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ABSTRACT 

 

 

Surface treatment is an effective way to enhance pooling boiling heat transfer. It improves the 

critical heat flux (CHF) and/or the nucleate boiling heat transfer (NBHT). Surface treatment is 

developed in this experimental work by adding an aluminum microporous coating onto an 

aluminum surface. Specifically, a high temperature thermally conductive microporous coating 

(HTCMC) is developed for an aluminum surface. The coating is manufactured by brazing an 

aluminum powder onto a plain aluminum surface. The microporous coating enhances the NBHT 

by creating microscale pores. These pores provide reentrant cavities that enhance boiling. Their 

properties are controlled by varying the brazing conditions, which are highly dependent on the 

material properties of the surface, such as the brazing particle size and the brazing environment.  

Pool boiling tests are conducted on 1x1cm2 aluminum block. They are conducted in saturated 

distilled water at 1 atm. A parametric experimental study is conducted by varying the thickness 

and particle size of the HTCMC coating. The averaged particle size used in this study were 11, 24, 

66 𝜇m and the coating thickness was varied from 76 to 357 𝜇m.  
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A reference pool boiling curve for the plain aluminum surface is also presented. Here, enhancing 

pool boiling CHF is accomplished by Boehmite treatment of the bare aluminum surface. An 

aluminum surface can develop different hydroxides when submerged in distilled water. Under 

controlled experimental conditions defined in this work, the aluminum surface develops a stable 

nanoscale Boehmite layer which decreases the static contact angle, from 55° to 12°, and 

consequently increases the wettability. The Boehmite treated plain aluminum surface has a CHF 

of 1,850 kW/m2 and a NBHT coefficient of 55.7 kW/m2K.  

Compared to the plain aluminum surface, the aluminum HTCMC has improvement of more than 

double in the NBHT coefficient for all the tests conducted in this work. However, the CHF of 

aluminum HTCMC has no change compared to that of the plain aluminum surface. The study also 

shows an increase in the NBHT coefficient as the coating thickness of the aluminum HTCMC is 

increased regardless of particle size. However, after reaching an optimal coating thickness the 

NBHT coefficient starts to decrease. This optimal coating thickness for a mean particle diameter 

of 11, 24, 66 𝜇m were 152, 176, 206 𝜇m, respectively. The highest measured NBHT coefficient, 

293.5 kW/m2K, was achieved with particle size of 11 𝜇m with a thickness of 152 𝜇m and 

enhancement of more than five times over the NBHT of Boehmite treated plain aluminum surface.   
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CHAPTER 1 

INTRODUCTION 

Boiling is a two phase flow phenomenon that can occur at the contact between a fluid and 

a heated surface. It is desirable to modify the properties of the heated surface in order to improve 

the heat transfer coefficient and the critical heat flux (CHF). This allows boiling to occur with the 

least possible wall superheat, which is defined as the temperature difference between the heated 

surface and the bulk liquid saturated temperature. 

Many surface enhancement works have been performed and documented in the literature 

on copper materials where surface treatments allowed boiling with low superheat values. However, 

there are much less surface enhancement research works using aluminum due to its high oxidation 

rate even though aluminum is a desirable material due to its relatively low cost and weight.  

The work described in this thesis includes fabrication of a microporous coating for 

aluminum that could enhance the heterogeneous boiling to comparable levels as that of copper. 

The fabrication of this coating and its performance are described in detail. 

1.1 Background 

 Evaporation, at a solid-liquid interface, is a complicated two phase heat transfer process. 

The process occurs when the surface temperature exceeds the saturation temperature at the given 

pressure. In this process the heat is removed from the surface by the vapor formation and 

detachment of vapor bubbles. Pool boiling, the most common method of boiling, is the process in 

which a heated surface is submerged in a stagnant liquid and the motion near the surface is due to 

the free convection and the vapor bubble dynamics.  
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While it is possible to achieve subcooled boiling, where the liquid is below its saturation 

temperature, the focus of this work is on saturated boiling where the liquid is at its saturation 

temperature for a given system pressure. Nukiyama [1] was the first to identify different regimes 

of saturated pool boiling. Chen et  al [2] provided the typical pool boiling curve as shown in Figure 

1.1 where these regimes are identified. The heat flux, q” is on the vertical axis while the wall 

superheat, ΔTsat = Tw – Tsat, on the horizontal axis. 

 

Figure 1.1. Typical Pool Boiling Curve [2] 

 At a wall superheat lower than point A, no vapor bubbles are present on the surface, 

therefore the heat transfer is solely due to single phase, natural convection. Point A is referred-to 

as the onset of nucleate boiling because, as the wall superheat increased beyond point A, vapor 

bubbles will start to form on the surface. It has been found that surface roughness plays an 

important role in determining the onset of nucleate boiling. Surface roughness is commonly 

characterized as a series of conical cavities as proposed by Griffith and Wallis [3]. The authors 

concluded that, in order for the surface to have an active cavity at a certain wall superheat, 
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temperature difference between the heated surface and surrounding saturated liquid, needs to 

exceed a required superheat.  Hsu [4] also demonstrated that a certain wall superheat is required 

to initiate nucleation on the heated surface and a definite range of cavity size will become active 

after this wall superheat is exceeded.  

On the partial nucleate boiling, between point A and B, heat transfer is increased due to 

formation of high number of discrete bubble. Between point B and C, the bubbles begin to merge 

and create vapor column, which is referred to as fully developed nucleate boiling. The maximum 

heat flux value is reached at point C, referred as the critical heat flux (CHF). 

As the wall superheat is increase beyond point C, the vapor bubbles starts to create a vapor 

insulating blanket on the surface. Due to the formation of this vapor blanket, the heat flux is 

observed to decline to point D, the Leidenfrost point. Increasing the wall superheat further causes 

an increase in the heat flux to point E and beyond. In the case when the heat flux is controlled, the 

wall superheat can rapidly increase, or transition from point C to E.  This defines CHF. Thus, the 

CHF serves as the upper limit for practical applications of nucleate boiling heat transfer because a 

large increase in the wall superheat occurs beyond CHF. Specifically, the wall superheat could 

rapidly increase to temperature up to 1,000 K and can cause damage to the heated wall. Many 

attempts have been made to predict the CHF, conditions that lead to the CHF, and to improve the 

heat transfer at the partially and fully developed nucleate boiling regimes.  

1.2 Literature Review 

Understanding the mechanism of pool boiling on a heated surface has been addressed in 

numerous publications in the past decades. The most recognized pool boiling model, proposed by 

Rohsenow [5], postulated the bubble growth and departure assisted in the convective transport of 



   

4 

heat from the heated surface to the surrounding fluid. In which the heat flow from a surface is 

single phase convection process and local agitation created by wake of departing bubbles are 

responsible for increased heat transfer coefficient during nucleate boiling. While this semi-

empirical model has been well correlated to predict the pool boiling of a copper surface, it lacks 

the ability to predict the CHF. 

One of the first attempts to predict the CHF on smooth surface was done by Zuber [6]. The 

author postulated that CHF occurs when vapor columns generated from the heated wall reached 

hydrodynamic instabilities. This formulation predicts a single maximum CHF value and neglects 

the inclusion of surface wettability and roughness which have been found to play an important role 

in delaying CHF. Kandlikar [7] included the effect of surface wettability (contact angle) by 

analyzing a single vapor bubble at heated surface and conducting a force balance. The 

improvement in surface wettability allows liquid to continue flowing towards the heated surface 

and thus delay drying the surface. The study conducted by Ahn et al. [8] clearly demonstrates a 

delay in CHF when the heated surface experiences an improvement in surface wettability by 

forming a nano or/and micro structure is formed on the surface. In the case of surface roughness, 

the study conducted by Kim et al.[9] also clearly demonstrates a delay in CHF as the surface 

roughness increases. Both authors concluded that the increases in CHF was due capillary wicking 

on the heated surface to promote liquid spreading to the dry spots.  

