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Abstract 

 

Analytical and Experimental Investigation of Capillary Forces Induced 

by Nanopillars for Thermal Management Applications 

 

 

 

 

Conan Zhang, M.S.E. 

The University of Texas at Austin, 2010 

 

Supervisor:  Carlos H. Hidrovo 

 

This thesis presents an analytical and experimental investigation into the capillary 

wicking limitation of an array of pillars.  Commercial and nanopillar wicks are examined 

experimentally to assess the effects of micro and nanoscale capillary forces.  By exerting 

a progressively higher heat flux on the wick, a maximum achievable mass flow was 

observed at the capillary limit.  Through the balance of capillary and viscous forces, an 

ab initio analytical model is also presented to support the experimental data.  Comparison 

of the capillary limit predicted by the analytical model and actual limit observed in 

experimental results are presented for three baseline wicks and two nanowicks.  
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Chapter 1: Introduction 

1.1 MOTIVATION 
 
Thermal management is an important issue in many engineering applications; it 

can affect the electrical, material and other vital properties of the system.  In general, 

electronics have a narrow range of operating temperatures and may require extensive 

thermal management systems to not only regulate the temperatures of its surroundings, 

but also alleviate the heat flux generated by the operation of the system itself.  Heat pipes 

are used extensively for thermal management because their lack of moving parts makes 

them simple and reliable.  Due to their mechanical dependability, heat pipes are also ideal 

candidates for applications in outer space, the wilderness and other low maintenance 

environments.  Although heat pipes were initially created for refrigeration purposes, 

additional applications were conceived in the late 1960’s, and heat pipes now play an 

important role in electronics cooling (Reay, Kew et al. 2006). 

1.1.1 Common Applications of Heat Pipes 
 

In engineering designs, reliability and functionally of the components are 

important parameters.  Heat pipes are typically used to address thermal management 

issues in systems that are difficult to access consistently.  Due to their versatility, heat 

pipes are used to address a broad range of issues.  The application of heat pipes can be 

found in the recent surge of interest in environmental and energy issues.  A cursory 

investigation into environmental and alternative energy applications yields significant 

heat pipe roles.  An important large-scale application of heat pipes can be found on the 
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Trans-Alaskan Pipeline.  The flow of oil through the pipe induces viscous heating that 

poses a huge dilemma for the tundra that the pipeline uses for its foundation.  To avoid 

melting the tundra underneath and compromising the structural rigidity of the pipeline 

and the Alaskan environment, the generated heat must be directed to the atmosphere 

rather than the ground.  Heat pipes are an ideal candidate for this scenario due to the 

extensive terrain that the pipeline traverses and the low cost and maintenance of heat 

pipes. 

The desire for advanced alternative energy has encouraged investigation in the 

use of heat pipes as components of solar collectors.  Solar collectors provide an efficient 

method to capture and convert sunlight to electricity via a Stirling engine.  However, due 

to the inherent variation of heat flux on a direct-illuminated Stirling engine, the power 

generation subsequently suffers from a drop in efficiency.  To address this issue, heat 

pipes are implemented to disperse the heat, insuring a more uniform heat flux on the 

engine.  Heat pipes have been shown to be more efficient than direct-illumination (D.R. 

Adkins 1999; Jones 2000).  However, optimization of the wick for fluid circulation has 

been found to be an important design consideration similar to other heat pipe 

applications. 

Electronics cooling is conceivably the most common application of heat pipes as a 

thermal management device.  Commonly found in household computers, heat pipes are 

used extensively for moderating computer chip temperatures.  Without heat pipes, the 

heat flux generated by the transistors of a computer chip would readily overheat the 

computer system.  Heat pipes are imperative thermal management components in space 
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exploration electronics since their operation do not require the aid of gravity.  Unlike 

impinging jets that are dependent on gravity for fluid circulation, heat pipes circulate 

fluid independently (Swanson and Birur 2003).  However, with increasing transistor 

count and decreasing electronic dimensions, heat fluxes are approaching levels that heat 

pipes will have difficultly managing. 

1.1.2 Moore’s Law 
 

Gordon Moore predicted in a 1965 article that transistor count density would 

double every year (Moore 1965).  Although Moore and his fellow colleagues later 

modified this initial claim with a more conservative figure of 18 months, there is still an 

undeniably exponential growth in transistor density since his initial claim (Moore 1975; 

Mollick 2006).  Moore’s prediction on the advancement of transistor count density on 

computer chips is deemed Moore’s Law within the computer industry.  Despite the fact 

that many in the computer industry including Moore have agreed that there is a physical 

limit to Moore’s Law, roadmaps for industry growth still project exponential 

development for the next decade (ITRS 2007).  The increase in transistor count density 

would ultimately increase computer chip heat generation and will require novel cooling 

systems. 

Figure 1.1 presents the transistor count of historical Intel computer chips over 

time, reaffirming the predictions of Moore’s law (Intel 2005).  The logarithmic graph 

shows the transistor count increasing two fold approximately every 18 months and 

confirms the exponential growth predicted by Moore’s Law.  However, the heat flux of a 
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computer chip is also dependent on the surface area of the chip.  The heat flux of a 

computer chip is approximately relative to the transistor count per unit area. 
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Figure 1.1: Intel computer chip transistor count over the years (Intel 2005) 

 
Computer chip sizes fluctuate accordingly with time and transistor requirements.  

Recent desire for microelectronics has propagated the advent of smaller computer chips.  

As Figure 1.2 shows, computer chips have not consistently increased in size over time.  

Rather, computer chip size has fluctuated according to processing requirements and 

available technology of the time.  Smaller transistor sizes typically have shorter paths for 

electricity to travel and inherently produce faster chips.  Consequently, advancing 

technology has encouraged smaller transistor size and ultimately more transistors to be 

placed per unit area (Intel 2005). 
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Figure 1.2: Relative die size of Intel computer chips over the years 

 

Higher heat fluxes are associated with increasing transistor count and therefore 

can endanger computer chips by overheating.  The projected functions (transistors, bits, 

logic gates) per unit area for “DRAM and Flash Production Product” are given in Figure 

1.3 by the International Technology Roadmap For Semiconductors (ITRS 2007).   

0.00E+00

2.00E+10

4.00E+10

6.00E+10

8.00E+10

1.00E+11

1.20E+11

1.40E+11

1.60E+11

1.80E+11

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Year

Pr
oj

ec
te

d 
Fu

nc
tio

n 
pe

r U
ni

t A
re

a 
[G

bi
ts

/c
m

2 ]

 
Figure 1.3: Projected functions per unit area for future CPU as predicted by ITRS (ITRS 2007) 
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The projected heat flux values for central processing unit (CPU) chips are 

provided by International Electronics Manufacturing Initiative (iNEMI) in Figure 1.4 

(iNEMI 2004).  By contrasting the plot with Figure 1.3, it can be construed that as the 

projected functions per unit area increases, the heat flux generated by the CPU chip is 

also projected to increase. 

Future computer chips are projected to generate heat fluxes greater than 150 

W/cm2 with localized sub-millimeter zones with heat fluxes as high as 1 kW/cm2 (A. 

Bar-Cohen 2007).  Current CPU chip cooling devices utilize heat pipes and fans as the 

primary source of heat removal and are able to dissipate heat effectively.  Swanson and 

Birur have claimed that closed loop heat pipes would not be able to dissipate high heat 

fluxes greater than 100 W/cm2 and future electronics would require a new system of 

cooling (Swanson and Birur 2003).  As Figure 1.4 shows, by 2013 the projected heat flux 

would be too great for current heat pipe systems to cool.  Spray cooling systems are the 

most popular solutions to combat the higher heat fluxes.  One currently available system 

that is capable of dissipating 177 W/cm2 is a spray cooling system that utilizes an 

impinging jet of liquid (Bintoro, Akbarzadeh et al. 2005).  However, for applications in 

space, this device would not work due to its dependence on gravity for fluid circulation 

back to the pump.  Furthermore, the spray cooling device requires auxiliary power for a 

mini diaphragm pump to generate fluid flow and complicates the inception of the system 

for Earth-bound applications.  Hence, research into increasing the heat flux capabilities of 

heat pipes is imperative if the continued use of passive cooling devices is desired. 
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Figure 1.4: Projected heat flux per unit area for future CPU as predicted by iNEMI 

1.2 BACKGROUND 
 
Based on capillary principles, smaller effective pore radii within a wick structure 

produces higher capillary forces.  However, general porous science and fluid dynamics 

also state that smaller effective pore radii should also increase viscous losses.  Therefore, 

there exists an optimum effective pore radius for flow rate based on these two forces.  

Before analysis of these two microscopic forces in the wick is presented, the macroscopic 

principles behind the operation of a heat pipe must be understood. 
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1.2.1 Heat Pipe Operation 
 

Similar to a thermosyphon, a heat pipe is dependent on a circulating fluid that 

removes heat from a heat source via conduction through the pipe wall and enthalpy 

change of the fluid.  Thermosyphons and heat pipes are analogous to a fin and both work 

in principle by expanding the surface area for a heat source to expel its heat.  The fluid 

within the pipe increases the effective heat conduction of the pipe and aids in the heat 

removal process.  One end of the device is identified the evaporator and is affixed to a 

heat source.  The device conducts heat along its length and dispels heat away from the 

heat source, thereby reducing the probability of overheat.  However, rather than depend 

on gravity for fluid circulation in the case of thermosyphons, heat pipes depend on a wick 

structure that drives the liquid flow back to the heat source. 

A cut out of a typical heat pipe is shown in Figure 1.5 with its respective 

evaporator and condenser extremities defined accordingly.  From the figure, it can be 

seen that there are three general macroscopic components to a heat pipe.  The casing acts 

as a conduction medium radially to the fluid and axially towards the condenser.  As a 

result, the casing is typically made of highly conductive material such as copper to lower 

heat transfer resistance.  The other responsibility of the casing is to prevent interaction 

between the fluid and the atmosphere.  This isolation prevents fluid loss and oxidation of 

the wick that can ultimately change the effective pore radius and contact angle of the 

wick structure. 
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Figure 1.5:  Cutout of heat pipe depicting the heat transport via fluid circulation 

 

The void or vapor passage is the component of the heat pipe that is incorporated 

as a vacant cavity for vapor transport.  If a heat source is introduced on the evaporator 

region of the heat pipe, the liquid in the wick is evaporated into a vapor.  The vapor 

travels through the void via a pressure gradient until it ultimately reaches the cooler 

condenser end of the heat pipe.  At the condenser, the vapor condenses back into a liquid 

and releases the latent heat ingrained in the fluid back to the casing and ultimately into 

the surroundings. 

The wick in the figure is the component of the heat pipe that the liquid flows 

though.  Its primary role is to deliver the liquid to the heat source for latent heat removal.  

Due to the heat source evaporating the liquid at the evaporator and leaving a relatively 

dry wick, the fluid is driven towards the evaporator due to capillary forces at the liquid 
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and gas interface.  As a result, the circulation of fluid is provided passively by the wick 

and no external forces (i.e. gravity, pumps, etc.) are required.  However, because there 

are no external forces driving the flow, heat pipes are inherently limited by the design of 

the heat pipe and inherently possess various limitations including boiling, entrainment, 

sonic and capillary limits. 

1.2.2 Limitations 
 

Since heat pipes are passive devices that do not utilize external driving forces, 

their flow rates are limited by their physical structure and fluid properties.  Common 

limitations found in heat pipe designs include boiling, entrainment, sonic, viscous and 

capillary limits.  At higher heat fluxes, a heat pipe will approach one of these limits and 

can no longer provide the evaporator with an adequate amount of fluid necessary for 

latent heat removal.  When this occurs the heat pipe is said to experience dryout. 

