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Abstract: In this paper, the numerical modeling of alkali-catalyzed waste cooking oil (WCO) transesterification
in a 2-L stirred tank reactor (STR) is presented. Based on the Reynolds Average Navier-Stokes (RANS)
equation, a 3-D model was developed to simulate the transesterification of WCO in a stirred tank reactor (STR)
using a commercial numerical solver. Two models were compared for the reaction. One of the models included
the rate constant (finite rate model) on one hand and the other (eddy dissipation model) helped account for
turbulence. The turbulence parameter, turbulent kinetic energy and dissipation rate were obtained statistically
from mean velocity data by PIV. The characteristic time scales were used to show the relevant mixing scale used
to describe the process. Thermodynamic properties of the reaction components were incorporated as user
defined function (UDF) for the mixing models in ANSYS Fluent. FAME yield were predicted in terms of species
concentration and compared fairly well with experimental condition for 1 and 2-L STR, where yield from the
numerical model varied by about 18 and 23 % for 1 and 2-L STR respectively.
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INTRODUCTION nevertheless the extent to which this is related to flow in

Biodiesel is largely used as an alternative fuel. Not and alcohol is complex as the flow transits from a bulk to
only is it renewable, production procedure is relatively turbulent flow which affects the mass transfer. Hence to
easy using the alkali-catalyzed method. However, the obtain the full extent of functions determining the
current challenge in the biodiesel industry is in increasing reaction, computational fluid dynamics (CFD) model is
oil conversion particularly in stirred tank reactors (STRs), used for overall parametric study of the process. The
which is the most popular equipment for production. numerical techniques used to address this problem is the
STRs have a high conversion rate, short reaction time and RSM turbulence model which relates the Reynolds
are simple in design [1]. The theoretical conversion ratio stresses to strain rate of the mean flow [6-7]. It is used to
of oil to biodiesel is about 1:1 (vol %). Nevertheless, the account for turbulence that occur in STR and thus
consistency to maintain high turn-over during enhance reactor design and scale-up using simplified
transesterification is low due to physical and reaction geometry, boundary conditions, state (steady or
constraints, where yield falls as low as 80% [2]. Although transient) and discretization scheme. So far few reports
experimentation has been used to optimize the reaction, have been made on the application of CFD for biodiesel
this has limited application for industrial scale-up. production [8-9]. These papers discussed the result
Conversion of oil to biodiesel in the STR proceeds via a obtained in the CFD modeling of the waste cooking oil
3 step reversible reaction between 60-70°C and 600 rpm (WCO)  transesterification  under  isothermal condition.
using alkali catalyst [3-4]. Typically, the critical aspects The physics of reaction and flow are coupled using a
that control the overall transesterification is the rate multi-physics approach and the verification of the model
determining step (identified as the forward rate), has been carried out in a 2-L STR.

the STR is speculative [5]. Also, the interaction of the oil
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MATERIALS AND METHODS CFD Model Development: The CFD model for WCO

Physical Description of Problem: Experimental
transesterification have been performed in a 2-L STR
where the reactor was equipped with a mixed-flow
impeller. Geometry and basic dimension are described in
Table 1.

Transesterification of WCO: The reaction has
triglycerides  (T),  di-glycerides  (DG)  and  mono-
glyceride  (MG)  as  the  main   component   of  the
reaction.  The   WCO   is   basically  triglyceride
represented  by C H O    that   produces   methyl57 104 6

oleate or palmitate as major alkyl ester and glycerol.
Biodiesel consists of alkyl esters of fatty acids.
Transesterification   in   STR   was  operated  at  60°C
using WCO with free fatty acid (FFA) < 5%, hence there
was no need for acid-transesterification. Sodium
hydroxide  (NaOH,  1-1.5%  oil  wt)  catalyst  was
dissolved in methanol (CH OH). The stoichiometric ratio3

of the alcohol to oil was 6:1 for the system. The
conversion of the WCO to biodiesel was measured by
taking the T at beginning and end of the reaction. This
was a more convenient method since it is the major specie
(about 85-90%) of the reaction. All mixing was carried out
for 60 min using a variable speed motor, automatic timer
and temperature controller. The reaction scheme for single
stage transesterification follows an overall second order
scheme [10].

