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Abstract 

In spite of many advantages of using nanoparticles in convective heat transfer, there are still 

some hidden aspects of nanofluids regarding simulations. Pool boiling flows are complicated 

regarding analytical aspects, and the presence of particles can noticeably extend this 

complexity. One of the most important aspects of nanofluid pool boiling is concerned with 

the changes in nucleation site and bubble diameter due to particles deposition and surface 

roughness. To include these effects, new correlations are implemented as a user-defined 

function for nucleation site density and bubble departure diameter. On the other hand, the 

particles are introduced and tracked everywhere in the domain in the Lagrangian frame by 

using discrete model. As an application, a tube bundle with four tubes is considered with 

different orientation angles concerning each other and different pitch distances. Unsteady 

Eulerian two-fluid model in ANSYS-Fluent is employed to simulate the liquid and vapour 

flows in the computational domain. In this work, pool boiling nanofluid flow is numerically 

solved around a two-dimensional horizontal cylinder with 20 mm diameter and compared 

with experimental data. The nanofluid is consist of distilled water and aluminium oxide with 

a particle size of 38 nm. The good agreement is found, and further discussion regarding 
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particles migration and deposition are presented. It is found that the percentage of deposition 

is dependent on heat flux and particle concentration. Also, heat transfer coefficient increases 

with expanding the horizontal distance between cylinders and then decreases to a fixed value.  

Keywords: pool boiling, Eulerian model, discrete model, ANSYS-Fluent, nanofluids, 

nanoparticles 

1 Introduction 

Mixing of liquids via ultrafine solid particles can result in heat transfer enhancement in heat 

exchangers and other industrial equipment. This enhancement connected to different 

mechanisms which the most important one is referred to improvement in thermal 

conductivity of the mixture [1–3]. On the other hand, since the increase in mixture viscosity 

is inevitable, improvement of final thermal efficiency is connected to the optimum range of 

the volume fraction of the nanoparticles [4–7] which can vary from a nanofluid to another. 

Due to the extensive area of applications, nanofluids can be used in flows with and without 

phase change. Laminar and turbulent forced convection in pipes and heat exchangers are 

some of the common examples with no phase change flows [8,9]. Using ultrafine particles in 

boiling flows has attracted great attention in recent years [10,11], with the particular 

application in pressurized and boiling nuclear reactors. Experimental observations show both 

enhancement and worsening of heat transfer coefficient using nanoparticles, depending on the 

type and size of the nanoparticles, type of the stabilizer, base fluid and flow regime, geometry 

and surface roughness [12,13]. Due to the complexity and many phenomena involved in pool 

boiling flows, especially with the presence of solid nanoparticles, the number of numerical 

work is limited, and most of the previous studies cover experimental measurements and 

visualization. 
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You and Kim [14] showed that heat transfer coefficient remained nearly unchanged for 

alumina nanofluids on a flat plate in pool boiling at saturation temperature 60oC. However, 

critical heat flux was found abnormally increased up to 200%. Kim et al. [15] conducted pool 

boiling experiment on a wire heater for three different nanofluids of low volume fractions 

<0.1%. They reported a noticeable rise in critical heat flux, deposition of a porous layer of 

nanoparticles on the wire, wettability improvement on the heater and consequently drop in 

contact angle. The contact angle was found to vary between 71o to 80o for nanofluid on a 

clean surface. They stated that contact angle could be highly influenced by considering the 

deposited layer (after boiling test), dropping to less than 40o. Bang and Chang [16] observed 

deterioration in heat transfer coefficient of alumina nanofluid on a horizontal plate. The 

reduction in active nucleation sites in nucleate boiling was attributed to changes in surface 

roughness resulted by particles deposition. Zhu et al. [17] investigated nanofluid mixture 

properties and pool boiling on a heating wire. They stated that thermal conductivity and 

surface tension of the mixture played significant roles in heat transfer enhancement. The 

improvement in thermal conductivity and surface tension were measured 5% and 7%, 

respectively. They also reported the change in viscosity was negligible. On the other hand, 

they argued that the extreme increase in critical heat flux can be possibly concerned to the 

enhanced thermal conductivity, surface tension and the porous coating layer on the wire. Hu 

et al. [10] carried out nanofluids pool boiling experiment on a horizontal cylinder with 

ethylene glycol/water mixture as the base fluid. Particle size and volume fraction were 

presented as the contributing factors in rising and dropping of the heat transfer. Shoghl et al. 

