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_ reaet:.on was{calcula.ted to be of the order of- 20 Kcal/g moLe Co2

B .

~“The productxon of subentute natural gas. (SNG) was 1nveet1gated
in thig work by studymg the chenncal equ111br1a. 1h the steam reformmg
ofn- hepta.ne .A.n 1sothermal tubular-flow reactor %va.e used t’dgether :
W1th a nickel- a.lurnma camlyst The reactions were ;nvestl.gated over
‘a presaure ra.nge of 5 ~300 p-8.i. g , and 2 temperature range of
350 530°C. ‘The mol,e ra.txo of steé.m to hydroca.rbon var1ed from 8 to
24. a ; o L N

b

The results indicate that ‘the condition of ethbr:u.um was nea.rly

reached for several drfferent sta es of deco poertmn of n- heptane
g

As a result, the compoertmn of the products can ‘be prechcted ata gwen
temperatur;f;:reesure and reactant ra.‘tm It was found tha.t the '
pnmary roducte of the decompomtron, under ‘the condltxons ado\pted
in th1s work, are, ca.rbon monomde and- hydrogen The converswmof
n-heptane is strongly temperature dependent; it was not a.ffected by

\
cha.ng1 1g the part1a1 preesure of steam. Th/e:;hin? conditions for the
N

product:.on of a gas mucture rich m methane at pressures above

200 psrg and temperatures below 600 'C; .The activation energy, of the \\

+
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f+ . Fugacity -~

AG® ' Standard free energy change for a.chemical . '

reaction’ | o ' '

AGf" _Standard free energy change of formation - c

AH® ' Standard heat of a chemicil reaction

. N

AI—I; : St:am—ila,rd heé.'g‘:‘of 'formé.tj.on" ] L ' . -

AHO Cpnsta.qt_in the equation AH{’T = A_I-Ia + A=T ° o = B
+ _é& 'Tiz + ALy T; C o
2. - 3 . )

i S Integration constant S o i

K  Chemical-rection equilibrium constant BN

-

. . . o . . . ‘ ) '. . 4 . . L
K Fugacity term for a reaction aA + bB + N .

- - ¢ d, j a b oo, 0
K4 apwhere Ky oG op ek en A
S “ ' T . ¢
k Reaction rate constant YTy , o
N Number of moles . A : o
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 The advantage of ndtural gag-. -, -, o
. S '-, , o k -. g , g -" . ‘.,- \_:\

e ‘ i}

| Natural gas is consumed in domesnc heahng and many mdustnes,

'e g- food toba.ccd’ text11e_, leather, rubber, paper, glass, c o ent{. ;
( ). It is used in mduetnea for bo:.ler’sjeilng .

a.nd central heatmg. The charactep.stma of natur}l gas are completely

Jd1fferent from tha.t of coal and oil.

,chermca.l metal etc.

It isa clea.n fuel ‘that can be et

transported to the places where combustmn 1s requtred 1t produces “'
heat in a s1mp1e a.nd conaollable way; " 11:8 qombusuon pro;lucts db not
pollute the environment When natura]_ gaa 1s used as a. f l the )

' nec essity to apply a ‘heat transport medmm for hea.t d1 stnbutxon 1‘3 L2
absen]: 4in.many cases.
of.fers mdustry the benafzts of h1gh eiftczeney, espemallyi for, dryu:gJ
proc@sses, ‘as found.m the paper, cera.mxc, text;le, and food mdustnes

The uge of xfa.tura.l. gas. for bmlers m m&stry ha.s béen lncreasa.ng m

(f

and the . apace requu.red to burn the gas. is lesa than for oil," conJ:nbunng

The burner installation o:f a gas £1r%d boxler is mmpler :

>

" to a. lower msta]la.twn cost ',[‘he cornb\uauon geea@e ‘-aléoiree fr’om \,

| soot ash a.nd are usually free from or low in sulphur = ; ﬁ S ’.'_

The shortage of na.tura.l gas ' . ¢ N M

- L
’ . L ‘A +

-
o - e

e Oy ' Unfortunately the re serves of patura.l ga.s are lunlted and not R _
. ll'alrge. It has been ob se\rved:( ) b’y the Natwna.l Petroleum Counml ancl :
Instw.tute of Gas Technology (IGT) that to 8 ula.te exploz:atmn a.nd )
vl PN 1,

development of u. s. . gas resources to 4 '8 1ﬁcan.t-extent will require
. “ ) ) . .- L3
. ! . o~ ‘ . ) ) . ‘. . . - , . ‘ . \ .
N I o : ‘ S

ol

K\Ao \ o e . _ R

— ) . o . LT - L 7 . . 9
A .'n- - R - ) Q 'b . o 4 : . - + -~ " .
TR o > - “ . ) “o. [
» ' . S LT
. y

The’ use of na.tura.l gasin dlrect-'f!red gas systems" e
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huge 1rlveetments and large pnce 1ncrease3
> mcrease& 1n product-ion are expected to fall far ehort of the :;eqm éments A
' a.nd depend on_ rela.tlylely h1gh fmdmg rates It becdrx}el clear that

g the pa.th w-:.th the lowest. mvestment cost a.x(.d rmmmum hme\fo;r
. ¢

' -‘,sy.pplemental clean fuel gas is, the productwn of Substltut-e "Natural Gas R -
(SNG) from 11ght/11qu1d hydrocarbons ‘The pfosuction ‘of SNG from -

coal or orude oil m a.lso poss:tbl'e m the near, tnre: : ®

< T e . . L. R ‘e . 9 ) ) . -
* E - : : at 4 !
. a - .
2 o -

Although the problems is not as. serious in Canada as in the

h

Un{ted Sta.t,es, a. ‘search for an add1t10nal source of clean and convement

fuel is des1rab1e to meet future demands < A L .

f . ﬂ " ' - ' | .‘-.'\ . ..,
| P ok
The deve10pment of the SNG process’ , oo

- Lot Industnal prqcessgs ba% the catalygic reaction'bet\ive‘én T

' steam and 11g’ht hqmd hydrocarbons to produc\e\a gas richdn methane ' \ )
(4)(3)

haae been studzed recently

-

.operanng cond1t1ons are generally mat’he range of temperature from !

eseé reformmg proceeses. th,d ‘ o

400 C to 600 C. and preysures from 15 a.tm to 25 atm. The comﬁlete _
steps for the productu.on o£ SNb may m\:lude desulfunzauon, gasxﬂcatxon, G

methanatl methan‘e conc ent’rahon a.nd drying. O£ thes: e. _ only gas1£1cat1on.

(5)'

is umque to SNG;processmg . The, calorific value of the gas leaving

the" gas1£1cat1on reactor is typlcally between 850 and 930 Btu/s C. f on o

a CO?_ and water-free basls It 1s 1ncreased to 990 1005 Btu/ecf con-

ventlonally by methana.t:.on, carbon d1ox1de removal and drymg The _ "’y
prmc1pal oéeratmg steps of the currently 1m90rtant Low Temperature
Ca.talyst Reforfmng (LTCR) processes are howu ina block flow

- Lot
T

- d;a.gramm Fxguiql- 6y, e
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_ The present investigation

[ L .
a
“a : Lt

It ha,g;peen found that when 11ght hydroca.rbons are completely

deobmposed with steam in the presence of an active catalyst the

(4)(5) R

£ollowmg rea.ctrons reach ethbnum

-

\ .

o N . o

B . €0 +_3H2:=;;:H4fr H,O - (-1
lco + H0&%C0, + H, o . O (1-2)

-

To explaln the phenomena observed in industrial plants, it has been

suggested that these equ1hbna also a.pply when the feed is only pa.rtly-,, <
(4 ) - :

decomposed

i . .

The present work was ca.rned out* to test whether the reactmns
-reach equlhbnum for d1£ferent stages of decompos1t1on of n-heptane .
in thé steam-reformmg process. W\e‘yo 1n_vesuga.ted the effect of
t1

temperature, .pressure a.nd reactant io .on the fractional conversion

_of hydrocarbon and the y1e1d of pr oducts. ‘The the r'modglrnarmc )

equilibripm: charactenstms o£ a chermca.l reaction system are impozrtant

and helpful to process de mgn because they, can predmt the di stnbutl.on

 of products and determine the most favourable cond1t10ns of temperature.-. -

: lpressure and reactant ratios for the maxlmum conversion of reactants

-and the des1red compos1t10n of products. For the steam-~reforming . .‘ T
process wzﬂh gaseous reactants, fast rate react1ons and a low feed | |

' ra.te, a tubular- ﬂow reactor is most smta.ble. The mckel alumina . J

“catalyst was a.do,pted because of its hlgh activity and because it has . .
t @mee g -

been developed in rnany patents
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* O.. LITERATURE SURVEY _
Steam-reformmg of liquid hydrocarbons has been known as a S

potential process for the productmn of aubantute namral gas (SNG)
A study of the reaction equ111bna and kmetma are necessary for .the
developrnent of such processes Thermodyna.rmc a.nd kinetic conmderahonw

are bneﬂy rpwewed in this chapter

: - ' et T _ ‘ . ; -
.A.. The Equilibri'um-Reactio:’i ' ) :
. . » p
4 . . . { .
T N The steam reform1ng of low molecu&r we1ght hydrocarbons

for the producta.on of synthesm gas (H & COZ) atarted in the 1930's

with the catalync reformmg of na.tura.l gas (Eqn 2- 1) at atmospheric
‘pressure in multx tubular rea.ctors operating at about 870°C, followed
by wa.ter -gas sh1ft (Eqn 2-2) rea.ctors at 460°p(10). The ethbnum
system arising from two)'ﬂmultaneous revermble reacuons has been

- studied by Dodge( ), ;rho proposed tha.t tl;e ethbna of steam

: refo:rmmg of metha¥ie are as follows. . . L o
<& .

