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Abstract 

The hydraulic and thermal performance for single-phase and two-phase heat sinks are 

examined. One-dimensional (10), three-dimensional (3D), and two-dimensional (20) 

. approaches to analyze heat sink in single-phase micro-channel heat sinks were investigated. 

A 10 model is 'Very simple and quick and can glve good results under certain circumstances 

such as a thin heat sink base substrate. A 3D numerical analysis can provide detailed 

and accurate information of temperature distribution, but can be time consuming. A new 

20 model W8B developed and found to be a good compromise for speed and accuracy. A 

systematic thermal design methodology was developed for both single-ph8Be and two-phase 

micro-channel heat sinks under a low fixed liquid coolant flow rate. A single-phase micro

channel heat sink experimental system was designed, fabricated, and tested. The design for 

the heat sink test section was comprised of two pieces, heater and heat sink, which lead to 

an interface resistance which increased the temperatures that were recorded in the heater. 

Using a combination of the 20 and 10 models the temperature distributions within the test 

heater could be found. Results from the experiment show a good agreement with the model 

predictions. Finally a design of a two-phase heat sink testing system was performed. The 

two-ph8Be heat sink will use FC-72 f1uorinert 8B the coolant. This fluid has a lower boiling 

temperature of 56 degree, which will be better for electronic components than water. The 

fluid is also dielectric and so any leaks from the fluid onto electronic components will not do 

any damage. Design of the test section will incorporate the use of a single piece combining 

the heater and heat sink to avoid any issues of interface contact resistance. Designs for the 

enhanced micro-structure and flow loop components were done. 
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1.1 Background 

Chapter 1 

Introduction 

The past decades have witnessed a significant increase in the levels of waste heat that need 

to be dissipated from electronic systems and devices. This is due to the advancements 

in circuit integration and system miniaturization which have enabled the use of smaller 

components to produce smaIler, faster, and better performing electronic systems. The 

increases in dissipative waste heat require more efficient electronic cooling techniques in 

order to maintain a reliable operation. 

Liquid-cooled micro-channel heat sinks have emerged recently as a prime contender for 

thermal management of next generation high-power-density electronic devices. A heat sink 

is classified as a micro-channel heat sink by the characteristic dimensions of the liquid 

coolant flow passages. A micro-channel heat sink is comprised of flow channels whose 

characteristic dimensions range from 10 to 1000 micrometers. Key technical merits of micro

channel heat sinks include low thermal resistance. smaIl coolant inventory requirement, 

smaIl coolant flow rate requirement, and smaIl heat sink mass and volume. Figure 1.1 

illustrates the construction of a typical micro-channel heat sink. The heat sink base 

substrate is often fabricated from a high thermal conductivity solid material such as copper 

or silicon. A series of paraIlel rectangular micro-slots are machined into the substrate. 

Closed micro-channels are formed by using a cover plate and serve as flow passages for 
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liquid coolant. The cover plate is often fabricated from a low thermal conductivity material 

to ensure that the heat entering the heat sink is removed by the liquid coolant. 

Depending on whether liquid coolant boils inside the micro-channels, micro-channel heat 

sinks can be classified as single-phase or two-phase. For a fixed heat input and relatively 

high coolant flow rate, the coolant may maintain its liquid single-phase state throughout 

micro-channels. which leads to a single-phase heat sink. When coolant flow rate is relatively 

low, the liquid coolant may reach its bolling point while still flowing in micro-channels and 

flow boiling occurs, which results in a two-phase heat sink. While single-phase heat sinks 

generally require less complicated flow delivery and control systems to operate, two-phase 

heat sinks offer additional advantages over their single-phase counterparts as a result of 

enhanced heat transfer associated with flow boiling, including much smaller coolant flow 

rate requirements. much higher convective heat transfer coefficients, and better stream-wise 

temperature uniformity. 

Figure 1.1 shows the key geometrical parametere of a micro-channel heat sink, including 

heat sink length L, heat sink width W. heat sink height H, cover plate thickness He, 

micro-channel height Hch, distance between channel bottom wall and heat sink bottom wall 

H 1O , micro-channel height Hch, micro-channel width Wch. and wall thickness W,. between 

neighboring micro-channels. Figure 1.1 also shows a uuit cell contaiuing a single micro

channel and surrounding solid. Because of symmetry, the unit cell is often used to analyze 

the performance of the heat sink. 

During operation, a micro-channel heat sink is attached to the top surface of the 

electronic device that needs to be cooled. The heat generated by the device is IIrst 

transferred through the base substrate of the heat sink through heat conduction, and then 

carried away by the liquid coolant that flows through the micro-channels. In the present 

analysis, the heat generating electronic device is idealized as a constant heat flux boundary 

condition at the heat sink bottom wall. Figure 1.1 illustrates the heat flux distributions 

along the heat sink bottom wall as well as the micro-channel side walls and bottom wall. 

2 
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Figure 1.1: Construction of"typical micro-channel heat sinks. 
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Temperature distribution inside a micro-cb.annel heat sink under specified operating 

conditions is often used to describe the heat sink thermel performance. The most important 

temperatures within the heat sink are the temperature of heat sink bottom wall T., the 

temperature of micro-channel bottom wall Tw , and mean temperature of the coolant Te. 

Figures 1.2 (a) and 1.2 (b) illustrate the profiles of the coolant mean temperature Te, micro

channel bottom wall temperature Tw , and heat sink bottom wall temperature T. along the 

stream-wise direction in single-phase and two-phase heat sinks, respectively. Single-phase 

micro-channel heat sinks rely on sensible heat exchange of the liquid coolant to remove 

heat, and coolant mean temperature Te increases along the stream-wise direction. Two

phase micro-channel heat sinks, on the other hand, capitalize on the latent heat exchange. 

The maximum coolant temperature is set by the saturation temperature corresponding to 

local pressure. 

Practical implementation of micro-channel heat sinks depends on the availability of 

(a) reliable predictive tools based on a fundamental understanding of the thermal/fluid 

transport processes in micro-channels, and (b) effective thermal design methodology. Due 

to its inherent technical advantages, single-phase micro-channel heat sink have been studied 

quite extensively ever since the concept was first proposed by Tuckerman and Pease [lJ. 

Most published studies In the area of single-phase heat sink were focused on experimental 

investigation of micro-channel thermal/fluid transport phenomena and development of 

accurate predictive tools [2J-[7J. Excellent reviews on the subject have been provided by 

Garimella and Sobhan [28J and Moriui [29J. Most recent studies showed that conventional 

macro-channel predictive tools are fairly accurate at predicting micro-channel pressure drop 

and heat transfer characteristics [6J,[7J. Two-phase studies on flow boiling in micro-channels, 

on the other hand, revealed predictions of macro-channel models and correlations often 

showed appreciable deviation from experimental results, and several new predictive tools 

specifically tailored to micro-channel flow boiling were proposed [8J-[21]. A few studies on 

thermal design of single-phase [22J-[27J, and two-phase micro-channel heat sinks [30J are also 

available. These studies optimized heat sink geometry by minimizing the overall thermal 
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two-phase heat sinks. 
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resistance under the constraint of either constant pressure drop or constant pumping power. 

While rectangular micro-channels were used in these optimization studies due to esse of 

fabrication, Fisher and Torance proposed schemes to also optimize shape of micro-channels 

for single-phase heat sinks [31], [32]. 

1.2 Research Objectives 

The focus of the present thesis work is on modeling, design, and testing of single-phase and 

two-phase micro-channel heat sinks for pratical electronic cooling applications. Chapter 

2 describes one-dimensional (ID) modeling and three-dimensional (3D) numerical analysis 

of heat transfer process in single-phase micro-channel heat sinks. Results from the two 

methods are compared to evaluate the accuracy of the 1D model as a predictive tool for 

heat sink design. Chapter 3 proposes a new two-dimensional (2D) heat transfer model. 

The new 2D modeling method can be considered as a compromise of the aforementioned 

1D and 3D approaches, and has the advantages of high accuracy and less computational 

time. Chapter 4 develops a systematic thermal design methodology for both single-phase 

and two-phase micro-channel heat sinks based on one-dimensional (1D) modeling. Chapter 

5 presents design, fabrication, and testing of a water cooled single-phase micro-channel 

heat sink. Chapter 6 presents design of a FC-72 cooled two-phase micro-channel heat sink. 

Finally, chapter 7 summarizes the key results of this thesis work. 
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Chapter 2 

One-Dimensional Modeling and 

Three-Dimensional Numerical Analysis of 

Single-Phase Heat Sinks 

Two approaches are often used to describe the heat transfer process in single-phase heat 

sinks: one-dimensional (lD) modeling and three-dimensional (3D) numerical analysm. One

dimensional modeling is the simplest way to describe the heat transfer process in micro

channel heat sinks, and has been widely used as predictive tools in micro-channel heat 

sink design. The approach is less accurate because of several major assumptions it adopts. 

Three-dimensional analysis can provide a more accurate description of the heat transfer 

process. But it is more computation-intensive. Incorporation of the approach into a heat 

sink design scheme can be difficult. In this chapter, both methods are used to predict the 

temperature distribution in single-phase heat sinks, and results are compared. 

2.1 One-Dimensional Modeling 

2.1.1 Major Assumptions 

The major assumptions that are used in the 1D modeling include: 

1. the solid wall separating two How channels is approximated as a thin fin, 
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2. heat transfer at each heat sink cross-section is one-dimensional, 

3. Huid temperature changes only along the How direction and is uniform at each channel 

cross-section, 

4. the convective heat transfer coefficient along the micro-channel wall is constant and 

known, 

5. steady heat transfer, 

6. laminar How, 

7. constant solid properties 

2.1.2 Temperature Distribution 

The key temperatures within the heat sink, the temperature of the heat sink bottom 

(substrate base) T .. the temperature of the channel bottom wall Tw , and the mean 

temperature of the coolant Te, can be calculated by using the thermal resistance of the 

micro-channel heat sink. The mean coolant temperature Te can be calculated by finding 

the thermal resistance due to the heat capacity of the liquid coolant. 

1 
Reap = -.mep 

8 

(2.1) 

(2.2) 



The temperature of the heat sink channel bottom wall Tw can be calculated by finding 

the thermal resistance due to the fin effects. 

where, 

and hsp, is calculated by A.l. 

