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Analytical and numerical study of steady-state laminar natural

convection and conduction has been performed for an enclosure between

concentric vertical cylinders. The inner and outer cylinders were

isothermal, and the connecting top and bottom walls were adiabatic. A

concentric baffle was included in the annulus, and the flow field and

local heat transfer were investigated. The parameters of most interest

in this study were the relative conductivity of the baffle and the

properties of the fluid. A wide range of relative conductivities,

Prandtl numbers, and Rayleigh numbers was investigated, assuming a

particular cavity geometry with and without the baffle.

The effect of a finite conductivity wall on the outside of the

vertical annulus as well as the effect of high aspect ratio were also

studied for low Prandtl number fluids (liquid metals).

Results show that the relative conductivity of the concentric

baffle affects the structure of the flow and the local Nusselt numbers.

With increasing Rayleigh number, this effect diminishes. Multicellular

flow is observed in each of the annular channels with increasing baffle



conductivity ratio. A relatively low conductivity baffle promotes

uniform channel flow in the annuli at lower Rayleigh numbers. The heat

transfer results show that the baffle has an insulating effect at high

Rayleigh numbers regardless of its conductivity.

For the annulus with an outside wall of finite conductivity,

results show that the relative conductivity of the wall is an important

variable in determining the temperature of the rest of the domain.

However, the conductivity of the outer wall had little effect on the

structure of the flow field or the maximum velocities. For a higher

aspect ratio cavity without an outside wall, the maximum velocities are

higher while the overall heat transfer rates are found to be lower.

This can be attributed to cavity geometry and the mechanisms for heat

transfer above and below the baffle.
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NOMENCLATURE

AR - cavity aspect ratio, L/Ar

BH - baffle height fraction, Lb/L

BP - baffle placement ratio, rb/ro

BT - baffle thickness fraction, tb/Ar

g - gravitational constant

Gr - Grashof number based on cavity width, g f (Ti

h - convective heat transfer coefficient

K - radius ratio, ro/ri

KE - conductivity ratio, ks/kf

kf - fluid thermal conductivity

ks - solid thermal conductivity

L - cavity height cavity, see Figure 1

Lb - solid baffle height, see Figure 1

Nu - average Nusselt number

Nu - local Nusselt number

P - dimensionless pressure, p/p*

p - pressure

p* - reference pressure, p af2/Ar2

Pr - Prandtl number, v/a

R - dimensionless radial coordinate, r/Ar

r - radial coordinate, see Figure 1

Ar - cavity width, ro - ri

Ra - Rayleigh number based on cavity width, Gr Pr

rb - radius to solid baffle midplane

To) Ar3/p2

viii
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ri annulus inside radius, see Figure 1

rb annulus outside radius, see Figure 1

So source term for field variable 0 in the general transport equation

T - temperature

t time

tb - baffle thickness

u radial velocity

U dimensionless radial velocity, u/u*

u
*

reference velocity, af/Ar

axial velocity

V dimensionless axial velocity, v/u*

Z - dimensionless axial coordinate, z/Ar

- axial coordinate, see Figure 1

Greek Letters

a - thermal diffusivity

- thermal expansion coefficient

- scalar field variable for general transport equation

- dimensionless time ( t / t* )

r - diffusion coefficient for general transport equation

0 - dimensionless temperature (T - T0)/(Ti - To)

p - dynamic viscosity

v - kinematic viscosity

# - stream function

p - density



Subscripts

b - refers to the solid baffle

f - refers to fluid

i - refers to inside cylinder

o - refers to outside cylinder

s - refers to solid

Superscripts

* - refers to reference for non-dimensionalization



Natural Convection and Conduction
in a Vertical Annulus with a Concentric Baffle:

a Numerical Study

1. INTRODUCTION

1.1 Rationale

The study of heat transfer and fluid flow in vertical annular

cavities has a number of important practical applications. Included

are spent nuclear fuel storage casks, cooling of fuel assemblies for

different types of nuclear power plants, passive cooling of power

transformers, and storage tanks of many varieties. Recently, this

cavity geometry has shown some promising heat transfer rates for

natural convection, particularly with liquid metals as the working

fluid. .

Natural convection has recently been studied for use in cooling

fuel assemblies in small liquid metal cooled reactors. Natural

convection also plays an important role in emergency cooling of liquid

metal pool type reactors common in Europe.

Natural circulation is not only important for emergency cooling

but it has also been studied as a means of controlling fuel temperature

in several reactor designs. In vertical double annuli cavities, the

conductivity of the baffle between the inside and the outside annuli

can be adjusted to provide a means of controlling the strength of the

circulation, and thus the fluid and fuel temperatures [1]. The

effective conductivity of a wall or baffle can be controlled by the
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relative composition of two inert gases inside a cavity in the baffle

or wall. Liquid metal natural convection for double annulus cavities

has not received much attention in the open literature.

A good deal of research has been performed for simple vertical

annular enclosures with the exception of low Prandtl number fluids.

The many applications for vertical double annular enclosures require

some basic research on natural convection, conduction, and radiation in

more complex vertical annular cavities.

1.2 Statement of the Problem

Figure 1 shows an isometric view of natural convection in a

vertical annular cavity with a concentric baffle. A Newtonian fluid is

assumed to fill the cavity between the concentric cylindrical surfaces.

Both the inner and outer cylindrical surfaces are maintained at a

constant temperature. The inner wall is at an elevated temperature

with respect to the outer wall. The temperature gradient causes

density gradients in the fluid. The changes in local density (hotter

and lighter fluid near the inner cylinder) interact with the uniform

gravity body force in the axial direction to cause the circulating

motion shown in Figure 1.

The problem is two dimensional axial symmetric. The swirling

component of the flow is assumed to be zero. This assumption is valid

for perfectly vertical cylinders with resulting flow patterns that are

toroidal in shape. The time dependent expressions in the governing

equations are set to zero and the steady state condition is considered.
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Fig. 1 Isometric view of natural convection in a double
annulus cavity.
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The fluid is assumed to be a Newtonian fluid with a density that is a

linear function of temperature over the range of temperatures studied.

The density is considered to be a constant except in the source term of

the axial direction momentum equation (the Boussinesq approximation).

In addition, the fluid is assumed to be non-participating with

negligible heat transfer by thermal radiation. Simple isothermal

boundary conditions are assumed for the inside and outside cylindrical

boundaries. Adiabatic conditions are assumed for the top and bottom

boundaries.

The solid baffle is included explicitly in the domain of the

solutions making this a conjugate heat transfer problem with natural

convection and conduction in the fluid and conduction in the solid

baffle.

1.3 Literature Review

A conference held in July of 1982 outlined the current state of

the art and addressed the future research needs for natural convection

and conduction in enclosures [2]. The need for experimental work with

low Prandtl number fluids as well as flow and temperature measurements

in communicating or baffled enclosures was highlighted. Numerical

solutions for natural convection in communicating cavities are an

important supplement to experimental work. Often, these numerical

simulations provide the only possible flow visualization for particular

fluids or geometries. For vertical annular enclosures, numerical
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simulations provide a cost effective method for examining the details

of fluid recirculation patterns.

A yearly heat transfer literature review has been provided by

E.R.G. Eckert et al. [3] since 1978 in the December issue of the

International Journal of Heat and Mass Transfer. These reviews have

shown considerable continued interest in natural convection in

enclosures as evidenced by the large number of published papers.

1.3.1 Natural Convection in Enclosures

Natural convection in enclosures with low Prandtl number fluids

has received increased attention partly due to the use of liquid metals

as the working fluid in nuclear reactors. Recently, Viskanta et al.

[4] investigated liquid metal natural convection in a rectangular

enclosure. Their study included both experimental results and

numerical simulations for the general three dimensional case. They

showed that in rectangular enclosures, three dimensional effects

develop not only near the walls but also in the center of the cavity.

No comprehensive study of liquid metal natural convection in annular

enclosures has been performed. However, there are a number of

experimental studies which address the performance of equipment using

liquid metals as the working fluid.

Natural convection in horizontal annuli has been studied

extensively. A recent study [5] addresses the effect of low

conductivity radial baffles in horizontal annuli. Isotherms were

visualized with a Mach-Zender interferometer. The purpose of this



study was to determine the optimal placement of two low conductivity

radial baffles to minimize the heat transfer rate. The horizontal

cavity lends itself to flow and temperature visualization studies of

this type. Because the flow patterns in vertical annuli are toroidal

in shape, it is difficult to study details of the flow patterns or

temperature fields with visualization techniques. Investigators have

instead relied on numerical methods.

Natural convection in a simple vertical cylindrical enclosure was

recently studied by Huang and Hsieh [6]. They studied a unity aspect

ratio cylindrical enclosure with a cold bottom wall and hot top and

side walls. This study concentrated on fluid properties and boundary

conditions which simulate heat transfer and fluid flow in large oil

storage tanks. Because the cylinder was vertically oriented, the

results of the Huang/Hsieh study were used in a comparison test to

verify the operation of the computer code used in this thesis. The

different boundary conditions provided a robust check on the computer

program used here.

Charmchi and Sparrow [7,8] recently carried out solutions for

natural convection in the enclosed space between two concentric

vertical cylinders, with each cylinder being maintained at a different

uniform temperature. This study falls into the category of natural

convection between a body and its enclosure. In the Charmchi/Sparrow

study, the body and the enclosure were both vertically oriented

cylinders. Both numerical and experimental solutions for the local and

average heat transfer rates were obtained.
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The effects of wall conduction and radiation on natural convection

in a rectangular enclosure were studied extensively by Kim and Viskanta

[9,10]. Numerical methods and experiments were used to determine the

overall conjugate heat transfer rates as well and the local heat

transfer and fluid flow. Many of the numerical procedures and

graphical presentation techniques used in this thesis were inspired by

DongMoon Kim's doctoral thesis on the effects of wall conduction on

natural convection [11].

1.3.2 Natural Convection in Annular Enclosures

High speed digital computers have been used to solve heat transfer

and fluid flow problems since the mid 1960's. In the case of vertical

annuli, these numerical simulations provided the first clear picture of

the nature of the buoyancy induced fluid flow. Table 1 summarizes the

significant papers on natural convection in vertical annuli since 1966.

All of the papers listed involve simple vertical annuli with different

fluids, boundary conditions, or geometrical parameters. The definition

of the geometrical parameters is consistent for all of the entries in

Table 1. The aspect ratio is the ratio of the cavity height to the gap

width, and the radius ratio is the ratio of the outer radius to the

inner radius. Each paper will be discussed in order.

The paper by De Vahl Davis and Thomas in 1969 [12] described the

results of the first numerical study of fluid motion and heat transfer

for vertical annular geometries. In this study the radius ratio was in

the range 1-4, and the aspect ratio was in the range 1-20. Their first
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Table 1 Summary of studies on natural convection in vertical annular
enclosures.

Aspect Radius Ra Number
Reference Ratio Ratio Fluids Range Remark

Davis and
Thomas (1969)

1 - 20 1-4 Gases
.5<Pr<5

Ra < 2X105 Numerical
Pr = 1

Thomas and
Davis (1970)

1 - 20 1-4 Gases
.5<Pr<5

Ra < 2X105 Numerical
Pr=1, K=1,4

Sheriff
(1966)

36,76
228

1.23

1.1, 1.03
CO2 105<Ra<108 Experiment

Qi =

Schwab and
DeWitt (1970)

.5-3 2 .7<Pr<100 Ra<5X105 Numerical
24 cases

Nagendra and
Tirunarayanan
(1970)

2.28
180

Water 10 <Ra<1010 Experiment
Ti =

Keyhani and
Kulacki (1983)

27.6 4.33 Air
Helium

103<Ra<2.3X106 Experiment
Qi = t

LittleField
and Desai
(1986)

10-50 1.5-5 Pr=10 Ra <10S Numerical

Qi =

Al-Arabi and
El-Shaarawi
(1987)

0.26
0.5, 0.9

Pr=0.7 103<Ra<3X105 Numerical
Experiment
Open ends

V.Prasad and
F.A. Kulacki

1-20 1-26 Porus
Media

Ra<105 Numerical

(1984)
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paper [12] described the stream function/vorticity method used and

presented stream function and isotherm contours. The second paper by

Thomas and De Vahl Davis [13] presented the results of their numerical

simulations in terms of correlations for the flow regimes (conduction,

transition, and boundary layer), the heat transfer rates, and the

critical Rayleigh numbers for onset of multicellular flow. These two

papers present a starting point which has been used for almost all

papers since 1970 which involve natural convection in vertical annuli

for Newtonian fluids. The majority of the simulations performed by

Thomas and De Vahl Davis were for Pr=1, and K= 1-4. Low Prandtl number

fluids were not studied.

The experimental work of Sheriff [14] provides data for the

constant heat flux boundary condition on the inner wall for high aspect

ratio annuli with radius ratios close to unity. Pressurized CO2 was

considered as the working fluid.

Schwab and DeWitt [15] used a stream function/vorticity

formulation to study natural convection in vertical annuli with K.2,

and AR=0.5-3. They used detailed stream function and isotherm contours

to get a qualitative understanding of the local heat transfer and flow

field. They made the observation that the central region of the

vertical annulus was stagnant and thermally stratified with an almost

uniform temperature gradient at the higher Rayleigh numbers. The

method of graphical interpretation used in the Schwab/DeWitt study was

adopted for use in this thesis.

Exhaustive experimental work with wires in annuli and long

cylinders in annuli are provided in a paper by Nagendra et al. [16].
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large range of aspect ratios and high Rayleigh numbers were

investigated using two different radius ratios. Water was the only

working fluid considered.

The effect of radiative transfer for vertical annuli in which the

working fluid is a participating gas was investigated by Keyhani et al.

[17]. The geometry, boundary conditions, and working fluids were

applied to the study of spent nuclear fuel storage casks. With air, it

was found that thermal radiation can account for as much as 50% of the

total heat transfer. The percentage was somewhat less for Helium as

the working fluid. The results also indicated that the inner wall

constant flux boundary condition results in overall Nusselt numbers

that are higher than for the isothermal wall condition. A detailed

description of the apparatus and instrumentation used in this work is

given in a separate paper [18].

Littlefield and Desai [19] were the first to study the constant

heat flux boundary condition on both the inside an outside walls.

Correlations for the average Nusselt number are presented.

A vertical annuli in which the top and bottom boundaries are open

to a fluid at an ambient temperature was studied by Arabi et al. [20].

Three radius ratios were used in both experimental and numerical

studies. Simulations of the local Nusselt numbers agreed within 10% to

the experimental results.

A thorough study of natural convection in a vertical annuli filled

with a porus media has been performed by Prasad and Kulacki [21]. They

studied a wide range of aspect ratios (1-20) and a wide range or radius

ratios (1-26). Although the conductive effects are higher in porus
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media, many of the isotherms and stream line contours presented in

their study are quite similar to the solutions for Newtonian fluids.

In addition to the works listed in Table 1, there are several

experimental investigations which address natural convection in

particular apparatus. Eyler and Kim [1] recently studied a reactor

fuel assembly that was cooled by a liquid lithium natural circulation

loop. This study focused on a development of a nomographic analysis

technique for optimizing the geometry to maximize the heat transfer

rate.

A concentric tube thermosiphon which uses natural convection heat

transfer was studied by Steimke [22]. The particular apparatus modeled

one type of SRP reactor assembly. This reactor assembly is a vertical

double annulus. Under certain conditions after reactor shutdown, the

residual decay heat in the assemblies is removed by natural convection

only. One dimensional model equations for continuity, momentum and

energy were solved numerically and compared to experimental results.

In a related work dealing with nuclear reactor components, gas

buffered sodium heat pipes were studied for use in the UK PFR reactor

to control the temperature of irradiation specimens [23]. This work

showed how variable conductivity walls filled with argon could be used

to precisely control temperatures.

In another experiment [24], the geometry of a simple vertical

annulus and the spacing of radial baffles were changed to minimize the

heat transfer rate. The application was for insulation of temperature

sensitive instruments in industrial equipment.
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The stability of laminar natural convection in vertical annuli was

studied by Weidman and Mehrdadtehranfar [25]. They studied moderate

Prandtl number fluids (15-150) over the Rayleigh number range 104 to

106. They observed the critical Rayleigh numbers, wave speeds, and

wavelengths at the onset of instability. Choi and Korpela [26] studied

the same phenomenon using linear theory. They observed that for low

Prandtl numbers, larger curvature resulted in more stable flow.

The pseudosteady-state condition (the wall temperature increased

at the same rate as the interior temperatures) was studied for a simple

vertical cylinder by Lin and Akins [27]. A correlation for the average

Nusselt number is presented from both numerical and experimental

results.

1.4 Objectives

The objective of this study is to provide an improved

understanding of the general case of natural convection in vertical

annular enclosures with communicating baffles. Specifically, the

objectives of this thesis are:

Obtain steady state numerical solutions in primitive variables for

a wide range of Prandtl numbers, Rayleigh numbers and baffle

conductivities for a few selected cavity geometries

Study the effect of outside wall conductivity for a low Prandtl

number fluid
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Study a moderately high aspect ratio cavity (AR=5) for a low

Prandtl number fluid

For all cases, present qualitative analysis of flow and

temperature fields

For all cases, present quantitative average and local heat

transfer results

The correlation of average Nusselt number with the Rayleigh number and

other parameters is not considered because of the relatively small

scope of this study in comparison with the general problem.

Experimental methods were not considered because of the range of fluid

properties under consideration and limited resources.

This study will address three needs that have been identified in

the literature search for natural convection in vertical annuli. The

first is the need for more empirical data or numerical results for low

Prandtl number fluids. The second need is for basic research into

double annular cavities where the effect of the baffle conductivity is

accounted for. The third need is for data on the effects of finite

outside wall conductivity on the flow structure and heat transfer for

vertical annular cavities.

1.5 Scope

The general problem for natural convection in vertical double

annuli is determined by six geometric parameters, the fluid properties,

the wall temperatures, and the wall conductivity. The large number of
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independent parameters requires some simplifying assumptions to limit

the scope of study. The fluid and wall conductivity parameters are

retained while the number of parameters for the geometry were reduced.

A simple annular cavity and three cavity geometries with

communicating baffles were selected for study to reduce the number of

independent geometrical parameters. Starting with a few case studies

of interest, insight will be gained for continued study. Because of

the complex geometry, a complete treatment of the general case may not

be feasible.

The specific scope of this thesis is listed in Table 2 in the form

of the non-dimensional parameters and their associated values. Refer

to section 2.1 or the Nomenclature for the definition of the non-

dimensional parameters listed in Table 2.

Table 2 Governing non-dimensional parameters and associated values.

Parameter Value(s) Type

Radius ratio 10 Constant

Aspect ratio 2,5 Constant

Baffle thickness fraction 20% Constant

Baffle height fraction determined by Eq. (9) Constant

Baffle placement ratio determined by Eq. (8) Constant

Baffle conductivity ratio 0.1, 1.0, 10.0 Variable

Prandtl number 0.01, 1.0, 100 Variable

Rayleigh number 103, 104, 105, 106 Variable
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All of the permutations for the variable parameters in Table 2 are

studied for the AR=2 cavity. The study of the other cavity geometries

focuses on Pr=0.01 fluids. In all, 72 simulations were performed for

three different cavity geometries. In addition, the simple annulus

without a communicating baffle (AR=2, K=10) is studied to provide a

starting point for understanding the effects of the baffle.

A higher aspect ratio cavity is studied for all combinations of

Rayleigh number, and baffle conductivity for low Prandtl number fluids

(12 simulations required).

The effect of outer wall conductivity requires an additional

parameter (total of 10 parameters) to include the outer wall effective

conductivity. This case is studied for Pr=0.01, a baffle conductivity

ratio of 0.1, all Rayleigh numbers, and three outer wall conductivity

ratios (KE0 = 0.1, 1.0, and 10).
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2. ANALYSIS

Numerical methods are employed to study the two dimensional

conjugate heat transfer problem involving natural convection, and

conduction in cylindrical coordinates. The numerical method provides

solutions in the primitive non-dimensional variables selected. The use

of a numerical method allows the study of a wide range of fluid and

geometrical parameters that would have been difficult to model with a

physical apparatus.

