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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/cm’ and the capability to remove this heat flux is sorely challenged. Bar-Cohen
[Ref. 1]

Natural circulation air cooling was one of the first methods used to remove heat. The
advantages are obvious, air is virtually 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]




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




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 resuits 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] pl;esented ﬂov;r 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. 11] presented experimental




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 tk. . 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 1-1 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.




TABLE 1-1: THERMOPHYSICAL PROPERTIES OF SEVERAL LIQUIDS AT
ATMOSPHERIC PRESSURE (3M MANUAL) [REF. 15 ]
Perfluorinated Liquid Designation
Property FC-87 FC-72 FC-84 FC-75 Water
Boiling Point, 30 56 83 100 100
degrees C
Liquid Density, 1633 1680 1575 1590 958
p, kg/m3
Kinematic Viscosity, 4.20E-04 04 0.55 4.5E-04 2.70E-04
v, cs
Specific Heat. 1088 1088 1130 1172 4184
c.J/kgK
Thermal Conductivity, | 5.51E-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
B.X"
Dielectric Constant 1.71 1.72 1.71 1.75 78.00
Average molecular 288 338 388 438 18
weight, g/mole _

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 wail of 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
(i) 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




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 ALO, MgO Nitride

(AIN) (BN) (Si;Ny

Density, 3050* 2290" 3970" 3580° 3440°

p, kg/m3

Thermal Conductivity, 320° 2257 30" 48" 16 - 33"
k, WmK

Electrical Resistivity >10E12* >10E12* >10E12° >10E12* >10E12*

Q-m
$ Samsonov [Ref. 16], * Slack [Ref. 17],” Callister [Ref. 18), * Mutterties [Ref. 19)

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.




W

¢ 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.




0. 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 8% HP 820%A
> Conlrol Compuler o PCA Fan PS

HP 82064
o > Thermoesiectric Cooler PS
HP 3852A
(ws] Dats Acquistion Unit
o HP 300

o
(o] Control Computer

HP 82804 ,
Packeage PS BN 388 Clone
(am] Deta Anelysis Unit

—— Power
—— Signal

Figure 2-1: System arrangement and apparatus.




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 corner 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

channe! 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 I.D.
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

8 pin connector
l—é _——vent tube

B
o\ 0 /[ o
- /|

-

—1 wire bundle

— AT L . \ceromlc divider plate
/_{--tener sockets

H
NT\_CMP

Figure 2-3: Plan view, enclosure interior, cover removed.
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|

{

|

L |

’\

Ther lectric cool

Cold plate thermocouples

{

pme= Base thermocouples

Fluig

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 tumn 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

11




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 lid. 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 1 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. STUDIES WITH EXTERNAL EXCITATION

As will be discussed {ater, 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 packige, 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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Figure 2-5: Plan view, enclosure interior, cover removed, flow path illustrated.
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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 acrcss 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:

me
Power = =52 * Vpuciage

E. DATA ACQUISITION 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

mb/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,
prior 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.

18




l. 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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Figure 3-1: Power versus package to plate temperature difference, horizontal geometry.
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Figure 3-2; Power versus package to peak diode temperature, horizontal geometry.
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Figure 3-3: Power versus package to plate temperature difference, horizontal geometry.
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Figure 3-4: Power versus package to peak diode temperature, horizontal geometry.
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Figure 3-5: Power versus package to plate temperature difference, horizontal geometry.
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Figure 3-6: Power versus package to peak diode temperature, horizontal geometry.
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Figure 3-7: Power versus package to plate temperature difference, horizontal geometry.
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Figure 3-8: Power versus package to peak diode temperature, horizontal geometry.
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Power versus Temperature Difference - Vertical Geometry
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Figure 3-9: Power versus package to plate temperature difference, vertical geometry.
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Figure 3-10: Power versus package to peak diode temperature, vertical geometry.
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Power versus Temperature Difference - Vertical Geometry
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Figure 3-11: Power versus package to plate temperature difference, vertical geometry.
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Figure 3-12: Power versus package to peak diode temperature, vertical geometry.
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Figure 3-13: Power versus package to plate temperature difference, external excitation.
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Figure 3-14: Power versus package to peak diode temperature, external excitation.
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Figure 3-15: Power versus package to plate temperature difference, forced circulation.
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Figure 3-16: Power versus package to peak diode temperature, forced circulation.
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B. 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 vaniations. 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
AlN 44.0 micron 0.1 111 NA
AIN 5.0 micron 1.2§ 10.33 Full
BN 3.0 micron 0.17 0.39 Full
BN 0.7 micron 0.1 0.25 NA
Vertical Geometry
Light Medium Heavy
AIN 5.0 micron 5.07 10.33 Full
BN 3.0 micron 0.17 1.95 Full
External Excitation
Light Medium Heavy
BN 3.0 micron 0.22 1.22 NA
Forced Circulation
Light Medium Heavy
BN 3.0 micron 1.00 3.66 NA
All weights in grams
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1. Effect Of Particle Loading
While many of the particle types were tested at various loadings, three general
classifications, light, 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 135°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 sufiicient particles in contact with the plate, reduction in the heat transfer occurred.
2. Effect Of Geometry
Comparison of Figaries 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-surface interface temperatures. At low loadings, the surface

temperature of the packages is within several degrees of the substrate bottom temperature.

33




At a higher particle loading the difference approaches 10°C 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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Figure 3-17: Ra versus Nu for 3 micron BN
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Figure 3-18: Ra versus Nu for natural circulation runs.
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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. 20]. 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 diffusivities;
the SIMPLER algorithm for the velocity pressure coupling; and a fully 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,
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Z momentum;
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energy (fluid);
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The appropriate non-dimensional parameters are Ra = gBQl/Aavk, Pr=v/a, U =
wU,, V=v/U, W=wU_, U, =(gBQk)"” t=tUA, 8 = (T-T(Q/k), P = p/pU}, X =
XN, Y=xA,Z=21H=h/,L=1/,R=k/k, R=k/k, C.=(pc)/(pc,)and C =
(pc,)/(pc,), 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 =1 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;,00/0X=0,U=0,V=0,W=0
X=X;86=0,U=0,V=0,W=0

Y=0,X,;0/6Y=0,U=0,V=0,W=0
Z=0,X,;00/0Z=0,U=0,V=0,W=0

where X, = X/1.
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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.

XT

L
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é.ﬁ__ —

L
B

L

Figure 4-1: Numerical model package orientation and axis selection.

B. SOLUTION TECHNIQUE

The solution was obtained throughout the entire enclosure. The initial nondimensional
time step was selected to be At = 1 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 T = 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. 'lfhe 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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Figure 4-3: ZY velocity vectors for Ra = 1.15E3, in the Y - Z plane at X = 0.29. t = 959
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Figure 4-4: Isotherms for Ra = 1.13E7 in the X-Y plane at Z = 2.55. t = 959.
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Figure 4-5: XY velocity vectors for Ra = 1.13E7 in the X-Y plane at Z = 2.55. © = 959.

41




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 T = 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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Figure 4-7: ZY velocity vectors for Ra = 1.15E7, inthe Y - Z plane at X = 0.29. T = 3516.
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Figure 4-8: Isotherms for Ra = 1.15E7 in the X-Y plane at Z = 2.55. t = 3516.
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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 heat 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 a period of greater than six months, no damage had
been 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(1) MONITORS THE VOLTAGE DROP ACROSS THE
160 !! CHIP SET

170 1! O() MONITORS THE DIODE OHMS

180 !! T() ARE THE TEMPERATURES

190 1! T(0) IS THE AMBIENT

200 ! T(1-9) ARE THE CHIPS

210 !! T(10) IS NOT USED

220 !! T(11-14) ARE THE UNDER PLATE

240 !! T(16-17) ARE THE SIDE WALLS

250 REAL V(1),0(2).T(17)

260 REAL Vi(1,10),0t(2,10),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(1),0(2),T(16)"

320 OUTPUT 709;"CONFMEAS DCV,203-204,USE 700"
330 ENTER 709;V(*)

340 PRINT V(0),V(1),V(0)*V(1)/.101

350 Vt(0,J)=V(0)

360 Vit(1,J)=V(1)

370 Vt(0,10)=Vt(0,10)+V(0)

380 Vi(1,10)=Vt(1,10)+V(1)

390 OUTPUT 709;"CONFMEAS OHM,200-202,USE 700"
400 ENTER 709;0(*) A
410 Ot(0,J)=(7234.555-0(0))/19.9904

420 Ot(1,J)=(7241.029-0(1))/20.0697

430 Ot(2,J)=(7241.567-0(2))/20.0871

440 PRINT 0t(0,))

450 PRINT Ot(1,J)

460 PRINT Ot(2,))

470 0t(0,10)=0t(0,10)+O0t(0,J)

480 Ot(1,10)=0t(1,10)+0t(1,7)

490 Ot(2,10)=0t(2,10)+0t(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 FORI=0TO 16

530 ENTER 709;T(I)

540 [IF I<10 OR I>14 THEN 560
550 [IF T(I)>60 THEN BEEP

560 PRINT L,T(I)

570 T«ILD)=T{)

580 Tt(I,10)=Tt(I,10)+T(I)

590 NEXT1

600 Tave=0

610 FORI=10TO 13

620 Tave=Tave+T(I)

630 NEXTI

640 PRINT Tave/4

650 J=J+1

660 IF J=10 THEN 680

670 GOTO 320

680 PRINT Vt(0,10)/J

690 PRINT Vt(1,10)/]

691 Power=V1(0,10)*V1(1,10)/(.101*J*))
700 PRINT Power

710 V(0,10)=0

720 Vt(1,10)=0

730 PRINT 0Ot(0,10)/J

740 PRINT Ot(1,10)/)

750 PRINT Ot(2,10)/]

760 0t(0,10)=0

770 Ot(1,10)=0

780 Ot(2,10)=0

790 FORI=0TO 16

800 PRINT L Tt(LJ)/10

810 Tu(1J)=0

820 NEXTI

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+l

860 PRINTK

870 PRINT
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880 GOTO 290
890 END

B. DATA ACQUISITION PROGRAM

110! DATA COLLECTION FILE

120!t ENTER THE RUN TYPE

150 !! V(0) MONITORS VOLTAGE DROP ACROSS
160 !t THE PRECISION RESISTOR

170 !! V(1) MONITORS THE VOLTAGE DROP ACROSS THE
180 !! PACKAGES

190 !! O() MONITORS THE DIODE OHMS

200 ! T) ARE THE TEMPERATURES

210 ! T(0) IS THE AMBIENT

220 !! T(1-9) ARE THE CHIPS

230 "' T(10) IS NOT USED

240 !! T(11-14) ARE THE UNDER PLATE

250 !! T(15) IS THE PELTIER

260 ! T(16-17) ARE THE SIDE WALLS

270 REAL V(1),0(2),T(17),Ts

280 REAL Vit(1,10),0t(2,10),Tt(17,10)

290 PRINTER IS CRT

300 CLEAR SCREEN

310 PRINT "INPUT TARGET POWER LEVEL.: "
320 INPUT Pwr

330 Geom$="H - FC"

340 PRINTERIS 9

350 Fluid$="FC 75"

360 Ceramic$="3m BN"

370 Grams=3.66

380 PRINT "THIS RUN IS AT ";Pwr;" WATTS"
390 PRINT DATES(TIMEDATE), TIMES(TIMEDATE)

400 PRINT "THE FLUID IS: ";Fluid$;", ARRANGEMENT IS: ";Geom$

410 PRINT "THE CERAMIC IS: ";Ceramic$

420 PRINT "THE CERAMIC WEIGHT IS: ";Grams;" GRAMS"
430 J=0

440 OUTPUT 709,"RST"

450 OUTPUT 709;,"REAL V(1),0(2),T(16)"
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470
480
490
500
510
520
530
540
550
560
570
580
590

610
620
630
640
650
660
670
680
690
700
710
720
730

OUTPUT 709;"CONFMEAS DCV,203-204,USE 700"
ENTER 709,V(*)
PRINT V(0)
PRINT V(1)
PRINT V(0)*V(1)/.101
OUTPUT 709;"CONFMEAS OHM,200-202,USE 700"
ENTER 709;0(*)
PRINT (7234.555-0(0))/19.9904
PRINT (7241.029-0(1))/20.0697
PRINT (7241.567-0(2))/20.0871
OUTPUT 709;"CONFMEAS TEMPT,300-309,311-316,318 USE 700,INTO T"
OUTPUT 709,"VREAD T"
FOR I=0 TO 16
ENTER 709;T(I)
IF I<10 THEN 640
IF T(I)>60 THEN BEEP
IF I>13 THEN 640
Ts=Ts+T(I)
PRINT T(I)
NEXT I
J=i+1
IF J=10 THEN 690
GOTO 460
PRINT DATES(TIMEDATE), TIMES(TIMEDATE)
PRINT "DATA RUN ENDED "
PRINTER IS CRT
PRINT Ts/40
END

C. FLOWRATE COLLECTION PROGRAM

....................

110! FLOW METER CALIBRATION
120 !t F(0) MONITORS THE VOLTAGE ACROSS THE
130 ! FLOWMETER

140
150
160
170
180
190

REAL F(0)
REAL Ft(10)

PRINTER IS CRT

CLEAR SCREEN

PRINT "RHEOSTAT SETTING"
INPUT R
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200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430

450
460

r

J=0
OUTPUT 709,"RST"
OUTPUT 709;"REAL F(0)"
OUTPUT 709;"CONFMEAS DCV,205,USE 700"
ENTER 709:;F(*)
F(0)=F(0)*(-1.0)

PRINT "FLOW ":F(0)
Ft(J)=F(0)

FOR N=1 TO 2000

NEXT N

J=J+1

IF J=10 THEN 330

GOTO 210

PRINT "ELAPSED TIME"
INPUT Ti

PRINT “ML PUMPED"
INPUT Ml

PRINTER IS 9

PRINT "CALIBRATION"
PRINT "DIAL SETTING "R
FOR J=1 TO 10

PRINT Ft(J)

NEXTJ

PRINT "ELAPSED TIME *;Ti
PRINT "VOLUME (ML) "Ml
PRINTER IS CRT

END
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APPENDIX B

LIST OF RUNS
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Run Ceramic Size Load Power Orientation
Name Microns | Grams Watts
0_14 None NA NA 14 Horizontal
C0_12.5 None NA NA 12.5 Horizontal
CO0_11 None NA NA 11 Horizontal
C0_9.5 None NA NA 9.5 Horizontal
C0_8 None NA NA 8 Horizontal
A1_14 AIN 5 1.25 14 Horizontal
A1_125 AIN 5 1.25 12.5 Horizontal
A1_11 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
A2_125 AIN 5 2.52 12.5 Horizontal
A2_11 AIN 5 2.52 11 Horizontal
A2_9.5 AN 5 252 9.5 Horizontal
A2_8 AN 5 2.52 8 Horizontal
A3_115 AIN 5 5.07 115 Horizontal
A3_11 AN 5 5.07 11 Horizontal
A3_9.5 AN 5 5.07 9.5 Horizontal
E_B AIN 5 5.07 8 Horizontal
A4_113 AIN 5 10.33 113 Horizontal
4_11 AIN 5 10.33 1 Horizontal
Ad_9.5 AIN 5 10.33 9.5 Horizontal
5 10.33 Horizontal
3 . Horizontal
B1_125 BN 3 1.95 125 | Horizontal
B1_11 BN 3 1.95 1 Horizontal
B1_9.5 BN 3 1.95 9.5 Horizontal
iB1_8 BN 3 1.95 8 Horizontal
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Run Ceramic Size Load Power Orientation |

Horizontal

B2_125 BN 3 166 125 | Horizontal
B2_11 BN 3 .166 11 Horizontal
B2_9.5 BN 3 .166 9.5 Horizontal
B2_8 BN 3 .166 8 Horizontal
B3_14 BN 3 0.303 14 Horizontal
1B3_125 BN 3 0.303 125 | Horizontal
B3_11 BN 3 0.303 11 Horizontal
B3_9.5 BN 3 0.303 9.5 Horizontal
B3_8 BN 3 0.303 8 Horizontal
B4_14 BN 3 0.393 14 Horizontal
IB4_125 BN 3 0.393 125 | Horizontal
IB4_11 BN 3 0.393 11 Horizontal
B4_9.5 BN 3 0.393 9.5 Horizontal
B4_8 BN 3 0.393 8 Horizontal
BS_14 BN 3 0.016 14 Horizontal
IB5_125 BN 3 0.016 125 | Horizontal
IBS_11 BN 3 0.016 11 Horizontal
1B5_9.5 BN 3 0.016 9.5 Horizontal
B5_8 BN 3 0.016 8 Horizontal
B6_14 BN 3 0.054 14 Horizontal
B6_125 BN 3 0.054 125 | Horizontal
B6_11 BN 3 0.054 1 Horizontal
B6_9.5 BN 3 0.054 95 Horizontal
6.8 BN 3 0.054 8 Horizontal
B7_14 BN 3 0.097 14 Horizontal
IB7_125 BN 3 0.097 125 | Horizontal
B7_11 BN 3 0.097 11 Horizontal
B7_9.5 BN 3 0.097 9.5 Horizontal
B7_8 BN 3 0.097 8 Horizontal
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Run Ceramic Size Load Power Orientation
Microns

BN 3 0.115 14 Horizontal
1B8_125 BN 3 0.115 125 | Horizontal
B8_11 BN 3 0.115 11 Horizontal
IB8_9.5 BN 3 0.115 9.5 Horizontal
B8_8 BN 3 0.115 8 Horizontal
|89_14 BN 3 0.164 14 Horizontal
B9_125 BN 3 0.164 12.5 Horizontal
B9_11 BN 3 0.164 11 Horizontal
1B9_9.5 BN 3 0.164 9.5 Horizontal
B9_8 BN 3 0.164 8 Horizontal
D1_14 BN 3 0.05 14 Horizontal
ID1_125 BN 3 0.05 125 | Horizontal
D1_11 BN 3 0.05 11 Horizontal
ID1_9.5 BN 3 0.05 9.5 Horizontal
D1_8 BN 3 0.05 8 Horizontal
D2_14 BN 3 0.099 14 Horizontal
D2_125 BN 3 0.099 125 | Horizontal
D2_11 BN 3 0.099 11 Horizontal
ID2_9.5 BN 3 0.099 95 Horizontal
lnz_s BN 3 0.099 8 Horizontal
D3_14 BN 3 0.155 14 Horizontal
ID3_125 BN 3 0.155 125 | Horizontal
ID3_11 BN 3 0.155 11 Horizontal
ID3_9.5 BN 3 0.155 9.5 Horizontal
3 0.155 8 Horizontal

|48 | Horizontal

Horizontal

IE1_125 BN 0.051 125 | Horizontal
E1_11 BN 0.7 | 0.051 11 Horizontal
IE1_9.5 BN 0.7 | 0.051 9.5 Horizontal
[E1_8 BN 07 | 0.051 8 Horizontal
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Ceramic

Size

Load

Power

Orientation

Microns

. Horizontal
E2_125 BN 0.7 |0100 | 125 | Horizontal
E2_11 BN 0.7 |0.100 11 Horizontal
E2_9.5 BN 07 |0.100 9.5 Horizontal
E2_8 BN 0.7 | 0.100 8 Horizontal
E3_14 BN 0.7 |0.150 14 Horizontal
[E3_125 BN 07 |0.150 125 | Horizontal
IE3_11 BN 07 |0.150 11 Horizontal
E3_9.5 BN 0.7 |0.150 9.5 Horizontal
E3_8 BN 0.7 0.150 8 Horizontal
E4_14 BN 0.7 |0.248 14 Horizontal
[E4_125 BN 0.7 |0.248 12.5 Horizo~tal
E4_11 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
F1_14 AIN 44 0.049 14 Horizontal
F1_125 AN 44 | 0.049 12.5 Horizontal
F1_11 AIN 44 | 0.049 11 Horizontal
IF1_9.5 AN 44 |0.049 9.5 Horizontal
F1_8 AN 44 0.049 8 Horizontal
F2_14 AIN 44 0.103 14 Horizontal
F2_125 AIN 44 |0.103 125 | Horizontal
F2_11 AIN 44 (0103 11 Horizontal
IF2_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
IF3_125 AIN 44 | 0.207 125 Horizontal
F3_11 AN 44 | 0.207 11 Horizontal
IF3_9.5 AIN 44 |o0.207 9.5 Horizontal
F3_8 AIN 44 |0.207 8 Horizontal

