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ABSTRACT

Liquid cooling of a three-by-three array of commercially available leadless chip carrier

packages, mounted on a ceramic substrate was examined. Baseline data were obtained for

cooling with pure dielectric liquids. The effects of addition of high thermal conductivity ceramic

powder to the liquid were next examined, both for natural and forced circulation conditions.

Vertical and horizontal orientations were studied, for two different ceramic particle types, and

two different particle sizes for each ceramic. For a range of chip power levels, chip, substrate and

cold plate temperatures were measured. Interpretations for these data are provided. A numerical

model was developed for the vertical geometry and compared to the measurements obtained.
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L INTRODUCTION

A. STATEMENT OF PROBLEM

As the demand for faster yet smaller computers has grown, one physical limitation has

been the heat removal capacity from the system. The search for effective thermal

management techniques has expanded in recent years and is expected to continue as long

as package sizes decrease and clock speeds increase. These two factors combine to

dramatically increase the heat flux seen by the package.

Historically, there has been a progression in the heat removal capacity that has

matched or only slightly trailed the increase in the heat generation rate. Thus, thermal

considerations have generally had a secondary effect in slowing the quest for greater

computational speed and reduced package size. Today, though, the heat fluxes exceed 65

watts/cmr and the capability to remove this heat flux is sorely challenged. Bar-Cohen

[Ref 1]

Natural circulation aircooling was one of the first methods used to remove heat. The

advantages are obvious, air is virtualy free and is usually found in abundance. However,

for higher heat loads and for applications with concern for airborne contaminant damage,

natural convection may not be adequate or appropriate. Forced convection air cooling can

provide increased heat removal capability. For many applications the pressure drop due to

filtering is within acceptable ranges. Sloan [Ref. 2]

• • li i a a a l l '• i1



Mezenq et-al. [Ref 3] studied gas fluidized beds to improve heat transfer capability.

They demonstrated dramatic performance increases (heat transfer coefficient increase) by

the use of small suspended sand or silica particles in an air stream. The bed exhibited a

very high effective thermal conductivity with low dependence on particle conductivity.

Situations arise, where either due to the heat load, or the environment, air is not a

suitable candidate as the primary heat sink. A number of techniques are currently being

investigated for such applications. They include conduction with indirect liquid cooling,

use of fluid backplane and direct liquid immersion cooling.

One approach is the use of thermally conductive solids to transfer the heat to a cold

fluid as exemplified by the water cooled piston structure of the IBM Thermal Conduction

Module. A lower liquid side thermal resistance can be achieved by utilizing a highly finned

silicon or ceramic heat exchanger. The interface resistance between the chip or package

surface and the primary conductor poses the primary limitation on the thermal

performance. Bergles and Bar Cohen [Ref. 4]

A second approach is the use of a fluid backplane. This can reduce the interfacial

resistance between the chip and the coolant. The resistance can be entirely eliminated by

making the cold plate an integral part of the module. Kishimoto and Osaki [Ref 5]

A third approach is the use of direct immersion cooling. Here, the electronic

components are immersed in a dielectric liquid. Heat transfer in these situations can be

either single phase or with a phase change. The coolant flow may be either natural or

forced. Various fluorocarbon liquids available as Fluorinerts@ (3M Corporation) have
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been used in this application. Another variation is the use of mixtures of phase change

particles and dielectric liquids to improve the heat transfer capabilities of the pure fluid;

Choi, et.al. [Ref 6].

B. PREVIOUS RESEARCH IN IMMERSION COOLING

The conduction interfacial resistance at the chip or package places an upper bound on

the attainable thermal performance of methods involving indirect liquid cooling. Baker

[Ref 7] outlined the fundamentals of immersion cooling and reported the results of a

study using Freon - 113 and Dow Corning #200 silicone dielectric liquid to effectively

cool small heat sources. Immersion cooling is currently commercially implemented in the

Cray-2 supercomputer; Danielson, et. al. (Ref. 8.]. Other geometries have been

investigated. One possible design is a liquid encapsulated module, similar to that studied

by IBM. In this design, natural convection heat transfer carries the heat dissipated from

the immersed chips to a perfluorinated liquid and eventually to the enclosure walls;

Bergles and Bar Cohen [Ref. 4]. Related concepts involve pool boiling at the chips

investigated by Arata [Ref. 9] and/or condensation at the enclosure walls.

A number of studies of natural convection in geometries of interest to electronic

cooling have recently been carried out. Joshi et.al. [Ref. 10] presented flow visualizations

and component surface temperature measurements for natural convection cooling of a

three by three array of discrete heated protrusions on the vertical wall of a rectangular

enclosure filled with a dielectric liquid. Joshi et.al. [Ref. I I] presented experimental
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studies of the heat transfer and flow characteristics of a column of protruding heat sources

on a vertical surface and within a vertical channel. Sathe and Joshi [Ref 12] reported

results of a two-dimensional numerical investigation of natural convection flow and heat

transfer arising from a protruding heat source on a vertical plate within an enclosure. Joshi

and Paje [Ref 13] reported experimental results of natural convection heat transfer from a

commercially available leadless chip carrier package. Wroblewski and Joshi [Ref 14]

reported the results of a numerical investigation of tl:, same leadless chip carrier package

studied by Joshi and Paje.

The thermal properties of four Fluorinerts and water are shown in Table 1-1.

Reference to Table 1-I reveals these Fluorinerts to have low thermal conductivities,

specific heats and latent heats of vaporization compared to water. The direct liquid

cooling of electronic components necessitates the use of chemically stable and inert,

non-toxic liquids with high dielectric strength and high volumetric resistivity. The need for

a fluid suitable for electronic circuit applications has constrained the choices to fluids

which have poor thermal transport characteristics. The desire to improve the transport

properties led to this study. It examines the effect of particle additions to the Fluorinert

liquids on their heat transfer characteristics. Also presented are measurements and

numerical simulation of natural convection in pure liquids.
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TABLE 1-1: THERMOPHYSICAL PROPERTIES OF SEVERAL LIQUIDS AT
ATMOSPHERIC PRESSURE (3M MANUAL) [REF. 15 1

Perfluorinated Liquid Designation

Property FC-87 FC-72 FC-84 FC-75 Water

Boiling Point, 30 56 83 too too
degrees C

Liquid Density, 1633 1680 1575 1590 958
1!, kg/m3

Kinematic Viscosity, 4.20E-04 0.4 0.55 4.5E-04 2.70E-04
V. cs

Specific Heat. 1088 1088 1130 1172 4184
c, J/kgK

Thermal Conductivity, 5.5 IE-02 5.45E-02 5.35E-02 5.70E-02 6.83E-01
k. W/mK

Vol. Coef Expansion, 1.60E-03 1.60E-03 1.50E-03 1.40E-03 2.00E-04
j0, K"

Dielectric Constant 1.71 1.72 1.71 1.75 78.00

Average molecular 288 338 388 438 18
weight, g/mole I

C. OBJECTIVES

The investigation reported here is a continuation of the studies conducted by Joshi et.

al. [Ref. 10, 11], Sathe and Joshi [Ref. 12], Joshi and Paje [Ref, 13] and Wroblewski and

Joshi [Ref 14]. The present study was conducted with a three by three array of leadless

chip carrier packages mounted on a ceramic substrate which formed one wall f a

dielectric liquid filled enclosure. The first part investigated the effect of various ceramic

particle loadings on overall heat transfer rates in two orientations, the (i) horizontal and

(ii) vertical. Ceramics, particularly the nitrides, are a class of materials that combine many

useful features. They have very high electrical resistivities, moderate densities and have

exceptionally high thermal conductivities. Table 1-2 shows the properties of some
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ceramics that were considered for this study. The present investigation studied the effect

of powdered Boron Nitride (BN) and Aluminum Nitride (AIN) additions on the thermal

transport characteristics of Fluorinert-75 (FC 75). During the course of the investigation,

no enhancements were noted in the heat transfer rates as a result of the particle additions.

Extensive measurements of heat transfer characteristics were made for various particle

sizes and volume fractions. The horizontal geometry was tested in natural circulation,

natural circulation with external vibration, and forced circulation modes. The vertical

geometry was only tested in the natural circulation mode.

TABLE 1-2: CERAMIC PROPERTIES
Property Aluminum Boron Alumina Magnesia Silicon

Nitride Nitride Al203  MgO Nitride
(AlN) (BN) (Si 3NJ)

Density, 3050s 2290' 3970* 3580* 3440*
p. kg/m3 I

Thermal Conductivity, 320' 225" 30* 48* 16 - 33÷
k, W/m K

Electrical Resistivity >IOEI2÷ >IOEl2' >IOEl2* >l0EI2 >IOE12÷

s Sarnsonov (Re 161, * Slack [Ref. 17], Callister [Ref. 18], " Mutterties [Ref 191

The second part of the study was the modification and use of a numerical model to

simulate the three dimensional transport for the pure liquid conditions with a vertical

orientation of the substrate.

The specific objectives were:

"* To design and build an enclosure to study natural convection from a three by three
package array in fluorocarbon liquids.

"* To study the effects of component orientation on the overall heat transfer rates in
the enclosure under natural convection conditions.

6



* To design and build an enclosure in order to study forced convection from the
above package array in fluorocarbon liquids.

* To investigate heat transfer in liquid--ceramic mixtures for several ceramic types,
particle sizes and volume fractions.

• To develop a numerical model of the nine package vertical substrate orientation.

7



H. EXPERIMENTAL APPARATUS

AND PROCEDURE

As shown in Figure 2-1, the experimental apparatus consisted of several components;

an enclosure containing the electronic packages, a power distribution system, a heat

removal system, and a data acquisition system. For the forced circulation flow data, a

screw type pump, a turbine flow meter and associated tubing were added to the apparatus.

Figure 2-2 is a photograph of the enclosure interior.

HP 92SA
C Control Computer PGA ran PS

HP 3GMA

CD Deto Acquieton Unit

HP 300

Control Computer

Peck" PSIBM306 Cloef
Co Dte tAelyvi Unit

SPower
-Signal

Figure 2-1: System arrangement and apparatus.
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Figure 2-2: Photograph of enclosure interior.

A. APPARATUS FOR NATURAL CONVECTION TESTS

The enclosure consisted of four side walls of 2.5 cm thick Plexiglas plates, with an

outside dimension of 9.86 cm by 9.92 cm, a bottom wall of 2.5 cm thick Plexiglas, and an

aluminum cover plate 9.96 cm by 9.96 cm and 0.66 cm thick. Both the enclosure and the

plate had a reference chamfer cut in the front right comer to permit retention of the

proper alignment of the enclosure and plate. The interior of the enclosure initially

measured 5.18 cm by 5.12 cm by 5.08 cm deep. Figure 2-3 shows an overhead view of the

interior of the enclosure.

The rear wall was provided with a 9 pin connector to provide a data and power path

to the package assembly. A ceramic plate 5.08 cm by 5.08 cm by 0.05 cm thick was

9



inserted to protect the leads and to prevent flow disturbances caused by the wires. The

ceramic plate reduced the interior to 4.72 cm by 5.08 cm by 5.08 cm deep. A recessed

channel with a 3 mm diameter gasket was provided in the top of the side walls. The rear

wall also had a 0.64 cm hole drilled to provide a vent/expansion path. A 0.64 cm ID.

tygon tube was attached to provide a surge volume during the heating cycle. Figure 2-4

shows the enclosure section view, cut through the middle row of packages. Additionally, a

form fitting 2.54 cm thick insulation pad, which is not shown, surrounded the enclosure

during operation.

gasket channel
.• •-9 pin connector

0 0.. .. 0

snmceramnic divider plate

astener sockets

o o o-

Figure 2-3: Plan view, enclosure interior, cover removed.
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r External Thermocouple

S• ,••, • PGA coolingl fen

Thermoelectric cooler

, "N. -. Cold plate lnermocouples

i " Fluidl

,4
ease thermocouples

Figure 2-4: Section view, enclosure midplane.

Most of the power generated by the package was removed from the enclosure by the

aluminum cover plate. Eight 0.64 cm holes were drilled and tapped to provide a means of

attaching the plate to the enclosure. Four thermoelectric (Peltier effect) coolers were

mounted to the top of the aluminum plate to remove the heat produced by the electronic

packages. The four coolers were in turn cooled by four Pin Grid Arrays (PGA) with

integral cooling fans. The four coolers were powered by a HP 6286 DC Power Supply

under control of a HP 85B micro computer. The coolers were controlled to maintain a

temperature of 24 °C on the lower face of the aluminum plate. This temperature was

monitored by four copper-constantan thermocouples. The Pin Grid Array cooling fans

were also controlled by a HP 6289A DC Power Supply. These Pin Grid Arrays and their
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associated fans are normally installed in computers utilizing Intel 486 chips and were

operated in a similar manner.

The electronic packages formed a three by three array of leadless chip carriers

mounted on a ceramic substrate. The ceramic substrate of 5.18 cm length, 5.06 cm width

and a thickness of 0.07 cm, was mounted horizontally at the base of the enclosure. Five of

the nine packages were equipped with diode type temperature sensors integrated within

the chips. These diodes display a linear decrease in resistance with temperature increase.

Only three of the five diodes were monitored due to space limitations. Like any solid state

component, the diodes are limited in their range of temperature. The manufacturer (Texas

Instruments) indicated a maximum of 135°C, and no data was acquired above this

temperature. The temperature senso's are mounted on the base of the package. The chip is

covered by a thin, brass Rid. Between the chip and the lid a small air gap exists. The nine

chips within the package array could be wired in a wide variety of configurations. Due to

space considerations, all nine chips were wired in parallel. The wire gage limited the total

current to I amp DC. This proved to be sufficient during these trials and exceeded the

heat removal capacity of the cooling medium.

Attached to the bottom surface of the ceramic substrate, under each package was a

0.127 mm diameter copper-constantan thermocouple. These thermocouples were

calibrated at the same time as the internal diodes in a temperature controlled bath against a

platinum resistance thermometer. Four 0.127 mm copper-constantan thermocouples were

attached to the bottom of the aluminum plate. An additional 0.127 mm copper-constantan

12



thermocouple monitored the temperature of the thermoelectric coolers to prevent damage

to the coolers. Two thermocouples were mounted on one enclosure outside wall to assist

in determining steady state conditions. Ambient temperature was also monitored.

B. STUD[ES WITH EXTERNAL EXCITATION

As will be discussed later, the ceramic particles, especially the Aluminum Nitride,

were denser than the Fluorinert, and were not able to be picked up by the buoyant stream.

In an effort to keep them from settling on the substrate, an external excitation was

provided via an eccentric weight attached to a DC motor via a common bed plate to the

enclosure. No other modifications to the enclosure were made for these data runs.

C. MODIFICATIONS FOR FORCED CONVECTION

For the forced circulation portion of the study, a flow loop was constructed to enable

fluid to be circulated through the enclosure as illustrated in Figure 2-5 and 2-6. Four 0.64

cm diameter holes were drilled through the right wall of the enclosure used for the natural

circulation study. The holes were arranged with two in the lower portion of the wall and

two in the upper portion. A divider plate was inserted within the enclosure so as to allow

the fluid entering at the lower two holes to flow over the package, up through three holes

drilled in the plate to the upper portion of the enclosure, past the cold plate, to the suction

of a positive displacement screw type pump, through a turbine flowmeter and return to the

enclosure. A hose clamp was applied to the vent line, to prevent leakage.

13
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S//'_ pin connlector: !ol _vent t.60

o -to P._p

0 E6 15

~ ~j{~J'i tom pumpE,] 1
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Figure 2-5: Plan view, enclosure interior, cover removed, flow path illustrated.

External Thermocouple

PCA cooling tan

Pinrid array

O M ~Thermoeleictric cooler

-Cold plat* thermocouples
To pump

Prom Flowmeiter

S5 4

LLL 7- Ba* thermocouples

Figure 2-6: Section view, enclosure midplane. flow path illustrated.
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D. POWER DISTRIBUTION SYSTEM

Power to the package resistors was supplied by a 0-1.5 A, 0-40 V HP-6289A DC

Power Supply. As discussed above, the individual packages were wired in parallel. The

data acquisition system was connected to read the voltage drop across the nine packages

and also acro-ss a known precision resistor that was wired in series with the package

assembly. From these two voltages, the input power to the chipset using the following

relation:

Power = * Vp-e

E. DATA ACQUISmON ASSEMBLY

The data acquisition assembly consisted of a HP 300 computer system, a HP-3852

Data Acquisition Unit and a 386 clone PC. The HP-300 computer instructed the data

acquisition system to monitor voltages, resistance and temperatures from the desired

elements. A monitoring program determined when steady state had been achieved and

alerted the operator. The monitoring program also detected out of limit parameters,

similarly alerting the operator to take corrective action. When steady state, as indicated by

a less than 0.2 °C change in temperatures, on the aluminum plate, was achieved, a

separate data collection program was run which directed the data to the 386 computer

where it could be analyzed. Following evaluation of a successful data run, the monitoring

program was reloaded and the next set of conditions established. For the forced

circulation data, an Omega Engineering, Inc. FLSC-18B turbine flowmeter was used to

15



measure the flowrate. The flowmeter was calibrated using FC-75 in the range 51 to 117

ml/s.

F. EXPERIMENTAL PROCEDURE

The study examined two different geometries, four different fluid/ceramic mixtures, as

many as thirteen different ceramic particle loads per ceramic and up to five power levels

per ceramic powder load, without exceeding the maximum chip temperature of 135 *C.

To prepare for each run, the same basic procedure was followed. The enclosure was filled

with FC - 75, and the ceramic load was adjusted as necessary. After reassembling the

cover and vent, the Pin Grid Arrays were placed on the top of the Peltier effect coolers.

The monitoring system and all auxiliary power systems were started. The monitoring

program was used during heatup, to check on system performance and to evaluate

proximity to steady state. During the heatup, dissolved air was vented from the assembly,

and no data was taken until this was complete. A series of runs was defined as a set of

runs at power levels decreasing from the highest chosen for the given conditions; up to a

maximum of five power levels for each ceramic load. The natural circulation and external

excitation runs all started at 1.55 watts per chip (14 watts total to array) or the highest

achievable power level and included data at 1.39, 1.22, 1.05 and 0.89 watts per package.

The forced circulation series all started at 2.2 watts per chip (20 watts total to the array),

and included data at 1.55 and 0.9 watts per chip.
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1. Natural Circulation Runs

Once the monitoring program indicated that steady state had been achieved, the

data collection program (see Appendix A) was loaded. No adjustments were permitted

during data collection to the input power or thermoelectric cooler voltage. Three data runs

were generally taken for each condition. If the plate temperature or input power varied

outside of the specified band during the data runs, the collection program was unloaded,

and the monitoring program was reloaded to restore steady state. Once steady state was

reestablished, data taking was recommenced. After satisfactory runs were obtained for the

given power level, the input power was reduced to the next point in the series. The desired

power levels were 14.0, 12.5, 11.0, 9.5, and 8.0 watts. Some ceramic loadings blanketed

the packages and prevented achieving all the desired power levels.

2. Natural Circulation - External Excitation

The runs with external excitation were conducted in the same manner as the

unexcited natural circulation runs, with the exception that a small direct current motor was

used to vibrate the enclosure. Figure 2-7 is a picture of the motor, eccentric weight and

plate used for the external excitation runs.

3. Forced Circulation

The forced circulation data was collected generally in a manner similar to the

natural circulation data. Some differences existed. The pump was used to suction drag

Fluorinert and fill the system. The small volume of trapped air was vented through the

vent line. When ceramic was to be added, the pump suction line was disconnected and the
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ceramic was added to the tubing. The pump was then run to distribute the ceramic evenly,

prio- to energizing the chips. The ceramic addition was limited by the tendency of the

ceramic to clog the turbine flowmeter. Following system fill, the monitoring and power

supply system were energized and data was collected in the same manner as the natural

circulation data, with the same program. Following the collection of a series of data, a

separate program was used to measure the flow rate. (see Appendix A)

Figure 2-7: Motor, weight and plate used for external excitation runs.
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IMl. EXPERIMENTAL RESULTS

A. DESCRIPTION OF RESULTS

Contained in Appendix B is a complete listing of all the data runs performed for this

study. For this investigation, measurements were made of chip temperatures (using diode

sensors ), ceramic substrate temperatures (using thermocouples), cold plate temperatures

(using thermocouples), package voltage drop and precision resistor voltage drop for

power input determination. The data has been collated by particle size, type and heating

configuration. For each condition, two figures are plotted, (i) total package input power

versus the temperature difference between the package diodes and the cold plate, (ii) total

package input power and the peak diode temperature. Figures 3-1 through 3-8 show the

results of natural circulation for each of the particle types in the horizontal geometry.

Figures 3-9 through 3-12 show the results of natural circulation in the vertical geometry.

Figures 3-13 and 3-14 show the effect of external excitation for one particle type and size.

Figures 3-15 and 3-16 show the effect of forced circulation for one particle type and size.

The figures discussed above are in dimensional form and some difficulty arises when

trying to compare the data from different combinations of ceramic and fluid. The results

were non-dimensionalized to permit comparison of the data. During the original testing,

no temperature data was taken directly on the side of the substrate exposed to the fluid.

However, the temperature on the bottom of the substrate was measured by nine
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thermocouples as was the external temperature of the case. This permitted estimation of a

heat flux through the enclosure case, and then a determination of the substrate fluid

interface temperature. Once this surface temperature was estimated, a Rayleigh number

was determined. The data collection system provided sufficient data for the determination

of a Nusselt number directly. All of the following figures are in non-dimensional form.

Figure 3-17 shows the plot of Ra versus Nu for three different loadings of the 3 micron

BN particle and a baseline run. Figure 3-18 shows the results of natural circulation for

each of the different particle types in the horizontal geometry.

1. Description Of Data - Natural Circulation

As previously discussed, the test surface consisted of a three by three array of

leadless chip carrier packages, numbered as shown in Figure 2-3. Only the center column

temperature sensing diodes (labeled 2, 5 and 8 in Figure 2-3) were connected to the data

acquisition system. All nine packages were powered in parallel, however, no method was

available to determine the variation in power input between the various packages. As

shown in Figure 2-4, nine thermocouples, labeled in the same order as the packages in

Figure 2-3, mounted to the base of the ceramic substrate were connected to the data

acquisition system. These temperatures and the total input power are represented in the

following 16 figures.
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Power versus Temperature Difference - Vertical Geometry
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D. DISCUSSION OF HORIZONTAL PLATE NATURAL CIRCULATION DATA

A baseline run was conducted using pure FC-75. This baseline was periodically

performed throughout the duration of data gathering to verify the data taking system and

detect system variations. In the horizontal geometry, two different types of ceramic

particles, each having two different sizes were investigated. Boron Nitride was tested in

particles of 0.3-0.7 microns, hereinafter referred to as the 0.7 micron BN and 2-3 microns,

hereinafter referred to as the 3 micron BN. Aluminum Nitride was tested in particle sizes

of 5 microns and 44 microns. Table 3-1 shows the representative loadings that have been

called 'light', 'medium' and 'heavy' for ease of reference.