2.1 Model of the System

The model of the system is shown in Figure 2. The cavity enclosed

by two cylinders has adiabatic top and bottom boundary conditions and

isothermal walls. The inner wall is maintained at a higher temperature

than the outer wall. The temperature gradient near the inside wall

causes a density gradient in the fluid. Lower density, hot fluid near

the wall rises in the presence of a gravity field in the negative z

direction. The fluid is replaced by colder, higher density fluid from

the colder outside wall. The resulting flow pattern is a natural

convection cell. The solid baffle in the cavity is symmetrical about

the centerline of the inner and outer cylinders. This wall has a

finite conductivity and is modeled explicitly in the domain of the

numerical simulations.
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The fluid in the cavity is assumed to be a Newtonian fluid that

satisfies the Boussinesq approximation. This means that the density of

the fluid is a linear function of temperature over the temperature

range of interest. Also, the density is considered a constant in all

terms of the governing conservation equations except the source term of

the axial momentum equation. The fluid is assumed to be non-

participating with negligible heat transfer by thermal radiation. This

assumption is not valid for many gases [17]. The range of Rayleigh

numbers was selected to limit the study to laminar natural convection

and conduction. In addition, only the steady state condition is

examined. Table 2, in section 1.5, summarizes the particular cavity

geometry and the range of other parameters considered in this thesis.

2.2 Governing Differential Equations

With the foregoing assumptions, the governing equations for the

model are the conservation equations for mass, momentum and energy in

the fluid, and energy in the solid written in cylindrical coordinates.

The variables used in equations 3 through 7 are defined in the

Nomenclature. The time dependent terms in these equations have been

included for reference. For steady state solutions, the first term in

each equation would.be zero. The viscous terms in the momentum

equations are also assumed to be negligible.

Continuity equation:

( r u ) 0

(3)
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Momentum equation: z direction (4)

6(Pv) h(Pvv) 71-17(rPuv) 160i .F
(µr

Momentum equation: r direction
(5)

6(Pu) 16(Pvu) 6(rPuu) 1'1(0 VI +
1 a 'aux Bp

tOr 1A-2-

Energy equation: Fluid (6)

aT
+ h(vT) + .;.17(ruT) = ;(af + 147(afr

Energy equation: Solid

= hcas + _,_.(asr .g4,)

( 7 )

Equations 3-7 are written in terms of the primitive dimensional

variables of temperature, velocity, and pressure.- Each equation is

comprised of time dependent and convective terms on the left-hand side,

and diffusive and source terms on the right-hand side. For the energy

equation in the solid, the convective terms are zero.

2.3 Dimensionless Governing Differential Equations

The model equations described in section 2.2 can be expressed in

dimensionless form by introducing suitable dimensionless variables.

Natural convection and conduction for Newtonian fluids in the type of

cavity shown in Figure 2 is governed by six geometric parameters (ri,

ro, rb, tb, Lb, and L), the fluid properties, the wall temperatures,

and the baffle conductivity. A suitable non-dimensionalization was
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selected which reduced the number of geometric parameters to five. The

gap width (ro - ri) was selected as the characteristic length. The

five independent geometric parameters are listed in Table 3.

Table 3 Non-dimensional leometric parameters.

Radius Ratio, K = ro/ri

Aspect Ratio, AR = L/Ar

Baffle Thickness Fraction, BT = tb/Ar

Baffle Height Fraction, BH = Lb/L

Baffle Placement Ratio, BP = rb/ro

An equal flow area constraint is applied to eliminate two of these five

geometric parameters. For a given baffle thickness fraction, the other

two non-dimensional parameters for the baffle (height and radial

placement) can be calculated from the constraint that the wetted flow

areas for the inner annulus, the outer annulus, and cylindrical flow

areas above and below the baffle are equal. This flow area constraint

eliminated the possibility of a bottle neck with excessive pressure

drop. The following equations show how this constraint determines rb

and Lb for a given baffle thickness fraction.
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(8)

(9)

The geometry of the annulus was fixed by specifying the three remaining

parameters. All eight governing non-dimensional parameters with their

respective values or ranges are shown in Table 2 in section 1.5.

The large number of parameters requires that the scope of the

study be limited in some way. The values for the radius ratio and

baffle thickness fraction (K=10, BT=20%) were chosen rather arbitrarily

to restrict the study to a particular class of cavities.

The reference velocity, pressure, and time are indicated by an "*"

superscript in the equations below.

= z R =
rrr.

V

7
=

t

*t=

*

p

af
-

Art
a

The density is assumed to be a constant in all terms of the equations

except the source term of the z direction momentum equation. In this

case, the density is taken to be a linear function of temperature (the

Boussinesq approximation).
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P = Po [il - 13(T - To)] (10)

The dimensionless variables listed above along with the Prandtl number

and the Rayleigh number based on gap width can be substituted into

equations 3-7 to derive the non-dimensional governing differential

equations. Again, the time dependent terms have been included for

reference.

Continuity equation: (11)

+ h(RU) + = 0

Momentum equation: Z-direction (12)

8V a 8+ (VV) + (RUV) = Pr
8
2
V , iaav,

n(11
n

NV
az'

aP
-8-7 - Ra Pr 0

Momentum equation: R-direction (13)

8U + 8 1 8
2
U 1 8 8Unou) + vue

az-

Ruu) = Pr vueR NT)
8P

- Pr
BIT 7

Energy equation: Fluid (14)

ao a18+ u(vo) + (RU9) =
820 1 8 to aol

blT`"
az
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Energy equation: Solid (15)

The effective conductivity (KE), which is defined as the ratio of the

wall conductivity to the fluid conductivity, enters explicitly into the

energy equation for the solid. For the steady state solutions

considered here, the first term in each equation is zero.

The boundary conditions for equations 11-15 are the adiabatic

condition on the cavity top and bottom walls, the constant temperature

condition on the inner and outer cylindrical boundaries, and the no-

slip condition on the velocities on all solid surfaces. In equation

form, the boundary conditions are:

80
FZ

80
= 0

0
= 0

Z=0 Z=2

0 = 1 , (R = ri/Ar, Z) 0 = 0 , (R = ro/Ar, Z)

U = V = 0 , (All solid surfaces)

The local Nusselt number is defined as the local gradient of the

dimensionless temperature in the radial direction. The average Nusselt

number is defined as:

L

Nt7 = I 00 dZ (16)ZIT
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2.4 Numerical Method

The numerical method used in this thesis was developed in the mid

1970's by S.V. Patankar for solutions of two dimensional fluid flow and

heat transfer. The method is a finite difference method call SIMPLER

for Semi-Implicit Method for the solution of Pressure Linked Equations,

Revised. SIMPLER utilizes a staggered grid for the velocities to

eliminate the possibility of a wavy velocity field satisfying the

continuity equation. The method is described in detail in a recent

publication [28]. The major features of the numerical method will be

highlighted here. The reader is referred to [28] for a more complete

discussion.

All of the conservation equations listed in sections 2.2 and 2.3

can be expressed as a general differential equation where 0 is any

scalar field variable, r is the diffusion coefficient for 0, and S is

the source term for 0 (Eq. 17). Table 4 shows the definition of each

of the general terms for the continuity, momentum, and energy equations

written in cylindrical coordinates.

General transport equation:

a
rt- (0) + div(pU0) = div(r grad 0) + So ( 1 7)
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Table 4 Definition of terms in the general transport equation.

Equation r

Continuity

Axial Momentum

Radial Momentum

Energy (fluid)

Energy (solid)

1

V

U

0

0

0

Pr

Pr

1

KE

0

BP
- - - Ra Pr 0

BP U
-.611 - .-

o1---.1
R`

0

0

The computer program used in this thesis is a modified version of

Patankar's code [11,29]. Figure 3 shows a flow chart of the MAIN and

USER programs. The subroutines in the USER program define the problem

to be solved. Six subroutines (GRID, START, DENSE, BOUND, OUTPUT, and

GAMSOR) completely define the physical domain of the finite difference

simulations, boundary and initial conditions, diffusion and source

terms, convergence criterion, and all field variables to be solved.

The MAIN program employs the SIMPLER scheme and controls the solution

procedure. The SIMPLER algorithm is summarized in Table 5 which is

taken from reference [28].

A complete listing of the SIMPLER MAIN program is included in

Appendix A. The USER subroutines for each of the three main cavities

considered in this thesis are included in Appendices B through D. A

flow chart which shows the major subroutines and the different FIXED

and USER subroutines is shown in Figure 3. The functions of each major

subroutine are summarized below:
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Table 5 SIMPLER algorithm.

1. Start with a guessed velocity field.

2. Calculate the coefficients for the momentum
equations and hence calculate a set of
pseudo velocities.

3. Calculate the coefficients for the pressure
equation and solve it to obtain an approximate
pressure field.

4. Solve the momentum equations with the approximate
pressure field to obtain approximate velocity
fields.

5. Calculate a mass source term from the approximate
velocity and pressure fields using the continuity
equation. Solve a pressure correction equation.

6. Correct the velocity field with the pressure
correction results. Do not correct the pressure

7. Solve the discretization equations for other
scalar field variables if necessary.

8. Return to step 2 and iterate until convergence
(mass source term near zero or some other
criterion).
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USER Subroutines

GRID

A

Typical

Iteration

STOP

SETUP

SETUP1

SETUP2

DIFLOW

SOLVE

SUPPLY

UGRID

PRINT

START

DENSE

BOUND

OUTPUT

GAMSOR

Fig. 3 Flow chart of the SIMPLER computer program.
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USER Program Subroutines:

GRID Set overall domain dimensions. Determine number of nodes and

all control volume dimensions. UGRID can be called to

generate uniform nodal grids.

START Sets the boundary condition temperatures and other constants

such as the Rayleigh number and Prandtl number. Sets initial

conditions.

DENSE Sets the density in the domain. Density can be updated on

every iteration. In the present study it is constant.

BOUND Set the boundary conditions on all scalar variables O. In

the present study, the constant temperature and adiabatic

conditions and the no slip conditions on the velocity are set

here.

OUTPUT Convergence checking can be done here. Output for each

iteration and final file output are also written here. The

stream function is calculated before final output.

GAMSOR The diffusion coefficients (r) and the source terms for each

field variable are calculated here.
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MAIN Program Subroutines:

SETUP Determines the coefficients for the discretization equations.

Employees the SIMPLER scheme.

DIFLOW Uses a power law scheme to determine the diffusion/convection

coefficients of the discretization equations.

SOLVE Solves the set of simultaneous linear equations for each of

the defined field variables. Uses an iterative method.

UGRID Defines a uniform grid based on overall domain dimensions and

the number of nodes.

PRINT Prints a formatted output file.

Each scalar variable is solved on a single finite difference grid with

the exception of the velocity which is solved on a staggered grid.

Figure 4 shows a sample nodal network with the variable names used

in the SIMPLER program listed in Appendix A. Note that the dashed

lines indicate a control volume boundary and the solid lines indicate

the main gird network for the nodes. Temperature and pressure nodes

are located at the center of the defined control volumes. The velocity

components u and v are located at the control volume faces (see Figure

4) in a staggered grid from the other scaler field variables.
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Fig. 4 Control volume nodal network scheme used by the SIMPLER
program.
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The nodal network shown in Figure 4 is a uniform grid. Because

the local heat transfer on the inner and outer wall was to be

determined, a non-uniform grid generator was written for the SIMPLER

program. This routine allows packing of nodes near the solid/fluid

interfaces. Equation 18 shows how a packing factor (f) can be used to

place N nodes between Xi and X2 with packing near the wall at Xi.

X(i) = X1 + (X2 - X1)(i /N) f , i = 1,N (18)

The packing factor adjusts the degree of packing. Several figures in

section 3 show scale drawings of the nodal networks used for each of

the cavities considered.

Several programs were written to analyze the data and produce

plots. A program called RESULT calculated the local Nusselt number,

integrated over the non-uniform spaced grid and presented the average

Nusselt number and local Nusselt number plots. A second program called

PLOTTER created the vector, stream function, and isotherm plots. The

PLOTTER program interpolates the staggered grid velocities to the node

positions in the grid. The origin of each vector in these plots is the

node location. The PLOTTER and RESULT programs make use of a library

of graphic subroutines written for VAX computers under the VMS

operating system. The output of the PLOTTER and RESULT programs was a

graphics file that was printed with a high speed laser printer.
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3. RESULTS

3.1 Introduction

The USER subroutines were written and several new features were

added to the computer programs used in this thesis. The most

significant additions were:

A non-uniform grid generator to pack nodes near the solid/fluid

interfaces

Explicit modeling of a solid concentric baffle using a single

scalar temperature variable and one energy equation

Convergence criteria testing

Cotpilation of the major programs for use under a different

computer operating system

An orderly approach to the solution of increasingly complex problems

was adopted to gain confidence in the simulation results. The cases

were considered in the following order:

1) Comparison with analytical results for simple conduction in an

annular solid

2) Comparison with previously published results

3) Grid Refinement Study



33

4) Natural convection and conduction in a simple vertical annulus

with AR=2, K=10 (without baffle)

5) Natural convection and conduction in a double vertical annulus

cavity (Figure 1)

6) Natural convection and conduction accounting for an outside wall

of finite conductivity (low Prandtl number fluid only)

7) Natural convection and conduction for a high aspect ratio cavity

including the concentric baffle (low Prandtl number fluid only)

The first three steps in this list were performed for the purpose of

computer code verification. The remaining 4 steps required 72 separate

numerical simulations to complete the scope of this study. .

All of the attempted solutions converged with a reasonable

investment of computer time. Some experimentation with the relaxation

factors and reasonable initial guesses were required to make the

solutions converge within several hundred iterations.

A graphical method for the analysis of large data sets was adopted

to provide a means of overview analysis. Three graphs were generated

for each numerical simulation in this study. A illustrative sample of

these plots is presented in this results section.

A set of custom graphic presentation programs were written which

provided for the use of a high speed laser printer to generate complex

graphical output. For each of the 72 simulations, isotherm contour,

velocity vector, and stream function contour plots were generated.

This resulted in the generation of 216 graphs. In addition, the local

Nusselt numbers on the inner and outer wall were calculated and plotted
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in groups for comparison. This resulted in the generation of 124

additional plots for analysis. The side-by-side comparison of a large

number of plots was the primary analysis method for the comparison of

large quantities of data.

Vector and stream function contour plots are both useful for

revealing different parts of the flow field. The vector plot shows the

magnitude and direction of the velocity at each nodal point and reveals

the boundary layer shapes. The stream function contour plots reveal

the location and size of recirculation patterns. The temperature

contours show the temperature distribution.

3.2 Stability and Accuracy

The criterion used to gauge the convergence of all solutions was

the maximum change in all three field variables (temperature and two

velocity components) between successive iterations. The pressure field

variable is converged as part of the SIMPLER algorithm outlined in

Table 5. A solution was judged to be converged when the maximum

difference for each of the three scalar variables was less than 0.2% of

the previous value.

3.2.1 Notes on Convergence

The solution of conjugate heat transfer and fluid flow problems

with any iterative numerical methods is subject to instabilities and

divergence. The SIMPLER program used in this study was no exception.
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Several procedures helped to stabilize the solutions and speed

convergence thereby saving computing time.

A procedure which saved considerable effort was the use of a

single finite difference mesh for all cases with the same geometry.

This meant that previous solutions could be applied as an initial guess

for the next solution. This also meant that a different USER program

for each Rayleigh number was not required. Including the bench-mark

and comparison studies, there were six nodal networks that were

generated. The use of non-uniform grids allowed several nodes to be

packed near the surfaces where heat transfer results were to be

calculated. This resulted in considerable savings in computer time over

the uniform grid methods.

Under relaxation of the energy and momentum equations was

necessary to get the solutions to converge. The value of the

relaxation factors was determined by trial and error. A relaxation

factor of 0.5 for the momentum equations was found to be speed

convergence for recirculating flows, and a relaxation factor of 0.8 was

satisfactory for the energy equation. The energy equation generally

converged more rapidly than either of the momentum equations.

The processing time required for the solution of each simulation

depended on the number of nodes in the model, the Rayleigh number, and

the Prandtl number. The largest nodal network used in this study was

28 by 24, or 672 nodes used to study the vertical annulus with AR=5.

The number of iterations required to meet the convergence criterion

varied from 75 to 550 iterations. For a VAX 11/785 computer with

floating point accelerator, this translates into a range of processing
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times from 10 minutes to over an hour for each simulation. The average

number of iterations for all simulations was about 230 or about 30

minutes of computer time per run. This does not include the computer

time used to process the program output and generate the graphical

results.

A separate energy balance criterion was applied as a

reasonableness check on the data after the average Nusselt numbers were

calculated for the inside and outside wall. The total amount of heat

transfer through the system must be constant since the top and bottom

wall are assumed to be perfectly insulating. In cylindrical

coordinated, this energy balance can be stated in terms of the Nusselt

numbers and the radius ratio.

NU. = K
ro (19)

In almost all cases, this energy balance criterion was met to

better than 1% of the average Nusselt number. The energy balance for

the vertical annulus with an outside wall was not met as tightly as for

the other cases (Average Error = 8%). This can be attributed to the

difficulty in calculating an accurate local Nusselt number on the

outside wall since the finite difference grid method did not allow a

separate computational node at the control volume boundary between the

fluid and the solid at the outside wall (see Fig. 4 and Fig. 8c).

A limitation on the rate of change of the control volume

dimensions for neighboring nodes was also discovered when generating

non-uniform grids. If two adjacent control volumes have r direction
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dimensions of Ari and Ar2 which differ by more than a factor of 2, then

instabilities may occur in the solution. Instabilities were also

discovered when the aspect ratio of individual nodes exceeded 10. This

limitation governed how many nodes were required to model a flow

channel given the requirement for close packing of nodes near the walls

of the cavity.

3.2.2 Grid Refinement Study

It is not possible to numerically determine the exact solutions

for the temperature and velocity fields. Numerical solutions have a

finite spacial resolution which depends on the refinement of the finite

difference nodal network selected. A grid refinement study was

undertaken to determine which finite difference grid could provide

accurate solutions with a reasonable expenditure of computer resources.

If one has numerical solutions Fk at each point for different mesh

sizes, equations can be written to approximate the solutions for an

infinite grid resolution (Fapp) [11]. The equations are:

F
app

= Fl + C hln (20)

F
app

= F2 + C h2n (21)

F
app

= F3 + C h3n (22)

where hi, h2, and h3 are the different mesh sizes, and C and n are

constants. If the ratio between each mesh size is constant, say

h
(k+1)

/hk = R = 0.5, then Eqs. 20 through 22 can be rewritten as



F
app

= Fi + C hln

F
app

= F2 + C Rnhin

F
app

= F3 + C R
2n

Inn

These three equations with three unknowns (F
app

, C, and n) can be

solved yielding:

n = In

(F3

/ ln(R)
(F2 - F1)

F
k+1

RnFk
F
ap

( 1 - Rn)

- F

C =

F

aPP k
n(k-1) n

R h
1
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(23)

(24)

(25)

A simple annular enclosure (K=10, AR=2, Ra=104, Pr=1) was selected

and three different solutions were converged using three different grid

refinements of 8 by 8, 16 by 16, and 32 by 32 nodes. Figure 5 is a

scale drawing of the three uniform nodal networks used in the grid

refinement study. The steady state solutions were converged for each

finite difference grid and the approximate infinite resolution solution

was calculated using Eq. 24 (R = 0.5).

The value of the stream function at the cavity midplane for the

three grid resolutions and the approximate infinite grid is shown in

Figure 6. Note that the grid resolution greatly effects the local

stream function values. Figure 7 shows the temperature distribution

across the midplane of the cavity. In this case, the value of the



(a) (b)

Fig. 5 Nodal networks used in the grid refinement study, 8x8 nodes
(a), 16x16 nodes (b), and 32x32 nodes (c).

(c)
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Fig. 6 Mid-plane stream function, Ra=104, Pr=1, K=10, AR=2, Z=1.
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Fig. 7 Mid-plane temperature, Ra=104, Pr=1, K=10, AR=2, Z=1.
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local temperature is not affected by the grid resolution except at the

lowest resolution of 8 by 8 nodes. The same result is seen in the 3/4

plane temperature distribution plots (Z=1.5). The accuracy of the

average Nusselt number results in this study are determined by the

gradient of a non-dimensional temperature at the solid-fluid

interfaces. Fortunately, lower resolution finite difference grids

appear to yield accurate solutions of the energy equation. A uniform

grid of 16 by 16 nodes is adequate for representing the temperature

distribution for the simple vertical annular cavities shown in Figure

5. Non-uniform grids further refines the grid by placing more nodes

where the rate of change of the temperature and velocity is highest.

Additional nodes are required when a solid baffle is added to the

cavity.

