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ABSTRACT 
The effect of surface roughness on nucleate boiling heat transfer is analytically explored over a wide range of 

roughness values in water and Flourinent FC-77,two fluids with different thermal poperties and wetting 

characteristics.The test surfaces ranged from a polished surface of 0.045μm to 10.5μm.Different trends were 

observed in the heat transfer coefficient ,percentage of vapour and Vapour generated time with respect to surface 

roughness between the two fluids on the same set of surfaces.For FC-77,the percentage of vapour developed was 

increased continually with increasing roughness.For water,on the other hand,surfaces of intermediate roughness and 

maximum roughnessdisplayed similar  values of percentage of vapour.While the roughest surface showed maximum 

percentage of vapour.The heat transfer coefficients and percentage of vapour developed were more strongly 

influenced by Fc-77than with water.At a very least vapour generated time of 0.4sec Fc-77 developed maximum 

percentage of vapour than with water. 

 

KEYWORDS: Nucleate boiling heat transfer , heat transfer coefficient , surface roughness , percentage of vapour , 

vapour generated time.

INTRODUCTION 
 Nucleate boiling heat transfer is affected by several physical parameters such as surface geometry, finish, cleanness 

and orientation, type of liquid and its wettability, surface mateial and its thickness, and gravity. Several studies have 

found that aging of the heat surface can also affect the nucleate boiling thermal performance. The effect of the 

heating surface micro structure on nucleate boiling heat transfer has called the attention of the scientific community 

as early as the thirties, when the first pioneering studies were being carried out. The need to understand the effect of 

the surface condition was apparent in the early models of nucleate boiling and boiling inception. This is regionable 

since the rate of heat transfer is closely related to the bubble population. Thus raising information related to the 

activation mechanism of the heating surface cavities seems a regionable first step in understanding the nucleate 

boiling phenomenon. However, despite being exhaustively studied, the relation between active cavities and the 

surface micro structure is one of the key unsolved issues in the prediction of nucleate boiling heat transfer. The 

increased understanding of the role of surface condition as also led to commercially available enhanced surfaces for 

improved boiling performance. Many of these boiling enhancements are designed to create re-entrant-type cavities 

structures which are more difficult for the liquid to fully wet than simple cavity shapes and, based on the analysis of 

Griffith and Wallis are believed to serve as more stable nucleation sites. Therefore, these enhanced surface 

geometries typically lead to better boilling performance compared with roughened surfaces produced by 

conventional machining processes. Chowdhury and winter ton suggested that rougher surfaces would yield higher 

nucleate pool boiling heat transfer coefficient if a consistant method of surface preparation is used, but the results 

from other investigators have not shown such a trend. The results from the polished surfaces indicated that 

roughening the surfaces only improved the boiling performance upto a certain point. Due to the importance of 

accurately accounting for the influence of surface roughness when correlating nucleate boiling data and given the 

wide variety of conclusions that have been reached in previous investigations, further reasearch is warranted. The 

goal of the present work is to provide additional insights into the role of surface roughness on nucleate pool boiling 

with an analytical exploration using two fluids with widely differing thermal properties and wetting characteristics: 

water and FC-77, perfluorinated die electric fluid. Widely used nucleate pool boiling correlations are evaluated by 
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using ANSYS Flluent. In particular, the capability of correlations to account for the effect of surface roughness is of 

prime interest in this study. 

 

MULTI PHASE EQUATIONS OF NUCLEATE BOILING HEAT TRANSFER 
In ANSYS Fluent, Eulerian models are available for analysis. All of the multiphase models are governed by the 

following conservation equations for continuity, momentum and energy . For conservation of mass, or continuity of 

phase q,   

 
where the subscripts p and q denote individual phases, vf is the volume fraction, ρ is the density, v ⃗  is the velocity 

vector and ṁ pq is the mass transfer from phase p to phase q and vice versa for ṁqp. Sq is a source term for mass and 

by default is zero. For conservation of momentum of phase q,  

 
where τq is the stress-strain tensor, g is the gravitational acceleration, Rpq is an interaction force between phase p and 

