International Journal of Mechanical & Mechatronics Engineering IJMME-IJENS Vol:14 No:04

1

Numerical Analysis of an Ethanol-Water
Distillation System using Computational Fluid
Dynamics (CFD)
Taedong Kim1) and Taewon Seo2)


Abstract— The purposes of this study are to predict the
amount of alcohol produced per day, and to investigate the flow
characteristics for given geometry and operating conditions.
The parameters examined in this study are both the operating
temperature, and the vacuum pressure at the outlet-top region.
Velocity profiles and distribution of volume fraction were
calculated in the distillation column model using CFD
(Computational Fluid Dynamics). The efficiency in order to
obtain more than vapor from the mixture will increase if the
operating temperature sets up high under the constant vacuum
pressure. It can be seen that the distribution profiles of vapor
volume fraction as well as the magnitude of volume fraction
appears quite different at T=45oC.

Index Term— Distillation column; CFD; Volume fraction;
Multiphase flow; Separation process
I. INTRODUCTION
Distillation is one of the most important separation processes in
chemicaland petroleum industries [1,4,9], mainly because it
allows separating ideal and non-ideal mixtures in large-scale
units. The separation of homogeneous and heterogeneous
azeotropic mixtures is of greatindustrialinterest, and a large
number of such distillation column are in operation.
Furthermore, the necessity in developing new feasible
sequences of distillation columns has increased, in order to
attend demands of clean and economical processes [2,10].
Distillation is a method for separating two or more liquid
compounds on the basis of boiling-point differences [3,7,9].
The boiling point of a mixture is a function of the vapor
pressures of the various components in the liquid mixture. As a
liquid is heated, its kinetic energy increases; more molecules
move into the gaseous state, thereby increasing the vapor
pressure. Therefore, the prediction on column efficiency to
separate the ethanol from the mixtures relies on the fact that
mass and heat transfer between the liquid and vapor phases
[6,9,10].
There are considerable interests in the use of CFD to model the
separation technique in some chemical equipment [4,5]. The
multiphase models that can apply in the distillation column are
volume of fluid (VOF), mixture and Eulerian models. The VOF
model can be applied to simulate the multiphase flow for
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gas-liquid flow [6,7,8,11]. Singh [9] studied a design and
prediction of concentration and temperature distribution for
Benzene-Toluene system using two-phase Eulerian framework.
In this study a mixture model was developed to give the
predictions of the amount of alcohol produced per day.
There is little known about the flow behavior and mass- and
heat-transfer due to the complex behaviors of the multiphase
flow in the distillation column. A better understanding of the
flow characteristics during the separation process is able to
determine the optimal equipment design. Thus, the objectives
of the study are to predict the amount of alcohol produced per
day, and to investigate the flow characteristics for given
geometry and operating conditions.

II. FORMULATION OF PROBLEMS
A. Problem Description
The multicomponent distillation columns were modelled using
the multiphase flow CFD. The model considers the flows of
vapor and liquid phases in the mixture model in the liquid
mixture. Fig. 1 shows the real distillation equipment
constructed in the factory to extract the alcohol. The problem to
be solved in the study is shown in Fig. 2. The diameter of the
pipe line in the equipment is 23mm. The diameter of distillation
column is D, 270 mm and the height of the column is 3,000 mm.
In Fig. 1, the 11 baffles are installed in the distillation column
and the diameter of baffle is 2D/3 and the thickness is 2 mm.
The Distillation columns are made up of several components,
each of which is used either to transfer heat energy or enhance
material transfer. The geometry of distillation column is
designed by using ANSYS Workbench 14.5 and then it is
inputted onto FLUENT for simulation alcohol distillation.
The mixture flowing into the distillation column at room
temperature is composed of water and liquid alcohol. The flow
rate of the mixture is 600L/hr. The amount of alcohol contained
in the mixture is about 156~164L, while the rest is water.
During the separation process, the distillation system was
designed that 95% of the amount of alcohol contained in the
mixture is to be evaporated into the top outlet. However, we
assumed that 5% of the alcohol did not change the phase from
liquid to vapor in the distillation column and falls down to the
bottom outlet. The mechanical properties of ethanol and water
compound are shown in Table II.

