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In this work the mechanism of the heat transfer enhancement due to the 

introduction of bubbles sliding along the wall in an internal forced convective flow is 

studied both experimentally and computationally. In order to study the bubble sliding 

process, liquid crystal thermography is employed to measure the temperature field on 

the heater surface in an area following the injection of the bubbles. A novel test section 

is designed and fabricated to meet the multitude of requirements of liquid crystal 

thermography and high speed imaging. New liquid crystal thermography calibration 

techniques are designed and implemented to reduce the uncertainty in temperature 

measurements with a better resolution. A new image processing code is developed in 

MATLAB to process the bubble motion and provide statistics of the mean diameters, 

position and velocity.  

A computational study on the heat transfer enhancement is conducted using a 

commercial CFD code in order to mitigate the experimental constraints which does not 

allow for a parametric variation of relative velocity or bubble size with the present 

facility. The key parameters for the computational investigation are bubble relative 
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velocity, bubble size, bubble shape, and the micro layer thickness between the bubble 

and the heater surface. For bubbles sliding along the heater wall, the computed heat 

transfer enhancement in terms of temperature drop is only a fraction of what is 

measured in the experiments. The heat transfer enhancement due to sliding bubbles is 

insensitive to micro-layer thickness and marginally sensitive to bubble shape.  

 Turbulent channel flow over a stationary bubble to be released from the injection 

needle is simulated. The computed temperature drop agrees reasonably well with the 

measured data. The stationary truncated spherical bubble also showed no appreciable 

change in the peak temperature drop, but the wake width increased slightly due to the 

increase in the bubble radius in order to maintain the constant cross-sectional area. 

The dominant heat transfer mechanism responsible for the heat transfer 

enhancement typically attributed to bubble sliding has been identified to be the 

disruption caused by the stationary bubble located at the nucleation site or the injection 

needle in this case.  
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CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 

1.1 Background and Motivation 

Phase change heat transfer is an important industrial process, owing to its high 

heat transfer coefficients. To demonstrate the relative importance of the phase change 

heat transfer processes a comparison of typical ranges of heat transfer coefficients 

observed in different process are shown in Table 1 -1. Boiling is a liquid-vapor phase 

change process that occurs either at the solid-liquid interface or inside the liquid. Some 

of the main applications of boiling are in the areas of thermal management and energy 

conversion. Boiling can be classified into two categories depending on the nature of 

convection around the phase change process. Pool boiling refers to boiling under 

natural convection conditions, and forced convection boiling occurs when a fluid flow is 

imposed by an external means. Forced convection boiling can be further sub-divided 

into internal and external, based on the confinement of the fluid flow. This study falls 

into the category of internal forced convective boiling. 

Table 1-1.  Comparison of heat transfer coefficients between heat transfer processes, 
from [1] 

Process h (W/m2K) 
Free Convection  
Gases 2-25 
Liquids 50-1000 
Forced Convection  
Gases 25-250 
Liquids 100-20,000 
Convection With Phase change  
Boiling or Condensation 2500 – 100,000 

 
Nucleate flow boiling is usually preferred for the design of heat transfer 

equipment due to the high heat transfer coefficients and low wall temperatures. In the 

transitions from nucleate boiling to film boiling, the wall temperature can increase rapidly 
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due to intermittent contact of the liquid on the wall, leading to severe thermal stresses in 

the equipment.  Therefore, understanding and modeling different heat transfer 

mechanisms involved in nucleate flow boiling regimes is crucial to the design of the 

equipment. 

 

Figure 1-1.  Sub-cooled nucleate flow boiling regimes 

In Figure 1-1, a schematic of sub-cooled nucleate boiling is presented. At first, 

the liquid enters at a sub-cooled state, where single phase convection occurs. Once the 

wall temperature is high enough, nucleation of bubbles is initiated. This location is 
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termed Onset of Nucleate Boiling (ONB). Once nucleation begins, bubbles start to grow 

and slide along the heater. After sliding for a distance the bubble lifts off, this location is 

termed Onset of Significant Void (OSV). The void fraction is relatively low in the region 

between ONB and OSV, and high beyond OSV. Bubble sliding is an important 

phenomenon in both the regimes. 

1.2 Literature Review 

Due to the complex nature of the physics involved in the nucleate flow boiling 

process, a complete understanding has been an elusive goal. Owing to the need for 

developing a predictive capability, a number of models have been proposed. They often 

involve oversimplifications due to the constraints of instrumentation. Rosenhow[2] first 

proposed that the rate of heat transfer in flow boiling was due to two independent and 

additive mechanisms: that due to bulk turbulence and that due to ebullition. Based on 

this Chen [3] proposed a correlation for saturated flow boiling in which the total heat 

transfer coefficient is obtained by simply adding the effects of macroconvection (bulk 

convection) and microconvection (nucleate boiling). A number of correlations have been 

proposed based on the Chen’s superposition technique; however there are serious 

limitations to these correlations. First is the assumption that bulk turbulence and 

ebullition are mutually independent, which has been shown to be interdependent by 

Thorncroft and Klausner[4]. Second, these correlations predict that the macroconvective 

component is the dominant mechanism, which has been refuted by a number of 

investigators, who observed the microconvective component to be dominant in certain 

regimes. In order to construct a reliable model, all the mechanisms that are dominant in 

different regimes of the process need to be identified and understood. One of the key 

mechanisms that are dominant in low heat flux conditions is the enhancement in 
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convection due to bubble sliding. Figure 1 -2 shows the process of bubble sliding before 

liftoff from the surface.  

 
 

Figure 1-2.  Photograph of bubble nucleation and sliding in vertical flow boiling, from 
Thorncroft et al. [5] 
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Figure 1-3.  Schematic diagram of bubble sliding under a heater 

A schematic representation of the bubble sliding process under a downward 

facing heater is shown in Figure 1-3. The fundamental parameters that affect the 

enhancement process are hypothesized to be the bubble diameter, bubble relative 

velocity, and the liquid micro-layer thickness. 

Flow boiling is classified into low and high heat fluxes based on the Boiling 

number, 

   
 

    
. 

In the present study, Bo = 4.46 E-5, which can be considered to fall into low heat flux 

category. 

Furthermore, high heat flux typically refers to a heat flux closer to the critical heat 

flux. For the fluid used in this study critical heat flux at quiescent conditions is 180,000 

W/m2, which is about 100 times higher than the heat fluxes used in this study. 

1.2.1 Heat Transfer Enhancement due to Bubble Sliding 

The existing literature on heat transfer enhancement due to bubble sliding can 

grouped into three categories, external flow, internal flow, and natural convection 

conditions.  
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1.2.1.1 External flow 

Keith Cornwell [6] experimentally studied bubbly flow around a tube bundle and 

concluded that heat transfer coefficients were higher than saturated flow boiling for low 

heat fluxes. The study also measured the contributions of different heat transfer 

mechanism to the total heat transfer. It was concluded that the contribution by sliding 

bubble was the most significant in all cases. Another interesting observation was that 

the bubble nucleation occurred only in the lower tubes, when sufficient bubbles were 

generated the total heat transfer in the upper tubes was enhanced by bubble sliding and 

liquid convection alone. 

Houston and Cornwell [7] studied the heat transfer to bubble sliding with and 

without evaporation. This study concluded that bubbly flow turbulence is a prominent 

mechanism for heat transfer, even though evaporation through the liquid micro-layer is 

a major factor. It was observed that even without evaporation the heat transfer 

coefficient due to bubble sliding was higher than sub-cooled flow boiling heat transfer, at 

low heat fluxes. 

 

Figure 1-4.  Photograph of bubbly flow around tube bundles, from [6] 
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1.2.1.2 Internal flow 

Kenning and Kao [8] observed up to 50 % enhancement in heat transfer with air 

bubble injection into water in upflow conditions and attributed this enhancement to the 

secondary flows caused by the interaction of the bubbles with the shear flow near the 

wall. It was noted that the increase in mean liquid velocity decreased the enhancement 

in heat transfer. This observation can be explained by the reduction in the bubble 

diameters with an increase in mean liquid velocities due to the increased drag force on 

the bubble at the point of injection. Consequently, the smaller bubbles have smaller 

relative velocity with respect to the liquid, due to a smaller buoyancy force. 

Thorncroft et al. [5] studied bubble growth and detachment in upflow and 

downflow boiling conditions. They observed remarkably high heat transfer coefficient for 

upflow compared to downflow, this difference was attributed to the bubble sliding 

process, through photographic evidence. Also, it was noted that in upflow conditions the 

majority of the nucleation sites were located at the leading edge of the heater, 

suggesting that the total heat transfer from downstream locations was predominantly 

through bubble sliding and single phase convection. The same observation was 

reported in external flow by Cornwell [6] 

Thorncroft and Klausner [4] experimentally studied the contribution of bubble 

sliding to heat transfer in vertical upflow conditions. According to this study, vapor 

bubble sliding in up flow conditions caused as much as 52 % of the total heat transfer. 

In order to isolate the effect of bulk turbulence caused by the sliding process, they 

injected air bubbles and observed up to 3.4 times the single phase heat transfer 

coefficient. They compared their experimental data with Kenning et al. [8] and reported 

that the enhancetment increased with a decrease in bulk liquid velocity, where the 



 

23 

enhancement is defined as the ratio between the average two phase heat transfer 

coefficient and the single phase. Figure 1-5 shows the enhancement in heat transfer 

increasing with the decrease in bulk liquid velocity. In these studies the flow rate of air 

injected was kept constant and the bulk liquid velocity was varied. As the bulk velocity is 

reduced the bubble diameters increase due to smaller drag force at the point of 

injection. Therefore it is conjectured that the larger bubbles have higher relative velocity 

thus causing more enhancement. The bubble diameters were not measured for each 

experiment in these studies. 

 
 

Figure 1-5.  Heat transfer enhancement due to air bubble injection 

Okawa et al. [9] observed at low subcooling, the bubble slid from the nucleation 

site and never lift off, similar to Thorncroft et al. At moderate and high subcooling they 

reported that the bubbles slid for several millimeters and lift off. They also observed that 

the bubbles reattach to heated wall and slid as they condenses from the subcooling, at 
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moderate sub-cooling. This reattachment is attributed to the shear lift force pushing the 

bubble towards the wall, because in the vertical flow configuration the bubble leads the 

flow. 

1.2.1.3 Natural convection 

Kaneyasu et al. [10] studied the effect surface orientation on pool nucleate 

boiling heat transfer, and concluded that heat transfer coefficient increased as the angle 

of inclination is increased from the vertical, at low heat fluxes. No marked variation was 

observed at high heat fluxes. The increase in heat transfer at higher inclinations was 

attributed to micro-layer evaporation based on a proposed model.  

