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Abstract 

 

The effects of surface roughness and surface geometry on vertical flow boiling 

heat transfer are explored by conducting a literature review of current studies 

to determine experimental heat transfer correlations under different surface 

and fluid conditions, focusing on convective and nucleate boiling regimes, i.e. 

before the system achieves critical heat flux and dry-out; as well as conducting 

a model simulation of a 2-D Volume of Fluid (VoF), 2 factorial Design of 

Experiment (DoE), for nucleate pool boiling, with varying surface friction 

factor and macroscopic surface geometry. A detailed examination and 

explanation of the self-assembly and correlations utilized by the software 

(FLUENT) as well as their source, shall be investigated. 

Bubble nucleation is a highly studied aspect of the boiling process, and 

nucleation mechanisms play a key role both in stagnant pool boiling scenarios, 

and in the bubbly regime of flow boiling in tubes and channels. This paper 

includes a literature review of several experiments that investigate how liquid-

solid surface interactions and factors such as surface roughness and wettability 

affect bubble nucleation in stagnant pool boiling, as well as some of the 

empirical correlations that have been developed to predict local heat transfer 

coefficients for different pool boiling conditions.  We initially desired to 

design a CFD simulation that would be comparable to the stagnant pool 

boiling experiments found in the literature, however, due to time constraints 

and lack of required experimental data, we designed simulations for steady 
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state vertical upflow boiling in narrow, axially symmetric tubes with constant 

wall heat flux. The simulations were created in FLUENT software using the 

RPI boiling model, and four different variations were computed: two with 

surface material specified as aluminum, and two with a steel surface, and two 

tubes with a constant diameter, and two with a sinusoidally varying diameter 

along their length. The computations revealed the spatial variation of void 

fraction within the tubes, local heat transfer coefficients, and the bubble 

departure frequency and departure diameter are calculated based on the 

equations of the RPI boiling model. Results show that boiling occurs more 

quickly for aluminum than for steel tubes, and that aluminum exhibits a much 

higher heat transfer coefficient, but similar bubble departure frequencies and 

diameters during the boiling process. The wavy tubes exhibit a periodic 

behavior where liquid boils rapidly as the tube diameter begins to diverge, and 

then recondenses after the widest point. Over the entire length of the tube, 

especially apparent for the wavy steel tube, mean vapor fraction gradually 

decreases even with a constant wall heat flux. These interesting results could 

be further investigated by experiment.  

 

INTRODUCTION 

Heat transfer is the process of transferring the heat from high temperature region to 

low temperature region at a certain rate without aid of an external force/agency. 

Hence, it obeys the Second Law of Thermodynamics. There are three modes of heat 

transfer, viz. conduction, convection and radiation. 

Boiling is a convective process involving a change of phase from liquid to vapour. It 

may occur when a liquid is in contact with a surface maintained at a higher 

temperature than the saturation temperature of the liquid at the given pressure 

conditions. The heat transfer takes place such that the rate of heat transfer in a 

convection process is directly proportional to the product of the temperature 

difference and the convective heat transfer coefficient (assumed constant for given 

fluid, surface condition and pressure) per unit area as 

q” = h*(Tfluid  - Tsat) where   Tfluid  - Tsat   is called excess temperature, and h  is 

the Boiling Heat Transfer (BTH) Coefficient. 

If the heat is provided to a liquid from a submerged solid surface, the boiling process 

is called pool boiling. In this process, the vapour produced forms bubbles, which grow 

and subsequently detach themselves from the surface, rising to the free interface 
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between liquid and vapour due to buoyancy of the bubble. BTH coefficient is the rate 

of heat transfer per unit area due to change in thermal forces, (Tfluid  - Tsat). The 

BHT coefficient is also the measure of the heat transfer due to phase change of the 

liquid due to boiling. 

Nucleate boiling is a process of great interest to engineers and thermodynamicists due 

to the high heat transfer rates that are associated with it, and hence is utilized in a 

variety of industrial and scientific processes. Its applications range from large-scale 

power generation in which a working fluid is utilized to convert an external heat 

source to usable mechanical energy for electricity generation, to compact cooling 

systems for high-power electronics and energy-efficient space cooling in buildings. 

The phase change of the fluid in question from liquid to vapour and their interaction 

with each other over the interface has been studied in many models and experiments. 

