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ABSTRACT 
 
Liquid cooled small channel heat sinks have become a promising heat dissipation method 

for future high power electrical devices. Traditional mini and microchannel heat sinks 

consist of a single layer of low-aspect ratio rectangular channels. The alternative new 

heat sinks are fabricated by stacking many channels together to create multiple layer 

channels. These multilayer heat sinks can achieve high heat flux due to high heat transfer 

coefficients from small channels and large surface area from multilayer structure. In this 

research, multilayer copper and silicon carbide (SIC) minichannel heat sinks were tested 

in single-phase flow. It was shown that multilayer heat sinks have significant advantages 

over single-layer equivalents with reductions both in thermal resistance and pressure drop. 

A 3-D resistance network model for single and multilayered heat sinks was developed 

and validated. Parametric study and optimization on copper and SiC heat sinks with 

respect to channel geometries, number of layers, and heat sink conductivity were 

conducted by using the model. 

Both copper and SiC heat sinks were also tested in two-phase flow. In experiments, the 

multilayer copper heat sinks achieved smaller average surface temperature than their 

single-layer counterpart at low heat flux. However the multilayer copper heat sinks 

gradually lost stability at high heat flux, which lead to increased surface temperature. The 

redistribution of flow in different layers caused by pressure discrepancy in different 

layers was believed to be the cause. A three-zone model, which dividing the flow in small 

channels into three distinguishing parts: single-phase flow, subcooled boiling flow, and 

saturated boiling flow, was proposed to describe the different two-phase flow regimes. In 
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each zone, the local heat transfer coefficient was computed by corresponding correlation. 

Several boiling correlations combined with the resistance network model were used to 

compute the heat sink surface temperature distributions, which were compared with 

experimental results. It was found the classical boiling correlations for macro channels 

are not suitable for the minichannels, frequently overestimating the boiling heat transfer 

coefficient. Boiling correlations for small channels are more consistent with experimental 

data and the predictions of Yu’s correlation match the experimental results best. 
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CHAPTER 1 

INTRODUCTION 

 

The increasing power of electronic devices has pushed the traditional air cooling 

technology to its performance limit. With air as a working fluid, it is increasingly difficult 

to design cost-effective heat sinks that can dissipate over 100 W/cm2 heat flux at the 

device level as shown by Ortega (2003). The increasing volume of air cooling heat sinks 

also prevents their application as miniaturization becomes the trend in the electronic 

industry. Liquid cooled heat sinks have emerged as the natural substitute for air cooled 

heat sinks because of better performance and smaller size. The most commonly used 

working fluid is water. Benefiting by its stable properties and high thermal capacity 

compared with other fluids, water has been extensively studied in liquid cooling systems 

for electronic cooling. 

 
1.1 Motivation 

The heat dissipation ability of liquid cooled heat sinks is determined by the heat 

conduction in solid and heat convection in fluid. Normally the convection is the dominant 

factor for reducing the thermal resistance when highly conductive material is used to 

fabricate the heat sinks. For a fully developed laminar flow in a square channel with 

constant wall temperature or constant wall heat flux, the Nusselt number is a constant. 

The heat transfer coefficient can be calculated by the following equation,  

 1

h h

Nukh h
D D

= ⇒ ∝  (1.1) 
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The heat transfer coefficient is inversely proportional to the channel hydraulic diameter. 

By reducing the channel hydraulic diameter, a large heat transfer coefficient can be 

achieved. Since heat exchanger performance scale with the product shA  for a single 

channel, where sA  is the surface area and it scales as s hA D∝ , then shA  does not depend 

on hD . But for a confined geometry, there are more channels for small hydraulic 

diameter than large ones. So the heat sink with smaller hydraulic diameter has better 

overall thermal performance. 

On the other hand the friction factor for a fully developed laminar flow in square channel 

is also a constant. The pressure drop across the channel is determined by the equation, 
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2 h

u LP f
D

ρ⎛ ⎞
Δ = ⎜ ⎟

⎝ ⎠
 (1.2) 

The pressure drop is also inversely proportional to the channel hydraulic diameter at 

constant average flow velocity. The pumping power needed to drive the flow through the 

channel is defined by the equation, 

 pW Q P= ⋅Δ  (1.3) 

For a constant volumetric flow rate, the pumping power can be calculated by the 

following equation.  

 
2

3
5

14 2
2p

h h

u LW Q f f Q L W 5

1
p

hD D D
ρ ρ

⎛ ⎞
= ⋅ = ⇒ ∝⎜ ⎟

⎝ ⎠
 (1.4) 

The pumping power needed increases dramatically if the channel hydraulic diameter 

decreases. There are two solutions to the above problem. One is to use low aspect ratio 

rectangular channel instead of square channel, which increases the wetted and channel 
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cross-section area and keeps the channel hydraulic diameter reasonable small at the same 

time. The second solution is to stack many channels together to form multiple layers of 

channels. Compared with single-layer heat sinks, multilayer heat sinks keep the 

individual channel hydraulic diameter unchanged but increase the total wetted and cross-

section area multiple times. By doing so the convective heat transfer is enhanced by 

increasing the contact area. Simultaneously, the average flow velocity in each channel 

decreases multiple times. The decrease of flow velocity causes the reduction of the 

pressure drop, which consequently decreases the required pumping power. However the 

multilayer structure makes the conduction in the solid matrix more complicated and 

increases the thermal resistance between the heated surface and the channels farthest 

away from the heated surface. Understanding the influences of the multilayer structure on 

the thermal and hydraulic performance of heat sinks in single-phase flow is the major 

goal of this research. 

In recent years, boiling in small channels has been studied by many investigators, both on 

the topics of boiling heat transfer coefficient and flow pattern. Most of the experiments 

were conducted on single channel or single-layer channel heat sinks. The influences of 

the multilayer structure on the boiling in mini and microchannels have not been studied. 

The boiling heat transfer coefficient correlation for conventional size channels has been 

thoroughly studied and summarized by many researchers. The boiling correlations for 

small channel are sparse and mostly based on data from unique experiments, which are 

limited to certain working fluids and channel dimensions. Validating and choosing the 
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best boiling correlations for modeling minichannel behavior is another important goal for 

this research. 

 
1.2 Literature Review on Single-phase Flow in Small Channels 

For the single-phase flow, single-layer microchannels which were etched directly into the 

back of silicon wafers were first shown to be effective cooling solutions by Tuckerman 

and Pease (1981). In their experiment a maximum of 790 W/cm2 was rejected. While the 

cost of fabricating microchannel heat sinks currently prohibits their application in 

production level electronics, the study showed that microchannel structures are well 

suited to the task of cooling electronic devices. 

Following the pioneering work of Tuckerman and Pease, considerable research has been 

conducted on mini- and micro-scale heat sinks. Many of these studies have been focused 

on single-layer heat sinks fabricated from some highly thermally conductive materials, 

such as copper, aluminum, or silicon, with rows of small channels fabricated into the 

surface by precision machining or chemical etching. A thorough review of single-layer 

mini and microchannel heat sinks was presented by Sobhan and Garimella (2001). 

Multilayer or stacked heat sinks consist of repeating arrays of single-layer channels. High 

thermal conductivity is particularly important in multilayer structures where heat can be 

conducted into lower layers and thereby reducing the surface temperature. 
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Kern and Kraus (1972) analyzed single and double stack cold plates using a finite 

element formulation where both symmetrical and asymmetrical heat loadings were 

analyzed. 

By using a finite element method, Pieper and Kraus (1998) showed that double-stacked 

cold plates had a better performance compared with a single stack design for a fixed flow 

volume. Their analysis also included the coverage of all regimes of asymmetric heat 

loadings. 

Vafai and Zhu (1999) showed that a two-layer microchannel structure with counter flow 

reduced the streamwise temperature rise along the device surface compared with that of 

an equivalent single-layer heat sink. There was also a subsequent reduction in the 

pressure drop for the two-layer heat sink. The thermal performance was examined 

numerically using a finite element method and an optimization of the design parameters 

was also performed. 

Beh et al. (2003) analyzed the transient performance of single, double and triple stack 

cold plates using the finite element method where the triple stack cold plate showed the 

best performance. The results were reproduced in dimensionless form so that the analysis 

can be used for other stack dimensions. 

Wei and Joshi (2003, 2004) evaluated the thermal performance of stacked high-aspect 

ratio microchannel heat sinks using a simple thermal resistance network. The solution 

procedure was iterative in nature. A thorough parametric study was performed for 
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optimal channel aspect ratios, conductivities, number of layers, pumping power per unit 

area and channel length. 

Experimental and numerical characterization of two-layer silicon microchannel heat sinks 

in parallel and counter flow configurations were investigated by Patterson et al. (2004). 

They concluded that the counter flow configuration resulted in more uniform surface 

temperature while the parallel flow configuration showed a lower maximum surface 

temperature. 

Bower et al. (2005) performed experimental work on thermal and hydraulic 

characteristics of single and multilayer silicon carbide (SiC) heat sinks by using water as 

the working fluid. The hydraulic diameter of the heat sinks varied from 0.335 mm to 2.03 

mm. It was found experimentally that the multilayer SiC heat sinks have better thermal 

performance than single-layer one despite the low thermal conductivity of SiC. It also 

was found that the pressure drop across the channel for different heat sinks were 

consistent with prediction of laminar theory. 

Skandakumaran et al. (2004) proposed a two dimensional closed-form analytical 

resistance network model on single and multilayer SiC heat sinks using a constant heat 

flux formulation by assuming an average constant surface temperature. The predictions of 

the analytical model was compared with Bower’s (2005) data and shown to match with 

experimental data only at high flow rates. 
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1.3 Literature Review on Two-phase Flow in Small Channels 

Due to its broad application in boiler, power plant, and refrigerant systems, the boiling in 

conventional size plain tubes has been extensively investigated by many researchers. In 

the past twenty years, the boiling process and two-phase flow in small channels have 

attracted growing interest due to the needs for high heat flux dissipation and 

miniaturization of electronic device. Because of insufficient knowledge of flow patterns 

and poor boiling correlations, two-phase flow in small channels is difficult to predict and 

therefore difficult to implement in practical technologies such as for electronic devices. 

For two-phase flow, the distribution and structure of the liquid and gas phase inside the 

flow is an important characteristic of their description. The two-phase flow patterns are 

the description of certain flow structures which have particular identifying characteristics. 

Local boiling heat transfer coefficient and pressure drop are closely related to the local 

flow pattern. Correct prediction of two-phase flow pattern, which depends on channel 

geometry, local flow conditions, and wall heat flux, is an important aspect of 

investigating and modeling boiling and two-phase flow in channels. 

Predicting the local boiling heat transfer coefficient is the key issue of two-phase flow 

research. There are two important heat transfer mechanisms normally considered to 

model the boiling in channels: nucleate boiling heat transfer and convective boiling heat 

transfer. Nucleate boiling in channels is similar to nucleate pool boiling except the effect 

of bulk flow and the influence of the channel size and geometry. The bulk flow affects 

the growth and departure of the bubbles and bubble induced convection. The channel size 
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affects the flow pattern which influences which heat transfer mechanism is dominant. 

The convective boiling refers to the interaction between the channel wall and the liquid-

gas mixture. In the conventional size channels, the nucleate boiling strongly depends on 

local heat flux and it tends to be dominant at low vapor quality and high heat flux 

conditions. On the other hand, the convective boiling is mainly dependent on local vapor 

quality and mass flux and it dominates on high vapor quality and low heat flux conditions. 

For mini and microchannels, the surface tension, which is normally negligible in large 

size channels, begins to play important role in two-phase flow. This makes the boiling in 

small channels more complicated than that in conventional size channels. 

 
1.3.1 Boiling Heat Transfer Coefficient Correlations  

Chen (1966) proposed the first flow boiling correction for evaporation in conventional 

vertical tubes. He suggested the local two-phase boiling heat transfer coefficient  to be 

superposition of the nucleate boiling coefficient  and the convective boiling 

coefficient  with proper factors. 

tph

nbh

cbh

  (1.5) tp nb lh Sh Eh= +

The nucleate pool boiling coefficient  is given by Forster-Zuber (1955),  nbh
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The single-phase convective heat transfer coefficient  is given by Dittus-Boelter (1930), 

which is commonly used for turbulent flow and for the fraction of liquid flow only, 

lh
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The function of E  and  were provided by Chen (1966) and their modified formulations 

were given by Edelstein et al. (1984). The two-phase multiplier 

S

E  is, 
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where  is the Martinelli parameter, ttX
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The boiling suppression factor  is, S
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Shah (1982) proposed his correction for vertical tube based on the similar consideration 

of nucleate boiling and convective boiling as Chen. Instead of combining the nucleate 

boiling and convective boiling coefficients, he chose the larger one of the two for the 

value of the local boiling heat transfer coefficient.  
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Shah first defined the convection number Co  based on the local vapor quality and 

density ratio, 
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The two-phase boiling heat transfer coefficient  is given by, tph
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The single-phase convective heat transfer coefficient  is given by Dittus-Boelter’s 

correlation, which is same as Chen’s correlation. 

lh

The two-phase multiplier E  is, 

 0.81.8E Co−=  (1.15) 

and the boiling suppression factor  is determined by the convection number  and the 

boiling number 

S Co

Bo , 
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Gungor and Winterton (1986) proposed a correction based on a large data base of 3,693 

points from literatures for water and refrigerants. Their local boiling heat transfer 

coefficient is also sum of the nucleate boiling contribution  and the convective 

contribution . One year later, Gungor and Winterton (1987) proposed a newer and 

simpler version of this correlation, 

nbh

cbh
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lh  is given by Dittus-Boelter’s correlation too. 

Kandlikar (1991) proposed his boiling heat transfer coefficient correlation for the 

saturated flow boiling for conventional ducts, which is defined by, 
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The single-phase heat transfer coefficient  are obtained from Gnielinski’s (1976) 

correlation in the range  and , 
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and Petukhov and Popov’s (1963) correlation is employed for 0  and 
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The friction factor is given by following equation, 

 ( )( ) 2
1.58ln Re 3.28lf

−
= −  (1.21) 

lFr  is the Froude number with all flow as liquid 
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The Froude number multiplier 2 ( l )f Fr  is 1 for vertical tube. For horizontal tube, the 

2 ( l )f Fr  is defined by following equations, 

2 ( )lf Fr =1, for  0.04lFr ≥

0.3
2 ( ) (25 )l lf Fr Fr= , for  0.04lFr <

flF  is the fluid-surface parameter depends on the fluid and heat surface characteristic. For 

water, flF  equals to 1. 

Kandlikar and Steinke (2003) extended Kandlikar’s old correlation for the saturated 

boiling flow to the mini and microchannels by using laminar single-phase convective 

correlation. The single-phase heat transfer coefficient  for turbulent flow was replaced 

by heat transfer coefficient of fully developed laminar flow with proper boundary 

conditions. 

lh
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The Nusselt number Nu  is determined by boundary condition and channel geometry. 

The substation is due to the laminar flow natural in mini and microchannels. 
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One of the earliest papers on boiling in small diameter tubes was presented by Lazarek 

and Black (1982). In their experiments, R-113 was evaporated in vertical tubes with an 

internal diameter of 0.315 mm. It was found that the boiling heat transfer was relatively 

independent of vapor fraction but highly dependent on heat flux. The nucleate boiling 

mechanism was suggested to be the dominant factor in saturated boiling and the pure 

convective boiling was not observed. The boiling heat transfer coefficient correlation 

proposed by the authors is, 

 0.857 0.71430 Re l
tp

h

kh Bo
D

=  (1.24) 

where  is the Reynolds number for all fluid as liquid. Re

Tran et al. (1996) published the experimental results on the boiling of R-12 in circular 

and rectangular channels. The diameter of the circular channel is 2.46 mm and the 

hydraulic diameter of the rectangular channel is 2.40 mm. In their experiments, it was 

found that over a broad range of heat flux value except sufficiently low heat flux, the 

boiling heat transfer coefficient is independent of the mass flux and vapor quality, and 

sensitive to the saturation pressure. The authors concluded that the nucleate boiling was 

the dominant heat transfer mechanism on evaporation, which differs substantially from 

that in conventional size tubes. A heat transfer coefficient correlation for the nucleate 

boiling regime was also proposed: 
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The Weber number  is defined based on liquid, lWe
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where σ  is the surface tension of liquid. 

Kew and Cornwell (1997) presented their research on the boiling for R141b flowing 

through 500 mm long tubes with 3 different diameters varying from 1.39 to 3.69 mm. To 

describe the two-phase flow, the authors introduced the confinement number, 
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For =0.5-10, three different flow regimes including isolated bubble flow, confined 

bubble flow, and annular-slug flow were observed experimentally, which slightly differ 

from those observed in large diameter tubes. For the 2.87 and 3.69 mm tubes, it was 

found that the local boiling heat transfer coefficient follows similar trends as that 

observed in conventionally sized tubes. At low vapor quality, the boiling heat transfer 

coefficient increases with heat flux. While at higher vapor quality the boiling heat 

transfer coefficient is a function of the vapor quality and mass flux. But for the 1.39 mm 

tube, the boiling heat transfer coefficient decreases rapidly with the increase of vapor 

quality at high mass flux. According to the authors, the conventional correlations 

predicted the heat transfer coefficients reasonably well for the largest tube but performed 

poorly when applied to the smallest tube. The simple nucleate pool boiling correlations as 

Cooper’s (1984) was found to predict the data best. 

ConfN

Warrier et al. (2002) investigated the boiling of FC-84 in five parallel horizontal 

rectangular channels with the hydraulic diameter of 0.75 mm. It was found 
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experimentally that the local boiling heat transfer coefficient decreases as the vapor 

quality increases in saturated boiling regime, which is contrary to the conventional 

correlations. Two heat transfer coefficient correlations were presented for the subcooled 

flow boiling and the saturated flow boiling, respectively. The correlation proposed by the 

authors for the saturated flow boiling is, 

 1/16 0.651 6 5.3(1 855 )tp lh Bo Bo x h⎡ ⎤= + − −⎣ ⎦  (1.28) 

where  is the heat transfer coefficient for fully developed liquid flow. lh

Yu et al. (2002) studied the boiling heat transfer coefficient, the two-phase pressure drop, 

and the critical heat flux for water in a horizontal tube with a diameter of 2.98 mm. It was 

observed that the local boiling heat transfer coefficient is only a function of heat flux 

when the wall superheat is below 10 °C. Combined with the discovery that the wall 

superheat need for boiling inception was insensitive to the inlet water temperature, the 

authors concluded that the nucleation heat transfer dominates in the boiling regime as the 

wall superheat is less than 10 °C. The measured two-phase pressure drops were found to 

be lower than the prediction of correlation derived from larger tubes. The critical heat 

flux was found to decrease as mass flux decreases, and the critical vapor qualities were 

found to be between 0.5 and 1.0. Prediction of Chen’s (1966) correlation was compared 

with experimental data and found to have large errors. A new correlation based on Tran’s 

(1996) approach was proposed: 
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Qu and Mudawar (2003a, 2003b) measured the local boiling heat transfer coefficient and 

the pressure drop on a copper heat sink which has 21 parallel channels. The cross-section 

of the channel is 231 × 713 µm. Deionized water was used as the working fluid. It was 

found that the local boiling heat transfer coefficient decreases with increase of vapor 

quality. Several heat transfer coefficient correlations were applied and the conventional 

correlations for large tubes seem to over-predict the boiling heat transfer coefficient. The 

correlation proposed by Yu et al. (2002) was found to match their experimental data best. 

An annular two-phase flow model was presented to model the annular two-phase flow 

observed in the channel. In the proposed model, a vapor core flows in the center and a 

liquid part flows along the channel wall. The liquid flow forms a layer of film, which 

separates the vapor from the channel wall. The thickness of the film changes along the 

flow direction and some liquid droplets are entrained in the vapor core. The boiling heat 

transfer coefficient predictions by the model agree well with experimental data discussed 

above. 