TABLE 3-1: PARTICLE LOADING NOMENCLATURE
Horizontal Geometry

Light Medium Heavy
AIN 44.0 micron 0.1 1.11 NA

AIN 5.0 micron 1.25 10.33 Full

BN 3.0 micron 0.17 0.39 Full

BN 0.7 micron 0.1 0.25 NA
Vertical ceometry

Light Medium Heavy
AIN 5.0 micron 5.07 10.33 Full

BN 3.0 micron 0.17 1.95 Full
Extrnal Excitation

Light Medium Heavy
BN 3.0 micron 0.22 1 1.22 NA

Forced Circulation

Light Medium Heavy

BN 3.0 mcron 1.00 3.66 NA
All weights in grams
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1. Effect Of Partide Loading

While many of the particle types were tested at various loadings, three general

classifications, fight, medium and heavy were developed for the loading. Throughout the

testing, the heavier loads were seen to diminish the heat transfer capability. Figures 3-1

and 3-2 illustrate the point graphically. As the load is increased to a point where the

enclosure is packed as full as possible with AIN, the peak power is reduced. At this point

the input power has been reduced to 50% of the desired peak input power, yet the diode

temperature has risen by 30*C above the baseline temperature at 14 watts total input

power.

2. Effect Of Particle Size

As was discussed earlier, two different particle sizes were tested for each of the

two ceramics. Two pairs of figures, Figures 3-1 and 3-3 and Figures 3-5 and 3-7 show the

effect of two different particle sizes. The first figure of each pair (Figure 3-1 and 3-5)

represents the smaller of the two particles for each material, while the second figure of

each pair (Figure 3-3 and 3-7) represents the larger of the two particles for each material.

While the loadings are not exactly the same, the larger particles show much more rapid

heat transfer decrement as the loading is increased. This was further confirmed by visual

observation, as the larger particles were not picked up by the buoyant streams at lower

loadings. Figures 3-2, 3-4, 3-6 and 3-8 show the same trend even more prominently in the

rapid rise of peak diode temperature for given power levels. The larger particles were so
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deleterious that the desired input power was not able to be obtained. For these conditions

the input power was limited to avoid exceeding a diode temperature of 13 5,°C

3. Effect Of Particle Density

Boron Nitride has a density relatively close to that of FC-75 and was observed to

be easily lifted off the plate by the plumes that formed above the chips. Aluminum Nitride

is quite a bit denser than Boron Nitride and as loading was increased, rapidly blanketed the

plate and could not be lifted by the buoyant plumes. Figures 3-1 and Figures 3-5 show that

as the Aluminum Nitride load is increased, the ability to transfer heat is reduced faster than

the capability is reduced for the Boron Nitride. In fact for the heavy load with Boron

Nitride, the peak package temperature is nearly ten degrees cooler than for the Aluminum

Nitride case. This is quite unexpected as bulk Aluminum Nitride has a thermal

conductivity nearly twice that of Boron Nitride.

C. DISCUSSION OF VERTICAL SUBSTRATE ORIENTATION NATURAL

CIRCULATION DATA

A baseline set of data was obtained with the enclosure mounted with the substrate

containing the packages in a vertical arrangement. The cold plate was thus also mounted

vertically, opposite the packages. This geometry was only tested in a limited number of

runs as it was observed that the particles soon fell out of suspension and rested on the

bottom wall.
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1. Effect Of Particle Loading

The Boron Nitride 3 micron particles and the Aluminum Nitride 5 micron particles

were the only types tested across a wide range of particle loads. Figures 3-11 and 3-12

illustrate that the particles had a tendency to fall out of suspension. The temperatures soon

came to the same values as the baseline data when there were insufficient particles to rest

against the vertical plate. Figures 3-9, 3-10, 3-11 and 3-12 demonstrate that when there

were sufficient particles in contact with the plate, reduction in the heat transfer occurred.

2. Effect Of Geometry

Comparison of FigV!,e, 3-1 and 3-2 with 3-9 and 3-10, demonstrates that the

vertical geometry had a better heat transfer coefficient than the horizontal geometry. This

is to be expected, since the horizontal geometry develops cells that interfere with their

neighbors. The vertical geometry results in a larger circulation that sweeps the entire wall.

D. DISCUSSION OF EXTERNALLY EXCITED NATURAL CIRCULATION

DATA

During the early parts of the study it was noted that as the particle loading increased,

the fraction of the particles that were lifted by the buoyant plumes decreased and the

packages became covered by particles, decreasing the heat transfer and raising their

temperatures. It was also noted earlier that Boron Nitride has a density close to that of the

Fluorinert. An external excitation was provided to the enclosure by a small direct current

motor to keep the particles suspended in the liquid. As Figures 3-13 and 3-14 illustrate,
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there was still a decrement in performance. The decrement was greater than the stationary

performance for the same load.

E. DISCUSSION OF FORCED CIRCULATION RESULTS

A baseline run was conducted using pure FC-75. In the forced circulation geometry,

only the 3 micron Boron Nitride was investigated. For the forced circulation portion of the

study, flowmeter voltage, (converted to flowrate) was also measured. The apparatus failed

after testing was completed for one Reynolds number.

As illustrated in Figures 3-15 and 3-16, the addition of particles did not enhance the

heat transfer in the forced circulation condition. The different particle loadings exhibited

essentially the same performance. The measurements were limited by the ability of the

turbine flowmeter to pass the heavier particle loadings and as noted above, the apparatus

failed due to mechanical cracking of the ceramic insert at the rear wall early in this testing

regime.

F. NONDIMENSIONAL GRAPHS

The data was non-dimensionalized as discussed earlier, with some modifications.

Additional thermocouples were installed after the completion of the originally scheduled

testing. These were attached to the tops of packages 1, 2, 4 and 5 and were used to obtain

an estimate of the fluid-surfice interface temperatures. At low loadings, the surface

temperature of the packages is within several degrees of the substrate bottom temperature.
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At a higher particle loading the difference approaches 10C at 14 watts total input. The

data did not meet the strict repeatability of the previous data due to the cracking noted

above and was used to provide an estimate of adjustment of the substrate bottom

temperature in conjunction with the technique described earlier.

Only the natural circulation data is presented in non - dimensional form, as the

other modes show similar trends. Figure 3-17 represents the data from only the 3 micron

Boron Nitride data runs. Figure 3-18 is a representation of the data from representative

samples for all the ceramic particles. It is evident that for all particles as the loading is

increased the non dimensional Nusselt number decreases for a given Rayleigh number. As

the loading increased, the heat transfer capacity of the FC-75 diminished substantially.
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IV. NUMERICAL MODEL

A numerical model of the natural convection in the enclosure for a three by three array

of packages in the vertical substrate orientation was developed utilizing a control volume

approach as described by Patankar [Ref 201. The model is similar to that discussed by

Wroblewski and Joshi [Ref 14] for a single package and included the following features:

control volumes for velocities that are staggered with respect to those for temperature and

pressure; a power law scheme; harmonic mean formulation for the interface difflsivities;

the SIMPLER algorithm for the velocity pressure coupling; and a fMlly implicit forward

difference scheme in time. The conjugate conduction in the solid domains was handled

numerically by solving the same full set of momentum and energy equations throughout

the entire enclosure, but with a large value of viscosity specified for the solid regions.

A. GOVERNING EQUATIONS

The non-dimensional governing equations for the three dimensional unsteady

problem, assuming constant properties and the Boussinesq approximation, are as follows:

x momentum;
a +_W+.M+ _8( .- + 12 *•-u + U 02U•" •- - -xtK *+'T•T+ "

W ax ey -z a R& Bx
2  

Z

y momentum;
v8V 8v)W ) e _ + vE~Ve+-- a("+ g =--2t + ( *('+-1+2-)+8
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z momentum;

OW+ AM+ --VW) +-(WW) -•- 1/2 -W + W-,

energy (fluid);
6e. AUO)+ (VO) + (WO) = j/2 + ±0 a2e 22e6

9 x OY Oz Pr +a +X Y

energy (chip);
Cc• !t 11/2 020- 20 +9620)+ 1= ,(-) *P( + + z"-1

energy (unheated regions)
(.1/2 * [R(1•9 + 0+0 + O

The appropriate non-dimensional parameters are Ra = gj3Ql/Aavkq, Pr = v/a, U =

u/U, V = v/Uo, W = w/U0 , U. = (gPQ/kf)'/ 2, =tU/, 0 = (T-T,)/(Q/lkr), P = p/pU0
2 , X=

x/l, Y = x/l, Z = z/1, H,= hA, L,= fl,, R,= kX/ko Rý= k/k, C= (pcP)/(pc)f and C,=

(pcd)/(pcd,, The energy equation for unheated regions is applicable to all of the regions

within the package except the chip itself. The subscript i refers to these various regions: i

= s to the ceramic substrate; i = p to the ceramic package itself, i = I to the lid, i = g to the

solder, i = r to the air gap between the chip and the lid, and i = m to the gold and tungsten

coating.

The boundary conditions for the enclosure walls are as follows:

X 0; IO9X =0 , U =0, V =0, W- 0

X =XL; =0, U =0, V =0, W =0

Y= 0, XL; 810Y = 0, U= 0, V =0, W =0

Z= 0, XL; M/EZ 0, U = 0, V =0, W =0

where XL = XA.
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Figure 4-1 illustrates the axis selection used for the analysis. The substrate is

vertically aligned. The axis normal to the package is designated the X - axis, the axis in the

vertical plane designated the Y - axis, and the axis parallel to the substrate surface is

designated as the Z -axis.

Y

1g

Figure 4-1: Numecal model pack oriaon and axis seection.

B. SOLUTION TECHNIQUE

The solution was obtained throughout the entire enclosure. The initial nondimensional

time step was selected to be Az = I for Ra = 1.15E3. An algorithm within the program

expanded the time steps if convergence was reached within a time step in three iterations.

Two iterations per time step is the minimum required due to the technique used for

convergence checking.
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1. Results

a. Base Case

The initial case was similar to the geometry and conditions developed by

Wroblewski and Joshi [Ref 14] for the single chip leadless package. The solver used for

that study has been ported from an Amdahl mainframe and refined to run on a Sun

Microsystems Sparc 10 workstation.

b. Current Case

Once the solver had been verified, the geometry was revised to reflect the three

by three array of leadless chip carrier packages that were used for the experimental work.

A low Rayleigh number (Ra = 1.15E3) was used to test the stability of the numerical

model. For FC-75, this Rayleigh number is equivalent to an input power of only 4.4

microwatts. Thus the problem is primarily conduction heat transfer and the fluid develops

very low velocities. Figure 4-2 shows the isotherms for the nine package geometry in the

Z - Y plane passing through the plane adjacent to the package lid surfaces, at r = 959.

Figure 4-3 is a plot of the fluid velocities in the same plane as the temperature plot of

Figure 4-2. It shows the fluid developing upward velocities in the heated regions. This is

still in the transient period discussed by Wroblewski and Joshi. The temperature contours

for a vertical cut in the X - Y plane through the center of the middle column of packages

are shown in Figure 4-4. The plumes are starting to develop above the packages, but there

is very little flow developing in the enclosure. Figure 4-5 shows the velocities in the same

plane as Figure 4-4.
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The model was now reprogrammed for the case of a much higher Rayleigh

number. The highest Rayleigh number attained in this study was 1.15E7. This is equivalent

to a power input of 44 milliwatts. The following figures are taken at the same positions as

the corresponding figures for the case of Ra = 1.15E3. Due to the temperature scaling, the

nondimensional temperatures are lower, while the actual temperatures are higher. Figure

4-6 shows the isotherms for the nine package geometry in the Z - Y plane passing through

the plane adjacent to the package lid surfaces, at r = 3619. Figure 4-7 is a plot of the fluid

velocities in the same plane as the temperature plot of Figure 4-6. It shows the fluid

developing upward velocities in the heated regions. The temperature profiles for a vertical

cut in the X - Y plane through the center of the middle column of packages is shown in

Figure 4-8. Figure 4-9 shows the velocities in the same plane as Figure 4-8. The plumes

are starting to develop above the packages, and the flow velocities are larger in the

enclosure. In addition the return flow from the cold plate has begun and flow is beginning

to develop the circulation expected for this type of enclosure.
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V. CONCLUSIONS

The desire to improve the heat transfer performance of Fluorinert-75 through the use

of ceramic particles was unsuccessful. The particles and loadings tested all resulted in

unchanged or reduced he"t transfer capability than the pure FC-75. The larger particles

caused a greater decrement than the smaller particles due to their increased propensity to

resist the buoyant streams and rest on the face of the chips. The .3 micron Boron Nitride,

which was the smallest particle and has the density closest to the Fluorinert, caused the

smallest decrement in heat transfer.

The external excitation proved to be successful in suspending the particles from the

plate, but still resulted in a heat transfer decrement.

The forced circulation data showed the relative insensitivity of the heat transfer

capability of the Fluorinert to the addition of particles in this regime. It also demonstrated

the dangers of using forced circulation in direct electronic cooling. Throughout the natural

convection testing, extending over . period of greater than six months, no damage had

beep, encountered to the packages. In the forced circulation testing the packages failed in

four days, most probably due to flow induced vibration of the divider plate. The danger in

actual electronic equipment of similar phenomena should be a key consideration in the

design of direct immersion cooling schemes. The results of this testing indicate that for the
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materials tested, and possibly for a wider range of ceramic materials, the particles do not

enhance the heat transfer characteristics.

The three dimensional numerical model was successfully modified to model the

geometry encountered in this study for the vertical substrate orientation. The model was

able to adequately represent the expected temperature profiles.
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VL RECOMMENDATIONS

The following recommendation are made for further study:

1. Investigate the physical reason for the failure of high thermal conductivity particles

to raise the overall mixture thermal conductivity.

2. Investigate particles that more closely match the density of the Fluorinert.

3. Refine the mesh used for the numerical model to concentrate in the regions with

large gradients.
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APPENDIX A

POWER AND TEMPERATURE

ACQUISITION PROGRAMS
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A. DATA MONITORING PROGRAM

110! DATA COLLECTION
120' MONITORING FOR EQUILIBRIUM
130 !! V(0) MONITORS VOLTAGE DROP ACROSS
140 !! THE PRECISION RESISTOR
150!! V(l) MONITORS THE VOLTAGE DROP ACROSS THE
160 !H CHIP SET
170!! 00 MONITORS THE DIODE OHMS
180 !! To ARE THE TEMPERATURES
190 !! T(0) IS THE AMBIENT
200 !! T(1-9) ARE THE CHIPS
210!! T(10) IS NOT USED
220 !! T(I 1-14) ARE THE UNDER PLATE
240 !! T(16-17) ARE THE SIDE WALLS
250 REAL V(I),O(2),T(17)
260 REAL Vt(l, 1 0),Ot(2, 1 0),Tt( 17,10)
261 PRINT "PWR"
263 INPUT Pwr
270 PRINTER IS CRT
280 CLEAR SCREEN
290 J=0
300 OUTPUT 709;"RST"
310 OUTPUT 709;"REAL V(l),O(2),T(16)"
320 OUTPUT 709;"CONFMEAS DCV,203-204,USE 700"
330 ENTER 709;V(*)
340 PRINT V"(0),V(I),V(0)*V(I)/. 101
350 Vt(oJ)=V(o)
360 Vt(1,J)=V(1)
370 Vt(0,10)-Vt(0,10)+V(0)
380 Vt(1,10)-Vt(1,10)+V(1)
390 OUTPUT 709;"CONFMEAS OHM,200-202,USE 700"
400 ENTER 709;0(*)
410 Ot(O,J)=(7234.555-0(0))/19.9904
420 Ot(l,J)=(7241.029-O(1))/20.0697
430 Ot(2,J)=(7241.567-O(2))/20.0871
440 PRINT Ot(O,J)
450 PRINT Ot(l,J)
460 PRINT Ot(2,J)
470 Ot(0, 10)=Ot(0, 10)+Ot(0,J)
480 Ot(1,10)-=Ot(1,10)+Ot(1,J)
490 Ot(2, 1 0)-Ot(2, I 0)+Ot(2,J)
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500 OUTPUT 709;"CONFMEAS TEMPT,300-309,311-316,318,USE 700,INTO T'
510 OUTPUT 709;"VREAD T"
520 FOR I=0 TO 16
530 ENTER 709;T(I)
540 IF I<10 OR I>14 THEN 560
550 IF T(I)>60 THEN BEEP
560 PRINT I,T(I)
570 Tt(I,J)=T(I)
580 Tt(I, 1 0)=Tt(l, I 0)+T(1)
590 NEXT I
600 Tave=O
610 FORI=10 TO 13
620 Tave=Tave+T(1)
630 NEXT I
640 PRINT Tave/4
650 J=J+l
660 IF J=10 THEN 680
670 GOTO 320
680 PRINT Vt(0, 1 0)/J
690 PRINT Vt(l, 10)/J
691 Power=Vt(0, 10)*Vt(l, 10)/(. 101 *J*J)
700 PRINT Power
710 Vt(O,I0)=O
720 Vt(1,10)=0
730 PRINT Ot(0, 10)/J
740 PRINT Ot(l, 10)/J
750 PRINT Ot(2, 10)/J
760 Ot(0, 10)=0
770 Ot(1,10)=0
780 Ot(2,10)=O
790 FOR I=0 TO 16
800 PRINT I,Tt(LJ)/10
810 Tt(LJ)=0
820 NEXT I
830 PRINT "Tave =";Tave/4
840 PRINT
841 IF Tave<23.8*4 OR Tave>24.2*4 THEN 850
842 IF ABS(Power-Pwr)>.05 THEN 850
843 BEEP
844 PRINT "STEADY STATE MET"
850 K=K+I
860 PRINT K
870 PRINT
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880 GOTO 290
890 END

B. DATA ACQUISITION PROGRAM

110!! DATA COLLECTION FILE
120!! ENTER THE RUN TYPE
150 !! V(0) MONITORS VOLTAGE DROP ACROSS
160 !! THE PRECISION RESISTOR
170!! V(I) MONITORS THE VOLTAGE DROP ACROSS THE
180 !! PACKAGES
190!! 0() MONITORS THE DIODE OHMS
200!! TO ARE THE TEMPERATURES
210 !! T(0) IS THE AMBIENT
220 !! T(l-9) ARE THE CHIPS
230 !! T(10) IS NOT USED
240!! T( 1-14) ARE THE UNDER PLATE
250 !! T(15) IS THE PELTIER
260 !! T(16-17) ARE THE SIDE WALLS
270 REAL V(I),O(2),T(17),Ts
280 REAL Vt(1, 10),Ot(2,10),Tt( 17,10)
290 PRINTER IS CRT
300 CLEAR SCREEN
310 PRINT "INPUT TARGET POWER LEVEL:"
320 INPUT Pwr
330 GeomS:"H- FC"
340 PRINTER IS 9
350 Fluid$="FC 75"
360 Ceramic$="3m BN"
370 Grams=3.66
380 PRINT "THIS RUN IS AT ";Pwr," WATTS"
390 PRINT DATE$(TIMEDATE),TIME$(TIMEDATE)
400 PRINT "THE FLUID IS: ";FluidS;*, ARRANGEMENT IS: ";Geom$
410 PRINT "THE CERAMIC IS: ";CeramicS
420 PRINT "THE CERAMIC WEIGHT IS: ";Grams;" GRAMS"
430 J=0
440 OUTPUT 709;"RST"
450 OUTPUT 709;"REAL V(I),O(2),T(16)"
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460 OUTPUT 709;"CONFMEAS DCV,203-204,USE 700"
470 ENTER 709;V(*)
480 PRINT V(o)
490 PRINT V(l)
500 PRINT V(o)*V(1)/. 101
510 OUTPUT 709;"CONFMEAS OHM,200-202,USE 700"
520 ENTER 709;O(*)
530 PRINT (7234.555-O(0))/19.9904
540 PRINT (7241.029-O(1))/20.0697
550 PRINT (7241.567-O(2))/20.0871
560 OUTPUT 709;"CONFMEAS TEMPT,300-309,311-316,318,USE 700,INTO T"
570 OUTPUT 709;"VREAD T"
580 FOR I=0 TO 16
590 ENTER 709;T(I)
600 IF I< 10 THEN 640
610 IF T(I)>60 THEN BEEP
620 IF I>13 THEN 640
630 Ts=Ts+T(I)
640 PRINT T(I)
650 NEXT I
660 J=J+l
670 IF J=l 0 THEN 690
680 GOTO 460
690 PRINT DATE$(TIMEDATE),TIME$(TIMEDATE)
700 PRINT "DATA RUN ENDED"
710 PRINTER IS CRT
720 PRINT Ts/40
730 END

C. FLOWRATE COLLECTION PROGRAM
100,.IIIIIt igill!! !! !!,!!!

110!! FLOW METER CALIBRATION
120 !! F(O) MONITORS THE VOLTAGE ACROSS THE
130 !! FLOWMETER
140 REAL F(0)
150 REAL Ft(10)
160 PRINTER IS CRT
170 CLEAR SCREEN
180 PRINT "RHEOSTAT SETTING"
190 INPUT R
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200 J-0
210 OUTPUT 709;"RST"
220 OUTPUT 709;"REAL F(0)"
230 OUTPUT 709;"CONFMEAS DCV,205,USE 700"
240 ENTER 709;F(*)
250 F(o)0F(0)*(-I. 0)
260 PRINT "FLOW ";F(0)
270 Ft(J)=F(0)
280 FOR N=I TO 2000
290 NEXT N
300 J=J+l
310 IF J=10 THEN 330
320 GOTO 210
330 PRINT "ELAPSED TIME"
340 INPUT Ti
350 PRINT "ML PUMPED"
360 INPUT MN
370 PRINTER IS 9
380 PRINT "CALIBRATION"
390 PRINT "DIAL SETTING ",R
400 FOR J=l TO 10
410 PRINT Ft(J)
420 NEXT ]
430 PRINT "ELAPSED TIME ";Ti
440 PRINT "VOLUME (ML) ";MI
450 PRINTER IS CRT
460 END
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APPENDIX B

LIST OF RUNS
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Run Ceramic Size Load Power Orientation
Name Microns Grams WattsCm_14 NA NA Horizontal

C0_12.5 None NA NA 12.5 Horizontal

Co_11 None NA NA 11 Horizontal
CO_9.5 None NA NA 9.5 Horizontal
Co_8 None NA NA 8 Horizontal
Am_14 AIN 5 1.25 14 Horizontal

A1_125 AIN 5 1.25 12.5 Horizontal
A,1_14 AIN 5 1.25 11 Horizontal
A1_9.5 AIN 5 1.25 9.5 Horizontal
A1_8 AIN 5 1.25 8 Horizontal
A2_14 AIN 5 2.52 14 Horizontal
A2125 AIN 5 2.52 12.5 Horizontal
A211 AIN 5 2.52 11 Horizontal