141504-3838-IJMME-IJENS © August 2014 IJENS

IJENS

International Journal of Mechanical & Mechatronics Engineering IJMME-IJENS Vol:14 No:04
Table II
Mechanical properties of ethanol and water compound
Compound
Ethanol
Water
Boiling Point( oC)
78.5
100
Density (g/mL)
0.789
1.00
0.001095
0.001002
Viscosity (Pa•s)
Specific Heat Cp (J/kg K)
Thermal Conductivity (W/mK)
Thermal Expansion (K-1)

2,720
0.171
1,120X10-06

4,182
0.598
0.207X10-03

2

(7)
The drift velocity and the relative velocity are connected by
the following expression:
⃗

∑

⃗

⃗

(8)

Following Manninen et al [3], the relative velocity is given by
B. Governing Equations, Boundary Conditions and Solution
Method
The mixture model using ANSYS FLUENT v14.5 is applied
for the study. The mixture model can model water and ethanol
by solving the continuity, momentum and energy equations for
the mixture and the volume fraction equations for the secondary
phases, which indicate the ethanol.
The continuity equation for the mixture is [11]:
(

⃗ )

(1)

where ⃗ is the mass-averaged velocity and
density.
∑

⃗

is the mixture

⃗⃗

(2)

∑
where

is the volume fraction of phase i.
The momentum equation for the mixture can be obtained by
summing the individual momentum equations for all phases:
⃗
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where
is the fluid kinematic viscosity of the mixture,
⃗⃗
⃗⃗
⃗ is the drift velocity vector for the secondary
phase i, and is the fluid density for the secondary phase i.
The energy equation for ith phase takes the following form:
(
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where K is the conductivity.
From the continuity equation for secondary phase p, the
volume fraction equation can be obtained:
(
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The relative velocity is defined as the velocity of a secondary
phase (p) relative to the velocity of the primary phase (q):
⃗

⃗

⃗

(6)

The mass fraction for any phase (i) is defined as

(

⃗

)

⃗

(9)

where p is the particle relaxation time,

. d is the

diameter of the droplets of secondary phase p, ⃗ is the
secondary phase droplet’s acceleration. The drag function in
turbulent flow is given by fdrag=0.0183Re and the acceleration
is of the flow
⃗

⃗

(⃗

)⃗

⃗⃗

(10)