1 
R!in = h A 

sp ell 

W N= , 
Wch + W., 

(2.3) 

(2.4) 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

Finally the temperature of the heat sink bottom wall T. can be calculated using the 

thermal resistance due to heat conduction through the heat sink base substrate. 

HUI 
Rcund = k. W Al 

9 

(2.9) 



(2.10) 

Typically the thermal resistance of the heat sink is calculated at the exit of the of the 

channels where the values will be the greatest and will encompass the entire leogth of the 

heat sink. 

(2.11) 

where, tll = L in the previously defined resistances. 

2.1.3 Determination of Nusselt Number 

A new correlation is developed to evaluate the Nusselt number that is used to calculate the 

single phase heat transfer coefficient, hsp. 

Nu = NU4 + 8.68 (103L·)-0.506 exp[(9.9776ln(,8) - 26.379)LoJ (2.12) 

A curve fit from the data from Wibulswas [33J in Shah & London [34J was done to produce 

this correlation. This correlation was developed to allow for a continuous calculation of the 

Nusselt number between the thermally developing and the fully developed regions. As the 

non-dimensional length of the heat sink, L', increases the term on the right hand side goes 

to zero giving the Nusselt number for the fully developed value. The present correlation 

is compared to work by Lee & Garimella [35J, Perkins et aI. [36J, and also data from 

Chandrupalta [37J, and Wibulswas [33J as shown in Figure 2.1. The main advantage over 

the correlation purposed by Lee & Garimella is that the present correlation is continuous, 

where as the previous has two distinct regions, thermally developing and thermally fully 
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developed, which are disconnected. The present correlation shows a good fit throughout 

the entire field. 

2.1.4 Calculation Procedure 

The distribution of the mean coolant temperature, the heat sink substrate bottom 

temperature, and the channel bottom wall temperature can be calculated by using the 

thermal resistance equations developed in the previous section. Once the heat sink geometry 

and other operating parameters are provided, the length of the heat sink can be divided 

into a large number of small segment to conduct the calculations. Calculations proceed 

from micro-channel upstream to downstream. 

2.2 Three-Dimensional Numerical Analysis 

A three-dimensional fluid flow and heat transfer numerical analysis was done by Dr. Qu 

usiug a finite difference FORTRAN program, as used in [38J. In this analysis the conjugate 

heat transfer problem, combing heat conduction in the solid and convective heat transfer 

to the coolant, is solved by solving governing differential equations numerically in both 

liquid and solid regions. The temperature and heat flux are continuous at the liquid-solid 

boundary interface. The major assumptions of the 3D analysis are: 

1. steady fluid flow and heat transfer, 

2. incompressible fluid, 

3. laminar flow, 

4. constant solid properties, 

5. negligible radiation heat transfer, 

6. negligible superimposed natural convective heat transfer. 

11 



.. 9 
::I 
Z 

Qu-Laa 
8 - - -- Laa-GarimaDa 

- .. - Parkins at aL 

• 0 Chandrupalla 

\ IJ Wlbulswas 
7 • • 

6 

4 

3~~~~~~~~~~~~~~~~~~~~~~~~ 
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 . 

X 

Figure 2.1: Comparison of Nusselt numbers for square ducts/channels with four heated 
sides obtained from a revised curve fit from [34J by Qu & Lee, correlations from Lee & 
Garimella[35J and Perkins et a1. [36J also with data from Chandrupalta [37J and WibuIsw&S 
[33J 

12 



The thee-dimensional finite difference problem is solved using the SIMPLE algorithm [39J. 

The computational domain is the unit cell. 

2.3 Results and Discussion 

The 1-0 modeling provides a simplIfIed means to evaluate the global heat transfer 

characteristics and is widely used in the design of rnicro-channel heat sink geometry. 

However, it should be noted that a number of major assumptions are employed. Some 

of them may deviate significantly from the real situation, which may reduce the accuracy 

of the 1-0 model. In particular, the axial heat conduction in heat sink solid substrate 

may lead to a redistribution of heat flux inside the heat sink, and the one-dimensional heat 

transfer approximation may no longer hold. A more accurate description of the heat transfer 

characteristics within the heat sink can be obtained by direct 30 numerical analysis of heat 

transfer in both the solid and liquid coolant. 

A sample heat sink with geometrical parameters shown in Table 2.1 is used as the basis 

for calculating the temperature distributions along the flow direction for the substrate base, 

channel bottom wall, and bulk fluid temperature using both 10 modeling and 30 analysis. 

Results from the two methods are compared to each other to evaluate the accuracy of the 

10 model as well as the effects of axial heat conduction. Other parameters that are needed 

in the calculation are provided in Table 2.2 

Table 2.1: Heat sink geometrical parameters 

W L Hch Web Ww 
(em) (em) (p.m) (p.m) (p.m) 

1 1 150 50 50 

2.3.1 Effect of Substrate Thickness, Hw 

For a thin substrate thickness, 50 p.m, the 10 and 30 temperature distributions match well 

for the majority of the length as can be seen in Figure 2.2 which means that the effect of 
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axial conduction is weak. The places where the temperatures differed were near the inlet 

and exit, which may be due to inlet and exit effects which were not considered in the ID 

model. The temperature difference in those regions were not very significant. 

As the substrate thickness is increased, however, the ID and 3D results diverge as the 

axial conduction becomes more important as can be seen in Figure 2.3. For this case the 

temperature distributions for the ID and 3D cases do not follow the same trend, showing 

that the heat has been conducted from the heat sink downstream to the upstream as the 

downstream has a lower temperature and the upstream has a higher temperature for the 

3D case than for the ID case. The results show the accuracy of the ID modeling decreases 

with increasing heat sink base substrate thickness. 

2.3.2 Effect of Reynolds Number, Re 

As the reynolds number of the fluid increases, the temperature distribution of the fluid in 

the ID and 3D cases match. The temperature distribution for the substrate and channel 

bottom wall temperature shows a slight reduction in the axial conduction, although there 

still seems to be a redistribution of the temperature at the substrate base. The results show 

the accuracy of the ID modeling increases with increasing flow Reynolds number. 

2.3.3 Effect of Heat Flux, rl:.Jf 

As the heat flux is decreased all the temperatures decrease, however, qualitatively the trends 

remain the same. The results show the accuracy of the ID modeling is not affected by the 

input heat flux. 

2.3.4 Effect of Substrate Material, k. 

By changing the substrate material to silicon the thermal conductivity decreased. The 

effects of the axial conduction decreases. The results show the accuracy of the ID modeling 

increases with decreasing solid substrate thermal conductivity. 
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Table 2.2: Key properties 

Case Figure Material - (Thermal Conductivity) Hw Heat Flu:c Re 
(W/m K) (pm) (W/cm2) 

1 2.2,3.2 Copper - (401) 50 100 100 
2 2.3,3.3 Copper - (401) 5000 100 100 
3 2.4,3.4 Copper - (401) 5000 100 1000 
4 2.5,3.5 Copper - (401) 5000 10 100 
5 2.6,3.6 Silicon - (148) 50 100 100 
6 2.7,3.7 Silicon - (148) 5000 100 100 
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Figure 2.2: ID and 3D temperature distribution of the substrate base, channel bottom 
wall, and bulk fluid temperature for copper substrate (k.=401), Hw = 50 pm, 11':." = 100 
W/cm2 , Re = 100 
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2.4 Summary 

A one-dimensional approach can be useful to estimate the conduction through the substrate 

base when it is thin. however. as the substrate thickness increases the effectiveness decreases. 

As shown with figures 2.2-2.7 the 10 and 3D results can differ significantly below the 

entrance and exit of the Bow channels where the heat has conducted from the exit back 

to the entrance. The next chapter will introduce a 2D model which can incorporate this 

"axial" conduction. By adding this component to the analysis an improvement in the results 

from the ID model will be seen. 
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Chapter 3 

New Two-Dimensional Modeling of Single-Phase 

Heat Sinks 

As discussed in the previous chapter, the advantage of the 10 model is its simplicity. 

The important temperature profiles in the micro-channel heat sink can be calculated in a 

very short period of time. Unfortunately, because of the 10 assumption, the axial heat 

conduction is not taken into account making it less accurate under certain conditions. 

The advantage of the 30 analysis is its ability to provide a more accurate temperature 

distribution in the heat sink. The disadvantage, however, is the amount of computational 

time it takes to perform the analysis. A new two-dimensional (20) model is developed in 

the present thesis work which accounts for the axial heat conduction effect. The 20 model 

has an high accuracy when compared with 30 analysis, but requires far less computational 

time. 

3.1 2-D Numerical Model 

A two-dimensional finite volume code was written in FOTRAN 77 to solve the 20 

conduction problem within the substrate base and to calculate the mean coolant 

temperature based on the heat flux distribution resulting from the temperature field in 

the solid base substrate. 

In the two dimensional model the heat flux is assumed to be constant and uniform only 

at the base of the heat sink. A redistribution of heat flux may occur within the substrate 
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such that the heat flux at the top surface (corresponding to the micro-channel bottom wall) 

varies along the length of the heat sink. 

3.1.1 Objective 

The objective of the 2D code is to find the temperature field inside of a micro-channel heat 

sink base substrate. The key locations of temperatures are the base of the substrate that 

would interface with a high heat flux device, the bottom of the channel walls, and the bulk 

fluid temperature. Solving the problem while allowing axial heat conduction will improve 

the results from the ID model and will need less computational time than a full 3D model 

and therefore the 2D analysis will be a compromise of the two. 

3.1.2 Model Setup 

The two-dimensional problem is solved using the same heat sink geometry as the given 

in Table 2.1. A rectangular area represents the heat sink substrate and is used as the 

computational domain. The area is broken down into smaller rectangular areas or "control 

volumes" by selecting the number of control volumes in both the x and y direction (length 

and height, respectively). The arrangement of these smaller areas form the grid. Once 

the number of control volumes are selected the nodes are then placed at the center of each 

control volume and at the center of each face along the boundaries. The sum of the heat 

conduction out of each control volume is equal to zero (3.4). 

