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A B S T R A C T   

Boiling heat transfer associated with phase change is perhaps one of the most efficient cooling methodologies to 
manage extreme heat flux due to its large latent heat. Fin structures are used to further increase the magnitude of 
boiling heat transfer from the heated surface and have shown better performance than flat surface heat sinks. 
This work aims to experimentally investigate the heat transfer performance of two fin structures, namely regular 
and modified fins, in a pool boiling facility. The modified hollow fin structure is designed to enhance the regular 
fin’s heat transfer performance by adding an artificial nucleation site. Heat transfer rates and heat transfer co-
efficients of the two fin structures are estimated in atmospheric pressure conditions using deionized water and 
compared with the literature. The results show that the regular fin heat sink shows a better heat transfer rate than 
the plane surface, while the modified fin structure shows higher heat transfer performance than the regular fin. 
This is attributed to the additional nucleation sites on the hollow fin, a better rewetting phenomenon, and 
therefore a favorable bubble growth and release mechanism. Also, a multilayer perceptron artificial neural 
network with a back-propagation training algorithm is applied for modeling the bubble departure diameter 
concerning wall superheat and subcooling level to predict the bubble behavior from the artificial nucleation site.   

1. Introduction 

The rapid advancement of nanotechnology and microelectronics has 
posed considerable challenges to the thermal management of extreme 
heat loads exceeding 1000 W/cm2, discharged from tightly confined 
areas in many electromechanical systems. For example, in the processor 
Core i7-6700 K by Intel, the dissipated heat is rated at 95–110 W on the 
surface of a 13.52 × 9.05 mm2 (Menni et al., 2020, Zhou et al., 2022). 
To ensure a long lifetime and safe operation of microelectronic systems, 
we must maintain the operating temperature stable in its optimal con-
dition by actively managing such high heat flux. Nucleate boiling heat 
transfer is probably one of the most efficient cooling methodologies for 
many systems due to a large amount of latent heat associated with the 
phase change (Ghazivini et al., 2021). The potential of innovative 
cooling systems associated with phase change has already provided 
considerable energy and cost savings in many thermal management 
applications (Hashemi et al., 2022, Hashemi and Jang, 2023, Fazel, 
2010, Mikic and Rohsenow, 1969, Rini et al., 2002, Mourgues et al., 
2013, Tang et al., 2019). 

Research on the enhancement of boiling heat transfer has become a 

hot topic as the heat dissipation demand has continuously increased 
(Zhou et al., 2022, Fan et al., 2015, Bertossi et al., 2015, Zhang and Kim, 
2014). As a simple and economical approach, surface modification such 
as machining, surface deposition, and chemical corrosion can improve 
heat dissipation performance. The change of surface morphology has a 
significant impact on the bubble behavior during boiling, consequently 
on the heat transfer performance, which is different from that of the 
traditional smooth surface. To meet the heat dissipation requirement of 
high-power devices, numerous surface modification techniques have 
been considered, for example, micro-pin-finned structures. Wei and 
Honda (Honda and Wei, 2004, Honda and Takamatsu, 2003, Wei and 
Honda, 2003) conducted FC72 pool boiling experiments with different 
sizes of micro-pin-fins under various subcooling levels. Their boiling 
curves showed a sharp increase in the heat flux, and the critical heat flux 
(CHF) increase ratio is more than 300% of PF50-270 under 45 K sub-
cooling. Chu et al. (Chu et al., 2012) also fabricated specific micro-
structure arrays to investigate the effect of roughness on pool boiling. 
The saturated water was used as the working fluid, and the most 
considerable CHF enhancement was ~160% on the roughest surface. 
Kim et al. (Kim et al., 2017) designed a set of pin-finned structures to 
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study the effect of fin size on heat flux. The results showed an optimal 
gap size to achieve the best heat transfer performance, which is a 350% 
enhancement of CHF. Besides, Kim et al. (Honda and Takamatsu, 2003) 
also demonstrated an optimal channel width to reach the highest heat 
flux among different microchannel geometries with the same height. 
Xue et al. (Xue et al., 2013) experimentally studied nucleate pool boiling 
of FC-72 on the micro-pin-finned surface under microgravity in the heat 
fluxes of 7.2–27.2 W/cm2 to enhance boiling heat transfer. 
Micro-pin-fins with the dimensions of 30  × 60 μm2 and the space of 30 
μm were fabricated on the surface of square silicon with the dimensions 
of 10 × 10 × 0.5 mm3 by using the dry etching technique. The 
micro-pin-finned chip showed a considerable heat transfer enhancement 
in the nucleate boiling region compared to a smooth surface under 
microgravity conditions. Walunj and Sathyabhama (Hamzekhani et al., 
2015) fabricated the microchannels with rectangular, parabolic, and 
stepped geometries to investigate the effect of different shapes on bubble 
behaviors and heat transfer. 

