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ABSTRACT

Two experimental studies of the natural convection characteristics of
heated protrusions immersed in dielectric liquids were conducted. The
first study used a three by three array of simulated 20 pin dual-in-line
chips which were made from aluminum blocks with foil heaters. The second
set of experiments used a three by three array of thermal evaluation
devices mounted on an alumina substrate. The devices were 8.9 mm square
chips which contained resistors and a type of temperature sensing
transistor. Both studies used an insulated Plexiglas enclosure with a top
mounted heat exchanger maintained at a constant 10 °C. Each array was
mounted on a Plexiglas substrate, and spacers were used to vary the
horizontal distance from the components to the enclosure wall. Five
separate enclosure widths were used, with a maximum spacing of 40 mm.

The vertically oriented aluminum blocks were tested with FC-71 and
power levels ranging from 0.115 W/chip to 2.9 W/chip. The non-dimensional
data obtained was used to develop an empirical correlation which predicts
Nusselt number as a function of Rayleigh number and enclosure width. The
correlation was accurate to within 4% of the array averaged data, and the
maximum uncertainty in the Nusselt number was 7.4%.

The actual electronic components were tested with FC-71, FC-43, and
FC-75. Power levels ranged from 0.34 W/chip to 1.48 W/chip. Again, the
data obtained was used to develop a Nusselt number correlation. In this
case a better correlation of the data was achieved using Grashof number
and enclosure width. The correlation is accurate to within 2% of the

array averaged data. The maximum Nusselt number uncertainty was 4.7%.
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NOMENCLATURE

Description

Total surface area for convection
Dielectric liquid specific heat
Acceleration due to gravity

Grashof number

Average hzat transfer coefficient
Dielectric fluid thermal conductivity
Chip length in vertical direction
Nusselt number

Calculaced power supplied to a chip
Prandtl number

Average heat loss by conduction through
circuit board assembly

Net power dissipated by a chip

Thermal resistance for conduction loss
Precision resistor resistance

Rayleigh number

Flux based Rayleigh number

Average temperature of the five chips

Indicated chip temperature from transistor

voltage measuremen .

Dielectric ligquid film temperature

Chip 1id temperature

Circuit board assembly back temperature

Chip side tempera*ure

Average heat exchanaer (sink) temperature

Voltage drnp across chip resistor
Voltage drop across precision resistor

Non-dimensinnal enclosure width

X1

Units
m:’

J/kg °C
m/s*

dimensionless

W/m? °C
W/r. °C
m

dimensionless
W

dimensicnless

W
W

OC W

{)
dimensionless
dimensionless

°C

°C
°C
°C
°C
ec
v

v

dimensionless




AT

AT.

Dielectric liquid thermal diffusivity

Dielectric liquid thermal expansion
coefficient

Uncertainty

Area-based temperature difference between
chip surface and sink

Temperature difference for conduction loss
Dielectric liquid kinematic viscosity

Dielectric liquid density

X1ii

m/s

1/ °C

various
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oC
m/s

kg/m’
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I. INTRODUCTION

A. THE ELECTRONICS COOLING PROBLEM

Computer silicon chips continue to become more powerful and smaller
year after year. However, the surface heat flux produced continues to
increase, and the removal of this heat plays a major role in large
computer design. For example, Hitachi’s recent M-880 general purpose
computer uses a 100 cm® water cooled module which dissipates almost 850 W,
and it is predicted that heat fluxes of nearly 10° W/m®’ will be reached by
the year 2000 (Bar-Cohen, 19%1).

The challenge of removing this eleven-fold increase in surface heat
flux is formidable. Forced convection air cocling methods are limited to
heat fluxes of 10° W/m" (Bergles, 1991). Conduction coocling with a cold
rlate and direct immersion dielectric liquid cooling are the cooling
methods currently employed in large mainframe computers. However, with
the exception of the Cray series of supercomputers, major computer
companies have opted for various types of generally complex cold plate
assemblies.

Extensive research into direct liquid cooling is being conducted for
a number of reasons. First, potential cooling schemes using dielectric
fluid would be much simpler than their conduction/cold plate counterparts.
Second, the advantages and disadvantages of single phase natural
convection, nucleate boiling, and forced convection methods for a wide
variety of available dielectric liquids needs to be studied to determine
their basic heat transfer characteristics in a simulated computer circuit
board environment. Finally, the results of the research should point the
way for the optimum dielectric cooling method, which can then be refined
in order to make it a competitive means of cooling for the next generation

of computers.




B. RELATED RESEARCH

Park and Bergles (1987) conducted natural convection experiments using
foil heaters mounted both flush and protruding from a circuit board. The
heat transfer coefficient was measured for a single flush heater with two
heater heights of 5 mm and 10 mm. Heater widths varied from 2 mm to 70
rm. Additional experiments used a vertical array of two or three heaters
with various distances between them. Combinations of heaters included two
or three flush in-line, two flush staggered, and two protruding in-line.
Distilled water and R-113 were the fluids used.

For the single flush heater, the heat transfer coefficient was found
to 1ncrease as the heater width decreases, with this effect more
pronounced in the R-113. For the in-line flush heaters, the heat transfer
coefficient was higher for the bottom heater, while the opposite was true
for the in-line protruding heaters.

Kelleher et al. (1987) conducted a natural convection study of a long
horizontal protruding heater mounted on a vertical wall in a water filled
enclosure. Heat exchangers on the bottom and top of the enclosure
maintained a constant temperature. Results for three separate heater
positions indicated that the Nusselt number decreased as the heater
position was raised. Additionally, a flow visualization study revealed
that the flow was divided into two regions. The more active upper
buoyancy driven region accounted for most of the heat transfer, while the
more sluggish lower region was driven by shear interaction with the upper
region.

Joshi et al. (1990) performed a detailed natural convection study of
a vertically mounted three by three array of heated protrusions in an
enclosure filled with dielectric liguid FC-75. The protrusions were
horizontally oriented rectangular aluminum blocks sized to simulate 20 pin
dual-in-line (DIP) packages. The top and bottom encliosure boundaries were
heat exchangers set to maintain a constant temperature for various heater

power levels. Enclosure width was fixed at 30 mm.




Extensive flow visualization revealed three-dimensional transport
which varied with power level. As the power level was raised, the upward
flow increased in intensity and complexity. Flow away from the components
varied with time, and this was confirmed by time history temperature
measurement . Embedded thermocouples were also used to calculate heat
transfer characteristics. A correlation was developed to compute
component temperature from the dissipated power.

A follow-on investigation by Joshi et al. (1991) utilized a vertically
mounted three by three array of vertically oriented heated protrusions in
an enclosure filled with three different fluorinert type dielectric
liquids. Again, the upper and lower boundaries were constant temperature
heat exchangers. Enclosure widths of 13 mm and 30 mm were used with
varying power levels in this study.

It was found that the top and bottom enclosure conditions affected the
component temperatures to a greater degree for the lower power levels.
The effect of enclosure width was minimal on the resultant calculations of
Nusselt and modified Rayleigh numbers. These non-dimensional heat
transfer characteristics were correlated in a similar manner to the
previous investigation.

A similar set of experiments using ethylene glycol as the fluid was
conducted by Keyhani et al. (1991). Five heated protrusions were
uniformly spaced on a vertical wall inside an enclosure equipped with a
top mounted heat exchanger. Six different enclosure widths varying from
13.5 mm to 45 mm were tested at power levels ranging from 2 W to 12 W per
heater.

Flow visualization of the experiments revealed primary flows along the
vertical walls separated by a narrow core flow consisting of secondary
flow cells. The heat transfer coefficient of the top and bottom heaters
was influenced markedly by the power level and enclosure width. A single
correlation for Nusselt number versus modified Rayleigh number was

developed that was independent of heater location and enclosure width.




Thesis experiments accomplished by Aytar (1991) and Matthews (1991)
further established the heat transfer abilities of dielectric liguids on
simulated electronic components. They both used a three by three array of
20 pin DIP sized aluminum blocks mounted vertically in an enclosure with
a top mounted heat exchanger. Aytar studied the effects of enclosure
width, power level, and Prandtl number on horizontally oriented
protrusions. Matthews performed similar experiments with the protrusions

oriented vertically.

C. OBJECTIVES
The objectives of this thesis were as follows:
1. Complete collecting data on Matthews’ vertically oriented

experimental setup. The component power level and enclesure width were
varied using FC-71 as the dielectric liquid.

2. Reduce the above data into useful dimensional and non-dimensicnal
parameters.
3. Utilize the non-dimensional data in developing an empirical

correlation for the Nusselt number which takes into account the effects
of enclosure width and Rayleigh number.

4. Using a circuit board assembly provided by NSWC, Crane, :faikricate
an actual three by three electronic component array experiment.

5. Collect natural convection heat transfer data on this circuit board
assembly using dielectric liquids FC-71, FC-43, and FC-75. The power
level and enclosure width were varied for each liquid similar to the
previous study.

6. Reduce the above data into useful dimensional and non-dimensional
parameters.

7. Utilize the non-dimensional data in developing a single correlation
for the Nusselt number which takes into account the effects of enclosure
width and Grashof number.

8. Based on the above findings, make a recommendation for the best
dielectric liquid to use for natural convection cooling. Additionally,
recommend additional areas for future research using the selected
liquid.




II. EXPERIMENTAL APPARATUS

A. TEST CHAMBER ASSEMBLY

The test chamber assembly consisted of the rectangular enclosure and
heat exchanger used by Matthews. The enclosure was constructed of 25.4 mm
and 12.7 mm thick Plexiglas. A 3.2 mm O-ring sealed the boundary between
the enclosure walls and the bottom of the heat exchanger. The two were
assembled together with 12 threaded studs, washers, and nuts. Plexiglas
inserts of various widths were used in order to vary the spacing between
the circuit board assembly and the wall. Details of the enclosure are
shown in Figure 1.

The top mounted heat exchanger was a Plexiglas and aluminum single-
pass type with five rectangular channels for cooling water flow. Heat
transferred from the dielectric ligquid was conducted to the coolant across
the 3 mm thick aluminum plate which formed the bottom of the heat
exchanger. Three thermocouples embedded 1in the aluminum plate were used
for temperature measurement. A drawing of the heat exchanger is shown in

Figure 2.

B. SIMULATED CIRCUIT BOARD

The first set of experiments utilized the same component board used
by Matthews. Nine aluminum blocks arranged in a three-by-three array were
mounted on a 12.7 mm thick Plexiglas substrate. The numbering system for
the components was unchanged: bottom to top, right column to left column.
Small 10.6 Q foil heaters were located between the blocks and the
substrate. Temperatures were measured using six thermocouples per block.
Nine thermocouples were also mounted on the back of the substrate for
conduction loss calculations. Details of the heater, thermocouple, and
block mounting procedures are described by Aytar (1991). A drawing of the

circuit board is shown in Figure 3.
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C. NSWC CIRCUIT BOARD

The remainder of the experiments used a three by three array of Texas
Instruments thermal evaluation devices which were assembled on a 5(6.8 mm
square alumina substrate board by Naval Surface Warfare Center (NSWC),
Crane, Indiana. Each device is an 8.9 mm square chip which contains four
resistors and a Temperature Sensing Element (TSE). Again, the same
component numbering system is used for consistency. The resistors, when
connected in series, have a resistance of approximately 165 ohms. The TSE
is a solid state tempsrature measuring device, or a type of transistor.
Figure 4 is a photograph of the circuit board, and a schematic diagram of

the chip internals is shown in Figure 5.

I rsse—

) 80 70 88 98 W8 176 18 W

Pigure 4. NSWC Circuit Board

To simulate actual electronic chips, power is provided to the

resistors for heating purposes. Using a constant 1 mA current source, the




voltage across the transistor base to emitter, V., is measured. Component
temperature is then oktained from a previously pletted calibration curve
of temperature versus V... The complete circuit board is mounted in the
center of a Plexiglas substrate board with essentially the same dimensions

as in Figure 3. 18 thermocouples were added as follows:

+ Five on the chip lid surfaces. Located on chip #2, 4, 5, 6 and 9.

« Four on the substrate face. Located diagonally between chip #1 and
5, #3 and 5, #7 and 5, and #% and 5.

« Nine on the circuit board assembly back. Located directly behind the
chips.

The complete circuit board is shown in Figure 6.

/—-Resistor Power

Emitter

Collector

Base

\—-Resistor Ground

Pigure 5. Thermal Evaluation Device Circuitry

D. SYSTEM HARDWARE
1. Simulated Circuit Board

Copper-constantan thermocouples, 0.010 inch diameter, were used

for temperature measurement on the simulated circuit board assembly. Each
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foil heater was connected in series to a 2.0 & + 2.5% resistor. These
resistors, in turn, were connected in parallel to a 0-100 VvV, 0-5 A direct
current power supply. This arrangement allowed for a simple calculation
of heater power from measured voltages. Details of this s.mple
calculation can be found in Matthews' thesis. The thermocouples and
heaters were connected to a Hewlett-Packard HP-"497A Data Acquisition
System (DAS). The input and output to the DAS was via an HP-9826
microcomputer. The data channels were unchanged from Matthews’

experiments, and they are repeated below:

*+ Channels 0-53 Aluminum block temperatures

*+ Channels 54-56 Heat exchanger temperatures

* Channels 57-60 Back of board assembly temperatures
« Channel 61 DC power supply voltage

*» Channels 62-70 Foil heater voltages

¢ Channels 71-75 Back of board assembly temperatures
* Channel 76 Ambient temperature

2. NSWC Circuit Board

As before, identically sized copper-constantan thermocouples were
used with two HP-3497A units. One HP-3497A with two, twenty chanrel cards
was used to measure thermocouple and voltage data. The other HP-3497A was
used only as a current source. It had one, twenty channel card nodified
to supply the constant 1 mA current to the TSEs. Power supplied to each
chip was easily calculated by multiplying the chip resistor voltage by its
current. The current was equal to the piecision resistor voltage divided
by its resistance.

The chip resistors were powered from the same direct current
power supply. However, all nine chips could not be powered individually.
This was due to the circuit board layout employed by NSWC. The center
column, chip #4, 5, and 6, could be powered individually, but the chip

resistors in the twc outer columns werc each wired in parallel.

