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Abstract. Heat transfer in shell and tube heat exchangers is in general described in terms of the 
relationships of Nuselt, Prandtl, and Reynold dimensionless numbers. One of the parameters of heat 
exchanger performance is convective heat transfer coefficient (h), and mathematical model can 
predict it. This study aimed to find out the relationship of the parameters that affected the 
performance of vertical tubular baffle internal reboiler during ethanol distillation. The 
mathematical model was developed by a dimensional analysis with the π-Buckingham method. 
Several influencing parameters during the distillation process were identified to develop a 
mathematical model. The study was carried out on the distillation process of low-concentration 
ethanol, i.e., 10%, 20%, 30% using internal reboilers with different tube sizes, i.e., diameters of 1.27 
cm, 2.54 cm, 3.81 cm and height of 4 cm, 6 cm, 8 cm, to obtain the value of h observation. Based on 
the results of the study, a heat transfer model was obtained, i.e., 𝑵𝒖 =

𝟏𝟒𝟓𝟐. 𝟐𝟗 𝑹𝒆𝟎.𝟑𝟓𝟕 (
𝑫

𝑳
)

𝟎.𝟎𝟐𝟑
(

𝑻𝑪𝒑

𝒗𝟐
)

−𝟎.𝟏𝟒𝟖
(

𝑫𝝆𝑪𝒑𝒗

𝒌
)

𝟎.𝟒𝟕𝟑

 , where Nu, Re, D, L, T, Cp, v, ρ, and k,  are 

respectively  Nuselt, Reynold, tube diameter, tube height, temperature, heat capacity, velocity, mass 
density, and thermal conductivity of the fluid (material).  This model can be used to determine h 
prediction, and the result is following h observation with equation y = 0.98x and R² = 0.99. Based on 
the results of the study, it is known that differences in material concentration, diameter, and height 
of the reboiler tube affect the value of h.   
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1. Introduction 

A distillation process is determined by the type of heat exchanger (reboiler) that serves 
to heat and evaporate the distilled solution. The temperature in the reboiler is determined 
by the types of the reboiler and it affects the distillation productivity (Bhanvase et al., 2007 
and Foletto, 2015). In general, small-scale distillation uses an internal reboiler, i.e., a heat 
exchanger located in the bottom column of the distillation equipment and submerged in the 
distilled solution (Bell et al., 2011).  

The types of heat exchangers used as internal reboilers include stub in U-tube bundle  
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reboiler (Voigt & Nj, 2013), calandria (Bhanvase et al., 2007), and vertical helical coil 
(Ghorbani et al., 2010). A design and test of another type of heat exchanger with different 
shapes and directions of fluid flow were developed by (Susmiati et al., 2019) named vertical 
tubular baffle. This study showed that the geometry (diameter, height, and the number of 
tubes) in this type of heat exchanger affects the heat transfer coefficient. As explained by 
(Abd & Naji, 2017) the heat transfer coefficient in a heat exchanger can be increased by 
increasing the tube length. (Lei et al., 2017) also stated that different baffle shapes in a shell 
and tube heat exchanger produce different heat transfer coefficients, i.e., louver baffle is 
higher than segmental baffle.  

A vertical tubular baffle heat exchanger as a reboiler in an ethanol distillation process 
has been carried out by (Susmiati et al., 2021) and it was found that different reboiler 
geometries produced different distillation ethanol concentrations. This shows that 
different geometries lead to other heat transfer coefficients, thus leading to different 
productivity of the distillation process. This is in line with (Parhi et al., 2019) and (Badi et 
al., 2021), who stated that increasing the productivity of distillation equipment can be 
carried out by optimizing reboiler heat input.  