The addition of a microporous coating on the heated surface introduces additional 

parameters to predict the pool boiling mechanism (e.g. coating thickness, particle size, and 

porosity) [10]. Several attempts have been made to develop the pool boiling model with 

microporous structure. O’Neal and Polezhaev assume that evaporation occurs within the pores and 
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the vapor bubble is removed from the coating after it has overcome the surface tension [11,12]. 

Kovalev et al [13] classified the nucleate boiling on a microporous media in two different 

mechanisms. In the first mechanism the porous surface has a regular nucleate boiling cycle; birth, 

growth, detachment of the vapor bubble, and occurs when the diameter of vapor bubble is smaller 

than the characteristic size of pore. The second mechanism occurs when the vapor bubble diameter 

exceeds the pore size. The pores begin to be filled with steam and results in a continuous 

evaporation inside the porous structure. In this mechanism, the heat transfer in pores is analogous 

to a heat pipe. However, those models are semi-analytical and require experimental results to 

complete the correlation.  

1.3 Project Objectives 

Improvement of the nucleate pool boiling on a metal surface have been done by a surface 

treatment named microporous coating, the most efficient way to enhance the pool boiling heat 

transfer. The fabrication of the microporous coating can be done by various methods: e.g. plasma 

spaying, sintered, and brazed. The optimized pool boiling enhancement in the microporous coating 

requires systematic studies to understand the effects of various parameter: coating thickness, 

particle size, and porosity.  

Studies of aluminum microporous coatings are less common in the literature compared to 

copper microporous coatings. Therefore, this lack of information has led to the development of 

microporous coating on the aluminum surface. In this study, the coating was fabricated by the 

brazing method, where the aluminum particles form metallic bonding by the reflow of brazing 

paste. The brazing method allows the use of thermally conductive coating which allows for higher 

temperature operation. For this reasons, the microporous coating is named as High temperature, 
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Thermally Conductive Microporous Coating, or HTCMC. A description of the brazing fabrication 

technique can be found in Chapter 2. After the coating is done, the surface was intentionally treated 

in hot water bath (Boehmite treatment). 

A description of the oxidation of a plain aluminum surface under water can be found in 

Chapter 3. A Boehmite treatment method employed here is also described in this chapter to 

establish an oxidation layer on the aluminum surface to enhance its wettability. The pool boiling 

experimental setup and instrumentation used are described in Chapter 4. Test results of the pool 

boiling experiments can be found in Chapter 5, which illustrates the benefits of using the HTCMC 

coating. A parametric study is also described in this chapter where the boiling experiments were 

performed with different particle sizes and coating thickness.  
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CHAPTER 2 

MICROPOROUS COATING FABRICATION 

 

 

Among many fabrication techniques available for microporous coating, the high 

temperature thermally conductive microporous coating (HTCMC) is used in this work. The 

methodology to adapt this technique to aluminum is described in this chapter.  

2.1 Fabrication Equipment 

The readiness of aluminum to oxide in the presence of oxygen provides a challenge to 

create strong bonding of microporous coating. Therefore, a well-controlled vacuum environment 

is required to reduce the oxygen content in order to achieve a strong bonding on the aluminum 

surface. The tube furnace and vacuum pump used in this work are shown in Figure 2.1. 

 

Figure 2.1. (a) Tube Furnace (b) Vacuum Pump  

(a) OTF-1500X-UL, MTI (b) Hi Cube 90 Eco, Pfeiffer
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This furnace can achieve up to 1500°C with minimal temperature overshoots. It is 

considered adequate since the highest required temperature for the HTCMC process is about 

600°C. The vacuum pump can achieve 10-5 hPa which is also appropriate to minimize oxidation 

during the fabrication of the microporous coating. The furnace and the vacuum pump are 

commercial equipment that are readily available: OTF-1500X-UL, MTI Corporation and Hi Cube 

80 Eco, Pfeiffer, respectively. 

2.2 Cleaning process 

Preparing the surface is essential to achieve proper bonding of the coating (microporous 

mixture) to the surface. Therefore, the aluminum blocks are sanded first with 220 grit paper to 

remove the oxidation layer. The surface is, consequently, sanded in a random pattern using a 600 

grit paper to achieve a bright surface finish. 

After sanding, the aluminum block is sonicated in acetone for three minutes to remove oil 

and grease. Then, the aluminum block is sonicated in isopropyl alcohol for three more minutes. 

Finally, the aluminum block is sonicated in 2% w.t. NaOH for one minute to remove the oxide 

layer. After each step, aluminum block is rinsed with distilled water and dried using filtered 

compressed air. 

2.3 Brazing process 

The brazing process for the HTCMC requires aluminum particles of a specific size range, 

and brazing paste (type and amount). Brazing temperature condition is described in this section.  
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2.3.1 Aluminum particle size 

The particle size distribution of three different 99.8% aluminum powders (Valimet, Inc.) 

used in this study are shown Figure 2.2. The particle size distributions are obtained by analyzing 

microscopic images of the aluminum powders. The mean particle diameter (dm) of each aluminum 

particle are determined to be 11 ± 3.5, 24 ± 7.9, and 66 ± 12.4 𝜇m. The mean particle diameter of 

each particle size distribution is used as the characteristic particle size of each aluminum powder. 

   

 

Figure 2.2. Particle size distribution for the aluminum powder with mean particle diameter of 

(a) 11 𝜇m, (b) 24 𝜇m, and (c) 66 𝜇m 
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2.3.2 Brazing paste mixture 

The brazing paste (Vacubraze 33, Lucas Milhaupts) is fluxless which is adequate for 

vacuum brazing process. The brazing paste is comprise of 12% silicon and 88% aluminum, where 

the aluminum container acts as a filler metal. Due to the lack of magnesium, the brazing 

manufacturer recommends the addition of magnesium in the vacuum chamber. While the brazing 

of aluminum is performed in vacuum environment, the magnesium acts as oxygen and water vapor 

absorber and also modifies the oxide film on the aluminum surface. 

The microporous coating mixture is comprised of brazing paste, aluminum particle, and 

Stoddard solvent. The Stoddard solvent acts as the thinner to evenly spread the mixture. To 

maximize the porosity of the coating, a trial and error method is used to determine the ideal ratio 

for the mixture: 1.0 g of brazing paste, 4.0 g of aluminum powder regardless of the particle size, 

and 2.5 g of Stoddard solvent. Different amount of mixture is applied to achieve the desired 

thickness. After the mixture is evenly distributed on the aluminum surface, the aluminum samples 

are dried on a hot plate set to 100°C for 10 minutes to evaporate the Stoddard solvent. 

Following the recommendations of the brazing paste manufacturer, a 30.0 mg of 99.95 % 

magnesium foil is cut into four equal pieces and placed in between the aluminum samples. Three 

aluminum samples and magnesium pieces are placed in a ceramic container and inserted in the 

center of the tube furnace. After closing the furnace chamber, the vacuum pump is allowed to reach 

pressure of 5.4 mPa before starting the brazing process. 

2.3.3 Brazing Temperature Profile 

The brazing temperature profiles are determined by the information provided by the 



   

11 

brazing paste manufacturer and information found in literature [14,15]. The brazing temperature 

profile required some tuning to achieve the maximum porosity possible due to the fact the liquidus 

point of the brazing paste, 582 °C, is close to the liquidus point of the aluminum block, 652 °C. 

The brazing temperature profiles, shown in Figure 2.3, were obtained by trial and error to ensure 

the best bonding and maximum porosity. 

  

Figure 2.3. Temperature profile for brazing aluminum HTCMC surface 

The temperature profiles have a pre-heating step to help in removing water vapor. The pre-
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set to 10 minutes. During the brazing time, mixture is at the liquidus state allowing the flow and 
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to cool down naturally. The vacuum pump is turned off when the furnace temperature reached 

150°C. After the brazing process was competed, the samples were cleaned following the procedure 

described in section 2.2. 

