 2 . 2 * L A C R F T * B E T A ( I ) ^ ( T ^ A L L ( D - T B U L K ) ) * * 0 . 5
0 3 5 8  C 2 4  =  C 1 5  * *  C 1 6
0 3 5 9  C 3 2  =  2 . 0  * *  ( N IN D E X ( I ) 7 ( 2 . 0 * ( N IN D E X ( I ) + 1 . 0 ) ) )
0 3 6 0  NUMBER =  I

C 
c  * * * * *  N U M E R IC A L  IN T E G R A T IO N  B Y  S IM P S O N S  R U LE  * * * * *
C 
C V A R IA B L E S :  H = D E L R A D , A - ( H 7 3 ) * ( F 1  + 4 F 2  + F 3 )

IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
I  SN 
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N

0 3 6 1  1 6 0  D E G R E E =  DEG REE + D IV D E G
0 3 6 2  RAD =  R AD  ♦  D IV R A D
0 3 6 3  I F I R A D  . G T .  D IV R A D )  GO TO  1 9 0
0 3 6 5  F U N 1 =  0 . 0
0 3 6 6  GO TO  1 9 2
0 3 6 7  1 9 0  F U N 1  =  ( S IN I R A D  -  D IV R A D ) ) *  * C  1 7
0 3 6 8  1 9 2  F U N 2  =  ( S I N I R A D  -  O E L R A D ) ) 4 * C 1 7
0 3 6 9  F U N 3  =  I  S I  N IR A D ) )  * * C 1  7
0 3 7 0  AR EA =  I D E L R A D / 3 . 0 ) * IF U N  1 + 4 . 0 * F U N 2  +  F U N 3 )
0 3 7 1  ASUM  =  ASUM + AR EA
0 3 7 2  F U N 1 2  =  ( S I N ( R A D - D I V R A D ) ) * * D 1 7
0 3 7 3  F U N 2 2  =  IS  IN IR A D - D E L R A D ) ) 4 * D 1 7
0 3 7 4  F U N 3 2  =  I  S I  N I R A D ) ) * * D 1  7
0 3 7 5  A R E A 2  =  ( D E L R A D /3 • 0 ) * (F U N 1 2 + 4 . 0 * F U N 2 2 + F U N 3 2 )
0 3 7 6  AS U M 2 =  A S U M 2 + A R E A 2
0 3 7 7  IF ID E G R E E  .  E Q . A N G D E G ( D )  GO TO 1 7 0
0 3 7 9  GO T O  1 6 0
0 3 8 0  1 7 0  F U N 4  =  F U N 3 / I A S U M * * C 1 6 )
0 3 8 1  F U N 4 2  =  F U N 3 2 / I A S U M 2 * * D 1 6 )
0 3 8 2  F U N 5  =  I S I N  IR A D ) * * C 2 2 ) *  IA S U M * * C 1 9 )
0 3 8 3  F U N S H R  =  I C 2 0  *  C 2 3  4  IN G R ( I ) * * C 2 1 > *  F U N 5 ) /

1 ( L A C R F T * ( N P R ( D 4 4 C 1 9 ) )  
C 
c  ------------  A C R IV C S  Q U A N T IT IE S  ------------

I  SN 
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N

0 3 8 4  1 6 1  NUGPAC =  I - C 2 4 )  *  F U N 4 *  T H E T A I I )
0 3 8 5  N U XAC R  =  NUG PAC *  N G P R O D 1 1 )
0 3 8 6  NU XAC D  =  NUG PAC *  N G P D I 1 )
0 3 8 7  H X A C R  =  ( T H E R M K ! I )  *  N U X A C R )/L A C R F T
0 3 8 8  H X A C D  =  N U XAC D  *  T H E R M K ( I ) /D O D F T
0 3 8 9  SHRACR =  F U N S H R  *  F A C R I I )
0 3 9 0  SUM ANU =  SUM ANU + N U XACD
0 3 9 1  SUM SHR =  SUMSHR + SH RACR
0 3 9 2  I F t C A S E . G T . 1 )  GO TO 1 7 1

C 
C ------- -----IS O T H E R M A L  IN T E G R A L  S O L U T IO N  -------------

IS N  
I SN 
IS N  
IS N  
I  SN

0 3 9 4  3 0 0  N U G P IN  =  C 2 4  ♦  F U N 4  *  C N ( I )
0 3 9 5  N U X IN T  =  N U G P IN  ♦  N G P R O O II)
0 3 9 6  H B A R IN  = ( N U X IN T  *  T H E R M K ( I ) ) /L A C R F T
0 3 9 7  S U M N U I =  S U M N U I + N U X IN T
0 3 9 8  W R I T E ( 6 , 5 2 )  N U M B E R , D E G R E E , N U X A C R , N U G P A C , H X A C R ,

1 S H R A C R , N U X IN T ,  N U G P IN , H B A R IN
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E V E L 2  ( NOV 7 2 ) M A IN  0 S / 3 6 0  FO R TR A N  H EX T F N D E D

IS N

IS N

IS N  
IS N  
IS N  
IS N  
I  SN

0 3 9 9

0 4 0 0

0 4 0 1
0 4 0 2
0 4 0 3
0 4 0 4
0 4 0 5

C 
C

5 2

1 7 1

FORM A T I 1 6 X *  12  * I X *  F 4 . 0 *  2 X *  F 5 . 2 *  2 X *  F 5 . 3  
1 F 5 . G  2 X *  F 6 . 3 *  3 X *  F 5 . 2 *  2 X *  F 5 . 3 *  2 X *  F 5 .

GO TO 1 7 2

------------ C O N STA N T F L U X  IN T E G R A T IO N  S O L U T IO N ----------  
U G P IN 2  =  F U N 4 2 * K N ( I )  
U X IN T 2 = U G P IN 2 * G P R 0 0 2 ( I }
B A R I N 2 = ( U X IN T 2 * T H E R M K { I ) J /L A C R F T
S U M N U I =  S U M N U I + U X IN T 2
W R IT E ( 6 , 5 3 )  N U M B E R ,D E G R E E ,U X IN T 2 ,U G P IN 2 ,B A R

• 2 X ,  
1 )

IN 2 *  SHRACR
IS N

IS N  
IS N  
IS N

IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
I  SN 
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
IS N  
I  SN  
IS N  
I  SN 
I  SN 
IS N  
IS N

0 4 0 6

0 4 0 7  
0 4 0 9  
0 4 1 0

0 4 1  1 
0 4 1 2  
0 4 1 3  
0 4 1 4
0 4 1 5  
0 4 1 6  
0 4 1 8  
0 4 1 9
0 4 2 0
0 4 2 1
0 4 2 2  
0 4 2 3  
0 4 2 4  
0 4 2 5
0 4 2 6  
0 4 2 7  
0 4 2 8  
0 4 2 9
0 4 3 0
0 4 3 1
0 4 3 2
0 4 3 3
0 4 3 4
0 4 3 5  
0 4 3 6  
0 4 3 7  
0 4 3 8
0 4 3 9  
0 4 4  0 
0 4 4 1  
0 4 4 2
0 4 4 3  
0 4 4 4  
0 4 4 5

C

C 
C
C

5 3

1 7 2

1 8 0

2 0 0

1 8 1

2 0 3
2 0 1

F O R M A T ! 2 6 X » I 2 * l X * F 4 . 0 * 2 X * F 5 . 2 • 2 X * F 5 * 3  * 2 X * F 5

IF C D E G R E E .G E .1 7 1 < 0 )  GO TO  1 8 0  
J  ~  J + 1 
GO TO  1 5 0

^ ♦ * * * * « $ * t ^  A VE RA G E H E A T  T R A N S FE R  R E S U L T S

SUMHX = 0 * 0  
SUMPR =  0 . 0  
SUMGR =  0 . 0  
SUMNU =  0 . 0  
SUMGPD -  0 . 0  
I F ( C A S E . G T . l )  GO TO 1 8 1  
DO 2 0 0  1 = 1 * 1 0  
SUMHX =  SUMHX +  HX < I  > 
SUMNU =  SUMNU *  N U X ! I )  
SUMPR =  SUMPR ♦  N P R ( I )  
SUMGR =  SUMGR ♦  N G R ( I ) 
SUMGPD =  SUMGPD +  N G P D ( I )  
C O N T IN U E  
GO TO 2 0 1  
DO 2 0 3  1 = 1 * 1 0  
S U M H X = S U M H X + H X (I) 
SUMNU =  SUMNU ♦  N U X ( I ) 
SUMPR =  SUMPR +  N P R 2 ! I )  
SUMGR =  SUMGR + N G R 2 { I ) 
S U M G P D = S U M G P D F N G P D 2 (I) 
C O N T IN U E
H B A R = S U M H X Z 1 0 .0  
SHRAVG =  S U M S H R Z 1 0 .0  
NUAVG =  S U M N U /1 0 .0  
NGRAVG =  S U M G R Z 1 0 .0  
NPRAVG =  S U M P R Z 1 0 .0  
NGPAVG =  NGRAVG *  NPRAVG  
N U A V G I =  S U M N U I / 1 0 . 0  
NG PDAV =  S U M G P D Z IO .O  
N U G PD 1 =  N U D A V G Z !N G P A V G  ♦  *  0 . 2 5 )  
N U G PD 2 =  N U D A V G ZN G P D A V  
NUEKRT =  0 . 4  *  N G PDAV  
N UACAV =  S U M A N U Z 1 0 .0  
W R I T E ( 6 * 5 4 )

.  1 * 2 X * F 6 . 3 )

* # # * 4 : # * * # *

IS N

I SN  
IS N

0 4 4 6

0 4 4 7
0 4 4 9

5 4 F O R M A T ! Z Z * 2 4 X * * * * * * *  AVERAG E H E A T T R A N S F E R
1 1 X *  • * * * * * ’ Z )

I  F  ( C A S E . GT .  1 ) GO TO  2 0 7
W R I T E ! 6 * 5 6 )  N P R A V G * N G R A VG * NUAVG

R E S U L T S * *
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EVEL 2 ( NOV 72 ) MAIN 0S/360 FORTRAN H EXTENDED

ISN 0450 56 F O R M A T !1 6 X ,’ N P R C ~ * ,F7 < 1 * 9 X ,’ NGRC=# »F8.2»5X>
1•NUAVG EXPMTL =*«F6#2)

ISN 0451 W R ITE !6 ,5 8 ) NGPAVGt SHRAVG* NUAVGI
ISN 0452 58 FORMAT!16X*»NGRPRC=•*F 1 0 • 0 ,4 X • ’ SHRAVG=’ * F6*3 ,5X „

1•NUAVG INTGRL =’ tF6< 2)
ISN 0453 GO TO 208
ISN 0454 207 W RITE< 6.57) NPRAVG*NGRAVG*NUAVG
ISN 0455 57 FO R M A T!1 6 X •*NPRK=»>F7.1»9X,•NGRK=’ ,F 8 .2 , 5 X ,

1 •NUAVG EXPMTL = ’ ,F6 # 2 )
I SN 0456 W RITE!6»59) NGPAVG*SHRAVG,NUAVGI
ISN 0457 59 FORMAT! 16X, ’ NGRPRK=* • F I O .O ^ X # ’ SHRAVG=« ,F 6 .3 # 5 X ,

1 •NUAVG INTGRL = ’ *F6>2)
ISN 0458 208 IFCRUN*EQ#24) GO TO 701
ISN 0460 GO TO 1
I SN 0461 701 IFC C A S E .EQ *  1 ) GO TO 70
ISN 0 463 GO TO 1
ISN 0464 70 WRITE{6>72)
ISN 0465 72 FORMAT !1H1 )
ISN 0466 210 STOP
ISN 0467 END
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER  
TO POWER-LAW FLUIDS

RUN 1 CONSTANT FLUX CASE

***** FLUID  PROPERTIES *****

FLUID 3 8 .0  % CS/SS SOL SPHEAT - 0 .6 5 7
TBULK 7 4 .0 BETA - 0 .0 0 0 5 9
DENSITY 7 7 . 02 KLBFTHR = 2 5 2 .9 7
THERMK 0 .1 4 5 NINDEX = 1 .1 8 5

***** REDUCED EXPERIMENTAL DATA *****

NO ANGLE NUX NUGPC HX QFLUX BTUHR TWALL DELT T
1 9 . 1 0 .1 0 0 .6 6 1 1 7 .2 34 8 . 5 .6 9 4 .2 2 0 . 2
2 2 7 . 9 .8 4 0 .6 4 4 1 6 .8 3 4 7 . 5 .5 9 4 .6 2 0 . 6
3 4 5 . 9 .5 9 0 . 625 1 6 .4 3 5 2 . 5 .6 9 5 .5 21 . 5
4 6 3 . 9 .3 4 0 .6 1 0 1 5 .9 3 4 8 . 5 .6 9 5 .8 2 1 . 8
5 81 . 9 .0 5 0 . 591 1 5 .4 3 4 5 . 5 .5 9 6 .4 2 2 . 4
6 9 9 . 8 .4 7 0 .5 5 3 1 4 .4 3 4 4 . 5 .5 9 7 .8 2 3 . 8
7 1 17 . 8 .2 4 0 .5 3 5 14.1 3 5 1 . 5 .6 9 8 .9 2 4 . 9
8 135. 7 .5 7 0 . 494 1 2 .9 3 3 9 . 5 .4 1 0 0 .2 2 6 . 2
9 153. 7 .0 5 0 .4 5 7 1 2 .0 347 . 5 .6 1 0 2 .8 2 8 . 8

10 171 . 6 .3 2 0 .4 1 0 1 0 .8 341 . 5 .5 10 5 .6 31 . 6

***** INTEGRAL SOLUTIONS FOR CONSTANT FLUX *****

INTEGRAL
KN = 0*591

NO ANGLE NUX NUGPD HX SHEAR
1 9. 10. 04 0 .6 5 7 17.1 0 .101
2 2 7 . 9 .6 1 0 .6 2 9 1 6 .4 0 .2 6 4
3 45. 9 .3 4 0 .6 0 9 1 5 .9 0 .4 0 9
4 6 3 . 9 .0 2 0 .5 8 9 1 5 .4 0 .5 2 1
5 81 • 8 .6 6 0 .5 6 6 1 4 .8 0 .6 0 3
6 9 9 . 8 .2 5 0 .5 3 9 14.1 0 .6 6 6
7 117. 7 .7 9 0 .5 0 6 1 3 .3 0 .6 7 7
8 135 . 7 .1 2 0 .4 6 5 12.1 0 .6 3 5
9 153. 6 .3 1 0 .4 0 9 1 0 .8 0 .5 3 9

10 171. 4 .8 5 0 .3 1 4 8 .3 0 .3 1 4

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRK= 8879*2  
NGRPRK= 6 0 2 09 1 .

NGRK= 67*81
SHRAVG= 0 .4 7 3

NUAVG EXPMTL = 8 .5 6
NUAVG INTGRL = 8 .1 0
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L O C A L  F R E E  C O N V E C T IO N  FROM H O R IZ O N T A L  C Y L IN D E R  
TO POW ER-LAW  F L U I D S

RUN 2 C O N S TA N T F L U X  C A S E

* * * * *  F L U I D  P R O P E R T IE S  * * * * *

F L U I D = 3 8 . 0  % C S / S S  S O L S P H E A T  = 0 .6 5 7
TB U LK = 7 4 . 5 B E T A  = 0 .0 0 0 5 9
D E N S IT Y = 7 7 . 0 2 K L B F T H R  = 2 5 0 .3 1
THERMK = 0 .1 4 5 N IN D EX = 1 .1 8 3

***** R ED U C ED E X P E R IM E N T A L D A TA  ♦  **t**

NO AN G LE NUX NUGPO HX Q F LU X BTUHR TW ALL D E L T  T
1 9 . 1 0 .2 9 0 .  651 1 7 .6  4 1 0 . 6 . 6 9 7 - 9 2 3 . 4
2 2 7 . 1 0 .  15 0 .6 4 2 1 7 .3  4 0 8 . 6 . 5 9 8 .  1 2 3 . 6
3 4 5 . 1 0 .1 2 0 .6 3 8 1 7 . 3  4 1 5 . 6 . 6 9 8 . 5 2 4 . 0
4 6 3 . 9 . 5 0 0 .5 9 9 1 6 .2  4 1 0 . 6 . 6 9 9 . 8 2 5 . 3
5 8 1 . 9 . 3 4 0 .5 9 0 1 5 .9  4 0 7 . 6 . 5 1 0 0 .0 2 5 . 5
6 9 9 . 8 . 9 5 0 .5 6 5 1 5 .3  4 0 5 . 6 . 5 10 1 .0 2 6 . 5
7 1 1 7 . 8 .5 5 0 .5 3 7 1 4 . 6  4 1 3 . 6 . 6 1 0 2 .8 2 8 . 3
8 1 3 5 . 7 . 9 0 0 .4 9 9 1 3 . 5  3 9 9 . 6 . 4 1 0 4 . 1 2 9 . 6
9 153e 7 ^ 3 4 0 .  4 6 0 1 2 .5  4 0 9 . 6 . 5 1 0 7 .1 3 2 . 6

10 1 7 1 . 6 • 66 0 . 4  17 1 1 .4  4 0 2 . 6 . 4 1 0 9 .9 3 5 . 4

***** IN T E G R A L  S O L U T IO N S FO R  C O N S T A N T  F L U X  * * * * *

IN T E G R A L
KN -  0 .5 9 1

NO A N G LE NUX NUGPD HX SH EA R
1 9 . 1 0 .3 9 0 .6 5 7 1 7 .7 0 . 1 1 3
2 2 7 . 9 .9 4 0 .6 2 9 1 7 .0 0 .2 9 3
3 4 5 . 9 . 6 6 0 . 6 0 9 1 6 . 5 0 .  4 4 6
4 6 3 . 9 .3 4 0 .5 8 9 1 5 .9 0 . 5 8 4
5 8 1 . 8 . 9 6 0 .5 6 6 1 5 .3 0 .6 6 9
6 9 9 . 8 .5 4 0 .5 3 9 1 4 .6 0 .7 2 7
7 1 1 7 . 8 . 0 6 0 .5 0 6 13 .8 0 .7 5 0
8 1 3 5 . 7 . 3 7 0 .4 6 5 1 2 . 6 0 .7 0 0
9 1 5 3 . 6 .5 3 0 .4 0 9 1 1 .2 0 .5 9 7

1 0 1 7 1 . 5 .0 2 0 .3 1 4 8 . 6 0 .3 4 5

* * * * *  A V E R A G E  H EA T T R A N S F E R  R E S U L T S  * * * * *

NPRK= 8 7 8 8 * 7
NGRPRK= 7 2 6 1 0 2 *

NGRK= 8 2 * 6 2
SHRAVG= 0 * 5 2 2

NUAVG EX P M TL ~ 8 . 8 8
NUAVG IN TG R L = 8 . 3 8
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLUID S

RUN 3 CONSTANT FLUX CASE

***** FLUID  PROPERTIES *****

FLUID — 3 8 .0  % CS/SS SOL SPHEAT = 0 .6 5 7
TBULK 7 4 .5 BETA = 0 .0 0 0 5 9
DENSITY 7 7 . 02 KLBFTHR - 2 4 8 .8 2
THERMK 0 . 145 NINDEX = 1.181

***** REDUCED EXPERIMENTAL DATA *****

NC ANGLE NUX NUGPC HX QFLUX BTUHR TWALL DELT T
1 9 . 1 0 .7 0 0 .6 5 8 1 8 .3 47 0 . 7 .5 1 0 0 .2 2 5 .7
2 2 7 . 10.61 0 .6 5 4 18.1 4 6 8 . 7 .5 1 0 0 .3 2 5 .8
3 4 5 . 1 0 .0 5 0 .6 1 6 1 7 .2 4 7 5 . 7 .6 1 0 2 .2 2 7 .7
4 6 3 . 9 .9 8 0 .6 1 3 1 7 .0 4 7 0 . 7 .5 102. 1 2 7 .6
5 81 . 9 .5 6 0 . 588 1 6 .3 4 6 6 . 7 .5 103 .0 2 8 .5
6 9 9 . 9 .2 4 0 .5 6 8 1 5 .8 4 64 . 7 .4 1 0 3 .9 2 9 .4
7 117 . 8 .8 8 0 .5 4 2 1 5 .2 4 7 3 . 7 .6 1 0 5 .7 3 1 .2
8 135. 8 .2 1 0 . 504 14. 0 4 5 7 . 7 .3 10 7 .1 3 2 .6
9 153. 7 .8 4 0 .4 7 8 1 3 .4 4 6 8 . 7 .5 1 0 9 .4 34. 9

10 171. 7 .0 1 0 . 427 1 2 .0 461 . 7 .4 11 2 .9 3 8 .4

***** INTEGRAL SOLUTIONS FOR CONSTANT FLUX *****
INTEGRAL 

KN = 0 .5 9 1

NO ANGLE NUX NUGPD HX SHEAR
1 9 . 1 0 .6 7 0 .6 5 7 1 8 .2 0 .1 2 2
2 2 7 . 10.21 0 .6 2 8 1 7 .4 0 .3 1 4
3 4 5 . 9 .9 4 0 .6 0 9 1 7 .0 0 .4 9 7
4 63* 9 .5 9 0 .5 8 9 1 6 .4 0 .6 2 4
5 81 . 9 .2 2 0 .5 6 6 1 5 .7 0 .7 3 0
6 9 9 . 8 .7 8 0 .5 3 9 1 5 .0 0 .7 8 7
7 1 17. 8 .2 9 0 .5 0 6 1 4 .2 0 .8 1 0
8 1 35 . 7 .5 7 0 .4 6 5 1 2 .9 0 .7 5 6
9 1 53 . 6 .7 1 0 .4 0 9 1 1 .5 0 .631

10 171. 5 .1 6 0 .3 1 4 8 .8 0 .3 6 9

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRK= 8 7 5 2 .8
NGRPRK= 8 4 3 04 3 .

NGRK= 9 6 .3 2
SHRAVG= 0 .5 6 4

NUAVG EXPMTL = 9 .2 1
NUAVG INTGRL = 8 .6 1
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER  
TO POWER-LAW FLUIDS

RUN 4 CONSTANT FLUX CASE

***** FLU ID  PROPERTIES *****

FLUID — 3 8 .0  % CS/SS SGL SPHEAT = 0 .6 5 7
TBULK 7 5 .0 BETA -  0 .0 0 0 5 9
DENSITY — 7 7 . 02 KLBFTHR -  2 4 7 .1 4
THERMK — 0 . 145 NINDEX = 1 .179

***** REDUCED EXPERIMENTAL DATA *****

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9. 1 1 .0 8 0 . 666 1 8 .9 5 2 6 . 8 .4 1 0 2 .8 2 7 . 8
2 2 7 . 1 0 . 78 0 . 648 1 8 .4 52 4 . 8 .4 1 0 3 .4 2 8 . 4
3 4 5 . 1 0 .5 8 0 .6 3 3 18.1 5 3 2 . 8 .5 1 0 4 .4 2 9 . 4
4 6 3 . 1 0 .2 3 0 . 613 1 7 .5 5 2 6 . 8 .4 105 .1 3 0 . 1
5 8 1 . 9 .7 7 0 .5 8 6 1 6 .7 5 2 1 . 8 .3 1 0 6 .2 31. 2
6 99. 9 .2 3 0 . 553 1 5 .8 5 1 9 . 8 .3 1 0 7 .9 3 2 . 9
7 1 17. 9 .0 1 0 . 537 1 5 .4 5 3 0 . 8 .5 1 0 9 .4 3 4 . 4
8 135. 8 .2 4 0 .4 9 3 14.1 5 1 2 . 8 .2 1 1 1 .4 36 . 4
9 153. 8 .0 1 0 . 476 13. 7 52 4 . 8 .4 1 1 3 .3 3 8 . 3

10 171. 7 .3 4 0 .4 3 6 1 2 .6 5 1 6 . 8 . 3 116.1 41. 1

***** INTEGRAL SOLUTIONS FOR CONSTANT FLUX *****

INTEGRAL
KN = 0 .5 9 1

NO ANGLE NUX NUGPD HX SHEAR
1 9 . 1 0 .92 0 .6 5 6 1 8 .6 0 .1 2 9
2 2 7 . 1 0 .4 5 0 .6 2 8 1 7 .9 0 .3 3 9
3 4 5 . 1 0 .1 7 0 .6 0 9 1 7 .4 0 .5 2 4
4 63 > 9 .8 3 0 .5 8 9 1 6 .8 0 .6 7 2
5 81. 9 .4 5 0 .5 6 6 16.1 0 .7 8 7
6 9 9 . 9 .0 0 0 .5 3 9 1 5 .4 0 .8 6 6
7 117. 8 .5 0 0 .5 0 6 1 4 .5 0 .8 8  1
8 135. 7 .7 7 0 .4 6 5 1 3 .3 0 .8 3 0
9 153. 6 .8 8 0 .4 0 9 11 .8 0 .6 8 3

1 0 171. 5 .2 9 0 .3 1 4 9 .0 0 .392

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRK= 8 6 1 3 .9
NGRPRK= 96 6 95 3 .

NGRK= 1 1 2 .2 5
SHRAVG- 0 .6 1 0

NUAVG EXPMTL = 9 .4 3
NUAVG INTGRL = 8 .8 3



112

LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLUIDS

RUN 5 CONSTANT FLUX CASE

***** FLUID  PROPERTIES *****

FLUID = 38*0 % CS/SS SOL
TBULK -  75*0
DENSITY = 7 7 . 02
THERMK = 0 .1 4 5

SPHEAT -  0 .6 5 7
BETA = 0 .0 0 0 5 9
KLBFTHR = 2 4 6 .1 9
NINDEX -  1 .1 7 7

***** REDUCED EXPERIMENTAL D A T A  * * * * *

NG ANGLE NUX NUGPD HX QFLUX ETUHR TWALL DELT T
1 9 . 1 1 .1 5 0 .6 5 7 1 9 .0 5 7 9 . 9 .3 1 0 5 .4 3 0 .4
2 2 7 . 1 0 .9 5 0 .6 4 5 1 8 .7 5 7 6 . 9 .2 1 05 .8 3 0 .8
3 45. 1 0 .6 7 0 .6 2 6 1 8 .2 5 8 5 . 9 .4 107.1 3 2 . 1
4 6 3 . 1 0 .2 9 0 .6 0 5 1 7 .6 5 7 8 . 9 .3 1 0 7 .9 3 2 .9
5 81. 1 0 .0 2 0 .5 8 9 17.1 5 7 3 . 9 .2 1 0 8 .5 3 3 .5
6 9 9 . 9 .5 3 0 .5 6 0 1 6 .3 5 7 1 . 9 . 1 110. 1 3 5 . 1
7 1 17. 9 .1 7 0 .5 3 5 1 5 .7 5 8 3 . 9 .3 1 1 2 .2 3 7 .2
8 135. 8 .6 0 0 . 505 1 4 .7 5 6 3 . 9 .0 1 1 3 .3 3 8 .3
9 153. 8 .0  1 0 .4 6 6 1 3 .7 5 7 6 . 9 .2 117 . 1 4 2 . 1

10 171. 6 .7 3 0 .3 8 9 1 1 .5 5 6 7 . 9 . 1 1 2 4 .3 4 9 .3

***** INTEGRAL SOLUTIONS FOR CONSTANT FLUX *****
INTEGRAL

KN -  0 .591

NG ANGLE NUX NUGPD HX SHEAR
1 9 . 1 1 .1 3 0 .6 5 6 1 9 .0 0 .1 3 8
2 2 7 . 1 0 .6 6 0 .6 2 8 1 8 .2 0 .3 6 1
3 4 5 . 1 0 .3 8 0 .6 0 9 1 7 .7 0 .5 6  1
4 63 Q 1 0 .0 3 0 .5 8 9 17.1 0 .7 2 1
5 81 . 9 .6 3 0 .5 6 6 1 6 .5 0 .8 3 3
6 9 9 . 9 . 18 0 .5 3 9 1 5 .7 0 .911
7 1 17. 8 .6 7 0 .5 0 6 1 4 .8 0 .9 3 9
8 1 35 . 7 .9 3 0 .4 6 5 1 3 .5 0 .8 6 7
9 153. 7 . 03 0 .4 0 9 1 2 .0 0 .7 4 0

10 171. 5 .4 3 0 .3 1 4 9 .3 0 .4 5 8

***** AVERAGE HEAT TRANSFER RESULTS *****
NPRK= 8 4 9 5 .7 NGRK= 1 2 8 .0 3 NUAVG EXPMTL = 9 .5 1
NGRPRK= 1087745. SHRAVG= 0 .6 5 3 NUAVG INTGRL - 9 . 01
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLUIDS

RUN 6 CONSTANT FLUX CASE

***** FLUID  PROPERTIES *****

FLUID  -  3 8 .0  % CS/SS SOL
T8ULK = 7 6 .0
DENSITY -  7 7 .0 2
THERMK ~ 0 .1 4 5

SPHEAT = 0 .6 5 7  
BETA = 0 .0 0 0 5 9
KLBFTHR = 2 4 5 .0 6
NINDEX = 1 .174

***** REDUCED EXPERIMENTAL DATA *****

NO ANGLE NUX NUGPO HX QFLUX BTUHR TWALL DELT T
1 9 . 1 1 .2 7 0 .6 5 1 1 9 .3 6 2 7 . 10.0 1 0 8 .6 3 2 . 6
2 2 7 . 1 0 .9 3 0 . 631 1 8 .7 62 4 . 10. 0 1 09 .4 33 . 4
3 4 5 . 1 0 .7 5 J .  619 1 8 .4 6 3 4 . 10. 1 1 1 0 .5 34. 5
4 6 3 . 1 0 .4 4 0 . 602 1 7 .8 6 2 7 . 1 0 .0 111.1 3 5 . 1
5 81 . 1 0 .2 3 0 .5 9 0 1 7 .5 622 . 10 .0 1 1 1 .6 35 . 6
6 9 9 . 9 .7 9 0 . 564 1 6 .7 61 9 . 9 .9 1 13 .0 3 7 . 0
7 1 17. 9 .3 8 0 . 537 16. 0 6 3 2 . 10. 1 1 1 5 .4 3 9 . 4
8 135. 8 .8 3 0 .5 0  8 15.1 6 1 0 . 9 .8 1 1 6 .4 40. 4
9 153. 8 .2 3 0 .4 6 9 14.1 6 2 4 . 10 .0 1 2 0 .4 44 •4

10 171 . 7 .4 0 0 .4 2  1 1 2 .7 6 J5 . 9 . 8 124. 6 4 8 . 6

***** INTEGRAL SOLUTIONS FOR CONSTANT FLUX *****
INTEGRAL

KN -  0 .591

NO ANGLE NUX NUGPD HX SHEAR
1 9 . 1 1 .3 4 0 .6 5 5 1 9 .4 0 .1 4 7
2 2 7 . 1 0 .8 7 0 .6 2 8 1 8 .6 0 .388
3 4 5 . 1 0 .5 8 0 .6 0 9 18. 1 0 .5 9 9
4 6 3 . 1 0 .2 3 0 .5 8 9 1 7 .5 0 .7 6 7
5 81. 9 .8 2 0 .5 6 7 1 6 .8 0 .8 8 2
6 9 9 . 9 . 36 0 .5 3 9 1 6 .0 0 .961
7 117. 8 .8 4 0 .5 0 6 15 .1 0 .9 9 4
8 135. 8 . 08 0 .4 6 5 1 3 .8 0 .9 1 6
9 153. 7 .1 7 0 .4 0 9 12 .3 0 .7 8 2

10 171. 5 .51 0 .3 1 4 9 .4 0 .456

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRK= 8 3 0 0 .5  
NGRPRK= 1210852.