11




Figure 6. NSWC Circuit Board Assembly
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Additionally, due to circuit board constraints, TSE junction temperatures
could not be measured for the four corner chips. The channels were

numbered as follows:

» Channels 0-4 Chip resistor voltages

* Channels 5-9 Precision resistor voltages

* Channel 10 DC power supply veoltage

» Channels 11-13 Heat exchanger temperatures

*+ Channels 41-44 Substrate surface temperatures

+ Channels 45-49 Chip 1id temperatures
¢ Channel 50 Ambient temperature
+ Channels 51-5% Circuit board assembiy back temper-tuces

¢ Channels 6(0-64 Chip V. voltages

13




ITII. EXPERIMENTAL PROCEDURE

A. HARDWARE PREPARATION
Similar preparations were made for both sets of experiments. Once the

component assembly was in place, the proper sized spacer was inserted for
the particular run. Careful measurements of assembly to enclosure wall
spacing were performed to ensure accuracy. Frequently a small amount of
silicone RTV was applied to the corners of both the component assembly and
the spacer to correct for any small warpage. The remaining steps were as
follows:

1. The enclosure was filled nearly to the top with the proper

dielectric liquid.

2. The heat exchanger was bolted to the enclosure, with the O-ring
providing a seal.

3. The circulating bath supply and return lines were attached to the
heat exchanger. The bath unit was set to 6-9 °C (indicat=d) and
energized. It was found that this temperature setting was required in
order for the heat exchanger temperature to be 10 °C during the runs.
The system was checked for leaks.

4. The foil heaters or chip resistors were energized with the DC power
supply.

5. The HP-2497A was energized. All channels were scanned to insure
continuity.

6. Foam insulation was attached to the enclosure walls and bottom.
7. Additional dielectric liquid was siphoned into the enclosure via the
vent hcle. The air bubkles trapped directly under the heat exchanger

were manipulated to the lead access hole via a small slot in the tops
of the compcnent assemblies.

B. EXPERIMENTAL PROCEDURE

After the above preparations were completed, the proper voltage was
set on the DC power supply. Data was taken after steady state conditions
were reached. For the FC-71, this took at least eight hours from ambient
conditions. Subsequent runs took two to six hours to reach steady state,

depending on power level and spacing. Steady state was achieved when two

14




to three data runs taken approximately 10 minutes apart indicated a #0.1
°C random temperature difference between the thermocouple readings. This
criterion was changed to conform with Matthews’ work for other dielectric
liguids. It was x1 °C and #0.4 °C, respectively, for FC-75 and FC-43. As
a rule, steady state conditions were achieved sooner with FC-75 and FC-43.

For the simulated circuit board, data acquisition was accomplished
with the software program ACQUIRE. Calculations were then performed with
the program CALCDIEL. Both of these programs were originally written and
modified by Pamuk, Benedict, Torres, Powell, Aytar, and Matthews. They
are included in Appendices A and B.

For the NSWC circuit board, two new programs were written. The
program ACQ2 was used for data acquisition, and calculations were
performed by the program CALC2. Major improvements in the new software
are as follows:

» Since the TSEs had to be calibrated, the thermocouples were
calibrated at the same time. Calibration was performed using a
constant temperature oven and a platinum resistance thermometer. The
equations for the resulting calibration curves were used in the
programs to convert voltages to temperature. Temperature uncertainty
was calculated to be 0.275 °C for the TSEs, and it was 0.3 °C for the
thermocouples.

« To promote understanding and facilitate future modifications,

extensive documentation and explanations are included in the
programs, where appropriate.

The programs ACQ2 and CALC2Z are included in Appendices C and D.
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IV. DATA ANALYSIS

A. SIMULATED CIRCUIT BOARD

The experiments using the FC-71 were virtually identical in nature to
the experiments previously completed with FC-75 and FC-43. 2 detailed
explanation of the methodology used for data analysis can be found in

Matthews'’ thesis.

B. NSWC CIRCUIT BOARD

The program CALC2 was used to obtain the Nusselt, Rayleigh, and
Grashof numbers for the NSWC circuit board. These non-dimensional
parameters were calculated on a single chip, horizontal row, and array
basis for three dielectric 1liguids (FC-75, FC-43, and FC-71) and five
enclosure spacings. Various power levels ranging from approximately 0.34
W/chip to 1.48 W/chip were tested. Assumptions used in the CALC2 program

were as follows:

« The chip was modeled as a square wafer.

» Chip and 1id temperatures of the four corner chips were assumed
identical to the horizontally adjacent chip in their respective row.

« Chip side temperature was the average of the TSE and the 1lid
temperatures.

+ Conduction was assumed one dimensional from the chip to the back of
the Plexiglas substrate. The heat was conducted from the chip,
through the alumina circuit board and a very thin layer of silicone
rubber, to the Plexiglas.

« Thermophysical properties of the above materials were assumed
constant at a reference temperature.

» Thermophysical properties of the dielectric liguids were assumed
constant. They were evaluated at Ty ..

« The temperature difference used for the calculation of the heat
transfer coefficient was area weighted. The lid accounted for about
55% of the convection area, so the surface temperature was 55% of T,,,
plus 45% of T, .-

¢ All contact resistances were assumed negligible.
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Calibration curve equations for the thermocouples and the TSEs were
entered into the program. All thermocouple temperatures were obtailned
from the following eguation:

T (°C) = (.24977483 + 24.896088V - 0.079219169V"
where V is the thermocouple voltage in millivolts. For accuracy, each TSE
had its own calibratiocn curve. A representative equation for chip #2 is
as follows:
T (°C) = 577.58074 - 575.542353V,,
Similar equations were obtained for the other TSEs. The calibration curve
for the thermocouples is shown in Figure 7, and a TSE calibration curve is

shown in Figure 8. The calibration data for the five TSEs 1is included in

100
90 A
80 1
701
60 1

(deg. O)

50 -
401
30+
201 _ :
10

Temp.

-

2 3
TT voltage (mv)

Pigure 7. Thermocouple Calibration Curve

Appendix F.
Due to the wiring scheme of the NSWC circuit board, the power supplied

tc the TSEs had to be calculated two different ways. The power for the

17



individually wired TSEs in the center column (chip #4, 5, and 6) was

defined as follows:

Power = M

RP
where
V.., = veltage drop across chip resistor
V., = voltage drop across precision resistor
R, = precision resistor resistance

100

80 1
701
60 1
50 1
40 -

(deqg. )

Temp.

30 e
20+
10

Figure 8. TSE #2 Calibration Curve

The remainder of the TSEs were wired in two parallel sets (chip #1, 2, and
2 and chip #7, 8,and 9), but only chip #2 and 8 could be read directly.

Therefore, the power was modified as follows:

18




with the correct V,,, (chip #2 or 8) substituted in the equation.
The heat loss by conduction involved several materials. The thermal

resistance for conduction loss, R., was represented as:

1 Li
RC:ZZ?;-

where
A = cross-sectional area for conduction
L, = material thickness
k., = material thermal conductivity
The equation for Q,..,, calculated for each chip, was therefore:
o - AT
loss lac

where AT. was the difference in temperature between the TSE derived
temperature, T. ., and the circuit board assembly back temperature, T,.
The net heat transferred from the chip to the dielectric liquid could
then be calculated from the following equation:
Q... = Power - Q...

The average heat transfer coefficient, h, was calculated from:

h - Qnet
AtotAT
where
A, . = total surface area for convection

AT = area based temperature difference between the chip surface and the
heat exchanger, or sink

In equation form,
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AT = (0.55T,,; + 0.45T,.,.) - T...
T.n. 1S5 the average of the three heat exchanger temperatures.
The program then calculates the thermophysical properties for the
particular dielectric liquid under investigation. The properties were

evaluated at the film temperature, T,,,,, which was:

T - Tng + 71sink
film ~
where T,, was the average of the five chip TSE temperatures. The

corresponding equations for the properties are outlined below:

Thermal conductivity, k (W/m °C)

(0.65 - 7.89474x10°¢ x T,;,,)

-75: k =
FC-75 )

FC-43: k = 0.0666 - 9.864x10°% x Tj;,,

FC-71: k =0.071

Density, p (kg/m)
FC-75: p = (1.825 - 0.00246xT,;;,) x 1000

FC-43: p = (1.913 - 0.00218xT,;;.) x 1000

FC-71: p = (2.002 - 0.00224xT,,;,) X 1000

Specific heat, ¢, (J/kg °C)
FC-75,43,71: cp = (0.241111 + 3.7037x107® x Tgy;,) x 4187
Kinematic viscosity, Vv (m°/s)

FC-75: v = (1.4074 - 2.964x107% x T,;;. + 3.8018x107% x TZn
- 2.7308x10°® x T;;p + 8.1679%x107° x Tf;;,) x 1076

20




FC-43: v = (8.875 - 0.47007xT,;,, + 1.387x107% x Tfyp,
- 2.1469%x10°® x T21p *+ 1.3139x10°% x Trin) X 107€

FC-71: v = 10% x exp(6.8976 - 0.1388xT,;,, + 1.331x1073 x Ti,
- 7.041%107® XT3;1p + 1.523%x1078 X Tfi1m)

Coefficient of thermal expansion, B (1/°C)

0.006246

FC-75: =
p 1.825 - 0.00246xTy;,
FC-43: P = 0.00218
1.913 - 0.00218xTy;;,
FC-71: P = 0.00224

2.002 - 0.00224xT,;,,

Now the various dimensionless numbers which characterize the heat
transfer can be calculated. First, the ratio of thermal energy conduction

to storage, or thermal diffusivity, was found from:

Then the Prandtl number could be calculated from:
pr=2>
o

A primary measure of convective heat transfer, the Nusselt number, was

defined as:
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where L was the vertical length of an individual chip. Natural convection

effectiveness is measured by the Grashof number, which can be culculated

from:

- -gﬁ1;3(7;vg B T;ink)
VZ

Gr

Finally, the Rayleigh number is defined as:

Ra = GrPr




V. SIMULATED CIRCUXIT BOARD RESULTS

A. GENERAL

The natural convection heat transfer characteristics of a vertically
oriented array of simulated electronic components were studied using the
dielectric liquid FC-71 as the coolant. The experiments were performed on
the same equipment used by Matthews. The enclosure widths used, after
careful measurement, were determined to be 7, 9, 16, 28, and 40 mm. The
2 mm difference between these widths and those reported by Matthews is due
to the actual enclosure width, with no spacers, being 40 mm wide instead
of 42 mm. The same Plexiglas spacers were used for the FC-71 runs.
Additionally, the same approximate power levels of 0.115, 0.34, 0.8, 1.3,
1.7, 2.25, and 2.9 W/compenent were used for the FC-71 study.

The non-dimensional data obtained with the FC-71 was combined with
Matthews’ results with the FC-75 and FC-43. An empirical correlation for
the Nusselt number, Nu, was then derived in a similar manner for the third
ligquid, FC-71. As defined in Matthews’' thesis, this correlation accounted
for variations in Rayleigh number and chamber width. Conspicuously absent
is the variation due to Prandtl number, Pr. After reviewing Matthews’
results, it was determined that the effect of Pr was accounted for in the
Rayleigh number. The correlation is of the form:

Nu = a Ra" X*
where Nu is based on the component dimension in the direction of gravity,

X 1is a non-dimensional enclosure width, and a, bl, and b2 are constants.

B. DIMENSIONAL RESULTS

The array average temperature, T, - T

avg sink/

is plotted against net
power, Q,.., in Figure 9. Figure 10 through Figure 14 show the same plot

for all three liquids, with each figure representing a different spacing.
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The general shape of the curves in Figure 9 are identical to similar
graphs of FC-43 and FC-75 data taken by Matthews (vertical orientation)
and Aytar (horizontal orientation). However, the aluminum block
temperatures are much hotter when using FC-71. Matthews took the maximum
increase in the array average temperatures, which occurred at 2.86 W, and
calculated the average of the five spacings. He reported this temperature
to be 34.9 °C for FC-75 and 48.3 ©°C for FC-43. For FC-71, this
temperature is 67.2 °C.

The maximum component temperature for FC-71 cooling was 76.5 ©C, and
it occurred at a power level of 2.9 W and an enclosure width of 7 mm.
Corresponding values for FC-75 and FC-43 were 52 ©°C and 68 ©°C,
respectively.

To be consistent with previous work, all FC-71 component temperature
data was averaged. The temperatures of the three blocks on any row were
averaged to facilitate a row-by-row comparison. For all power levels and
spacings, the order of average row temperatures were always top > middle
> bottom. This pattern indicated that the buoyancy forces overcame the
viscous forces in the fluid. The boundary layers emerging from each
component were definitely affected by the natural convection flow below
them. This pattern for FC-71 compares to middle > top > bottom for FC-75
and top > middle > bottom for FC-43.

Specific component and row temperature extremes for the FC-71 data
were as follows:

+ Maximum block temperature occurred on chip #3 60% of the time and
chip #6 or 9 34% of the time.
¢ Minimum block temperature occurred on chip #7 97% of the time.

e Maximum temperature difference between the top and middle rows was

1.7 °cC. For the middle and bottom rows, it was 6.0 °C. These
differences were noted at a power level of 2.9 W and a spacing of 7
mm.
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For the 0.115 W power level, only 0.5 °C or less separated all chip
temperatures for the 7, 9, and 16 mm spacings. This is within the

uncertainty of the thermocouple measurement.

C. NON-DIMENSIONAL RESULTS
1. General

The following maximums and minimums for all power levels and
enclosure widths were noted:

* The maximum value of the flux based Rayleigh number, Ra,, was 616.4
x 10°%, It occurred on chip #3 at a 2.9 W power level and 7 mm
spacing. The minimum Ra, was 1.417 x 10° on chip #7 at 0.115 W and a
40 mm spacing.

e The maximum temperature based Rayleigh number, Re, was 31.11 x 10-.
It occurred on chip #3 under the same conditions as the Ra, maximum
listed above. The minimum Ra was 190,000 on chip #7 at 0.115 W and
a 40 mm spacing.

¢ The maximum Nu was 28.88 on chip #4 at 2.9 W and a 28 mm spacing.
The minimum Nu of 5.40 was noted on chip #7 at 0.115 W and a 7 mm
spacing.

e The maximum uncertainty in Ra and Nu were 6.90% and 7.39%,
respectively. Both values were calculated on chip #7 at a power of
0.115 W and a spacing of 9 mm.