[13] argued that any modification in heat transfer in nanofluid pool boiling is associated with 

the type and size of particles and also roughness of the surface caused by particles. Wang et 

al. [18] proposed a new correlation for the Nusselt number in pool boiling nanofluid based on 

the properties of the base fluid and the mixture.  
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On the theoretical aspect, Ham and Cho [19] studied the effects of various parameters on heat 

transfer, bubble departure frequency and diameter, waiting time ratio and nucleate site 

density. They used previous correlations from literature with considering the important 

impact of surface roughness induced by nanoparticles coating. Also, variation in contact 

angle was found as small as 10o up to the contact angle for pure water on a clean surface as 

79o. Wang and Wu [20] employed a semi-implicit method for moving particles regarding the 

tracking of bubble growth in an alumina nanofluid. They introduced particle size and volume 

fraction at which the optimum heat transfer and bubble departure frequency were obtained. Li 

et al. [21] explained that bubble departure diameter, nucleate site density and other boiling 

parameters need to be substituted with new correlations based on the modified surface 

affected by nanoparticles. They also stressed on the adjustment of heat flux phenomena in the 

vicinity of the surface as a part of partitioning model. Shoghl et al. [22] performed both 

experimental and numerical study of nanofluids boiling over a horizontal cylinder. They used 

VOF multiphase approach in the simulations with no interactions between liquid and vapour. 

Only the mass exchange arising from evaporation was considered everywhere in the two-

dimensional domain. Moreover, it was shown that contact angle highly depended on the type 

of the particles and varying from 40o to 110o. The same strategy was adopted by Liu et al. 

[23] in a two-dimensional model with cryogenic liquid.  

Literature review shows that there are many phenomena involved in pool boiling with solid 

nanoparticles and further theoretical aspects are needed to be investigated regarding boiling 

characteristics, particle migration and deposition. Additionally, experimental observations 

have revealed that non-homogenous distribution of particles inside the medium seems 

unavoidable, and especially close to a wall [24]. Accordingly, using the discrete model to 

track the particles in the Lagrangian frame can provide higher accuracy in prediction. On the 

other hand, traditional correlations for nucleate site density and bubbles diameter used by 



5 

 

many researchers cannot be sufficient to cover all the aspects of the presence of nanoparticles 

in pool boiling phenomena. Therefore, this study will attempt to implement new correlations 

to consider other important parameters in nanofluid pool boiling, such as surface roughness 

and particles size.  

In this study, pool boiling of nanofluids on a cylindrical geometry is simulated by the 

Eulerian two-phase model. Then, a mixture of water and alumina nanoparticles with 38 nm 

size is injected into the domain and tracked. On the other hand, nanoparticles fill the small 

cavities in the wall and change the roughness. It can drastically change nucleation site density 

and bubble departure diameter at the wall with deposited nanoparticles. To cover this, new 

correlations are implemented as User Defined Function (UDF) in ANSYS-Fluent.  

2 Formulation of Eulerian two-phase model 

In this model, each phase is treated as a continuum, and flow equations are solved in Eulerian 

manner. The interphase interactions occur at the interface of two phases and appear in each 

phase equations. The exchange of mass between phases are included in mass balance 

equation, and associated source terms are added to momentum and energy equations. The 

fundamental governing equations are as follows [25]: 
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where k , k , 
t

k , kM , kq , 
t

kq  and kE are the rate of exchanged mass between the phases, 

laminar shear stress, turbulent shear stress, momentum induced by mass exchanged, laminar 

and turbulent heat flux and exchanged heat transfer due to mass transfer and between phases, 

respectively. The interaction forces at the interface consist of drag, lift, turbulent dispersion, 

wall lubrication and virtual mass. Definition of the forces is presented following. 