NGRK= 1 4 5 .8 8
SHRAVG= 0 .6 8 9

NUAVG EXPMTL = 
NUAVG INTGRL =

9 . 72
9 .1 8
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLU ID S

RUN 7 CONSTANT FLUX CASE

***** FLUID  PROPERTIES *****

FLUID = 39*0 % CS/SS SOL SPHEAT = 0*653
TBULK = 73*0 BETA = 0*00060
DENSITY = 77*03 Ki-BFTHR = 208*44
THERMK = 0*142 NINDEX = 1 .2 3 2

***** REDUCED EXPERIMENTAL DATA *****

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9* 9 .9 1 0*659 1 6 .6 348* 5 .6 9 4 .0 21 . 0
2 27* 9*61 0*639 16*1 3 4 7 . 5 .5 9 4 .5 21. 5
3 45* 9*34 0 . 619 15*6 3 5 2 . 5 .6 9 5 .5 2 2 . 5
4 6 3 . 9 .0 8 0*603 1 5 .2 348* 5 .6 9 5 .9 22 . 9
5 81. 8 .6 6 0 . 576 14*5 345* 5 .5 9 6 .8 2 3 . 8
6 9 9 . 8*40 0*558 14* 1 344* 5 .5 9 7 .4 2 4 . 4
7 1 17* 8*00 0*529 13*4 351 . 5 .6 9 9 .2 2 6 . 2
8 135. 7 .3 7 0*490 1 2 .3 32 9 . 5 .4 1 0 0 .5 2 7 . 5
o 153 . 6*99 0*462 11*7 3 4 7 . 5 .6 1 0 2 .6 29 . 6

10 171* 6 .3 3 0® 41 8 1 0 .6 341 . 5 .5 1 0 5 .2 3 2 . 2

***** INTEGRAL SOLUTIONS FOR CONSTANT FLUX *****

INTEGRAL 
KN = 0*591

NG ANGLE NUX NUGPD HX SHEAR
1 9 . 1 0 .0 0 0 .6 6 5 1 6 .7 0 . 100
2 2 7 . 9 .4 9 0 .6 3 2 1 5 .9 0 .2 5 3
3 45 . 9 .2 0 0 .6 1 0 1 5 .4 0 .3 8 8
4 6 3 . 8 .8 7 0 .5 8 9 1 4 .8 0 .4 9 1
5 8 1 . 8 .5 0 0 .5 6 5 1 4 .2 0 .5 7 2
6 99 . 8 .0 9 0 .5 3 8 1 3 .5 0 .6 1 3
7 1 17 . 7 .6 4 0 .5 0 5 1 2 .8 0 .6 3 2
8 135. 6 .9 8 0 .4 6 4 1 1 .7 0 .5 9 2
9 153. 6 .2 0 0 .4 0 9 1 0 .4 0 .4 9 8

10 171. 4 .7 8 0 .3 1 6 8 .0 0 .2 9 2

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRK=12081.9
NGRPRK= 481026*

NGRK= 39*81
SHRAVG= 0*443

NUAVG EXPMTL = 8*37
NUAVG INTGRL = 7*96
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLUIDS

RUN 8 CONSTANT FLUX CASE

***** FLUID PROPERTIES *****

FLUID X 3 9 .0  % CS/SS SOL SPHEAT -  0 .6 5 3
TBULK — 7 4 .0 BETA = 0 .0 0 0 6 0
DENSITY = 7 7 .0 3 KLBFTHR -  2 0 7 .2 0
THERMK 0 .1 4 2 NINDEX = 1 .2 2 9

***** REDUCED EXPERIMENTAL DATA *****
NG ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T

1 9 . 1 0 .3 6 0 . 667 1 7 .4 4 1 0 . 6 .6 9 7 .7 2 3 .7
2 2 7 . 9 .9 8 0 .6 4 2 1 6 .7 4 0 8 . 6 .5 9 8 .4 2 4 .4
3 45 . 9 .5 9 0 . 615 16.1 4 1 5 . 6 .6 9 9 .8 2 5 .8
4 6 3 . 9 .3 4 0 .5 9 9 15 .6 4 1 0 . 6 .6 100. 2 2 6 .2
5 81 . 8 .9 6 0 .5 7 6 15 .0 4 0 7 . 6 .5 101 .1 27 .1
6 9 9 . 8 .6 5 0 . 556 1 4 .5 4 0 5 . 6 .5 1 0 2 .0 2 8 .0
7 1 17. 8 .3 6 0 .5 3 5 1 4 .0 4 1 3 . 6 .6 1 0 3 .5 2 9 .5
8 135. 7 .7 1 0 .4 9 5 1 2 .9 3 9 9 . 6 .4 1 0 4 .9 3 0 .9
9 1 5 3 . 7 .3 5 0 . 470 1 2 .3 4 0 9 . 6 .5 107. 1 33 . 1

10 171 . 6 .7 4 0 .4 3 1 1 1 .3 4G 2. 6 .4 1 0 9 .6 3 5 .6

***** INTEGRAL SOLUTIONS FOR CONSTANT FLUX *****

INTEGRAL 
KN = 0 .5 9 1

NO ANGLE NUX NUGPD HX SHEAR
1 9 . 1 0 .3 3 0 .6 6 5 1 7 .3 0 .1 0 9
2 27 . 9 .8 1 0 .631 1 6 .4 0 .2 7 9
3 4 5 . 9 .5 1 0 .6 1 0 1 5 .9 0 .4 3 1
4 6 3 . 9 .1 7 0 .5 8 9 1 5 .4 0 .5 4 5
5 8 1 . 8 .8 0 0 .5 6 5 1 4 .7 0 .6 3 3
6 9 9 . 8 .3 7 0 .5 3 8 1 4 .0 0 .6 8 2
7 1 17. 7 .9 0 0 .5 0 5 1 3 .2 0 .6 9 6
8 135. 7 .2 2 0 .4 6 4 12. 1 0 .6 5 2
9 153. 6 .41 0 .4 0 9 1 0 .7 0 .5 4 5

10 17 1 . 4 .9 4 0 .3 1 6 8 .3 0 .3 1 7

***** AVERAGE HEAT TRANSFER RESULTS *****

N PRK^l1967# 2
NGRPRK= 581243*

NGRK= 4 8 .5 7
SHRAVG= 0 .4 8 9

NUAVG EXPMTL " 8 .7 0
NUAVG INTGRL = 8 .2 5
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLU ID S

RUN 9 CONSTANT FLUX CASE

***** FLU ID  PROPERTIES *****

FLU ID = 3 9 .0  % CS/SS SOL SPHEAT = 0 .6 5 3
TBULK = 7 4 .5 BETA = 0 .00060
DENSITY = 77*03 KLBFTHR = 206*04
THERMK = 0 .1 4 2 NINDEX = 1 .2 2 6

***** REDUCED EXPER IMENTAL DATA *****

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9 . 1 0 .6 9 0 .6 6 9 1 7 .9  4 7 0 . 7 .5 1 0 0 .7 2 6 .2
2 27* 1 0 .2 5 0 . 642 1 7 .2  4 6 8 . 7 .5 1 0 1 .7 2 7 .2
3 4 5 . 10 .0 1 0 .6 2 5 1 6 .8  4 7 5 . 7 .6 1 0 2 .8 2 8 .3
4 63. 9 .7 3 0 .6 0 8 1 6 .3  4 7 0 . 7 .5 1 0 3 .3 2 8 .8
5 81 . 9 .3 2 0 . 583 1 5 .6  4 6 6 . 7 .5 1 0 4 .3 2 9 .8
6 9 9 . 8 .8 0 0 .5 5 0 14 .7  4 6 4 . 7 .4 1 0 5 .9 3 1 .4
7 117. 8 .4 5 0. 525 1 4 .2  4 7 3 . 7 .6 1 0 7 .9 3 3 .4
8 135 . 7 .9 3 0 .4 9 5 1 3 .3  4 1 7 . 7 .3 1 0 8 .9 34 . 4
9 153. 7 .4 8 0 .4 6 4 1 2 .5  4 6 8 . 7 .5 1 1 1 .8 3 7 .3

10 171* 6 . co 0 . 425 1 1 .5  46 i  • 7 .4 1 1 4 .6 H* V  .  1

***** INTEGRAL SOLUTIONS FOR CONSTANT FLUX *****

INTEGRAL
KN = 0 .5 9 1

NO ANGLE NUX NUGPD HX SHEAR
1 9 . 10.61 0 .6 6 5 17 .8 0 .1 1 8
2 2 7 . 1 0 .0 8 0.631 1 6 .9 0 .3 0 3
3 4 5 . 9 .7 7 0 .6 1 0 1 6 .4 0 .4 6 3
4 6 3 . 9 .4 2 0 .5 8 9 1 5 .8 0 .5 8 6
5 81. 9 . 04 0 .5 6 5 15.1 0 .6 8 2
6 9 9 . 8 .6 1 0 .5 3 8 1 4 .4 0 .7 4 7
7 117 . 8 .1 3 0 .5 0 5 13 .6 0 .7 6 7
8 135. 7 .4 3 0 .4 6 4 1 2 .5 0 .7 0 9
9 153 . 6 .5 9 0 .4 0 9 11.1 0 .5 9 9

10 171. 5 .0 9 0 .3 1 6 8 .5 0 .348

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRK=11 8 7 9 .8  NGRK= 57*17 NUAVG EXPMTL = 8*95
NGRPRK= 679217* SHRAVG= 0*532 NUAVG INTGRL = 8 .4 8
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLU ID S

RUN 10 CONSTANT FLUX CASE

***** FLU ID  PROPERTIES *****

FLUID = 39#0 % CS/SS SOL SPHEAT = 0*653
T8ULK 75# 0 BETA = 0*00060
DENSITY X 7 7 . 03 KLBFTHR - 205*01
THERMK - 0*142 NINDEX - 1 .2 2 5

***** REDUCED EXPERIMENTAL DATA *****

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9 . 1 0 .8 7 0 .6 6 5 1 8 .2 5 2 6 . 8 .4 1 0 3 .9 2 8 .9
2 2 7 . 1 0 .5 5 0 .6 4 6 1 7 .7 5 2 4 . 8 .4 1 0 4 .6 2 9 .6
3 4 5 . 1 0 .3 0 0 .6 2 8 1 7 .3 532 . 8 .5 1 0 5 .8 3 0 .8
4 6 3 . 9 .8 8 0 .6 0 3 1 6 .6 5 2 6 . 8 .4 1 0 6 .7 3 1 .7
5 81. 9 .6 3 0 .5 8 8 1 6 . 1 521 . 8 .3 1 0 7 .3 3 2 .3
6 9 9 . 9 .2 6 0 .5 6 5 1 5 .5 5 1 9 . 8 .3 1 0 8 .5 3 3 .5
7 117. 8 .8 4 0 .5 3 7 1 4 .8 5 3 0 . 8 .5 11 0 .8 3 5 .8
8 135. 8 .3 1 0 . 507 1 3 .9 5 1 2 . 8 .2 1 1 1 .7 3 6 .7
9 153. 7 .8 5 0 .4 7 6 1 3 .2 5 2 4 . 8 .4 1 1 4 .8 3 9 . B

10 171* 7 .1 2 0 .4 3 2 1 1 .9 5 1 6 . 8 .3 1 1 8 .2 4 3 .2

***** INTEGRAL SOLUTIONS FOR CONSTANT FLUX *****

INTEGRAL 
KN = 0 .591

NO ANGLE NUX NUGPD HX SHEAR
1 9 . 1 0 .8 5 0 .6 6 4 1 8 .2 0 .1 2 7
2 2 7 . 10.31 0 .6 3 1 17 .3 0 .3 2 3
3 4 5 . 1 0 .0 0 0 .6 1 0 1 6 .8 0 .4 9 4
4 6 3 . 9 .6 5 0 .5 8 9 1 6 .2 0 .6 3 3
5 81 . 9 .2 5 0 .5 6 5 1 5 .5 0 .7 2 7
6 99 . 8 .81 0 .5 3 8 1 4 .8 0 .7 8 5
7 1 17. 8 .3 2 0 .5 0 5 1 3 .9 0 .8 1  1
8 135. 7 .6 0 0 .4 6 4 1 2 .7 0 .7 4 8
9 153. 6 .7 5 0 .4 0 9 1 1 .3 0 .6 3 2

1 0 171 . 5 .2 1 0 .3 1 6 8 .7 0 .3 7  1

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRK=11808. 5
NGRPRK= 7 7 2 8 6 9 .

NGRK= 6 5 .4 5
SHRAVG= 0 .5 6 5

NUAVG EXPMTL = 9 .2 6
NUAVG INTGRL = 8 .6 7



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER  
TO POWER-LAW FLUID S

RUN 11 CONSTANT FLUX CASE

***** FLUID  PROPERTIES *****

FLUID  = 3 9 .0  % CS/SS SOL
TBULK = 7 6 .0
DENSITY -  7 7 .0 3
THERMK = 0 .1 4 2

SPHEAT = 0 .6 5 3
BETA = 0 .0 0 0 6 0
KLBFTHR = 2 0 3 .4 9
NINDEX = 1 .2 2 2

***** REDUCED EXPERIMENTAL DATA *****
NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T

1 9 . 1 1 .0 3 0 . 661 1 8 .5  5 7 9 . 9 .3  1 0 7 .3  3 1 .3
2 2 7 . 1 0 .6 8 0 .6 4 0 1 7 .9  5 7 6 . 9 .2  1 0 8 .2  3 2 .2
3 45 . 1 0 .4 3 0 .6 2 3 1 7 .5  5 8 5 . 9 .4  1 0 9 .4  3 3 .4
4 6 3 . 1 0 .1 0 0 . 604 1 6 .9  5 7 8 . 9 .3  1 1 0 .2  3 4 .2
5 81 . 9 .6 7 0 .5 7 8 1 6 .2  5 7 3 . 9 .2  1 1 1 .4  3 5 .4
6 9 9 . 9 .4 1 0 . 563 1 5 .8  5 7 1 . 9 .1  1 1 2 .2  3 6 .2
7 1 17. 9 .0 4 0 .5 3 8 1 5 .2  5 8 3 . 9 .3  1 1 4 .4  3 8 .4
8 135. 8 . 46 0 . 506 1 4 .2  5 6 3 . 9 .0  1 1 5 .6  3 9 .6
9 153. 8 .0 0 0 . 475 1 3 .4  5 7 6 . 9 .2  1 1 3 .9  4 2 .9

10 371 . 7 .3 4 0 .4 3 5 1 2 .3  5 6 7 . 9 .1  1 2 2 .0  4 6 .0

***** INTEGRAL SOLUTIONS FOR CONSTANT FLUX *****

INTEGRAL 
KN -  0 .5 9 1

NO ANGLE NUX NUGPD HX SHEAR
1 9 . 1 1 .0 8 0 .6 6 4 1 8 .6 0 .1 3 5
2 2 7 . I 0 .5 3 0.631 1 7 .7 0 .3 4 6
3 4 5 . 10.21 0 .6 1 0 17. 1 0 .5 2 9
4 6 3 . 9 .8 5 0 .5 8 9 1 6 .5 0 .6 7 3
5 8 1 . 9 .4 5 0 .5 6 5 1 5 .9 0 .7 8 4
6 9 9 . 8 .9 9 0 .5 3 8 15 .1 0 .8 4 0
7 117. 8 .4 9 0 .5 0 5 1 4 .2 0 .8 6 4
8 135. 7 .7 7 0 .4 6 4 1 3 .0 0 .8 0 0
9 1 53 . 6 .9 0 0 .4 0 9 1 1 .6 0 .6 7 6

10 171 . 5 .3 2 0.31 6 8 .9 0 .3 9 3

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRK=11 6 1 3 .4
NGRPRK- 872225 .

NGRK= 7 5 .1 1
SHRAVG= 0 .6 0 4

NUAVG EXPMTL = 9 .4 2
NUAVG INTGRL = 8 .8 6
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLU ID S

RUN 12 CONSTANT FLUX CASE

***** FLU ID  PROPERTIES *****

FLUID  
TBULK 
DENSITY  
THERMK

-  39#0 % CS/SS SOL
= 76. 0
= 7 7 .0 3
-  0 .1 4 2

SPHEAT = 0 .6 5 3
BETA -  0 .0 0 0 6 0
KLBFTHR = 2 0 2 .6 5
NINDEX = 1.221

***** REDUCED EXPERIMENT Al. DATA *****

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9 . 1 1 .2 6 0 .6 6 4 1 8 .9 6 2 7 . 10.0 1 0 9 .2 3 3 .2
2 27. 1 0 .91 0 . 64 4 1 8 .3 6 2 4 . 1 0 .0 110.1 3 4 .1
3 4 5 . 1 0 .6 3 0 .6 2 4 1 7 .8 6 3 4 . IC . 1 1 1 1 .6 3 5 .6
4 6 3 . 1 0 .2 9 0 .6 0 5 1 7 .3 6 2 7 . 10.0 1 1 2 .3 3 6 .3
5 81 • 9 .9 3 0 . 585 16. 7 6 22 . 1 0 .0 1 1 3 .3 3 7 .3
6 9 9 . 9 .5 6 0 .5 6  3 1 6 .0 6 1 9 . 9 .9 1 1 4 .6 3 8 .6
7 1 17. 9 .2 2 0 . 539 1 5 .5 6 3 2 . 10 .1 1 1 6 .8 4 0 .8
8 135. 8 .6 3 0 .5 0 7 1 4 .5 6 1 0 . 9 .8 118.1 42 . 1
9 153. 8 .0 4 0 .4 6 9 1 3 .5 6 2 4 . 10 .0 1 2 2 .3 4 6 .3

10 171 . 7 .4 4 0 .4 3 4 1 2 .5 6 1 5 . 9 .8 1 2 5 .2 4 9 .2

***** INTEGRAL SOLUTIONS FOR CONSTANT FLUX *****

INTEGRAL
KN = 0 .591

NO ANGLE NUX NUGPD HX SHEAR
1 9 . 1 1 .2 5 0 .6 6 4 1 8 .9 0 . 141
2 2 7 . 1 0 .7 0 0 .6 3 1 1 7 .9 0 .3 6 1
3 45 . 1 0 .3 8 0 .6 1 0 1 7 .4 0 .5 5 5
4 6 3 . 10.01 0 .5 8 9 1 6 .8 0 .7 0 6
5 81. 9 .61 0 .5 6 5 16.1 0 .8 1 7
6 99 . 9 . 15 0 .5 3 8 1 5 .3 0 .8 8 3
7 1 1 7 . 8 .6 3 0 .5 0 5 1 4 .5 0 .9 0 6
8 135. 7 .9 0 0 .4 6 4 1 3 .2 0 .840
9 153. 7 .0 2 0 .4 0 9 1 1 .8 0 .7 1 8

1 0 171. 5 .41 0 .3 1 6 9 .1 0 .4 1 5

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRK=11 5 7 3 .4
NGRPRK= 956106 .

NGRK= 82.61
SHRAVG= 0 .6 3 4

NUAVG EXPMTL = 9 .5 9
NUAVG INTGRL = 9 .01
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLUIDS

RUN 13 CONSTANT FLUX CASE

***** FLUID  PROPERTIES *****

FLU ID = 4 1 .0  % CS/SS SOL SPHEAT = 0 .6 4 3
TBULK -  72*0 BETA = 0 .0 0 0 6 2
DENSITY = 7 7 .0 4 KLBFTHR = 8 5 .5 1
THERMK = 0 .1 3 7 NINDEX = 1 .3 8 4

***** REDUCED EXPERIMENTAL DATA *****

NC ANGLE NUX NUGPD HX OFLUX 8TUHR TWALL DELT T
1 9 . 1 0 .0 9 0 .6 8 2 1 6 .3 3 4 8 . 5 .6 9 3 .4 2 1 .4
2 2 7 . 9 .7 1 0 .6 5 6 1 5 .6 3 4 7 . 5 .5 9 4 .2 2 2 .2
3 45 . 9 .4 8 J .  639 1 5 .3 3 5 2 . 5 .6 9 5 .0 2 3 .0
4 63* 8 .8 8 0 .5 9 9 1 4 .3 348 . 5 .6 9 6 .3 2 4 .3
5 81 . 8 .61 0 .5 8  1 1 3 .9 3 4 5 . 5 .5 9 6 .9 2 4 .9
6 9 9 . 8 .1 3 C . 549 13. 1 3 4 4 . 5 .5 9 8 .2 2 6 .2
7 117. 7 .8 2 0 .5 2 6 1 2 .6 351 . 5 .6 9 9 .8 2 7 .8
8 135. 7 .2 2 0 .4 8 8 1 1 .6 3 2 9 . 5 .4 10 1 .1 2 9 . 1
9 153. 6 .8 9 0 .4 6 3 1 1 .1 3 47 . 5 .6 1 0 3 .2 3 1 .2

10 171 . 6 .3 5 0 .4 2 7 1 0 .2 341 . 5 .5 1 0 5 .3 3 3 . 3

***** INTEGRAL SOLUTIONS FOR CONSTANT FLUX *****

INTEGRAL
KN = 0*589

NO ANGLE NUX NUGPD HX SHEAR
1 9 . 10.21 0 .6 9 0 1 6 .4 0 .1 0 6
2 2 7 . 9 .4 6 0 .6 4 0 1 5 .2 0 .2 4 9
3 45. 9 .0 7 0 .6 1 2 1 4 .6 0 .3 6 6
4 6 3 . 8 .7 0 0 .5 8 7 1 4 .0 0 .4 6 5
5 81 • 8 .3 1 0 .5 6 2 1 3 .4 0 .5 2 8
6 99 . 7 .9 0 0 .5 3 3 1 2 .7 0 .5 7 2
7 117. 7 .4 5 0.501 1 2 .0 0 .5 8 4
8 135. 6 .8 3 0 .461 1 1 .0 0 .5 4 8
9 153. 6 . 09 0 .4 0 9 9 .8 0 .4 6 5

10 171 . 4 .7 6 0 .3 2 0 7 .7 0 .2 8 1

***** AVERAGE HEAT TRANSFER RESULTS *****

N PRK= 24019.2 NGRK= 11*43 NUAVG EXPMTL = 8*32
NGRPRK= 274497* SHRAVG= 0*416 NUAVG INTGRL = 7 .8 8
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER  
TO POWER-LAW FLUIDS

RUN 14 CONSTANT FLUX CASE

***** FLU ID  PROPERTIES *****

FLUID = 4 1 .0  X CS/SS SOL SPHEAT -  0 .6 4 3
TBULK = 72. 5 BETA ~ 0 .0 0 0 6 2
DENSITY — 7 7 .0 4 KLBFTHR -  8 5 .2 6
THERMK 0 .1 3 7 N INDEX = 1.381

***** REDUCED EXPERIMENTAL DATA *****

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9 . 1 0 .4 8 0 . 688 1 6 .9 4 1 0 . 6 .6 9 6 .8 2 4 . 3
2 2 7 . 10 .21 0 .6 7  1 1 6 .5 40 8 . 6 .5 9 7 .3 2 4 . 8
3 4 5 . 9 .9 2 0 .6 4 9 16 .0 4 1 5 . 6 .6 9 8 .4 25 . 9
4 6 3 . 9 .4 1 0. 616 15 .2 41 0 . 6 .6 99 .5 2 7 . 0
5 81 . 9 .1 0 0 .5 9 6 1 4 .7 4 0 7 . 6 .5 1 0 0 .2 27. 7
6 99. 8 .4 2 0 .5 5 1 1 3 .6 4 0 5 . 6 .5 1 0 2 .3 2 9 . 8
7 1 17. 8 .2 4 0 .5 3 8 1 3 .3 4 1 3 . 6 .6 103c6 31 . 1
8 135. 7 .6 3 0 .5 0 0 1 2 .3 3 9 9 . 6 .4 1 0 5 .0 32 . 5
9 153 . 7 .2 1 0 . 470 1 1 .6 4 0 9 . 6 .5 1 0 7 .6 3 5 . 1

10 171 . 6 .6 7 0 .4 3 5 1 0 .8 4 0 2 . 6 .4 1 0 9 .9 3 7. 4

***** INTEGRAL SOLUTIONS FOR CONSTANT FLUX *****

INTEGRAL
KN = 0 .5 8 9

NO ANGLE NUX NUGPD HX SHEAR
1 9 . 1 0 .51 0 .6 9 0 1 6 .9 0 .1 1 5
2 27. 9 .7 4 0 .6 4 0 1 5 .7 0 .2 6 9
3 4 5 . 9 .3 5 0 .6 1 2 15.1 0 .3 9 6
4 63. 8 .9 6 0 .5 8 7 14 .4 0 .499
5 8 1 . 8 .5 6 0 .5 6 2 1 3 .8 0 .5 6 9
6 9 9 . 8 .1 4 0 .5 3 3 13.1 0 .6 2 5
7 117. 7 .6 8 0.501 1 2 .4 0 .6 3 0
8 135. 7 .0 4 0 .461 1 1 .4 0 .5 9 1
9 153. 6 .2 8 0 .4 0 9 10.1 0 .5 0 4

1 0 171. 4 .91 0 .3 2 0 7 .9 0 .3 0  4

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRK=24409.9
NGRPRK= 325599#

NGRK= 13 .3 4
SHRAVG- 0 .4 5 0

NUAVG EXPMTL = 8 .7 3
NUAVG INTGRL = 8 .1 2
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER  
TO POWER-LAW FLU ID S

FLUID  =
TBULK =
DENSITY =
THERMK -

RUN 15 CONSTANT FLUX CASE

***** FLU ID  PROPERTIES *****

= 4 1 .0  % CS/SS SOL SPHEAT = 0 .6 4 3
= 7 3 .0  BETA = 0 .0 0 0 6 2
= 7 7 .0 4  KLBFTHR = 8 5 .0 4
= 0 .1 3 7  NINDEX = 1 .379

NO ANGLE
1 9 .
2 2 7 .
3 4 5 .
4 63.
5 81 .
6 9 9 .
7 117 .
8 135 .
9 153.

10 171.