58




Run Ceramic Size Load Power l Orientation
Microns Watts

F4_14 AIN 44 1.11 14 Horizontal
F4_125 AN 44 1.11 12.5 Horizontal
F4_11 AIN 44 1.11 11 Horizontal
IF4_9.5 AIN 44 1.11 9.5 Horizontal
F4_8 AN 44 1.11 8 Horizontal
VO_14 None NA NA 14 Vertical
VO0_125 None NA NA 12.5 Vertical
VO_11 None NA NA 11 Vertical
V0_9.5 None NA NA 9.5 Vertical
VO_8 None NA NA 8 Vertical
V3A_14 AIN 44 5.07 14 Vertical
V3A_125 AIN 44 5.07 12.5 Vertical
V3A_11 AIN 44 5.07 11 Vertical
V3A_9.5 AN 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 1 Vertical
V4A_9.5 AIN 4 10.33 9.5 Vertical
V4A_8 AIN 44 10.33 8 Vertical
VEA.8 | AN | 44 | ful | 8 | Vertical
V18_14 BN 3 1.95 14 Vertical
V1B_125 BN 3 1.95 125 Vertical
ViB_11 BN 3 1.95 11 Vertical
V1B_9.5 BN 3 1.95 9.5 Vertical
ViB_8 BN 3 1.95 8 Vertical
V2B_14 BN 3 .166 14 Vertical
V2B_125 BN 3 .166 125 Vertical
V2B_11 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
Microns
NA Excitation
[E1B_125 None NA NA 125 | Excitation
E1B_11 None NA NA 11 Excitation
B B_9.5 None NA NA 9.5 Excitation
E1B_8 None NA NA 8 Excitation
E2B_14 BN 3 0.22 14 Excitation
E2B_125 BN 3 0.22 12.5 Excitation
[E2B_11 BN 3 0.22 11 Excitation
E2B_9.5 BN 3 0.22 9.5 Excitation
E2B_8 BN 3 0.22 8 Excitation
'E3B_1 4 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 BN 3 1.22 8 Excitation
FC1B8_20 None NA NA 20 Forced
EC1B_14 None NA NA 14 Forced
FC1B_8 None NA NA 8 Forced
FC2B_20 BN 3 1.0 20 Forced
FC2B_14 BN 3 1.0 14 Forced
FC2B8_8 BN 3 1.0 8 Forced
FC38_20 BN 3 3.66 20 Forced
IFC3B_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(X, X,

X;), the uncertainty of F was calculated as:

SF = [(3:8%a)? + (-8X)? + (i

sx )2] 12

If the function F= K*X*,*X°,*X",, then the uncertainty was determined by:

= [(a%2)* + (02 + (%™

The properties of concemn:

T,.=23.9°C
T, .= 69.5°C

Q = 14.0 watts
p = 1654 kg/m’
B=0.00148 K™
¢,=1004 joule/kgK
v=4.603E-Tm%/s
a=3.585E-8m?%/s
k=0.058W/m*K
L=0.009 m
A=0.001137 m?
g=9.807 m/s*

o6T,,.=0.25°C
8T, = 0.25°C

8Q = 0.25 watts
8p = 4.54 kg/m’
3p=3.46E-6K™'
dc,=2.4 joule/kgK
dv=1.64E-8m’/s
da=1.26E-10m%/s
0k=4.30E-5 W/m*K
SL= 0.00009 m
8A=1.0E-4 m’

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
Q-L

Nu= G

Nu= 33.89

With the properties listed above 8Nu =2.36 or 6.97 %. The Rayleigh Number (Ra) is
dependent on B, c,, k, v, p and a, all of which vary with temperature for FC-75 [Ref. 21)

M= [+ + (U

B = 0.00246
= 1.82520.00246°T

cp=(0.2411+3.7037TE- 4 * T)
k=0.065-7.895E~5+T

= [1.4074—1.96E-2+T +3.8018E-4+ T2 -2731E- 6% T*+
8.168E -9 » T*] * 10-6

p = (1.825 - 0.00246 * T) * 100

= K
A = oy

Thus
B (@ U+ + @+ @+ B

where Ra = ‘f"‘; - Ra=9.93ES and 5Ra = 8.61E7 or 8.67%.
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APPENDIX D
NUMERICAL ANALYSIS

PROGRAM




CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

GOOOOOOOOOOOGP’OOOOGOOOOOOGO

A GENERAL PURPOSE FORTRAN PROGRAM FOR SOLVING THREE- §
DIMENSIONAL HEAT TRANSFER AND FLUID FLOW IN RECTANGULAR §
COORDINATES s

VERSION OF PROGRAM WHICH CAN USE LARGE ARRAYS FOR

FINER GRIDS AND DO USTEADY CALCULATIONS

CALCULATIONS FOR LARGE ARRAY VERSION ARE THE SAME AS THOSE
FOR THE LOWER DIMENSION PROGRAM EXCPET THAT

COEFFICIENTS FOR F.D. EQUATIONS ARE RECLALCULATED

RATHER THAN STORED AND REUSED LATER

THIS REQUIRES APPROXIMATELY 25 PERCENT MORE TIME FOR EXECUTION

DEVELOPED BY:
S.B. SATHE
CODE 69ST. DEPARTMENT OF MECHANICAL ENGINEERING
U.S. NAVAL POSTGRADUATE SCHOOL
MONTEREY, CA 93943
TEL: (408)646-2417
BITNET ADDRESS: 5140P@NAVPGS

MODIFIED FOR UNSTEADY OPERATION BY:

D. E. WROBLEWSKI

CODE 69WRO, DEPARTMENT OF MECHANICAL ENGINEERING
U.S. NAVAL POSTGRADUATE SCHOOL

MONTEREY, CA 93943

TEL: (408)-646-2465

Relaxation =0.4
c¢DT=1
C Tnought=0.75
CEPST=05
cRA=1.15¢3
C uses multiply logic for convergence
CCCCCCCCCCCCCCCCOCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCOCCCCCCeceece

oo 60AA

LOGICAL LSTOP
INTEGER*4 NOW(14)
OOMMON/CNTLALSTOP ICALL.ISTOP
LOGICAL LSOLVE LPRINT,LBLK,LSTOP
COMMON F(35,25,35,5)(35,25,35),RHO(35,25,35).GAM(35,25,35),
1 OON(35,25,35),AKP(35,25,35), AKM(35,25,35),AP(35, 25 35),
2 AIP(35,25,35),AIM(35,25,35),AJP(35,25,35), AJM(35,25,35)
COMMON deihy(35,25,35),delhi(35.25.35),epsi(35,25,35),
3 X(35),XU(35).XDIF(35),XCV(35) XCVS(35),tk.cp.alatent,
4 Y(35),YV(35). YDIF(35), YCV(35), YCVS(35),tmelt, tprev(35,25,35),
5 Z(35),ZW(35).ZDIF(35),ZCV(35) ZCVS(35),ap0(35,25,35),
6 YCVR(35).YCVRS(35), ARX(35), ARXI(35), ARXIP(35).ap1 (35.25,35),
7R(35),RMN(35).SX(35), SXMN(35), XCVI(35)XCVIP(35),
8 YCVI(35),YCVIP(35),ZCVK(35),ZCVKP(35) 5(35,25,35)
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OOMMON DU(35,25,35).DV(35.25,35),DW(35.25.35).FV(35) FVP(35),
1 FXGS)FXM(35) FY(35)FYM(35).PT(35).QT(35),TOLD(35.25.35),
2 FZ(35)FZM(35), VHAT(35,25.35), WHAT(35.25.35).UOLD(35.25.35)
COMMON/INDX/RELAX(13),LPRINT(13),LBLK(1 1) NTIMES(10).
1LSOL VE(10), TIME,DT XL, YL.ZL.S,RHOCON.ZERO, TLAST,

2NF NFMAXNP,NRHONGAM L 11213 M1 M2 M3 N1,N2 N3,
3ISTJSTKST.ITERLAST,

4IPREF JPREF XPREF MODE

COMMONHEADIN/TITLE

CHARACTER*10 TITLE(13)
COMMON/CNTL/LSTOP. ICALL ISTOP
COMMON/CONVI/EPSU.EPSV EPSW EPST ICONV.ITER1.T0(35.25.35).ENBAL.
1 U0(35.25,35),V0(35.25,35), W0(35.25,35),ITERL
COMMON/RESID/RMAX(13),IRESID
COMMON/SORC/SMAX SSUM
common/force/xforoe(35,25,35),yforce(35,25,35),zforce(35.25.35)
COMMON/COEF/FLOW DIFF, ACOF

DIMENSION U(35.25.35),V(35,25.35),W(35.25.35).PC(35.25.35)
DIMENSION T(35.25.35)

EQUIVALENCE(F(1.1,1,1),U(1.1, )).(F(1,1,1.2),V(L,1.1),

1 (F(1,1,1.3),W(L. L, 1))(F(1.1.1,4)PC(1,L1)
2 (F(1L.1,1,5).T(1,1,1)

C

open(16 file="povord)
open(20,file="prhos)

ISTOP=0
CALL MESH
CALL GEOMET
CALL BEGIN

10 CALL VARRHO

19999 FORMAT( LSTOP="12)

CALL BNDRY
CALL PRTOUT
CALL INCRV
IF(LSTOP) THEN

WRITE(*,19999) ISTOP
STOP

ENDIF
CALL OOEFF
GOTO 10

IF(FLOW EQ0) RETURN
TEMP=DIFF-ABS(FLOW)*0.1




ACOF=0.
IF(TEMP.LE.0.) RETURN
TEMP=TEMP/DIFF
ACOF=DIFF*TEMP**5
RETURN
END
CCCCCCCCCCCCCCCCCCCccceccccoccceccccccccccccccoccccccecceccec
SUBROUTINE TDMA
CCCCCCCCCCCCCCccccccecocccceccccoccceccccccccceccccccceececcececce
LOGICAL LSOLVE,LPRINT,LBLK LSTOP
COMMON F(35,25,35,5),P(35,25.35),RHO(35,25.35).GAM(35.,25.35).
1 CON(35.25,35),AKP(35,25,35), AKM(35,25,35).AP(35,25.35),
2 AIP(35,25,35),AIM(35,25,35), AJP(35,25,35),ATM(35,25,35)
COMMON delh(35.25,35),delh0(35,25,35).cpsi(35.25.35),
3 X(35),XU(35),XDIF(35), XCV(35),XCVS(35),tk.cp.alatent,
4 Y(35),YV(35), YDIF(35),YCV(35), YCVS(35),tmelt tprev(35,25,35),
5 Z(35).ZW(35).ZDIF(35).ZCV(35),ZCVS(35),ap0(35,25,35).
6 YCVR(35),YCVRS(35),ARX(35),ARXK35),ARXIP(35),2p1(35.25,35).
7 R(35),RMN(35),SX(35),SXMN(35), XCVI(35), XCVIP(35),
8 YCVI(35),YCVIP(35),ZCVK(35),ZCVKP(35),5(35,25,35)
COMMON DU(35.25,35),DV(35,25,35),DW(35.25,35).FV(35).FVP(35),
1 FX(35)FXM(35).FY(35)FYM(35),PT(35)QT(35), TOLD(35,25.35),
2 FZ(35),FZM(35),VHAT(35,25,35), WHAT(35,25,35),UOLD(35,25,35)
COMMONINDX/RELAX(13) LPRINT(13),LBLK(11),NTIMES(10),
1ILSOLVE(10), TIME DT XL, YL Z1..S RHOCON,ZERO, TLAST,
2NFNFMAX NP NRHONGAML1,12 L3 M1 M2 M3 ,N1,N2 N3,
3IST, ST KSTITER LAST,
4IPREF JPREF KPREF MODE
DIMENSION D(35), VAR(35), VARM(35), VARP(35),PHIBAR(35)
common/force/xforoe(35,25,35),yforoe(35,25,35),zforce(35,25,35)
OCOMMONHEADIN/TITLE
CHARACTER®10 TTTLE(13)

(6600000800006000000000600050000000000000000000008000008000)
OCOMMON/COEF/FLOW DIFF ACOF
ISTF=IST-1
JSTF=JST-1
KSTF=KST-1
IT1=L2+ST
IM2=L3+ST
JT1=M2+JST
JT2=M3+JST
KT1=N2+KST
KT2=N3+KST

NTSSS=NTIMES(NF)
cprint* NF NTSSS

DO 999 NT=1 NTSSS

DO 391 N=NFNF

C
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C

IF(NOT.LBLK(NF)GO TO 60

60 CONTINUE
COMMENCE TDMA LINE BY LINE SWEEPS FOR SOLUTION

C

DO 90 K=KST N2

DO 90 =JSTM2

PT(ISTF)=0.

QTASTFFF(ISTFIKN)

DO 70 =IST,L2

DENOM=AP(LJK)-PT(I-1)*AIM(L] K)

PT(=AIP(L) KYDENOM

TEMP=CONLI X)+AJPLJ K FLH LK NFAIMU K FLI-LKN)
1 +AKPLIK)*F(LIK+I N+ AKM(LLK)*F(LJK-LN)
QTrO~TEMP+AIM(LIX)*QT(1-)YDENOM

70 CONTINUE

DO 80 O=IST,L2
I=[T1-1I

80 FILIK.Ny=F(I+1 JK N)*PT@O+QT(D)
90 CONTINUE

DO 190 KK=KST.N3

K=KT2KK

DO 190 I}=JSTM3

}=IT2-1]

PTASTF)=0.

QTASTFF(STFJK.N)

DO 170 I=IST12

DENOM=AP(LK)-PT(-1)*AIM(LJ K)

PT(=AIP(L) XYDENOM

TEMP=CON(LJ K+ AP K)*F(LH+ L KN+AIMLLK*F(LJ-1. KN)
1 +AKPAIK)Y*F(LIK+1 N+ AKMLIK)*FLJK-LN)
QT@~TEMP+AIM(LJ K)*QT(I-1)) DENOM

170 CONTINUE

DO 180 I=IST L2
=TI

180 FLJ KNPF(I+ LK N*PTOHQT(®)
190 CONTINUE

C

p4,1

DO 290 I=IST 1.2

DO 290 K=KSTN2

PTUSTF)=0.

QTUSTR=FIISTFK.N)

DO 270 J=ISTM2

DENOM=AP(LJ K)-PT(-1)* AIM(LI K)

PTU)y=AJP(LJKYDENOM

TEMP=CON(LI K)*+AKP(LJ K)*F(L) K+1,NF+AKM(LI K)*F(L] K-1.N)

1 +AIPLIK)*F(I+ 1L JKNFAIMLLK)*F(I-1LJ K.N)

QTUy~TEMP+AIM(LIK)*QT(-1)YDENOM
CONTINUE

DO 280 J}=JSTM2




F=IT1-J)

280 FLIKNFF(LH LKNPPTO+QT()
290 CONTINUE

C

DO 390 0=IST.L3

I=m2-I

DO 390 KK=KST.N3

K=KT2KK

PT(STFF0.

QTUSTRF(LISTFK.N)

DO 370 J=ISTM2

DENOM=AP(LIK)-PT(-1)*AIM(LIK)
PT(J)=AJP(LJKYDENOM
TEMP=CON(LIK)+AKPLIK)*F(LLK+ L NyFAKM(LILK)*F(LLK-LN)
1 +AIP(LI K)*F+1LJKNFAIMII K)*F(-1JKN)
QTy=TEMP+AIM(LIK)*QT(-1)YDENOM

370 CONTINUE

DO 380 JI=ISTM2
F=ITl-I

380 FLJ K N=FLI+ LK N?*PTOQT()
390 CONTINUE

C

DO 490 J=ISTM2
DO 490 I=IST.L.2

PT(KSTF)=0.

QTKSTF=F(LJKSTF.N)

DO 470 K=KSTN2

DENOM=AP(LJK)-PTK-1)*AKM(LJK)

PTK)y=AKP(LJ KYDENOM

TEMP=CON(LI K)+AIPLI K)*F(1+ LLKNFAIMLI K)*F(I-1LLKN)
1 +AJPLIK)* FLHLKNFAIMLIKY*FL-LKN)
QT(K)<TEMP+AKM(LI K)*QT(K-)YDENOM

470 CONTINUE

DO 480 KK=KST N2
K=KT1KK

480 FLJLK Ny=F(LI K+1LNY*PTKHQT(K)
490 CONTINUE

C

DO 590 JI=ISTM3

J=JT2-1]

DO 590 [I=IST.L3

=

PT(KSTF)=0.

QTKSTP~F(LIKSTFN)

DO 570 K=KSTN2

DENOM=AP(L) K)-PT(K-1)*AKM(LJ K)

PT(Ky=AKP(LJ KYDENOM
TEMP=CON(LIK)+AIPALIK)*F(+1JK.NFAIMLIK)*F(-1LJK.N)
1 +APLI K FLHLKNFAIMLI K *FL-LKN)
QT(K)=(TEMP+AKM(LJ K)*QT(K-1)YDENOM

570 CONTINUE

69




DO 580 KK=KST.N2
K=KT1KK
580 F(LJK.NPFLIK+1LNy*PTEKIQT(K)

590 CONTINUE
C
391 CONTINUE
C
999 CONTINUE
call reset
retum
end

subroutine RESET

LOGICAL LSOL VE LPRINT LBLK LSTOP

COMMON F(35.25,35.5).P(35.25,35) RHO(35.25.35).GAM(35.25.35).