The mixture was assumed to flow in the distillation column
and gas extracted from the liquid ethanol was assumed to exit
through the outlet-top at the inlet as shown in Fig. 2. At the inlet,
uniform velocity of the mixture, v=0.207 m/s, is imposed and
no-slip condition on the wall for both phases was applied for the
two phases. The pressure conditions at the outlet-top and
outlet-bottom region were also applied. The pressure at the
outlet-top was given either -0.08 or -0.09MPa using the vacuum
pump in Fig. 1c. The temperature at the outlet was set up one
temperature in 40 or 45oC at the control panel in Fig. 1b.
The governing equations were solved using the commercial
computational fluid dynamic code FLUENT (ANSYS v14.5,
Pittsburgh, USA). In the simulation, the primary phase was set
up water, while the secondary phase was liquid alcohol and the
third phase was vapor alcohol. To simulate the phase change
from the liquid alcohol to vaporize, evaporation-condensation
model was applied. The QUICK scheme for momentum
equations and volume fraction are applied implicitly for spatial
discretization. The power law method was applied to turbulent
kinetic energy equation and the second upwind method for
turbulent dissipation rate. The SIMPLEC algorithm was
applied to calculate pressure-velocity coupling scheme.
Unstructured meshes with tetrahedral cells were used in all
simulations. For the mesh sensitivity simulations, the meshes
ranged from 44,449 to 2,166,280 and finally choose the
1,585,394 meshes for simulations.
All simulations were performed using a 2.8 GHz Windows 7
(32 GB of RAM, 64 bit) personal computer. The time increment
used in here is 0.1 second. During the simulation the volume
fraction of the vapor phase is investigated and steady state is
reached in approximately 35 seconds from the start of the
system. In simulations, convergence for each time step was
based on the residual in continuity falling below a prescribed
value (typically 10-5). All solutions presented have been
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verified to be mesh-independent – increasing the mesh density
yields velocities that are within 1% of those shown here and
flow separation zone lengths that are within 5% of those given.
III. RESULTS AND DISCUSSION
The working fluid as a mixture is composed of water and
alcohol. In the simulation water is a primary phase and alcohol
is used as the gas and liquid phases. Fig. 3 indicates the lines
and planes to provide the flow characteristics to discuss the
results in this study. The initial stage after the distillation
system operates is the unsteady state. However, after 35
seconds the distillation system operates, the system becomes
the steady state. Here we present the results for the distillation
system before reaching the steady state condition. Therefore,
after 35 seconds the flow characteristics are not dependent on
the time.
A. Flow Characteristics in the Distillation Column
Fig. 4 illustrates the velocity contours of mixture in the
symmetry plane of the distillation column before the flow
reaches the steady state. The temperature sets up at 40 oC and
pressure at the outlet-top fixed at P=-0.08MPa. After the system
unit worked, the results showed for t=27, 33 and 35 seconds,
respectively.
The velocity is higher to the top plate in the outlet-top region
due to the more vapor composition as time increases. The lower
velocities in the middle regions among the plates are shown in
Fig. 4. It is that the lighter gas is accumulated near the plate,
while the heavier liquid is stagnant in the middle region. It is
noticed the existence of circulation zones near the plate and the
liquid caused to be falling to the outlet-bottom.
Fig. 5 presents the volume fractions for liquid (Fig. 5a, b, c)
and vapor (Fig. 5d, e, f) distributions in the symmetry plane of
the distillation column. At the beginning of the operation of the
unit (see Fig. 5a and d), the whole region of the distillation
column is filled by the mixture liquid. As operating time
increases, the mixture can change the phase as can see in Fig.
5b and e. As a result, the more gas is extracted from the
mixture. In addition the gas is lighter than the liquid, the gas
flows toward the outlet-top and the liquid drops downward the
outlet-bottom. It is also noted that the liquid and vapor phase
distributions have a less homogenous.
The distribution profile of the vapor volume fraction at the
indicated heights (L1, L2, L4 and L5) are shown in Fig. 6 for
P=-0.08 and -0.09MPa at T= 40 and 45oC. Even the magnitudes
of the volume fractions differ for the different pressure
conditions, the volume fraction patterns are similar as shown in
Fig. 6a and b. As the mixture flows toward the top of the
column, the liquid molecules are changing the phase into the
vapor. Thus the mass fraction of gas in vapor phase is
increasing and that in liquid phase is decreasing in the top
region of the distillation column. The vapor elevation is more
pronounced in the outlet-top region.
B. Effects of the Temperature and Pressure in Distillation
Column
In this section it can be discussed the effects of the
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temperature and pressure in the distillation column. Fig. 7
illustrates the behavior of liquid and vapor volume fractions for
two different temperatures T=40 and 45oC at a constant
pressure P=-0.08MPa. It is well known that a liquid in a
vacuum has a lower boiling point than when that liquid is at
atmospheric pressure. Fig. 7 confirms that the phase change
from the liquid to vapor in the mixture composition is quicker at
the higher temperature. As a liquid is heated, its kinetic energy
increases; the equilibrium shifts to the right and more
molecules move into the gaseous state, thereby increasing the
vapor pressure.
Fig. 8 shows the vapor volume fraction plot at L1 and L5
locations. The L1 is positioned near the outlet-top region and
the L5 is located near the outlet-bottom region. At the L1, the
amount of vapor is approximately 42% higher at T=45oC than
at T=40oC. It is observed in Fig. 8a and b that the distribution of
the volume fraction of the vapor phase presents a great
variation in the L5 region compared with in the L1 region. In
Fig. 8the distribution of vapor volume fraction at T=45 oC is
much more homogeneous than the distribution at T=40oC. As a
result, the efficiency in order to obtain more than vapor from
the mixture will increase if the operating temperature sets up
high under the constant vacuum pressure.
Fig. 9 demonstrates the vapor contours at the indicated plane
in Fig. 3 to investigate the effect of vacuum pressure variation.
The results showed that the profile patterns are similar at each
plane when compared the contours at P=-0.08MPa with
P=-0.09MPa.
Fig. 10 presents the volume fraction at the L1 and L5 at
T=40oC. As seen in figure, the distribution profiles of vapor
volume fraction has same pattern, while the magnitude of
volume fraction is different. This confirmed the results shown
in Fig. 9. Therefore, it may be concluded that the pressure
variation is not expected to significantly affect the vapor
volume fraction. However, the pressure is likely to affect the
vapor volume fraction for temperature T=45oC as shown in Fig.
11. It can be seen that the distribution profiles of vapor volume
fraction as well as the magnitude of volume fraction appears
quite different for temperature T=45oC (see Fig. 11).
IV. CONCLUSIONS
Our goal in developing this model was to examine the
distillation column performance and to investigate the flow
characteristics for a given geometry. Computer simulations
were conducted to quantify the effect of operating temperatures
as well as vacuum pressure as the outlet-top boundary
condition. In this study the numerical investigation is
performed to understand the flow characteristics in the
distillation column under the two different temperatures T=40
and 45oC. The results were compared in terms of the
distribution of velocity and vapor volume fraction in the
distillation column.
The main findings of this study can be summarized as
follows:
1. The velocity is higher to the top plate in the distillation
column and the heavier liquid in the lower velocity is
stagnant in the middle region among the plates.
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2.

