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Abstract—A two-dimensional, variable property, mathematical model of the transient pyrolysis of tobacco patrticle,
in response to the smoldering (low heating rate) and puffing (fast heating rate) conditions in a burning cigarette, is
presented. The model considers pyrolysis of tobacco obeying four-step Arrhenius kinetics, evaporation of water from
tobacco following a mass-transfer and rate-determined process, and the formation of carbonaceous residue. From the
physical point of view, the model describes convective, conductive and radiative heat transfer, and velocity and pres-
sure variations interior to the porous tobacco particle (Darcy’s law). Furthermore, porosity, permeability and thermal
conductivity vary with the composition of the reacting medium. Time and space evolution of the main variables, and
reaction product distribution, are simulated by varying the tobacco heating rates.
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INTRODUCTION step pyrolysis schemes, including one-stage, multi-reactions of pri-
mary pyrolysis process, have been coupled to the description of the
Tobacco pyrolysis is a problem of interest in the field of the gen-main physical processes. Mathematical models of pyrolysis pro-
eration of the smoke constituents. The burning behavior of tobaccaess inside a burning cigarette have been published to predict the
is characterized by two distinct processes - an exothermic combusemperature and pyrolysis products distributions [Yi et al., 2001,
tion and an endothermic pyrolysis/distillation. Most of the gas andMuramatsu et al., 1979].
particulate phase smoke may be generated in the pyrolysis zone. In this work, a two-dimensional, unsteady model of a single par-
The major gas phase products in the oxygen deficient pyrolysis zonticle pyrolysis is presented to explain an adequate description of the
[Baker et al., 1973] are CO and COhis is typical for cellulosic  anisotropic flow of pyrolysis products and to quantify its implication
materials. Pyrolysis is a fundamental step in a burning cigarettein the pyrolitic degradation. The influence of heat transfer mech-
following solid drying and preceding char combustion. Pyrolysis is aanisms is investigated on the structure of the pyrolysis front and
complex process dominated by a strong interaction between trangfobal pyrolysis characteristics.
port phenomena and chemical reactions.
Basic process characteristics have been investigated with respect MATHEMATICAL FORMULATION
to the pyrolysis of individual compounds found in tobacco, extracts OF THE PROBLEM
from tobacco, and tobacco itself. The main objectives for the ex-
periments were from trying to develop tools to predict the smoke To describe the primary reactions of tobacco pyrolysis, the one-
yield and to the mapping of thermal decomposition pathways andstep global model is based on the lumping of the different products
classic precursor/product studies. Researchers have tried to miminto five groups: residual char, four volatile products, as well as water
pyrolysis methods more like the conditions in a burning cigarette.in tobacco into water vapor by evaporation. The kinetic data by
From simply heating a sample in the furnace to sophisticated equigviuramatsu et al. [1979] was used to model primary degradation
ment that attempts to match the conditions in a cigarette have beef the tobacco particle:
developed. Smith et al. [1975] and Higman et al. [1977] have built
pulsed systems that move a furnace along a tube containing the
tobacco. The gas flow could also be pulsed to simulate a puff. In
spite of the numerous experimental efforts, most researchers real- From the physical point of view, the model here presented de-
ize that the results from the pyrolysis experiments cannot be usesktribes the transport phenomena occurring through the cross-section
to reliably determine the processes that occur in a buming cigaretteof a tobacco particle exposed in a burning cigarette. In a burning
The modeling literature on the pyrolysis of the tobacco has beerigarette, the thermal structure of a burning zone is dynamic, with
reviewed by Baker et al. [1990]. In the meanwhile, Yi et al. [2002] heating rates that vary dramatically from 15 K/s during smoldering
have proposed the comprehensive single particle model where multie 500 K/s during puffing. Because of such complexity, it is extreme-
ly difficult to determine the rates of reactions, and mechanisms of

Virgin tobacce- (pyrolysis)— Four volatile products+residual char
Water in tobacce(evaporation)>Water vapor

To whom correspondence should be addressed. formation of individual smoke constituents and their yields. Due to
E-mail: scyi@email.hanyang.ac.kr the symmetry of the problem, one-fourth of the tobacco patrticle is
“This paper is dedicated to Professor Baik-Hyon Ha on the occasion ogonsidered, according to the schematic reported in Fig. 1. Initial
his retirement from Hanyang University. and boundary conditions of the model are also included.
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Fig. 1. Schematic of tobacco pyrolysis.

