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ABSTRACT

Nanofluids, engineered colloidal dispersions of nanoparticles in fluid, have been shown
to enhance pool and flow boiling CHF. The CHF enhancement was due to nanoparticle deposited
on the heater surface, which was verified in pool boiling. However, no such work has been done
for flow boiling. Using a cylindrical tube pre-coated with Alumina nanoparticles coated via
boiling induced deposition, CHF of water was found to enhance up to 40% compared to that of
the bare tube. This confirms that nanoparticles on the surface is responsible for CHF
enhancement for flow boiling. However, existing theories failed to predict the CHF enhancement
and the exact surface parameters attributed to the enhancement cannot be determined.

Surface modifications to enhance critical heat flux (CHF) and Leidenfrost point (LFP)
have been shown successful in previous studies. However, the enhancement mechanisms are not
well understood, partly due to many surface parameters being altered at the same time, as in the
case for nanofluids. Therefore, the remaining objective of this work is to evaluate separate
surface effect on different boiling heat transfer phenomena.

In the second part of this study, surface roughness, wettability and nanoporosity were
altered one by one and respective effect on quenching LFP with water droplet was determined.
Increase in surface roughness and wettability enhanced LFP; however, nanoporosity was most
effective in raising LFP, almost up to 100*C. The combination of the micro posts and nanoporous
coating layer proved optimal. The nanoporous layer destabilizes the vapor film via
heterogeneous bubble nucleation, and the micro posts provides intermittent liquid-surface
contacts; both mechanisms increase LFP.

In the last part, separate effect of nanoporosity and surface roughness on pool boiling
CHF of a well-wetting fluid, FC-72, was investigated. Nanoporosity or surface roughness alone
had no effect on pool boiling CHF of FC-72. Data obtained in the literature mostly for micro-
porous coatings showed CHF enhancement for well wetting fluids, and existing CHF models are
unable to predict the enhancement.
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Chapter 1

1 Introduction

1.1 Background
Most current nuclear reactors use water as the heat transport fluid due to its high heat capacity as

well as natural abundance. In the Boiling Water Reactor (BWR), the water boils inside the core

and turns into steam. In the Pressurized Water Reactor (PWR), the outlet water temperature does

not reach saturation during normal operation because of the higher operating pressure. However,

subcooled boiling can occur along the fuel. In transient conditions, boiling at elevated heat flux

can lead to dryout in a BWR and departure of nucleate boiling in a PWR. These two conditions

occur at the critical heat flux (CHF), one of most important safety limits for nuclear reactor

design and operation. During CHF, the fuel clad is exposed to a continuous layer of vapor,

causing the heat transfer coefficient to drop tremendously, usually leading to fuel/clad failure.

Therefore, CHF is one of the important limits for reactor power. Everything else being equal,

enhancing CHF allows more power output from the reactor.

Techniques to enhance CHF have been researched for many years. Both passive (e.g. fin, wire

wraps, groove surfaces, additives to fluid) and active (e.g. vibration, electrostatic field, suctions)

techniques have been employed to enhance CHF, according to Rohsenow et al. [1]. Recently,

nanofluids, engineered colloidal dispersion of nanoparticles (e.g. metals, metal oxides, carbon,

diamond) in common base coolant fluids such as water, refrigerants or oil, have been shown to

provide pool boiling CHF enhancement more than 200%. However, the amount of nanoparticle

in the nanofluid is often so diluted (less than 1.0% by volume (1%vol)) such that the

thermophysical properties of the nanofluids are essentially identical to those of the base fluid.

Therefore, researchers have suggested that the change in the heater surface due to the deposition

of the nanoparticle during boiling process is responsible for the CHF enhancement. Most of the

CHF work for nanofluid has been done in pool boiling conditions. Only few experiments in flow

CHF conditions have been done. One of those studies was done at MIT with mass flux up to

2500 kg/m2 s, and CHF enhancement up to 53% was observed for nanofluids [2]. It was also

concluded that the deposition of nanoparticle on the surface was responsible for the CHF

enhancement. However, there is no experimental data of flow boiling CHF of pure fluid (i.e.

water) with a nanoparticle coated surface. Some experimental data for pool boiling CHF
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Chapter 1

enhancement of pure fluid on pre-coated heaters was done by the author, Truong [3].

Furthermore, in most nanofluid studies, the nanoparticle deposition layer is usually complex and

changes many surface properties at the same time. This makes characterization of the surface and

identifying individual mechanism of CHF enhancement challenging. Better understanding of

CHF and boiling heat transfer enhancement mechanisms will help develop design and

management of safer operation of reactors and other heat transfer systems.

While CHF is the key safety limit in normal operation, quenching heat transfer plays an

important role in LWR accident scenarios. In this case, the hot fuel rods need to be quenched by

the incoming colder fluid. The heater surface conditions have been shown to affect quenching

heat transfer rate as well but no separate surface effects have been previously studied. Therefore,
it is necessary to perform a separate surface effect on CHF and quenching heat transfer to

determine the most important parameters. In the rest of this chapter, a review of data in the

literature for heat transfer of nanofluids and other enhanced surfaces are first summarized. Then,

the objectives and outline of the thesis are described.

1.2 Literature Review

1.2.1 Nanofluid Boiling Heat Transfer
Nanofluids are engineered colloidal dispersion of nano-sized particles, or nanoparticles (<100

nm), in common fluids (water, refrigerants, ethanol). The nanoparticles materials range from

metal, metal oxides to carbon of various forms (diamond, graphite). The term nanofluid was first

proposed in the mid 1990s by Choi [4], who showed anomalous enhancement of thermal

conductivity of nanofluids. Over the last decade, nanofluids researchers across the globe have

spent significant effort to measure thermal conductivity of nanofluids, their convective heat

transfer characteristics as well as their ability to enhance CHF. A recent review by Kakac et al.

[5] showed that nanofluids have higher thermal conductivity and convective heat transfer

compared to the base fluids. The authors noted that further work in the theoretical modeling and

experimentation of nanofluids thermal conductivity is needed. A recent international benchmark

of nanofluids thermal conductivity by Buongiorno et al. [6] indicated that there is no anomalous

enhancement of thermal conductivity of nanofluids beyond the prediction of the effective

medium theory. The largest enhancement observed was about 30% for Silica nanofluid with 31%
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Chapter 1

by volume (vol%) of nanoparticles. Also, this study found that nanofluid thermal conductivity

increases with higher nanoparticle concentration and lower base fluid thermal conductivity in

accordance with the effective medium theory.

While the potential for high thermal conductivity was the nanofluid property that initially

attracted most attention, the ability of nanofluids to enhance CHF in both flow and pool boiling,

as well as in quenching heat transfer, has been observed by many researchers. Table 1-1 lists

some previous studies of nanofluids on both pool and flow boiling CHF. Overall, researchers

have measured CHF enhancement of varying magnitudes with different nanoparticle materials

and a wide range of concentrations. However, there is still no consensus on the boiling heat

transfer coefficient of nanofluids as the data show that there can be enhancement, deterioration

as well as no change in the boiling heat transfer coefficient.

Table 1-1: List of Previous Nanofluids Study on CHF in Pool and Flow Boiling

Maximum Heat Transfer
Reference Nanofluid CHF Coefficient

Enhancement
You et al. [7] A120 3 in water 200% Unchanged
Kim et al. [8] TiO2 in water 200% Not reported

Vassallo et al [9] SiO2 in water 60% Unchanged
Tu et al. [10] A12 0 3 in water 67% Enhanced

Kim and Kim [11] TiO2in water 50% Not reported

Moreno et al. [12] A1 2 03 n eth lne watecol 200% Unchanged

Bang and Chang [13] A12 0 3 in water 50% Deteriorated

Milanova et al. [14] 170% Unchanged
water

Jackson et al. [15] Au (3 nm) in water 175% Deteriorated
Wen and Ding [16] A12 0 3 in water 40% Enhanced

Kim et al. [17] A12 0 3, Si2, ZrO2 in 80% Deteriorated
water

Kathiravan et al [18] Copper nanofluid 50% Deteriorated
Kwark et al.[19] A12 0 3  90% Unchanged

Park et al. [20] Graphene/Graphenes 179% NA
oxide

T.J. Kim et al.[21]* A12 0 3  70% Unchanged
Kim et al. [22]* A12 0 3, ZnO and diamond 50% Unchanged

*Flow boiling
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Another common finding in most of these studies is the formation of a porous layer on the heater

due to nanoparticle deposition during boiling. For example, nanoparticle depositions on heater

surfaces are reported by Bang and Chang [13] and Kim et al. [17]. Also, Liu and Qui [23]

reported a thin sorption layer on the heated surface when a nanofluid jet impinges on the surface.

Kim et al. [22] measured subcooled flow boiling CHF of alumina, diamond and zinc oxide

nanfluids and found nanoparticles deposited on the surface of the heater. The deposition of

nanoparticles was found to change the morphology and properties (e.g., roughness, wettability)

of the heater surface. Since the thermo-physical properties (surface tension, thermal conductivity,

viscosity, evaporation heat, specific heat, density) of low volume concentration nanofluids are

similar to those of pure water [3], these changes in surface morphology and properties are

believed to be the main mechanisms for the CHF enhancement of nanofluids. In fact, a previous

study in pool boiling [3] showed that nanoparticle deposited layer helped enhance pool boiling

CHF even for stainless steel sandblasted surfaces, which already have higher CHF than smooth

surfaces. However, no such work has been done in flow boiling. Therefore, it is necessary to

verify that flow boiling CHF can be enhanced by modification of heater surface via boiling-

induced deposition. In order to do this, a facility to coat test sections in flow boiling and to

measure CHF of a pure fluid (e.g. water) using these test sections is needed.

1.2.2 Quenching Heat Transfer with Nanofluids

In the previous section, nanofluids have been shown to enhance CHF and sometimes also the

heat transfer coefficient. While the data for quenching heat transfer on nanofluids are not as

abundant as for nucleate boiling and CHF, there are several studies indicating similar effect of

nanoparticles on quenching.

Park et al. [24] studied quenching of Alumina nanofluid of high concentration (5 to 20 vol%)

using a heated copper sphere. They found that film boiling heat transfer of nanofluid was

actually lower than that of water. However, for repeated quenching experiments in nanofluids,

they found the nanoparticle fouled sphere had much better heat transfer compared to the clean

surface. They proposed that nanoparticles deposited on the previously-quenched sphere

prevented the formation of a stable vapor film on the sphere surface, thus bypassing the film

boiling regime altogether.
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Chun et al. [25] measured quenching rate of a Platinum wire in Si and SiC nanofluids and water.

They found little difference between boiling curves of the three fluids while there was little

change in CHF values. However, they found nanoparticle coated wires were quenched much

faster compared to the quenching rate of a bare wire in water. The transition boiling period for

the nanoparticle coated wire was very short compared to that of a bare wire. This again suggests

that the nanoparticle coating layer seems to have much better effect than the nanofluids

themselves.

K. Babu and Kumar [26] studied quenching heat transfer rate of a rodlet. They found that 0.50

w% carbon nanotube (CNT) nanofluid provided the highest peak heat flux and cooling rate. A

higher concentration of CNT started to undermine the enhancement. Also, performing a

quenching experiment while the nanofluid being agitated with a mechanical stirrer, they found

that the agitated nanofluid had lower quenching heat transfer rate, which was unexpected. They

suggested that agitation could cause loss of Brownian motion of CNTs and molecular layering at

the liquid/CNT interface. These two factors helped enhance the heat transfer performance of

nanofluids. However, the effect of Brownian motion on quenching heat transfer seems unlikely.

Other quenching studies with nanofluids include that of Jagannath and Prabhu [27] and Xue et al.

[28]. Similar to previous ones, these studies found nanoparticles deposited on the surface during

quenching and helped enhance the quenching heat transfer rate. However, none of these studies

provided a thorough characterization of the nanoparticle coating layer to help explain the

accelerated quenching results. Recent studies by Kim et al. [29,30] demonstrated that deposition

of nanoparticles on a surface significantly increased the nominal LFP up to -500*C under

atmospheric, saturated and subcooled conditions, considerably accelerating the transient cooling

of overheated objects. However, such a high LFP could not be explained by the traditional LFP

models based on hydrodynamic instability of the vapor film, e.g. Berenson [31]'s and Henry

[32]'s models. The deposited nanoparticle layer changed many surface parameters at the same

time and made it hard to quantify the surface effect on quenching heat transfer. Therefore, there

is a need to quantify the nano-particle coating layer better and/or to have a separate surface effect

study on quenching heat transfer.
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1.2.3 Nano-Micro Engineering Surfaces for Heat Transfer Enhancement

While nanofluid enhancing CHF has been of great interest only in the past decade and a half,

techniques that can enhance CHF have been investigated by researchers for a much longer time.

One such technique is coating the heated surface with a porous coating layer. Nanofluids

effectively deposit a porous coating layer on the heated surface and change the surface properties

to help enhance CHF.

Porosity, introduced by porous surface layers or structures, has been shown to affect CHF.

Several studies in the literature have shown that porous coatings enhanced both heat transfer

coefficient and CHF. Recently, Palm [33] gave a review of porous surfaces' heat transfer

enhancement and how they have been applied commercially. He concluded that the boiling heat

transfer performance of a porous surface depends on the number nucleation sites, the ability to

allow pumping of liquid by capillary force into the porous structure, and the number of large

pores for easy escape of vapor. He also suggested that the ability of the porous structure to

sustain larger bubble growth was an important factor for enhancing heat transfer coefficient.

Palm [33] concluded that evaporation of menisci at three-phase line and evaporation of thin film

liquid, are the two main mechanisms that can be affected by the porous structure. How the

porous coating enhances heat transfer coefficient is relatively well understood, especially for

well-defined surfaces. However, data on porous coating CHF is scarce compared to that for heat

transfer coefficient and the effect of porous coating on CHF is still not clear, particularly in the

sub-micron length scale.

Chang and You [34] coated a copper block with DOA particles (diamond, omegabond epoxy and

isopropyl) of various diameters (2-75 pm). They defined the coating as micro-porous if the

coating thickness was less than superheated liquid layer thickness, 699, which was estimated to be

approximately 100 pm. If the thickness was larger than that, then the coating was defined simply

as porous. They found the CHF values for porous surfaces could be up to 100% higher than that

of plain surface. However, the CHF enhancement observed did not agree with models proposed

by Tehver [35] and Polehaev [36].
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Hwang and Kaviany [37] coated a copper heater with copper particles (40 to 200 pm) and

measured CHF enhancement up to 96% for the porous surface. They postulated that CHF

enhancement was due to either the increase in the fraction of area that could be safely covered by

the vapor or the decrease in the Rayleigh-Taylor instability wavelength. They also found that the

porous surfaces had smaller superheat compared to the plain one.

Kim et al. [38] coated a copper block with aluminum particles of different sizes (3-4.5, 4.5-10, 8-

12, 10-14, and 17-30 [rm) using Aluminum Devcon Brushable Ceramic (ABM) coating

technique. They found highest CHF enhancement for coating of 8-12 ptm particles in both FC-72

and R-123 refrigerant. However, there was no trend between CHF enhancement and particle

diameter. They also found boiling curves for coated surfaces shifted to the left of that of plain

surface, which means these porous surfaces also enhanced the heat transfer coefficient.

Arik et al. [39] coated silicon chip heater with diamond particle of 8-12 ptm diameter. The

coating thickness was 50-75 pm. They found the porous coating surface enhanced CHF at

pressure of 1, 2 and 3 atmospheres, with the highest CHF enhancement up to 100%. Also, the

superheated temperature for the coated surface was lower than that of the plain one.

Ferjancic and Golobic [40] modified stainless steel ribbons by etching and sanding. They found

the rough surfaces had higher CHF compared to the smooth one, but only by very little.

However, they also found the roughened surface, if further treated by acid etching, gave higher

CHF enhancement. While the surface roughness of the modified surfaces is higher than that of

the plain one, the authors concluded that surface roughness was not enough to explain the

enhancement in CHF observed. However, no model or explanation of such conclusion was

provided.

Yang et al. [41] coated a spherical downward facing test section with Alumina porous layer.

They found local CHF of water using coated surface was higher than that of the plain one at all

angular positions. However, for the coated surface, the minimum CHF did not happen at the

bottom of the sphere. Also, the Aluminum porous coating layer was found very durable.
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Vemuri and Kim [42] coated an Aluminum surface with Alumina nanoparticle (50 to 250 nm) at

thickness of 70 [tm and found the porous surface had reduction of 30% in incipient superheat.

The CHF value was not determined for this surface. This is one of a few studies that used

nanoparticle coatings.

Using hot-powder compaction method, Min et al. [43] coated copper substrates with 2D and 3D

modulated layer of 45 to 200 jm-diameter copper particles. Using pentane as the fluid, the CHF

of the modulated surface was found to be higher than that of the plain surface by as much as 3.3

times for the 3D coating, and 2.0 times for the 2D coating. The CHF was found to depend mostly

on the modulated wavelength (distance between two peaks in the regular coating array) rather

than the porosity of the layer or the diameter of the micro particles.

Recently, Cora et al. [44] manufactured micro-scale modulated coating of copper particle of 100

pim diameter, and found both heat transfer coefficient and CHF enhancement for pentane up to

300%. The coating layer formed by low compaction pressure had the highest CHF enhancement.

The coating thickness in this study was as high as 500 pm.

Similarly, Melendez and Reyes [45] conducted a pool boiling heat transfer study using binary

mixture of water and ethanol on smooth and porous coated surface. The heater was a cylindrical

tube. Iron wool and stainless steel wool were wrapped around the heater to create the porous

structure. The highest heat transfer rate of 220 W/m2K for heat flux of 165 kW/m2 for a binary

mixture on the surface was obtained. The heat transfer rate enhancement was due to an increase

in capillary pressure in the porous structure, which reduced the bubble size and helped pump

cold liquid towards the heater surface. No CHF value was reported.

Li et al. [46] fabricated a modulated conical porous structure of copper microparticles (25 pm)

on a plain copper surface. The modulated porous structure was found to enhance boiling heat

transfer and the enhancement was postulated due to the capillary force in the pores, which helps

supply liquid to the heated surface. In addition, Li and Peterson [47] measured CHF and heat

transfer coefficient of surface coated with uniform and modulated coating of copper particles

(250 pm diameter) with coating thickness up to 1200 pm. While the uniform porous coating
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helped enhance CHF compared to the plain surface, the authors found that the modulated porous

coating provided the highest CHF and heat transfer coefficient enhancement. The CHF

enhancement in the modulated porous coating was attributed to the separated liquid/vapor flow

paths and increase in both horizontal and vertical replenishment of liquid inside the porous

structure. The enhancement in heat transfer coefficient was due to the increase in surface area

and the higher density of nucleation site density due to the porous structure. This study also

found that thick porous led to better CHF enhancement compared to the thinner one.

Porous coatings enhance CHF. However, most of these porous coatings used micron-size

particles and the coating is relatively thick (order of 10s of micrometer). This effectively

changed surface parameters including surface roughness, wettability and porosity, all at the same

time. Therefore, the mechanism for how CHF is enhanced by a porous coating layer is still not

well understood. Therefore, it is necessary to perform a study on separate effects of surface

parameters on CHF.
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1.3 Thesis Objectives and Motivations

The first objective of this work is to prove that the nanoparticle deposited layer on heaters is

responsible for CHF enhancement in subcooled flow boiling. Many nanofluid researchers have

suggested that the deposited layer of nanoparticle on the heater surface helps enhance CHF;

however, no work has been done to provide a firm conclusion. In pool boiling, this has been

confirmed by previous work of the author [3]. This work will focus on flow boiling and provide

the most conclusive evidence that nanofluid enhanced CHF by nanoparticle deposition, not by

changing properties of the fluid. Furthermore, it can also be shown that boiling-driven deposition

is a possible technique to coat heater with layer of nanoparticle. This technique will provide

insights for in-situ surface treatment using nanofluids.

The second objective is to study the parametric effect of surface parameters (roughness,

wettability and porosity) on quenching heat transfer, focusing on quenching Leidenfrost point

(LFP). In this section of the thesis, one by one, the main surface parameters including roughness,
wettability and porosity are changed and then their effects on quenching LFP are studied. This

will provide insights in understanding how nanoparticle coating layer in quenching experiments

provide better quenching rate. The data here will be useful for the development of mechanistic

models of quenching heat transfer phenomena in reactors.

The final objective of this work is to perform a separate surface effect study on pool boiling

CHF. The results will help identify which surface parameter among wettability, roughness and

porosity has the strongest effect on CHF. Analysis of data from this study and those from the

literature will help understand better the mechanism of how porous coating layer enhances CHF.

Comparison of the current existing models/correlations with the data will allow identification of

areas that would require more investigation in both experimental and theoretical studies to

provide a thorough understanding of surface effect on CHF. Ultimately, this will help for

optimization of surface for CHF enhancement in nuclear reactors and other industrial

applications. Similar to the quenching study, the data will be useful for better CHF mechanistic

model development.
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1.4 Thesis Outline

The rest of this thesis consists of five chapters. In Chapter 2, subcooled flow boiling CHF

experimental data for nanoparticle coated test sections are presented. The results from these

experiments will confirm the claim that nanoparticle deposited layer on surface is responsible for

nanofluid flow boiling CHF enhancement.

In Chapter 3, single droplet quenching Leidenfrost point experiments with controlled surface

parameters are presented. The experimental setup, procedure and data will be discussed. The

analysis of the data will help explain which parameter has the strongest effect on this boiling

phenomenon.

Chapter 4 is a study of surface effect on pool boiling CHF based on the results in Chapter 3. The

selection process for the fluid and experimental setup are discussed first. Subsequently, the

experimental CHF data for surface with only change in roughness or porosity are presented. The

fluid in this study will be a refrigerant. The results help identify which surface properties are

most important for CHF.

Chapter 5 begins with a review of existing CHF models. Then, an analysis of how surface

roughness and porosity affect CHF will be discussed. This chapter ends with an analysis of the

CHF data in this study and in the literature in order to illuminate how each surface parameter

affects CHF.

The final chapter provides a summary of the findings of this study and recommendations for

future work.
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2 Pre-Coated Subcooled Flow Boiling CHF

2.1 Introduction to Flow Boiling CHF of Nanofluids

As discussed in Chapter 1, the data for pool boiling CHF of nanofluids seem to be abundant.

