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SUMMARY ,

The slurricd bed rcactor has been discussed in

the context of cxothermic gas reactions, The mathemae-

stical model has been developed with o view to providing

n method for scale up in terms of Number of Renctor

Units (N,R.U.), Number of Chemical Units (N.Ch.U.),

a forwvard catalyst surfocc rotc congtant Kl and an

overall mass transfer cocfficlient Kg,

Txperinental work was carried out in o continuvous

benceh scale resnctor to cstablish the walue of the

theorctical model, mthylene hydrogenation on o

Raney Nickel eotalyst was the model reaction employed,

Results were obtained using various inlet reactant

flow rotcs

and conmpositions. The rcactor S$ize wns

also voried,

Results are presented which show the performance

possible with the slurriecd bed reactors as well as

serving as
shown that
length and
it is also
suspcending

rate,

data for the theorcetical model, It is
conversion is a dircct function of wvreaector
an inversc function of reactor flow rate.
shown that the nature of the catalyst

Iiguid is of grecat importance to resction



A method of ecstimeting reactor performance is
prcscented,

For the system considercd it is shown that moss
transfer of the rceactants f£rom bubble to catalyst
surface con be made to play a major part in controiling
the reaction rate, The diffusional resistoances to
hydrogen are shown to be the greatest, Rquation

102»579
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cenables value of Kl’ the forward catalysﬁ surface
reaction rate constant, and K. the mass transfer
cocfficlent between bubble and catalyst surface, £0
be calculated from the experimental data, It is
suggested that this equation has potential value in

reactor design.,
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"Double, double toil and trouble,

Fire, burn; and, cauldron, bubble!

- Shakespeare.
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SUMMARY

The slurricd bed rcactor has been discussed in
the context of cxothermic gas reactions, The mathemae-
ctical model hes been developed with o view to providing
a method for scale up in terms of Numboir of Reactor
Units (N.R.U.), Numbor of Chemicnl Units {N.Ch.U.),

o forward contrlyst surfacc ratc constant Kl ad an
overnll mnss transfer cocfficient Kgc

Ixperimental work was carricd out in o continuous
bench scale renctor to establish the wvalue of the
theorctical model, mthylene hydrogenation on o
Raney Nickel ectalyst was the model reaction employed,
Results were obtained using various inlet reactant
Tlow rates and compositions, The rcactor 51z€ was
also voried,

Resulte are presented which show the porformance
possible with the slurriced bed reactors as well as
serving as datbta for the theorcitical model, It is
shown thot conversion is a direct function of reactor
length and an inversce function of reactor flow rate.
It is also shown that the nature of the cabalyst
suspending Iigquid is of great importance to renction

rate.,



A mcthod of cstimating reactaor performance is
prcgented,

For the sysetem congldercd it is shown that mass
troansfer of the ronctants Lrom bubble to catalyst
surfoece con be made to play a major part in controlling

the reanction rate, The diffusional resistoances bo

hydrogen are shown to be the greatest, Haquation
1.2.57,
Vﬁ - 1 o+ N.R.U. 1
L M , e A -
1 N J s
}.‘ j_ No ClhnUu /n-gm 1{1 .Als Ne Gl’lo Uo I{g Aglm [} gln

cnables valuesof Kl, the forward catalyst surface
reaction rete constant, and Kg, the mass transfer
cocfficient between bubble and catalyst surface, to
be calculknted from the experirental data. It is
suggested that this equation has potential value in

reactor design,




l. 1. INTRODUCTION,
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There are three types of continuous reactor available
for heterogeneous exothermic catalytic gas reactionsi-
fixed bed; £luidised bed; and slurried bed reactors.

In the latter reactor the bed is in the form of a
slurry in which the catalyst particles are suspended in
an inert liquid through which reactant gaseg are bubbled.
Previous workers have used the name slurry phase reactor
for the type but this is not meaningful,

The prineciple of the slurried bed reactor is well
established (1)(2)(3)(4). It originated in Germany
where much work has been carried out on its application
to the Fiseher Tropsch process (3)(L)(B). A general
account of the work done in Germany before and during
the war on the Fischer Tropsch synthesis, including the
development of the slurried bed reactor, is given by
Storch,@olumbic and Anderson (6). Today German
techniques have evolved a very high level of performance,
e.g, one battery of blast furnaces produces 2,250 tons
of pig iron per day and the surplus blast furnace gas
is converted to 1LUO tons per day of hydrocarbons using
the Fischer Tropsch process in a slurried bed reactor (7).
Work has also becn done in this country (8)(9)(10) and
in the U.S.A. (11) on slurried bed reactors, Howevern,
only in Germany have slurried bed reactors been used for

commercial production.



A dominant problem in the design of reactors for
exothermic gas reactions is the effective removal of the
heat of reaction since fallure to do this will cause
overheating and impair reactor performance, The heat
transfer characteristics of the three types of reactor
are summarised,

Fixed Bed Reactors:

In these heat transfer coefficients Detween catalyst
bed and cooling elements are relatively low / . 5.0 Btu/hr,
rt? Op (12)(13)_/. "Hot spots™ arise due to different
heat transfer path lengths between individual catalyst
particlesand cooling elements. There is no way of
completely overcoming this difficulty but attempts to do
go invariobly lead to complex mechanical design,

FPluidised Bed Reactors:

In these, heat transfer cocfficients are considerobly
higher / a 50 Btu/hr Ft° Op (23)(14)_/ and even greater
values have been reported (15),

However in the Fischer Tropsch synthesis, the
catalyst may become difficult to fluidise due to carbon
deposition.  Scharmann (16) considers that despite
overall efficient heat transfer, the "skin® temperature
of the ecatalyst is mueh higher than the average bed
temperature and this condition is largely responsiblec

for carbon deposition. This theory is encouraged by
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reported fractional heat tronsfer coefficients between
gas and particles in o £fluidised bed (17). Also
Heminger states that the amount of carbon deposition
decreases with incrensing gow veloeity (18), This
implies that the drop in carbon formation is due to the
resultant increase in heat transfer cocfficients,

Slurried Bed Reactors:

The heat transfer coefficients far exceed those of
the other types, values up to 1,330 Btu/ftz hr, °F having
been reported (19)(20)(21). It has been shown by
workers in this field that selectivity (i.e. production
of moleculcs of the desired structure) is appreciably
higher for slurricd bed reactors due to the gbsence of
"ot spots? which can cause cracking of product moleculcs
(8)(11). The high heat capacity of the liquid medium
and its intimate contact with catalyst and gas prevents
suddcn fluctuations in reactor temperature and permits
of casier temperaturc control.

A comparison of the other features of tha three
types of reactor, particularly performance and cost,
is more difficult, Table 1. 1, compares the performance
of each for the ease of the Pischer Tropsch synthesis,
The tablc is based mainly on figures from Storch,

Columbic and Anderson (6),
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Table II, shows that the fluidised bed reactor
operates at much higher space velocities than the other
two., A disadvantage of fluidised bed reactors is that
the range of flow rates is restricted by fluidisation
requirements, The specific yield appcars to be best
for the slurried bed reactor but the space time yield
is greatest in the fluidised bed reactovr,

In a brief survey of the other features of the threc
types of reactor, it is noted that the construction of a
fixed bed reactor may be very complex (6) while the
fluidised bed (22)(23) and slurried bed (7) types are
fairly simple although the fluidised bed reactor appears
to require more auxiliaries. Catalyst life tends to
be longest in the slurried bed reactor (7) while
catbalyst replacement is easgy in fluidiscd and slurried
bed reactors and most difficult in the fixed bed
rcactor, It thus appears that both capital and
operating costs of the fixed bed reactor are likely
to be highest, With the information aveilcble it is
impossible to moke a detalled comparison of the
relative costs of the fluidised bed reactor and the
slurricd bed recctor.

It appears that, apart from its attractions in the
heat transfer field, the slurried bed rcactor has mo

serious disadvantages when compared with the other
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types of reactor (8). Thus for exothermic heterogeneous
gons renctions where good temperature control is essenticl,
the slurricd bed reactor is of potential wvalue, A

more quantitative knowledge than presently exists of the
factors influencing rcaction rate in a slurried bed
reactor is desirable, Such knowledge would foacilitate
rcactor design and perhaps enablc the space time yield,
the least attractive feature of the slurried bed reactor,
to be improved,

In this work, a mathematical model of a bimolecular
reaction occurring in a slurricd bed reactor is
presented as a basis for a quantitative investigntion
of the slurried bed system. Results from a suitable
experimental model are olso presented with reference

to the mathematical model,






1. 2. A MATHEMATICAL MODEL OF A SECOND ORDER

GAS REACTION QCCURRING IN A SLURRIED BED

REACTOR,



le

2ehe This sectionm procents basic thermodynamic

and kinetic information.

2.8, The wvarious physical and chemical resistances
to chemical change believed to be present in the
reactor arc defined, The model of the system
resulting from a combination of the cxpressions for

these resistances is shovwnr to be extremely complex,

2.0, Here amn overall resistance to the reaction
has been postulated, This results in a much
simpler model than the previous one. A number

of apparently interesting relationships are

established.,
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1.20 A.

For the second order reaction

A+B —3C
Forward rate re = Kf(a)a(a)bl - 1.2, 1,
Backward rate 1n = Kb(a)c - 1,2, 2.
and the egquilibrium constant
(a)c.m = :Kf - 162. 30

JLCAC S

At any other stage than equilibrium, the rate is

r, = K {fa)a(a)b - L%lc - 1.2, L.

In this particular case a gas reaction is being
considered and it is more convenlent that the effective
gas pressureg existing at the catalyst surface rather
than the respective activities should be considered,
This may be done by relating fugacities to activities,
The activity a = f/j:
o]

RO S ¢ PUR ¢ IO - 1.2. 5
FaEly S

Let Qfo)aﬁf;)b ==
o T
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For gasecous reactions, it is customary to choose as
the sgtandard state, the pure gas at 1 atmosphere
fugacity

ice. fo = 1 atm,
1

Hence in this case ¢ = 1 but has units of p +

Thus K = (f)c 95 - 1,2, 6.

PPl

It is assumed that the fugacity of a gas is proportional

to its mole fraction

Thus f f v

Hence K = (f) . Ky. ¢ - 1.2.7.
Jc af b
Where Ky
Y Y
b

)
The quantity & = f/

Hence X "T(c. KG,(I 4;5 - 1.2,8

Where Ker= ‘;’f/"ﬂ'p, Jd (1 ‘
f/ng ,i a U/mg] b

In a gaseous reaction a quantity Kp is frequently

used, This is defined ag follows -
K, = [ Y, T ] T[_,."l
{—Ya Trg;“:yb Wg] -



Thus K = K Ko i

When the gases follow the ideal gas law
Ko = 1 a:m:lfx ¢ also(ﬁ:l
Hence X = Kp namerically

For a second order heterogeneous catalytic gas reaction
the forward and backward reaction rates per square

centimetre of ecatalyst surfoce may be given as

/

I‘Sf b~ K].P&Pb bl 102! 9-
) _
I‘Sb = I{QPC hand 152u10u
and K. = K./
P B
/X

Kp has dimensions of p"’l

At any stage other than equilibrium

AT |
r. = K| PP - Esz‘} - 1.2.11.
Kp_[
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1.2, B,

The mechanism postulated ond generally accepted (9)
(24)(25) for n~ grs reaction in o slurried bed reoctor
supposcs that rencting ghses diffuse through the pgns
ligquid interface of the bubble and into the liquid.
Thereaf tor powcrful convection currents gencranted by
the turbulcencce of the system cnusce the renctants to
pres frecly to the liquid solid interfacce, Under
certain conditions a concentration gradient of reactonts
mey cxist in the bulk ligquid, The reactants then
diffusc through the liguid sollid interfrce and arc
adsorbod on the catnlyst surface where renction tnkes
place, The products of the rcaction then pass back to
the bubble by simllor procosses, The progress of the
pes renction

LAt B ——2 O
is depicted in fig. 1.1,

In this work, thc problem is approached from the
basis of Whitman's two £ilm theory which is prcforred
to the more sophisticated ponctration theory (27)
beecouse 1t is not only casier to apply but it hns been
shown (28)(29) that tho conclusions of the two theorics

do not diffcer significantly.




THE MODEL  SYSTEM

A diagrammatic representation of the reaction A + B > C
in a slurried bed reactor.
Gas-Liquid Liquid-Solid
Interface Interface
Gas Liquid Bulk Liquid l}Adsorption
Film |Film (1) Liquid Film (2) Step

a \‘.\
‘\ Cagl(Pagl)

\\x
~“\\\\\ Ca1(Pay)

N\\ﬁk\x\\fﬁfffpbgl) \‘\\Qf

MN\\\\Cals(Pals) i
sk\\\\\ Cbl(Pbl) \\\h\~“ﬁ~3

Bulk \\ Cb/l (Pb/l )
Gas \\\\\

;k\\\\\cbls(Pbls) /////,//

%////Ccls(Pcls)

ot

\
NN

/ Ccﬁ (pcll )

| 2
// Cc1(Pgy) | /

Cow1(Pog1)
PC: J/ cglitegl
Arca Area
Agl Agl

Fig. 1.1
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The rates of the steps belicved to occur arc given

bolow for stendy state conditions in the systen,

For reactont A.

From bulk gas to grs liguid intcrface (gas £ilm)

N = Kalf;gl(.?& - Pag}) - 1,2.12,

(S AL

From gos liguid interface to bulk liquid (liguid film 1)

Na = I{{.\L?".{.\.r‘.l(cagl - Cnl) — 192013u

Down concentration gradient im bulk liquid

: -t -
N, o= 1{{13%1((3&:L Cof ) 1.2.1l,

Prom bulk liguid to liquid solid interfoce (Iiquid £ilm 2)

{ - : ‘. - :
N, o= K,n (09 Crpg) 1,2.15.

Overnll adsorption ratc of catalyst surfcoce
%

; £
No = ¥rePaaeh1sCv  — WrafasCa
T % % '
= Wfaﬁlsfalscv - Gy } -1,2,16,
S

Lssuming that the gasces in solution obey Henry's law

—_— —-
Then C apgl T HaP agl
Cal —_ HﬂPﬂl

¢..t = HP ./

il
E
i
v )



Thus
| N
L Pngl T e

N

Pagl Pal - 2
Ho Koo g

N

Pnl Pal - =
Ha Ka3 Agl

. _ N

Pnl Pals 2

Ha Kah Alé

If the mechonism of the surface reaction consists
of reaction between adsorbed moleculos of A ond B
on surfacc active sites, here denoted'bng , the

process may be represcented by the expression

.A-cé “+ 3a£ —> Cui = é... “‘1a2a17v

The rate of the forwnrd rcaction is reprecscecnted by

the following cquation:--



The rate of the back renetion is

2 O *
By o= Ry Mg Oy JE
oL
t
% B x 0 *
Homoe N_ = Ko by, 0% %% - x o o ® v
(S N =] Lo :}2 " ;2
Ct Gt
. K _ - A b 4 % 0= \
g Sf 18_ Gﬂ Ob - GC \J_v. and 1321318.

To obtoln an overall expregsion for the rote in

terms of Pq, P.

A Pc, it is nccessary to eliminate the

surface potentials Gﬂﬁ9 Ghﬁg Gcﬁ and GvK from 1,2,18,
and in conscquence Pagl’ Pbgl’ chl’ Palg Pbl’ Pcl’

1 f
Paf ? P'bZL ? Pcl ’ Pals’ P'bls and Pols”

This is achicved as follows
From 1.2.16

%

Ca a als v

i
(5]
Hd



gimilarly C "

x
c,
o

It may be shoun

% N '
= Sb Pblscv b_[ - 1,2.20,
S’}i‘b s
N % S
= SC g}“""}"m o PClSCV i - 10 20 210
fels

from 1,2.12, 1,2,13, 1.2,14, 1.2.15

that
Ppls = P,1 - N L + L + 'l + L
I a1, HaKagA al Haha 3'/2;1 HuKa D,AZL s
- 1.2,22,
and simllarly
Poig = By~ N[ T+ T vt + T
' Kb 1‘A‘{_§1 Hbe 2‘A rl I113 I&b 3“"‘{;1 H'b Kb L;.J:"l 8
- 1 o 2 o 23 )
Pclq = Pc: + Nc ( . + . + 1 + _,_,.__]_"._.._......_
Kc 1A a I—IGK c el HCKO 3 Agl HcKc Mf‘l .

- 1a 20 ZLI'-
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The surface concentrations of A, B, C and vncant

active sites may be related by the following

cquation
% = . X . B
C.b = Gv ¥ Cla “t C"b + GC - 1020255
iy 3 iy b2y N
Henee Ct = Gv o+ S&LPQIS Gv - fa
(y’jfo.jlls
% N | N
Vb o Ye ol g

+ SaPczls + Sbels + SCPCI%

I
@
<= [T X}
It
— \
[

Sbi‘r b o« Sch

‘\lyf al1g WfbAls %cf‘ls

P 5,0, Sch
= _ S Yool YUaA. T T
Henee G~ = Vroalfyg Ve g T'c™lsg

1l + S‘“P ot Sb-Pbls + SCPC]_S

- 192.260
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It 1s now possible to substitute in the orirsinal

e pu . . . x
roatc cquation 1.2,17 cxpressilons which contain only Gﬁ

>, P N{(=N. =¥ ), A ; a -he
PD’ 1b9 et ‘n( No c /v Lgl’ le nd the
rate cocefficicents for the vorious stops. A1l of

these quantitiecs erce capable of measurcnent if
preetical difficulties con be overcone, in extrencly
large and unrwisldy cgquetion is obtainced which hes little
procticenl inmportancc,

There are scverel differcent mcchanisms ot the
crtbolyst surface for this type of reaction (31).
Only onc has been considered as this cpprooch is
considered to ond in on inpossc irrcespective of
ncchanism, Since a theorctical model of prrceticel
voluc is desirced, o diffcrent opproach nmust be

cmploycd,
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1020 Go

In the spcecification of any rate process it is
uscful to have an overall cocfficicnt such as is commen
in hecot and mess transfer, It is convenient to express
rate as being equal to (overall cocfficient) x (area)

x (driving force).
When in gas sbsorption, the driving force is éiven

by (P, - P_ ) the instantancous ratc may be written nas

oo
N = K(P_ -~ P
o a

(S

where K is the overall coefficient, A the arca, P__ the

E‘.O)

pressure of pgas in cquilibrium with the concentration of

gas in liquid.
The rroup dPa has becn dofined (62) as the
] (Pa B Pae)
mimber of overall gas transfor units N,T.U, The height

o o 2
of o transfcer unit is defincd as WU,

This conccpt has been extended to gas catalytic
renctors by Lamplichler (32) and elaborated by Hurt (33)
for a first order gas rconction, Both defined n new
quantity -~ the height of o ronctor unit (H.R.U.),
Narsimhan and Doralswamy (34) have attempted to apply
it to a scecond order reaction.

In the case of combincd mass transfer and chemical
reaction as encountercd in thc slurricd bed reactor, the
driving force is difficult to define, It is reasonable
to hold the upper Yimit as the partial pressure of the

reacting ges in the gas bubblce and the lower 1limit as
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that pressure of the rencting gas which would be in
cquilibriun with the product partial pressurc at that
point in the renctor.

If in the easc under consideration

Po = K - 1.2.27.

% % b
®. X
Pa Pb :
Then, the driving force is given by (P, - P )

It is now possible to postulntc overall instontoancous

rate cquations for the process for voth reactants

N, o= K AU(P - an) - 1,2,28,
N—h = {_;b gl(‘p - P‘b ) band 1020290

ﬁgl hag Deon choscen in proeference to Als because in the
slurriced bed rcactor the solid liquid interfreial arco
may be madoe very lrrge if desircd, whercns, for a given
gas flow rote, the gas liquid arcea can only be changed
slightly (2&), It thercforc secms logieal to basc this
work on thc gns-liquid intcrfaclal area assuming thet
the ligquid-solid interfacce can be altered to hove no
influcnce on the recaction rate.
The rcecaction is molc for mole
N:::N-szc

Hence P, - P ¥ = _Ifm (B, - B, - 1.2.30.
X

f"

At any point in the ro&ctor, the relationship between

P, and P_ is givon by P, = P
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Sinilorly ot the rcactor inlet

P . =

i olP .

QL

]
The relotionship betweeon ¢X ond o is given in note 1.

Eguntion 1.2, 30 may be writton
o= 1 = B
O %
Ppy—by, PPy
‘: /3 RV y:
., I\‘“,I = K lb‘ - K .L-b
e Py = Ry - s
K
o S (P, - P_E) - 1.2.%31,
= (. Laad m——" i a
b K
&b
i ¢
But ij-b = oK P':l
y % ' E\.h -IE 5
s = P-b = 0‘\ P{,“ b ‘—1 <L Pa‘ g :;f)_r::: PL
Kgb Ikgfb
T K %
= P ok - Sgn) 4 lmop,
Kgb I&gb
3 ' "'"’"
or P-D—\EE = KDP - Kg‘-‘a
- I
K
Now K = __Eg____ = P, - -
Top e E p Elp - S (2 -2 )
b



This

wheroe

whero

p ®
&

= PG
y X AR T %
Fo | Palok = Kpg )t KgPy
£ 'S {
L ¥ o |
:EJ
= —— [
P Ep (-T_ ) &+ P¥X
Ta o MY a7 oo
oo o
is of the form
qd = &
>
¥ + cx”
e = PC
‘ _
g K \{
— 2 .. o ey — —d
b = la‘u& EE = Pa (o
#‘§ Kgb
Kgb
d = K
P
X = P*
is the veriablec which is of interest,

The original equation may be writton eas

The s

X + 13_25 A

c cd

olutions of thcose

0

)

+ Ja o+ D°
2c cd uca

equations arc as follows: -

root A



a_ + b= root B
2c V cd ACQ

N - et + ‘c"..(Q(N - ga)
- K4 K R
0 K 528 o L&
PK K
b V ob &b
Now _ Pc_ﬂ is always positive as is | Pa(c& ~ Kﬁa)
L - o Ko
o) L‘ £b

/ - 2 .
Fo . P‘(C& "~ Kgn> s always:> "Pa(C( -
X i K
" no 2 e , -2
K K K
£a cb -

Hence root B always has o ncgative valuc and may be

disregardcd,

From o consideration of rocot A, it can be shown that

'

when Kp is large Pnﬁ will bo small

iec, as K > o &
© a o —_— OO P_ ——2 0
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For large valucs of Kp, =

may reasonably be assumced to be O.

grcater than 106 say, P

Q

Equation 1.2, 28 then becomes

N, = KgedaFa - 1.2,3%3.

