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A numerical solution is presented for the coupled energy and
momentum equations for steady, laminar flow of temperature-
dependent power-law non-Newtonian fluids. A Newtonian fluid can
be handled as a special case.

Two important geometrical cases are considered: 1. Pipe
flow, and 2. Channel flow between two flat, parallel plates.

For pipe flow the dimensionless energy equation
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are solved simultaneously; the Crank-Nicolson method is used for
writing the second partial derivatives. A digital computer is used
to solve the resulting numerical equations. For channel flow the
corresponding equations are solved with the terms involving curva-
ture deleted..

For a constitutive equation, the temperature-modified power-

law AH

T = mERt 3)°

is used.

Boundary conditions assumed to be known are the inlet fluid
condition and the temperature or heat flux conditions at the wall of
the conduit. The inlet temperature of the fluid is taken to be uni-
form, and the inlet velocity profile is assumed to be fully developed.
Nevertheless, the computer program which is used can be easily
modified to handle other inlet conditions. The wall temperature-
heat flux boundary condition is handled in a manner sufficiently
general to allow consideration of any arbitrarily-specified variation
in the direction of flow. For channel flow, the two plates may have
different temperature or heat flux conditions as well.

The thermal conductivity and density of the fluid are assumed
to be uniform. Buoyancy effects are neglected, but the facility for
handling viscous dissipation is included.

Computed results giving heat transfer information in the form



of Nusselt number and pressure drop as a dimensionless pressure
differential are presented for a number of heating conditions. Good
agreement is shown with available analytical solutions for some
special cases. For heating of a liquid with temperature-dependent
viscosity, the Nusselt number is shown to be greater than for a
liquid with temperature-independent viscosity, and the pressure drop
is shown to be smaller than for a liquid with no viscosity-tempera-
ture dependence. Both the heat transfer and the pressure drop ef-
fects of temperature-dependent viscosity are sufficiently large to
merit consideration in many design situations.

Complete listings of the CDC 3300 Fortran programs are in-

cluded in the Appendix,
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NOMENCLATURE

A Area through which heat is transferred

Bl, B2, B3, B4 Coefficients appearing in the finite difference

equations
EZ
Br = I?t Brinkman number
i
c Specific heat of the fluid
C,Cl1,C2,C3, s
C4,A,B Constants in certain constitutive equations
D Pipe diameter
e Base of naturallogarithms
: : -4 D :
Flux Dimensionless heat flux (Flux = AR for pipe
L L i
flow and Flux = 1 = for channel flow)
A kt,
i
'erzﬁ pc ml

Gz Graetz number (Gz = g = Z)—()
h Convective heat transfer coefficient
AH Flow activation energy per mole
I Index in the X direction
IZ
> Second invariant of the rate of deformation tensor
J Index in the R direction for pipe flow

Index in the Y direction for channel flow
k Thermal conductivity of the fluid
L Distance between the two parallel plates
m Constant in the power-law constitutive equation

n Exponent in the power-law constitutive equation



u
mean

Nu Ratio

o(ax?

Number of cells used across half the pipe
Number of cells used across the channel

Nusselt number (Nu = hD for pipe flow and

_ h(2L) k

Nu . for channel flow)

Average Nusselt number based on the arithmetic
mean temperature difference

Mean Nusselt number based on the log mean tem-
perature difference

Ratio of Nusselt number so that for a reference
situation (shown on the same sheet) at the same

value of x/(DRePr) for pipe flow or x/(LRe'Pr)
for channel flow

Remainder with terms having factors of (aAX)
and higher powers of AX

Pressure

Dimensionless pressure

Dimensionless pressure at the inlet

Prandtl number based on apparent viscosity
Heat transfer rate

Some unspecified variable used in explaining the
Crank-Nicolson method of writing second partial
derivatives

Radial distance from the center of the pipe
Dimensionless radius

Gas constant

Reynolds number (Re = -%D for pipe flow and
i

uL
Re = BE—-— for channel flow)
i



Re!

Z:

_ pu(2L)
M

t/t

el e

RePr

el<

gl

x/(LRe'Pr)

a, ﬁ: Y:6:¢

A

n

Reynolds number based on hydraulic diameter
for channel flow

Dimensionless apparent viscosity

Temperature

Temperature of the fluid at the inlet

Wall temperature

Dimensionless temperature

Velocity in the direction of bulk flow

Average velocity in the direction of bulk flow
Dimensionless velocity in the direction of bulk flow
Velocity perpendicular to direction of bulk flow

Dimensionless velocity perpendicular to direction
of bulk flow

Distance from the inlet in the direction of bulk flow

. . . . - X
Dimensionless distance from the inlet (X DRePr
. N
for pipe flow and X LRePr for channel flow)

Distance perpendicular to the direction of bulk flow
for channel flow

Dimensionless distance perpendicular to direction
of bulk flow for channel flow

Variables used in solving the numerical equations
Rate of shearing strain

Apparent viscosity of the fluid



Apparent viscosity of the fluid next to the wall at
the inlet

Constant in the Arrhenius equation

Density of the fluid

Shear stress

Yield stress for a Bingham plastic
Dimensionless version of the second invariant of

the rate of deformation tensor

I I
_,D.272 . _,L.2"°2
(®= (E) > for pipe flow and @ ('G) > for

channel flow)
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A NUMERICAL SOLUTION FOR HEAT TRANSFER TO
NON-NEWTONIAN FLUIDS WITH TEMPERATURE-
DEPENDENT VISCOSITY ¥FOR ARBITRARY
CONDITIONS OF HEAT FLUX AND
SURFACE TEMPERATURE

I. INTRODUCTION

Non-Newtonian Fluids--Background Information

In attempting to deal analytically with a real material, a simple
mathematical model for the material's rheological properties is
desirable so long as the behavior of the material is adequately de-
scribed. For elastic solids the proportionality between stress and
strain (Hooke's law) gives a simple model which is sufficiently ac-
curate for use in many engineering calculations. The corresponding
model for viscous fluids is the Newtonian model which treats shear
stress as being proportional to the rate of shearing strain (shear
rate). Again the simple model is sufficiently accurate for many
engineering calculations. However, in fluid mechanics the inade-
quacy of the simple Newtonian model soon becomes apparent. The
so-called Weissenberg effect (10, p. 230-231), where a stirred
liquid climbs the shaft of the stirring device, cannot be explained
using the Newtonian model. Neither can the '"'elastic water' which
flows over the edge of an upright pitcher (1) be explained from the
simple (and very useful) but often inadequate Newtonian model. De-
partures from Newtonian behavior can be much more subtle. In the

next few paragraphs a summary of the present-day engineering



classification of fluids is given. This summary follows the system
used in references (2; 40, p. 1-19; 9, p. 1-15).

Fluids may be broadly grouped as time-independent, time-
dependent, and visco-elastic.

The time-independent fluids may be further divided into four
groups called Newtonian, pseudoplastic, dilatant, and Bingham

plastic. The power law,

may be used to describe Newtonian, pseudoplastic, and dilatant be-
havior; other models have been used and have some advantages for
pseudoplastic and dilatant fluids under some conditions. For a
Newtonian fluid the exponent n equals unity, and the coefficient m
is the coefficient of viscosity usually denoted by p. Water, air, and
light oils are ordinarily considered as being Newtonian fluids‘. A

pseudoplastic fluid can be said to "thin out'" at high shear rates; for

a pseudoplastic the exponent n is less than unity. The "thinningout”
effect can be seen by defining an ''apparent viscosity' based on the

Newtonian model:

n:I—m?
Ty

With the exponent n positive and less than unity, the apparent

viscosity decreases with increasing shear rate. Pseudoplastic



behavior is shown by almost all cellulose derivatives and their solu-
tions. Dilatant fluids are said to '"thicken'' at high shear rates. The
same apparent viscosity concept can be used to show that effect. For
a dilatant fluid the exponent n is greater than unity; hence, the
apparent viscosity increases as shear rate increases. Starch sus-
pensions and quicksand are examples of dilatant fluids. The

Bingham (or ideal) plastic model allows for support of shear stress
below a certain threshold level, once that level is exceeded, the
material flows in a Newtonian manner. In equation form that may be

stated as

T-T T p_vy for T> T .

The Bingham plastic model is an idealized linear model similar to
that for a Newtonian fluid; real plastics would be expected to show
non-linear shear stress~-shear rate characteristics as well as the
yield stress phenomenon. Nevertheless, the Bingham plastic ideali-
zation has been found to be very useful because of fitting rheological
data for some materials reasonably well with a simple functional
relationship (38). Sewage sludge, grain suspensions in water, and
drilling muds have been handled using the Bingham plastic model.
The apparent viscosity of time-dependent materials depends
upon their history as well as the current shear rate. The apparent

viscosity of thixotropic fluids decreases after stirring. Many



industrial and most biological fluids show thixotropic behavior. A
few examples are paints, inks, mayonnaise, and milk products. The
antithesis of a thixotropic fluid is a rheopectic fluid which thickens
with stirring. Rheopectic fluids are extremely rare, but a few are
known. They are considered to be of insignificant industrial im-
portance.

As the name implies, a visco-elastic material has both viscous

and elastic properties., For discussion of mathematical models for
treating visco-elastic materials, references (11, 12, 40) are sug-

gested.

Temperature Effect

The temperature effect on the viscosity of certain fluids--both
Newtonian and non-Newtonian--is well known and readily observed.
For liquids the viscosity is decreased by raising the temperature.
Food products such as honey, cream, and buttermilk furnish handy
evidence of the effect of temperature on viscosity. Oils, paints, and
most other heavy, thick fluids show marked changes of viscosity with
temperature. Such changes become very important when studying the
velocity distribution in situations where temperature gradients occur.
For example, with a fully developed laminar velocity profile at the
inlet of a heated pipe section, the velocity profile would be expected

to become more nearly uniform downstream from the inlet;



therefore, higher heat transfer rates would be expected than for fully
developed flow. In such situations some analytical means must be
used to account for the temperature effect on viscosity. Some of the
more common constitutive equations for treating materials with

temperature-dependent viscosity are given in the next few paragraphs.

Newtonian Fluids

The Arrhenius equation

is the classical model used to account for viscosity changes with
temperature for Newtonian liquids.
Other models have been used by some investigators. Pigford

(29/) and Rosenberg and Hellums (34) used an empirical model

19
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in their investigations.

Non-~Newtonian Fluids

For dealing with temperature dependent pseudoplastic ma-

-

terials, Christiansen et al., (b, 7, 8) used a power law equation



aH

T = m(yeRt )"

with a temperature term similar to that of the Arrhenius equation.
That model is simpler than a theoretical model previously suggested
-

by Ree and Eyring (30)

AH aH
Re , 1 . =1 geX*
- . + 1. :
T Cye BSlnh ( yy )

and fits rheological data adequately for most purposes (6).

~

Gee and Lyon (1~3) used an empirical temperature-dependent

constitutive equation
AH

Rt n
= Y +
T C3e v/ (1 c4'r )

in dealing with a high polymer.

Heat Transfer to Newtonian and Non-Newtonian Fluids
for Laminar Flow in Channels and Pipes

In attempting to organize the heat transfer literature for dis-
cussion, one finds the assignment of a publication to one well defined,
specific category impossible because many publications cover several
categories. To avoid tedious repetition in the discussion belew, each
publication is discussed only under the category of primary emphasis.

A topical listing of the cited literature giving complete coverage is



included as Appendix I. Unless otherwise stated the references

cited in this discussion deal with steady, laminar flow.

Uniform Wall Temperature or Heat Flux

The classical Graetz-Nusselt problem applies to a situation
where a viscous fluid with uniform properties flows either in a
channel between two flat, parallel plates or in a pipe. The walls
are assumed to be maintained at a uniform temperature, and the fluid
is assumed to have a fully developed laminar velocity profile through-
out the heated (or cooled) section. For solution of the‘ Graetz~
Nusselt problem the work of Sellars, Tribus, and Klein (;%) is the
usually accepted standard. They solved the energy partial differ-

ential equation by separation of variables and developed a method for

ooy Rt

evaluating the resulting constants and eigenvalues for both channel

[N LTS

~flow and“_pi'pé flo;yv. For channel flow the accepted values (20, p. 130)
are the ones due to Sellars, Tribus, and Klein, but for pipe flow,

the values presented by Lipkis (25) in a discussion of the Sellars,
Tribus, and Klein paper are used (2{;5, p. 125). For uniform heat
flux replacing the uniform wall temperature boundary condition, the
same problem has been solved by Seigel, Sparrow, and Hallman (35)
for pipe flow. Once again the separation of variables technique was

used to solve the energy equation, and values are presented for the

constants and eigenvalues.



Dropping the fully developed velocity profile assumption in-
troduces the additional problem of solving the momentum equation for
a developing velocity profile (the hydrodynamic entry length problem).
For uniform wall temperature Kays (21) solved the combined hydro-
dynamic~-thermal ‘entry length problem for Pr = .7 using an ap-
proximate velocity profile and numerically integrating the energy
equation. Goldberg (20, p. 142) extended Kays solution for other
values of the Prandtl number. Heaton, Reynolds, and Kays (14)
present an approximate analytical solution obtained by linearizing
the energy equation. Their solutions apply for the case of uniform
heat flux for the circular-tube annulus family which includes both
pipe and channel flow. A numerical solution for combined hydro-
dynamic and thermal entry lengths in channels is presented by
Hwang (16) and Hwang and Fan (17, 18). They first solved the mo-
mentum equation assuming uniform viscosity and then used the re-
sulting velocities in solving the energy equation. Their work was
limited to situations having uniform wall temperatures.

To solve the Graetz-Nusselt problem for a non-Newtonian
liquid with temperature-independent viscosity, Lyche and Bird (26)
used a separation of variables approach similar to that used by
Sellars, Tribus, and Klein (36) for Newtonian fluids. The paper by
Lyche and Bird is devoted to fully-developed pipe flow of a power=

law pseudoplastic fluid.
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The combined hydrodynamic entry length-thermal entry length
problem for a pseudoplastic material has been solved by McKillop
(27) and by Yau and Tien (41). Although using different solution tech-
niques, both papers involve the use of the power~law constitutive
equation.

Interest has been shown within the past few years in determin-
ing the effects of variable properties, viscosity being among them,
on heat transfer (6, 7, 8, 9, 13, 22, 23, 24, 34). Pipe flow of
Néewtonian fluids with temperature-dependent viscosity was studied .
by Rosenberg and Hellums (34) using a numerical approach. Their
work covers both fully developed flow at the inlet and the case of
developing flow from an initially-uniform velocity, but it is limited
to uniform temperature boundary conditions. Two papers have ap-
peared which allow fluid properties other than viscosity to vary (22,.
23). Although promising, neither appears to lend itself readily to
the type problems encountered with high viscosity liquids.

All papers which have appeared to date (6, 7, 8, 9, 13, 24) for
non-Newtonian fluids with temperature dependent viscosity apply to
pipe flow with uniform wall temperature. Christiansen and co-
workers (6, 7, 8) studied both heating and cooling for fully developed
flow at the inlet. They used a temperature--modified power-law
constitutive equation. Korayem (24) studied the developing region

downstream from an initial uniform velocity at the entrance using



10
the same constitutive equation. Gee and Lyon (13) presented the first
study for non-Newtonian fluids with temperature~-dependent viscosity
in 1957, They took into account the effects of viscous dissipation and
expansion cooling. Their analysis also allows solution with certain
transient conditions. Coupal (9) dealt with viscous dissipation as well
as the effect of temperature on viscosity.

Literature dealing with non~uniform wall temperature or heat
flux is indeed sparse. Axial variations of wall temperature or heat
flux are touched on in the paper by Sellars, Tribus, and Klein (36).
Their work is limited to fully developed Newtonian flow in pipes.
Reynolds (31, 32) deals with circumferential heat flux variations in
pipe flow for fully developed Newtonian flow, and Inman (19) deals
similarily with fully developed power-law flow. No literature exists
concerning axial variations in wall temperature or heat flux for non-
Newtonian fluid flow, nor is there any reported work which takes
viscosity changes with temperature into account for situations having

non-uniform wall temperature or heat flux.

Objective of the Present Investigation

The objective of the present investigation is the solution by
numerical means of the simultaneous energy, momentum, and cone
tinuity partial differential equations for laminar flow of non-

Newtonian fluids with temperature-dependent viscosity. The



11
température-modified power-law constitutive equation is used. The
solution is to yield certain design information such as heat transfer
rates and pressure drop. Two important geometric cases are con~
sidered: a channel between two flat, parallel plates; and a circular
pipe. Since non-Newtonian fluids are usually very viscous, the inlet
velocity is assumed to be fully developed, but the inlet temperature
is taken as uniform. (The program actually developed is easily modi-
fied and is suitable for the solution of the combined hydrodynamic~
thermal entry length problem.) The temperature-heat flux boundary
condition is left sufficiently general to allow consideration of any
arbitrarily specified condition in the direction of flow. For the
channel the two plates may have different temperature or heat flux
conditions. The thermal conductivity and density of the fluid are as-
sumed to be uniform. Buoyancy effects are neglected, but the

facility for handling viscous dissipation is included.
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IL PIPE FLOW

Governing Equations

The dimensionless partial differential equations of change used
for pipe flow are as follows:

Energy Equations:

oT oT 9T 1 8T
R A - T A 3
U " Var 2 " Rar ' PO
9R
Momentum Equation:
1 ] ) d 32 (18] S
Ll y vy _ 4,20, 50U, 08550
Pr X oR dx 8R2 R 8R 9R OR
Continuity Equation:
9(RV) ouU
—_ 1 + —
R R X 0

In addition an integral form of the continuity equation is used:

1/2
BS UROR = 1.

0
The energy equation includes the convection terms in both directions
as well as a term for viscous dissipation; however, conduction in the

direction of flow is neglected. The momentum equation neglects
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buoyancy effects, some secondary terms in the shear stress evalua-
tion, and any pressure variation except that in the direction of flow.
The flow is assumed to be steady and laminar. Two forms of the
continuity equation are used: the integral form, which expresses the
steady-flow assumption, and the differential form. Both equations
as stated are for incompressible flow. Each of the four equations
above is specialized in Appendix II from the appropriate starting point
suggested by Bird, Stewart, and Lightfoot (3) with each simplification
or deletion stated.

The set of simultaneous equations above includes two second-
order, parabolic partial differential equations (energy and momentum)
plus an integral equation and a first-order partial differential equa-
tion. For the situations considered in this investigation, the initial
and boundary conditions are known but the final condition is not.

Thus a marching solution is used in the direction of flow; a set of un-
known values is calculated from known conditions upstream. The
present solution may be considered as an extension of that used by
others (4, 5, 16, 17, 18, 34) in treating problems with Newtonian
fluids.

For a constitutive equation, the temperature~modified power-

law is used:
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This empirical constitutive equation has been used by Christiansen
and co-workers (6, 7, 8) and by others (9, 24) for studies of non-
Newtonian fluids with temperature-dependent viscosity. It is rela-
tively simple in form and represents measured data adequately for
many uses (6)., As shown in Appendix II, the dimensionless form of

the equation for apparent viscosity is

AHI n-1

s (—-1) § 2
- SatflZ
(n i

Calculation of the dimensionless apparent viscosity consists of

calculating

8U2

(the square of the dimensionless shear rate - See Appendix II) from
a central finite-difference representation, then calculating S ac-
cording to the temperature-modified equation above. Squaring the
shear rate then later performing an operation, which, in effect,
takes the square root insures that the dimensionless apparent

viscosity is always positive.

Grid System and Numerical Equations

The grid system developed for the marker and cell method (39}

is used (see Figure 1), Fluid properties such as temperature,
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° V(1 J) 1
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Figure 1. Cell layout.
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Figure 2. Grid system.
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pressure, and apparent viscosity are defined at the center of a cell
with the velocities defined on the cell boundaries. For problems
of the type considered, the main advantage of this grid system is that
rigorogs handling of the incompressible differential equation of con-
tinuity is made possible, To carry out the marching solution for
temperature, velocity, and pressure, three sets of cells are needed
(see Figure 2). All velocities or properties at locations indicated
with a dot, all variables with first index 2 or less, are assumed
to be known and those at locations indicated with X, first index equal
to 3, are unknown and must be determined. The artificial row of
cells outside the wall and the row beyond the centerline are for ap-
plication of the of the boundary conditions which is discussed later.
The details of writing the difference equations are carried out in
Appendix II.

The results of writing the energy equation about the point where
T(2,J) is defined, using the Crank-Nicolson approach for the second
derivative in R, is a set of simultaneous linear algebraic equations

in the unknown temperatures:
T(3,J - 1) - BI(J)T(3,7J) + B2(J)T(3,J + 1) = B3(J).

The set of numbers indicated by Bl, B2, and B3 are functions o1
known velocities and known properties. The set of equations for the

unknown temperatures is solved by an elimination scheme which is
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given in detail in Appendix IIL
Writing the momentum equation about the point where U(2, J) is
defined, again using the Crank-Nicolson representation for the second
derivative with respect to R, yields a set of simultaneous pseudo-

linear algebraic equations with velocities and pressure differential

as unknowns?

U(3,J - 1) - BI(J)U(3,J) + B2(J)U(3,J + 1) - B3(J)AP = B4(J).

The integral form of the continuity equation is written in
numerical terms using the trapezoidal rule and is appended to the
set of momentum equations to give N-1 equations with N-2 unknown
velocities and the unknown pressure differential.

The set of equations thus formed is solved by an elimination
scheme for which the details are given in Appendix IIL. In this set
of equations, the numbers Bl, B2, B3 and B4 are functions not only
of known velocities and known properties but are also functions of the
apparent viscosities S(3, J) which can be only estimated until the
shear rates (calculated from the velocities) are known, Thus for a
non-Newtonian fluid the equations are not actually linear, and an
iterative procedure is needed. A simplified flow diagram for the
calculation of a set of unknown values is given as Figure 3. To ob-
tain a convergence check on the iterative procedure, the momentum

equation for each cell is written as a residue.
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Initial and Boundary Conditions

The inlet (initial) conditions are assumed to be uniform tem-
perature and fully developed velocity. For a power-law fluid the
fully developed velocity profile, in dimensionless form, is given by
(40, p. 62)

ntl

+ t—
3ntl by _erym | .

ntl

8)

(Substitution of unity for n of course gives the familiar parabolic
velocity distribution for a Newtonian fluid. )

The velocity boundary conditions are dictated by the assump-
tions of no slip at an impervious wall and symmetry about the pipe

axis. In equation form the velocity boundary conditions are

U=0 and V =0 at the wall

and

U(-R) = U(+R)and. V = 0 at the centerline,

For the grid system used, the application of the boundary conditions
for V is direct (see Figure 3), but since U is not defined at the
wall or the centerline, some other means must be used to apply the
boundary condition on U. For the condition at the wall the artificial
row of cells outside the wall is used; the value of U for the cell

outside is given the negative of the value of U for the first cell
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inside the wall. Thus the arithmetic average of the two satisfies
the no slip condition, that U = 0, at the wall.

For the centerline condition the velocity in the artificial cell
beyond the centerline is given the same value as the velocity at the
first cell inside the centerline boundary. In this way the symmetry
about the centerline is preserved.

The temperature or heat-flux condition at the wall is handled
in a way which allows variation in the direction of flow by storing the
appropriate value of wall temperature or heat flux. At any pipe
cross-section the wall boundary condition is implemented by speci-
fying the relationship between the temperature in the artificial cell
outside the wall and the first cell inside the wall. For the case where
wall temperature is known, the temperature of the cell outside is
specified so that the arithmetic average of the two temperatures on
each side of the wall is the same as the known wall temperature,

For the case where heat flux is known, the temperature in the arti-
ficial cell outside the wall is given a value which causes the appro-
priate value of the temperature gradient to exist at the wall. Di-

mensionless heat flux is defined as follows:

= 61 D - oT
Flux = 4 kt, (3R] at wall

The centerline temperature boundary condition is based on
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symmetry about the pipe axis; the temperature in the cell beyond
the centerline is given the same value as the temperature of the first

cell inside the centerline.

Convergence

A priori determination of convergence for the complicated
partial differential equations of change encountered in this investiga-
tion is impossible. The non-linear character of the partial differ-
ential equations and the necessity for simultaneous solution of the
energy and momentum equations makes the convergence determina~
tion far beyond the realm of present-day theoretical development.
The approach used here is to establish, as nearly as is presently
possible, that the two necessary conditions of consistency and stabi-
lity are met. Consistency (i. e., the discretization error approaches
zero as the mesh is refined) of the numerical procedure for each of
the partial differential equations is demonstrated in Appendix II
where the discretization error in each case is shown to be
O(AXZ) + O(ARZ). The Crank-Nicolson representation (37, p. 17)

for the second partial derivatives is used for its stability features.

For a simpler equation
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the Crank=-Nicolson scheme is stable for all types of boundary condi-
tions encountered here and any ratio of AX to AR (37, p. 60 - 70).
The demonstrated consistency and the stability feature of the Crank-
Nicolson approach along with the excellent agreement of the calcu-
lated results with some known analytical solutions constitute the

basis for faith in the convergence of the numerical solution which is

used.

Special Computing Features

In this section some special computing features are discussed.
The features described serve to improve resolution in certain re-
gions, hasten convergence with the uniform wall temperature
boundary condition, and to enhance accuracy for calculating mean
temperatures.

The regions where the most severe changes occur are expected
to be near the wall and near the inlet. To improve resolution in
those regions, the computer program allows use of non-uniform
mesh size in both the R and the X directions. To accomplish the
finer mesh size near the wall, first the pipe radius is uniformly
divided into a number of increments. Some of the increments
nearest the wall are then further divided into even smaller subdi-
visions. This procedure provides high resolution near the wall and

at the same time keeps the number of simultaneous equations
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relatively small to conserve éomputer time and to keep the effect of
roundoff within acceptable limits in solving the set of energy or
momentum equations.

To provide high resolution near the inlet, the size of the X
increment is increased from an initially very small value to a con-

siderably larger size by an exponential function:

AX = AX + (aX N1 - e 7).

small large B AXsmall

The use of the small AX near the inlet and a larger X increment
farther downstream serves to limit the number of X increments
needed thus conserving computer time and keeping the accumulated
roundoff error small.

The use of the uniform-temperature boundary condition calls
for imposing a step change in wall temperature at the inlet. The
step change of temperature causes, in turn, some oscillation of the
computed temperature profile near the wall. Since a temperature
dependent viscosity is considered, hastening the convergence of the
temperature to its true value is desirable. The temperature pro-
files oscillate in pairs: the first two profiles lower than the probable
true temperature and the next two higher than the probable true
profile (for heating). To hasten the convergence of the temperature,
the calculated temperature profile is altered for the third and the

fourth X increments; no further alterations are applied. The



24
calculated temperature profile for the third (and fourth) X incre-
ment has the general shape shown in Figure 4. A temperature pro-
file with a straight-line slope from the wall more nearly represents
the actual temperature distribution (15, p. 287-290). Therefore,

a screening procedure is used to detect the inflection of the calcu-
lated temperature profile, and a straight line from the inflection to
the wall is substituted for the calculated profile (see Figure 4).
That is done at the third and fourth X increments only; no further
alterations are made downstream from there. Such a procedure to
hasten convergence is not needed for the case where the flux is
known since the extremely severe step change of temperature
boundary condition is not imposed.

Since calculation for heat transfer rates involves the differ-
ence in mean temperatures, accurate evaluation of the mean tem-
perature is imperative. In dimensionless variables the mean tem-

perature is defined by an integral:

1/2

8 S TURdR.

mean

o

For accurate evaluation of the integral, an integration procedure
based on the assumption that adjacent values of the integrand li- on
a parabola (as in Simpson's rule) is used for calculating the mean

temperature. Simpson's rule as such is not conveniently used in
P Yy
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this case because of having unequal sizes. The same type integration
procedure is used for calculating the mean velocity for monitoring
purposes. However, the trapezoidal rule is sufficiently accurate for

use in calculating velocities (the continuity equation appended to the

momentum equations) and is much more convenient for that purpose.
Results

The results for pipe flow are organized into the following four
groups: 1) Checks against known analytical solutions, 2) Results with
temperature independent viscosity for a range of the exponent n
with uniform heating, 3) Solutions with temperature-dependent vis-
cosity with uniform heating, and 4) Results with temperature-
dependent viscosity with sinusoidal heating.

The first check of the results generated by the present program
is comparison with the Sellars, Tribus, and Klein (36) analytical
solutions for Newtonian flow with a uniform-temperature pipe wall
and with uniform heat flux. For the uniform-temperature pipe wall
the local and mean Nusselt numbers over the range wherec comparison
is possible are presented in Figure 5. The values of both local and
mean Nusselt numbers from the present numerical solution are
within one percent of the values from the analytical solution over the

range1 of X from X = 0.014 to X = 0.100. The Nusselt numbers

lFor clarification of the physical meaning of the values cited
for X, one may convert X to the ratio of the distance from the pipe
entrance to the pipe diameter. The ratio x/D is obtained by multiply -
X by the product of Re and Pr (x/D= XRePr). If one takes Re = 100 and
Pr =1 for illustrative purposes, X =0. 100 is equivalent to x/D - 10.
For very viscous Newtonian fluids and for most non-Newtonian flows
Pr = 1000 is more nearly typicalthan is Pr = 1. Then for Re = 10C
and Pr = 1000, X = 0. 100 corresponds to x/D = 10, 000.
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from the present solution are slightly higher over that range of X.
For uniform heat flux the local Nusselt number is shown in Figure 6
for the range of X where comparison is made. Over the range of X
from X = 0.008 to X = 0. 100 the values of the local Nusselt number
from the solution reported here are within one percent of the values
from the Sellars, Tribus, and Klein solution. The Sellars, Tribus,
and Klein solution loses accuracy rapidly for smaller values of X
because of truncation of the series solution (20, p. 130). Since only
five terms were used, comparison is not made for small values of X.

A second check of the present solution is accomplished by
comparison with McKillop's (27) results for n = 0. 50 with temper-
ature-independent viscosity. For uniform temperature pipe wall
the values of local Nusselt number show a mean square difference
of 1. 2 percent from the values reported by McKillop (27, p. 856).
The mean square difference is 0. 5 percent for local Nusselt num-
bers with uniform heat flux. In both cases the values reported by
McKillop are in the range from X = 0. 0025 to X = 0. 075.

