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ABSTRACT: A finite volume method is used to solve a
determinist mathematical model and to analyze the per-
formance of an alternative design for an emulsion polymer-
ization reactor with internal angular baffles as static mixer.
It is assumed to be a steady-state, cylindrical one-dimen-
sional model having a fully developed laminar plug flow.
The Smith-Ewart model is used to estimate the monomer
conversion, the kinetics is of Arrhenius type, and laminar fi-
nite-rate model is assumed to compute chemical source
terms. The objective of this work is to develop the finite vol-
ume method for the new emulsion polymerization tubular
reactor with internal angle baffles. The performance of the

alternative reactor is compared with continuous tubular re-
actor with constant reaction temperature. The simulations
were validated with experimental results for the isothermal
and tubular reactor, with a good concordance. The results
with baffles were better than without baffles in relation to
desired properties such as particle size and viscosity. The
problem is sufficiently well solved by finite volume method.
� 2006 Wiley Periodicals, Inc. J Appl Polym Sci 102: 6037–6048,
2006
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INTRODUCTION

Finite volume method deals with equations from con-
servative balance in a finite control volume, taking
into account variables and parameter distributions in
agreement with Gauss’ divergence theorem, used as a
finite volume condition at the domain and subdomain
like boundary conditions. Moreover, it can be used to
estimate the variable profiles and material properties
by means of computationally algebraic solutions.1

This is a powerful solution procedure to investigate,
through simulation, the behavior and performance of
processes and equipment.

The fundamentals of emulsion polymerization are
now sufficiently well understood that new products
can be made, and old ones reformulated in new ways
that can lead to significant improvements in perform-
ance and production characteristics. The emulsion
polymerization is economically important: for exam-
ple, current production of all polymers is more than

108 tons per year, and �30% of this polymer is made
by free-radical means; emulsion methods are used for
effecting 40–50% of these free-radical polymeriza-
tions. It is a heterogeneous reaction process in which
unsaturated monomers are dispersed in a continuous
phase with the aid of an emulsifier system and poly-
merized with free-radical initiators. It leads to a high
molecular weight polymer and high reaction rates in
many cases. It has low viscosity, which is a specific
advantage when compared with other polymeriza-
tion techniques.2–5 Emulsion polymerization is a com-
plex heterogeneous process involving transport of
monomer, free radicals, and other species between
aqueous and organic phases. It is compared to other
heterogeneous polymerizations, like suspension or
precipitation, but it is likely the most complicated
system; all these factors make modeling of this sys-
tem very difficult.6,7

The chemical processes in the chemical industry
have growing operational difficulties caused by the
diversification and specification of products, and
investigations for alternative reactor design and anal-
ysis of their behavior under static and dynamic condi-
tions are welcome. In tubular reactor (TR) most reac-
tion happens towards the reactor entrance, and the
variable reaction temperature for exothermic reactions
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as well as the limitations to heat transfer near the wall
make the behavior very complex.8–10

The emulsion polymerization reaction is exothermic
(DH ¼ �16.7 kcal/mol), and the effect of polymeriza-
tion in fluid viscosity as well as its impact on the heat
transfer limitations call for a need to investigate alter-
native reactor design. In fact, conventional TR may
have serious limitations to heat transfer, leading to
products with undesired conditions. Bearing this in
mind, in this work an alternative TR based on the
placement of baffles inside the reactor is proposed.
The objective of this work is to model, simulate, and
analyze the emulsion polymerization reactor perform-
ance, and develop a solution procedure based on fi-
nite volume method for the new emulsion polymer-
ization TR with internal angle baffles. Also, it is com-
pared with continuous TR with constant reaction
temperature.

REACTIONAL SYSTEM

Conditions of test

To evaluate the performance of the proposed design,
the emulsion polymerization of styrene (EPS) is con-
sidered and comparison with conventional TR is car-
ried out. Figure 1 shows the proposed alternative re-
actor. To represent the system, a simplified one-
dimensional deterministic model is developed with
the following assumptions: flow along the axial direc-
tion (negligible diffusion); fully developed axial veloc-
ity of fluid flow; polymer particle phase is the main
locus of polymerization. Also the monomer conver-
sion is estimated by Smith-Ewart model, the kinetics
is of Arrhenius type, and laminar finite-rate model is
assumed to compute chemical source. The finite vol-
ume method is used to solve the one-dimensional
deterministic model.

Properties

To evaluate the performance of the proposed alterna-
tive reactor design, the EPS was considered, specifi-
cally the work of Bataile.11 The homopolymerization
emulsion of styrene is carried out at 608C with the
concentration of 0.026 mol of potassium persulfate
(KPS)/L, 0.070 mol of sodium dodecyl sulfate (SDS)/
L, 8.39 mol of styrene/L, and 161.52 mol of water/L
in the emulsion. Table I resumes the main system in-
formation, and more detail can be found in Mendoza
Marı́n.12

MATHEMATICAL MODELING

To represent the proposed reactor shown in Figure 1,
with the case study of emulsion homopolymerization
of styrene, the following model equation may be
written.