However, there are limited data for flow CHF of nanofluids. One of the first data was obtained

by Kim et al. [2], who measured CHF of Alumina , Zinc Oxide and Diamond nanofluid and

found CHF enhancement up to 53%. There are several other studies measuring the flow boiling

CHF of nanofluids, as discussed earlier in Chapter 1. One reason for fewer data in flow boiling

than pool boiling of nanofluids is that the flow boiling experiment encounters more challenges,
ranging from cost, setting up, procedure, safety to post test surface analyses. Nevertheless, flow

boiling CHF is more relevant to reactor applications, from normal operations to accident

conditions. Therefore, it is necessary to increase the nanofluid flow boiling CHF data to evaluate

its potential for nuclear reactor applications.

This chapter describes the experimental study of flow boiling CHF of water using nanoparticle

pre-coated test sections. This study will confirm that the nanofluid CHF enhancement in flow

boiling is due to the nanoparticle deposited layer, not the particles in the fluids. The first part will

describe the experimental setup and procedure. Then, the results and test section surface analyses

will follow. The last part will summarize the key findings.

2.2 Flow CHF Experimental Facilities and Procedure

2.2.1 Experimental Loops

Two flow boiling loops were used to prepare the nanoparticle pre-coated test sections and

measure the values of their subcooled flow boiling CHF. In this study, the test section is a

stainless steel 316 (SS316) cylindrical tube of 6.35 mm (0.25") diameter, 0.4064 mm (0.016")
thick and 100 mm heated length. The first loop, denoted as coating loop, was used to coat the test

sections via flow boiling induced deposition. The second loop, denoted as two-phase loop, was

used to measure subcooled flow boiling CHF of water using the pre-coated test sections. The test

section was transferrable between the two loops. The reason the two loops approach was used
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was to avoid putting nanofluids inside the two-phase loop, as flushing nanofluids out of that loop

can take a long time and can still leave nanoparticle residues inside the loop.

2.2.1.1 Pre-coating Loop

The schematic of the pre-coating loop is shown in Figure 2-1. The loop is constructed of

predominantly 0.25" OD stainless steel 316 tubes. This loop includes a gear pump (Model PQ-12

DC) to circulate the fluid, a flow meter (Omega FTB9504-251906) to measure the mass flow

rate, and an accumulator for liquid inventory control. The flow direction is vertically upward

through the heated test section. A copper coil heat exchanger is located inside the accumulator to

remove heat from the loop. K-type thermocouples were used to measure inlet, outlet and outer

wall temperature of the test section.

Figure 2-1: Schematic of the Pre-coating Loop

The test section for flow boiling experiments is a stainless steel 316 tube (purchased from All

Stainless Inc., Shipment # 302850, ASME SA213-014 HEAT No 1471/0654 BA) with OD of

6.35 mm (0.25") and wall thickness of 0.41 mm (0.016"). The test section assembly is shown in

Figure 2-2. The Teflon at the top of the test section is used to put an electrical isolation in the
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loop. Heat is supplied to the test section via resistive heating using the two copper electrodes

connected to a DC power supply (500A by 20 V) .

Figure 2-2: Schematic Test Section Assembly (left), Photo (right)

Using the coating loop, the test sections was coated with nanoparticle via nanofluid flow boiling

induced deposition. Alumina nanofluid (A120 3) 20% by weight (w%) was purchased from

Nyacol. The dilutions of the nanofluid was done using the relation reported by Kim [2] in

equation (2-1).

1-y 1-x P,

f =n x
1-x p1+

X P.

(2-1)

Here, x is the weight percent of the original nanofluid from the vendor, y is the volumetric

fraction of the desired fluid, n is the amount of x w% nanofluid, f is the amount of water

required for dilution, and p, and p, are the densities of the nanoparticle and water, respectively.

The density of Alumina nanoparticles is assumed to be that of bulk Alumina (3.90 g/ml). Based
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on equation (2-1), in order to make 100 ml of 0.lvol% Alumina, 96.39 ml of deionized water and

3.61 ml of 20 w% Alumina would be needed.

Besides using Alumina nanofluid to coat the test sections, Alumina+PAH ((Aldrich

Poly(allylamine) hydrochloride) solution was also used. Polyallylamine hydrochloride (PAH) is

a polymer, which has been used in layer-by-layer (LBL) deposition method to provide a durable

super-hydrophilic coating layer of SiO 2 or TiO2 nanoparticles [48]. Forrest et al. [49] used LBL

technique to coat wire heater with thin film of PAH/nanoparticle and showed that such coating

enhanced both heat transfer coefficient and CHF of water up to 100% in pool boiling. However,

the layer-by-layer deposition technique requires an extensive chemical process and imposes

limits on the size of the heater. This study intends to study if boiling induced deposition is a

potential technique to deposit nanoparticle/PAH onto SS316 test section, and how that would

affect CHF.

Alumina+PAH solution was prepared by first dissolving PAH in deionized water using a

magnetic stirrer. This PAH solution was then used to dilute the concentrated Alumina nanofluids

to make Alumina nanofluids with known amount of PAH (in quantity of 100 or 1000 ppm). The

fluids were then used immediately in the coating loop right after they were prepared to pre-coat

test sections. After the coating procedure, these fluids were discarded. Stability of the mixture

was determined through visual observation for sedimentation right after preparation or after the

coating procedure. All the solutions used in this study appeared stable after the coating

procedure. The thermo physical properties of the different solutions were not measured in this

study because the nanofluid solutions were only used for coating purpose.

The test sections were coated using the following procedure. First, approximately 3500 ml of

nanofluid was added to the accumulator. The fluid was then circulated around the loop using the

gear pump for about 10 minutes. The flow rate was controlled using a needle valve in the bypass

loop. Once the flow rate (G = 670 kg/m 2s) was established, a desired heat flux was applied (by

increasing in small steps with approximately one-minute wait between each step to a pre-

determined value) to the test section via the copper electrodes using a DC power supply. The

bulk fluid temperature was monitored and controlled (by adjusting chilled water flow rate) so
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that the inlet temperature stayed relatively constant once it reached equilibrium. The coating

process was done for 0.5 - 2.0 hours after equilibrium was established to allow particle

deposition.

Table 2-1 lists the coating parameters for various test sections in this study. Each row in the table

represents a batch of test sections. For each batch, usually four test sections were coated using

the same reservoir of nanofluid. A new reservoir of nanofluid was used for a new batch of test

sections. In addition, it must be noted here that for test section C1Al to C18Al, the pre-coated

length was 100 mm; however, from there on, the pre-coated length was 110 mm (test section

C19Al to C43A1). The heated length, when the test section is transferred to the two-phase loop,

is still 100 mm, starting from the bottom electrode. The reason for such change is to ensure the

coated length will cover the entire heated section in CHF tests.

For a typical coating process, the temperature of the fluid and the outer wall temperature stayed

relatively constant (usually within ±2 *C) once equilibrium was established. An example of

temperature as a function of time during the coating process is shown in Figure 2-3, while Figure

2-4 shows the heat flux profile of the same experiment. Also, the outer wall temperature was

around 140 *C ensuring that there was boiling, which could also be detected by the rattling noise

from bubbles collapsing.
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Table 2-1: Coating Parameters for Flow Boiling Test Sections

Coating Heat Coating

Batch Test section name Coating Fluid Flux time

(MW/m 2) (hours)

1 ClAl, C2Al, C3A1 1.0 vol% Alumina 0.5 0.5

2 C4AI, C5A1, C6Al 1.0 vol% Alumina 1.0 0.75

3 C7AI, C8A1 , C9Al, C10 0.1 vol% Alumina 1.0 1.5

4 C11Al, C12Al, C13AL, C14AI 1.0 vol% Alumina 1.0 2.0

5 C15Al, C16Al, C17Al, C18Al 1.0 vol% Alumina 1.0 2.0

6 C19Al, C20Al, C21Al, C22A1 1.0 vol% Alumina 1.5 2.0

7 C23A1, C24A1, C25Al, C26A1 1.0 vol% Alumina 1.5 2.0

1.0 vol% Alumina
C27A1PAH, C28A1PAH,

8 C29APAH, C30APAH with 1000 ppm 1.5 2.0

PAH

1.0 vol% Alumina
C3 1AlPAH, C32AlPAH,

9 C33APAH with 1000 ppm 1.5 2.0

PAH

1.0 vol% Alumina
C34A1PAH, C35A1PAH,

10 C36AlPAH, C37AlPAH with 100 ppm 1.5 2.0

PAH

Water with 1000
11 C38PAH, C39PAH, C40PAH 1.5 2.0

ppm PAH

12 C41Al, C42A, C43A1 1.0 vol% Alumina 1.5 4.0
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Figure 2-3: Representative Temperature Profiles during a Coating Process
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Figure 2-4: Representative Heat Flux Profile during a Coating Process

2.2.1.2 Two-Phase CHF Loop

Flow boiling CHF experiments were performed in a flow boiling loop, denoted as two-phase

CHF loop here. The schematic diagram is shown in Figure 2-5. This loop was built and used by

Kim et. al. [2] to measure CHF of nanofluids. Detailed descriptions of all components and loop
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calibrations can be found in that reference. The loop contained a pre-heater, a heat exchanger, a

pump and an accumulator. The pre-heater was used to control fluid inlet temperature during

degassing. The accumulator was used to adjust the system pressure but all experiments were run

at atmospheric pressure. The loop was constructed mostly with 25.4 mm OD (I") stainless steel

tubing. The stainless steel 316 test section (again, purchased from All Stainless Steel Inc., SMLS

%"x0.016", ASTM A213-014/A269-02, ASME SA213-014, HEAT No 1471/0654 BA),

however, had OD of only 6.35 mm (0.25") with wall thickness of 0.41mm (0.016"). The heated

length was 100 mm. The test section here was identical to that in the coating loop because they

must fit in both loops.

Figure 2-5: Flow Boiling Two-Phase CHF Loop - Schematic (adopted from Kim [2])

Power was supplied to the test section via copper electrodes, which were connected to two

identical DC power supplies operating in parallel. The voltage and the current supplied to the test

section were measured using calibrated voltmeter and inductive ammeter with uncertainty less

than 2%. The heat flux on the inner tube surface is calculated as:

'I IV
z"= (2-2)
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where V and I are the voltage and current, respectively, and Di and L are the inner diameter and

the heated length of the test section, respectively. Assuming all variables are distributed normally

and are independent from each other, the uncertainty in the measurement of the heat flux is

determined as

JQJ)2(U )2(+UU)2 Fa)2
+-+ +1 (2-3)

where U is uncertainty; q", I, V, Di, L and F. are the heat flux, current, voltage, inner diameter of

the test section, and local axial peaking, respectively. Axial peaking is defined as the difference

between the highest local axial heat flux compared to the average heat flux of the test section.

This was measured by having 10 equivalent voltage taps along the test section and determined

the heat flux in each segment at several heat flux levels based on the voltage drop across each

axial segment [2]. With the uncertainty of I, V, D;, L and F,. of 1.5%, 1.5%, 0.1%, 3% and 5%

[2], respectively, the uncertainty of the heat flux was determined to be less than <±6.3%. K-type

thermocouples were used to measure the inlet and outlet temperature of the test section. Several

K-type thermocouples were clamped onto the outer surface of the tubing at different azimuthally

locations right below the top copper electrodes to measure the outer wall temperature. The heat

loss (defined as the normalized difference between the electric power and the fluid thermal

power) was estimated to be less than 10% at low heat flux (q"< 1.0 MW/m 2) and less than 5% at

high heat flux (q"< 4.5 MW/m2). The pressure could be controlled using the accumulator but all

experiments were performed at atmospheric pressure. The accumulator was also used to purge

non-condensable gas at the beginning of each run. The centrifugal pump was used to control

mass flow rate in the loop, which was measured with a flow meter of <±5% uncertainty.

2.2.2 Experimental Procedure

Bare test sections (un-coated) were first used to measure CHF of water to verify the operation of

the flow boiling loop. The bare test section was cleaned with acetone and then rinsed with DI

water to remove contaminants and was then dried in a 120 *C oven before it was attached to the

loop. The flow boiling loop was then filled with deionized water. Using the pre-heater, the entire

loop was heated up to 60 'C and the coolant was circulated for 1 hour to remove non-

condensable gases. The non-condensable gases were purged by periodic opening drain valves at
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the heat exchanger and the pre-heater. Further degassing was done by applying approximately

2.8 - 3.0 MW/m2 heat flux to the tube for 30 minutes while the fluid temperature was still at

60*C with periodic opening of drain valves to release gases. After degassing was completed, the

loop temperature was lowered to the chilled water temperature. The desired mass flow rate (1500

or 2500 kg/m2s) was then established using the needle valve at the bottom of the test section.

Power was supplied to the test section in constant current steps. A several-minute wait time

allowed steady state to be achieved between each step. Flow rate, test-section current and

voltage, inlet and outlet temperature and wall temperatures were recorded and monitored at each

step simultaneously via the DAC system. The power was increased in constant current mode

continued until CHF occurred, which was indicated by a temperature excursion and rupture of

test section right below the top copper electrode. Figure 2-6 shows a typical heat flux history of a

CHF experiment. The spike in heat flux at CHF was due to increase in resistance of the test

section , which was caused by a spike in the temperature. Figure 2-7 shows pictures of quarters

of test sections that were not used in CHF and those that were burnt out in CHF experiments.

The discolored portion was due to burnout at the test section outlet.

14

8 CHF occurred here
6

2 -

Time

Figure 2-6: Typical Heat Flux Profile in a CHF Experiment

Figure 2-7: Picture of Bum-out and Intact Test Sections

The procedure to measure water CHF using a pre-coated test sections was similar to that of the

bare tube except during the degassing phase. A bare tube was used in the first hour of degassing
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at 60 *C. This bare test section was then replaced with a pre-coated test section. Isolation valves

below and above test section in CHF loop were used to prevent air from entering into the loop

during the change-out. This was done to minimize the possibility of the nanoparticles deposited

on the coated test section being removed during the initial degassing process. Second degassing

was done by applying approximately 2.8-3.0 MW/m2 to the coated test section while the inlet

water temperature was kept at 60 *C.

2.2.3 Flow Boiling Performance of Alumina and Alumina + PAH Coatings

2.2.3.1 CHF and Heat Transfer Coefficient for Bare Experiments
First, the CHF of deionized water was measured using bare (un-treated/uncoated) test sections to

verify that the flow boiling loop operate as expected. Several tests were done under this

condition. The results are shown in Table 2-2. Here, xe is the outlet equilibrium quality, and LUT

is the value from the 1995 CHF look up table [50]1. The CHF ratio is that between the measured

value and the one from LUT 1995 at the same outlet equilibrium quality. The values for CHF

measured here are within 5% of that predicted by the LUT 1995, which verified the operation of

the flow loop. Notice also that the waiting time between each heat flux step in Bare-1 and Bare-

2 experiments was 6 minutes (following experiences of Kim [2]) while it was 3 minutes for the

other experiments. This was done to see if there was an effect on CHF due to the waiting time.

There appeared to be no difference between 6-minute and 3-minute wait. From there on, all CHF

experiments were done with 3-minute wait between each heat flux step.

Table 2-2: CHF Values of Water Measured Using Bare Test Sections (No Coating)

Mass flux Step Measure LUT Measured

.r(kg/m 2s) time d CHF xe (MW/m 2) / LUT
(minute) (MW/m2)

Bare-1 2500 6 5.35 -0.071 5.34 1.00
Bare-2 2500 6 5.41 -0.073 5.36 1.01
Bare-3 2500 3 5.40 -0.072 5.34 1.01
Bare-4 2500 3 5.51 -0.072 5.35 1.03
Bare-5 2500 3 5.32 -0.079 5.58 0.95

1The reason the 2006 LUT was not used here was that there was big discrepancies (up to 1.2 MW/m2) between the 1995 and 2006 LUT at the
outlet quality range for the bare test sections. The authors of the LUT were contacted several times via e-mail for explanation of such
discrepancies but they never replied. The bare data here agreed with 1995 LUT tables and those data measured by Kim [2]. Therefore, it was
decided that 1995 LUT will be used as the reference in this study.
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The heat transfer coefficient at the test section outlet was calculated from the wall temperatures

measured using K-type TCs distributed axially. The inner wall temperature, T,; , was calculated

using the radial heat conduction equation in the tube wall with adiabatic boundary conditions.

T =T 0  -q" '[2I* 2 ' (2-4)
2k _Di -Do Do 2

Do and Di are the outer and inner diameters, respectively. T,,ou, is the outer wall temperature

(measured by TCs). kh is the thermal conductivity of stainless steel test section, whose

temperature dependence is given as:

kh =13.00857+0.01687Tw,0 u -2.08333x1OT 06T 2 (2-5)

which represents a best fit of the SS316 thermal conductivity values reported in the ASME code

[51]. The effective heat transfer coefficient, h, can be calculated using the measured heat flux,

the bulk temperature and the inner wall temperature as:

h = q(2-6)
TW -T

where Tb is the bulk temperature at the outlet of the test section. The uncertainty in the heat

transfer coefficient can be determined as

Uh _ (U )2(U 2 (2-7)

With uncertainty of heat flux up to 6.3%, minimum A T of approximately 30*C and maximum

uncertainty in AT of 2.2 *C, the uncertainty in heat transfer coefficient is less than ±9.6%. Figure

2-8 shows representative inner wall and bulk temperature. Tche, is the wall temperature calculated

from the measured heat flux and the outlet bulk temperature using the well known traditional

Chen correlation [52].
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Figure 2-8 Temperature vs. Heat Flux for a Typical CHF Experiment with a Bare Test section

The Chen correlation for flow boiling, applicable for subcooled conditions, has the following

relationship

q"= hNB(Tw sat )+ h(T -Tbalk) (2-8)

where hNB and he is the nucleate boiling and convective heat transfer coefficient, respectively. Tw,

Tst and Tbuk are the inner wall temperature, the water saturation temperature and the bulk

temperature at the outlet of the test section, respectively. The nucleate boiling heat transfer

coefficient, hNB is calculated as

hNB 0' 0 0 12 2  03
7 9 c P 0 f X (T - Tsat 0 2 4 Patw 0 7 5

0. p"29h p,24 24 (2-9)

where kf "pf ,pf ,pg Csf and a are respectively the thermal conductivity, viscosity, liquid and

vapor density, specific heat, and surface tension of water at saturation. P =1x10 5 Pa is the
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operating pressure and Psat (Tw) is the pressure at the wall temperature. S is the nucleate boiling

suppression factor, which is defined as

S 1

1+ 2.53 x 10..6 G(1 - X)D, (2-10)

where p, is the liquid viscosity, G is the mass flux, X is the flow quality (=0) at subcooled

condition. The convective heat transfer coefficient, he, is calculated as

h, = 0.0 2 3 G(l-X)Dj jO.4  (2-11)
D) pA ki

where k,,p, and cPf are the thermal conductivity, viscosity and specific heat of water at the test

section outlet bulk temperature. Using iterations in Matlab, the wall temperature was calculated.

Subsequently, the heat transfer coefficient was calculated according to Eq. (2-6). Figure 2-9

shows the heat transfer coefficient (measured and predicted by Chen model) as a function of

applied heat flux for all the bare test section experiments. The measured heat transfer coefficients

for the all the experiments have similar trend and are within typical measurement uncertainty of

±10%. The heat transfer coefficients predicted by the Chen correlation are lower than the

measured values, especially at higher heat flux. The results here agree with those measured by

Kim [2], who used the same loop.
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Figure 2-9: Heat Transfer Coefficient as a Function of Heat Flux for Bare Test Sections

2.2.3.2 CHF and Heat Transfer Coefficient for Coated Test Sections

2.2.3.2.1 CHF Results

With the CHF and heat transfer coefficient of water measured using bare test sections

satisfactorily, the coated test sections were then used to see if they could enhance CHF and/or

heat transfer coefficient of water. The water CHF results with nanoparticle pre-coated test

sections are summarized in Table 2-3, Table 2-4 and Table 2-5. All the CHF experiments were

done at 2500 kg/m2s mass flux, except for test section C23A1 to C25AI experiments, which were

performed at a lower mass flux of 1500 kg/m2s.

From Table 2-3 to Table 2-5, a batch number (same as in coating Table 2-1) represents the test

sections that were coated using the same coating parameters and the same nanofluids. Usually,

only two to three CHF experiments were performed for each batch. If two experiments from the

same batch gave CHF values within 10% of each other, then a third experiment would not be

run. The test sections that were not used to measure CHF are not listed here. No CHF experiment

was done for batch number 9 because these test sections were only used to measure heat transfer

coefficient at 1500 kg/m2s and 2500 kg/m 2s up to heat flux of approximately 4MW/m2. Results
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for batch number 5 and 12 are not included here because there was problem with the coating.

However, they are listed in the appendix and an explanation of the problem with the coating is

also included. Moreover, test sections from ClAl to C6Al (batch 1 and 2) were used for SEM

characterization of nanoparticle coating, and were not used in CHF tests. They were cut after the

coating process for surface characterization.

Table 2-3: Water CHF with Alumina nanoparticle Pre-coated Test Sections at G = 2500 kg/m2s

Outlet
Measured Meas./LUT

Batch Experiment Quality LUT
CHF (MW/rn 2) Ratio

(xe)

C7A1 6.20 -0.063 5.23 1.19

3 C8Al 6.48 -0.059 5.19 1.25

C9A1 6.51 -0.058 5.17 1.26

C11Al 7.15 -0.043 4.93 1.45

4 C13AI 6.14 -0.059 5.19 1.18

C14AL 6.27 -0.059 5.19 1.21

C19Al 6.88 -0.051 5.09 1.35

6 C20AI 7.10 -0.053 5.11 1.39

C21A1 6.88 -0.056 5.15 1.34

In Table 2-3, batch 3 has an average 23% CHF enhancement relative to the LUT value at the

same outlet equilibrium quality and all three tests are close to each other. Batch 4 shows CHF

enhancement up to 45% but two of the three tests have much lower enhancement, only around

20%. CHF enhancement of 36% on average was observed for batch 6. While this enhancement

was not as high as that reported by Kim [2], who measured CHF of Alumina nanofluids using

bare test sections, the results are still encouraging. A comparison of data in Table 2-3 and those

by Kim [1] at G=2500kg/m2 s are shown in Figure 2-10.
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Figure 2-10: Comparison of Current Data to those of Kim [2] and Look Up Table Values [50].

However, at 1500 kg/m 2s mass flux, no CHF enhancement was observed for test section in batch

7, which was coated under the same conditions as those in batch 6. The results are shown in

Table 2-4. These agree with the results reported by Kim [2], who observed no CHF enhancement

of Alumina nanofluids at mass flux 1500 kg/m 2s. As of now, the effect of mass flux on CHF on

nanoparticle coated test sections is still not clear.