Both Aytar and Matthews plotted the array averaged Nu as a
function of either the array averaged Ra; or Ra. When the data taken at
0.115 W was omitted, it was found that these plots were straight lines,
independent of enclosure width. This was done since the uncertainty was
highest at this power level, and the resulting chip temperatures were less
than or equal to the ambient temperature. Figure 15 is a similar plot for
FC-71. For comparison, Nu versus Ra fcr all three dielectric liquids have
been plotted for each enclosure width in Figure 16 through Figure 20. 1In

these figures, it is noted that the slopes of any particular dielectric

liquid are virtually identical in nature.

2. Effect of Rayleigh Number
Matthews and Aytar both observed a linear relationship when log
Nu was plotted against log Ra. This relationship was of the following

form:
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Nu = c,Ra®
where c. and bl are constants. Both row averaged and array averaged values
were calculated and plotted for each spacing. The curve fit software
TABLECURVE (1990) was used to find the coefficients of the above equation,
and the software package SIGMAPLOT (1989) was used to produce the graphs.
Again, for consistency and correlation accuracy, the data taken at 0.115
W was omitted.

Figure 21 through Figure 25 are the FC-71 data array averaged Nu
versus Ra plots for the five spacings. The corresponding curve fit
eguation is also included. For completeness, Figure 26 through 40 are
similar plots for the spacings using row averaged data. The value of the
constant bl was found to vary from 0.225 to 0.280 for the array averaged
data. The average value of bl was 0.249. Corresponding values of 0.381
and 0.371 were reported by Matthews for FC-75 and FC-43, respectively.
The constant ¢, varied from 0.255 to 0.514 for the same array averaged

data, and the average value of ¢, was 0.383.

3. Effect of Enclosure Width
Enclosure width effects on Nu were accounted for in the following
equation:
Nu = c.X*
where b2 is a constant and c¢. is the Ra dependence. X 1is the non-
dimensional enclosure width, which is the ratio of the actual spacing to
the maximum spacing of 40 mm. The constant c¢. can be represented by:
c. = ¢,Ra"
The constant b2 was derived from a plot of Nu vs. X for the five spacings,
which is shown in Figure 41. The values for Nu were taken from the curve
fit equations for each spacing’s array averaged data using an average Ra
of 4 x 10°. The resulting value for the exponent b2 was 0.165.
Combining the above results gives the following general

correlation for FC-71:

Nu = 0.383Raf "% i
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It is valid over the ranges:

9 x 10° < Ra < 2 x 10’

0.175 <« X < 1.0

However, this correlation was found to be accurate only to within 11% of
the array averaged curve fit equations. In order to achieve improved
accuracy, representative values of Ra were chosen for the general
correlation and each spacing’'s correlation. The Nu number results were
then compared, and a trial and error approach was used to come up with a
better value for c¢;. When the value for ¢, was changed from 0.383 to
0.435, the accuracy improved to 4%. Therefore, a better correlation for
FC-71 is:

Nu = 0.435Ra’*#x"-1¢

It is valid over the same ranges as listed above.
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VI. NSWC CIRCUIT BOARD RESULTS

A. GENERAL

The next logical step in the dielectric liquid natural convection
studies was to replace simulated electronic components with the actual
electronic devices. A three by three array of 8.9 mm square thermal
evaluation devices were tested on a Plexiglas circuit board assembly of
the same dimensions as the previous experiment. All three dieleccric
liquids were tested. Additionally, the same enclosure, spacers, and data
acquisition eqguipment were used again. Due to manufacturing tolerances,
the enclosure widths this time were 8, 10, 16, 28, and 40 mm. Power
levels were chosen to match those of the previous studies, kut they were
limited to the 125 °C maximum temperature of the temperature sensing
elements (TSEs) 1inside each chip. Therefore, TSE temperatures were
purposely limited to about 100 °C to meet this criterion in conjunction
with the TSE's calibration range. For FC-43 and FC-75, power levels of
0.34, 0.57, 0.8, 1.3, and 1.48 W/chip were chosen. For the typically
hotter FC-71, the power levels were 0.34, 0.57, 0.8, and 1 0 W/chip. Note
that the 0.115 W power level was completely eliminated due to lessons
learned from the previous experiments.

A total of 70 data runs were recorded and analyzed for the three
dielectric liquids. The analysis of the dimensional results 1s similar to
Matthews’ and Aytar’'s work, but the non-dimensional analysis 1is somewhat
different. After the FC-75 and FC-43 data runs were complete, it was
realized that plots of Nu versus Grashof number, Gr, were linear,
independent of Pr or power level. Therefore, CALC2 was altered to compute
Gr 1in parallel with Ra. Average Pr was also calculated. The data, stored
on floppy disk with the ACQ2 program, was then re-run with the modified
CALC2 program. The extensive non-dimensional data thus obtained was used

to produce a correlation ror Nu. The correlation is of the following form:
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Nu = aGr®ix*
where Nu is based on the chip dimersion in the direction of ~ravity. X is
again the non-dimensional enclosure width, and a, bl, and b2 are

constants. .

B. DIMENSIONAL RESULTS
1. PC-71

As before, T,, - T,.. was plotted against Q.. for all spacings.
As 1t can be seer 1n Figure 42, the data is linear for all spacings. The
maximum chip temperature of 5.4 °C occurred in chip #6 at a power level
of 1.0 W and a spacing of 8 mm. For comparison purposes, the chip
temperature data was also row averaged like the previous experiments.
However, recall that temperature data for the top and bottom rows or TSEs
was based on a single chip each.

For all spacings and power levels, the order of average row
temperatures were always top » middle > bottom. As in the previous study,
this pattern indicated the dominance of the buoyant forces over the
viscous forces in the fluid. The maximum temperature difrerence between
the top and middle rows was 1.4 °C. For the middle and bottom rows, it
was 5.4 °C. These differences were noted at a vower level of 1.0 W and a
spacing of 8 mm.

The thermoceonples installed on the al umina s “bstrate surface and
the back o¢f the Plexiglas circuit board assembly also indicated a
temperature gradient. The upper two substrate temperatures were within
0.5 °C of each other; the same could be said for the lower two temperature
readings. The upper pair of readings were Aalways higher than the two
substrate readings below. Similarly, when the nine backside temperatures

were grouped by row, the magnitude order was always top > middle > bottom.

2. FC-43
Results for FC-43 were very similar to FC-71. Figure 43 shows -
the T, T. .. versus Q.. plots for all spacings. It is noted that the
slope of the FC-43 data is smaller that its FC-71 counterpart. This °
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indicates that FC-43 is a more efficient heat transfer medium for the
chips at a given power level.

The average row temperature order remained the same as the
previous fluid. The maximum chip temperature of 101.9 °C was noted on
chip #6 at a spacing of 8 mm and a power level of 1.48 W. Maximum
temperature differences were 2.1 °C between the top and middle rows and
4.9 °C between the middle and bottom rows. As before, these differences
occurred at the highest power level, 1.48 W, and minimum spacing, 8 mm.
Finally, the remaining substrate and circuit board assembly temperatures

exhibited the same trends as described for the FC-71.

3. FC-75

The third fluid, FC-75, exhibited almost identical results to FC-
43. In Figure 44, the T,, - T, Versus Q.. plots are again linear, and
the slope of the FC-75 data is the smallest of the three liquids studied.
The maximum chip temperatures achieved was only 92.3 °C. As expected, it
occurred on chip #6 under maximum power and minimum spacing conditions.

As previously noted, the average row temperature data was again
always top > middle > bottom. However, the maximum differences between
rows was small. Only 0.4 °C separated the top and middle rows, and 3.3 °C
was whe difference between the middle and bottom rows. These row averaged
temperature differences were noted at a spacing of 8 mm and a power level
of 1.48 W. The established pattern of top > middle > bottom was again
observed for row wise substrate surface and circuit board assembly

temperatures.

4. FC-71, FC-43, and FC-75 as a Group
For cowwarison purposes, Figure 45 through Figure 49 are plots

of T T versus Q,., for all three fluids. This means of presenting

avg sink

the data highlights the following conclusions:

+ For a given power level, the dielectric fluid FC-75 convects heat
away from the chips more efficiently than either FC-43 or FC-71.
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« Operation with FC-71 leads to the highest chip temperatures. This
would be a major disadvantage in the selection of the best dielectric
liquid for immersion cooling.

C. NON-DIMENSIONAL RESULTS
1. General

The analysis of the non-dimensional data for the three dielectric
liquids was grouped together. This was done because each liquid behaved
similarly for a given power level or spacing. The maximum Nu and Gr were
always noted at the highest power level for a given liquid, which was 1.0
W for the FC-71 and 1.48 W for the FC-43 or FC-75. Similarly, the minimum
Nu and Gr always occurred at the minimum power level of 0.34 W for all
liquids. Additionally, the maximum uncertainty in Nu and Gr was observed
at this minimum power level and a minimum spacing of 8 mm.

Specifically, the following extremes were noted as described
above:

+ Maximum Nu at a spacing of 40 mm: 16.37 for FC-71, 31.04 for FC-43,
and 41.44 for FC-75.

+ Maximum Gr at a spacing of 8 mm: 3450 for FC-71, 2.478 x 10° for FC-
43, and 1.224 x 10° for FC-75.

e Minimum Nu at a spacing of 8 mm: 9.81 for FC-71, 17.19 for FC-43,
and 21.32 for FC-75.

+ Minimum Gr at a spacing of 40 mm: 59 for FC-71, 1.030 x 10° for FC-
43, and 1.112 x 10° for FC-75.

+ Maximum uncertainties in Nu and Gr, respectively: 3.4% and 2.0% fcr
FC-71, 4.2% and 3.3% for FC-43, and 4.7% and 3.8% for FC-75.

2. Effect of Grashof Number
As previously stated, the final goal of the non-dimensional
analysis was to produce an empirical correlation for Nu. Figure 50
through Figure 54 are plots of Nu versus Gr for each individual spacing.
When all three dielectric liquids are plotted together as shown, a linear
relationship is realized.
This relationship was assumed to be of the form:

Nu = ¢,Gr"
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where c. and bl are constants. Again, TABLECURVE was used to find the
constants in the above equation. The constant c¢. varied from 5.30 to §.04,
and the average was equal to 5.61. The constant bl was found to vary from

0.121 to 0.141, with the average being equal to (¢.133.
3. Effect of Enclosure Width

Enclosure width effects were accounted for by the following
equation:
Nu = c.X*
where b2 is a constant and c¢. is the Gr dependence. X is again the non-
dimensional enclosure width. Similar to the previous study, the constant

Cc. can be represented by:

The constant b2 was derived from a plot of Nu versus X for the five

spacings, which is shown in Figure 55. The values for Nu were derived
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Figure 55. Nu wvs. X for FC-71, 43, and 75, Array Averagsd, NSWC Circuit
Board, and all Enclosure Widths
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from the curve fit egquations for each spacing’s data using an average Gr
of 9 x 10°. The resulting value for the exponent b2 was 0.154.
Combining the above results gives the following general
correlation for the three dielectric liquids:
Nu = 5.61Gr"-*#x°-13¢
It is valid over the ranges:
1 x 10° < Gr < 8 x 10°
0.20 <« X < 1.0
Five representative Grashof numbers per spacing were selected to determine
values for Nu from the respective curve fit equations. These results were
then compared to the Nusselt number produced from the correlation. The
average difference in Nu for the 25 data points was 12.3%. Similar to the
previous study, a trial and error approach was used to improve the
accuracy of the general correlation. When the value for ¢, was changed
from 5.61 to 6.40, the agreement improved to less that 2%. Therefore, a
refined correlation for the three dielectric liquids is:
Nu = 6.40Gr -*x" -1
It is wvalid over the ranges:
1 x 10° <« Gr <« 8 x 10°

0.20 < X < 1.0
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VII. CONCLUSIONS
Two studies of the natural convection heat transfer of heated
protrusions immersed in dielectric liquids were conducted. The first
study used a three by three array of computer chip sized aluminum blocks
immersed in FC-71. The other study used a three by three array of 8.9 mm
square thermal evaluation devices. Three fluids, FC-71, FC-43, and FC-75
were evaluated. Both studies used an insulated Plexiglas enclosure with
a top mounted heat exchanger. Spacers were used to vary the enclosure
width, and the maximum spacing was 40 mm. Conclusions from the two
studies are as follows:
1. For the first study, an empirical correlation for Nusselt number was
developed. It took into account variations in Rayleigh number and non-
dimensioral enclosure width, X. The correlation was based on array
averaged data. It is listed below:
Nu = 0.435Ra®-="x"-1¢
9 x 10°> « Ra < 2 x 107
0.175 < X < 1.0

The maximum uncertainty in the Nusselt number was 7.4%, and the
correlation was accurate to within 4% of the array averaged data.

2. When the FC-71 data was combined with Matthews’ FC-43 and FC-75
data, several generalizations could be made. For array averaged plots
of T,.; - T..x versus Q,., the order of temperatures for the three fluids
was FC-71 » FC-43 > FC-75. Additionally, the temperatures increased as
power level increased or enclosure width was decreased. For lecg-log
plots of Nu versus Ra, each liquid exhibited a linear relationship. The
FC~71 data had the highest Nu and Ra numbers for each spacing.

3. For the electronic chip study, a general correlation was developed
for Nusselt number from the combined data of the three dielectric
fluids. This correlation took into account variations in Grashof number
and non-dimensional enclosure width, X. As before, it was based on
array averaged data. The correlation is as follows:
Nu = 6.40Gr0.133xo.154
1 x 10° < Gr < 8 x 10°
0.20 <« X < 1.0

The maximum uncertainty in the Nusselt number was 4.7%, and the
correlation was accurate to within 2% of the array averaged data.
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4. Plots of T,., - T, versus Q.. for the three liquids again showed
that the order of temperatures was FC-71 > FC-43 > FC-75 for each
spacing. For all three liquids, the order of the averaged temperature
data was always top > middle > bottom. This same order was also
exhibited by the row averaged Plexiglas substrate back and alumina
substrate surface temperatures.

