5.5. Comparison between models for heterogeneous and homogeneous systems.
For homogeneous reaction systems, the well-known Hatta number Ha is defined as:

Hag = (1/ky){2k,Caq"CaMD/(n + 1)} % (5-123)

In Table 5.1, expressions of Ha and @ are presented for correlation.

’

Table 5.1. Correlation of the dimensionless physical quantities Ha and £ for
homogeneous and heterogeneous chemical reactions of zero order and
first order in gas component A.

Homogeneous reacticn Heterogeneously catalyzed reaction
n=0 Hag = (1/kp)(2koCpmD/Cad ¥ 8 = (1/kp)(2koCp™Do/Caq)¥ = Hage®
a=1 Hay = (1/kp)(k;Cg™D)% @) = (1/kp)(k; Cg™De)% = Ha ok

It 1s well-known from the theory of homogeneous chemical reactions that for
Ha » 2 and Cg/Cy B 1:

E = Ha (5-124)

which means that in the case that the catalyst particles are distributed
homogeneously in both liquid film and bulk of the Liquid:

E = Ha(e")% (5-125)

In the casge that the catalyst particles are assumed to be in the liquid film
only, eqn {(5-123) 18 changed into: .

E = Haot (5-126)

Further, it can be noted that an enhancement factor E < 1 1s obtained 1f the
catalyst particles are distributed in the bulk of the liquid only.

5.6. Summary.

In this chapter we developed three models for describing mass transfer of a com—
ponent from a gas phase to the active sites of & solid catalyst particle
suspended in a liquid.

In the first model, the catalyst particles are distributed homogeneously in the
bulk of the liquid only. The enhancement factor never exceeds unity. This model
can be applied if the catalyst particles are large e.g. dy > 6 and dj > dg.

In the second model it was assumed that the catalyst partgcles are dfstributed
homogeneously in the liquid film only. This model can be applied if the cata-
lyat particles are small relative to the thickness of the liquid film e.g.

d, €& and dp < 0.025 dg. The enhancement factor can be congsiderably larger

tgan unity.

In the third model, the catalyst particles are distributed homogeneously in beoth
1iquid fila and bulk of the liquid. The catalyst particles are small relative

to the thickness of the liquid film and the enhancement factor can be larger
than unitcy.

Further, in Table 5.l. we showed that the Ha-number for a homogeneous chemical
reaction and @ for a heterogeneous chemical reaction can be correlated.
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Table 3.2. Survey of models for calculation of the enhancement factor of gas

Model 1

absorption of heterogeneously catalyzed chemical reactfons.

catalyst particles in the bulk of the liquid only

Eo= %3,2/(1 - ap$) (5-9)

E(L + 1/T" ~ &(1 ~ a;5)Ao/0,2) - 3a,{(1 - 2(1 - ay6)E/0,2)2/3 - 1) =1

(5-28)
1/E = 1+ (1 - ag841(0,2(((3A ) D eoth((3aH - 1)} + 1/
(5-46)
catalyst particles in the liquid film only
E = 49,2 {5-56)
E =9, (5-66)
E = @)tanh(3;) = 0; for large values of ©; e.g. &, » 2 (5-76)

catalyst particles in both liquid film and bulk of the liquid
E<2 gnd ny=1

E o= he,? : (5-82)
E <2 and n, <1

%0,2{(2E/8,7 - a1 8)(1/T + 1 - a;8)/(1 - ay8) + hapd} +

+ 4o[1 = 3(1 + (apd = 28/8,2)/(1 - a8))2/% + (5-94)

+2(1 + (agb - 2E/0,2)/(1 - a6} =1

E> 2
E = (af)i0, (5-104)
E< 2

E = (A"5)tanh(A"8) + : (5-115)

mo 21 - aLé)/(coshz(1"6)){(ﬁ1®12(1 - apd)/(A"8)Ytanh(A"6) + 1 +

+ 1‘]1@12/?}-1

in which A"8 = (a8)%0, (5-116)
E» 2
E = (A"8)tanh(}"&) B (5-122)
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For each model presented in Table 5.2. 1t is assumed that:

the catalyst particles are spherical;

the active sites are distributed homogeneously in the catalyst particle;

there is no resistance to mass transfer in the gas phase;

for the component B and the product(s), there 1s no resistance to mass
cransfer, neither In the liquid nor in the pores of the catalyst particles;
the solubility of the gas in the liquid C,4 as well as the mass transfer coef-
ficient kp-are not affected by the concentration of the catalyst.