The grid refinement study shows that a suitable non-uniform grid

of 22 by 22 should be adequate for modelling the temperatures and

velocities in vertical annuli (K=10, AR=2) with a concentric baffle. A

non-uniform grid generator was developed which packed nodes near solid-

fluid interfaces as a function of a packing factor. The placement of

several nodes near the surfaces of interest placed several nodes in the

hydrodynamic boundary layers and allowed for the use of a simple two

point formula for the calculation of the local Nusselt numbers. The

two point formula resulted in better energy balance checks (Eq. 19)

than the higher order formulas. The non-uniform grids require more

sophisticated numerical integration schemes with non-uniform base

points to calculate the average Nusselt number.
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Four main cavity geometries were studied in this thesis. A single

non-uniform grid was developed for each cavity and was used for all

values of the Rayleigh number, Prandtl number, and baffle or wall

relative conductivity. An alternate method is to use fewer nodal

points for the lower Rayleigh numbers to speed convergence. In this

study, a single grid allowed for the direct use of a previous solution

as an initial guess without interpolation steps.

Scale drawings of the nodal networks used for the cavities studied

here are shown in the following figures. Figure 8 shows the nodal

networks for the simple vertical annulus (K=10, AR=2), the vertical

annulus with baffle, and the vertical annulus with baffle and outer

wall. Figure 9 is a scale drawing of the high aspect ratio vertical

annulus with baffle (K=10, AR=5). In both of these figures, solid

portions of the domain are shaded. The inner cylinder is included to

provide scale even though it is not part of the computational domain.

3.3 Comparison to Previously Published Results

An analytical solution and previously published work were used to

validate the computer program that was used in this thesis. The first

validation was for simple one dimensional steady state conduction in

cylindrical coordinates. An annular solid body was modeled solving

just the energy equation. The analytical results can be found from the

steady state heat conduction equation for this geometry.
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Fig. 8 Nodal networks for the simple vertical annulus (a), the
vertical annulus with baffle (b), and the vertical
annulus with baffle and outer wall (c).
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Fig. 9 Nodal network for the vertical annulus with baffle, AR=5.
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Ti -

T°T(r) ln(r/r0) + T
o

(26)
In (ri/ro)

For all values of the radius between ri and ro, the numerical results

were with 1 percent of the analytical solution.

Two papers were selected for comparison to validate the computer

code for problems involving the simultaneous solution of the

continuity, energy, and momentum equations. The first was the initial

work on natural convection and conduction in vertical annuli done in

1970 by De Vahl Davis and Thomas [12,13]. The second paper selected

for comparison was the recent study conducted by Huang and Hsieh [6].

The geometry, boundary conditions, and fluid properties were modeled

and steady state solution were derived with the SIMPLER program used in

this thesis. The average Nusselt number results were then compared to

the published tabular results. In all cases the comparisons were

within 5.5 percent.

The De Vahl Davis and Thomas work was the first to use numerical

methods to study the heat transfer and fluid flow in vertical annular

cavities. A wide range of aspect ratios and radius ratios were studied

with an emphasis on a few parameters (K=1-4, Pr=1). Several

correlations were presented but only a single tabular average Nusselt

number result was presented for a particular case (AR=2, K=2, Ra=105,

Pr=1). This case was run using the SIMPLER algorithm and the average

Nusselt numbers on the inner cylinder were compared. Table 6 shows the

comparison and the percent discrepancy.
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Table 6 Comparison of inner cylinder average Nusselt numbers for a
simple vertical annulus (AR=5, K=2, Ra=105, Pr=1).

De Vahl Davis Present
and Thomas Study % Difference

5.1088 5.1567 0.94

The study by Huang and Hsieh was also selected for the purpose of

a comparison. This study deals with simple vertical cylindrical

enclosures with a different set of boundary conditions. Also, the

SIMPLER algorithm was used by Huang and Hsieh to derive their steady

state solutions. Simple cylindrical enclosures are a limiting case of

cylindrical annuli where the radius ratio is infinity. The boundary

conditions studied by Huang and Hsieh were isothermal hot top wall and

outer cylinder and cold bottom wall. This geometry and set of boundary

conditions has application to natural convection heat transfer in

storage tanks. Again, the SIMPLER program used in this thesis was

adapted for the given set of boundary conditions and a suitable grid

refinement was selected. Four solutions were converged to correspond

to Rayleigh numbers between 102 and 105 for a unity aspect ratio cavity

and Pr=1 fluid. Table 7 shows the results of the comparison. The

larger discrepancies for the outside wall shown in Table 7 can be

attributed to differences in numerical integration schemes combined

with extreme rates of change in the local Nusselt number near the

bottom of the outside wall. Also, Huang and Hsieh used a non-
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Table 7 Comparison of bottom wall and outside wall average Nusselt
numbers for a cylindrical cavity (AR=1, Pr=1).

Bottom Wall Outside Wall
Ra

Huang/ Present Huang/ Present
Hsieh Study % Hsieh Study %

102 5.9539 5.9292 -0.4 2.7958 2.9480 5.4

103 5.9494 5.9429 -0.1 2.8379 2.9813 5.0

104 6.0727 6.1093 0.6 3.0138 3.1226 3.6

105 6.5910 6.6543 1.0 3.3341 3.4789 4.3

uniform finite difference grid. A uniform grid was used in the present

study for the comparison.

Tables 6 and 7 show that the program used in the present study

converges steady state solutions which compare well to previously

published results and to simple one-dimensional analytical solutions.

The two studies selected for comparison both dealt with natural

convection and conduction in cylindrical coordinated but differed in

the boundary conditions and the numerical method used. The favorable

comparison to these two different studies provides validation of the

computer program used in this thesis.

3.4 Effect of a Baffle with Finite Conductivity on Natural
Convection and Conduction

Careful examination of the stream function and isotherm contours

for the vertical annulus (AR=2, K=10) with the concentric baffle
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reveals a number of interesting results. The results are discussed in

the next three sections. The first covers the effect of the concentric

baffle on the flow field. through comparison with solutions for the

simple annulus without a baffle. The second describes the effects of

Prandtl number and baffle conductivity on the flow field. These

results are primarily in the form of qualitative observations and

several illustrative stream function maps, isotherm contours, and other

plots. The third section presents the heat transfer results in the

form of average and local Nusselt numbers on the inside and outside

walls.

In the following discussions, the flow and temperature in the two

annuli are referenced from the inner cylinder. The term "inner

annulus" refers to the annular cavity between the inner cylinder and

the baffle. The term "outer annulus" refers to the annular cavity

between the baffle and the outer cylinder. Because the solutions are

for cylindrical coordinates, all recirculation patterns are actually

toroidal in shape. All figures showing vector plots, stream function

or isotherm contours are drawn to scale for the cavity of AR=2.

3.4.1 Effect of a Finite Conductivity Baffle on the Flow Field

The flow field in the annulus (K=10 , AR=2 ) without a baffle is

sufficiently complex to warrant discussion here. The range of Rayleigh

numbers studied for the simple annulus without a baffle extends over

the three types of flow regimes [13]. In the conduction regime, the

flow is characterized by a single circulation pattern that is centered
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in the cavity for Pr=1.0 and Pr=100. The center of the recirculation

pattern is located above the midplane (Z /2) and to the right of cavity

center (Ar/2) for Pr=0.01.

For the annulus without the baffle, double recirculation patterns

in the radial direction are observed at high Rayleigh numbers. The

size of the stagnant zones in the recirculation patterns increases with

Rayleigh number as the hydrodynamic and thermal boundary layers become

thinner. Figures 10 and 11 show the change in flow structure and

isotherms as a function of Rayleigh number for Pr=1. The vector plots

clearly show the decease in the boundary layer thickness with

increasing Rayleigh number. At a high Rayleigh number (Figure 11) the

velocity and temperature fields around the lower portion of the inner

cylinder approach the solution for a vertical cylinder in a infinite

medium.

The introduction of the concentric baffle has several effects on

the flow field. Figure 12 shows the mid-plane axial velocity for

Pr=0.01 and Pr=100 for all Rayleigh numbers and KE=0.1. Uniform

channel flow (no recirculation) is observed in the outer annulus for

all Prandtl numbers, all baffle conductivities, and Rayleigh numbers

less than 105. The only case where pure channel flow occurs in the

inner annulus is for Ra<103 and KE=0.1. All other cases show

recirculation in the inner annulus. The difference between channel

flow and flow with recirculation can be seen in the vector plots for

Pr=100, KE=0.1 and Rayleigh numbers of 103 and 106 (Figure 13). The

relative conductivity of the baffle has little effect on the structure

of the flow for Ra>103. The exception to this is the Pr=0.01 fluid
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Fig. 10 Vector plot (a) and isotherm contours (b) for the simple
annulus K=10, AR=2, Pr=1.0, Ra=103.



UVMAX = 532.46

.'...

, .
.

1

f

. t

1 I If 41

I I I A

I I I II
N, 11 s

Ii -
1 4 .
1

t r

? r

v T 1

t I r

it Pirt,-frItt
4 !II
II1 PIIII

Its Pill
tS I III
. II

(a)

52

4

(b)
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which exhibits conduction dominated heat transfer up to Ra=104. Figure

14 shows the mid-plane (Z=1) axial velocity and temperature profiles

for Ra=104, Pr=0.01. The velocities are slightly lower for the high

relative conductivity baffle. This can be attributed to the increased

drag caused by the larger recirculation pattern. The axial velocity

profiles in Figure 14a differ only slightly when compared to the

differences in the temperature profiles shown in Figure 14b.

When the Rayleigh numbers exceed 105, the boundary layers on the

inside and outside cylinder and the top of the cavity become thin

enough for the stagnant zone to include the area above the baffle.

This causes the recirculation pattern to move around the top of the

baffle into the outer annulus. The mechanism which causes the

recirculation in either the inner or outer annulus is the conduction in

the baffle. If the baffle was perfectly insulating, the surface

temperature would be equal to the local fluid temperature. In this

case, any recirculation patterns other than the principle one would be

caused purely by hydrodynamic effects. When the baffle is given a

finite conductivity, the surface temperature is either hotter than the

local fluid temperature (outer annulus) or colder than the local fluid

temperature (inner annulus). This causes secondary buoyancy induced

flow patterns that are superimposed on the primary recirculation

pattern between the inner and outer cylindrical boundaries.

In all cases the maximum stream function value decreases with the

introduction of the baffle. For a given Rayleigh number and Prandtl

number, the baffle introduces drag which reduces the velocity of the

flow. Table 8 shows the maximum velocities for the cavity with and
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without the baffle. The effect of drag on the baffle diminishes with

increasing Rayleigh number because the baffle becomes centered in a

largely stagnant zone.

Table 8 Comparison of the maximum velocity for a vertical annular
cavity, K=10, AR=2, with and without a baffle.

Ra KE

UVMAX

Without Baffle
(AR=2, Pr=.01)

With Baffle
(AR=2, Pr=.01)

103 0.1 - 2.883

1.0 - 2.812

10 - 2.799

- 3.182 -

104 0.1 - 11.65

1.0 - 11.56

10 - 11.42

- 11.77 -

105 0.1 - 39.02

1.0 - 39.26

10 - 39.20

- 40.00 -
---

106 0.1 - 129.2

1.0 - 129.1

10 128.8

- 129.1
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3.4.2 Effect of Fluid Property on the Flow Field

The mid-plane velocity and temperature profiles are useful for

examining the Prandtl number effects on the hydrodynamic and

temperature boundary layers. Figure 15 shows the axial velocity

profile at the mid-plane (Z=1) for the simple annular cavity (K=10,

AR=2) as a function of Prandtl number and Rayleigh number. The

hydrodynamic boundary layers for the low Prandtl number fluid develop

quickly in the radial direction and extend to the center of the cavity.

At Ra=106, the boundary layers for the Pr=1.0 and Pr=100 fluids are

thick but taper off quickly into a slow moving double recirculation

patterns in the center of the cavity. Figure 12 shows the difference

in the boundary layer shapes as a function of Prandtl number for the

cavity with a baffle. Figure 16 shows the mid-plane temperature

profile as a function of Prandtl number for Ra=106. This plot is also

for the simple vertical annulus (K=10, AR=2). Figure 16 demonstrates

the thicker thermal boundary layer for the Pr=0.01 fluid and the almost

uniform low fluid temperature for R > 0.4. The dependence of the flow

structure and temperature on the Prandtl number also applies to the

double annulus cavity.

Conduction dominates the heat transfer into the transition regime

(Ra=104) for a fluid with low Prandtl number. This suggests that the

correlations for the flow regime transition Rayleigh numbers [13]

should not be applied to low Prandtl number fluids.

The size of the recirculation patterns is a function of Prandtl

number. The recirculation zones are generally large for larger Prandtl
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Ra=103 (a) and Ra=106 (b).
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numbers. Smaller, more numerous patterns are observed for low-

Prandtl-number fluids. Figure 17 shows two stream function plots which

demonstrate the difference in the recirculation patterns as a function

of Prandtl number. The difference in the size of the recirculation

patterns is caused by the difference in the boundary layer thickness.

For Pr=0.01, the axial velocity boundary layer tapers off slowly

resulting in small stagnant zones. For Pr=100, the axial velocity

boundary layer tapers off quickly resulting in larger stagnant zones.

3.4.3 Heat Transfer Results

Table 9 shows the average outside wall Nusselt numbers for the

twelve cases of Rayleigh and Prandtl number for the simple vertical

annulus without a baffle. Table 10 shows the inside wall average

Nusselt number for the same cavity (AR=2, K=10).

Table 9 Average outside wall Nusselt numbers for a vertical annulus
without a baffle.

Ra

0.01

Pr

1.0 100

103 0.3988 0.4244 0.4251

104 0.4533 0.6501 0.6680

105 0.6357 1.0195 1.0779

106 0.9895 1.6706 1.8099



SYMBOL VALUE

1 0.053
2 0.245
3 0.417
4 0.569
5 0.701
6 0.812
7 0.903
8 0.974
9 1.024
10 1.055

(a)

SYMBOL VALUE
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1 0.100
2 0.461
3 0.783
4 1.068
5 1.315
6 1.523
7 1.694
8 1.827
9 1.922
10 1.979

(b)

Fig. 17 Steam function contour plot for Ra=104, KE=1.0, Pr=0.01 (a),
and Pr=100 (b).



63

Table 10 Average inside wall Nusselt numbers for a vertical annulus
without a baffle.

Ra

0.01

Pr

1.0 100

103 3.9486 4.2252 4.2308

104 4.5118 6.4680 6.6455

105 6.3264 10.160 10.734

105 9.8573 16.688 18.070

The outside wall average Nusselt numbers for the vertical annulus

with a baffle are shown in Table 11. The corresponding Nusselt numbers

for the inside wall are shown in Table 12. Comparison of the average

Nusselt numbers in Tables 9 and 11 or in Tables 10 and 12 shows that

the baffle can increase or decrease the overall heat transfer rate,

depending on the Rayleigh number. For Ra<103 and Ra=104, Pr=0.01, the

flow is in the conduction regime and the positive effect of the baffle

conductivity can be seen. The isotherm contours for Ra=104 and Pr=0.01

(Figure 18) show the effect of variable baffle conductivity in the

conduction flow regime. Figure 18a shows the isotherms for a

relatively insulating baffle with KE=0.1. In Figure 18a the

temperature gradients across the baffle cover almost half of the total

temperature drop. The relatively conducting baffle shown in Figure 18b

has a much lower temperature gradient.

At higher Ra numbers, little change can be seen in the average

outside wall Nusselt number with baffle conductivity or even the
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Table 11 Average outside wall Nusselt numbers for a vertical annulus
with a concentric baffle.

Ra KE .01

Pr

1.0 100

103 0.1 0.3001 0.3045 0.3109
1 0.3922 0.3954 0.3960

10 0.4348 0.4255 0.4284

104 0.1 0.4276 0.5851 0.5887
1 0.4594 0.5922 0.5960

10 0.4724 0.5891 0.5953

105 0.1 0.6676 1.0139 1.0554
1 0.6662 1.0110 1.0521

10 0.6573 0.9955 1.0404

106 0.1 0.9867 1.6450 1.7653
1 0.9852 1.6418 1.7639

10 0.9783 1.6255 1.7563

Table 12 Average inside wall Nusselt numbers for a vertical annulus
with a concentric baffle.

Ra KE .01

Pr
1.0 100

103 0.1 3.0217 3.1287 3.1147
1 3.9290 3.9685 3.9670

10 4.2084 4.2557 4.2508

104 0.1 4.2574 5.8281 5.8659
1 4.5975 5.9120 5.9511

10 4.6942 5.8790 5.9187

105 0.1 6.6522 10.119 10.524
1 6.6589 10.087 10.504

10 6.5682 9.9525 10.407

106 0.1 9.8138 16.432 17.637
1 9.8020 16.404 17.623

10 9.7442 16.247 17.556
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Fig. 18 Isotherm contour plot for Ra=104, Pr=0.01, KE=0.1 (a), KE=10
(b).
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presence of the baffle. In the boundary layer flow regime, convection

dominates the heat transfer in the hydrodynamic boundary layers while

conduction dominates in the stagnant regions of slow recirculation.

Figure 19 shows the local Nusselt numbers for the outer cylinder for

Ra=104 and Ra=106 (Pr=0.01). The local Nusselt number for the simple

annulus is included in Figures 19a and 19b for comparison. The

decreasing effect of the baffle at higher Rayleigh numbers is due to

the convective heat transfer becoming localized at the top of outer

cylinder. Figure 19b shows how the local heat transfer becomes skewed

toward the top of the cavity and approaches zero at the bottom of the

outside wall for Ra=106. For all cases with Ra>105, the local Nusselt

on the outer cylinder is completely insensitive to the presence of a

baffle or the baffle conductivity. Tables 9-12 show that the average

Nusselt number changes less than 5% with the addition of the baffle for

all Ra>105 and all Prandtl numbers. Again, this is due to very small

temperature gradients in the baffle and high local convective heat

transfer rates at the top of the cavity. For higher Rayleigh numbers,

the local Nusselt number approaches zero at the bottom of the outside

wall.

The local Nusselt number profile on the inner cylinder is not

nearly as skewed as the outside wall local Nusselt number. Figure 20

shows the inside wall Nusselt numbers for Ra=104 and Ra=106 (Pr=0.01)

corresponding to Figure 19. The heat transfer rate is a linear

function of the axial coordinate near the mid-plane of inner cylinder

at both Rayleigh numbers. For Ra=106 (Figure 20b) the heat transfer

rate
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at the top of the cavity decreases due to the presence of a corner

recirculation pattern. Near the bottom of the inner cylinder, the heat

transfer rate increases due to cold fluid from the outside cylinder

impinging on the wall. The Nusselt number on the inner wall is not as

skewed as the Nusselt number for the outer wall (Figure 19) because the

baffle is placed near the outer wall. This provides room for the cold

fluid to turn in the axial direction before impinging on the inner

cylinder.

3.5 Effect of Outer Wall Finite Conductivity

Four computational nodes in the radial direction were added to the

simulations described in section 3.4 to study the effect of a finite

conductivity outer wall. The nodal network for this case is shown in

Figure 7c. The boundary conditions for this case differ slightly from

the case with a constant temperature outer wall. The outside of the

wall is isothermal (0=0) while the surface of the wall in contact with

the fluid is not fixed. For the purpose of comparison to previous

results, a modified Rayleigh number (Ra*) was defined. The base

temperature difference for Ra* is the difference between the inner wall

constant temperature (0 = 1) and the average surface temperature of the

outer wall. Because there is no finite difference node at the solid-

fluid surface on the outside wall, this temperature was extrapolated

from the two neighboring fluid nodes. This provided a simple estimate

of the local surface temperature which, on the average, satisfied the

energy balance condition within 8%.
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The relative conductivity of the outer wall was studied over the

same range as the baffle (KE0 = 0.1, 1.0, 10). To reduce the number of

simulations, the study of this cavity was limited to low Prandtl number

fluids (Pr=0.01) and a relatively insulating baffle (KE = 0.1). A

dozen simulations were required to study all the permutations of the

Rayleigh number and outer wall relative conductivity.

3.5.1 Flow Field Observations

The value of the Rayleigh number had to be derived from an area

weighted average of the outside wall surface temperature. This

calculation was complicated by the lack of a computational node at the

control volume boundary between the fluid and the solid. The

temperature gradient at the surface is rapidly changing in the radial

direction, making a surface temperature estimate even more difficult.