q, Fq is a body force, Flift, is a lift force, Fwl, is a wall lubrication force, Fvm is a virtual mass force, and Ftd, is a 

turbulent dispersion force. Depending on the boundary conditions and flow regime, several of the external forces 

may not be included during the iterative calculations. To ensure conservation of momentum is properly closed, the 

interaction force, R pq, which depends on friction, pressure and cohesion among others, is constrained with the 

following conditions 

 
For conservation of energy of phase q,   

 
where hq is the specific enthalpy of phase q, qq is the heat flux, Sq is a source term for enthalpy (chemical reaction, 

radiation, etc), Qpq is the intensity of heat exchange between phases and hpq is the inter phase enthalpy. To ensure 

conservation of energy is properly closed, the inter phase heat exchange, Qpq, is constrained with the following 

conditions 

   
This model divides the total wall heat flux into three components: Convective heat flux, quenching heat flux, and 

evaporative heat flux.  The wall heat flux is written in the following form 

 
where 𝑞𝐶 ̇ is the convective heat flux, 𝑞�̇� is the quenching heat flux, and 𝑞𝐸 ̇ is the evaporative heat flux. The surface 

of the heated is divided into two subsections, one being the fractional area 𝐴𝑏, which is covered by nucleating 

bubbles, and the other being (1−𝐴𝑏), which is covered by fluid.  The convective heat flux is expressed in the 

following form 

 
where ℎ𝐶 is the single phase heat transfer coefficient as calculated by Fluent, 𝑇𝑤 is the wall surface temperature, and 

𝑇𝑙 is the liquid temperature.  The quenching heat flux, which models the cyclic averaged transient energy transfer 
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resulting from liquid filling the region near the wall immediately after bubble detachment,  is expressed in the 

following form 

 

 
where 𝑘𝑙 is the thermal conductivity of the liquid, t is the periodic time of bubble generation and departure, 𝛼𝑙 = 𝑘𝑙 

/𝜌𝑙𝐶𝑝𝑙 is the thermal diffusivity, and again 𝑇𝑤 and 𝑇𝑙 are the wall and liquid temperatures respectively.  The 

evaporative heat flux is expressed in the following form:   

                                                                             �̇�𝐸 = 𝑉𝑑𝑁𝑤𝜌𝑣ℎ𝑙𝑣𝑓     

where 𝑉𝑑 is the volume of bubble based on the bubble departure diameter, 𝑁𝑤 is the active nucleate site density, 𝜌𝑣 is 

the vapour density, ℎ𝑙𝑣 is the latent heat of evaporation, and 𝑓 is the bubble departure frequency.    In order to close 

the above equations, the following parameters need to be defined Fractional area of influence, frequency of bubble 

departure, nucleation site density, and bubble departure frequency.  The fractional area of influence as proposed by 

Del Valle and Kenning is expressed in the following form 

 
where Dw is the bubble departure diameter, and K is an empirical constant usually set to 4, however it has been 

found that this value is not universal and may vary between 1.8 and 5.  The following relation for this constant has 

been implemented 

 
and 𝐽𝑎𝑠𝑢𝑏 is the sub cooled Jacob number defined as 

 
where ∆𝑇𝑠𝑢𝑏 = 𝑇𝑠𝑎𝑡 −𝑇𝑙. In order to avoid numerical instabilities due to unbound empirical correlation for nucleation 

site density, the area of influence was restricted in Fluent in the following way 

 
The frequency of bubble departure as proposed by R. Cole is expressed in the following form: 

 

 

INFLUENCE OF SURFACE ROUGHNESS ON NUCLEATE BOILING 

It is well known that nucleate boiling heat transfer can be well represented by an exponential relationship given by 

hαqn, where n is a function of pressure and surface characteristics. Several researches have also noted that the 

dependence of heat transfer coefficient at a fixed heat flux can be modelled by an exponential relation, hαRm ,where 

R is some measure of the surface roughness. Putting these two relationships together yields 

h=CRmqn 

where C is a constant ,surface roughness can both the magnitude of heat transfer coefficient and change the slope of 

its variation with heat flux since the exponent n is also dependent on roughness. with few experimentations the 

exponent m values are given at different heat fluxes. For water, the roughness exponent m is 0.09 at 50kW/m2 and 