-

: | CH4 + Hzo:;_—,co + 3H2 R (2=

- CO. + H,0%=CO, + H,

2 2-2)

% .
-

» Somei-(lz)- has collecfed the information on the product composition
from a plant reforrmng 600,000 scf/day of methane. The results for
-4
three different commermal catalysts with reactmn temperatures above
"'750 C show ‘ tha.t ethbnum is approached very closely. Bemdes _ ’
‘. the equﬂtbnum rea.onon [2 1]& [2 2 ] he also consider’ed the carbon

reachon as one of ma.Jor 1mportance i. e,



. carbon-formation equ‘ilibria is not always concl'u'sive.' "According“ to

R c==260 o , (2-3)

This reaotio'n. might i:e‘appli'ed to check t_he ooe s‘ibilit'y of carbon form-

_ a;tiort. _ Hoy&ev'er, it slto.uldlbe'not'ed that a th'eoretical analy'sis of o

' < 13
Breater et al( ) - there are ma.ny 1nsta.llat10na that operate successfully
‘éven though the equ111br1a mdmate that the operauons are in the range R

of carbon-fo rma.tmn. : . . ' "

| (14)( 5

Ba.sed on the péewoua work , the general forn{s of the .

. initial rea.cttons of steam w1th a.ny paraf.fm C Honio

as follows: - .

’ . C . ' ) : L b
- e M A b ‘
= . A ' . - -

C_ H, ,+ 2 H,0——nCO, + (3n4) H, (2-4)

may be presented

2

' ' L . ! 4' } ‘ ‘.l '. .V e
cn H, » *+ n HZO——‘-> nCO ' + (20tl) H, . {2-5).

Y

For the rea.ctxon of etha.ne with water over nickel catalysts, Ba.la.ndm
et acl’( %) sugge sted that. the initial products were carbon’ dioxide and -

hydrogen, but rnost other workers(4) (5)(1‘3)(15) ae) beheved that the

initial products were carbon monoxide a.nd hydrogen rather than carbon .

dioxide. | . o - ‘_ . (—\\

Bha.tfsa and D1xon(17) ma.de a atudy of the reaction of n-butane |

. wzth steam at a total pressure of 30 a.tm. in the temperature ra.nge -

425 675°C qver a 15% mckel- aluxmna, catalyst ‘They found that ethbnum
was ach1eved at a.ll levels of conversions of buta.ne in anm)thermal

tubula.r reactor. Rogers and Crooks( ), using n—butane as feedstock,
found tha.t fheu results: d1d not agree mth Bhatta completely.. Then' .

xpenmenta.l results show that the product compomtmn d1££ered from

a )
-
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B KJ.net'Lc Stu.dx S X

-t

those pred1cted values at low levels of converS}on 'I'here was good
agreement between the expenmenta.l and ca.lcula.ted ethbrmm gas-

'compo sition at’ !:he condition of complete convermon

Cockerham‘ 'a.nd co-workers( ) found that when light d1et111a.tes

L

-were gamfied W1th steam in the preaence of a su£f1c1ent1y actwe catalyst
the methana.tzo:tr reaction. (Eqn 1-1) and the water Togas Shlft reachon :

- {Eqn 1-2) were- brought to- equzhbrmm - ‘These equ111br1a were closely

approached in the Ga.s Counc11lsnch-gas process for the produ.ctl.on of

(4)

‘town- ga.s . )

. Recently Phillips a.nd his co- workers(m) teated the hypothesm
tha.t the eqm.hb na were awhcable when the hydrocarbon was only
pa.rtly decomposed. Using n- heptane as feedstoék: and a 75% mckel-
a1um1na. catalyst they found that thé. ylelde of hydrog,en a.nd carbon
omdes were much lugher than the predicte values

-]

A kinetic etudy wa.s made by Akers a.nd Camp(lg), of the re'actions

of s\team with na.tural gas over a mckel catalyst in a temperature range

of 336 C to 638 C. They found that the rate of reaction was f1rst order

‘t
with respect to methane. -
Two poss1b1e rate-controllmg steps were gwen' (1) the mass
'transfer of the methane to the ca.taly-st surfa.ce, (2) a first-order-:
reactlon, bemg either the ehezm sorption of the methane on the a.ctwe
©
centers of the ca.ta.lyst or the decomposutron of the absorbed methane

to form-free radlcals. 'I'heu.- results 1nd1cate that the rate- controllmg

' 'step is the decompomtxon of the adsorbed methane to form CH .radicals.

e ition of fhe, 2
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. o ' 4 4 .
’ - . - - ™ . . -u . ) . J
Mass transier, glthough not rate co:}trollirh\,.__can exert an E(ect,on e
' C A C e T T . .
the rate., = . . o . L .
B - ‘ . . . L \i._ .

" . N ' ‘l .
20 o
1( ) studled the kmetws of the \reacnon of methane : v

Bodrov et a
with stea.m on n1c1ce1 f011 a.t temperatures of. 800° - 900°q .The
mecha.msms of the reformlng reactmn and the water-gas shift reactwn

[}

were. explamed by thé follbmng sequence of react1ons

'~ a) CH4- +" Z—-—;ZCHZ.{HZ-

b) ZCHZ + HZOf-?ZCO +A ZH-Z

" e) ZCO==SZ + CO e -
- _.d).-Ho+z——,zo+H . )

2 Ky
e) CO + 20 =50 oz

|
1

O, *

where Z denotes an ictive site cn‘ the surface of nickel, and, ZCHZ,' ‘

-

ZCO ZO den-ot‘es ‘che‘misorbed CHZ ,» CO and O.)

Accordmg to Bhatta and Dmon( _) "the order of reaction was

zero w1th re spect to butane a.nd ’a.pproxlma.tely first order with respect -

' to water in the steany reformmg process for nnbuta.ne at hlgh pres sure .
(30atm.). R

| | | (16} .

' Ph1111ps a.nd co-workera m\;e'Estig'a.t'ed-the\reactions' of -

n-};exane a.nd n- hepta.ne wv.th stea.m at 200 psig over a tempera.ture
‘range of 360 - 450°C. . For most of this ra.nge, the érder of reactron . _
was pero wlth respect to stéam and 0 to 0 3 with reapec{ tothe © !
hydrogarbon. -Thé results were mterpreted by a Lang-nmr kmehc - |
zheclia.nisa;\)he effect of diffusion wa.a te sted by repeating the )

. experimeklts using a cata.lyst of d1f£erent 8 zed particles. 'I‘he results o

| 1nd1ca.ted that the actwa.txon energy was most constant when the pa.rtlcle

- size was changed from a ra.nge of 126 178 pto a range of 853-1002 B

.}
7



. _ .’ THERMODYNAMIC CONSIDERATION
Accordmg to Dodge et 1(11)(12)(17)

, the reactions which

EEY

-might occur on the ca,talyst, after the initial reaction of the -Hydrocarbon -

. with steam, may be represented By the following equations: . 7
‘ : . . “ . . L . . o . ) . ‘ |
CO + HZO& CCXZ’%./I:IZ -‘ . . ’ . . (3-1)' - .
. R hd . R . . LT
.t CO %t 31-12mcp14 +HO - (3-2)
| CH, + iﬁzoéic_oz_ + 4H, el - : (;_—3)
- | 2CO + Zsz:zCOZ + CH, o © (3-4)
.o 0 . -
_ " CH, &= c;})zHZ I )
200 == C+ GO, . . . (3-6)
. . . . | g N ) ’ . . '
"H,0% C¥=2C0 + H, . A3

Many react1ona are posstble in such a system, but with a careful

'.,.analysa.s and cons1derat10n the complex situation may ‘be grea.tly .

