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ABSTRACT 

Two-phase flow heat transfer has gained an extensive focus over the past 

decades in many industrial applications and thermal systems. Flow involving phase 

change due to boiling or condensation exhibits much higher heat transfer coefficient 

compared to single-phase flow when it is only sensible heat transfer involved. The 

knowledge of heat transfer coefficients and their parametric behaviors can be utilized 

to improve the accuracy of models used for designing and optimizing heat transfer 

equipment for more effective thermal management applications.  

In two-phase flow boiling heat transfer, the working fluid can a single pure fluid 

or a binary fluid mixture. In present study, a systematic methodology is used to 

compare the available correlations and experimental data in the literature for pure 

ethanol and ethanol/water binary mixtures at various physical properties. When 

evaluating the experimental data available in the literature, the availability of data for 

flow boiling of ethanol, both as pure fluid or binary mixtures, is found to be limited. 

The current data that this study has collected for flow boiling of ethanol covers 

the ranges for mass flux of 0.33 to 290 kg/m2·s−1, heat flux of 2.8 to 40 kW/m2, 

operating gage pressure of 18 to 135 kPa, and saturation temperature of 40 to 86°C. 

The correlations that have high accuracies in predicting the experimental data available 

in the literature are identified and discussed. 
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CHAPTER 1  

Introduction 

1.1 Motivation and Problem Statement 

The importance of accurately predicting flow boiling heat transfer coefficients 

has been well recognized, as a large number of analytical and experimental 

investigations have been conducted by many researchers.  

A knowledge of these coefficients and their parametric behavior can help 

improve the accuracies of models used for designing and optimizing heat transfer 

equipment, such as evaporator and condenser. 

 The main focus in this study is to compare boiling two-phase flow heat transfer 

coefficient of pure ethanol for the available experimental datasets with the theoretical 

datasets generated by different flow boiling correlations. 

 Moreover, this process will facilitate the selection process of the correlation 

with lowest error band and therefore making the needed development to derive a 

general correlation to calculate two-phase flow boiling heat transfer for the pure 

component of ethanol. This investigation will be very valuable due to the huge shortage 

of theoretical and experimental data set of pure ethanol.  

1.2 Procedure and Methodology  

In order to develop a general correlation, it is essential to have an extensive 

database covering different fluids with a wide range of operating conditions such as 

mass flux, heat flux, pressure, vapor quality, and tube diameter. Moreover, the flow 
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patterns (e.g., annular flow, bubbly flow, etc.) and the tube orientation (e.g. vertical, 

horizontal, etc.) are considered as factors influencing heat transfer coefficient. There 

are a various number of heat transfer correlations for boiling flow which can be tested 

and used for comparison with experimental dataset. 

1.3 Scope of Work  

A 720 data point has been collected from various experimental work that exist 

in literature. This data points have different parameters based on the experimental 

procedure made by the authors. The range of parameters that has been used in all the 

experiments are shown in Table 1.   

Table 1 Experimental conditions used in pure ethanol dataset 

Parameters  Range  

Saturation Temperature Tsat  40 – 86.6 

Mass Flux G (kg/m2 s) 0.33 – 290  

Heat Flux q Kw/m2 2.8 - 104 

Internal Diameter din  5 - 10 

Vapor Quality x  0.11 – 0.91 

 

These parameter has been used to generate the thermophysical properties of 

pure ethanol (e.g. densities, thermal conductivity, specific heat, viscosity ... etc.) for the 

liquid phase and vapor phase. Therefore, generating theoretical dataset using 14 

correlations exist in literature and will be discussed in chapter 4. 

 At this point, by having an experimental dataset and theoretical dataset, this 

will initiate the comparison process. The major point of comparison is the mean 
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absolute error, which shows the most precise correlation in the 14 correlations that have 

been used. 

 Therefore, selection of the best correlation with lowest error band will be 

significant in developing a more precise general correlation for predicting the two-

phase flow heat transfer coefficient of the pure component of ethanol. 
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CHAPTER 2  

Boiling Heat Transfer 

Boiling heat transfer is defined as a type of heat transfer that occurs with a phase 

change from liquid to vapor. There are two fundamental types of boiling. Flow and 

pool boiling. Flow boiling is boiling in a flowing stream of fluid, where the heating 

surface may be the channel wall confining the flow. A boiling flow is composed of a 

mixture of liquid and vapor and is the type of two-phase flow which is the flow of a 

medium consisting of two phases (e.g., gas (vapor) and liquid, gas (vapor) and solid, 

liquid and solid) [1].  

While pool boiling is boiling on a heating surface submerged in a pool of 

initially quiescent liquid. Due to the very high heat transfer rate in boiling, it has been 

used to cool devices requiring high heat transfer rates, such as rocket motors and 

nuclear reactors. Its applications in modern industry are so important that large amounts 

of research in many countries have been devoted to understanding its mechanisms and 

behavior [1]. 

2.1 Boiling Regimes 

There are several boiling regimes in pool boiling as well as in flow boiling. The 

only difference lies in the influence of flow effect. The buoyancy effect is significant 

in a pool boiling system, while the flow forced-convection effect is significant in flow 

boiling inside a channel. These boiling regimes were observed by previous researchers, 

namely, Leidenfrost (1756), Lang (1888), McAdams et al. (1941), Nukiyama (1934), 

and Farber and Scorah (1948) [1]. 
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Figure 1 Difference between Pool and flow boiling[2] 

2.2 Two Phase Pool Boiling 

Generally, it means the boiling of fluids in stationary position, the fluid is not 

imposed to flow by an external source. Thus, any motion of fluid is because of the 

natural convection. The fact is Pool boiling refers to vaporization that takes place at a 

solid surface submerged in a quiescent liquid. When the saturation temperature Ts, of 

the solid surface exceeds the saturation temperature, Tsat of the liquid. Vapor bubbles 

form at nucleation sites on the surface, grow and subsequently detach from the surface. 

The driving force for heat transfer is ΔTe = Tw – Tsat, called the excess temperature. 

Liquid circulation in pool boiling occurs by natural convection and by the agitation 

resulting from bubble growth and detachment. The boiling curve is a plot of surface 

heat flux versus excess temperature, and has the general features illustrated in Figure 2 

which show the following boiling regimes[3].  



 

6 

 

 

Figure 2 Pool boiling curve for water at 1 atmospheric pressure[3] 

Natural Convection Boiling: This phenomena happens when liquid is heated 

over the saturation temperature. Hence, the liquid is somehow superheated in this 

instance and evaporates when it rises to the free surface. The heat transfer by the 

influence of a heating surface to the fluid is caused by natural convection. This occurs 

as shown in Figure 3(a) when ΔTe < 5 °C. Point A on the curve marks the onset of 

nucleate boiling (ONB). At lower excess temperatures, heat transfer occurs by natural 

convection alone. 

Nucleate boiling [A-C]: It exists between points A and C on the curve. Two 

different boiling regimes can be distinguished in this region. Between points A and B, 

the boiling is characterized by the formation of isolated vapor bubbles at nucleation 
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sites dispersed on the solid surface. Bubble growth and detachment result in significant 

fluid mixing near the solid surface that greatly increases the rate of heat transfer. In this 

regime, heat is transferred primarily from the solid surface directly to the liquid flowing 

across the surface. As the heat flux increases beyond point B, the number of active 

nucleation sites and the rate of vapor formation become so great that bubble 

interference and coalescence occur.  