Keeping the idea of thermal resistances, the mean temperature in the coolant can be 

calculated in the same way as done previously with the one dimensional model with Equation 

2.2. The heat flux that is used to calculate those temperatures will be the heat flux at the 

top surface (representing the channel bottom wall), equivalent to the heat conduction at 

the surface. The effective heat transfer coefficient that is used will account for the difference 

in geometry. 

(3.1) 
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Governing Equations 

The basic equation that is solved within the computational domain is, 

f. \7' (ks \7 T)dv = 0 (3.2) 

using the Gauss Divergence Theorm then becomes, 

(3.3) 

which then can be expanded to, 

(3.4) 

and can be approximated and rearranged to ultimately get what is used, 

(
knAX) T (kwAY)".. (knAX kwAy k.Ay ksAX) T -- N+ -- ~w- --+--+--+-- p 
liYn lixw liYn lixw lix. liys 

( k.AY) T (ksAX) .., 0 + -- E+ -- ~8= 
lix. liys 

(3.5) 

For the internal points a first order approximation for the derivative is used. 

Boundary Conditions 

At the boundaries a second order approximation of the derivative is used. which required 

three points instead of two. 

The inlet and exit faces (west and east) of the domain are insulated, 

dT dT 
dx Iw = dx I. = 0 (3.6) 
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The heat sink substrate bottom (south face) the conduction at the bottom is equal to 

the heat flux, 

(3.7) 

At the heat sink channel bottom (north face) the conduction at the interface is equal to 

the convection. Where hef! is given by 3.1 

(3.8) 

3.1.3 Grid 

The length and height of the substrate were each divided into two sub-regions, where a 

non uniform grid was used so that the number of control volumes was greater close to the 

boundaries where the gradients were expected to be larger. 

Grid convergence 

The grid was tested for convergence for both number of control volumes and for expansion 

coefficient (effectively control volume spacing) in the horizontal and vertical direction for a 

substrate thickness of 5000 I'm. 

The number of control volumes in the horizontal direction was tested from 10 - 120 

control volumes in eight runs while keeping the number of control volumes in the vertical 

direction fixed at 80 and an expansion coefficient of 1.05 and 0.9524. The results were 

compared with the other runs and with the results from the 3D model. The temperature 

distributions converge when the number of control volumes is about 80. 

Similarly, the temperature distributions converge when the number of control volumes 

in the vertical direction is about 40. 

For the expansion coefficient there appeared to be little change when the number of 

control volumes was adequately large and so the initial value of 1.05 and 0.9524 was kept. 
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When the number of control volumes was small, 10 in the horizontal direction, a small 

coefficient with a more even distribution was favored. 

3.1.4 Solution Technique 

The bulk temperature of the coolant is initially calculated assuming that the heat flux at 

the interface between the channel wall and the fluid Is ·uniform. Using the conservation of 

energy the outlet temperature of the fluid can be calculated. 

Next the temperature field within the substrate Is calculated. An alternating line by 

line tri-diagonal matrix algorithm was used to solve the temperature field within the micro

channel substrate. Four sweeps, one in each direction, was used in the TDMA per iteration. 

The order of the sweeps were from bottom to top, top to bottom, right to left, and then left 

to right. A subroutine for an ALBL TDMA from Peric [401 was modified and incorporated 

into the program. 

Once the temperature field in the substrate Is calculated the heat flux at the wall can 

be calculated. Using this temperature distribution a new bulk coolant temperature can be 

calculated. 

This process Is then repeated until the bulk fluid temperature distribution converges. 

3.2 Results and Discussion 

Figures 3.2 - 3.7 show the results of the 1D, 3D, and 2D analyses compared together. The 

2D results show a very good agreement with the 3D results, within 1 degree, showing that 

a 2D approximation can be used in place of the 3D analysis for quicker results that are 

still reasonably accurate. Further differences are most likely due to not solving the fluid 

problem and entrance effects that cannot be captured with this approach. 
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3.3 Summary 

Figures 3.2-3.7 show that the 2D model results and 3D model results match very well and 

differ by a maximum of one degree whereas the ID and 3D results have differed by almost 

10 degrees maximum. This shows that the axial conduction Is a key component in the 

heat transfer within a micro-channel heat sink. The difference between the 2D and 3D 

models are mainly in the entrance region of the heat sink. A difference can mostly likely 

be attributed to either fluid effects whlch were not captured with this method as the fluid 

problem was not solved or to other effects which may appear in the transverse direction. 

The improvement in the results from the ID to the 2D model Is significant enough to use 

the 2D analysis and also the differences between the 2D and 3D models show that a 2D 

analysis would be sufficient in most cases. The use of the 2D model over the 3D model will 

decrease the amount computational time significantly while capturing the key heat transfer 

aspects. The 2D analysis will be used later in chapter 5 to verify experimental results. 
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Chapter 4 

Thermal Design of Single-Phase and Two-Phase 

Heat Sinks Using One-Dimensional Model 

This chapter develops a systematic thermal design methodology for both single-phase 

and two-phase micro-channel heat sinks. The proposed thermal design methodology will 

determine micro-channel dimensions leading to the most desirable heat sink performance 

corresponding to a given dissipative heat flux and liquid coolant flow rate. An acceptable 

design region is first identified which encompasses all possible micro-channel dimensions 

corresponding to the prescribed dissipative heat flux and liquid coolant flow rate. Heat 

sink performance maps are then constructed within the acceptable design region. Finally, 

micro-channel dimensions yielding most desirable heat sink performance can be selected 

using the performance maps. The work constitutes a first step towards a comprehensive 

thermal design scheme that accommodates all possible flow regimes (two-phase, single-phase 

laminar, single-phase transition, single-phase turbulent) and design constraints (constant 

flow rate, constant pressure drop, constant pumping power). 

4.1 Heat Sink Parameters 

Parameters important to heat sink thermal design can be grouped into (1) geometrical 

parameters, (2) operating parameters, and (3) thermal/fluid parameters. 

35 



4.1.1 Geometrical Parameters 

Geometrical parameters include both heat sink and micro-channel dimensions as illustrated 

in Fig. 1.1. Figure 1.1 also shows a unit cell containing a single micro-channel and 

surrounding solid. Because of symmetry, the unit cell can be used to a.na.1yze performance 

of the heat sink. 

Heat sink dimensions are length L, width W, and height H. L and W are often set 

equal to those of the high-heat-flux device to which the heat sink is attached, and specified 

beforehand. H is the sum of cover plate thickness He, channel height Hch, and distance 

between channel bottom wall and heat sink bottom wall Hw' The cover plate is often 

made from a low thermal conductivity material such as glass or high-temperature plastic 

and serves as a thermal insulation layer. When the cover plate is made of a high thermal 

conductivity material then all four walls of the channels will transfer heat. However, the 

average heat flux and Nusselt numbers from the side walls of a channel is found to be 

approximately 2 times greater than that of the top and bottom walls [38]. The effect of 

a high aspect ratio channel would result in a contribution of less than 5 percent for an 

aspect ratio of 5. Therefore, He does not affect the overall heat sink performance. Hw , 

is proportional to the thermal conduction resistance of the base substrate, and should be 

made as small as possible. In practice, there is always a practical minimum value for Hw 

that is set by machining and/or structural limitations. Both He, and Hog, are excluded from 

the present thermal design methodology. 

Micro-channel dimensions are channel height Hch, width Wch, and wall thickness Ww 

between neighboring channels. Channel height Hch was usually specified beforehand and 

not treated as a primary geometrical parameter for micro-channel heat sink design In 

several early studies [22]-[26]. The effect of Hch on the thermal performance of single

phase as well as two-phase micro-channel heat sinks has been recently examined by Li and 

Peterson [27] and Qu and Mudawar [30], respectively. Using a three-dimension conjugate 

heat transfer model, Li and Peterson found that deeper micro-channels yielded better heat 

sink performance and therefore channels should be made as deep as possible [27]. The same 
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tendency was observed by Qu and Mudawar for two-phase micro-channel heat sinks[30]. 

Hen should therefore be made as large as possible, and can also be specified beforehand. 

Again, there is always a practical maximum value for Hen that is set by macldning and/or 

structural limitations. The ultimate objective of the present thermal design methodology 

Is to select values for Wen and W VI that yield the most desirable heat sink performance. 

4.1.2 Operating Parameters 

Operating parameters represent conditions under which the heat sink is to operate. 

Common operating parameters include heat sink base substrate material, type of coolant, 

inlet temperature Tin, outlet pressure Pout, total coolant volume flow rate Qt, and dissipative 

heat flux rt:JI' rt:" is defined based on the heat sink's planform area, rt:/I = -&it. Values 

of operating parameters are often specified beforehand. 

4.1.3 Thermal/Fluid Parameters 

Thermal/flUid parameters include highest heat sink temperature T mG.Z and pressure drop 

AP, which indicate the heat sink performance, as well as single-phase minimum flow rate 

Qt,spmin, two-phase maximum flow rate Qt,tpma:r:, and two-phase minimum flow rate Qt,tpmin, 

which set limits on Qt to ensure that heat sinks operate in the designated flow regimes for 

. -/' a given .... fI. 

Highest temperature T """" 

The highest temperature in a micro-channel heat sink T maz is one of the most important 

parameters to indicate the heat sink's thermal performance. 

Figures 1.2 (a) and 1.2 (b) show the profiles of the coolant mean temperature Te , micro

channel bottom wall temperature Tw , and heat sink bottom wall temperature T. along the 

stream-wise direction in single-phase and two-phase heat sinks, respectively. Definitions of 

these three temperatures are given in Fig. 1.1. For single-phase heat sinks, Te increases 

fairly linearly with increasing stream-wise distance, and Tw and T. also increase accordingly 
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in both thermally developing (Lap,dh) and fully-developed (Lap.!t) regions. The highest heat 

sink temperature is always encountered in the heat sink's bottom wall immediately below the 

micro-channel outlet as shown in Fig. 1.2(a}. Assuming one-dimensional heat conduction 

in the base substrate, T.,out can be related to the micro-channel bottom wall temperature 

at the outlet T lV.out by 

(4.1) 

Since Hw is not part of the present thermal design procedure and should be made as 

small as possible, T .. ,out is used in the present study to represent Tmaz, T ....... = T .. ,out. 

Tut,out is related to the coolant mean temperature at the outlet Te,out by applying the fin 

analysis method [30J to the unit cell shown in Fig. 1.1. 