~ simplified. For instance all the dependént ;t:qa.ctu.qns can be ehmzngi.ted. .
Thus, [3-3]= [3-1]- [3-2)and [3'4] = [3-11+ f3-2], E'quatidns
[3-5], [3- 6]a.nq [3-7] are the posmble rea.cnons of depos1t1on and

V.removal of carbon. These equatmn‘s can also be elumna.ted by o f"

: .assummg the depos1t10nfof carbon is slo&r and that any caa-bcm formed

< 1is c:Onsmne_d in reaction [3-7] . Thm leaves only ‘reactions [3-1] and

. [3- ‘ 2]to be considered. The equ111br1um concentration of methane, '
carbon m.onox:.de. ca.rbon dmx:.de, hy-drogen and water can then be

determmed by using equa@l} 1]and [3 2. "

ot ‘-" ‘ ' “. - ;"



- A . / : . e
‘. . hydrogen and carbon monoxide. -Let thesfumber of moles of carbon

ioxidé&-and méthéne at equilib i bey énd z re'spectively; the E

to- -heptane be p'r, Then for a conversion x. of heptane., the

concentra.tmn of each const1tuent is as :Eallows

€0, =y HO=a-7x-y+z

2 . 2 - AR
CH, =2 N (R :
CO=n7x'-y-z ‘ NZ = b ‘4 S ‘

o S . : ’ ’ . »
H,=15x+y-32 ~  Total=a+b+1l+ldx- 22

The equilibrium constant 0f Egn (3-1) & (3-2) can be expressed as_
' follows: S

~

- - - _’ . N . ' . ~

y{15x +y - 3.z) ,

[§

Kl - Ktpl (Ix-y-8)(ar-Tx-y+ 2z) '[ (3-8)
' ' Z(a.-'b;-'y-i-z‘).- : (a.;l-b—if-.l.-kl@:.:-?.z.)'z P
K2= K : : a 3'. = 2 (3-9)
' P2 (7x-y-2) @5x+ y - 32) P -

-

~ -—

Where P is the total pressure in: atm. and Kﬁj and K, are the
. fuga.mty terms for.eqn. [3-1]and 3-2] respectwely. TBe fugac1ty coeiﬁcwnts

of the pure componenta were taken from the tabula.ted data of CanJa.r -

and Ma.nnm {zn'_rhe se data we;e.also compa.red thh the value from the

eqiration sugg_es;ted by Pitzer and B_rower(zz) for the real gases. The
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> chfference between themis generally less than 0. 5%.- Thermodynamic .
properues were obta.lned from the 11tera.ture -(23)(24). Ethbnum ' .

_constants' K were ca.lcula.tedk,from the free ene@y of reactions at

Al
tempera.ture T. 7. o ’ : o - ' . .
B ] o T LD FEPPRNI
AG°" = - RT ln K’ |
- \ N .

vy

The descnptmn of the calculations is given in Appendix C,
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V. EX,PEIRIMEN'I‘AL .

-

A, ‘AB'Ea.r.atus S - ')"‘ o : ' _ -

A tubula rea.ctor of laboratory size was used in a flow system
. The exper1menta.1 set up was des1gned to study the reactmn over a
catalyst at controlled temperature and preasure CA achen:iatlc (,dﬁbagra‘m

_of the expenmenta.l a.pﬁaratus is shown in F1gure 4~ 1 . ~

+ n.-
b L -

'I‘he appa.ra.ms may | be d1v1ded into the feed secuon, the reactor
assem‘bly a}Pd the product Beparatron unit.

,\_ (}) Feed Section - : ‘ o _' . oo

‘/,"'This section consisted of two rgécfant streams. An

addi‘ti!onal nitrogen stream was used here to pressurize the
. system to thé'desired pressure and to allow the partial pressure

“of one of the reactants to be changed while keepirig the other

-

constant. )

Water a.nd n-heptane were transported a.long the 1/8" ‘;
o D tubmg to the evaporators by a propotional pump (Model
No.- 2213 BI, Ruska. Induatrument Corporatmn) whu:h had two
cyhnders ‘with a volume of 500 ml.for the 11qu1d feedstock Tlfb_ '
dischargle rate could-be controlled from one ml to five hundxed

- . . T %
‘ ml.pe our. - The heat was aupphed by twoitempera.ture b

I

controllers (Model No. R7350 A 1123 Honeywell). ‘Nitrogen lgas
'was obtained from high pres sure cyhnders through two stage’

it

- pressurge regulators. Traces of moisture were, femoved by N
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- was, covered ‘by hea.f:mg ta.pes to"ﬁ:a.mta.m the tempera:ture

’ passmg the’ mtrogen through a dry"mg tube pa.cked mth ‘ .‘ B
anhydrous calcmm sulfa.te. The gas ﬂow rate wa.e/ controlle% o
.I_by an N. R. S. high accuracy valve (Metheson, Model 4183) - BN
a.nd measured by a rotameter (Brooks, Model 2- 1110) whmh
was ca.hbrated at d1fferent pressures The heated gases oi
m:trogen, 'stea.m and hydrocarbon were 1ntroduced in a mixer
fa.brlcated froma. 6”x 3/4n 0. D. stamless steel tubmg and then
_fed~to the rea.ctor A1l the tubing whrch transported gases /

. [

{2} .-Rea.ct_or Ass_embly o A Lo B

The reactant stream from the xmxer\,was blfurcated o ~
one branch leadmg toﬁ reactor through a preheater and the
other by-passmg the reaqtor and preheater The preheater
was mae of an 8 ft long 1/8"0.D. 316 S.S. stube: . which was-

, wound round the reactor The preheated reactants entered
the reacto:.,' from the bottom The reactor wa.s des1gned’*a§ a
tube, 6 inches long and one h\alf inch outs1de d1a.rneter with a
; porous pla.te fixed at the bottom of the tube. " The pore diameter
was’ about 65 rmcrons, and the pla.te ha.d a thlckness of 1/16 inch.

A sta:.nless steel tube, 1/16" 0.D,, c_ontain_ing, two iron- " "
_ 'constanta.n th.ermocouples was inserted into the‘”rea.ctor an'd '
was aJusted to keep the lower end of the thermocouple in contact o
'-w1th the ca.talyst bed. The first thermocou"ie in the protectwe P
tube was connec‘l?d to the temperature controller fochontrolhng
" the catalyst bed temperature, the second was connected to a .
potentxometer (Leeds & Northrup Co R Model No. 8686) for
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. The- reactor

‘o

constant témperature i‘lm’dmed bed- furna.ce.. The contamer for
(=
the ﬂu1d1zed bed was a-steel cylmder, ‘two feet lqng by 5" O0.D.,

w1th a porous pla.te mqerted at the’ bottom.. Clean sand of -

4(3 60 mesh was used as the heating medm.m oftthe f1u1dwed
«

o ?ﬁ and placed in the contamer on' the porous plate. The reactor
O a ‘

8 held upnght in the center owe bed, completely covered

. by the sand. Durlng operanon, compresped air was passed

through the ous plate to keep the sa.nd flmdlzed in order to

- obtam a um. m te ture afound the reactor. For heatxng

the T eactor two i

\‘

around the ,cylmder. 'One was connected to a transf\o\rmer a.nd

r

- thgn to the temperature controller. The other Was connected'

to another transformer only. 'I‘h1s demgn reduced the bhea.tmg

load in the c.’ontro]ler c1rcugt and a more brecx se, control of.

* temp'ieraturgzgwas pbta'med. . : f e - e

) s “2?- . !
‘s

~ . -

. . 2 § ] : . ,
(3) Product Sepa.ra.tron Umt " Y a ' T

P

: Thm sectlon cone1st3 of a condenser, separator,. dryer,

The products gnd unconverted reactants were conducted

through a length of 1/8" O.D- tubmg“to a water condenser and
then entered the segaifator wh1ch was kept cofled in an ice bath

Water a.nd unreact’ed feedstoc.k, were conden’eed and: could be

dra1ned fro!m the bottom of the sepa.rator The gas mixtires of

r

d the Preheater were kept 1mmersed ina ",

h 3 J : or |
_ agas ch_romatog aph, a chart recorder and an int rater. e




ot

"N

“for the analyels N

, by 1 1/2" O D. copper tube to serve as a- condenser . Cold .

" adb'a.ntages with-this pa.c/hl.ng materlal There is'no a.dsorptxon

e, . K . . B

LT E .
. - ) . o “‘

\_/ carborr d:.c;xlde, carbon manoxide, hydrogen, ‘methane and' 5

o er hght hydrocarbons we;‘e transponted from the. Bepara{:or

~

" anY passed thé dryer to the flowmeter where the'gas ﬂow rate . o

a

wa mea.sur‘ed Part of the  gas flow was dxrécted to a G. C. unit

. ¢ . . “ LI ‘ ’ ‘ '_
. Ahelical tube of 1/8“ o} D. was housed in'a one foot long
o a

et

A
water was used as a,conde:,’asmg medmm between the tw"o tubes.

The seperator was made of 51/2" x 1°3/4" O.D. s. s, cylmder -

‘. The drying: tube, made %f a5"x2"0.D. acryhc tube was - - b A

packed w1th 10- 20 mesh 1nd1cat1ng '5dr1er1te,€1 (calcmm sulfate

.-'a.nhydrdus) The gas chromatograph (Hewlett Packard, Model )
“.5712A) used a dual 'column Bystém a.nd a dfg:.tal oven temperature

_programmer to program temyerature from ~50™C to 390° G/

and mcluded a thermal conductrv:ty detector”. - A dual column

o~ .