Drag force by Clift et al. [26] known as Grace model: 
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where Re, Mo and Eo are phase Reynolds number, Morton number and Eotvos number, 

respectively. Ai is the interfacial area concentration and given as: 
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Lift force by Tomiyama [27]: 
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Wall lubrication force by Antal et al. [28]: 
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Turbulence dispersion by Burns et al. [29]: 
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Virtual mass force by Drew and Lahey [30]: 
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Heat can be exchanged between phases through the interfacial area. This heat transfer is a 

part of Ek in energy equation (40), given by Ranz and Marshall [31]: 
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2.1 Mass and heat transfer in boiling 
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It could be assumed that mass transfer happens in two different locations, near the wall and 

inside the domain. The one in the domain takes place in the interfacial area for both liquid 

and vapour as follows [32]: 
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lvh , satT  and t  denote the latent heat of evaporation, saturation temperature and time scale, 

respectively. The mass transfer near the wall is assumed to be a part of RPI model and 

explained as follows. 

Since the applied heat flux is below critical heat flux of pool boiling, nucleate boiling is 

dominant in all the cases and RPI model developed by Kurual and Podowski [33] can be 

applied. Partitioned heat flux model is assumed with three modes of heat transfer at the wall 

boundary condition, quenching heat transfer, convective and evaporative heat transfer. The 

convective and evaporative heat flux are obviously stemmed from the wetted region by liquid 

and phase change, respectively. Quenching heat flux is caused by the averaged transient heat 

transfer associated with detached nucleate bubbles being replaced by liquid phase.  

Convective heat flux by Del Valle and Kenning [34]: 

  1c C w l bq h T T ( A )    (20) 

where hC, Tw and Ab are heat transfer coefficient, wall temperature and the portion of the 

surface covered by nucleate bubbles, respectively.  

Evaporative heat flux [21]: 
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where dw, Nw and bf  are bubble departure diameter, nucleate site density and frequency of 

bubble departure, respectively. One of the most used correlations for nucleate site density and 

bubble departure diameter were developed by Kocamustafaogullari and Ishii [35,36]: 
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As can be seen, the important effects of surface roughness, the entire role of system pressure 

and nanoparticles are not reflected in the equations. Besides, the size of nanoparticles is 

normally smaller than 100 nm, which can drastically change the physical geometry of the 

surface by filling the small cavities of the roughness [19]. To include these parameters in 

equations, it is essential to implement new correlations for nucleation site density and bubble 

departure diameter. Therefore, two different correlations were implemented according to the 

absence and presence of nanoparticles. Benjamin and Balakrishnan [37] developed the 

following correlation for nucleation site density regarding different surface roughness without 

nanoparticles: 

1 63 1 0 4 3218 8 . .

W l w satN . Pr Rn (T T )     (25) 

where lPr ,   and Rn  are liquid Prandtl number, surface-liquid interaction parameter and a 

dimensionless parameter for the roughness, respectively [37]: 
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aR  and P are surface roughness and working pressure of the system. Li et al. [38] developed 

a semi-empirical correlation for nucleation site density in nanofluid based on Benjamin and 

Balakrishnan [37].  
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 were presented to include the effects of nanoparticles 

and deposition [37].  
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where nf  and bf  are contact angles on the nano-coated surface and clean surface. Bubble 

departure diameter is implemented in CFD software by the following equation developed by 

Golorin et al. [39,40]: 
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where 0 006*d . mm  and 6 0d .   for water. 

Accordingly, mass change in the vicinity of the wall is calculated as [21]:  
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Quenching heat flux [21]: 
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where l  and qwC  are liquid thermal diffusivity and bubble waiting time coefficient, 

respectively. Waiting time represents the delay time between the formation of bubbles and 

rising from the surface till next bubble.  