(4.2) 

where hap and 'IJ are the single-phase heat transfer coefficient and fin efficiency, respectively. 

Fin efficiency 'IJ is evaluated from 2.6 where m is the fin parameter, 2.7. Te,out can be 

evaluated from 

(4.3) 

Once hap is known, Tw,out can be calculated from Eqs. 4.2 - 4.3 Predictive tools for hap are 

summarized in Appendix A. 

For two-phase heat sinks, liquid coolant is often supplied into the heat sink in subcooled 

state (Tin < Tsat). The coolant maintains liquid state along the channel up to a location 

where thermodynamic equilibrium quality, 

h- hI 
Xe=--

hlg 
(4.4) 
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reaches zero. Thereafter, the flow changes into a saturated two-phase mixture. Figure 

1.2(b) illustrates the two flow regions: a single-phase liquid region, 

(4.5) 

and a two-phase region, Ltp = L - Lilp . Tsot in Eq. (4.5) is the saturation temperature at 

the location of Xe = 0 , which is evaluated using the given outlet pressure Pout, assuming 

a small pressure drop across the heat sink. In the two-phase region, Te maintains a fairly 

constant value equal to Tsot , and Tw and Ts increase only slightly with distance [301. Tw,out 

can be evaluated from Eqs. 4.2 - 4.3 with T c,out replaced by T sot and hllp by htp, the flow 

boiling heat transfer coefficient. Predictive tools for htp are also summarized in Appendix 

A. 

Pressure drop AP 

Pressure drop AP across a micro-channel heat sink dictates the pump power required to 

operate the heat sink. 

Figures 4.1(a) and 4.1(b) illnstrates the flow regions in single-phase and two-phase heat 

sinks, respectively. For single-phase heat sinks, AP is the sum of pressure drops across 

hydrodynamically developing (LIlp,dh) and fully-developed (LIlp,fh) flow regions, as well as 

pressure losses and recoveries associated with the contraction and expansion, respectively, 

at channel inlet and outlet. The total pressure drop can be expressed as 

AP = APe + APIlp,dh + AP sp,/h + APe (4.6) 

Predictive tools for evaluating the pressure drop components In Eqs. (4.6) are summarized 

in Appendix A. 
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For two-phase heat sinks,Ll.P includes pressure drops across both single-phase and two

phase regions, as shown in Fig. 4.1(b). The total pressure drop can be expressed as 

(4.7) 

where Ll.Ptp is the pressure drop across the two-phase region, which can be further expressed 

as the sum of frictional and accelerational components. 

Ll.Ptp = Ll.Ptp,J + Ll.Ptp,a (4.8) 

Predictive tools for evaluating all the pressure drop components in Eqs. (4.7) and (4.8) are 

summarized in Table Appendix A. 

Single-phase minimum flow rate Qt,spmin 

Single-phase minimum Bow rate Qt,spmin Is the lowest Bow rate that can sustain coolant 

liquid single-phase Bow in the micro-channels for a given tI:.". It represents the coolant 

Bow rate that causes boiling Incipience to first occur at the channel outlet and below which 

any Qt value would yield sub cooled Bow boiling in the micro-channels. Subcooled Bow 

boiling indicates a transitional Bow boiling regime between single-phase Bow and saturated 

Bow boiling. The conditions of subcooled Bow boiling can be represented by Tw,out > T sat 

and x.,out. It is undesirable to operate micro-channel heat sinks In subcooled Bow boiling 

regime due to its transitional nature that often causes severe Bow instability. Because of 

this there are few studies available In the literature on subcooled Bow boiling heat transfer 

in micro-channel heat sinks. In the present thermal design methodology, Qt,spmin is set 

equal to the Bow rate value when the micro-channel bottom wall temperature at the outlet 

Tw,out is equal to the coolant saturation temperature Tsat corresponding to Pout. 

(4.9) 
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Equation (4.9) together with Eqs. (4.2)-(4.3) can be used to determine Q.,spmin. To design 

a single-phase heat sink, the following condition has to be satisfied. 

(4.10) 

Two-phase maximum flow rate Q.,tpm"", 

Two-phase maximum flow rate Q.,tpmoz is the highest flow r~te that can sustain saturated 

flow boiling in the micro-channels for a given 1/:". It represents the total coolant flow rate 

that causes saturated flow boiling to first occur at the channel outlet and above which any 

Q. value would yield subcooled flow boiling in the micro-channels. Therefore, Q.,.prna:l! is 

set equal to the coolant flow rate value corresponding to zero thermodynamic equilibrium 

quality at the channel outlet, Xo,out. From Eq. (4.5), 

(4.11) 

Rearranging Eq. (4.11) yields the relation for Q",pmo:&' 

(4.12) 

Two-phase minimum flow rate Q"'pmin 

Two-phase minimum flow rate Q",pmin is the lowest flow rate that can still sustain effective 

cooling by saturated flow boiling in the micro-channels for a given heat flux <1:". It 

represents the coolant flow rate that causes critical heat flux (CHF) condition to first 

occur in the micro-channels and below which any Q. value would precipitate a sudden 

large decrease in heat transfer coefficient and increase in heat sink temperature, which can 

lead to permanent device failure. In the present thermal design methodology, Q".pmin is 

set equal to the flow rate value when the critical heat flux (CHF), 1/':""', in the heat sink is 
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equal to 1:11 , 

"(Q )" q"""" t,tpmin = q.!! (4.13) 

Critical heat Bux in two-phase micro-channel heat sinks q"maz is evaluated by a recent CHF 

correlation [18J. At very low coolant Bow rates, however, the CHF correlation yields a 

heat Bux value higher than the input heat Bux value required to convert all the liquid to 

saturated vapor at channel outlet, "'.,out = 1. Under these conditions, the input heat Bux 

corresponding to "'.,out = 1 is used for q'':'''''. A summary of the predictive relations for q'':'"'' 
is given in Appendix A. To design a two-phase heat sink, the following condition has to be 

satisfied. 

(4.14) 

4.1.4 Characterstics of Heat Sink Parameters 

A water-cooled copper micro-channel heat sink with planform dimensions (W xL) of 1 x 1 

em,2 is used to illustrate the general trends of the aforementioned thermal/Buid parameters. 

The micro-channel height Hch is selected to be 1000 p.m. Four (Wch,Ww ) combinations (50 

x 50,50 x 100, 100 x 50, 100 x 100 J.tm2) are examined. Tin and Pout are set to be 25°C 

and 1.2 bar, respectively. 

Figure 4.2(a) shows the variations of Qt,spmln, Qt,tp7rI.4%, and Qt,lpmin with rf." for the 

(Wch,Ww) combination of (50 x 50 J.t m 2 ). Qt,srnnin, Qt,tp7rI.4%, and Qt,lpmin increase with 

increasing 1:". The three lines divide the plot into four regions: a single-phase region 

(Qt ;?: Qt,spmin ), a subcooled Bow bolling region ( Qt,tpmtU :5 Qt :5 Qt,srnnin ), a two-phase 

(saturated Bow boiling) region ( Qt,tpmin :5 Qt ::; Qt,tp7rI.4% ), and a post-CHF region ( 

Qt ::; Qt,lpmin)' 

Figure 4.2(b) shows the variations of Qt,srnnin, Qt,tp7rI.4%, and Qt,tpmin with q~" for the 

four (Wch,Ww ) combinations. It is shown that Qt~_ is a function of 1:" alone and 
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increases with increaSing rt:". Qt,sym;n and Qt,fr1mino on the other hand, depend not only 

on rt:" but channel dimensions (Woo, W .. ) as well. The dependence of Qt,spmin and Qt,tpm;n 

on the micro-channel dimensions will be discussed in a later section. For given micro-channel 

dimensions, Qt,spmin and Qt,tpm,n increase with increasing rt:". 

Figure 4.3 shows the variations of Tw,out and t>.P with Qt in single-phase region 

(Qt 2:: Qt,spmin) for the four (Woo,W .. ) combinations and rt:" = 600 W /crn2 • Tw,out and t>.P 

are functions of both Qt and micro-channel dimensions as illustrated in Fig. 4.3. For fixed 

channel dimensions, T lD,out decreases with increasing Qt, while t>.P increases with increasing 

Qt. The dependence of Tw,out and t>.P on micro-channel dimensions will be discussed in a 

later section. 

Figure 4.4 shows the variations of Tw,out and t>.P with Qt in two-phase region (Qt,tpmin S 

Qt S Qt,t"""",,) for the four (Woo,Ww) combinations and rt:1f = 600 W/crn2• Tw,out and 

t>.P are also functions of both Qt and micro-channel dimensions as shown in Fig. 4.4. For 

fixed channel dimensions, Tw,out increases with increasing Qt in the low Qt region, and 

decreases slightly in the high Qt region. t>.P decreases with increasing Qt in the low Qt 

region, but could either increase or decrease in the high Qt region depending on micro

channel dimensions. The dependence of t>.P and T .. ,out on micro-cha.nnel dimensions will 

be discussed in a later section. 

Figure 4.5 illustrates the dependence of Qt,spmin on micro-channel dimensions by showing 

constant Qt,spmin lines In a Woo-Ww plane for rt:JI = 600 W /crn2• Qt,spmin decreases with 

decreasing Woo and W .. , and reacheS the lowest value at the left lower comer of each plot, 

i.e., for the lowest Woo and Ww values. 

Figure 4.6 illustrates the dependence of Qt,tpmin on micro-channel dimensions by showing 

constant Qt,fr1min lines In a Woo-W .. plane for rt:1I = 600 W/crn2 . Qt,tpmi" also decreases 

with decreasing Woo and Ww , and reaches the lowest value at the lowest Woo and W,. values. 

For rt:f! = 600 W/crn2, Eq. (4.14) yields Qt,tpm= = 108.05 ml/mIn, independent of Woo 

or W ... The dashed line corresponding to in Fig. 4.4 sets an upper limit for the region of 

the Woo-Ww plane where Eq. (4.14) is valid, i.e. where Qt,fr1min S Qt S Qt,t""""". 
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4.2 Heat Sink Thermal Design 

In this section, a thermal design methodology for single-phase and two-phase micro-channel 

heat sinks under fixed coolant flow rate Qt is explored. The water-cooled copper micro

channel heat sink is again employed to illustrate the thermal design methodology. Input 

parameters are summarized as follows: heat sink planform dimensions (WxL) of 1x1 cm2, 

T;" and Pout of 25°C and 1.2 bar, respectively, and device heat flux of 1/:1/ = 600 W /cm2. 