Operating temperature also plays an important role in the type of limitation that 

the heat pipe will endure.  In low temperature heat pipes such as those used for 

cryogenics, viscous or capillary limits are the dominant limitation.  In moderate heat 

pipes, such as those used for electronics cooling, the capillary limit is the primary 

limitation.  In high temperature applications with liquid metals, the sonic and entrainment 

limits become important (Peterson 1994).  The capillary limit is typically acknowledged 

as the dominant limitation for most conventional heat pipes.  However, in order to be 

confident that dryout is not induced by another limitation, it is important explore and 

understand the characteristics of the other limitations. 
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As opposed to the other limitations that are axial in nature, the boiling limit is a 

radial heat flux limitation that creates a pressure distribution across the wick thickness.  

The boiling limit occurs when the fluid experiences nucleate boiling and bubbles form in 

wick pores.  These nucleation sites block fluid return and induce premature dryout of the 

wick.  These air pockets in the nucleation site also act as an insulation barrier and 

deteriorate heat transfer from the heat source to the fluid.  These nucleation sites increase 

the superheat (difference between the heat pipe wall and boiling temperature) of the 

system and cause the system to be unstable.  At low superheats, the formation of bubbles 

lowers capillary pressure along the wick and introduces resistance to heat transfer.  At 

subsequent higher superheats, the nucleate bubble can “explode” and cause the premature 

onset of dryout (Silverstein 1992).  Due to the variance of the system’s superheat, the 

operation beyond the boiling limit is often difficult to forecast.  Subsequently, it is 

common practice to design the heat pipe so that the boiling limit is never reached.  Since 

the wick structure characteristics play an important role in the prevention of the boiling 

limit, the wick structure is often designed to decrease the likelihood of nucleate boiling.  

The boiling limit is known to be a function of effective nucleation sites, as the nucleation 

sites get larger, the onset of boiling occurs at lower heat fluxes (Silverstein 1992).  

Although nucleation sites are typically formed at surface cavities, it is possible for 

nucleation sites to form in the wick pore radii.  Furthermore, the size of the nucleation 

bubbles is dependent on the solid and liquid interaction characteristics.  Consequently, 

the wick is typically devised to limit sites for nucleation.  The wick’s thermal 

conductance also plays an important role in the onset of the boiling limit (Silverstein 
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1992).  In order to increase the boiling limit, the wick structure is typically made of a 

highly conducting material and the wick thickness is kept to a minimum in an attempt to 

avoid nucleate boiling.  Additionally, the fluid used for latent heat removal is typically 

characterized with a boiling point higher than the intended operating temperatures in an 

attempt to avoid the boiling limit. 

The limitations that typically afflict high temperature heat pipes include axial 

limits such as entrainment and sonic limits.  These two limitations occur at high vapor 

flow rate and limit fluid return to the evaporator section.  In the case of the entrainment 

limit, the high vapor flow induces high shear forces on the saturated wick.  When the 

relatively slow liquid is exposed to these shear stresses, liquid droplets become entrained 

in the vapor flow and return the liquid to the condenser, thus preventing the fluid from 

reaching the evaporator.  To prevent entrainment, the wick dimensions are often designed 

to reduce liquid exposure to the vapor flow.  Entrainment is more commonly found in 

two layer wicks, and is rarely experienced in single layer wicks.  However, if entrainment 

does occur in a single layer wick, the wick height should be designed so that it is taller 

than the liquid height to provide supplementary protection from shear forces.  

Additionally, reducing wick pore size increases surface tension forces that act against the 

shear forces and ultimately lower the possibility of entrainment. 

The other axial limit at high temperatures that affects vapor flow is the sonic 

limit.  When a heat pipe encounters a sonic limit, the velocity of the vapor cannot 

increase without an increase of vapor temperature.  The heat pipe is said to experience 

choked vapor flow at this state since the vapor flow cannot increase in velocity.  
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However, the heat pipe can simply circumvent this choke with an increase in 

temperature.  This heat pipe limit does not induce dryout in the wick, but does introduce 

an undesirable increase in vapor temperature.  As a result, the heat pipe will continue to 

operate at the sonic limit until material failure occurs.  Since this thesis focuses on heat 

pipes intended for moderate temperature applications, these two limits would be rarely 

encountered under the conditions proposed by this investigation.   

Two commonly occurring axial limits in low and moderate temperature heat pipes 

are the viscous and capillary pumping limits.  The viscous and capillary limits involve the 

frictional pressure drop in the vapor passage and wick structure respectively.  Since vapor 

is typically characterized by relatively low viscosities, when compared to liquids in 

moderate temperature scenarios, the vapor viscous limit is only important in low 

temperature applications where the viscosity of the vapor is comparable to the liquid.  In 

cryogenics, the vapor and liquid viscosities are of the same magnitude and the vapor 

viscous limit becomes important.  For example, nitrogen gas is characterized by a 

dynamic viscosity of 1.03e-5 at 150K and the dynamic viscosity of nitrogen liquid is 

4.8e-5 at 120K (Mills 1999).  Given that these temperatures are beyond of the scope of 

study proposed in this thesis, the effects of vapor viscous limit can be assumed negligible. 

Most moderate temperature heat pipes are characterized with the capillary 

pumping limit as the dominant constraint (Peterson 1994).  The capillary pumping limit 

originates from the force balance of capillary and viscous forces within the wick 

structure.  Given that viscous loss is a function of flow rate, it can be deduced that the 

maximum achievable flow rate is correspondingly limited by the amount of viscous loss 
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that can be overcome.  Since the capillary force is the only driving force that opposes 

viscous loss in a passive wick, the maximum flow rate is said to occur when viscous loss 

equates the capillary force induced by the wick.  Based on first principles, these two 

forces can be found to be heavily dependent on the wick dimensions and ultimately infer 

that the capillary limit is a function of wick dimensions.  To facilitate the optimization of 

the capillary pumping limit, an investigation into the effects of wick dimensions must be 

done by considering an analytical model based on fluid dynamic fundamentals. 

1.3 SCOPE OF CURRENT STUDY 
 

Investigation of heat pipes typically encompasses the entire system including the 

evaporator, adiabatic (i.e. wicking process without heat flux) and condenser section 

(Peterson 1994).  As a result, the performance and characteristics of the individual 

components of a heat pipe are often not well understood.  This project aims to investigate 

the principles that govern and drive capillary flow by focusing on the wick structure of 

the heat pipe for microelectronics cooling. 

Since the capillary limit is known to be the dominant limitation afflicting 

moderate temperature heat pipes, the investigation focuses on the capillary flow through 

a wick structure.  An attempt is made to reduce the effects of other heat pipe limits by 

neglecting the vapor passage in the theoretical and experimental analysis.  Doing so 

diminishes the effects of any possible effects caused by entrainment, sonic and viscous 

limits and places emphasis on the effects of capillary action through the wick. 

Extensive research has been performed on microgroove, sintered powder and 

mesh-type heat pipe wicks at the microscale (Peterson and Ma 1996; Ma and Peterson 



15

 

1998; Khrustalev and Faghri 1999; Hanlon and Ma 2003; Jiao, Ma et al. 2007; Do, Kim 

et al. 2008; Franchi and Huang 2008; Jiao, Ma et al. 2008).  However, there is limited 

investigation on micropillar based wicking structures (Bico, Tordeux et al. 2001; Ishino, 

Reyssat et al. 2007).  Similarly, there is limited work performed on nanopillars (Jijie, 

Flavio et al. 2006).  Although Jijie demonstrates in detail the intricacies of wicking 

through a forest of carbon nanotubes (CNT), the author only documents the flow 

characteristics of the fluid and presents transient flow progression.  Furthermore, the 

author only investigates the effect of liquid properties on capillary wicking and neglects 

the effect of wick dimensions.   

The intent of this study is to investigate the relationship between capillary flow 

and wick dimensions.  An investigation into the use of nanowires and nanotubes as a 

wicking device was performed through analytical and experimental methods.  An ab 

initio analysis is performed on a structure that resembles an array of freestanding 

cylinders in a cross-flow of fluid based on fundamental principles.  The wick 

configuration posed by this thesis is depicted in Figure 1.6, and is chosen in an effort to 

best resemble a typical array of nanowires or pillars.  The proposed wick configuration 

poses two substantial problems that render the capillary tube model invalid.   
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Figure 1.6:  3D representation of a forest of vertically aligned pillars with an advancing fluid front 

defined in blue 

 
 

The present work examines a quasi-steady state flow through a pillar array driven 

by capillary forces.  As defined by Figure 1.6, the problem statement defined by this 

thesis involves the analysis of a transient flow of fluid through a forest of pillars.  

However, the flow is assumed to be fully developed with a given control volume moving 

with respect to the fluid front (i.e. material region analysis).  This method provides a 

theoretical model to simulate the maximum fluid flow and critical heat transfer capable 

for a wick constituted of vertically aligned pillars based on wick pore dimensions. 

To supplement the theoretical model, experiments are performed on various wicks 

including commercial wicks and nanopillars grown on a silicon substrate.  However, not 

all the wicks used for the experiments are identical to the system represented by Figure 

1.6.  Particularly, the microstructure orientation and dimensions of the baseline wicks 

were limited by commercial availability.  In order to account for their deviation from the 

defined theoretical model, effective dimensions are obtained for these wicks and are 
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subsequently introduced in the model.  The wick structures obtained from commercially 

available heat pipes included a mesh wick and powder wick.  Similarly, wool felt is used 

as a baseline wick due to its highly wicking nature, but is not precisely represented by the 

theoretical model.  Experiments are done on carbon nanotubes and silicon nanowires to 

examine the nanoscale effects on capillary flow.  Although these nanowicks represented 

the theoretical model much better than the aforementioned commercial wicks, they still 

had slight discrepancies within the wick to be addressed later in this thesis.  

The model is used to calculate the theoretical maximum flow rate and critical heat 

transfer capable by a wick via wick dimensions obtained from the experimental wicks.  

By comparing the experimental results and the results from this calculation, the accuracy 

and robustness of the theoretical model can be evaluated.  This theoretical model can then 

be used to predict capillary flow through an array of pillars for future wick designs.  

Incorporating the results from the theoretical model and experiment, any existing benefits 

associated with the use of nanowicks would also be explored. 
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Chapter 2: Capillary Flow and Permeability Theory 

2.1 OVERVIEW OF CURRENT MODELS FOR FLOW AND PERMEABILITY 
 

The most common approach of describing flow through a wick is to consider the 

wick as a porous structure.  Flow through such media can be described by Darcy’s law 

which relates fluid to the permeability of the structure, fluid properties and the pressure 

gradient exerted (Dormieux, Kondo et al. 2006).  The permeability constant (к) 

essentially describes the microscale porous characteristics as a global average property.  

However, the permeability constant in Darcy’s law is typically obtained empirically and 

due to the novelty of nanowicks, permeability constants do not exist for the nanowicks.  

Additionally, empirical measurement of the permeability constant can prove to be 

difficult and expensive due to the dimensions and production methods of the nanowicks. 

Accordingly, an ab initio analysis must be applied on the nanowicks to acquire 

further knowledge of its capillarity capabilities.  Washburn’s equation, developed in 

1921, was derived for capillary flow through a cylindrical tube with viscous losses 

(Washburn 1921).  Washburn’s equation models a quasi-steady state capillary flow 

through a cylindrical tube.  Using this model, flow characteristics through capillary tubes 

with known dimensions can be established. 

Washburn’s equation can be applied to porous medium by assuming that the 

cavities created by granular spheres resemble that of a cylindrical tube (Silverstein 1992; 

Dormieux, Kondo et al. 2006).  As Figure 2.1 shows, the pores created by a collection of 

granular spheres can be approximately modeled to resemble that of a cylindrical tube.  
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However, a high aspect ratio is a typical attribute of nanopillars, as seen in Figure 2.2.  

Specifically, the height of the pillars is orders of magnitudes larger than the spacing 

between the pillars.  Using the carbon nanotube sample shown in Figure 2.2 as an 

example, the nanopillars have diameters and spacings in the nanometer scale while the 

height of the pillars are on the micron scale.  Subsequently, the flow through the forest of 

pillars resembles sheets of fluid as opposed to a cylindrical flow as revealed by the 

velocity profile difference in Figure 2.3.  Consequently, the flow through a nanopillar 

array cannot be properly modeled by Washburn’s equation since the flow more closely 

resembles vertical sheets than a cylindrical flow.  Due to the substantial difference in 

geometry, a new ab initio quasi-steady state model with improved assumptions is 

necessary to simulate the capillary flow through a vertical array of pillars.  This requires 

further understanding of Washburn’s equation and the microscopic forces that appear in 

porous flow. 