3 Discrete modelling of particles 

Particles are tracked in the Lagrangian frame, and a set of flow equations are iteratively 

solved in this model. Hence, a finite number of particles are tracked in each time step as a 

representative of other particles. Due to negligible effects of virtual mass and pressure 

gradient forces [41], these are not mentioned and solved in the particles equations. The 

Newton’s equation of force balance in the Lagrangian frame for nanoparticles is written in 

details as follows [45]: 
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tp is the travelling time of a nanoparticle from the point of injection till it reaches its final fate 

in the domain.  

Drag force [45]:  

 
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Smooth spherical particles are assumed for nanoparticles and simply stokes flow (obviously 

Rep<<1) for drag coefficient. The Cunningham slip correction factor, Cc, is used when the 

no-slip boundary condition for a continuum cannot be preserved over a particle or solid wall 

[45].  
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where Kn  and   are Knudsen number and mean free path of the fluid which is 0.3 nm for 

water. Since the Knudsen number in this study is much less than 0.1, we can substitute Cc=1.  

Saffman Lift Force [42]:  

220.3 ( ) sgn( )l
lift l p l p
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F d V u
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where   is the shear rate. This force is mainly used here in the analysis of particles fate after 

a collision with a wall.  

Magnus force:  



13 

 

This lift force is induced by rotation of the particle around its axis in uniform flow. Magnus 

force can be negligible regarding the nanosize of the particles. However, it can be important 

if the flow is highly rotational [43]. 

 
1

2

l p

Magnus p ML c l p

V u
F A C V u


   
 

 (43) 

1

2
l pV      

(44) 

 0.4 0.30.45 0.45 0.05684
p

p
ML p

p

Re
C exp Re Re

Re 

 
     

 
 

(45) 

2

4p

l p

l

d
Re






  

(46) 

where Ap and CML are projected particle surface area and rotational lift coefficient. Particle 

angular velocity is obtained by solving the angular momentum equation [43]: 
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Thermophoretic force [44]:  

thermo T

T
F D

T


   (50) 

2

l p l
T

l l p

d k
D 0.78

2k k







 

(51) 

Brownian random force. The random motion of particles suspended in a fluid can have a 

significant contribution to induce and gradual fluid flow in pool boiling [45].  
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(52) 

where i  is the unit-variance random number produced by a Gaussian white noise process. 

One of the most important aspects of tracking particles is concerned with analysing the final 

fate of the particle. When a solid particle is in contact with a wall, the considerable impact of 

the electrostatic attractive force between two solid materials needs to be taken into account. 

This force is compared with other interaction forces to reach the final balance of the particle. 

The van der Waals sticking force is defined for a particle and a plate as [46]: 

2

012

p

VDW

Hd
F

d
  (53) 

where H and d0 are Hamaker constant and equilibrium distance between the particle and 

nanofluid. Due to nano-size of the particles, a simple scale analysis shows that gravitational 

force can be safely ignored. Also, for simplicity, only thermophoresis, lift and Brownian 

forces are assumed as the lift-off forces from the wall.  

L lift thermo BF F F F    (54) 

A comparison between sticking and lift-off forces will provide the final fate of the particles. 

This is implemented as a user-defined function in the CFD software. It is noted that 

simulations revealed that the order of magnitude of sticking force is higher than lift-off force 

due to a small order of velocity in pool boiling.  

3.1 Turbulent eddies on particles migration 

The effects of fluctuating velocity on particles trajectory can be seen via using discrete 

random walk model developed by Bayazit [47]. The fluctuating velocity of an eddy is 

presented as: 
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2

i iu u   (55) 

where   is the randomly distributed number from Gaussian pdf and 2 2
3iu


   is the root 

mean square of fluctuating velocity, and  as the turbulent kinetic energy. This fluctuating 

velocity is considered in particle motion equation as 
i i iu u u  . The interaction between the 

eddy and the particle occurs during the minimum of two characteristic times, namely lifetime 

of the eddy and particle eddy crossing time. At the end of the period, a new location for the 

particle is calculated [48]. It is noted that random walk model is essential to be considered in 

particles calculation, specifically regarding the possibility of sedimentation. 