Chemical reaction

The mechanism of EPS may be schematically and
briefly shown as

Initiation : I2�!Kd
2I� I� þM�!Kp

R1 (1)

where I2 is the initiator, I
� is the primary radicals from

initiator, M is the monomer concentration, and R1 is
the radical or oligomeric radical with chain length 1.

Radical absorption by micelle surface (micellar
nucleation (MN)):

Diffusion in the water phase

Rrw �!Kcmw
RrwMIC

Absorption in the micelle surface

Rr þMIC  !Kcm:Kcmd
RrMIC

(2)

Radical absorption by particles surface (homogeneous
nucleation (HN)):

Diffusion in the water phase

Rrw�!
Kcpw

RrwPP

Absorption in the particle surface

Rr þ PP  !Kcp:Kcpd

RrPP

(3)

Propagation : Rr þM�!Kp

Rrþ1 (4)

Termination: by combination (Ktc) and dispropor-
tionation (Ktd)

Rn þ Rm�!Ktc
Pnþm or Rn þ Rm�!Ktd

Pn þ Pm (5)

Figure 1 (a) Schematic representation of polymerization
TR with baffles. (b) Area of baffle. Bb is the base of baffle,
and Lb is the length of each baffle. (c) Profile of polymer-
ization TR with internal-inclined angular baffles. [Color
figure (subpart c) can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

6038 MENDOZA MARÍN ET AL.



Conservative models

Principle of mass conservation in general form for a
chemical species j reacting in a flowing fluid with
varying density, temperature, and composition is

qCj

qt
þr � Cj~u

� �þr � Jj ¼ Rj (6)

where Cj is the molar concentration of species j; qCj/
qt is the no steady-state term expressing accumulation
or depletion; ! is the gradient operator; r �~u is the
divergence of a vector function ~u; ~u is the three-
dimensional mass-average velocity vector; r � ðCj~uÞ is
the transport of mass by convective flow; Jj is the
molar flux vector for species j with respect to the
mass-average velocity; !�JMj is molecular diffusion
only; Rj is the total rate of change of the amount of j
because of reaction. Species j occurs in liquid phase.
The equation can be taken for single-phase or ‘‘homo-
geneous’’ or ‘‘pseudo homogeneous’’ reactors.13

The generalized laminar finite-rate model was applied
to compute the chemical source terms (Rj). The model
is exact for laminar flow, but is generally inaccurate

for turbulent require because of highly nonlinear
chemical kinetics of Arrhenius type. The net source of
chemical species j due to reaction Rj is computed as
the sum of the Arrhenius reaction sources over the Ni

reactions that the species participate in:

Rj ¼
XNi

i¼1
Rj;i ¼

XNi

i¼1
Kf ;i

YNi

i¼1
½Cj;i�nfj;i � Kb;i

YNi

i¼1
½Cj;i�nbj;i

8>>>>:
9>>>>;
(7)

where Rj,i is the Arrhenius molar rate of creation/
destruction of species j in reaction i; Kf,i is the forward
rate constant for reaction i, Kb,i is the backward rate
constant for reaction i, Ni is the number of chemical
species in reaction i, Cj,i is the molar concentration of
each reactant and product species j in reaction i, nfj,i is
the forward rate exponent for each reactant and prod-
uct species j in reaction i, nbj,i is the backward rate
exponent for each reactant and product species j in
reaction i. Only nonreversible reactions were consid-
ered, and the mass balance of equations gives the dif-
ferent chemical source term as free radical (RRw), ini-

TABLE I
Main System Properties of Styrene as Database for Simulation of EPS, Including

Grid, Particles, Reactor, and Baffles Data

Symbol Value (unit) [description]

Na 6.02 � 1023 (molecule/mol) [Avogadro’s number: p ¼ 3.14159]
Rg 1.987 (cal/mol K) [gas constant]
rp, rm 1.25 � 0.0004202T (kg/L) [polymer density] and 0.949 � 0.00128 (T � 273.15)