2.4 Porosity 

The brazing conditions described in this section created the micro structure shown in Figure 

2.4 for each mean particle diameter. The top view images of the HTCMC surface are captured 

using scanning electron microscope (SEM). The SEM images show that the coating has numerous 

pores with their effective pore diameter decreases as the particle size decreases. The creation of 

the pores, or reentrant type cavities, can aid in the generation of nucleate bubble during the pool 

boiling experiment [16,17]. The images show that the particles intermingling with one and other 

to create a porous structure. The clear interconnect of the particles are due to the reflow of brazing 

paste during the brazing process.   

 

Figure 2.4. SEM images of the aluminum HTCMC surface with mean particle diameter of 

(a) 11 𝜇m, (b) 24 𝜇m, and (c) 66 𝜇m 

The porosity of the coating cannot be calculated using this SEM images, therefore a 

different approach is taken. Assuming that the coating have a perfect rectangular prism shape, the 

50  m 50  m50  m

(b)(a) (c)



   

13 

porosity () is calculated using the mass of the porous layer (m), volume of the porous layer (V), 

and density (ρ = 2.675 g/cm3) of the aluminum HTCMC layer according to Equation 2.1. The 

weight of the block is measured before and after the application of the porous layer to determine 

the mass of the porous layers (m). The coating thickness of the HTCMC is determined by 

measuring at the center of each sample before and after the application of the porous layer.  

 

𝜙 =  
𝑉 −

𝑚
𝜌

𝑉
 

(2.1) 

The relationship between the coating thickness and porosity for each aluminum HTCMC 

surface is shown in Figure 2.5. The porosity of the coating is determined to be independent of the 

coating thickness as the thickness is varied from 50 to 350 m. The average value is also shown 

in this figure. 

 

Figure 2.5. Porosity of the aluminum HTCMC surface 
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The equivalent pore diameter (dp) is calculated by using Richardson correlation [18] shown 

in equation 2.2. The specific surface of particle, S, is defined to be the surface area of particle 

divided by its volume. For the case of spherical particle S = 6/dm. The 11, 24, and 66 𝜇m particles 

sizes have equivalent pore size of 2.6, 5.3, and 14.6 𝜇m, respectively.  

 

 
𝑑𝑝 =

𝜙

𝑆(1 − 𝜙)
 (2.2) 
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CHAPTER 3 

ALUMINUM SURFACE  

3.1 Introduction 

Aluminum is thermodynamically unstable compared to its oxides and hydroxides in an 

atmospheric environment or submerged in water as reported in the literature. This natural oxidation 

have been found to alter the surface wettability and pool boiling curve after subsequent pool 

boiling experiment [19–22].  

It has been suggested that the aluminum surface wettability can be modified by holding it 

under water at a desirable temperature. Min and Web [23] submerged an aluminum surface in 

distilled water (82°C or boiling) for 20 minutes. They showed that a “hot water soak” can improve 

the surface wettability. Zhang and Jacobi [24] treated the aluminum surface by boiling at constant 

heat flux of 140 kW/m2 in a pool of distilled water. They also showed an improvement in the 

surface wettability regardless of surface roughness and attributed the enhancement of the 

wettability to the formation of a “grass-like” nanostructure formed on the surface.  

The purpose of this chapter is to present the different oxidation layers that can develop on 

an aluminum surface when submerged in distilled water. The proper conditions necessary to grow 

a favorable hydroxide layer called the Boehmite layer are presented. This Boehmite layer can 

improve the surface wettability throughout the pool boiling experiment. 

3.2 Aluminum Oxide and Hydroxide 

In the literature it is well documented that aluminum oxidizes in air and water [25–28].  
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In an ambient environment or submerged in water, pure aluminum is thermodynamically unstable 

compared to its oxides and hydroxides. Specifically, in the presence of water or air, an aluminum 

surface undergoes chemical reactions to achieve thermodynamic equilibrium. In an ambient 

environment, the aluminum surface develops an oxide layer and undergoes the reaction shown in 

equation (3.1). However, when is submerged on water, the aluminum surface develops a hydroxide 

layer according to one of the chemical reactions shown in equation (3.2) to (3.4). 

 2𝐴𝑙 + 1.5𝑂2 → 𝐴𝑙2𝑂3 s (3.1) 

 2𝐴𝑙 + 3𝐻2𝑂 → 𝐴𝑙2𝑂3 + 3𝐻2 (3.2) 

 2𝐴𝑙 + 2𝐻2𝑂 → 𝐴𝑙𝑂𝑂𝐻 + 1.5𝐻2 (3.3) 

 2𝐴𝑙 + 3𝐻2𝑂 → 𝐴𝑙(𝑂𝐻)3 + 1.5𝐻2 (3.4) 

When an aluminum surface is under water, Vedder and Vermilyea [29] stated that the 

essential steps in the reaction are (i) amorphous oxide formation; (ii) dissolution of the amorphous 

oxide; (iii) precipitation of aluminum hydroxide. Several factors determine the chemical reaction 

and structure the surface experience: temperature, rate of precipitation, pH, and exposure time. 

The discussion is focused on the temperature and exposure time when immersed in water, which 

is relevant to the pool boiling condition in this study.  

Table 3.1 contains possible chemical structures that can develop on an aluminum surface 

in an air or water environment. Although the Gibbsite and Bayerite or the Boehmite and Diaspore 

oxidation layers have the same chemical composition, their crystallographic structures are 

arranged differently [30]. Specifically, γ-phase and α-phase represent cubic packed lattices and 

hexagonal closed packed lattices, respectively. 
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Table 3.1. Aluminum Oxide and Hydroxide [30] 

Chemical structure name Chemical composition Crystallographic designation 

Gibbsite Aluminum Trihydroxide γ - Al(OH)3 

Bayerite Aluminum Trihydroxide α - Al(OH)3 

Boehmite Aluminum Trihydroxide γ - AlOOH 

Diaspore Aluminum Oxide Hydroxide α - AlOOH 

Corundum Aluminum Oxide γ - Al2O3 

 

A phase diagram of an Al2O3-H2O system published by Wefers and Misra [30] is shown in 

Figure 3.1. This diagram was developed using distilled water where pH is constant and the 

temperature and exposure time are the relevant parameters. This diagram depicts the occurrence 

of different chemical structures as a function of temperature and pressure. The vertical lines 

separating the phases in this diagram demonstrate the high dependence on temperature and 

significantly less dependence on pressure. Studies [25–27] have also confirmed that the oxidation 

layer of aluminum under water is mainly dependent on the temperature. However, the actual phase 

boundary could be a range within close proximity to phase boundaries shown in Figure 3.1. 

At temperatures below 100°C, Alwitt [27] wrote that the Bayerite and a pseudoboehmite 

layers grow simultaneously but at different rates. Here, the pseudoboehmite layer is a poorly 

crystallized oxyhydroxide similar to Boehmite. At temperatures, between 100°C and about 350°C, 

according to Wefers and Misra, the Boehmite layer is kinetically favored at lower temperatures 

than the Diaspore layer. However, no clear boundary can be defined between Boehmite and 

Diaspore. Boehmite has been reported to spontaneously form at temperatures as high as 302°C. 

The Diaspore has also been also reported to form at temperatures as low as 177°C. This has led 
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the authors to conclude that Boehmite is metastable. However, at temperature above 150-180°C, 

the Boehmite layer structure would begin to separate on the surface [26,30].  

 

Figure 3.1. Phase Diagram Al2O3 – H2O [27] 

The rate at which oxidation layers grow depends on the surrounding liquid temperature as 

reported in literature [25–27]. Altenpohl [26] provided an excellent summary of growth of 

hydroxide layer and Boehmite layer can provide a corrosion protection. Altenpohl showed that 

two different Boehmite layers with different solubility, 𝛾l and 𝛾s, will grow on aluminum surface 

when submerged in water. The thickness of each Boehmite layer as a function of submersion in 

water, or time of treatment, is shown Figure 3.2. 