However, a definitive grasp of all physical processes taking place, their various time 

and size scales, and their degree of interaction with each other is still under 

consideration, leading to a variety of analytical models and correlations being 

proposed and established to explain the results and phenomenon observed during 

experimentations. 

Nonetheless, the surface over which the nucleate boiling phenomenon takes place 

clearly has a significant impact on the data collected in a system that has initiated 

nucleate boiling after the threshold heat flux is being added to the system. The 

efficiency of the heat transfer can be said to vary with the input heat flux and surface 

geometry as the effective contact area and heat transfer from the surface to the liquid, 

and by extension the liquid bubble interface, changes due to variation in contact 

surfaces in a micro-scale. Though not observable directly on a macro bulk level, the 

authors hope to verify the same through comparison between established analytical 

correlations and simulation developed and run by the group. 

In the boiling systems, the Critical Heat Flux (CHF), or the heat flux at which boiling 

crisis occurs and is accompanied by a sudden increase in heat transfer surface and/or a 

decrease in heat transfer rate; imposes a limit in designing experimental setups and 

hence, the simulation run by the authors for this report will take into consideration an 

appropriate heat flux that does not limit the correlations results for comparison to the 

bulk parameters obtained from the simulation. 
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LITERATURE REVIEW 

Our original intention was to conduct a stagnant pool boiling simulation, while 

studying the effect of changes in surface roughness and topography, but due to time 

limitation and other circumstances we had to settle for a simulation study of a steady 

state vertical tube flow boiling with the liquid entering at a subcooled temperature of 

15 degrees below saturation. The study of bubble inception and nucleation for the 

current situation would have been better understood with flow boiling literature but a 

literature review of pool boiling was already completed due to aforementioned 

circumstances. But such a review would also probably be an important parameter in 

the study of boiling in tubes as well. The bubble inception as a nucleation criterion in 

case of flow boiling is met by the fluid flow whereas in case of pool boiling it is met 

by the natural convection within the liquid, because of this and other probable 

similarities between pool boiling and nucleate boiling,  a study of pool boiling would 

probably be a good place to start if one wants to understand the phenomenon of 

nucleation, bubble inception, etc. in boiling. 

Jones et. al. [1] conducted a review for the effect of surface roughness on nucleate 

boiling.  The test surfaces range was from a smooth polished surface (0.027 

µm<Ra<0.038 µm) to electrical discharge machined (EDM) surface (1.08 µm 

<Ra<10 µm). For FC-77, the heat transfer coefficient was found to increase with the 

increase in roughness, water showed a similar trend but was not as strong as for FC – 

77. Pioro et. al. [2] assessed the heat transfer in nucleate pool-boiling by reviewing 

the effects of major boiling surface parameters affecting nucleate boiling heat transfer 

and reviewing and assessing the current methods to calculate nucleate pool-boiling 

heat transfer coefficient(HTC). An analysis of earlier works shows that the major 

parameters affecting the HTC under nucleate boiling conditions are heat flux, 

saturation pressure, and thermos-physical properties of a working fluid. Phan et. al. 

[3] performed experiments to study the influence of surface wettability on nucleate 

boiling heat transfer. Using various nano-coating techniques, the nanoscale 

topography and chemistry was modified to vary the contact angle of water waster 

from 20° to 110°. The findings included that for hydrophilic surfaces, as wettability 

increases the bubble radius increases and the emission frequency reduces. Foy 

hydrophobic surfaces the bubbles cannot depart from the wall and at higher heat-flux, 

the bubble spreads over the surface and coalesces with bubble formed at other sites 

causing large amount of surface area to become vapor blanketed. Ghale et. al. [4] used 

the numerical approach particularly focusing on two phase mixture models instead of 
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the more widely used single phase models to simulate and find the heat transfer 

parameters of nanofluids and the effect of ribbed geometry on heat transfer. 

Experimental analysis provided a strong evidence for the theory that bubbles are 

formed from cavities and other surface imperfection. Rougher surfaces result in lower 

superheats for a given heat flux, which was attributed to the presence of larger 

unwetted cavities on the rougher surfaces. Different surface roughness also results in 

variation in the heat transfer coefficient of up to 600% as claimed by Jones [1]. 