(kg/L) [monomer density]
anrp 0.5 [average number of radicals per particle]
CMC 0.008 (mol/L) [critical micelle concentration]
CMw 0.005 (mol/L) [monomer concentration in water phase (¼Mw)]
fi 0.5 [initiator efficiency]
Kcm 4pDwrmicNA (min�1) [rate const of aqueous phase radical capture by micelles
Kcp 4pDprpNA (min�1) [rate const of radical capture by polymer particles
Kd 1.524 � 1018 exp(�33320/RgT) (min�1) rate const of initiator decomposition
Kp 4.703 � 1011 exp(�9805/RgT) (L/mol min); rate const of propag. of poly. partis
Kt 1.04619 � 1010 exp(�2950.45/RgT) (L/mol min) [global rate const for termination]
[M]P (1 � fp)rm/MWs (mol/L) [monomer concentration in polymer particle]
MWe 288.38 (g/mol) [molecular weight of surfactant]
MWi 271.3 (g/mol) [molecular weight of initiator]
MWs 104 (g/mol) [molecular weight of styrene]
Ncr 5 [critical chain length at which water phase radical can be absorbed]
nem 60 (no. emul/mic) [number of emulsifier molecules in a micelle]
Sa 3 � 10�17 (dm2) [area covered by one molecule of emulsifier]
fp, fm 0.4 [volume fraction of polymer]; 0.6 [volume fraction of monomer]
Re 5000 (laminar) and 13,600 (turbulent) [Reynolds number]
vin 0.27027 (laminar) and 0.7351 (turbulent) (m/min) [inlet velocity in TR]
Dp 1.76 � 10�12 (dm2/min) [diffusivity of monomer radicals in polymer phase]
Dw 1.76 � 10�9 (dm2/min) [diffusivity of monomer radicals in water phase]
m 0.001 (Kg/m s) [viscosity of polymer]
Tin 333.15 and 363.15 (K) [inlet temperatures to the reactor]
DH �16682.2 (cal/mol) [polymerization reaction heat of styrene]
N 51 [number of nodal points]
rmic, rp 27.5 (Å) [radius of micelle] and 275 (Å) [radius of polymer]
Dr, Lr 1 (m) [diameter of TR] and 20 (m) [length of TR]
Lbr 1 (m) [length of baffle separation] and Nb ¼ 6, 18 [number of baffles]
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tiator (RI), monomer (RM), surfactant (RE ¼ 0, by to be
inert in EPS), and polymer (RP):

RRW ¼ RI � RI

KpMw

KpMw þ Kcp½NP� þ Ktw½R�w

� �ncr�1

� Kcp½NP� � ½R�w � Kcm½MIC�½R�w � Ktw½R�2w ð8Þ

RI ¼ �fiKd½I�wð8Þ (9)

RM ¼ �
Kp½M�PNPn

NAVP
� Kpw½M�w½R�w (10)

RP ¼
Kp½M�PNPn

NAVP
þ Kpw½M�w½R�w (11)

Newton’s second law of momentum was applied to a
small volume element moving with the fluid that is
accelerated because of the forces acting over it. The
motion equation in terms of t is

r
D~u

Dt
¼ �rPþ ðr �~tÞr �~g (12)

Here ~g represents the body forces per unit area; r is
the density; P is the pressure; ~t is the extra stress
tensor, and D/Dt is the material or substantial deriv-
ative.14,15

In the micellar nucleation (MN), it is accepted that
particles are generated by micelle absorbing radicals
from the water phase1:

The rate of particle formation by micellar nucleation
(RMN) (see mechanism) is given by

RMN ¼
d½Np�m
dt

¼ Kcm½MIC� � ½R�w (13)

The formation rate of total oligomeric radicals in the
aqueous phase ([R]w) was obtained by the mechanism
of emulsion polymerization and the steady-state hy-
pothesis approximations, and the geometric progres-
sion approximations4,7,12 were applied so that

½R�w ¼
RI

KpMw þ Kcm½MIC� þ Ktw½R�w
1� ancr�1m

1� am

8>>:
9>>; ð14Þ

The probability of the oligomeric radical dead to mi-
celle propagation (am) is as

am ¼
KpMw

KpMw þ Kcm½MIC� þ Ktw½R�w þ Kcp½Np� (15)

In the homogeneous nucleation (HN), it is accepted that
the particles could be generated by precipitated water

phase oligomeric radicals, and the rate of particle for-
mation by homogeneous nucleation (RHN) (see Mech-
anism) can be written as1

RHN ¼
d½Np�h
dt

¼ KpMw½Rncr�1�w (16)

For the formation rate of oligomeric radicals with
critical chain length (ncr) in the aqueous phase
([Rncr�1]w) the same hypothesis adopted for [R]w was
considered.