Even though pin-finned structures have been widely used in heat 
transfer enhancements, some modifications can be performed to further 
improve heat transfer performance. One advanced method is to artifi-
cially fabricate cavities on a surface (Markal et al., 2017, Markal et al., 
2018, Zhang et al., 2021, Markal and Kul, 2022, Markal et al., 2022). 
These cavities serve as nucleation sites, and the quantity of cavities is 
one of the critical parameters to increase the heat transfer (Ghazivini 
et al., 2021). Not all the cavities generate bubbles, and, therefore, a 
minimum cavity radius exists at a specific heat flux so that the cavities 
greater than the minimum radius generate vapor bubbles, named active 
nucleation sites. The active nucleation site density is referred to as the 
number of cavities that form a vapor bubble per unit heating surface 
area. The active nucleation site density coupled with the bubble de-
parture diameter is closely correlated with the boiling heat flux or the 
boiling heat transfer coefficient (Ghazivini et al., 2021). 

The heat transfer enhancement of fin structures is induced by a 
change in bubble behaviors in nucleate boiling, which is a consequence 
of the surface morphology (Ghazvini et al., 2021). Since bubble be-
haviors in nucleate boiling significantly affect the heat dissipation from 
a heated surface, studying bubble behaviors with some key parameters 
such as bubble departure diameter, bubble departure frequency, and 
growth time require special attention. Many studies focused on under-
standing bubble behaviors to provide an acceptable physical mechanism 
and theoretical prediction. The process of bubble growth in the uni-
formly superheated liquid was analyzed by Bosnjakovic (Zhou et al., 
2022) for the first time, who proposed that the continuous evaporation 
and growth of bubbles were maintained by the energy transferred from 
the superheated liquid to the bubble interface. Later, some researchers 
experimented on the bubble behavior on pin-finned surfaces in nucleate 
boiling (Markal et al., 2017, Markal et al., 2018). Zhang et al. (2021) 
experimentally investigated the nucleate boiling heat transfer of 
gas-saturated FC-72 on a micro-pin-finned surface with different di-
mensions. Experimental results showed that the bubble detachment 
radius increases with increasing heat flux, but the traditional force 

balance model failed to predict the bubble detachment radius on 
micro-pin-finned surfaces, especially at high heat fluxes. Zhou et al. 
(2022) performed the pool boiling experiments on vertical surfaces 
under subcooled and near-saturated conditions. Using a high-speed 
camera with high temporal and spatial resolution, bubble behaviors 
on micro-pin-finned surfaces were observed. Different bubble growth 
modes on different surfaces were obtained, and the influence of the 
micro-pin-fins on the bubble growth and departure processes was 
learned. The results in the literature suggest that the bubble departure 
diameter and heat flux on pin-finned structures is more significant than 
on the smooth surface (Markal and Kul, 2022, Markal et al., 2022). 

In this study, we introduce a new fin structure with an artificial 
nucleation site to further enhance the heat transfer performance of the 
heated surface during subcooled boiling. Subcooled boiling offers ben-
efits such as increased heat transfer rates, prevention of critical heat 
flux, improved stability, enhanced bubble dynamics, reduced wall su-
perheat, and achieving significant heat transfer enhancements at lower 
temperatures. We mainly investigate the heat flux and the bubble dy-
namics parameters of the new fin structure, such as bubble departure 
diameter, bubble departure frequency, and bubble growth time. The 
novelty of this study lies in integrating parabolic profile artificial 
nucleation site, occupying 0.25% of the fin volume, onto a fin structure. 
From our preliminary study, we found that this high volume of artificial 
nucleation site on top of the fin introduces a consistent generation of 
large bubbles, which provides a convenient visualization of transient 
bubble shape. The larger bubbles offer the finer resolution of tempera-
ture measurements, accurate differentiation of heat transfer mecha-
nisms at the water-vapor interface. Thus, we focus on the heat transfer 
performance of two different fin structures, namely regular and modi-
fied fins, in a pool boiling facility, with a focus on the effect of an arti-
ficial nucleation site on heat transfer performance. While previous 
studies have employed solid fin structures to improve boiling heat 
transfer, this study specifically focuses on the use of an artificial 
nucleation site on the fin (i.e., a hollow fin) to enhance the performance 
of fin structures. The results are compared with those from a regular fin 
structure to understand the effect of the additional nucleation sites on 
heat transfer. Also, a multilayer perceptron (MLP) artificial neural 
network (ANN) with a back-propagation (BP) training algorithm is 
applied for modeling the bubble departure diameter with respect to wall 
superheat and subcooling level to predict the bubble behavior from the 
artificial nucleation site. This modeling approach would help under-
stand bubble behaviors in nucleate boiling and consequently achieve a 
universal theoretical prediction of bubble growth in boiling. The mean 
square error (MSE) value of the model is calculated to evaluate the 
model’s accuracy. 