Such a reaction might be said to follow pscudo first

order kinctics,

Through the reactor, the flow varies with
conversion, It can be shown that, at thot point imn
the recactor where the conversion is X, the flOW'FX

is given by (note 2)

al
IX

it
=
)
=]
-
¢

- 1.2.34,

it

i}
T e ¥y =] - 1.2.35,
(18T, - B)

Similorly Fx

Consider now an element of reactor AZ at the point

where conversion is X

dZ
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Moles of A convertecd in element 47 are given by

X ey v/
Ny = Kgaﬁgl(Pa - Pg ) & dz

Under the conditions oxisbing (Kp large)

e
i —— 0
‘J poy NS . —y -
Joo Wy o= K haPo¥ dz - 1.2,36,
/ .
0l PN -
Also moles of Ra = d P%-FX - 1.0.%7,
Tg
or NC‘. o= c P"l 7
T‘ - .__}_{....
Te K@LZ

Note:=- FX refers to the molal flow rate of gases

A; B and C only in reactor and docs not include the

molal flow rotc of the vapour from the liquid mcedium,

Hence cquating 1.2.3%36 and 1.2,37

a
P (‘:\L

8 Py = K LaPy X az
e
. M e v
) TP, Filon AT _ K A P & az

Te (14 ) (AT, - )
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If this expression is intcgrated over the wecactor

P — 2
LS : :
._......_.C)é....m ‘T.]‘ ..—.__.-.-. w%fhE-Lﬂa:_ dZ b l ] 20 38 °
. M
0
PGO

-y
In the integration; it is assumed that X ond A
£a &lm

arc constant.

- - -
’ e lf In Foi o I:nff - -at Vo= o frlm d ZT( gm
¢ M
(1 *Gq)i. Pro ﬁ&ﬁ.~ ﬂiJ 3
- 1a2339o
or Ygg = <l ;;{In.Pai + Inv{mo ~ Pag
M | .
Fy 'Trm(l 1X) Rgshglm L a0 Trgs — Pal
- 1.,2.40
v - P
Also 'm_ = e ;I Tbi + InTgo = Tho|
M AN
Fi ﬁgmv(l + /2) Kgb'["glm: t Pbo 7Tgl - Pbi't

It is of interest to comparc the above equations with a

conventional reacteor design cquation:-

]
!
=
i
O
>

where r is the apparent rcaction rate in terms of x,

the conversion.
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Equation 1.2.38 mey be written thus

Ty Z
“ai - /
_ i : ; '
LS .ﬂlgcfa, = fﬂzﬁﬁﬁaéljfgm ' az,
: o . o M !
I 1 - 4
Pao 0
Ij\ai —
g Mg Py = Bogbay T Jucll Al
: o N . \ l\fI
(L wec) \ 2y (77 = P) 1
Ebo
The number of reanctor units is hore defined as
P . .
N.R.U., = &% ral . AP,
wA P (7T
1 + J) P (] o Pa)
Pao
_ A ‘ P_. - '
= LD( 2 Il’l _‘al' Il_l "TF‘)‘O - Pao hanl 1 ] 2a L!‘l o
1 P .
L Poo Tei - Fai
If N,R.U. = % , 1t follows that
H.R. U,
7 M
HR. U, = i - 1,2, 42,

KgnAglm‘g 7Tgm

It should be possible to assemble the height of a
reactor unit from components dealing with mass transfer
(H.T.U.), and chemical reaction (H.Ch.U.),

This is next attempted,
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The Qverall Moss Tronsfer Coefficient.

Bgquation 1.2,11 states that the rate of a catalytic
gas reaction on o defined area of catalyst surface is

given by

P
aFp -2
K
1Y

r = K (P

In the case of the slurried bed reactor, the
effective portinl pressurcs which correspond most nenrly

to Pa'Pb and Pc are Pnls-Pbls and Pcls° It is desirable

to relate Pals*Pbls and P

£0S Pressures.

ols to PQ“P, and PC the bulk

From 1.,2.12, 1,2,13, 1,2.14 ond 1,2,15 it may be

shown that

1 1 1 1
N, ( “+ + - >

"‘1 .l‘\s. Kn 2H._.1A£)1 3H f:. {aLLHﬂA'l

= (Pa - PC‘L:LS) hand 102014’30
The overall mass transfer coefficient may be defined as

R + B - 1,240,

oo al n2ha Ka3Ha KﬂhHaAls
and N = Kgaﬁgl(Pa - Pals) - 1.,2.U45,

Similar expressions may be obtained for B and C,

The Chemical Rate Coefficient.

A chenmical rate coefficient Kr may be defined in
the followins terms

. _
(Pals - Pa ) - 1.2.46,

In terms of equation 1.2,11, the rate per unit

N, = Kpabig
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renctor volume is given by

L3

P

N‘n - .[C .[3.1 ( u -lDlS e _'_(_‘:'1._5‘
K
P
When Kp ig large
LneFals & EiPa1ePbas
. Era @™ BiPyag
/
When By 6 Pog
Then f = Mo (- 3) + 2
<
Pals & 5
where (S = Pblsi
Palsi
K, = K47, (1 -1) + Zaig
» o 1 I 'g."" )
S

ince K
5 ra

[

coefficient,

coefficients,

N =
a

il

whence

A similar

is o function of Pﬂls

=%
ks 1(Pa - P )

uﬂ &

kgﬂAgl

KguAgl

)

(Note 1)

- 1.2.U47,

o .-]—u 2GL|-8¢

it cannot e a true

In equation 1,2,28

(Pa ﬂls) + (Pwls
Ncnm + Na ‘
LKg [k KrAlsJ
1 1 ‘ﬁgl
Kgu Krﬂ ﬂls

2%
2]

However it coan be used to relate other

-~ 1.2.49.

expression may be obtained for reactant B-
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The inference of this equation is that in o slurricd

1 1 -
bed reactuor when 7 p? Decomes ¥ ", the overalli
¥ - K
&Pﬂ Ilb Ial
proccss. coefficient m}u becomes effectively mim o
hgn Kga

‘ps .
Under other conditions _ 1is mot o true coefficient.

1o s

The rnte at the cotolyst surface is given by

egantion 1,2,11

o o= 1 A PaigPhie ~ —ids )
K
b
If Kp ig large:-
oo = K b gPaiefhig = 1e2.50

If the chemical renction 1s not the rate controlling
step, then N_ is a function of mnss transfer clone,

and P and Pbls will be small,

als
Irrespective of what regime is controlling,

equation 1.2.50 is true,

Substituting for Pals and Pbls from equation
1.2.,45 ete,, ond cquoting with 1.2.37

_:Fxm éfg = N2 K Als(%a - N ‘><?b T 5 _}
T T, A
{3} dz ‘Tr o {E ’xf*gl .ch.bn,gl

- 1.2.51.
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This equation is ensily solvebls for limiting ceoses
only,

There crcec 2 possibilitics -

1. One mrgs tronsfer term dominnnt and the forwnrd

rote constont influential, Suppose Kgn £ Kgb

From equation 1.2.51

" ap N .
X . lno= Kby P, - _o.) B
X ay el K
Ay ﬂ'g ik g,’\Agl
_ , FooAap 1
= K (P - ; ; , ) P
72U K A
' G20 e Banbyg
y F}C .fl_}i?: (1 «+ Kl.[‘.\.]g( Pa ) . Kl‘[LlSP&‘-Rb
Q ,
¥ az {f& n'[\*g,l
CExIPL o B
v I
§az 1 4 Ky (P,
Kby
Substituting for Fx_ cnd roationalising
Pai ap
Vg A i g T
—_— K A, 4P (7f~P)
7 I T o 1M ATy a
1+ Klﬁl cv{ P
K
4 Agl
p .00
al
= L":""\Z CTPE‘
K7 (T 4) {.ﬁg(@c I+ Pn} Pn{ﬂ’g - PT}_
Pei
a0 + A c’tPC
(1 M)& oot 1?9\(7)’g - Pa)
P

ao
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2 r .
- s 1 gl L) e B 1 P
p

(] M)‘[X "{"'ls’n“r'_nlx j"’(":’( - 1) 7’::0@:"( - 1) - Pﬂ.o L')‘i'“ l

+ Jn\ﬂ/‘ 2 T Pao) |+ s lnﬁ_ﬂ:m.:._f.&g
o (.ﬁ‘g_;i " .:«..i) (S )l(‘m el em g ™ %ai

(For integration seec Note 30)
When o = 1 (Wote 4)

—— .r) é
Y_B__ = X in i‘_l}_ o 11171 50 " a0 ~I-(

+ ™ in Tro ™ Pao\)g Pni - 1.2,53,
s —
(L -+t )Kga“glm‘frggm (T Pai) Foo

The number of chemical units is defincd ns
~

N.Ch,U_ ::i -k 11'171;;:1(""('" 1) + Pﬂi, o+ ! E__
}S’(("("‘ 1) ﬁgo(ﬂ" -+ P, G- 1) oF

——___1_ ln‘f "Pao
@ st ™ Fos

- 10 20 5L|-o

7
or N.Ch.U_ = _¢& in P’"\l + InTlgo ~ Pao 4-(71{3‘9“ ,,,77 : )}
20 il

P P
14k P Ted -~ ]
- 1020590
The number of chemicrl units is o measure of the driving
force overcoming the chemicol resistonce as opposed to

the diffusionnl resistrnee,

From 1.2,53%
R = a o+ o w 1,2,56,

M 2 .
Fs ngm Kilag Konlh
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. \?'R a 1 " l\T Ixoua l,__. - 1,2.57

S ' « 2p oo e
X . i, N, Ch. Uy Kby 7

P.7 N.Ch.U
gm

This equation 1s of comnceivable importance in renctor

deslin.
%

I‘Ie ToU-r_‘
K. Ao ¥ 2 41

f

The height of o tronsfer unit H.7.7

N,T,U, is hore defined as_  “golplm o
- o M
.,
i

(N,T,U, is less ensy to define preciscly than in the ecase

of simple gas chsorption).

Hence 2 = N’Ch‘Ua + N,R.U_ H.T.U_ From 1,2.57
. 2 L L
Klj\"ls ¥ ﬂgm
M m 7
L1 = Fi O
K, ¥ il - Hu(}han H.R.U
LN -
;L H.ChU, = 2 3 - 1,2,58,
a H.T.U 2
(1 - 'J.) .A- X 71 o
M.R.0, f1%1s gn

2, In this casce the forwvard rate constoant is dominant

and KSn is large

.

Mquetion 1.2,53% becomes VR = 1 - L1,2,59,
Mo , 2
Fi k,Ghan 'ﬂém (1A1
@ I
and H.Ch,U, = i - 1,2,60

’ 3 2




: ; /
Hote 2+ B3 =t = i 5 b o= = b
al Yai a Ya
¢
X nay be related to ot
P o= FjF‘C< (sece note 2)
(T +) (L - ¥,)
Now FKXQ + Fxﬁb -+ FXXC = Fx

Also, frem o mass balance P Y = F.M Y . - B Y

<™ \.1 l a- l

s
Q

M
FY = P, Y.i - Fx "+ Fx?a + Fbe

X Q 1 o
5 R
e T X i “al X™Db
Pl = 1, p. M
e - - 1 7al + i b '
0490 - ¥,) (T +5) (T ZT0)
ot . < Yb : s

Y

< (1 ) (1 ~ Ya> = oyt ».(1 FEY(T - Yq_)

o= 1= Yai(l +€€) (1 - Yﬂ) = 1- (- Ygl
o =
{
NoweX Y. = %
- .
o« T e 1o (-1 = k-1 4 Y
a’ o*, s
| . o
Joo XK =1 (K1) 4 )
& &L
a
}
e = 1 (1 -1) + 1
-~ oL @{
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Note 2, In the slurried bed reactor, certnin compli-
scations arise in defining the mole fractions of the
components, Normally the mole fraction of o gans in
a mixture equals the partisl pressurc of the gas
divided by totanl pressure, However, in the slurried
bed reactor, the ligquid medium prescnt exerts a
perticl pressure, The total pressure of grs in the
reactor is hence equal to the total pressure less the
portial pressure of the ligquid, The total pressure
used to define mole frnctions in this work is therefore
the total reactor pressure less the liquid partial
pressure

ﬂg = fl, - :ﬂpl

According to this, mole fraction of A = Pa

i g] B

4|
;

T,

These mole fractions are thus equal to the moie fractions
of gas in any nixture frec of liquid vapour and prevent
confusion in practice when inlet and outlet vopour

free streaons arve being analysed and the results used

to compute the partial pressures existing within the

reactor.,
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Through the reactor, the flow of gas varies with

conversion, The flow at any point in the rcactor

where the conversion is x may be deduced thus:-
Suppose the inlet partial pressures of A ond B ave

related thus

b & P

i T al
Inlet molar flow rate = FiM
T s MP_.
loles A entering recactor = Fi ol
ol
‘ S e . M P .
Moles B entcring reactor = Fi bi

At point where conversion is X, flow of reactants is %{

In the type of reaoction being discussed

Moles C formed = Moles A used = Molegs B used
Moles A used = FiM Pai - FX_EQ ~ (&)
Tei MTe
= Moles B used = FiM Pb1 - Fx P"}:s
. Tai Te
P . P
= F, ot ol -~ P, b — (B)
ngi g .
= Moles C produced = W o - (C)



PP Fs - P Fao= o p Ve B - e P
e e N gt e
Folb o= P o Bai - m M F 4w B o (D)
fle et el e
Fo o= p M Pay o p Py o4 By — (®)
1 o{i-—.—.—-m 1 —rp— iy
s F_ 7let F_ fex e
Since Pf_z + Pb + PG = T e
ia Fx o+ Pb Fx + Fc FX = TT(:,-’_I_;,‘_QC_
e e e g
PoTy o Py | 1 =B - P ! @
e L Ts Tl _l
Substitution of B into F gives
M
PFx = Fx & sl P PyelPry & Fy Pai_ - Ty Pa
ILE - Te TT’.G:L et Me
= P_| 1- 2% + 7 Py - Pay — (@)
= i
Te g !_Trgl Trgi
Since moles A used = DMoles C formed
Substitution of (G) into (C) gives:-



Feooa = Fy (1~ _2_“”13_&3} + Flml*fl}.&;j —-0(}_:\;;;‘%
Te T e [ng Wil
_...._..—’ = FiM [Pai - Pal + A Pal
T e o -
Te] e
= FiM oK Pai

i

I
q

g

lt_l-

1+
M e 7f ol
Fl TT (1 '1"6'() o
gi — (H)
1 - Pa




M
s Foo= Fgls oS
(1 +¢)( ﬂg ~ B)

(T 4o )(1 - Y ))

N
similerly ¥_ = g% Jci

| (1 +A) (T - B,)

where B = _1
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Note 3.
ar

The integration of » g

(%f(@&» 1y ?,1] P [ﬂ'g - P{;}
Let ﬁg(cx- 1) = &

and 'ﬂfg = B

A8 1P 1is desired to integrato the exvression between
the 1imite ?ai snd P

< al ﬁPa

) (442 )P (B ~P)
o

00° the expression becones

ao

Before this can be integrated it must be split into
partial fractions thus:~

ai

- .
+ - + . qu
AlA + BY(A + B) ABP_ B(LA+B)(B ~ Pq)
al Pai Pai
= ~ 4Py + P dpa
A(L + BY(A + P) ABP B{i + B)(B - Pa)
Poo P P

ao ao
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el
=y 1 In(A + P@) + L in Pw - x (B - Pq)}
A(L + B) iD B(A + B) -
P
00
--'}:ai P,
. \ = AL
= _1 5 11'1?1_2,({:'&- l) + P{} + L [111 Pa
ol (e - 1)1 2 ; (- )
Pao Pao
—al
- ¢ _ [111(7T - P \}
el al
.«r
He 5
ale
- d - :
= L 5 1 1n'ﬁ’gi(@* 1) + Pai + I 1n Pai
Mg peC- 1) T ex-1) + B A-1 P

e

+- 3‘___ in ﬂgo " PEIO
ot -ﬂ'g]. = Pai



Note U,

Consider the exprcssion

o,

-1y T (X= 1) + P,

D ———

o+ | In Paj,
P

oK (% = 1) Wgo(@*" 1) + Py (X - 1)
P, !1 £ (o 1)7’@1 .
-1 In
= - : + { in Pﬂi
(D("‘ 1) }‘ (G"" D ngo:l (X - 1) Poo
- e
= "1_ 1n Fai o+ ....'__.. In Fai
(K- 1) Poo o~ 1 Peo
- | 11‘1[14- (@"“1)?(-3 |1+ @-1)‘%;1]
al (@’3:-- l) \ Pgo
The cxpansion of ‘the log terms in { } gives
— in E_i_a_n;_ + + in _”P;_x_:_._
ok (of - 1) P, K- 1 Poo

; 1 (@!\;1)’7{{1 - (K- 1)277:51 v (e )3T

- e -

o (o= 1) Pai 2Pa1 31'-”,_‘13
+ ._....._..:E_.._.., (S - 1)77.;20 - (""(- 1)277;“0 + ("’*‘:- 41.)37"&05..---{
AKX~ 1) | Fao 213510 3P 3 ...i
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When g <21 this series need not be taken further

than the first teorm, Hence the cxpresgsion becomoes

. | . ™

i Fai ( S S v - RO 7
- X (o - o

P e =1 (¢ =~ 1) Py Py

}
)

Il

Il Far s (‘IT[:-O - T
= J

Hence N,Ch,U, may be weitten as

\‘i

i1 7 : : |

N.Ch,U. = __c><9' }_{11’1 Pai + (’frgo - ‘f({gl) + __1_ in Trg@_ Pao}
) 1A eX i

(1 4= Poo Po Poi Il i - Fat

= ,___}’é in Pai + In ‘ﬂ-’[jo - P’LO +<Jlff“o -
(1 +) Pao ?Tg;i - Py 2.0




1, 3, THE EXPERIMENTAL MODEL,
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An experimental model is required to test the
mathemetical model, The hydrogenation of ethylene
in a slurried bed reactor is considered to provide a
sultable model.

GZHM'* Hy ———= Colig

At 18°C, A Hy = -32,752 cals/gn mol., end the
reaction is highly exothermic, This reaction hes a
large equilibrium constant at normal temperatures
(Appendix I), While it has been claimed to be &
first order reaction under certain conditions (35),
it is a bimolecular reaction and it is here considered
to be a séeond order reaction (36). Calderbank has
also used the hydrogenation of ethylene in the study
of slurried bed reactors (10).

Undergraduate research has claimed the reaction
to be almost free of side reactions at temperatures
below 100°C although methane formation can occur at
higher temperatures, It woas decided to carry out the
reaction at 75°C for most of the work and ignore the
pessibility of methone formation, While the reaction
is exothermice, previous work on small scale slurried
bed reactors with exothermic reactions has shown that,
at elevated temperatures, heat must be added,rather
then removed,to meintain the temperature (24), This

is presumably due to heat losses execeeding heat
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production, iny small scale reactor must include
provision for heat addition and temperaoture control,
Previous work (9)(24) indicated Raney nickel as a
suiteble hydrogeneration catolyst in a slurried bed,
Also in the light of previous work (9)(2L) the use
of a c¢yclic hydrocarbon such as xylenc is envisaged
as the cotalyst suspending medium,

The experimental reactor had to be designed to
allow varintion of the parmmeters of reactor length
and volume, gas flow rate, inlet gns composition and
operating temperature. Operating dato of n funda;
:mentel noature must also be easily measurable, This
includes:

(a) Plow rate of inlet gas streom,
(b) Composition of inlet gns strean,
(c) Composition of outlet gas stream,
(4) Plow rate of outlet gns stream,
(¢) Operating temperature.

(f) Gas liquid interfacial area,

(g) Liquid solid interfreinl area.,
Thus the experimental model may be specified as

a slurried bed reactor for hydrogenating ethylene ot
7506 with Raney nickel suspended in xylene ns the
slurried bed, The detall design was determined by

the experimental requirements listed above,
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The work is subject to certnin limitations,

For financial reasons, the npparatus hes been

restricted to bench scale, The glass cpparatus

eventunlly used con only be operated at atmospheric

pressure,



APPARATUS AND EXPERIMENTAL PROCEDURE,




2. 1., THE BXPERIMENTAL LAYQOUT is shown in Fig. 2. l.

Ges is pumped from the gas holder C through the flowmeter
D, the gos purificntion system B and the wet gns meter F
by the gos pump G. The gns then flows to the renctor H,
The renction products pnss through the cooler I to the
gas anntlysis unit J and finclly ore vented from the

system aftor passing through the wet gas meter K,

2, 2, REACTANT GAS SUPPLY SYSTEM,

Hydrogen and ethylene from the high pressure cylinders
A are metered through o system of wvalves, ot pressures
only slightly above atmospheric, into the gas holder C,
via the wet gns meter B, The gos holder consists of
the inner tube of o large lorry tyre. It has n
capacity of approximately 100 litres. The reactant
gases from the holdcr pass through the flow meter D,
This is a cnpillary £low metcr with o manometer
contnining a coloured liquid, Its purpose is to
indicate the stcodiness of the Tlow, As the reactant
gas mry contain traces of 02 and. COi, which are cotolyst
poisons, on cbsorption train, T, of n 12%% pyrogrllol
+ 172% KOH solution, an cmmoniccal cuprous chloride
solution (11,5g. CuCl,/ 50 cc distilled water + L3ce,
NHMOH) and dilutc HCL is necessary., These solutions
remove 02, CO, omnd NH3 respectively. The gas then

poasses through o cumulative Parkinson & Cowan wet gas
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metcr, This is am accurate £low meter but only operates
in the pressure range + 10 ins, water gauge.,

The gas then passes through o needle adjustment
valve and o wash bottle contonining granular calcium
chloride for gas drying to the gas injection pump G.