' system was ueed to mmurhze the baeehne dnft durmg temperature v

program::mhg L1qu1d mtrogen was employed for the purpose ofA

. 'temperature programmmg "The célumns were made of 8'

1/8“ 0.D. tu.'b1ng packed w1th- "Porapak Q” 'I'here are several

af polar comyounds such as water and alcohols, no change of

a

retentlon tu'ne, the polymer \beade, whu:h are very ng1d cross-"

linked polymers, can be used toa tempera.ture of 250°C ; e

. i . w o N o -
- .

ve T Durmg the analyms operatwn, the sxgnala were sent by ..

the gﬁs chromatograph to a. chart recOrder andvlan mtegrator
(HP ,Model 337313) The peak areas geheréﬁte byathe GC

.

detector were measured byjhe 1ntegrator i u 1t3 of m1c:rovolt—

y Tk

o




+

.BecOnds with an accuracy of 0. 1%. The 1ntegrator used a

voltage ~to- frequency convert?r which develops an output pulae
rate du'ectly prop&rtional ito t.he, 1nput s1gna.l W‘hen the alope
detector senses a peak the pulses from the voltage to frequency

convertor are accumulate,d and counted
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B.  Preparation of Catalysts ‘

. A nickel catalyst was 'en;#&ed because~its high activity and

L)

. its ability to mai.nta.i'adthe activity'at relatively low reaction temﬁeratures_

for the reactions of steam with hydrocarbons. The nick

{7)

catalyat was prepared by a coprec1p1tat10n techmd,u

The procedure was to prepare an aqueous solutlon of mckel

nitrate and alummum mtrd.te in the desired proportmns Ammomum

, bma.rbonate was, added gradually with stxrrmg to the solutmn asa |

prec1p1ta.tmg agent and the tempera'ture held constant - at 50 C. A.iter

the prec1p1ta.tlon was finished, the slurry was stlrred contmuously for

an add1tmna1 2 hours at the same temperature. The precipitate wag !

i 'seperated from the excess solunon by ﬁltenng without washmg,. and +

dned od‘ermght in an oven at 177° C. The dried matenal was calcined
in'the presence of air for 4 hours at 400°C. Fmally, the demred stze

(40- 60 mesh) of catalyst was obtained by screemng s

J\

Dunng the calc;nanon, the nickel and’ alurmna were in an

-omd1zed :Eorm, but for the fmal actwatton the catalyst was treated with

hydrogen overmght at a temperature about 450 C. . The weight content

of Ni i in the cataly st after the ca101na.t10n was calculated to be 50%.

- . ’ o . A
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c. Expe rimental Procedure

" (1). Calibration of Equipment

'« The flow rates of the inlet éases were 1"neasur.ed by thoA
rotameter which was calibrated for difieront ;-eaotor pressures,
The volumetric flow rates of the outlet gases were measured. by
the soap film buoole‘ meter and a wet test gas meter. A f
ca.hbratmn curve for the fiow rate of nitrogen at 200 ps1g is

-

glven in AppenducB (Fl.g 7-5).

o

‘The therrnocouples in the reactor vessel were calibrated
: P ks
'by inserting them into the fluidized bed furance with an ASTM
thermometer attached to it. ‘The t?pératures were directly
th

- read from the thermométer and hermocouple output in .

: millivolts were measuredb pot'entiometor' A ca.llib.r tion . -
‘ curve of temperature against millivolts is shown in Ap\penchx _. '
B (Fig. 7-6). ;//l - / i
. e o : '
" For tho/oa.libration of the gas chromaiOgrapH,résearch
grade puro gases Wero used. The binary mixtures' of CO
vnth CO. HZ' CH4 or N2 aga second component were prepa;red
io va.ri.ous proportions on a gas tra:_.n._ These prepared samplea
'w"gx_;e inject_ﬁ.ed into the G. C. colomn'aﬁd the peak _ai'eaq were
counted By an integrator as descri‘b‘od. _As a resuli: the -
quantitative analysm could be ba.sed on the rélative area ratios versus
' »mole ratios. The calzbra.tmn curves are given in Appendm B

(Fxg 7-1to T-4) - SR g



‘reactor was charged w1th the desired amount of fresh catalyst '

. o A lea.kage test for the expenmenta.l appa.ratus was carned

(2) Ope rating Proc edure

The follomng sequence of operation was ca.rned out y .
before and durmg each expenment leakage test; experimental

sta.rt up; expenmenml opera.uon. o .

c

out by pressurmmg the system with mtrogen ta the reaction
pressure and hoIdmg at that pressure for at least’ one hour., ~ 7.

Leaks were detected by soap bul':bles. o

A.fter the satlsf.actory completlon of the leakage test the

wh1ch was covered w:th a layer of glass wool to keep the catalysﬁ

- f1xed in position. The reacto_r was then reassembled and placed

r

in the center of the fluidi'zed bed furnace. It was again checked

for a.'n'y n‘ew' leaks. The furna.ce, heater, heatmg tapes, ;controllers

and transformers were switched on and the controllers set for - : .
the desired temperature. The system was then pressurized _

with nitrogen to the desired pressure and the ﬂow rate was

adjusted. At the same tune, the power of the G C. , the recorder -
and th mtegrator was turned on, band hehum gas used to purge |

the co‘lumns in- preparation for the analysis.

‘ . . ;s ‘
As soon as the required temperature was attained at th_e -

SN \reactor the reacta.nts were fed ‘at a fixed rate. The mixture

of gases mtttally was lﬁdxo the bypsss of the reactor and
matnta.tned in thls way {0t several hours to let the flow reach a
steady state. With the onset of stea.dy state flow the mlxture'

was conducted through the rea.ctor. and the bypa.ss was;(;lose_d.



(3) Analysis -,

Y
Dunng the course of an experunent the temperature, pressure
and flow" rate of the system were kept constant. The condenaate
was dra:med from the separator r analysrﬁ in the G.C.; the

flow rate of the outlet gakes wy8 measured and thelr composition

-

‘a.na.lysed by the G.C. Umt R - S >z

¥ \

The product gases were f}a to the gas chromatograph

_ contnmou.aly The 1nJect10n of 0. 5 ml. samples was operated .

L]
autoratically and éontroled by a tuner. The mgna)s of analysis

were gent to the mte_grator and the recorder The flow rate
of helium was mamtalned at 20 ml/mln. at 40 pmg A retention
time of 10 minutes was required for separating the products.

A typlca.l analysw of the products from. the gas chromatograph

is shown in F:.gure 4-2.,.
1

Liqu_j.‘:if‘_é;émples drawn from the 'qepa,ra.tor':about

" every two hours wére also injected into the gas chromatograph .

. . f .
by a microliter syringé. | o T ' \

N
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A Typ1ca1 Analys:.s of Products

from Gas Chroma.toqraph

~.{(1)s ‘Hydrogen .
(2) Nitrogen ‘
(3) Cé._rbon monoxide.
(4) Methane .

(5) Carbon dioxide

(&) Ethylgne | .

(7) lEth.a_ne - | .
.(8) Moisture '

j[

TS T Mamate 0

»
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- ’D. Rea.c'tante apd Chemicals

v

e

The A-na.tenals whlch are use reaclmnts.- diluent gas‘es and

for ca.ta.lydt sytheme are n-ﬂepta.ne, dteam, mtrogen, glgeliurn, /mckel

' mtrate, alumum.m mtrate a.nd a.m o

\,

Normal heptane obtamed from Phillips Petroleum Company with -

um ‘bicarb ona.te

‘a eta.ted punty of 99 7 mole% and.a bozlmg _Pomt of 98, 4°C was used

as the hydroca.rbon rea.ctant in this study.

Distilled wa.ter used as one of the feede was supphed by the ,

L]

' department for the .genera.tmn of steam R L T g

' The; nitrogen dﬂuent‘gae was sipplied by the “Union Carbide, '
Canada Limited in :cylinde'rs atd presaifre of 2500 psig. Gas
chromatographzc a.na.lyem showed no 31gn1f1cant u-npunty m the gas.

The moi sture was removed by - passmg it through a drymg tube contaunng .

'a.nhydrouﬂ calcmm sulfa?a The hehum carrier gas was supphed by

4

Canadian Liquid Air L w:.th a minimum punty %f 99 99%.

¢ i
-

'I‘he chemicals used for the preparatmn of the cata.lyst are nickel
. 6H O), aluminum nitrate (Al {NO ) - 9H ‘67 and

nitra.te- (Ni_ (1‘;’03)2
HCO. ) They were supphed by the F:aher

ammomum bma.rbona.te (NH 4
Sc1entif1c Cd.. and correepond in pur:.ty to ther cernﬁed reag@nts.

k]




, f:.xed bed reactor.. ‘Some of the' expenmenta were carried out in the

p]

)
catalyst, or by allowmg the catalyst activity to deca.y over a longer

-34_

;A

V. RESULTS.AND DISC USSION -
. . ' /

All the expenmental dam were obta.med by means of an 1eothermal

absence of cata.lyst at tempera,tures of 450 G’ and 500°C, but no decom—

.posltxon oi the n- hepta.ne Was det-ected. This mdtcated that the effects

of the homogeneous reactton between n-heptane and water were neg11g1b1e..
The data were collected at d1f£erent percentage of conversmn of the ‘
n- heptane. At constant temperdture, pressure and feed rauo, dtfferent

values of- converslcln were obtatmgd either by changmg the amount of,

g penod of time. The expenmental reslulta _are dxscusaed in the e

J
sequence as fqllows. A
2

a) Chemical Reaction Equilibrium’

Fig. 5-1 _repreeente the experimental product gae com-
position and the theoretical values which Were obtained accordihg'
- -to the equlllbnum reacnons [3- l] and 3- 2] at d1fferent fractlona
. of converslon The y-Lelds are’ expreased in terms of moles per
§ mole of heptane feed At h1gher conversmns of n-heptane, tyaces:
| ' of ethylene, .ethane and propane were de.te/ ted in the effluent, _

but the amount was always small in compa.n son with other.

