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ABLATI VE FAS T  PYROLYS IS O F  B IO M ASS  
IN THE EN TR AINE D-FLOW CYCLON I C  RE ACTOR AT SER I  

James Di ebo l d   
Joh n Scah i  11  

So l a r  Energy Research Institute  1617 Cole Boulevard, Golden, CO 804 0 1   

ABS TRAC T 

Progress with the entrained  flow cyclonic reactor at SER I is de­

tailed. Feedstocks successfully used i nclude wood flour a n d  fairly 

laƉge sawdust .  Preliminary results show that relatively complete 
' 

vaporization  o f  the b i omass is rea l  i zed a n d  that the yields o f  tar o r  

gas can be va ried over quite a range with trends following f i  rst orde r 

kinetic concepts . 

IN TRO DU C T ION 

The heating o f  b i omass i n  an oxyge n -de f i ci ent si tuat i on  i s  known 

as pyrolysis and  has been used for centu r i es to produce charcoal , 

ta rsƊ wood alco hol , a n d  oth er solvents .  The trad i t i o n al slow heating 

o f  b i  omass produces about equal amounts of  gases, cha r ,  a n d  ta r ry 

l i q u i ds .  These ta rry li q u i ds have been p romoted as boile r fuels, but 

t h ey are not thought to be su i table fo r use i n  i nternal combusti o n  

(IC) engi nes. Cu rrent state-o f-th e - a rt di ctates t hat the li q u i d  fuels 

used  fo r IC engi nes be e i th e r  a hyd roca rbon materi a  1, a n  a 1 coho 1, o r  a 

.ni xture  o f  the two . The rmal conve rsion of biomass to hi ,;Jh-qu ality 

l i q u i d  fuels i s  possi ble by gasi f i catƋon fi rst to a syn gas whi ch con­

ta i ns carbon mon oxi de and hyd rogen  a nd wh i ch is subsequently fed to a 

catalytic reacto r .  Howeve r ,  we a re demonstrati n g  an alte r n at i ve a p­

proach , as w ill be d i scussed . 

Un de r ce rta i n  v e ry ra p i d pyrolys i s  cond i tions, valu able p roducts 

can be recove red whi ch are n ot p red i cted by chemi cal the rmo dynami c 

equ i li bri um. These non eq u i li b r i um p roducts can be ·;a r i ed consi de rably 
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dependi n g  upon  the reactor cond i t i on s  se l ected . Th e  p roducts can be 

a 1 most ent i re ly gaseous and conta i n a s i gn i f i cant  amount  of ve ry de­

s i rab 1 e unsatu rated hyd roca rbo n s  such  as ethyl ene  and p ropyl ene . The 

chemi s t ry of  t hese unsatu rated hyd rocarbon s i s  ve ry we l l  kn own and  i s  

t he bas i s  for a l a rge  part of the i nd u st ry. I n  

the  past  t h ey have  been u sed by the  

exi s ti n g petrochem i cal  

petro  1 ellll 

t o  

i n du st ry to  make gas o ­

l i ne a n d  by t he pet rochemi cal  i nd u s t ry make  a l coho l s ,  p l ast i cs , 

etc .  

Hi s tor i ca l l y, t he ene rgy and  chem i ca l  i ndu str i es  have used the 

most economi cal  feedstock ava i l ab l e ,  whi c h  wa s wood  or  ce l l u l os e  unt i l 

the  fos s i l fuel age arr i ved . Wi t h  the advent of  cheap petro l eum and 

natural  gas , the i ndust ry became based  on  low -mo l  ec u l a r -we i ght 

compounds , such  a s  ethyl ene, for use  a s  starting materials to make 

p l ast i c s , a l coho l s ,  and  l i qu i d  fue l s .  Alt ho ugh the highest 

yie 1 ds of  et hyl ene may be made from ethane , the increase in cost and 

the dec rease i n  avail a b i l ity of ethane ha s  gradually shifted the in­

dustry towa rd u s i ng l es s  des i ra b l e feedstoc k s , eve n  thoug h the y i e l ds 

may be l owe r a nd  t he proces s i n g more d i ffi c u l t .  The·u se o f  b i  oma s s  as 

a sou rce of ethyl ene  vi  a a ra pid therma l react i on would have con sider­

able me rit es pecial ly in areas without a s s ured access to petroleum 

s o urce s  . 

The con version o f  bioma ss to ethylen e  via fast pyrolysis has been 

demon strated by several isolated res e archers at scales ra nging from a 

few mi 1 1  i grams in batch experime nts  to cant i n uo us flow, bench-sea 1 e 

experimentation at n ominal flow rates of  5 kg/h. In additio n to the 

fundamental pyrolysis studies by tƌiln e  and Soltys ClJ, DOE's Biomass 

Energy Systems Bra nch ha s sponsored a fast pyrolysis program at SERI 

having three area s o f  effort: laboratory -scale pyrolysis o f  a f2w 

milligrams o f  material from mon olithic pieces o f  bioma ss to determin e 

o ptimal neat tra nsfer mecha nisƍs; the bringing together of  the several 

isolated fast pyrolysis res ea rchers to compa re metho ds, res ults , and 

conclusion s as to the fast pyroly sis p he n omenon  [2] ; and the scaling­

up o f  the fast pyrolysis of  bioma s s  to a n  engineering res ea rch scale 

to pave the way for a pilot pla nt demonstration using p ractical , non -

rubbe r, 

2 
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exot i c  heat t ra n s fe r  techn i ques  and  bi  ama s s  feedstoc k s  1 a rger than  

fi ne  powde r s . Efforts s i n ce o u r  l as t  meet i n g  h ave been concerned wi t h  

the eng i n e e r i n g  research  phase. 

BACKGROUND 

As was reported and demon s t rated at  the  1 1t h  Bi omass  Th e rmoconver­
[ 3]s i on Contract o rs• Meet i n g  , the  l abo rat o ry-sca l e heat  t ran s fe r  

expe r i ments  have s hown that when b i oma s s  i s  moved re l at i ve l y to  a red­

hot Ni c h rome wi r e ,  the wi re wi l l  cut t h r ough  t he b i oma s s .  The rate o f  

cutti n g , o r  pyro l ys i s ,  c a n  be as  h i g h  as 3 cm/s when i t  i s  a very 

1 oca 1 i zed s u rface phenomeno n . Wi t h  t h i s method of heat tra n s fe r ,  

pyro l y s i s  appea rs to p roceed by the depo l yme r i zat i on ,  me l t i n g ,  and 

vapo r i zat i on of the b i oma ss w i t hout obse rva b l e  char fo rmat i on; the 

term 1 1a b l a t i v e 11 seems to  best desc r i be th i s  fast  pyro l ys i s mechan i sm .  

Th e  rate o f  heat t ran sfe r  from t h e  red -hot met a l  sur face t o  the 

b i oma s s  i s  ext raordi n a r i l y  h i g h. Ba s e d  on  an  a s s umed ene rgy of pyro l ­

ys i s  of  2000 J/g , the 0 . 02 5-cm d i amete r  wi re  mo v i n g  across  the b i omas s  

at  2 0  cmjs  a n d  penetrat i n g a t  a rate o f  3 cmjs was tra n s ferr i ng  3500 

W/cm 2 , wh i ch is ve ry i mp res s i ve compa red to the me re 1 5  W/cm2 radi ated 

by a b l ack  body reactor wa l l  at  1000° C .  Thu s ,  t h is  sol i d  convect i ve 

a pproach  to heat t ra n s fe r  fo r pyro l ys i s  t ra nsfers e n e r gy to the b i  o­

mass at rat es  ove r two orde rs of  mag n i tud e  g reater  than  b 1 ack body 

rad i at i on  at  s i mi l a r  wa l l  temp e ratu res . Th i s  wou l d i mp ly t hat a py­

r o l ys i s  reacto r  re l y i n g  on  sol  i d  convect i ve heat  trans fer cou l d have  

o ve r  100 t i mes the  t hrou g hpu t  of a s i m i l a rly s i zed react o r  relyi n g  

on l y  o n  rad i at i ve heat t ransfe r .  

Th e mechan i sm o f  t h i s  so l i d  convect i v e heat t ransfer  appears to be 

the  conduct i on of  heat ac ross a v e ry tt1 i n  f i l m  ( t h ou ght to  b e  abou t  

1 0  llm t h i c k  ) from a nea r l y  i so t h e rma l meta l su r face a t  1000 ° C ,  wh il e 

t he b i omass d e po l yme r i zes at abou t  300 to 400° C to  p r i ma ry ta. rs wh i c h 

a re w i :Jed away and/or  vapo r i zed . S i nce  heat conduct i0n  is proport i on ­

a l  t o  th i s  la rge  t empe rature d i ffe renc e  d i v i d ed by the  v e ry th i n  f ilm 

t h i ckness , ve ry h i g h  heat  flu xes are pred i c t e d. Because the  surface 

reg ress i on rat e  is n ea rly the same as t h e  t h e rma l penet ration rat e , 

3  
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any b i  ama s s  whi ch i s  1 ocated mor e  than  a ca 1 cu l a ted 1 5  llm from the 

pyro l yz i n g  s u rface i s  s t i l l  at  the l ow i n i t i a l  t empe rat ure and i s  

u na ffected by t h e  ab l at ive pyrol ys i s  ta k i n g  pl ace . Con sequent l y , t h i s 

cha r l e s s , a b l at i ve pyro l ys i s wi l l  p roceed i n  manne r whether  

the  b i omas s  i s  a 1-cm c h i p  or  a fi ne , 50-llm powd e r  [ 4] . Because  the  

pyro lys is  front  moves s o  q u i c k l y  t hrough the  b i oma ss , t h e  t empe rature 

g rad i ent i s  very steep wi t h  a ca l c u l ated heat i n g  rate of  a bout  
[5]soo , oo ooc;s . 

The ab i l i ty to  use  wood ch i ps rathe r than  a f i ne  powd e r  o r  du st  as 

feedstock , i mp ro ve s  the overa l l process  wi t h  respect to  a n  est i mated 

to 15% p roce s s  ene rgy reduct i on ,  1 ess  equ i pmen t  to amo rt i ze , and 

e n hanced sa fety by e l i mi n at i n g du st  e xp l os i on  h aza r ds i n  storage b i ns ,  

t ransfer l i nes , etc .  The pyro l ys i s  reacto r  concepts, wh i c h we a re 

deve l op i n g ,  i n vo l ve a ve ry h i gh t h r o u ghput  react o r  i n  wh i ch ent ra i ned  

b i omass part i c l es at  h igh  ve l oc i t i es ente r tangent i a l l y  i nto  a cyc l one  

o r  v o rtex t ube  as  s h own i n  Fi g .  1 .  The v o rtex  t ube  wa l l  is  exte rna l l y 

heated so that pyrol ys i s  takes p l ace as the b i omass s l i de s  and bou nces 

a l o ng  on the i n s i de s u rfac e .  Th i s i nt i  n;;1te 

part.'cles 

contact and re 1 a t  i v e  

mot i on of  the hot wa l  l a n d  t he b i oma ss i s  ana l  ogous to  the 

hot -wi re pyro lys i s  men t i oned  a b o v e .  The vortex  sect i o n  of  the react o r  

i s  fo l lowed by a lon g  t ubu l  a r  v a p o r  cr ack ing section to m axim ize gas 
fo rmat i o n .  Deta i l ed d esc r i pt i ons o f  the  expe r i ment a l  har dwar e ar e 
g i ven  i n  re ferences 6 and 7. 

PROGRE S S  

So l i ds Fe ed i  ng 

The sm ooth, even f eeding of the  b iom ass p art icl e s i nt o  tn e p yr ol y­
s i s r eac t  o r s y s t em is q ui t  e c r it i ca l to s u c c e s s f u 1 op e r at i o n • Th is i s 
p ar ticular ly tr ue wi t h  t h i s ab l at i v e b ec ause ther e is 
v i  rt ua l  l y  n o  ho l  d -u p  of  so l i ds in the r eactor as with updr af t 
o r  downdr af t gasif ier s whi ch have a l ar ge b ed of b iom ass par tic l  es at 
al l t i mes . Var iations i n  so l i ds' f eeding r ate r esul t in pr essur e and 
gas f low f luc tuations whic h ma k e  p r  ecise measur ements of v ar i ab l es 

d i  ff i c u l t  and subject to  er r or . Because our sophistic ated so l i ds 

4 
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feed e r  was not de l i ve ri n g  the  des i rable constant mas s  fl ow rate , a 

maj o r  effo rt was succes s fu l  l y  spent on  the  feede r subsyst em .  The 

feede r can be  e i ther  ope rated wi t h  con stant  screw speed (vo  1 umetr i  c 

mode ) o r  w i t h  an  e l ect ron i ca l l y -contro l l ed screw speed des i gned t o  

d e l i v e r  a con stant  ma s s  fl ow rate (ma s s  mode ) . 

I n s i de the  feed hoppe r a re two b 1adders whose p urpose i s  to  peri ­

o d i c a l l y  comp res s  the feed t o  col l ap s e  any bri dg i n g  o r  rat-ho l i n g of  

the  fee d .  These  b l  adders were s u p posed to have been  made of  a mat e ­

r i a l  capab l e of  operat i on at 250° F  ( 1 2 1°C) or  h i g h e r .  Howeve r ,  the 

b l adder mater i a l  had become emb r i tt l ed and fai l ed dur i n g  operat i o n .  

The factory (K- Tron ) was cont acted a nd  two more b l adde rs we re sent on 

wa r ranty wh i ch we re to be capab l e  of  the  h i gh temperat ure operat i o n .  

The new b l a dders a re made of a s i l i cone  i m pregnated f i ber-g l ass c l oth 

a nd  shou l d be  ab l e to  wi thstand  the  e l evated temperatures (1ݙ 25°C ) fo r 

extended t i me per i ods wi t hout  deg rada t i o n . 

Wh i l e  we we re wa i ti n g  fo r t he de l i ve ry of  the n ew b l adde r mate r i ­

a l s ,  a pneumat i ca l l y -d r i ven  v i b rator  was added to  the feed hopper  to  

dete rmi n e  i f  th is  woul d a l l ow i nte r i m  operat i on o f  the  sys t em .  E xten ­

s i ve test i n g wi th  the new b l adders revea l ed that  even when used  w ith  

t he a i r -d r i ven v i b rato r ,  the -80 mes h  p i n e  f l ou r was n ot f ree f l owi n g  

a n d  wa s s t i l l  a b l e to b r i dge a n d/ o r  1 1 ra t - ho l e11 in  t he hoppe r .  