149.5 AIN 5 2.52 9.5 Horizontal
A258 AIN 5 2.52 8 Horizontal

A3115 AJN- 5 5.07 11.5 Horizontal
A3_11 AIN 5 5.07 11 Horizontal

A3_9.5 AIN 5 5.07 9.5 Horizontal
A3_8 AIN 5 5.07 8 Horizontal

113 AIN 5 10.33 11.3 Horizontal
A411 AIN 5 10.33 11 Horizontal

j4_9.5 AIN 5 10.33 9.5 Horizontal
4_8 AIN 5 10.33 8 Horizontal

A5_7 AIN 5 fulV 8 Horizontal

B1_14 BIN 3 1.514 Horizon tal1
41125 MN 3 1.95 12.5 Horizontal

B4_11 BN 3 1.95 11 Horizontal

B_9.5 MN 3 1.95 9.5 Horizontal
BI1_8 BN 3 1.95 8 Horizontal
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Run Ceramic Size Load Power Orientation
Name Microns Grams Watts

2I

82_14 BN 3 .166 14 Horizontal

B2_125 BN 3 .166 12.5 Horizontal

82_11 BN 3 .166 11 Horizontal

B2_9.5 BN 3 .166 9.5 Horizontal

82_8 BN 3 .166 8 Horizontal83_12 BN 3 0.303 1- Horizontal

83_141 BN 3 0.303 14 Horizontal
B3_125 BN 3 0.303 1.5 Horizontal

B3_.1 BN 3 0.303 11 Horizontal
B38 9.BN 3 0.303 9. Horizontal

B4_..14 BN 3 0.393 14 Horizontal

84-125 BN 3 0.393 12.5 Horizontal

B41 1 BN 3 0.393 11 Horizontal
8419.5 BN 3 0.393 9.5 Horizontal

841_8 BN 3 0.393 8 Horizontal

8514 5BN 3 0.016 14 Horizontal
84125 BN 3 0.19 12.5 Horizontal

85_11 BN 3 0.016 11 Horizontal

B5_9.5 BN 3 0.016 9.5 Horizontal

858 BN 3 0.016 8 Horizontal

B6_14 BN 3 0.054 14 Horizontal

B6_125 BN 3 0.054 12.5 Horizontal

K6_11I BN 3 0.054 11 Horizontal
859.5 BN 3 0.054 9.5 Horizontal

868 BN 3 0.014 8 Horizontal

B7_14 BN 3 0.097 14 Horizontal

87_125 BN 3 0.097 12.5 Horizontal

87_11 BN 3 0.097 11 Horizontal

86_9.5 BN 3 0.095 9.5 Horizontal

87_8 BN 3 0.097 8 Horizontal
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Run Ceramic Size Load Power Orientation
Name Microns Grams Watts

B8_14 BN 3 015 -4 Horizontal

88-125 BN 3 0.115 12.5 Horizontal
B8_11 BN 3 0.115 11 Horizontal

88_9.5 BN 3 0.115 915 Horizontal

B8_8 BN 3 0.115 8 Horizontal

89_14 BN 3 0.164 14 Horizontal

89_125 BN 3 0.164 12.5 Horizontal
B9_11 BN 3 0.164 11 Horizontal

B9_9.5 BN 3 0.164 9.5 Horizontal
89_8 BN 3 0.164 8 Horizontal
D1_14 BN 3 0.05 14 Horizontal

DI-125 BN 3 0.05 12.5 Horizontal

D1_11 BN 3 0.05 11 Horizontal
D1_9.5 BN 3 0.05 9.5 Horizontal
Dl_8 BN 3 0.05 8 Horizontal

D2_14 BN 3 0.099 14 Horizontal
D2_125 BN 3 0.099 12.5 Horizontal
D2_11 BN 3 0.099 11 Horizontal

D2_9.5 BN 3 0.099 9.5 Horizontal

D2_8 BN 3 0.099 8 Horizontal
D3_14 BN 3 0.155 14 Horizontal
D3_125 BN 3 0.155 12.5 Horizontal

D3311 BN 3 0.155 11 Horizontal

D3_9.5 BN 3 0.155 9.5 Horizontal
D3_8 BN 3 0.155 8 Horizontal
D4_5 BN 3 fun 4.8 Horizontal
El_14 BN 0.7 0.051 14 Horizontal
El_125 BN 0.7 0.051 12.5 Horizontal

El-11 BN 0.7 0.051 11 Horizontal
El_9.5 BN 0.7 0.051 9.5 Horizontal

E18 BN 0.7 0.051 8 Horizontal
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Run Ceramic Size Load Power Orientation
Name Microns Grams Watts

t2m14 BN 14 Horizontal

E2125 BN 0.7 0.100 12.5 Horizontal
E2-11 BN 0.7 0.100 11 Horizontal

E2_9.5 BN 0.7 0.100 9.5 Horizontal

E2-8 BN 0.7 0.100 8 Horizontal

E314 BN 0.7 0.150 14 Horizontal
E3_125 BN 0.7 0.150 12.5 Horizontal

E3_11 BN 0.7 0.150 11 Horizontal
E3_9.5 BN 0.7 0.150 9.5 Horizontal

E3_8 BN 0.7 0.150 8 Horizontal
E414 BN 0.7 0.248 14 Horizontal

E4-125 BN 0.7 0.248 12.5 Horizo'ital
E4_1 I BN 0.7 0.248 11 Horizontal

E4_9.5 BN 0.7 0.248 9.5 Horizontal

E4-8 BN 0.7 0.248 8 Horizontal
FI_14 AIN 44 0.049 14 Horizontal

F 1125 AIN 44 0.049 12.5 Horizontal

FI-11 AIN 44 0.049 11 Horizontal
Fl_9.5 AIN 44 0.049 9.5 Horizontal

Fl_8 AIN 44 0.049 8 Horizontal
F2_14 AIN 44 0.103 14 Horizontal

F2_125 AIN 44 0.103 12.5 Horizontal
F2_11 AIN 44 0.103 11 Horizontal

F2_9.5 AIN 44 0.103 9.5 Horizontal

F2_8 AIN 44 0.103 8 Horizontal

F3_14 AIN 44 0.207 14 Horizontal

F3_125 AIN 44 0.207 12.5 Horizontal
F3_11 AIN 44 0.207 11 Horizontal

F3_9.5 AIN 44 0.207 9.5 Horizontal

F3_8 AIN 44 0.207 8 Horizontal
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Run Ceramic Size Load Power Orientation
Name Microns Grams Watts

F1 -
F4_14 AIN 44 1.11 14 Horizontal
F4_125 AIN 44 1.11 12.5 Horizontal
F4 11 AIN 44 1.11 11 Horizontal
F489.5 AIN 44 1.11 9.5 Horizontal
F4 8 AIN 44 1.11 8 Horizontal
V0-14 None NA NA 14 Vertical

VO_125 None NA NA 12.5 Vertical
VO_ 1 None NA NA 11 Vertical
V0_9.5 None NA NA 9.5 Vertical

VO8 None NA NA 8 Vertical

V3A_14 AIN 44 5.07 14 Vertical
V3A 125 AIN 44 5.07 12.5 Vertical
V3A_1I AIN 44 5.07 11 Vertical

V3A_9.5 AIN 44 5.07 9.5 Vertical

V3A_8 AIN 44 5.07 8 Vertical
V4A_14 AIN 44 10.33 14 Vertical
V4A_125 AIN 44 10.33 12.5 Vertical
V4A_11 AIN 44 10.33 11 Vertical

V4A_9.5 AIN 44 10.33 9.5 Vertical
V4A_8 AIN 44 10.33 8 Vertical

V5A_8 AIN 44 full 8 Vertical

V_14 BN 3_ 1.95 14 Vertical

V1B-125 BN 3 1.95 12.5 Vertical
V1B_ 1 BN 3 1.95 11 Vertical
V___9.5 BN 3 1.95 9.5 Vertical

V_8 BN 3 1.95 8 Vertical
V2B_14 BN 3 .166 14 Vertical

V2B_125 BN 3 .166 12.5 Vertical
V2B_ I _BN 3 .166 11 Vertical

V2B_9.5 BN 3 .166 9.5 Vertical

V2B_8 BN 3 .166 8 Vertical
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Run Ceramic Size Load Power Orientation
Name Microns Grams Watts

EIB_14 None NA NA 14 Excitation

EIB_125 None NA NA 12.5 Excitation

EIB_11 None NA NA 11 Excitation

E IB_9.5 None NA NA 9.5 Excitation]

E B_8 None NA NA 8 Excitation-E2B14 BN 3 14 Excitation

E2B_125 BN 3 0.22 12.5 Excitation

E2B_1 1 BN 3 0.22 11 Excitation
E2B_9.5 BN 3 0.22 9.5 Excitation

E2B_8 BN 3 0.22 8 Excitation
Im -

E3B_14 BN 3 1.22 14 Excitation

E3B_125 BN 3 1.22 12.5 Excitation

E3B_11 BN 3 1.22 11 Excitation

E3B_9.5 BN 3 1.22 9.5 Excitation

E3B_8 SN 3 1.22 8 Excitation
!FC 1B_20 None NA NA 20 Forced

FCIB_14 None NA NA 14 Forced

FCIB_8 None NA NA 8 Forced
FCB_20 3 1.0 20 Forced

FC2B_14 BN 3 1.0 14 Forced

FC2B_8 BN 3 1.0 8 Forced

FC3B_20 BN 3 3.66 20 Forced

FC3B_14 BN 3 3.66 14 Forced

FC3B_8 BN 3 3.66 8 Forced
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APPENDIX C

SAMPLE UNCERTAINTY

CALCULATIONS
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The accuracy of the data in this study was determined by performing an uncertainty

analysis. For a function comprising a number of independent measurements, F=F(XA, XE,

Xc), the uncertainty ofF was calculated as:

8F = [(-l6XA,)2 + (-ff6XB2 + (.-SXC)2]I/2A =xSB +(a

If the function F= K*X&A*XB *XC, then the uncertainty was determined by:

BF ,- XA 2 -8X132 + 8CXc- 2"1/27 = Rta--2 + (b--2 + (c-)2]
F LXA/) XE XC

The properties of concern:

TP1&,= 23.90C 8TPI,,= 0.250C

Tr,= 69.50C 8Tf= 0.25*C

Q = 14.0 watts SQ 0.25 watts

p= 1654 kg/r 3  6 p = 4 .54 kg/m3

13= 0.00148 K-` 813= 3.46E-6K-1
cp= 1004 joule/kgK 8cp=2.4 joule/kgK

v=4.603E-7m2/s 8v-1.64E-8r 2/s

o=3.585E-8m2/s &a=1.26E-10m2/s

k=0.058W/m*K 6k=4.30E-5 W/m*K

L=0.009 m 8L= 0.00009 m

A= 0.001137 m2  8A=I.OE-4 m2

g=9.807 m/s2

Uncertainty calculations are for the 3 micron BN light load at maximum power, that is

mean power input of 14 watts.
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AT = Ts- Tplate

Nu = Q*L
k*A.(AT)

Nu = 33.89

With the properties listed above 8Nu =2.36 or 6.97 %. The Rayleigh Number (Ra) is

dependent on 03, cp, k, v, p and a, all of which vary with temperature for FC-75 [Ref 21]

N =[(Q) 2 + (-L I2 (L), +2 .(AT+)2]11/2

0.00246
13 = I.525-0.00246*T

Cp = (0.2411 + 3.7037E - 4 * T)

k = 0.065 - 7.895E - 5 * T

u= [1.4074-1.96E-2*T+3.8018E-4*T 2 --2.731E-6*T 3+
8.168E- 9 * T4] * 10-6

p - (1.825 - 0.00246 * T) * 100

k
a *C=•p

Thus

8_ 8Q 2 + (4-L)2 + ('A)2 + ()2 + (..)2 + (==)2 + (.•)2]I/2

W = Kt) L(4  A) A k C
where Ra = gPQL 4 ; Ra = 9.93E8 and BRa = 8.61E7 or 8.67%.

kcvA
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APPENDIX D

NUMERICAL ANALYSIS

PROGRAM
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CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C
C A GENERAL PURPOSE FORTRAN PROGRAM FOR SOLVING THREE- $
C DIMENSIONAL HEAT TRANSFER AND FLUID FLOW IN RECTANGULAR S
C COORDINATESS
C
C VERSION OF PROGRAM WHICH CAN USE LARGE ARRAYS FOR
C FINER GRIDS AND DO USTEADY CALCULATIONS
C CALCULATIONS FOR LARGE ARRAY VERSION ARE TIE SAME AS THOSE
C FOR TIHE LOWER DIMENSION PROGRAM EXCPET THAT
C COEFFICIENTS FOR F.D. EQUATIONS ARE RECLALCULATED,
C RATHER THAN STORED AND REUSED LATER
C ThIS REQUIRES APPROXIMATELY 25 PERCENT MORE TIME FOR EXECUTION
C
cC DEVELOPED BY:
C S. B. SATIHE
C CODE 69ST. DEPARTMENT OF MECHANICAL ENGINEERING
C U.S. NAVAL POSTGRADUATE SCHOOL
C MONTEREY, CA 93943
C TEL: (408)64W-2417
C BITNET ADDRESS: 5 I40P(c-NAVPGS,
C
C MODIFIED FOR UNSTEADY OPERATION BY:
C D. E. WROBLEWSKI
C CODE 69WR0, DEPARTWENT OF MECHANICAL ENGINEERING
C U.S. NAVAL POSTGRADUATE SCHOOL
C MONTEREY, CA 93943
C TEL: (408>6462465
Redaxotion =0.4
cDT=1.

C Tnmzgt-0.75
C EPST1-.0S
cRA=I. 15e3

C esm multiply l* ori omxwavpmu
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C

cLOGICALLISPOP
cINTEGER4 NO W( 14)
c OMh40Nl~k4LASFOPJCALLISTOP

LOGICAL LSrffVBUll~rlSTOP
COMMON F(3S,25,35.5J'35,25,35),RHO(35,25,35)GAM(35,25,35),
1 CON(5,25,35LAKP5,25,35),AKM(35.25,35),AP(52,35),
2 AIF(35,25,35),AI(5,2S,A5JP(35,2535),JM35,25,35)
COMMON dd15S25,3Ad535.25^3q*(3,25,35)j

3 X(35),X(35IOF(3S),XCV(35)XCVS(35)Utkq~alemw
4 Y(3S),Y(35),YDIF(3A)YCV(33)YCVSt33mwkel(35,25,35),
5 Z(35W(35),DEW(35)ZCV(35),ZCVS(35), 4 M35,25,35),
6 YCVR(35),YCVRS(35),ARX35),ARXJ(35),ARJP35),apl(35,25,35),
7 R(35)RMN(3S)SX(35)SXMN(35),XCVI(35),XCVIP(35),
8 YCVI(35g(CVJP(35),ZVK35),ZCVKP(35),g(35,25,35)
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COMMO DU(35,25,35)WV(35,25,35),W(35.25.35),FV(35),FVP(35).
I FX(3S),FXN35),FY(3S)FYM(35)..PT(35),QT(35),TOLD)(3S.25.35),
2 FZ(35).FK3S),VHAT(35,2S.35).WHAT(35.25.35).IJOLD(35,2S.35)
COM~INIINDXIAU.AX( 13VML M~( 13),LBL I O).NIMES(M1)
ILSOILVE(I0),TREDTX.XYL.A7J.,SRHCON2ZERO,TLAST.

3ISTJr.STYMrrER.LAsT.
4llRFJPREF.KPREFAMOOE

CHARACTER 10 TITL.E(13)
CaM ONflASOI.CALLISTOP
COMMN 4NONVI/EPSUJEPSVLEPSWEPS,ICONVJnhRLTO)(3S,25.35)EBQAL
I U0(35.25,3S).v0(3S.25,35).W0(35,25,35),rFERL
COMMONMRSl&ID/MX13).WIRSD
CONMON/SORC/SAXSSUM

o - r ' tc~hco35.25,35).v,yftc(35,25,35),iu35.25.35)
COMMAOKCOEF/FLOWDEFACOF
DIMENSIO U(35,25,35).V(35,25.35).W(35,25.35),PC(35.25.35)
DIMENSION T(35,25,35)
EQIJIVALENCE(F(1. 1,1,I).L(1. 1.1)),(F(I, 1. I.2).V(1, 1.1)),

opcz(16A4epas- f

CALL MESH
CALL (EOMET
CALL BEGIN

10 CALL VARRHO
19999 FR)MATC IgrOP- ',2)

CALL BNDRY
CALL PRTOUfT
CALL 114CRV
IF(STOP) IIEN

WRffE(*,1999) wrop

CALL COEPF
GOTOIO0

SWROUIPROFL

COMMON/%WffWWDffPAClOF

ACOF-DIFF
qiiWtACOFD)IPF
c flow-0.

IRFOWFJQ.O.) RETURN
WEPDF-ABS(FLOW)O. i
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ACOF-O.
IF(TrlP.LE0.) RETURN
TEMvP-ThM/DEFF
ACOF"DMFFTEIVO*5
REIRN
END

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
LOGICAL LSOLVELFRWJIrBLLSTOP
COMMON F(3S,25,3S.5),P(3S,25,35),RHC3S,25,3S.GAM(3S,25,35).
1 CON(35,25,35),AKP(3,25,35),AKN35,25,35).AP(3,25,35),
2 AJP(35,2.35,AIM(3S,25,35)AJP%35,25,35)AJM(35,25,35)
COMMON MX35l~35,35),kW 53,25.3U),.i35,2S,3U)

3 X(35)XU(3S),XDF(35)XCV(35)XCVS(35),&q~baI
4 Y(351YV(351YDIF(3S),YCV(35)YCVS(35).mx~upu(3S25,35),
5 Z(3S).ZW(35),ZDIF(35)2CV(35).ZCVS(35), 4 435,25,35),
6 YCVR(35)YCVRS(35).ARX(S)ARXJ35ARXJP(3S).41(3S,25,35).
7 R(33),RMN35S),S(33),SXMN(35),XCVI(35),XCVIP(35),
8 YCVJ(35),YCVJP(35),ZVK35).ZCVKP(35)*(35,25,35)
COMMON DU(35,25,35)DV(35,2S,35),W(35.25,35)FV(35),FVP(35),
I FX3353SY(335)FYr(35 35),Qr(35), 3TOLD(35,25.3S),
2 FZQS.7(35),Z3VHAT(3S,25,35),WHAT(35,25,35)UOLD(35,25,35)
COMMODTXRaAX(13),PiNTr(I3VLBL 1 ),rIMs( 1),
ILSOLVE(IO)TIME,DTXL,YLZ.Z,SHDcON.ZERO,TLAST,
2NFXJFMAXWNRHONGAMLIJ,LMIAVI2,M,N1,N2,N3,

4IPREFJPREFJCPREF,k4WE
DODIESOND(35),VAR(35)VARM(35)VARP(35),PIBR(5)

I r &KOcce35,5ý3*arm35,25,35)dm35,25,35)
C0MM0NfEADvq'mlE
CHARACnR*I0 TflE(13)

cr'N iN ic 1'rOwp ffACOF

JSTF=JST-I
KSIFM-

rr2-UL3+sT
JIr-MZ+isr

Kri-N24fCSr

C
LIThE I ITZh ESM

qxIW~,DNF M~
DO 999 NT-I1,NSS
DO 391 NWNFN
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c
IF(.NOTr.LBLK(NF))GO TO60

60 CONMIUE
COMIIENCE iDMA LINE BY LINE SWEEPS FOR soLuI1ON

DO 90 K-KMN2
DO 90 J-STM2

QT(SIsF)-FISTFJ.K.N)
DO 70 I-(STJ2
DENOM-AP(ULK)-PI(I-1)*AIMQ.K)
PrT()-AIP(IJJ()DENOM
TE1P-Ot4(LJJQ+AJPLIJJQF(LJ+lJCN)AJM(WC)F(LJ-IXN).
I +AKcP(14J)*F(I4JK+I.N+MAv1Q4JF(LJX-1.N)
QrT)-CrEMP4AMU.LJK)*QT(I-I)YDENOM

70 CONTINU
DO 80 il=ISTl2

80 F(LLK.N)-FI+ I JJXN)*PT(+QT(I)
90 CONTINUE

c
DO 190 KK=KS.N3

DO 190 JJ-JSr.M

PrQSTF"-.
Qr(IsF)"F(ISTFJXN)
DO 170 M=STL2
DENOM-AP(IJJ)-PTI-)*AIM(,K)

TE1PKONLJCO+AJP(IJC)F(LJ+1XN)+AJM(J.KQF(LJ-IXN)
I +API.JJQOF(LJJC+1,)+AKKJ$)F(IJJK-.1N)

170 CO&INUE
DO 130 II-ISTL2
I-rI-il

190 COINTE

DO 290 I-WSFJ
DO 290 K-KSTJ
Pr(JSIF)M..

DO 270 MS-)gI2
DEIEM-AP(LJJC.rJ-1)*AJM(IJJ)

TENEIJJ)- KPJQ+AWf(L ,K+I.N)AKM(LLK)(L,K-IAN
I +A~FWX"K)(I+WCNX)4AZW(J,)F(I-1,JX.N)

270 CONTME
DO 280 JJ-JE1M2

68



280 F(LJKF([J+ I Y-W)PTQ)+'Q1(J)
290 COtlNULE

C-
DO 390 il=ISTJL3
I-rr-IJ
DO 390 KK-KST.N3
KKT-KI4K
VF(JSTh0o.
QT(JIF)=F(USMT.XN)
DO 370 J-JSr.M2
DENOWAP(IJ.K).P1(J-1)*AJM(UK)
PT(J)-AJP(U.JQ'DENOM
lON0J LJKA K P(LJJC F(UJCK+IJ4)AKM(UJQ*POFJJ(I,N)
I +AIP(,JK)SF(1+IJX.N)+AIM1JK)*FQ-IJ.K.N)
Qr(JKTEMP4AJM(TJK)*QT(J-1)YDENOM4

370 CON1NUE
DO 380 JJ=JST.M2V
J=JTl-jj

380 F(LJXN)F(LJ+1IKN)*PT(i)+QIQJ)
390 CONTMNE

DO 490 J=JST=M
DO 490 r=[STL2
PT(KSTF)0O.