Roughening of the surface improved boiling but only up to a certain point. The best 

heat transfer performance was obtained with a 1 µm rms surface roughness, and 

further roughening did not yield any additional benefit. Vertical `s with average Ra 

greater than 0.58 µm do not experience any further improvement in the HTC. It is also 

known that the nucleate boiling heat transfer can be well represented by an 

exponential relationship which can be represented as h α qn, where n is a function of 

pressure and surface characteristics. Several researchers have claimed that the HTC 

coefficient depends on surface roughness at a constant heat flux and posited the 

relation h = CRmqn where, C is a constant, R is the roughness. For water the roughness 

exponent (m) is 0.09 at 50 kW/m2 and 100 kW/m2. With FC-77 a greater dependence 

of the surface roughness on heat transfer coefficient is seen than with water [1]. Since 

the wettability of the fluid has a direct impact on the nucleation behavior, it is 

reasonable to hypothesize that m is also a function of the contact angle [1]. High 

wetting liquids are represented by m = 0.2 while moderately wetting by m = 0.1. But 

it is important to note that the difference in slopes between the overall curves and the 

EDM-only curves for FC-77 and the anomalously low value of the HTC for the 5.89 

µm. This further illustrated the weakness of Ra as a correlate for the nucleate boiling 

data which highlighted the deficiency of the h α Rm equation.  The roughness of EDM 

surface with a Ra of 10 µm resulted in the lowest superheat at a given heat flux while 

the polished test piece (0.038 µm) was associated with the highest superheat. The 

study conducted by Chun and Khang [1]  over the small range of surface roughness 

(Rq from 0.0151 µm to 0.0609 µm) found that vertical tubes are affected by the 

surface roughness more than horizontal tubes, there is no further confirmation in the 

literature for this trend as claimed by Jones et. al. [1] and it is currently unclear that if 

a modification in the surface roughness exponent m is needed to account for tube 

orientation. Most of these correlations provide prediction of nucleate pool boiling 

HTC w/o the need for experimental data inputs, thus these correlations have proven 

quite useful in many engineering applications. 

The following is a discussion on various correlations and factors discussed in the 

papers mentioned above. 
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Cooper correlation: - The cooper correlation accounts for the surface roughness effect 

using the relation developed by Nishikawa et al. However, Cooper reformulated the 

(8*Rp,old)
0.2*(1−Pr) relationship suggested by Nishikawa et al. into Pr(0.12−0.2 log10 Rp). 

The Cooper correlation predicts heat transfer coefficients for FC-77 with mean 

absolute errors MAEs ranging from 12.9% for the roughest EDM surface to 33.4% for 

the polished surface with an overall MAE of 24.1%. This correlation is not 

recommended for reduced pressures much below Pr = 0.08. 

Gorenflo Correlation: - Gorenflo accounted for surface roughness using h α Ra
0.133. A 

comparison between the Gorenflo correlation and the experimental results for water 

and FC-77 is shown in Fig 11 [1]. The Gorenflo correlation predicts the experimental 

results in water quite well, with a MAE of only 3.8% for the polished surface and an 

overall MAE of 12.2%. For FC-77, the predictions are less accurate, particularly for 

the EDM surface with MAEs in the range of 26–29%, although the predictions for the 

polished surface are quite good with a MAE of 4.7%. The reliance on reference values 

reduces the utility of the Gorenflo correlation as reference values are only available 

for a limited number of fluids. 

Leiner Correlation: - Leiner used the principles of thermodynamic similarity to further 

develop the Gorenflo correlation by removing the need for reference values. Leiner 

correlation is not expected to provide accurate predictions of boiling in water, the 

Gorenflo correlation should provide better predictions. The Leiner correlation is not 

particularly accurate for water, with MAEs of approximately 50%. The Leiner 

correlation fares much better with FC-77 with MAEs around 5% for the EDM 

surfaces, but the correlation significantly overpredicts the heat transfer coefficients for 

polished surface with a MAE of 46.6%. The main problem with the Gorenflo and 

Leiner correlation predictions for FC-77 is that neither accurately accounts for the 

influence of surface roughness. For water, the Gorenflo correlation clearly provides 

the best predictive capabilities, the modified Gorenflo correlation provided the lowest 

errors for FC-77. 