***** REDUCED EXPERIMENTAL DATA *****

NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 0 .7 0  0 .6 8 5  1 7 .3  4 7 0 . 7 .5  1 0 0 .2  2 7 .2
1 0 .3 4  0 .6 6 2  1 6 .7  4 6 8 . 7 .5  10 1 .0  2 8 .0
1 0 .0 2  0 .6 3 9  1 6 .2  4 7 5 . 7 .6  1 0 2 .4  2 9 .4

9 .7 2  0 .6 2 1  1 5 .7  4 7 0 . 7 .5  103 .0  3 0 .0
9 .2 2  0 .5 8 9  1 4 .9  4 6 6 . 7 .5  1 0 4 .3  3 1 .3
8 .7 3  0 .5 5 8  14.1  4 6 4 . 7 .4  1 0 5 .9  3 2 .9
8 .3 0  0 .5 2 8  1 3 .4  4 7 3 . 7 .6  1 0 8 .3  3 5 .3
7 .3 2  0 .5 0 0  1 2 .6  4 5 7 . 7 .3  1 0 9 .2  3 6 .2
7 .3 9  0 .4 6 9  1 1 .9  4 6 8 . 7 .5  1 1 2 .2  3 9 .2
6 .8 2  0 .4 3 3  1 1 .0  4 6 1 . 7 .4  1 1 4 .8  4 1 .8

***** INTEGRAL SOLUTIONS FOR CONSTANT FLUX *****

INTEGRAL 
KN = 0 .5 8 9

NO ANGLE NUX NUGPD HX SHEAR
1 9 . 1 0 .7 7  0 .6 8 9  1 7 .4  0 .1 2 4
2 2 7 . 9 .9 9  0 .6 4 0  16 .1  0 .2 9 2
3 4 5 . 9 .5 8  0 .6 1 2  1 5 .5  0 .4 3 1
4 6 3 . 9 .1 9  0 .5 8 7  1 4 .8  0 .5 3 6
5 81. 6 .7 9  0 .5 6 2  1 4 .2  0 .6 1 8
6 9 9 . 8 .3 5  0 .5 3 4  1 3 .5  0 .6 6 9
7 117. 7 .8 8  0 .501  1 2 .7  0 .6 8 9
8 135. 7 .2 2  0.461 1 1 .7  0 .6 3 9
9 1 53 . 6 .4 4  0 .4 0 9  1 0 .4  0 .5 4 6

10 171. 5 .0 4  0 .3 2 0  8 .1  0 .3 3 0

***** AVERAGE HEAT TRANSFER RESULTS ***** 

NFRK=2A567.0 NGRK= 1 5 .3 9  NUAVG EXPMTL = 8 .91
NGRPRK= 3 77996 . SHRAVG= 0 .4 8 7  NUAVG INTGRL = 8 .3 2
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L O C A L  F R E E  C O N V E C T IO N  FROM H O R IZ O N T A L  C Y L IN D E R  
TO P O W E R -LA W  F L U ID S

RUN 1 6  C O N S TA N T F LU X  C A S E

* * * * *  F L U ID  P R O P E R T IE S  * * * * *

F L U ID 4 1 . 0  % C S /S S  SO L S P H E A T  = 0 . 6 4 3
T B U L K — 7 4 . 0 B E T A  = 0 . 0 0 0 6 2
D E N S IT Y = 7 7 .  0 4 K L B F T H R  = 8 4 . 8 6
THERM K — 0 . 1 3 7 N IN D E X  = 1 . 3 7 6

***** R E D U C E D E X P E R IM E N T A L D A T A  * * * * *

NO AN G LE NUX NUG PD HX Q F LU X B TU H R T W A L L D E L T  T
1 9 . 1 0 . 8 1 0 . 6 7 7 1 7 . 4 5 2 6 . 8 . 4 1 0 4 . 2 3 0 . 2
2 2 7 . 1 0 . 3 6 0 . 6 4 9 1 6 . 7 5 2 4 . 8 . 4 1 0 5 . 3 3 1 . 3
3 4 5 . 9 . 9 7 0 .  6 2 2 1 6 .  1 5 3 2 . € >5 1 0 7 . 0 3 3 . 0
4 6 3 . 9 . 6 1 0 . 6 0  0 1 5 . 5 5 2 6 . 8 . 4 1 0 7 . 9 3 3 . 9
5 8 1 . 9 . 2 3 0 . 5 7 7 1 4 . 9 5 2 1  . 8 . 3 1 0 9 . 0 3 5 . 0
6 9 9 . 8 . 8 6 0 . 5 5 4 1 4 . 3 5 1 9 . 8 .  3 1 1 0 . 3 3 6 . 3
7 1 1 7 . 8 . 5 9 0 . 5 3 4 1 3 . 9 5 3 0 . 8 . 5 1 1 2 . 2 3 8 . 2
8 1 3 5 . 8 . 0 3 0 .  5 0 2 1 3 . 0 5 1 2 . 8 . 2 1 1 3 . 5 3 9 . 5
9 1 5 3 . 7 . 6 4 0 . 4 7 4 1 2 . 3 5 2 4 . 8 . 4 1 1 6 . 5 4 2 .  5

1 0 1 7 1 . 7 .  1 5 0 . 4 4 4 1 1 . 5 5 1 6 . 8 . 3 1 1 8 . 7 4 4 . 7

* * * * *  IN T E G R A L  S O L U T IO N S FO R C O N S T A N T  F LU X  * * * * *

IN T E G R A L
KN =  0 . 5 8 9

NG A N G LE NUX NUGPD HX S H E A R
1 9 . 1 1 . 0 0 0 . 6 8 9 1 7 . 7 0 . 1 3 3
2 2 7 . 1 0 . 2 1 0 . 6 4 0 1 6 . 5 0 . 3 1 5
3 4 5 . 9 . 8 0 0 . 6 1 2 1 5 . 8 0 . 4 6 9
4 6 3 . 9 . 4 0 0 . 5 8 7 1 5 . 2 0 . 5 8 5
5 8 1 . 8 . 9 9 0 . 5 6 2 1 4 . 5 0 . 6 7 0
6 9 9 . 8 .  5 4 0 . 5 3 4 1 3 . 8 0 . 7 1 9
7 1 1 7 . 8 . 0 6 0 . 5 0 1 1 3 . 0 0 . 7 3 2
8 1 3 5 . 7 . 3 9 0 . 4 6 1 1 1 . 9 0 . 6 8 2
9 1 5 3 . 6 . 5 9 0 . 4 0 9 1 0 . 6 0 . 5 8 0

1 0 1 7 1 . 5 . 1 5 0 . 3 2 0 8 . 3 0 . 3 4 7

* * * * *  A V E R A G E  HEAT T R A N S F E R  R E S U L T S  * * * * *

N P R K - 2 4 4 6 8 . 0
KG R P R K = 4 3 2 6 9 0 .

N G R K = 1 7 . 6 8
S H R A V G - 0 . 5 2 3

NUAVG E X P M T L =  9 . 0 3
NUAVG IN T G R L  =  8 . 5 1
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER  
TO POWER-LAW FLUIDS

RUN 17 CONSTANT FLUX CASE

***** FLUID  PROPERTIES *****

FLUID = 41*0 % CS/SS SOL SPHEAT = 0 .6 4 3
TBULK = 7 4 .5 BETA = 0 .0 0 0 6 2
DENSITY = 77*04 KLBFTHR = 8 4 .8 0
THERMK = 0*137 NINDEX - 1 .3 7 3

***** REDUCED EXPERIMENTAL DATA *****

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9* 11 • 12 0 . 684 1 7 .9 5 7 9 . 9 .3 1 0 6 .7 3 2 .2
2 2 7 . 1 0 .7 4 0 .6 6 1 1 7 .3 5 7 6 . 9 .2 1 0 7 .7 3 3 . 2
3 45. 1 0 .3 7 0 . 635 1 6 .7 5 8 5 . 9 .4 1 0 9 .4 3 4 .9
4 6 3 . 1 0 .0 7 0 .6 1 8 1 6 .3 5 7 8 . 9 .3 110.1 3 5 .6
5 81* 9 .6 4 0 .5 9 2 1 5 .6 5 7 3 . 9 .2 1 1 1 .4 3 6 .9
6 9 9 . 9 .1 9 0 . 564 14. 8 571 . 9 . 1 1 13 .0 3 8 .5
7 117* 8 .7 0 0 .5 3 1 1 4 .0 5 8 3 . 9 .3 1 1 6 .0 4 1 .5
8 135* 8 .2 4 0 . 505 1 3 .3 5 6 3 . 9 .0 1 1 6 .8 4 2 .3
9 153. 7 .8 0 0 .4 7  5 1 2 .6 5 7 6 . 9 .2 1 2 0 .2 4 5 .7

10 171. 7 .1 7 0 .4 3 7 1 1 .6 5 6 7 . 9 .1 1 2 3 .4 4 8 .9

***** INTEGRAL. SOLUT IONS FOR CONSTANT FLUX *****

INTEGRAL 
KN -  0*589

NO ANGLE NUX NUGPD HX SHEAR
1 9 . 1 1 .2 0 0 .6 8 9 18.1 0 .1 3 9
2 2 7 . 1 0 .3 9 0 .6 3 9 1 6 .8 0 .3 2 9
3 4 5 . 9 .9 8 0 .6 1 2 16.1 0 .4 8 8
4 6 3 . 9 .5 7 0 .5 8 7 1 5 .4 0 .6 0 6
5 8 1 . 9 .1 5 0 .5 6 2 1 4 .8 0 .6 9 6
6 9 9 . 8 .7 0 0 .5 3 4 1 4 .0 0 .7 5 1
7 117. 8 .2 1 0 .5 0 1 1 3 .3 0 .7 7 7
8 1 3 5 . 7 .5 3 0.461 1 2 .2 0 .7 1 7
9 153. 6 . 71 0 .4 0 9 1 0 .8 0 .6 1 3

10 171. 5 .2 5 0 .3 2 0 8 .5 0 .371

***** AVERAGE HEAT TRANSFER RESULTS *****

N PRK~ 24507.7 
NGRPRK= 482201*

NGRK- 19*68
SHRAVG- 0 .5 4 9

NUAVG EXPMTL = 9*30
NUAVG INTGRL -  8 .6 7
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER  
TO POWER-LAW FLU ID S

RUN 18 CONSTANT FLUX CASE

***** FLUID  PROPERTIES *****

F L U ID — 4 1 .0  % CS/SS SOL SPHEAT = 0 .6 4 3
TBULK 7 5 .0 BETA = 0 .0 0 0 6 2
DENSITY 7 7 .0 4 KLBFTHR = 8 4 .7 6
1HERMK 0 . 137 NINDEX = 1.371

***** REDUCED EXPERIMENTAL DATA *****

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9 . 1 1 .3 3 0 .6 8 6 1 8 .3 6 2 7 . 10 .0 1 0 9 .3 3 4 .3
2 2 7 . 1 0 .7 8 0 .6 5 3 1 7 .4 6 2 4 . 1 0 .0 11 0 .9 3 5 .9
3 4 5 . 1 0 .6 5 0 .6 4 3 1 7 .2 6 3 4 . 10. 1 1 1 1 .9 36. 9
4 63. 1 0 . 04 0 .6 0 6 1 6 .2 6 2 7 . 1 0 .0 1 1 3 .7 3 8 .7
5 81 • 9 .6 6 0 .5 8 4 1 5 .6 6 2 2 . 10. 0 1 1 4 .8 3 9 .8
6 9 9 . 9 .0 5 0 .5 4 6 1 4 .6 6 1 9 . 9 .9 1 1 7 .3 4 2 .3
7 1 17. 8 .6 8 0 . 521 14. 0 6 3 2 . 10.1 120 eO 4 5 .0
8 135. 8 .1 6 0 .4 9 2 1 3 .2 6 1 0 . 9 .8 1 2 1 .3 4 6 .3
9 1 53. 7 .8 8 0 . 472 1 2 .7 624* 10 .0 124. 1 49* 1

10 171. 7 .2 1 0 .4 3 2 1 1 .7 615 . 9 . 8 1 27 .  8 5 2 .8

***** INTEGRAL SOLUTIONS FOR CONSTANT FLUX *****

INTEGRAL
KN = 0*589

NO ANGLE NUX NUGPD HX SHEAR
1 9 . 1 1 .3 7 0 .6 8 8 1 8 .3 0 .  145
2 2 7 . 1 0 .5 6 0 .6 3 9 1 7 .0 0 .347
3 4 5 . 1 0 .1 3 0 .6 1 2 16. 4 0 .5 0 7
4 6 3 . 9 .7 2 0 .5 8 7 1 5 .7 0 .6 4 4
5 8 1 . 9 .3 0 0 .5 6 2 1 5 .0 0 .7 3 7
6 9 9 . 8 .8 5 0 .5 3 4 1 4 .3 0 .8 0 5
7 1 1 7. 8 .3 5 0 .501 1 3 .5 0 .8 2 6
8 135. 7 .6 6 0 .461 1 2 .4 0 .7 6 8
9 153. 6 .8 2 0 .4 0 9 1 1 .0 0 .6 4 7

10 171. 5 .3 4 0 .3 2 0 8 .6 0 .3 9 3

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRK=24360.7
NGRPRK= 533371 .

NGRK= 21*89
SHRAVG= 0*582

NUAVG EXPMTL = 9*34
NUAVG INTGRL -  8<81
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLU ID S

RUN 19 CONSTANT FLUX CASE

***** FLUID  PROPERTIES *****

FLU ID  - 4 2 .0  % CS/SS SOL SPHEAT = 0 .6 3 8
TBULK = 7 2 .5 BETA = 0 .0 0 0 6 3
DENSITY = 7 7 .0 5 KLBFTHR = 6 2 .5 2
THERMK = 0 .1 3 4 NINDEX - 1 .4 4 0

***** REDUCED EXPERIMENTAL DATA *****

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9 . 9 .9 9 0 .6 8 0 1 5 .8  348. 5 .6 9 4 .5 2 2 . 0
2 2 7 . 9 .6 8 0 .6 5 9 1 5 .3  3 4 7 . 5 .5 9 5 .2 2 2 .7
3 4 5 . 9 .3 6 9 . 63 5 1 4 .8  3 5 2 . 5 .6 9 6 .3 2 3 .8
4 6 3 . 8 .8 6 0 .6 0 2 1 4 .0  3 4 8 . 5 .6 9 7 .4 24 . 9
5 81 . 8 .4 6 0 .5 7 5 1 3 .4  3 4 5 . 5 .5 9 8 .3 2 5 .8
6 9 9 . 8 .1 0 0 .5 5 0 1 2 .8  3 4 4 . 5 .5 9 9 .3 2 6 .8
7 117. 7 .6 6 0 .5 1 8 12.1 3 5 1 . 5 .6 10 1<4 2 8 .9
8 135. 7 .0 7 0 . 480 1 1 .2  3 3 9 . 5 .4 1 0 2 .8 3 0 .3
9 153. 6 .6 6 0 .4 5 0 1 0 .5  3 4 7 . 5 .6 105 .4 3 2 .9

10 171. 6 .2 5 0 . 423 9 .9  3 4 1 . 5 .5 1 07 .0 3 4 .5

***** INTEGRAL SOLUTIONS FOR CONSTANT FLUX *****

INTEGRAL
KN = 0 .5 8 8

ND ANGLE NUX NUGPD HX SHEAR
1 9 . 1 0 .2 7 0 .6 9 8 1 6 .2 0 .1 1 0
2 2 7 . 9 .4 4 0 .6 4 3 1 4 .9 0 .2 5 0
3 4 5 . 9 .0 2 0 .6 1 2 1 4 .3 0 .3 6 5
4 6 3 . 8 .6 3 0 .5 8 6 1 3 .7 0 .4 5 6
5 81 . 8 .2 4 0 .5 6 0 1 3 .0 0 .5 2 1
6 99. 7 .8 3 0 .5 3 2 1 2 .4 0 .5 5 8
7 117 . 7 .3 8 0 .4 9 9 1 1 .7 0 .5 7 5
8 135. 6 .7 7 0 .4 6 0 1 0 .7 0 .5 4  1
9 153 . 6 .0 5 0 .4 0 9 9 .6 0 .4 6 4

10 171 • 4 .7 5 0 .3 2 2 7 .5 0 .2 8 2

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRK=31209. 7
NGRPRK- 2 1 4 2 4 1 .

NGRK- 6 .8 6
SHRAVG= 0 .4 1 2

NUAVG EXPMTL = 8 .21
NUAVG INTGRL = 7 .8 4
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L O C A L  F R E E  C O N V E C T IO N  FROM H O R IZ O N T A L  C Y L IN D E R  
TO  PO W E R -LA W  F L U ID S

RUN 2 0  C O N S T A N T  F L U X  CASE

# « ^ ^  F L U ID  P R O P E R T IE S  * * * * *

F L U ID  =  4 2 * 0  % C S Z S S  SOL
T B U L K  =  7 4 . 0
D E N S IT Y  =  7 7 . 0 5
THERMK =  0 . 1 3 4

S P H E A T  =  
B E T A  =  
K L B F T H R  =
N IN D E X  =

0 . 6 3 8  
0 . 0 0 0 6 3

6 1 . 8 9
1 . 4 3 8

* * * * *  R E D U C E D  E X P E R IM E N T A L  D A T A  * * * * *

NO AN G LE NUX NUGPC HX Q F LU X BTUHR T W A LL D E L T  T
I 9 . 1 0 . 2 4 0 . 6 7 6 1 6 . 2 41 0 . 6 . 6 9 9 . 3 2 5 . 3
2 2 7 . 9 . 7 6 0 .  6 4 5 1 5 . 4 4 0 8 . 6 . 5 1 0 0 . 4 2 6 .  4
3 4 5 . 9 . 3 9 0 . 6 1 8 1 4 . 9 4 1 5 . 6 . 6 1 0 1  . 9 2 7 . 9
4 6 3 . 9 . 0 0 0 . 5 9 3 1 4 . 2 4 1 0 . 6 . 6 1 0 2 . 8 2 8 . 8
5 81 . 8 . 6 3 0 . 5 6 9 1 3 . 6 4 0 7 . 6 . 5 1 0 3 . 8 2 9 . 8
6 9 9 . 8 . 2 9 0 .  5 4 6 1 3 . 1 4 0 5 . 6 . 5 1 0 4 . 9 3 0 . 9
7 1 1 7 . 7 . 8 2 0 . 5 1 3 1 2 . 4 4 1 3 . 6 . 6 1 0 7 . 4 3 3 .  4
8 1 3 5 . 7< 31 0 . 4 8 2 1 1 . 6 3 9 9 . 6  . 4 1 0 8  . 5 3 4 . 5
9 1 5 3 . 6 . 9 9 0 . 4 5 8 1 1 . 1 4 0 9 . 6 . 5 1 1 0 . 9 3 6 . 9

10 1 7 1  . 6 . 5 6 0 •  4 3 0 1 0 . 4 4  0 2  . 6 . 4 1 1 2 . 7 3 8 .  7

***** IN T E G R A L  S O L U T IO N S FOR C O N S T A N T  F L U X  * * * * *

IN T E G R A L
KN =  0 . 5 8 8

NO A N G LE NUX NUGPD HX SH EAR
1 9 . 1 0 . 5 7 0 . 6 9 8 1 6 . 7 0 . 1 2 0
2 2 7 . 9 . 7 3 0 . 6 4 2 1 5 . 4 0 . 2 7 7
3 4 5 . 9 . 3 0 0 . 6 1 2 1 4 . 7 0 . 4 0 6
4 6 3 . 8 . 9 0 0 . 5 8 6 1 4 . 1 0 . 5 0 4
5 8 1  . 8 . 5 0 0 . 5 6 0 1 3 . 4 0 . 5 7 5
6 9 9 . 8 . 0  7 0 . 5 3 2 1 2 . 8 0 . 6 1 5
7 1 1 7 . 7 . 6 2 0 . 5 0 0 1 2 . 1 0 . 6 3 5
8 1 3 5 . 6 . 9 9 0 . 4 6 0 1 1 . 1 0 . 5 9 3
9 1 5 3 . 6 . 2 4 0 . 4 0 9 9 . 9 0 . 5 0 5

1 0 1 7 1 . 4 . 9  0 0 . 3 2 2 7 . 8 0 . 3 0  6

* * * * *  A V ER AG E H E A T  T R A N S F E R  R E S U L T S  * * * * *

N P R K = 3 1 5 4 6 . 0
N G R PR K= 2 5 6 9 0 5 .

NG R K= 8 . 1 4
S H R A V G = 0 . 4 5 3

NUAVG E X P M T L =  8 . 4 0
NUAVG IN T G R L  =  8 . 0 8
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLU ID S

RUN 21 CONSTANT FLUX CASE

***** FLU ID  PROPERTIES *****

FLUID = 4 2 .0  % CS/SS SOL SPHEAT = 0 .6 3 8
TBULK -  74 . 0 BETA ~ 0 .0 0 0 6 3
DENSITY = 7 7 .0 5 KLBFTHR - 6 1 .5 6
THERMK = 0 .1 3 4 N INDEX = 1 .4 3 6

***** REDUCED EXPERIMENT AL DATA *****

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9 . 1 0 .5 5 0 .6 8 0 1 6 .7 4 7 0 . 7 .5 1 0 2 .2 2 8 .2
2 2 7 . 1 0 .0 2 0 . 646 1 5 .9 4 6 8 . 7 .5 ,103.5 2 9 .5
3 4 5 . 9 .6 9 0 .6 2 3 1 5 .3 4 7 5 . 7 .6 1 0 5 .0 3 1 .0
4 6 3 . 9 .3 2 0 . 600 1 4 .7 4 7 0 . 7 .5 1 05 .9 3 1 .9
5 81 . 8 .9 2 0 .5 7 4 1 4 . 1 466 . 7 .5 107 .0 3 3 .0
6 9 9 . 8 .6 4 0 .5 5 6 1 3 .7 4 6 4 . 7 .4 1 0 7 .9 3 3 .9
7 117. 8 .2 4 0 .5 2 8 1 3 .0 47 3 . 7 .6 1 1 0 .3 3 6 .3
8 135. 7 .o 7 0 .4 9 4 12 . 1 4 5 7 . 7 .3 1 1 1 .7 3 7 .7
9 153. 7 .1 8 0 .4 5 9 1 1 .4 4 6 8 . 7 .5 115. 1 4 1 .1

10 171. 6 .7 1 0. 430 1 0 .6 461 . 7 .4 1 1 7 .3 43*3

***** INTEGRAL SOLUTIONS FOR CONSTANT FLUX *****

INTEGRAL
KN = 0 .5 8 9

NO ANGLE NUX NUGPD HX SHEAR
1 9 . 10 .8 2 0 .6 9 8 17. 1 0 .1 2 8
2 2 7 . 9 .9 6 0 .6 4 2 1 5 .8 0 .2 9 7
3 45 . 9 . 53 0 .612 15.1 0 .4 3 3
4 63o 9 . 1 1 0 .5 8 6 1 4 .4 0 .5 3 7
5 81 . 8 .71 0 .5 6 0 1 3 .8 0 .6 1 4
6 9 9 . 8 .2 7 0 .5 3 2 13 . 1 0 .6 5 3
7 1 17. 7 .8 0 0 .5 0 0 1 2 .3 0 .6 7  1
8 135. 7 .1 6 0 .4 6 0 1 1 .3 0 .628
9 153. 6 .3 9 0 .4 0 9 10.1 0 .5 4  2

1 0 171 . 5 .0 2 0 .3 2 2 8 .0 0 .3 3 0

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRK=32194.8
NGRPRK- 2 9 3 89 2 .

NGRK= 9*13
SHRAVG= 0*483

NUAVG EXPMTL = 8*69
NUAVG INTGRL = 8 .2 8
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLUIDS

RUN 22 CONSTANT FLUX CASE

* * * * *  F L U ID  P R O P E R T IE S  * * * * *

FLUID  ~ 
TBULK = 
DENSITY = 
THERMK =

42#0 % CS/SS SOL
73*0

7 7 . 05
0 . 134

SPHEAT =
BETA ~
KLBFTHR -
NINDEX =

0 <638 
0*00063

61*46
1 *436

***** REDUCED EXPERIMENTAL DATA *****

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9 . 1 0 .8 6 0 . 688 1 7 .2 5 2 6 . 8 .4 1 0 3 .6 3 0 . 6
2 2 7 . 10.41 0 .6 6 0 1 6 .5 5 2 4 . 8 .4 1 0 4 .8 31 . 8
3 4 5 . 9 .9 2 0 . 626 1 5 .7 5 3 2 . 6 .5 106.9 3 3 . 9
4 6 3 . 9 .5 2 0 .6 0  1 15. 1 5 26 . 8 .4 1 0 7 .9 3 4 . 9
5 81 • 9 .1 8 0 .5 8 0 1 4 .5 521 . 8 .3 10 8 .9 3 5 . 9
6 9 9 . 8 .8 4 0 . 556 1 4 .0 51 9 . 8 .3 110 .1 3 7 . 1
7 1 17. 8 .5 0 0 .5 3 4 1 3 .5 5 3 0 . 8 .5 11 2 .4 39 . 4
8 135. 7 .91 0 .5 0 0 1 2 .5 5 1 2 . 8 .2 1 1 3 .9 4 0 . 9
9 153. 7 .4 7 0 .4 6 9 1 1 .8 5 2 4 . 8 .4 1 1 7 .3 4 4 . 3

1 0 171 . 7 .0 4 0 .4 4  3 1 1 .2 5 1 6 . 8 .3 11 9 .2 46 . 2

***** INTEGRAL SOLUTIONS FOR CONSTANT FLUX *****

INTEGRAL
KN = 0 .5 8 8

NO ANGLE NUX NUGPD HX SHEAR
1 9 . 1 1 .0 2 0 .6 9 8 1 7 .4 0 .1 3 5
2 2 7 . 1 0 .1 4 0 .6 4 2 1 6 .0 0 .3 0 9
3 4 5 . 9 .7 0 0 .6 1 2 1 5 .4 0 .457
4 63 . 9 .2 9 0 .5 8 6 1 4 .7 0 .5 6 7
5 81 . 8 .8 7 0 .5 6 0 1 4 .0 0 .6 4 5
6 99 . 8 .4 2 0 .5 3 2 1 3 .3 0 .6 8 9
7 1 17. 7 .9 5 0 .5 0 0 12 .6 0 .7 0 4
8 135. 7 .2 9 0 .4 6 0 1 1 .5 0 .6 6 0
9 153. 6 .51 0 .4 0 9 10 .3 0 .5 6 7

10 171. 5 .1 2 0 .3 2 2 8 . 1 0 .3 4 3

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRK=33038. 0 NGRK= 9 .8 3
NGRPRK= 32 4 82 7 . SHRAVG= 0 .5 0 8

NUAVG EXPMTL
NUAVG INTGRL

8 .9 7
8. 43
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L O C A L  F R E E  C O N V E C T IO N  FROM H O R IZ O N T A L  C Y L IN D E R  
TO  P O W E R -LA W  F L U ID S

RUN 2 3  C O N S T A N T  F L U X  CASE

* * * * *  F L U ID  P R O P E R T IE S  * * * * *

F L U ID 4 2 . 0  % C S Z S S  S O L S P H E A T  = 0 . 6 3 8
T B U L K 7 3 . 0 B E T A  = 0 . 0 0 0 6 3
D E N S IT Y 7 7 . 0 5 K L B F T H R  = 6 1 . 1 7
THE R WK 0 .  1 3 4 N IN D E X  = 1 . 4 3 5

*^**^ R E D U C E D E X P E R IM E N T A L D A T A  * ♦ # * *

NO AN G LE NUX NUGPD HX Q F LU X 8TU H R T W A LL  D E L T  T
1 9 . 1 0 . 8 6 0 .  6 7 6 1 7 . 2 5 7 9 . 9 . 3 1 0 6 . 7  3 3 . 7
2  2 7 . 1 0 . 4 8 0 . 6 5 2 1 6 . 6 5 7 6 . 9 .  2 1 0 7 . 7  3 4 . 7
3  4 5 . 1 0 . 2 0 0 . 6 3 3 1 6 . 1 5 8 5 . 9 . 4 1 0 9 . 2  3 6 . 2
4  6 3 . 9 . 7 3 0 .  6 0 4 1 5 . 4 5 7 8 . 9 . 3 1 1 0 . 5  3 7 . 5
5  8 1 . 9 . 4 2 0 . 5 8 6 1 4 . 9 5 7 3 . 9 . 2 1 1 1 . 4  3 8 . 4
6  9 9 . 8 . 9 6 0 . 5 5 7 1 4 . 2 5 7 1  . 9 . 1 1 1 3 . 2  4 0 . 2
7 1 1 7 . 8 . 7 4 0 .  5 4 0 1 3 . 8 5 8 3 . 9 . 3 1 1 5 . 1  4 2 . 1
8  1 3 5 . 8 . 2 2 0 . 5 1  1 1 3 . 0 5 6 3 . 9 . 0 1 1 6 . 2  4 3 . 2
9  1 5 3 . 7 .  8 7 0 .  4 8 6 1 2 . 5 5 7 6 . 9 . 2 1 1 9 . 2  4 6 . 2

10 1 7 1 . 7 . 2 2 0 . 4 4 6 1 1 . 4 5 6 7 . 9 .  1 1 2 2 . 6  4 9 . 6

***** IN T E G R A L  S O L U T IO N S  FO R  C O N S T A N T  F L U X  * * * * *

IN T E G R A L
K N  =  0 . 5 8 8

NO A N G LE NUX NUGPD HX SH E A R
1 9 . 1 1 . 2 1 0 . 6 9 8 1 7 . 7 0 . 1 4 3
2 2 7 . 1 0 . 3 2 0 . 6 4 2 1 6 . 3 0 . 3 2 8
3 4 5 . 9 . 8 7 0 . 6 1 2 1 5 . 6 0 . 4 7 7
4 6 3 . 9 . 4 4 0 . 5 8 6 1 4 . 9 0 . 5 9 5
5 8 1 . 9 . 0 2 0 . 5 6 0 1 4 . 3 0 . 6 7 5
6 9 9 . 8 . 5 7 0 . 5 3 2 1 3 . 6 0 . 7 2 7
7 1 1 7 . 8 . 0 8 0 . 5 0 0 1 2  . 8 0 . 7 3 7
8 1 3 5 . 7 . 4 1 0 . 4 6 0 11 . 7 0 . 6 8 5
9 1 5 3 . 6 . 6 2 0 . 4 0 9 1 0 . 5 0 . 5 8 4

1 0 1 7 1 . 5 . 2 1 0 . 3 2 2 8 . 3 0 . 3 6 0

* * * * *  A V ER AG E H E A T  T R A N S F E R  R E S U L T S  * * * * *

N P R K = 3 3 4 3 9 .8 N G R K = 1 0 . 7 0 NUAVG E X P M T L =  9 . 1 7
N G R P R K = 3 5 7 8 8 4 . S H R A V G = 0 . 5 3 1 NUAVG IN T G R L  =  8 . 5 8
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLU ID S

RUN 24 CONSTANT FLUX CASE

***** FLUID  PROPERTIES *****

FLU ID  = 4 2 .0  % CS/OS SOL SPHEAT = 0 .6 3 8
TBULK = 7 3 .0 BETA = 0 .0 0 0 6 3
DENSITY = 7 7 . 05 KLBFTHR = 6 0 .9 3
THERMK = 0 .1 3 4 NINDEX = 1 .4 3 4

***** REDUCED EXPERIMENTAL DATA *****

NO ANGLE NUX NUGPD HX QFLUX 8TUHR TWALL DELT T
1 9 . 1 1 .0 7 0 .6 8 0 1 7 .5 6 2 7 . 1 0 .0 1 0 8 .8 3 5 .8
2 2 7 . 1 0 .6 9 0 . 656 1 6 .9 6 2 4 . 10.0 10 9 .9 3 6 .9
3 4 5 . 1 0 .3 2 0 . 631 1 6 .3 6 3 4 . 1 C . 1 1 1 1 .8 3 8 .8
4 6 3 . 9 .9 8 0 .6 1  1 1 5 .8 6 2 7 . 10 .0 1 1 2 .7 3 9 .7
5 81. 9 .6 8 0 . 593 1 5 .3 6 2 2 . 1 0 .0 1 1 3 .6 4 0 .6
6 9 9 . 9 .3 2 0 .5 7 1 1 4 .8 6 1 9 . 9 .9 1 1 4 .9 4 1 .9
7 117. 9 .0 5 0 .5 5 1 1 4 .3 6 3 2 . 10.1 11 7 .1 44 .1
8 135. 8 .4 6 0 . 518 1 3 .4 61 0 . 9 .8 1 1 8 .5 4 5 .5
9 153. 8 .1  1 0 .4 9 3 1 2 .8 6 2 4 . 1 0 .0 1 2 1 .6 4 8 .6

10 1 71. 7 .5 4 0 .4 5 9 1 1 .9 6 1 5 . 9 .8 1 2 4 .5 51 .5

***** INTEGRAL SOLUTIONS FOR CONSTANT FLUX *****

INTEGRAL
KN = 0 .5 8 9

NO ANGLE NUX NUGPD HX SHEAR
1 9 . 1 1 .3 7 0 .6 9 8 1 8 .0 0 .1 4 9
2 2 7 . 10 .4 7 0 .6 4 2 1 6 .6 0 .3 4 1
3 4 5 . 10.01 0 .6 1 2 1 5 .8 0 .4 9 9
4 6 3 . 9 .5 8 0 .5 8 6 1 5 .2 0 .6 1 7
5 81 . 9 .1 5 0 .5 6 0 1 4 .5 0 .7 0 0
6 9 9 . 8 .6 9 0 .5 3 2 1 3 .8 0 .7 4 8
7 1 17. 8 .2 0 0 .5 0 0 1 3 .0 0 .7 6 0
8 135 . 7 .5 2 0 .4 6 0 1 1 .9 0 .7 1 0
9 153. 6 .7 2 0 .4 0 9 1 0 .6 0 .6 0 4

10 171. 5 .2 8 0 .3 2 2 8 .4 0 .3 6 9

***** AVERAGE HEAT TRANSFER RESULTS *****

N PRK= 33807.6
NGRPRK= 3 8 8241 .