, ~. produbts They were 1gnored in the calcu.lahon of equilibrium

‘product .dry gas compom.tzon as the extenf of the reaction mcrea.ses

t

composztlons As shown in Fig. 5-1 thereis a Ch:e in the "

: The calcula.ted eqm.libnum compositions change, from predom1-

nantly H CO and CO uuua.]ly to predoxmna.ntly methane when

g 2

N
"

%
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the heptane hasg been pracncally totally onverted The

experimental results 1nd1cate a de£1c1ency of C‘,I-I4 and an excess _-,

of H,, CO and CO in the earlier etages of conversron with a

2’
closer approxn'nstmn to the expected dwtnbut:.on of H CO and‘

Zl
.CO at htgher fraction of converemn

An al_ternative method of presenting the results is given
in Table 5-1in which the calculated values of the equilibrium
constants for reactions !t3'-1] and [S-ZJare'compared,with the

"constants which were ‘obtained from the putlet gas compos;tlons
Both constants K1 and K \Jere not good e ﬁough ‘to match with
the equ111br1um values wh1ch were expected at the reaction o “
temperature of 466°C. Because of the power expressions in ~

" the formula . for K 2 & slight excess of hydrogen would magmfy .

'the value of the constant. The amount of carbon monoxtde in

most of the expenments was lesa than 1%, 80 that the accuracy

of the quanntatave evaluation in the analqsm was reduced The

[ ——

value of the constants Kl and Ki The temperature effect on
the equ111brmm constant was significant as shown in Table 5-1.

{
A sma:ll error in tempera.ture measurement would also cause a ' .

large dematon in the K value..

Due to the 1mportance of the methane content fin natural
gas. a companaon of methane in the products with the ethbrium@
valyes is given in Table 5-2. From this we see that t.b.e
-concentratwn of methane approached the ethbrmrn value as

the conver sion approached totality. | - )
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'+ 'Table 5-1 S . - Cow

”

Expenmenta:l Values of Equﬂtﬁnu.m Constants for Reactions [3- ]]and ,.
[3 2]as a Functmn of % Converslon of n-Heptane (T = 466° C,/

P = 200 pslg, H. o/c7 Hy = 8. 2) S o
» . . ' ! {
. % Convepgion R X, xlo-?
“ 3.98 2.06 "0.704
14,42 Cs.0 - 0.321
15.91 417 * 0.298 -
S 22.68 | 5.35 - . 0.289
2445 - 4.90 . 0.332
N 2600 ; .\ 5.29 © —o0.324
0 30.63 . 5.03 0.200
b 42. 56 6.02 . o.2ia
* 46.69 | 6.37, . 10,219 .
| 53.76 I Y A 7 0.7187
'/{" LT e2aas | %.93' . © 7 0.229 -
' 67.01 - 10. 62 , 0.246 S
. 69.66° . "10.64 0.308
".'72';28. RS (¥ . -0.361 ,
77.47 - "10.42 - .0.332 :
- . AU R —_ ; /
. Theoretical Value - 11..49 ©~ 16.667 - 400°C
o S 6.29 7 -0.478 466°C
S 4.81 . 0,00 °  500°C

_ a A A A A ,
_where - K.1 -(.fcoz)_ '(fHZ) / (fco) (fHZO)

]
=

. %




. Table's-z N
. . : . , = % o S

- o -Companaon of the Calcula.ted and the Expenmental Methane Composition
in the Products. (T = 466°C, P = 200 psig, HZO/C7I-116,_= 8.2)

N Lo Experimental’ ‘ - _‘CaIcu.lait_éd o %Deviation a

t
s

o Convérs‘ion . "Moles - Vol. % (Dry) ivclol'es - Vol. % (Dry) Moles(Cal) MOIeS(ExP)xIOC
E - L e - T MMS@H)‘J

3.98"
i4.42
15.91
22.68
24.45
26.01
30.63 .
42.66

061 . 7.4
497 24.7
(551 . 26,6
.880 . . 33.0
991 36.0
064 36,7
.308 - -38.8 . .
;979 48.1
46.69 ~219°  4B.Z
50.07 .415 . 49.0.
53.76 . 2_4p9 - 49.5
62.45 3.107 53.2°
67,01 . 3.355 | 54.4
69.66  3.528 56,0

2051 . 5.4 C-1906
571 281 . 12,9 .
625~ .29.5 . . 11.8
982" T3z 10.4 %
073, 38.7 o B - IS
164y 40z . Y 8. _
411 43.6 I A S
059 503 . . 39
. 283 - 52.0 L 2.8

. 467 ~f5%.3 .21
669 - 546" . 3.0
. 155" 57.3 S N
. 397 ) 58.5 G L2

566 B%2 .. 0.5

72.28. 3.617  57.2 684 59.7 - .8 .

7747 3953 582 . 3,969 .-60.8 . f 0.4

ST A

a¥

N = = - O o o o o

3d
W Wk W NN NN e e O 0 0 o |




_ conversmn was observe

. approached a 11m1t mth a lugh value of W/F.-

can be expressed by Arrhemus law.

b) Bﬂec’t of Temperature on Comié’rsion o o

T
. L]

Effect of temperature on the conversion vnth three

different amount ot’ cata,lyst are given'in Fxg 5- .2, It .appears ’

tha.t the conversmn 1ncreased sharply w1th only a shght 1ncrease‘

in temperature for tempera.tures above 450'0 "At’ a_rgactlon

temperature of 530°C with o gram of catalyst a 97%
d,/"%nen the tempe;ature was below

400 -C, the effect of temperature on reaction rate was much

smaller, and the converslon approached’ zero/at '300° C The

i rela,tlon 8. ternperature, converston ang we1ght of catalyst at
‘fixed feed rates are presented in F1g 5- 3 At a constant

| atempera,ture of 466°C the conversmn was: ploted agamst‘W/F o
‘1n Fig. 5-4, where W isthe mass of - catalyst a.nd F in u{\e rate °

~of n-heptane feed. The: trend shows that the- c0nvers1on

. -
@ A \_V_".

" The: ma.mmum temperature was’ 11~m1ted tq 530°C for the

1

purpose of av01d1ng the chance of therma.l craé’kmg of the .

-,

' hydrocarbon. For ‘testing the poss1b111ty of thermal deqomposttxon,

n- heptane was fed without steam and catalyst. Notfnng was

"detected other than the reactant itself i in the efﬂuent at the |

‘temperature of 530 C Whe‘h the temperature %vaq increased

/

. to 600°C traces of hydrogen, carbon: omdes, methahe, ethy-lene

and. ethane wergggserved

The relauons between the rate constant and the temperature

k=°k ;e-E/R.I_‘ N

LS
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. . : ) ¢ . .o . .
. o where k is the rate constant k is an' 1ntegra.t1on conatant,' .

' o E is the a.chvauon ‘energy.’ For the rea.ct:.on of stea.m w1th

n»hep-tane, th\e reactmn rate can be expressed ag followa-

V . ‘ . . . .. —E/RT ‘._‘ n ‘ - . oo~
- . haa % X . CuT m
R [PH oj Pe

s P . : © : ~

B . '._-.
! P

G * ) i o ' ' - . <L,
I ) ' o H ”‘." /. N " L
where fP O] and FPC Hmlrepre's_ent the partial pressure of
. 'steam and n-h ptane respectwely— ' e-‘,‘- o "\" " -

(6)

Accordmg to Ph1111ps et al, which hje bgen de scnbed

in Chapte II. the reactiond o;‘ders n and were cronsuiered as’

- ’} L] . B
@ . . . " . ' s
: ¢ - ' . : s ’ oL
.. . X . . .
3

ze:ro, ‘hence . P

o

r = k-e. e e 0T AR
. - -y . ‘ . ., ] 4 S0 P

T N . -~ . ! LT ! I - -
R o, <y L 2" ' [ '

The reactnén ra.te ca.n also be determmed from’ thexrela.tmn,

E3

T = (F/W)x, wheré F is the feed rp.te of n-heptane, w is. thw / oy

.- masg of catalyst a.nd x.is the f fractxon of heptane couverted

_ 'I‘he loga.nthm of T a.ga.lnst /T was plotted 1n Flg, 5- 5
‘and the activation energy of reactmn. wa.-s f,ound tq;rbe arounfE-ZO E

\ R k11'o-calor1ea per gram matle. ' SR A

) _\//‘T - N o . Y

Fal . f -

J.-'"\ ‘ : R : . : I : R
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" Fi Erels ?. Effect of temp rature on .conversmn ‘using the
R cata.lyatas the parameter. . - e
o - '.""' t (P 200 ps;g. H O/C—‘H16 8. 2) k oot



% CONVERSION
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~. _350°C_____.o

'FlgEe -3 Effect of wt. of cata,lyst onversmn usmg temperamr\a as

o.zs 05 o3 - 1.0
WT OF CATALYST GM |

t

the parameter h
(R = 200 psi.g, H 0/671-116 = _8. z)
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Wt. of Catalyst
A 025 gm
0 1O gm

EeI89Kcal.

| 30 e

17T x 105 °K
Coo s P
; F1gure 5-5 Rea.ctlon rate as a funch.on of temperature
\ ® = 200 ng, H,0/CoHyy = 8.2)

LY



- pressure-w;vhile mﬁntaining constant ﬂowa of the reactzinfs

RO LR S

¢) Effect of Pressure on Conversion

A set of data"was obtained by altering the reactor:

and nitrogen. - These data were plotted in Fig. 5- 6 to.

represent- the effect of preasure on conveérsion m the ra.nge of
' 5 ~ 300 psig. As the conversion and pressnrg mcreased the.
vol. % of methane increas gd.. but the hydrogen changed in the

inverse lrnan.ner; W’e found it difficult to héwel conéta;nt-convefsions. '
-a.t chfferent pressures in order to represent the effect of g

compos1t10n bn thg pressure. However the results in Table 5.3

can be applied to predict that/at .h1ghe_r. reaction pressures, .
‘he products \irill have higher yields of methane but lower yields
 of hydrogen and carbon monomde No signiﬁcant effect of

presfure on carbon formation was observed.