The characteristics of a heat exchanger's performance include heat transfer rate, heat 
transfer coefficient, pressure drop coefficient, and friction factor. The heat transfer 
coefficient in a heat exchanger can be determined based on the Nuselt number (Kim et al., 
2017). A study on heat transfer in spiral heat exchangers with different impellers was done 
by (Rosa et al., 2017) showing that the overall heat transfer coefficient is a function of the 
Nusselt (Nu), Reynolds (Re), Prandtl (Pr) numbers,  and wall temperature (Vi) i.e., 
𝑁𝑢 = 0.81𝑅𝑒0.64𝑃𝑟0.33𝑉𝑖0.14  on a pitched blade turbine impeller and 𝑁𝑢 =
0.10𝑅𝑒0.83𝑃𝑟0.33𝑉𝑖0.14   on Ruston turbine impeller.  

The relationship among the Nuselt, Prandtl, and Reynold dimensionless numbers can 
be used to predict the convective heat transfer coefficient in a heat exchanger. The heat 
transfer model of a heat exchanger can be developed by a dimensional analysis as 
conducted by (Lin et al., 2007) on the characteristics of heat transfer in corrugated channels 
of a plate heat exchanger. (Nakla, 2011) also developed a heat transfer model on film 
boiling using dimensional analysis to calculate the effect of diameter on heat transfer 
coefficient. Dimensional analysis is useful to explain a phenomenon that is found in a 
process and described as a mathematical model (Pexton, 2014). 

Several parameters affect the performance of a vertical tubular baffle internal reboiler 
in an ethanol distillation process, i.e., fluid temperature (T), viscosity (µ), and mass density 
(ρ) of fluid, diameter (D), and height (L) of reboiler tube. For the development of the 
instrument, it is important to have a model that describes the heat transfer process and the 
relationship between the influencing parameters, thus helping the scale-up and engineering 
processes.  The relationship among these parameters can be expressed in an equation of 
Nuselt, Prandtl, and Reynolds dimensionless numbers with dimensional analysis. This study 
aimed to develop a mathematical model of heat transfer in a vertical tubular baffle internal 
reboiler using dimensional analysis and the π-Buckingham method. 

 
2. Methods 

2.1.  Heat Transfer Model with a Dimensional Analysis and π-Buckingham Method  
 The performance of the heat transfer in the internal reboiler was affected by several 
parameters, as listed in Table (1). If the convective heat transfer coefficient (h) was a 
function of performance, then the influencing parameters were the variables of the function 
as shown in the following equation. 

ℎ = 𝑓(𝜌, 𝜇, 𝐶𝑝, 𝑘, 𝑣, 𝑇, 𝐷, 𝐿, 𝑡)                      (1) 
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 According to the dimensional analysis and the π-Buckingham method, the number of 
the dimensionless numbers formed was equal to the number of the process variables 
deducted by the number of the dimensions (Loubière et al., 2019). As shown in Table (1) 
there were four dimensions and ten variables identified during the process, so there were 
six dimensionless numbers (π) as follows: 

𝜋1 =  
𝐷ℎ

𝑘
  𝜋4 =

𝐷

𝐿
 

𝜋2 =  
𝜇𝐶𝑝

𝑘
  𝜋5 =

𝑇𝐶𝑝

𝑣2  

𝜋3 =
𝐷𝜌𝑣

𝜇
  𝜋6 =  

𝐷𝜌𝐶𝑝𝑣

𝑘
 

Table 1 Thermal processing variables in internal reboiler with the units and dimensions 

No Variable Symbol Unit Dimension 

 Process and instrument    

1. Fluid temperature T oC θ 

2. Reboiler tube diameter D m L 
3. Reboiler tube height L m L 
4. Mass density of fluid ρ kg/m3 ML-3 
5. Viscosity of fluid μ kg/ms ML-1T-1 
6. Heat capacity of fluid Cp J/kgoC L2T-2θ-1 
7. Thermal conductivity of the fluid k J/smoC MLT-3θ-1 
8. Velocity of fluid v m/s LT-1 
9. Thermal processing time t s T 
 Output    
10. Convective heat transfer coefficient H J/sm2oC MT-3θ-1 

 Based on the dimensionless numbers, the convective heat transfer coefficient was 
included in dimensionless number π1 so according to equation (1), it can be elaborated that 
π1 served as the function of π2 to π6 and can be expressed in the following equation. 