K=nK,+(1-n)K, (6)

The formulation of the mathematical model is based on the aswhere,n =2
sumptions of no thermal swelling and/or shrinkage and surface re- P oo . .
. . .. The mixture of gases inside the porous solid behaves according
gression as the tobacco undergoes pyrolysis, local thermal equnlb[-0 the ideal aas law:
rium between the solid and the volatile products, and no condensa- 9 ’

tion of water. Physical processes described include the radiative, _PM, @
convective and conductive heat transfer interior to the particle from ™ RT

the exposed surfaces, momentum transfer to account for non zeQ . - . .
; : . . . inally, we substitute the total continuity equation with a pressure
pressure gradients and non uniform velocity, variable properties (ther-

o . o ! ) evolution equation, obtained through a combination of total conti-
mal conductivity, porosity and permeability vary linearly with the ~ . ; o
. : . nuity, equation of state and momentum equations:
conversion), accumulation of the volatile energy mass and the vol-
atile transport through the virgin tobacco and the charred region.  a(ep/T) _ 9 (KpdpQ +.9 (Kpap, M, 8 rKp’g +Rg ®
1. Transport Phenomena in the Tobacco ot oxtuToxt aytuToyl RoayUyr2 U M ™
Transport phenomena in the tobacco particle include heat cons

duction upon heating, convection due to gas and volatile eneratiorr?' Water Evaporation
P 9 g 9 ' As the temperature of the tobacco particles increases, the water

and radiation. The pressure and velocity variations in the particle can

. ) . . content in the tobacco evaporates. A detailed description of the for-
be described by Darcy’s law. As chemical reactions occur, proper- . ;
ulation of the water evaporation can be found from the work

ties such as porosity, effective thermal conduct|ery, permeability an(ﬁ1 ne by Muramatsu et al. [1979].
gas and solid volume change. Energy conservation can be expressé .
he evaporation rate of water from tobacco can be expressed by

in terms of total enthalpy, which includes accumulation of enthalpy. g s
. . the empirical equation:
of tobacco and gas-phase-species, the convective transport of gas-
; ) X
phase species, the conductive transport of heat and the heat releasep,, _ -N,o expg?egw “W,)" =3 p! ow
i1

associated with chemical reactions ot Y1 ot ©)

where N is total surface area of tobacco shreds per unit volume of

d d d
= + + + += +=
at(p“h“ Pehe +Pufhy €05z ax(pghgu) 0y(pghgv) a cigarettef) is experimental constant, ang, is related to the water

_0g 0Tp, 0 0T, 00, vapor pressure,,pby:
ax%effaxm ay%effaym 0t AHw (1) p /p
By means of specific enthalpies of chemical species defined as Weq=a+b(wpw ) —c(Pu/Pu)’?
h=c,T, h=c,T, h=c,T, h=c,T The saturated vapor pressure of wajgrcpn be expressed by Cal-
. . ingaert’s equation as follows:
the energy balance equation becomes:
1687
d d logp,s=7.991-——
(ﬁ{ (vapv +pccpc +pwcpw +8pgcpg)T} +0_X(pgcpgu-r) 9P T-43
d _0 0To, 0 0T.0p, Water vapor pressure inside the particle is given by the following
+— == — 0+ = — L4 w
ay(pgc"QVT) ax%effaxD ay%effayD ot AH,, @ mass-balance equation:

The effective thermal conductivity consists of both conduction and 0 rp. 1, 0 Pu 0, 9 [, Pu
radiation contributions and may be expressed as: AtlRTU oxURTU 9y RTU
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0 [P o p.H_RP, posed).
e”"XERT% e“ayfRT% M, ot (10) The model Egs. (1)-(12) with initial and boundary conditions are

implemented in commercially available computational fluid dynam-
The kinetic data and associated parameters of Muramatsu et ats code, FLUENT, using user-defined-functions (UDFs).
[1979] were used.
3. Tobacco Pyrolysis MODEL IMPLEMENTATION

Followed by water evaporation, the virgin tobacco is gradually

consumed by pyrolysis. The changes in density of the virgin tobac- The implementation of the models described above is done in a
co by pyrolysis were represented by &rorder Arrhenius equa-  commercial computational fluid dynamics (CFD) code, Fluent 6.0.
tion. The rate of pyrolysis of tobacco is equal to the sum of fourAll equations are solved sequentially and iteratively in keeping with
different pyrolysis reactions. The rate of increase in the density othe Fluent algorithms. Most of the processes occurring inside the
the carbonaceous residue can also be predicted from the pyrolysisbacco shred cannot be simulated by using the standard version of
rate. The kinetic data and associated parameters were taken fronFauent software. Therefore, the equations described above are incor-

paper by Muramatsu et al. [1979]. porated through the user-defined-functions (UDFs) available in Flu-
The conversion of virgin tobacco can be represented by the folent by solving new sets of scalar equations. A brief description of
lowing four reactions: the udfs developed in this work is given below.
90, £p Description of PYROLYSIS.h"
a_tv :21 0t (12) There are a total of three user-defined-scalar (UDS) and seven
user-defined-memory variables (UDMs) defined in this problem.
0P __ Wl o _ In the header file “PYROLYSIS.h" all the parameters required for
=TA Xp% RTB;,.%D pu; where, F1A4 (12) setting up the problem are given as inputs. The variable names and

comment lines together give details of the units of different inputs.