DO 470 K-KSTMN
DENOM-APQIJ,)Cvr(K-1)*AKKUJK)
PrOQ-AKP(W)VDENOM
TEMPFCON(LLIQ+AIP(,LKFQI+1JJN)+AJM(IKff(11,JK.N)
1 +AVJPJ,)¶F(IJ+l.K,N AJM(LJK*F(L-IJd.)
QTQr(IýM.AKK(LJJ*QT(K I)YVeJOM

470 CONT1NUE
DO 480 KK=MNU2
K=IT1CIKK

480 F(IJXN)J-WCU+1,14()+KQr()
490 CONT1NUE

DO 590 JJ-JST

DO 590 II=ISTJ-3
I-ni-n

FQTWSJF)-FL. M7

DO 57 K-MSTN
DEN~b4-AP(I4Jc).FrK)*AKMI,LK)
FrOC)-AP(LWYDEWJM
-c~I4,KCO()+Mp(I4JQ (1+i4.KN)+AZMI4K)F(I-,JK.N
I +AJfJK)F(+i,KN)+AftAUX")~(LI4,KN)
QrAJrQQc(4+jb X*-I)YDeENM

570COONTNUE
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DO305WKK-4CST,N2
K-KT14KX

380F(LJ.K.N).F(JK+1,N)*PT(K)Qr(K)

590 CONTNUEM
C

391 CONTINUE

999 CONTUE

cmti

C

aboufRESET

LOGICAL LSOLVELPRIUjDLBLK.LST
COM1MON F(35.25,3S.5).P(3S.25,35),RH(35,25.35).GAM(3S.25,35).
1 CON(3S.2S.3S),AKP(35.25,35),AKM35.25,3S),AP(35.25,35),
2 AWP(35,2S,35).AM(35.25.35),AJP(35,25,35),AJM(35.25.35)
COMNMOd cil35,25,35).dIW(3.5Z,3S)qi(35.25,3S)

3 X(35)XU(353XDF(335XCV(35),XCS(3SkcA~amv,
4 Y(3S),YV(33)YIDIF(35),YCV(3S),YCVS(33).tu1TpI~v(35,2S,3S),
5 Z(35).ZW(35),EF(35,ZCV(3S).ZCVS(35),A(35,25,35).
6 YCVR(35),YCVRS(3S),ARX35),ARX(5).ARýP35),ap1(35,2S,3S),
7 R(35).N4(3S)SX(35)SMN(3S),XCVI(35),XCVIP(3Sn
8 YCVJ(33)YCVJP(35)ZCVK(35,ZCVKP(35)*(35,25,35)
COMMON DU(35S25,35),DV(35,25,35).PW(35,25,35).FV(35).VP35).
I FX(35)Y35)JFY(3535)yr(3),YMQr(35)TOwD(3S25,35)
2 FZ(35),(33)YHAT(3525.33 WHAT(3S.25,35)XIOD(33.25,35)
CXJMMON/INDXiRELAX(13),LPRIN(3),L ~l IC( 1,nlMMS 10),
ILSOLVE(IO)TDh4E,DTXG,YLZa,SR ýcO .UOAST,
2NFWNP.NRHO.NGAMLjZUM1,M2,M ,N11 NZN,

4ll4WFJPREFKPRWjMODE

CHARACMIOTITE( 13)
CO MjKC~ '~l" SXWXAU4SrOP

I U0O(35,25,35),D 3523 5),3W(35,253,3s)RrL

. , ;~c352s,35).,*r43s25,35)*.W5.25,3:5)
COhdOWS0ROSAXA%

C~hMDNOWRMJ~ffAO0F
DIMHMJSION U(35,253V(3S,25,35)W(35,25.35),Pc(5,25,35)
DIMENSION T(35,25.35)

DO 400 Kz2,N2
DO 400 J-ZM2
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DO04001F2.L1
CON(UJQ~O.
AP(UX)=.

400 CONTINUE
RETURN
END

C
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccc

SUBROUTINE FORM
CCcc~cCCCCCcCccCccCCCCCcCCC~cccCCcc~cCcCccccccCcc~cCcc~c~cc

LOGICAL L.SOLVELPINr.LBLKLSTOP
COMvMON F(35,2S,3S.S).P(35.25,35)YRHO35,25.35),GAM(3S.25.35).
I CON(3S,2S,35).AKP(35,25.35),AKM35,25.35),AP(3S.25.35),
2 AJP(35,25,3S),AIM35,25,35),AJP(35,25,3S),AJM(35,2S.35)
COMMOlN diIX3S,25,35),ddh)35,25,3S),qg35,2S.35),

3 X(35),X(35).OIF(35),XCV(3S),XCVS(35WtqcALaVa
4 Y(3S),Y(35)XYDIF(35)YCV(35)YCVS(35Ubuidtwi(35,25,35),
5 Z(35),ZW(35),ZDKF(35).ZCV(33)2CVS(35).qJ(35,25.35).
6 YCVR(3S)YCVRS(35),ARX35),ARXJ(35)ARXIP(3S),VI(35.25,35),
7 R(3S),N35),SX(35S),SXMN35),XCVI(35),XCVIP(35),
8 YCVJ(35),YCV]P(35).ZVK35).ZCVKP(35)*(35,25,3S)
CONMMO DU(35,2S,35.JDV(35,25,3S),W(35,25,35),FV(35)YVP(3S),
I FX(35)"Fx3s)Y(3S)WFM35)yr(3S),Qr(35)TOLD(35.25,35),
2 FZ(35),F7M(35)VHAT(35,2S35)WHAT(35,2S,35)UOLD(35,25,35)
COMMON/INDXIRELAX(13J).LRJN(13),LLK11)NIME(1)
ILSOLVE(1O),TIME,DT.XL,YLZL.SRHCONZ.TOLAST,
2NF,NFMA,NRHONGLAM4LI42UL3M1)V12,M3N1,NZN,
31STJSTYJTs~ER.LAST,
4IPRWJPREFKPREFMODE

CHARAC-M 10 TlME(13)
cOMMON~wnTASr0PJCAUlJS"O

I U(.K35,2,35),'A(3S2,5)UWO(3S,25,35),fERL
COMMON/RESIDRMAX(13VRESID
CUMMONKSORCICASM
COMMON/COW/F&OWDIFFACOF
DIMENSINU(35,25,35)V(35,2,35)W(35,25,35),C(35,25,35)

DRSSOT3 ,25,35) 3,S3)uz32.5

BI V(,1,1,3),(1,1,1),(F(I,1,4),Pc(1,1))2V1,,)

1 F0RMAT(15XXOMRPT~AlMO IN CARTESIAN COORDINATES)
2 FORM[AT(15X,!C3MlPUTAllON FOR AXUSYMMETRIC SmJ`ATKoN')
3 FORMAT(15MCMMPUTATION IN POLAR COORDINATES'
4 FOtM[AT(14X40(1H)./)
mtnu
end

C
CONE HERE TO CALCULATE C3JDS SIPECEFICATION
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C
LOGICAL LSOLVE.LPR~r.lBLKJ-STOP

I CON(35.25.35).AKP(35,25,35).AKN35,25.35).AP(35.25.35),
2 AIP(35,25.35).AIN135.25.35).A.1P(3S.25.35).AJNK35,25,35)
COMMON dkIIUX35,25.35).dekAWX3S,25,3S).ep,,i(3S.2S.35),

3 X((35).XU(35),XDIF(35).XCV(35),XCVS(35)Jkcp~alaant
4 Y(3S).YV(35)XYDIF(3S).YCV(35),YCVS(35).bnk~ev~x(35,25,3S).
5 Z(35)2W(3S),ZDIF(35),ZCV(3S).ZCVS(3S),ap3(35,2S.3S).
6 YCVR(35).YCVRS(35).ARX(35),ARXJ(3S).ARXJP(35).,ap(35.25,35),
7 R(3S).MN(3S),SX.(33),SXMN(35).XCVI(35).XCVIP(35).
8 YCVJ(35).YCVJP(3S).ZCVK(35).ZCVKP(3S).a(35.25.35)

COMMMIvIO (33.25.35),DV(35,25.35).DW(35.25,35),FV(35),FVP(35),
I FX.(35).FM(3S).FY(35).FYM(35).Pr(35)QI'(35),TOLD(35.25.3 5)
2 FZ(35).FZM(35).VHAT(35,253.33)WHAT(35.25.33)UOWD(3S.25.35)
COMMVONANhDX/RELAX(1 3)J.LPRWN(l3)A.LK(I I)NTIMES( 10).
ILSOLVE(IO),TDEJTLQYLZLSHOCON.ZERO.TLAST,
2NFJFAXNP.NHO.NGA1KLI.L3L A~V1,M3NIN2N3.
3MsTJSrsT=,rrER.LASr.
41PREFjPREFKPMEFlODE
CONMONAMADOTITVE
CHAR.AcrM10 IOTLE(13)
COMMAONICNLASTOPJCALLjSlOF
COMM4ON/ONV1I4SUJEPSV.EPSWE'SrJCONVJTMU,TO(35,23,35),ENBAI.
I UO(35,25.35)V0(35,2,35).W0(35,25,35),rrERL
COhMOKX*ESdkMAX(13),IRESID

-MI~ .ba b=S,25,35),)oI*35,25,35),zht435.25,35)
CON%4OWSORC`SAM(SSLW
COMeON/COEF&FLW,DFF.ACOF
DMAENSION U(35,25,35)V(35,25,35),W(35,25,35),PC35,25,35)
DIMENSION T(35,25,35)
EQUIVALENCEF-((1.1,1,1),U(I1,.)),(F(1,1,1.2).V(1.I,1)),

I FOlRMAT(15XVcMfUfATlON IN CARTESIAN COORDINATES1
2 F0PJMAT(15XCOMPUFATlON FOR AXISYMNMERC SITJATIOM
3 FORMAT(15X`COMP(YrAflON IN POLAR COORD[NATES')
4 PORMAT(14X~40(IH"Vl

u3-L-I

M34tvfl-I

N2-N1-l
N3-N2-I
Y4 I)-XU(2)
DO 5 1=2,12

5 X(I".5?(XW(+I)+XU(I))
X(LI)=XU(LI)
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Y(1).YV(2)
DO 10 J=2,M2

10 Y(J)=0.5*(Y(J+ 1)4-Yvq))
Y(M1)=YV(MI)
Z( I)=ZW(2)
DO 7 K-2,N2

7 Z(K)-0.S*(ZW(K+1)+ZW(K))

DO 15 1=211
15 XDIFQl)'X(T)-X(I-1)

DO 18 1=21L2
i8 XCV(1)=XUQ1+q)-X(l)

DO 20 1=312
20 XCVS0)=XDEF(1)

XCVS(3)-XCVS(3W+XDIF(2)
XCVS(L2)=XCVS(L2)+XDIF(LI)
DO 22 1=3,13
XCVI(DinO.5*XCV(I)

22 XCVJPQ)=XCVIQT)
XCV!P(2)-XCV(2)
XCVI(L2)=XCV(L2)
DO 175 K=2,N I

175 ZDIF(K)=Z(K)-Z(K-1)
DO 178 K=2,N2

178 ZCV-K)ZW(K+1I)-ZW(K)
DO 270 K=3,N'2

270 ZCVS(K)=ZDIF(K)
ZCVS(3)=ZCVS(3)4-MIF(2)
ZCVS(N2)-ZCVS(N2)4-ThIF(NI)
DO 272 K=3,N3
ZCVK(K)0.5*ZCV(K)

272 ZCVKP(K)-ZCVK(K)
ZCVKP(2)=ZCV(2)
ZCVK(N2)=ZCV(N2)
DO 35 J=2,MI

35 YDIF(J)-Y(J)-Y(J-1)
DO 40J-2>0

40 YCVQJ)-YV(J+1)-YV(J)
DO045 J-3,M2

45 YCVSQJ)-YDFQJ)
YCVS(3)-YCVS(3)+-YDIF(2)
YCV(M2)=YCVS(NWYDW(M1)
DO 277 J-3"M
YCVJ(J)0.O.*YCV(J)

277 YCVJP(J)-YCVIJQ)
YCVJP(2)-YCV(2)
YCVJ(M2)'=YCV(M2)
IF(MODE.NE. 1) GOTO 55
DO052 J-1,MI
RMN(J)-1.0
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52 R(J)=1.0
GO TD56

55 DO50 J=2.MI

RMN(2)=R( I)
DO060 J3.M

60 RMN(i)=RMN(J-I1)+YCV(J-I1)
RMN(Ml)=R(MI)

56 CONTPNUE
DO 57 J=ILM I

SXMN(J)=1.
IF(NMOE.NE.3)GOT05'7
SX,(J)=R(J)
EF(J.NE. 1) SXMN(J)=RMN(J)

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

62CONTINUE
DO 64 J=4M3

64 YCVSJ)dJ.5*(R4 J)+p(J..j))*YDIyyQ)

YCVS3)=0.5*(R43)+p41))*YCxtS(3)
YCVRS(M2=1.5*(R(1)4-WM))*YCVS(M2)
IF(MODE.NE.2) GO TO 67
DO065 J--3"M
ARU(J)-0.25*(1.+RMN(JYRJ))*APX'(J)

65 ARXJPQJ)=ARX(J)-ARXJ(J)
G0T068

67 DO 66 J=3"
ARX(J(3in5*ARX(J)

66 ARXJP(J)--ARXJ(J)
68 ARXJP(2)=ARX(2)

ARXJ(M2)=ARX(M2)
DO 70iJ=3"M
FV(J)=ARXIPQJYARX(J)

70 FVP(J)-I.-FV(J)
DOS 95 =3,I2

85 FXM(T)-I. -FM(I
FX(2".
FXM(2)-.
FX(L1)=1.
FXLI$-O.
DO 90 J-3"M
FY(J)-0.5*Y4CI(J-)IYyryF(J)

90 FYM(J)-I.-FY(J)
FY(2$-O.
FYM(2)-1.
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FY(M41)=1.

DO087 K=3N2
FZ(K)=05*ZV(K.1)/ThF(K)

87 FZM(K)=1 .FZ()
FZ(2)=.
FZM(2)=1.
FZ(Nl)=I.
FZM(NI)=O.

CON,APU.V.RH.PC AND P ARRAYS ARE INMTALIZED HERE
DO095 K= LN I
DO 95 J=1LM I
D0 95 I=,1I

V(LJJK)=O.
W(LJJQ)=O.
DUQLJ.K)=O.
DV(LJ.K)=O.
DW(LJJQ=O.
CON(LJJ)=,O.
AP(LJJQ.K)
RHM(LJJQRHOCON
P(LJ.K)0O.
AIPWXQ=O.
AJP(IJ,K)=O.
AKP(UJQ-=O.

AJM(WQ)=O.
AKM(IJJQ=O
PC(IJ,K)=O.
CONQJJQ=O.

95 CONTINU.E
IF(MlODE.EQ. 1) PRINT 1
IF(NMOEEQ.2) PRINT 2
IF(IMOE.EQ.3) PRINT 3
PRINT 4
REIIURN

C
COME HERE TO CALCUALTE COEFFICIENTS FOR F1NTE DIFF. EQNS.

LOCICAL LS LV PRkr~llYLSMP
COMMON F(35,25,35,S),P(5,25,35).RE135,25,35),GAM(35,2S,35)
I CON(35,25,353S,525,35)AKM(35,25,35),A(3S25,35)
2 AIP(35,25,35),AIr3S,25,35),AJP(35,25,35),AJN5,25,35)

COM&MON ii3S,25,35)deIO5,25,35)qdO,~(25,35),
3 X(5MV I(5.C(5,CS31c b
4 Y(35WF(3YCVF(3YCV(35 nebS(Utp. f-(35,25,35),
5 Z(5,W3)MF3ZV35ZV(5AO3,53
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6 YCVR(35).YCVRS(35)ARXC(35).ARXJ(35).ARXJP(35).apl(35,25,35).
7 R(35),RMN35),SX(35),SXMN(35).XCVI(35),XCVIP(3S).
8 YCVJ(3S),YCVJP(35)CVK(3S),ZCVKP(3S).st(3S.25.35)
COMNMO DU(35,2S,35)JDV(35.25,35)JDW(3S.25.35).FV(35).FVP(35).
I FX(35).FM(35).FY(35),YM35).PT(35).QT(35).TOLD(35,25.35),
2 FZ(3SW)Y4(35)YVHAT(35.25,35),WHAT(35.2S.35),UOLD)(35,25,35)
COMMONAJXRELAX(13),FRINT(13),LBL.K( I),NTIAME O1),
ILSOLVE( IO).TDEJT)XL,YLZL.SRH=cN2ERO.TAST,
2NF,NFMAXNP,NRHO.NGAM.L1,LL3.MlM2.M3.N I.N2.N3.
3ISTJST=,rr.IERAST.
4f`REffJPREFYKPREf,hODE
COMMON4WEADewThrlLE
CHARACTER* 10 TITLE(1 3)
COMMION/C WfLJLSTOP,ICALU.,STO)P
COMMObUCONVI/EPSUJEPSviEPSwjaEPSTICONv,flER1.T0)(35,25,35)ENBAL,
I UIO(35,25,35),VO(35.25,35),WO(35.25,35)XrERL
COMMONfOM/R~D'MAX(13)jRESID

COMMON/ORCtSMAXSSUM
C)OPA I G0I~N/COFMDWDFF,ACOF
DIMENSION U(35.2S.35),V(35,25,35),W(35.25,35).PC3S.25,35)
DIMENSION T(3S,25,35)
EQUIIVALENCE(F(1,1,1,1),U(1,I.1)).(F(1.I1,12),V(1. 1.1)),

C
C START OF rTERATION LOOP FOR EACH TPAESTE
C

99 CONTD4NUE
ICALL=l

C
C CALL UCOF. VCOF, AND WCOF TO FIN UHAT VHAT WHAT

CALL UCOF
CALL VCOF
CAL.L WOOF

C
C CALL PCOF TO CALCULATlE PRESSURE EQN. COEF.

F(.N0T1SOLVE(NF)) GO TO 500
CALL PCOF
EFMfIRIE. )G00 O409
DO 406 K-2,N2
DO 406 )ZM2
DO 406 MJ2U
APU)A(XUA(P
CON(UJK)ONJq+Q.AELAXNP))AP(WQX*P(IJK)

406 CONTINJUE
409 CONTINUE

NF-4
CALL TDMA
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C
C CALCULATE U*
C

ICALl.-2
CALL UCCOF
NF-1
ISr=3
JST-2
KS'fr2
DO 413 K=2,N2
DO0413 J=2,M2
DO 413 1=3,12

413 CON(1JK)=CON(1JK)+DU(1,JK)*AP(UK)*(PQ1-IK)4P(1,K))
C
C SAVE OLD VALUES OF U FOR CONVERGENCE CHECKING
C

DO 704 I=1,L1
D0704J=1,MI
DO0704 K=I.NI
UOLD(IJ,K)=$JQJJ)

704 COWFINUE
C

CALL TDMA
C
C CALCULATE V*
C

CALL VCOF
NF=2
IST-2
Js7=3
KST=2
DO 3 13 K=2.N2
DO 513 1=2,12
DO0513 J=3,M2
CO3N(JJO=NQL,KJ)+DVQL,KJ)*AP(IJ,K)*M-IJ1,K)-P(WK))

513 cotmhzu
C SAVE OLD VALUES OF V FOR CIONVERGENCE CHECKING (1MP STIORE IN VHAT)
C

DO0714 1=I,1I
DO 714 J1MI
DO 714 K=1,Nl

VHAT(I,J,K)=V(WQK
714 CONTINUE

CALL iDMA
C
C CALCULATE W*
C

CALL WCOF
NF=3
IST-2
JSr'-2
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1(57=3
DO 523 J-2.M2
DO 523 1-2,L2
DO 523 K=3,N2
CO(JK=NL.)D(JK)A(JK*P.-)K,)

523 comnue

C
C SAVE OLD VALUES OF W FOR CONVERGENCE CHECKING (TENP STDRE IN WHAT)
C

D07241=lLI
D07243-IMI
DO0724 K=l.NI
WHAT(LJ.K)=W(LJK)

724 CONTINUE
CALL TDMA

C
COEFFICIENrS FOR THE PRESSURE CORREcTION EQUATION-
C

CALL PCOF
NF=4
IF(.NOT.LSOLVE(NF)) GO TO 500
IST=2
JST=2
KST=2
CALL DIFF-US
SMAX=0.
SSLJM-.

C WRITE*,*)'P: COEFF 2'
DO 4 10 K=2,N2
DO4IOJ=2,M2
DO 410 1=2,L2
VOL=YCV(J)*XCV(I)*ZCV(K)

410 CON(IJLK)=COL,K)* VOL
DO 701 K=2,N2
DO 701 J=-2.M2
CON(2j,K)=HO(IJJQ*U(2J,K)*YCV(J)*ZCV(K)

701 COMMINUE
DO 702 1=2,L2
DO 702 K=2,N2
C2ON(L2J=RH(L1JW,K*(2,K)*XCV(I)*ZCV(K)

702 CONFINUE
DO 153 1=2,L2
DO 153 J--2,M2

C (J,2HOQJ,1)*W(UJ,2)*XCVQI)*YCV(J)
153 CONTINUE

C
c WRITE(.y'P CEF 3'

DO 351 K=2.N2
DO 351 -2,M2
DO0351 1-2.12

78



AREA-YCVJ)*ZCV(K)
ARH~wAREA*(FOW+1)RHOQI+14J.)Q4+(+1)*RHWIJ))
PLO W=ARHO*U(1+ 1,K)
CON4WX-cO(1JK)-ELW
CON(4Q+1,)MN(1+1,J.K+FLOW

C
AREA-XCV(1)'*ZCV(K)
ARHO=AREA*(FY(i+1)*RHO(LJ+1,K)4fYMJ+I)*RHO(,LK))
PLOW-=ARHO*V(IJ+1,K)
CON(LJJQ)-cON4-RFwW
CONO.J+1JQ)=MNQJ+IJKELOW

C
AREA-XCVQI)*YCV(J)
ARHOAREA*(F(+1)*RHQ,LK+1)+FZMv(K+I)*RIIO(I,L.K))
FLOW=ARHO*W(1,J,K+1)
CON(LWQ=CON(Wq-K)FLWW
CON(LJ,K+1)=FLWW
PC(7LJ,IQ=0.