This is o variocble speed Watson Marlowe H.R. flow
inducer, The gos 1is then pumped to the reactor,
The rubber tubing used in this pump required constant

attention and is lubricated by PFrench cholk,

2., 3, THE REACTOR SYBSTEM. This is shown in Fig. 2. 2.

Reactor columns of different lengths moy be inscrted.
Standard reactors were made from 3,3cms, ID glass
tubing and were fitted into the system by means of
B.LO Q.FF,V, cone and socket Joints, The reactor
dicemeter is restricted due to the position of the
downcomer from the separator. The separator and
much of the piping is mnde of glass,

Section A consists of teflon tubing the length
of which was changed according to reactor length.
The type of joint mainly used in the circuit is
shown in Fig, 2, 3. RQE.V, B.,10 cone and socket
Jjoints were also usecd. Jcetion B, between the
separator and the pump incorporanting the heater and

the flowmeter, is erccted in a semi-permanent
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monney wWhile 8Soction A may be olbdercd ot will,

The flow meter consists of o constriction in the
downcomer with upstreom and downstreom toppings.
Thesc are connected to o manometer by the teflon type
joint illustrated in Fig. 2. 3. Merecury is used as
the manometcr 1iquid. The slurry heater consists of
L8 £+, of 26 8.W.G., michrome wire wound round asbestos
paper on a £" 0.D, glass tube, The windings are
lngged by asbestos rope. At 250 volts. this heater
hos a rating of 650 watts., The heater output is
controlled by a wvariac connected to a Honeywell Brown
temperature recorder controller via o pneumatic
diaphram velve, The T.R.C. input signal is obtained
from n copper constoantan thermocouple locnted down-
:stream from the pump. A P90 teflon contrifugel
pump, supplicd by Glen Crcston, and with o rated
output of 12 litres water/minute ngainst 1 metre
head of water is used for slurry circulation,

The gns distribution system is showm in Fig. 2. L.
The gas distributor is o spinarette with 1800 0.105 m,m
holcs, The base picce is mande of breoss and is
coupled to the rerction system vin o KBM/1 Q.V.F,
joint. '

As a liquid condenser ond product cooler, o

small condenscr is fitted on top of the separator.
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2, I, THE GAS ANALYSIS SYSTEM., (Fig, 2. 5.)

The gas anslyser operates on the constant volume
principle and i1s an integral part of the systen,
Samples of inlet or outlet gas may be drawn in conven—
:iently from the narrow bore main gas line, The
apparatus is capable of analysing % ethylene content
only., Results may be repeated to + 0.1%, The
volume % (mole fraction) of ethylene present in a

H, - H

1 . 2 x 100 VWhere H

1
and H2 are the initial and final height differences in

sample is calculated from 1

the mercury levels in the two limbs.

The ethylene absorption solution used consists of
200 gms, of mercuric nitrate dissolved in 1000 c.c,
of 2N nitric acid and the solution is saturated with
sodium nitrate (37). About 12 c.c,of this solution

absorbs U0 c.c. ethylene quantitetively after 2 minutes,

2, 5, DEVELOPMENT OF THE APPARATUS,

Previous work in the R.C.S5.T.(38) on ethylene hydro-
sgenation in a bench scale slurried bed reactor has
showvn that hest addition to'the system was necessary
due to heat losses exceeding heat generated, Direct
heat supply presented a number of problems especially
if various reactor sizes were to be used, Undesirable

radial temperature effects are also obtained in such =&
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system, Tt was therefore decided to supply heat
externally to the reactor, The slurry thus had to be
pumped from the reactor through some form of heat
exchanger and back into the reactor, Xylene, the
proposed suspending medium, was found to attack rubber
and polymers generally with the exception of P.T.F.H,
Difficulty was encountered in obtaining a suitable
pump, Finally the P,.T.F.3. centrifugal pump described
elsewhere was obtained and this performed satisfactorily.
The Joints in the external slurry circuit also gave
considerable trouble. It was found, with the glass
apparatus initislly used, these had to be flexible

and reosonsbly easy to break open and remsake,
Eventually the type of Jjoint shown in Fig., 2. 3. was
developed, This joint was found to be exceptionally
resistant to any liquids which do not attack P.T.F.E,
Its success depends on the eirseal formed by the

mibber tubing. Without this leakage occurs due to

the poor adhesion of P.T.F.HB., to glass,

A metal apparatus was designed concurrently with
the preliminary work, For various unfortunate
reasons the apparatus was built in copper, It had a
designed working limit of B0 p.s.i.g. Various
reactor sizes were available and the problems of

fragility obtained with the glass apporatus were
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absent, Unfortunately it was discovered that copper
poisons Raney nickel and the apparotus wos useless,

This poisoning effect is in fact indicated by

Berkmann, Morell and Bgloff (39)., Thus this port

of the work wns wosted and work was rcsumed on the
gloss aparatus whose flexibility in using different
reactor sizes had to be incressed to the present level,
High pressure operation wes also impossible,

The development of the reactont gas supply system
rlso prescented certain problems, Previous practice
(2h), (38), (LO) involves mixing recctant gnses direct
from the high pressure stornge. This system oppears
to be subject to frequent fluctuations in flow rate
mnd composition ond requires constont supervision,
After some investigntion, o system where grs of o
constant composition could be pumped from o ressrvoir
at o constant rate to the renctor was envisaged, A
large tyre inner tube wes found to be n suiteble
reservolr, Gns may be stored ot ~tmospheric
pressure irrespective of the omount of gns present.,

No problems of grs solution are involved as is the
cnse with wet gasometers,

Gas pumping constituted another obstocle, Most
ges pumps werc found to lenk slightly through diaphrams

or piston rings, elther expelling reaction gos or
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inducing air, Both phenomenn are highly undesircble
as accurante flow measurement and gos analysis become
impossible, However, the flow inducer eventunlly
used overcame these difficulties,

Methods of gas annlysis were also considered,
Bone and Wheeler type annlysis apparatus (2&) ond the
thermnl conductivity cell method (40) have been used
previously. The first wos felt to be too slow and
the second to be too sensitive to gas impurities,
Accordingly, considerable work on the anrlysis of Hg,

OoH)» OyHg ond CHy mixtures in a Jonek (L1) type
gas chromntograph apporatus wos crrried out, Suffi-
:ciently nccurate results were never obtained ond the
work was eventunlly obondoned.

Recourse was mede to the appoar~tus described
enrlier, Thigs encbled the composition of the outlet
gos to be cnlculoted in terms of H,, Czﬁug and. 02H6’
provided the inlet compositions were known in terms
of H2 and Czﬂuo The method assumed no other gases
to be present. Quick results of inlet and outlet
gas compositions were obtainable but the opporatus
is limitcd and is considered to be the lecst satis-

tfoctory copoet oF tho oxoerinontal work,
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2, 6. EXPFRIMENTAL OPERATING PROCEDURE.

The line connecting the reactor to the gosometer
wes shut off, One of the gas cylinders was brought
into line ond meter B and associnted lines were purged
thoroughly. The rcquired amount of gas was then
metered into the gas holder, This procedurc was
repected for the other gas and o goas mixture of the
desired composition obtained, The gns holder was
then isolated nnd left for o time to 2llow diffusional
nixing to toke plnce. Meanwhile the vorious clips
~rnd velves were set in such o manner thnt the surge
associnted with start up would not blow nny absorbent
or manometer liguid into the system,

The gas pump G was set in motion and the whole
system purged with gas, The reactor wns then
filled with the liguid ond the requisite ocmount of
cntalyst, The reactor by pass was brought into line
and reactont gos pumped through and analysed until
constant values of the inlet composition were
obtoined,

Gas pumping was stopped and the recctor outlet
line opened, Condenscr water wos turned on, The
slurry recycle pump P was started gently to prevent

any mercury from the monometer being forced into the
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system, Mercury coauses immediate poisoning of the
Roney nickel catalyst ond can e¢log the gas distributor
by omalgam formation. The requircd temperature was
set on the controller and the control system activated,
When operating bemperature wns reached and the reactor
has settled down to constant temperature operation,
gaswas injccted at the required flow rate, When
stendy stote conditions obtained the various instrument
readings reguired were noted ot suitable intervals

of time for the duration of the run. After the
passage of a reasoncble volume of product gas, outlet
grs anolyses were commenced. These were continued
periodically until the end of the run. Runs with
very low inlet gas flow rates lasted up to 3 hours,
while for runs ot very high flow rates 20 minmutes

was generally sufficient, The difference in
operating time was due to o longer time being

required at low flow rates before a reasoncble

semple of product gas could be drawn from the

system, The run was gencrally terminnted when

outlet gos analyses attained an approximately

constant value.
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2, 7. CATALYST PREPARATION,

Raney Nickel cotalyst (L42) was prepared according
to the method of Covert and Adkins (L3). This is
believed to producc cotelyst of fairly uniform
activity.

To o solution of BOO gms, of sodium hydroxide in
2000 cec, of distilled water in a 5 litre beoker,

500 gms, of finely ground Aluminium-Nickel alloy

(50 - 50 w/w) were ndded slowly over a period of 5
hours, During this addition, the tempecrature is
kept below 20°0, otherwise hydrogen evolution is
excessive, Cooling is effectecd by immersing the
beaker in o bath contoining a freezing mixture of
salt end ice., When the addition of the alloy wapn
complete, the mixture wns heoted to o temperature of
95—10000, and kept at this tempcroture for four hours
with occasional stirring.

Next 700 cc., of 19% sodium hydroxide were added
and the mixture kept at 95-100°¢. for a period of
three hours or until the evolution of hydrogen had
ceased, The mixture wos then diluted to 5 litres
with distilled watcr, The clear solution of sodium
aluminatc resulting is decanted. The nickel thus
left is washed several timces by decentotion with

distilled wnter till the supernatent liquid is
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neutral to litmus, omall amounts of carbonate in
the caustic usced led to the formation of f£airly
insoluble aluminium compounds and much washing was
required to remove thesc. When washing woas completed,
the catalyst was washed with 95% ethanol scveral times
and mointained under that medium,

Before use with Xylene or dcenlin, the catalyst
in cthanol was tronsferred to o flask and an equal
volume of the requirced solvent was added, The ethanol
was then distilled off. When all was removed, the
catalyst porticles no longer agglomcrated but
dispersed easily throughout the ligquid and remained
suspended for longer periods beforec settling, When
an aqueous suspension of the catalyst was required,

the alcohol wos merely washed away,
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From the resulis tabulated later 1t wilill be seen

that the results obtained from the reacltors are

repeatable,

Two methods are available for calculats.

ting the reactor performance as % of reactant

converted to product,

One depends on the inlet and

outlet gas analysis figures, while the other depends

on the measured inlet and outlet gas flow rates,

If only the reaction Ozﬂﬁ* H2 —> CyHg tekes place,

the ratio of inlet to outlet volume for any inlet

CoH) :H, ratio at a given conversion (defining %

conversion as the % of reactant entering converted

to the product) may be calculated and it is possible

to construet the following teble:-

TABLE 3, L,
GEHA:HE = 1:1 CZHM:HE = 231 ngg:ﬁ2 = 12
"ol | Inlet:outlet | Inlot:Outlet| Inlet:Outliet
Conversion Volume Volume Volume

0 1:1 1l:I 121
10 1,05:1 1,07:1 1.035:1
20 1,11:1 1,155:1 1.07:1
30 1.,18:1 1,251 1. 113:1
Lo 1.25:1 1,365:1 1.155:1
50 1.33:0 1,50:1 1.20:1
60 1.43:1 1,2h:1
70 1.54:0 1.305:1
80 1,67:1 1.365:1
90 1,82:% T.43:1
100 2,00: 1 L P01
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Using £ig. 3.1, the % Conversion may be read off the

appropriate chart,

system changes and is rather inflexible,

This method is very sensitive to

It provides

a useful check however om the worth of results

calculated from gas analyses, e.,g. fig. 3.2,

Normally,

conversion figures obtained from the volume reduction

nethod are somewhat higher.

This is attributed to

experimental error arising from leaks and meter

inaccuracies,

from the wvarious reactors.

The reactors are designated thus:

The following tables show the results obtained

TABLE 3, 1,
Cross
Systen Reactor Reactor Sectional| Slurry
REACTOR (Volume ce.|Volume ce.[Height em.] Arca cm?|Recyele
RV 1200 990 112 8.6 Yes
R IV 1000 790 86 8.6 Yeg
R TIT 800 560 62 8.6 Yoo
R IX 575 335 375 8.6 Yes
R T L80 230 26,5 8.6 Yeg
R O L20 140 16,5 8.6 Yes
R INA 1000 790 L9.5 13,8 Yes
R IVB 800 300 86 8.6 Ng

Discrepancies between actual reactor volumes and

the

due to slight irrcecgularities in shapec,

volumes indicated by length and mean diameter are
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STANDARD CONDITIONS.

Xylene was the catalyst suspending medium in all
cages unless otherwisc stated. Likewise the reactor
opcrating temperature was 7500; the cotalyst concentra-
rtion in the slurry was 2,hgms/100 c.c. and the slurry

recirculation rate was 90 litrces/hour.,

TABLE 3. 2, REACTOR V. Series A.
Al O [Py |Yai |Yao | @& |71 | 7z°0] ¥
1| 4ol 29,k B1,2137,9]0.25] 76,7] Ih.5] 23,0
21 bol28.9]51,2]131,010.5 i - 19.9
3 1 35128,9)51,2]129,811 i B 19.7
L | 30| 30,2 51,0124, L} 2 i i 19.65
5 301 29,91 51,01 26,51 3 n i 18.4
6] 301 29.5| 51,0 | 24,8 | NL 76,61 16 19.3
7.1.35128,9]1 51,023,015 " " 18.2
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TABLE 3, 3. REACTOR V. Serics B,
B| & |Fy |Yai | Yao | 1 | TR C| Fo
1] 15 |78.5 |0.512] 0,310 | 76.35 | 16 Bli.9
21 32 | 67,2 it 0,301 | © n L6 L
31 24 157.9 " 0,289 | 75.71] 16.5 | 40,0
L| 2L fhl,26) # 0,286 { i 30,1
51 40 33,65 " | 0,254 | O " 22,0
61 3 12,6 10,475 0,207 | ™ i 15,0
71 L8 ]18.3% i 0,190 | " o 114
81 60| 6,35/ 0,101 1 M u -
9 1120 | 3,3%5|0.50 | 0,085 | 75,65 1L -
10 | 12 [82,.2 " 0.306 | ™ " -
11 o, 50 §t 0.287 ] it -
12 | 28 | L6 0.512] 0,288 | * u -
13| 28 |130.L " 0.265 |73.5 | " -
it 60 | 7.97] ® 0,130 | " -
TABLE 3. L, REACTOR IV, Series C,
cle Py |Yai | Yao il 7,90 | F,
T ) 16 177.6 10,51 | 0,352 |7h,Bl| 16,5 | 58 L |
2 | 2 |56 " 0.341 | * " 41,5 |
3 | 28 {L5,2 " 0.316 | # o %5%.1
L { 28 {33,6 |0.512{ 0,285 | " i 23.7
5 1 Ll 118,1% " 0.237 |73.6 | 16 11.95
6 | 60 |10.3 i 0,195 | ® " 6,56
7 1150 | 3.2610.48 [ 0,094 | © i 1,79
8 | 16 |71 i 0.3%06 | ¥ it 51,1
9 | 20 {h2.2 jo.u81{ 0,282 |74.1 |17.5 |29.6
10 | 4O 129.8 i 0.238 | ¥ i 19,1
11 | 32 j21.4 jo,47 | 0,221 | " 13.9
12 | 60 [14,7 i 0.187 | ¢ " 9.8
13 1120 | 7.82 ¢ 0,148 | n it L63%
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TABLE 3, 5, REACTOR IIT, Series D,
D|e|Fy Y. i Yao el TROC F,
1| 161 70 0,512 0,386 76,1 | 1% h5.2
2] 20] 64,6 [0,515| 0,388 it i 51
31 24 53,4 10,500 | 0,363 " -

L | 2L| 46,6 {0,507 | 0,350 ] 75,8 | ™ -
541 24i 37.8 i 0,325 " " -
6 gu 30 3 ir O.BIM it 1 —
7 36 19@1 it 00276 1 it —
8 | 66| 12,3 10.505] 0,24l | 13,5 -
9 {180 3,65 i 0.13%6 " n -
10 16| 71,6 i 0,38L n it -
11 | 20| 45,2 it 0,356 | 754 | 13 -
12 | 281 33.9 i 0,31 { W i -
13 | 60] 18,5 i 0,2834 " it -
14 J120) 4,350 © 0.1844 " " -
TABLE 3, 6, REACTOR II. Serics R,
Ele|F |¥a |Yao | AT | m3°c| Fo
1] 2] 93,710,520 0,455 74.75] 1% 82,1
21 20] 63,6 " O 311 W it Rl
31 28] 50,5 " O,4l9} o i L. L
b | Lot L5 " O.Lo9 | " ! 558
5 1 boj 27 0,510 [ 0.,3481 75,1 | " 20.%
6 | L0} 15 0,525 | 0,322 *® i 10.5
7 { 60| 10.L " 0,307 i 7.11
8 [180{ 3.12] 0,240 | ™ " 1.9%
9 | 28| 69,3 " 0430 | 7h.8 | 1k 57.6
10 28 56 n O‘uga ] t LEé L
11 | 32| 37.6 |0.500|0.387{ " it 30,2
12 | 321 35,8 i 0,369 | i 28,0
13 | Loy 22 it 0,337 | ™" " 164
I | 90t 7.751 o 0.275{ " " he32
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TABLE 3. 7. REACTOR I. Series T,
Flo [Py |Yas | Yao | T | %] Fo
1 1 24|65,9 |0,520] O.L4pL | 7L.6 | 16.5| B7.3
2 { 28 153%.9 " Oyl | o " Lh6.,.0
3 1 28 35,1 " 0 416 | ™ " 28.6
L { 4o | 25.3 n 0. 401 it " 20 .
5 1 40 19,8 |0,B00] 0,356 | 75.6 | 18 15,0
6 60 8 «79 ] 0, 302 1 it an_@__
7 {152 | 3,560,881 0,213 | " 2,2
8 | 2L | 77.4 i 0.b25 | " 67.9
9 | 2y [ 61,4 |0.520|] 0.453 |76 " 53.3
10 | 2l | 52.9 i 0450 | " L6.0 |
11 | 28 | 43,5 " o436 | " 36,7
12 | 32| 31,3 i 0420 | M " 25,6
13 1 92| 6,75 M 0,311 | ™ i L. 66
TABLE 3. 8, REACTOR 0. Series G.
G lo [Py [Yai | Yao |7 | 0| o
1] 20178 0.L490| 0, L5l |76.,8 | 20 734
2 | 24 157,12 i o L5 | " 50.0
3 1 28 1L6,3 i O.439 { " i b4o.7
L | 36 126,9 " O ldy | * " 22.5
5 | Lo 18,2 it 0,380 |76.5 " 15,05
6 1 96 | 7.95| ™ 0.317 | i 5.98
7 1iho | L,08] o 0,262 | M " 2.7k
8 2L. | 67.75 i 0. Lthh i " 610
9 32 153.2 i 0.4L39 " i hé .3
10 | 32 139,9 [0.512] 0.452 |76.1 i 3Ll
11 | 36 | 22,1 it 0.410 i i 17,1
12 | 36 |i4,7 | ® 0,365 | " " 11,35
13 L 76 | 6.4 " 0,315 { W i L U8
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TABLE 3. 9. REACTOR IVA, Series H,
Hilo [Py |Yai | Yao | T | 70 Fo
1 | 24| 77.3 10,491 0,370 | 76,91 17 615
2 | 28] 65,9 i 0,365 | *® " 52.5
3 32 52,6 W] 0, 351 it (1] Ll.l . Ll.
L | 36] 25.7 " 0,309 il ! 19.%
5 | u8l 15.3 i 0,260 | 76,4 19 10.6
6 921 6,84 o 0,21 | " it U.57
7 11601 L4,7 i 0.195] " " 3,02
8 | 24| 56,1 10o.490! 0,35L | 77.2] 18 L5.0
9 1 32| 39.4L o 0.3u6 | " %1.1
10 | %2] 30.5 it 0,326 o i 23 i
11 | 48] 18.8 i 0,297 | ™ M 13,8 |
12 | 60] 10,2 i 0.2631 " t 7.2
TABLE 3, 10, REACTOR IVB. Series G.
Cl@e |¥Fy YA Yao (] ‘TROC Fo
1 2L 78,0 10.51%| 0,358 | 75.7 | 19 -
2 | 28] 57.3 ® | o.32h]| ¢ " -
3 | 28| 41,5 i 0,20L | * " -
L | 36) 35.2 |0.505) 0,273 ] * " =
51 36] 27.4L " 0,239 | © i -
61 361 20,9 10,4911 0,222 176,11 -
71 60| 12.9 it 0,17L { i -
8 [148]| 3.3 " 0,222 | ¢ " -
9 | 241 66,0 |0.L8B7]| 0,331 | 76,2 i -
10 | 24| b6,1 " 0,302 | * i -
11 | %21 30,1 " 0,257 | * " -
12 | Lo| 16.8 it 0,191 | i -
13 60 8.18 i 0,214 | 76.7 i -
1y {1200 L.774 M 0.223 | L .
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TABLE 3, 11, REACTOR V., geries I,
CoH) iH, = 2:1
I|e |Fy |Yai | Yao | T | T30 Fo
1l 24173,6}0.674] 0,62 75,1115 58.9
2 | 36 ] 55,6 0,676] 0.615 | " 13,8
) 321 46,91 0.677] 0,609 ! i 38,2
L | 321 27.810,680f 0.582 | ¢ " 21,3
5 1 52113,510,680] 0,552 | " o 9.6
6 l120t L.4 10,680 0.5 174 21 v Lol
TABLE 3, 12, REACTOR V, Series J,
CQH)-L: H2 = 3:2
Il |Fy |Yai | Yao | T |10 7
1| 2480 0.315]| 0,0575173.61 16 6.5
2 | 32163,5 [0.,314] o046 ¥ " 3.5
3 | 32 50,7 10.331] o.0oL4ly | M i 3.3
L | 36| 31.4 {0.331] 0,010 | ™ " 33,6
5 [ Lo {319 0.%29] 0,000 | @ ] 12,35
TABLE 3. 13, REACTOR II. Series M,
OZHQ:HZ = 23]
mle |7y |Ya3 | Yao i 1.%| F,
1 116 |73.4 (0,676 0.653 176,0 |17 69,2
2 | 32 {bL,9 " 0.6L5 | ™ " L9.9
3 {1 32145,7 it 0,646 | W i 28,7
b |1 36 31,3 " 0,625 | " 26,5
5 136 117.8 (0,661 {0.602 [75.1 | 15.0
6 | 52 10,12 " 0,585 | ¢ it 7.85
7 1881 5,60 " 0.B7L " o Lh.21
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TABLE 3, 1.4, REACTOR 1T Series N,
OQHquz = 1:2

N (& F Yai Yao ’ﬂ/ TROG Fo

1 120 |73.9 10,313 10,273 | 74,9 ] 17 62.1

2 | 24 {6l,0 10,293 | 0,268 1 " 51.8

3 1 28 148,410,299 | 0,157 | * " 38,6

L { 32 {41,0 it 0 L3l | © " 31,7

5 | 28 | 37,6 n 0q22h | 75,24 28,7

6 | 36 |21,75] M 0,086 1 it 15,8

741 64 ] 9,25 0.033 | " 6.37
8 8L, Delk " 10.025 " ! 3 U6

Before these results could be analysed it was

~ necessary to derive a number of functions, The

calculation of these is mow discussed,
The total gas pressures at inlet and outlet

are required, 76:Wéi = 7( + 'Tf 'ﬁ;

£ T"l‘ ZQS Tr
_ 3G 8
T&;may be obtained by reference to fig., 3%,3%6

e
e.g. For run B 3, | = 76,35 atm. -
76

/rz 8.2 atm,.