The 𝛾s Boehmite layer begins to form on the aluminum surface after three hours in boiling 

distilled water. However, in 120°C super-heated steam, it would only require 15 minutes to appear. 

This increase in temperature from 100°C to 120°C increases the initial growth rate and thickness 
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of the overall Boehmite layer, 𝛾l + 𝛾s. Altenpohl [26] determined that the Boehmite layer thickness 

can grow to 0.85 𝜇m. The growth rate at the initial exposure time is typically high, however, as 

the exposure time is prolonged, the growth rate decreases and the oxidation layer eventually 

reaches a final thickness [27,29]. A more recent study done by Lee et al. [22] concluded that the 

Boehmite layer can reach a thickness of 1.5 𝜇m after 50 hours in boiling water. 

 

Figure 3.2. Growth of Boehmite Films on Aluminum Alloy 1145 [26] 

A Boehmite layer is known to improve the wettability of the aluminum surface [23,31]. A 

picture of an aluminum surface taken by a scanning electron microscope (SEM) is shown in Figure 

3.3 without (a) and with (b) a Boehmite layer [31]. The Boehmite layer is seen to cause the 

formation of a nano structure on the aluminum surface. This structure enhances wettability and 

promotes the movement of the fluid near the aluminum surface. 
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Figure 3.3. SEM images of an aluminum surface:  

(a) no Boehmite layer and (b) with Boehmite layer [31] 

3.3 Boehmite treatment 

When performing pool boiling experiments in boiling distilled water, the aluminum surface 

develops a Boehmite layer (γ-AlOOH). As shown in previous section the Boehmite film is stable 

within a temperature range and grows to a given thickness depending on the environmental 

conditions. This section is dedicated to show the effect of Boehmite layer has an aluminum surface 

wettability. 

To characterize the surface wettability, the apparent static contact angle is determined by 

dropping a water droplet (11.5𝜇L) from height of 5 mm at room temperature in air. A video is 

captured and analyzed by a program connected to a goniometer (Kruss, DSA30). The static contact 

angle is measured and recorded when the droplet reaches an equilibrium state. 

A quantitative study is performed to determine the effect of Boehmite treatment time on 

the wettability of an aluminum surface. Eight (8) aluminum samples are immersed in boiling 

distilled water (100°C), which is referred as Boehmite treatment, for different periods of time. The 

static contact angle measurement for each sample is shown in Figure 3.4 as a plot of contact angle 

(a)

1  m1  m

(b)
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versus boiling time. Closely examining this figure indicates that, during the first 5 minutes, the 

formation of the Boehmite layer causes a severe initial decline of the static contact angle from 55° 

to 6°. However, as the Boehmite treatment time is increased to 10 minutes, the static contact angle 

increases back to 12°. This increase is consistent with previous reports that the nanostructure 

porosity decreases with an extended exposure time in boiling or in hot temperature [32,33]. In this 

study it is observed that, as the Boehmite treatment time is increased beyond 10 minutes, the static 

contact angle remains nearly constant. This suggests that the surface wettability is stable after 10 

minutes of Boehmite Treatment. However, the Boehmite layer thickness continues to grow, as 

discussed above. 

As shown in Figure 3.4 and discussed above, a few minutes of Boehmite treatment would 

dramatically improve the wettability of an aluminum surface, however, the wettability is not 

sustainable after this initial treatment time. In order to establish a sustainable Boehmite layer, 

where the wettability remain constant, 180 minutes (three hours) of Boehmite treatment was used 

in this work. 

 
Figure 3.4. Static contact angle at different Boehmite treatment time 
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Additional contact angle measurements are performed to demonstrate that the contact angle 

remained nearly constant during a pool boiling experiment after Boehmite treatment. Specifically, 

the contact angle is measured of the Boehmite-treated surface is measured at two stages: before 

and after subsequent boiling tests. The images shown in Figure 3.5 were taken with (a) no 

Boehmite treatment, (b) after 180 minutes of Boehmite treatment, and (c) after completion of pool 

boiling tests.  The contact angle in Figure 3.5 (b) and (c) was 12° and 13°, respectively, illustrating 

that there is minimal change in the surface structure when compared to the original 55° contact 

angle that is measured prior to the Boehmite treatment. This result is expected because the surface 

temperature of the aluminum did not exceeded 150°C during the pool boiling experiment. 

 
Figure 3.5. Static Contact: (a) before Boehmite treatment (b) after Boehmite treatment (c) after 

pool boiling experiment  

The aluminum HTCMC surface is treated in the same manner as the plain aluminum 

surface. The contact angle of the aluminum HTCMC surface is evaluated at the completion of the 

Boehmite treatment and pool boiling tests. The results are shown in Table 3.2 for aluminum 

HTCMC surface with mean particle diameters of 11, 24, and 66 µm. The contact angle for a plain 

aluminum surface is also included for reference. 

Observing the column for plain aluminum, the variation in the contact angle measured 

before the pool boiling test (just after completion of the Boehmite treatment) and after the pool 

(a) 55° (b) 12° (c) 13°
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boiling test is only 1°. This confirms the stability of the Boehmite layer on the plain aluminum 

surface. However, the contact angle changes from almost zero to over 10° for the HTCMC surface. 

The contact angle after pool boiling for the aluminum HTCMC is comparable to that of a plain 

aluminum surface. In which can be concluded the Boehmite layer controls wicking through the 

porous layer regardless of particle size and coating thickness. 

Table 3.2. Static contact angle (CA) of the Al-HTCMC with different paticle size 

 Plain 

aluminum 
Al-HTCMC 

Particle size  11 𝜇m 24 𝜇m 66 𝜇m 

CA before 

pool boiling 
12° ~0° ~0° ~0° 

CA after 

pool boiling 
13° 14° 11° 13° 
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CHAPTER 4 

EXPERIMENTAL SETUP 

 

 

4.1 Heater assembly fabrication 

The heater assembly is composed a Lexan block, resistance heater, aluminum block, and 

Epoxy. The heater assembly and a cross section view is shown in Figure 4.1. The 6061-T6 

aluminum block (k = 167 W/mK) has dimensions of 1.0 cm × 1.0 cm × 0.3 cm with a 0.1 cm 

diameter hole drilled to a depth of 0.5 cm at the center of one of the side. A T-Type thermocouple 

is soldered in this hole to record the internal temperature (Th). The top surface of aluminum block 

is used as the tested surface. On the bottom side, a resistance heater (CCR-375-1, Components 

General, Inc.) is soldered. Two wires are attached to each of resistance heater leads for the 

application of power. A 2.5 in x 2.0 in x 0.5 in Lexan block is used as base and non-conductive 

Epoxy DP-420 is used to insulate the sides and permanently attach the assembly.  

  
Figure 4.1. Heater assembly 
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Due to the difficulty to solder the aluminum surface to the resistance heater, a 62 𝜇m thick 

nickel layer is plated on the bottom of aluminum block using an electroless nickel plated process. 

In order to prepare the aluminum block for this process, the aluminum block is chemically etched 

to remove the existing oxidation layer and then a zinc layer is formed on the surface using a zincate 

process to protect the aluminum surface from oxidation. After the completion of this process, the 

coated aluminum surface is cleaned in a similar matter as prior to adding the coating. 

4.2 Pool boiling chamber 

All experiments are performed using the pool boiling chamber shown in Figure 4.2. The 

inner dimension of this chamber are 15 x 12 x 17 cm3. At the front and back sides of the chamber, 

tempered glass are installed to allow the visualization of the experiment using a high-speed camera 

(Micro M310, Vision Research) and Veritas Constellation Mini 120 LED. The left, right, top, and 

bottom walls of the chamber are made of aluminum. 