Comparison with the results of Christianson and co-workers
(6,7,8) shows close agreement with their numerical solution for
temperature-independent viscosity but large differences for
temperature-dependent viscosity. An intuitive argument conccrn-
ing the shape of the Nusselt number curves seems to support the

results of the solution reported here. To make the desired
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comparison, the results of the present solution were recast into the
form used by Christiansen and co-workers. In their work Graetz
number I:Gz = g}l—(] replaces X used here, and the average Nusselt
number based on the arithmetic mean temperature difference is used
instead of the mean Nusselt number basedonthe log meantemperature
difference. In Figure 7 is shown the average Nusselt number for
n = 1.00 with { = 0 (temperature-independent viscosity) and = 2
(a case of temperature-dependent viscosity) for uniform temperature
pipe wall. For temperature-independent viscosity, the two sets of
results compare rather well. The present solution yields average
Nusselt number about one percent higher over the range Gz = 10 to
Gz = 1000 ( X = 7.85 x 102 to X=17.85x 10‘4). The difference
increases from one percent to about four percent in the Graetz num-
ber decade from Gz = 1000 to Gz = 10,000 (X = 7.85 x 10_4 to
X =17.85x 10-5). For the case of temperature-dependent viscosity
comparison is hopeless; at large Graetz number (small X) the
average Nusselt number reported by Christiansen and co-workers
is considerably greater than the result from the present solution.
The following argument concerning the shape of the Nusselt number
curves is thought to lend support to the results generated by the
present solution. The effect of heating a liquid with temperature-

dependent viscosity is a flattening of the velocity profile. Thus one

expects the Nusselt number to be increased, compared to the
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Nusselt number for a temperature-independent fluid, as the liquid
flows down the pipe. As the temperature of the liquid becomes more
nearly uniform, no doubt that trend is reversed as the fully-
developed isothermal profile is once again approached. However,
the concern here is with the region near the pipe inlet (large values
of the Graetz number). Near the inlet of the pipe the Nusselt num-
bers for the temperature-dependent and the temperature-independent
fluids are expected to be approximately equal. The Nusselt number
of the fluid with temperature-dependent viscosity is expected to
increase, compared to that for the temperature-independent fluid,
as the fluid is heated in flowing along the pipe. Of the two solutions
shown in Figure 7, only the solution reported here shows that an -
ticipated characteristic. No explanation for the difference in the
Nusselt number from the two solutions is presently known.

The local Nusselt number for uniform flux and temperature-
independent viscosity is given in Figure 8. Values of Nusselt num-
ber are presented for four values of the exponent n. The Nusselt
number for Newtonian flow is plotted in the upper portion with the
other three values given in the lower portion as ratios of the local
Nusselt number to the value of local Nusselt number for Newtonian
flow at the same value of X. For n = 0. 25 the Nusselt number 1s
19 percent higher than for Newtonian flow near the inlet and 22 per-

cent higher at X = 0,100. Values of Nusselt number for n = 0. 50
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and n=0.75, of course showed smaller departure from the values
for Newtonian flow.

For temperature-dependent viscosity and uniform heat flux,
local Nusselt number and pressure drop are shown in Figures 9
through 16. For the calculations of Figures 9 through 12 the expo-
nent n is unity; Figures 9 and 10 are for dimensionless heat flux
equal to 1. 00; and Figures 11 and 12 are for dimensionless heat flux
equal to 2. 00. Consistent with expectations, temperature-dependent
viscosity increases the heat transfer rate (Nusselt number) and de-
creases the pressure drop for situations where heating occurs. For
the most severe2 case checked (Flux = 2, 00 and AH/Rti = 10), the
Nusselt number ratio reaches a peak value about 27 percent greater

than for the case of temperature-independent viscosity; for that

The severity of a heating condition is related to the amount
of viscosity change caused by the temperature change-temperature
dependence combination. Thus high values of heat flux combined
with high values of AH/Rti are considered as severe heating con-
ditions. To illustrate the physical magnitude implied by a given
value of Flux, one may convert Flux to heat flux (El/A = Flux kti/D)
by selecting some representative values for k, t;, and D. If one
takes k = 0.10 Btu/hr-ft—F, t; = 500 R, and D = 2 inches for
illustration sake, the value of q/A = 300 Flux Btu/hr—ftz. The
effect of a given value of AH/Rti is best understood by considering
the viscosity change caus a given change in fluid temperature
(ﬂl/ﬂz = e XH/khtlgl/%l- ef}r?%) for a fluid with n = 1). To il-
lustrate this effect, one may take t;= 500R and AH/Rti = 10; for
those conditions the viscosity is reduced by a factor of 2. 5 when
the fluid is heated from 500R to 550R.
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same set of conditions the pressure drop from the inlet to X = 0. 100
is only seven percent as great as for temperature-independent
viscosity. Figures 13 through 16 show similar Nusselt number and
pressure drop effects for n = 0.75 and n = 0. 50. Since tempera-
ture-dependent viscosity causes flattening of the velocity profile for
heating, the Nusselt number and pressure drop are affected less for
smaller values of the exponent n where the velocity profile is al-
ready flattened because of the shear-stress shear-rate relationship.
Nevertheless, inspection of Figures 13 through 16 readily shows that
sizeable heat transfer rate and pressure drop effects are caused by
temperature induced viscosity changes. Some of those effects are

summarized below:

Pressure drop from inlet to

Peak value X = 0.10 as percent of pres-
AH
Rt of Nusselt sure drop for temperature-
n i Flux number ratio independent viscosity
1 5 1 1. 09 36
1 10 1 1. 18 16
1 5 2 1. 14 21
1 10 2 1. 27 7
75 5 1 1. 09 46
.75 10 1 1. 16 24
.50 5 1 1. 08 59

. 50 10 1 1. 14 36
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An interesting and potentially useful example of non-uniform
heat flux distribution is the case where the heat flux varies sinu-
soidally along the pipe. Such a situation could occur in a nuclear |
reactor (20, p. 140). Figures 17 through 20 show wall temperature,
mean temperature, heat flux, and pressure drop for n = 1. 00 and
n = 0. 50. Since the heat flux is the same in every case, the mean
temperature for all cases is the same at any given value of X. As
anticipated the wall temperature and pressure drop are lower for
temperature-dependent viscosity than for the case where viscosity is
independent of temperature.

In discussing the results, the problem of instability of the
numerical solution under some conditions must be pointed out for
the benefit of any potential user of the present numerical solution.
In spite of the efforts made to insure a stable solution, unstable be-
havior is shown for unfavorable combinations of the parameters.
The non-linear nature of the momentum equation and the necessity
for coupled solution of the energy and momentum equations make
impossible the theoretical determination of an appropriate grid size
for stable solution under a given set of parameters. Empirical de-
termination of an appropriate grid size must be employed. Anyone
considering use of the present numerical solution is cautioned that
such a procedure can be very costly and time-consuming if severe

conditions are imposed on the parameters.
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111, CHANNEL FLOW

Differences from Treatment of Pipe Flow

Since the solution for flow in a channel between two flat,
parallel plates is so nearly like that for pipe flow, only the main
differences between the two will be discussed.

The equations of change for channel flow of coux;se do not have
the terms involving curvature. Justification of the simplified equa-
tions from those given by Bird, Stewart, and Lightfoot (3, p. 84,
88, 319) follows the same arguments given in Appendix II for the
pipe ﬂow»equations. In dimensionless form the equations of change
are as follows:

Energy Equation:

aT aT g T
-t — T e—— @
U % \' N aYZ BrS

Momentum Equation;

2
1 ou ou dpP o U oS dU
— _ + —_— = - —— 4+ S— 4+ 22 ==
Pr LU X VBY ] dx BYZ Y aY

Continuity Equation (Differential Form):
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Continuity Equation (Integral Form):

As is true for pipe flow, the set of equations has two second-
order parabolic partial differential equations, and the same type of
marching solution is used.

The dimensionless constitutive equation is different from that
for pipe flow because of the reference value for apparent viscosity
being affected by the lack of curvature of the boundary. A procedure
paralleling that used in Appendix II for pipe flow shows tla t the

dimensionless apparent viscosity for channel flow is evaluated as

follows:
AH ]_ .r_l.-_l
el Bl 2
"R, (T ) )
S = e >
2nt+1
4=

The only difference in the grid systems used is that for
channel flow no assumption of symmetry is made. Therefore, the
grid system is extended.all the way across the channel instead of
only half way as is done for pipe flow.

The inlet conditions are once again taken as fully developed
velocity and uniform temperature. For a power-law fluid the fully

developed velocity profile in dimensionless form is given by



51

This expression is developed from the channel-flow analog of the
procedure used by Wilkinson (40, p. 61-63) for pipe flow. (Substi-
tution of unity for n yields the familiar parabolic velocity distribu-
tion for Newtonian fluids where the maximum velocity is 50 percent
greater than the average velocity. )

To apply the boundary conditions to channel flow, only the wall
conditions are used. For the velocity, boundary conditions which
apply are U =0 and V = 0 at each wall. The wall-temperature or
heat-flux boundary conditions are handled independently to allow the

two walls to have different temperature or flux conditions.

Results

The results for channel flow are organized into the following
four groups: 1) Check against known analytical solutions, 2) Results
with temperature-independent viscosity for a range of the exponent n
with uniform, symmetrical heating, 3) Solutions with temperature-
dependent viscosity for n = 1 with uniform, symmetrical heating,
and 4) Results with temperature-dependent viscosity for n = 1 with
non-symmetrical heating.

The principal check of the results generated by the present
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program is a comparison with the Sellars, Tribus, and Klein (36)
analytical solution for Newtonian flow with uniform-temperature
walls. Both the local and mean Nusselt numbers over the range
where comparison is possible are presented in Figure 21. The
values of both local and mean Nusselt numbers from the present
numerical solution are within one percent of the values from the
analytical solution over the ra.nge3 of Z from Z = 0. 006 to Z = 0. 0725.
The Nusselt numbers from the present solution are slightly higher
over that range of Z. The Sellars, Tribus, and Klein solution lescs
accuracy rapidly for smaller values of Z because of truncation of
the series solution (20, p. 130). Since only three terms were used,
comparison is not made for small values of Z.

An additional check of the numerical solution is furnished by
comparing the local Nusselt number at large Z with the value for a
fully-developed“temperature profile for the uniform heat flux
boundary conditions. For Z greater than Z =0.055 the local Nus-
selt number generated by the present solution is within 0. 15 percent
of the accepted value of N = 8. 235 for Newtonian flow (20, p. 117).

The local Nusselt number for uniform flux and temperature-

3Physica.l interpretation of values cited for Z may be made
by converting Z to the ratio of distance from the channel inlet to
the distance between the two flat plates. Calculation of the x/L ratio
is accomplished by multiplying Z by the product of Re' and
Pr(x/L = ZRe'Pr). Then for Re' =100 and Pr = 1000, Z = 0.0725
corresponds to x/L = 7250.
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independent viscosity is given in Figure 22. Values of Nusselt num-
ber are presented for four values of the exponent n. The Nusselt
number for Newtonian flow is plotted in the upper portion with the
other three values given in the lower portion as ratios of the local
Nusselt number for Newtonian flow at the same value of x/(LRe'Pr).
For n = 0,25 the Nusselt number is 25 percent higher than for
Newtonian flow near the inlet and 14 percent higher far downstream.
Values of Nusselt number for n = 0. 50 and n = 0. 75, of course,
showed smaller departure from the values for Newtonian flow.

For temperature-dependent viscosity, both Nusselt number
and pressure drop are shown in Figures 23 and 24 respectively. For
those calculations the exponent n is unity and the heat flux is both
symmetrical and uniform. For the conditions of the calculations,
the local Nusselt number ratio reaches a peak value about eight per-
cent greater for temperature-dependent viscosity than for the case
of temperature-independent viscosity. The pressure drop from the
inlet to x/(LRe'Pr)=0.0725 for the temperature-dependent viscosity
is only 40 percent of that for the case where viscosity is independent
of temperature.

An interesting use can be made of the present numerical solu-
tion by allowing the two walls to have different thermal boundary
conditions. Figures 25 and 26 show the results of two such calcula-

tions. The thermal boundary conditions used in generating
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dependent viscosity - n = 1, 00.
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Figures 25 and 26 call for one wall insulated and one wall uniformly
heated. The two fluid conditions are for n = 1. 00 and temperature-
independent viscosity in one case and temperature-dependent vis-
cosity in the other. In Figure 25 are shown the two wall tempera-
tures and the mean temperature. Since the flux has the same value,
the mean temperature is the same for both cases. The temperature
of the insulated wall is the same in both cases, but the temperature
of the heated wall is approximately four percent lower at
x/(LRe'Pr)=0.0725 for the temperature-dependent condition used.
To convert that to temperature difference instead of dimensionless
temperature, one may assume, for sake of illustration, a reasonable
inlet temperature of 500°R; with that inlet temperature, the tem -
perature of the heated wall at x/(LRe'Pr)=0.0725 is 750°R for
temperature-independent viscosity and 720°R for temperature-
dependent viscosity. The pressure drop results in Figure 26 show
a large difference because of the temperature-dependent viscosity.
The pressure drop from the inlet to x/(LRe'Pr) = 0. 0725 is approxi-
mately 66 percent as great for the temperature-dependent situation
as for the case of temperature-independent viscosity.

As is true for pipe flow, unfavorable combinations of the
parameters produce an unstable solution. Once again no theoretical
basis is known for determination of an appropriate grid for stability;

a suitable grid size must be arrived at empirically.
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IVv. CONCLUSIONS

1. A numerical solution is presented for the coupled energy
and momentum equations for laminar flow of temperature-dependent
power-law non-Newtonian fluids. Two important geometrical cases
are considered: pipe flow and channel flow between two flat, parallel
plates. For pipe flow, axially varying wall temperature or heat flux
boundary conditions may be handled. Similarly, for channel flow,
non-symmetrical and non-uniform thermal boundary conditions may
be imposed.

2. For heating of a liquid with temperature-dependent vis-
cosity, the Nusselt number is shown to be greater than for a liquid
with temperature-independent viscosity, and the pressure drop is
shown to be smaller than for a liquid with no viscosity-temperature
dependence. Both the heat transfer and the pressure drop effects
of temperature-dependent viscosity are sufficiently large to merit
consideration in many design situations.

3. A major problem in applying the present solution is se-
lection of an appropriate grid size to produce a stable solution.
Since theoretical criteria for determination of an appropriate grid
are not known, the grid size for a stable solution with a given set

of conditions must be arrived at empirically.
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V. RECOMMENDATIONS FOR FURTHER INVESTIGATION

1. The solution presented is suitable or readily adapted for
investigation of a number of important situations which were not
covered in this report. Cooling, viscous dissipation, and combined
hydrodynamic-thermal entry length problems are a few important
applications for which the numerical solution presented here should
be suitable. In addition, problems with non-uniform thermal
boundary conditions can be realistically solved.

2. As for any analytical solution, careful laboratory checking
of the results is recommended.

3. Since selection of a suitable grid size for stable numerical
solution must now be done empirically, criteria for selection of an
appropriate grid need to be established.

4. An interesting extension of the work reported here is the
three-dimensional problem involved in accounting for circum-
ferential variation of the thermal boundary conditions for pipe flow.
For example, any application where there is thermal radiation to

pipes is likely to cause such circumferential variations.
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APPENDIX 1

COMPLETE TOPICAL LISTING OF THE LITERATURE

The numbers used below indicate the corresponding paper listed
in the Bibliography.
Geometry
Pipe: 6, 7, 8, 9. 11, 13, 14, 19, 21, 23, 24, 26, 27, 29, 31,
32, 34, 35, 36
Channel: 4, 14, 16, 17, 18, 22, 36, 41

Entry Region

Thermal: 6, 7, 8, 9, 22, 23, 24, 26, 27, 31, 32, 34, 35, 36
Hydrodynamic: 4, 16, 17, 22, 24, 27, 34
Combined: 13, 14, 16, 18, 21, 22, 24, 27, 34, 41

Thermal Boundary Condition

Uniform Temperature: 6, 7, 8, 9, 13, 16, 18, 21, 22, 24,
27, 29, 34, 36, 41

Uniform Heat Flux: 14, 16, 18, 23, 26, 27, 35

Non-Uniform Temperature: 19, 22, 36

Non-Uniform Heat Flux: 19, 31, 32

Temperature Effect on Viscosity

Temperature-Independent: 4, 6, 7, 8, 9, 14, 16, 17, 18, 19,

22, 24, 26, 27, 34, 35, 36, 41

Temperature-Dependent: 6, 7, 8, 13, 22, 23, 24, 29, 34
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APPENDIX II

DETAILS OF THE SIMPLIFICATION OF THE DIFFERENTIAL
EQUATIONS AND CONVERSION TO NUMERICAL EQUATIONS

Simplification of the Differential Equations

In this section of Appendix Il a number of basic assumptions
are made, the equations of change subject to those assumptions are
given, the equations are further simplified by additional assumptions
and approximations, and then the equations are converted to dimen-
sionless form.

The following assumptions allow reduction of the basic equa-
tions of change in cylindrical-coordinates as given by Bird, Stewart,
and Lightfoot (3, p. 319, p. 83-91) to more concise form:

1. The flow is steady, incompressible, and laminar.

2. Symmetry about the centerline of the pipe exists.

3. Body forces are neglected.

4. The thermal conductivity and specific heat are uniform.
For the preceding conditions to be applicable the governing differ=-
ential equations which apply to this problem are as follows:

Energy Equation;

2 I

ot ot 1 9, ot ot 2

—_— bt v ] Tk[= ()t — |+ =
pcp[u8x Var] k[r 8r(r8r) 2] T]2
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Momentum Equations:

oT
ou ou ap 1 9 XX
—_— t | T e = e == +
p[ua Var] ox [rar (rT ) 0 ]
oT
ov ov op 1 9 rx
—F ye— T A== L = — +
p[uax Var] or [r ar(rTrr) o ]

Continuity Equation:

9(rv) + oy du
or ox

The energy equation can be further condensed by assuming that

axial diffusion of thermal energy (axial heat conduction) is negligible,

i..e.,
2 2
L
ox or

ot 2 ) 1 ot 2
—_— F Sl = —_ = — |+ n—
pCp [uax V ] [ r 8r )] 2 k[ arZ '8r]' 2

In reducing the momentum equations to tractable form, uni-
formity of pressure at any cross-section of the pipe is assumed.
Then 3—1; and all other terms in the r-~component of momentum
equation are assumed to be negligibly small compared to the terms

in the x-component equation. Thus only the x~component of
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. . oap . . dp
momentum is considered further, and rw is written as T
Substitution of the appropriate expressions from Bird, Stewart,

and Lightfoot (3, p. 89) for the shear stress components for an in-

compressible fluid

du ov
= - —_—
Trx n(ar 8x)
and
_ Ju
Txx - n(zax)

into the x~component of momentum equation, differentiation, and

grouping of terms produces the following equation:

2 2
ou ou dp du du M du
—— Y] T - = + F—_—] t—-—
P[uax Var] dx Tl[ 2 2] r or
or ox
+_§1][iu_ +£] Zﬂ E
r  or ox 9x 0Ox
or 1 9(rv) du
+1—] - + —
1‘lé)x[r or 8x]

The operand in the last term is the divergence of velocity which is
identically zero for incompressible flow; therefore, the entire last
term is identically zero also.

Two other terms may be dropped by an order of magnitude
argument. Changes in u are large relative to changes in the

smaller transverse velocity v  and occur over a distance (with
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. D . . .
maximum value equal to = ) which is small compared to distance

of interest in the axial direction. Thus the assumption is made that

Su %
or ax

Similarly the changes of u in the radial direction are relatively
large compared to the changes of u in the axial direction; certainly
then the second derivatives in the respective directions are expected

to be of different order of magnitude:

a;_>>__a; .
or ox

In addition the terms 8n/06x and 8u/dx are individually small
compared to the other terms in the equation; therefore, their
product is deleted from the equation. With the simplifications indi-

cated above the resulting momentum equation is

E

duy Jouy. _dp du ,nNbu,msb
r 9r Or

23]

r

To convert the equations of change to dimensionless form,

the following set of dimensionless variables is used:

- X
X = DRePr R

] I



U=z V = %~ RePr
u u
P: pz S:l
pEPr T]1

I

t D . 272

= d = (— —

T t ('ﬁ) 2

Substitution of the indicated dimensionless variables into the equa-
tions of change and reduction to well-known dimensionless param-
eters produces the set of dimensionless equations of change. In
dimensionless form the governing equations are as follows:

Energy Equation:

2
oT oT 0T 1 8T
—_— + —_— = et — —— + BrS?®
Usx T VeR 2 ROR
oR
Momentum Equation!
1 ouU ouU dP SZU S 8U , 8S 0oU
— [U= 4+ V=)= rm + S+ 2 2+ 22 2=
Pr [UBX VBR] dX 2 R 38R 9R OR

o9R

Continuity Equation:

3(RV) aU _
+ R2== 0
8R Rox

The integral form of the continuity equation in dimensional

terms is

72
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D/2 )
2T Surdr = EWD
4 -
0

Substitution of the appropriate dimensionless variables yields

1/2
8 yURdR = 1.
0

The term 12/2 (second invariant of the rate of strain matrix)
is used in both the calculation of apparent viscosity and in considera-

tion of viscous dissipation. It can be simplified as follows:

I : 2 2 2 2

2 v u du v v
~£ =& + ) + =)+ (=) + (—

>~ = la to) telg) vt
As was done for the momentum equation, order of magnitude argu-
ments are used to eliminate some of the terms. The argument to

show that

was given in reducing the momentum equation. Further, changes
in the axial direction of the velocity in the direction of flow, are
expected to be small compared to changes in the radial direction,
and the transverse velocity v is likely to be small enough so that

neither its quotient with the radial distance, v/r, nor its derivative
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in the radial direction are significant compared to du/or . By that
reasoning one justifies the assumption that

du, 2 ou ¢, v.2 v, 2

=)y >> =)+ (=) + (— .

(37 2l ) ) g ]
Therefore, a good approximation is obtained by using

I

2o &yf
2 ar

The dimensionless form is denoted by

(=3)

D22 _ oy
u 2 dR

nﬁi néEI n -1
_ T Rt ,n-1 Rt “2, 2
n—§—me Y = me (-é-)

(6, 7, 8, 3, p. 103) is converted to dimensionless form by dividing
by a reference value for the apparent viscosity. The reference value
is selected for convenience; for the present investigation the ap-
parent viscosity at the pipe wall and at the inlet temperature was
selected and used for the reference value. The reference apparent

viscosity is then defined by
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nﬂ
ul = me Rtl (iu_
i or

n=-1
)

at wall

Differentiation of the expression for fully developed velocity (40,

p. 62)
n+t+1l
—3n +1 r
= - (— n
w = wep -5 2 ]
2
s D .
and substitution of r = > yields
nﬁ_I n-1
_ Rtl 20 3n t1
nTome T

The dimensionless apparent viscosity is then evaluated as

AH 1 — n-1
2= -1
_ TR \sz/z
S=— e _
T]i 223nv+1
“D n
AH |1 — n-1
o (= -1
_enRti(T ) & 2
- 3n+ 1.2 :
4—)

Numerical Equations

In this part of Appendix II the numerical equations are written
and, concurrently, the consistency of the numerical representations

is demonstrated by indicating the magnitude of the discretization errar.
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The order of the error may be determined by expansion of each term
in the numerical representation in a Taylor's series (37, p. 6) al-
though the details for doing so are not shown. The symbol O(AXZ)
is used in its conventional sense to mean a remainder with terms
having factors of (AX)2 and higher powers of AX.

For the dimensionless energy equation

2
9T 5T 0°T 1 T
—_— 4 _ = —— = =+
Usx © VR oml RO BrS2

the numerical representation is written by taking central differences
about the point where T(2,J) is defined (Figure 2). If a quantity is
not defined at a point, the arithematic average at the adjacent points

is used. The Crank-Nicolson representation for the second deriva-

tive is used.

8°T _1 . T(3,3-1) - 2T(3, J) + T(3, T+1) L+ T(LI-1)=2T(1, 1)+ T(L,T+1)

[

arZ 2 (aR)% (aR)%
9°T 2 3
=25+ oax? + o(ar’)
R

LUz, ) + U, J)

> U+ o(ax %)

8)

8T _ T{3,J) - T(l,J) _ 8T 2
oxX 20X X O(aX )
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VR DHV2T-1) |

> vV + O(ARZ)

v

8T _ T(2,J-1) - T(2,3+1) _ 8T, 2
R N 3r | O(AR )

Substitution of the numerical representations into the energy equation

yields a set of linear equations in the unknown temperatures T(3,J):
T(3,J - 1) - BI(J)T(3,J) + B2(J)T(3,J+1) = B3(J)

The coefficients Bl, B2, and B3 are functions of previously-
calculated quantities. Solving for the error indicates a discretiza-
. 2 2

tion error of O(aX ) + O(aR ).

For numerical representation of the momentum equation

2
1 ou ou dP ou S au 9S aoU
—_ 2l V=] = et S— F D — = —
Pr [ Uax VBR ] dX 2 R OR R OR

9R

the central difference equations are written about the point where

U(2,J) is defined,

_g_zg_z_l_ [U(3,J-l) - 2U(3,7)+U(3, J+1)+ U(l,J-1) - 2U(1,J)+U(1,I+1)]
aR2 2 (AR)2 (AR)2
: azU 2 3
= + O(aX") + O(aR7)
oR

89U . U(3,7J) - U(L,J) _ aU

2
X + ‘
aX 20X X O(ax )
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v z‘%[V(&J) +V(2,J) +V(3,3-1) +V(2,7-1)]

= v+ O(AXZ) + O(ARZ)

dP _ AP _ dP
e — T =+
dX T &% dX o(ax)
+
s =SB +S2T) L gy oax?

2

89S _ S(2,J-1) +5(3,J-1) - S(2,J+1) - §(3,T+1)
aR 4AR

_3s
3R + O(aXx )+O(AR)

Substitution of the numerical representations into the momentum
equation yields a set of pseudo-linear algebraic equations in the un-

known velocities and the pressure drop:

U(3, J-1) = BL(J)U(3, J) + B2(J)U(3, J+1) - B3(J)AP = B4(J)

The equations are not actually linear because the coefficients BI,

B2, B3, and B4 contain S(3,J) which is a function of the unknown
velocities (via the shear rate) for a non-Newtonian fluid. However,
a good estimate of S(3,J) can be made by substituting S(2, J) when

calculating the first estimate of the velocities. An iterative solution
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is formed by calculating S(3,J) from the velocities then recalculating

the velocities. Solving for the error in the representation gives a

discretization error of O(AXZ) + O(ARZ).
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APPENDIX III

ELIMINATION PROCEDURES FOR SOLVING ENERGY
AND MOMENTUM EQUATIONS

Energy Equation

The set of simultaneous linear equations derived from the

energy equation plus boundary conditions when written in matrix

notation is

BT = B3
The terms T and B3 as used here are vectors, and B is a
tri-diagonal matrix of coefficients. Since B is tri-diagonal the
solution for the unknown T(3,J) is possible by straight-forward ap-
plication of the Gauss elimination method. Written out explicitly the

set of equations has the following form.

-BI(1)T(3,1)+B2(1)T(3,2) = B3(1)
T(3,1)-B1(2)T(3,2)+B2(2) TG, 3) = B3(2)
T(3,2)-B1(2)T(3,3)+B2(3)T(3,4) = B3(3)

T(3, N=-2)-B1(N-1)T(3, N=-1)+B2(N-1)T(3, N) = B3(N=-1)
T(3, N-1)-B1(N)T(3, N) = B3(N}



The elimination procedure is

initiated by defining

B2(1)
BI(1)

81

and

W |
g -

For J>1

B2(J)
BI(J) + a(J-1)

a(J) = -

and

B3(J)- B(J-1)
" B1(J) + a(J-1)

B(J) =

Finally the result is

"T(3,N) = B(N)

The other temperatures are then found by back-substitution into the

equation

T(3,J) = B(J) = o(J)T(3, J*1).

Momentum Equation

The set of momentum equations with the integral form of the

continuity equation appended to it may be written as follows (The
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continuity equation is written first.!):

B5(2)R(2)U(3,2)+ . . . +B5(N-1)R(N-1)U(3, N-1) =1/8
-[B1(2)+1] U(3, 2)+B2(2)U(3,3) -B 3(QAP=B4( 2)
U(3, 2)-B1(3)U(3, 3)+B2(3)U(3,4) -B3(31P=B4(3)

7

U(3,3)-B1(4)U( 3,4{)+B 2(4)U(3,4)}B34)nP-B4(4)

U(3,N=3)=-B1(N-2)U(3,N=-2)+B2(N-2)U(3,N=-1)-B3(N-2) AP=B4(N-Z,
U(3,N-2){ B1(N-1)+B2(N-1)] U(3, N-1) -B3(N-1)aAP=B4(N-1)

Application of the elimination method in this case is not so straight-
forward as it is in solving for temperatures. Not all elimination
methods work because of loss of significant figures, and iterative
methods give only fair results while using tremendous amounts of
computer time. The following elimination method solves the equa-
tions far better than iterative methods while using comparatively
little computer time.

The procedure actually used redefines the set of B4(J) so

that one may solve for

AU(J) = U(3, ) - U(2,J)

instead of solving for U(3, J).
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The set of equations to be solved with that change incorporated is as

follows:
B5(2)R(2)aU(2)+. . . +B5(N-1)R(N-1)AU(N-1) =0
-[B1(2)+1] aAU(2)+B2(2)aU(3) -B3(2)aAP=B4(2)

AU(2)-B1(3)AU(3)+B2(3)aU(4) -B3(3)aP=B4(3)

AU(3)-B1(4)aU(4)+B2(4)AU(5) -B3(4)AP=B4(4)

AU(N-3)-B1(N-2)AU(N-2)+B2(N-2)AU(N-1) - B3(N-2)aAP=B4(N-2)
AU(N-2)-[BI(N-1)+B2(N-1)] AU(N-1)-B3(N-1)AP=B4(N-1)

The elimination procedure is started by defining a set of numbers

obtained by dividing the continuity equation by the leading element:

B5(J)R(J)

o(7) = B52)R(2)

for

and

The first momentum equation is then divided by the negative of its

first element.



84

__B2(2)
8(2) = B1(z) + 1

B3(2)
L ST

_ _B4(2)
*(2) = B1(2) * 1

That puts the first three equations (the continuity equation and the

first two momentum equations) into the following form:

AU(2) + a(3)aU(3) +. . . +a(N-1)AU(N-1) + a(N)aP = 0
-aU(2) + 6(2)aU(3) t y(2)aP = ¢(2)
AU(2) - B1(3)aU(3) + B2(3)aU(4) - B3(3)aP = B4(3)

The second equation is added to each of the other two equations leav-
ing two equations with AU(2) eliminated. The same procedure of
dividing by the leading element then reducing the equations is carried

out until the result is

N-2

AU(N - 1) + o(N)aP = Z¢(J)
J=2

and

-AU(N = 1) + y(N - 1)aP = ¢(N - 1).



