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ABSTRACT: In this experimental study, the effects of slope changes on the heat transfer coefficient 

in pool boiling in deionized water have been investigated. The experiments were carried out in the average 

surface roughness of 0.21 µm on a copper cylinder by changing the surface slope including 0°, 5°, 

10°, 15°, 20°, 25°, and 30°. The range of heat flux was from 21 to 77 kW/m in atmospheric conditions. 

The results indicated that by increasing the heater slope, the departure frequency and bubble 

departure diameter on the heater surface were increased which lead to an increase in the mixing, 

turbulence, and heat transfer coefficient. Finally, the slope of 15° has reached the highest heat 

transfer coefficient with an increase of 20.09% compared to other slopes. Besides the optimized model 

was mostly overlapped with the experimental results in which Stephan Abdelsalam's model with  

an average error of 13.9% and the McNelly model with an average error of 24% had the minimum  

and maximum amount of error among the other models, respectively. 
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INTRODUCTION 
Boiling heat transfer is an efficient heat transfer 

method that is extensively utilized in various fields such as 

electricity generation, electronic devices, cooling systems, 

producing chemical substances, management of  

 

 

 

active heating systems, power cycle, and storage and 

transfer of the cryogenic liquids in the chamber. Design, 

operation, and optimization of the involved equipment 

necessitate an accurate prediction of the boiling heat  
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transfer between the surface and the boiling liquid [1].  

An important advantage of the boiling heat transfer system 

is that a great of heat could be transferred from a level with 

a higher temperature to a liquid with a lower temperature, 

even with a little superheat (temperature difference 

between the heat transfer surface and the solution in 

contact with it), in comparison with the natural or forced 

heat transfer methods which are without phase-changing. 

However, heat dissipation capacity is limited by an upper 

cooling limit named Critical Heat Flux (CHF) [2]. In  

a process, an efficient evaporator can reduce energy 

consumption, economic resources, and dangers to the 

environment [3]. The boiling functionality is based on two 

main parameters which include Boiling Heat Transfer 

Coefficient (BHTC) and CHF. BHTC is the amount of 

removed heat from the hot surface, while the CHF is the 

upper range of nucleate boiling and beyond that, a boiling 

surface is covered by a vapor film and catastrophic 

corrosion could be occurred [4]. Current techniques for 

improving heat transfer can be divided into two categories: 

Active methods, which need external forces.  Passive 

methods, do not need certain external forces [5]. 
The structure of the heat transfer surface may be 

rigorously complicated [6]. Determining the slope of the 

heat transfer surface is considered to be one of the 

principal and essential factors in the heat flux, which 

means that the surface could be vertical, horizontal, and  

at any particular angle so that the configuration and 

separation of the generated bubbles could enhance their 

performance. For this reason, numerous studies by the 

researchers have been carried out so that each researcher 

has recommended a specific method to determine the 

heater surface. The reports have shown that after discharge 

and raising the surface, the bubble would like to move 

along the surface for certain distances. However, slider 

distances, and the movement of the bubble, have not been 

reported. Therefore, an average slider distance for pool 

boiling on vertical surfaces is equal to half of the distance 

between the two closest bubbling sites in one specific area. 

Depending upon the application, the axis orientation  

of the boiling tube may be horizontal or vertical [7] and  

it has been tested experimentally by varying the tube 

orientation between vertical and horizontal [8-14]. Kang 

concluded that the tube orientation had a high impact on 

the HTC, stating that the maximum and minimum of HTC 

were expected at the horizontal and vertical orientations, 

respectively. The cause for the variation was due to 

changes in bubble slug formation on the tube surface  

as well as liquid accessibility to the surface [10]. 

Parker and El-Genk have investigated the effect of 

surface inclination angle, from 0° to 180° on CHF [16]. 

Compared to smooth plain copper, the rate of heat transfers 

by natural convection and CHF increased 68% and  

as much as 157%, respectively. Kang examined and 

showed the inclination angle gives much change in heat 

transfer coefficients and when a tube is near the horizontal 

and the vertical, the maximum and the minimum heat transfer 

coefficients are expected, respectively [12]. Zhong et al. [17] 

and Dadjoo et al. [18] showed that the heat fluxes improve 

with the wall superheat at each inclination angle and  

the CHF enhances by the increasing inclination angle. 