2. Materials and Methods 

The experimental setup consists of a boiling chamber, test surfaces, 
data acquisition system, high-speed camera, light source, and heaters. DI 
water was used as a working fluid at atmospheric pressure, as shown in 
Fig. 1. The boiling chamber (120 × 120 × 120 mm3) made from 
transparent polymethylmethacrylate (PMMA, McMaster-Carr, Elmhurst, 
IL) sheets (6 × 6 inch, 3.6 mm thick) was filled with 1 L DI water. The 
liquid temperature was measured by two K-type thermocouples 
(OMEGA Engineering) and controlled by two cartridge heaters 
(McMaster-Carr, 400W power, 2-inch length). The heater kept the 
working fluid at different subcooling levels from 25 K to near saturation 
temperature. A 50W LED dual gooseneck light source (AmScope, Irvine, 
CA) was utilized for the illumination, and the bubble phenomenon on 
the surfaces was captured by a high-speed camera (Fastec IL5, Fastec 
Imaging Corp., San Diego, CA) installed on a screw guide to precisely 
adjust its position. The high-speed camera recorded images of the 
boiling process at the maximum frequency of 100 frames per second. 
Also, Nikon AF micro-NIKKOR 60mm f/2.8D lens (B&H Photo Electronic 
Corp.) was mounted on the camera to achieve clear close-up images. The 

Fig. 1. Schematic diagram of the experimental setup.  
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images were then exported for processing, in which the segmentation 
and bubble behavior information extraction was completed using a 
MATLAB algorithm. The DC power supply connected through copper 

wires was used to control the heat flux of the surface and liquid tem-
peratures. A layer of low thermal conductivity adhesive, which is a sil-
icone sealant with a thermal conductivity of 0.18 W/(m⋅K), was applied 
on the non-structured area at the top side of the heated surfaces to 
ensure that only the fin area (10 × 4 mm2) was the effective heat transfer 
surface. The wall temperature was measured by a K-type thermocouple 
pasted to the backside of the surface with a high thermal conductivity 
adhesive. The whole component was adhered to a polycarbonate base 
with a low thermal conductivity adhesive, as shown in Fig. 2. Table 1 
presents the test conditions of the pool boiling. 

The total heat flux provided by the DC power supply can be calcu-
lated as 

qtotal =
VI
A (1)  

where V and I are the voltage and current through the heated surface, 
and A is the effective heat transfer area. The wall superheat is, 

ΔTsat = Tw − Tsat (2)  

where Tw and Tsat are the wall surface temperature and saturation 
temperature of the working fluid, respectively. 

By knowing qloss = qtotal − qeff , the possible heat loss is calculated. 
Measuring the effective heat flux in a pin fin surface involves attaching 
thermocouples to the heat sink and measuring the temperature gradient 
between two different sections of the surface. 

Fig. 2. Schematic of the test section.  

Table 1 
Test conditions of the pool boiling experiments.  

Test surfaces Liquid subcooling 
levels (◦C) 

Pressure 
(atm) 

Maximum effective heat 
flux (W/cm2)

Regular fin 
surface 

20, 15, 10 1.0 32.26 

Modified fin 
surface  

Fig. 3. 3D profiles of (a) the regular and (b) modified fin surfaces.  
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Fig. 4. Boiling curves of two different surfaces under various subcooling levels (a) 35 ◦C, b) 25 ◦C, and c) 15 ◦C).  
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qeff = k T2 − T1
Δx (3)  

where T1 and T2 are the temperatures measured by thermocouples in the 
upper and lower layers of the copper block. The distance separating two 
layers is denoted by Δx and has a value of 4 mm. The copper block used 
in the study has a thermal conductivity represented by k, which is equal 
to 380 W/(m⋅K). The maximum effective heat flux is 32.26 W/cm2, and 
the heat equivalent heat loss is 1.69 W/cm2, which is 5% of the total 
provided input. 

The major uncertainty in the measured heat flux is through the 
temperature measurements and location data of the thermocouples. 
According to the error propagation theory (Mei et al., 2018), the un-
certainty of the heat flux can be calculated using Eq. 4. The maximum 
uncertainty in the heat flux measurement is less than 4.5%. On the other 
hand, the wall temperature error is affected by various factors including 
thermocouple calibration error, temperature correction error, temper-
ature fluctuation, and thermocouple resolution (0.5◦C). The total error 
in wall temperature measurement is estimated to be 0.55◦C. Similarly, 
the bulk liquid temperature error of 0.54◦C is composed of thermo-
couple calibration error (0.03◦C), temperature fluctuation (0.1◦C), and 
thermocouple resolution (0.5◦C). In addition to the factors mentioned 
earlier, it is important to acknowledge that there are other uncertainties 
present in the experiment that are challenging to measure precisely. 

δq
q =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
δk
k

)2
+
(

δΔT
ΔT

)2
+
(δΔx

Δx

)2
√

(4) 

Six number of bubbles were obtained and averaged under the given 
input conditions. A high-speed camera was used to capture bubble im-
ages, which enable marking of four points on the bubble’s top, bottom, 
left, and right. These points provide corresponding pixel coordinates 
that can be used to calculate the bubble diameter. 

D = s
(
xright − xright + yup − ydown

)/
2 (5)  

where s is the scale factor, representing the conversion of one pixel in the 
image to a distance. The bubble departure diameter was determined 
using the MATLAB function regionprops to extract the properties (x and 
y values) of the bubbles in the image. Next, thresholding and binarizing 
the image were implemented to convert the image into a binary format, 
where pixels belonging to the bubble region are assigned a value of 1 
(foreground), and the remaining pixels representing the background are 
assigned a value of 0. After thresholding and binarizing the image, 

regionprops can be used to calculate the diameter of each detected 
bubble. 