4 Mixture properties 

Thermo-physical properties of liquid can be noticeably affected by the presence of particles. 

Therefore, updated mixture properties are required to be implemented. The mixture 

correlation is borrowed from the model developed by Sharifpur et al. [49].  

2

1 k k

k 1

  


  (56) 

1
m 3 3

p v p(1 ) 8 ( d 2 t ) / d




 


  
 (57) 

2

v p pt 0.0002833( d 2 ) 0.0475d 2 0.1417     (58) 

k

m

2

k k P

k 1
P

m

c

c

 





 
(59) 

  is particles volume fraction in liquid. Thermal conductivity and viscosity of nanofluid by 

Corcione, [50] and Khanafer [51]: 
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 (60) 

m
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  
     

 
(61) 

Surface tension is one of the critical parameters and also depends on the particles 

concentration. Wang and Wu [20] showed that the correlation developed by Meissner and 

Michaels [52] for liquid mixture could be appropriate for nanofluid: 

3

7
7.773 10 ln 1

7.673 10

l m

l

  







  
    

 
 (62) 

5 Geometry description and numerical considerations 

The geometry is a two-dimensional cylinder with 20 mm diameter in a saturated medium. 

The cylinder is assumed to be in a large saturated medium with the mixture of alumina 

particles of 38 nm and distilled water. For the comparison purposes, the experimental work 

conducted by Das et al. [53] is taken into account. New correlations for nucleation site 

density and bubble departure diameter are implemented in ANSYS-Fluent as UDFs. At the 

next step, a tube bundle is simulated with alumina nanofluid in pool boiling with four tubes at 

different orientation angles and horizontal pitch distances (Px) shown in Figure 1. The ratio of 

pitch distance to tube diameter is 1.3.  

Various types of meshes are generated and tested based on the validity of both boiling and 

discrete models. Since realizable k-ɛ was chosen as turbulence model, the fine mesh was 

created around the wall of the cylinder to reach y+ less than 1 for enhanced wall treatment. 

Eulerian-Eulerian accompanied by nucleate boiling approach was employed to simulate 

multiphase model in the computational domain, while the discrete model was used to track 

the suspended particles. The geometries are illustrated in Figure 1.  
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a) 

 

b) 

 

c) 

 

d) 

Figure 1. Schematic of the geometry considered for nanofluid pool boiling 

The following steps are considered in simulations: 

First, the boiling flow is iteratively solved for only water and vapour with implemented 

nucleation site density and bubble departure diameter in ANSYS-Fluent as UDFs. This is 

considered 0%vol of nanofluid. Then, another correlation for nucleation site density is 

implemented with modified mixture properties as UDFs in the case of nanofluid. Then, 

alumina nanoparticles are injected into the boiling region and tracked till their final fate.  

6 Results discussion 

The grid study showed that the results are only sensitive to the resolution of mesh in the 

vicinity of the cylinder due to the formation of bubbles. However, some grid sizes were tested 

from 4000 cells to 80000 cells with considering superheat temperature as the criterion, and 

eventually, 12455 cells were chosen with fine mesh close to the cylinder. The results 
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remained unchanged in less than 1% error with increasing from 12455 cells. Nanoparticles 

are injected from the bottom of the domain and will leave the domain with water. The side 

boundaries are assumed symmetry, and the top boundary is pressure outlet. Also, the domain 

is assumed to be in the saturated liquid condition.  

The validation of the simulated model is shown in Figure 2. The uncertainty of the 

experiment done by Das et al. [53] is around 4%, as shown in the figure with error bars of 

4%. As can be seen, the simulation results are in good agreement with the experiments and in 

the range of uncertainty.  