 
Figure 2.1:  Approximation of granular spheres as an effective cylindrical tube   

 

 

 

  

  

 

 

Front View Side View 
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Figure 2.2:  SEM image of carbon nanotube array showing pillars with heights much larger than its 

spacing 
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Figure 2.3:  Non-dimensionalized simulation of flow fluid past (a) two flat plates and (b) within a 
cylindrical tube 

 

2.1.1 Capillary Forces 
 

It is only possible for a continuous latent heat transfer process to occur within a 

closed heat pipe system if a driving mechanism is present to circulate fluid back to the 
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heat source.  Since heat pipes operates without external forces such as a pump to drive 

the flow, the wick within the heat pipe must exert capillary forces on the fluid at the 

liquid-solid interface.  The capillary force driving the fluid flow can be analyzed by 

considering the balance of forces on the liquid’s curved free surface. 

In typical heat pipe wicks, capillarity is induced by a hydrophilic relation between 

the liquid and pore structure.  Hydrophilic or wetting liquids are defined to have a contact 

angle less than 90° as shown in Figure 2.4.  This relationship suggests that the liquid is 

attracted to the surface of the solid.  The contact angle can be altered by modifying either 

the properties of the liquid and/or solid.  When the surface energy of the solid is lowered 

or the surface tension of the liquid is raised sufficiently, the liquid-solid interaction can 

become hydrophobic.  A hydrophobic or non-wetting liquid is defined to have a contact 

angle greater than 90° and less than 180º.  For a hydrophobic interaction, the solid 

essentially repels the liquid.  Although it is possible for a hydrophobic liquid to be driven 

by capillary forces, the forces generated by the structure would act opposite to the desired 

fluid flow direction, thus causing difficulty in the design and application of the wick.  

Subsequently, typical heat pipe designs typically utilize hydrophilic structures and 

liquids. 
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Figure 2.4:  Contact angles of wetted and non-wetted surfaces 

 

The most common structure for capillary flow is a capillary tube.  As Figure 2.5 

shows, a liquid within a hydrophilic tube is driven upward.  At equilibrium, the fluid is at 

a state where the Laplace pressure and gravitational forces acting on the fluid are 

balanced by surface tension forces.  The forces are shown acting on the curved surface in 

Figure 2.5 with black arrows representing the surface tension forces and green block 

arrows denoting the Laplace pressure.  The net surface tension force pulls the liquid 

interface upward along the circumference of the inner surface of the tube and is balanced 

by a net downward pressure force acting on the projected liquid surface area (i.e. 

Patm>Pliq).  By equating the two forces, the equivalent capillary pressure can be found to 

be (Washburn 1921; Silverstein 1992; Peterson and Ma 1996; Dormieux, Kondo et al. 

2006; Reay, Kew et al. 2006) 

 

 2 cos
capp

R
σ θ

Δ =  (2.1) 
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for a capillary tube where Δpcap is the capillary pressure driving the flow, σ is the surface 

tension of the interface, θ is the contact angle and R is the radius of curvature.  

Subsequently, the maximum height that can be achieved by the tube under the influence 

of gravity can be found by considering the capillary equation for a tube.  Using 

hydrostatics, the liquid pressure at the interface can be deduced to be the difference 

between the pressure of the fluid at the base (Patm) and the gravitational head.  By 

plugging this hydrostatic relationship into the Laplace pressure difference and equating it 

with the surface tension force, the maximum height achieved is found to be  

 

 2 cosH
gR

σ θ
ρ

=  (2.2) 

 

where H is the rise in the capillary tube, ρ is the density of the fluid and g is the 

gravitational constant.  Modifying equation (2.2) yields the Bond number given by 

 

 2 cosBo
gRH

σ θ
ρ

=  (2.3) 

 
When the Bond number is large for small pore radii and minute discrepancies in height, 

surface tension forces are dominant and gravitation effects may be neglected.  As 

equation (2.1) shows, a small pore radius would induce higher capillary forces to drive 

the fluid flow and one may initially infer that smaller pores lead to an increase of flow 

rate.  However, the viscous loss also increases with decreasing pore radius for a 

cylindrical pipe and must be considered before conclusions can be drawn. 
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Figure 2.5:  Balance of net surface tension force and net pressure force (Patm>Pliq) for a hydrophilic 

liquid in a cylindrical tube 

 

2.1.2 Viscous Loss 
 

For a flow through a smooth straight horizontal pipe, Moody found 

experimentally that the head loss associated with the viscous losses is inversely 

proportional to the diameter of the tube as given by the equation (Moody 1944): 

 

 
2

2f
L uh f
D g

=  (2.4) 

 

which is also known as the Darcy-Weisbach equation.  The head loss, hf, is the major 

head loss associated with frictional losses and assumes that minor losses are negligible 

for a smooth straight pipe.  The head is given in units of length that is comparable to a 

static column of fluid as described by Figure 2.5.  The dimensionless parameter, f, is the 

friction factor of the pipe, L is the length of the pipe that exerts friction on the fluid, D is 

σ σ 
Patm

Pliq
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the inner diameter of tube, u  is the average velocity of the driven fluid and g is the 

gravitational constant. 

Since pressure loss for a constant cross sectional area pipe is equal to the head 

loss multiplied by the density, the pressure drop across the pipe can be found to be (Fox, 

McDonald et al. 2004): 

 

 
2

2loss
L up f

D g
ρ

Δ =  (2.5) 

 

where ρ is the density of the fluid.  A cursory glace at equation (2.1) and (2.5) reveals 

that the driving force and the viscous losses are both inversely proportional to the 

diameter of the cylindrical tube.  However, further inspection into the friction factor, f, 

would yield additional insight on the influence of pore radius on the capillary fluid flow 

through a tube. 

The friction factor, f, is dependent on the surface roughness and can be obtained 

experimentally such as Moody in 1944.  However, the friction factor for a pipe can be 

found analytically for a steady state laminar flow.  Starting with the continuity and 

momentum equation, a 1-D pressure-driven Poiseuille flow through a tube can be found 

to be governed by the ordinary differential equation: 

 

 

dud r
pdr

r dr x
μ

⎛ ⎞
⎜ ⎟ ∂⎝ ⎠ =

∂
 (2.6) 
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for a steady state incompressible flow.  The dynamic viscosity of the fluid is defined by μ 

and u is the velocity profile as a function of radial direction r.  The pressure gradient is 

assumed to be constant along the length x under fully developed conditions.  Solving the 

ordinary differential equation with this assumption, the velocity of the fluid is found to be 

(Fox, McDonald et al. 2004) 

 

 
22

1
4
R p ru

x Rμ
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 (2.7) 

 

where R is the radius of the tube, p
x
∂
∂

 is the pressure gradient along the length of the tube 

and r is the radial position of the velocity vector of interest.  By integrating equation (2.7) 

with respect to the cross section of the tube, the volumetric flow rate can be found to be 

(Fox, McDonald et al. 2004) 

 

 
4

, 128vol tube
pDQ

L
π

μ
Δ

=  (2.8) 

 

where Δp is the pressure difference between the entrance and exit of the tube, D is the 

diameter of the tube and L is the length of the tube.  With a little manipulation, equation  

(2.8) can be modified to yield an equation giving the pressure difference along the tube 

with respect to the average velocity 

 

 32loss
L up
D D
μ

Δ =  (2.9) 
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By comparing equation (2.5) with (2.9) it can be observed that the friction factor 

is also inversely proportional to the tube diameter and is given by 

 

 64f
uD
μ

ρ
=  (2.10) 

 

Noting this, the friction factor seems to suggest that decreasing tube diameter would 

adversely affect the flow rate to the second power.  Moreover, equation (2.9) suggests 

that by increasing capillary forces and ultimately increasing the velocity of the fluid, the 

fluid would experience higher viscous loss.  In order to understand the flow more clearly, 

the capillary forces and viscous losses must be combined to yield an equation that 

describes fluid flow through a capillary tube. 

2.1.3 Washburn’s Equation 
 

In 1921, Washburn analytically and experimentally examined the transient 

penetration of a fluid through a smooth capillary tube.  Incorporating the previously 

described forces, the transient analysis considers a Poiseuille flow driven by capillary 

forces through a tube.  By doing a transient analysis and considering gravitational and a 

hydrostatic pressure, Washburn arrived at a velocity governing the flow rate through a 

capillary tube given by (Washburn 1921): 

 

 2( 4 )
8

p
u R R

L
ε

μ
= +∑  (2.11) 
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where p∑  is the sum of the capillary, hydrostatic and unbalanced atmospheric 

pressures and ε is the coefficient of slip.  For a solitary horizontal tube, the equation can 

be modified to with the assumption that slip, gravitation and hydrostatic pressure effects 

have vanished to yield the equation 

 

 cos
4

Ru
x
σ θ

μ
=  (2.12) 

 

This simplified version of Washburn’s equation can also be obtained by equating 

the pressure differences of equations (2.1) and (2.9).  At quasi-steady state conditions, the 

capillary forces acting on the fluid must match the viscous losses.  By solving for u  from 

this equation, an identical solution to equation (2.12) is obtained.  Subsequently, equation 

(2.12) can be multiplied with the cross section area, Ac to yield the volumetric flow rate 

given by 

 

 cos
4

c
vol

A RQ
x

σ θ
μ

=  (2.13) 

 

Washburn further theorized that the rate of penetration of a porous body by a fluid 

could be modeled with his transient flow rate model.  Washburn proposed that a porous 

structure is comprised of n cylindrical capillary tubes with varying radii.  Subsequently, 

the total penetration into the porous body is proposed to be sum of the flow rates of each 

of the n cylindrical tubes.  The approximation of porous media as a sum of capillary tubes 

is not an unfounded assumption.  As Figure 2.1 illustrates, Dormieux has proposed that 
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for a granular porous media comprised of spheres, a tube approximation is ostensibly 

sound (Dormieux, Kondo et al. 2006).  With this assumption, the equations developed for 

a flow through cylindrical tube can be applied to a porous media and a permeability 

constant for a porous structure can be derived from Darcy’s law. 

2.1.4 Darcy’s Law 
 

For most flows through porous media, Darcy’s law is the standard method used to 

describe steady state flow (Deen 1998; Dormieux, Kondo et al. 2006; Bird, Stewart et al. 

2007).  As previously noted, Darcy’s law typically requires the use of an empirically 

obtained permeability constant to characterize the fluid flow rate through the structure.  

However, Darcy’s law is a general relation that describes the flow of fluid through a 

porous media as a function of capillary pressure and is applicable to all porous flows.  

Darcy’s law describes a flow through a porous media as being governed by the equation 

 

 c
vol

A pQ
L

κ
μ
Δ

=  (2.14) 

 

where κ is the permeability constant, Ac is the cross sectional area of the flow, Δp is the 

pressure gradient driving the flow, μ is the dynamic viscosity of the fluid and L is the 

length of the porous media that induces viscous forces on the fluid.  In essence, the 

permeability is the inverse of the resistivity to fluid flow. 

Although permeability is typically empirically measured under steady state 

conditions, a theoretical permeability can be calculated analytically based on the 
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variables of the system.  By contrasting equation (2.13) with (2.14) and knowing that the 

capillary pressure driving the flow is given by equation (2.1), a theoretical permeability 

for a cylindrical tube under quasi-steady state conditions can be found to be 

 

 
2

4eff
Rκ =  (2.15) 

 

Thus, from an ab initio analysis of a cylindrical tube the permeability constant is found to 

be dependent on the dimensions of the structure.  
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Chapter 3: Analytical Model Simulating Flow through a Pillar Array 

3.1 ANALYTICAL MODEL OBJECTIVES 
 

Similar to the aforementioned quasi-steady state ab initio analysis done by 

Washburn, this thesis investigates the properties that govern capillary flow through an 

array of vertical cylinders.  Since the forces acting on the flow through an array of 

vertically aligned cylinders is significantly different from the flow through a tube, the 

capillary and viscous forces would have to be reexamined.  By obtaining an analytical 

solution for this geometry, the various parameters that influence the flow rate can be 

recognized.  This analytical solution should follow a trend defined by Darcy’s law and 

the parameters affecting the flow rate can be consolidated into an effective permeability 

constant (κ).  By using a scanning electron microscope (SEM) to obtain the wick 

parameters, the maximum flow rate can be predicted by the analytical model.  By 

comparing the theoretical maximum flow rate with experimental values, the validity of 

the analytical solution can be assessed. 

