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ABSTRACT OF THE THESIS
DESIGN AND ANALYSIS OF MICRO-CHANNEL HEAT-EXCHANGER
EMBEDDED IN LOW TEMPERATURE CO-FIRE CERAMIC (LTCC)
by
Hari Kishore Adluru
Florida International University, 2004
Miami, Florida
Professor W. Kinzy Jones, Major Professor

Increased device density, switching speeds of integrated circuits and decrease in
package size is placing new demands for high power thermal-management. The
convectional method of forced air cooling with passive heat sink can handle heat fluxes
up-to 3-5W/cm?; however current microprocessors are operating at levels of 100W/cm?”.
This demands the usage of novel thermal-management systems. In this work,
water-cooling systems with active heat sink are embedded in the substrate.

The research involved fabricating LTCC substrates of various configurations — an
open-duct substrate, the second with thermal vias and the third with thermal vias and
free-standing metal columns and metal foil. Thermal testing was performed
experimentally and these results are compared with CFD results. An overall thermal
resistance for the base substrate is demonstrated to be 3.4°C/W-cm®. Addition of thermal
vias reduces the effective resistance of the system by 7times and further addition of free

standing columns reduced it by 20times.
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1 Introduction

1.1  An overview of Low Temperature Co-fire Ceramic Technology

LTCC is an acronym for Low Temperature Co-fired Ceramic. It is a multilayer
ceramic technology, which possesses the ability to embed passive elements, such as
resistors, capacitors and inductors into a ceramic interconnect package while the active
elements are mounted on the top layer. This tape is so named because of several material
properties including firing cycle, firing capabilities and composition. It is considered to
be a low temperature material because it is fired at a temperature below 1000 °C. Since
the tape and all passive elements that may be embedded in it can be fired at the same
temperature, it is said to be co-fireable. It is a ceramic because the major components are
oxides.

LTCC provides an electrical interconnect, made from multi-layered ceramic
dielectric tape and thick film conducting materials. LTCC systems offer high
performance packaging solutions for high-frequency devices in a wide variety of wireless
and telecommunication, microwave and automotive applications. LTCC technology
provides a promising way to realize high quality multi-chip modules (MCM), which have
huge market prospects. The major RF opportunities are in the fields of mobile
telecommunication devices; wireless local networks such as Blue-tooth, geographical
positioning such as GPS and in broadband access connection systems.

LTCC technology possesses several advantages making it suitable for mass
production in telecommunication applications. The process itself enables high yield, fast

turn around and reduced cost of devices. This combination together with the possibility of



fabricating fine conductive lines and spaces, small interconnect vias and high dielectric
constant layers are necessary for high-density packaging. Also, once fired, the tapes are
thermally stable compared to silicon devices, which generally work best at or near room
temperature, 22 °C. LTCC devices have been shown to work in temperatures exceeding
150 °C.

The last decade has seen the appearance of many commercial LTCC material
systems including ceramic tapes, suitable conductors and resistor pastes (DuPont 951 and
943, Ferro A6-5-M-13, Heraeus CT700 and CT2000) and their electrical and thermo-
mechanical properties have been well reported [1, 2, 3]. This development has
accelerated their utilization in microwave technologies and also commercially available

mobile phones in transmit and receive modules (T/R) [4, 5, 6].

1.2 Need for thermal management
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Figure 1-1 Moore’s Law : Doubles every 18 months.



Moore’s law states that the number of transistors per square inch on integrated
circuits doubled in every 18 months. The transistor densities and operational frequencies
continue to increase especially in RF/microwave systems. This in return increases the
operating power densities, which are expected to exceed 1000 W/cm? over small die area.
In spite of the vast developments in science, an unavoidable residue produced in
integrated circuits is heat. The amount of residual heat produced is directly proportional
to the power densities used. It was estimated about 70 % of the failures in integrated
circuits are due to thermal failures. Also, the failure rate doubles for every 20 °C
temperature rise in the substrate. Due to increase in transistor density and switching speed
of integrated circuits and a decrease in package size, the emerging generation of high-
power IC’s requires high performance thermal management.

The thermal management system must consider the complete thermal path from
heat source to the heat sink; therefore, the entire system must be considered. The thermal
management requires optimization of the heat removal by conduction and convection
with the lowest possible thermal resistance at all levels of assembly. Depending on the
application, a wide range of cooling methods are in use, which includes — forced air
convection, external heat pipes, water cooled heat sinks, immersion cooling, refrigeration

cycles, etc.

1.3 Classical cooling techniques in electronic components

The most common approach to thermal management is the use of a heat sink. The
choice of the material is one of the main factors that affect the heat sink efficiency.

Aluminum’s lightweight and low cost make it a widely used material for convection



cooling. The hi ghly conductive nature and significant low-spreading resistance of copper,
enable heat sinks produced from this material to efficiently spread heat along the base.
This provides exceptional cooling for hot devices with high power densities. Copper heat
sinks can increase heat dissipation from devices with heavy thermal loads by 10% to 20%
compared to aluminum heat sinks, but at the expense of cost and weight.

Reducing thermal resistance for heat-sink optimization is becoming a critical task
for engineers because of the increasing heat flux in high-performance IC devices.
Another alternative is liquid cooling, in which heat is removed by the flow of a liquid
usually water. A liquid cooling system is more efficient than an air-cooling system
because of the main resistance factors, caloric effect, and rise in the fluid temperature are
much lower in a liquid cooling system.

A liquid cooling system acts as a heat exchanger where the heat output from the
device is extracted at a rate proportional to the specific heat and mass flow rate of the
fluid. Water has an intrinsically higher thermal energy than air, and the mass flow rate of
water can be easily controlled. A liquid cooling system yields a lower thermal resistance
than an air cooling system, making it more efficient for thermal management.

A liquid cooling system, however, does have limitations. The effective temperature
range for a water medium is limited to approximately 5°C to 95°C, the dynamic response
is relatively slow, and temperature stability is low. There also can be condensation
problems, especially in high humidity environments. But compared to forced air-cooling,

liquid cooling is relatively inexpensive method of thermal management.



1.4 Other non-conventional cooling techniques

A thermoelectric cooler (TEC) integrated with liquid cooling has evolved in recent
years as a thermal management technique for various applications. TEC uses Peltier
effect to convert electricity to temperature differential. Its main advantages over air and
liquid cooling are its wide temperature range of —100°C to +200°C and its capability to
double as a heat pump and a cooler. Other TEC attributes include high reliability, rapid
dynamic response, precise and stable temperature, small size, light weight, and relatively
low cost.

A major limitation on the use of TEC alone arises from the amount of external
power or supplement heat required to extract the heat from the device. The low efficiency
of TEC can be overcome by integrating it with an efficient heat sink such as liquid
cooling systems. The result of combining TEC with liquid cooling is a thermal
management system that combines the wide range, fast response, accuracy, and stability
of the former with the efficiency of the later.

Another alternative technique that provides the fastest response and greatest
accuracy and stability for cooling is a refrigeration system. There are three drawbacks to
widespread use of refrigeration systems for thermal management: they are expensive and
large in size and have environmental issues because of the use of Freon for cooling. The
system is also limited to cooling applications, and a secondary heating circuit must be
added for most test applications.

These traditional ways of conduction cooling and using passive heat sinks, surface
mounted forced convection, and immersion cooling will not adequately cool the devices

at the projected power densities. Also these methods are limited by the large thermal



resistance in the entire thermal path, from component to heat sink. This drives us to build
an in-built heat sink in the substrate with vertical free standing silver columns acting as

pin fins — the first of its kind.

1.5 Objective of the research

The main objectives of this research are to fabricate a heat exchanger embedded an
LTCC substrate and characterize its performance in cooling a device mounted on the
substrate. In this research, a liquid cooling system will be integrated directly into the
interconnect substrate. Additionally, a high performance heat exchanger will be
demonstrated and its performance is characterized. These experimental results are then
compared with one-dimensional analytical and CFD results.

Four major aspects of the research are:

1. To determine the impact of fluid cooling over only conductive cooling.

2. To determine if it is possible to improve heat transfer over that of just an internal
coolant duct in LTCC substrate.

3. Fabricate the high performance heat exchangers and test them experimentally.

4. To perform a numerical simulation of all tested configurations and compare it with

experimental and one-dimensional analytical results.



2 Literature Review

A lot of research is going on, in the field of thermal management since early 70’s due
to tremendous growth in electronic field with increased transistor densities (following
Moore’s law), decrease in package size and increased power densities. In the initial
stages, heat was removed using classical techniques such as surface mounted heat sinks,
forced air convection cooling etc., Due to the high power density usage, these classical
ways of cooling doesn’t meet the requirements and so new methods of thermal
management are employed.

A review of the literature related to this type of work is presented, to get a historical
background of work done in this thesis. Even though lot of work existed in the micro-
channel heat sinks field, a brief review shows that no such work existed especially to

integrate a micro heat exchanger in the substrate itself.

A study in three-dimensional fluid flows and heat transfer in a rectangular micro-
channel heat sink are analyzed numerically using water as coolant, was done by Issam
Mudawar et al (2002) [36]. In this, the heat sink was made of a 1-cm? silicon wafer with
micro-channels of width 57 pum and a depth of 180 um and is separated by a 43-pum wall.
A large number of flow channels with characteristic dimensions ranging from 10 to
1000 um are fabricated in a solid substrate, which usually has high thermal conductivity
such as silicon or copper. Figure 2-1 shows the schematic of micro-channel heat sink
used and its unit cell. An electronic component is then mounted on the base surface of the

heat sink. The heat generated by the component is first transferred to the channels by heat



conduction through the solid, and removed by the cooling fluid, which is forced to flow

through the channels.

Electronic
Component

Micro-channel
Heat Sink

J000000007

A
H.. a
a: Channel Top Wall
b: Channel Side Wall
H| H- b B c: Channel Bottom wall
| A: Heat Sink Top Wall
B: Heat Sink Side Wall
(5] z x C: Heat Sink Bottom Wall
H..
f & y
W.. W. W..

Figure 2-1 Schematic of rectangular micro-channel heat sinks and unit cell [36].

Micro heat pipe heat spreaders (MHPHS) with three copper foil layers was
studied by Shung-Wen Kang et al (2003) [37], to allow liquid and vapor flow separation
to reduce viscous shear force. Two wick designs, one using 200 um wide etched radial
groves and other with 100 mesh screens was investigated. The foils were vacuum
diffusion bonded to form 31 x 31 x 2.7 mm’ heat spreader. Thermal performance of the

MHPHS was evaluated experimentally in a fan-heat sink CPU test apparatus with a

heating area of 13.97 mm x 13.97 mm.



Another study of using micro channels to cool microprocessors by Transmission-
Line-Matrix (TLM) technique was done by A. Saidane et al. (2003) [38]. The Figure 2-2
shows the packaging structure for heat removal considered in this work. In this structure,
the primary mode of heat removal is from the back surface of the silicon die. The die is
attached to a heat spreader through an interfacial material, which is either thermal

conductive gel or epoxy.

- Heat Sink

Interface Material

Silicon Die

d{eat Spreader

Micro-Channels
:

Figure 2-2 Structure under investigation with its packaging and micro-channels [38].

The geometry considered was silicon die 2 mm thick with a surface of 20 x 20 mm?,
Micro-channels of various depths and widths are introduced on the backside of the
microprocessor silicon die. These micro channels are micro-machined in the silicon

substrate using MEMS technology. In this study, the TLM technique was used to



simulate the effect of micro-channels on the temperature distribution in the active region.
To minimize the interface heat resistance various micro-channel and patterns are
examined. In this part of work, the micro channels are filled with the heat spreader

material copper or aluminum.

Another similar type of work was done by E. W. Kreutz et al. (2000) [39], on
Simulation of micro-channel heat sinks for Optoelectronic Microsystems. Water cooled
heat sinks are investigated both experimentally and theoretically as model systems to
simulate the energy and mass transportation in devices used for cooling of Optoelectronic
micro-systems such as diode lasers. The design of micro-channel heat sinks resulted in a
decrease of their thermal resistance and of the pressure drop of the coolant allowing an

increased heat load of an optoelectronic micro-system.