3.

4.

The mass fraction of gas in vapor phase is increasing
and that in liquid phase is decreasing in the top region of
the distillation column.
The efficiency in order to obtain more than vapor from
the mixture will increase if the operating temperature
sets up high under the constant vacuum pressure.
It can be seen that the distribution profiles of vapor
volume fraction as well as the magnitude of volume
fraction appears quite different at T=45oC.
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a) Distillation column
equipment
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b) Control panel

c) Schematic diagram of the equipment

Fig. 1. Real distillation equipment constructed in the factory to extract the
alcohol
a) Model geometry

b) Installed baffles inside the column

Fig. 2. Mathematical geometry for distillation column taken from Figure 1

Fig. 3. Examined lines and planes in the symmetry plane of the distillation
column
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Fig. 4. Velocity contours in the symmetry plane of the distillation column
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Fig. 5. Volume fraction of liquid and vapor in the symmetry plane of the
distillation column
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Fig. 6. Volume fraction of vapor alcohol at the given line of the distillation
column

a)

a) T=40oC

0.9

Volume Fraction (Vapor Alcohol)

0.8
0.7

b) T=40oC

0.6
0.5
0.4
0.3
at T=40 C
P=-0.08MPa

0.2
0.1
-0.15

-0.10

-0.05

0.00

c) T=45oC

L1
L2
L4
L5

o

0.05

0.10

0.15

d) T=45oC

r

b)

Fig. 7. Volume fraction of liquid and vapor alcohol at the symmetry plane of
the distillation column at constant pressure P=-0.08MPa
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b) at L5
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Fig. 8. Volume fraction of vapor alcohol at the L1 and L5 of the distillation
column at constant pressure P=-0.08MPa

e) P=-0.09MPa at P1
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b) P=-0.08MPa at P2

f) P=-0.09MPa at P2

Fig. 10. Volume fraction of vapor alcohol at the L1 and L5 of the distillation
column at constant temperature T=40oC
a) at L1

c) P=-0.08MPa at P4
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b) at L5
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Fig. 9. Volume fraction of vapor alcohol at the indicated plane of the
distillation column for constant temperature T=40oC
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Fig. 11. Volume fraction of vapor alcohol at the L1 and L5 of the distillation
column at constant temperature T=45oC
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