Description of “PYROLYSIS.c”

The function DEFINE_INIT (initialize_function, domain) is used
for initializing all the user-defined-memory variables. This function
a " is called when the problem is initialized in FLUENT.

The function DEFINE_ADJUST (adjust_function, domain) is
written for calculating temperature, total pressure and water vapor
pressure during transient calculations. This function is called before
each iteration. The comment statements before different pieces of
this function explain what each part is doing.

The residual char density is given by:

9. ___p 9P,
o 3

where superscript 0 is the initial state.
The equation describing time evolution of solid volumgjs/
written assuming that

Ve _m, tm+tm, _p, +p. +p,

Vo My Pso @) The function DEFINE_SOURCE (energy_source, ¢, t, dS, egn)
v sets the source/sink term in the energy balance equation.
and the porosity of the medium is givenzb*,?ﬂJ The function DEFINE_UDS_UNSTEADY (UDS_unsteady con-

The above relation for porosity can be rewritten as follows under dition, c, t, i, apu, su) sets transient terms for user-defined scalars,
UDS 0-UDS-2 and user-defied-memories, UDM-0-UDM-7.

the assumption that the total volume occupied by the tobacco par- The function DEFINE_ DIFFUSIVITY (UDS._diffusion_coeff,

ticle d tch th lid und lysis: : P : X
icle does not change as the solid undergoes pyrolysis: ¢, t, i) computes diffusivity value to be used in the user-defined-
—q =Y og Ve R teu0 15) scalar equapons. .
\Y; vi p, O The function DEFINE_PROFILE (convective_bc_UDS 0, thread,
&) is used for setting flux boundary condition on different bound-

Therefore, temporal change of porosity of tobacco particle can b C lies

written as:

0 __ Vo 90, , 90y , 9P (16) RESULTS AND DISCUSSION
ot  Vpylot ot at0

The properties used in the numerical simulations describe a to-
bacco pyrolysis. The kinetic data and the tobacco particle proper-
ties are the same as in Muramatsu et al. [1979]. Effective thermal
conductivity is taken from Blasi [1996] and permeabilities are esti-
mated so as to provide gas overpressures of the same order as those
experimentally observed for the cellulosic samples [Lee et al., 1976].
Simulations have been made for anisotropic particles of Ix=30 mm
and ly=0.06 mm. A two-dimensional computational mesh of 1800
oT guadrilateral cells is created for the analysis.

y =ly: keffay =-go(T'-T) ~h(T-T), p=p (18) The simulations are made from room temperature, with a fixed

final temperature. The product yield of single tobacco shred is pre-

(at the other two sides, x=0, and y=0, symmetry conditions are imslicted, using a low heating rate of 15 K/s for smoldering [Mura-

4. Initial and Boundary Conditions

Initially, the tobacco patrticle is at ambient condition and is sud-
denly exposed in an inert atmosphere, where the pressyend p
the temperature is.TAt the top and right surfaces, it impermeable
to mass flow, and adiabatic conditions to others are assigned.

x =Ix: k or =-go(T'-T}) ~h(T-T)), p=p a7

effax
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Fig. 2. A. Contours of gas overpressure from 101325 Pa for (heating rate=15 K/s) (a) 20.0 sec, (b) 25.0 sec, and (c) 30.0 sec smgolderi
(y-axis enlarged by 5 times). B. Contours of velocity vector field for smoldering (heating rate=15 K/s) (a) 20.0 sec, (b) 25,&aset

(c) 30.0 sec smoldering (y-axis enlarged by 5 times).

matsu et al., 1979], a high heating rate of 500 K/s for puffing [Ba-vective transport which is affected by the structure of the solid res-

ker, 1975] and a final pyrolysis temperature of €50

idue. Clearly, pressure gradients are establishing along the tobacco

Temporal and spatial evolution of the pyrolysis process is showrshred for smoldering and puffing in Figs. 3A and 3B. The velocity
through distributions of gas overpressure from 101325 Pa and vesharacterizing the mass flow of volatile species is the result of the
locity vector fields in Figs. 2A to 2B at several times for the smol- net reaction production and pressure variations. Velocity increases

dering and puffing.

with time since the pyrolysis occurs on the whole tobacco shred.

