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ABSTRACT 

This thesis reports the fabrication of three dimensionally independent on-chip 

microchannels using a CMOS-compatible single mask deep reactive ion etching (DRIE) 

process for cooling 3D ICs. Three dimensionally independent microchannels are 

fabricated by utilizing the RIE lag effect. This allows complex microchannel 

configurations to be fabricated using a single mask and single silicon etch step. 

Furthermore, the microchannels are sealed in one step by low temperature oxide 

deposition. The micro-fin channels heat transfer characteristics are similar to previously 

published channel designs by being capable of removing 185 W/cm
2
 before the junction 

temperatures active elements exceed 85°C. 

To examine the heat transfer characteristics of this proposed on-chip cooler, 

different channel geometries were simulated using computational fluid dynamics. The 

channel designs were simulated using 20°C water at different flow rates to achieve a 

laminar flow regime with Reynolds numbers ranging from 200 to 500. The steady state 

simulations were performed using a heat flux of 100 W/cm
2
. Simulation results were 

verified using fabricated test chips. A micro-fin geometry showed to have the highest 

heat transfer capability and lowest simulated substrate temperatures. While operating 

with a Reynolds number of 400, a Nusselt number per input energy (Nu/Q) of 0.24 W
-1

 

was achieved.  The micro-fin geometry is also capable of cooling a substrate with a heat 

flux of 100W/cm
2
 to 45ºC with a Reynolds number of 525. These channels also have a 

lower thermal resistance compared to external heat sinks because there is no heat 

spreader or thermal interface material layer. 
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Chapter 1: Introduction and Literature Review of Integrated and 

On-Chip Microchannels for Cooling Three Dimensional Integrated 

Circuits (3D IC’s) 

 

 

1.1 Introduction to Three Dimensional Integrated Circuits (3D IC’s) 

 

 The stacking of silicon layers to create three dimensional integrated circuits has 

been proposed to reduce interconnect delays, increase transistor density, and reduce chip 

area[1]. Three-dimensional integrated circuits (3D ICs) also allow for the integration of 

logic, memory, RF, mixed-signal, optoelectronics and micro-analytical systems [2]. 

Despite the advantages offered by 3D IC technology, heat generation and the resulting 

thermal management necessary to cool the 3D ICs remains a significant obstacle.  

 

 

1.2 Review of 3D IC Chip-Cooling Literature 

 

 Extensive work has been done on cooling 2D integrated circuits using external 

heat sinks. External heat sink technologies are used to cool 2D ICs; however, they are not 

effective at cooling 3D ICs for many reasons. By vertically stacking ICs, the heat load 

increases dramatically while the available surface area for cooling remains virtually 



2 

 

constant. Also, as the number of integrated technologies within a 3D IC increases, the 

valuable surface area needed for cooling will instead be replaced by input and output 

signals (I/O) [3]. The multiple layers of a 3D IC also work to insulate the heat generating 

components resulting a in higher internal chip temperature [4].  Furthermore, external 

heat sinks rely heavily on the performance of the thermal interface materials which can 

add significantly to the thermal resistance [5]. In order to overcome the thermal obstacles 

of using external heat sinks to cool 3D ICs, it is necessary to provide cooling to 

individual layers. 

 

 Integrated rectangular microchannels and integrated thermoelectric coolers have 

been proposed as thermal management solutions for 3D ICs because they deliver cooling 

to the individual device layers. These technologies, however, have inherent drawbacks 

associated with them. Thermoelectric coolers, for example, suffer from relatively low 

efficiencies and still rely on the performance of thermal interface materials. While 

capable of removing large heat fluxes, integrated microchannels are also susceptible to 

large thermal gradients due to thermal interface materials. Changes in the thickness of the 

thermal interface material of as little as 50 µm can significantly alter the thermal profiles 

of 3D ICs [2]. Furthermore, integrated coolers required long electrical and fluidic vias to 

not only go through the device layers but also the cooling layers [3].  

 

 In order to eliminate the influence of the thermal interface materials and to reduce 

the length of electrical and fluidic vias, microchannels have been integrated directly into 

the backside of the device layer. The fabrication process for current on-chip 
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microchannel coolers is very complicated involves separately etching through silicon 

fluidic vias and microchannels. Next a sacrificial layer is deposited so the channels can 

be sealed and finally the sacrificial layer is etched away [6]. Using this technology will be 

expensive to implement and could possibly reduce the yield during batch fabrication. 

This method is further limited by the fact that only the length and width of the 

microchannels can be changed without an even more complex process.  

  

 The on-chip integrated microchannel coolers presented here use a previously 

published model that allows three dimensionally independent microchannels to be created 

using one silicon-etch step. These channels can also be sealed using one PECVD silicon 

oxide deposition. The technology presented here overcomes the limitations of previous 

3D IC cooling methods.  
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Chapter 2: Fabrication and Testing of On-Chip Microchannel 

Coolers 

 

 

2.1  Fabrication of On-Chip Microchannel Coolers 

 

 Fabrication of the on-chip microchannels starts by depositing 6000 Å of low-

stress plasma enhanced chemical vapor deposited (PECVD) oxide on the backside of an 

integrated circuit substrate (Figure 1a). This oxide layer serves as both a masking layer 

during the silicon etching process as well as a supportive lattice structure that will be 

used to seal the microchannels. Process parameters for the PECVD oxide, deposited 

using Trion Orion II PECVD, can be found in Table 1.  The low-stress oxide is then 

patterned by spinning S1827 photoresist at 2000 rpm for 30 seconds. Using a photomask 

consisting of an array of closely spaced rectangles, the photoresist is selectively exposed 

to 8.1 mW/cm
2
 UV light for 10 seconds, and then is developed in MF319 for 80 seconds 

(Figure 1b).  The spacing and size of the rectangles can be changed according to our 

previously developed model to achieve different channel dimensions by utilizing RIE lag 

[7].  RIE lag causes the etch rate of smaller features to lag behind that of larger features.  

The difference in the localized etch rates allow microchannels and other features to be 

designed with varying lengths, widths and depths using a single mask process.  The oxide 

is then etched anisotropically using the silicon substrate as an etch stop. Process 
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parameters for the SiO2 etch step can be found in Table 2.  Next, the substrate is etched 

isotropically using DRIE SF6 plasma to form microchannels, micro-fins and other desired 

structures (Figure 1c). The time required to achieve the desired channel dimensions is 

dependent on the parameters chosen in the aforementioned model but can range from 10 

to 60 minutes. Process parameters for the Si etch process, performed in an Alcatel DRIE, 

can be found in Table 3. 