All the pool boiling experiments are conducted by placing heater assembly in the horizontal 

upward facing orientation inside the pool boiling chamber. Connection ports connecting the 

electrical wires between the heater assembly and Agilent N5771a DC Power Supply are made to 

hermetically seal the chamber. The heat flux supplied is calculated by measuring the voltage and 

current at the resistance heater using four wire connections. Glass reflux condenser, not shown in 

Figure 4.2, is attached to the condenser port to maintain a closed system during testing. This 

condenser serves as heat exchanger that capture the boiled steam by condensing and returning it 

back into the chamber. 

Two 400 W immersion heaters, connected to AC power through variac power supplies, are 

used to decrease the heating time. On the left and right side of the chamber, two 200 W silicone 
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band heaters attached to a proportional-integral-derivative (PID) controller are installed in order 

to hold a desired constant liquid temperature in the chamber during testing. The chamber has a 

drain valve at the bottom, which is closed during the testing. This valve is used to drain the fluid 

at the end of tests whenever maintenance is required.  

 

Figure 4.2. Pool boiling chamber 

 

All tests using this chamber is conducted at the atmospheric pressure. However, a pressure 

transducer is installed at the top of the chamber to measure and record the actual pressure in the 

chamber, which was observed to deviate negligibly (less than 0.5 psi) from the atmospheric 

pressure. The saturation temperature (Tsat) is calculated by interpolation using the thermodynamic 

saturated steam table. The chamber also uses two T-Type thermocouples to measure the liquid and 

vapor temperatures. It is worthy to note here that the temperature discrepancy between the two 

thermocouples has been consistently negligible (< 0.5°C).  
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4.3 Experimental setup and measurements 

A LabVIEW program is used to collect data of the test results and chamber environment, 

and the program also controls the test process throughout each pool boiling experiment. The 

LabVIEW program is used to control the DC power supply and record the data collected by data 

acquisition system (Agilent 34980A Multifunction Switch/Measure Module equipped with an 

Agilent 34921T 40-Channel Armature Multiplexer). 

A four-wire resistance measurement setup is used to connect the heater assembly and 

Agilent N5771a Power Supply to accurately measure the heat flux (q”) from the boiling surface. 

This setup allows the measurement of the voltage at the resistance heater and a constant shunt 

resistor connected in series to determine the current at the resistance heater. A thermocouple 

embedded in the heater assembly is used to record its internal temperature of the aluminum block. 

For this reading and the fact the sides are thermal insulated with epoxy adhesive (k = 0.18 W/mK), 

the wall temperature (Tw) at the heated surface is calculated by assuming a 1-D Fourier conduction 

though aluminum block. The saturation temperature (Tsat) of the chamber is calculated based on 

the data collected by the pressure transducer. With the knowledge of this two temperatures, the 

wall superheat, ΔTsat (=Tw - Tsat), is calculated. 

4.3.1 Pool boiling procedures 

The heater assembly is attached to a stand within the chamber and connections to the DC 

power supply and thermocouples are made. The procedure presented here includes two different 

processes, which are completed after the Boehmite treatment is done the aluminum surface: 

degassing and pool boiling test. 
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During the degassing process, three quarters of the chamber is filled with distilled water 

leaving a vapor gap near the top quarter of the chamber. The condenser valve is opened to the 

ambient and the coolant is allowed to circulate through the glass condenser. The band heaters and 

the immersion heaters are turned on. After the water reaches 100°C, the water is allowed to 

vigorously boil for 1.5 hours. This is done to degas air from the water and remove any non-

condensable gases within the chamber. Then, the immersion heaters are turned off and the PID 

controller is turned on to control band heaters to maintain the water saturation temperature in the 

boiling chamber. 

During the pool boiling experiment, a stepwise increase in the power to the heater assembly 

is imposed until the heater reaches CHF. The power increment varies at different segments of 

boiling curve, i.e. natural convection, partial nucleate boiling, fully-developed nucleate boiling, 

and near CHF. To establish steady state at each step, the program holds a constant voltage supply 

to the heater assembly. The program collects data points every 250 millisecond and compares each 

20-second running average to the prior 20-second average of the heater temperature. Steady state 

is determined when the difference between the two averages is less than 0.1°C. CHF is declared 

when the instantaneous heater temperature exceeds the prior averaged data point by 20°C for plain 

aluminum surface and 10°C for microporous samples. The CHF value is recorded as the highest 

heat flux that yields a steady temperature plus a half of the step change heat flux when the sudden 

increase in ΔTsat occurs. After the sample reaches CHF point, the power supply is shut off 

automatically. The program records the following parameters to a file: liquid, vapor, surface, 

internal heater, and saturation temperature; current, voltage, and power at the heater; pressure and 

ΔTsat. 
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4.3.2 Uncertainty 

All measurements are subject to some uncertainty and assessment is required to understand 

the experimental uncertainties. The experimental uncertainties are calculated using the single 

sample experiment developed by Kline and McClintock [34].  

The accurary of the pressure transducer is ±0.25% over the full range (0-172 kPa). The T-

type thermocouples and data acquisition system used to capture the internal termperature (Th) has 

an accuracy of 0.5°C.  The data acquisition system unit has an uncertainty of voltage and current 

measurements of ±0.004%. The heated area (A) has an estimated uncetainty of  5%.   

The saturation temperature (Tsat), which is calculated by using the reading from the pressure 

transducer, has an accuracy of ±0.10°C. The surface temperature (Tw) is calculated assuming a 1-

D Fourier conduction using Eqn. (4.1). The current at the resistance heater is calculate by 

measuring the voltage (Vsh) and resistance (Rsh) at the shunt.  

 
𝑇𝑤 = 𝑇ℎ + 𝑉ℎ ∙

𝑉𝑠ℎ

𝑅𝑠ℎ

Δ𝑥

𝑘 ∙ 𝐴
 (4.1) 

Assuming the The 6061 aluminum block has an uniform thermal conductivity of 167 W/mK, the 

total surface temperature uncertainty can be calucated using Eqn. (4.2) 
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The total uncertainty of the surface temperature (Tw), at low heat flux, is determined to be 

±0.50 °C, whereas, at a heat flux of 1,800 kW/m2 the uncertaintly is ±0.70 °C. In a similar manner 

the heat flux uncertainty can be calculated. The calculated heat flux uncertainty is ±43.2 kW/m2 at 

a heat flux of 1,800 kW/m2. For the range of heat flux used in this work, the heat flux uncertainty 

is consistently less than ±2.5%. 
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CHAPTER 5 

POOL BOILING TEST RESULTS 

 

 

5.1 Introduction 

Pool boiling experiments are conducted on plain aluminum and aluminum HTCMC surface 

in distilled saturated water at one atmospheric pressure. Both surfaces are Boehmite treated 

prior to the boiling experiment, as discussed in Section 3.3. A parametric study of the HTCMC 

surface is conducted to investigate the effects of particle size and coating thickness on the 

nucleate boiling heat transfer (NBHT) and critical heat flux (CHF). Three aluminum powders 

with mean particle diameter of 11, 24, and 66 𝜇m, are used to fabricate the HTCMC surfaces. 

For each mean particle diameter, the coating thickness is varied to determine the optimal 

NBHT and CHF enhancements. In this chapter, the pool boiling data obtained are presented and 

discussed. 

5.2 Plain Aluminum Surface 

Six consecutive pool boiling runs are performed on a heater assembly with an uncoated 

(plain) aluminum surface after Boehmite treatment. The pool boiling curves obtained by running 

the experiments consecutively with 15-minute interval between each consecutive runs are shown 

in Figure 5.1 (a). The six pool boiling data sets in Figure 5.1 (a) illustrate to be within very close 

proximity one another. This demonstrates the ability to establish consistent nucleate boiling heat 

transfer and CHF results. This can be also due to the consistent changes in the nanoscale 

topography of the surface by the Boehmite treatment. During the experiment, the Boehmite layer 

formed on the surface can affect the cavity activation (Hsu [4]) and wetting behaviors. However, 
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nucleate boiling incipience appears to be similar one another. The contact angle of the aluminum 

surface was measured and found to be remained constant -- only 1° change after the six runs (from 

12° to 13° as shown in Figure 3.5). The CHF of the surface varied from 1,850 to 1,900 kW/m2 for 

the six runs. At the CHF points, the aluminum surface record usually its maximum NBHT 

coefficient of ~59 kW/m2K.  