The method used to find the surface temperature was an extrapolation

from the temperatures at the two fluid nodes closest to the wall. The

energy balance condition stated in Eq. 17 provides a reasonableness

check on the outer wall surface temperatures. The calculated

dimensionless surface temperatures, the modified Rayleigh number (Ra*),

and the average baffle temperature are shown in Table 13. The vector

plots and stream function contour plots of comparable Rayleigh number

for the cases with and without the outside wall reveal little

difference in the flow patterns. The flow structure is
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Table 13 Modified Rayleigh numbers for the vertical annulus with an
outer wall of finite conductivity (AR=2, Pr=0.01).

Ra
without
wall

KE
wall

Dimensionless
Average Wall
Surface Temp.

Modified
Ra*

%
diff.

Dimensionless
Average
Baffle Temp.

103 0.1 .41861 581 -42 .5472

1.0 .07524 925 -7.5 .2940

10 .01067 989 -1.1 .2490

104 0.1 .43154 5680 -43 .5240

1.0 .09106 9089 -9.1 .2380

10 .01510 9849 -1.5 .1920

105 0.1 .54695 45305 -55 .5890

1.0 .13376 86624 -13 .1940

10 .02485 97515 -2.4 .1120

106 0.1 .63811 361190 -63 .6550

1.0 .18349 816510 -18 .1920

10 .03826 961740 -3.8 .0675

remarkably insensitive to temperature variations on the outside wall at

a given Rayleigh number. Uniform channel type flow was observed for

all values of the outside wall relative conductivity at the lowest

Rayleigh number. Figure 21 shows the vector plots for two values of

the outer wall relative conductivity (Ra=103, Pr=0.01). There is very

little difference between Figures 21a and 21b. The flow is quite weak

and there is little discernable difference in the flow patterns because

the heat transfer is dominated by conduction. Figure 22 shows the mid-

plane axial velocity profile for Ra=105 and all values of KE0. The
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Fig. 21 Vector plot for Ra=103, Pr=0.01, KE0=0.1 (a), KE0=10 (b).
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velocities are higher for higher wall conductivities because the

modified Rayleigh numbers are higher.

3.5.2 Heat Transfer Results

The effects of the finite conductivity outer wall are best seen in

the isotherm contour and local Nusselt number plots. When the outer

wall is relatively conducting (10 time more than the fluid) the outer

wall approaches the isothermal condition. Table 13 shows that the

surface temperature of the outer wall is approximately equal to zero

for KE0=10. The conductivity of the outer wall is important since the

outer isothermal surface area for this case is roughly 13 times larger

than the hot surface area on the inner cylinder. The volumes of the

inner cylinder, the baffle, and the outer cylinder are given in Table

14 expressed as a percent of the total volume for each of the cavities

studied. See Figures 8 and 9 for scale drawings of the computation

domains.

Table 14 Component volumes for each cavity.

Component
Simple

Annulus
Annulus With
Baffle(AR=2)

Annulus With Annulus With
Baffle and Wall Baffle(AR=5)

Fluid 99% 82% 59.3% 77%

Inner Cylinder 1% 1% 0.7% 1%

Baffle - 17% 12% 22%

Outer Wall - - 28% -

Total 100% 100% 100% 100%
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The outer wall accounts for 28% of the total volume of the system. Its

conductivity greatly effects the overall heat transfer rates.

The isotherm plots in Figure 23 clearly show how the outside wall

conductivity effects the local temperatures. A high temperature

gradient is seen across the relatively insulating wall (Figure 23a)

resulting in higher fluid and baffle temperatures. The relatively

conducting outside wall (Figure 23b) results in a very small

temperature gradient approximating the isothermal boundary condition.

The mid-plane temperature profiles (Figure 24) also show the effect of

the outer wall relative conductivity on the heat transfer through the

fluid, baffle, and outer wall.

The local Nusselt numbers on the inner and outer cylinder were

calculated for each case. At low Rayleigh numbers, the conductivity of

the outer wall has a marked effect on the local heat transfer. Figure

25 shows the local Nusselt number on the inner and outer cylinders for

all values of the outer wall relative conductivity at Ra=106. The

major differences in the profiles in Figures 25a and 25b are due to the

difference in the modified Rayleigh number.

At higher Rayleigh numbers, the local Nusselt numbers on the outer

wall become skewed toward the top of the enclosure. This can be

attributed to the hot fluid impinging directly upon the outside wall

above the baffle. The local Nusselt numbers on the inside cylinder are

not nearly as skewed because the equal flow area constraint places the

baffle away from the inside cylinder. The cold fluid from the outer

annulus turns the corner around the bottom of the baffle and does not

impinge directly upon the inner cylinder. The heat transfer rate near
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Fig. 23 Isotherm contours for a vertical annulus with finite
conductivity outer wall, Ra=105, Pr=0.01, KE0=0.1 (a),
KE0=10 (b).
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the top of the inner cylinder decreases due to a corner recirculation

pattern. The local Nusselt numbers on the inside cylinder become liner

with respect to the axial direction in the center of the cavity. The

nearly linear dependance of the Nusselt number with the axial direction

can be attributed to a nearly uniform fluid boundary layer and a

uniformly developing thermal boundary layer.

The average Nusselt Numbers for the inside cylinder and outside

wall are shown in Tables 15 and 16 respectively. The Rayleigh numbers

on the left side of the Tables are NOT the modified Rayleigh number.

The results in Table 16 are estimated from an estimated wall surface

temperature and are used for indication only. The results in Table 15

are more accurate. Equation 19 can be used to determine the most

accurate outside wall average results from Table 15.

Table 15 Average inside wall Nusselt numbers for a vertical annulus
with a concentric baffle and finite conductivity outside wall
(Pr=0.01, KE(baffle)=0.1).

Ra

0.1

KE
(outside)

1.0 10

103 1.7035 2.7188 2.9542

104 2.5244 4.0487 4.2402

105 3.0133 6.1146 6.6120

106 3.4631 8.5447 9.7035



80

Table 16 Average outside wall Nusselt numbers for a vertical annulus
with a concentric baffle and finite conductivity outside wall
(Pr=0.01, KE(baffle)=0.1).

Ra

0.1

KE
(outside)

1.0 10

103 .24132 .32576 .31836

104 .23330 .40780 .43199

105 .29365 .60617 .66615

106 .32178 .77734 .91057

3.6 Effect of High Aspect Ratio

A cavity with high aspect ratio was selected for study to provide

some basic information on fluid flow and heat transfer for low Prandtl

number fluids (Pr=0.01) in a moderately high aspect ratio cavity.

Typical aspect ratios for nuclear reactor fuel assemblies range from 10

to 20. A double annular cavity with AR=20 was attempted but too many

nodes were required in the axial direction. A cavity with AR=5 was

attempted with a large number of nodes in the axial direction to reduce

the aspect ratio of each node. The solutions for this cavity

converged. Figure 9 shows a scale drawing of the nodal network used

for the AR=5 cavity.



81

3.6.1 Flow Field Observations

Uniform channel flow persists in the AR=5 cavity up to Ra=104 for

KE = 0.1. Figure 26 shows the vector plot and corresponding stream

function plot for this case. Small recirculation patterns are visible

in the vector plot near the top and the bottom of the inner annulus.

Recirculation patterns for a low Prandtl number fluid are quite thin in

comparison to the high Prandtl number fluids studied for the AR=2

cavity. Figure 27 shows the vector and stream function contour plot

for RA=106. The thin recirculation patterns on both sides of the

baffle and on top of the baffle can be seen in the vector plot.

Comparison of the vector plots in Figures 26 and 27 shows how the

hydrodynamic boundary layer thickness on the inner cylinder decreases

with increasing Rayleigh number. Figure 28 shows the mid-plane axial

velocity for Ra=105 and all values of KE. This figure shows a larger

recirculation pattern for KE=10 than for the AR=2 cavity. The higher

aspect ratio cavity shows higher maximum velocity results. Table 17

shows the computed maximum velocities for the AR=2 and AR=5 cavities.

The maximum non-dimensional velocity for the simple annulus without a

baffle is included for reference. Note that the maximum velocity for

the AR=5 cavity is higher than the AR=2 or the simple annulus without

baffle (AR=2) for each Rayleigh number.

The development of the boundary layer shape is shown in Figure 29.

The velocity profile is almost uniform at the entrance to the inner

annulus (Z = 0.38).



82

UVMAX = 18.676

4IIItt,

(a)

.'..

(b)

SYMBOL VALUE

1 0.096
2 0.656
3 1.114

4 1.470
5 1.724
6 1.877

Fig. 26 Vector plot (a) and stream function contours (b) for
AR=5, Pr=0.01, KE=0.1, Ra=104.
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Fig. 27 Vector plot (a) and stream function contours (b) for
AR=5, Pr=0.01, KE=0.1, Ra=106.
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Table 17 Comparison of maximum velocity for vertical annuli of
different aspect ratios with concentric baffle.

Ra KE
Without Baffle
(AR=2, Pr=.01)

UVMAX

With Baffle
(AR=2, Pr=.01)

With baffle
(AR=5, Pr=.01)

103 0.1 - 2.883 3.783

1.0 - 2.812 3.745

10 - 2.799 3.741

- 3.182 - -

104 0.1 - 11.65 18.68

1.0 - 11.56 18.70

10 - 11.42 18.02

- 11.77 - -

105 0.1 - 39.02 68.30

1.0 - 39.26 66.96

10 - 39.20 68.95

- 40.00 - -

106 0.1 - 129.2 208.9

1.0 - 129.1 209.6

10 - 128.8 209.4

- 129.1 - -

Note that the baffle conductivity has little effect on the maximum

velocity for either the AR=2 and AR=5 cavities. This can be attributed
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to the location of the baffle in a largely stagnant zone in the natural

convection cell.

3.6.2 Heat Transfer Results

Average outside wall Nusselt numbers for the AR=5, AR=2, and the

simple annulus with a baffle are shown in Table 18. In many cases, the

average Nusselt number for the AR=5 cavity is smaller than either the

AR=2 cavity or the simple annulus. This difference can be attributed

to the location of the baffle. The equal flow area constraint requires

small passages above and below the baffle relative to the overall

height of the cavity. The area above the baffle is critical for heat

transfer. In the AR=2 cavity, the space above the baffle is large

compared to the overall height. Figure 30 shows the local Nusselt

numbers on the outer wall for Ra=105 for both the AR=2 and AR=5

cavities. The local Nusselt numbers for the AR=5 cavity are highly

skewed toward the top of the cavity due to the limited gap size. The

value of KE has little effect on the overall distribution of the

Nusselt numbers at Ra=105. In general the Nusselt number is sensitive

to the baffle conductivity at Ra<104 and is NOT sensitive to the baffle

conductivity for Ra>105. At higher Rayleigh numbers, the flow by-

passes the baffle which is left in a largely stagnant zone. The baffle

participates in the flow and thus the heat transfer at the lower

Rayleigh numbers.

Table 19 shows the average Nusselt numbers on the inner cylinder

for the AR=5 cavity.
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Table 18 Comparison of the outside wall average Nusselt number for
cavities of different aspect ratios with concentric baffles,
Pr=0.01.

Ra KE
Without Baffle
(AR=2, Pr=.01)

Average Nusselt Number

With Baffle With baffle
(AR=2, Pr=.01) (AR=5, Pr=.01)

103 0.1 - .3001 .2423

1.0 - .3922 .3908

10 - .4348 .4554

- .3988 - -

104 0.1 - .4276 .3702

1.0 - .4594 .4463

10 - .4724 .4633

- .4533 - -

105 0.1 - .6676 .6093

1.0 - .6662 .6100

10 - .6573 .6164

- .6357 - -

106 0.1 - .9867 .9080

1.0 - .9852 .9040

10 - .9783 .9002

- .9895 -
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Table 19 Average inside wall Nusselt numbers for a vertical annulus
with a concentric baffle (Pr=0.01, AR=5.0).

Ra

0.1

KE

1.0 10

103 2.4155 3.9074 4.2495

104 3.6682 4.4318 4.6052

105 6.0411 6.0353 6.1240

106 8.9863 8.9480 8.9112
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4. CONCLUSIONS AND RECOMMENDATIONS

The objective of this study was to provide an improved

understanding of natural convection and conduction in vertical annular

enclosures with communicating baffles. A particular cavity geometry

was selected to reduce the scope of the work. The effect of an outer

wall of finite conductivity, and the effect of a higher aspect ratio

were also studied. The conclusions of this work are summarized as

follows:

1. The conductivity of the communicating baffle has little effect

on the structure of the flow at-high Rayleigh numbers due to the

location of the baffle in a largely stagnant zone. The baffle

decreases the overall heat transfer rate for Ra > 105 regardless of its

conductivity.

2. The local Nusselt numbers are highly skewed toward the top of

the outside wall due to the hot fluid impinging on the wall in the

confined space above the baffle. The local heat transfer profile is

sensitive to the baffle placement.

3. An outside wall of finite conductivity has little effect on

the flow structure but has a significant effect on the overall heat

transfer rates and local temperatures.
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4. Higher aspect ratio cavities cause higher velocity flow for a

given Rayleigh number but exhibit lower overall heat transfer rates due

to the baffle placement assumed in this study.

This study begins to address the general problem of natural

convection and conduction in communicating vertical double annulus

cavities. In the course of this work, several problems have been

identified which need further attention.

Experimental and numerical heat transfer data are needed for low

Prandtl number fluids in the simple vertical annulus. This data should

be used to supplement previous work and provide accurate correlations

that can be used in engineering applications. The general case for

communicating baffles in vertical annuli will require considerable

additional work before correlations for practical applications can be

presented.
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APPENDIX A

SIMPLER Program Listing
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PROGRAM SIMPLER
c*******************************************************************
C

C MODIFIED EL2D TO ACCEPT ADDITION OF THE FOLLOWING EQUATION
C FORM AMONG THE F(I,J,NF):
C DX(GAM1*DXT)+DY(GAM2*DYT)=SOURCE
C

C THE ABOVE IS THE CASE OF ANISOTROPIC CONDUCTION.
C GAM1----X-DIR. PRINCIPAL CONDUCTIVITY
C GAM2----Y-DIR. PRINCIPAL CONDUCTIVITY
C

C ALSO, EXACT NONSTEADY FORMULATION IS USED.
C

C ALSO, LOOK AT SUBROUTINE USER
C
C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

LOGICAL LSTOP,LNEXT

COMMON/CNTL/LSTOP,LNEXT,NTS,NTSL
C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

CALL GRID
CALL SETUP1
CALL START

10 CALL DENSE
CALL OLDENSE
CALL BOUND
CALL OUTPUT
IF(LSTOP) STOP
CALL SETUP2
GO TO 10
END

c**************************************************

SUBROUTINE DIFLOW
C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

COMMON/COEF/FLOW,DIFF,ACOF
C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

ACOF=DIFF
IF(FLOW.EQ.O.) RETURN
TEMP=DIFF-ABS(FLOW)*0.1
ACOF =O.

IF(TEMP.LE.O.) RETURN
TEMP=TEMP/DIFF
ACOF=DIFF*TEMP**5
RETURN
END

C******************* * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

SUBROUTINE SOLVE
C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

LOGICAL LSOLVE,LPRINT,LSTOP,LANIS
COMMON F(40,40,9),P(40,40),RHO(40,40),GAM(40,40),GAM2(40,40),

1CON(40,40),AIP(40,40),AIM(40,40),AJP(40,40),AJM(40,40),AP(40,40),
2X(40),XU(40),XDIF(40),XCV(40),XCVS(40),
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3Y(40),YV(40),YDIF(40),YCV(40),YCVS(40),
4YCVR(40),YCVRS(40),ARX(40),ARXJ(40),ARXJP(40),

5R(40),RMN(40),SX(40),SXMN(40),XCVI(40),XCVIP(40),RHOLD(40,40)
COMMON DU(40,40),DV(40,40), FV(40),FVP(40),
1FX(40),FXM(40),FY(40),FYM(40),PT(40),QT(40)
COMMON/INDX/NF,NFMAX,NP,NRHO,NGAM,L1,L2,L3,M1,M2,M3,
1IST,JST,ITER,LAST,TITLE(14),RELAX(14),TIME,DTM(3000),XL,YL,
2IPREF,JPREF,LSOLVE(11),LPRINT(14),MODE,NTIMES(11),RHOCON,
3LANIS(11)

DIMENSION D(40),VAR(40),VARM(40),VARP(40),PHIBAR(40)
C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

ISTF=IST-1
JSTF=JST-1
IT1=L2+IST
IT2=L3+IST
JT1=M2+JST
JT2=M3+JST

C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

DO 999 NT=1,NTIMES(NF)
N=NF

C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

COME HERE TO DO BLOCK CORRECTION
C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

C SUMMING IN I DIRECTION
C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

DO 22 J=JST,M2
VAR(J)=0.
VARP(J)=0.
VARM(J)=0.
D(J)=0.
DO 33 I=IST,L2
VAR(J)=VAR(J)+AP(I,J)
IF(I.NE.IST) VAR(J)=VAR(J)-AIM(I,J)
IF(I.NE.L2) VAR(J)=VAR(J)-AIP(I,J)
VARM(J)=VARM(J)+AJM(I,J)
VARP(J)=VARP(J)+AJP(I,J)

D(J)=D(J)+CON(I,J)+AIP(1,0*F(I+1,J,N)+AIM(I,J)*
1F(I-1,J,N)+AJP(I,J)*F(I,J+1,N)+AJM(I,J)*F(I,J-1,N)-
2AP(I,J)*F(I,J,N)

33 CONTINUE
22 CONTINUE

IF((NF.EQ.3).OR.(NF.EQ.NP)) VAR(4)=1.
IF((NF.EQ.3).OR.(NF.EQ.NP)) VARP(4)=0.
IF((NF.EQ.3).OR.(NF.EQ.NP)) VARM(4)=0.
IF((NF.EQ.3).OR.(NF.EQ.NP)) D(4)=0.
PHIBAR(M1)=0.
PHIBAR(JSTF)=0.
PT(JSTF)=0.

QT(JSTF)=PHIBAR(JSTF)
DO 44 J=JST,M2

DENOM=VAR(J)-PT(J-1)*VARM(J)
PT(J)=VARP(J)/DENOM
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TEMP=D(J)

QT(J)=(TEMP+VARM(J)*QT(J-1))/DENOM
44 CONTINUE

DO 45 JJ=JST,M2
J=JT1-JJ

45 PHIBAR(J)=PHIBAR(J+1)*PT(J)+QT(J)
DO 47 I=IST,L2
DO 47 J=JST,M2

47 F(I,J,N)=F(I,J,N)+PHIBAR(J)
C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

C SUMMING IN J DIRECTION
C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

DO 51 I=IST,L2
VAR(I)=0.
VARP(I)=0.
VARM(I)=0.
D(I)=0.
DO 53 J=JST,M2

VAR(I)=VAR(I)+AP(I,J)
IF(J.NE.JST) VAR(I)=VAR(I)-AJM(I,J)
IF(J.NE.M2) VAR(I)=VAR(I)-AJP(I,J)
VARP(I)=VARP(I)+AIP(I,J)
VARM(I)=VARM(I)+AIM(I,J)

D(I)=D(I)+CON(I,J)+AIP(I,J)*F(I+1,J,N)+
1AIM(I,J)*F(I-1,J,N)+AJP(I,J)*F(I,J+1,N)+AJM(I,J)*
2F(I,J-1,N)-AP(I,J)*F(I,J,N)

53 CONTINUE
51 CONTINUE

IF((NF.EQ.3).OR.(NF.EQ.NP)) VAR(4)=1.
IF((NF.EQ.3).OR.(NF.EQ.NP)) VARP(4) =O.
IF((NF.EQ.3).OR.(NF.EQ.NP)) VARM(4)=0.
IF((NF.EQ.3).OR.(NF.EQ.NP)) D(4)=0.
PHIBAR(L1)=0.
PHIBAR(ISTF)=0.
PT(ISTF)=0.

QT(ISTF)=PHIBAR(ISTF)
DO 57 I=IST,L2

DENOM=VAR(I)-PT(I-1)*VARM(I)
PT(I)=VARP(I)/DENOM
TEMP=D(I)

QT(I)=(TEMP+QT(I-1)*VARM(I))/DENOM
57 CONTINUE

DO 58 II=IST,L2
I=IT1-II

58 PHIBAR(I)=PHIBAR(I+1)*PT(I)+QT(I)
DO 59 I=IST,L2
DO 59 J=JST,M2

59 F(I,J,N)=F(I,J,N)+PHIBAR(I)
C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

DO 90 J=JST,M2
PT(ISTF)=0.