NGRK- 1 1 .4 8
SHRAVG= 0 .5 5 0

NUAVG EXPMTL =
NUAVG INTGRL =

9 .4 2
8. 70
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER  
TO POWER-LAW FLUID S

RUN 1 ISOTHERMAL CASE

***** Ft UID PROPERTIES *****

FLU ID  = 3 8 .0  % CSZSS SOL
TBULK = 7 0 .0
DENSITY = 7 7 .0 2
THERMK = 0 .1 4 5

SPHEAT = 0 .6 5 7
BETA = 0 .0 0 0 5 9
KLBFTHR = 2 5 6 .0 7
N INDEX = 1 .1 8 7

***** REDUCED EXPERIMENTAL DATA *****
NO ANGLE NUX NU GPD HX QFLUX BTUHR TWALL DELT T

1 9 . 1 0 .6 7 0 .5 9 4 1 8 .2 5 1 0 . 8 .2 9 8 .0 2 8 .0
2 2 7 . 1 0 .3 0 0 .5 7 4 1 7 .6 49 0. 7 .9 9 7 .9 2 7 .9
3 4 5 . 10.1 1 0 .5 6 3 1 7 .3 481 . 7 .7 9 7 .9 2 7 .9
4 63 . 9 .5 9 0 . 534 1 6 .4 4 5 8 . 7 .3 9 8 .0 2 8 .0
5 81 . 9 .0 7 0 .5 0 6 1 5 .5 431 . 6 .9 9 7 .8 2 7 .8
6 9 9 . 8 .5 1 0 . 473 1 4 .5 4 0 5 . 6 .5 9 7 .9 2 7 .9
7 1 17. 8 .0 7 0 . 450 1 3 .8 3 8 2 . 6 .  1 9 7 .8 2 7 .8
8 135. 7 .1 6 0 .3 9 9 1 2 .2 3 3 9 . 5 .4 9 7 .7 2 7 .7
9 153. 6 .5 3 0 . 364 11.1 3 0 9 . 4 .9 97 .7 2 7 .7

10 171. 5 .8 4 0 .3 2 5 10 .0 2 7 9 . 4 .5 9 8 .0 2 8 . 0

***** SIM ILAR  AND INTEGRAL SOLUTIONS FOR ISOTHERMAL *****

ACRIVOS INTEGRAL
TH ETA - - 0 .5 4 8 CN = 0 .561
FACR = 0 .9 8 4

NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 9 . 10 .51 0 .5 8 5 1 7 .9 0 .1 2 5 1 0 .7 5 0 .5 9 8 1 8 .3
2 2 7 . 9 .9 5 0 . 554 17. 0 0 .321 1 0 .1 8 0 .5 6 7 17 .4
3 4 5 . 9 .5 7 0 .5 3 3 1 6 .3 0 .481 9 .7 8 0 .5 4 5 16. 7
4 63. 9 . 1 8 0 .51  1 1 5 .7 0 .6 0 3 9 .3 9 0 .5 2 2 16 .0
5 8 1 . 8 .7 2 0 .4 8 6 1 4 .9 0 .6 8 9 8 . 92 0 .4 9 7 1 5 .2
6 99 . 8 .2 0 0 .4 5 7 1 4 .0 0 .7 2 8 8 .3 9 0 .4 6 7 1 4 .3
7 1 17. 7 .5 6 0 . 42 1 1 2 .9 0.71  1 7 .7 4 0 .4 3 1 1 3 .2
8 135. 6 .7 8 0 .3 7 8 1 1 .6 0 .6 4 1 6 .9 4 0 .3 8 7 1 1 .8
9 1 53. 5 .7 6 0 .3 2 1 9 .8 0 .5 0 6 5 .9 0 0 .3 2 9 10.1

10 171 . 4 .1 2 0 .2 2 9 7 .  0 0 .2 7 7 4 .2 2 0 .2 3 4 7 .2

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRC= 7 1 0 0 .0
NGRPRC- 89837 .

NGRC= 1 2 .6 5
SHRAVG= 0 .5 0 9

NUAVG EXPMTL -  8 .5 9
NUAVG INTGRL = 8 .2 2
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L O C A L  F R E E  C O N V E C T IO N  FROM H O R IZ O N T A L  C Y L IN D E R  
TO P O W E R -LA W  F L U ID S

RUN 2  IS O T H E R M A L  C ASE

* * * * *  F L U ID  P R O P E R T IE S  * * * * *

F L U ID  
T B U L K  
D E N S IT Y  
THERM K

=  3 8 # 0  % C S /S S  S O L
=  7 2 . 0
=  7 7 . 0 2
=  0 . 1 4 5

S P H E A T  ~  0 . 6 5 7
B E T A  =  0 . 0 0 0 5 9
K L B F T H R  =  2 5 0 . 3 9
N IN D E X  ~ 1 . 1 8 3

* * * * *  R E D U C E D  E X P E R IM E N T A L  D A T A  * * * * *

NO A N G LE NUX NUGPD HX Q F LU X 8TU H R T W A LL D E L T T
1 9 . 1 1 . 1 0 0 . 5 9 3 1 9 . 0 6 0 8 . 9 . 7 1 0 4 .  1 3 2 . 1
2 2 7 . 1 0 . 8 3 0 .  5 7 9 1 8 . 5 5 9 1 . 9 . 5 1 0 4 . 0 3 2 . 0
3 4 5 . 1 0 . 4 3 0 . 5 5 9 1 7 . 8 5 6 4 . 9 . 0 1 0 3 . 7 3 1 . 7
4 6 3 . 9 . 9 4 0 . 5 3 3 1 7 . 0 5 3 7 . 8 . 6 1 0 3 . 6 31 . 6
5 81 . 9 . 3 4 0 . 4 9  9 1 6 . 0 51  1 . 8 .  2 1 0 4 . 0 3 2 . 0
6 9 9 . 8 . 8 1 0 . 4 7 1 1 5 . 0 4 8 1  . 7 . 7 1 0 4 . 0 3 2 . 0
7 1 1 7 . 8 . 4 6 0 . 4 5 4 1 4 . 4 4 5 6 . 7 . 3 1 0 3  . 5 31 . 5
8 1 3 5 . 7 . 6 1 0 . 4 0 6 1 3 . 0 4 x 7 . 6 . 7 1 0 4 .  1 3 2 . 1
9 1 5 3 . 6 . 8 9 0 . 3 6 7 1 1 . 8 3 7 8 . 6 . 1 1 0 4 .  1 3 2 . 1

1 0 1 71  . 6 . 3 1 0 . 3 3 6 1 0 . 8 3 4 7 . 5 .  6 1 0 4 .  3 3 2 . 3

***** S I M IL A R AN D  IN T E G R A L S O L U T IO N S FOR IS O T H E R M A L *****

NO A N G LE NUX

A C R IV O S
T H E T A =  - 0 . 5 4 8
FA C R  =  0 . 9 8 4

NUGPD HX SHEAR

IN T E G R A L
CN =  0 . 5 6 1

NUX NUGPD HX
1 9 . 1 0 . 9 4 0 . 5 8 4 1 8 . 7 0 . 1 4 1 1 1 . 1 8 0 . 5 9 7 1 9 . 1
2 2 7 . 1 0 . 3 6 0 .  5 5 4 1 7 . 7 0 . 3 6 3 1 0 . 6 0 0 . 5 6 6 1 8 .  1
3 4 5 . 9 . 9 4 0 . 5 3 3 1 7 . 0 0 . 5 4 1 1 0 . 1 7 0 . 5 4 5 1 7 . 4
4 6 3 . 9 . 5 3 0 . 5 1  1 1 6 . 3 0 . 6 8 1 9 . 7 5 0 . 5 2 2 1 6 . 6
5 8 1 . 9 . 1 0 0 . 4 8 6 1 5 . 5 0 . 7 8 2 9 .  3 0 0 .  4 9 7 1 5 . 9
6 9 9 . 8 . 5 5 0 . 4 5 7 1 4 . 6 0 . 8 2 4 8 . 7 4 0 . 4 6 7 1 4 . 9
7 1 1 7 . 7 . 8 6 0 .  4 2  I 1 3 . 4 0 . 7 9 9 8 . 0 4 0 . 4 3 1 1 3 . 7
8 1 3 5 . 7 . 0 9 0 . 3 7 8 1 2 . 1 0 . 7 3 1 7 . 2 5 0 . 3 8 7 1 2 .  4
9 1 5 3 . 6 .  0 2 0 . 3 2  1 1 0 . 3 0 . 5 7 8 6 . 1 6 0 . 3 2 9 1 0 . 5

1 0 1 7 1  . 4 . 3 0 0 . 2 2 9 7 . 3 0 . 3 1 4 4 . 3 9 0 . 2 3 4 7 . 5

* * * * *  A V E R A G E  H E A T  T R A N S F E R  R E S U L T S  * * * * *

N P R C = 6 8 4 8 . 2
NG RPRC= 1 0 8 2 7 1 .

N G R C = 1 5 . 8 1
S H R A V G - 0 . 5 7 5

NUAVG E X P M TL -  8 . 9 7
NUAVG IN T G R L  = 8 . 5 6
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO PO^ER-LAW FLU ID S

RUN 3 ISOTHERMAL CASE

***** FLUID  PROPERTIES *****

FLU ID  
TBULK 
DENSITY  
THERMK

-  3 8 .0
= 73 . 0
= 7 7 .0 2
-  0 .1 4 5

% CS/SS SOL SPHEAT 
BETA 
KLBFTHR  
NINDEX

= 0 .6 5 7
~ 0 .0 0 0 5 9
-  2 4 7 .3 7
= 1 .180

NO ANGLE

*****

NUX

REDUCED

NUGPD

EXPERIMENTAL

HX OFLUX

DATA *****

BTUHR T^ALL DELT T
1 9 . 1 1 .3 7 0 . 588 1 9 .4 6 9 3 . 11.1 1 0 8 .7 3 5 . 7
2 2 7 . 1 1 .0 0 0 .5 6 9 1 8 .8 6 6 9 . 1 0 .7 1 0 8 .6 3 5 . 6
3 4 5 . 1 0 .6 6 0 .5 5 1 1 8 .2 6 5 2 . 10 .4 1 0 8 .8 35. 8
4 6 3 . 10.21 0 .5 2 7 1 7 .4 6 2 7 . 1 0 .0 10 9 .0 3 6 . 0
5 81 . 9 .7 8 0 .5 0 6 1 6 .7 5 98 . 9 .6 1 0 8 .8 3 5 . 8
6 9 9 . 9 .2 3 0 .4 7 7 1 5 .8 5 6 6 . 9 .1 1 08 .9 3 5 . 9
7 1 17. 8 .9 0 0 . 460 1 5 .2 5 46 . 8 .7 1 0 8 .9 3 5 . 9
8 135. 7 .7 9 0 .4 0 2 1 3 .3 4 8 0 . 7 .7 109. 1 36. 1
9 153. 7 .3 0 0 . 377 1 2 .5 4 5 0 . 7 .2 109.1 3 6 . 1

10 171 . 6 .5 8 0 .3 4 0 1 1 .2 402 . 6^4 1 0 8 .8 3 5 . 8

***** SIM ILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL *****

NO ANGLE NUX

ACRIVOS 
THETA= - 0 .5 4 6  
FACE = 0 .9 8 5

NUGPD HX SHEAR

INTEGRAL 
CN = 0 .5 6 1

NUX NUGPD HX
1 9 . 1 1 .2 7 0 .5 8 3 1 9 .3 0 .1 5 5 11 .53 0 .5 9 6 19. 7
2 2 7 . 1 0 .6 9 0 . 553 1 8 .3 0 .3 9 9 1 0 .9 3 0 .5 6 6 18. 7
3 4 5 . 1 0 .3 0 0 .5 3 2 1 7 .6 0 .6 0 2 10 .54 0 .5 4 5 1 8. 0
4 63 . 9 .8 9 0 .51  1 1 6 .9 0 .7 6 1 1 0 .12 0 .5 2 2 17. 3
5 8 1 . 9 .4 0 0 .4 8 6 16. 1 0. 863 9 .6 1 0 .4 9 7 16. 4
6 9 9 . 8 .8 4 0 .4 5 7 25.1 0 .9 1 2 9 .0 4 0 .4 6 7 15. 4
7 117. 8 .1 6 0 . 421 13. 9 0 .8 9 6 8 .3 5 0 .4 3 1 14. 3
8 135. 7 .3 3 0 .3 7 8 12 .5 0 .8 1 0 7 .5 0 0 .3 8 7 12. 8
9 153. 6 .2 3 0 .3 2  1 1 0 .6 0 .6 4 0 6 .3 7 0 .3 2 9 10. 9

IC 1 71 . 4 .4 3 0 .2 2 9 7 .6 0 . 344 4 .5 3 0 .2 3 4 7 . 7

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRC = 6667#6 NGRC= 18*93 NUAVG EXPMTL -  9 .2 8
NGRPRC= 126241. SHRAVG= 0 .6 3 8 NUAVG INTGRL = 8 .8 5
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L O C A L  F R E E  C O N V E C T IO N  FROM H O R IZ O N T A L  C Y L IN D E R  
TO P O W E R -LA W  F L U ID S

RUN 4  IS O T H E R M A L  C AS E

* * * n  F L U ID  P R O P E R T IE S  * * * * *

F L U ID  =  3 8 * 0  % C S /S S  S O L
T B U LK  -  7 3 . 5
D E N S IT Y  ~ 7 7 . 0 2
TH ER M K =  0 . 1 4 5

S P H E A T  =  0 . 6 5 7
B E T A  -  0 . 0 0 0 5 9
K L B F T H R  =  2 4 5 . 5 5
N IN D E X  =  1 . 1 7 7

* * * * *  R E D U C E D  E X P E R IM E N T A L  D A T A  * * * * *

NO A N G LE NUX NUGPD HX Q F L U X BTU H R TW A LL D E L T T
1 9 . 1 1 . 7 5 0 . 5 8 9 2 0 .  1 8 0 1  . 1 2 . 8 1 1 3 . 4 3 9 . 9
2 2 7 . 1 1 . 4 6 0 .  5 7 4 1 9 . 6 7 7 9 . 1 2 . 5 1 1 3 . 3 3 9 . 8
3 4 5 . 1 1 . 1 4 0 . 5 5 9 1 9 . 0 7 5 7 . 1 2 . 1 1 1 3 . 3 3 9 . 8
4 6 3 . 1 0 . 5 3 0 . 5 2 8 1 8 . 0 7 1 8 . 1 1 . 5 1 1 3 . 4 3 9 . 9
5 81  . 1 0 . 1 3 0 . 5 0 8 1 7 . 3 6 8 7 . 1 1 . 0 1 1 3 . 2 3 9 . 7
6 9 9 . 9 . 6 1 0 . 4 8 1 1 6 . 4 6 5 5  . 1 0 . 5 1 1 3 . 4 3 9 . 9
7 1 1 7 . 9 . 2 8 0 .  4 6 4 1 5 . 8 6 3 6 . 1 0 . 2 1 1 3 . 6 4 0 . I
8 1 3 5 . 8 . 2 6 0 . 4 1 3 1 4 . 1 5 6 8 . 9 .  1 1 1 3 . 7 4 0 . 2
9 1 5 3 . 7 . 5 5 0 . 3 7 7 1 2 . 9 5 1 8 . 8 . 3 1 1 3 . 7 4 0 . 2

1 0 1 7 1  . 6 . 7 5 0 . 3 3 8 1 1 . 5 4 6 1 . 7 . 4 1 1 3 . 4 3 9 . 9

* * * * *  S I M IL A R  AN D  IN T E G R A L  S O L U T IO N S  FOR IS O T H E R M A L  * * * * *

A C R IV O S IN T E G R A L
T H E T A -  
F A C R  =

- 0 . 5 4 8
0 . 9 8 5

CN =  0 . 5 6 0

NO A N G LE NUX NUGPD HX SH EAR NUX NUGPD HX
1 9 . 1 1 . 6 2 0 . 5 8 2 1 9 . 9 0 . 1 7 0 1 1 . 8 9 0 . 5 9 6 2 0 . 3
2 2 7 . 1 1 . 0 3 0 .  5 5 3 1 8 . 8 0 . 4 3 8 1 1 . 2 8 0 . 5 6 5 1 9 . 3
3 4 5 . 1 0 . 6 1 0 . 5 3 2 1 8 . 1 0 . 6 5 9 1 0 . 8 6 0 . 5 4 4 1 8 .  5
4 6 3 . 1 0 . 1 9 0 . 5 1 1 1 7 . 4 0 . 8 3 3 1 0 . 4 2 0 . 5 2 2 1 7 . 8
5 8 1 . 9 . 6 9 0 . 4 8 6 1 6 .  5 0 .  9 4 6 9 . 9 1 0 . 4 9 7 1 6 .  9
6 9 9 . 9 . 1 1 0 . 4 5 7 1 5 . 6 1 . 0 0 1 9 . 3 2 0 . 4 6 7 1 5 . 9
7 1 1 7 . 8 . 4 3 0 .  4 2  1 1 4 . 4 0 . 9 8 7 8 . 6 2 0 . 4 3 1 1 4 . 7
8 1 3 5 . 7 . 5 6 0 . 3 7 8 1 2 . 9 0 . 8 9 1 7 . 7 4 0 . 3 8 7 1 3 . 2
9 1 5 3 . 6 . 4 2 0 . 3 2  1 1 1 . 0 0 . 7 0 2 6 . 5 7 0 . 3 2 8 1 1 . 2

10 1 7 1 . 4 . 5 6 0 . 2 2 9 7 . 8 0 . 3 7 8 4 . 6 7 0 . 2 3 4 8 . 0

* * * * *  A V ER AG E H E A T  T R A N S F E R  R E S U L T S  * * * * *

NPRC =  6 5 1 2 . 6
NGRPRC= 1 4 5 2 3 4 .

N G R C - 2 2 . 3 0
S H R A V G = 0 . 7 0 0

NUAVG E X P M T L
NUAVG IN T G R L

=  9 . 6 4
=  9 .  1 3



136

LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW F L U ID S

RUN 5  ISOTHERMAL CASE

* * * * *  FL U ID  PR O PER TIES * * * * *

F L U ID =  3 8 . 0  % C S /S S  SOL SPHEAT = 0 . 6 5 7
TBULK =  7 4 .  0 BETA = 0 . 0 0 0 5 9
DEN SITY =  7 7 . 0 2 KLBFTHR ~ 2 4 4 . 4 2
THERMK =  0 . 1 4 5 NINDEX = 1 . 1 7 3

* * * * *  REDUCED EXPERIMENTAL DATA * * * * *

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9 . 1 2 . 2 8 0 . 5 9 7 2 1  . 0 9 2 3 . 1 4 . 8 1 1 8 . 0 4 4  « 0
2 2 7 . 1 1 . 6 9 0 . 5 6 9 2 0 . 0 8 7 5 . 1 4 . 0 1 1 7 . 8 4 3 . 8
3 4 5 . 1 1 . 2 5 0 . 5 4 8 1 9 . 2 8 4 1  . 1 3 . 5 1 1 7 . 7 4 3 . 7
4 6 3 . 1 0 . 7 2 0 .  5 2 2 1 8 . 3 8 0 1  ♦ 1 2 . 8 1 1 7 . 7 4 3 . 7
5 8 1 . 1 0 . 1 3 0 . 4 9 3 1 7 . 3 7 6 1 . 1 2 . 2 1 1 8 . 0 4 4 . 0
6 9 9 . 9 . 6 2 0 . 4 6 8 1 6 . 4 7 2 4 . 1 1 . 6 1 1 8 . 1 4 4 . I
7 1 1 7 . 9 . 1 4 0 . 4 4 4 1 5 . 6 6 9 0 . 1 1 . 0 1 1 8 c  1 4 4 . 1
8 1 3 5 . 8 . 2 4 0 . 4 0 1 1 4 . 1 6 : 9 . 9 . 9 1 1 8 . 0 4 4 . 0
9 1 5 3 . 7 .  8 7 0 .  3 8 3 1 3 . 4 5 9 1  . 9 . 5 1 1 7 . 9 4 3 . 9

10 1 7 1 . 7  • 0 6 0 . 3 4 4 1 2 .  1 5 2 6 . 5 . 4 1 1 7 . 6 4 3 . 6

* * * * *  SIM IL A R  AND INTEGRAL SO LUTIO NS FOR ISOTHERMAL * * * * *

ACRIVOS INTEGRAL
THETAS
FACR ~

- 0 . 5 4 8
0 . 9 8 5

CN = 0 . 5 6 0

NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 9 . 1 1 . 9 5 0 . 5 8 2 2 0 . 4 0 . 1 8 5 1 2 . 2 2 0 . 5 9 5 2 0 . 9
2 2 7 . 1 1 . 3 4 0 .  5 5 3 1 9 . 4 0 . 4 7 7 1 1 . 6 0 0 . 5 6 5 1 9 . 8
3 4 5 . 1 0 . 9 2 0 . 5 3 2 1 8 . 7 0 . 7 1 8 1 1 . 1 7 0 . 5 4 4 1 9 .  1
4 6 3 . 1 0 . 4 7 0 . 5 1  1 1 7 . 9 0 . 9 0 5 1 0 . 7 1 0 . 5 2 2 1 8 . 3
5 81 . 9 . 9 8 0 . 4 8 6 1 7 . 1 1 . 0 3 6 1 0 . 2 1 0 . 4 9 7 1 7 . 5
6 9 9 . 9 . 3 9 0 . 4 5 7 1 6 . 0 1 . 0 9 4 9 . 6 0 0 . 4 6 7 1 6 . 4
7 1 1 7 . 8 . 6 7 0 .  4 2 1 1 4 . 8 1 • 0 7 5 8 . 8 7 0 . 4 3 1 1 5 . 2
8 1 3 5 . 7 . 7 7 0 . 3 7 8 1 3 . 3 0 . 9 6 6 7 . 9 4 0 . 3 8 7 1 3 .  6
9 1 5 3 . 6 . 5 9 0 . 3 2  1 1 1 . 3 0 . 7 6 1 6 . 7 4 0 . 3 2 8 1 1 . 5

10 171  . 4 . 6 8 0 . 2 2 8 8 . 0 0 . 4 0 9 4 .  7 9 0 .  2 3 3 8 . 2

* * * * *  AVERAGE HEAT TRANSFER RESULTS * * * * *

NPRC= 6 3 4 7 . 1
NGRPRC= 1 6 4 9 3 7 .

NGRC= 2 5 . 9 9
SHRAVG= 0 . 7 6 3

NUAVG EXPMTL = 9 . 8 0
NUAVG INTGRL -  9 . 3 8
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLU ID S

RUN 6 ISOTHERMAL CASE

***** FLU ID  PROPERTIES *****

FLUID  
TBULK 
DENSITY  
THERMK

= 3 8 .0  % CS/SS SOL
= 7 4 .0
~ 7 7 .0 2
= 0 .1 4 5

SPHEAT ~ 0 .6 5 7
BETA = 0 .0 0 0 5 9
KLBFTHR = 2 4 3 .9 8
N INDEX ~ 1 .1 7 0

***** REDUCED EXPERIMENTAL DATA *****

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9 . 1 2 .7 3 0 .6 0 4 21 .8 1 0 4 5 . 16.7 122 .0 4 8 .0
2 2 7 . 1 2 .2 2 0. 581 2 0 .9 9 9 7 . 1 6 .0 121 .7 4 7 .7
3 4 5 . 11 .6 5 0 .5 5 3 1 9 .9 9 5 3 . 1 5 .3 1 2 1 .8 47 . 8
4 63 . 1 1 .1 4 0 .5 2  9 1 9 .0 91 2 . 14 .6 121 .9 4 7 .9
5 8 1 . 1 0 .5 3 0 .5 0 0 1 8 .0 864. 13. 8 1 22 .0 4 8 .0
6 9 9 . 9 .9 4 0 .4 7 2 1 7 .0 8 1 5 . 13 .0 1 21 .9 4 7 .9
7 117. 9 .6 5 0 . 459 1 6 .5 7 88 . 1 2 .6 1 2 1 .8 4 7 .8
8 135. 8*48 0 .4 0 3 1 4 .5 6 9 5 . 11.1 1 2 1 .9 4 7 . 9
9 1 53 . 6 . 17 0 .3 8 7 1 4 .0 6 7 3 . 10 .8 122.2 4 8 .2

10 17 1 . 7 .4 1 0 .3 5  1 1 2 .7 61 Oe 9 . 8 122c 1 48.1

***** SIM ILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL *****

ACRIVOS INTEGRAL
THETA=
FACR =

- 0 .5 4 8
0 .9 8 5

CN ~ 0 .5 6 0

KO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 9 . 1 2 .2 4 0 .5 8 1 2 0 .9 0.1  99 1 2 .5 2 0 .5 9 4 2 1 .4
2 2 7 . 1 1 .6 2 0 . 552 1 9 .9 0 .5 1 3 1 1 .8 9 0 .5 6 5 2 0 .3
3 4 5 . 11 .2 0 0 .5 3 2 1 9 .2 0 .7 7 6 1 1 .46 0 .5 4 4 1 9 .6
4 63. 1 0 .7 5 0 .5 1  1 1 8 .4 0 .9 8 0 11.00 0 .5 2 2 1 8 .8
5 8 1 . 1 0 .2 4 0 .4 8 6 1 7 .5 1 .1 1 9 1 0 .4 7 0 .4 9 7 1 7 .9
6 99 . 9 .6 2 0 .4 5 7 1 6 .4 1 .1 7 9 9 .8 4 0 .4 6 7 1 6 .8
7 1 17. 8 .8 7 0 . 42 1 1 5 .2 1 .1 5 3 9 .0 7 0 .4 3 1 1 5 .5
8 135. 7 .9 6 0 .3 7 8 1 3 .6 1 .041 8 . 14 0 .3 8 7 1 3. 9
9 1 53. 6 .7 7 0 . 321 1 1 .6 0 .8 2 5 6 .9 2 0 .3 2 8 1 1 .8

10 171. 4 .8 1 0 .2 2 8 8 .2 0 . 445 4 .9 2 0 .2 3 3 8 .4

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRC- 6 2 1 5 .6
NGRPRC= 185055.