    𝜋1 = 𝑓(𝜋2, 𝜋3, 𝜋4, 𝜋5, 𝜋6)           (2) 
By entering the parameters, equation (2) is: 
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So, the value of h was determined using the equation below. 
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     (4) 

The values of constant C, a, b, c, d, e were determined using a multiple linear regression 
analysis based on the experimental data, as has been done by Witdarko (2016) to 
determine the convection heat transfer coefficient in mechanical pneumatic drying of 
cassava flour.  

2.2. Convective Heat Transfer Coefficient in an Internal Reboiler 
 In an ethanol distillation process, the heating of materials takes place in a reboiler and 
there is either conductive or convective heat transfer. Conductive heat transfer takes place 
in the internal plate that is used to make the reboiler tubes and the bottom as shown in 
Figure (1. b), while convective heat transfer takes place in two places, i.e., on the surface of 
the plate and on the reboiler tube that is in direct contact with the steam and on the surface 
of the plate and on the reboiler tube that is in direct contact with the materials. The 
comparison between internal conductive heat transfer and external convective heat 
transfer, which is called the resistance value (Biot number), can be neglected because the 
temperature in the reboiler (plate and tube) is almost uniform, so it can be called a lumped 
system. This is because the plate that makes up the reboiler has a high thermal 
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conductivity value and it is placed in a medium with low conductivity (fluid), i.e., steam and 
water.  
 The convective heat received by the materials is the same as the heat that takes place 
on the surface of the tube and reboiler plate as expressed in the formula below (Demedeiros 
et al., 2009). 

    −𝜌𝐶𝑝𝑉
𝑑𝑇

𝑑𝑡
= ℎ𝐴(𝑇 − 𝑇∞)     (5) 

Where ρ and V are the mass density and volume of the material, respectively. The product 
of the two is the mass of the material, so the formula can be changed as follows. 

    −𝑚𝐶𝑝
𝑑𝑇

𝑑𝑡
= ℎ𝐴(𝑇 − 𝑇∞)     (6) 

    ∫
𝑑𝑇

(𝑇−𝑇∞)
=  − 

ℎ𝐴

𝑚𝐶𝑝
∫ 𝑑𝑡

𝑡

𝑡0

𝑇

𝑇0
      (7) 

    ln (
𝑇0−𝑇∞

𝑇−𝑇∞
) =  − 

ℎ𝐴

𝑚𝐶𝑝
𝑡       (8) 

Equation (8) is identical to the Cartesian equation of a straight line with t as the value of x 

and ln (
𝑇0−𝑇∞

𝑇−𝑇∞
) as the ordinate (y-axis), gradient b is the value of 

ℎ𝐴

𝑚𝐶𝑝
. Therefore, the value of 

h (convective heat transfer coefficient) of observation is determined as follows.  

      ℎ =
𝑏𝑚𝐶𝑝

𝐴
      (9) 

 The value of the convective heat transfer coefficient (h observation) was used as data 
to determine the values of the constants in the mathematical equations obtained from the 
dimensional analysis. The mathematical model was used to determine the value of the h 
prediction. The mathematical model was validated by plotting h observation and h 
prediction on a Cartesian graph. Statistical analysis using SPSS 25 was done to determine 
the effect of the experimental variations on the value of h and determine which 
experimental variation produced the best h value.   