Another interesting study was done by Seok Pil Jang et al. (2003) [40] named
Experimental Investigation of thermal characteristics for a micro-channel heat sink
subjected to an impinging jet, using a micro-thermal sensor array. In this study, a
micro-channel heat sink was introduced which is subject to an impinging jet, which has a
small pressure drop. It experimentally investigated the heat transfer enhancement of the
micro-channel heat sink subject to jet impingement. Temperature distributions at the base
of the micro-channel heat sink are measured for evaluating the thermal resistance by

using a micro-thermal sensor array.

Zampino (2001) [8], developed the heat pipes embedded into the ceramic substrates
that provide a thermal transport mechanism capable of transporting heat over the length

of the substrate at an effective thermal conductivity at least ten times higher than typical
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metals and over 100 times that of the substrate material. The heat pipes described serve to
spread heat over a large area, utilizing more of the heat sink if the substrate is bonded to a
heat sink material resulting in smaller temperature rise across the substrate. The most
powerful use of heat pipe described is in applications where cooling can only be provided

along an edge of the substrate [19].

Ravindra (2002) [15, 19], developed a high density thermal vias in Low Temperature
Co-fired Ceramics. His work shows that denser thermal vias can be fabricated in the
substrates thus reducing the in line resistance of the substrate. These vias also help in
efficiently carrying heat on to the surface of the substrate, which can be further removed

by a passive heat sink.

From the literature review, it can be concluded that even though lot of research was
done and going on in the design of micro-channel heat exchangers, most of them are
surface mounted on the substrate, which means another passive heat sink. Since the
thermally management requires the optimization of the heat removal by conduction and
convection with the lowest possible thermal resistance at all levels of assembly, first it is
required to minimize the thermal resistance of the substrate itself. Even though the
passive heat sinks are efficient, the resistance of the system (increases due to the use of
thermal glues or epoxies. Also most of the heat exchangers were tested for silicon
devices, which are costly when, compared to LTCC substrates. Further more it can be
concluded from the literature review that fabricating an integrated micro-channel

heat-exchanger with freestanding Ag columns in it, was the first of its kind.

11



3 Experimental treatment of problem

3.1 Specifications

The specifications of the three samples after sintering are tabulated in the table
below with reference to the diagram. The fabricated samples with embedded cooling
channels are shown in Figures 3-2; 3-3 and 3-4. Figure 3-2 shows the isometric view of
the entire sample after fabrication. Figure 3-3 shows the layout of via array, which
extends further into the duct area in sample 3. Figure 3-4 shows the cross section of Ag

columns, which act as pin fins or as a heat exchanger and enhance the performance of the

substrate.
h
4
“—P>
a 1
>
C
Figure 3-1 Outline of Samples fabricated
Sample a b h c 1
Number (mm) (mm) (mm) (mm) (mm)
1 7.46 1.8 4.65 30.5 69
2 8.49 1.7 4.55 32.8 68
3 8.88 1.9 441 31.3 65

Table 3-1 Specifications of Samples used for testing.




Figure 3-2 Test sample with embedded cooling system and
thermal via array (center of top surface).
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Figure 3-3 Detail view of 1 cm’ thermal via array on test samples.
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used to fill the vias for Z-axis interconnection or for thermal vias. The process is shown

in Figure 3-5.

Layer

1

2

=

.
o

Stepl  Step2 Step 3 Step 4 StepS  Step6

Punch —V1a Fill —+Cond Print — Stack — Laminate—Fire

Figure 3-5 Layout of Fabrication process [16]

Even though the process works with any LTCC tapes, DuPont 951, a cofireable

green tape was used for this study. This green tape is commercially available and is also

Ag and/or Au compatible. The green tape is cut to the desired shape and size and sintered

in a furnace following the manufacturer’s desired firing profile. The dimensions are made

13 to 14% more than the desired final dimensions to account for shrinkage during

sintering. The firing profile for Dupont 951 is given in Table 3-2.
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Material Lamination Burnout Sinter Cooling
Pressure
Burnout Dwelling Ramp
Dupont 951 | 3000 psi @ | 450 °C for 2°C -6 °C/min to | Furnace
70°C, hold| 1 to 2 hrs, —- 850 °C - 875 °C, | cooling.
for 10 min. 2 °C/min to hold for 15 min.
450 °C.

Table 3-2 Sintering profiles for LTCC materials [15, 19]

3.4 Fabrication of substrates used for study

3.4.1 Sample 1

Sample 1 is the baseline sample without any thermal vias and without Ag
columns. This sample was fabricated using a modified process consisting of three
sub-assemblies, which are pre-laminated separately and then stacked and laminated
together and finally sintered. The substrates have an open duct inside which runs all
through the length of the substrate. Pre-lamination of sub-assemblies individually and
then laminating them together ensures a hermetic structure after fabrication. Also, since
there is an open space, laminating the entire sample together at the designed pressure will
develop a deformed structure especially near the open space. Taking these into
consideration a modified process of lamination and fabrication are used.

The bottom sub-assembly is made by stacking 10 layers of 80 mm x 35 mm
cofireable green tape and is laminated at 3000 psi at 70 °C for about 10 to 15 min on a
Uniaxial laminator. The middle sub-assembly has two pieces of 15 layers stacked on each

other of 80 mm x 35 mm cofireable green tape and are laminated using a Uniaxial
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laminator at 3000 psi at 70 °C for 10 to 15min. The top sub-assembly is made by stacking
10 layers of 80 mm x 35 mm cofireable green tape and is laminated on a Uniaxial
laminator at 3000 psi at 70 °C for 10 to 15 min. Now these three sub-assemblies are
stacked one over the other as shown in the Figure 3-6, leaving a gap in the center of the

middle layer which acts as a duct in the later stages of the testing. The detailed

specifications are given in Appendix 2 in Drawing 1.

Figure 3-6 Sample 1 used for fabrication.
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These three sub-assemblies are stacked together and laminated again on a
Uniaxial laminator but at very low pressure of 300 psi at 70 °C, for 2 hrs. This method of
laminating at low pressure and for longer time is used when the cofireable tape has
cavities, so as to minimize sagging near the cavities.

The final laminated structure is sintered in a furnace following manufacturer’s
firing profile. The firing profile shows a ramp of 2 °C/min from room temperature to
450 °C, a hold of 2 hrs at 450 °C, to ensure proper organic binder burn out, a ramp of
2 °C/min to a peak temperature of 850 °C, a hold time of 10 to 15 min at this peak
temperature. Afterwards, the furnace is turned off and allowed to cool-down. The
substrate is to be cooled in the furnace itself to avoid thermal cracks due to large
temperature gradient if removed from the furnace when it is hot. The entire sintering
process takes around 10 to 14 hrs depending on the tapes used, thickness of the structure

which requires modification of the firing profile.

3.4.2 Sample 2

Sample 2 has the same internal channel as Sample 1 and also has thermal vias in
the top sub-assembly. The bottom and middle sub-assemblies are laminated similar to
that of Sample 1.

The top sub-assembly is made by stacking 10 layers of 80 mm x 35 mm
cofireable green tape and is laminated in a Uniaxial laminator at 3000psi at 70°C for 10 to
15min. After laminating, vias are made in this layer, using a high-speed numerical
controlled (NC) micro drilling/ micro-routing system. The holes are then filled with Ag

via ink (a modified DuPont 6141 ink, with additional Ag added), by screen-printing the
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via ink into the vias with vacuum assist. For additional enhancement of heat transfer, a
10 mm x 10 mm square pad of Ag ink (0.1 mm) thick was screened on the bottom side of
the thermal via array inside the coolant channel. After screen-printing, this layer is dried
in a furnace at 80 to 90 °C for about 8 to 10 hrs.

Ensuring proper drying of Ag ink, this sub-assembly along with the other two
sub-assemblies are stacked one over the other as shown in Figure 3-7 with the detailed
drawing in Appendix 2 — Drawing 2 and laminated on a Uniaxial laminator at 300 psi at

70 °C for about 2 to 3 hrs. After laminating, the structure is sintered in the furnace

following manufacturer’s desired profile and cooled in the furnace itself.

Figure 3-7 Sample 2 used for fabrication.
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3.4.3 Sample 3

Sample 3 is the substrate with both thermal vias and Ag columns. The top and
bottom sub-assemblies are laminated similar to that of Sample 2. In this sample, the
middle sub-assembly has free standing Ag columns which are extended from thermal vias
into the duct space, acting as pin fins increasing the performance of heat transfer. The
middle sub-assembly was made of two pieces of 15 layers each 80 mm x 35 mm
cofireable green tape and is laminated on a Uniaxial laminator at 3000 psi at 70 °C for
10 to 15 min. To prepare freestanding columns, an 80 mm x 9 mm x 2 mm wax block is
taken and holes are drilled into this using a high-speed NC micro-drilling/ micro-routing
system. These holes are filled with Ag via ink (a modified Dupont 6141 ink, with
additional Ag added) with vacuum assistance. This wax insert is dried in the furnace at
70 °C to 90 °C for 6 to 8 hrs. This wax insert is placed in the center of the middle

sub-assembly, which acts as a duct in the later stages of the testing.
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Figure 3-8 Sample 3 used for fabrication

All these three sub-assemblies along with the wax insert are stacked one over the
other as shown in the Figure 3-8, the detailed view shown in Appendix 2- Drawing 3, and
are laminated together on a Uniaxial laminator at 300 psi at 70 °C for about 4 to 5 hrs.
Very low pressure is applied to prevent sagging of the green tape near the cavities. The
wax insert acts as support for the free standing Ag columns and also prevents the green
tape from sagging while laminating and acts as support in the initial stages of sintering.

This laminated structure is sintered in the furnace following manufacturer’s
desired profile. The firing profile shows a ramp of 2 °C/min from room temperature to

450 °C, a hold of 2 hrs at 450 °C. There is an intermediate temperature hold at 130 °C for
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L hr for wax removal from the channel with gravity assistance. Further there is a ramp of
2 °C to a peak temperature of 850 °C, a hold of 10 to 15 min at this peak temperature.
Afterwards, the furnace is turned off and allowed to cool-down. The substrate is cooled in

the furnace itself to avoid thermal cracks, due to sudden variation in temperature.
3.5 Experimental Setup and Procedure

3.5.1 Preparation for testing the sample

A Cu shim of 10 mm x 10 mm x 1 mm thickness is fixed on the top of the
substrate using thermal epoxy, having a thermal conductivity of 29 W/m-K. Assuming a
cured thickness of Imm for the epoxy layer, the thermal resistance through the copper
plate and the epoxy was estimated to be 0.37 °C/W [11]. The use of Cu shim reduces any
localized hot spots in the heater element and facilitates uniform spreading of the heat over
the substrate surface, and also allows for temperature measurement of the substrate
surface. [11]

A small notch was made into the Cu shim and a thermocouple is fixed using
thermal epoxy, which helps in measuring the substrate’s surface temperature near the
center of the heater [11]. A 0.5 x 0.5 inch foil heater was mounted on top of the Cu shim,
which is powered by a regulated DC power supply. The dissipated power is found by
directly measuring the potential drop across the foil heater and current drawn through the
heater.

Water (coolant) is pumped into the test sample using a peristaltic pump through
silicone tubing. The transition between the tubing and the substrate is achieved by

affixing nylon barb fitting to the ends of the substrate using a two-part epoxy to
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permanently mount the barb fitting to the substrate. The peristaltic pump is calibrated
using two different diameter tubes and the results are plotted in Figure 3-9. Also an
approximate trend line is drawn, to determine the characteristic of the pump at various
speeds. With these trend lines, the flow rate of the pump is determined accurately at a
specified speed of the pump for a specific diameter of the tube. The flow rate of water is

also measured using a stopwatch and a graduate cylinder.
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Figure 3-9 Calibration curves for peristaltic pump.
The temperature of the inlet water is maintained constant using a large
temperature controlled water bath.  The temperature of coolant at the inlet and outlet of
the test sample are measured by inserting thermocouples directly into the flow regime by

making small holes in the barb fittings. To prevent leaks, epoxy was used to seal the

thermocouple wires. Care is taken to avoid getting epoxy on thermocouple bead, to

23



position the thermocouple bead in the center of the flow channel and also avoid touching
the bead to the surrounding walls. The entire test sample is wrapped in fiberglass foam of
about 3” in thickness. This insulation is required to isolate the test sample from
surrounding ambient air to minimize loss or gain of heat from the surroundings.