Maximum channel height Hck,ma:r;, minimum channel width W ck,min, and minimum 

wall thickness W w,min should be first identified by examining machining and/or structural 

limitations. In the present study, Hck,,.,.,.,. is set at 1000 p.m, and both Wok,min and W w,min at 

50 p.m. AB deeper micro-channels produce better thermal performance. Hck,ma:& is employed 

for Hck, i.e. Hck = Hck,,,,,,,,, . However, it should be noted that deeper channels will also 

produce a higher pressure drop. During thermal design, W ck and W w should satisfy the 

following relations: Wck;:O: Wck,min and Ww ;:0: Ww,min. 

For single-phase and two-phase heat sinks, Q, needs to satisfy Eqs. (4.10) and (4.14), 

respectively. When evaluating Qt,,,,,",in and Qt,tpmin from Eqs. (4.9) and (4.13), respectively, 

W ck,mi.. and W w,min should be used for micro-channel dimensions as this combination 

yields the lowest Qt,,,,,",in and Qt,tpmln' Qt,tpm;n, Qt,t"".,.., and Qt'''''"''n corresponding to 

parameters listed above are determined to be 16.52 ml/min, 108.05 mllmin, and 127.70 

mil min respectively. 

4.2.1 Single-phase heat sink 

A fixed flow rate of Qt = 500 ml/min (Qt ;:0: Qt,spmin) is selected to illustrate the thermal 

design procedure for a single-phase micro-channel heat sink. Figures 4.7(a) and 4. 7(b) show 

the output of the thermal design methodology in a Wck-Ww plane. For a device heat flux of 

rt:1/ = 600W/cm2, the acceptable range of single-phase operation is confined to the region 

below the dashed line corresponding to Qt,spmin = Qt = 500 ml/min since only (W ck, W w) 

combinations that are located in this region satisfy the requirement Qt ;:0: Qt'''''"''n. 

49 



The next step involves evaluating Tw,out and AP corresponding to micro-channel 

dimensions in the acceptable design region. Predictive tools given Appendix A are employed 

to perform the evaluation. Figures 4.7(a) and 4.7(b) show lines of constant Tw,out and 

constant AP, respectively. Figure 4.7(a) shows Tw,out is low for small Wch and small W"" 

and increases with increasing Wch and W ... Figure 4.7(b), on the other hand, shows AP is 

low for large W ch and small W w, and increases with decreasing W ch and increasing W w· 

Figures 4.8(a) and 4.8(b) show similar plots corresponding to a lower flow rate of Qt 

= 300 ml/min. The general trends in these figures are similar to those of Figs. 4.7(a) 

and 4.7(b), respectively, except that the Qt,spmln limit is shifted towards smaller channel 

dimensions. A comparison of Figs. 4.7(a) and 4.8(a) shows TW,out increases with decreasing 

Qt. Comparing Figs. 4.7(b) and 4.8(b) reveals that for the same micro-channel dimensions, 

AP decreases with decreasing Qt. 

Figures such as 4.7(a)-(b) and 4.8(a)-(b) are the final output of the thermal design 

procedure for single-phase micro-channel heat sinks. They provide the end user with an 

acceptable range of (Wch, Ww) combinations which can aafely remove the heat for a given 

flow rate. The heat sink designer is left with the decision to select an acceptable combination 

of Tw,out and AP; this latter combination dictates the dimensions (Wch and Ww ) of the 

micro-channel. 

4.2.2 Two-phase heat sink 

A flow rate of Qt = 100 ml/min (Qt,tpm'n :s Qt :s Qt,tpl7lG3l) is selected to illustrate the 

thermal design procedure for a two-phase micro-channel heat sink. The design procedure 

is very similar to that discussed in the previous section for single- phase heat sinks. As 

indicated in Figs. 4.9(a) and 4.9(b), the acceptable design region under fixed Qt is that 

below the dashed line corresponding to Qt,tpm;n = Qt = 100 ml/min. Again only (Wch, Ww ) 

combinations that are located in this region satisfy the requirement . Lines corresponding 

to constant values of Tw,out and AP are constructed in Figs. 4.9(a) and 4.9(b), respectively, 

within the acceptable design region. Predictive tools given in Appendix A are employed to 
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conduct the evaluation of TW,out and IlP. Figure 4.9(a) shows Tw,out is low for small Wch 

and sma1l Ww , and increases with increasing Wchh. Figure 4.9(b) , on the other hand, shows 

IlP is low for large W ch and small W w, and increases with decreasing W ch and increasing 

Ww, 

Figures 4.10(a) and 4.1O(b) show similar plots corresponding to a lower flow rate of Qt = 

60 ml/min. The general trends in these figures are similar to those of Figs. 4.9(a) and 4.9(b), 

respectively, except that the Qt,tpmin limit is shifted towards smaller channel dimensions. 

A comparison of Figs. 4.9(a) and 4.1O(a) shows Tw,out decreases with decreasing Qt. These 

trends are valid only for low values of Qt; high Qt values are expected to yield the opposite 

trend as shown in Fig. 4.4. Comparing Figs. 4.9(b) and 4.1O(b) reveals that for the same 

micro-channel dimensions, IlP increases with decreasing Qt. This is because pressure drop 

in the two-phase region is higher than in the single-phase region. With a lower flow rate, 

two-phase flow occupies a larger portion of the micr().channellength, resulting in higher 

total pressure drop. 

Similar to thermal design of single-phase heat sinks, figures such as 4.9(a)-(b) and 

4.1O(a)-(b) are the final output of the design methodology corresponding to a fixed Qt 

for two-phase micro-channel heat sinks. The heat sink designer is left with the decision to 

select an acceptable combination of Tw,out and IlP based upon which the channel dimensions 

(Wch and Ww ) are determined. 

4.3 Summary 

Figure 4.11 shows a flow chart that summarizes the procedure for thermal design of a 

single-phase or tw().phase micro-channel heat sink under fixed coolant flow rate. 

This chapter concerns thermal design of single-phase and two-phase micro-channel heat 

sinks. Heat sink parameters and predictive tools were first summarized, and followed by 

a discussion of the characteristics of thermal/fluid parameters. Finally, a thermal design 
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methodology was developed for the condition of fixed coolant Bow rate. Only low Bow rate 

corresponding to laminar Bow in micro-channels Is considered. 

The heat sink parameters can be grouped into geometrical parameters, operating 

parameters, and thermal/fluid parameters. Geometrical parameters include heat sink 

and micro-channel dimensions. In heat sink design, heat sink dimensions and operating 

parameters are often specified beforehand. Thermal/fluid parameters are output parameters 

of this methodology that describe the heat sink and Is used to guide the designer in selecting 

most desirable micro-cbannel dimensions. 

A design procedure for single-phase and two-phase micro-channel heat sinks under the 

conditions of a fixed, uniform, device heat flux and fixed coolant flow rate is developed. 

ThIs procedure yields an acceptable design region encompassing all possible micro-channel 

dimensions, and provides predictions for highest heat sink temperature and pressure drop 

from which a designer can select most desirable channel dimensions. 

This design methodology Is used in the experimental design for the single-phase and 

two-phase micro-channel heat sinks in the following chapters. 
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Chapter 5 

Design, Fabrication, and Testing of a Water 

Cooled Single-Phase Heat Sink 

A single-phase micro-channel heat sink is designed using the thermal design methodology 

that was developed in Chapter 4. An experimental system that is composed of micro-channel 

heat sink test module, How loop, and instrumentation was constructed. Experiments were 

conducted to evaluate the thermal performance of the heat sink. This heat sink cooling 

system is designed for a radar amplifier. 

5.1 Design Parameters 

The radar amplifier had an available attachment area of 2 inches by 1.1 inches. The heat load 

generated by the amplifier is BO W. The maximum allowable temperature of the amplifier 

is 65°C. The material that the heat sink will be attached to is gold plated copper. 

The approximate heat generation will be from 2 sources inside the amplifier. The sources 

are thermally and electrically connected to a ceramic-style plate internally which forces the 

heat out towards the packaging. Each heat source will generate approximately 40W of heat, 

for a total of BOW. The distribution of heat is that it will be primarily focused towards 

the bottom of the package, however due to the size and high conductivity, the heat gets 

distributed all around fairly rapidly with no extemaI changes. 
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5.2 Experimental Design 

5.2.1 Test Heater Design 

The test heater is designed to simulate the amplifier. The tester heater is designed to be 

2 inches in height, 2 inches in width, and 1.1 Inch long. Eight holes will be made in the 

bottom of the test heater for insertion of cartridge heaters, each able to produce 20 W of 

heat for a total of 160 W, double that of the amplifier. Two rows of thermocouple holes 

are made along the 1.1 inch length to measure temperature in the flow direction and also 

to calculate the heat flux. 

5.2.2 Bulk Heat Sink Design 

The initial design for the micro-chancel heat sink needed to have a thin substrate base to 

minimize the thermal resistance due to conduction through the base, but at the same time 

needed to be strong to support the heat sink plenums. A thin base might easily bend or 

break, but making it too thick would increase the maximum temperature and might cause 

the heat fI ux to no longer be uniform along the chancel length. 

The design also needed to be easy to put together and align all the necessary parts: the 

heat sink, the heat source, and the heat sink cover with a leak-proof seal. 

The heat sink base substrate should be made from a solid material that has high thermal 

conductivity in order to reduce thermal resistance to the heat flow due to conduction. In 

the present design, the oxygen-free copper is used as the base substrate material, which 

has a thermal conductivity of 401 W lem2 with a polycarbonate cover plate. The two parts 

are bolted together to form the closed heat sink. An O-ring in the housing maintains a 

leak-proof seal. The heat sink will be attached to the top surface of the amplifier by using 

a high-thermal-conductivity epoxy that is designed for attaching heat sinks to electronic 

components, but for the experiment the heat sink will be pressed against the test heater 

with some thermal paste in between. 
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The final design of the assembly requires only two parts, the heat sink and the heat sink 

cover. This is to minimize leakage due to spaces between heat sink components. 