1 CON(35.25.35),AKP(35,25,35). AKM(35,25,35),AP(35,25,35),
2 AIP(35,25,35).AIM(35.25.35),AJP(35,25.35),ATM(35.25.35)

COMMON delh(35,25,35).delh0(35,25,35).epsi(35,25.35),
3 X(35).XU(35),XDIF(35) XCV(35),XCVS(35),tk.cp,alatent,
4 Y(35),YV(35),YDIF(35),YCV(35), YCVS(35),tmelt tprev(35,25,35),
5 Z(35).ZW(35),ZDIF(35),ZCV(35).ZCVS(35),ap0(35.25,35).
6 YCVR(35), YCVRS(35),ARX(35),ARXJ35)ARXJIP(35),2p1(35.25,35).
7 R(35),RMN(35).SX(35),SXMN(35),XCVI(35), XCVIP(3S),
8 YCVI(35), YCVIP(35),ZCVK(35),ZCVKP(35).5(35,25,35)
COMMON DU(35,25,35),DV(35,25,35),DW(35,25.35)FV(35).FVP(35).
1 FXQ$)FXM(3S)FY(35),FYM(3S),PT(35).QT(35), TOLD(35,25,35),
2 FZ(35)FZM(35), VHAT(35,25,35), WHAT(35,25,35),UOLD(35.25.35)
COMMON/INDX/RELAX(13),LPRINT(13),LBLK(1 1) NTIMES(10),
ILSOLVE(10), TIME,DT XL, YL.ZL.S,RHOCON ZERO,TLAST,
2NFNFMAXNPNRHONGAML1,L.2 L3 M1 M2 M3 N1 N2 N3,
3ISTJSTKST.ITERLAST,
4IPREF JPREF KPREF MODE

COMMONMHEADIN/TITLE

CHARACTER*10 TITLE(13)

COMMON/CNTL/LSTOP ICALL,ISTOP

COMMON/CONV I/EPSU EPSV,EPSW EPST JOCONV,ITER] 10(35,25,35),&43.41..
1 U0(35,25,35), VO(35,25,35), W0(35,25,35),ITERL
COMMONRESID/RMAX(13)IRESID
common/force/xioroe(35,25,35),yforce(35,25,35),zloroe(35,25,35)
COMMON/SORC/SMAX SSUM

COMMON/COEF/FLOW DIFF ACOF

DIMENSION U(33,23,35),V(35,25,35), W(35,25.35),PC(35.25,35)
DIMENSION T(35,25,35)
EQUIVALENCE(F(LL L1 U(L L D)(F(L1.1.2), V(L L 1)),

1 (F(LL13)W(L LD).(F(LL1LAPCA L)

2 (FLLLST(AL))

DO 400 K=2, N2

DO 400 J=2 M2




DO 400 I=2,12
CONLIK)0.
AP(LJK)=0.
$00 CONTINUE
RETURN
END
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCececcececcceccececcccccceccccececcce
SUBROUTINE FORM
CCCCCCCCCCCCCCCCCCeCeccceccecccecceccecccccocceeccecceccceceeccce
LOGICAL LSOLVE.LPRINT LBLK LSTOP
COMMON F(35,25,35,5)P(35.25,35),RH0O(35,25,35). GAM(35,25.35),
1 CON(35,25,35),AKP(35,25.35). AKM(35,25.35) AP(35,25.35),
2 AIP(35.25,35), AIM(35,25,35),AJP(35,25.35),AJM(35,25.35)
COMMON delh(35,25,35).deth((35.25,35),epsi(35,25.35),
3 X(35).XU(35).XDIF(35),XCV(35),XCVS(35).tk.cp.alatent,
4 Y(35).YV(35).YDIF(35).YCV(35), YCVS(35).tmeit.tprev(35,25,35),
5 Z(35),ZW(35).ZDIF(35).ZCV(35).ZCVS(35).ap0(35,25.35),
6 YCVR(35),YCVRS(35).ARX(35).ARXJ(35), ARXJP(35),3p1(35,25.35).
7 R(35),RMN(35),SX(35), SXMN(35) XCVI(35) XCVIP(35),
8 YCVI(35),YCVIP(35).ZCVK(35),ZCVKP(35),5(35,25,35)
COMMON DU(35.25,35).DV(35,25,35),DW(35,25,35) FV(35),FVP(39),
1 FX(35)FXM(35).FY(35).FYM(35),PT(35).QT(35), TOLD(35.25 35).
2 FZ(35)FZM(35),VHAT(35,25.35), WHAT(35,25,35),UOLD(35,25.35)
COMMON/INDX/RELAX(13),LPRINT(13),LBLK(11),NTIMES(10),
1LSOLVE(10),TIME DT XL, YL.ZL.SRHOCON,ZERO, TLAST,
2NF NFMAX NP NRHONGAML112 L3 M1 M2 M3 N1 N2 N3,
3ISTJST KST.ITER LAST,
4IPREF JPREF KPREF MODE
COMMONHEADIN/TITLE
CHARACTER*10 TITLE(13)
COMMON/CNTL/LSTOP ICALL ISTOP
COMMON/CONV /EPSU EPSV, EPSW EPST JCONV ITER1,T0(35,25,35),ENBAL.
1 U0(35,25,35), VO(35,25,35), WO(35,25,35),ITERL
COMMON/RESID/RMAX(13),IRESID
COMMON/SORC/SMAX.SSUM
COMMON/COEF/FLOW DIFF, ACOF
DIMENSION U(35,25,35),V(35,25,35), W(35,25,35),PC(35,25,35)
commony/Joroe/xforce(35,25,35),yloroe(35,25,35), zforce(35,25,35)
DIMENSION T(35,25,35%)
EQUIVALENCE(F(1, 1,1, 1), U(L L N)F(L,1,1,2), V(L,1,1)),
1 (F(L1,1,3),W(L L D)(F(L,1,1,4),PC(1,1,1))
2 (FLLLST(LL)
1 FORMAT(15X,'/COMPUTATION IN CARTESIAN COORDINATES)
2 FORMAT(15X,'OOMPUTATION FOR AXISYMMETRIC SITUATION)
3 FORMAT(15X,'COMPUTATION IN POLAR COORDINATES)
4 FORMAT(14X 40(1H*),/)
retum
end

C
OOME HERE TO CALCULATE GRIDS SPECIFICATION
7




subroutine GEOMET

oNe

LOGICAL LSOLVELPRINT | BLK LSTOP
COMMON F(35.25,35,5).P(35.25,35).RHO(35.25,35).GAM(35,25.35).

1 CON(35.25.35),AKP(35.25,35).AKM(35.25.35).AP(35.25.35).

2 AIP(35.25.35),AIM(35.25.35).AJP(35.25.35).AMM(35,.25.35)
COMMON delh(35.25.35).delh0(35,25,35).epsi(35.25.35),

3 X(35) XU $5)XDIF(35).XCV(35).XCVS(35).k cp.alatent.

4 Y(35).YV(35).YDIF(35).YCV(35), YCVS(35).tmelt.tprev(35,25,35),

5 Z(35).ZW(35).ZDIF(35).ZCV(35).ZCVS(35).ap0(35.25.35).

6 YCVR(35).YCVRS(35).ARX(35),ARXJ(35).ARXJP(35).ap1(35.25.35),

7 R(35).RMN(35),SX(35).SXMN(35).XCVI(35). XCVIP(35),

8 YCVI(35).YCVIP(35).ZCVK(35).ZCVKP(35).51(35.25,35)
COMMON DU(35.25.35).DV(35,25,35).DW(35.25.35).FV(35) FVP(35).
1 FX(35).FXM(35).FY(35).FYM(35).PT(35).QT(35), TOLD(35.25.35).

2 FZ(35)FZM(35),VHAT(35,25.35), WHAT(35.25.35),UOLD(35.25.35)
COMMON/INDX/RELAX(13),LPRINT(13),J.BLK(11),NTIMES(10),
ILSOLVE(10), TIME. DT XL, YL.ZL.S RHOCON .ZERO.TLAST,
2NF.NFMAX NP NRHONGAML1.L2 L3 MIM2 M3 NI.N2N3,
3ISTJST KST.ITERLAST,
4IPREF,JPREF KPREF MODE
COMMONHEADIN/TITLE
CHARACTER*10 TITLE(13)

COMMON/CNTL/ALSTOP ICALL.ISTOP

COMMON/CONVI/EPSU EPSV EPSW.EPST JCONV ITER1,T0(35,25,35),ENBAL,
1 U0(35.25,35),V0(35,25,35),W0(35,25,35),ITERL
COMMON/RESID/RMAX(13),IRESID
common/force/xforce(35,25,35),yforoe(35,25,35), zforce(35,25,35)
COMMON/SORC/SMAX,SSUM
COMMON/COEF/FLOW DIFF ACOF

DIMENSION U)(35,25,35),V(35,25,35), W(35,25,35),PC(35,25.35)
DIMENSION T(35,25,35)
EQUIVALENCE(F(1,1,1,1),U(1,1,1)),(F(1,1,1,2),V(1,1,1)),

1 (F(L1,13),W(LL1))F(1,1,1.4),PC(1,1,1))

2 LF(LLLS.T(LL,1)

1 FORMAT(15XCOMPUTATION IN CARTESIAN COORDINATES)
2 FORMAT(15X'COMPUTATION FOR AXISYMMETRIC SITUATION')
3 FORMAT(15X'COMPUTATION IN POLAR OOORDINATES)
4 FORMAT(14X 40(1H*)./)

L2=L1-1
L3=12-}
M2=M]1-1
M3=M2-1
N2=N1-1
N3=N2-]
X(D)=XU(2)
DOSI=2L2
5 X(Iy=0.5*(XU+1)+XU(D)
XLIFXULD




F

Y()=YV(2)
DO 10 =2 M2

10 Y()R0.5*(YV(IH+ 1)+Y V()
YMIFYVMI)

UL=ZW(Q)
DO 7K=2,N2

7 UKy=0.54ZWEK+1)+ZW(K))
IUN1=ZW(NL)

C_—..
DO 15SI=2L1

15 XDIF(D=XT)-X(-1)
DO I8I=212

18 XCVIREXUI+1)y-XU(D)
DO201=3L2

20 XCVS(=XDIF(T)
XCVSQG)E=XCVSQ)y+XDIF(2)
XCVSIL2=XCVS(L2y+XDIF(L1)
DO22I1=3L3
XCVI(=0.5*XCV()

22 XCVIPQE=XCVI(D
XCVIPQ)E=XCV(2)
XCVII2=XCV(2)

DO 175K=2Nl

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

178 ZCVK)=ZW(K+1)-ZW(K)
DO 270 K=3,N2

270 ZCVS(K)=ZDIF(K)
ZCVS()y=ZCVSQG)+ZDIF(2)
ZCVS(N2y=ZCVS(N2)+ZDIF(N1)
DO272K=3N3
ZCVKK)0.5*ZCV(K)

272 ZCVKPK)=ZCVK(K)
ZCVKPQRFZCV(2)
ZCVK(N2=ZCV(N2)

DO 35 J=2 M1

35 YDIFO=Y{)-Y(-1)
DO 40 J=2M2

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

45 YCVS(=YDIF())
YCVS@)y=YCVSQ3)+YDIF(2)
YCVS(MM2)=YCVS(M2)+YDIF(M1)
DO 277 =3 M3
YCVI()y=0.5*YCV()

277 YCVIP(y=YCVX))
YCVIPQEYCV(R)
YCVIM2=YCV(M2)
IF(MODE.NE.1) GO TO 55
DO 52 F=1MI
RMN(J)=1.0




52 RU)=1.0
GOTO 5%
55DO 50 J=2 M1
50 R()=R(J-1y+YDIF())
RMNQ)=R(1)
DO 60 J=3M2
60 RMNUY=RMN(-1}+YCV(-1)
RMNMD=RM1)
56 CONTINUE
DO 57 J=1Mi
SX()=1.
SXMN()=1.
IF(MODE.NE.3) GO TO 57
SX(JFR(J)
IF(J.NE. 1) SXMN()=RMN()
57 CONTINUE
DO 62 J=2M2
YCVRUF=RM*YCV()
ARX(JF=YCVR(D)
IF(MODE.NE.3) GO TO 62
ARX(J=YCV()
62 CONTINUE
DO 64 J=4 M3
64 YCVRS(J)=0.5*R(Iy*+R(J-1))*YDIF())
YCVRSG)=0.5*RG)Y+R(1))*YCVS(3)
YCVRS(M2)=0.5*RMIy+RM3))*YCVSM2)
IF(MODE.NE.2) GO TO 67
DO 65 J=3M3
ARXI(J)=0.25*(1 +RMN(UYR())* AP X(J)
65 ARXIP()=ARX(J)-ARXI()) :
GOTO68
67D0 66 J=3M3
ARXI(J)=0.5*ARX())
66 ARXIP(=ARXJ())
68 ARXIPQ2)=ARX(2)
ARXJM2)=ARX(M2)
DO 70 J=3M3
FV(Jy=ARXIP(JYARX())
70 FVP()=1-FV())
DOS8S =312
FX@=0.5*XCV(-1yXDIF()
85 FXM(D=1.FX()
FXQ2)=0.
FXMQ2)=1.
FXL1)=1.
FXM(L1)=0.
DO 90 J=3M2
FY(y=0.5*YCV(-1yYDIF())
90 FYM(J)=1.FY())
FY(2)=0.
FYMQ)=1.
74




FYMD=1.
FYMMI1)=0.
DO87K=3N2
FZ(K)=0.5*ZCV(K-1yZDIF(K)

87 FZMK)=1.-FZ(K)
FZQ)y=0.

FIMQ)=1.
FZNN1)=1.
FZM(N1)=0.
CON,AP,U.V.RHOPC AND P ARRAYS ARE INITIALIZED HERE
DO 95 K=1.N1
DO 95 J=1M1
DO95I=1L1
ULJK)=0.
V(LIK)=0.
WLIK)=0.
DULIK)=0.
DV(LIK).
DW(LIK)=0.
CON(LIK)=0.
AP(LJK)=0.
RHO(LJ Ky=RHOCON
PLIK)=0.
AIP(LJK)-0.
AJPLIK)~0.
AKP(LJK)=0.
AIM(LJK)=0.
AMLIK0.
AKM(LJK)=0.
PCLIK)0.
CONLIK)0.

95 CONTINUE
IF(MODE.EQ.1) PRINT |
IF(MODE.EQ.2) PRINT 2
IF(MODE.EQ.3) PRINT 3
PRINT 4
RETURN
end

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

subroutine COEFF

LOGICAL LSOLVE,LPRINT LBLK LSTOP
OOMMON F(35,25,35,5)P(35,25,35) RHO(35,25,35).GAM(35,25,35),
1 CON35,25,35),AKP(35,25,35), AKM(35,25,35),AP(35,25,35),
2 AIP(35,25,35), AIM(35,23,35),AJP(35,25,35), AIM(35,25,35)
COMMON deih(35,25,35),delh0(35,25,35),epsi(35,25,35),
3 X(35)XU(35),XDIF(35),XCV(35),XCVS(35), tk cp,alatent,
4 Y(35),YV(35).YDIFG5), YCV(35), YCVS(35),tmelt tprev(35,25,35),
5 Z(35)ZW(35)ZDIF(35),ZCV(33) ZCVS(35),ap0(35,25,35),
75
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6 YCVR(35), YCVRS(35).ARX(35). ARXJ(35).ARXJP(35).ap1 (35.25.35).
7 R(35),RMN(35),SX(35).SXMN(35).XCVI(35).XCVIP(3$).
8 YCVI(35), YCVIP(35).ZCVK(35).ZCVKP(35).5(35.25.35)
COMMON DU(35,25,35).DV(35.25.35).DW(35,25.35).FV(35) FVP(35).
1 FX(35).FXM35).FY(35).FYM(35).PT(35).QT(35), TOLD(35.25.35),
2 FZ(35),FZM(35), VHAT(35.25,35), WHAT(35.25,35),UOLD(35,25.35)
COMMON/INDX/RELAX(13).LPRINT(13),LBLK(1 1) NTIMES(10).
ILSOLVE(10),TIME.DT XL,YL ZL.S,RHOCON ZERO.TLAST,
2NF.NFMAX NP.NRHONGAM.L1.L213MiI M2 M3.N1.N2 N3,
3ISTJSTKST,ITER LAST.
4IPREF JPREF KPREF MODE
COMMONMHEADIN/TTTLE
CHARACTER*10 TITLE(13)
COMMON/CNTL/LSTOP,ICALL ISTOP
COMMON/CONV I/EPSU EPSV EPSW EPST.ICONV,ITER1.T0(35,25.35) ENBAL,
1 U0(35,25,35).V0(35,25.35), W0(35,25.35),ITERL
COMMON/RESID/RMAX(13),IRESID
commonv/foroe/xforoe(35.25.35).yforce(35.25.35).zforce(35.25,35)
COMMON/SORC/SMAX.SSUM
COMMON/COEF/FLOW,DIFF, ACOF
DIMENSION U(35.25,35),V(35,25.35), W(35.25.35).PC(35.25.35)
DIMENSION T(35.25,35)
EQUIVALENCE(F(L,1,1,1),U(1, L1)).(F(1,1,1,2), V(1. 1.1)),
1 F(1,1,1.3).W(1,1,D)),F(1,1,1,9),PC(1,1,1)
2 (F(LL1,5).T(L,LD)
C
C START OF ITERATION LOOP FOR EACH TIMESTEP
C

PRS2 2Ll 2

99 CONTINUE
ICALL=1
C
C CALL UCOF, VOOF, AND WOOF TO FIND UHAT, VHAT WHAT
CALL UCOF
CALL VOOF
CALL WCOF
C
C CALL PCOF TO CALCULATE PRESSURE EQN. COEF.
IF(.NOT.LSOLVE(NF)) GO TO 500
CALL PCOF
IFATERLE.1) GO TO 409
DO 408 K=2N?
DO 408 =2 M2
DO 408 =212
AP(LI Ky=AP(LI KYRELAX(NP)

" CON(LJK)y=CON(LIKyH(1-RELAX(NP))*AP(LJ K)*P(I K)
408 CONTINUE

409 CONTINUE
NF=4
CALL TDMA
76




C
C CALCULATEU*
C
ICALL=2
CALL UCOF
NF=1
IST=3
IST=2
KST=2
DO413K=2N2
DO413 }=2.M2
DO4131=312
413 CON(LJ K=CON(J K +DULJ K)* ARLIK)*(P(-1,J. K)-P(1.J K))
C
C SAVE OLD VALUES OF U FOR CONVERGENCE CHECKING
C
DO 704 I=1,L1
DO 704 J=I M1
DO 704 K=1,N1
UOLD(LJ KU K)
704 CONTINUE
C
CALL TDMA
C
C CALCULATE v*
C
CALL VOOF
NF=2
IST=2
IST=3
KST=2
DO 513 K=2N2
DOSsI3 =212
DO 513 =3, M2
CON(LJKy=OONLI K)+D V(LI K)*AP(L] K)*(P(LI-1 K)-P(LI K))
513 continue
C SAVE OLD VALUES OF V FOR CONVERGENCE CHECKING (TEMP STORE IN VHAT)
C
DO7141=1L1
DO 714 =1 M1
DO 714 K=I NI
VHAT@LJKy-V(LIK)
714 CONTINUE
CALL TDMA
C
C CALCULATE W*
C
CALL WCOF
NF=3
IST=2
JST=2




KST=3

DO 523 =2 M2

DO 523 I=2)12

DO 523 K=3,N2

CONLJ K)=CONLIK+DW(J Ky*AP(LJ K)*(PLJK-1)P(LIK))
523 oontinue

C
C SAVE OLD VALUES OF W FOR CONVERGENCE CHECKING (TEMP STORE IN WHAT)
C
DO724 =111
DO 724 I=1 M1
DO 724 K=1.N1
WHAT@LIK)F=W(LIK)
724 CONTINUE
CALL TDMA
C
COEFFICIENTS FOR THE PRESSURE CORRECTION EQUATION———
c
CALL PCOF
NF=4
IF(NOT LSOLVE(NF)) GO TO 500
IST=2
IST=2
KST=2
CALL DIFFUS
SMAX=0.
SSUM=0.
C WRITE(**)'P: COEFF 2'
DO 410K=2N2
DO 410 J=2M2
DO4101=212
VOL=YCV(J)*XCV(I)*ZCV(K)
410 CON(LJ K=CON(LJ K)*VOL
DO 701 K=2N2
DO 701 ;=2 M2
CONQJKFRHO(1IK)*UJK)*YCV()*2CV(K)
701 CONTINUE
DO 7021=212
DO 702 K=2N2
OON(1L.2 K-RHO(L1 K)*V(L2 Ky*XCV(I*ZCV(K)
702 CONTINUE
DO 153 1=21.2
DO 153 I=2M2
CON(LJ,2=RHO(LJ,1)*W(LJ,2)*XCV(D*YCV()
153 CONTINUE
C
¢ WRITE(**)'P: COEFF 3'
DO 351 K=2.N2
DO 351 =2 M2
DO3511=212




AREA=YCV())*ZCV(K)
ARHO=AREA*(FX(I+1y*RHO(I+ 1 J K FXM(I+1)*RHO(LI K))
FLOW=ARHO*U(1+1,J K)

CONLIKy=OON(LJ K)-FLOW
OON(+1JKy=CON(+1JK+FLOW

AREA=XCV()*ZCV(K)

ARHO=AREA*FY (J+1)*RHOJ+1 K-FYM(J+1)*RHOLI K))
FLOW=ARHO*V(L}+1K)

OON(J K)y=CON(LJ K)-FLOW

CON@H1 K)=CONILH+1 KHFLOW

AREA=XCV(*YCV()
ARHO=AREA*(FZ(K+1)*RHO@J K+1HFZM(K+1)*RHOLJ K))
FLOW=ARHO*W(LI K+1)
CON(LJ K)=CON(LJ,K)FLOW
CON(@LIK+1)=FLOW
PC@LIK)=0.
351 CONTINUE
DO352=212
DO 352 =2, M2
DO 352 K=2N2
SMAX=AMAXI(SMAX, ABS(CONLJK)))
SSUM=SSUM+CON(J K)
352 CONTINUE
CALL TDMA
C
COME HERF TO CORRECT THE VELOCITIES———r-
C
C WRITE(*.*)' VEL CORREC"
DO S11 K=2N2
DO Sl =2 M2
DOSI =212
IF(LNE.2) ULJ KU K)+DUL) K)*(PC(-1, ) K)-PC(LI K))
IFJ.NE.2) VW K=V KD V(LI K)*@CJ-1 Ky-PCQI K))
IF(K.NE.2) W) K=W(LJ Ky+DW(LJ Ky*PCLIK-1)-PCLIK))
511 CONTINUE
500 CONTINUE
C WRITE(**)'TCOEFF 1 '
C
OOEFFICIENTS FOR OTHER EQUATIONS-
C
CALL RESET
IST=2
JST=2
KST=2
DO 600 NF=5 NFMAX
IF(NOT LSOLVE(NF)) GO TO 600
CALL DIFFUS
REL=1 -RELAX(NF)
DO 601 =212