Kang et al. experimentally studied the effects of the slip 

change of the pool boiling heat transfer on the cylinder 

surface [13]. They concluded that the heat transfer 

coefficient is extremely affected by angle changes. When 

the cylinder is close to the vertical and horizontal modes, 

the maximum and minimum heat transfer coefficient 

would be expected. In addition, they believed that the 

reason for transferring the increased heat is the reduction 

of mass formation or bubble flocculation in the cylinder 

surface and the easy accessibility of the liquid to the 

surface. Priarone conducted some experiments to study 

the effect of the surface charge on the nucleate boiling  

in dielectric liquids (HFE-7100 and FC-72) into cylinder 

surface made of copper [19]. The angle of the copper 

cylinder in the nucleate boiling zone for both liquids  

has lower heat flux and the heat transfer coefficient  

is significantly increased as the angle surges from 0° to 90°. 

He presented this hypothesis so that the mandatory 

removal of heat layers of the surface adjacent is caused an 

increase in bubbles movements throughout the heat 

transfer surface while the slope is being raised.  

Jung et al. conducted boiling experiments on one heater 

with a flat surface into the bath of saturated water under 

atmospheric pressure [20]. The achieved heat flux depicted 

that the change of the boiling surface from a horizontal 

mode to the vertical could lead to an increase in the active 

nucleation site density. Goel et al. reported that a rise  

in the heat transfer surface from horizontal to vertical (0°-90°) 

could cause to increase in the departing diameter and bubble 

departure frequency [21]. The main reason could be related  

to the slide movement of the bubble growing on the  inclined
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surface before it wants to be raised from the heater surface. 

This sliding movement can cause to increase in the rate of 

bubble growth and hence, it can enlarge the bubble of  

the heater surface and then, it leaves the surface by higher 

frequencies and as a result, it follows the higher rate of the 

heat transfer due to the increasing rate of turbulence.  

The purpose of this study is to obtain the pool boiling 

heat transfer coefficient using variations in the angle of 

placement of the heat transfer surface. To obtain a higher 

heat transfer coefficient, it is necessary to investigate the 

treatment of the dynamic parameters of the bubbles. The 

optimal amount of parameters should be obtained to 

improve the heat transfer coefficient at an appropriate 

slope. 

 
Modeling literature survey 

In the following, the most important models presented 

in the field of heat transfer coefficient of pool boiling are 

presented. 

In 1952 Rohsenow suggested his model in which the 

basic assumption was explained on the basis that, the 

movement of bubbles from the beginning of separation from 

the heat transfer surface, has the most importance [22]. 

Also, it is important that claimed the separation of bubbles 

from the heat transfer surface in solution has caused 

turbulence and high mixing which causes the improvement 

in the heat transfer flow and also decreases the thickness 

of the liquid film layer on the heat transfer surface. 

McNally empirical relationship was introduced in 1953,  

was presented to calculate the boiling heat transfer 

coefficient of pure liquids [23]. This model was only 

acceptable for anticipating pure and single-component 

liquids. Also, it utilized the physical properties of the 

liquid phase (boiling) and steam phase. Kutateladze  

an empirical relationship was presented in 1959 [24]. This 

experimental model computes the heat transfer coefficient 

due to the application of two dimensionless parameters 

without considering the average surface roughness profile. 

Labanastov presented the model using various liquids and 

by repeating the tests in 1963 [25]. Considering that this 

model was based on a great deal of laboratory data, while 

more than 200 substances were used to model this 

relationship, it had a good overlapping with the laboratory. 

Stephan and Abdelsalam introduced their well-known 

equation which was about anticipating the boiling heat 

transfer coefficient of pure liquids in 1980 [26]. This 

equation has been achieved due to the utilization of 

multiple regression and the great volume of laboratory 

databases (for over 500 substances). He severely reduced 

the heat transfer coefficient deviation of experimental data 

by presenting this relationship. Nishikawa [27] presented 

his experimental model due to the utilization of modifying 

previous laboratory data. The importance of this model  

is due to the independence of thermos-physical properties 

and only by having the test conditions the presentation and 

analysis of results could be applicable. Cooper introduced 

his model in 1984 that contained reduced pressure, average 

surface roughness, and also a molecular mass of fluid, by 

utilization of 6000 published lab results from various 

resources which were the deduction of 100 series of the pool 

boiling transfer coefficient experiment [28]. Gorefnlo [29] 

was the designer and provider of a novel laboratory system 

for estimating the heat transfer coefficient. In this model, 

he introduced the boiling heat transfer coefficient 

subordinated to thermal flux, decreased pressure, and 

average surface roughness. There is one heat transfer 

coefficient of pressure and thermal flux included in the 

main equation that the value of it is calculable 

experimentally or due to other relationships. Alavi Faze 

declared his model in 2010 according to the principle  

of the corresponding states and dimensional analysis [30]. 

