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 Heat exchanger in any bioethanol processing plant is a crucial energy 

transfer unit. The effective and efficient performance of a boiler 

depends on the thermodynamic design before manufacturing 

processes. This research focused on the design of a kettle boiler which 

will be used to generate vapour supplied to the distillation column for 

the separation of bioethanol from other components of fermented 

substrates. Conceptual design approach was executed to determine the 

optimum internal geometric parameters that will produce higher 

efficient boiler. The dimension and required number of internals of the 

boiler were determined using validated method from literature. The 

boiler designed specifications arrived at were; Boiler designed type: 

Kettle boiler (TEMA), Number of Tubes = 88 Tubes: U- Tube, 30 mm 

outside diameter laid on 45 mm square pitch. Shell diameter = 1010 

mm; Free board = 410 mm, shell side pressure drop (0.22 kPa), tube 

side pressure drop (0.94kPa). The efficiency of the designed boiler was 

0.72. The design specifications generated from this work provide a 

useful information and tool for the design and construction of the kettle 

boiler of a distillation unit of a bioethanol processing plant.  

Keywords:  

Kettle Boiler 

Bioethanol 

Distillation  

Processing Plant 

 

 

 

1. INTRODUCTION 

The rapid depletion of fossil fuel, increase in population size and increase in energy demand with by-
products that constitute environmental pollution necessitate the use of renewable energy source for driving 
the economy of a country (Oyelami and Adeboye, 2018). Production and the use of renewable energy fuels 
such as bioethanol and biodiesel may reduce the demand on fossil fuel resources and its effect on 
environment (Nisha and Nivedita, 2018; Walter et al., 2008). Biofuels are liquid fuels produced from 
conversion of energy stored in biomass through different processes for either burning or transport purposes 
(Karin et al., 2020; Narodoslawsky, 2010). They can be produced from the biodegradable portion of 
industrial and municipal waste, forest and agricultural products (Nisha and Nivedita, 2018). Bioethanol is 
a liquid produced during fermentation of sugars from sugar plants and cereal crops such as sugarcane, corn, 
wheat, beet, sorghum and cassava followed by distillation process.  

Distillation is the separation of the constituent mixture of fermented mash enhanced by their difference in 
Relative Volatility (RV), or boiling points. Distillation is the most energy consuming process during 
bioethanol production. It is also said to be the most utilized method of separation of organic mixture to 
obtain high purity products (Moshen et al., 2019; Vincent et al., 2018; Adeleke et al., 2013; Wahoho, 2007; 
Kim and Dale, 2005). Distillation unit of a bioethanol plant comprises of different part, each of which is 
used either to enhance material transfer or transfer heat energy. A typical distillation unit contains several 
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major components which include a distillation column where the separation of liquid is carried out; 
trays/plates and /or packing inside the column which are used to help in component separations; a condenser 
to cool and condense the vapour leaving the top of the column; a reflux drum to hold the condensed vapour 
from the top of the column so that liquid (reflux) can be recycled back to the column, and the top product 
can be removed from the distillation; a reboiler to provide the necessary heat for vaporization of the bottom 
product for the distillation process. A schematic of a typical distillation unit with a single feed and two 
product streams is shown in Figure 1. 

 

Figure 1: Main Components of Distillation Unit 

Source: http://lorien.nd.ac.uk/ming/distil/distileqp.htm 

Reboiler is a decisive component of the distillation unit of a bioethanol plant. It is a heat exchanger, located 
at the bottom of the distillation column where boiling of liquid takes place to generate vapour which are 
returned to the distillation column where separation of constituent mixture happen (Schack et al., 2020).The 
various types of reboiler that are commonly used in any chemical industry are as follows;  

Thermosyphon reboilers: These do not require pumping of the column bottoms liquid into the reboiler. 
Natural circulation is obtained by using the density difference between the reboiler inlet column bottoms 
liquid and the reboiler outlet liquid-vapor mixture to provide sufficient liquid head to deliver the tower 
bottoms into the reboiler. Thermosyphon reboilers (also known as Calandrias) are more complex than kettle 
reboilers and require more attention from the plant operators. There are many types of thermosyphon 
reboilers. They may be vertical or horizontal and they may also be once-through or recirculating. Some 
fluids being reboiled may be temperature-sensitive and, for example, subject to polymerization by contact 
with high temperature heat transfer tube walls. In such cases, it is best to have a high liquid recirculation 
rate to avoid having high tube wall temperatures which would cause polymerization and, hence, fouling of 
the tubes. Relative volatility of feed to reboiler must be considered before designing thermosyphon 
reboilers. The recirculation rate and pressure profile of the thermosyphon loop can also be calculated 
(Goedecke and Scholl, 2019). 