The vapor leaves the solid surface in jets or columns that subsequently merge 

and form large slugs of vapor. The high rate of vapor formation begins to inhibit the 

flow of liquid across the solid surface, causing the slope of the boiling curve to 

decrease. An inflection point occurs at point P; here, the heat-transfer coefficient 

reaches a maximum. 

 The heat flux continues to increase between points P and C since the increase 

in temperature driving force more than compensates for the decreasing heat-transfer 

coefficient. The heat flux attains a maximum, called the critical heat flux, at point C. 

This occurs as shown in Figure 3(b) when 5 °C < ΔTe < 30 °C 

Transition boiling [C-D]:  At this region, the rate of vapor formation is so 

great that some parts of the surface are covered by a continuous vapor film. Since heat-

transfer rates for gases are generally much lower than for liquids, the overall rate of 

heat transfer begins to decrease.  

Although the vapor film tends to be unstable, breaking up and reforming at any 

given point, the fraction of the solid surface covered by vapor continues to increase 
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from point C to point D. This region, in which the heat flux decreases as ΔTe increases. 

This occurs as shown Figure 3 (c) when 30 °C < ΔTe < 200 °C. 

Film boiling: The heat flux reaches a minimum at point D, the so-called 

Leidenfrost point, where the entire solid surface is covered by a vapor blanket. Beyond 

this point, heat is transferred from the solid surface across the vapor film to the liquid. 

Hence, this regime is called film boiling. As indicated in Figure 1, very high surface 

temperatures may be reached in film boiling, and consequently radiative heat transfer 

can be significant in this regime. This occurs as shown in Figure 3 (d) ΔTe > 200 °C. 

  

Figure 3 The effect of ΔTe on different boiling regimes in Pool boiling[2]  
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Most reboilers and vaporizers are designed to operate in the nucleate boiling 

regime. Although film boiling is sometimes employed, the much higher temperature 

driving force (corresponding to a much lower heat-transfer coefficient) in this regime 

generally makes it unattractive compared with nucleate boiling. The transition region, 

with its unusual characteristic of decreasing heat flux with increasing driving force, is 

always avoided in equipment design[1, 3].  
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CHAPTER 3  

Two-Phase Flow Boiling Heat Transfer 

Two phase or Gas–liquid flows occur widely in both nature and industrial 

applications, including energy production (e.g., oil transportation, steam generators, 

cooling systems) and chemical engineering (e.g., bubble columns, reactors, aeration 

systems). Two-phase flow in micro-channels have attracted attention because of its 

wide applicability to such advanced fields as electronic cooling, medical and genetic 

engineering, bioengineering, etc.  

There are a variety of fluids can be used in such a system (water, helium, 

nitrogen, R-11, R-22, hydrocarbons, etc.) but due to the significant growing of the 

world population and energy consumption, some restrictions as have been made for 

working fluid selection to avoid any environments problems such as: Ozone depletion, 

global warming, acid rains, air pollution, …etc.  

3.1 Pure Ethanol in Two-Phase Flow 

Pure ethanol is considered to be a very promising fluid as it shows an 

intermediate thermodynamic and transport characteristic as shown in the T-S diagram 

in figure 4 [4]. However, there is a large shortage of experimental data for pure ethanol 

in literature.  

Most of the available experimental data that exists in literature has been 

collected to be analyzed in the research. It will be discussed in detail in the results and 

discussion section. Pure ethanol requires a lower amount of heat for establishing of 

boiling, due to its thermophysical properties. 



 

11 

 

 

 

Figure 4 T-s diagram for ethanol, refrigerant R245fa and water[4] 

Mastrullo et al. [4] studied experimentally anhydrous ethanol (purity grade of 

99.8%). All the flow boiling tests have been performed in the same horizontal SS316 

stainless steel tube of 6.0 mm, by using different operating parameters in terms of mass 

flux, saturation temperature and heat flux. Particularly, mass velocities from 85 to 127 

kg/m2 s have been investigated, whereas the saturation temperature has been fixed from 

64.5 up to 85.8 °C. And the imposed heat flux from 10.0 up to 40.3 kW/ m2.  

According to the authors, it was found that the local heat transfer efficient show 

a pure convective behavior, having an increasing trend with vapor quality up to the 

occurrence of dry-out. Pure ethanol has been tested for heat pipe applications with 

positive outcomes. Furthermore, Robertson et al. [5]  experimentally investigated the 

vertical boiling of ethanol in 10 mm tube inside diameter , 3 m long was used in the 

experiment. They used a wide range of heat fluxes, vapor quality with range 0.03 ~ 0.6 

and two mass velocities (145, 290 Kg/m2. S).  
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The authors show the interaction between nucleate and convective boiling as a 

function of vapor quality, based on precise measurements of ethanol at saturation 

conditions. Moreover, Vasileiadou et al.[6] investigated the two-phase flow heat 

transfer for pure ethanol in  borosilicate glass based with tantalum surface vertical 

square channel with 5 mm inner hydraulic diameter, wall thickness 0.7 mm, heated 

length 72 mm , heat flux with range  2.8–6.1 kW/m2 , Mass flux : 0.33–1.0 kg/m2 . S 

and Saturation Temperature: 40 °C.  

The authors show the effect of fluid composition in the flow boiling heat 

transfer by the addition of ethanol into water (5%v/v) could enhance the heat transfer 

coefficient in comparison to the pure components. Also, they concluded that the 

amplitude of wall temperature heating fluctuation is absolutely lower than for pure 

liquids, allowing for a more stable heat transfer process. In addition, Peyghambarzadeh 

et al. [7] experimentally studied the effect of the working fluid among water, ethanol, 

and methanol on the thermal performance of a 40 cm circular copper heat pipe.  

 Heat flux with range up to 2500 W/m2 were applied to the evaporator along 

with a constant water temperature was used at three levels including 15, 25, and 35 °C 

in the condenser. The authors stated that heat transfer coefficient for ethanol and water 

were higher than methanol and it was also noticed that increasing the heat flux causes 

an increase of the heat transfer coefficient of the evaporator.  

Moreover, the usage of ethanol led to higher heat transfer coefficient. As well 

as, Diaz and Schmidt [8] presented an experimental investigation of flow boiling heat 

transfer of pure water and ethanol in a single 0.3×12.7 mm2 rectangular mini channel 

made up of nickel alloy Inconel 600 and electrically heated. The authors explored mass 
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fluxes between 50 and 500 kg/m2 s and heat fluxes up to 400 kW/m2, at atmospheric 

pressure. They found that, after the low vapor quality region, the heat transfer 

coefficient increased with increasing vapor quality only in case of a low imposed heat 

flux. The trend was found to be instead reversed with increasing heat flux. 