It has a good overlap with experimental data in order  

to calculate the boiling heat transfer coefficient of pure 

liquids. In 2017 Kiyomura et al. expressed that the increase 

in HTC is related to an increase in liquid turbulence 

represented their proposed model considering the 

impression of several test fluids, gap size, and contact 

angle of a liquid [31]. This developed model is presented 

based on the Buckingham theorem ( 𝜋2) to intensify  

the selected independent variables to show dependent 

parameters.  

One of the key parameters that are affecting heat 

transfer rate is bubble departure frequency from the 

surface which has a close relationship with bubble 

departure diameter and the mechanisms that govern  

the bubble growth. This key parameter is defined  

as the below equation. 

w g

1 1
f

n t t



                    (1) 

In which tg is the time needed for bubble growth from 

nucleation to separation from surface and tw is required  
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Table 1: The proposed relations of the researchers for the heat transfer coefficient. 
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time for heating replaced liquid layer to nucleation of next 

bubble in the same bubble generator. The bubble departure 

frequency of surface le was studied since the early 1960s [32]. 

 

EXPERIMENTAL SECTION 

Apparatus 

The main part of the laboratory setup includes an 

empty copper cylindrical heater with a medium surface 

roughness of 0.21 µm, stable roughness during tests,  

external diameter of 25 mm and an internal diameter  

of 13 mm and with a length of 180 mm that has been used 

as a heat transfer surface within a rectangular cube tank 

with a dimension of 180 mm×130 mm ×350 mm. It is made 

of Pyrex glass with a 10 mm thickness and high thermal 

resistance. This vessel is insulated by glass wool to avoid 

thermal dissipation. There is an electrical element located 

in the middle of a copper cylinder with a maximum power 

generation of 1 kW. To change the input voltage and 

temperature record of the heater, there is an 

autotransformer 10 KVA (Model MST) with an input of 

220 V, A/C, and output of 0-300 V at 1 kW. The voltage 

range is 100-220 V and increases 20 V stepwise. The 

change time for voltage rise is about 3-5 min which is created 

for system stability from temperature changes. In order to 

measure the voltage value and consumed amps, a multi-meter 

is utilized in the range of 1 mV-1000 V and 0.1 µA-20 A. 

As shown in Fig. 1, to accurately record the existing 

temperature changes on the heater surface, the three 

numbers of the thermocouple are placed in three holes with 

an angle of 120° to each other that are located at the closest 

possible distance to the external diameter of the cylinder 

about 1 mm. The diameter of each hole is 2 mm and the depth  
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Fig. 1: Details of the heating heater. 

 

 
 

Fig. 2: The schematic of the experimental apparatus. 

 

of them is 50 mm. Inside each hole, a K-type thermocouple 

with a length of 50mm, and a diameter of 2 mm, with  

a performance range from -180 to +750 °C and the sensitivity 

of about 41 µV °C-1 is placed. The temperature display is 

single-channel and LCD type, the model of HANYOUNG 

ED6-FKMAP4, with the ability to read the temperature  

in decimal accuracy. To prevent air penetration in the 

thermocouple holes, the silicon thermal with a 

conductivity of 4 W/m ·°C was used so that there will be 

no significant viscosity reduction up to 230 °C.  