351 CONTINUE
DO 352 I=2,12
DO 352 J=2,M2
DO 352 K-2,N2
9MAX=AMAXI(SMAXABSCON(ULK)))
SSUM4=SSUI+CON(LJ,K)

352 COW~NTN
CALLMiMA

C
CONE HERF TO CORRECr THE VELocrrIEs-
C
C WRrM*.*)'VaL CORREC'

DO 511 K=2,N2
DOS511 J=2,M2
DO 511 1=2,U2
IF(LNE.2) U(UJDU0C)*D(PCQ.K1,C(-JJ,)PC0)Q)
EF(J.NE.2) V(LJJKQ=V(WCK)+DVQ4J)Q(PQ,-1J,)-C(IJ))
IF(YKNE.2) W(IWO)W(IJK+DJK*(PCIJK.1)PCWK))

511 CONTNUE
500 COflN724

C WPrIM*,)'T COEFF I
C
COEMFCIENT FOR MMI EQUATIONS -
C

CALL RESET
IST=2
JST-2
KST-2
DO 600 NF-5,FMAX
IF(.NOTLSOLVE(NF)) (30T600
CALL DIUS
REL-1.4tELAX(NF)
D0WI11-232l
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D~O601 J6-Z2>
DO 60 K-2,N

cOEFFICOENrS AWESAND AEASr
AREA- YCV(J)*ZCV(K)
FLOW-AREAU(HJK)(F( +I+YRHO(I+IJK)4.XMQ+1)RHO(LK))
DIF-AREA2.*GAJUJ*GAMQ+IJJ~y(XCV(I)*GAM(+1jy,)+
I XCV(+I+)*GAM(LJ,)+1.OE-2Ol)
CALL PROFIL
IF(ABS(FLDW)LT. IE-20) FLO)W=0.
AV+1JK)-ACOF+AMAXI(ZEROYFLW)
AHW(UK)-uA1M(+1,JJQKLWW

COEMCIEiNTS ANORIh AND ASWUTH
AREA- XCVQ)*ZCV(K)
FLOW-AREA*V(LJ+I1K)*(FY(J+1)*RHO(LJ+1)Q4FýtJ+1)SRHO,JK))
DIFI=AREA*2G*CAM0JJQ*GAM(jI,J+JY(YCV(j)ij)*GML+1
1. YCV(J+1)*GAM(U.K)+I.OE-20)
CALL PROFIL
AAJ(1,J+LK)-ACOF+AMAXI(ZERO,FLOW)
AJP(J.)=ANM(I,i+JQFLWW

COEFFICIENT AOUT AND AINT
AREA- YCVJ)*XCV(1)
FLOW=AREA*W(ILJK+I)*(FZ(K+1)*RHO(1J.K+1)+FZM(+1)*RHO(I.J,K))
DIFF-AREA*2.*OAM(LLK)*GAM(1J)C+1y((ZCVK)*GAM(JJ(+1)+
1 ZCV(K+1)GCAM(LJ))+1I.OE-20)
CALL PROFM
IF(ABS(FOW)JLT.IE-2D) FOW=O.
A)MWC+1)-ACOF+AMA1(ZEROFLOW)
AKPL ,K)=AICM(LJ+ 1)FLWW

601 CONT1NUE
C VRITE*.*)'TcCEFF2'

DO 610 J=2.M2
DO 610 K=2,N2

COEFFICENTS AWEST AND AEAST
AREA-YCV(J)*ZCV(K)
FLO W=AREA*U(2.JK)RHO( 1J,K)
Df-REA*GAM(1,JKYMDF(2)
CALL PROFIL
IF(ABS(FOWW)iLT. 1E20) PLO W-0.
AAWC)-ACOF+AMAXI(ZERO,FLOW)
FLOW=AREAU(XLIJ)[y'RHO(L1,LK)
Dff-AREAMGAM(LIjJxDIF(Li)
CALL PROML
AJJ=,)-ACOF+AMAXI(ZERO.FLWV#fLOW

610 CON71NUE
C WRfTE(*,. -T COEFF 3

D0611 1-2.12
DO0611 K-2,N
COEFIIETSANORTH AND AsouiJI

AREA- XCV(1)rZCV(K)
PLOW-AREAW(L,2,K'ROI,K)
DIff-AREA*GAM(L1IJKYYDEF(2)
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CALL PROFIL
AAJM(,)-ACOF+AMAXI(ZEROFLW)
FLWW=AREAW(L.MIJQ'*RHO(I,Ml,K)
DIFF-AREA*GAM(LMlJCYYDIF(M1)
CALL PROML
ALMKCX-ACOF+AMAXI(ZERO,~FLOW)..FLW

611 CX~qJTIUE
C Vi?.nE(.)'T COEF 4'

DO 612 1=2J.2
DO 612 J=2,M2

COEFFICIEWI AOUr AND AINTO
AREA- YCVQ)*XCVQ)
FLO W=AREA*W(I,4,2)*RHO(,i,1)
DIFF-AREA*GAM(1J, IlZIF(2)
CALL PROMI
AKM(1J,2)=ACOF+AMAXI(ZERO,FlOW)

FOW=AREA*W(J.JNl)*RHO(1,Ni)
DEFF=AREAMGAM(IJ,N1)(M-IlF(Nl)
CALL PROFIL
AKP(JN2)-ACOF+AMAXI(ZEROFLW)-FLW

612 CONTMNE
C WpJTP*,*) -T COEF 5

DO03997 1=IL
DO 3987 J=1,MI
DO 3987 K=1,NI
VOL=YCV(J)*XCV(I)*ZCV(K)

AIO(JJ,KYDT
AP(1,3,K)=AP(WC,)-APT
CONQJNQJJQK+API'0(I,K)
APQJ,KQm(-A(JK)Q*VOL+AJJQK+AIM(JK)

2/REAX(NF)

C SAVE OLD VALUES OF T FOR CONVERGENCE CHECKING
C

TOLD(I,JJK)-T(IJ,K)
3987 CONTMNE

CALL IDMA
C

600 COINT1NE

C CHECK FOR CONVERGENCE IN THIS TIME SME
C CONVERGENCE BASED ON CHANCE IN 1TEMPERATUJRE BEJVIEEN SUCCESSIVE
c rntEAT)ONS AND ON OVERALL ENERGY BALANCE
C



X)NV-0
IF(rrmuEQ.1) THEN

ELSE
C FMN MAXMUM VALUES FOR THis n`ERATION

UMX-0.0
mX-'0.0

D06891-1,Ml

D0689K-1,Nl
TW1-AMAXl(ABS(T(I,LK))ý7W(
UlMX-AMAXI(ABS(U(lJ,K)AJMX)
VlMX-AMAXI(ABS(V(LJ,K)),VMX)
WlMX-AMAXI(ABS(WQJ,K)),WMX)

639 CONTINUE
DELIhfXI.O
DO 6901=2,1
DO 690 i=2,M2
DO0690 K-MN
C CALCULATE RELA77VE CHANGE IN MEW~4 FROM LAST' 1TERATION
DELT-ABS(T(IJJC)-TOLD(WC,))PflX)

c DELV-ABS((VWIL)-VOWD(TJ.K)),VNVO
c DEL W-ABS(( W(1JK)-Wc1D(LJK)YWMX)M
DELTM1XAMAXI(DELTh1X.ELT)
DELUMX-AMAX1(DELUMXDWELU)
c DELVlMX=AMAX(DlMVMXDEV)
c DELWlIX-AMAX1(riELWMXDELW)
690 CONTINUE
ikmgt0.4.atxilrl.gL 100)S D to1023

IlF(DELTMXGrEPSl) 0010691

C CHECK ENERGY BALANCE AFTER DELhIX CRrrERIA. MET
CALL NRGBAL
JF(ABS(ENBAL).LE. 1.3) THEN
1023 ICONV-I
rim.-r1m1
rmERHo
NDEF
691 fl1=fRI-R+1

lF(ABS(ENBAL).M200) ThEN
C 7TERATIONS ARE DrVERtGM.G TER~MINATE RU]N

WRTfl,)' DIVERGING ITERATIONS: RUN TERMINAT~l
VRXre(*)'lTRY SMALLER RELAXAT1ON FACTORS!

STOP
ENDIF
707rrERI T. 10000)ThEN
CALL NRGBAL

cWRIE4,*) XYZ.XUYVZLlK.301A1D.T
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WR~rE(,*)' EXCEDE MAX NUMBER OF ITIMATIONS PER TIME STEP
W~lE(.) 'PROGRAM TERM4NATW

WRITE(*.o) TIME-,TME
WMrrE*,*) DELTMV(=JD6.ThV( ENBAL ='ZNBAL

ENDIF
ENDIF

CALL NRGBAL

IlF(K:ONV`.EQ.o) THEN
C TINE STEP IS NOT CONVERGE: UPDATE BOUNDARY CONDITONS AND ITERATE

p,~vflE ,TME'DELIhVC DXLTW

phizt*T(4,5,6),T(12,7,9),T(7, 13.15)
CALL BNDRY
GOr099

ENDIF
C TIME STEP IS CONVERGED: INCREMENTf TIME AND ITERATION COUNTERS
100 TIME-TIME+DT

IF(TrMEcE.TLAS7)
1 LSI VP-.TRUE.
RETUJRN
end

C
C

mkgLuineINOWV
C

LOGCAL LSOLVJ~l~SrXSOI
COMMON F(35,25,35,5),P(35,25,35),iO(35,25.35),GAM(3S,25,35),
I CON(35.25,35)AKP(35.25,35),AKM35,25,35),AP(5,25,35),
2 AIP(35,25,35),AI(35,25,35),AiP(3,25,35),AiIK35,2,35)
COMMON dcK52,5,W5.53qm3,53

3 X(353,X5),UXDF(3S)XV(5XCVS(35(35qca
4 Y(5Y(5 I(UC(5,CS3U~~(52,5
5 Z(35),ZW(35),mDF(35).ZCV(35).zCVS(35)oqO(3,25,3s)
6 YCVR(33),YCVRS(35),ARX(35).ARXJ(35),ARX)P(35),apl(35,25,35).
7 R(35RMN(35SX(35),SXMN(35),XCVI(35).XCVIP(35),
8 YCVJ(3S)YCVJP(35),ZCVK(35),ZCVKP(5),35,23.35)
COMMON DU(35,2,35)J)V(35,25,35),DW(35,25,35),FV(35),FVP35),
1 FXC(35)XM(35),FY(35),FYM(5),P(35)QT(35)TOLD(35,25,3s),
2 FZ(3S).FZ435)NHAT(35,25,3A)WHAT(3S.25,3S)UOLD(35,25,35)
COMMOK'INDXIRELAX(13),LPRNr(13),LBL(1 1),NrMES( 10),
1LSOLVE(10),TINE.,DTX,YL,AZLSRH)CONZ,TEOLAST,
2NF,NFMA.NPNRH,NGA.L12J2,M1,M2.M,N1,Nl2,N3.
31STJST=XMU3I-AST,
4fl*JFREFKPmMODE

CHAR.ACTR*IO TlTE(13)
COMM~ONc~n.ASrOPICALlISTO0P
CONMMONVCNV1ISUXPSVEPSWrMJCONVXFR,1I,35,25,35),ENBAl,
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1 UO(3S2S,3U5(35,,3A)W0(3S,25.3S5flML
COMN AW-IIMAMOU3E

OMM(:=525 35 *iw3S.5.2535).zbw(3A5 .35)
COMMNFORCJ9AX&M
COMM(*4COEfl.OWJDIFF.ACOF
DIMENSIO U(35,25AV(35,25,35).W(3S,25,35),PC(35,2S.35)
DIMENSION T(35,25,35)
EQUIVALENCE(F(1. 1,1.1,U1ýX,1,1)),(F(1,1,1,2),V(1, 1,1)),

C
C TIME STEP IS CON VERGD: D4CREMEWr VARIABLE ARRAYS

DO07W01-I,LI
DO0700 J=1,Ml
DO 700 K-1,Nl
TO(IJ,K)=TQLJJ()

LR3(LJJQU(VLJJC)

Wo(.K)-W(ILi,K)

700 CO1*fl1UE
WPXWE(7) Xyz.XUzwU.VW~PT

RETUJRN
END

SUBROUflNEUCOF

LOGICAL LSOLVELFR~WrLBLsTOP
COMMON F(35.25,35,5)35X,23510(5,25,3S),GAM35,25,35),
1 CON(35.25,35),Alk(35,25,3S),AKNM3S,25,35).P(5,25,35),
2 AE(5,5A S,5J(553AWa,5

COMMON ~dd35,25.353)W(5,2,35),qsi(35,25,35).
3 X(UU3jDF3)C(5,CS3k~w
4 Y(35F1YCV3Y(35),YCV3yCS(3U~nekjp (3S,25.3S),
5 Z(35)XW(35)ZF(35)ZCV(35),V35)4 po(35,25,35),
6 YCV(3S),YCVRS(33),ARX(),ARX135)ARXOP(35),apl(35,25,3S).
7 R(3535),nSX(3UM5),XCVI(35),XCVlP(35)
8 YCVJ(35)YCVJP(35),ZVK(5),ZVKP(35)A9(35,25,35)
COMMON DU(35,25,35).DV(35,25,35),DW(35,25.35),FV(35),fVP35).
I FX(35),M5),Y3YM5M(3)FM3yr33),Qr(35),TCD35,2S,35),
2 FZ(35)fli35)VHAT(35,25,35),WHAT(35,25.35)UOLD(35,25,35)
COMMONINDXiREAX 13)2LPRINT(3),LBK( )NII nMES( 10).
ILSOLVE(1O)TN,TIDT,XL,YLZa,SHOCON=,oTLAST,
2NFNMAX.NP,NRHOGAM.LIL2,L3,MIM2,M3,NI,N2.N,
31STJSrJW~fRJI~AST.
49MPEJGMID
COMMOK4MADKITI'U
CHARAC`TER*IOTMfE(I3)
cnMMONICWlmsrOPCALLSrOP
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OOSDINEMWAX31MEMD
COMMONONV1JSAU.SVEPSWJEPSWT,1rCONVJMhR.T0(35.25,35),ENBAL
I UO(35,25,35)VO(35,25,35)WO(3S,2S,3S),ITýU-
COMAMPSORCISMUSM

MO if OXW WWJ,ACOF.c
Dh1EJSION U(35,25,35)Y(35,25,35),W(35X,235),PCx35,2s,35)

DMANSION4 T(35,25,35)
EQL1IvALENCE(F(I. 1,1, 1),U(1, 1, )),(F(1, 1, l.2),v(j1, 1)),

C

c ENTRY UCOF
C
COEFFICOEMSFORTIHE UEQUATIN
C

CALL RESET
NF-1
IF(.NOT LSOLVE(NF)) GO TO 100
IST-3
JST=2
KST-2
CALL DIFUS

REL=i.-RELAX(NF)
C W(RrE2 1,*)U:COEF I'

DO 103 1=3,1.2
DO 103 J=2,M2
DO 103 K=2,N2

COEFFICIENT'S AEAST AND AWEST
FL=U(1,J,K)(FXMl*RHO(I,,K)+fXM(1RHD(1I1,LK))
RF-U(I+JK)*(FX(I+)*RIO(1+14,K)-+FX+I+1)*RHQ(IjJC))

OLAW-YCV(Jy*ZCV(K)OO.5*(FL+FLP)
DIFF-YCV(J)*ZCVQK*AM(1,K)YXCVQI)
CALL MROF1L
AWI(+IJ,)AClF+AMvA3(1(ZERO.FLDW)
ADWQ,K)=AIM(+IJ,K).FLOW

COEFFCRIJT ANORTh AND ASOUTH
FL=XCVI(I)V(IJ+1JK)(FY(J+1)*RHO(LJ+IJQ+FY(+1)*RHO(LJK))
FLMWXCVIP(II)WV(I-1I+IK)*(FY(J+1)*RHO(l-.1J+lJQ+YM(YJ+l)*
1 RHO(I-1,JK))
GM-GAMWQKGAM(IJ+1,K)
I /(YCV(J)GAMQLJ+IK)+YCV(J+1)*GAMG,3J+
2 1.0E,20)*XCVI(I)

I /(YCVQ)OGAM(-IJ+IJQ+YCV(J+I)*
2 GAMU-IJJC)4-IE-20y'XC~vwP(-I)
DIff-ZCV(K)*2.*(G~4GvIM
FLO)W-ZCV(KV*(FL+FLM)
CALL PROFIL
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AAiN(L+1JQ-ACOF+AMAXI(ZEOFLOW)
AJP(UJQAJM(LJ+1K).FLWW

COEFFIC92 AIN AND AOU
FL-XCV1(TW(WJ,+1)(FK1)*RHO(JK1).FZM(K)*REIO(K))
FLM-XCVW-I-)*W0I-1,JK+1)(FZ(+l)"'PO-j,LK+1)+FM(+1)0
I RHO([-1.J.K))

I /(ZCV(Q*AJUK+1+ZCVQ(K+1)GAKvI(1JJ
2 l.OE-20)*XCVI(1
G4MMGAM(1IlL)OGAM0-lJ.K+1)
I /(ZCV(KY.GAM(I1JK+1)+ZCV(K+1)*
2 GAW-I-l)JQ41E-20)*XCVMP-I)
DEF-YCV(J)*2.*(Qv+Gb"M
FL)W-YCV(J)O(FL+FLM)
CALL PROFIL
AKJK+I-ACOF+AMAXI(ZflROFLW)
APL JJQ)-AIC1ýWLJJ+ 1)-FOWW

103 CONIDAMNU
C WAflE(*)'U: COEFF 2!

DO 104 J=2.M2
DO 104 K=2,N2

COEM~C1ENfS AEAST AND AWEST
AREA-YCV(J)*ZCV(K)

FOW-AREA*RHO(1J.JK)*U(24J,K)
DIFF-AREAMGAM(1JKXCV(2)
CAL1LF5ROFEL
AW(JK)-ACOF+AMAXI(ZEROFLOW)
FLOW=AREA*RHO(L1,LK)*U(L1,J,K)
DEFF-AREA*GAM(L1J.KYXCV(L2)
CALL PROFIL
AIP(2,JK)-ACOF+*AMAXI(ZER.OYLW)-LWW

104 CONTINUE
C WRrTE*,*)'U: COEF 3'

DO 105 1-3,L2
DO 105 K-2,N2

COMMENT ANORTH AN ASOUTH
FL-XCVI(I)V(L2,KQRHO(L 1$)
FtM-XCVIP(I-1Y'V(1-1,2K)OR11(I-1,IJC)
FLOW-VK)O(FL+FLM1
QA-XCVRIQ*M(LJQ)4XCVJP-I)GAM(I-,I,K)
DIFF-ZCV(KY*G4/YD(2)
CALL PROFIL
AJ2aX)ACOF+AMAXI(ZEO,FLOW)
FL-XC/I(DV(LMIK)"RHO(LI,MIJ)
FLMiXCVIP(-I)*V(J-IMI,Ky'RHOQ-1,MI,K)
FLOW-ZCV(K)*'(FL+FLM)
CG4-XCVI)GAM(1.M1JK)XCVI(I)*GAM(II.MK)
DIFF-ZCV(K)*GMNfDEF(MI)
CALL PROFL
AJF'(M2,K)-ACOF+AMAXI(ZEO,FWW)-FLOW

105 CONTINUE
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C WRflE(*)'U: COEF 4'
DO01061-3j.2
DO 106 J-2.M2

COEFICDEM~ AIN AND AOU'r
FL-XCW14)*W0J.2)"'RHO(LJ, 1)
F)A-XCVI(-1)*W(1.12)*RHO6-1,J.1)
FLOW=YCV(J)(FL+FLM)
GM=XCVIQ)*GAM(J, 1)+XCVWUIP(- GAWv-1 ,J, 1)
DIFF=YCV(J)*GNl/ZIF(2)
CALL~ PROFIL
AKU,2).'AC0F+AMAXl(ZERO,FLOW)
FL=XCl()W(LJ,Nl)*RHO(LJ,Nl)

FLOW-YCV])*(FL+FLM)
c?,4XCVIMGAMJ,Nl)+XCVIP(I-)*GAM(-1J,N1)
DIFF-YCV(4)KNMEflF(N1)
CALL PROFIL
AKPJ,N2)=ACOF+AMAXI(ZEROJFOW)ýFLWW

106 CONTINUE
C WR1E(,*)'U COEFF 5'

DO0107 1=312
DO 107 J=2,M2
DO 107 K=2,N2
VOL=YCV(i)*XCVSQI)*ZCV(K)
APPJMifl,K)*XCV1()4HOQ.1JK*XCVIP(-I1))

AP(LJLK)-AP(IJJQ-Avr
CON(U1KJ-()+APr*U0(LJJ()
APQJ,K)-=
I (-AP(JCK)*VOL+AWJC)+A1M(UJ+AHW(U+AJM(IJJ
2 4MP(JJ)+AKWaJJC))
3/REAXqNF)

CON(LJ,K)=CON1,JK)*VO]L+PEL*AP(IJ,K)*U(L,K)
D)U(LJJQ=VOL/XDIF(1)
DU0,JJQrDU(LJJCYAP(VWK)

107 CONTINUE
1F(CAUL.EQ. 1) THEN

C TM)ORMRYUSE OF PC(1TO STXRE UHAT____
DO 151 K=2,N2
DO 151 J-"2.M
DO 151 I=332

P(J,K)=(AIP(JJ,K)*U(1+14,K)+AMJM(K)*U(I-1,JLK)
I +AJP(K)*U(1J+IK)+AJM(,JK)*U(I4-I,K)
2 +APLJKQ*U(tJJ(+I)+.AXM(1J )*UQJK-1)
3 +coN(LJK)YAP(I4K)

151 cummze

100 CONflNUE
REflJRN
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end

C
afom VCOF
LOGCKALLSOLVE4RhJTJBUC.S"O

1 CON(33,5,35).AKP(35,25,35),AKM(35,25,35),AP(35,25,3S),
2 AJP(35,25,33),Akv5,25,35),AJP(3,25,3S),AM(3S.25,35)
CMMON dcW5~,25,35),&IW(5,25,35),qO(5,25,35)

3 X(35V33),XDF(35),XCV(35),XCVS(35Ak~quI~Me .
4 Y(3S)NV(35),YDEF(3S),YCV(35)NCVS(35iuncpftv(35,25.35),
5 Z(35),ZW(3S),mIF(3S),zCV(3S),zCVS(35),qVO(35.25,3S).
6 YCVR(35),YCVRS3S)ARX(35),ARX 3S).AXRX 35),apI(35,25,35)
7 R(35,RMN35S),X(33)SXMN(33),XCVI(35),XCVIP(35),
9 YCVJ(35)XCVJP(35),ZCK3).ZCVKP(35)*35,25,35)
COMMON DU(35,2S.35),DV(3S.25.35),DW(35.25.35),FV(3SWVP(3S)X
I FX((3S),FXM3S).Y(35),FYM(35),P(35)QT(35),TOLD(35,25,35),
2 FZ(35)yJhI33)VHAT(35,25,33),WHAT(35,25,35),UOWD(35,25,35)
CONVMONAINXiRELAX(1 3),IPMN(1 3),LBL(I 1),NTIS(10),
1LSOLVE(10),TIMEDTcLYLZ.a,SRHOWONZER.TAST,
2NF.NFAXN,NRHO.NGAM.LI,L2,L,MLM2,M3,N1,N2,N.
31SrJSTYKsT~rERLASF,
4WWEFJPREF)QPM~FMODE
COMM0N&EADOTflE
Q{ARACTE*10 TTILE13)

CONAONCNTAl C7JCAj4LLJS"

COMMONK4CONV1JEPSU.EPSVJWEPSWrICONVJrER1,TO(35,25,35),ENBAL,
I UO(35,25,3s),VO(3,5Z,35),w0(5,2,35),rIERL

COMMONWSURCMAX(D)SUMI

17 o&M~m(35,25,35),yhnc35,2,35),rhxe(35,25,35)
CfO £ IC1 

1 FfMoWJ)FF,ACOF
DWIENSION U(525.35),V35,25.3A)W(35,25.35),PC35,25.35)
DIMENSION T(35,25,35)
EQUIVALENCE(F(1,1,1,1),U(1,1,1)),(F(1,1,1,2),V(1,1,1)),

2 ,(F(I1,I15),T(UI1))