½Rncr�1�w ¼
RI

KpMw
ancr�1h (17)

The probability of an oligomeric radical dead to lead
to a homogeneous propagation (ah) is given by

ah ¼
KpMw

KpMw þ Ktw½R�w þ Kcp½Np� (18)

Characterization of polymer particle

The polymer particle (by MN and HN) is determined
with eq. (6) written like eq. (19) and source term as eq.
(20):

qCNP

qt
þ vr

qCNP

qr
þ vy

1

r

qCNP

qy
þ vz

qCNP

qz

8>: 9>;

¼DNB
1

r

q
qr

r
qCNP

qr

8>: 9>;þ 1

r2
q2CNP

qy2
þ q2CNP

qz2

8>>>:
9>>>;þ RNP

ð19Þ

RNp
¼ RMN þ RHN

¼ Kcm½MIC�RI

KpMw þ Kcm½MIC� þ Ktw½R�w
1� ancr�1m

1� am

8>>:
9>>;

þ RIancr�1h ð20Þ

The molecular weight distribution is determined
through the mechanism of EPS. Moments of molecu-
lar weigh distribution, coupled with techniques to
solve the equations, allow to solve the polymeriza-
tion reaction. The kinetic solution includes direct se-
quential solution, discrete transformation method,
and moments method. The discrete transformation
method includes the steps of chemical reaction, ki-
netic equation, integration, expansion in power se-
ries, drop operator, and applied moments. The ki-
netic equation is solved through the generating func-
tion. The cumulative dead polymer was given through
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the number-average molecular weight (Mc
n) and

weight-average molecular weight (Mc
w):

Mc
n ¼

2aMWs

a� b

Xj

ln
b�aXj

b

8: 9;
Mc

w ¼MWs
aþ 2b

b� a
� 3a

2ðb� aÞXj

8>>:
9>>; ð21Þ

where a ¼ Kp½M� b ¼ aþ Ktc½R�w (22)

The average swollen (Rs) and unswollen (R) particle
polymer size radius16 are

Rs ¼ 3

4prPfP

MWpCPs

NACNP

8>>:
9>>;

1=3

R ¼ Rs
rm

rm þ ½M�PMWm

8>>:
9>>;
�1=3

ð23Þ

The viscosity of polymer (m) was estimated17 as

lnðmÞ ¼ �13:04þ 2013

T

þMW0:18
P 3:915Xj � 5:437X2

j þ 0:623þ 1387

T

8>: 9>;X3
j

� �

ð24Þ

Reactor and baffle: Geometry effect

The internal transversal areas over or beneath baffles were
calculated through geometric equations. In such equa-

tions, a is the increment angle from the TR center
point until total diameter (ar is in rad), y is the incre-
ment angle to calculate the fluid flow area of EPS
beneath or over the baffles (yr is in rad), Avb is fluid
flow variable area inside TR beneath or over baffles,
Ar is the area of TR without baffles [Fig. 2(a)], and Afb

is the fixed area inside TR over or beneath baffles. Fig-
ure 2 shows the variation of the transversal area avail-
able to the reactant flow inside the reactor.

arð1Þ ¼ arc sin 2
IDð1Þ
Dr

8>: 9>; (25)

yrð1Þ ¼ p
180

ygð1Þ ¼ p 1� 2
arð1Þ
p

8>: 9>; (26)

Avbð1Þ ¼ Dr
2

8
ðyrð1Þ � sin yrð1ÞÞ (27)

Afbð1Þ ¼ Ar � Avbð1Þ ¼ p
4
D2

r � Avbð1Þ (28)

Calculus of Avb from I ¼ 2 to number of areas
beneath or over baffles (Nab) [see Fig. 2(b–f)]

DvbðIÞ ¼ DvbðI � 1Þ þ DDvb (29)

arðIÞ ¼ arc sin 2
IDðIÞ
Dr

8>: 9>;
¼ arc sin

2

Dr
ðDvbðIÞ � 0:5�DrÞ

8>: 9>; ð30Þ

Figure 2 Variation of transversal area of fluid flow of EPS inside TR beneath or over baffles.
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yrðIÞ ¼ p
180

ygðIÞ ¼ p 1� 2

p
arðIÞ

8>: 9>; (31)

AfbðIÞ ¼ Dr
2

8
ðyrðIÞ � sin yrðIÞÞ (32)

AvbðIÞ ¼ Ar � AfbðIÞ (33)

where ID is the interval of increment of diameter
from the point of fixed diameter until total diameter,
and Dvb is the variable diameter of fluid flow in tu-
bular reactor beneath or over baffles.

The internal transversal areas inside TR without and
with baffles (Az) are presented in this work as an exam-
ple only for N ¼ 50 finite volume and Nb ¼ 18 baffles
[see Fig. 2(a–f)].