DO 601 J=2 M2
DO 601 K=2 N2

OOEFFICIENTS AWEST AND AEAST
AREA= YCV())*ZCV(K)
FLOW=AREA*U(I+1,J K)*(FX(1+1)*RHO(+ 1] KFXM(I+1)*RHO(L K))
DIFF=AREA*2 *GAM(LJ K)*GAM(I+1.J KY(XCVI*GAM(+1,J K)+
1 XCV(A+1)*GAM(LJ K)+1.0E-26)
CALL PROFIL
IF(ABS(FLOW).LT.1E-20) FLOW=0.
AIM(I+1 JK)=ACOF+AMAX1(ZERO FLOW)
AIP(LJK)y=AIM(1+1 J K)-FLOW

OOEFFICIENTS ANORTH AND ASOUTH
AREA= XCV(*ZCVEK)
FLOW=AREA*V(LH1K)*(FY(F+1)*RHOQLH+ 1L Ky+FYM(H1)*RHO(LIK))
DIFF=AREA*2 *GAM(LJ K)*GAM(L}+ 1 KY(YCV()*GAM(L+1 K+
1 YCV(+1)*GAM(LI K)+1.0E-20)
CALL PROFIL
AIM(L}H+1K)=ACOF+AMAXI(ZERO FLOW)
AJPLIK)=AIM(L)+1 K)-FLOW

COEFFICIENTS AOUT AND AINTO
AREA= YCV(J)*XCV(D)
FLOW=AREA*W(L] K+1y*(FZ(K+1)*RHO(LJ K+1)+FZM(K+1)*RHO(LJ K))
DIFF=AREA*2. *GAM(LJ K)*GAM(LJK+IVZCV(K)*GAM(J K+1)+
1 ZCV(K+1)*GAM(LJ K)+1.0E-20)
CALL PROFIL .
IF(ABS(FLOW).LT.1E-20) FLOW=0.
AKM(1J X+1)=ACOF+AMAXI(ZERO,FLOW)
AKPLJK=AKM(L] K+1)-FLOW

601 CONTINUE

C WRITE(**)' T COEFF2 '
DO 610 J=2M2
DO610K=2N2

COEFFICIENTS AWEST AND AEAST
AREA=YCV()*ZCV(K)
FLOW=AREA*U(2,J Ky*RHO(1.JX)
DIFF=AREA*GAM(1,J KYXDIF(2)
CALL PROFIL
IF(ABS(FLOW).LT.1E-20) FLOW=0.
AIM(2,] Ky=ACOF+AMAX1(ZERO FLOW)
FLOW=AREA*U(L1,JK)*RHO(L1,J K)
DIFF=AREA*GAM(L1,JKyXDIF(L1)
CALL PROFIL
AIP(L2,) Ky=ACOF+AMAX (ZERO.FLOW)FLOW

610 CONTINUE

C WRITE(**)' TCOEFF3 '
DO611 =212
DO611 K=2 N2

COEFFICIENTS ANORTH AND ASOUTH
AREA= XCV(D*ZCV(K)
FLOW=AREA*V(L2K)*RHO( 1 K)
DIFF=AREA*GAM(, 1 KYYDIF(2)




CALL PROFIL
AIM(1.2 Ky=ACOF+AMAX1(ZERO FLOW)
FLOW=AREA*V(IM] K)y*RHO(LM1 K)
DIFF=AREA*GAM(LM|1 KYYDIF(M1)
CALL PROFIL
AJPAM2 X)=ACOF+AMAX1(ZERO,FLOW)FLOW
611 CONTINUE

C WRITE(*.*)' TCOEFF4 '
DO6121=2L2
DO 612 =2 M2

COEFFICIENTS AOUT AND AINTO
AREA= YCV()*XCV()
FLOW=AREA*W(LJ.2)*RHO(LJ,1)
DIFF=AREA*GAM(LJ,1/ZDIF(2)
CALL PROFIL
AKM(LJ,2=ACOF+AMAX1(ZERO FLOW)
FLOW=AREA*W(LJN1)*RHO(LJ.N1)
DIFF=AREA*GAM(LJ.N1yZDIF(N1)
CALL PROFIL
AKP(LJ N2)=ACOF+AMAX1(ZERO FLOW)-FLOW

612 CONTINUE

C WRITE(*,*)'TOOEFF S '
DO 3987 =1L]
DO 3987 =1 Ml
DO 3987 K=1,N1
VOL=YCV()*XCV(I*ZCV(K)
APT=RHO(LJKYDT
AP(LJKy=AP(LJ K)-APT
CON(LJ K)=OON(LJ K)y+APT*TO(LJ K)
AP(LJK)y=(-AP(L] K)* VOL+AIP(L] K+ AIM(LI K)
1 +AJP(LJ Ky*AIM(LI K+ AKM(LI K)+AKP(L K))
2 /RELAX(NF)
apl(ij.K)r=ap(ijk)

CON(LJ Ky=CON(LJ K)* VOL+REL*AP(LJ K)*F(LJ K.NF)

C
C SAVE OLD VALUES OF T FOR CONVERGENCE CHECKING
C
TOLD(LJKy=T(IK)
3987 CONTINUE

CALL TDMA
C

600 CONTINUE

C CHECK FOR CONVERGENCE IN THIS TIME STEP

C CONVERGENCE BASED ON CHANGE IN TEMPERATURE BETWEEN SUCCESSIVE
C ITERATIONS AND ON OVERALL ENERGY BALANCE

C

81




IOONV=0
IFITER| EQ.1) THEN
ITERI=[TERI+]
ELSE
C FIND MAXIMUM VALUES FOR THIS ITERATION
TMX=0.0
UMX=0.0
VMX=0.0
WMX=0.0
DO689 I=1.L1
DO 689 =1 M1
DO 689 K=1 N1
TMX=AMAXI(ABS(T(LJ.K)). TMX)
UMX=AMAXI(ABS(U(LJ K)),UMX)
VMX=AMAX1(ABS(V(LJ X)), VMX)
WMX=AMAX1(ABS(W(LJ K)), WMX)
689 CONTINUE
DELTMX=0.0
DO690 =212
DO 690 }=2M2
DO 690 K=2N2
C CALCULATE RELATIVE CHANGE IN TEMP FROM LAST ITERATION
DELT=ABS((T(LJ K)-TOLD(LJ K)YTMX)
DELU=ABS((U(LJK)-UOLIXLJ.K)YUMX)
¢ DELV=ABS(V(LJK)-VOLD(L] K)YVMX)
¢ DELW=ABS(W(LJK)-WOLD(LJ K)YWMX)
DELTMX=AMAX1(DELTMXDELT)
DELUMX=AMAX1(DELUMX,DELU)
¢  DELVMX=AMAXI(DELVMX.DELV)
¢ DELWMX=AMAXI(DELWMXDELW)
690 CONTINUE
ifftime. g1.0.4.and iter] gt. 100)go to 1023
IF(DELTMX GT EPST) GOTO 691
¢ ifliterl e 20)g0 10691
C CHECK ENERGY BALANCE AFTER DELTMX CRITERIA MET
CALL NRGBAL
IF(ABS(ENBAL).LE.1.5) THEN
1023 ICONV=]
ITERL~ITERI
ITERI=0
ENDFF
691 ITERI=ITERI+]
IF(ABS(ENBAL).GE.200) THEN
C ITERATIONS ARE DIVERGING: TERMINATE RUN
WRITE(*,*) ' DIVERGING ITERATIONS: RUN TERMINATED'
WRITE(*,*)' TRY SMALLER RELAXATION FACTORS'
STOP
ENDIF
IFATER1.GT.10000) THEN
CALL NRGBAL
¢ WRITE(®4,*) X.Y.ZXU.YV.ZW,U0,VO,W0.P.T0
7)




WRITE(*,*)' EXCEEDED MAX NUMBER OF ITERATIONS PER TIME STEP
WRITE(**)' PROGRAM TERMINATING
WRITE(*,*)' TIME~, TIME
WRITE(*,*)' DELTMX=~ DELTMX. ' ENBAL = ENBAL
STOP
ENDIF
ENDIF
CALL NRGBAL
¢ WRITE(13,*) ITER1 DELTMX DELUMX DELVMX DELWMX,ENBAL
IFGOONV EQ0) THEN
C TIME STEP IS NOT CONVERGED: UPDATE BOUNDARY OONDITIONS AND ITERATE
print® ENBAL: 'ENBAL.' ITER1: *ITERI
print*, T(4,5,6),T(12,7,9).T(7,13.15)
CALL BNDRY
GOTO %
ENDIF
C TIME STEP IS CONVERGED: INCREMENT TIME AND ITERATION COUNTERS
100 TIME=TIME+DT
ITER=ITER+]
IF(TIME.GE.TLAST)
1 LSTOP=TRUE.
RETURN
end
c
c

subroutine INCRV
C
LOGICAL LSOLVE,LPRINT LBLK 1 STOP
COMMON F(35,25,35,5).P(35.25,35),RHO(35,25,35),GAM(35,25.35),
1 OON(35.25,35),AKP(35,25,35),AKM(35,25,35),AP(35,25,35),
2 AIP(35,25,35),AIM(35,25,35),AJP(35,25,35), ATM(35,25,35)
COMMON deih(35,25,35),delh0(35,25,35),epsi(35,25,35),
3 X(35),XU(35), XDIF(35),XCV(35) XCVS(35),tkcp,alatent,
4 Y(35),YV(35),YDIF(35),YCV(35), YCVS(35).tmelt tprev(35,25,35),
5 Z(35),ZW(35),ZDIF(35),ZCV(35).ZCVS(35),ap0(35,25,35),
6 YCVR(35), YCVRS(35),ARX(35) ARX)35), ARXJP(35),ap1(35.25,35).
7R(35)RMN(35),SX(35),SXMN(35),XCVI(35),XCVIP(3$),
8 YCVI(35), YCVIP(35),ZCVK(35).ZCVKP(35),5(35,25,35)
COMMON DU(35,25,35),DV(35,25,35),DW(35,25,35) FV(35).FVP(35),
1 FX(35) FXM(35)FY(35),FYM(35),PT(35),QT(35.TOLD(35,25,35),
2 FZ(35).FZM(35),VHAT(35,25,35), WHAT(35.25,35).UOLD(35,.25.35)
COMMON/INDX/RELAX(13),LPRINT(13),LBLK(1 1),NTIMES(10),
1LSOL VE(10),TIME,DT XL, YL,ZL.S RHOOON,ZERO, TLAST,
2NFNFMAX NP .NRHONGAM,L 11213 MI M2 M3 NI.N2N3,
3ISTJST KST,ITER LAST,
4IPREF JPREF KPREF MODE
OOMMONHEADIN/TITLE
CHARACTER®*10 TITLE(13)
OCOMMON/CNTL/LSTOP,ICALL ISTOP
OCOMMON/CONVI/EPSU EPSV,EPSW EPST JCONV,ITER1,T0(35,25,35).ENBAL,
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1 U0(35,25,35), V0(35,25,35), WO(35,25,35) ITERL
COMMON/RESID/RMAX(13)JRESID
common/force/diorce(35,25.35),yforoe(35,25,35),zorce(35,25,35)
COMMON/SORC/SMAX SSUM
COMMON/COEF/FLOW DIFF ACOF
DIMENSION U(35,25,35),V(35.,25.35), W(35,25,35),PC(35.25.35)
DIMENSION T(35,25,3%)
EQUIVALENCE(F(1.1,1,1),U(1 L 1), (F(1,1,1,2), V(1,1,1)),
1 F(1LL13)W(I, L)L F(1,1,1.4PC(1,1,1)
2 (F(LLLS).TA, L)
C
C TIME STEP IS CONVERGED: INCREMENT VARIABLE ARRAYS
rewind(7)
DO 700 I=1,L1
DO 700 J=1 M1
DO 700 K=1 N1
TOLIKFTLIK)
UOLIK)y=ULIK)
VOLIK=V(LIK)
WOLJK)y=W(LJK)
delhO(,j.k)=delh(ijk)
tprev(ijk)=t(ij.k)
700 CONTINUE
WRITE(7,*) X,Y.ZXU,YVZW,UVWPT
RETURN
END
CCCCCCCOOCCCCOOCCCCOCCCOOCCCCCCCCOCCCCCCCCOCCCCOCCCCCOCCCOCCCCoCee
SUBROUTINE UCOF
(666660000600 000060008080080080000000080000000000480008000000060600000
LOGICAL LSOLVELPRINT LBLKLSTOP
OOMMON F(35,25,35,5).P(35,25,35),RHO(35.25,35), GAM(35,25,35),
1 CON(35.25,35),AKP(35,25,35), AKM(35,25,35),AP(35.25.35),
2 AIP(35,25,35),AIM(35,25,35), AJP(35.25,35), AJM(35,25,35)
COMMON delh(35,25,35),delh((35,25,35),epsi(35,25,35),
3 X(35),XU(35), XDIF(35),XCV(35),XCVS(35),tk.cp,alatent,
4 Y(35),YV(35), YDIF(35),YCV(35), YCVS(35),tmelt tprev(35,25,35),
5 Z(35)ZW(35).ZDIF(35),ZCV(35)ZCVS(35),ap0(35,25 35),
6 YCVR(35), YCVRS(35),ARX(35),ARX)(35), ARXIP(35).ap1(35,25,35),
7T R(35),RMN(35),SX(35), SXMN(35), XCVI(35) XCVIP(35),
8 YCVX(35),YCVIP(35),ZCVK(35),ZCVKP(35),5(35,25,35)
COMMON DU(35.,25,35).DV(35,25,35).DW(35,25,35).FV(35),FVP(35),
1 FX(35)FXM(35),FY(35),FYM(35),PT(35),QT(35), TOLD(35,25,35),
2 FZ(35)FZM(35), VHAT(35,25,35), WHAT(35,25,35),UOLD(35,25,35)
OOMMON/INDX/RELAX(13),LPRINT(13),LBLK(11)NTIMES(10),
1LSOL VE(10), TIME, DT XL, YL.ZL,S RHOCON,ZERO, TLAST,
2NFNFMAX NP NRHONGAML1,1.2 1.3 M1 M2 M3 N1 N2,N3,
3IST JSTKST,ITER LAST,
4IPREF,JPREF KPREF MODE
COMMONHEADIN/TITLE
CHARACTER*10 TITLE(13)
COMMON/CNTLALSTOP,ICALL ISTOP




(oRiNeoNe]

C

COMMON/RESIDYRMAX(13),IRESID
COMMON/CONVEPSU EPSV, EPSW EPST,ICONV.ITER1,T0(35,25,35),ENBAL,
1 U0(35,25,35), VI(35,25,35), W0(35,25,35),ITERL
COMMON/SORC/SMAX SSUM

COMMON/COEF/FLOW DIFF.ACOF

DIMENSION U(35,25,35),V(35,25,35), W(35,25,35).PC(35,25,35)
common/Sorce/xforoe(35,25,35),yforoe(35,25,35),zforce(35,25,35)
DIMENSION T(35,25,35)
EQUIVALENCE(F(L.1,1,1),U(L1.1)),(F(1,1,1.2),V(1L.L1)),

i F(1,1.1,3)W(L.1LD)EF(Q,1L,1LHPCI, L 1)

2 LF(LLLS)TALD)

ENTRY UCOF

COEFFICIENTS FOR THE U EQUATION

CALL RESET

NF=1

IF(NOTLSOLVENF)) GO TO 100
IST=3

IST=2

KST=2

CALL DIFFUS

REL~1.-RELAX(NF)
WRITE(21,*) ' U: COEFF I

DO 1031=3L2

DO 103 J=2M2

DO 103 K=2N2

OOEFFICIENTS AEAST AND AWEST

FL=U@LJ K)*®X{y*RHOQLJ K HFXMI*RHO(-1.JK))
FLP=U(I+1JK)*(FX(+1)*RHO(+1 I K+HFXM+1*RHOLIK))
FLOW=YCV()*ZCV(K)*0.5*(FL+FLP)
DIFF=YCV(J)*ZCV(K)*GAM(LIKyXCV()

CALL PROFIL

AIM(1+1,) K)=ACOF+AMAX1(ZERO FLOW)

AIPQJ K)=AIM(+1,J K)}FLOW

OOEFFICIENTS ANORTH AND ASOUTH

FL=XCVIM*VLHLK)*FY(H+1y*RHOQLH | KHFYM(+YRHOLIK))
FLM=XCVIP(-1)*V(-1,F1 Ky*EY(H 1*RHOG- 1+ LK) FYM(+ 1)*
1 RHO(-1,1K))
GM=GAM(LJ K)*GAM(L}+1 .K)
1 AYCV(Uy*GAM(L}+1 Ky+YCV(H+1y*GAMIIK)+
2 1.0E-20)*XCVI(D)
GMM=GAM(I-1 | K)*GAM(-1.}+1.K)
1 AYCVUY'GAM(-1H1Ky+YCV(H+1)*
2 GAM(-1.JK)+1 E-20)*XCVIP(I-1)
DIFF=ZCV(K)*2.*(GM+GMM)
FLOW=ZCV(K)*(FL+FLM)
CALL PROFIL
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AIMLH+1 Ky=ACOF+AMAX1(ZERO FLOW)
AP Kr=AIM(L}+1 K FLOW

COEFFICIENTS AIN AND AOUT
FL=XCVI(Ty*W(J K+ 1y*(FZ(K+1y*RHOLI K+ 1 +FZMK+1)*RHO(LI X))
FLM=XCVIP(-1)*W(-1,J K+1)*FZK+1)*RHO(-1 ) K+ IHFZMK+1)*
1 RHO(-1.JK))
GM=GAM(LJ K)*GAM(JK+1)
1 AZCVK*GAM(LI K+1ZCV(K+1)*GAM(LI K+
2 1.0E-20)*XCVI(D)
GMM=GAM(-1,J K)*GAM(-1J K+1)
1 AZCVK)*GAM(-1JK+IHZCVK+1)*
2 GAM(I-1,) K)+1 E-20*XCVIP(I-1)
DIFF=YCV(J)*2. 4 GM+GMM)
FLOW=YCV(J)*(FL+FLM)
CALL PROFIL
AKM(1,J K+1)=ACOF+AMAX1(ZERO FLOW)
AKPLIK)y=AKM(LJ K+1)-FLOW

103 OONTINUE

C WRITE(**)'U: COEFF 2
DO 104 =2 M2
DO 104 K=2,N2

COEFFICIENTS AEAST AND AWEST
AREA=YCV(J))*ZCV(K)
FLOW=AREA*RHO(1JK)*U(2,JK)
DIFF=AREA*GAM(1.JKYXCV(2)
CALL PROFIL
AIM(3,J Ky=ACOF+AMAX1(ZERO FLOW)
FLOW=AREA*RHO(L1,J K)*U(L1,JK)
DIFF=AREA*GAM(L1JKYXCV(L2)
CALL PROFIL
AIP(L2 J K)=ACOF+AMAX1(ZERO,FLOW)-FLOW

104 CONTINUE

C WRITE(**)' U: COEFF 3
DO 105 =32
DO 105 K=2,N2

COEFFICIENTS ANORTH AND ASOUTH
FL=XCVID*V(1.2 K)*RHO(L1 K)
FLM=XCVIP(-1)*V(-1 2 K)*RHO(-1,1 K)
FLOW=ZCV(K)*(FL+FLM)
GM=XCVITy*GAM( 1, K+XCVIPQ-1)*GAM(-1,1.X)
DIFF=ZCV(K)*GM/YDIF(2)
CALL PROFIL
AIM(1.2 Ky=ACOF+AMAX1(ZERO FLOW)
FL=XCVI(D*VIMLK)*RHO(IM1 K)
FLM=XCVIP(-1)*V(-1 M1 K)*RHO(-1 M1 X)
FLOW=ZCV(K)*(FL+FLM)
GM=XCVI[D)*GAM(I M1 K)+XCVIP(-1y*GAM(-1 M1 X)
DIFF=ZCV(K)*GM/YDIF(M1)
CALL PROFIL
AJPAM2 K)=ACOF+AMAX1(ZERO FLOW)-FLOW