To i n c rease  the d i s p l aceme n t  o f  the  feed in the  h oppe r a n d  c o l  ­

l a pse t he b r i d ged  feed , h i n ge d  p l ywood s heet s we re i n s t a l l ed on  top  o f  

t he b l adde r s . It  wa s fou n d  t h a t  by a l terna t i n g the i n fl at i on  o f  t h e  

b l adder s  du r i n g  v i ::> rat i on t hat t he b r i d g i n g  tende n c i e s  cou l d b e  r!l i n i­

m i  zed . U n fo r t u n ate ly , the mo vement  o f  the  feed by the b 1 adder  syste:n 

c a u s ed the e l ect ron i c  system to  gen e rate  fa l s e 'He i  ·j h t  data , 'Hh i c h i n  

t u r n  co n f u sed  t he e l ect ron i c s c o n t ro l l i n g the  :na ss f l ow rat e .  It  was 

t he re fo re neces s a ry du r i n g  t he b l a dder  actuat i on to e l ect r i ca l l y 

s wi tch  the feeder co n t ro l l e r to  the  v o l umet r i c m ode ( co n s t a n t  s c r ew 

s peed) to  av o i d  the  fa l s e we i g h t  data  be ing  u s ed to e r ro neou s l y  adju s t  

t h e  s c rew s peed i n  t he ma s s  mod e .  Th e  c o n t ro l l e r •Ha s a u t omat i ca l l y  

s w i tc hed back  t o  the mas s mode by the s ame t i me r  that  t u rned  t h e  b l a d ­

d e r  s o l eno i ds on  a n d  o f f .  

6 
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Even  wit h  these  imp rovements , the  feede r cont ro l l e r in  the  ma s s  

mode did n ot provide a sig nificant ly smooth e r  mas s  fl ow than just a 

constant  sc rew speed. as  exemp 1 i fi ed  by a s er i es  of  one min ute g ra b  

s amp l es . I n  addition , d u ring  pyr o l ysis system ope ratio n ,  i t  was o b ­

s e rved that when t he b l adders  we re infl ated , t he ga s fl ow in t h e  sys ­

tem d ra s tica l ly increased t o  res u l t  in a system ups e t . This was 

o rigina l l y  thought  to be due to  l eaky b l adde rs . Howeve r , after  the 

b l adde rs  were rep l aced , it became app a rent that  when the  b l adde rs were 

i n fl ated in  t he c l o sed hopper , an equal vol ume of the steam/nit rogen 

atmosp he re in  the h opp e r  woul d be displ aced into the pyro lysis 

system . Muc h  of this  gas wa s obse rved to  b 1 ow through  the screw 

a ugers in spite of a p re s s ure  equa l izing  t ub e . A s i mi l a r vo l ume o f  

gas  wa u l  d then  be sucked back i nto  the hopper  du r i n g  the def l at i on o f  

the b 1 adde r s . Tili s u n expected fl ow o f  gas e s  te nded  to b 1 ow the fin e  

fl ou r a l o ng  wit h  it . This fl ow o r  f l o odin g  o f  the sc rews wo u l d tend 

to dump a signi ficant amount of  extra feed i nto  the pyro l ys i s  sys­

tern .  Wit h  the e l ect ronics  in ma s s  mode , this  fl oodi n g weight l os s  

woul d cause the screws t o  s l ow down t o  t ry t o  ma i ntain  the mas s - fl ow 

set point . Howeve r , aft e r  the s l u g  of  feed had pyro l yzed , the system 

p re s s ure  wo u l d i n c reas e  and  cau s e  a back fl ow i nto  the hopper  wh i ch 

wou l d  keep the feed c l eaned  o f f  of the sc rews . Th i s  g a s  fl ow back and  

fo rth th ro u gh the s c rews i s  a p parent ly  re s pon s i b l e fo r the l a rge va r ­

i at i on s  i n  product  g a s  f l ow rate throu gh the sy s t em in s p ite of a 1.9-
cm-d i am .  by-pa s s  hose  o r i g i na l l y  i n s ta l l ed to  p revent  s uch a g a s  

f l ow .  Th i s  act i on of  the b l adde rs  wa s c l ea r l y  unacceptab l e  t o  the 

goa l of smooth cont i n u o u s  operat i on  of the sy s tem . 

D u r i n g  the cou r s e  o f  feede r  ca l i b rat i on s , i t  wa s reco g n i zed that 

the vi bra tor  a 1 one  wou l d not  e l i mi nate  b r-id g i n g  and  that the feede r 

contro l  l e r wa s  res pond i n g  ve ry s l 'J g gish l y  to c hange s  i n  the feed b u l k  

den s i ty .  This s l u g g i shne s s res u l ted i n  the feed e r  d e l i ve r i n g  a feed 

rate  w i th an e rror  ba n d  of  :!bout ± 7% in the abs ence  of  br i dg i n g .  

T n i s feed rate error  band  i s  s u ff i c i ent  to res u l t i n  sy s t em u p s e t s  

d u r i n g  operat i on a n d  i s  the refore  undes i rab l e .  Si nce  the feed e r  s pec ­

; f i  cat i o n s  ca 1 1  fo r an e rror  ban d of 1 e s s  tha n ::1%, d i  fferent  adju s t ­

7 



the el ectron i cs 

fa i l ed to  

wa s contacted . 

c l  uded that  t he contro l  l e r  

TP- 1 654  

ments  to  i n  the contro l l e r  were eval uated . When the 

adju s tments  reduce the error  band  to l es s  than ±1%, the 

fact o ry After  severa l  add i t i on a l  tests  , i t  wa s con­

wa s de fect i ve .  

The man u fact u re r  of the s o l  i ds feede r was s uppo rt i ve of  our ef­

forts to  fi ne tune the feede r .  On t he p o s s i b i l i ty that 

con t ro l l e r 

than  

our  control l e r  

was fau l ty ,  t hey s h i pped u s  a n  i dent i c a l  on l oan . Howe v e r, 

the new contro l l e r 

i n  fact , 

factory 

wa s 

con c l uded that 

d i d  not pe r fo rm a ny bette r our o r i g i n a l  con­

t ro l l e r  and , appea red to  con t ro l  the mas s  fl ow rate l es s  

p rec i se l y .  A tra i ned techn i c i a n  was i n  t he Denve r  a rea o n  

another  job and abl e t o  spend  seve ral hours  goi n g  over ou r sys­

tem . re the  e l ectronics  we re a l i ve and  wel l , but that  

our feed wa s not  fi  1 1  i ng  the sc rews u n i forml y .  He manag ed to take a 

se r i es of  catch samp l es  wh i ch s h owed that  ±2 standard de vi at ion s  wa s 

w i t h i n t he speci fi ed ±1/2% of t he "range " . Un f ortunate l y , this met hod 

of spec i f i cat i o n  a l l ows devi at i on s from the  mean wh i c h can a l l ow ope r ­

at i ona l ups ets  and wh i ch ma k e  data gather i n g  l ess p rec ise  than  

des i red . Th i s i n d i cated that  wo rk wa s needed to dete rmine  h ow t o  

smooth  the del  i vered so l i ds fl ow rate, espec i a l l y du ring tota l system 

ope rat i o n .  

Th e probl  em of uniforml y  feeding sawdust and wood fl  our was iden­

tified as having two different rnechanisms, both of which resul  ted in 

gas fl ow instabi l ity in the system. O u e  to the l ow pressure drop 

across the gas c l  ea n -up systems, there was virtua l  l y  no effective 

damping action in spite of the re l ative l  y l arge vo l ume. Tne damping 

abi l ity of the gas c l  ean-up system was great l y  improved by restricting 

the gas fl  ow with an orifice pl  ate at the out l  et of the ne•t-� char cy­

c l  one (to be discussed later) and with va l ves at the out l ets of the 

cyc l one scrubber and the packed scrubber. This increased the pressure 

drop, but a l  l owed the three gas c l  ean-up subsystems to act as gas 

accumu l ators to smooth out variations in gas flow from the pyrolysis 

reactors due to variations in so l ids feeding rate. The other source 

of probl ems was the temporary, incomp l ete fi l l ing of the screw augers, 

which wou l d resu l t  in a drop in mass flow through the system and a 
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d ro p  i n  the sys tem gas p re s s u re .  As t he sys tem p re s s u re d ropped , the 

gaseous  atmo s p he re i n  the feed  hoppe r  wau l  d be sucked through t he 

screws wh i ch wou l d b l ow an exce s s  o f  feed off  the sc rews . Th i s  wou l d 

cause a mome nt a ry r i se i n  system p re s su re a n d  a con sequent reverse ga s 

fl ow past  the screws p reven t i ng t he feed  from enteri n g  the screws. 

The reproduci b l e  feed i ng o f  s o l i d  mate r i a l s ,  i s  an a rt i n  wh i c h 

t he des i g ne r  attempts to fi l l  some sort of an auger i  n g  dev i ce wi t h  

s o l  i ds hav i n g  a un i form bu l k den s i ty .  Wi t h  a constant  a uger s pee d , 

t h i s res u l ts  i n  the very d i ffi c u l t-to-atta i n  con stant ma s s  fl ow 

rate . To ach i eve a un i form b u l k  den s i ty ,  the state -of-th e -a rt p ra c ­

t i ce i s  to  mechan i ca l l y  agi tate o r  fl u i d i ze the so l i ds immed i atel y 

above the  a uger i ng  screw .  These fl u i d i zed so l i ds h ave s ome p rope rt i e s  

s i mi l a r t o  comp res s i ble rea l fl u i d s , e . g . , t he appa rent den s i ty i s  a 

funct i on of  fl u i d  dept h .  To ach i eve a u n i form bu l k  den s i ty ,  t h e  

he i g ht  of  fl u i  d i  z e d  mate r i a 1 above t he augers shou l d b e  kept con s tant  

and  the s udden add i t i on of l a rge c h u n k s  of  n o n -fl u i d i zed (h i gh den s i ­

ty ) feed shou l d be avo i ded . ( Thes e  l a rge , h i g h  den s i ty chun k s  a re 

t hought  t o  i mme d i ate ly  s i nk to  the a uge rs ·.>� ithout  o rope r  fluid i zat i o n  

a n d  res u l t i n  a momentary h igh  ma s s -fl ow rate . ) 
U n fo rtunate l y , the mechan i cal fl u i d i zat i on of  the sol i ds requ i res  

a con s i derable amou n t  of energy , so  t hat on  1 y a small port i on of  the 

ent i re contents  i s  n o rma l ly ag i tated . As the  level of s o l i ds drops  i n  

he hopݚ p e r  du r i n g  normal operat i on , the  flu i d i z ed bulk dens i ty above 

the  a u gers  has  a tenden cy to dec rease  wh i ch results i n  a dec rea s e  i n  

the sol i d s ma s s -flow rat e .  Small va r i at i on s  i n  the  bul:< dens i ty of  

the  flu i d i zed sol i ds can  be  c ompensated by plac i n g the ent i re hoppe r 

and contents  on a scale ݛvh i c h p rod uces  an elect ron i c  s i gnal 'Nh i c h  can 

be p roces sed to i n c rease or dec rease  the a u ge r  s peed . ( Non -exclu s i v e 

examples o f  feed i n g systems \v i t h flu i d i zed s o l i d s above the auger  and 

w i t h  the  a utomat i c  sc rew speed cont rol a re those  made by the K- Tron  

Corpo ra t i on ,  P. 0. Box 548 , Gla s sboro  , NJ 08028 and  by A c r i  son, I n c . , 

20 Emp i re Blvd , Moonachie , NJ 07074. ) 

Ou r exper i ence  \vi t h  the  elect ron i cally cont rolled feede r 11ade  by 

K- Tron has  been that  relat i vely even ma s s  fl ow was atta i ned t h e  
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sol  i ds were fai r l y  free -fl owi n g  wi t h  a l ow ang l e  o f  repose . Howeve r ,  

wi t h  f i b rous  so l i ds havi ng a ve ry h i gh angle of  repos e ,  such  as woo d  

fl o u r  o r  sawdu s t , t he ma s s  o f  sol  i d s  i n  t he hoppe r  ten ded to  form a 

stab l e  a rc h  o r  br i dge above the ag i t at o r  whi l e t he f l u i d i zed s o l i ds i n  

t he ag i tator  sect i on were fed to  dep l et i on. A var i ant of the br i dge d  

feed i s  t he "col l ap s i ng  bri d ge" whi ch can form a vert i ca l  " rat-ho l e" 

i n  the feed. The existence o f  t hese br i dge s  o r  rat-ho  1 es p revents the 

fl ow o f  feed i nt o  the ag i tato r and  res u l ts i n  a dec rea s e  i n  bu l k den­

s i ty and de l i ve red mass fl ow. Wi t h  wood fl o u r  hav i ng  an  ang l e o f  

repose o f  nea r l y  9 0° ,  a 2 0-cm d i am .  rat -ho l e  would typ i cally form 

above t he ag i tato r and  b reak throug h to  the top  surface of  the feed i n  

the  hoppe r .  W i t h  s awdust , the rat -ho l e tended to· h ave a l a rge r  d i  am­

eter  at t he top than  at the  bot tom (an i nv e rt ed, t runcated  coni c a l  

shape ) . 
To col l a pse  the br i dges and t he rat - ho l es, K-t ron had desi gned  and 

i nsta l l ed i n fl atab l e b l adde rs i nsid e  the hoppe r . When t hese b l  adders 

i nf l ated , they were supposed to comp ress the feed . Howeve r ,  thes e  

bladders d i d  not rel i a bly co l l a pse  t h e  feed a n d  i n  add i t i on t hey 

seve re l y  upset t h e  syst em when ope rated. When feed i ng t he sol i ds 

d i rec t l y  i nt o  a reactor  w i t h  t h e  hopper l i d battened down, the  i nf l a­

t i on of the  b l a d d e r s  c a u s ed a d i spl a c ement of part of  the ga s eou s 

atmosphere  i n  t h e  hopper t h rough  the  a uge r. Th i s  c a u s ed a s urge o f  

g a s  and s o l i ds to  ent e r  t he rea ctor whi c h  re s u l ted  i n  system pres s ure 

and mass f l  ow ups e t s  a s  previ  ous l y  d i  s cu s se d. 