Table 2-4: Water CHF with Alumina nanoparticle Pre-coated Test Sections at G = 1500 kg/m 2s

40

Outlet
Measured Meas./LUT

Batch Experiment CHF (MW/m2) Quality LUT Ratio
(xe)

C23A1 5.01 -0.043 4.96 1.01

C24A1 5.11 -0.042 4.95 1.03
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As shown in Table 2-5, For test sections in batch 8, 10 and 11, which were coated using

Alumina/PAH solutions, no CHF enhancement was observed regardless of the concentration of

the PAH was used. The presence of PAH in the Alumina nanofluid appeared to prevent coating

of Alumina nanoparticles such that no CHF enhancement could be observed for the coating layer

having both PAH and Alumina nanoparticles.

Table 2-5: Water CHF with PAH/Alumina Particle Pre-coated Test Sections at G = 2500 kg/m 2s

Outlet
Measured Meas./LUT

Batch Experiment Quality LUT
CHF (MW/rn2) Ratio

(xe)

C28AIPAH 5.86 -0.072 5.34 1.10
8

C29AIPAH 5.47 -0.075 5.39 1.01

C34AIPAH 5.90 -0.068 5.30 1.11
10 __ _ _ _ _ _ _

C35AIPAH 5.70 -0.066 5.28 1.08

C38PAH 5.40 -0.074 5.37 1.01
11 __________

C39PAH 5.41 -0.073 5.37 1.01

2.2.3.2.2 Heat Transfer Coefficient of Pre-coated Test Sections

The following figures (Figure 2-11 to Figure 2-15) show the heat transfer coefficient of the pre-

coated test section at the outlet compared to that of the bare test sections. There appears to be no

significant change in heat transfer coefficient between the coated test sections and the bare ones,

within measurement uncertainty of <±10%. However, this can be only observed up to the CHF

of the bare tube, as no HTC measurement is possible past CHF, which destroys the test section

and ends the test. The results here are similar to those of Kim [2]. Notice that Figure 2-14 and

Figure 2-15 show heat transfer coefficient measured using C31AlPAH and C32AIPAH test

section at 1500 and 2500 kg/m2s mass flux, respectively, up to 4MW/m2 heat flux. The heat

transfer coefficient here is not different from that of the bare tube case either. Overall, the heat

transfer coefficient does not change with coated test sections. Figure 2-16, Figure 2-17 and

Figure 2-18 show the heat transfer coefficient ratios of the pre-coated test sections to the bare test
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section. For all three figures, the ratios stay within 20%, which shows more clearly that there

was no change in the heat transfer coefficient in the pre-coated test sections.

200 ---------------------------------------------------------
+ Bare

180 - 1 -7 -------------------------------- -----
180 EJC7A1

160 -CA ------------------------------ ------
160 -A C8Al

140 ---------------------------- ----------
14 o C9Al
120 ------------------------- ----------
12 C11A1
100 O 1A -- ------------------- ------------100 . *C13A1

S 80 - C 14A I1 - - - - - - - - - - - - - - - - - - -
80 -6-------------------
40 -----------

40 -- -- --- ---- --- -----------------------------
20 - -

0
0 2 4 6 8

Heat Flux (MW/m2)

Figure 2-11: Measured Heat Transfer Coefficient of Test Section C7Al to C14AI

Figure 2-12: Measured Heat Transfer Coefficient of Test Sections C19Al to 21A1 at G = 2500

kg/m2s
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Figure 2-13:Measured Heat Transfer Coefficient of Test Sections Coated with Alumina/PAH at

G = 2500 kg/m2 s
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Figure 2-14: Measured Heat Transfer Coefficient of Test Sections at G = 1500 kg/m2s (bare data

is from S.J. Kim [2])
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Figure 2-15:Measured Heat Transfer Coefficient of Test Sections C31AlPAH and C32AlPAH at

G = 2500 kg/m 2s
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Figure 2-16: Heat Transfer Coefficient Ratio of Alumina Coated Test Section (C7Al to C13Al)

to a Bare Test Section at G = 2500 kg/m2 s
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Figure 2-17: Heat Transfer Coefficient Ratio of Alumina Coated Test Section (C19Al to C21A1)

to a Bare Test Section at G = 2500 kg/m 2s
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Figure 2-18: Heat Transfer Coefficient Ratio of Alumina/PAH Coated Test Section (C27AlPAH

to C39PAH) to a Bare Test Section at G = 2500 kg/m2s
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2.3 Surface Characterization

After a CHF experiment, the test section was cut using Electrical Discharge Machine (EDM) into

four quarters of length approximately 1.25 cm from the bum-out location. Scanning Electron

Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) were then used to examine the

cut test sections. Contact angle measurements and confocal microscopy were also performed to

measure the wettability and the surface roughness of the test sections. In this section, SEM

images will be discussed first, followed by confocal and contact angle measurements.

2.3.1 SEM Images

In Figure 2-19 , SEM images of the test sections ClAl to C6Al are shown. These were the test

sections that were coated to verify that boiling-induced deposition would work. These SEM

images show that there was some alumina particles deposition on the surface of the test sections;

however, the coating layer was rather sporadic and there seemed to be little consistency between

test sections coated under the same conditions. Therefore, subsequent coating was performed at

higher heat flux and at a longer time interval to allow more boiling induced deposition.

C1AI C2A1 C3A1

C4Al C5A1 C6Al

Figure 2-19: SEM Images (-5000X) of Test Section ClAl to C6Al
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In Figure 2-20, SEM images of Alumina pre-coated test sections that were run in the two-phase

loop are compared to those of the bare surfaces. Coating was present on all the test sections, but

again, none of the coating was uniform. Nevertheless, there was enough coating at or near the

CHF location such that CHF enhancement was observed in the test sections at 2500 kg/m 2s mass

flux.

To verify that the coating layer was Alumina, EDS detector was used to identify the elemental

composition on the surface. Some EDS spectra and their associated SEM are shown in Figure

2-21. Aluminum and oxygen were detected for all pre-coated test sections as expected. In

addition, spherical features of the Alumina nanoparticle could be seen at this higher

magnification. Similar observations could be said for test sections pre-coated with Alumina/PAH

test sections. The coating was more sporadic here, and very different from test section to test

sections. However, there seemed to be more coating in test section C34A1PAH to 36AlPAH

compared to that on C27AIPAH to C29AlPAH. This could be due to the presence of 1000 ppm

PAH in test section C27AlPAH to C29AlPAH. EDS spectra also confirmed the presence of

Alumina nanoparticles. No CHF enhancement observed for these test sections, even though they

had some coating. The coating for Alumina/PAH seemed much smoother (if there was coating)

compared to the Alumina coating layer alone. Also, some Alumina/PAH coating seemed to have

no particle at all on the bare surface. This could explain why there was no CHF enhancement for

these Alumina/PAH test sections.

In Figure 2-23, SEM images of C38PAH and C39PAH test sections are shown. C38 and

C39PAH test sections, which were coated using only 1000 ppm PAH water, look identical to that

of bare surface, which was cut from the same long piece of tubes as all other test sections in this

figure. This was probably the main reason there was no CHF enhancement at all for these test

sections.
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C7Al C8AI

C11AI C13AI

C14A1 C19Al C20AI

C21AI C23A1 C24AI

Figure 2-20: SEM Images (-1000x) of Alumina Coated Test Sections
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Figure 2-21:SEM images (-10000X) and their associate EDS spectrum
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Figure 2-22: SEM images(-1000x) of Alumina/PAH Pre-coated Test Sections and Some of

Their Associate EDS Spectra
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Bare C39PAH

C38PAH C38PAH-EDS

Figure 2-23: SEM images (-1000x) of PAH Pre-coated Test Sections and Some of Their

Associate EDS Spectra

While SEM images and EDS spectra provide clear surface structures and composition, they do

not adequately help explain why there was or was not a CHF enhancement with these pre-coated

test sections. Therefore, contact angle measurement was performed to evaluate if there was

enhanced wettability with the pre-coated layer. As mentioned previously, higher wettability

generally allows higher CHF, at least in pool boiling. Table 2-6 lists the water static contact

angle values measured for different test sections. The values listed are the average values of test

sections in the same coating batch and their standard deviation. For each test section, the contact

angle was measured at two to three different locations. The uncertainty for contact angle

measurement was approximately ±5 degrees. As mentioned before, in order to do surface
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characterization on the test sections, they needed to be EDM cut into four 0.5" long quarters

from the bum-out point.

Table 2-6: Contact Angle Measurement (±5*) for Pre-coated Test Sections

Batch Test Sections Average (*) Standard Deviation
Barel, Bare 2 126.8 9.5

C7Al to C11A1 113.3 17.2
Bare-3 689 1.3

2 13AltoC14AI 337 3.613
2C19 Ato C22Al 38.1- 8.0

C28AIPAH to C30AIPAH 96.4 15.3
Bare 4 84.2 1.9

3 C31AlPAH to C33AIPAH 50.3 12.5
C34A1PAH to C36AIPAH 77.4 21.4

4 Bare 5 82.6 8.7
C38PAH to C40PAH 75.1 13.8

In Table 2-6, the test sections were cut by EDM in four different batches. First of all, the contact

angle for test section C7Al to C10Al in batch number one are relatively high even though they

gave CHF enhancement. The contact angle value for bare surface was also much higher than the

expected value of 70-90 degrees for contact angle of water on stainless steel. There might have

been some contamination of the test sections during the EDM process for this batch, which was

done by an outside vendor, such that the all contact angle values were higher than usual. For this

reason, for each subsequent EDM cutting of batches pre-coated test sections, (which was done at

MIT after finding an available EDM machine), a bare test piece of tube was also cut at the same

time to be used as a reference.

For test section C13A1 to C14AI and C19A1 to C22A1, their contact angles were lower than those

of the bare ones. For test section C28AIPAH to C30A1PAH, the contact angles were a little

higher than that of the bare one. Both of these values are expected because C13Al, C14Al, and

C19Al to C21A1 gave CHF enhancement while the others did not. Lower contact angle means

higher wettability, which usually means higher CHF. The average contact angle for test section

C34AIPAH to C36A1PAH was a little bit lower than that for bare surface, even though they did

not give any CHF enhancement. On the other hand, test section C38PAH to C40PAH had

contact angle similar to than that of the bare surface, and their CHF values were identical to that

of bare surface. This means that wettability may not be the only factor that affects flow boiling
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CHF. Notice that some of the standard deviation of contact angle measurements are high due to

scatter of the data. Representative contact angle images are shown in Figure 2-24.

Bare C7Al C20AI

C28AlPAH C29AlPAH C30A1PAH

C38PAH C39PAH

Figure 2-24: Representative Contact Angle of Water on Bare and Pre-coated Test Sections

It is also useful to look at the surface roughness of the test section to see how the coating can

change the surface structure. This was done using confocal microscopy, the results of which are

listed in Table 2-7. There was no significant change in Ra, which is defined as the arithmetic

average of surface profile amplitude. There was no significant change in the surface roughness

ratio either due to the coating layer. The surface roughness ratio is defined as the ratio between

the actual surface area to the projected area. Also, there is no observable trend in terms of CHF

enhancement and change in surface roughness ratio. This is another indication of the coating

inconsistency from test section to test section. Figure 2-25 shows some representative Confocal

images of the test sections. There is no significant change that can be observed from a bare

surface to a pre-coated surface, as already indicated by the measured values.
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Table 2-7: Confocal Microscopy Results (Average Values of Two Locations)

Ra Projected Actual Area RoughnessTube ID (pm) Area (prn) (pm2 ) ratio

As-received 2.16 67748 87575 1.29

Bare 2.46 67881 90136 1.33

C7A1CHF 1.42 67947 83826 1.23

C8AlCHF 2.64 67880 84286 1.24

C9AlCHF 2.18 67947 84745 1.25

C10AlCHF 2.15 67947 90806 1.34

C11AlCHF 1.68 67747 84902 1.25

C13AlCHF 1.84 67947 84215 1.24

C14AlCHF 3.48 67880 126482 1.86

C19AlCHF 1.83 67880 86833 1.28

C20A1CHF 2.39 67814 88213 1.30

C21AlCHF 1.77 67880 86894 1.28

C22AICHF 2.04 67880 85579 1.26

C23AICHF 1.91 68013 92112 1.35

C24AICHF 1.80 67677 82446 1.22

C25AlCHF 1.61 67474 88215 1.31

C27AIPAHCHF 2.46 67639 86627 1.28

C28AIPAHCHF 2.49 67814 88627 1.31

C29AIPAHCHF 2.41 67681 92831 1.37

C30AIPAH 2.20 67681 87739 1.30

C31AlPAH 2.07 67814 105308 1.55

C32AIPAH 3.34 67814 86794 1.28

C33AIPAH 1.61 67747 72933 1.08

C34AIPAHCHF 2.42 67791 93021 1.37

C35AIPAHCHF 0.75 67814 70751 1.04

C36AIPAH 2.24 67814 82464 1.22
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Figure 2-25: Representative Confocal Images of Flow Boiling Test Sections (256ptm by 256 rm)
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Another parameter that could affect CHF is the porosity of the surface. However, for the current

test sections, it would be impossible to measure porosity with reasonable accuracy to draw any

conclusion. However, the deposited nanoparticles created some porous structures on the surface,

which could increase the surface's overall porosity. This increase in surface porosity could help

enhance CHF by creating capillary wicking.

2.4 Analysis of Surface Parameters Affecting Flow Boiling CHF

The experimental results showed that the CHF enhancement, when present, was purely due to

surface effects since only deionized water was used in the experiment. From the surface

characterization done for pre-coated test section, it appeared that the nanoparticle deposition did

not change the surface roughness of the test sections significantly. The Alumina nanoparticle

coating did help enhance wettability. The nanoparticle coating layer also created a more porous

structure compared to the bare surface. However, measurement of porosity of test sections was

not possible due to lack of equipment and the uncertainty would be too high. The surface

wettability and porosity affecting flow boiling CHF will be discussed next.

2.4.1 Effect of Wettability on Flow Boiling CHF

For pool boiling CHF, it is known that everything else being equal, an increase in surface

wettability enhances CHF. Kandlikar [53] developed a model relating contact angle to pool

boiling CHF based on the hydrodynamic behavior for the vapor liquid interface of the bubble at

the heater surface. According to this correlation, a decrease of contact angle from 800 to 00

(super hydrophilic surface) enhances CHF by approximately 100%. Extending from this model

for pool boiling CHF, Kandlikar [54] proposed a similar one for flow boiling CHF. In this

model, CHF is defined when the advancing liquid front (upstream) cannot rewet the heater

surface again after drying out during the flow boiling process. The force balance for the vapor-

liquid interfacial forces including inertia force due to bulk flow, shear force and evaporation

force, which causes a velocity difference between the approaching liquid and evaporating vapor

front, is represented in Figure 2-26. Here, FM, F, Fs,, Fs,2 and F, are respectively the

evaporation momentum force, the inertial force, surface tension forces and shear force. 0, is the

receding contact angle. CHF occurs when the evaporation force overcomes the sum of all other
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forces. The expressions for these forces are in equation (2-12). The expression for CHF as a

function of contact angle and other parameters is shown in equation (2-13) [53].

Advancing
interface

Flow

Fm (
F1

F, """"

vapor

_>FS,

Figure 2-26: Force Balance for Liquid-Vapor Interface in Flow Boiling per Kandlikar's Model

Fs1 = O- cos(OR)

Fiz, = o'

(G2D(1 - x))
Fj PM

(piG(1 - x))

PLO'

=qCHF 1 2 (D
Ffg =vF hiPa

(p )= a 1 (1 +
(G 2D(1 - x)) (piG(1 - x))

cos(O7) ) + a2 U+a3

where a,, a2 and a 3 are constants determined from experimental data, which are proposed to be

1.03E-4, 5.78E-5 and 0.783, respectively. G, D, x are the mass flux, the diameter of the test

section, and the flow quality, respectively. Again, the first term on the right hand side represents

the surface tension force, which involves contact angle. The second and third terms represent the
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Weber number (ratio of inertia force over surface tension) and Capillary number (ratio of

viscous force over surface tension). The ratio of flow boiling CHF as the surface wettability

goes up (contact angle decreases) is shown in Figure 2-27. Here the flow quality was assumed to

be 0. The surface wettability seems to have little effect on flow boiling CHF according to this

model.

1.001

1.0008

0
. 1.0006

LL
] 1.0004

1.0002

0 20 40 60 80
Contact Angle (degree)

Figure 2-27: Flow Boiling CHF Dependence on Contact Angle

While this model only applies to saturated flow boiling CHF and for channel diameter less than

3.36 mm, the trend suggests that the capillary and viscous force have dominant effect on CHF in

flow boiling compared to that of wettability. This is consistent with an earlier model proposed by

Kuan and Kandlikar [55]. Note also that data reported for benchmarking of this model did not

mention measurement for contact angles. These two models are different from the pool boiling

model since there is strong inertia force in flow boiling, which is absent in pool boiling.

Wettability, which links to surface tension force, has a much stronger effect in pool boiling CHF.

In this study, the Alumina nanoparticle layer helped enhance wettability, which seemed to have

an effect on CHF enhancement. A controlled surface wettability of flow boiling CHF study

should be performed in the future.
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2.4.2 Effect of Porosity on Flow Boiling CHF

The nanoparticle deposition created a porous layer on the test sections as confirmed by SEM

images. For a wettable liquid/surface combination (contact angle less than 90 degrees), porous

structures enhance capillary wicking, which is the ability of the surface pores to draw liquid into

the surface via capillary force. As mentioned before, quantitative measurement for porosity for

the test sections would be challenging and have very high uncertainty. A more qualitative

discussion of how porosity can help enhance CHF is presented instead.

In the literature, data for flow boiling CHF with porous coating is scarce compared to that in pool

boiling. For example, Schroeder-Richter et al. [56] sintered Inconel-600 tube test section with

Inconel-600 particle of 80-100 gm with thickness of approximately 180 pm and measured CHF

at low mass flux (0-200 kg/m2s) and different pressures (1-8.0 bars). At atmospheric pressure,

they found small enhancement of CHF of the coated tube at low mass flux but deterioration of

CHF at mass flux of 200 kg/m2 s. At pressure of 7 bars, they found little change between the plain

tube and the coated tube. Overall, there was no clear trend that porous coating enhancing CHF.

On the other hand, Sarwar et al. [57] found up to 25% CHF enhancement for test section coated

with porous Alumina coating layer at mass fluxes between 100 and 300 kg/m 2s. They suggested

that the enhanced wettability helped increase CHF but agreed that how surface coating affected

flow boiling CHF needed to be explored further. Rainey et al. [58] coated copper squares with

Aluminum particle using ABM technique, and using FC-72 as the coolant, measured flow

boiling heat transfer coefficient and CHF of these surfaces. They found overall enhancement in

CHF for the porous surface at different flow velocity (0.5 - 4 m/s) and sub-cooling conditions

(20, 10, 4K). They noticed that the CHF enhancement of the porous surface from the plain

surface decreased with increasing fluid velocity. Vafaei and Wen [59] measured CHF of

Alumina nanofluid in a horizontal micro channel and found CHF enhancement at all

concentration (0.001 vol% to 0.1 vol%) for mass flux from 600 to 1600 kg/m 2s. The maximum

CHF enhancement was up to 51%. Similar to other nanofluid studies, the CHF enhancement was

due to the deposited layer of the nanoparticle in the micro channel. However, none of the study

above suggested a CHF enhancement mechanism due to the characteristics of the porous coating

layer.
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There exists virtually no CHF model and/or correlation for porous coating in flow boiling CHF.

In pool boiling CHF, the hot/dry spot theory states that when a surface is subjected to high heat

flux, hot/dry spots are formed at the bases of the bubbles at the nucleation sites. When the

hot/dry spots can be rewetted upon departure of the bubbles, they are considered reversible.

However, when the rewetting does not occur due to poor wettability of the surface, the hot/dry

spot is irreversible, which can lead to a rapid increase in the surface temperature and cause burn-

out. The capillary wicking from the porous structure can help supply liquid to these hot/dry spots

at a faster rate, which can help dissipate heat quickly, and hence delay CHF.

For pool boiling CHF models including the effect of capillary wicking, the viscous-drag liquid-

choking limit model for fluid flowing through a porous stack by Liter and Kaviany [60] seems

most appropriate. In this model, it is assumed that there is separate liquid and vapor flow. The

fluid flows through the porous coating stack while the vapor escapes through channels between

stacks, as shown in Figure 2-28.

i ii uid Iuid

Vapor vapo

Figure 2-28: Liquid and vapor flow path in viscous-drag choking limit model

Capillary wicking and gravity are the driving forces for liquid down flow while buoyancy drives

vapor flow. Evaporation of fluid is assumed to be along the side of the coated stack. In order to

cool down the substrate, an adequate amount of fluid is required to flow through the stack. As

the heat flux increases, more liquid is evaporated, which means a higher flow rate of liquid is

required. This corresponds to higher pressure loss from the top of the stack to the substrate. At

some point, the flow rate of resupplying liquid required is high enough such that the pressure

drop exceeds that of the capillary and gravity force combined. This prevents liquid from being

resupplied any further. This point is defined as CHF.
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An analytical approximation, by making further assumptions, such as cylindrical tube instead of

conical stack, and that gravity is negligible, provides an expression for CHF [60] as

(q"CHF,v ) 0=0 CE 6s CHF,v) 0=0

piohjg (KE)0. 5 ~ C Es2 0 .5  Piohjg (2-14)

where K, E, Es are the permeability, porosity and base to surface area ratio, respectively.

C = 53; CE: Ergun coefficient; s is the coating thickness of the stack after the first base layer.

For contact angle 0 larger than 0, there is a 0 5 C(O) 1 factor that can be multiplied for the

CHF value. This C(O) varies from 1.0 to 0.3 as contact angle increases from 0 to 30 degrees.

Using this model, the authors estimated CHF value of up to 4.7 MW/m2 for pentane with surface

coated with particle diameter of 200 micrometers, and thickness of 6 times the particle diameter.

This is an extremely high value for CHF of pentane. Examining the model further, it seems that

CHF increases with decreasing particle diameter, as shown in Figure 2-29, where the reference

particle diameter (do) is 100 pm.

Viscous Drag Liquid-Choking Limit CHF - d = 100 pm
1.4

1.3

1.2

IL 1.1

T 1

0.9

0.8

0.7
0 50 100 150 200

Particle diameter (pm)

Figure 2-29: CHF as Function of Particle Diameter Based on Liter and Kaviany model

The parameters in the model by Liter and Kaviany [60] include many characteristics of the

porous coating layer of the nanoparticles that cannot be determined accurately in this study due

to the sporadic/random coating structure of the nanoparticles. Therefore, applying such model for

the test sections here is impractical. Furthermore, this model is only applicable for pool boiling.