The results indicated that for water there is little improvement in heat transfer 

coefficient for roughness beyond Ra=1.08 µm, unless a relatively very high roughness 

of 10.0 µm surface had significantly higher heat transfer coefficients. On the same set 

of surfaces, FC-77 demonstrated a different trend with continuously increasing heat 

transfer coefficient with respect to surface roughness when the heat flux was kept 

constant. The general trend of increasing heat transfer coefficient with surface 

roughness was correlated using h α Rm. The results indicate a stronger dependence on 

surface roughness for FC-77 with m=0.2 compared with m = 0.1 for water. For water 

the Gorenflo correlation provided the lowest errors but for FC-77, the lowest errors 
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were obtained by modifying Gorenflo correlation by changing the surface roughness 

exponent of m to a value of 0.2. 

The effect of surface geometry: - One of the most important microgeometry 

characteristic is the surface roughness, expressed as average roughness (Ra), root-

mean-square (Rq) or mean-total(Rz). According to the current understanding of the 

boiling process, stable vapor bubble generating centers can be only those 

microgeometry elements that are not filled with liquid after vapor bubble departure. 

Together with surface wettability, the main parameters that determine this ability of a 

cavity to preserve a ‘‘ready’’ vapor nucleus, are its shape and size. The experiments 

mentioned showed that, with increasing surface roughness, starting from a smooth 

polished surface (Ra about 0.1 – 0.4 µm), the boiling HTC increases and reaches 

some maximum value; after this point, a further increase in surface roughening has no 

effect on boiling heat transfer. For the anodized aluminum cylinder, during nucleate 

boiling in water at atmospheric pressure, the HTCs were about the same for different 

surface roughness values (from 1.2 to more than 5 µm and with contact angles in the 

range of 38° – 40°). The results were explained by suggesting that roughness itself 

does not affect nucleate boiling, but rather it affects the number of active nucleation 

sites on the surface. Scanning electron micrographs showed that the anodized surface 

had cavities of about 1 µm in size, while the surfaces that had not been anodized had 

fewer and much larger cavities. the heat transfer contribution of an individual active 

site decreases with increasing pressure and heat flux. Berenson found that the 

nucleate-boiling HTC could vary by up to 600% due to variations in surface finish. 

Corty and Foust [1] noticed the effect of surface roughness of different polished metal 

surfaces (copper and nickel) on the HTC for nucleate pool-boiling of various fluids 

(n-pentane, R-113, diethyl ether). Surface roughness (in terms of rms roughness) of 

these plates was within the range of 0.056–0.58 µm. Kurihara and Myers [1], based 

on extensive nucleate pool-boiling experiments with various fluids on different metal 

surfaces polished with emery papers (4/0–2/0), stated that the surface roughness effect 

on the HTC was clearly pronounced up to a value of rms surface roughness of about 

0.76 µm. The effect of surface roughness on the HTC, related to the increased number 

of active boiling centers with surface roughness, increases. In general, the HTC 

increases with increasing roughness. Thus, the HTCs for relatively rough tubes (with 

surface roughness (Rz) of 19–58 µm (Ra is about 3.8–14.5 µm)) are 2.3–3 times 

higher than those for polished tubes (with surface roughness (Rz) of 0.3–0.45 µm (Ra 

is about 0.06–0.09 µm)) at heat fluxes of 4–40 kW/m2. HTC should be considered in 

terms of two aspects, the first one is related to the spatial discreteness of vapor bubble 

generating centers, and the second one is related to non-stationary heat transfer 

between the heated surface and liquid near the vapor bubble generating centers. The 

existence of active vapor generating centers decreases the surface temperature not 
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only near the generating center but also on the free surface, resulted in increasing the 

HTC. The effect of thickness on the HTC is minor. However, the HTC increases 

somewhat with increasing plate thickness for a larger DT; however, for a smaller DT 

the trend is opposite. 

Orientation effect on HTC: -  The effect of boiling surface orientation on the HTC is 

noticeable. The HTC is at its lowest value on horizontal plates with the boiling 

surface facing down than on any other surface. For a vertical tube bundle immersed in 

a pool, the HTC is higher on the upper part of the tube bundle due to the increased 

velocity of the rising vapor. Kang conducted experiments with pool-boiling on a 

horizontal, inclined, and vertical tube and found that the orientation effect on the HTC 

could be significant. According to his findings, the HTC is higher on an inclined tube 

(about 45° from the horizontal plane) compared to horizontal and vertical orientations. 