The  v i brat o r  by i t s e l f di d not seem to upset  the e l ectronics, but 

t h i s dev i ce  wa s ma r g i na l l y  e f fect i ve, cons ume s qui t e a b i t o f  

compressed g a s  and the  long term e f fect s o f  v i brati on on the 

el ectron i cs was unknown (t he e l ectron i cs  emp l oy a ta u t, harmon i c a l l y  

v i brat i ng w i re fo r we i g ht  determ i na t i on). I t  '.va s rea s oned tna t  a 

devi ce  w h i ch wau l d a ffect on l y  t h e  so 1 i ds in t h e  hopper rather than 

t he \vh o l e hopper and i t s content s .voul d u se cons i derabiy l e s s  power 

and be l es s  apt to  confu s e  the  e l  ectroni c controls. M add i ƈiona l 

mec hani c a l  ag i t a tor or pad d l e to  f l u i di ze the rest of the hopper 

contents c o ul d have been u s e d, but t h i s wou l d requ i re s ubs tant i a l  
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powe r to ope rate , mi g h t  have u pset the  sens i t i ve el ect ron i c  wei g h i ng 

devi c e ,  and  the  bu l k  dens i ty woul d c hange cons i derab ly  duri ng  the  

feed i n g  operat i on as we l l .  

We have deve 1 o ped a dev i ce whi ch encourages the rat-ho 1 e to form 

i n i t i a l l y  above the feed a g i tato r ,  but t h e reafter  i t  ma i nta i ns a con ­

stant 1 eve l o f  feed , j u s t  above the a g i tato r . The dev i ce senses when 

the feed l eve l  drops and t hen  causes a sma 1 1  amount of  feed to fa 1 1  

off of the wa 1 1  s o f  the  rat-ha l e .  When the  feed above the ag i t ator  

accumu l ates to  the des i red leve l  , the senso r i n  the devi ce causes i t  

to stop sl o u g h i ng o ff the wa l l s o f  the rat hol e .  Th i s  results i n  a 

ve ry u n i form b u l k dens i ty above the augers a n d  consequently a un i fo rm 

mass flow rate at a constant  aug e r  speed . 

In grab s ampl e tests , the  de l i vered mass fl ow rate of -80 mes h 

p i ne fl our  wi t h  the new dev i ce at a constant  auger s peed was muc h  

smoother wi t h  a c oeffi c i ent  of  va r i at i on  of  on ly  1% ( twenty-three 

consec ut i ve o n e-mi n ute sam ples ) . Th is compa res to 2% wi th  the same 

feed wi th  t h i rty-one one-mi nute sampl es wi t h  the b 1 adders a 1 ternat i  n g  

and  v i b rat i on du r i n g  b l adde r actuat i on (t h e  elect ron i cs we re automa t i  ­

cally swi tch ed to the  constant auger  speed mode dur i n g  the 25 seconds 

of u psett i n g bladde r act i on and the  rema i n i ng one mi n u t e  of the cycle 

was i n  the  e l ectron i ca l l y -c ontro l l ed var i a b l e auger s peed mode ) . 

Th us , •t� i t h t h e  new dev i ce, the  feeder de l i v ers  such  a con s t a n t  mas s  

flow at a con s t ant a uger s pee d , that the  expen s i ve e l ectron i c s to vary 

the  auger s peed may prove  to  be s u perfluo u s. In add i t i on , tne dev i c e 

has a re lat i vely l ow ener gy req u i remen t  a n d  a mi l d  i mpac t  on  the h o p ­

p e r sys t em i t s e l f s o that t h e  e l e c t ron i c s a r e not u p s e t by t h e  i t s 
act i o n .  In operat i on w i t h the  pyro l ys i s reactor attached to t h e  

feeder wi t h  t h e  dev i ce i n s t a l l ed ,  very smo o th sys tem operat i on i n  ooth  

the constant and  t he  control  l ed variab l e  screw s peed 8odes  wa s 

atta i n ed , a s  e v i denced  by t he re l a t i v e l y  con s tant pres s ures  throug hout  

the sy stem and product ga s f l  ow rat e .  A patent  d i  sc l os ure ha s  been  

prepared and s ent to SER I's l ega l coun c i l .  I t  has been a s s i gned  the 

t i t l e  "SER I Inv ent i on No  I R  #82- 7; Lmv P ower , So l i d ?art i cle F l u i d i zer 

l l   



Reactor  Modi  f i cat i on 

As wa s repo rted 

f l  ow test i  n g  in  a 

he l  i ca l  

TP- 1 6 54  

and  Level Con t rol l e r11 and  has been forw a rded to  the  DOE Off i ce  o f  

Patent Coun c i l i n  Ch i ca g o. 

at ou r l as t  contracto r ' s  mee t i ng, extens i ve co l d­

Pl ex i g l a s  reactor  model showed that the  desi red 

t i ght  path of the so l i ds cou l d be  atta i ne d  w i th a hel i ca l  

gu i de vane  on t h e  I D  o f  the cyc l one  No othe r feas i b l e phy s i ­

ca l changes  to t h e  ex i st i ng reactor  

react o r .  

had any sub stant i a l e ffect on  the  
[ 7]s o l  i d' s  path  on  the  reactor  w a l  l . 

The  pyro l ys i s  reactor  has been mod i fied wi t h  the  add i t i on o f  an 

i nt e rna l , handmade h e l i ca l  s p i ra l of  1 /4 -i n . -d i am .  3 1 6SS  t u b i n g .  The 

h e l i x  has  a 1 2 . 5 -cm-d i am. and a 3-cm p i tch . This he l i ca l  sp i ral  'lia s  

c hosen for  eva l uat i on  rather  t h a n  a more  i dea l  mach i n e -turned s p i ra l 

made o f  square rod due to the rel at i ve nonava i l a b i l ty o f  the square  

rod in  a h i gh t empe rature  a 1 1  oy . The use o f  the  handmade  sp i  ra  1 wa s 

t o  ver i fy 

t empe ratures  

of  a coa r s e  

the e ffect i veness o f  the concept to  gu i de the  part i c l es at 

e l  e vated i n  a t i ght sp i ra l rath e r  than  the nat ura l  pat h 

con s i st i n g s p i  ra 1 •11 i t h  a p i tch great e r  than the  ID o f  tne 

cyc l one  reacto r .  From co l d -f l ow stud i es made  wi t h  the  P l ex i g l as 

mode l  , i t  is  known t hat  whe re  t he han dmad e  he l i x doe s n't quite  touc h 

the  reac tor  ID , the  feed pa rt i c l es wi l l  take an  u ndes i rab l e  sho rt cu t  

a n d  pas s  between  t h e  h e l i x  and  the wa l l .  

D u r i n g  pyro l ys i s  r u n s  made with t h e  he l ica l  coi l  i n  p l ac e ,  t h e  

i n side cyc l on e  react o r  s u r face appea red to  hav e  a uni fo rm c o l o r  

(tempe ratu r e) g radati o n  

the  

t h e  

from re l at i v e l y  da rk red n ea r  t h e  e nt rance  t o  

a b ri g h t e r  red n ea r  ex i t .  Thi s uni fo rm i ty s ug ge s ted t hat the 

e n t ra i nin g  s t eam and  e n t rained J i oma s s  pa r t i cl e s  vJe r e  s p read out 

uniform l y  on the  react o r  s u r face , whe reas , wit hout  the he l i ca l  co i l 

the pa rt i c l e s  had a p re fe r red  na r r ow pat hway wh i ch u t i l i zed on l y  a  
sma l  l fraction  o f  the tota l heat  t ran s fe r  s u r face.  

0 raw i n g s we r e s e n  t t o fa b r i c a to r s fo r b i d s f o r a n ew c y 1 i n d r i c a l  
would hav e  asect i on f o r  t he cyc l on e  reactor  wh i ch ra i s e d  he l i ca l  r i b 

i nt rega l ly  cas t  o n  the i n s i de of  the t u b e .  A high t empe rature cas t -
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ab l e a l l oy such as  HK-4 0  wou l d  have been u s ed for  th i s  cast i n g .  How­

eve r ,  fab r i cators' res pons e  to  the r equest  for b i ds have been non ­

ex i stent or  very expen s i ve ,  pr i ma ri l y  beca u s e  o f  the ra i sed  i nterna l  

r i b. Due to  the re 1 at i ve s uccess  o f  the he  1 i ca 1 t ub e  i n  the eye 1 o n e  

reacto r, the procu remen t  of  a new reactor  w i th an  i nt e g ra l ,  i nt e rn a l ,  

he l i ca l  r i b h a s  been  postponed .  

M i sce l l aneous  System Mo d i f i cat i o n s  and  Imp rovements  

The s ea l s i n  the scrubb i n g  pumps  have  been  repl aced w i th aceton e ­

compat i b l e mate r i a l s so  that the o r i g i n a l l y - i ntende d ,  c l osed -system 

s o l vent wash can b e  accomp l i shed w i thout  damage to the pump s .  The u s e  

o f  acetone through the p umps and  p i p i n g fo r c l eanup  between run s has 

been  p rogres s i ng a n d  appears to  be a fea s i b l e  approach  to reduc ing the  

l abor  requ i red fo r sys t em turna roun d .  The pyro lys i s  tars s e em to b e  

qu i te read i l y  so l u b l e i n  aceton e , a l though res i d u a l  s c rubb i ng water i n  

the sys t em (whe n  m i xed wi th the aceto n e ) d rast i ca l ly reduces t h i s 

s o l u b i l i ty .  Whe n  exc e s s  water i s  added to  the t a r -acetone so l ut i on , a 

co l l o i da l  tar  p rec i p i tate res u l t s .  Acetone recove ry by d i s t i l l at i o n  

cou l d b e  p ract i ced wi th the  tars p robab l y  be ing  l e ft i n  s u s pe n s i on i n  

the  water  phas e .  C u r ren t l y , i t  i s  con s i dered cheaper not t o  reco ver 

t h e  d i rty acetone from t h i s sma l l R&D sca l  e system . 

The e l ectri c h eater s  have had prob l ems wi t h  the  e l ectri c a l  jun c ­

t i ons  ove rheat i n g .  Th i s pro b l em was i dent i f i ed  a s  be ing due  to an 

increased junct i on res i s tanc e  a ft er t h e  s ta in l es s -stee l -heat i n g ­

e l ement s' l ead wi res  becam e severe l y  oxi d ized . As the re s i stance 

increa s e s , s o  wou l d the  t emperat ure and the  extent o f  ox i dat i o n , wh i c h 

i n  tJrn furt her increa s e s  the res i st ance unt i l e l ectr i c  arc ing  occurs  

wh i c h tends  to me lt  thr ough the  l ead wi re s . Pre l i m i nary evaluati on 

i nd i cates  that the  u s e  o f  s i l v er so l der to cover the  junct i on vv i l l  

sat i sfactor i  ly  r e so l  ve t h i s  prob l  em and l ead t o  a decrea s e  i n  heater 

prob l  em s  . 

Al t h o u g h  a b lat i ve pyro l y s i s can re s u l t i n  the  v i rt ua l l y  com p l ete 

vapor i zat i on o f  the feed stock , proces s var i ab l e s t ud i e s  often req u i r e  

t h e  operat i on o f  the  sys t em at cond i t i on s  ·.v h i c h  d o  produce s ome char 
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and/or pa rt i a l l y  py r o l yzed feedstock . I n  t he past , muc h  of  the cha r 

a nd/or  part i al ly pyr o l yzed feed wa s e ntra i ned  i nto the vapo r  cracker  

a nd  eve n tual l y recove red i n  t he  p r i ma ry scrubbe r .  Th i s  resu l t ed i n  

t he  need for f i l ters  t o  prevent  the  p l ugg i n g  o f  the sc rubb e r  s pray 

n ozz l e s .  A surp lus  fou r- i n c h  d i ameter  cyc l on e  from the  a i r gas i fi ca ­

t i on p roject was l ocated a n d  i n sta l l ed between  t h e  vapor cracker  and 

the  p ri ma ry scrubber  a s  s hown i n  Fi g .  2 .  Th i s  char cyc l one  wou l d be  

expected to co l l ect a l l pa rt i c l e s g reate r than  a bout 1 0  J.lm and nea r l y  

e l i m i nate  t h e  need t o  f i l te r  the  p r i m a ry scrubber  wate r .  The separa­

t i on o f  the  hot cha r from t h e  t a r  vapors  i n  t h i s n ew char  cyc l one  

rep l ace s the  t i me consum i n g  pos t - run , aceton e -ext ract i on o f  the tars  

f rom the  char  and  g reat ly  decreases  the  system t u rna roun d t i me betwee n  

run s .  

The fou r - i n c h  d i amet e r  cyc l on e  has  been  do i n g  a good job o f  dro p ­

p i ng o u t  entra i ned  char  b e fore  e n t er i ng t h e  f i r s t  scrubber . By keep ­

i n g t h i s  cyc l on e  over 1 25° C ,  t n e co l l ect ed char  'Ha s  found t o  be  a dry 

p owd e ry mate r i a l  (wi th  wood  fl our fee d )  whi ch  c an be  we i ghed  wi t hou t  

t h e  t i me con sum i n g  steps  o f  dry i n g , acetone  t a r  ext ract i on , a n d  subs e ­  
que n t  d ry ing  opera t i on s  t o  determ i n e  char y i e l d s .  Based on t h e  brmvn 

caram e l  appearance  o f  t he  t ar s  c o l l ected from the l es s  severe cra c k i n g  

exper i men t s , i t  a ppear s  tha t  v ery 1 i t t l  e f i n e  char or carbon b 1 a ck i s  

entra i ned through  t h e  char cyc l  o n e . Perh a p s  t h e  very f ine  char (<10 
J.lm ) , wh i ch c o ul d e scape  the c har cyc l on e ,  i s  bein g pre feren t i a l  l y  ox i  ­

d i zed  due to its h i g h  s ur face -to-vo lum e  rat i o  by the hot steam 

en v i ronment i n  t he  va por cra c ker s ec t i on .  