The parabolic artificial nucleation site was created by mechanical 
indentation at the center of the fin structure, which is 500 μm deep in 
diameter of 300 μm on the top surface (Fig. 3). A 3D optical profilometer 
(Keyence VR-6000) was used to perform non-contact surface and 
roughness measurements. This 3D profile system captures full surface 
data across the target with a resolution of 0.1 μm, enabling measurement 
of features that cannot be performed with probe-type instruments. Fig. 3 
shows the 3D profiles of the regular and modified fin surfaces, in which 
diameter of the artificial nucleation site is approximately 300 μm. 

3. Results and discussion 

3.1. Heat transfer performance of fins in pool boiling 

Pool boiling curves relating to the heat flux and wall superheat (Eq. 
2) are used to characterize the heat transfer performance of the tested 
surfaces. Fig. 4 shows the boiling curves for the two different surfaces 
under three liquid subcooling levels. In all subcooling levels, the surface 
with an artificial nucleation site shows lower wall temperature at the 
same heat flux or higher heat flux at a given temperature. It can be found 
that in the convection boiling region at a temperature range from 70 to 
100 ◦C (i.e., ΔTsat = -30~0 ◦C), there is no significant difference in heat 
flux between the surfaces. On the other hand, the heat transfer perfor-
mance of the modified fin is better than the regular fin when the 
nucleate boiling region begins (105~115◦C). The boiling curve of the 
modified fin is shifted to the left of the curves of the regular fin, and the 
wall temperature of the modified fin is 2–4 ◦C lower than that of the 
regular fin at the same heat flux. 

When comparing with a fin without an artificial nucleation site, the 
presence of the artificial nucleation site can result in lower wall tem-
peratures at the same heat flux. This phenomenon can be attributed to 
enhanced boiling heat transfer characteristics and the ability to promote 
more efficient cooling. The presence of artificial nucleation sites in a fin 
enhances boiling heat transfer in multiple ways. These sites, which can 
be surface irregularities or cavities, serve as preferential locations for 
bubble formation, promoting more efficient heat transfer from the 
heated surface to the liquid. Additionally, the nucleation sites increase 
the active boiling area, creating additional pathways for heat transfer. 
This enlarged surface area facilitates enhanced cooling compared to a fin 
without nucleation sites. Furthermore, the nucleation sites aid in liquid 
replenishment by generating convective currents as bubbles form and 

Fig. 5. Bubble departure diameter on the regular fin with respect to wall temperature at three different subcooling levels.  
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detach, promoting the transport of cooler liquid towards the heated 
surface. This replenishment process helps cool the boundary layer and 
ultimately reduces the temperature at the wall. 

3.2. Bubble departure diameter 

To investigate the bubble behavior in nucleate boiling on the two fin 

structures under different conditions, the experiments were conducted 
at different subcooling levels of 10 ◦C, 15 ◦C, and 20 ◦C. Because the 
violent bubble interaction at high heat fluxes impedes accurate obser-
vation of the bubble behavior, all the experiments were carried out 
under a heat flux of less than 4 W/mm2, ensuring continuous single 
bubble generation. 

Our particular interest is in the investigation of the bubble departure 
diameter (Dd) that explains the effects of wall temperature and sub-
cooling level on the heat transfer performance, and it has been one of the 
vital parameters in determining the nucleate boiling heat transfer co-
efficient (Ghazivini et al., 2021). The bubble departure diameter is also a 
critical parameter that determines heat transfer coefficients using 
various empirical or semi-empirical correlations (Ghazivini et al., 2021). 
It is generally understood that the bubble departure diameter is the ul-
timate or equal diameter of the vapor bubble once it detaches from the 
heated surface during the boiling (Ghazivini et al., 2021). We determine 
the bubble departure diameter based on images or videos of transient 
vapor bubbles taken by a high-speed camera. Image processing software 
is then used to evaluate the equivalent diameter of the vapor bubble. 
Fig. 5 shows the effect of wall temperature and subcooling levels on the 
bubble departure diameter for the regular fin. The diameter increases by 
increasing wall temperature and subcooling levels–it is approximately 
2.56 mm for wall temperature at 106 ◦C and subcooling level at 10 ◦C. 
Fig. 6 shows 3D scattered and fitted surface plots for the bubble de-
parture diameter in the regular fin. In Fig 5 and 6, one interesting 

Fig. 6. a) 3D scattered and b) fitted surface plots for the bubble departure diameter on the regular fin.  

Fig. 7. Bubble departure diameter on the modified fin with respect to wall 
temperature at three different subcooling levels. 
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observation is that the bubble departure diameter increases linearly with 
wall temperature when decreasing the subcooling level. On the other 
hand, the effects of wall temperature on the bubble departure diameter 
at different subcooling levels in the modified fin are presented in Figs. 7 
and 8. It can be seen that, like the regular fin, the bubble departure 
diameter increases by increasing the wall temperature and reducing the 
subcooling level, showing approximately 3.3 mm at a wall temperature 

of 106 ◦C and a subcooling level of 10 ◦C. Based on our observation, the 
onset of nucleate boiling happens at wall superheat= 2 ◦C and sub-
cooling level= 30 ◦C. Through the use of artificial nucleation sites, it is 
possible to achieve ONB at relatively low wall superheats, sometimes 
even below 1◦C. This is because the presence of nucleation sites provides 
favorable locations for the formation of vapor bubbles, reducing the 
energy barrier required for bubble nucleation. Consequently, the boiling 

Fig. 8. a) 3D scattered and b) fitted surface plots for the bubble departure diameter on the modified fin.  