 

Procedure 

Initially, the setup system was cleaned and 2.5-liter 

deionized water was added and the solution reached  

the boiling point. In order to keep the boiling solution 

volume, a condenser was placed on the top of the aquarium 

to condense produced vapors and return them to the 

aquarium. There is also a fourth thermocouple in bulk 

solution to make sure about the boiling of the solution 

during the tests. At each stage of experiments, the film is 

taken from the changes in the heat transfer surface and 

boiling solution by using a Sony PMW-300 K1 high-speed 

camcorder. An EDIUS software, film editing software,  

is used to observe and calculate the bubble dynamic changes 

including bubble departure frequency (by counting departure 

bubbles per time), bubble departure diameter (by averaging 

the diameter of a specific number of departure bubbles), and 

also active nucleation sites density (number of generators 

based on unit level). Physical properties of the heat transfer 

surface and deionized water are calculated by the heat  
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transfer surface temperature and solution. All experiments 

have been performed under atmospheric conditions, and to ensure 

repeatability, each heater surface slope was performed at least 

three times. 

 

UNCERTAINTY AND DATA REDUCTION 
The uncertainty of the heat transfer coefficient can be 

estimated by the Newton cooling law: 

 s a t

q A
h

T s T



                    (2) 

Heat flux was calculated by the following equation [33]: 

q A V .I c o s                      (3) 

Because of the linear shape of the heater section and 

the absence of any solenoid effect, the 𝜑 is assumed to be 

equal to unity. The maximum estimated uncertainty of heat 

flux would be equal to:  

 
2 2

q A I V

q A I V

     
    

   
                  (4) 

Before estimating the uncertainty for heat transfer 

coefficient, 𝛿h, it is necessary to estimate the uncertainty 

of temperature difference, 𝛿∆𝑇 by the following: 

   
2 2

S t h
T T T                        (5) 

2 2 2
h I V T

h I V T

        
       

     
                  (6) 

The uncertainties of wall superheat temperature,  

can be derived by the integrated form Fourier’s conduction 

equation in cylindrical coordination: 

s

S t h

S

q " b
T T

K
                      (7) 

In this equation, 𝑏𝑠 is the distance between the 

thermocouple locations and the heat transfer surface and 

𝐾𝑠 is the thermal conductivity of the heater material 

The results of the present uncertainty analysis  

for the experiment data are summarized in Table 2. 

 

RESULTS AND DISCUSSION  

In order to achieve a high heat transfer coefficient,  

the effects of changes in the heater slope, heat transfer surface, 

 

Table 2: Uncertainty sources. 

Parameter Uncertainty 

Tube diameter ±0.01 mm 

Tube length ±0.01 mm 

Thermocouple, K-type ±0.1 °C 

Voltage ±1 V 

Current ±0.1 A 

maximum heat flux of 76 kW·m-2 ±1.8545 kW· m-2 

 

the bubble dynamic in the process of bubble growth and 

changes are investigated. As was mentioned in the 

previous section, the bubble dynamics include the bubble 

departure frequency, bubble departure diameter, and active 

nucleation site density. Since there is no external force  

in pool boiling which could cause turbulence in the 

solution, the study of changes in these parameters in 

creating turbulence of the solution plays a significant role 

in rising heat transfer coefficient. According to 

experimental observations, when the slope of the heater 

surface rises, the bubble departure frequency and active 

nucleation site density, show a rising trend while the 

bubbles departure diameter is being declined. In the 

following, these incremental and declined changes are analyzed 

and their particular positive and negative effects on the 

heat transfer coefficient are studied. 

 

Effect of the heater slope on the heat transfer coefficient 

In this section, to investigate the effects of changes in 

the heater slope, zero slope is considered as a base model. 

Increasing the slope of the heat transfer surface has a 

significant effect on increasing the heat transfer coefficient [34, 35].  

As can be seen in Fig. 3 and Table 3, when heat transfer 

flux increases and the heater slope rises from 0° to 15°, the 

heat transfer coefficient goes up. Then, this incremental 

change in lower heat fluxes has a faster trend with respect 

to the high heat fluxes. Next following a 15° angle, the heat 

transfer coefficient begins to decline which indicates the 

15o angle by a 20.1% increment and 30o angle by a 1.8% 

increment have the highest and lowest rate of changes  

in the heat transfer coefficient, respectively. The upward trend 

of the heat transfer coefficient in all angles rises up to  

46 kW/m2 with a faster rate, and followed by a slower 

trend, it reaches 76 kW/m2. For instance, the heat flux  

has had an upward trend (with 24%  average increment)
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Fig. 3: Effects of the slope of the heater on the heat transfer 

coefficient at different heat fluxes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Effects of the slope of the heater on the active nucleation 

site density at different heat fluxes. 