" - N 1
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" Table 5-3
| o , ;
Dependance of Conversion and Gas:

| . L.
Corfiposition on Pressure
. (T = 450°C, H,0/C;H,, = 8.2)

]
Pressure, psig ' % Conversion . €O, co . CH, R :
5 ; 3.98 271 L2z .- 0.5
100 6.04

200 . 839 .
o |

Experimental Product. Composition ('dry basis), Vol. %

0.6 16.0
30 - 9.43 . | | ’

181

e TL LR G

. . ™ .‘_.

|
\

A p |

.- 7 | \\
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d) Effect of Reacta.nt Ratio on Conversion

Several runs were teated by altermg the mole ratio of
water/hepta.ne from 8 to 24 The results are plotted in F1g 5-17.
These expenments \"vere carried out under a constant .t'eed |
rate of n-heptane while changing the feed rate of the steam
and nitrogen in order to mamtam the total molar flow at a
"constant rate. Thus. the onlyevana.ble was the part1al preaaure
of stearn The conversion appeare in this work to be mdependent

_of the partial pressure of steam. |

L]

Since the conversions were almost stable at different

reactant ratios, we have tabdlalted the product di‘stribu_tions

and reactant ratios in Table 5-4. We have fo-\ind that the volume
% of methztne'on ‘a d“’y basis,. decreases with an inereaée of the

‘ steam ratio, but hydrogen u.nder the same cond1tzons mcrea.ses.-
The content of carbon monox1de a.nd ca,rbon dioxide in the products ' "

Was almost independent of steam rat1o.

Accorditxg to Hougen et. als ), the mi;lixnuméteam' ra.tio
for 'ﬁreveeting'the formation of carbon deposit can be estimated
by us:.ng Equations [3-57, [ 3- 6] and [3 77. By'me'ans'of /
this calculatmn. the m1mmum steam ratio is much gre ater than |
the range we have 'mvestlgated. This means that the chance of

carbon’ f.orrnatmn durmg the reactmn is pos s1‘b1e. I.E the actual
oPeratmns did not rea].'l.y reach equ111br1um. 'the results should
depend on the relative rate of the Va.rmus reactions. Thus if -
" rea.ctmn [3-6]13 fa.st and reaction [3-7]13 slow, carbon might -
form even with tugh stearn ratios. Co‘teré“rpely. if reactto‘n [3-71
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is fast, reactions [3-5jand [3-6] are reatively slow, operation
_might be possible at low steam ratios without the £o‘rma4:ion'
of carbon depoai:.t. These effet';;ts are detejined' not c_.inlf by
Y

reaction rates but also by. the fypes}'bf catalyst present,

1‘9
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‘Table 5-4 - '! : '
' 'Depen.dai:tce of Produc;ts.,.Com'posi_tion onStea.nll-Hydr0ca.rbon Ratio v
(T = 450°C, P.= 200 psig, F =-0,0679 mole/hr)
‘ T ' - : D ' . I
Ratio - \\\ "~ Product Composg;n.-(dry.ba;a s8) Vol. %
C..',Hlé : HZO P C‘O2 ~_Co ,' GH4 I & % Conversion
1 :82:20.3 23.6 0.5 10.1  65.8 6,77
1 :12,3:1602 248 0.5. 9.4  65.6 7.95

1 :16.4;12.1 244 0.4 73 6n9. 810

1 :24.5:.3.9 23.9 - 0.3 5.8  70,0.. 7./5.1-
N . . /
. P
. -/‘
’ . o 7 v
. 7
. 7 A
' ‘ » A
& ‘ W gdﬂ:;hg» ‘.\
. . wlhw’@’
- - R
!
i i kn
i . o 2 ‘ .
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e)'_Deactivatidn of the Catal;-st Lo SR - -‘

. Dechne in achvﬂ:y of the ca.talyst nght be tie result
The first is the progressive smtermg of the

o.f two factora.
surface on the catalyst; the Be-cénd is the coverage of active =
sites of the catalyst by . carbonaceous depoa1ts w]:uch wofild
- cause coke formation. - From equation - [3 -7 ]whzch has’ been
assumed to be a reaction for .tl}e removal of carbong,
. _\ _ oo S o .
L A

“. ) . I
H,0 + C = CO + H, -

.

2 hlgh concentra.tmn of steam 1n the gas .m:.xture will shift the

As a reault the productmn of carbon ’
: p, °

e

! reaction’ to the nght
is. m1mm1.zed '

We. have found that when the reacta.nt was f.ed m a low

steam rat1o (beloav 4), the chance of coke formatmn on the

catalyst was much easier a.nd faster. Howevgq‘::r the . .
‘ 'normal operatxons, the depos1t of carbon was no ound by wsual o

b

: observatxon of the spent catalyst

-
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f) Gas Composition at -Equﬂibri'om'

but 1ncrea.e/ mth an mcrease of‘reactor pressure, Hydrogen
g behaves m an 1nverse jmanner. The carbon monox:.def\fpntent
.1ncreases ghg__htly w1th an mcre,a.se 1n tempera.ture but also- f\a.lls
“

.lshghtly wﬂ:h an increase in pressure and etea.m/heptane ratio..

J‘ r ’
" The ethbr:um gas cornpoeutmn for the n-butane- stepm

neaq}:mn has been studied by Rogers an Crooks( ). -The S

_ reaults of calculatmna of the combined equatzona [3- 1] and [3-2] T
_ are given in F1gure 5 8. 5-9 and 5-10. "It will be seen that on '

- dry a.nd heptane free basis, .the volume 'percentage of methane-‘

[

agcreases ‘with i mcreasmg temperature and steam/heptane raho,

However, carbon d1ox1de is the. only gas whose yueld 13 practma.lly

, _mdependent under a.11 the cond1t1ons stud1ed

- \" L "'.

- ‘ . i
3 " . .,
i ‘ . /’
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V1. CONGLUSION', ;

i s
.. . .

Wxth an operatmg conchtm:z of constant temperature. pressuré

~ and reactants ratm. the experxmental results show that the gas

products on a dry basis - apprOach the- theoret:cal composition, baSed n
_the aasumpt:on that the water -gas sh;ft reactor and methanation .
reaction are at equihbnum. . The results suggest that the. 1n1t1a1

" products of decoznpoentmn are carb §m0n0x1de an

values at h1gh stages of conversion.
' ' :

-

The corversiorn of n- heptane is found to increage Bharply with

an increase of temperature e9pec1a11y for temperatures above 450° C.

and to increase moderately w1th pressure below psig. - However |

it is 1ndependent‘o£ the partial pres_s,uz;e,of. steam wAthin the steam -

tijrdrocarbon r;tio of 8 to 24 o T . .

~ . . »

The yield of hydrogen in the products decreases with an increase
- of pressure, a decrease.of temperature and the ‘steami-hydrocarbon

"ratzo, but the“y'1e1d of methane behaves in an 0ppoe1te manner, ° -

In prder to reduce the poss1b111ty of ca.rbon deposits durmg )
react1ons, and to prolong the life of the catalyst, it would be n&cess ary
to use a high etea:n ratio in the feed together w1t},;1 a low reformmg
_ temperaturer The exper:.meptal results indicate that for the{ productmn
of a gas mixture rich in methane. it would be desnable to car\ry\out the
ref.ormmg reactions at pressures, above 200 psig and temperatures"belg:/,

600°C. .

( The analysis and the conclusions drawo from this work can be -

LR a.pp11ed equally to the steam reforming of liquid hydrocarbona with

a.pp::ox:mately the same. number of carbon atoms as n- hepta.ne.

o . . -

[
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: o e ¥ ' . B
A, Economic Consideration . ' !