Sateesh et al. [11] proposed a heat flux partitioning model for non-horizontal pool 

boiling. This study incorporates the effects of bubble sliding on the heat transfer, using a 

semi-infinite transient heat conduction model assuming an area influence and equating 

the bubble growth to the liquid micro-layer evaporation. The model agreed with 

experimental data within ± 25%. According to the model transient conduction due to 

sliding bubble significantly contributed to heat transfer for water, and micro-layer 

contributed equivalently for organic liquids. 

Cornwell and Grant [12] experimentally studied bubble sliding under a curved 

horizontal tube. It was concluded that neither the bubble sweeping mechanism nor 

micro-layer evaporation is a dominant mechanism under all circumstances. This 

observation could be attributed to low velocity of the sliding bubbles. 

Kitagawa et al. [13] observed the velocity field around a bubble sliding along a 

heated vertical wall in addition to measuring the heat transfer enhancement. This study 

concluded that heat transfer enhancement is directly affected by the flow modification 

due to bubble sliding. Also, enhancement increases with bubble flow rate. 
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Donnelly et al. [14] measured heat transfer enhancement due to bubble sliding 

on an inclined surface using liquid crystal thermography, and bubble velocities through 

high speed imaging and image processing. It was concluded that the higher bubble 

velocities resulted in the higher enhancement and larger area of influence. Also, the 

bubble wake is responsible for most of the heat transfer enhancement. 

Yan et al. [15] studied bubble sliding under inclined plates and curved surfaces 

using liquid crystal thermography. This study concluded that micro-layer evaporation 

was the dominant mechanism only for large and slow moving bubbles corroborating the 

observation of Kaneyasu[10] at large inclinations. But for smaller bubbles both 

convection and evaporation contributed. Bubbles nucleating under near-horizontal 

surfaces caused a local hot spot due to dry out. It was noted that the thermal capacity of 

a thin surface could affect the heat transfer in the wake, due to the reduction in 

superheat after the micro-layer evaporation under the bubble. 

Kenning et al. [16] modeled heat transfer due to a sliding bubble as a sum of two 

components, micro-layer evaporation as transient conduction and convective effect 

using an inviscid flow model around a hemisphere. They noted that the total heat input 

for this analysis is obtained from the volume growth of the bubble, which is limited by 

the difficulty of determining the volume of a deformable volume using orthogonal views. 

They concluded that for large bubbles 90 % of heat input was through the curved 

surface of the bubble. It is noted that the large bubbles in this case are moving with 

much higher velocities than Yan et al. [15] 

1.2.2 Flow boiling Heat Flux Partitioning  

Basu et al. [17] proposed a heat flux partitioning model for sub-cooled flow 

boiling. In that study, the bubble sliding heat flux was modeled as semi-infinite transient 



 

26 

conduction to the liquid and the bubble swept area is assumed to be the product of 

sliding distance and bubble base diameter. 

Yeoh et al. [18] proposed a heat flux partitioning model for vertical sub-cooled 

flow boiling with an improved model for sliding bubbles. Again the transient heat 

conduction model was used with an area of influence being 1.8 times the bubble 

projected area. They reported that heat transfer due to the sliding bubble is the 

dominant mode of heat transfer. 

1.2.3 Liquid Micro-layer Thickness 

Monde[19] performed experiments where the liquid micro-layer thickness 

between elongated air bubble and the heater in confined spaces was predicted using a 

transient heat conduction model. The micro-layer thickness ranged from 60-80 µm. 

Kenning et al. [20] estimated the micro-layer thickness using transient heat 

conduction model for large bubbles sliding under a downward facing inclined heater at 

natural convection conditions. Micro-layer thickness was estimated to be 50 - 70 µm. 

Addlesee[21] et al. developed a model for micro-layer thickness preforming a 

boundary layer analysis on the liquid film between  the wall and a hemispherical bubble. 

They compared their model prediction with that of Kenning et al. [20] and concluded that 

the micro-layer thickness is on the order of 50-100µm. A similar comparison with the 

data of Monde[19], predicted thicknesses on the order of 100µm for inclination above 18 

degrees. 

1.2.4 Digital Image Processing 

Lindken et al. [22] proposed a novel PIV technique to measure both the liquid 

phase and dispersed bubble velocities. They proposed an algorithm for detecting the 

area of the bubbles using the shadowgraphy technique. This algorithm uses a 
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background thresholding technique to segment the area occupied by the bubble from 

the background. Also, algorithm uses a post-processing step where reflections caused 

by the center of the bubble, which are identified with the background, are filled up after 

satisfying three criterions to assure they are part of the bubble. 

Zaruba et al. [23] studied bubble motion in rectangular bubble columns using 

high speed videos and digital image processing. They used a thresholding technique to 

differentiate the bubbles from the background similar to Lindken[22]. In this work, a new 

bubble tracking algorithm was proposed and used to estimate turbulent diffusion 

coefficient. 

1.2.5 Numerical Simulations 

Li and Dhir [24] performed a three dimensional simulation of a single bubble 

dynamics during nucleate flow boiling, at various inclinations of the heater. In this study 

the bubble shape is computed using level-set method. It assumes a constant wall 

temperature and laminar flow. The bubble shape predicted was compared to 

experiments and good agreement was found. They observed that the effect of gravity 

on the lift off diameter was very little at bulk velocity of 0.23 m/s.  

Son [25] numerically studied a bubble sliding on a vertical heater in natural 

convection environment. Bubble shape was computed using level set method and the 

wall temperature is assumed constant. It was observed that enhancement in heat 

transfer increased with increase in bubble sliding velocity and wall superheat.  

1.2.6 Summary 

An introduction to forced convection boiling and the different flow regimes is 

provided. The importance of nucleate flow boiling and necessity for improved models of 

the sub-processes are highlighted. A brief summary of the relevant research findings 
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were presented. The following are observations that can be drawn from the literature 

review 

1. Enhancement in heat transfer due to bubble sliding is a dominant mechanism at low 
heat fluxes 

2. Contribution to the enhancement is twofold.  

a) Evaporation of the liquid micro layer between the bubble and the heater  

b) The increased convection due to the secondary flow caused by the interaction of 
the bubble sliding and the shear flow near the wall 

3. Secondary flow effects alone could produce enhancement as high as 340 % 

4. Observations from different studies suggest that the secondary flow effect is 
dependent on the relative velocity between the bubble and the mean flow 

5. Evaporative contributions are important only for large bubbles 

6. In vertical upflow boiling at low heat flux conditions bubble sliding and single phase 
convection are responsible for the total heat transfer 

7. Flow boiling heat flux portioning models also attribute bubble sliding to be a 
dominant mechanism. 

8. Micro-layer thickness measurement and model prediction indicate the typical 
thickness  range is 50 – 100 µm 

1.3 Thesis Overview 

This thesis consists of six chapters. Chapter 1 surveys the literature and finds 

gap and summarizes the findings from the earlier reports and impresses the need for 

the present work. In Chapter 2, a detailed description of the experimental facility design 

and fabrication is provided. Details of data acquisition and relevant calibrations are 

presented. Implementation of liquid crystal thermography technique is elaborated in 

detail. And a new calibration method is proposed. Digital image processing technique 

employed to measure bubble properties is explained. Also, uncertainty estimates of the 

measured quantities are provided. 
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In Chapter 3, the numerical models used in the current study are elaborated. 

Three validation cases are presented to qualify the code, mesh and the models used for 

this study.  

In Chapter 4, the geometry setup and mesh used for periodic bubble sliding 

simulations are explained. The results obtained from the periodic bubble sliding 

simulations are compared with the experimental data. Effect of variation of micro-layer 

thickness and bubble shape are explored.  

In Chapter 5, simulation of turbulent channel flow over a stationary sphere is 

presented in comparison with experimental data, and its sensitivity to important 

parameters is studied and conclusions are drawn. Effect of two stationary spherical 

bubbles on temperature distribution is also presented. 

Chapter 6 summarizes the key contributions of this work and identifies important 

areas for future studies on the heat transfer enhancement by bubbles in a turbulent 

flow. 
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CHAPTER 2 
EXPERIMENTAL FACILITY  

A new flow boiling facility has been designed and fabricated to meet the needs of 

the current study. This facility has been designed to perform fundamental studies to 

understand the convective heat transfer process associated with bubble sliding in the 

nucleate flow boiling regime. Thus the facility is designed and instrumented with 

capability to make 2D temperature measurements on the heated wall and optical 

access in all four directions, enabling capture of the bubble motion and color play on the 

liquid crystal coated heating surface. 

2.1 Flow Boiling Facility Overview 

A schematic representation of the facility is shown in Figure 2-1. A magnetically 

driven, variable speed DC gear pump is used to pump the working fluid (HFE 7000), 

through the system. After the pump the fluid enters the refrigerant filtration unit which 

keeps the working fluid free of particles. Flow rate of the fluid is measured using a 

turbine flow meter. Then the fluid enters the pre-heating section where the fluid is raised 

to the appropriate temperature needed. The fluid is subsequently directed into the 

developing section to ensure full hydrodynamic development before entering the main 

test section.  In the main test section, the heat flux is applied from the top wall of the 

channel using a stainless steel foil as a heater. The bubble injection system introduces 

the bubble on to the heater surface, initiating the sliding process. The temperature on 

the heating foil is measured using liquid crystal thermography as described later. The 

bubble movement is imaged through the bottom wall using a high speed camera. 

Bubble position and size are measured from the images using an image processing 

routine. The fluid passes through a condenser to regulate the fluid temperature. Then 
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the air purging chamber collects the air that has been injected, to be purged later. Then 

liquid enters the cylindrical tank. 

 
 

Figure 2-1.  Schematic representation of the flow boiling facility 

Fluid temperature is measured using E and T type thermocouples. A three wire 

thermistor provides the cold junction compensation. Pressure is measured using a 

differential pressure transducer. All measurements are made using a 16 bit digital data 

acquisition board from National Instruments. The working fluid used in this study is HFE 

7000. This fluid was chosen because of its low boiling point and its chemical 

compatibility with the construction of liquid crystals coatings. 

2.2 Flow Development Section Design 

In order to ensure a hydrodynamically developed flow, a flow development 

section was designed and fabricated. According to Sparrow et al. [26] an entry length of 
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40 hydraulic diameters ensures fully developed turbulent flow. In this case, the 

development length was 0.57 meters which posed a significant challenge to machine. A 

special setup of two vises accurately aligned on the bed of a milling machine had to be 

constructed for this purpose. Figure 2 -2 shows an exploded view of the assembly. The 

mating surfaces were mechanically fastened and an epoxy was used for sealing. 

 
 

Figure 2-2.  Expanded view of the Flow development section assembly 

Besides the hydrodynamic development there were many other requirements. 

For material compatibility, polypropylene was chosen for its strength, ability to withstand 

high temperatures (100°C), chemically inert nature and thermally insulating properties. 

