
367 

Q 

;O ~EM R=ARGON OBCO :~-CH4 T=CO "~ MCMA=MOLE~ CO/P~L~ AI~ F~L: 
20 REH ~=RXN TEMP,KELVINS RA=H~CO RATIO FES(~TFECTIV~ RATIO FC'~ CYI:L~) 

RIM PMCMA=~CMA DURING PRE~ARBID ~MCMA=MCM~ DURING ~ Y N T H E ~  
~5 = ~  ~AB~A '  DEIRZNO PRECARB" " ~RA=RA DURINO " 3 Y N T M ~ Z ~  

~0__50 ~EM~**~RLACEOTHE DATE $ COMMENTS ON THE NEXT ~ L£NEN~e~-~-'*<-~" 

LMS='STEADY STATE EXPERIMENT - ' 
~2 LR$=" THIS EXPERImeNT L~E5 1.03:1 S-GAS FOR A '22 MINUTE RUN " 
~5 LSS=" AFTER F IRST EXPO~INO'IT TO 4:1 PRECARB. G ~  FOR ~ HOURS. ii 
~ 7  L T $ = "  . . 
~0 REM ++÷++++~PE~IFY INPUT AND OUTPUT FILE NAMES ~ND P~RAMETERS~-~-+~++~ 
100 LP~="EXFS. DAT" 
1 i 0  L0s="RE~.FS, DAT" 

• REM = ~ ~ INPUT PARAMETERS! 
I ~  PMCMA I0 . .82  

130 REM ~M~MR=7,745 
135 PRA=4.0 

150 ~:~:~T:" 

152 MCMA=PMCMA 
15~ RA=~RA 
io0 REM ~*READ IN INTEGRATED PEAK A R E A S ~ * * e e ~ * ~ * ¢ * ~ ¢ ~ * ~  
iTO OPEN ' ~ '~L ,~PS 
1 ~ 0  FOR I=1 TO N 
19:) ZNPUT~I, R{ Z), O(¢) , ~ ( I ) ,  T¢ ~) 
200 NEXT 
210 CLk'L~E#I 
2~.0 REM ~*WEIGHT THE PEAK AREAS USING TC ~EZOHT FACTOR~ ~ ~  
25¢) FOR I=t TO N 
_3'.., IF I~NN THE~ MCMA=SMCMA 
240 R{I)=R~EI*.P5 
250 o ( r ) = , ) { r ) * , 6 7  
260 ~(1)=r-~¢£)~.4~ 
27° T (1 ) :T ( I ?p~ I~ . .  

29° A ( I ) = M C M A - - ( O ( I ) / R ( I } * I . 4 2 ~ )  

~10 B ( I ) = ( ~ { I ) / ~ ( I ] ~ 2 -  49)  

3~0 CCI~=(T(I ) /Rf I )~.9077) 
i~0 PEM ***MOLES C.H4 PROOUCED/MO~E CO C O N V E R T E D ~ - - ~ * ~ : - ~  
35~'~ D C I ) - B | I } I A ( I }  
3~0 RIM ***MOLE~ C02 PRO~UC~/MOLE CO ~ N V ~ T E D w ¢ ~ * I ~ * * * *  
37,) E( I )=C I I ) /A (1 )  
~0 NEXT I 
~:~0 ~OR I = l  TO N 
~'P'2 MCMA=PMCHA 
• ;.".'~5 IF I~NN THEN MCMA:~MCMA 
400 RIM * *~C0  CONVERSION, CO U N C O N V E R T E D * ~ * ~ * * * ~ * ~ * ~ - ~  
410 F(~)=A{I)/MCMA 
~20 GCI)=lt-F(1) 
~30 RIM **~C02 PRODUCED, CH4 PRODUCED*'~'~*~* * ~ * * ~ ' ~ * ~ ' s ' ~  
440 H¢I )=F { I } *E { I )  
~50 Q ( I } : F ¢ I ) * O ( I )  

: 7 0  U t I ) : I ! - t O ( I ) ~ H t I ) ~ Q ( [ ) )  

4 ~  V{ I ) : I ! - - { 2eH¢ I )~GI I ) )  

510 W{ I ) = ( 2 * l J (  I ) + 4 - ~ [  I ) ~ 2 e V ( I  ) ) / 2 !  

53=) ( ( I } : ; { I ) / F ( 1 )  
~4,) REM .*e CALCULATED EOUILIBR!UM CONSTANT FOR WATER-,}A~ CHIFT-'~*~ ~ 
550 ' , ( I } : . O I O ~ E X P { 4 7 3 0 / K ~  
5~5 RIM ~ ~X~ERIMENTAL E~UILZ~RIUM CONSTANT FOR ~A~R-:3A~ ~ H ~ F T ~  
~ 2  RA=PRA 

Figure C.2 A Microcomputer Program (MASSBAL.BAS) Used to Compile 
the Data Obtained From the Light-Gas Analysis. 