Then AP can be evaluated:

Back-substitution for the AU(J) is then begun:

AU(N - 1) = y(N - 1)AP - (N - 1)
and
AU(T) = y(J)AP + §(1)AU(T + 1) - &(J)

for

The set of velocities U(3,J) is then obtained by substitution into

U(3, J) = aU(J) + U(2, J).

85
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FORTRAN PROGRAM FOR PIPE FLOW PROBLEM
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FORTRAN PROGRAM FOR PIPE FLOW
CDC 3300

PROGRAM MAIN

DIMENSION U(3, 150)+V{3+,150),T{3,150),5{(3,150}).X1202(3,150),
2FLUXT100 ),B1{150),82{150),ALPHA{152),BETA(150),R3(153),TRC(100)
% ) B4{150),85(150),AF (9,150}
4.,DFLTA(150),GAMMA(150),PHI{150),R(150)

COMMON ALPHAsB1sB2sB3+BETAWBRINKCsCZ29DHRT 4DIV DX DR $ZT4E23FX4FL X,
2Gs ITNDOSK MsM2,N,NDX NDRWAL s NTRANS, PR, RsSesTsTBT ,U,sV,
BXI202s XI02R, XNsP,B4,B88,DP,WALL TEMP, DPASDXT 4DX2,DX34X,DPDX
43DELTAy GAMMAPHI s AF s TM] 4, TM2,TM3 4, XNUSS s XNUSSMN, X2
SsLCARD

101 FORMAT { F6.0, Fl3e4+sF6eDsFHaAs13,2F8.4,11)

201 FORMAT (/775X s 2HN=9F B el 65X 6HDH/RT=4FB.0)

211 FORMAT {5Xs12HPRANDTL ND«=2FB8.0,54X 51 3HBRINKMAN NDe=,F19.4)

202 FORMAT (5X,10HWALL TEMP=,F10.4)

204 FORMAT (SX.5HFLUX=,F10.4)}

215 FORMAT (2X,31HITERATION LIMIT REFACHED AT NDX=,1I3
295X s 12HMAX RESIDUE=,F 16, 6)

DX=5E~-08

DDX=4 . 999995E-03

A=-11%,

MAGNITUDE OF A CONTROLS RATE NF INCREASE FNOR X I NOREMINT

IPRINT=56

NDXMX=56

IPRINT IS THE NUMBER OF X INCREMENTS RETWEEN PRINTRUTS

DR=.02

N=45

NDRDIV=10

NDRWAL =2

NDRWAL IS THE NUMBER OF R INCREMENTS SUBDIVIDED NTAR THE WALL

NDRDIV IS THE NUMBER NF PARTS DR 1S5S BRDKEN INTN NSFAR THF WALL

DIV=FL_CAT{NDRD1IV)

NTRANS=NDRDIV.NDRWAL

L8
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ITNMX=20

G=,001

READ 101,4PR» BRINKsDHRT s XNs Ky W1 s W2 L CARD
ITFAIL=0

K EQ 1 MEANS FLUX BDUND
K EQ 2 MEANS TEMP BDUND
PRINT 201+ XNDHRT

PRINT 211:sPRysBRINK
BOUND COND BELOW IS FOR UNIFORM FLUX OR TEMP
IF {K «FEQs 1)4,5

PRINT 204,W1

DD 86 J=1,NDXMX
FLUX{J)I=¥W1

GD 1O 7

PRINT 202,%1

DD 10 J=1,NDXMX
TBC{(J)=¥W1

CONTINUE
C={3eEXN+14)/7(XN+1,)
E={XN+1.)/7%XN

C2={3 «%XN+1,)/XN
F2=1e/XN

E3={XN-1.})/2.
XID2R=4,%C2%%2

M=N-1

M2=N-2

NPRINT=1

NOX=0

X=0.

X2=0.

DPL=0.

ITNDO=0

CALL INLTCOND

DX 1=DX o
DX2=0OX

DX3=0%



X=DX/2.
NDX=1
RESLAST=1000.
35 CALL TEMPCALC
CALL SCALC
36 CALL UANDY
ITNO=TITNO+1
CALL SCALC
RESMX=0,
DO 43 J=2,M
VISC=(S5(3,J y+5(2,J 1Ys2.
DUDR=(U{2,J-1)-U(2,J+1)) /7AF (4, J)
IF {J .EQ. 2)39,40
39 DSDR={S(3,2)-S(3+23)4S(2,2)-S(2,3))%DIV/(2.%DR)
GO TO 41
40 DSDR={(S(3,0-1)-S{3,041)+S5(2,J-1)-S{2,3+1})/(2.%AF(4,J))
41 RESz=ABSIVISCR{U(3,J4-134+U{1,J-1)+4B2(J¥%{U(3,0+13+U{1,3+1))
2=AF(1,3¥%(U(3,J)3U(1,J)))I/(2.%AF(2,3})
3+VISC/AF{9,J)*DUDR+DSDR*DUDR=-2.%DPA/{DX2+D X3)
4-U{2,33%(U(3,0)1-U(1,0))/7(DX24+DX3)/PR
5—(V(3,J34V(2:,J)4+V(3,0-1)+V{2,J-1))/74.%DUDR/PR)
IF (RES +GTe. RESMX)47,43
47 RESMX=RES
43 CONTINUE
IF (RESMX +LTe o5 eANDs RESLAST +LTe o5
PeANDe RESMX oL E. RESLAST)I42,51
51 RESLAST=RESMX
IF {(ITNO LT. ITNMX)36,52
52 PRINT Z21S5,NDX,RESMX
IF {ITFAIL .GE. 1)45,5%50
5C ITFAIL=ITFAIL+!
42 CONTINUE
TMR=U(3:2)%T{3,2)%R(2)1¥B5(2)%2+(U(3:2)%T(3,2) %2 (?)
PHU(3,: 3IEXT(3,3)*R(3))*x(B5{2)+235(3))
DD 95 J=3,M
R={e5{J-1)+B85(J)Y)/2.



a7

53

220

54

217

22

B={B85(J+1)+B5(J))/2.

Z1=U(3sJ=-1)%R{J-1I*T(3,0~1)

Z22=U{(3,J YRR Y IXT(3,J )

Z3=U{ 3,41 )%R(JI+1I%XT{3,5+1)
ZA=(B*(Z1-Z2)+Q*%{23~-722)) /{ Q* %k 2%xB+B %% 2%Q)
ZB={B*%2%{(Z22-Z1)+Q%%x2%(Z23-72) ) /{Q*¥2%B+B*%%x2%Q])

TM3=TM3 +{ZA/3.*%{B*%x3+Q%x%k3)47B/2., % {B%x*2-Q%¥x2)+72%x{Q+3) ) *4,
CONTINUE

NUSSELT NO CALC BELOW IS FOR NO VISCOUS DISSIPATION

IF (NDX <«EQs 1)96597

NM1=NDX-1

IF (K .EQe. 1)53, 54

WALLTEMP={(T{2,1)+7(2,2)) /2.

XNUSS=FLLUX{NM1) Z{WALLTEMP-TM2)

FORMATY (/2Xs5SHAT X=3E16.6,2X, 1 5HNUSSFLT NUMBER=,FE15,642X
2+ 10HMEAN TEMP=3FE16+6+2Xs I10HWALL TIMP=,E16,6)

PRINT 220 4X2+s XNUSS» TM2, WALL TEMP

GO TD 96

CONT INUE

XNUSS= ({DX3I*TM2+DX2%TM3) /{DX3+DX2)—(DX2XTMI+DX1%TM2)
2/7(DX2+DX 1)) /{DX2*{TBRCH NM1)-TM2}) /4,

CALC FDR MEAN NUSS NO FDR UNIFORM WALL TEMP DNLY
XNUSSMN= ALOGL{TECH( NM1)—-1.)/{TRC( NM1I)=TM2)) /{4.%X2)
FNORMAT (/2Xs5HAT X=3F16.5692X9s15HNUSSELT NUMBFER=,F18.56,2X
29 10HMEAN TEMP=,E16.6,2Xs 20HMFAN NUSSFLT NUMRBER=,515,56})
PRINT 217+X29sXNUSS ,TM2,XNUSSMN

CONTINUE

IF INDX .GE. 2)500,501

DELTP=2.%¥DPL/{DX1+DX2)

FORMAT {(2X 3 2HP =3 FE16.692X s 3HNP =eF16,6+2XsBHNP/DX=371505)
PRINT S502,P.DPL,DELTP

CONT INUE

DPL=DPA

P=P+DPA

IF (NDX «EQe IPRINTHRNPRINTI2Z2,23

CALL OUTPUT

06
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60

46

NPRINT=NPRINT+1

IF (NDX +LT. NDXMX)B60,45
TMI=TM2

TM2=TM3

DO 46 J=1sN
T(1,3)=T({2.,3)
T(2,J)=T(3,J)
U{1,34)=0{(2,J)
u{2,J3¥=013,J3)
vil,J)=v{2,.,4)
vi{2+s3)=Vv{3,3)
S(1+4)=5(2,3)
S{2+4)=5(3,43)
XI202{1,3)=X1202{2,J)
X1202(2,3)=X1202{3,4)
NDX=NDX+1

DX1=DX2

DX2=DX3
DX3=DX+DDX*{1.—FEXPF{A%X))
X2=X

X=X+{DX3+DX2)/ 2.
ITND=0

RESLAST=1000.

GD TO 35

IF (LCARD +EQe. 0)44,75
CONT INUE

END

SUBROUTINE INLTCOND

DIMENSION U{3,150),V(35150)sT{3,150) 3S{3,150),XI202(3,150),
PFLUX{10D J,8B81{150)+B2{150)+ALPHA(1S0),BRETA{150),23({137),TRC{100})
3 B4(150):85{150) AF{G,150)
4DFLTA(1I50):,GAMMA{ 150),PHI{180),R(150)

COAMMIN AL PHA BlsB2,83 3 TABRINKC oL 23DHRT yNDIV DX 3 IR 37 4 E23F34FL X,
2Gs ITNGO 9Ky MeM2yNyNDXsNDRWAL NTRANS, PR, R 933 T o TBZ sU sV
BXI2NZ s XIC2RsXNsPsBA4 B35, DP,WALL TEMP, DPA DXL 4 1IX2 4DX 343 X, D2DX

16



360

N

A4 DELTAsGAMMAPHISAFs TM1, TM2,TM3, XNUSS s XNUSSMN, X2

S5.LCARD

DO 1 J=1.N

V(1,J)=0.

V{2,2)=0,

V{3,J)=0.

T(1.,3)=1,

T(2,3)=1,

T(3,J)=1.

R{1)=«5+DR/DIV/2,.

DO 2 J=2,M

IF {J .LE. NTRANS+1)360, 361
R{JI=ZeS—({J-1)%XDR/DIVHDR/{2.%D1V)
B5(J)=DR/D1V

GO TO 382
R(J)=eS—NDRWAL *DR—~{ J—1-NTRANS) %DR+DR /2.,
85(J)=DR
U(1sJ)=Cx(1.—{2.%¥R{J)IXXF)
U(2,J)=U{(1,J)

Ul3,3)=U(1,J)
X1202{1»J)=XI02R¥(2.%¥R{J)IIX%k{2.%F2)
XI202(2,3)=X1202(1,J)
XI202(3,J4)=X1I202(1,J)
ARG2=ABSF{XN—-1,.)

IF (ARG2 «L.T, L,000001)3,9
S{1,4)=1.

GO T 5

IF {(X1202(1:J) ol Te GXXID2R) 798
S{1,J)=G%*%E3

GO TN 5
S{1+J)={2e%R{(J))Ex%{ 1 .,~FE2)
S(2,J)=S(1,3)

S{3+J)=5{1,3)

CONT INUE

85{1)=85{2)

BSIN)=85{M)

26



R{NI=R{(M)
S{1sN)=S{1,M)
S{2sNY¥I=5(1,M)
S{3sN)=5(1,M)
Ull1s13=-U(1,2)
Ul1.,N)= U1, M}
U(2:1)=-U(1,2)
Ul{3,1)=—=U{1,2)
U(2:N)=U(1,M)
U(3sNI=UL1,M)
UAVG=2 %¥U(3,2) ¥R {(2)*BS{2)1+{U(3,2)1%R(2)+U{(3,3)%R{3) )% (35{2})+B5(3))
DO 620 J=3.,M
A=185(J-1)485(3))/2.
B={B5(J+1)+B5(J))/ 2,
Z1=U{(3,J-1)%R{J-1)
Z2=U{3,4 YRR(J )
Z3=U{3+,J+1)1%R(J+1)
ZA=(BX(Z1-Z2)+A%(Z23-7Z2)) /(A%x%2%B+B¥x%k2%A)
ZB={B*x2¥(Z2-Z 1) +A*%2%(23~72) } /(AX%X2%¥B+BR%2%A)
UAVYG=UAVGH{ZA/ 3. ¥ (BX%3+A% %5 3)+7B/2. ¥{Bx*2~A%%x2)+72% (A+3) ) %4,
620 CONTINUE
221 FORMATY {(5Xs17HAVEFRAGE VELDCITY=.F20.10)
PRINT 221,UAVG
TM1=1,
TM2=1,
TM3=1.
DPDX=8 ,%C2
314 FORMAT (SX+s6HDP/DX=3E1545)
PRINT 314,DPDX
P=0,
DO HB00 J=2+M
IF (J«LE. NTRANS)S601,602
601 AF{1,J)=2.
AF{ 2, J)={DR/DIV)®%2
AF{3, J)=DR/DI1V 3-
AF{4+J)=2.%¥DR/DIV



611

602
603

604
609

AF(S,J)=.5

AF{6,J)=45

AF{7,J)=e5

AFLR,J)=.5

AF{9,J3)=R(J)

B2(J)=1.

IF (J +EQe 2)5611,600
AF{2+sJ)=AF(2,J)%3./4.
AF{3,J)=AF(3,4)%3./4,

GD TO 600

IF {J GE. NTRANS+3)603, 604
AF{1,J)=2.

AF{2, J)=DR%*%x2

AF{3, J)=DR

AF{4,J)=2,%DR

AF(S5,3)=.5

AF{6,J)=45

AF(7,J)=45

AF{B8,J)=45

AF{9, J)=R{J)

B2{J)=1.

GO TO 600

IF {J +EQe NTRANS+1}609,5610
AF{1+J)1={(DIV+3.)/{DIV+1.)
AF{2,J)=(DIV+3 ) *{DR/DIVIX%2/4,
AF{3,J)=DR/DIV
AF({4,0)=(DIV+3.)%¥DR/7{2.%D1IV)
AF{S,J)=.5

AF{64,J)=45
AF(7,J)=14/1DIV+1,.)

AF{8, J)=DIV/(DIV+1,.)
AF{9,0)=(R(J+1)I+R(IJ-1))/ 2,
B2{J)=2./{(DIV+1,.}

IF (J +EQe. 2)612,600
AF{2,J)=AF(2,0)1%3,/4,
AF{3.2J)=AF(39J)%3./4.
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600

GO TO 600
AF(1+J)=(3.%DIV+14)/{2.%DI V)
AF{2:,J0)1=(34¥DIVH1)X(DIVHLILIX(DR/DOIVIXR2 /8,
AF{3+J)={(DIV+14)%¥DR/{2+,%DIV)
AF{4,J)=(3+%DIV+1.1XDR/( 2.%D1IV)
AF{S,0)=1./7{(DIV+1l,)
AF{64,J)=DIV/{DIV+1,)
AF{7,J)=.5

AF{8,J)=.5
AF{O9,J)={R(J+1)I+R(I~-1))/2,.
B2(J)={(DIVH+1,.)/(2.%D1V)
CONTINUE

RETURN

END

SUBROUTINE TEMPCALC

DIMENSION U(3,150)sVI{3,1503,T{3,150) +S(3,150),XI202(3,150),
2FLUX(100 )sB1(150),B2{150),ALPHA(150),BETA(150),83{(152),TRC(100)

3 B4(150).,B5{150),AF (9,150)
4, DELTA{150)yGAMMA{ 150),PHI{150),R(150)

COMMON ALPHA:B81:B2+B3,BETABRINK CsT2eDHRT DIV DX DR 3T 4F23F34,FL X,
ReSeTHTRI SULV,
3X1202:s XTO2R+s XN sP3sB4,BE,DP, WALLTEMP, DPAJDXY 3sDX? 4DX 34 X4 DPDX
49DFELTAs GAMMASPHI sAF 3 TM1 3, TM2,TM3,XNUSS, XNUSSMN, X2

2Ge ITNO, K, MyM2, NosNDX,NDRWAL s NTRANS, PR,

S5.,L CARD

D1=DX2+({DX1+DX3)/2,

DO 92 J=2.M

R1=AF(14J)

R2=AF(2+J)

R4=AF(3,J)

RAD=AF{(94J)

B1(J)=R1+R2 *{U(1,J)+U(2,J3))/D1

832{J}=R4 V(2,91 4V( 2,011 )3(T(240-103-T(2,J+1)) /2,
2-2+¥R2¥BRINK¥S(2,J—-1)1%X1202{(2,J-1)~-T{(1,0-1)1-B2{J)%T{1,J+1)
3+{R1-R2 ¥(U(1,J)Y4+U(2,03)/D1 32T(1, 0

4—=R&4/RAD *(T{2,J-1)~T(2,J+1))
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92 CONTINUE
TL3,J-1)=-B1{I)*T{3,2)4+B2(J)IXT(3,0+1)=B3(J)
IF (K «EQe 1)50,51

51 Bl1{(1)=-1.,
B82{1)=1.
B3{1)=2.%¥TBC{NDX)}
GO TO 52

50 Bl1{1)=—1.
B2{1)=-1.
83({1)1=DR/D1V *#FLUX{ND X)

52 CONTINUE
B1{N)=1.
B2{N)=0,
B3{N}=0.,
ALPHA{ 1)=—(B2{ 1)/B1(1))
BETA{1)=-(B3({1)/81(1))
DO 893 J=2.N
ALPHA(J)I=B2{J)/{-B1(JI)-ALPHA(J-1))

93 BETA{JI=(B3(J)-BETA(I=1)I/{-B1{IJ)-ALPHA{I-1))
T{3,N)=BETA(N)
DD 94 J=1,M
NMJI=N-J

94 T{3,NMI)=BETA(NMJII-ALPHA(NMIIE®TI{3I, NMI+1)
IF {(NDX «EQe¢ 3 «0ORe NDX FQe 4330, 31

30 IF (K «FQe 2}32, 31

32 SLOPE=ABS(T(3, 2)-TBC( NDX)YY/Z{(DR/DIV/2)
SLPLST=SLOPE
PO 34 JU=3.,M
SLOPE=ABS(T{3,J)-TRC({ NDX})/ {(«5-R{J))
IF (SLOPE +LFe SLPLST1I38,39

39 SLPLST=S5L0PFE

34 CONTINUE

38 J=Jd-1
ZRFF=+5-R{J)
TREF=T{(3+J)-TBC(NDX)
J2=J4-1
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43

31

31
32

16

DO 43 J=2,.,J2
T{3.,J)=TBCINDX )+ { «5~-R{J) )/ ZREF¥TRTF
T{(3,1)=2.%TBC{ NDX)-T(3,2)
CONTINUE

RETURN

END

SUBROUTINE SCALC

DIMENSION U(3, 150),V{3,150)sT{3,150) +S(3,150),XI202(3,150),
2FLUXT 100 )eB81{150)+B2(150),ALPHA{150) BETA(150),R83(1520),TRC(100)
3, B4{ 150),.B5(150)AF {9,150}

4, DELTA{150):,GAMMA(150),PHI{150),R{(150)

COMMON ALPHA,B1sB2+:B34BETABRINKCosC2,DHRT 4DIV DX DR T 4EPsF3I JFLIX,
2G, ITNO LK, Me M2, NsNDX+NDRWAL s NTRANS, PR, ReSeT+TBZ sUsV,
3XIZ02+XI0C2Rs XN P B4,B5,DPWALLTEMP, DPAsDX1 4DX2 ¢DX34X,DDODX
4sDELTA, GAMMALPHIZAF, TM1 4 TM2,TM3, XNUSS, XNUSSMN, X?

SeLCARD

IF {(ITND +EQ. 0)31,16

DO 32 J=2.,M

S{3+J)=S{2,J)*EXPF{DHRT*{1.,/T{(3,J Y-1./7T{2, 4 ) )X XN)

GO TO 15

I=3

{ala) 8 J=2.M

IF (J LT, NTRANS+1) 383, 384

RI=DIV/{2.%DR)

GO TO 38%

IF (J «GEe NTRANS+3)3864 387

RO=14./{2.*DR)

GO TO 385

IF (J «FEQe NTRANS+1) 388,389

RO=2¢%DIV/{DR*{DIV+3,.))

GO TN 385

RO=2.*¥DIV/(DR*x{3.%DIV+1.))

PDE=RIF{U( T, J+1IV+U{ I-1,0+1)-UW(T,U-1)-U{1I-1,0-1))/>,

XI202(1+J)=D4%x%2

IF (XIZ202{(1+sJ) LT. GXXID2R)IZ28,29

L6



28

29

2]

15

615

616
619

S{T+J)={EXPFIDHRT*(1./T(1,J J— 1) RXN) ) XGX%E3

GO TO 8

S{1,J)={EXPF(DHRT*(1,/7T{1,J J—1)RXNIIR(XIR02(1 4 J)/XIN2R)I%X4%ES
CONTINUE

CONTINUE

S{3+sN}I=5(3.,M)

RETURN

END

SUBROUTINE UANDV

DIMENSTON U(3,150) sV{3,150),T(3,150),S(3+150),XI202(3+150),
2ZFLUX{ 100 )+sB1{150)+B2{150) s ALPHA{(150) ,BETA(150),B3(152),TRC(10D)
3, B4{150):85{150),AF{9,150)
44DELTA(150), GAMMA({ 150},PHI{150)},R{150)

COMMON ALPHAB1,B2,B3,BETABRINK L qC2,DHRT DIV DX DR T sE2sERoFLIXN,
2Gs ITNO,K, MeM2, Ny NDX 4 NDRWAL s NTRANS, PR, RsSeT,TBZ,U,V,
BXI202 ., XID2Rs XN PB4 BSsDPWALL TEMP, DPAJDX]1 sDX2 4DX3 4 X, DPDX
44 DELTA,GAMMA ,PHI JAF s TM1 , TM2,TM3, XNUSS s XNUSSMN, X2
S+LCARD

D1={DX2+DX3)/2.

DO 18 J=2.,M

R1=AF(1,3)

R2=AF(2,J)

R3=AF{3,J)

Ra4=AF{4,J)

RS=AF(2+sJ)/PR

RAD=AF(9,J)

IF {J .EQs 23615,616

DSDR={S{3+2)-S(3:3)4+S5{2+2)-S(2,3))%DIV/{2.*%DR)

G0 TO 619

DSDR={S{3sJ=1)-S{34J+1)4+S(2,U-1)-S{2+IJ+1Y)7{2,2124)

VISC={S(2,4 Y+S{3,J Yyrs2z.

VEL={V(3sJ)4+V{2:,J0)4V{3,J-1)14+V(243-1))/4.

DUDR={U(2,J-1)-U{2,3+1) ) /7AF (4, )

B81{J)I=RI+RS*xUY( 2,J)/{VISCkD1)

B3{JY=2.,%¥R2/{VISC*D1)

86



B4{J)=2.%RS5 *VEL*DUDR/VISC—2.%AF {2, J}Y¥DUDR/RAD
2—2+%AF{ 2, J)¥DSDRXDUDR/VISC
3-U(1,0-1)H(RI1-RS*RUY(2,J) /{VISCED1)IZU{1,I)¥-B2(J)*U{1,J+1)
4-U{2,J-1324B1(J)%U{(2,J)-B2{ J)%U{2,J+1)

18 CONTINUE

(U{3:J-1)1-U{2,0-1))-Bl(I)(U(3,0)-U(2+ ) )1+82{ N2 (U(3,I%1) -

U{2,J41))-B3(J)%DPA=Bal(J)

00 910 J=3,M

910 ALPHA(J)I=BS5{J)XR(JI)I/(BS{2)*R(2))

ALPHA(N)=O0,.

PSI=0.

DELTA(2)=B2(2}/(B1(2)+1,)

GAMMA( 2)=-B3(2)/7(B1(2)+1.)

PHI(2)=B4(2)/7(B1{2)+1,)

D0 911 J=3,M2

AD=ALPHA(J)+DELTA(J-1)

BD=B1(J)-DELTA(J~1)

DO 912 J1=3,M

912 ALPHA(J1)Y=ALPHA(J1)/AD

ALPHAIN)=(ALPHA(N)+GAMMA{J—-1)) /AD

PSI={PSI+PHI{J-1))I/AD

DELTA(JI=B2{J)/BD

GAMMA(J)=(GAMMA(J~-1)-B3(J3))/8D

PHI(J)=PHI(J-1)}/8D+484{J)/BD

911 PHI{J)=PHI(J~-1)/BD+B4{I) /BD

AD=ALPHA(M)+DELTA(M2)

BD=(831{M)-B2(M)I-DELTA(M2)

ALPHA(NI=(ALPHA{N)+GAMMA (M2) ) /AD

PSI=(PSI+PHI(M2))/AD

GAMMA(M)=({GAMMA(M2)-B3(M))/BD

PHI{M)}=PHI(M2)/BD+B4(M) /8D

DELTA{M)=0.

DIVS=ALPHA{N)+GAMMA(M)

DPA= PHI{M)/DIVS+PSI/DIVS

BETA(M)I=DPA*GAMMA{M)-PHI (M)

IN SVANDU BETA(J) EQUALS U{3,41-U(2,)
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Q13

650

206
207
208
210
212
213
214
216

U(3.M)=U(2,M)+BETA (M)

DD 913 J=2,M2

NMJ=N-J

NMP=NMJ+1
BETA{NMJI)I=GAMMA(NMJ ) XDPA+DELTA(NMI IXBETA(NMP I -PHI (NM])
U3+ NMII=U(2,NMII+BETA(NMY)

U{(3,1)=-U(3,2)

U(3,N)= U(3.,M)

V(3+1)=0.

V(3.M)=0.

DO BH50 J=2.M2

Z1=AF(SsJ)%R(JI+AF(6E,J)IXR(I~1)

Z2=AF{ 74 JYER(J+1IH+AF (8,2 )R J)
V{3:J)=21/22%%(3,J-1)+R{ J)XBS{ JY/Z2%BFETA(J)/DX3
RETURN

END

SUBROUTINE QUTPUT

DIMENSION U{3+:150)sV(3:150)sT{3,150) +5(3,150),,X1202{(3,150),
2FLUX{ 100 )+:810150)+B2{150) ALPHA{(150)+BETA{150),83(153),TRC(1DD)
3, B4{ 150)+B5(150),AF{9,+150)

4 +DELTA{150), GAMMA( 150),PHI{150),R(150)

COMMODN ALPHAIB1+B2,B3BETABRINK C sC2DHRT 4DIV DX eDR 4T 4E2 4T3 ,FLIX,
PGy ITNGC,K, My M2sNsNDXSNDRWAL s NTRANS, PR, RsSesToTBI 4UeV,
AXI202.XI02Re AN PB4 BS5DP,WALLTEMP, DPAQDXIQDXEQDX3ngDDDX
4, DELT A, GAMMASPHIsAFsTM1 3, TM2,TM3, XNUSS ¢ XNUSSMN, X2
S+LCARD

FORMAT (2X,14,5E22.10)

FORMAT (2X,14,E22,10,22X,F22.10})

FORMAT {/SXe1HJIs 10X s 1HUG 21X s IHV 21 XqIHT 21 X, 1HS 20X 44412/2)

FORMAT {/SXs5HITNO=,13)

FORMAT {(SX4HNDXT 3 J4 410X 2HX=9E12.3+10X3HDX=4E12,43)

FORMAT (S5X+s9HUAVERAGE=,F20.10)

FORMAT (SX,.9HTAVERAGE=,F 14,.,6)

FORMAT (SXSHP (3)=,F15.,6+5Xs10HP{3)-P(2)=,F15,.58)

PRINT 208

00t



70

21

J=1
PRINT 2064J,U{3,1)eV(391)sT(3,1)
DO 7D J=2.M
PRINT 206499 U(3:J)sVI30J)sT{(3:J):S(3,9 Yo XIZ2N2(3,4)
PRINT 207:NsU{(3sN)sT{3sN)
UAVGE2 ¢ 2U(3, 2 ¥(R{2)XBS{2)+{U(3,2)1%xR{2)+U(3:3I%R(3)V1*x(35(2)+35(3))
DO 21 J=3+M
A={(B5(J-1¥4B5(J) )/ 2.
R={(BS(J+1)4B5(J))/ 2.
Z1=U{ 3,sJ—-1)%R{J-1)
22=U( 3,4 Y«R{J }
Z3=U{3,J+1)Y%R{J+1)
ZA={B%(Z21-Z2)+A%{Z3-Z22)) /{AXR2%kB+Bk%2%A)
ZB={(BXxk2%(22-Z 11 +A%X¥2¥{(Z3-722) ) /{A%%2%B+BX%k2%A)
UAVG=UAVGH(ZA/ 3+ ¥ (BXXIFARK I+ 7B/2. %( B ¥2-A%%2)+72% (A+3) ) *4,
PRINT 210, ITNO
PRINT 212+sNDXe XoDX3
PRINT 213,UAVG
PRINT 214,TM3
PRINT 216,P,DPA
RETURN
END
FINIS
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FORTRAN PROGRAM “0OR CHANNFL FLOW
CbC 3300

PROGRAM MAIN
DIMENSION U(3,210)sV(3,210),T(3,210),5(3,210),X12D2(3,210),
2FLUX(2.,90).81(210),B2{210),ALPHA(210),BETA(210),83(21)2),7T8C{(2, 2D0)

3

84(210),8B5(210),AF(4,210)

4+.DELTA{210).GAMMA(210),PHI(210)

COMMON

ALPHA,B1:B2+B3+,BETABRINKC+sC2+sDHRT sDIVDXeDY sZosFE2+sE34FLUX,

2Ge ITNOs KoL sMa M2, Ny NDX NDYWAL ,NTRANS, PR, SeT,TBL ,U,V,
3XI202: XI02R«+ XN P +B4,85,DP, DPA,DX1sDX24DX39 XsDPDX
A4sDELTAs GAMMAPHIJAF, TM1,TM2,TM3

101 FORMAT
201 FORMAT
211 FORMAT
202 FORMATY
203 FORMAT
204 FDRMAY
205 FORMAY
215 FDRMAT

{ FOBeOgFB o4 sFHBe0sFEeb4+1302FBeb4+13,2FB.04,11)

(/775X 4 2HN=yF 8¢, 6X, 6HDH/RT=,FB8.0)