 

 

Table 1. Process Parameters for deposition of PECVD oxide. 

Parameter Value 

Pressure 900 mTorr 

ICP Power 175 W 

RIE Power 50 W 

2% Silane (SiH4) Flow Rate 300 sccm 

Nitrous Oxide (N2O) Flow Rate 71 sccm 

Temperature 350 °C 

Deposition Rate 550 Ǻ/minute 

 

 

 

Table 2. Process parameters for the SiO2 etch step. 

Parameter Value 

C4F8 Flow Rate 17 sccm 

He Flow Rate 100 sccm 

CH4 Flow Rate 13 sccm 

Chamber Pressure 5.1e
-3

 mbar 

Power 2500 Watts 

SH Generator Power 375 Watts 

Helium Pressure 1.0e
1 

mbar 

Substrate Holder Position 

(from source) 

120 mm 
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Table 3. Process parameters for the isotropic Si etch step. 

Parameter Value 

SF6 Flow Rate 400 sccm 

Chamber Pressure 1.1e
-1

 mbar 

Power 2200 Watts 

Low Frequency Generator 

Power 

50 Watts (10 msec on, 10 

msec off) 

Helium Pressure 1.0e
1 

mbar 

Substrate Holder Position 

(from source) 

200 mm 

 

A 

 

 
 

B 

 

 
 

C 

 

 
 

D 

 

 
 

Figure 1. Process flow for the fabrication of integrated on-chip microchannels for 

integrated circuits. The active element is represented with gold, bulk silicon is 

represented with grey and PECVD oxide is represented with blue. A) Deposit PECVD 

oxide on backside of wafer, B) Spin and pattern photoresist and etch through the oxide 

layer, C) Etch silicon using isotropic DRIE process, D) Strip photoresist and deposit thick 

layer of PECVD oxide.  
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 To complete the three-dimensional integrated cooler, the photoresist is removed 

using an oxygen plasma etch. A thick layer of PECVD oxide is deposited to seal the 

windows in the lattice structure (Figure 1d).  

 

 In this work, three different microchannel geometries were designed and 

fabricated to cool a 1 cm x 1 cm silicon substrate with a heat flux of 100 W/cm
2
. These 

designs were based on their apparent potential to achieve a desired heat transfer rate and 

to illustrate the flexibility of the fabrication process.  An array of large straight channels 

from inlet to outlet (Figure 2A) was considered because of its ability to pass large 

amounts of coolant. A design where the channels reverse direction two times before 

ending (Figure 2B) was also modeled to achieve a uniform temperature over the surface 

of the IC. Finally, an array of micro fins (Figure 2C) was created to maximize effective 

heat transfer surface area. Appendix A contains the MATLAB code used to design the 

three different microchannel designs. The dimensions of the designed microchannels can 

be found in Table 4. Figure 2D shows the windows in the oxide layer that act as both a 

masking layer for the single silicon etch step as well as a structural support for the sealing 

layer of oxide as will be discussed later.  Figure 2E shows an SEM image of the array of 

silicon pillars located at both the inlet and outlet of the microchannels. The silicon pillars 

serve a dual purpose by creating a plenum near the inlet and outlet and also providing 

support for the sealing layer of oxide around the inlet and outlets.   
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Figure 2. The integrated coolers consist of different channel geometries (A) single 

channels, (B) two pass channels, and (C) a micro fin array. They are created with a 

masking oxide layer that is later sealed with PECVD oxide (D). The sealing oxide layer is 

supported at the inlet and outlet by an array of silicon pillars (E). 

 

 

Table 4. Dimensions of integrated on-chip microchannels. 

 A) Large Straight B) 2 Pass  C) Micro Fin 

# of Channels 29 11 - 

Width (µm) 292 200 192 

Depth (µm) 120 120 120 

Length (mm) 12 22.7 0.337 

# in X  - - 26 

# in Y  - - 22 

 

 Figure 3(A-C) shows SEM images of the straight, two pass, and micro-fin designs 

respectively. Also, a cross-section of a microfluidic channel that has been fabricated 

using this process is shown in Figure 3D. Figure 3E is an SEM image of an array of 

backside microfluidic ports. This simple CMOS-compatible process used to create 

embedded coolers reduces the cost and the risk of damage to the integrated circuit during 

fabrication, and can be easily employed in 3D ICs. 
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Figure 3. SEM images of the straight (A), two pass (B), micro fin (C) channels as well as 

sealed microfluidic channels and backside microfluidic ports fabricated using a single 

mask single silicon etch process. (D) Microfluidic channel etching into silicon that is 

sealed with 4.2 µm of PECVD silicon oxide. (E) Array of microfluidic ports fabricated 

by patterning large un-sealable openings in the oxide masking/lattice layer. 

 

 

2.2  Integrating On-Chip Microchannel coolers into 3D IC’s 

 

 The greatest challenge with integrating on-chip microchannels into a 3D IC is 

creating through silicon electrical vias (TSEV) and through silicon fluidic vias (TSFV) 

that allow the transfer of electrical signals and coolant between the 3D IC layers.  The 

fabrication process that follows is a modified version of a through-via interconnection 

process that been used to create TSEV’s and bond IC layers at the wafer level [8]. The 

B A C 

D E 
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through-via interconnection fabrication process works by bonding the second layer face 

down onto the face up bottom wafer (face-to-face). The following layers are then bonded 

face down to the backside of the second layer (face-to-back).  

 

 The fabrication process starts by depositing a layer of silicon oxide on the front 

side of an IC wafer that has already been processed (Figure 4A). In Figure 4, the grey 

represents bulk silicon, yellow represents the active IC elements, and blue represents 

silicon oxide. Next, the backside of the IC is patterned and etched using an anisotropic 

DRIE process using the oxide layer as an etch stop (Figure 4B).  This step forms the 

holes that will become the through silicon electrical vias. A thin layer of conformal 

PECVD oxide is then deposited on the inside of the TSEV holes as a passivation layer 

(Figure 4C). Following the evaporation of a Ti/Cu seed layer, a thick layer of copper is 

electroplated in the TSEVs in order to fill them (Figure 4D). The electroplated Cu is 

represented by thick orange lines. Next, the backside of the wafer undergoes chemical 

mechanical polishing (CMP) to remove the top layer of electroplated copper as well as to 

thin the wafer to the desired thickness (Figure 4E). A layer of low-stress PECVD oxide is 

then deposited on the backside of the wafer and patterned using the aforementioned 

model for creating three dimensionally independent microchannels (Figure 4F). This 

layer of oxide will act as both a masking layer as well as a lattice structure to support the 

sealing oxide layer. Next, the microchannels are etched using an isotropic DRIE process 

(Figure 4G) and then sealed using a thick layer of PECVD oxide (Figure 4H). 