368 

~,,'.'~., I F  Z'JNN THEN RA='~RA • 
5 7 0  Z C A ) = ( H ( 1 ) ~ { R A - W C I ) ) *  ( O ( 1 ) e V ( [ ) ] )  
~ O  REM ~'~eIMPLIED CONVERSION OF HYDROGEN~.~e.~ee~.e~eeee~q-~e-~e~ 
5¢'0 t.(1)=WKI)/RA 
60,'~ NEXT ~0" 
61a~ OPEN ,2,LQ '~ 
6=0 PRINT#~, "DATE OF EXPERIMENT ",LIhLMS 
6~;:, PRINT "DATE OF EXPER~IENT " , I . . S , L M S  
~ i  PRINT#'~m " " 
6~2 PRINT;$.~, LR~ 
633 PRINTtI .% &.SS 
6 3 4  PRINT~r.~, LTS 
~.O.O PRINI"~ ~ , " " 
6~0  PRINT " 
6 6 0  P R I N T # ~ ,  "TEMPERATURE ~ " , K ,  " #  DATA PTS, = ° ' , N  
6 7 0  PRINT " T E M P E R A T U R E = " ~ K , " ~  DATA P T ~ . = " * P !  
6 8 0  P R I N T # 2 ,  . . . .  
6~0  PRINT 
7 0 0  P R I N T # 2 ,  " SAMPLE % "  CO CONV'% " ¢ 0 2 / C 0 " ,  '°CH4/CO ~, " ~ O / A R " ~ "  H 2 / C O "  
7 1 0  PRINT " .~AMPLE " ,  " ~ 0  ~J3NV"I " C 0 2 / C 0 " ,  " C H 4 / C O " ,  " ~ O / A ~ " , "  H 2 / C O "  
7 ~  PRINT#--.,  " NUMBER " ,  " " ,  "CONV " ,  " CONV " ~ " FED % " P A T I O "  
7~' )  PR INT  " NUMBER " ,  . . . .  , " ¢ O N V  " , "  CONV " , "  FED " . "  R A T I O "  
7 4 0  FOR r = l  TO N 
7 4 2  RA=PRA 
74:3 IF  I>NN THEN R~a.~RA 
744  PICMAmPM~R 
7 4 ~  I F  IPNN THEN MCMA~"~M~MA 
750  P R I N ' r # 2 ,  I ,  F(  I ) ,  E( I ~ • D( I ~ • MCMA~ RR 
760 P R I N T  Z, F ( ~ )  , E ( Z )  • D( Z ) .MCMA.  RA 
770 NEXT I 
7 5 0  P R I N T # .  ~ ,  ~ "" 
7 9 0  PRINT 
~00 PRTNT##2, " " 
~ l O  PRINT 
~ 0  P R I N T # 2 , "  SAMPLE " , " H 2  . C O N V " , "  - C H 2 - " , "  H 2 0 " , "  H "2 I . ~ E D " , " H 3 / C O  '' 
~30  PRINT, " SAMPLE " ,  " H 2  'CONV",  " " C H 2 - " ,  " H~.O", " H~ I J~ED" ,  " H 2 / ~  0 "  
S40  PR I N T # 2 ,  " NUMBER", " I M P ~ I  ED" • " I M P L  I E D " ,  " I M P L I E D ' ,  " I M P L I E D "  , "USAGE" 

I i  I I  I I  N I I  I I  350 PRINT " NUM~ER"~ IMPIIIED , IMPLIED , IMPLIED ,'I.MPLIE'3"."USA~.---" 
~bO FOR I= I  TO M 
;~70 PRINTt#2, I , I . ( ~ - } , U ( ~ } , V  ( , ~ ] ' W ( l ) ' x ( r - )  

P R I N T  I , L . ( I  ~ ,LI t  | ) , V (  I :  , W ( I ] .  X ( I )  
NEXT ~ 

.~00 PRINTI#2,  " " .- 
":1c) PR INT  

.'P~O PRINT  
• P40 PRZNTttC,'.~ SAMPLE " ,  . . . .  CH~_ - " , ' :CAL.C KEQ" "EXPT ; :EQ" , "~UM=~I  ''~" 
~ . O  PRINT .~AMPLE "Y, " - -CH¢-  " ,  ' CALC I¢'EQ" ; "EXPT KEQ" ,  "~UM= k ~ "  '~,)PR~NT~:,T ~ ' : " 0  N""E°' ' '  /COCO~V • ~Tc) PRINT *' tJUMBER "~'" "" / C O  CONV 

<~85 ;JPRIMEulJCI)/F!~} 

oo0 P R I N T # 2 , 1 , U P R I M E ,  Y ( I ) , Z [ ~ ) , $ U M  
!00r~ PRINT . I ' , I J P R I , S E , Y ( I ) , ~ . ( ~ ) , : ~ U M  
1 0 : 0  NE.XT ! 
1020 CLOSE# "~ 