QT(ISTF)=F(ISTF,J,N)
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DO 70 I=IST,L2

DENOM=AP(I,J)-PT(I-1)*AIM(I,J)
PT(I) =AIP(I,J) /DENOM.

TEMP=CON(I,J)+AJP(I,J)*F(I,J+1,N)+AJM(I,J)*F(I,J-1,N)
QT(I)=(TEMP+AIM(I,J)*QT(I-1))/DENOM

70 CONTINUE
DO 80 II=IST,L2
I=IT1-II

80 F(I,J,N)=F(I+1,J,N)*PT(I)+QT(I)
90 CONTINUE

C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

DO 190 JJ=JST,M3
J= JT2 -JJ

PT(ISTF)=0.
QT(ISTF)=F(ISTF,J,N)
DO 170 I=IST,L2

DENOM=AP(I,J)-PT(I-1)*AIM(I,J)
PT(I)=AIP(I,J)/DENOM

TEMP=CON(I,J)+AJP(I,J)*F(I,J+1,N)+AJWI,J)*F(I,J-1,N)
QT(I)=(TEMP+AIM(I,J)*QT(I-1))/DENOM

170 CONTINUE
DO 180 II=IST,L2
I=IT1-II

180 F(I,J,N)=F(I+1,J,N)*PT(I)+QT(I)
190 CONTINUE

C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

DO 290 I=IST,L2
PT(JSTF)=0.
QT(JSTF)=F(I,JSTF,N)
DO 270 J=JST,M2

DENOM=AP(I,J)-PT(J-1)*AJM(I,J)
PT(J)=AJP(I,J)/DENOM

TEMP=CON(I,J)+AIP(I,J)*F(I+1,J,N)+AIM(I,J)*F(I-1,J,N)
QT(J).(TEMP+AJM(I,J)*QT(J-1))/DENOM

270 CONTINUE
DO 280 JJ=JST,M2
J=JT1-JJ

280 F(I,J,N)=F(I,J+1,N)*PT(J)+QT(J)
290 CONTINUE

C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

DO 390 II.IST,L3
I=IT2-II
PT(JSTF)=0.
QT(JSTF)=F(I,JSTF,N)
DO 370 J=JST,M2

DENOM=AP(I,J)-PT(J-1)*AJM(I,J)
PT(J)=AJP(I,J)/DENOM

TEMP=CON(I,J)+AIP(I,J)*F(I+1,J,N)+AIM(I,J)*F(I-1,J,N)
QT(J).(TEMP+AJM(I,J)*QT(J-1))/DENOM

370 CONTINUE
DO 380 JJ.JST,M2
J=JT1-JJ
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380 F(I,J,N)=F(I,J+1,N)*PT(J)+QT(J)
390 CONTINUE

c************************************************

999 CONTINUE
c************************************************

ENTRY RESET
C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

DO 400 J=2,M2
DO 400 I=2,L2
CON(I,J)=0.
AP(I,J)=0.

400 CONTINUE
RETURN
END

C******************* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * **

SUBROUTINE SETUP
C******************* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * **

LOGICAL LSOLVE,LPRINT,LSTOP,LANIS,LNEXT
COMMON F(40,40,9),P(40,40),RHO(40,40),GAM(40,40),GAM2(40,40),

1CON(40,40),AIP(40,40),AIM(40,40),AJP(40,40),AJM(40,40),AP(40,40),

2X(40),XU(40),XDIF(40),XCV(40),XCVS(40),
3Y(40),YV(40),YDIF(40),YCV(40),YCVS(40),
4YCVR(40),YCVRS(40),ARX(40),ARXJ(40),ARXJP(40),

5R(40),RMN(40),SX(40),SXMN(40).,XCVI(40),XCVIP(40),RHOLD(40,40)
COMMON DU(40,40),DV(40,40), FV(40),FVP(40),
1FX(40),FXM(40),FY(40),FYM(40),PT(40),QT(40)
COMMON/ INDX/ NF, NFMAX, NP,NRHO,NGAM,L1,L2,L3,M1,M2,M3,

lIST,JST,ITER,LAST,TITLE(14),RELAX(14),TIME,DTM(3000),XL,YL,
2IPREF,JPREF,LSOLVE(11),LPRINT(14),MODE,NTIMES(11),RHOCON,
3LANIS(11)

COMMON/CNTL/LSTOP,LNEXT,NTS,NTSL
COMMON/SORC/SMAX,SSUM
COMMON/COEF/FLOW,DIFF,ACOF
DIMENSION U(40,40),V(40,40),PC(40,40)

EQUIVALENCE(F(1,1,1),U(1,1)),(F(1,1,2),V(1,1)),(F(1,1,3),PC(1,1))

C9/23/86
C DIMENSION COF(40,40,5)
C EQUIVALENCE(COF(1,1,1),AIP(1,1))

DIMENSION AIPU(40,40),AIMU(40,40),AJPU(40,40),AJMU(40,40),
& APU(40,40),CONU(40,40),
& AIPV(40,40),AIMV(40,40),AJPV(40,40),AJMV(40,40),
& APV(40,40),CONV(40,40),
& AIPP(40,40),AIMP(40,40),AJPP(40,40),AJMP(40,40),
& APP(40,40)
DIMENSION GAM1(40,40)
EQUIVALENCE (GAM(1,1),GAM1(1,1))
DIMENSION UOLD(40,40),VOLD(40,40),GOLD(40,40,7)

C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

1 FORMAT(15X,'COMPUTATION IN CARTESIAN COORDINATES')
2 FORMAT(15X,'COMPUTATION FOR AXISYMMETRIC SITUATION')
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3 FORMAT(15X,'COMPUTATION IN POLAR COORDINATES')
4 FORMAT(14X,40(1H*),//)
DATA NFMAX,NP,NRHO,NGAM/9,10,11,13/
DATA LSTOP,LSOLVE,LPRINT,LANIS,LNEXT/37*.FALSE.,.TRUE./
DATA MODE,LAST,TIME,NTS,NTSL/1,5,0.,0,1/
DATA RELAX,NTIMES/14*1.,11*1/
DATA DTM,IPREF,JPREF,RHOCON/3000*1.E+10,1,1,1./

C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

ENTRY SETUP1
C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

L2=L1-1
L3=L2-1
M2=M1-1
M3=M2-1
X(1)=XU(2)
DO 5 I=2,L2

5 X(I)=0.5*(XU(I+1)+XU(I))
X(L1)=XU(L1)
Y(1)=YV(2)
DO 10 J=2,M2

10 Y(J)=0.5*(YV(J+1)+YV(J))
Y(M1)=YV(M1)
DO 15 I=2,L1

15 XDIF(I)=X(I)-X(I-1)
DO 18 I=2,L2

18 XCV(I)=XU(I+1)-XU(I)
DO 20 I=3,L2

20 XCVS(I)=XDIF(I)
XCVS(3)=XCVS(3)+XDIF(2)
XCVS(L2)=XCVS(L2)+XDIF(L1)
DO 22 I=3,L3
XCVI(I)=0.5*XCV(I)

22 XCVIP(I)=XCVI(I)
XCVIP(2)=XCV(2)
XCVI(L2)=XCV(L2)
DO 35 J=2,M1

35 YDIF(J)=Y(J)-Y(J-1)
DO 40 J=2,M2

40 YCV(J)=YV(J+1)-YV(J)
DO 45 J=3,M2

45 YCVS(J)=YDIF(J)

YCVS(3)=YCVS(3)+YDIF(2)
YCVS(M2)=YCVS(M2)+YDIF(M1)
IF(MODE.NE.1) GO TO 55
DO 52 J=1,M1
RMN(J)=1.0

52 R(J)=1.0
GO TO 56

55 DO 50 J=2,M1
50 R(J)= R(J -1) +YDIF(J)

RMN(2)=R(1)
DO 60 J=3,M2
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60 RMN(J)=RMN(J-1)+YCV(J-1)
RMN(M1)=R(M1)

56 CONTINUE
DO 57 J=1,M1
SX(J)=1.
SXMN(J)=1.
IF(MODE.NE.3) GO TO 57
SX(J)=R(J)
IF(J.NE.1) SXMN(J)=RMN(J)

57 CONTINUE
DO 62 J=2,M2
YCVR(J)=R(J)*YCV(J)
ARX(J)=YCVR(J)
IF(MODE.NE.3) GO TO 62
ARX(J) = YCV(J)

62 CONTINUE
DO 64 J=4,M3

64 YCVRS(J)=0.5*(R(J)+R(J-1))*YDIF(J)
YCVRS(3)=0.5*(R(3)+R(1))*YCVS(3)
YCVRS(M2)=0.5*(R(M1)+R(M3))*YCVS(M2)
IF(MODE.NE.2) GO TO 67
DO 65 J=3,M3

ARXJ(J)=0.25*(1.+RMN(J)/R(J))*ARX(J)
65 ARXJP(J)=ARX(J)-ARXJ(J)

GO TO 68
67 DO 66 J=3,M3

ARXJ(J)=0.5*ARX(J)
66 ARXJP(J)=ARXJ(J)
68 ARXJP(2)=ARX(2)

ARXJ(M2)=ARX(M2)
DO 70 J=3,M3
FV(J)=ARXJP(J)/ARX(J)

70 FVP(J)=1.-FV(J)
DO 85 I=3,L2
FX(I)=0.5*XCV(I-1)/XDIF(I)

85 FXM(I)=1.-FX(I)
FX(2)=0.
FXM(2)=1.
FX(L1)=1.
FXM(L1)=0.
DO 90 J=3,M2
FY(J)=0.5*YCV(J-1)/YDIF(J)

90 FYM(J)=1.-FY(J)
FY(2)=0.
FYM(2)=1.
FY(M1)=1.
FYM(M1)=0.

C

CON,AP,U,V,RHO,PC AND P ARRAYS ARE INITIALIZED HERE
C

DO 95 J=1,M1
DO 95 I=1,L1
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PC(I,J)=0.
U(I,J)=0.
V(I,J)=0.

C

C 9-23-86 KIM
C

UOLD(I,J)=0.
VOLD(I,J)=0.
CON(I,J)=0.
AP(I,J)=0.
RHO(I,J)=RHOCON
P(I,J)=0.
DO 96 NF=4,NFMAX
NCF = NF-3

96 GOLD(I,J,NCF)=F(I,J,NF)
95 CONTINUE

IF(MODE.EQ.1) PRINT 1
IF(MODE.EQ.2) PRINT 2
IF(MODE.EQ.3) PRINT 3
PRINT 4
RETURN

C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

ENTRY SETUP2
c************************************************
C REWIND 2

DT=DTM(NTS)
C

COEFFICIENTS FOR THE U EQUATION
C

CALL RESET
NF=1

READ(2) ((FOLD(I,J),I=1,L1),J=1,M1)
IF(.NOT.LSOLVE(NF)) GO TO 100
IST=3

JST=2
CALL GAMSOR
REL=1.-RELAX(NF)
DO 102 I=3,L2
FL =XCVI(I) *V(I,2) *RHO(I,1)

FLM=XCVIP(I-1)*V(I-1,2)*RHO(I-1,1)
FLOW=R(1)*(FL+FLM)

DIFF=R(1)*(XCVI(I)*GAM(1,1)+XCVIP(I-1)*GAM(I-1,1))/YDIF(2)
CALL DIFLOW

102 AJM(I,2)=ACOF+AMAX1(0.,FLOW)
DO 103 J=2,M2

FLOW=ARX(J)*U(2,0*RHO(1,J)
DIFF=ARX(J)*GAM(1,J)/(XCV(2)*SX(J))
CALL DIFLOW

AIM(3,J)=AC0F+AMAX1(0.,FLOW)
DO 103 I=3,L2
IF(I.EQ.L2) GO TO 104

FL=U(I,J)*(FX(I)*RHO(I,J)+FXM(I)*RHO(I-1,0)
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FLP=U(I+1,J)*(FX(I+1)*RHO(I+1,J)+FXM(I+1)*RHO(I,J))
FLOW=ARX(J)*0.5*(FL+FLP)
DIFF=ARX(J)*GAM(I,J)/(XCV(I)*SX(J))
GO TO 105

104 FLOW=ARX(J)*U(L1,J)*RHO(L1,J)
DIFF=ARX(J)*GAM(L1,J)/(XCV(L2)*SX(J))

105 CALL DIFLOW

AIM(I+1,J)=ACOF+AMAX1(0.,FLOW)
AIP(I,J)=AIM(I+1,J)-FLOW
IF(J.EQ.M2) GO TO 106

FL=XCVI(I)*V(I,J+1)*(FY(J+1)*RHO(I,J+1)+FYM(J+1)*RHO(I,J))
FLM=XCVIP(I-1)*V(I-1,J+1)*(FY(J+1)*RHO(I-1,J+1)+FYM(J+1)*
1 RHO(I-1,0)
GM= GAM(I,J)* GAM( I, J+ 1)/( YCV( J ) *GAM(I,J +1) +YCV(J +1) *GAM(I,J)+

1 1.0E-30)*XCVI(I)

GMM=GAM(I-1,0*GAM(I-1,J+1)/(YCV(J)*GAM(I-1,J+1)+YCV(J+1)*
1 GAM(I-1,0+1.E-30)*XCVIP(I-1)
DIFF=RMN(J+1)*2.*(GM+GMM)
GO TO 107

106 FL=XCVI(I)*V(I,M1)*RHO(I,M1)

FLM=XCVIP(I-1)*V(I-1,M1)*RHO(I-1,M1)

DIFF=R(M1)*(XCVI(I)*GAM(I,M1)+XCVIP(I-1)*GAM(I-1,M1))/YDIF(M1)
107 FLOW=RMN(J+1)*(FL+FLM)

CALL DIFLOW

AJM(I,J+1)=ACOF+AMAX1(0.,FLOW)
AJP(I,J)=AJM(I,J+1)-FLOW
VOL=YCVR(J)*XCVS(I)

APT=(RHOLD(I,J)*XCVI(I)+RHOLD(I-1,J)*XCVIP(I-1))
1/(XCVS(I)*DT)
AP(I,J)=AP(I,J)-APT
CON(I,J)=CON(I,J)+APT*UOLD(I,J)
AP(I,J)=(-AP(I,J)*VOL+AIP(I,J)+AIM(I,J)+AJP(I,J)+AJM(I,J))
1/RELAX(NF)

CON(I,J)=CON(I,J)*VOL+REL*AP(I,J)*U(I,J)
DU(I,J)=VOL/(XDIF(I)*SX(J))
DU(I,J)=DU(I,J)/AP(I,J)

103 CONTINUE
C

C 9-23-86 KIM
C REWIND 1
C WRITE(1) COF,CON
C

DO 801 I=1,L1
DO 801 J=1,M1

AIPU(I,J) = AIP(I,J)
AIMU(I,J) = AJM(I,J)
AJPU(I,J) = AJP(I,J)
AJMU(I,J) = AJM(I,J)
APU(I,J) = AP(I,J)

801 CONU(I,J) = CON(I,J)
C

C################TEMPORARY USE OF PC(I,J) TO STOREUHAT#######
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DO 151 J=2,M2
DO 151 I=3,L2

151 PC(I,J)=(AIP(I,J)*U(I+1,J)+AIM(I,J)*U(I-1,J)+AJP(I,J)*U(I,J 1 )+

1AJM(I,J)*U(I,J-1)+CON(I,J))/AP(I,J)
100 CONTINUE

C

COEFFICIENTS FOR THE V EQUATION
C

CALL RESET
NF=2

C READ(2) ((FOLD(I,J),I=1,L1),J=1,M1)
IF(.NOT.LSOLVE(NF)) GO TO 200
IST=2
JST=3
CALL GAMSOR
REL=1.-RELAX(NF)
DO 202 I=2,L2
AREA=R(1)*XCV(I)
FLOW=AREA*V(I,2)*RHO(I,1)
DIFF=AREA*GAM(I,1)/YCV(2)
CALL DIFLOW

202 AJM(I,3)=ACOF+AMAX1(0.,FLOW)
DO 203 J=3,M2

FL=ARXJ(J)*U(2,J)*RHO(1,J)
FLM=ARXJP(J-1)*U(2,J-1)*RHO(1,J-1)
FLOW=FL+FLM

DIFF=(ARXJ(J)*GAM(1,J)+ARXJP(J-1)*GAM(1,J-1))/(XDIF(2)*SXMN(J))
CALL DIFLOW

AIM(2,J)=AC0F+AMAX1(0.,FLOW)
DO 203 I=2,L2
IF(I.EQ.L2) GO TO 204

FL=ARXJ(J)*U(I+1,0*(FX(I+1)*RHO(I+1,J)+FXM(I+1)*RHO(I,J))
FLWARXJP(J-1)*U(I+1,J-1)*(FX(I+1)*RHO(I+1,J-1)+FXM(I+1)*
1 RHO(I,J-1))

GM=GAM(I,J)*GAM(I+1,J)/(XCV(I)*GAM(I+1,J)+XCV(I+1)*GAM(I,J)+
1 1.E-30)*ARXJ(J)

GMM=GAM(I,J-1)*GAM(I+1,J-1)/(XCV(I)*GAM(I+1,J-1)+XCV(I+1)*
1 GAM(I,J-1)+1.0E-30)*ARXJP(J-1)
DIFF=2.*(GM+GMM)/SXMN(J)
GO TO 205

204 FL= ARXJ(J) *U(L1,J) *RHO(L1,J)

FLM=ARXJP(J-1)*U(L1,J-1)*RHO(L1,J-1)
DIFF=(ARXJ(J)*GAM(L1,J)+ARXJP(J-1)*GAM(L1,J-1))/

&(XDIF(L1)*SXMN(J))
205 FLOW=FL+FLM

CALL DIFLOW

AIM(I+1,J)=ACOF+AMAX1(0.,FLOW)
AIP(I,J) = AIM(I +1,J) -FLOW

IF(J.EQ.M2) GO TO 206
AREA=R(J)*XCV(I)

FL=V(I,J)*(FY(J)*RHO(I,J)+FYM(J)*RHO(I,J-1))*RMN(J)
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FLP=V(I,J+1)*(FY(J+1)*RHO(I,J+1)+FYM(J+1)*RHO(I,J))*RMN(J+1)
FLOW=(FV(J)*FL+FVP(J)*FLP)*XCV(I)
DIFF=AREA*GAM(I,J)/YCV(J)
GO TO 207

206 AREA=R(M1)*XCV(I)
FLOW=AREA*V(I,M1)*RHO(I,M1)
DIFF=AREA*GAM(I,M1)/YCV(M2)

207 CALL DIFLOW

AJM(I,J+1)=AC0F+AMAX1(0.,FLOW)
AJP(I,J)=AJM(I,J+1)-FLOW
VOL=YCVRS(J)*XCV(I)

APT=(ARXJ(J)*RHOLD(I,J)*0.5*(SX(J)+SXMN(J))+ARXJP(J-1)*
1RHOLD(I,J-1)*0.5*(SX(J-1)+SXMN(J)))/(YCVRS(J)*DT)
AP(I,J)=AP(I,J)-APT

CON(I,J)=CON(I,J)+APT*VOLD(I,J)
AP(I,J)=(-AP(I,J)*VOL+AIP(I,J)+AIM(I,J)+AJP(I,J)+AJM(I,J))
1/RELAX(NF)

CON(I,J)=CON(I,J)*VOL+REL*AP(I,J)*V(I,J)
DV(I,J)=VOL/YDIF(J)
DV(I,J)=DV(I,J)/AP(I,J)

203 CONTINUE
DO 802 I=1,L1
DO 802 J=1,M1

AIPV(I,J) = AIP(I,J)
AIMV(I,J) = AIM(I,J)
AJPV(I,J) = AJP(I,J)
AJMV(I,J) = AJM(I,J)
APV(I,J) = AP(I,J)

802 CONV(I,J) = CON(I,J)
C
C WRITE(1) COF,CON
C

200 CONTINUE
C

COEFFICIENTS FOR THE PRESSURE EQUATION###################
C

NF=NP

IF(.NOT.LSOLVE(NF)) GO TO 500
IST=2

JST=2
DO 402 I=2,L2
ARHO=R(1)*XCV(I)*RH0(I,1)
CON(I,2)= ARHO *V(I,2)

402 AJM(I,2)=0.
DO 403 J=2,M2
ARHO=ARX(J)*RHO(1,J)
CON(2,J)=CON(2,J)+ARHO*U(2,J)
AIM(2,0=0.
DO 403 I=2,L2
IF(I.EQ.L2) GO TO 404

ARHO=ARX(J)*(FX(I+1)*RHO(I+1,J)+FXM(I+1)*RHO(1,0)
FLOW=ARHO*PC(I+1,J)
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CON(I,J)=CON(I,J)-FLOW
CON(I+1,J)=CON(I+1,J)+FLOW
AIP(I,J)=ARHO*DU(I+1,J)
AIM(I+1,J)=AIP(I,J)
GO TO 405

404 ARHO=ARX(J)*RHO(L1,J)

CON(I,J)=CON(I,J)-ARHO*U(L1,J)
AIP(I,J)=0.

