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INTRODUCTION 

When biomass pa r t i c l e s  a r e  heated very rap id ly  (>lOOO"C/s) in an oxygen f ree  
environment, they undergo pyrolysis w i t h  the formation o f  l i t t l e  or no char (1 ,Z). 
If concentrated so la r  energy is  used LO rap id ly  heat the  pa r t i c l e s  ( 3 ) ,  t h e i r  tcni- 
perature may exceed t h a t  of t he  surrounding gaseous envirorinient by several hundred 
degrees Celsius hhon pyrolysis occui-s (4,5).  This "two temperature'' e f f e c t  gives 
r i s e  t o  the formaticn o f  high y i e lds  o f  s i rups  from the pyrolyzing biomass (6-3). 
Our in te res t  in the se lec t ive  formation o f  s i rups  during the  rad ia t ive  f l a sh  pyrol- 
y s i s  of bionass caused us to  i n i t i a t e  numerical explorations of the  combined ef fec ts  
of heat and rass  t r ans fe r  011 the  r ad ia t ive  f l a s h  pyrolysis phenomena. These explor- 
a t ions  are described in this paper. 

An ea r l i e r  work ( 9 )  presented the der iva t ion  of the  general equations governing 
chemical react'lon, species,  energy, and momentum conservation, a s  wf'll as  t he  appro- 
p r i a t e  bcundary conditions,  f o r  a spherical  p a r t i c l e  o f  ce l lu lose  undergoing rapid 
pyrolysis in ar! intense rad ia t ive  f lux .  
p l i f i ed  sets 0-l' equations, which represent t h ree  a i f f e w n t  leve ls  of physjcal com- 
plexity,  and o f f e r  soiiic ins ight  in to  the  more complex prcjhlem. 

SIMPLiFIED PYROLYSIS MODELS 

and three par t ia l  d i f f e ren t i a l  equations,  as  well as the  appropriate hourdary condf- 
t ions.  
problem hy representiiig only the  e f f e c t s  of :  
heat trans:er, (2)  chemical reac t ion ,  external and internal neat t ransfer ,  and (3) 
chemical reaction, external heat t r a n s f e r  and in te rna l  mass t ransfer .  

l h e  major assumptions underlying the  Level 1 problem a r e  t h a t  the  res i s tances  
t o  heat and mass t ransfer  within the  p a r t i c l e  a r e  negl ig ib le .  
i s  assumed t o  sus ta in  no temperature o r  pressure gradients within i t .  
assume t h a t  only a s i y l e  vapor phasr? species (levoglucosan) i s  present within ti12 
pa r t i c l e ,  and \vi: neqlec'i the k ine t ic  energy o f  the  vapor a s  well as  t.he r a t e  of 
change of i t s  enthaipy r e l a t ive  t o  t h a t  3f the ce l lu lose .  Integrating over the 
volume of the pa r t i c l e ,  the energy conservation equation becomes 

The following sec t ion  discusses three  sim- 

The general pyrolysis model ( 9 )  i s  spec i f ied  by a coupled s e t  of two 0rd:nar.y 

The three " leve l"  problems discusszd .in t h i s  section simplify the  gencral 
(1 )  chemical reaction and external 

Hence the p a r t i c l e  
We a l s o  

The reaction r a t e  V z  i s  given by 
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where 

w i t h  pso,pC=O and T=Ti a t  t=o. 
transfer coef f ic ien t  T i  was assumed. 
flow of vo l t a t i l e s  generated by pyrolysis e f f ec t ive ly  reduces the  r a t e  a t  which heat 
i s  transferred from the  surrounding gaseous environment t o  the  pa r t i c l e .  
ted heat t ransfer  coef f ic ien t  h i s  re la ted  t o  the  uncorrected value h by 

In previous s tud ies ,  a constant value fo r  the heat 
As discussed i n  Reference 7 ,  the  outward bulk 

l h e  correc- 

To nondimensionalize equations 1 -4 we take a s  a reference temperature T 
the temperature a t  which the  devola t i l i za t ion  r a t e  i s  maximum. A reference t i n 6  i s  
chosen t o  be(Tp-Ti)is where 
summarizes the s ix  dimensionless parameters 01-06 which r e s b l t  from a ncndimension- 
a l iza t ion  o f  Eq. 1 .  A fu r the r  discussion of the  s ign i f icance  of these parameters 
is  given in the following section. 