’ﬂ/ 112 x 0,816 €, 6 gms/
.= X 0,81 »= 0,016 gms/cc
1 13,6 x 76 at 75§C (49 )

= %ézg atm,

/’
Hence = 76,35 + 6,72 - 8,2

—ﬂéo= 'ﬂ:’ﬂg

= 76,35 - 8,2 = 0,893 atm.
76

i

4.87 = 0,986 atm.,
76
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The mean columm pressure is calculated from

o= Mgs #TMgo = 5,086 + 0,895 = 0.920 atm
gm 2 2

The % conversion of a reactant, C, is required.
Consider reactant A. (Ciﬁﬁ)
It has been shown in 2, L, that

Hl - H2

0y

F]it -~  total fecd moles

ta

i

i

Yai mole frasction Ggﬁu in inlet

M . .
Moles OpHy = FY Yai.  Moles Hy = PI{1-Yai).
Conversion = X, moles CQHu converted to
02H6/mole CEHu1n CEHa+H2~é>GEH6
- ., |
At Outlet molecs 02H6 = FIYal X
moles CpH) = FmYai(l - %)

Let Yan = Gzﬁﬁ mole.fractlon in outl@t stream
Yao = FjYai (L - x)
M« . M - M . M .
Fi¥ay ® + Fy¥ay (1 - x) + F(1 ~Tp3) - FiVq x
= Yal - ELL X
Henee x = Yéi - Yﬁo
f
Yaill = Yag)
C = Yai o~ Yao . 100
Yai(l ~ Ya0)
€.8. run C2
Yai = 0.512 | Yap = 0,34
o = 0,512 -~ 0,341

0.512(1 - 0.3y * 100



When the reactants are present in equal quantities
only the % conversion of component A has been

calculated,

A WS pry PP L Slak e Wre? HAt e v e G W

/
The % conversion ¢ based on volume reduction is
calculated thus:-

Py = 56 litres/hr,

Fo = 41,5 litres/hr,
P,
'E\-l-' — 56 = 1035
o L1.5

From fig. 3. 1., C ’is read off as 56%

Tt a0 By e it —n e WSO s T

The inlet flow rate at S.T.P., 4 STP® is obtained

in the normal way from.Fiy .8, D 10

M = 75.8 Fy = T71.6
0
Ty = 13,5°%
P = T71.6 ., 75,8 « _27 = 68,2 litres/hr,
i5TP 25 " w5t

Fg? the molar flow rate is derived directly from

M _ .
Figrpe  Fy = Figrp
22,1
The space time yield, NG* is obtained thus
R S
VR
e.g. @7 M- o.u35
YA = 0,525
a
X . = 0,60
VR = 0,335
No¥ = 0,U435 x 0,525 x 0.60 = O0.41 moles/litre hr,
0,335

W DA M ek A S P WP Bk G e S G g
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The partial pressure terms used, Pai say, may be
calculated as follows:-
T,
Pas = Yai Vgl
e.g., P 12 Yai = 0,52
‘ng'lz 0.911
Bai = 0.52 - 0,911 = 0,471

Pbig Paﬂ’ Pbo may be calculated in similar fashion.

T e T P T S gy, Sl bt et g Sy

o is defined by Pp; = APy

\ - — k) o—
o o= By o= Y llgi = by
Pai Yaillgo Yai
The group K has greater practical use
1+
i
X = Yai = ¥ s
Y, . -
1+ o 1+ “bi
Tai
e.g. for @G 9 o« = 0,51
L+l
Similarly for f
1-+ﬂ

From a knowledge of Ygaq and Ygq, Ybo may be
calculated,
From 1, 2, Note 3
pil T_[SOF?"C
(3 o0 ( "H/go“ Pao)

—_—
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Now FT = Fr:I Y, + F*M Ybl
M M M
M My . M Y ST . OCYao

( L ﬁd)fTéo* P )
It may then be shown by substitution that

Y’bo = 1 - Y4 (1 +a()(i~yao)
e.g, B 12
Y. = 1l ~ 0,512 , 0,712
bo 0.1,88 il
= 1 -~ 0,7u6
= 0625)4

S s S S S S B e SO Y W B A0 B

ga and .Eg‘b mey be calculated from equation 1.2.40

—_ M .
e.8. Kgy = Fy & A 1n Fai + ln—ﬂgov_ ia.q
P S *

Congider ¢ 10

Kga = 1u215 e 00519 ¢ {0.785 o+ 00300‘&
0079 ° 0.90 9 0592
= 1,05

In like manner, NRUan and NOhUa,-b may be
calculated from equations 1.2.41 and 1.2,55,

N.RU, = _O L=1 Pai o+ ln Mei - Pa, I

+ ol Fro ﬂgl - Pai _

P F ‘ %
N.Ch, U= _% ]ﬂgﬂ +]y;_ﬂ80" o +(W80 -..E%L)

vy ‘ 5
P Trg]." F Fao Fai

=

-1

Y — g S Rt W e Wk P ey et W
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The values of Aﬁgnlquoted are discussed

fully in Appendix 2, and those of Ajg in Appendix 3.

TABLE 3 15, Series A,
A1
c | o |agl | 41s z,%j
25,0 | 43 | 0.97 | 0.617] 0,636
57.3 1 62 | 0.97 | 1.25 | 1.275
59.5 | 64 | 0,97 1 2.47 | 2.54
68.9 70 0.97 | 4.95 5,11
65.b | 69 | 0.97 | 7,40 | 7.63
68.5 ] 69 | 0.97 ] 9.85 110,15
71,41 74 | 0,97 112.35 12,75
TABLE %. 106, Series B,
Z Vg
7ﬂgﬁ 7E%° ‘ﬂkﬂn Pigre|Pi | Agim| Vot | P F M
0.9860,89510.000[ 7heb. | 5435 | L5751 0.985] 1.51 10.298
q it n 63,7 12,84 11,3551 0.865]|1,765] 0,349
0,97810.88510.932] 54,5 | 2.4k | 1.265{0,769| 2,05 |0, Lo7
" T i hi.,5 11,85 11,118/0.591i2.72 10,53
g i Wo131.6 |1.41 10.922(0,492| 3,56 {0,703
i it " 2%,1 11,03 10,692/0,351| L4.87 10.961
1 i v 117.2 10,77 10,520{0.27L]l 6,55 |1.380
i i n 5.9710.267]0.22710.116]18.8 {3,720
0.977]0.884}0.931| 3,18|0,142 0,134 0,065 35,k | 6,990
it 1 " 178.0 [3.62 11,695(1.02 | 1.Lu]o. 284
" i, Wolh7.h 12,24 11.20 |0.676] 2,38/ 0,U67
" i " 1h3.6 2,06 |1.12 |0.655] 2,58/ 0,507
0.94910,85510.,902 28,0 11,36 | 0.880[0.L475] L4.02/0.792
n " " 7.3310,3%328| 0,254l 0,1146115,35] 3.03




- 70 -

TABLE 3, 17,

Seri

es G,

[ Tgo

Tlgm

FieTp

Aglim

3

Ne

Figrp

0.869

0,905

(1.9

3,21

1,83

0.99%

1,20

it

51,8

2.32

1.46

Oﬂ755

1.66

it

hi.9

1,87

1,17

0.671

2,06

51,1

1:39

0,98

0.558

2,79

16.55

0.739

0.54

0.3u8

520

9.42

0.4hL21

0133

0,210

Q.13

2.98

0.133

0,15

0.0716

28.9

65.0

2,91

1.69

0,925

1.32H

3%8.6

1,725

1a10

0.605

2.23%

27-2

1,215

0.92

0,488

317

1906

0.875

0,63

0. 354

L. 40

13,45

0.601

Q. U5

0.265

6.0

it

1.15

Q¢ 3L9

0,26

0,167

12,00

TABLE 3, 18

Series D,

Mg

i8TP

Aglm

«Ps
e
5 C ‘

F, gmp

0,915

66.9

2,98

1.59

1.09

0.928

61,7

2,76

1.46

1,025

1,005

51,0

2,28

1.35

0,875

1,22

Ll'l'l'0‘5

1.99

1.26

0.856

o395

36,1

1,61

1,12

0,776

1.72

28.9

1,29

0.985

0.647

2,10

18,2

00812

0,600

Q. bl

PN

11.75

0,525

0.368

Q.32

5.28

3.48

0.156

0.1530.118

17.8

68,2

75,00

1,60

107

Q.91

0,931

0,880

0.906

43.0

1,92

1,25

0.795

140

)|

1]

32,2

1.hh

0.935

0. 715

1.93

it

1755

0, 78L

Q. 3L

%25l

it

i

.12

0,18k

0,576

Q.15

. 129

15,05




TABLE 3%,

19

71 -

Series R.

7ﬂgo

Figrp

M

A glm

N
C

FioTp

8705

3.93

1,92

1.395

Q. 129

0.0856

0.873

59.5

2,66

1. 475

1,240

0.6%0

0126

it

7,1

2,11

1,22

1,105

0.79%

0.179

i)

42,0

1,88

1,14

1.06

0.89L.

Q.178

0.877

25¢3

L.13

0.82

0.855

148

Q.297

1,1

0,63

0,465

0,561

2.66

Q532

2.715

0. L35

0,32

0.410

3.85

0. 771

2,92

0.13

0.087

0.1L6

12.85

2.H8

65,0

2,94

1,61

1.4h7

Q.577

OPRMRIR

52,5

24 3L

1035

1,24

Q715

0. 1L3

35,2

1,57

1.045

0,87

1.065

0.213

3395

1,50

1,02

0,93

1,12

0.223%

20,6

0,92

0.655

0,676

1.62

0,36k,

125

Q0,345

0.25

0.320

Del?

0,971

TABLE 3,

20 .

Series F.

e

Tlgm

Fgrp

M

Aglim

FisTp

Vg

60,9

2,12

1.62

1.t

0,.L3%6

0.08h”

19,8

2,22

1.35

1,365

Qeb32

OG:LOLL

32.5

1.U5

1,05

1512

0.815

0,169

23.5

1,035

0,837

0,89

1,135

0.222

18.5

0.825

0,62

0,865

1.4%5

Q279

8.20

0,366

0.251

0.hL51

52U

0.629

3.352

0,149

0,122

0,227

7.99

0.155

72,2

322

1. 77

0,089

0.366

0.0715

hi.5

2. 59

1,51

1,38

0.L61

0.0887

49.6

2422

1,3k

1,23

0.53%5

0.103%5

L0, 8

1.83

1,17

1,19

0,650

0,126

29. L

1,315

0,96

0.985

0,200

Qo175

6. 3L

Q.283

Q.197

Q.37%

4,18

0.81%
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TABLE 3, 21,

Series .

Mo

F.grp

Aghn

Ny

3

. grp

0,898

13.2

5.27

1.795

1.5H

Qe232

0.0U3

5359

2,405

1.45

1,64

Q.307

0:058

it

13,6

1.95

1{‘.‘» 26

L. 27

0,378

04072

.
Hy

25.3

1,13

0.845

1.,0L5

06662

Q4120

0.89L

7.1

0.765

O'u625

0,967

0.965

0.18%

it

7 o LL5

0333

0,29

0.602

2,22

0,120

it

3.83

Qo k71

0159

Q.378

L.3

Q.817 |

il

63.2

2,82

1.63

1,635

0.265

00U

H0.0

2,23

L. 359

L. H0C

0330

00626

0,889

3]02

1.665

1.1l

1,32

Q. Llly

0.08L

it

20,6

0,92

0.7k

1,135

0.800

0. 152

il

135.7

0,611

0,503

1,01

1,205

0.228

]

5.96

0,266

0,24l

0.5U5

2.77

0.h2” §

TABLE 3, 22,

Series H,

e
”ggo

Tgm

Aglnl

1i8TP

0.899

0,927

0,945

0.672

1

O’a 8“—0

0..79

i

0.718

51099

it

Qe Ll

2.03%

T
00892

0,292

Aol

O S el

i

0,139

e

0.562

0. 0L

11l.2

0755

0,905

0,605

1,32

0,510

1.66

Q342

2. 77

5410




TABLE 3,

%q

73 -

_ '
geries ¢ .

Mo

Tgm

T

i8TE

F,M

Aéﬂnl

N

Z

- s r— s ——

T oTp

.
5T
1

0,921

73,

3.28

1.68

0,991

.17

Q. .2hhL

53.3

2,38

1, U6

0,795

1,64

Q.336 |

38,6

1,73

1,09

0.668

2.23

o L6

32,8

1,46

0,98

0,581

2.62

0.548

2545

1,1h

0,795

0. 500

L PYA

Q2 7Q0

19,6

0.876

0,645

0380

b, 1o

0.912

12, %

Q.54

0.1l

0,259

1ok

1.48

3.1

0,138

0,139

0.059

278

5480

61,9

2,76

1.52

0.80L

L2329

0290

h3.3

1.94

1.18

0,645

1.99

Q.13

28,2

1,26

0.865

0186

5.05H

GB35

15,8

0./05

0.525

0,322

SIILS

1el3h

LT

0,344

0,288

0,150

1l.2

2.32

u‘65

0.175

0.08%

19,1

3,98

TABLE 3, 2L,

0,201

¥, g7p

0.877

69.5

0. L7

"

2, L

0.37h

"

leaB

Q0.3h1

26,2

0.277

]

2.

0,152

]

L, 26

00575
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TABLE 3, 25, Series J.

e e i % 2 7 VR
lgi | Tgo ﬁ%m Figrp| i |Agim Ny |Figre| BT
0,952 10,85810,905173,0 |3.26 1.7 |0.899}1.5L |0.30L
i o t_158.2 12,60 |1.4510,740]1,.93 (0,381
" " n |u6.5 (2,08 [1.250,62502 00 l0.176
0 i " 128.8 11.29 10.885l0.4211%.90 10,768
it n 117 b 10.77510.61910. 25816, L6 11,28

TABLE 3, 26 Series M,
Z V.
flrgi /”/go /ﬂdm ", F.M A g N * B, FB.i-M
gil |+ 4 grp i [Taim G [ iSTP| ~ i
0,918 |0,888 10,903]69,1 | 3,09 1,72 |0,621]0.54410,109
L i 15,6 |1 2.3% |3.42 10.6L010,72710.105
it it il 43,0 131.92 |1.25 |0, u8710,87310.175
r " " 127.h |1.22 (1,22 10.53811,37 10,27
0.90810.87710,892{16,6 | 0.7l 10,596/ 0,327 2,26 10.L52)
r " r 9,011 0,42 [0,%620,2%113.99 10,7
1" 1 it He 20 0,23310,198{ 0, 1L2l7.2 1,500
TABLE 3, 27 Series N.
Z V.
/Irgi ’ﬁgo /”/g,m P, w, ¥ helm| N "7 FI.{M:
197TP i ; ¢ 19TP i
0,90610,87410,890168.5 |3.06 {1.64 | 1,54 10.54810.110
" 0 "o1p9.2 12,65 1i.h1L 11.28 10,63510.12
" o v (ub.9 12,00 [1.27 ]1.005]0.8%5(0.168
1 it it 38,0 11,70 11,13 10.97010,.98510.197
0,908 10,877(0,893 (3.7 {1,655 [1.2h |0,925[1.08 [0.216
i " " 120.,2 10,90410.691 0.62911.86 |0.370
T t it 8.6010,38L.10,322 0,326 .36 10,871
it i i L,7510.21210,396 0.17817.90 |1.R8
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TABLE 3. 28. geries B. Gomponent A,
G C/ | %5 | Pas | Pao [Fea |NRUg [NChUy
57,2160 | 0,L488]0,505]10.277]0.92610.,4L41111,0%
59,0 | 62 it " 10.26910,97510.430 13,1
61,0 | 62 " 10,500]0,25610,961{ 0,463 11,2
61,9 | 6L it n 0.253%310,795{ 0. 168 11.225|.
67.6 | 69 " " 10.22510,906|0,.547 1,51
Thed | 75 | 0.525]0,465]10,18311,07 [10.659 12,09
7h.21 75 " " 10,16811,1% 10,75912,. 41
87,8 - " v 10,089(1,38 [1.,09715,.51
9.0 - 10.50 10.488|0,075(1,36 {1,18516,06
55,9 | = " " 10,270]0.915{ 0,408 |1.0L
59,8 1 = ! M 10,25310,87 10.45211.19
61,5 | ~ 10.L48810,500[0,25L[1,12 |0,U66]1.20
67.5| = i 10.48610.21810.891{0.K6 |1..52
86,0 | - " 10,48610,12111.%9 10,9631l _26

TABLE 3, 29, Series B, Component B,
5| Yoo | Poy | By | Fab | NEU,| NoHD,
0,512|0.276 |0, 48210, 20611,07 lo, 472]l1.275

"O10.2671 " 10.23911.11 [0.492]|1,365

W 10,25210,4780.22311,14510,529{1,515

t Jo,250] v lo.22101.155]0.5%9]1. 5,

" j0.2161 " 10,19110,9080.6L7]1.96
0.47510,281 10,5130, 24910,952|0,L8911,28

" 10,2671 " 10.236]0.79410,52711,405

" 10,1861 " 10,16510.94010, 74l ]2, 40
0,50 {0,08510,488|0,075]1.3%36 11,18516,06

10,3061 " 10.27010.915]0,408 {1,0L5 |

10,2871 ' [0.25400,86810.452(1,195
0.51210,254 10,477 10,221410,99510.530 (1. 50

10,218 10.46310,18611,00 10,629 11,9%

" 10,0871 *  10,07L {0,961 10,667 !5.50




- 76 =

TABLE 3, 30 Series C. Component_ 4.
¢ |of EJ§%Z Pay | Pao |Faa |NRUa |NonUm
47,9 | B4 10,49 |0,47910,306[0,77110,31L|0,7L6
50,1 | 56 n " 10,29610,756]10.34110.817
55,7 154 " I 0,27L10.891]0,3%98 10,840
62 59,510.488]0.48110,248 |0.90510,473(1.235
70.5 | 69 1 10,47510,20210,16 10,599 1. 71
77 72,5( " " 10,16711.28 10.71%]2.26
89 90 _10.52 10.445[0.080 1. 43 |2.135]K.67
52,3 | 56 i " 10.26210.9%5]0,383%]1.00
57,6 {60 10,519/0.450|0,243 10,9750 bl {T. 205
66 72 n " _10,20511.05 [0.563]1.66
68 70 10,53 10.44010,191 11,17 10,588 11.865
7l 75 u " 10,361 1.34 {0,69912 L2
80,5 | 81,5] ¢ 10,128 11,62 10,8L0 13,30