 
1.3.2 Two-phase Flow Pattern 

Understanding the characteristics and formation of flow pattern for two-phase flow in 

mini and microchannel is an important aspect to correctly predict local boiling heat 

transfer coefficient. The two-phase flow pattern in mini and microchannels attracted more 

attention as the demand to understand the boiling mechanism difference between macro 

and micro size channels mounted. But because of the complex interaction between the 

parameters such as channel size, inertial force, viscous force, surface tension, and 
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buoyancy force et al, the difference in the boiling mechanisms in mini and microchannels 

has not been fully understood. 

Jiang et al. (2001) conducted water boiling experiments on two parallel silicon 

microchannel heat sinks. The cross-section of the channels is triangular with hydraulic 

diameters of 26 µm and 53 µm. A localized heater was integrated at the inlet of the 

channels. The heat sink temperatures were measured by integrated temperature sensor 

array and the flow images were captured by a high speed CCD camera. At low heating 

power, sparse local nucleation boiling were observed. At moderate power level, the 

unstable slug flow was observed flowing through the channel and suppressing the 

nucleation boiling. A stable annular flow with clear liquid-vapor interface was observed 

at high input power.  

Hetsroni et al. (2002) studied the two-phase flow in silicon microchannel heat sink. The 

cross-section of the channel is triangular with a base length of 200-310 µm and base 

angular of 55º. Water was used as the working fluid. An infrared radiometry with 0.1 °C 

sensitivity was used to measure wall temperature and the flow motion was studied by 

using a high-speed video camera. In the part of the channel closest to inlet, the flow is 

single-phase. But in some cases clusters of vapor were also observed due to the increase 

of the wall superheat. In the center part of the channel and the part close to outlet, “vapor 

with clusters of droplets” and “vapor with a thin liquid layer” were observed. The 

location of the vapors depends on the heat flux and the flow velocity. The author stated 

that in such region the convective boiling mechanism is dominant. 
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Lee et al. (2003) used CCD camera to record the vapor patterns in microchannel. The 

experimental setup is similar as that of Jiang et al. (2001) but the cross-section is nearly 

rectangular instead of triangular. The channels have a dimension of 14 µm in depth and 

210 µm in average width. Similar to Jiang et al. (2001) experiments, local nucleation was 

observed but the stable annular flow was not observed. At high heat flux, a transition 

region separating an upstream vapor zone from a downstream intermittent zone was 

observed. The transition zone oscillated randomly along the microcahnnel with no clear 

structure. A physical mechanism was proposed to explain the difference between the flow 

patterns observed in triangular and rectangular microchannels. Based on the force balance 

across a vapor-liquid interface, the annular flow in triangular channels is stable because a 

restoring force which neutralizes the naturally occurring perturbation caused by the 

boiling process is developed in boiling process. It was found the similar restoring force 

cannot develop in shallow rectangular channel. 

Qu and Mudawar (2004) conducted flow visualization experiments on water boiling in a 

copper microchannel heat sink. The copper heat sink has 21 parallel channels and the 

cross-section of the channels is 231 × 713 µm. The sudden transition from liquid flow to 

annular two-phase flow near the equilibrium saturation point and the hydrodynamic 

instability were observed. The authors concluded the convective flow boiling is the 

dominant boiling mechanism in small channels, which is contrary to other researchers’ 

findings. The pressure drop and wall temperature oscillations were also observed and 

discussed. 
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Balasubramanian and Kandlikar (2005) studied the two-phase water flow in a copper 

minichannel heat sink. The heat sink consists of six parallel rectangular channels with the 

dimension of 990 µm in width and 207 µm in depth. The working fluid is deioned and 

degassed water. In steady state, the annular flow filled the entire channel length with a 

thin film of liquid flow between the vapor core and the channel wall. The small 

nucleation bubbles were observed inside the thin film layer. The pressure drop fluctuated 

as a function of time. At certain heat flux, the annular flow was observed to extend into 

inlet plenum, which caused severe flow mal-distribution and even reverse flow in some 

channels. Based on the observation, the authors believe the nucleate boiling dominate the 

two-phase flow in minichannels.  

Xu et al. (2005a, 2005b) investigated the acetone boiling in a parallel silicon 

microchannel. The channel is triangular and its hydraulic diameter is 155.4 µm. A thin 

film heater was located at the center part of the heat sink. The channel wall temperature 

distribution was monitored by an infrared radiometry. The flow images were obtained by 

a high speed camera with a microscope. It was observed that the boiling circle in channel 

repeats at time scale of milliseconds while the wall temperature and flow pressure 

maintain stable because of their much longer response time. The flow pattern of a boiling 

circle was categorized into four different stages: liquid refilling stage, bubble nucleation, 

growth and coalescence stage, and transient liquid evaporation stage. The authors 

preformed 102 runs of tests at different mass flux and heat flux. The boiling heat transfer 

coefficient was characterized by using the boiling number. At small boiling numbers, it 

was found the boiling heat transfer coefficient increases with vapor quality after the 
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equilibrium saturation point. At moderate boiling numbers, the boiling heat transfer 

coefficient is almost a constant, which has no dependence on mass flux. At high boiling 

numbers, the boiling heat transfer coefficient decreases as vapor quality increases. At this 

regime, boiling heat transfer coefficient is mainly dependent on mass flux instead of heat 

flux. 

 
1.3.3 Onset of Nucleate Boiling 

Another important aspect of modeling internal two-phase flow is to predict the onset of 

nucleate boiling (ONB) in subcooled flow, where the nucleation begins and the local heat 

transfer coefficient begin to soar due to the phase change. The bubble generation on 

heated surface required certain wall superheat. And the bubble inception also depends on 

surface roughness, cavity size, liquid and surface interaction and flow conditions. Hsu 

(1962) was the first to postulate the criteria for the boiling inception. According to his 

criteria, for an embryo to evolve into a bubble, the minimum temperature surrounding the 

bubble should be at least equal to the saturation temperature corresponding to the 

pressure inside the bubble. The pressure inside the bubble is higher than the surrounding 

liquid, and the pressure difference can be expressed in terms of the Young-Laplace 

equation for a spherical bubble. The corresponding saturation temperature inside the 

bubble can be approximately derived from the Clausius-Clapeyron equation as, 

 g
,

lg
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T v
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σ

Δ =  (1.30) 

where  is the radius of the bubble. r
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Bergles and Rohsenow (1964) described the nucleation criterion graphically in terms of 

the tangency condition and presented an empirical expression for the heat flux at ONB in 

terms of system pressure as, 

  (1.31) 
2.3 / 0.02341.1562

,15.6 ( )P
ONB sat ONBq P T= Δ

Sato and Matsumara (1964) analytically developed an equation to express the wall heat 

flux at ONB in terms of the wall superheat. Their analysis was based on the application 

of Hsu’s criteria and tangency condition. The minimum superheat corresponding to the 

boiling inception is given by, 
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The wall heat flux related to the wall superheat is, 
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where, 

 lg l gv v v= −  (1.34) 

Basu et al. investigated the onset of nucleate boiling and the active nucleation site density 

on a flat copper surface and a zircalloy-4 nine-rod bundle. Degassed distilled water was 

used as the working fluid. In the experiments, the ONB location was identified where 

first bubble appeared on the heated surface away from the edges. The authors compared 

the experimental data with the predictions of correlations proposed by Hsu (1962), 

Bergles and Rohsenow (1964), and Sato and Matsumara (1964) and found the previous 
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correlations all underestimated the ONB wall superheat. A new correlation was proposed 

by taking account of the bubble contact angle, 
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where cD  is the available cavity diameter 
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And F  is the function of the contact angle φ , 
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 (1.37) 

The contact angle φ  was chosen based on the experimental data with range from 1º to 85º. 

 
1.4 Objectives 

This research aims at understanding the influences of multilayer structure on the heat sink 

performance both in single and two-phase flow. Special attention was paid to model the 

minichannel heat sink in single and two-phase flow and to predict the heat sink surface 

temperature. The main objectives of the research work are listed below. 

1. Experimentally explore the thermal and hydraulic characteristics of single-layer 

and multilayer minichannel heat sinks in single-phase flow. Of special interest is 

the behavior of polycrystalline SiC heat sinks manufactured by the sponsor. 
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2. Develop numerical model to compute the heat sink temperature distribution and 

pressure drop and characterize the thermal and hydraulic performance of 

minichannel heat sinks in single-phase flow. 

3. Optimize the minichannel heat sink performance with respect to thermal 

performance, pumping power, channel geometry and material thermal 

conductivity, with emphasis on Cu and SiC heat sinks. Compare the performance 

between multilayer channel heat sinks and low aspect ratio rectangular channel 

heat sinks. 

4. Determine the governing physics and scales guiding the multilayer structure in 

single-phase flow. 

5. Experimentally explore single-layer and multilayer minichannel heat sink 

performance in two-phase flow. 

6. Model the two-phase flow and heat sink temperature in the boiling regime. 

Evaluate current boiling correlations and determine the best one, if any, for the 

boiling in minichannels. 
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CHAPTER 2 

EXPERIMENTAL APPARATUS AND MINICHANNEL HEAT SINKS 

 

Two sets of experiments were conducted on copper and SiC minichannel heat sinks in 

this study. The first set of experiments was focused on the thermal and hydraulic 

characteristics of single and multilayer heat sinks in single-phase flow. The second set of 

experiments aimed at the thermal and hydraulic characteristics of single and multilayer 

heat sinks in two-phase flow, implying that the water within the heat sink transformed 

from subcooled liquid to saturated vapor when it passed through the minichannels. To 

accomplish the above tests, special experimental apparatus and manifold for minichannel 

heat sink were designed and built. The following sections describe the experimental setup 

and procedures for the test in detail. 

 
2.1 Experimental Apparatus 

2.1.1 Flow Loop 

Figure 2.1 shows a schematic representation of the flow loop for single-phase liquid 

cooling experiments. It was designed to filter, measure, and deliver fluid to the test 

module, which consists of a pumping system, a heat sink manifold, and the measurement 

apparatus. Distilled water was used as the working fluid in the experiments. A 

temperature controlled water circulator was used to condition the working fluid to 23 °C 

and delivered it to the water tank. The main pump system, which includes a magnetically 

coupled gear pump, a motor and a digital motor speed control, drove the working fluid 

from the tank through the test module. The pump speed was controlled by a computer 
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programmed digital speed controller, which provided a rotational accuracy of ± 0.5 

rev/min. Water volumetric flow rate inside loop was monitored by a Flow Technology 

Omniflo® turbine flowmeter. The flow rate signal from the flowmeter was monitor by 

the PC and used as the feedback signal to adjust the digital speed controller, which 

controls the rotation speed of pump and consequently controls the flow rate. Water 

temperature increased as it passed through the test module. The high temperature water 

flowed back to water circular, in which the water was cooled down to 23 °C and sent 

back to the tank again. 

 

Figure 2.1  Flow loop for single-phase flow experiments 

Figure 2.2 shows a schematic representation of the flow loop for two-phase liquid cooling 

experiments. For the two-phase experimental system, the test module outlet was directly 

opened to the ambient instead of connecting to the water circulator like the single-phase 

experiments. In the two-phase experiments, the subcooled water entering the test module 

became saturated vapor while exiting from the test module outlet. The fluid volume 
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increased dramatically as it went through the phase change process. Opening the outlet to 

the ambient maintained the outlet vapor pressure constant, and therefore also the outlet 

saturation temperature. 

Overflow

Needle valveFilter

Filter
Temperature controlled

water circulator

Tank

Test moduleMotor and pump Flow meter

Ambient

Digital speed control

 

Figure 2.2  Flow loop for two-phase flow experiments 

 
2.1.2 Test Module 

The structure of the test module is illustrated in Figure 2.3a. The test module consists of a 

minichannel heat sink, a housing, a cover plate, and a power intensifier. The housing and 

cover plate were made of a thermoplastic material known as PEEK (polyetheretherketone) 

which has a thermal conductivity of 0.24 W/(m.K). The minichannel heat sink was glued 

to a PEEK seat using epoxy. The heat sink seat assembly was then inserted into the 

installation pocket inside the housing. The housing contained plenums both upstream and 

downstream of the heat sink. Two TJE AP121BN gauge pressure transducers from 

Honeywell Sensotec were connected to the plenums to measure the inlet and outlet 

pressure. The inlet and outlet water temperature were measured by using two shielded 
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Type K thermocouples from Omega. For the copper minichannel heat sink, five 36-gauge 

Type K thermocouples were installed inside the top base of the heat sinks. For the SiC 

minichannel heat sink, three 36-gauge Type K thermocouples were applied on the top 

surface of the heat sinks, and were encapsulated in the interface material. 

Heat was supplied by using two 500 W cartridge heaters, which were installed inside the 

top of a power intensifier made of copper. Three holes were drilled into the center of the 

lower part of the power intensifier to accommodate three 30-gauge Type K 

thermocouples. The temperatures of these points were monitored and the heat flux 

passing through the base area of the power intensifier 1.0 × 0.5 inches (30.5 × 12.7 mm) 

is calculated using Fourier’s law.  

 pi cA k T
q

x
Δ

=
Δ

 (2.1) 

where piA  is the base area of the power intensifier, TΔ  and xΔ  are temperature and 

distance difference between 1pT  and 3pT , respectively. 

An eGraf® HiTherm A thermal interface material (TIM) from GrafTech International Ltd 

was utilized between the power intensifier and the minichannel heat sink. HiTherm A 

materials are manufactured from natural graphite and a polymer additive and it has 

thermal conductivity of 16 W/(m.K) through-thickness and  120 W/(m.K) in-plane. In the 

test, the heat sink manifold and the power intensifier were mounted on a test bench and 

insulated with fiberglass. A constant pressure (~100 PSI) was applied on power 

intensifier to ensure the HiTherm A has good contact with the power intensifier and the 

heat sink top surface. 
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Figure 2.3a  Test module configuration 
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Figure 2.3b  Test module in experimental loop 

 

Figure 2.3c  Housing with a copper heat sink 
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Figure 2.3b shows the photo of the test model in experimental loop. Both the heat sink 

manifold and the power intensifier were mounted on a stainless steel stand. A load cell on 

top of the power intensifier was used to monitor the pressure applied on heat sink surface. 

Figure 2.3c shows the photo of the housing with a copper heat sink inside. The copper 

heat sink was installed at the center of the housing. The inlet and outlet plenum were 

located upstream and downstream of the heat sink. 

 
2.2 Minichannel Heat Sinks 

Two sets of heat sinks were tested and evaluated in the experiments. The copper 

minichannel heat sinks were designed, machined and assembled by the author. The SiC 

minichannel heat sinks were provided by Advanced Ceramic Research (ACR) in Tucson, 

AZ. 

 
2.2.1 Copper Minichannel Heat Sinks 

The geometry of the copper heat sinks is illustrated in Figure 2.4a and a front view photo 

of the 2-layer copper heat sink is shown in Figure 2.4b. The heat sinks were made of 

copper and the channels were precisely machined using a slotting saw. Each heat sink 

was composed of several parts and the individual layers were soldered together using a 

thin joint of 95%Sn/5%Ag solder. The thermal conductivity of the copper and solder used 

are 387.0 W/(m.K) and 66.6 W/(m.K), respectively. The dimensions of the copper heat 

sinks tested are presented in Table 2.1. All heat sink samples have same length and width 

1.2 × 0.5 inches (30.5 ×12.7 mm), channel dimension 0.02 × 0.02 inches (0.508 × 0.508 

mm), base thickness t  0.02 inches (0.508 mm), and wall thickness  0.04 inches (1.016 w
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mm). In the experiments, only the center portion of the heat sink surface, which is equal 

to the area of the bottom of power intensifier1.0 × 0.5 inches (25.4 × 12.7 mm), was 

directly heated. Five small diameter holes were drilled from the side of each heat sink and 

five 36-gauge Type K thermocouples were installed inside. The thermocouples were 

evenly spaced along the centerline of the heat sink as illustrated in Figure 2.5a. The 

average surface temperature of the heat sink was obtained by averaging five measured 

temperatures. Photo of a copper heat sink with five thermocouples is showed in Figure 

2.5b. The thermocouples were installed to the center of heat sink through the small holes 

drilled from side. Titanium putty from Devcon was used as filling material for 

thermocouple installation. 

 

 

Figure 2.4a  Copper heat sink geometric configuration 
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Figure 2.4b  Front view of the 2-layer copper heat sink 

 

 

Figure 2.5a  Thermocouple position for copper heat sinks 
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Figure 2.5b  Top view of a copper heat sink with thermocouples 

 
Table 2.1  Copper heat sink dimensions 

Sample ID H (mm) a×b (mm) Channels/layer No. of layers 
Cu-1 1.52 0.508×0.508 8 1 
Cu-2 2.54 0.508×0.508 8 2 
Cu-3 3.56 0.508×0.508 8 3 
Cu-4 4.57 0.508×0.508 8 4 
Cu-5 5.59 0.508×0.508 8 5 

 

2.2.2 SiC Minichannel Heat Sinks 

The geometry of the SiC heat sink is illustrated in Figure 2.6. The SiC heat sinks were 

fabricated by using an extrusion freeform fabrication (EFF) method. The thermal 

conductivity of the polycrystalline SiC is about 15 W/(m.K). The thermal expansion 

coefficient of SiC is very close to silicon, therefore the SiC heat sink can be directly 
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mounted on silicon die without consideration for TEC mismatch. The SiC heat sinks have 

the same length and width 1.2 × 0.5 inches (30.5 ×12.7 mm) as the copper heat sinks. The 

height of the SiC heat sinks varies according to the number of layers. In the experiments, 

only the center portion of the heat sink surface, which is equal to the area of the bottom 

of power intensifier, was directly heated. Unlike the copper heat sink, thermocouples 

were applied on top instead of inside the surface of the heat sink due to the lack of 

machineability of SiC. Three flat 36-gauge Type K thermocouples were installed and 

they were evenly spaced along the centerline of the heat sink as illustrated in Figure 2.7a. 

Top view of a SiC heat sink with thermocouples installed in heat sinks manifold is shown 

in Figure 2.7b. The average surface temperature of the heat sink was obtained by 

averaging three measured temperatures. It is clearly understood that these measurements 

may not yield the actual surface temperature due to the method of measurement. 

 

Figure 2.6  SiC heat sink geometric configuration 
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Figure 2.7a  Thermocouple position for SiC heat sinks 

 

 

Figure 2.7b  Top view of a SiC heat sink with thermocouples inside heat sinks manifold 

The photos and dimensions of the SiC heat sinks tested are presented in Table 2.2. In the 

table, H  is the heat sink height, hD  is the average hydraulic diameter, bt is the average 
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distance from the heated surface to channels of the first layer, w  is the average distance 

between adjacent channels, and t  is average distance between channels of adjacent layers. 

For the SiC heat sinks tested, some have circular channels and some have rectangular 

channels. Because of the limitation of current extrusion freeform fabrication technics, the 

channels are not identical even in the same heat sink. The base and wall thickness are 

also different for different heat sinks. The average hydraulic diameter ranges from 0.31 to 

0.41mm for five heat sinks. The number of channels per layer also varies for different 

channel. The total number of channels for each heat sink is listed in the table. 