105 CONTINUE
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C WRITE(**)' U: COEFF 4'
DO 106 1=3 1.2
DO 106 J=2 M2
COEFFICIENTS AIN AND AOUT
FL=XCVI(N)*W({J,2y*RHO(J,1)
FLM=XCVIP(-1)*W(-1,],2)*RHO(I-1,J.1)
FLOW=YCV()*(FL+FLM)
GM=XCVIy*GAM(LI, 1+ XCVIPE-1Y*GAM(-1,J.1)
DIFF=YCV()*GM/ZDIF(2)
CALL PROF1L.
AKM(L] 2y=ACOF+AMAX 1(ZERO,FLOW)
FL=XCVI(D*W(J.N1)*RHO(L]NI)
FLM=XCVIPd-1*W({-1,JN1)*RHO(-1,J N1)
FLOW=YCV(Y*FL+FLM)
GM=XCVI()*GAM1J N1)+XCVIP(-1)*GAM(I-1 ] N1)
DIFF=YCV(J)*GM/ZDIF(N))
CALL PROF1L.
AKPLI N2=ACOF+AMAX1(ZERO FLOW)FLOW
106 CONTINUE
C WRITE(*.,*)' U COEFF §'
DO 107 =312
DO 107 J=2M2
DO 107K=2,N2
VOL=YCV(@)*XCVS()*ZCV(K)
APT=(RHO(J K)*XCVIQ+RHO(I-1J K)*XCVIP(-1))
XCVSOD*DT)
AP(LJK)=AP(LJK)-APT
CON(LJ.K)y=OON(LJ K)+APT*UO(LIJ K)
APLIK)
1 (-APQJX)*VOL+AIP(LIK+AIMLI K)+AJP(LI K)+AIM(L K)
2 +AKP(LJK)Y+AKM(LJK))
3/RELAX(NF)

CON(LJ Ky=CON(LJ K)* VOL+REL*AP(LI Ky*ULJ K)
DUQJ X)=VOL/XDIF()
DU K)=DULJ KYAP(LIK)
107 CONTINUE
IFACALL.EQ.1) THEN
C TEMPORARY USE OF PC(LJ) TO STORE UHAT
DO 151 K=2 N2
DO 151 22 M2
DO 1511=3]12
PCALIK)HAIPLIK)*U(+1,JK)+AIMLIK)*U(-1,JK)
1 +AJP(LJK)* UL 1K)+ AMLI K)*U(QLJ-1.K)
2 +AKP(LJK)*ULJ K+1)+AKMLIK)*ULJ K-1)
3 +OON(LJK)YAP(LJ K)
151 continue
endif
100 CONTINUE
RETURN




end

subroutine VCOF
LOGICAL LSOLVE LPRINT LBLK LSTOP
OOMMON F(35,25,35,5) P(35,25,35).RHO(35,25,35). GAM(35,25,35),
1 CON(35,25,35), AKP(35,25,35), AKM(35 25.35), AP(35,25,35),
2 AIP(35,25,35), AIM(35,25,35),AJP(35,25,35),AIM(35,25,35)
COMMON deliy(35,25,35),deth0(35,25,35),epsi(35,25,35),
3 X(35). XUBS) XDIF(35).XCV(35).XCVS(35). &k cp.alatent,
4 Y(35),YV(35),YDIF(35),YCV(35), YCVS(35),tmelt tprev(35,25,35),
5 Z(35),ZW(35).ZDIF(35),ZCV(35).ZCVS(35),ap0(35.25,35),
6 YCVR(3$), YCVRS(35),ARX(35),ARXJ(35),ARXIP(35),ap1(35,25,35),
7 R(35),RMN(35),SX(35),SXMN(35) XCVI(35) XCVIP(35),
8 YCVI(35).YCVIP(35),ZCVK(35).ZCVKP(35).5(35,25,35)
COMMON DU(35,25.35),DV(35,25,35)DW(35,25,35) FV(35) FVP(35),
1 FX(5).,FXM(35).FY(35),FYM(35),PT(35),QT(35), TOLDX(35,25,35),
2 FZ(35)FZM(35),VHAT(35,25,35), WHAT(35,25,35),UOLD(35,25,35)
COMMON/INDX/RELAX(13),LPRINT(13),LBLK(11).NTIMES(10),
1LSOLVE(10), TIME, DT XL. YL ZL.S RHOCON,ZERO.TLAST,
2NF NFMAX NP NRHONGAM,L1,L.2 L3 M1 M2 M3 NI1,N2N3,
3IST,JSTKST,ITERLAST,
4IPREF,JPREF KPREF MODE
OCOMMONHEADIN'TITLE
CHARACTER*10 TITLE(13)
OCOMMON/CNTLALSTOP ICALL ISTOP
COMMON/CONVI/EPSU EPSV EPSW EPST JOCONV ITER1,T0(35,25,35), ENBAL,
1 U0(35,25,35),VO(35,25,35), WO0(35,25,35) ITERL
COMMON/RESID/RMAX(13),IRESID
COMMON/SORC/SMAX SSUM
common/foroe/xforoe(35,25,35),yforoe(35,25,35), orce(35,25,35)
COMMON/COEF/FLOW DIFF ACOF
DIMENSION U(35.25.35),V(35.25,35), W(35,25,35),PC(35,25.35)
DIMENSION T(35,25,35)
EQUIVALENCE(F(1,1,1,1),U(1,1,1),(F(1,1,1,2), V(1,1,1)),
1 F(1,1,1,3),W(1,1,D)).F(1,1,1,4.PC(1.1,1)
2 (F(1.1,1.5.T(L.L1))
C
COEFFICIENTS FOR THE V EQUATION
C
CALL RESET
NF=2
IF(NOT LSOLVEMNF)) GO TO 200
IST=2
JST=3
KST=2
CALL DIFFUS
REL=1 RELAX(NF)
C WRITE(**)'V:COEFF I'
DO 203 J=3M2
DO 203 I=2]12




DO 203 K=2N2

OOEFFICIENTS ANORTH AND ASOUTH
FL=VLK)*(FY(*RHOQLJ K+ YM()*RHO(L)-1.K))
FLP=V(LI+1 K)*(FY(H1*RHOQLH 1 KrFYM(+1)*RHOLIK))
FLOW=XCV(T)*2CV(K)*0.5*(FL+FLP)
DIFF=XCV([*ZCV(K)*GAMLIKYYCV())
CALL PROFIL
AIM(L}+1 Ky=ACOF+AMAX1(ZERO FLOW)
AJPALIK=AIMLH LKFLOW

COEFFICIENTS AEAST AND AWEST
FL=YCVI()*U(H+1JK)*(FX(+1)*RHOG+ 1L K+FXM(I+1) *RHO(LIK))
FLM=YCVIP(-1)*U(+1,J-1 K)*(FX(+1y*RHO(+ 1 J-L K+HFXM(+1)*
1 RHO(LJ-LK))
GM=GAM(LIX)*GAM(I+1JK)
1 IXCVA*GAM(+ 1K)+ XCV(+1)*GAMLIK)+
2 1L0E-20)*YCVI()
GMM=GAM(J-1 K)*GAM(+1,J-1 K)
1 /XCV@*GAM(+LJ-LKy+XCV(+1)*
2 GAM(LJ-1 K)+1 E-20)*YCVIP(-1)
DIFF=ZCV(K)*2. 4 GM+GMM)
FLOW=ZCV(K)*FL+FLM)
CALL PROFIL
AIM(+1,] Ky=ACOF+AMAX1(ZERO FLOW)
AIPQLIKy=AIM(I+1,] K)-FLOW

COEFFICIENTS AIN AND AQUT
FL=YCVI(y*W(LIK+1)*FZ(K+1)*RHOLI K +1+FZM(K+1)*RHO(LI K))
FLM=YCVIP(-1y*W(LJ-1 K+1y*(FZ(K+1)*RHO@LJ-1 K+ +HFZMK+1)*
1 RHO(L}-1K))
GM=GAM(LI K)* GAM(LIK+1)
1 AZCVK)*GAM(LI K+IHZCVK+1Y*GAMLIK)*+
2 1.0E-20)*YCVI()
GMM=GAM(1J-1 K)*GAM(LJ-1 K+1)
1 /ZCVK)*GAMLI-LK+IHZCV(K+1)*
2 GAM(LF-1K)+1 E-20)*YCVIP(-1)
DIFF=XCV([)*2.*(GM+GMM)
FLOW=XCV(D*(FL+FLM)
CALL PROFIL
AKM(LIK+1y=ACOF+AMAX1(ZERO FLOW)
AKP(LIK)y=AKM(LJK+1)-FLOW

203 CONTINUE

C WRITE(**)' V: COEFF 2’
DO 204 =212
DO 204 K=2N2

COEFFICIENTS ANORTH AND ASOUTH
AREA=XCV()*ZCV(K)
FLOW=AREA*RHO(L 1 K)*V(1.2K)
DIFF=AREA*GAM(L1KYYCV(2)
CALL PROFIL
AIM(1,3 K)=ACOF+AMAX1(ZERO FLOW)
FLOW=AREA*RHO(IMI1 K)*V(IM1 K)
DIFF=AREA*GAM(LM1KYYCV(M2)
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CALL PROFIL
AJP(IM2 Ky=ACOF+AMAX(ZERO FLOW)-FLOW
204 CONTINUE
C WRITE(**)'V: COEFF 3'
DO 205 J=3M2
DO 205 K=2.N2
COEFFICIENTS AEAST AND AWEST
FL=YCVI(J)*U2.J K)*RHO(1.JK)
FLM=YCVIP(J-1)*U(2,J-1 K)*RHO(1 J-1 K)
FLOW=ZCV(K)*(FL+FLM)
GM=YCVIJ)*GAM(1J K)+YCVIP(-1y*GAM(1 J-1 K)
DIFF=ZCV(K)*GM/XDIF(Q)
CALL PROFIL
AIMQ2 ] Ky=ACOF+AMAX1(ZEROFLOW)
FL=YCVI(J)*U(L1J X)*RHO(LL,1K)
FLM=YCVIP(-1)*U(L1J-1 K)*RHOL1J-1K)
FLOW=ZCV(K)*(FL+FLM)
GM=YCVX(J)*GAM(L1JK)+YCVIP(-1)*GAM(L1,J-1 K)
DIFF=ZCV(K)*GWXDIF(L1)
CALL PROFIL
AIPL2,J K)=ACOF+AMAX1(ZEROFLOW)-FLOW
205 CONTINUE
C WRITE(**)' V: COEFF 4
DO 206 =212
DO 206 J=3M2
COEFFICIENTS AIN AND AOUT
FL=YCVI(J)*W(L),2)*RHO(L],1)
FLM=YCVIP(-1)*W(J-12)'RHO(L}-1,1)
FLOW=XCV([)*(FL+FLM)
GM=YCVI())*GAM(LJ,1)+YCVIP(J-1*GAM(L}-1,1)
DIFF=XCV([@)*GM/ZDIF(Q2)
CALL PROFIL ,
AKM(L].2y=ACOF+AMAX1(ZERO FLOW)
FL=YCVIJ)*W(LJN1)*RHO(LINI)
FLM=YCVIP(>-1)*W(LJ-|NI)*RHO(LJ-1,N1)
FLOW=XCV()*(FL+FLM)
GM=YCVI(J)*GAM(LJ N1)+YCVIP(-1)*GAM(LJ-1,N1)
DIFF=XCV[@*GM/ZDIF(N1)
CALL PROFIL
AKP(LJ N2)=ACOF+AMAX1(ZERO FLOW)-FLOW
206 OONTINUE
C WRITE("*)' V: COEFF §
DO 207 =212
DO 207 J=3 M2
DO 207K=2,N2
VOL=XCV([y*YCVS(J)*ZCV(K)
APT=(RHO(LJK)*YCVII)H+RHO(L}-1K)*YCVIP(-1))
VYCVS()y*DT)
AP(LIX)y=AP(LJK)-APT
OON(LIK)y=CON(LJK)y+APT*VI(LIK)
AP(LIKy=




_

1 (-APLIK)*VOL+AIPLI Ky AIMILLKH+AIPLI K+ AIMLI K)
2 +AKPLIKIAKM(LJK))
3/RELAX(NF)

OCON(LIK)y=CON(LJ Ky* VOL+REL*AP(LJ K)* V(LI X)
DV(LJK)y-VOL/YDIF(J)
DVIXPDV(ILIKYAPLIK)
207 CONTINUE
IFACALL EQ.1) THEN
DO 80991=212
DO 8099 K=2,N2
DO 8099 }=3M2
8099 VHATWLIK~APLIK)*V(I+1IK+AIMAIK)*V(I-1JK)
1 +APLIKP VL LK AMLIX)*VLI-1 K)
2 +AKPLIK)*VLIK+Iy*AKM(LIK)* V(LI K-1)
3 +OONJK))YAPWLIX)
ENDIF
200 CONTINUE
RETURN
end
C
C

subroutine WOOF
LOGICAL LSOLVE LPRINT LBLK LSTOP
" COMMON F(35,25,35,5).P(35.25,35),RHO(35,25,35), GAM(35,25,35),

1 CONG33,25,35),AKP(35,25,35),AKM(35,23,35),AP(35,25,35),
2 AIP(35,25,35).AIM(33,25,35),AJP(35,25,35), AIM(35,25,35)

OOMMON delh(35,25,35),delh0(35,25,35),epsi(35,25,35),
3 X(35).XU35), XDIF(35).XCV(35),XCVS(35),tk cpalatent,
4 Y(35),YV(35),YDIF(35), YCV(35), YCVS(35),tmelt,(prev(35,25,35),
3 Z(35)ZW(5),ZDIF(35),ZCV(33),ZCVS(35),ap0(35,23,35),
6 YCVR(35), YCVRS(35), ARX(35), ARXJ(35), ARXIP(35),2p1(35.25 35),
7RE5)RMN(35),SX(35),SXMN(35),XCVI(35) XCVIP(35),
8 YCVX(35), YCVIP(35),ZCVK(35), 2CVKP(35),54(35,25 35)

COMMON DU(35,25,35),DV(35,25,35) DW(35,25 35) FVS)FVP(35),
1 FXGS)FXMGS)FY(35)FYM(35).PT(35),QT(35), TOLD(35,25,35),
2 FZ(35) FZM(35),VHAT(35,25,35), WHAT(35,25,35),UOLD(35,25 35)
COMMONINDX/RELAX(13),LPRINT(13),LBLK(11),NTIMES(10),
1LSOL VE(10), TIME.DT XL.,YL.ZL.S RHOOON,ZERO TLAST,
2NFNFMAX NP, NRHONGAM.L1.1.2.L3 M1, M2 M3,N1.N2,N3,
3IST,JSTKST ITERLAST,
4IPREF JPREF KPREF MODE

COMMONHEADINTITLE

CHARACTER®*10 TITLE(13)

OOMMON/CNTL/LSTOP ICALL,ISTOP

OCOMMON/CONV I/EPSU EPSV EPSW EPST,ICONV,ITER1,T0(35,25,35),ENBAL,
1 U0(35,25,35), VO(35,25,35), WO(35,25,35),ITERL
OOMMON/RESID/RMAX(13) JRESID
OCOMMON/SORC/SMAX,SSUM
COMMON/COEF/FLOW,DIFF, ACOF
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C

C
OOEFFICIENTS FOR THE W EQUATION

DIMENSION U(35,25,35),V(35,25,35), W(35,25,35)PC(35,25,35)
common/ioroe/xdoroe(35,25,33).yforce(35.23,35).280rce(35,25.35)
DIMENSION T(35,25,35)

BQUIVALENCE(F(1,1,1, U1, L 1)),(F(1,1,1,2),V(1,1,1)),

1 (F(1,1,1,3),W(1,1,))(F(1,1,L4.PC(1,1,1)

2 (FLLLSTALD)

CALL RESET

NF=3

IF(.NOT.LSOLVENF)) GO TO 300

IST=2

JST=2

KST=3

CALL DIFFUS

REL=1.-RELAX(NF)
WRITE(*.*)' W: COEFF I'

DO 303 K=3N2

DO 303 J=2.M2

DO 303 =212

COEFFICIENTS AIN AND AOUT

FL=W(LJK)*(FZ(K)*RHO(LJ K*FZM(K)*RHO(LJ X-1))
FLP=W(LJK+1)*(FZ(K+1)*RHO(LI K+ +FZMEK+1Y*RHOL K))
FLOW=YCV({J)*XCV(0)*0.5*(FL+FLP)
DIFF=YCV({Jy*XCV(Iy*GAM(LJ KYZCV(K)

CALL PROFIL

AKM(LJ X+1y=ACOF+AMAX1(ZERO FLOW)

AKPAJ K)y=AKM(LJ K+1)-FLOW

COEFFICIENTS ANORTH AND ASOUTH

FL=ZCVK(K)‘V(U+1K)‘(PY(J+1)‘RKXU+IWJ+I)‘R*D(UK))
FLM=ZCVKPK-1)* VL1 K-1)*FY(H1*RHOLH LK-1HFYM(J+1)*
1 RHO(LJK-1))

GM=GAM(LJ K)*GAM(L}+1 K)

1 (YCVQY*GAMLH 1L Ky+YCV(+1)*GAM(LI K)+

2 1.0E-20)*ZCVK(K)

GMM=GAM(J K-1)*GAM( }+1,K-1)

I (YCV(O*GAM(LIH+1K-I)+YCV(J+1)*

2 GAM(LJ K-1)+1 E-20)*ZCVKP(K-1)

DIFF=XCV(1)*2. (GM+GMM)

FLOW=XCV({)*(FL+FLM)

CALL PROFIL

AIM(LH1 Ky=ACOF+AMAX1(ZEROFLOW)

AJPLIK)=AM(LH1 K)-FLOW

COEFFICIENTS AEAST AND AWEST

FL=ZCVK(K)*U(H1JKy*FX(1+1)*RHO(+1J KHFXM(H+1)*RHO(LI K))
FLM=ZCVKP(K-1)*U(+1JK-1)*FX(+1y*RHOA+1 I K-1)+HFXMA+1)*
1 RHO(LIX-D)
GM=GAM(LJ K)*GAM(I+1.JK)
1 AXCVI*GAM(+1J K+ XCV(I+1)*GAMLI K)+
2 1.0E-20y*ZCVK(K)
92