 

Figure 2. Superheat temperature on the wall of a horizontal cylinder in an alumina nanofluid 

medium 

As previously mentioned, sedimentation of the particles on the wall plays a critical role in 

bubble formation and liquid surface tension. Due to the sophisticated phenomenon of pool 

boiling near to the heated wall, an estimation of particles deposition is presented in Figure 3 

based on the geometry presented in Figure 1a. A comparison between the effects of 

nanoparticles volume fraction and wall heat flux on particles deposition reveals that there can 
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be conditions that the deposition reaches the maximum value and then drops. It occurs 

somewhere between 30 KW/m2 to 60 KW/m2.  

 

a) 

 

b) 

Figure 3. Deposition of the alumina nanoparticles on the surface of a horizontal cylinder 

presented in Figure 1a. 
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a) 

 

b) 

Figure 4. Bubble departure diameter and nucleate site density on a cylinder in nanofluid pool 

boiling for geometry in Figure 1a.  

Deposition sharply decreases with rising in heat flux due to increase in velocity in the vicinity 

of the wall and also higher steam volume fraction. It can be said that particle loading and heat 
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flux are the prominent factors in particles deposition. However, the up and down in results 

can be caused by the random nature of nanoparticles movement due to Brownian motion in 

the computational method. Also, the percentage varies smoothly with an increase in particle 

volume fraction above 1.5%vol. 

 

a) 

 

b) 

 

c) 

Figure 5. Water and alumina nanofluid pool boiling superheat temperature on the surface of 

the top tube (C1) and bottom tube (C4) at different orientation angles for geometry in Figure 

1b 

The evolution of bubble departure diameter and nucleate site density is presented in Figure 4 

for different nanoparticles volume fraction for geometry in Figure 1a. It is observed that the 
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site density is noticeably affected by the presence of the particles on the surface comparing to 

bubble diameter.  

The reason can be the pronounced effects of surface roughness and contact angle in equations 

(27) and (28). The change in surface tension due to nanoparticles is the most important factor 

in the size of bubbles diameter, included in implemented equation (31). On the other hand, 

nucleate site density is expected to be a function of many parameters such as surface 

roughness and nanoparticles diameter, included in equation (28). These parameters cause a 

dramatic drop in nucleate site density with increase in nanoparticles volume fraction, which 

can noticeably reduce the size of the roughness by filling small cavities on the surface. 

However, the trend is exactly opposite for site density and bubble diameter concerning 

increase in volume fraction. 

The variation of superheat temperature and heat transfer coefficient (HTC) defined as 

w sat

q
h

T T





 on the surface of the tubes at the top (C1 in Figure 1), and bottom (C4 in 

Figure 1) is shown in Figure 5 and Figure 6. Simulation results are presented for three 

orientation angles, 45o, 60o and 90o. The effect of tube bundle is negligible for orientation 

angle less than 45o, as the difference between top and bottom tubes in terms of heat transfer 

starts from this angle. As can be seen, superheat temperature and HTC on the top tube is 

always smaller and higher, respectively, than the bottom tube, even in the case of nanofluid. 

The magnitude of the difference increases with expanding the orientation angle due to the 

stronger interference of bubbles produced at bottom tubes. Increase in heat flux causes the 

continuous rising of HTC. The higher heat flux produces more bubbles and disturbance in the 

vicinity of the wall, which eventually improves the heat transfer at nucleate boiling. It means 

that the roles of quenching and evaporative heat flux would be prominent in heat transfer 

balance equation.  
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Bubble departure diameter and nucleate site density on the top and bottom tube are presented 

in Figure 7 for different particle volume fraction at 60o orientation angle. The largest bubbles 

are generated at the bottom tube and higher particle volume fraction. While the size of the 

bubbles is smaller at the top tube due to the cooling effect of stronger flow produced by lower 

tubes. Also, the negative impacts of nanoparticles at higher volume fraction on heat transfer 

in the vicinity of the wall can be the other reason for larger bubbles. On the other hand, the 

amount of site density considerably decreases with increase in nanoparticles concentration. 