Subsequently, the oxide is patterned and etched to free the TSEVs and then Ti/Cu is 

evaporated and patterned to produce metal pads (Figure 4I). These metal pads will later 
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be used to bond the different layers of the 3D IC using thermo-compression bonding. 

Holes are then patterned and etched through the top oxide layer to create the beginning of 

a TSFV (Figure 4J). Next, CMP is used to remove the oxide etch stop from step B to free 

the TSEV (Figure 4K). Metal pads are then evaporated and patterned and the TSFV are 

completed by etching through the top of the IC (Figure 4L). Finally, the 3D IC can be 

created by aligning and thermo-compression bonding components that have been 

fabricated up to step L (Figure 4M). The top layer in Figure 4M only needs to be 

fabricated up to step J.  

 

A 

 

 
 

B 

 

 
 

C 

 

 
 

D 

 

 
 

E 
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Figure 4. Fabrication of process of a 3D IC with integrated on-chip microchannel 

coolers, through silicon electrical vias (TSEV), and through silicon fluidic vias (TSFV). 

Fabrication details are in the previous paragraph.  

 

 The integrated on-chip microchannel fabrication method can also be adapted for 

other 3D IC fabrication technologies including: wire bonded, microbump, face-to-face, 

contactless (buried bumps and inductive) and silicon on insulator [8]. However, through 

via interconnection is seen as the best 3D IC fabrication technology because it has the 

potential to have the greatest interconnect density and does not have a limit on the 

number of active layers.  

 

 

2.3 Test Chip Fabrication 

 

 Test chips were fabricated using a simplified version of the aforementioned 

fabrication process. The microchannels were designed and etched in the same manner as 

before (Figure 5 A-C) however, the channels were sealed by anodically bonding a 500 

µm thick Pyrex wafer to the silicon substrate (Figure 5D). The backside of the test chip 
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substrate was then patterned using S1827 photoresist to create backside TSFV’s (Figure 

5E). The TSFV’s were etched using the Pyrex wafer as an etch-stop (Figure 5F). The heat 

transfer characteristics of these test chips will be analyzed in the next chapter. 

A 

 

 
 

B 

 

 
 

C 

 

 
 

D 

 

 
 

E 

 

 
 

G 
 

 
Figure 5. Fabrication process for test chips with on-chip microchannel coolers.  
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Chapter 3: Design and Simulation of Microchannels Structures  

 

 

3.1  On-Chip Microchannel Design 

 

 To examine the heat transfer characteristics of the different microchannel 

geometries, the microchannels were modeled and analyzed using Blue Ridge Numeric’s 

CFDesign computational fluid dynamics (CFD) software. Each of the simulations utilized 

full 3D models for analysis.  While the straight channels and the two pass channels were 

analyzed as full 1 cm x 1cm chips, the micro-fin design was analyzed as a 0.25 cm-wide 

and 1 cm-long structures. This was done to reduce the complexity of the micro-fin model 

and allow for a finer CFD mesh. Figure 6 shows the 3D models of the different 

microchannel designs. The channel designs were simulated using initial conditions 

similar to those in the physical tests.  The three channel designs were simulated with 

20°C water at different flow rates to achieve a laminar flow regime with Reynolds 

numbers ranging from 200 to 500. The steady state simulations were performed using a 

heat flux of 100 W/cm
2 

applied to the bottom side of the substrate. All of the exterior 

surfaces had an perfectly insulated boundary condition applied. This simulation did not 

take into account conduction between active IC layers, radiation to the environment, 

conduction to the mounting hardware, or natural convection to the environment. 

Appendix B contains the CFD results for each of the microchannel designs. 
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Micro-Fin 

 

Straight 

 

2 Pass 

 
Figure 6. 3D Models used in CFD simulations 

 

 Figure 7 is a graph of Reynolds number versus the maximum simulated 

temperature demonstrating that the micro-fin channels achieved the lowest substrate 

temperature for the given initial conditions. The red region represents an operating 

temperature of 85ºC or higher. In this temperature region, integrated circuits can easily 

become damaged. The maximum simulated temperature of the micro-fin design was 

73ºC, which was achieved at a Reynolds number of 157. At a Reynolds number of 524, 

the maximum simulated temperature was 46ºC. It can also be seen that all three 

geometries are capable of cooling the substrates below 85ºC. Figure 8 is a graph of 

Reynolds number versus the simulated outlet water temperature. This graph shows that 

the highest temperatures of the outlet water occurred with the 2-pass channel geometry 

while the lowest temperatures occurred with the micro-fin design. 
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Figure 7. Reynolds number versus maximum simulated temperature. The micro fin 

channel design has the lowest maximum temperature for a given Reynolds number. 

 

 
Figure 8. Reynolds number versus simulated outlet water temperatures 
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 Because integrated circuits often have many cores and other sensitive components 

built into the substrate, it might be important for designers to be able to control the 

temperature profile across the chip. Figure 9 shows a graph of simulated surface 

temperature versus the distance from the channel inlet. This graph indicates that by using 

different channel geometries the temperature gradient across each IC can be controlled.  

The micro-fin channel had the lowest average surface temperature as well as the lowest 

standard deviation on temperatures. However, the straight channels had the highest 

standard deviation on temperature. This is important because the 2-pass channel was 

designed to maintain a more uniform temperature across the chip than a straight channel. 

The numerical values for average simulated surface temperature and the standard 

deviation can be found in Table 5. 

 

 
Figure 9. Surface temperature profile parallel to cooling channels.  
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Table 5. Surface temperature profile average and standard deviation.  

 
Temperature (Degrees C) 

 
Micro-fin (Re = 534) Straight  (Re= 536) 2-pass  (Re = 575) 

Average 31 48 47 

Standard Dev 4.5 10.9 5.8 

 

 

 Figure 10 shows the simulated volumetric flow rate versus simulated pressure 

drop for the three channel designs. It can be seen that the micro-fin design has the lowest 

pressure drop for a given flow rate. Also, the 2-pass channel has the highest pressure drop 

for a given flow rate. This result is to be expected because there are fewer channels in the 

two pass design and those channels are more than twice as long as the straight and micro-

fin channels. Furthermore, the 2-pass channels have two 180 degree direction changes 

before they expel their coolant out of the chip.  