3.2 Boiling regimes  

Two -phase flow is substantial in heat transfer and process systems including 

reboilers, heat exchangers, highly powered electronic systems cooling, catalytic reactor 

and refrigeration systems [9]. It shows a huge Functionality to improve the accuracy of 

models used for designing and optimizing heat transfer equipment for more effective 

thermal management applications. Two-phase evaporative flow is more attractive due 

to the utilization of latent heat and the higher heat-transfer coefficient achieved 

compared to single phase flow. It revealed a high heat flux dissipation and 

compactness[10].  

Besides an active policy of energy saving for all the residential and industrial 

activities, there is an increasing force in the research of sustainable and economically 

feasible technologies for efficient and clean overtures to the energy conversion and 

utilization. 

At present, the knowledge of flow and heat transfer in micro-scale flow 

passages of a size less than 100 μm is thus strongly demanded. Specifically, 

fundamental knowledge of two-phase flow characteristics in small flow passages, such 

as the pressure drop, heat transfer coefficient, flow pattern, and void fraction , is crucial 

for engineering design purposes as well as for evaluation of practical performance. 



 

14 

 

However, our current knowledge is still limited and in reality, only a small number of 

literature sources are available. One of the questions is whether the two-phase flow 

patterns in small size channels are different from those encountered in ordinary size 

channels. 

 In particular, the large tubes and the tubes of a small range of millimeters in 

diameter, the patterns of the two-phase flow are affected mostly  by gravity with 

minimal surface tension effects. On the other hand, in micro-channels with the diameter 

on the order of a few microns to a few hundred microns, two-phase flow is believed to 

be influenced mainly by surface tension, viscosity and inertia forces. Entrance and 

surface roughness effects. There is an important resemblance between two-phase flow 

in microchannels and the flow in large channels at micro-gravity.  

In both system types the inertia, viscosity, and surface tension are major 

parameters, while buoyancy is suppressed. Consequently, two-phase dimensionless 

parameters that have previously been developed for micro-gravity might be useful for 

micro-channels. 

3.3 Two-Phase Flow regimes 

When a vapor-liquid mixture flows through a circular tube, a number of 

different flow regimes can occur, depending on the vapor fraction, flow rate, and 

orientation of the tube. Nevertheless, flow patterns or flow regimes these can be 

categorized into forms of interfacial distribution. Comprehensive discussions of these 

patterns are disscused by Hewitt [11], Whalley[12]  and Dukler and Taitel [13].   
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3.4 Two-phase flow regimes for vertical tubes 

When a vapor-liquid mixture flows through a circular tube, a number of 

different flow regimes can occur, depending on the vapor fraction, flow rate, and 

orientation of the tube. For vertical tubes, the following flow regimes are distinguished 

(Figure 5):  

• Bubble flow: At low vapor fractions, vapor bubbles are dispersed in a 

continuous liquid phase. 

• Slug/Plug flow: At moderate vapor fractions and relatively low flow rates, 

large bullet-shaped vapor bubbles flow through the tube separated by slugs of 

liquid in which smaller bubbles may be dispersed. where the bubbles have 

merged to make bigger bubbles in which be similar to the diameter of the tube. 

• Churn- flow: At higher flow rates, the large vapor bubbles present in slug flow 

become unstable and break apart, resulting in an oscillatory, or churning, 

motion of the liquid upward and downward in the tube. 

• Annular flow: At high vapor fractions and high flow rates, the liquid flows as 

a film along the tube wall while the vapor flows at a higher velocity in the 

central region of the tube. Small liquid droplets are usually entrained in the 

vapor phase, and vapor bubbles may be dispersed in the liquid film as well.    
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At sufficiently high liquid flow rates, the droplets coalesce to form large 

streaks or wisps of liquid entrained in the vapor phase. This condition, which is 

characteristic of flows with a high mass flux, is referred to as wispy annular 

flow.  

• Mist Flow: At very high vapor fractions, the liquid phase exists entirely as 

droplets entrained in a continuous vapor phase.  

 

Figure 5 Flow patterns in vertical flow[3] 

3.5 Two-phase flow pattern transitions in vertical flow 

Bubble-Plug transition: This transition traditionally has been occurred as a 

result of bubble overlapping causing a gradual bubble growth. Mainly, the process of 

transition to slug flow happens when the void fraction is around 0.25~0.3. Usually, 

break-up of the bubbles may be assumed to happen in highly turbulent flows to offset 

the progression of the coalescence. Furthermore, the recent information seems to show 

that this view of the transition may be incorrect. It looks like that  the formation of void 
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waves in the flow in which the bubbles turn into a compact and are more able to merge  

leading to plug flow [14]. 

Plug-annular flow transition: This area is a major argument. churn flow which 

is very important ain development of plug or slug flow[13]. As long as, churn flow 

which is characterized here will occur in fully developed flow, and has the following 

characteristics: 

• The regime takes place from slug flow by the establishment of flooding-type, 

and these continue as a main characteristic of the regime all through. These 

waves does not exist in both slug and annular flow but are formed repetitively 

in the churn flow regime and transport it upwards [15]. 

• In between consecutive flooding waves, the liquid phase flow in the film region 

close to the wall keeps direction and is eventually dragged by the next upward-

moving wave. 

Churn to annular flow transition: By increasing the gas velocity after 

entering the churn flow, the pressure gradient decreases until reaching a minimum 

value. The flooding waves and their accompanied intensive gas-liquid interactions 

generate large pressure gradients and as they disappear, the pressure gradient decreases. 

3.6 Two-Phase Flow regimes for horizontal tubes 

In horizontal tubes the situation is somewhat different due to stratification of 

the flow resulting from the gravitational force. The following flow regimes are 

observed in Figure 6: 
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• Bubbly flow: The flow pattern is similar to that in vertical tubes except the 

bubbles tend to concentrate in the upper part of the tube.  

• Plug flow: The flow pattern is similar to slug flow in vertical tubes, but the 

bullet-shaped bubbles tend to flow closer to the top of the tube and occupy less 

of the tube cross-section.  

• Stratified flow: The two phases are completely stratified, with the liquid 

flowing along the bottom of the tube and the vapor flowing along the top.  

• Wavy flow: In stratified flow at higher vapor velocities, waves are formed on 

the surface of the liquid that characterize this flow regime.  

• Slug flow: In this regime, intermittent slugs of liquid pass through the tube. The 

slugs occupy the entire tube cross-section and contain a large number of 

entrained vapor bubbles that impart a frothy character to the liquid.  

• Annular flow: The flow pattern is similar to annular flow in vertical tubes 

except that the liquid film thickness is non-uniform, being greater on the bottom 

than the top of the tube.   

• Mist flow: The flow pattern is the same as in a vertical tube and, hence, is not 

illustrated for the horizontal tube in Figure. 6, Flow pattern maps, which show 

the operating regions over which the various flow regimes exist.  

The latter also discusses modeling and empirical correlations for predicting the 

frictional pressure drop in each flow regime. However, most process equipment design 
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is based on generalized pressure drop correlations that do not explicitly account for the 

two-phase flow regime. These correlations are presented in the following subsection. 