The number of sites produced at the top tube is lower because of interruption by the bubbles 

from other tubes. Moreover, it is observed that the slope of the site density rapidly decreases 

with increase in volume fraction. It can be mainly concerned with the effect of particle 

deposition and making the surface smoother with lower roughness, up to even 10 times 

smoother surface with an increase in particle concentration [13]. It is noted that the order of 

power in surface roughness in nucleate site density correlation is around 3, which can 

dramatically change the number of nucleation sites. 

Due to impacts of orientation angle, the results for wall superheat temperature, and HTC on 

the top (C1) and bottom (C4) tubes are illustrated in Figures 8 and 9 in terms of orientation 

angle. Variation of orientation angle shows no effects on heat transfer on the bottom tube. 

However, HTC starts improving on the top tube by increasing orientation angle above 50o. It 

is also observed that nanoparticles have negative impacts on heat transfer. It can be mainly 

attributed to the changes in boiling parameters such as bubble departure diameter and 

nucleate site density shown in Figure 10 due to the improved surface by nanoparticles 

deposition [13].  
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a) 

 

b) 

 

c) 

Figure 6. Heat transfer coefficient on the surfaces of the top tube (C1) and bottom tube (C4) 

at different orientation angles with water and alumina nanofluid in pool boiling 

The effects of horizontal pitch distances on HTC over the tubes are presented in Figure 11 for 

different nanoparticles volume fraction. HTC is the highest on the top tube and remains 

amlost the same on other tubes. When the pitch distance goes beyond the size of the tube 

diameter, which is 20 mm, HTC reaches its asymptotic value for all the tubes at any 

nanoparticles volume fraction. As the pitch distance expands, the tubes C4, C3 and C2 

behave like an independent and single cylinder and CHT for all of them eventually reaches 

the same value. This can be attributed to the small sizes of bubbles (less than 1.5 mm), which 

cannot fill the pitch distance to effect to the laterally spaced tube. It is also observed that the 
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optimum pitch distance should be chosen between 5 mm to 10 mm, which are 0.25 and 0.5 of 

the tube diameter. At this distance, HTC reaches its maximum value on all tubes.  

 

a) 

 

b) 

Figure 7. Bubble departure diameter and nucleate site density on the top tube (C1) and 

bottom tube (C4) for nanofluid pool boiling with different volume fraction 
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7 Conclusion  

Heat transfer features and the percentage of deposition of nanoparticles on heated walls were 

numerically investigated in a pool boiling flow on a single tube and four-tube bundle. 

Eulerian-Eulerian multiphase approach was employed to model pool boiling, and the 

Lagrangian frame was used to track particles during boiling on the surface. New correlations 

were implemented for bubble departure diameter and nucleate site density from literature. 

The correlations considered the important effects of nanoparticles, system pressure and 

surface roughness due to deposited particles. At the first step, the results of the simulations 

were compared with experimental measurements for alumina nanofluid on a heated cylinder. 

Then, a tube bundle consisting of four tubes was simulated with different orientation angle 

and horizontal pitch distances. It was found that particles deposition highly depends on 

volume fraction and heat flux, reaching the maximum value between 30 KW/m2 to 60 

KW/m2. The impact of particles deposition on decreasing nucleate site density was found 

higher than the increase in bubble departure diameter. In the case of the tube bundle, heat 

transfer coefficient reached its maximum value on the top tube and minimum on the bottom 

one. The effects of orientation angle on HTC and boiling parameters can be ignored up to 

50o, and then, the sharp changes were observed. Variation of horizontal pitch distance 

showed that it is possible to find a distance with higher heat transfer for all the tubes, 

somewhere between 0.25 and 0.5 times of the tube diameter. On the distance larger than the 

size of the tube diameter, no changes on heat transfer on the tubes were found.  
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a) 