{5X+12HPRANDTL NO e=4FBeDs4X 1 3HBRINKMAN NDe=4F10.4)
(SXs12HAT Y=0, TBC=,F10.4)

{SX,12HAT Y=1, TBC=,F10.4)

{SXs13HAT Y=0, FLUX=,F10.4)

{SXs13HAY Y=1,4 FLUX=F10.,4)

(2Xs31HITERATION LIMIT REACHED AT NDX=,15

2+5Xs12HMAX RESIDUE=,F16.6)

DX=S.E—

o8

DDX=4 ¢99995€-03

A=—115,

NDXMX =60
IPRINTY=60

IPRINT
DY=e02
N=88

NDYDIV=
NDYWAL =

IS THE NUMBER DF X INCREMENTS BETWFEN PRINTQOUTS

10
2

NDYDIV IS THE NUMBER DOF PARTS DY IS RROKEN INTNO NFEFAR THF WALL

NDYWAL

IS THE NUMBER OF Y INCREMENTS SUBDIVIDED NTAR THE WALL

DIV=FLDAT(NDYDIV)
NTRPANS=NDYDIV*NDYWAL

€0l



OO n

75

ITNMX=20
G=001

READ 1014+PR,
ITFAIL=0

K EQ 1 MEANS
K EQ 2 MFEANS
L EQ 1 MEANS
L EQ 2 MEANS
PRINT 2014+ XNy

PRINT 211:sPR,BRINK

FLUX
TEMP
FLUX
TEMP
DHRT

BRINKsDHRT ¢ XNy Koy W1 ;W2 ot s W3 o W4 LCARD

BOUND
BOUND
BOUND
BOUND

BOUND COND BELOW IS FDOR

IF {K «EG. 1)

PRINT 204,W1 "

4+5

DO & J=1+NDXMX

FLUX{1,J)=W1
GD 1D 7
PRINT 202.¥1

DO 10 J=1,NDXMX

TBC(1,J)=w1

IF (L +EQe 1)11,12

PRINT 205.,W3

DO 13 J=1,NDXMX

FLUX(2+J)=¥93
GO TO 3
PRINT 203,%w3

DD 15 J=1sNDXMX

TBC(2sJ)=%3
CONTINUE

NO CHANGES ARE NEEDED PASY HERE WHEN COMP CNONDITIONS ARF CHANGED

C={2e¢*¥XN+1,)/0{XN+1,)

E={XN#+1e¢)/XN
C2={2 e ¥XN+1,)
E2=1¢ /XN

E3=(XN—-1.)/2,

7/ XN

XI02R=4¢%C2%C2

M=N-1

AT Y=0
AT Y=0
AT Y=1
AT yv=1

UNIFORM FLUX OR TEMP

y01



M2=N-2
NPRINT=1
NDX=0
X=0,
DPL=0.
ITNO=0
CALL INLTCOND
DX1=DX
DX2=DX
DX 3=DX
X=DX/ 2
NDX=1
35 CALL TEMPCALC
RESLAST=1000,
CALL SCALC
36 CALL UANDYV
ITNO=ITNO+1
CALL SCALC
RESMX =0,
DO 43 J=2.,M
VISC=(S(3,J)+5(2,4))/2.
DUDY=(U(2,J4+1)-U(2,3-1))/AF (4, )
IF (J «EQe 2)39,40
39 DSOY=(S(3+3)-5(3:2)4S{2:3)~5S{2,2))1%DIV/(2.%DY)
GO TC 41
40 IF (J o EQ. M)48,49
48 DSDY={S{3,M)=-S{3,M2)+S{(2,M)-S(2,M2))*%DIV/(2.%DY)
GO TO 41
49 DSOY={S{34341)-S{3,J-1)+S{2,J+1)-S(2+I9-1))/(2.%aF(4,J))
41 RES=ABSI{VISCRX{U(3,J-1)+U(1,0-10+B2CJ)%(U(3,J+1)+U(1,3+1))
2—AF( 1, J)%{U{3,J¥+U(1,J)))/7{2.%AF(2,4))
34+0SDY*DUDY-2.%DPA/(DX2+DX3)
4-U(2,J)3%(U(3,3)-U{1,J))/7{DX2+DX3)/PR
S5={V{3s JI+V(2,J)4V(3:J-1)+V(2:5-1))/74%DUDY/PR)
IF {(RES «GT. RESMX)47,43
47 RESMX=RES

S0l



43 CONTINUE
IF (RESLASYT oL.Te o5 e AND, RESMX JLEe. RESLASTY42,51
51 RESLAST=RESMX
IF {ITNDO «LT. ITNMX)36,52
52 PRINT 215+NDXsRESMX
IF CITFAIL «GE. 1)45,50
SO ITFAIL=ITFAIL+1
42 CONTINUE
TM3=T(3+2)%U(3:2)%B5(2)/4+(T(3:2)%U(3,2)+T(3,3)*%U(3,3))
2%(BS( 2)+B5(3)) /8.
DO 95 J=3.M2
Q={85(J—-1)+B5(J))/2.
B={(BS(J+1)+85(J))/2.
Z1=U(3+J-1)%T(3,3-1)
722=U(3+J)%T(3.J)
Z3=U( 3,541 )%T(3,0+1)
ZA=(B8%(Z1-Z22)+Q*%(Z23-22)) 7(Q*%2%kB+B¥x%k2%Q)
ZB=(B*%2%(Z2-Z1)+Q*%2%(Z3-22) ) 7(Q*%*2%B+Bx*2%xQ)
95 TM3I=TM3 H(ZA/3.%(B¥434+Q¥ k3 )+7B/ 2. ¥{BR¥2-0Q%%x2)4+722%(Q+R)) /2.
TMI=TM3H+H{U(3,M2)XT{ I3 M2)+T{(3,MIXU( 3, M) )% (B5(M2)+R5(M)) /8,
24T{(3,M)*U(3,M) ¥B5(M) /4,
NUSSELT NO CALC BELDOW IS FOR CASE WHERE BOTH PLATES ARE
THE SAME TEMPERATURE DR THE SAME HEAT FLUX
IF (NDX +EQes 1)96,97
97 NM1I=NDX-1
X2=X—(DX24DX3)/2.
Z=X2/2¢
IF (K EQe 1371472
71 WALLTEMP=(T{2,1)4T7(2,2)1}/2.
GO TO 96
72 CONTINUE
XNUSS= {{DX3%kTM24DX 24 TM3) /{DX3+DX2)—-{DX2%kTM1I+DX1*xTM2)
27{DX24DX1})/(DX2%(TBC{1,NM1)-TM2))
CALC FOR MEAN NUSS NC FOR UNIFORM WALL TEMP DNLY
XNUSSMN=14/X2%ALOG{(TBC(1,NM11-1.)/7(TBC(1,NM1}-THM2))
217 FORMAT {(/2X,5HAT X=9sFE15e¢692Xs I1SHNUSSELT NUMBER= 451 /,692X

901



29 10HMEAN TEMP=E1645+2Xs 20HMEAN NUSSELT NUMBER=,F16.6)
PRINT 217+Z +XNUSS,TM2,XNUSSMN
96 CONTINUE
IF (NDX +GEe. 2)500,501
500 DELTP=2,%DPL/{DX14+DX2)
502 FORMAT (2X2HP=9F164692X s3HDP =3E 166542 X4BHDP/DX=4F1565)
PRINT S502,PDPLLDELTP
501 CONTINUE
DPL=DPA
P=P+DPA
IF {(NDX EQs IPRINT®NPRINT)22,23
22 CALL OQUTPULUT
NPRINT=NPRINT+1
23 IF (NDX +LTe NDXMX)60,45
60 TM1=TM2
TM2=TM3
DO 46 J=1,4N
T{1:0)=T(2,1)
T{2:J)=T(3,J)
Utl1,3)=U{2,13)
Ul2:sJ)=U(3,4)
Vil J)=V(2,3)
V{2:3)=V{(3,3)
S{14J)=S(2,3)
S{2:9)=5(3+4)
X120201,4)=X1202(2,43)
46 X120212+3)=X1202{(3,3)
NDX=NDX+1
DX 1=DX2
DX2=DX3
DX3=DX+DDX*¥{ 1 s —EXPF(A%X) )
X=X+{DX34DX2)/ 2
ITNO=0
GO TO 3S
45 IF {LCARD EQe. 0)44,75
44 CONTINUE

L0T1



360

361
364

END

SUBROUTINE INLTCCND

DIMENSTION U(3,210)5V(35210)sTL(3:210)+S(3,210)+%X1202(3,210),
2FLUX(2,90),B81(210),B82(210),ALPHA(210),BFTA(210),83(2192),TBC(2, 3D)
3 B4(210):8B5{210),AF (4,210)
4+DELTA(210)s GAMMA(210),PHI{210)

COMMON ALPHA,B1,B82,83+sBETASBRINK CsC24DHRT 4NDIV DX DY 3T 4FE2,E3 4FLIIX,
2Ges ITNOsKs LM M2, Ny NDXsNDYWAL s NTRANS, PR, SeT+TBC UV,
3X1202:X102R, XN,P,B4,B5,DP, DPAsDX1 4DX24DX3, X,DDX
4+DELTA, GAMMA PHI sAF 4 TM],TM2,TM3

DO 1 J=1sN

V(1,J)=0.

V(3,J)=0,

V(2:0)=00

T(1lsJ)=1,

T(3,J)=1.

T(2,J3)=1.

DO 2 J=2.M

IF (J +LEe NTRANS+1)360,361

Y={J—1)%DY/DIV-DY/{(2.%D1V)

85{J)=DY/DIV

GD TO 362

IF (J oJLFe M—NTRANS) 3£&4, 363

Y={NDYWAL4{J—1-NTRANS))I*DY—-,5%DY

BS{J)=DY

GO TD 362

Y={M2-2%¥NTRANSH+NDYWAL )*DY+{ J-1-M2+NTRANSYXDY/DIV-DY/ (2 .%DI V)

B5{J)=DY/DIV

ARG=ABSF(2.%Y—1,)

U(1lsJ)=C*(1.-ARG*%*E)

X120201J Y)=XT1D2R¥ARGE X (2. *%E2}

X1202(2+J y=X1202(1,J)

X1202(3,4 ¥I=X1202¢1,J)

ARGZ2=ABSF(XN-1,.)

IF {ARG2 +LT. +000001)3+s9

S{1.J =1,

801



651

620

221

314

GO TO S

IF (XI202(1.J } eLTe GX¥XINZ2R)7+4

S(1.,3 Y=G%%E3

GO TO 5

S{1l,4 }=ARG®RX {1 ,-F2)

S{(2,3 1=S(1-J)

S(3eJ )=S(1,J4)

CONTINUE

B5(1)=85(2)

BS(N)=B5(M)

S(1,N)=S{1,M)

S{2sN)=S(2,M)

S{3:,N)=5(3,M)})

UuCl1,1)=-U{1,2)

UC1sN)==U(1,M)

DO 651 J=1,N

U{2,3)=U{(1,J)

U{3,3)=U(1,J)

UAVG=U(3.2)%85(23 /4. +{U{ 3, 2)+U( 3,311 x(BS5(3)+B5(2))1 /3,
DO 620 J=3,M2

A={B5(J-1)+BS(J))/2.

B8=(B5(J+1)4+85(J))/2.

Z1=U(3,3-1)

22=U(3,J3)

Z23=U{ 34,3+1)
ZA={(B*{Z1-Z2)+A%(Z23-722) ) /(A%%2%B+B ¥k 2%kA)
72B=(B%%x2%k(Z2-Z1)4+A%%k2%(723-722))/(A%%2¥B4+Bx%2 %xA)
UAVG=UAVGH(ZA/ 3. ¥(BX%XJ+A¥X I I +7B/2. ¥( B2 -A%x%x2)+72%(A+8))/2.
UVAVG=UAVGH(U(3,M2)+U( 3, M) )X (BSI{M2)I4+B5(M) ) /8. +U(3 +M) B3 (M) /4,
FORMAT (5X,17HAVERAGE VELOCITY=sE20.10)

PRINT 221,UAVG

TMI=1.

TM2=1,

TM3=1.

DPDX=4 ¢« %¥C2

FORMAT {S5X.6HDP/DX=3F15.6)

601



PRINT 314,DPDX
P=0,
DO 600 J=2.M
IF (JeLEe NTRANS DR, J +GTe N—-NTRANS)6H01,602
601 AF(1,4)=2,.
AF{2,J)={(DY/DIV)*%2
AF{3,J)=DY/DIV
AF(4,0)=2.%DY/D1IV
B2{(J)=1.
IF {J «EQe 2 +DRe J EQe MIB11,600
611 AF(2,J)=AF(2,4)%3,./4,
AF{3,J)1=AF(3,4)%3./4.
GO TO 600
602 IF {J +GEes NTRANS+3 AND, J eLE. MZ2-NTRANS)BH03,604%
603 AF(1,0%¥=2,
AF {2+ J)=DY*%2
AF{3,J)=DY
AF{4,J)=2.%DY
B2{J4)=1.
GD TO 600
604 IF (J EQe M—-NTRANS)H605, 606
605 AF{14J)1={3.xDIV+1.)/7(DIV+1,)
AF( 2, J)=(3¥DIV+1)%DY%X2/(4.%D1IV)
AF {3+ J)=DY
AF{1 A4+ J)=(3.%kDIV4+LIRDY/{ 2., %D1IV)
B2(J)=2.*%DIV/({DIV+1l.)
GD TO 600
606 IF (J o EQe N-NTRANS)H07,608
607 AF(1,J)=(DIV+3,)/2.
AF {2+ J3=(DIV+1 )X (DIV43.)X(DY/DIV)I%X%2/8,
AF{3s J)I={DIV+1.,)%2DY/(2.,%D1V)
AF{4,J)={DIV+3 ) %DY/{(2.%D1V)
B2{J)=(DIVv+1l.) /2.
IF {4 «EQe M)613,600
6132 AF{2,J)=AF(2,J)%3./4.
AF{3:,J)}=AF(3,3)%3.,/4,

0TI



GO 71O 600
608 IF (J +EQe NTRANS+1)609,5610
609 AF(1,J4)=(DIV+3.3/7{(DIV+1,.)

AF{2,0)=(DIV+3.)*{DY/DIV)%%x2/4,

AF {3, 4)=DY/D1V

AF{(4,J)=(DIV+3.)*DY/(2.%D1V)

B2(J)=2./(DIV+1l.)

IF (J +EQe 2)612:600

612 AF{(2,J)=AF(2,4)1%3,./74,

AF(3,J)=AF(3,4J3)%3./4,

GO TO 600

610 AF{1,J)=(3.%¥DIV+1e)/{2.%DIV)

AF{2:J)={3.%DIVH+I IX(DIVH1..)*(DY/DIVIXX2/8,

AF{(3,J)=(DIV+1,)¥DY/(2.%D1V)

AF {4, J)=(3.DIV+4+1.)¥DY/(2,%DI V)

B2(I)=(DIV+L ) /7(2.%D1IV)

600 CONTINUE

RETURN

END

SUBROUTINE TEMPCALC

DIMENSION U(39210)+sV{3:s210)2T{3,210) +S(3,210)+XI202{(3,210),
2FLUX{2+90),B1{210),B2{210),ALPHA{210),8BETA(210),83{212),TBC(2, 930)
3 B84(210)+8B5(210),AF{4,210)
4,DELTA{210), GAMMA( 210),PHI(210)

COMMON ALPHA,B1,B2,B3,BETABRINKyC T 2+sDHRT DIV eDX s DY 9T 4ER4EISFL X,
2Gs ITND s Ks L a M M2, N NDX,NDYWAL S NTRANS,PR, SeTeTBZ sU,V,
3XI202+X1ID02R+ XN yP+B4,BS,DP, DPASDX1 4DX24,DX3,X,DPDX
4, DELTAs GAMMASPHIsAF, TM1, TM2,TM3

DI=DX2+#{DX1+DX3)/2.

DD 92 J=2.M

R1=AF{1,3)

R2=AF(2,J)

R4=AF{3,J)

B1{J)=R1+4R2 *¥{(U(1,4)+U(2,0})) /D1

B3{J)=R4a (¥ (V{2,3)4VI(2:,0-1))X{T(2,I+1)-T(2,0-1})/2,
P-2.¥R2XBRINK%S5{2,J 1EXI202(2, 4 J-TH(1+3-1)-8B2011%7(1,J+1)

T1T1



Q2

51

50

52

S4

53

93

o4

30
32

3+(R1-R2 *(U{1.J)+U(2,4))/D1 YRT(1,9)
CONTINUE
T{3+sJ-1)-Bl{II*T(3,I)4B2(JIXT(3,4+1)=B3(1H
IF (K +EQs 1)50,51

Bl{(l1)=-1.

B2(1)=1.

B3{1)=2.%¥TBC{1,NDX)

GO To 52 ’

Bl1{l)=~1.

B2{1)=-1.

B3¢{1)=DY/D1V HFLUX{1sNDX)

IF (L +EQe. 1153, 54

B1{N)=-1.

B2{N)=0.

B3{N)=2.*TBC{2,NDX)

GD TD 55

Bl1i{N)=1,

B2{N)=0.

B3(N)=—(DY/D1V *XFLUX{ 2, NDX) )
CONTINUE i
ALPHA(1)=~(B2(1}/81(1))
BETA(1)=—{B3(1)/81{(1))

DO 93 J=2.N

ALPHAL JI=B2(J)I/(-B1(J)-ALPHA(J-1))
BETA(J)={B3(J)-BETA(JI-1))/(-Bl{J)-ALPHA{I-1))
T(3:sN)=BETA(N)

DO 94 J=1,M

NMJU=N-J

T3, NMJII=BETA(NMII-ALPHA(NMJIEXT{3I,NMI+1)
IF (NDX «FEQe 3 o0ORe NDX oFQe 4)30,31

IF (K +EQe 2)32,33

SLOPE=ABS{T( 3, 2)-TBC{ 1. NDX))}/(DY/DIV/2,)
SLPLST=SLOPE

NSTOP=N/2

DO 34 J=3,NSTOP

IF {3 «LEJNTRANS+1)35,36

AN



35 Y=(J4—1)*DY/DIV-DY/{2.%D1V)
GO TO 37
36 Y=I(NDYWAL4(J—-1-NTRANS))*DY-+5*%DY
37 SLOPE=ABS{T(3,J)-TBC{1.NDX})/Y
IF (SLOPE .LE. SLPLST)38,329
39 SLPLST=SLOPE
34 CONTINUE
38 J=J-1
IF {J <LENTRANS+13}40,41
40 Y={J=-1)%DY/DIV-DY/(2.%D1V)
GO TD 42
41 Y=(NDYWAL +(J—-1-NTRANS))*DY~ ,5%DY
42 YREF=Y
TREF=T(3+J)-TBC(1,NDX)
J2=J-1
DO 43 J4=2,J2
IF {J <LEe. NTRANS+1)44,45
44 Y={J~1)%DY/DIV-DY/{(2.%¥D1 V)
GO TO 43
45 Y={NDYWAL+{J-1-NTRANS)})*DY—5%DY
43 T(3+J)=TBC(1,NDX)+Y/YREF®*TREF
T{3,1)=2.%¥TBC{1,NDX¥I-T(3,2}
23 IF (L <EQe 2)46, 31
46 SLOPE=ABS{T{3,M)-TBC{2,NDX})/{(DY/DIV/2.)
SLPLST=S5LDPE
NSTOP=N/2
DO 48 J=3,NSTOP
NMJ=N-J+1
IF {J <LE. NTRANS+1)60,61
60 Y={J—1)1%DY/DIV-DY/{(2.%D1V}
GD TO 62
61 Y=(NDYWAL #+{J—1-NTRANS))%DY- . 5%DY
62 SLOPE=ABS{T{3:NMJI)-TBC{2,NDX)) /Y
IF (SLOPE +LEe. SLPLST)I63+64
&4 SLPLST=S5L0OPE
48 CONTINUE

el1



63

65

66
67

69

70
68

31

J=J-1

IF {(J LE. NTRANS+1)65,66
Y=(J=-1)¥DY/DIV-DY/{2.%DI V)

GO TO 67 .

Y=(NDYWAL +{J~1—-NTRANS) }%DY= . SkDY
YREF=Y -

NMJ=N-J+1
TREF=T{3,NMJ)-TBC{ 2,NDX)

J2=4-1

DD &8 J=2,42

NMJI=N-J+1

IF (J <LE. NTRANS+1)69,70
Y={J~1)¥DY/DIV-DY/{2.%¥D1I V)

GD TD 68

Y={NDYWAL+{J~1-NTRANS) )}%DY—,5%DY
T(3,NMJII=TBC(2,NDX)+Y/YREF*TREF
T(3:N)=2.*TBC(2’NDX)—T(3’M)
CONTINUE '

RETURN

END

SUBROUTINE UANDV

DIMENSION U{3,210)sV{3,210)sT03,210),+5{({3,210),X1202{(3,210),
PFLUX{2,90)+,81(210),82{210) ALPHA{210}Y,RETA(210),R3(21)3}),TRC(2,

3 BA{210),BS5{210),AF{(4,210)
4 4,DFELTA{210),GAMMA(210),PHI{210)

COMMON ALPHAsB1,B2,B3,BETABRINKsC sC2sDHRT sDIVeDXsDY 4T sE23E3F4FLUX,
PGy ITNOsKasL s MaM2,Ns NDXsNDYWAL s NTRANS, PR,

BIXI2D2:s XIO2Rs XN P, B4,BS,0P,
44DELTA,GAMMALPHISAF, TM1,TM2,TM3

DI={(DX2+DX3)/2.

DO 18 J=2.,M

R1I=AF{1,J)

RZ2=AF{(2,J)

R3=AF{3.J)

R4=AF{(4+J)

RSE=AT {2+ 3 I/PR

SeTHTBZ ,U,V,
DPAsDX1 sNDX24DX35 XsDPNDX

an



815

616
617

618
619

18

910

912

IF (J «EQe 2)615+:616
DSDY={S{3:3)-S(352)4S{2,3)-S{2,2))%DIV/{2.%DY)

GO TO 619

IF (J: «EQe M)BE17,.,618

DSDY=(S{3.,J I-S{3,9-1)+S5{ 2.4 Y1=S{2:J-1))XDIV/{(2e%*DY)
GD TN 619
DSDY=(S{3,J+1)-S{3,J0-1)14S{2,3+1)1-5(2,34-1))/(2.%R4)
VISC={S{2:,J)1+S(3:J))/2,.
VEL={V{3:sJ)4+V(2:J)4+V(3:I-1)4VI{2,:I3-1))/4.
DUDY={U{2,J+1)-U(2,0-1))/7AF (4, J)
B1{J)=R1I4RS)kU( 2, J4) 7(VISC*D1)

B3{J)=2.,%R2/{VISC%kD1)

Ba{J)=2.¥RSEXVEL*DUDY/VISC
2=2+kAF{ 24 J)¥DSDYXDUDY/VISC
3+{R1I-RS*U(2,4)/{VISCED1) )% (1,.3)

4-82{J)%U(1:J+1) -U{1,J-11}
S=U(2,J-1)4B1{JI*XUC2:,J)-B2{J)%U{2,J%1)
CONT INUE

(U3 J-1)-U{2,J-1))-B10I)*{U(3+,I)-U( 2, 33)I+B2{ IV x(U(F ,J+1)
-U(2,J+4+1))-B3{J)%xDPA=B4(J)

DO 910 J=3.,M

ALPHA(J)=8B5{J)/B5{(2)

ALPHA{N)Y=0.

RHO=0 .

DELTA(2)=B2{(2)/(B1(2)+1.)
GAMMA({2)=-B3{2)/7{(B1(2)+1.)
PHI(2)=B4(2)/{B1(2)+1,)

DD 911 J=3.M2
AD=ALPHA(J)Y+DELTA(J-1)
8D=R1{J)-DELTA(J-1)

DD 912 J1=3.M
ALPHACJ1)=ALPHA{J1)/AD
ALPHAINI={ ALPHA{N) +GAMMA( J—-1) ) /AD
RHQO=RHO/AD+PHI(J-1)/AD
DELTA{J)=B2(J3)/BD

GAMMA{ J)I=(GAMMA(J—1)-B3(J))}/BD

ANt



911 PHICJII=PHI(J—-1)/BD+B4(I) /8D

AD=ALPHA{M)+DELTA(M2)

BD={R1{M)+82(M))}—DELTA{M2)

ALPHA(N)=( ALPHA(N)Y+GAMMA (M2) ) /AD

RHO=RHO/AD+PHI(M2)/AD

GAMMAIMI=(GAMMA{M2)-B3{M)}/BD

PHI(M)=PHI(M2)/BD+B4(M)/BD

DPA=(PHI{M)+RHO) /{ ALPHA{N) +GAMMA(M)})

BETA(M)=DPAXGAMMA{(M)—-PHI (M)

IN SVANDU BETA(J) EQUALS U(3,J)-U(2,)

U{3,M)=U(2,MI+BETA(M)

DD 913 J=2,M2

NMJ=N-J

NMP=NMJ+1

BETA{NMJ)=GAMMA{NMJ )IRDPA+DEL TA(NMJI)IXBETA(NMPY-PHI (NMJ)

913 U(3+NMIIZU(2,NMIIF+BETA(NMY)

U{3»1)=-U(3, 2)

U(34NY)==U(3, M)

v(3,1)=0.

V{3,M}=0.

DD &50 J=2.,M2

BE50 V(3,J)1=V(3,J-1)+8B5(J)*x{-BETA(J))/DX3

RETURN

END

SUBROUT INE SCALC

DIMENSION U(3,210),V{3,210),T{3,210)+S5(3+,210)+XI2N2(3+210)»
PFLUX{2+90),8B1(210),82(210), ALPHA{210),BRETA{210),83{(212),TBC(2, 20)
3, Ba(210),B5{210),AF{4,210)

4, DFLTA{210),GAMMA(210),PHI{(210)

COMMON ALPHA,B1,B2+B3,BETABRINK C qC2,DHRT 4DIV DX sDY sZ sE2sF34FLIX,
2Gs ITNOsKsLoMiM2, Ny NDX, NDYWAL,NTRANS, PR, SesTsTRZ 4UsV,
3XI202, XI02R, XN P »B4,B5,DP, DPASDXT 4 DX24DX3 4 Xy DPOX
44DFLT A, GAMMA ,PHI ,AF,TM1,TM2,TM3

IF {ITND FQ. 0)31,16

31 DO 32 J=2.,M
322 S{243)=S{2,J)Y*¥EXPF{DHRT®*{1./T(3,J Y—1./T{2,J Y } A XN

911



16

383

384
386

387
388

389

385

28

29

15

206
207
208
210

GD TO 15

I=3

DO 8 J=2.M

IF J «LEe NTRANS ,0OR. J «GTe N-NTRANS)383,384

RA=DIV/({ 2+.%DY)

GO TO 385

IF (J +GTae NTRANS+2 JAND. J <LEs MZ2-NTRANS)386,387

RO9=14/{2.%DY)

GO TO 388

IF {(J FQ. NTRANS4+1 DR, J «FGe N-NTRANS)328,389

RO=2,*DIV/{DY%X{(DIV+3.))

GO TO 385

RIO=2.%DIV/(DY¥*(3,%DIV+1.))