Nevertheless, it is a very hard to bond material. Several epoxies were tested for 

strength and chemical compatibility since most heat transfer fluids act as solvents to 

these epoxies; finally B-481TH from Reltek was chosen. In spite of the positive results 

during testing, this epoxy developed micro cracks over time. The leaks were rectified by 

pulling a vacuum inside the system and applying a low viscosity bonder (Loctite Plastic 

Bonding system) at the site of the leak, resulting in the bonder being sucked into micro 

cracks and filling them as they cure. 
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2.3 Main Test Section Design 

The design and fabrication of this test section was the most challenging task in 

the construction of this experiment. By examining the literature of similar studies, the 

following conclusions are drawn 

 Ease of disassembly and reassembly are highly desirable, because with liquid 
crystal thermography the coating has to be replaced periodically. 

 Number of parts to be assembled has to be minimized so that there are lesser 
joints to be sealed. 

 Mechanical fastening and gaskets are found to be better sealing solutions than 
adhesive gaskets or epoxies. 

 In order to allow for obstruction free viewing on all four sides’, special fastener 
arrangement has to be designed. 

Based on the above observations the test section was designed by identification 

of innovative fabrication technique and novel fastening solutions. After a number of 

iterations the design was finalized as shown in the Figure 2 -3. Polycarbonate was 

chosen as the material for construction of the channel due to its high optical clarity/ 

transparency. And the design was manufactured using a milling machine. In this design, 

three of the channel walls belong to a single part, they are machined surfaces. When a 

plastic is machined it turns the surface opaque, so a vapor polishing technique was 

used to convert the opaque surface back into a transparent surface. And in order to 

withstand high pressures inside the test section, the sealing gaskets had to be 

compressed enough using mechanical fasteners. So an arrangement of threaded 

inserts was fastened to the plastic threads, acting as nuts to the bolts that compress the 

sealing gaskets. The exploded view of the assembly is shown in Figure 2-4. 
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 a        b 
Figure 2-3.  Main Test Section. a) Cross sectional view of the assembly. b) Detailed view of the coatings on the heater 

surface. 
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Figure 2-4.  Expanded view of the main test section showing the bubble injector 
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2.4 Bubble Injection System 

The bubble injection system consists of a syringe pump connected to a 

hypodermic needle that is located inside the test section as shown on Figure 2 -4. The 

inner and the outer diameters of the needle are 255 µm and 355 µm respectively. The 

air being injected is preheated to avoid any heat transfer to the air bubble. 

2.5 Instrumentation and Calibration 

Data acquisition was made using a digital DAQ board (USB-6225) from National 

Instruments (NI). This DAQ board consists of 80 channels with 16 bit resolution. The 

total sampling rate of the DAQ board is 250 Kilo-Samples/s, shared between the 

channels used. Typical sampling rate used in this study is 1 kHz. This system uses 

LabVIEW software also supplied by NI, to interface with the hardware. A computer 

program was created using LabVIEW to acquire, process and store the data in an excel 

file. Uncertainty estimation was performed using the procedure outlined by Kline and 

McClintock [27]. All uncertainties are reported at a 95 % confidence level. 

2.5.1 Temperature and Pressure Measurements 

Temperature measurements are made using E and T type thermocouples. The 

thermocouple probes are grounded, and sheathed in stainless steel. The Probes were 

calibrated against a NIST traceable digital thermistor with a resolution of 0.001°C and 

accuracy of ±0.05°C in a silicone oil bath. Cold junction compensation was provided by 

a three wire thermistor from Omega Engineering. The calibration curve is shown in 

Figure 2 -5. The uncertainty in temperature measurement is ±0.2 °C. 

Pressure is measured using a differential pressure transducer. The transducer 

was calibrated against a mercury manometer from 0 to 250 kPa. The calibration curve is 
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shown in Figure 2 -6. Pressure is measured at the inlet of the test section. The 

measured uncertainty is ±376 Pa. 

 
 

Figure 2-5.  Thermocouple calibration curve 

 
 

Figure 2-6.  Pressure transducer calibration curve 
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2.5.2 Flow Rate Measurement 

Flow rate was measured using a turbine flow meter supplied by Omega 

Engineering. Liquid flowing through the flow meter rotates the turbine proportionally to 

flow rate, as the turbine blades pass through a magnetic field; an AC signal is generated 

in the pick-up coil. These impulses produce an output frequency proportional to the flow 

rate. Flow rate calibration was done using the same fluid (HFE 7000).  A schematic 

arrangement of the calibration setup is shown in Figure 2 -7. The flow rate was varied 

by adjusting the speed of the gear pump. From the total amount of liquid collected in the 

graduated tank and the amount of time taken, the flow rate was determined. Then the 

corresponding frequency was calibrated against the measured flow rate. The calibration 

curve is shown in Figure 2 -8. Measured uncertainty in flow rate was ±0.13 LPM. 

 
 

Figure 2-7.  Schematic representation of the flow meter calibration setup 
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Figure 2-8.  Flow meter Calibration Curve 

2.6 Liquid Crystal Thermography 

Thermochromic liquid crystals (TLCs) are a mixture of organic chemicals that 

change their reflected color as a function of temperature when illuminated with white 

light. This change in color is reversible, so they can be calibrated and used for 2D 

temperature measurements with high resolution. Liquid crystal thermography (LCT) can 

be used to measure temperature from -30˚C to 120˚C with a bandwidth of 0.1˚C to 

30˚C. Liquid crystals are typically available in two forms,  

 Encapsulated – Liquid crystal are encapsulated in 5-10 micron spheres 
suspended in a binder material. This form is less prone to degradation and easier 
to use 

 Un-encapsulated – Liquid crystals available in their native form. This form is 
prone to degradation quickly, but produces brighter color change and can be 
applied in thinner coatings.  
 
In this work the encapsulated form is used, with a temperature bandwidth of 10 

ºC from 37 – 47 ºC, although the nominal temperature bandwidth specified by the 

supplier is 20 ºC. 
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2.6.1 Application of the Liquid Crystal Coating 

Liquid crystals are available in a slurry form, which are diluted using distilled 

water and sprayed onto the surface using an airbrush. In order to observe the color 

change it is necessary to apply a black coating first to the heater surface. And then the 

liquids crystals are applied. The coating is deposited by multiple passes, allowing for 

drying in between. Then the coat is tested for color change using a hot plate. These 

coatings are made on the back side of the heater and the color change is viewed 

through the bottom wall of the channel.  

Liquid crystals are extremely sensitive to contaminants. Protection of this coating 

from the heat transfer fluid was a major challenge. Liquid crystal temperature 

measurements are predominantly used for air driven convection studies, where the 

protection of the coating is relatively less complicated. Recently, Ozer et al. [28] used 

LCT in mini-channels, by employing a complex test section design to protect the LC 

coatings. Figure 2-9 shows the cross sectional view of their test section assembly 

 
 

Figure 2-9.  Cross sectional view of the test section assembly of Ozer et al., from [28] 
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In this design the heater protrudes out of the channel to avoid interaction 

between heat transfer fluid and the LC coating. But this required the protruding portion 

of the heater to be cooled, and the heat loss needed to be measured and carefully 

accounted for in the heat transfer calculations. Heat loss was modeled using numerical 

simulation because of the complex structure. Muwanga et al. [29] tried to use a similar 

approach for micro channels and reported that uncertainty caused by heat loss 

estimation were too large for the heat transfer measurement to be useful. Though, the 

conclusion cannot be extended directly to a macroscopic channel, this approach 

definitely increases complexity and the uncertainty involved in the temperature 

measurements.  

 
 
Figure 2-10.  Structure of the liquid crystal coating  

In this work a number of different solutions were proposed and tested. The 

constraints to be satisfied were withstanding the necessary temperature, chemical 

compatibility with the heat transfer fluid and remaining optically clear for viewing the 

color change. After a large number of trials, a solution was found to satisfy all the 

constraints. The solution was a high temperature optically clear double sided tape 
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(9483) supplied by 3M. This double sided tape holds the bottom surface of the heater to 

the bottom wall of the channel. Also, the LC coating had to be made with a border of no 

coating so that tape can adhere directly to the stainless steel heater surface; otherwise 

the coating compromises the adhesion strength of the tape. 

2.6.2 Image Acquisition and Illumination 

Image acquisition for LCT has unique requirements. Measurement of color 

requires a high color sensitivity (at least ISO 1200) camera with at least 8 bit resolution 

for each R, G and B channels.  Phantom Miro Ex2 camera was purchased for this 

purpose. This camera has a 22 µm physical pixel size and 640 x 480 pixel resolution. 

The camera is interfaced to the computer via an Ethernet cable for high data transfer 

speeds, and it is controlled by camera control software provided by Vision Research. 

The camera is positioned normal to the LC surface. 

This work utilizes an off axis lighting arrangement with a polarizer to avoid 

unwanted glare. The lighting source also plays an important role; since LC just reflects 

the incident light, a full spectrum light source is ideal. In this case, full spectrum 

fluorescent light bulb from Alzo digital is used. This light source was chosen also 

because they maintain a constant intensity without flickering at high frame rates. 

2.6.3 Calibration 

Calibration of liquid crystals is a widely debated topic. The general experimental 

setup used for calibration consists of a constant temperature bath which maintains LC 

surface at a constant temperature. Using an imaging setup, pictures of the LC surface 

are acquired at different bath temperatures. Then the RGB values in the pictures are 

converted into hue. Then a calibration curve is obtained for temperature as a function of 

hue by curve fitting. Though the calibration procedure described is common to most 
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researchers using LCT, there is a huge variability in terms of hue definition, spatial 

averaging, lighting etc. 

Most researchers use a single point calibration, i.e. the hue over the entire 

surface is averaged during calibration. Such a spatial averaging implies that the 

calibration does not take into account the non-uniformity in lighting, LC layer thickness 

and viewing angle. LCT is known to be sensitive to all three parameters. This kind of a 

calibration procedure is applicable only when the field of view is very small such that the 

variability in the above mentioned parameters can be neglected. 

Pixel wise calibration was proposed by Sabatino et al. [30]. In this method, each 

pixel has its own calibration, thus eliminating the effects of any variability in parameters. 

In this work, since the field of view has a high aspect ratio, pixel wise calibration is 

adopted. Since pixel wise calibration resulted in high uncertainty, median filtering and 

spatial averaging over a 4 x 4 pixels set was implemented on the calibration images to 

reduce the noise. As mentioned previously, multiple hue definitions are used for 

calibration, in this work it was observed that calibration of RGB values directly resulted 

in lower uncertainty. Thus a polynomial in RGB is used to fit the calibration data.  

                     
     

 

 
    (2-1) 

Uncertainty in temperature at 95 % confidence level is ± 0.49 ºC. Typical uncertainties 

reported are in the range from 4–7 % of the bandwidth. In this case uncertainty in 

temperature is 4.9 %. Spatial standard deviation was 1.03 ºC. 

In this study, the liquid crystal coating cannot be applied on the heater at the 

liquid-solid interface, to avoid interaction between the coating and the process studied. 