To a l ert  the operator s  o f  im p en d i n g  sys t em fa i l ure , pre s sure 

sw i tche s  have been in s t a l l ed w h i ch w i l l  act i v ate  pane l l i gh t s  if: th e 

coo l i n g  water , the n i trogen pur g e , or the s econdary scru b ber water 

pre s sures drop  b e l ow the des i red va l ue s; o r  i f  the pr imary s crubber 

.vat er ,  the pr i m ary - s cru b b er -w a t er dis po s a l  , or the secondary - s crub ber ­

w a t er -d i s po s a l  pre s sure s  are too  h i gh  ( p l  ugged  nozz l e s  ) . 
Pro b l em s  were encount ered  w i th the p l u g g i n g  o f  the feeder adapter , 

e s pe c i a l ly '.Vhen the a erodyn am i c s po i l er rod wa s u s ed  to  prevent th e 

s team ejector  from evacuat i n g  t h e  feeder sys t em . Th e aerodyn am i c  

1 4  
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s po il e r  rod  wa s found  to  be  cau s i ng  a swi r l i ng mot i on i n  the  feed as  

i t  fe l l from the feede r to  the  steam j e t .  Th i s swi r l  caused the feed 

to  be cent r i fuged to  the con i ca 1 wa 1 1  o f  the feede r adapter whe re i t  

had  a tende n cy to accumu l ate and  b r i dge ove r .  Th e  aerodynami c s po i l e r  

rod has  now been removed and  a steam ej ector bypas s 1 oop has been 

added wh i c h  adds steam to the feede r adapt e r  t o  p revent evacuati on  o f  

t he feede r system . The byp a s s  l oo p  has  a p ressu re gauge ,  thermo ­

c ou p l e ,  and a s on i c  o r i f i ce  wh i ch a l l ow the  byp a s s  s team fl ow rate t o  

b e  ca 1 cu l a ted . St eady , even feed i n g  o f  sawdu s t  n ow appears  to  be i n  
h an d .  

Add i t i on a l  e l ect r i ca l  heater  tapes  have  been added t o  the feede r 

syst em t o  el  i mi nate a p p a rent cold s pots  whe re steam had  a tende n cy to 
condense  an d  r esu l t i n  we t  feed and a we i gh t  gai n whi c h  i nt r od uc ed 
e r ro rs t o  apparent  feed fl ow rate s . 

The c ro s s - s ect i on a l  a rea of the entr ai ni ng tu be at t he cyc l on e 
reactor  ent rance has a n  i n verse  effect o n  the  ve l o c i t i e s  of t h e  ent e r ­

i n g ca r ri e r  ga s and t h e  ent ra i ned feed pa rt i c  l es .  Th i s  effect of 
i n c reased enter i n g  v e l oc i ty wi th  a sma l l e r ent ra i n i n g t ube wa s 

o b s e rved t h roug hout  the  rea ctor  l en g t h  as evid enc ed b y  the h i  g h e r  

p a rt i c l e v e l oc i t i e s at  the  wal l of  the  c ol d -f low Plexi gl as m od el . An 
ent r ai nm ent tu be of 1 . 09 em ID was i nser ted i nto th e 2. 5 em ID en­
t ra i  nment  t ube and s u c c ess f u l l y  u sed i n  s ever al ru ns. Thi s smal ler 
entr ai nm ent tu be ser ves to i nc r eas e the enter i ng p ar ti c l e and gas 
v e1 o c i t i e s b y  a f ac t  o r o f f i v e • Tn e equ i 1 i b r i um p a r t i c l e v e l o c i t  y i n 

the c yc l on e r eac tor i s  al so appar entl y i nc r eas ed by a factor of f i  ;e, 
du e to the  s low d ec ay of the gas vel oc i ty d own the cyclone length. 

PYROLYSIS EXPERIMENTATION 

Pr el i m  i nar y Softwood Sawd u  st Feed stoc k Eval uati on 

Ad d i ti onal Ȏyr ol ysi s ru ns ·.ver e mad e  •.vith -3/16 i nc n  s of t'rvood saw­
du s t i n the p y r o l y s i s s y s t em sh own i n F i g • 1 t o e v a l u at 2 the fun c t i o n 
of the s ol i d s -feed s ys tem wi  t h  th e f eed -hopp er bl add ers  pr op er l  y in­
f l  ati ng. Ru n G was mad e •t�i th a f eed r ate of 9 kgjhr wi th a s team -to­
b i  om as s  r ati o of 2. Th e r ea c to r heater s wer e s et at 950°C and the 
v a po r  c r ac ker heater s at 850°C. The therm oc ou pl es i n  the c yc l  one 
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reactor  i ndicated tempe ratures  of between  810°  and 950 °  C ,  wnereas  the 

vapor  c rack e r  thermocoup l e s  i nd i cated t empe ratures ve ry c l ose to  t h e  

s et po i n t  as  shown i n  Fi g .  3 .  Howeve r ,  due to  rad i at i on  a n d  

conducti on effect s , these i nd i cated t empe ratu res a re pa rtway b etween  

the  wa l l  tempe ratures  and  the t ru e  g a s  temperatu re s . The apparent  ga s  

t empe rature 15 i nches  d own s t ream o f  the  l as t  vapor  c racker  heat e r  was 

720°C , whi ch i s  p roba b l y the best  va l ue for the fi n a l  pyro l y s i s  

p roduct tempe ratu r e .  Wi t h  h i gh t empe ratu res  and  an a s soc i a ted 1 o n g  

res i dence t i me due t o  t h e  l ow vol umet r i c  th roughput , the pyro l ys i s  

gases  were s evere l y  overcracked wi t h  a mo l a r  rat i o of  ethyl ene-to ­

p ropyl  ene  of  nea r l y  5 0 .  The wat e r  i n  the f i  rst  scrubbe r had a 

naphtha l  ene (moth b a l  l ) odo r ,  but wa s re l a t i ve ly  c l ean . A s i gn i  fi can t  

amount  of the char-tar  mi xture i n  t he  f i r s t  s c rubbe r  wa s so l u b l e i n  

acetone and i t  i s  t h ought to  conta i n  po l ycyc l i c  aromat i c compounds  

formed by the c rac k i n g  react i on s  o f  p ropy l ene , butene s ,  and  

et hyl en e .  The char  mate r i a l  co l l ected in  the  recyc l e cyc l on e  

conta i ned  n o  aceton e -so l u b l es , im p l y i n g  t hat the s o l u b l es i n  the c ha r­

ta r mater i a l  were poss i b ly a romat i c  t a r s  fo rmed by vapo r phase  

react i on s  and p robab l y  not part i a l l y  cracked  b i om a s s  wh. i ch had  fa i l ed 

to  v a po r i  z e .  

Run H was  s im i l a r to  Run G except  t h a t  the  temperat u re s  of  the 

vapor c racker  were set  about 40°C l owe r at 810°C . Th i  s 1 owe red t h e  

c rac k i n g  sever i ty so  that more of t h e  p ro pyl ene s u rv i ved ·t� i t h a mo l a r  

rat i o o f  ethyl ene to  p ropyl ene of  1 5 . Sam p l i ng a t  the ent ranc e ,  

·,niddl  e ,  and ex i t of  the vapor  c racke r i nd i cated tnat the  res i dence 

t i me of  the g a s e s  in the  cyc l one react o r  •.va s so l ong  that on ly  f a i r l y  

sm a l l g a s  compos i t i ona l change s  occ u r red i n  t h e  va por  c rack e r . O u e  to  

co l d s pots  in the  feed hoppe r ,  s t e am condensa t i on occu r red which 
i nterfe red  w i t h  the feed i ng of  the sawd u s t  (more heater  tapes veݖ  re 

l ater  i nsta l  l ed ) . The recove red cha r and cha r -t a r  am o unted to on l y  

about  5% o f  the s awd u s t  fed into the reactor , imp l y i ng t hat  a very 

h i gh pe rcent o f  bioma s s  vap o r i zat i on wa s  b e i ng a t ta ined and that  a b l a ­

t i ve pyro l y s i s o f  p a rt i c l es a s  l a rge  a s  s aw d u s t  i s  feasiݗ l e .  

The he l i ca l  co i l was  then i n sta l l ed and s evera l pyro l ys i s run s  

were  next made a t  feed rates  betw e en 9 and 25 kg /h r and steam -t o ­
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b i om a s s  rat i os between  

t hr oughput s , the 

the seconda ry crack i n g 

corres pon d i ng  d i  ene s  

(t a r s ) wi t h  the a roma t i c 

p rese rve the des i red 

1 . 6  a n d  3 .7. It appears  that wi t h  these  

c a n  eas i l y 

re l a t i ve ly  l ow react o r  resu l t a n t  l ong res i dence t i me s  

resu l t i n  o f  t h e  p ropyl  ene a n d  

butenes  t o  form t h e  wh i ch read i l y  react t o  fo rm 

p o l ycyc l i c  a roma ti cs vapors  . To reduce the 

c ra ck i n g  seve r i ty t o  hydrocarbo n s  at  these 1 ong 

res i dence t imes , the  vap o r  cracker temperatu res  have been l owe red to  

the  700-750°C ra n g e ,  wh i c h resu l t s  i n  ve ry l ow energy in put 

requ i rements  for the  vapor  cracker heate rs . 

F i  gure 3 shows h ow a 1 owe red cra ck i n g  s ever i ty (1 owe r tempe rat ure  

a n d  res i dence t i me ) a ffect s the p roduct s l ate  a t  a steam -to-b i oma s s  

we i ght rat i o o f  2. The 1 owe r s everi ty run s have 1 ost  1 e s s  p ropyl ene  

a n d  a romat i c  va pors  to secon d a ry crack i n g reactions which p r odu ce 
unwanted po l ya r omat i c  t a r s . It is i nt e res t i n g  to  n ote the re l at i ve 

s t a b i  l i ty of the mo l a r  met h a ne -to-ethyl  ene rat i o at 2. 2 to 2. 5, 
whe reas the high ly  s e n s i t i ve mol a r  metha n e -t o -p ropyl ene r atio var i e s  

between 1 0  and 1 16 .  Th i s refl ects the h i g h l y  react i ve nat u re o f  pro­

pylene at  these  t empe ratures  a nd  the  i mportance of crack i  n g sever i ty 

on  the p roduct s l ate . 

Two ru ns we r e  mad e  to deter mine the u p p er l i mi t  f or fe edi ng r ates 
with -3/16 i nch s awdu s t. Rep eated  atte mp ts to ope r ate at 33 kg/hr 
r es u lte d i n  p lu gging the fe eder adap ter . With a s te am-to-bi omas s 
weight r atio of 1.4, a bi omas s fee d r ate of 25 kg/hr was s u cce s s f u lly 
e valu ate d in Ru n P. This res u l:e d in an ap p are nt 74% gas i f i cati on, 
14% char , 1.5% acetone s olub le tar s, and abou t 10% u naccou nte d (pr e ­
s u me d  to be wate r -s olu ble or ganics ). Al l te mp er atu re contr olle r s  Ȍȍe re 
s e t  at 800 to 850°C, however , only the las t v ap or cr acke r se ction \vas 
able to maintai n the s e t  p oi nt a.s s hown in Fig. 4. The f inal gas 
te mp er atu re (as meas u r e d  downs tre am of the las t he ate d s e ction) was 
756°C. Cons ider ing the re lative ly low gas if icati on 

the 
obtained wi th thi s 

hi gh a thr ou ghp u t, i t  app ear s that u s ef ul u p p e r  li mit f er 
thr ou ghpu t i s  cu r re ntly ab ou t 15 kg/hr or le s s .  

A comp ar i s on of Ru n P to Run L. i s  s hown i n  Fig. 4. Run L had a 
mu ch lower te mp er atu re p r of ile, es p ecially in the cyclone re actor .  
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Th i s  l owe r tem p e ratu re  profi l e ,  as  we l l as  the s hort e r  res i dence t i me 

due to the  h i  ghe r ve l  o c i t i es of the  sma l l e r e n t ra i  nment  t ub e ,  produced 

a muc h  l owe r gas i fi ca t i on y i e l d of  38% for Run L a l t h ou g h  the tota l  

vapo r i zat i on y i e l ds of  83% of  the  feed appeared to  be  fa i r l y good 

( based  on  the mas s  of b i  ama s s  fed mi n u s  the  cha r recove red ) . The 

p rese rvati on o f  t h e  p ropyl ene  i n  t h e  gas  pro ducts i s  refl ected i n  the  

l ow mol a r rat i os of  met hane-to-p ropy l ene  and  ethyl ene-to-propyl ene . 

The rel at i ve rat i os o f  these  p ro ducts to  each other  a re fai r ly con­

stant  ove r the  ran ge of  38 to 89% convers i on to ga ses  when  exposed to  

tempe rature profi l es o f  s i mi l a r seve r i ty .  M i n c rease i n  the  C2 yi e l  d 

w i l l  be  sought through  more comp l ete  gas i f i cat i on  and  the  reduct i on of 

seconda ry react i on s  wh i ch produce aromat i c  tars and methane  by the u se 

o f  sno rter res i dence t imes  at the e l evated tem p e rat u res. 