Area at the TR inlet

Azð1Þ ¼ Ar (34)

Azð2Þ ¼ Ar (35)

Azð3Þ ¼ Ar (36)

Area at the internal TR from I ¼ 4 to N�3, with step
of 5

AzðIÞ ¼ Avbð1Þ (37)

AzðI þ 1Þ ¼ Avbð3Þ (38)

AzðI þ 2Þ ¼ Avbð5Þ (39)

AzðI þ 3Þ ¼ Avbð2Þ (40)

AzðI þ 4Þ ¼ Avbð4Þ (41)

Area at the TR outlet from I ¼ N�2 to N

AzðN � 2Þ ¼ Ar (42)

AzðN � 1Þ ¼ Ar (43)

AzðNÞ ¼ Ar (44)

The axial velocity at TR inlet over or beneath baffles
and temperature effects were estimated from New-
ton’s second law of momentum and continuity equa-
tion. In the equations, vin is the axial velocity at TR
inlet in isothermal condition (see Table I), and vb is
the axial velocity over or beneath baffles in isother-
mal condition [see Fig. 2(a–f)].

vin ¼ mRe

rDr
vb ¼ mArRe

rAvbDr
(45)

The axial velocity inside TR without and with baffles (vz)
were calculated in this work as an example only for

N ¼ 50 finite volumes and Nb ¼ 18 baffles [see Fig.
2(a–f)].

The reactant velocities at the TR inlet are given by

vzð1Þ ¼ vin (46)

vzð2Þ ¼ vin (47)

vzð3Þ ¼ vin (48)

Velocities at the internal TR from I ¼ 4 to N�3, with
step of 5

vzðIÞ ¼ vbð1Þ (49)

vzðIþ 1Þ ¼ vbð3Þ (50)

vzðIþ 2Þ ¼ vbð5Þ (51)

vzðIþ 3Þ ¼ vbð2Þ (52)

vzðIþ 4Þ ¼ vbð4Þ (53)

Velocities at the TR outlet from I ¼ N�2 to N

vzðN � 2Þ ¼ vin (54)

vzðN � 1Þ ¼ vin (55)

vzðNÞ ¼ vin (56)

NUMERICAL METHOD

The most usual numerical methods used to solve a
large class of engineering problems are finite differ-
ence, finite elements, orthogonal collocation, and
boundary elements method, which can solve ordinary
or partial equations by means of approximations,
according to particular problem and finalities.12

In this work, finite volume method was used as the
numerical method according to Versteeg, Malalase-
kara, and Patankar.15,18 For the finite volume method
implementations were used following the procedure:
the general transport equations can be written in dif-
ferential form; grid generation can be written for all
discrete control volume, discretization of general
transport equations and solution of algebraic equa-
tions and tests of convergence for the numerical
method.12 The discrete approximation was applied to
the conservative balance of convection and source
only, e.g., the equation of particle number, eq. (19)
and source term or the overall rate of formation of
particles by MN and HN [eq. (20)].

Linear approximation

The discretization is calculated for a number of par-
ticles. It can be expanded for scalar variables such as
concentration, velocity, and temperature. The con-
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servative balance for discrete approximation is the
eq. (6) written as eq. (19) in one-dimensional domain.
The linear approximation was applied to source term
of eq. (20). The Taylor’s series method of lineariza-
tion was used to linearize Sf. The overall equation
of source-term linearization, (Sf ¼ SNP

) in eq. (20)
leads to

SNp
¼ RNp

¼ RMN þ RHN ¼ SNpm
þ SNph

¼ SUT� SPT½Np�P ð57Þ

where SUT is all linear coefficients, SPT is all angular
coefficients, [Np]P is the concentration of number of
particles in the nodal point P (control volume).

The source-term linearization for micellar nucleation
(RMN ¼ SNpm

) is written [see eq. (57)] as

SNpm
¼ RMN ¼ SUM� SPM½Np�P (58)

where SUM is the micellar linear coefficient, and SPT
is the micellar angular coefficient.

Equation (13) can be rewritten as given in eq. (59),
and the notation of nodal point P will be omitted.

SNpm ¼ RMN

¼ m4
m3þ Kcp½Np�
m2þ kcp½Np�

8>>:
9>>; 1� m1

m3þ Kcp½Np�
8>>:

9>>;
ncr�18>>>:

9>>>;
ð59Þ

Taylor’s series for one variable was applied to linea-
rize the source-term, eq. (59) which is a polynomial
approximation of degree n ¼ 1. The linearization rep-
resents the tangent to the SNpm

� [Np]P curve at [Npa].

SNpm
ð½Np�Þ ¼ SNpm

ð½Npa�Þ þ S0Npm
ð½Npa�Þð½Np� � ½Npa�Þ

(60)

where

SNpm
ð½Npa�Þ ¼ m4

m3þ Kcp½Npa�
m2þ Kcp½Npa�

8>>:
9>>;

� 1� m1

m3þ Kcp½Npa�
8>>:

9>>;
ncr�18>>>:

9>>>; ð61Þ

S0Npm
ð½Npa�Þ ¼

ðncr� 1Þm4Kcp

m2þ Kcp½Npa�
8>>:

9>>; m1

m3þ Kcp½Npa�
8>>:

9>>;
ncr�1

� m1m4Kcp

ðm2þ Kcp½Npa�Þ2
8>>>:

9>>>; 1� m1

m3þ Kcp½Npa�
8>>:

9>>;
ncr�18>>>:

9>>>;
ð62Þ

[Npa] is one point of the line tangent [eq. (58)] to the
curve SNpm

¼ f([Np]) [eq. (59)]. This point can be esti-
mated by the following ways:

1. The average value of the intersection points in the
coordinate axis of the line tangent [eq. (58)] to the
curve [eq. (59)]. The intersection points must
be the maximum values in each interception.
Whether a curve is concave up or concave down,
the value of [Npa] must be adjusted with care.