The testing starts by adjusting the volume flow to the desired flow rate and
observing the temperature of the inlet and outlet of the test substrate and also the
temperature below the heating coil or on the surface of Cu shim. Initially no power is
given to monitor these temperatures to ensure steady state isothermal condition. The DC
power supply is then adjusted to the desired power by observing the voltmeter and
ammeter values. The temperatures at the inlet and exit and on the surface of the Cu shim
are monitored until steady state condition is reached. Steady state is established when
there is no change in temperature at the inlet and outlet continuously for 15 minutes.
Several data points are measured, keeping the flow rate constant and changing the power
levels. At each data point, potential difference across the heater, current in the circuit,
temperatures of Cu shim, inlet and outlet temperatures of water and the volume flow rate
are measured.

In the similar way, another set of steady state data points are measured by keeping
the power constant and varying the volume flow rate of water. Each sample is tested

following the same steps.
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3.6 Observations and Calculations

From the experimental testing, it was determined that the overall thermal resistance
of the system is 4.9 °C/W for Sample 1, 3.5 °C/W for Sample 2 and 1.1 °C/W for
Sample 3 at 293 ml/min volume flow rate. The results from the experimental testing were

tabulated in detail in Appendix 1.
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Figure 3-10 Substrate rise in temperature and effective overall thermal resistance of the system for
all test configurations: C — channel only; V - thermal vias; F-pin fins.
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Figure 3-11 Effective thermal resistance of the system with varying power levels for Samples 1, 2 and 3.
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Figure 3-12 Effective thermal resistance of the system with varying flow rates for Samples 1, 2 and 3,
three power levels 10 W, 20 W and 30 W shown for Samples 2 and 3; and 10 W for Sample 1.
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Figures 3-10 show the rise in temperatures of the coolant as a function of thermal
power input at a volume flow rate of 293 ml/min. In order to estimate the performance of
the substrates in scientific terms, the effective thermal resistance of the entire system was
determined from the above, which is the slope of the straight line. An approximate slope
was 4.9 for Sample 1, 3.5 for Sample 2 and 1.1 for Sample 3, which shows that the
addition of thermal vias alone reduces the resistance of the system by 30 % and further
addition of free standing Ag columns showed a reduction of 78 % in resistance. Again
Figure 3-12 shows the variation of thermal resistance of the entire system by varying the
power levels. This figure shows that thermal resistance doesn’t have an effect on the

power input.
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4  Analytical treatment of the problem

The thermal efficiency of the substrate depends on the effective thermal resistance
of the entire thermal path from heat source to heat sink. Even though the study doesn’t fall
into one-dimensional problem, it gives us an estimate of how heat is managed along the
thru plane of the substrate.

The thermal resistance for conduction (in one-dimensional analysis) is defined as
L/KA, where L is the length of the thermal path, k is the thermal conductivity of the
material, A is the cross-sectional area through which heat is transferred. For convective
heat transfer, the thermal resistance is defined as 1/hA, where h is average convective heat

transfer coefficient, and A is the surface area of heat transfer.

4.1 1-D analytical solution for Sample 1

For sample 1 with no thermal vias and silver columns, the thickness after firing
(thickness of top sub-assembly) was L = 1.2 mm, considering the thermal conductivity as
k = 3 W/m-K and cross-sectional area as A = 1 cm® (which is the area below the heating
element), the thermal resistance due to conduction is approximately 4 °C/W. Considering
the resistance due to Cu shim and thermal epoxy as well, the resistance due to conduction
is approximately 4.37 °C/W. The equivalent thermal resistance diagram is shown in

Figure 4-1.
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Figure 4-1 Equivalent thermal resistance circuit diagram for Sample 1.

To determine the resistance due to convection, no exact correlations were found for the
cross-section and an approximation is made. For a rectangular cross-section, if the ratio of
width to height of the duct is equal to 4, the Nusselt number would be 3.66 for constant
heat flux [32]. Since the ratio is equal to 4.1, the Nusselt number can be assumed to be

same as 3.66.

hD,

Nu=3.66=

: — A . . .
where D, is the hydraulicdiameter, F ,Aistheflow area, Pis the wetted perimeter.
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Using the above relations and using k for water as 0.6 W/m-K, it results in a
convective heat transfer coefficient of 3025 W/m?® K. Using these values, the resistance
due to convection is determined as 0.26 °C/W, and from these values, the overall effective
thermal resistance of the system was determined as 4.26 °C/W. When considering the
resistance due to Cu shim and thermal epoxy, the overall thermal resistance was
4.63 °C/W. As per the correlations, since the Nusselt number is constant for a particular
cross-section of duct, the overall thermal resistance of the system is independent of power

input and volume flow rate.

4.2 1-D analytical solution for Sample 2

For Sample 2, with thermal vias and silver pad and no silver columns, the thermal
conductivity of fired via ink was determined from previous work using flash diffusivity
giving a value of approximately 290 W/m-K [15, 19]. Since there is a Cu shim on the
surface of the substrate and a silver pad below the vias, the temperature at these interfaces
will be same, making a single node at these locations, thereby making the thermal path
between these nodes as parallel and parallel law of resistance was used to determine the
effective thermal resistance. The sectional view of the substrate, which indicates the heat

flow path and its equivalent thermal resistance model are shown in the Figure 4-2 below.
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Figure 4-2 Equivalent thermal resistance circuit diagram for Sample 2
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Using the series law of resistances, the equivalent resistance due to conduction is

R =R +RAW{,

=0.10"%,

The thermal resistance due to convection will be the same as that of Sample 1,

conduction eqg—1

since both have similar cross-section of duct, which will be 0.26 °C/W. This results in a
total thermal resistance of the system to be approximately 0.36 °C/W. Considering the
resistance due to conduction by Cu shim and thermal epoxy, the overall thermal resistance
was approximately 0.73 °C/W. Even in this case since the Nusselt number is independent

of flow rate, the overall thermal resistance is independent of the flow rate and power input.
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4.3  1-D analytical solution for Sample 3

For Sample 3, the thermal resistance due to conduction will be same as that of
Sample 2 as both of them have identical structure in the top sub-assembly. Figure 4-3
shows the equivalent thermal resistance circuit diagram. In this substrate, the freestanding
columns act as extended surfaces (pin fins). For the geometry in this study, the diameter of
the column is about one half of the length of the column. Hence the heat flux will be

assumed to be nearly uniform along the length of the fin. This assumption is further

TCu
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Thermal
% vias T
R.:
T3 thcc vias
¥
Ag pad
. R
Water el
LTCC T
Ag columns
Rconvection
Rtotal = RCu + {thcc X Rvias / ( thcc + Rvias)} + Rpad t Rconvection
Tbulk mean

Figure 4-3 Equivalent thermal resistance circuit diagram for Sample 3

supported by the high thermal conductivity if the columns (over 350 W/m K). Hence, the

heat transfer for this geometry is very similar to that found in a conventional cross-flow
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heat exchanger with a bank of aligned tubes, for which empirical correlations and
calculations are shown below.

__vamaxXDh

y7;
where,Reisthe Re ynolds Number

Re

pisthe density
M is kinematic vis cosity
D, is hydraulic diameter

V ux 1S the max imumvelocity[32]

max

For Inline arrays (Figure 4 — 4(A))
S
Vi =————xU
(S,-D)
For Staggered arrays (Figure 4 — 4(B)) max imum of the above and
S

4

Vo =——————XU ,
2x(S, -D)
2 Sp 2105
where S, =[S, +(7) I

S, is pitch across the flow
S, is pitchalong the flow
U is the free streamvelocity[32]

(A) In-line (B) Staggered

Figure 4-4 Description of pitch along and across the flow for (A) In-line (B) Staggered array [32].
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Nu=C,xCx1.13xPr’* xRe"
where, NuisNusseltNumber
C,,Candnareconstants
Pris Pr andtl Number
ReisRe ynolds Number[32]

For an In-line array of 6 rows, C; = 0.94, C = 0.25 and n = 0.620 [32]
Pr for water at 20°C is 7.020 [32]

Using the above correlations, the convection coefficient was 27081 W/m?-K for a
flow rate of 293 ml/min and 65,910 W/m*-K for a flow rate of 1230 ml/min. Although
these numbers may seem very large, consider that the surface area for heat transfer is very
small, thus a thermal resistance for the convection component can be estimated to be from
0.029 to 0.012 °C/W. This results in an overall thermal resistance of 0.1326 °C/W for a

flow rate of 293 ml/min and 0.1048 °C/W for a flow rate of 1230 ml/min of the system.

4.4 Summary from analytical treatment

The Figure 4-5 below shows the rise in temperature of the substrate with change in
power. The data points here represent two-flow rates 293 ml/min and 1230 ml/min. As
mentioned earlier since the flow rate doesn’t have any influence on the overall thermal
resistance of the system in Sample 1 and 2, the data points overlap each other even at
different flow rates. In the case of Sample 3, data points doesn’t overlap for different flow
rates but are close which cannot be noticed in this figure. To show this difference a
logarithmic plot is drawn in Figure 4-6. An approximate trend line is drawn along the data
points and the slope of this line represents the overall thermal resistance of the system. It

is found that the approximate overall thermal resistance of the system was 4.25 °C/W for
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Sample 1, 0.36 °C/W for Sample 2 and 0.11 °C/W for Sample 3 at a flow rate of

293 ml/min.
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Figure 4-5 Substrate rise in temperature and effective overall thermal resistance of the system
for all test configurations: C - channel only; V - thermal vias; F-pin fins.

The Figure 4-6 shows the variation of the overall thermal resistance of the system
with variation in power. Again in this two flow rates of 293 ml/min and 1230 ml/min are
plotted. As discussed above, the thermal resistance doesn’t have an effect with variation in
power for Samplel and 2. Also since flow rate doesn’t have any influence, the data points
of 293 ml/min flow rate coincide with 1230 ml/min for both these samples. For Sample 3,
the thermal resistance doesn’t vary with change in power levels. But since the flow rate
has a slight influence of the thermal resistance, the curve shifts down (reduction in thermal
resistance) with increase in flow rate. This is justified in the figure below for the two-flow

rates 293 ml/min and 1230 ml/min.
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Figure 4-6 Effective thermal resistance of the system with varying power

levels for Samples 1, 2 and 3 (logarithmic graph).

The Figure 4-7 shows the effect of thermal resistance with variation in flow rate at
30 W power input. It is observed from this figure that there is no change in the overall
thermal resistance of the system for Samples 1 and 2 even though the flow rate is
changed (already explained in the previous sections). For Sample 3 it shows that the
overall thermal resistance reduces with the increase in flow rate. It is also noticed that the
resistance decreases more up to a flow rate of 600 ml/min and after that it reaches a

saturation point, which means even though the flow rate is increased very small decrease

in resistance is noticed.
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Figure 4-7 Effective thermal resistance of the system with varying flow rates for
Samples 1, 2 and 3 at 30 W power input (logarithmic graph).

Overall thermal
Sample # Q Overall thermal resistance
(ml/min) resistance considering
(°CIW) resistance due to
Cu shim and epoxy
(°CIW)

1 293 4.25 4.62
1230 4.25 4.62
2 293 0.36 0.73
1230 0.36 0.73
3 293 0.12 0.49
1230 0.11 0.48

Table 4-1 Effective overall thermal resistance of the system using 1-D analytical approach.

The Table 4-1 above gives the overall thermal resistance of the three samples at

different flow rates and at 30 W power input. Since for the experimental setup, the
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resistance due to Cu shim and thermal epoxy also come into account, the overall resistance
considering the resistance due to Cu shim and epoxy is also specified. Since for the
numerical analysis, the resistance due to thermal epoxy wasn’t taken into account, the

resistance without considering the Cu shim and epoxy was also tabulated.
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S Numerical treatment of problem

In order to better understand the flow and heat transfer in the system, a numerical
simulation, CFD was used to solve the fluid and thermal distributions for each of the three
samples. The numerical simulation was performed using CFDesign (Version 6.0), a
commercially available software package by Blue Ridge Numerics, Inc. three models were
constructed, matching the geometries of the three tested samples. For the models, different
flow rates of 50, 88, 125, 158, 183, 228, 293, 330, 600, 900 and 1230 ml/min and different
power inputs varying from 10 to SOW were simulated to compare the results from

experimental data.