Therefore, a thin heater of 50 E-6 m thickness was chosen and the coating was applied 
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on the other side of the heater. And, the measured temperature was assumed to be the 

temperature at the liquid-solid interface. This assumption can be justified by computing 

the Biot number for the given conditions 

   
   

 
       (2-2) 

For a typical case, h = 3000 W/m2K,         m, K = 16.3 W/mK, Bi = 0.009. 

Conventionally, when Bi is less than 0.1; the temperature gradient across the 

characteristic length is neglected. In this case the temperature gradient is negligible; 

therefore the temperature measured on the other side of the heater could be equated to 

the temperature at the liquid-solid interface. 

2.6.4 Response Time 

Response time of un-encapsulated LC has been reported[31] to be below 10ms. 

Wagner et al. [32] characterized the frequency response of the un-encapsulated LC and 

found that the maximum frequency reproducible was 70 Hz with a thickness of 10-20 

µm. They found that the amplitude was attenuated as the thickness increased. An 

experiment was conducted to determine the response time of the LC used in the current 

study. A constant heat flux was provided to the heater as a step response and the 

temporal response of the LC was recorded in terms of temperature. Then the response 

to 50 % duty cycle at the same amplitude was recorded similarly. Comparing the 

temperature response indicated a response time higher than 100 s. This is attributed to 

the difficulty in controlling the thickness of the coating and the inability to measure 

coating thickness in between coating process. Therefore, measurements made using 

LCT in this study are averaged over a long time and considered steady state estimates. 
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2.7 Digital Image Processing  

An image processing code was developed in MATLAB to make quantitative 

estimates of the bubble size, position and velocity. This code accepts video in *.avi 

format, and then it separates the video into frames. Each frame is processed to identify 

the bubbles and then their size and position are estimated.  

2.7.1 Image Acquisition and Illumination 

An existing high speed camera NAC HiDCAM was used for imaging. The videos 

were recorded at 1000 fps with resolution of 1280 x 256. Many different lighting 

arrangements were tried, finally the full spectrum fluorescent lamps from Alzo were 

chosen because they maintain a constant intensity without flickering at high frame rates. 

Also, thermal radiations from the lamps were minimal. A Nikon macro lens with 50 mm 

focal length was used. 

2.7.2 Image Calibration 

In order to extract quantitative estimates from the image, a pixel needs to be 

calibrated to a physical dimension. This was achieved by measuring the number of 

pixels; the injection needle occupies and equates it to the physical dimension of the 

needle. This is illustrated in Figure 2 -11. The two peaks in gradient shown in Figure 2 -

11b represent the edges of the injection needle. In this current setup a pixel 

corresponds to 44 µm. 

2.7.3 Background Subtraction 

A thresholding technique[22] was used to identify the contour of the bubbles. 

This technique was chosen because it adapts to inhomogeneous intensity variation in 

illuminations. The original image is compared with the background image, any pixel 

above the sum of the intensity of the corresponding background image pixel and a 
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threshold, was termed lighter. Similarly, any pixel below the difference between the 

background and the threshold is termed darker. 

   
 a       b 
Figure 2-11.  Image Calibration. a) Original image showing the injection needle and the      

line across represents the input data for the gradient computation, b) Gradient 
in the intensity of the pixels on the line shown in (a). 

Both lighter and darker pixels are represented in the binary form as shown in 

Figure 2-12 b and c. The sum of the lighter and the darker pixels do not belong to the 

background, thus the pixels that belong to the bubbles are isolated. This process is 

illustrated step by step in the Figure 2-12.  

Pseudo code 

Thresh =40;      % Setting threshold 

Lighter = (image> background + thresh);  % Identify Whiter Pixels 

Darker = (image< background - thresh);  % Identify Darker Pixels 

Output = (darker | lighter);     % Sum 
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   a    b 

 

c    d 

Figure 2-12.  Background subtraction. a) Original image, b) Pixels lighter than 
background, c) Pixels darker than background, d) Sum of lighter and darker 
pixels 

2.7.4 Contour Fill 

Contour fill is an operation where the pixels that are part of the bubble and yet 

could not be differentiated from the background are assigned to bubble region. This is 

achieved by assigning all the pixels in between the farthest white pixels in a given 

column with value 1 (i.e. white pixel). The output of this operation results in a binary 

image where the bubble region is white. 

  

Figure 2-13.  Contour fill. a) Binary image after background subtraction, b) Contour filled 
image 

2.7.5 Estimation of Bubble Properties  

The equivalent diameter and the centroid of the bubble are computed using the 

following expression, where I (x, y) is the pixel intensity at the location (x, y). 
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Equivalent diameter      √
 ∑ ∑         

 
    (2-3) 

Centroid    ̅   
∑ ∑          

∑ ∑         
  ̅   

∑ ∑          

∑ ∑         
  (2-4) 

2.7.6 Estimation of Velocity and Position 

Velocities of bubbles are estimated from the change in the centroid of the bubble 

region in successive frames and the frame rate. The rate of acquisition of the video is 

chosen such that the bubbles move only a short distance between frames, typically less 

than one diameter. Therefore, the same bubble in the successive frame can be 

identified by a positive increase in the centroid and the same diameter. 

Stream wise separation and lateral separation in position are determined by the 

difference in the first and second component of the centroid, between two bubbles in the 

same frame. All the estimated parameters are averaged over thousands of bubbles. 

The whole process is illustrated in Figure 2-14. Uncertainty in the position of the bubble 

was estimated manually to be ±2 pixels.  

2.8 Uncertainty Quantification 

Uncertainty estimation was performed using the procedure outlined by Kline and 

McClintock [27]. All uncertainties are reported at a 95 % confidence level. Uncertainties 

in measured quantities are reported based on their calibrations errors. Uncertainty in 

heat flux was estimated using the expressions given in Equation 2-5 and 2-6, where U 

Voltage = 0.15e-3 V, U Current = 0.38e-3 A, U Area = 1.19e-4 m2. 
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Figure 2-14.  Flow chart describing the image processing of bubble tracking code 

 
Table 2-1.  Uncertainty estimates for measured and derived quantities 

Quantity Uncertainty Unit 
Temperature - Thermocouple 2.00E-01 C 
Temperature - Liquid Crystal Thermography 4.90E-01 C 
Flow Rate 1.30E-01 LPM 
Pressure 3.76E+02 Pa 
Heat flux 4.63E+01 W/m2 
Bubble Position 8.80E-05 m 
Bubble Velocity 8.80E-02 m/s 
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2.9 Experimental Procedure 

The working fluid is circulated through the facility as the heat input from the 

preheating section is slowly increased. Once the fluid reaches the temperature range of 

the liquid Crystals, the heat input is fixed to reach a steady state temperature. While the 

fluid is preheated, the air in the system gets collected in the purging chamber, and it is 

periodically purged. Then the bubble injection system is charged with air and set to 

discharge at a constant flow rate, and allowed to reach steady state. At this point, the 

camera and the light settings are set to appropriate conditions for recording. Then the 

DC power to the test section heater is turned on and the heat flux is adjusted so as 

prevent any undesirable boiling. The temperature range in the heater should lie within 

the liquid crystal sensitivity range; this is accomplished by observing the color change 

pattern in the liquid crystal and adjusting the heat flux appropriately. Since the response 

time of this system is close to 100 S, the data acquisition and the camera recording are 

initiated after 2 minutes. The record time for the Liquid crystal side is 15 minutes. Due to 

record length constraints for the camera used on the bubble side, 100 frames are 

recorded at the start of every minute for 15 minutes. At the end of 15 minutes, the 

recordings are converted to *.avi format for processing. Then the fluid temperature is 

allowed to cool down slowly to room temperature by lowering the heat input from the 

preheating section slowly. Quickly cooling down the fluid resulted in bubbles being 

formed inside the double sided tape used to protect liquid crystals. This obstructs the 

viewing of color change. 
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CHAPTER 3 
NUMERICAL METHODOLOGY AND VALIDATION 

3.1 Introduction 

According to the literature the main parameters, governing the heat transfer 

enhancement process are the bubble diameter, bubble relative velocity, and micro-layer 

thickness. These parameters are not independent of each other. Furthermore, it is also 

very difficult to control them in reality. As a result, none of these parameters could be 

effective varied in a systematic manner to establish a trend. This leaves computational 

study as the only way to gain an understanding on the heat transfer enhancement 

process. The experimental data acquired can be used to serves as a basis for validation 

of the computational model. 

3.2 Computational Modeling and Assumptions 

A general purpose commercial code STAR-CCM+ is used in this study. This 

code utilizes finite volume discretization to solve the governing equations. A flow aligned 

multi-block mesh consisting of hexahedral cells was used. Segregated flow model using 

the SIMPLE- algorithm with Rhie and Chow [33–37] type pressure-velocity coupling was 

used to solve the Navier-Stokes equation. This code uses a collocated variable 

arrangement.  

In a near-wall turbulent flow, the peak turbulent energy and the peak turbulence 

production occur within the inner region (y/δ<0.1). Therefore, in modeling wall bounded 

flows, it is very important to represent this region appropriately. K-ε models are 

developed based on a quasi-homogenous approximation; they fail to capture the 

strongly non-homogenous near wall region. The general approach to correct for the 

near wall region is to introduce a damping function, which modifies the eddy-viscosity 
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according to the results of direct numerical simulations. The range of applicability of k-ε 

models with damping function have been shown to be limited. Durbin (1991) [38] 

proposed an elliptic relaxation model which predicts the near wall non-homogeneity 

more accurately without any damping functions. 

The principle reason for the failure of k-ε model near-wall boundaries is that it is 

isotropic, thus requiring ad hoc damping functions. This shortcoming can be overcome 

by introducing an anisotropic eddy viscosity tensor  

            ̅̅ ̅̅ ̅       (3-1) 

where T = k/ε and         

Thus the appropriate velocity scale becomes    ̅̅ ̅ for a channel flow close to the 

boundary. As  
 
→  , k 

 
→   but ε > 0, therefore at some point the time scale becomes 

less than the Kolmogoroff scale (ν/ε)1/2 , to prevent this T is redefined as 
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)     (3-2) 

where        

The governing equation for the   ̅̅ ̅ is given by Equation (3-3) 

  (  
  

  
)     ̅̅ ̅    ̅̅ ̅  

 
         (3-3) 

Equation (3-3) is derived from the Reynolds Transport equation for   ̅̅ ̅ 

Two of the main influences of rigid boundaries on the flow are, pressure reflection and 

kinematic blocking. Pressure fluctuations are governed by Poisson equation (Elliptic). 

The effect of imposing surface boundary conditions, i.e. wall normal pressure gradient = 

0, is a non-local effect. This reflection of the pressure fluctuation increases the 

anisotropy in the wall-normal velocity fluctuations through the velocity-pressure gradient 
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correlation term in the Reynolds stress transport equation. Also, it has been suggested 

that the zero wall normal velocity condition at the boundaries have a non-local effect on 

the velocity fluctuations, which is termed Kinematic blocking, is also of elliptic nature. 