 

 
Figure 10. Simulated volumetric flow rate versus simulated pressure drop 
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 Pumping power per thermal energy removed (Qp/Qt) is also an important 

parameter to examine. By examining Qp/Qt, an overall system efficiency can be 

determined in terms of the amount of energy put into the system through a pump and the 

energy removed from the chip. Figure 11 shows Reynolds number versus Qp/Qt and 

shows that the micro-fin design is the most efficient design in terms of Qp/Qt.  

 

 
Figure 11. Reynolds number versus pumping power per thermal energy removed for the 

three channel geometries.  

 

 

3.2  Comparison to Published Results 

  

 The simulation results suggest that the performance of the integrated on-chip 
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microchannel aspect ratio, cross-sectional area, flow rate, maximum heat flux that results 

in a junction temperature of 85ºC (q at Tj = 85°C) , the thermal resistance of the heat sink 

unit (Rhs) and the pressure drop per length. The aspect ratio is an indication into how 

many channels can be packed into a given area. The smaller the aspect ratio is, the higher 

the channel density can be.  

 

 The heat sink thermal resistance was defined by Agostini et al. [9] as  

 
𝑅ℎ𝑠 =

𝑇ℎ − 𝑇𝑖𝑛

𝑞ℎ𝑠
 ( 1) 

 

where Th is the mean temperature of the heater, Tin is the inlet temperature of the coolant 

and qhs is the heat flux dissipated by the heat sink. Rhs is an important parameter because 

it allows externally mounted microchannel heat sinks to be compared to each other 

without accounting for differences in their respective experimental setups. The integrated 

on chip micro-fin design has a comparable heat sink thermal resistance to other published 

external heat sinks at 0.215 K cm
2
/W.  

 

 Total thermal resistance of an external heat sink is calculated by  

 
𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅ℎ𝑠 + 𝑅𝑠𝑝 + 𝑅𝑇𝐼𝑀 + 𝑅𝑠 ( 2) 

 

where Rsp is the thermal resistance of the heat spreader, RTIM is the thermal resistance of 

the thermal interface material, and Rs is the thermal resistance of the IC substrate. 
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Integrated on-chip design does not use a heat spreader or thermal interface materials so 

equation 2 reduces to  

 
𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅ℎ𝑠 + 𝑅𝑠 ( 3) 

 

Table 6. Comparison of single-phase water cooled silicon microchannel heat sinks. 

Authors Aspect Ratio 

(Width/Height) 

Cross-

sectional 

Area 

(mm
2
) 

Flow 

Rate 

(l/min) 

q at Tj = 

85°C 

(W/cm
2
) 

[9] 

Rhs (K 

cm
2
/W) 

[9] 

Δp/ΔL 

(MPa/m) 

[9] 

Tuckerman 

and Pease 

[10] 

0.175 0.018 0.282 373.1 0.110 11 

 0.192 0.016 0.380 366.7 0.113 12 

 0.166 0.015 0.516 421.4 0.090 22 

Lee and Ho 

[11] 
0.247 0.011 0.040 395.8 0.340 5.7-106 

Pijnenburg 

et al. [12] 
0.333 0.030 1.100 384.1 0.080 17.2 

Prasher et 

al. [13] 
1.667 0.054 0.159 116.9 0.492 4.4 

Micro-fin 1.521 0.036 0.180 184.8 0.215 5.5 

 

 While Rhs describes the thermal resistance of the heat sink, it only represents a 

portion of the total thermal resistance between the cooling channels and the active 

elements in the IC (Rtotal). Figure 12 shows that the total thermal resistance of an external 

heat sink includes, the thermal resistance due to the material between the active layer and 

the top of the IC (Rs), the thermal resistance through the thermal interface layer (RTIM), 

the thermal resistance through the heat spreader (Rsp), and finally Rhs [9]. Rhs of the 

integrated on-chip microchannels is comparable to that achieved by other microchannel 

designs. However, because the heat sink is integrated onto the substrate of the IC, the 

overall thermal resistance is lower in our proposed method.   



23 

 

 

 

 

 

 

 

 

 

 

Figure 12. The integrated on-chip microchannel design eliminates the thermal resistance 

associated with the heat spreader (Rsp) and the thermal interface material (RTIM) resulting 

in a lower total thermal resistance (RTotal). 
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Chapter 4: Experimental Setup & Testing 

 

 In order to verify the simulation results, test chips were fabricated using the 

aforementioned 3D microchannel model and sealed by anodically bonding a Pyrex wafer 

to the substrate. Figure 13 shows a schematic of the test setup used to evaluate the heat 

transfer performance of the test chips.  

 

 

Figure 13. Setup used to physically test the integrated on-chip microchannels 

 

 In order to simulate the heat generated by the active elements of an IC, a ceramic 

heater was attached to the silicon side of the test chip. However, because the heated area 

of the silicon test chip is 1cm x 1cm and the ceramic heater is 2.54cm x 2.54cm a heat 

spreader was utilized to connect the two pieces. Figure 14 is an illustration of the test 

chip and heater assembly. The brown section represents the ceramic heater that was 
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attached to the silver coated copper heat spreader (represented by an orange block with 

grey outline). The heater and heat spreader were held together using high temperature 

Kapton tape while a thin layer of thermally conductive grease (shown in tan) was used to 

decrease thermal resistance between the two surfaces.  

 

 

Figure 14. Cross-section of the test chip and heater assembly.  

 

 The test chips were then equipped with T-type thermocouples to measure the 

surface temperate of silicon, as well as inlet/outlet water temperatures.  T-type 

thermocouples (show as red lines in Figure 14) were chosen because of their relatively 

high accuracy and resolution across the operating range of the test chip.  T-type 

thermocouples can maintain a tolerance of ± 0.5°C over their operating range of -40°C to 

125°C. The thermocouples used to measure the surface temperature of the substrate were 

bonded into channels that were machined into the silver/copper heat spreader. In order to 

obtain accurate measurements, the leads of the thermocouples were bonded using 

thermally conductive, electrically isolating epoxy while the welded end of the 
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thermocouple was free to directly contact the substrate surface.  Figure 15 is a picture of 

the heat spreader with T-type thermocouples bonded to it using thermally conductive 

epoxy.  