Fig. 9. a) Bubble departure diameter and b) bubble departure frequency of both surfaces at subcooling level of 10 ◦C.  
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process can initiate at lower superheats, resulting in an earlier ONB. 

3.3. Comparison between regular and modified fins 

To better understand the effect of an artificial nucleation site on the 
fin, the bubble departure diameter, bubble departure frequency, and 
bubble growth time in the regular and modified fins are compared at a 
wall temperature of 105 ◦C and a subcooling level of 10 ◦C, as shown in 
Fig 9 and 10. In Fig. 9a, although the data for the bubble diameter seem 
scattered along the wall temperature, the size of the departure diameter 
increases with increasing the wall temperature. Also, the bubble de-
parture diameter for the modified fin is considerably higher than that of 
the regular fin at a given time and wall temperature. This is most likely 
because the artificial nucleation site on top of the modified fin facilitates 
bubble initiation and growth due to an increase in the boiling surface 
area. Particularly, the difference in the departure diameter between the 
modified and regular fins is much larger when the wall temperature is 
above 100 ◦C than when it is less than 100 ◦C. Also, Fig. 9b shows the 
bubble departure frequency on the modified and regular fin surfaces. 
According to Fig. 9b, higher bubble departure frequency can be 

achieved on the modified fin compared to the regular fin at a given wall 
temperature (approximately 20% higher at low wall temperatures, 
Twall < 105∘C), and 35% higher at high wall temperatures, 
Twall > 105∘C). The sudden increase in bubble departure frequency with 
increasing wall temperature is attributed to the higher vaporization rate 
and thermal energy transfer at elevated temperatures, leading to more 
rapid formation and detachment of bubbles from the heated surface 
(Hamzekhani et al., 2015). 

The bubble growth rate is the variations of bubble diameter with 
time, which is another significant parameter contributing to the boiling 
heat transfer coefficient. Fig. 10 shows the changes in bubble diameter 
from its initiation to departure along with time, which indicates the 
bubble growth time. In this figure, the bubble diameter increases 
dramatically in the early stage of the bubble growth (< 0.5 ms) due to 
the nucleation of the bubble on the artificial nucleation site, called the 
inertia-controlled phase of bubble growth. During this stage, there is an 
approximately linear relationship between the bubble diameter and 
time. At > 0.5 ms, the initiated bubble grows up at a slower rate 
compared to the initial stage and keeps a stable growth for a longer time 
(> 3 ms). In Fig. 10, at the end stage of the bubble growth, the bubble 

Fig. 10. Bubble growth curves for different surfaces at wall temperature of 105 ◦C and subcooling level of 10 ◦C.  

Fig. 11. Bubble growth on a) regular fin, b) modified fin at the same time at wall temperature of 105 ◦C and subcooling level of 10 ◦C.  

M. Ghazvini et al.                                                                                                                                                                                                                               



International Journal of Multiphase Flow 168 (2023) 104568

9

leaves the nucleation site under the buoyancy force with its largest 
diameter (3.33 mm for the modified fin vs. 2.56 mm for the regular fin). 
The results in Fig. 9 and 10 suggest that the bubble initiation, growth, 
and departure from the modified fin take place at a faster rate than those 
of the regular fin. The fast ebullition cycle of the bubble leads to bubble 

Fig. 12. Bubble departure on a) regular fin, b) modified fin at the same time at wall temperature of 105 ◦C and subcooling level of 10 ◦C.  

Fig. 13. Heat transfer coefficient of the regular and modified fins using Rohsenow correlation.  

Table 2 
Traditional models for the prediction of the bubble growth curve.  

Ref. Author Correlations 

(Cole and Shulman, 
1966) 

Cole and 
Shulman 

D = 5 Ja0.75 ̅̅̅̅̅̅αl t
√

(Mikic et al., 1970) Mikic R+ = 2
3
[(t+ + 1)1.5 − (t+)1.5 − 1]

R+ =
R

B2/A
, t+ =

t
B2/A2, 

A =
[
b

ΔThfgρv
Tsatρl

]1/2
, B =

[12
π Ja2αl

]1/2 

(Forster and Zuber, 
1954) 

Foster and Zuber D = 3.544Ja
̅̅̅̅̅̅αlt

√

Fig. 14. The comparison of the bubble growth models, including the traditional 
models and the experimental data of the current study for the two different 
fin structures. 
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generation at a higher frequency. For the surface with a high bubble 
frequency, the local wall temperature would be lower because the rapid 
bubble nucleation takes away large amounts of heat from the heated 
surface. Fig. 11 and 12 show bubble shapes during growth time and 
departure time on the regular and modified fins. 

In the present study, we utilized the Rohsenow correlation to esti-
mate the heat transfer coefficient, which is known to offer a reliable 
approach for estimating the heat transfer coefficient based on the bubble 
departure diameter (Pioro, 1999). In the Rohsenow correlation, the 
liquid density, gravity acceleration, and wall superheat, and the latent 
heat of vaporization are needed. All considered values are related to 
water at atmospheric pressure including ρl = 1000 kg

m3 and hfg =
2260000 J

kg. 

h = C
(

ρl × h2
fg × g

)0.5
(ΔTw)0.5 × d0.67

b (6)  

where C, ρl, g, ΔTw are an empirical constant, the liquid density, gravity 
acceleration, and wall superheat. Also, hfg and db represent the latent 
heat of vaporization and bubble departure diameter. 