5.1 Modeling

As mentioned earlier, three models were made for simulation. The first model
representing Sample 1, was made of LTCC substrate, flow volume and Cu shim according
to the specifications. The second model representing Sample 2, was made of LTCC
substrate (split into 3 layers for convince during assembling), the top layer of LTCC had
thermal vias and Ag pad, flow volume and Cu shim. The third model representing Sample
3, was made of LTCC substrate (again split into 3 layers), the top layer of LTCC had
thermal vias and Ag pad, the middle layer had free standing Ag columns, flow volume and
Cu shim. The three assembled models used for analysis are shown in detail in drawings 4,

5 and 6 in Appendix-2.
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5.2 Apply loads and boundary conditions

5.2.1 Inlet boundary condition

At the inlet, volume flow rate and inlet temperature of the fluid are specified. One
of the flow rates among 50, 88, 125, 158, 183, 228, 293, 330, 600, 900 and 1230 ml/min

was used depending on the analysis and the inlet temperature is defined as either 20°C or

21.5°C.

5.2.2 Qutlet boundary condition

For incompressible flows, the most robust condition for the pressure equation is to
specify a value at the exit. Since CFDesign calculates only relative pressures, a value of
zero is recommended at the exit. To obtain the absolute pressures in the solution domain,
the absolute pressure at the exit should be added to the pressure values calculated by

CFDesign. [20]

5.2.3 Heat Input

The thermal load was applied to the top surface of the Copper shim. A power
source of total heat generation at various power levels from 10 to 50 W by copper shim is
considered. The loads and boundary conditions assigned to the substrate are shown in the
Figure 5-1. Figure 5-1 shows heat source boundary condition with total heat generation of
50 W and inlet BC’s volume flow rate as 1230mL/min, temperature as 20°C and outlet
pressure as O Pa. This figure represents the sample without thermal vias and Ag columns

(samplel). The BC’s for other samples will also be similar.
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Figure 5-1 Boundary conditions with heat source as total heat generation.

In CFDesign, we need not specify the adiabatic surfaces and also the interface
surfaces. CFDesign automatically detects the interface surfaces i.e., surface between two
solids and interface surface between a solid and a liquid etc., and also when the surfaces

are not in contact, by default it acts as an adiabatic surface.

5.3 Meshing the model

For the analysis of fluid flow and thermal problems, two types of elements are
used — 3D, 4 node tetrahedral element for regular meshing and 3D, 6 node triangular prism
or wedge element are used for mesh enhancement i.e., explained in detail in the coming
sections.

For the first sample, the element size for LTCC and Copper shim are taken as
2 mm and for water (coolant) it was taken 1 mm. Since sample 1 and 2 doesn’t have

complex shapes (i.e., silver columns in flow volume) it is not required to determine the
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optimal element size. Even then two different element sizes are taken and found that the
solution converges in both the cases (percentage error less than 5 in both cases). The

Figures 5-2, 5-3 and 5-4 below show the meshing for Samples 1, 2 and 3.

Figure 5-2 Meshing for sample 1 (shows LTCC substrate, flow volume and Cu shim)

Figure 5-3 Meshing for sample 2 (shows LTCC substrate, vias, Ag pad and Cu shim)
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Figure 5-4 Detailed meshing of thermal vias in samples 2 and 3.

The typical information of total number of nodes, total number of elements,
number of fluid and solid nodes and elements used for the analyses of the three samples
are indicated in Table 5-1 below. The Table 5-2 shows the details of the mesh
enhancement, i.e., number of fluid boundary faces found; number of prismatic boundary

elements generated; maximum, average and minimum inflation displacement.



Sample Number Total nodes Total elements
Fluid Solid Fluid Solid
nodes nodes elements elements

16143 60688

1 11764 | 4379 35862 | 24826
23512 102371

2 12257 | 11255 38606 | 63765
129122 552106

3 77306 | 51816 232374 | 319732

Table 5-1 Finite element summary.

Sample Number Number of Fluid Number of Inflation displacement
Boundary faces Prismatic (mm)
boundary Max. | Avg. | Min.
elements
1 3520 13792 3.5e-1 | 1.4e-1 | 3.1e-2
2 4522 13538 4.9e-1 | 1.9e-1 | 3.4e-2
3 24458 97528 4.3e-1 | 5.9e-2 | 9.4e-3

Table 5-2 Mesh enhancement details.

But as the Sample 3 has complex geometries, the element size of flow volume and

also the element size of LTCC are varied to determine an optimal element size. Due to

these complex geometries, the flow volume is made into two parts -one named as inner

water (flow volume defined across the Ag columns) and the other one named as outer

water. The element size of inner water is varied from 0.1 mm to 1.2 mm with constant

element size for outer water. Material properties are considered same as defined for the

other analyses. A particular flow rate of 1230 ml/min, Tiq of 21.5 °C and power input of

50 W is used.
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Figure 5-5 Plot showing percentage error in Q w.r.t. element size of water.

In order to avoid colossal run time of analysis, LTCC, thermal vias and Cu shim
are eliminated to determine the optimal element size and heat input is given through Ag
pad. The results plotted in Figure 5-5, show that for an element size of 0.1 mm for inner
water and 1 mm for outer water, the error is 7.53%, which is below acceptable error of
10%. Hence it was concluded that the optimal element size is 0.1 mm and 1 mm for inner

and outer water respectively.

5.3.1 Mesh enhancement

Mesh enhancement is a great feature that considerably simplifies the mesh

definition process. Mesh enhancement automatically constructs layers of prismatic
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clements along all walls and all fluid-solid interfaces in the model, based on the
tetrahedral mesh that was defined. These additional elements serve two primary purposes:

The first is that the elements are concentrated in the boundary layer region, where
high velocity, pressure and turbulence gradients most often occur.

The second benefit is that enough nodes are automatically placed in all gaps (area
between walls) in the model. The two principal guidelines for meshing are to define shape
and to allow/account for flow activity. Adequately meshing all of the small gaps and
crevices in a complicated geometry is not an issue anymore, with mesh enhancement
feature.

The mesh enhancement parameters are — number of element layers and boundary
layer thickness factor. The default setting of 3 layers is satisfactory for most analyses.
However when working with turbulent flows that are in the lower Reynolds number range,
it may be necessary to reduce the number of layers to one. Boundary layer thickness factor
controls the total height of the inflation layer relative to the original near-wall elements.

The Figure 5-6 below shows the mesh enhancement near the wall and fluid interface.
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Figure 5-6 Mesh enhancement in fluid near the wall and fluid interface.
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The meshing discussed here is to define the mesh size and mesh enhancement in

the geometry. The actual mesh generation is a part of analysis and is not a separate step.

5.4  Assign material and material properties

Materials are physical substances and are to be assigned to the parts (volumes for 3D
models and surfaces for 2D models). The materials used in this analysis are LTCC, Silver
(Ag), Copper variable and water. All the solid parts are defined as isotropic i.e., have same
properties along X, Y and Z directions.

Material properties used in the numerical analysis are given below in Table 5-3.

K P Gy W
W/m-K kg/m’ J/kg-K Pa-s
LTCC 3 3100 837 --
Silver paste 290 10500 232 --
Copper shim 377 8900 380 --
Water (at 19.85 °C) 0.6 998 4182 0.001

Table 5-3 Material properties.
5.5 Select Analysis type and run the analysis
Turbulent model:

Three turbulence models are available: constant eddy viscosity, k-epsilon and
RNG turbulence model. These methods are discussed in detail in the last chapters. An auto
start ON is selected which controls the automatic turbulent start-up (ATSU) algorithm.
This algorithm goes through a number of steps to obtain turbulent flow solutions. The
algorithm starts by running 10 iterations using a constant eddy viscosity model, so the k-
epsilon equations re not solved. With this solution as an initial guess, the two-equation
turbulence model is started. At about 10 iterations, a spike in the convergence monitoring

data will appear for the k and epsilon equations. Other steps are then taken gradually to
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arrive at the converged result. These steps may involve spikes in the convergence
monitoring data at iterations 10, 20 and 50. After 50 iterations, the ATSU is turned off
automatically. [20]

The final result of the analysis will be having fluid velocities, pressures and heat
transfer. It is know from the basic convection heat transfer laws, that the solution of heat
transfer is dependent on the fluid flow velocities. From this it was obvious that there is no
point in solving the thermal analyses until a converging solution is found for fluid flow.
Due to this reason, initially only fluid flow is solved. Once the analysis converged
fluidically (the mean of the residual doesn’t vary with number of iterations, which was
approximately 250 iterations), then the solution to the flow field (i.e., velocity in all
directions) was held constant and these results were used for the thermal analysis. In about
50 iterations for thermal analysis, it was found that mean residual for temperature stopped
varying, showing the sign of convergence. The heat transfer cycle reached the
convergence quicker than the fluid analysis since there is only one parameter. Figure 5-7
shows the mean of the residual of various parameters i.e., U, V, W, p and T at different
iterations for Sample 1. The plot is normalized in y-axis to closely monitor the
convergence of each parameter. The plot shows that the temperature curve is flat until 200
iterations, which means the heat transfer equation is not solved for the first 200 iterations.
Within these 200 iterations, it was noticed that the solution converges w.r.t U, V and W
and also p. At the end of 200 iterations, only heat equations are solved turning off the fluid
solver, which shows converges in T also in 50 iterations. Similar convergence plots are

shown in Figure 5-8 and 5-9 for Samples 2 and 3 respectively.
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Figure 5-7 The norm of mean residual at each iteration for Sample 1.
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Figure 5-8 The norm of mean residual at each iteration for Sample 2.
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5.6 Results from CFDesign analyses

The results from the CFDesign analyses for the three samples are given in
Appendix 3. The Figures 5-10 to 5-13 below show iso-velocities the three samples at

different flow rates.
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Figure 5-10 Iso-velocities for Samplel at 294mL/min flow rate and 50W/80°C power source.
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Figure 5-11 Iso-velocities for Sample2 at 294mL/min flow rate and 50W/80°C power source.
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more heat with it, which increases its temperature as we move down-stream. Since the
heating element is near 35 mm to 45 mm along the length of the substrate, most of the
heating takes place at that location, which indicates drastic rise in temperature and after
that, it shows slight decrease in temperature which indicates that water slowly spreads this
heat to the substrate. In the same manner, Figure 5-23 shows temperature of the system for
a volume flow rate of 294 ml/min and 50 W power input, at the center of the system, as it
is moved along the thickness of the substrate from the top of the Cu shim to LTCC top
sub-assembly into water flow regime and further into the bottom sub-assembly. In this
plot, the distance from 0 mm to 1 mm represents Cu shim, 1 mm to 2.5 mm represents
LTCC top sub-assembly and 2.5 mm to 4 mm represents the water flow regime. Beyond 4
mm represents LTCC bottom sub-assembly. In this figure, the temperature remained
constant from 0 mm to 1 mm, in all the three samples, since this represents the Cu shim
which is a good conducting material and has very low thermal resistance. This further
indicates low temperature gradient in this section. In Sample 1, it is observed that from 1
mm to 2.5 mm high temperature gradient is noticed. This is due to the high thermal
resistance offered by LTCC. In Sample 2 and 3, from 1 mm to 2.5 mm it is observed that
the slope of temperature gradient remains constant and also less due to the presence of
thermal vias. As we go further down into the flow regime slope for Sample 1 and 2 almost
close, which indicates their resistance due to convection, would be close to each other. For
Sample 3 in the flow regime, even though the temperature gradient is less when compared

to other two samples.
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Figure 5-24 Isotherms for Samplel at 1230mL/min flow rate and S0W power input (shows full model
including Cu shim).
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Figure 5-25 Isotherms for Sample2 at 1230mL/min flow rate and 50W power input (shows full model
including Cu shim).
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Figure 5-26 Isotherms for Sample3 at 1230mL/min flow rate and S0W power input (shows full model
including Cu shim).
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Figure 5-27 Temperature of water down-stream for Samples 1, 2 and 3 at 1230 ml/min flow rate and
50 W power input along the center and at a distance of 0.6mm away from the center line of the duct.