TABLE 3, 31, geries C. Component B,

| Yoo | Pt | Poo | Egb | NRU,| mom,

Q O

0,51 10,32610,461[0,283(0,862{0,352/0.875

10,315 M 10.27L10,83510.37710,960

i 0,289 it 0.25010,99 10,432,370

0,512|0,24910,U59]0,21711.07 |0.5L0{1.BL5

" 10.19910,45310,17113,%35]0,689|1,.705 |

Bo10,1561 " 10,138|1.51 {0.84013.06
0,48 10,16L10.48%3]0,141]11,03 |0,820(2,82
i 0.359 ! 0,30810.,775]0,31810.7%
0,481]0,345(0,48710.289(0.818[0,370[0.83%9
" 10.29L | " 10.254]0,855]0.459 1,170
0.47 10,30910,49710,26710.85210.4L43%6(1,07
v 10,2791 % 10.241]0,948 10,504 11,295

n 0.24h5 i 0.211131,12 10.59011,62
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TABLE 3, 32, Series D, Component A,
c |of |—Z+ > p. . |k, NRU, | NChU
T+ Tal Ao |Tea & a
LO,L | L2 10.488{0.482]0,.34310.92 10.25 |0.R63
40,3 | L42,510.48510.48510,3L510,9%2 0,252|0,563%
L3 - (0,50 10.47010,32310,930] 0.28010,.655
L7.6 | -~ 10.493]0,475]0,310]|0,986|0.319{0.756
53,2 | ~ " " 10,28811.06 10.375]0.925
55.5 | = 1 "10.278(1.03% 10,001 13,00
6% - i " 10.245[3.29 [0, 48711.3
68,6 | - it ' 10.216]1,58 [0.,57011,.62
83.5 1 - |0,49510,47310.22211,84 {0.920(%.09
8,9 | = " "t 10.34010.90910. 24 10, 55
L5,9 | - t 10.47010,32310,9% 10,30% (0.715
5501 | o= " o 10,27612.20 10,397.10.992
6l.4 | ~ " v 10.24911.26 10,470 [1.241
77.9 | - " " 10,16211,76 10,745 [2,L60
TABLE 3, 33, Series D. Component B,
575 Yoo | Poi | Pbo Kgb | NRUY, | WO,
0.512{0,356|0,458]0,31712,02 |0.278{0,667
0,515[0,35 M 10.31111,08 [0,29210,70L
0,50 10.36310,47010,32310.93010,28010,655
0.507]0.332{0.46210,294.12.,04510,.3%9]0.835
" 1o0.3%306|1 " 10.27213.13% {0.L0011.0%
10,2951 " 10,261{1,095{0.4271%.118 |
T 10.,2R61 M 10,22710.8L4710.525(1 . L73
"o 10,2231 " 10,19811,0550.616(1.855
0,505[0,119 0. 461 {0,205 (2,01 (1,00 |L.,12
"O10.3721 " 10,329 10.955 |0.256 (0,592
" 10.343% 10,461 (0,302 10,950 10,309 |0.762
110,300 " 0,260 (1,265 (0,418 11,08
10,2631 " 10,23611,19 (0,495 (1,37
" 10,1681 " o.xL8 11,88 10.79512.78
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TABLE 3. 3L, geries T. Component A,
¢ {0/ |5%5| Bay | Pao [Fsa |MRUa |NChUa
23,0 125 10,48 0. 47 10,39610,88% 0.129]|0,26%
30,1 129 " M 10.37511.04 |0.,17210.%6L4
3%,8 |35 i " 10,36511.15 10,1970, 423
36,2 | L2 il " 10,356(1,21 | 0,216 10,73

b9,6 |51 10,49 10,L62{0.305|%.6L 10,.35710.80L

57,0 160 |0.475|0,47710.282]1,815|0.L401|0.878

60,0 | 63 N W 10,26911,97 |0.43511.0%
71,6 | 76,5] ¢ 4 10,210]2,99 {0,600 11,621
31,8 | 33 ? 0. 470L10,37511.10 0,180 |0, 334
33,7 1 3L i, " 10.36911.13 10.194. (0,362
37,1 |0 10,50 ]0,451]0,33811,15 {0,226 (0,517
UL, 5 | bl it " 10,322(1.,32 10,267 10,623
49,2 | 51 it ' 10.29U1%.59 10,337 10,823
62,1 | 63 " v 10,24012,24 10,48541.305

TABLE 3, 35, geries R, Component B,
L Yo | Py | oo | Kgb| TRU| NOWU,
0.52 10,412 10.43410,359]0,987 0.1Ll {0, %26

T 10,3851 M 10,33711.215 0,200 0,471

" _10.375] " 10.325(1,345 0,231 10,545

T 10,3621 ' 10.319{1,36 | 0,2U5]0.600

0,51 (0.32210,L446]0,282]|1.68 | 0,.36L10.905%

0.52510,251 {0, 43110,22012,34L | 0.520 |1.505%

"olo,234h] " 10,20512,58 | 0,570 {1.71
10,160 * 10,140 1L, 07 | 0,815(2,99
" 10,360 10,4%010,31L1,5L5 0,251]0,606
10,362 T 10,31611.4% | 0,2L510.590
0.50 0,387 10,45310,33811.,15 | 0.226|0,517
" 10,3691 " 10,%2211.3%32 10,267]0.62%
1 0,337 it 0.29L11,.59 10,33710.82%
" 10.2751 v lo,2u0 |2,2L | 0, L85 2,305
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TABLE 3, %6, feriss W, Component A&,
o o' |7%4] Bay | Pao [Fsa |TRUa [NCHUn
2%, L | 26,5(0.510{0. 448 |0, 406 [1.16 10,129 {0,263
27.2 | 29 it 10,399 [1.2Lh (0,152 10,320
3L.,2 | 37 " 10,394 ]1,096K{0,206 10,136
38,1 | 39 " o j0.373 11,50 10,2340 10,506
L8.3 | L8 "0, 45 10,340 12,21 (0,297 10,703
56,7 | 62 it tt 10.2831%3.38 10, 41611.075%
71.6 { 7h.5] ® v 10,2303 10.65712.01
22,5 | 2L " 10,398 11,26 10.13%10.297
23,6 [ 26,5} 10,392 11,36 10,101 10,239
24,5 126.510,L88{0,46210,L0T12.38 10,129 (0,273
28,7 |31 i o 10,36L.121.99 10,158 10,335
3%,2 135,51 " ' 10,324 12,86 {0,188 (0.409
58,% | 62 i M . 10,28013.5 10,415 {1.0L

TABLE 3, 37. Series W, Component B,
T‘%ﬁ" Yo | Ppi Pro  [Egb |VRUR, |NChUy
0.52 10,41 10,428 0,357 {2,215|0.147 0,33l

T 10,3951 " 10,3ub 1. Lb 10,178|0.422

T 10,368 1 10,3201%.,53 {0.238 10,57

" 10.351] " 10,306 ]1.57 |0.256]0.667
0,50 |0,35610,45310,3%14 11,92 10,297]0,703

" 10,3021 " 10,26612,95 |0,.0h21]1.075
0.48810.25210, 46410223 13.78 {0,640 (1,5l

"_lo.us2] "M 10,39911.04510,118 10.24L5
0.52 10,408 (0,440 10,36211,331(0,16L|0,353%

it 0,405 it 0,360 11,%15]|0,16L 10,367

" 0,389 " 0.3L5]1.54L (0,20L|0, L6

"o 10.372) " 10,33 |1,57510.238 10,555

o Jo.2shi  10,22613.25 |0,.52 10,970




TABLE 3, 38,
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geries G.

Component A,

¢ |of 1-%3—5 Pai | Bay |[Fga |VRUa [NGHUm
13,5 | 17,210,531 10,448 10.40611.16 |0.07910.16%
16,0 | 25 it " 10,399 11.20 {0.084310,20L.
18.6 | 2l i " 10,%94.11,095/0,108210, 231
26,1 | 33 " " 10,371 |1,54 10,378 10.372
36,2 | 3L 10, 4h510,340|2.21 [ 0.228 |0.529
51,6 |L9. 5| " M 10.28313,38 | 0,370 10.9u2
63 65,5 " v 10.2344L.3 0,506 |1. 115 |
16,6 19,01 v 10,%98 (1,26 0,092 10,199
19,2 | 20,5 o " 10.392]1,36 | 0,107 10.230
21,7 129,010,488 |0, 462(0,401 11,38 | 0,119 (0. 24L8
33,8 | 35,01 " ' 10.36411,99 10,201 0. 1O
L5,2 1 48,5 " i 0,32L 12,86 | 0.294 10,680
56,1 | 60 " " 10,280 13.5 [0.L02 |1,000

TLEBLE 3, 39,

geries G.

Gomponent B,

i#%?? Yo | Poi |Foo |Kab |MRUL |MORUY

0,490 0,458 [0.4651 0,411 1. 465]0,102{0.210
wolo.u67 ) M 10.429(1.,10510,08410,172 |
oo b6 o b1k]1,16510.095(0.198
" lo.u37) " 10,%9211.505]|0.14%10, %05
" 0,392 [0.46U4]0.350]12.28 [0.235]|0,52L
WoJo.3ubh] " 10,30%]|3,06 |0,3%710.802
m10.2091 " 10,187|5.71 10,67 12.05
"ojo.u67f v 10,41811,10510,08110.169
Polo.461 ] M 10,412]1,225]0,096]0,199

0.512(0.h2L 0. Ul 0,%37711.56 10,133]0.293
" 10.38%] " [0.339]|2.2h 0.22510,518
T 10.334)1 " 10.29713.2  10,32810,810
"o l0.2821 " 10,250]13,96 10,4551, 22




TABLE 3. UO Serieg H. Component, f.

o |of |1%| 2y | Pa, [Kea |WRUa |NCWUR
ol ai ao &

39,2 | 41,0[0,509[0.469|0,33211,2 10,252]10.568
Lo.4 Lo, 1 10,.32811.2 10.26310.600
Ll.,0 | Ll i T 10,31611,25 |0,.29L10.682
53,0 | B0 " o 10.27711.3) 10,%9110,965
63,6 | 61 " 10.46510,2%111.54510,51511.3%8
71.8 {67 n " 10,19141.,82 |0.54%]1.92
74,9 172 it o 10.,274.41,82 10.70012.%%
L2,9 140 10,51 [0.468]0,32111,23 10.279]0.685
Lb,9 t42,9 " m10.31:0 (1,01 10,2960, 7L2
49,7 {L7.0f " M 10.29511.,22510,.34610,905
56,0 {53 1 M10,26911,31 {0,h11 101,13
62.9 159 i "o 10,238 11,44 10,500 11,455

TABLE %, L1, Series H. Component B,
T Tho Pui 1Fho |Xegb [|NRUp | NChUY,
0.49110,39 10,486]0,35111,12510,23710.570

" 10,3851 " 10.,3L611,135|0,.2L4910,6R7

" 10,372 " 10.334]1.18 ]10.27710.6%

10,3301 " 10,29611.2Lk 10.%368]0.889

' 10,28510.48310.250 11,43 o, L72]1.23

10,2391 " 10,21311,.53 |0,.587]1.68

" 10,222 " 10,197|1.665]0,63%5]1.88
0,49 10,37810,49410.3L%3]11,29 10,26910.603%

Mo10.371L " 10.33611,07 10.286[0,.64L8 |

" 10,353 t 0.,3201L. 1L 10.32010,7L6

10,3251 " 10.,29411,2L5]0,%91{0,9L0

" J10.2901 " 10.26311,34 j0.46511,19
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TARBLE 3, L2, geries 0 . Component A.
c jcf 'T%%? P, |¥ga |NRUa |NCHUa
L7.1 | - 10.487[0.19 [0,316]0.81510.307 Q.62
52,1 | - i 0.286)0,84510.382| 0,89
60, | - 0 0,260[0.975|0. 4501 1.15
63,3 | - 10,495|0,L8410,.24212.00L10.4971 1. %%
69.3 | - i 0.211)1.145l0,585|1.68
70.4 1 - 10,509]0,L475]0,198]1,1L 10.62%|1,.88
78,0 | - i 1 10,150]1,18 |0.665] 2,66
70,4 | - A 0.198|0.83 {0.62%|1,88
L7.9 { =~ 10.513%310.47110.,295]10.825(0,337]0.833
54,5 | = i 0.269]10,895]0. 0Ok 31,10
63.5 | = " 0,22911.,02 |0.518] 1. L6
75.1 | = a 0.17 |1.29510.715} 2,35
714 | - t 10.47310.19211,035]0.6L5] 1,98
69.8 | - " 0.19910,950|0,617] 1..865

TABLE 3, L3, Series G,, Component B,
0,513 0,326l 0,468|0.288{0.93010.35 {0,865

o to,2871 v 10,253 0.990{0,4L6) 1,18

" l0.257] " 10.227]1.125{0,52 |1.L65
0,505[0,259]0.L7L]0.229/1.050]0.519] 1,45

* Jo.228] it 10,198|1,200{0,.615/1.85
0,09110.249]0.490]0,222[0,93910.51k|1 .62

t10.213] " 10,19011.,16 |0.655[2.0

vt lo.252f 0 10,226l0.74 |0.553]1.50L
0.487{0.365|0.49610.325[0,753|0.30710.702

T 10.3371 " 10.301{0.765]10,342]0,8L

" Jo.29ul it 10,262]0.895]|0.45%]1.16

T ]o.232] " 10,20701.11 10.608{1.755%

Y _10.253|0.49810.227/0.89 [0,553]|1,525 |

"W 10.262f " 10,235]0.83 10,.527]1.L35




TABLE 3. 4h, geries T. gomponent fi.

' =
25,2 130 | 0.3%26]0,65310,543]0,157|0,07710.277
23 0 | 32 0,32L|0,656{0.,54 10.159(0,086]0.319

25,7128 | 0,%32%]0,657]0.53310,17010,09710,39L
3h.5 135 | 0.3%320[0.660]/0.51 10.20910.136/0.682

L2, | Lt i it 0,.48L10,23810,175(1.218

43,9150 { nJo.u76l0.221 10,3861 1,165
TABLE 3, U5, Series T. Component, B,
C | 57| Yoo | Phi |Pho  Feb |NRUDL 'mchq-b

13,7 | 0,674 lo. 21 {0.318]0.188 {0.7950. 3901 0. 600

50.010,676|0.,19710.315]0.17%|0.83010.45010.700

53.710.67710,18110,314|0,159 10,918|0,52110,800

70,31 0,68010,120]0,%12]0.,2055/1.30 [0,8401T. %235

89,3 " 10,0U8 T 10.04212.07 11.52012.38
93,5 " 10,03 1 10,0263%12,19 11,8L013.10
TABLE 3, L6, Series J. Component L.

/ X —

86,5 88 | 0,685]0.,30 {0.049|2.961 1,58 2.1k
90 L. | 0.686|0,299|0,038[3%.122( 1.561 260
90,61 98 | 0,669/0,315]0.038[{2.94] 1.59| 2.76
97.9 [100 i 110,009\ L.2 | 2.58 | L _67
100 1100 | 0,671]0,3131 ©
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TABLE 3, U7, Series J. Component B.
¢ |7 :ﬂ Yo | Poi (Boo  |Keb |NRUp |NCHUY,
42,5 o.sis 0,56710.652|0.485|0,34710.162]1..0%
3.7 10.31410.5630,65%]10,483[{0,L06{0.16710,71
46,3 10,33110.521 [0.637]0.bL7(0.382]0.206]1.83
08,5 it 10,510 T 10,U3710,3%36010.22112,.39
L9.0 [0,329]0.510(0.639|0.,437(0,312]0.223]3.3
TABLE %, L8, Beries M, Component A,
c | o 'Tééaf Pai | Pao |Fga |VRUa |NCHUa
9.8 | 8.5 10.324 0,62 | 0,580]0,1950,03%10.109
13,7 |1k i " 10.57110,25610,04810.163%
12,55112,5 i " 10.574{0,206l0.0L1 10 LR
21,8 |22.5 it " ] 0.55516,266]|0.07%10.165
22,4 |2n 0.339 10,60 | 0,52810,352]0.085[0.2l5
27.7 3L A W | o,5xlo.h25l0, 109 0,301
30.8 137.5 " " 1 0,50L10,46610.12010,0L18
TABLE 3, L9, Series M. Component B.
o} ilgpf Yoo | Poi | Poo |Kgb |WRUp, |NChUy,
20,9 10.67610.275 |0.298]0,2u410,925]0.356 0,238
28,6 "olo.255 1 % 10.22711.23 10.22910.352
26.% " 10.261] " 10.232]%.,06 10.208 10,319
L2,.2 o10.217) M 10.193(2,3 (0.37110.32])
43,6 10,66110.22410.308{0,396]1,59 {0.382]0 . 151 |
54,0 " 10,191 " 10.167(2,0 10.512]0.76L
60,7 vt 10,1681 " lo,14812.%2 0.630hl0.9L0 |
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TABLE 3. 50 Series N, Compgnent L.
¢ (o |=%-—| > P, K NRUs |NORU
‘ T +o| “ad Ao |h&a a a
5 |8 0.687]0,284(0,151 3,30 [0.535|0.81
55,41 57 [0,70710,265(0.14712.98 [0.50510.71
56.31 60 |0,70110,27110,13713,07 10,580 10.87
63,9 | 68 0 " 10.21713.59 [0,71211.08
66,61 71 " 10.27210.,1091%.25 |0, 775]1.175%
78.1 ] 82 " " 10,075|4.67 |1,06711,.635
92 93 M " 10.02917.04 11,76512.82
L 96 i " 10.02317.02 [1.94K51%,13
TABLE 3, 51, Series N, Component B.
¢ |t £y, |r, | 5. [K, |¥&RU, |NOWDY
+ & | “bo bi. ho 7%
21,410.3%1310,63310.62210.553{0.472{0.076 10,300
21.310,29%(0,65510,601|0.572]0.Lk2210.07210.312
23.810.29910,64110.635(0,56010,.43310.08210,.365_
7.4 " 10,631 " 10.551|0,475]0.09410.L60
28.21 " 10.626(0,636[0,550]0.43610.099 |0 189
33,31 " 10,610 " 10.535]0.53010.121 0,700
39,21 " 10,588} " 10,516|0,587]0, 147 11.19
59,9 il 0,585 " "10.51%10.5”010,151 11.35
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TARLE 3, 52, Reactor V. Series L,
Suspending Medium -~ Water,
Lie 1% [Figre|Yas |Yas | © M 1% 7
1i{24]5%3,1 {50.1 {0.533[0.,47619.2 |76.5]| 18 |46 .6
212L1%52,2 | 304 i 0.0LR9 [2h.7 i to128.2
3192| 6,891 6.50] " Jo.,4aL|38,2 | ¢ " | 5,68
hi2l (55,6 |52.5 " {0.506110.3 | W W Y L
5132[25.8 | 2Ll [0.51210. 472 11L,8 it " o123.7
6136117 113,5 M 10 u62117.2 (75,41 " 13,7
7121.{68.5 [ 63.0 " 10.503] 3.5L( ¢ toi6lh.6
TABLE 3. 53, Reactor II, Series Q.
Suspending lMedium -~ Water,

9° | Fs |FigmplTai |Yao | © T |TR°] ¥,
Llehhl.2 38,7 |0.u85]0. 46k 8.1 |76,2] 18 | 38.6
2120163.% 159.5 i o Lb6| 7,35| t 1R”R9.7
%128127.0 |25,.4 1o L65] 7,75 © T 125.5
L180| 7.55| 7.1 |o.L89l0o.uLal27.6 176,21 M | &.70
5132122,3 121.0 10 L70 | el | " 120.8
6132]36.4 |34.2 i Oo.uzh!l 7.2 - " 13h.3
712L]50.0 47,0 " |lo.480] 3.541 M Wolu8.1 ] 8
8124161.2 |57.5 1o jo.,u881 0.4 | ¢ " 160.0
2128143.5 43,1 |0.L82]0,. 476 2.38 |76, 41 17 1L2.2
10132119,45118 .4 1" lo.472] 3,921 ¢ " 118.9
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TABLE 3., 5U. Reactor V. Series K,
Sugpending Medium « Decalin,
K |0 Py Yy [Yae |- TROG P
1 (24 |80.9 {0.528]0,395 | 76 | 17 |®8.1
2 128 [U8,.3 10,36 | @ "o135.4L
3 136 | 25,4 "o 10,325 | M 1 17.b
L 180 | 5,921 " 0,270 | * o138, L |
5 120 165.1 {0.51L]0.375 | ' 49,8
6 |32 |3L.9 "ojo,321 | ¢ mooh
ABLE 3, 55, Reactor IT. Series O,
Suspending Medium -~ Decalin,
ole | Py |¥4 (Y, M |mp°c P
1l 120 72,5 (0, L83 (0.L3% | 75 18 165.5
2 j2b 155,9 10.,L9%[0. 431 | " u8.6
3 128 146.9 A (O T % A L M u0.8
b 132 125.9 [0.,48510.395 175,74 " 121 .1
5 136 |22,0 0 10,385 | 1 ]16.9
6 |60 11,6 it 0,349 " i 8.3
7192 | 6,271 * lo.310 | b h.55
8 132 130.4 |0.50 {0,412 | 7L, 74 " |26.1
TABLE 3, 56, Reactor II, Sericg P,
Suspending Medium -~ Decalin,
Pl6 T°C|F, |Figmp Ya: %o [Fo | T |T:c| o o’
112321 75]130,.4128,0 {0.500|0, 41226, {74,551 18 |29.9(29
2132|100} 3%, 4] 28,9 " 10.391(25.,4 | " 1%6.8137
5128 |125] 30,11 28,0 " _l0.370(23.8 | it i
Li32| 50/30,8|28,6 10.489]0.450|28.0 [75.1] 19 |3l.7118
51321 25131.2]28,9 t 10.483130.5 | " 12,381 R
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TABLE 3. 57. geries K,
P r 7 Vo
’Kéi Mol Temim;grp| 75" |2alm Ny [Fiome| ¥
1.07310.97811.026| 76.1]13.4 |1.74 (0,755 1.L710.291
it i it L45,5(2.03 |1.24 10.527]1 2. Lh710,L88

i d ! 2%,91%1.,07 10.73510.327 ) 1.7010.926

i it i 5.5610,24910.22 10,088 20.21%.98

i it it 6L, U127 11,50 J0.615]| 1.8%|0.361

it g it 32,9|1.47 [0.99 10,422} 3, L210.67

TABLE 3, B8, Series X, Component A,

0 | o' |37%=| Pai|Ba [Fga |NRUa [NOWUa
Li1.6l47 10.472]0.576{0.38610,.521.]0.27010.570
L8,8]53.5] ™ " _10.35610,53810.33%10.769
57,1163 il 1 10.31610,61710,41910.988
67.0|70 it it 10,26410,63510,54011,39
b3 4147 10.L8610.550]0.367 j0.490 |0, 274.]0,. 624
55,5160 i " 10,314 10,567 10,388 0,955