"large" par t ic les  undergoing rapid heating, o r  pa r t i c l e s  w i t h  a low thermal d i f -  
fusivity.  
pyrolytic vapor-s e x i t  the p a r t i c l e  without holdup. 
energy equation becomes 

i s  a cha rac t e r i s t i c  average heating ra te .  Table 1 

The Level 2 problem accounts f o r  the existence of temperature gradients within 

The resistance to  mass t r ans fe r  i s  s t i l l  presumed t o  be negligible;  
With these assumptioils, the 

5) ( I ? ~ c ~ ~ + P ~ c ~ ~ ) % =  CH(-wS) + 1 a ( r  2 k aT)  - N L ( c  T )  
FsF "31̂  ar P 

wherein the molar f lux  of vo la t i l e s  N i s  g iven  by the  spec ies  continuity equation 
2 - _  a ( r  W N )  = bwS 1 

,2 ar 6) 

The i n i t i a l  and boundary conditions associated with E Q S .  2 ,  3, 5, and 6,  which 
specify the Level 2 problem, a re  given by 

The nondiniensionaiization of Eqs. 2 ,  3,  and 5-7 introduces 
parameters O7 and O8 given i n  Table 1. 

7)  

the two new dimensionless 

The Level 3 problem attempts t o  account f o r  t he  e f f ec t s  of inass t ransfer  or1 the  
Level 1 problem. Two major assumptions a re  made: ( 1 )  the res i s tance  to  heat trans- 
f e r  within the a r t i c l e  i s  negl ig ib le ;  hence the p a r t i c l e  i s  considered t o  be iso- 
thermal. and (27 the  mass f lux  i s  giveii by the  hydrodynamic flow expression 

B dc h'. 1 = ( - p .  ,---- 0) i 
u d r  

Equation 8 presumes viscous flaw t o  bs much g rea t e r  than t h e  d i f fus ive  flow, which 
would be the case i f  tlic perrwabili ty Bo i s  l a rge  compared t o  the  d i f fus iv i ty  of 
the  gas within the solid.  An evaluaticn of the  mass t r ans fe r  pec le t  numher pLlo 
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f o r  t h i s  problem re su l t s  in a value exceeding 4000 (71 ,  j u s t i fy ing  assumption ( 2 ) .  
With these assumptions, t he  equation governing the  concentration of vo la t i l e s  
w i t h i n  the par t ic le  becomes 

a (E~cW) - 1 a (r  2 pW &) = bws -- 
2 %  v a r  r a t  

w i t h  p = cR T. The i n i t i a l  and boundary conditions a r e  g iven  by 
9 

t = 0 p, = pso, pc = 0, T = Ti ,c  = p / R  T o g i  

r = O  x=O , & = O  
ar ar 

ke r = R = aFI + 6 (Tf - T) + EO(T; - T4) 
ar 

N = K (C - Cm) 

where K i s  the corrected mass t r ans fe r  coe f f i c i en t  given by 

Thus the Level 3 problem i s  spec i f ied  by Eqs. 1-3 and 9-11, whose nondimensionaliza- 
t ion introduces the new parameter e The reader should note t h a t  the  
Level 3 problem i s  more mathematicaqly complex then i ts  predecessors due t o  the  
ccjuplsd boundary conditions in Eq. 10, r e f l ec t ed  in the dependence of Wand K on 
$q, anti onl, which a re  both functions of the unknown f lux  o f  vo la t i l e s  N a t  the  sur- 
face of the par t ic le .  