P re l i mi n a ry So ftwood  F l o u r  Feedstock Eva l u at i o n 

Two run s we re made  w i t h  -80 mes h p i ne  fl our . I n  the  f i r st  r u n ,  a 
l ayer of char  b u i l t  u p  on t he i ns i de of  the cyc l one  reactor. Th e 

depo s i t ed char  wa s q u i t e fra n g i b l e and  had a v e ry porou s ,  s i ntered 

a ppearance . It i s  hypothe s i zed that the fi ne  f l o u r  part i c l es were 

cent r i fuged to the wa l l  and  were pyro l yzed to  a s t i cky ta r ,  but were  

n ot i mmed i ate l y  va p or i zed due  t o  the  wa l l temp e ratu re s  b e i n g  too l ow 
at a bout 700 to 800°C. The ta r pa rt i c l e s w e re appa re n t ly  then  pyr o ­

l yzed to a s i n t e red c har . The fl o ur part i c l es a re t hou g h t  to be fi n e  

en o ugh  to b e  e nt i r e l y  wi th i n the  gas b o u n da ry 1 aye r, and c oul d s i t  o n  

t h e  wa l l  i n  t he abs e n ce o f  l a rger part i c l es to s t i r them up  i nto  the 

:'l i gh ve l oc i ty gas s tre am. ( The depos i t i on of fi n e  part i c l e s on  the 

wa l l wa s al s o  ob s e rv e d  w i t h q ua rt z  fl o u r  du r i n g  the ear l y  pre l i m i na ry 

ope rati o n  of the cyc l o n e. ) On ly  3% o f  the ;:> i n e  flo u r  wa s conv e rted to 
cha r  and 85% o f  that char wa s fou n d  in the eye l on e  reactor. In the 

second  run wit h  p i n e flo u r ,  h i ghe r temperat ures  of 850 to 390°C were 
ma i nta i n ed i n  the  cyc l one  reacto r  , and  the amo u n t  o f  d epos ited c har on 

the iva l l a ppeared to be n e g l i g i b l e .  M appa re n t  gasification of 94͐ 
wa s c al c  ul ated bas e d  on  gas f low meas u remen t s  w i t h on l y  1% c har re­
cove re d • .J.. total of 15% w e i ght  per  cen t of c2+ hyd roc arbons was 
ac hi eved , 'Ii i t h  abou t 30% o f  t hem b e i n g  i n  the  c5+ back f l u s h  pr es umea 
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t o  be l ow m o l ecu l a r  weight a roma tics such  as benzene , to l uene , and 

xyl ene  ( BT X ) . 

T he  wood fl o u r  h ad a stron g t en de n cy to  p l u g  t he p re s s u re l in e s  in  

the  feede r adapte r t o  make the  p re s s ure  readi n gs very e rroneou s .  Th i s 

was rem e d i ed by the  use  of  a part i a l l y  i n f l ated rubber b l adder  in  the  

feeder  a da pter  wh i ch iso l ates  the  p re s s u re ga uge 1 i nes  from the  woo d  

f l o u r  a n d  steam atm o s phe re. Good  p re s s u re readings  a re n ow ava i l ab l e 

d u r i n g  the  run withou t  the  added com p l ication o f  steam condens ation o r  

p l  u g gi n g  wit h  feed. 

Process  Va r i ab l e St udies 

Ouri ng this repo rting period two series of pyr o l y sis exp e riments  

were succes s fu l  ly  per formed wit h  min u s  5-mm softwood s awdu st  to  in ves­

tigate two different tem p e ratu re profi 1 es at steam-to -biom a s s  ratios 

between 1.4 and 4 . 1  wit h  in l et steam tempe rat u res between 720 a n d  

760° C .  I n  addition ,  injectin g quench  wate r  into the  vapor  c racke r 

section was demonst rated fo r the first  time and  shown to thermo dynam­

ica l l y  11Shorten 11 the  vapor  cracker  a s  expected . 

Se ries  X experiments  util ized a tempe rat ure  profile in which t h e  

recorded temperat u res steadi ly rose from the above-mentioned inlet 

steam temperatures to about 88 0°C in the third cyclone section. The 

vapor-cracker section temperatures we re hel  d at about 800° C whic h 

resulted in a final gas temperature of 695 to 730° C ( see discussion of 

temperature measurements later ) . 
S e ries Y experiments had similar temperatures in the cyclone reac­

tor, but the temperatures in the vapor cracker >vere 80 to 9 0°C 1 ower 

at about 710° C ,  resulting in cooler final ·Óas temperatures of 545 to 

660 ° C .  In experiment Y-5, quench water was sprayed into the number 

five vapor cracker section to effectively reduce the therm odynamic 

length of the vapor cracker by about one-third. The water spray 

dropped the indicated vapor-cracker temperatures to about 500°C,  with 

a final gas  temperature of 430° C .  

Run series Z steam temperatures ·.-;ere a 1 so in the range of 740 to 

76 0° C wi th biomass flow rates of 8 . 4  kg/hand steam-to-biomass ratios 
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of  2. 2 to 3 . 7 .  The i nd i cated reactor  temperature s  we re re l a t i v e l y  l ow 

and  gas i fi cat i on l eve l s  were  i n  t he  50 t o  60% range  due t o  t h i s .  

The steam-to-b i oma s s  rat i o was va r i ed from 1 . 4 to 4 . 0 i n  ser i es X 

by ho l d i n g  the b i oma s s  fl ow c o n s tant  at 8 . 5  kg /h and  varyi n g  the  steam 

f l ow from 1 1 . 8  to  33.5  kg/h . I n  s e r i es  Y ,  the b i omas s  fl ow wa s va r i ed 

between two l eve l s (8 . 2  and 1 1  kg / h )  at  steam fl ows between  21 and 34 

kg/h . ll'l i  s was to try to  d i ffere n t i ate between  t he  effects of res i  ­

dence t i me and  s team -t o -b i  ama s s  rat i o .  In ser i e s  Z, the  e ffect o f  

quench i n g the p roduct ga s e s  a t  the exi t  o f  the cyc l on e  reacto r  was 

i n vest i gated . 

Run ser i es  1 wa s p l a gued wi t h  fau l ty heaters . Tn i s  cau sed s ome 

thermocou pl es  t o  be 1ocated a cons  i derab 1 e d i s tance  from act i ve hea t ­

ers w h i ch  tended to  decrease  the  radi a t i ve  and  con vect i v e errors i n  

the  t h ermocou pl e  measureme nt s . Tn i  s v i v i d ly i 11 ustrated that  there 

w ere temperature measuremen t  errors o f  between  40 and  100°C . To 

mi n i m i ze these error s , t he  heater e l ements  were moved d own stream o ne­

ha l f e l ement  l en gt h . Th i s  p l aced the  con tro l l i n g thermocou p l e ju st 

d own stream of  the  heatin g  e l ement  w here rad i at i on  and  con duct i on  from 

t h e  hot va por -crac k er wa l l wau l d be l es s  severe . The primary purpose  

o f  ru n ser i  es 2 wa s to  demo n s trate proper t emperature contro l  w i t h  the  

n ew l y  p l  aced contro l  l ing  thermocou p l  e s  . As expect ed , g a s  or steam 

f l  ow i s  n eeded dur i n g  heater operat i on for proper contro l .  

DISCUSSION OF PROCESS VARIABLE RUNS WITH SAWDUST 

The run s erie s  X and  Y :1a d  ga s i  ficat i o n yie l  ds of  betv-1een  68 and  

33 per cent  by w e i g h t . How e v er , : he  char y i e l d  v1a s on l y  1 to  4 per  

ce n t .  By d i  fferen c e ,  th i s  l e ave s 13 to  3 1  per cent by •.ve i ght  of t h e  

produ c t s  as  tar s  a n d  as conden s i b l e  mater i a l s wh i c h p a s s e d  t hrou g h  the 

c h ar cyc l one i n  the vapor s t a t e ,  bu t w h i c h  conden s ed in the  wa ter 

scrubbb i  n g  sys tems . T h e s e  con den s i b 1 e mat er i a l  s are t hou g h t  to be  of 

two genera l c l a s s i f i c at i o n s: ( a) p r i mary pyro l ys i s p roduc t s  ( o xygen­

ated fragme n t s  of b i oma s s  comp onent s); and (b) t ert i ary pyro l y s i s  

pro duct s  ( po l ycyc l i c  aroma t i c  comp ounds  fo rmed by the  pyr o l ys i s o f  the  

s econda ry pryo l y s i s  products , i . e . , gas eou s  ole fins ) . The opt i m i  z a ­

t i on o f  ab l at i ve pyro l y s i s to  o l ef i n s  mu s t  firs t  dea l wit h  t h e  pyro l y ­
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s i s  o f  the b i oma s s  to the pr i ma ry tar-vapor  product s . Thes e  pri ma ry  
tar  p roducts  a re o xygenated compounds  fo rmed  by the depo l yme r i  zati o n  

o f  the b i omas s ,  tend t o  be water  so l u b l e ,  and  typ i ca l l y  have mo l e c u l a r  

we i ghts  between 50 a n d  400. These c ompoun ds a r e  

h i g her  

react i o n  t empe ratures and  

o f  the p r i ma ry 

apparent ly  s t ron g l y 

opt i ma l l y  vapo r i zed  

t o  redu ce t he i r tendency to po l yme r i ze t o  mol ecu l a r-we i ght  

tars , wh i ch can be qu i te stabl e  at  t he have  

a cha r - l  i ke a p peara n ce . The g l o ba l  react i on b i omas s  

t a r  vapors  

by 

t o  the  o l e f i n conta i n i n g gase s i s  i n­

f l uen ced temperatu re and i s  thoug h t  to con s i st of  u n imo l ecu l a r  

decompos i t i on s , i . e . , fi rst-orde r react i on s .  

The k i net i cs  o f  fi rst -orde r react i on s  are re l at i v e l y  wel l u nde r ­

stoo d ,  i . e .  , the rate of  change o f  the concentrat i on o f  t h e  reactant  

( C ) i s  equ a l  t o  the  concent rat i on o f  t he reactant t i me s  t he react i on y
rate constant  ( kr) fo r the  g i ven  abso  1 ute  t empe rat ure  

- Ev 
RT

) Cv 

( T)  : 

dCv 
k C ( Avecrt = 

T v 
= 

where Ev a n d  Ay a re Ar rhen i 'u s rate con s t a n t s  a n d  t i s  t i me .  3y rea r ­

r a n g emen t  a n d  i nt e g rat i o n t h e  fo l l ow i n g  i s  o bta i ned : 

- Ev
t 2  

=l n  f e RT dt ݎ· 
t l 

Th i s  e x p re s s i on i s  d i ff i c u l t to eva l ua t e  from expe r i me n t a l  r e s u l t s  

b e ca u s e  i t  req u i re s  that the t emperat u re h i s tory b e  k nown ;J iec i s e l y .  

Howe ve r ,  a t  a c o n s t a n t  react i o n  t empe ra t u r e , t h e  equat i o n reduces  t o  : 

1 ' Cv / ,
= 2.  303 
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When  t h i s  re l at i on s h i p i s  p l otted on  s em i - l o g  graph  paper ,  a st ra i ght  

l i ne i s  g e n e rated wi t h  a s l ope  of  ( k / 2 . 3 0 3 )  fo r a spec i fi c  tempe ra ­r
ture . Wi t h  t h i s b r i ef  bac k ground  i n  k i n et i c  the o ry , an  exam i nat i on o f  

t h e  e x pe r i menta l  cond i t i on s  a n d  res ul t s  i s  i n  o rde r .  

The mea s ur emen t  of  the true  gas -s t re am t emp e rature  i n  h i gh tempe r­

ature react o r s  i s  techn i ca l  l y  d i ff i c u l t becauݕe  the  the rmocou pl es  a re 

be i n g s i mu l taneou s l y  heated by rad i at i o n and  conduct i on from the  ex­

tern a l l y  h eated reacto r  wa l l s  and  coo l ed by convect i on by the  cool e r  

endot h e rm i c a l l y  react i ng gase s . Thu s , t he  the rmocou p l e s  wi 1 1  a l ways 

i nd i cate t empe ratu re s  pa rt way betwe e n  the  t rue  gas  t empe rature a nd  

the  reactor  wa l l  tempe ratu res . W i t h  h i g h e r  ve l oc i ty gase s , t he  con ­

vect i ve heat t ra n s fe r  wi 1 1  be  e n hanced a n d  the error  of  t empe rature  

mea s u remen t  wi  1 1  be  somewhat reduced . Heat t ra n s fe r  theory can be 

u sed to  c a l c u l at e  a cor rected tempe rat u r e ,  wh i c h fo r our cond i t i on s  

can  b e  s hown t o  b e  i n  the range o f  50 to 100°C . Howeve r , a mo re d i ­

rect method wh i c h we have u sed i s  to compa re  the i n d i cated t empe rat ure  

o f  the l as t  thermoco u p l e i n  the  vapor  c rac k i n g  sect i on ( TC- 1 8 )  to a 

the rmocou p l e i n  the ga s s t re am 3 8  em d own stream o f  the 1 ast  heat e r  

( TC-20 ) . Si nce  t h e  proces s  tube  wa l l s  a t  t h i s l ocat i on are heated 

o n ly by the gas  st ream and a re we l l  i n s u l ate d ,  the tempe rature  o f  t h i s 

t hermoco u p l e s hou l d be very c l o s e  to  the  t ru e  gas  temp e rat u re . The 

t empe ra t u re e r r o r  by the s e  mea s u r ement s  ( TC - 1 8  mi n u s  TC - 2 0) has  been  

b etwee n  40  and  90° C and doe s q u a l i ta t i ve l y  dec re a s e  wi t h  a n  i ncrea s e  

i n  g a s  f l ow a s  pred i cted by con vect i ve heat t ran s fer  concept s .  Th i s 

a p p roach  a s s ume s that the  gas  temp e ratu re i s  n ot a ffected by any chem­

i ca l  react i on s  t ak i n g  p l ace  i n  the d i l ut e  p roduct ga s .  

As a f i r s t  a p p rox i mat i on o f  the gas -tempe ratu re h i s tory i n  t h e  

cyc l  o ne  reacto r a n d  vapor  c racke r ,  t h e  t ·..,e l ve t empe ratures  i n vo l ved  

were a l l c or rected by the d i fference  between  that  i nd i cated b y  TC- 1 8  

a n d  TC- 2 0 .  Each  c o r rected t he rmocou p l e va l u e ·Ha s equa l l y  loJe i ghted 

a l  o n g  wi t h  t he unco rrected i n l et s t eam tem p e ra t u re and  tne  u nco rrected 

TC-20  temp e ra t u re to ca 1 c u l  ate a " c o r rected  a ve r a g e "  t empe rat u r e . 