 

 

Figure 15. Heat spreader with T-type thermocouples bonded to it. Thermally conductive 

grease was used to ensure good thermal contact between the heat spreader and the silicon 

substrate.  

 

 The thermocouples used to measure water inlet and outlet temperatures were 

bonded into plastic Tee connectors. The welded ends of the thermocouples were 

positioned in the center of the Tee connector to obtain an approximate bulk fluid 

temperature. Figure 16 shows an image of a thermocouple bonded into a plastic Tee 

connector. To ensure accurate temperature readings, the thermocouples were connected 

to a miniature electric ice point which converted the thermocouple voltages to a 0°C 

reference. Voltages were then read with a digital multimeter and recorded.  
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Figure 16. Image of a thermocouple bonded into a plastic Tee connector used for 

measuring the inlet and outlet temperatures of the coolant. 

 

 The pressure drop across the microchannels was measured with a differential 

pressure transducer. Figure 17 shows the differential pressure transducer with respect to 

the test chip. Between the pressure transducer and the PEEK connectors bonded to the 

cooling chip is a 6 in length of silicone tubing. This very flexible tubing gives strain relief 

between the fragile test chip and the rigid tubing that connects the rest of the system. In 

order to ensure pressure measurements represented the pressure drop across the test chip, 

the pressure drop across the silicone tubing and PEEK connectors was measured at each 

flow rate and subtracted from the experimental reading.  
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Figure 17. Test setup showing differential pressure gauge used for measuring the 

pressure drop across the chip.  

 

 Deionized (DI) water was forced through the test chips by pressurizing a vessel 

with nitrogen. Flow rates were calculated by measuring the water mass flowing through 

the test chips for a given length of time. Figure 18 shows the container, used to collect the 

water flowing out of the cooling chips, resting upon a digital balance.  

Differential 

Pressure 

Transducer 

Test Chip 

Silicone 

Tubing 
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Figure 18. Outlet water was collected and measured over a given time period to 

determine the mass flow rate of coolant flowing through the system.  

 

 Finally, a temperature controller was included to the experimental setup to 

prevent the test setup from being damaged. Without adequate cooling, the ceramic heater 

can reach temperatures as high as 300 °C. Table 7 shows the operation temperatures of 

different components in the experimental setup.  It can be seen that the Hysol epoxy used 

to bond the PEEK connectors to the silicon substrate has the lowest operating 

temperature at 150 °C. 

 

Table 7. Operating temperatures for thermally sensitive components. 

Temperature Sensitive Component Operating Temperature 

Thermal Grease (Rosewill RCX-TC001) -45 °C to 250 °C 

PEEK connectors -73 °C to 260 °C 

Thermally Conductive Epoxy (Arctic Silver) - 40 °C to 150 °C 

Epoxy (Hysol E-30CL) 0 °C to 150 °C 
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 In addition to damaging the components of the experimental setup, another 

concern was damaging the test chips if the water in the channels started to boil. If boil 

occurs, the pressure within the chip could break the chip and the macro-to-micro 

connectors. Boiling might occur if the cool inlet water stopped pumping. Therefore, the 

temperature controller was set to have a maximum temperature of 100 °C. Figure 19 is a 

schematic of the temperature controller used to prevent the test setup from being 

damaged. An integrated K-type thermocouple built into the ceramic heater was connected 

to a Eurotherm 2408 temperature controller. The temperature controller continuously 

compared the input temperature and the user programmed reference temperature (100 

°C). If the input temperature was greater than the reference temperature, the temperature 

controller would send a +5 volt signal to the solid state relay and close the circuit 

connecting the power supply to the ceramic heater.  Figure 20 is a picture of the 

Eurotherm 2408 temperature controller and the solid state relay used to control power to 

the ceramic heater.  
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Figure 19. Schematic of the temperature controller.  

 

 
Figure 20. Picture of the Eurotherm 2408 temperature controller and the solid state relay 

used to control power to the ceramic heater. 
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Chapter 5: Analysis of Experimental Results & Conclusion  

 

 

5.1  Governing Equations 

 

 Data from the test rig was used to calculate different heat transfers parameters 

using the following equations. First, the heat transfer coefficient was calculated using 

equation 4 as 

 
ℎ =

𝑄

𝑁𝐴𝑤∆𝑇𝑚
 ( 4) 

 

where Q is the amount of heat the coolant removes from the chip, N is the number of 

microchannels, Aw is the heated surface area of an individual microchannel walls, and 

ΔTm is the mean temperature difference between the coolant and the microchannel walls.  

Q is further defined in equation 5 as 

 𝑄 = 𝑀𝐶𝑝 𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛   ( 5) 

 

where M is the mass flow rate of the water, cp is the constant pressure specific heat of the 

coolant, Tout is the outlet temperature of the coolant and Tin is the inlet temperature of the 

coolant. The mean temperature difference, ΔTm is defined in equation 6 as 

 
∆𝑇𝑚 =

1

2
 𝑇1 + 𝑇2 −

1

2
 𝑇𝑖𝑛 + 𝑇𝑜𝑢𝑡   ( 6) 
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where T1 and T2 are the microchannel wall temperatures. T1 is closer to the inlet while T2 

is closer to the outlet.  

 

 The Nusselt number, based on the heat transfer coefficient is defined in equation 7 

as 

 
𝑁𝑢 =  

ℎ𝐷ℎ

𝑘
 ( 7) 

 

where Dh is the hydraulic diameter of the channel and k is the thermal conductivity.  The 

hydraulic diameter is further defined in equation 8 as  

 
𝐷ℎ =

4𝐴

𝑃𝑤
=

𝑎𝑏

3 𝑎 + 𝑏 −   3𝑎 + 𝑏  𝑎 + 3𝑏 
 ( 8) 

 

where A is the cross-sectional area of the microchannel and Pw is the wetted perimeter of 

the microchannel. Ramanujan’s first approximation for the perimeter of an ellipse was 

substituted in for wetted perimeter where a is the major axis radius and b is the minor 

axis radius [14].  By substituting equations 4 and 5 into equation 7, Nusselt number is 

obtained in terms of other experimentally obtained parameters as 

 
𝑁𝑢 =  

𝑀𝑐𝑝 𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛  𝐷ℎ

𝑁𝐴𝑤∆𝑇𝑚𝑘
 ( 9) 

 

 The developing length, xfd,h, or length of channel it takes for the fluid to have a 

fully developed flow profile was calculated using the following equation 

 𝑥𝑓𝑑 ,ℎ =  0.05 𝑅𝑒 𝐷ℎ  ( 10) 
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This parameter is important because within the developing length, the convective heat 

transfer coefficient is higher than the fully developed flow. Furthermore, in 

microchannels, the developing length can be a significant portion of the overall length.  