2.3. Laboratory Experiment 
  Vertical tubular baffle internal reboilers with different tube diameters and heights 
were used in laboratory-scale rectification distillation equipment as shown in Figure (1. 
a). Distillation equipment consisted of a condenser that was 32 cm in length and 6.35 cm in 
diameter, a distillation column was 76 cm in height and 5.08 cm in diameter, a reboiler 
column was 30 cm in height and 20 cm in diameter, and a boiler was 30 cm in height and 
20 cm in diameter. The size variations of the internal reboilers were 1.27, 2.54, and 3.81 cm 
in diameter as well as 4, 6, and 8 cm in height whose shape and dimensions were shown by 
Figures (1. c and 1.d).  The material used in the distillation process was a low-concentration 
ethanol solution, i.e., 10%, 20%, and 30%. Before being placed into the distillation 
equipment, the mass density of the material (ρ) was first measured using a 10 ml 
pycnometer with a gravimetric method (Zhang et al., 2018). An empty and dry 10 ml 
pycnometer was weighed using an analytical balance with an accuracy of 0.01 gr with a 
maximum capacity of 200 gr and the pycnometer mass (mP) was obtained. The empty 
pycnometer is filled with water or material, then dried and weighed in the same manner 
and temperature as the empty pycnometer so that the weight of the pycnometer and water 
(mW) or the weight of the pycnometer and materials (mM) is obtained. The density of the 
material is determined by the following equation. 

 𝜌𝑀 =  𝜌𝑊
𝑚𝑀−𝑚𝑃

𝑚𝑊−𝑚𝑃
       (10) 
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Figure 1 (a) Ethanol distillation instrument, (b) Bottom column, (c) Internal Reboiler Vertical 
Tubullar Baffle, (d) Reboiler tube dimension 

 The distillation process was carried out in batches with a material volume of 3500 ml, 
assuming that the internal reboiler tube was completely submerged in the liquid material. 
The change in the temperature of the material in the reboiler during the process was 
measured by a thermocouple once every five minutes. The processing time was also 
recorded from the beginning to the end of the distillation process (Susmiati et al., 2021).  
 Some of the influencing parameters were determined based on the literature, i.e., the 
value of k and μ on the saturated ethanol table (Perry et al., 1997). The value of ρ measured 
during the experiment was used to calculate the value of material Cp, while the value of v 
was the velocity of the fluid (material) of which the value was the amount of material placed 
into the reboiler per unit area and unit time.    
 
3. Results and Discussion 

3.1. Convective Heat Transfer Coefficient (h observation) in Internal Reboiler 
 The convective heat transfer coefficient (h) was obtained based on the data of the 
material temperature in the reboiler and calculated using equations (8) and (9). An example 
of a Cartesian graph to calculate the value of h is shown in Figure (2). The calculation results 
of the value of h observation in all the experiments are shown in Table (2). Calculating the 
value of h using the Lump system formula was also done by (Witdarko et al., 2016) to 
determine the convective heat transfer coefficient during the process of drying cassava 
flour. (Siswantoro et al., 2012) also used this formula to determine the value of h 
observation during the process of frying crackers with sand media. 
 
 
 
 
 
 
 
 

 
 

Figure 2 Cartesien graph to determine the value of h in the experiment using a diameter of 0.5 inch, 
a tube height of 4 cm, and an ethanol concentration of 30% 
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In addition to the value of h observation, Table (2) also shows that the temperature of 
the material in the reboiler during the distillation process with each experimental variation 
varied. In all the concentrations, the temperature of the material increased with an 
increasing tube reboiler diameter; according to (Wicaksono et al., 2019) the temperature 
inside the heat exchanger increased with increasing heat exchanger surface area. However, 
the temperature difference in this study was not significant because the distillation 
equipment was set up at the same temperature. At this temperature, there was a difference 
in the value of h at different concentrations, i.e., the lower the concentration of the material, 
the higher the value of h. The difference in the concentration of the material led to a 
difference in the specific heat of the material, leading to a difference in the heat transfer 
rate. The lower the concentration of the material, the higher the water content, the higher 
the mass density (ρ) and specific heat (Cp) of the material, the higher the heat transfer rate, 
the higher the convective heat transfer coefficient.  