RESULTS 

(see  Table 1 ) .  

The coupled s e t  of ODE's and PDE's making u p  the  Level 1-3 prob'lems were solved 
us ing  the method of l i nes  (IO) as implemented i n  a modified form ( 9 )  of the algorithm 
PDEONE developed by Sincovec and Madsen (11).  
from the method of l i oes  was integrdted using the  GEARB package developed by Hind- 
marsh (12). Numerous t e s t s  were performed to  ensure the in t eg r i ty  (accuracy and 
Precision) of the  r e su l t s ,  as described i n  de t a i l  in Reference 9. 

t ion ,  and the freestream f lu id  temperature on t he  time dependent vo la t i l i za t ion  of 
the cellulose pa r t i c l e  was studied i n  a va r i e ty  o f  numerical simylations. Table 2 
catalogues values of t he  parameters se lec ted  f o r  study. Due t o  space l imi ta t ions ,  
Ofily a s sn l l  f rac t ion  of t he  r e s u l t s  wi l l  be discussed here. 
i s  referred t o  Refei*ence 9 fo r  a iiiore complete presentation. 

T h e  coupled system of ODE's obtained 

The influence of the  p a r t i c l e  diameter, t he  incident in tenz i ty  of so l a r  radic- 

The in te res ted  reader 
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, Figures 1 and 2 d,isplay the  weight loss of a p a r t i c l e  as a function of t i n e  
(as would be measured using a TGA) f o r  pa r t i c l e s  with diameters Cf 100 and 500 urn 
surrounded by steam a t  5OG"C, when exposed to  f lux  dens i t i e s  of 50, 100, 200, 400 
and 1600 Wlcn12. 
jected t o  a variety of f lux  dens i t ies  with a freestream temperature of G00"C. I t  
i s  Seen t h a t  the pyrolysis of t he  p a r t i c l e  can be considered t o  take place i n  t ~ o  
stages - a heatup stage and a devola t i l i za t ion  stage.  
par t ic le  heats u p  rapidly without a s ign i f i can t  loss of weight. As the  temperature 
of the par t ic le  increases,  the reaction r a t e  increases considerably and the  devol- 
a t i l i za t ion  stage se t s  in.  As a general trend, i t  i s  observed t h a t  t he  tilne taken 
fo r  complete devola t i l i za t ion  of the pa r t i c l e  decreases w i t h  increasing solar  f l u x ,  
increasing f lu id  temcerat.?rre and decreasing p a r t i c l e  s i ze .  However, a s  evidenced 
in Figure 3,  smaller pa r t i c l e s  subject t o  lower f lux  dens i t i e s  reach a stagnation 
temperature s l i gh t ly  above the  freestrsam temperature a f t e r  which 1 i t t l e  temper- 
a ture  change occurs unt i l  pyrolysis i s  complete. 
t i l . ization o f  the smaller pa r t i c l e s  subjec t  t o  lower f lux  dens i t i e s  in cooler 
environments t o  increase considerably. 

To calculate the values of the  dimensicnless numbers 8 -86 associated w i t h  the 
Level 1 problem, Tp and f3 must be evaluated. An estimate o$ Tp (1)  may be obtained 
u s i n g  

Figure 3 shows the temperature h i s to r i e s  o f  a 100 urn diameter s u b -  

In the heatup s tage ,  the 

This causes the  time f o r  vola- 

where the value 6 can be estimated using the following formulae f o r  the i n i t i a l  va l -  
ues of the heating r a t e  due t c  rad ia t ion  and convection 

w i t h  B = f3 + 
vola t i l i za~ion?C'This  pemnena i s  i l l u s t r a t e d  it1 Figure 4. I f  the value of 
mated above i s  reduced by 
from the exact values by l e s s  t h a n  50°C. 
par t ic les  a n d  iow f luxes ,  when a stagnation temperature i s  reached. 
the value T = Tf would be more appropriate.  