NGRC= 2 9 .7 7
SHRAVG- 0 .8 2 3

NUAVG EXPMTL -  1 0 .1 9
NUAVG INTGRL = 9 .6 2
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLUID S

RUN 7 ISOTHERMAL CASE

***** FLUID  PROPERTIES *****

FLUID = 3 9 .0  X CS/SS SOL SPHEAT = 0»653
TBULK = 7 1 .5 BETA = 0 .0 0 0 6 0
DENSITY = 7 7 .0 3 KLBFTHR = 2 0 8 .4 8
THERMK = 0 .1 4 2 NINDEX = 1 .2 3 2

***** REDUCED EXPERIMENTAL DATA *****

NO ANGLE NUX NUCPD HX QFLUX BTUHR TWALL DELT T
1 9 . 1 0 .6 8 0 .6 0 8 1 7 .9 5 0 4 . 8 .1 9 9 .7 2 8 . 2
2 2 7 . 1 0 .2 4 0 .5 8 2 1 7 .2 4 85 . 7 .8 9 9 .8 2 8 . 3
3 4 5 . 9 .8 3 0 .5 5 9 1 6 .5 4 6 3 . 7 .4 9 9 .6 2 8 . 1
4 6 3 . 9 .3 1 0 . 529 15 .6 4 4 0 . 7 .1 9 9 .8 2 8 . 3
5 81 • 8 .9 6 0 .5 0 9 15 .0 42 5 . 6 .8 9 9 .8 2 8 . 3
6 9 9 . 8 .4 8 0 .4 8 3 1 4 .2 3 9 9 . 6 .4 9 9 .6 2 8 . 1
7 117. 8 .0 0 0 . 456 1 3 .4 37 6 . 6 .0 9 9 .5 2 8 . 0
8 135. 7 .4 5 0 .4 2 4 1 2 .5 351 . 5 .6 9 9 .6 28. 1
9 1 53. 6 .6 5 0 .3 7 8 11.1 31 5 . 5 .0 9 9 .8 2 8 . 3

10 171 . 6 .0 5 0 .3 4 4 10 .1 285. 4 .6 9 9 .6 2 8 . 1

***** SIM ILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL *****

ACRIVOS INTEGRAL
THETAS  
FACR -

- 0 .5 5 0
0 .9 8 6

CN -  0 .5 6 3

NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 9 . 1 0 .4 5 0 . 594 1 7 .5 0 .1 2 2 10.69 0 .6 0 8 1 7 .9
2 2 7 . 9 .8 2 0 . 558 1 6 .4 0 .3 0 5 10. 04 0 .5 7 1 1 6 .8
3 4 5 . 9 .4 0 0 .5 3 5 1 5 .7 0 .451 9 .6 1 0 .5 4 7 16. 1
4 63 . 9 .0 0 0 .5 1 2 1 5 . 1 0 .5 6 6 9 .2 1 0 .5 2 3 15.4
5 81 . 8 .5 6 0 .4 8 6 1 4 .3 0 .6 4 2 8 .7 5 0 . 497 1 4 .7
6 9 9 . 8 .0 2 0 .4 5 7 1 3 .4 0 .6 7 2 8 .2 1 0 .4 6 7 1 3 .7
7 1 17. 7 .4 1 0 .4 2 2 1 2 .4 0 .6 5 9 7 .5 8 0 .4 3 2 1 2 .7
8 135. 6 .6 6 0 .3 7 9 1 1 .2 0 .5 9 7 6 .8 2 0 .3 8 8 11 .4
9 1 53 . 5 .6 9 0 .3 2 3 9 .5 0 .4 7 6 5 .8 2 0 .3 3 1 9 .7

10 171 . 4 .0 8 0 .2 3 2 6 .8 0 .2 6 2 4 . 18 0 .2 3 8 7 .0

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRC= 8 8 5 5 .6 NGRC= 8.61 NUAVG EXPMTL = 8 .5 7
NGRPRC= 76237 SHRAVG- 0 .4 7 5 NUAVG INTGRL = 8 .0 9
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLU ID S

RUN 8 ISOTHERMAL CASE

***** FLUID  PROPERTIES *****

FLU ID = 3 9 .0  % CS/SS SOL SPHEAT = 0 .6 5 3
TBULK = 7 3 .0 BETA = 0 .0 0 0 6 0
DENSITY -  7 7 .0 3 KLBFTHR = 2 0 6 .8 3
THERMK = 0 .1 4 2 N INDEX = 1 .2 2 8

***** REDUCED EXPERIMENTAL DATA *****

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9 . 1 0 .9 0 0 .5 9 9 1 8 .3 5 8 4 . 9 .3 104 .9 31 . 9
2 2 7 . 1 0 .4 4 0 . 573 1 7 .5 5 6 0 . 9 .0 1 0 5 .0 3 2 . 0
3 4 5 . 1 0 .2 7 0 .5 6  3 1 7 .2 5 5 3 . 8 .9 1 0 5 .2 3 2 . 2
4 63. 9 . 75 0 . 534 1 6 .3 5 2 6 . 8 .4 1 0 5 .2 3 2 . 2
5 81 . 9 .3 3 0 .5 1  3 1 5 .6 5 00 . 8 .0 105 .0 32. 0
6 9 9 . 8 .8 6 0 .4 8 7 1 4 .8 4 7 5 . 7 .6 105.0 3 2 . 0
7 117. 8 .4 2 0 . 463 14. 1 4 5 0 . 7 .2 1 0 4 .9 31 . 9
8 135. 7 .7 1 0 . 424 1 2 .9 4 1 1 . 6 .6 1 0 4 .8 31. 8
9 153. 7 . 00 0 .3 8 4 1 1 .7 3 7 8 . 6 .1 1 0 5 .2 3 2 . 2

10 171. 6 .2 6 0 .3 4 4 1 0 .5 3 35 . 5 .4 1 0 5 .0 3 2 . 0

***** SIM ILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL *****
ACRIVOS INTEGRAL

THETA= - 0 .5 5 0 CN = 0 .5 6 3
FACR = 0 .9 8 6

NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 9 . 1 0 .8 0 0 .5 9 4 18.1 0 .1 3 5 11 .05 0 .6 0 7 1 8 .5
2 2 7 . 1 0 .1 6 0 .5 5  8 1 7 .0 0 .3 3 8 1 0 .3 9 0 .5 7 1 1 7 .4
3 4 5 . 9 .7 4 0 .5 3 5 1 6 .3 0 .5 0 3 9 .9 7 0 .5 4 7 16. 7
4 6 3 . 9 .3 3 0 .5 1 2 1 5 .6 0 .6 3 0 9 .5 4 0 .5 2 3 16 .0
5 81 . 8 .8 5 0 .4 8 6 1 4 .8 0 .711 9 . 05 0 .4 9 7 1 5 .2
6 9 9 . 8 .3 2 0 .4 5 7 1 3 .9 0 .7 4 8 8 .5 1 0 .4 6 7 1 4 .3
7 1 17. 7 .6 7 0 .4 2 2 12. 9 0 .7 3 2 7 .8 5 0 .4 3 2 1 3 .2
8 135. 6 .8 9 0 .3 7 9 1 1 .6 0 .6 6 1 7 .0 5 0 .3 8 8 1 1 .8
9 153. 5 .8 9 0 .3 2 3 9 .9 0 .5 3 0 6 .0 3 0 .3 3 1 10.1

10 171. 4 .2 2 0 .2 3 2 7 .1 0 . 291 4 .3 2 0 .2 3 7 7 .2

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRC= 86 72*8 
NGRPRC= 8 9794 .

NGRC= 1 0 .3 5
SHRAVG- 0 .5 2 8

NUAVG EXPMTL = 8 .8 9
NUAVG INTGRL -  8 .3 8
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLU ID S

RUN 9 ISOTHERMAL CASE

***** FLU ID  PROPERTIES *****

FLUID 3 9 .0  % CS/SS SOL SPHEAT = 0 .6 5 3
TBULK — 7 4 .0 BETA = 0 .0 0 0 6 0
DENSITY = 7 7 .0 3 KLBFTHR = 205 . 1 2
THERMK — 0 .1 4 2 N INDEX = 1 .2 2 5

***** REDUCED EXPERIMENTAL DATA *****

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9 . 1 1 .3 0 0 .6 0 1 1 8 .9 681 . 1 0 .9 1 09 .9 3 5 . 9
2 2 7 . 1 0 .8 6 0 . 57 7 1 8 .2 6 5 6 . 1 0 .5 11 0 .0 3 6 . 0
3 4 5 . 1 0 .5 0 0 .5 5 9 1 7 .6 6 3 4 . 10. 1 1 1 0 .0 36. 0
4 63. 9 .9 9 0 .5 3 1 1 6 .8 6 0 8 . 9 .7 1 1 0 .3 3 6 . 3
5 8 1 . 9 .5 4 0 .5 0 7 1 6 .0 5 78 . 9 . 3 11 0 .2 3 6 . 2
6 9 9 . 9 .0 6 0 .4 8 1 1 5 .2 5 5 1 . 8 .8 1 1 0 .2 3 6 . 2
7 117. 8 .5 9 0 . 457 1 4 .4 51 9 . 8 .3 1 1 0 .0 3 6 . 0
8 135. 7 .3 7 0 .4 1 9 1 3 .2 4 7 4 . 7 .6 1 0 9 .9 35. 9
9 153. 7 .2 9 0 .3 8 8 1 2 .2 4 3 9 . 7 .0 1 0 9 .9 3 5 . 9

10 171. 6 .3 6 0 .3 3 8 1 0 .7 3 84 . 6 . 2 1 1 0 .0 3 6 . 0

***** SIM ILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL *****

ACRIVOS
TH ETA - - 0 .5 5 0
FACE -  0*986

INTEGRAL
CN = 0 .5 6 3

NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 9 . 1 1 .1 4 0 .5 9 3 1 8 .7 0.1 48 11.40 0 .6 0 7 19 .1
2 2 7 . 1 0 .4 8 0 . 558 1 7 .6 0 .3 7 2 10 .72 0 .5 7 0 1 8 .0
3 4 5 . 1 0 .0 5 0 .5 3 4 1 6 .8 0 .5 5 2 1 0 .2 8 0 .5 4 7 1 7 #  2

4 6 3 . 9 .6 4 0 . 512 1 6 .2 0 .6 9 5 9 .8 6 0 .5 2 3 1 6 .5
5 81 . 9 .1 5 0 .4 8 6 1 5 .3 0 . 786 9 .3 6 0 .4 9 7 15. 7
6 9 9 . 8 .6 0 0 .4 5 7 1 4 .4 0 .8 2 9 8 .8 0 0 .4 6 7 1 4 .8
7 117. 7 .9 3 0 . 422 1 3 .3 0.81 0 8 . 12 0 .4 3 2 1 3 .6
8 135. 7 .1 2 0 .3 7 9 1 1 .9 0 .7 3 0 7 .2 9 0 .3 8 8 1 2 .2
9 153. 6 .0 7 0 .3 2 3 1 0 .2 0 .5 7 9 6 .2 1 0 .3 3 0 1 0 .4

10 171. 4 .3 6 0 .2 3 2 7 .3 0 . 320 4 .4 6 0 .2 3 7 7 .5

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRC= 8 5 2 1 .8  NGRC= 1 2 .2 4  NUAVG EXPMTL = 9 .1 4
NGRPRC- 104292 . SHRAVG= 0 .5 8 2  NUAVG INTGRL -  8 .6 5
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLU ID S

RUN 10 ISOTHERMAL CASE

***** FLUID  PROPERTIES *****

FLUID  
TBULK 
DENSITY  
T H E R M

~ 3 9 .0  % CS/SS SOL
-  7 4 .0
= 7 7 .0 3
-  0 .1 4 2

SPHEAT = 0 .6 5 3  
BETA = 0 .0 0 0 6 0
KLBFTHR -  203 .81
NINDEX = 1 .222

***** REDUCED EXPERIMENTAL DATA *****
NO ANGLE NUX NUGPD HX QFLUX BTUHR T WALL DELT T

1 9 . 1 1 .7 5 0 . 608 1 9 .7 7 9 0 . 1 2 .7 1 14. 1 4 0 . 1
2 2 7 . 1 1 .2 4 0 . 581 1 8 .9 757. 12. 1 114. 1 40 .1
3 4 5 ‘ 1 0 .9 2 0 .5 6  5 1 8 .3 7 3 3 . 1 1 .7 114. 1 4 0 . 1
4 6 3 . 10 .51 0 . 543 1 7 .6 7 1 0 . 11 .4 1 1 4 .3 40 .3
5 8 1 . 10 .0 1 0 .5 1 7 1 6 .8 675 . 10 .8 1 1 4 .2 4 0 .2
6 9 9 . 9 .3 5 0 .4 8 3 1 5 .7 6 3 3 . 10.1 1 1 4 .3 4 0 .3
7 1 17. 8 .7 8 0 . 454 1 4 .7 5 9 3 . 9 .5 1 1 4 .2 4 0 .2
8 135 . 7 .9 1 0 .4 0 9 1 3 .3 5 3 3 . 8 .5 1 1 4 .2 4 0 .2
9 153. 7 .3  0 0 .3 7 8 1 2 .2 491 . 7 .9 114.1 4 0 .1

10 171. 6 .4 7 0 .3 3 4 1 0 .9 438 . 7 . 0 1 1 4 .3 4 0 .3

***** SIM ILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL *****

ACRIVOS INTEGRAL
THETA^ - 0 .5 5 0 CN = 0 .5 6 3
FACR = 0 .9 8 5

NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 9 . 1 1 .4 5 0 .5 9 2 1 9 .2 0 .161 1 1 .7 2 0 .6 0 6 1 9 .7
2 2 7 . 1 0 .7 8 0 . 557 18. 1 0 .4 0 4 1 1 .0 3 0 .5 7 0 1 8 .5
3 4 5 . 1 0 .3 3 0 .5 3 4 1 7 .3 0 .6 0 0 10 .5 7 0 .5 4 7 17. 7
4 63. 9 .9 0 0 .5 1 2 1 6 .6 0 .7 5 4 1 0 .1 3 0 .5 2 3 1 7 .0
5 81 . 9 .4 1 0 .4 8 6 1 5 .8 0. 854 9 .6 2 0 . 497 16. 1
6 9 9 . 8 .8 4 0 .4 5 7 1 4 .8 0.901 9 .0 5 0 .4 6 7 1 5 .2
7 117 . 8 .1 6 0 . 422 1 3 .7 0. 883 8 .3 5 0 .4 3 2 1 4 .0
8 135. 7 .3 3 0 .3 7 9 1 2 .3 0 .7 9 7 7 .5 0 0 .3 8 8 1 2 .6
9 153. 6 .2 4 0 .3 2 3 1 0 .5 0 .631 6 .3 9 0 .3 3 0 1 0 .7

10 171 . 4 .4 9 0 .2 3 2 7 .5 0 .3 4 9 4 .5 9 0 .2 3 7 7 .7

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRC“ 8 4 5 3 .8 NGRC- 14 .0 2  NUAVG EXPMTL = 9 .4 2
NGRPRC— 118548. SHRAVG= 0 .6 3 3 NUAVG INTGRL = 8 .8 9
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L O C A L  F R E E  C O N V E C T IO N  FROM H O R IZ O N T A L  C Y L IN D E R  
TO P O W E R -LA W  F L U ID S

F L U ID
T B U L K  -
D E N S IT Y  =
TH E R M K  =

RUN 11 IS O T H E R M A L  C A S E

* * * * *  F L U ID  P R O P E R T IE S  * * * * *

= 3 9 . 0  % C S /S S  S O L S P H E A T  =  0 . 6 5 3
= 7 1 . 0  B E T A  =  0 . 0 0 0 6 0
= 7 7 . 0 3  K L 8 F T H R  =  2 0 4 . 5 3
= 0 . 1 4 2  N IN D E X  =  1 . 2 2 4

NO A N G LE
1 9 .
2  2 7 *
3  4 5 #
4 6 3  •
5  81 •
6  9 9 .
7  1 1 7 .
8  1 3 5 .
9  3 5 3 .

10 1 7 1 .

* * * * *  R ED U C E D  E X P E R IM E N T A L  D A T A  * * * * *

NUX NUGPD HX Q F LU X  BTUHR T W A LL  D E L T  T
1 1 . 8 8  0 . 6 0 4  1 9 . 9  8 7 5 .  1 4 . 0  1 1 4 . 9  4 3 . 9
1 1 . 3 3  0 . 5 7 6  1 9 . 0  8 3 6 .  1 3 . 4  1 1 5 . 0  4 4 . 0
1 0 . 9 6  0 . 5 5 8  1 8 . 4  8 0 5 .  1 2 . 9  1 1 4 . 8  4 3 . 8
1 0 . 4 4  0 . 5 3 0  1 7 . 5  7 7 1 .  1 2 . 4  1 1 5 . 1  4 4 . 1

9 . 9 0  0 . 5 0 3  1 6 . 6  7 3 1 .  1 1 . 7  1 1 5 . 0  4 4 . 0
9 . 4 3  0 . 4 8 0  1 5 . 8  6 9 2 .  1 1 . 1  1 1 4 . 8  4 3 . 8
9 . 0 1  0 . 4 5 8  1 5 . 1  6 6 4 .  1 0 . 6  1 1 4 . 9  4 3 . 9
8 . 0 8  0 . 4 1 1  1 3 . 6  5 9 6 .  9 . 6  1 1 5 . 0  4 4 . 0
7 . 5 1  0 . 3 8 2  1 2 . 6  5 5 5 .  8 . 9  1 1 5 . 1  4 4 . 1
6 . 7 9  0 . 3 4 5  1 1 . 4  4 9 9 .  8 . 0  1 1 4 . 9  4 3 . 9

* * * * *  S IM IL A R  AND IN T E G R A L  S O L U T IO N S  FOR IS O T H E R M A L  * * * * *

A C R IV O S  IN T E G R A L
T H E T A =  - 0 . 5 5 0  CN =  0 . 5 6 3
F A C R  =  0 . 9 8 6

NG A N G LE
1 9 .
2  2 7 .
3  4 5 .
4  6 3 .
5  8 1  .
6  9 9 .
7 1 1 7 .
8  1 3 5 .
9 1 5 3 .

10  1 7 1 .

NUX NUGPD HX SHEAR  NUX NUGPD HX
1 1 . 6 6  0 . 5 9 3  1 9 . 5  0 . 1 6 9  1 1 . 9 2  0 . 6 0 6  2 0 . 0
1 0 . 9 7  0 . 5 5 7  1 8 . 4  0 . 4 2 5  1 1 . 2 2  0 . 5 7 0  1 8 . 8
1 0 . 5 0  0 . 5 3 4  1 7 . 6  0 . 6 3 1  1 0 . 7 4  0 . 5 4 7  1 8 . 0
1 0 . 0 7  0 . 5 1 2  1 6 . 9  0 . 7 9 3  1 0 . 3 0  0 . 5 2 3  1 7 . 3

9 . 5 7  0 . 4 8 6  1 6 . 0  0 . 8 9 9  9 . 7 9  0 . 4 9 7  1 6 . 4
8 . 9 7  0 . 4 5 7  1 5 . 0  0 . 9 4 2  9 . 1 8  0 . 4 6 7  1 5 . 4
8 . 2 9  0 . 4 2 2  1 3 . 9  0 . 9 2 6  8 . 4 9  0 . 4 3 2  1 4 . 2
7 . 4 6  0 . 3 7 9  1 2 . 5  0 . 8 3 8  7 . 6 3  0 . 3 8 8  1 2 . 8
6 . 3 6  0 . 3 2 3  1 0 . 7  0 . 6 6 7  6 . 5 0  0 . 3 3 0  1 0 . 9
4 . 5 6  0 . 2 3 2  7 . 6  0 . 3 6 6  4 . 6 6  0 . 2 3 7  7 . 8

* * * * *  A V E R A G E  H E A T  T R A N S F E R  R E S U L T S  * * * * *

NPRC= 8 6 8 2 . 4  N G R C = 1 4 . 6 2  NUAVG E X P M TL =  9 . 5 3
NG RPRC= 1 2 6 9 4 4 #  S H R A V G - 0 # 6 6 5  NUAVG IN T G R L  =  9 * 0 4
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLUID S

RUN 12 ISOTHERMAL CASE

***** FLUID  PROPERTIES *****

FLUID
TBULK 
DENSITY  
THERMK

-  3 9 .0  % CS/SS SOL
~ 7 2 .5
= 77*03
= 0*142

SPHEAT = 0*653
BETA = 0 .0 0 0 6 0
KLBFTHR = 2 0 2 .1 2
NINDEX = 1 .220

***** REDUCED EXPERIMENTAL DATA *****
NO ANGLE NUX NUGPO HX QFLUX BTUHR TWALL DELT T

1 9 . 1 2 .1 3 0 .6 0 0 2 0 .3 9 8 0 . 15.7 12 0 .7 4 8 .2
2 2 7 . 1 1 .6 5 0 . 577 1 9 .6 938 . 1 5 .0 1 2 0 .5 4 8 . 0
3 4 5 . 1 1 .31 0 .5 6  0 19 .0 91 0 . 1 4 .6 1 2 0 .4 47. 9
4 6 3 . 1 0 .6 0 0 . 524 1 7 .8 8 5 7 . 1 3 .7 1 2 0 .7 4 8 .2
5 81 . 1 0 .0 8 0 . 499 1 6 .9 811. 13 .0 1 2 0 .5 4 8 . 0
6 99 . 9 .4 9 C . 470 1 5 .9 7 6 5 . 12 .3 1 20 .5 4 8 .0
7 1 17. 9 .2 5 0 . 457 1 5 .5 7 4 7 . 1 2 .0 1 2 0 .6 4 8 .1
8 135. 8 .2 6 0 .4 0 9 1 3 .9 6€ 7 . 1 0 .7 1 2 0 .6 4 8 . 1
9 1 53 . 7 .7 7 0 . 384 1 3 .0 6 2 9 . 10 .1 1 2 0 .7 4 8 .2

10 171 . 6 .9 1 0 .3 4 2 1 1 .6 557. 8 .9 1 2 0 .6 4 8 . 1

***** SIM ILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL *****

ACRIVOS
TH ETA - - 0 .5 5 0

INTEGRAL
CN = 0 .5 6 2

FACR = 0 .9 8 5

NO ANGLE NUX NUGPO HX SHEAR NUX NUGPD HX
1 9 . 1 1 .9 7 0 .5 9 2 2 0 .1 0 .1  84 12 .25 0 .6 0 6 2 0 .6
2 2 7 . 1 1 .2 6 0 . 557 1 8 .9 0 .461 11 .52 0 .5 7 0 19 .3
3 4 5 . 1 0 .7 9 0 .5 3 4 18.1 0 .6 8 5 11 .04 0 .5 4 7 1 8. 5
4 63 . 1 0 . 35 0 .5 1 2 1 7 .4 0 .8 6 2 10 .59 0 .5 2 3 1 7 .8
5 8 1 . 9 .8 3 0 .4 8 6 1 6 .5 0. 974 1 0 .05 0 .4 9 7 1 6 .9
6 9 9 . 9 .2 3 0 .4 5 7 1 5 .5 1 .0 2 6 9 .4 5 0 .4 6 7 1 5 .8
7 1 17. 8 .5 3 0 . 422 1 4 .3 1 .0 0 8 8 .7 3 0 .4 3 1 1 4 .6
8 135. 7 .6 6 0 .3 7 9 1 2 .9 0 .9 1 1 7 .8 4 0 .3 8 8 1 3. 2
9 153. 6 .5 3 0 .3 2 3 1 1 .0 0 .7 2 4 6 .6 8 0 .3 3 0 1 1 .2

10 171 . 4 .6 8 0 .2 3 2 7 .9 0 .3 9 7 4 .7 9 0 .2 3 7 8 .0

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRC = 8 4 3 6 .9  NGRC = 1 7 .1 4  NUAVG EXPMTL = 9 .7 5
NGRPRC= 144568 . SHRAVG- 0 .7 2 3  NUAVG INTGRL = 9 .2 9
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLU ID S

RUN 13 ISOTHERMAL CASE

***** FLUID  PROPERTIES *****

FLUID = 41<0 % CS/SS SOL SPHEAT = 0 .6 4 3
TBULK 74. 0 BETA = 0 .0 0 0 6 2
DENSITY = 7 7 .0 4 KLBFTHR - 8 5 . 15
THERMK Si 0 .1 3 7 N INDEX = 1 .380

***** REDUCED EXPERIMENTAL DATA *****

NO ANGLE NUX NUGPC HX QFLUX BTUHR TWALL DELT T
1 9 . 1 0 .6 8 0 .6 3 1 1 7 .2 481 . 7 .7 1 01 .9 2 7 . 9
2 2 7 . 1 0 .1 7 0 . 599 1 6 .4 4 6 2 . 7 .4 1 0 2 .2 2 8 . 2
3 4 5 . 9 .8 3 0 .5 8 0 1 5 .9 4 4 5 . 7 . 1 102. 1 28 . 1
4 6 3 . 9 .2 1 0 .5 4 3 1 4 .8 4 1 6 . 6 .7 102.0 2 8 . 0
5 81 . 8 .6 4 0 .5 1  1 1 3 .9 3 88 . 6 . 2 1 0 1 .9 2 7 . 9
6 9 9 . 8 .1 6 C .4 8 1 1 3 .2 3 6 8 . 5 .9 1 0 2 .0 2 8 . 0
7 1 17. 7 .7 4 0 . 457 1 2 .5 351 . 5 .6 102.1 2 8 . 1
8 135. 7 .1 6 0 .4 2 3 1 1 .5 3 2 0 . 5 .  1 1 0 1 .7 27. 7
9 1 53. 6 .5 4 0 .3 8 6 1 0 .6 2 9 6 . 4 .7 102.0 2 8 . 0

10 171. 5 .8 8 0. 347 9 .5 266 . 4 .3 102. 1 28 . 1

***** SIM ILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL *****

ACRIVOS INTEGRAL
THETA^ - 0 .5 5 7
FACR -  1 .0 1 8

CN -  0 .5 6 9

NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 9 . 1 0 .5 8 0 .6 2 5 17.1 0 .1 2 7 1 0 .8 2 0 .6 3 9 1 7 .4
2 2 7 . 9 .6 9 0 . 571 1 5 .6 0 .2 9 4 9 .9 1 0 .5 8 4 1 6 .0
3 4 5 . 9 .1 8 0 .5 4  1 1 4 .8 0.421 9 .3 8 0 .5 5 3 15. 1
4 63 . 8 .7 3 0 . 515 14.1 0 .5  15 8 .9 2 0 .5 2 6 14 .4
5 8 1 . 8 .2 6 0 .4 8 8 1 3 .3 0 .5 7 5 8 .4 4 0 .4 9 9 1 3 .6
6 9 9 . 7 .7 6 0 .4 5 8 1 2 .5 0 .6 0 4 7 .9 3 0 .4 6 8 1 2 .8
7 1 17. 7 .1 8 0 . 424 1 1 .6 0 .5 9 4 7 .3 4 0 .4 3 3 1 1 .8
8 1 35 . 6 .4 7 0 .3 8 2 1 0 .4 0 .5 3 7 6 .6 1 0 .3 9 1 10. 7
9 153. 5 .5 8 0 . 329 9 .0 0 .4 3 8 5 .7 0 0 .3 3 6 9 .2

10 171 . 4 .1 0 0 .2 4 2 6 .6 0 .2 5 4 4 .2 0 0 .2 4 7 6 .8

***** AVERAGE HEAT TRANSFER RESULTS *****

N PR C= 14284.5
NGRPRC= 49565 .