Figure C.2 (Continued) 

q 0~. 
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1,.', ;¢EM "rill'3 PROGRAM CALCULATE~ THE NUMBER OF MOLE~ OF A SPECIFIC HYDR':.'I-- 
----~ REM CARBON (OR FUSED PEAK OF HC'..~) FROM THE INTEGRATED PEAK AREA~ 
30 REM ON THE CHROMATOORAM. AS~UMPT'IO ' ~ =  1) FUSED C2 AND C3 PEAKS 
40 HEM USE THE AVERAGE MOL, WT. TO CALCULATE MOLE~ CONVERTGD. 
5,) Z, IM A{24).B(241.C(24).D(24).E(24),F(-~4},O(-'4}.H(-4),J(24),K(-~4)'H('4".; 
51 DIM Q I 2 4 } , R ( 2 4 )  
60 HEM X=MOLES OH4 PRODUCED PER MOLE CO CONVERTED XX=FLOW RATE IN ~CCM 
6,5 REM YY=FRACTION CO IN ~-OA:3 FEED ZZ=CJ.'~ CONVERTED/CO FED 
..~..~ REM WW=RATIO OF ~-~A.. ¢ FEED DURATION TO TOTAL FEED DURATION(.C.+F} 
63" REM [VALUE OF WW FOR .STEADY-STATE REACTION IL~ 1 .0 ]  
~.:~. PEN HI.I=MOLE$ OF C02 PRODUCED/ MOLE CO CONV. 
7,) L ' ;=":~. / I  0 / 8 4 "  
:BO LM=----"'3TRADY ~TATE ~/0 PRECARB. " 
~,:l L,~S-~ "HF'RE.~B3. OAT" 
100 LF's="HPB~. OAT" 
101 LT~m"EXPERIMENT B-~.: THI~- EXPERIMENT CONSI~,T~ OF 10 HOU,R,3 " 
!03 L'~.~='OI ¢ 4 .0 :  I ~-QA~ FLOW AT 6 ~ K .  
110 X=. 17¢'I 
10 -  ~ XX=--';~O 
104 YV=O. I~'~-~S 
106 Z Z=,. ":~r.-~ 
107 WW=1.0 
108 HH:O. ~.073 
109 L"OSUB 1400 
120 R~M INPUT INTEGRATED PEAK AREAS FOR OLEFIN~ AND PARAFIN~ 
130 OPEN ' Z " , I , L P s  
140 FOR I = I  TO ~4 

zNPuT i A,z, 
I. 8 NE T I :: LOSE~ 1 
I:BO REM NORMALIZED PEAK AREAS 
1.90 FOR I = l  TO " 4  

~ .=Z+O(  I } 
2"0 NEXT I 
'230 REM CALCULATE THE WE.'GHT FRACTION OF EACH ~PECIE~ 
"'4=3 F'OR I : 1  TO ~-4 
250 B ( 1 ) = D ( I ) / Z  
26,) NEXT I 
270 GO~:UB 590 
2~0 REM CALCULATE MOLE~ HYBROCAR.RON PRODUCED PER MOLE CO L'ONSUMED, C¢ I J 
290 FOR 1=I TO . 4  
300 C(1)=D(I ' ,~M(I  )oX/M( [ )  
3 ;0  IF I = l  THEN E I I ) = C ( I )  EL:.~E 
:~0 IF I=2 THEN E(1)=CCI)*2 ELsE . -  ~:.~0 'r I = 3  THEM E { I ) = C ~ [ ) ~ 3  ELSE 
~.40 I F  I ; . 3  THEN I F  [ < 8  T H ~  E ( I ) = C ( I } * 4  EL.~E 
:350 IF I'~7 THEN IF I . ' l : :  THEN E ( I ) : C ( I ) ~ 5  E|..~E 
3C-0 I F  I .~11 THEN I F  I ~ l ~ :  THEN E ( I ) = C ( I } ' 6  ~ L ~  
"3~O IF  I ; . 1 4  THEN I F  I C I 9  THEN E ( I } = C ( I . ~ 7  
3~O I F  I . " 1 ~  THEN I F  I 'C -  ~'~ THEN E ( I } = C ( I ~  ELSE 
3PO i ~  I ~ - O  THEN I F  I~. ' -~  THEN E { I } = C ( I ] ~  EL:SE 
~OO I F  I.'.-~2 THEN E ( [ ) = C { I ) ~ I O  ELSE 
• ~'I0 T=T '~ 'E( I )  
'~ '0  NEXT I 
J--~l O0¢~:UB 1500 
4 " 2  O0$UB 9{*0 
4~0 OPEN "O" ,2 ,  LQ~ 
~40 PRINT:t "~, "BATE ~ EXPERIMENT",LS,LMS 
~50 ~RZNT . "DATE OF EXPERIMENT",L~,LMS 
45 t  PRINTS2,  ' ' 
45?" PRI~T-5" ' ,LTs 
455 PRr.NT~.'~, L~$ 

' :70 PRINT . . . .  
-;E-O =RINTffC, "PEA)c ;;", "NORM ~REA","~T FRACT. "."HC/CL', CONV"."RAT~ P='OO","r'~,..;, " 
~..~A PRINT "PEAK ~","NORM AREA","WT FRACT.", "HC,'C,) *::)NV","F:.:,T'.-" P~OD"."M.;J." 
~C~,, FOR I=1 TO :J- 
~'II'= FRINTI/.~', [ ,D ( I J ,B (1 ) .C ( I } , ~ ) (1 ) , , ~ I¢ I }  
520 PRINT I , D C I ) , B ( I ) = C ( I } , Q ( 1 ) . H ( ! )  
5~0 NEXT I 
7.?.' PR I NT~'~", " °' 
"'".,.~ PRINT . . . .  