 
Table 2.2  SiC heat sink descriptions 

Photos Sample 
ID Heat sink and channel geometry 

SiC-1 
1 layer, 19 rectangular channels, 
H =1.68 mm, hD =0.38 mm, bt =0.50 

mm, w =0.27 mm 

SiC-2 
2 layer, 40 circular channels, 
H =2.01 mm, hD =0.32 mm, bt =0.56 

mm, w =0.27 mm, t =0.27 mm 

SiC-3 
2 layer, 42 circular channels, 
H =2.01 mm, hD =0.32 mm, bt =0.47 

mm, w =0.27 mm, t =0.28 mm 

SiC-4 
2 layer, 51 rectangular channels, 
H =2.46 mm, hD =0.33 mm, bt =0.50 

mm, w =0.25 mm, t =0.25 mm  

SiC-5 
5 layer, 100 circular channels, 
H =3.73 mm, hD =0.35 mm, bt =0.64 

mm, w =0.28 mm, t =0.28 mm 
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2.3 Measurement Uncertainty 

The uncertainty of measurements for single-phase experiments was listed in Table 2.3. In 

liquid cooling experiments, the volumetric flow rate varies from 100 to 600 ml/min and 

the flow rate measurement uncertainty of the turbine flowmeter is less than 1%. The 

uncertainty associated with the measurement of water and heat sink surface temperature 

is less than ±0.1°C. The largest measurement uncertainty of the gauge pressure 

transducers is 340 Pa. The heat flux measured by the power intensifier was compared 

with the heat flux obtained by an energy balance on the water, which is calculated from 

the flow rate and inlet and outlet temperature measurements. It was found that the 

difference is less than ±3%. The heat loss from the heat sink manifold to the ambient was 

estimated at less than 1% of the heat flux input to the heat sink. 

 
Table 2.3  Uncertainty of measurements for single-phase experiments 

Quantity Normal value Uncertainty 

Flow rate  Q 100~600 ml/min ±1% of measurement 

Temperature T  23~55 °C ±0.1°C 

Heat flux q  80 Watts ±3% of measurement 

Pressure drop PΔ  10000 Pa ±340 Pa 

 

The uncertainty of the calculated thermal resistance R  was evaluated following the 

recommendations of Moffat (1998) and it is given by Equation 2.2, 
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The estimated uncertainty of R  is less than ±0.003 K/W. 

Fort the heat sink tested with the heated surface areas of 3.22 cm2. The estimated 

uncertainty of unit thermal resistance "R  is less than ±0.01 K/W/cm2. 

In the two-phase experiments, the measurement uncertainty of the flow rate for the 

turbine flowmeter increases to ±3% because small flow rate was applied. The biggest 

uncertainty contribution for temperature and pressure measurement comes from the 

unstable nature of the boiling process. As the boiling started, the inlet pressure, heat sink 

surface temperature began to oscillate. In the unstable boiling region, the oscillation of 

temperature can reach ± 1 °C. In the relative stable boiling region, the oscillation of 

temperature was less than ± 0.5 °C. To reduce the effects of the oscillation, the 

temperature and pressure measurements were obtained by long time sampling in two-

phase experiment. 
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CHAPTER 3 

SINGLE-PHASE EXPERIMENTS 

 

Experiments were conducted to evaluate the thermal and hydraulic performance of 

copper and SiC heat sinks in single-phase flow. Both types of heat sinks were tested with 

uniform heat flux on the top surface. The influence of the multilayer structure on heat 

sink surface temperature and pressure drop was explored. The predictions of CFD 

simulation using commercial software were compared with the experimental results. 

 
3.1 Data Reduction 

In the experiments, the inlet water temperature was controlled to 23 °C and the input 

power from the power intensifier to the heat sink was maintained at around 80 Watts. The 

water flow rate was varied from 50 to 600 ml/min. At each test point, the power, pressure 

drop, and heat sink surface temperature were continuously measured until the steady state 

was reached. The criteria used to determine the thermal steady state was that the power 

variation was less than 0.2 Watts and the surface temperature variation was less than ± ±  

0.2 °C in two minutes. 

 
3.1.1 Hydrodynamic Characterization 

The pressure drop associated with the measurements includes the contraction pressure 

drop at the heat sink inlet, the channel pressure drop, and the expansion pressure loss and 

recovery at the heat sink outlet. The friction factor of the minichannels is calculated using 

Equation 3.1, 
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where cK  and eK  are the contraction and expansion loss coefficients for the rectangular 

channel, which are given by Idelchik (2000), and PΔ  is the overall pressure drop from 

inlet manifold to exit manifold. 

Shah and London (1978) have reviewed and compared several analytical and 

experimental investigations on the friction factor for hydrodynamically developing flow 

in circular ducts. Their correlation is shown in Equation 3.2. 
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The equivalent friction factor for rectangular channels suggested by Biber and Belady 

(1997) is shown in Equation 3.3. 
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where  is the Reynolds number: ReD

 Re h
D

uDρ
μ

=  (3.4) 

x+  is the non-dimensional hydraulic length: 

 
Reh D
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and, 
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where α  is the aspect ratio of the minichannel, which is defined as, 

 a
b

α =  (3.7) 

 
3.1.2 Thermal Characterization 

The heat flux supplied from the power intensifier to the heat sink is calculated by 

following Equation 2.1. The derived thermal metrics are stated in terms of channel wetted 

area , which is the cross sectional heated perimeter of the wetted channels times the 

channel length. 

wetA

 2( )wetA a b L N= + ⋅ ⋅  (3.8) 

The overall heat transfer coefficient from the heat sink to the water is calculated as, 
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where s wT −Δ  is the log mean temperature between the external surface and fluid: 

 , , ,

, ,

, ,

( ) ( )

ln ln

,s w in s w out w out w in
s w

s w in s w in

s w out s w out

T T T T T T
T T T T T

T T T T

−

− − − −
Δ = =

−
− −

−
 (3.10) 

where sT  is the average of the measured heat sink surface temperatures: 
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The thermal non-dimensional length is defined as: 
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and the average Nusselt number is defined as: 
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The overall thermal resistance, R , is defined as, 
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The unit thermal resistance, "R , is defined as, 
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where piA  is the base area of the power intensifier. 

The pumping power needed to drive the working fluid through the channel is calculated 

by Equation 1.4. 

 
3.2 Experimental Results of Copper Minichannel Heat Sinks 

The hydrodynamic characteristics are as important as the thermodynamic performance in 

the selection of a viable compact heat exchanger. The measured pressure drops across the 

copper heat sinks are shown in Figure 3.1. The pressure drop for different heat sinks 

depends mainly on the volumetric flow rate, cross-sectional area and flow conditions. For 

the 1-layer heat sink, the pressure drop at large flow rates increases dramatically due to 

the laminar/turbulent flow transition at Reynolds number greater than 1400. For the 

multilayer heat sinks, the flow inside the channel is laminar for the entire flow rate range. 

Their pressure drops are much smaller than that of the 1-layer heat sink at the same 

overall flow rate because of the reduced flow velocity in the individual channels. The 

relationship between the apparent friction factor and the Reynolds number is shown in 

 



 
 

70

Figure 3.2. The friction factors of multilayer heat sinks are consistent with the empirical 

laminar curve suggested by Shah and London (1978) and Biber and Belady (1997). For 

the 1-layer heat sink, the data agrees with the predictions in the laminar regime. When the 

Reynolds number exceeds 1400, the laminar to turbulent flow transition is observed. 

Figure 3.3 shows the relationship between the overall thermal resistance and the 

volumetric flow rate for all five copper heat sinks. For each heat sink, the thermal 

resistance decreases asymptotically as the flow rate increases. In the laminar flow regime, 

the multilayer heat sinks have been shown to outperform the 1-layer heat sink in thermal 

performance. The benefit of increase of wetted surface area more than compensates for 

the decrease in the channel flow velocity, which results in reduction in the average heat 

transfer coefficient. However at larger flow rates, the flow in the 1-layer heat sink is in 

the transitional flow regime and therefore has a better thermal performance than some 

multilayer heat sinks. 

Figure 3.4 shows overall Nusselt number versus thermal non-dimensional length. The 

combined entry length solution, from Chandrupatla and Sastri (1978), is presented for a 

square channel with a constant wall heat flux at Pr =10. In the laminar regime, the 1-

layer heat sink Nusselt numbers are smaller than the combined entry length solution 

suggested by Chandrupatla and Sastri (1978). For the multilayer heat sinks, the difference 

is caused by using the measured heat sink surface temperature as the channel wall 

temperature. The actual channel wall temperature decreases monotonically as a function 

of distance of the channel from the heated surface. Therefore we should not expect good 

agreement between the multilayer heat sinks and the model for Nusselt number. 
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Figure 3.1  Pressure drop dependence on volumetric flow rate (Cu) 
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Figure 3.2  Experimental friction factor vs. empirical prediction (Cu) 
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Figure 3.3  Overall thermal resistance dependence on flow rate (Cu) 
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Figure 3.4  Wetted Nusselt number vs. *x  (Cu) 
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The measured heat sink surface temperature at different flow rates and heat flux for 1, 2, 

and 5-layer heat sinks are shown in Figure 3.5-3.7. The temperature gradient is the largest 

at the inlet because of the entrance effect. The measured peak temperature was located at 

the fourth thermocouple due to partial heating on heat sink surface. 

The influence of number of layers on the unit thermal resistance is shown in Figure 3.8. 

For the flow rates of 100 to 200 ml/min, the thermal resistance decreases asymptotically 

as the number of layers increases. There is a large improvement in thermal performance 

as the layer number increases from 1 to 3. For the 400 ml/min flow rate, the thermal 

resistance of the 1-layer heat sink is smaller than 2-layer heat sink because of the 

transitional flow in the 1-layer heat sink. Further increasing the flow rate to 600 ml/min, 

the thermal resistance of the 1-layer heat sink is even smaller than the 4-layer heat sink. 

Again this large thermal performance improvement for the 1-layer heat sink is caused by 

the occurrence of laminar/turbulent transitional flow at high flow rates. For multilayer 

heat sinks, further increasing layer number beyond four only brings small gains in 

thermal performance. 

The relationship between the unit thermal resistance and hydraulic pumping power for 

different heat sinks is shown in Figure 3.9. For a fixed overall flow rate, the multilayer 

heat sinks show substantial improvements over 1-layer heat sink when both hydraulic and 

thermal performances are considered. The improved performance of the multilayer heat 

sinks is a result of the increase in convective surface area and the decrease in flow 

velocity in each channel. Small flow velocities result in lower pressure drop and pumping 

power. Again the difference between 4-layer and 5-layer heat sinks is small. 
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Figure 3.5  Heat sink surface temperature distribution (Cu-1) 
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Figure 3.6  Heat sink surface temperature distribution (Cu-2) 
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Figure 3.7  Heat sink surface temperature distribution (Cu-5) 
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Figure 3.8  Unit thermal resistance vs. number of layers (Cu) 
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Figure 3.9  Unit thermal resistance vs. pumping power (Cu) 

 
 
3.3 Experimental Results of SiC Minichannel Heat Sinks 

The measured pressure drops across the SiC heat sinks are shown in Figure 3.10. Heat 

sink SiC-1, SiC-2, and SiC-3 have similar pressure because their cross section areas are 

similar. The relationship between the apparent friction factor and the Reynolds number is 

shown in Figure 3.11. The friction factors are consistent with the empirical laminar curve 

suggested by Shah and London (1978) and Biber and Belady (1997). There is more 

scatter in the data because of the greater uncertainty in estimating the individual channel 

diameter. The diameter was determined by averaging the direct size measurements of 

several channels in heat sink.  
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Figure 3.10  Pressure drop dependence on volumetric flow rate (SiC) 
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Figure 3.11  Experimental friction factor vs. empirical prediction (SiC) 
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Figure 3.12 shows the relationship between the overall thermal resistance and the 

volumetric flow rate for all five SiC heat sinks. The 2-layer heat sinks (SiC-2, SiC-3, and 

SiC-4, see Table 2.2) apparently have smaller thermal resistance than the 1-layer heat 

sink (SiC-1). But the 5-layer heat sink (SiC-5) has larger thermal resistance than the 1-

layer heat sink. The increase of thermal resistance of SiC-5 is because of the small 

thermal conductivity of the SiC and reduction of channel velocity. Because the heat flux 

cannot be transferred efficiently to the layers removed from the heat source, only 

channels in the few layers closest to heat source are fully utilized to dissipate the heat. 

The measured heat sink surface temperature profile at different flow rates and heat flux 

for SiC-1, SiC-2, SiC-4 are shown in Figure 3.13-3.15. The relationship between the unit 

thermal resistance and hydraulic pumping power for SiC heat sinks is shown in Figure 

3.16. For a fixed pumping power, the 2-layer heat sinks show large improvements over 

the 1-layer heat sink. But for the 5-layer heat sink, the thermal resistance is larger than 

the 1-layer heat sink at the same pumping power. Comparing the behavior of the unit 

thermal resistance vs. pumping power for Cu (Figure. 3.9) to SiC (Figure 3.16), it is clear 

that the thermal resistance of the polycrystalline SiC heat sinks is about twice as high as 

for copper heat sinks, attribute to the poor conductivity of the SiC matrix. Furthermore, 

the limit to usefulness of adding layers of channels is about four layers, and in fact little 

benefit is gained by going beyond two layers. In the contrast for the copper heat sinks, 

substantial benefit is gained by going to as many as five layers. 
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Figure 3.12  Overall thermal resistance dependence on flow rate (SiC) 
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Figure 3.13  Heat sink surface temperature distribution (SiC-1) 
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Figure 3.14  Heat sink surface temperature distribution (SiC-2) 
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Figure 3.15  Heat sink surface temperature distribution (SiC-4) 
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Figure 3.16  Unit thermal resistance vs. pumping power (SiC) 

 
 
3.4 CFD Simulations 

In order to gain confidence in the measurements, the data were compared to conjugate 

CFD simulations. Under laminar flow conditions the CFD results should be nearly exact, 

within the uncertainty of the material properties used for Cu, SiC, and water. 

The conjugate heat transfer problem associated with the copper minichannel heat sinks 

was solved by using the commercial CFD tool, Icepak 4.2 (2006). The Icepak model is 

shown in Figure 3.17. The system-level model, which includes the minichannel heat sink, 

thermal interface material, and the power intensifier, was constructed based on the 

experimental setup. The boundary condition of the top surface of the power intensifier 

was set to a constant heat flux and other walls were assumed to be adiabatic. The wall 
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boundary condition of the minichannel was neither constant heat flux nor constant 

temperature, similar to the experiments. Symmetry allowed for the modeling of only a 

single channel per layer. Temperature-dependent fluid properties were utilized. 

q

Flow

Flow

Heat sink

Power in
tensifier

TIM
Adiabatic wall

Adiabatic wall

 

Figure 3.17  Icepak model for copper heat sink 

Figure 3.18 shows the measured heat sink surface temperatures and the simulation results 

at different flow rates for the 2-layer copper heat sink. Figure 3.19 shows the measured 

heat sink surface temperatures and the simulation results for the 5-layer copper heat sink. 

The experimental data and simulation results share the same trend but the numerical 

results slightly underestimate the surface temperatures, especially near the entrance. In 

the model, the solder interface resistance between layers was assumed to be zero but 
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cannot be completely neglected when the effects of solder become more important as the 

number of layers increases. For the 1 and 2-layer heat sinks, the influences are very small 

and can be neglected. However for the 3, 4 and 5-layer heat sinks, the influences are not 

negligible, which results in the temperature underestimation by the Icepak model. 

Figure 3.20 shows the unit thermal resistance comparison between the experimental data 

and the numerical results for the 1-layer heat sink. Both laminar model and turbulence 

model were used in the numerical simulations. At flow rates less than 300 ml/min, the 

experimental data is close to the laminar model. In the laminar/turbulent transition region, 

the experimental data is located between the laminar and turbulence model as shown in 

Figure 3.20. 

Figure 3.21 shows the thermal resistance comparison for multilayer heat sinks. The 

simulation results match well with the experimental data, especially for the 2-layer heat 

sink. For the higher number of layers, the model predicts the same trend but slightly 

underestimates the thermal resistance. The solder interface influence discussed above 

may be the reason for this difference. Figure 3.22 shows the comparison between the 

predicted and measured the pressure drop for multilayer heat sinks. The CFD accurately 

predicts the pressure drop across the channels. 

In summary, the CFD model was in good agreement with the experiments, except in the 

entrance where the model underpredicted the measured temperatures. This also resulted 

in an underprediction of the thermal resistance. One possible explanation is the effects of 

solder interface between channel layers which were not included in the model. 

 



 
 

84

0.0 0.2 0.4 0.6 0.8 1.0 1.2
25

30

35

40

45

50

 100ml 79.6W
 Numerical
 300ml 80.8W
 Numerical
 500ml 80.6W
 Numerical

 

 

Τ(
.
C

)

Position (inches) 

 
Figure 3.18  Surface temperature comparison of CFD simulations and experimental data 

(Cu-2) 
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Figure 3.19  Surface temperature comparison of CFD simulations and experimental data 

(Cu-5) 
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Figure 3.20  Unit thermal resistance comparison of CFD simulations and experimental 

data (Cu-1) 

100 200 300 400 500 600
0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 2-layer
 2-layer numerical
 3-layer
 3-layer numerical
 4-layer
 4-layer numerical
 5-layer
 5-layer numerical

 

 

R
"(

K/
W

/c
m

2 )

Q (ml/min) 

 
Figure 3.21  Unit thermal resistance comparison of CFD simulations and experimental 

data (Cu, multilayer) 
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Figure 3.22  Pressure drop comparison of CFD simulations and experimental data (Cu, 

multilayer) 
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CHAPTER 4 

RESISTANCE NETWORK MODEL FOR MINICHANNEL HEAT SINK IN SINGLE-

PHASE FLOW 

 

One of the key requirements for evaluating thermal and hydraulic performance of 

minichannel heat sinks is to predict the heat sink surface temperature profile and pressure 

drop along the streamwise direction from which global performance metrics can be 

obtained. The heat sink surface temperature distribution is closely linked to the 

conduction inside the heat sink solid matrix and the convection inside the fluid. The 

channel and layer arrangement and material thermal conductivity have large influences 

on the conductive heat transfer inside the solid. The channel geometry, fluid property, 

wall boundary condition and entrance effect play important roles on the convective heat 

transfer. To account for all the above factors and solve the combined fluid-sold heat 

transfer problem, a three-dimensional resistance network model was introduced to 

compute the heat sink surface temperature distribution and the fluid pressure drop. This 

model solves the temperature based on the thermal resistance network and empirical local 

heat transfer correlation. It assumes that the fluid side and solid side are connected with a 

heat transfer coefficient, so it uses an uncoupled rather than conjugate approach. The 

model was verified by a true conjugate CFD approach and the experimental data. 
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4.1 Resistance Network Model 

4.1.1 Single-layer Heat Sink Model 

A three-dimensional thermal resistance network model for the single-layer heat sink with 

constant heat flux boundary condition on the top surface is shown in Figure 4.1. In the 

model, only half of the channel and wall are considered as the computational domain. 

The left wall, right boundary, and bottom are assumed adiabatic due to the symmetry of 

the heat sink. The heat sink is divided into  identical unit grids along the axial direction. 

Inside the channel the water properties such as conductivity and viscosity are set to vary 

with the bulk flow temperature. 

n

 

Figure 4.1  Resistance network model for single-layer heat sink 

The thermal resistances of different parts of the heat sink in each grid are calculated 

based on the heat sink and channel geometry, material property, and fluid conditions. The 
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base thermal resistance, baseR , is defined as the conduction resistance from the top heated 

surface to the top channel wall: 

 
( )

2 2

base

s

tR w ak l
=

+
 (4.1) 

 

where l  is the unit grid length. 

The conduction resistance though the sidewall is defined as: 

 wall
s

bR
k wl

=  (4.2) 

The convection resistance from the base channel wall to the fluid is: 

 ,
2

b convR
hal

=  (4.3) 

The convection resistance from the side channel wall to the fluid is defined as: 

 ,
1

w convR
hbl

=  (4.4) 

Due to the variation of local heat transfer coefficient along the flow direction, the  

and  change from grid to grid. The local heat transfer coefficient h  is determined 

by channel geometries, flow velocity and condition. The modeling of local heat transfer 

coefficient is discussed in Section 4.1.3. 