This effect seems to be due to decreased bubble slug formation on a boiling surface 

and improved liquid access to the surface. 

Pioro et. al. [2] showed that, in general, the effect of surface characteristics on the 

boiling process depends on thermo-physical properties of the surface material 

(thermal conductivity and thermal absorption), interaction between the solid surface, 

liquid and vapor, surface microgeometry (dimensions and shape of cracks and pores), 

etc. All these parameters affect the HTC simultaneously and are interlinked. There is 

still not enough data available to solve this complex problem; as a result, only 

separate effects are usually considered. 

Hydrophobic surfaces: - Compared to standard surfaces which are usually wetted, the 

bubbles appeared on hydrophobic surfaces at very low heat flux and then remained on 

the surfaces. By increasing the heat flux, the bubble size increased but the bubbles 

still did not detach from the wall. At higher heat flux, the bubbles spread over the 

surface, causing bubble coalescence that led to film boiling. The wall is locally 

deteriorated during the experiments by the presence of bubbles on its surface even at 

low heat flux (100–200 kW/m2). 

Hydrophilic surfaces: - The bubble departure size increase with the increase in surface 

wettability. Unlike the Fritz correlation where the bubble diameter is proportional to 

the static contact angle. The experimental results show that larger surface wettability 

yields bigger bubbles detaching from the surface. The waiting time for the bubbles i.e. 

the time between a bubble detaches and another one takes its place, is much greater 

than the growth time which is the time the newly formed bubble takes to grow to its 

final size before departing. This may be due to high liquid subcooling temperature in 

the experiment is 15°C below saturation temperature. For weakly wetted surfaces (45° 
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< h < 90°), HTC deteriorates when the contact angle reduces. However, for very 

wetted surfaces (θ < 45°), the inverse effect was observed: HTC improves with the 

increase of the wettability. Thus, Phan et. al. [3] believes that the best HTC can be 

obtained not only at a contact angle close to 90° but also at very low contact angle 

close to 0°. 

Dynamic contact angle approach of the nucleation mechanism had been developed to 

better understand the observed phenomenon. Ghale et. al. [4] found that the average 

relative error between the experimental data and the CFD results using single phase 

models for 1% (volume of Al2O3 dissolved) and 2 % nanofluid are 32.6% and 37.4% 

respectively whereas with the two-phase model they are reduced to 11.39% and 2% 

respectively. The heat transfer coefficient of nanofluids increases with increasing the 

volume fraction of nanofluids and Reynolds number. An increase in the nanofluid 

volume fraction from 1% to 2% resulted in 16.1% increase in the Nusselt number. 

With the increase in channel width, the heat transfer performance increases, while 

with the increase in rib height, the thermal performance of the channel decreases. 

Under the higher Reynolds numbers (Re > 800), the ribbed channel with aspect ratio 

of 2.875 showed the best performance. 

Although this literature review is incomplete as the flow boiling phenomenon has not 

been reviewed, it has attempted to create a knowledge base for studying flow boiling 

by studying pool boiling in relatively higher detail. It is the hope of the authors that 

the reader will do their own study of flow boiling in order to understand and verify the 

findings of this report in greater detail. 

 

METHODS 

As shown in the Figures 1, four simulations were computed for liquid water flow into 

four different 2 m long, vertical upflow tubes with uniform wall heat flux of 345.6 

W/cm2, inlet pressure of 4.5 MPa, inlet temperature of 473.15 K (Tsat = 530.5 K), and 

with inlet liquid velocity of 1 m/s. The walls of two tubes have the properties of 

stainless steel, and the other two tubes are aluminum. The important material and 

fluid properties are summarized in Table 1. Specifying a specific wall material 

provides two different values for surface friction factor, since this cannot be 

controlled explicitly in the software. Two of the tubes have a constant cross section 

with diameter 10 mm. The two other tubes have a sinusoidally varying diameter from 

7 - 12 mm with a wavelength of 20 cm, and inlet diameter of 10 mm.  
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Figures 1: (a) shows the boundary conditions implemented for upflow tube boiling 

simulation. (b) Straight tube geometry with diameter 10 mm (c) Wavy tube with 

diameter varying from 7 - 12 mm.  