Fired Reboiler: Fired heaters (furnaces) may be used as a distillation column reboiler. A pump is required 
to circulate the column bottoms through the heat transfer tubes in the furnace's convection and radiant 
sections. However, with some relatively minor changes inside the bottom section of the distillation column, 
a fired heater can also be used in once-through configuration. The heat source for the fired heater reboiler 
may be either fuel gas or fuel oil. Coal would rarely, if ever, be used as the fuel for a fired heater reboiler 
(Tahmineh et al., 2018).  

Forced Circulation Reboilers: This type of reboiler uses a pump to circulate the column bottoms liquid 
through the reboilers. It should be noted that steam is not the only heat source that can be used. Any fluid 
stream at a high enough temperature could be used for any of the many shell and tube heat exchanger 
reboiler types (Alon, 2020).  
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Kettle Reboilers: The most critical element of reboiler design is the selection of the proper type of reboiler 
for a specific service. Most reboilers are of the shell and tube heat exchanger type and normally steam is 
used as the heat source in such reboilers. However, other heat transfer fluids like hot oil or Dowtherm may 
be used. Fuel-fired furnaces may also be used as reboilers in some cases (Tahmineh et al., 2018). The kettle 
reboiler (Figure 2) is a simple heat exchanger that has a tube bundle submerged in a liquid bath, with 
significant vapour disengaging space above the vapor. In this reboiler type, steam flows through the tube 
bundle and exits as condensate. Vapor and liquid are separated in the reboiler’s disengaging space, so the 
return line carries essentially vapor. Kettle arrangements are once-through systems; reboiler effluent liquid 
does neither recirculate nor back-mix with bottom tray liquid. They may require pumping of the column 
bottoms liquid into the kettle, or there may be sufficient liquid head to deliver the liquid into the reboiler. 
The liquid from the bottom of the tower, commonly called the bottoms, flows through the shell side. There 
is a retaining wall or overflow weir separating the tube bundle from the reboiler section where the residual 
reboiled liquid (called the bottoms product) is withdrawn, so that the tube bundle is kept covered with liquid 
(Satish, 2017). 

  

 

 

 

 

Figure 2. Kettle Reboiler (Source: Satish, 2017) 

Proper reboiler operation is vital to effective distillation. In a typical classical distillation column, the entire 
vapor driving the separation comes from the reboiler. The reboiler receives a liquid stream from the column 
bottom and may partially or completely vaporize that stream. Steam usually provides the heat required for 
the vaporization. In the existing designs, much has not been found in the literature on the process design 
and mechanical design of the kettle reboiler of the distillation unit of a bioethanol plant. The aim of this 
work is to design a kettle reboiler for the distillation unit of a bioethanol plant. 

2. METHODOLOGY 

Operations 

The distillation column is divided into a bottom (stripping) section and a top (enriching or rectification) 
section by the feed tray and the feed flows down the column where it is collected at the bottom in the 
reboiler. The liquid mixture to be processed is known as the feed and this is introduced somewhere near the 
middle of the column to a tray known as the feed tray. The boiler comprises of a combustion chamber 
featuring sand embedded fluidization.  

The heat is supplied to the re-boiler to generate vapour and the source of heat input can be any suitable 
fluid; although in most chemical plants, this is normally high pressure steam. The boiler has the capability 
of producing steam at 15,000 kg/h and can hold feed water up to a maximum capacity of 20,900 l. The 
temperature of the combustion chamber is calculated to be between 800 °C and 1000 °C, while the produced 
steam has a mean temperature of 172 °C (Pambudi et al., 2017). In refineries, the heating source may be 
the output streams of other columns. The vapour raised in the reboiler is re-introduced into the unit at the 
bottom of the column. The liquid removed from the reboiler is known as the bottom product or simply 
bottoms. The vapour moves up the column, and as it exits the top of the unit, it is cooled by a condenser. 
The condensed liquid is stored in a holding vessel known as reflux drum. Some of this liquid is recycled 
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back to the top of the column and this is called the reflux. The condensed liquid that is removed from the 
system is known as the distillate or top product. 