2. The average value of the variable f ¼ [Np] of the
experimental conditions at TR inlet and outlet.

The following definitions are used to simplify the
coefficient SUM of eq. (58):

SUM ¼ SUM1þ SUM2� SUM3 (63)

SUM1 ¼ m4
m3þ Kcp½Npa�
m2þ Kcp½Npa�

8>>:
9>>;

� 1� m1

m3þ Kcp½Npa�
8>>:

9>>;
ncr�18>>>:

9>>>; ð64Þ

SUM2 ¼ m1m4Kcp½Npa�
ðm2þ Kcp½Npa�Þ2

8>>>:
9>>>;

� 1� m1

m3þ Kcp½Npa�
8>>:

9>>;
ncr�18>>>:

9>>>; ð65Þ

SUM3 ¼ ðncr� 1Þm4Kcp½Npa�
m2þ Kcp½Npa�

8>>:
9>>;

� m1

m3þ Kcp½Npa�
8>>:

9>>;
ncr�1

ð66Þ

where

m1 ¼ KPMw;m2� Kcm½MIC� þ Ktw½R�w;

m3 ¼ m1þm2;m4 ¼ Kcm½MIC�RI

m3
ð67Þ

To simplify the coefficient SPM of eq. (58), the fol-
lowing definitions are used:

SPM ¼ SPM1� SPM2 (68)

SPM1 ¼ m1m4Kcp

ðm2þ Kcp½Npa�Þ2
8>>>:

9>>>;

� 1� m1

m3þ Kcp½Npa�
8>>:

9>>;
ncr�18>>>:

9>>>; ð69Þ

SPM2 ¼ ðncr� 1Þm4Kcp

m2þ Kcp½Npa�
8>>:

9>>; m1

m3þ Kcp½Npa�
8>>:

9>>;
ncr�1

(70)

Source-term linearization for homogeneous nucleation
(RHN ¼ SNph

) is written [see eq. (57)] as

SNph
¼ RHN ¼ SUH� SPH½Np�P (71)
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where SUH is homogeneous linear coefficient, and
SPH is the homogeneous angular coefficient.

Equation (16) can be rewritten as given in eq. (72),
and the notation of nodal point P will be omitted.

SNph
¼ RHN � RI

KpMw

KpMw þ Ktw½R�w þ Kcp½Np�
8>>:

9>>;
ncr�1

(72)

Taylor’s series for one variable was applied to linea-
rize the source-term, eq. (72) which is polynomial
approximation of degree n ¼ 1. The linearization rep-
resents the tangent to the SNph

� [Np]P curve at [Npa].

SNph
ð½Np�Þ ¼ SNph

ð½Npa�Þ þ S0Nph
ð½Npa�Þð½Np� � ½Npa�Þ

(73)

where

SNph
ð½Npa�Þ ¼ RI

h1

h2þ Kcp½Npa�
8>>:

9>>;
ncr�1

(74)

S0Nph
ð½Npa�Þ ¼

ðncr� 1ÞKcpRIh1
ncr�1

ðh2þ Kcp½Npa�Þncr (75)

[Npa] is one point of the line tangent [eq. (71)] to the
curve SNpm

¼ f([Np]) [eq. (72)]. This point can be esti-
mated by the following ways:

1. The average value of the intersection points in
the coordinate axis of the line tangent [eq. (71)]
to the curve [eq. (72)]. The intersection points
must be maximum values in each interception.
Care has to be taken in relation to the adjust-
ment of the [Npa] values whether the curve may
be concave up or concave down.

2. The average value of the variable f ¼ [Np] of the
experimental conditions at TR inlet and outlet.

The value [Npa] estimated by homogeneous nuclea-
tion was used for source-term linearization by micel-
lar nucleation.

The following definitions are used to simplify the
linear coefficient SUH of eq. (71):

SUH ¼ SUH1þ SUH2 (76)

SUH1 ¼ RI
h1

h2þ Kcp½Npa�
8>>:

9>>;
ncr�1

(77)

SUH2 ¼ ðncr� 1ÞKcpRI½Npa�
h1

h1

h2þ Kcp½Npa�
8>>:

9>>;
ncr

(78)

where

h1 ¼ KpMw; h2 ¼ h1þ Ktw½R�w (79)

The following definition is used to simplify the
angular coefficient SPH of the eq. (71)

SPH ¼ ðncr� 1ÞKcpRI

h1

h1

h2þ Kcp½Npa�
8>>:

9>>;
ncr

(80)

Now the eqs. (63) and (76) are used to obtain the lin-
ear coefficient SUT of the eq. (57) through

SUT ¼ SUMþ SUH (81)

and the eqs. (68) and (80) are considered to obtain
the angular coefficient SPT of the eq. (57).