Nevertheless, the model suggests that porosity/capillary wicking plays an important role in CHF.
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2.5 Summary of Pre-coated CHF Experiments

Flow boiling induced deposition of Alumina nanoparticles on the test section surface, which

helped enhance subcooled flow boiling CHF of water up to 40% at 2500 kg/m2s mass flux. This

verified that nanofluids flow boiling CHF enhancement is due to the nanoparticle deposited on

the surfaces. Surface changes due to nanoparticle deposition including wettability and porosity

could contribute to the CHF enhancement. While the enhancement in wettability seemed to help

enhance CHF, it did not seem to be the only factor. Porous structure from the nanoparticle

deposited layer could increase the porosity of the surface, which can enhance CHF. Thus,

existing models fail to predict the CHF enhancement due to the nanoparticle coating layer. There

is a need for a study of effects of individual surface parameter on flow boiling CHF.
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3 Surface Effects on Quenching Leidenfrost Point

3.1 Introduction

Quenching heat transfer is the process of rapid cooling of a hot object by submersion in cooler

liquid. The process starts in a film boiling regime, where a layer of vapor encapsulates the hot

surface, preventing liquid coming in contact with the surface. During film boiling,

conduction/convection through the vapor and radiation are the main heat transfer mechanisms.

These modes of heat transfer are not as effective as nucleate boiling, thus resulting in long

evaporation time of the liquid. As the temperature of the hot surface approaches the Leidenfrost

point (LFP), the minimum temperature to sustain stable film boiling, liquid-solid interface can be

formed again due to short intermittent interaction of the liquid and solid. Below the Leidenfrost

point, transition boiling takes place with intermittent solid-liquid contact which affords a much

higher heat transfer rate than film boiling. As the hot object cools down further, the boiling

regime changes to nucleate boiling, which is the most effective heat transfer mechanism.

In the nanofluid quenching works described in Chapter 1, the deposited nanoparticle layers

changed several surface parameters at the same time, thus making it difficult to quantify the

importance of each surface effect. While it is challenging (in terms of surface preparation and

experimental execution) to perform an experimental parametric study on surface effects in flow

boiling CHF, an experimental setup can be designed to study separate surface effects on

quenching, focusing on single droplet quenching. In the literature, single droplet quenching

experimental and numerical studies have been reported previously; however, none has performed

a separate surface effect study. Some examples of single droplet quenching work are summarized

below.

Shen et al. [61] studied dynamic behavior of a single droplet (We =25, Re-1700, d -1.2 mm) of

water and carbon nanotube nanofluids (0.2% by weight) using high speed video (HSV) and

infrared (IR) cameras. The surfaces included polished silicon, gold-coated silicon and nano-

structured porous silicon. Surface temperature of the heater was varied from 68.9 to 185 *C. The

first parameter of interest was maximum spreading diameter. The Prewitt method of edge

detection was used for image analyses. The spreading of the droplet diameter stopped earlier in

63



Chapter 3

the boiling case compared to the non-boiling case. The maximum diameter was not much

different for different surface temperatures. Between the different surface finishes, initial

spreading for non-heating and heating surface is about the same. The droplet had largest

equilibrium diameter on non-heating polished surface while water on nano-structured surface

had largest equilibrium diameter for the case of heating and boiling surface. For the case of

nanofluid, similar behaviors were observed as those of water droplet. Four models were used to

predict the dissipation terms for maximum spreading diameter (Chandra, P-F, Mao and Liu).

Nanofluids spread much further compared to water. The evaporation time was found to be

shorter for nanofluid on polished surface and water on nano-structured surface compared to that

of water on polished surface. This was thought to be due to the increased spreading diameter of

nanofluid and nano-structured surfaces. The M-K model was used to predict the dynamic contact

angle. The results agree with experimental data at low impact velocity.

Moreira et al. [62] provide a comprehensive review of single droplet and spray impingement on

dry, non-heated and heated surface as well as on liquid film. When a droplet impacts on a solid

non-heated surface, it can be characterized by impact energy (base on height of droplet) or by

time scale (contact duration). The different interactions include stick, spread, splash, fingering,

partial rebound and rebound. For droplet impacting on heated surface, there are four main

different heat transfer regimes: single phase/film-evaporation, film boiling/Leidenfrost regime,

transition boiling, and nucleate boiling. Many defined Leidenfrost as a dynamic property, the

point at which a droplet rebounds from the vapor layer. Various relationships between thermal

characteristics and droplet/surface parameter have been presented in the literature. For example,

Leidenfrost temperature increases with surface roughness for the impacting droplet, while TCHF

is not very sensitive to impact conditions. In each of these heat transfer regime, all the possible

impact mechanisms as on cold surface are possible. This makes the phenomena of droplet

impacting heated surface rather complex. Moreira et al. [62] also reviewed correlation for heat

transfer for spray impact scenarios. The Nusselt number seems to depend on the Reynolds,

Prandtl, Weber and Jacob number.

Yarin [63] reviewed hydrodynamics (experimental and modeling) of single droplet impacting

liquid thin film and solid dry surface. For droplet impacting dry surface, six different interactions
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were classified: deposition, prompt splash, corona splash, receding breakup, partial rebound and

complete rebound. The occurrence of the stage depends on the impact velocity and solid

surface's properties (wettability, surfaced roughness). Therefore, traditional dimensionless

groups (e.g. Weber, Reynolds and Bond numbers) are not sufficient to quantify each state since

they do not involve surface roughness and wettability, the two very important characteristics of a

dry surface. For modeling of droplet impacting on dry surface, maximum spreading diameter can

be predicted using semi-empirical analytical models by Chandra and Avedisian [64], Mao et al.

[65], Pasansideh-Farf et al. [66]). Lubrication theory is traditionally used to approximate

equations for studying spreading of the drop. Model of drop rebound has also been investigated

by many researchers.

Finally, Manzello and Yang [67] used HSV to study dynamics on water droplet impinged on wax

at different temperature and droplet velocity. They observed liquid film recoiled faster with

increasing wax surface temperature at lower We number (We=27). However at higher We

number (We=150), Rayleigh instability caused rise of an unstable liquid column above the

surface. Upon the wax reached its melting point of 75*C, water droplet impinging liquid wax

behaved differently from that on solid wax. No separate droplet was observed from the jet

formed in the wax.

The above examples are selected examples of a plethora of research done on single droplet

hydrodynamic behavior and quenching heat transfer. The work here will contribute further to this

library of single droplet quenching data. More importantly, the results for this work can be used

for potential applications in nuclear reactors. Quenching heat transfer plays an important role in

light water reactor (LWR) safety, especially during accident scenarios, where the hot solid fuel

pins are quenched by the cold water from the emergency core cooling systems to prevent fuel

failure. Since LFP is the minimum temperature to have stable film boiling, the higher LFP, the

faster the temperature of the hot fuel drops to transition boiling regime. This regime has much

better heat transfer characteristic compared to film boiling, which helps promote cooling of the

hot fuel rods faster. Therefore, enhancing LFP is desirable. In this study, the effect of individual

surface parameters including roughness, wettability and nano-porosity on single droplet

quenching LFP, will be determined. The results here can be used to optimize surface parameters
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for quenching application, and to provide data for models of quenching heat transfer in nuclear

reactors.

3.2 Experiments

3.2.1 Surface Preparation

Surface roughness height was controlled in the range from 0 gm to 15 pm (with 5 Pm increment)

by fabricating cylindrical posts of -5 ptm diameter on a nano-smooth silicon wafer (thickness

380 pm). The posts were fabricated using photo-lithography with deep reactive-ion etching

process, and were arranged on a square array of large pitch (500 pm), to prevent secondary

effects, such as capillarity. The deep reactive-ion etching process (shows in Figure 3-1) to create

the posts on silicon wafer was as follows. First, a layer of Hexamethyldisilazane (HMDS) primer

was deposited on a silicon wafer via a vapor deposition at 150 *C. Then, a layer of negative

photo-resist, NR71-1000P, was coated on the wafer using a spin coater spinning at 3000 rpm for

30 seconds. The HMDS helped adhesion of the negative photo-resist to the wafer. Post baking on

hot plate at 150*C for two minutes helped dry the negative photo resist. Next, the wafer was

exposed under ultraviolet (UV) light of wavelength 365 nm to 400 nm for 20 seconds. A mask

was inserted between the UV light source and the wafer to imprint the pattern of square array of

5pm circles at 500 pm pitch, where the UV light interacted with the negative photo resist. After

exposure to UV, the wafer was dried again on a hot plate at 100 *C for two minutes. The wafer

was then developed in RD6 developer for 20 seconds. All the negative photo resist on the wafer,

except for those that had been exposed to UV light underneath the mask, was washed away by
the RD6 developer. The remaining patterned negative photo-resist protected the wafer

underneath during reactive-ion etching, which created a square array of 5 ptm diameter posts at

500 pm pitch. Subsequently, the wafer was cleaned with piranha solution (25% hydrogen

peroxide, 75% sulfuric acid) to remove all negative photo-resist. Figure 3-2 are SEM images of

surfaces with micron-size posts.
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Figure 3-1: Photolithography - Deep Reactive Ion Etching Process

Figure 3-2: SEM Images of Surface With Micron-Size Posts

The surface's intrinsic wettability was controlled by depositing a nano-smooth thin layer of gold

(100 nm thick) or silicon oxide (20 nm thick) with a sputtering technique; the resulting contact

angles for de-ionized water droplets were found to be 830 on the gold surface and 19* on the
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silicon oxide surface. Note that the presence of the micro-posts does not affect wettability

(compare insets of Figure 3-3 a, b), which was expected given the large pitch of the post array.

Finally, to explore the effect of nano-porosity, a thin nano-porous layer (about 600 nm thick)

made of silicon oxide nanoparticles (20 nm and 50 nm) was deposited using the layer-by-layer

(LBL) coating process described by Lee et al. [68]. This surface with nanoporous silicon oxide

particles is denoted here as LBL. The nano-porous layer caused a further enhancement in the

wettability (the apparent contact angle decreases to ~0*, as shown in Figure 3-3d) with respect

to the smooth silicon oxide surface (190). This is due to the well-known Wenzel effect [69]. On

the other hand, the roughness height change due to the nano-porous layer was negligible ( 0.016

pm). In summary, surface roughness (post height), wettability and nano-porosity were controlled

independently using a combination of spaced-out micro-posts, and smooth and nano-porous

layers.

MW MF.3 ;Lm a : OM S*'o -l
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I D-W 9- OMM. .70" goia- 6 1 4..70

Figure 3-3: SEM images of fabricated samples for LFP tests: (a) smooth Au layer; (b) 15 Rm
posts on smooth Au layer; (c) 15 pm posts on smooth SiO2 layer; (d) layer-by-layer (LBL) SiO2
layer. Insets show static contact angle on the fabricated samples for 10-pL water droplets on (a)
smooth Au (830), (b) Au with micro-posts (830), (c) SiO2 layer (190), (d) nanoporous SiO2 layer

(~0*).
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3.2.2 Measurement of LFP

A technique to determine LFP is to measure evaporation time of a liquid droplet over a heated

surface. The temperature with longest evaporation time is LFP. The schematic of the

experimental facility is shown in Figure 3-4. The silicon wafer was sandwiched between two

copper heater blocks (5cmx5cmxl.5cm dimensions). Four cartridge heaters were embedded in

each copper heater block. The power to the cartridge heaters were supplied using a variable DC

power supply. The upper block had a through-hole in the shape of an inverted cone to place a

droplet on the silicon wafer and keep the evaporating droplet on the silicon wafer. The

temperature difference between the two blocks was controlled to be within 1 *C difference

during the experiments. A water droplet of -2.9 mm in diameter was released on the test surface

from a height of 1.5 mm using a syringe, and the evaporation time was measured with a

stopwatch. The uncertainty in the evaporation time measurement was found to be -0.4 sec from

a set of tests at representative conditions. The temperature measurement uncertainty was within

±1 *C during evaporation of a droplet.

Syrillge

S i1 Cartridge
wafer Heaters

Figure 3-4: Schematic of Quenching Facility to Measure LFP
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3.3 Results

Figure 3-5 shows the evaporation time versus temperature for smooth surfaces (no post) and

those with 15 ptm high posts. The surface finishes include gold, SiO 2 and LBL coating layers.

The point with longest evaporation time is the LFP. The LFP of a smooth gold surface was

approximately 264 *C, which is similar to what has been reported in the literature [70]. With the

presence of the 15 ptm high posts on the smooth gold surface, the LFP went up to 2900C. The

smooth surface with a Si0 2 layer, which enhanced wettability, had LFP around 274 *C. Finally,

the LBL on the smooth surface helped to enhance LFP most significantly, by almost 100*C.

While 15 pm-high posts with SiO 2 layer had LFP similar to the smooth SiO2 layer, the presence

of 15 pm posts with the LBL layer enhanced the LFP even further than the smooth LBL surface.

In short, increase in surface roughness, wettability and presence of nano-porosity all helped raise

the LFP. However, the existence of the 15 im posts helped intensify the effect on LFP for only

the surface with LBL coating.

Figure 3-6, Figure 3-7 and Figure 3-8 show the effect of the surface roughness (micro post

height) on LFP for the gold, SiO 2 coating layer and porous silicon oxide surfaces, respectively.

Everything else being equal, the presence of the posts enhanced the LFP for all three surfaces.

The magnitude of enhancement was largest for the LBL nanoporous surface. The combination of

micron size post and nanoporous layer seemed to be the optimal surface for enhancing the LFP,

with value as high as 453*C. Note that the reported nominal temperature here is that of the test

surface. The local temperature at the liquid-solid contact must be less than the critical point of

374 *C for water. Table 3-1 lists the summary of LFP results for all surfaces.

Table 3-1: Summary of LFP of Water for Tested Surfaces (*C)

Micro post height Au (*C) SiO 2 (*C) Nano-porous SiO 2 (C)

0 Ptm 264±5 274±5 359±5

5 pm 295±5 330±5 410±5

10 Pm 295±5 330±5 440±5

15 pm 290±5 325±5 453±5
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Figure 3-5: Water droplet evaporation time vs. surface temperature. The nominal uncertainty in

the measurement of the LFP temperature was found to be less than ±5'C.
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Figure 3-6: Effect of Surface Roughness on LFP of Au Coated Surfaces.
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Figure 3-7: Effect of Roughness on LFP of Smooth Si0 2 Coated Surfaces.
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Figure 3-8: Effect of Roughness on Surface with Nanoporous Si0 2 (LBL) Coating.
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3.4 Data Interpretation

Why do nano-porosity and micro-posts result in such a high LFP (Table 3-1)? As suggested by

previous researchers [71], high-speed imaging of the evaporating droplets, shed light on the

mechanisms, when it is focused on the intermittent solid-liquid contacts in film boiling. Thin

liquid filaments intermittently connecting the droplet to the solid surface on the samples with

micro-posts were observed (Figure 3-9b), whereas the filaments were not observed on the

surfaces without micro-posts (Figure 3-9a). However, even in the presence of liquid filaments,

the evaporation process was quite different depending on whether the surface was nanoporous or

not. The gold and silicon oxide surfaces without nano-porosity stably sustained the liquid

filaments, typically for a few milliseconds, without triggering any perturbation (Figure 3-9b and

c). By contrast, the nano-porous surfaces instantaneously reacted to the filament contacts with

violent splashes of tiny droplets around the large evaporating droplet (Figure 3-9d). This

splashing severely disturbed the liquid-vapor interface and prevented the establishment of a

stable vapor film at nominal surface temperatures as high as -453*C.

(a))

(c)

Figure 3-9: Photographs of evaporating water droplets on test surfaces held at 400*C: (a) Au
without posts; (b) Au with 15 pm posts; (c) SiO2 with 15 ptm posts; (d) nanoporous SiO2 1ayer
with 15 gm posts. Arrows show location of droplet-to-surface bridging by liquid filaments.
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Biance et al. [72] derived an analytical solution for the film thickness of a stationary evaporating

droplet of radius, R, smaller than the capillary length, (R<a = ), for a given surface
(pr-ppg

superheat, AT,

x 1/3

e=C kATupg (3-1)

where C, o; k, p p, p, and hfg are, respectively, an adjustable coefficient, surface tension,

thermal conductivity, dynamic viscosity, density of liquid, density of vapor, and latent heat of

evaporation. For an evaporating water droplet of 2R ~ 2.9 mm on a surface of 400 *C (AT=300

'C), the initial film thickness is estimated to be approximately 36 ptm and then decreases

monotonically as R4. Thus, at 15-ptm height, the micro-posts can initiate solid-liquid contacts,

as shown in Figure 3-9.

Once the liquid filaments are established, heterogeneous nucleation of bubbles can occur at the

contact points, if there are cavities available for nucleation. Bernardin and Mudawar [73]'s

heterogeneous nucleation model of the LFP focuses on the surface superheat temperature

required to initiate the growth of hemispherical vapor bubbles from the pre-existing surface

cavities. The nano-sized pores act as cavities for heterogeneous nucleation of bubbles. The

pressure drop across a spherical bubble interface of radius r can be estimated using Young-

Laplace equation as

P,-P,=20-r (3-2)

In combination with the Clausius-Clapeyron equation, Eq. (3-2) gives the following expression

for the temperature required to initiate the nucleation of a hemispherical vapor bubble [74],

2ovf
T.., = Tat eXP rhfg (3-3)

There exists a large difference in temperature for heterogeneous nucleation of bubbles between

the nano-porous and non-porous surfaces, i.e. Tano-porous - 218 *C vs T.o-porous ~ 336 *C, where

nucleation diameter of 23 nm and 1 nm were assumed, respectively. Therefore, bubbles more

easily nucleate on the nano-porous surface and very rapidly grow in the highly superheated

liquid. Note that these values of nucleation superheat are much higher than those normally
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encountered on engineering surfaces where micro-cavities are present. The calculated value of

the heterogeneous nucleation temperature at d = 1 nm is higher than the homogeneous

nucleation temperature (-300 *C for water at atmospheric pressure) because the size of the vapor

embryos responsible for homogeneous nucleation is on the order of a few nm. Therefore, the

fluid nucleates homogeneously before it does so heterogeneously.

Starting from the Rayleigh equation for the inertia-controlled phase of bubble growth, it can be

shown that AP - pV 2, where V is the velocity of the expanding vapor interface and AP is the

value of the pressure difference across the interface at the point of nucleation. For a bubble with

a diameter of 23 nm, the estimated velocity, V, is on the order of 10 m/sec. When the vapor

phase velocity is greater than the critical velocity of Kelvin-Helmholtz instability, the liquid-

vapor interface can be disrupted. For the steam and water at atmospheric pressure, the critical

velocity is approximately 8 m/sec [74]. Therefore, the velocity of the expanding vapor interface

for the 23 nm-diameter bubble is fast enough to generate the splashes shown in Figure 3-9d.

3.5 Conclusions

Water-droplet Leidenfrost Point (LFP) was determined using custom-fabricated surfaces that

separate the effects of surface roughness, wettability and porosity. The results show that increase

in surface roughness, wettability and nano-porosity consistently enhances Leidenfrost point of

water. Nanoporous structure is an essential feature (not solely high wettability) to enhance

Leidenfrost point via destabilization of vapor film, which is caused by heterogeneous nucleation

of bubbles. The presence of micron-size posts intensified the effect of nanoporous layer on

Leidenfrost point by promoting intermittent liquid-surface contacts. The results here can be used

as data for mechanistic modeling of quenching heat transfer phenomena in reactors.
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4 Separate Surface Effects on Critical Heat Flux

4.1 Introduction

Results in Chapter 2 and Chapter 3 suggest that surface parameters play an important role in

enhancing boiling heat transfer phenomena, especially CHF and quenching Leidenfrost point.

The results in Chapter 3 are unique in that separate effect of each surface parameter on

quenching LFP is obtained experimentally. While there have been studies of surface parameters

in pool boiling CHF, the surface characteristics are not quantified and there has been no study on

separate effects of surface parameters on CHF. Usually, when one surface parameter is changed,

another property is also altered. For example, when the surface roughness is increased, the

contact angle can be affected depending on the intrinsic contact angle. In addition, porous

coating can affect both the roughness and/or the wettability of a surface.

As mentioned in Chapter 1, porous coating enhances CHF. However, most of these porous

coating used micron-size particles and the coating is relatively thick (order of 10s to 100s of

micrometers). This effectively changes all surface parameters including surface roughness,

wettability and porosity at the same time. The mechanism for how such thick porous coating

layer enhances CHF is still not well understood. Therefore, it is necessary to perform a study on

separate effects of surface parameters on CHF.

4.2 Experiments

4.2.1 CHF Experimental Matrix and Facility Design Considerations

The objective for this series of experiments is to study the parametric effects of surface

parameters on CHF in pool boiling condition. The parameters of interest include porosity and

surface roughness. A comparison of different choices for fluids, and description for CHF

experimental facility design for the most simple and effective experimental program are

presented below. The heater used here will be silicon wafer and the technique to modify the

surface is similar to that in the quenching experiments. Silicon wafers have nano-smooth surface

finish, which makes it convenient to characterize any additional structure added to the surface.

Also, the technique to create micro/nano features on a silicon wafer is well known.
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4.2.1.1 Experimental Matrix

The CHF experimental matrix is listed in Table 4-1. Batch 1 experiments is the base case. The

objective here is to measure CHF of a nano smooth surface (average roughness less than 0.1

pm). The contact angle of this base surface should be as close to 0* as possible so the wettability

remains same in all tests and is independent of porosity and surface roughness. This can be

achieved by either modifying the surface with a smooth super hydrophilic coating or using a

well-wetting liquid such as a refrigerant. The average CHF value of three tests will be used in the

data comparison and analysis, providing they are within the experimental error bound.

The next batch of experiments (batch 2) will focus on the effect of nanoporosity. In batch 2,

mono-dispersed SiO2 nanopar,ticles is used in the layer-by-layer coating to create a nano-porous

layer on the silicon wafer. Batches 3 and 4 are used to study the effect of roughness. The surface

roughness is controlled by creating micro-posts of different heights on the base surface. The

contact angle of water should not change if the posts are spaced far enough apart as shown in

Chapter 3. For well wetting fluid, the posts should not affect the wettability. Finally, batches 5

and 6 are aimed to test the combined effect of roughness and nano-porosity.

Table 4-1: Desired CHF Experimental Matrix

Contact Roughness -Rz - Layers of
Parameter Batch Cntac Rg pm SiO 2 LBL

Angle (0) Ra (sm)cotn coating
Base case 1 <20 Rz <0.1, Ra <0.1 0
Porosity 2 <20 Rz<1.0, Ra <0.1 25
Surface 3 <20 Rz >1, Ra < 1 0
Roughness 4 <20 Rz >1, Ra > 1 0
Porosity and 5 <20 Rz >1, Ra < 1 25
Roughness 6 <20 Rz >1, Ra > 1 25

Note: Contact angle and roughness values are desired. Surface characterizations will provide the actual
values.