Design Theory of the Reboiler 

A schematic diagram of distillation unit showing the material balance, modeled as a binary distillation 
column with one feed stage and two liquid products from the top and the bottom ends respectively are as 
shown in Figure 3. A similar column had been previously studied by Choe and Lubyen (1987) using 
dynamic model for the column design and a vapor hydraulic model to incorporate pressure dynamics in the 
simulation.  

The model for the unsteady state is shown in equation 1, while the steady state is expressed in the form of 
equation 2.  The steady state equation 2 was used to develop the dynamic simulator of the column in this 
study.  

            BDFNTMSumMM
t

niDB −−=++
∂
∂

)*((                                 (1) 

Where F, D, and B are mass flowrates, MB is the mass in the column base, MD is the mass in the accumulator, 
Mn is the mass on tray n, and  NT is the number of trays 

                0=−− BDF            (2) 

A boiler design is normally made in two steps; process design, followed by mechanical design. A process 
design includes a process flow sheet showing all pieces of equipment, instrumentation and control and the 
operating conditions of pressures, temperatures and flow rates. Also included in the process design are mass 
and energy balances on the overall process and on each unit in the process, as well as heat-exchange 
requirements. Determination of optimum operating conditions for the mass-transfer operations required for 
the separation and purification of the raw materials and products are also essential components. The purpose 
of mechanical design is to determine the dimension and the sizes of the boiler internals. 

Assumptions made for the design. 

The following assumptions were made in the design of the reboiler as suggested by Peters et al. (2004). 

• Ideal gas behavior (low pressure system). 

• Partial reboiler (operates as an equilibrium stage). 

• Liquid in the reboiler is well mixed, i.e., the bottoms have the same composition as the liquid in 
the reboiler at any time. 

 

Figure 3:   Schematic diagram of distillation unit showing the material balance 
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 Reboiler Loads 

The heating loads in the reboiler are calculated from energy balances. Energy supplied by the reboiler is 
equal to the sum of the sensible heat needed to raise the liquid to its boiling point and the latent heat of 
vaporization (VB *λ) must be added as shown in equation 3.   The steady-state energy balance on the process 
side of the reboiler is then obtained.                        

                        ( )[ ]λ+−= 1TTCVQ BmeanBB         (3) 

Where TB is the temperature of vapour leaving the reboiler and T1 is the temperature of liquid entering the 
reboiler. 

The sensible heat transfer in a reboiler is relatively small, hence its heat load (QB) can be calculated from 
equation 4. 

                               λBB VQ =                                                                    (4) 

The heating medium requirements (QR) can be calculated from an energy balance on the heating side of the 
reboiler to obtain equation 5. Saturated steam is taken as the heating medium.  

                              ssR mQ λ=                                                                         (5) 

Where ms the mass of saturated steam and λs is the latent heat of saturated steam 

The steam rate (ms) would then be obtained from equation 6 (neglecting thermal capacitance in the reboiler 
and heat losses) 

                              
s

B
s

V
m λ

λ=                                                                     (6) 

Similarly, if a liquid heat transfer fluid (e.g hot oil) is used, equations 7 and 8 are applicable. 

                             ( ) λBhtfrhtfspf VTTcm =−                                                          (7) 

     λBVTUA =∆                                                                                   (8) 

Where      mf is the mass of the fluid in the reboiler, kg 
Cp is the heat capacity of fluid in the reboiler at constant pressure, J/kg.K 
Thtfs = Temperature of fluid supply, Thtfr = Temperature of fluid return, K  
U is coefficient of heat transfer of reboiler material, W/m2.K 
A is the total surface area, m2  

  ∆ T is change in temperature between inlet and outlet of fluid flow. 

Boiler efficiency = power out / power in = 
( )
( ) %100x
qxGCV

HHQ fg −
        (9) 

Q = rate of steam flow in kg/h 
Hg = enthalpy of saturated steam in kcal/kg 
Hf = enthalpy of feed water in kcal/kg 
q = rate of fuel use in kg/h 
GCV = gross calorific value in kcal/kg (e.g. pet coke 8200 kcal/kg) 

Moreover, method for designing kettle reboiler for isothermal boiling is stated in the calculation of energy 
balance and the determination of the heat exchange in the reboiler, calculation of fluid property at 



 

 

 

Adeleke and Oyelami: Thermodynamic Design of Kettle Boiler for the Distillation Unit of a Bioethanol 

Processing Plant          14  

Premier Journal of Engineering and Applied Sciences 
Publication of Nigerian Society of Engineers, Ibadan Branch Vol. 2, No. 1, 2021   ISSN:2734-3170 

 
the caloric temperature (or at arithmetic mean temperature) and pressure drop calculation, for 
example, tube side pressure drop (hot fluid) and shell side pressure drop (vaporizing liquid). 