The cost ~o£ productmn of SNG is rler flex:.ble. since it depends
- on ma.ny' .factors such as processing opt:.oans, pla.nt capacity, 11£e of
‘catalyst.grade of feedstocks and the market of raw metenale. The

options may 1nc1ude the use of’ recychng to increase the hydrogen

concentrationcin the gamhcatmn rea.cto;, the a.doptmn of partial -

‘omdatmn process for the higher boﬂmg pomt feedstock; the selectmn
of the system for desu.lfunzat:,‘on, the reqmrement of a number of

(5)

m’etha.natmn stages and others fa.ctors A report’  basedon’a’

p::opnetary desxgn shows the variations ¥h production costs -as they are
affected by plant, s:.ze a.nd feedstoc.k T}L costs are. listed in Table 8- 1

) " ‘with the unit of cents per m111:on cubic feet. The type of feedstock .

' used plays an 1mportant role m determ1mng the cost of SNG. Since it -
'a.f.fects the mvesh:ned: cost, Operat1ng cost a.nd the price of raw ma.ter;al.
A summary of estimated SNG prod:uctmn cost factors for various :
feedetocke are gwen in Table B-Z(ZaTable 8-2 is based on -producmg
250 million cu. &. /day of gas’ ‘with a heating value of about 1,000 Btu/ !
cu . ft., 'I‘he comparative feedstock values to produce SNG at around$

‘»"1/,1000 cu. £, are shown in this table.® It should be noted that the

mvestment cost mcrea.ses sharply but the thermal efhmency decrease

with the mcrease of. heavv.er .feedstocks.,. R

e -

Fro-m ‘the above: mformat:on the b1ggest smgle item mﬂdetermmg
o the cost of SNG is the feedstock " 1f a light liquid hydroca.rbon is
purchased for 75¢/m1111on Btu (8 5¢/ga1 ) the cost of .Eeedstock plua



fuel will coﬁtribtite more than SOE/M'Btt. Capital reco{rery.".operatiﬁ'g
and ma.:.ntené(nce labor, superw,slon. ma:ntenance supplied, etc,,

. ma.y average 15 to 30¢/m1111on Btu. Fmally. the cost of SNG before.

' pro%it, federal tax, or gas distribution is about 95c to $1 10/m11110n Lo
]-fﬂ;u. If the feedstock price were to mc.rease" to 95¢/m1111on Btu (11¢/gal!),
" the cost 'of,produclting éNG._ on the aame,_b'asis would increase té |
perhaps $L 20 to $1. 35 /million Btw, |

N o - i B [
o * o
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‘.' ) . . . N N
- " Costof SNG Production for-Various 'Islant_Sizes'(s') '
s L (d/ME}ci)f
. . . N ‘ . : Iﬂn _
Plant size, 3 Mscfd
40 100 . 250
. ‘Operating expenses _4,/0 4.9 ° 3.7 . 2.8
, ffinanciéi_ a'nd_Overhead._ 10.0 o 6.8 45
’ . . - i - ' L
,Catalyst . . LT 1.7 B _ LT
‘Fuel at 60/90¢/MM Btu®  3.6/.5.4 - 3.6/ 5.4 . 3.6/ 5.4
Total conversion . 20,2/22.0 ' 16.8/17.6 12,6/ 14.4 .
v ' ‘ ) - . . . _\l' ;‘ .
‘. Feedstock at 60/90¢/ C . _ C
g MM Bta . 60, 0}90.0 60.'0/90.0 ~ 60.0/90.0.
Total SNG ' 80. 4/1'12. 0 - 75.8/107.6 72.6/104.4
L Basist 350 déj‘rs/year by ) '
-" . N - ‘ )
4 - \..
. L ’
! q v
| ;
I
. B
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‘Table 8-2 . - |-

doat‘of SNG, Production for Various Feedstocks(;m .
|  (¢/Million_Btw) . |
Light ~  Keroseme/Lt. .  Med. /Hvy.

' Feedstock V L ,Na‘.pbt‘ha‘ T Gas Oil R 'j‘ 'G;a.B'Oi.I s Crude

Utilities; catalysts, efor~ 3.2 - T T . 4.0 : as

Labor & related overhead L1 " : S , . 2,0 ' 3.0
Capital charges 13.8 230 . 337 414

Total non-feedstock Costs - 18,1 , . - 27.8 =+ 39,7 . 48,9
Feedstock .+ Fuel S 83.9 L 4.2 - 62.3 . 831,

b

Fuel-gas price . =~ 102.0 S 102.0 ' 102.0 102. 0 .

'Feedstock‘Cb'st , . . .
¢/gal , - . 9.0 . 90 7.0 5T
$/bbl . 3,80 3,80 2.94° 2.40 -

The?mal efficienqy, % -~ 91 . = '90 . -84 S £
Investment,( § million . . - 40 - 70 105 130

B

1

~  Basis: Production 250 million std. Gu. £./day, 330.days/year
h The figures are presented for comparative purposes only.

PR ‘ ‘b

2 -
L)
-
-
-
-
' _ B
L]
|/ / :
. m‘_ri——“—.
-~ ¢
: !
/ -,
. - - /
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B. .Calibration of Equipment ° T B "' S B

1. - Calibration of ‘Gas Chromatographs -

. . ‘o - ) ) f '\ . Co .
'The calibration curves for the analyaia' of gas compositions

of CO,, co, » Hy, CH4 and N, are given in F‘;gures 8-1 to 8-4.

: murmg the analysm the temperature prograznmmg of -50 Cto .
120°C was employed. The graph shows tha.t the calibration
curve of hydrogen - ca.rbon dioxide mucture is not a strmght
line. This is because hehum and hydrogen have similar thermal
clenduchntzes. Consequently, the change in conduct:wzty in the

- sample a:de of the detector will be small when hyd.rogen d11utes ‘

“-a helium c:a.rr1er, and the analytmal sens1t1v1ty of the G C. for

-

‘hydrogen 13 low. When hydroge.n is determmed usmg a helium

carrier, the relationship between concentration and respcmse

(27

is non-lmear . < . ; , ﬁ

P

2. Calibra.tion'of Rotanieter ’ ' cL : N

The rotameter cahbratmn curve for nitroggen’ at the

' 3
pressure of 250 psig is plotted in F:gure 8-5.

3. Calibration of Thermocouple

The calibration curve of temperature against ndillivolts -

is plotted-in Figure 8-6:

Toa

>
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- C. Calculation of Equilibrium Cdﬂstaﬁt and Concentration

The calculat;lons are based on the. assmnphon of follomng ~

equ111br1mn re actlons

[}

' CO + H,0Z—H. + 'c:,o‘2

Co + 3H2= c

27 —=""2

4

Standard heat ofl reactions:

]. o

Eq [3-1

"AH?

298

AHp (Hy) + AHgT(CO,)

0+ (-94052) -

< 9838 cal/g-mole

vt
Q

S

H, + _HZO

P

2 AHS (CO) -
‘f .

AHg (H,O)y

(~26416) - (~57798)

-

Equ

1
AGZ

f-

98

.

I

AG: (H

AHY- (CH) + AH (H 0)

£
17889 + (-57_798)_
- 49271 cal/g-mole

2)
0 .+ (-94260)

- - 6817 " cal/g-mole

- (CO)

(- 26416) -0

+ AG" (CO,)

Sta.ndard free-energy cha.nge in reactmns

-

- AG;."(CO) -

-
AHG (3H,)

0

- AG] (H,0) .

- (-32808) - (-54635) j

= AG° (CH) £ AGy (;1 0)

AG" (CO)

- 12140 + (-54635) - (-32806; -0

- 33967 cal/g-mole

—

AG° (3H ).




’ | \ - . ! _ :
R - 62 - - .
0 : . ‘ v
b - - :
Molal heat Capacities(zé)' Cp = «+ BT +-r '1‘2 .
- Compound o B. < Y ‘
. ! . ) .f \
\ - o ’ _3 -‘6
‘ CH4- | 3.381 -18. 044 x 10 -4,30 x10
;o L o - R
co 6.420 % . 1.665x10 . L0.196x1078
COZ l. 6.214 10,396 x 10-_3 ' -3. 545 x 10"6‘
! S : o - - R
‘ ‘ ' HZO 7.256 2,298 x 10 3 0.283 x 10 6
. - ' ' ' "- " _3 b _6 .
- HZ' , 6.947 . -0,2 x10 .0.481 x 10
L G o . 3
S s T . _ 43 ‘ - _6"7
Eq[3-1] A«x=- 0,515 . AB= 6.233x10 Ay=- 3.151x10

3 6

© o EQR3-2] Ax=-16.624 - AP = 19.277x1070 ¢ Ay = - 5 264x10"

+ Standard frée-eﬁérgy change at témp_eratui‘e T can be c‘al’culatekd \
by combining the following two ‘equatibnls: B ’

P D O

CAHD = AH_ 4 A<T + 1/24T° + 1/3AyT v A
.7 AG,} = AH - A«<TInT -'-1/2Ap"r2 - 1/6.A\(T3. +:‘IT
Eq [3-I] AH = AH298 + Ax(298) + 1,@ AB(298)" + _1/_3 Ay (298)°
| . = =9934 cal/g-mole p |
‘ s ' Eq [3-2] '_ Aﬁo' = - 4512'-5 cal/g-rxn_ole‘ : S
) 1(298) = 402.98 - AH -+ Ax(298) + 1/2 &g (298)" + . g .
3 N . . . . - 'n
- 1/6.Ay (298)°. ‘
A




_ A 1
(1. 0034) (0, 9853)

(£ 0043) (1. 0036)"