4.2.1.2 Test Fluid

The two types of fluid considered for the pool boiling CHF tests are water and refrigerant. Table

4-2 compares the different properties for water and two selected refrigerants. From the CHF

matrix and the properties of the fluids, it seems that refrigerants are better candidates due to the

following reasons: 1) the heat flux required for refrigerants will be much less because of the low
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heat of evaporation, 2) lower saturation temperature will reduce heat-up time for each

experiment; 3) the low surface tension of refrigerant should lead to small intrinsic contact angle

on silicon and hence the effect of porosity and roughness on wettability will be negligible. It

could be hard to increase contact angle of refrigerant on any surface if the study of wettability

effect on CHF is desired at a later stage. However, in this study, it has been decided that

wettability will not be considered since its effect on CHF is well known. This is because it is

hard to change the surface wettability alone for FC-72, a well wetting fluid, without changing

other surface parameters at the same time. Surfaces, known as superoleophobic surface, can

increase contact angle of well-wetting fluids. However, these surfaces usually are not smooth

since the superoleophobic surfaces require change in both surface chemistry, porosity and

roughness [75, 76, 77].

Table 4-2: Comparison of Water and Refrigerants for CHF Experiments

Parameter Water R-113 FC-72*
Availability Yes Limited 3M
Latent heat of Evaporation (kJ/kg) 2256.51 144.28 94.9
Surface Tension (N/m) 0.0589 0.01471 0.0081
Saturation Temperature (C) 100 47.48 56.4
Liquid Density (kg/m3) 958.4 1508.4 1602
Vapor density (kg/mA3) 0.5982 7.4021 13.24
Liquid thermal conductivity (W/m-C) 0.679 0.0637 0.054
Heat capacity (J/kg) 4215.7 940.03 1103
Liquid viscosity (kg/m-s) 281.74E-6 490.97E-6 425E-6
Contact angle on silicon High (~80*) Low(<20*) Low(<20*)
Estimated CHF by Zuber Corr. [74]
(MW/m 2) 1.11 0.20 0.15

Power need - kW (assuming 50% heat loss
and maximum 150% CHF enhancement) - 1" 2.41 0.54 0.38
diameter disk
T, at CHF using Roshenow Corr. [74] (C) 128.6 69.3 72.43
* Properties data from El-Genk and Parker [78]

4.2.1.3 Heater Assembly Design Consideration:

For pool boiling CHF, two main types of heating methods were adopted in other studies:

resistive (Joule) heating and conductive heating. Each set up has its own advantages and

disadvantages as shown in Table 4-3.
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Table 4-3: Comparison of Resistive and Conductive Heating Set Up

Parameter Resistive Heating Conductive Heating
Heater Surface Metal or conductive coating on non- Metal and/or Silicon Wafer
Material metal surface

Heater Bum-out Usually happens, can cause loss of Does not usually happen since it is
fluid temperature controlled

Insulation Needs bottom insulation if heater is Only needs side insulation
submerged in liquid
Seal between heater assembly and Need to have sealing between heater

Bottom/side bath outer structure is usually not assembly and liquid bath in outer
insulation needed since heater is completely structure

submerged in pool
Heat Loss Low Can be high
Heater Temp. Not accurate (depending on Accurate
Measurement temperature resistivity coefficient)
Heater geometry Usually strip Can be square or circle
Heater surface Harder and less accurate to do on Silicon wafer can be fabricated
modification and metal. easily in micro/nano scale
characterization

Initial construction is easy but good
insulation at heater bottom can be Initial design/construction requires
hard for every experiment. Attaching more time but insulation is fixed

.t heater to electrodes are straight once it is built. Attaching heater to
Construction forward for metal heaters. For non- heater block may require thermal

conductive heater with metal thin glue but no bottom insulation is
film, attachment to electrode can be needed.
problematic

Equilibrium Time Fast Slow due to heat capacity of heater
block

Can fluctuate due to inconsistent Usually stable since attachment of
Experimental bottom insulation and/or electrodes surface to heater block only requires
Repeatability attachment. thermal glue.

4.2.1.4 Summary

From the comparisons presented above, it was decided that the conductive heater design and

refrigerant would be better candidates for this work. The choice for refrigerant is due to lower

heat capacity and well-wetting property. This requires much less power for a CHF test. Also, the

surface tension of refrigerant is so low that the contact angle will always be small, which makes

wettability control not an issue for the study of the effects of porosity and roughness on CHF.
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Because the primary focus of this work is to study the surface parameter effects, the surface must

be manipulated and controlled easily. This means that silicon wafer as the heater surface is a

much better choice than metal. Previous experience in making posts on silicon wafer and putting

LBL of Silicon dioxide nanoparticles on silicon wafer can be adopted from the quenching tests.

Learning how to do this on a metal surface requires entirely different techniques and equipments,

which may not be available. The conduction heater is a better choice for this work. With resistive

heater, the silicon wafer will have to be coated with an electrically conductive layer (such as

gold). Attaching the electrodes to the gold layer will vary from experiment to experiment, which

can cause inconsistent results. The burn-out of the heater every test can cause a hazard (hot

liquid pouring out upon bum-out of silicon wafer) during the test. The amount of voltage

required to push the current through the layer of gold can be too high. Conduction heater will

take slightly more time to design and build initially. Once the facility is built, attachment of the

silicon wafer to the heat block can be achieved easily with thermally conductive glue.

4.2.2 Experimental Facility, Procedure and Uncertainty Analysis

4.2.2.1 Facility

The pool boiling CHF is shown in Figure 4-1. The facility consists of a cylindrical GE Type 214

LD Quartz Tubing (6" long, 115 mm ID, 127.7 mm OD, National Scientific Company)

sandwiched between two Teflon bases (6" by 6" by 1"). Viton gaskets were inserted between the

glass tube and Teflon base as sealing. Compression sealing was achieved by four threaded rods

at the corners of the Teflon bases. Two immersion cartridge heaters were inserted through the

bottom Teflon base such that they located inside the glass tubing to provide an additional heat

source to raise the bulk liquid temperature to saturation before each test and kept it there during

the test. An Aluminum coil with cold liquid circulation was used as a condenser to reduce

evaporation loss during the test and maintaining a constant liquid inventory. Two K-type

thermocouples were used to measure the bulk liquid temperature to ensure saturation condition.

The heater assembly was attached to the bottom Teflon base using a window frame.
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Inmersior
Heater

Figure 4-1: Pool Boiling CHF Facility- Left: Photograph of Entire Facility; Right: Schematic

The heater assembly, shown in Figure 4-2, consists of the silicon wafer heater surface of

approximately 5 cm x 5 cm, 0.50 mm thick. The silicon was attached to extrusion part of the top

copper block using thermal epoxy (Duracol 128) on an area of 2 cm by 2 cm. This was also the

heated area since the rest of the top copper block was not in contact with the wafer due to a step

of 1.00 mm. To measure surface temperature of the silicon wafer, a K-type thermocouple

(0.5mm ID) was inserted in a small groove on the extrusion part of the top copper block. The

thermocouple was also held by the same thermally conductive epoxy. Heat was supplied to the

wafer using a strip heater (Watlow, WS-CER-1-01-00097), which is rated up to 200W and

maximum temperature of 400*C. A K-type thermocouple was also embedded inside the heater to

monitor its temperature. The strip heater was sandwiched between the two copper blocks using

screws to tighten and ensure good thermal contact. A layer of silver filled paste was applied

between the top copper block and the strip heater for good thermal conductivity. The strip heater

was positioned such that it located right underneath the heated area. This was done using a

groove on the bottom copper lock. A layer of ceramic insulation was added between the strip
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heater and the bottom copper block to prevent heat loss. Another thick layer of ceramic insulator

(-0.5" thick) was added to the bottom side of the bottom copper block to prevent further heat

loss. The viton foam underneath the wafer acted as a seal to prevent liquid leaking out between

the wafer and the Teflon base.

Wafer

Viton Foam

BottomTo
Copper Strip Copper

Block Heater Block

Figure 4-2: Schematic of Heater Assembly - Left: Isometric view; Right: Front View

Power was supplied to the strip heater using a DC power supply (Agilent Technology, N5770A).

Voltage measurement was performed at the leads of the strip heaters and current was measured

using a shunt resistor (30 A by 100 mV) connected in series with the strip heater. All data were

recorded using Agilent Bench Link Data Logger at frequency of 1Hz.

4.2.2.2 CHF Procedure and Uncertainty Analysis

The CHF measurement procedure for FC-72 fluid is described as follows. First, the facility was

assembled and leak tested. Subsequently, FC-72 was added to the cell until the liquid covered the

immersion cartridge heaters. The liquid was then heated up to saturation using the immersion

cartridge heaters with chilled water circulated in the Aluminum coil condenser to reduce FC-72

evaporation loss. After 30 minutes at saturation, a small amount of power was added to the strip

heater such that the surface temperature of the silicon was barely above saturation (- 1 to 2 *C)

and stayed relatively constant. This was considered the first steady state point. Subsequently,

power was then supplied to the strip heater in constant current steps until CHF occurred, which
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was identified by an excursion of the silicon wafer temperature. The wait time between each

power step was between 5 and 7 minutes before onset of nucleate boiling (ONB) and about two

minutes per each power step after ONB. This was the approximate time for the heater surface

temperature to reach steady state conditions (the temperature of the heater surface stayed

constant). Typical surface temperature and heat flux histories for a CHF experiment are shown in

Figure 4-3. The onset of nucleate boiling (ONB) can be identified by a sharp drop in heater

surface temperature. CHF is identified by a sharp increase in heater's surface temperature.
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140-
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100 -

80 -

60 - -Surface Temperature (C)

40 r -- Heat Flux (kW/mA2)

20

0

0 500 1000 1500 2000 2500 3000
Time (s)

Typical Surface Temperature and Heat Flux Profile in CHF Experiment

The heat flux on the surface is calculated as

IV
q =- (4-1)

where V and I are the voltage and current, respectively, and s is the side dimension of the square

heated surface. The uncertainty in the heat flux is derived from the surface area as well as the

measurements for current and voltage. This uncertainty is determined as
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Uq" = J + + (!L 2 + ( S.L2 (4-2)

where U is uncertainty; q", I, V, D;, and s are the heat flux, current, voltage, and side of surface,

respectively. With the uncertainty of I, V, and area of maximum 1.5%, 1.5%, 5%, respectively,

the heat flux uncertainty is of maximum 7.5%.

To calculate the heat transfer to the air (heat loss) for the strip heater, one can use the McAdams

[79] correlation for heated horizontal plate facing downward to find the heat transfer coefficient.

1
Nu = 0. 8 2RaL5 (4-3)

where Nu is the Nusselt number and RaL is the Raleigh number. The strip heater temperature

was kept below 300 *C to ensure an adequate margin to its temperature limit of 400 *C. This

gives the heat transfer coefficient of air from the bottom of the strip heater of approximately 117

W/m2*C. This is small compared to boiling heat transfer coefficient on order of 20,000 W/m2'C.

The heat loss is less than 1% and can be assumed negligible. Another source of heat loss is due

side conduction from the heated part of the silicon wafer to the non-heated part. This non-heated

part is exposed to saturated FC-72 on top and air on the bottom. The total area of the four sides

for conduction heat loss is about 1/10'h of the boiling surface. The boiling heat transfer

coefficient is higher than the conduction heat transfer rate. Therefore, the total heat loss due to

conduction is small relative to the heat applied to the boiling surface.

The heater surface temperature measurement was done using a K-type thermocouple (0.5 mm

diameter) embedded in a small groove on the copper block. The thickness of this groove was

1±.05 mm. The thermocouple was held in place by using conductive ceramic epoxy (Duralco

128), which has thermal conductivity of 4.32 W/m-K. The same thermal epoxy was used to

attach the silicon wafer to the top of the copper, and the thickness of the epoxy varied between

100 and 200 ptm. Therefore, the thickness of the epoxy layer from the thermocouple to the

bottom of the silicon wafer was between 400 and 700 ptm, depending on where the thermocouple

is located within the groove. The surface temperature of the silicon wafer can be determined as

Ts = TTc - kepoxy * tepoxy * q" - ksi * tsi * q" (4-4)
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where Ts, TTC, kepoxy, ksitepoxy, and tsi are the surface temperature, thermocouple temperature,

thermal conductivity of epoxy and silicon, and thickness of the epoxy and silicon wafer,

respectively. The thermocouple has maximum measurement uncertainty of ±1.1*C. The

uncertainty for surface temperature measurement as a function of heat flux is shown in Figure

4-4. Notice that this is the uncertainty from test to test and somewhat conservative. The

temperature shift from one test to another is so high due to the fact that the thermal conductivity

of the thermal epoxy is low. A difference in thickness of 200 Im (relatively hard to control

manually) at heat flux of 150 kW/m2 can cause a change in temperature drop of about 7*C.

Within each CHF test, the thermocouple did not move, which means that the uncertainty of

temperature between each heat flux step was the accuracy of the thermocouple of ±1.1*C
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Figure 4-4: Uncertainty in Surface Heater Temperature Measurement From Experiment to

Experiment

4.3 CHF Results and Surface Characterization

4.3.1 CHF Results

All experiments were done at FC-72 saturation temperature at atmospheric pressure. The CHF

values of FC-72 measured with nano smooth silicon wafers are listed in Table 4-4. Six tests were

performed but only two tests had thermocouples embedded underneath the surface for
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temperature measurement. All these CHF values were close to each other and the average CHF

value for all tests was 150.5 kW/m2 with standard deviation of 10.8 kW/m2 . The expected value

using the Zuber [80] correlation for a plate, shown in equation (4-5), is approximately 151.5

(kW/m2). These results verified that the experimental facility performance was consistent with

design.

q'CHF =0.131p'h,8 (pf -1p/ ho} (4-5)

Table 4-4: Critical Heat Flux of FC-72 for Plain Surface

Test CHF (kW/m2) ±7.5% Note
Plain 1 164.7 New Heater
Plain 2 161.7 Same as test 1
Plain 3 139.8 New Heater
Plain 4 140.4 New Heater
Plain 5 150.4 New Heater
Plain 6 157.3 New Heater
Average 150.5
Standard deviation 10.8

Using the CHF of smooth surface as a comparison baseline, the effect of surface roughness and

nanoporosity on CHF can be determined. The surface roughness, which includes Rz (maximum

height of feature on surface) and Ra (RMS average roughness of the surface), was modified by

creating an array of posts of 5pm or 200gm in diameter, and approximately 15 pm in height,

with pitch of 500gm. The array of posts of 5pm diameter only changed the Rz, while the array of

posts of 200pm changed both Rz and Ra. The same photolithography/Reaction Ion Etching

technique, used in creating the posts in quenching experiments, was used to create the posts here.

To create nanoporosity on the silicon wafer surface, 25 bilayer of Si0 2 nanoparticles (50nm

diameter) was applied to the surface using layer-by-layer technique.

The CHF values for FC-72 for surfaces with LBL coating and surfaces with posts are

summarized in

Table 4-5 to Table 4-7. Neither increase in surface roughness nor addition of nanoporosity alone

seemed to have an effect on FC-72 CHF. The combination of both increase in surface roughness

and addition of nanoporosity did not have an effect on CHF of FC-72 either, as shown in Table
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4-7. The only surface that showed a minute CHF enhancement is one with 200 [tm posts and

LBL layers on top. The CHF enhancement here was 17% compared to the plain surfaces.

However, taking into account the measurement uncertainty of 7.5% and standard deviation of

5.4% among the three tests, the CHF enhancement could not be determined conclusively.

The value of Ra, can be calculated as follows.

(* ( * N* Hp + Rasi * (s - * NP (4-6)
Ra= 2

where Dp, Np, Hp, Rasi and s are respectively the post diameter, the number of posts , the post

height, the surface roughness of the smooth silicon and the size of the square heated area. The

distance between the posts are 500 Rm as expected. There are approximately 1681 posts at pitch

of 500 pm in a 2cm by 2 cm heated surface. This gives the average surface roughness, Ra, of

approximately 2 [tm. For the 5 pm posts, the Ra value is essentially the same as the smooth

silicon wafer surface.

The results here are not surprising, since it has been demonstrated in previous studies that surface

wettability is a dominant parameter for pool boiling CHF enhancement. Because FC-72 is a well

wetting fluid (small contact angle), the liquid-solid pair is already optimized for CHF. The

increased surface roughness and introduction of nanoporosity do not affect contact angle. The

results here are important in that they prove the effect of surface roughness and/or nanoporosity

alone is negligible on CHF. Table 4-8 summarizes and compares the average CHF values of all

the surfaces along with their properties.

Table 4-5 : CHF Values of Surface with 25 LBL layers of SiO2 nanoparticle

Test CHF (kW/m 2) ±7.5%
LBL 1 149.6
LBL 2 158.9
LBL 3 139.4

Average 149.7
Standard Deviation 10.0
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Table 4-6: CHF Values of Surface with Posts (500 pm pitch)

Test CHF (kW/m2) ±7.5%

5 pm post - Test 1 169.4
5 pm post - Test 2 164.0
5 pm post - Test 3 147.2

Average 160.2
Standard Deviation 11.6
200 pm post - Test 1 151.4
200 gm post - Test 2 149.9
200 pm post - Test 3 163.3

Average 154.8
Standard Deviation 7.3

Table 4-7 : Surface with Posts and 25 LBL layers of SiO2 nanoparticles

Test CHF (kW/m 2)

5 im post - LBL 1 174.6
5 pm post - LBL 2 159.0
5 jim post - LBL 3 159.9

Average 164.5
Standard Deviation 8.8
200 im post - LBL 1 177.2
200 pm post - LBL 2 176.5
200[tm post - LBL 3 160.7

Average 171.5
Standard Deviation 9.3

Table 4-8: Summary of Average CHF of FC-72 and surface roughness for All Surfaces

Surface Rz (pm) Ra (sm) LBL CHF(kW/m 2) Standard Deviation
Surface____ _ _ (pm) (pm) (layer) ±7.5% (kW/m2)

Plain <0.1 <0.1 0 150.5 10.8
LBL <1.0 <0.1 25 149.7 10.0
5 pim post -15 <0.1 0 160.2 11.6
200 pm post -15 -2.0 0 154.8 7.3
5 pm post - LBL -15 <0.1 25 164.5 8.8
200 pm post - LBL -15 -2.0 25 171.5 9.3

Note: Ra and Rz values are expected. The actual measurements will be shown shortly.
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4.3.2 Boiling Curves

Figure 4-5 to Figure 4-9 show the boiling curves of surface with posts and/or LBL coating are

compared with those of plain (bare) surfaces. Noticed that the uncertainty in the surface

temperature can be as high as 6 to 7 *C at CHF of 150 to 170 kW/m2 from test to test. Also, the

ONB of all surfaces can be identified readily from these boiling curves when there is a large drop

in surface temperature at the same heat flux. Overall, the boiling curves are similar among all the

tests (within the temperature measurement uncertainty). This means that there was no

distinguishable change in the heat transfer coefficient of the different surfaces. Everything else

being the same, the heat transfer coefficient usually depends on the number of nucleation sites,

which relates to the number of micro cavities. The addition of the posts and/or LBL

nanoparticles layers are not expected to create micro cavities, which suggests that there should

not be much change in the heat transfer coefficient as observed here.
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Figure 4-5: Boiling Curves of LBL Coated Surfaces Compared to Plain (Bare) Surfaces
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Figure 4-6: Boiling Curves of Surfaces with 5 ptm Posts Compared to Plain (Bare) Surfaces

180 -

160
- ex

140 -

120

100 - --*-Post 200pm - 1

80 - Post 200pm -2-
-4-Post 200pm - 3

0 -e-Bare 1
40 - -O- Bare 2
20

0 20 40p 80 100
__ wall sat

Figure 4-7: Boiling Curves of Surfaces with 200 prm Posts Compared to Plain (Bare) Surfaces
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Figure 4-8: Boiling Curves of Surfaces with 5gm Posts and LBL Compared to Plain (Bare)
Surfaces
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Figure 4-9: Boiling Curves of Surfaces with 200ptm Posts and LBL Compared to Plain (Bare)
Surfaces
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4.4 Surface Characterization

Scanning Electron Microscopy (SEM), contact angle and confocal microscopy were used to

characterize the surface. The representative SEM images of surfaces with posts and/or LBL

coating are shown in Figure 4-10. The 5ptm diameter posts are not perfectly cylindrical due to the

imperfection in the mask. However, since the small posts only contribute the Rz, the shape of the

post is not as important. The 200 pim diameter posts look perfectly circular, which allows

calculation of the surface roughness (Ra) as already shown in equation (4-5). The SEM images

overall confirm that the structures on the tested surfaces are as desired. The LBL on top of the

posts can be seen very clearly too. Figure 4-11 shows SEM images of a smooth wafer and one

coated with LBL Si0 2 layer at approximately 70K magnification. Their associated EDS spectra

are also shown. The nanoparticles layer can be seen clearly and the EDS spectrum confirms the

presence of Oxygen and Silicon - main components of the particle materials. For the smooth

wafer, no feature can be seen and the EDS spectrum only has one peak for Silicon.

Static contact angle of FC-72 on different surface was also measured and there was no

significant change in contact angle from different types of surface. For each surface, contact

angle was measured at two different spots. The values are reported in Table 4-9. For all surfaces,

the contact angle did not seem to change at all, which confirmed that adding roughness and/or

LBL coating did not alter the wettability of FC-72 on the surface. Representative images of

contact angle are shown in Figure 4-12 and they all show that FC-72 is indeed a well wetting

fluid. The receding contact angle, which is considered important for CHF, is expected to be

smaller than static contact angle. Measuring receding contact angle for well wetting fluid is

challenging due to high evaporation rate, and also has fairly larger uncertainty. A change in

contact angle from less than 150 to 0* is not expected to change CHF at all. The contact angle

results here confirm that wettability stayed constant for all tested surfaces.
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Figure 4-10 : SEM Images of Surface with Posts and LBLB - Left (5 m); Right (200 jim). Top:

Single post (LBL). Center: Array of Posts; Bottom: Single posts with LBL
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I
Figure 4-11: SEM of a Smooth Wafer (bottom) and LBL Coated Wafer (top)

Table 4-9: Summary of Contact Angle of FC-72 on Different Surfaces (Uncertainty: ±3*)

Spot1(0) Spot 2 ()
Surface Average Stdev

Left Right Left Right
Plain Wafer 15.5 14.1 14.2 13.9 14.4 0.7

200 pm post - LBL 14.0 11.3 10.5 12.7 12.1 1.5
5 pm post - LBL 11.2 10.7 13.2 13.2 12.1 1.3

200 gm post 11.0 12.9 12.0 14.8 12.7 1.6
5 im post 14.4 14.4 13.4 13.4 13.9 0.6

25 LBL 10.3 11.2 15.4 16.7 13.4 3.1
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Plain LBL 5 pm post

m
5 pm post 200 pm post 200 pm post LBL

Figure 4-12: Representative Contact Angle Measurement

The surface roughness, Rz and Ra were measured using Confocal microscopy (Olympus LEXT

OLS3000). The results for these measurements are shown in Table 4-10. The Rz was measured

for all surfaces and are around the expected value. Note that the values Rz for posts with LBL

layer on top are higher than those of the posts by themselves because the LBL layer creates

additional thickness. The Ra values and the surface area (projected and actual) were only

measured for the plain wafer and the LBL surface. For surface with posts, since the focus was

mainly on one post, the value for Ra and areas would not be representative of the entire surface.