S. Overall, the best liquid for natural convection heat transfer was
FC-75. The best liquid is defined as the one which produced the lowest
component temperatures for a given power level or spacing. Lower chip
temperatures equate to longer chip lives.
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VIII. RECOMMENDATIONS

The following recommendations are made for further research:

1. Manufacture additional NSWC circuit boards that have every chip
wired individually. Use these boards to assemble a large array
equivalent 1in size to a typical mainframe computer circuit board.

2. Test the above array in a suitably sized enclosure filled with FC-
75. Produce an empirical correlation for the Nusselt number.

3. In parallel with the experimental work, produce computer models
which can also be used to predict heat transfer characteristics.
Compare these results with the experimental results and modify the
programs as necessary.
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APPENDIX A.

COMPUTER PROGRAM ACQUIRE

v FILE ATQUIRE
{
ECITED By By LODF R, THOMFPEION
L Y/12/83. EROF ORIGINALG OF TaMar |
| BENEDICT, TORRES, AYTAR AND MATTHEWE
|
{ READ FILE *REAC_ME
i
oM /el DT
CIM Emf(78) FPoweriS: T(7E ,Rp B
JCORRELATION FACTORS TC CONVERY EMF TC DEGREES CELSIUS
IHP APP_ICATION NOTE 298¢, F. €, NBS PO_YNOMIAL COEFFIC:
'TYPE T (COPPER-CONSTA m AN) THERMOCOUBLES,
DATF @.10@BE@DY ,2ST27T.C ,-767345. € ,7BR2SESE,
DATA -SI474EE58E E 98511, Z.BEEYI Z.G4812
IRESISTANCES SEZRIES TC H:HTERS
DRTA 2.0,2.¢,2.2,7.0,2.¢,2.2,2.¢,2.¢,2.¢
|
READ D(s)
READ Rpis*)
PRINTER I8 70!
BEEP
1
INPUT “ENTER THE IN®UT MODE: @=SYS, 1=FILE", Im
L}
IF Im=1 THEN
BEEF
INPUT "ENTER THE NAME OF THE FILE TO BE READ" ,0idf:le$
]
PRINT USINE “15¥ ,""THESE RESULTS ARE STORED IN FILE
ELSE
BEEP
INPUT “ENTER THE NAME OF THE NEW FILE“ Newfileg
PRINT USINE "10X,""THESE RESU.TS ARE STORED IN FI_E:
END IF
PRINT
INPUT “FLOW VIZ7 Y/N" Ansg
! -
INPUT “ENTER THE BATR TEMF' ,BS
PRINT USINE “1SX,""BATh TEMP WAS: 104" 188
]
IF Ans$="Y" THEN PRINT USINE "1S¥ ,""THIS RUN WAS REZJRD
[}
INPUT "ENTER THE WALL SPACINE" We.lE
PRINT USING “15Y ,""SPACING WAS: J10F wellE
H
INPUT "ENTER THE TYPE OF LIGUIT USED" ,Lige.ct

75

SOURCE:

ENT

"ow

J1RR iNew®

cr
R

Tt FOF

@A 0ldf1 et

iieg

WiITH FLOw VIZ”




cee
51
5oe
sae
B4
S50
5114
g7e
582
£se
B0e
gie
g2¢
£3C
£ag
ESC
14
e7e
88¢
£90C
70¢
71
72e
14
742
75¢€
78€
770
78¢
79¢
8ee
g1e
82e
g3e
640
€50
850
g7
68¢
e9e
s0oe
Sie
92¢
83¢
94¢
958
9ge
g7e
=151
a5¢
1e0e
ie1e
1e2e
1e2e
1040
1ese
1060

PRINT USINE "156x ,“"THE F_LUJDFINZFT
IF Im=! THEN ASSIGN @F1le 70 Clcf:
|

IF im=@ THEN

CREATE BODAT Newfiieg,5

AESIGN @F:le TC Neufjleg

ENC IF

|

¢ REAL DATA

1

15 Im=Q THEN

QUTEUT TR vAR RETLD A_TES

QUTEUT T2Z:vEr R OT O IQ FLCY

FOR 1=¢ TC Tt

DUTPUT 7@E: RS

waltT !

ENTEFR TIZ:Eme 2

) CORRECTION FOF QFFSET IN HP Z2E7A DAE
i POINT REFERENCE
FOR 1=2 TO 1€
Emf(1)=Emf({I)-E.52-¢
NEXT I
FGR I=2¢ TC 3¢
Emf(I)=Emf(I)-1,05E-C
NEXT 1
FOR I=4@ 70 S€
Emf(I)=Emf(I-5.0E-E
NEXT 1
FOR 1=B@ TO 7&
Emf(I)=Emf(])-2.EBE-E
NEXT 1
i
OUTPUT BF:lesEmfie)
1
ELSE
ENTEF @F1lesErf(s)
END IF
t
OUTPUT 7@8:"TC"
|
FOR 1=Q TO 6@
Sum=@.
FOR J=@ 70 7
Sum=Sum+D(J)sEmfc "]
NEXT J
T(1)=Sum
NEXT I
|
FOF I=71
Sum=¢

TC 78

76

USED WRt:
Le8

C e

;oi0uscls

[
[}
m




187¢ FOR J=Q TC 7

1082 Sum=Sum+DcJrezmé 1]

109¢ NEXT J

1102 T(I)=Sum

111 NEXT 1

rize

1120 PRINT USING "168X,' "VOLTMETER FEARDING WAT: L DODT " iEméE!

114@ PRINT USING "5 " "4MBIENT TEMF WARZ: " DO .0 :7:7E

115¢ PFRINT

116@ ' POWER CALCULATIONS

117¢

1ige  J=!

Y190 Lole=Zef g

t20C ¢

g EOR I=g2 TC 7¢

22 Fowe~ Ji=Emé T ecyc i-Em? V/RplI-EZ

123 =l

124¢ NEXT ]

125¢

126@ BEEF

127¢ BEEF

128 !

1282¢ PFRINT UEINE "i@»,' "A_L TEMPERATURES ARE IN DEGREES CELESIUE""™

130 i

1218 PRINT

tZ2¢

123 PRINT USING "12x," ' CENTER TOF RIGHT LEFT BOTTOM

BACK """

124 PRINT

135 PRINT LTING "X, ""CHIP NO': *" B(DDD.DD,S¥ )" sT(@,, T¢1,T(2,T(Z),Ti4), T(5}
138¢ PRINT USINE "5X,"'POWER (WATTS): ** D.DDIZ":Fower:?!)

1270 PRINT

138¢ PRINT USING “1X,“"CHIP NO2: "" ,6(DDD.DD ,SX)";7¢(E6),7¢7),T/€),T¢(8) TC1@),T(1
1)

129¢ PRINT USING "SX ,""POWER (WATTE): “° D.DDD";Power(Zl:

140¢ PRINT

1410 PRINT USINE “1X ,""CHIP NQ3: " ,B(DDD.DD,SX)*3T(12),7:12) T(14),T(18: Ti1E)
RISKD!

142@ PRINT USINE "5X,""POWEF (WATTE): " D.DOD":iFower(I:

1430 PRINT

1442 PRINT USING "IX,""CHIP NO&: "' ,B(DDD.DD,SX)":T(18),T¢(18) T{(2@),T¢21),T.22)
T022)

145@ PRINT USING "5X,""POWER (WATTS): *" D.DDD":;Pouwer(4)

146Q@ PRINT

1479 PRINT USING "1X,“"CHIP NQS: " 6(DDD.DD,S¥)":T(24),7(25),7¢(26:,7(27),T(28}
LT029)

148¢ PRINT USING "5X,""POWER (WATTS): " D.DOD0":Power(S)

149¢ PRINT

15Q0¢ PRINT USING "1X ,""CHIF NOE: " 6(DDC.OD,Sx)*:T(¢3@),T(Z1), T(32} T¢22) T(3a)
LT0328) -

1E1@¢ PRINT USING "SX,"“POWER (WATTS): “* ,0.0D0" ;Power(E}

1582@ PRINT

183@ PRINT USINE “1Xx ,*“CHIP NC7: " ,B(DDC.DOD,BX"3T(36!,7¢27: 738 ,7(29 ,Tisp
,Toar)

154¢ PFINT USINE "Sx , " "POWEF (WATTS) " ,0.000" iPower ()

185¢ PRINT

77




1560
1570
1580
1590

T(EZ)

1600
161@
1€2¢
163@
1848
165€¢
Froee
166@
167¢
168¢
1680
170Q
177@
172@
173@
1740
1750
1760
177@
1780
1790
180¢
1810
182¢
1€32€
184¢
1850
1R8R0

TO47)

PRINT

PRINT
PRINT
PRINT

PRINT
I

PRINT
PRINT

1

PRINT

PRINT
PRINT
PRINT
PRINT
|
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
BEEF

PRINTER 1S 1

USINEG

USING

USING
USING

USING

USING
USINE
USING
USING
USING
USING
USING
USING
USING

“1X,""CHIF NOE:
“Sy ,""POWER (WATTS:
“1%,"“CHIP NQOO:

"5¥ " “BOWER (WATTS):

“BX,""HEAT EXCHANGERS TEMPERATURES:

v B(DDC.DD ,SX ) TeaZ Y TUAZ) ,T(44) T(45) , TL4E)
"+ ,L.D0C" iPower £
*+ B<DDD.DD,Sy )" ;Tc48) ,T48) T(S) T(51),T(52)

" ,0.DDL tFower( S

RIGHT CENTER LE

*1@X,"“BOTTOM 1S INSULATED"""
“10X " "TOP:"" ,24X ,3(DD.DD,5X " 3T(54} Ti55) T(5E)

“SX,"“BACK PLANE TEMPERATURES ARE

"1OX,""T(87):
"1@X,""T(58):
"1ex, "T(ES):

10X, TT(BR):
10X, T
10X, T(72):
“1ex " T(73):
CIRX LT T(740:
"10X,""T(75):

RECIGN BF:le TO »

END

**,2X,0D0.0D" s TeET
“v,2x,DD.0D":T(58)
“v,2%,0D.0D"sT(5S)
=" ,2X,0D.D0" s T(BE)
" L2% 0000 T
"tL,2%,DD.0D" e TeTD
" L2X,00.0DTTOTE
“*,2%,0D.0DD" s T(74)
,2X,00.D0" s Te75)
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1@

20

30

40

S0

60

70

80

90

100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
269
270
280
29¢
3ee
310
320
339
340
35e
360
370
38e@
39¢
400
410
420
430
440
450
460
470
4890
490
5ee
510

APPENDIX B. COMPUTER PROGRAM CALCDIEL

lenssrsssasasasrssnssarns

i PROGRAM CalcDiel .
lasnprspsranrtssrrssssns

|

| MODIFIED BY LCDR R. THOMPSON 1/132 AND 4/1&5/82.
! FROM ORIGINALS OF PAMUK, BENEDICT, TORRES,

! AYTAR AND MATTHEWS.
|

!QGOC.OCQQQQQQ.OQ'.!C...Q.C'Q.CQ'.CC.....OOI
I THIS PROGRAM ANALYZES THE DATA READ FROM +
A DATA FILE DESIGNATED BY THE OPERATOR.ITe
REDUCES THE DATA TO CALCULATIONS OF NET
POWER, RAYLEIBR AND NUSSELT NUMBERS., THEe
UNCERTAINTY ANALYSIS 1S ALSO INCLUDED. .

I Z XXX TR R XSS ER R RS RS R RN R RS AR RS S S 2 & 22 J

]

|

]

|

!

!

! VARIABLES USED ARE:

! EMF : VOLTABE FROM THE THERMOCOUPLES.

| POWER : POWER DISSIPATED BY THE HEATERS

¢ T(I), ¢ TEMPERATURE CONVERTED FROM THERMO-
! COUPLE VOLTABE

| Tavg : IS THE AVERAGE TEMPERATURE OF THE
! CHIP, IT IS OBTAINED MULTIPLYING

! THE TEMPERATURE FOUND IN EACH FACE
! BY THE AREA AND DIVIDING BY THE TO-

! TAL AREA

I Ts : CHIP BACK SURFACE TEMPERATURE

I Tfilm : FILM TEMPERATURE OF THE DIELECTRIC

! Qnet : ELECTRIC POWER MINUS CONDUCTION LOSSES
I Tsink : AVERAGE OF THE 3 THERMOCOUPLES IN

| THE UPPER HEAT EXCHANGER

!

1

|

!

!

Nui : LENGTH BASED NUSSELT NUMBER
Nu2 : AREA-PERIMETER BASED NUSSELT NUMBER
D... : UNCERTAINTY OF A VARIABLE (EXCEPT

Dliq and Delt)
OTHER VARIABLES ARE SELF-EXPLANATORY

!..Il00!!.'!0.0!0'0!'00000.!00000'00000000000000

|

COM /Co/ D(T)

i

DIM Emf(76) ,Power(9),T(76),Tavg(9),Ts(9)

DIM TFilm(8),Qnet(9) H(G) K(9),Rho(9),Cp(8)

DIM N(9),Nul(9),Ral(9),Delt(8),Alfa(8) Pr(9)

DIM 6r1(9) ,Beta(9) ,Dpower(8) Ra2(8)

DIM 6r2(8),Raf1(9) Raf2(9) Nu2(8)

DIM Rowral(3),Rownul(3)

!

| CORRELATION FACTORS TO CONVERT Emf TO DEGREES CELSIUS. SOURCE:
i HP APPLICATION NDTE 290, P. 8, NBS POLYNOMIAL COEFFICIENTS FOR
) TYPE T (COPPER-CONSTANTAN) THERMOCOUPLES.

DATA ©.10086@91,25727.9,-767345.8,78025596,
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520
530
540
550
560
57¢
580
590
6500
61e
620
630
64e
650
680
670
680
690
700
710
720
730
740
750
769
770
780
730
goe
810
820
830
840
850
860
870
880
8390
S0¢
910
920
93¢
349
50
960
370
980
990
1000
1019
1920
1030
1040
1050
1060
1070
1080@

DATA -824748E5€9,6.98E11 ,-2.66E13,3.94E14

i

REAC D(e)

! PRECISION RESISTOR VALUE IN OHMS

Rp=2.0@

\

PRINTER IS 701

BEEP

BEEP

!

INPUT “ENTER THE NAME OF THE FILE CONTAINING DATA" Cidfiies

!