64



Figures 5-24 to 5-26 show the isotherms of the three samples at a flow rate of
1230 ml/min and a power input of 50 W. From the above three figures, it was found that
the temperature of the hot spot of the substrate i.e., at the interface surface of the Cu shim
and LTCC substrate, is approximately 190 °C for Sample 1, 38.7 °C for Sample 2 and
33.6 °C for Sample 3. The Figure 5-27 shows the temperature of water along the length of
the substrate (70mm) for a volume flow rate of 1230 ml/min and 50 W power input. As
explained in the previous sections of this chapter, the above figure shows the temperature
of water at approximately center of the duct along the length of the duct. In the above
figure, Sample 3 eccentric represents the temperature at a distance of 0.6mm away from
the center of the duct and along the length of the duct. This line passes through the
freestanding Ag columns. The steep increase in the temperature after a distance of 30 mm
up to 45 mm indicates the location of heater. Also in the curve Sample 3 eccentric the
fluctuations in the temperature after a distance of 30 mm indicate the presence of
freestanding Ag columns. In these fluctuations, the crest represents the temperature of Ag

column and the trough represents the temperature of water in that line.
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6  Results and Conclusions
6.1 Experimental

As mentioned in the previous chapters, three LTCC substrates were fabricated with
internal cooing channel for enhanced thermal management. These substrates are then
tested for their thermal performance. Sample 1, the substrate with only LTCC, is
considered the baseline and the other two samples are compared with the former one.

The results show that the rise in temperature of the substrate in about 55°C for
Sample 1, 32°C for Sample 2 and 10°C for Sample 3 at approximately 10 W power input.
For Sample 2 to rise temperature of this substrate to approximately 55°C (rise in Sample 1
for 10W) the input power should be more than 20W, which shows that Sample 2 alone can
handle twice the power when compared to the base line. The experimental results show
that adding fins/columns enhances the thermal performance beyond expectations. For a
rise in temperature of approximately 24°C, Sample 3 can handle power of up to 30W,
where as Sample 2 and Sample 1 can handle only 10W and 5W of power respectively. It is
clear from the above values that for the same rise in temperature of the substrate, Sample 2
can handle 100% more power and Sample 3 can handle 500% more power when

compared to the base line. These results are justified in Figure 6-1 below.
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Figure 6-1 Substrate rise in temperature and effective overall thermal resistance of the system
for all test configurations: C — channel; V - thermal vias; F — pin fins.

Also in heat transfer terms, the performance of the system is best determined by its
thermal resistance. The above figure also gives an approximation of thermal resistance of
the entire system at a flow rate of 300 ml/min. The approximate overall effective thermal
resistance for Sample 1 is 4.9°C/W, for Sample 2 is 3.5°C/W and for Sample 3 is 1.1°C/W.
This indicates a 28% reduction and a 78% reduction of overall thermal resistance when

compared to the base line.
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Figure 6-2 Effect of variation in flow rate and addition of pin fins in
the duct on the system’s thermal resistance.

The Figure 6-2 shows the trend of overall thermal resistance of the system with
change in flow rate at 30W power input for Sample 2 and 3. It is expected that flow rate
should have some effect on the performance of the system, as it is the primary factor
affecting convection heat transfer. It is clear from the figure that with increase in flow rate,
there is a slight decrease in the system thermal resistance. The two curves in the above

figure show that the effect of flow rate is roughly the same for both configurations.

6.2 Analytical results

One-dimensional analytical analyses for the three specifications were found using
the basic laws of heat transfer. From this analysis, it was found that the overall thermal
resistance of the system for Sample 1 is 4.25 °C/W without considering the resistance of

Copper shim and thermal epoxy; 4.62 °C/W when it was considered. Similarly, the overall
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thermal resistance for Sample 2 is approximately 0.36 °C/W without considering the
copper shim resistance and 0.73 °C/W when it is considered. It was also found that the
resistance of the system is independent of flow rate and power input in Samples 1 and 2.
And the overall thermal resistance for Sample 3 is approximately 0.12 °C/W and
0.49°C/W at a flow rate of 293 ml/min the former without considering and the later
considering the thermal resistance of copper shim and thermal epoxy and it is
approximately 0.11 °C/W and 0.48 °C/W at a flow rate of 1230 ml/min the former without
considering and the later considering the thermal resistance of copper shim and thermal

epoxy.

6.3 Computational analyses results

Even for computational analysis, three samples were modeled and analyzed, to
predict the behavior of these samples. The samples were tested for two different flow
regimes and also tested at different power levels from 10W to SOW (constant power heat
source) and 80°C of constant wall temperature.

From the results, it is determined that the overall thermal resistance for Sample 1 is
in the range of 3.251 to 3.467°C/W with an average value of 3.364°C/W. Similarly, the
overall thermal resistance for Sample 2 and Sample 3 are in the range of 0.309 to
0.526°C/W and 0.162 to 0.227°C/W respectively with an average value of 0.418 and

0.195°C/W in the same order.
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Figure 6-3 Substrate rise in temperature and effective overall thermal resistance of the system for all
test configurations: C — channel; V — thermal vias; F — pin fins.

As discussed earlier in this chapter, it is expected that flow rate should have some

effect on the performance of the system, as it is the primary factor affecting the convection

heat transfer. The Figure 6-4 below shows that increase in flow rate decreases the system

thermal resistance.
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Figure 6-4 Effect of variation in flow rate on system’s overall thermal resistance.

Unlike the experimental and analytical analysis, the resistance due to convection
can be easily determined in computational analysis using resistance laws of heat transfer.
The convective resistance for Sample 2 and 3 are plotted in the Figure 6-5 below with

varying flow rates and at 30W power input.

71



1.400 ~

1.200

—{0— Sample 2
~—&— Sample 3

1.000 A

0.800 4

0.600 -

0.400 -

0.200 4

A
1 =Y

[ 3

{1 o

0.000 r -
0 200 400 600 800 1000 1200 1400

Figure 6-5 Effect of variation in flow rate on convective thermal resistance.

The results show that the convective resistance for Sample 1 and 2 is 0.375°C/W-
cm?’ (assuming similar cross-section of duct for both samples 1 and 2) and for Sample 3 it
is 0.101°C/W-cm” at a flow rate of 293 1/min and 0.157°C/W-cm” for Sample 1 and 2 and
0.046°C/W-cm? for Sample 3 at a flow rate of 1230 ml/min. This shows a reduction of
approximately 70% in the convective resistance due to the addition of the fins/columns in

the duct area.

6.4 Comparison and Conclusions

The Table 6-1 below shows the effective overall thermal resistance of the three

configurations.
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At a flow rate Experimental Analytical Computational
of 293 ml/min Considering |  Without
and 50 W resistance | Considering
power input due to resistance
copper due to
shim and copper
epoxy shim and
epoxy
Sample 1 4.9 4.25 4.62 3.364
Sample 2 3.5 0.36 0.73 0.418
Sample 3 1.1 0.11 0.49 0.195

Table 6-1 Effective overall thermal resistance (in °C/W-cm?) using different techniques

From the above results it can be concluded that addition of thermal vias alone
increases the thermal performance of the substrate. Further more, the addition of
fins/columns increases its performance even more by drastically reducing the resistance of
the system. The results from one dimensional analytical analysis and computational
analysis agree with each other with minor errors, which might be due to the assumption of
the system as one-dimensional. Even though the experimental results show that addition of
columns, increases the performance of the system, the values doesn’t match with that of
computational results. In the later stages of the research, it was found that there was an
anomaly in the fabrication as well as during the testing of the samples. The samples 2 and
3 had some leaks, which were unavoidable at that stage. Also while measuring the
temperature on the surface of Cu shim, the bead of the thermo-couple generated some hot
spots and apparently that temperature was measured, which further increased the thermal
resistance of the system. Further more, when Sample 3 was cut to analyze the cross-

section of the heat exchanger, it was found that few of the fins weren’t in contact with the
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silver pad, which accounted for further increase in thermal resistance of that system.
Taking into account these experimental errors, it can be justified that the results are in

good agreement to each other.

6.5 Future research

Further research could be done in this field, which includes optimization of this
system. In the present work, only an in-line array is presented. The study of fluid flow and
heat transfer suggest that the more the turbulence in the flow, the more the heat transfer
would be. This suggests that a staggered array pattern in the duct region would enhance
the heat transfer rate.

The parameters, which could be considered for optimizing, are:
Inline/Staggered array.
Diameter of fin/themal vias.
Pitch of the fins.
Duct height.

Number of fins.
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Appendix 1 Tables from experimental tests

Sample Flow rate Current  Tiniet Toutiet Tiee Power  dT cootam  dml/dt Reynolds R

mbL/min VoltageV Amp °C °C °C input W °C kals Qgin W V mis Number dT.,°C °C/W

294 2.026 0.17 21.6 21.7 244 0.34 0.1 0.004895 2.05 0.3403  993.46 2.8 8.13

294 3.38 0.3 21.6 21.7 27.8 1.01 0.1 0.004895  2.05 0.3403  993.46 6.2 6.11

1 294 5.01 0.44 21.6 21.8 33.7 2.20 0.2 0.004895 4.09 0.3403  993.46 121 5.49

No vias 294 6.58 0.58 21.6 21.9 421 3.82 0.3 0.004895 6.14 0.3403  993.46 20.5 5.37

gglumns 294 8.53 0.66 216 21.9 48.1 5.63 0.3 0.004895 6.14 0.3403  993.46 26.5 4.71
Constant

flowrate 294 9.66 0.78 216 221 58.2 7.53 0.5 0.004895 10.23 0.3403  993.46 36.6 4.86

294 10.92 0.9 217 221 70.3 9.83 0.4 0.004895 8.18 0.3403  993.46 48.6 4.95

158 6.09 04 219 221 33.4 2.44 0.2 0.002631 2.1982 0.1829  533.90 11.5 4.72

1 158 6.9 0.5 21.9 22.3 39.1 3.45 0.4 0.002631 4.3964 0.1829  533.90 17.2 4.99

No vias 158 7.81 0.6 21.9 22.4 45.8 4.69 0.5 0.002631 54955 0.1829  533.90 23.9 5.10

gglumns 158 9.24 0.7 21.9 22.6 54.1 6.47 0.7 0.002631 7.6937 0.1829  533.90 32.2 4.98
Constant

flowrate 158 10.29 0.8 21.9 22.8 63.1 8.23 0.9 0.002631 9.892 0.1829  533.90 412 5.00

158 11.28 0.9 21.9 23 73 10.15 1.1 0.002631 12.09 0.1829  533.90 51.1 5.03

294 5.21 0.18 214 21.45 25.2 0.94 0.05 0.004895 1.0226 0.3403 993.46 3.8 4.05

294 8.14 0.28 214 21.5 28.6 2.28 0.1 0.004895 2.0452  0.3403  993.46 7.2 3.16

2 294 10.89 0.37 214 21.6 329 4.03 0.2 0.004895 4.0903 0.3403  993.46 11.5 2.85

Vias only 294 14.31 0.49 21.4 217 40.5 7.01 0.3 0.004895 6.1355 0.3403  993.46 19.1 272

gglumns 294 171 0.59 214 21.7 47.3 10.09 0.3 0.004895 6.1355 0.3403  993.46 25.9 2.57

gg:f:::t 294 20.28 0.7 214 21.9 57.5 14.20 0.5 0.004895 10.226  0.3403  993.46 36.1 2.54