 

up to 46 kW.m-2 in the 15o angle and following an average 

increase of 22%, it reaches up to 76 kW·m-2. Since the heat 

transfer coefficient is based on the departure frequency, 

departure diameter, and active nucleation sites density of 

bubbles, to understand the reason for increasing the heat 

transfer coefficient at the 15° angle, it is essential to study 

the effective parameters. That is, the performance 

conditions and the behavior of these three parameters 

along with the temperature changes, heat flux, and slope 

adjustments should be so that it can lead the system  

to increase higher heat transfer coefficient. On one hand, 

it should be noted that the higher the heat transfer 

coefficient, the faster the heater surface was cooled, and 

hence, the heat can be transferred to the solution more 

quickly. On the other hand, this declined temperature is not 

only caused by to transfer of the heat flux to a lower 

temperature, but also it prevents a rise in temperature and 

several probable damages such as corrosion, rust, and 

fouling of the heater surface. The reasons for the rise i 

n heat transfer coefficient by the use of dynamic 

parameters of the bubble are explained as follows. Pi et al. 

in their experiments on the ramp from 0° to 90° indicated 

that the angle of 22° has the highest BHTC [36]. 

 

Effect of the heater slope on the active nucleation sites 

density 
In this section, the first parameter, the active nucleation 

site density, and its effects on increasing the heat transfer 

coefficient are investigated. 

In Fig. 4, it was obvious that there is a rise in the heater 

angle from 0° to 30°, and also, the increase of the heat flux 

has resulted in raising the active nucleation sites density. 

Following a 15° angle, the growth trend is considerably increased 

by 20% from the previous angle. As can be depicted  

in Table 3, it reaches 12 and 8 percent in the next angles. 

The upward trend of the active nucleation site density  

in the angles less than 15° can be assumed approximately 

linear. However, there is a more rapid trend in high heat 

fluxes when the slope in lower fluxes shows a remarkable 

increase from 20° to 30°. Whereas the growing trend of the 

production of active nucleation sites density in high fluxes 

was dropped and these three angles converged to one 

specific point. This drop may result in a saturated unit of 

the heater surface of the bubble. Likewise, the increasing 

trend of the active nucleation site density in all angles 

continues with a more rapid trend up to the heat flux  

of 76 kW/m2. If the 15° would be re-analyzed,  

it was concluded that the heat flux of 46 and 76 kW/m2  

will be increased up to the average rise of 52 and 42 percent, 

respectively. Similar experimental results were also 

obtained by Dadjoo et al [18]. An important factor in 

reducing the heat transfer by slope increasing from 

horizontal to vertical is due to both merging bubbles and 

producing larger bubbles on the surface of the heater 

therefore, heat transfer resistance increases due to the 

formation of a layer of moving bubbles on the surface. 

Also, Jung and Kim Showed that the inclination of  

the boiling surface from horizontal to vertical increases 

nucleation site density [20]. 

As the bubble leaves the nucleate generator, it would 

be separated through slides and movements. When it slides 

for separating, in order to activate the springs, it could give  
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its steam microlayer to the adjacent active nucleation sites 

density of the bubble which is not active. Because one of 

the most significant factors of bubble generation is the 

presence of the steam microlayer in the active nucleation 

site density. According to research done by Thgorncroft [37], 

this slide of the bubble has a displacement up to 1.6 times 

the departure diameter which is resulted in activating more 

springs. This phenomenon in zero or very low angles 

occurs without any slight slide. On the one hand, an 

increase of the heat flux leads to activating a number of 

inactive springs which resulted in increasing the active 

nucleation sites density of the bubble and followed by 

more production of bubble volume in a unit area. It has 

been illustrated in previous studies that the rise of the 

active nucleation site density of the bubble has a 

considerable impact on the increase of turbulence [38].  

At first, the rise of the heat transfer coefficient is caused  

to increase the number of the active nucleation sites 

density and secondly, the more bubble departure diameter, 

the more turbulence in the solution would be expected. But 

this increasing rate of the active nucleation sites density is 

not always suitable for the system. Although the 

compression of the active nucleation sites density is too 

excessive, the bubbles in the heat fluxes are connected  

to each other more rapidly on a heating surface and like  

an air cushion, it prevents the liquid to reach the heater 

surface which resulted in resisting the heat transfer [18, 19].  

