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ABSTRACT : After we made the computer source code with mathematical model of
Muramatsu et al. that was expressed by the set of simultaneous first-order ordinary differential
equations in evaporation-pyrolysis zone of cigarette, we simulated the distribution profiles of
temperature and density of flue-cured tobacco. Those equations were solved numerically with the
Runge-Kutta-Gill algorithm assuming step size of 0.025mm by Muramatsu et al., but in this study
the advanced algorithm of Runge-Kutta 4th Order assuming step size of 0.0005mm. The initial
conditions and physical parameters of Muramatsu et al. were used for solving them. The
calculated values corresponded well with results of Muramatsu et al., especially the gradient of
the temperature profile increased with smoldering speed and the thickness of the
evaporation-pyrolysis zone decreased with increasing of smoldering speed. On the other hand, the
temperature gradient decreased with increasing of the effective thermal-conductivity value and the
thickness of the evaporation-pyrolysis zone increased with the effective thermal-conductivity value.
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Fig. 1. Theoretical profiles of density in evaporation-
pyrolysis of a cigarette containing flue-cured
tobacco at u=4.43% 10 cn/sec.
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NOMENCLATURE

A preexponential factor (1/sec)

Cp ¢ specific heat ( cal/g - K)

D, - effective diffusion coefficient of water
vapor through a cigarette paper ( cm?/sec)

« - effective diffusion 'coefficient of water
vapor inside a cigarette column (cal/sec)

D, : average diameter of void space inside a

cigarette ( cm)

E ! activation energy ( cal/mole)

H : specific enthalpy ( cal/g)

K. ¢ effective thermal conductivity of a
cigarette ( cal/sec - cm + K)

¢ * thermal conductivity of the gas phase

inside a cigarette ( cal/sec : em - K)

A AN ok B)EeE A Aoy

K, : thermal conductivity of tobacco solid
( cal/sec - cm-K)

N, : total surface area of tobacco shreds per
unit volume of a cigarette { cm2/cm?)

P, : water-vapor pressure inside a cigarette or
environmental air ( mmHg)

Py : saturated water vapor ( mmHg)

Q, : heat of pyrolysis ( cal/g)

Q.. : heat of evaporation ( cal/g)

R ! gas constant (1.98 cal/mole - K)

T : temperature { K)

a, b, ¢! experimental constants ( -)

h : free convective heat-transfer coefficient

{ cal/sec - em? - K)

h, : heat-transfer coefficient of radiation
( cal/sec - cm? - K)

m : mass number of water ( 18.0g/mole)

n  : order of pyrolitic reaction ( -)

r : radius of cigarette ( cm)

t  :time ( sec)

u  : smoldering speed { cm/sec )

W @ water content in tobacco

( g H,0/g tobacco)
Weq * equilibrium water content in tobacco
( g H,0/g tobacco)

Greek Letters

@ experimental constant ( g/sec - cm?)
B ! experimental constant { - )
d  : thickness of cigarette paper ( cm)
¢ ¢ Stefan-Boltzmann constant
( 1.355%10 cal/sec - em? - K4)
¢ @ void fraction inside a cigarette based on

apparent density ( - )
@ . total void fraction inside a cigarette based
on real density ( -)
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@ : experimental constant ( K)

! density ( g/ecm®)

: fractional density given by o/p ., ()
g,  radiative emissivity of outer surface of a

cigarette (-)
g, ! radiative emissivity of tobacco shred inside

a cigarette (-)
Subscripts

a : total value
i char

: final value
: initial value

< R0

! tobacco component number ( i=1,2,3,4)

[

: virgin tobacco
. water

g § <

: environmental air condition

ree

g2
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(Appendix 1)

/ ek sk **/
[xis Program for Runge Kutta 4th Order method by In-Hyeog Oh  #++/
/o‘ro * * * " -/