3.2 ASSUMPTIONS 
 

Several assumptions are required in order to develop an analytical solution due to 

the complex fluid flow through an array of cylinders.  Inspecting the variables involved 

in equation (2.12), the velocity can be considered constant for a saturated wick of a fixed 

length, making the system quasi-steady state.  The wick is modeled as a simple periodic 

rectangular array with a tortuosity of one to simplify the problem.  Given that the array is 
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essentially a reiteration of pillars at an equal distance apart, only a unit cell of two pillar 

halves is considered for analysis.  The remainder of the pillars is assumed to experience 

similar forces as this unit cell.  Since this work aims to investigate the influence of 

geometry on flow rate, the porosity of the permeable structure would be provided in the 

form of geometric variables in the subsequent analysis.   

The fluid flow past the pillars is approximated as a flow within an open 

rectangular channel with negligible wall thickness.  This assumption simplifies the 

analysis to a 1D flow and neglects the pressure gradient across the surface of the cylinder.  

As shown in Figure 3.1, the array of cylinders is projected as an open channel flow with 

methodical openings along the side walls.  For low Reynolds number flows, the entrance 

effects created by these recurring openings may be neglected (Panton 2005).  The 

entrance length, Lent, can be approximated by the equation (Fox, McDonald et al. 2004): 

 

 0.06ent h

h

L uD
D ν

 (3.1) 

 
 

where Dh is the hydraulic diameter.  In a nanopillar array, the spacing between the pillars 

is approximately equal to the pillar diameter.  For the entrance length to be negligible, an 

arbitrary value of ent

h

L
D

=0.001 is used.  At this value, the entrance length would be 

approximately equivalent to 0.1% of the hydraulic diameter.  For a nanopillar array, the 

pillars are typically around 4 microns tall with diameters roughly 50 nanometers that 
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yields a hydraulic diameter of 99.4 nanometers.  For water, the maximum bulk velocity at 

which entrance effects may be neglected is found to be: 
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 (3.2) 

 

or 168 mm/s.  As this thesis would later show, this value is significantly larger than actual 

bulk velocities experienced in wicks.  Additionally, the wake effects caused by the pillar 

are neglected following the same reasoning. 
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Figure 3.1:  Schematic of flat plate approximations for a periodic vertical pillar array 

 
Subsequent analysis would similarly incorporate the assumption of a Newtonian 

working fluid with constant properties at 293.15 K and 1 atm.  Using water properties to 

calculate the Reynolds number associated with the maximum velocity, a value of 0.0167 

is obtained, asserting that the flow through the array is in all likelihood laminar.  Since 

Re<<1, Stokes flow can be used to find the viscous loss associated with the array. 
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The alternating walls produce a discontinuous source of viscous loss along the 

direction of fluid flow.  Although entrance effects may be neglected as previously 

discussed, the periodic geometry still produces two different sources of viscous loss.  The 

viscous loss associated with the flow between two pillars is approximated to be 

equivalent to an open channel flow.  The fluid flow through a channel is dependent on 

two dimensions and produces corner effects.  Subsequently, a numerical solution is 

required and accuracy is limited by the number of iterations performed.  Conversely, the 

other portion of the flow experiences only viscous loss from the substrate and remains 

analytical in nature.  Subsequently, the viscous loss associated with the wick is 

approximated as a sum of two different sources rather than as a continuous expression. 

The capillary forces exerted on the fluid are assumed to be acting along the pillar 

length and not at the substrate.  The basis for this assumption lies in the fact that the 

capillary force is a linear function with respect to the length of the solid-liquid-vapor 

interface.  Therefore, for pillars with high aspect ratios, the capillary force acting at the 

substrate is negligible relative to the force acting along the pillar.  Although capillary 

forces pull the fluid at the solid-liquid interface, an effective capillary pressure is used as 

the driving mechanism to simplify the analysis.   

 

3.3 CONTROL VOLUME DEFINITION 
 

The analysis is performed on a single cell as defined in Figure 3.2.  Two pillar 

halves are chosen as the boundaries since they provide capillary forces to drive a volume 

of fluid.  This control volume was chosen in hindsight to produce symmetrical boundary 
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conditions.  Since the fluid front is transient, the control volume is considered a material 

region that moves with respect to the fluid front. 
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Figure 3.2:  Top view of control volume as defined regions A and B 

 

There exist two distinctly different sources of viscous loss in the control volume.  

As shown in Figure 3.2, region B of the unit cell is exposed to viscous loss in two 

dimensions whereas region A only experience viscous loss from the substrate.  Based on 

first principles, Matlab is used to generate the velocity profile for these two regions.  

Figure 3.3 depicts the two subsequent non-dimensionalized velocity profiles revealing 

clear variations in the viscous loss.  However, the entrance effects may be neglected 

when the fluid transitions between these two regions as previously justified.  

Consequently, the two steady state viscous losses can be restated as a collective head loss 

term for one unit cell.  At quasi-steady state conditions, the total pressure drop caused by 

the viscous losses can be equated to the single capillary source within the control volume. 
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Figure 3.3:  Velocity profiles through the (a) region A and (b) region B 

 

3.3.1 Capillary Pressure 
 

The capillary force on a pillar array can be found through a force balance 

analogous to that presented in the previous chapter.  By examining the forces acting on 

the curved free surface as described by Figure 3.4, the surface tension forces can be 

found to be acting along the fluid-solid interface denoted by black arrows along the pillar 

length (hn).  The surface tension force is counteracted by the pressure forces denoted by 

the green block arrows that act on the projected liquid cross sectional surface as denoted 

by the blue dashed rectangle. 

 
Figure 3.4:  Surface tension and pressure forces acting on the free curved surface of a liquid   
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Under atmospheric conditions, the pressure of the hydrophilic liquid at the 

interface is lower than the pressure of the gas thus creating a visible curvature.  The 

effective pressure gradient driving the flow can be found by utilizing the surface tension 

in a steady state force analysis.  A balance of forces yields the relationship: 

 
 ( ) 2 cosn n atm liq nh w p p hσ θ− =  (3.3) 
 
where hn is the height or length of the pillar, wn is the width or spacing between the 

nanopillars and dn is the diameter of the nanopillar.  Since the fluid’s pressure far from 

the interface is at atmospheric pressure, a pressure gradient can be found within the fluid 

region.  The subsequent equivalent capillary pressure induced by the surface tension 

forces is given by the equation: 

 

 2 cos
cap

n

p
w

σ θ
Δ =  (3.4) 

 
where Δpcap is the equivalent capillary pressure induced by the surface tension.  

Comparing equation (2.1) with equation (3.4), the effective pore radius of an array of 

pillars is equal to the gap between the pillars, wn. 

Applying the equivalent pressure gradient induced by the surface tension force 

onto a control volume as shown in Figure 3.2, the pressure driven fluid flow between two 

rows of pillars can be considered.  Since equation (3.4) describes the driving force for 

fluid flow, maximizing this force can be done by examining the variables involved in the 

equation.  By performing a cursory inspection, it can be construed that in order to 
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maximize capillary pressure, incorporating a fluid with high surface tension (σ) and 

contact angle (θ) close to 0º (i.e. extremely hydrophilic) would be favorable.  Although it 

is possible to obtain a high capillary pressure with a contact angle near 180º (i.e. 

extremely hydrophobic), the applications of a hydrophobic fluid for wicking purposes 

would be difficult to design as previously discussed.  However, in most heat pipe 

applications, fluid selection is typically based on the thermal properties since most 

systems require a certain operating temperature and altering the fluid for capillary effects 

may not be feasible.  As a result, optimization of the wick pores, wn, must be done to 

maximize fluid flow.  As equation (3.4) shows, decreasing the effective pore radius 

would increase the flow rate of the system.  Conversely, general fluid dynamics 

fundamentals dictate that frictional losses increase with a smaller pore radius (Fox, 

McDonald et al. 2004).  Accordingly, a thorough examination of viscous losses must be 

done in conjunction with capillary forces to optimize the flow rate through a wick. 

 

3.3.2 Viscous Losses 
 

Given that the wick experiences two distinct forms of viscous loss, they must be 

examined separately and amalgamated afterward if possible.  Considering the sections 

defined in Figure 3.2, the simplest analysis involves region A that is assumed to exhibit 

viscous loss only from one surface.  Conversely, region B is subjected to viscous loss 

from two dimensions and corner effects.  Using the momentum equation as a foundation, 

the viscous loss for each section can be derived.  
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The frictional loss associated with region A of the control volume arises as a one-

dimensional viscous source with no edge or corner effects.  Essentially, the section may 

be regarded as an open flow over a flat plate.  Analysis begins with the general 

momentum equation in the x-direction, given by: 

 

 
2 2 2

2 2 2 x
u u u u u u u pu v w g

dt dx dy dz x y z x
ρ μ ρ

⎛ ⎞⎛ ⎞∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
+ + + = + + − +⎜ ⎟⎜ ⎟ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠

 (3.5) 

 
The coordinates for this governing equation are given in Figure 3.5.  Albeit arbitrary, 

these coordinates are chosen to provide consistency with the frictional loss analysis 

associated with the region B.  Following the coordinates given Figure 3.5 and 

incorporating the assumptions of a steady state one-dimensional flow with no edge 

effects where gravity may be neglected, the equation simplifies to 

 

 
2

2

p u
x z

μ∂ ∂
=

∂ ∂
 (3.6) 

 
where pressure is a function of x and z.  By integrating the momentum equation in the z-

direction, the pressure is found to be: 

 
 ( )p gz P xρ= − +  (3.7) 
 
where P(x) is the pressure acting in the x-direction. 

However, hydrostatic forces acting in the z-direction do not affect the pressure 

gradient in the x-direction, the pressure gradient in the x-direction can be rewritten as a 

total derivative, dP/dx.  Given that each of the two terms in equation (3.6) are dependent 
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on separate variables, x and z, the two terms must be constants.  Subsequently, the 

equation may be rewritten as 

 

 
2

2

1 .dP d u const
dx dzμ

= =  (3.8) 

 
where dP/dx is considered a constant value for a fluid of constant property values.  

Integrating twice yields the velocity profile given by 

 

 2
1 2

1
2

dPu z c z c
dxμ

= + +  (3.9) 

 
where the constants can be solved with the boundary conditions given by 

 

 
BC1:       ,  0

BC2 :       0,  0

nz h u
duz
dz

= − =

= =
 (3.10) 

 
These boundary conditions assume a no slip condition at the substrate surface and 

negligible shear stress exerted by the gas for a fully developed flow.  Applying these 

boundary conditions to equation (3.9) yields a parabolic velocity profile 

 

 
2

2
2

1 1
2 n

n

dP zu h
dx hμ

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
 (3.11) 

 
where dP/dx is typically a negative value since pressure decreases along x.  The 

volumetric flow rate can be found by integrating the velocity with respect to the y and z 

dimensions. 
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This viscous loss is not applicable for the entire length of a wick since region A alternates 

periodically with region B.  Subsequently, an effective viscous length, Leff,A, is introduced 

to approximate the length of the wick that experiences the viscous loss described by 

equation (3.12).  For length, x, the effective viscous length for region A is given by 

 

 ,eff A
n

sL x
d s

=
+

 (3.13) 

 
Restating equation (3.12), the pressure drop is found to be a function of volumetric flow 

rate. 