TABLE 3, Hh9, Series K, GComponent B,
T{§7y Yo | Poi | Pho |Kgb |NRUR, [NChUp
0.52810,321:10,50710,317]0.636{0,331{0.84%

" j0.289] * 10,28%310,670{0.415}1.12

ooz " 10.23810.805(0.541]2.59

10,284 " 10,180(0.82510.430{2. L7
0.51410.3401 " 10,323]0.550(0,.282|0.758

"ojo.284t1 " 10,27810.60510.3111%,165
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TABLE 3, 60 Series O,
) Vg
.ﬂgi ﬂgo /ﬂgm Fiarp FiM bglm NG% F g7 Fi‘m_
0,988 [0,96510,982{67.1 |3.,00 [1.68 |0.8700.558 0,112
i ¥ (52,7 (2,31 {1.43 l0.755|0,7270,1L5
i i W 1h3.h f1.9h 11.275]0.63410.86510.373
1,008 10,975 10,992 24,2 11,08 |0.84 l0.L48111.5% [0.%311
i i " _]120.6 0,92 [0.695|0. L7 |2 .82 [0,3%6L
it ! M 110,88 10,482]10.%9 [0.903]3.47 10.695
i it " 5.8010,258|0,2L010.19” 16 L6 11.%0
0,990(0,95710.974] 28,0 11,25 [0.95 |0.558[1.3L 10,268
TABLE 3, 61, geries 0. Component A,
¢ o |v%| By | Bay |Kea |FRUa |NORUg
18,3121 10,517]0,48210,.41810,.566]0.105(0,228
22,2 126 10,50710.49210.41610,61510,125(0,272
22,2 ] 28 " v 10.41610,57710,12510,272
30,8 | 34 |0.51510,488[0.38510,71510,186]0. 129
33.6 135 " 10.375]0.831]0.20910.L88
L35 | us | o it 10,341 {1,06 |0.286l0.699
52,2 | 55 i ' 10.3021k.2 |0.377]0.985
29,9129 10,50 10.49510.%85 10,800{0,181 10 L1l
TABLE 3, 62 Series 0, Component B.
5| Yoo | Poi | Bpo |[Keb [NRUp |MOnUY
0,u8310.,470]0.51610.1453]0.498|0.,09%]0.389
0.49310,448(0,50610.43310,565(0,115[0.24%
" lo.uu8| " 10,43310.53110,115]|0,24%
0.48510.43010,51810,418]0,6L9]0,168]0, 352
" f0.he1] v 10,41110,719]0,18010,389
10,3861 " 10,37610,945|0.25L|0, 569
" 10.3%0] " Jo.3L1|1.0k2(0.328(0.775
0.50 [0.412]0,495|0,%9L10.73 [0.181{0.396




w 90

2, 24 Catalyst Concentration and % Gonversion,

As the cotalyst properties were not under examination
the removal of any cobalytic influenece on conversion was
desirabla,

It can be prcdicted from equotion 1.2,.49

7
e T

Kga Kgn Kraﬂls
that obove a certain ratio of solid/liquid surface aren
to gos liquid surface arcn, the reaction on the catnlyst
surface should cense to have opprecicble influence on
renotion rete, This wos tested at constont inlet gas
flow rate ~nd composition by examining the effect,on %
ethylene conversion,of changing the catalyst concentrotion,
Results =~ Tobles 3.2 and 3,15,
Fip, 3.3, shows the effect on conversion of increosing
the liquid solid/pes ligquid surface arca ratio at constont

inlet ges flow rate and composition, The % conversion

of ethylene increases until Als/} % 3, It then
-

abttains an approximately constoant value, It is thus

inforred from eguntion 1,2.49 that under such conditions,

v

K is virtually o mass transfer cocfficient, It may

a

o 0

be said thet ot an inlet flow rate of 30 litres/hr,
and a renctant ratio of 1:1 the % ethylene (hydrogen)
convergion is uncffected by catalyst concentrntions

leading to *"‘13/!, ratios > 3.
Lgl
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At on inlet flow rate of 70 litres/hr, Aglﬂtﬁ
2°Ocm2/bmj (Appendix 2) and since the minimum value

of Als/f for constant weaction rate is 3,0, am Als
Lf‘\“l. )
[

value of 6.0 Cme/cm3 is required. It mey be shown
thet (Appendix 3) the specific surface of +the cotalyst
is 247 cm2/gm, Thus a concentration of 0,025 pms/cc.
is required to give an Bq g value of =2 6,00 cm2/0m3°
By such recsoning, a catelyst concentration of
205-gms/100 cc. of slurry was considered the minimum
cntalyst concentrafion to ensure the removal of the influence
surface renction on overall-roaction rate, Informae
:tion on gas hold up in the reactor was not obitrinable
becausc of the slurry rccirculation, It was
estimated thot the value of Als at high gas flow rntes
was 0,9 of 1ts value when no gas was flowing, In
view of this, the influence of Ao Intdetermining
reaction rate wos anssumcd to be negligiblce over the
experimental range. Odlderbank (iO) also states

that excess catalyst removes any influence the cotalyst

hag on roeoetion rate,
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3. 3. The Effect of Flow Rabte ond Reactor 8ize
on Reactant Conversion,

At constont gas inlet composition the effect
of varying gas inlet flow rate on % ethylene
conversion was noted for recctors Vv - O,

Results - see tables 3, 28, 30, 32, 3L, 36, 38,

The various plots of % ethylene conversion va&.
gns flow rate are shown in Fig. 3. L. (as
GZHA: Hy = 1:l, similar plots would be obtained
if % hydrogen conversion were used).

From Fig. 3. L. it e¢an be seen that conversion
increnses with decreasing inlet flow rate, The %
conversion also appears to decrease with deerensing
reactor volume at any flow rate.

Results from reactor IV A conflict with this)-

 teble 3, 4O Fig, 3. 5. If conversion wvaries with
renctor volume, corresponding conversions appenr low.

Anothey reactor dimension which might govern conversion
is length., Conversions in the various reactors

at selected flow rates are shown below,
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sgmp = 10 Lo 10
Reactor Vﬁ Z C C C
v 0.990 112 58 62,5 82,5
v 0,790 86 Lo 57 77
I1T 0.560 62 39.5 49 71
1I 0.335 37.5 30.5 37 61
I 0,230 26,5 22,5 27.5 56,5
0 0,140 16,5 14 20 u7.5
IV A 0,790 L9.,5 4o L6 66.5

In Figs., 3. 7. and 3. 8, plots of % ethylene
conversion vs;jR and Z resgpectively are shown at o
flow rate of LO litres/hr, gimilar plots may be
obtained at thc other flow rates. The point
corresponding to reactor IV A does mot Iie on the
conversion vs,Vh plot while it ocppears to lie on
the conversion va,Z plot,

It thersfore appears justifioble to say that
conversion is a function of reactor length rather
than volume, Due to experimental difficulties,
this point was not investigated more fully. It is
also obvious that the rate of increase of conversion
with reactor length decreases with increasing reactor
length.

Resultsg for reactor IV B in which there is no

slurry recirculation are given in table 3, L2, A
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plot of % ethylene conversion vs. flow rate is shown
in Pig., 3., 6, Thig reanctor has identicoal dimensions
with renctor IV, The % conversion results cbtained
from the two reanctors are identical except at very
low £low rates,where conversions in reactor IV 3
fall, It is beliceved that there is insuffiecient
turbulcence created by bubbles at kow gons £flow rates
to keep the catalyst in suspension, Thus the value
of Alg:falls cousing the conversion to drop in the
manney discussed in 3. 2. It appears that slurry
recirculation has no effeet on conversion except ot
very low gns f£low rates.

3. Lo The Effeect of Flow Rate and Reactor Size on
gpace Time Yield (8.T7.Y.).

The 8.T7.Y, is n measurc of the productivity of =
reactor «~ high S,T.¥s. are desirable,

From the plots of 8.1.Y. (N,') v ¥ for
different reacctor sizes (FPig. 3. 9.) it would appear
that §,T.Ys. decrcase with decrecasing flow rate
and increase with decrecasing rcactor length.

Reactor IV A appears to be the only exception
to this, the 8.T.Y. being lower than might be
expected. Taking length as the controlling
dimension, 8.T.Y8 maybe compared at similar flow rates,

The trend showing increase of 8.T.Y. is clearly shown
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at all flow rates except in the case of reactor IV A
where S,TQY,So are conslderably lower than might be
expeaected,

From the available information, it is concluded
that, for a given diameter of reactor, 8.T.Y. increcses
with decrensing length and increasing flow rate,

From rather scanty information, it appears thet S.T.Y,
is liess for a short fat reactor than o long thin

one of the same volumc ot any given Llow rate,

Much morce experimental work, not possible with
present equipment, is required, The information on
the short fat recactor was obtained using the same
diameter distributor as with the narrow dismeter set,
The investigation of a series of fat reactors with
sultable gas distributors is necessary to elucidate
this point, A detaliled study would endble optimi;
f'sation studies on the lengthAshape of the slurried
bed reactor to be made, The cffcet of inlet gas
composition on S.,T.Y. is discussed later,

T A S Yy AR e S Y. Rt fpo v G

3. Be The Effect on Conversion of Varying Gas
Inlet Composition,

B Experiments werce conducted in renctors V and
IT with inlct gas compositions of Gzﬂuzﬁz = 2:1 and
1:2,
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In experiments conducted in reactors V and 1l
with sn inlet gas composition of GQHu:HQ = 121,
conversion figures are similar whether based on
hydrogen or ethylene, I the transport processes
in a slurried bed reactor are identical for (}‘ZHLL
and. H, it might be expected that % conversion of
ethylene when GZHM: H2 = 1:2 would equal % conversion
of hydrogen when H,: Ozﬂu = 1:2, Also the %
conversion of O,H, (C,H : Hy = 2:1) would equal %
conversion of H, (HQ: CoH) = 2:1) |

The results are presented in tables 3, 24 - 27
and 3, U8 - 51,

From Figs, 3. 10 and 3. 11l it is secen that in
reactor II % conversion O H), (Gzﬂu: H, = 1:2) > %
conversion H, (HQ: CoH), = 1:2) and % conversion
Hy, (Hy: OpH), = 2:1) > % conversion CEHu(GZHu: H2=2:1),
at corresponding gas flow rates, Similar plots
may be obtained with reactor V.

In reactors V, II % GZHu conversion increases
with HE concentration in inlet gas stream -~ Figs,
3, 12 and 3. 13,

The 8.T.Y, at any flow rate in both reactors

“increaseswith increase in H2 intet
concentration up to an inlet gas composgition of

CQHLL : H2 = l:1 and remainsconstant up to
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HM P Hy = 122, For reactor V this is shown in Fig.3.1liL.
The inference of this experimentel work is that the
tronsport wechoanisms for hydrogen ond ethylene are nov
identicanl, The resistonces to hydrogen transport are
greater and high concentrations of H2 produce steeper

conecentration pgradients which foacilitate hydrogen

transport through these resistonces,

S

3, 6, The Qverall Process Goefficilent Kg and No, of

Reactor Units, N.R.U.

The overall process cocfficicnt Eg for both GZHu
and H2 has been evaluated fqr cach set of experimental
conditions, In Pig. 3.15 the values of?;-{‘ga are plotted
ageinst FiM for renctor&{ﬁ] to Ld] . ‘ wvhen the
inlet gros composition is OQHQ : H2 = l:Zl:° The values
of'“I»{gCL tend to increase with decrensing renctor Sime
and gns flow rotes, A decrénsa indﬁgo at very high

e

gos flow rates could be explained by o decreasge in Als

causing Agl to become significant in equation 1.2.49,
.KraAls

No such explonation is available for the observed
behaviour of the system, It is coucluded that sonme
complexity in the hydrodyncmics of the system, possibly
related to high turbulence and interference in boundnry
layer conditions, can explain the incrcase :'LI}.E{m in

ga

the smeller reactors.
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——

Kgn nnd'ﬁgb have also becn evalunted ol gns inlet rotios
of G2Hu : H2 = 1:2 and 2:1, The values diffcr from
those obtnined when G2Hu : H2 = 1l:1 but may bc shown

to exhibit the same trends,

From ecquation 1.2.41, N,R.U., is a function of gas

inlet composition ond of conversion, From equotion

1.2,39
_fm = . . N.R.U_
..M. — [
Fi 'ﬂém Kga Aglmg

Since K, ond A

c1m may be shown to vary with flow, o
ga E

-

plot of _Z wvs. N.R.U_, (recctors Ly

T
Fy

would not ho expected to yield a straight line, though

P A

- &QI, CZHM P Hy = 1:1)

o correlation of somc sort might be expected ané is
indeed obtained Fig, 3%.16,

-
In view of this a log-log plot of ﬁaixmw vs, N.R.U_
i B5.T.P .

was made and a near stroight line correlotion obtnined -
Pig. %.17 (Fi g, p, is closely related to FiM)

Similar plots arc obtoinchle with results obtoined
from inlet pgos conposgitions of OQHM : H2 = 1312 and 2:1
Thus a method hos becn evolved whercby,for specifie inlet
conditions, the performance of & renctor may be
predicted from the performcnce of one of different length.

The rclationship indicated Dy this praph cannot bHe
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explained simply by equation 1.2.39. The functions

Kfq and Aglm included in this equation are complex nnd

the type of relation indicoted experimentally between
% and N.R.U_ may be justifiable theoreticelly
F: s.m.p.

from 1,.2.39, This is not attempted herse. Further
work on the properties of KC; and the effect of recctor
diameter could mrke the method valucble for the senle

up of slurried bed rcactors,

3. 7o Relationship of Kg , K N.R.Usy nd N.Ch,U,

10

It con be seen from equation 1.2.57 -~

VE _ 1 + N.R.U 1
F WO U P wa N.Oh.U. K A .
that n plot of VR VS N.R.U. . +
7. w.on.U WoCh U, Loyl o
should ideally produce n line of pgradient _& cnd.
KB
intercept'__ii___“, The functions VR, and
ﬂéﬁzthls FiM N.Ch,U
N.R,U, 1 were calculated for all runs done in

NoChoUo ‘[a'glm.ﬂgm

reactors E@} - [d! and lIVﬂ at 75°C and a 1:1 inlet
reactont ratio. In Figs. 3,18 =~ 3,25, the plots for
ethylenec are shown, Similar plots may be obtrined for

hydrogen, In practice m&_ would not be expected to

K .
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remnin congtont as the hydrodynamics of the sysbhem (It)
choange, However the date indicotes very little change,

The meon grodient of erch line gives a menn value of
1

- over ths range. The intercept represcnting
K
ga
1 is obtnined by extrapolelion from wenl
K

Y el
181 g W em
. - . . v M
experimental conditions to o point wherc eithcr Fi = €0

or 'R = O, The result is considered bto be velid howeven,
as it is possible to imngine a hypothetical system where
even ab Infinite flow rntes‘AlS remoins constont,

The plot obtaincd for renctor IVB ( no slurry recycle)

shows o distinet curve upwards at low gons flow rates,

This indiccotes n~ gront diminution of K | valucs,
IR
Comsiden equation 1.2.L4l
--3.—-- = . + L i L + A'f;l
Kgn K KooH, haSHn KaanAls

At low gns Llow rates therec is poor catolyst
suspension and /L O bead f ! ol
USDENS by g < Agl instend of &g > “51°Tﬂus Kgn
decrenses in size.

The volues of K. and Kl calculated ape shown in

A
table 3%.6M4,
In teble 3,63
fl o= i VR fg o :N“R“Ua_ . 1
F." N.Ch.,U .Ch . .
L C Ua N Gh"Uﬂ Aglm Trgm'

le. the functions used in figs, 3,18 ~ 3,25,
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TABLE 3, 63

(ethylene)

R

7

R

TV

R

IIT

fy

Lo

£q

£

£y

£

0,289

0,270

0.:3530

0,254

0.3314'

0,305

Q.317

0,310

0.416

0.316

0.%61

0,335

0339

0.326

0‘0501‘#'

0. L7

0.376

0.3L6

0,437

0,365

0461

0.431

0. 373

0.368

0.l65

0.430

Q825

0.726

Q. 377.

0,460

0. U3l

0,831

Q.u35

0. Uh6

0.572]

0.650

1.05

2,26

0.53

0,685

0.724]

6501

0.272

0, 25L

0,66

1,05

1.15

L.57

0.388

0.372

1,16

2,14

0,272

0,248

0,392

0,410

0,335

Q. 30U

0,391

0,341

0.1485

00551

0.409

0,381

0,420

0,372

0,5Ub

0.713

0.402

QU713

0.521

0. L6L

0,685

1,08

0,576

0,724

0,711

0,988

1. 505

2,17

TABLE 3. 63

Continued.

R

0

R

IV A

R

IV B

1

£

£q

Lo

£y

£o

0,263

0,298

0,422

0.507

0,394

0.32

0,28L

0,316

0,470

0.565

0,378

0,319

0.311

0,410

0,518

Q.64L7

0. 02

0,391

0,333

0,624

0,752

0,988

0.L12

Qoltl

0,346

0.765

0,891

1.29

Q.L16

0 L7

Q.Lh6

1.h1

1.435

2,23

0,486

0.55L

0.578

2.H1

1,715

3al5

0.5586

0.655

0.249

0315

0. L70

0.580

%.09

2.56

Q.272

Q.372

0.636

0,70

0,349

Q.287

00333

0,468

0,634

0,80l

037k

Q335

0.346

0.69

0.875

1,14

0.L35

Qo lLh3

0.336

0.957

1255

1,82

0. 87

Q.625.

0.525

1,84

P

1.2]

2.1

[2.02



-~ 102 -

g2

f V. 11,6hi 6,96 16,17 1,17
OV 1 @.62t b5 W 18,72
P ITL 1,830 7,22 1 YW 11,17
I TIT 13,50 . 5,02 0,81
L L 15.471 4,39 V % 10,71
P 0 5,951 5,26 { i 10,85
L LVAL1.821 6, % 11,04

V3 | 1.7k 6,65 11,08

The monner in which equation 1.2,57 is derived from
1.2.51 can bhe criticised, e Kgaﬁi Kgb’ the value of
the results might be questioned. However, using
laborious mathemotical processes, it may be shown thnt

the velues of Kgq and XK derived from equation 1.2,.57

&h
should be identical when the inlket reanctont rotio = 1:1i,
ic, when Pai = Pbif The value of KS abtained
represents the smaller of the two,. The method employed
involves substitution of numerical values of Kr and

Kgb into 1,2.51, P, and P being known, Na may be
chlculated, Using similoar assumptions to those mode
in the theoreticrnl proof, Kga or Kgb is then calculated
and conmpared with the true volue, The method is not
rigorous but it shows that the ervor incurred in Ig

and K1 by the assumptions decreascs as one Kg'beoomes

rreanter then the other,
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Uging this method for evoluating KQ, there is no
way of telling which Kg is represented by the onlculated
value., However, the experimental cvidence discussed in
3. B indicrtes thrt in the experimentcl model Kgb9 ie,
the overcll hydrogen moss transfer coefficient, is the

smaller, Thus,in fret, the values of K actually

ga

repressnt Kgbo

The method is ~lso limited in that it cnn only be
employed when Gzﬁu : Hy = 1:lk, When this is not so

the results obt~ined mry be shown to be very ambiguous.

1:2 and

i

Thus the results obtrined when C Hu ¢ H

2 2

2:1 are neglected,

The values of Kgb appecr to inerease with decrcasing
renctor size - Pig. 3.26, This is surprising os the
value might have been expected to be dependent on flow
rate only. In Appendix 2 it is demonstrated thnt at
high flow rotes bubble coalescence in the large renctors
couses Agl to be less thrn ot corresponding flow rates
in the smnller renctors, Since this effect wns
neglected to avoid complications in cnlculating N.R.U.,
N,Ch,U., and etc,, it may be the explanction of the
decreasc in Kgb velues, calderbenk (10) also discusses
this phenomenon, It moy be inferrcecd thrt the more
relevont volues of Kgb are thosc obtnined with the
smaller reactors,

From equntion 1l.2.44, the overall mass transfer

coefficient is given by~
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1

re j - : "
R el i’c.‘"’"l"ﬁ;' + T{"""“L'"H']'“ "

bl b2 b b3 b Kbuﬂbhls
when Als Bocomgs grenter than Agl’ the fourth term
becomes insirnmiflicant. Also trensport in the bulk
liguid is nssumcd to be very rnpid hence Kb3 is very
lerge end the third term also becomes insignificont.