#include <math.h>
#include <malloc.h>
#include <stdio.h>
#include <stdlib.h>

void rkd(double y[l,double dydx{),int n,double x,double h,double yout[l)
void (*derivs)(double ,double [],double [1);

double #vector(int nl,int nh);

void free_vector(double #v.int nlint nh);

void nrerror(char error_text[l);

void usr(double x,double y[7],double dydx[7]);

void main()
{
FILE *outpt;
int i,n,count;
double  y[7],dydx[7],x.h,yout[7];
outpt=fopen("c:\outpt.txt","w");

count=0;
x=.0;

n=7;
h=.00005;
y[1]1=.248;
y[2)=.0326;
yI3]=.0;
y[4]=10.53;
y[5}=294;
y[6]=2.105e~4;
y[71=2.826;
derivs=usr;

fprintf(outpt,”————~————— === —m e

fprintfloutpt,” X yl11  yl21  yi3] yl4] ylal  yl6]

fprintf(outpt,”-—================—= = oo
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fprintf(outpt,”%f ",x);
for(i=1;i<=nii++) fprintf(outpt,"%f ", y[il);
fprintf(outpt,"\n");
for(x=.0;x<=1.42x=x+h) {
(*derivs)(x,y,dydx);
tkd(y,dydx,n,x,h,yout);
for(i=1;i<=nsi++) ylil=yout[il;
count=+-+count;
if(count==1000) {
fprintf(outpt,”%f ",x);
for(i=Lii<=nsi++) fprintfloutpt,”%f " ylil)
fprintf(outpt,"\n"); '

count=0;
}
)
fclose(outpt);

void rkd(double y[7),double dydx[7],int n,double x,double h,double yout[7])
{

int i

double xh,hh,h6,sdym,*dyt,*yt;

dym=vector(1,n);

dyt=vector(1,n);

yt=vector(1,n);

hh=h+*.5;

h6=h/6.0;

xh=x+hh;

for(i=13i<=nsi++) ytlil=yli]+hh*dydx[i);

(*derivs)(xh,yt,dyt);

for(i=Lii<=msi++) ytlil=y[il+hh+dytlil;

(*derivs) (xh,yt,dym);

for(i=1;i<=nsi++) {
ythil=ylil+h*dymlil:
dym[il+=dyt[i};

}

(*derivs)(x+h,yt,dyt);

for(i=Lii<=nii++)
youtlil=y[lil+h6+(dydx[i]+dyt[i]+2.0=dymlil);

free_vector(yt,1,n);
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free_vector(dyt,1,n);
free_vector(dym,1,n);

}

void usr(double x.double y[7]double dydx[7])
{

dydx[1]=(-2.26e2)+(6.27e7*expl(~1.02e4/y[5]) +y[11+.25+1.69e8+expl(- 1.23e4/y[5)) +y[1]*.28+5.99e 14*expl(-2.30
ed/y[5D)*y[1]*.17+4.69e64expl(-1.27e4/y[5])+powl(y[1]+.3,3)+180.66);

dydx[2]=-1.252e13/60.*expl(-8430./y[5]) *powl(y[2]/.248-(y[4]/powl1(10,7.991-1687./(v[5}-43.))/ (5. 12+8.4ﬁ*(_3’[
41/powl(10,7.991-1687./(y[5]-43.)))- 14.16+powl (y[4)/pow}(10,7.991-1687./(y[5]-43.)),2)),1.81);

dydx[31=86.937*(6.27e7+expl(- 1.02e4/y[5])*y[1]#.25+1.69e8*expl(- 1.23e4/y[5])+y[1]+.28+5.99e 14+expl(-2.30e4/
y[5D)#y[1]=.17+4.69e6+expl(-1.27e4/y[5])*powl (y[1]+.3,3)+180.66); '