 

 ,
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Figure 3.5:  Diagram of fluid flow over an infinite flat plate 

 
Region B of the control volume experiences viscous loss from two dimensions 

and resembles an open channel flow.  Accordingly, the flow within a rectangular channel 
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experiences viscous loss from multiple adjoining surfaces, the viscous loss is complicated 

with corner effects.  Consequently, the analysis requires the use of separation of variables 

and ultimately yields a numerical solution.  Although a numerical solution is capable of 

calculating the flow rate with respect to specific wick dimensions, it does not explicitly 

state the significance of wick dimensions on the flow rate.  In order to incorporate the 

numerical solution in the proposed analytical model, a curve fit is performed on the 

numerical solution to generate an analytical representation. 

Non-dimensionalization is an effective method to produce a relationship that 

encompasses all length scales.  The aspect ratio (i.e. height/width) condenses the 

dimensions of an open channel into a single variable and serves as a non-dimensionalized 

description of the channel shape.  Subsequently, the flow rate may be described as a 

function of the aspect ratio.  The x-direction momentum equation for Figure 3.6 may be 

simplified to 

 

 
2 2

2 2

dP u u
dx y z

μ
⎛ ⎞∂ ∂

= +⎜ ⎟∂ ∂⎝ ⎠
 (3.15) 

 
Using the length scales proposed in Figure 3.6, the non-dimensional variables considered 

for the analysis are given by: 

 

 2* ,      * ,      *
( / )( / )

y z uy z u
L L L dP dxμ

= = =
−

 (3.16) 

 
It is important to note that the coefficient a defined in Figure 3.6 is equal to two times the 

aspect ratio.  Replacing the variables in equation (3.15), the non-dimensionalized form is 

found to be  
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Figure 3.6:  3D view of a rectangular channel and its corresponding cross section 

 
Since this equation is non-homogenous, a corresponding homogenous solution 

and particular solution must be obtained.  The particular solution can be obtained with the 

ordinary differential equation given in equation (3.6).  By non-dimensionalizing equation 

(3.11) and knowing that hn is equivalent to aL, we can obtain the particular solution given 

by 

 

 
2

2
part 2

1 ** 1
2

zu a
a

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
 (3.18) 

 
The homogenous solution requires the method of separation of variables.  

Assigning a homogenous solution to be 

 
 homo* ( *) ( *)u Y y Z z=  (3.19) 
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the homogeneous Laplace equation can be solved 
 

 

2 2

2 2
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0
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y z
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 (3.20) 

 
Rearranging the similar variables to the same side, 
 

 
2 2
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1 1 .
* *
Z Y const

Z z Y y
∂ ∂

− = =
∂ ∂

 (3.21) 

 
Since each side of equation (3.21) is only the function of a single variable, the equation 

must be equal to a constant in order to hold true.  Using a positive constant value, the 

differential equations can be solved. 

 

 

homo
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λ λ
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= + + −

 (3.22) 

 
Combining the homogeneous solution with the particular solution, the non-

dimensionalized velocity is given by (Panton 2005): 

 

 
2

2
2

1 ** 1 [ sin( *) cos( *)][ exp( *) exp( *)]
2

zu a A z B z C y D y
a

λ λ λ λ
⎛ ⎞

= − + + + −⎜ ⎟
⎝ ⎠

 (3.23) 

 
In order to solve the constants in equation (3.23), four separate boundary 

conditions are required.  Assuming no slip at the three wall surfaces and negligible shear 

forces at the open liquid interface, the following boundary conditions are obtained: 
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BC1:       * 1,  * 0
BC2 :       * 1,  * 0

*BC3:       * 0,  0
*

BC4 :       * ,  * 0

y u
y u

duz
dz

z a u

= − =
= =

= =

= − =

 (3.24) 

 
Applying BC3, it can be concluded that the term including the sine function must be zero, 

hence A=0.  The two exponential coefficients are found to be C=D=exp(-λ) by applying 

BC1 and BC2 and subtracting the resulting equations.  BC4 holds true when 

 

 (2 1)      for 1, 2,3,...
2

n n
a
πλ −

= = ∞  (3.25) 

 
Thus, equation (3.24) may be rewritten as a summation 
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which is in the form of a Fourier series where the subscript n denotes the constant’s 

dependence on n.  Considering a Fourier series expansion and with BC1, the variable 

constant Bn is found to be 
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exp( 2 ) 1

n

n
n n
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−
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− +
 (3.27) 

 
The final velocity profile can be obtained with the expression 
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which must be solved numerically due to the large number of iterations required to 

produce a valid velocity profile.  The iterations required to produce reasonable results is 

found to be at least N=100.  Subsequently, the volumetric flow rate is also calculated 

numerically via a Riemann sum of the velocity profile with respect to the cross sectional 

area to avoid complex integration of equation (3.28).  Convergence of the Riemann sum 

is found to occur at 10,000 grid partitions.  By calculating the Riemann sum of equation 

(3.28) constrained by -1<y*<1 and -a<z*<0 at various aspect ratios, a relationship 

between the flow rate and dimensions can be acquired.  The Matlab code for this 

numerical calculation can be found in the appendix. 

The array of data produced by the Matlab code is then processed through 

Microsoft Excel to generate a trend line.  For aspect ratios greater than unity, the trend 

described by Figure 3.7a is obtained.  The trend line described by the numerical results 

show that the non-dimensional flow rate is linear with respect to the aspect ratio and is 

given by 

 
 * 0.66525Q a=  (3.29) 
 

Through the same process, the relationship for a<1 is shown in Figure 3.7b.  The 

relation in equation form is approximately given by 

 
 2* 0.33425 - 0.04981Q a a=  (3.30) 
 
However, equation (3.30) is not accurate for a<0.22 upon further data analysis.  

Regardless, the pillar arrays examined within this thesis have aspect ratios much greater 

than one and equation (3.29) is the relationship used in the following analysis. 
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Figure 3.7:  Numerical results of non-dimensional flow rate with respect to aspect ratio for (a) a>1 
and (b) a<1 

 
Following the non-dimensional variables proposed in equation (3.16), the non-

dimensional form of the volumetric flow rate can be obtained. 

 

 4*
( / )( / )

volQQ
L dP dxμ

=
−

 (3.31) 

 
In order to obtain an equation describing the flow rate in dimensional form, the non-

dimensional variables are replaced with physical dimensions and equation (3.29) is 

incorporated into equation (3.31). 
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where the effective viscous length of region B over a length of x is given by 

 

 ,
n

eff B
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dL x
d s

=
+

 (3.33) 

 
  The pressure drop between the pillars can then be rewritten as 

 

 ,
, 312.0256 eff B

loss B vol
n n

L
P Q

w h
μ

Δ =  (3.34) 

 
The total pressure drop for the control volume can be obtained as a summation of 

equation (3.14) and (3.34) 

3.4 QUASI-STEADY STATE DYNAMIC MODEL 
 

At quasi-steady state conditions, the forces driving the flow would equal the 

frictional losses over the same length.  Assuming that the cross-section of fluid flow 

remains constant along the length of the wick, a balance of forces yields the relation 
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 (3.35) 

 
for a control volume of width wn.  The bulk velocity of the system can be obtained by 

dividing the volumetric flow rate by the cross sectional area. 
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Equation (3.36) describes the bulk velocity as a function of distance traveled, x.  For a 

saturated wick with a length of Lwick, the maximum bulk velocity that can be achieved by 

the system is given by 

 

 
1

max 2 2

3 12.0256 2 cos
( ) ( )

wick n wick

n n n n n

sL d Lu
h d s w d s w
μ μ σ θ

−
⎛ ⎞
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 (3.37) 

 
The mass flow rate capable by a wick with a width of wwick is given by the 

equation 

 

 max , max max max
n

c flow wick n wick n
n n

wm A u w h u w h u
w d

ρ ρφ ρ
⎛ ⎞

= = = ⎜ ⎟+⎝ ⎠
 (3.38) 

 
where the cross sectional area available for fluid flow, Ac,flow, is defined in Figure 3.8 and 

is dependent on the porosity of the wick, φ.  The cross sectional area for an array of 

vertically erect pillars is equal to the height of the pillars multiplied by the total width 

available for fluid flow. 

 



50

 

Fluid flow
x

y

z

Air

hn

Fluid
wn

wn
wn

Σwn≈ wn/(wn+dn)wwick

wwick

Fluid flow
x

y

z

x
y

z

Air

hn

Fluid
wn

wn
wn

Σwn≈ wn/(wn+dn)wwick

wwick

 
Figure 3.8:  Definition of the available cross sectional area available for fluid flow and its dependence 

of porosity 

 
Since flow rate is the important parameter in heat pipe design, the mass flow rate 

holds more significance than the actual fluid velocity defined in equation (3.37).  It is 

possible for a tightly packed wick structure with large pillars to yield a high actual 

velocity but exhibit low mass flow rates.  This is counterintuitive to heat pipe design that 

calls for a high flow rate for latent heat removal and smaller structure dimensions to 

reduce thermal resistance.  Thus, it is imperative to normalize the flow rate with respect 

to the wick cross section in order to yield a superficial velocity that describes the wick 

performance.  This form of velocity neglects the existence of the pillar structures and 

describes the fluid flow with respect to the overall macroscopic dimensions (i.e. width 

and height of wick).  The superficial velocity if given by 

 

 superficial
,c wick wick n

m mu
A w hρ ρ

= =  (3.39) 

 
where the cross sectional area of the wick is defined in Figure 3.9. 
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Figure 3.9:  Definition of wick cross sectional area 

 
In order to provide a characteristic parameter that describes the wick’s pore 

dimensions, the flow rate is rearranged to create an analog to Darcy’s law.  The 

volumetric flow rate through an entire wick sample is obtained by dividing equation 

(3.38) with the fluid density.  Comparing this equation with a general Darcy’s flow 

equation described by equation (2.14), an effective permeability for flow through an array 

of pillars can be found. 
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 (3.40) 

 
 
The terms are prominently dominated by the aspect ratio of the wick.  For tall pillars, the 

right term approaches zero whereas for arrays where wn>>hn, the right term disappears.   

At high aspect ratios, the frictional losses associated with the substrate may be 

neglected and the velocity profile is only governed by periodic flat plates.  For scenarios 

where aspect ratio is high, a flat plate approximation may suffice and the corresponding 

flow rate for a unit cell is given by (Zhang 2009): 
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Considering a wick length of x=dn+s, equation (3.35) simplifies to 
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For pillars wick arrays where hn>>wn, the equation is further simplified to 
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Therefore, a simple flat plate approximation suffices for typical nanopillar arrays where 

the length of the pillar is much greater than the spacing.  However, the analytical model 

proposed in this chapter is applicable for various aspect ratios greater than one and 

provides a more robust representation of flow through a pillar array.  Furthermore, using 

the flat plate approximation to optimize pillar dimensions would not be valid since the 

analytical solution calls for disperse pillars, thus rejecting the original assumption of a 

high aspect ratio. 

3.5 CRITICAL HEAT DISSIPATION 
 

Another important heat pipe parameter that warrants investigation is the heat 

dissipation potential.  Prior to dryout, the mass flow rate would follow a linear 

relationship with given by (Mills 1999): 

 

 
( )fg p fg
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h h c T h

= = ≈
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 (3.44) 
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where hfg is the latent heat of vaporization, cp is the specific heat of the fluid and ΔT is the 

temperature change.  Since the energy ingrained in the latent heat of vaporization is much 

greater than the specific heat for water, the equation can be approximated to be a simply a 

function of heat input and the heat of vaporization 

Subsequently, the maximum mass flow rate derived in equation (3.38) can be 

incorporated into this linear relationship to yield a critical heat load at which dryout will 

occur.  The critical heat removal capability is given by 

 
 max ,( )critheat fg waterQ m h≈  (3.45) 
  
Therefore, it can be noted that the critical heat removal capability of the wick is 

dependent on the enthalpy characteristics of the fluid as well as the capillary limit. 
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Chapter 4: Experimental Validation 

4.1 EXPERIMENTAL OBJECTIVES 
 

The experimental portion of the research analyzes the wicking capabilities of 

various wicks.  The mass flow rate is projected to increase linearly with respect to heat 

input as dictated by the fluid’s enthalpy characteristics.  When the profile ceases to 

increase and remains at a constant value, the system can be said to have reached its 

capillary limit.  Despite increasing heat fluxes, the mass flow no longer increases and 

rather the system temperature is raised.  These values produced by the experiment 

provide further insight on any possible benefits associated with nanowicks 

The empirical results are also used to support the proposed theoretical model.  