GMM=GAM(LJ K-1)*GAM(I+1 JK-1)
1 XCVIPGAM(H+1LIK-1)+XCV(+1)*
2 GAM(LJK-1)+1 E-20)*ZCVKP(K-1)
DIFF=YCV()y*2. 4 GM+GMM)
FLOW=YCV()*(FL+FLM)
CALL PROFIL
AIM(+1.J Ky=ACOF+AMAX1(ZERO FLOW)
APLIK)=AIM(+1 JK)-FLOW
303 CONTINUE
C  WRITE(*,*)' W: OOEFF 2
DO 304 J=2M2
DO 304 =212
COEFFICIENTS AIN AND AOUT
AREA=YCV(J)*XCV(D)
FLOW=AREA*RHO(L].1)*W(L}.2)
DIFF=AREA*GAM(LJ.1YZCV(2)
CALL PROFIL
AKM(L],3y=ACOF+AMAX1(ZERO FLOW)
FLOW=AREA*RHO(LIN1)*W(LIN1)
DIFF=AREA*GAM(LIN1YZCV(N2)
CALL PROFIL
AKP(LJN2y=ACOF+AMAX1(ZERO FLOW)-FLOW
304 CONTINUE
C WRITE(**)' W: COEFF 3'
DO 305 =212
DO 305 K=3,N2
COEFFICIENTS ANORTH AND ASOUTH
FL=ZCVK(K)*V(1,2KX)*RHO(L1 K)
FLM=ZCVKP(-1)*V(L2K-1)*RHO(,1 X-1)
FLOW=XCV(y*(FL+FLM)
GM=ZCVK(K)*GAM(, LK)+ZCVKPK-1*GAM( 1 K-1)
DIFF=XCV(@)*GM/YDIF(2)
CALL PROFIL
AIM(L.2K)=ACOF+AMAX1(ZERO FLOW)
FL=ZCVK(K)*V(AMI1 K)*RHOAM1.K)
FLM=ZCVKPK-1)* VM1 K-1)*RHOILM]1 K-1)
FLOW=XCV([*FL+FLM)
GM=ZCVK(K)*GAM(IM1 K+ZCVKP(K-1)*GAMIM1 K-1)
DIFF=XCV({)*GM/YDIF(M1)
CALL PROFIL
AJPIM2 K)y=ACOF+AMAX1(ZEROFLOW)FLOW
305 CONTINUE
C WRITE(*.*)' W: COEFF 4
DO 306 K=3N2
DO 306 }=2,M2
COEFFICIENTS AEAST AND AWEST
FL=ZCVK(K)*U(2,J X)*RHO(1 JK)
FLM=ZCVKP(K-1y*U(2,J K-1)*RHO(1 JX-1)
FLOW=YCV(Jy*(FL+FLM)
GM=ZCVK(K)*GAM(1,] K+ZCVKPK-1)*GAM(1.JK-1)
DIFF=YCV(J))*GM/XDIF(Q2)
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CALL PROFIL
AMQ2,J X)=ACOF+AMAX1(ZERO FLOW)
FL=ZCVKEK)*U(L1,JK)*RHO(L1,J K)
FLM=ZCVKPK-1)*UL1J K-1)*RHOL1 J K-1)
FLOW=YCV()*FL+FLM)
GM=ZCVKK)*GAM(L1,J X)+ZCVKP(K-1)*GAM(L1,J K-1)
DIFF=YCV(Jy*GWXDIF(L1)
CALL PROFIL
AIPL2 ) K)=ACOF+AMAX1(ZERO FLOW)-FLOW

306 OONTINUE

C WRITE(**)' W: OOEFF §'
DO 307 =212
DO 307 =2 M2
DO 307 K=3N2
VOL=YCV(J)*ZCVSK)*XCV(D
APT=RHO(LJ K)*ZCVKK)+RHO(LJ K-1)*ZCVKP(K-1))
1ZCVSK)*DT)
APLJ Ky=AP(LJK)-APT
CONJ X)y=CONEJ K)+APT*WO(L) K)
AP(LIK)y=
1 (APLIK)*VOL+AIP(L) K)+AIMLI K)+AJP(LI K)+AIM1,] K)
2 +AKPLIK)+AKMLIK))
3/RELAX(NF)

CON(LJ Ky=CON(LJ K)* VOL+REL*AP(LI K)*W(LJ K)
DW(J K)=VOL/ZDIF(K)
DW(LJK)y=DW(JKYAP(LIK)
307 CONTINUE
IFACALLEQ.1) THEN
DO 9099 =2,1.2
DO 9099 J=2M2
DO 9099 K=3,N2
9099 WHAT(LIK)~AIPQJKy*W(+1 JK*AIMLIK)*W(@-1,J K)
1 +APQX)*WELHLK+AMLIK)*W(L-1 K)
2 +AKPUIK)*WLIK+1)FAKMALIKY*W(LIK-1)
3 +OONLIK)YAPLIK)
ENDIF
300 CONTINUE
RETURN
end
C

C
subroutine POOF
LOGICAL LSOLVE LPRINTLBLK LSTOP
COMMON F(35,25,35,5)P(35,25,35),RHO(35,25,35).GAM(35,25,35),
1 OON(35,25,35),AKP(35,25,35), AKM(33,25,35).AP(35,23 35),
2 AIP(35,25,35),AIM(35,25,35),AJP(35,25,35) ATM(33,25,35)
COMMON delh(35,25.35),delh0(35,25,35),epsi(35,25,35),
3 X(35).XURS) XDIF(35).XCV(35),XCVS(35),tk cp.aistent,
4 Y(35),YV(35). YDIF(35), YCV(35), YCVS(35),tmeit.tprev(35,25,35),
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5 Z(35)ZW(35).ZDIF(35).ZCV(35).ZCVS(35),ap0(35,25,35),
6 YCVR(35),YCVRS(35). ARX(35) ARXI(35) ARXIP(35).ap1 (35.25.3).
7 R(35).RMNG5).SX(35).SXMN(35),XCVI(35)XCVIP(35),
8 YCVI(35). YCVIP(35). ZCVK(35).ZCVKP(35)s1(35.25,35)
COMMON DU(35,.25,35).DV(35.25.35).DW(35,25,35),FV(35)FVP(35).
1 FXGS)FXMGS)FY(S)FYM(S) PT(S).QT(35), TOLD(35.25,35),
2 FZ(35)FZM(35),VHAT(35,25,35), WHAT(35,25,35),UOLD(35,25,35)
COMMON/INDX/RELAX(13),LPRINT(13).LBLK(11),NTIMES(10),
ILSOLVE(10), TIME.DT,XL. YL ZL.S.RHOOON,ZERO TLAST,
2NF,NFMAX NP,NRHONGAML1,L2L3MI M2 M3,N1,N2.N3,
3IST.JSTKST.ITER LAST,
4IPREF JPREF KPREF MODE
COMMONHEADIN/TITLE
CHARACTER®10 TITLE(13)
COMMON/CNTLLSTOPICALL ISTOP
COMMON/CONVI/EPSU.EPSV,EPSW EPST,IOONV.ITER],T0(35,25,35),ENBAL,
1 U0(35,25.35), V0(35,25,35), WO(35,25,35).ITERL
COMMONRESIDRMAX(13),IRESID
COMMON/SORC/SMAX,SSUM
COMMON/COEF/FLOW, DIFF ACOF
common/foroe/xdoroe(35,25,35), yforoe(35,25,35), Ziorce(35,25,35)
DIMENSION U(35,25.35),V(35,25,35),W(35,25,35),PC(35,25,35)
DIMENSION T(35,25.35)
EQUIVALENCE(F(1,1.1,),U(1, L)) F(1,1,1,2), V(L L, 1)),
1 (F(LLL3)WALD)LELLAPCOALD)
2 LF(LLLS)T(LLD)
c
COEFFICIENTS FOR THE PRESSURE EQUATION
C
NF=NP
IST=2
IST=2
KST=2
¢ WRITE(*,*)' PC: COEFF I
DO 501 =2 M2
DO 501 K=2N2
AIM(2JK)»=0.0
AIP(L2JK)0.0
OON(2,J Ky=RHO(1J K)*U2JK)*YCV()*ZCV(K)
CON(LJK)=0.
501 CONTINUE
DO 502 I=21.2
DO 502 K=2N2
AM(1.2K)=0.0
AJPAM2K)y=0.0
CON(1.2 Ky=RHO(L 1 K)*V(L.2K)*XCV(D*2CV(K)
CONIM!1.K)=0.
502 CONTINUE
DO 503 [=21.2
DO 503 J2M2
AKM(LI2y=0.0
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AKP(1JN2)0.0
CON(LJ.2y="RHO(LJ,1)*W(LJ.2)*XCV(D*YCV()
503 CONTINUE
C
C WRITE(*,*)' PC. COEFF 2'
DO 504 K=2N2
DO 504 =2 M2
DO 504 =212
AREA=YCV(Jy*ZCV(K)
ARHO=AREA*(FX(1+1y*RHO(H1,J K HFXM(+1)*RHOLI X))
FLOW=ARHO*PC(I+1,JK)
IFLEQL2) FLOW=ARHO*(L1,] K)
IF(ABS(FLOW).LLT.1E-20) FLOW=0.
AIP(LJ Ky=ARHO*DU(+1,) X)
AIM(+1JK)AIPALIK)
CON(LJ.Ky=CON(LJ K)FLOW
OON(I+1,J Ky=OON(I+1 JK+FLOW

AREA=XCV(Iy*ZCV(K)
ARHO=AREA*(FY(}+1)*RHO(LH LK+FYM(H+1y*RHO(LI K))
FLOW=ARHO*VHAT(}1K)
IF(J EQM2)FLOW=ARHO*V(IM1 K)
IF(ABS(FLOW).LT.1E-20) FLOW=0.
AJP(LJKy=ARHO*DV(L}+1 K)
AIM(LI+1 Ky=AJP(LIK)
CON(J K)=CON(J K)-FLOW
CON(J+1K)=OON(L 1 KH+FLOW
AREA=XCV(*YCV())
ARHO=AREA*(FZ(K+1y*RHO(L] K+1+FZM(K+1)*RHO(LI X))
FLOW=ARHO*WHAT(JK+1)
IFKEQN2)FLOW=ARHO*W(LJ N1)
AKP(LJK)y=ARHO*DW(J K+1)
AKM(LIK+1y=AKP(L] K)
[F(ABS(FLOW).LT.1E~20) FLOW=0.
CON(LI K)=CON(LIK)FLOW
CON(LJ K+1)=FLOW
C WRITE(**)'3'LIK
AP(LJK)=AIPL) K)+AIM(LIK)+AJP(LI K+ AIM(LI K)
1 +AKPILIKYAKMLIK)
504 CONTINUE
RETURN
END
CCCOCOCCCOCCOCCOCOCCCCOCCOCCOCCOC0000CCCCOCCOCOCCOCCCOCCCe
SUBROUTINE umesh
COCCCCCOCCOCCOO0CCCCOCCCCOCCCCCOCCCCCCO0COCO0CCCHCCOCCCOCe
LOGICAL LSOL VE.LPRINT LBLK LSTOP
COMMON F(35.25,35,5),P(35 25,35),RHO(35,25,35), GAM(35.23,35),
1 CON(35,25,35),AKP(35,25,35), AKM(35,25,35) AP(35.,25,35),
2 AIP(35,25,35),AIM(35,25,35),AJP(35,25,35) ATM(35.25,35)
COMMON deih(35,25,35),delh0(35,25,35),epsi(35,25.39),
3 X(35),XU(35) XDIF(35),XCV(35) XCVS(35).tk cp.alatent,
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4 Y(35), YV(35), YDIF(35), YCV(35), YCVS(35).tmelt.tprev(35,25,35),
5 Z(35)ZW(35).ZDIF(35),ZCV(35).ZCVS(35).p0(35.25,35),
6 YCVR(35),YCVRS(35),ARX(35),ARXJ(35), ARXIP(35),ap1(35,25,35),
7 R(35).RMN(35).SX(35),SXMN(35) XCVI(3S5) XCVIP3S),
8 YCVI(35). YCVIP(35).ZCVK(35),ZCVKP(35),%(35,25,35)
COMMON DU(35,25,35).DV(35,25,35).DW(35,25.35), FV(35). FVP(35),
1 FX(35).FXM(35) FY(35).FYM(35),PT(35),QT(35).TOLD(35,25,35),
2 FZ(35)FZM(35), VHAT(35.25,35), WHAT(35,25,35),UOLD(35,25,35)
COMMON/INDX/RELAX(13),LPRINT(13),LBLK(11) NTIMES(10),
1LSOL VE(10), TIME, DT XL, YL.ZL S, RHOCON ZERO, TLAST,
2NF NFMAX NP NRHONGAML 11213 M1 M2 M3,N1,N2)N3,
3IST JST KST,ITER LAST,
4IPREF,JPREF KPREF MODE
COMMONMHEADIN'TITLE
CHARACTER®*10 TITLE(13)
COMMON/CNTLASTOP ICALL ISTOP
COMMON/CONV /EPSU EPSV,EPSW.EPST ICONV.,ITER1,T0(35,25,35),ENBAL,
I U0(35,25,35),VO(35,25,35), W0(35,25,35), ITERL
COMMON/SORC/SMAX,SSUM
COMMON/COEF/FLOW DIFF ACOF
DIMENSION U(35,25,35),V(35,25,35), W(35,25,35),PC(35,25,35)
common/foroe/xforos(35,25,35),yforoe(35,25,35), zforoe(35,25,35)
DIMENSION T(35,25,35)
EQUIVALENCE(F(1.1,1,1),1(1,1,1)),(F(1,1,1,2), V(1,1,1)),
1 (F(1,1,1,3),W(L,1,1),F(L,1,1.4),PC(1,L1))
2 (FLLLS)TQLD)

10 FORMAT(26(1H*),3X.A10,3X 26(1H*))

20 FORMAT(1X 4H I =16,619)

30 FORMAT(1X, 1HJ)

40 FORMAT(IX.12,3X, IP,7E9.2)

50 FORMAT(IH )

51 FORMAT(1X,T=,2X.7(4,5X))

52 FORMAT(IX.X =, IP,7E9.2)

53 FORMAT(TH =, IP,7E9.2)

54 FORMAT(1X.J =/ 2X, 7(4,5X))

5§ FORMAT(IXY =, 1P, 7E9.2)

56 FORMAT(IX,X = 2X.7(14,5X))

$7 FORMAT(1X.Z = IP,7E9.2)

$9 FORMAT(IX K =2X 4)
C
¢ ENTRY UMESH
C

C

XU(2)=0.
DX=XLFLOAT(L1-2)
DO 1311

1 XUMy=XU(-1+DX
YV(@2)0.
DY=YL/FLOAT(MI-2)
DO 2 =3MI

2 YVOr=YV(J-14DY




ZW@2)y0.
DZ=ZL/FLOAT(NI-2)
DO3K=3NI

3 ZWEKy=ZWEK-1*DZ
RETURN
end

C

subroutine PRINT

C

C

LOGICAL LSOLVE LPRINT L BLK LSTOP

OOMMON F(35,25,35,5).P(35.25,35),RHO(35.25,35), GAM(35,25,35),
1 CON(35,25,35),AKP(35,25,35), AKM(35,25,35), AP(35.25,35),
2 AIP(35,25,35).AIM(35.25,35).AJP(35,25,35), AIM(35.25,35)

OOMMON delh(35,25,35),deth0(35,25,35),epsi(35,25,35),
3 X(35).XU3%).XDIF(35), XCV(35).XCVS(5) tk.cp.alatent,
4 Y(35),YV(35), YDIF(35). YCV(35), YCVS(35),tmelt tprev(35,25,35),
5 Z(35).ZW(35),ZDIF(35),ZCV(35),ZCVS(33),3p0(35,2535),
6 YCVR(35),YCVRS(35),ARX(35),ARXJ(35), ARXTP(35),2p1(35,25,35),
7 R(35).RMN(35),SX(35).SXMN(35),XCVI(35).XCVIP(35).
8 YCVI(33), YCVIP(35),ZCVK(35),ZCVKP(35),5(35,25,35)
COMMON DU(35,25,35).DV(35,25,35).DW(35.25,35) FV(35),FVP(35),
1 FXG$S)FXM(5)FY(35)FYMGS)PT(35),QT(33). TOLD(35,25,35),
2 FZ(35) FZM(35),VHAT(35,25,35), WHAT(35,25,35),UOLD(35,25,35)
COMMON/INDX/RELAX(13),LPRINT(13),LBLK(11),NTIMES(10),
1LSOLVE(10), TIME.DT XL,YL.ZL,S RHOOON,ZERO, TLAST,
2NF NFMAX NP NRHONGAM,L1,L.2 L3 M1 M2 M3 N1 N2 N3,
3ISTJSTKSTITERLAST,
41PREF JPREF KPREF MODE

COMMONHEADIN/TITLE

CHARACTER®*!0 TITLE(13)
COMMON/CNTL/LSTOP,ICALL ISTOP

OOMMON/CONV I/EPSU EPSV EPSW EPST,JOONV ITER1,T0(35,25,35),ENBAL.
1 U0(35,25,35),V0(35,25,35),W0(35,25,35).ITERL
OOMMON/SORC/SMAX . SSUM
COMMON/COEF/FLOW ,DIFF, ACOF

DIMENSION U(35.25,35),V(35,25,35), W(35,25,35)PC(35.25,35)
common/force/xforce(35,25,35),yforce(35,25,35),zorce(35,25,35)
DIMENSION T(35,25,35)
EQUIVALENCE(F(1,1,1, 1) U(L, 1. 1),(F(1,1,1.2), V(L. L. 1)).

1 (F(1,1L1.3),W(LL1)F(1,1,1,4).PC(1.1,1)

2 (F(1LL1L9T(,LD)

10 FORMAT(26(1H*),3X.A10,3X 26(1H*))
20 FORMAT(1X 4H I = 16,619)

30 FORMAT(1X,1H))

40 FORMAT(1X12.3X 1P.7E9.2)

50 FORMAT(IH)

51 FORMAT(1X.T=2X,7(14,5X))

52 FORMAT(1X,’X =,1P,7E9.2)

53 FORMAT(TH =,1P,7E9.2)

54 FORMAT(1XJ =,2X,7(14,5X))




55 FORMAT(1X'Y =,1P,7E9.2)
56 FORMAT(1X K = 2X,7(14,5X))
S7TFORMAT(1X,Z = 1P, TE9.2)

59 FORMAT(1X X =,2X 4)

[F(NOT.LPRINT(3)) GO TO 80
80 CONTINUE
C
IF(NOT.LPRINT(NP)) GO TO 90
C
CONSTRUCT BOUNDARY PRESSURES BY EXTRAPOLATION
C
DO 91 K=2N2
DO 91 =2 M2
P(LIK)R(PRJK)*XCVSG)-PG J K)* XDIFQYXDIF(3)
91 PIL1LIK)=(PIL2,J K)*XCVSIL2)-P(L3 J K)*XDIFL1)VXDIF(L2)
DO 92 K=2N2
DORNI=2)12
PLLK)=PL2K)*YCVSG)P3 K)*YDIFQ)YYDIF()
92 PAMI K)y=(PLM2.K)*YCVS(M2)-P(LM3 K)* YDIF(M1)Y YDIF(M2)
DO 93 =2 M2
D093 =212
PALJ,1=(P(,J.2*ZCVS(3)-P(L1,3)*ZDIF2)YZDIF(3)
93 P(LJND=P(LIN2)*ZCVS(N2)-PLI N3 ZDIF(N1)VZDIF(N2)
DO 94 K=2N2
P(LLK=PQ, LKP(1,2K)P2.2K)
94 CONTINUE
DO 95 F2M2
P(LJ =PRI 1+P(LI2PR.).2)
95 CONTINUE
DO9% =212
PQLLI=PA21HPL12MP122)
96 CONTINUE
P(LL1=(P(L1.2¢+P(1.2,1+P(2,1, 1))3.0
PLLLI=PA2,1L1#PL12,1+P(L1,1,2))/3.0
P(L1LND=P(1,LN2#+P(1 2 NI)+P(2,LNDY3.0
POLMLD=(P(LM2, 1+P(1L M1 2+PML, Y30
PLLML D=PAL2MI, D+PLIM2, IHPLIMI2)Y3.0
P(LMILND=PEMILNIH(LM2NIYP(LMIN2)Y3.0
PLLMIND=PEL2MINIHPLLM2NIHPLIMIN2)Y3.0
PREF=P(IPREF,JPREF KPREF)
DO 97K=1N1
DO97 =1 M1
DO97=1L1
97 PLIK)=P(LJK)-PREF
90 CONTINUE
c
¢ PRINTSO
write(16,50)
IEND=0
301 IFGEND.EQL1) GOTO310




IBEG=IEND+1
IEND=[END+7
IEND=MING(IEND.L1)
¢ PRINTSO
write(16,50)

¢ PRINT 51, (LI=IBEG,JEND)
write(16,51)(i,i=tbeg iend)
IFAMODE .EQ.3) GO TO 302

¢ PRINT 52,(X(1).I=IBEG,IEND)
write(16,52)(x(i),i=ibeg,iend)
GO TO 303

¢ 302 PRINT $3,(X(0),I=IBEG.IEND)

302 write( 16,53 )(x(i).i=beg.iend)

303 GO TO 301

310 JEND=0

¢ PRINT 50
write(16,50)

311 IFJEND EQ.M1) GO TO 320
JBEG=JEND+1
JEND=JEND+7
JEND=MINO(JEND M1)

¢ PRINT S0
write(16,50)

¢ PRINT 54,(J,J=JBEG,JEND)
write(16,54)(j j=jbeg,jend)