 

 

Figure 6 Flow Patterns in horizontal flow[3] 

3.7 Comparison between Pool and flow boiling  

Flow boiling has more advantage rather than pool boiling in heat transfer 

performance, due to its convective cooling nature and has been widely and 

irreplaceably used in fields related to high power densities. The combination of 

liquid/gas mixture either in pure component or binary mixture has proven a significant 

enhancement in heat transfer coefficient due to the bubble formation. Therefore, the 
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study of pure components and their effect on heat transfer coefficient are widely 

investigated in literature. Moreover, predicting critical heat flux in boiling heat transfer 

is very important, as it is the critical point between nucleate boiling and film boiling 

regimes as shown in the curves of flow and pool boiling in Figure 7.  The existence of 

critical heat flux is usually associated with an excessive increase in the surface 

temperature for a surface heat flux controlled system, while an significant reduction of 

the heat transfer rate appears to the surface temperature controlled system.  

 

Figure 7 Pool and flow boiling water curve by Nukiyama 1984 [16] 

It is known that the presence of dry spots on heated surfaces at high heat fluxes 

is a typical characteristic of nucleate boiling for a surface heat flux-controlled system. 

The major effects that have been studied towards pool and flow boiling of pure fluids 

and binary/multicomponent mixtures are summarized, as shown in Fig. 8. Where also 

the key difference between pool boiling and flow boiling is that pool boiling occurs in 

the absence of bulk fluid flow, whereas flow boiling occurs in the presence of bulk 

fluid flow. Pool boiling further classified natural and forced boiling. While flow boiling 

further classified in adiabatic and diabatic boiling. 
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Figure 8 Summary of major effects on pool and flow boiling of either pure fluids or binary/multicomponent 

mixtures [17] 
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CHAPTER 4  

Heat Transfer Coefficient Correlations 

The importance of accurately predicting flow boiling heat transfer coefficients 

has been well recognized, as a large number of analytical and experimental 

investigations have been conducted by many researchers. A knowledge of these 

coefficients and their parametric behavior can help improve the accuracies of models 

used for designing and optimizing heat transfer equipment, such as evaporator and 

condenser. Each correlation has its own range of data, specific experimental geometry, 

type of channels (e.g., Macro, Mini channels) and type of fluid used in its development, 

in which going beyond it will not be highly reliable. Therefore, the data from various 

sources which could not be satisfactorily correlated by existing correlations were 

shown to be quite well correlated by their own data and the fluids that have been used 

in deriving their own correlations. 

4.1 Chen Correlation  

One of the leading correlation methodologies used  to calculate the heat transfer 

coefficient in convective boiling has been proposed by Chen [18]. Such correlation was 

established from 10 experimental scenarios using more than 600 data points including 

various liquids such as methanol, water, cyclohexane, benzene, heptane, and pentane 

in vertical tubes. Moreover, he declared the ranges for vapor quality, pressure and mass 

flux to be 0.1 ~ 0.71, 8 ~ 14 psia, and 6.2 ~ 240 kW/m2. S, respectively. 

His experimental work was based on a superposition model assumption such 

that the nucleate pool boiling was added to the convective heat transfer coefficient. 
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Nevertheless, a result of convection is the suppression of nucleate boiling. According 

to Chen, the reduction in the difference of temperature between the inner wall of the 

tube and the bubbles mounting outside it takes place due to the temperature gradient 

drop near the tube wall along with the increase in the flow rate. Hence, he proposed the 

ratio between the effective temperature difference between overall temperature 

difference and the bubble growth, named as Chen Suppression Factor (SCH). 

Furthermore, he has also represented the convective heat-transfer coefficient in terms 

of only the liquid phase heat transfer coefficient, hL [19, 20], given by Eq.1. 

ℎ𝑓𝑐 =  𝐹(𝑋𝑡𝑡). ℎ𝐿       (Eq.  1) 

Chen has used the values of SCH and 𝐹(𝑋𝑡𝑡) in the experimental database 

graphically. These values have been replaced by curve-fit equations to obtain the 

following form of the Chen correlation. 

ℎ𝑇𝑃 =  𝑆𝑐ℎ . ℎ𝑛𝑏   +  𝐹(𝑋𝑡𝑡). ℎ𝐿   (Eq.  2) 

Where: 

𝑆𝑐ℎ  = (1 +  2.53 × 106 𝑅𝑒1.17 )−1     (Eq.  3) 

ℎ𝑛𝑏 =  
𝐾𝐿

0.79 .𝐶𝑝𝐿
0.45 .𝜌𝐿

0.49.𝛥𝑇𝑒
0.24.𝛥𝑃𝑠𝑎𝑡

0.75

𝜎0.5 .µ𝐿
0.29.  𝛥ℎ𝑣𝑝

0.24 𝜌𝑉
0.24     (Eq.  4) 

𝐹(𝑋𝑡𝑡) =  2.35(𝑋𝑡𝑡
−1 + 0.213)0.736   (𝑋𝑡𝑡 < 10) (Eq.  5) 

𝐹(𝑋𝑡𝑡) =  1      (𝑋𝑡𝑡  ≥ 10) (Eq.  6) 

ℎ𝐿 = 0.023 . ( 
𝐾𝐿

𝐷𝐿
 ) . 𝑅𝑒𝐿

0.8. 𝑃𝑟𝐿
0.4   (Eq.  7) 

𝑅𝑒𝐿   =  
𝐷𝑖 .𝐺𝐿

𝜇𝐿 
     (Eq.  8) 

Reynolds number mentioned in the previous equation (eq.8) was calculated 

using the mass flow rate of the liquid phase only. Chen calculated the has nucleate 
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boiling heat-transfer coefficient (hnb) by  using the Forster–Zuber correlation [21] and 

therefore for estimating a conservative for mixtures. It has also extensively been 

employed for many years and is still the standard of comparison for new correlations. 

4.2 The Gungor–Winterton correlation 

The correlation of Gungor and Winterton [22]  is similar in form to the Chen 

correlation [18] in that the nucleate boiling and convection terms are additive. Due to 

the effect of convective boiling heat transfer, a suppression factor SGW and convective 

enhancement factor EGW were included. hsp is calculated using the Cooper correlation 

[23] , and the Dittus–Boelter (Eq.7) is used for the forced convection coefficient. Based 

on 4800 data points from 28 source using the following fluids: Water, ethylene glycol, 

R11, R12, R22, R113, R114. The authors stated the following parameters regarding 

pressure and diameter are 2.95 ~ 32 mm and 0.08 ~ 202.6 bar respectively. 

The correlation gives HTC values that slightly decrease with increasing vapor 

quality. 

ℎ𝑇𝑃 =  𝑆𝐺𝑊 . ℎ𝑛𝑏   + 𝐸𝐺𝑊 . ℎ𝐿    (Eq.  9) 

𝑆𝐺𝑊 = (1 + 1.15 ×  10−6 . 𝐸𝐺𝑊 . 𝑅𝑒𝐿
1.17)−1   (Eq.  10) 

𝐸𝐺𝑊 = 1 + 24,000 . 𝐵𝑜
1.16 + 1.37. 𝑋𝑡𝑡 −0.86    (Eq.  11) 

𝐵𝑜 =
𝑞

𝛥ℎ𝑣𝑝.𝐺
     (Eq.  12) 

Gungor-Winterton has used cooper correlation for calculating the nucleate 

boiling heat transfer value instead of using Forster-Zuber correlation [21] as proposed 

in Chen correlation [18] as shown in the following equation: 

ℎ𝑛𝑏 = 55 . 𝑞0.67. 𝑃𝑟
0.12. (− 𝑙𝑜𝑔10 𝑃𝑟)−0.55. 𝑀−0.5  (Eq.  13) 
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Where Pr and M are the reduced pressure and molecular weight. Due to the 

boiling number term in enhancement factor equation, it does not reduce to unity when 

the vapor fraction is zero. Moreover, the correlation provides a pretty good 

representation of the data, especially for refrigerants in the saturated boiling regime.  