Our study reveals compelling evidence that the modifications made 
to the fin design have yielded substantial improvements in heat transfer 
performance when compared to the regular fins (Fig. 13). The enhanced 
heat transfer coefficients achieved with the modified fins clearly indi-
cate a more efficient transfer of thermal energy from the fin surface to 
the working fluid. This, in turn, has the potential to greatly enhance the 
cooling effectiveness of the system. Specifically, our results demonstrate 
that the heat transfer coefficient for the modified fin is approximately 
20% higher than that of the regular fin. This noteworthy increase in heat 
transfer efficiency is a testament to the effectiveness of the modifications 
made to the fin design. 

The characteristics of the bubble behavior can affect the heat transfer 
coefficient, which is a measure of the rate of heat transfer from the 
surface to the surrounding fluid. The heat transfer coefficient is influ-
enced by the size, shape, and frequency of the bubbles formed on the 
heating surface. The larger the bubble departure diameter, the higher 
the heat transfer coefficient (Ghazivini et al., 2021). The shorter the 
bubble growth time and the higher the bubble departure frequency, the 
higher the heat transfer coefficient. One efficient approach to enhance 
bubble growth and heat transfer coefficient is to utilize artificial 
nucleation sites. Having an artificial nucleation site in nucleate boiling 
can lead to a higher heat transfer rate due to several factors. First, the 
addition of an artificial nucleation site provides a preferential location 

for bubble formation, which can lead to more uniform and controlled 
bubble growth (Markal and Kul, 2022). This can increase the contact 
area on the heated surface available for heat transfer and promote more 
efficient heat transfer from the heated surface. Secondly, the presence of 
an artificial nucleation site can improve the rewetting behavior of the 
surface, promoting more stable and efficient heat transfer by preventing 
the formation of dry spots on the surface and enhancing the heat transfer 
coefficient. When a surface becomes dry or develops dry spots during 
heat transfer processes, it can hinder the efficient transfer of heat 
(Yajima et al., 2022). Dry spots act as thermal barriers, reducing the 
contact area between the surface and the liquid, and impeding the heat 
transfer process. This can lead to localized overheating and potential 
damage to the system. Additionally, the presence of an artificial nucle-
ation site can lead to a lower wall superheat, which is the difference 
between the wall temperature and the saturation temperature of the 
liquid. This reduction in wall superheat is primarily due to the enhanced 
bubble formation and nucleation characteristics provided by the artifi-
cial nucleation site (Yajima et al., 2022). A lower wall superheat can 
lead to more efficient heat transfer as it reduces the thermal resistance at 
the heated surface. The artificial nucleation site can also lead to larger 
bubble departure diameters, which refer to the size of the bubbles as 
they detach from the heated surface. Larger bubble departure diameters 
along with faster bubble growth leads to a more efficient heat transfer 
process. The following correlations have been provided to mathemati-
cally understand the effect of the bubble behavior and nucleation site on 
the heat transfer coefficient. 

In conclusion, the inclusion of artificial nucleation sites in nucleate 
boiling offers significant advantages in terms of improving heat transfer 
efficiency. These sites reduce the wall superheat, promote larger bubble 
departure diameters, and enhance bubble growth, all of which 
contribute to more efficient heat transfer processes. By optimizing the 
design and utilization of artificial nucleation sites, researchers and en-
gineers can unlock the full potential of nucleate boiling and achieve 
enhanced thermal performance in various applications ranging from 
electronics cooling to power generation. 

3.4. The bubble growth model 

Over the past decades, many mathematical models have been pro-
posed to describe the bubble growth process from the perspective of heat 
transfer and energy conversion. One of the classical models is the bubble 
growth in the homogeneous superheated liquid proposed by Bosnja-
kovic and Jakob (Zhou et al., 2022), dR

dt = k
hlvρv

(To−Ts)̅̅̅̅̅̅̅παl t
√ , where k is the 

liquid thermal conductivity, hlv is the latent heat, ρv is the vapor density, 
To-Ts is the liquid superheat, and αl is the liquid thermal diffusivity. 
Because of the ideal conditions for this model, various modifications are 
needed for the actual process under different conditions, and a variety of 
improved models have been produced on this basis, as shown in Table 2. 
Fig. 14 shows the bubble growth models developed by the traditional 
models while comparing the experimental data of the current study for 
the two different fin surfaces. It shows that the results of Mikic (Mikic 
et al., 1970) and Forster & Zuber (Forster and Zuber, 1954) models are 
in relatively good agreement with the bubble diameter on the regular fin 
surface at the initial stage, although the growth rate of traditional 
models is much smaller than the experimental result. This is because the 
traditional models were established based on a smooth surface while the 
heat transfer from the fins was not considered. On the other hand, none 
of the traditional models predict bubble growth on the modified fin 
surface. Besides, the bubble diameter from traditional models continu-
ously increased with time. The initial growth rate of traditional models 
is much smaller than the experimental result of the modified fin, mainly 
because traditional models are established based on smooth surfaces. In 
the bubble formation on the modified fin which has an artificial nucle-
ation site, despite relatively bigger vapor bubbles, the nucleation 
actively continues, and the sustainability of available bubbles continues 

Fig. 15. Example schematic of a neural network structure  

Table 3 
Inputs and the number of samples for each output parameter.  