For this reason, it cannot be expected that a 30o angle 

would have a higher heat transfer coefficient despite  

the more active nucleation site density of the bubble. 

 

Effect of the heater slope on the bubble departure 

frequency 

The second important factor is the bubble departure 

frequency which is studied in this section. As can be indicated 

in Fig. 5, the bubble departure frequency like the active 

nucleation sites density has boomed remarkably by means 

of the heat flux and the heater angle. Regarding the rise of 

heat flux similar to the previous section, it should be stated 

that the rise of flux led to increasing energy and as a 

consequence, there is more power to produce more bubbles 

in time. By changing the angle, the buoyancy force helps 

the bubble and would cause it to separate the bubble from 

the surface more rapidly. However, this type of force has a 

few effects on lower angles than the higher ones. 

As can be observed in Fig. 5, following a 20o angle, 

 the bubble departure frequency begins to increase exponentially.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Effects of the slope of the heater on the bubble departure 

frequency at different heat fluxes. 

 

This incremental trend will be boosted up to the flux  

of 46 kW/m2 similar to the active nucleation site density  

in all angles, and followed by a lower trend, it goes up  

to 76 kW/m2. In the 15o angle, this departure frequency  

is increased up to 46 kW/m2 (with an average rate of 28%) 

and then, it continues with a 22% average rate up to 76 kW/m-2. 

The higher the departure frequency, the more active 

nucleation site density would be expected which  

can cause to rise more turbulence in the solution.  

Parul et al. found that the departure frequency increased 

with an increase in inclination angle [22]. Therefore,  

it should be noted that bubble production is in favor  

of the increase of heat transfer coefficient, and the bubble 

departure diameter changes are investigated in the 

following section and its relationship with the bubble 

departure frequency will be analyzed. 

 

Effect of the heater slope on the bubble departure 

diameter 

The investigation of changes in the third effective 

parameter of the heat transfer coefficient, the bubble 

departure diameter, was carried out. As it is clear in Fig. 6 

and Table 3, the diameter changes are being increased by 

the rise of heat flux, but it has a converse relationship with 

the angle. It simply means that the more the heater angle, 

the less the bubble departure diameter so that the largest 

bubbles are produced in the horizontal mode or zero 

degrees. This is due to the presence of buoyance force 

which was explained in the previous section that  

was caused to increase the bubble departure frequency. 

It basically means that the bubbles leave the surface faster 

and have a limited time to grow on the surface, therefore
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Table 3: Effect of the slope changes on the heat transfer coefficient and bubble dynamics.  

30° 25° 20° 15° 10° 5° Slope 

1.8 6.9 13.7 20.1 13.3 4.7 Fluctuation h% 

69.5 64.1 53.0 44.4 25.2 12.7 Fluctuation N/A% 

58.7 49.5 37.2 25.2 16.4 7.6 Fluctuation f% 

-9.9 -8.2 -6.7 -4.6 -2.9 -0.3 Fluctuation D% 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Effects of the slope of the heater on the departure 

diameter of the bubbles at different heat fluxes. 

 

the bubble remains small in size. In this parameter, unlike 

the active nucleation sites density, the upward trend of the 

bubble departure diameter was extremely declined in all 

angles up to 46 kW/m2 and it has been followed by  

76 kW/m2 in the flux. It was reduced with a 5% average 

rate in a 15o angle up to 46 kW/m2 and followed by  

76 kW/m2 with an average decrease of 5.6%. This decrease 

in the bubble diameter with increasing angle is similar to 

obtained results by Xiaoyue Pi [36].  

One significant factor in the bubble performance to 

increase the heat transfer coefficient is that the production 

of the bubble departure diameter has two important effects. 

Firstly, when the bubble is separated from the surface and 

moves up, the larger diameter bubbles can cause more 

turbulence. Secondly, the produced steam inside of each 

bubble when growing, its temperature would be equal to 

the temperature of the heater surface. So the larger bubble, 

the more heat is separated from the surface, and it cools 

the surface more rapidly than a bubble with a smaller 

diameter. Hence, these two parameters imply the 

importance and effectiveness of the bubble with a larger 

diameter. The produced bubble diameter has a converse 

relationship with the bubble departure frequency which 

means the more bubble departure frequency, the smaller 

bubbles would be imagined. 