The constants SGW and EGW were determined by a complex iterative regression 

procedure, where the nucleate and convective terms are strongly coupled through 

derived equation of EGW. Therefore, it is inadvisable to substitute cooper correlation 

for calculating the nucleate boiling heat transfer coefficient to correlation in the 

proposed correlation by Gungor and Winterton [22]. 

4.3 The Liu–Winterton Correlation 

Liu and Winterton [24] has used the same data as Gungor-Winterton[22] to 

develop a flow boiling correlation that based on the method of combining the two 

contributions suggested by Kutateladze [25] for vertical and horizontal tubes. It 

provides a significantly better fit to the data than the latter correlation in both the 

saturated and subcooled boiling regimes.  

This correlation values are the closest to those obtained in the experiments, but 

at low values of quality, htp usually increases with quality. Furthermore, Reynold’s 

number were calculated in Liu-Winterton correlation[24] as in [Eq.8] using the term G 

not (1-x). G to calculate the single-phase liquid heat transfer coefficient and the 

nucleate boiling suppression factor, which considered as a significant difference 

between their proposed correlation and the others. The correlation developed by Liu 

and Winterton [24] is described by the following equations: 
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ℎ𝑇𝑃 = [(𝑆𝐿𝑊 . ℎ𝑛𝑏)2   +  (𝐸𝐿𝑊. ℎ𝐿)2]
1

2  (Eq.  14) 

𝑆𝐿𝑊 = (1 + 0.055 . 𝐸𝐿𝑊
0.1  . 𝑅𝑒𝐿

0.16)−1   (Eq.  15) 

𝐸𝐿𝑊 = [1 + 𝑥 . 𝑃𝑟𝐿

(𝜌𝐿−𝜌𝑉)

𝜌𝑉
]0.35   (Eq.  16) 

 For horizontal tubes, the low Froude number corrections are applied to SLW and 

ELW as in the Gungor–Winterton method[22]. The Cooper[23] and Dittus–Boelter 

correlations are used to calculate hnb and hL. Notice that the enhancement factor, ELW, 

correctly reduces to unity when the vapor fraction, x, is zero. (Eq.14) is a special case 

of the general formula:  

ℎ𝑡𝑝 = [(𝑎. ℎ𝑛𝑏)𝑚 + (𝑏. ℎ𝑓𝑐)
𝑚

]
1

𝑚⁄    (Eq.  17) 

where 1 ≤ m < ∞. Formulas of this type provide a smooth transition between two 

limiting cases, in this instance between forced convection and nucleate boiling. The 

abruptness of the transition is governed by the size of the exponent, with larger values 

of m resulting in more abrupt transitions. This approach has been used to develop many 

very successful correlations for heat, mass, and momentum transport. This correlation 

has been used for many decades and still valuable in most of the comparison for new 

correlations. 

4.4 Lazarek and Black Correlation 

Lazarek and Black Correlation [26], stated that the strong dependence of heat 

transfer coefficient on the heat flux with negligible influence of vapor quality shows 

the dominance of nucleate boiling. It gives a higher htp value, this correlation was 

derived based on 728 data points by using R113 as a working fluid. It was stated that 
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the range of parameters concerning diameter, mass flux, heat flux and pressure were 

3.1 mm, 125 ~ 750 Kg/m2. S , 14 ~ 380 kW/m2, 1.3 ~ 4.1 bar respectively.  

It failed to predict the experimental data in square mini channels with MAE 

over 80%. This means the correlations developed for macro-channels normally fail to 

predict data in mini-channels, and vice versa. The correlation was represented by the 

following equation 

ℎ𝑡𝑝 = 30. 𝑅𝑒𝐿
0.857. 𝐵𝑜

0.714.
𝐾𝐿

𝑑
   (Eq.  18) 

4.5 Kandlikar correlation 

Kandlikar [27]added a significant expansion to his collected dataset to be 5246 

data points from 24 experimental investigations with ten fluids which are  R11, R12, 

R22 R113, R114, R152a and R13B1,water, neon, nitrogen. Kandlikar proposed a 

correlation in order to predict the correct HTC for the two phase in terms of vapor 

quality trend as validated with R-113 and water data. Moreover, an extra testing with 

the recent R-113 and R-22 data achieved the lowest mean deviations along with the 

other correlations. The proposed correlation can be expanded to other working fluids 

by calculating the fluid dependent parameter Ffl for that fluid from its pool boiling or 

flow boiling data. He assumed the addition of the mechanism of nucleate and 

convective boiling mechanisms for each region. 

He started with the vertical-flow data for water. The two-phase flow boiling 

heat transfer coefficient, htp was expressed as the sum of the nucleate and the convective 

boiling terms, given by the following: 
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ℎ𝑇𝑃

ℎ𝐿
=  𝐶1 𝐶𝑜

𝐶2 + 𝐶3 𝐵𝑜    
𝐶4    (Eq.  19) 

where 𝐶1 𝐶𝑜
𝐶2 represents the convective boiling term. On the other hand, 

𝐶3 𝐵𝑜    
𝐶4 represent the nucleate boiling term. The values of C1 ~ C5 are represented in 

Table 2. 

Table 2 Constants in proposed correlation 

Constant Convective Region Nucleate Boiling Region 

C1 1.1360 0.6683 

C2 -0.9 -0.2 

C3 667.2 1058 

C4 0.7 0.7 

C5 0.3 0.3 

C5 =0 for vertical tubes and for horizontal tubes with Frl > 0.04 

The convective and the nucleate boiling regions were also defined based on the 

convection number (CO), as shown in the following intervals: 

 𝐶𝑂 < 0.65  “Convective boiling region 

𝐶𝑂 > 0.65  “Nucleate boiling region” 

Concerning the convective boiling region, the heat transfer is primarily by a 

convective contribution. In addition, the nucleate boiling region, the heat transfer is 

mostly by nucleate boiling mechanism. Therefore, the effect of heat flux is markedly 

different in the two regions. The above method of separating the two regions results 

in a incoherence at Co = 0.65. presented in the Shah correlation.  