Table 2 Temperature and convective heat transfer coefficient in experimental variations 

D (cm) L (cm) D/L n tube 
T (oC) h obs (J/m2soC) 

F10% F20% F30%  F10% F 20% F30%  

1.27 4 0.32 17 94.37 94.23 94.37 194.87 91.66 85.80 

 6 0.21 12 93.97 93.57 93.90 146.90 138.24 85.80 

 8 0.16 9 93.73 93.57 93.80 196.19 138.22 85.94 

2.54 4 0.64 9 95.80 95.57 95.77 147.92 92.18 85.94 

 6 0.42 6 95.67 95.77 95.83 147.17 92.00 85.79 

 8 0.32 4 95.17 95.17 95.20 147.89 92.73 85.79 

3.81 4 0.95 6 96.27 95.53 96.10 147.64 93.07 85.98 

 6 0.64 4 96.17 96.00 95.80 148.59 92.68 87.65 

  8 0.48 3 95.97 95.93 95.83 149.14 92.12 87.51 

The differences in the value of h were caused not only by a difference in the 
temperature and concentration of the materials but also by a difference in the number of 
tubes in the reboiler. The composition of the tube significantly determines the heat transfer 
in fluids (materials). At the same surface area, the higher the number of tubes in the 
reboiler, the faster the heat is evenly transferred in to the fluid. This is because the distance 
between one tube and the other is not too far, leading to a faster heat transfer rate although 
the temperature is not too high. This is the following (Fouda et al., 2018), showing that 
increasing the overall heat transfer coefficient in a heat transfer coil can be done by 
increasing the coil diameter and the number of tubes in it. A high number of tubes means a 
small tube diameter. The smaller the tube diameter, the higher the convection heat transfer 
coefficient. Choi and Oh (2011) also proved that in the investigation of two-phase flow 
boiling heat transfer of R-410A and R-134A in small horizontal tubes. 

3.2. Mathematical Model of Heat Transfer in Internal Reboiler during Ethanol Distillation 
Process 

The convective heat transfer coefficient of the observation was one of the data entered 
into equation (3) along with the value of other parameters, thus obtaining constant C = 
1452.29, a = 0, b = 0.357, c = 0.023, d = -0.148, and e = 0.473.  The values of the constants 
were substituted into equation (3), thus obtaining a new equation with constants as follows. 

𝐷ℎ

𝑘
= 1452.29 (

𝐷𝜌𝑣

µ
)

0.357

(
𝐷

𝐿
)

0.023

(
𝑇𝐶𝑝

𝑣2 )
−0.148

(
𝐷𝜌𝐶𝑝𝑣

𝑘
)

0.473

   (11) 
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Equation (11) is the relationship of the Nuselt and Reynolds dimensionless numbers 
which can be expressed in equation (12). 

𝑁𝑢 = 1452.29𝑅𝑒0.357 (
𝐷

𝐿
)

0.023

(
𝑇𝐶𝑝

𝑣2 )
−0.148

(
𝐷𝜌𝐶𝑝𝑣

𝑘
)

0.473

   (12) 

Equation (11) was used as the basis for predicting the value of h following equation (4). 
The validation of the mathematical model was shown by comparing h observation and h 
prediction as shown in Figure (3). Based on the result of the validation, it can be seen that 
the value of h prediction was closed to the value of h observation with equation y = 0.9832x, 
and R2 = 0.99. This shows that the model can be used to predict the value of h and the result 
was similar to the actual phenomenon (99% similarity). The same technique was done by 
(Loubière et al., 2019) to compare the calculation results of the prediction and observation 
in a study on the performance of stromal cell bioreactor with dimensional analysis. (Kim et 
al., 2017) also performed the same thing, i.e., comparing the theoretical Nuselt number with 
the experimental Nuselt number in a study on the characteristics of heat exchanger 
performance with internal turbulence generators under varied blade configurations and 
operational conditions. 