,b convR

,w convR

A conductive resistance is added between adjacent grids to account for the axial 

conduction and it is defined as 

 cond
s equiv

lR
k A

=  (4.5) 
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where  is the equivalent conduction area. equivA

Tuckerman and Pease (1981) introduced a one-dimensional thermal resistance network to 

analyze single-layer microchannel heat sinks. Their model used a “fin approach” where a 

fin efficiency term was used to account for thermal gradients along the solid matrix 

sidewall. The “fin approach” is a good approach for low aspect ratio microchannels 

where an adiabatic cover plate is used to seal the fin tips, as is the case with most silicon 

fabricated microchannels. The analysis in the present model assumes that a continuous 

conductive solid matrix surrounds the channels and that heat is transferred into the fluid 

from all four surfaces of the channel. A fin efficiency is not incorporated into the model 

as it is a second order correction that does not appear to be necessary for the present 

geometry. 

 

Figure 4.2  Temperature and resistance network for single-layer heat sink 

To solve the axial surface temperature distribution, the thermal resistance from the 

junction point to fluid in each grid is combined to an equivalent resistance and the 

resistance network model can be simplified as shown in Figure 4.2.  
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The equivalent resistance ( )equivR k  in each grid is determined by Equation 4.6. 
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( )
( )
( )
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, ,

, ,
,

, ,

( ) ( )
( )

( ) ( )
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( )

( ) ( )

w conv wall b conv
b conv wall

w conv wall b conv
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w conv wall b conv
b conv wall

w conv wall b conv

R k R R k
R k R

R k R R k
R k

R k R R k
R k R

R k R R k

⎡ ⎤⋅ +
⋅ +⎢ ⎥
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⋅ +

+ +
+ +

 (4.6) 

By enforcing an energy balance around each grid k , following equation is derived, 

 
( ) ( ) ( 1) ( ) ( 1) ( )

( )
j fluid j j j j

equiv cond cond

T k T k T k T k T k T k
q

R k R R
− + − −

= + +
−

 (4.7) 

By putting all the junction temperature terms on the right side of the equation, we get, 

  
( )1 1 1( 1) ( ) ( 1)

( ) ( )
fluid

j j j
cond equiv cond equiv

T k
T k T k T k q

R R k R R k
− + − + = +  (4.8) 

A system of linear equations for junction temperature  is then established by 

enforcing adiabatic boundary condition on front and back of the heat sink. The result are 

( )jT k

N equations in the 2N  unknown  and .  ( )jT k ( )fluidT k

The bulk fluid temperature  in each grid is computed by an energy balance.  ( )fluidT k

 ,

( 1) ( )1( ) ( )
( )

j j
fluid w in

p equiv

T k T k
T k T k q

QC R kρ
+ −

= + ⋅ +  (4.9) 

Buy coupling system of Equation 4.8 and 4.9, the junction temperature distribution is 

solved by the Thomas algorithm. 

A program written in Fortran is developed to apply the model. The following steps are 

used in the Fortran solver to calculated the surface temperature, 
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1. Initiate the program, mesh the heat sink along axial direction and estimate the 

junction temperature  in each grid. ( )jT k

2. Calculate the local heat flux in each grid by accounting for the axial conduction. 

3. Calculate bulk fluid temperatures from an energy balance, the fluid properties, the 

local Reynolds number, and the local Nusselt number in each grid. 

4. Calculate the local heat transfer coefficient, the local convective thermal 

resistance, and the local equivalent thermal resistance. 

5. Build and solve the system of linear equations for the junction temperature . ( )jT k

6. Compare the junction temperature  with previous results. If the difference is 

smaller than the tolerance, proceed to step 7. Otherwise go back to step 2. 

( )jT k

7. Compute the surface temperature  by 1-D conduction equation. ( )sT k

The pressure drop cross the channel is calculated by following equation, 

 2

8 app

h

f LP
u Dρ

Δ = ⋅  (4.10) 

where appf  is the friction factor for rectangular channels calculated by Equation 3.3-3.6 

and the water properties are evaluated at mean fluid temperature. 

 
4.1.2 Multilayer Heat Sink Model 

A three-dimensional thermal resistance network model for the multilayer heat sink with 

constant heat flux boundary condition is illustrated in Figure 4.3. In each grid, there are 
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several channels. The thermal resistances are defined as same as that of single-layer heat 

sink. For the different channels in the same unit grid, the bulk flow temperatures are 

different due to the heat flux variation in different channels. The heat flux entering 

different channels depends on the local wall temperature, the bulk flow temperature, and 

the local heat transfer coefficient. 
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Figure 4.3  Resistance network model for multilayer heat sink 
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The heat flux distribution for different channels in each grid is required to be solved first. 

The method used to solve the heat flux for different channels is shown in Figure 4.4. For 

the illustrated 3-layer heat sink, only the resistance of the last layer can be combined to 

an equivalent resistance. The Mesh-Current Analysis method (Rizzoni, 2003) combined 

with the Thomas algorithm is used to solve the heat flux distribution. 

 

Figure  4.4 Heat flux distribution model for multilayer channels (a) Resistance network in 

single grid  (b) Heat flux distribution in single grid 

After the heat flux in each channel of each grid was solved. The equivalent thermal 

resistance from the conjunction to fluid is calculate by the following equation, 
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 e

( ) ( , )
R ( , )

( , )
j fluid

quv

T k T l k
k l

q l k
−

=  (4.11) 

where  is the junction temperature at grid k ,  is the bulk fluid 

temperature at grid k  channel , the  is the local heat flux for grid k  channel . 

The thermal resistance network then can be simplified as shown in Figure 4.5. A system 

of linear equations for junction temperature  can be established and solved by the 

Thomas algorithm. 

( )jT k ( , )fluidT l k

l ( , )q l k l

( )jT k

 

Figure 4.5  Temperature and resistance network for multilayer heat sink 

The flowchart of the Fortran solver is shown in Figure 4.6. The following steps are used 

in the Fortran solver to calculated the surface temperature, 

1. Initiate the program, mesh the heat sink along axial direction and estimate the 

junction temperature  in each grid. ( )jT k
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2. Calculate the local heat flux in each grid by accounting for the axial conduction. 

3. Calculate the bulk fluid temperatures from an energy balance, the fluid properties, 

the local Reynolds, and the local Nusselt number in each channel. 

4. Calculate the local heat transfer coefficient, the local convective thermal 

resistance, and local equivalent thermal resistance . eR (quv k)

)

5. Calculate the heat flux in each channel of grid k  by Mesh-Current Analysis 

method, marching from grid 1 to grid n. 

6. Compare the heat flux  with previous results. If the difference is smaller 

than the heat flux tolerance, proceed to step 7. Otherwise go back to step 3. 

( , )q l k

7. Calculate the equivalent thermal resistance  for each channel and build 

a system of linear equation for junction temperature . 

eR ( ,quv k l

( )jT k

8. Solve junction temperature  and compare the junction temperature  

with previous results. If the difference is smaller than the temperature tolerance, 

proceed to step 9. Otherwise go back to step 2. 

( )jT k ( )jT k

9. Compute the surface temperature  by 1-D conduction equation. ( )sT k

The pressure drops cross the channels of different layer are calculated separately for 

channels in different layers by the same method used for single-layer heat sink. The 

overall pressure drop cross the heat sink equals the average of the pressure drop of all 

channels. 
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Figure 4.6  Flowchart for Fortran solver 
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4.1.3 Heat Transfer Coefficient Correlations for Single-Phase Flow 

To obtain the local heat transfer coefficient in the channel with a constant heat flux on 

channel surface, several correlations for different flow are applied in the model. In the 

mini and microcahnnel, the flow profile is laminar as long as Re , which is true 

for most cases. The local heat transfer coefficient is related to the flow condition, channel 

geometries, and hydraulic and thermal entrance length. When water is used as the 

working fluid, the thermal entrance is the dominant length scale. 

1400D <

The hydraulic entrance length hyL+  for laminar flow and the thermal entrance length *
thL  

for uniform wall heat flux with fully developed laminar velocity profile recommended by 

Shah and London (1978) for a rectangular channel were listed in Table 4.1. 

Table 4.1  hyL+  and *
thL  for rectangular channels 

Aspect ratio α hyL+

 
*
thL  

1 0.090 0.066  

0.5 0.085 0.057 

0.25 0.075 0.042 

For water at 23 °C with Pr 6.46=  and  the dimensional hydraulic entrance 

length for a square channel is, 

Re 500,D =

 Re 45hy hy h hL L D D+= =  (4.12) 

and the dimensional thermal entrance length for a square channel is, 

 * Re Pr 219th th h hL L D= ≈ D  (4.13) 
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The thermal entrance length is hundreds time larger than the channel hydraulic diameter. 

Therefore the entrance length effect cannot be neglected. 

Chandrupatla and Sastri (1978) analyzed the simultaneously developing flow inside a 

square duct with constant wall heat flux. Their results are present in Table 4.2. 

Table 4.2  xNu  as a function of *x  for square duct for simultaneously developing flow 

   xNu    

*x  Pr 0.0=  0.1 1.0 10.0 ∞  

0.0050 14.653 11.659 8.373 7.329 7.269 

0.0075 12.545 9.597 7.122 6.381 6.331 

0.0100 11.297 8.391 6.379 5.816 5.769 

0.0125 10.459 7.615 5.877 5.480 5.387 

0.020 9.031 6.353 5.011 4.759 4.720 

0.025 8.500 5.883 4.683 4.502 4.465 

0.04 7.675 5.108 4.152 4.080 4.048 

0.05 7.415 4.826 3.973 3.939 3.907 

0.10 7.051 4.243 3.687 3.686 3.686 

∞  7.013 3.612 3.612 3.612 3.612 

 

When water temperature changes from 23 °C to 40°C, the Prandtl number of water varies 

from 6.64 to 3.62. So in the resistance network model, Chandrupatla and Sastri’s data for 

 were curve fitted and used for a square channel. A comparison of the Pr 10.0= xNu  for 

1 and 10 shows that the error incurred with present approximation will be greatest at 

small 

Pr =

*x . 
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For the rectangular channel, there is no analytical and numerical Nusselt number data for 

simultaneously developing flow. Therefore the following correlation is used, 

 ' ( ) 'x xNu Nu G α= ⋅  (4.14) 

Where '
xNu  is the Nusselt number for parallel plate in simultaneously developing flow, 

and ( ) 'G α  is the correction factor proposed by Shah and London (1978) for uniformed 

wall heat flux boundary condition, 

 2 3 4( ) ' 1 2.0421 3.0853 2.4765 1.0578 0.1861G 5α α α α α= − + − + − α  (4.15) 

Hwang and Fan (1964) obtained an all-numerical finite difference solution for parallel 

plate in simultaneously developing flow with uniform heat flux boundary conditions. 

Their results are shown in Table 4.3, 

Table 4.3  xNu  as a function of *x  for parallel plate for simultaneously developing flow 

 xNu  

*x  Pr 10.0=  

0.000050 50.74 

0.000125 34.07 

0.000438 20.66 

0.00075 17.03 

0.00200 12.60 

0.00625 9.50 

0.010 8.80 
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Hwang and Fan’s data for Pr 10.0=  were curve fitted and used for parallel channel for 

. For , the correlation recommended by Shah (1975) for parallel plates 

for thermally developing flow is used and the 

* 0.01x ≤ * 0.01x >

xNu  is, 

 * -0.506 *8.235+8.68(1000x ) exp( 164 )xNu = x−  (4.16) 
 
 
4.2 Resistance Network Model Validation 

To validate the resistance network model, the predictions of the model were first 

compared with the results from the conjugate CFD model for two cases and for both 

copper and SiC heat sink materials. This bounds the behavior of heat sinks with materials 

of high and low thermal conductivity respectively. It is shown that the prediction of 

temperature distribution and pressure drop of the resistance network model are consistent 

with the commercial CFD software. The predictions of the resistance network model 

were also compared with the experimental data. The resistance network model 

predictions are also close to experimental data. 

 
4.2.1 Comparison of Resistance Network Model and CFD Simulation 

4.2.1.1 Single-layer Heat Sinks 

The geometry of the single-layer heat sink chosen in comparison is shown in Figure 4.7 

and its dimensions are listed in Table 4.4. A total 2 Watts of uniform heat flux is applied 

on the top surface and other boundaries are assumed adiabatic. The velocity profile is 

assumed to be uniform at the channel inlet.  In the model, the single-layer heat sink was 

divided into 200 grids along flow direction. 
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Figure 4.7  Single-layer heat sink geometry 

Table 4.4  Single-layer heat sink dimensions 

L (mm) W (mm) H (mm) a (mm) b  (mm) t (mm) 
30 0.6 0.6 0.2 0.2 0.2 

 

Temperature distribution on the top surface for 3 different flow rates of 2 ml/min, 6 

ml/min, and 10 ml/min were solved by both methods. The simulation results for copper 

( ) heat sink are shown in Figure 4.8 and 4.9. In Figure 4.8, the predicted 

surface temperature distribution by resistance network model is compared with the 

simulation results by the conjugate CFD model. The resistance network model slightly 

underestimates the heat sink temperature at the region close to the channel inlet but 

agrees well with the conjugate model results at other positions. It is found that the largest 

temperature difference between these two predictions occurs at low flow rates. The 

calculated local channel heat flux by the resistance network model is shown in Figure 4.9. 

It is obvious that the local channel heat flux is not uniform because of surface 

temperature variation, heat transfer coefficient difference, and axial conduction. The 

387 /( . )k W m= K
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channel heat flux has the maximum value at the inlet region due to high local heat 

transfers coefficients in entrance region, low bulk flow temperature, and axial conduction. 

However in the middle part of the channel, the channel heat flux is almost uniform as a 

result of the constant heat transfer coefficient. In the resistance network model, the local 

heat transfer coefficient is obtained by applying the empirical correlation for constant 

wall heat flux conditions, which is certainly not true at inlet region. Therefore the largest 

prediction error of the resistance network model should be at inlet region, as shown in 

Figure 4.8. For low flow rates, the heat sink surface temperature is higher and the 

temperature gradient is larger than those of high flow rate, so the absolute error of 

predicted temperature is expected to be larger than that of high flow rate, which is also 

shown in Figure 4.8. 
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Figure 4.8  Temperature distribution comparison for single-layer copper heat sink 
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Figure 4.9  Channel heat flux distribution for single-layer copper heat sink 
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Figure 4.10  Temperature distribution comparison for single-layer SiC heat sink 
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Figure 4.11  Channel heat flux distribution for single-layer SiC heat sink 

0 0.005 0.010 0.015 0.020 0.025 0.030
0

10000

20000

30000

40000

50000

60000

2

4

6

8

10

 h

T s-T
w
 (.

C
)

 

 

h 
(W

/(m
2 .K

))

Position (m)

 Ts-Tw

 q"

 

 

Figure 4.12   and h s wT T−  distribution for single-layer SiC heat sink (2 ml/min) 
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The simulation results for SiC ( 15 /( . )k W m K= ) heat sink are shown in Figure 4.10 and 

4.11. For SiC heat sink, the resistance network model predicts the inlet heat sink 

temperature very well. As shown in Figure 4.11, the local channel heat flux is more 

uniform than copper heat sink in the middle part of the channel due to less axial 

conduction as a result of low thermal conductivity of SiC. Again the largest temperature 

difference between these two predictions occurs at low flow rates. In Figure 4.11, the 

local channel heat flux has a clear minimum at location close to inlet for three different 

flow rates. The local channel heat flux  scales with "q ( )s wh T T− , where s wT T−  is 

temperature different between the surface temperature (which is very close to the wall 

temperature in these cases).and the bulk flow temperature. The local channel heat flux , 

heat transfer coefficient h , and temperature difference 

"q

s wT T−  distributions for 2 ml/min 

are shown in Figure 4.12. The heat transfer coefficient h  decreases asymptotically and 

the temperature difference s wT T−  increase asymptotically except at outlet region. The 

product of h  and s wT  has a minimum value at place close to the inlet which results in 

the minimum local channel heat flux. 

T−

For both copper and SiC heat sinks, the local channel heat flux decreases at exit, which is 

mainly a result of axial conduction. Because of the constant heat flux boundary condition 

applied on heat sink surface, the heat sink surface temperature increases along the flow 

direction, which results in heat conduction opposite to flow direction in solid. The 

uniform surface heat flux, the axial conduction, and the adiabatic boundary condition on 

outlet surface lead to the channel wall heat flux decrease at exit. 
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The pressure drops across the channel calculated by the resistance network model and 

Icepak are shown in Table 4.5. The largest difference between two simulations occurs at 

high flow rate and is less than 6%. 

Table 4.5  Pressure drop comparison for single-layer heat sinks 

Copper heat sink SiC heat sink ( )P PaΔ  

Q (ml/min) Model Icepak Model Icepak 

2 (u=0.833 m/s) 14674 14873 14675 14957 

6 (u=2.5 m/s) 51988 49284 51989 49417 

10(u=4.17 m/s) 93872 88677 93872 88793 

 
 
4.2.1.2 3-layer Heat Sinks 

The geometry of the 3-channel single-layer heat sink used for simulation is shown in 

Figure 4.13 and its dimensions are listed in Table 4.6. The channel aspect ratio is 0.25. A 

total 2 Watts of uniform heat flux is applied on the top surface. In the model, the three-

layer heat sink was divided into 200 grids along flow direction. 

Three flow rates, 2 ml/min, 6 ml/min, and 10 ml/min, were simulated by both methods 

for copper and SiC heat sinks. The predicted temperature distribution by the resistance 

network model and the conjugate CFD model for the copper heat sinks is shown in 

Figure 4.14. Two simulations match well with each other. The calculated local channel 

heat flux for different channels by resistance network model at 10 ml/min is shown in 

Figure 4.15. The heat flux differs in different channels because of variation of the wall 
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temperature and the bulk flow temperature in different channels. But the heat flux is close 

to uniform in the middle part for each individual channel. 
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Figure 4.13  3-layer heat sink geometry 

Table 4.6  3-layer heat sink dimensions 

L (mm) W (mm) H (mm) a (mm) b  (mm) t (mm) 
30 0.6 3.2 0.2 0.8 0.2 

 

The simulation results for the SiC heat sink are shown in Figure 4.16 and 4.17. For the 

SiC heat sink, the resistance model overestimates the inlet heat sink temperature. It is 

shown in Figure 4.16 that the local channel heat flux is quite different between channels 

in different layers. In the first layer channel, the channel heat flux continuously decreases 
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along the flow direction. However in the second and third layer channel, the channel heat 

flux gradually increases along the flow direction, which is contrary to the results for 

copper heat sink. The bigger temperature gradient in vertical direction due to low thermal 

conductivity is suspected to be the main reason for the difference between copper and 

SiCheat sinks. 

The pressure drops across channel calculated by resistance network model and Icepak are 

shown in Table 4.7. Again the largest difference between two simulations occurs at high 

flows rate and is less than 5%.  
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Figure 4.14  Temperature distribution comparison for 3-layer copper heat sink 
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Figure 4.15  Channel heat flux distribution for 3-layer copper heat sink (10 ml/min) 
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Figure 4.16  Temperature distribution comparison for 3-layer SiC heat sink 
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Figure 4.17  Channel heat flux distribution for 3-layer SiC heat sink (10 ml/min) 

Table 4.7  Pressure drop comparison for 3-layer heat sinks 

Copper heat sink SiC heat sink                   ( )P PaΔ  

Q (ml/min) Model Icepak Model Icepak 

2 (u=0.0694 m/s) 594 592 595 609 

6 (u=0.208 m/s) 2005 1925 2007 1978 

10(u=0.347 m/s) 3463 3320 3464 3390 

 
 
4.2.1.3 Uncertainty of the Model 

The calculated unit thermal resistances for above cases are listed in Table 4.8. The error 

of the model is calculated by assuming the CFD simulation is exact solution. The errors 

of model for 3-layer heat sinks are larger than those for single-layer heat sinks due to 
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large geometry. The maximum error of the model in these cases is 7.59%. It is concluded 

that the model has an accuracy of ±8% on prediction of unit thermal resistance. 