Figure C.3 A Hicrocomputer Program (HEAVY.BAS) Used to Compile the 
Data Obtained From the Capillary Column Analysis. 
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5 .~  RR!NT~2, "CARBON a . . . .  MCLE$ Cw", "MOL~'RC_C~,","'.zJ? C Jr", " ;~ 'R ; ,C .~:::.",'KA_TEt.~.~.~t" 
5 ~ 4  ~ R I r l T  "CARBON ~ " ,  " M O L E ~  CIP '  , " M t . I L r R C  C;** • " W /  C~; , * w / r A a u  :." ;#'* • ~ A ~  . ;~" 
5 3 5  F O R  1 = 1  TO 10 
~3.:., ;RZNT~:~. I ,  F ( I )  , O { I )  ,H(Z ) ,~i[ I } ,R (  Z ) 
.=.:.:.7 PRINT I , F { Z ~ , 0 { I } , H { I ) , J ( I ) , R ( I }  
5~L~ NEXT i 
5=,0 M=Z~A(1) 
5~I  PRINT#2, . . . .  
5~_ ~ PRINT . . . .  

.=.-;4 P R I t I T  " " 
5.~::, PRINT# -~, "TOTAL ~AI~ AREA=,", W 
5~,'~ P R ! H T  ', ' ,TOTAL PELF: A R E A = " , W  
5~2 PRZ;,IT~, TOTAL MOLE :CARBON PRODUCED AS 0LEZ.PAR/MOL--- CO ::ONV=",T 
563 ~RINT "TOTAL ,~IOL----- CARBON PR0nUr.ED AS 0LE,',PAR/MOLE F.0 CONV= " ,  T 
56,3 PR INT~ ,  "MOLE RAT-tO :.311 (: ."~-C6J:", $1 
-~5  PRINT "MOLE RATIO CI/(C2-,~(,}=", ' .~I  
56t.. PRINT~¢, "'.4F_IOHT FRACTION C 1/(C---C5 ) "', C.= 
5 G 7  P R I N T  " w E r O H T  F R A C T I O N  C 1 / ( C 2 - C 5 ] " , S 2  
5 ~ B  P R I N I " t t .  ~ ,  "°RATF.$ A R ~  I N  U N I T ~  O F  MMOLES PER HOUR"  
R 6 ~  P R I N T 4 ~ ' % " A V O  MOL WT~ ARE U.=ED FOR C =  AND *'~.~ HYDRt~CGN:~ DUE r 0  FUt~ED PE.¢h '3"  
-~70 OO=T÷HH 
571 PRINTS2, "TOT MOLE C PRODUCED AS-C0¢ RND 0LE&PARA/MOLE CO CONv=" .C:t', 
57 "a CL0"~E m= 

.~0  REM A~SIGN MOLECULAR WEIGHTS TO THE PEAICS 
600 C=12.011 

6 - 0  M{ I ~- 'C'+4~FI 
$$0  REM MU:~'(" AVt~ NEXT .~ ~'.ETS OF PEA;~. 0LEFIN "~ PARAF:N CUM'3~P~ED 

• 550 M [ 3) =C~.-~H*7 

~ 7 0  M [ 5 i =C~I'~i'H~l'10 

• "00 M { ~" ) =C*5": H,~I h 
720 M U~ ) =C'~5*H'~" 12 
7~-O M ¢ 1,0 ) =CeS~H+[O 
7"~.O Mt I i }=C~5"PI*IO 

750 Mt 13)=*~d.','H*14 
~V.-O M[ [4)=:C*,~"H*I. ~ 
770 M[ "5)=C~'7"H¢'14 
";80 M{ [~=)=C~'7÷H~tb 
7':,0 M { 17 ) =C*7~-H* t 
:-'..00 M ( i:.~)=C~,}'-H-~*I4 

:~."~., M { -"0)=C*~wwH*18 

-'=-'50 M : .".~) =,7*IO+H~:U 
:":>0 M t : : 4  i =,." * t O ~ - H ~ _ ~ .  ~ 
- ' T O  R E T U R N  
':',:~.:, REM CALCULATE THE MOLES OF' £ACH CARBON .~ F'~'ACTZ*.',N AND mOLE;; 
• n l . . : :  1 : ¢  I ) = C (  I 
"~,:, F¢2)=C~2) 

.~"0 ~" (,1 ; =C (4) ~:= ( ~}-~C t 6) -~C{ 7 } 
='50 F (5) =C(..~} ~C t'~: ~'C ( I O ) +C( 11 ) 
"~-gJ:~ F ( 6 ; - - * . : (  ' - -~)--C'[  : 3 ) . ' - C (  2 "~ ) 
"='-':* ~(71:C.(15}÷C[I~.)*,'(17)*C(1~) 
":~.:', .-- ~ :~.) :C ( t.p ~ .wC[=O } 

:.:.::,,-, .--, :,,o+=C(:~.:.,:¢ ~:) 
"':.I':' ~'?R .t=l ~0:4 

: .:~ ?,:. ":E'r T 
i,.'.-'-,', ,--C,~ :=[ TO ~0 
: :,=..'~ -:',[ I )=F~  : ; / ' I T  

Figure C.3 (Continued) 
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1110 
11 " 0  
I 1 .~0 
: 1"%0 
1 1 5 0  