294 23.52 0.81 214 221 68.5 19.05 0.7 0.004895 14.316  0.3403  993.46 47.1 2.47
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Sample
Flow rate Current Tintet Toutiet Thee Power  dT coofant dm/dt Reynolds Rin
mbl/min VoltageV  Amp °C °C °C input W °C ka/s  Qguin WV mis  Number dT..°C °C/W
294 2638 091 214 223 76 2401 09 0004895 18.407 0.3403 99346 546 227
294 29.42 1.01 21.4 22.4 83.9 29.71 1 0.004895 20.452 0.3403 993.46 62.5 2.10
158 11.64 0.4 214 21.8 35.4 4.66 0.4 0.002631 440 0.1829 5§33.90 14 3.01
158 14.54 0.5 215 2215 425 7.27 0.65 0.002631 7.14 0.1829 533.90 21 2.89
2 158 17.28 0.6 21.5 22.5 50.5 10.37 1 0.002631 10.99 0.1829 533.90 29 2.80
Vias only 158 20.44 0.7 21.6 22.85 63.5 14.31 1.25 0.002631 13.74 0.1829 533.90 41.9 2.93
No
Columns 158 23.17 0.8 21.6 23 729 18.54 1.4 0.002631 15.39 0.1829 533.90 51.3 2.77
IConstant
flowrate 158 26.14 0.9 21.6 23.7 79.3 23.53 21 0.002631 23.08 0.1829 533.90 57.7 2.45
158 29.46 1.01 21.6 24.5 87.1 29.75 2.9 0.002631 31.87 0.1829 533.90 65.5 2.20
88 11.64 04 21.6 22.35 371 4.66 0.75 0.001465  4.59 0.1019 297.36 15.5 3.33
88 14.5 0.5 21.7 22.8 44.6 7.25 1.1 0.001465 6.73 0.1019 297.36 22.9 3.16
2 88 17.23 0.59 21.7 23.4 52.7 10.17 1.7 0.001465 10.41 0.1019 297.36 31 3.05
Vias only 88 20.37 0.7 21.7 24 63.9 14.26 2.3 0.001465 14.08 0.1019 297.36 42.2 2.96
No
Columns 88 23.29 0.8 21.7 24.6 72.4 18.63 2.9 0.001465 17.75 0.1019 297.36 50.7 2.72
Constant
flowrate 88 26 0.89 21.7 25.6 77.3 23.14 3.9 0.001465 23.87 0.1019 297.36 55.6 2.40
88 29.2 1 21.7 26.9 83 29.20 5.2 0.001465 31.83 0.1019 297.36 61.3 2.10
294 5.14 0.17 21.4 21.6 34.6 0.87 0.2 0.004895 4.09 0.3403 993.46 13.2 15.11
294 8.25 0.28 21.4 21.7 35.1 2.31 0.3 0.004895 6.14 0.3403 993.46 13.7 5.93
3 294 11.59 0.4 21.4 21.8 35.8 4.64 0.4 0.004895 8.18 0.3403 993.46 14.4 3.1
[With vias 294 14.43 0.5 21.4 21.9 43.3 7.22 0.5 0.004895 10.23 0.3403 993.46 21.9 3.04
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Sample
Flow rate Current Tintet Toutlet Titce Power dT cooame  dm/dt Reynolds Rin
mL/min VoltageV  Amp °C °C °C input W °C kgls Qgun W V mis Number dT,,°C °C/W

With

columns 294 17.13 0.59 215 22.1 51.6 10.11 0.6 0.004895 1227 0.3403  993.46 30.1 2.98
Constant

flowrate 294 19.66 0.68 21.5 22.3 61.5 13.37 0.8 0.004895 16.36 0.3403  993.46 40 2.99

294 21.68 0.75 21.5 22.4 70 16.26 0.9 0.004895 18.41 0.3403  993.46 48.5 2.98
294 25.53 0.88 21.6 22.8 904 22.47 1.2 0.004895 24.54 0.3403  993.46 68.8 3.06

158 5.11 0.17 217 219 24.8 0.87 0.2 0.002631  2.20 0.1829  533.90 341 3.57

158 8.18 0.28 217 221 28.8 2.29 0.4 0.002631  4.40 0.1829  533.90 71 3.10

3 158 11.6 0.4 21.8 224 36 4.64 0.6 0.002631  6.59 0.1829  533.90 14.2 3.06

With vias 158 14.25 0.49 218 226 433 6.98 0.8 0.002631  8.79 0.1829  533.90 215 3.08

::;Ilttrx‘mns 158 17.74 0.61 21.7 229 54.6 10.82 1.2 0.002631 13.19 0.1829  533.90 329 3.04
Constant

flowrate 158 20.32 0.7 217 23.2 65 14.22 1.5 0.002631 16.49 0.1829  533.90 43.3 3.04

158 23.34 0.8 21.7 23.7 77.4 18.67 2 0.002631  21.98 0.1829  533.90 55.7 2.98

158 27.34 0.94 21.6 24.3 91 25.70 27 0.002631  29.68 0.1829  533.90 69.4 2.70

88 5.96 0.2 216 21.9 254 1.19 0.3 0.001465  1.84 0.1019  297.36 3.8 3.19

88 8.84 0.3 216 222 29.9 2.65 0.6 0.001465  3.67 0.1019  297.36 8.3 3.13

3 88 11.47 0.4 216 224 354 4.59 0.8 0.001465  4.90 0.1019  297.36 13.8 3.01

\With vias 88 14.41 0.5 217 229 43.3 7.21 1.2 0.001465  7.35 0.1019  297.36 216 3.00

\gallt:mns 88 17.24 0.6 217 23.5 52.2 10.34 1.8 0.001465 11.02 0.1019  297.36 305 2.95
Constant

flowrate 88 20.17 0.7 21.7 242 62.3 14.12 25 0.001465 15.30 0.1019  297.36 40.6 2.88

88 23.36 0.8 217 24.9 74.8 18.69 3.2 0.001465 19.59 0.1019  297.36 53.1 2.84

88 26.34 0.9 21.7 25.8 86.7 23.71 4.1 0.001465 25.10 0.1019  297.36 65 2.74

88 29.3 1 21.8 26.7 98.8 29.30 4.9 0.001465  30.00 0.1019  297.36 77 2.63

Table 1 Observations and calculations of various test substrates at constant flow rate.
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Sample
Flow rate Current  Tinet Toutiet Twee Power dT cootant  dm/dt Velocity Reynolds R
mlL/min Voltage V Amp °C °C °C  inputW °C kals  Quin W m/s Number dT,.,°C °CW
53 29.2 1 221 30.2 83.6 29.20 8.1 0.000882 29.86 0.0613 179.09 61.5 211
2 88 29.2 1 217 26.9 83 29.20 5.2 0.001465 31.83 0.1019  297.36 61.3 2.10
Vias only 123 29.2 1 217 248 81.5 29.20 31 0.002048  26.52 0.1424 41563 59.8 2.05
No
Columns 158 29.2 1 2186 23.5 81.7 29.20 1.9 0.002631 20.88 0.1829  533.90 60.1 2.06
Constant
power 193 29.2 1 21.6 22.8 78 29.20 1.2 0.003213  16.11 0.2234 65217 56.4 1.93
53 27.9 0.95 219 311 103.3 26.51 9.2 0.000882  33.92 0.0613 179.09 81.4 3.07
3 88 27.9 0.95 21.7 26.3 96.9 26.51 4.6 0.001465 28.16 0.1019  297.36 75.2 2.84
With vias 123 279 0.95 21.6 249 93.2 26.51 3.3 0.002048 28.24 0.1424 41563 71.6 2.70
With
columns 158 27.9 0.95 21.5 24 91.3 26.51 25 0.002631 27.48 0.1829 533.90 69.8 2.63
Constant
power 193 27.9 0.95 214 23.6 89.5 26.51 2.2 0.003213  29.54 0.2234 652.17 68.1 2.57
53 25.06 0.86 216 30 106.8 21.55 8.4 0.000882 30.97 0.0613 179.09 85.2 3.95
3 88 25.06 0.86 21.8 25.7 98.8 21.55 3.9 0.001465 23.87 0.1019  297.36 77 3.57
With vias 123 25.06 0.86 21.7 24.4 96.2 21.55 2.7 0.002048 23.10 0.1424 41563 74.5 3.46
With
columns 158 25.06 0.86 21.6 23.7 94.4 21.55 21 0.002631 23.08 0.1829  533.90 72.8 3.38
Constant
power 193 25.06 0.86 21.6 233 93.6 21.55 1.7 0.003213 22.82 0.2234  652.17 72 3.34
228 25.06 0.86 21.5 22.9 92.4 21.55 1.4 0.003796 22.20 0.2639  770.43 70.9 3.29
Table 2 Observations and Calculations of various test substrates at constant power.
Flow T;nm Tltcc dTwa“ dm/dt anin Velocit Re dT
Sample N rate Toutiet substrate Rin
Rpm mL/min °C °C°C kgls w m/s °C °C/IW
50 53.01 219 35.8 128.1 13.9 0.000883 51.25 0.0614 179.12 106.2 3.52
100 87.98 217 29.2 1259 0.001465 45.90 0.1018 297.30 104.2 3.46
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Flow Tintet Titce dTwate dm/dt Qgain Velocit Re dT
Sam p le N rate TOU”“ substrate Rth
Rpm  mL/min °C °cC__°c °Cc kgls w m/s °C ‘cw
2 150 122.96 21.5 27.9 123.4 6.4 0.002047 54.74 0.1423 41548 101.9 3.38
Vias
only 200 157.93 21.5 24.9 122.1 3.4 0.002630 37.35 0.1828 533.67 100.6 3.34
No
Column 250 192.91 21.4 24.5 120.2 3.1 0.003212 41.60 0.2233 651.85 98.8 3.28
Voltage
v) 30.13 300 227.88 21.4 23.5 120.2 21 0.003794 33.29 0.2638 770.04 98.8 3.28
Current
(amp) 1 350 262.86 21.4 23.2 119.6 1.8 0.004377 32.91 0.3042 888.22 98.2 3.26
Power
(W) 30.13 400 297.83 214 229 118.9 15 0.004959 31.08 0.3447 1006.40 97.5 3.24
Small
tube 450 332.81 21.4 22.6 117.1 1.2 0.005541 27.78 0.3852 1124.59 95.7 3.18
50 53.01 23.3 316 85.8 8.3 0.000883 30.61 0.0614 179.12 62.5 3.1
100 87.98 224 26.8 78.4 4.4 0.001465 26.93 0.1018 297.30 56 2.79
2 150 122.96 22.1 246 74.7 2.5 0.002047 21.38 0.1423 415.48 52.6 2.62
Vias
only 200 157.93 219 24 734 2.1 0.002630 23.07 0.1828 533.67 515 2.56
No
Column 250 192.91 21.8 23.7 72.8 19 0.003212 25.50 0.2233 651.85 51 2.54
Voltage
(\))] 24.49 300 227.88 217 23.2 71.7 15 0.003794 23.78 0.2638 770.04 50 2.49
Current
(amp) 0.82 350 262.86 217 22.9 714 1.2 0.004377 21.94 0.3042 888.22 497 247
Power
(W) 20.08 400 297.83 21.6 22.6 70.9 1 0.004959 20.72 0.3447 1006.40 49.3 2.45
Small
tube 450 332.81 214 221 77.7 0.7 0.005541 16.21 0.3852 1124.59 56.3 2.80
50 53.01 23.2 274 66.1 4.2 0.000883 15.49 0.0614 179.12 42.9 3.85
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Flow Tintet Tice ATwate dm/dt Qgain Velocit Re dT
Sample N rate Toutet " R
Rpm  mU/min °C °C__°C °C kg/s w mis o oW
100 87.98 224 25.1 60.6 2.7 0.001465 16.52 0.1018 297.30 38.2 343
2 150 122.96 221 23.2 60.4 1.1 0.002047 9.41 0.1423 415.48 38.3 3.44
Vias
only 200 157.93 21.9 22.9 58.3 1 0.002630 10.99 0.1828 533.67 36.4 3.27
No
Column 250 192.91 21.8 22.6 57.1 0.8 0.003212 10.74 0.2233 651.85 35.3 3.17
Voltage
v) 18.56 300 227.88 216 22.2 55 0.6 0.003794 9.51 0.2638 770.04 334 3.00
Current
(amp) 0.6 350 262.86 21.5 22.1 54.6 0.6 0.004377 10.97 0.3042 888.22 3341 2.97
Power
(W) 11.13 400 297.83 214 221 53.5 0.7 0.004959 14.50 0.3447 1006.40 321 2.88
Small
tube 450 332.81 21.4 21.8 52.6 0.4 0.005541 9.26 0.3852 1124.59 31.2 2.80
50 53.01 219 34.3 74 12.4 0.000883 45.72 0.0614 179.12 52.1 1.72
100 87.98 21.7 28.2 65.3 6.5 0.001465 39.78 0.1018 297.30 43.6 1.44
3 150 122.96 216 25.8 59.9 4.2 0.002047 35.92 0.1423 415.48 38.3 1.27
With
vias 200 157.93 214 247 57.8 33 0.002630 36.25 0.1828 533.67 36.4 1.20
With
column 250 192.91 214 241 56.1 2.7 0.003212 36.23 0.2233 651.85 347 1.15
Voltage
v) 29.97 300 227.88 21.4 23.7 54.2 2.3 0.003794 36.46 0.2638 770.04 32.8 1.08
Current
(amp) 1.01 350 262.86 21.4 234 53.3 2 0.004377 36.57 0.3042 888.22 319 1.05
Power
w) 30.27 400 297.83 214 231 52.7 1.7 0.004959 35.22 0.3447 1006.40 313 1.03
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Flow Tintet Titce dTwate dm/dt Qgain Velocit Re dT
Sample N rate Toutiet substrate Run
Rpm mL/min °C °C__°C °C kgls w m/s °C °cwW
Small
tube 450 332.81 21.3 22.9 52 1.6 0.005541 37.04 0.3852 1124.59 30.7 1.01
50 53.01 219 30.3 54.6 8.4 0.000883 30.97 0.0614 179.12 32.7 1.63
100 87.98 216 26.1 494 4.5 0.001465 27.54 0.1018 297.30 27.8 1.38
3 150 122.96 214 244 46.7 3 0.002047 25.66 0.1423 41548 253 1.26
With
vias 200 157.93 21.4 23.6 44 .4 22 0.002630 24.17 0.1828 533.67 23 1.14
With
column 250 192.91 21.3 23.2 434 1.9 0.003212 25.50 0.2233 651.85 221 1.10
Voltage
V) 24.21 300 227.88 214 23 427 1.6 0.003794 25.36 0.2638 770.04 213 1.06
Current
(amp) 0.83 350 262.86 214 22.8 42.2 14 0.004377 25.60 0.3042 888.22 20.8 1.04
Power
(W) 20.09 400 297.83 214 22.7 41.6 1.3 0.004959 26.93 0.3447 1006.40 20.2 1.01
Small
tube 450 332.81 215 22.6 41.3 1.1 0.005541 25.47 0.3852 1124.59 19.8 0.99
50 53.01 219 26.6 38.7 4.7 0.000883 17.33 0.0614 179.12 16.8 1.55
100 87.98 21.5 23.8 354 2.3 0.001465 14.08 0.1018 297.30 13.9 1.28
3 150 122.96 21.6 231 34.2 15 0.002047 12.83 0.1423 415.48 12.6 1.16
With
vias 200 157.93 214 226 33 1.2 0.002630 13.18 0.1828 533.67 11.6 1.07
With
column 250 192.91 21.4 22.4 325 1 0.003212 13.42 0.2233 651.85 11.1 1.02
Voltage
v) 17.8 300 227.88 213 222 32 09 0.003794 14.27 0.2638 770.04 10.7 0.99
Current
(amp) 0.61 350 262.86 21.3 22.1 31.7 0.8 0.004377 14.63 0.3042 888.22 10.4 0.96
Power
(W) 10.85 400 297.83 21.2 221 314 0.9 0.004959 18.65 0.3447 1006.40 10.2 0.94
Small
tube 450 332.81 21.4 21.9 31.2 0.5 0.005541 11.58 0.3852 1124.59 9.8 0.90