 

 

Table 1: Important material and fluid properties in the simulation.  

 

Property @ 

4.5 MPa 

H2O 

vapor  

H2O liquid 

@ 473 K 

H2O liquid 

@ 543 K 

Stainless 

Steel 

Aluminum 

ρ (kg m-3) 23.75 864.7 770.6 8030 2719 

Cp (J kg-1) 4221 4494 5067 502.48 871 

k (W m-1 K-1) 0.0528 0.664 0.5928 16.27 202.4 

 

The simulations model the vertical subcooled flow boiling in ANSYS-Fluent, which 

uses an Eulerian Multiphase model. Subcooled boiling is the physical situation where 

boiling occurs at the wall even though the bulk volume averaged liquid temperature is 

below the saturation temperature at a given cross section. In the simulations, the 
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continuity, momentum and energy equations govern the multiphase flows. The phase 

distribution is achieved by solving continuity equations for volume fraction and 

Navier-Stokes equation for both the phases separately. The simulations use the 

Rensselaer Polytechnic Institute (RPI) nucleate boiling model by Kurual and 

Podowski [13] and an extended formulation for the departed nucleate boiling regime 

(DNB) by Lavieville et al[14]. In RPI boiling model the heat flux from the wall 

causes the liquid temperature to rise and vaporise some part of the liquid. The RPI 

model also accounts for interfacial heat transfer and the energy transferred directly 

from wall to vapor. The RPI boiling model is compatible with three boundary 

conditions: isothermal wall, specified heat flux, and specified heat transfer coefficient 

(coupled wall boundary). In this case, the boundary condition is specified by constant 

wall heat flux. RPI boiling model divides total wall heat flux into three components - 

convective heat flux, quenching heat flux, and evaporative heat flux. Convective heat 

flux considers the solid-fluid contact area excluding nucleating bubbles, transient heat 

transfer considers the energy transfer through the liquid as fluid fills in the empty 

space after bubble departure, and evaporative heat transfer is energy carried by the 

bubble itself based on departure frequency, departure diameter, nucleate site density, 

and latent heat [5, 6].  

The following equations shows the method of calculation of heat flux. The code 

iteratively calculates total heat flux and other parameters at each cross section until 

the final heat flux converges with the initial specified heat flux. 

 

𝑄𝑡 = 𝑄𝑐 + 𝑄𝑞 + 𝑄𝑒    (1) 

 

       𝑄𝑐 = ℎ𝑐(1 − 𝐴𝑏)(𝑇𝑤 − 𝑇𝑙)   (2) 

 

The heated wall surface is subdivided into area fraction 

 

𝐴𝑏is area fraction covered by nucleating bubbles and given as: 

   𝐴𝑏 = 3.143𝐾𝑁𝑤 𝐷𝑤
2/4     (3) 

 

Where K is a constant 

𝑁𝑤is the nucleate site density 

𝐷𝑤is the bubble departure diameter 

(1 − 𝐴𝑏) is area fraction covered by the fluid. 

ℎ𝑐is the single phase heat transfer coefficient. 

𝑇𝑤 and 𝑇𝑙are the wall and liquid temperatures, respectively. 

𝑄𝑞 = 2𝑘𝑙(𝑇𝑤 − 𝑇𝑙)/√ 𝜋 𝛼 𝑇    (4) 

Where 𝑘𝑙  is the conductivity, T is the periodic time, and 𝛼 is the diffusivity of liquid. 
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𝑄𝑒 = 𝑉𝑑𝑁𝑤𝑟ℎ𝑜𝑣ℎ𝑓𝑣     (5) 

 

𝑉𝑑:volume of the bubble based on the bubble departure diameter 

𝑁𝑤: active nucleate site density 

ℎ𝑓𝑣: latent heat of evaporation 

𝑟ℎ𝑜𝑣: vapor density 

 

The parameters required for calculation of these three terms are obtained by 

implementing different models in Ansys-Fluent. We selected the Tolubinski-

Kostanchuk equation for bubble departure diameter [7].  