DA=RIF(U{ ToJ+1)+U(T-1,I0+1)-U(I,J-1)-U(I-1,0-1))/2,

X1202(1,J)=D4%*%k2

IF (XI202(1,J) LT+ GXXID2R)Z28,29

SITI+J)={EXPFIDHRT*{1./7(1,3 YJ-1e)EXN) YRGERXETS

GO TO 8

S{I+J)={EXPF(DHRT%®{1./7T{1,J T—1)EXNIIXIXIZN2(T s JY/XID2RYI%X%XED

CONTINUE

CONTINUE

RETURN

END

SUBROUT INE QUTPUT

DIMENSION U{3:210)sV(3+210)+T(3+210)+5(3,210),x1202(3,210),
PFLUX{2,90),81{210),B2(210):ALPHA{210},B5TA{210),B3(212),TRC(2, 30)
3 B4a{210),85(210) ,AF{(4,210)
44.DELTA{210):GAMMA{ 210),PHI{210)

COMMON ALPHAB1,B2:B3+BETABRINKsCsC2,DHRT 4DIV eDXsDY 3= 2 FE24F3 4FLIX,
PGy ITNGe KoL g MgM2,NyNDX,NDYWAL + NTRANS+PR » SeToTBTsUs Vs
IXT202, XI02R«XNP,B4,B5,DP, DPASDX1 sDX2 4DX34XsDPDX
4 4DFLTA GAMMA PHIJAF,TM1, TM2,TM3

FORMAT (2X+14,5E22.10)

FORMAT (2XsT14,E22410422X,E22.10)

FORMAT (/55X 1HJI 910X 1HUs 21X s 1HV 321X IHT 21X, 1HS 22X ,4412/2)

FORMAT [ /SX:5HITNDO=,13)

L11



212
213
214
216

70

620

FORMAT (SXs4HNDX=918910X32HX=9E12,3+10X:3HDX=yE1243)
FORMAT {(5X,9HUAVERAGE=,F20.10)
FORMAT (SX,9HTAVERAGE=,FE14.6)
FORMAT {(SXsSHP(3)=9E15.6+s5X210HP(3)}-P(2)=,F15.56)
PRINT 208
J=1
PRINT 20653,U(3,1),V{3:,1),T(351)
DD 70 J=2.,M
PRINT 206+JeU{35J)sV{39J)sT{3:3):S(34 YL XI202(3,J)
PRINT 207»NsU{3sN)+T{3,N)
UAVG=U(3,2)%BS5(2) /4. +{U{3,2)+U{3,3)) 2(BS5(3)+B5(2)) /8.
D0 620 J=3.,M2
A=(BS5(J-1)148B5(J))/2.
Bz={(BS(J+1)4B5(J))/2,.
Z1=U{3,J-1)
Z2=U(3,4)
Z3=U(3.,J4+1)
ZA={BX(Z21-22)+A%(Z23-72)) /{AXk2¥B+Bk%k2%A)
ZB=(B%%2%{Z22-Z 1) #A%%2%x(Z23-Z2) ) /(A% X2 %B+B%x%k2%*A)
UAVG=UAVGH{ZA/ 3. % ( B2 3+AFTKk I I+ 7B/ 2, 2 { B2 —-AXX2)+72%(A+R) )} /2,
UAVG=UAVGHIU(3I M2)HU( 3, M) IX{BS(M2I+B35(M) ) /B, +U{3,M)%B3 (M) /4,
PRINT 210, ITNO
PRINT 212.NDXs XsDX3
PRINT 213,UAVG
PRINT 214,TM3
PRINT 216.,P,0DPA
RETURN
END

FINIS



APPENDIX VI

TABULATED RESULTS

b
O



N=

1.0000 DH/RT=
PRANDTL NO.= 1000
1.2500

WALL TEMP=

X

2.500E-06
84.124E£-06
1.578E-05
2:674E-05
4 .235€E-05
G+.457E-05
9.620E-05
1.412E-04
2+.051E-04
2.958F-04
4.243E-04
6.059E-04
8.615E-04
1.219E-03
1.717E-03
2+403E-03
3.336E-03
4 .,583E-03
€.214E-03
B +293E-03
1.086E—-02
1.393E-02
1.747E-02
2.141E-02
2568E-02
2.020E-02
3.488F-02
3968E-02
4,456F—-02

0

BRINKMAN NO.=

NU(LOCAL) _

7+.066F 01
44.396E 01
5.164E 01
3.069F 01
3.115F 01
2+431FE 01
2¢343F 01
1.965E 01
1 .806E 01
1.551E 01
1.393E 01
1.210F 01
1.078E 01
S.508E 00
B8.518E 00
7«599E 00
6+.845E 00
6.187E 00
5.656E 00
S.205E 00
4,839 00
4.547E 00
4.331E DO
4.163FE 00
4.025E 00
3.918E 00
3.849E 00
3.801E OO
3755 N0

PIPE FLOW

s]

NU(MEAN)

2e725E
Be723F
8.528E
5851F
S5e222F
4.141F
3.695F
3.123F
2. 783F
2.414F
2.144F
1.880F
1.6658E
1470F
1 .308F
1e1561F
1.039F
Qe.320F
B.425E
TeH6HK8E
7« 039E
He317F
5.093F
54751F
S5e474F
Se247E
S062F
B 4Q12F
4.,737F

02
01
01
01
01
21
01
01
01
01
01
01
01
01
21
01
01
02
00
0D
0o
02
02
1070]
no
no
02
0o
0o

o

-1 .602F-04
—3.400F-N4
—58B493E~-04
—J ¢ 3F37E-D4&
-1 e435F-N3
—2e145FE-03
—3.1593E-03
-4 ,5983F-D2
-5 H44F-03
—F «547F-0D3
-1 e 3ABKRE-N2
-1.3475-02
~2 4 TABE=-D2
—34312F~-02
—5 BN FE~-D2
-7 «5IRE-ND2
—1 4OHBE~NY
—~1 «BABTE-D
—1.983F=-01
—2«E6855F-01
—3.477F-01
—4 J45RFE~-01
—5 «53DF~01
=5 +RAS2E-01
—B,,213F-01
—F «eBHE4FE-DY
-1.115E 0On
=1.270E 0N
-1 .842%5F 0N

0¢I



4 +949E-02
5+444E~-02
Se941E-02
6.439F-02
€ +938BE-02
7+43BE-02
7937E-02
8.437E-02
Be937E-02
G.437E-02

3.720F
3.711E
3709
3.691F
3« 67T3E
3.682E
3.697E
3. 683F
3.562E
3« H679F

00
00
00
00
0o
00
00
00
00
00

4 468B2F
% « 593 E
4 519K
4 +456F
4 ¢« 399E
44 350F
4 ,309F
4 4272E
4 ¢238E
4.207€

00
07
00
02
oD
0o
00
02
00
00

-1 e584F
—1742F
—1.901E
~2 4061F
—26222F
~24380F
—~24,540F
-2 700FE
—2«R6DF
~3.020F

on
on
on
05
on
oo
on
nn
on
0o

121



N=

1.0000

PRANDTL ND.=

WALL

TEMP=

X

2+500E-06
8.124E-06
1.578E-05
2.674E-05
4 ,235E-05
6.457E-05
9.620E-05
1.412E-04
2.051E~-04
2.958E-04
4.243E-04
6+.059E-04
8.615E-04
1.219F-03
1.717E-03
2¢403E-03
3.3366-03
4 .583E~-03
€6.214E-03
B84293F—03
1.086E-02
1.393E-02
1.747E-02
24141E-02
24568E-02
3D020E-02
3.488E-02
3.968E-02
4,456E-02

1.

DH/RT=
1
2500

10
BRINKMAN

ND o=

NU(LDCAL)}

6.7B1E
4 .678BE
5.803E
3.418F
3.387E
2+593F
2.571F
2.102F
1.886E
1.573E
1.438E
1.271E
1.139E
9.950E
8.984E
8.096FE
7+323E
6.607C
6. 062E
Se623E
5.265E
4..957E
4,733E
4.572F
4 .446F
4,319F
4,222E
4,170€E
4.140F

01
01
o1
01
01
01
01
01
o1
01
01
01
01
0o
00
00
00
00
00
00
00
0o
00
00
00
00
on
o0
00

PIPE FLOW

0

NU(MEAN)

P2e725E
B.329F
BeB75E
6.112E
5.594F
4 4379E
ReIBTE
3.344E
2e985E
2e554E
2 e255F
1.971€E
1.754¢€
1.544E
1.372F
1.222F
1.097E
9.861E
8.934F
B8.148FE
TeS511FE
54975F
He542E
6.189E
S5e911F
5679E
S e483F
54329F
S5e202E

02
01
01
01
01
01
01
o1
(03 1
01
01
01
01
o1
01
01
01
0D
02
09
09
0>
0d
no
00
03
0n
o3¢
on

D

4,147£-04
1.647F-03
2.884F-03
34ROGE~-03
4.8BN5F-073
5e223E-N73
Be062F-0N3
1003E~-02
1.222E-02
1.494F-02
1.827F=-02
2.193E-02
2e5B5F-0D2
3.013E-0D2
3.463F-Nn2
3.852FE~02
4.153FE~-02
4.,2B81F=-0P
4,159F-02
3e722E~-02
2 eBB2F=-0D
1.548F£~-02
—2.112F-03
—2«35%E-02
=4 JBDKE~02
—7e535E-02
=1 +045E~01
—1.344F-0D1
-1 .648F-01

(44!



4,949E-02
Se8444E-02
S5941E-02
6e439E-02
€ +938E-02
7+43BE-02
7 e937E-02
B.437E-02
B+337E-02
Ge437E-02

4.083€E
4+ 035E
4.031E
4,040F
3+998E
3+955E
3.971E
3.999E
3.952E
3.903F

o0
00
00
¢1¢]
00
00
00
00
00
00

Se093E
4 «998F
4,915F
4 .8483F
4 ¢ 7TRAF
4.733F
4 «6R3FE
4.643E
4 ,506F
4 569F

Do
00
0n
0o
09
02
0o
(638
0D
02

—1.961E-01
—2 4275%5E-01
—2.588£-01
—24BI2E-N1
—3.203E-01
-3.514E-01
~3.814F-01
—44,110FE-01
~4.411F~-01
=4 ,712E-01

XA



XN=1,00 DH/RT=0. PIPE FLOW

FLUX=1. BRINKMAN ND.=0. PRANDTL NO.=10D00.

DXS=5.,E-08 DXL=5.E-03 A=-115.,.

DR=,02 NDRDIV=10 NDORWAL =2

X NU(LOCAL) T{WALL) T{MZAN) P

2.500E-08 4.193F 02 1.003E 00 1.000FE 0N =1 .600E-05
B8.219E-08 4.073E D2 1.003E 0OnN 1.002F 00O —3+432FE-06%
1+630E-07 2219 02 1.005 00 1.003F 00 ~5,015E£-06
2+.835E-07 1.970E 02 1.005E 00 1.203F 0O ~J4BT72E-056
4 4.619FE-07 1.717E 02 1.006E 00 1.000E 00 -1 .8558F-05
7.261E-07 1527 02 1.007F 00 1.003E DO ~2.404E-05
1.118E-06 1.237E 02 1.008F 00 1.000E 00 =3 .657F-05
1698BE-06 1.081F 02 1.010F 0O 1.000F 00 ~5+513E-05
2«557E-06 9«.619E 01 1.011F OO 1.000E 0D ~8 . 263E-N5
3.8B30E-06 8.461F 01 1.012F 00 1«N02F DO —-1.234F-04
5.716E-056 7.190E O1 1.014F 00 1.002E 00 ~1.837E-04
8.510E-06 6.272E 01 1.016E 00 1.000E 0ON —2.731F-04
1.255E-05 S«563F 01 1.018E 00 1.0023F 00 -4 ,055F-04
1.878£~05 4 .879F 01 1.021E OO 1.000F NO —6.017E-04
2+785E-05 4.,208E 01 1024E 00 1.000E 0O —8.,321FE-04
4.129E-05 3.672F 01 1.028¢£ 00 1.002 00 =1.322F-03
6.118E~05 3.242E 01 1.031F 00 1.001E 00 =1.959F~-03
9.06CE-05 2845F 01 1.036E 00 1.001F 0N —24,90NF-03
1.341F-04 2.474E 0% 1.041E 00 1.001E 00 —4,292F~-013
1.983E-04 2.165E 01 1.047E 00 10018 0D —Hs3IAT7E-D3
2.930E-04 1.907E 01 1.054E 00O 1.201% 00 =3 375E~-03
4,322E-04 1.673E 01 1.062FE 00 1.N02F 0D —1.383E-02
6 «363E-04 1.459E 01 1.071E 00 1.003E OO —2.036F=-02
De340E-04 1.278E 01 1.082F 00 1.704F 0O =2 «QRIFE~-02
1.365E~-03 1.129E 01 1.094E 00 1005 DO =4 ,368E-02
1.983E~03 F.997E 00 1.108F 00 1.008% 00 —6.3245F-02
2.856F-03 8.870E 00 1.124¢ 00 1.2125 0D -9 ,139F-07
4 .056E-03 T.929E 00 1.143€ 00 1eN175 0N =1.301E-01

A4



5 «699E-03
7 «835F-03
1.052E-02
1 e376E£-02
1.750E-02
2.165E~02
2.611E-02
3.07BE~02
3.5586-02
4.047E-02
4.540E-02
5.037E-02
5535E-02
6.033E-02
6.533E-02
7«032E-02
7e532E-02
8.032E-02
8532E-02
9 eN32E-02
Qe532E—-02

7Tel171F
6 «552E
6.041F
S «635E
5+330E
Se«103E
4.924F
4,784F
4 .683E
4.614E
44.557E
4.507€
4.472E
4 ,453F
4 e436E
4.416E
4.401F
4,398E
4 ¢395E
4 +.385E
4 ¢376F

1.163E
1.184F
1.208E
1.233€
1.258E
1.283F
1.308F
1 .333€
1.356F
1¢379E
1.402E
1e424F
1.446F
1.467F
1.487E
1.509E
1.529F
1.549F
1.570E
1.590F
1.611F

1.023¢
1.032E
1.042F
1.055E
1.070F
1.087E
1105E
1e124F
1.143€
1.162F
1.1828£
1.202F
1.222E
1.242F
1e262F
1.282E
1.302F
1.322E
1¢342FE
1362F
1.382¢

on
o0
0n
00
on
on
00
Nno
on
0o
o0
00
0o
o0
on
nn
0o
0o
00
no
on

—1.824F-01
—2 «5037E-01
~3.367E-01
~8 ¢403F-01
~5 «H00F-01
—5.929F-01
=B 355E-01
~J ¢ BSDF-01
—1.,132F 0N
~14295E an
—1¢453F DO
—1.612F OO
—1771F 010
~1.9321F Qn
—2.,DQ0F 0On
~2 e 280F DO
—2.410F DO
~2«B70E OO
-2+ 7T3DF 0D
~24BIDF 0N
~3.,050F 00

71



XN=1.00 DH/RT=S, PIPE fFLOYW

FLUX=1, BRINKMAN NO.=0. PRANDTL NO.=1000,

DXS=5.E-08 DXL =5.E-03 A=—115.

DR=.02 NDRD IV=10 NDRWAL =2

X NU(LOCAL) T{WALL) T(MEAN) P

2.500E£-08 4193E 02 1.003E 00 1.000E 0D -1.8591E-06
Be219E-08 4.,095E 02 1.003F 00 1.0C3F 00 —3.399F-05
1 «63CE-07 2.231E 02 1.005F 00 100DF 0O ~5 . 955E-08
2835E-07 1.983E 02 1.005E 00 1.000E 0N -3 .758F-05
4+.61GE~-07 1.728E 02 1.006E 00 1.000E 0D -1 .539E-05
Te261E-07 1.539E 02 1.007E 00 1.000F 00 —2e374F-05%
1.118E-06 1.247E 02 1.008F 00 1.003F 00 =3«.611E-058
1.698E-06 1.092F 02 1.009E Q0 1.000F 0O ~S5.441F-05
2eS55TE~06 9.733E 01 1.D011E 00 1.000E 00 ~8.152F~-05
3.830E~06 8.567E D1 1.012€ 00 10002F 0N =1.217F-04
5716E~06 7.2B7E 01 1.014F 00 1.000F 0O -1.811F-04
8.510E-06 6.377E 01 1.016E 00 1000 00 —2.691F-04
1.265F-05 S.672E 01 1.018E 00O 1.002% 00 -3.993E~-04
1.878E-05 4.981E 01 1.020E 00 1.000F 00 —~5.913F-04
2.785E-05 4 +304E 01 1.024F 0O 1.000E 0D -8B ,767F-04
4.129E-05 3.772FE 01 1.027 0O 10NDE 00 —1.297E-02
6118E~-05 3.343E 01 1.030F OO 1eD01F DO ~1.918F-03
G «.060E-05 2.941E 01 1.035E 00 1.001F 00 ~2+R33E-03
1.341E~-04 2.565E 01} 1.040F 00 1.001E 0O -4 ,178F-0R
1.983E-04 2.254F 01 1.045F 00 1.001F 0O ~65e128E~-03
2.930E-04 1.995E 01 1.052E 00 1.N01F 02 —3,023F-073
4 +322E~-04 1.758E 01 1.059E 00 1.002F DO =1 320E-02
6 +3632E-04 1.541E 01 1.068E 00 1.003E OO -1.,821E-02
S e340E~-04 1.358 01 1.078E 00 1.004F 00 =2+ 779E-D2
1 365E-03 1.206E 01 1.089¢ 00 1e005% 00 —3.988F-02
1.983E-03 1.072E 01 1.101E 0On 1.003F 0N —5.66B3F-0N2
2.856E-03 9,556 00 1.116E 00 1eN12E 0O ~7T.933F-02

44066E-03 Be581F 00 1.133F 00 1.0175 N0 —1.092E-01

9¢1



5 e699E-03
7 .835F-03
1.052E-02
1376E-02
1750E-02
24168SE-02
2611E-02
3.078E-02
3.558E~-02
4.047E-02
4 .540E-02
5+037E-02
5 e535E£-02
6 +.033E-02
6 .533FE-02
7.032E-02
7 «532E-02
B8.032E~-02
B«532E~02
9032E-02
9 +532E-02

7Te791FE
7137€
6.589¢E
6e154F
S5+832E
5.583E
5 «383F
Se230E
S¢119E
5.039F
4.970F
4 . 909F
4 . B6HOE
4.842F
4.813E
4,783
4 ,762E
4.754E
4 ,740E
4.718E
4 .,706E

oo
00
00
00
00
oo
Qo
00
00
00
00
00
00
00
00
00
00
oo
a0
00
00

1.151F
1.172E
1.194F
1.218F
1.242E
1.266F
1.290E
1.315E
1 +338F
1.361E
1.383FE
1.406F
1427F
1.448F
14 70E
1.491F
1.512F
1.532E
1.553F
1.574FE
1 «59S8E

00
00
on
00
00
00
00
0o
00
00
818}
00
(0 4)
on
00
o0
on
00
00
00
00

1eN23E
1eN32F
1eDNA2F
1 «e085F
1.070FE
1.087E
1.105E
11236
1143
1e162E
1182F
1.202E
1.222FE
1.242F
1e262F
1.282FE
1.302¢
1322E
1342F
1e362F
1.382F

oo
no
00
00
00
00
0n
00
00
o0
o0
00
00
00
00
00
00
0o
0o
00
00

=14473€E-01
=14938BF~-01
—24,4831F-01
—3.085F-01
=3.727F-01
—8 ¢3282F-01
—5.030E-01
~5.658F~-01
=5 +255E-01
—64B22E-D1
—7 « 355E-01
—~TeBAODF-01
-8 .334FE-N
—B.782F-n1
—Q+205KE-01
—9.607E-01
-3 ,987F-01
—-1.035€E€ 00
~1.0583E 00
-1.102F 0D
-1.133F 00

LZ1



DH/RT=10.

BRINKMAN NO.=0,

PIPE FLOW

PRANDTL ND.=1000,

FLUX=1.
DXS=5.,E-08
DR=,02
X
2+500E-08
8.219£-08
1.630E-07

2.835E-07
4.619E-07
7 e261E-07
1.118E-06
1.698E-06
2 «557E~-06
3.830E-06
S¢716E-06
B«e510E-06
1.265FE-05
1.878FE-05
2.78%E-05
46129E-05
6.118BE-05
F+060E-05
1.341E-04
1.983F-04
2e930E-04
44322E-04
6.363E-04
Fe340CE-04
1 365FE-03
1.,983E-03
24856E-03
4.066E-03

DXL=5.E-03 =—115,
NDRD IV=10 NDRWAL =2

NU(LOCAL) T{WALL)

4,193E 02 1.003E 00
4.118E 02 1.003F 00
24243E 02 1.00%E OO0
1996E 02 1.005F 00
1.,739E 02 1.006E 00
1.550E 02 1.007E 00
1.256E 02 1.008E 00
1.103F 02 1.009E 00
9.845E 01 1.010F 0O
B.671E 01 1.012E 00
7.383E 01 1.014E 0O
6.481E 01 1.016E 00
5.778E 01 1.018F 00
S.080E 01 1.020E 0O
4 +398BE 01} 1.023F 00
3.869E 01 1.026E 00
3.441E 0% 1.030E 00
3.032E 01% 1.034F 0O
2e651E 01 1.039F 0¢0
2¢341F 0% 1.044E 00
2.080F 01 1.,049F 00
1.837€ 01 1.056E 00
1.6186E 01 1.065E 00
1.431F 0% 1.074F 00
1.276F 01 1.084F 00
1.137 01 1.096E 0D
1.016E 01 1.110E 00
9.158E 00 1.125E 00

T{MEAN)

1.00D€F
1.0002E
1.0n0E
1.0020€
1.002E
1.000FE
1.000F
1.000F
1.0D0E
1.000FE
1.000F
1.000F
1.000F
1D00E
1.N02E
1.000FE
1.N01F
1.001F
1.001FE
1.N01F
1.001FE
1.002E
1.003¢
1.0048F
1005%
1.008¢C
10115
1.015E

00
00
00
00
00
oo
oo
00
00
00
oo
on
oo
on
o0
0on
00
00
o0
on
on
00
on
no
00
0o
on
nn

e

-1 +582E-058
—3.36BE~-0D58
—5+8G4E-06
—Q.H45F-06
—1.52%E-05
—2.385F-05
—3.556F-05
—5371E~-05
-B,043E-05
-1.,200E-04
—1.786E-04
—2.652E-04
—3.932E-04
-5 .825E-04
—R+6193F-0D4
—1.274F-03
-1.880F-03
—2.772F-023
-4,071E£-03
~-5.963E-03
-1.262E-02
—1.818E-02
—2.595F-02
—3.653E-02
~5.096F-02
=5.960E-02
=9+ 29KE-DP

3¢1



5+699E-03
7.8356-03
1 .052E-02
1.376E-02
1e750E-02
2165E-02
2e611E-02
3.078E-02
3.558E£-02
4.087E-02
4.540F-02
5.037E-02
54535E-02
6.033E-02
6533E-02
7032E-02
7 +532E-02
8.032E-02
8 +532E-02
De032E-02
9e532F—-02

84333
7 e 639E
7061FE
6 +.608E
64 269K
S5 e 996E
Se77T4E
S5.623E
5 +506E
5+.405E
5.318F
Se266E
S5.232E
S.173E
Se12€E
Se.111F
S.107E
S5.063E
S«012E
5.019€
S5.,034F

oo
00
00
00
0o
o]0/
o0
00
oo
00
o]¢]
o0
00
oo
00
00
oo
00
00
oo
oo

1.143F
1.162F
11 84E
1.20AE
1.230FE
1.254E
1278F
1.301F
1.325E
1.348E
1.370E
1.392E
1.413E
1.436F
1+457€
1.478F
1 <4 98F
1.520F
1.541€
1561F
1.581F

o0
00
00
00
00
00
00
00
00
00
0o
00
00
00
oo
o0
00
oo
o0
00
00

10235
1eN31F
1.042F
1.055E
1.070F
1.087E
1.103E
1.123F
1143F
1el1625
1.182F
1.202€
1222F
1.243F
1e262F
1.282F
1.302E
1.322%
1.342F
1361 E
1.383F£

0o
on
00
00
00
00
on
00
00
on
00
00
0o
00
09
non
00
00
o0
00
00

—1«212E-01
-1534F-01
-1.B82F-01
=2 eP242F-01
=2 4595F-01
—2+925E-01
—3.227E-01
~3.498F-01
—3.737E-01
—3.947€E-01
—4,131F-01
—4.296F-01
—4,441F-01
—4 +560F-0N1
=4 .,684F-01
—4.,787F-01
-4 ,880F-01
~4+963FE-01
-5.038F=-01
—Se107E-01
—5170F-01

61



XN=1.00 DH/RT=5. PIPF FLOW

FLUX=2, BRINKMAN ND.=0, PRANDTL NDe=1000D.

DXS=5.F-08 DXL=S.E-03 =-115.,

DR=,02 NDRD IV=10 NDRwWAL =2

X NU(LOCAL) T(WALL) T{MEAN) Lo

2+500E—-08 3e970E 02 1.005F 00 1.000£ OD -1.583E-06
8.219E-08 3e903E 02 1.005E 00 1.000F OD ~3+368F-056
1 630E-07 2178E 02 1.009E 00 1.000E 00 —5BI4FE-NH
24835E-07 1.944E 02 1.011F 00 1.000F 00 ~FeHB45FE-06
4,619E-07 1.699E 02 1.012E 00 1.000¢F¢ ON ~1.520E-08%8
7e261E-07 1.519E 02 1.013F 00 1.000E 00O —2e345E-05
1.118E-06 1.236E 02 1.016E 00 1.000E DO ~3.5B67F—-05%
1 +698E-06 1.087F 02 1.019F 00 1000E OO0 ~5371FE~-05
2557E-06 9,715 01 1.021E 0O 1.002E 0O =B 045E-0%
3.830F-06 B«.569E 01 1.024E 00 1.003 00 —1.201F-04
Se716E-06 7«308E 01 1.028F 00 1.000F 0O -1.,786F-04
B.510E-06 64422 01 1+031E 00 1.000F 0O ~2¢652E-04
1 .265E-05 S.730E 01 1.0358E 00 1.000E 00 —3.933F-0N24
1.878E-05 5.043E 01 1.040E 00 1.000= 00 ~5¢827E-04
2.785E-05 4,369 01 1.046F 00 1.001E 0O —B.623E-04
4.129E-05 3.84SF 01 1.053E 00 1001E 00 —1e274F-03
6¢118E-05 3e420E 01 1.059E 00 1001E 0O -1.881F-03
9.060E-05 3.015£ 01 1.067F 00 1.001E DO =2 «772E-03
1341E-04 2¢637E 01 1.077E 00 1.ND1F 00 =4 ,075F-072
1.983E-04 2¢328E 01 1.088£ 00 1.002E 00 —5.971FE-03
24930F-04 2.069E 01 1.099E 00 1.003E OO —B.714E-03
4 4322E-04 1.827F 01 1.113F 00 1.00aF 00 ~1 4265F-02
64363£-04 1.607F 01 1.130F 0O 1.003F OO -1.825E-02
S e340E-04 1.422E 01 1.148E 00 1.008E 0O —2+6ND8F-072
1e365E-03 1.267E 01 1.169E 00O t.0111x ON =3 .687E-02
1.983E-03 1.128E 01 1.193F o0on 1.018F 0O ~Re144E-N2
2856E-03 1.007E 01 1.222E 00 10235 00 ~Te0S1E-0?

4.066E-03 Q.051E 0O 1.254E 00 1733~ 00 -3 e4HH6E-02

oct



S e699E-03
7 «835E-03
1.052E-02
1¢376E-02
1+750E-02
2¢165E-02
2611E-02
3.078E-02
3 «558E-02
4,047E-02
4 .540E-02
5.037E-02
S54535E-02
6033E-02
6+533E-02
7.032E-02
T e532E~-02
B8.032E-02
8+532E-02
9e032E-02
9e532E-02

B.215F
7¢515E
6 +920E
6+451E
6.102E
Se817E
S e593E
S5.425E
54294E
S5.200E
5.110FE
Se043E
4 «993F
4.,948E
4.913F
4.871E
4 .848BE
4,827E
4 799E
4 ,780E
4+760F

00
00
oo
00
o0
00
00
00
00
0o
00
00
00
00
00
00
00
00
oo
oo
00

1.289F
1.329F
1.373E
1420E
1.468E
1.517E
1.567F
1.615E
1.663E
1,709F
1 «755E
1.800F
1843E
1 +8RRE
1.931E
1.973E
2+016E
2+058F
2.1 00F
2e142F
21 83E

00
(o] ¢)
00
00
00
00
00
00
o0
00
00
00
00
00
00
0on
00
00
00
00
on

1.N0486F
1.063F
1.08AF
1112E
1e140F
1173F&
1.209F
1.245E
1.285F
1e324F
1e363F
1.404F
14443E
1.484E
1.523€
1e563F
1.5603F
1e543F
1.684F
1e723F
1e763E

0o
oo
00
o0
00
00
on
0o
0o
0n
oo
00
00
0o
0o
o0
0o
o0
00
nn
00

—1.242E-01
-1.585F-01
—1.964E-01
—2+367E-01
—2.775F-01
—3.169E-01
~3.544F-01
~3,893E-01
-4.215F-01
-4,510E-01
-4 ,781F-01
-5.031F-01
~5.262E-01
-5.475E-01
-5.674F-01
-5.860FE-01
-5+.034FE-01
-5.197F-01
-6.351F-01
-6¢497E-01
~6.634F-01

1el



XN=1.00
FLUX=2,
DXS=5.E-09
DR=,00%

DH/RT=10.

DXL=5.E-03

NDRD IV=1

PIPE FLOW

PRANDTL NO.=1000,

X

2+5006-09
Be21GE-09
1.630E-08
2.835£-08
4.619E£-08
7 «262E-08
1.118E-07
1.698£-07
2+5576£-07
3.831E-07
S.717E-07
8.512E-07
1 .265E-06
1.879E-06
2.7B7E—-06
4.134E-06
54128E-06
9.083E-06
1.346E-05
1.994E-05
2954E-05
4+.375£-05
5 +478BE-05
9.588E~-05
1.419E~-04
2+ 097E-04
3.098E-04
4 «SHBE--04

NU(LOCA

3.909E
3.905E
3.656E
3.554E
3.234F
3.010E
2+645F
2352E
2.020F
1.756€
1.516E
1.331E
1.1758E
1.044F
9,258E
8.198E
7.247E
6+415E
S«.679E
S.026E
4 .449F
3.941E
3¢493E
3+096E
2 T46E
2+438F
2e166E
1.925E

A=—-115,

NDRWAL =1

L) T(WALL)
02 1.005E 00
02 1.005F 0O
02 1.005€ 0D
02 1.006E 00
02 1.006E 00
02 1.007E 00
02 1.008E 00
02 1.009F 00
02 1.010F 00
02 1.011E 00
02 1.013E 00
02 1.01SE 00
02 1,017 00
02 1.019F 00
01 1.022F DO
01 1.024F 00
01 1.028E 00
01 1.031E 00
01 1.035E DO
01 1.040F 00
01 1.045c 00
01 1.051E 00
01 1.058E 00
01 1.065F 00
01 1. 074E 00
01 1.08B4F 00
01 1.095E 00
o1 1.108F 00

T(MEAN)

1.000FE
1.000E
1.000F
1.000€
1000F
1.000F
1000F
1.0002€
1.002E
1.000F
1.000E
1.000F
1.000E
1.00DF
1.000F
1.000F
1.000E
1.000F
1.000F
1.000F
1.00)0F
1.000E
1.001F
1.N01E
1.001F
1002F%
1.003F%
1eN04F

00
00
oo
00
00
00
on
on
00
00
on
oD
on
on
o0
oo
o0
00
00
on
0o
00
00
00
o0
on
on
nn

P

-1.8591E-07
—3.396E~-07
—5.937F-07
-9 «6BNE~-O7
—1.520E-058
—26332F-05
~3.530E-056
-5 «294F-056
-7 «BO97E~DH
~14175F-05
-1.744E-05%
—2.588E-05
~3.840F-05
~5 « 6IBE~-05
~8.441E~-D5
-1+4250E-04
—-1.851F-n4
—2+733F—-04
-4 .050E-04
—5.983F-04
~B.830E~-0D4
-1.301E-03
-1.913F-023
—2-8B05E-N73
-4 ,094F-03
—5.943F-03
~B 565K -03
—1.223c-02

¢l



66723FE-04
9.862E-04
1440FE-03
2090E-03
3.006E-03
4 ,270E-03
5971E-03
B.183E-03
1.095E-02
1.426E-02
1.807E-02
2e227E-02
2.677E-02
3e146E-02
3.628E-02
4.117e-02
4+611E-02
5.107E-02
S«606E-02
64104FE-02
6 «H604E-02
7+103E-02
7 «603E-02
B8.103E-02
8.603E-02
9«103E-02
S .603E-02

1.713E
1 .528F
1.364F
1.221F
1.096F
G .881F
8+.963E
8.196E
T« 5SS6E
7+ 0S8E
6 s 654E
6 « 334E
6.107E
5e912F
Se762E
Se634E
S e S59E
Se.484LC
S5¢397E
5.330FE
Se296E
S.288E
Se213E
Se154E
Se.128E
Se.160E
Se¢118E

01
01
01
01
01
61 ¢]
00
00
00
00
00
00
00
00
00
00
0o
00
0o
00
00
00
00
00
00
00
0o

1.122F
1.139F
1.158F
1.181F
1.207E
1.237E
1.271FE
1.309F
1.352F
1.397E
1.4448F
1.493€
1.540E
1.588€E
1.637&
1.684F
1.728E
1.770F
1.819E
1.863E
1.906E
1942
1.990E
2.037E
2. 079E
2.111F
2+155E

00
00
00
on
oo
00
00
00
00
00
00
00
00
00
Do
00
00
00
oo
00
0o
00
0o
00
00
00
00

1.005F
1.0083E
1.012E
1.017¢
1.0248F
1.034E
1.048F
1.065E
1.087E
1e114F
1e143FE
1.173E
1.213F
1.250F
1.,290F
1.323F
1 .369E
1.405F
1.448F
1.488F
1.5293E
1.563E
1.505E
1.643E
1.583F
1.723F
1e764E

00
oo
oo
00
00
00
00
0o
00
on
00
on
00
0o
00
00
0o
00
00
00
00
00
00
00
00
on
0o

—1728F-072
—2.405E-02
—3.293FE-02
—4,417F-02
—S5«775E-02
~7 e 344E-02
—Q+N73E-N?
~1.084E-01
—1.256E-01
-1.417E-01
~1557E-01
=1.676E-01
—1.,776E-01
=1 .853F-01
-1.927£-01
-1.983E-01
—2.,031F-01
—2.071E-01
—2.105FE-01
~2e133E-01
~—2.158F~-01
—-2.181E-01
~2.201E-01
—2e217F=-0D1
—2e232E-01
—2.246E~-01
—2+258F-01

€€e1



XN= 75
FLUX=1.
DXS=5.E-08
DR=,02

X

2.500E-08
Be219E-08
1.630E-07
2.835E-07
4 .61GE-07
Te261E-07
1.118E-06
1.698E-06
2.557E-06
3.830E-06
S5¢716E-06
851 0FE-06
1.265E-05
1.878E-05
2.785E-05
44129E-05
6.118E~-05
9+060E~-05
1.341E-04
1.983E-04
2e930E-04
4.322F-04
H«363E-04
3«340E-04
1.365E-03
1.983F-03
2.B856E-03
4,066E~073

OH/RT=0,

BRINKMAN ND.=0.