Due to the elliptic nature of the above mentioned effects, which are responsible for the 

near wall anisotropy, a elliptic relaxation model was proposed by Durbin(1991) [38]. 

Elliptic relaxation model is given by 

              (3-4) 
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where        ,       

As in the case of T, a lower bound for L is specified, so that L does not become 

lesser than the Kolmogorov scale close to the wall. 

Bubble deformation is considered to be negligible partially as a simplifying 

assumption and based on empirical observation. Also, the highest Weber number 

based on the relative velocity for the case in consideration is 1.10 meaning the inertia 

forces is on the same order of magnitude comparing with the surface tension forces. 

Also, flow was considered to be incompressible with constant properties.  

3.3 Code Validation  

In order to demonstrate that the solver can be correctly implemented to solve the 

present problem and the grids system used is appropriate and adequate, the following 

three computational problems were selected for validation. 

1. Potential Flow around a sphere near a wall 
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2. Drag force on a spherical bubble in an unbounded domain 

3. Turbulent Channel flow with asymmetrically heating 

Each problem demonstrates the capability of the code to capture the relevant 

physics. Each problem is validated against an exact solution or accepted models. The 

comparison will give a sense of relative error in the numerical solution associated with 

the grids. They also serve as the building blocks of handling the full-fledged simulation. 

3.3.1 Potential Flow Over a Sphere Near a Wall 

This potential flow problem was chosen because, it was amenable to analytical 

solution and it serves to establish the mesh requirements necessary to resolve the 

pressure field on the wall when the sphere is very close to the wall. 

3.3.1.1 Exact solution 

A uniform flow approaches the sphere along the x-direction as shown on the 

Figure 3 -1, where the diameter of the sphere is d and distance from the wall to the 

center of the sphere being K.  

X

Y

d

k

U

 
 

Figure 3-1.  Potential flow around a sphere near a wall 
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In order to mimic the wall effect, a hydrodynamic image of the sphere is 

superposed across the symmetry plane as shown in Figure 3 -2, thus resulting in a 

streamline along plane, which is equivalent to a wall.  

 

X

Y

2k 

U

 
 

Figure 3-2.  Two spheres equidistant from the symmetry plane in uniform flow. 

An exact Solution to the above stated problem was derived using Weiss’s sphere 

theorem [39]. 

 Weiss’s Sphere Theorem: Let    be the velocity potential of an irrotational flow 

of an incompressible inviscid fluid. If we introduce a sphere into the fluid, the flow is 

disturbed and its velocity potential becomes 

                                (3-7) 

The perturbing term   can be expressed in terms of an arbitrary    as 
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where a is the radius, and    √           
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Starting with potential flow around a sphere as    

       [  
  

              
]    (3-9) 

we have 
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where   is replaced with       to shift the origin from the first sphere to the second 

sphere. The final expression for    was determined by solving the above integral.  

Finally, we have the velocity potential as  

                                     (3-11) 

Pressure distribution on the wall can be determined using Bernoulli’s equation 
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The final expression for pressure distribution runs for more than two pages, so for the 

sake of brevity it is not reported here. 

3.3.1.2 Numerical simulation  

The computational domain of the simulation and the boundary conditions are 

illustrated in Figure 3-3 

X

Y
k

U
Pressure 

Outlet

 

 
Figure 3-3.  Computational domain and the boundary condition 
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Euler’s equations were solved in the mesh shown in Figure 3- 4 to obtain the 

potential flow solution. Velocity was specified at the inlet boundary and all other surface 

prescribed with zero normal velocity. Outlet was specified as a Pressure outlet. The 

deviation in the results between the simulation and the exact solution are tabulated in 

Table 3-1. 

Table 3-1.  Deviation of the numerical result from the exact solution for the pressure 
distribution on the bottom wall 

Radius (μm) Wall Distance (μm) 
From Center 

Velocity 
(m/s) 

RMS Error 
(Pa) 

Relative RMS 
Error (%) 

450 550 0.28 1.67 1.78 
450 500 0.28 4.93 3.42 

 
The pressure distribution on the bottom wall obtained from the numerical 

simulation is compared with the exact solution in Figure 3-5. The comparison of 

pressure fields shows that there is a good agreement between the two. The maximum 

relative error for pressure was 11.52 %. 

 
 
Figure 3-4.  Cross sectional view of the mesh used for the potential flow simulation.  
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   a      b 
Figure 3-5.  Comparison of pressure distribution on the bottom wall. a) Exact Solution b) 

Numerical Simulation 

3.3.2 Drag Force on a Spherical Bubble 

In order to understand the grid resolution requirement of the code for handling 

the viscous flow around a bubble, drag force on a bubble was computed and compared 

with the drag force model proposed by Mei et al. [40]. The computational domain for this 

simulation is shown in Figure 3- 6. A body fitted mesh was used around the bubble and 

the rest of the domain was meshed using Cartesian hexahedral cells. The bubble 

diameter is 1 mm. The hexahedral cells have a base size of 100 µm. The outer 

boundary is located at r/D=5. Figures 3- 7 and 3-8 shows the mesh used in this study. 

The Navier-Stokes equation was solved and the pressure and shear forces on the 

bubble surface was integrated to calculate the drag force. Drag force was computed for 
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two different velocities, these velocities are in the typical range encountered in this 

study. 

 
 

Figure 3-6.  Geometry of the computational domain 

 
 

Figure 3-7.  Computational domain: the cross section of the mesh 
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Figure 3-8.  Computational domain: body fitted mesh on the bubble 

The results and comparison to the model are tabulated in Table 3- 2. Relative 

errors of this magnitude are considered reasonable. 

Table 3-2.  Comparison of drag force computed using numerical simulation and the 
model of Mei et al. 

HFE 
7000 

Liquid Velocity 
(m/s) Re Drag force Error (N) Relative 

Error (%) Simulation Mei et al. 
1 0.1 640 3.91E-07 3.67E-07 2.34E-08 6.38 
2 0.2 1280 8.45E-07 7.56E-07 8.85E-08 11.71 

 
3.3.3 Turbulent Channel Flow with Asymmetrically Heating 

Proper resolution of the thermal boundary layer is essential to model a turbulent 

forced convective flow. Even more so in this case because of the high Prandtl number 

(Pr = 4) of the fluid used. A few different K-ε models were examined and finally V2-F 

model was chosen. This model was chosen for two reasons, one it gave the best 

Nusselt number prediction compared to accepted correlations. Secondly, it does not use 

any ad hoc wall function. Half of the physical domain was simulated. Figure 3-9 
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illustrates the geometry. Due to the high Prandtl of the fluid used, it was challenging 

task to design a mesh that will be fine enough to capture the steep thermal boundary 

layer, and still have a manageable number of cells, for all the simulations. Many 

different multi-block meshes were tried, finally the mesh shown in Figure 3-9 was found 

to be a robust design. In order to capture the near wall boundary layer region, a 

boundary fitted prism layer mesh is used, which is shown in Figure 3-11.  

 
 

Figure 3-9.  Geometry of the computational domain  

The boundary conditions specified to simulate a fully developed flow are listed in 

the Table 3-3. The average skin friction coefficient obtained from the simulation was 

compared to the widely accepted correlation of Dean [41], the relative error was found 

to be 11 %. The computed average Nusselt number from the simulation is compared to 
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the widely used correlations of Sider and Tate and Gnielinski [1], the results are 

tabulated in Table 3-4. 

Table 3-3.  Boundary conditions specified for the stationary bubble simulation 
Boundary Conditions Hydrodynamic Thermal 
Inlet Periodic Boundary Periodic Boundary 
Outlet Periodic Boundary Periodic Boundary 
Bottom Wall No Slip Constant Heat Flux 
Side Wall No Slip Adiabatic 
Symmetry Plane Symmetry Plane Symmetry Plane 
Top Wall No Slip Adiabatic 

 

 

 

Figure 3-10.  Cross section of the mesh with Cartesian flow aligned hexahedral cells in 
the core and prism layer mesh at the boundary. Cell size is 100E-6 X 50E-6 X 
50 E-6 in the X, Y, Z directions respectively. 
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Figure 3-11.  Cross section of the boundary fitted mesh at the bottom wall 

Table 3-4.  Comparison of Nusselt numbers obtained in the simulations with correlations 
Liquid 

Velocity 
(m/s) 

Re 
 Nusselt number  

Simulation Sider and 
Tate 

Error 
(%) Gnielinski Error 

(%) 
0.2 18316 116.54 105.92 10.02 103.93 12.13 

 
In Figures 3-12 and 3-14 the velocity and temperature profile obtained for the 

channel flow are presented. These profiles are used for comparison with other 

simulation to establish that the far field is unaffected. Figure 3-13 compares the 

turbulent kinetic energy normalized by friction velocity as a function of wall units 

obtained from the current simulation with data from direct simulations performed by Kim 

et al. [42]. The profile of normalized turbulent kinetic energy looks reasonable in 

comparison with direct numerical simulations. 
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Figure 3-12.  Channel flow velocity profile – U(Y) 

 
 

Figure 3-13.  Turbulent Kinetic Energy normalized by friction velocity compared with 
data obtained using direct numerical simulation by Kim et al. (1987) 
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Figure 3-14.  Channel flow temperature profile – T(Y) 
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CHAPTER 4 
PERIODIC BUBBLE SLIDING 

According to the literature [4,8,28] the ideal choice for simulating bubble sliding is 

to inject gas bubbles using a hypodermic needle on a downward facing heater. As the 

air is injected through the needle, the bubble grows until the drag force on the bubble is 

less than the surface tension force acting at the base of the bubble. When the forces 

equal, the bubble detaches and slides along the heater. The heater is downward facing; 

therefore buoyancy force pushes the bubble against the heater. As bubbles 

continuously detached from the nucleation site or from the injection needle, one typically 

observes a series of bubbles sliding along the heating surface, as shown in Figure 4-1.  

 
 

Figure 4-1.  Photograph of Bubble injection and sliding taken during this study 

At the point of detachment, the bubbles velocity is zero, and since the flow is 

inclined upwards at an angle of 26 degree, it quickly accelerates to a steady state. 

Although the bubbles are accelerating right after detachment, for the purpose of 

modeling the flow physics and heat transfer and isolating the dominant mechanism for 

heat transfer enhancement, for those bubbles that are reasonably far from the injection 

needle, it is assumed that bubbles motion are quasi-steady, bubble spacing and 

velocities are identical for all sliding bubbles. Thus computation will be only need to be 
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performed for a single bubble by invoking the periodical boundary condition in the 

stream wise direction.  

In the periodic bubble sliding stage, the main parameters that may influence the 

heat transfer enhancement process are bubble velocity, bubble diameter and micro-

layer thickness. The first two parameters are estimated from the high speed videos 

obtained during the experiment using image processing code explained in Chapter 2. 

Micro-layer thickness was varied in the range of values reported by other researchers 

[43,21,44], to avoid any inaccuracy caused by assuming a single value.  