PRINT USING "1@¥ ,""THE RAW Emf DATA ARE FROM THE FILE: 104 ;01dfsles
|

INPUT "ENTER THE SQUER SETTING ", Powers

PRINT USING "9X,”" THE POWER SETTING PER CHIP WAS: " 10A";Powers
i

INPUT “ENTER THE TYPE OF LIQUID USED" ,Liqu:d$

PRINT USING "1@X,""THE FLUORINERT USED WAS: " L10AsLigquids
INPUT "ENTER THE TYPE OF DIELECTRIC:®=FC-75,1-FC-43,2=FC-71“,Dlxq
!

INPUT "ENTER THE WALL SPACING" ,Wall$

PRINT USING "1@X,""THE DISTANCE TO THE FRONT WALL WAS: " 10A":iwall®
|

INPUT “ENTER THE GEOMETRY TYPE: @=HORIZONTAL ,1=UERTICAL" ,Geo
INPUT “ENTER THE CrIP ORIENTATION" ,Chip$

PRINT USING "1@X,""THE CHIP ORIENTATION WAS: *" 1@A":Chip$

f

BEEP

BEEP

ASSIGN BFile TO Qlcdfiles

ENTER ®F1le:;Emf(»)

!

|llll.l.’ll!li{l!.'ll’.i...!.'fl.'!

! CONVERT Emf TO DEGREES CELSIUS =

!”.’.”.lQ.Il.’..".l"l"..”""

FOR I=0 TO 60

Sum=9

FOR J=@ TO 7
Sum=Sum+D(J)eEmf( 1)~ J

NEXT

T(I )=Sum

NEXT 1

FOR I=71 TO0 78

Sum=Q

FOR J=@ TO 7
Sum=Sum+D{(J)Y*Emf( )]

NEXT J

T(I)=Sum

NEXT I

lessanssrrosssnrsnssnonaane

! CONVERT Emf TO POWER *

'QQQQI..l.'.l.'.l’l..l.l..

]
J=1

80




1899 Volt=cmf(61)

118@ FOR I=62 TO 7@

1110 Power(J)=Emf(I)s(Volt-Emf(I))/Rp

1120 J=J+!

1130 NEXT I

1140 !

1159 TF Geo=0 THEN

1160 L1=8,E-3

1170 Alef=4 8E-5

1180 Arig=4.8E-5

1190 Atop=!.44E-4

1200 Abot=1.44E-4

1210 Le=_1+1000

1220 PRINT USING *1@X,""HORIZONTAL LENGTH SCALE IS (MM): ,DD.D";Le
1230 ELSE

1240 L1=2.4E-2

1250 Alef=!,44E-4

126@ Arig=1.44E-4

1270 Atop=4.8E-5

1280 Abot=4.8E-5

12920 Le=L!1+1000

1200 PRINT USING "1@X ,"“"VERTICAL LENGTH SCALE IS (MM:i: "" D
131¢ ENC IF

132€@ Acen=!.SZE-4

1330 Atot=5.76E-4

1340 ¢

]35@ '..IOC..OC.O..".00'..QQ'.......0'l’.."..ll.'..l..i".’.

1360 CALCULATE THE AVERAGE TEMPERATURES OF THE BLOCK FACES

1370 ¢

138¢ Tavg(1)=(T(Q)+Acen+T{1)eAtop+T(2)*Arig+T(3)*Alef+T(4)+Abct )/ Atot

1280 Tavp(2)=(T(B)*Acen+T(7)2Atop+T(B)*Arig+T(S)*Alef+T(1C)2Abot )/AtoOL
14200 Tavg(2)=(T(12)*Acen+T(12)+Atop+T(1S)eArig+T(1E )+AbDOt+ARlef+T(14))/Atot
1410 Tavg(4)=(T(18)efacen+T(19)*Atop+T(20)*Ar1g+T(21 )eAlef+T(22 )eAbot )/Atot
1420 Tavg(S)=(T/24)2Acen+T(25)eAtop+T(26)*Ar1g+T(27)+Alef+T(2E)*Abot)/Atot
1430 Tavg(b)=(T(30)+Acen+T(31)2Atop+T(32)eAr1g+T(33)sAlef+T(34)+Abot )/ (Atot)
1440 Tavg(7)=(T(36)*AcentT(37)eAtop+T(38)2Ar1g+T(39)sAlef+T 40)+Abot )/Atot
145 Tavg(B)=(T(42)*Acen+T(43)eAtop+T(44)*Ar1g+T(45)eAlef+T( 4G )*Abot )/ (Atot)
1460 Tavg(S)=(T(4B)*Acen+T(48)+Atop+T(S@)*Ar1g+T(51 )eAlef+T(S2)sAbot )/ Atot
147¢ 1| ACCURACY OF THERMOCOUPLES IS 0.5 DEGREES C.

148¢ Dt=.5

1490 Dtavg=.S

1500 Dtsink=.5

1510 |t

1520 ' RESISTANCE AND UNCERTAINTY OF PLEXIGLASS FOUND WITH

183¢ | A CONDUCTIVITY OF @.185 W/m.K & A LENGTH OF 12.0 MM

154@ Rc=320.51

1550 Drc=10.05

0
(e ]
-l
-
(1]

156 !

157¢ |esasesssacssssnsrrssnssnsonsssses
1580 | CHIP BACK SURFACE TEMPEFATURES »
1590 19088008803 00080882008R0088000000%00

1600 Ts(1)=T(5)
1810 Ts(2)=TC(1 1)
1620 Ts(3)=T(17)
1620 Ts(4)=T(23)
1640 Ts(5)=T(29)
1650 Ts(B)=T(35)
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1660 Ts(7)=T(41)

1870 Ts(8)=T(47)

1680 Ts(S)=T(52)

1690 Tssum=@

1700 FOR J=1 TO 8

1710 Tssum=Tssum+Ts(J)

1720 NEXT I

1730 !

1740 Tsavg=Tssum/9

1750

1760 [ 2008000 RRE st IR I ANt IRIRAEESIRY
770 i CONDUCTION LOSS CALCULATION &
1780 | 9088802838080 000 300000000 00esy

179¢ Qloss!=(T/5)-T(57))/Re

1BOC QlossZ2=(T(11)-T.98)/,/Rec

1810 Qloss3=(T(17)-T(59))/Rc

182¢ Qloss4=tT{(23)-T(B@))/Rc

1€3@0 QlossS5=(T(29)-T(71))/Rc

1840 QlossE=(T(35)-T(72))/Rc

1BS@ Qloss7=(T(41)=-1¢ 3})/Xc

186@ Qlossd3=(T(47)-T(74.)/R.

187¢ Qloss8={T(8531-T(75))/Rc

188 Qlcss=(Qloss!+Qloss2+QlnssZ+Qicss4+0lossS+0lossE+CloeeT+CiossE+Q.cse8)/C.
189¢ Dgloss=(Qlosz )»{{(Dt/T(5T)"2)+(Drc/Rec)"2: 7.5

18ee¢

18910 | AR BN e PR eI RO RRRRP ISP REIRIIIRIRIRNINIIGRIRS

182@ i+ AVERABEZ SINK TEMSERATURE CALCULATION +

1920 IR P ORI I PR RNIE IR I P I IR ISR IENRRIII IO IO

154¢ !

1950 Tsink=(T(54)+T(55,+T(8B))/3.

196e

167¢  PRINT USING "10¥,""RUYERAGE SINk TEMPERATURE tL:: "' DDI.O0':i7sine
188¢ i

*§5¢ FRINT

2002 ¢

201@ 1 TWO CHARACZTERISTIC LENGTHE WILL BE USEL TG CALCU_ATE NUSSELT NUMEIRS:
2€2@¢ v L 1S BASED ON THE VERTICAL OR HORIZONTAL DIMENSION OF THZI CHIP
203@ ' L2 IS BASED On THE SUMMATION OF THE AREARS CIVIDED BY THZ F  IMETEFR
2048 !

2050 L2=(2.%(B5.%24./6Q.)+2.9(6.26./2E. )+5.+24./64.)+.00)

2ese !

2€7@ PRINT USING "8y, *“*"CHIP Qret(W) Tavg-Ts Nu'! Nul AZUNC IN N
U ,1ea"

208 PRINT

2090 !

2100 I PSR R e s e r e s R salisssabsstBoslssnosstlnssstsssacssassn

211@ | CALCULATION OF NZT POWER, Nu, Ra AND UNCERTAINTIES «

2128 [ SR EP s ERBIERRRBINRIPIERIIIBNGNNNERINIOINPRIREROERI RN ES

2130 1

2140 FOR J=1 70 9

2150

216@ ! Dpower IS BASED ON ACCURACY 07 THE VOLTMETER AND THE PRECISION RESISTORS

2170 | Dv FOR THE VOLTAGE DROPS ACRCSS THE CHIP HEATERS OR PRECISION RESISTORS
218e¢ | IS GE~B V. Drp=0.05 OHMS.

2180 Ov=5.E~g

2200 Drp=.05
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221@
)

2220
2230
2240
2250
2268
2270
2289
2250
2300
2310
2320
233e
2340
2350
2360
237¢
2380
2330
2400
2410
2420
2430
2440
2450
2450
2470
2480
2490
2500
25190
2520
253¢
254¢

Dpouer(J)=Pouer(J)0((Dv/Emf(J+51))“2+(Dv/(Uolt-Emf(J+51)))“2+(Drp/Rp)‘2)‘.

|

I CALCULATION OF Qnet
Qnet(J)=Power(J)-Qloss
Dognet=(Dpower(J)*2+Dgloss*2)*.5
i

! CALCULATION OF Tfilm

Tfilm{ ) )=(Tavgtd)+Teink)/2

!

! CALCULATION OF A DELTA TEMPERATURE
Delt(J)=Tavgi(J)-Tsink
Ddelt=(Dtavg“2+Dtsink~2)".5

]

' CALCULATION OF CONVECTION COEFFICIENT
H(J)=Qnet(J)/(Atot*Delt(J))
Dh=H(J)*((Dgnet/Gnet(J))*2+(Ddelt/Delt(J))"2)".5
)

t PHYSICAL PROPERTIES ARE TAKEN FROM THE 1985 32M PRODUCT MANUAL
¢ FOR FLUORINERT ELECTRONIC LIQUIDS

]

IF Dlig=@ THEN
]

I CALCULATION OF FC-75 THERMAL CONDUCTIVITY
K(J)=( ,B65-7.88474E-4+Tf11im(J))/10

!

i CALCULATION OF FC-75 DENSITY
Rho(J)=(1.825~,00246+Tf11m(J))+1000C

!

! CALCULATION OF FC-75 SPECIFIC HEAT

CotJ = 24111143 ,7037E-4+Tf1im( J) 124187

! THE 4187 CONVERTS FROM CALORIES TO JOULES

1}

I CALCULATION QF FC-75 KINEMATIC VISCOSITY

N(J)e1 4@74-2 . 864E-2¢Tf1lm!J)+3.8018E~49TF11Imi ] ) 2-0 . T3QEE~EaTF11lm(J " 2+E.

1679E-QsTFilm(J ) 4

255¢e
2588
2570
258¢
259¢
2600
2e1@
2620
2E30
2640
2852
2660
2670
2bBe
269¢e
2700
2710
272e
273¢
2740
2750

I CONVERT FROM CENTISTOKES TO m"2/¢
NCJ)=N(J)*1.E-B

|

' CALCULATION OF THE COEFFICIENT OF THERMAL
i EXPANSION [BETAS
Beta:J)=,00 46/ (1 .825-.0024E+Tf1lm( 1))

]
ENC IF

'

IF Dlig=t THEN

!

! CALCULATION OF FC-43 THERMAL CONDUCTIVITY
K(J)=( . 0B66~-8.804E-BeTf1lm(J))

i

! CALCULATION OF FC-43 DENSITY
Rho(J)=i{1.913-.00218+Tf1lm(J))*1000

i

I CALCULATION OF FC-4Z SPECIFIC HEAT
CplJim( 24111143, 702 7E-4+Tf11m(J))e4187

i

' CALCULATION OF FC~43 KINEMATIC VISCOSITY
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2760 N(J)=8.875-.47807+TFfilm(J)+1 . 387E-2»TF1im(J)"2~2.14B09E-4TF1]1m(J)"3+1.3139
E-BeTfilm(J)"4

2778 !
2782 N(J=N(1)e! E-B
2780 ! .

2800 ! CALCULATION OF COEFFICIENT OF THERMAL
2810 | EXPANSION [BETAI
2820 Beta(J)=.00218/(1.813~.02218Tf1lm(J))

2830 !

2848 END IF

2850 !

286@ IF Dlig=2 THEN
2870 !

2880 ' CALCULATION OF FC-71 THERMAL CONDUCTIVITY
289¢ K(J)=.71/10

2900 ¢

2810 | CALCULATION OF FC-71 DENSITY

2920 Rho(J)=(2.002-.00224+Tf11lm(J))+1000

283¢ !

2940 ! CALCULATION OF FC-71 SPECIFIC HEAT

295@¢ Cp(J)=(,241111+43.7Q37E~4+Tf11m(J))*4187
2860 !

28786 ' CALCULATION OF FC-71 KINEMATIC VISCOSITY
2980 N(J)=EXP(B5.8876-.1388+Tf1lm(J)41.331E-3+Tf1Im(J)"2-7.Q4 E~G+Tf1lm(J)"3+1.5
23E-BsTH21m(J)"4)

2999

200Q@ N(J)=N(J)»1 _ E-B

3g1e

3220 ! CALCULATION OF THE COEFFICIENT OF THERMAL
3@3@ 1 EXPANSION [BETA]

304C bBeta(J)=,00224/(2.002-.00224+»Tf1lm(J))
3ese !

Z06@ END IF

3e7e i

3080 ! CALCULATION OF THERMAL DIFFUSIVITY [ALPHA)
2082 Alfal(J)=K(J)/{Rho(J)sCptJ))

2100 !

Z11@ + CALCULATION OF PRANDTL NUMBER

2120 Pr(J)=N(J)/Alfal(])

312 !

3140 ¢ CALCULATION OF NUSSELT NUMBERS

318Q@ Nul(Ii)=H{Jl)eLi/K(])

J160 Nu2(J)=H(J)*L2/K(J)

3170 Dnul=Nul(J)*(Dh/H(J))

3180 Pernu!=(Dnul/Nuldll))+100

3190 !