NDRDIV=10

PIPE FLOW

PRANDTL ND.=1000,

DXL=S.£-03 =115,
NDR WAL =2

NU{LDCAL) TEWALL)

4.28B2F 02 1.003E 00
4.163E 02 1.003E 00
2.271E 02 1.005F 00
2.016E 02 1.008F 00
1.759 02 1.006E 0O
1.566E 02 1.007E 00
1.268E 02 1.008E 00
1.108E 02 1.009€ 00
9.864F 01 1.010F 00
8.680F 01 1.012F 00
7.378BE 01 1.014E 00
6.435FE 01 1.016E 0O
5.707E 01 1.018¢ OO
5.007E 01 1.020F 00
4.319 O1 1.024E 00
3.768BE 01 1.027F 00
3.326E 01 1.031 00
2918E 01 1.035F 00
2.538€E 01 1.040E 00
2.220E 01 1.046F 00
1.956E 01 1.053F 00
1.717F 01 1.060F 00
1.498E 01 1.070E 00
1.312F 01 1.080E 00
1.158E 01 1.092E 00
1.026 01 1.106F 00
9.,100E 0O 1.122€ 00
8.136E 00 1.139F 00

T(MZAN)

1.700E
1000F
1e000E
1.N000FE
1.000€
1.0003E
1.000F
1.000F
1D00F
1D00E
1 000FE
1.000F
1«D00F
1.0008
1.000F
1.000F
1.0002¢
1.00E
1.001E
1.001F
1.001F
1.002E
1.003F
1.004F
1.005E
1.008%
1.012E
1.017E

on
0on
on
o0
0o
no
00
(83¢)
o0
00
o0
00
0o
on
0o
on
o0
o0
03¢]
oo
00
oo
o0
0o
00
oo
0on
0o

P

—1.,730E-0D5
—3.7D8E-06
-5 «493KF-06
-1.0K85E-05
~1 6R4FE~0%
~2eBEO01F-05
~3.953E-08
-5 4972E-05
—B s 953F~-05
-1.337F-048
—1+991F-04
—2e9KDF-04
-4 ,395£-N4
=6 +520F-0D4
~DeBEHTE-DA
—1.433F-03R
—2e122F-D3
—3+142F-073
—4 ,650E-072
=6 ,B75F-073
—1«016F-0D2
-1.,499E~-07
=2 4 206E-02
-3.23BF-02
=8 J73ARE-D2
—6 BR7H5FE-02
—QF«AN2E-02
~1.410F-D1

vel



S5699E-03
7 «B35E-03
1.052E-02
1376E-02
1 .750FE-02
2.165E-02
2.611E-02
3.078E-02
3.558E-02
4.047E-02
4 .540E-02
S.037E-02
5+535E-02
6 .033E-02
6533E-02
7 032E-02
7 «532E-02
B.032E-02
B.532E-02
S.032E-02
Q.532E-02

Te357E
6.722E
6.200E
S.786E
S« 475E
S5.243E
S« 062F
4 .,920€E
4.817E
4 .748E
4 .692€
4.642E
4 606E
4.587F
4 ,S73E
4 .552E
4 .534F
4 .532E
4 «535E
4.524E
4 .509€E

00
00
00
00
oo
00
00
00
00
00
00
00
00
0o
00
a0
00
00
00
00
00

1.159€
1.180F
1.204E
1.228€
1.253¢F
1.278E
1.302E
1.327E
1350E
1.373FE
1 +«395E
1.418E
144 30E
1.460E
1.481FE
1.502E
1.522E
1543E
1.563F
1.583¢F
1.604F

00
0on
00
00
00
00
00
00
0n
00
00
00
00
00
00
00
00
00
00
00
oo

1.023EF
1.032¢
1.042F
1 083E
1.070F
1.087E
1.1053E
1.1248%
1.143F
1.162F
1.182E

1.382F

00
0o
00
o0
o0
0o
00
0o
no
0o
o0
00
oo
oo
on
00
00
0o
no
no
o0

—1.97H6E-01}
—2.715E~-01
~3.648FE-01
=4 771E-01
-5 .06BF~01
=7 «507F-01
—QF.054E-01
~-1.067F 0O
-1.234E ON
—-1.403F 0D
—1.574F 00
-1.746F On
—1.919F 0On0
—2.0092E 00D
~2+265F 0O
—2.,438E DO
—2.6811E 00
—2.785E 00
—2..958¢€£ 0OD
-3.132€ 0N
—3.305E 00

gel



XN= 75 DH/RT=S, PIPE FLOW

FLUX=1. BRINKMAN NO.=0. PRANDTL NO.=100D0,

DXS5=5.E-08 DXL=S.,E-03 A==115.

DR=.02 NDRD IV=10 NDRWAL =2

X NUCLDCAL) T{WALL) T{NMEAN) P

2+500E-08 4,282E 02 1.003F 00 1.000F OO -1.721E-06K
8.219£-08 4,181F 02 1.003F 00 1.000E 0O —3.676E-06
1.630E-07 2.282E 02 1.005F 00 1.000F 00 —6.437E-08
2.835E-07 2.030E 02 1.005E 00 1.000F OO -1 .055F=-05
4.619E-07 1.769E 02 1.006E 00 1.000E 0O ~1 6HB6E-08
7261E-07 1.577E 02 1.007E 00 10002F On —2.574FE-05
1.11B8E-06 1.278E 02 1.D008E 00 1.000£ 0O ~3.918E-08
1.69BE-06 1.120F 02 1.009E 00 10028 0D -5 .,8908E~-05
2.557E-06 FI76E 01 1.010E 00 1.000F 00 -8 .A54E£-05
3.830E-06 B.786E 01 1.012E 0O 1.000F 0O —1.322E-04
Se716E-06 T7«474E 01 1.014F OO 1.000FE 0N -1.968E-04
B8.510E-06 6.537E 01 1.016E 00 1.000F OO —2.925E-04
1.265E-05 5.814E 01 1.018E 00 1.002& 00 -4 .,340£-04
1.878E-05 S.110F 01 1.020E 00 1.0008 0N ~He435F-04
2.785E-05 4.415E 01 1.023F 00 1.N00FE 0O -3 .534F-04
44129E-05 3e8684F 01 1.026F 00 1.000€ OO0 -1.411F-03
5«11BE-05 3.425€ 01 1.030E 00 1en01E NO —2,0R8FE-07
9 +.060E~05 3.015€E 01 1.034& 00 1.001FE 0O —3.085E-073
1.341E-04 2628E 01 1,039 00 1.001F 0O =4 ,554F-03
1.983€E-04 2.308E 01 1.044E 00 1.001F On —6.710F=-03
2.930E-04 2.043F 01 1.050E 00 1.N01E 0n -9 .852E-07
44322E-04 1.801E 01 1.057E 00 1.002F Q0 ~1e445FE-02
6 .363E-04 1.578E 01 1.066F 00 1.003F OO0 —2e110E-N2
9e340E-04 1.389E 01 1.076E 00 1.004F 0O -3.063F-02
1.365F-03 1.233€ 01 1.087 00 1.208%E 00 -4.415F-02
1.933E~-03 1.097€ 01 1.099F 0D 1.708% 00 ~54303F-02
2e85€6FE—03 Q.769E OO0 1.114£ 00 1.712F 0N -2 .888¢-07

4. DHRE-0T Be7HAE 0O 1.131E 00 leN¥?YE 0O —1.234F-N1

9¢1



S «699E-03
7.835E~03
1.052E-02
1.376E-02
1750E-02
2.165E-02
2e611E-02
3.078E-02
3.558E-02
4 04T7FE—-02
4 .540E-02
5.037E-02
5.535F-02
6.033E-02
6.533E-02
7 «032E~02
7«532F-02
B.032E-02
B.532F-02
9.032E-02
9 .532E-02

7 « 956F
7 « 289F
6 ,730E
6 .284E
Se951FE
5.701FE
S«501F
5e343E
S.228E
5.150F
5.085E
S.022E
4 . 975
4 . 952E
4,932
4 « BIBE
4.871FE
4 +8658E
4 .861F
4 « B38E
4 .8186F

o0
00
00
o0
oD
00
00
00~
00
00

11498
1.1A9E
1.191F
1.214E
1.238F
1.262E
1.286F
1.311F
1.334F
1 «356F
1 «379E
1.401E
1.423F
1.444F
1 .465F
1.486F
1.507E
1.528E
1.548F
1.569F
1589%

09
00
00
00
00
00
00
0o
00
on
on
00
00
00
00
o0
00
o0
0n
00
00

1.023F
1.032%
1.042F
1.053F
1.070FE
1.087E
1.105¢€
11235
1.143EF
1.162F
1.182
1.202F
1.222%
12425
1.7262E
1.282E
1.302F
1.322F
1.342¢
1362E
1.3R2F

on
0o
on
on
no
nn
on
o
00
0o
on
00
Do
non
on
o0
oo
Do
on
0n
no

=1 .6£79E~-01
—2e232F-01
=2 .83DE-01
—3.636E-01
-4 ,445F=-01
—5.289E-01
~54142F~-01
-5 .984F-01}
~T «BODOF=-01
—RB.588€-01
=9 345F-01
—1.007E 0O
—-1.076E 0D
—1.143E 0D
-1.207F OD
—1.268E OO
—1.327F 00
-1.383£ OO
-1.438F 0N
=1.491F 0On
—1.541F 0OD

Leld



XN= 75 DH/RT=10. PIPE FLOW

FLUX=1. BRINKMAN ND.=0. PRANDTL NDO.=1000,

DXS=5.E-08 DXL =5.E-03 A=-115,

DR=,02 NDRD1IV=10 NDRWAL =2

X NU{LOCAL) T{WALL) T(MEAN) =4

?2«500E-08 4.282E 02 1.003E 00 1.000F 0D “1.712F-N5
Be219E-08 4.20CE 02 1.D003F 00 1.002E 0D —3.h4RBRF~-0A
1.630£-07 2.294E 02 1.005E 00 1«000E OO —5379E-06
2.835E-07 2.044E 02 1.005F 00 1.N003F DO —1.,045F~-0%8
4.,619E-07 1.780F 02 1.006E 00O 1.000F Q0O =1 .649E-05%
7e261E~07 1.587E 02 1.007E 0O 1.00D0F DO —2 . H4BF-05
1.118E£-06 1.288E 02 1.008E 0D 1.000E 0O —3.878F=0D8
1.698E-06 1.131E 02 1.009FE OO 1.N000E NO —5 eBRAF-NF
2.557E-06 1.008E 02 1.010F 00 1.000E 0D —B7556F-05
3.830E-06 8.891E 01 1.012FE 00 1.000E 00 —-1.307£-04
S«71&6E-06 7«570E 01 1.013E 00 1.000E DO =1.946E-04
B.510E-06 6.638E 01 1.015 00 1.002% 0D —2 R0 F—-DA4
1 .265E-05 5919 01 1.017€ 00 1.N02F ON —4 J2R7F=-04
1.878E~-0S 5.211F 01 1.020E 00 1.00DE 0D —6H « 3BAF-04
2+ 7TREE-05 4.509E 01 1.023F 00 1.000F 0O =9 .406F~-04
4 12Q9F-05 3.959E 01 1.026F 00 1.003F 0ON -1.32391£-073
H118E-05 3.523E 01 1.029F 00 1001FE 00 —2.085F-073
G 060E-0S 3.109F 01 1.033E 0N 1.001F 00 —3.032E-03
1.341E-04 2e716E 01 1.0385 00 1.001E 00 -4 .4564F-03
1.983E~-04 2¢392F 01 1.043F 00 1.001E 0D —HeE5H4F-N7
2eQ30E-04 2.127F 01 1.048E 00 1.001% 00 —Q 5A9E-03
4,322E-04 1.882E 01 1.055F 00 1e0N28 OO —1.397E-02
6e363E-04 1.654F 01 1.063E 0D 1.0903F 00 —2sD23E-N2
Se340E-C4 1.461F5 01 1.072F 00 1.00%E nn —249NT7F-0D2
1e365E-03 1.304F 01 1.082E 00 1.20585 00 -4 413KE-02
1.98335-03 l.154F 01} 1.094F OO0 1.708% NO -5 .B12F-02
2+8B56E-013 1.038F 01 1.108F 00 1.712% 00O -3 .,038F-02

4. 066F-03 Qe33T7E 00 1.124F 00 1.717% "o —1.09DF-01

3¢1



5.699E~03
7 «835E-03
1.052E-02
1.376E-02
1.750E-02
2«.1685E-02
2.611E-02
3.078E-02
3 «55BE—-02
4.047E-02
4.540F-02
S5S.037E-02
SeS5385E~02
6 033E~-02
6e533E~-02
T7«D32E-02
7e532E-02
B.032E-D2
Be532F-02
9.032E-02
F«H532E-02

B.501E
7« 79GE
Tel197E
6.716E
be366F
6e102E
S.8B81F
5.698E
5.572E
Se502E
Se434F
S5e341FE
S«271E
S5.265E
S5e268E
5.207€
Se133E
5.125E
5.169E
S5+ 154F
5.079F

no
00
o0
00
00
00
o0
o0
00
no
00
no

00
oo
o0
on
00
00
00
0]¢]

1e141F
1.1560F
1.181E
1.204F
1.227F
1.250E
1.275E
1.299E
1.322¢
1.344F
1 «366F
1.389F
1.412F
1.432F
1.451E
1.473F
1.497E
1.518F
1.535E
1.554E
1.579£

00
00
00
an
00
0o
00
on
00
00
oD
00
00
on
o0
00
on
o0
on
oD
00

1.023F
1.031F
1.042E
1.055E
1.070F
1.086F
1.105E
1e124F
l1e143F
lel62E
lel182€
1.20285
1.222F€
1.242FE
1e?261FE
1.2R1E
1.302F
1.323%
l1e341F
1e360E
1.382F

~1.4448-01
—1 BR2F-N1
~—2e333£-01
—2.838F-01
—3.3492F5-n1
—3,B53E-01
—4,332F-01
~4.775FE-D1
—5.180F-01
-5 .554F-01
—B.B39E-N1
—H«203FE-N1
—H J4RTF~D1
-5 4 7T45F~-N1
—H 983 F-01
~Te211F=-01
~7.410E-01
~7 «595E-01
~7«771FE-0D1
~7e938F-01
~B,NRBIF-01

6¢1



XN= 450

FL
DX
DR

Ux=1.
5=5,E-08
=02

X

2.500E-08
B8.219E-08
1.630E-07
2+835E-07
4.619E-07
Te261E~07
1.118E-086
1 .69BE-06
2.557E-06
3.830F-06
5.716E-06
B.510E-06
1.26%FE-05
1.878F~05
2.788E~05
44129F-05
H5.118BE-05
90K 0E-05
1.341E-04
1.983£-04
4 .322E-C4%
©e363E-04
Qe340FE~04
1e365E-03
1.983E~03
2.856E-03
<NGEeF-T773

Pl

DH/RT=0.

NDRDIV=10

PIPE FLOW
BRINKMAN ND.=D, PRANDTL NO.x=1000.
DXL =5.E~03 A==115,
NDRWAL =2

NU(LOCAL) TOWALL)Y

4.462FE N2 1.002E 00
4.346E 02 1.003F 00
2.372E 02 1.004F 00
2.106F 02 1.005E 00
1.83¢£ 02 1.006E 00
1.639E 02 1.006F 00
1.330E 02 1.008 00
121628 02 1.009F 00
1.033E 02 1.010F 00
9.092F 01 1.011F 00
T«74CE 01 1.013 0N
6,748 01 1.015F 00
5.980F 01 1.017& o0
5243 01 1.019F 0D
4.527E 01 1.022E 00
3.94GE 01 1.026F 00
3.484F 01 1.029E 00
3.0586E 01 1.033F 00
2.658F 01 1.038E 00
2e324F 01 1.044E 00
2.048E 01 1.050F 00
1.798E 01 1.058E 00
1.569E 01 1.067F 090
1.374E 01 1.077E OD
1.213F 01 1.088E 00
1.073E 01 1.101E 0O
9.520E NO 1117 00
8.5132E 00 1.134 00

T{MEAN)

1.000F
100DE
1 D0DF
1000F
1e000F
1.000E
1.000F
1.0200€F
1.000F
1.000F
1.0007
1.000F
1.0008
1.000F
1.000E
1.000F
1«0200KE
1.001 %
1.001F
1e«001F
1.,001F
1.002F
1e00N3F
17041
1.0N8E
1eR0RF
1e01°2%
1,037 7

00
0o
nn
0o
00
on
0o
0o
on
00
an
no
00
00
on
0o
0n
on
0o
o0
no
on
nn
nn
no
0o
nn

nn

—1 s985F-n#A
—4 .243FE~-NF
-7 s445F-0N6
—1.221F-05
—1 e929E-08%
—2 4IRJE~-NE
=4 ,S52E-D5
—-H JBTHE-DS
-1.032F~-04
—-1.542F~-04
—2.296F-04
-3.415E-04
-5 .07TNF-04
—7 «522E-04
—1.115F-073
—1.652£-03
=2 448FE-N73
—3.,628E-03
-5« 362F-073
=7 .93DF-N2
-1.172E-02
—1.728F=-0D72
—2e544F=-07
—3.735E-n02
—5.459F~02
=7 J927FE-02
-1.142F8-01
—1.626FE-01

url



S «HI9E~03
7 «8B35E-03
1.052F-02
1.376E-02
1«750E-02
24165FE-02
2+611E-02
3.078E-02
3 .558FE-02
4.047E-02
4.540E-02
5.037E-02
S5 e538E~-02
6.033E-02
64533E-02
7 «032E-02
7T «532E-02
B.032£-02
B.532FE~-02
FeN32E~-02
F532E-02

7 «698E
7Ta034F
6 490F
6. 060F
Se73EE
S 496
S«310F
Se163E
S.060F
4 99 0F
4.931E
4.880F
4 .848FE
4.830FE
4,811F
4 a792FE
4.779E
4,776E
4 .773E
4.763E
4 .756F

oo
o0
oo
oD
00
00
0o
00
00
o0
00
00
o0
00
00
Do
00
0o
00
ne

00

1.153E
l.174F
1.196F
1.220€
1.245F
1.269F
1.293F
1.317E
1.340F
1.3563F
1.385F
1.407E
1.428F
1.449€
1.4 70FE
1.491F
1.511E
1.531€E
1.3552E
1.572F
1.592%

o0
00
00
00
00
00
00
00
on
00
00
00
00
0o
0n
o0
00
no
00
00
00

1.023F
1.N32F
1e042F
1.055%
1070F
1.087E
1.105%
1.124F
1.143F
1.162F
1.182¢
1.202F
1.222F
1242F
1.262F

on
on
00
09
on
00
on
no
Qo0
on
on
0o
ne
nn
on
nn
non
0n
o0
on
nn

—2.278F~-01
-3.132FE-01
=4 4, 207TE-01
=5 502F-01
-5 .927FE~-01
—B.658F-n1
=1.0448E OO
-1.231 0OD
—~1.423F NN
~1.618E 00
—-1.8158 OO
—2.014F OO
—2«213F 0N
—2.412F OO
—2e£12F DO
—2.812F ON
~3.012E 0On
—3.211F 00O
~3.411E OO0
—3.611F on
—3.811F nn

¥1



XN= 50 DH/RT=5, PIPE FLOW

FlLuXx=1. BRINKMAN NQO.=0, PRANDTL ND.=1000,

DXS=5.,E—-DB8 DXL.=5.,F—-03 A=-115,

DR=.02 NDRDIV=10 NDRWAL =2

X NU{LOCAL) T{WALL) T{MEAN) 24

2+.500E-08 4,462 02 1.002F 0N 1.N000E 0NN ~1 «Q78BF-0F
8,219E-08 4 4359F 02 1.003E 00 1.N02F 00O —4 ,225F-0nh
1 .630E-07 23828 02 1.004F 00 1.000F 0N =7 «392E-N6
2.835E-07 2«120F 02 1.005F 00 1.D000E NN —1e211F=-N5
4.619E-07 1.849F 02 1.006F 00 1.0023F 00 —1.913E-0%
7 «e261E-07 1.6%0FE 02 1.006F 00 1.002E NO —2 4 AB0EFE-NH
l1.118FE-06 1.339E 02 1«O0NRE 0N 1.ND00F 00 —4.514F-05
1.698E~-06 1.172 02 1.009E 00 1.000E 0D =6 JB2DF-05%
2e557E~06 1.044FE 02 1.010F 0D 1.000F 0O —1.023E-04
3.830E-06 Q9.200FE 01 1.011E OO 1.0028 00 —1 ,529F=-04
S5«716E-06 T.836£ 01 1.013F 0O 1.000F NN —2 « 2TT7E~-N4
B.510E~-06 6H.8485F 01 l1.015%F 00 1.200E 00 —3.385F-04
1.265E~-05 6.081F 01 1.017F OO0 1.000E nn =5 .024F-04
1.878E-05 Se346F 01 1.019F 00 1.000F 0D =7 «452F-04
2.78%E-05 4.624F 01 1,022 00 1.000F 00O ~1a104F-03
4 4129E-05 4,044F 01 1.025£ 00 1.000E On —1 4635F~-07
£.11BE-05 3579 01 1.028F£ 00 1.000F DN —24420F-03
9 .060E-0S5 3.150F 01 1.032F 0o 1.001% ON —3.579F~-03
1.341F-04 2.748E 01 1.037 0O 10015 0N —5«284F—-03
1.983E-04 2.410F 01 1.043F 00 1.001% 00 —7 e 798F-07
20930FE-04 2«132F 01 1.048E 00 1.001F 0O -1+148E£-07
44322F~-04 1.879F 01 1.055FE 00 1.0NN2E 0D —1 e ABRE-D7
6. 363FE-04 1.647F 01 l1.06K84F 0O 1.003F 00 —2+8467E~02
Je.34CE—-04 1.448F 01 1,073 00 1.204F OO0 —3.594F-02
1.365F-03 1.284F 01 1.084EF 0O 1.0068 00 ~5 204F-N2
1.983E-03 1141 01 1.096F OO0 1.208E 00 —7+867F-0D2
2eB5&E-03 1.016E 01 1110 0O 1.212F 0D =1 .06D0E-01
4.086E~-03 9.113F 00 1.126F 00 10177 00 ~1.484F~-01

A



5.699E~-03
7 .838£-03
1.052E-02
1.376E~02
1.750E-02
2¢165E-02
2e611E-02
3.078E-02
3.558E-02
4,087E-02
4.540E-02
S5037E-02
5e538£~-02
64033E-02
5 +533E-02
Te032E-02
7 e532E-02
B.032E-02
8.532E-02
GeN32E-02
Fe532E-02

Be262F
7« 5625
6 «IB6HFE
6 .523F
6e174E
S5.917F
S5.710F
5.543F
Se434E
5« 356E
Se«280F
S5e220F
S5+184F
Sel156F
Se125E
5e103F
5.084FE
S5.068E
S5.057E
S.047E
5.032F

o0
o0
o0
0D
00
00
00
(o1
on
00
0o
gy
(628
00
o0
on
00
00
00
00
0C

1.144F
lelHaFE
1.185E
1.208E
1.232E
1.256F
1.280F
1.304E
1.327E
1.349E
1.371FE
1.394F
l1ed415F
1.436F
1.457F
1.4738F
1.499E
1.519E
1.540F
1 .560E
1.581F

00
00
00
o0
00
00
00
00
00
00
on
00
00
00
090
00
00
non
on
o0
00

1.N23F
1e032F
1.042F
1.0585%
1.070F
1.087E
1.105F
1.123F
1143F
1.162¢
1.182E
1.202E

1.302F
1e322E
1.342F
l1.362F
1.382¢

on
00
on
nn
no
on
no
o0
non
on
nao
on
0o
on
no
0o
0o
00
non
nno
on

—2.038F-0)
-2 ,733F-01
-3,.589F-01
-8 .571F-01
~5.658E-01
—A B19F-0}
-2.012FE-01
-9,209E-01
-1.040EF 0N
-1.157F 00
-1.271E 00
-1.382F 00
-1.490F 00
—1.595F on
~1.697F 00
-1.797F 00
-1.804€F nn
-1.988F 00
—2,080F 00
-2,170F 00
—2.258F N0

vl



XN= 50
FLUX=1.
DXS=5,E-08
DR=.,02

X

2.500E-08
B3.219E-08
1.630E-07
2838E-07
4.61GE-07
T7e261E-07
1.118F-06
1.698E-06
2.557E-06
3.830E-06
5.71€E-06
B8.510E-06
1.265F-05
1.878E-05
2. 785E-05
4.,129F-05
H.118E-05
D060E~05
1+341-04
1.983F-04
2+930E-04
4.322F-04
G e3H3E-04
Q.340F-04
1 e365E-03
1.983£-03
2.856F£-03
4. 06€6E-03

DH/RT=10.
BRINKMAN ND.=0,

DXL=S5.,E-03

NDRDIV=10

PIPE FLOW

NDRWAL =2

NU(LOCAL)

4.454E
4,362E
24391E
2e135E
1.860E
1.650E
1.347F
1.183E
1.05858E
9.305E
7 «929FE
6 .939E
6.181F
S5.447F
4.718E
4,135F
3.671F
3.241F
2.834F
2., 493E
2e211E
1 .956F
1.715F
1.517F
1.349E
1.203E
1.073€
FeH41F

02
02
02
02
0z
02
02
02
o2
01
01
01
01
01
01
01
D1
01
01
01
01
01
01
01
01
01
01
00

PRANDTL ND.,=100D,

T{wWALL)

1.002F
1.003E
1.D04F
1.005F
1.006E
1.D006F
1,008F
1.009FE
1.0108
1.011F
1.013F
1.015F
1.016F
1.019F
1.022¢
1.025F
1.028F
1.,031FE
1.036F
1.041F
1.0475
1.053F
1.,061E
1.070E
1.080F
1.091F
1.108E
1.120F

00
00
00
00
00
00
00
00
00
00
00
)
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

T{MFAN)

1.000¢%
1.002F
1.N00F
1.000F
1.000F
1.000F
1.000F
1.000F
1.000F
1.000F
1.0008
1.N02F
1.000F
1.000F
1.0008€
1.000F
1.000F
1.001F
1.001E
1.001E
1.7201F
1.002F
1.nN03E
1.004F
1eN0GE
1.003K
1.012F
1018 %

no
0o
nn
on
0o
on
no
on
on
on
0n
on
on
on
0o
on
on
on
on
0on
00
on
no
on
nn
on
nn
on

o

-1.,9716-0¢(
-8 ,20DF=-NAK
—7.3237FE-0D6
—1.2015-0%
—1.8986E-0%
=2 935K -8
—4 ,477E-0%
-5 ¢ 7THIF-N5H
-1.014E£-04
-1.516F-04
—2.257E-N4
-3+ 3A55F-N2a
—8 ,B79F-04
—7 «32B3E-N4
—1.094F-N73%
-1.618F=-023
—2«3923F-n73
—3,5385F~-03
—S.211F-03
=7 «6B3IE-03
~1.12H6F-07?
-1.646E-02
—2 4 29KF-D27
—3.4867F-n2
—4,975F~-02
—7T.0859F-02
-9 ,893F-02
—1.363F-01

iad!