The heat sink base substrate is a square piece of oxygen-free copper measuring 3 inch by 

3 inch. Top view of the base substrate is given in Fig. 5.3. The effective heat transfer area 

measures 2 inch wide and 1.1 inch long. A lip around the edge ensures alignment with the 

cover plate. Eight holes are drilled through the base substrate for screws that will secure 

the cover plate to the base substrate. 

Bottom view of the base substrate is provided in Fig. 5.4. The bottom of the base 

substrate has a machined area 2 x 1.1 inch that is indented for the test heater. This allows 

an easy alignment of the heat source (test heater with 2x1.1 inch top surface) with the 

aforementioned effective heat transfer area on top of the base substrate. 

The cover plate is a transparent Lexan polycarbonate piece that matches that dimensions 

of the base substrate itself. Design of the cover plate is shown in Fig. 5.5. There are two 

threaded holes in the cover for the tube· fittings that are later used to interface with the 

flow loop. An o-ring groove is made in the cover plate to hold O-ring for leak-proof seal. 

Eight holes are also drilled through for screws that will secure the cover plate to the base 

substrate. The heat sink is assembled by bolt the cover plate atop the base substrate. The 

cover plate and micro-slots in the base substrate top surface forms closed micro-channels. 

An O-ring in the cover plate maintains a leak-proof seal. The assembled micro-channel heat 

sink is illustrated in Fig. 5.6. 

5.2.3 Micro-Channel Design 

The thermal design methodology that was developed in Chapter 4 is applied to construct 

the performance map within the acceptable design region. The final of the heat sink has 

seventy-five rectangular micro-slots in the effective heat transfer area. The micro-slots are 

equidistantly spaced within the 2 inch width and have the cross-sectional dimensions of 370 

/Lm wide and 750 /Lm deep. A practical thickness of the substrate, Hw , is made to be 6.5 

mm. 
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With this micro-channel design the highest heat sink bottom surface temperature, 

T.,,,,,,,,,, should be 35 ·C and the pressure drop across the heat sink AP should be 0.005 bar. 

5.3 Experimental System 

5.3.1 Micro-Channel Heat Sink Test Section 

Micro-channels were machined into the base substrate top surface by a precision micro-end 

mill technique. Fignre 5.8 shows close view of the micro-channels. The actual dimensions 

of micro-channels were measured using a microscope and determined to be 396 pm wide 

and 740 pm deep, which are slightly different from the designed values. 

The heat sink base substrate was fabricated from a piece of oxygen-free high thermal 

conductivity copper. Figure 5.9 shows the complete base substrate. 

Figure 5.10 shows the heat sink cover plate that was fabricated from a piece of Lexan. 

The cover plate is transparent so that the coolant flow in the heat sink can be visually 

observed. 
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Figure 5.1: Ex.ample of the nular amplifier t<> he cooled 
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Figure 5.6: Solid model for the heat sink assembly 
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Figure 5.8: Actual micrcrchannels for the heat sink at various magnifications 
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Figure 5.9: Finished heat sink 

Figure 5.10: Finished heat sink cover 
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A test heater was employed to simulate the heat transfer characteristics of the amplifier. 

Figure 5.11 shows the test heater. The test heater was a block of oxygen-free copper 2 inch 

high by 2 inch long and 1.1 inch wide with eight holes on the drilled through the bottom to 

accommodate cartridge heaters that provided the desired heat load of 80 W during testing. 

Six smaIl holes were drilled into the side of the test heater to accommodate thermocouples 

that measured the temperature distribution within the test heater along the flow direction. 

The test heater was attached to bottom surface of the heat sink base substrate as shown 

in Fig. 5.11. A small amount of thermal paste was applied to the interface to reduce the 

interfacial thermal resistance. During testing, insulation material was wrapped around the 

copper heater to prevent heat loss to the ambient. 

Figure 5.13 shows the assembled heat sink that was mounted on a testiug cart. Two 

tube fittings were connected to the cover plate, which were used to interface the heat sink 

with the flow loop. 

Eight cartridge heaters were used to generate the desired heat load within the test 

heater. Each cartridge heater was 1 inch long and .25 inches in diameter. To control the 

power input a variable transformer Was used along with a Yokogawa WT210 power meter. 

Cartridge heaters, the variable transformer, and the power meter are illustrated in Fig. 

5.14. 
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Figure 5.11: Finished test heater 
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Figure 5.12: Main components of the test section, cartridge heaters, test heater, heat sink 
base, and cover plate. 
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Figure 5.13: Heat sink assembled 
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Figure 5.14: Cartridge heater power is controlled by the variable output transformer and 
monitored by the power meter 
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5.3.2 Flow Loop 

The flow loop needed to be small and easy to move. The flow loop cart need to be easily 

interfaced with the heat sink and the device requiring cooling. 

The flow loop adjusts the liquid coolant, water, to its desired operating conditions and 

supplies it to the mica-channel heat sink. The designed operating conditions include a 

water inlet temperature, Tin, of 25 °e, a water outlet pressure, Pout, of 1 atm, and a water 

volumetric flow rate, Qt, of 200 ml/min. 
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5.3.3 Instrumentation 

Two K-type thermocouples were placed at the entrance and exit of the micro-channel heat 

sink to measure the inlet and outlet liquid coolant temperature as shown in Fig. 5.17. The 

inlet and outlet thermocouples were connected to Omega DPi32 thermocouple indicators 

(Fig. 5.16). Six J-type thermocouples were placed into the holes drilled into the copper 

test heater to measure the temperature distribution in the test heater (Fig. 5.11). The six 

J-Type thermocouples were connected to the PC based Data Acquisition Unit (DAU) for 

measurements. 

A differential pressure gauge, Honeywell model, KZ 5 psid, was used to measure the 

pressure drop across the micro-channel heat sink and a Honeywell model Z, 25 psia, to 

measure the absolute pressure at the heat sink outlet. The pressure transducers were 

connected to Honeywell model GM indicators and also to the PC based Data Acquisition 

Unit (DAU). Figure 5.18 shows the instruments for pressure drop and outlet pressure 

measurements 

A PC based Data Acquisition Unit (DAU) was developed to automatically record 

temperature and pressure data during testing. The PC based Data Acquisition Unit used 

an Agilent 34970A connected to a PC. The LabVIEW software was used to create a VI 

to record the temperatures in the test heater and the pressure drop as well as absolute 

outlet pressure in the heat sink. Figure 5.19 shows the PC based Data Acquisition Unit 

and Figure 5.20 shows the user interface for the virtual instrument. 
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Figure 5.16: Thermocouple indicators for the pump discharge water temperature, inlet and 
exit water/coolant temperature. 
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Figure 5.17: Type K thermocouples used to measure temperatures in the flow system. 
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Figure 5.18: The pressure measurement system including the absolute and differential 
pressure transducers and the indicators 
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Figure 5.19: Agilent 34970A data acquisition unit 
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Figure 5.20: Screen shot example of the LabVEIW program developed for data acquisition 
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5.3.4 Construction 

The flow loop adjusts the liquid coolant, DI water in this project, to its desired operating 

conditions and supplies it to the micro-channel heat sink. The flow loop consisted of a 

1-gallon Alloy Products Corp water reservoir, a Cole-Parmer 75211-10 variable speed gear 

pump, two SWEP B5Hx 10 compact brazed heat exchangers, a 40 p.m filter. The flow loop 

was mounted on a cart. The flow loop interfaced with the refrigeration bath, the NESLAB 

IITE7, which was modified by adding caster wheels to make it mobile. 

Two rotameters were used to measure liquid coolant flow rate: FL-3839-G and a FL-

3839-ST 150 rom flow meters. A two bar pressure gauge was employed to monitor the pump 

outlet pressure. Figure 5.24 shows the rotameters and Figure 5.25 pressure gauge. 

The assembled flow loop cart with the refrigerated bath is shown below. The front of 

the flow loop cart has the instrument panel that includes the pressure gauge to measure 

the pump pressure, the two flow meters to measure the flow rate, and three temperature 

indicators to show the temperature of the flow loop water as well as the heat sink inlet 

water temperature and the heat sink exit water temperature. The back of the flow loop has 

the fittings to connect the flexible hoses that lead to the refrigerated bath and to the heat 

sink. The back panel also has three valves to shut of the water going out of the cart and 

to bypass those lines so that the water will only flow within the cart. This allows an easy 

attachment and removal of the heat sink to and from the cart. 
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Figure 5.21: Water reservoir 

Figure 5.22: Pump 
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Figure 5.23: Compact brazed heat exchangers 
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Figure 5.24: Rotameters for flow measurements 
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Figure 5.25: Pressure gauge to monitor pump outlet pressure 

Figure 5.26: Refrigeration bath 
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Figure 5.27: Internal look at the flow loop cart 
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Figure 5.28: Front and back panels of the flow loop cart. 
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Figure 5.29: Flow loop cart. 
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Figure 5.30: Test cart 
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Figure 5.31: Heat sink testing system including testing cart, flow loop cart, and refrigeration 
bath. 
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5.4 Results and Discussion 

5.4.1 Experimental Error 

The thermocouples in the test heater had an accuracy of 0.75%. The heater temperature 

data was obtained by the use of the data acquisition unit. The error associated with the data 

acquisition unit is 0.03DC. The system was allowed to reach steady state and then data wss 

collected for approximately one minute at 5 samples per second. The temperature readings 

were averaged and the standard deviation was calculated for use in reading precision errors. 

The thermocouples measuring the coolant inlet and outlet temperatures had an accuracy 

of 0.4%. The coolant inlet and outlet temperatures were read from the temperature indicator 

which had a resolution of 0.1 DC. Coolant inlet and outlet temperatures were recorded at 

steady state at the beginning of the data collection for each How rate. 

The pressure transducers had an accuracy of 0.25% of the full scale. Pressure data wss 

obtained at the same time and in the same manner ss the heater temperatures. The error 

associated with the data acquisition unit is 0.0002% of the reading + 0.0001 % of the range. 

The pressure readings were averaged and the standard deviation was calculated for use in 

reading precision errors. 

5.4.2 Experimental Results 

Figure 5.32 shows the experimental results for a power level of 80 W and a How rate of 

200 mil min and compares them to the predictions of the 20 model. In the 20 modeling 

the substrate and heater were considered continuous and did not include any interface 

resistance, which most likely accounts for the difference between the experimental data. 