¢ PRINT 55(Y()).J=JBEG,JEND)
write(16,55)y(),jbegjend)
GOTO311

320 KEND=0

¢ PRINT S0
write(16,50)

321 IFKEND.EQ.N1) GO TO 330
KBEG=KEND+1
KEND=KEND+7
KEND=MINXKEND,N1)

¢ PRINTSO
urite(16.5

¢ "RINT&% _K=KBEGKEND)
write(16,56 x k J=kbeg kend)

¢ PRINT 57,(Z(K),K=KBEG KEND)
write(16,57)(z(k) k=kbeg kend)
GO TO321

330 CONTINUE
C

DO 999 NF=1 NGAM
¢ 40999 nf=55
IF(NOT LPRINT(NF)) GO TO 999
¢ PRINTSO
write(16,50)
¢ PRINT 10, TTTLE(NF)
write(16, 10)title(nf)
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DO 998 K=1 N1
¢ PRINT 50
write(16,50)
¢ PRINTS9K
write(16,59)k
[FST=1
JFST=]
KFST=1
IF(NF.EQ.1.ORNF EQ4) IFST=2
IF(NF.EQ.2.0R NF.EQ4) JFST=2
IF(NF.EQ.3.ORNF EQ.4) KFST=2
IBEG=IFST-7
110 CONTINUE
IBEG=IBEG+7
IEND=IBEG+6
IEND=MINKIEND.L1)
¢ PRINT 50
write(16,50)
¢ PRINT 20,(L(=IBEG,IEND) -
write(16,20)(Li=ibeg.iend)
¢ PRINT30
write(16,30)
JFL=JFST+M1
DO 115 JFJFST M1
FIFL-J1
¢ PRINT 40,J,(F(L),K.NF)I=IBEG [END)
write(16,40);,(Ri,j k.nf).i=ibeg.iend)
115 CONTINUE
IFAENDLTL1)GOTO 110
998 CONTINUE
999 CONTINUE

C
¢ LOGICALLSTOP
¢ INTEGER*4 NOW(14)
¢ COMMON/CNTLASTOPICALL ISTOP
LOGICAL LSOLVELPRINT,LBLK LSTOP
OOMMON F(35,25,35,5)P(35,25,35),RHO(35,25,35),GAM(35,25,35),
1 CON(35.25,35),AKP(35,25,35),AKM(35,25,35),AP(35,25,35),
2 AIP(35.25,35),AIM(35,25,35), AJP(35.25,35), AM(35,25,35)
COMMON deily(35,25,35),delh0(35,25,35),epsi(35.25,35),
3 X(35).XU(35),XDIF(35) XCV(35), XCVS(35),tk cp.alatent,
4 Y(35),YV(35),YDIF(35), YCV(35), YCVS(35),tmelt tprev(35,25,35),
5 Z(35).ZW(35),ZDIF(35) ZCV(35)ZCVS(35),ap0(35,25,35),
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6 YCVR(35), YCVRS(35), ARX(35), ARXJ(35), ARXJP(35),8p1(35.25,35),
7RES)LRMN(33),SX(35),SXMN(35) XCVIGS).XCVIP(S),

8 YCVI(35), YCVIP(35).ZCVK(35).ZCVKP(35).51(35,25,35)
OOMMON DU(35.25,35),DV(35,25,35)DW(35,25 35) FV(35)FVP(35),
1 FX(3S)FXM(3S)FY(35)FYM(35).PT(35).QT(35). TOLD(35,25,35),

2 FZ(35)FZM(35), VHAT(35,25,35), WHAT(35,25,35),UOLD(35 25.,35)
OOMMON/INDX/RELAX(13).LPRINT(13),LBLK(1 1) NTIMES(10),
1LSOL VE(10), TIME DT XL YL ZL.SRHOCON,ZERO,TLAST,
2NFNFMAX NP.NRHONGAML1,L213 MIM2 M3,N1.N2 N3,
3IST,JSTXSTITERLAST,

4IPREF JPREF KPREF MODE

OOMMONHEADIN/TTTLE

CHARACTER®10 TITLE(13)

OOMMON/CNTL/LSTOP JCALL,ISTOP

OOMMON/CONV I/EPSU EPSV,EPSW EPST JCONV,ITER1,T0(35,25,35),ENBAL,
1 U0(35,25.35),V0(35,25,35),WO(35,25,35).ITERL
COMMON/RESID/RMAX(13),IRESID
OOMMON/SORC/SMAX SSUM
common/Sorce/xforoe(35,25,35),yforce(35,25,35),zforce(35,25.35)
COMMON/OOEF/FLOW DIFF. ACOF

DIMENSION U(35,25.35),V(35,25.35), W(35.25,35),PC(35,25,35)
DIMENSION T(35,25,35)
EQUIVALENCE(F(1.1,1,1), UL L DL(F(L,L1,2),V(1,1,1)),

1 FLLL3)WALD)LE(LLILAPCA,LL)

2 (FALLLS)TALD)

DATA NFMAXNPNRHONGAM/5.6,7,8/

DATA LSTOP,LSOLVE LPRINT/24* FALSE/

DATA MODE, TIME ITER IRESID ITER1/1,0.0,0,/

DATA RELAXNTIME/13* 3,10*5/

DATALBLK/!: ' TRUE/

DATA DT IPREF JPREF KPREF RHOCON/1 E+10,1,1,1,1.0/

C
C NF=1,2,3 STAND FOR U,V AND W VELOCITIES.
C NF=4 IS FOR PRESSURE
C NF=5 IS FOR TEMPERATURE
C LSOLVE=TRUE SOLVES THAT PARTICULAR PHI

DATA (LSOLVE(I),}=1,6)6*.TRUE/
C DATA (LSOLVE()J=1,6y4* FALSE.. TRUE ,FALSE/
C LPRINT(NF)=TRUE PRINTS VARIABLE ASSOCIATED WITH NF ON CALLING PRINT
C DATALPRINT(1), LPRINT(5V/2* TRUE/
C TERMINATE ITERATIONS AT ITER=LAST

DATA LAST/100/
C UNDERELAXATION FACTORS
¢ DATA RELAX(1),RELAX(2),RELAX(3),RELAX(4)0.7,0.70.7,.7/
¢ DATA RELAX(S)RELAX(6Y.7.7/
C TITLES FOR THE FIELD PRINTOUTS

DATA TITLE(1), TTTLE(2), TITLEQ), TTTLE(S), TTTLE(6Y

I'UV'WT, P/
C NUMBER OF SWEEPS IN THE LINE-BY-LINE TDMA ALGORITHM
¢ DATA NTIMES(4) NTIMES(5)y2*2/
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C TOLERANCES FOR OCONVERGENCE
DATA EPSU EPSV EPSW EPST/1.0E-3,1.0E-3,1.0E-3,5.0E-2/
DATA ZERON./
END

C
C

SUBROUTINE USE

C
C IF LARGER NUMBER OF GRID POINTS IS TO BE USED, THE DIMENSION

C STATEMENTS MUST BE CHANGED THROUGH THE PROGRAM TO ACCOMODATE
C VALUES GRAETER THAN (28.26,28) ETC.

INTEGER*4 NOW(14)
COMMON/CNTLALSTOP,ICALLISTOP
LOGICAL LSOLVE LPRINT LBLK LSTOP
COMMON F(35,25,35,5),P(35,25,35),RHO(35,25,35), GAM(35,25,35),
1 CON(35.25,35).AKP(35,25,35),AKM(35,25,35),AP(35,25,35),
2 AIP(35,25,35).AIM(35,25,35), AJP(35,25,35),AIM(35,25,35)
COMMON delh(35,25,35),delh0(35,25,35).epsi(35,25,35),
3 X(35).XU(35).XDIF(35).XCV(35) XCVS(35),tk. cp.alatent,
4 Y(35).YV(35),YDIF(35), YCV(35). YCVS(35),tmeit tprev(35,25,35),
3 Z(35)ZW(33).ZDIF(35)ZCV(33),ZCVS(33),2p0(35,25,35),
6 YCVR(35), YCVRS(35), ARX(35), ARXJ(35) ARXIP(35).ap1 (35,25 35),
7 R(35)RMN(35),5X(35), SXMN(35),XCVI(35) XCVIP(35),
8 YCVI(35), YCVIPG5),ZCVK(35).ZCVKP(35)st(33,25,35)
COMMON DU(33,25,35),DV(35,25,35)DW(35,25 35) FVES)FVP(35),
1 FX(3)FXMG5)FYGS)FYMG35)PT(35).QT(5),TOLDES,25,35),
2 FZ(35)FZM(35),VHAT(35,25,35), WHAT(35,25,35), UOLD(35,25 35)
COMMON/INDX/RELAX(13),LPRINT(13),LBLK(11),NTIMES(10),
1LSOLVE(10), TIME,DT XL,YL.ZL.S RHOOON ZERO,TLAST,
2NFNFMAXNP,NRHONGAM,L1,L.2 1.3 M1 M2 M3 ,N1,N2. N3,
3IST.JSTKSTITERLAST,
4IPREF JPREF KPREF MODE
COMMONHEADIN'TITLE
CHARACTER*10 TITLE(13)
COMMON/CNTL/LSTOP ICALLISTOP
COMMON/CONVVEPSU EPSV EPSW EPST JCONV,ITER1,T0(35,25,35).ENBAL,
1 U0(35,25,35),V0(35,25,35), WO(35,25,35) ITERL
COMMON/RESID/RMAX(13),IRESID
OOMMON/SORC/SMAX,SSUM
common/foroe/xforoe(35,25,35), yforoe(35,25,35),zforoe(35.25,35)
COMMON/COEF/FLOW DIFF, ACOF
DIMENSION U(35,25,35),V(35,25,35), W(35,25,35),PC(35,25,35)
DIMENSION T(35,25,35),imat(35,25,35)xul(35), yv1(35).zw1(35)
EQUIVALENCE(F(L1,1, ) U(LL D).(F(1,1,1.2).V(L.LD)),
1 FQLL)WALD)LFQLLAPCULL)
2 (FULL3)T(A,LL)
DIMENSION PRTTM(10)

C
¢ LOGICALLSTOP
c
c

DATA IPRRRTOL,IIPR/1,0.38E-5,1/C
ENTRY MESH
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C

C DOMAIN LENGHTS IN THE 3 DIRECTIONS
XL=5.1
YL=504
A=504

C NUMBER OF GRID POINTS IN THE 3 DIRECTIONS
Li=28
Mi=24
Nl=24

C
XU2)y=0.
XU@)=0.08
XU(4)=0.085
XU(5y-0.100
XU(6)=0.1274
XU()=0.131
XU(@8)~0.174
XU(9y=0.259
XU(10y=0.29
XU(11)=0.30
XU(12=0.33
XU(13y=0.36
XU(14)=0.50
XU(15y=0.65
XU(16=0.8
XU(17y=1.00
XU(18y=1.75
XU(19y=2.5
XU(20y=3.28
Xu@2n=40
XU(22)=4.5
XU23y=4.75
XU(24)=4.85
XUQ@5y=4.95
XU(26y=5.03
XUQRTy=5.07
XU(@28)y=5.10

ZW(2y=0.
ZW3)y=0.48
ZW(4)=0.58
ZW(5)=0.885
ZW(6)=0.94
ZW(Ty0.995
ZW(8)y=1.296
ZW(9)y=1.396
ZW(10)=2.106
ZW(11y=2.206
ZW(12y=2.511
ZW(13)=2.566
ZW(14y=2.621
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- ZW(15=2.926
ZW(16y=3.026
ZW(1T=3.736
ZW(18)=3.836
ZW(19y=4.141
ZW(20)=4.196
ZW(QR1)y=4.251
ZW(22y=4.561
ZW(23y=4.661
ZW(24)=5.04

YV(2)y=0.
YV(3)y=0.48
YV(4)y=0.58
YV(5)=0.885
YV(6)=0.94
YV(7=0.995
YV(@8)=1.29
YV(9r=1.396
YV(10)=2.106
YV(11)=2.206
YV(12)=2.511
YV(13)=2.566
YV(14y=2.621
YV(15y=2.926
YV(16)=3.026
YV(17=3.736
YV(18)=3.836
YV(19)=4.141
YV(20)~4.196
YV(21)=4.251
YV(22)=4.561
YV(23)=4.661
YV(24)=5.04
C
ENTRY BEGIN
CINITIAL TIME
¢ WRITE(*.*) INITIAL TIME'
TIME=00
C INITIAL TIME STEP
¢ WRITE(**)INITIAL TIME STEP'
DT=30.
C ITERATIONS STOP AT ITER=LAST
¢ WRITE(*,*)FINISH TIME'
TLAST=1000.0
C HOWMANY TIMES SHOULD FULL DATA BE PRINTED TOFILE
¢ WRITE(**)' NUMBER OF TIMES FOR PRINTING DATA TOFILE
NNPR=2
C WHEN IS DATA TO BE PRINTED
¢ WRITE(**)' PRTIMIPRTTM2,...
PRTIM(1)=00
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PRTTM(2)~500.0
PRTTM(3)=100.0

C READ RAYLEIGH NUMBER
¢ WRITE(*,*YRAL
RA=].15¢3
C READ PRNDTL NUMBER
¢ WRITE(*.*)PRANTL~
PR=24
CREAD XLHC RATIO
¢ WRITE(*,*)CHIP HEIGHT TO PACKAGE LENGTH RATIO
XLHC=0.043
¢ WRITE(*,*yCHIP LENGTH TO PACKAGE LENGTH RATIOY
XLLC=0.017
C READ RATIO OF CONDUCTIVITIES
¢ WRITE(*,*YRATIO OF CONDUCTIVITIES (CHIP-TO-FLUID)
RC=2360.0
¢ WRITE(*,*)RATIO OF CONDUCTIVITIES (SUBSTRATE-TO-FLUID)
RS=333.0
¢ WRITE(*,*)RATIO OF OONDUCTIVITIES (PACKAGE-TOFLUID)
RP=266.0
¢ WRITE(*,*YRATIO OF CONDUCTIVITIES (LID-TO-FLUID)
RL=271.0
¢ WRITE(*,*)RATIO OF CONDUCTIVITIES (AIR-TO-FLUIDY
RR=0.42
¢ WRITE(*,*YRATIO OF CONDUCTIVITIES (SOLDER-TO-FLUID)
RG=196.0
¢ WRITE(*,*YRATIO OF CONDUCTIVITIES (GOLD COATING-TO-FLUID)
RM=3900.0
CREAD RATIO OF THERMAL INERTIA
¢ WRITE(*,*)RATIO OF RHO*CP (SUBSTRATE-TO-FLUID)
RHOCS=1.63
¢ WRITE(*.*)RATIO OF RHOC*CP (CHIP-TOFLUIDY
RHOOC=0.9
¢ WRITE(*,*YRATIO OF RHO*CP (PACKAGE-TO-FLUD)
RHOCP=].68
¢ WRITE(*,*YRATIO OF RHO*CP (LID-TO-FLUID)
RHOCL=1.98
¢ WRITE(*,*)RATIO OF RHO*CP (AIR-TO-FLUID)
RHOCR=0.00064
¢ WRITE(*,*YRATIO OF RHO*CP (SOLDER-TO-FLUIDY
RHOCG=0.68
¢ WRITE(*,*)RATIO OF RHO*CP (GOLD-TO-FLUID)
RHOCM=1.36
C READ WHETHER TO RAMP SOURCE TERMS
¢ WRITE(*.*YRAMP SOURCE TERMS (/1)
IRAMP=1
C DETERMINE IF WANT TO USE A PREVIOUSLY OCOMPUTED SOLUTION AS
C AN INITIAL GUESS
¢ WRITE(*,*)READ FROM INPUT FILE (V1)
IREAD=]
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IFAREAD.EQ.1)LREAD=TRUE.

IFQIREAD EQO)LREAD=FALSE.
CREAD IN RELAXATION PARAMETERS
¢ WRITE(*,*)’' ENTER relaxation'

RELAX(1)=0.4

RELAX(2)=0.4

RELAX(3)=0.4

RELAX(4)04

RELAX(5=0.4

RELAX(6)=0.4
C PROVIDE INITIAL GUESS. THE PROGRAM SOLVES FOR THE INTERIOR POINTS
CONLY. HENCE THE BOUNDARY VALUSE FOR THE TEMPERATURES AT THE HOT
C AND OOLD BOUNDARIES HAVE BEEN ALREADY SPECTFIED.
C

DO 100 =1 L1
DO 100 J=1 M1
DO 100 K=1,N1
IMAT@JK)=0
RHO@JX)y=1.0
100 CONTINUE
DO 101 =1L}
DO 101 =1 M1
DO 101 K=I,N1
ULIK)=0.
VAJK)y=0.
W(JK)=0.
TAJK)=0.
IFANEL1) TLJK)=0.075
C SET UPMATERIAL TYPE ARRAY
C SUBSRATE
IF(LLE 2) THEN
IMAT(J K)y=-1
RHO(LJK)=RHOCS
ENDIF
C COMPONENT DETAILS
IF (LLES.AND.IGE4.AND.
1 (JGE4ANDJLE9ORI.GE11.ANDJLE.16.
2 ORJ.GE 18.AND.JLE23)AND.(.
3  KGE4AND.KLE9.ORKGE 11 ANDKLE.l6.
4 ORKGE.13AND.JLE23)) THEN
C CHIP AND AIR GAP
IF LEQ.7) THEN
IF(
1 (.GE4ANDJLE9ORJGE.11.ANDJLE 16.
2 ORJ.GE.18.AND.JLE23).AND(
3 KGE4AND.KLE9ORKGE 1. ANDKLE.16.
4 ORKGE.18.AND.JLE 23)) THEN

IMAT@IK)=3
RHO@LJKy=RHOCR
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ENDIF
C CHip

IK
1 (.GE6ANDJLE7ORJ.GE13ANDJLE 14.
2 ORJGE20.ANDJLE21).AND.(
3 KGEG6AND.KLE70ORKGE13ANDKILE I4.
4 ORKGE20.AND.JLE21)) THEN
IMAT(LIX)=1
RHO(LJ K)y=RHOCC
ENDIF
ENDIF
¢ AIR SPACE ABOVE CHIP
IF 11EQ.8) THEN

IF(
1 (JGE4ANDJLE9ORIJGE.1LANDIJLE 6.

2 ORJ.GE.18.ANDJLE.23).AND/(
3  KGE4.AND.KLE9ORKGE.11ANDKLE.16.
4 ORKGE.18.AND.JLE23)) THEN
IMAT(@J X)=3
RHO(LJK)=RHOCR
ENDIF
ENDIF
C GOLD/TUNGSTEN COATING BELOW DIE (CHIP)
IF(LEQ6) THEN

IF(
1 (GE4ANDJLE9ORJGE 11 ANDJLE. 16.

2 ORJ.GE 18 AND.JLE.23) AND.(
3 KGE4AND.KLE9ORKGE.IIANDKILE.I6.
4 ORKGE 18 AND.JLE 23)) THEN
IMATQLIK)=7
RHO(LJ K)=RHOCM
ENDIF
ENDIF
C PACKAGE
[FAMAT(LJ K)EQ.0) THEN
IMATLIK)=2
RHO(JK)=RHOCP
ENDIF

ENDIF
C LD
IF LEQ9) THEN

IF(
1 (.GE4ANDJLE9ORJGE 11.ANDJLE. ]6.