5 «699E-03
7 +.835E-03
1.052€E-02
1.376E-02
1+750E-02
2.165E-02
2e611E~-02
3.078E-02
3.558E-02
4 ,047E-02
4 +540E-02
S5.ND37F-02
S.535E-02
H54033E-02
64533FE-02
7e032E-D2
7.532E~-02
8.,032E-02
8.532E-02
Fe032E-02
9e532E-02

Be.758E
B8B.025E
Te420E
64935
6 .558E
6e272F
6 . 0S5E
5.891E
S.768E
S5.667E
S«58B1E
5.508F
5.468F
S «463E
5+439E
5.362E
5.2809E
S5.304F
5 «363E
Se367F
S5.276E

o0
00
o 1¢]
oo
00
00
00
00
oy
00
00
00
03¢]
00
0o
00
00
00
00
00
oo

1.137€
1.156F
1.177€
1.190GE
1.2232F
1.246F
1.270E
1.293F
1.316E
1 .339E
1.361F
1.384F
1.4 05E
1.425E
1.447F
1 .469€
1.491F
1.510E
1.529F
1.549F
1.572E

00
a0
00
o0
0o
00
on
00
0o
0on
00
00
o0
00
00
oo
00
no
00
00
00

1.N23F
1.031F
1.042F
1«NS5E
1N70F
1.087F
1.105€
1e124FE
1.143F
lel62E
1.182F
1.202E
1.222F
1.242F
1«263E
1.283F
1.302FE
1321F
1e342F
1.362F
1.,3R83€

nn
no
00
00
0o
no
on
00
no
no
no
)
no
0o
non
0n
on
00
00
0o
no

~1.835F=-01
—2e415E-01
-3 ,095F-01
-3.844F-01
—~f4 +641F-N1
—S5.453E-01
—6.2681FE-01
—7«03BE-~01
=7 «789E-01
-8.493F-01
~De14KF-N1
—9 . 7THIE~-D1
~1.037F OO
-1.,092E o0
-1,145F o0
=1.195%F 00
—1e282F NO
~1.286E OO0
-1 .329F 00
=1.,371& On
-1.410F OO

a1



XN= 25
FULLY-DFEV,

DX5=5.F~-09

DR=,00%

PIPE FLOW
VELOCITY AND UNIFORM FLUX=1,0

NDRDIV=1

X

2+500E~-09
B.219E-09
1.630F-08
2838E-08
4 .,619E~-08
7.262E-08
1.118E-07
1 «698BE-07
2557E~07
3.831E-07
S5.717E-07
Be512E-07
1.265€~-06
1.879FE-06
2«7TBTE-06
4e134E-06
6.12BF=06
9.083E-06
1.346£~-05
1.994F~-05
2954E-05
4 437SE~-05
6 47TRE-05
P .SBEBE-DS
1.419F-04
2.097E~-04
3.038E-04
4.56BFE~-04

DXL=5.E—-03 A==1185,.
NDRWAL =1

NU(LDCAL) T{WALL)

3.951E 02 1.003€ 00
3.947E 02 1.003F 00
3.79SE 02 1.003E 00
3.724F 02 1.D03E 0O
3.503E 02 1.003E 00
3.329E 02 1.003E 00
3.027E 02 1.003E 00
2.752E 02 1.004E OO
2.408E 02 1.004E OD
2.102E 02 1.005E Q0
1.802E 02 1.006F 00
1.557€ 02 1.006F 00O
1.351F 02 1.007E 0D
1.188E 02 1.008F 00
1.050E 02 1.010E 00
Q.295E 01 1.011F 00
8.184F 01 1.012F 09
7.191F 01 1.014E 00
6.318E 01 1.016E 00
5.554E 01 1.018E 00
4 .874E 01 1.n21E 00O
4.,271F 01 1.024E 00
3.742E 01 1.027 00
3.280E 01 1.031F 00
2.873E 01 1.035E 00
2.515E 01 1.041F 00
2.203E 01 1.047E 00
1.932F 01 1.054E 00

T{MEAN)

1.000F
1.000F
1.002E
1.0008
1.000€
1.000FE
1.000E
1.000F
1.000E
1.000F
1.000F
1.000F
1.000E
1.000F
1.000E
1.000F
1.000F
1.000F
1.000F
1.000F
1.000F
1.000F
1.000F
1.000F
1001F
1.001FE
1001 E

1.20027%

on
on
o0
on
0o
on
o0
o0
no
o0
on
no
on
on
nn
00
o0
oo
on
[924]
on
nn
non
on
Do
on
0nn
[aRA

-2 .B00F=-07
=5 DD2F=-07
~1.0853E~0¢
~1.728F-06
~2 e 726E~08/
~4 ., 206F-08
—65«399E~-04
- EL4RE-D6K
-1 .446E-0%
~2.159E-09%
~3.216F-05
~4 ,78B1E-05
-7 .093E~-DS
-1 .083E~04
-1 .562F-04
—2e316F=-04
~3.433F-04
—S5.N88E-N4
-7 +5S3RE-04
-1.117E-03
—1.554F-03
—2+450F-073
—3.62RE~-03
-5.362E-N3
~7 «Q44F-073
-1.174F-02
—-1+735F~02
—2.,8558£~-07

9% 1



6.723F-04%
F.BE2E-04
1.440E-03
2.090E-03
3.D06E-03
4 .270E-03
5.971E-03
B.183E-03
1.095F£-02
1.426F-02
1.807E-02
24227E-02
2:67T7E-02
3.146E-02
3.628BE-02
4.117E-02
4.611F-02
5107E-02
S«606E-02
& .104E-02
5.604E-02
7+103E-02
7«603E-02
8«.103E-02
B8.603E-02
9.103FE-02
Q.HO03BF-0D2

1 «696F
1.492E
1.316E
1.165E
1.038E
9 .303F
8.416F
T7«697E
7.123E
6 .674E
6«329E
6 .070F
S«B77E
Se.734E
Se627E
S.548F
5.490F
5.447FE
S5e414E
5.390E
S5«372E
5359
S «348E
S «340F
5.335E
5.331E
5.328F

01
01
01
01
01
00
o0
00
00
0 1¢]
00
oo
00
00
00
00
00
00
00
00
00
o0
00
00
00
on
o0

1.062E
1.071%
1.082E
1.094F
1.108E
1.125E
1.143F
1.163E
l1.184E
1.207E
1.230E
1.254F
1.277E
1.300E
1.323E
1.345E
1.366F
1.388F
1.4 09F
1.429E
1.450F
1.470FE
1.491E
1.511F
1.531F
1.551€E
1.571F

00
o0
00
00
00
on
00
00
00
an
o0
00
00
00
o0
on
00
00
00
00
non
o0
09
oD
0o
00
00

1.003F
1.00%E
1.0058F
1.008F
1.012F
1a017E
1.024F
1.033%
1.044%E
1.0657E
1.072E
1.083F
1.107E
1.125F
1.145F
1.165F
1.184F
1.204F
1.224F
1.264FE
1.2648F
1.284F
1.304F
1.324F
1.344F
1.364%F
1384F%

00
oo
no
oo
00
00
on
o0
0o
00
on
nop
Do
00
00
0o

~3.765F-02
—5.523£-02
-8 065F-n2
~1.170E~01
-1 6R3E-N1
—2.391E-01
~3.344F-01
-4 .,582F-01
-64132F-01
-7.98RBF-01
-1.012E 0O
-1.247F 00
—1.499F 00
—1.762E DN
—2+.031F 00
—2.305F 00
—2«582E 00O
—2.860F OD
—-3.139E 0N
—-3.418F OnN
~3.698F 0D
—3.978BF 00
-4 .,258F 0N
-4 .538BF 00
-4.818E 00
~5.098F OO0
—-S5.378F 00

LYl



PIPE FLOW

=—460D0.

N= 1.0000 DH/RT= 0

PRANDTL ND.= 1000 BRINKMAN NO.=

FLUX= 14142 SIN{(100%P I%X)

DXS=5,E£-08 DXL=5.E-04

DR=,02 NDRD IV=10 NDRWAL =2

X FLUX

2+500E-08 1.111F-08
1.037E-07 4.609E- 05
3.018E~-07 1.341E-04
8.178E-07 3.633E-04
2.153E-06 9.566E-04
5.H05E-06 2.490E-03
1.448BE-05 6.434E-03
3.700E£-05 1.644F-02
Q. 229E-05 4,100E-02

2«179E-04
4.627F-04
8.412E-04
1.306E-03
1.800F-073
2300E-03
2.800E-03
3.300E-03
3.800E-03
4 .300E-03
4 .800E~-03
54300FE-03
Se800F-03

Q.67SE-02
2049FE-01
3.694E-01
S.642E-01
T«S5S79E-01
9e351E-01
1.090E 0O
1.2176 00
1.315 o0¢
1.380E 00
1.411F 00
1.408E 00O
1.370F OO
1.288F 00
1.193E 00
1.061F 00
9.015E-01
T «200E-01

TI{WALL)

1.000E 0D
1.000E 00
1.000F 00
1.000E 0O
1.000E 00
1.000E 00
1.000E 00
1+.000F 0D
1.001FE 00
1.003 00
1.009F 00
1.021E 00
1.038E 00
1.058F 00
1.079E 09
1.100F 00
1.121E 00
1.140F 00
1.158E 00
1.173FE 00
1.185E 00
1.194F 00
1.1399E 0D
1.201E 00
1.198€ 00
1.192F 00
1.182E 00

T{MEAN)

1.000F
1.000F
1.000F
1.000F
1.00DE
1.N0DF
1.000€
1.000F
1.000FE
1.000FE
1.000F
1.N01F
1.002EF
1.0038
1.005E
1.007%
1.009E
1.012E
1.0142F
1.017¢
1.020F
1.023F
1.025%
1.N28F
1.030%
1.032%
10322

no
on
o0
on
on
on
0on
o0
00
00
00
00
no
[oX4}
o0
00
nn
on
oo
oo
on
o0
on
nn
00
o0
on

P

-1 .600F-06(
-4 ,120F-056
-1.046F-0%
—2.6397FE-05%
=5 .97DE-05
—1.802F-04
~84 .642E-048
-1 .185FE-03
—2.,954F~-03
~5.975E-03
-1.481E-02
—24E92E-02
—4.180F~-02
=5.761F-02
=7 «3259F-02
—~8.959F-02
~1.056F-01
—1.215E-01
=1 .375F-01
-1.536F-01
-1 .696F-01
-1 .856E-01
~2e015E-21
—2.175F=-01
=2 «335FE-01
—2+.495F-01
—2 +656F-01

8% 1



B .800E-03
F.,300E-03
S «B00E-03
1.030£-02
1.080E-02
1.130E-02
1.180E-02

5207E-01
3.086E~ 01
B.893E-02

o)

000

1.169E
1.153F
1.134E
1.119F
1.1 09E
1.102F
1.097F

00
00
00
00
00
o0
on

1.N35F
1.035F
1.035E
1.035€
1.035F
1.035€E
1.035E

00
no
00
on
00
oo
N0

—2.815F-n1
~2 4 AT7HE-D1
-3.136FE-01
—3.298F-01
—3.456F-01
=3.616E-N1
=3 775FE=-0D1

6¥1



PRANDTL NO.=

DH/RT= 10
1000

PIPE FLOW
BRINKMAN ND,.,=

o

FLUX= 14142 SIN(100%P I%X)

DXS=5,E~-08 DXL=5.E-04% A=-4600.

DR=,02 NDRD IV=10 NDRWAL =2

X FLUX T{WALL) T{MEAN) o

2.500E-08 1.111£-05 1.000F 00 1.7200F 00O =1 +60D00F=-0F
1.037E-07 4 .6 06GFE-05 1.000F 0O 1.000E 0O -4 ,120E-N"5
3.018E-07 1.341E-04 1.000F 00 1.000F 0O =1.046E-05
B.178E-07 3.633E-04 1.000E 00 1.000F 0D —2.697F-0%
24153E-06 F.566E-04 1.000F 0O 1.000E 00 —H«970E-0%
S5605E-06 2«490F-03 1.0008 00 1.000E 00 =1.80n2E-n4
1.448F-05% 64434F-03 1.000E 00 1.000F 00 —R LRAPFE-D4
3.700E-05 1.644E~02 1.000F 00 1.0005 0O —1.,185F-03
D .229E-05 4,100E-02 1.0018 0O 1000F 00 —2.952F=023
2.179E-04 Q.ETEE-02 1.003F 00 1,002 00 —6.960F=-03
4 ,627E-04 2.0409E-01 1.009E 00 1.002FE 00 —1.,471F-02
8.412E-04 3.694E-01 1.021E 00 1.N01F 0O —2 s E45F-0D
1.306E-03 S«642E-01 1.,036F 09 1.002E 00 =4 +N29E-D2
1.800E-03 T «S79F-01 1.054E 00 1.0035 00 —5.410F-02
2300E-03 9.351E-01 1.072E 0OC 1.205E an ~Ho711E-02
2«800E-03 1.090F 00 1.090F 00 1.007F no —7 «G25F-02
3.300E-D3 1.217€ 00 1.1078 00 1.203 0D -3 ,049E-02
3.800E-03 1.315E 00 1.122F 00 10128 00O —1.,009FE-01
4.300E-03 1.380E 00 1.136E 0N 10145 0O =1.10RF-01
4 «800E~-03 1.411E 00 1.148F 00 1.017% 0On -1.195F-01
5«300E-03 1.408E 00 1.158&8 00 1.020F 00 =1.273E£-01%
S«BODE-03 1.370 00 1.165E 00 1.022E 0O -1 .358E-01
6 e300F-03 1.298F 00 1.170E 00 1.025F 00 —1.433F-01
5 4800E~-C3 1.194E 00 1.172E 00 1.022E 00 —1.506F£-01
7.300E-03 1.061F 00 1.172F 00 1.03286 N0 -1.575£-01
7.800F—-03 9.015F-01 1.168F 0O 1.0325 0N —1.£43F-01
8.30CE-03 7e200E-01 1.160F 00 1,032 N0 —1.712E-D1

04Tl



8.800E-03
Q.3D00E-03
F.800E~-03
1.030E-02
1.080E-02
1.130F-02
1.180E~-02

S.207E-01
3.086FE-01
B .,893E-02

Q

0
Q
0

1.150E
1.138F
1.121F
1.109E
1.100F
1.094F
1.090E

on
00
0o
on
an
00
o0

1.034F
1.035EF
1.035€
1.035E
1.038E
1.036E
1.035F

0o
on
00
0n
00
00
00

=1.780F~-01
-1 .84R£-01
-1.919F-01
—1.994FE-01
—2.07DF-01
~2.147F-01
—2.228F-N1

161



N= «S000 DH/RT= 0 PIPE FLODOW

PRANDTL NOD .= 1000 BRINKMAN NO.= 0

FLUX= 14142 SIN(100%P I1%X)

DXS=5.E-08 DXL=5.,F-04 A==4600

DR=,02 NDRDIV=10 NDRWAL =2

X FLUX T{waLL) T{MFAN) =4

2.500E-08 1.111E-085 1.000F 00 1.000F DO -1 .9B5F-08
1.037E-07 4 sH609E- 0% 1.000E 00 1.000E 00 -5 «102E-058
3.018E-07 1.341F-04 1.000F OO0 1.002F 00O =-1.294FE-08
B«178E-07 3.633E-04 1.000E OO 1.000FE 0O —3.38DE-D5
24153E-06 9 .566E- 04 1.000E 0O 1.000F no -8 .685E-08
S5«6N05E-06 2.490E-03 1.000F 00 1.000E 0O =2 251E-0D4
1.448E-05 6e434F-03 1.000£ 00 1.000FE 0O =5 .809FE~-04
3.700E-05 1.644E-02 1.000E 00 1.200E 0O -1.480E-073
9.229£-05 4.100E-02 1.D001F 00 1.000E OO0 —3.685F-03
2«179E-04 9.675FE-02 1.003E 00 1.000E 00O —B,745F-03
4.627E-04 2.049E-01 1.009F 00 1.000F 00 -1.RA46F-02
Bs412FE-04 3.694F~-01 1.020E 00O 1.001E °O -3.364F-02
1.306E-03 5.642E-01 1.035E €O 1.002E NO —5eP224FE~-0D2
1.800E~03 7«S79E-01 1.054E 0D 1.N03E 0D —7199F-02
2+30CFE-03 9.351E-01 1.0745 00 1.N05E OO0 -9 .195€-02
2.80CE-03 1.090E O0O¢C 1.094E 00 1007F 00 -1.119F-01
330DE-03 1.217& 00O 1.113F 00 1.003F 00 -1.320F-01
3.80CE-03 1.315E 00 1.131 00 1.0118 OO -1.519F-01
4 +4300E-03 1.3808 00 1.148E 00 1.2145 0N 1713601
4 +800CE~-03 1.411E 00 1.162E 00 1.0178 020 -1.910F-01
5e300CE-03 1.408E 0O 1.174E 00 1.0228 0N ~2.119FE-71
5.800£-03 1.370E 00 1.182E 00 1.022F 00 —2e313€-01
H5e300E-03 1.298F 00 1.1875 00 1.0255 0n —24519F-01
6«800FE-03 1.194F 0O 1.189E 00 1.028E 090 —2.719F-01
7-300FE-03 1.061F 00 1.187€ 00 1.030E 00 —24918F-01
7.800E-03 9.015E-01 1.181 00 17232 0D -3.119F-01
B.3006-03 7.200E-01 11728 00 10335 0on —3.3193E£~-01

sl



B8.800E-03
9«300E-03
G .800E-03
1.030E-02
1.080FE-02
1.130£-02
1.1830FE-02

S5«207E- 01
3.086E-01
B.8933F~02

0

0
0
0

1.160E
1e.144F
1.127€
1.113€
1.104E
1.097F
1.093&

o0
00
00
00
00
00
00

1035
1.035E
1.035F
1.035F
1.035E
1.038F
1.036E

00
on
oo
0o
00
00
o0

—3.518FE-01
-3.718FE-01
—3.918E-01
~4,118£-01
—4.317E-01
~4.,518E-01
-4 ,718F~-01

€a1



N= « 5000 DH/RT= 10 PIPE FLOW

PRANDTL ND .= 1000 BRINKMAN ND.= 0

FLUX= 14142 SIN(100%PI*X)

DXS=5.E-08 DXL=S.E-04 =-4600,

DR=.02 NDRDIV=10 NDRWAL =2

X FLUX TUWALL) T{MEAN) P

2.500E-08 1.111E-05 1.000F OD 1.N00E 00 -1 .985E-0F
1.037F-07 4 .609E-05 1.000E 00 1.000E 00 ~5.102F=-05
3.018BE-07 1.341F-028 1.000 00 1.000F 00 -1 .294F-05
8178E-07 3.633E-04 1.000F 00 1.000F 00 —3.350E~05
2.153E-06 9.566E-04 1.000E 0O 1.000F 0D ~B.BB6F-05
5.605E-06 2.490E-03 1.000E 00 1.0002E 00 =2 .251FE-04
1.448£-05 6.434E~-03 1.D000E 00 1.003E 00 -5 «809F-04
3.700E-05 1.684F~02 1.000E 00 1.000E 00 -1.480F-03
9.229E-05 4.100E-02 1.0Nn1F 00 1.0030F 0D ~3.684F-03
2¢179FE-04 Q.6T5E-02 1.003E 00 1.000EF Dn —-8.733E~-03
4.627E~-04 2.049E£-01 1.009F 00 1.000E 0D -1.838F£-0>2
8.412E-04 3.694F-01 1.019FE 00 1.001%F 00 -3.329F-02
1.306£-03 5.642E-01 1.034E 00 1.002F 00 -5.116F-02
1.800E~-03 7 «S579E-01 1.051E 0D 1.003F no —H«956F-02
2.300FE~-03 Q«351E-01 1.0568E 00 1.003F 00 —B.752E-02
2.800E-03 1.090E 00 1.085F 00 1.007F 00 -1 .048F-01
3.300E-03 1.217€ 00 1.101F 00 1.009E 00 ~1.217E~-01
3.800E-03 1.315 00 1.117F 00 1.012F 00 —1.374E-01
4.300E-03 1.380E 00 1.131E 00 1.0135 00 -1.528E-01
4+4800E-03 1.411F 00 1.141E 00 1.017E5 DO =1.678E-01
5300E-03 1.408F 00 1.151£ 00 1.020F 0op -1.819F-01
5.800E~-03 1.370= 00 1.158F 00 1.022F 0on —1.961E-01
5e300F-03 1.298BE 00 1.164E 0O 1.025 o0 =2.097F-01
5 «800E-073 1.194E 0D 1.167F 00 1.028E 00 —2«226E-01
7+300E-03 1.061F 00 1.165E 00 1.030% 00O —2.353E-01
7.800E-073 Q.015c~01 1.150F 00 1032 00 -2 .488FE-01
B8,300E-03 T7200F-01 1.153E 00 1.72325 0o ~2.620F=-01

¥al



B .800F—-03
9.300FE-03
G +800E-03
1.030E—-02
1.080E-02
l«130E-02
1.180E-02

5.207E~-01
3.086E~-01
B.893F-02

0

QDD

1.145F
l1.134E
1«117E
1.106F
1.097E
1092F
1.087F

00
00
00
00
00
00
00

1.034F
1037F
1.035F
1.0353F
1.035€E
1.035E
1.037E

00
on
on
00
on
on
o0

—2.745F-01
—2,871F-D1
=3.001F-01
—3.133F-01
—3.283E-01
—3.421E-01
—3.554F-01

Gyl



N= 1.0000 DH/RT= CHANNEL

PRANDTL NO.= 1000 BRINKMAN NO.=

AT Y¥Y=0, FLUX= 1.0000

AT ¥Y=1, FLUX= 1.0000

DXS=5.E-08 DXL=5.E-03 ==115,

DR=,D2 NDRDIV=10 NDRWAL =2

z NU(LOCAL) TEwWALL)

1.250F-08 6.872E 02 1.003E 00
4.109E-08 6.720E 02 1.003FE 00
B.150E~08 3.832E 02 1.005€ 00
1.417E-07 3.428F 02 1.006E 00
2309E-07 3.005E 02 1.0D07E 00
3.631E~-07 2.6B6E 02 1.007& 00
5.588E~07 2.190E 02 1.009E 00
8.489E-07 1.925E 02 1.010E 0O
1.279E-06 1.720E 02 1.012E 00
1918E-06 1.518E 02 1.013 00
2 +858E-06 1.295E 02 1.01SE 00
4+.255€-06 1.135E 02 1.018F 00
6e324E-06 1.011E 02 1.020E 00
9 e389E-06 8.888BE 01 1.023E 00
1 .,393E-05 7 .H688E 01 1.026E 0D
2.065E-05 6.742E 01 1.030E£ 00
3.059E-05 5.980F 01 1.034r 0O
4+530E-05 Se264E 01 1.038E 00
6 +704FE-05 4 ,592E 01 1.044F 00
G e3F15E-05 4 ,035E 01 1.050F 00
1.468E-04 3.566E 01 1.057E 00
2e161E-04 3.135E D1 1.065F 00
3.1826-04 2e744F 01 1.074F OO
4 sH70E-04 244175 01} 1.085E 00
He82%E-04 2.146F 01 1.096E 00
Q.915E-04 1.90&6E 01 1.1 09F 00

FLOW
0

T{MEAN)

1.000F
1.000F
1.000F
1.000F
1.000F
1.000F
1.000¢F
1.000F
1.000F
1.000F
1.000F
1.000E
1.000F
1.000F
1.N00F
1.0008
1.000F
1.000F
1.000F
1.000F
1.001F
1.001F
1.001F
1.002F
1.003F
1.0047

o0
0o
oo
0n
0o
oo
00
no
oo
oo
0o
oo
on
on
no
nn
00
on
oo
00
0o
o0
00
o0
oo
oo

o

—5.00DF-07
-1 .286F-06&
—2+.256E-06
=3 ,702F-06&
~5 «B42FE-056
—9.014F-06
—1.371E-05
—2.087E-05%
—-3.,093F-08
-4 4626E-05
—6 4 BBUE-05
-1.024F-04
—1.521F-04
—2+256F-0D4
=3 «345FE-04
-4 ,958F=-04
~7Te384F-04
=~1.087E~-073
~2+.380FE-N3R
—3.515E-03
-5.187E-03
~7 «63HE-03
-1.121E-02
-1 .638E-02
=2 ,380E-02

941



1.428F-03
2«033E-03
2«8B50E-03
3.917E-03
5.261E-03
5.880E-03
B8.751E-03
1.083E~02
1.306E-02
1.539E—-02
1«.779E-02
2«023E-02
2«270E-02
2+.518E-02
2. 767E~-02
3.017E~02
3e266E-02
3.516E-02
3e7H6E-02
4.016E—-02
4266E-02
4.516E-02
4 766E-02
5016E—-02
5e266E-02
5e516E—-02
D766E-D2
H5e016E-02
5.266E—-02
He516F-02
B« 766E-02
7eN16E-02
7 e266F-02

1 .696E
1.522F
1.381F
1.262F
1.162E
1 «.08SE
1.026F
9.790E
9.413E
Q.134F
B .935E
Be776E
8.641E
B «.544F
8.483E
8 « 429F
8.375E
8.339E
8 .324E
8.307E
B.280E
Be266E
8.268E
8.263F
B.246E
B «240E
B8e247E
8.247E
8.234E
8.230E
8 «230E
8.241E
B.229F

01
01
01
01
01
01
01
o0
o]¢}
00
00
00
oo
o¢
00
00
00
00
s]¢)
00
00
00
o0
o0
o]¢)
00
00
00
00
00
oo
oo
00

lel124F
1.140F
1.156E
1.174F
1.193F
1212E
1.230FE
1.248F
1.265F
1.281FE
1.295EF
1.309E
1.322F
1.335€E
1.347€
1.358E
1.370E
1.381E
1.391F
1.402€
1.412F
1.423E
1.433F
1.443€
1.453E
1.463E
1.4 73F
1.483F
1.494E
1.504F
1.514E
1.523E
1.534F

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
oo
00
00
00
00
00
oo
00
00
00
o0
00
00
00
00
o0
00
oo

1.0056F
1.008E
10115
1.0156F
1.021E
1.023¢
1.035%
1.043F
1.052¢c
1.062F
1.071E
1.081F
1.091F
1.101E
telllE
1.121F
1«131E
1.141F
1.151F
1.161F
1.171E
1.181F
1.191F
1.201F
1.211€
1.221F
1.231€F
1.241F
1.251F
1.261F
1271F
1.281%
1e291E

o0
00
no
00
00
o0
00
00
00
00
09
00
00
00
00
00
on
00
on
on
00
00
00
00
00
oo
00
)
on
no
nn
nn
no

-3 ,427F-0?
-4 .879E-02
-6.839E-02
-9 .402F-02
-1.263E-01
—1.651F-01
~2.100E-01
-2.598FE-01
-3.,1336-01
~3.694E-01
-4 ,270F-01
-4 .856FE-01
-5.448F-01
—5.048F=01
~5.641E-01
-7.240E-01
—7.839F-01
—8.439F-01
-9.039E-01
~9.638FE-01
-1.024F 00
—-1.084 00
-1.144E 00
~1.204F 0D
—1.264E 0D
~1.328F 00
-1.384E 0D
~1.484F 0D
—1.504€ 00
—1.564F 0D
—1.624F 00
—1.684F 00
~1.748F 00

LSl



N= 1.0000 DH/RT=
PRANDTL NO.= 1000
AT Y=0, FLUX= 1.0000
AT ¥Y=1, FLUX= 1.0000
DXS=5.,E—-08 DXL=S.E~0
DR=,02 NDRDIV=10
Y4 NU(LDC
1.250£-08 6 .872F
4.,109£-08 6.757E
B.150E-08 3.8B53E
1.417E-07 3.451F
2¢309€£-07 3.025E
3e631E-07 2+708E
5.588E-07 20208
B.489E-07 1.946F
1.279E-06 1.742E
1.915E-06 1.539E
2 .B58E-06 1.314E
4 4 255E-06 1.155F
6.324E-06 1.032E
G.38GE-086 9.085E
1.393F-05 7 «876E
2.0685FE-05 64 936E
3.059E—-05 6.176F
4 .530E-05 Se448BE
6.704E-05 4.767F
G eI15E~-05 4 .209E
1.46SE-04 3.739F
2.161F-04 3.300E
3.182E-04 2+900FE
4.670FE-04 2 4569E
6.825£-04 2.291FE
F.915£~04 2.041E

CHANNEL
BRINKMAN ND.=

3 ==115.
NDRWAL =2

AL) TIWALL)
o2 1.003E 00
02 1.003F 00
02 1.005E 00
02 1.006E 00
02 1.007 0D
02 1.007E 00
02 1.009E 00
02 1.010E 0O
02 1.01YE 00
02 1.013F 00
02 1.015E 00
02 1.017F 00
02 1.019F 00
01 1.022F 00
01 1.025EF 00
01 1.029F 00
01 1.033 Q0
01 1.0376 00
01 1.042F 00
01 1.048F 00
01 1.054EF 0O
01 1.051E 00
01 1.070E 00
01 1.080E OO0
01 1.090F 00
01 1.1092F 00

FLOwW
o]

TIMFAN)

1.000F
1.000F
1.N00F
1.000F
1.000€
1.000E
1.000E
1.00DE
1.0D0F
1.000F
1.000E
1.000F
1.N00%
1.0008
1.000F
1«000E
1.000E
1.000€
1000F
1.N00F
1.001F
1.001F
1.001F
1.002F
1.003%
1e0048E

00
nn
00
00
no
00
00
00
00
00
00
00
00
00
00
on
00
on
00
no
D0
00
0o
0o
no
A

=

-5,948F-07
-1.266E-0%
-2 ,.218E-06
~3.633F-06
~5+720F =06
—8.RA4F-06
-1.345F-n5
-2.028E-05
-3,03%E-05
-4 ,539E-05
—5.760E-05
~1.005F-04
-1.492E-04
-2.213F-04
—3.279F-N4&
~4 ,B56F-04
—1.,062F-03
~1e567E-03
-2 ,208E~073
-3,392F-03
—4 ,966F-03
~7.241E-03
-1.,050E-02
-1.510E-02
~2.152F-02

361



1.4286-03
2.033E-03
2.B50E~03
3.917E~03
5.261E-03
Be751E~03
1.083E-02
1306E-02
1 .539E-02
1.779E-02
2.023E~-02
2«27T0E-02
2+.51BE~02
2.767E-02
3.017E-D2
3+266E-~02
3.516E£-02
3.766E-02
4 .016E-02
4 +266E-02
4 .,516E-02
4.766E-02
5.016E-02
S.266E-02
5516E~-02
S.7T66E-02
6.016E-02
6o 266E~02
HeB16E-02
Ge7HBHE-02
7016E£~02
T «266E—-02

1.821FE
1 .640F
1.490E
1362E
1.254E
1.171F
1.106E
1.053E
1.011E
Q. TOT7E
9 .568E
Q.372E
G.214EL
Q.108F
Qe 029E
Be946E
8.879E
8.849C
B.822F
B.771E
Be.735E
Be.741F
Be736E
B.6H8TE
8 «6SHE
8.690E
8.7 02E
B.639EC
B« S596E
B.661E
B H9EE
B+ 60GF
8B.534E

01
01
01
01
o1
01
01
01
D1
00
00
00
00
00
00
o0
(8]4]
o0
o0
Q0
00
00
00
00
00
Do
o0
0o
00
00
00
0o
00

1.116E
1.130E
1e146F
1.163E
1.181€E
1.198£
1.216E
1.233E
1.250E
1 .266E
1.280F
1.294E
1.308E
1.320E
1.332E
1.344FC
1.356F
1.366E
1.377E
1.389F
1.400E
1.409FE
1.419E
1.431E
1.442€
1.450F
1.460F
1.473E
1.4 8B5E
1491E
14499F
1.514E
1.527E

00
00
00
00
00
00
o0
00
oo
o0
00
09
00
00
00
o0
00
00
o0
on
00
a0
00
Qo
no
00
0o
00
00
o0
00
0o
00

1.0058E
1.008F
1.011E
1.015F
1.021FE
1.028E
1.033E
1.043F
1.052F
1.062E
1.071F
1.081F
1091E
1.101F
1e111F
1.121E
1.131E
1.140E
1.150E
lel161E
1.171E
1.180E
1.192E
1e201F
1211E
1.220F
1.230F
1e241F
1.252E
1.260F
1e263F
1281E
1.293F

on
00
00
oo
00
oo
00
0o
0o
on
no
0o
oo
on
00
o0
oo
00
oo
00
on
00
on
414]
00
00
00
o0
00
on
00
00
on