= 0.9739

> e
a e - 63"‘ .
A
Eq[3-1] 1 = 8.40 g
| Eq[3-2]- 1 =-s4aze »
i : .
: At T = 739°K. (466°C)
“Eq[3-1] < AG . = 2701 cal/g-mole
"Eq[3-2] AG;39 = - 9059 cal/g-mole
Do ‘ Hence, the equilibrium constants are dbtai'ned-%i'dm the following |
relationship: . ;
- - . ' , / M
Aq,"r =+RT In K
K, = 6.294, K, = 478 atT = 739°K '
R . E . L} -
.lﬂ " ’
Calculation of fugacity term:.’ .
" | o - R L
: At T ='739°K, P = 14,6 atm
T, e /e 2122
- .- . A . ' N / .
H 22.1922 1. 1406 1.0036
CO, - 2.4309. . 0.2003. 0.9999 .
co - 5'{5564", o -o0.4232. 1. 0043 '
©em,  o3.891 0 0.3189 10034
‘ S 1.-142Z © 0.0670 | 0. 9853
5 | e '(o- '99-995 (1 0636) S | o
P . . N 1 . ) G
{3~ | = — : = 1.0141 >
Eq {3-1] Ifq,l (1. 0043) (0.9853) Lo - '

1

!
4k

]




- - 64 - ‘
. Calculation of cohcentratioxi z ' § -

. The concentratxon of gases at d1fferent fractions of conversmn were
calculatred :Erom ethbnum. constant equations (3-8) and (3-.9) by the try

and error method The resulta ba.sed on one mole of heptane ieéd were

ljsted as below. ’ S . / -

T=466°C , P=14.6 atn::. G H, tHO N, = 1: 8.2 : 6
- : L . GasComﬁdsi.tion, moles - o
Conversion =~ CCOz °-CO ., . CHy '~ H’ Hz0y\,
0.025 - 0.16143 - 0.00166 . 0. 01191, 0.50070 7. 85078
0.05 1 0.25595 10,00396  0.09009  0.73568 7. 65944
0.10 0.37250 0.00738 0.32013 - 0.91212 "-',7.4239?,"'
0.15 . - 0.46524 0.01028 0.57448  0.99179 .  7.23454
0,25  0.63030 0.01573 1.10397  1,06838 6. 89897
0.50 1.00780 0.02967 2.46253 . 112022 °  :6.13003
10,75 - ' 1.36860 - 0.04541  3.83599 1064 - 5.39269
100 ... 172100 0,06387  5.21513 " 107560  4:66943




D.- Samﬁié Calcul,é.tion‘-\-\

" A simple calcu.latmn baaed on the experunental data of Ru.l},

No. 115 13 shown as below.

1) Feed Rate

»

=".0.0679 moles /hr

<

= 0. 5551 ".moles /hr

= 0.‘4_073' molés /hr )

, -G
' A ‘.
. | (?7H16 o
. ~ - 10 cc/hr x 0.6803 g/cc
/ o . " 100. 198 g/mole
- AN ’
- A o
: 10 cc/hr x 1.0 gice
' - / —’ 18.016 g/male .
N o R
. _ 9796 1/hr x 273°K
. "~ 22.4 .1 /g mole x298°K
J' ) - ' -
. 2) Moles in Products’
) Peak a:ea;' ratio:
co/co, = o, 0233 .
i CO,/CH, = 0. 5488
N ’ L - . P
: == 0.2678 -
\ ' c:oz/NZ .‘ 0 ‘26 os
N N
R ' by
o\ N
J ‘ .

’




L
.

- Outpat ga_.sf :

i

H

.=l‘ ) . . u
. ) "
NI .
- 6 6 - S .
- - [] /
"
Rl' = c;o/coz' .= slope x 0.0233
T, = L117x,0.0233 = 0. 0260 .
R.-2 = (302./01-14 = slope x 0. 5488 ‘
= 0,7077 x 0, 5488°= 0. 3884
| 114,. = coz-/N2 = slope x 0.1“2678 |
' = 0.8451x 0,2678 = 0.2263
s ’ . ! N

' 0.'88 (from calibration curve) _

o . 4

330 c':c/min;'-" 0. 8098 Moleg/hr o
N 4 Na~ % Nooo' + N +
Nco, *:Meo T Nem, T T, N, |

-+ R, N

N "+ N /R,+N_._ /R, +
co, 17 co, . 7co,’ 2, cc?_zfz 3
Neo /Ry
. "2 e
0.8098/ {1+ Ry +:;/R2 + YR, + 1./34].: N
0.0884 moles/hr i
Neo, * % 0 &

0.0884 x.0.0260 = 0..0023- mdles/hr ..,

/ Lo -

[}



e b

‘-&

N L= N /R,
CI"I4 __CQZ 2

0 ' . ' ," - ' .
.= 0.0884/0,3884 ='0.2276" moles/phr

Z.
n

- = NQOZ/RB, — o
e . = 0.0884/0.88 = 0.1005 oles/hr .
) ' £
‘ . . - Lt . l, l'\- . L
N, | TN Ry B |
, e T2, Y
0.0884/0.2263 = 0:3906 moles/hr -

2
I

-

‘Material Balance Based on Atomic element ‘of l:arbon .

-

T

 7xN_H, () = N+ N.. +N__ +7xN. _ (dut)
T Ne e ™ 7Moo * Noo, T Nem, T T Ne

. : R v

T ~
ety
NC" (ow ').

76

c_o'N

[7;0__‘,1-11.6-‘(111) - N COZ-NCH4 ] /7 _
(7%0. 0670 - 0. 0023 - 0 0884 - 0, 2276)/7

.« 0.0224 moles/hr

A

o/COhVérsibh‘ - c'l{Hlﬁ (In3 qu_ilja (Out)
" WR=="NGgH, (
L Y GHjp ().

x100 L.

" 0.0679 < 0,0224~
- 00 A
~ . 0.0679 %A

= 67,01 .
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X,

E, Estimation of Témperafufe Gfa'.di_.e;nt Across the Bed - . w

The estimation of the maximum temperature gradient of the catalyst
bed 1n an 1sotherma1 condxt:.o:/x\Based on the data of Run No., 226 which
gwes a h1ghest conversion is described as below. : ’

For the reaction at 530°C with 97. 5%conversmn, |

| (0.0662)C7H16 + (0.2574)H20 - > (0. 1220)(:02 . (. 0134)C0

v

Heat;produced by the reacnon 2

‘AHYG = A AH} A&T + 1/2Af3T + 1/3?£!T3
Asr = products . _"'-'.i-‘e.act,ants pE o 0= 0,570 .0

' _ % - Z: ) - o T3
_ Ap = pro wcts™P reactants np 1:_}82 x10°

0.711 x10-6 )

AH398 =pro;uct:al:"‘M_IZ'-‘?B reac;a_nts H298 =158

e
. AHo _AHzés - A"(Z%) - 1/2 ap (208)% < 1/3 Ay (298)3.
= 47 ca.l/hr - > :

AH?aoa =47+ A% (803) + 1/2 AB(803)%+ 1/3 Ay (8037

‘17 cal/hr .,

_ Heat re'm_ov‘ed b-y the producté :
. Qp = . . w . AT

10 442 x 0, 6008 AT ~

6. 274 AT cal/hr‘.‘




. . 3
/ . -

i where Cﬂ-n is the heat capaclty off gas m:.xture in cal/ mole prodﬁgtoc -
Cpm E:qcﬂ W is the ra.te of products in mole products/hr ; AT is the ' \ '

temperature dﬁference between mlet and outlet of the bed

Heat lost through the wall : :

- : . .
PR . : . !

Qe = { Ao ;" .Y AT
w In (Az/Al ) SRR .- ;
- g, 3:47-2.616 AT - K

1%0 X Tn (3. 47/2 616) % Z{.30 -0.98)

A :"661_,"AT . ca.l/ hr
- . ! . ’ ' ’ | A i
. I‘ b o .7 ! ‘ -‘- " ‘ » o

where k is the thermal conductlwty of etalnless steel (type 316) in -

-ca.l/cm hr °C ; Al is the 1ns1de area norrga}to the heat flow ; Ap is the S
-outs1de area normal to the heat ﬂow , The leﬂgth of the stainless sted used
in the calculation is the helght ‘of the catalyst ‘bed, wh1ch 1s 0 425 cm; rl
a,nd T2 are the 1ns1de diameter and outside dlameter of the reactor fe speo-
-twely A'I‘ is tl'e temperature chfference between 1ns1de and outsxde of .

the wall and is assumed to be’ 1/2 AT . I B T L S

o ’ -

Energv balance in the reactor : ; R A ,
Heit produced by the reaction =~ Heat removed by the products +\Heat
‘ lo st through the wall :

.

. AH

~ r - Q + Q ;
i . . 8
nr = __‘6-.274 AT+ 661 AT e
.- . o - 1 / o ) . . e et
' = -0,18°C ) '. o SR - ’

o AT

_ It should be- -mentioned that the temperature ’g'r&ient betﬁeenythe o
catalyst bed and the reactor wall has not been considered in the above
: calcu_lat:.on- of Qw . Consequently, the actua.l AT va.lue could be much

higber than 0.18°C. . LT o
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