The value of the resistance due to the interfacial contact was estimated by the difference in 

temperature and included in Figure 5.33. The contact resistance of the interface was found 

to be about 2.16xlO-4~. The 20 modeling was performed in the heat sink substrate 

and a 10 heat conduction was assumed to calculate the temperatures in the test heater. 

The estimated contact resistance value was applied to other testing conditions. Figure 5.34 
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Table 5.1: Heat sink geometrical parameters 

Flowrate Power Voltage Current HS Inlet Water Temp HS Outlet Water Temp 
(ml/min) (W) (V) (A) (OC) (OC) 

102 81.20 82.78 0.981 24.9 ±0.11 35.1 ±0.15 
151 80.87 82.62 0.9785 25.0 ±0.11 32.3 ±0.14 
199 80.81 82.60 0.9875 25.0 ±0.11 30.3 ±0.13 
250 80.30 82.37 0.976 25.0 ±O.ll 29.2 ±0.13 
299 80.30 82.34 0.9749 25.0 ±O.ll 28.6 ±0.12 

102 - - - - -
151 101.19 92.46 1.0944 25.1 ±0.11 34.3 ±0.15 
199 101.21 92.48 1.0944 25.1 ±O.ll 31.8 ±0.14 
250 101.57 92.62 1.0962 25.1 ±O.ll 30.5 ±0.13 
299 101.42 92.57 1.0958 25.1 ±O.ll 29.6 ±0.13 

shows the experimental results for a power level of 100 W and a flow rate of 200 ml/min. 

The good agreement between the experimental data and the model prediction verified that 

the contact resistance at the interface is approximately that value that was calculated. 

Figure 5.35 shows the variation in temperature of the thermocouple placed closest to the 

channel outlet with the coolant flow rate and Figure 5.36 shows the variation in the pressure 

drop across the heat sink with the coolant flow rate. All the temperatures fall below the 

maximum allowable temperature of 65°C. The pressure drop across the heat sink is small 

and is lower than the projected value in the initial design (Fig. 5.7). This is most likely 

due to the actual viscosity of the water varying with the temperature. 
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Figure 5.32: Single-phase heat sink thermal performance results for 80 W with a coolant 
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5.5 Summary 

A single-phase micro-channel heat sink was successfully designed and tested for the cooling 

of a high-power radar amplifier. The temperature within the test heater was well below the 

65°C limit for the amplifier even with an increased heat load of 100 W. This shows that 

micro-channels can be used to effectively dissipate waste heat from high power electronics. 

The thermal design procedure developed in chapter 4 was used in the initial design of the 

enhanced heat transfer surface to determine appropriate micro-channel dimensions. A small 

problem did arise with the unknown contact resistance between the test heater and the heat 

sink. The use of the 2D analysis developed in chapter 3 allowed adjustments to be made to 

calculate the temperature where the thermocouples were located. 
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Chapter 6 

Design of a FC-72 Cooled Two-Phase Heat Sink 

The primary objective is to develop a FC-72 cooled two-phase micro-cha.nnel heat 

sink experimental system that consiste of a heat sink test module, a flow loop, and 

instrumentations. The testing system is to be used to explore thermal performance of 

a novel type of two-phase micro-channel heat sink. This includes design and fabrication of 

a two-phase micro-channel heat sink module, design and construction of a flow loop and 

instrumentations, and assembly of the testing system. 

6.1 Design Parameters 

6.1.1 Geometrical Parameters 

The length, L, and width, W, of the heat sink will be set to 15.0 mm by 15.0 mm. Cover 

plate of the heat sink will be made from a transparent polycarbonate plastic Lexan to allow 

direct visual access to the flow boiling in micro-channels. The cover plate will not affect 

the performance of the heat sink, as its thermal conductivity is much lower than that of 

the copper heat sink. The thickness of the cover plate He is set to be 0.5 inch. 

Key objective of the thermal design of the micro-channel heat sink is to determine micro

channel dimensions (Wch , Hch , and Ww ). Deeper micro-channels always produce better 

heat sink performance. Hch should therefore be made as large as possible. However, there 

is always a practical maximum value for Hch that is set by machjning and/or structural 

limitations. For the present design, Hch is set to be 600 JLm. Selection of (Wch and Ww 
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) was achieved by applying best available empirical correlations to different combinations 

and observing the trend in performance. For this project, the combination is selected to be 

(100 JLm and 100 JLm). 

6.1.2 Operating Parameters 

The operating parameters are summarized below. 

• The heat sink material that will be used will be oxygen free copper. 

• The coolant will be Fluorinert FC-72. 

• The target total power to be dissipated by the two-phase micro-channel heat sink test 

module will be about 225 W, which is 100 W /cm2 in terms of the effective input heat 

flux. 

• The inlet temperature will be 25 ·C, corresponding to normal room temperature. 

• The outlet pressure will be about 1.1 bar, which is slightly higher than the ambient 

atmospheric pressure. 

Coolant flow rate will be within the range of 60 to 210 ml/min. Figure 6.1 shows 

the variations of Q"tpmaz and Qt, tpmin with effective input heat Hux rt:/1 . Two-phase 

maximum How rate Q"tpmaz is the highest flow rate that can sustain saturated flow boiling 

in the micro-channels for a given rt:". It represents the total coolant How rate that causes 

saturated flow boiling to first occur at the channel outlet. Q",pma:>: is set equa! to the 

coolant How rate value corresponding to zero thermodynamic equilibrium quality at the 

channel outlet, Xe,out=O. Two-phase minimum How rate Q"tyrnin is the lowest How rate 

that can still sustain effective cooling by saturated flow boiling in the micro-channels for a 

given heat flux rt:1f' It represents the coolant flow rate that causes complete evaporation 

of FC-72 coolant. Q"tpmin is set equa! to the coolant flow rate value corresponding to unit 

thermodynamic equilibrium quality at the channel outlet, Xe,out=1.The two-phase micro

channel heat sink flow rate has to be within the region defined by the two lines. For the 
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present project, several flow rates in the range corresponding to 100 W /cm2 of the effective 

input heat flux (60-210 ml/min ) should be tested. 

6.1.3 Thermal Fluid Parameters 

Two-phase pressure drop and heat transfer correlations that will be used as design equations 

for the present micro-channel heat sink test module come from two journal papers by Jaeseon 

Lee and Issam Mudawar ([41J and [42]). 

The thermal/fluid parameters indicate the micro-channel heat sink performance, which 

include maximum heat sink temperature and pressure drop. Four (Wch, Ww) combinations 

(l00xl00, 200x200, 300x300, 400 x 400 pm) are examined for ri:,,= 100 W/cm2 • Figures 

6.2 to 6.5 show the variations of highest heat sink temperature Tw.out and total pressure 

drop .1P with Qt in two-phase region Qt,tpmin :5 Qt :5 Qt,tpmq.:< ) for the four (W ch, W tv ) 

combinations. 

It should be noted that the empirical correlations developed using liquid coolant other 

than FC-72 are employed for the calculation. For example, the pressure drop correlation was 

developed using RI34a and water data, and heat transfer correlation using FC-84 and water 

data. Therefore, figures 4-7 only shows qualitative trend and large errors are expected. For 

the present project, the combination of (200 pm and 200 pm) will be used. The dataset 

from the experimental study will be used to assess the feasibility of the exiting correlations 

at predicting FC-72 performance. H necessary, new reliable correlation should be developed 

based the FC-72 database to facilitate the future design of FC-72 cooled two-phase micro

channel heat sink. 
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6.2 Experimental Design 

6.2.1 Fluid Properties 

Saturated thermophysical properties of the FC-72 liquid and vapor are needed when perform 

thermal design using the above correlations. A table of saturated properties of the FC-72 

liquid and vapor was obtained from the 3M Electronics Markets Materials Division. The 

important properties that vary with temperature are plotted in Figures 6.6-6.9. To use the 

data conveniently in a computer program based design scheme, a curve fit was done within 

a working region from 20 to 80°C. 
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The viscosity data as a function of temperature was not provided on the table obtained 

from 3M. A graph for the liquid viscosity was provided and an approximation for the vapor 

viscosity based on a CFC-113 that has a similar vapor density. 

FC-72 saturated liquid viscosity can be evaluated from 

(6.1) 

The fluid thermal conductivity is given by 

kf = 0.060 - O.OOOllT (6.2) 

Similarly, the vapor thermal conductivity is given as an approximation from the CFC-

113. 

(6.3) 

6.2.2 Test Section Design 

Heater 

The micro-channel heat-sink test section will be a single copper piece, incorporating the 

both the enhanced micro-channel surface and the simulated electronic device. Four holes 

will be made in the base of the test section to allow for the cartridge heaters to be inserted 

in to the test section. The cartridge heaters will be 1/8 inch in diameter and will be one 

inch long and capable of producing up to 120 W each (maximum 480 W total). 

Temperature measurements in the test section will be made at three positions along the 

flow direction and with three rows of thermocouples. The additional rows of thermocouples 

will allow the heat flux to be calculated. 

A thin layer of material will be removed from the test section where the thermocouples 

will be located. This will allow for a copper shim to be placed over the thermocouples, 
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making a smooth surface for sealing the test section into the housing. Grooves will also be 

cut into the test section to allow the thermocouples to be routed down the face and out of 

the test section assembly without interfering with the sealing of the housing. 

Housing 

The design of the housing includes two ports for measuring the temperature of the coolant 

at the inlet and exit of the test section as well as two ports for measuring the pressure drop 

across the test section. The housing will be made of G-7 fiberglass. 

Assembly 

Figure 6.14 shows the heat sink test section assembly including the test section, housing, 

cover plate, insulation, and ceramic and aluminum base plates. 
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Figure 6.14: Solid model of the twG-phase heat sink test section assembly 
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6.2.3 Flowloop Design 

6.2.4 Pump 

Micropump was contacted to size a pump for this application. A flow rate of 40-220 ml/min, 

a viscosity of 0.64 centipose, and a AP of at least 0.5 bar was given to Micropump for sizing. 

Micropump recommended a model GA-T23 suction shoe style magnetic drive gear pump. 