—3.02BE-072
—~4 4193€E-02
~5.6956-02
-7 «554E~02
-3 TH1E-D2
—1.227F-01
-1 +4492E-01
—1.782F-01
—2.07DE-D1
—2+355E-D1
—2.638E-01
—2.903F-0%
—3.154E-01
—3.416E-01
-34.6858E-01
—3.891E-01
~4.116FE-01
~4+334E-01
-4 ,546E-01
-4 ,748E-01
~4 +945E-01
-5+137E-01
—5¢325E-01
~5503FE~-01
~Se67HE-01
~5.848FE~01
~5.D016E-01
-5 e175E-01
~5+32BE-01
-5.,482E~-01
-5 H35F-01
—B.T7T7T7TE-DY
~5.913E-01

661



N= « 7500 DH/RT= ]
PRANDTL NO.= 1000

CHANNEL
BRINKMAN NO.=

AT Y=0, FLUX= 1.0000

AT Y=1, FLUX= 1.0000

DXS=5.F—-08 DXL=5.E—-03 A=-1185,

DR=,02 NDRDIV=10 NDRWAL =2

z NUCLOCAL) T{WALL)

1.250E£-08 7.110E 02 1.003E 00O
4.,109E-08 6.954E 02 1.003E 00
8.150E-08 3.962E 02 1.,005E 0D
1.417E-07 3.545E 02 1.006E 00
2+309E-07 3.111E 02 1.006F 0O
3.631E-07 2.781E 02 1.007E 00
S«588F-07 2e266E 02 1.009E 00
8+.489E-07 1.992E 02 1.010F 00
1.279FE-06 1.781E 02 1.011E 00
1.915E-06 1.572E 02 1.013E 00
2 .B58E~06 1.340E 02 1.015E 00
4 4255E~06 1.174F 02 1.017€ 00
6 e324E-06 1.046E 02 1.019E 00
9.389E-06 9.197E 01 1.022E 00
1 «393E-05 T«954F 01 1.025F 00
2e065E~05 6.973E 01 1.029E 00
3.059E-05 6+183E 01 1.032E 00
44530E£E-05 5.441E 01 1.037F 0D
6.704E-05 4.746E 01 1.042E 00
9.915E-05 4.169E 01 1.048E 0O
1.465E-04 3.685E 01t 1.055€ 00
2.161E-04 3.240E 01 1.063F 00
3.182E-04 2483SE 01 1.072E 00
4 «6TO0E-04 2e496FE 01 1.082F 0O
6 eB2SFE-04 2.214E 01 1.093F 00

P11 5E~08 1.965F 01 1.106F 00

FLOW
0

T{M=AN)

1.000F
1.000E
1.000E
1.000F
1.000F
1.0003E
1.000E
1.000€
1.000€E
1.000E
1.003F
1.,000E
1.000F
1.D00F
1.000E
1.000F
1.000E
1.N00F
1.000F
1.000%
1.001E
1.001F
1.001E
1.002E
1.003F
1008 %

00
00
o0
o0
cn
oo
o0
00
00
00
00
00
00
o0
oo
on
on
no
en
nn
0o
on
o0
on
0o
00

P

=5 .647E-07
-1.,422F-06%
—2.494E-06
—4.096E-06
-5 .473E-06
—1.000E-D5
-1,.,523F-05
—2.,298F-05%
—3.444F-05%
-5.143E-05%
—7 «65RE-05
~1.13RE-04
=1 .690E-N4
~2.507F~-04
—=3.,717E--04
—5.50RF-04
-8.1596-04
—1.,208F-03
—1.,788E-03
~2 s 6H4E-N3
—3.906E-073
—5.762F-03
~Be4R2E-N3
—1.245E-02
-1.820E-02
—2«643F-N2

091



1.428E-03
2033E~-03
2.850E-03
3917E~03
S5261E-03
6 +880E-03
8.751E-03
1.083E£-02
1.306E-02
1539E-02
1.779E-02
24023E-02
24270E-02
2.518E-02
2.767E-02
3.017E-02
3.266E-02
3+516E~-02
3e766E~-02
4.016E-02
4 .266E-02
4.516E-02
4 766E-02
5.016E-02
Se266E-02
5516E-02
S5766E~-02
6e016E-02
6e266E-02
6e516E-02
6.766E~-02
Te016E-02
7+ 266E-02

1.748E
1.568£
1.421F
1,.,298E
1.195E
1.115E
1.054E
1 .00SE
9.661E
Qe371E
9.163E
8 +997E
8 .856E
B.755E
B.690E
B8.633E
BeS577E
8 ,539E
8523
Be504F
Bed77F
Bead62E
B8.462E
8.457E
8 s440F
B.433F
B.440FE
B8e439E
Bed26E
8B.422E
8e432F
Be433E
Beb421F

01
01
01
01
01
01
o1l
01
00
00
00
00
00
00
00
00
00
00
00
00
00
(o] ¢
Do
00
614
00
o0
oe
00
00
00
00
00

1.120F
lel136F
1.152E
11 70E
1.188€E
1.207F
1.225E
1e242F
1.259E
1.275SE
1.290E
1303FE
1.317€
1.329F
1.341E
1¢352E
1e36AF
1375E
1.385E
1 396F
1.407E
1.417E
1.427F
1.437E
1.448E
1.458¢C
1.,468F
1478F
1.488€E
1.,498€
1.508F
1¢518E
1.528F

0on
00
0o
00
on
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
Do
00
00
00
62¢]
00
00
00
00
00
00
00
00

1.006F
1.0088E
1.011F
1.015€
1.021F
1.028F
1.035E
1.043E
lens2E
1.062F
1.071F
1.081F
1.091E
1101F
1ell11E
1.121E
1e131F
1.141F
1.151F
1.1561F
1.171F
1.181F
1.191 &
1.201F
1421YE
1e221F
1231 F
1.241F
1.251F
162681F
1e6271E
1.7281F
1e291F

on
00
00
no
0o
00
00
o0
0o
nn
oo
00
on
00
00
00
on
00
00
00
00
on
on
00
on
oo
0o
00
on
00
o0
on
00

~3.807E-02
~5+413E-02
~7 «H597F-D2
-1e044F-01
—1.402F=-01
~1+834FE-01
—2¢333F-01
—2+88KE-01
~-3+.481F-01
—4,103E-01
—4 ,743F-01
—-5¢395E-01
=6 .052FE-01
~-6.7T14E-01
=7 «378E-01
-3 .042F-01
~B.708F~-01
~%.374E-01
-1.004F 0O
~1.,071E 00
-1137F 0D
—1.204F 0O
-1.271E 0D

~1.337€E 00

—~1.404E 0D
~1.47YF OD
—1.537E 00D
—1.604F QO
~1 B67DE QOO
~1¢737F 00
-1 .8048F OD
—1.870F nn
-1.937 00
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N=
FuU
DX

« 5000
LLY-DEV,
S=5.E-08

DR=,02

Zz

1.250E-08
4.,109E-08
8.150E-08
1.417E-07
2¢309E-07
3.631E-07
5.588E-07
8.,489K-07
1.279E-06
1.9156E-06
2.858€E-06
4 .255E-086
6e324E-06
9 «389FE-06
1.393E-095
2e068E~05
3.059E-05
4 .530E~05
6.7D4E~-05
Q.915E-05
1+4465E-04
2e«1H61E-04
3.182£-04
4 .670E-04
65.825E-04
D eG15E-04
1 e428E-03
2e032E~-03

CHANNEL FLOW
VELDCITY AND UNIFORM FLUX=1,D

DXL =5.E-03 A=-1185.
NDRDIV=10 NDR WAL =2

NUCLOCAL) T{wWALL)

7TeS37E 02 1.003F 00
7e370E 02 1.003F 00
4.197€ 02 1.005E 00
3.754E 02 1 .005FE 0O
3.294FE 02 1.006E 00
2.947E 02 1.D07E 0O
2.404E 02 1.008E 00
2.112E 02 1.009F OO0
1.888E 02 1.011EF 00
l1.666E 02 1.012F 00
1.422E 02 1.014EF 00
1.246E 02 1.016F 00
1.108E 02 1.018€ 00
9.748E 01 1.021E 0O
8.431E 01 1.024E 0O
7.387E 01 1.027 00
6545 01 1.031F 00C
S.757E 01 1+035F 00
5.020E 01 1.040F 00
4.410E 01t 1.046E 00
3.898E 01 1.052E 00
3.426F 01 1059F 00
2e997E 01 1.068E 00
2e636E 01 1.078E 00
24336E 01 1.088E 0D
2.072E O 1.101E 00
1.841E 01 1114 00
1.6409E 01 1.129E 0On

T(MFAN)

1.000F
1.000F
1.002E
1«000FE
1.,000F
1.000F
1.000F
1.000FE
1.000F
1.000F
1.N03F
1.000F
1.0D2E
1.000F
1.N00F
1.000F
1.000F
1.002F
10020FE
1eD00F
1.001F
1.001F
1.001E
1.002F
1.,003F
1.0N48E
1.006F
{.N0BC

oo
oo
e
on
no
oo
o0
on
oo
00
00
00
Q9
00
on
0o
oo
no
00
o0
00
634]
on
oo
00
no
on
no

P

-B8.,000E~-D7
—1715E-06
-3.008BE~-06
—4 235E~-06
~T«730E-0R
-1 .202E-08%
-1 .828E-05%
—2 s 755F-05
—4,131F-05
—6+168BE-05
- I1BKE-05
—1.366E-04
—2.028F-04
—3.,008BE-D4
-444561F-04
~65611E-04
~F ¢ 7I3F-04
—1.450F-03
~2e146E~N3
—3.173E-03R
-4 ,683F£~-073
~6.915F~-03
—1.018E-02
-1.494FE-07
—2.184F-02
—3.173E-02
—4 +560F-0?
-6 «BO5E-07
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2850E-03
3.917E~-03
54261E-03
68BB30E-03
B8.751E-03
1.083E-02
1.306E-02
1.539E-02
1779E-02
2.023E-02
2.270E-02
2.518E~02
2e7T6TE-02
3.017E-02
3.266E-02
3e516E-02
3e766E-02
4.016E-02
4 4266E-02
4 .516E-02
4 . 766FE-02
5.016E~-02
S5e266E~02
5516E-02
S5¢766E-02
6.016E-02
He266E-02
66516E-02
6. 7T66E-02
T+016E~-02
Te2K6E-02

1.494E
1.363E
1.254F
1.168E
1.103E
1.051E
1.009E
9.784FE
9.561E
9.382F
9.230E
9.120E
9.048E
8.98B7E
Be926E
B.884E
B8+.865E
8.844F
Be.B14E
B.798BE
Be.797E
8 «790E
8.773E
B.765E
8.771E
8.770E
Be757E
8.753F
Be762F
B.763E
8e751E

01
01
01
01
01
01
01
00
oo
oo
00
00
00
oo
00
00
0o
00
00
00
o0
00
o0
oC
00
00
00
00
00
)
oo

1.145F
1.162F
1.181E
1.199F
1.216F
1.234E
1.250F
1.266F
1.280E
1.294F
1.308F
1.320E
1.332E
1.343F
1 «355E
1.366F
1.376F
1.387E
1.398F
1.408F
1.418F
1.428E
1.439F
1.449E
1.459F
1.460F
14479F
1.489E
1.4 99E
1.509F
1.519F

on
on
00
00
on
00
oo
626 ]
00
00
Q0
00
00
00
00
on
8]o]
00
00
00
00
oD
(0 ]4)
00
0o
00
00
00
00
00
00

1.011E
1.015%
1.021F
1.028F
1.033F€
1e043F
1.052¢%
1.062E
1.071FE
1.081E
1.0901E
1.101F
1elllE
1.121F
1.131E
1el141FE
1151 E
1e161E
1el71E
1.181F
1e191F
1.201FE
1e211F
1.221F
1.231F
1e241F
1.251%
1e261FE
1.271F
1.281FE
1.291F

o0
00
on
o0
00
00
on
00
00
on
00
00
00
Do
00
00
00
00
oo
00
00
00
0o
09
on
00
oo
on
00
oo
00

—3+.119E-02
-1.683FE-01
—2.202E-01
—2.800E-01
—3.465E-01
-4 .,178E-01
-4 ,9285F-01
—S5.693E-01
—He475E-01
—T «265E-01
—8.059E-01
~8 .B55E-01
-9 .653F-01
-1.045F 00
=1.125E 00
—1.208F 00
=1.2B5E 00
—1.365F 00
~1.445F 0O
-1.5%25E no
-1 .605E N0
-1 .685F 00
—1.765E 00
—1.8B45E 0On
~1.925F 00
—2.D0OSE 0D
—2.085%E 00
—2.165E 00O
—2424585E oD
—2+325FE 0On



N= « 2500
FULLY-DEV.,
DR=,02

DX5=5.E-08

CHANNEL FL

DXL=5.E-03

Oow

VELOCITY AND UNIFORM FLUX=1.0
NDRDIV=10

NDRWAL =2

Z

1.250E-08
4,109E-08
8.150E-08
1.417£-07
2309E-07
3.631E-07
5.588E-07
8¢489E-07
1.279E-06
1.915E-06
2.8B58E~-06
4 +2585E-06
6e324E-06
9.389F-06
1 393E-05
2.065F-05
3.059E~05
4 +.530F-05
6.704E-05
9.915F-05
1.465E-04
24161E-04
3.182E-04
4.670E-04
6.825E-04
9.91SE-04
1.428E-03
2+4033E-03

NUCLOCAL)

8.589E 02
8.398F 02
4.777E 02
44269 02
3.739E D2
3.351E o2
2.745F 02
2+410E 02
2.147FE 02
1.897E 02
1.622E 02
1.420E 02
1.261E 02
1.109E 02
9.598£ 01
8399E 01
7.425E 01
€6 +.522E 01
5.684F 01
4.987E 01
4.403E 01
3.870E 01
3.384F 01
2.972E 01
2.625E 01
2322E 01
2.058FE 01
1.839F 01

A==115.

T{WALL)

1.002E
1.002E
1«004E
1.005¢
1.005E
1.006E
1.007E
1.008F
1.009E
1.011E
1.012€
1.014E
1.0156F
1.018E
1.021F
1.024F
1.027€
1.031F
1.035€F
1.040€
1.046F
1.053E
1.060E
1.069E
1. 079F
1.090E
1.103E
1.117F

00
00
00
00
00
00
(01¢]
00
00
00
00
00
00
00
00
(6¢]
00
0o
00
00
00
00
00
00
0o
00
00
oo

TIMEAN)

1.000F
1.002F
1.000F
1«000F
1.000E
1.000E
1.000F
1.00D0F
1«NODE
1.000F
1.000E
1.000E
1.000¢
1+000FE
1 .000E
1.000F
1.000F
1000E
1000F
1.000F
1.001E
1.001E
1.N01E
1.002E
1.003E
1.004F
1.006E
1.0072F

on
0o
00
00
00
0o
o0
00
00
040
00
0o
09
00
oo
0o
00
04¢)
oo
0o
on
oo
00
on
00
no
on
nn

In

=1.200E-056
—2572F-06
-4 ,512F-0F
—7.404F-06
-1 .168BE-05
-1 .B03E-05%
—2.T42F-05
-4 4,135E-05
—64197F-08%
—-Q ¢ 252E-0N5
—1378F-04
—2.048E-04
-3.042F-04
-4 ,513E~-04
—6.691FE-04
~3.915F-04
-1 .469E-03
—2.175F-0232
—3.219E-03
—4 4 7HOE-0O3
—7.032E-03
~1+.037E-02
-1 e527E-0?2
~2 e 242E-02
~-3.276F-02
~Q 4 T7TS9F-07
=6 «BS4AE-02
—Q ¢ TSTF=-02

ol



2.850F-03
3.917E-03
S5261E-03
6.880FE-03
8.751E-03
1.083E-02
1.306E-02
1.5396-02
1.779E-02
2.023F-02
2.270E-02
2+518E-02
2.7TBH7TE-02
3.017E~-02
3.266FE—-02
3516E-02
B3«766E-D2
44016602
4 +2H66E-02
4.516E-02
3, 756F—-02
54016E~02
Se266E-02
5«516E-02
S«766F-02
6.016E—-02
6.266E-02
6e516E-02
6. 7THEF-D2
7e016F-02
7 e 266E~02

1.660E
1 .510FE
1.386E
1.288F
1.213€
1.153E
1.108E
1.065E
1.043F
1.022E
1.004E
S.910F
9.820E
O T4EE
G.673E
Qe 6E23F
9 «595E
9.568E
9.534E
Q.513F
G« 508E
G« 499F
9.480E
G.471F
GedT4E
G.472E
D 459F
S.454F
S.461E
G .462E
Fe451E

01
01
01
01
01
01
01
01
01
01
01
00
00
Do
0o
00
00
00
oo
00
00
00
00
00
00

00
00
00
o¢
00

1.132€F
1.148£
1.165F
1.183F
1.200F
1.217F
1.233€
1.249F
1.263F
1.277F
1.290F
1.303F
1e314E
1.326E
1.338F
1.349F
1.359E
1.370€
1.381F
1.391F
1.401F
l.411FE
1422E
1.432F
1.442F
1.452F
1.462F
1.472EFE
1.482F
1.492F
1.502€E

00
Qo
00
00
0o
00
o0
00
0o
00
00
no
00
o0
00
00
00
00
00
0o
00
o0
00
00
00
00
0o
00
on
00
on

1.011E
1.015F
1.021E
1.028€
1.035E
1.043EF
1.052F
1.062F
1.071E
1.081F
1.091¢€
1.101F
1e111E
1.121F
1.131F
1eld1E
1.151FE
1.161F
1.171F
l1.181¢€
1.191F
1.201E
1.211F
1.221F
1231 F
1.241FE
1.251FE
1.261E
1.271E
1.281F
1.291FE

on
00
nn
on
on
nn
00
81¢}
0o
0o
o0
00
on
o0
on
on
o0
00
00
no
0n
oo
ap
00
00
00
o0
on
on
00
on

=1.368BE~-0D1
—1.880E~-01
—2525F=-01
—3.302F-01
=4 .,200E-01
—5.197F-0N1
—5.267E-01
—7 «387E-01
-8,540F-01
~9.713E~-01
-1.090F OO0
—-1.209F 00O
-1.328E 00
-1.448F€ 0O
—1.568F 00
—-1.688F 0D
—1.B0BF 0O
=1.928 00
—-2.048F On
-2.168F 0N
—2«288F 00
~2+408F NO
—2,528E 0O
—2+.648E 00
—2.7HBE 0OD
—2.88R8E 00
—3.008F OO
-3.248F 00
—3.36RE OO0
-3.488F nNO
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N= 1.0000
PRANDTL NO.=
AT Y=0, FLUX=
AT Y=1, FLUX=
DXS=5.,E£-08
DR=,.,02

z

1.250FE-08
4,109F-08
8.150E-08
1.417E-07
2.309E-07
3.831E-07
5.588B£-07
B.48B9E-07
1.279E-06
1.915E-06
2.858E-06
4.255E-06
5e328E-056
F.389F-06
1.393E-05%
2.D65E-05
3.059E£-05
4 .530E-05
6. 7TO04E-05
9.915€E-05
1.465E~-04
2161E-04
3.182E-04
4 «6T7CE~-04
5 eB25E-04
G eI15E-D4

DH/RT=
1000
1.0000
0
DXL=S.E-0

NDRDIV=10

T({MEA

1.000E
1.000FE
1.000E
1.000E
1.000E
1.000E
1.000F
1.000E
1.000F
1.000E
1.000E
1.000E
1.000E
1.000FE
1.000E
1.000F
1.000F
1.000E
1.000F
1.000€F
1.000FE
1.000F
1.001F
1.001E
1.001E
1.002€

CHANNEL
BRINKMAN ND,=

3 =—115.
NDRWAL =2

N) T{(WALL)

{HEATED)

00 1.003E 00
00 1.003 00
00 1.005F 00
00 1.D06E 00
00 1.0078 00
00 1.007F 00
00 1.009E 0D
00 1.010E 0O
00 1.012£ 00
00 1.213E 00
00 1.015F 00
00 1.018E 00
00 1.020E Q0
00 1.023E 00
00 1.026E 00
00 1.030E 00
oo 1.03a 00
00 1.038E 00O
00 1.044F 0D
o0 1.050F 00
00 1.057E 00
00 1.065E 00
00 1.074F OD
00 1.085E 00
o0 1.096E 00
00 1.109E 00

FLOwW
n

T(wWALL)

{INSULATED)

1.000F 00
1.003F=-00
1.000F 00
1.000E 00
1.000F 00
1.000F 00O
1.000E-0OD
1.0008 00
1.00DE-00
1.000F 00
1.000FE-0D0
1.000E-00
1.000F 0O
1.000E On
1.000E 0O
1.000E 0O
1.000F-00
1.702E 00
1.000E 00
1.000F 00
1.000F 00
1.003E 0o
100038 00
1.200F 00
1.000F 0O
1.000F 00

=

=5 JODDF-D7
-1.286F-0D56
=2« 256E-05
—3.702E-05
—S.RA42F=-0F
=9 .,014F-NFA
-1.371E-08
-2 0B7F-05%
~3.0993F-05
~4 4 B2H5F—-08
—H«BROFE NS
—1.024F~-04
=-1.521E-D4
—2 s 258E-04
—-3.345F-04
—4 ,958F-n4
—7 «384F~-04
-1 08B87F-0N3
—1 +609FE=-03
-2« 3RDF-N3
—3.516£-D13
~5.187E~-073
—7«6£36F-03
—1.121FE-02
—-1.63RF-02
-2 « 3R0OF-0O2

991



1.4285-073
24033E-03
2.8B50E-03
3.917E-03
5.261E-03
5.880FE-03
B8.751E-03
1.083E-02
1.306E-02
1.539E~-02
1«779E-02
2.023E-02
2.270E-02
2.318BE~-Q2
2.7T6TE-02
3.017E-D2
3.266E-02
3.516E-02
3. 766FE-02
4.016F-02
4 .266FE-02
4 .51€EE-02
4« 7THHE-02
5.016E-02
5 e258E-02
S5.516E—-02
Se7HEE-02
6.016E-02
He25€6E-02
E.HB16E-02
He7HEE-0Q2
7«016E-02
7Te266E-02

1.003E
1.D004F
1.006E
1.008¢C
1.011F
1.014E
1.018E&
1.022E
1.026E
1.031F
1.036E
1.041E
1.045E
1.050E
1.055F
1.060E
1.065E
1 .070E
1.075E
1.080F
1.085€E
1.090E
1 «095F
11008
1.108E
1.110CE
11158
1.120E
1.125E
1.130F
1.135E
1.140E
1.145E

0o
oo
o0
00
o0
00
0]¢}
00
00
00
o0
00
00
00
00
00
00
00
o0
00
00
00
00
00
oo
a0
o0
00
00
00
0o
00
00

le124F
1.140F
1.156F
1.174E
1.193E
1.212€
1.230F
1.248E
1.265E
1.281E
1.295€
1.309E
1.322E
1.334F
1.345E
1.356F
1.387F
1.377
1.386F
1.395¢€
1.405E
1.413F
1.421F
1.429€E
1.437E
1.445F
1.452E
1.4560F
1.467E
1.374E
1.481FE
1.487E
1.494E

00
00
00
o0
o0
00
on
oo
o0
on
00
o0
on
¢]e]
(004)
o0
oo
00
00
00
on
20
00
o0
o0
on
on
o0
Qo
oD
00
oo
00

1.000EFE
1.002E
1.000F
1.N00E
1.000E
1.002E
1.000E
1.000€
1.000F
1.000F
1.002F
1.000F
1.000FE
1.N001F
1001 E
1.002F
1.003¢
1.204F
1.005€
1.005F
1.008E
1.003F
1.011F
1.014F
1.015F
1eN018F
1.N021F
1.023r1
10275
1.030F
1.033F
1e035F
1e040F

on
00
no
on
Do
oo
o0
on
on
nn
on
00
0n
0o
on
on
oo
00
on
o0
0o
00
on
oD
no
oo
on
0n
on
oc
nn
nn
on

—3.427F~-02
—4 +B79E-02
—H.B39F-02
-3 .402F-072
—1 .263F-01
—1.651E-01
—2.100F-N1
-2 «S59BF-ND1
—3.133E-n1
—3.694F-01
-4 ,270E-01
-4 .,B56E-01
~5.,448E-01
—-6.04a8F-01
—5.641E-01
—7«240E-ND1
-7 .8325-01
-8.433E-01
=9 .039F~-01
-F.638F-01
=-1.024E 00
-l.084fF DO
-lel1844ar 00
—1.204F OO
~1.264E ON
—-1.324F 0N
-1«384F OO0
~le.444F DN
—1.504F On
—1.564F 0D
—-1.624F 00
-1.684F OO0
—-1«744F 00
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N= 1.0000 DH/RT= ) CHANNEL FLOW

PRANDTL NO.= 1000 BRINKMAN NO,= 0

AT Y=0, FLUX= 1.0000

AT Y=1,4 FLUX= 0

DXS=5.E~08 DXL=85,£—03 A=—115.

DR=,02 NDRDIV=10 NDRWAL =2

4 NU{LOCAL) T{wWALL) T{MEAN) =]

1.250E-08 1.D00F 0O 1.003E DO 1.000E 0D ~5+9784E-07
4.109E-08 1.000FE 0OC 1.003F 00 1.700E 00O -1.275E-058
B.150E-08 1.000F 00 1.005E 00 1.000F£ OD —2.237F~D6
1.417E-07 1.000E 00 1.006E 00 1.000F 0O ~B.EHB8E~-0F
2.309E-07 1.000F 0O 1.007¢ 00 1D000F 00 -5« 7TBSE-06
3.631E~-07 1.C00F 00 1.007E 0O 1.000FE-00 ~8.,929E-06%
S5.588E-07 1.000E 00 1.009E 00 1.003FE-00 -1 ,358F-0%
8.489E-07 1.000F 0O 1.010E 00 1.000E 00 —2.048F-0%5
1.279FE-06 1.000F 00 1.011E 00 1.000E 0O ~B.069E-05
1915E-06 1.000E 00 1.013E 00 1.0003% 00 -4 .,5832E-05
2.858E~06 1.000E 0O 1.015E DO 1000FE~-0D -5 .8285F-05%
4 .2556£-06 1.,000E 00 1.017E 0O 1.0005 ©D -1.014F-04
6 .324E-06 1.000E 00C 1.019FE 00 1.000FE 00 —1.506E-04
9 .3BGE-06 1.000€ o0 1.022€ 00 1.002E-00 —-2.235E-04
1.393F-05 1.000F 0O 1,025 00 1.000FE-0D0 -3.312F=-0D4
2e065E~05 1.,000E 00 1.029F 00 1.000E 00 —4 ,9D7F-04
3059E-05 1.0008 00 1.032E 00 1.002F OO ~7.265F-04
4 +4530E-05 1.000E 00 1.037E 00 1.007E-00 -1 ,075F=-03
H5.704E-05 1.000E 00 1.042E 00 1.0Nn2E 0O —1.588F-03
Qe915E-05 1.000E 0O 1.048F 00 1.002F 00 -2 .344F~-07
1.465E-04 1.000E 00 1.054F 00 1.2003% 0N -3.454F-073
2e161E~04 1.000E 00 1.061E OO 1.02003F 00 -5.,075E-073
3.122E-04 1.001E 00 1.070F 00 1.000F 00 ~7.437F-03
4 -H6T0E-04 1.001E DO 1.079F 00 1.002E 0N -1.085£-07
G.RA28F-04 1.,001E 00 1.0898 00 1.0005 0O —1.574F~-0D2
FL91EF-04 1.002F 00 1.101F 0D lennrn= 0N =2 4 26484F =00
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1.428E-03
2.033E-03
2«850E~-03
3.917E-03
5261E-03
6.8830E~03
8.751E~03
1.083E-02
1.306E-02
1.539E~02
1.779E-02
24023FE-02
2.270E-02
2.518E-02
2.767E~02
3.017F-02
3.266E-02
3.516E-0D2
3e766F~02
4.016E~-02
4 .26 6E-02
4.516E-02
4, 766FE-02
5.016E-02
Se266E-02
5.516E-02
54766E~-02
6.016E—~02
D e266E-02
HeS16E~-02
5 e THEF—02
7e016E-02
T 2H6E~-02

1.003E
1.004F
1.006E
1.008E
1.011E
1.014F
1.018E
1.022F
1.026E
1.031€
1,0386E
1.041F
1.046F
1.050FE
1.058E
1.061F
1,066
1.070E
1.075F
1.081F
1.086E
1.089E
1.095E
1.102E
1.,107E
1.108F
1.113E
l.124F
1.129E
1.126E
1.129E
1.147E
1.154F

o0
00
00
00
Do
00
00
00
oo
00
o0
00
00
00
o0
o0
Do
o0
00
00
00
oo
00
00
o0
o0
00
00
0o
o0
00
(o1¢]
o0

1lel114F
1.127E
1.142F
1.158F
1.175E
1.191F
1.207F
1.223E
1.238E
1.252F
1.265F
1.278F
1.290F
1.300F
1.311F
1.321F
1.331F
1.339F
1.348E
1.357€
1.366F
1.372E
1.379F
1.390F
1.398F
1.401E

1.429F
1.426E
1.429E
1.8448F
1.463F

00
oo
00
00
00
00
0o
on
00
00
on
00
00
00
o0
00
0D
on
00
00
2o
on
on
on
00
0o
on
00
00
00
o0
00
GO

1.000£-00
1000FE 00
1.00D0FE 00
1.000F 00
1.0020F 0o
1.200F 0D
1.2000F 00
1.000F 0O
1.000E 0D
1.003F 00
1.2000E 0D
1.000E 00O
10008 0D
1.001E 0O
1.001F 00
1.002E 0D
1.002F 00
1.003F 0D
1.004EF 0O
1.0058 00
1.007E DO
1.D003F 0D
1.011F on
10213 0D
12138 00
1.017£ 00
1.022% on
1.023E 00
1.025 00
1.023E 0On
1.032 o0
1.035F 00
1.037% 00

—3s224F~07
—4 ,B2BF-0D
—B.88RF-0P
—1.114F-01
—1429E~-01
—1e784F-0D1
-2.,167E-01
=2 .9830F~-01
-3,.394F-01
—3.80RF-01
—4 4218F-01
-4 .620FE-01
—5.019FE-01
~S5e412E~-D1
—54,799F-01
—54182F-01
—6.560F-01
—6He8202F-0D1
-7 .2935-01
—T7 e 655E~-01
—B.012FE-01
-8.358E-01
—8.698FE-01
-3 4040F-N1Y
-9.378F-01
-2 ,.699F-01
=1 .,001F nNn
-1.034F 0On
—1.09KF On
—-1.124E DO
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