dydx[4]=(-(y[4)/y[5D)+(1/y(6]+(4.43e-3+(y[1]+.41+y(3}+.25+y(2]#1.00)-5.610e-13*powl(y([5],2)+y[TD*y[7]+4.43e
-3/y[6]+((y[5]-293.)+(.41+(~2.26e2)+(6.27e7*expl(- 1.02e4/y[5])*y[ 11%.25+1.69e8%expl (- 1.23e4/y[5])*y[1]+.28+5.
99e14+expl(-2.30e4/y[5])*y[1]+.17+4.69e6+expl(-1.27e4/y(5])*powl(y[ 1]+.3,3)#180.66)+.25+(5.09e3/60.)*(6.27e7+
expl(-1.02e4/y[5])+y[11#.25+1.69e8*expl(-1,23e4/y[5])#y[1]*.28+5.99e 14%expl(-2.30e4/v[5])*y[1]+.17+4.69e6*ex
pl(-1.27e4/y[5))+powl(y[11.3,3)%180.66)+1.00% (- 1.252213/60.*expl(-8430./y [5]) *powl(y[21/.248- (y[4)/powl(10,7
.991-1687./(y[51-43.)))/(5.12+8.46%(y[4)/pow1(10,7.991- 1687./(y[5]-43.)))- 14.16+powl(v[4)/powl(10,7.991-1687.
/y[5]-43.)),2)),1.81)))+540.#1.252e13/60.*expl(-8430./y[5]) *powl(y[2)/.248- (y[4)/pow1(10,7.991-1687./(y[5]-43.
M/(5.12+8.46%(y[4]/powl(10,7.991-1687./(y[5]-43.)))- 14.16+powl(y[4])/pow1(10,7.991-1687./(y[5]-43.)),2)),1.81)
)+5./y[6]%(8.e~5*powl((y[5]-293.)/.4,.25)*(y[5]-293.)+1.355e-12%.97*(powl(y[5],4)-powl(293.,4) N)-((2.#1.65e-3
*powl(y[51/273.,1.75))/(.659+%.4+3.70e~3*.1 1xpowl{y[5]/273.,1.75)))*(y[4]- 10.50+(y[51/293.)) - ((4.43e~3+6.23ed+y[
51)/(.659%18.0+(.11+powl(y[5)/273.,1.75)))=(- 1.252e13/60.#expl(-8430./y [5)*powl{y[2)/.248-(y[4)/powl(10,7.99
1-1687./(y[5]-43.)))/(5.12+8.46+(y[4]/powl(10,7.991-1687./(y[5]-43.)))-14.16+powl(y[4]/powl(10,7.991-1687./(y
[51-43.0),2)),1.810)/((4.43e-3/(.11+powl(y[5}/273.,1.75M+(2./y[B]+y[7]-(1./(.11+powl(y[51/273.,1.75)))*(1.75%(,
11+powl(y[5)/273.,1.75))/y[S)«y[7])+y[4)/y[5l+y(7};

dydx[5]=y[7];
dydx[6]=5.610e-13+powl(y(5],2)+y[7);

dydx[7]=1/y[6]*(4.43e-3=(y[1]*.41 +y[3]*.25+y[2]#1.00)-5.610e-13*powl(y[5],2)+y[71)*y[ 7]+ 4.43e-3/y[6]+((v(5]
-203.)#(.41+(-2,26e2)+(6.27e7+expl(- 1.02e4/y[51)*y[11%.25+1.69e8*expl(- 1.23e4/y[5])*y[1]*.28+5.99e 14*expl (-2
30e4/y[5]) *y[1]%.17+4.69e6+expl(-1.27e4/y[5])*powl(y[1]+.3,3)* 180.66)+.25%(5.09e3/60.)%(6.27e7*expl(~ 1.02e4/
y[5])*y[1]*.25+1.69é8*eXpl(-1.23e4/y[5])*y[l]*.28+5.99e14*expl(-2.3064/y[5])*y[1]*.17+4.6996*expl(—1.27e4/y[
5D*powl(y[1]+.3,3)+180.66)+1.00%(-1.252e13/60.*expl(-8430./y[5])*powl(y[2]/.248- (y[4)/powl(10,7.991 - 1687./(
y(51-43.)))/(5.12+8.46+(y[4]/powl(10,7.991 - 1687./(y[5]-43.)))- 14.16+powl(y[4]/powl(10,7.991- 1687./(y[5]-43.)),
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2)),1.81)))+540.*1.252e13/60.*exp1(-8430./Y[5])*powl(Y[2]/.248-(y[4]/powl( 10,7.991-1687./(y[5]-43.)))/(5.12+8.
46+(y[4)/powl(10,7.991-1687./ (y[51-43.)))~14. 16*powl(y[4])/powl(10,7.991-1687./ (v[5]-43.)),2)),1.81))+5./y[61#(
8.e-5%powl((y[5]-293.)/.4,.25)%(y[5]-293.)+1.355e-12+.97+(powl(y[5],4)-powl( 203.,40);

}

double *vector(int nlint nh)
( )

double *v;

v=(double *)malloc((unsigned)(nh-nl+1)*sizeof(double ));
if(1v) nrerror("allocation failure in vector()");
returm v-nl;

void free_vector(double *v,int nl,int nh)
{
free((char+) (v+nl));

void nrerror(char error_textl])
{
fprintf(stderr,”Numerical Recipes run-time error..\n");
fprintf(stderr,”%s\n" ,error_text);
fprintf(stderr,”...now exiting to system...\n");
exit(1);