Therefore, these values were calculated using the measured Rz for the entire heater surface.

Overall, the surface roughness values are within expectations. The 3D Confocal images are

shown in Figure 4-13. For the bare wafer, there was a strange drop at one corner. This might be

due to noise and the roughness analysis excluded this corner. For the LBL coating one, part of

the coating was scratched off to determine the thickness of the coating. The roughness analysis

was done at the interface, and the thickness of the coating was approximately 1.02 [Im.

Table 4-10: Summary of Confocal Data for Surface Roughness

Projected Actual Area
Surface Rz (pm) Ra (sm) Area Area Ratio±0.5 pm ±0.05 Pm (m 2) (w 2 )

Bare 0.25 0.03 67747 68160 1.006
LBL 0.98 0.11 67614 67895 1.004
5 pm post 15.2 0.1* 1.001*
200 pm post 15.4 2.08* NA 1.025*
5 pm post - LBL 16.9 0.12* 1.001*
200 gm post - LBL 17.6 2.43* 1.030*
*Calculated based on measured Rz values for the entire heater surface.
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Post5umLBL

Post200pm Post200pmLBL
Figure 4-13: Representative Confocal Image for Surface Used in CHF Tests (256 srm x 256 pm)

The surface porosity of the LBL coated surface was measured with a spectroscopic ellipsometer

( J.A. Woollam Co., INC model XLS-100 at the Institute for Soldier Nanotechnologies at MIT).

This was done with the help of Phillips [81], who previously measured porosity for various LBL

coating layer and described the detailed process in his thesis. In this currently study, the LBL
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layer has porosity of approximately 40% with uncertainty of at least 5%. The porosity of various

LBL coatings in Phillips [81] study ranges from 39% to 59% porosity. The spectroscopic

ellipsometer can also provide the thickness of the coating layer, which in this case is 976 nm.

The thickness here agrees with the value measured using confocal microscopy.

Another technique attempted to determine the porosity of the surface was using Focus Ion Beam

(FIB). In the FIB technique, an ion beam is used to cut a cross-sectional area of a coating layer

and then an SEM image is captured. In theory, one can continue using the beam to cut more and

more cross-sectional areas and taking their SEM images. At the end, the 2D SEM images can be

combined together to recreate a 3D profile of the coating structure to determine porosity. An

examples of image of a cross sectional cut is shown in Figure 4-14 (left). The porous structure

can be seen the higher magnified image in Figure 4-14 (right). Notice that some of the pores,

even though they have diameter of less than 50nm, are filled with smaller particles. These

particles come from the ion beam milling process, and can affect the overall porosity

measurement. Therefore, this technique was not pursued further here.

Figure 4-14: FIB Images - Left: Cross Sectional Cut Are; Right: The Porous Structure
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4.5 Conclusions

In this chapter, separate surface effects on pool boiling CHF for a well-wetting fluid, FC-72,

were determined experimentally using silicon wafer as heater. The surface parameters

investigated were nanoporosity and surface roughness. The results were: Nanoporosity and/or

increase in surface roughness had no effect on CHF of FC-72, a well-wetting fluid. Simultaneous

addition of nanoporosity and increase in surface roughness, in both Rz and Ra, resulted in a

minute CHF enhancement (17%) compared to the bare surface. However, such enhancement was

not considered significant due to measurement uncertainty of 7.5%. The next chapter will

analyze different CHF correlations and models in the literature in order to provide insights and

possible explanations for the results obtained here.
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5 Analysis of Effect of Surface Parameters on CHF

In Chapter 4, experimental data from of separate surface effect on CHF show that introducing

nanoporosity and/or increasing surface roughness (both in Rz and Ra) had little effect on CHF

and heat transfer coefficient of a well-wetting fluid, such as FC-72. However, experimental data

reported in literature for microporous coating surface (uniform or modulated) show large

enhancement in both heat transfer and CHF for well-wetting fluid. In this chapter, a review of

CHF models will be presented first. Then explanation of how each of these surface parameters is

taken into account in existing models will be investigated. The analysis will help provide better

insights for explanation of the results in Chapter 4. The focus here will be in pool boiling since

our separate-effects data are for pool boiling. Therefore, the analysis will focus on the surface

parameters while the effect of convection due to flow boiling will not be considered.

5.1 Existing CHF Models

After many years of research on CHF, the exact mechanism of this complex phenomenon is not

well understood. While there are many CHF models reported in the literature, most of them fall

in one of the following categories: hydrodynamic instability theory, macrolayer dryout theory,

microlayer theory, hot/dry spot theory, and bubble interaction theory. A brief description of each

of these theory is outlined below before examining effects of surface parameter on CHF.

5.1.1 Hydrodynamic Instability Theory

As one of the earliest attempts to quantify CHF, the hydrodynamic instability theory was

proposed by Kutateladze [82] initially, and later incorporated into a formal model by Zuber [80].

It hypothesizes that CHF happens when the interface of the larger vapor columns leaving the

heated surface becomes unstable. Helmholtz instability prevents the liquid to penetrate the vapor

layer to rewet the surface. At the same time, the vapor jets coalesce into one another and increase

the size of the vapor layer covering the heater. The liquid underneath this large vapor blanket

will eventually evaporate and cause CHF since there is a lack of liquid on top flowing through

the vapor to replenish the evaporated liquid. The CHF can be calculated using energy balance, as

refined by Lienhard and Dhir [83]
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q max (Asurf
Vg = (5-1)

where vg, Asurf, AcoI and hfg are the critical Helmholtz velocity, the heated surface area, the

area of a column of vapor and the heat of evaporation, respectively. The Helmholtz instability is

[84]

27ux
Vg - (5-2)

where a, A are the surface tension and the Taylor instability wavelength. The critical wavelength,

A, is defined as [74]

3u
A = 27 (5-3)

(pi,-pI)g

The ratio ( ) rcan be approximated

( Asur) 16

Accif A D)2 7 (5-4)
4~)

where AD is the size of a square unit cell containing four vapor columns of diameter .
2

Substitution of equation (5-2) to (5-4) into (5-1), an expression for CHF can be obtained

q = 0.149pvhg r(pi pg )g (5-5)

The constant on the right hand side, in Zuber's original model, is Tr = 0.131. One of the main
24

criticisms of this model is that the model does not take into account of the heater geometry

and/or the surface's condition.

5.1.2 Macrolayer Dryout Theory

The macrolayer dryout theory, proposed by Haramura and Katto [85], considers the formation

and evaporation of a liquid macrolayer underneath a larger vapor mushroom as shown in Figure

5-1.
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Heated surface

Figure 5-1: Vapor Mushroom and the Liquid Macrolayer

The vapor mushroom hovers on top of the heated surface for a time, Td, before departure. In the

mean time, the liquid layer evaporates due to heat from the surface while it is being replenished

by cold liquid. If the liquid film is not replenished with liquid from the bulk fluid due to

Helmholtz instability of the vapor column, CHF occurs when the entire liquid macrolayer

evaporates before the end of the hovering time of the bubble. The CHF for an infinite flat plate

can be calculated using the heat balance

TdqmaxAw = pi6c(Aw - Av)hfg (5-6)

where rdis the hovering time, 5, is the thickness of the macrolayer, and A, and A, are the

wetted area and area of vapor, respectively. The macrolayer thickness, Sc, can be assumed to be

approximately one-fourth of the critical wavelength, LH, for Helmholtz instability wavelength.

= = 7r (Pi+PV) Av 2 Ph 2 (5-7)
c 4 2 pipV ( ")

The hovering time for a bubble with volumetric flow rate, vi, is defined as

1 3(3 (1 4 ({pi +pp) 5 ( (5-8)

(47r) (Pi - p,)g
11

with ( is the volumetric ratio of the liquid to the moving bubble, which was estimated as - in

the model. The volumetric flow rate, v1, of the bubble is defined as

2q
v1 =_ (5-9)

Pvhfg

where A is the most dangerous wavelength presented in equation (5-3). Using equation (5-6) to

(5-9), and expression for CHF can be obtained as

101



Chapter 5

q" ( - 8 A) AT()) (pi \+ 16 - 1) (5-10)

PVhfg (p - pi)g 18) A. AV P,

The ratio for pv pl, can be estimated as

A0.2
v= 0.0584 0.2 (5-11)

which is generally much less than 1 because the vapor to liquid density ratio is small. An

assumption made is this model is that the fluid is well wetting. This model applies for both pool

and flow boiling.

5.1.3 Dynamic Microlayer Theory

The dynamic microlayer theory proposed by Zhao et al. [86] is similar to the macrolayer dry out
theory. However, in this model, the dryout area is the microlayer underneath each individual

bubble rather than the macrolayer underneath the vapor mushroom. The macrolayer is assumed

to never dry out due to continuous supply of liquid. The microlayer forms during initial growth

period of the bubble. This microlayer evaporates with time and it cannot be replenished from the

bulk liquid due to the extremely thin layer. Liquid is only resupplied to the area once the bubble

departs. As the heat flux increase, the initial thickness of the microlayer decreases, which leads

to shorter evaporation time and higher speed of partial dryout. CHF is predicted when the time

average heat flux during departure period of bubble has a maximum point, i.e. a = 0, where
a ATsat

ATsat = Twa- Tsat. The final expression for CHF is a function of the superheated temperature,

the thermophysical properties, the departure period as well as the diameter of individual bubble

at the end of the initial growth. However, using this model to predict CHF requires iteration.

5.1.4 Bubble Interaction Theory

The bubble interaction theory/model was first proposed by Rohsenow and Griffith [87] in 1956

but was not as widely used as the hydrodynamic theory. This theory states that as heat flux

increases, the frequency and number of bubbles formed are so high such that they coalesce and

reduce the interaction area between the heated surface and the liquid. Kolev[88] improved the

theory further by considering the shear interaction between the departing and growing bubbles.
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As the number of nucleation site density increases for high superheated temperature, the bubble

diameter decreases. This means that less latent heat can be transferred out per bubble departure.

The bubble departure time also decreases due to lower bubble diameter. At one point as the heat

flux keeps on increasing, there is a reversal in the heat transfer coefficient, which is the point of

CHF. Kolev's model also takes into account of the static contact angle and the model shows that

higher contact angle leads to lower CHF. Also, this model originates from nucleate boiling

prediction and does not require a separate CHF model. The final results for Kolev's expression

for nucleate boiling heat flux is summarized as

2 pikicpi\ O.5 cN4

q =0-5 Ph k) (t(f D (Tw - Tsat) 2  (5-12)
(0.84r)0 ~ tfgA.

In this equation, tg, f, NsD, c and At are respectively the bubble departure time, the bubble

departure frequency, the nucleation site density, a constant and the Rayleigh-Taylor instability

wavelength, respectively. Using the appropriate bubble departure diameter and frequency

proposed by Kolev[89], the plot of heat flux versus super heated temperature will have a reversal

in the slope as mentioned before, and this indicates the point of CHF.

5.1.5 Hot/dry Spot CHF Theory

The hot/dry spot CHF theory/model postulates that hot/dry spots formed underneath the bubbles

at the nucleation sites on a surface that are subjected to high heat flux. As these bubbles depart,

these spots can be rewetted and they are considered reversible hot spots. However, if the surface

has low wettability, these hot spots may not be rewetted, and they are considered irreversible hot

spots. The temperature of the surface at these hot spots then increases sharply and the area of

these irreversible hot spots will grow by radial conduction, eventually causing burn-out. To

consider the effect of surface wettability on the rewetting of the hot spot, Theofanous and Dinh

[90] proposed a model that considers the micro-dynamics of the solid-liquid-vapor line at the

boundary of the hot/dry sport. In this model, CHF is predicted to occur when the recoil force

driving the liquid meniscus to recede exceeds the surface tension force, which drives the

meniscus to advance and rewet the hot/dry spot. The expression for the recoil force and the

surface tension force are as follow.
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F ,~1 pv UJ with U, =(
2 Pvhfg (5-13)

F,~-R (5-14)

where R is the curvature, which is related to the capillary length as R = K -( )) 0.5

From equation (5-13) and (5-14), and expression for CHF can be found as

- 0.s 0 9g (P i - P V 0.25
qCHF fgPv V (5-15)

Kim et al. [17] derived an expression for K base on geometry and Lord Rayleigh's formula for

the volume of static liquid meniscus

sin(O) ( - -)
K =G-- (5-16)

2 2 cos(O)

where 0 is the contact angle. However, equation (5-16) is only applicable for 0 < 90'. Also, a

model by Kandlikar [53], which balances the momentum force due to evaporation against

surface tension forces and gravitational force on the bubble, incorporates the effect of surface

wettability on CHF. An expression for CHF as function of contact angle and other thermo

physical properties is

1 + Cos(0) [2 7r oVs .2s 17
4CHF fgP9 16 + 4 (1 + cos(OR)) CoS() 05  p (5-17)

where 6 and < are the dynamic receding contact angle and the angle of orientation of the heater

relative to horizontal surface. The model by Kandlikar is applicable for all contact angle.

5.1.6 Summary

The CHF models above mostly focus on the dynamic of the vapor/liquid interface as the

mechanism for CHF instead of the surface properties. Only the hot and dry spot takes into

account of surface wettability. Whether these models can describe the effect of surface roughness

and porosity from porous coating is discussed next.
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5.2 Effect of Surface Roughness on CHF

5.2.1 Surface Roughness Enhancing Heat Transfer Area and Wettability

Surface roughness, usually quantified by Ra, is defined as the arithmetic average of surface

profile amplitude. Increase in surface roughness can affect CHF as follow. When the surface

roughness increases, it can effectively enhance the surface wettability, which is known to raise

CHF. When the roughness of a surface is increased, the contact angle is also changed according

to the Wenzel's relation [91] or also known as the modified Young equation.

cos(0) = r cos 0* = r (Ysv - YSL) (5-18)
a

Equation (5-18) relates the apparent contact angle (0) to the surface roughness factor (r) and the

intrinsic contact angle (0*). The intrinsic contact angle is determined by surface tensions of the

solid-liquid (YsL), solid-vapor (Ysv ), and liquid-vapor (a) interfaces. YSL - YsV is the so-called

adhesion tension. The surface roughness factor, r, is defined as the ratio of the effective contact

area to the smooth contact area.

In this study, the increase in surface roughness (15 pm in Rz and/or 2pm in Ra) had little effect

on CHF of a well-wetting fluid, FC-72. There was little change in the heater surface area due to

the existence of the posts. The results here agree with those by Golobic and Ferjancic [92] who

found very little CHF enhancement (6-12%) by changing Ra of a Steel ribbon heater from 0.07

im up to 1.5 pm using sand paper. Similar study by Berenson [93] showed that surface

roughness altered by sandpaper had very little effect on CHF of n-pentane but can change heat

transfer coefficient by 500-600%. However, an extension of a study by Ferjancic and Golobic

[40] showed CHF enhancement up to 15-20% for both FC-72 and water with steel ribbon heaters

when the Ra of the surface increased from 0.07 pm up to 1.5 km. However, they also found that

etched surface with small Ra had much higher CHF enhancement. They concluded that Ra might

not be the most appropriate parameter to describe effect on CHF. Ramilison et al. [94] increased

surface roughness from a mirror finish surface using sand paper and found that CHF

enhancement of 25 to 35%. However, the surface's parameter was not reported here, which made

it hard to determine the actual mechanism for CHF enhancement. Rainey and You [95] created

square pin-fin of 1 mm2 base and height from 1 to 8 mm and measured CHF of saturated FC-72.
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They found no CHF enhancement if they account for surface area of the fin. In fact, the 8mm

long fin had CHF deteriorated by a factor of 2 from a flat surface (no fin). The CHF value for

their flat surface was 18.8 kW/m2.

Honda et al. [96] and Wei and Honda [97] also created square fin (thickness by height: 30 pim

x60ptm, 30 pm xl20ptm, 30 gm x60pm, 30 gm x200ptm, 50 pm x60[tm, 50 pm x 200pm and 50

pm x 270gm) at pitch of 2 times the thickness on silicon chip. They found CHF of FC-72 at

various subcooled conditions (OK, 25K and 45K) higher than the surfaces without pins.

However, their CHF values were calculated based on the base surface. They did not take into

account of the extra area created by the fins. In fact, they reported an area enhancement factor of

2.2 for a surface with 50 pm x60gm fins and yet the CHF of this surface calculated using the

base surface area, is only 75% higher than the flat surface. Other interesting data points in this

study are of a smooth surfaces with a 34m thick coating layer of SiO2 . The surface roughness

and area did not change; yet, CHF enhancement of up to 40% was still observed. The mechanism

for such CHF enhancement was not described.

As the data in this study and in the literature showed, surface roughness by itself seems not to be

a primary effect. However, when changing the surface roughness via sanding or other

macroscopic process, often the surface wettability is also changed as mentioned earlier. In this

study, even with the array of posts of 200pm diameter, the surface roughness factor barely

changed, which means that the contact angle on the surface should not change much at all, as

already reported in Chapter 4. The effect of contact angle on CHF has been shown in equation

(5-17). With the contact angle and other parameters remaining the same, the change in surface

roughness had no effect on CHF was as expected.

5.2.2 Effect of Surface Roughness on Macrolayer Thickness

According to the macrolayer theory, the CHF is proportional to the initial macrolayer thickness.

Using equation (5-7), the macrolayer thickness layer of FC-72 at CHF of 150 kW/m2 on the plain

wafer is approximately 68 jm. Notice that equation (5-7) has been verified to work fairly well by

a study of Rajvanshi et al. [98], who measured the macrolayer thickness for various fluids. On

the surface with micron-size posts of maximum height of 15 pm, the macrolayer total volume
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could be reduced due to these micron-size posts. The size of the macrolayer is estimated as the

most susceptible wavelength for Taylor instability, AD, which is approximately 7.8 mm for

saturated FC-72.

AD = 2Td (5-19)
g(Pi - PV)

The reduction in the macrolayer volume can be estimated as

Vred =Nyast * 7r * rzost * Hpost (5-20)

where Vred, N, rpost and Hyost are respectively the reduction in volume, the number of posts

under the macrolayer, the radius of the post and the height of the post. The number of the posts at

500 [tm pitch in a square of side 7.8 mm is approximately 250. Using equation (5-20), the

volume reduction for surface with 200 ptm posts is approximately 1.18E-10 m3 , which is

approximately 3% of the total volume of the macrolayer of size 7.8 mm and thickness of 68pm.

Considering the uncertainty in the approximation of macrolayer thickness, it can be determined

that the macrolayer was not affected at all by the presence of the posts. This may explain why the

CHF values for these surfaces were essentially not different from that of the bare surface.

5.3 Effect of Porosity on CHF

The effect of porosity (at least for surfaces with micron-size particles) on CHF has been

investigated widely by many researchers as mentioned previously in Chapter one. However, the

mechanism for CHF enhancement with porous layer is not entirely understood. This is because

the porous coating layer usually changes many different characteristic at the same time: from

increase in nucleation site density and enhanced wettability, surface roughness to create new

feature such as capillary pumping effects. In this section, a review of existing correlations and

models for CHF of porous surface and a comparison with the data in the literature will be

presented. The focus here will be on pool boiling since the data for flow boiling CHF of porous

surface are scarce and incomplete. Also, there exists virtually no model to describe mechanism

for flow boiling CHF for porous surfaces.
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5.3.1 CHF Models and Data for Porous Surface

5.3.1.1 Correlation of Porosity on CHF

The effect of how porous coating structure enhances CHF is still not clear. There are usually two

types of porous coating applied on a surface: uniform coating layer or modulated coating layer.

One of the models describing the effect of porosity on CHF was proposed by Polezhaev and

Kovalez [361. They derived a semi-empirical correlation, based on Zuber hydrodynamic theory,

to establish a relationship between CHF and porosity e, as well as the break through pore radius,

Rbg, a valued determined from experimental data. Usually, one can assume it is half the particle

diameter in the coating layer. The correlation only applies to uniform porous coating layer. The

expression for CHF is as follow.

5HF = 0.5Ez.2h (5-21)
(p, + pg)Rbg).5

Using equation (5-21), CHF of FC-72 as a function of particle diameter and porosity are plotted

as shown in Figure 5-2. The data in this study and from some other studies in the literature are

also shown for comparison. The average porosity for a randomly distribution porous coating

layer of single size particle is about 40%. One can see that CHF decreases with increasing

particle diameter but increases with increasing porosity. However, the very steep increase in

CHF as particle diameter gets smaller may seem unrealistic. It seems that there should be a

diameter where the curve flattens. Also, this correlation does not take into account the thickness

of the coating layer either. Finally, while the approximation of Rbg as half of the particle

diameter may be appropriate for micro-size particles, it may not make sense for nanoparticles

since the bubble radius is usually much larger than nano scale.