7202 ' CALCULATION OF BRASHOF NUMBERS

2210 6ri(J)=8 . 81s+Betat(J)e(L1"3)eDelt(J)/NCI}"2
22 Gr2:1)=5.81+BetalJ)s(L2"3)*Delt (/NI Z
I23¢ Dgr'=G-1¢J)e(Daeit/Deitti)

3242

225@ ' CALCULATION OF RAYLEIGH NUMBERS

Z226¢ FRal(J)=Bri{J)ePr(J et E-E

Z27¢ Ral!{J)=br2tl)ePr(J)el E-6E

Z28C Drat=Rat<Jre(Dgri/6ri(l))

3290 Perrals(Dral/Ral(J))s100

3300 ¢
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331Q
3320
333e
3340
3350
2360
2370
3380

3390
3400

I CALCULATION OF FLUX BASED RAYLEIGH NUMBERS

Rafl1(J)=((8.81«BetalJ)eL1%4¢Qnet(J))/(K(J)eN(J)eAlfa(J)eAtot ) )l E-B

Raf2(J)=((9,.B81eBetal(J)eL2°4+0net(J) )/ (K(J)eN(J eAlfarJ)eAtot))e! E~-B

I DATA AND UNCERTAINTY OUTPUT

PRINT USINE *10X,D,1X,4(4X DDD.DD,),6X,D0D.D0":J,Qnet(J) Delt(J) Nul(J) Nu
2¢J) ,Pernul

PRINT
|

3410 PRINT USING "12X,""TEMP BASED RAYLEIGH NUMBER s E-E IS: “*,DDDDDD.DDD":Ral

«J)

3420
[RED)
3430
3440
345¢

PRINT USING "12X,""FLUX BASED RAYLEIGH NUMBER ¢ E-5 IS:

PRINT USING 12X ,“"AVERAGE TEMPERATURE:*"

PRINT

PRINT USING "BX,““UNC IN THE NUSSELT NUMBEP (Nul) 1S:

DC.DD" ;Dnul

3460

PRINT USING “BEX,""TEMP BASED RAYLEIGH NUMBER » E-E I5:

D.DDD"sRa1(J)

3470

PRINT USING “6X,“"UNC IN THE TEMP BASED RAYLEIGH NUMBER ¢ E-E& IS:

0D.DD" ;Drat
PRINT USING "BX,*"%UNC IN THE TEMPERATURE BASED RAYLEIGH NUMBER 1S: ve.n
DD.DD" iPerral

3480

3430
3500
3510
3520
353¢e
3540
3550
35609
3570
3580
359¢
3600
3610
3620
3630
3640
3650
366e@
3670
3680
2690
3700
3ne
2720
373¢
3740
3750
2760
3770
2780
2790
3800

PRINT

NEXT J

1

Ralsum=0,

Raflsum=0Q.

Nulsum=Q,

Nulsum=@.

Qnetsum=0.

Deltsum=0,

FOR J=t 7D 9
Ralsum=Ral(J)+Ralsum
Raf2sum=Raf2(J)+Raf2sum
Nulsum=Nul (J)+Nulsum
NuZsum=sNu2(J)+NuZsum
Onetsum=Qnet(J)+Qnetsum
Deltsum=Delt(J)+Deltsum

NEXT J

Ral{Avg)=Ralsum/9.

Raf2(Avg)=Raflsum/8,

Nul(Avg)=Nulsum/9.

Nu2(Avg)=Nu2sum/9,

Gnet(Avg)=Qnetsum/8,

Delt(Avg)=Deitsum/9,

{

FOR Jei TO 3

Rowrat(J)=Q
Rownu!(J)=Q
NEXT J

FOR J=1 TC 3

Row~a!(J)=(Ral(J)+Ral(J+3)+Ral(J+B))/3.@
Rownut (J)=(Nul{J)+Nult(J+2)+Nul(J+6)1)/3.€

NEXT J

.D0D.DD" s Tavgld)

.DDD* 1Raf




3810
3820
Je3e
3840
3850
386e
387¢
3880
3830
3900
3810
3920
3330
3940
3950
3960
3979
3380
399e
4000

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT

USING
USING

USING
USING

USING
USING

USING
USING

USING
USING

“12X," "ARRAY
“12X " " ARRAY
“12X,""ROW |
“12X,""ROW !
“12X," "ROW

2
12X, "“ROW 2

“12X,"“ROW 3
“12X,""ROW 3

"12X," "ARRAY
"12X," "ARRAY

ASSIGN @F1le TO »

END

AVE
AVE

Ave
AVE

AVG
AVG

AVG
AVG

AVG
AVG

Ral+E-E6 I1S:"" DDDDU.DDD"iRat(Avg)
Nut IS:*" DDD.DD"iNut(Avg)

Rale«E-E IS:"" ,00DD0.0DD" ;Rowral(1)
Nut IS:"" ,DDD.DD":Rownul(1)

Ral+E-B IS:"" ,DDODD.DDD" tRowral(2)
Nutl IS:"",000.0D" iRownu!(2)

Ral+E-f I5:"" ,D0DDD.DDD" tRowral(3)
Nut IS:"" DDD.0DD";Rownu!(3)

Qnet IS: " D.DD":Qnet(Avg)
(TAVE-TSINK) IS: =" ,DD.DD":iDelt(Avg)
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e

e

4

se¢

te

7e

8¢

s

10¢
11¢
12¢
13¢
14Q
15¢
16€
17¢
180
18¢
200
21¢
22e
220
240
25@
26¢
270
28¢
28e
200
zie
z2e
Z30
’4@
25¢
36¢
370
38€
250
400
41Q
420
42e
448
45¢
4EQ
47e
488
48¢
500

APPENDIX C. COMPUTER PROGRAM ACQ2

FI_S 4037

- Ve W

WEITTEN By _CDR 2. THIMERDON MAR SD
. THIS PROGRAM AQUIRES THE VOLTABE DATA

| FROM THE HF3Z456 DUM UlA THE HFP3457f DAS
| EQF THE T BV 7 4RRAY NWSC CIRCUIT BOARL.
©IT Iz WRITTEN IN BASIC Z.0.

: DUV - Dl1GITAL VI_TMETER

1 DAt - DATA AZOUICITION EYETEM

DIV EmfiBe) Fower: 1S T(BA!

:

IPRECISION RESISTOR UALUE IN OHME
Fp=l.0

1

| AESIBN OUTPUT TC HE THINK JET PRINTER
PRINTER IS 7@

BEEF

INPUT *ENTER THE INPJT MODE: @=SYS, 1=FILE",Im
i

IF Im=1 THEN

BEEFP

INPUT "ENTER THE NAME OF THE FILE 70O BE READ" ,Cldf:led

{

PRINT USING “15X,""THESE RESULTS ARE STORED IN FILE : "t 1047 301dfale8

ELSE

BEEF

INPUT "ENTER
PRINT USING
END IF
PRINT

PRINT USING "15Y,""DATA TAHEN BY THOMPSON®"®

1

INPUT "ENTER THE E&TH TEMF' BS

PRINT USING "15¥,""BATH TEMP WAS: ", 10f":B$
I

INPUT *ENTER THE WAlLL SPACINE" Wailf

PRINT USINE "15x, "SPACING WAE: v 1A iWalls
' .

INPUT "ENTER THE TYPE OF LIQUID USED" ,Liqu:id$
PRINT USING "1!5X,""THE FLUORINERT USED WAS:
1F Im=! THEN ACEIGN ®F:le TO Oldfile®

i

IF ImeQ@ THEN

CREATE BDAT Newfile$,5

ASCIGN @F:le TCO Newf:lef

tND IF

THE NAME OF THE NEW FILE" Newfile€®
1@X ,“"THESE RESULTS ARE STORED IN FILE: "' ,1@A"iNeuf:le€®

J10A iLiqu:dE

' READ DATA INTC HPSEDZE COMPUTER. 789 1S THE DAS, 722 IS THE DVUM.
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S
520
53¢
540
g5e
560
57e
=)=l
£9¢
goe
g1e
E2¢
£2C
6540
ESC
g6Q
g7e
680
%]
700

72e
730
740
750
76¢
77€
780
78¢
Boe
610
g2e
gse
840
ese
8se
g7e
gge
£9e
900
219
520
€30
940@
g95@
S6@
S7¢
980
9@
100¢
1e:e
1020
1@5¢Q
1831
1ez2
123
1050

|

IF Im=€ THEN

i AP RESETS DARS. AF IS FIRET CHANNEZL, AL IS LAST CHANNEL.
OUTPUT 7@E;"AR AFDD ALIZ"

PR ::TQ FUNCTION 7O DO VOLTE. R
! T1 SETE TRIGGEFR T0 INTERNAL. I
b FLO SETS FILTER TCO OFF.

OUTPUT 722:3°FY RY TV 1@ FLC”

AUTC.
TO OFF.

EOF =07 T O ?3

' A% CAUSES THE DAS TC ANALDE STEF THROUGH THE CHANNE.C.
OLUTPUT 7@%;"RE"

WAIT 1

' ENTER 3SENDCS ‘\)Q TAGES FRQOM Dv™ TC DAE.
ENTEFR T7I2:Emf (]

geee

NExT 1

QUTPUT 7@S;"AF AFLT ALB4™
FOF 1=41' TC Ba

QUTPUT 7@5:"RE"

WeIT

ENTER 722:Emfi ]

BEEP
NEXT 1
QUTPUT @F.lesEmf(s

{
ELSE
ENTER @FilesEmfie)
END IF

'

| AR RESETS DAS

DUTPUT 7@5: "AR"

}

* CONVERT THERMOCOUPLE VOLTAGES TO TEMPERATURE IN DEGREEC £
' THERMOCOUPLES CALIBRATED ABAINST PLATINUM RECISTANCE THERM
' MARCH Z-3, 1882, TEMP. RANGE 10-10€ DEG. C.

! CALIBRATION CURVE FIT BY TABLECURVE SOFTWARE.

' NCTE: CAL. CURVE UOLTAGES ARE MILLIVOLTS, Emf(1E ARE IN MICROVDOLTE.

A= 248774563
B=74.895086
C=-.275219169
FOR I=11 TC 13
TCI)eA+BeEM (1)1  E+3+4Ce (1 E+3+Emf(I1)) 3
NEXT 1
FOR I=41 T0 S9
TCI=A+BsEME (T )81 E+34Cs (1 . E+3+EmF(1))"3
NEXT 1
1
' CHIP TSE'S (THE TRANSISTORS) ALSO CALIBRATEL SAME TIME At ABOVE.
" TEMP. (DEG. C) VS. BASE-EMITTER (Ube) VOLTAGE CALIBRATION CURVES
' PRODUCED USING TABLECURVE SOFTWARE.
T(BQ@)=E77 . 58@74-575.54253¢Emf(6¢ )
T(81)=575 E6EBRY-574.050S7+Emf (1)
T(BZ =877 E4C56~C75 . CRBEZ*EmF(ED)
TIEZ »=CTE . 98231874 . ESTIELEMF(B)
T{b4)=E7E 2O5EP-E75,987C34Emf 5L

.
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108¢
1e7e
108¢
1¢9¢
1108
e

*ZC

-

15C
T1ER
1178
1186€
115¢
120C
o

-
| -

sZZe
124C
1 25¢€¢
12882
127¢
1280
125@e
130¢
131@
122e
{1}
123€
1340
135@
1360
1278
128¢
i)
128¢
1400
141¢Q
1420
142€¢
1440
145@
1460
1470
1480
1490
1502
r(7)
151@
162¢
1E2¢
154@
1EGe
1SE¢
r9
157¢
158¢

PRINT USINE "8 ' "UDLTAEE SUPPLY WAS: JOCL DD iERF T
PRINT USINE "15)¥ " "AMEIENT TEM® wekS: " DC.D ;7 5¢°
FFINT
vOPOWER CALTULATIONES
i
COR 1= T =
fragm IosIef 0oeed 2 TeEs
NT- T
Jt'.
=OR I=t TCOZ
Foweri ) Y=Emé I yalmé 740 /Ry
NE>T ]
FOF 1=7 TC €
Fower Id=EméiL)eEmf T /. ZeRg
NEVT L
8IZF
PRINT USINS “1@» .,  "A_. TEMPERLTURES ARE IN LEGREEE CE_EIUE"
I
PR INT
|
EREINT USING "12» 7' THIF CHI® LIT FOWSFW
PRINT
PRINY
PRINT USING “1X,""CHIF NO': N/A N/& ** ,G.0DD" iPouwe
PRINT USING "12X, CAYEY" "™
PFINT
PRINT USING *1X,""CHIP NO2: *" 2(DDD.DD,1@x,G.ODC":7(8Q,T(45) Power (2}
PRINT USING "12x,"" (AVE """
PRINT
PRINT USING "1x ,""CHIF NOZ: N/A N/A v+ ,0.00C" :Powe
PRINT USINE “12y " (AVG """
PRINT
PRINT USING "1X,""CHIF NO&: " 2/D30.0C ,10¥ 2 0.DDD":7(E": ,T(4E " Powerl4)
PRINT
PRINT
PRINT USING “tX,”""CHIP NQOE: " 2(DJ0.D0D,10x),0.DDO":T(EZ:,T(4T7 ) Fower(E
PRINT
PRINT
PRINT USING “1X,""CHIP NOB: "" ,2¢DDC.DD.1@X),0.DDD";T(EZ:,T(4E) Pocwe-(E)
PRINT ’
PRINT
PRINT USING "1X, “"CHIP NO7: N/A N/A ", 0.000"iFoue
PRINT USING 12, "¢ (AUG Y " "
PRINT
PRINT USINEG “!X,""CHIF NO&: "" ,2(DDD.OC,10x7,0.DDD"57¢E& ), T 49) Pouer(E)
PRINT UEING "i12x.,"" (AVEY" ™"
PRINT
PRINT USING "1x,""CHIF NQC: N/F N/f v ,0.0D0D" sFouwe
PRINT USING "i12),° (AUEH "
PRINT
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1290
180¢
1E1Q
TE20@
1E3€
1640
1ES2

5134

-~

1€7¢
168€
1£9¢
1700
1712
1728
173e
174
175@
1760@
177e
T7ge
179¢
18002
Te1e
182¢
VeS¢
1640
1850
18g¢

o

L)
z =z 2z
DY

0
vwon MM mn
[ B T I S S e ]

2
-

u g
zzZz
R

0
n

PR

[
~

PRINT
PRINT
PRINT
!