Table 3 Observations and Calculations of various test substrates at constant power.
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Correlations:

The following correlations are used in the above tables.

Power (Q) = Voltage (V) * Current (I)
Flow rate (G in mL/min) =(0.6995 * N) + 18.032 for 1/4in ID tube
= (3.0048 * N) + 7.2398 for 3/4in ID tube
dTcootant = Tin - Tout
dm/dt =p* G *10%/60
Qgain =dm/dt * ¢, * dTcoolant
Re =p * v * Dy /v, where Dy, = Area / Perimeter
Reystem = dTsubstrate / Qinput
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Appendix 3 Tables from CFDesign Analysis

Tintet = 20°C, dm/dt for flow rate of 293 mL/min is 4.87e-3 kg/s and for 1230mL/min it is 2.05e-2 kg/s. Reynolds number is
1327 for 293 mL/min flow rate and 5552 for 1230 mL/min flow rate.

sl. Flow AT oootan Q=mc,d ATews %
No | Description rate Touttet Teu Qi | ¢ \' T Qsum | strate 557 inQ
mL/min °C °C W °C m/s W W °C | W
1 | Analysis1a-1200mL-80T-A-02252004 1230 20.21 80.00 0.212 | 1.51 18.17 | 17.8 160.00 | 3.3 | 2.0
2 | Analysis1a-1200mL-10W-A-02252004 1230 20.12 53.64 10 | 0.120 | 1.51 1023 1999 13364 | 32| 23
3 | Analysis1a-1200mL-20W-A-02252004 1230 20.25 87.28 20 | 0.246 | 1.51 2106 [ 199 6728 3.1 | 53
4 | Analysis1a-1200mL-30W-A-02252004 1230 20.36 12092 | 30 | 0.365 | 1.51 3119 |30.011009] 32| 39
5 | Analysis1a-1200mL-40W-A-02252004 1230 20.49 15456 | 40 | 0.490 | 1.51 4190 398134532 47
6 Analysis1a-1200mL-50W-A-02252004 1230 20.60 188.21 50 | 0.600 | 1.51 51.31 499 11682 | 3.2 | 2.6
7| Analysis1a-300mL-80T-A-02252004 293 20.85 80.00 0.847 | 0.36 17.27 1 16.8 160.00| 34 | 2.2
8 | Analysis1a-300mL-10W-A-02252004 293 20.50 55.43 10 | 0.502 | 0.36 10.23 1999 {3543 |34 | 22
9 Analysis1a-300mL-20W-A-02252004 293 21.00 90.86 20 | 1.003 | 0.36 2045 119917086 | 34| 2.2
10 | Analysis1a-300mL-30W-A-02252004 293 21.50 126.30 | 30 | 1.505 | 0.36 3067 | 2991063 | 34 | 2.2
11 | Analysis1a-300mL-40W-A-02252004 293 22.01 161.74 | 40 | 2.005 | 0.36 4087 |399 1417 | 34 | 2.1
12 | Analysis1a-300mL-50W-A-02252004 293 22.51 19717 | 50 | 2.508 | 0.36 5112 | 499 [ 17711 34 | 2.2

Table 4 Results for Samplel at various flow rates and various power levels.
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Flow
Si# | Description | rate Toutet | Teu Tint Qin dT coolant \ Q=mc,dT | Qeum | dTsw

RSVS

Rcond

Rconv

%
erro
rin

mbL/mi

analysis2c-
-10W-A-
1 | Mosoaoos | 1230 | 21.62 | 2461 |2309| 10 | 0118 | 1518 | 1012 | 996 | 3.11

0.30

0.151

0.157

1.2

analysis2c-
2 | maa0s | 1230 | 21.74 | 27.73 | 2467 | 20 | 0237 | 1518 | 2026 | 199 623

0.30

0.151

0.157

1.2

analysis2c-
3 | mosoas0s | 1230 | 21.85 | 30.84 | 26.26 | 30 | 0354 | 1518 | 3028 | 299 9.34

0.30

0.151

0.157

0.9

analysis2c-
4 | ngosoazoos | 1230 | 21.97 | 33.96 | 27.85 | 40 | 0474 | 1518 | 4053 | 398 | 1246

0.30

0.151

0.157

1.3

analysis2c-
5 | mosoascs | 1230 | 22.09 | 37.07 | 2044 | 50 | 0595 | 1518 | 5088 | 498 | 1557

0.30

0.150

0.156

1.7

analysis2c-
6 | omioos | 1230 | 23.64 | 80.00 | 50.41 2145 | 1518 | 18352 | 180. | 58.50

0.31

0.161

0.158

1.9

analysis2c-
7 | Aoaoaso0s | 294 | 2109 | 26.87 | 2533 | 10 | 0494 | 0370 | 1031 | 999 | 537

0.52

0.149

0.372

3.0

analysis2c-
8 | avbaoazoos | 204 | 2249|3223 |2916| 20 | 0988 | 0370 | 2062 |19.9 |10.73

0.52

0.149

0.372

3.0

S00mLA0W-A-
9 | agotoizo0s | 294 |22.98 |37.60 3299 | 30 | 1482 | 0370 | 3093 |29.9 | 16.10

0.52

0.149

0.372

3.1

analysis2c- 39.9
300mL-40W-A- .
10 | Ag-03042004 294 | 23.48 | 4297 | 36.83 | 40 1.976 0.370 41.23 6 | 2147

0.52

0.149

0.372

3.0

analysis2c- 49.9
300mL-50W-A- .
11 | Ag-03042004 294 23.97 | 48.34 | 4065 | 50 2.470 0.363 50.53 8 26.84

0.53

0.152

0.379

1.0

analysis2c- 106
300mL-80T-A- :
12 | Ag-03042004 293 | 26.77 | 80.00 | 62.55 5.271 0.361 107.45 39 | 58.50

0.54

0.162

0.382

0.9

Table 5 Results for sample 2 at various flow rates and various power levels.
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Flow Q=mc,
SI. No | Description | rate Touttet | Teu Tinter Qin | dTcootant | V dT Qsum | ATsw

RSYS

Rcond

Rconv

%error
in Q

mL/min

analysis3b-
.80T-A-
1 | aeosoe0os | 294 | 33.70 | 80.0 | 46.71 12.200 | 0.363 | 249.54 | 200.4 | 58.50

0.23

0.133

0.101

19.68

analysis3b-
L-10W-A-
2 22‘335032004 294 22111243 |1 2275 | 10 | 0.610 | 0.363 | 1247 |10.02 | 2.81

0.22

0.125

0.100

24.72

analysis3b-
L-20W-A-
3 | aotes00a 204 | 2272|271 | 2401 | 20 | 1220 | 0363 | 24.96 | 20.04| 563

0.22

0.125

0.100

24.81

analysis3b-
L-30W-A-
4 3\3?8?3062004 204 23.33 1299 | 25626 | 30 1834 10363 | 37.52 | 2992 | 8.44

0.22

0.125

0.100

25.06

analysis3b-
300mL-40W-A-
5 Ag-on;o_ggoo‘t 294 2393 1327 | 2651 | 40 | 2429 |0.363 | 49.68 |40.05| 11.26

0.22

0.126

0.101

2419

analysis3b-
6 | aoosoosos | 294 | 2455|355 | 27.77 | 50 | 3.050 | 0363 | 6239 |50.09 | 14.07

0.22

0.125

0.100

24.79

analysis3b-
1200mL-80T-A-
7 Ag-Og?)62004 1230 | 25.85] 80.0 | 36.67 4349 | 1.518 | 372.21 | 261.6 | 58.50

0.15

0.116

0.041

29.72

analysis3b-
8 | aosuaoos | 1230 | 2165|236 | 2208 | 10 | 0154 | 1518 | 1320 | 10.04 | 2.14

0.16

0.118

0.044

32.04

analysis3b-
9 | R omeaod | 1230 | 2181|257 | 2267 | 20 | 0313 | 1518 | 2677 | 20.09 | 4.28

0.16

0.116

0.044

33.86

analysis3b-
10 | A 0m0umo0n " | 1230 | 2196 | 279 | 2325 | 30 | 0461 | 1518 | 3943 | 3014 | 6.42

0.16

0.118

0.045

31.42

analysis3b-
11 | aosoesons” | 1230 | 2213|300 | 2384 | 40 | 0626 | 1518 | 5355 |30.14 | 8.55

0.16

0.116

0.044

33.88

analysis3b-
200mL- -A-
12 | nosoeacos | 1230 | 2222|322 | 2442 | 50 | 0724 | 1518 | 61.93 | 5024 | 10.71

0.17

0.126

0.047

23.86

Table 6 Results for sample 3 at various flow rates and various power levels.




Appendix 4 Theory behind CFDesign solver

In this section, I will discuss the partial differential equations governing the fluid
flow and heat transfer. The laws, which govern the fluid and heat transfer, are continuity
equation, Navier-stokes equation and the energy equation. These equations are intimately
coupled and non-linear making a general analytic solution impossible except for a limited
number of special problems, where the equations can be reduced to yield analytic
solutions. Because most practical problems of interest do not fall into this limited
category, approximate methods are used to determine the solution of these equations.