SPT ¼ SPMþ SPH (82)

Integration

The integral forms of the general transport equations
represent the key step of the finite volume method.
The integration of the eqs. (6) or (19) is made over the
control volume (cv). The integral form of general
steady transport equations in one-dimensional control
volume without diffusion is given by

Z
cv

qðvzNpÞ
qz

A dz ¼
Z
cv

SNp
A dz

¼
Z
cv

ðSUT� SPT�NpPÞA dz ð83Þ

ðAvNpÞe � ðAvNpÞw ¼ ðSNp
AzÞe � ðSNp

AzÞw
¼ ðSUT� SPT�NpPÞAp Dz ð84Þ

The continuity equation is

ðAvrÞe ¼ ðAvrÞw (85)

Interpolation

Several methods may be used for interpolation as cen-
tral differencing: the exact solution, the exponential
scheme, the hybrid scheme, the power-law scheme,
and upwind differencing.15,18,19 In this work the
upwind difference scheme was applied to calculate
the particle number as

Fwfw ¼ fWkFw; 0k � fPk � Fw; 0k
Fefe ¼ fPkFe; 0k � fEk � Fe; 0k ð86Þ

F ¼ rv (87)

where F is the mass flux, Fw for west side, and Fe for
east side.
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Mass balance or continuity equation:

Awk � Fw; 0k ¼ AwkFw; 0k � AwFw

Aek � Fe; 0k ¼ Aek � Fe; 0k þ AeFe ð88Þ

where Aw is the west side area of the control volume,
and Ae is the area for east side of the control volume.

After integration and interpolation, the linear alge-
braic equations are obtained. In the minimum control
volume the discretised equation for minimum control
volume is

aPNp;P ¼ aENp;E þ SU (89)

where: aW ¼ 0; ain ¼ AwkFw; 0k; aE ¼ Aek � Fe; 0k;
aP ¼ aE þ SP ð90Þ

SP ¼ SPT� AP Dzþ ain þ ðAeFe � AwFwÞ;
SU ¼ SUT� AP Dzþ ainNp;in ð91Þ

In the internal control volume from I ¼ 3 to I
¼ N�2, the discretised equation for internal control
volume is

aPNp;P ¼ aWNpW þ aENp;E þ SU (92)

where

where: aW ¼ AwkFw; 0k; aE ¼ Aek � Fe; 0k; aP
¼ aW þ aE þ SP ð93Þ

SP ¼ SPT� AP Dzþ ðAeFe � AwFwÞ; SU ¼ SUT� Ap Dz

(94)

In the maximum control volume I ¼ N�1, the discre-
tised equation for maximum control volume is given
as

aPNp;P ¼ aENp;E þ SU (95)

where

aW ¼ AwkFw; 0k; aE ¼ 0; aP ¼ aW þ Sp (96)

SP ¼ SPT� Ap Dzþ ðAeFe � AwFwÞ; SU ¼ SUT� Ap Dz

(97)

where ain, aW, aP, aE are coefficients of discretised
equations by inlet, west, central, and east side of
control volume; NPin

, NPW
, NPP

, NPE
are the number

of particles at inlet, west, central, and east side of
control volume; SU and SP are linear and angular
volumetric source term of scalar variable; z is the
axial cylindrical coordinate.

The solution of algebraic equations as a system of lin-
ear algebraic equations was obtained by Thomas
Algorithm or the tridiagonal matrix algorithm as
direct method for one-dimensional situation prob-

Figure 3 Isothermal condition logic flow diagram with in-
ternal angular baffles.

NEW EMULSION POLYMERIZATION TUBULAR REACTOR 6045



lems. In isothermal condition, the discretization equa-
tions, for example eqs. (89), (92), and (95), are linear
algebraic equations, and the set of such equations is
solved by the methods of linear algebraic equations
with the following iterative procedures to find out
the value of the number of particle with or without
baffle: (1) guess a number of particle, Na,p; (2) calculate
the initiator and radicals distribution; (3) calculate the
number of particle, Np; (4) compare the Np with the
actual number of particle, Na,p; (5) if the absolute value
of |Np � Na, p| is greater than a factor of convergence,
then set Na,p ¼ Np (return to the Step 1). The flow dia-
gram is shown in the Figure 3.