Though the shape of the bubble has been observed to be mostly spherical, 

bubble expansion causes the shape to vary. Since there is no good measurement for 

the 3-D shape of the actual bubble, a series of truncated spheres are assumed in order 

to assess the possible influence of the bubble shape on the enhancement of heat 

transfer while keeping flow and thermal parameters fixed. Flow was assumed to be 

hydrodynamically and thermally fully developed. 

4.1 Geometry 

The geometry of the computational domain used for this simulation is illustrated 

in Figure 4-2. The origin of the domain is located at the center of the sphere. The 

dimensions of the domain are given by Equations 4-1, 4-2 and 4-3. 

                     (4-1) 

  
 

 
             (

 

 
  )     (4-2) 

                  (4-3) 

where   is the micro-layer thickness.  
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The domain length in the X-direction is estimated from the image processing. It is 

the distance between two bubble centers. 

 
Figure 4-2.  Geometry of the computational domain 

  

Figure 4-3.  Enlarged view of the sphere close to the bottom wall showing the micro-
layer thickness 
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The micro-layer thickness specified is the distance between the bottom wall and 

the sphere as shown in Figure 4-3. In a few simulations, the shape of the bubble is 

varied to study its sensitivity to the heat transfer enhancement process. In Figure 4-4, 

the two different variations of truncated spheres used are illustrated. The truncation 

percentage represents the percentage removed. 

 
  a     b 

Figure 4-4.  Truncated spheres used to study shape variations. a) 25 % Truncation b) 
50 % Truncation  

4.2 Boundary Conditions 

The boundary conditions specified for this simulation are listed in the Table 4-1. 
 
Table 4-1.  Boundary conditions specified for periodic bubble sliding simulation 
Boundary Conditions Hydrodynamic Thermal 
Inlet Periodic Boundary Periodic Boundary 
Outlet Periodic Boundary Periodic Boundary 
Bubble Slip Adiabatic 
Bottom Wall No Slip Constant Heat Flux 
Side Wall No Slip Adiabatic 
Symmetry Plane Symmetry Plane Symmetry Plane 
Top Wall No Slip Adiabatic 
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4.3 Mesh 

As previously discussed in the duct flow validation case, mesh design was a 

challenging task because of the high Prandtl number of the fluid. The mesh shown in 

Figure 4-5 is another design that worked well with the periodic boundary conditions. 

This mesh has even finer resolution than the validation case at the bottom, but mesh 

size increases progressively towards the top wall. 

 
 

Figure 4-5.  Cross section of the mesh with Cartesian flow aligned hexahedral cells in 
the core and prism layer mesh at the boundary. The finest mesh size is 25µm. 
The mesh size doubles per block, up to 200µm in the top of the channel 

The mesh around the bubble is shown in Figure 4-6. The thin micro-layer region 

is resolved using cell of size 6.75 µm. It was ensured that the thinnest region had at 

least 16 cells.  
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Figure 4-6.  Cross section of the mesh with Cartesian flow aligned hexahedral cells in 
the core and prism layer mesh at the boundary. 

 

4.4 Influence of Micro-layer Thickness 

Based on the literature [43,21,44] regarding micro-layer thickness measurements 

[32–34,11] three different thicknesses were chosen, 50 µm , 75µm and 100µm to 

explore the possible influence of the thickness on the heat transfer enhancement. The 

flow parameters used for the bubble sliding simulation are tabulated in Table 4-2. The 

bubble diameter and velocity was obtained at the stream wise location 4.7 mm. Bubble 

Re is based on the relative velocity at the center of the bubble. 

Table 4-2.  Governing flow parameters for periodic bubble sliding simulation 
Parameter Value 
Bubble diameter 1.1E-3 m 
Bubble Velocity 0.18 m/s 
Bulk liquid velocity 0.2 m/s 
Re Channel 18316 
Re Bubble 140 
Bulk Inlet Temperature 38.5 C 
Heat Flux 1740 W/m2 
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Because of no-slip boundary condition at the wall, Taylor series expansion for the 

velocity field near the wall gives      
  

  
   . Since the vertical velocity component 

is much smaller than the stream wise and span wise components,   

  
      is essentially 

the wall shear stress vector. Hence,    

  
       can be used as a surrogate to visualize the 

flow field near the wall. In order to quantitatively compare wall shear stress under 

different conditions, the standard definition of skin friction coefficient is used, 

    
  

 
    

 

Figures 4-7 to 4-9 are presented to illustrate the interesting flow pattern observed 

underneath the bubble for different micro-layer thicknesses. The semicircle represents 

the outline of the sphere. The flow is along the positive x direction. The skin friction 

coefficient away from the bubble agrees well with the widely accepted correlation of 

Dean (1978) [41] for turbulent duct flows. The average skin friction coefficient for the 

given case without the bubble is 0.006275. The peak skin friction coefficient gradually 

increases with the reduction in the micro-layer thickness, which is reasonable. It has to 

be pointed out that the average skin friction coefficient is remained almost constant, with 

the reduction in the micro-layer thickness. 

Though the bubble velocity is smaller than the liquid velocity, since the bubble is 

close to the wall, the bubble leads the flow near the wall due to the zero velocity at the 

wall. Consequently, the re-circulation pattern observed close to the origin is a result of 

faster moving bubble pushing around the liquid ahead, which gets sucked into the wake 

behind. This is a consistent pattern observed in all three cases. 
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Figure 4-7.  Contour plot of skin friction coefficient on the bottom wall superimposed 
with the streamlines obtained from shear stress vector for micro-layer 
thickness of 100 µm 

 
 

Figure 4-8.  Contour plot of skin friction coefficient on the bottom wall superimposed 
with the streamlines obtained from shear stress vector for micro-layer 
thickness of 75 µm 
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Figure 4-9.  Contour plot of skin friction coefficient on the bottom wall superimposed 
with the streamlines obtained from shear stress vector for micro-layer 
thickness of 50 µm 

The temperature distribution obtained from the simulation was averaged in the 

stream wise directions in order to compare with experimental data, since the 

experimental data represents the effect of passage of hundreds of bubbles. Figure 4-10 

compares the temperature distribution of the three variations in the micro-layer 

thickness with the experimental data. The temperature profiles of the different micro-

layer thicknesses lie on top each other, clearly indicating the insensitivity of the heat 

transfer enhancement to this parameter. It is important to notice that the maximum 

temperature drop predicted by the simulations for periodically sliding bubbles is far less 

compared to the experimentally observed temperature drop. This raises doubts about 

the conventional notion of the thermal boundary layer disruption caused by the sliding 

bubble is responsible for the heat transfer enhancement. It has to be pointed out that 
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the simulated temperature profile agrees with experimental data away from the 

centerline. 

 
 

Figure 4-10.  Comparison of temperature distribution obtained from the experiment and 
the simulation for different micro-layer thicknesses 

4.5 Influence of Bubble Shape  

Bubble shape is an important parameter that influences the flow field. However, it 

is a rather complex problem to model a dynamically evolving interface. Therefore simple 

quantifiable variations in shape have been studied here. Three different shapes are 

considered, full sphere, 25 % truncated and 50 % truncated sphere. The micro-layer 

thickness has been kept constant at 50 µm. Figure 4-11 compares the temperature 

profile computed for the three different shapes with the experimental data. 

The maximum temperature drop increases marginally with the increase in 

truncation. This could be attributed to the increase in the base area of the bubble thus 
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increasing disruption of the thermal boundary layer. But the disruption is not appreciable 

enough to explain the large temperature drop observed in experiment.  

 
 

Figure 4-11.  Comparison of temperature distribution obtained from the experiment and 
the simulation for different bubble shapes 

Since neither micro-layer thickness nor shape variations could explain the 

temperature drop observed in the experiment, it is not likely that the disruption of the 

thermal boundary layer by the sliding bubble is the main mechanism responsible for 

heat transfer enhancement as suggested in the literature.  

4.6 Influence of Lateral Migration 

Though the bubbles were assumed to move in a straight line, in reality there is a 

small lateral displacement. This displacement is estimated using the image processing 

code; in this case it is 0.16 mm. In order to study the meandering effects, periodic 
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sliding of two hemispherical bubbles laterally separated is simulated. The geometry of 

the simulation is shown in Figure 4- 12. Since the hemispherical shape gave the highest 

Nusselt number in the bubble shape variation study, this shape is chosen. 

 
 

Figure 4-12.  Geometry of the computational domain showing the lateral displacement 
of the hemispherical bubble 

In Figure 4-13, the temperature distribution obtained from the hemispheres 

moving inline and the laterally displaced simulations are compared with the 

experimental data. Again, the peak temperature drop from the simulation is almost the 

same as the inline case. Therefore, meandering of this magnitude does not lead to 

sufficient enhancement in heat transfer to bring the simulated results to agree with the 

measured temperature. The wake has broadened slightly on one side alone. 

Nevertheless, the contribution is very small, but the temperature profile has become 

highly asymmetrical. 
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Figure 4-13.  Comparison of temperature distribution obtained from the experiment and 
the simulation for different bubble shapes 
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CHAPTER 5 
TURBULENT CHANNEL FLOW OVER STATIONARY SPHERICAL BUBBLE NEAR A 

WALL 

According to the bubble sliding experiments [8,14,45] in natural convection 

environment, the enhancement in heat transfer is known to strongly depend on relative 

velocity of the bubble. From this understanding, it is deduced that the bubble with the 

highest relative velocity, is the bubble that is about to be detached from the needle or 

the nucleation site in flow boiling, because its velocity is zero. Thus the disruption 

caused by stationary bubble would be considerably large, and therefore could be the 

dominant mechanism responsible for the heat transfer enhancement. It has to be noted 

that in the past half century of flow boiling research ,this mechanism of heat transfer 

enhancement has been never been identified to the authors knowledge. The bubble 

grows before it is snapped off from the needle. This growth process is transient. Before 

the detachment, the bubble velocity is zero. After it is detached, the bubble does not 

reach to equilibrium with the local fluid velocity (due to the inertia associated with the 

added mass) until it is further downstream. Thus for simplicity, steady state flow field 

over this almost stationary bubble and the associated thermal field are computed. 

5.1 Geometry 

 The geometry of the computational domain is modeled after the experimental 

setup; with the bubble dimensions coming from the image processing estimate. In order 

to reduce computational cost and time, the flow is assumed to be symmetric again; 

therefore only a half of the channel is simulated. The geometry of the computational 

domain is illustrated in Figure 5-1 and 5-2. The flow is along the positive X direction. 



 

80 

 
 

Figure 5-1.  Geometry of the computational domain  

 
 

Figure 5-2.  Enlarged view of the sphere close to the bottom wall showing the micro-
layer thickness 

The origin of the domain is at the center of the sphere. The dimensions of the 

domain are given by Equations 5-1, 5-2 and 5-3.  