COEFICIEN FOR 71HE V EQUATION-

CALL RESET
NF-2
IF(.NOT.LSOLVE(NF)) GO TO 200
LST-2
JST-3
KSr-2
CALL DIFS
REL-1.4REAX(NF

C WRITE(,*)*V.COEFFI'
DO 203 J-3,M2
DO 203 1-2.12



DO 203 K-2,N2
COMMENJTS ANORTH AND AsWun

FL.-VQIJJQ(FY(JY'RHO(W(,)'fYMJ)RHDQJ-UK))
FLFmV(1J+1,K)¶"(J+1)*RHO(LJ+1,K)4-YMJ+1)*RHO(14.K))
nLOWxcvml)*ZCV(K)O0.5(FL+FLP)
DIff.XCVMOVK)*GAM(LLKYYCV(J)
CALL PROEL
AJM(1,J+lrnýAtZOF4AMAXI(ZEROFLOv)
AJPWQ"'-AJMJ+1JC)-LOW

CO~ffXMMT AEAST AND AWEST
a=-YCV~J()U(I+4J)Q*X(+1)iRHO(+1J(I+1Y1(J,K)43WIOH()Q
FIAYCVJP(j.YUI1J.)L~~jQ(FX(I+ RHCO(+l4-1,K)4FM+1)*
I RHO(LJ-1,K))
G&1-Ia4JQGAWv4+IJ,JK)
1 /QCCV)GA+1JJC)+XCV(I+1)GCAM(I4J+
2 1.OE-20)*YCV3JQ)

I /QCCVQ*GANI(I+1,J.IJQXCV+I+)*
2 GAM(IJý-1,+JQ+E.2D)*YCVJP(J.1)
DIFF-ZCV"K2.*(GvI+GW1
RDWOZVOK)(FL4FLNO
CALLIPROFIL
A]M(I+JJQ=ACOF+AMAXI(ZERO,FLOW)
AIP(1,K)-AI(I+14,K)-FLWW

COEFFICIENT AIN AND AOUT
FL-YCV(JQ)WQJ,K+l)*(FZ(K+1)*RHO(LJ.K+l)4F7M(K+IY*RHO(I,LK))
PLM=YCVJP(J-1)*W(I-,J1K+1)(FZ(K+1YRHOIJ1,K+1)47M(+1)*
I RHO(JJ-1,K))

I /(ZCV)GANWC+I)+-ZCV(K+I)*GAM(JK)+
2 1.OE-2O)YYCMJ)
GMM=AM(IJ-1,KYOGA(IJ-1,K+1)
1 /AZCV(K)*GAM(U-1,C+1)+ZCV(K+1)*
2 GAM(1J-I,K)+IE-20)*YCVJPJ-1)
DIP=XCV(I)*2.*(GA+GvI
FLOW-XCV(1)*(FL+FLMI
CALL PROFEL
AJKKJJK+I)=AOOF+AMAXI(ZERO,FLOW)
AKPJJ,KQ-AKNW.JK+I).FLWW

203 COI~1NME
C WRffE(*,*)'V: COEF 2'

DO 204 1=2,U2
DO 204 K-2,N2

COEFFaICHNM ANORTH AND ASOUM~
ARtEA=XCV(1)*ZCV(K)
FLO=AR.A*RHO(LIKV(1,2X)

DlFF-AREA*GAM(L1JCYYCV(2)
CALL PRORIL
AJKVL,K)-ACOF+AMAX1(ZERO.PLOW)
FLOW=AREA*RHO(LM,M1JC)W(LI,)
DIPF=AREAMGAN"LI,KYYCV(M2)
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CALL PRCFL
AJUJM)C)ACOE+AMAXI(ZEOFOW)4FWW

20% CO~~INUE
C WR1T(,*)'V COEF3'Y

DO 205 J3,N
DO 205 K-2,N

COEFFICEM AEASr AND AWEST
FL-YCVJJ)*U(2.JJO'RH(IJ,K)
FLM4-YCVJP(J-I)OU(2,J-1,JQ*RHO(IJ-IJC)
FLWW-ZCV(K)*qLFLKfM
Q#WYCVI(JrGAKIJO+-YCVJP(Jý1)*GAM(J1,)1J
DIF-ZCVQC)OGv(OIF(2)
CALL PROML
AIJJQ-ACOF+AMAXI(ZEROFLW)
FL-YCV3(J)*U(LIJ,JJQRHO(L1.JC)

LD-CV0OO*(PL+"
C=tYCVJ(J)*GAM(LIJ)JQ+YCvw(J-1)*GAM(LIJ-1,K)

DIFF-ZCV(K)*GvIOUDF(LI)
CALL FROML
AW=2Jm -ACF+AMAXIZEO.FLOW)-LOW

205 COtTNULE
C WVRfE(*,)'V: COEFF4'

DO 2061-2.U
DO 206 J3MAU

LxxOjCBjfi AIN~ AND AOUT
FL-YCV3JY'W(LJ.2)RHW(Ii,)
RMA-YCVIFJPQ-1yW(J-1.2)'RHOOJ-1,I)
FLOW-XCV(1)(FL+FIM)D

G=YCVO(*CAM1,I)+YYCWIP(J.1)*GAM(J1,iI1)
DIFF-XCV([)QW~f7IF(2)
CALL PROFL
AKK,2J-ACOF+AMAX1(7ERO,FLOW)
FL-YCVIJQ)W(lJ,N1)*'RHOL,N1)

FLWW=XCV(1*(FL+FLM)
GMIYCVJ(J)"'GAM(J.JN1)4YCVJP(i-1)GAM(I14-1,N1)

CALL PRCFL
AKPUL.N2)ACOF+AMAXI(AERO,FLOW).FOWW

206 CONTINU
C WPrfE(*,) V: CflEFF S

DO 207 1-=3
DO 2D7 MAU
DO 207 K-2,N2
VOL-XCV(1)YCVS(J)*ZCV(K)
AFP"'(RHO(LJJQYCVJQ)+IKPBJJ-I.K)*YCWIPQ-I))
IJ(YCVS(JY'D1
AP(LJX)-AP(IJKQ-APT
CON(LJNLJJCD )+-APPrW(U3)
AP(LJXO-
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I (-AJJQ)VL+A4WAKQ+AJP(W)+AWJM(IJA K)
2 +AI4JC>$AKM(IJJ))

DV(LJJ()-VOL,/YDIF(J)
DVLJ.K)-qDV(IJ,KYAP(LLK)

207 CONTUE
IF(ICALLEQ. 1) THEN
DO 8091-=2,.
DO 8099K2,N2
DO 8099 J-3,M2

809 WHAT(WQ-)(AJP(LJ)*V(1+1J.K)+-AIM(1K)*V(1-14K)
I +AJW"V(LJ1)+JMW.)V(1J4,JK)

2 +AJXPLJ)*VQJ)C+)+AKWj1JC)*VQJJK-1)
3 +COW(J0QYA?(LJJC)
ENDIF

200 CONIDrrnJ
REWrM

C
C

aboudne WCOF
LOGICAL LSOLEJ1I UjLSRWT0
COMMON4 F(52,5iM,53)U 52.5GM52,5
1 CON(33,5235)AI(35,25.35)M35.2535),AF(5,25,3A)
2 AIP(35,2,35,.Aýv5,25,35),AJF5,25,35),AjM(3,25,35)
COMMON Wl~5,25,3A5350,25.35),35,25,35),

3 X(3SXU(35),DF(35),XCV(35)XCVS(35)*c~acpt.
4 Y(35)YV(35),YDIF(35)YCV(35)YCVS(35)unek~quv(35,25,35),
5 7j3)Z(5,E(5ZC(5Z 5p(52,5
6 YCVR(35)YCVRS(35),AR(3SARM35),ARXIF(35),q,(3S,25,35)
7 R(35RJvt4(35),SX35),SXMN(35),XCVI(35),.XCVIP(3A)
8 YcVJ(35)YCVJP3)(3)zP(35 (33)XK5),sm(35,23,33)
COMMON DU(S,25,35),DV(3S,25,35),DW(35,25,35),FV(35),FVP35)
I F(3),X(3535V),FY(35)J35r(35),PT3QT(35TOLD(35,25,35)
2 FZ(35(L35),VHAT(35.25,35)WHAT(3S.25,35)JX2W(3523,35)
COMMS40NANDXiRELAX(13)JJR1Nr(13),1EJC(1 ),NT~IME(1)
ILSOLVE(10),flMEJT)U.Ya..,YLsL,RwKCON4zEo.mAs,
2 N FbJMAXONMRývLIJ2J4ZL3v,M IAVN, N IJ,NN3.
3LSJSTJcsXrERLAST,
41flWJPW REMODE
COMMONW1AD&MtfE
CHARAC-M'0 IOTME(13)
ccommoI4xNrLA~S'OPICAUSrOP
COROAWA ,PVESPTCNX IT(52.5,ML
I UO(3s,25.351V(35,25,35WO(35,25,35),rrML
COMBOONAtESAMAN)mESID
COMONSORCJMAX(SSUM

CMlONCOE~F#LOWDwF,A0OF
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DWEN4SMNt U(35,25,35)N(35.23,35),W(3S.25,35).PC(3S25,35)
-i w ;S5 * 35.25,35)j~cce35,25,35)

DDMENSION T(35,25,35)

BQI (F(I,.1.3)(1,1.1)).(F(.1I,1,4)R(,PC(1.1.1))I

COEFF1CIENT FOR THE W EQUATXON-
C

CALL RESTr
NF-3
EF(.NO~TISOLVE(NF) 0O TO 300
JST-2
iSr-2
KSr-3
CALL DFFUS
REL-1.4RaAX(NF)

C WRrME(*)'W: CO6EFI'
DO 303 K=3,N2
DO 303 J-2M4
DO 303 1=212

COEFIC1E.ff AIN AND AOLTr
FL-W(LLK)(FZ(K)RHO(K)4Fýh()*R1IOWC-1))
FLIW(14,K+1)(Fz(+Iy$RHO(1,,K+I)47K+1)RHO(LJ,K))
FLOW=YCV])*XCZVaM).3(FL+fLP
DIFF-YCV(J)*XCV(1)GAM(UJ)OtZCV(K)
CALLPROFIL
AMJc1,LK+I)-ACOF+AMAXICMO3FWW)
AKcP(WQK-AKKU.flJJC1)FLW

co"Mcr ANORTH AND ASOUTII
FL-ZCViC(K)WV(IJ+1JC*(Y(i+1)RHiOQJ+1C)4YM(J+1)*RHO(U)C))
RInZCVKPK-I)WV(U+1K.I)O(FY(J+1)*RHO(Ij+I.K4I)+FY J+1)0
I RHO(WC-I))
GM-GANW1JQ)GAM(U+IJC)
I /(YCV(J)GANa+lJC)+YCV(i+1)*GAM(UJQ+
2 I.0E-2D)ZCVK(K)

AM(IJJCW,-I)*GAM(LJ+lJC-1)
I /(YCV(J)GAM(1J+L.K-1).YCV(J+lr0
2 GAJUK-1)41E-20)"ZCVKP(K-1)
DIFF-XCV(1)2.'(Gd4Q+Mf
RLOW-XCV(1)(FL-'FLb)
CALL PROFEL
AJM+IJQ )-ACOF+AMAXI(ZERO.FLOW)
AIP(JJQ-AJM(U4IJC>FLO

COUFTcENTS AEASr AND AWEST
FL-ZCVKCK)UQI+JK)(F(+I)"RHO(I+1J,K)4F(+ýI)ORHO(LJ,K))
RblZCVKP(-I)UI+lJ.K-1y'fXI+1)*RHO(I+IJK-I)4F(+1)*
I RHO(LJK- ))
Q4GAM(IjA,KYGLAMI+I.LK)
I /(XCV(1*G~b+1J)JXCV(1+1)GoAM(KJ+
2 I.OE-20)*ZCVK(K)
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Gb*-GAM(J,K-I)*GAW(+IJ,K-I)
I /(XCV(I)GAM(I+IJJC-I)+XCV(1+1)0
2 GAM(LLK-1)+1E-20)ZCVKP(K-I)
DIFF-YCV(J)*2.e(Q&+Q'4M
FUOWinYCV(JM+FLKfM
CAlLLPROFIL
AIM(+IJK)-ACO+AMAXI(ZEROYFLW)
AJP(LiJQ.AMd+IJJQ-FLWW

303 CONM~JE
C WRYIE(*)'W:COEF 2!

DO 304 i-Z)Q1
DO 3041I-2JU

COEFRICEB AN AND AOM
ARtEA-YCV(J)*XCV(l)
FLOW-AREAORHO(LJ.1)*W(WJ,)
DIFF-AREA'GAM(L,I)YZCV(2)
CALL PROFL
AIUJ,3)iACOF+AMAXI(ZERO,FLOW)
FLOW-AREA*RHO(LJ.NI)W(LJJNI)
D*W-AREA*GAM(LLNIYZCV(N2)
CALLF ROEL
AKMU,N2-ACOF+AMAXI(E~O,FLOW).FLW

304 CONTNUE
C WRrME*.*)W: COEF 3

DO 305 l=2,LU
DO 305 K-3JJ2

COMM~ENTS ANORTH AND ASOUrH
FL-ZCVK(K)*v(L2,)*RIo(LlJ)
PL%*ZCVKW~-I)W(L2,-l)RHO(IK.I.-)
FL.OW-XCV(Iy(FL+FIM)
cA-ZCVK)KGAMLI.,)+-ZCVK1P(K-lrGAM(LIK-I)
DIFF-XCV(I)G4IYDIF(2)
CMJLLPROFL
AJM(WCK)-ACXJF+AMAXI(ZEROFLW)

=LZCVK"(LMK)'KHD(LM1.K)
FLIM-ZCVKP(K-l)*V(LMIC-IV'RHO(LMI,K-1)
FLOW-XCVM(I)FL+FM)
QA-ZCK)KGAM(LMI,K)4-ZCVKP(K-I)GAM(LMIJC-I)
DIFF-XCV(I)GIMNW(MI)
CALL PROFL
AC)OZX-ACOF+AMAXI(ZEO,FLOW).FLOW

305 CGNUE
C WRflE(*,) -W-:COEF4

DO 306 K-3XN
DO 306 i-2M2
COF11ETSABAST AND AWEST

RL=ZCVK(K)*U2JJ)*RHO(1JJQ
RiZCKPl(Z-lrK1I)R HO(I~JJC-1)
FIOW-YCV(J)*(PL+FLM)
GAZCVKQOL4M(1,)J+ZCVKP(K)*GAM(WK-1)
D*T-YCVQ)tGýWQF()
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CAi PROFIL
AIM(2.J,)-AOOF+AMAXI(ZER.QFLOW)
FL-zcvKoK)'UlIL)*RHO(LIJK)
R~o-ZC'V1K(K-1)U(IJK-I)ORHO(LIL.K-1)
FLOW-YCV(Y)*(FL4FLM)
CvfmZCWOQGAM(LI)JQ+ZCVIKP(.)*GAM(LUJ(K-1)
DffinYCV(Y)G4$VUDIF(LI)
CMLLPROEIL
A1.jKQ-ACCF+AMAXI(ZBRO.FLW>WýW

306 CON71NIUE
C WRrIE(*,*)W: COEFF Y

DO 3071-2,U-
DO 307 J-2M2
DO 307 K=3,.N2
VOL-YCV(J)*ZCVSQK)XCV(1)
APT"(RO(LiiZCVK&K)+RH(.LK-1)OZCVKP(K-1))
1A~kCVS(K)D1
AP(IJJQ-AP(LJ.JJQ-An
CON(LJX)"CON(1J,K)+APT*WO(IK)
AP(LJJKin

I(-AP(JrVL+AJ WK+AJX)AJP(I.J.1 +AJM(WC)
2 +AKP(LLK)+AKM(UK))
3fitEA)4F)

CON JQSI-ON(+REILPELAP(TIJJQ*W(UJQK
DWU.LK)-VaMV%()
DW(UXJ)-DW(LJ,KYAP(IJ.K)

307 CONTu
IF(ICAU..EQ. 1) THEN
DO 9099 P-2.
DO 9099pJzM2
DO 9099 K-3,N2

9099 WHTIJ)(W " (+J)AW WIIK
I +AWr(+X+AW " (J1K
2 +AKPJUJ)W(L)JC41)rAKM(JJC)W(1,JJ-1)
3 4C0N(LJJ)YAP(LIJOc
ENDIF

300 CONTIUE
RETUJRN
adi

C
C

shmu PCOO
WOGCAL LSLVEJLPRThBLXSTO
CG4M0NF(35ý23,3SY35,25,ý35).PID3525,35)GAM(35.2,35),
1 COtN(35,25,35LAKP(3,235),OAKN35,235).AP,5Z,35),
2 A1P(35.25.35SSM,25,35),AiP525,35).AJM5,25335)
COMMONddh35.25,35)dW(35,2,35i(3S,25,35)ý

3 X(5,W WF3)XV3)CS31Ab
4 Y(35W(35YDI(3S).YCV(3S),YCVS(3nek.xt(35,25343
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5 z(35)zw(35(3)z=W(35ZV35).ZCvS().qW5(325.3s)
6 YCVR(35)YCVRS(35)VAR SX(3ARX)(35),ARXJP(35)q,1(35,25,3S),
7 R(35),RNI3S).X(5)SXMN(35),.XCVI(35),XCVIP(35).
S YCVJ(35),YCVJP(3),ZCVK(35).ZCVKP(3S)*(35.25,35)
COMON" DU(35Z.35),DV(35,25.35SLDW(35X,235),1V(35),VP(35),
I FX(35),FA(5),FY(35),FYM(3),F(35),Qr(33)TOWD(35.25.3S),
2 FZ(35)YZ(35)VHAT(35,25,35)WHAT(35,2,35),UOLD(35,23,35)
COMMOK'NDXI1ELAX(13)J.R1N(13),LELK( 1),NflIE 1).
ILSOLVE(I0,TIMEDTd.XLYLZL.SHOCON.ZER,1LAST,
2NFMAHOGAKLIZL3,Ml,UMZM3,NI.N2ZN3.
3lSTJSTr)JlSXERUAST,
4IPRfjPREFKFREFMOlDE

CHARACTER* 10 TrfLE(13)
cONMOWNrMASTOOCAW.SrOP
COMMOKON LE.,pvESWE JOvr~,O(52,5XB
I IO(35,25,35)VO(35,23,5)WO(35,25,35)JTERL
COMONARESMISMAX(O3JEI

CIONNONISCIRSIMAXSSUM
CObeMON/COEFi-OWXDFFACOF
, f *C3,53)V=52,5A*52ý5
DIMENSION U(35325.35W(35,25,35)W(35,25,33)MPC(5,25,35)
DIMENSION T(3S,25,35)
EQUIVALENCE(F(1,1.1.1).U(1,1)),(F(1,1,1,2),V(1,1,1)).

C
COEFFICIEN'TS FOR THE PR~ESSURE EQUATION__ ____
C

NF-NP
ISr-2
JST-2
KST-2

DO 301 J-2,M2
DO 301 K=2,N2
APA(2J,K)-O.0
AIP(l=,,K)-O.0
CON(2,JJXmRH1JK)U(2J,K)*YCV(J)*ZCV(K)
cON(LIJJQ)-0.

501 CONI~NUE
DO05021-Z2,1
DO 502 K-2.N2
AJMIZK)-O.0
A.P(IM2JQrO.O
ClONIlaJRrOJI"KV(Lz)bXCV0)hZCV(K)
Cx3N(LMI,K)-..

502 CIONTMNE
DO 503 I=2,12
DO 503 J=ZM
AKM(IJ2".0.
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CON(LJ2)-RHO(L,1)*W(1J.2Y*XCV(IrYlCV(J)
503 COI~INT04

C WRnEl*,*)PC: COEFr
DO 504 K-2,N

DO 5041I=2,U
AREA-YCV(JYOZCV(K)
AH)A REAO+1) I)RO(+1JJFJv1Q4+1Y *RJOfl4,K))
FLWWARHDOPCI+1JK)Q
MF(IB.) PLO W-ARHO*U(j4.JK
IF(ABS(FLO)W).lT. lEAD) LO W=0.
ADPW,)ARHO*DU(I+1)$))

CON(IJ.JQ-cOM(WCWL"w
CO(IMlJYCON+Ij)()FWw

AREA-XCV(I)'ZCV(K)
ARHO-AREA*(FY(J+1)"Rh.JIKQ+YMJ+1y'RHO(JJQ))
FLOW-ARHO*VHAT(JIJQlK
IF(JEBQJ2MLW-ARHO*VQM1JC)
IF(ABS(FLW).LT. 1E,20) PLO W-..
AJ(JCK)-ARHODV(LJ+IJQ
AJM(LJ+lJ()-AJP(UW()
COlNWXJý)McON WQ~W
CON(JJ+lJQ'cON6,i+1JQ)"Ww
AREA-XCV(I)*YCV(J)
ARHO-AREA*(E+I)*RJIO(1.JJC+1FhI(K+I)*RIOL,K))
R.OW=ARHO*WHATQJK+l)
MFC1Q.N2)LOW-ARHO*W(IJN1)
AKP(LJ,KJ)-AIWDODW(ILiJ.C+)
AKJU,K+l)-AKP(I4,K)
EF(ABS(FLOW).LT. IE-20) PLO W-O.
COWX)Q-cMWJ,K4FLwW

C W~rM,¶3.JJC
A4(JCK)-ABW(WC+,K)JJAJPWJJC)+AJMW(.)
I +AKP(LJK+AKWiIf4J)

504 LXKI1NUE
RETURN
END

SUBROUTE ma

LOGCCALL ULMhUMINYLSTOP
COM&MO F(35.25,35,5),P(35,25,35),RO(5,25,35),GAM35.23,35),
1 COlN(35,25,35),AKP(325,35),AKM(35,25,35),P(5,25,35),
2 AJF(35,25,351(3V5,25,35),AJP5,25,35),J(5,25,35)

OJMONe dd 2533dd3S.25,4(i35,25.35),
3 XU3V 5VE(35)XCV(35))CCVS(3Squi~ew.