Reaction    Model:     From      the       kinetics     studies,
the  rate    controlling   step   is   the   rate   with  the
largest  value.  For  the  conversion   of   oil   to  FAME,
the forward  rate  is  the  determining  rate.  FAME
fraction  (× )  is  determined   using   the  rate-FAME

controlling  step  of  the  reaction  [10].  If  ×   >  0.5,FAME

this  is  taken  as  an  indication  of  mixing  effectiveness
[11-12] where kinetics no longer plays a role in the
process.

Table 1: STR and impeller physical dimension

Tank Height, H (mm) 200

Tank diameter, T (mm) 130

Mixed flow impeller Diameter, D (mm) 55

Impeller blade height (mm) D/4

Impeller blade length (mm) D/1.5

No of blades 3

Blade angle to the shaft (downward/axial flow) 50°

transesterification is premised on the governing equation
for conservation of continuity, momentum where
transport equation for Reynolds stress model (RSM) is
used to account for the turbulence in the model.

(0.1)

where, C , ,  are the third order diffusion coefficient,ijk ij ij

pressure strain correlation and dissipation rate correlation
respectively. This model makes up for the deficiencies of
the -  as the individual stress of the transport equation
is accounted for. In FLUENT, the viscous terms and the
turbulent viscosity µ  are estimated from the  and  witht

default constant value  = 0.82, C  = 0.09, C  = 1.44, C  =k µ i 2

1.92, C s = 1.8. For high anisotropic condition in theiP

vessel, the production term and the pressure strain
correlation play a significant role in the prediction of
turbulent stresses. Although the -  model had been
recommended for baffled vessel [13] as it has been
reported to perform better due to the presence of baffles
that suppress strong swirl, the RSM and -  were found
to produce satisfactory results in agreement with PIV data
[14-15].
For the conservation of energy, the equation is

(0.2)

where, total enthalpy, h  = the sum of the specifictot

enthalpy and kinetic energy and

,

 = thermal conductivity for each species. i

For the species of the reaction, the conservation
equation takes the form of Equation 1.3.

(0.3)

with  as the diffusion flux of species i,

(0.4)
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which arises due to the concentration gradients. D , x  and w are the mole and mass fraction, whereas M  is thei,m

diffusivity coefficient for acylglycerol mixtures and molecular weight of the ith FAME [19]. The total mass
biodiesel [16-17] represents the WCO and FAME values. fraction  is a unity where individual mass

The reaction relates to the mass balance equations
where the convection and diffusion are solved in equation
1.3. Here, the first term describes the accumulation of
species i over time. The second terms signify transport
due to diffusion. On the right-hand side, the first term is
convection and R  term represents production ori

consumption of species i due to chemical reactions.
Arrhenius type expressions typically describe the relation
between the rate constants and temperature.

(0.5)

As explained earlier, where the reaction is dependent
on the kinetic rate, the finite rate model account for R by
including the Arrhenius expression ignoring the
turbulence effect, giving R as Equation 1.6.

(0.6)

The model developed for combustion (Magnessuen)
is used to incorporate the effect of the reaction rate on the
fluctuation and average component implemented in the
FLUENT solver.

Alternatively, where the chemical reaction is not
kinetics controlled, the eddy dissipation model (EDM) is
used to account for the  and  by Equations (1.7) and
(1.8).

(0.7)

(0.8)

Y  and Y  is the mass fraction of any product and reactantP R

species, P and R by chemical reaction respectively. A and
B are an empirical constant equal to 4.0 and 0.5
respectively [18].