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
BEEF

| REAS
PRINTE

[Al

CEIN

LeINg
UEING
USING
USING

USINE

USING
USING
USINE
UTINE
USING
USINE
USINE
UCING

-
USING

€l
P IS

1

t12Y

m1ex
"1

“Sx 'l,

10y,

1R,

"1ox,

v

ey,

eyt

ey,
"1y,

"UBOTTOM IS

(RSN

HEAT

"UTQFR

"r DDD.DDiTian)
*t DOD.DG:Ti4D)
“* DDG.DD 1042
"* 0DD.DD"iT 44>

,""CIRCUIT BOARD SUESTRATE SURFACE

EYCHANGER TEMPERATUREES:

INSULATED "
,24% Z(DD.00,BX Ty, T

SECT N CENTEF
T

CIRCUIT BOARD ASSEMBLY BACK TEMPERATURES ARE:"*""

“CHIP
"CHIP

""CHIP

“CHIP
"CHIF
CHIF
"CHIP
“CHIF

"1@¥ " "CHIF

ASCIGN €F1le TO »

END

EN PRINTER

NOt1:""
NGZ: ™"
NOZ:* "
ND&:t*
NQOE: "
NOB: "
NO7: "
NOE:""

NG -

TC THE CRT

,0C.
,00.
,or.
X ,DC

Ry

Al

,ax, 00
,ex 00,
,2x DL,
,2x ,00.

90

DD T(E1)
0G" i T(52)
DB ;T(52:

Lz DD T¢54
"L 0%, 0D,

DO T(BE:
DD T(SE:
Do T(ET)
oD TrgEn

DO rES




APPENDIX D. COMPUTER PROGRAM CALC2

1@ ' FILE CALC2

e '

e ' WRITTEN BY LCDF K. THOMPSON MAR SZ.

4e I MODIFIED EARLY APR 82. BASELD ON THE PROGRAM

50 | CALCDIEL WRITTEN AND MODIFIEC BY PAMUK,

B0 | BENEDICT, TORRES, AYTAR, MATTHEWS AND THOMPSON.

7¢ !

8@ ! THIS PROGRAM ANALYZES THE DATA READ FROM

50 I A DESIGNATED “ACGR2" DATA FILE. ACQ2 DATA FILES

102 I ARE FOR THE 3 BY 2 ARRAY NWSC CIRCUIT BOARD.

110 1 IT REDUCES THE DATA TO CALCULATIONS OF NET POWER, RAY_LEIGH
120 ' AND NUSSELT NUMBER, THE UNCERTAINTY ANALYSIS IS ALSC INCLUDED.
13@ ! IT 1€ WRITTEN IN BASIC 2.0.

1409 !

159 ! YARIABLES USED ARE:

160 I EMF : DATA FILE VOLTABES.

170 I POWER : POWER DISSIPATED BY THE CHIP RESISTORS (W)

18¢ U T¢I) : TEMPERATURES CONVERTED FROM THERMO-

190 ! COUPLE VOLTABES (DEG. C)

200 ' Ts , ¢ CIRCUIT BOARD ASSEMBLY BACK TEMPERATURE (DEG. C)
210 I Tfilm : DIELECTRIC FILM TEMPERATURE (DEG. OO

220 ' Tavg : AVG. TEMP. OF THE & CHIP TSE's (DEG. C)

230 ! Qnet : ELECTRIC POWER MINUS CONDUCTION LLCSSES (W)

240 I Tsink : AVERAGE OF TAE 3 THERMOCOUPLES IN

25¢ ! THE UPPER HEAT EXCHANGER (DEG. C)

260 b Nu : LENGTH BASED NUSSELT NUMBER

270 ! Re : THERMAL RESISTANCE FOR CONDUCTION (CEZ. C/UW)

280 I 0... : UNCERTAINTY OF A VARIABLE (EXCEPT

25¢ ! Dliq AND Delt?

300 ! OTHER VARIABLES NOT SELF-EXPLANATORY ARE DEFINED IN THE PROGRAM
319 !

320 DIM Emf(64) ,Power(1:9),T(64),Ts(1:9),Ts10e(1:9),Tlidt1:9)
330 DIM Qnet(1:9),Delt(1:9) H(1:9) Nu(1:9) Ral1:9)
340 DIM 6r(1:8),Qloss(1:9) Dh(1:9; Dpower(1:9)
350 DIM Rowgr(1:3) ,Rowra(1:2) ,Rownu(1:3)
i

360 |

370 ! PRECISION RESISTOR VALUE IN OHMS

380 Rp=2.0

3390e b ASSIEN OUTPUT TO HP THINKJET PRINTER
400 PRINTER IS 70!

410 BEEP

42¢ !

430 PRINT USING "10X,""DATA TAKEN BY THCMPSON"""®

440 INPUT "ENTER THE NAME OF THE FILE CONTAINING DATA" ,Cldfile$

450 '

460 PRINT USING "1@X,""THE RAW Emf DATA ARE FROM THE FILE: "L 10A":01df1les
470 !

480 INPUT "ENTER THE APPROX. POWER SETTING " ,Power$

480 PRINT USING "S8x,"" THE APPROX. POWER SETTING PER CHIP WAS: "L 10A Pouer

5ee !
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510
520
530
540
S5e
560
570
580
5380
6500
E10
620
620
640
ES0Q
660
670
68¢@
69e
700
710
72
730
740
750
760
770
780
750
800
819
g82e@
839
240
850
g86@
870
880
890
900
910
g2@
93e
940
350
96e
970
9se
930
1020
1010
1820
1030
1040
1050
1060
1070

INPUT *ENTER THE TYPE OF LIQUID USED" ,Liqu1d$

PRINT USING "10X,""THE FLUQRINERT USED WAS: " 1@A";Liquid$

INPUT "ENTER THE TYPE OF DIELECTRIC:Q=F(C-7S,1=F(C-43,2=FC-71",Dl1q
|

INPUT "ENTER THE WALL SPACING" ,Wall$

PRINT USING "1@X,“*THE DISTANCE TC THE FRONT WALL WAS: *“* i1QA";wWwalls
|

BEEP

ASSIGN BF1le TO Oldfilies

ENTER @Fi1leiEmf(es)

|

I CONVERT THERMOCOUPLE UOLTAGES TO TEMPERATURE IN DEGREES CELSIUS.
I THERMQCOUPLES CA_IBRATELD AGAINST PLATINUM RESISTANCE THERMOMETER
" MARCH -3, 18CGI. TEMF., RANGE 10-10C DEE. C.

i CA_IBRATION CURVUE FIT BY TABLECURVE SOFTWARE.

' NOTE: CAL. CURVE VUOLTAGES ARE MILLIVOLTS, Emf{I:S8 ARE IN MICROVUOLTS.
A= 2487T4E3

B=24.8%36088
C=-.0782181E¢
FOR I=1t TC 32

T(I)=A+BeEmf I sl [ E43+Ce (1 E+Z*Emf(I))"3

NEXT 1

FOR I=41! T0O 5§

T(I)mA+BeEmF{ I )81 E+3+Cel 1 E+3#EmF(]1))"3
NEXT 1

!

I CHIP TSE's (THE TRANSISTORS) ALSO CALIBRATED SAME TIME AS ABOVE.
I TEMP. (DEB. C) vS. BASE-EMITTER (VUbhe) VOLTAGE CALIBRATION CURVES
I PRODUCED USING TABLECURUVE SOFTWARE.
T(BQ)=577.58074-575,54353+Emf(60Q)
T(61)=575.656885-574.0S057+Emf(B1)
T(62)=577 .64556-575.50862+Emf(62)
T(63)=576.98331-574 . 69738+Emf(£3)
T(64)=578.28560-575.99783«Emf(64)
Tavg=(T(E@)+T(B1)+T(E2)+T(B3)+T(64))/5

| A ]

I POWER CALCULATIONS

FOR I=1 70 3
Power(I)=Emf(Q)eEmf(S)/(3+Rp)

NEXT 1

J=4

FOR I=1 70 3
Power(J )=Emf{ I )sEmf(I+S)/Rp
J=J+1

NEXT I

FOR I=7 TC 9
Power(1)=Emf(4)eEmf(9)/(3+Rp)

NEXT 1

]

| BELOW LENGTHS AND AREAS BASED ON CHIP MODELED AS A SQUARE WAFER.
I ALL DIMENSIONS IN m OR SQUARE m,
L1=8,89E-3

Alef=) BSE-S

Arig=Alef

Atop=Alef

Abot=Alef

Alid=7,90E-5
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1080 Le=L1+100@

1092 PRINT USING "1@X,"“"LENGTH SCALE IS (mm): "* D.DC";iLe
1180 ' Atot 1S TOTAL AREA FOR CONVECTION

1110 Atot=Alef+Arig+Atop+Abot+Ai:d

1120

1130 ' CHIP SIDE TEMPERATURES. ASSUMES IT IS THE AVERAGE OF THE TSE TEMP.
1149 1 AND THE LID TEMP., WITH CHIP TEMPS. 1,4,7 ASSUMED TC BE EQUAL AND
1159 ) CHIP TEMPS., 3,E,3 ASSUMED TO BE EQUAL.

11€@ !

1170 Tside{1)=(T(4E)+T(B1))/2

1180 Ts1de(2)=(T(45)+T(50))/2

1190 Teide(2)=(T(48)+T(E3))/2

1200 Tside(4)=(T(4E)+T(ET1))/2

1210 Te1de(S)=(T(47)+T(B2))/2

1220 Ts1de(E)=(T(4B)+T(62))/2

122 Tsi1de(7)=(T(46)+T(B1))/2

124€¢ Tsi10e(E)=(T(49)+T(64))/2

125€@ Ts1de(8)=(T(48)+T(E3))/2

126¢ !

127@ + CHIP LID TEMPERATURES. SAME ASSUMFTION AS CHIF CIDES,
128@ Tlid(1)=T(46)

1290 Tlid{2)=7(45)

1300 Tii1d(3)=7(48.

121@ Tlid(4)=T(4E"

122¢ Tiid(S)=T(47)

1230 Tlid(B)=T48)

1340 Tlad(7)=T(4B)

135¢ Tlid(8)=T(49)

1360 T11d(9)=T(48)

137¢ @

1380 ! CIRCUIT BOARD ASSEMBLY BACK TEMPERATURES

1388 Tssum=@

1400 FOR I=1 TD 8

1410 Te(1)=T(I+50Q)

1420 Tesum=Tssum+Ts(I)

1430 NEXT 1

1440 !

145@ Tsavg=Tssum/9

1460 !

1470 ' CONDUCTION LOSS CALCULATION

148@ ' ONE DIMENSIONAL CONDUCTION ASSUMED THROUGH THE FOLLOWING:

1490 |} 4.86E-4 m (>2.@16") OF SILICON (CHIP)

1500 ! 7.B2E-4 m (0.030") OF ALUMINA (CIRCUIT BOARD)

1518 + 1.276-4 m (0.005") OF SILICONE RUBBER

1520 1 1.18E-2 m (@.465") OF ACRYLIC (PLEXIGLAS)

1830 ! VALUES FOR THERMAL COND'!STIVITY K IN W/m-DE6. C. SOURCE:

1540 ' SILICON, ALUMINA: NWSC, MR. TONY BUECHLER

1550 ' ALL OTHERS: MATERIALS ENGINEERING 1978 MATERIALS SELECTOR, VOL. 86,
156@ ! NO. B, REINHOLD PUBLISHING, 1977, PAGES 202, 143.

157¢ !

1580 | SILICON: 16B+cXP(-0.00458+T), T IS SILICON TEMP. IN DEE. C.

159@ | ALUMINA: 1€.7 SILICON RUBBER: ©.225 ACRYLIC: ©.208

160@ ' HEAT FLUX q FOUND BY STANDARD EQUATION

161@ ! g = AREA*DELTA T/(SUM OF LENGTHS/K'S)

1620 !

163 1 IT 1S ASSUMED FOR CALCULATIONS THAT THE FOLLOWING TEMPS., ARE THE SAME:

1640 | CHIP1 = CHIP4 = CHIP?
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1650 | CHIP3 = CHIPE = CHIPY

1660 !

167@ ' E IS AREA (SQUARE m), F 8 S ARE L/K VALUES

1680 E=7.90QE-S

1680 F=2.42E-5

170Q@ 6=.00458

171@ S=8.73E-2

1720 !

1730 Qloss(1)=E+(T(BE1)=-T(51))/(FeEXP(H+T(E1))+5}

1742 Qloss(2)=E+(T(BQ)-T(S2))/(FeEXP(B+T(6C))+E)

1750 Qloss(3)=E*(T(B3)-T(SZ) )/ {FeEXP(B*T(E3))+5)

1760 Qloss(4)=Ee(T(E1)-T(S54))/(FeEXP(G6+T(B1))+S)

1770 Qloss(S)=E«*(T(B2)-T(S5)Y)/(FeEXP(G*T(B2))+S)

1780 Qloss(B)=Ee(T(B3)-T(SE5))/(FeEXP(G*T(B3))+5)

1790 Qloss(7)=Ee¢(T(E1)=-T(S7))/(F+EXP(BeT(B1))+5)

1800 (Qloss(B)=Es(T(B4)-T(SB))/(FeEXP(G*T(BE4))+S)

1810 Qloss(9)=E*(T(B3)-T(59))/(F*EXP(G2T(B3))+5)

1820

1830 Qlosssum=@

1840 FOR I=1 T0 9

1850 Qlosssum=Qlosssum+Gloss(])

186@ NEXT I

1870 Qlossavg=Qlosssum’/9

18ge !

188@ ! Re WILL BE CALCU_ATED ASSUMING SI_ICON TEM®, 1C BC DEE. C, WHICH IS
180€ ' ABOUT MID-RANGE FOR THE EXPERIMENTS

1910 ! Rc = (1/AREA)sSUM OF LENETHS/K'S

192 ! ALSO ASSUME Drc IS 5% OF Rc

1830 Rec=725%

1940 Drc=38.3

1950 ! Dtlid, Dtside, Dtchip, Dts, AND Disink BASED ON THERMOCOUPLE CALIBRATION
196 Dtchip=.3

870 Dts=.3

1980 Dtlig=.3

1992 Dts.de=.3

2000 Dtsink=.3

2019 | SINCE CONDUCTION TEMP. DIFFERENCE = Tchip - Ts, Dt IS THE RMS OF Dtchip
AND Dts

202@ Dt=(Dtchip"2+Dts"2)".%

2030 Dqloss=(Qlossavg)s((Dt/(Tavg-Tsavg)i"2+(Dre/Rc)°2)°.5

2040 !