4 Y(3S4Y(3S),YDIF5),YCV(35),YCVS(353hmtpmY3S,2S,35).
5 Z(35).ZW(35),mF(35),ZCV(35),ZCvS(5),0(35,25,3S),
6 YCVR(3S)YCVRS(3S),RX(5),AR 3XJ3ARXJP(35),4,I(35,25.35),
7 R(35),RMN3)S(5).SXN1N(35).CVI(35),XCVIP(3S),
8 YCVJ(35)YCVJP(35),ZCV35)ZCVKP(35)A(K35,25,3S)
COW"v~ DU(35.25,35),DV(35,25,35),DW(35,25,35).FV(35).FP(5),
1 FX(35),F(33)y (35)FYM(35),P(35)QT(35),Tc1MD3S2,3S).
2 FZ(35),Fýh(5),VHAT(35,25.35),WHAT(35,25,35)UOWD(35,25,35)
COMM~ONANDXSRELAX(MUMMLF UNT1)LBU( I),NTIMES( 0)
ILSOLVE(oI1PvUEDTX.L,yLn&SRHOCxNMO,ThAST.
2NFNWMAXHIZMIZO,NGALJ,41d,3 N 2"NN3
31STJSTJWMERJ.~Asr,
4]PB PEFWJCPFXMODE

OCONSIMMAD~virnE
CHARACTIVIO 1TfE(13)
COhOAvONJMLASTOPJCAU4STOP

CObXAONS SVIA SWýEKEPS JTER1,T0(MITO35,25,35),ENBAL.
I UO(35,25,35),w(35,25,35),Wt(35,25,35),rrFR
CONOAON/SORC&SMAYSSUM

CibtAiNCOFFLOWDIFFACO
DIMENSION U(35,25,35)V(35,25,35).W(35a.2535)YC(5,25,35)
r m H I ofbv.4*oku35,25,335),ybr35,2S,33)*Ive(3S,25,35)
DPDIESONT(35,25.35)

EQI (F(1,,1,3,(1,1,I),(F(1,1,1,),PC(1,1,1))V1,,)

10 1VIMAT(26(1W')3XAW03X26(1H'))
20 FORMAT(IX,4 1 =ý,,619)
30 FORMATOlXIHJ)
40 FORMAT(1X12,3X,1P,7E9.2)
50 FORMAT(1H)
51 FORMAT(IX~I =',2X7(14,X))
52 FORMAT(IX'X -0.P,7E9.2)
53 FOPMAT('THý =.P.7E9.2)
54 FORMAT(XJ -P,2J7(14,W))
55 FORMAT(IX'Y =O.JP,7E9.2)
56 FORMAT(1XX --O,2X7(14,50))
57 FOIUAAT(IXZ vO.1P,7E9.2)
59 RIRMAT(LX.K'K =MI)

cENTRY UMESH

XUK2$-O.
DX=XUFLDAT(LI-2)
DO 11J-31LI

I1XU(I)-XU(I-1)ODX
YV(2)w0.
DY-YLAFLOAT(MI-2)
DO02 J-3,MI

2 YV(J)-YV(J-1)+-DY
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ZW(2$00.
DZ""ZLAWAT(N 1-2)

3 ZWK-ZW(jK-1)+DZ
REURN

girod PRW

LOQCALL OVEIRWIUSTUP
CUOdMNF(35,255,3,),P(35.253.3SRH 53.2S.35),GAM(35,25,3S),
1 %X**3S.25,35),AKP33,235.).AKM(5.2335),AP 5.25.35).
2 AIP(35,25,35).A1M(35,25,35).AJP(35,2S.35),AJNW5S25,35)
COWM" delW3,25,35),dAW(35a,2S35),(33X2,3S).

3 X(35)X5VcIF(35XCV(35)~XCVS).tk~quMi.
4 Y(3SXYV(33),YDIF(33)YCV(35),YCVS(3S),bi*tmj(3S,25,3S).
5 Z(35SW(35,MF(3S),zCV(3s).zcvS(35).qM(S,25,35)
6 YCVR(35)YCVRS(3SR(3S5),ARýU35)ARXJP(S),qil(3S,2S,35)
7 R(35)N(.35)SX(3S)SXMN35),XCVI(35).XCVIP(35)
8 YCV3(35ýYCvIP(35),ZCVK(35),ZCVKcP().g35,25,35)
COMI4NM DU(35,25,35)JDV(33,23.35DJW(333525.3)FV(3S),FVP35)
I FX35),Y(35M(35M5),QT(35),TOWUOL(35,2 35,3
2 FZ(3S),FZh(35)HAT(3S,25,35)WHAT(35.25,33WOWD(3S,25,35)
COMMvON/INX/RELAX(13).LPRMIN(3).LLK(1 1).NIMES10).
ILSOLVE(I0),TIME.DTXLYL.Z1.,SRHCOccI.JM.onAST,

3IrSTJnJSERIr~AST,
4IPREJPP.EFKPREMODE
COMMfvO~fiADNDTfl
CHARACTER10 TTTE(13)
CON%4AtCNTOP"XAU4JS"

I LJO(35,25,35).VO(35,25,35)WO(35,25,35).TERL
COMMOWSORSMC9AXSSLUM
CObeONAX)EF#oWW.DFF.ACOF
DIMENSION U(5.23,35)V(35,2535)W(35,25,35),PC3S.25.35)

X L A ,h rm5Z,35)atw=05.25,35),dotc)935Z2,35)
DIMENSION T(35,25,35)
EQLflVALe4CE(F(1, 1, 1, 1).U(1,1. 1))(F(,1, 1,2),V(111, 1)).

10 FORMAT(26(IH),3XAIO,3X,2(H*))
20 FOPMAT(1X4H 1 -,16,619)
30 FORMAT(1XIHJ)
40 FOPMAT(LX.123X. lP.7E9.2)
50 FORMAT(1H)
51 FORMAT(IXI -ý,2X7(4,X)0)
52 FORMAT(IXX -'JP,79.2)
53 FOIRMATCMI -e,1P,7E9.2)
54 FORMAT(1X:J -0,2X7(I4,5X))
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553 FlORMAT(1X,'Y -%,1I,7E9.2)
56 FORMAT(IXIK '2X7(J4,X)0)
57 FORMAT(1X2-,lZ~P,7E9.2)
59 FIORMAT(IXK =',21)

MF(.NOT.lPRN(3)) GO TO 80
s0ocNT1NUE

C
IF(.NOT.LPRINT(NP)) GO0TO90

C
CONSTRUCT BOUNDARY PRESSURES BY EXCTRAPOLATKON
C

DO 91 K=2,N2
DO 91 Jý-2,M2
P(1J,K)-P(2j,K)*XCVS(3).(3j,K)*XDIF(2)YXDIF(3)

91 P(L1,JJZJC)-)*XCVS(12).P(LJjK)O)1F(LWxD1FQ2)
DO 92 K-2,N2
DO 92 I=2,12
P(lCL,IK)uPU )YCVS(3)-P(3,K)*YDIF(2WYYDIF(3)

92 P(LM1J2K)*YCS(M)*Y PQM ,KyPYDIF&MI)YYDIF(M2)
DO 93 Ji-2.M2
DO 93 1=2,12

93 P(],LNI)=(PN2)*ZCVS(N2).(IN~3)*mIF(NI)),mIF(N2)
DO 94 K=2,N2

94 CONTINUE
DO 95 J=2,M2
P(lj,1)KJ,1)+P(IJ,2)-(2,j,2)

95 co~rrNUE
DO 961--2,U

96 CONTINUE
P(1,1,1)-(P(,1,2)+P(1,2,1)4P(2,1,1)yV3.0
P(LI,1,l)=(P(1,1,1)+P(L,2,1)4P(L1,1,2)Y3.0
P(1,1,NI)=(P(I, 1N)+P(I,2,NI)+P(2I,1NI)Y3.0

P(L1,M1.NI)L2,M1,1l)+P(LkM2,)+P(L1MI,N2)Y3.0

PE=lPEJPR EXREF)
D097K=1,Nl
DO 97 J=1,M
DO 97 1=1,1.

97 P(LJK)-P(IJC)-REF
90 CONTINUE

cPRIWr 50

301 WIFENDEQJ.Ll) GO TO 3 10
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LEND1END4-)7
IED"MONO(MIEDL1

c FRINT30
iwibe16.50)

c PRINT 51,(LI-BEJG.IE)

EF(4MOE.EQ.3) GO TO 302
c FRIWr S2,(XI)JIEGJEND)

GO TO 303
c 302 PRINT 53,(XRI),MIEGJUEN)

302 write(l6.53)(x(a)iMxg~ien)
303 GO TO 301
3 10 JENDw0

c PR~r 50
wrile(16.S0)

311 IF(JEND.EQ.MI)GO TO 320
JBEG-JEN+l
JEND'=JEND+-7
JEND*4NAKJENDM1)

cPRWN 50

c PPINT 34,(JJýJBEGJEND)
iwito(16,54Xo4j%&iecjem)

cPRIN 355(Y(J),frJBEZG)ED
wiiie(16,55K&yo)j'pxg~javi)
GOT0 311

320IKEDO-0
c FPRNT50

321 IF(KND.EQ.NI) GO TO 330
KBEG-KEND+I
KEND-KEND4-7

cPRINT5O
,-iT*16.5'

c IRM N 5 i=KBEGKEND)
m*6%(*Wgw

c PRINT 57,(Z(K),K=KBEGKCEND)
writa(16,57)(z&1c),k".kgjwezx)
GO0TO321

330 CONTINUE
C

DO 999 NF=l,NGAM
c &, 999 n1'5,5

JF(.NOT.LPRWN(NP)) GO TO 999
c PRINT50

iwdI16,50)
c PRIN 10,TrrnE(NF)

wrilc 16. 1)Ideni
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D09961Q"1.Nl
c PRINT 50

writo(16,50)
c PRINT 59,K

iwfik(16,S9)k

JPST-i
KFST=l
JF(NF.EQ. 1.OP.NF.EQ.4) IFST-2
EF(NF.EQ.2.ORLNF.EQ.4) JFST-2
EF(NF.EQ.3.OPNF.EQ.4) KFST=2
lBEO'IFST-7

110 coNTINUE
IBEG-IBEG+7
EMJJD-IBEG46

c PRINTr50
iwriWI6,50)

c PRINT 20A(1=IBEGEND)

c PIUNT 30

JFL-JFST+Ml
DO 115 JJ=JFSTM1
J=JFL-JJ

cPRINT 40j,(F(IJY,KNFIBEGIEND)
iwit(16.40tj(f" )Ijk ý ýg~ai

115 CONTINUE
IF(IEND.LTIA) GO TO 110

998 CONTINUE
999 CONTINUE

RETURN
END

C

C PROBLEM DEPENDENT FOR11O C

BLOCK DATA

c LOGICAL LSTOP
c INTEGER'4 NOW( 14)
c (x)M NVCN~.AsrOPJlCALL,1STo

LOGICAL LSOLEJ~tNTILYST0P
~C~MN4NF(35,25.35.3).P(3X,23,33,RcK5,25,35),GAM(35,25,35),
I CO)N(35.2535)AKP(5,25.35),ANI35,25,35),AP(35,25,3S),
2 AJP(35,25,35)AM(3S,25,35),JP(35,25,35),AJM35,25,35)

CO AM IO &lW5.25,35)MW)(,25,35q).qi35,25,35),
3 Y435U33(35)I(5XCV(35)XCVS(35)d,kqkaI.
4 Y(UV3YI(3,C(5.YV(U~~e(553)
5 Z(35).ZW(35),7IF(35,CV(35),ZCVS(35)APO(35,25,35),
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6 YCVR(35)YCVRS(35XAR(35),ARX 35),ARXP35),q1l(3S.25,35).
7 R(35N(33),.SX(35),SXMN35).XCVI(35).XCVIP(35)
B YCVJ(35)YCVJP(35).ZCVK(35)AZCVKP(35)*(33,25,35)
COMMON DU(3S.25,33)JV(35.25,35),DW(35.25,35),FV(35),FVP(3),
I X(3S),FWG35)WY(35)YN35)F(3S)QT(3S)TOLD3S,25,3S),
2 FZ(35),Ff2'135)HAT(35,25,35).WHAT(35,25,35)UOULD(35,25,35)
COMMOMANDX4RELAX(13)LPRN(13),LBLK(1 1).NTMES( 10).
ILSOLVE(1O),TlMEJDT,XL.,YL.71 -. SRHO0NZMTO,1AST,
2NF.MAXNPMRO~NGAML1J2,L3,M1,M2,3,Nl.N2,N3,
31ST,JSTYMXI`RJrr.AST,
4IfRffJPR~lFKI%7MOOE

CHARACTR0*10TMTE(13)
C0Nfb4ONlCI!nrASrOPJCAUJSTOP
COMMMONVIJWESV,EPSW OSTNJCT0(3,2MX(5,53),EN AL.
I UO(35,25.35),W(35,25.3S),WO(35,25,35),fERL
COheSUfftM~DtAX(13URESlD
COh0AONfSORC/SAXSSLUM

amat~xbcdk(35,2,3S),yfc.35.2.5,35).ziwe(35,2S.35)

DIMENSION U(35.2,23.3V(3S,25.3S),W(33.25.3S),PC(3,25,35)
DIMENSION T(35,25,35)
EQIJIVALENCE(F(I.1,1Il),UI,1,1)),(F(l1.1,12),V(l,1,1)).

2 ,(F(1.1,5)T1,I13))

DATA NFMAXNRNRHOjNGAMf5,6,7,8/
DATA LSrlOPLSOLVELPJWr/24*.FALSEJ
DATA MODETIMEJTE3IREIXWMTRIIJ,0.,O,0, I/
DATA REAXnvM13*.3,I0*5/
DATA LBLK/I: TRUEJ
DATA DTJREuFRPREFJCRHF~OCON/IE+1O.1,1,1,1.0w

C NF-1.23 STAND FOR UV AND W VELOCMlES.
C NF=4 IS FOR PRESSURE
C NF-5 IS FOR TEMPERATURE
C LSOLVE=TRIUE SOLVES THAT PARTICULAR PHI

DATA (LSOLVE(JI)1,6)f6.TRUEJ
C DATA (LoVE(IJ-1,6y4*.FALSE,,.TRUE...FALSEJ
C IM4II(NF)-TRUE PRINTS VARIABLE ASSOCIATED wflH NF ON CAUING PRINT
C DATA LPRITh~lW LPRIWF(5Y2*.TRME
C TERMINATE ITERATIONS AT rrER=LAST

DATA LAST/10V
C UNDERELAXATIONIFACTIORS
c DATA RELAX(I),RLAX(2),RaAX(3),RELAX)(0>.7,0.7,0.7,.7/
c DATA PELAX(5)YEL.AX(6y7.?.7I
c TrILES FOR THE FIED P~mRoU41

DATA TMEl),TME(2),Tl.E(3)XTllE(5)TlTE(6Y
1¶YyW.TVI

C NUMBERt OF SWEEPS IN THE LINE-BYLINE TDMA ALGORnH1M
c DATA N'I1ES(4),TIES5Y2r2/
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C TIOLBLANCES FOR CONVERGENC
DATA EPUJSVJSEPS.OE3,SI.OE-3,I.E-.OE-3,5.OE-2/
DATAZEWOQVJ
END

SUBROUT1NE USE

C IF LARGER NUMBER OF GRID FOMWS IS TO BE USED, THE DIMENSION
C STATEMENTS MUST BE CHANGED THROUGH TEE FROGRAM TO ACCOMODATE
C VALUES CDRAETER. THAN (2n.26,28) ETC.

c WOGCAL LSTIOP
cINTEGM04 NOW(14)
c lvlM0N/CNn.ASTOPICALLIsrO

WQ~CAL LSOLVEYWrffBLKL9
COMMN40F(35,2,35,5),53,25,35),RH(3,25,35)GAM(35,25,35)
I CflN(35,25,35),AKP ,5Z,35),AKN35,25,3S)A(5,2S,3S),
2 AIP(5,25,3S),AIM(5,2,35),AW(35,25,35),AJM35,25,35)
COMMON deRKi35,25,3UdelW(5,25,35(3d5,25.3U)

3 X(35)XCU(5),XDIF(35),XCV(35),XCVS(3S),tk.qaiem

5 Z(35).ZW(35),DF(35),ZCV(35)ZCVS35),qO(35,25,35)
6 YCVR(35),YCVRS(35),AR 5X(35),A (5)ARXJP(35),q1(35,25,3S),
7 R(35),R1N35),SX(35),SXMN35),XCVI(35),XCVIP(3s)
8 YCVJ(35)YCVJP(35CVK(5),ZCVKF(35)*(5,25.35)
COMM4ON DU(35,25,35),DV(35,25,35),DW(3S,25,35),FV(35),FVP35),
I FX(35)AW35).FY(35)M(35rJ?(3S)Qr(3s),TOLw)3525,33
2 FZ(35,FA(35)MiAT(35,25,35iAT(3S,2.5),3UOWD(35,25,35)
COMMONANDX/RELAX(13)LPIMUr(13),LBLK(1 ),NMES(IO),

31STJSTYMSER3IJAST,
4B`REFJFREFI)EMOlDE

COMMONMEADWIT~lE
CHAR.ACMI10 TrnE(13)
COMlMONlCNTLAST0PICALLJSrlOP

I IUO(3s,25,3)vD(35,2,35)WO(35,25,35),rrEL
COM ONWSI)M AXB)IRSK)
COM0MONSORCIS(ASSUM

ommawft 5,25,35)yfou05.25,35zb)4cic35,25.35)
CM0ON/COWMMIFF.ACOF

DIMENISION U(35,25,35),V(35,25,35),W(35,25,35),PC35,25,35)
DIMENSION T(35.25,35),inug(35,25,35),xl(35), yvl(35),zwl (35)
EQUIVALENCE(F(11,I,1j)U(I1,I,),(IF(1,1,1.2),V(1.1,l)),

DIMENSION PRTTKfI0)
DATA IPRRRTOLIIW,0.38E-5,
EMY MESH
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C
C DOMAIN LEIJG(T IN THE 3 DIRECTIONS

XL5-. I
YL-S.04
aL-sm0

C NUMBEROF GRID FtXMF IN THE 3 DIRECTION
LI-28
MI-24
NI-24

C
XU(2)-.
XU(3HmG08
XU(4)m0.0S5
XU(5).0. 100
XU(6)-0. 1274
XU(7).0131
XU(S)40. 174
XU(9)-O.259
XU(I0)'.29
XU(11$-0.30
XU(12)00.33
XU(13).O.36
XU(14)'O.5O
XU(15)..65
XU(16)-0.8
XU(17)'.1.00
XU(18)inl.75
XU(19)-2.5
XU(20)-3.25
XU(2l)-4.0
XU(22)-4.5
XU(23)-4.73
XU(24)-4.85
XU(25)"4.95
XU(20).5.03
XU(27)'5.07
XU(2g)-5.10

C
ZW(2$-O.
ZWO3).O.48
ZW(4)-0.58

W(S)0.OS85
ZW(6).O.94
ZW(7O-.995
ZW(g)-1296
ZW(9)"'i.396
ZW(1O)-2. 106
ZWO 1)-2.206
ZW(12)"2.SI I
ZW(I3)-2.566
ZW(14)02.621
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ZW(15)-2.926
ZW(16)-3.026
ZW(17)-3.736
ZW(18)-3.836
ZW(19)-4. 141
ZW(20)4.196
ZW(2l-4.251
ZW(22)-4.561
ZW(23)-4.661
ZW(24)-5.04

YV(Z)00.
YV(3)'.O.48
YV(4)-0.58
YV(5)0S8n5
YV(6)"O.94
YVM7-O.995
YVM-1.29
YV(9)-l.396
YV(1O).2. 106
YV(l 1)-2.206
YV(12)-2.51 1
YV(13)-2.566
YV(14)-2.621
YV(15)-2.926
YV(16)-3.026
YV(17)-3.736
YV(18)-3.836
YV(19)-4. 141
YV(20)-4. 196
YV(2l)in4.251
YV(22)-4.561
YV(23)-4.661
YV(24)-5.04

C
ENTRYBEGIN

C INITAL TME
c WRM*~4,*Y MAIIPL TIME

T1ME0.O
C IMTAL lIME S1V
c WRITE*,.YIVrrIAL TIME STEP

DT-30.
c rTERATION 9"~ AT flIER-LASr

C HOW MANY TIMES RKXJW FLUL DATA BE FRMWT TO FILE
c VRfE(*,) 'NUMBOF TIMES FOR PRINTIN DATA TO FILE

NNFR"'2
C WHEN IS DATA TO BE FRR4=IE

cWRffE(*.,)'PRTTM1,PRTIM...
w'R7M(I)..0
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amn~l.w)-lOO.0

C READ RAYLEIGH NUMBER
cWRMWlYALW

RA-I.153
C READ PRNDIL NUMBER
c WRrrE(*,*YPRAN'rL=

PR-24
C READ XUHC RATIO
c WRrMlW,*)CHP HEIG4T TO PACKAGE LENGTHi RATIO

XLHC-0.043
c W~rfl(*,YO4W inBaM TO PAOCA(IE LJN4 RATIO

XLLCO0.017
C READ RAIO OF CONDUICTIVrFI

cWRrrE(.*YRAMIO F CON~ucTIVIM (CHIP-TO.FLLJIY
RC-2360.O

cWRIE(*,*)RAflO OF CONDUCMTMVTE (SUBSTRATE-TO-FLUIDY
RS-333.O
c % h(,*YAIIO OF CONDUICrVrIES (PAQCKAE-TO.FLUID)'

RP-266.O
cWRrrE*,)'RATIO OF CONDUC1V~rIIES, (JD-TO4FLUIY

RLP271.O
wRnIE(*,*yRATIO OF CONDUCTIVTIIES (AIR-TO*LUlDY
RR-O.42

cW*IUE(*,YRAnO OF C~4DUClTVfl1 (SOLDER-TO-FLUIDY
RO-7%.O

c WRrM*,*YATIO OF CONDIUC1ME (00W C)OATlNGoTOFLUID)
RM-3900.O

C READ RA'11OFITERMAL, MMERI
cWRITE,Y)RATIOF RH*CP (SUBSTRATE-TOfLUIDY
RFIOCS"".63

cWRIIEC*)RATIO OF RHOIDCP (QIIP-TORFUIY
RI4OcCCO.9

cWPfl!(*,)ItAMOF RHDOC(PAO(MGE-TO.FLUD)
RHOCP-1.6S

c WRJE(*.*)'RATIO OF RHO*C (IID-OFLIY
RHOC.L-1.99

cWRJTE(*,*YRATIOF RHDOP (AlR-TO.FLUED)'

cWRrrEC"*)'RATI OF RHDPC (SOLDER TO.FLUIDY
RHOCOEO69

cWRrTE(*,YRAMIOF RHOCP (OOLD-TCfLIJIY
RHOO4-1.36

C READ W~ILIHER TO RAW1 SOURCE TERMS
c WRrrE*.*YRAMP SOURCE TERMS (011Y

C DE13M I WANT TO USE A PREVIOUSLY (flMPIkM SOLUI1ON AS
C AN INITIAL GUESS
c WWrrE(*,*YREAD PROM INPUF FIE ((/Yp

IREADI1
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F(WtEAD.BQ.0XREAD-FALSE.
C READ IN4 RELAXA11Ot PARAMErERS
c WRrrE(*.)' ENIUTER it

RELAX(1)'0.4
RH..AX(2)"0.4
RELAX(3)-'O.4
RELAX(4).O.4
REL.AX(S)-0.4
RELAX(6)'0.4

C PROVIDE INMFAL GUESS. ThE PROGRAM SOLVES KOR THE 1NME~tiOR INS
C ONLY. HENCE THE BOUNDARY VALLUE FORIHE TEMPERATURES AT ThE HOT
C AND COLD BOUNDARIES HAVE BEEN ALREADY SPECWIEDm.