 

3. RESULTS AND DISCUSSION 

The thermodynamic properties of the feed used and those obtained by utilising the thermal analysis 
equations are presented in Table 1. The reboiler is assumed to be operating at the same pressure as that of 
the column.  

Table 1. Thermodynamic Properties of Feed used and those obtained from the thermal analysis equations 

Properties Value 

 Feed flowrate (kg/hr) 10238.8134 

Quantity of liquid to be vaporized(kg/hr) 9414.9750 

Feed Temperature ( K) 433.83 

Vaporization Temperature (K) 435.51 
 

 Average temperature (oC) 161.52 
 

Latent heat of vaporization(at Average temperature) kJ/kg 550.2221 
 

Specific heat capacity of feed at constant pressure, Cp (at average temperature) kgK      2.3298 
 

Critical pressure((at average temperature)                    MPa 
 

4.66 
 

Design and Calculations  

The following are determination of heat exchange, the design and calculations of geometry properties of a 
kettle reboiler for the distillation unit of a bioethanol processing plant. 

Heat Loads 
  Maximum sensible heat = 2.3298 (435.51 - 433.83) = 3.9141 kJ/kg 

Total Heat Load Q = 3.9141(10328.8134/3600) + 9414.9750/3699(550.2211) 
                            = 1450.1094 kW 

Adding 5 % losses, Maximum heat load (duty) Qmax = 1.05(1450.1094) 
                                    = 1522.6148 kW 
Heat Balance and Number of Tubes 
         Assume U =1000 W/(m2K) 
        Choose steam at 15.55 bar, T(sat) = 200 C, λ= 1938.6 kJ/kg 
       The LMTD was calculated from equation 10.  

                                    
)/( 12

12

TTLn

TT
LMTD

∆∆
∆−∆=                                                  (10) 

Where 
1T∆  is the temperature difference at inlet and 

2T∆  is the temperature difference at outlet. 

Substituting for 
1T∆ and 

2T∆  

LMTD = [(200.160.68)-(200-162.36)]/ln[(200-160.68)-(200-162.36)] 
 = 38.47 C 

Area required = (1522.6148×1000)/(38.47×1000) = 39.58 m2 
Select 25 mm ID, 30 mm OD plain carbon U-tubes, L= 4.8 m 
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No. of tubes = 88  
Use square pitch, pt = 1.5(30) = 45 mm 
Minimum bend radius = 3(OD) = 90 mm 
From the tube layout, for 88 tubes, outer diameter limit = 502 mm 
Heat Flux at saturated steam temperature q is given by equation 11. 

reqA

Q
q max=                            (11) 

Where Qmax is maximum heat load duty, 1522.61 kW and Areq is the required Area, 39.58 m2 
                               q   = 1522.61/39.58 
                                 q  = 38.47 kW/m2 

Maximum allowable heat flux 
The maximum heat was calculated using equation 12 (Cengel, 2007) 

( )( ) 25.02

max vlvfgcr ghCq ρρρσ −=                                  (12)     

Where, ( )5.0
Nd

P
khC t

fgcr
λ






=  

σ= 48.410-3 N/m 
ρL = 1062.5007 kg/m3 
ρV = 0.3830 kg/m3     
Pt  = 1.25 inches = 25.4 mm 

N = 88 
K = 0.44 

Substituting parameter values into equation 11, qmax is qiven as 
                                           qmax  = 113.53 kW/m2 
Applying a factor of 0.7, maximum flux should not exceed 0.7×113.53 = 79.471 kW/m2 
q < q(max). Hence, the design is within permissible limits. 

Velocity Check 
The maximum allowable velocity is calculated from equation 13. 

                                        

5.0

max 2.0 






 −
=

V

VLu
ρ

ρρ
                                                   (13) 

Substituting parameter values  
      umax= 11.826 m/s 

while the vapor velocity at the surface is given by equation 14. 
5.0

2.0 






 −
=

V

VLu
ρ

ρρ
                                (14) 

= 9414.9750/(3600×A×0.3038)  
where A is the Surface area of liquid  
For a Bundle diameter = 502 mm 
DS , shell diameter = 2(bundle diameter) ~1010 mm, liquid level as 600 mm from base  
Free board = DS – 600 = 1010-600 = 410 mm 
Width at liquid level = 984.7 mm 
Surface area of liquid (A) = 984.710-3(4.8/2) = 2.3632 m2 
Substituting A into Equation 13, the vapor velocity is obtained. 

u = 3.6427 m/s 
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Since u is less than umax, the velocity is permissible. 