Table 4.8  Unit thermal resistance prediction error of model 

"R (K/W/cm2) 
Heat sink description 

Flow rate 

(ml/min) Model CFD 
"R  error 

1-layer copper heat sink 2 1.256 1.311 -4.20% 

 6 0.712 0.731 -2.60% 

 10 0.564 0.575 -1.91% 

3-layer copper heat sink 2 0.947 0.998 -5.11% 

 6 0.353 0.382 -7.59% 

 10 0.265 0.284 -6.69% 

1-layer SiC heat sink 2 1.435 1.482 -3.17% 

 6 0.899 0.936 -3.95% 

 10 0.751 0.785 -4.33% 

3-layer SiC heat sink 2 1.588 1.591 -0.19% 

 6 1.045 1.003 4.19% 

 10 0.910 0.850 7.06% 

 
 
4.2.2 Comparison of Resistance Network Model and Experiments 

The resistance network model was applied to calculate the surface temperature and 

pressure drop for the copper heat sinks tested in experiments. In the model, the copper 

heat sink was divided into 240 grids along flow direction. 

In the tests the copper heat sink is partially heated on the top surface and surface 

temperatures were measured at five locations. Figure 4.18 shows the comparison between 
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the measured heat sink surface temperatures and the model predictions at different flow 

rates for the 2-layer copper heat sink. Similar to the conjugate CFD simulation, the 

resistance network model under-predicts the temperature near the entrance of the heat 

sink. It is a reasonable hypothesis that the resistance model fails to capture the data 

properly because it calculated heat transfer coefficients by assuming uniform wall heat 

flux. But it is well known that axial variation of the wall heat flux will lead to a change in 

the heat transfer coefficient. Correction of the heat transfer coefficient would require 

iteration. That was not deemed worthwhile in this work. 

Figure 4.19 shows the comparison between measured heat sink surface temperatures and 

the model predictions for the 5-layer copper heat sink. The experimental data and 

simulation results follow the same trend but the model underestimated the surface 

temperatures. The neglect of the solder resistance in the model and the aforementioned 

issues with the heat transfer coefficients are believed to the main reason for the difference. 

Table 4.9 shows the comparison between the measured pressure drop and model 

predicted pressure drop. It is shown that the model accurately predicts the pressure drop 

across the channel. 
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Figure 4.18  Surface temperature comparison of model and experiment (Cu-2) 
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Figure 4.19  Surface temperature comparison of model and experiment (Cu-5) 
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Table 4.9  Pressure drop comparison for copper heat sinks 

2-layer copper heat sink 5-layer copper heat sink                   ( )P PaΔ  

Q (ml/min) Model Experiment Model experiment

100 1130 1032 458 412 

300 4664 4494 1473 1316 

500 9255 9091 2684 2444 

 
 
4.3 Summary 

A three-dimensional thermal resistance network model for single-layer and multilayer 

heat sinks with constant heat flux boundary condition on the top surface is proposed. The 

comparison between the resistance network model and the conjugate CFD simulation 

shows that the model can predict heat sink surface temperature with reasonable accurate 

and pressure drop with excellent accuracy. The same conclusion was also obtained by 

comparing the prediction results of the model with the experimental data. It is also found 

that the largest error of temperature prediction by the resistance network model occurs at 

the heat sink inlet, which is caused by the large error in the heat transfer coefficient 

within the entrance length region due to significant heat flux variation near the inlet. 

While comparing the temperature prediction for different flow rates, the largest 

temperature error of the resistance network model is observed at low flow rates, in which 

the temperature is higher and the entrance length is longer. For the unit thermal resistance 

and pressure drop prediction, the uncertainty of the resistance network model is less than 

8% and 6% when compared with conjugate CFD model. 
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CHAPTER 5 

PARAMETRIC STUDIES ON MINICHANNEL HEAT SINKS  

 

There are several ways to reduce the total thermal resistance of liquid cooled heat sinks. 

The methods include decreasing the channel hydraulic diameter, increasing the flow rate, 

and increasing number of layers etc. But as shown in Chapter 1, decreasing the channel 

hydraulic diameter greatly increases the pumping power, so does increasing the flow rate. 

Increasing number of layers increases the total contact surface areas and reduces the flow 

velocity in individual channels, which consequently reduces the thermal resistance and 

the pumping power. However, reducing the flow velocity in each channel decreases the 

local convective heat transfer ability. The heat sink overall thermal resistance depends 

both on the convective heat transfer in the fluid and the conductive heat transfer in the 

solid matrix. For single-layer heat sinks, the convective heat transfer is the dominant 

factor since most heat sinks are made of materials with high thermal conductivity. But for 

the multilayer heat sinks, the conduction in the solid matrix becomes more important due 

to the increasing conductive length between the heated surface and lower channels. The 

channel geometry and heat sink structure also have large effects on the convection and 

conduction of heat sinks. In this chapter, the influences of different parameters on heat 

sinks’ thermal and hydraulic performance are explored by using the resistance network 

model. 

In Chapter 4 the resistance network model has been proved that can accurately predict the 

heat sink temperature distribution and pressure drop. There are many important aspects 
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related to heat sink performance evaluation, such as heat sink dimension and volume, 

heat sink thermal resistance, heat sink temperature uniformity, the peak temperature, and 

the pumping power etc. The easy using, flexible, ultra-fast resistance network model 

solver makes the parametric study, which need adjust parameters continuously, possible 

and feasible.     

To address the dimensional factors, a heat sink with surface area of 30 mm × 30 mm, 

which is the typical dimension of current electrical chip, is chosen in the parametric study. 

The geometry of the heat sink is shown in Figure 5.1. A uniform heat flux of 100 watts is 

applied on the heat sink top surface. Copper and silicon carbide are considered as heat 

sink materials. For pure parametric studies, the height of the heat sink is unconfined. But 

for the optimization study, the height of the heat sink is restrained to be less than 5 mm. 

30
 m

m

 

Figure 5.1  Heat sink dimension for parametric study  

In the parametric study, several channel dimension configurations are considered for the 

constrained heat sink dimension. The channel configurations studied are shown in Table 
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5.1. In the table, m  is number of channels per layer,  is the total wetted area 

per layer, and 

/wetA layer

maxL  is maximum number of layers if the height of heat sink is less than 5 

mm. The base thickness t  is 0.2 mm, which is identical for all heat sinks. 

To identify the heat sinks with different configurations, a label code is introduced as 

illustrated in Figure 5.2, 

 

Figure 5.2  Heat sink identification code 

In the identification code, the first letter is material symbol, where Cu is for copper and 

SiC is for silicon carbide. The second, third, and fourth symbol are channel width, height, 

and wall thickness in millimeters. The last symbol represents the number of layers. For 

example, SiC-a0.2-b0.4-w-0.2-L3 represents a 3-layer silicon carbide heat sink whose 

channel width is 0.2 mm, channel height is 0.4 mm, and wall thickness is 0.2 mm.   

When applying the resistance model on the heat sinks listed in Table 5.1, the heat sinks 

are divided into 200 grids along the flow direction. The temperature convergent criterion 

for the computation is less than 0.001 °C. 
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Table 5.1  Heat sink channel configuration 

Heat sink label α 
a 

(mm) 

b 

(mm) 

t 

(mm) 

w 

(mm) 
m 

Awet/ layer 

(mm2) 
Lmax 

a0.1-b0.1-w0.2 1 0.1 0.1 0.2 0.2 100 1200 16 

a0.1-b0.2-w0.2 0.5 0.1 0.2 0.2 0.2 100 1800 12 

a0.1-b0.4-w0.2 0.25 0.1 0.4 0.2 0.2 100 3000 8 

a0.1-b0.8-w0.2 0.125 0.1 0.8 0.2 0.2 100 5400 5 

a0.1-b0.1-w0.4 1 0.1 0.1 0.2 0.4 60 720 16 

a0.1-b0.2-w0.4 0.5 0.1 0.2 0.2 0.4 60 1080 12 

a0.1-b0.4-w0.4 0.25 0.1 0.4 0.2 0.4 60 1800 8 

a0.1-b0.8-w0.4 0.125 0.1 0.8 0.2 0.4 60 3240 5 

a0.2-b0.2-w0.2 1 0.2 0.2 0.2 0.2 75 1800 12 

a0.2-b0.4-w0.2 0.5 0.2 0.4 0.2 0.2 75 2700 8 

a0.2-b0.8-w0.2 0.25 0.2 0.8 0.2 0.2 75 4500 5 

a0.2-b1.6-w0.2 0.125 0.2 1.6 0.2 0.2 75 8100 2 

a0.2-b0.2-w0.4 1 0.2 0.2 0.2 0.4 50 1200 12 

a0.2-b0.4-w0.4 0.5 0.2 0.4 0.2 0.4 50 1800 8 

a0.2-b0.8-w0.4 0.25 0.2 0.8 0.2 0.4 50 3000 5 

a0.2-b1.2-w0.4 0.125 0.2 1.6 0.2 0.4 50 5400 2 

a0.4-b0.4-w0.2 1 0.4 0.4 0.2 0.2 50 2400 8 

a0.4-b0.8-w0.2 0.5 0.4 0.8 0.2 0.2 50 3600 5 

a0.4-b1.6-w0.2 0.25 0.4 1.6 0.2 0.2 50 6000 2 

a0.4-b3.2-w0.2 0.125 0.4 3.2 0.2 0.2 50 10800 1 

a0.4-b0.4-w0.4 1 0.4 0.4 0.2 0.4 37 1776 8 

a0.4-b0.8-w0.8 0.5 0.4 0.8 0.2 0.4 37 2664 5 

a0.4-b1.6-w1.6 0.25 0.4 1.6 0.2 0.4 37 4440 2 

a0.4-b3.2-w3.2 0.125 0.4 3.2 0.2 0.4 37 7992 1 
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5.1 Copper Multilayer Heat Sinks 

5.1.1 Influence of Hydraulic Diameter 

The predicted unit thermal resistances for three square channel single-layer copper heat 

sinks, which have hydraulic diameter of 0.1, 0.2, and 0.4 mm, are shown in Figure 5.3. 

For Cu-a0.1-b0.1-w0.2-L1, Cu-a0.2-b0.2-w0.2-L1, and Cu-a0.4-b0.4-w0.2-L1, the total 

channels are 100, 75, and 50 and the total wetted areas are 1200, 1800, and 2400 mm2, 

respectively. For the same flow rate, the heat sink Cu-a0.1-b0.1-w0.2-L1 has the smallest 

thermal resistance even if its wetted area is smallest. The reason is that it has the largest 

heat transfer coefficient, which is the result of smallest channel hydraulic diameter it has.  

The calculated heat sink surface temperature distribution, local heat transfer coefficient 

distribution, and local channel heat flux distribution at 100 ml/min are shown in Figure 

5.4, 5.5, and 5.6, respectively. In Figure 5.4, the surface temperature gradient is the 

largest in the region close to the inlet because of high local heat flux and high heat 

transfer coefficient in this region, which is caused by the entrance effect. In the middle 

part of the heat sink, the surface temperature is nearly linear along the flow direction due 

to the nearly constant heat transfer coefficient and heat flux, which are shown in Figure 

5.5 and 5.6. At the region near the inlet, the heat transfer coefficient decreases 

asymptotically, so is the local heat flux. At the region close the outlet, the local heat flux 

decreases because of the axial conduction. As a directly results of large local heat transfer 

coefficient, the heat sink Cu-a0.1-b0.1-w0.2-L1 has higher unit local heat flux than other 

two heat sinks. 
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The computed heat sink surface temperature distribution, local heat transfer coefficient 

distribution, and local channel heat flux distribution at 500 ml/min are shown in Figure 

5.7, 5.8, and 5.9, respectively. Compared with 100 ml/min, the temperature increment at 

heat sink surface at 500 ml/min is less.  And the combined entrance length at 500 ml/min 

is much longer than that at 100 ml/min because of larger Reynolds numbers. For heat 

sink Cu-a0.1-b0.1-w0.2-L1, the entrance length covers the whole channel length. 

Therefore the entrance length effect plays an important role on surface temperature for 

heat sinks with small hydraulic diameter at large flow, which means large Reynolds 

number. The local channel heat flux at 500 ml/min is more uniform than that at 100 

ml/min because of less axial conduction, which is the result of less temperature gradient 

in axial direction. 
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Figure 5.3  Thermal resistance dependence on flow rate for square channel (Cu) 
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Figure 5.4  Heat sink surface temperature distribution (Cu, Q=100 ml/min) 
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Figure 5.5  Channel heat transfer coefficient distribution (Cu, Q=100 ml/min) 



 123

0 0.005 0.010 0.015 0.020 0.025 0.030
0

50000

100000

150000

 Cu-a0.1-b0.1-w0.2-L1, Re
i
=180

 Cu-a0.2-b0.2-w0.2-L1, Rei=120
 Cu-a0.4-b0.4-w0.2-L1, Rei=90

 

 

q"
 (W

/m
2 )

Position (m)

 
Figure 5.6  Channel heat flux distribution (Cu, Q=100 ml/min) 
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Figure 5.7  Heat sink surface temperature distribution (Cu, Q=500 ml/min) 
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Figure 5.8  Channel heat transfer coefficient distribution (Cu, Q=500 ml/min) 
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Figure 5.9  Channel heat flux distribution (Cu, Q=500 ml/min) 
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Figure 5.10  Thermal resistance dependence on pumping power (Cu) 

The dependence of the unit thermal resistance on the pumping power for three heat sinks 

is shown in Figure 5.10. For the same flow rate, it is shown in Figure 5.3 that the heat 

sink with small hydraulic diameter has smaller thermal resistance. But the penalty is large 

pressure drop across the channels. However to achieve certain thermal resistance, the heat 

sink Cu-a0.4-b0.4-w0.2-L1, which has largest hydraulic diameter, needs the smallest 

pumping power. The reason is it has the largest cross-section area, which also makes its 

height much larger than other two heat sinks. 

 
5.1.2 Influence of Aspect Ratio 

Figure 5.11 shows the thermal resistance comparison for four different heat sinks whose 

channel widths are identical ( =0.1 mm) but heights are different (b =0.1, 0.2, 0.4, 0.8 

mm). All four heat sinks have 100 channels. For Cu-a0.1-b0.1-w0.2-L1, Cu-a0.1-b0.2-

a
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w0.2-L1, Cu-a0.1-b0.4-w0.2-L1, and Cu-a0.1-b0.8-w0.2-L1, the total wetted areas are 

1200, 1800, 3000, and 5400 mm2, respectively. Clearly for single-layer heat sink, low 

aspect ratio channels ( b =0.4, 0.8 mm) have much smaller thermal resistance than the 

square channel because of larger wetted area. However the thermal performance 

difference between the square channel and the rectangular channel with b =0.2 mm is 

small, which means the benefit of increasing wetted surface area is mostly been 

counteracted by the decrease of local heat transfer coefficient.    

The heat sink surface temperature distributions for four heat sinks at 300 ml/min are 

shown in Figure 5.12. The square channel heat sink has smaller temperature in inlet 

region than the rectangular channel with b =0.2 mm because former has higher heat 

transfer coefficient and longer entrance length at inlet region. For the heat sink Cu-a0.1-

b0.4-w0.2-L1 and Cu-a0.1-b0.8-w0.2-L1, the surface temperature increases nearly 

linearly along the flow direction. The reason is that the entrance effect is negligible for 

large cross-section channels which have small flow velocity. 
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Figure 5.11  Thermal resistance dependence on aspect ratio (Cu, a=0.1 mm) 
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Figure 5.12  Heat sink surface temperature distribution (Cu, a=0.1mm, Q=300 ml/min) 
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Figure 5.13 shows the thermal resistance comparison for four different heat sinks whose 

channel widths are 0.2 mm but heights are 0.2, 0.4, 0.8, 1.6 mm, respectively. All four 

heat sinks have 75 channels. Still low aspect ratio channels ( =0.8, 1.6 mm) have 

smaller thermal resistance and the rectangular channel with b =0.4 shows no obvious 

advantage over the square channel. The heat sink surface temperature distributions for 

four heat sinks at 300 ml/min are shown in Figure 5.14. The rectangular channel heat sink 

with b =0.4 mm has larger temperature than the square channel at inlet region. But the 

rectangular channel heat sinks have more uniform temperature distribution than the 

square channel heat sink, especially the low aspect ration heat sinks ( =0.8, 1.6 mm), 

which have superior thermal performance over the square channel heat sink.  
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Figure 5.13  Thermal resistance dependence on flow rate (Cu, a=0.2 mm) 
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Figure 5.14  Heat sink surface temperature distribution (Cu, a=0.2 mm, Q=300 ml/min) 

 
5.1.3 Influence of Number of Layers 

Figure 5.15 shows the relationship of unit thermal resistance with number of layers at 100 

ml/min for three square channel heat sinks, which have hydraulic diameter of 0.1, 0.2, 

and 0.4 mm and wall thickness of 0.2 mm. For all heat sinks, the thermal resistance first 

decreases rapidly as the number of layers increases. After the thermal resistance reaches 

the minimum value, it gradually increases as the number of layers continues to increase. 

The optimal number of layers depends on the channel hydraulic diameter. The smaller is 

the hydraulic diameter, the larger is the optimal number of layers. When the number of 

layers is larger than the optimal value, the benefit of increasing wetted surface area is 

totally overcome by the drawback of increasing conduction resistance from heat surface 

to lower channels and shorting entrance length. The heat sink surface temperature 
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distribution for heat sink Cu-a0.1-b0.1-w0.2 for different number of layers at 100 ml/min 

is shown in Figure 5.16. Clearly the surface temperature of Cu-a0.1-b0.1-w0.2-L8 is 

larger than Cu-a0.1-b0.1-w0.2-6, which has the smallest thermal resistance. 

Figure 5.17 shows the thermal resistance dependence on number of layers for square 

channel heat sinks at 500 ml/min. Compared with 100 ml/min, the convective heat 

transfer is enhanced because of higher flow velocity. For example for the Cu-a0.1-b0.1-

w0.2 heat sink, the optimal number of layers increases to 8 at 500 ml/min, compared to 6 

at 100 ml/min. The heat sink surface temperature distribution for heat sink Cu-a0.1-b0.1-

w0.2 for different layers at 500 ml/min is shown in Fig 4.18. 
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Figure 5.15  Thermal resistance vs. number of layers (Cu, α =1, Q=100 ml/min) 
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Figure 5.16  Heat sink surface temperature distribution (Cu, α =1, Q=100 ml/min) 
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Figure 5.17  Thermal resistance vs. number of layers (Cu, α =1, Q=500 ml/min) 
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Figure 5.18  Heat sink surface temperature distribution (Cu, α =1, Q=500 ml/min) 

Figure 5.19 and 5.20 show the relationship between thermal resistance and number of 

layers for rectangular channel heat sinks whose aspect ratio 0.25α =  at 100 ml/min and 

500 ml/min, respectively. Compared with the square channels with same channel width, 

the optimal number of layers decreases for both 100 and 500 ml/min. For 100 ml/min, the 

optimal number of layer is 2 for all three rectangular heat sinks. For 500 ml/min, the 

optimal number of layer is 3 for heat sink Cu-a0.2-b0.8-w0.2 and Cu-a0.3-b1.6-w0.2, and 

4 for heat sink Cu-a0.1-b0.4-w0.2. The decrease of optimal number of layers is the results 

of both the large hydraulic diameter and relatively thinner wall. 
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Figure 5.19  Thermal resistance vs. number of layers (Cu, α =0.25, Q=100 ml/min) 
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Figure 5.20 Thermal resistance vs. number of layers (Cu, α =0.25, Q=500 ml/min) 
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5.1.4 Influence of Wall Thickness 

The thermal resistance dependence on number of layers at 100 and 500 ml/min for two 

sets of heat sinks, which have same channel dimension and different wall thickness, are 

shown in Figure 5.21 and 5.22, respectively. The heat sink Cu-a0.2-b0.2-w0.2 has 75 

channels per layer, heat sink Cu-a0.2-b0.2-w0.4 and Cu-a0.4-b0.4-w0.2 have 50 channels 

per layer, and heat sink Cu-a0.4-b0.4-w0.4 has 37 channels per layer. For small number 

of layers, the thin wall helps lower the thermal resistance because of larger number of 

channels. For large number of layers, performance of thick wall heat sinks is close to thin 

wall heat sinks due to smaller conduction resistance in vertical direction, which helps 

conduct more heat to the lower channels. 
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Figure 5.21  Thermal resistance vs. number of layers (Cu, Q=100 ml/min) 
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Figure 5.22  Thermal resistance vs. number of layers (Cu, Q=500 ml/min) 

 
5.1.5 Optimization of Copper Heat Sinks 

For optimization study, the height of the heat sink is restrained as less than 5 mm and 

other dimensions are maintained unchanged. The optimal number of layers for a heat sink 

is dependent on the flow rate. The optimal number of layers at low flow rate is normally 

smaller than that at high flow rate, which is shown in section 5.1.3. In this study, the 

thermal performance at high flow rate is considered as the main factor to choose the 

optimal number of layers. In each optimization, the channel width and wall thickness are 

fixed and the optimal number of layers are chosen for different aspect ratio channels. 