DO 100 11,Ll
DO 1003m-1,M1
DO 100 K-1,Nl

RHWOQI~iKm.0
100 CONTIlNUE

DO 101 1-1.L1.
DO 101 i-In.MI
DO 101 K-1,Nl

V(1JK).O.
W(LJJQ-0.
T(LLK).'0.
F(NEJ.L) T(LLJK)- 0.075

C SET UP MATERIAL TYPE ARRAY
C SUBDltA7E

JF(JLI2) ThEN
DI4AT(IJJ(m-l
RHO(LLK-RF oS

ENDF
C COlhVINENTDETAILS

IF`(LLSAND.lGE4.AND.
I (J.X4.ANDJ.LE.9.OILJ.GE1 1ANDJ.LE.16.
2 ORJ.G 11.ANDJ.LE23).AND.(.
3 LKE4.AND. K.LE 9.OR.KG. 1 1.AND.KL 16.
4 OR.K(E. IS ANDJI.EM2)) THEN

C CHIP AND AIR GAP
F LE.7) THEN

I (J.GE4ANDJ.LE.9.ORLJ.GEJ1.ANDJ.LE.16.
2 ORJ.GE1&ANVJ.L2).AND.(
3 KGE.4AND. KLE.9.OR.KcE. 1 1.AND.K.E. 16.
4 ORJcE.1S.ANDJI.E23)) ThEN

IlWAT(LJJ)-3

RHO(IjJC)RHR
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ENMF

I (J.XE.6.ANDJ.LE7.ORJ.GE 13.ANJ.LE 14.
2 O9J.GE.20.AND.J.E.24)AND.(
3 XKF6.AND.KLE.7.OP.KGE13.AND.KLE.14.
4 OPJ GE-20 .ANDJl.E.21)) DEN
PMAT(LJK)-l
RHO(LJK)RH C

c AIR SPACE ABOVE CHIP
EF M.EQ) THEN

1 (J.CXE.4ANDJ.LE9.ORJ.GE II1ANDJ.LE.16.
2 CIPUCE, 18.ANDJ.LEM2).AN.(
3 KXGE4.AND. K.LE.9.OR.KGE. I I.ANDKLE 16.
4 0PL.cE. M8ANDJ.LE.23)) 7NEN
BMAT(IJK)in3
RHOWXJC)RHt1

ENDIF
C GOLCU~nGSTN CIOATMN BELO DIE (QIP)
IF(LD.6) THEN

i (J.GE4.ANDJ.LE9.CIJ.GEII .ANOJ.LE 16.
2 ORJ.XE.1SANVJLE123ANIV.
3 K.X3E.4.AND. K.LE.9.O~iC XE1 .ANDIC.LE.16.
4 CRMcEM1ANDJJE.23)) THEN4

PAATQJJO-7

C PA~CKAE
IF(IMAT(L.).EQ.O)7MN

PMAT(WC.)-2
RHWX)PRHOP

C LID
EFM(D.9)7fMN

IF(
I (J.GE4.ANDJ.LE.9.ORJcGF.I LANDJLE. 16.
2 OPJ.(E. 1a.ANDJILEM2)AND
3 KGE.4.AD. K.LE.9.0R.K.GE 1 ANDJCLE.16.
4 0IRXGEI3AkDJ.LE.)) TfEN
DMAT(LJ.K).w4
RHOWXK=RHý

C FLUID BEWTEEN CIMP AND SUBSTRATE



IF (LW3T

I J.GE.4.ANDJIL9.ORJ.GF I .ANDJ.LE. 16.
2 OILJ.CF-1&ANDJIE.23.AN.
3 KGE.4.AND. KLE.9.ORKGE. I 1.ANDYLM.E 16.
4 ORJCXE. 1I.ANDJ.EM2) THEN

RHOT(LJ,K)in1.

ENDEF
ENDEF
cSOWDER CONNECriON BEWTEEN CHIP AND SUBSTRAIE

F (LE.3)dwn
EF(EJBQ.4.AND.

2 (K.EQ.S.ORK(EQ.8.ORY.KEQ. 12.ORKEBQ. 15.
2 ORXYEQ. 19.ORXKE.22))UJi

PAAT(IJJ~m5
RHO(1XJ-RHOC
ENDEF

IF(J.EQ.9.AND.
2 (KEQ.5.ORXKEQ.&IRXY.EQ. 12.CRKLEQ. 13.
2 ORKE.Q. 19.OR.K.E.22)yihEN

PMAT(LJ,K)-5

ENDIF
F(J.EQ.I1l.AND.

2 (KLiQ.5.ORKE.8.ORK.EQ.12.ORKEBQ. iS.
2 ORK.EQI9.OIUC..Q.22)THEN

IMAT(LLK)PS

ENDEF
IF(JJBQ.16.AND.

2 0C.EQ.5.OR.K.E.S.OR.K.EQ.12.ORJ.KE.15.
2 OR.KBQ.19.ORK.EQ.22)yJHEN

RHD(LJJQ)-RHOCG
ENDEF

F(J.EQ. ISAND.
2 (KB.5.ORK-EQ.&.OP.JCEQ.12.ORK.EQ. 15.
2 ORJ!.Q.19.ORJKEQ.22)YiHEN

(J.EQ.3AND.
2 (K.BQ.5.OPLK.EQ..OR.K.EQ. 12.ORK.EQ.15.
2 OR.KBQ.19.ORS.KQ.22))ThEN

IPfAT(1JJQ-5
RHO(IJJQ-RHO

IFO.EQ S AND.
2 (K.BQ4.ORKEQ.9.ORKLBQ.1I .OR.K.EQ. 16.
2 OSJC.EQ.1l&CRYC.E.23))ThEN
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PAAT(LJ.K-5
RHMUQF-CG
ENDE

IF(L.EQ.S.AND.
2 (K..4.ORK.EQ.9.ORK.EQ. 11 cRJCEQ. 16.
2 OA.KEQ. ISORXEQ.23))TEN

WMT(I,.K)u-5
RHO(WXRHPc

ENDEF
FQJ.EQ. 12.AND.

2 (KEQ.4.ORKEQ.9.ORX.EQ. 11.ORK.EQ. 16.
2 OR.K.EQ.13&ORXEBQ.23))THEN

DMAT(LLKC)-5
RHO(LJJ)PHýc
ENDEF

EFQE.Q. 15.AND.
2 (KQ.E4.ORK-EQ.9.CRXKEQ. 1 1.ORKJEQ. 16.
2 ORKEBQ 180RX.EQ.23))THEN

flAATQIJJQ-5
RHD(WO=X~RHOc

IF(i.EQ. 19.AND.
2 (KEQ.4.ORK.EQ.9.CRK.EQ.1I1.ORKEQ. 16.
2 OR.KEQ. 18.ORKEBQ.23)YTHEN

PMAT(UK)Cr5
RHO(IJ,)PRIýc
ENDEF

2 OKEQ.4.ORJC.EQ.9.ORKEQM I 1.ORKEQ. 16.
2 OR.KEQ.I&ORX.EQ.23))ThEN

IMAT(IJK)-5
RHO(LJJ(UIOC

ENDIF
ENDEF

101 CONTINU
do 576 I-,1
do 576 j-m,ml
do 576 k'1,nl

576 axtbwi

IF(.NOT.LREAD) RETURN
C READ DATA FROM RAWU FILE

REWMN(7)
READ(7,*) XYZ=.XUIY ZW1U.VWPT

DO 102 1-UIl1
F(ABS(XUIQI)-XUQi)).GT. 1&-7) ThEN

IaIK-I
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102 CONTINUE
DO 103 )"M1
IF(ADS(YVI(J)-YV(J)).GT. IE.7) THEN

1ICH-1
WW *rl,*) J,YV(J)YVI(J),JYV(J)YVi(J)

ENDW
103 CONTINUE

DO 104 K-ZN`
IF(ABSZI(K)-YV(K)).GT. 1E-7) THEN

101K-I
WRrrE(*),.Y) K)ZWI(XYYV(K)2WI(K)

ENDEF
104 CONTINUE

!F(IcmupEQ 1) mwO
RETURN

ENTRY VARRHO

RETRN

C ThICORPORATE BOUNDARY CONDrI1ONS
ENTRY BNDRY
D0864I-I,Ll
D0864J-1,Ml

C ADIABATIC SIDE (Z=OZ=1)
T(LL.I)-T(LW.)
TW.IN)-T(J,LN2)

864 CONT!NUE
DO 865 .J-1.MI
DO 865 K-I1N1

C ADIABATIC SIDE 00m0)
TWlJ.K-T(2j.K)
T(LIJJ,4).0

865 CONTINUE
DO 866 I-IXI
D0866K-1,Nl

C ADIABATIC TOP AND BOTPOM (Y-0Y-XL)

T(IMtK)dr(L2,K

866 CONTINUE
REMIRN

C
ENTRY P1RTOUT
EF(TM~NE.0) 0O TO 400
PRNF401

401 FORMAT (IXSIMFLER!J/)
ANUCLDO0.0

400 CONTINUE,
COMPUTE AVERAGE NUSSELT NUMBER



ANUHOTO.O0
ANUC.D-.0.

ACHPS-0.

ACHPSBO-.
ACHPBPO.
ASUB-.
ASUBB-O.
AGAP-0.

mTCAP~lo.0

C CONTURMBrONS TO HOT WA~LL NUSSELT NO. FROM SIDE OF CHIP
D0665 1-3.9

IF(LGT.3.AND. LLT.9) RRT-RP
IF(LE9) RRT-RL
C CONTRmBnrMOS FROM '(-SIDE OF CHIP

D0663 K-I 1,18
EF(L.EQ.3) THEN

WF(DMAT(l, 10JQ.EQ.5) THEN

AGAP-AGAP+2.*L10JO.K-T(L9J0)*XCV(1flCV(KY
I ((YCV(10)4kG+YCV(9)))

ELSE
AGPAA+.((I,)-(9K)XVDZVK
1 ((YCV(10)+YCV(9)))

ENDIF
IFQMAAT(L 17,K).EQ.5) THEN
AGAP-AGAP+2.1((L7,)-)T(L8)C))*XCVQ)SZCV(K)/
1 ((YCV(17YRG+YCV(18)))

AGAP-AGAP+2.A(r(L17jC)-T(IjSJQy"XCVQY'ZCV(KY
I ((YCV(17)+YCV(1SD))

ENDIF
ELSE

ACHPSB-ACHPSB+2.*(T(L1OJC)-T(L9,K))*XCV(IyIZCV(KY
I ((YCV(l0)tRRT+YCV(9)))
ACHPST-ACHPT+2.*(T(I,17,K)T(IJSJ)*XCVQ)*ZCV(KY
1 (((C V(17YRRT+YC V(18)))

ENDIF
663 CONTINUE
C CONTIRnIM~lN FCIM Z-SID OF CHIP

DO 6643-10,17
IF(IE.3)7THN
I(MAT(1J, I I).EQ.5) THEN
AGAP-AGAP +2.*(lj,11).TQIJ,l0))*YCV(J)*XCV(IY
1 ((ZCV(1 I)~RG+ZCV(IO)))

AGAP -AGAP +2.*(L, 10>.T(1,J,9))*YCV(JySXCV(1Y
I ((ZCV(I I)+ZCV(I0)))

ENDIF
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IF(IMAT(I,. 18).EQ.5) MHEN
AGAP-AGAP+ 2. (r(1.J I g)-TQLJ, 19))*YCV(J)*XCV(IY
I ((ZCV(18A~G+ZCV(19)))
sELS
AGAP-AGAP+ 2.*(TQLJ,18).TQJ,19))*YCV(J)*XCV(WY
1 ((ZCV(18)+ZCV(19)))

ENDEF
ELSE
ACHPS =ACHPS +2.0(r(I.J, I)-TQJ,10))*YCV(J)*XCV(1y
1 ((ZCV(l 1y(RRT+ZCV( 10)))
2 +2.*(r(UJ,18)-TQ.J, 19))*YCV(J)*XCV(IY
I ((ZCV(.ISYRRT+ZCV(19)))

ENDIF
664 CONTINE
665 CONTINU

ANUHOT=ANUHOT+ACHPS+ACHPT+ACHPSB+AGAP
DO 666 J=2.M2U
DO 667 K=2,N2
DO 669 1=2nM
IFQMAAT(J,LK)MN.0) THEN

IfTCAPI=HfCAPI+RHO(1J,JJ*XCV(I)*YCV(J)*ZCV(K)*
I (JK)-TOJK)YDTr*(PR*RA)**0.S
E!4DI
H~TCAP--HCAP+RHO(I,K)XCV(I).YCV(JY*ZCV(K)*

1 (r(WJKT(LJK)DTr*(PRtRA)*%0.5
669 CONTINUE
CONFTIM AVERAGE NUSSELT NUMBER AT THE HOT AND COLD WALL
IF(DMAT(4JJQ)EQ.O) THEN
C CONIfRIBUFIN TO HDT WALL NUSSELT NUMBER FROM SEBSIATE BEAT LOSS
ANHOT=ANUHOT.42.*cWJK)T(3jK))OYCV(JYSZCV(KY

I (QWV(2)IRS+XCV(3)))
ASUB =ASLIB +2.'),K>.-T(3JJ())*YCV(J)*ZVQKY

I ((XOV(2y1LS+XCV(3)))
ELSE
C CONTRIUMMON FORM iTOP OF CHIP
ANUHOT-ANUHOT+2.*('94,K)-T(1oJ.))YCVQ(MZCV(KY

1 ((XCV(9YRL+XCV(1O)))
ACHFI =A01Vr+2.*(T(9,j v-T(1J,JK))*YCV(J)*ZCV(KY

1 ((XC V(9YRL+XC V(10),,
C
IF(MAAT(34,K).EQ.S) ThEN

RRT-RG'RC
RRTI-RG/RS

ELSE
RRT1IIRC
RRTI-IiRS

ENDIF
c

ACHWB AOPB +2.*RCM(4jjQ.T(3.JJ)*YCV(J)*ZCV(KY
I (XCV(4)4XCV(3)fR'))

ASIJBB -ASUBB +2.*RS*r(3jC)ý.T(2,JKQ)*YCV(J)*ZCV(KY
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I ((XCV(3YRRTI+XC V(2)))
ENDIF

ANuaD-ANUCQD+(rQ2J)-)T(LIW,))*YCV(J)*ZCV(KY
I (XDIF(L1))

667 COtTIlUE
666 CONTINUE
cpriit*.*ANUHO'rrANUHOTr

C ANUHOTSEANUHOTr
C MONrITOR. SSUNLSMAX AND OTHER, QUANTITiS AS flERATxmN ffioEE
C ON CONVERGENCE, SMAX SHOULD BE VERY SMALL (LESS TAN 1.o&04)
C SSUM SHOWD ACHIEVE A SMALL VALUE WiTHI[N A FEW rrERATIONS. WELL
C BEFORE CONVERGENCE. SSUM WILL NOT BE SMALL IF THE BOUNDARY
C CONDrIlONS ARE NOT WRITTEN CORREC7hLY.

WIERU.FLOAT(1ER)
cWUflE21,*) flET(22,S1S),IT(23,15,15),SSUM
XrIERSLOATMrEMAPR)
IF(ABSQUTER/FLOAT(IPR)-XITER5).LT. I E-5) THEN
IRESID1

c PRINT4o3,lTERITERL.TIMESSUM.T(6,14,14),V(6,22.4),ENBAL
c W~RTE(1,1 121) UTIEANUHOTANUQ3DASUBjfrCApjfrCApI

403 FORMAT (16314,50 2.4)
404 FORMAT (16,4E 12.4)
COMRIE LOCAL AND GLOBAL NUSSELT NUMBERS AS ITERATIONS PROCEE

IF( ITER.EQ.250OflR..ER.EQ.500.Ol~rnER.E.750
1.OPrHEREQ. 100.ORflER.EQ. l25O.OP~flERQ. 1500
2.OPrR~lTEBQ. 17S0.0prnfLM..2000.OifLnMERBI22
3.OR~rIER.Q.25o.cOrrER.Q.275oflp~nERE.30oo
4.OP~rrER.EQ.3250.Ol~fRrIBQ.35O.Ol~rrER.Q.3750
S.CRI1'ER.EQ4000o.~nER.EQ.425o.ORnIE.EQ.4500
6.ORrTER.EQ.4750 ORJTER.EQ SM 0O[LrrER.EQ.5250
7.OfrITER.EQ.5500.OR.rrIREQ.5750.OR.ITE.EQ.6000
s.oir1TEREQ.6250.0RLrIER.EQ.6500.OR.ITER.EQ.675o
9.O1LITB~EM7000 ORJSTOP.Gr o oiLTBAME.G.TAmTTHEN

WRrTE8,*YANUH0T -J,ANUHclT,' IHCAP1=-jtrcAP1
WRrME8*YANUCQD ---JANMaD,' 1{rCAP--!rrCAP
WRflE(S)' AGKSj- .AQPS,' AdHPT'AdHP
WRflES) ' ACHPB= 'AQPB. ASUB ARMB
W~ffE(S,*) 'AdHPSB- Aa',ASK, ACIIPST'AQIHPST

W~fE(8)' SUD- ,SUB,'AGAP ,AGAP
C

IF(FME.GE.1LAST.OR.lSEOP) THEN
WRrIE(&.*YRA-',RA,l PR=-IPR
WRflW8*)7L-ZI.RC=-ORC
WRJTE(8.*YRS-PR& XIMC-OXLHC

ENDIF
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ENDIF
C
C CHECK TO SEE WHETHER TO WRrIE DATA TO FILE

w(IEMPRTflv(fR))THEN
WRITE(7.*) XYZXU,YV,ZW,U,VW,PYT
iIPR-iIPR+i
WRrTE(8) -DATA WRITEN TO FILE FOR T1IME --JTR&

ENDIF
C
C SEE WHETHlER TMMESTEP SHOULD BE LENGTHENED
C

IF(rML.LE.3.AND.rrER.T. 1) THEN

DT-DT' 1.5
WRniE(8,*) TIME= ',TIM, TIME sre CHANGED TO DT =%DT

DT=DT'I.l
WVflE(B,*) TIME= ,TIMETIME STEP CHANGE TO DT ='DT
mm~

ENDIF
C

IFnMAE.cE.TLAST.ORISTO.GT.O) THEN
C GET A FIELD PRNTOUN AFrER ITERATIONS STOP
CALL PRINT
C WRrTE IN ORDER TO QJMMENCE NEW PROBLEM
WRIE(7,*) XY2,X,'W.WUYW.PT
WR1TE(8) 'DATA WRITEN TO FILE FOR TIME =,TME
C WRITE MAT=I OF CONDUM7VMTES TO A FILE FOR USE BY PLOT ROMrIE
DO 1122 I-1,Ll
DO 1122 J=1,M41
DO 1122 K-1,NI
IlF(PMAT(WQK.EQ.-l) THEN
PC0,JJC)RS
ELSEI(IMAATIJ.K).EQ I) THEN
PC(I.JJQ-RC
ELS(EN(IAT(IJK),BQ,2) THEN
PC(LJQRP

E SEI(IM4AT(LJK)JEQ.3) THEN

ELSEF(IAT(IJQK.EQ.4) THM4
PC(X)RL
M IF(IMAT(U.K)EQ.5) THEN
PC(LJK)-RG

M F(IMAT(IjK)EBQ.7) THEN

ELSE
PCQU,K)-1
ENDIF
1122 COINJINUE

REWM9D)
WRrrE9,*) PC



ENDEF
1121 FMMAT(F13.1,5G13.S)

REKUR

mEJIRY DWFF1S
EF (NF.BQ.4) RETURN
PW-24.0
RAmI. I5e3
RC-2360.0
RC-2360.0
RS-333.O
RP-266.O
RL-271.0
RR-0.42
RG-796.0
RMf-3900.O

DOSOMI-n.1.l
DO 500 K=1N1

C DIffUSlVITY FOR THE U.VOR WEQUJATONS
IF(IMAT(IJJQ.NE.0) THNN

C SET'DIFFSIVN TO A MHIG VALUE FOR ALL SCUlD REGIONS
GAM(JJK)-1OE15

GAM(IJJQ-tM~RA)**O.5

C DIFFUSIVITY FOR THE ENERGY EQUJATION
MF(NFEQS)THEN
IF(IhMAT(1K.BJ.Q.-l) THEN
GAKU~JJC)'S/(RAPR)4".5
aWF(JMAT(uLJIsQ. 1) 'THEN
GAbWU Ri(PR*RA)*0.5

M ~F(IMATO.LK)JEQ.2) THEN
GANWCX)mRP/(PR*RA)**0.5

EL F(IAT(LLK)EBQ.3) THEN
GAM(WQ.'RR/PR*RA)*00.3

H.l FQMhAT(IJLK.BQ.4)THEN
GAM(I4 IJCRi(FRORA)*.5

MSEF(IMAT(IJ.c)EQ.S) THEN
GAKU,K)wRci(JPR*RA)o%5

0 F(IM4AT(LJJQ.EQ.7)7THE

GAM(J,K?1I/(PR*RA)*0.S
ENDEF
C SPECIFY ZERO DIfFUSIVrMIE FOR THE ADIABATIC BOUNDARIES

GAMWt1,).O.0
GAM(LMI,K)m0.0
GAM(1JK)..0
GAM(I,N1)-O.O
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GANW~lJ)-0.0
ENDF
500 CwrnNUE

IF (NF.NE2.2AND. NF.NE.5) RETURN
C SOURCE 11MS ARE EVALUATED ONLY FOR INTRIO PODMr

DO 501 1-=,1
DO 501 J-.M2
DOS501 K-2.N2
IF(NF.EQ.2) THEN

C
C SOURCE TERM FOR X MO*AMETM
C
C INTERPOLATE TO GET THE VALUE OF TEMPERATURE AT THE CONTROL
C VOLUMIE
C NTRFWACE., SICE THE VELOCTrY U IS EVALUAIM AT THE ITRFWACE.
TM-Y~wr=LJJQ+FyJ)*T(LJ-1,KQ
CONI-Thi
C SUPPLY ONLY PART OF THE SOURCE TERM IN THE MOMNTMW EQ. TO
C AVOID
C DIVERGE4CE BEFORE 200 iTERATMOS
CON(UJJCK"LATQTER42)*CON`V200.*2

IF (rILGT.200ORJLAP.EQ.O )CON(LLK)=03N1
C
C SOURCE TERM FOR ENERGY EQUATION IN SLAB
C
ELSE

IF(IM4AT(LLK).EQ. I)THEN
CON(I4,)CI(RRA)**UMCJ"OjC**2
ENDIF

ENDIF
501 CONTI1NUE
RETURN
C

EN7RY NRCBAL
C

ANUC.D-0.0
HTCAPO0.0
DO 780 J=2,M
DO0780 K-ZMN

DO 770 l-2,L2
HTCAPCnAP+RHO(JK*XCV(I*YCVQ])*ZCV(K)*

I (rJLJK>I,(J,)YD'*(PR*RA)**IJ5
770 CONTINUE
ANUCQDANUQD+r2,jJQ-T(LJ,K)yOYCVQJ)*ZCV(KY

I (XDIF(Ll))
780 CONTINUE
C WR1TE(*,*)' HTCAP --,1fICAP.6 ANUCLD =PANUQCD
cpiuiAtANUCLDjfrCAP

ENBAL-ANUaLD.*rCAP-1
REWRN

END
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conUE
C WRrrE(,*'HTA irrOA-TiCAP. ANUC.D -=,ANLJCn

c rANUCLDJfrAP
ENBAL-ANUCLD+HTCAP.1
RETURN

END8
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