( Th e  i n l et s team temp eratu re wa s n ot cor rected bec a u s e  i t  i s  a l  s o  

o ut s i de o f  the  f u rnace s .) Tn i s  i gnores  t h e  expan s i on o f  the  ga s v o l ­

ume due  to tempe ra t u re i nc re a s e s  o r  to  ga s i f i ca t i on , but  these  e ffects  
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and i f  

the o vera l l 

steam-to-b i oma s s  rat i o 

i s  o n l y  -20%) .  

vol umet r i c gas  fl ow 

gas  compo s i t i on i n  t he  react o r  i s  p r i ma r i l y  

constant  

steam ( e . g .  , 

at  a 

1 o se  the i r importance  i f  the temp e ratu res a re fa i rl y  

of  2 . 7 , t he fi n a l  vo l ume fract i on of the 

product gases 

The  was cal c u l ated , based  on  add i n g  the mol a r 

s team-fl ow rate to  the mol a r fl ow rate o f  the  f i n a l  product -ga s .  The 

tota l  mo l a r  fl ow rate  wa s then used  wi t h  the "cor rected average " tem­

p e rature and the cyc l one -reacto r  p re s s u re to ca l cu l ate the  v o l umet ri c 

gas  fl ow rate u s i n g  the  i dea l  gas equat i on .  The res i dence t i me o f  the 

gases  i n  the reactor  wa s foun d  by d i v i di n g the p hys i ca l  i n terna l v o l ­

ume o f  the cyc l one  reactor and the  vapor  cracker  by the  vo l umetr i c gas  

f l ow rat e .  Th e  i n verse  o f  t h i s res i dence  t i me i s  often refe r red t o  a s  

t h e  "s pace ve l oc i ty .. i n  reactor  des i g n .  Th i s  a s s umes t hat t he p roduct  

gases  a re fo rmed i n stantaneou s ly a t  the  react o r  ent ra n c e ,  wh i c h admi t ­

ted l y  i nt roduces  a b i t o f  erro r .  

S i nce the  reactor  vo l ume used  i n  these ca l c u l at i on s  wa s the fu l l 

p hy s i ca l  v o l ume o f  the reacto r ,  t h i s res i dence t i me wi l l  be  re fe rred 

to as  the " f u l l - vo l ume " res i dence  t i me .  I n  rea l i ty ,  the  gas fl ow i n  a 

cyc l one  o r  v o rtex t ube  i s  q u i te c ompl ex and  expe r i mentat i o n by others  

has  s hown t ha t  o n l y  an  outer  a n n u l  u s  o f  the v o rt ex tube  (comp r i s i n g 

two -t h i rds o f  the  c r o s s -sect i on a l  a rea ) i s  a c t i v e l y  u sed by t h e  

sw i r l i n g ga ses  to move t owa rd t he ex i t .  I n  add i t i on , the  a x i a l 

v e l o c i ty wa s found  to b e  a fu n ct i on o f  rad i a l  l ocat i on a n d  t o  b e  

p ro p o rt i on a l to  t h e  tangent i a l e n t e r i n g  ve l oc i ty [ 8 , 9] .  Th e  t rue  

a ve r a ge res i dence  :: i me s  o f  the  g a s e s  i n  t he  pyro l ys i s react o r  :c.ay 

e a s i l y  be 1/ 3 to 1/ 2 that  p red i cted  by the " f u l l - v o l ume " s i m p l i f i ca ­

t i o n .  A re f i n emen t  i n  the  res i dence  t i me 'ti i l l  be  s o u g h t , b ut ݏ  h e  

" f u l l -v o l ume " res i dence  t i me \vi l l  be  u sed for d i s c u s s i o n i n  t h i  s r e ­

po r t . 

Th e effect o f  r e s i dence t i me o n  the we i g ht  f ract i on y i e l  d o f  con ­

den s i b l e  p ro duct s fo r s e r i e s  X a n d  Y a re p l otted  i n  ::- i g .  5 .  The 

conden s i b l e p roducts  we re  defi n e d  a s  the feed mi n u s  the g a s e s  a nd  c n a r  

p ro d uced . Tne " co r rected a v e r a g e "  t empe r a t u r e s  a re i n d i cated a t  e a c h   
p o i nt . Al t ho u g h  t h e  da ta  are p re l i m i n a ry a n d  f u r t h e r  exper i mentat i on  

26   
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i s  needed , temperature pa rameter  l i nes  have  been  added by v i s ua l  i n ­

t e r po l at i o n . These  pa ramet e r  l i ne s  wi l l  b e  refi ned a s  addi t i o na l  dat a 

a re generated . Note  that i f  the  b i omas s  v a por  had a l l been fo rmed at  

t i me equa l s zer o ,  the  stra i ght p a ramete r  l i ne  s h o ul d h ave h a d  a common 

s t a rt i n g po i nt at zero t i me o f  1 . 0  wei gh t  fract i on o f  va p o r s . How­

eve r ,  t he s a wdust p a rt i c l es req u i re a f i n i t e t i me to va po r i z e .  Thu s ,  

o ne  wou l d  expect the b i omas s  va p o r  concen t rat i on to  sta rt at ze r o  a n d  

rap i d l y  r i se  unt i l  the  v a po r -c ra c k i n g react i on s  p roceed faste r tha n 

t he b i omas s  vapor i zat i on , a s  i n d i cated by the  das hed l i n e  i n  Fi g .  5 .  

Th e  i mp o rtance  o f  temperature  i s  s h own d ramat i c a l l y  i n  Fi g .  5 by 

the s i gn i f i cant  cha n ge i n  the amo unt  of  b i omass  vapor  c rac ked caused 

by a 2 5°C  c h a n g e .  Note that  1 i nea r i sothe rms s e em to fi t t he  dat a a s  

wa s p red i cted by the k i neti c theory .  Con s i de r i n g  the u ncerta i nty o f  

the re s i dence t i me s  a n d  t emperature  c o rrect i o n s , t he re s eems to  b e  a 

very good corre l a t i on  based u po n  t he a p p l i cat i on of  fi rs t -o rd e r  k i net ­

i c  t he o ry concepts  to  the c ra c k i n g o f  the b i  amas s  vapors  t o  gases . 

Si g n i  f i  cant  imp rovement i n  the  accuracy of  t he temperat u re mea s u re ­

ment s  have s i  nce been made by mov i  n g  the  va po r  c racker  furnaces  

d own s t ream 38 em ( 1/ 2  fu rnace  l en gt h ) . Th i s  p l  aces  t he t he rmoc o u p l  e s  

i n  t h e  5 -cm gap  b etween t he  fu rnace  e l  ement s  1vh e re t h e  v a p o r  c racke r 

·tݑa l l  mo re c l o s e l y a p p roaches  the  gas  tempe rat u re a nd  e r r o r s  due  to 

rad i a t i on and c o nd uct i on f rom the hott e r  wa l l s  w i l l  be reduc e d . 

Byp rod uct Ch a r  

Al t h o u g h  c h a r  i s  not con s i d e re d  t o  be a de s i ra b l e p roduct  i n  ou r 

p ro g ram ,  s ome ݐn owl edge  o f  t he  p ro pert i e s o f  the  cha r p r o d uced i s  o f  

i nt e re s t .  From s e r i e s  X ,  3 .  7 p e r  cent  by we i g ht  o f  the  feed >va s re­

c o v e red a s  c ha r i n  t he  char  cyc l  on e  fo r a n  a p p a rent  o vera l  l v a po r i  z a  ­

t i on o f  96 . 3%  o f  t he  feed . Th i s  cha r wa s s e l ected  a rb itra r i l y  for  

t e s t s .  To t he n a ked eye , t h i s c h a r  had  a p a rt i c l e  s i ze a n d  s ha p e  

re semb l i n g t h e  s awd u s t  feed . exam i n a t i on of  t h e  c h a r  a t  a ma g n i f i c a ­

t i on o f  30 , revea l ed that  i t  had  ] l o s sy b l a ck s u rfaces  wh i c h had  a p ­

pa re n t l y  been  on l y  s em i -mo l ten i n  that  the o r i 9 i n a l  f i b r o u s  n a t u re •va s  

s t i l l  ev i de n t .  To dete rm i n e  the  t h e rmoc h em i c a l  n a t u re  o f  t h i s c h a r ,  

i t  wa s s ubmi tted  for  heat  o f  comb u s t i on , prox i mate , and  u l t i mate  
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a n a l yses . A summa ry o f  t h i s tes t i n g  i s  s hown i n  Ta b l e 1 .  Fo r 

compa r i s o n , the tests  were a 1 s o  run o n  a s awdus t  s ampl e and  a re a 1 s o  

s hown i n  t h e  tab l e .  Th e maj or i ty o f  the a s h  i n  t h e  feed i s  recovered 

i n  the c h a r ,  but appa rent ly  s ome a s h  goes on to the s c rubbe r s . The 

cha r i s  a comp l ete l y  devo l a t i l i zed mater i a l  conta i n i n g 92 . 5% carbon , 

5 . 5% o xyge n ,  and  2% hyd ro ge n  by we i ght  (mo i sture  and  a s h  free b a s i s )  

wi t h  a n  emp i r i c a l  formu l a  o f  c6Hl . o0ݘ • 3 • The h i g h e r  heat i n g  va l ue wa s 

reported t o  be  3 1 .4 k J/g  ( 1 3 , 530 Bt u/ 1  b ) , wh i ch re fl ects  the 1 ow a s h  

a n d  l ow oxygen  content o f  the cha r .  The l owe r heat i n g  va l ue was 3 1 . 1  

k J/g ( 1 3 , 362  Bt u/ l b )  wh i ch i s  wi th i n 0 . 2% o f  that ca l c u l ated from the  

e l ement a l  ana l y s i s u s i n g  the Du l on g  formu l a  dev e l o ped fo r use  wi t h  

co  a 1 .  

I n  fas t pyro l ys i s  p roces se s , the cha r y i e l d i s  q u i t e sma l l so  that 

i t s  u t i l i zat i o n  i s  c u r re n t l y  v i s ua l i zed as one of the s ources  of p r o ­

cess  ene rgy , rather t h a n  as  a ma rketab l e  byp roduct . Howe ve r , t he l ow 

vo l a t i l i ty o f  the  mate r i a l  caused  s ome d o ubt  a s  t o  i t s combust i b i l i ty 

i n  a i r .  A q u i ck  q ua l i ta t i v e  test wa s performed i n  wh i ch t he char  wa s 

d ro pped i nto  the fl arne o f  a propane  to rc h .  The cha r wa s e n t ra i ned by 

t he fl arne and i gn i ted . As 1vou l  d be expected from the  a bsence  of  re­

ported vo l a t i l e s ,  the  cha r b u rned  i n  a g l owi n g  c ombu s t i o n  rathe r t han  

fl ami n g  combu s t i on mode . The g l owi n g  c h a r  p art i c l e s b urned  very pe r ­

s i sten t l y  a nd  had  s u ff i c i ent  ' ' l i ft "  to  rema i n i n  s u s pe n s i o n a s  ' ' f i  r e ­
fl i es "  i n  the  room a i r .  When the c h a r  'Ha s d ro p ped  i nto  t he a i r i n l et 

ho l e s of  the  p rem i xe r  sect i on of t he  p ropane  t o rc h ,  a v e ry l umi n o u s  

f l ame res u l ted wh i c h wou l d  be  expected  t o  have  an  enh a n ced rad i  a n t  

heat  t ra n s fe r  over  the  n o n - l umi n o u s  hyd rocarbon  ga s fl ame . Con s e ­

quent l y , i t  i s  thou g h t  that  i n  a comme rc i a l  system , t he c h a r  cou l .j be  

e a s i ly e n t ra i ned  i n to a by product  ga s - f i :--ed f u rnace  fo r reco v e ry o f  

i t s energy content  and  t o  e nhance  the  heat t ra n s fe r  rates  i n  the  r a d i  ­
a n t  sect i on o f  the  f u r nac e .  Fo r compa r i s o n , a test  'Ha s made wi  th  the  

d ry sawd u s t  u se d  t o  ma k e  t he  cha r .  Th i  s s h owed t :f'lat  the cha r wa s 

qua l  i t at i ve l y  much eas i e r  t o  i gn i t e a n d  b u r n  t h a n  s awdu s t .  S in e e  

s awd u s t  i s  rout i n e l y  b u rned  i :1  s u s pen s i on - f i red fu rnaces , i t  seems 

v e ry reasonab l e to expect  equa l o r  bette r s ucc e s s  wi t h  t h i s c ha r .  
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Ta b 1 e 1 .  Ma l y s i s of  Sawd u s t  Feed a n d  Cha r  

-3/ 1 6  Sawdust  Feed Run X Cha r  
Wt Pe r Cen t  Wt Pe r Cen t  

As Rece i ved  As Rece i ved Dry  

Prox i mate   

mo i st u re 6 . 62 o . oo  
a s h  0 . 44 0 . 47  
vol at i l e  7 6 . 00  8 1 . 39  <0 . 0 1  
f i xed C 1 6 . 94 1 8 . 1 4 9 2 . 3 1  

2 . 02 
5 . 67 

<0 . 0 1 
94 . 2 1  

o . oo 
5 . 79 

U l t i mate 

mo i st u re 6 . 6 2 0 . 00 2 . 02 o . oo 
carbon 47 . 6 0  5 0 . 9 7 8 5 . 3 5  87 . 1 1  
hyd rogen  6 . 0 1   1 . 8 1   
n i t rogen  0 . 07 0 . 07 0 . 1 1  0 . 1 1   
s u l fur  0 . 0 1  0 . 0 1  0 . 0 1  0 . 0 1   
a s h  0 . 44 0 . 4 7 5 . 6 7   
oxygen*  42 . 47 5 . 07 5 . 1 7   

Hi gh Heat i n g 1 8 . 6  2 0 . 0  3 0 . 8  3 1 . 4  
Val  ue , kJ/g  ( 8024)  ( 8 5 9 3 )  ( 1 3 , 256 ) ( 1 3 ,  530 ) 
( Bt u/l b )  

*by d i fference  
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Many mat h ema t i ca l  mode l s of pyro l ys i s  a s s ume that the  p roces s 

i nv o l ves a s ke l eton i z i ng o f  the  b i oma s s  p a rt i c l e  to  res u l t i n  a por ou s  

h o n eycomb mat e r i a l  , wh i ch wou l d  b e  expected t o  have a very 1 ow bu l k 

den s i ty .  Howeve r ,  v o l ume a n d  we i gh t  meas u rements  o f  t h i s cha r s howed 

t ha t  i t  had a bu l k den s i ty o f  0 . 1 5  gjcc ( 9 . 4  l b/ft 3 ) compared to  the 

o r i g i n a l  s awdus t  b u l k den s i ty of 0 . 18 gjc c  ( 1 1 . 2  l b/ft 3 ) .  That t h e  

cha r b u l k -den s i ty was 83% o f  t h e  o r i g i n a l  feed b u l k -den s i ty ,  b u t  l es s  

t h a n  4% o f  t h e  o r i g i na l  we i gh t  i s  d i ff i cu l t t o  exp l a i n wi th  t h e  t rad i  ­

t i o n a l  pyro l ys i s mode l . Howe v e r , i f  the s e  few surv i v i n g  p art i c l es 

were  to  have  p a s sed t h r o u gh a p l a s t i c st age and  s h runk  dur i n g  pyro ly­

s i s ,  i n  a ma n n e r  ana l agous  t o  that  exh i b i ted by heat shr i n k a b l e po l y ­

ethyl ene  t u b i n g  when heate d , t hen  the  p a rt i c l e den s i ty woul d n ot  

necessa r i l y  dec rea s e  w i t h  pyro l y s i s .  Al t ho u g h  part i c l e brea k u p  of  the 

fran g i b l e cha r to form a d i ffe rent p a rt i c l e s i ze d i str i but i on cou l d to 

s ome extent imp rove the  pack i n g den s i ty and s i gn i f i cant l y  i nc rease  t he 

b u l k  dens i ty ,  m i c roscop i c exami n at i o n of the  cha r revea l ed p a rt i c l e s  

hav i n g  a g l o s sy su rface wi thout  obv i ou s  s ke l eton i z i n g .  Th e  cha r wa s 

v e ry fran g i b l e and  fo rmed v e ry sma l l p a rt i c l e s  qu i te read i l y .  