The pump had has a working viscosity range of 0.2 to 1500 cp, a maximum differential 

pressure of 5.2 bar, and is capable of a flow rate around 400 ml/min at 5,000 rpm. 

A Micropump suction shoe style pump head and modular pump drive with analog 

remote control was ordered from Cole-Parmer. The modular pump drive was selected so 

that control of the pump could be handled from the instrumentation cart Instead of the flow 

loop cart. The maximum rpm of the pump drive was 3,600 rpm and so a pump head with a 

higher flow rate range was needed. Model 73004-00 has the same working viscosity range, a 

maximum differential pressure of 8.6 bar, and Is capable of a flow rate around 900 ml/min 

at 3450 rpm and 1305 ml/min at 5,000 rpm as the model GA-T23 Micropump head. 

Reservoir Design 

The purpose of the reservoir is to store and degas extra FC-72 for the flow loop system. 

Within the reservoir the air will be removed from the FC-72 by boiling the fluid. Air will 

be allowed to leave the reservoir through a vent at the top and a condensing coil will be 

placed inside near the top to condense back the FC-72 vapor. 

The reservoir will be made of clear polycarbonate, LEXAN. This will allow for a 

visual monitoring of the FC-72 fluid level. The reservoir will have internal dimensions 

of approximately 4 x 3 x 6 inches, allowing for a total volume of 1 L, of which 750 ml will be 

for the flnid with space at the top for the condensing coil. The reservoir will be assembled 

pieces cut from a ! inch thick sheet. The cover of the reservoir will be held down with draw 

latches. 
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Figure 6.15: Pump drive with remote control 
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Fittings for ventilation and FC-72 return will be screwed in to the cover. A fitting for the 

FC-72 supply will be placed at the bottom ofthe reservoir. The fittings will accommodate 

3/8" tubing that will be used for the flow loop. 

A low power heater will be placed in the reservoir to boil FC-72 so that the dissolved 

air can be removed. The heater will be of 0.26 inch diameter with sheath length of 

approximately 20 inches. The maximum power of the heater will be 280 W at 240 V. 

6.2.5 Instrumentation Cart 

The computer stand that was ordered will be used as the instrumentation cart for the flow 

loop system. The power meter and data acquisition units will be placed on the top of the 

cart with the data acquisition computer will be on the middle shelf. An aluminum plate 

will be mounted such that the pressure transducer meters, variable output transformers 

and surge protectors can be mounted on to the cart. The pump drive remote will also be 

placed on this cart. The leveling screws that were shipped with the computer stand will be 

replaced with caster wheels to add mobility to the computer stand. 

The multiplexer module was wired to accommodate 11 type K thermocouples and 2 

voltage inputs for the pressure transducers. The data acquisition software (Lab VIEW 

and Agilent) was loaded onto the data acquisition computer. The computer and the data 

acquisition unit (Agilent 34970A) was successfully linked and the software was tested. 

6.3 Summary 

A two-phase FC-72 cooled micro-channel heat sink was designed. The thermal design 

methodology from chapter 4 was again used in this chapter to select the micro-channel 

dimensions, although this time a performance map could not be completed with this fluid 

for the known fluid properties. The temperature and pressure drop were calculated for 

four different combinations of channel widths and channel wall widths. A single piece test 

124 



Fi)?;UTe 6.16: FC-72 coolant reservoir with a heater for dep;assinp; the coolant . 
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-- --

Figure 6.17: Instrumentation cart holding the data acquisition unit and computer, variable 
output transformers, power meter, pump control, and pressure indicators. 
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section was selected to avoid problems with contact resistance which was seen in the previous 

chapter. A completed test section was designed which included the housing and cover plate 

for the heat sink. 
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Chapter 7 

Conclusions· 

Having a quick and effective tool for predicting the thermal performance of a micro

channel heat sink is important and valuable to design engineers. This thesis has looked at 

the usage of a 10 analysis as a basis for a thermal design methodology which can provide 

a strong starting point in the design of a micro-channel heat sink. It may be necessary to 

expand from the 10 analysis to incorporate the effects of axial conduction through the use 

of a 20 numerical modeling. It has been found that the 20 results will provide results that 

are close enough to a full 30 numerical analysis. (38). such that the reduction in time makes 

up for the small deviation in temperature for a uniform heat flux boundary condition. This 

thesis did not investigate a non-uniform heat flux generated by an electronic component. 

For a non-uniform heat flux it may be necessary to then use the 30 analysis to find the 

temperature distributions within the heat sink. 

A systematic thermal design methodology for both single-phase and two-phase micro

channel heat sinks under a low fixed liquid coolant flow rate was developed. An acceptable 

design region is first identified which encompasses all possible micro-channel dimensions 

corresponding to the prescribed dissipative heat flux and liquid coolant flow rate. Heat 

sink performance maps are then constructed within the acceptable design region. Finally. 

micro-channel dimensions yielding most desirable heat sink performance can be selected 

using the performance maps. 
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A single-phase heat sink testing system was designed, fabricated, and tested. The use of 

the thermal design methodology has been demonstrated experimentally for a single-phase 

heat sink. A two piece testing section has the drawback of a interfacial contact resistance 

which can cause higher temperatures than desired and so should be avoided in testing 

phases. The use of a single-phase heat sink can easily manage the cooling of an electronic 

device producing 80 W with an area of 1.1 x 2 inches while keeping the temperature well 

under 65°C. 

A two-phase heat sink testing system was also designed. The technical merits of the 

design include the use ofthe FC-72 lIuorinert for the coolant which will allow for saturated 

boiling to occur at a lower temperature than water, keeping the electronic device in a better 

temperature range, and not damaging the electronic components in the event of a leak. 
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Appendix A 

Predictive tools for single-phase and two-phase 

micro-channel heat sinks 

A.I Single-phase 

A.I.l Heat transfer coefficient 

The single-phase heat transfer coefficient, hap, [34J can be determined by: 

hap = {NU4 + 8.68 (103 L*)-0.506 exp[(9.9776ln(,8) - 26.379)L*J} 

(Z::) (~~) (:;:) -0.14 (A.1) 

where the non-dimensional distance is defined as 

(A.2) 

and the aspect ratio of the channel 

(A.3) 
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and, 

NU3 = 8.235(1 - 1.883,8 + 3.767p2 - 5.814p3 + 5.361p4 - 2.0pS) (A.4) 

and, 

NU4 = 8.235(1 - 2.042,8 + 3.085,82 - 2.477p3 + 1.05sp4 - 0.186pS) (A.5) 

A.1.2 Pressure drop components 

The total single-phase pressure drop is tl.P = tl.Pe + tl.Psp,dh + tl.Psp,lh + tl.Pe (4.6) The 

pressure drop components are determined by the following: Pressure drop due to contract 

effects at the inlet, [43J, 

VI 2 
tl.Pe = '2 (1 + Ke) G (A.6) 

where, 

Ke = 0.6740 + 1.2501,8 + 0.3417p2 - 0.8358p3 (A.7) 

Pressure drop due to the expansion effects at the exit, [43J, 

tl.Pe = 0 (A.8) 

Pressure drop along the single-phase hydraulically developing region, [34J, 

(A.9) 

where, 

(A.lO) 
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!sp,fhResp = 24(1 - 1.355,8 + 1.947,82 - 1.701fr1 + 0.956,8" - 0.254,as) (A.12) 

K(oo) = 0.6740 + 1.2501,8 + 0.3417,82 - 0.8358fr1 (A.14) 

C = (0.1811 + 4.3488,8 - 1.6027,B2) x 10-4 (A.15) 

Pressure drop along the single-phase hydraulically fuIIy developed region, [34], 

where, 

Lsp,Ih = L - Lsp,dh 

A.2 Two-phase 

A.2.1 Saturated How boiling heat transfer coefficient 

The two-phase heat transfer coefficient, htp, [13], [16],can be determined by: 

htp = NU3 (Ehsp4) 
NU4 
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Where, NU3 and NU4 are the same as in A.l and C8Jl be found from A.4 and A.5. 

k/ 
(A.19) hsp4 = NU4-

dh 

and, 

E = 1.0 + 6Bo1/16 + I(Bo)x~·6I! (A.20) 

where, 

r/,' 
(A.21) Bo=-P-

Gh/o 

I(Bo) = -5.3(1 - 855Bo) (A.22) 

t/,' = ck,,(W ch + Ww ) 

p Wch + 2Hch 
(A.23) 

A.2.2 Pressure drop components 

The two-phase pressure drop is tl.P = tl.P. + tl.Psp,dh + tl.Psp,/h + tl.Ptp + tl.P. (4.7). tl.P., 

toP., tl.Psp,dh, and tl.Psp,/h are the same as for single-phase and C8Jl be found with equations 

A.6, A.8, A.9, and A.16, respectively, the rest of the components can be found by: 

[15] 

(A.24) 

Where, 

LIp = L - Lsp (A.25) 
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"ReJ = 24(1 - 1.355P + 1.947p2 - 1.701pa + 0.956.8" - 0.254,ao) (A.26) 

and, 

and, 

and, 

and, 

[15], [44] 

Where, 

Re _ G(1 - xe)d" 
J - p.J 

2 C 1 
</>J=I+-+

X"" X~ 

C = 21[1 - exp( -0.319 x 103dh)](0.00418G + 0.0613) 

"R - G2 [:>?,out Vg + (1 - :>?,out) 1] ~ tp,a- vJ --- -
£tout vI 1 - £tout 

1 
£tout = 2/3 

1 + (l-m •. ~') (!a.) 
Zn,out VJ 

A.2.3 Critical heat flux CHF 

The critical heat flux, q'~, can be found by [18]: 

" '(" oJ' ) q"""" = mm q....."l' '1""",,2 
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(A.28) 

(A.29) 

(A.30) 

(A.31) 

(A.32) 

(A.33) 



~m(Wch+2Hch) 
(A.34) rI: - , =1-

Wch+Ww 

Where, 

Pg -0.21 1.11 ( L ) -0.36 
q;,m = 33.43(Gh/g) C/) We d. (A.35) 

and, 

G2L 
(A.36) We=-

ap/ 

and, 

4WchHch 
d. = Wch + 2Hch (A.37) 

and, 

q~2= 
pQt[ep,/(Tsat - 7in) + h,g ] 

(A.3S) WL 
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