1 1 7 0  

Z 1-'PO 
2 =00 
1_~'I0 

~.2=O 
i=50 
l--,.t 0 
1 "TO 
I-.C,.~O 
1390 
l~O0 
1310 

1 =00 

i 4  I . "  
141.3 
1415  
14-~0 
i 4,.~0 
14.1@ 
15v.'~) 
151,) z.=:: ~ 

"5.3O 

1570 
15:~.0 
Z 5PO 
:~00 
~620 
16"0 
-" 630 
1700 

H(] )wBCI)  

H(3}=BC3) 
H(4 )=Bt4 ; *B(5 ) *B I6 )~B(7 )  
H(5}=BCB)-Bt~) -BCIc) i~Bt I : )  
H(6 )=~(12)~B( I~ ) -B(14)  . . . . .  
H(7}=B( IS)~Bt I~)~Bt27}+U{ I~J  
H t 3 ) m B t I g ) + B t 2 0 )  

FOR Z= l  T0 ~4 
WT=~TbB[Z) 
NEXT 
~OR I t 1  TO t 0  
~ I ( Z ) ~ H ( I ) / M T  
NEXT I 
F~R I - 2  TO ¢4 
~T=QT*e([) 
RT=RT÷Btl} 
NEXT I 
~ I = C t I ) I t O T )  
~ = B { I ) / I R ? )  
RETURN 
REM THIS SUBROUTINE C~LCLVLATE~ THE MMOLES OF * ~  CONVERTED PER HR 
REM NN-NUMBER OP MMOLE5 CO FEDIHR TT-MMOLEG 0F CO CONVERTED/HR 
REN Z~=FLOW RATE IN  ' CCM 
RETI YYBFRACTION CO ' IN  ' 5 - 0 ~  FEED ZZ=CO CONVERTED/Cv~ FED 
REM WWmRATIO OF S-GAS FEED DURATION TO TOTAL FEE[a DUR~TIONt~+F}  
N,N. t X X / { e 2 , 0 4 ~ 2 7 3 J ) i [ 0 0 0 t & 0 t Y Y m W N  
TT=NNoZZ 
RETURN REM TPII~ ~UBROUTINE C~CULATES THE RATE OF PRODUCTION OF EACH 
REM ~RODIJGT IN  MMOLE~ PER HOUR , O t I ) ~  THE RATE ~F_FRO~2CTZ~N 
~ ~-I"TO~F EAEH=4 SPECIES :N TERMS OF C~RBGN NUMBER Z~ AL~U PUUNU, R |¢ ' ) .  

O t I ) = C ( Z I ~ T T  
NEXT I 

R (2 ;=Q( . ]  

R t 6 J = 0 ( 1 2 ) ÷ ~ ( i 3 ) ' ~ C L ~ ;  
RCT)=QCI59-OtlG~÷Q(17)'Q(~) 
R(~)=QtXg)~Q(20) 
R ( 9 ) = Q ( ~ I ) * Q ( : ~ )  
R ( [ 0 ) : ~ ( 2 3 ) - 0 [ 2 4 )  
RETURN 

Figure C.3 (Continued) 
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Location of the Microreactor Syst~ 

The vibrof luidized microreactor system described in Section 5.1 is 

located in the Laboratory for Coal Science and Process Chemistry ("coal 

lab") ,  Room 31gA, on the third f loor,  northeast wing of Randolph Hall, 

Virginia Polytechnic Ins t i tu te  and State Unviersity. Above the 

microreactor system is the building roof, and below i t  is the Unit 

Operations Laboratory ("U.O. Lab"). Figure D,I shows a schematic of the 

location of the microreactor system ("reactor lab").  The system is 

surrounded by cinderblock walls on three sides, and by plywood on the fourth 

side and on the top, forming a "reactor box" as labelled in Figure D.I. 

The dimensions of th is  reactor box are 1.45 m x 2.13 m (width x length x 

height), giving a total volume of 4.0768 m 3. The laboratory surrounding 

t i l l s  box, labelled as "reactor lab" in Figure D.I, has the dimensions of 

3.5 m x 7 m x 4.5 m or a total  voluime of 84.53 m~. 

Venti lation of the Hicroreactor System 

Venti lation #or the entire reactor laboratory is provided by a large 

roof-fan which draws a i r  from both the'coal laboratory and the unit  . 

operations laboratory. This roof-fan draws ai r  at a vGlumetric flow rate 

of approximately 9.46 x 10 -3 m3/sec (0.334 ft3/sec or 20.04 cfm) at the 

grate of the reactor laboratory. Thus, the entire a i r  content of the 

r~actor'laboratory ~ould be r~placed approximately once every two and 

one-half hours i f  there was no other a i r  exi t .  However, an additional vent 

fan draws a i r  from the reactor box at a faster raze of 9.9! × 10 -2 :n3/sec 

(3.5 ft3/sec or 2,100 cfm). This means that the a i r  content in the reactor 

box can be replaced approximately once every 41 seconds. Also, the entire 
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room air  in the reactor laboratory is replace about once every 7 minutes. 

Note that fresh air  is drawn into the reactor laboratory via the unit 

operations laboratory and an ai r  duct in the coal laboratory. 