(0.9)

i i i

fraction Y  is related to the molar concentration X  by:i i

(0.10)

The concentration before and after the addition of
the alcohol-NaOH mixture were determined by GC-MS and
the conversion given as:

(0.11)

to define these thermo-physical and chemical properties
of WCO, FAME and the individual glycerides in the
mixture, the process paramter are obatined from literature
data and included as user-defined function (UDF) and
user defined scalar (UDS) in ANSYS Fluent.

Process  Paramter:  The  density  for  the WCO and
FAME alcohol is estimated as 848.8 kg/m -907.9 kg/ m3 3

and 857-885 kg/m  respectively, which has been verified3

experimentally. According to Kay’s rule [20], thermo-
physical properties of FAME are estimated from their
methyl ester composition. Using the linear regression of
the molecular weight of FAME to specific heat [21], the
specific heat for the FAME and WCO can be obtained as:

(0.12)

Specific heat for T, DG was calculated as

(0.13)

where C  is the ideal gas specific heat capacity from thep
0

Joback group contribution method and obtained as:

(0.14)

, b, c and d are parameters obtained based on
contribution of methyl, alkyl, ester groups present in
methyl ester. Better estimation has been reported with
modified Rowlinson correlation with Constantinou and
Gani acentric factor correlation,  [21]. R is the universal
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gas constant. Specific heat for MG and Glycerol is (0.23)
provided by the expression in Equations (1.15) and (1.16)
respectively [9]: The micro-scale mixing is reported to be driven by

C  = 955.54 – 1703.1T + 4.1768T (0.15) characteristic expressed as Equation 1.24.p
2

C  = 78,468 + 480.714T (0.16) (0.24)p

The viscosity of FAME as a function of molecular The molecular diffusion that produces micro-mixing
weight and number of bonds is expressed as: at this level where the eddies, r is larger the Kolmogorov

Ln( ) = – 12.503 + 2.496. In(M ) – 0.178N (0.17)i i

where M is the molecular weight and N is the number of
double bond [19]. With the strong dependency of  is the kinematic viscosity, Dm is the turbulent diffusivity
viscosity on temperature [9], dynamic viscosity for T and
MG is expressed as Equation (1.18) and (1.19) respectively
as:

(0.18)

(0.19)

Glycerol viscosity is taken as 3.5-5 mm /s according2

to EN14214 standard. The thermal conductivity, which is
linearly dependent on temperature, is expressed as
Equations (1.20) and (1.21) for MG and Glycerol
respectively:

 = 0.22919 + 0.00019T (0.20)

 = 0.258 + 0.0001134T (0.21)

Time Scaling: The time-scale of reaction are defined in
Equations (1.22), (1.23) and (1.24) for, macro, micro and
meso-mixing respectively;

(0.22)

where Q  = C Nd  is the pumping volume around thec 1 imp
3

impeller. This is obtained as the integral of the area over
the impeller using with a three-dimensional CFD model. C1

is a constant value. Equation (1.23) accounts for the
diffusivity at the feed point of mixing. However, the feed
point was not included in this case study as the
NaOH/alcohol fraction was assumed to be part of the
mixture.

viscous-convective deformation [22], which has a time

mixing is accounted for by Equation 1.25.

(0.25)

and

The combination of all the time scales above is
almost impossible to be included in a single model. The
multi-scale time-scale model was used to identify the
relevant mechanism to be considered in modeling a
bimolecular reaction [23]. It was concluded that time-scale
based on micro-mixing did not affect the yield prediction;
hence it was safely ignored. Although, that study was a
parallel reaction involving bimolecular species with feed
point, our current study is limited to the single step
transesterification without consideration of a feed point.
Thus, time scale due to feed addition time is neglected.
More so, it has been reported to be negligible on total
reaction  [24].  The  comparison  of  the  time scale forms
the basis of characterization and subsequent CFD
modeling of the reaction with focuses on the micro and
macro-mixing effect. The characteristic time for the
reaction  is   taken   as   Equation   (1.26),   with  mixing
time-scales calculated as average values.