NGRC= 3 .4 7
SHRAVG= 0 .4 3 6

NUAVG EXPMTL = 8 .4 0
NUAVG INTGRL = 7 .9 3
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLU ID S

RUN 14 ISOTHERMAL CASE

***** FLU ID  PROPERTIES *****

FLU ID  
TBULK 
DENSITY  
THERMK

= 4 1 . 0  % CS/SS SOL
= 7 2 .0
= 7 7 .0 4
= 0 .1 3 7

SPHEAT 
BETA 
KL8FTHR  
NINDEX

= 0 .6 4 3
= 0 .0 0 0 6 2
= 8 5 .1 5
= 1 .380

***** REDUCED EXPERIMENTAL DATA *****

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9 . 1 0 .8 0 0 .6 2 1 1 7 .4 5 5 8 . 8 .9 104.0 3 2 . 0
2 27. 1 0 .3 7 0 . 596 1 6 .7 5 3 4 . 8 .6 1 04 .0 3 2 . 0
3 4 5 . 9 .8 7 0 .5 6 7 1 5 .9 5 0 9 . 8 .2 10 4 .0 3 2 . 0
4 6 3 . 9 .3 6 0 . 537 15.1 4 8 7 . 7 .8 1 0 4 .3 3 2 . 3
5 81 . 8 .9 6 0 .5 1 4 1 4 .5 466 . 7 .5 10 4 .2 32. 2
6 9 9 . 8 .5 1 0 .4 8 9 1 3 .7 44 1 . 7 .1 104. 1 32 . 1
7 1 17 . 8 . 02 0 . 461 1 2 .9 4 1 3 . 6 .6 104 .0 3 2 . 0
8 135 . 7 .3 8 0 .4 2 4 1 1 .9 381 . 6 .  1 104. 1 32 . 1
9 153. 6 . 83 0 . 392 1 1 .0 3 5 3 . 5 .7 104 . 1 3 2 . 1

10 171 . 6 .2 1 0 .3 5 6 1 0 .0 32 3. 5 . 2 1 0 4 .2 3 2 . 2

***** SIM ILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL *****

ACRIVOS INTEGRAL
THETA= 
FACE =

- 0 .5 5 7
1 .0 1 8

CN = 0 .5 6 9

NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 9 . 1 0 .8 7 0 .6 2 5 1 7 .5 0 .1 3 7 11.11 0 .6 3 9 1 7 .9
2 2 7 . 9 .9 3 0 . 571 1 6 .0 0 .3 1 6 1 0 .1 6 0 .5 8 4 1 6 .4
3 4 5 . 9 .4 1 0 .5 4 1 1 5 .2 0 .4 5 4 9 .6 3 0 .5 5 3 15. 5
4 63. 8 . 97 0 .5 1 5 1 4 .5 0 .5 5 9 9 . 17 0 .5 2 6 14e8
5 81 . 8 .5 0 0 . 488 1 3 .7 0 .6 2 6 8 .6 9 0 .4 9 9 1 4 .0
6 9 9 . 7 .9 7 0 .4 5 8 1 2 .9 0 .6 5 4 8 .1 5 0 .4 6 8 13. 1
7 1 17. 7 .3 6 0 . 424 1 1 .9 0 .641 7 .5 3 0 .4 3 3 12.1
8 135. 6 .6 5 0 .3 8  2 1 0 .7 0 .5 8 5 6 .8 0 0 .3 9 1 1 1 .0
9 153. 5 .7 2 0 .3 2  9 9 .2 0 .4 7 3 5 .8 5 0 .3 3 6 9 .4

10 171. 4 .2 2 0 .2 4  2 6 .8 0 .2 7 5 4 .3 1 0 .2 4 7 7 .0

***** AVERAGE HEAT TRANSFER RESULTS *****

N PR C= 14752 .1
NGRPRC= 55747 .

NGRC= 3 .7 8
SHRAVG= 0 .4 7 2

NUAVG EXPMTL = 8 .6 3
NUAVG INTGRL = 8 .1 4
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLU ID S

RUN 15 ISOTHERMAL CASE

***** FLU ID  PROPERTIES *****

FLU ID  = 
TBULK = 
DENSITY = 
THERMK =

41*0 % CS/SS SOL
71*0

77*04
0*137

SPHEAT = 0*643  
BETA = 0*00062  
KLBFTHR -  85*06
N INDEX = 1 .379

***** REDUCED EXPERIMENTAL DATA *****

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9 . 11*14 0*624 1 8 .0 6 5 0 . 10 .4 1 0 7 .2 3 6 . 2
2 2 7 . 1 0 .6 4 0 . 597 1 7 .2 61 9 . 9*9 107 .1 3 6 . 1
3 4 5 . 1 0 .1 4 0 . 569 1 6 .4 5 9 0 . 9 .4 10 7 .0 36. 0
4 6 3 . 9*59 0 .5 3 8 1 5 .5 5 5 8 . 8*9 107*0 36 . 0
5 8 1 . 9 .1 7 0*515 1 4 .8 532 . 8 .5 107 .0 3 6 . 0
6 9 9 . 8 .6 1 0 .4 8 2 1 3 .9 5 0 3 . 8 . 1 1 0 7 .2 3 6 . 2
7 1 17. 8 . 18 0 . 458 1 3 .2 479* 7 .7 1 0 7 .3 3 6 . 3
8 135. 7*48 0 .4 2 0 12.1 434* 7 .0 107 .0 36 . 0
9 ) 53 . 7 . 04 0 .3 9 5 1 1 *4 4 0 9 . 6 .5 107 .0 3 6 . 0

10 171 . 6 .4 3 0 .3 6  1 1 0 .4 372 . 6 .0 1 0 6 .9 3 5 . 9

***** SIM ILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL *****

ACRIVOS INTEGRAL
THETA^ - 0 .5 5 7
FACR ~ I .0 1 8

CN = 0 .5 6 9

NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 9 . 1 1 .1 5 0 .6 2 5 18*0 0 .1 4 8 1 1 .4 0 0 .6 3 9 18*4
2 2 7 . 1 0 .1 9 0 . 571 1 6 .4 0 .341 1 0 .4 2 0 .5 8 4 1 6 .8
3 4 5 . 9 .6 5 0 .5 4 1 15*6 0*489 9 .8 7 0 .5 5 3 15. 9
4 63 . 9*18 0 .5 1 5 14*8 0 .6 0 0 9 .3 9 0 .5 2 6 15. 1
5 81 * 8 .6 9 0 .4 8 8 1 4 .0 0 .6 7 1 8*89 0 .4 9 9 1 4 .3
6 9 9 . 8 .1 7 0 .4 5 8 1 3 .2 0 .7 0 6 8*36 0 .4 6 8 1 3 .5
7 1 17. 7 .5 7 0 . 424 1 2 .2 0 .6 9 4 7 .7 4 0 .4 3 3 1 2 .5
8 135. 6 .8 2 0 .3 8 2 1 I .0 0 .6 2 9 6 .9 7 0 .3 9 1 1 1 .2
9 153. 5* 86 0 .3 2 9 9 .5 0 .5 0 9 6 .0 0 0 .3 3 6 9 .7

1 0 171 . 4*31 0 .2 4 2 7 .0 0 .2 9 4 4 .4 1 0 .2 4 7 7 .1

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRC-1501 9* 9 NGRC= 4 .1 6 NUAVG EXPMTL - 8 .84
NGRPRC- 6 2437 . SHRAVG= 0 .5 0 8 NUAVG INTGRL = 8.34
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLU ID S

RUN 16 ISOTHERMAL CASE

***** FLUID  PROPERTIES *****

FLUID  = 4 1 .0  % CS/SS SOL SPHEAT - 0 .6 4 3
TBULK = 7 3 .0 BETA - 0 .0 0 0 6 2
DENSITY = 7 7 .0 4 KLBFTHR - 8 4 .7 9
THERMK = 0 .1 3 7 NINDEX = 1 .3 7 5

***** REDUCED EXPERIMENT AL DATA *****

NO ANGLE NUX NUGPD HX QFLUX 8TUHR TWALL DELT T
1 9 . 1 1 .6 0 0 .6 3 3 1 8 .7 7 4 9 . 12.0 11 3 .0 4 0 . 0
2 2 7 . 1 1 .0 3 0 . 601 1 7 .8 7 1 4 . 1 1 .4 11 3 .1 40 •1
3 4 5 . 1 0 .5 3 0 .5 7 4 1 7 .0 6 7 9 . 1 0 .9 113 .0 40. 0
4 63. 9 . 95 0 . 543 16.1 6 4 1 . 10 .3 112 .9 3 9 . 9
5 81 . 9 .4 4 0 . 514 1 5 .2 6 1 2 . 9 .8 1 1 3 .2 4 0 . 2
6 9 9 . 8 .9 1 0 .4 8 6 1 4 .4 5 7 6 . 9 .2 113.1 4 0 . 1
7 1 17. 8 .4 4 0 . 460 1 3 .6 5 4 6 . 8 .7 113.1 4 0 . 1
8 13 5 . 7 .6 1 0 .4 1 5 1 2 .3 4 9 0 . 7 .9 11 2 .9 39. 9
9 1 53 s 7*31 0 * 39 8 1 1 .8 474 r 7 .6 1 13.1 40 . 1

10 171 . 6 .5 7 0 . 358 1 0 .6 4 2 6 . 6 .8 1 1 3 .2 40. 2

***** SIM ILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL *****

ACRIVOS INTEGRAL
THETA=  
FACR =

- 0 .5 5 6
1 .0 1 6

CN = 0 .5 6 9

NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 9 . 1 1 .4 4 0 .6 2 4 1 8 .5 0 .1 6 0 1 1 .6 9 0 .6 3 8 1 8 .9
2 2 7 . 1 0 .4 8 0 .5 7 1 1 6 .9 0.371 10.71 0 .5 8 4 1 7 .3
3 4 5 . 9 .9 2 0 .5 4 1 1 6 .0 0 .531 10. 14 0 . 553 16. 4
4 63. 9 .4 4 0 .5 1 5 1 5 .2 0 .651 9 .6 5 0 .5 2 6 15 .6
5 81 . 8 .9 5 0 .4 8 8 1 4 .5 0 .7 3 3 9 . 15 0 .4 9 9 1 4 .8
6 9 9 . 8 .4 0 0 .4 5 8 1 3 .6 0 .7 6 5 8 .5 9 0 .4 6 8 1 3 .9
7 1 17 . 7 . 77 0 .4 2 4 1 2 .5 0 .7 5 2 7 .9 4 0 .4 3 3 1 2 .8
8 135. 7 .0 1 0 .3 8 2 1 1 .3 0 .6 8 3 7 .1 6 0 .3 9 1 1 1 .6
9 1 53. 6 . 04 0 .3 2 9 9 .7 0 .5 5 5 6 .1 7 0 .3 3 6 10.0

10 171. 4 .4 4 0 .2 4 2 7 .2 0. 320 4 .5 4 0 .2 4 7 7 .3

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRC=14777^9 NGRC= 4 .8 8
NGRPRC= 7 2 0 7 6 . SHRAVG= 0 .5 5 2

NUAVG EXPMTL = 9 .1 4
NUAVG INTGRL = 8 .5 8
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLU ID S

RUN 17 ISOTHERMAL CASE

***** FLU ID  PROPERTIES *****

FLUID 4 1 .0  % CS/SS SOL SPHEAT = 0 .6 4 3
T8ULK x 7 2 . 5 BETA - 0 .00062
DENSITY X 7 7 .0 4 KLBFTHR = 8 4 .7 4
THERMK 0 .1 3 7 NINDEX = I .3 7 3

***** REDUCED EXPERIMENTAL DATA *****

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9 . 1 1 .8 6 0 .6 3 3 19.1 8 4 3 . 1 3 .5 1 1 6 .6 4 4 . 1
2 2 7 . 11.31 0 .6 0 4 1 8 .3 804 . 1 2 .9 1 1 6 .5 4 4 . 0
3 4 5 . 1 0 .8 7 0 .5 7 9 1 7 .5 7 7 6 . 1 2 .4 1 1 6 .7 44. 2
4 63 . 1 0 .2 9 0 .5 4 9 1 6 .6 7 3 4 . 11 .7 1 1 6 .7 4 4 . 2
5 8 1 . 9 .7 4 0 .5 2 0 1 5 .7 69 1 . 11. 1 1 1 6 .5 4 4 . 0
6 9 9 . 9 .1 6 0 .4 8 8 1 4 .8 6 5 5 . 10c 5 1 16 .7 4 4 . 2
7 1 17. 8 .6 6 0 .4 6 2 14. 0 61 7. 9 .9 1 1 6 .7 4 4 . 2
8 135. 8 .0 2 0 .4 2 7 1 2 .9 5 7 3 . 9 .2 1 16 .7 44. 2
9 153. 7 .4 3 0 .3 9 7 1 2 .0 5 2 9 . 8 .5 I 1 6 .6 4 4 . I

16 171. 6 .6 5 0 .3 5  5 1 0 .7 4 72 . 7 .6 i 1 6 .5 4 4 . 0

***** SIM ILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL *****

ACRIVOS INTEGRAL
THETA= 
FACR =

- 0 .5 5 6 CN = 0 .5 6 9
1 .0 1 6

NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 9 . 1 1 .6 8 0 .6 2 3 1 8 .9 0 .1 7 0 1 1 .9 5 0 .6 3 7 1 9 .3
2 2 7 . 1 0 .7 0 0 . 571 1 7 .3 0 .3 9 4 1 0 .94 0 .584 1 7 .7
3 4 5 . 1 0 .1 5 0 .5 4 1 1 6 .4 0 .5 6 8 1 0 .3 8 0 .5 5 3 16. 8
4 63. 9 .6 5 0 .5 1 5 1 5 .6 0 .6 9 6 9 .8 7 0 .5 2 6 1 5 .9
5 81 . 9 .1 4 0 . 488 1 4 .8 0 .7 7 9 9 . 34 0 . 499 15.1
6 9 9 . 8 .5 9 0 .4 5 8 1 3 .9 0 .8 1 9 8 .7 8 0 .4 6 8 1 4 .2
7 1 17. 7 .9 4 0 . 423 12. 8 0 .8 0 3 8 .1 2 0 .4 3 3 13.1
8 135. 7 .  17 0 .3 8 2 11 .6 0 .7 3 2 7 .3 3 0 .3 9 1 1 1 .8
9 1 53. 6 . 16 0 .3 2 9 1 0 .0 0 .591 6 .3 0 0 .3 3 6 1 0 .2

10 171. 4 .5 3 0 .2 4  2 7 .3 0 .3 4 0 4 .6 3 0 .2 4 7 7 .5

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRC=14 8 7 6 .6
NGRPRC= 79963 .

NGRC= 5 .3 8
SHRAVG= 0 .5 8 9

NUAVG FXPMTL ~ 9 .4 0
NUAVG INTGRL -  8 .7 6
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLU ID S

RUN 18 ISOTHERMAL CASE

***** FLU ID  PROPERTIES *****

FLU ID  
TB ULK 
DENSITY  
THERMK

-  4 1 .0  % CS/SS SOL
= 7 4 .5
~ 7 7 .0 4
= 0 .1 3 7

SPHEAT = 0 .6 4 3  
BETA = 0 .0 0 0 6 2
KLBFTHR = 8 4 .7 2
N INDEX = 1 .3 6 8

***** REDUCED EXPER I MENT AL DATA *****

NO ANGLE NUX NUGPD HX QFLUX BTUHR T WALL DELT T
1 9 . 12 . 18 0 .6 3 4 1 9 .7 9 4 3 . 15.1 1 22 .4 4 7 .9
2 2 7 . 1 1 .5 0 0 . 598 1 8 .6 8 9 3 . 1 4 .3 1 2 2 .6 4 8 . 1
3 4 5 . 1 0 .8 8 0 .5 6 6 1 7 .6 841 . 1 3 .5 1 2 2 .4 4 7 .9
4 63 . 1 0 .3 8 0 .5 4 1 1 6 .8 8 0 1 . 12 .8 122 .2 4 7 .7
5 81 . 9 .8 1 0 .5 1  1 15. 9 757 . 12. 1 122. 3 4 7 .8
6 9 9 . 9 .3 6 0 .4 8 8 15.1 7 2 4 . 1 1 .6 1 2 2 .4 4 7 .9
7 117. 8 .8 6 0 . 46 1 1 4 .3 6 8 6 . 1 1 .0 1 2 2 .4 4 7 .9
8 135. 7 .9 9 0 .4 1 6 1 2 .9 6 1 9 . 9 .9 1 2 2 .5 48. 0
9 153. 7 .2 6 0 .3 7 8 I 1 .7 561 . 9 .0 1 2 2 .3 4 7 .8

10 171 . 6 .6 6 0 .3 4 7 1 0 .8 51 6 . 8 .3 12 2 .4 4 7 .9

***** SIM ILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL *****

ACRIVOS INTEGRAL
THETA^ 
FACR =

—0 .5 5 6
1 .0 1 4

CN = 0 .5 6 9

NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 9 . 1 1 .9 5 0 .6 2 2 1 9 .3 0 .1 8 2 1 2 .22 0 .6 3 6 1 9 .7
2 2 7 . 1 0 .9 6 0 . 570 1 7 .7 0 .4 2 4  . 11 .21 0 .5 8 3 18.1
3 4 5 . 1 0 .3 8 0 .5 4  1 1 6 .8 0 .6 0 8 10 .6 2 0 .5 5 3 1 7 .2
4 63. 9 . 87 0 .5 1 5 1 6 .0 0 .7 4 5 10.10 0 .5 2 6 1 6 .3
5 8 1 . 9 .3 6 0 .4 8 8 15 . 1 0 .8 3 6 9 .5 7 0 . 499 1 5 .5
6 9 9 . 8 .7 9 0 .4 5 8 1 4 .2 0 .8 7 7 8 .9 9 0 .4 6 8 1 4 .5
7 1 17. 8 .1 3 0 . 423 13. 1 0 . 861 8 .3 1 0 .4 3 3 13 .4
8 135. 7 .3 4 0 .3 8 2 1 1 .9 0 .7  85 7 .5 1 0 .3 9 1 12. 1
9 153. 6 .3 1 0 .3 2 9 1 0 .2 0 .6 3 3 6 .4 5 0 .3 3 6 10 .4

10 171. 4 .6 3 0 .2 4 1 7 .5 0 . 366 4 .7 4 0 .2 4 7 7 .7

***** AVERAGE HEAT TRANSFER RESULTS *****

K P R C = 1 4 5 4 3 .0
NGRPRC= 9 0 5 2 5 .

NGRC- 6 .2 2
SHRAVG= 0 .6 3 2

NUAVG EXPMTL = 9 .4 9
NUAVG INTGRL = 8 .9 7
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLU ID S

RUN 19 ISOTHERMAL CASE

^ $ ^ *  FLU ID  PROPERTIES *****

FLU ID  = 42*0 % CS/SS SOL
TBULK = 69# 5
DENSITY = 77*05
THERMK = 0*134

SPHEAT 
BETA 
KLBFTHR  
N INDEX

-  0*638
= 0 .0 0 0 6 3
= 6 2 .9 5
-  1 .4 4 3

***** REDUCED EXPER I MENTAL DATA *****

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9 . 1 0 .2 8 0 .6 2  3 1 6 .2 4 5 2 . 7 .2 9 7 .3 2 7 .8
2 2 7 . 9 .9 9 0 .6 0 6 1 5 .8 4 3 8 . 7 .0 9 7 .3 2 7 .8
3 4 5 . 9 .4 6 0 .5 7 4 1 5 .0 41 5 . 6 .6 9 7 .2 27. 7
4 6 3 . 9 .0 0 0 .5 4 5 1 4 .2 3 9 8 . 6 .4 9 7 .5 2 8 .0
5 8 1 . 8 .5 2 0 .5 1 6 1 3 .5 3 7 6 . 6 .0 9 7 .4 2 7 .9
6 9 9 . 7 .8 8 0 .4 7 7 1 2 .5 3 5 0 . 5 .6 9 7 .6 2 8 . 1
7 117* 7 .6 9 0 . 466 1 2 .2 33 8 . 5 .4 9 7 .3 2 7 .8
8 135. 6 .8 5 0 .4 1 5 1 0 .8 3 0 2 . 4 .8 9 7 .4 2 7 . 9
Q 1 53 - 6»44 0 .3 9 0 1 0 .2 2 8 3 . 4 .5 9 7 .3 27*8

10 171. 5 .7 4 0 .3 4 8 9 . 1 2 54 . 4 .1 9 7 .4 27*9

***** SIM ILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL *****
ACRIVOS INTEGRAL

THETA= - 0 .5 5 9 CN ~ 0 .571
FACR - 1 .0 4 4

NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 9 . 10.51 0 .6 3 7 1 6 .6 0 .1 2 5 10 .74 0 .6 5 0 1 7 .0
2 2 7 . 9 .5 1 0 . 577 1 5 .0 0 .2 8 0 9 .7 2 0 .5 8 9 1 5 .4
3 4 5 . 8 .9 7 0 .5 4 4 1 4 .2 0 .3 9 6 9 . 17 0 .5 5 6 14. 5
4 63. 8 .5 3 0 . 516 1 3 .5 0 .4 8 4 8 .7 2 0 .5 2 7 13 .8
5 81. 8 .0 7 0 .4 8 8 1 2 .8 0 .5 4 0 8 . 24 0 .4 9 9 1 3 .0
6 9 9 . 7 .5 8 0 .4 5 8 1 2 .0 0 .5 6 6 7 .7 4 0 .4 6 8 12 .2
7 1 17. 7 .0 0 0 .4 2 4 11.1 0 .5 5 3 7 .1 6 0 .4 3 4 1 1 *3
8 135. 6 .3 4 0 .3 8 4 1 0 .0 0 .5 0 6 6 .4 7 0 .3 9 2 1 0 .2
9 153. 5 .4 7 0 . 33 1 8 .6 0 .4 1 2 5 .5 9 0 .3 3 9 8 .8

10 171. 4 .0 6 0 .2 4 6 6 .4 0 .2 4 3 4 .  15 0 . 251 6 .6

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRC -I 8278. 7 NGRC= 2 .0 5  NUAVG EXPMTL = 8 .1 9
NGRPRC= 37445. SHRAVG= 0 .4 1 0 NUAVG INTGRL = 7 .7 7
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW F L U ID S

RUN 2 0  ISOTHERMAL CASE

* * * * *  F L U ID  PR O PE R T IES * ♦ ♦ ♦ ♦

F L U ID ~  4 2 * 0  % C S /S S  SOL SPHEAT = 0 * 6 3 8
TBULK =  7 2 *  5 SETA = 0 . 0 0 0 6 3
D E N SITY  ~  7 7 * 0 5 KLBFTHR = 6 2 * 1 4
THERMK = 0 * 1 3 4 N INDEX = 1 . 4 3 9

* * * * *  REDUCED EXPERIMENTAL DATA * * * * *

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9 * 1 0 . 5 6 0 . 6 1 9 1 6 . 7 5 3 1 . 8 . 5 1 0 4 . 3 3 1 . 8
2 2 7 * 1 0 . 2 0 0* 5 9 8 1 6 .  1 5 1 3 * 8 * 2 1 0 4 . 3 3 1  . 8
3 4 5 . 9 . 7 3 0 * 5 7 1 1 5 . 4 4 8 6 . 7 . 8 1 0 4 .  1 3 1 . 6
4 6 3 . 9 * 1 6 0 .  5 3 6 1 4 . 5 4 6 4 . 7 . 4 1 0 4 * 5 3 2 . 0
5 8 1 . 8 . 7 7 0 * 5 1 4 1 3 . 9 4 4 3 . 7 .  1 1 0 4 . 4 3 1 . 9
6 9 9 . 8 . 1 3 0 . 4 7 6 1 2 . 9 41  1 . 6 * 6 1 0 4 * 4 3 1 * 9
7 1 1 7 . 7 . 7 0 0 .  4 5 1 1 2 * 2 3 8 9 . 6 . 2 1 0 4 * 4 3 1  . 9
8 1 3 5 . 7 . 0 8 0 . 4 1 4 1 1 . 2 3 5 7 . 5 . 7 1 0 4 . 4 3 1 * 9
9 1 5 3 . 6*51 0 . 3 8 1 1 0 . 3 3 2 8 . 5 * 2 1 0 4 * 3 3 1 . 8

10 1 7 1  * 6 * 0 5 0 * 3 5 5 9 * 6 3 0 4 . 4 * 9 1 0 4 *  2 3  i * 7

SIM IL A R AND INTEGRAL SOLUTION*5 FOR ISOTHERMAL

ACRIVOS INTEGRAL
T H E T A = - 0 . 5 5 9 CM =  0 * 5 7 1
FACR = 1 . 0 4 2

NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 9 . 1 0 . 8 5 0 * 6 3 6 1 7 . 2 0 * 1 3 8 1 1 . 0 9 0 . 6 5 0 1 7 . 5
2 2 7 * 9 . 8 3 0 .  5 7 6 1 5 . 6 0 . 3 0 9 1 0 . 0 4 0 . 5 8 9 1 5 . 9
3 4 5 * 9 . 2 7 0 . 5 4 4 1 4 . 7 0 . 4 3 6 9 . 4 7 0 . 5 5 6 1 5 .  0
4 6 3 . 8 . 8 2 0 . 5 1 6 1 4 . 0 0 . 5 3 5 9 . 0 1 0 . 5 2 7 1 4 . 3
5 8 1 . 8 . 3 4 0 .  4 8 8 1 3 . 2 0 . 5 9 6 8 * 5 2 0 . 4 9 9 1 3 . 5
6 9 9 . 7 . 8 3 0 . 4 5 8 1 2 . 4 0 * 6 2 4 8 * 0 0 0 . 4 6 8 1 2 . 7
7 1 1 7 . 7 . 2 5 0 .  4 2 4 1 1 . 5 0 . 6 1 2 7 . 4 0 0 . 4 3 3 I 1 . 7
8 1 3 5 . 6 . 5 5 0 . 3 8 4 1 0 . 4 0 . 5 5 9 6 . 6 9 0 . 3 9 2 1 0 . 6
9 1 5 3 . 5 * 6 5 0 . 3 3  1 8 . 9 0 * 4 5 5 5 . 7 8 0 . 3 3 8 9 . 1

1 0 1 7 1  . 4 . 1 9 0 . 2 4 6 6 * 6 0 . 2 6 7 4 . 2 8 0 . 2 5 1 6 . 8

* * * * *  AVERAGE HEAT TRANSFER RESULTS * * * * *

N P R C = 1 8 1 5 2 .8 NGRC= 2 . 4 5  NUAVG EXPMTL = 8 . 3 9
NGRPRC= 4 4 3 9 4 . SHRAVG= 0 . 4 5 3 NUAVG INTGRL = 8 . 0 3



LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLU ID S

RUN 21 ISOTHERMAL CASE

***** FLU ID  PROPERTIES *****

FLU ID  = 42*0 % CS/SS SOL
TBULK -  7 1 .0
DENSITY = 7 7 .0 5
THERMK = 0 .1 3 4

SPHEAT = 0 .6 3 8
BETA = 0 .0 0 0 6 3
KLBFTHR = 6 2 .0 2
NINDEX -  1 .4 3 8

***** REDUCED EXPER IWENT AL DATA *****

NO ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9 . 1 0 .8 3 0 .6 1 9 17.1 61 8 . 9 .9 1 0 7 .0 3 6 .0
2 2 7 . 1 0 .3 7 0 . 59 2 1 6 .4 5 9 6 . 9 .5 1 0 7 .3 3 6 .3
3 4 5 . 9 .9 2 0 .5 6 6 1 5 .7 5 6 9 . < .  1 1 0 7 .3 36. 3
4 63. 9 .4 7 0 .5 4 1 1 5 .0 5 4 2 . 8 .7 1 0 7 .2 3 6 .2
5 81 . 8 .9 3 0 .5 1 0 14. 1 51 1. 8 .2 107. 1 36.1
6 9 9 . 8 .3 2 0 .4 7 6 1 3 .2 4 7 5 . 7 .6 107.1 3 6 .1
7 1 17. 7 .8 7 0 . 450 1 2 .5 4 5 0 . 7 .2 107.1 3 6 .1
8 135. 7 .3 0 0 .4 1 7 1 1 .6 4 1 7 . 6 .7 107. 1 36 . 1
9 153. 6 .8 2 0 .3 8 9 1 0 .8 3 9 0 . 6 .2 1 0 7 .2 3 6 .2

10 171. 6 .0 9 0 .3 4 8 9 .6 3 47 . 5 .6 107.1 36 .1

***** SIM ILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL *****

ACRIVGS 
TH ETA - - 0 .5 5 9  
FACR ~ I .0 4 2

INTEGRAL 
CN = 0 .571

NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 9 . 1 1 .1 2 0 .6 3 6 1 7 .6 0 .1 4 8 1 1 .3 6 0 .6 5 0 18 .0
2 2 7 . 1 0 .0 9 0 . 576 1 6 .0 0 .3 3 4 10.31 0 .5 8 9 1 6 .3
3 4 5 . 9 .5 2 0 .5 4 4 15.1 0 .4 7 3 9 .7 3 0 .5 5 6 1 5 .4
4 6 3 . 9 .0 3 0 . 516 1 4 .3 0 .5 7 5 9 .2 3 0 .5 2 7 1 4 .6
5 81 . 8 .5 5 0 .4 8 8 1 3 .5 0 . 641 8 . 73 0 .4 9 9 1 3 .8
6 9 9 . 8 .0 2 0 .4 5 8 1 2 .7 0 .6 7 0 8 . 19 0 .4 6 8 13 .0
7 1 17. 7 .4 2 0 . 424 1 1 .7 0 .6 5 8 7 .5 9 0 .4 3 4 1 2 .0
8 135. 6 .7 1 0 .3 8 4 1 0 .6 0 .601 6 .8 6 0 .3 9 2 1 0 .9
9 153. 5 .8 0 0 .3 3 1 9 .2 0 .4 9 0 5 .9 2 0 .3 3 8 9 .4

10 171. 4 .3 0 0 .2 4 6 6 .8 0 .2 8 8 4 . 39 0 .251 6 .9

***** AVERAGE HEAT TRANSFER RESULTS *****

NPRC=18676. 6
NGRPRC- 4 9 7 2 2 .