108



80

70

60

50

40

30

20

10

0 10 20 30 40 50

Particle diameter (pm)

60 70 80

Figure 5-2: Effect of Particle Diameter and Porosity on CHF of FC-72

5.3.1.2 Udell Model for CHF of Porous Coating Layer

One of the earlier CHF models for porous coating was that of Udell [99]. In this model, three

distinct regions exist above a heated surface. A vapor zone right on top of the heater, then the

two-phase zone and finally a liquid zone. The CHF depends on the liquid and vapor counter

current flow within the two-phase zone. Using Darcy's equation, the mass fluxes and pressure

gradients of vapor and liquid within the two-phase zone are defined. With the capillary pressure

defined as the difference between vapor and liquid pressure, and using relationship between

capillary pressure and saturation data, an expression for thickness of the porous coating layer can

be established as function of heat flux. The final expression is as follows [99]:

ds _ _ Krv K 

df f'

(5-22)
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where K,, K, are the relative permeability of vapor and fluid, respectively. s is the saturation

function. s= 0 at the heater surface and s = 1 at the end of the two phase zone. f is an empirical

function of s. co, and 6 are the dimensionless quantities, which are defined as o =

(-p ; f = ; and = ) . Using equation (5-22), and function of f' as(Khfjg(Pj-pg)) o* '.pa

f = 1.417(1 - s) - 2.120(1 - s) 2 + 1.263(1 - s)3

f = -1.417s + 2 * 2.120(1 - s) - 3 * 1.263(1 -S)2 (5-23)

with assumed value for the porosity and permeability, a relationship between heat flux and

thickness of porous layer can be obtained. The expression for critical heat flux for the case of

bottom heating is as follow

- 4

qCHFVV(5-24)

(Khfgg(PI -p 9 )) 1 [+ (/;) 4
(524

where ft is the ratio of kinematic viscosity of liquid to vapor, vv is the kinematic viscosity of

vapor. As equation (5-24) shows, the CHF only depends on K, the porous surface's permeability,

which has a dependence on particle diameter and porosity as

K = (5-25)150(1 - 6)2

This means that the CHF increases with increasing particle diameter in the porous coating. This

does not agree with the correlation of Polezhaev and Kovalez [36]. However, the two models

agree that CHF is higher with higher porosity. To apply equation (5-24) for this current study,
the value of K, the permeability of the porous coating needs to be determined. Using equation

(5-25) to evaluate K for the LBL coating of 50 nm particles and porosity of 0.40 in this study, the

value is of order 1OE-19, which is not realistic. Therefore, we cannot apply this model for the

data in this study, unless K can be determined accurately.

5.3.1.3 Lu and Chang Model

Lu and Chang [100], using similar arguments to that of Udell [99], provided a model for CHF as

function of coating thickness and particle diameter. In their model, some assumptions were
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made, such as fixed bed of particles in porous layer, bottom heating, and permeability equations

applied to both laminar and turbulent flow regime inside the porous structure. They defined CHF

as the point at which the relative liquid saturation at the heater surface is 0. The relative liquid

saturation, Se, is defined as

Se = 1 - SIP (5-26)
1 - 51p

where si and s, are the volume fraction of liquid in the pores and the saturation of immobile

water. A detailed derivation of the model is attached in the appendix. For very thick porous

coating layer, the CHF increases with increasing particle diameter. The relationship between

CHF and particle diameter can be separated out for laminar and turbulent flow dominant regimes

in the pore channel. For laminar flow,

log(qCHF) log + 2 log(dy) (5-27)150v, (1 - e)2

where Bmax = 1

For turbulent flow regime,

FProAp ghf gE3
log(qCHF) = log p 1.75 (1 -e) 2 Bmax + log(d.) (5-28)

0.5

and Bmax. + - Here c,, c, are kinematic and density ratios of the fluid to the

vapor, respectively. As equation (5-27) and (5-28) show, as particle diameter increases, CHF

increases for very thick porous medium (several hundreds of micrometer to several mm thick).

This agrees with the model of Udell [99]. Also, for the same particle diameter, the larger the

thickness, the lower the CHF. However, this deterioration saturates when the coating thickness

is several centimeters. Of course, this model overall does not apply to the coating in this study,

which has thickness of only about 1 pm. Furthermore, Figure 5-3 shows that the CHF decreases

very quickly to zero as the particle diameter goes to the nanometer range, which is not realistic

and contrasts with the current experimental data.
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Figure 5-3: Effect of Particle Diameter on CHF - Lu & Chang Model [100]

5.3.1.4 Mori & Okuyama Model
Mori and Okuyama [101] ran CHF experiments using surface coated with honeycomb structures

of different thickness (order of mm) and different channel widths. The pore size of the honey

comb is 0.1 pm. They found highest CHF enhancement with the thinnest honeycomb. Using

CHF model based on capillary limit, a relationship between CHF and different parameters of the

honeycomb was derived. Using the balance of pressure, AP = API + AP, + APa, where

c = -e4- is the capillary pressure drop, API = Klnaxafg is the liquid pressure drop, AP,
reff KAw pihfg

pvnd~-hf is the vapor pressure drop and APa = (Qmdx) is the acceleration pressure drop,

one can solve for the heat flux as

2 2ar
Qmax -B+ B 2 +4*- (5-29)

CHF
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2

with B = Ml
5h + 32146 ; C = , n is number of vapor escape channels, d, is

Awpihfg pvndhfg' 2 \hfgpvnd i

the vapor channel width and reff is the effective pore diameter. A is the heated area.

Figure 5-4 shows the effect of vapor channel diameter, d, in the honeycomb structure, on the

CHF using the capillary limit model by Mori and Okuyama [101]. There seems to be an optimal

vapor channel diameter for CHF. This model can be considered the middle point between the

models by Polezhaev and Kovalez [36], and those by Udell [99], and Lu and Chang [100].

Reminding that Polezhaev and Kovalez [36] predicted higher CHF with smaller particle diameter

while Udell [99], and Lu and Chang [100] predicted higher CHF with larger particle diameter.

One should also notice that the CHF is highly sensitive to the permeability of fluid in the porous

layer, which is usually not reported in the literature. Again, similar to Lu & Chang model, the

CHF decreases to zero as the particle diameter approaches nanometer range, inconsistently with

data in the present study.

d =200pim, 6 = 1.2mm
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Figure 5-4: Effect of Vapor Channel on CHF by Mori & Okuyama Model [101]

5.3.1.5 Liter and Kaviany Model

Liter and Kaviany [60] coated heater surfaces with modulated porous coating layer, which

contains spherical copper particles diameter of diameter of 200 pm molded into conical stacks.

They measured CHF enhancement of more than 200% with the coated surface compared to the
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plain one using pentane. To explain the observed CHF enhancement, they provided two models.

The first one is known as hydrodynamic liquid-choking limit. This model is similar to the Zuber

hydrodynamic instability model. However, it is only applicable to modulated porous coating

surface (periodically non-uniform thickness). This modulated porous surface separate flow of

liquid and vapor phase (similar to Mori & Okuyama [101] honeycomb structure). They proposed

that the hydrodynamic instability is proportional to the distance between conical stack, Am,

which is called modulation wavelength. The dependence of CHF on A is as follow.

rc (Up 0.5

q CHF,h - f 8 g 5) (5-30)

Using equation (5-30), the CHF of pentane as a function of modulated wavelength is plotted in

Figure 5-5. Experimental data from some other works using porous coating are included for

comparison. The CHF is inversely proportional to A.Ogs. The theory seems to work well for

porous surface with modulated wavelength larger than 1 mm. However, for modulate wavelength

of less than 1 mm, the theory seems to over predict the experimental results. Again, this suggests

that there is also a turn-around point for the modulated wavelength. The authors suggested that

the limit for the modulated wavelength could be the particle diameter itself. At this point, the

surface lost its modulated function, and approached the uniform porous coating limit. In addition,

it should be noted that the model here does not take into account of the particle diameter and the

pore size. Finally, it does not apply to a uniform porous coating structure either.

The second model by Liter and Kaviany [60], called the viscous-drag liquid-choking limit model

for fluid flowing through a porous stack, was described earlier in Chapter 2. As stated earlier,

this model depends on other models used to describe treating porous medium as well as the

assumption of simplified liquid flow paths. In addition, it only applies for modulated porous

coating, not for uniform porous coating layer. The minimum particle diameter that is applicable

to the model by Liter and Kaviany [60] also in the micrometer range, which means that it cannot

be used to evaluate the CHF of the LBL in this study. Nevertheless, these models still show that

CHF is generally enhanced with higher porosity. However, other factors including particle

diameters, wettability and material can have a strong influence on CHF.
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Figure 5-5: Effect of Modulated Wavelength on CHF - Liter and Kaviany Model [60]

5.3.1.6 Summary of CHF Models for Porous Coating Layer

The above models suggest that the parameters that seem to have large effects on CHF include

diameter (particle or pore), coating thickness and porosity. However, there is no consensus

regarding how these parameters individually affect CHF. For particle diameter, models by Liter

and Kaviany [60] support that CHF decreases as particle diameter increases. This agrees with

correlations by Polezhaev and Kovalez [36] while models by Lu and Chang [100] and Udell [99]

indicate CHF increases with increasing particle diameter. On the other hand, results and model

by Mori and Okuyama [101] suggest that there is an optimal particle diameter. All authors seem

to agree that increasing porosity of the coating layer helps enhance CHF. For coating thickness,

there is an optimal value at which increasing coating thickness beyond this value will cause

deterioration of CHF. In the next section, a comparison of data in the literature for porous

coating CHF will be presented to analyze which parameter of the porous coating seems to have

the biggest effect on CHF.
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5.3.2 Effect of Porous Coating Parameter on CHF

In this part, the effect of porous coating parameters, including mean particle diameter, average

coating thickness and the ratio of coating thickness to particle diameter on pool boiling CHF
enhancement relative to the plain surface will be summarized. The data come from different

studies in the literature and are divided into two groups based on the fluids used in the

experiments. The first group is for well wetting fluids such as refrigerants/pentane and the

second group is for water.

5.3.2.1 Well-Wetting Fluids

Figure 5-6 plots the CHF enhancement ratio for well wetting fluid as a function of particle

diameter. Most particles used in porous coating are in 10 and 100 pIm diameter range and the

majority of the CHF enhancement falls between 20% and 80%. There is virtually no data for

nanometer size particle. The data by Im et al. [102] and Thiagarajan [103] are actually for

surface coated with nanowire rather than nanoparticles. In Im et al. [102], the actual cavity size

from the nanowire is on the order of 2 ptm. For coating layer with particle diameter less than 100
nm, there seems to be no CHF enhancement at all. No clear trend of how particle diameter

affecting CHF enhancement can be observed.

The effect of thickness of the porous coating layer on CHF enhancement ratio is not clear either,
as shown in Figure 5-7. The coating thickness mostly falls in the range of 10s of micrometers to

hundreds of micrometers. Finally, Figure 5-8 shows the effect of ratio of coating thickness to

particle diameter on CHF enhancement. It is almost impossible to draw any conclusion based on

the data here. Part of the reason may be due to the fact that the data comes from different coating

particle materials, method of coating, base substrates and fluids. Detailed data are listed in the

appendix.
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Figure 5-8: Effect of Thickness to Diameter Ratio on CHF Enhancement for Refrigerants

5.3.2.2 Water

Similar observations for porous coating surface enhancing CHF can be said for water as shown

in Figure 5-9 to Figure 5-11. There is no clear trend of how the porous coating parameter

affecting CHF enhancement ratio. One thing worth noticing is that the porous coating usually

makes the surface become super-hydrophilic. According to Kandlikar correlation, a change in

wettability by itself (from contact angle of 80* to 0*) can enhance CHF by a factor of about 2.1

without the need of porous structure. More than half of the data for water have CHF

enhancement ratio less than 2.1, which makes it hard to quantify whether the porous structure

has much effect on CHF enhancement at all.
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The effect of porosity on CHF enhancement ratio is shown in Figure 5-12. The trend is that

higher porosity seems to provide higher CHF enhancement, which agrees with most models.

Since only few studies reported the porosity of their porous coating, the data here are combined

for both water and refrigerant.
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5.3.2.3 Summary of CHF Data for Porous Coating Surface

The data presented above suggest that there is no clear trend between the CHF enhancement and

the porous coating parameters including particle diameter, coating thickness, the ratio of

thickness to particle diameter, and porosity. One reason that none of the CHF model for porous

coating seems to be able to capture the data is that most of these studies used micron-size

particles for coating, which means that the coating layer effectively introduces/changes too many

surface parameters at the same time. This makes it difficult to identify the most important

parameter. The data in the current study show that the introduction of only nanoporosity by a

porous coating of 50 nm diameter nanoparticles has no effect on CHF of FC-72, a well wetting

fluid.

5.4 Summary

In this chapter, existing CHF models for bare and modified surfaces were reviewed to evaluate

if they can explain CHF enhancement observed for surfaces with higher surface roughness

and/or porous coating. Most conventional CHF theories usually do not take into account the

surface structure (roughness and/or porosity). Existing CHF models for bare and modified

surface fail to predict CHF enhancement of modified surface, especially those with porous

coating. Data obtained for porous coating CHF enhancement as a function of particle diameter,

coating thickness, thickness to particle diameter ratio, and porosity were shown to scatter over a

wide range, possibly due to poorly characterized surface morphology. This makes it difficult to

quantify the effect of porous structure on CHF and partly causes CHF models to fail to predict

the data .
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6 Conclusions and Future Work

6.1 Conclusions

This study evaluates the effect of heat transfer surfaces modified using nano fluid or micro/nano

engineering features on critical heat flux (CHF) under flow and pool boiling conditions, and

Leidenfrost point (LFP) during transition boiling. CHF marks the rapid deterioration of boiling

heat transfer transitioning from nucleate to film boiling region, and the LFP corresponds to the

lowest temperature of the surface for heat transfer in the film boiling regime. Both are critical

phenomena in nuclear reactor design. By enhancing CHF and LFP, nuclear reactor fuel can be

designed to operate at higher power density, thereby improving economic efficiency and safety.

In flow boiling experiments, the test section surfaces were pre-coated by boiling induced

deposition of Alumina nanoparticle and/or polymeric particle (Poly(allylamine) hydrochloride -
PAH) . For pool boiling and quenching experiments, nano-micro engineered surfaces were used.

The engineered surfaces were fabricated with various nano- and micro-scale features, such as

layer by layer (LBL) coating of nanoparticles and micron-size posts, for better control of surface

morphology. The major findings are summarized as the following:

1) Using Alumina nanoparticle pre-coated test sections, it was confirmed that the nanoparticle

deposited on the surface is responsible for the enhancement in subcooled flow boiling CHF

of nanofluid up to 40% at 2500 kg/m 2s mass flux. The nanoparticle changed both surface

wettability and porosity of the surface, which helped enhance CHF. However, current

existing theory cannot explain the observed CHF enhancement. No change in heat transfer

coefficient was observed between the coated test sections and the bare one. No CHF

enhancement was observed for surfaces coated with Alumina/PAH at 2500 kg/m2 s or

surfaced coated with Alumina at lower mass flux of 1500 kg/m2s.

2) In single droplet quenching Leidenfrost point, nanoporosity (not solely wettability) is an

essential feature for enhancing LFP up to 100 *C. The enhancement occurs via destabilization
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of vapor film, which is caused by heterogeneous nucleation of bubbles. The combination of

micro posts and nanoporous layer proved optimal for enhancing LFP.

3) Separate surface effects on CHF study shows that nanoporosity and roughness alone is not

enough to affect pool boiling CHF of FC-72, a well-wetting fluid. Current CHF models for

porous coating fail to predict existing experimental data due to two main reasons: a) Existing

CHF models usually do not take into account of the porous surface parameters. b) the data

for porous CHF scatter over a wide range and the surface structures are usually not well

characterized.

6.2 Recommendations for Future Work

The last part of this study focused mostly on separate effects of surface parameters on pool

boiling CHF of a well wetting fluid. For future work, the followings investigations are needed:

1. The single droplet quenching work here identified nanoporosity as the most important

factor for LFP enhancement. Pool and flow quenching work with similar surface

treatment should be performed to determine if such effect is retained.

2. Study the separate surface effect on pool boiling CHF for water. Care should be taken so

that only one surface parameter is changed at a time. For water, the wettability is usually

changed with the introduction of porous layer and/or roughness, and interface material. It

is also necessary to have a thorough characterization of these surface parameters so that

they can be used to explain the individual effect and/or to indentify the important ones.

3. Study separate surface effect on flow boiling CHF for both well wetting fluid and water.

Visualization capabilities, including high speed video and infrared camera, if available,

should be incorporated in the experimental design. This will provide better understanding

of CHF mechanisms.

4. Identify the most important parameters, whether it is roughness, porosity, wettability or

enhanced surface area, and incorporating them in existing or new models.

5. Based on the results in 4, perform an experimental and theoretical study on optimization

of surface for CHF enhancement. For non-well wetting fluid such as water, the foci can

include:
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* Enhancing in surface wettability by oxide layer coating or nanoporous coating such

as LBL. The durability of the coating needs to be considered for actual applications.

* Combination of the optimal micron-size post array geometry and the nanoporous

layer coating.

6. The effects of oxide layer/crud deposited on the fuel cladding on CHF and quenching heat

transfer should also be investigated. In some ways, the oxide layer/crud can be similar to

the layer of deposited nanoparticles on heater surface.
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Appendix A. Flow Boiling CHF Data Further Discussion

In Chapter 2, CHF results for batch number 5 (Test section 15Al to 18A1) and those for batch

number 12 (C41Al to C43A1) were not included. This is because it was thought that the

conditions of these test sections were different from the rest. While batch 5 test sections were

coated in the same conditions as that of batch 4, no CHF enhancement was observed when batch

5 test sections were used to measure CHF of water. This was rather puzzling and it was

suspected that there was no coating where CHF occurred, which was right below the top copper

electrode. This could be due to an abrupt change from heating below the copper electrode and no

heating inside the copper electrode. Since CHF in this case (DNB) is such a local phenomenon,

even if a few locations right underneath the top copper electrode had no sufficient coating, there

could be no CHF enhancement as observed here. Therefore, the coating loop and two-phase

loop setup was changed slightly as shown in the figure below. Notice that the new pre-coated

length was 11 cm but the heated length in two-phase loop was still 10 cm, starting from the

bottom electrode. This change was made to coat C19A1 test section and others afterward. This

was to ensure that there will be a consistent coating layer of nanoparticle at the point right

underneath the top copper electrode.

Flow CHF 11cm

direction 10cm point

Coating loop Two-phase loop Coating Loop Two-phase loop

Set up before C19Al Set up after C19Al

Figure A-1: Description of change in coating loop and two-phase loop test section set up after

C19A1 test section
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For batch number 12, the test sections were coated under the same heat flux for 4 hours as in

instead of 2 hours like in batch 5 and 6. However, no CHF enhancement was observed at

G=2500 kg/m 2s with test sections in batch 12. This was not expected because longer coating time

was expected to provide a better layer of Alumina nanoparticle. Too much coating could make

the particles less adhered to the SS316 tube such that most of them could be removed due to

shear force in the two-phase loop during degassing and heat flux increasing process. Surface

characterization using SEM may provide an explanation. A possible reason for this is that these

test sections had different initial surface finish (before coating) compared to the test section

C14AI and C19Al. The SEM images below compare the surface structure of the different test

sections. First, the Bare-3 test section seems to have more features than the As-Received one

does. Note that the As-Received test section comes from the same long tube as test section

C41AI to C43A1 while the Bare-3 test section came from a different same long tube, where

C14AI and C19Al were cut from. Note that As-Received here means that the test section was

not run in any experiment before. The As-Received test section seems a lot smoother than Bare-

3, which makes the coating of nanoparticles on the surface different. While all coated surfaces do

not have uniform coating layer of Alumina nanoparticle, C14AI and C19Al coating seemed more

durable because the nanoparticles locate inside the crevices on the bare surface. For C41A1 and

C42A1, the nanoparticles stuck in batches on top of the smooth surface. These could be washed

away in flow conditions. There is more coating C14AI and C19Al test sections compared to that

on test section C41AI and C42AL. The contact angle of water on C41AI and C42A1 were also

close to that on a bare tube. This suggests that the initial surface of the heater can affect the

Alumina nanoparticle coating structure (both formation and durability), which can affect CHF.
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Bare 3 As Received

C19AI C41AI

C14A1 C42Al

Figure A-2:Comparison of SEM Images (-1000X) Between Test Sections That Did (C19A,

C14A1) and Did not Enhanced CHF (C41A1 and C42A1)
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Appendix B. Tables of Data of Porous Coating CHF

This section lists the data for porous coating CHF that were compared in Chapter 5. The particle

diameter and material, the coating thickness, coating technique, the base substrate materials and

porosity are listed if they are available. The CHF values and enhancement ratio from the base

surface are shown as well.

Arik and Bar-Cohen [39]
Base Substrate: Silicon Wafer; Fluid: FC-72; Particle: Diamond Powder; Coating method:
Omegabond Epoxy with Methyl Ethyl Ketone Solution. Note: only use data point that is bolded.
Base

Tbuik Diameter Thickness CHFPorous
Pressure (C) (pm) (pm) (kW/m2) CHFbare Enhancement

101.3 21 10 62.5 38.4 22.3 1.72
101.3 41 10 62.5 27.8 18.1 1.54
101.3 55 10 62.5 19.4 13.2 1.47
202.6 22 10 62.5 45.8 30.1 1.52
202.6 41 10 62.5 37.1 26.2 1.42
202.6 55 10 62.5 33.7 19.5 1.73
202.6 74 10 62.5 29.7 14.6 2.03
303.9 22 10 62.5 47 34.6 1.36
303.9 41 10 62.5 40.5 26.5 1.52
303.9 55 10 62.5 35.5 22.1 1.61
303.9 74 10 62.5 34.4 17.8 1.93

Kim et al. [38]
Base Substrate: Copper; Fluid FC-72; Alumina particles; ABM coating: Aluminum Devcon
Brushable Ceramic with Methyl Ethyl Ketone.

Diameter Thickness CHF
Surface (pm) ( m) (kW/m2) ratio

Plain 17.63 1.00
#1 3-4.5 20 19.88 1.13
#2 4.5-10 30 26.00 1.47

#3 8-12.0 50 26.00 1.47
#4 10-14.0 60 19.88 1.13
#5 17-30 120 22.06 1.25
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Chang and You [34]
Base Heater: Copper, Liquid: FC-72; Coating method: Different epoxy solutions.