 

b) 

Figure 8. Variation of wall superheat temperature with orientation angle for alumina 

nanofluid at different volume fraction and heat flux 
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a) 

 

b) 

Figure 9. Heat transfer coefficient on the boiling surface versus orientation angle for alumina 

nanofluid with different volume fraction and heat flux 
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a) 

 

b) 

Figure 10. a) Bubble departure diameter and b) nucleate site density versus orientation angle 

for alumina nanofluid at different volume fraction and heat flux 
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a) 

 

b) 

 

c) 

Figure 11. Heat transfer coefficient on the tubes with changes in horizontal pitch distances for 

alumina nanofluid 

 

 

 

 

P
x
[mm]

h
[k

W
/m

2
K

]

0 5 10 15 20 25 30
6

6.3

6.6

6.9

7.2

7.5

7.8

C1, 0%vol

C2, 0%vol

C3, 0%vol

C4, 0%vol

q
"
= 60 KW/m

2

Orientation Angle = 90
o

P
x
[mm]

h
[k

W
/m

2
K

]

0 5 10 15 20 25 30

5.4

5.7

6

6.3

6.6

6.9

7.2

C1, 1%vol

C2, 1%vol

C3, 1%vol

C4, 1%vol

q
"
= 60 KW/m

2
Orientation Angle = 90

o

P
x
[mm]

h
[k

W
/m

2
K

]

0 5 10 15 20 25 30

4.5

4.8

5.1

5.4

5.7

6

6.3

C1, 4%vol

C2, 4%vol

C3, 4%vol

C4, 4%vol

q
"
= 60 KW/m

2

Orientation Angle = 90
o



31 

 

Nomenclature 

iA  interfacial area [m2] 

pA  particle projected area [m2] 

CL lift coefficient  

Cw wall lubrication coefficient  

cC  cunningham correction factor 

DC  drag coefficient  

MLC  rotational coefficient 

C  rotational drag coefficient 

qwC
 

bubble waiting time coefficient 

pc  specific heat (J/kg.K) 

d diameter [m] 

pd  particle diameter [m] 

dw bubble departure diameter [m] 

TD  thermophoresis diffusion coefficient 

[m2/s] 

h heat transfer coefficient [W/m2.K] 

hk enthalpy [J/kg] 

lvh  latent heat of evaporation [J/kg] 



32 

 

pI  moment of inertia [kg/m2] 

k  Thermal conductivity [W/m.K] 

BK  Boltzmann constant [m2.kg/oK.s2] 

pm
 

particle mass [kg] 

kM
 

momentum induced by mass 

exchanged [kg/m2.s2] 

Nw nucleate site density 

Nu Nusselt number 

nw wall normal vector  

Pr Prandtl number 

kq
, 

t

kq
 

laminar and turbulent heat flux 

[W/m2] 

Ra surface roughness [m] 

Re  Reynolds number 

Rep particle Reynolds number 

p
Re  angular Reynolds number 

bSc  Schmidt number 

pt  particle time step [s] 

V,u velocity [m/s] 
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iu  fluctuating velocity [m/s] 

Greek letters  

  phase volume fraction 

  particle volume fraction 

k  Exchanged mass [kg/m3.s] 

  shear rate [1/s] 

  turbulent kinetic energy [m2/s2] 

  viscosity [Pa.s] 

t  turbulent viscosity [Pa.s] 

pω  particle angular velocity [1/s] 

Ω  relative particle-liquid angular 

velocity [1/s] 

  density [kg/m3] 

  surface tension [N/m] 

  contact angle 

k ,
t

k  
laminar and turbulent shear stress 

[Pa] 

i  
Gaussian white noise random 

number 

  random number  

Subscript   
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bf base fluid 

k continues phase 

l liquid 

m mixture 

nf nanofluid 

v vapour 

p particle 

sat saturation 

W,s wall, surface 
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