Pressure drop in the tube side 

The pressure drop in tube side (ΔPt) is given by Equation (15) (Kuppan, 2013) 

2
5.28

2

t
hpt

u

ID

L
jNP

ρ







 +






= ∆                    (15) 

Where 
jh is the friction factor, L is the length of tube, ID is the internal diameter of tube, Np is the number of passes, 

tu  is the tube velocity and ρ is the density. 

To determine the frictional factor, the Reynold’s Number is calculated from Equation (16) 

µ
ρ dut=Re                                              (16) 

Re = 1.0×0.36427 ×25×10-3/ (0.9x10-5) 
Re = 1012 
Consequently the frictional factor was determined from Moody’s Chart (Massey, 1989)  
Friction factor, jh = 3.2x10-3    

Therefore the pressure drop, tP∆  was calculated from Equation (15)  

tP∆  = 2[8×3.2×10-3x4.8/ (25×10-3) + 2.5](1000× 3.64272/2) 

tP∆   =0.9839 kPa 

Shell side pressure drop 
The pressure drop in shell side (ΔPs) is given by Equation 17 (Kuppan, 2013), 

2
8

2

s

b

s

fs

u

l

L

d

D
jP

ρ















= ∆                       (17) 

Where 
jf is the frictional factor, Ds is shell diameter, d is shell equivalent diameter, L is the length of tube, Us is the 
vapour velocity and ρ is the density and lb is the baffle spacing. 

For baffle spacing (lb) = shell diameter (Ds), assuming baffles 45 % cut 
For TEMA Pull-Through Floating Head Heat Exchanger 
Clearance = 93 mm, Shell diameter = Ds = 823.2 mm, the cross flow area As is   given by Equation (18)  

bs

t

O

s lD
P

D
A 








−= 1                          (18) 

Where Do is outer diameter in inches, Pt is pitch in inches                
As     = 0.1227 m2 
Equivalent diameter is obtained from Equation (19) 

( )22 785.0
27.1

ot

o

DP
D

d −







=                 (19) 

Substituting for all the parameters, the equivalent diameter is given by 
                  d =     25.08 mm 
The Reynold’s Number was obtained from Equation 20 (Holman, 1989), 

µs

s

A

dG
=Re                                                        (20) 
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Where Gs is the mass flux obtained from Equation 2 (Holman, 1989), 

 
s

s A
wG =                                                  (21) 

Substituting for w and As 
Gs = (104.39/ 3600) / 0.1227 kg/(m2s) 
Gs = 0.236 kg/m2s 
Substituting for all parameters in Equation 17 
Re =   (25.08 x 10-3* 0.236) / (0.1227 *0.9 x 10-5) = 5514 
From the correlation, friction factor 
 jf = 2.5×10-3 
Vapor velocity, Us is obtained from Equation 22 by substitution of GS and ρV          

v

s
s

G
U ρ=                                        (22) 

= 0.236 /0.0015 
Us = 157.3 m/s 

The pressure drop on the shell side was then calculated by substituting all calculated parameters in Equation 
(23) 

2
8

2

s

b

s

fs

u

l

L

d

D
jP

ρ















= ∆                (23) 

 ΔPS = 0.22 kPa 
The maximum allowable pressure drop on the shell side for medium vacuum operation should be 10% of 
the absolute pressure which should be 1 kPa, but the value for ΔPS (0.22kPa) was lower than 1 kPa. Hence, 
the condenser pressure drop is acceptable. 

4. CONCLUSION 

Distillation unit of a bioethanol plant is a crucial unit of the entire plant. Best grade ethanol is obtained with 
a well-designed reboiler. The Reboiler of the distillation unit of a bioethanol plant was designed in this 
study. The summary of the condenser designed is as follows; Type: Kettle boiler (TEMA), Number of tubes 
(88), U- Tube, 30 mm OD laid on 45 mm square pitch, Shell diameter (1010 mm), Free board (410 mm), 
Shell side pressure drop (0.22 kPa), Tube side pressure drop (0.94kPa). The design is hereby recommended 
for the construction of the boiler of the distillation unit of a bioethanol plant. 
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