Aromat i c  Va p o r  Products 

A s i gn i f i ca n t  amo u n t  o f  the  pyro l y s i s products thoug h t  to  be 

hyd roca rbo n s  u s e fu l  fo r l i q u i d  f ue l s a re e l uted  i n  the b a ck f l u s h  cyc l e 

o f  the  gas  ch roma tog raph  and have  p rev i ou s l y  been re fer red to a s  c5 
p ro d u c ts . Benzene and  t o l uene  are  e l uted i n  a s i m i l a r  ma n ner  a n d  i t  

i s  though  that muc h  o f  the " b ack  f l u s h "  mat e r i a 1 i s  composed of  these  

v a po r s . 

A samp l e  o f  product gas  1va s s ubj ected t o  rna s s  s pect rometry by Or . 

Gun t her  Ho 1 ze r o f  the Co 1 o ra d o  Schoo 1 o f  "1i nes  t o  dete rmi n e  the  h i g h 

mo l ecu l a r we i g h t  chem i c a l  spec i es p re s ent  a s  vapors  i n  t he  p roduct 

ga s .  .lls s u s pected , acet i c a c i d , p r op i on i c  a c i d ,  a n d  aromat i c  s pec i e s 

s u c h  a s  to l u en e , i n dene , n a p ht h a l en e , and  met hyl n a p htha l en e s  ·.ve re 

i de nt i f i ed .  Qu i t e s u rp r i s i n g l y ,  h oweve r ,  o xygenated s u l fur  compounds  

we re a l so  repo rted , e . g . , d i ethy l  s u l fone or  ( C 2 H5 ) 2  so2 • Th ese  

s u l fones  can  be  made by react i n g o l e fi n s , ݒ  . g . , et hyl e n e , iݓ  t h  

hyd rogen s u l f i de a n d  t hen  ox i d i z i n g  t h e  res u l tant  s u l f i de , e . g .  

3 1   
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d i ethy l  s u l f i de ,  to  t he corre s p on d i n g  s u l f on e . Al though  wi t h  l ow 

temp e ra t u re 11 We t11 c hemi s t ry ,  hyd rogen pero x i de can  be u sed a s  t h e  

oxi dant , pe rha p s  steam i s  a n  effect i ve s u l f i de ox i dant  a t  the e l evated 

tempe ratu re s  u sed i n  ab l at i ve b i omas s  pyr o l y s i s . I n  a ny ca s e ,  t h e  

detected p resence  o f  t h e  s u l fones  hel p s  to  exp l a i n what happens t o  t he 

t race  amoun t  o f  s u l f u r  i n  the  b i oma s s .  Th e  s u l fone s  a re water  so l ub l e 

and  wi 1 1  

sc rubbe r s .  

tend t o  be removed from the p ro duct gases i n  the wat e r  

The sou rce o f  B TX i n  the p roducts cau l d b e  from the decompos i t i on 

of  l i gn i n whi c h  conta i n s  the a r omati c  r i n g  i n  i t s  s t ructure .  Howeve r ,  

t h i s i s  a n  u n l i ke l y  sou rce o f  t he  reported l ack  of strong  

pea k s  fo r ben zene or t o l uene 

BTX ba sed o n  

i n  a nd  So l tys  1 c l ose -c ou pl ed  

mass - s pect romet r i c stud i es wi t h  l i g n i n C l J . Con verse l y  , it is we l l  

doc umented that  the  pyro l ys i s o f  et hyl ene  a n d  p ropyl ene fo rms a romat i c 

compounds , i nc l ud i n g  BTX .  Un fo rt u n ate l y , t he aromat i z at ion 

l a rge percen

react ion s 

a re not s e l f -l i mi t i n g  at our  pyro lys i s con d i t i o n s , an d  a ­

tage of  the  B TX formed reacts wi t h  addi t i on a 1 ethyl ene , propyl ene , o r  

butene pyro l ys i s pro ducts to  fo rm po l ycyc l i c  a romat i c c ompounds q u a l i ­
[ 10 , 1 1 ]tat i v e l y  recogn i zed as  ta rs  . Th e p roduct i on of BTX s o  fa r 

appears  to  b e  ma x im i  zed a t  the m i l de r  con di t i on s  Ôvnich a l s o m a x imize 

propy l e n e  a n d  Howev er , wi t h  a furt her reduct ion i n  crackin g 

seve r i ty ,  t here e xpected t o  b e  a trade -off b et we e n  propyl en e a n d  

b u t e n e s  vers us 

The pre s e nce of sma 1 1  amounts  of oxygen i n  t h e  pyroly sis reactor 

act t o  ca t a l y ze bot h the aromat ization of t h e  o l  e f i  n s  a n d  the forma ­
[ 12]t ion of phe n ol s . Th e pre s e nce of oxyg e n  vÕill n eed to be c are ful­

ly  c o n trol l ed .  The aroma t iz ation re action t o  B TX r a t h er t ha n  t o  t ar s  

is fa vored a t  hig her hydrog e n  partial pre s s ure s a n d  could be a v i  a b l e 
met hod t o  produce h igh oct a n e  g a s o l in e a t  pre s s ures o f  2 0 0  to 1 4 0 0  k ?a 

( 3 0 t o  200 p s i )  dow n s tream o f  t he a tmospheric p re s s ure pyroly s is reac ­
[ 13]tor . Th e  forma t i o n  of aromat ic l i q u i a s a t  6 0 0  t o  8 0 0° C  p r o ba :> l y  

coul d b e  a ccomp l is hed w i t hout t he g a s  puri fica t i on a n d  nig her p art ial 

pre s s ure s  n e eded for l ower tempera t ure t he rma l pol ymeriz a t i on t o  

n apht hale n e s  a n d  po l y olefin s due t o  t h e  i ncre a s e d  r a t e  of reaction a t  

the  h igher t empera t ure u s e d  for aromat iza t io n . 
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Data Red u ct i on Comp u t e r  Prog ram 

I n  o rd e r  to cope wi t h  the  1 a rg e  amou n t s  o f  data generated w i t h  

each  pyro l ys i s r u n ,  a c ompute r prog ram h a s  been  wri tten fo r o u r 

Hewl ett - Pa c k a rd 9845  desk  top  comp u t e r .  Th i s  p ro gram u t i  1 i z e s  raw 

data s uc h  as wei g hts , p re s s u re s , t empe ra t u re s , and gas ch romat o g ra p h  

peak  i nt e g ra l s and  performs  a l on g  s er i e s  o f  ca l c u l at i on s . I t  pr i n t s  

o u t  on a r un  s umma ry s heet s uch  i t ems a s  f i na l  product -gas p a rt i a l  

p ress u re i n  the  react o r , we i g ht rat i o  o f  steam-to -b i  ama s s , s team fl ow 

rat e ,  vo l ume of steam per we i ght o f  fee d ,  vo l ume o f  product gas pe r 

we i g h t  o f  feed , ga s compo s i t i on i n  v o l ume f ract i on ,  mo l ecu l a r  we i ght  

o f  the  d ry pro d uct g a s , v o l umet r i c heat i n g  va l ue o f  the  gase s ,  c ra c k ­

; n g  seve r i ty pa rameters , y i  e 1 d s  o f  p roduct s , a n d  ma s s , ene r gy , a nd  

e l eme n t a l  b a l a nces . A s amp l e o f  t h e  output  i s  s h own a s  F i g .  6 .  
Betwee n  f i ve  a nd  ten  m i n utes a re req u i red to i n put  the raw data i n to 

the compute r ,  compa red to  s evera l h o u r s  to  c omp l et e the  c a l c u l at i o n s 

by " h a n d "  w i t h  a c a l c u l ato r . 

Th e p rogram f i  rst ca l  c u l  ates  the d ry p roduct-ga s  compos i t i on a nd  

mo l ec u l  a r  we i gh t  from the  raw gas  ch roma t o g raph  da ta . Us i n g the  t em ­

perature a n d  a b s o l  ute p res s u re a t  the  o r i  f i ce mete r ,  cor rect i on s  a re 

made to the d ry ga s c ompos i t i on a s s umi n g  that the  product ga s i s  s a t ­

u rated wi t h  wat e r  va p o r  a fter  i t  pas ses  through  tne packed  s c r u b b e r  . 

•.1. mo l ec u l a r  we i ght  i s  then ca l c u l ated  fo r t h e  s a t u rated p rod uct ga s e s  

hݔ i c h then  i s  u s ed  t o  det e rm i n e  t he ma s s  fl ow rate  o f  wet ga s e s  

t h ro ugh  the  o r i fi ce mete r .  Th e  ma s s  fl ow rate  of  d ry pro d uc t  g a se s  i s  
t hen ca l c u l a ted a nd  u sed ,,., ; t h  the  dry g a s  compos i t i on to  d e t e rm i  n e  t h e 

product y i  e l  d s  i n  g r ams per  1 00 0  g r ams o f  d ry fee d . Tn e ;:;ro duc t 
y i e l d s a re u s ed to ca l c u l ate  the heat of com b u s t i on fo r each  p roduct  

s pec i e s , a s  we l l  a s  the  e l ementa l amou n t s  of  c a rbo n , hyd roge n , o xyge n , 

s u l fu r ,  a n d  n i t roge n . Th e i n d i v i du a l  h e at s  of com b u s t i on a n d  e l  emen t ­

a 1 amo u n t s  o f  t he p ro ducts  a re tota l ed a n d  c ompa red t o  that  o f  t h e 

feed ma te r i a l  to  e f fect :na s s , ene rgy , a n d  e l ementa l c a l a nces . Tne d ry 
product g a s  compos i t i on s  a n d  the  i n d i v i du a l heats  o f  com ou s t i on a r e  

u s ed  t o  ca l c u l  ate  t h e  ga s eo u s  h e a t i n g va l u e s  o n  o n  a v o l umet r i c ba s i s ,  

e . g . , B TU / SCF . The  d ry product  ga s c ompos i t i o n i s  a l so u s ed to ca l c u ­

l ate  s e v e r a l  c rack i n g - s e v e r i ty pa ramete r s  s u c h  a s  mo l a r  rat i os o f  
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ÝYROL Y S I S  SUMMAR Y  SHEET ( MOO 4)   
(wi thout H20 ba l ance ; R-6-405116 GC ca l i  brati on )  

Run R - 1 - 1 543 Date 12/22/ 9 1  

-80 mesh Þ i n e  Fl our used for feed 

Temp. Profi l e  Steam CY-1 CY-2 CY-3 VC - 1  VC-2 VC-3 VC-4 VC-5 'IC -6 
Degrees C 780 785 855 867 779 7 5 5  761 770 7 70 760 

F i na l  Pyrol y s i s  Gas Tmeperature : 586 C ( 1 267 F )   
Reactor Pressure 90 . 3 2  KPa ( 13 . 1 0  ps i a )   
Part i a l  Pressure o f  Product Gases at Reactor Exi t 1 1 . 07 KPa ( 1 . 6 1  ps i a )   

4.48 kg wet feed{hr .00 mo i sture fract i on of feed 
Steam Fl ow Ra t e :  22. 3  kg/hr Steam/Dry Bi oma s s  • 5 . 0  kg{kg 

5 . 54 M3 steam/kg wet feed at 1 5 . 60,  1 atm ( 104 . 70 s c f/l b )   
. 9 2  M3 net dry gas / k g  dry feed a t  1 5 . 6  C ,  1 atm ( 1 4 . 69 scf/l b )   
1 5 .00 minutes run t i me  

Pyro l y s  i s  Products Per ßg Dry Feed 
Heat of

Gas Pha s e  Yi el d El ementa l Y i e l d  G/ Kg Dry Feed 

Hz 
C

3H8 
C3H5 
1-8utene 
t -Sutene* 

c -outene 

n -Pentane 
COz 
CzH4 
CzHs 
CzH2 
N2 
CH4 
co 
Ȅrom 'lap 
Char 

.'-tas s  !Jut 
.'1as s  :n 

: n  -Out 

V o l  Fr 

0 . 182 

o. ooo 
0 . 0 1 0  

0.  001 

0 . 005 

o. ooo 
0 . 00 1  

0 . 08 1  

0 . 056 

0 . 006 

0 . 00 7  

0 . 016 

0 .  1 2 0  

0 .  502 

1) . 0 13  

G/Kg 

1 4  

1 7  

2 

1 1  

0 

2 

139 

61 

7 
1 7  
7 5  

5 4 5  

H 
1 1  

954 
: ooo 

46 

Combu s t i on 
K Jou l es 

HHV LHV 

2017 1 706 

34 32 

809 7 5 7  
'30 7 5  

5 3 !  497 

19 18 

3 7  8 1  

0 0 

3060 2869 

35 7 327 

3 28 3 1 7  

Q 0 
H 5 6  3 7 4 5  

5 5 0 7  5 5 0 7  

2017 , 9 2 7  

\ 7 7  

c 

0 

1 4  

g 
Q 
1 

38 

5 2  

5 
5 
0 

5 6  

2 3 4  

: 9 1 7 3  13035  !615 

20462 1 3041  sos  

l 28 3  : J06 

H 

1 4  

0 

2 

2 
0 

0 

0 

9 

0 

19 

J 

5 3  

. 5  

i. 2  

0 

0 

0 

0 

0 

0 

0 

0 
:at 

0 
0 

0 

.J 
0 

3 1 1  
J 

1 25 

• t , 3  aucadi  ene i s  1 0 t  s epa r a c e a  : r 1m ( - J u c e n e  

s ,ȃ 

0 

0 

0 

0 

0 

0 

a 

•) 