Boiling tests are also performed without doing Boehmite treatment using the same 

experimental setup and the boiling curves are shown in Figure 5.1 (b). In this figure, sizable change 

of NBHT in the boiling curves is clearly observed between the first and second runs. This is 

consistent with the findings of Lee et al. [22]. Comparing the boiling curves shown in Figure 5.1 

(a) and (b), it clearly illustrates the benefit of the Boehmite treatment for repeatable boiling heat 

transfer. The boiling curves are highly consistent among runs after the treatment as compared to 

those with the untreated aluminum case. 

 

Figure 5.1. Pool boiling curves of plain aluminum surface 
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Additional tests were performed to confirm heater-to-heater variations for boiling heat 

transfer tests. Three heater assemblies with plain aluminum surface are fabricated to show the 

repeatability of the results.  The ra value of the Boehmite-treated aluminum surface are measured 

with a profilometer (SJ-210, Mitutoyo). The ra value is calculated by measuring at four different 

locations and taking the average of the four measurements. The averaged ra values range 0.74 ± 

0.03 𝜇m. Each aluminum surface was tested for three runs and confirmed the three runs are close 

each other as shown in in Figure 5.1 (a). Then, the second run of each heater would serve as the 

representative curve. Their respective second run pool boiling curves are compared in Figure 5.2. 

  

Figure 5.2. Pool boiling curves of plain aluminum samples 
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measured near CHF. The variation of ΔTsat can be due to random nature of the surface polishing 

which creates different size cavity distributions. The CHF values of the three aluminum surfaces 

has a variation of 50 kW/m2. It is determined that the pool boiling curve of the plain aluminum 

surface 2 is used as the reference curve for the plain aluminum surface, which has the CHF value 

of 1,850 kW/m2 at ΔTsat of 30.6 K. 

5.2.1 Aluminum and copper comparison 

Although, some nucleate boiling data is found in the literature using aluminum surfaces, 

there are significantly more nucleate boiling research and publications using copper surfaces. A 

comparison between the results with a Boehmite-treated aluminum surface to those using a copper 

surface is, therefore, desirable. The measured static contact angle for copper has been found to be 

65° with a slight deviation based on surface roughness [9]. However, the static contact angle for 

aluminum can range between 55° before the Boehmite treatment, 6° after an initial Boehmite 

treatment, and becomes stable at around 12° after extended Boehmite treatment. 

The pool boiling curve using the Boehmite-treated aluminum surface is compared to the 

pool boiling curve for copper published by Jun et al. [35]. Both are compared to Rohsenow’s 

correlation, shown in equation (5.1). The coefficient csf and s are dependent on the solid-liquid 

interface and r is related to the pool boiling curve being fit. Rohsenow recommend value of 𝑠 = 1 

for water and 𝑠 = 1.7 for all other fluids. The values of csf and r have found for copper and stainless 

steel with different surface finishing, e.g. polished copper surface csf = 0.0128 and r = 1/3 [5,36]. 

The Rohsenow correction for this surface finish is superimposed in Figure 5.3, where the pool 

boiling curves of the Boehmite-treated aluminum and copper surface are plotted. 



   

35 

 

[𝑇𝑤 − 𝑇𝑠𝑎𝑡] =
ℎ𝑙𝑣𝑃𝑟𝑠𝑐𝑠𝑓

𝑐𝑝𝑙
[

𝑞′′

𝜇𝑙ℎ𝑙𝑣
√

𝜎

𝑔(𝜌𝑙 − 𝜌𝑣)
]

𝑟

 (5.1) 

The pool boiling curve using the plain copper surface shows a similar trend as Rohsenow 

correlation for polished copper surface. The pool boiling curves shown in Figure 5.3 have similar 

slope with the aluminum surface having a shift to the right in the wall superheat (ΔTsat). The 

aluminum surface is found to reach a CHF value of 1,850 kW/m2, which is almost 80% higher 

than that of the CHF for a copper surface, 1,015 kW/m2. This can be attributed to the improved 

wettability of nanoscale structures formed by the Boehmite treatment.  

 

Figure 5.3. Pool boiling curve of plain aluminum and copper surface [37] 
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Images of the bubble nucleation at different heat fluxes with a copper surface are published 

by Jun et al. [35]. Similar images are obtained using a Boehmite-treated aluminum surface. The 

images are shown side-by-side in Figure 5.4. It is important to note that the surface roughness is 

comparable for these two surfaces, as both are sanded with sand paper of the same 600 grit. 

  

Figure 5.4. Nucleation boiling images of the copper [22] and Boehmite-treated aluminum surface 

at different heat fluxes 
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flux is increased towards or beyond 1,000 kW/m2, it is difficult to distinguish individual vapor 

bubbles. However, small vapor bubbles can be observed near the boiling surface merging together 

to generate a large hovering bubbles on both surfaces. It is important to note that the copper surface 

reaches CHF slightly beyond 1,000 kW/m2. However, the aluminum surface does not reach CHF 

until 1,850 kW/m2. 

A chart in the form of CHF versus contact angle was compiled and published by Kim 

et al. [38]. This chart includes CHF data points for different surfaces (different contact angles and 

different surface roughness). The chart includes two widely accepted CHF models: the first is by 

Zuber [6], who postulated that hydrodynamic instability dominates the CHF value and the 

correlation is shown in equation (5.2). The model predicts a maximum CHF of 1,105 kW/m2 for 

distilled water at one atmospheric pressure regardless of wettability or solid-liquid interface. 

 
𝑞′′𝐶𝐻𝐹,𝑍 =

𝜋

24
ℎ𝑓𝑔𝜌𝑣 [

𝜎𝑔(𝜌𝑙 − 𝜌𝑣)

𝜌𝑣
2

]
1/4

[
𝜌𝑙

𝜌𝑙 + 𝜌𝑣
]

1/2

 (5.2) 

The second is by Kandlikar [7], who incorporated the effect of surface wettability (θ) and 

orientation angle (β) on the CHF value, as shown in equation (5.3). While Kandlikar generated the 

CHF model based on a receding contact angle, it is plotted here against other data that are based 

on static contact angles and with β set to 0° (upright orientation). Data from several other studies, 

which depict the relationship between CHF and contact angle, are plotted as well by Kim et al. 

[38]. Specifically, Kwark et al. [37] conducted a pool boiling study on alumina nanocoated copper 

surfaces. Malla et al. [39] pool boiling data for a silicon surface coated with a thin alumina film to 

improve the surface wettability. The data for copper and aluminum surface under different 

roughness from Kim et al. [9] and Kim et al. [38] , respectively.  
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Two additional curves are plotted by Kim et al. [38] as upper and lower bounds to 

encapsulate all the data presented in this plot. The curves are within a range of + 600 kW/m2 and 

-400 kW/m2 of Kandlikar curves. 

 
𝑞′′𝐶𝐻𝐹 = ℎ𝑓𝑔𝜌𝑣

1/2
[
1 + 𝑐𝑜𝑠𝜃

16
] [

2

𝜋
+

𝜋

4
(1 + 𝑐𝑜𝑠𝜃)𝑐𝑜𝑠𝛽]

1/2

[𝜎𝑔(𝜌𝑙 − 𝜌𝑣]1/4 (5.3) 

The datasets, shown by Kim et al. and included in Figure 5.5, appear scattered due to the 

different levels of roughness on the heated surface. Malla et al. [39] conducted their experiment 

on a mirror-like surface, whereas, Kwark et al. [37] conducted their experiment in a more 

roughened surface. Kim et al. [9] clearly demonstrated the CHF enhancement as the surface 

roughness increased.  