Since the wicks analyzed are not ideal vertical pillars, effective dimensions are obtained 

by taking an average of wick dimensions.  The capillary pumping limit can be obtained 

with these values and yield a critical heat flux and corresponding fluid flow rate.  By 

contrasting the experimental and theoretical values, the accuracy of the model can be 

accessed. 

4.2 SETUP 
 

The experimental setup is designed to simulate a wick in contact with a constant 

heat flux surface.  In an attempt to generate a uniform heat flux, a copper block with an 

extrusion is used as an intermediate conductor.  The wick samples analyzed in the 

experiment are exposed to dry atmospheric conditions in an attempt to reduce the 
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influence of vapor pressure and saturation issues at the liquid surface.  The end of the 

wick is attached to the face of a copper block extrusion by a low-conduction ceramic 

frame made of MACOR®.  The subsequent portion of the wick that is in contact with the 

heat source is measured to be approximately one square centimeter.  At the opposite end 

of the wick is a reservoir of distilled water resting on an analytical balance as shown in 

Figure 4.1.  As the wick draws the fluid away from the scale, the mass is recorded as a 

function of time, yielding a mass flow rate.  When the copper block is heated via 

cartridge heaters, a flow rate through the wick is induced by the evaporation of the fluid 

at the heat flux surface.  Since most of the copper block is wrapped with mineral wool, 

the majority of the heat is directed towards the wick interface. 
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Figure 4.1:  Illustration of experimental setup 
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Measurements are taken at various heat input settings in an attempt to obtain a 

mass flow rate profile with respect to heat flux.  Based on the aforementioned theory that 

mass flow rate would taper off at dryout, multiple points of data are needed to discern a 

trend.  Each heat input setting is performed for approximately 15 minutes with samples 

taken every two or four seconds.  The measurements acquired by the data acquisition 

system are processed into an output array of values with its respective timestamps.  The 

parameters obtained via the data acquisition system are tabulated in the appendix. 

The heat input to the system is controlled with a variable autotransformer for high 

wattages and a DC power supply for wattages less than 2.9 W.  The DC power supply is 

used to reduce uncertainty associated with the variable autotransformer and wattage 

transducer.   

In order to record the power used to heat the copper block, a wattage transducer is 

used to convert the heater wattage to a 0-10 volt DC signal that is decipherable by 

LabVIEW as shown in Figure 4.2.  For the lower heat flux requirements of nanowicks, a 

DC power supply is used in place of the variable autotransformer.  The voltage supplied 

by the DC power supply is measured directly by LabVIEW and the current is acquired by 

measuring the voltage drop over a 5Ω shunt resistor. 
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Figure 4.2: Data acquisition schematic of experimental setup 

 
The acquisition of the water reservoir’s mass is done concurrently on an analytical 

balance via LabVIEW at four-second sample intervals.  The mass flow rate of the wick is 

found by associating the variation in mass of the reservoir with time.  This mass flow is 

corrected for evaporation and plotted against the heat flux. 

Thermocouples are also placed at various points on the experiment to quantify the 

enthalpy change of the fluid and the heat loss of the experiment.  Since the experimental 

setup is designed with size limitations in mind, the mineral wool and MACOR® piece 

did not provide adequate insulation and there are slight heat losses to the environment 

that must be analyzed with these thermocouples.  The net heat flux exerted on the wick is 

adjusted with these losses. 
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4.3 ENVIRONMENTAL LOSS ANALYSIS 

4.3.1 Fluid Evaporation Losses 
 

At zero heat flux, the only mass flow that occurs within a saturated wick is 

associated with natural evaporation.  This unwanted effect introduces additional sources 

of mass flow to experimental measurements.  Although the evaporation rate remained 

relatively constant in the dry air-conditioned test environment within a 24-hour period, it 

would fluctuate over the course of a longer period of time.  To account for these 

deviations, the evaporation is acquired over a 30-minute period to generate a baseline 

mass flow rate.  Subsequent mass flow rate measurements are corrected with the acquired 

natural evaporation rate to negate evaporation effects. 

In theory, subsequent tests with an imposed heat flux would inhibit evaporation 

rates due to higher water content in the surrounding air.  To circumvent this issue, 

ventilation is utilized for the tests to establish a relatively constant humidity condition 

around the wick interface.  However, due to the sensitivity of the nanowick 

measurements, this technique is only utilized for the higher flow rate measurements.  In 

addition, the fluctuations associated with the natural evaporation rate over the 30-minute 

sampling period are also incorporated in the mass flow rate uncertainty to account for 

possible discrepancies. 

 

4.3.2 Insulation Heat Loss Losses 
 

The sole purpose of the insulation used in the experimental setup is to direct the 

heat flux towards the wick interface.  However, insulation merely reduces the heat 
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transfer between an object and its environment and does not eliminate heat transfer.  An 

insulator typically reduces heat loss with increasing thickness and is therefore limited by 

the maximum dimensions of the experimental design.  To account for any possible heat 

losses through the insulation, thermocouples are placed on both sides of the insulation so 

that a conduction model could be applied. 

Since the insulation thickness is maximized for the experimental setup, the 

insulation thickness is large relative to the other system dimensions.  Consequently, a 1D 

conduction approximation through the insulation would not be valid due to 2D 

conduction through the edges and 3D conduction through the corners of the insulation.  

To simplify the analysis, conduction shape factors are used to approximate the 

conduction through the edges and corners (Mills 1999).  Finding the summation of the 

heat losses through the faces, edges and corners of the insulation, the total heat losses 

through the insulation can be found and deducted from the heat input to yield an actual 

heat flux through the wick interface. 

4.3.3 Wick Conduction Losses 
 

High conducting metals are typically used for heat pipe wicks and casings in 

order to increase the heat transfer from the heat source to the condenser.  Similar to heat 

pipes, the wick strips used in the investigation experiences conduction through the wick 

structure.  Since this project investigates the flow associated with capillary forces, it is 

imperative to deduct the influences of other sources of heat transportation and focus 

solely on the heat removal associated with the fluid flow and phase change.   
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As Figure 4.3 shows, a temperature gradient exists along the wick indicating heat 

transfer does occur through the wick.  The section outlined in red is analyzed in order to 

find the heat transfer rate.  The wick can be properly modeled as a rectangular fin resting 

in two stagnant fluids and experiencing natural convection governed by the equation: 

 

 _ ,1 ,2( ) ( )
2 2

base mid mid water
convective loss air surf air water surf water

T T T TQ h A T h A T+ +
= − + −  (4.1) 

 
where hair and hwater are the heat transfer coefficients of the air and water respectively.  

Tbase is the temperature at location the wick meets the copper block, Tmid is temperature at 

the interface of the two fluids and Twater is the water temperature.  Since the water is a 

highly conductive fluid, the temperature of the water is assumed to be equal to the 

temperature of the tip of the wick emerged in the reservoir.  

 

 
Figure 4.3:  Infrared image of experimental setup showing heat conduction axially along the wick 

 

Copper and 
wick interface 

Water and wick 
interface (Tmid) 

Portion of wick 
exposed to air 
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Due to the broad range of values for the two heat transfer coefficients, this 

method provides large uncertainty values.  The heat transfer coefficient for natural 

convection in air ranges from 10-100 W/m2K.  Similarly, the heat transfer coefficient for 

natural convection in water can range from 500-10,000 W/m2K, which introduces 

magnitude of 20 difference in the analysis (Incropera and DeWitt 2002).  Considering 

that phase change is inherent to the system and possible vapor saturation issues may also 

alter the heat transfer coefficient of the air, formulating heat loss via convection may not 

generate an accurate value. 

An assumption is made that the air served as an insulating fluid with respect to the 

water reservoir to circumvent the convection-based heat loss analysis.  With this 

assumption, a 1D conduction model is applied to the wick.  Figure 4.4 depicts the 

temperature profile along the wick of the analyzed section.  The coefficient of 

determination (R2) of the linear fit justifies the conduction assumption with a value near 

unity.  The conduction loss can be calculated with the equation: 

 

 _conduction loss c
dTQ kA
dx

=  (4.2) 

  
where the k is the thermal conductivity of the wick taken from literature (CINDAS ; Mills 

1999).  Ac,wick is the cross-section of the wick obtained by SEM imaging and dT/dx is the 

temperature distribution extracted from the slope of the linear fit.  Although there is 

inherent uncertainty associated with thermal conductivity, the uncertainty associated with 

the conductivity is magnitudes lower than the heat transfer coefficients of the two fluids. 
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Figure 4.4:  Temperature profile along the portion of a wick exposed to air 

4.3.4 Net Heat Flux Exerted on the Wick 
 

Combining the heat losses with the power input to the system, the actual heat loss 

associated with the wick can be found by the equation: 

 
 actual measured insulation wickQ Q Q Q= − −  (4.3) 
 
where actualQ  is the total heat dissipated by the wick, measuredQ  is the power that is 

measured to the heaters, insulationQ  is the calculated heat loss through the insulation and 

wickQ  is the heat loss via conduction through the wick.  The heat flux exerted on the wick 

can be calculated by dividing the total heat exerted on the wick with the surface area of 

the wick that is in contact with heating element. 
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,

measured insulation wick

surf wick

Q Q Qq
A
− −

=  (4.4) 

 
where q  is the heat flux through the wick and Asurf,wick is the surface area of the wick 

exposed to a the heated copper block.  The heat fluxes capable by the wicks are compared 

with the theoretical predictions as well as each other. 
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Chapter 5: Results and Discussion 

 

5.1 ANALYTICAL MODEL 

5.1.1 Comparison to Washburn’s Equation 
 

In order to substantiate the proposed model, Washburn’s equation is used as a 

comparison baseline.  In addition, the flat plate approximation proposed in section 3.4 is 

incorporated into the comparison to establish the necessity of the two-dimensional 

viscous loss analysis. 

At aspect ratios close to one where the height is approximately equal to the 

spacing between the pillars, we can assume that the flow through an array of vertical 

pillars is similar to flow through a tube.  Although this assumption is not entirely correct 

due to the difference in geometry and additional viscous losses in a tube, it will provide a 

sufficient value with a same order of magnitude as the proposed model.  For aspect ratios 

greater than one, the pillars are approximated as creating a stack of tubes as shown in 

Figure 5.1.  This approximation inherently introduces additional viscous losses to the 

analysis and ultimately depicts the inaccuracy of applying Washburn’s equation to an 

array of pillars. 
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Figure 5.1:  Approximation of vertical pillars as capillary tubes 

 
 

Following this proposed approximation of a stack of capillary tubes; equation 

(2.13) can be modified to yield a governing equation given by: 

 

 
4

,
2 cos

64
n n

vol washburn
n n

h wQ
d w

π σ θ
μ

=  (5.1) 

 
for a flow through a unit cell that is dn+wn in length and wn wide as defined by Figure 3.2. 

At high aspect ratios, the proposed model’s viscous losses are dominated by the 

pillars.  Subsequently, the viscous losses can be approximated as flow between two 

parallel plates as previously discussed and is given by equation (3.41). 

To simplify the comparison of the theoretical models, a homogenous wick was 

considered with a constant contact angle and surface tension coefficient.  Subsequently, 

under the homogenous wick assumption, the variable s is replaced with wn in equation 

(3.35) and there remain essentially three dependent variables: wn, dn, h. 
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Since the goal of this work is to investigate the use of nanopillars arrays as wick 

structures, the dimensions used for the comparison are taken from typical nanopillars 

arrays.  Based on the nanopillars structures observed within this study, pillar diameter 

and spacing of approximately 100 nanometers and a length of approximately 4 microns is 

used.  Plotting the flow rate of each respective theoretical model with respect to aspect 

ratio, Figure 5.2 is produced for a unit cell with a width of wn. 