 

 

 

 

 
Figure 3 Comparison between h observation and h prediction 

3.3. Effect of Differences in Diameter, Tube Height, and Concentration of Materials on 
Convective Heat Transfer Coefficient (h)   

The statistical analysis results of the convective heat transfer coefficient with SPSS 25 
showed that there was a highly significant effect of variations in diameters and 
concentrations on the value of h, but variations in height did not have any effect on the value 
of h. The experimental variation that produced the highest value of h according to Duncan's 
test was 1.27 cm in diameter, 8 cm in height, and 10% in concentration with the value of h 
of 196.19 J/m2soC. 

A change in the diameter of the reboiler tube changed the Nuselt and Reynold numbers 
according to equation (9). Figure (4) presents the relationship between the Nuselt and 
Reynold numbers during the process, i.e., the higher the Reynold number, the higher the 
Nuselt number. This is in line with several other studies on heat exchangers that there was 
a significant relationship between the Nuselt and Reynold numbers, where the higher the 
Reynold number, the higher the Nuselt number (Putra et al., 2013; Kim et al., 2017; Liaw et 
al., 2021; and Fouda et al., 2018). An increase in the tube reboiler diameter, increased 
Reynold and Nuselt number. 

It is shown in Figure (5) that there was a difference in the value of h at each material 
concentration and an increase in the D/L ratio, in general, decreased the value of h. The 
lower the material concentration, the higher the value of h. The 10% concentration 
produced the highest value of h, while the value of h was the lowest at the concentration of 
30%. This is in line with several previous studies, showing that the L/D ratio in the internal 
reboiler had an effect on the ethanol concentration and ethanol yield in the distillation 
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process. The higher the L/D value, the lower the D/L value, the higher the ethanol 
concentration (Susmiati et al., 2021). High mass density at low material concentration 
caused high heat capacity, while low D/L means low tube pitch, and this caused high h.  

 
  
 
 
 
 
 
 
 
  

 
Based on the mathematical model formed, i.e., equation (12), it was known that Prantld 

number did not influence the heat transfer in the vertical tubular baffle internal reboiler 
because the process was carried out at the same temperature. As stated by (Alimoradi, 
2017), the viscosity and thermal conductivity of fluid are influenced by temperature. In 
addition, a difference in the tube diameter and mass density of the material brought a 
significant difference in the convective heat transfer coefficient. This is because of a change 
in the Reynold number. An increase in the Reynold number can increase the overall heat 
transfer coefficient (Putra et al., 2013 and Fouda, et.al., 2018). An increase in the heat 
transfer coefficient in a heat exchanger is related to geometric parameters and Reynold 
number (Ghorbani et al., 2010 and Alimoradi, 2017). An addition of twisted tape in the heat 
transfer tube (Padmanabhan et al., 2021) and fins on a helical coil (Tuncer et al., 2021) can 
also increase the heat transfer coefficient.  

 
4. Conclusions 

The heat transfer in the vertical tubular baffle internal reboiler during the ethanol 
distillation process can be described in the form of a relationship of various influencing 

parameters and 𝑁𝑢 = 1452.29 𝑅𝑒0.357 (
𝐷

𝐿
)

0.023

(
𝑇𝐶𝑝

𝑣2 )
−0.148

(
𝐷𝜌𝐶𝑝𝑣

𝑘
)

0.473

 was obtained, 

where Nu, Re, D, L, T, Cp, v, ρ, and k,  are respectively  Nuselt, Reynold, tube diameter, tube 
height, temperature, heat capacity, velocity, mass density, and thermal conductivity of the 
fluid (material).  The mathematical model can be used to determine the convective heat 
transfer coefficient (h) and its validity reaches 99%. The highest convective heat transfer 
coefficient was obtained in the experiment with a reboiler that was 1.27 cm in diameter 
and 8 cm in height, and a 10% material concentration, i.e., 196.19 J/m2soC. 
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Figure 4 Relationship between Nuselt and 
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Figure 5 Relationship between D/L and 
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