Hence 1

K. =
&b 1 1

==

I

Hl ‘ KDZHD

The following information is nveileble on the solubilitics
of othylonc in xylenc (4L) and hydrogen in xylenc (L5)

Fthylenc ot 0°C nnd 1 atmosphecre in xylene

Vols./vol, xylene  gm. meles/ . iale
. c.c. otmosphere e
5,95 2,65 x :LO“'L'L 0
3,80 1.7 x 107t 20
3,03 1.355 x 1074 e
Hydrogen ot 0°¢ nna 1 etmospherc in xylcne
Vols,/vol. xylcne  rm, molcs/ 190
¢,c., ~tmosgsphcre
0.075 3.35 x 1070 0
0.075 3,35 x 107 20
0.085 3.8 x 106 4o

These being the only walucs for solubilitics nvoilcble
1t wrs nocessary to extropolrnte in order to £ind solubil-

:itics at 7500 - Big. 3.27 -~ 3.28, Lt 1 stmosphere ond
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7506 the following solubilitics were cstimnted

G2HLL = 1 X 10“1 om, moles/litre,ﬁiiﬂDSfﬁnﬁre
o = 5.5 x 10“3 £, mo]cs/litre,ainlosthTe
Henry's 1ow is herc dofined o8 ¢ = HP

¢ = concentration ( gm, moles/litre)
0 = Henry's lav conshent (gnm, moles/iitre,ntm)
P = golutc prrtinl precssurc (obm, )

The corrcsponding walucs of H orc
CoH) H, = 1 x 10"t gm, molcs/litre atn,

Hy H) = 5.5 x 1072 gm, moles/litre ~tm,

It is genernlly cgrced thet the absorption of o relatively
insoluble gnrs is controlled by mass transfer through o
liguid £ilm (L6), Both the ~hove gnses may be
considered to be insoluble, hydrogen being more so,
Thus, in thc cnsc of hydrogen Kbl is considered to be
lorgee and

Kgb = Hb Kb2
i.c, the overnll mnss transfcr cocfficicnt is effectively
cquel to the product of the liquid film ceoefficient And

the Henry's lew constant,

Grlculation of K,

Calderbank (L7) gives the following relationship
for mass transfer from a bubble rising through a

vertical column of liquid -
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A
3 AR T ~
7 LE s
KQ(SC) ~ OoLl-z' (:I 2 - XN{L
L 1 -
The Schmidt No., Sc = M
) o,
The diffusion‘coefficientjbg,of the gas in the liquid

can be calculated from the relation given by Wilke and

Chang (L8)

il
-8 (X M2 o
= o 10 -
D, 7.l x /H, yO-6 @

For hydroren in xylene at 7500

-~

M, the solvent molecular wt, = 1006
X, the degree of association of the solvent = 1
/W, the solvent viscosity, in centipoises = 0.4
V, the moleccular volume of solute = 1.3 c.c./rm.mole
T, the absolute temperature = 3L8°K A
Hence D, = 7.4 X ?LO"8 x 10,4 x 348 = 1,357 x 1O"ucm2/sec°
€ 0.h x L.9k

gimilarly for ethylene D 6.875 x 1077 cm%/sec,

1l

g
The density of xylene, assuming it to be mainlily para and

meta isomers, at 75°C,may be calculated (49)
Ql = 0,815 gms./c.c.
The densities of Hgland GEHu at 75°C are respectively
7.05 x 10™2 gms./c.c, and 9,9 x ZI;O"J‘L cms, /c.c. (50). .
Hence A @ = 0,815 and 0,814 respectively, From @
the respective liquid £ilm coefficients may be caloulated

at 7500:—
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/

Ka2 Cll. /8EC, (Cgﬂu) Kb2 em./sec, (Hz)
From these, the overall mass transfer coefficients may

be calculated

m, moles X lO3
T{. 290 5 F ;)
hr, cm” atn,

M, mo.es X 1O3
=2 2ﬂ3 2
hr, cn™ atm,

Thus, the experimental evidence that Kﬂa > Kﬁb is
[ 5} [

substantiated by theoretical predistiong of these
quantities, It is only possible <o obtain values of

{ i i - it il
hgb experimentally, Kga'belmg masked®,

The value of Kgb obtained from reactor 0O is

considered

m, moles X 103
5.95 225

K 3
hr, cn™ atm,

&b

This is a factor of < % greater theon tlc
predicted walue. gince tnhls latter value is obtained
from equations based on werx in bubble columns free of
suspended solids, it migh< be expected that mass
transfer coefficients predicted thus would be lower
than when catalyst is presimt by analogy with heat
transfer where Kolbel (19)120)(21 found that the
presence of golid particlaé in a bthble column consider—

tably increased heat transfer coefficients,
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TFor a hydrogen overpressure of 1 atmosphere the
experimental value of Kgb indicates a mass transfer

rate of H, from the gas bubble of 162 x 10~8 g;n_l..g_..mg_,l.%so
= sec, Ccnm
-8 gm, moles

Macrae gives a value of 1L.3% x 10 for the

sec. cm
instantaneous rate of pure hydrogen into pure toluene.(9)

Assuming toluenc to resemble xylenc closely this result
differs from the present experimental value by a factor
of rather more than 10.

Valuesof K, are shown in teble 3,6U., There is an

entirely random scatter of wvalueg, the mean of which is

1.015 £m., moles X 103

cm2 hr, atm2

Assuning: the partial pressures of ethylene and hydrogen

to be &+ atmosphere, equation 1,2.50 indicntes a reoaction

rate of 0.043%5 x 10_5 ggé mglgs or since the catalyst

concentration is .025 gms,/c.c.

.74 = 100 £m. moles
sec, gm, of catalyst

While using a different mechanism at 7500 and % atm,
pressure of H29 worlk Dy Wynkoop and Wilhelm (51) in a

fixed bed reactor indicates a reaction rate =

-5 gm, moles
1.35 x 10 8eC., C.Co

A similarity with the experimental rete indicated above

can be demonstrated if an overall bed density of
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1 gm,/c,c, is reasoncd for the work of Wynkoop. This

gives the more interesting rate value of

. o, )
1035 % 10 2 £ moles
sec, gm, of catalyst
It mast be emphasised that this value 1s based on a

deduced fifure of overnll bed density.
Pauls et al, (HO) obtained reaction rates for

cthylene hydrogenation on Raney nickel of the order

of 0.55 x 1072 pr. moles
sec. gm, of eatalyst

Comparison of the above values for renction rates
of ethylene hydrogenation is unjustifiable due to the
difference 1n catalysts and catalytic activites, but

the similerity of order of megnitude is interesting.

3, 8, Water as o Catalyst Suspending Mediwm,

Bxpcriments were carried out in reactors V and II
using a water based slurry.
Results - Tobles 3,52 = 3.53.
% GQHu conversion vs, gas flow rate plots are shown in
figs. 29 = 30,

The catalyst appears to lose its activity fairly
ropidly, This results in diminishing conversions,
This fact accords with the work of Barford (52) who

claimed that water vapour poisons Raney nickel,
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As water wos of littlce value as a catalyst

suspending medium further work with it was abandoned.

3. 9 Decalin as o Catalyst Suspending Mediunm.

Experiments were carried out in renctors V and
II using o decalin based slurry.
The results obtained with decalin closely

resemble those for xyleme. Tables 3, 54 - 62, [ig3.3l

Corresponding conversions, however, nre lower in the

case of decnlin.
Z

== for
Fy

This is similor to thot obtained in the

Pig. 3. 33 shows the plot of NRUa vs

decalin,

case of xylemne, although fewer results are available,

TABLE 3, 65.

R V R IL
£y £o £q Lo
0,510 0,266 | 0,491 |0,278
0,6351 0,342 {0,534 |0,327
0,94 10,725 10,635 |0.368
2,87 1 1. 73 10.725 [0.520
0.579| 0,286 | 0. 745 |0.621
0,706 | 0.400 | 0,995 |1,06
1.32 (1,58
0,649 10,52
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Figs. 3.34 - 3,35 show plots of

V. , 1 | Ve NhRoUo’ 1 © for. ethylene.

F;" N.Ch.U N.Ch.U. hqp o

=1

The valucg of Kg and Kl are shown in the toble below:-—

Table 3,66,

I ‘ _
R i Kg l Ko | Mg | Ky
Vi 0. 741 6,45 16,76 10,955

IT 1 0,651 2,87 16,76 10.425

The KS volues, which nrc ocssumed to Be those of
hydrogen, ocre less than the corresponding xylene values
but show a similar increase in thc smaller rcactor.

The values of Ki show less ngreement with one another
thon the values derived fronm work in xylene but are of
the same order of magnitude ns the xylcne results.

The fact that the conversions are lower and moss
transfcecr coefficicnts smaller in dcecalin than in xylene
is attributed to the different physical properties of
the liquids

ec. At 25°C Xylene Deealin.

Viscosity 0,61 centipoises 1,9 centipoises

Density 0.861 gms. /cc, 0,869 gms,/cc,
The higher viscosity cespecially of decalin will

affecct moss transfer coefficients adversely. The
solubilities of the gases in decnlin may anlso be lower

although no information is avoilable, Lower solubilities
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would also affect mass transfer cocfficients adversely.

The effect of liguld pearticl pressure on conversion
wes studicd by varying the tempercture of the renctor.
With xylene it wns impossible to atitain operanting
temperatures apprceccinbly grecter thom 80°C due to
vepour locks forming in the slurpy circulation pump.
Howcver, 1t was possible to achieve aperating tenpera-
stures of 125°C with deecalin,

Fig. 3.32 shows the variation of conversion with
temperature ot a constant reactant gas inlet flow rote,
The rate of incrcasc of conversion decreascs with
temperature, In equation 1.2.45, the rate of reaction
is shown to be o function of (Pa - Pals)° If the
reaction ot the catalyst surface is not rate comtrolling
the P, is very small,  Honce Nncxf P.. 4s the
temperature of the system incrcases, the vapour pressure
of the solvent increcases and hence Pa is reduced, Thus
the diminution of conversion at high temperantures is
cxplained,

In Fig. 3.36, the portial pressures of Xylene and
dcenlin ot various temperatures ocre shown,

It con be said thet the lower vapour pressure of
deenlin must in somc measurc offsct the effcct of poor

mess tronsfer on conversion in that liquid,
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3. 10,  (onclusions,

sing the hydrogenation of cethylens on a Raney
nickel cotnlyst as an cxperimentbal model, the foilowing
conclusions were reanched,
(1) Equation 1.2.49 of the mothematical model sugrests
that above a certain cantalyst concentration the reaction
on the ensalyst surface will have o negligible offees
on the overall reaction rate, Experiments at constant
inlect reactant £low rate and various catalyst concontra-
:tions showed thisg prcdiction to be true,
(2) The experimental results show that conversion is
an inversc function of reactont flow rate and is a
function of recctor length rathcr than reactor volume.
Slurry rccirculation has no beneficial effects on
conversion except at very low reactant flow rates,
Spacce time yields are a function of renctant flow rrte
ond an inverse functlon of rcactor length,
(3) 4 study of the effcets of variation of inlet
gos composition confirmed the general view (9)(10)
that rcsistonces to hydrogen transport are rote

controlling.
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(L) The offcet of reactor lencth and diameter
onn conversion and spacc time yield has not been fully
clucidated, It is suggested that o thorough investi-
cpation of these ceffccts would e a suitcble subject
for future work, Optimisntion work on slurried bed
reactor shape and size would then be possiblce,
(5) A method of precdicting rceactor performance has
been evolved and 1s cxpressced in terms of rcecactor
length, rcactant inlct flow rate ond number of rcactor
units (N.R.U,). It is submitted that this method
hes immedicte potential for solving practical problenms.
(6) The values for hydrogen mass transfer cosfficients
calculated using equntion 1.2,57 of the mathematical
model arc not in discgrecement with the valucs predicted
using a method sugrested elsewhere (L7).

The rotes,for the chemical reaction occurring at
the cotalyst surfaces,estimated using cquasion 1.2.57
show ‘the same ordcr of mognitude as values obtained by
other workers (LO)(H51l). However, this is not
neceggarily significoant as comparison of rates of
entalytic reactions carricd out under differcnt

conditions ls generally 1ll-advised,,
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The validity of the mathematical model hos not
been disproved by the experimental results, but therc
are certain effcets which have not beoen fully explained,
It is claimed that the mathematical model provides a
possible method for scoling up slurried bDed reactors
for sccond order chemical rceactions by the substitution
of basic physico-~chemical dnta, obtained from studies
of gag liquid systems and the kinetics of chemical
recactions, in equation 1.2.57.

(7) Results indicate that the catalyst suspending
mediunm is of great impertonce in determining the
performance of o slurricd bed rceoctor (eg. Decalin
roesults versus those of xyleone). Detailed information
over a range of temperntures on gas solubilitics and
Iiquid propertics is recquircd for a large number of
apparently suitnble media, Only then for a particular

system may the best liquid be chosen.
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: , !
SYM3OL DESCRIPTION EDIQENSIONS ;
] | l |
& {Lhctivity Bl - |
i T
s | Gag-liquid interfacial avea/ . 1 cms?
gl t . ) - ' i
;unit volume of reactor i T cm33
: :
Ly, {Liquid-solid interfacial ares/| 1 |  cms”
i S unit volume or reactor 1 % cm55
e % Reactant conversion ‘ _
(chemical anzlysis) -

¢! % Reactant conversion o _
(volume reduction) i

G,1 Concentration at gas liquid M Zm.moles

5+ linterface 131 litre

Cq Concentration in bulk M § gm.moles

liquid (1) 15 litre
A - ;‘ |
G Concentration in bulk M_ | gm.moles |
liquid (2) 131 litre |
i
!
C,5 |Concentration at ligquid sclid Mommemoles |
®  |interface 134 litre
L -

c™ Molal concentration of occupiedl M | pm.moles
active centres on catalyst L2 m_2 ,
surf ace c! i

Cty Total concentration of active M rmemoles :
centres on catalyst surface 1,2 2 |

cm !
Y . ;

Cy Molal concentration of vacant | _M_ | gm.moles
active centres on catalyst LZ m2 ,
surf acoe . ' C :

1
D_ Diffusion coefficient of gas | Lg% em®
© T sec. 1
B Volumetric flow rate *LE litres
: T he,
FSTP Volumetric flow rate at 8.T.P. 5 L2 i Litres i
T hr, !
F.M [Molar flow rate LM om.moles
N % T hiz,

e Molar flow rate when P M| gmemoles

conversion is X ;T hr, !
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|

j DESCRIPTLON { DIMENSIONS | UNITS
T — L f
Fugaclity N LS L,
i P
Td‘ acity ot gtandard state N Atm,
~
1=
e
iFugecity of pure component N Lobm,
| L=
i’ - 5
'Cotalyst concentration M gng, x 107
- — 10 crs”
1 2
Henry's law constant 7" | mm.noles
Lz Litee atm,
h U Helsht of a chemical unit |oL CInS,
Height of a reactor unit L cms,
Heigsht of a tronsfer unit L CIS ,
EBquilibrium constant - -
" " L1 AtmTt
N
it 0 - i
l' ‘t e b ]
Forward rate constant M| gmemoles
L3fD litre hr,
Backward rate constant M gn.moles
LjT 1tre hr,
Forward surface rate constant | 1 ___ZL_,Q?_
T hr,
Z
Becxward surface rate constanty 1 _a1o7
| T e,
.}. -
Surfoce equilibrium constant s -
Forward surfoece rate constent | T | mmamoles
X 2
01112hr atm
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T
|
1
i
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DESCRIDTION

{

| DIMENSTONS

H L]
Dackward surface rate constanti

&
Ll

M

__________ -

|
’ k3
| UNLTE

nLmoles
.10 85

~
cn”hr,atn..

BForward surfrce rote constant

-
f.moles. x 107

(A va i R

r

a s,
ca_nr.aen

Y

Kcl

N -

a

K K. . illase Granst PP clen
a1 8 Mase ironsfer coefficient

N

gn.moles x 1O

2 e
hr, cm™ o

c-’.

Mo

KQQKbQ

o

- bt

. i __Cl..
'{{c 2 T N ].1]:' a
K{IBKbB it 1 it L o,
K03 i n 1 hr,
I\.auz{ba 1 W i

_CLl.

weniae e

hr,

Overall mass transferp
coefficient

7
bl

Lme.moles x 107!

2
e ot

Overall procegs coefficient

m

DY

4
gn.moles. x 107

7T

I
’ hr&gmg abm,
A
K., Reaction coefficient LI, | fmemoles x 107
L i 2
, hr.cm” oabp,
-7 . . . .
X Proportionality factor - -~
N Ingtontaneous reaction rate M gm, moles

|

n " Mo sm. moles
T nr., !
NO Overall reaction rate M El. moles
space time yileld 3 )

(sp: yield) 2T | litre hr.
N.Ch,U4 No, of Chemical Units - -
N, R, U, | Mo, of Reactor Units - -
N, T, U, | No, of Transfer Units - -
P Gos bulk portinl pressure M Abm,

-

Gas ligurid intcerfacial
partial pressure

——n
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i
|_pImFNeIONs | UNTTS.

....4 . DBEGRIPTION ION
By Liguid bullk partial o Atm,
pressure (1) 1ol |
P, | Liquid bulk pertisl M Atm,
prossure {2) T2 B
— — - |
1s Ligaid solid interfocial M Atn, f
) partlicl pressures L
P* | Bquilibrium gas bulk M Afm,
partial pressures LTE
Teo Forward reaction rate “ME? . poles
700 | e, litre
LN Bock reaction rate M gmemeles
720 | hr.litre
T Overall reaction rate M fm.moles
11’ | npolitre
T agigard surf ace reaction “ME gmgmgl%ﬁ
N TL, hr, cmn
LN Back surface reaction rate nﬂg gmgmol%ﬁ
TL” 1 he._en” ..
r Overall surface reaction M) gm.moles
rate T, \
v hr,. cm
S Adsorption equilibrium ;gf AT
congtant M
T Reaction temperature WQE O
7° e
TR Room temperature *LE O
T.. —=
Vﬁ Recetor volume Lj litr@(gmﬁj)
1 102
X Fractional molar conversion - -
Mole fraction —- -
4 Renctor height L CIS s
.8 Ratio of prrtial pressures EQL‘ - -
K ol
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‘ .
| SWBOL | DESCRTIPTION DIMENS}Qgﬁ! UNTTS,
P Raltio of pawtinl presgures Hb o -
ON T
!
y; 1 - -
3 bda iy Ayt
f A —
7
/3 X - -
ra
~ . I . + a2 P— - 3
6 Ratio of partial Thlgl - -
pfi?§ulog Pal&i |
} it it - o
5 “bls
Pals J
- . 2 - 2 1
8, Reretor cross sectional L CILS.
toren -
re luﬁ
7{ Atmospheric pressure M cns, g
LT -
’ﬂﬁ Total gas pressure M Ltm,
- LT
T ]Liquid head M cns, Hy
L L2 |
7T§ Particl pressure of solvent M cms, g
LT
Vs Density of solvent M cms/c, ¢,
12
jof Function of standard M Atm,
fugacities LT2
M Viscosity of solvent M Poises
LT
vyf Forward Adsorption rate LT 103
' constant M atm,hr,
V;r Reverse adsorption rate . J1o?
constant T hr,
8 Time of experiment T Minutes
SFTIXES o, b, ¢ ~ components - -
z-k(c?'ﬂu) B(Hy) ond C(CoHe)
" i, o, m «~ inlet, outlet - -
land meon respectively




APPENDICES 1, 2 and 3.
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APPENDIX 1.,

Calculation of the equilibrium constants X and KP
. : —s

for the reaction G2Hh + H2 e CZH6’

The method used was suggested elaewhere (52),

The heat of reaction is given by

!ékﬂémo = Zéjw AY:S ~<Z§jN A\ B,

For this reaction, heats of formation are (52)’at
18°C and 1 atm.
CoH), A

02H6 [k}%, = 20,236 cals/gn., mole,

u

0 cals/gm, mole

It

12,496 cals/gm, mole

Hence ZX‘HRggl = - 32,732 cals/gn. mole,

The reaction tekes place at 75°C and 1 atm,

T
Now AHRT = AHRTO + jT% CpdT

For this reaction, the average molal heat capacities
are (55) H, 6,5 cals/gm, mole
Gzﬂu 11.2 eals/gm, mole °¢
CoHlg  13.2 cals/gn. mole °¢

Thus [} Cp = = 4.5 cals/gm, mole °¢

N E o+ (=h5)(57)

291
= = 32,989 cals/gm, mole,

Hence £§ HR
348
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For CyH), H and CyHg, third law entropies are (.56)

2
021{)Jr 31.2 cals/gm. mole degree
H2 52,5 cals/gm. mole degree

G2H6 55.0 cals/gm. mole degree

Thus for the reaction £3,82910 = =28.7 cals/gm, mole degree

i\
Now [\ 858 = AN 8p97 + .{Z%OpdT
To

. - 2867 + ("'L!-o5) . in i_):_l—_a_
298

= - 29,14 cals/gm., mole degree,
Now A GBLIB = A HBLLB - TASB).I.B

Negg = = 32,989 - 348 x 29.1
= = 22,820 eals/gn, mole

Aso NG = ~RT 1n K
.. In K = 22,820 = 33
1.98 x 3L8

This leads to a volue of 2 x 104 for K, ie. K is

large and equilibrium conversion will be high,

A value of X = 2 Xx 101M is reported elsewhere (57)
Now X = Kj Ky &

It has already been shown that ¢ = 1 and has units

of atmospheres, ”§:]

= P
T Hy, 7T | o8,
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£  may be read off a fugaclty ratio -~ reduced
P
T pressure chart (58).
CoH), 75°C 1 atm.
T
R = T = 2u8 1,325
Tc 263,11
PR = P = _1 0.0197
, pe 50,07
"i‘ = 1.00
PT .
[»
H, 75°C 1 atm,
T :
R = T = 348 = §.U6
Te Li.1
PR = P = 1 = 0.048
Pc 20,8
S:
B = 1.00
Pop
_0 ~
CoH, 75°C 1 abim,
T
R = T_ = _298 = 1.U5
Te 240,73
P
R = P = L 0.0218
Pe 8.2
}f
5 = 1,00
Py
Ky = (1.00) = 1.00

(1.00) (1.00)
-1

Henee K, = 2.0 x 10 atm,
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APPENDIX 2,

The mdéthod employed to measure the surféace
aren of bubbles in the reactor was first used by
Caldevbank (59).
| A parallel beam of light is passed from a
light source along a tube, through the reactor
column, and thence to a photoclectric cell, DBubbles
Passing through the light beam appear as black
particles and cause a diminution in the intensity of
the light incident on the photoelectric cell. The
cell is connected to an electronic measuring system
which records the amount of incident light over a
fixed time, This time is regulated by an electric
timing switch between the light source and a constant
voltage supply system. The experimental arrange-
tment used is shown in Fig. A, 2. 1.