Due to the additional viscous losses associated with Washburn’s equation, the 

proposed model does not necessarily agree with Washburn’s equation at an aspect ratio 

of one as predicted earlier.  However, they do agree at lower aspect ratios where the 

proposed model begins to experiences additional viscous losses per unit flow.   
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Figure 5.2:  Flow rate with respect to aspect ratio showing convergence with Washburn’s equation at 
low aspect ratios 
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At higher aspect ratios, the proposed model can be seen to approach a flat plate 

approximation as shown in Figure 5.3.  Thus, for aspect ratios greater than 10, the 

viscous losses associated with the wick structure are dominated by the pillars.  The 

convergence of the analytical solution with respect to Washburn’s equation at low aspect 

ratios and a flat plat approximation at higher aspect ratios verifies the credibility of the 

proposed model. 

 

0.00E+00

5.00E-15

1.00E-14

1.50E-14

2.00E-14

2.50E-14

3.00E-14

3.50E-14

0 1 2 3 4 5 6 7 8

Aspect Ratio [height/width]

Fl
ow

 R
at

e 
[m

3 /s
]

Proposed Model Flat Plate Approximation Washburn's Equation
 

Figure 5.3:  Flow rate with respect to aspect ratio showing convergence with a flat plate 
approximation at high aspect ratios 
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5.1.2 SEM Measurements 
 

In order to apply the theoretical model to the experimental wicks, the required 

dimensions are obtained from SEM images.  Although the wicks analyzed are not ideally 

homogeneous, they are considered uniform to simplify the analysis.  With this 

supposition, measurements are taken along the wick and averaged to produce a general 

dimension value with a corresponding uncertainty that incorporates the discrepancies 

along the wick.  Since not all wick microstructures resemble the paradigm of Figure 1.6, 

effective geometric dimensions corresponding to the key dimensions were taken.  

Various images were obtained along the wick and numerous measurements were made 

per image using ImageJ.  An example of the measurements taken is shown in Figure 5.4.  

These averages are tabulated in Table 5-1 with their corresponding uncertainty. 

 

wn

dn

wn

dn

 
Figure 5.4:  SEM picture of a wool felt sample showing the discrepancy in the measurements of width 

between pillars (wn) and pillar diameter (dn) 
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Table 5-1:  Measurements of Wick Dimensions 

 nw  [m]  nwδ  nd  [m] ndδ  h  [m]  hδ  
Wool Felt 2.79E-05 5.12E-06 2.64E-05 4.61E-06 1.74E-03 1.00E-04
Powder 3.31E-05 7.13E-06 2.07E-04 3.26E-05 1.20E-03 1.00E-04
Mesh 4.29E-05 3.24E-06 1.59E-04 1.94E-05 2.07E-04 5.00E-05

Silicon Nanowires 7.01E-07 1.34E-07 1.05E-07 1.12E-08 3.50E-06 5.00E-07
Carbon Nanotubes 1.82E-06 3.74E-07 9.30E-07 1.45E-07 3.00E-06 5.00E-07

Mean values of width between pillars (wn) and pillar diameter (dn) with uncertainties 
calculated from a distribution of samples at various points along the wick. 

 
As Figure 5.4 shows, there are discrepancies in the wick dimensions even among 

a localized location.  Since most of the wicks were produced on a large scale and exact 

nanoscale growth is difficult to control, there were considerable discrepancies in the 

measurements.  By taking various samples along the entire wick, a Gaussian distribution 

is acquired and uncertainty was derived from the standard deviation.  The uncertainties 

associated with the measurements were taken to be two times the standard deviation as 

approximately 95% of values fall within two standard deviations in typical distributions 

(Witte 2004).  For wicks that do not closely resemble pillars such as the sintered powder 

wick shown in Figure 5.5, effective dimensions are acquired by assuming that a pillar is 

comprised of stacked granules.  Subsequently, this technique induces additional 

discrepancies in measurements due to the non-uniformity of the proposed “pillar” 

diameter.   
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Figure 5.5:  SEM image of a sintered powder wick 

 
The uncertainty associated with the silicon nanowires arise from the fact that the 

array is not comprised of ideal vertical pillars.  As shown in Figure 5.6, the silicon 

nanowires wick is not vertically freestanding and is constituted of collapsed pillars.  

Subsequently, there are uncertainties associated with the array of silicon nanowires 

regardless of its close resemblance to the array of pillars described by Chapter 3. 

 

 
Figure 5.6:  SEM Image of an array of silicon nanopillars 
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In addition to these inherent variations in the wick, it is also important to note that 

geometric changes to the wick structure adversely affect the uncertainty associated with 

the measurements.  When the SEM images of the carbon nanotubes are analyzed in 

Figure 5.7, the pillars reveal an entirely different structure after the structure has been 

wetted.  The carbon nanotubes cluster together after the forest has been wetted and no 

longer maintain the original structure described by the theoretical model. 

 

 
Figure 5.7:  SEM image of a carbon nanotube array prior to wetting (left) and after wetting (right) 

 
Similarly, the wick structure of the mesh wick is altered over the course of 

experimentation.  Although the mesh wick initially possesses relatively consistent 

dimensions, it oxidizes over time as shown in Figure 5.8.  Since this study’s goal is to 

examine the effects of microscopic dimensions on a wick’s flow rate capabilities, the 

fully oxidized wick is used for examination rather than a clean mesh wick whose 

dimensions varied over time.   
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Figure 5.8:  SEM image of a clean copper mesh (left) and oxidized copper mesh after exposure to 
heat and an open atmosphere (right) 

5.1.3 Contact Angle Calculation 
 

As equation (3.4) states, capillary forces are dependent on the liquid-solid contact 

angle.  However, general wetting theory claims that the microscopic features of a surface 

alter the contact angle (Gennes, Brochard-Wyart et al. 2004).  Based on Young’s law, the 

contact angle for an array of pillars can be found to be a function of the width between 

the pillars (wn), the diameter of the pillars (dn) and height of the pillars (hn).  Bico showed 

that for a hydrophilic structure, the contact angle can be given by the equation (Bico, 

Tordeux et al. 2001): 

 

 1arccos s

sr
φθ
φ

⎛ ⎞−
= ⎜ ⎟−⎝ ⎠

 (5.2) 

 
where φs is the solid fraction and r is the roughness. 

The solid fraction is defined as the portion of the surface that is dry divided by the 

total surface area.  For an array or ideal vertical pillars as defined by Figure 5.9, the solid 

fraction can be geometrically found to be: 
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where the solid fraction must be equal to or less than one.  The dry surface is defined in 

red and the actual surface area is given by the colored portion in Figure 5.9. 
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Figure 5.9:  Schematic depicting the dry surface (red) and wetted surface (blue) for a vertical pillar 

array 

 
The roughness defines the total actual surface area divided by the projected area.  

From the same geometric definition of an array of pillars, the roughness can be found to 

be given by: 

 

 
( )
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,

2
,

( )surf actual n n n n
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A d h w dr
A w d

π + +
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+
 (5.4) 

 
thus roughness must be equal to or greater than one.  Subsequently, equation (5.2) yields 

a hydrophilic contact angle between 0° and 90° for a wetting scenario described by 
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Figure 5.9.  Due to the complexity of the microstructures analyzed, empirical contact 

angle values for a flat surface do not apply and a calculated contact angle is used for the 

following theoretical calculations. 

5.2 EXPERIMENTAL RESULTS 
 

The experimental portion of the investigation is performed on conventional felt 

material, commercial wicks obtained from actual heat pipes and nanostructures 

comprised of pillars.  The former two varieties of wick samples are used as a baseline and 

evaluated against the nanowicks to determine is there exists any benefits by using 

nanostructures for wicking.  Using the corrected heat flux calculation described by 

equation (4.4) and the aforementioned method of analysis, the heat flux exerted on the 

wick was recorded concurrently with respect to the mass flow rate of the fluid through 

the wick.  Ideally, these two measurements should follow a linear relationship with 

respect to the enthalpy change described by the equation: 

  

 , ,

,

surf wick surf wick

fg water

qA qA
m

h h
= ≈

Δ
 (5.5) 

 
At the onset of dryout, the mass flow rate would deviate from this relationship 

and the dryout point can be observed experimentally.  The various instrument 

uncertainties and experimental uncertainties were accounted for via the method of 

sequential perturbation (Wheeler and Ganji 2004).   

Subsequently, the experimental data can be compared with the analytical model 

proposed in section 3.4.  Although the theoretical model is developed for an array of 
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homogenous uniformly distributed vertical pillars, it was applied across a range of wick 

geometries by finding effective spacings and diameters.  A few of these wick structures 

can be identified as pillars, as in the case of the wool felt and mesh wicks, but they were 

not aligned normal to the substrate and were thus discrepant from the theoretical model 

assumptions.   

5.2.1 Baseline Wicks 
 

Initial baseline tests were performed on a piece of wool felt that exhibited high 

wicking capabilities.  The wool felt was selected for demonstration purposes due to fact 

that it represents a ubiquitous item that exhibits wicking properties.  The results for this 

baseline run are displayed in Figure 5.10 with the corresponding mass flow described by 

the linear relationship given in equation (5.5) and the theoretical maximum mass flow 

described by section 3.4. 

Hypothetically, the experimental data would follow the solid red line until the 

onset of dryout.  The maximum fluid flow capable by a wick structure is given by a 

wick’s capillary limit and can be theoretically calculated from the dimensions of the 

microscopic wick dimensions tabulated in Table 5-1.  The calculated value is given in the 

figure as a red dashed line.  The SEM measurement uncertainties are accounted for and 

displayed in the form of uncertainty associated with the theoretical model in gray dashed 

lines. 
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Figure 5.10:  Mass flow rate with respect to heat flux for a wool felt wick 

 
The experimental data follows the projected corresponding mass flow in Figure 

5.10 until it reaches its peak at 77.44 g/hr.  The theoretical maximum mass flow 

calculated from the analytical model was found to be 54.21 g/hr.  Although the actual 

maximum flow rate did exceed the predicted value, the experimental values were within 

the uncertainty associated with the theoretical model.  The drop in mass flow can be 

associated with the boiling limit commonly found in wicks that experience boiling.  As 

mentioned in section 1.2.2, the boiling limit is prominent in thick wicks with low thermal 

conductivity and is exemplified by this particular wick sample. 