As discussed e a r l i e r ,  the  value of B decreases during heatup and 
e s t i -  

50%, values f o r  Tp estimated u s i n g  Eq. 12 usually d i f f e r  
Larger e r ro r s  a r e  encountered f o r  small 

For these  cases,  

Tables 3 and 4 present representa t ive  values of the  tiondimensional nambers 61-86 
based oti vd1r:es fo r  Tp and 6 calcuiated u s i n g  the above procedure, Increasing values 
o f  81 and 82 r e f l ec t  the decreasing ZOility of s o l a r  rad ia t ion  t o  provide both the 
sensible heat and the  endothermic heat of reaction requirements. 
behavior of 03 r e f l ec t s  e r ro r s  associdted with our method fo r  approximating the value 
o f  6 used to  ca lcu la te  T . 
par t ic le  should reach a etagnation temperature, i n  which case Pp=Tf and e4 is a r t i -  
f i c i a l l y  assigned the  value 84 = 0. 
by B and  Tp.  

a charac te r i s t ic  time tdh f o r  devola t i l i za t ion  can be estimated tising 

P 

The anomalous 

Negative values of 04 occur when T >Tf .  For  8,<-1 the 

As expected, values of e5 and 86 a r e  influenced 

If  heat t ransfer  t o  the  p a r t i c l e  d u r i n g  devo la t i l i za t ion  is r a t e  l imi t ing , ,  then 
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Similarly, a cha rac t e r i s t i c  heatup time thh can be defined based on the sens ib le  
heat requirement: 

Figures 5 and 6 display the  r e l a t ionsh ip  between the  actual values f o r  tb  any t d  
and the estimated values t h h  and t d h  using Eqs. 15  and 16 above. 
l inear  relationship between the  estimated and actual values of t h  and t 
an algorithm (using Ecjs. 15 and 16, and Figures 5 and 6)  which accuratefy estimates 
t h ,  td  and the to t a l  time tt = t;, t t .  reqiii7i.d For pyrolysis without r e so r t  t o  
iiumerical integration of the  Level 1 83E's. 

The evldent 
provides 

For a l l  of t he  cases studied in t h i s  work t h  5 t d ;  COnSeqVently chemical kinet- 
i cs  control the to t a l  time required f o r  the  pyrolysis o f  the  pa r t i c l e .  Only f o r  ex- 
tremely high heating r a t e s  does th 5 td. 

In general, 
internal conduction and convection increase the time required f o r  devola t i l i za t ion ,  
but have l i t t l e  e f f ec t  on hsatup. The increase i n  t i s  more prominent f o r  l a rge r  
par t ic les ,  and higher heating r a t e s .  The f a c t  t h a t  f h  is not depsndent on internal 
conduction and ccnvection may be understood i n  terms of the cha rac t e r i s t i c  time f o r  
conduction tc = R2/aS, which takes on values 4.17, 16.7 and 417 ms for  pa r t i c l e s  w i t h  
diameters of 50, 100 and 500 ym ( respec t ive ly) .  These values o f  tc a r e  comparable 
t o  the  heatup times t h  f o r  t h e  Level 1 problem; hence the  value of 07 i s  c lose  t o  
unity for  a l l  the cases studied. Consequently, pyrolysis does not occur a t  the  same 
time throughout the  pa r t i c l e ;  r a t h e r  the p a r t i c l e ' s  surface rapidly heats and under- 
goes pyrolysis while the ins ide  remains "cool ." 
i n  a l l  the cases studied, and t h  is  unaffected by in te rna l  conduction and convection. 