Kim et al. [9] and Kim et al. [38] focused on the CHF enhancement as the surface roughness 

was increased. The authors used a 1.0 cm × 1.0 cm × 0.3 cm block in a very similar configuration 

to that shown in Figure 4.1 and Figure 4.2. Different grits of sand paper were used on the top 

surface of the block to alter its surface roughness. Their copper block resulted in an increase of 

CHF as the surface roughness was increased. 

Two points are highlighted in Figure 5.5 to establish a direct comparison between the 

copper surface used by Kim et al. and the aluminum surface presented here. These surfaces have 

a similar surface roughness since they were prepared using the same 600 grit sand paper. These 

points on the chart give a visual comparison between a copper and an aluminum surface in the 

context of multiple other data sets and correlations. The aluminum surface has a lower contact 

angle and a higher CHF as compared to the copper surface. The results for both surfaces fall within 

a range with all other data sets and correlations.  
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Figure 5.5. CHF vs Contact Angle 

5.3 Al-HTCMC Parametric Study 

Similarly, to the plain aluminum surface, the aluminum HTCMC surface is Boehmite-

treated prior to pool boiling experiment. The three runs of an aluminum HTCMC surface are 

presented in Figure 5.6. This figure shows the pool boiling curves of the aluminum HTCMC 

surface with mean particle diameter of 66 𝜇m and coating thickness of 206 𝜇m. The pool boiling 

curves are obtained by running the experiments consecutively with 15 minutes in between 

subsequent runs. 

The aluminum HTCMC surface has a slight increase in wall superheat (ΔTsat) from first to 

second run. However, no changes in the pool boiling curves is observed between the second and 

third run. Similar behavior phenomenon is observed throughout the testing of aluminum HTCMC 

surfaces. Therefore, the second of each tested surface is used as the representative pool boiling 

curve.  
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Figure 5.6. Pool boiling curve an aluminum HTCMC surface 

The pool boing curves of the aluminum HTCMC surface are plotted in Figure 5.7 along 

with that for a plain aluminum surface. The three graphs plotted in this figure are for the aluminum 

HTCMC fabricated with aluminum powders, with mean particle diameter of 11, 24, and 66 

m. The coating thickness of the aluminum HTCMC surface is varied according to the mean 

particle diameter to depict the trend. 

The benefit of HTCMC is immediately observed by comparing the HTCMC pool boiling 

curves to the plain Boehmite treated aluminum pool boiling curve. Specifically, the wall superheat 

(Tsat) with HTCMC is significantly and consistently less than that with plain aluminum regardless 

of the HTCMC aluminum particle diameter (Figure 5.7, a, b, and c), layer thickness (the different 

markers in these figures), or heat flux (the y axis of these figures).  

The pool boiling curves of the aluminum HTCMC surface, shown in Figure 5.7, illustrate 

an optimal coating thickness. For example, in Figure 5.7(a), at a heat flux of 1500 kW/m2, the wall 
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superheat (Tsat) is more than 12K for the aluminum HTCMC surface with 76 µm coating 

thickness. The wall superheat is observed to decrease to just over 5K as the thickness is increased 

to 152 µm. However, as the thickness is increased further, the wall superheat is observed to 

increase again. A very similar behavior is observed with all three HTCMC particle sizes considered 

in this work. 

The HTCMC pool boiling curves shown in Figure 5.7 exhibit an interesting dependence 

on the HTCMC layer thickness when different mean particle diameters are used. The thickness of 

the HTCMC layer significantly alters the HTCMC pool boiling curves when a powder with 11 m 

mean particle diameter is used. Specifically, the pool boiling curves with 76, 111, 152, 174, and 

191 m thick HTCMC layer in Figure 5.7 (a) clearly diverge from one another as the heat flux is 

increased. Contrarily, the HTCMC thickness does not significantly alter the pool boiling curves 

when a powder with a larger mean particle diameter is used (66 m). Specifically, the pool boiling 

curves with 146, 189, 206, 251, and 357 m thick HTCMC layer in Figure 5.7(c) are in close 

agreement, especially at a low heat flux.  

This dependence on the coating thickness is related to the size of the bubble relative to the 

size of the pore as explained by mechanism decribed by Kovalev [13]. Prior the diverge of the 

pool boiling curves, the microporous structure has a regular nucleate boiling cycle: birth, growth, 

and detachment of vapor bubble. As the heat flux continues to increase the vapor bubble diameter 

excesses the equivalent pore diameter causing the pores to begin to be filled with steam and 

resulting a continuous evaporation inside the porous structure. This alteration in the 

hydrodynamics can interfere with the liquid circulation within the microporous structure. Afgan 

et al. [16] found that stable liquid circulation within the porous structure can be maintained if the 
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liquid capillary head in the porous structure is greater than the summation of the hydraulic 

resistance of vapor and liquid flow within porous structure. Otherwise, a vapor film forms within 

the porous structure and grows with higher heat flux. 

 

Figure 5.7. Pool boiling curves of the aluminum HTCMC surface 
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Visual observation of the nucleate boiling of the aluminum HTCMC surface are compared 

to those of a plain aluminum surface. The images shown in Figure 5.8 at a heat flux of 40 kW/m2 

for the plain aluminum surface and aluminum HTCMC surface. At this heat flux, shown in Figure 

5.8 (a), the plain aluminum surface has a single vapor bubble. However, at the same heat flux, the 

aluminum HTCMC surface, shown in Figure 5.8 (b)-(d), has many nucleation sites yielding small 

bubbles. Comparing the images of the HTCMC surface fabricated with different mean particle 

diameter (Figure 5.8, b, c, and d) does not reveal distinct differences.  

 

Figure 5.8. Nucleation boiling images at heat flux of 40 kW/m2 for the (a) plain aluminum and 

aluminum HTCMC with average particle size of (b) 11 µm, (c) 24 µm, (d) 66 µm. 

The CHF values of the HTCMC surfaces are plotted as function of coating thickness in 

Figure 5.9 and the dashed lines represent the heat flux range of the plain Boehmite-treated 

aluminum. It is observed that the CHF values for the aluminum HTCMC surface with 67 and 

27 𝜇m vary from 1,650 or 1700 to 1,950 kW/m2. For the aluminum HTCMC surface with 10 
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𝜇m the variation is from 1,750 to 1,800 kW/m2. The HTCMC surfaces have comparable CHF 

values to that of plain Boehmite-treated aluminum surface with a wider variation range. For the 

three particle sizes used, 70% of the CHF values of the HTCMC surfaces fall within the Boehmite 

treated plain aluminum range. This indicates that the surface wettability of the microporous coating 

due to growth of the Boehmite layer dominates the CHF values over the porous structure. The 

aluminum HTCMC surface performance seems to remain within the hydrodynamic limit presented 

by Kim et al. [38] using a non-coated aluminum surface. 

Ahn et al. [8] have shown that when a nano/micro structure is presents on a heated surface 

it assists in the liquid spreading and can significantly delay the CHF point. Lack of CHF 

enhancement for the aluminum microporous surface is attributed to the fact capillary flow may be 

present in both plain and microporous aluminum surface due to the Boehmite treatment. 

 

Figure 5.9. Coating Thickness Effect in the Critical Heat Flux 

The heat transfer coefficients are calculated, plotted, and presented in Figure 5.10 for the 

three aluminum particle diameters (a, b, and c). The heat transfer coefficient for a plain aluminum 
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heat transfer coefficient relative to the plain aluminum surface, (2) better illustrate the presence of 

an optimal coating thickness that yields the highest heat transfer coefficient, and (3) clearly 

illustrate the lack of dependence of the heat transfer coefficient on the coating thickness at low 

heat flux. 