Subsequent tests were performed on wicks found in commercially available heat 

pipes.  A sintered powder wick was found to generate a maximum mass flow rate of 
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35.09 g/hr, which materialized on the higher end of the theoretical model’s uncertainty as 

shown in Figure 5.11.  The disagreement between the experimental data and the 

theoretical model can be associated with the fact that a sintered powder wick is 

comprised of spherical granules and the model is based on an array of pillars.  The two 

structures are radically different in nature and the comparison was done only to show the 

inaccuracy of applying the theoretical model to different geometries.  Nonetheless, the 

theoretical model was able to provide a rough approximation of the maximum mass flow 

rate for a wick comprised of spheres. 
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Figure 5.11:  Mass flow rate with respect to heat flux for a commercial sintered powder wick 

 
Another baseline test was performed on a commercially available wick that 

resembled a mesh as shown in Figure 5.8.  Although the mesh wick was relatively thin 
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with a thickness of 207 microns, the mesh wick still produced a maximum mass flow of 

35.28 g/hr that is comparable to the maximum mass flow of the wool felt and sintered 

powder wick, which are 1.74 mm and 1.20 mm thick respectively.  As shown in Figure 

5.12, the experimental results of the mesh wick matched fairly well with the theoretical 

model.   
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Figure 5.12:  Mass flow rate with respect to heat flux for a commercial copper mesh wick 
 

5.2.2 Nanowicks 
 

Two nanopillar wicks were also experimentally tested to determine the validity of 

the theoretical model at smaller length scales.  The mass flow rates of an array of silicon 

nanowires at different heat fluxes are given in Figure 5.13along with the theoretical 
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prediction.  The experimental data points of the silicon nanowires agreed well with the 

theoretical maximum mass flow at 0.32 g/hr. 
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Figure 5.13:  Mass flow rate with respect to heat flux for an array of silicon nanowires 

 
Similarly, carbon nanotubes were also examined for its capillary wicking 

capabilities and its maximum mass flow was found to be 0.30 g/hr as shown in Figure 

5.14.  The experimental values for the carbon nanotubes were also in good agreement 

with the value predicted by theoretical model.  The agreement with the experimental 

results and theoretical prediction can be attributed to the fact that the theoretical model 

was designed for a pillar array similar to the two nanopillar wicks.  However, the carbon 

nanotubes do show a slight fluctuation from the experimental values.  As mentioned 

earlier, the carbon nanotube pillars exhibit a different geometry after wetting occurs.  
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This geometric discrepancy comprised of bundles of pillars may be the source of the 

incongruence. 
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Figure 5.14:  Mass flow rate with respect to heat flux for an array of carbon nanotubes 

5.2.3 Data Comparison 
 

Comparing the nanopillar data with the baseline wicks in Table 5-2, the nanopillar 

maximum mass flow rate is found to be less than 1% of the lowest mass flow rate 

achieved by a baseline wick.  Plotting the experimental data sets together in Figure 5.15, 

the nanopillar wick data is nearly non-existent relative to the baseline wicks.  Although 

mass flow rate is an important design parameter for heat pipe applications, it is important 

to note that the nanopillar wicks are limited in depth and consequently, the cross sectional 

area available for fluid flow is smaller.  The discrepancy in fluid depth between the wicks 
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is due to current growth limitations of nanopillars.  Since this thesis’s goal is to examine 

the capillary forces of the wick structure, it is important to neutralize this bias for thicker 

wicks by normalizing the data with respect to the wick cross sectional area to produce a 

superficial velocity for comparison. 

 
Table 5-2:  Experimental Mass Flow Rates 

 m  [g/hr] mδ  
Wool Felt 77.44 0.89 

Sintered Powder 35.09 2.52 
Mesh Wick 35.28 2.66 

Silicon Nanowires 0.32 0.07 
Carbon Nanotubes 0.30 0.06 

Wool felt are magnitudes higher than the nanowicks due to its large cross sectional area 
available for fluid flow 
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Figure 5.15:  Mass flow rate as a function of heat flux for all wicks 
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To normalize the data for comparison purposes, the mass flow rate was divided by 

a constant fluid density of 1000 kg/m2 and the cross sectional area normal to the fluid 

flow as defined by Figure 3.9.  By processing the five experimental data sets in such a 

manner, a superficial velocity for the fluid through the wick structure would be generated 

with respect to heat flux. 

The power dissipated by a wick is also be normalized by expressing it as a 

corresponding velocity which is dependent on the thickness of the wick through the 

following equation 

 
  

 
,

q q
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fg water

u
h h

φ φ
= ≈
Δ

 (5.6) 

 
 
The equation yields a superficial velocity for the corresponding power dissipation.  The 

actual velocity would equal this corresponding velocity at all heat fluxes where the 

capillary limit has not been reached.  The two normalized axes are plotted in Figure 5.16 

with a 1:1 line depicting the period in which the actual velocity is equivalent to the 

calculated velocity for the corresponding power dissipation.  The maximum superficial 

velocities achieved are also tabulated in Table 5-3. 
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Figure 5.16:  Normalized plot comparing all wick data sets 

 
Table 5-3:  Actual Maximum Superficial Velocities 

 max,actu  
[mm/s] 

max,actuδ  

Wool Felt 1.01 0.07 
Sintered Powder 0.82 0.08 

Mesh Wick 5.03 0.70 
Silicon Nanowires 2.70 0.66 
Carbon Nanotubes 2.47 0.39 

The commercial mesh wick produced the highest velocity of the wicks. 
 

The nanopillar wicks show comparable superficial velocities as the baseline 

wicks.  Although the nanopillar wicks generated a velocity that was lower than the mesh 

wick, it provided substantially higher velocities than the other two baseline wicks.  It is 

important to note that the nanopillar wicks used for these experiments were not optimized 
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for capillary wicking and may have contributed to the relatively lower velocities when 

compared to the mesh wick.  Consequently, the analytical model could be used in an 

attempt to design a high velocity nanopillar wick. 

The theoretical capillary model must be validated to determine its efficacy as a 

model for nanopillar wick design.  Figure 5.17 plots the actual maximum velocity found 

via experimental methods versus the theoretical maximum velocity calculated by the 

model.  A 1:1 line is plotted to aid in the observation of the theoretical model’s accuracy 

relative to experimental values.  All experimental data sets are shown to agree with the 

theoretical maximum velocity within its uncertainty.  The large uncertainties associated 

with the theoretical model can be associated with the SEM measurements.  Consequently, 

future work is required to reduce the uncertainty by producing uniform pillar structures. 

 



85

 

0

1

2

3

4

5

6

0 1 2 3 4 5 6

Theoretical Maximum Superficial Velocity [mm/s]

A
ct

ua
l M

ax
im

um
 S

up
er

fic
ia

l V
el

oc
ity

 [m
m

/s
]

Theoretical Max Superficial Velocity () [mm/s] Theoretical Max Superficial Velocity () [mm/s]
Theoretical Max Superficial Velocity () [mm/s] Theoretical Max Superficial Velocity () [mm/s]
Theoretical Max Superficial Velocity () [mm/s] 1:1 Line  

Figure 5.17:  Actual maximum velocities plotted against the maximum velocity predicted by the 
homogenous wick model 

 
The values for the plot are reproduced with the percent difference between the 

actual and predicted value in Table 5-4.  By examining the values, it can be deduced that 

the model provided a reasonable prediction of the maximum mass flow with the 

exception of the sintered powder wick.  Further examination of Figure 5.17 shows that 

the sintered powder wick’s experimental data only agrees with the theoretical model at 

the extreme end of its uncertainty.  This difference can be attributed to the fact that the 

sintered powder wick resembles spherical granules rather than a pillar forest simulated by 

the theoretical model.  Considering this substantial difference in geometry, it is rather 

remarkable that the theoretical model was able to come close with only a 29.52% 

difference. 
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Table 5-4:  Comparison of Actual and Theoretical Maximum Superficial Velocities 

 max,actu  
[mm/s] 

max,theou  
[mm/s] 

Percent 
Difference 

Wool Felt 1.01 0.98 3.03% 
Sintered Powder 0.82 0.58 29.52% 

Mesh Wick 5.03 4.85 3.66% 
Silicon Nanowires 2.70 2.61 3.31% 
Carbon Nanotubes 2.47 2.28 8.00% 

The homogenous model predicted the maximum velocity within less than 10% difference 
for all wicks with the exception of the sintered powder wick. 
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Chapter 6: Summary, Conclusion and Recommendations 

 

The work performed in this thesis presented the capillary limit as a function of 

microstructure dimensions through analytical and experimental means.  Micro and 

nanoscale capillary forces were linked with the constitutive equation given by Darcy’s 

law to expand understanding of the permeability (κ). 

A new analytical model to simulate the capillary flow through a wick constituting 

of vertical pillars is presented in this thesis.  The theoretical model was validated against 

experimental values and was found to produce acceptable values for maximum capillary 

flow through various wicks with differing geometry.  Although some structures produced 

slightly different experimental flow rate values from the predicted values, they were 

nevertheless within uncertainty.  Good agreement was found with the theoretical model 

and experimental results although accuracy was highly dependent on wick geometry. 

The nanowicks were found to exhibit a lower flow rate than the baseline wicks.  

However, this is inherently due to the cross sectional area available for fluid flow.  When 

the superficial velocity of the fluid flow was obtained by normalizing the data, it was 

found that the nanostructure wicks generated comparable values to the baseline wicks.  

The nanostructure wicks exhibited superficial velocities lower than the mesh wick but 

were considerably higher than the other two baseline wicks.  Accordingly, the 

nanostructure wicks show promise as wicking material for heat pipe applications.  
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However, growth limitations must be addressed in order for the nanostructure wicks to be 

a feasible option. 

However, due to the uncertainties involved with the theoretical and experimental 

comparison, conclusive statements cannot be made at the current time.  Further 

investigation of a homogenous array of vertically aligned pillars must be considered.  By 

fabricating microscale pillars with less dimensional fluctuations via reactive ion etching, 

the theory can be tested with less uncertainty.  Furthermore, the experimental data 

presented in this thesis only included wick structures with high aspect ratios and 

experiments were not performed on lower aspect ratios.  To confirm the theoretical model 

at lower aspect ratios, additional experimental investigations must be performed in the 

future.  Once the true accuracy of the theoretical model is ascertained, the analytical 

model can be used to derive an optimal geometry for a wick structure.  
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Appendix A: Matlab Code 

 
clear; 
 
 
astart=0.001; 
aend=1; 
anum=50; 
a=[astart:(aend-astart)./anum:aend]; 
 
for i_a = 1:size(a,2) 
     
    a(i_a); 
     
xstart=-1; 
xend=1; 
ystart=-a(i_a); 
yend=0; 
 
num=250; 
i=500; 
[x,y]=meshgrid(xstart:(xend-xstart)./num:xend,ystart:(yend-

ystart)./num:yend); 
n=1; 
Ac=(xend-xstart).*(yend-ystart); 
     
w=1./2.*(a(i_a).^2-y.^2); 
 
while n<=i; 
    an=(2.*n-1).*pi./(2.*a(i_a)); 
    w=w+2./a(i_a).*(-1).^n./an.^3.*cos(an.*y).*(exp(an.*(x-1))+exp(-

an.*(x+1)))./(1+exp(-2.*an)); 
    n=n+1; 
end 
 
surfc(x,y,w,'EdgeColor','none') 
shading interp 
grid on 
xlabel('y-axis') 
ylabel('z-axis') 
zlabel('x-axis') 
title('Steady State Velocity Profile Between Parallel Plates') 
 
 
vol(i_a) = 0; 
 
pts_col=size(w,1); 
pts_row=size(w,2); 
for i_row=1:pts_row 
  for i_col = 1:pts_col 
    z = w(i_row,i_col); 
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    if z > 0 
        if i_row == 1 && i_col == 1 || i_row == 1 && i_col == pts_col 

|| i_row == pts_row && i_col == 1 || i_row == pts_row && i_col == 
pts_col 

            vol(1,i_a) = vol(1,i_a) + z.*Ac./(4.*(pts_col-1).*(pts_row-
1)); 

 
        elseif i_row == 1 || i_row == pts_row || i_col == 1 || i_col == 

pts_col 
            vol(1,i_a) = vol(1,i_a) + z.*Ac./(2.*(pts_col-1).*(pts_row-

1)); 
 
        else 
            vol(1,i_a) = vol(1,i_a) + z.*Ac./(1.*(pts_col-1).*(pts_row-

1)); 
 
        end 
    end 
  end 
end 
 
end 
 
out=[a;vol]; 
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Appendix B:  Experiment Data Channels 
 
 
 
 
 

Acquired Channels with Respect to Time 
 

Power [watts*10^-2] 
Shunt Voltage [V] 

Power 
Measurement 

Heater Voltage [V] 
1 Face-Copper [ºC] 
2 Face-Macor [ºC] 
3 Water [ºC] 
4 Air [ºC] 
5 Exterior - Left [ºC] 
6 Exterior - Right [ºC] 
7 Exterior - Front [ºC] 
8 Exterior - Macor Lip [ºC] 
9 Interior - Front - Side [ºC] 
10 Exterior - Back [ºC] 
11 Exterior - Top [ºC] 
12 Exterior - Bottom [ºC] 
13 Interior - Right [ºC] 
14 Interior - Front [ºC] 
15 Interior - Front - Top [ºC] 
16 Interior - Front - Bottom [ºC] 
17 Interior - Back [ºC] 
18 Interior - Top [ºC] 
19 Interior - Bottom [ºC] 

T
h
er

m
o
co

u
p
le

s 

20 Interior - Left [ºC] 

Mass Weight [grams] 
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