2050 ! AVERABE SINK TEMPERATURE CALCULATION

2060 Tesank=(T(11)+T(12)+4T(13))/3

2070

2080 PRINT YSING "1@X,""AVERAGE SINK TEMPERATURE (C): *"* DD.DD"iTsink
2090 PRINT

2100 |

211@ ! THE CHARACTERISTIC LENGTH TO BE USED TO CALCULATE THE NUSSELT NUMBER
2120 ! IS L1, WHICH WAS PRFVIQUSLY DEFINED

2130 1

2140 PRINT USING "9x,"°CHIP Qnet (W) Delta T Nu XUNC IN NU"" ,1QA"
215@ PRINT

2160 |

2170 ! CALCULATION OF NET POWER, Nu, Ra AND UNCERTAINTIES

2180 FOR J=} 70 9

2190 | Dpower 1S BASED ON ACCURACY OF THE DVUM AND THE PRECISION RESISTORS.
2208 ' Dv FOR VOLTAGE DROPS ACROSS THE CHIP RESISTOR OR THME PRECISION RESISTOR
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2210
2220
2230
2240
2250
2260
2270
2280
2290
2300
2310
2320
2330
2340
2350
2369
2370
2380
2380
2400
2410
2420
2430
2440
2450
24560
2470
2480
248¢
250¢
251e
252¢
2E3¢
2540
255@
2560
2S7¢
2580
2590
2600
2610
2620
2630
2640
2650
2660
26870
2680
2690
2700
2710
m-4

2720
2730
2740
2750
2760

I 1S SE~B V. Drp = 0.05 OHMS.
Dv=5.E-b
Drp=.0E
FOR I=1 TO 3
Dpower(l)sPower(1)e((3eDv/Emf(@))"2+(Dv/Emf(5))"2+(Drp/Rp)"2)".5
NEXT 1
L=4
FOR I=1 T0 3
Dpower(L)'Pouer(L)O((Dv/Enf(L))“2+(Dv/Enf(I*S))“2+(Drp/Rp)‘2)‘.5
Lel+1
NEXT 1
FOR I=7 70 9
Dpower(1)=Power 1)¢((3¢Dv/Emf(4))"24(Dv/Emf(9))"2+(Drp/Rp)"2)".5
NEXT 1
\
1 CALCULATICN OF Qnet
Qnet(J)=Power(J)-Qloss(J)
Dgnet=(Dpower(J)"2+Dqloss"2)".5
]
! CALCULATION OF Tfilm
Tfilme(Tavg+Tsink)/2
! Dtavg BASED ON TSE CALIBRATION
Dtavg=.275
!
I CALCULATION OF Delta T BASED ON LID AREA COMPRISING ABOUT &5% OF TCOTAL
I CONVECTION AREA, AND THE CHIP SIDES 45% OF THE AREA
Delt(J)=( ,55e¢T11d(J)+.45+Ts:de(]))-Tsink
Ddelt=(Dtl1d"2+Dtside"2+Dtsink"2)".5
i
I CALCULATION OF CONVECTION COEFFICIENT
H(J)=Qnet(J)/(Atot+Delt(J))
Dhi{J)=H{J)s((Dgnet/Qnet(J))"2+(Ddelt/Delt(l)»)"2}".5
NEXT J
!
I PHYSICAL PROPERTIES ARE TAKEN FROM THE 1885 3M PRODUCT MANUAL
! FOR FLUORINERT ELECTRONIC LIQUIDS
|
IF Dliq=@ THEN
I
t CALCULATION OF FC-75 THERMAL CONDUCTIVITY
Km( B65~7.89474E-4Tf11m)/10
]
! CALCULATION OF FC-75 DENSITY
Rho=(1.825-.00246+Tf11m)+1000
]
I CALCULATION OF FC-75 SPECIFIC HEAT
Cp=(.241111+3,7037E-4+Tf11m)e 4187
I THE 4187 CONVERTS FROM CALORIES TO JOULES
i
! CALCULATION OF FC-75 KINEMATIC VISCOSITY
Neol 4074-2.964E-2+Tf1lm+3 . BRIBE-4eTfilm"2-2.7308E-BE+TFf11lm "3+8.1679E-9+Tf,1

| CONVERT FROM CENTISTOKES TO m*2/s
NeNe1.E-6

!

| CALCULATION OF THE COEFFICIENT OF THERMAL
| EXPANSION [BETA}

as




3330 Nu(J =H(J)eL1/K

3340 Dnu=NutJ)*{(Dh(J)/H(I))

3350 Pernu=(Dnu/Nu(l))s100

3360 !

3370 + CALCULATION OF GRASHOF NUMBER
3380 6r(J)=g.BleBetas(L1"3)eDelt(J)/N"2
33990 Dgr=6r(J)e(Ddelt/Delt(J))

3400 Pergr=(Dgor/6r(J))*100

3410

3420 ' CALCULATION OF RAYLEIGH NUMBER
3430 Ra(J)=w6r(J))ePrs+} E-B

3440 Dra=Ra(J)®(Dgr/6r(J))

3450 Perra={Dra/Ra(J))+100

3460 i

2472 1 DATA AND UNCERTAINTY OUTPUT
3482 IF J=p THEN

3490 PRINT

358¢ PRINT

3510 PRINT

3520 PRINT

3830 PRINT

3540 PRINT

355@ PRINT USING "1@X,""PAGE 2 OF FILE: "",10A";0ldfile$
3560 PRINT

357¢ PRINT USINE "1@x,D,!1X,3(5x,DD.0D,»,5X ,0DD.DOD";J,Qnet(J) ,Belt(J) Nu(J) Per

nu
3580 ELSE
3580 PRINT

36@@ PRINT USING "1@x,0,1%,3(5X,00.0D,),5X,0DD.00D"+J ,Gnett ) Delt(d) ,Nu(l) Per

nu
3610 END IF
3620 PRINT

3630 PRINT USING "12Xx,""TEMP BASED RAYLEIGH NUMBER e« E-6 IS: "* DDDDDD.DDD"iRat¢

J)

364@ PRINT USING "12xX,""6RASHOF NUMBER 16S: **,00DDDOD.0DD" 16 ¢

)

365@ PRINT

2C6@ PRINT USING "BX,"“UNC IN THE NUSSELT NUMBER IS:
C.DDD"4Dnu

387@ PRINT USING *BX,""UNC IN THE TEMP. BASED RAYLEIGH NUMBER « E-B IS:

D.DDD" ;Dre

368€ PRINT USINGE "BX ,""UNC IN THE GBRASHOF NUMBER I5:
DDD.D"Dgr

369@ | ALGEBRAICALLY, Perra = Pe-gr

3700 PRINT USING "BX,""%UNC IN THE RAYLEIGH OR GRASHOF NUMBER 1IS:
D.DDD" sPerra

3710 NEXT J

3720 !

3730 Rasum=Q

3740 Nusum=0

3750 Qnetsum=

2760 Deltsum=

3770 Grsum=@

378¢ FOR J=% TO §

3790 Rasum=Ra(J)+Rasum

2800 Nusum=Nu(J)+Nusum

3810 Gnetsum=Qnet(J)+Qnetsum
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3820
3830
3849¢
3850
386
3870
3880
3890
3900
3810
3920
3930
3940
3850
3960
397¢
3980
3990
4000
4010
4020
403¢
4040
4950
4060
4070
4080
4030
4100
4110
4120
4130
4140
415¢
4160
4170
4180
4130
4200
4210
4220

Deltsum=Delt(J))+Deltsum
Ersum=pr(J)+6rsum
NEXT J
Raavg=Rasum/9
Nuavp=Nusum/9
Qnetavp=Qnetsum/9
Deltavp=Deltsum/9
6ravg=brsum/S
]
FOR J=1 T0 3
Rowra(J)=@
Rownu{J )=0
Rowgr(J)=0
NEXT J
FOR J={ TO 3
Rowra(J)=(Ra(J)+Ra(J+3)+Ra(J+E))/3
Rownu( J)=(Nu(J )+Nu(J+3)+Nu(J+8))/3
Rowgr (J)=(Gr(J)+6r(J+3)+6r(J+6))/3
NEXT J
]
PRINT
PRINT USING "18X,""TOP ROW AVUG Ra+E-§ IS:
PRINT USING "19X,""TOP ROW AUG Nu IS:
PRINT USING "19X,*°"TOP ROW AVGE 6r IS:
PRINT
PRINT USING "18X,"“MID ROW AUG Ra+E-E IS:
PRINT USING “19X,"°"MID ROW AVUGE Nu IS:
PRINT USING "18Xx,""MID ROW AVE 6r IS:
PRINT
PRINT USING *"19Xx,""BOT ROW AUE Ra+E-E 1S:
PRINT USING *19X,""BOT ROW AUG Nu IS:
PRINT USINGE “18X,""BOT ROW AVG 6r IS:
PRINT
PRINT USING *19X,"“ARRAY AUG Qnet IS:
PRINT USING "19X,""ARRAY AVG Delta T IS:
PRINT USING "189X,"“ARRAY AVG Ra¢E-E IS:
PRINT USING "19X,"“ARRAY AVG Nu IS:
PRINT USING "19X,""ARRAY AVC 6r IS:
PRINT USING "19X,"“ARRAY AVG Pr 1S:
ASSIGN #F1le TO =
END

o8

*+,DDDDD.DDD " sRowra(3)
**.,DDD.DD" sRownu(3)
** ,0DDDDDD.DDD " tRowgr(3)

*- ,0DODD.DDD " ;Rowra(2)
“*,DDD.DD" sRownu(2)
»+ DDDDODD.DDD" tRowgr(2)

=+ ,D0DDD.DOC" sRowrall)
*" ,DDD.DC" yRownu( 1
=+ ,00DDDDC.DOD" sRowgr( 1)

**,D.0D"iQnetavg
**.0D.DD"iDeltavg
*+ .DDDODD.0ODD " 1Raavg
" . 0D0.0D" tNuavg
=+ ,DDDDDDG.DDD" s6ravyg
=" ,DDDL.D"1Pr




APPENDIX E. UNCERTAINTY ANALYSIS

The software programs CALCDIEL and CALC2 also calculated a standard
zeroth order uncertainty analysis as described in Beckwith and Marangoni
(1990) . The uncertainties were calculated for the Nusselt number and
Rayleigh number for each component on the circuit board. A complete
description of the CALCDIEL uncertainty analysis can be found in Matthews’
thesis. The analysis performed by CALC2 for the NSWC circuit board is
described below in expression form, with numerical results omitted for
generality. Th=2 small uncertainty associated with the thermophysical
properties was neglected. Other assumptions are included, where

appropriate.

1. Conduction heat loss through the circuit board assembly
- A TC
Qloss - R

o4

SAT.\ 3R_\?
6Qloss = Qloss ( AT ) +( R )

c

AT = T:hip - Ts

c

8AT, = /8TZ%;, + 8T

SAT..,,. = 8T, = +0.3 °C
R. was calculated for T, = 60 °C. OR. was then assumed to be 5% of R..
OR. = #36.3 °C/W
2. Power supplied to the chip resistors

2 2 2
8 Power = Power (%) + (9_‘/_"3) + (%)

htr b@p
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oV, = 6V, = %£0.000005 Vv
OR, = +0.05 Q
3. Net power dissipated

Qnee = Power - Q..

80,,. = ydPower? + 807,

4. Temperatures for calculation of average heat transfer coefficient
8T,,, = *0.275 °C

8T = 0.3 °C

sink

AT = (0.55T,,, + 0.45T,.,.) - T...,

55% of the exposed chip surface area is the lid, and the chip sides make
up the remainder. T..sc 1s based on the average between the 1lid
temperature and the indicated chip temperature.

AT = \/6Tlid2 + 8T 46" * 8Tgini”

aTZ;:l = aTs:ie = STsmk = 0.3 °C
5. Average heat transfer coefficient
h - Qnet
A AT

on = ny( =) - (8]

The small uncertainty in A... is neglected.

6. Nusselt number
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small uncertainty in L 1is neglected,

The
negligible. Therefore
SNu = Nuﬂ
h
7. Rayleigh number
Ra = GrPr

cr = GBL3AT
\,2

Pr =

and 8k 1s assumed to be

R|l<

Neglecting property and length uncertainties,

SAT
Gr—AT

8Gr

Ra 8Gr
Gr
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APPENDIX F. TSE CALIBRATION

The entire NSWC circuit board assembly was placed inside a 400 W
Central Scientific Company oven for calibration. The oven had a
cylindrically shaped internal volume of ¢.11 m'. A platinum resistance
thermometer was inserted through a small hole in the top of the oven. A
Rosemont Engineering Company galvanometer and commutating bridge, accurate
to *0.0001 ohm, was used to measure the thermometer’s resistance.
Temperature was then read from pre-printed NBS calibration data, accurate
to =0.01 ©°cC. Due to the expected nature of the dielectric liguid
temperature fluctuations during the experimental runs, the calibration
data was roundesd to the nearest 0.1 ©°C.

This temperature was considered to be the reference tewm erature for
the calibration curve. The V,, voltages were read with a HP-34%6A digital
voltmeter, accurate to *0.000005 V. Data points were taken at four
different oven settings, ranging from 19.5 to 95.8 °C. Additicnal data
polnts were taken as necessary to ensure steady state conditions had been
reached. The data points used for the TSE calibration are included in the

takble below:

channel 60 61 62 63 64

TSE # 2 4 5 6 3 Temp
(ec:

Ve (V) 0.96907 0.96827 0.96925 0.96954 0.%6955 1¢.5

Ve (V) 0.92845 0.92752 0.928561 0.92875 0.928¢22 43.6

Vee (V) 0.88470 0.88367 0.88486 0.88479 0.88521 68.6

Vae (V) 0.83666 0.83551 0.83683 0.83697 0.83724 5.8
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