 

 Apparent friction factor, fapp, was also calculated to determine the total pressure 

drop of the coolant flowing through the test chips using the following equation 

 
𝑓𝑎𝑝𝑝 = Δ𝑝 ∙  

𝐷ℎ

𝐿
∙

1

2𝜌𝑢2
 ( 11) 

where Δp is the pressure drop across the channels as measured by a differential pressure 

gauge,  L is the total length of the channels, and u is the average fluid velocity through 

the channels. Using fapp, the apparent friction constant was determined by taking the 

product of the apparent friction factor and the Reynolds number, Re. The equation for the 

apparent friction constant [15] is as follows 

 
𝑓𝑎𝑝𝑝 𝑅𝑒 =

Δ𝑝 𝐷ℎ
2

2𝜌𝜐𝑢𝐿
 ( 12) 

 

 

5.2  Analysis & Comparison to CFD Results 

 

 Using the equations above, the results from the physical tests were compared to 

the simulation results. The simulation and test results are compared using Nusselt number 

per input energy because the heat flux into the physical tests could not be adequately 
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controlled. Furthermore, the test setup could not maintain the 100 W/cm
2
 heat flux 

needed to directly compare Nusselt numbers. For these reasons, the energy into the 

system was determined (or in the case of the simulations it was specified) and then used 

to calculate Nu/Q [1/watts]. Figure 21 is a graph comparing the simulation results and the 

test results. From the graph, it can be seen that the simulations and physical testing agree. 

The results indicate that the micro-fin design has a better convective heat transfer per 

input energy than the other two designs. Figure 21 also shows that as the Reynolds 

number increases, the capacity to remove heat from the substrate begins to saturate.  This 

saturation seems to occur for all the designs between Reynolds numbers of 200 and 300.  

 
Figure 21. Reynolds number versus Nusselt number per input energy comparing 

simulation results versus physical testing results.  
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is fully developed and laminar, ignoring entrance effects and upstream geometry. 

Entrance effects will cause higher convective heat transfer which may explain why the 

test results generally produced higher heat transfer rates [16]. Simulation also ignored the 

surface roughness of the microchannels. It has been shown that by increasing the surface 

roughness of silicon microchannels, the Nusselt number will also increase [15]. Finally, 

our simulation did not account for the upstream tubing and macro-to-micro interconnects 

that were used in the test setup. The geometry, surface roughness, and other 

characteristics of these upstream components have the potential to disturb the flow and 

potentially create higher heat transfer results.  

 

 
Figure 22. Volumetric flow rate versus pressure drop comparing simulation results 

versus physical testing results. 
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Figure 23 are not fully understood, they are thought to be caused by entrance effects 

(such as the upstream pillars shown in Figure 2E), development effects, channel 

geometry, surface roughness and surface material. However, Figure 23 does show that 

the micro-fin geometry has the lowest apparent friction constant while the 2 pass 

geometry has the highest apparent friction constant. Table 8 has all of the values for 

apparent friction factor, apparent friction constant, entrance length and the percent of the 

total channel length that has not reached fully developed flow. The entrance region 

ranges from nearly 6% in the micro-fin geometry to almost 40% in the straight channel 

geometry.  

 

 
Figure 23. Apparent friction factor, fappRe, versus Reynolds number, Re.  
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Table 8. Re, fappRe, fapp, xfd,h and xfd,h % for the different channel geometries. 

Channel 

Geometry 
Re fappRe fapp xfd,h xfd,h % 

Micro-Fin 152.3 64.6 0.28 1827.3 5.71 
Micro-Fin 215.2 73.9 0.20 2582.0 8.07 
Micro-Fin 273.1 45.2 0.10 3277.2 10.24 
Micro-Fin 405.5 35.9 0.07 4866.1 15.21 

Straight 126.1 60.9 0.16 1513.4 12.61 

Straight 209.1 55.5 0.23 2508.9 20.91 

Straight 303.5 48.8 0.11 3641.9 30.35 

Straight 397.9 44.8 0.09 4774.9 39.79 

2 Pass 194.1 42.7 0.22 2329.1 7.28 

2 Pass 291.1 132.8 0.46 3493.7 10.92 

2 Pass 372.0 162.2 0.39 4464.2 13.95 

2 Pass 533.8 156.8 0.31 6405.1 20.02 

 

 

5.3  Uncertainty Analysis 

 

 To better understand the results of the physical testing and how error propagates 

through the experimental setup, an uncertainty analysis was performed [17]. The 

uncertainty analysis indicated that as a result of determinate errors, the uncertainty of the 

Nusselt number per input energy was ± 15.7%. The uncertainty is indicated on the graph 

in Figure 21 as error bars.  Table 9 shows the uncertainty for each measurement taken. 

The largest uncertainty was with the measurement on change in water temperature. 

However, as the difference in the change in water temperature increases, the percent 

uncertainty will decrease. The next highest uncertainty came from the measurement of 

channel height. As the uncertainty propagates through the analyzed parameters it was 

determined that the uncertainty on the Nusselt number was 13.6%.  
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Table 9. Uncertainty of measured parameters in experimental analysis.  

Measured Parameter Units Uncertainty (+/-) Uncertainty % 

Pressure Drop across Chip Pa 690 1.33% 

Channel Width μm 5 1.71% 

Channel Height μm 5 4.17% 

Channel Length μm 100 0.83% 

Change in Water Temp ΔK 0.329 13.17% 

Average Water Temp K 0.242 0.08% 

Mass g 0.001 0.01% 

Time sec 0.5 1.67% 
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Chapter 6: Future Work and Conclusions 

 

 

6.1 Future Development of an On-Chip Microchannel Cooler for 3D IC’s 

 

 The technology in this thesis has been shown that it is a viable option for cooling 

3D IC’s, 2D IC’s and other high heat-flux power electronics devices. However, both the 

simulations and physical testing were limited to ideal scenarios with constant, uniform 

heat flux boundary conditions. Actual integrated circuits are designed with many cores 

which can lead to hot spots, or areas where more heat is generated than the surroundings. 