Ivey [39] presented a basic relationship between the 

produced bubble departure diameter and the bubble 

departure frequency as follows:   

n

b b
f D


                     (8) 

In which n is equal to 0.5, 1, or 2, considering the above 

equation, the bubble departure frequency (fb) is increased 

as the bubble departure diameter (Db) declined. 

These factors could prove that a more bubble departure 

frequency doesn't necessarily bring increasing the heat 

transfer coefficient. In order to study these three 

parameters about the 15o angle as the best performance 

Fig. 7, the following results should be noted: 

First and foremost, it is worth mentioning that a rise  

in the active nucleation sites density is the benefit for the 

system, but this incremental rate is suitable to the extent 

that these sites wouldn't be so close together. The 

connection of these sites acts like a resistance that may 

prevent the solution to reach the heater surface and result 

in raising the temperature of the heater surface. 

Meanwhile, there is an approximate increase of 45% 

in producing the active nucleation sites density in the 15o 

angle with regard to 0o surface which proved that this 

increase is the best performance. The second important 

factor is related to the bubble departure frequency. 

Although an increase in the bubble departure frequency 

can cause to rise in the turbulence of the solution, raising 

the departure frequency decreases the bubble departure 

diameter on the heater surface. The 15o angle with  

an approximate increase of 25% in the departure frequency 

has only led to reducing the bubble departure diameter up 

to 4.4%. In addition, every time when there is a rise  

in angle in the heat transfer coefficient, it causes more 

losing accessibility of boiling solution to the heat transfer 

coefficient. Fig. 8 indicates three angles of 0°, 15°, and 30°. 
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                                                     Slope 0°                                                                                         Slope 5° 

 

              
                                                     Slope 10°                                                                                         Slope 15° 

 

              
                                                     Slope 20°                                                                                         Slope 25° 

 

 
Slope 30° 

 

Fig. 7: Changes of bubble growth on the tested surfaces in the heat flux 37 (kW/m²). 

 

                  
                          oc) slope = 30                                                 ob) slope = 15                                        o       a) slope = 0      

Fig. 8: Schematic of the variation of the heater slope. 
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Fig. 9: Effect of the heater slope of the superheated wall on the 

heat flux at different temperature differences. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10:  Experimental and predicted pool boiling heat transfer 

coefficient for the pure water in the 15° slope of the heater. 

 

It is noticeable in Fig. 8, that as the cylinder slope (the 

heat transfer surface) rises, a great amount of the solution 

under the cylinder surface (the hatched zone) remains 

motionless. Despite the fact that the increase of the slope 

part of the solution can take out from the boiling zone, its 

amount up to a 15o angle can't be so considerable with 

regard to the influence of parameters such as the departure 

frequency, diameter, and the active nucleation sites 

density. Following a 15° angle, it has a direct effect on heat 

transfer. The change of these four parameters (the slope, 

diameter, departure frequency, and the active nucleation 

sites density) together cause the 15o angle to be an 

optimized slope. Moreover, in the optimum slope, the 

heater surface can transfer the same amount of heat in 

lower temperatures as compared to the other slopes. The 

more constant and specific the heat flux value, the less heat 

loss is inflicted on the heat transfer surface [32]. In order 

to have a better understanding of the effect of slope on the 

rise of the heat transfer coefficient, the reduction of 

temperature difference (∆Tsat = T-Ts) to exchange the same 

amount of the heat flux, and the effects of the evaluated 

surfaces are investigated in Fig. 9. 

As it is recognizable that the 15° angle, which was introduced 

as an optimized slope in the previous sections, has less 

temperature difference than other slopes at the same heat 

flux. It has been able to transfer the same amount of the 

produced heat flux to the heat transfer surface and this 

decreased temperature has resulted in raising the heat 

transfer coefficient at the 15o angle. The heat transfer 

coefficient obtained through the experiments at the 15o 

angle is studied in the following section. Fig. 10 illustrates 

this comparative analysis. 

According to Fig. 10 and the results of the error percent 

in Table 4, it is observed that the Stephan Abdelsalam 

model has an adequate overlapped with the experimental 

results and the minimum error is equal to 13.9%. 