                   (5-1) 

  
 

 
             (

 

 
  )     (5-2) 

                  (5-3) 

Where d is the diameter and ε is the micro-layer thickness 
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5.2 Boundary Conditions 

The boundary conditions specified for this simulation are chosen based on the 

experimental condition. Since there is dedicated flow development section in the 

experiment the inlet boundaries are specified with fully developed velocity and 

temperature profiles. Since it is impossible to specify a boundary condition at the outlet, 

the conventional choice is to set the diffusive flux to zero, which is adapted here. The 

rest of the boundary conditions are tabulated in Table 5-1. 

Table 5-1.  Boundary conditions specified for the stationary bubble simulation 
Boundary Conditions Hydrodynamic Thermal 
Inlet Velocity Inlet (FD) Temperature Specification (FD) 
Outlet Pressure Outlet Temperature Outlet 
Bubble Slip Adiabatic 
Bottom Wall No Slip Constant Heat Flux 
Side Wall No Slip Adiabatic 
Symmetry Plane Symmetry Plane Symmetry Plane 
Top Wall No Slip Adiabatic 

 

5.3 Mesh 

Meshing was a very challenging task in simulating this problem. The main 

challenges were, to resolve the thin micro-layer region and to resolve the steep thermal 

boundary layer due to high Prandtl number of the fluid. Initially, polyhedral meshes were 

tried, because of their multiple sides, that they can represent a complex flow pattern 

more easily. But the polyhedral mesh suffered from very slow convergence, because 

other than the region close to the bubble, everywhere else the flow is very much aligned 

in the stream wise direction and not with the cell boundaries. Then a multi-block mesh 

consisting of regular hexahedral cells with their cells size doubling from the bottom wall 

to the top wall in blocks was used. Though these meshes worked well with the periodic 

boundary conditions in the stream wise direction, they could not resolve thermal field 
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otherwise. So finally a uniformly fine mesh as shown in Figure 5 - 3 was designed and 

tested with the validation cases to ensure good convergence and stability. The surface 

of the bubble and the bottom wall are meshed with boundary fitted with high aspect ratio 

cells to resolve the boundary layers, as shown in Figure 5-4. The micro-layer region is 

meshed with 6.75 µm cells ensuring with at least 16 cells in the thinnest region of the 

domain. The mesh has 100 X 200 X 250 cells in X, Y, Z directions respectively, not 

including the bubble region. 

 
 

Figure 5-3.  Cross sectional view of the mesh at x = 0.  

5.4 Comparison of Numerical Results with Experimental Data 

The physical validity of the solution obtained, is justified by comparing the 

velocity and temperature profile of each simulation with its corresponding channel flow 

simulation to show that the solution field is unaffected away from the bubble.  
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Figure 5-4.  Cross sectional view of the mesh at the micro-layer separation. 

5.4.1 Case 1 

The flow parameters for this case have been tabulated in Table 5-2. 

Table 5-2.  Governing flow parameters for Case 1 
Parameter Value 
Bubble diameter 9e-4 m 
Re Channel 25643 
Re Bubble 1441 
Micro-layer thickness 50 µm 
Bulk Inlet Temperature 38.21 C 
Heat Flux 1714 W/m2 

 
As mentioned earlier, the velocity profile obtained along the y- axis passing 

through the bubble center is compared with the channel flow profile in Figure 5-5. The 

discontinuity in the profile of the flow over a bubble indicates the boundary of the 

bubble. Similarly, in Figure 5-6 the temperature profiles are compared. The agreement 

between the profiles away from the bubble and the transition to the channel profile 

suggests that the solution is reasonable. 
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Figure 5-5.  Comparison of velocity profile along the Y-axis passing through the center 

of the bubble with the channel flow profile 

 
 

Figure 5-6.  Comparison of temperature profile along the Y-axis passing through the 
center of the bubble with the channel flow profile 
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           a         b 
Figure 5-7.  Contour plots at the bottom wall with the bubble outline a) Skin friction 

coefficient b) Temperature 

In Figure 5-7 a, the contour plot of the skin friction coefficient shows the peak 

value close to the origin, where the flow is squeezed to pass through the thin micro-

layer region. Consequently, the lowest shear stress region is found right after the origin, 

where the flow region expands. Higher skin friction coefficient along the axis in X 

direction suggests higher heat transfer, which is confirmed by the lower temperature 

shown in Figure 5-7 b.  

The peak temperature drop obtained from stationary bubble simulation almost 

agrees with the measured value, as shown in Figure 5-8. It has to be noted that the 

numerical model dose not account for the effects of bubble growth, bubble acceleration 

after detachment and coalescence at the point of injection. All three effects are very 
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important close to the point of injection. The deviation between the simulation and the 

experiment, away (Z=±4mm) from the centerline can be attributed to those effects.  

 
 

Figure 5-8.  Comparison of temperature profile from the experiment and simulation 
along the Z direction at the stream wise location at X= 1 mm  

From Figures 5-9 to 5-12, the agreement away from the centerline progressively 

improves, which corroborates the earlier assertion regarding the deviation. The 

deviation along the z direction close to the centerline (Z=0) progressively reduces from 

Figure 5-9 to 5-12, which may be caused by decreasing rate of acceleration, as the 

bubble reaches steady state. The experimentally measured temperature profile is the 

result of multiple bubbles disrupting the thermal boundary layer, yet the temperature 

profile predicted by simulation of a single stationary spherical bubble agrees well with 

the experimental data at the centerline for stream wise positions closer to the stationary 

bubble, and for further downstream positions the agreement is still reasonable. 
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Figure 5-9.  Comparison of temperature profile from the experiment and simulation 

along the Z direction at the stream wise location at X= 1.9 mm  

 
 

Figure 5-10.  Comparison of temperature profile from the experiment and simulation 
along the Z direction at the stream wise location at X= 4 mm  
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Figure 5-11.  Comparison of temperature profile from the experiment and simulation 
along the Z direction at the stream wise location at X= 4.7 mm 

 
 

Figure 5-12.  Comparison of temperature profile from the experiment and simulation 
along the Z direction at the stream wise location at X= 5.6 mm  
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The present numerical model does not consider the presence of other bubbles 

downstream, which are accelerating in the wake of the stationary bubble. The existence 

of these bubbles would definitely widen the wake which could explain the deviation in 

the lateral directions. In spite of the deviations, the peak temperature drop could be best 

explained by the stationary bubble. Therefore it is clear that the enhancement in heat 

transfer attributed to sliding is predominantly caused by the stationary bubble at the 

point of detachment, i.e. nucleation site in flow boiling and the injection needle in this 

experiment. This is a major heat transfer mechanism that has never been accounted 

for. To further understand the mechanism behind the substantial enhancement in heat 

transfer, the flow field obtained using simulation is analyzed.  

In Figure 5-13, the stream lines along the Z = 300 µm plane are shown with 

temperature field in the background. This specific plane was chosen to show downward 

stream of the cold fluid and upward stream of warmer fluid mixing in the wake of the 

sphere. Another important observation from Figure 5-13 is the far reaching downstream 

influence of the wake, which explains the agreement between the simulation and the 

experimental data for far downstream locations. Also, it can be deduced from this new 

understanding that enhancement caused by the stationary bubble would overshadow 

any contribution from the local bubbles in the wake for a considerable distance. In the 

Figure 5-14, the streamlines originating in the Y= 0 plane bend around the bubble and 

re-merge with their undisturbed positions downstream, this is a conventional observed 

flow pattern. Yet it has to be pointed out that the streamlines closer to the line of 

symmetry have a non-zero negative Y-velocity, which is responsible for the influx of the 

colder fluid to the bottom wall. 
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Figure 5-13.  Contour plot of temperature on the Z=300 µm Plane, showing streamlines 
indicating the mixing in the wake of the sphere. 

5.4.2 Case 2 

The flow parameter for this case has been tabulated in Table 5-3. It has to be 

noted that, though the channel Reynolds number has reduced by 28 % compared to 

case 1, the bubble Reynolds number has reduced only by 7%, this is because the 

bubble size increases as the flow rate decreases. This mutual dependence precludes 

any possibility of systematic variation of these parameters, as mentioned earlier. 

Table 5-3.  Governing flow parameters for Case 2 
Parameter Value 
Bubble diameter 1.1e-3 m 
Re Channel 18316 
Re Bubble 1338 
Micro-layer thickness 50 µm 
Bulk Inlet Temperature 38.5 C 
Heat Flux 1740 W/m2 
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Figure 5-14.  Contour Plot of Velocity in the negative Y direction at Y = 0 Plane with 
streamlines, showing a strong downward flow in the wake of the sphere. 

Similar to the previous case, the velocity and the temperature profiles are 

compared with the corresponding channel flow cases in Figure 5-15 and 5-16. 

 
Figure 5-15.  Comparison of velocity profile along the Y-axis passing through the center 

of the bubble with the channel flow profile 
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A comparison of the skin friction coefficient between the Case 1 and Case 2 is 

presented in Figure 5-17. Since the channel Re is lower in Case 2, the peak skin friction 

coefficient is higher as it is inversely related to Re. This comparison has illuminated the 

importance of the channel Re for characterization of the flow field because it captures 

the dependence of the skin friction coefficient on the bulk velocity, even though the 

change in the Re bubble is small. It could be said that importance Re channel increases as 

the bubble gets closer to the channel wall. 

 
 

Figure 5-16.  Comparison of temperature profile along the Y-axis passing through the 
center of the bubble with the channel flow profile 

In Figure 5-18, temperature profile at the bottom wall shows a large temperature 

drop along the axis in the X direction similar to Case1.The wiggle in the temperature 

profile observed in the Figure 5-20 corresponds to the yellow streak in between green 
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observed in the experimental data because it is an average of multiple bubbles passing 

over. 

 
      a          b 
Figure 5-17.  Contour plots of skin friction coefficient at the bottom wall. a) Case 1 b) 

Case 2 

 
 

Figure 5-18.  Contour plot of temperature at the bottom wall with an enlarged view of 
high temperature yellow streak in between the green region 
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Figure 5-19.  Streamlines depicting upward flow behind the bubble. 

Figures 5-20 to 5-24 compares the bottom wall temperature obtained from the 

simulation to experimentally measured values at various stream wise locations. Similar 

to the Case1, the peak temperature drop computed agrees well with the experimental 

data, but there is some deviation away from the centerline. As argued before, this could 

be attributed to unaccounted effects in the numerical model. Again this deviation 

progressively reduces with the increase in the downstream position. 

 
 

Figure 5-20.  Comparison of temperature profile from the experiment and simulation 
along the Z direction at the stream wise location at X= 1 mm  
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The lower temperature observed at the Z= - 4 mm position was due to bubble 

sliding at the edges of the heater caused by undesirable boiling, though the edge is 10 

mm away, the sliding bubbles meander in a pattern affecting certain stream wise 

locations. But on the other hand the agreement at Z = 4mm is reasonable for all stream 

wise positions. 