The reactor box has been caulked with silicone rubber at all of i ts  

joints and around the edges of the plexiglass at the roof l ight .  The small 

piece of plywood covering a vent hole in the wall has also been carefully 

caulked. The roof l ight is located on top of the reactor box and shines 

l ight  through the plexiglass to eliminate any possibi l i ty of spark hazard. 

Table D.I summarizes the estimated volumes of different components of 

the microreactor system and the estimated air renewal rates of the reactor 

box and the reactor laboratory. The American Conference of Governmental 

[ndustrial Hygienists has recommended a threshold l imi t  value of 5U ppm for 

CD representing the concentration of CO in air to whicil nearly all workers 

may be continuously exposed without adverse effects. 

The flammable l imit  of H 2 in air  is ¢ to 75% by volume, depending 

upon the surrounding situations. 

High Temoerature and Pressure Precautions 

The vibrofluidized microreactor system is to be run at pressures up to 

3030 kPa and parts of the system at temperatures up to 450°C. Thus, the 

upper l imits of operating temperatures and pressures of different syste~,~ 

components must be known. Those are summarized in Table O.2. 

Electrical System 

All electrical switches and plugs are external to the reactor box. 

The only electrical devices located in the box are the solenoid valves, 

oressure and flow transducers, and CO detector, and the fiuidized constant- 
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TABLE 0.1 

Estimates of Hicroreactor System Volumes and Room Air Renewal Rates 

Vol:me (m 3) or Air 
System Description Quantity Renewal Rate (m3/s) 

A. Microreactor System Components 

I .  I /¢- inch 316 SS tubing. 
O.O35-inch wall thickness 

2. 1/16-inch 316 SS tubing, 
O.028-inch wal I thickness 

3. 5OO=ml reactant and inert  
gas reservoir 

4. 150-ml reactant and inert  
gas reservoi r 

5. Microreactor 

6. Estimated Microreactor 
System Volume (components 
i t o  5) 

B. Reactor Box Volume 

C. Reactor Laboratory Volume 

D. Air Renewal Rates 

I.  Reactor Box 

2. Reactor Laboratory 

!2.2 m 2.86 x 10 "¢ 

3.7 m 2.21 x 10 -6 

3 1.5 x 10 -3 

1 1.5 x IO -4 

1 5 . 5 3  x 10 -7 

1.94 x 10 -3 m 3 

 .OB 

B¢o53 m 3 

9.91 :< 10 -2 m31s 

9.46 x 10-3 m31s 
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TABLE D.2 

Upper Limits of Operating Temperatures and Pressures for Different 
Components of the Vibrofluidized Microreactor System 

Component 

Maximum Working 
Pressure at 21°C 

(kPa) 

Maximum Working 
Pressure (kPa) at 

Selected Temperature 

I. High pressure air 
regulators 17,175 

~. Stainless-steel tubing, 
1/4-inch O.D. 40,574 

3. Whitey I/C-inch ball values 20,610 

¢. Whitey sample cylinders 12~365 

5. Nupro check values 20,610 

5. Circle seal Z-way and 
3-way solenoid valves 20,610 

7. Atkomatic solenoid 
valve 34,350 

8. Nupro metering valves: 
4SG 13,740 
5MG 5,870 

9. Flexible stainless 
steel hose 18,274 

10. Brooks mass-flow 
meters: 5810 ZO,610 

5811 10,305 

11. Circle-s~al back- 
pressure regulator 6,8?0 

12. ~upro f i l ters 20,6!0 

13. Valco 6- and 10- 
port sampling valvas 

14. ~upro in-line re l ie f  
valves (350-500 psi 
adjuszable) 

37,395 at 315°C 

34,350 at 260°C 

¢7,870 at 315°C 

20,610 at 300°C 
Cmax) 

ZO,510 
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temperature sand-bath. On-off switches for these devices are located on 

the control panel outside the box. The fuse box is located adjacent to the 

reactor box so that in case of an emergency, all e lect r ic i ty  can be shut 

off immediately. 

The Circle-Seal solenoid valves are activated by 2B VDC via a Zenith 

Z-B9 microcomputer. The Atkomatic solenoid valve is actuated by 2~ VDC via 

the inicrocomputer. The pressure transducers are excited using i0 VDC; and 

both the mass-flow meters and CO detector require 120 VAC. The fluidized 

constant-temperature sand-bath uses 240 VAC. 

Emergency Equipment 

A Toxgard Nodel C carbon-monoxide detector (Mine Safety Appliances 

Company) is mounted inside the reactor box as a f i r s t  l ine of defense 

against CO leaks. This detector continuously samples the air  by diffusion 

and reports concentration in ppm. I f  the l imit is reached, both visual and 

audible alanns are tripped. The sensor l i f e  of this unit is about one 

year. The unic is powered by the 120 VDC builidng supply. 

One 5-pound CO 2 f i re  extinguisher is located approximately 15 m fro,, 

the reactor box inside the coal laboratory. At the same location is a 

f i r s t -a id  k i t  and an eyewash station. 

A sling ai r  mask, available for rescue in toxic environments, is 

located on tile wall outside of Room 155, Randolph Hall. A telephone is 

located inside the coal laboratory. Emerge.cy telephone numbers are as 

follows: 
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1. Blacksburg Rescue Squad 9-911 

2. Blacksburg Fire Oepart, nent 9-552-2222 

3. Campus Police 6411 

¢. University Health Services 6444 

5. ~on;gomery County Hospital 9-951-I111 

Emergency Shutdown Procedures 

A. Fire Emerqency 

i .  Turn off  the main valve on the hydrogen cylinder. 