100kW/m2 and increases slightly to 0.11at a heat flux of 300kW/m2. With FC-77 greater dependence of surface 

roughness on the heat transfer coefficient is seen that with water, resulting in higher roughness exponents ranging 

from m=0.118 at 50 kW/m2,0.2375 at 100kW/m2 and 0.7125 at a heat flux of 300kW/m2. The results indicate that 

the surface roughness  exponent is not a constant across different fluid-surface combinations. Since it is well known 

that the wet ability of the fluid has important consequences on the nucleation behaviour, It is reasonable to 
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hypothesize that m is also a function of the contact angle. Although contact angles were not measured in the current 

study,FC-77 is highly wetting on most metal surfaces while water is moderately wetting. Therefore, it may be 

proposed that highly wetting fluids are well represented by a roughness exponent m=0.2 while for moderately 

wetting fluids, m=0.1 is more appropriate. 

 

MATERIAL,COOLANT ANS SURFACE ROUGHNESS COMBINATIONS 

S.no Material +Fluid R1 (μm) R2(μm) R3(μm) 

1 Si+Water 0.045 6.2 10.5 

2 Si+FC-77 0.045 6.2 10.5 

For theoretical analysis two solid and fluid combinations were taken into consideration at three heat fluxes 

(50,100,300 kW/m2) at reduced pressures (0.046bar for water for FC-77) for the fluid at three different roughness 

values with a cross section of 0.000288m2.  

Heat transfer coefficient at different heat fluxes in kw/m2 K 

Surface roughness (μm) At 50kw/m2 At 100Kw/m2 At 300Kw/m2 

0.045 3.265 5.553 9.18 

6.2 9.259 16.64 18.73 

10.5 16.05 30.387 34.55 

 

Wall super heat at different heat fluxes in K: 

Surface roughness (μm) At 50kw/m2 At 100Kw/m2 At 300Kw/m2 

0.045 5.3 18.01 32.6 

6.2 5.1 6 9.87 

10.5 4.54 5.33 8.68 

 

 

Figure 1 Heat transfer coefficient  Vs Surface roughness 
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Figure 2 Wall super heat Vs Surface roughness 
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The generated graphs clearly shows that when roughness increases the heat transfer coefficient also increases and 

wall superheat reduces, the increase in heat transfer is the measure of heat removal rate from the silicon plate when 

we use water as coolant. similarly the reduction in wall superheat indicates more heat transfer whenever we increase 

the roughness. 

 

RESULTS AND DISCUSSION 
Silicon  and Water combination 

 

                                    
   At 50Kw/m2 & 10.5micro meter roughness at 1.0s                                         At 100Kw/m2 & 10.5micro meter roughness at 1.0s        

 

 
                                                                    At 300 Kw/m2 & 10.5 micro meter roughness at 1.0s       
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Silicon and FC-77 combination 
 

 
At 50Kw/m2 & 10.5micro meter roughness at 1.0s                              At 100Kw/m2 & 10.5micro meter roughness at 1.0s 

 

 
At 300Kw/m2 & 10.5micro meter roughness at 1.0s 
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CONCLUSION 

Nucleate pool boiling at reduced pressure from surfaces with a wide range of surface roughness in two fluids with 

different wetting characteristics was explored by using ANSYS-Fluent. For water and silicon combination,and 

silicon and FC-77 combination.For water,the results indicate little improvement in heat transfer coefficient  and 

percentage of vapour for roughness beyond 6.2μm.On the same set of surfaces FC-77 exhibited a different trend 

with respect to surface roughness,at a fixed heat flux.The general trend of increasing heat transfer coefficient with 

surface roughness was correlated using hαRm.The results indicate a stronger dependence on surface roughness for 

Fc-77 with m=0.2 compared with m-=0.1 for water.The analytical results compared with each other,and Fc-77 

developed maximum % of vapour at maximum roughness of 10.5μm .The results obtained analytically proved that 

the % of vapour increases with surface roughness. 
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