For the analyses, I used incompressible, Newtonian fluid with conduction and
forced convection for heat transfer. I will be discussing the governing equations in these
cases and not the entire general governing equations, which become more robust in
discussion. An incompressible fluid means change in the fluid pressure doesn’t affect its
density. For incompressible flow, downstream effects are felt everywhere immediately
and the pressure equation are mathematically elliptic, requiring down stream boundary
conditions. Downstream boundaries must be left free of pressure constraints. Before
discussing about the Newtonian fluid, it is worth to describe about boundary layer
formation. When a fluid flows over a rigid surface, a boundary layer is formed. This
boundary layer grows s we move along the surface. Fluid shear is largely contained in the
boundary layer. Boundary layer flow refers to a class of fluid flow problems, which are
primarily concerned, with the growth of this shear layer. A Newtonian fluid is one, which

exhibits a linear relationship between fluid shear and strain.

Ty =H * Ou/Oy
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Where t is the fluid shear stress, the velocity gradient represents one component
of the strain rate tensor and p is the coefficient of viscosity. For Newtonian fluids, the
viscosity is either constant or a function of temperature. Most engineering flows are

Newtonian ( air, water, oil, steam,..) including this one.

Heat transfer

There are three modes by which heat can be transferred- conduction, convection
and radiation. In conduction, heat is transferred via molecular motion. The heat transfer
rate is dependent upon the thermal conductivity. Convection heat transfer refers to heat
being transported by fluid motion. Radiation heat transfer is an electromagnetic
phenomenon, which is dependent upon the optical conditions of the radiating media.
Conjugate heat transfer refers to the combination of two or all three of these modes of
heat transfer. In the present analyses uses conduction and forced convection. In forced
convection flow, the temperature is dominated by fluid motion and buoyancy or gravity
has little or no effect. Forced convection always has inlet region(s) and outlet region(s)

Convection problems may also be laminar or turbulent. For forced convection, the
Reynolds number is the measure for determining the flow regimes. The Reynolds number
is defined as the ratio of inertia force and viscous force.

Re=u*Les/v
Where, u is flow velocity, Le is effective length, v is the kinematic viscosity.
The other non-dimensional number, which is referenced with forced convection, is
Prandt] number. The Prandtl number is defined as the ratio of molecular diffusivity of

momentum and molecular diffusivity of heat.
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Pr=c,*n/k
Where, c, is the specific heat of fluid; p is the co-efficient of viscosity; k is the thermal

conductivity.

Film coefficients

CFDesign will calculate convection or film coefficients in one of the two ways.

The first way is to calculate the heat transfer residual. The heat transfer residual is
calculated by forming the energy equation and substituting the last temperature (or
enthalpy values) solution into the formed equations. The residual is the amount of heat
required to maintain the solution temperature.
The heat transfer residual is used to determine the film coefficient from the relation:

h = Qresidual / AT
Where, the temperature difference is that between the wall value and a near wall value.
The second method is to use an empirical correlation based on the Reynolds number the
empirical correlation requires the calculation of the Nusselt number, which is defined as
ratio of temperature gradients by conduction and convection at the surface.

Nu=h*L/k
Where, h is the film coefficient, L is a characteristic length and k is the thermal
conductivity of fluid. The correlation that is used to calculate the Nusselt number is:

Nu=C*Re** P’

Where Pr is the Prandtl number, Re is the Reynolds number and a, b and C are constants.
Note that both Nusselt number and Reynolds number are dependent on a length. These

lengths are not necessarily the same and are frequently different. The Reynolds number is
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usually an opening length, a cylinder diameter or step height. The Nusselt number length

is generally the length along the surface for which film coefficients are being calculated.

Governing equations

The governing equations for fluid flow and heat transfer are Navier-Stokes or
momentum equations and the First Law of Thermodynamics or energy equation. The
governing partial differential equations can be written as:

(Op/0t) + (Opu/0Ox) + (Opv/dy) + (Bpw/dz) = 0 continuity equation
p(OWat) + pu(Bu/ox) + pv(Ou/dy) +pw(0u/dz) = p g - Op/Ox + S[2u(Ow/dx))/Ox +
o[u(0u/dy + ov/0x)])/0y + o[w(Ou/0z + OwW/0x)]/0z + Si + Spr X -
momentum equation
p(Ov/ot) + pu(ov/ox) + pv(0v/0y) +pw(0v/oz) = p gy - Op/Oy + O W(Ouw/dy + Ov/0x)]/ox +
O[2,(6v/0y))/dy + o[u(Ov/0z + ow/dy))/0z + Sy + Spr Y- momentum
equation
p(Ow/ot) + pu(ow/ox) + pv(Ow/0y) +pw(Ow/0z) = p g, - Op/0z + O] W(Gu/0z + ow/0x)]/ox
+ O[(0v/0z + ow/0y)]/0y + O[2(0v/0z))/0z + Sy, + Spr z- momentum
equation
The two source terms in the momentum equations are for distributed resistances and
rotating coordinates, respectively. The distributed resistance term can be written in
general as:
Spr = -[(K; + f/Dy) p Vi 2/ 2] - CpV;
Where i refers to the global coordinate direction (u, v, w momentum equation), K-factor

can be determined from measurements of pressure drop versus flow rate, f is the friction
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factor, Dy is the hydraulic diameter. The friction factor is calculated using the Moody
relation, C is permeability and p is the fluid viscosity. Note that the K-factor term can
operate on a single momentum equation at a time because each has its own unique K-
factor. The other two resistance types operate equally on each momentum equation.
The other source term is for rotating flow. This term can be written in general as:
Se=-2pmi X Vi— po;i X ®; X Ij

Where i refers to the global coordinate direction, ® is the rotational speed and r is the
distance from the axis of rotation.
For incompressible and subsonic compressible flow, the energy equation is written in
terms of static temperature:

p Cp 0T/t + p Cpu (0T/0x) + p C, v (0T/0y) + p C, w (01/0z) = O[k(OT/0x)]/0x +

O[k(T/dy))/dy + S[k(8T/02))/0z + qy

Segregated Solver

The sequence of operations in CFDesign segregated solver is shown in the figure
below. The governing equations are solved separately. Also, if the analysis is isothermal,
the energy equation solution is skipped. Likewise if the analysis is laminar, the
turbulence equations are skipped.

1. Read in geometry, boundary conditions and control data.
2. Create data structures.

3. Solve x-momentum equation.

4. Solve y-momentum equation.

5. Solve z-momentum equation.
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2

Solve pressure equation and correct velocities.

7. Solve energy equations.

8. Solve turbulent kinetic energy equations.

9. Solve turbulent energy dissipation equation.

10. Check convergence. Goto 3

11. Perform output calculations.

12. Write out data.

13. Exit

As the governing equations are non-linear, they must be solved iteratively. A picard
or successive substitution method is used. In this method, estimates of the solution
variables (U, V, W, P, T, K, ¢) are substituted into the governing equations. The
equations are solved for new values, which are then used as estimates for the next pass.
The global iteration is shown in the above figure. CFDesign will either perform a fixed
number of these global iterations, or it will check for the convergence criterion, or it will
stop when either is reached. The convergence criterion is the level at which the specified
variable’s residual norm must reach. Residual norm is the parameter, which yields the
most information for the widest range of problems.

First, the residual must be defined. After the governing equations have been
discretized, they will become a set of algebraic equations for the dependent variables: U,
V, W, P, T, K, &. For each of these variables, there will be an equation for each finite
element node in the analysis model. A typical algebraic equation for variable ¢ at node I

can be written as:

AioitZ Ao =F;;j#1i
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Where Aj; is the algebraic coefficients resulting from discretizing the advection and
diffusion terms in the governing equation and F; are the discretized source terms. The
residual of this equation is defined as:

Ryi = Fi = Aji 0; — Z Ajj 9

where Ry; is the nodal residual for ¢ at node i.

With each pass through the segregated solver or global iteration, these residuals
should become smaller if the solution is converging. Rather than plotting each nodal
residual after every global iteration, the norm of the nodal residuals is calculated. The
norm effectively combines all of the nodal residuals into a single number:

VER?)

As with the nodal residuals, the norms of the residuals should also get smaller as the
solution converges. The norm of the nodal residual is what CFDesign prints in the status
file and plots in the convergence monitor window to indicate convergence.

Other indicators of convergence include looking at the minimum, maximum and
average values of the dependent variables. All of these parameters should asymptote to a
single value. When this happens, the solver is no longer significantly changing these
values and the solution can be considered converged. The ultimate test of convergence is
to look at the results of the analysis in the post-processor at different global iterations. If
the results do not change appreciably between the two runs, the solution may be

converged enough for your purpose.
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Matrix solvers

As shown in the above equations, the discretization process produces algebraic
equations at every node. These equations form a matrix, A that has as many rows as
there are finite element nodes and columns enough to contain the non-zero coefficients
for nodal ¢ values.

The classical method for solving the matrix equation is Gaussian elimination. This is
a rather expensive way to get a solution because the elimination process requires at least
a banded matrix for the fill produced during decomposition. The Aj; stored by CFDesign
is much smaller than a banded matrix. Also, the elimination process is fairly compute-
intensive. Since we are solving these equations repeatedly, this expensive elimination
procedure would be prohibitively slow and arduous.

The simplest iterative matrix solver is the Gauss-Seidel procedure where the ¢ values
are determined:

Oi=F-ZA;9)/Aji,j#1i

The o; values in this equation are the most recently available values. Effectively, what
this does is transfer all of the off-diagonal terms to the right-hand-side of the equation.
Because the number of Gauss-Seidel iterations it takes to get a decent solution is quite
large, this method is not often used.

Another iterative matrix solver, which gives a considerably better solution than
Gauss-Seidel particularly for transport problems, is the Tri-Diagonal Matrix Algorithm
(TDMA). In this method, a tri-diagonal matrix equation is constructed. Here, the two

columns adjacent to the diagonal of the coefficient matrix are kept and the other terms are
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transferred to the right-hand-side of the equations where old values of values of i are
used. The matrix equation for TDMA can be written as:
A Qi T Aij @i + A Qi1 =X A 05+ Fi L j#i-1, j#1,j #it1

The TDMA algorithm effectively solves 1-dimensional planes of nodes
simultaneously. In the transport equations, information passes from the inlet plane on to
each successive plane. Hence, using the TDMA algorithm to solve the transport equations
mimics this physical information flow process.

There are several iterative matrix solvers, which are variants of the conjugate gradient
method. Some methods are applicable only to symmetric matrices; others apply to non-
symmetric matrices. All of these variants use the similar techniques to solve the matrix
equation. Namely, they use a searching technique to direct the solution of the matrix
equations and converge faster. They are frequently referred to as semi-direct matrix
solvers because they yield highly accurate solutions. In CFDesign, the conjugate gradient
solvers will iterate through the elimination process until the convergence criterion is met

or the number of iterations set by the user is exceeded.

Relaxation

As we solve the non-linear governing equation approximately, during the
segregated solver passes or global iterations, the resulting new solution variables may
well over-shoot or under-shoot their correct values. These over-shoots and under-shoots
can easily cause divergence. To prevent the solution from going to far off the mark, we

slow the changes made to the solution variables using relaxation techniques.
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The first technique is called under-relaxation. In this form, the new solution is
weighted by the old solution using the formula:

D=0 Qpew + (1- &) Poud

Where @new is the current solution, @ is the previous value and a is the relaxation
value. This value should be in the range of 0.0 to 1.0. if a value of 0.0 is used, the new
solution is ignored. If 1.0 is used, the previous value is ignored. For most situations, the
value of 0.5 is best. If convergence difficulties occur, lowering the pressure relaxation to
a value of 0.1 to 0.3 may solve the problem.

The second form of relaxation is called inertial relaxation, where under-relaxation is
typically applied to the solution variables themselves, inertial relaxation is used in the
governing equations to slow the solution down in the same manner as the transient terms
for non-steady problems. So, the inertial relaxation term is added to the governing
equations in the following manner:

[Ais+ pi N dQ/Atinenia] 0i + Z Aij ;= Fi + (pi N dQ / Atinersia )i °

The second term within the parentheses and the last term on the right hand side of this
equation are the inertial relaxation terms. The Atinenia can be adjusted to affect the
influence of inertia. A value of le+15 is the default, which effectively eliminates any
inertial influence. For analyses with convergence difficulties, this term should be
lowered. Values on the order of le-4 to le-1 are recommended. For incompressible
flows, inertia should only be applied to the momentum equations (velocities). For

compressible flows, using inertial relaxation on pressure frequently aids solution

progress.
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