 

 
 

Figure 5-21.  Comparison of temperature profile from the experiment and simulation 
along the Z direction at the stream wise location at X= 1.9 mm  

The agreement in the Z direction close to the center line also improves with the 

increase in the stream wise position, as observed from Figures 5-20 to 5-24. Similar to 

the previous experiment, agreement between the simulation and experimental data is 

good close to the bubble and reasonable, away from the bubble. This corroborates the 

claim that the majority of the enhancement is caused by the stationary bubble rather 

than the bubble sliding in the wake. 
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Figure 5-22.  Comparison of temperature profile from the experiment and simulation 
along the Z direction at the stream wise location at X= 4 mm 

 
 

Figure 5-23.  Comparison of temperature profile from the experiment and simulation 
along the Z direction at the stream wise location at X= 4.7 mm  
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Figure 5-24.  Comparison of temperature profile from the experiment and simulation 
along the Z direction at the stream wise location at X= 5.6 mm 

5.5 Sensitivity to Micro-layer Thickness 

Even though the results from the numerical simulation agreed with the 

experimental data reasonably well, the micro-layer thickness was assumed to be 50 µm, 

which is based on the measurements, made for large bubbles in natural convection 

environment [21,43,44]. Therefore, it is of interest to study the sensitivity of the results 

obtained with respect to the micro-layer thickness for the stationary bubble case. The 

typical range suggested by Addlesse et al. [21] is 50 – 100 µm, so a 50 % increase from 

the current value was studied. This study was carried out for conditions pertaining to 

both experiments; but only that of Case 1 is presented here for the lack of any new 

insights in the other case. Figure 5-25 compares the contour plots of shear stress on the 

bottom wall for the 50 µm and the 75 µm cases. As it can be observed, the increase in 

the micro-layer thickness has not changed the flow noticeably. The peak shear stress 
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region appears to be slightly larger in the 50 µm case, which is reasonable because the 

sphere is closer to the wall.  

 
  a           b 
Figure 5-25.  Contour plots of shear stress on the bottom wall with the bubble outline. a) 

ε = 50 µm b) ε = 75 µm 

In Figure 5-26, the contour plots of temperature on the bottom wall are compared 

for the two different micro-layer thicknesses studied. Similar to the wall shear stress the 

temperature contour do not show any appreciable difference. To further confirm this 

observation both the temperature profiles are compared with the experimental data in 

the Figures 5-27 and 5-28 in XY plot format, where it can be seen that they almost 

overlap on one another. Therefore it can be concluded that the micro-layer thickness 

does not have a strong influence on the convective heat transfer enhancement in a flow 

over a spherical bubble. 



 

99 

    
  a      b 

Figure 5-26.  Contour plots of temperature on the bottom wall with the bubble outline. a) 
ε = 50 µm b) ε = 75 µm 

 
Figure 5-27.  Comparison of temperature profile from the experiment and simulation for 

micro-layer thickness of 50µm and 75µm at the stream wise location at X= 1 
mm 
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Figure 5-28.  Comparison of temperature profile from the experiment and simulation for 

micro-layer thickness of 50µm and 75µm at the stream wise location at X= 4 
mm 

5.6 Sensitivity to Shape 

The shape of the bubble was assumed to be spherical as a simplification, yet in 

reality, the bubbles observed at the nucleation site in flow boiling are almost never 

spherical. Since it is very hard to determine the shape of the nucleating bubbles, the 

practical solution would be to use a sphere of an equivalent diameter to predict the 

temperature distribution downstream of the bubble Therefore it would be interesting to 

study the effect of shape on the temperature distribution. Though shape variation is a 

very general term, here a 25 % truncated sphere with a cross sectional area equivalent 

to the full sphere was considered. In Figures 5-29 to 5-33, the result of the truncated 

sphere is compared with a full sphere and the experimental data.  

38

38.5

39

39.5

40

40.5

41

-5 -4 -3 -2 -1 0 1 2 3 4 5

Te
m

p
e

ra
tu

re
 (

C
) 

Z (mm) 

Stream Wise Position X= 4mm 

Expt

Simulation - Microlayer-50mu

Simulation - Microlayer-75mu



 

101 

 
 

Figure 5-29.  Comparison of temperature profile from the experiment and simulation for 
a full sphere and a truncated sphere at the stream wise location at X= 1 mm 

 
 

Figure 5-30.  Comparison of temperature profile from the experiment and simulation for 
a full sphere and a truncated sphere at the stream wise location at X= 1.9 mm 
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Figure 5-31.  Comparison of temperature profile from the experiment and simulation for 

a full sphere and a truncated sphere at the stream wise location at X= 4 mm 

 
 
Figure 5-32.  Comparison of temperature profile from the experiment and simulation for 

a full sphere and a truncated sphere at the stream wise location at X= 4.7 mm 
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Figure 5-33.  Comparison of temperature profile from the experiment and simulation for 

a full sphere and a truncated sphere at the stream wise location at X= 5.6 mm 

Truncating the sphere yet keeping the cross-sectional area constant, effectively 

reduces the height and increases the width. Though the height is reduced, the 

temperature profiles of the full sphere and the truncated sphere almost lie on top of 

each other close to the bubble, as shown in Figure 5-29. The difference in the 

temperature profile slightly increases in the Z direction as the flow proceeds 

downstream, meaning the wake is wider in this case, which is reasonable considering 

the increase in the lateral dimension of the bubble, which can be observed in Figure 5-

31 to 5-33.The maximum temperature drop seems to remain the same for both the 

cases, which indicates that the spherical bubble assumption is reasonable. 

5.7 Two Stationary Spherical Bubbles  

The presence of other bubbles in the wake of the stationary sphere would 

definitely alter the flow field and the thermal field. However, modeling multiple bubbles 
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moving at different velocities is a considerably complex problem, therefore as an 

approximation the bubble with the lowest velocity (i.e. the bubble just downstream of the 

stationary bubble) is approximated to be stationary and its effect on the thermal field is 

examined. The distance between the centers of the two bubbles in this Case is 1.3 mm. 

As shown in Figure 5-34, the presence of the second bubble alters the temperature field 

noticeably in its vicinity by increasing the magnitude of the temperature drop as well as 

increasing the width of wake thus brings the simulation results to a better agreement 

with the experimental data. 

 
 
Figure 5-34.  Comparison of temperature profile from the experiment and simulation for 

a single sphere and two spheres at the stream wise location at X= 1 mm 

The difference between the temperature profiles of single stationary bubble and 

two stationary bubbles becomes smaller with increase in the stream wise position, as 

shown in Figure 5-35 and 5-36. This suggests that the contribution of the second bubble 

is small compared to the first bubble further downstream. From this it can be deduced 
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that the contribution due to presence of other bubbles downstream, to the enhancement 

process is small and local compared to stationary bubble. This explains the reasonable 

agreement between the simulation and experiment for stationary bubbles in Case 1 and 

Case 2 for the downstream positions. Therefore, it can be said that in nucleate flow 

boiling the heat transfer enhancement attributed to sliding bubbles is predominantly 

caused by the stationary bubble at the nucleation site. 

 

 

 

Figure 5-35.  Comparison of temperature profile from the experiment and simulation for 
a single sphere and two spheres at the stream wise location at X= 4 mm 
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Figure 5-36.  Comparison of temperature profile from the experiment and simulation for 
a single sphere and two spheres at the stream wise location at X= 5.6 mm 
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CHAPTER 6 
CONCLUSIONS AND FUTURE WORK 

In this work, heat transfer enhancement due to bubble sliding in a forced 

convective flow was studied both experimentally and computationally. The conventional 

view of bubble sliding heat transfer mechanism is examined. This chapter consolidates 

the important contributions and conclusions derived from this study. 

6.1 Conclusions and Contributions 

A novel flow boiling test section including hydrodynamic development length was 

designed and fabricated successfully in house. A new pixel wise calibration method was 

devised to implement liquid crystal thermography, to provide better calibration accuracy 

and resolution. Digital image processing code was developed from scratch, to process 

high speed videos and estimate bubble dimensions, position and velocity. 

Heat transfer enhancement due to bubble sliding in forced convection has been 

measured at an unprecedented level of spatial detail. This new information enables a 

detailed analysis and understanding of the enhancement mechanism.  

In periodic bubble sliding studies, parametric variation of micro-layer thickness 

revealed that the convective heat transfer enhancement due bubble sliding is insensitive 

to the micro-layer thickness. Bubble shape variations in terms of different truncation of 

sphere were studied. A marginal improvement in temperature drop was observed with 

the increase in truncation.  

Simulation of the periodic bubble sliding observed in the experiments could not 

explain the huge temperature drop measured, in spite of varying the approximated 

parameters. Therefore it was conclude that periodic bubble sliding could not be the 

dominant mechanism responsible for the temperature drop. 



 

108 

From the understanding of the dependence between the relative velocity of the 

bubble and heat transfer enhancement, it was deduced that the disruption caused by 

the stationary bubble at the point of detachment should be the dominant mechanism 

that could explain the huge temperature drop. Furthermore, the recognition of the 

presence of a stationary bubble at nucleation site in flow boiling was made. 

Results of the simulation of turbulent flow over stationary bubble near a wall 

almost agreed with the peak temperature drop close to the bubble and reasonable 

agreement was found downstream of the bubble. This provided support to the earlier 

deduction of stationary bubble enhancement being the dominant mechanism. 

Comparison between simulations of two different Rechannel, but close ReBubble 

illuminated the importance of Rechannel in capturing the dependence between the bulk 

velocity and peak skin friction coefficient. Micro-layer thickness variation in the 

stationary bubble heat transfer enhancement showed that the enhancement is 

insensitive to thickness. Study of sensitivity to bubble shape revealed that the peak 

temperature drop is insensitive yet; increase in the lateral dimension of the bubble 

increases the width of the wake. 

Simulation of flow over two stationary bubbles further improved agreement 

between the experimental data and simulation, and disclosed the role of presence of 

bubbles in the wake of the stationary sphere is to widen the wake and increase heat 

transfer marginally in the vicinity. 

From the understanding gained during this study, it can be concluded that in 

nucleate flow boiling the heat transfer enhancement attributed to sliding bubbles is 

predominantly caused by the stationary bubble at the nucleation site. The most 
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important contribution of this work is the identification of the dominant heat transfer 

mechanism responsible for the heat transfer enhancement conventionally attributed to 

bubble sliding in nucleate flow boiling.  

6.2 Future Work 

A parametric variation of the position of the bubble in the turbulent boundary 

layer and the bubble diameter are worthy of investigation. From the parametric variation 

a model for convective enhancement in heat transfer due to stationary bubble can be 

proposed. The effect of multiple bubbles moving at different velocities in the wake of the 

stationary bubble should be explored. Unsteady simulation of the effect of bubble 

growth and bubble acceleration should be also be explored. Knowledge of these effects 

would aid in building a comprehensive model for convective heat transfer due to 

nucleating and sliding bubbles. 
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