Then the thermal and hydraulic performance of these optimized heat sinks are compared 

and analyzed.   
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1) =0.1 mm, =0.2 mm a w

For the heat sinks with channel width of 0.1 mm and wall thickness of 0.2 mm, the 

optimal heat sink thermal resistances for channels with different aspect ratio are shown in 

Figure 5.23. The corresponding pressure drops for these heat sinks are shown in Figure 

5.24. All heat sinks have 100 channels per layer. The optimal number of layers are 8, 6, 4, 

2 respectively, for b =0.1, 0.2, 0.4, 0.8 mm. For the optimized heat sinks, their thermal 

resistances are almost identical at same flow rate. The square channel heat sink has the 

largest pressure drop due to its smallest cross section areas. The heat sinks with b =0.4, 

0.8 mm have similar pressure drops as they have same cross section areas. 
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Figure 5.23  Thermal resistance of optimized heat sinks (Cu, a =0.1 mm, =0.2 mm) w
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Figure 5.24  Pressure drop of optimized heat sinks (Cu, a =0.1 mm, =0.2 mm) w

2) =0.2 mm, =0.2 mm a w

For the heat sinks with channel width of 0.2 mm and wall thickness of 0.2 mm, the 

optimal heat sink thermal resistances are shown in Figure 5.25 and the corresponding 

pressure drops are shown in Figure 5.26. All heat sinks have 75 channels per layer. The 

optimal number of layers are 7, 6, 4, 2 respectively, for b =0.2, 0.4, 0.8, 1.6 mm. For all 

the optimized heat sinks, their thermal resistances are almost the same except that the 

square channel has smaller thermal resistance at flow rates larger than 200 ml/min. The 

square channel heat sink has the largest pressure drop and heat sinks with b = 0.8, 1.6 

mm have the smallest pressure drop. Compared with the heat sinks with channel width of 

0.1 mm, the heat sinks with channel width of 0.2 mm have slightly larger thermal 

resistance but much smaller pressure drop. 
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Figure 5.25  Thermal resistance of optimized heat sinks (Cu, =0.2 mm, =0.2 mm) a w
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Figure 5.26  Pressure drop of optimized heat sinks (Cu, a =0.2 mm, =0.2 mm) w
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3) =0.2 mm, =0.4 mm a w

For the heat sinks with channel width of 0.2 mm and wall thickness of 0.4 mm, the 

optimal heat sink thermal resistances are shown in Figure 5.27 and the corresponding 

pressure drops are shown in Figure 5.28. All heat sinks have 50 channels per layer. The 

optimal number of layer are 9, 8, 5, 2 respectively, for b =0.2, 0.4, 0.8, 1.6 mm. Once 

again their thermal resistances are almost the same except that the square channel has 

smaller thermal resistance at flow rates large than 300 ml/min. Compared with the heat 

sinks with channel width of 0.2 mm and wall thickness of 0.2 mm, the heat sinks with 

channel width of 0.2 mm and wall thickness of 0.4 mm have slightly larger thermal 

resistance and similar pressure drop. 
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Figure 5.27  Thermal resistance of optimized heat sinks (Cu, =0.2 mm, =0.4 mm) a w
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Figure 5.28  Pressure drop of optimized heat sinks (Cu, a =0.2 mm, =0.4 mm) w

4) =0.4 mm, =0.2 mm a w

For the heat sinks with channel width of 0.4 mm and wall thickness of 0.2 mm, the 

optimal heat sink thermal resistances are shown in Figure 5.29 and the corresponding 

pressure drops are shown in Figure 5.30. All heat sinks have 50 channels per layer. The 

optimal number of layer are 7, 5, 2, 1 respectively, for b =0.4, 0.8, 1.6, 3.2 mm. For the 

same flow rate, the optimal thermal resistance decreases as the aspect ratio increases. The 

square channel sink shows advantage over rectangular heat sinks in thermal performance. 

The heat conduction in vertical direction is obstructed by the relative thin wall, which 

make the low aspect ratio channels less favorable.  
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Figure 5.29  Thermal resistance of optimized heat sinks (Cu, =0.4 mm, =0.2 mm) a w
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Figure 5.30  Pressure drop of optimized heat sinks (Cu, a =0.4 mm, =0.2 mm) w
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5) =0.4 mm, =0.4 mm a w

For the heat sinks with channel width of 0.4 mm and wall thickness of 0.4 mm, the 

optimal heat sink thermal resistances are shown in Figure 5.31 and the corresponding 

pressure drops are shown in Figure 5.32. All heat sinks have 37 channels per layer. The 

optimal number of layer are 8, 5 respectively, for b =0.4, 0.8 mm. For =1.6, 3.2 mm, the 

number of layers is set to 2, 1 because of the heat sink height limit. At the same flow rate, 

the thermal resistance decreases as the aspect ratio increases. Compared with the heat 

sinks with channel width of 0.4 mm and wall thickness of 0.2 mm, the heat sinks with 

channel width of 0.4 mm and wall thickness of 0.4 mm have similar thermal resistance 

and similar pressure drop with respect to the same aspect ratio.  
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Figure 5.31  Thermal resistance of optimized heat sinks (Cu, =0.4 mm, =0.4 mm) a w
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Figure 5.32  Pressure drop of optimized heat sinks (Cu, a =0.4 mm, =0.4 mm) w

 

6) Pumping power 

Figure 5.33 shows the relationship between thermal resistance and pumping power for 

the five optimized square channel heat sinks. The heat sink Cu-a0.1-b0.1-w0.2-L8 has the 

smallest thermal resistance for certain flow rate. But the heat sink Cu-a0.2-b0.2-w0.2-L7 

and Cu-a0.2-b0.2-w0.4-L8 can achieve similar thermal resistance with much less 

pumping power. The heat sinks with the same channel size were found to have both 

similar thermal and hydraulic performance even if their wall thickness and number of 

channels per layer are different. 
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Figure 5.33  Thermal resistance dependence on pumping power (Cu, α =1) 
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Figure 5.34  Thermal resistance dependence on pumping power (Cu, α =0.5) 
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Figure 5.35  Thermal resistance dependence on pumping power (Cu, α =0.125) 

Figure 5.34 and 5.35 shows the thermal resistance dependence on pumping power for the 

optimized rectangular channel heat sinks with aspect ration α =0.5 and 0.125, 

respectively. Again the heat sink with smallest hydraulic diameter has the best thermal 

performance. But the heat sink with medium hydraulic diameter can achieve reasonable 

thermal resistance with much less pumping power. 

 
5.2 SiC Multilayer Heat Sinks 

5.2.1 Influence of Hydraulic Diameter 

The predicted unit thermal resistances for three square channel single-layer SiC heat 

sinks, which have hydraulic diameter of 0.1, 0.2, and 0.4 mm, are shown in Figure 5.36. 

The heat sink surface temperature at flow rate 100 and 500 ml/min are shown in Figure 

5.37 and Fig 5.38, respectively. 
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Compared with the copper heat sinks with same configurations, the SiC heat sinks have 

much larger thermal resistance. The thermal resistance difference between copper and 

SiC heat sinks varies with respective to flow rate. For example the thermal resistance 

difference for Cu-a0.1-b0.1-w0.2-L1 and SiC-a0.1-b0.1-w0.2-L1 gradually increases as 

flow rate increases. Because the copper channel has same heat transfer coefficient as SiC 

channel because of identical channel dimension, the increasing discrepancy indicates that 

the poor conduction ability in SiC heat sink obstructs the improvement on thermal 

resistance at high flow rate.  

100 200 300 400 500 600
0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

 SiC-a0.1-b0.1-w0.2-L1
 Cu-a0.1-b0.1-w0.2-L1
 SiC-a0.2-b0.2-w0.2-L1
 Cu-a0.2-b0.2-w0.2-L1
 SiC-a0.4-b0.4-w0.2-L1
 Cu-a0.4-b0.4-w0.2-L1

 

 

R
" (

k/
(W

/c
m

2 ))

Flow rate (ml/min)

 
Figure 5.36  Thermal resistance dependence on flow rate (SiC) 
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Figure 5.37  Heat sink surface temperature distribution (SiC, Q=100 ml/min) 

0.000 0.005 0.010 0.015 0.020 0.025 0.030
15

20

25

30

35

40

 SiC-a0.1-b0.1-w0.2-L1, Re
i
=900

 Cu-a0.1-b0.1-w0.2-L1,  Rei=900
 SiC-a0.2-b0.2-w0.2-L1, Rei=600
 Cu-a0.2-b0.2-w0.2-L1,  Re

i
=600

 SiC-a0.4-b0.4-w0.2-L1, Rei=450
 Cu-a0.4-b0.4-w0.2-L1,  Rei=450

 

 

T(
癈

)

Position (m)

 
Figure 5.38  Heat sink surface temperature distribution (SiC, Q=500 ml/min) 
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5.2.2 Influence of Aspect Ratio 

Figure 5.39 shows the thermal resistance comparison for four different SiC heat sinks 

whose channel widths are identical ( =0.1 mm) but heights are different (b =0.1, 0.2, 0.4, 

0.8 mm). All four heat sinks have 100 channels. The difference between square channel 

and rectangular channels is not as big as that of copper heat sinks. The heat sink with 

=0.4 mm outperform the heat sink with b =0.8 mm at flow rate less than 500 ml/min. It 

is clear that the conduction in solid matrix plays critical role to decide the thermal 

resistance for SiC heat sinks since the heat sink with b =0.8 mm has better convective 

heat transfer ability. On the other hand, the convective heat transfer in liquid is the 

dominant factor for single-layer copper heat sink.  

a

b

The heat sink surface temperature distributions for four heat sinks at 300 ml/min are 

shown in Figure 5.40. The square channels heat sink has smaller temperature but larger 

temperature gradient at inlet region due to higher local heat transfer coefficient, longer 

entrance length, and poor axial conduction. For the heat sink Cu-a0.1-b0.4-w0.2-L1 and 

Cu-a0.1-b0.8-w0.2-L1, the surface temperature nearly increases linearly along the flow 

direction except at region very close to inlet. The surface temperature of the heat sink 

with b =0.4 mm is lower than the heat sink with b =0.8 mm even if the latter has larger 

wetted area. 
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Figure 5.39  Thermal resistance dependence on aspect ratio (SiC, a=0.1mm) 
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Figure 5.40  Heat sink surface temperature distribution (SiC, Q=300 ml/min) 
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Figure 5.41 shows the thermal resistance comparison for four different SiC heat sinks 

whose channel widths are 0.2 mm but heights are 0.2, 0.4, 0.8, 1.6 mm, respectively. All 

heat sinks have 75 channels. Contrary to the copper heat sinks, the square channel SiC 

heat sink has the smallest thermal resistance. At same flow rate, the thermal resistance 

increases as the aspect ratio increases. For low aspect ratio SiC heat sinks, the conduction 

inside heat sinks becomes the dominant factor on the heat sink thermal resistance. The 

heat sink surface temperature distributions at 300 ml/min for four heat sinks are shown in 

Figure 5.42. Clearly the square channel heat sink has the lowest temperature. 
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Figure 5.41  Thermal resistance dependence on aspect ratio (SiC, a=0.2mm) 
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Figure 5.42  Heat sink surface temperature distribution (SiC, Q=300 ml/min) 

 
5.2.3 Influence of Number of Layers 

Figure 5.43 shows the relationship between unit thermal resistance and number of layers 

at 100 ml/min for three square channel SiC heat sinks, which have hydraulic diameter of 

0.1, 0.2, and 0.4 mm and wall thickness of 0.2 mm. For three different heat sinks, the 

thermal resistances reach their minimum value at 2 layers, which is much smaller 

compared with copper heat sinks with same channel geometry. Beyond 2 layers, the 

thermal resistance gradually increases as the number of layers increases. The heat sink 

SiC-a0.1-b0.1-w0.2 has smallest thermal resistance and difference between it and other 

two heat sinks are considerable. 
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Figure 5.44 shows the unit thermal resistance dependence on number of layers at 500 

ml/min for the same set of heat sinks. Similarly the optimal layer number is 2 for the heat 

sink SiC-a0.1-b0.1-w0.2 and SiC-a0.2-b0.2-w0.2. For the heat sink Cu-a0.4-b0.4-w0.2, 

the minimum thermal resistance is achieved at 1 layer. 

The calculated local channel heat flux for the heat sink SiC-a0.1-b0.1-w0.2-L3 and Cu-

a0.1-b0.1-w0.2-L3 at 500 ml/min is shown in Figure 5.45 and 5.46, respectively. For the 

3-layer copper heat sink, the local heat flux in three channels of different layer share the 

same trend and their value are very close, which means the wall temperature of the three 

channels are similar as a result of low conductive resistance in solid matrix. However for 

the SiC heat sink, the local heat flux in three channels are fairly different from each other. 

The first layer channel has the biggest local heat flux, which decreases along flux 

direction. The third layer channel has least local heat flux, which increases along the flow 

direction. Because the local heat transfer coefficients in three channels are almost 

identical, the variation on local heat flux can only be caused by the channel wall 

temperature difference, which is due to the low thermal conductivity of SiC. 

Figure 5.47 and 4.48 shows the dependence of thermal resistance on number of layers for 

rectangular channel heat sinks with aspect ratio 0.5α =  and wall thickness of 0.2 mm, at 

100 ml/min and 500 ml/min, respectively. For both flow rates, the optimal layer number 

is 2 for the heat sink SiC-a0.1-b0.1-w0.2 and SiC-a0.2-b0.2-w0. For the heat sink Cu-

a0.4-b0.4-w0.2, the minimum thermal resistance is achieved at 1 layer. The above 

predictions of model are consistent with the experimental data shown in Chapter 3, where 

the 2-layer circular heat sinks have smaller thermal resistance than other SiC heat sinks. 
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Figure 5.43  Thermal resistance vs. number of layers (SiC, 1α = , Q=100 ml/min) 
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Figure 5.44  Thermal resistance vs. number of layers (SiC, 1α = , Q=500 ml/min) 
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Figure 5.45  Local channel heat flux for SiC-a0.1-b0.1-w0.2-L3 (Q=500 ml/min) 
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Figure 5.46  Local channel heat flux for Cu-a0.1-b0.1-w0.2-L3 (Q=500 ml/min) 
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Figure 5.47  Thermal resistance vs. number of layers (SiC, 0.5α = , Q=100 ml/min) 
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Figure 5.48  Thermal resistance vs. number of layers (SiC, 0.5α = , Q=500 ml/min) 
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5.2.4 Influence of Wall Thickness 

The thermal resistance dependence on number of layers at 100 and 500 ml/min for two 

sets of square channel SiC heat sinks, which have same channel dimension and different 

wall thickness, are shown in Figure 5.49 and 5.50. For these heat sink configurations, the 

heat sink SiC-a0.2-b0.2-w0.2 has 75 channels, heat sink SiC-a0.2-b0.2-w0.4 and SiC-

a0.4-b0.4-w0.2 have 50 channels, and heat sink SiC-a0.4-b0.4-w0.4 has 37 channels. For 

the heat sinks with channel width of 0.2 mm, the minimum thermal resistance is achieved 

by thin wall one (SiC-a0.2-b0.2-w0.2). For the heat sinks with channel width of 0.4 mm, 

the smallest thermal resistance is obtained by thick wall one (SiC-a0.4-b0.4-w0.4). 

Therefore it is important to match the wall thickness with the channel width for the SiC to 

achieve better thermal performance because of the important role of conduction in solid. 
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Figure 5.49  Thermal resistance vs. number of layers (SiC, Q=100 ml/min) 
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Figure 5.50  Thermal resistance vs. number of layers (SiC, Q=500 ml/min) 

 
5.2.5 Optimization of SiC Heat Sinks 

1) =0.1 mm, =0.2 mm a w

For the heat sinks with channel width of 0.1 mm and wall thickness of 0.2 mm, the 

optimal heat sink thermal resistances are shown in Figure 5.51 and the corresponding 

pressure drops are shown in Figure 5.52. All heat sinks have 100 channels per layer. The 

optimal number of layer are 2, 2, 1, 1 respectively, for b =0.1, 0.2, 0.4, 0.8 mm.. At 

constant flow rate, the thermal resistance increases as the channel aspect ratio decreases. 

The square channel heat sink has the smallest thermal resistances and also has the largest 

pressure drop. 
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Figure 5.51  Thermal resistance of optimized heat sinks (SiC, =0.1 mm, =0.2 mm) a w
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Figure 5.52  Pressure drop of optimized heat sinks (SiC, a =0.1 mm, =0.2 mm) w
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2) =0.2 mm, =0.2 mm a w

For the heat sinks with channel width of 0.2 mm and wall thickness of 0.2 mm, the 

optimal heat sink thermal resistances are shown in Figure 5.53 and the corresponding 

pressure drops are shown in Figure 5.54. All heat sinks have 75 channels per layer. The 

square channel has the smallest thermal resistance, which is same as heat sink with width 

of 0.1 mm. The optimal number of layer are 2, 2, 1, 1 respectively, for b =0.2, 0.4, 0.8, 

1.6 mm. Compared with the heat sinks with channel width of 0.1 mm, the heat sinks with 

channel width of 0.2 mm have larger thermal resistance but much smaller pressure drop. 
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Figure 5.53  Thermal resistance of optimized heat sinks (SiC, =0.2 mm, =0.2 mm) a w
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Figure 5.54  Pressure drop of optimized heat sinks (SiC, a =0.2 mm, =0.2 mm) w

 
3) =0.2 mm, =0.4 mm a w

For the heat sinks with channel width of 0.2 mm and wall thickness of 0.4 mm, the 

optimal heat sink thermal resistances are shown in Figure 5.55 and the corresponding 

pressure drops are shown in Figure 5.56. All heat sinks have 50 channels per layer. The 

optimal number of layer are 2, 2, 1, 1 respectively, b =0.2, 0.4, 0.8, 1.6 mm. The square 

channel has the smallest thermal resistance and the difference between the square channel 

and the rectangular channels is considerable. 

The thermal and hydraulic performance of the optimized the heat sinks with channel 

width of 0.4 mm follows the same trend as the heat sinks with channel width of 0.2 mm. 