\olatile species generated in the pyrolysis region create a conAfter reaching its maximum, velocity decreases since the amount
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Fig. 3. A. Contours of gas overpressure from 101325 Pa for puffing (heating rate=500.0 K/s) (a) 0.5 sec, (b) 0.7 sec, and (c) 0/%es
enlarged by 5 times). B. Contours of velocity vector field for puffing (heating rate=500.0 K/s) (a) 0.5 sec, (b) 0.7 sec, and¥sec
(y-axis enlarged by 5 times).

of volatile species in the tobacco shred decreases leading to the loweerde et al. [2000], volatiles in tobacco could be divided into mul-
pressure inside. As expected, the overpressure and velocity in tHgle noninteracting mass-loss events clearly shown in Fig. 4A.
shred for puffing are much larger than those for smoldering due to Spatial temperature gradients for smoldering and puffing are shown
the much shorter reaction time. in Figs. 5A and 5B at the pyrolysis temperature. As shown in Fig.
The simulated dynamics of the area-weighted average gas ovebA, temperature gradients for smoldering are practically negligible
pressure and velocity are shown in Figs. 4A and 4B for smolderdue to the thickness of the tobacco shred and the heating rate.
ing and puffing. As reported by Muramatsu et al. [1979] and Val- Similar results are reported in the study of cellulose pyrolysis by
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Fig. 4. A. Dynamics of area weighted gas overpressure and velocity for smoldering (heating rate=15.0 K/g,=1723.0 K). B. Dynamics of
area weighted gas overpressure and velocity for puffing (heating rate=500.0 K/s,,J=723.0 K).
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Fig. 5. A. Contours of temperature for smoldering (heating rate=15.0 K/s, ;J,,=723.0 K) (y-axis enlarged by 5 times). B. Contours of
temperature for puffing (heating rate=500.0 K/s, T,,,=723.0 K) (y-axis enlarged by 5 times).
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Fig. 6. A. Contours of char concentration for smoldering (heating rate=15.0 K/s,,J,.=723.0 K) (y-axis enlarged by 5 times). B. Contours of
char concentration for puffing (heating rate=500.0 K/s, ],,,=723.0 K) (y-axis enlarged by 5 times).

Blasi [1996]. In her study the thickness of 200 is the critical dition due to the larger temperature gradients, which could lead to
value for thermally thin regime and ifh is assumed to be the the more diverse of combustion products for puffing condition.
limit of pure kinetic control.

Figs. 6A and 6B show the final char yield, for smoldering and CONCLUSIONS
puffing conditions, on the final pyrolysis temperature. Larger char
concentration gradients are observed for puffing, high heating con- A two-dimensional, unsteady model has been developed to sim-

Korean J. Chem. Eng.(Vol. 20, No. 2)



306 S.C.Yi

ulate the pyrolysis of a single tobacco particle. The large uncertaintgp
about the parameters on tobacco pyrolysis makes any qualitativey
comparison between predictions and experimental results difficult.

: total void fraction based on real density
: radiative emissivity

However, qualitative agreement is obtained and the model predicSubscripts

tions shed light on the physical mechanisms affecting the tobacca
pyrolysis for smoldering and puffing conditions. The pyrolysis pro- con
cess for smoldering has been identified as thermally thin regimesff
where intraparticle temperature is uniform, though this may continueeq
to change, depending on external conditions. f
Further improvements in the mathematical model of tobacco pyg
rolysis should include the detailed kinetics of the pyrolysis prod-i
ucts and the secondary reactions whose extent is influenced by both
reaction temperature and the volatile residence time as well as thed

: char
: conductive mode
: effective
: equilibrium
:final state
: gas phase
. i species
: surrounding state
: radiative mode

physical properties of the tobacco particle. S : virgin solid
Y : virgin tobacco
ACKNOWLEDGEMENT w  water
ws :saturated water
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NOMENCLATURE

: pre-exponential factor

: specific heat

: diffusivity

: pore diameter

: activation energy

: gravitational acceleration

: specific enthalphy per unit mass

: convective heat transfer coefficient
: thermal conductivity

: x-direction length

: y-direction length

: molecular weight

: total surface area of tobacco shreds per unit volume
: pressure

: universal constant

: temperature

s time

: volume

: water content

o

=E<THITIT ZZIS XSS mMaop >

Greek Letters

AH : heat of reaction

: porosity

: emissivity

: ratio between char and virgin material
. permeability

: viscosity

: mass concentration

. Stefan-Boltzmann constant

m Mm

Q©T XS5
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