Table 5 displays values of 08 ca lcu la ted  using the approximate cha rac t e r i s t i c  
temperature T defined ear l ie r '  f o r  t h e  Level 1 problem. Values of 08 ind ica te  t h a t  
f o r  la rge  par!ic,les and higher heating r a t e s  the in te rna l  convective heat f lux  (which 
tends to cool the pa r t i c l e )  becomes comuarable in  magnitude t o  the  conductive heat 
flux. This e f f ec t  tends t o  increase td  by counteracting heat flow in to  the  pa r t i c l e  
durjng pyrolysis. Figure 8 displays the deperldence of td  (Level 2 ) / t d  (Level 1 )  vs. 
0s. The observed l i nea r  dependence permits one t o  cor rec t  the  estimated value 0-F t,, 
(obtained by methods discussed e a r l i e r  f o r  t h e  Level 1 problem) by simply evaluating 
0s and multiplying td  (Level 1)  by the  appropriate cor rec t ion  f ac to r  obtained from 
Figure 8. 

Values of 09 were estimate3 f o r  the range of parameters studied in this  work. 
In almost a l l  cases Oo > 10 ( i n  the worst case 09 = 1 ) :  consequently f o r  the cases 
studied vola t i les  do fief accumulate w i t h i n  the p a r t i c l e  and nc pressure gradients 
a r e  generated. For t h i s  reason, no attempt was made t o  solve the Level 3 prohleiii. 

CONCLUSIONS 

Figure 7 displays representa t ive  r e su l t s  f o r  the Level 2 problem. 

T h u s  pyrolysis occurs by ab la t ion  

Fcr a l l  the  cases t rea ted  i n  this work, chemical k ine t ics  control the time 
required t o  achicve devola t i l i za t ion  o f  t h e  pa r t i c l e .  Because of ab la t ion ,  the time 
required for i n t r apa r t i c l e  heat t r ans fe r  plays a l e s s  s ign i f i can t  ro le .  Mass t rans-  
f e r  liniitations were not s ign i f i can t  for any o f  the cases studied. 

td  and t t  for  many p:'obleiiis of  i n t e re s t .  
01 - 09 should enable other workcrs t o  app1.y t h e  spec i f i c  r e su l t s  of t h i s  work t o  
t h e i r  own problew. 

S.iinp!e formalae were derived which f a c i l i t a t e  rapid accgrate estimates o f  t h ,  
Evaluation of the nondiiliensional parameters 
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h 

Parameter 

01 

e2 

03 

64 

Table 1 

Dimensionless Parameters 

Expresslon Slgnlf lcance 

Table 2 

Selected Values If Parameters 
Used in the Simulations 

Particle diametei. = 50 100 and 500 UII 
Flux density = 50: 100 205, 400 and 1600 U/ca2 
Freestreaa temperature = 500' and 8r)o"C 

Table 2 

Values of dimensionless parameters 
100 p diameter. Tf = 5 O V C  

-- ~~ - 

1600 1.635 -0.0245 10.282 -0.275 0.~09 0.051 

400 2.041 -0.0273 10.651 -0.877 0.036 0.153 

200 2.583 -0.0285 11.046 -1.598 0.072 0.274 

100 3.667 -0.0510 7 7 0.144 0.144 

50 5.834 -0.0510 ? 7 O.%3 0.2113 ----- 
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Table 4 

Values o f  dimensionless paranieters 
500 11 diameter. T f  = 509°C 

-- 
e1 e2 e3 e4 e5 86 1 

jW/cm2) - 
1600 1.526 -0.0285 10.434 -0.004 0.009 0,034 

400 1 . 6 0 7  -0 .03 i8  11.372 -0.122 0.036 0.104 

200 1.715 -0.0336 11.532 -0.210 0.072 0.182 

100 1.931 -0.0354 11.451 -0.358 0.144 0.321 

50 2.363 -0.0370 11.419 -0.612 0.288 0.578 

Tf = 800°C 

I 

JW/& 

1600 

200 

50 

Table 5 

Values o f  the dimensionless parameter, e8 

Particle diameter 

100 I: a % -- 
0.252 0.531 2.78 

0.081 0.155 0.51 

0.063 0.108 0.232 

Tf = 50OOC 

PartiLle dianieter ----. 

I 
.(Ysrh 

1600 

EO0 

50 

3 !  * 
0.236 0.488 2.74 

0.108 0.185 

0.169 
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