This discontinuity has removed by permitting the transition from one region to 

another at the intersection of the corresponding correlations. The correlation was then 
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expanded to other fluids by including a fluid-dependent parameter Ffl. Equation 

(eq.20) is rewritten in a slightly different form, and Ffl is included in the second term 

as follows: 

ℎ𝑇𝑃

ℎ𝐿
=  𝐶1 𝐶𝑜

𝐶2 + 𝐶3 𝐵𝑜    
𝐶4 𝐹𝑓𝑙    (Eq.  20) 

where the value of Ffl was diverse over the range from 0.5 ~ 5.0. The value of the fluid 

dependent parameter showing the lowest mean absolute error for all data sets for that 

fluid under both convective and nucleate boiling contribution regions was finally 

chosen. The effect of starting at low flow rates in horizontal tubes was correlated by 

introducing the Froude number in the nucleate boiling in the convective boiling terms 

as shown in (Eq.21): 

ℎ𝑇𝑃

ℎ𝐿
= 𝐶1 𝐶𝑜

𝐶2(25 𝐹𝑟𝐿
)𝐶5 + 𝐶3 𝐵𝑜

𝐶4(25𝐹𝑟𝐿
𝐶6) 𝐹𝑓𝑙 (Eq.  21) 

Table 3 Fluid dependent parameter Ffl in proposed correlation 

  

 

 

 

 

 

 

Ffl= 1 for all fluids that flows in stainless steel tubes 

Fluid Ffl 

Water 1.00 

R-11 1.30 

R-12 1.50 

R-13B1 1.31 

R-22 2.20 

R-113 1.30 

R-114 1.24 

R-152a 1.10 

Nitrogen 3.50 

Neon 3.50 
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The values of constants C1 ~ C5 are given in Table 2. The constant C6 in (Eq.21) 

was found to be zero, and therefore the Froude number multiplier in the nucleate boiling 

term in (Eq.21,22) is missing. Also, for vertical flow, and for horizontal flow with  FrL
 

> 0.04, the Froude number multiplier in the convective boiling term in (Eq.22) becomes 

unity. The two sets of values given in Table 3 correspond to the convective boiling and 

nucleate boiling regions, respectively. The heat transfer coefficient at any given 

condition is evaluated. 

 Considering the two sets of constants mentioned in Table 3 regarding the two 

regions along with the transition in between the regions happens at the intersection of 

the respective correlations. The value of the proposed correlation is determined based 

on the predicted higher heat transfer coefficient. Since this method delivers a continuity 

between the nucleate and the convective boiling regions, hence, the final form of the 

proposed correlation will be as follow: 

ℎ𝑇𝑃

ℎ𝐿
= 𝐶1 𝐶𝑜

𝐶2(25 𝐹𝑟𝐿
)𝐶5 + 𝐶3 𝐵𝑜

𝐶4 𝐹𝑓𝑙   (Eq.  22) 

4.6 Tran et. al correlation 

The developed heat transfer correlation[28] is an improvement over the use of 

either the Cooper or Stephan and Abdelsalam pool boiling correlations to represent 

nucleate flow boiling in small channels, as both pool boiling correlations underpredict 

the data over a broad range of wall superheats. The proposed new correlation also 

includes surface tension, an important fluid property in small-channel flow boiling 

which is not found in the correlation of Lazarek and Black [26],but which was found 
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in the earlier correlation of Tran et al. [28] to help predict the R-113 and R-12 data 

well. 

 The new correlation is expected to be more representative, than either of these 

two earlier correlations of flow boiling in small channels, as attested to by the good 

agreement with the experimental data of three refrigerants over a range of pressures. 

The correlation is an improvement for the nucleate boiling term in the asymptotic 

model representing the heat transfer coefficient for flow boiling in small channels. It 

was also developed using experimental data from tests with three different refrigerants 

boiling at different pressures in circular and rectangular channels, with channel sizes in 

the range 2.4 to 2.9 mm. The correlation was represented by the following equations:   

𝑁𝑢 = 770( 𝑅𝑒𝐿  𝑁𝐶𝑜𝑛𝑓  𝐵𝑂 )0.62 (
𝜌𝑉

𝜌𝐿
)   (Eq.  23) 

𝑁𝑐𝑜𝑛𝑓 =
[

𝜎

𝑔(𝜌𝐿−𝜌𝑉)
]0.5

𝑑
    (Eq.  24) 

𝐵𝑂 =  
𝑞

𝐺 .𝛥ℎ𝑣𝑝
     (Eq.  25) 

ℎ𝑇𝑃 =  𝑁𝑢 
𝐾𝐿

𝑑
     (Eq.  26)

4.7 Other Correlations  

More complex correlations have been developed by Shah [29], Steiner and 

Taborek [5], and Kattan et al.[30]. The Shah correlation appears to be no more reliable 

than the simpler methods given above. The Steiner-Taborek [5]correlation takes the 

form of the following general equation:  

ℎ𝑡𝑝 = [(𝑎. ℎ𝑛𝑏)𝑚 + (𝑏. ℎ𝑓𝑐)
𝑚

]
1

𝑚⁄    (Eq.  27) 
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where a = b =1 and m = 3. It was developed using a database containing over 13,000 

data points for water, three alcohols, four hydrocarbons, four refrigerants, ammonia, 

nitrogen, and helium. All data are for convective boiling in vertical tubes. Although 

this method is among the best currently available in the open literature, the overall 

computational procedure is rather complicated and to some extent fluid specific.The 

correlation of Kattan et al. [30] is based on data for five refrigerants flowing in 

horizontal tubes, and is restricted to vapor fractions above 0.15 is used with a = b =1 

and m = 3 , and the Cooper correlation[23] is used to calculate the nucleate boiling 

coefficient.  

Different models are used to calculate the heat-transfer coefficient in each of four flow 

regimes: annular, stratified, stratified-wavy, and annular flow with partial dryout at 

high vapor fractions. All convective boiling correlations are developed and tested with 

experimental data for pure components, or in some cases, binary mixtures. Even for 

pure component boiling, they are not highly reliable when applied beyond the range of 

data used in their development. For the complex, often very non-ideal mixtures 

encountered in chemical and petroleum processing, their performance is still more 

problematic. Therefore, a relatively conservative approach to design, such as the use of 

Palen’s method[31] for nucleate boiling of mixtures in conjunction with Chen’s 

method, seems warranted. Note, however, that while this procedure will provide a 

conservative estimate for the nucleate boiling coefficient, the end result may not be 

conservative if the convective contribution or the suppression factor is overestimated 

by Chen’s method. For pure components, and refrigerants in particular, the Liu–

Winterton correlation is likely to be more reliable than the Chen correlation.  
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The correlations represented in the following Table 4 has been widely used for 

calculating the two-phase flow boiling heat transfer coefficient for different working 

fluids. Mainly, correlations are derived and tested with the experimental data for pure 

components and for binary mixtures at some instance.  