The following equation enables the bubble
surface area per unit volume to be calculated:-

log Io = Ag‘l_l‘
10 7% 5. 210

where I = amount of light passing through
«colunn in absence of bubbles.

I = amount of light passing at
some gas flow rate, B,

= Tbubble surface area/unit volume of reactor
cma/cm3°

L = light path length through column. cm.
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Due to the nature of the experiment, 1t was necessary

to operate eaeh reactor in the absence of catalyst.

When possible, measurements were made at both top

and bottom of the reactor, Reactor II was the

smallest reactor in which measurements could be made,
60 = setting of timing clock (seconds)

s it B WAy At Gt S A e

The results obtained are shown in the following

tables and graphs:-

REACTOR V.
GQH& : H2 = 1l:1 (’JE_HLL : H2 = 1:1
Path length = 3.3 cm, Path length = 3%,3 cm,
Ht. from column base = 95,5 cm, Hbt.from column base = 20 cm,
I, = 218 Lo = 233
& = 100 &) = 100
o= 17% M = 7w.5cm. TR = 15°% T = 745 cn.
Fa I Asl Fi 1 Agl
85,0 90 1,105 85,0 u8 | 1.92
7.5 90 |1,105 76,0 61 | 1.63
 68.0 92 11,05 67.5 62 | 1.63
52,5 99 0.95hH 53:5 78 .33
43,0 | 102 10,920 L2,5 83 | 1.26
35,0 | 105 10.887 31.0 95 1 1.095
20,0 128 0,6L8 20,5 140 0.62
12,5 160 0,377 13.5 158 Q. U72
6.25] 184 | 0,209 6.5 | 188 | 0,26%
1.5 208 0,062 2.0 210 0.129
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REACTOR IV,

GQHLL : H2 = 131

CZHLI H H2 = 1l:1

= 3-3 Cmd

Path length = 3.3 cm. - Path length
Ht,from column base = 70 cm, Ht.from column base = 22,5 cm,
Io = 223 I, = 236
© = 100 ® = 100
o= 17.5% = 7w om. TR o= 19% T
T_F_:L I Agl F‘“i I Agl
87.5 1 72 | 1.375 0.0 | 35 | 2.3%20
77.5 | 81 | 1,235 76,0 | 46 | 1,990
72.5 | 84 | 1.190 66,0 | 57 | 1,725
b5 90 1,100 57.0 | 72 | 1.59
45 98 | 1,00 46,0 | 92 | 2.1h5
36 105 | 0.915 42.0 | 95 | 1.3100
2l 112 | 0,836 2.5 1102 |1.,0%30
18,5 | 136 | 0,600 31,0 | 95 11,100
17.0 {15 | 0.52 22,5 1130 | 0,725
12,0 | 160 | 0.LO5 13.5 1153 | 0.525
6.0 1190 | 0,198 5,0 1198 | 0.212
1.5 {210 | 0.078 | 2.5 §205 | 0,133

= 73.9 cm,
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REACTOR _TII,.

CEHM E Hz_; 1:1 Gzﬂu 2 Hy = 1:d
Path lehpth = 3,3 6L, Path length = 3,3 cm.
Ht.from ecolumn base = 45.5 em.Ht,from column base = 18 cm,
I, = 230 I, = 220
6 = 100 6 = 100
TR = 218%% TT’ = 75.2cem. "R = 18°% | = 75.2 cn,
Fi 7T JAg 1T |Aa
87.5 L9 1,88 87.56 39 2,10
78.5 hl 1,835 76.5 L7 1,88
70.0 | 60 [1,.6% 70,0 | 58 | 1,62
52,0 | 84 1,22 59,0 | 68 | 1,43
Lo,0 | 98 (1,04 U7.51 70 | 1.39 |
28,0 1108 0.9z, 38,0 | 80 | 1.24L
36.0 1100 |1,01 29,0 | 96 | 1,005
19.0 1% |0,692 16,0 1X30 | 0,6L2
13,0 (158 |0,L6L 9,0 1162 | 0,372
7.5 |189 |0.24% 6.0 1379 | 0.254L
1,251214 [0,089 1,5 1196 | 0,139




- 128 -

REACTOR _IT. REACTOR IV 4,
GQLHLL : H2 = 1:1 GQHu 3 H2 = 1l:1
Path length = 3.3 cm, Path length = 65,6 cm.
Ht.from column base = 19,5 cm.Hbt.Lfrom column base = 3 cm.
I, = 218 Io = 215
(& = 100 e = 160
TR = 18% 7T = 75.6 cm, TR = 20%% ﬁﬁ.= 75,5 cm,
Fi 1L |Aq Fq L 1Ag
87.5 | 43 11.97 72.5 50| 1.0U5
81,0 | 52 [1.74 59.0 66 1 0,8U5
7h,0 [ 58 |1,615 52,5 72 10,785
66,0 | 62 |1.,525 - 1L45.5 85 10,665
52,5 | 69 {1.,40 40,0 91 1 0.615
Lh,0 | 80 [1.,215 3.0 92 10,609
36,0 | 88 ]1.10 26,5 | 1312 | 0.UES
26,0 |1oh | 0,90 18.0 1135 | 0.333
17.5 (132 10.608 16,5 11% [0.3%8
11,0 j161 | 0.368 11,0 | au6 0,272
7.0 |185 | 0,201 Pe5_ 1175 10,149
2.0 1205 | 0,078 3.0 | 205 | 0,100
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REACTOR V.
CQHu : H2 = 231 CEHA : H2 = 1:2
Path length = 3.3 cm, Path length = 3,3 cm.
Ht.from column base = 95,5 cm.Ht.from column base = 95.5 cm,
I, = 219 I, = 238
e = 100 e = 100
TR = 17°C ‘Tf = 7L.5 cm, TR = 17% ’ﬂ'= 7Lh,6 cm,
Pi | T [Aq - Fi | T 1%a
74,5 | 89 |1.09 79 91 | 1.165 |
6l 9% 1 1.04 67 89 11,197 |
5L 99 | 0,965 56 10% 11,02
L1 101 | 0,940 Ll 108 | 0,96
33 109 0.850 35 113 0,90
20 128 0.653 26 119 1 0.84L3%
11 166 | 0,34L1 17 135H 0,690
5.0 200 0,11l 8 189 0,282
2 210 0,156
GgHu : H2 = 2:1 CQHM : H2 = 1:2
Path length = 3.3 cm, Path length = 3.3 cm,
Ht.from column base = 20 cm, Hb. from column bhase = 20 cm.,
o i o o i
TR %2 15% A = 785 on. Tm = 3590 T = 7u.5 cm.
Fi. I .Agl Fi I ASQ;,_
75 53 1,74 78 51 1.81
63 6L | 1.51 68 53 1.76
P15 77 1.1.29 58.5 69 | 1.hl |
Lo 85 11,17 b5 87 131,17
3L 86 1,15 31 oL 1 1,07
22.5 134 | 0,62 23 ibl ] 0,552
11.5 | 161 | 0.395 10,5 1156 | 0.L”8
3.0 205 0,103 { 1.5 205 Q.128
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REACTOR II.
GQHL,L : H2 = 2:. CzHLI. H H2 = 1:2
Path length = 3.3 cm, Path Iength = 3,3 c¢n,
Ht, of tube from Ht., of tubc from
column base = 19,5 cm, column bese = 19,5 cn,
I, = 215 Leg = 230
o = 100 s} = 100{/
o= 18% (= 75.5cm. TR = 18% T = 75.5 cm,
76.5 | L6 | 1.87 78 L9 11,88
63 sh | 1,68 70 56 | 1,72
52,5 | 70 | 1.3%6 h8 73 1.1.39
bl 77 1,25 7.5 79 1 31,30
33 9k 1,04 32 101 1,00
18 134 0.57 2% 132 0,68
9 178 0,232 12 169 0,38
3 200 0,092 7 190 0,234
2 210 0.1k
REACTOR V,
DRCALIN, WATER, _
Path length = 3.3 cm, Path length = 3.3 cm.,
Ht. of tube from Ht, of tube from
column base = 95,5 cm, column base = 95,5 cm,
I, = 221 I o = 228
e = 100 o} = 100
o= 17% [ = 76 em. TR = 17% M = 71.6 cn.
77 70 1.4 76 97 | 1.0L
63 83 | 1,19 60 97 i 1.0bL
52 98 | 0,985 L9.5 1108 | 0.908
Ll.5 ] 10% 0,925 28 112 0,865
32,5 | 110 0,850 27.5 1128 0,703
19 131 0,635 15 1h8 0. uh6
9.5 | 17h 0,293 9 178 Q.30
2.5 | 208 0.078: +.5 1208 0117
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REACTOR V.,
DECALIN, WATER.
Path length = 3.3 cm, Path length = 3.3 cm,
Ht, of tube from Ht. af tube from
column base = 20 ecm, column base = 20 cn,
Io = 231 I.o = 218
e = 100 e = 100
T2 16% T = 74.5 cem. TR = 36°% ] = 74.5 em.
FiolL 1&gy L !
76,5 | 49 11,89 15 b | 1,77
6% 56 L. 72 62 55 1.67
52 77 ) 51 78 1.25 |
Wz, 5 | 82 |1,26 39 85 | 1.3k
1 110 0,90 27 1173 0.80
22 138 0.63% 7.5 k21 0,715 |
12 174 1 0,349 8.0 |168 | 0.%22
2,0 | 212 0,109 2.5 1195 Q. 1l
REACTOR TII.
BOALIN, WATER ,
(’JzHLL : H2 = l:1 Ozﬁu : H2 = 131
Path length = 3,3 cnm, Path length = 3.3 cn.
Ht., of tube from Ht., of tube from
column base = 19,5 cm, column base = 19,5 cm.
I, = 220 Io = 225
(& = 100 8] = 100
® o= 18% T =75.50m " = 18% [ = 75.5 cm.
7L Lo 1.82 17 .0 1.83
62 56 |1,66 65.5 55 11,731
55 71X 1,37 53 72 11.3%8
!—LB 85 1015 Ll"2 8L_!‘ 162
31 95 1,02 30 103 0.95
23 135 10,595 19,5 [ 131 0.66
9 180 0,248 10 165 0,38
Ll.51 205 0,089 2,0 | 203 0,129
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Fig., & 2, 2 shows a plot of the specific surface,
Agl vs., Tlow rate using results obtained at reactor
beses, Fig. A 2, 3 shows corresponding results
obtained at reactor tops.

It is seen, in the casc of the larger reactors
at high flow rates, that the specific area at the
reactor top is kess than would be eXpected, This
may be explained by reference to Fig. A 2. L, It
can be seen in A 2. L, 5 and A 2, L. 6 that large
agglomerations of bubbles tend to occur, These
photographs show conditions existing at the reactor
top at medium and high flow rates. This agglomerating
of bubbles, or "slugging", causes the diminution of
the specific surfoce, Agglomeration of bubbles
appears to occur only in the taller reactors at
higher flow roates, It was decided to ignore its
effects as no correction Lfactor for it is immediately
evident, FTurthermore conversion will normally have
reduced the volume of gas pessing through the renctor
upper section and this should diminish the slugging
tendency, It was assumed for the purposes of this
work that the no. of bubbles/unit volume is the same
at the reactor top as the bottom and any change in
interfncial area/unit volume is entirely due to

reduction in volume caused by conversion, The
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surfoce area/unit volume data used was token from
results obtained at rcoactor bases. It is felt that
the consequences of these assumptions may be seen
in the variations of Kgb in 3, L more complete
investigation of bubble surface arecas might lead to
an explanafion of these variations.

Fig. A 2. 5 shows results obtained with reactor
IV A, As might be expected values of Agl nre less
than those obtained with the narrower reactors.,

Only one meosuring position was possible with this
reactor.

Fig. A 2, 6 shows results obtained at the base
of recctors V and II with various inlet gas composi-
tbions, The values of Agi do not seem affected by
gas compositions and this plot may be shown to be
superimposable on A 2, 2.

Fig., A 2, 7 shows results obtained at the baose
of reactors V and II with water and decalin in the
reactors, Once agoin Agl values secem unaffected by
the chnnge in conditions., This is surprising os
one might have expected the different physieal
Properties of the liquids to have some effect.

An expression for a mean value of Agl'between
Yeactor bottom and top is derived thus:-

Gas flow in = Filﬁman/hrp
Gas flow out = P _litres/hr,
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For the reaction A + B —3>= (¢, 1t may be shown by a

simple mogss balonce that

k=
o)

= (-Y0)

bz

i
where Ygi= mole fraction of component A at inlet

X = conversion of component A,

Suppose Fi is divided into mn Tbubbles at inlet,

The volume of each bubble, Vy gi
n

. R ' ] |
Also V; = % ’W ri5,103[fi; bubble radius at inleb (cms.)J
0

g =+/\3f(3 Vi) o1 |
T s

il

: e . 2
Hence, orea of bubble Ly o= b 3 vi o 10
L
Similarly at reactor outlet, b?§b19~surface oren
, /A
by = L ’“ 3 VO . 10
- L
8ince no. of bubbles éntering reactor = no. of bubbles
> . leaving
/: %
A A v 5 7 5
glo | o _ | o I i}
A s - A, 7 Vs - .
sli i 1 ¥y
Now 319_ = (1 ‘%LX)
., H
i .
: A — Yo
Hence Agy, = Ag—li (1 Yaf;)

Hence Aglo may be computed for any value of Aéli when
inlet composition and conversion are knowmn, If the

memn‘Agl value is assumed to be the arithmetic mean
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of A and Aglo’ correction factors may be

gli

calculated. Multiplication of A by these gives

gli
'&ﬂVﬁM@ofAﬂmq

& 810
A2, 8 and A 2. 9 are graphs from which N

gli
and correction factors may be obtained at any

A
conversiorn, Calculated values are also tabulated. Q3=uxJO )

GgHu : H2 = l:1 GZHA : H2 = 1:2
GEHLL s H2 = 2:1
o §§1Q Correction |~ | g fglo Borrection
ali Factor 1 r'A Ag]i Factor
Q0 ]11.00 1,00 0] O [ 1.00 1.00
10 | 0.965 | 0.98% 10 | 2010.955 | 0,978
20 { 0,930 0,965 20 40 {0,908 | 0,9RL
20 10,896 | 0,948 30 60 | 0.860 | 0,930
Lo | 0.860 | 0.930 4o | 801 0,815 | 0,908
50 | 0,825 | 0,913 50 1100 | 0,762 10,881

60 {0,790 | 0.895
70 10,750 | 0,875
80 | 0,710 0,855
90 | 0,680 | 0,840
1001 0,630 | 0,815

Aglm mey be estinated thus:- |
Run B B Fi=33’6litres/hn,0 = 67.6%¢‘a X = 0,676

From A 2, 2 -Agli = 1,06 cmsz/cms3

From A 2. 8 correction factor = 0,875

hlm = 0.925
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APPENDIX 3,

The average catalyst particle size was obtained
by a sedimentation method (60)., The apparatus was
devised by Deans (61).

The apparatus consists of a long vertical tube,
2 em, I,D, and 115 cm, long, surrounded by a water
jacket, Near the top of the tube is a glass stop~
tcock equal in bore to the tube. The funnel at
the top of the narrow bore deposition tube fits
into the base of the main column and is held in
position by a rubber bung. At the bottom of the
narrow bore tube is a capillary stopecock. A
centimetre scale is attached to the tube. The
arrangement is shown in I, A 3. 1,

The apparatus is operated thus:-

The deposition tube is f£illed with mercury to a zero
mark and then fitted into the main column. The
settling medium, xylene, 1is then poured into the
main tube to a level gbove the large stopcock,

Water is then passed through the water Jacket and
the apparatusg left for half an hour in order to
minimise thermal eddy currents, The large stopcock
ls shut and a sample of catalyst introduced into the
top section, The cock i1s then opened and a stop;
:clock simultaneously started, The particles

descend through the stagnant liquid and build up in
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the deposition tube. Ls the particles build up the
mercury level is dropped so that the top of»the
particle bed remains more or less constant at the
zero mark on the scale, This results in a constant
deposition length. The increases in particle bed
length with time are noted.

The bhasis for particle size analysis by sediment;
cation is Btoke's Law, For a particle settling at
constant veloecity in a ligquid

Total viscous force = B'ﬂ'b Dp U
Total grevitational force = /%’7T|)P3(€',G?) ﬂ‘

At constant veloclity )
U = Dpfﬂ,(%'(’a)
l?ﬂ]

<
i

velocity cm/sec,

981 cm/sec?

ASgs
t o

varticle diameter cm.

density of settling material gm./cc.

=
i

density of liquid gm./cc,

-0
(=
I

'5 = viscosity of settling medium poises,

O = settling time mins,

In ¢his ecase U = length of deposition tube (cm.)

© x 60
= _115  cm./sec,
8 x 60
2. )
Thus @l:]E .= D,” % g X (®1 -05)

18 ﬁ
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For nickel Q 1 = 8.9 gms,/cc,
xylene (0, = 0.867 gms,/ce., (25°C)

]

Henece Dp = h2,hH
[

From this equation the particle diameter for every

0.0065 poise (25°¢)

il

time reading in the run is calculated. A graph of
percentage height against particle dlameter may then
be drawn. From this graph, the percentoags of
articles in any size range mey be found ond this

enables a digtribution graph to be drawn, The area
under this latter graph is then bisected by a vertical
line, the point at which this line meets the x ; axis
represents the mean particle diamcter,

This procecdurc was rcpeated twice for caeh bateh
of catalyst. The results arc shown in tables
£ 3. )L ~ L, and specimen graphs in Pigs. A 3. 2 and
A 3. 3.
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CATALYST A,

Q -

s

TLBLE A 3, 2,

Ht,
cms,

% Htle
microns

Ht,

CllsS.

e

% Htl

0.00

e

-

0,00

0,00

000

0,50

Lo

0,00

0.50

0,30

1,00

5.9

52,5

0, L0

1.00

9.10

0.70

1.50

159

h2,8

0,80

2,00

18.2

0,80

2000

15,7

37,1

L. 00

2.33

22.8

1.80

2.67

35.3

242

1,30

500

29.6

3:790

L., 00

72.9

26,3

2, 20

550

50.0

390

L. 50

76.5

2L, 8

.00

h,33

681

L, 20

6.00

82.5

2l.L

3.50

5,00

19.5)

4. 30

100

8L.5

19.9

« (0

6.00

Sh.1

L.LO

8,00

86,2

18,55

3.80

7:00

865

L]w 50

9:00

88,4

17.5

3090

8.00

88.6

Le55

10,00

89.3

16,6

.00

10,00

91.0

4,70

14,00

92,2

1405

L., 20

15.00

4,80

18.00

Ol 3

127

Lo 30

20,00

5.0

26,00

98.0

10,0

L. 35

25,00

97.9
99.0

Dol

10,00

100

960

Lo 1O

30.00

100
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CATALYST B,

T.ABLE .A. .7) a 3 a TISBLE -A- 3 2 LLtL
ot ' D Ht . D
- Q e % Hth p ° Q \[5 % Ht. P
cms, VF“ MCronNs CILS . mierons
0,00 | 0,00 - - - 0,001 0,00 - - -
0.00 10.50 | =~ - - 110,001 0.50] = - -

0,05 {1.0011.0011,3%} 52,25 1 0.20 [ 1,0013,00] L.2152,25
0.25 | 2,00 |1.L156,68] 37,1 | 0.b0 | 2.501.58] 8.5213%.2

0.40 | 2,50 11,58 10,71 33.2 10,50 | 3.00{1.73|10.5 130 L.

0.70 | 3,00 |1,73118,.7[ 30,4 | .00 | L,00[2.00|21.,0126.2

1.00 | 3.5011..87126,7| 28,1 | [L.30 | L.50(2.12(27 L 24,8

1,50 | 4,00{2.0 {lo.0{26.,2 {[1.70] 5.,00{2.2L|%5.8 123 .4

2,98 | 4.50(2,12/50,6] 2.8 2,90 | 6.00 12, k5l61,.1 121 L

2,60 | 5,00 (2,269, 4| 23.L 80| 7.0012.65180.0119.8

2,90 ] 6,002, 5| 77. 0l 21, | .00 8.,0012.83|81,2118,.55

3,00 | 7.0012.64/80,0]19.9 | 4.20] 9.00]3.00188,.%117.5

3,101 8,0012.82|82,6]18,6 6.30 110,00 3,36]90,.6 16,6

3220 [10,0013,16]185.4|16,6 | 4,40 {15.001%,87192.6 |13.55

530 112.0013%.46({88,0115.2 | .50 |20.00 L, b7l9l.9 12,75

3140 115,00({3.87]90.6133,53 { |4, 60 {25.00 |5,00|97.1110.5

3.55 120,00 4. 47|9L,8{11.75 | .75 0015.,9%1100 | 8.85

3:70130,0015,48/98,8] 9.57
.75 140.00{6,32]100 | 8.3

FPor catalyst A din run A 3. 1 D = 27,6 /U
it (1 L . o - .
A3 Dp 27 2/(4
Hence DpM = 27 .11 /M
For catalyst B in run A 3. 3 D, = 25,1 /M
it il A .3“ LI_ D

Lo
Il
o
£
‘\1
>
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If cach catalyst particle is considered to be o
spherc, thce volume of the averoage sphere is given by
b (27 )P .3
3 é2 X 10&; .
in the case of ecatalyst A,
The density of nickel is 8,9 gms,/cc,

Honce-the no. of spheres/gn, is given by

1

8.9 x 4 x T x 527.u 33
3 2 x