Therefore their characteristics are not displayed here.  
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Figure 5.55  Thermal resistance of optimized heat sinks (SiC, =0.2 mm, =0.4 mm) a w
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Figure 5.56  Pressure drop of optimized heat sinks (SiC, a =0.2 mm, =0.4 mm) w
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5.3 Cost-effectiveness Analysis 

In the last two sections it is shown that small hydraulic diameter results in the increase of 

thermal performance and pumping power. As the unit thermal resistant decreases 

considerably along with the decrease of hydraulic diameter, pressure drop also increases 

exponentially. In real applications, pumping power is as important as the thermal 

resistance for valuating the overall heat sink performance. A cost-effectiveness 

coefficient is introduced to consider both thermal resistance and the required pumping 

power and is defined as, 

 6

1
" log( 10 )pumpingR P

η =
⋅ ×

 (5.1) 

A set of square channel copper heat sinks was chosen to investigate the influence of 

hydraulic diameter on the cost-effectiveness coefficient. The heat sinks have same 

geometry as described in Figure 5.1, but the height of heat sinks is restrained as less than 

2.4 mm. Detailed dimensions of the chosen heat sinks are listed in Table 5.2. The channel 

hydraulic diameter varies from 0.05 mm to 1.2 mm and the number of layer varies from 

10 to 1. 

The calculated unit thermal resistance and pressure drop for all heat sinks at three 

different flow rates are shown in Figure 5.57 and 5.58 respectively. The heat sinks with 

smaller diameter have smaller unit thermal resistance but larger pressure drop. 

The relationships between cost-effectiveness coefficient and hydraulic diameter are 

shown in Figure 5.59. Clearly the cost-effectiveness coefficient has a maximum value at 

each flow rate. For flow rates of 100, 300, and 500 ml/min, the optimal hydraulic 
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diameters are 0.5, 0.2, and 0.2 mm respectively. Further decreasing hydraulic diameter 

below the optimal value results in the decrease of cost-effectiveness coefficient, which 

means considerable increase of pumping power can only lead to small improvement on 

thermal performance. 

Table 5.2  Heat sink channel configuration for cost-effectiveness analysis 

Heat sink label 
Dh 

(mm) 

a 

(mm) 

b 

(mm) 

t 

(mm) 

w 

(mm) 
M 

Number of 

layers  

a0.05-b0.05-w0.2-L10 0.05 0.05 0.05 0.2 0.2 120 10 

a0.1-b0.1-w0.2-L8 0.1 0.1 0.1 0.2 0.2 100 8 

a0.2-b0.2-w0.2-L6 0.2 0.2 0.2 0.2 0.2 75 6 

a0.4-b0.4-w0.2-L4 0.4 0.4 0.4 0.2 0.2 50 4 

a0.6-b0.6-w0.2-L3 0.6 0.6 0.6 0.2 0.2 37 3 

a0.8-b0.8-w0.2-L2 0.8 0.8 0.8 0.2 0.2 30 2 

a1.2-b1.2-w0.2-L1 1.2 1.2 1.2 0.2 0.2 21 1 
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Figure 5.57  Unit thermal resistance vs. hydraulic diameter 
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Figure 5.58  Pressure drop vs. hydraulic diameter 
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Figure 5.59  Cost-effectiveness coefficient vs. hydraulic diameter 
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5.4 Summary 

The influence of different parameters on multilayer copper and SiC heat sinks’ 

performance were discussed in this chapter. For copper heat sinks, the smallest thermal 

resistance can be achieved by multilayer heat sinks with smallest channel width. The 

pressure drop can be optimized by choosing low aspect ratio channel. If the pumping 

power is an import issue for optimization, the heat sink with medium channel width is a 

wise choice, which can achieve small thermal resistance with reasonable pressure drop. 

For square channel heat sinks, the optimized number of layers is between 7 and 8 in 

simulations. For rectangular channel heat sinks, the optimized number of layers is 

between 2 and 8 dependent on channel aspect ratio and wall thickness. 

For SiC heat sinks the smallest thermal resistance was achieved by square channel heat 

sinks. The thermal performance difference between square and rectangular channels is 

considerable. Therefore it is not recommended to use low aspect ratio channel for SiC 

heat sinks. For square channel heat sinks, the optimized number of layers is 2 and the 

smaller is the hydraulic diameter, the smaller is the thermal resistance. For low aspect 

ratio rectangular channel, the best thermal performance is achieved at 1-layer heat sinks 

and it is recommended to match the wall thickness with the channel width. 
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CHAPTER 6 

TWO-PHASE EXPERIMENTS 

 

Experiments were conducted to evaluate the thermal and hydraulic performance of 

copper and SiC heat sinks in two-phase flow. In experiments, the flow rate passing the 

heat sink was maintained constant and the heat flux applied on the heat sink top surface 

was increased gradually. At each heat flux, the heat sink surface temperature and pressure 

drop were recorded after the thermal steady state was reached. The characteristics of two-

phase flow in small channels were discussed and analyzed and the influence of multilayer 

structure on temperature and pressure drop in two-phase flow was also discussed. 

 
6.1 Data Reduction 

The flow in a channel is single-phase as long as the liquid and wall temperature are both 

below the liquid saturation temperature at local pressure. The boiling can occur as the 

wall temperature exceeds the local saturation temperature, depending on the channel 

characteristics and flow conditions. Figure 6.1 shows a schematic illustration of the 

important region of flow boiling inside small tube with uniform heat flux on the channel 

wall. The subcooled fully developed flow enters the inlet at point A. From A to B, the 

wall and bulk flow temperature are below the water saturation temperature but increases 

as the heat is transferred from wall to flow. At point B, the wall temperature reaches the 

saturation temperature. However the nucleation does not occur immediately, as a certain 

amount of wall superheat is needed to activate nucleation on the wall surface. The first 

bubble is generated on the wall at location C, which is identified as the onset of nucleate 
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boiling. The wall temperature begins to level off as more nucleation sites are activated 

beyond point C. The bulk flow temperature is still under the saturation temperature and 

the flow is called subcooled boiling flow. Further downstream, as more bubbles are 

generated, the contribution to heat transfer from the nucleate contribution continues to 

rise, while the single-phase convective contribution diminishes. As more heat is added to 

the flow, the flow becomes saturated at point D and the bulk fluid temperature reaches 

the local saturation temperature. The wall temperature begins to increase very slowly and 

the flow is saturated flow boiling after position D. 

The local heat transfer coefficient distribution is also shown in Figure 6.1. In the single-

phase flow regime, the heat transfer coefficient is constant because the flow is fully 

developed. After the first bubble is generated, the heat transfer coefficient soars up very 

quickly due to the nucleation of the liquid. The heat transfer coefficient continues to 

increase as more bubbles appear, which is the sign of increasing intensity of nucleation. 

The heat transfer coefficient reaches the peak in the vicinity of position D, where the 

liquid gets saturated. According to most researchers (Kew and Cornwell (1997), Warrier 

et al. (2002), Yu et al. (2002), Qu and Mudawar (2003a, 2003b)), the flow transfers to the 

annular flow with a thin film of liquid closed to the wall and vapor core in the middle 

right at the vicinity of the saturation point. Following the start of the annular flow, the 

heat transfer coefficient begins to decrease according to some researcher (Qu and 

Mudawar (2004), Balasubramanian and Kandlikar (2005)).  
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Figure 6.1  Schematic representation of flow regime in small channel 

The state of subcooled and saturated liquid can be defined in terms of an equilibrium 

quality x  based on the liquid enthalpy relative to its saturation state at pressure. 
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When flow is subcooled liquid, the thermal equilibrium quality x  has negative value. 

When flow gets saturated, x  becomes positive. 

In the saturated boiling region, the two-phase boiling heat transfer coefficient is defined 

as, 
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In the process of phase change, the fluid volume expands thousand times as it transforms 

from liquid to vapor, which consequently accelerates the velocity of mixing of liquid and 

vapor. The acceleration of the fluid causes the pressure drop to increase dramatically. In 

such case, the pressure drop associated with the two-phase flow is much larger than that 

associated single-phase flow. It is very difficult to evaluate the expansion pressure loss 

and recovery related to the two-phase flow at the outlet. The contraction pressure drop at 

the inlet is very small due to small flow rate in experiments. Therefore the pressure drop 

measured at the plenums of the heat sink manifold is treated as the pressure drop across 

the channel. 

 
6.2 Two-phase Experimental Results 

In experiments, the inlet water temperature was controlled at 23 °C and the water flow 

rate was kept constant. The outlet of the heat sink was directly opened to ambient. The 

saturation temperature is 97.3 °C at local ambient pressure of 0.092 MPa. The input 

power from the power intensifier to the heat sink was gradually increased. At each test 

point, the power, pressure drop, and heat sink surface temperature were continuously 

monitored. The experimental data were recorded after the steady state was reached. The 

criterion for the steady state of two-phase flow is the surface temperature variation in two 

minutes is less than  °C. 0.05±

 
6.2.1 Single-layer Copper Heat Sink 

Figure 6.2 and 6.3 show the boiling curve and measured pressure drop for 1-layer copper 

heat sink at flow rates of 20 and 40 ml/min. For the flow rate of 20 ml/min, the heat flux 
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needed to get the 23 °C water fully saturated is 103.4 Watts. The flow is still single-phase 

with small input power. In this regime, the average surface temperature increases nearly 

linearly with the increase of input power, which is shown in Figure 6.2. The pressure 

drop is small because of the small flow rate and it decreases slightly with the increase of 

power due to the increase of average bulk fluid temperature. When the input power is 

over 100 watts, the average surface temperature begins to level off with respect to the 

heat flux after the boiling begins. The pressure drop climbs as more vapor are generated. 

Following the start of the boiling, the surface temperature and inlet pressure begin to 

oscillate. The oscillations are moderate at low vapor quality. While further increasing the 

input power beyond 400 Watts, the oscillation of the surface temperature becomes severe, 

so is the oscillation of inlet pressure. 

At the flow rate of 40 ml/min, the heat needed to get the water fully saturated is 206.8 

Watts. The flow becomes two-phase when the input power exceeds 200 Watts. In two-

phase regime, the average heat sink surface temperature increases nearly linearly with the 

increase of input power in the range from 242.9 to 644.7 Watts and the temperature and 

pressure oscillations are moderate. Compared with the pressure drop at 20 ml/min in the 

two-phase regime at the same input power, it is interesting to discover that the pressure 

drops at 40 ml/min are smaller. When liquid evaporates passing through a channel, the 

pressure drop in two-phase flow regime is much larger than that in single-phase flow 

regime. With same input power, the vapor quality at 20 ml/min is much larger that at 40 

ml/min, so is the boiling intensity. The more intensive boiling makes the pressure drops 

at 20 ml/min larger than those at 40 ml/min. 
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It is also interesting to observe that the average heat sink surface for 20 and 40 ml/min at 

heat flux from 200 to 400 Watts are very close, which is an indication of nucleate boiling 

domination on boiling in small channels. Generally the nucleate boiling is strongly 

dependent on the local heat flux but not the vapor quality and flow rate. On the other 

hand, the convective boiling mainly depends on the local vapor quality and flow rate. 

Figure 6.4 and 6.5 shows the measured surface temperatures in two-phase flow for 1-

layer copper heat sink at flow rates of 20 and 40 ml/min, respectively. The heat sink 

surface temperature gradually increases in the frontal part of the heat sink. The peak 

temperature is reached at the position of the fourth thermocouple due to the partial 

heating applied on the heat sink surface. The surface temperature is more uniform at low 

heat flux than at high heat flux. 
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Figure 6.2  Boiling curve for 1-layer copper heat sink  
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Figure 6.3  Pressure drop for 1-layer copper heat sink  
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Figure 6.4  Heat sink surface temperature in two-phase flow (Cu-1, 20 ml/min)  
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Figure 6.5  Heat sink surface temperature in two-phase flow (Cu-1, 40 ml/min)  

 
6.2.2 Multilayer Copper Heat Sinks 

1) 20 ml/min 

Figure 6.6 shows the dependence of the measured average surface temperature on the 

total heat flux for five copper heat sinks at 20 ml/min. For the heat flux less than 270 

Watts, the multilayer copper heat sinks have better thermal performance than the 1-layer 

heat sink with smaller average surface temperature. The average surface temperature 

decreases as the number of layers increases and the 5-layer heat sink has the smallest 

average surface temperature for certain heat flux. However when the heat flux is larger 

than 270 Watts, some multilayer heat sinks begin to lose stability, especially the 2-layer 

heat sink. When the heat flux is larger than the critical value, the 2-layer heat sink surface 

temperature begins to increase dramatically even with small increasing power. To verify 
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the repeatability of this phenomenon, another round of two-phase experiment was 

conducted for the 2-layer heat sink and the results are shown in Figure 6.7. It was 

founded that the phenomenon of losing stability is repeatable. 

The mal-distribution of the flow rate in different layers is believed to be the reason for the 

loss of stability. For multilayer heat sinks in the single-phase flow, the flow rates in 

different layers are uniform because the pressure drops in different layers are identical. 

For multilayer heat sinks in two-phase flow, the boiling in the channels which is close to 

the heated surface is more intensive than those in the channels which are far away from 

the heated surface because the former channels have higher wall temperature and heat 

flux. Since the pressure drop in two-phase flow regime is much large than that in single-

phase flow regime, the pressure drop in the channels of first layer are much larger than 

that in the channels of other layers. The pressure drop discrepancy between different 

layers causes the flow to been diverted from first layer to other layers, which leaves less 

flow in the first layer. The decrease of flow rate in the first layer results in the increase of 

the surface temperature and the boiling in first layer becomes more extensive because of 

the increase of wall superheat and vapor quality. Consequently the pressure drop in the 

first layer becomes even larger, which leave the first layer have even less flow. This kind 

of chain reaction between the pressure drop and flow rate in the first layer is suspected to 

cause the instability for multilayer heat sinks at high heat flux. 
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Figure 6.6  Boiling curve for copper heat sinks (multilayer, 20 ml/min)  
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Figure 6.7  Boiling curve for 2-layer copper heat sink (20 ml/min)  
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The measured surface temperature profile for 2-layer and 5-layer heat sinks at 20 ml/min 

are shown in Figure 6.8 and 6.9. For 2 and 5-layer heat sinks, the measured surface 

temperatures at position close to inlet at around 120 Watts are smaller than the saturation 

temperature, which indicates the boiling starts at later position. For the 2-layer heat sink, 

the surface temperature nearly increases linearly along the streamwise direction as the 

heat flux is over 290.5 Watts and the linear increase of temperature is the sign of the 

unstable. For the 5-layer eat sink, the threshold is 532.7 Watts as shown in Figure 6.9. 

Figure 6.10 shows the measured pressure drop for five heat sinks at 20 ml/min. At the 

same heat flux, the 1-layer heat sink has much larger pressure drop than the multilayer 

heat sinks. For multilayer heat sink, the more is number of layers, the less is the pressure 

drop. Unlike 1-layer heat sink, the pressure drop difference between single-phase flow 

and two-phase flow for 2, 3, 4 and 5-layer heat sinks are not significant, which also 

indicates the redistribution of flow in different layers. If the boiling is uniform in all 

layers, the pressure drop in two-phase flow for multilayer heat sinks should be much 

large than that in single-phase flow. It is believed that at certain heat flux, the flow in 

lower layer channels of multilayer heat sinks is still single-phase flow when the flow in 

upper layer channels becomes two-phase flow. The redistribution of the flow is 

determined by the pressure balance at the inlet and outlet and the balance keeps the 

pressure drop in two-phase flow small for multilayer heat sinks. 
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Figure 6.8  Heat sink surface temperature in two-phase flow (Cu-2, 20 ml/min)  

0 0.2 0.4 0.6 0.8 1.0 1.2
80

90

100

110

120

130

140

150

160

 115.8 W     181.1 W
 241.2 W     298.1 W
 377.9 W     532.7 W
 

 

T 
(.

C
)

Position (inches) 

 

Figure 6.9  Heat sink surface temperature in two-phase flow (Cu-5, 20 ml/min)  
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Figure 6.10  Pressure drop for copper heat sinks (multilayer, 20 ml/min)  

 

2) 40 ml/min 

Figure 6.11 shows the relationship between the measured average surface temperatures 

with the total heat flux for five copper heat sinks at 40 ml/min. For low heat flux, the 

multilayer copper heat sinks have smaller average surface temperature than the 1-layer 

heat sink. But the temperature difference between the multilayer heat sinks and 1-layer 

heat sink disappeared as the heat flux increases. Again the mal-distribution of the flow 

rate in different layer is believed to be the reason for the thermal performance 

deterioration of multilayer heat sinks. 

The measured surface temperature profile for 2-layer and 5-layer heat sinks is shown in 

Fig. 6.12 and 6.13, respectively. For the 2-layer heat sink, the surface temperature nearly 
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increases linearly along the streamwise direction as the heat flux is over 483.0 Watts. 

Compared with 20 ml/min, the instability of the 2-layer heat sink is not so severe due to 

larger inertial energy of the flow. The 5-layer heat sink remains stable even at 607.3 

Watts. 

Figure 6.14 shows the measured pressure drop for five heat sinks at 40 ml/min. Similar to 

that at 20 ml/min, the multilayer heat sinks have much smaller pressure drop than the 1-

layer heat sink, especial for 3, 4, and 5-layer heat sinks. 
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Figure 6.11  Boiling curve for copper heat sinks (multilayer, 40 ml/min)  
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Figure 6.12  Heat sink surface temperature in two-phase flow (Cu-2, 40 ml/min)  
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Figure 6.13  Heat sink surface temperature in two-phase flow (Cu-5, 40 ml/min)  
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Figure 6.14  Pressure drop for copper heat sinks (multilayer, 40 ml/min)  

 
6.2.3 SiC Heat Sinks 

Figure 6.15 and 6.16 show the boiling curve and measured pressure drop for the heat sink 

SiC-2 at 20 ml/min for two round tests. It is shown that the experimental data for two 

different tests are consistent. Compared with copper heat sinks, the boiling in heat sink 

SiC-2 starts at almost same heat flux, but with higher surface temperature. The average 

surface temperature gradient difference between the single-phase flow and two-phase 

flow is not as large as that of copper heat sinks. The low conductivity of SiC impedes the 

heat conduction in vertical and axial direction, which makes the increase of the average 

surface temperature. Figure 6.17 shows the measured surface temperatures for the heat 

sink SiC-2 at different heat flux. 
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Figure 6.15  Boiling curve for SiC-2 (20 ml/min)  
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Figure 6.16  Pressure drop for SiC-2 (20 ml/min)  
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Figure 6.17  Heat sink surface temperature in two-phase flow (SiC-2, 20 ml/min, round 1)  

 

Figure 6.18 and 6.19 demonstrates the boiling curve and measured pressure drop for the 

heat sink SiC-3 at 20 ml/min for two round tests. Figure 6.20 shows the measured surface 

temperature distribution for heat sink SiC-3 at different heat flux. Similar to SiC-2, the 

SiC-3 heat sink shows some but not significant thermal performance improvement in 

two-phase flow when compared with that in single-phase flow. 

Heat sink SiC-1, SiC-4, SiC-5 were also tested in two-phase flow, but the heat sinks were 

found leaking during the tests. The long time test and high temperature caused the 

deterioration of heat sinks and liquid was found penetrating the heat sink top surfaces, 

which made the temperature measurement unusable. So the two-phase experimental data 

of these heat sinks are not shown here.  
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Figure 6.18  Boiling curve for SiC-3 (20 ml/min)  
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Figure 6.19  Pressure drop for SiC-3 (20 ml/min)  
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Figure 6.20  Heat sink surface temperature in two-phase flow (SiC-3, 20 ml/min, round 1) 

 



 186

CHAPTER 7 

RESISTANCE NETWORK MODEL FOR MINICHANNEL HEAT SINK IN 

TWO-PHASE FLOW 

 

The boiling mechanism in small channels is very complex and need to be investigated 

carefully. It is difficult to model the two-phase flow because of the liquid to vapor 

transition but proper treatment of boiling regime can be accomplished by correctly 

recognizing the flow pattern. In this research, the flow boiling inside the multilayer 

minichannel heat sinks was explored numerically. In simulations, the resistance network 

model was expanded to accommodate the boiling regime in two-phase flow. The local 

heat transfer coefficient correlations proposed by several researchers were applied to the 

saturated boiling flow regime. The predicted heat sink surface temperature profile were 

compared with the experimental data. It was found that the conventional boiling 

correlations are not suitable for small channels. Among the empirical boiling correlations 

for small channels, Yu’s correlation is the one whose predictions fit with the 

experimental data best. 