 
Figure 5.10. Nucleate Boiling Heat Transfer Coefficient of the aluminum HTCMC surface 
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The pool boiling curves of the aluminum HTCMC surface with optimized coating 

thickness and plain aluminum surface are plotted on Figure 5.11. At the optimal coating 

thickness, the HTCMC surface is slightly affected by the particle size utilized in which this 

minor difference can be attributed by the difference in pore size distribution. Nevertheless, in 

order to maintain relatively similar nucleation boiling performance, the coating thickness of 

the aluminum HTCMC surface increases from 152 to 206 𝜇m as the particle size was 

increased.   

The nucleation of multiple re-entrant type cavities on the microporous surface permit 

a lower wall superheat as compared to plain aluminum surface. Re-entrant type cavities within 

the porous structure of the HTCMC maintain stable nucleate boiling at lower wall superheat.  

Afgan et al. [16] postulated that the microporous coating acts as heat pipe, as the vapor exits 

the porous structure and enters the thermal boundary, as depicted by Hsu [4] model, 

condensation occurs at vapor bubble interface caused the by the colder surrounding fluid. 

However, a continuous supply of vapor from the reentrant-type cavity compensates the heat 

loss and thus allow the vapor bubble generation in relatively lower wall superheat. Whereas, 

in the non-coated surface, the vapor bubble growth ceases or slows down within the thermal 

boundary layer. Thus, requiring the certain wall superheat excess in order for nucleation to 

occur in plain surface.  

The plain aluminum surface has a larger wall superheat as the heat flux is increased as 

compared to the aluminum microporous. The wall superheat of plain aluminum surface can 

be seen to increase up to 31 K at CHF. In the case of the aluminum HTCMC surface with 11, 



   

47 

24, and 66 𝜇m, their wall superheat are roughly 6.7 K, 7.1 K, and 6.0 K, respectively, as they 

approach CHF.  

 

Figure 5.11. Pool boiling Curves of the Al-HTCMC: optimized coating thickness 

The NBHT coefficient curve of the aluminum HTCMC with optimized coating 

thickness and plain aluminum surface are shown in Figure 5.12. For each HTCMC particle 

size the highest NBHT coefficient is achieved at their respective CHF value. The NBHT 

coefficients are 294 kW/m2K, 238 kW/m2K, and 270 kW/m2K for 11, 24, and 66 𝜇m, 

respectively. Compared to the NBHT coefficient of the plain aluminum surface, the HTCMC 

surface has an increase in the NBHT coefficient of more than four times. The highest NBHT 

coefficient enhancement is obtained for the aluminum HTCMC surface with particle size of 
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11 𝜇m, which is more than five times that of the plain aluminum surface. The activation of 

multiple re-entrant type cavities on the HTCMC surface enable the enhancement of the NBHT 

coefficient. 

 

Figure 5.12. Nucleate Boiling heat transfer coefficient of the Al-HTCMC: optimized coating 

thickness 
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copper microporous coating increase from 0.52 to .66 as the particle size increase with from 

10 to 67 𝜇m. Whereas, the aluminum HTCMC surface is able to maintain the porosity of 

~0.57 as the particle size is increase from 11 to 66  𝜇m. While fabricated the same way, the 

aluminum surface is subjected to Boehmite treatment which gives this surface a reduced contact 

angle and an advantage for pool boiling. This is not the case with the copper surface which does 

not respond to such treatment.  

 Jun et al. [17] showed that the copper microporous coating has optimal coating thickness 

in the three different copper particle utilized. The pool boiling curves and nucleate boiling heat 

transfer coefficient curves of the optimized copper HTCMC surface are plotted alongside the 

optimized aluminum HTCMC surface in Figure 5.13. The plain aluminum and copper curves are 

also included for reference. The wall superheat with HTCMC surfaces is significantly reduced 

when compared to that of the plain (non-coated) surface for copper and aluminum. The heat 

transfer coefficient is consequently much higher with the HTCMC surface when compared to the 

plain (non-coated) surface.  

As the heat flux is increased beyond 300 kW/m2, the copper HTCMC surface is able to 

maintain a relatively lower wall superheat as compared to the aluminum HTCMC surface. This 

effect is more magnified by observing the nucleate boiling transfer coefficient shown in Figure 

5.13 (b). The copper HTCMC surface experiences an improvement in NBHT coefficient as the 

particle size is increased, however the coating thickness has to increase from 78 to 296 𝜇m. 

However, the coating thickness of the aluminum HTCMC surface has to increase from 152 to 

206 𝜇m to maintain the relatively similar nucleate boiling performance as the particle size 

increase. The higher nucleate boiling performance of the copper HTCMC surface is due to 
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the differences in the effective thermal conductivity of the HTCMC surface. The numerical 

simulation conducted by Polezhaev and Kovalev [11] showed that an increase in effective thermal 

conductivity of microporous structure leads to a decrease in wall superheat.  

 

Figure 5.13. Pool boiling curves (left) and nucleate boiling heat transfer coefficient (right) of  

aluminum and copper HTCMC with optimized coating thickness 
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In contract, the copper HTCMC surface experiences a CHF enhancement from 1,015 kW/m2 to 

2,050 kW/m2 as the coating is added. The copper HTCMC surface enhancement in CHF is 

attributed to the formation of re-entrant type cavities on the surface in promoting capillary flow 

within the microporous structure. In the case for the aluminum microporous surface, the capillary 

flow is present in both plain and microporous aluminum surface due to the formation of Boehmite 

layer prior to testing.  
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CHAPTER 6 

CONCLUSION 

Boehmite treatment, defined in this paper, requires submerging an aluminum block for 180 

minutes in a boiling water pool. This treatment results in the formation of a nano porous Boehmite 

(γ-AlOOH) layer on the aluminum surface. The structure enhances wettability and promotes the 

movement of the fluid near the aluminum surface. This layer is sustainable on the aluminum 

surface where contact angle measurements before and after pool boiling experiments remain 

consistent (within 1°). Six pool boiling test results are performed on a Boehmite-treated aluminum 

surface to ensure the repeatability of the pool boiling curves. More tests are presented with 

different heaters that were made using the same procedure. The curves are highly consistent. The 

maximum NBHT coefficient and CHF values were found to be 59 kW/m2K and 1,850 kW/m2, 

respectively. Comparisons against pool boiling curves with a copper surface with similar surface 

roughness are performed. The Boehmite treated aluminum has a significantly smaller contact angle 

and 80% higher CHF.   

An aluminum HTCMC coating is introduced and its fabrication technique is described. The 

effects of the aluminum HTCMC on the pool boiling heat transfer coefficient and critical heat flux 

(CHF) are studied in saturated water.  

 The nucleate boiling heat transfer coefficient is shown experimentally to improve by a 

factor of 5 when compared to a plain aluminum surface as the wall superheat is reduced by 

25K (from 31K to 6K) just before CHF.  

 A Boehmite oxidation nanoscale layer is established on the coated and plain aluminum 

surfaces before the pool boiling tests. This is done by placing the surface in boiling water 
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for 3 hours. The hydrophilic Boehmite nanoscale layer was sustained throughout the pool 

boiling experiments and resulted in comparable static contact angles (11 to 14) after 

completing the pool boiling tests.  

 The Boehmite oxidation nanoscale layer also resulted in comparable CHF (1,800 kW/m2) 

values with and without HTCMC.  

 The pore sizes of 2.4, 5.3, and 14.6 µm in the HTCMC were obtained using three different 

aluminum mean particle diameters (11, 24, and 66 µm). For each size an optimal coating 

thickness is determined and the optimized HTCMC thickness resulted in comparable heat 

transfer coefficients regardless of the pore size. 

 

The benefits of HTCMC on the nucleate boiling heat transfer coefficient using aluminum 

are compared to those reported using copper. The aluminum HTCMC coating has a similar 

nucleate boiling heat transfer coefficient in aluminum and copper.  
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