(0.26)

Numerical Boundary Conditions, Discretization and
Reference  Frame:  All  velocity  components  in the
plane  are  zero,  except  that  in  the  angular  direction.
The impeller and wall were included in full 3-D. Adopting
Zero-thickness walls for the blade and baffle [25] has been
shown to affect the mean and turbulent variables for
Rushton impellers with different blade and disk thickness
[26-27]. Conventional linear-logarithmic “wall-functions”
were adopted for the solid walls [6]. The value of y+ in the
first cell was located within the logarithmic law layer in
almost all cases (30 < y+ < 300); a linear law was used
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when y+ < 10. The wall ‘no-slip’ condition was applied
stating that all velocity components equal zero. The
impeller rotation was modeled using the MRF approach
[28], where the computational grid comprised two meshes;
an inner cylindrical volume enclosing the impeller and an
outer volume forming the rest of the vessel and separated
by an interface. Unstructured, non-uniform hybrid mesh
was generated inside the rotating domain using GAMBIT.
The number of elements in the domain was limited to
800,000 after the grid decency test. The surface is taken as
a free surface with a zero pressure outlet boundary.

Initial Conditions and Solver Parameters: The present
CFD code employs the cell-centered finite-volume method
that allows use of computational elements with arbitrary
polyhedral shape method (Rhee and Joshi 2005). The
convective terms were solved by second order accurate
upwind scheme and the diffusion terms as second order
accurate central-difierencing scheme. The velocity-
pressure coupling was achieved using the SIMPLEC type
segregated algorithm for instructed, non-uniform mesh
[29]. Simulation of the full 3-D geometry of the STR was
implemented in ANSYS Fluent. For the cases conducted,
convergence was set at 0.5 × 10  for the mass residual.5

These calculations required 42-76 h of CPU time using a
3GHz Intel processor and 4GB RAM.

The following assumptions were made for the use of
the reaction models:

The reaction occur in a batch reactor and is
isothermal.
No account of collision between the molecules is
needed.
The full 3-D coupling of the flow and reaction
assumes mixture with a total mass fraction of 1 as in
the eddy dissipation model for combustion [30].

RESULTS AND DISCUSSION

Mixing Time Scale: The actual experiment was conducted
by adding MeOH and NaOH into the STR containing the
WCO. The reaction in the 2-L was extended to 60 min. The
mixing time was taken as the concentration of the local
species of interest. Inert tracer in WCO could not be used
due to difficulty in measurement; hence the species of
interest were directly measured. The mixture model
assumed that all the species were contained in the STR at
the commencement of mix. This eliminates the need to
consider the effect of meso-mixing in the time scale. The
mixing-time scales are compared in Table 2.  The  value  of

Table 2: Time-scales of the mixing WCO  transesterification in batch STR

Macro-mixing time Micro-mixing time

Circulation time Engulfment Molecular diffusion

N(rpm)  (s)  (s)  (s)C E G

600 0.401 0.603 1.705

1-Litre 650 0.370 0.550 1.421

700 0.343 0.492 1.137

Table 3: Computational details

Parameter -  model, steady

Initialization parameter: 

0.01× U ,tip
2

(Cµ × )/D0.75 3/2

Internal iterations SIMPLEC model, transient

Mass source residual 10 5

Reaction models Eddy dissipation model

Finite rate

Chemical model Appendix B

Time step 360

Convergence 18-36 h

being lesser than  and . As explained by 31., whenC E G

/  >> 1   molecular  diffusion  are  negligible  andE G G

micro-mixing is by diffusion especially when Sc are large
in the range of thousand. Were this analysis based solely
on comparison of  and , this would have lead to theC E

conclusion that macro-mixing control the reaction as  isC

smaller than and . This observation suggests thatE G

model may neglect micro-mixing, however in order to
capture the dynamics of the process all the scales needs
to be consider.

Computational Details: Based on these considerations,
the batch STR was modeled as follows. At first and
independent flow field was calculated without inclusion
of the energy or transportation of the species. This is only
calculated once, to obtain the distributions of the average
velocity, the average kinetic energy,  and the average
rate of the energy dissipation, .