 
7.1 Resistance Network Model 

7.1.1 Model Description 

The same resistance network model used for the heat sinks in single-phase flow was 

modified for the heat sinks in two-phase flow. The previous researchers (Kew and 

Cornwell (1997), Warrier et al. (2002), Yu et al. (2002), Qu and Mudawar (2003a, 

2003b)) have shown that liquid flow in small channel changes abruptly to annular flow 
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when it becomes saturated. For the heat sinks working in two-phase condition, normally a 

constant temperature subcooled liquid is supplied into heat sink inlet and the liquid/vapor 

mixture exits from the outlet. A three-zone model for fluid in small channels was 

proposed as shown in Figure 7.1. At the inlet, the flow is the subcooled liquid flow. The 

wall temperature and bulk flow temperature continuously increase as the flow moves 

downstream and more heat is transferred from the channel wall to the fluid. At certain 

place, the bubble begins to emerge from the wall but the bulk fluid temperature is still 

less than the saturation temperature and the flow is the subcooled boiling flow. When the 

bulk flow temperature reaches the saturated temperature, the flow suddenly transforms to 

annular flow, which is called saturated boiling flow. 

Single-phase flow

q

Subcooled boiling 
flow 

Saturated boiling flow 

Pambient  Tsat
Subcooled 

flow

 

Figure 7.1  Three-zone model for two-phase flow in small channel 

For the single-phase flow at the inlet, the local heat transfer coefficient was determined 

by the correlations discussed in Section 4.1.3. The interface location, which separates the 

single-phase flow from the subcooled boiling flow, is decided by Equation 1.32. For the 

saturated boiling flow the local heat transfer coefficient is calculated by boiling 
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correlations discussed in Section 1.3.1. The local heat transfer coefficient in subcooled 

boiling flow is calculated by following equation, 

, , 0 ,( )ONB
tp x tp x l ONB l ONB

ONB

x xh h h
x = ,h−

= − +  (7.1) 

where  is the two-phase heat transfer coefficient at the saturation point and   is 

the single-phase heat transfer coefficient at the location of ONB. In the equation, both 

, 0tp xh = ,l ONBh

xONBx  and  are less than zero.  

 
7.1.2 Application of the Model 

To apply the three-zone assumption on the resistance network model, following 

assumptions are used, 

1. For the wall temperature below the threshold for the onset of nucleate boiling 

( ), only the single-phase convective contribution should be considered. w ONT T< B

x ≥2. When the flow becomes saturated ( 0), only the two-phase nucleate and 

convective boiling should be counted and the single-phase convection is neglected. 

3. The pressure drop in singe-phase flow zone and subcooled boiling flow zone is 

negligible compared with the pressure drop in the saturated boiling flow zone.  

4. The pressure drop in the saturated boiling flow zone is linear. 

5. The local saturation temperature in channels is a function of the local fluid 

pressure. 
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6. At the outlet of the heat sink, the fluid pressure equals to the ambient pressure and 

the fluid temperature equals to the ambient saturation temperature. 

The 3-D thermal resistance network model for the single-layer heat sink in single-phase 

flow which is shown in Figure 4.1 is applied the single-layer heat sink in two-phase flow 

by combining with three-zone model. In the new model, half of the channel and wall are 

considered as computing domain. The left wall, right boundary, and bottom are assumed 

adiabatic due to symmetry of the heat sink and channel. The heat sink is divided into n  

identical unit grids along the axial direction. The n  individual grids are assigned to three 

different zones: single-phase flow zone, subcooled boiling flow zone, and saturated flow 

boiling zone. In each zone, the local heat transfer coefficient is calculated according to 

local flow and heat flux condition. 

The flowchart of the Fortran solver is shown in Figure 7.2. The following steps are used 

in the Fortran solver to calculated the surface temperature, 

1. Initiate the program, mesh the heat sink along the axial direction and estimate the 

junction temperature  in each grid. ( )jT k

2. Calculate the local heat flux in each grid by accounting the axial conduction. 

3. Calculate the  and determine the location of ONB . ONBl,j ONBT

4. Calculate bulk fluid temperatures and determine the location of saturation point 

satl . 
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5. If , the flow is single-phase and the local heat transfer coefficient is 

computed by the method discussed in section 4.1.3. If  

ONBl l<

satl l≥ , the flow is 

saturated boiling flow and the local heat transfer coefficient is determined by the 

boiling correlation. If ONB satl l l< < , the flow is subcooled boiling flow and the 

local heat transfer coefficient is calculated by Equation 7.1. 

6. Build and solve the system of linear equations for junction temperature . ( )jT k

7. Solve the junction temperature  and compare the junction temperature 

 with previous results. If there difference is smaller than the tolerance, 

proceed to step 8. Otherwise go back to step 2. 

( )jT k

( )jT k

8. Compute the surface temperature  by 1-D conduction equation. ( )sT k
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Figure 7.2  Flowchart for Fortran solver 
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7.1.3 Summary of Empirical Boiling Correlations 

Seven empirical correlations for the saturated flow boiling heat transfer coefficient in 

macro and micro channels are evaluated in this dissertation. The selected correlations are 

listed and summarized in Table 7.1. It should be noted that some correlations were 

developed for circular tubes. Application of theses correlations to square channels is 

fairly straightforward by using the hydraulic diameter.  

In the original boiling correlation of Chen (1966) and Gungor and Winterton (1986), the 

single-phase convective heat transfer coefficient  is calculated using equation given by 

Dittus-Boelter (1930), which is for the turbulent flow. Due to laminar nature of the flow 

in small channels, the single-phase convective heat transfer coefficient  for above 

correlations is calculated by using Equation 1.23, which is for fully developed laminar 

flow. 

lh

lh

In these seven correlations, the correlations of Chen (1966), Gungor and Winterton, and 

Kandlikar are for macro size channels, and the correlations of Lazarek and Black, Tran et 

al., Warrier et al., and Yu et al. are for mini and microchannels. 
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Table 7.1  Summary of saturated boiling correlations 

Heat transfer 
coefficient  htp

Author and Reference Material and channel geometry Working fluid and parameter range 

Chen (1966) Conventional size channel, 600 data 

points 

Refrigerants and water Equation 1.5-

1.12 

Gungor and Winterton 

(1986) 

Conventional size channel,  3,693 data 

points 

Refrigerants and water Equation 1.16 

Kandlikar (1991, 2003) Conventional size channel Refrigerants and water Equation 

1.17-1.23 

R-113, =125-750 kg/m2.s, =14-380 

kW/m2, =860-5500,  

Lazarek and Black 

(1982) 

Equation 1.24 G qhDSingle stainless steel tube, =0.315 mm 

BoRe =0.00023-

0.00076, P =1.3-4.1 Bar 

R-12, =44-832 kg/m2.s, =3.6-129 

kW/m2, 

Equation 

1.25-1.26 

Tran et al. (1996) G qhDSingle brass tube,  =2.46 mm, 

x Bo=0-0.94, =0.0002-0.0017 Single rectangular channel, 2.40 mm 

FC-84, =557-1600 kg/m2.s, =0-59.9 

kW/m2, 

Equation 1.28 Warrier et al. (2002)  5 parallel aluminum rectangular channels, G q

hD  =0.75 mm x =0-0.94 

Water, =50-200 kg/m2.s, =0-400 

kW/m2, 

Yu et al. (2002) Equation 1.29 G qhDSingle stainless steel tube,  =2.98 mm 

P =2 Bar 
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To illustrate the difference between the seven correlations, a rectangular channel was 

constructed as the demo channel and it is shown in Figure 7.3. The dimension of the 

channel is 0.5 × 0.5 mm. A uniform heat flux was applied on four channel walls and 

saturated water ( x =0) was supplied to the inlet of the channel. 

 
Figure 7.3  Illustration of single-channel with uniform wall heat flux  

For =2.5 ml/min and =750 kW/ m2 ( G =166.7 kg/m2.s and BoQ "q =0.00199), the 

calculated local heat transfer coefficients for different boiling coefficients are shown in 

Figure 7.4. For Q =5.0 ml/min and =1500 kW/ m2 ( G =333.3 kg/m2.s and "q

Bo =0.00199), the calculated local heat transfer coefficients are shown in Figure 7.5. For 

=5.0 ml/min and =750 kW/ m2 (G =333.3 kg/m2.s and BoQ q" =0.00099), the calculated 

local heat transfer coefficients are shown in Figure 7.6. In three Figures, the abscissa x  is 

vapor quality. 
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The corrections of Chen and Gungor share the same trend and their boiling heat transfer 

coefficient increase with respect to the increases of the vapor quality. The boiling heat 

transfer coefficient of Kandlikar first decreases in small vapor quality then increases in 

high vapor quality because of the transformation of the dominant heat transfer 

mechanism from nucleate boiling to convective boiling. The boiling heat transfer 

coefficient of Lazarek is constant because it is independent on vapor quality in the 

correlation. The boiling heat transfer coefficient of Warrier and Yu are close but Yu’s 

prediction decreases with increases of the vapor quality. The trend of Warrier’s 

predictions depends on the Bo Bo number. When >0.001169, the boiling heat transfer 

coefficient increases as the vapor quality increases, which is shown in Figure 7.4 and 7.5. 

When Bo  <0.001169, the boiling heat transfer coefficient decreases as the vapor quality 
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increases, which is shown in Figure 7.6. The predictions of Tran are excluded from the 

plots as it is extremely small compared with other correlations. Generally the boiling heat 

transfer coefficient value derived for macro channel (Chen, Gungor, Kandlikar) are larger 

than those derived for small channel (Lazarek, Warrier, Yu). 

 
7.2 Comparison of Model Predictions and Experimental Data 

The resistance network model for two-phase flow is used to calculate the 1-layer copper 

heat sink surface temperature distribution and compared with the experimental data. 

Because of the flow rate mal-distribution in different layers, this model can not be 

applied to multilayer copper heat sinks.  

1) 20 ml/min 

The surface temperature profile of 1-layer copper heat sink was calculated using the 

method discussed in previous section. In the simulations, the measured inlet and outlet 

pressure are used as the input to the solver. 

The comparison of temperature at Q =20 ml/min and q =160.4 Watts between 

experimental data and predictions are shown in Figure 7.7. The conventional correlations 

for macro channel (Chen, Gungor and Winterton, and Kandlikar) all underestimate the 

temperature. The correlation of Lazarek underestimates the temperature but is closer to 

the measurements. The predictions of Warrier and Yu’s correlations are similar. They 

both underestimate the temperature at the front part and overestimate the temperature at 

the back part of the heat sink. The calculated local heat transfer coefficients are shown in 
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Figure 7.8, which clearly shows the three different flow zones. Close to the inlet is the 

single-phase flow zone, where heat transfer coefficient decreases asymptotically. The 

subcooled boiling flow zone starts from where the heat transfer coefficient begins to 

increase and ends at the saturation point. The starting and ending points of the subcooled 

boiling flow zone vary for different correlations. In the saturated boiling flow zone, the 

two-phase heat transfer coefficient is a function of local heat flux, vapor quality, fluid 

property etc and depends on the correlation. 

The comparison of temperature at Q =20 ml/min and q =269.2 Watts between the 

experimental data and predictions are shown in Figure 7.9 and the corresponding local 

heat transfer coefficients are shown in Figure 7.10. The conventional correlations for 

macro channels greatly underestimate the temperature, so is the correlation of Lazarek. 

Warrier and Yu’s correlations overestimate the temperature and Yu’s prediction is the 

closest one to the experimental data.  

The comparison of temperature at Q =20 ml/min and q =369.3 Watts between the 

experimental data and correlations are shown in Figure 7.11 and the corresponding local 

heat transfer coefficients are shown in Figure 7.12. Once again the Yu’s prediction 

matches with experimental data best. 

From these simulations, it is found that the conventional boiling correlations are not 

suitable for small channels because they over-predict the boiling heat transfer coefficient. 

Among the empirical boiling correlations for small channel, the predictions of Warrier 

and Yu’s agree experimental better. 
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Figure 7.7  Temperature distribution comparison ( =20 ml/min, =160.4 Watts) Q q
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Figure 7.8  Heat transfer coefficient distribution (Q =20 ml/min, =160.4 Watts) q
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Figure 7.9  Temperature distribution comparison ( =20 ml/min, =269.2 Watts) Q q
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Figure 7.10  Heat transfer coefficient distribution (Q =20 ml/min, =269.2 Watts) q
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Figure 7.11  Temperature distribution comparison ( =20 ml/min, =369.3 Watts) Q q
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Figure 7.12  Heat transfer coefficient distribution (Q =20 ml/min, =369.3 Watts) q
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2) 40 ml/min 

Warrier and Yu’s correlations were shown to have better agreement with experimental 

data at 20 ml/min and are chosen to simulate the two-phase flow at 40 ml/min. The 

predicted temperature profiles for q =290.2, 403.1, 512.2, and 603.8 Watts are shown in 

Figure 7.13-7.16. The Warrier’s correlation over-predicts the heat sink surface 

temperature in these cases. The difference between the experimental data and Warrier’s 

predictions increases as the heat flux increases. The predictions of Yu’s correlation match 

the experimental data better than those of Warrier’s. It predicts the temperament more 

accurate at low heat flux but tend to underestimates the temperature at high heat flux. 
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Figure 7.13  Temperature distribution comparison ( =40 ml/min, =290.2 Watts) Q q
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Figure 7.14  Temperature distribution comparison ( =40 ml/min, =403.1 Watts) Q q
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Figure 7.15  Temperature distribution comparison ( =40 ml/min, q=512.2 Watts) Q
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Figure 7.16  Temperature distribution comparison ( =40 ml/min, =603.8 Watts) Q q

 

7.3 Summary 

The resistance network model was applied to heat sinks in two-phase flow by coupling 

with the three-zone model. By comparing the experimental data with the predictions of 

several boiling correlations, it is shown that the traditional macro channels boiling 

correlations over-predict the saturated boiling heat transfer coefficient in two-phase flow. 

The predictions of boiling correlations for small channels are more consistent with 

experimental data. However the discrepancy between the predictions of the correlations 

for small channels is considerable for some correlations. The reason is that these 

correlations were derived basing on researcher’s limited experimental data and certain 

fluid. The predictions of Yu’s correlation are most consistent with experimental data at 

both flow rates. 



 205

CHAPTER 8 

CONCLUSIONS AND FUTURE WORKS 

 

The advantages and limitations of liquid cooling multilayer minichannel heat sinks were 

discussed based on the experiments and simulations in this dissertation. The multilayer 

copper and silicon carbide (SiC) minichannel heat sinks were tested and studied in single-

phase flow. It was found that the multilayer heat sinks have significant advantages over 

the single-layer equivalents with reductions both in the thermal resistance and pressure 

drop. A three-dimensional resistance network model for both single and multilayered heat 

sinks was developed. Parametric study was conducted to explore the effects of all kinds 

of parameters and to help optimize the heat sinks. Both the copper and SiC heat sinks 

were tested in two-phase flow and an effort was made to model the two-phase flow inside 

small channels by dividing the flow into three distinguishing parts: single-phase flow, 

subcooled boiling flow, and saturated boiling flow. By using the resistance network 

model, several boiling correlations were evaluated and discussed. 

 
8.1 Conclusions 

1. It was shown experimentally that multilayer minichannel heat sinks have obvious 

advantages over single-layer heat sinks both in the thermal and hydraulic 

performance. In the experiments, the 5-layer copper heat sink achieved the thermal 

resistance of 0.33 K/W/cm2 with 0.03 Watts of pumping power and the SiC heat sinks 

had larger thermal resistance due to the low thermal conductivity. 
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2. Flow transition from laminar to turbulent flow in minichannel was observed at the 

Reynolds number of 1400, which is much less than those in the conventional size 

channels. It is suspected that the relative roughness of channel surface and the large 

Reynolds number variation in flow direction are the main reasons for the decrease of 

the Reynolds number.  

3. CFD software Icepak was used to model the minichannel heat sinks in single-phase 

flow. The predictions of the CFD are consistent with the experimental data, especially 

for the 2 and 3-layer cooper heat sinks. The CFD model slightly underestimated the 

heat sink surface temperature for 4 and 5-layer heat sink because of neglect of the 

solder thermal resistance. 

4. A three-dimensional thermal resistance network model for single-layer and multilayer 

heat sinks with constant heat flux boundary condition on the top surface was 

proposed by the author. The model can be used to compute the heat sink surface 

temperature profile and pressure drop and was validated by comparing the predictions 

of the model with the conjugate CFD simulations and experimental results. 

5. A parametric study was conducted on single and multilayer copper and SiC 

minichannel heat sinks by varying the channel dimension, channel aspect ratio, 

number of layers, and wall thickness. Copper was found to be a better material for 

multilayer heat sinks. Combined with small channel width of 0.1 mm and multiple 

layer structure, copper heat sinks can be optimized to achieve the resistance of 0.18 

K/W/cm2. The performance comparison between multilayer square and rectangular 
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copper channels was also conducted and it is discovered that the low aspect ratio 

rectangular multilayer channels can achieve good thermal performance with less 

pumping power. For SiC heat sinks, it is not recommended to use low aspect ratio 

rectangular channels and the optimal number of layers is 2 for SiC square channels.  

6. In two-phase experiments, the multilayer copper heat sinks had smaller average 

surface temperature than its single-layer counterpart at low heat flux. However the 

multilayer copper heat sinks may lose stability at high heat flux and the indication of 

unstable flow is the soaring surface temperature. The redistribution of flow in 

different layers caused by pressure discrepancy in different layers was believed to be 

the cause. 

7. The resistance network model was applied to minichannel heat sinks in two-phase 

flow by combining with the three-zone model. In each flow zone the local heat 

transfer coefficient is calculated according to local flow and heat flux condition. 

8. Seven boiling correlations were applied to the model and their predictions were 

compared with the experimental data. The traditional macro channels boiling 

correlations overestimated the saturated boiling heat transfer coefficient in two-phase 

flow and consequently show large error in temperature predictions. The temperature 

predictions of boiling correlations for small channels are more consistent with 

experimental measurements. The temperature predictions of Yu’s correlation were 

found to match with experimental data best. 
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8.2 Future Works 

1. As measuring heat sink surface temperature is insufficient to fully understand the heat 

transfer phenomenon inside microchannels, direct wall temperature measurement is 

necessary for further improvements on analyzing the microchannels. 

2. Flow visualization will improve the understanding the laminar to turbulent transition 

in single-phase flow around the critical Reynolds and the boiling mechanism in two-

phase. The potential techniques include Miro-PIV and high-speed digital camera.  

3. There is no heat transfer correlation for the transitional flow in the current resistance 

network model, which is critical to model the liquid flow in channels with high 

Reynolds number. Proper transitional flow correction will expand the model’s 

applications. 

4. Little work has been done to model the solder, which was used to bond the copper 

heat sink together. Understanding the effect of the solder will help improve heat sink 

modeling. 

5. Better understanding of multilayer structure on two-phase flow can be obtained if the 

flow rates in different layer scan be maintained constant. Further improvement on 

heat sink and manifold design are needed to achieve the constant flow control.    

6. It is interesting to study the enhancement on the thermal and mechanical property of 

SiC heat sink by adding nano particles, which would promisingly improve the 

thermal conductivity and toughness of the materials. 
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