2 ORJ.GE.18.ANDJLE.23).AND(
3 KGE4AND.KLESORKGE.11.ANDKLE. 16.

4 ORKGE 18.AND.JLE23)) THEN
IMAT(LIK)~4
RHO(LJ.Ky=RHOCL

ENDIF

ENDIF

C FLUID BEWTEEN CHIP AND SUBSTRATE
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IF 1. EQ3)THEN

IF(
1 JGE4AANDJLE9.ORJ.GE.11.ANDJLE.16.
2 ORJ.GE.18.AND.JLE 23 AND.
3 KGE4AND.KLE9ORKGE. 11 ANDKLE. }6.
4 ORKGE.18.AND.JLE 23) THEN
IMAT(IK)=6
RHOLJK)=1.0
ENDIF
ENDIF
¢ SOLDER CONNECTION BEWTEEN CHIP AND SUBSTRATE
IF (1LEQ.3)then
IFGEQ4.AND.
2 (KEQSORKEQSORKEQ.I2O0RKEQ.LS.
2  ORKEQ.19.0RKEQ.22))then
IMAT@MJK)y=S
RHO(LJX)=RHOCG
ENDIF

IFUEQ.9.AND.
(KEQ.5 ORKEQS.ORKEQ.120RKEQ 1.
ORK EQ.19ORK EQ 22))THEN
IMAT(QJ K)y=5
RHOMLJKy=RHOCG
ENDIF
IFO.EQ.11.AND.
2 (KBEQSORKEQSORKEQI120RKEQ!IS.
2 ORKEQI9.ORKEQ22)THEN
IMAT@LIK)~5
RHO(LJK=RHOCG
ENDIF
IFUEQ.16AND.
(KEQ.5 ORK EQ8 ORK EQ.120RKEQ/1S.
ORKEQ.190RK EQ22))THEN
IMAT@J Ky=S
RHO(QJ K)=RHOCG
ENDIF
IFJ.EQ.18.AND.
(KEQ.S ORK EQ8.ORK EQ.120RKEQ.15.
ORK EQ.19.0RK EQ22))THEN
IMAT(IK)=5
RHO(LJK)*RHOCG
ENDIF
IFO.EQ23.AND.
(K.EQ.5.ORK EQ8.0RKEQ 12.0RKEQ.15.
ORKEQ 19.0RK EQ22))THEN
IMATQLIK)=S
RHOMJK)y=RHOCG
ENDIF

IFUEQ.5.AND.
2  (KEQ4.ORKEQ9I.ORKEQ.11.ORKEQ.l6.
2  ORKEQ.18.0RKEQ.23))THEN

[ S S

[ S )

[S N =

NN
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IMATMLIK)y=3
RHO(LJXy-RHOCG
ENDIF

[FUEQS8.AND.
KEQ4ORKEQY9.ORKEQ!1.ORKEQ.16.
ORKEQ.18.0RKEQ23))THEN
IMAT(LJ K)=5
RHO(LJ Ky-RHOCG
ENDIF
IFJ.EQ.12.AND.
(KEQ4.ORKEQ9ORKEQ.11.ORKEQ.16.
ORKEQ.13.0RKEQ.23)THEN
IMAT(LIK)=3
RHO(LJ Ky=RHOCG
ENDIF
IFJ.EQ.15.AND.
(KEQ4.ORKEQ9ORKEQ.11.ORKEQ. 16.
ORKEQ.18.0RKEQ23))THEN
IMAT(LIK)=5
RHOLJX)=RHOCG
ENDIF
IFJ.EQ.19.AND.
(KEQ4.ORKEQ9ORKEQ.11.ORKEQ.16.
ORKEQ 18 0RKEQ.23))THEN
IMATQJK)y=5
RHO(LJK)y=RHOCG
ENDIF

FJ.EQ.22. AND.
(KEQ4.ORKEQ9.ORKEQ.!11.ORKEQ l6.
ORKEQ.18.0RK EQ23))THEN
IMAT(@LJK)=5
RHO(LJK)=RHOCG
ENDIF

ENDIF

101 CONTINUE

do 576 i=1,11

do 576 f=1.ml

do 576 k=1,nl

write(20.) i hotijk)

continue

NN

[

NN

NN

NN

576

IF(NOTLREAD) RETURN
CREAD DATA FROM INPUT FILE
REWIND (7)
READ(7,%) XY, ZXULYVIZWLUVWPT
ICHK=0
DO 1021=2L1
IF(ABS(XU1(T)-XU().GT.1E-7) THEN
ICHK=]
WRITE(*,*) TXUD.XUID' LXUD.XUIM
ENDIF
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102 CONTINUE
DO 103 =2 M1
IF(ABS(YV1()-YV()).GT.1E-7) THEN

ICHK=1

WRITE(*,*) 1,YVQ).YVI(),L,YV(),YVI()
ENDIF

103 CONTINUE
DO 104 K=2,N1
IF(ABSZW1(K)-YV(K)).GT.1E-7) THEN

ICHK=1

WRITE(*,*) KYVK).ZWI(K) K. YV(K).ZW1(K)
ENDIF

104 CONTINUE
IFACHK.EQ.1) STOP

C INCORPORATE BOUNDARY CONDITIONS
ENTRY BNDRY
DO 864 I=1,L1
DO 864 =1 M1

C ADIABATIC SIDES (Z=0,2=1)
TAL=TA2)
TALINI=TLIN2)

864 CONTINUE
DO 865 J=1. M1
DO 865 K=1,N1

C ADIABATICSIDE (X=0)
TAJXKFTQJK)
TL1JK)=0.

865 CONTINUE
DO 866 I=1,L1
DO 866 K=1,N1

C ADIABATIC TOP AND BOTTOM (Y=0,Y=XL)
TARLK=TI2K)
TAMLK~TIM2XK)

866 OONTINUE
RETURN

C
ENTRY PRTOUT
IFATER NE.0) GO TO 400
PRINT 401

401 FORMAT (1X'SIMPLER'//)
ANUCLD=0.0

400 CONTINUE

COMPUTE AVERAGE NUSSELT NUMBER
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ANUHOT=0.0
ANUCLD=0.0
ACHPT=0.
ACHPS=0.
ACHPST=0.
ACHPSB~0.
ACHPB=0.
ASUB=0.
ASUBB=0.
AGAP=0.
HTCAP=0.0
HTCAP1=0.0

C CONTRIBUTIONS TO HOT WALL NUSSELT NO. FROM SIDES OF CHIP
DO 665 =39

IF(LGT.3 .AND. LLT.9) RRT=RP

IF(LEQ9) RRT=RL

C CONTRIBUTIONS FROM Y-SIDES OF CHIP
DO 663 K=11,18

[FLEQ.3) THEN
IFAMAT(,10K).EQ.5) THEN

AGAP=AGAP+2 *(T(LI0K)}TALIK)*XCVA* ZCVKY
1 (YCV(10YRG+YCV(9))

ELSE

AGAP=AGAP+2.%(T(L 10K)-TALIK)*XCVA*ZCVKY
1 (YCV(I10)+YCV(9))

ENDIF

IFOIMAT(,17,K)EQ.5) THEN
AGAP=AGAP+2 (T(L17K)-T(L 18 K))*XCVI*ZCVKY
1 ((CCVUTYRGHYCV(18)))

ELSE
AGAP=AGAP+2 XT(L17K)-T(L I8 K)*XCVAY* ZCVEKY
1 (YCV(AT+YCV(18))

ENDIF

ELSE
ACHPSB=ACHPSB+2. %(T(, 10K)>-T(LIK)*XCVI#* ZCVKY
1 ((YCV(I0YRRT+YCV(9)))
ACHPST=ACHPST+2.%(T(1,17K)-T(L 18 K))*XCVAy*ZCVKY
1 (YCVUITDRRT+YCV(18))

ENDIF

663 OONTINUE

C CONTRIBUTIONS FORM Z-SIDES OF CHIP

DO 664 J=10,17

IF(LEQ.3) THEN

IFOIMAT(J,11).EQ.5) THEN

AGAP =AGAP +2.%(T(L], 11)-T(L, 10))*YCV(y*XCV(Iy
1 (ZCVUIYRGHZCV(10)

ELSE

AGAP =AGAP +2.4(T(L), 10)-T(.J.9)*YCV(y*XCVay
1 (@CVQI+ZCV(10))

ENDIF
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FIMAT(L}, 18) EQ.5) THEN
AGAP=AGAP+ 2 %(T(1J, 18}-T(L),19)*YCV()*XCV(y
1 ((ZCVUSYRG+ZCV(19))
ELSE
AGAP=AGAP+ 2 %(T(LJ,18)-T(LJ, 19)* YCV(Jy*XCV(y
1 (@CVUSHZCV(19)
ENDIF
ELSE
ACHPS =ACHPS +2.*(T(LJ,11)-T(LJ, 10))* YCV(y*XC V(Y
1 (@CV(1YRRT+ZCV(10))
2 +2.%(T(LJ,18)-T(L, 19))*YCV()* XC VAV
1 ((ZCV(ISYRRT+ZCV(19)
ENDIF
664 CONTINUE
665 OONTINUE
ANUHOT=ANUHOT+ACHPS+ACHPST+ACHPSB+AGAP
DO 666 J=2.M2
DO 667 K=2N2
DO 669 =2 M2
IFOMAT(JK).NE.0) THEN
HTCAPI=HTCAPI+RHO(LJK)*XCV(D*YCV())*ZCV(K)*
1 (TALIK)»TOLIK)YDT*(PR*RA)**0.5
ENDIF
HTCAP=HTCAP+RHO(LJK)*XCV(D)*YCV()*ZCV(K)*
1 (TAJK)»TOLLK)VDT*PR*RA)**0.5
669 CONTINUE
COMPUTE AVERAGE NUSSELT NUMBER AT THE HOT AND COLD WALL
FIMAT(4.JX)EQ0) THEN
C CONTRIBUTION TO HOT WALL NUSSELT NUMBER FROM SUBSTRATE HEAT LOSS
ANUHOT=ANUHOT+2.%TQJK)- T3 JK)*YCV()*ZCVKY
I (XCVQYRS+XCVQ))

" ASUB =ASUB +2.4TQJK)-TGJK)*YCV(y*ZCV(KY

H..;E (XCVQRYRS+XCVQ)
C CONTRIBUTION FORM TOP OF CHIP
ANUHOT=ANUHOT+2.%(T(9.JK)-T(10 JK)*YCV()*ZCVKY
1 (XCVOYRL+XCV(10))

ACHPT =ACHPT +2.%(T(9.J ¥)-T(10,J K))*YCVQ)*ZCVKY
1 ((XCV(9YRL+XCV(10),,
C

[FAMATGJK)EQ.5) THEN

RRT=RGRC

RRTI=RGRS

ELSE

RRT=LRC

RRTI=1RS

ENDFF
C

ACHPB =ACHPB +2 *RCYT@.J K)-TGJK)*YCVU)*ZCVKY
I (XCV@+XCVGYRRT)

ASUBB =ASUBB +2.*RS*(T(3 JK)-TJK)*YCV()*ZCV(KY
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1 ((XCVOYRRTI+XCV(2))
ENDIF
ANUCLD=ANUCLDHT(L2JK)-T(L1JK)*YCV()*ZCV(KY
1 (XDIFQLI))
667 CONTINUE
666 OONTINUE
¢ print®, ANUHOT ANUHOT
C  ANUHOT=ANUHOT
MONITOR SSUM.SMAX AND OTHER QUANTITES AS ITERATIONS PROCEED
ON CONVERGENCE, SMAX SHOULD BE VERY SMALL (LESS THAN 1 0E-04)
SSUM SHOLD ACHIEVE A SMALL VALUE WITHIN A FEW ITERATIONS, WELL
BEFORE CONVERGENCE. SSUM WILL NOT BE SMALL IF THE BOUNDARY
CONDITIONS ARE NOT WRITTEN CORRECTLY.
XITER=FLOAT(TER)
WRITE(21,*) ITER T(22,15,15)T(23,15,15).SSUM
XITERS=FLOAT(TERTPR)
IF(ABS(XITER/FLOAT(IPR)-XITERS) LT. 1 E-5) THEN
IRESID=1
¢ PRINT 403 JTER ITERL. TIME,SSUM.T(6,14,14),V(6,22, 14)ENBAL
¢ WRITE(12,1121) TIME, ANUHOT, ANUCLD ASUB HTCAP HTCAPI
E*DIF
405 FORMAT (164,5E12.4)
404 FORMAT (i6,4E12.4)
COMPUTE LOCAL AND GLOBAL NUSSELT NUMBERS AS ITERATIONS PROCEED
IF( ITER EQ.250.0R ITER EQ.500.0R ITER EQ.750
1.ORITER EQ. 1000.OR ITER EQ.1250. OR ITER EQ.1500
2. ORITER EQ.1750.0R ITER EQ.2000.OR ITER EQ 2250
3 OR ITER EQ 2500.0R ITER EQ.2750.0R ITER EQ 3000
4 ORITER EQ.3250.OR ITER EQ 3500 OR ITER EQ.3750
$ OR ITER EQ.4000.0R ITER EQ 4250.OR ITER EQ 4500
6.OR ITER EQ4750.OR ITER EQ.5000.OR ITER EQ.5250
7.OR ITER EQ.5500.OR ITER EQ.5750.OR ITER EQ.6000
8 OR ITER EQ 6250 OR ITER EQ.6500.0R ITER EQ 6750
9 OR ITER EQ.7000.0R ISTOP.GT.0.0R TIME.GE TLAST)THEN
WRITE(S,*)TTER RMAX(1)RMAX(2) RMAX(3) RMAX(S)
WRITE(S,*)ITER RMAX(1) RMAX(2) RMAX(3) RMAX(S)
WRITE.*) V(10,14,14).T(3,14,14),V(6,22,14) T(10,14, 14)
WRITE(S*) V(10,14,14)T(8,14,14),V(6,22,14)T(6,22, 14)
WRITE(S, *Y ANUHOT = ANUHOT, HTCAPI='HTCAPI
WRITE(S, *Y ANUCLD =, ANUCLD; HTCAP='HTCAP
WRITES*)' ACHPS='ACHPS, ACHPT ,ACHPT
WRITE(3.*)' ACHPB="ACHPB; ASUB'ASUB
WRITE(S,*)* ACHPSB="ACHPSB, ACHPST'ACHPST
WRITE(S.*)' ASUBB="ASUBB; AGAP'AGAP
c
IF(TIME.GE TLAST OR LSTOP) THEN
WRITE(S,*YRA='RA,' PR='PR
WRITE(8,%)ZL=2L 'RC=RC
WRITE(S *YRS='RS, XLHO=' XLHC
ENDIF
WRITE(S,*)

eXeNeXeXe!

0

114




ENDIF
C
C CHECK TO SEE WHETHER TO WRITE DATA TOFILE
IF(TIME.GE PRTTMW(TIPR)) THEN
WRITE(2.*) X Y.ZXU,YVZWUVWPT
IIPR=IIPR+1]
WRITE@S.*) ' DATA WRITTEN TO FILE FOR TIME =, TIME
ENDIF
C
C SEE WHETHER TIMESTEP SHOULD BE LENGTHENED
C
IFATERL LE 3. AND.ITER GT.1) THEN
ifttime.LE. 10.)then
DT=DT*1.5
WRITE@S,*) TIME="TIME,' TME STEP CHANGED TO DT =DT
else
DT=DT*1.1
WRITE(S *) TIME= " TIME,' TIME STEP CHANGED TODT =DT
endif
ENDIF
C
IF(TIME.GE. TLAST.OR ISTOP.GT.0) THEN
C GET AFIELD PRINTOUT AFTER ITERATIONS STOP
CALL PRINT
C WRITE IN ORDER TO COMMENCE NEW PROBLEM
WRITE(7*) X YZXUYVZWUVWPT
WRITE(S,*) ' DATA WRITTEN TO FILE FOR TIME = TIME
C WRITE MATRIX OF CONDUCTIVITIES TO A FILE FOR USE BY PLOT ROUTINE
DO 1122=1L1
DO 1122 =1 M1
DO 1122 K=| NI
IFAMAT(J K).EQ.-1) THEN
PC(LJK)=RS
ELSEIFIMAT(JK)EQ.1) THEN
PCALIX)y=RC
ELSEIFIMAT(LJ K).EQ.2) THEN
PC(LJK)=RP
ELSEIFIMAT(J K).EQ.3) THEN
PCLIK)"RR
ELSEIFIMAT(LJ K).EQ4) THEN
PCALIK)y=RL
ELSEIFIMAT(LJ X).EQ.5) THEN
PCALIKPRG
ELSEIFIMAT(JK).EQ.7) THEN
PCLIKy=RM
ELSE
PCALIK)=1
ENDIF
1122 CONTINUE
REWIND(9)
WRITE(9,*) PC
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ENDIF
1121 FORMAT(F13.1,5G13.5)
RETURN

C
ENTRY DIFFUS
IF (NF.EQ4) RETURN
PR=24.0
RA=].15¢3
RC=2360.0
RC=2360.0
RS=333.0
RP=266.0
RL=271.0
RR=0.42
RG=796.0
RM=3900.0

DO 500 I=1,L1
DO 500 J=1 M1
DO 500 K=1,N1
C DIFFUSIVITY FOR THE U, V OR W EQUATIONS
IFAIMAT(LJ.K).NE.0) THEN
C SET DIFFUSIVITY TO A HIGH VALUE FOR ALL SOLID REGIONS
GAM(LJ K)=10E15
ELSE
GAM(LIK)=(PRRA)**0.5
ENDIF
C DIFFUSIVITY FOR THE ENERGY EQUATION
IF (NFEQ.5) THEN
IFAMAT(@J K).EQ-1) THEN
GAMLJKRS/(RA*PR)**0.5
ELSEIFAIMAT(JK).EQ.1) THEN
GAM(LJKRC/APR*RAY**0.5
ELSEIF(IMAT(1,J X).EQ.2) THEN
GAM(J K)y=RP/(PR*RA)**0.5
ELSEIFAMAT(,JK) EQ3) THEN
GAMLIK)=RRAPR*RA)**0.5
ELSEIFAIMAT(1,JK).EQ4) THEN
GAM(LJ Ky=RL/(PR*RA)**0.5
ELSEIFAIMAT(LJK).EQ.5) THEN
GAM(LJK=RGAPR*RA)**0.5
ELSEIFIMAT(LJKX).EQ.7) THEN
GAM(LJ Kr-RM/(PR*RA)**0.5
ELSE
GAMLIK)=1/(PR*RA)**0.5
ENDIF
C SPECIFY ZERO DIFFUSIVITIES FOR THE ADIABATIC BOUNDARIES
GAM(, 1. Ky0.0
GAM(IMI1 K00
GAM(1,JK)=0.0
GAM(LJN1)=0.0
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GAM(LJ,1=0.0

ENDIF

500 OONTINUE
IF (NF.NE.2 . AND. NF.NE.5) RETURN

C SOURCE TERMS ARE EVALUATED ONLY FOR INTERIOR POINTS
DO 501 I=2,L.2
DO 501 =2 M2
DO 501 K=2N2

IF (NF.EQ.2) THEN
C

C SOURCE TERM FOR X MOMENTUM
C
C INTERPOLATE TO GET THE VALUE OF TEMPERATURE AT THE CONTROL
C VOLUME
C INTERFACE, SINCE THE VELOCITY U IS EVALUATED AT THE INTERFACE.
TM=FY()*TMJ KHFYMQ)*T(LI-1.K)
CONI=TM
C SUPPLY ONLY PART OF THE SOURCE TERM IN THE MOMENTUM EQ. TO
C AVOD
C DIVERGENCE BEFORE 200 ITERATIONS
OON(J K)=FLOAT(ITER**2)*CON1/200.**2
IF (ITER GT.200.0R. IRAMP.EQ.0 YOON(LJ K)=CON1

C
C SOURCE TERM FOR ENERGY EQUATION IN SLAB
C
ELSE

IFIMAT(LJ.K).EQ.)THEN

CONLJ K)=1/(PR*RA)**0.S/XLHC/XLLC**2

ENDIF

ENDIF

501 CONTINUE
RETURN
C

ENTRY NRGBAL
C
ANUCLD=0.0
HTCAP=0.0
DO 780 =2M2
DO 780 K=2 N2
DOTO =212
HTCAP=HTCAP+RHOLJK)*XCV(I)*YCV()*ZCV(K)*
1 (TAJX)-TULIK)YDTHPR*RA)**0.5
770 CONTINUE
ANUCLD=ANUCLDHT(@L2JK)-TL1JK)*YCV(J)*ZCVKY
1 CDIFLL)
780 CONTINUE
C  WRITE(*,*)' HTCAP = HTCAP,' ANUCLD =,ANUCLD
¢ print* ANUCLD HTCAP
ENBAL=ANUCLD+HTCAP-1
RETURN
END
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OONTINUE
C WRITE(*,*) ' HTCAP =, HTCAP,' ANUCLD =, ANUCLD
¢ print* ANUCLD HTCAP
ENBAL=ANUCLD+HTCAP-1
RETURN
END
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