Furthermore, the microchannel geometries presented here are not optimized for any 

specific parameter (temperature, pressure drop, etc). The next step in developing this 

technology would be to create a test chip capable of simulating the non-uniform heat flux 

of an actual IC. Alternatively, one could etch the cooling channels directly in to the back 

of an existing, commercially available IC. With either a test chip or prefabricated IC, 

microchannels would be designed to cool the specific heat requirements of the test chip. 

In the case of a specially designed test chip, the chip can be sealed using anodic bonding 

(similar to the chips in Figure 5). For a commercially available IC, however, the sealing 

process will be more similar to Figure 1 where a layer of low stress PECVD oxide will be 

deposited to seal the windows in the lattice structure. Silicon oxynitride should also be 

examined to seal the lattice structure. The advantage of silicon oxynitride is that the film 

stress can be tuned. A stress-free layer can be deposited to ensure the sealing layer is 
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mechanically sound. Ultimately, this method of sealing the microchannels with a PECVD 

oxide or oxynitride layer will have to be adopted in order to further validate this 

technology. Another important step in developing this technology would be integrating 

the on-chip microchannels in a 3D IC prototype.  

  

 The simulations and test presented in the thesis have been limited to two 

dimensions. As this technology is developed, 3D simulation and testing will be 

necessary. 3D simulation and testing will reveal the effects of the TSFV. The pressure 

drop from TSFV may be a limiting factor on the number of layers a 3D IC might have. 

One possible solution would be to have inlet and outlet ports on both sides of the 3D IC 

effectively cutting the pressure drop caused by the TSFV in half.  

  

 Another important aspect of this technology that needs to be developed is 

mechanical stress. The mechanical stress caused by thermal expansion should be 

examined to ensure that a temperature gradient across the 3D IC or across a specific layer 

of a 3D IC will not cause damage to the IC components. Furthermore, mechanical stress 

might also cause layers within the 3D IC to break loose from one another. In the event 

that a TSEV breaks the 3D IC will no longer function properly. However, if the 

connection between TSFVs break and a leak starts, there could potentially be a hazardous 

situation.  
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6.2 Conclusion 

 

 This thesis presents the fabrication process required to make a 3D IC with on-chip 

integrated microchannel coolers. This fabrication process includes creating through 

silicon electrical vias that allow the different layers of a 3D IC to communicate, etching 

and sealing on-chip isotropic microchannels, etching through silicon fluidic vias that 

allow coolant to pass between the different 3D IC layers and finally the alignment and 

bonding of the individual layers to create the 3D IC. The technology in this thesis is 

significant because 3 dimensional microchannels can be fabricated using only a single 

silicon etch process and sealed using a single low-stress oxide layer.  

  

 After the fabrication, computer simulations using computational fluid dynamic 

software were run in order to examine the cooling capability of three different 

microchannel designs: straight, two-pass, and micro-fin. The computer simulations 

showed that all three designs were capable of cooling high-powered IC’s to below 85°C. 

However, the micro-fin design was capable of reaching lower chip temperatures for give 

flow conditions, specifically Reynolds number. In order to verify the CFD simulations, 

test chips were fabricated and then examined using a test rig. The physical tests agreed 

with the computer simulations in both magnitude and trends.  

  

 The simulations and physical tests showed that while operating with a Reynolds 

number of 400, a Nusselt number per input energy (Nu/Q) of 0.24 Watts
-1

 could be 

achieved using the micro-fin geometry.  The micro-fin geometry also showed is capable 
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of cooling a substrate with a heat flux of 100 W/cm
2
 to 45ºC with a Reynolds number of 

525.  



44 

 

Appendix A: MATLAB Code Used to Design Microchannels 

%Purpose - To output the parameters required for a specified depth 
%and width of a semicircular trench in silicon etched using 
%SF6 gas in DRIE.  The parameters specify the geometry of the open 
%area in photoresist on the surface of the wafer.  The open pattern 
%takes the form of a rectangular array.  The parameters returned 
%are l, the length of a rectangular unit in the direction of the 
%trench, w, the width of a rectangular unit in the direction 
%transverse to the trench, s, the spacing between rectangular units 
%both in the longitudinal and transverse directions to the trench,  
%and col, the number of rectangular units in the direction transverse 
%to the trench.  The two inputs required are the depth and the width 
%of the resulting semicircular trench. 

  
clear all 
clc 
 

function ddepth = depthfun2(w,l,s,col,t) 
alpha = ((4.59*(5.93*(s/sqrt(l))^-2.09)*w)/(1+(5.93*(s/sqrt(l))^-

2.09)*w))*exp(.02*(t-10)); 
    beta = (2.75*(w/t) - 0.09*t + 4)*exp(.3*(s^2/(l*sqrt(w)))); 
    gamma = -0.023*t + 0.97; 
    F = col*((w*l)/((w+s)*(l+s))); 
    ddepth = exp((alpha*beta*F^gamma)/(1+beta*F^gamma)); 
 

function wwidth = widthfun2(w,l,s,col,t) 
    phi = (.009*log(w*l)-.041)*s + 0.86; 
    alpha = ((4.59*(5.93*(s/sqrt(l))^-2.09)*w)/(1+(5.93*(s/sqrt(l))^-

2.09)*w))*exp(.02*(t-10)); 
    beta = (2.75*(w/t) - 0.09*t + 4)*exp(.3*(s^2/(l*sqrt(w)))); 
    gamma = -0.023*t + 0.97; 
    F = col*((w*l)/((w+s)*(l+s))); 
    wwidth = 2*exp((phi*alpha*beta*F^gamma)/(1+beta*F^gamma)) + 

(col*(w+s)-s); 

 
l1 = zeros(1,2); 
s1 = zeros(1,2); 
w1 = zeros(1,2); 
t1 = zeros(1,2); 
col1 = zeros(1,2); 
Pvec=zeros(1,5); 

  
depth = input('\n\nEnter the depth of the trench (in microns): '); 
width = input('Enter the width of the trench (in microns): '); 
tolerance = input('Enter the percent tolerance to match the depth (%): 