Table 4 Flow boiling heat transfer correlations used in comparison 

Reference Correlation Applicability range 

Kew and Cornwell [32] htp = 30 𝑅𝑒𝐿
0.857 𝐵𝑂

0.714 
𝐾𝐿

𝑑
 (1- x)-0.143 

 

R141b 

d = 1.39 – 3.69 mm 

 

Chaddock and 

Brunemann [33] 
htp = 1.91 [ (𝐵𝑂 x 104) + 1.5(Xtt

-1)0.67)]0.6 hL 
 

 

 

Lavin and Young [34] 

 

htp = 6.59 hL (
1+𝑥

1−𝑥
)1.16 𝐵𝑂

0.1 

𝐵𝑂 = 
𝑞

𝐺 ℎ𝑓𝑔
 

 

Wojtan et al. [35] 

htp = S hsp 

hsp = 55 (Pr)
0.12 (-log Pr)

-0.55 M-0.55 q0.67 

S = 0.8 

R-22 

d= 13.84 mm 

Oh and Son [36] htp = 0.03 Ref 
0.8 Pr 

0.3 [ 1.58 (Xtt
-1

 )
0.87] 

𝐾𝑓

𝑑
 

R-134a, R22 

d= 1.77-5.35 mm 

Pujol and Stenning [37] htp = 4 (Xtt
-1)0.87 hL  

Sun and Mishima[38]  htp = [6 ReL 1.05 𝐵𝑂
0.54] [WeL 0.191 (ρL /ρV )

0.142]-1 
𝐾𝑓

𝑑
 R-410A 

Hu et al. [39] 

htp = S hsp + F hL 

F = 1+ 23969.60 𝐵𝑂
1.16 + 1.294 (Xtt

-1)0.86 

S = (1+2.03x10-6 F1.58 ReL 1.17)-1 

hsp = 55 (Pr)
0.12 (-log Pr)

-0.55 M-0.55 q0.67 
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Each correlation has its own range of data, specific experimental geometry, type 

of channels (e.g., Macro, Mini channels) and type of fluid used in its development, in 

which going beyond it will not be highly reliable. Therefore, the data from various 

sources which could not be satisfactorily correlated by existing correlations were 

shown to be quite well correlated by their own data and the fluids that have been used 

in deriving their own correlations. 

4.8 Proposed Developed Correlation 

Flow boiling mainly depends on two main contributions which are the nucleate 

boiling and convective boiling. Therefore, achieving the balance between them is the 

key for better prediction as mentioned before by Chen[18]. Liu-Winterton correlation 

which show the highest accuracy for predicting the flow boiling heat transfer 

coefficient for pure ethanol stated in his correlation that it’s not suitable to use the 

simple addition between the two contributions. 

 As the detailed comparison made by Gungor-winterton [22] showing that the 

heat transfer coefficient is considerably overpredicted in the high-quality region and 

underpredicted in the low-quality region. This indicates that the combination of the two 

heat transfer mechanisms by a simple addition method which is not very suitable. 

Since in the high-quality region, even with a relatively small mass flow rate, 

the actual velocities of the phases must be extremely high and a great convective heat 

transfer intensity must be expected, hence the nucleate boiling mechanism must have 

been more greatly suppressed than that predicted by the Chen correlation[18]. 
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Therefore, Kutateladze method [25] has been used to combine between the two 

contributions as follow: 

ℎ𝑇𝑃
2  = [(𝑆

𝐿𝑊
 . ℎ𝑛𝑏)2   +  (𝐸

𝐿𝑊
. ℎ𝐿)2]  (Eq.  28) 

The correlations that have been evaluated with the available experimental data 

for pure ethanol shows only three correlation that shows an acceptable error band 

compared to the other correlations. The reason behind that is the data from various 

sources which could not be satisfactorily correlated by existing correlations were 

shown to be quite well correlated by their own data and the fluids that have been used 

in deriving their own correlations.  

The generation of vapor itself in the boiling process results in significant 

disturbance of the layer and improved heat transfer. A dimensionless measure of how 

important this effect may be is given by the boiling number  

𝐵𝑜 =
𝑞

𝛥ℎ𝑣𝑝.𝐺
     (Eq.  29) 

Boiling number is a dimensionless group representing a ratio between the mass 

of vapor generated at the heat transfer surface and mass flow rate per flow cross 

sectional area. 

Since it was clearly demonstrated that the nucleate boiling contribution is 

dominant in predicting the boiling heat transfer coefficient. A new proposed 

suppression factor multiplier (Ms) is introduced to control the role of the nucleate 

boiling contribution either in over predicting or under predicting based on the regions 

correlated with boiling number (BO) shown in Table 5.  



 

36 

 

The new suppression factor multiplier (Ms) is categorizing the over predicting 

and underpredicting regions in the dataset. As well as specific intervals are defined to 

control the over and under prediction in a precise way based on its’s boiling number 

(BO) interval based on the dataset analysis. 

𝑆 = (1 + 1.15 ×  10−6 . 𝐸𝐺𝑊 . 𝑅𝑒𝐿
1.17)−1 ×  𝑀𝑠  (Eq.  30) 

It has been observed that the nucleate boiling heat transfer contribution 

calculated from the pool boiling correlation of Cooper, should be reduced by 30% in 

region A for the specified interval mentioned in the Table 5.  

The fact is, by increasing heat flux, cooper’s method systematically 

overpredicts the measured heat transfer coefficient. As the deviation increases with 

increasing heat flux, it can be concluded that the nucleate boiling contribution is high. 

At this point, the role of the suppression factor multiplier shows up to achieve the 

balance between convective and nucleate boiling contributions by enhancing the 

suppression to the nucleate boiling to reduce its value. 

On the other hand, the nucleate boiling heat transfer contribution calculated 

from the pool boiling correlation of Cooper tends to need enhancement to overcome 

the underprediction and to achieve a good balance between the nucleate and convective 

contributions for better results.  

Therefore, the suppression factor multiplier (MS) will function as a booster. The 

nucleate boiling should be increased by 10 ~ 50 % based the interval of the boiling 

number mentioned in the Table 5. These percentages are derived based on the analysis 

of the curves generated from the pure ethanol.  
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Table 5 Suppression factor multiplier values in each specified region 

Region Boiling number interval Ms 

A 1× 10 -5 ≤ BO < 1 × 10 -3 0.7 

B 1 × 10-3 ≤ BO < 5 × 10 -3 1.5 

C 5 × 10 -3 ≤ BO <1× 10 -2 1.3 

D BO > 1 × 10 -2 1.1 

 

4.9 Final Form of the Proposed Correlation  

After the development applied to Liu-Winterton correlation, the new proposed 

development model predicts the experimental points more accurately specifically for 

pure ethanol. By using all the saturated boiling dataset for pure ethanol, the final form 

to calculate S and E and finally the final form for the correlation is as follow:  

𝑆 = [(1 + 0.055 . 𝐸0.1 . 𝑅𝑒𝐿
0.16)−1 × 𝑀𝑆]  (Eq.  31) 

𝐸𝐿𝑊 = [1 + 𝑥 . 𝑃𝑟𝐿

(𝜌𝐿−𝜌𝑉)

𝜌𝑉
]0.35   (Eq.  32) 

To be substituted in the following general equation: 

ℎ𝑇𝑃 = [(𝑆 . ℎ𝑛𝑏)2   +  (𝐸. ℎ𝐿)2]
1

2   (Eq.  33) 
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CHAPTER 5  

Results and Discussion 

The current experimental dataset included in the assessment consists of 722 

flow boiling heat transfer coefficient data point for pure ethanol [4-7]. Therefore, the 

dataset of the experimental data is compared to the heat transfer coefficient 

correlations, to identify and discuss the most precise correlations in predicting those 

experimental values. The experimental conditions such as mass flux, heat flux, 

saturation temperature and vapor quality have been selected flux, saturation 

temperature and vapor quality have been selected based on the experimental data as 

shown in Table 6.  