Output Inputs Number of 
samples 

Bubble departure 
diameter (mm) 

Wall temperature 
(◦C) 

Subcooling level 
(◦C) 

138  
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Fig. 16. A typical structure of the neural network with different hidden layers.  
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without any suppression. This phenomenon leads to a higher heat 
transfer coefficient and lower wall temperature. 

3.5. Modeling of bubble departure diameter by MLP network 

Conducting two-phase experiments or full CFD simulations often 
requires a high cost and time commitment. Bubble dynamics parameters 
like bubble departure diameter in nucleate boiling are usually a function 
of many independent variables, including liquid and wall temperatures, 
each valid over a finite range of values. The relationship between these 
parameters and their relevance can be deduced using new computing 
techniques. A promising technique that can be applied is the use of soft 
computing. In the past three decades, unprecedented development of 
soft computing techniques has been seen, such as Artificial Neural 
Networks (ANNs), Genetic Algorithms (GA), Genetic Programming (GP), 
Fuzzy-logic Control, and Data Mining, and their application in many 
scientific and engineering practices. Out of these, ANNs, which are 
inspired by the biological nervous systems of humans, learn to perform 

tasks by utilizing available data without the need for programmed task- 
specific rules (Qiu et al., 2020). An artificial neural network (ANN) is a 
major modeling technique of data in different engineering problems, 
including heat transfer and boiling phenomena (Ghazvini et al., 2020). It 
is an information-processing machine developed based on the operation 
of the brain’s neural network. The network’s processing units are neu-
rons connected through communication links, each with an associated 
weight. A standard neural network has considerable amounts of neurons 
and their connections (Ertuğrul, 2018). The fundamental elements of an 
ANN are a network architecture, learning algorithm, and transfer 
function, and changing these elements makes ANN methods distinct 
from other artificial neural networks. 

In the current study, a multilayer perceptron (MLP) neural network 
with a back-propagation (BP) training algorithm is utilized to optimize 
the ANN-based modeling. In the BP training algorithm, the weights of 
the neuron connections are adjusted based on the discrepancy between 
the desired network outputs and the predicted outputs (Herzog et al., 
2020). An MLP network composes of one input layer, one output layer, 

Fig. 17. Regression diagrams of the MLP network for bubble departure diameter with the 1HL network.  
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and one or more hidden layers (Fig. 15). The number of neurons in the 
input and output layers relies upon the number of input and output 
parameters of the problem, whereas the number of hidden layers and the 
neurons in each hidden layer can be selected by the designer’s choice. 
Moreover, the transfer function of the neurons in the hidden and output 
layers can be chosen by the designer. Thus, the performance of this 
method is susceptible to these selectable parameters, and, in particular, 
the results are sensitive to the number of neurons in each hidden layer 
and the transfer function in each layer. The network’s architecture can 
be optimized to produce the minimum error for the best performance. In 
this way, the network’s performance is determined based on the MSE 
values between the desired output and the predicted output from the 
networks. 

To model the bubble departure diameter with the neural network, 
the obtained experimental dataset is divided randomly such that 70% of 

the dataset is utilized for training, 15% for testing, and the last 15% for 
validation. To train the network, the Levenberg-Marquardt algorithm is 
applied because it is commonly used and very robust in mathematics and 
computing, which means that in many cases Levenberg-Marquardt al-
gorithm finds the best solution even if it starts very far off the final so-
lution (Sayed et al., 2014). The input variables and the number of 
samples for each case are presented in Table 3. All datasets are 
normalized before being applied to the neural network. Normalizing the 
data generally speeds up learning and leads to faster convergence. 
Fig. 16 shows the typical structure of the 1HL, 2HL, and 3HL networks 
applied in this study, where W, b, and N1 represent the weight, bias, and 
number of neurons for the neural network. 

In the proposed neural network-based modeling approach, the input 
parameters are the wall superheat and subcooling levels, while the 
output parameter is the bubble departure diameter from the modified fin 

Fig. 18. Regression diagrams of the MLP network for bubble departure diameter with the 2HL network.  
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surface. These input parameters are critical factors that affect the bubble 
dynamics and heat transfer performance in nucleate boiling. The wall 
superheat represents the temperature difference between the heating 
surface and the bulk fluid, while the subcooling level indicates the de-
gree to which the bulk fluid temperature is below its saturation tem-
perature. By incorporating these parameters as inputs to the neural 
network, the model can effectively capture the complex interplay be-
tween the fluid flow, heat transfer, and bubble dynamics in nucleate 
boiling and accurately predict the bubble departure diameter from the 
modified fin surface. 