NGRC= 2 .6 6
SHRAVG= 0 .4 8 8

NUAVG EXPMTL = 8 .5 9
NUAVG INTGRL = 8 .2 3
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO POWER-LAW FLU ID S

RUN 22 ISOTHERMAL CASE

***** FLUID  PROPERTIES *****

FLU ID  
TBULK 
DENSITY  
THERMK

= 4 2 .0
= 74 . 5
= 7 7 .0 5
= 0 .1 3 4

% c s /s s SOL SPHEAT 
BETA 
KLBFTHR  
NINDEX

= 0 .6 3 8
= 0 .0 0 0 6 3
= 6 0 .8 9
= 1 .4 3 4

#*$*£ REDUCED EXPERIMENTAL DATA *****

NC ANGLE NUX NUGPD HX QFLUX BTUHR TWALL DELT T
1 9* 11 .1 1 0 .6 1 8 1 7 .6 6 9 8 . 1 1 .2 1 1 4 .2  3 9 .7
2 2 7 . 1 0 .6 3 0. 590 1 6 .8 6 7 3 . 1 0 .8 1 1 4 .5  4 0 .0
3 4 5 . 1 0 .2 5 0 .5 6 9 1 6 .2 6 4 8 . 1 0 .4 1 1 4 .4  3 9 .9
4 63 . 9 . 78 0 . 544 1 5 .5 6 1 8 . 9 .9 1 14 .4  3 9 .9
5 8 1 . 9 .2 7 0 .5 1 5 1 4 .7 5 8 3 . 9 .3 1 1 4 .2  3 9 .7
6 9 9 . 8 .6 3 0 .4 7 9 1 3 .7 5 4 5 . 8 .7 1 14 .4  3 9 .9
7 117. 8 .2 3 0. 458 13. 0 51 9 . 8 .3 1 1 4 .3  3 9 .8
8 135. 7 .5 1 0 .4 1 8 1 1 .9 4 7 4 . 7 .6 1 1 4 .3  3 9 .8
9 153. 7 .1 2 0 . 396 11 .3 4 5 0 . 7 .2 11 4 .4  3 9 .9

10 171. 6 .4 3 0 .3 5 7 1 0 .2 408 . 6© 5 114 .6  40 c l

^# ^# SIM ILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL *****

AGP IVOS INTEGRAL
TH ETA- - 0 .5 5 9 CN = 0 .571
FACR - 1 .0 4 0

NO ANGLE NUX NUGPD HX SHEAR NUX NUGPD HX
1 9 . 1 1 .41 0 .6 3 5 18.1 0 .1 6 0 11 .66 0 .6 4 9  1 8 .5
2 2 7 . 1 0 .3 7 0 . 576 1 6 .4 0 .3 6 2 1 0 .6 0 0 .5 8 8  1 6 .8
3 4 5 . 9 .7 9 0 .5 4 4 1 5 .5 0 .5 1 3 10 .00 0 .5 5 5  1 5 .8
4 63 . 9 .2 9 0 .5 1 6 1 4 .7 0 .6 2 4 9 .4 9 0 .5 2 7  1 5 .0
5 81 . 8 .7 8 0 .4 8 8 1 3 .9 0 .6 9 6 8 .9 7 0 .4 9 9  14 .2
6 9 9 . 8 .2 5 0 .4 5 8 13.1 0 .7 2  9 8 .4 3 0 .4 6 8  1 3 .4
7 1 17. 7 .6 3 0 . 424 12. 1 0. 715 7 .8 0 0 .4 3 3  1 2 .3
8 135. 6 .9 0 0 .3 8 4 1 0 .9 0 .6 5 3 7 . 05 0 .3 9 2  1 1 .2
9 153. 5 .9 6 0 .3 3  1 9 .4 0 .5 3 3 6 .0 9 0 .3 3 8  9 .6

10 171. 4 .4 2 0 .2 4 5 7 .0 0 .3 1 4 4 .5 2 0 .251  7 .2

***** AVERAGE HEAT TRANSFER RESULTS *****

NFRC=18 2 7 3 .9
NGRPRC= 5 7 6 72 .

NGRC= 3 .1 6
SHRAVG= 0 .5 3 0

NUAVG EXPMTL = 8 .9 0
NUAVG INTGRL = 8 .4 6
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L O C A L  F R E E  C O N V E C T IO N  FROM H O R IZ O N T A L  C Y L IN D E R  
TO P O W E R -LA W  F L U ID S

RUN 2 3  IS O T H E R M A L C AS E

* * * * *  F L U ID  P R O P E R T IE S  * * * * *

F L U ID  =  4 2 . 0  % C S /S S  SO L
T B U L K  =  7 5 . 5
D E N S IT Y  =  7 7 . 0 5
THERM K =  0 . 1 3 4

S P H E A T  =  0 . 6 3 8
B E T A  =  0 . 0 0 0 6 3
K L B F T H R  =  6 0 . 1 3
N IN D E X  =  1 . 4 3 2

* * * * *  R E D U C E D  E X P E R IM E N T A L D A T A  * * * * *

NG A N G LE  NUX NUGPD HX Q F LU X
1 9 .  1 1 . 3 9  0 . 6 1 7  1 8 . 0  7 9 7 .
2  2 7 .  1 0 . 9 4  0 . 5 9 3  1 7 . 3  7 6 1 .
3  4 5 .  1 0 . 6 3  0 . 5 7 6  1 6 . 8  7 4 1 .
4 6 3 .  9 . 9 3  0 . 5 3 8  1 5 . 7  6 9 3 .
5  8 1 .  9 . 5 1  0 - 5 1 6  1 5 . 1  6 6 2 .
6  9 9 .  9 . 0 1  0 . 4 8 8  1 4 . 3  6 3 3 .
7  1 1 7 .  8 . 6 7  0 . 4 7 0  1 3 . 7  6 0 8 .
8  1 3 5 .  8 . 0 4  0 . 4 3 6  1 2 . 7  5 6 3 .
9  1 5 3 .  7 . 4 9  0 . 4 0 6  1 1 . 9  5 2 4 .

1 0  1 7 1 .  G . 3 7  0 . 3 5 6  1 0 . 4  4 6 1 .

BTUHR TW A LL D E L T  T
1 2 . 8  1 1 9 . 7  4 4 . 2
1 2 . 2  1 1 9 . 4  4 3 . 9
1 1 . 9  1 1 9 . 5  4 4 . 0
1 1 . 1  1 1 9 . 6  4 4 . 1
1 0 . 6  1 1 9 . 4  4 3 . 9
1 0 . 1  1 1 9 . 8  4 4 . 3

9 . 7  1 1 9 . 7  4 4 . 2
9 . 0  1 1 9 . 7  4 4 . 2
8 . 4  1 1 9 . 6  4 4 . 1
7 . 4  1 1 9 . 7  4 4 . 2

* * * * *  S IM IL A R  AND IN T E G R A L  S O L U T IO N S  FOR IS O T H E R M A L  * * * * *

A C R IV O S IN T E G R A L
T H E T A =  - 0 . 5 5 9
F A C R  -  1 . 0 3 9

CN =  0 . 5 7 1

NO A N G LE NUX NUGPD HX SHEAR
1 9 .  1 1 . 7 1  0 . 6 3 5  1 8 . 6  0 . 1 7 3
2 2 7 .  1 0 . 6 1  0 . 5 7 6  1 6 . 8  0 . 3 8 7
3 4 5 .  1 0 . 0 2  0 . 5 4 4  1 5 . 9  0 . 5 5 1
4  6 3 .  9 . 5 2  0 . 5 1 6  1 5 . 1  0 . 6 7 2
5  8 1 .  9 . 0 0  0 . 4 8 8  1 4 . 3  0 . 7 4 8
6  9 9 .  8 . 4 6  0 . 4 5 8  1 3 . 4  0 . 7 8 7
7 1 1 7 .  7 . 8 3  0 . 4 2 4  1 2 . 4  0 . 7 7 2
8 1 3 5 .  7 . 0 8  0 . 3 8 4  1 1 . 2  0 . 7 0 5
9 1 5 3 .  6 . 1  1 0 . 3 3  1 9 . 7  0 . 5  7 3

1 0  1 7 1 .  4 . 5 3  0 . 2 4 5  7 . 2  0 . 3 3 7

NUX NUGPD HX
1 1 . 9 7  0 . 6 4 8  1 9 . 0
1 0 . 8 4  0 . 5 8 8  1 7 . 2
1 0 . 2 4  0 . 5 5 5  1 6 . 2

9 . 7 2  0 . 5 2 7  1 5 . 4
9 . 2 0  0 . 4 9 9  1 4 . 6
8 . 6 5  0 . 4 6 8  1 3 . 7
8 . 0 0  0 . 4 3 4  1 2 . 7
7 . 2 3  0 . 3 9 2  1 1 . 5
6 . 2 4  0 . 3 3 8  9 . 9
4 . 6 3  0 . 2 5 1  7 . 3

* * * * *  A V ER AG E H E A T  T R A N S F E R  R E S U L T S  * * * * *

N P R C = 1 8 2 4 2 . 2  NG RC= 3 . 5 3
NG RPRC= 6 5 2 8 4 .  S H R AV G = 0 . 5 7 0

NUAVG EX P M TL =  9 . 2 2
NUAVG IN T G R L  =  8 . 6 7
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LOCAL FREE CONVECTION FROM HORIZONTAL CYLINDER 
TO "OWER-LAW FLU ID S

FLU ID  = 
TBULK - 
DENSITY = 
THERMK -

RUN 24 ISOTHERMAL CASE

***** FLUID  PROPERTIES *****

= 4 2 .0  % CS/SS SOL SPHEAT - 0 .6 3 8
= 7 5 .5  BETA = 0 .0 0 0 6 3
= 7 7 .0 5  KLBFTHR = 5 9 .6 6
= 0 .1 3 4  NINDEX = 1 .430

NO ANGLE
1 9*
2 2 7 .
3 4 5 .
4 6 3 .
5 81 .
6 9 9 .
7 117.
8 135.
9 153.

10 171.

***** REDUCED EXPERIMENTAL DATA *****

NUX NUGPD HX QFLUX 0TUHR TWALL DELT T
12.01 0 .6 3 9  1 9 .0  9 0 8 . 1 4 .5  1 2 3 .2  4 7 .7
1 1 .3 6  0 .6 0 4  1 8 .0  8 6 1 . 1 3 .8  1 2 3 .3  4 7 .8
1 0 .8 8  0 .5 7 9  1 7 .2  8 2 0 . 13.1  123 .1  4 7 .6
10 .31  0 .5 4 8  1 6 .3  7 8 2 . 1 2 .5  1 2 3 .4  4 7 .9

9 .7 6  0 .5 2 0  1 5 .5  7 3 5 . 1 1 .8  12 3 .0  4 7 .5
9 .1 3  0 .4 8 5  1 4 .5  6 9 2 . 11.1 1 2 3 .4  4 7 .9
8 .5 9  0 .4 5 7  1 3 .6  6 5 0 . 1 0 .4  1 2 3 .3  4 7 .8
7 .9 0  0 .4 2 1  1 2 .5  5 9 6 . 9 -6  123-1 4 7 .6
7 .3 7  0 .3 9 2  1 1 .7  5 5 5 . 8 .9  123 .1  4 7 .6
6 .6 5  0 .3 5 4  1 0 .5  SOS. 8 .1  1 2 3 .4  4 7 .9

***** SIM ILAR AND INTEGRAL SOLUTIONS FOR ISOTHERMAL *****

ACRIVOS INTEGRAL
THETA= - 0 .5 5 9  CN = 0 .571
FACR = 1 .0 3 8

NO ANGLE
1 9*
2 27#
3 4 5 .
4 63 .
5 81 .
6 9 9 .
7 1 17.
8 135.
9 1 53 .

10 171.

NUX NUGPD HX SHEAR NUX NUGPD HX
11 .9 2  0 .6 3 4  1 8 .9  0 .1 8 2  12.18  0 .6 4 8  1 9 .3
1 0 .8 2  0 .5 7 6  17.1  0 .411  1 1 .0 5  0 .5 8 8  1 7 .5
1 0 .2 0  0 .5 4 3  1 6 .2  0 .581  1 0 .4 3  0 .5 5 5  1 6 .5

9 .7 0  0 .5 1 6  1 5 .4  0 .7 1 2  9 .9 2  0 .5 2 7  1 5 .7
9 .1 7  0 .4 8 8  1 4 .5  0 .7 9 0  9 .3 7  0 .4 9 9  1 4 .8
8 .6 2  0 .4 5 8  1 3 .7  0 .8 3 0  8 .8 0  0 .4 6 8  1 4 .0
7 .9 7  0 .4 2 4  1 2 .6  0 .8 1 4  8 .1 5  0 .4 3 3  1 2 .9
7 .2 0  0 .3 8 4  1 1 .4  0 .7 4 2  7 .3 6  0 .3 9 2  1 1 .7
6 .2 1  0 .3 3 1  9 .8  0 .6 0 4  6 .3 5  0 .3 3 8  10.1
4 .6 1  0 .2 4 5  7 .3  0 .3 5 6  4 .7 1  0 .2 5 0  7 .5

***** AVERAGE HEAT TRANSFER RESULTS ***** 

NPRC=18316.5 NGRC= 3 .9 0  NUAVG EXPMTL = 9 .3 9
NGRPRC= 7 1 3 62 . SHRAVG= 0 .6 0 2  NUAVG INTGRL = 8 .8 3



APPENDIX B

VISCOMETRIC DATA FOR TEST FLUIDS
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NINDEX 

KSEC

DINNER 

DOUTER 

LEQUIN 

STRESS 

DU/PR 

APKSEC

VISCOMETRIC DATA FOR TEST FLUIDS

Nomenclature

f lo w  b e h a v io r index

co n s is te n cy  in d e x , lb m / f t - ( s e c )  

in n e r  c y l in d e r  d ia m e te r, inches 

o u te r  c y l in d e r  d ia m e te r, inches 

in n e r  c y l in d e r  e q u iv a le n t le n g th ,  inches 

shear s t re s s ,  l b ^ / f t

s l:ea r r a te ,  1 /sec

apparen t v is c o s i t y ,  Ib m /f t - s e c
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$ JOB
C
C
C

V IS C O M E T E R  D A TA  R E D U C T IO N

1 R EA L N O D A TA * N LO G * IN D E X *  M* K G LO G * K G * K S E C . K H R *
IN C H E C K . N C H K L G * L E N IN *  L E N F T

2 D IM E N S IO N  R P M ( 3 0 ) ,  R D G ( 3 0 ) .  T 0 R Q U E ( 3 0 ) ,  S T R E S S ( 3 0 ) *
1 S T R C H K (3 O ) .  D U D R ( 3 0 ) .  D U 0 R N ( 3 0 ) *  V I S A C P ( 3 0 ) *
2  A P K S E C (3 0 )

3 DO UBLE P R E C IS IO N  S U M X 1 , S U M Y l*  S U M X Y 1 * S U M X X 1* Y l .  X I *
1 X 1 S Q R D * X Y 1 *  S U M X 2 . S U M Y 2 * S U M X Y 2 * S U M X X 2* Y 2 *  X 2 *
2 X 2 S Q R D , X Y 2

4 1 R E A D ( 5 * 3 )  S O U * R C E * C O N * T ,  Y *  P E *  T E M P T , V IS C O M * D IN *
1 D 0 IN *  L E N IN *  N

5 3  F 0 R M A T ( 2 A 3 *  F 6 . 3 *  3 A 3 *  F 5 * 0 *  F 3 * 0 *  3 F 6 . 3 *  1 3 )
6 R E A D ( 5 , 5 )  ( R P M C D *  R D G ( D *  I = 1 * N )
7 5  F C R M A T ( F 5 .1 *  F 5 .1  )
8 D IF  -  D I N / 1 2 . 0
9 DOF =  D O I N / 1 2 . 0

1 0 L E N F T  =  L E N I N / 1 2 . 0
1 1 ■ R IF  =  D I F / 2 . 0
1 2 RCF =  D O F / 2 . 0
1 3 I F  (V IS C O M  . G T .  1 * 0 )  GO TO 4 0
1 4 S =  D O F /D IF
1 5 STE RM  =  ( 1 * 0  -  ( 1 * 0 / S * * 2 . 0 ) )
1 6 SL1 =  A L O G (S )
1 7 S L 2  -  S L l * * 2 * 0
1 8 S L 4  =  S L l * * 4 . 0
1 9 S E R IE S  =  ( 1 * 0  F S L 1  F ( S L 2 / 3 . 0 )  -  ( S L 4 / 4 5 * 0 ) ) /S L 1
2Q CP =  0 * 5  ♦  S E R IE S  *  STERM
2 1 S I  =  ( S * * 2 * 0  -  1 * 0 ) / ( S * * 2 . 0 }
2 2 C l  =  0 * 5  ♦  S I  *  ( 1 * 0 0  F O * 6 6 6 7 * A L O G ( S ) )
2 3 C 2 =  ( S I  *  A L O G ( S ) 1 / 6 . 0
2 4 GO TO 4 2
2 5 4 0  S =  0 * 0
2 6 STERM  = 0 * 0
2 7 S I  =  0 * 0
2  8 C l  =  0 . 0
2 9 C 2  =  0 * 0
3 0 CR =  0 * 0
3 1 GO TO  4 2
3 2 4 2  S P R IN G  =  0 . 0 0 0 0 4 9 7

C
C FLOW  B E H A V IO R  IN D E X  D E T E R M IN A T IO N
C

3 3 SUMX1 =  0 . 0
3 4 S U M Y l =  0 . 0
3 5 SUMXY1 = 0 . 0
3 6 SUMXX1 =  0 * 0
3 7 DC 5 0  I = 1 *N
3 8 Y1 =  A L O G (R D G ( I ) )
3 9 X I  =  A L O G ( R P M d ) )
4 0 X1SQ RD =  X I  *  X I
4 1 XY1 =  X I  *  Y1
4 2 S U M Y l =  SU M Y l F Y1
4 3 S U M X I =  S U M X I F X I
4 4  SUMXX1 =
4 5  SUM XY1 =
4 6  T O R Q U E ( I )
4 7  S T R E S S ( I )

SUMXX 1 + X1SQ R D
SUMXY1 + XY1

=  ( R O G ( I )  ♦  S P R I N G ) / l 0 0 . 0
=  ( T O R Q U E ! D / R I F ) / ( 6 . 2 8 3 2  *  R I F * L E N F T )



159

4 8  
4 9
5 0

51

5 2  
5 3
5 4  
5 5  
5 6

5 7  
5 8
5 9  
6 0
6 1  
6 2
6 3
6 4
6 5  
6 6  
6 7
6 8  
6 9

7 0
7 1
7 2
7 3
7 4
7 5  
7 6
7 7
7 8  
7 9
8 0  
81
8 2

8 3

8 4

8 5  
8 6
8 7  
8 8
8 9
9 0
9 1
9 2  
9 3

5 0  C O N T IN U E  
KCDATA =  N 
IN D E X =  (N O D A T A *S U M X Y 1 -S U M X 1 *S U M Y 1 ) / ( N O D A T A *S U M X X 1 -  

1 S U M X 1 *S U M X 1 )  
M =  1 * O / IN D E X  

C 
C C O N S IS T E N C Y  IN D E X  D E T E R M IN A T IO N  
C 

SU M X 2 = 0 . 0  
SUM Y2 =  0 . 0  
SUM XY2 = 0 . 0  
SU M XX2 = 0 . 0  
IF C V IS C G M  - G T .  1 . 0 )  GO TO 1 0 0  

C .
C C O N C E N T R IC  C Y L IN D E R  V IS C O M E T E R  
C 

DO 6 0  1 = 1 . N 
D U D R ( I ) =  2 . 0  *  3 . 1 4 1 6  *  P P M ( I ) *  S E R I E S / 6 0 . 0  
D U D R N ( I ) =  D U D R ( I )  * * I N D E X  
Y 2  =  A L O G ( S T R E S S ( I ) )  
X2 =  A L O G ( D U D R ( I ) ) 
X 2SQ R D  =  X 2 * X 2  
X Y 2  =  X 2  *  Y 2  
S U M Y2 =  SUM Y2 + '2  
SU M X2 =  S U M X2 +  X 2  
SUM XX2 =  S U M X X 2 +  X 2SQ R D  
S U M XY 2 =  S U M X Y 2 *  X Y 2  

6 0  C O N T IN U E  
GO TO  1 2 0  

C 
C C Y L IN D E R  IN  I N F l N L i h  F L U ID  BATH  
C 

1 0 0  DO 7 0  I = 1 > N  
D U D R ( I )  =  ( 4 . 0  *  3 . 1 4 1 6  *  R P M ( I  ) ) / ( 6 0 . 0  ♦  IN D E X )  
D U D R N ( I )  =  D U D R ( I )  * *  IN D E X  
Y 2 =  A L O G ( S T R E S S ( I )>  
X2 =  A L O G ( D U D R ( I ) ) 
X2SQ R D  =  X 2 * X 2  
X Y 2  =  X 2  *  Y 2  
SUM Y2 =  SUM Y2 + Y 2  
SUM X2 =  SU M X2 + X 2  
SUM XX2 =  SU M X X 2 +  X 2 S 0 R D  
SU M XY 2 =  S U M XY 2 + X Y 2  

7 0  C O N T IN U E  
GO TO 1 2 0  

C 
1 2 0  NCHECK =  ( N O D A T A *S U M X Y 2  ~  S U M X 2 *S U M Y 2 ) / ( N O D A T A *S U M X X 2  

1 -  S U M X 2 *S U M X 2 )  
KGLOG =  (S U M Y 2 *S U M X X 2  -  S U M X Y 2 *S U M X 2 ) / ( N O D A T A *S U M X X 2 -  

1 S U M X 2 *S U M X 2 ) 
KG =  E X P (K G L O G )  
KSEC =  3 2 . 2  *  KG 
KHR =  ( 3 6 0 0 .  ♦ * ( 2 . 0 - I N D E X ) )  *  KSEC  
C E N P S  =  1 4 8 8 . 0  *  K SEC  
DC 8 0  1 =  1 .N  
S T R C H K ( I ) =  K G * D U O R N C I) 
A P K S E C ( I )  =  ( 3 2 . 2  *  S T R E S S ( I  ) ) /D U D R ( I ) 

8 0  C O N T IN U E  
W R IT E ( 6 . 2 )

9 4 2  F O R M A T ! 1H1 ♦ / / / / / / .  3 7 X , 1 V IS C O M E T E R  D A TA  R E D U C T IO N ’ / )
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9 5 W R ITE(6 ,4) TEMPT
96

97
98
99

1 00
101
102
103
104
105

WARNING**
106
107

WARNING**
108
109

WARNING**
110
1 1 1

WARNING**
112
113

WARNING**
114
115

WARNING**
1 16
1 IT

WARNING**
118
119

120

121
122
123
124
125
126

4 F0RMAT!21X# • F L U I D S  1 6X # • TEMPT = •# F4 .0#  15X#
1 • VI SCOMETER’ ///) 

IFIVISCOM  <GT# l# 0) GO TO 140 
W RITE!6#6) SOU# RCE

6 F0RM AT(21X# ’ SOURCE = •# 2A 3,2 6 X #•T Y P E : CONCENTRIC’ /)
GC TO 160

140 WRITE(6#8) SOU# RCE
8 FORM AT(21X#’ SOURCE = •# 2A3# 26X# ’ T^ PE: SIN G LE ’ /) 

GO TO 160
160 W RITE!6#10) CON# T# Y# PE# DIN

10 F0RMATI21X ’ TYPE = • F5# l#  IX# 3A3# 17X#
1 ’ DINNER = •# F5#3/J

EXPECTING COMMA BETWEEN FORMAT ITEMS NEAR IX ’ T 
W RITE(6#12) INDEX# OCIN

12 FCRM AT!21X  ’ NINDEX = ’ # F5<3# 27X# •DCUTER = ’ #F5#3/) 
EXPECTING COMMA BETWEEN FORMAT .TEM S NEAR IX ’ N

WRITE(6#14) NCHECK# LENIN
14 FORMAT(21X ’ NCHECK = •# F5 .3#  27X# ’ LEQVIN = ’ #F5#3Z) 
EXPECTING COMMA BETWEEN FORMAT ITEMS NEAR IX ’ N

WRITE(6#16) KG# S
16 FQRMAT(21X ’ K/G = ’ #F9#7# 23X# ’ S-DO/DI -  •# F 5 .3 / )  

EXPECTING COMMA BETWEEN FORMAT ITEMS NEAR IX ’ K
W R ITE !6#18) K S EC , STERM

18 FGRM AT!21X ’ KSEC -  •# F9.7#  23X# ’ STERM = ’ #F5#3Z) 
EXPECTING COMMA BETWEEN FORMAT ITEMS NEAR IX ’ K

WRITE(6#20) KHR# SPRING
20 FCRMATI21X ’ KHR = ’ # F8.0#  24X# ’ SPRING = ’ #F9#7Z) 

EXPECTING COMMA BETWEEN FORMAT ITEMS N 1AR IX ’ K
W RITE!6#22) CENPS# CR

22 F U R M A K Z IX  ’ CENPS = •# F6#0# 26X# ’ C R ’ # 6 X » ’ ~ •»
1 F5# 3ZZZ) 

EXPECTING COMMA BETWEEN FORMAT ITEMS NEAR IX ’ C 
W RITE!6#24)

24 F0RMAT(22X# ’ RPM’ # 4 X , ’ RDG’ # 6X# ’ TORQUE’ # 6X#
1 ’ STR ES S ’ # 3X# ’ DU/DR’ # 7X# ’ APKSEC’ Z) 

W RITE!6#26) ! R P M ( l ) t ROG(I)# TORQ UE!!)#  S T R E S S !I )#
1 DUDR(I)# APKSEC(I)#  1=1#N)

26 FGRMATI21X# F4#l# F8.2# F14<10# F10#6# F8#4# F12#5) 
W R ITE!6#28)

28 FCRMATC1H1)
85 GO TO 1
95 STOP 

END
WARNING** UNREFERENCED STATEMENT 95 FOLLOWS A TRANSFER

SENTRY
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VISCOMETER DATA REDUCTION

FLU ID TEMPT ~ 7 0 . VISCOMETER

SOURCE = SAMP i T Y P E : S IN G L E

TYPE -  3 8 .0  CS/SS SOL DINNER = 0 .2 3 5

NINDEX -  1 .1 9 2  DOUTER = 0 .0 0 0

NCHECK = 1 .1 9 2  LEQVIN = 1 .7 5 8

K/G = 0 .0 1 2 1 0 6 8  S=DO/DI -  0 .0 0 0

KSEC ~ 0 .3 8 9 8 3 8 9  STERM = 0 .0 0 0

KHR = 2 9 1 . SPRING = 0^0000491

CENPS = 5 8 0 . CR = 0 .0 0 0

R P M RDG TORQUE STRESS Du/DR APKSEC

3 .0
6 . 0

1 2 .0
3 0 .0
6 0 . 0

1 .0 0  0 .0 0 0 0 0 04 9 7 0  0 .0 0 5 6 3 2  0 .5271  0 .3 4 4 0 4
2 .3 0  0 .0000011431 0 .0 1 2 9 5 2  1 .0 5 4 2  0 .3 9 5 6 4
5 .2 0  0 .0000025844  0 .0 2 9 2 8 4  2 .1 0 8 3  0 .4 4 7 2 5

1 5 .7 0  0 .0 0 0 0 0 78 0 2 9  0 .0 8 8 4 1 5  5 .2 7 0 8  0 .5 4 0 1 4
3 5 .5 0  0 .0 0 0 0 1 76 4 3 5  0 .1 9 9 9 1 8  10 .5416  0 .6 1 0 6 6
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V IS C O M E T E R  D A T A  R E D U C T IO N

F L U ID TE M P T =  8 0 .  V IS C O M E T E R

SOURCE -  SAMP i  T Y P E : S IN G L E

T Y P E =  3 8 . 0  C S /S S  S O L D IN N E R  ~  0 . 2 3 5

N IN D E X =  1 . 1 8 8  D O U TER  =  0 . 0 0 0

N C H E C K =  1 . 1 8 8  L E Q V IN  =  1 . 7 5 8

K /G =  0 . 0 1 0 6 5 4 9  S - D O / D I  =  0 . 0 0 0

K S E C =  0 . 3 4 3 0 8 8 2  STE RM  =  0 . 0 0 0

KHR =  2 6 6 .  S P R IN G  =  0 . 0 0 0 0 4 9 ;

C E N P S =  5 1 1 .  CR -  O .C O C

RPM RDG TO RQ UE S T R E S S  D U /D R  A R K SEC

3 . 0
6 *  0

1 2 . 0
3 0 . 0
6 0 . 0

0 . 9 0  0 . 0 0 0 0 0 0 4 4 7 3  0 . 0 0 5 0 6 8  0 . 5 2 9 1  0 . 3 0 8 4 7
2 . 0 0  0 . 0 0 0 0 0 0 9 9 4 0  0 . 0 1 1 2 6 3  1 . 0 5 8 1  0 . 3 4 2 7 4
4 . 6 0  0 . 0 0 0 0 0 2 2 8 6 2  0 . 0 2 5 9 0 5  2 . 1 1 6 3  0 . 3 9 4 1 5