 

     (6) 

 

Cole equation is used for bubble departure frequency calculation [8], 

 

   

(7)

 
and Lemmert-Chawla equation for nucleate site density [9]. The simulation applies 

the Moraga lift force model, which is mainly applied for solid, spherical solid 

particles, though it is applied for vapor bubbles in this case. It combines the opposing 

actions of classical aerodynamic lift and vorticity-induced lift induced from the 

interaction between particles and vortices shed by particle wakes [10]. To model the 

drag coefficient on the departing bubbles, our simulation uses the Ishii model [11]. 

The heat transfer coefficient is defined using the Ranz-Marshall model for multiphase 

flows [12].  The Ranz-Marshall model computes Nusselts no separately for each 

phase in multiphase flows as: 

𝑁𝑢𝑝 = 2 + 0.6𝑅𝑒𝑝
1/2𝑃𝑟𝑝

1/3.    (8) 

 

RESULTS 

In the two simulations, the incoming liquid completely vaporizes after x = 0.7 m for 

Al, and x = 1.5 m for stainless steel, and remains entirely vapor to the outlet. The 

vapor initially collects along the walls with liquid in the center, and the central core of 

liquid gradually disappears.  

For the two tubes with periodically varying diameter, near the inlet, a vapor film 

begins to form along the divergent tube walls, and quality increases until cross 

sectional area (Ac) reaches a maximum. As soon as Ac begins to converge, quality 
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suddenly drops as liquid recondenses and quality remains close to 0.5 through the 

narrow section of the tube. As Ac begins to diverge, nucleation and boiling start to 

occur more rapidly and quality increases significantly, up to 0.9. Again, crossing the 

point of maximum Ac, the fluid suddenly recondenses and quality drops significantly 

again. For each subsequent section of the tube, this pattern continues with vapor 

forming as Ac diverges past the narrow throat, and then suddenly recondensing almost 

entirely back into liquid just after the point of maximum Ac. Relatively little 

nucleation occurs as the tube begins to converge, but then begins to occur more 

rapidly just before the narrow throat. Nucleation and boiling then increases rapidly as 

the tube diverges. Over the 2 m length of the tube, the this pattern continues, although 

less and less vapor is formed with each cycle, until the final sections of the tube 

contain mostly liquid. Although this pattern is generally the same for both sinusoidal 

tubes, the aluminum one displays a higher quality throughout than the stainless steel 

tube. These results are represented in the following figures showing spatial variation 

of void fraction within the tubes, ε(x,r). 

 

 

(a) 
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Numerical Investigation of Flow Boiling Phenomena 127 

 
 

Figures 2: Spatial variation of void fraction ε(x,r) within the tube, and a graph of ε(x) 

averaged over the cross section for (a) aluminum, straight tube, (b) steel straight tube, 

(c) aluminum wavy tube, and (d) steel wavy tube. 

 

Using the principles of the RPI boiling model, described previously, we calculated the 

bubble departure frequency and bubble departure diameter based on results obtained 

from the simulation. It is unclear for what conditions these numbers are physically 

relevant to real boiling, since the nucleate regime will transition to plug-slug, and then 

annular flow boiling as bubbles coalesce and vapor quality reaches a critical point. 

However, these results can potentially give insights into the nucleation process during 

the upflow boiling scenarios. These results show that, in general, bubbles depart more 

frequently as void fraction and vapor quality increase inside the tube, and for the case 

of the wavy tubes, frequency decreases as the diameter converges and void fraction 

decreases. Using Eq. (7), bubble departure frequencies are calculated along the length 

of the tube and plotted in the following figures: 
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(a) 

 

 
(b) 
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(c) 

 

 
(d) 

Figures 3: Calculated bubble departure frequency along the length of the tube, using 

Eq. 7, for (a) aluminum, straight tube, (b) steel straight tube, (c) aluminum wavy tube, 

and (d) steel wavy tube. These results show that bubble departure frequency increases 

as boiling progresses and void fraction increases within the tube cross section, for all 

four scenarios. 
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Figures 4 show the results for the bubble departure diameter, calculated using Eq. 6. 

These show that the bubble departure diameter varies inversely with bubble departure 

frequency, as expected. As boiling progresses and void fraction increases, bubble 

departure diameter decreases. From the literature (e.g. [3]) this indicates that local 

heat transfer coefficient may remain fairly constant as boiling progresses, since large  

infrequently departing bubbles will carry the same amount of heat from the surface as 

small frequently departing bubbles. However, there are likely other factors, not 

investigated here, that affect the local heat transfer coefficient. 