405 IF(J.EQ.M2) GO TO 406

ARHO=RMN(J+1)*XCV(I)*(FY(J+1)*RHO(I,J+1)+FYM(J+1)*RHO(I,J))
VHAT=(AIP(I,J+1)*V(I+1,J+1)+AIM(I,J+1)*V(I-1,J+1)+AJP(I,J+1)*
1V(I,J+2)+AJM(I,J+1)*V(I,J)+CON(I,J+1))/AP(I,J+1)
FLOW=ARHO*VHAT
CON(I,J)=CON(I,J)-FLOW
CON(I,J+1)=FLOW
AJP(I,J)=ARHO*DV(I,J+1)
AJM(I,J+1)=AJP(I,J)
GO TO 407

406 ARHO=RMN(M1)*XCV(I)*RHO(I,M1)
CON(I,J)=CON(I,J)-ARHO*V(I,M1)
AJP(I,J)=0.

407 AP(I,J)=AIP(I,J)+AIM(I,J)+AJP(I,J)+AJM(I,J)
C

C CORRECTION FOR NONSTEADY ANALYSIS
C

VOL=YCVR(J)*XCV(I)

CON(I,J)=CON(I,J)+(RHOLD(I,J)-RHO(I,J))*VOL/DT
403 CONTINUE

DO 803 I=1,L1
DO 803 J=1,M1

AIPP(I,J) = AIP(I,J)
AIMP(I,J) = AIM(I,J)
AJPP(I,J) = AJP(I,J)
AJMP(I,J) = AJM(I,J)

803 APP(I,J) = AP(I,J)
C

C WRITE(1) COF
C

IF(ITER.LE.1) GO TO 409
DO 408 J=2,M2
DO 408 I=2,L2

AP(I,J)=AP(I,J)/RELAX(NP)

CON(I,J)=CON(I,J)+(1.-RELAX(NP))*AP(I,J)*P(I,J)
408 CONTINUE
409 CONTINUE

CALL SOLVE
NF=1
IST=3
JST=2
DO 804 I=1,L1
DO 804 J=1,M1

AIP(I,J) = AIPU(I,J)



AIM(I,J) = AIMU(I,J)
AJP(I,J) = AJPU(I,J)
AJM(I,J) = AJMU(I,J)
AP(I,J) = APU(I,J)

804 CON(I,J) = CONU(I,J)
C

C REWIND 1
C READ(1) COF,CON
C

DO 413 J=2,M2
DO 413 I=3,L2

413 CON(I,J)=CON(I,J)+DU(I,J)*AP(I,J)*(P(I-1,0-P(I,J))
CALL SOLVE
NF=2
IST=2
JST=3
DO 805 I=1,L1
DO 805 J=1,M1

AIP(I,J) = AIPV(I,J)
AIM(I,J) = AIMV(I,J)
AJP(I,J) = AJPV(I,J)
AJM(I,J) = AJMV(I,J)
AP(I,J) = APV(I,J)

805 CON(I,J) = CONV(I,J)
C

C READ(1) COF,CON
C

DO 414 J=3,M2
DO 414 I=2,L2

414 CON(I,J)=CON(I,J)+DV(I,J)*AP(I,J)*(P(I,J-1)-P(I,J))
CALL SOLVE

C

COEFFICIENTS FOR THE PRESSURE CORRECTION EQUATION
C

DO 806 I=1,L1
DO 806 J=1,M1

AIP(I,J) = AIPP(I,J)
AIM(I,J) = AIMP(I,J)
AJP(I,J) = AJPP(I,J)
AJM(I,J) = AJMP(I,J)

806 AP(I,J) = APP(I,J)
C

C READ(1) COF
C

NF=3

IF(.NOT.LSOLVE(NF)) GO TO 500
IST=2
JST=2
CALL GAMSOR
SMAX =O.

SSUM =O.

DO 410 J=2,M2
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DO 410 I=2,L2
VOL=YCVR(J)*XCV(I)

410 CON(I,J)=CON(I,J)*VOL+(RHOLD(I,J)-RHO(I,J))*VOL/DT
DO 474 I=2,L2
ARHO=R(1)*XCV(I)*RHO(I,1)

474 CON(I,2)=CON(I,2)+ARHO*V(I,2)
DO 475 J=2,M2
ARHO=ARX(J)*RHO(1,J)
CON(2,J)=CON(2,J)+ARHO*U(2,0
DO 475 I=2,L2
IF(I.EQ.L2) GO TO 476

ARHO=ARX(J)*(FX(I+1)*RHO(I+1,J)+FXM(I+1)*RHO(I,J))
FLOW=ARHO*U(I +1,J)

CON(I,J)=CON(I,J)-FLOW
CON(I+1,J)=CON(I+1,J)+FLOW
GO TO 477

476 ARHO=ARX(J)*RHO(L1,J)
CON(I,J)=CON(I,J)-ARHO*U(L1,J)

477 IF(J.EQ.M2) GO TO 478

ARHO=RMN(J+1)*XCV(I)*(FY(J+1)*RHO(I,J+1)+FYM(J+1)*RHO(I,J))
FLOW=ARHO*V(I,J+1)
CON(I,J)=CON(I,J)-FLOW
CON(I,J+1)=CON(I,J+1)+FLOW
GO TO 479

478 ARHO=RMN(M1)*XCV(I)*RHO(I,M1)
CON(I,J)=CON(I,J)-ARHO*V(I,M1)

479 PC(1,0=0.
SMAX=AMAX1(SMAX,ABS(CON(I,J)))
SSUM=SSUM+CON(I,J)

475 CONTINUE
CALL SOLVE

C

COME HERE TO CORRECT THE VELOCITIES
C

DO 501 J=2,M2
DO 501 I=2,L2

IF(I.NE.2) U(I,J)=U(I,J)+DU(I,J)*(PC(I-1,J)-PC(I,J))
IF(J.NE.2) V(I,J)=V(I,J)+DV(I,J)*(PC(I,J-1)-PC(I,J))

501 CONTINUE
500 CONTINUE

C

COEFFICIENTS FOR OTHER EQUATIONS
C

IST=2
JST=2
DO 600 NF=4,NFMAX

C

C READ(2) ((FOLD(I,J),I=1,L1),J=1,M1)
C

IF(.NOT.LSOLVE(NF)) GO TO 600
CALL GAMSOR
REL=1.-RELAX(NF)
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IF(LANIS(NF)) GO TO 610
DO 602 I=2,L2
AREA=R(1)*XCV(I)
FLOW=AREA*V(I,2)*RH0(I,1)
DIFF=AREA*GAM(I,1)/YDIF(2)
CALL DIFLOW

602 AJM(I,2)=ACOF+AMAX1(0.,FLOW)
DO 603 J=2,M2
FLOW=ARX(J)*U(2,J)*RHO(1,J)
DIFF=ARX(J)*GAM(1,J)/(XDIF(2)*SX(J))
CALL DIFLOW

AIM(2,J)=AC0F+AMAX1(0.,FLOW)
DO 603 I=2,L2
IF(I.EQ.L2) GO TO 604

FLOW=ARX(J)*U(I+1,J)*(FX(I+1)*RHO(I+1,J)+FXM(I+1)*RHO(I,J))
DIFF=ARX(J)*2.*GAM(I,J)*GAM(I+1,J)/((XCV(I)*GAM(I+1,J)+

1 XCV(I+1)*GAM(I,J)+1.0E-30)*SX(J))
GO TO 605

604 FLOW=ARX(J)*U(L1,0*RHO(L1,J)
DIFF=ARX(J)*GAM(L1,J)/(XDIF(L1)*SX(J))

605 CALL DIFLOW

AIM(I+1,J)=ACOF+AMAX1(0.,FLOW)
AIP(I,J)=AIM(I+1,J)-FLOW
AREA=RMN(J+1)*XCV(I)
IF(J.EQ.M2) GO TO 606

FLOW=AREA*V(I,J+1)*(FY(J+1)*RHO(I,J+1)+FYM(J+1)*RHO(I,J))
DIFF=AREA*2.*GAM(I,J)*GAM(I,J+1)/(YCV(J)*GAM(I,J+1)+

1 YCV(J+1)*GAM(I,J)+1.0E-30)
GO TO 607

606 FLOW=AREA*V(I,M1)*RHO(I,M1)
DIFF=AREA*GAM(I,M1)/YDIF(M1)

607 CALL DIFLOW

AJM(I,J+1)=AC0F+AMAX1(0.,FLOW)
AJP(I,J)=AJM(I,J+1)-FLOW
VOL=YCVR(J)*XCV(I)
APT=RHOLD(I,J)/DT
AP(I,J)=AP(I,J)-APT

CON(I,J)=CON(I,J)+APT*GOLD(I,J,NF-3)

AP(I,J)=(-AP(I,J)*VOL+AIP(I,J)+AIM(I,J)+AJP(I,J)+AJM(I,J))
1/RELAX(NF)

CON(I,J)=CON(I,J)*VOL+REL*AP(I,J)*F(I,J,NF)
603 CONTINUE

GO TO 620
610 CONTINUE

DO 612 I=2,L2
AREA=R(1)*XCV(I)
DIFF=AREA*GAM2(I,1)/YDIF(2)

612 AJM(I,2) =DIFF
DO 613 J=2,M2

DIFF=ARX(J)*GAM1(103)/(XDIF(2)*SX(J))
AIM(2,J)=DIFF
DO 613 I=2,L2



IF(I.EQ.L2) GO TO 614

DIFF=ARX(J)*2.*GAM1(I,J)*GAM1(I +1,J)/((XCV(I)*GAM1(1+1,J)+
1 XCV(I+1)*GAM1(I,J)+1.0E-30)*SX(J))
GO TO 615

614 DIFF=ARX(J)*GAM1(L1,J)/(XDIF(L1)*SX(J))
615 AIM(I+1,J)=DIFF

AIP(I,J)=AIM(I+1,J)
AREA=RMN(J+1)*XCV(I)
IF(J.EQ.M2) GO TO 616

DIFF=AREA*2.*GAM2(I,J)*GAM2(I,J+1)/(YCV(J)*GAM2(I,J+1)+
1 YCV(J+1)*GAM2(I,J)+1.0E-30)
GO TO 617

616 DIFF=AREA*GAM2(I,M1)/YDIF(M1)
617 AJM(I,J+1)=DIFF

AJP(I,J)=AJM(I,J+1)
VOL=YCVR(J)*XCV(I)
APT=RHO(I,J)/DT
AP(I,J)=AP(I,J)-APT
CON(I,J)=CON(I,J)+APT*GOLD(I,J,NF-3)
AP(I,J)=(-AP(I,J)*VOL+AIP(I,J)+AIM(I,J)+AJP(I,J)+AJM(I,J))
1/RELAX(NF)

CON(I,J)=CON(I,J)*VOL+REL*AP(I,J)*F(I,J,NF)
613 CONTINUE
620 CALL SOLVE
600 CONTINUE

ITER=ITER+1
RETURN

C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

ENTRY OLDENSE
C***************** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * **

IF(ITER.GE.LAST) LNEXT=.TRUE.
IF(.NOT.LNEXT) RETURN
IF(NTS.EQ.NTSL) THEN

LSTOP=.TRUE.
RETURN
ENDIF

ITER =O

LNEXT=.FALSE.
NTS= NTS+1
DO 700 J=1,M1
DO 700 I=1,L1

700 RHOLD(I,J)=RHO(I,J)
C

C9-23-86 KIM
C REWIND 2
C WRITE(2) ((U(I,J),I=1,L1),J=1,M1)
C WRITE(2) ((V(I,J),I=1,L1),J=1,M1)
C DO 710 NF=4,NFMAX
C 710 WRITE(2) ((F(I,J,NF),I=1,L1),J=1,M1)
C

DO 705 I=1,L1
DO 705 J=1,M1
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UOLD(I,J) = U(I,J)
VOLD(I,J) = V(I,J)

DO 706 NF=4,NFMAX
706 GOLD(I,J,NF-3) = F(I,J,NF)
705 CONTINUE

TIME= TIME+DTM(NTS)
RETURN
END

C****************** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * **

SUBROUTINE SUPPLY
C***************** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * **

LOGICAL LSOLVE,LPRINT,LSTOP,LANIS
COMMON F(40,40,9),P(40,40),RHO(40,40),GAM(40,40),GAM2(40,40),

1CON(40,40),AIP(40,40),AIM(40,40),AJP(40,40),AJM(40,40),AP(40,40),
2X(40),XU(40),XDIF(40),XCV(40),XCVS(40),
3Y(40),YV(40),YDIF(40),YCV(40),YCVS(40),
4YCVR(40),YCVRS(40),ARX(40),ARXJ(40),ARXJP(40),
5R(40),RMN(40),SX(40),SXMN(40),XCVI(40),XCVIP(40),RHOLD(40,40)
COMMON DU(40,40),DV(40,40), FV(40),FVP(40),
1FX(40),FXM(40),FY(40),FYM(40),PT(40),QT(40)
COMMON/INDX/NF,NFMAX,NP,NRHO,NGAM,L1,L2,L3,M1,M2,M3,
lIST,JST,ITER,LAST,TITLE(14),RELAX(14),TIME,DTM(3000),XL,YL,
2IPREF,JPREF,LSOLVE(11),LPRINT(14),MODE,NTIMES(11),RHOCON,
3LANIS(11)

DIMENSION U(40,40),V(40,40),PC(40,40)

EQUIVALENCE(F(1,1,1),U(1,1)),(F(1,1,2),V(1,1)),(F(1,1,3),PC(1,1))

C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

10 FORMATOX,26(1H*),3X,A10,3X,26(1H*))
20 FORMAT(1X,4H I =,I6,619)
30 FORMAT(1X,1HJ)
40 FORMAT(1X,I2,3X,1P7E9.2)
50 FORMAT(1X,1H )
51 FORMAT(1X,'I =',2X,7(I4,5X))
52 FORMAT(1X,'X =',1P7E9.2)
53 FORMAT('TH =',1P7E9.2)
54 FORMAT(1X,'J =',2X,7(I4,5X))
55 FORMAT(1X,'Y =',1P7E9.2)
56 FORMAT(2X,'I',5X,'X')
57 FORMAT(1X,I2,2X,1P7E9.2)
58 FORMAT(2X,'J',5X,'Y')
59 FORMAT(1X,12,2X,12,2X,1P7E13.5)
60 FORMAT(1X,I2)
61 FORMAT(1X,4HDIMS)
62 FORMAT(2X,'I',4X,'TH')

C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

ENTRY UGRID
C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

XU(2)=0.
DX=XL/FLOAT(L1-2)
DO 1 I=3,L1

1 XU(I)=XU(I-1)+DX



YV(2)=0.

DY=YL/FLOAT(M1-2)
DO 2 J=3,M1

2 YV(J)=YV(J-1)+DY
RETURN

C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

ENTRY PRINT
C***************** * * * * * * * * * * * * * * * * * * * * * * * ** * * * * **

IF(.NOT.LPRINT(3)) GO TO 80
C

CALCULATE THE STREAM FUNCTION
C

C
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F(2,2,3)=0.
DO 82 I=2,L1

IF(I.NE.2) F(I,2,3)=F(I-1,2,3)-RHO(I-1,1) V(I-1,2)
1 *R(1)*XCV(I-1)

DO 82 J=3,M1

RHOM=FX(I)*RHO(I,J-1)+FXM(I)*RHO(I-1,J-1)
82 F(I,J,3)=F(I,J-1,3)+RHOM*U(I,J-1)*ARX(J-1)
80 CONTINUE

IF(.NOT.LPRINT(NP)) GO TO 90
C

CONSTRUCT BOUNDARY PRESSURES BY EXTRAPOLATION
C

C

DO 91 J=2,M2

PDUM=(P(2,J)*XCVS(3)-P(3,J)*XDIF(2))/XDIF(3)
P(L1,J)=(P(L2,J)*XCVS(L2)-P(L3,J)*XDIF(L1))/XDIF(L2)

91 P(1,J)=PDUM
DO 92 I=2,L2

PDUM=(P(I,2)*YCVS(3)-P(1,3)*YDIF(2))/YDIF(3)
P(I,M1)=(P(I,M2)*YCVS(M2)-P(I,M3)*YDIF(M1))/YDIF(M2)

92 P(I,1)=PDUM

P(1,1)=P(2,1)+P(1,2)-P(2,2)
P(L1,1)=P(L2,1)+P(L1,2)-P(L2,2)
P(1,M1)=P(2,M1)+P(1,M2)-P(2,M2)
P(L1,M1)=P(L2,M1)+P(L1,M2)-P(L2,M2)
PREF=P(IPREF,JPREF)
DO 93 J=1,M1
DO 93 I=1,L1

93 P(I,J)=P(I,J)-PREF
90 CONTINUE

PRINT 50
IEND=0

301 IF(IEND.EQ.L1) GO TO 310
IBEG=IEND+1
IEND=IEND+7
IEND=MINO(IEND,L1)
PRINT 50
PRINT 51,(I,I=IBEG,IEND)
IF(MODE.EQ.3) GO TO 302



C

PRINT 52,(X(I),I=IBEG,IEND)
GO TO 303

302 PRINT 53,(X(I),I=IBEG,IEND)
303 GO TO 301
310 JEND =O

PRINT 50
311 IF(JEND.EQ.M1) GO TO 320

JBEG=JEND+1
JEND=JEND+7
JEND= MINO(JEND,M1)
PRINT 50
PRINT 54,(J,J=JBEG,JEND)
PRINT 55,(Y(J),J=JBEG,JEND)
GO TO 311

320 CONTINUE

DO 999 NF=1,NGAM
IF(.NOT.LPRINT(NF)) GO TO 999
PRINT 50
PRINT 10,TITLE(NF)
IFST=1
JFST=1

IF(NF.EQ.1.OR.NF.EQ.3) IFST=2
IF(NF.EQ.2.OR.NF.EQ.3) JFST=2
IBEG=IFST-7

110 CONTINUE
IBEG=IBEG+7
IEND=IBEG+6
IEND=MINO(IEND,L1)
PRINT 50
PRINT 20,(I,I=IBEG,IEND)
PRINT 30
JFL=JFST+Ml
DO 115 JJ=JFST,M1
J=JFL-JJ
PRINT 40,J,(F(I,J,NF),I=IBEG,IEND)

115 CONTINUE
IF(IEND.LT.L1) GO TO 110

999 CONTINUE
RETURN
END
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c********************************************************************
SUBROUTINE USER

c********************************************************************
LOGICAL LSOLVE,LPRINT,LSTOP,LANIS,LNEXT,LCHECK
REAL MA,MB,MATOP,MALOW
COMMON F(40,40,9),P(40,40),RHO(40,40),GAM(40,40),GAM2(40,40),

1CON(40,40),AIP(40,40),AIM(40,40),AJP(40,40),AJM(40,40),AP(40,40),
2 X(40),XU(40),XDIF(40),XCV(40),XCVS(40),
3 Y(40),YV(40),YDIF(40),YCV(40),YCVS(40),
4 YCVR(40),YCVRS(40),ARX(40),ARXJ(40),ARXJP(40),
5 R(40),RMN(40),SX(40),SXMN(40),XCVI(40),XCVIP(40),RHOLD(40,40)
COMMON DU(40,40),DV(40,40), FV(40),FVP(40),
1 FX(40),FXM(40),FY(40),FYM(40),PT(40),QT(40)

COMMON/INDX/NF,NFMAX,NP,NRHO,NGAM,L1,L2,L3,M1,M2,M3,
lIST,JST,ITER,LAST,TITLE(14),RELAX(14),TIME,DTM(3000),XL,YL,
2IPREF,JPREF,LSOLVE(11),LPRINT(14),MODE,NTIMES(11),RHOCON,
3LANIS(11)

COMMON/CNTL/LSTOP,LNEXT,NTS,NTSL
COMMON/SORC/SMAX,SSUM
COMMON/COEF/FLOW,DIFF,ACOF
DIMENSION U(40,40),V(40,40),PC(40,40)