 

CONCLUSIONS 
In this study, the effects of the heater slope on the heat 

transfer coefficient were verified at 0°, 5°, 10°, 15°, 20°, 

25°, and 30° with an average roughness of 0.21 µm  

in a deionized water solution. The results have intensified 

that by increasing the slope up to 15˚, the heat transfer 

coefficient had an incremental process, and afterward,  

up to 30˚ has taken a downward trend. It was found that 

the best results were obtained on the slope of 15˚ with 

an average increase of 20% compared to 0˚ slope. It was 

illustrated in surveys that increasing dynamic factors of 

bubble production, which contains diameter, frequency, 

and active nucleation sites density, by causing turbulence 

in solution has a crucial impact on increasing heat transfer. 

Although increasing all these parameters is not always 

beneficial for the heat transfer rate. As if the active 

nucleation site density increase consumedly the surface of 

the heater will be covered as a result and prevents liquid 

from reaching the surface of the heater. Besides increasing 

the bubble departure frequency causes a decrease in bubble 

departure diameter, and a further decrease in bubble 

departure diameters has a direct impact on the heat transfer 

coefficient reduction. Since bigger-sized bubbles have  

a more vital role in solution turbulence and heat separation 

from the heater surface, compared to bubble departure 

frequency growth. These three parameters have been optimized 

in 15º slope. In the following comparison  between 

20

30

40

50

60

70

80

3.5 5 6.5 8 9.5 11

q
/A

 (
k

W
.m

 ̵
²)

ΔT (°C)

slope 0°
slope 5°
slope 10°
slope 15°
slope 20°
slope 25°
slope 30°

2

3

4

5

6

7

8

9

10

11

12

3.5 4.5 5.5 6.5 7.5 8.5 9.5

h
 (

k
W

.m
 ̵

².
°C

  
̵¹

) 

ΔT (°C)

Exprimental

Stephan Abdelsalam (1980)

Gorenflo (1984)

Rohsenow (1951)

Cooper (1984)

Igor(2017)

McNelly (1953)



Iran. J. Chem. Chem. Eng. Khooshehchin M. et al. Vol. 41, No. 3, 2022 

 

968                                                                                                                                                                  Research Article 

Table 4: The model error of the experimental data for pure water in the 15° slope of the heater. 

McNelly (1953) Igor (2017) Cooper (1984) Rohsenow (1951) Gorenflo (1984) Stephan Abdelsalam (1980) Slope 

24.2 23.6 20.5 16.1 14.0 13.9 Error % 

 

previous relationships of the heat transfer presentation and 

experimental results had taken that Abdelsalam's model 

had the minimum error and the best overlapping with the 

experimental data. 

 

Nomenclature 

A           Area, m2  

B      Distance, m 

𝐶𝑃                    Heat capacity, J/( kg.°C)  

𝐶𝑟               Fixed coefficient of Rohsenow equation  

D               Bubble departing diameter, mm  

F               Bubble departing frequency Hz  

𝐹𝑃             Parameter of Mostinski equation  

        Heat transfer coefficient, W/(m2.°C)  

𝐻𝑓𝑔           Specific heat of vaporization, J/kg  

I                      Current, A  

I*          Parameter of Kutateladze equation  

K             Thermal conductivity, W/(m.°C)  

M*          Parameter of Kutateladze equation  

MW          Molecular weight, kg/koml 

P                   Pressure, Pa 

𝑃𝐶              Critical pressure  

𝑃𝑅           Reduced pressure  

Q            Heat, W  

𝑅𝑎             Roughness average, 𝜇m  
S             Surface  

T            Temperature, °C 

𝑇𝐶        Critical temperature  

t             Time, S 

𝑔𝐶       Correction coefficient of incompatible units, 
𝐿𝑏𝑚 𝑓𝑡

𝐿𝑏𝑓 𝑆2     

V         Voltage, v 

 

Greek symbols 

𝑎̂            Thermal diffusivity, m2/s 

𝛽′                Fixed coefficient of Rohsenow equation 

𝛿           Heat penetration depth, m 

𝜌               Density, kg/m3 

𝜇            Viscosity, kg/ms 

𝜎     Surface tension, N/m 

𝜋         Pi number  

𝜑    Phase difference between voltage and electrical current  

∆         Difference   

 

Subscripts or superscripts    

0                  Base 

B              Bubble 

c              Critical 

g           Growing 

l               Liquid 

sat         Saturation 

th                Thermometers 

v               Vapor 

w                  Wall 
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