 
(a) 

 
(b) 
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(c) 

 

 
(d) 

 

Figures 4: Bubble departure diameters along the length of the tube, calculated using 

Eq. 6, for (a) aluminum, straight tube, (b) steel straight tube, (c) aluminum wavy tube, 

and (d) steel wavy tube. These results show that bubble departure diameter decreases 

as boiling progresses and departure frequency increases, which is the expected result.  
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The straight aluminum tube exhibits a 3-4 times higher heat transfer coefficient than 

the straight steel tube, during boiling. This raises questions because the bubble 

departure frequencies and diameters are quite similar for both simulations, as in Figs. 

1 (a,b) and 2 (a,b). Bubble departure frequency and diameter should influence heat 

transfer coefficient in the nucleate boiling regime [3]. This could indicate something 

is not fully understood about how the simulation works.  

 

 
 

Figure 5: Local heat transfer coefficients, calculated in FLUENT. For the straight 

tubes, HTC remains fairly constant and then drops off quickly near the dry out point. 

HTC during boiling is 3-4 times higher for aluminum than for steel. The wavy steel 

tube has a higher HTC than in the straight tubes, and shows periodic dips in the 

narrowest parts of the tube.  

 

The simulation also generated absolute pressure along the length of the tubes, and 

change in pressure is shown in Fig. 6. This shows that the pressure steadily increases 

during boiling for the straight aluminum tube, but steadily decreases for the straight 

tube. For the wavy aluminum tube, the pressure reaches a maximum at the widest part 

of the tube.  
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Figure 6: Total pressure drops relative to the liquid inlet pressure of 4.5 MPa. The 

straight aluminum tube shows a steady rise in pressure as the liquid boils, and flattens 

out after dry out. The steel tube shows a declining pressure during boiling, and an 

increase in pressure after dry out. The wavy aluminum tube shows a periodic increase 

in pressure as the cross section diverges, and a decrease as it converges.  

 

The mean flow velocity over the cross section of the tube is calculated in FLUENT 

and plotted over the length of the tubes in Fig. 7. As the liquid boils, mean velocity 

increases as less dense steam is produced. For the wavy aluminum tube, the velocity 

reaches a maximum at the narrowest section of the tube.  
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Fig. 7: The mean flow velocity at each cross section in the tubes.  

 

 

DISCUSSION 

As we can see from the results of the simulation, the vapour fraction of the fluid 

mixture increases and the quality improves (tends to 1), along the length for the 

straight tube configuration of both materials, stainless steel and aluminum. However, 

the much more rapid increase in quality (and subsequent dry-out) observed in the 

aluminum tube can be attributed to the significantly higher heat transfer derived from 

the simulation. We do not fully understand the reason why the aluminum tube 

displays a significantly higher heat transfer coefficient, since the bubble departure 

frequencies and diameters are quite similar between the two cases.  In the results we 

see for the sinusoidal wavy tubes, the sudden vapourization in the diverging sections 

of the tube, followed by almost immediate condensation in the converging section. 

We speculate that this is due to a change in local pressure of the system due to 

throttling of the flow, which leads to modification of the saturation temperature of the 

liquid (which is pressure dependant). The change in saturation temperature, along 

with the heat being added, might lead to rapid increase in boiling in the liquid film in 

contact with the wall, rapidly increasing the vapour fraction within the tube. Clearly, 

there is a significant difference in boiling performance for a wavy vertical flow boiler 

compared with a straight diameter tube boiler.  
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Although not tested within the current simulation, we can speculate about the 

presence of cavitation being of considerable magnitude in the diverging cross-section. 

Furthermore, the sudden condensation immediately following in the converging 

section should also generate a shockwave in the backward (in this case downward) 

direction, ‘pinging’ and damage the tube’s walls, generating pressure waves at a 

frequency corresponding to the change in quality along the tube.  

In conclusion, our simulations indicate that heat transfer coefficient is greater for 

subcooled vertical flow boiling with sinusoidally shaped wavy tubes, than straight 

tubes, while boiling and dry-out occurs much more quickly with straight tubes. This is 

an interesting result that could be investigated further by experiment.  
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