The CFD simulation at 600 and 60°C was carried out
for 360 time steps. Each time step represented 5 s of the
physical period for a total simulation of 30 min. FAME
yield in terms of mass fraction from the CFD simulation
result were extracted for a total of 10 intervals and plotted
as a contour plot in Figure 1. Two monitoring points were
used to take record the concentration of FAME during the
simulation as shown in Figure 2 and compared with
experimental data. These two points were kept close
below the impeller.
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Fig. 1: Profile of WCO and FAME from simulation in unbaffled 1-L STR

Fig. 2: 1-L Experimental and simulation result of FAME Fig. 3: 2-L Experimental and simulation result of FAME
yield at 600 rpm, 60°C in 1-Litre STR. yield at 600 rpm, 60°C in 2-Litre STR
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Occasioned by the difficulty in obtaining List of Symbols
convergence with multiple reaction steps the FAME -
WCO was made the focus of this analysis. Convergence A,B,R,S Reactant concentrations, C ,C , etc. mol/m
of the solution was enabled by patching an initial C Impeller off-bottom clearance m
concentration for the MeOH, WCO and FAME to the fluid C Reaction conversion, (A  - A)/A %
domain at an initial concentration of 31% and 16% of the Cp Specific heat J/kg • K 
T. As in the previous experiments, the FAME yield takes D Impeller diameter m
an exponential of Equation 1.27. g Gravity m/s

(0.27) k ,k ,... Reaction rate constants mol/m

A significant agreement between the model and L Length scale m
experiment is shown in the 1-L and 2-L cases. Experimental P Pressure Pa
yield data range from X  =0.56 in the 1-L STR to X R Gas constant J/mol • K FAME FAME

= 0.52 in the 2-L STR on the average. The conversion, R Impeller radius m
X  in both cases were > 0.5, indicating that kinetic does Re Reynolds number, DV/µ (-)FAME

not play a role in the mixing and confirming the indication Re Impeller Reynolds number, D2N/µ (-)
of mixing effectiveness. Similarly, the finite rate model, Sc Schmidt number, µ/D (-)
which also employs the Arrhenius rate in Equation 1.17 in T Tank diameter m
place of the /  ratio as well, under predicts the FAME in Shear stress Pa
both unbaffled STR. The yield trend was similar showing
that the exponential form of yield can be used to model List of Abbreviations:
transesterification. The results shown is limited to FAME
using the mass fraction of the CFD and compared with the 2-D Two dimensional
experimental results in Figure 3. 3-D Three dimensional

CONCLUSION AND FURTHER STUDIES DG Di-glyceride

A model for the transesterification of WCO in an STR FAME Fatty acid methyl ester
is presented using a mixed flow impeller. In this work, the FFA Free fatty acid
hydrodyamic parameter from a single-phase flow field MeOH Methanol
based on the turbulence model was obtained in the MG Mono-glyceride
rotating reference frame. MRF Multiple reference frame

The process parameters and proporties of WCO and NaOH Sodium hydroxide
FAME from experiemental and literature have been PIV Particle image velocimetry
sourced for two mixing models based on (i) kinetic- RANS Reynolds-Averaged Navier-Stokes
controlled flow and (ii) turbulence-goverened reaction RSM Reynolds stress models
have been compared. The time scale of the reaction sst Shear Stress Transport
showed the kinetics-independence of the reaction, while STR Stirred tank Reactor
a reasonable estimate of FAME yield for the 1 and 2 L TDE Turbulent dissipation energy
reaction was given by the turbulnce based model. TG Total glyceride

It should be pointed out that the validation of the T Tri-glyceride
stirred flow is based on the RSM model. The 3-D model TKE Turbulent kinetic energy
demonstrates the capabilty to obtain near-experimental WCO Waste cooking oil
result within the set limit, indicating that a fully reliable
CFD model is not far away for transesterification of WCO. REFERENCES
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