RESULTS AND DISCUSSION

The simulation results of conversion (Xj) versus length
of the reactor (Z) for styrene without baffle (C0) and
with baffles (C6, C18) in isothermal condition (C) at
608C are displayed in Figure 4(a). The conversion
without baffles are higher than the conversion with Nb

¼ 6 and 18 baffles. When the baffle number is
increased, the conversion exhibits a small decrease
due to variation of plug flow condition.

The comparative results, in isothermal condition at
608C, of computational (XcC), experimental (Xe), and

simulation conversion (Xs) (literature results) versus
residence time (t) inside TR are shown in Figure 4(b).
It can be seen that the experimental and computa-
tional conversion has equal properties, but the simula-
tion conversion with a different mathematical model.
The experimental and simulation conversions ob-
tained by Bataile11 were considered. It can be ob-
served that the three curves have the same behavior
and validate the numerical method of finite volume
through the comparison of experimental and simula-
tion results in isothermal conditions.

Figure 4 Conversion of monomer (a) without (Nb ¼ 0)
and with (Nb ¼ 6, 18) baffles and (b) experimental valida-
tion, both in isothermal conditions, 608C.

Figure 5 (a) Number of particles with Nb ¼ 0, 6, 18 baf-
fles; (b) and (c) validation of number of particles, both in
isothermal conditions (CNb ¼ 608C).
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The prediction results of the polystyrene particles
number (Np) by micellar and homogeneous nucleation
mechanism versus length of the reactor (Z) without
baffle (C0) and with baffles (C6, C18) in isothermal
condition (C) at 608C are depicted in Figure 5(a). The
three curves have the same behavior and show, in iso-
thermal condition, that when the number of baffles
increases, the number of particles slightly decreases.

The comparative results, in isothermal condition, of
particles’ number (Np) without baffles inside batch
and TR, respectively, versus time (t) are presented in

Figure 5(b, c). The experimental (Np,e) and simulation
(Np,s) of the particles number is shown in Figure 5(b).
The experimental and simulation conditions are a feed
temperature of 508C, 0.011 mol KPS/L, 0.05 mol SDS/
L, and no adiabatic process. Bataile et al.11 indicated,
in relation to Figure 5(b), that the experimental results
are in a close range within experimental measurement
error. and considering the difficulty associated with
particle number measurement determination, the
model prediction should be considered satisfactory.
The particle number for the model prediction is
approximately at 1.28 � 1018 L�1, as shown in Figure
5(b). Figure 5(c) presents the prediction of particle
number in isothermal condition without baffles inside
TR. The particle number varies between 0 and 7.22
� 1019 L�1. The experimental data, as shown in Figure
5(b), present the same performance as that of the sim-
ulation shown in Figure 5(c), and the comparison of
the two figures allows to conclude that mathematical
model and numerical method of FVM were able to
represent the system well.

The simulation results of the cumulative average
molecular weight distribution versus conversion of
monomer (Xj), without baffle (MnC0, MwC0) and with

Figure 6 Molecular weight distribution (a) without (Nb ¼ 0)
and (b) and (c) with (Nb ¼ 6, 18) baffles in isothermal (CNb

¼ 608C) conditions.

Figure 7 (a) Average particle size distribution and (b) vis-
cosity distribution, both with Nb ¼ 0, 6, 18 baffles in iso-
thermal (CNb ¼ 608C) conditions.
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baffles (MnC6,MwC6;MnC18,MwC18) in isothermal con-
dition at 608C are shown in Figure 6. Figure 6(a–c) shows
that the average molecular weights are different. The
number–average (Mn) and weight–average (Mw) molecu-
lar weight have a better distribution only marginally
when the baffles number increases inside TR.

These comparative results of simulation of the poly-
styrene particles size of unswollen particle radius (R)
versus length of the reactor (Z) without baffle (C0)
and with baffles (C6, C18) in isothermal condition (C)
at 608C are shown in Figure 7(a). The three curves
have the same behavior, but when the baffle number
increases, the particle size slightly diminishes.

The predictions results of polymer viscosity distribu-
tion (ln(m) inside TR versus conversion of monomer
(Xj) without baffle (C0) and with baffles (C6, C18) in
isothermal condition (C) at 608C are given in Figure
7(b). The three curves have similar behavior; the
points on path of the curves C0, C6, and C18 show
uniform distribution, and when the baffle number
increases the viscosity diminishes and varies between
ln(m) ¼ �6.998 and 42.50. The mathematical model of
eq. (24) was used to estimate the viscosity of the three
curves.20

CONCLUSIONS

In this work an alternative reactor design is proposed.
It consists of the placement of baffles inside the tube.
This new configuration was compared with empty TR
in isothermal conditions. The results show that better
polymer properties are obtained when the proposed
design is used. The results with baffles were better
than without baffles in relation to the desired proper-
ties such as particle size and viscosity. It was seen that
the problem is sufficiently solved by finite volume
method. The simulation results were compared with

experimental data (when available for empty tube)
and good agreements were obtained.
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