'); 
% l1(1,1) = input('\n\nSpecifiy l variable (or enter 0): '); 
% l1(1,2) = l1(1,1); 
% s1(1,1) = input('\nSpecifiy s variable (or enter 0): '); 
% s1(1,2) = s1(1,1); 
% w1(1,1) = input('\nSpecifiy w variable (or enter 0): '); 
% w1(1,2) = w1(1,1); 
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% t1(1,1) = input('\nSpecifiy t variable (or enter 0): '); 
% t1(1,2) = t1(1,1); 
% col1(1,1) = input('\nSpecifiy col variable (or enter 0): '); 
% col1(1,2) = col1(1,1); 

  
disp('      '); 
disp('Enter property vector (0 if not specified) then type "return"'); 
disp('Pvec=[l,s,w,t,col]'); 
keyboard 

  
l1(1,2)=Pvec(1,1); 
s1(1,2)=Pvec(1,2); 
w1(1,2)=Pvec(1,3); 
t1(1,2)=Pvec(1,4); 
col1(1,2)=Pvec(1,5); 

  
n=1; 
options = optimset('Display','off'); 
fprintf('\n\nProcessing... calculation may take several minutes') 
warning off all 

  
for l=2:0.5:4; 
    if l1(1,1)==0 
        %disp('l1'); 
        l1(1,2)=l; 
    end 
    for s=2:0.5:4; 
        if s1(1,1)==0 
            %disp('s1'); 
            s1(1,2)=s; 
        end 
        for w =2:0.5:10; 
            if w1(1,1)==0 
                %disp('w1'); 
                w1(1,2)=w; 
            end 
            for t=10:1:30; 
                if t1(1,1)==0 
                    %disp('t1'); 
                    t1(1,2)=t; 
                end 
                for col=1:1:(width/w); 
                    if col1(1,1)==0 
                        %disp('col1'); 
                        col1(1,2)=col; 
                    end 
                    if isempty(col)==1 
                        break 
                    end 
                    

calcWidth=widthfun2(w1(1,2),l1(1,2),s1(1,2),col1(1,2),t1(1,2)); 
                    

calcDepth=depthfun2(w1(1,2),l1(1,2),s1(1,2),col1(1,2),t1(1,2)); 
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                    if calcDepth<(depth+tolerance*depth/100) && 

calcDepth>(depth-tolerance*depth/100) ... 
                            && calcWidth<(width+tolerance*width/100) && 

calcWidth>(width-tolerance*width/100) 
                        depthError = abs(calcDepth-depth)/depth*100; 
                        widthError = abs(calcWidth-width)/width*100; 
                        wMatrix(n,:)=[t1(1,2) s1(1,2) col1(1,2) w1(1,2) 

l1(1,2) calcDepth depthError calcWidth widthError]; 
                        n = n + 1; 
                    end 
                end 
            end 
        end 
    end 
end 
if exist('wMatrix') == 0; 
    fprintf('\n\nNo suitable matches were found for the specified 

trench parameters\n') 
    break 
end 

  
b=1; 
wMatrix = sortrows(wMatrix,[1 2]); 
wMatrix = unique(wMatrix,'rows'); 
n=size(wMatrix,1); 
separatedMatrix(1,1,:) = wMatrix(1,:); 
rowCount = 2; 
for count=2:1:n 
    if wMatrix(count,1) == wMatrix(count-1,1) && wMatrix(count,2) ==... 
            wMatrix(count-1,2) 
        separatedMatrix(b,rowCount,:) = wMatrix(count,:); 
        rowCount = rowCount + 1; 
    else 
        b = b+1; 
        rowCount = 1; 
        separatedMatrix(b,rowCount,:) = wMatrix(count,:); 
        rowCount = rowCount + 1; 
    end 
end 
for bcount=1:b 
    for rcount=1:size(separatedMatrix,2) 
        if separatedMatrix(bcount,rcount,6) == 0 
            separatedMatrix(bcount,rcount,6) = 10; 
        end 
    end 
end 
fprintf('\n\nAll dimensions are given in microns'); 
fprintf('\n   t          s         col       w         l        Depth      

Error   Width       Error \n'); 

  
disp(wMatrix) 
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Appendix B: 3D CFD Analysis Results for Micro-Fin, Straight and 2 

Pass Channel Designs 

CFD Results for Micro-Fin Channel Design 

 

Figure 24. 3D CFD Analysis of the micro-fin channel design. At a volumetric flow rate 

of 0.8 cm
3
/s the maximum temperature was 73.4 °C.  
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Figure 25. 3D CFD Analysis of the micro-fin channel design. At a volumetric flow rate 

of 1.0 cm
3
/s the maximum temperature was 70.0 °C.  
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Figure 26. 3D CFD Analysis of the micro-fin channel design. At a volumetric flow rate 

of 1.2 cm
3
/s the maximum temperature was 64.5 °C.  
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Figure 27. 3D CFD Analysis of the micro-fin channel design. At a volumetric flow rate 

of 1.8 cm
3
/s the maximum temperature was 54.4 °C.  
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Figure 28. 3D CFD Analysis of the micro-fin channel design. At a volumetric flow rate 

of 2.4 cm
3
/s the maximum temperature was 49.0 °C.  
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Figure 29. 3D CFD Analysis of the micro-fin channel design. At a volumetric flow rate 

of 3.0 cm
3
/s the maximum temperature was 45.8 °C.  
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CFD Results for Straight Channel Design 

 

Figure 30. 3D CFD Analysis of the straight channel design. At a volumetric flow rate of 

1.0 cm
3
/s the maximum temperature was 87.1 °C.  
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Figure 31. 3D CFD Analysis of the straight channel design. At a volumetric flow rate of 

1.5 cm
3
/s the maximum temperature was 76.3 °C. 
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Figure 32. 3D CFD Analysis of the straight channel design. At a volumetric flow rate of 

2.0 cm
3
/s the maximum temperature was 70.0 °C. 
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Figure 33. 3D CFD Analysis of the straight channel design. At a volumetric flow rate of 

2.5 cm
3
/s the maximum temperature was 66.2 °C. 

 

 



57 

 

CFD Results for 2 Pass Channel Design 

 

Figure 34. 3D CFD Analysis of the 2 pass channel design. At a volumetric flow rate of 

0.4 cm
3
/s the maximum temperature was 105.0 °C. 
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Figure 35. 3D CFD Analysis of the 2 pass channel design. At a volumetric flow rate of 

0.6 cm
3
/s the maximum temperature was 78.3 °C. 
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Figure 36. 3D CFD Analysis of the 2 pass channel design. At a volumetric flow rate of 

0.8 cm
3
/s the maximum temperature was 67.2 °C. 
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Figure 37. 3D CFD Analysis of the 2 pass channel design. At a volumetric flow rate of 

1.0 cm
3
/s the maximum temperature was 61.5 °C. 
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