Diameter Thickness CHF
Coating (m) (pm) Porosity (kW/m2 ) Ratio
Plain 0 12 1.00
Aluminum Particle 10 50 0.48 26.30 2.19
Copper 25 100 0.41 26.80 2.23
Diamond 10 50 0.4 24.00 2.00

Diamond 10 50 0.4 29.90 2.49

Silver 7 30 0.47 27.00 2.25

Golobic and K. Ferjancic [92]
Heater: Stainless Steel; Fluid: FC-72; Coating method: epoxy solution and copolymer

Diameter Thickness CHF
Coating (pm) ([Im) (kW/m2) Ratio

Plain 118 1.00
Aluminum 10-100 50 170 1.44
Carbon, BaSO4, 14 50 168 1.42
Zn and ZnO 25 50 198 1.68
ZnO and CuO 45 50 222 1.88

Chen and Lu [104]
Fluid: water; Coating method: Electronless etching and electroplating

Wire
Thickness size CHF

Surface ( m) (nm) porosity (W/cm2) ratio
coating - Si
nanowire 40 200 50% 192 2.34
coating -Cu
nanowire 40 200 50% 197 2.40

plain surface 82 1.00
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[81]
Indium Tin Oxide Fluid: water: LBL coating

Phillips
Heater:

Li - Peterson [47]
Fluid: water; Particle: copper; Method: Sintering particle onto surface

Diameter thickness CHF
( m) (pm) (W/cmA2) Ratio

Uniform 250 550 227 1.61
Uniform 250 1200 290 2.05

Modulated 250 550 435 3.08
Plain _ _ 1 141.3 1.00

Li - Peterson [105]
Base substrat e: Copper; Hiuia: water; iarticie: Uo per mesn screen; sinterea to lea

wire
Surface mesh thickness CHF

(pLm) (mm) porosity (W/cmA2) Ratio

1 119.2 0.21 0.737 175 1.25
2 119.2 0.37 0.693 180 1.29
3 119.2 0.57 0.701 220 1.57
4 119.2 0.74 0.698 210 1.50
5 119.2 1.38 0.69 350 2.50
6 119.2 2.3 0.64 330 2.36

Plain 0 0 0 140 1.00

ter biocK
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Diameter CHF
Surface Thickness (pm) (nm) porosity (W/cm2 ) Ratio

Plain 907 1.00
1 240 7 0.39 109.6 1.21

2 500 50 0.59 158.3 1.74

3 1360 50 0.49 186.7 2.06
4 990 100 0.57 138.2 1.52

5 NA 50 NA 192.3 2.12
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Hwang & Kaviany [41]
Base Substrate: copper; Fluid: Pentane; Particle: copper; Coating method: Brazing

Surface Diameter(pm) Thickness(pm) Porosity CHF(W/mA2) ratio

Plain 215 1

1 80 400 0.4 412 1.68

2 200 600 0.4 480 1.96

3 50 250 0.4 454 1.85

4 60 180 0.4 441 1.8

5 60 300 0.4 467 1.9

6 40 160 0.4 430 1.75

7 40 120 0.4 464 1.89

8 40 120 0.4 454 1.85

9 40 160 0.4 398 1.62

Pivovar [106]
Base substrate:
temperature

Copper; Fluid: water ; Particle: copper; Coating method: Brazing at high

Surface Diameter(pm) Thickness(pm) CHF(W/mA2) ratio

1 4 90 103 1.27

2 4 130 115 1.42

3 4 180 114 1.41

4 4 210 114 1.41

5 70 180 148 1.83

6 70 230 145 1.79

7 70 280 145 1.79

8 70 320 160 1.98

9 70 420 178 2.20

10 70 510 141 1.74

11 70 660 82 1.01

12 285 380 160 1.98

13 285 420 193 2.38

14 285 590 249 3.07

plain 81 1.00
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Im et al. [102]

Liquid: FC-72; Material: Copper nanowire;
then using epoxy to attach to bare surface.

Method: Electrochemically assisted grown wire and

Diameter Thickness CHF
Surface (nm) ( (W/cm^2) Ratio

1 200 1 17.1 1.49

2 200 2 19.5 1.70
3 200 4 18.2 1.58
4 200 8 12.5 1.09

Plain 0 0 11.5 1.00

Tehver et al. [107]
Base Substrate: Copper Rod; Fluid: F1 13; Coating method: Plasma Spray. Particle materials

pore
Thickness radius CHF

Substrate Material (pm) Porosity (p[m) (kW/mA2) Ratio
Plain 212.3 1.00

1 AB 0.09 0.17 2.6 267 1.26
2 AB 0.03 0.18 1.6 261 1.23
3 AB 0.1 0.28 4.2 261 1.23
4 AB 0.08 0.28 2.9 307 1.45
5 AB 0.11 0.29 3 294 1.38
6 AB 0.05 0.2 2 289 1.36
7 AB 0.06 0.29 2.5 328 1.54
8 AB 0.05 0.18 1.8 296 1.39
9 AB 0.06 0.27 2.1 266 1.25

10 AB 0.16 0.5 6 345 1.63
11 AB Al - Bronze 0.25 0.47 4.7 356 1.68
12 AB 0.5 0.44 5.8 364 1.71
13 AB 0.03 0.44 3.1 340 1.60
14 AB 0.03 0.36 3.2 320 1.51
15 AB 0.09 0.41 4 300 1.41
16 AB 0.15 0.59 5.1 312 1.47
17 AB 0.22 0.61 7.5 300 1.41
18 AB 0.1 0.53 12.7 284 1.34
19 AB 0.2 0.19 2.6 292 1.38
20 AB 0.25 0.14 3.6 287 1.35
21 AB 0.05 0.25 2.4 282 1.33
22 AB 0.08 0.44 3.9 327 1.54
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23 AB 0.2 0.29 2.5 295 1.39
24 AB 0.1 0.24 1.8 242 1.14
25 AB 0.28 0.16 5.5 300 1.41
26 AB 0.12 0.08 1.6 291 1.37
27 CB 0.25 0.5 7.3 392 1.85
28 CB 0.07 0.3 4.6 300 1.41
29 CB 0.08 0.31 2.3 316 1.49
30 CB 0.12 0.49 5.2 400 1.88
31 Copper Bronze 0.25 0.29 4 377 1.78
32 CB 0.07 0.33 3.4 292 1.38
33 CB 0.22 0.3 2.3 315 1.48
34 CB 0.6 0.4 2.5 270 1.27
35 CB 1 0.3 0.41 2.8 315 1.48

Aluminum -
Copper

0.13 0.3 4.1 318 1.50
0.17 0.44 5.6 338 1.59
0.12 0.44 4 308 1.45
0.08 0.2 2.5 275 1.30

0.1 0.41 6.4 341 1.61
0.45 0.3 3 313 1.47

0.2 0.1 1.8 276 1.30
0.3 0.25 2.6 267 1.26
0.4 0.16 2 274 1.29

0.12 0.05 1.6 284 1.34
0.16 0.05 1 268 1.26
0.06 0.12 1.8 276 1.30

0.4 0.11 1.6 273 1.29
0.06 0.1 1.7 250 1.18
0.13 0.05 2 238 1.12
0.02 0.05 1.6 228 1.07
0.12 0.34 9.2 287 1.35
0.08 0.19 6 289 1.36
0.12 0.22 5.1 297 1.40
0.15 0.37 9 345 1.63
0.07 0.37 8.8 247 1.16
0.15 0.22 5.8 296 1.39

0.1 0.25 6 275 1.30
0.15 0.33 8.9 316 1.49
0.06 0.16 4.2 246 1.16

0.1 0.47 8 293 1.38
0.03 0.32 2.5 290 1.37

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC.
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC 4.4 298 1.40
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I 1 r

0.25 0.48 8.764
65
66
67
68
69
70
71
72
73
74
75
76
77
78

AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC 0.49 14.4

79 CC 0.08 0.25 2.9 300 1.41
80 CC copper-copper 0.1 0.37 4.4 334 1.57
81 CC 0.17 0.5 5.6 384 1.81
82 AA 0.15 0.1 6.8 280 1.32
83 AA 0.12 0.25 14 285 1.34
84 AA 0.14 0.22 2.7 293 1.38
85 AA 0.25 0.21 4.1 309 1.46
86 AA 0.11 0.1 2.2 279 1.31
87 AA 0.12 0.12 2.1 293 1.38
88 AA Al - Al 0.03 0.06 2.8 283 1.33
89 AA 0.18 0.1 3.5 328 1.54
90 AA 0.05 0.33 3.7 344 1.62
91 AA 0.05 0.22 2.7 298 1.40
92 AA 0.2 0.29 3.2 314 1.48
93 AA 0.07 0.35 3.5 374 1.76
94 AA 0.12 0.55 8.3 253 1.19
95 AA 0.4 0.32 11.1 440 2.07
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0.35 0.42 10.8 311 1.46
0.4 0.57 15.2 420 1.98

0.55 0.52 15.7 383 1.80
0.15 0.28 5 415 1.95
0.12 0.34 5.3 267 1.26
0.15 0.36 7.2 344 1.62

0.2 0.32 3.5 377 1.78
0.25 0.48 7.9 400 1.88
0.18 0.41 5 381 1.79

0.2 0.44 6.7 377 1.78
0.3 0.52 11.6 406 1.91

0.35 0.58 14.2 384 1.81
0.13 0.33 10 290 1.37
0.17

322 1.52

282 1.33
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Appendix C. Derivation of Equations

In this appendix, derivations of important equations in different chapters are shown.

Inner wall temperature for flow boiling experiment in Chapter 2:

The heat conduction equation in cylindrical coordinate for the test section in Chapter 2 is as

follow:

I d dT
-- kr-
r dr r

where r, k, T and q"' are the radius, thermal conductivity, temperature and volumetric heat

generation. Integration provides

dT qf'r 2

kr-= +C1dr 2

Applying the first boundary condition, no heat loss at outer surface.

d T
k !- =(kg) o

der 2
0 = r + C1

2
"'' 2

q r0
2

dT q'"r 2 q"'r0 z
kr -

dr 2 2

dT= -q-
k 2

1 q"'rz 1
T(r) - - -

k T 4 k

1 q"r2
-- Idr
k 2r

I,, 2
q 2oln(r)

2

Applying the second boundary condition,

I1q'rf
TWO - q .o

kT 4
1q'r2
k 2

ln(ro)) = C2

1 q"r 2  1qr 2

T~r = - - - l n(r)
k4 k 2 +TWO -(

1 q'r 1 q'r2
-- - -n(r2 )k 4 k 2
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T(ro) = Two

1 q"r +

k 2 ntro) + C2
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T(r) 1"(ro 2 -r 2 ) 1 q InT () k 4 k 2In

1 q' "(r 2 r?)
T r) 0 1

1 q"'ri
+ 2 ro In

k 2

r())

The heat flux can be obtained from the volumetric heat generation at:

q "'L Ac = q"As

q"'Lurro2 - r2) = q"L2wri

ff, 2q"ri

Substitution and simplification:

2q"ri ( r2 _riz2

1r2-r

k 4

(1q r
T(rk) =2

T(ri) =

T(ri) =q r

2q"r r 2
1r2- r2 *

2 in) + Tw

In 
2

2 q"r r2
1r2 -ri*

+ k 2
in

+T r 2 -r 2 In

(1i
-2

+ r,0

T(r) q +

T(r)=T- q "ri

T(ri)=T.0- q"ri

T (r) = Two- q"ri

(;roi))+ TWO

(rK
kri)})

-2

(r0~~
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T(r,) = Two
q"Dk2
-k2 D? - D2

(DL 2

This is equation (2-4) in Chapter 2.

Macrolayer CHF Model Final Equation:

The CHF for an infinite flat place can be calculated using heat balance

Td qaxAw = pi 6c (Aw - Av)hfg

where rd is the hovering time, c is the thickness of the macrolayer, and Awand A, are the area

of liquid and vapor, respectively. The macrolayer thickness, c, can be assumed to be

approximately one-fourth of the critical wavelength, AH for Helmholtz instability

AH 7r (Pi + PV) (Av
c4 2 pip

2 (pvhfg 2

q"

The hovering time for a bubble with volumetric flow rate, vi, is defined as

1

Td = -

3

[4 6pi +Pv) 5.1

(Pi - pv)gj(]
1

with is the volumetric ratio of the liquid to the moving bubble, which was estimated as L in

the model. The volumetric flow rate, vi, of the bubble is defined as

A2 q
V1 o th af al

Substitutions of the above 3 equations and simplification as below will provide:

13 1 P+v
33 4(pi + p,) 1 Az q ) , 7 (pi + p,)

- (p, - pv)g J pvhfg qmaxAw = pi -a PPv

Bringing all the term q to the LHS

A)2 (ph) 2

w (q!)
(AW - Av)hfg

1 3

- 4(pi + pv) jg2

4x1r (pi - p,)g pv'hf g

16
q7A,

P a (Pi + Pv)

2 Ppipv

A l)2 (pvhfg)2
(AW - Av)hfg

Combining the term pvhfg

1 3

(3 5 4({pi + p)I

4[ (pi - p,)g I

1 16

(pvhfg)'

7p (pp + PV) (A) 2
Awp, = pi -a -w
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Moving all constant to the RHS

12( 7

(p, - pi )g) (q 16pvhf ~)~Agpj 1 4(pi + p,) 2= p
_ [(fi+v)

4

5

1 1]p 

(12w2)!

Simplification of constant

4

((PI, pi)g)i
( _6
\h5,

(Aw - AV)
AW

1 4(GpP + P ((pi +pp)

(97 )v
(Aw - AV)

Solving for q and simplification

5

(ph g)

((P, P1)Y)

1

.(12 12
( )

5r4( pj + Pv) 3[ 1 ] P

phf g)

((pVpi)v9

4r ( i+ p i (pi +p,)1~P A2~1 PV
_ (9w)AW

Amp,
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(Aw - A,)

(Pi + PV)
P1Pv

(A)2
(Aw - AV)

5

2
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q 16
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((i - g
(pV fg)

1

(pV-pg)

((Pv - pi)g)

(p-ijg)g

1

(V hf g)

5

1r ir( Pi+Pv)3 (P ~AV 2 ( 1 A,)\
+ 1) G A) _

5

( 2

1

(9)T 216

1

1 r4

(9)16 216

5)6(P A)

1 5

*A 
V ) 1 6 ( P ,

s 5)

1W w

+ [4 ( Pz
+ 1)6 kpV

3

+1)]

3
5 +1

I'Pt \ (P 1

One obtained the final expression for CHF, as in equation (5-10)

(p4,- fg)

((pi o P)Y)4

3
1 s s s

= ( ) 1 6 + 1 +
(18 "P
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The Lu & Chang [100] Model (adapted from Udell Model [99]):

Assumptions on Model:

Porous layer is a fixed bed of particles.
Heating is from the bottom based surface
Permeability equations applicable in both laminar and turbulent flow
Porosity: 0.5 - 0.6
Average particle size: d,
Dryout heat flux: heat flux at which relative liquid saturation at heater surface is 0.

Pressure drop of flow in tube of diameter D
APD 2 (31)

TW - 4 fpu

TW Ewall shear stress
P E pressure
L Length
D diameter
f friction factor
p density
ut liquid velocity

For a porous layer, the diameter is the effective pore diameter, D/4 is defined as
e

d ~ s(1 - e)
where
s specific surface area
e porosity

Ergun equation for friction factor

[ e 14.17 Is(1 - e)] ul (32)
f = + 0.29 where Re, =Re1

this is only valid for

< e< 2000
1 - e

substitute for equation (32) in equation (31)Error! Reference source not found. and using pore
diameter, one gets

e
AP s(1 - e) 4.17

Tw = -- +0.29) pu
L 4 (R el
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e
AP s(1 - e) -
L 1

W =

4.17

s(1-e)

AP s(1
L

V

-e) 4.17vp

e ___ )_

-+0.29 pu2

+ 0.29 )pu4

2
+ 0.29 puI

_ s(1 - e) 4.17vps(1 - e)
e eui

AP

L
let u = ul e superficial velocity

4.17vps 2(1 - e)2

e2u

4s(1 - e) 2+0.29 e pu

AP 4.17vpus 2 (1 - e)

L0

AP up

- 36e 3

150[s 2 (1 - e) 2 ]

s(1 -e) 2
+0.29 pu

1.75 s(1 - e) 2

+6 e

AP yU P 2 (33)
- = K+p

first term is laminar contribution
1.75dy

150(1-e)

(as in Darcy Law), the second term is turbulent distribution

d2e 3

K 1so(1-e)
2 permeability

substitute K and fl back into (33) to check if this is correct.

pu +
de 3  +

150(1 - e)2

1.75d,
150(1 - e) 2

d1le 3 )p

150(1 -e)
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1.75d,
AP pu + 150(1 - e) 2

L die3  + d e3  Pu
150(1 - e)2 150(1 - e)2

pu

+3
150(1-e)2

+1.75(1-e) 2 this is not the same as (33)

6
unless d, = - which makes senses for sphere. s is the specific

3 _6

R D

Equation (33) can be applied to both vapor and liquid phase
d P
dy

y1,

KV

dPi

dy

/3
+ -puIu,|I + pgK,

p+.- piui uI| + pig
Ki

4irR
2

area = Area/Volume -4R -
VR3

(34)

(35)

define P =P, - Pi and subtracting (35) from (34), one gets the capillary pressure gradient

dPc ( ( -IV U) + pu|u puiIuiI Pv) (36)
dy \I{-u Ki ui+ K, K,0)

mass balance requires

and the heat flux is

substitute these two equations in (36), one gets,

K v
PvU I) - Apg

Ki

vi T,
Ki~ K7+7

_ PVuV

iP-g

+ fl~u (].! - ll|u7K|-|ui|

(Vi V,
K K,)
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AP
=L

PIul = -p~uV

q =pvuvhfg
(pi - pV) = Ap

d Pcd
dy

VIP
+--u U(VV uV

d Pc
dy

d Pc 1
dy Apg

- Apg

+ lapg (
lul+ -1'

Ki Kv
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p, q lvi v,
Pv qpg P v +- 1)

ov pg pvhfg Ki K,
pv q"

Apg pvhfg

= where L is thickness of porous layer coating.
ApgL

Kr = K =

_vpq" 1
= -

Apghg K

vVq 1

APg hg K

(ci,

Ic,
Kri

4)
Krv)

+ 1 1+- v

+q 
n

+fl Apghfg K

+ flAq" 1(

Apg hfg K

Pi |ui| 1
p, Kri Cp

'p,|u ,I 1

Pv Kri cp

+ -- 1-1
pv Krv

pi, Kr,

q 1
ApghfgK ( 1Kric C

q" 1 q" (1

Apghfg K phg Kricp

B2 vyq" 1)
\Ap= tpghjg K)

vyq" 1 #KApg

pghfgKp) V,

dPcd

dyd

) ( P . Therefore, we have

1(Kri c,
1

-1
Krn,

KrV = (1 - Se) 2(1 _Sen)wheren= 3+ andm = 1+ and A is the index of

pore size distribution, which is experimentally determined. Here S, is the relative saturation,
which can be related to the absolute saturation S, maximum saturation S,. and S,. residual

saturation as se = S--S , where saturation is defined as fraction of volume occupied by wetting
Sen-Sr

phase/porosity
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d Pc 1

dy Apg

Let Pca

Yc = 2L

l+
Ki

dPCd

dyd

dPead

d yad

c, = VI
vv

= P

let B v=yq 1
Apghfg K

dPCd B
dya

( C

Kri
)1

1+- )dPCd

dyd
- B ---

Kri

PKApg
let* = 2

PVVy

1
-1

1
-1

Kri = Se" ;

(37)

| u,|---V -I

;

1 +B2
+BzvB (v+

Krj
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Udell Model [99]

Udell proposed

(38)LdPcd = =f(Se)

f(Se) = a(1 - Se) b(1 - Se)2 + c(1 - Se)3

La =ApgL K
a e

where a, b, c are empirical constants.
Substitute (38) in to (37), one have

(Se)

(Krcp> +

d(a(1 - Se) - b(1 - Se)2 + c(1 - Se)3)

B + )+ B2* _+

(a - 2b(1 - Se) + 3c(1 Se) 2 )

B + + B 2 4)

1

= Lad yd
1

dSe = Ladyd

(r c + - 1
(a - 2b(1 - Se) + 3c(1- Se) 2 )

+ B 2 p Kc, +-) -1

Seo = 0 indicates dry out. Se limit is 0. One needs to find Se at Ld

The following method was used to fine e
4a~

PCy

where d is twice the radius of the meniscus curvature at that point. Substitute (40)into (38) and
using the definition of K, one gets

dj e3

4a 1 150(1 - e) 2

d a e "

d e 4 1
1 - ed 7i50
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fSe

Seo B c+ 1 )(KrI+ KrV

dSe = Lddyd = Ldyd (39)

(40)

B ( v-+ 1+ B2*
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(41)

TP= V50f(Se) 1 - e

Reynolds number for vapor and liquid flow using true velocity is

substitute s = and u,, = u,/e

(e
s(1 - e)] UtIVp

P,

1.75 (dye 
3

1502 1-e)
APg
P-v-.2 B v"q 1

' Apghfg K

Rei,= B Kd (1 - K
y,

d61-e)] _u PV
Re,, = B [6 l e)]

pvv
Rejv =B 6(1 - e)]uo
Rei,, = B v,

= -6 *1501 v ,

B BReil=6y 150]

d3 e3

(1- e)3  v

(1- e)3

[ 150
Re,, = [6 * 1.75 Bi

For liquid phase,

i e 1
Re, s(1  - e)]ui'p

B d 3e 3 pg
Rei, = [6 71501 *- e)3 pv3
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d 4 e

- #KApg

Pvv i

Apghfg
*

150(1 - e)2

d1e 3  *

150(1 - e2*

Apghjg

v,q

Apghjg

v,q-

Apghfg
ivpvuvhfg

Apg
Pv VV

(pv\pivi /1

R ei,,

6(1 - e)utp

y,
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R __150Re11 = [6 * 1. 75' IBOi( PiV)

R ej = Re,, (PvV)

(a - 2b(1 - Se) + 3c(1 - Se)2)
+ + B21

kKri Krv ) Krc p +rv I-1

(a(Se) + b(1 - Se)2 - c(1 - Se)3)

+ B21p

(a(SeL - Seo) + b[(1 - Se) 2 - (1 - Seo)A2] - c[(1 - SeL ) 3 - (1 - Se 0 ) 3 ] )

B + + B 21p
Krp c +-rv

CHF/dryout occurs when Seo = 0

(a(SeL) + b[(1 - Se) 2 - 1] -c[(1 -SeL) 3
- 1])

B ( + K + B 2 0p Kr 1c
- Ldyd

For very thick porous layer, L is very larger

--(CV+-- + B21 +- 11= 0
Kri Kr (KriCp KrA

Solving for B here, one can get CHF since B vq 1
Apghjg K

For laminar flow only (bed with small particles), 4 is equal to 0, =

q, ApghfgK 1

vV + 7b)

1
, which means

Remind, Kc - dpe3  
-fKtpg -1.75

150(1 -e) 2
1 * P= t 1502

(1-e) 150
qdry =Bmax d 1. 7 5 PvvvhfgP)

p"
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Se0 B
dSe =

B (C+

1 SeL

-= Ldyd

(42)

(43)

+ 1 -
Krv) Seo

fdp 3 'P
kl-e pv; g2)
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For highly turbulence flow (large particles), B + - 0, the laminar contribution will be
nerib Krle

negligible.

B *=
1 (44)

Writing the dryout heat flux in term of the particle diameter, for the laminar flow case, one gets
[Apghfq d 2e 3

log(qary) = log v, 150(1 - e) 2 B I1

log(qdy) = log BmaxPh (1 - e)2 + 2 log(d,) (45)

For case with turbulent flow,

pvApghfg e 3

log(qdry) = log 1.75 (1-e) 2 BmaxNji
1 (46)

+ -log(d,)2
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