EQUIVALENCE(F(1,1,1),U(1,1)),(F(1,1,2),V(1,1)),(F(1,1,3),PC(1,1))
DIMENSION TH(40),THU(40),THDIF(40),THCV(40),THCVS(40)
EQUIVALENCE(X,TH),(XU,THU),(XDIF,THDIF),(XCV,THCV)

1 ,(XCVS,THCVS),(XL,THL)
DIMENSION GAM1(40,40)
DIMENSION LCHECK(11)
EQUIVALENCE (GAM(1,1),GAM1(1,1))

c******************************************************************
C

C AXISYMMETRIC NATURAL CONVECTION PROBLEM CASEl.FOR
C
C COMPARISON TO THE De Vahl Davis RESULTS
C FIRST CASE IN THESIS WORK, H=2,K=10,t/R=.2
C
C CONVECTION AND CONDUCTION IN CYLINDRICAL CAVITY WITHOUT BAFFLE
C

c******************************************************************
DIMENSION THETA(40,40)
DIMENSION DFMAX(3,9)
EQUIVALENCE (F(1,1,4),THETA(1,1))
DIMENSION OLDF(40,40,4)
INTEGER RESTART,PRINTOUT,ECHO,ICHECK
DATA (LSOLVE(I),LPRINT(I),I=1,4),LSOLVE(10),LPRINT(10)/10*.TRUE./
DATA LCHECK(1),LCHECK(2),LCHECK(4)/3*.TRUE./
DATA TITLE(1),TITLE(2),TITLE(3),TITLE(4),TITLE(10)

DATA NTIMES(3)/1*5/
C

C

ENTRY GRID

OPEN(UNIT=3,NAME=1SIMPLER.IN',STATUS=10LD')



C

C RELAXATION FACTORS AND STEPS THROUGH THE SOLVE ALGORITHM
C

READ(3,50) ECHO
50 FORMAT(1X,I1)

READ(3,51) RELAX(1),RELAX(2),RELAX(4),RELAX(10)
READ(3,57) NTIMES(1),NTIMES(2),NTIMES(4),NTIMES(10)

51 FORMAT(1X,F6.2)
C

IF (ECHO.EQ.1) THEN
WRITE(*,52)

52 FORMAT(1X,'RELAXATION FACTORS FOR U,V,T AND P RESPECTIVELY')
WRITE(*,51) RELAX(1),RELAX(2),RELAX(4),RELAX(10)
WRITE(*,57) NTIMES(1),NTIMES(2),NTIMES(4),NTIMES(10)
END IF

C

READ(3,50) ECHO
READ(3,53) LAST,NTSL,DT

53 FORMAT(1X,I6,I6,E12.5)
C

IF (ECHO.EQ.1) THEN
WRITE(*,54)

54 FORMAT(1X,'ITERATIONS/STEP, NUMBER OF STEPS, SECONDS/STEP')
WRITE(*,53) LAST,NTSL,DT
END IF

C

READ(3,50) ECHO
READ(3,57) RESTART,PRINTOUT

C

IF (ECHO.EQ.1) THEN
WRITE(*,56)

56 FORMAT(1X,'THE RESTART AND PRINTOUT OPTIONS')
WRITE(*,57) RESTART,PRINTOUT

END IF
57 FORMAT(1X,I6)

C

MODE= 2
XL= 2.0
YL= 1.1111111
R(1)=0.111111
L1=22

C

M1=22
C

C OPTIONAL NON-UNIFORM GRID GENERATOR
C THIS ONLY WORKS FOR EVEN LI AND MI VALUES
C

SP=1.25
XU(2)=0.
XU(L1)=XL
DO 70 I=1,(L1-2)/2
DX=2.**(SP-1.) * (XL)*(FLOAT(I)/FLOAT(L1-2))**SP
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XU(I+2) = XU(2)+DX
70 XU(L1-I) = XL-DX

YV(2)=R(1)
YV(M1)=YL
DO 71 J=1,(M1-2)/2
DY=2.**(SP-1.) * (YL-R(1))*(FLOAT(J)/FLOAT(M1-2))**SP
YV(J+2) = YV(2)+DY

71 YV(M1-J) = YL-DY
C CALL UGRID
C DO 72 I=1,L1
C 72 WRITE(*,73) I,XU(I)
C 73 FORMAT(1X,I3,E12.5)
C DO 74 J=1,M1
C 74 WRITE(*,73) J,YV(J)
C

DO 8 I=1,NTSL
8 DTM(I) = DT

RETURN
C

C

C

C

61

C

55
C

62

C

C

ENTRY START

THOT=1.
TCOLD =O.

READ(3,50) ECHO
READ(3,51) PRANDTL

IF (ECHO.EQ.1) THEN
WRITE(*,61)

FORMAT(1X,'THE PRANDTL NUMBER OF THE FLUID (PR)')
WRITE(*,51) PRANDTL

END IF

READ(3,55) RAY
FORMAT(1X,E12.5)

IF (ECHO.EQ.1) THEN
WRITE(*,62)

FORMAT(1X,'THE RAYLEIGH NUMBER (RA SUB Di)')
WRITE(*,55) RAY

END IF

CLOSE(UNIT=3)
IF (RESTART.EQ.1) GO TO 120
DO 117 I=1,L1
DO 117 J=1,M1

117 THETA(I,J)=THOT - (J/M1)*(THOT-TCOLD)
GO TO 130

120 CONTINUE

OPEN(UNIT=2,NAME=1SIMPLER.OUT',RECL=132,STATUS=1OLD')
READ (2,1001) L1,M1
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READ (2,1000) (X(I),I=1,L1),(Y(J),J=1,M1),(((F(I,J,NF),
I=1,L1),J=1,M1),NF=1,4)

1002 FORMAT(E12.5)
1001 FORMAT(I5)
1000 FORMAT(6E12.5)

CLOSE(UNIT=2)
130 CONTINUE

RETURN
C

ENTRY DENSE
C

DO 200 I=1,L1
DO 200 J=1,M1

200 RHO(I,J)= 1.0
RETURN

C

ENTRY BOUND
C

C CONSTANT TEMPERATURE CONDITIONS
C

DO 225 I=1,L1
THETA(I,M1)=TCOLD

225 THETA(I,1)=THOT
DO 229 J=1,M1
THETA(1,0=THETA(2,J)

229 THETA(L1,J)= THETA(L2,J)
C

C VELOCITY BOUNDARIES
C

DO 235 I=1,L1
V(I,1)=0.
U(I,1)=0.
V(I,M1)=0.

235 U(I,M1)=0.
C

C

C

DO 240 J=2,M2
U(1,J)=0.
V(1,J)=0.
U(L1,J)=0.

240 V(L1,J)=0.
RETURN

ENTRY OUTPUT

DO 315 ICHECK=1,NFMAX

IF(.NOT. LCHECK(ICHECK)) GO TO 315
DFMAX(2,ICHECK)=1.
DFMAX(3,ICHECK)=1.
DFMAX(1,ICHECK)=0.
DO 305 I=2,L2
DO 305 J=2,M2

IF (F(I,J,ICHECK).EQ.0.) GO TO 305
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CHANGE = ((F(I,J,ICHECK)-OLDF(I,J,ICHECK))/F(I,J,ICHECK))*100.
IF (ABS(CHANGE) .GE. ABS(DFMAX(1,ICHECK))) THEN
DFMAX(1,ICHECK)=CHANGE
DFMAX(2,ICHECK)=I
DFMAX(3,ICHECK)=J

ENDIF
305 CONTINUE
315 CONTINUE

C

IF ((NTS .NE. 1).OR.(ITER .NE. 0)) GO TO 415
PRINT 400

400 FORMAT(4X,'NTS',2X,'ITER',6X,'DTMAX',7X,'DUMAX',7X,'DVMAX')
415 IF (ABS(DFMAX(1,4)).LT.0.1) THEN

I=1

ELSE
I=0

END IF
IF (ABS(DFMAX(1,1)).LT.0.2) THEN

J=1
ELSE

J=0
END IF

IF (ABS(DFMAX(1,2)).LT.0.2) THEN
K=1

ELSE
K=0

END IF

PRINT 420,NTS,ITER,DFMAX(1,4),DFMAX(1,1),DFMAX(1,2),I,J,K
420 FORMAT(216,3F12.3,315)

C

C CONVERGENCE CRITERION
C

IF((I+J+K) .EQ. 3) THEN
ITER=LAST

END IF

IF(ITER .NE. LAST) GO TO 700
IF(PRINTOUT.EQ.0) GO TO 510
CALL PRINT

C
510 CONTINUE

C

CALCULATE THE STREAM FUNCTION
C

C

F(2,2,3)=0.
DO 82 I=2,L1

IF(I.NE.2) F(I,2,3)=F0-1,2,3)-RHO(1-1,1)*V(1-1,2)
1*R(1)*XCV(I-1)
DO 82 J=3,M1

RHOM=FX(I)*RHO(I,J-1)+FXM(I)*RHO(I-1,J-1)
82 F(I,J,3)=F(I,J-1,3)+RHOM*U(I,J-1)*ARX(J-1)
80 CONTINUE
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OPEN(UNIT=2,NAME=1SIMPLER.OUT',RECL=132,STATUS=1NEW)
WRITE(2,1001) L1,M1
WRITE(2,1000) (X(I),I=1,L1),(Y(J),J=1,M1),(((F(I,J,NF),

I=1,L1),J=1,M1),NF=1,4)
CLOSE(UNIT=2)
RETURN

C

700 CONTINUE
DO 705 ICHECK=1,NFMAX

IF (.NOT. LCHECK(ICHECK)) GO TO 705
DO 710 I=1,L1
DO 710 J=1,M1
OLDF(I,J,ICHECK) = F(I,J,ICHECK)

710 CONTINUE
705 CONTINUE

RETURN
C

ENTRY GAMSOR
C

DO 401 J=1,M1
DO 401 I=1,L1

401 GAM(I,J) = PRANDTL
C

IF(NF .NE. 4) GO TO 485
DO 480 I=1,L1
DO 480 J=1,M1
CON(I,J) = O.
AP(I,J)=0.

480 GAM(I,J) = 1.
C

485 IF(NF .NE. 1) GO TO 500
DO 490 I=2,L2
DO 490 J=2,M2
AP(I,J)=0.

490 CON(I,J) =-RAY * PRANDTL * THETA(I,J)

500 IF(NF .NE. 2) RETURN
DO 515 I=2,L2
DO 515 J=2,M2
CON(I,J)=0.

515 AP(I,J)=-PRANDTLRY(J)**2)
C

RETURN
END

C
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USER Subroutine Listing

for
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c*********************************************************************

SUBROUTINE USER
c*********************************************************************

LOGICAL LSOLVE,LPRINT,LSTOP,LANIS,LNEXT,LCHECK
REAL MA,MB,MATOP,MALOW

COMMON F(40,40,9),P(40,40),RHO(40,40),GAM(40,40),GAM2(40,40),

1CON(40,40),AIP(40,40),AIM(40,40),AJP(40,40),AJM(40,40),AP(40,40),
2 X(40),XU(40),XDIF(40),XCV(40),XCVS(40),
3 Y(40),YV(40),YDIF(40),YCV(40),YCVS(40),
4 YCVR(40),YCVRS(40),ARX(40),ARXJ(40),ARXJP(40),
5 R(40),RMN(40),SX(40),SXMN(40),XCVI(40),XCVIP(40),RHOLD(40,40)
COMMON DU(40,40),DV(40,40), FV(40),FVP(40),
1 FX(40),FXM(40),FY(40),FYM(40),PT(40),QT(40)

COMMON/INDX/NF,NFMAX,NP,NRHO,NGAM,L1,L2,L3,M1,M2,M3,
1IST,JST,ITER,LAST,TITLE(14),RELAX(14),TIME,DTM(3000),XL,YL,
2IPREF,JPREF,LSOLVE(11),LPRINT(14),MODE,NTIMES(11),RHOCON,
3LANIS(11)

COMMON/CNTL/LSTOP,LNEXT,NTS,NTSL
COMMON/SORC/SMAX,SSUM
COMMON/COEF/FLOW,DIFF,ACOF
DIMENSION U(40,40),V(40,40),PC(40,40)

EQUIVALENCE(F(1,1,1),U(1,1)),(F(1,1,2),V(1,1)),(F(1,1,3),PC(1,1))
DIMENSION TH(40),THU(40),THDIF(40),THCV(40),THCVS(40)
EQUIVALENCE(X,TH),(XU,THU),(XDIF,THDIF),(XCV,THCV)

1 ,(XCVS,THCVS),(XL,THL)
DIMENSION GAM1(40,40)
DIMENSION LCHECK(11)
EQUIVALENCE (GAM(1,1),GAM1(1,1))

c******************************************************************

C

C AXISYMMETRIC NATURAL CONVECTION PROBLEM CASE2.FOR
C
C SECOND CASE IN THESIS WORK, H=2,010,t/R=.2
C

C CONVECTION AND CONDUCTION IN CYLINDRICAL ANNULUS WITH BAFFLE OF
C VARRIABLE CONDUCTIVITY KE
C

c******************************************************************

DIMENSION THETA(40,40)
DIMENSION DFMAX(3,9)
EQUIVALENCE (F(1,1,4),THETA(1,1))
DIMENSION OLDF(40,40,4)
REAL EFFCON
INTEGER RESTART,PRINTOUT,ECHO,ICHECK,BEGIN,END
INTEGER SOLIDX1,SOLIDX2,SOLIDY1,SOLIDY2
DATA (LSOLVE(I),LPRINT(I),I=1,4),LSOLVE(10),LPRINT(10)/10*.TRUE./
DATA LCHECK(1),LCHECK(2),LCHECK(4)/3*.TRUE./
DATA TITLE(1),TITLE(2),TITLE(3),TITLE(4),TITLE(10)

DATA NTIMES(3)/1*5/



ENTRY GRID
C

OPEN(UNIT=3,NAME='SIMPLER.IN',STATUS='OLD')
C

C RELAXATION FACTORS AND STEPS THROUGH THE SOLVE ALGORITHM
C

C

READ(3,50) ECHO
50 FORMAT(1X,I1)

READ(3,51) RELAX(1),RELAX(2),RELAX(4),RELAX(10)
READ(3,57) NTIMES(1),NTIMES(2),NTIMES(4),NTIMES(10)

51 FORMAT(1X,F6.2)

IF (ECHO.EQ.1) THEN
WRITE(*,52)

52 FORMAT(1X,'RELAXATION FACTORS FOR U,V,T AND P RESPECTIVELY')
WRITE(*,51) RELAX(1),RELAX(2),RELAX(4),RELAX(10)
WRITE(*,57) NTIMES(1),NTIMES(2),NTIMES(4),NTIMES(10)

END IF
C

READ(3,50) ECHO
READ(3,53) LAST,NTSL,DT

53 FORMAT(1X,I6,I6,E12.5)
C

IF (ECHO.EQ.1) THEN
WRITE(*,54)

54 FORMAT(1X,'ITERATIONS/STEP, NUMBER OF STEPS, SECONDS/STEP')
WRITE(*,53) LAST,NTSL,DT
END IF

C

C

56

57

C

C

READ(3,50) ECHO
READ(3,57) RESTART, PRINTOUT

IF (ECHO.EQ.1) THEN
WRITE(*,56)

FORMAT(1X,'THE RESTART AND PRINTOUT OPTIONS')
WRITE(*,57) RESTART, PRINTOUT
END IF

FORMAT(1X,I6)

MODE= 2
XL= 2.0
YL= 1.1111111
R(1)=0.111111
L1=22

M1=24
C

C OPTIONAL NON-UNIFORM GRID GENERATOR
C THIS ONLY WORKS FOR EVEN VALUES OF NUMBER
C

SP=1.4
NUMB=6
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BEGIN=2
END=8
XU(BEGIN)=0.
XU(END)=0.332583
DO 70 I=1,NUMB/2

DX=2.**(SP-1.) * (XU(END)-XU(BEGIN))*(FLOAT(I)/FLOAT(NUMB))**SP
XU(BEGIN+I) = XU(BEGIN)+DX

70 XU(END-I) = XU(END)-DX
C

SP=1.4
NUMB=8
BEGIN=8
END=16
XU(BEGIN)=0.332583
XU(END)=1.667417
DO 75 I=1,NUMB/2
DX=2.**(SP-1.) * (XU(END)-XU(BEGIN))*(FLOAT(I)/FLOAT(NUMB))**SP
XU(BEGIN+I) = XU(BEGIN)+DX

75 XU(END-I) = XU(END)-DX
C

SP=1.4
NUMB=6
BEGIN=16
END=22
XU(BEGIN)=1.667417
XU(END)=2.0
DO 76 I=1,NUMB/2
DX=2.**(SP-1.) * (XU(END)-XU(BEGIN))*(FLOAT(I)/FLOAT(NUMB))**SP
XU(BEGIN+I) = XU(BEGIN)+DX

76 XU(END-I) = XU(END)-DX
C

C Y DIRECTION NODES
C

C

SP=1.4
NUMB =1O

BEGIN=2
END=12
YV(BEGIN)=0.111111
YV(END)=0.683235
DO 77 I=1,NUMB/2
DY=2.**(SP-1.) * (YV(END)-YV(BEGIN))*(FLOAT(I)/FLOAT(NUMB))**SP
YV(BEGIN+I) = YV(BEGIN)+DY

77 YV(END-I) = YV(END)-DY

SP=1.4
NUMB=4
BEGIN=12
END=16
YV(BEGIN)=0.683235
YV(END)=0.88323482
DO 78 I=1,NUMB/2
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DY=2.**(SP-1.) * (YV(END)-YV(BEGIN))*(FLOAT(I)/FLOAT(NUMB))**SP
YV(BEGIN+I) = YV(BEGIN)+DY

78 YV(END-I) = YV(END)-DY
C

SP=1.4
NUMB=8
BEGIN=16
END=24
YV(BEGIN)=0.88323482
YV(END)=1.1111111
DO 79 I=1,NUMB/2
DY=2.**(SP-1.) * (YV(END)-YV(BEGIN))*(FLOAT(I)/FLOAT(NUMB))**SP
YV(BEGIN+I) = YV(BEGIN)+DY

79 YV(END-I) = YV(END)-DY
C

C PRINT DIMENSION OPTION
C
C DO 72 I=1,L1
C 72 WRITE(*,73) I,XU(I)
C 73 FORMAT(1X,I3,E12.5)
C DO 74 J=1,M1
C 74 WRITE(*,73) J,YV(J)
C

C SPECIFY SOLID REGION
C

SOLIDX1=8
SOLIDX2=15
SOLIDYI =12

SOLIDY2=15
C

DO 8 I=1,NTSL
8 DTM(I) = DT

RETURN
C

ENTRY START
C

THOT=1.
TCOLD =O.

C

READ(3,50) ECHO
READ(3,51) PRANDTL
READ(3,51) EFFCON

C

IF (ECHO.EQ.1) THEN
WRITE(*,61)

61 FORMAT(1X,'THE PRANDTL NUMBER OF THE FLUID (PR) & EFFCON')
WRITE(*,51) PRANDTL,EFFCON
END IF

C

READ(3,55) RAY
55 FORMAT(1X,E12.5)

C
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C
C

IF (ECHO.EQ.1) THEN
WRITE(*,62)

62 FORMAT(1X,'THE RAYLEIGH NUMBER (RA SUB Di)')
WRITE(*,55) RAY
END IF

CLOSE(UNIT=3)
IF (RESTART.EQ.1) GO TO 120
DO 117 I=1,L1
DO 117 J=1,M1

117 THETA(I,J)=THOT (J/M1)*(THOT-TCOLD)
GO TO 130

120 CONTINUE

OPEN(UNIT=2,NAME=1SIMPLER.OUT',RECL=132,STATUS=1OLD')
READ (2,1001) L1,M1
READ (2,1000) (X(I),I=1,L1),(Y(J),J=1,M1),(((F(I,J,NF),

I=1,L1),J=1,M1),NF=1,4)
1002 FORMAT(E12.5)
1001 FORMAT(I5)
1000 FORMAT(6E12.5)

CLOSE(UNIT=2)
130 CONTINUE

RETURN
C

C
ENTRY DENSE

DO 200 I=1,L1
DO 200 J=1,M1

200 RHO(I,J)= 1.0
RETURN

C

C

C CONSTANT TEMPERATURE CONDITIONS
C

ENTRY BOUND

DO 225 I=1,L1
THETA(I,M1)=TCOLD

225 THETA(I,1)=THOT
DO 229 J=1,M1
THETA(1,0=THETA(2,J)

229 THETA(L1,J)=THETA(L2,J)
C

C VELOCITY BOUNDARIES
C

DO 235 I=1,L1
V(I,1)=0.
U(I,1)=0.
V(I,M1)=0.