1 3 . 5 0  0 . 0 0 0 0 0 6 7 0 9 5  0 . 0 7 6 0 2 5  5 . 2 9 0 7  0 . 4 6 2 7 0
3 1 . 6 0  0 . 0 0 0 0 1 5 7 0 5 2  0 . 1 7 7 9 5 6  1 0 . 5 8 1 5  0 . 5 4 1 5 3
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VISCOMETER DATA REDUCTION

FLU ID TEMPT = 90# V ISCCMETER

SOURCE = SAMP 1 T Y P E : SIN GLE

TYPE = 3 8 .0  CS/SS SCL DINNER = 0 .2 3 5

NINDEX = 1 .1 8 2 DOUTER ~ 0 .0 0 0

NCHECK = 1 .1 8 2 LEQVIN = 1 .7 5 8

K/G = 0 .0 0 9 4 5 5 8 S=DO/DI = 0 .0 0 0

KSEC = 0 .3 0 4 4 7 7 8 STERM = 0 .0 0 0

KHR = 247 . SPRING = 0 .000049/

CENPS = 4 5 3 . CR = 0 .0 0 0

RPM RDG TORQUE STRESS DU/DR APKSEC

3 .0 0 .8 0  0 .0 0 0 0 0 0 3 9 7 6 0 .0 0 4 5 0 5 0 .5 3 1 6 0 .2 7 2 8 9
6 . 0 1 .8 0  0 .0 0 0 0 0 08 9 4 6 0 .0 1 0 1 3 7 1 .0 6 3 2 0 .3 0 7 0 0

1 2 .0 4 .1 0  0 .0 0 0 0 0 2 0 3 7 7 0 .0 2 3 0 8 9 2 .1 2 6 4 0 .3 4964
3 0 . 0 1 1 .9 0  0 .0000059143 0 .0 6 7 0 1 5 5 .3 1 5 9 0 .4 0 5 9 3
6 0 . 0 2 7 .8 0  0 .00 0 0 1 38 1 6 6 0 .1 5 6 5 5 6 10 .6 3 1 9 0 .4 7 4 1 5
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VISCOMETER DATA REDUCTION

FLUID TEMPT = 100 . VISCOMETER

SOURCE = SAMP i TYPE: SINGLE

TYPE = 3 8 .0  CS/SS SOL DINNER = 0 .2 3 5

NINDEX = 1 .1 6 6  DOUTER = 0 .0 0 0

NCHECK = 1 .1 6 6  LEQVIN = 1 .7 5 8

K/G = 0 .0 0 8 2 0 7 7  S=DO/DI = 0 .0 0 0

KSEC = 0 .2 6 4 2 8 6 7  STERM = 0 .0 0 0

KHR = 2 4 4 . SPRING = 0 .0000497

CENPS = 3 9 3 . CR = 0 .0 0 0

RPM RDG TORQUE STRESS DU/DR APKSEC

3* 0
6e0

12*0
30< 0
6 0 .0

0 .7 0  0 .0 0 0 0 0 0 3 4 7 9  0 .0 0 3 9 4 2  0 .5 3 8 7  0 .23561
1 .6 0  0 .0000007952  0 .0 0 9 0 1 0  1 .0 7 7 5  0 .2 6 9 2 7
3 .6 0  0 .0 0 0 0 0 17 8 9 2  0 .0 2 0 2 7 3  2 .1 5 5 0  0 .3 0 2 9 3

1 0 .5 0  0 .0 0 0 0 0 52 1 8 5  0 .0 59131  5 .3 8 7 4  0 .3 5 3 4 2
2 3 .0 0  0 .0 0 0 0 1 14 3 1 0  0 .1 2 9 5 2 5  1 0 .7 7 4 8  0 .3 8 7 0 8
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VISCOMETER DATA REDUCTION

FLU ID TEMPT = 7 0 . VISCOMETER

SOURCE = SAMP 2 TYPE: SINGLE

TYPE = 3 9 .0  CS/SS SOL DINNER = 0 .2 3 5

NINDEX = 1*251 DOUTER = 0 .0 0 0

NCHECK = 1 .251 LEQVIN = 1 .7 5 8

K/G = 0 .0 1 4 3 7 22 S=DO/DI = 0 .0 0 0

KSEC — 0 .4627861 STERM -  0 .0 0 0

KHR = 2 13 . SPRING = 0.0000497

CENPS = 6 8 9 . CR = 0 .0 0 0

RPM RDG TORQUE STRESS DU/DR APKSEC

3# 0 1 .1 0  0 .0 0 0 0 0 05 4 6 7 0 .0 0 6 1 9 5 0 .5 0 2 1 0 .3 9 7 2 9
6<0 2 .5 0  0 .0 0 0 0 0 12 4 2 5 0 .0 1 4 0 7 9 I . 0041 0 .4 5 1 4 7

12*0 6 .2 0  0 .0 0 0 0 0 30 8 1 4 0 .0 3 4 9 1 5 2 .0 0 8 3 0 .5 5 9 8 2
30*0 1 8 .5 0  0 .0 0 0 0091945 0.1041 83 5 .0 2 0 7 0 .6 6 8 1 7
60*0 4 7 .1 0  0 .0 0 0 0234087 0 .2 6 5 2 4 4 10 .0414 0 .8 5 0 5 6
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V IS C O M E T E R D A T A  R E D U C T IO N

F L U ID T E M P T =  8 0 . V IS C O M E T E R

SO URCE =  SAM P 2 T Y P E : S IN G L E

T Y P E =  3 9 . 0  C S Z S S  SOL D IN N E R =  0 . 2 3 5

M IN D E X ~  1 . 2 4 1 OOUTER -  0 . 0 0 0

NCHECK =  1 . 2 4 1 L E Q V IN =  1 . 7 5 8

K /G =  0 . 0 1 2 7 9 0 4 S = D O /D I -  0 . 0 0 0

KSEC =  0 . 4 1 1 8 4 9 3 STE RM =  0 . 0 0 0

KHR =  2 0 6 . S P R IN G =  0 . 0 0 0 0 4

C E N P S =  6 1 3 . CR =  0 . 0 0 0

RPM RDG TO RQ UE S T R E S S D U /D R A P K S E C

3 *  0 1 . 0 0  0 . 0 0 0 0 0 0 4 9 7 0 0 . 0 0 5 6 3 2 0 . 5 0 6 2 0 . 3 5 8 2 1
6 . 0 2 . 2 0  0 . 0 0 0 0 0 1 0 9 3 4 0 . 0 1 2 3 8 9 1 . 0 1 2 4 0 . 3 9 4 0 3

1 2 . 0 5 . 6 0  0 . 0 0 0 0 0 2 7 8 3 2 0 . 0 3 1 5 3 6 2 . 0 2 4 9 0 . 5 0 1 4 9
3 0 .  0 1 6 . 8 0  0 . 0 0 0 0 0 8 3 4 9 6 0 . 0 9 4 6 0 9 5 . 0 6 2 2 0 . 6 0 1 7 9
6 0 . 0 4 0 . 5 0  0 . 0 0 0 0 2 0 1 2 8 5 0 . 2 2 8 0 7 6 1 0 . 1 2 4 5 0 . 7 2 5 3 8
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V IS C O M E T E R  D A TA  R E D U C TIO N

FLU ID TEMPT = 9 C . VISCOMETER

SOURCE = SAMP 2 T Y P E : S IN G L E

TYPE = 39*0 CS/SS SOL DINNER = 0*235

NINDEX -  1*224 DCUTER = 0*000

NCHECK = 1*224 LEQVIN = 1 .7 5 8

K/G = 0*0113785 S=DO/DI = 0*000

KSEC = 0*3663873 STERM = 0*000

KHR = 211* SPRING -  0 .0 0 0 0 4 9

CENPS = 5 4 5 . CR = 0*000

RPM ROG TORQUE STRESS DU/DR APKSEC

3* 0
6*0 

12# 0 
30*0  
6 0 .0

0 .9 0  0 .0 0 0 0004473  0 .0 0 5 0 6 8  0*5133 0 .3 1 7 9 5
2 .0 0  0 .0 0 0 0 0 0 9 9 4 0  0 .0 1 1 2 6 3  1 .0 2 6 6  0*35327
5 .1 0  0*0000025347 0 .028721  2*0532 0*45042

1 5 .0 0  0*0000074550 0 .0 8 4 4 7 3  5*1330 0 .52991
3 4 .5 0  0 .0 0 0 0 1 7 1 4 6 5  0 .1 9 4 2 8 7  10 .2660 0*60940
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VISCOMETER DATA REDUCTION

FLU ID TEMPT = IOC. VISCOMETER

SOURCE = SAMP 2 T Y P E : SINGLE

TYPE = 3 9 .0  CS/SS SOL DINNER = 0 .2 3 5

NINDEX = 1 .2 1 8 DOUTER = 0 .0 0 0

NCHECK = 1 .2 1 8 LEQVIN = 1 .7 5 8

K/G = 0 .0 1 0 1 8 14 S=DO/DI = 0 .0 0 0

KSEC = 0 .3278401 ST ERM = 0 .0 0 0

KHR = 198. SPRING ~ 0 .0 0 0 0 4 €

CENPS = 4 8 8 . CR -  0 .0 0 0

RPM ROG TORQUE STRESS DU/DR APKSEC

3 .0
6 .0

12. 0
3 0 .0
6 0 . 0

0 .8 0  0 .000 0 0 03 9 7 6
1 .8 0  0 .0 0 0 0 0 08 9 4 6
4 .7 0  0 .000 0 0 23 3 5 9

1 3 .5 0  0 .0 000067095
3 0 .0 0  0 .0 0 0 0 1 49 1 0 0

0 .0 0 4 5 0 5
0 .0 1 0 1 3 7
0 .0 26468
0 .0 7 6 0 2 5
0 .1 6 8 9 4 5

0 .5 1 5 9
1 .0318
2 .0 6 3 7
5 .1 5 9 2

10 .3 1 8 5

0 .2 8 1 1 8  
0 .3 1 6 3 3  
0 .4 1 2 9 8  
0 .4 7 4 4 9  
0 .5 2 7 2 1
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VISCOMETER DATA REDUCTION

FLU ID  TEMPT = 7 0 . VISCOMETER

SOURCE = SAMP 3 T Y P E : SINGLE

TYPE = 4 0 .0  CS/SS SOL DINNER -  0 .2 3 5

NINDEX = 1*326 DOUTER ~ 0 .0 0 0

NCHECK = 1 .3 2 6 LEQVIN = 1 .7 5 8

K/G -  0 .0 1 6 4 1 6 5 S=OO/OI = 0 .0 0 0

KSEC = 0 .5 2 8 6 1 1 6 STERM = 0 .0 0 0

KHR = 131 . SPRING = 0 .0000497

CENPS = 7 8 7 . CR = 0 .0 0 0

RPM RDG TORQUE STRESS DU/DR APKSEC

3 . 0 1 .1 0 0 .0 000005467 0 .0 0 6 1 9 5 0 .4 7 3 7 0.42111
6 .0 2 .7 0 0 .0000013419 0 .0 1 5 2 0 5 0 .9 4 7 3 0 .5 1 6 8 2

12 . 0 6 .7 0 0 .0000033299 0.037731 1 .8 9 4 7 0 .6 4 1 2 4
3 0 .0 2 2 .5 0 0 .0 0  0 011 182 5 0 .1 2 6 7 0 9 4 .7 3 6 7 0 .8 6 1 3 6
6 0 . 0 5 8 . 90 0 .0000292733 0 .3 3 1 6 9 6 9 .4 7 3 4 1. 12743
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VISCOMETER DATA REDUCTION

FLU ID TEMPT = 8 0 . VISCOMETER

SOURCE -  SAMP 3 T Y P E : SINGLE

TYPE = 4 0 .0  CS/SS SOL DINNER -  0 .2 3 5

?4INDEX = 1 .3 2 4 DOUTER -  0 .0 0 0

NCHECK = 1 .3 2 4 LEQVIN = 1 .7 5 8

K/G -  0 .0 1 4 8 6 2 5 S=DO/DI = 0 .0 0 0

KSEC -  0 .4 7 8 5 7 16 STERM = 0 .0 0 0

KHR = 121 . SPRING ~ 0.000049^

CENPS = 7 1 2 . CR = 0 .0 0 0

RPM ROG TORQUE STRESS OU/PR APKSEC

3 .0 1 .0 0  0 .000 0 0 04 9 7 0 0 .0 0 5 6 3 2 0 .4 7 4 6 0 .3 8 2 1 0
6 .0 2 .4 0  0 .0 0 0 0 0 11 9 2 8 0 .0 1 3 5 1 6 0 .9 4 9 2 0 .4 5 8 5 2

1 2 .0 6 .2 0  0 .0 0 0 0 0 30 8 1 4 0 .0 3 4 9 1 5 1 .8 9 8 3 0 .5 9 2 2 5
3 0 .0 2 0 .8 0  0 .0 0 0 0 1 03 3 7 6 0 .1 1 7 1 3 5 4 .7 4 5 8 0 .7 9 4 7 6
6 0 . 0 5 2 .0 0  0 .000 0 2 58 4 4 0 0 .2 9 2 8 3 8 9 .4 9 1 5 0 .9 9 3 4 5
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VISCOMETER DATA REDUCTION

FLU ID TEMPT = 9 0 . VISCOMETER

SOURCE = SAMP 3 T Y P E : S IN G L E

TYPE = 4 0 .0  CS/SS SOL DINNER = 0 .2 3 5

NINDEX = 1 .3 1 3  DOUTER - 0 .0 0 0

NCHECK = i .3 1 3  LEQVIN = 1 .7 5 8

K/G = 0 .0 1 3 0 8 7 7  S=DO/DI = 0 .0 0 0

KSEC = 0 .4 2 1 4 2 5 3  STERM = 0 .0 0 0

KHR = 117. SPRING = 0 .0 0 0 0 4 9

CENPS -  6 2 7 . CR -  0 .0 0 0

RPM ROG TGRQUE STRESS DU/DR APKSEC

3*0
6* 0

1 2 .0
3 0 .0
6 0 . 0

0 .9 0  0 .0 0 0 0 0 04 4 7 3  0 .0 0 5 0 6 8  0 .4 7 8 6  0 .3 4 0 9 9
2 .1 0  0 .0 0 0 0 0 10 4 3 7  0 .0 1 1 8 2 6  0 .9 5 7 2  0 .3 9 7 8 2
5 .6 0  0 .0 0 0 0 0 27 8 3 2  0 .0 3 1 5 3 6  1 .9 1 4 4  0 .5 3 0 4 3

1 8 .2 0  0 .0 0 0 0 0 90 4 5 4  0 .1 0 2 4 9 3  4 .7861  0 .6 8 9 5 6
4 4 .9 0  0 .0 0 0 0 2 23 1 5 3  0 .2 5 2 8 5 5  9 .5721  0 .8 5 0 5 9
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V IS C O M E T E R  D A T A  R E D U C T IO N

F L U ID T E M P T  =  1 0 0 . V IS C O M E T E R

SOURCE =  SAMP 3 T Y P E : S IN G L E

T Y P E =  4 0 . 0  C S /S S  SC L D IN N E R = 0 . 2 3 5

N IN D E X =  1 . 3 0 7 D O UTER =  0 . 0 0 0

N C H E C K -  1 . 3 0 7 L E Q V IN =  1 . 7 5 8

K /G =  0 . 0 1 1 9 2 9 4 S = D O /D I =  0 . 0 0 0

K S E C =  0 . 3 8 4 1 2 6 2 STERM =  0 . 0 0 0

KHR =  1 1 2 . S P R IN G = 0 . 0 0 0 0 4 9 ;

C E N P S =  5 7 2 . CR -  0 . 0 0 0

PPM RDG TO RQ UE S T R E S S D U /D R A PK SE C

3 * 0 0 . 8 0  0 . 0 0 0 0 0 0 3 9 7 6 0 . 0 0 4 5  0 5 0 . 4 8 0 6 0 . 3 0 1 8 7
6 .  0 2 . 0 0  0 . 0 0 0 0 0 0 9 9 4 0 0 . 0 1 1 2 6 3 0 . 9 6 1 1 0 . 3 7 7 3 4

1 2 . 0 5 . 1 0  0 . 0 0 0 0 0 2 5 3 4 7 0 . 0 2 8 7 2 1 1 . 9 2 2 2 0 . 4 8 1 1 1
3 0 .  0 1 7 . 0 0  0 . 0 0 0 0 0 8 4 4 9 0 0 . 0 9 5 7 3 6 4 . 8 0 5 6 0 . 6 4 1 4 8
6 0 . 0 3 9 . 5 0  0 . 0 0 0 0 1 9 6 3 1 5 0 . 2 2 2 4 4 4 9 . 6 1 1 2 0 . 7 4 5 2 5
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VISCOMETER DATA REDUCTION

FLU ID TEMPT = 7 0 . VISCOMETER

SOURCE = SAMP 4 T Y P E : SINGLE

TYPE = 4 1 .0  CS/SS SOL DINNER -  0 .2 3 5

NINDEX = 1 .3 9 7  DOUTER = 0 .0 0 0

NCHECK = 1 .3 9 7  LEOVIN = 1 .7 5 8

K/G = 0 .0 1 9 8 5 6 7  S=DO/DI = 0 .0 0 0

KSEC = 0 .6 3 9 3 8 7 2  STERM = 0 .0 0 0

KHR = 9 0 . SPRING = 0 .0000497

CENPS = 9 5 1 . CR = 0 .0 0 0

PPM RUG TORQUE STRESS DU/DR APKSEC

3 .0
6 .0

1 2 .0
3 0 . 0
6 0 .0

1 .2 0  0 .0 0 0 0 0 05 9 6 4  0 .0 0 6 7 5 8  0 .4 4 9 9  0 .4 8 3 6 5
3 .0 0  0 .0 0 0 0 0 14 9 1 0  0 .0 1 6 8 9 5  0 .8 9 9 8  0 .6 0 4 5 7
7 .5 0  0 .0 0 0 0 0 3 7 2 7 5  0 .0 4 2 2 3 6  1 .7 9 9 6  0 .75571

2 9 .9 0  0 .0 0 0 0148603  0 .1 68382  4 .4 9 9 1  1 .20510
7 6 .2 0  0 .0 0 0 0 3 78 7 1 4  0 .429121 8 .9 9 8 2  1 .5 3 5 6 0
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V IS C O M E T E R  D A TA  R E D U C T IO N

F L U ID TE M P T =  8 0 . V IS C O M E T E R

SOURCE -  SAMP 4 TYPE: S IN G L E

T Y P E =  4 1 . 0  C S /S S  SOL D IN N E R =  0 . 2 3 5

N IN D E X =  1 . 3 9 0 OOUTER =  0 . 0 0 0

N C HECK =  1 . 3 9 0 L E Q V IN =  1 . 7 5  8

K /G ~  0 . 0 1 7 9 7 2 5 S = D O Z D I =  0 . 0 0 0

KSEC =  0 . 5 7 6 7 1 4 4 STE R M -  0 . 0 0 0

KHR =  8 5 . S P R IN G -  0 . 0 0 0 0 4 9 7

C E N P S =  8 6 1 . CR -  0 . 0 0 0

RPM RDG TO RQ UE S • R E S S DUz'DR ■ A P K 3E C

3 .  0 1 . 1 0  0 . 0 0 0 0 0 0 5 4 6 7 0 . 0 0 6 1 9 5 0 . 4 5 2 0 0 . 4 4 1 3 5
6 *  0 2 . 7 0  0 . 0 0 0 0 0 1 3 4 1 9 0 . 0 1 5 2 0 5 0 . 9 0 3 9 0 . 5 4 1 6 5

1 2 > 0 7 . 0 0  0 . 0 0 0 0 0 3 4 7 9 0 0 . 0 3 9 4 2 1 1 . 8 0 7 8 0 . 7 0 2 1 4
3 0 . 0 2 6 . 2 0  0 . 0 0 0 0 1 3 0 2 1 4 0 . 1 4 7 5 4 5 4 . 5 1 9 5 1 . 0 5 1 2 0
6 0 . 0 6 9 . 3 0  0 . 0 0 0 0 3 4 4 4 2 1 0 . 3 9 0 2 6 3 9 . 0 3 9 1 1 . 3 9 0 2 4
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VISCOMETER DATA REDUCTION

FLU ID TEMPT = 9 0 . VISCOMETER

SOURCE = SAMP 4 T Y P E : SINGLE

TYPE = 4 1 .0  CSZSS SOL DINNER = 0 .2 3 5

HI NDEX = 1 .3 7 7 DOUTER = 0 .0 0 0

NCHECK = 1 .3 7 7 LEQVIN = 1 .7 5 8

KZG = 0 .0 1 6 2 2 5 3 S=DOZDI = 0 .0 0 0

KSEC = 0 .5224551 STERM = 0 .0 0 0

KHR ~ 8 6 . SPRING = 0 .0 0 0 0 4 97

CENPS = 7 77 . CR ~ 0 .0 0 0

PPM RDG T Q K U UE S i H E S 5 DU 7 DR APKSEC

3 . 0 1 .0 0  0 .0000004970 0 .0 05632 0 .4 5 6 2 0 .3 9 7 5 2
6*0 2 .5 0  0 .0 0 0 0 0 12 4 2 5 0 .0 1 4 0 7 9 0 .9 1 2 3 0 .4 9 6 9 0

12* 0 6 .5 0  0 .0 0 0 0 0 32 3 0 5 0 .0 3 6 6 0 5 1.8247 0 .6 4 5 9 6
30*0 2 3 .0 0  0 .0 000114310 0 .1 2 9 5 2 5 4 .5 6 1 7 0 .9 1 4 2 9
6 0 .0 6 1 .8 0  0 .0 0 0 0 3 07 1 4 6 0 .3 4 8 0 2 7 9 .1 2 3 4 1 .22833
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VISCOMETER DATA REDUCTION

FLUID TEMPT = 100* VISCOMETER

SOURCE -  SAMP 4 T Y P E : SINGLE

TYPE = 41*0 CS/SS SOL DINNER = 0*235

NINDEX = 1*366 DOUTER ~ 0*000

NCHECK = 1*366 LEQVIN -  1*758

K/G = 0*0145945 S=DO/DI -  0*000

KSEC = 0*4699422 STERM = 0 .0 0 0

KHR = 85* SPRING -  0*0000497

CENPS = 699* CR = 0 .0 0 0

RPM ROG TORQUE STRESS OU/DR APKSEC

3*0
6*0

12# 0
30*0
60*0

0*90 0 .0 0 0 0 0 04 4 7 3  0 .0 0 5 0 6 8  0 .4 6 0 1  0 .3 5 4 7 2
2 .3 0  0 .0000011431  0 .0 1 2 9 5 2  0 .9 2 0 2  0 .4 5 3 2 6
6*10 0*0000030317 0 .0 3 4 3 5 2  1*8403 0*60106

1 9 .9 0  0 .0 0 0 0 0 9 8 9 0 3  0 .1 1 2 0 6 7  4 .6 0 0 8  0 .7 8 4 3 3
5 5 .1 0  0 .0 0 0 0 2 7 3 8 4 7  0*310296 9 .2 0 1 6  1*08585
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VISCOMETER DATA REDUCTION

FLU ID TEMPT = 70* VISCOMETER

SOURCE -  SAMP 5 T Y P E : SINGLE

TYPE -  4 2 .0  CS/SS SOL DINNER = 0*235

NINDEX = 1*455 DOUTER = 0 .0 0 0

NCHECK = 1*455 LEQVIN = 1*758

K/G = 0*0230107 S=DO/DI = 0*000

KSEC = 0*7409448 STERM = 0*000

KHR = 64* SPRING = 0*000049

CENPS = 1103* CR — 0 .0 0 0

RPM RDG TORQUE STRESS DU/DR APKSEC

3# 0 1*30 0*0000006461 0*007321 0 .4 3 1 9 0 .5 4 5 8 4
6<0 3*10 0*0000015407 0*017458 0 .8 6 3 7 0.65081

1 2 .0 8*40 0*0000041748 0*047305 1 *7275 0*88175
3 0 .0 36*20 0*0000179914 0*203861 4*3187 1•51996
60* 0 94* 90 0*00 00471653 0*534429 8*6375 1*99232
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VISCOMETER DATA REDUCTION

FLU ID TEMPT -  8 0 . VISCOMETER

SOURCE = SAMP 5 T Y P E : S INGLE

TYPE ~ 42*0 CS/SS SOL DINNER = 0 .2 3 5

NINDEX = 1*446 DOUTER -  0 .0 0 0

NCHECK = 1*446 LEQVIN = 1*758

K/G = 0*0209210 S=DO/DI = 0 .0 0 0

KSEC = 0*6736556 STERM = 0 .0 0 0

KHR = 63* SPRING = 0*0000497

CENPS ~ 1002* CR = 0 .0 0 0

P P M HDG TORQUE STRESS DUZ DR APKSEC

3*0 1*20 0 .0 0 0 0 0 0 5 9 6 4 0*006758 0 .4 3 4 4 0* 50089
6# 0 2 .9 0  0 .000 0 0 14 4 1 3 0 .016331 0 .8 6 8 9 0 .6 0 5 2 4

12*0 7 .5 0  0*0000037275 0 .0 4 2 2 3 6 1*7377 0 .7 8 2 6 3
30*0 3 2 .5 0  0 .0 0 0 0 1 61 5 2 5 0*183024 4 .3 4 4 3 1 .3 5 6 5 7
60* 0 8 6 .5 0  0 .0 0 0 0 4 29 9 0 5 0 .4 8 7 1 2 5 8*6886 1 *80528
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VISCOMETER DATA REDUCTION

FLU ID TEMPT — 9 0 . VISCOMETER

SOURCE = SAMP 5 T Y P E : SIN GLE

TYPE = 4 2 .0  CS/SS SOL DINNER = 0 .2 3 5

NINOEX = 1 .4 3 7  DOUTER = 0 .0 0 0

NCHECK -  1 .4 3 7  LEQVIN = 1 .7 5 8

K/G -  0 .0 1 9 2 5 6 2  S=DO/DI = 0 .0 0 0

KSEC = 0 .6 2 0 0 5 1 0  STERM = 0 .0 0 0

KHR = 6 2 . SPRING -  0 .0000^ 97

CENPS = 9 2 3 . CR = 0 .0 0 0

RPM ROG TORQUE STRESS DUz'DR APKSEC

3 .0
6 . 0

1 2 .0
3 0 .0
6 0 .0

1 .10  0 .0 0 0 0 0 05 4 6 7  0 .0 0 6 1 9 5  0 .4 3 7 2  0 .4 5 6 2 4
2 .7 0  0 .0000013419  0 .0 1 5 2 0 5  0 .8 7 4 4  0 .5 5 9 9 3
7 .3 0  0 .0000036281  0 .0 4 1 1 1 0  1 .7 4 8 8  0 .7 5 6 9 4

2 8 .8 0  0 .0 0 0 0 1 43 1 3 6  0 .1 6 2 1 8 7  4 .3 7 2 0  1 .19451
7 8 .9 0  0 .000 0 3 92 1 3 2  0 .4 4 4 3 2 6  8 .7 4 4 0  1 .6 3 6 2 4
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VISCOMETER DATA REDUCTION

FLU ID TEMPT -  100# VISCOMETER

SOURCE “  SAMP 5 T Y P E : S I N G L E

TYPE = 4 2 .0  CS/SS SCL DINNER = 0*235

NINDEX ~ 1 .4 3 0  DOUTER = 0 .0 0 0

NCHECK -  1 .4 3 0  LEQVIN -  1 .7 5 8

K/G = 0 .0 1 7 5 4 0 9  S-DO/DI = 0 .0 0 0

KSEC = 0 .5 6 4 8 1 5 4  STERM = 0 .0 0 0

KHR = 6 0 . SPRING -  0 .0000497

CENPS = 8 4 0 . CR = 0 .0 0 0

RPM RDG TORQUE STRESS DU/CP APKSEC

3*0
6 . 0 

12*0 
30* 0 
60# 0

1 .0 0  0 .0 0 0 0 0 04 9 7 0  0 .0 0 5 5 3 2  0 .4 3 9 4  0 .4 1 2 6 7
2 .5 0  0 .0 0 0 0 0 12 4 2 5  0 .0 1 4 0 7 9  0 .8 7 8 8  0 .5 1 5 3 3
6 .8 0  0 .0 0 0 0 0 3 3 7 9 6  0 .0 3 8 2 9 4  1 .7577  0 .7 0 1 5 3

2 6 .0 0  0 .0000129220  0 .1 4 6 4 1 9  4 .3 9 4 2  1 .07293
7 0 .8 0  0 .0 0 0 0 3 51 8 7 6  0 .398711 8 .7 8 8 4  1 .46084
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VITA

Chong Bo Kim was born in Seoul, Korea, on

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 college education, he 

came to the United States in 1967, and he was employed with Soil test 

Engineering Equipment Company in Evanston, Illinois until August, 

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 
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