2. Turn off the main valve on the H2;CO.Ar cylinder. 

3. Call Blacksburg Fire Department at 9-552-2222. 

¢. Notify a close-by person ~0 sound the f i re alarm and evacuate 
the bui I di ng. 

5. I f  f i re  is small and confined in nature, steps may be taken to 
extinguish i t  with the CO 2 f i re  extinguisher. 

B. Gas Leaks 

1. Turn off  all electr ici ty to the experiment at the control 
panel of the fuse box. 

2. Turn off  the main valve on the hydrogen cylinder. 

3. Turn off  the main v~Ive on the H2:CO:Ar cylinder. 

¢. Locate leak site using nitrogen and repair tl~e leak. 

B. Pessure-test the system after leak repair. 

C. Loss of Building Pcwer 

!. Turn off the main valve on the H2:CO:Ar cylinder. 

2. Turn off  the main valv.= on the hydrogen cylinder. 

3. Turn off  the main valve on the nitrogen cylinder. 

¢. Tur;1 off all meters and solenoid valves. 

5. Wait for power restoration in another roQm. 



APPENDIX E 
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The development of the present unsteady-state microreactor system for 

F-T synthesis has taken place over a three-year period, During this time, 

the design of the microreactor system as well as the microreactor i t se l f  has 

been revised several times. 

Figures E.I and E.2 are photographs of the original stainless-steel 

vibrofluidized microreactor used in preliminary experiments (Liu et a l . ,  

1982}. This microreactor consisted of four primary zones: (I) the plenum 

zone, (2) the reaction zone, (3) the freeboard zone and (4) the product-gas 

exit zone. The internal dimensions of the microreactor were very similar 

to those of the steady-state microreactor shown in Figure 4~2. Asbestos 

impregnated gaskets were used between the four sections of the 

microreactor. This is in contrast to the silver-plated stainless-steel 

O-rings now being used in the present reactor. The use of gaskets coupled 

with the lack of compressive force exerted by the.four connecting bolts, 

resulted in gas leakage at the high tmnperatures and pressures used. 

Leakage also occurred at silver-soldered tubing jGints which tended to 

soften at high temperature. In the present microreactor, all tubing joints 

have been welded for leak-proof seals, 

Figure E.3 is a schematic diagram of the original design of the 

vibrofluidized-bed microreactor system for unsteady-state F-T synthesis. 

This system consisted of two feed legs, a product-exit leg and a purge gas- 

exit leg. The idea was to provide discrete pulses of gas to the~catalyst 

bed by alternately purging the plenum zone of the previous gas. Figures 

E,4 through E.8 i l luszrate the feeding and purging sequence; 
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Figure E.1. The Original Vibrofluidized Micr~reactor 
for Fischer-Tropsch Synthesis Studies. 
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Figure E.2. Key Components of the Vibrofluidized 
Microreactor for Fischer-Tropsch 
Synthesis Studies, 
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(i} S-gas (H2:C0:Ar) is being fed at the beginning of a cycle (Figure 

E.4). Solenoid valves i ,  2, 3, 4, and 7 are closed. Three-way solenoid 

valve B is shifted to permit a high Flow rate of S-gas into the 

microreactor for a short duration (e.g., 2 seconds). 

( i i )  The plenum zone beneath the catalyst zone is being purged of 

S-gas by F-gas (Figure E.5}. Solenoid valves 4, 5, and 6 are closed and 

three-way valve B is shifted to permit the F-gas to flow. At this time, 

solenoid valves I ,  Z, 3, and 7 are opened simultaneously for a relat ively 

high flow rate of F-gas throu0h needle valves A, B, and C into the plenum 

zone of the microreactor for a short duration (e.g., I second). This flow 

should be able to purge the gas contained in the plenum zone completely. 

( i i i )  The reaction zone is being purged by F-gas (Figure E.6). 

Solenoid valve i and 7 are closed and 6 is opened. This permits a 

relatively high flow rate of F-gas through needle valves B and C for a 

short duration (e.g., I second). 

(iv) F-gas i s  being fed into the reac:ion zone (Figure E.7). Valve 2 

is closed and valv.=s 3 and 6 remain open. A low flow rate o~ F-gas passes 

through valves 3 and C into the reaction zone for a long duration. 

(V) The plenum zone is being purged of F-gas by S-gas (Figure E.8). 

Valves 3 and ~ are closed, and valves 4, 5, and 7 remain open. Three-~vay 

value 8 is shifted to i~s original position which allows for the S-gas to 

flow into the plenum zone through valves D and E at a high flow ra.=.e For a 

vet:/ short duration. This flow should be able to staeep-out the gas 

contained in the plenum zone in the microreactor. 
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After several preliminary experilnents, a cold-flow model of the 

unsteady-state microreactor system was constructed. The purpose of this 

model was to determine the gas-mixing characteristics of the microreactor 

system. The results of the earl ier cold-flow model studies have been given 

by Feldhousen (1984). I t  was found that undesirable mixing of F-gas and 

S-gas occurred in the plenum zone of the microreactor. In addition, i t  has 

been suggested that the plenum purge period provided an "aging" time for 

the catalyst during which no gas was flowing through the catalyst bed. 