235 U(I,M1)=0.
C

DO 240 J=2,M2
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U(1,J)=0.
V(1,J)=0.
U(L1,J)=0.

240 V(L1,J)=0.
RETURN

C

ENTRY OUTPUT
C

DO 315 ICHECK=1,NFMAX

IF(.NOT. LCHECK(ICHECK)) GO TO 315
DFMAX(2,ICHECK)=1.
DFMAX(3,ICHECK)=1.
DFMAX(1,ICHECK)=0.
DO 305 I=2,L2
DO 305 J=2,M2

IF (F(I,J,ICHECK).EQ.O.) GO TO 305

CHANGE=UF(I,J,ICHECK)-OLDF(I,J,ICHECK))/F(I,J,ICHECK))*100.
IF (ABS(CHANGE) .GE. ABS(DFMAX(1,ICHECK))) THEN
DFMAX(1,ICHECK)=CHANGE
DFMAX(2,ICHECK)=I
DFMAX(3,ICHECK)=J

ENDIF
305 CONTINUE
315 CONTINUE

IF ((NTS .NE. 1).OR.(ITER .NE. 0)) GO TO 415
PRINT 400

400 FORMAT(4X,'NTS',2X,' ITER', 6X ,'DTMAX',7X,'DUMAX',7X,'DVMAX')
415 IF (ABS(DFMAX(1,4)).LT.0.1) THEN

I=1
ELSE

I=0
END IF

IF (ABS(DFMAX(1,1)).LT.0.2) THEN
J=1

ELSE
J=0

END IF

IF (ABS(DFMAX(1,2)).LT.0.2) THEN
K=1

ELSE

K=0
END IF

PRINT 420,NTS,ITER,DFMAX(1,4),DFMAX(1,1),DFMAX(1,2),I,J,K
420 FORMAT(216,3F12.3,315)

C

C CONVERGENCE CRITERION
C

IF((I+J+K) .EQ. 3) THEN
ITER=LAST

END IF
IF(ITER .NE. LAST) GO TO 700



IF (PRINTOUT.EQ.0) GO TO 510
CALL PRINT

C

510 CONTINUE
C

CALCULATE THE STREAM FUNCTION
C
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F(2,2,3)=0.
DO 82 I=2,L1
IF(I.NE.2) F(I,2,3)=F(I-1,2,3)-RHO(I-1,1)*V(I-1,2)

1 *R(1)*XCV(I-1)
DO 82 J=3,M1

RHOM=FX(I)*RHO(I,J-1)+FXM(I)*RHO(I-1,J-1)
82 F(I,J,3)=F(I,J-1,3)+RHOM*U(I,J-1)*ARX(J-1)
80 CONTINUE

C

OPEN(UNIT=2,NAME=1SIMPLER.OUT',RECL=132,STATUS='NEW)
WRITE(2,1001) L1,M1
WRITE(2,1000) (X(I),I=1,L1),(Y(J),J=1,M1),(((F(I,J,NF),

I=1,L1),J=1,M1),NF=1,4)
CLOSE(UNIT=2)
RETURN

C

700 CONTINUE
DO 705 ICHECK=1,NFMAX

IF (.NOT. LCHECK(ICHECK)) GO TO 705
DO 710 I=1,L1
DO 710 J=1,M1
OLDF(I,J,ICHECK) = F(I,J,ICHECK)

710 CONTINUE
705 CONTINUE

RETURN
C

ENTRY GAMSOR
C

DO 401 J=1,M1
DO 401 I=1,L1

401 GAM(I,J) = PRANDTL
C

C BAFFLE
C

DO 65 I=SOLIDX1,SOLIDX2
DO 65 J=SOLIDY1,SOLIDY2

65 GAM(I,J)=1.E+15
C

IF(NF .NE. 4) GO TO 485
DO 480 I=1,L1
DO 480 J=1,M1
CON(I,J) = O.
AP(I,J)=0.

480 GAM(I,J) = 1.
C



C BAFFLE
C

DO 66 I=SOLIDX1,SOLIDX2
DO 66 J=SOLIDY1,SOLIDY2

66 GAM(I,J)=EFFCON
C

485 IF(NF .NE. 1) GO TO 500
DO 490 I=2,L2
DO 490 J=2,M2
AP(I,J)=0.

490 CON(I,J) =-RAY * PRANDTL * THETA(I,J)

500 IF(NF .NE. 2) RETURN
DO 515 I=2,L2
DO 515 J=2,M2
CON(I,J)=0.

515 AP(I,J)=-PRANDTLRY(J)**2)
C

C

RETURN
END

131
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c*******************************************************************

SUBROUTINE USER
c*******************************************************************

LOGICAL LSOLVE,LPRINT,LSTOP,LANIS,LNEXT,LCHECK
REAL MA,MB,MATOP,MALOW
COMMON F(40,40,9),P(40,40),RHO(40,40),GAM(40,40),GAM2(40,40),

1CON(40,40),AIP(40,40),AIM(40,40),AJP(40,40),AJM(40,40),AP(40,40),
2 X(40),XU(40),XDIF(40),XCV(40),XCVS(40),
3 Y(40),YV(40),YDIF(40),YCV(40),YCVS(40),
4 YCVR(40),YCVRS(40),ARX(40),ARXJ(40),ARXJP(40),
5 R(40),RMN(40),SX(40),SXMN(40),XCVI(40),XCVIP(40),RHOLD(40,40)
COMMON DU(40,40),DV(40,40), FV(40),FVP(40),
1 FX(40),FXM(40),FY(40),FYM(40),PT(40),QT(40)

COMMON/INDX/NF,NFMAX,NP,NRHO,NGAM,L1,L2,L3,M1,M2,M3,
lIST,JST,ITER,LAST,TITLE(14),RELAX(14),TIME,DTM(3000),XL,YL,
2IPREF,JPREF,LSOLVE(11),LPRINT(14),MODE,NTIMES(11),RHOCON,
3LANIS(11)

COMMON/CNTL/LSTOP,LNEXT,NTS,NTSL
COMMON/SORC/SMAX,SSUM
COMMON/COEF/FLOW,DIFF,ACOF
DIMENSION U(40,40),V(40,40),PC(40,40)

EQUIVALENCE(F(1,1,1),U(1,1)),(F(1,1,2),V(1,1)),(F(1,1,3),PC(1,1))
DIMENSION TH(40),THU(40),THDIF(40),THCV(40),THCVS(40)
EQUIVALENCE(X,TH),(XU,THU),(XDIF,THDIF),(XCV,THCV)

1 ,(XCVS,THCVS),(XL,THL)
DIMENSION GAM1(40,40)
DIMENSION LCHECK(11)
EQUIVALENCE (GAM(1,1),GAM1(1,1))

c******************************************************************

C
C AXISYMMETRIC NATURAL CONVECTION PROBLEM CASE3.FOR
C

C THIRD CASE IN THESIS WORK, H=2,K=10,t/R=.2 GEOMETERY
C WITH BAFFLE OF VARRIABLE CONDUCTIVITY KE, ADDITIONAL
C OUTSIDE WALL OF VARRIABLE CONDUCTIVITY. INPUTS INCLUDE
C ALL OF THE CASE2 INPUTS PLUS THE OUTSIDE WALL EFFECTIVE
C CONDUCTIVITY.
C
c******************************************************************

DIMENSION THETA(40,40)
DIMENSION DFMAX(3,9)
EQUIVALENCE (F(1,1,4),THETA(1,1))
DIMENSION OLDF(40,40,4)
REAL EFFCON,EFFCON2
INTEGER RESTART,PRINTOUT,ECHO,ICHECK,BEGIN,END
INTEGER SOLIDX1,SOLIDX2,SOLIDY1,SOLIDY2
INTEGER SOLID2X1,SOLID2X2,SOLID2Y1,SOLID2Y2
DATA (LSOLVE(I),LPRINT(I),I=1,4),LSOLVE(10),LPRINT(10)/10*.TRUE./
DATA LCHECK(1),LCHECK(2),LCHECK(4)/3*.TRUE./
DATA TITLE(1),TITLE(2),TITLE(3),TITLE(4),TITLE(10)

DATA NTIMES(3)/1*5/



C

C

ENTRY GRID

OPEN(UNIT=3,NAME&SIMPLER.IN',STATUS=10LD')
C

C RELAXATION FACTORS AND STEPS THROUGH THE SOLVE ALGORITHM
C

C

READ(3,50) ECHO
50 FORMAT(1X,I1)

READ(3,51) RELAX(1),RELAX(2),RELAX(4),RELAX(10)
READ(3,57) NTIMES(1),NTIMES(2),NTIMES(4),NTIMES(10)

51 FORMAT(1X,F6.2)

IF (ECHO.EQ.1) THEN
WRITE(*,52)

52 FORMAT(1X,'RELAXATION FACTORS FOR U,V,T AND P RESPECTIVELY')
WRITE(*,51) RELAX(1),RELAX(2),RELAX(4),RELAX(10)
WRITE(*,57) NTIMES(1),NTIMES(2),NTIMES(4),NTIMES(10)
END IF

C

READ(3,50) ECHO
READ(3,53) LAST,NTSL,DT

53 FORMAT(1X,I6,I6,E12.5)
C

IF (ECHO.EQ.1) THEN
WRITE(*,54)

54 FORMAT(1X,'ITERATIONS/STEP, NUMBER OF STEPS, SECONDS/STEP')
WRITE(*,53) LAST,NTSL,DT

END IF
C

READ(3,50) ECHO
READ(3,57) RESTART, PRINTOUT

C

IF (ECHO.EQ.1) THEN
WRITE(*,56)

56 FORMAT(1X,'THE RESTART AND PRINTOUT OPTIONS')
WRITE(*,57) RESTART,PRINTOUT
END IF

57 FORMAT(1X,I6)
C

C

MODE= 2
XL= 2.0
YL= 1.3111111
R(1)=0.111111
L1=22

M1=28
C

C OPTIONAL NON-UNIFORM GRID GENERATOR
C THIS ONLY WORKS FOR EVEN VALUES OF NUMBER
C

SP=1.4
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NUMB=6
BEGIN=2
END=8
XU(BEGIN)=0.
XU(END)=0.332583
DO 70 I=1,NUMB/2
DX=2.**(SP-1.) * (XU(END)-XU(BEGIN))*(FLOAT(I)/FLOAT(NUMB))**SP
XU(BEGIN+I) = XU(BEGIN)+DX

70 XU(END-I) = XU(END)-DX
C

SP=1.4
NUMB=8
BEGIN=8
END=16
XU(BEGIN)=0.332583
XU(END)=1.667417
DO 75 I=1,NUMB/2
DX=2.**(SP-1.) * (XU(END)-XU(BEGIN))*(FLOAT(I)/FLOAT(NUMB))**SP
XU(BEGIN+I) = XU(BEGIN)+DX

75 XU(END-I) = XU(END)-DX
C

SP=1.4
NUMB=6
BEGIN=16
END=22
XU(BEGIN)=1.667417
XU(END)=2.0
DO 76 I=1,NUMB/2
DX=2.**(SP-1.) * (XU(END)-XU(BEGIN))*(FLOAT(I)/FLOAT(NUMB))**SP
XU(BEGIN+I) = XU(BEGIN)+DX

76 XU(END-I) = XU(END)-DX
C

C Y DIRECTION NODES
C

C

SP=1.4
NUMB=10
BEGIN=2
END=12
YV(BEGIN)=0.111111
YV(END)=0.683235
DO 77 I=1,NUMB/2
DY=2.**(SP-1.) * (YV(END)-YV(BEGIN))*(FLOAT(I)/FLOAT(NUMB))**SP
YV(BEGIN+I) = YV(BEGIN)+DY

77 YV(END-I) = YV(END)-DY

SP=1.4
NUMB=4
BEGIN=12
END=16
YV(BEGIN)=0.683235
YV(END)=0.88323482
DO 78 I=1,NUMB/2



136

DY=2.**(SP-1.) * (YV(END)-YV(BEGIN))*(FLOAT(I)/FLOAT(NUMB))**SP
YV(BEGIN+I) = YV(BEGIN)+DY

78 YV(END-I) = YV(END)-DY
C

SP=1.4
NUMB=8
BEGIN=16
END=24
YV(BEGIN)=0.88323482
YV(END)=1.1111111
DO 79 I=1,NUMB/2
DY=2.**(SP-1.) * (YV(END)-YV(BEGIN))*(FLOAT(I)/FLOAT(NUMB))**SP
YV(BEGIN+I) = YV(BEGIN)+DY

79 YV(END-I) = YV(END)-DY
C

SP=1.4
NUMB=4
BEGIN=24
END=28
YV(BEGIN)=1.1111111
YV(END)=1.31111111
DO 80 I=1,NUMB/2
DY=2.**(SP-1.) * (YV(END)-YV(BEGIN))*(FLOAT(I)/FLOAT(NUMB))**SP
YV(BEGIN+I) = YV(BEGIN)+DY

80 YV(END-I) = YV(END)-DY
C

C PRINT DIMENSION OPTION
C

C DO 72 I=1,L1
C 72 WRITE(*,73) I,XU(I)
C 73 FORMAT(1X,I3,E12.5)
C DO 74 J=1,M1
C 74 WRITE(*,73) J,YV(J)
C

C SPECIFY SOLID REGION
C

SOLIDX1=8
SOLIDX2=15
SOLIDY1=12
SOLIDY2=15

C

SOLID2X1=1
SOLID2X2=21
SOLID2Y1=24
SOLID2Y2=28

C

DO 8 I=1,NTSL
8 DTM(I) = DT

RETURN
C

ENTRY START
C
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THOT=1.
TCOLD =O.

READ(3,50) ECHO
READ(3,51) PRANDTL
READ(3,51) EFFCON
READ(3,51) EFFCON2

C

IF (ECHO.EQ.1) THEN
WRITE(*,61)

61 FORMAT(1X,'THE PRANDTL NUMBER OF THE FLUID (PR) & EFFCON &2')
WRITE(*,51) PRANDTL,EFFCON,EFFCON2
END IF

C

READ(3,55) RAY
55 FORMAT(1X,E12.5)

C

C

C

IF (ECHO.EQ.1) THEN
WRITE(*,62)

62 FORMAT(1X,'THE RAYLEIGH NUMBER (RA SUB Di)')
WRITE(*,55) RAY
END IF

CLOSE(UNIT=3)
IF (RESTART.EQ.1) GO TO 120
DO 117 I=1,L1
DO 117 J=1,M1

117 THETA(I,J)=THOT - (J/M1)*(THOT-TCOLD)
GO TO 130

120 CONTINUE

OPEN(UNIT=2,NAME=0SIMPLER.OUTI,RECL=132,STATUS= OLD')
READ (2,1001) L1,M1
READ (2,1000) (X(I),I=1,L1),(Y(J),J=1,M1),(((F(I,J,NF),

I=1,L1),J=1,M1),NF=1,4)
1002 FORMAT(E12.5)
1001 FORMAT(I5)
1000 FORMAT(6E12.5)

CLOSE(UNIT=2)
130 CONTINUE

RETURN
C

ENTRY DENSE
C

DO 200 I=1,L1
DO 200 J=1,M1

200 RHO(I,J)= 1.0
RETURN

C

ENTRY BOUND
C

C CONSTANT TEMPERATURE CONDITIONS



DO 225 I=1,L1
THETA(I,M1)=TCOLD

225 THETA(I,1)=THOT
DO 229 J=1,M1
THETA(1,J)=THETA(2,J)

229 THETA(L1,J)=THETA(L2,0
C
C VELOCITY BOUNDARIES
C

DO 235 I=1,L1
V(I,1)=0.
U(I,1)=0.
V(I,M1)=0.

235 U(I,M1)=0.
C

DO 240 J=2,M2
U(1,J)=0.
V(1,J)=0.
U(L1,0=0.

240 V(L1,J)=0.
RETURN

C

ENTRY OUTPUT
C
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DO 315 ICHECK=1,NFMAX

IF(.NOT. LCHECK(ICHECK)) GO TO 315
DFMAX(2,ICHECK)=1.
DFMAX(3,ICHECK)=1.
DFMAX(1,ICHECK)=0.
DO 305 I=2,L2
DO 305 J=2,M2

IF (F(I,J,ICHECK).EQ.0.) GO TO 305
CHANGE =((F(I,J,ICHECK)-OLDF(I,J,ICHECK))/F(I,J,ICHECK))*100.
IF (ABS(CHANGE) .GE. ABS(DFMAX(1,ICHECK))) THEN
DFMAX(1,ICHECK)=CHANGE
DFMAX(2,ICHECK)=I
DFMAX(3,ICHECK)=J

ENDIF
305 CONTINUE
315 CONTINUE

C

IF ((NTS .NE. 1).OR.(ITER .NE. 0)) GO TO 415
PRINT 400

400 FORMAT(4X,'NTS1,2X,'ITER',6X,'DTMAX1,7X,'DUMAX1,7X,'DVMAX1)
415 IF (ABS(DFMAX(1,4)).LT.0.1) THEN

I=1

ELSE

1=0
END IF
IF (ABS(DFMAX(1,1)).LT.0.2) THEN

J=1



ELSE
J=0

END IF

IF (ABS(DFMAX(1,2)).LT.0.2) THEN
K=1

ELSE
K=0

END IF
PRINT 420,NTS,ITER,DFMAX(1,4),DFMAX(1,1),DFMAX(1,2),I,J,K

420 FORMAT(2I6,3F12.3,3I5)
C

C CONVERGENCE CRITERION
C

IF((I +J +K) .EQ. 3) THEN
ITER=LAST

END IF

IF(ITER .NE. LAST) GO TO 700
IF (PRINTOUT.EQ.0) GO TO 510
CALL PRINT

C
510 CONTINUE

C

CALCULATE THE STREAM FUNCTION
C

C
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F(2,2,3)=0.
DO 82 I=2,L1

IF(I.NE.2) F(I,2,3)=F(I-1,2,3)-RHO(I-1,1)*V(I -1,2)
1 *R(1)*XCV(I-1)
DO 82 J=3,M1

RHOM=FX(I)*RHO(I,J-1)+FXM(I)*RHO(I-1,J-1)
82 F(I,J,3)=F(I,J-1,3)+RHOM*U(I,J-1)*ARX(J-1)

OPEN(UNIT=2,NAME=1SIMPLER.OUT',RECL=132,STATUS=1NEW)
WRITE(2,1001) L1,M1
WRITE(2,1000) (X(I),I=1,L1),(Y(J),J=1,M1),(((F(I,J,NF),

I=1,L1),J=1,M1),NF=1,4)
CLOSE(UNIT=2)
RETURN

C

700 CONTINUE
DO 705 ICHECK=1,NFMAX
IF (.NOT. LCHECK(ICHECK)) GO TO 705
DO 710 I=1,L1
DO 710 J=1,M1
OLDF(I,J,ICHECK) = F(I,J,ICHECK)

710 CONTINUE
705 CONTINUE

RETURN
C

ENTRY GAMSOR
C

DO 401 J=1,M1
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DO 401 I=1,L1
401 GAM(I,J) = PRANDTL

C

C BAFFLE
C

DO 65 I=SOLIDX1,SOLIDX2
DO 65 J=SOLIDY1,SOLIDY2

65 GAM(I,J)=1.E+15
DO 67 I=SOLID2X1,SOLID2X2
DO 67 J=SOLID2Y1,SOLID2Y2

67 GAM(I,J)=1.E+15
C

IF(NF .NE. 4) GO TO 485
DO 480 I=1,L1
DO 480 J=1,M1
CON(I,J) = O.
AP(I,J)=0.

480 GAM(I,J) = 1.
C
C BAFFLE
C

DO 66 I=SOLIDX1,SOLIDX2
DO 66 J=SOLIDY1,SOLIDY2

66 GAM(I,J)=EFFCON
DO 68 I=SOLID2X1,SOLID2X2
DO 68 J=SOLID2Y1,SOLID2Y2

68 GAM(I,J)=EFFCON2
C

485 IF(NF .NE. 1) GO TO 500
DO 490 I=2,L2
DO 490 J=2,M2
AP(I,J)=0.

490 CON(I,J) =-RAY * PRANDTL * THETA(I,J)
C

500 IF(NF .NE. 2) RETURN
DO 515 I=2,L2
DO 515 J=2,M2
CON(I,J)=0.

515 AP(I,J)=-PRANDTLRY(J)**2)
C

RETURN
END