0 

0 

0 
0 
0 
J 
J 

J 

0 

:) 
) 
J 
•) 
0 

0 
0 
J 
0 
0 

: 7  

I) 

J - i 6  

"o l •t o f  jry p s es 2<1 . 3 3 : :  • .3 8  no l :nȅ;:oto l .:3Ȇ6  5 . 5 2 ''o l :2 .,! ,  "a l  :2 .-15  
'ti e l d  :> e r  '1(9 Jf  d ry f eed : 7 <1  J -.. 2 ) ,  H l d  JQ 'i C3  C !  -l ,  ) r  -3 ': O: J 1  J f  : 5 3  Ȃ 

'1HV ·1 f Sases = 5 5 6  3L i / f : 3  c-'.V 1f 3ases 523  3t ȇ / f t 3  
.'n l e  frac Ȉ i on v f  •a t e r  JdDOr · o  f i n a l  : r'l r:lU c :  ·ja s e s  wds . :J l S 

Fi gure 6 .  Pyrolys i s  Suma ry Sheet 
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meth a ne -t o - p ro pyl ene  and ethy l ene-to - p ropyl e ne .  A sub r out i ne has  been 

s e p a rated out wh i ch c a l c u l ates  on ly  ga s compos i t i on and p r i nts  i t  bot h 

i n  vo l ume and we i gh t  fract i on s  a l on g  wi t h  the  vo l umet r i c heat i n g 

v a l ue s .  Th i s s ub r out i n e i s  u se fu l  fo r those  occas i on s  i n  wh i ch the  

gas  a na l yses  a re p a rt o f  a study wh i ch does  not  i nvo l  ve comp l ete  mas s  

b a l a n ce s .  " Vo l ume f u l l "  res i den c e  t i me a n d  c o r rected ave rage t empe ra ­

t u re ca l cu l at i o n s  have  recen t l y  been added to  the  p rog ram . 

Fut u re Reacto r  Mod i f i cat i o n s  

The expe r i mentat i on thus  fa r i nd i cates  t h a t  t h e  ene rgy f o r  pyr o l y ­

s i s  i s  s u p pl i ed a l most ent i re l y  i n  the  cyc l one  reacto r .  Th i s p l aces  a 

s evere  1 oad  on the cyc l one  reactor  heaters  and  i s  the 1 i m i  t i n g  factor 

w i t h  res pect t o  t h rough p u t .  Un fo rt u n ate l y , the rad i ant  cyc l on e ­

react or  heat e rs n ow i n sta l l ed have  about  the  h i ghest  heat f l ux  comme r ­

c i a l l y  ava i l a b l e .  Th e  tas k o f  pro v i d i n g a h i ghe r heat fl ux t o  t h e  

cyc l one  react o r  w i l l  b e  more i n v o l ved  t h a n  a n  easy c ha n ge o u t  o f  

heaters . ,l!,s the  heat f l  ux i n c rea se s ,  s o  does  t h e  chance  fo r t h e  d e ­

v e  1 o pment o f  1 o c a  1 i zed hot s pot s o n  the react o r  wa 1 1  due t o  uneven  

heat  t ra n s fe r  to  the  pyro l ys i s  s t re am .  These  hot  s pot s can  l ea d  to  

react o r  damage due  t o  the  a l ready ma rg i na l  mec h a n i ca l  s t rengt h at the  

h i gh o p e ra t i n g t emperat u r e . 

Us i n g hea t - p i pe  concept s ,  i s othe rm al :on d i t i on s  can  be  a p p roac hed 

and t h e  chance  of hot s pot s e l i m i na t e d . .:1n e x am i n at i on o f  t h e  prope r ­

t i e s o f  mo l t en  sod i um revea l  t hat  i t  h a s  a l ow v i s c os i ty ,  re as on ab l e 
vapor  p re s s u re i n  t h e  7 0 0  to  9 0 0° C ra n ge of i n te rest  a n d  v e ry i mp re s ­

s i v e heat  t ran s fe r  propert i e s s uc h  a s  h i ·] h  t h e r·na. l  c onducti v i ty ,  l ow 
v i s cos i ty ,  h i gh l aten t h e a t  o f  v ap or i  z ati on , a n d  a l ow f r e e z i  n g  
po i n t . \·lha t  we propose  to do i 3  t o  c l  o s e -c o u p l  e a s od i ur.1 ] oi l e r  a nd  
the  cyc l on i c  pyro l ys i s react o r . ȋ l ectr i c al i ;nme r s i o n h eater s  ͈ n  the  

mo l t e n  sod i um w i l l  vapo r i z e  the  s od i um .  Th e  ext e r i o r  of the  rea ctor  

can  conde n s e  t h e  s od i  um v a po r s  wi t h  heat  f l  uxes  o f  400  wjc:n 2 

( 1 , 3 00 , 000 Btu/h  ft2) p red i c ted a t  a t empe rat u re d i  f fere n c e  o f  on l y  

6 ° C . The s e  in i gh h eat  f l  u x e s  ·t� i l l  n o t  b e  rea ched  i n  ou r sys t em , s o  t h e  

t empe ra t u r e  d i fference  wi l l  be  e v e n  l owe r between  t he s od i um v a p o r  and  
the  ext e rn a  1 rea c t o r  wa 1 1  t empe ra tu r e .  Des i gn hea t f l  ux to t h e  

3 5  
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reactor  wa l l  i s  20 w;cm2 ( 6 5 , 000 Bt u/h  ft 2 ) whi ch i s  a b i t  h i gh e r  than  

the  upper  l i m i t fo r l a rge  g a s f i red furnace s .  The l ow v i scos i ty 

conde n s ed sodi um wou l d b e  grav i ty return ed to  the  boi l er to  avo i d the  

c ompl i cat i on of  the deve l o pmen t  o f  s u i tab l e wi c k i n g .  Th i s a rran g emen t  

i s  o ften refer red to  a s  a thermosyphon rathe r t h a n  a heat -p i p e .  

Th e  u se  of  1 i q u i d  sodi urn a s  a heat t ra n s fe r  med i  urn h a s  been 

stud i ed exten s i v e l y  for  the coo l i n g o f  fast -b reeder nuc l e a r  

and  

Fo rtunate l y , 

reactors  

at a bout 650°C . Sa fety proc e du re s  fo r the  hand l i n g t ra n s fe r  of  

s od i um have  been  estab l i s hed  by  the  n uc l e a r  i ndu stry .  we 

won ' t  have to concern  o u rs e l ves  wi t h  the bu i l du p  of  radi oact i ve sod i um 

i s otopes  l i ke the  nuc l e a r  i nd u s t ry .  

Sod i um has a l s o  been used  a s  a heat - p i p e  wo rk i n g fl u i d  i n  t he 7 0 0  

to  900° C tempe rature range  p r i ma r i ly i n  aeros pace a p p l i c at i o n s ,  but 
[ 1 4]a l s o  i n  so l a r  rece i v e r  des i gn s  now be i n g  demonst rated . 

typ e  

l eve l s  

b e  

Corros i on 

cen t ra l  

prob l ems a re fa i r l y  mi n i ma l  wi t h  st a i n l es s  and  i n cone l  

stee l s ,  a l though  i t  appea rs very des i rab l e t o  keep  sod i um ox i de 
[ 1 5]d o wn to on ly s evera l  parts  pe r mi l l i on . The  sodi um ox i de wi l l  

p rec i p i tated o u t  wi t h  a 1 1COl d t ra p 1 1 tech n i que  and  removed  from the 

s o d i um at the end of  each  run by t ra n s fe r r i n g  the s o d i um ( wh i l e  h ot ) 
back  to a storage cont a i n e r .  Th e  sod i um ox i de i s  qui te i n s o l u b l e at 

l ow tempe rat u r e s  and p rec i p i tates  out of s o l u t i o n  to s i n k  to the bot ­

tom of  the storage conta i n e r .  The  next t i me the  s od i  urn i s  u s e d , the  

potent i a l l y  co rros i ve sod i  urn o x i d e  wau l  d b e  1 eft b eh i n d  i n  the  s to rage  

co nta i n e r  where i t  i s  i n n o c u o u s  i n  the  s o l  i d  phase  at  l ow 

t empe ra t u re s . The add i t i o n  o f  a 1 umi n urn p owde r a s  a n  ef fect i ve o xygen 

get t e r  has  b ee n  repo rted and  may a l s o be  emp l oyed [ 1 6 ] 

C ONCLUS I ONS  
The p roce s s  va r i a b l e s t u dy i s  st i l l  i n  it s ear l y stages  . Th e  

amount  of  ga s  a nd  o l e f i n s  p ro d uced a p pear s  t o  b e  1 i m i ted p r i ma r i  l y  by 

t he ext ent o f  c rack i n g o f  the b i  ama s s  vapor s .  Th i s  react i on a p p e a r s  

t o  b e  a f i r st -o rde r react i o n ,  t h e  extent  o f  wh i c h i s  t i me a n d  tempe r a ­

t u re dependent . Th e effect s of  i nc re a s i n g t h e  amo u n t  o f  s u p e rheated  

steam i n  the reacto r a ppea r to i n c l ude a l owe r i n g  o f  the  pa rt i a l  p re s ­

s u re o f  the product ga ses , but mo re i mpo rt a n t l y  i t  reduce s  t he ga s e o u s  

3 6   
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r es id en ce ti me  , and in cr eas es th e tem peratu r e  of th e tar va pors by th e 
m i xi ng of th e h ot s team wi th th e cool er ta r va pors . Us i n g f irst- orde r 
kin eti c r eacti on the or y ,  th e extent of va pors cra ckin g  to ol ef in con ­
tai n in g  gas es is q ua l i tati ve l y pr edi cta bl e e ven th ough  as s umpti on s 
we r e  i nv o 1 ved in the va 1 u e s  u sed  f or the average  tem peratu r es and 
r es id en ce time s .  Th e  cu r r ent res u l ts ind i cate that a 15  weight per 
cent ( 3 5  to 40% by en er gy ) con v ers ion of s oftwood to C2 h yd r oca r bon s 
is fea s ibl e an d vl i l l  in c l ude  s i gn if ican t am ounts of ar omatic 
l i q u ids . Th is y iel d i s  l ower tha n  r eported for p r oce s s ed mu n ici pa l 
s ol id wa ste ( ECO II Fu el ) an d may r ef l ect c om pos iti ona l  d if f e r en ces or 
th e p otentia 1 for f eeds tock p r epa r ation stud ies . Th e  s awd u s t  
py r o 1 y z e s a s 'He 1 1 a s t h e  f i n e wood f 1  o u r i n d i c a t i n g t h a t the l a r g e r 
pa rtic l es ar e p r oba bl y a bl ative l y pyr ol yz in g as exp e cted . Add iti on al 
s tudi es n e ed to be c om pl eted be f or e  f irm c on cl u s ion s may be  d r awn. 

FU TURE PLANS 

Th e s ys tem wil l c on tin u e  to be oper ated to gen e r ate p r oce s s ­
va ri  abl e p yr ol ys is d ata at th e 8 to 15  kg /h fe ed in g  r ate . A m ath ema t­
i c a  1 e xpre s s ion f or th e aver ag e gas eou s res i d e nee  tim e in the eye l on e  
rea ctor will b e  gen er ated b a s ed on th e r e p orted f l  ow p attern s for 
v orte x  tube s . Th is wil l b e  in c or p or ated into t he  m as s  and ene r gy 
c om pute r  p r ogr am for e as e  of c al c ul ation . Tn is r e f ined  res idence  t i me 
w il l b e  ev al uated with t h e  exp e r imental d ata for ap p l ic abi l i ty .  .;).. 
f i  n a  1 des  ign wi  1 1  b e  m ade  an d c os ted to in cre ase  th e h e at f l  u x  to t h e  
c yc l on e  re actor s e ver al fol d th r ou gh t he  us e of s od i um v a po r  con d e n s a ­

t ion. Tn is 'iiO u l d al l ov1 a m uc h  h ighe r  th r oughpu t  i n  th e r 2 a c t o r .  Suc h  
a re actor '8 i l l  b e  f abr i c ated i f  i t i s  1vi th i n our bud geta ry r.ie an s.  ͇ 
petr oc h em i c a1 c on s ul t in g  f irm 1vi l l  b e  c ontr acted  t o  of fe r s u g ge s t i  on s  
and to pe r f orm a pre l im in ar y  t ec h n ic al and  ec on om ic e v al u at i on .  A. 

m ore soph i s t i c ated s ol id s feed e r  c on tr ol l e r  h as been  re c e i  ved f r om t h e  
m an u f acture r  'H hic h l ook s ve r y  prom i  s i n g and "" il l be  e v a l •J a t e d  du r i n g  
pyr ol ys is ooe r ati on. 

A l ar ge r  s te am b oil e r  and  a wood c h i ͏ d ry i n g  oven  n 3 v e  been 
orde red 1v i t h SERI c a p i  t a l  equi pment f un d s. 01ese  it ems '<"� i l l  be  i r� ­
s tal l ed to u p gr ade t he c apab il ity of the s ys tem . Th e n e w  ove n  ·d i l l  be  

3 7  
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u sefu l  to determ i n e  i f  cert a i n feedstock  p reheat i n g  cyc l es has a 

benef i c i a l  e ffect  on  p ro duct d i str i but i o n  a n d  y i e l d s . 
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