Because of these results, the sliding-plug vibrofluidized-bed 

microreactor system described in Sections 5 and 6 has been developed. The 

sliding-plug vibrofluldized-bed microreactor system drastically reduces gas 

mixing and allows the catalyst to be continually exposed to gas flow. 



APPENDIX F 

Thermal Conductivity Detector Traces of Gas Mixing in the Sliding-Plug 
Vibrofluidized-Bed Cold-Flow Microreactor Model 
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Figure F,2. The Thermal Conductivity Response for Switching 
Between Helium and Argon Feeds in the Cold- 
Flow Microreactor Model during Experiment 
I-2 (Refer to Table 5.1 for the Experimental 
Conditions). 
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Figure F.3. The Thermal Conductivity Response for Switching 
Between Helium and Argon Feeds in the Cold- 
Flow Microreactor'Model during Experiment I-4 
(Refer to Table 5.I for the Experimental 
Conditions). :, 
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Figure F.4, The Thermal Conductivity Response for Switching 
Between Helium and Argon Feeds ~n the Cold- 
Flow Microreactor Model during Experiment 
I-5 (Refer to Table 5.1 for the Experlmen~al 
Conditions). 
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Figure F.5. The Thermal Conductivity Response for Switching 
Between Helium and Argon Feeds in the Cold- 
Flow Microreactor Model during Experiment 
I-6 (Refer to Table 5.1 for the Experimental 
Conditions). 
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Figure F.6. The Thermal Conductivity Response for Switching 
Between Helium and Argon Feeds in the Cold- 
Flow Microreactor Model during Experiment 
I-7 (Refer to Table 5.l for the Experimental 
Conditions). 
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Figure F.8. The Thermal Conductivity R~sponse for S~itching 
Between Helium and Argon Feeds in the Cold-Flow 
Microreactor Model during Experiment 2-I (Refer 
to Table 5.1 for the Experimental Conditions}. 
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Figure F.IO. The Thermal Conductivity Response for Switching 
Between Helium and Argon Fe~ds in the Cold- 
Flow Microreactor Model during ExperimEnt 
2-4 (Refer to Table 5.1 for the Experimental 
Conditions). 
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Figure F . I I .  The Thermal Conductivity Response for Switching 
Between Helium and Argon Feeds in the Cold- 
Flow Microreactor Model during Experiment 2-5 
(Refer to Table 5.1 for the Experimental 
Conditions). 
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Figure F.14. The Thermal Conductivity Response for Switching 
Between Helium and Argon Feeds in the Cold-Flow 
Microreactor Model during Experiment 2-8 (Refer 
to Table 5.1 for the Experimental Conditions). 
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Figure F,15. The Thermal Conductivity Response for Switching 
Between Helium and Argon Feeds in the Cold- 
Flow Microreactor Model during Experiment 2-9 
(Refer to Table 5,1 for the Experimental 
Conditions). 
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The Thermal Conductivity Response for Switching 
Between Helium and Argon Feeds in the Cold-Flow 
Microreactor Mode] during Experiment 3-9 (Refer 
to Table 5.1 for the Experimental Conditions). 
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Figure F.34. The Thermal Conductivity Response for Switching 
Between Helium and Argon Feeds in the Cold-Flow 
Microreactor Model during Experiment 4-5 (Refer 
to Table 5.1 for the Experimental Conditions}. 
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Figure F.35. The Thermal Conductivity Response for Switching 
Between Helium and Argon Feeds in the Cold-Flow 
Microreactor Model during Experiment 4-6 (Refer 
to Table 5.1 for the Experimental Conditions), 
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Figure F.36. The Thermal Conductivity Response for Switching 
Between Helium and Argon Feeds in the Cold-Flow 
Microreactor Model during Experiment 4-7 (Refer 
to Tab]e 5.1 for the Experimental Conditions). 
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Figure F.37. The Thermal Conductivity Response for Switching 
Between Helium and Argon Feeds in the Cold- 
Flow Microreactor Model during Experiment 4-B 
(Refer to Table 5.1 for the Experimental 
Conditions). 
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Figure F.38. The Thermal Conductivity Response for Switching 
Between Helium and Argon Feeds in the Cold-Flow 
Microreactor Model during Experiment 4-g (Refer to 
Table 5.1 for the Experimental Conditions). 
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Figure F.39. The Thermal Conductivity Response for Switching 
Between Helium and Argon Feeds in the Cold-Flow 
Microreactor Mode] during Experiment 4-I0 (Refer 
to Table 5.1 for the Experimental Conditions). 
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Figure F.~. The Thermal Conductivity Response for Switching 
Between Helium and Argon Feeds in the Cold-Flow 
Microreactor Model during Experiment 4-11 (Refer 
to Table 5.1 for the Experimental Conditions). 
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Figure F.41. The Thermal Conductivity Response for Switching 
Between Helium and Argon Feeds in the Cold-Flow 
Microreactor Model during Experiment ~-12 (Refer 
to Table 5.1 for the Experimental Conditions). 