Figs. 17-19 show the regression diagrams for the best MLP network 
with 1HL, 2HL, and 3HL networks for bubble departure diameter, 
respectively based on the specifications in Table 3. In these diagrams, 
the MLP network with one hidden layer can approximate the desired 
outputs based on the values of the correlation coefficient. The correla-
tion coefficient (R) provides the ability of the suggested models in pre-
dicting the bubble departure diameter data with values from 0 to 1. 
Based on Fig. 17, the R values of the regression diagrams for the bubble 
departure diameter are 0.96524 and 0.95754 for training and all data-
sets, respectively. Most of the data points for both test and validation are 
condensed near the line that indicates the precise estimation of the 

suggested models. The R values for the bubble departure diameter using 
the 2HL network for the training and all datasets are 0.98918 and 
0.98079, respectively. Also, based on Fig. 16, the R values for the 
training and all datasets 0.96091 and 0.96321. These results suggest that 
the MLP neural network with 2HL can accurately predict the bubble 
departure diameter in nucleate boiling from a heated surface. The 
developed ANN model enables the accurate prediction of the bubble 
departure diameter at different subcooling levels and wall temperatures. 

Additionally, Figs. 20-22 show the error histogram for the bubble 
departure diameter with the 1HL, 2HL, and 3HL neural networks. The 
error histogram is a graph of the errors between target values and pre-
dicted values from the neural network. This indicates how predicted 
values are close to the target values, and how the errors from the neural 
network are distributed. For achieving a precise model, the error dis-
tribution diagram is needed to obey the normal distribution diagram. 
Based on Fig. 20, the errors are normally distributed and considerably 
low. In other words, the error frequency accumulates mainly in the zero- 
axis error range, which makes a symmetric graph and shows that the 
methods have an excellent performance in estimating the behavior of 
the bubble departure diameter. Note that the "zero error" line separates 
negative and positive values. The sign of the error shows the direction of 

Fig. 19. Regression diagrams of the MLP network for bubble departure diameter with the 3HL network.  
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the bias. The positive error means the outputs are smaller than the tar-
gets, and the negative error means that the targets are larger than the 
outputs. Also, Fig. 23 shows the comparison between MSE and R values 
for 1HL, 2HL, and 3HL neural networks. These results show that the 

network with 2HL has the best performance and creates the least error. 
The results of the study indicate that the use of the logsig transfer 

function on both hidden layers of the MLP neural network with three 
neurons on each hidden layer provides the best prediction performance 

Fig. 20. Error analysis for bubble departure diameter with the 1HL network.  

Fig. 21. Error analysis for bubble departure diameter with the 2HL network.  
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for the bubble departure diameter (Table 4). This is because the logsig 
transfer function can effectively handle non-linear relationships be-
tween input and output variables, which is important in bubble dy-
namics since the relationship between the input parameters (wall 
superheat and subcooling level) and the output parameter (bubble de-
parture diameter) is non-linear. Using a non-linear transfer function like 
logsig can better capture and model these non-linear relationships. 
Furthermore, the logsig transfer function has a smooth gradient, making 
it easier to adjust the weights of the connections between neurons during 
the backpropagation training process. This allows for faster and more 
efficient training of the neural network, resulting in more accurate 
predictions of the bubble departure diameter. These optimal values of 
the design parameters can serve as a guideline for other researchers who 
want to use MLP neural networks to predict bubble departure diameter 
in similar boiling systems. However, it is important to note that the 
optimal values may differ depending on the specific characteristics of 
the boiling system and the data used for training the neural network. 

4. Conclusion 

This work investigates the heat transfer performance of two fin 
structures, namely regular and modified fins, in a pool boiling facility. 
The modified fin structure enhances the regular fin’s heat transfer per-
formance by adding an additional artificial nucleation site. With fin heat 
sinks, different bubble dynamics parameters, such as bubble departure 
diameter and bubble growth rate, are visualized and examined using 
high-speed optical imaging. Pool boiling experiments estimate heat 
transfer rates and coefficients in atmospheric pressure conditions using 
deionized water. Also, a multilayer perceptron ANN with a back- 
propagation training algorithm is applied for modeling the bubble de-
parture diameter at different wall superheat and subcooling levels. The 
mean square error of the model is calculated to evaluate the accuracy of 
the models. This approach would help understand the bubble behavior 
in nucleate boiling and, consequently, achieve a universal theoretical 
prediction of bubble growth in boiling. In summary  

1) The modified fin shows better heat transfer performance than the 
regular fin, with a higher bubble departure diameter and growth 
rate.  

2) The local wall temperature in the modified fin is lower because the 
rapid bubble nucleation takes away large amounts of heat at a higher 
bubble frequency thanks to the artificial nucleation site.  

3) The bubble departure diameter for the modified fin is 29% larger 
than the regular fin at a subcooling level of 10 ◦C and wall superheat 
of 6 ◦C.  

4) The MLP neural network can accurately predict the bubble departure 
diameter in nucleate boiling from a heated surface. The results show 
that the network with 2HL has the least error and can predict the 
desired parameter with a precision of 0.98079. Moreover, the 
modeling results show that the residuals are scattered around the 
zero axis, which shows the model’s accuracy.  

5) By comparing the two fin surfaces, the surface with an artificial 
nucleation site shows a lower wall temperature at the same heat flux. 
It can be found that in the convection boiling region, there is no 
significant difference between the wall temperatures for both sur-
faces. The heat transfer performance of the modified fin is better than 
the regular fin in the nucleate boiling region. 
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