Table 6. Experimental conditions used in pure ethanol and ethanol/water mixture dataset 

Parameters  Range 

Saturation Temperature Tsat [℃] 40 – 86.6 

Mass Flux G [kg/m2 s] 0.33 – 290 

Heat Flux q [Kw/m2] 2.8 - 104 

Internal Diameter din [mm] 5 - 10 

Vapor Quality x  0.11 – 0.91 

5.1 Assessment of previous correlations 

Fourteen flow boiling heat transfer correlations were used for comparison with 

the experimental dataset. The correlations have been evaluated according to the mean 

absolute error (MAE); these data are presented in Table 6 for pure ethanol. 

 

𝐸𝑅 =
ℎ𝑝𝑟𝑒𝑑−ℎ𝑒𝑥𝑝

ℎ𝑒𝑥𝑝
 × 100     (Eq.  34) 
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𝑀𝐴𝐸 =   
1

𝑁
∑ |𝐸𝑅|     (Eq.  35) 

 

N:  is the number of data points in dataset. 

5.2 Analysis of pure ethanol 

Flow boiling of pure component is not complicated compared to the 

corresponding binary mixtures. As its very smooth to find the thermo-physical 

properties at certain pressure and temperature. In addition, Heat transfer coefficient in 

pure component is mostly higher than the binary mixture at any concentrations as 

mentioned by Sarafraz et al.[40]. Tsutsui et al.[41] explained that heat transfer 

coefficient in pure component is usually higher in the low-quality region where the 

nucleate boiling is dominant. However, in the high-quality region the convective 

evaporative is dominant.  

 Peyghambarzadeh et al. [7] experimentally studied the effect of the working 

fluid among water, ethanol, and methanol on the thermal performance of a 40 cm 

circular copper heat pipe. The authors found that the use of ethanol led to higher heat 

transfer coefficient. 

Mastrullo et al. [4] studied experimentally Anhydrous ethanol (purity grade of 

99.8%) show a pure convective behavior, having an increasing trend with vapor quality 

up to the occurrence of dry-out.  

Robertson et al. [5] experimentally investigated the vertical boiling of ethanol 

in 10 mm tube inside diameter, 3 m long was used in the experiment. The authors show 
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the interaction between nucleate and convective boiling as a function of vapor quality. 

Based on precise measurements of ethanol at saturation conditions. By analyzing the 

experimental dataset values and theoretical dataset which is the predicted values 

calculated by the mentioned flow boiling heat transfer correlations for pure ethanol has 

been made and the mean absolute error was calculated for each correlation as shown in 

Table 7.  

Table 7 Prediction ability of the selected correlations with regard to the experimental dataset of Pure Ethanol. 

Correlation MAE (%) 

Liu and Winterton [24] 25.79 

Gungor and Winterton [22] 53.20 

Kandlikar [27] 51.88 

Lazarek and Black [26] 85.41 

Chaddock and Brunemann [33] 77.08 

Pujol and Stenning [37] 74.11 

Chen [18] 28.28 

Lavin and Young [34] 76.77 

Tran et al. [28] 83.89 

Kew and Cornwell [32] 83.95 

Wojtan et al. [35] 40.11 

Sun and Mishima [38] 29.89 

Oh and Son [36] 66.06 

Hu et al. [39] 57.83 

Proposed correlation 15.5 

 

Furthermore, figure 9 [A – F] shows a graphical representation of the 

performance of the polynomial curves for the aforementioned correlations. It is very 
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obvious that Liu-Winterton [24] Chen [18], Sun and Mishima [38]correlations have 

achieved the lowest MAE 25.05%, 28.28 % , 29.89 % respectively for the pure 

component of ethanol in various ranges of experimental conditions.  

 

Figure 9 comparison between experimental values and the predicted values of the mentioned 

correlations 

Also, the scatter plots in Figure 10,11,12 shows the performance of the top three 

correlation within an error band of ±30 %.  

  

  

  

A B 

C D 

E F 
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Figure 10 Experimental Values versus Predicted Values for Liu-Winterton Correlation within a band error ±30 % 

 

Figure 11 Experimental Values versus Predicted Values for Chen Correlation within a band error ±30 % 
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Figure 12 Experimental Values versus Predicted Values for Sun-Mishima Correlation within a band error ±30 % 

 

5.3 Comparison between correlations  

It was mentioned earlier in the results that Liu-Winterton [24] Chen [18], Sun 

and Mishima [38]correlations have achieved the lowest MAE 25.05%, 28.28 % , 29.89 

% respectively for the pure component of ethanol in various ranges of experimental 

conditions. The new proposed correlation has proved a good standing accuracy by 

achieving an error margin of 15.5% as shown in Figure 13. 
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Figure 13 Experimental Values versus Predicted Values for New Proposed Correlation within a band error ±30 % 

 

 Liu-Winterton correlation which is considered to be the best correlation among 

the 14 correlation that have been used in such as study achieved the lowest band error 

which is reduced from 25.05 % into 15.5%. Therefore, the proposed correlation has 

succeeded to reduce the best fit correlation by 9.6% as shown in Figure 14,15.  
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Figure 14 Comparison between the proposed correlation and the most accurate correlation. 

 

 

 
Figure 15  Comparison between the proposed correlation and the most accurate correlations 
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CHAPTER 6  

Conclusion and Future Works 

6.1 CONCLUSIONS 

After comparing the experimental dataset included in the assessment which 

consists of 720 flow boiling heat transfer coefficient data point for pure ethanol with 

some of the available correlations in literature: 

1- It is very clear that Liu-Winterton [24],Chen [18] and Sun and Mishima [38] 

correlations are precise in prediction compared to the rest. 

2- A new proposed correlation has been developed by introducing a suppression 

factor multiplier (MS). 

3- The proposed correlation has succeeded to reduce the error band by 9.5% 

compared to Liu-Winterton correlation. 

Finally, most of the correlations are derived and tested with the experimental 

data for pure components. Each correlation has its own range of data, specific 

experimental geometry, type of channels (e.g., Macro, Mini channels) and type of fluid 

used in its development, in which going beyond it will not be highly reliable. Therefore, 

the data from various sources which could not be satisfactorily correlated by existing 

correlations were shown to be quite well correlated by their own data and the fluids 

that have been used in deriving their own correlations.  
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6.2 FUTURE STUDIES 

A huge shortage in the experimental data concerning pure ethanol in literature. 

Therefore, more experimental work should be done for pure ethanol as it’s a very 

promising fluid in many industrial applications. Furthermore, it’s recommended to 

use the range of heat flux from 7 kW/m2 ~ 20 kW/m2 to fill the gap shown in Figure 

[10~14] which almost from 1 kW/m2 K to 3 kW/m2 K in each Figure. Moreover, 

Testing the new proposed correlation with other pure fluids and binary mixtures to 

check its efficiency. 
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Appendix 

The phase diagram for ethanol shows the phase behavior with changes in 

temperature and pressure. 

 
Figure 16 Ethanol Phase Diagram[42] 

 

Figure 17 Ethanol Thermal Conductivity Curve[42] 
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Table 8  Basic Thermo-physical properties of ethanol [43] 
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