The models represented in Table 5.2. deal with catalyst particles homogeneously
distributed in:

the bulk of the liquid only;
the liquid film only;
both the liquid film and the bulk of the liquid.
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CHAPTER 6

GAS ARSORPTION EXPERIMENTS WITH A THREE-PHASE REACTION SYSTEM

6.1. Introduction.

In this chapter, the results are presented of gas absorption experiments with
some three~phase reaction systems in a Whitman cell of about 1 litre. The gas
absorption rate has been determined with and without chemical reaction i.e.
with and without addition of catalyst particles to the liquid in the reactor.
The rTeacticons studied were the hydrogenation of:

- hydroxylamine to ammonia and water in an aguecus solution;

-~ 3-pentanone o 3-pentanol in aquecus solution;

~ styrene to ethylbenzene in n~heptane.

The rates of gas absorption with and without chemical reaction have been
determined in the Whitman cell undetr identical conditlions with respect to
temperature, stirrer speeds and specific interfaclal area.

6.2. Equipment.

The measurements were performed in a closed cylindrical glass reactor as

shown in Fig. 6.1. The reactor was provided with a thermostatted jacket all
round to make sure that the gas absorption and the chemical reaction occurred
at a fixed temperature. The inside diameter was about 11 cm; the heilght about
16 cm. The total volume of the Whitman cell was about 1.5 litres; the cell had
a liquid content of about 1 litre. Gas phase and 1liquid phase were stirred
separately with magnetic stirrers. The gas phase was stirred with a flat
stirrer N with a speed of 7.75 571, The liquid phase was stirred with a tulip
stirrer G with a speed of 12.5 s~1, The reactor was equipped with four baffles
F. The experiments were carried out at atmospheric pressure and at temperatures
of 30 and 40 °C. The pressure in the reactor was controlled by means of a

" manometer H filled with solvent. One leg of the manometer was connected to the
gas phase of the reactor, the other to the surrounding atmosphere.

Due to the absorption of gas from the gas phase into the liquid phase, the
pressure in the reactor would decrease if the volume of the gas phase remained
unchanged. However, during the gas absorption the pressure was kept constant
by decreasing the volume of the gas phase with a plunger P. This was done by
turning the thimble of the micrometer § of the measuting equipment E in such

a way that the liquid level in the manometar remalned unchanged.

Assuming that during the time At 2z displacement AR of the plunger is reached,
the rate of gas absorption can be calculated from:

By = (Pp = PyImdq?ad/(4RTALVY) (6-1)

Through an inler B in the liquid phase degassed solvent could be fed to the
Whitman cell to perform experiments for the determination of mass transfer
coefficients.

Gas could be supplied tc the cell through inlet D and vented through outlet M.
The temperature was read by means of a HP-28024 thermometer equipped with a

100 ¢ Pt~resistance probe, type 1B643A. The accuracy of this apparatus is within
+ 0.5 XK. The resolution is 0.0l K. The probe C was placed in the liquid.

The specific interfaclal area was about 10 wl.

6.3, Measurement of mass transfer coefficient.
6.3.1. Procedure.
About 1.5 litres of liquid were degassed in a separate vessel for about 3 hours

at room temperature by means of a vacuum pump. During degassing, the liquid was
stirred continuously. About 10 ml of the degassed liquld was brought into the
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Fig. 6.1. Whitman cell for performing gas absorption rate experiments.

A, Water from thermostat K. Water from thermostat
B. Degassed solvent inlet L. Water to thermostat
C. Pt-100 thermometer M. Gas outlet

N. Gas inlet N. Gas stirrer

E. Measuring equipment P. Plunger

F. Baffles (. Water from thermostat
G. Liquid stirrer R. Water to thermostat
H. Manometer 5. Micrometer

1. Water to thermostat T. Dutlet of manometer

Whitman cell, after which the cell was closed. The reactor was accurately
checked for leakage by means of the manometer and both stirrers were started.
The reactor was purged with five times its volume of nitregen. After this,
hydrogen was led into the reactor to an amount of seven times the reactor
volume., After purging with this amount of hydrogen, the stopcocks were closed
and the operating conditions of the reactor were adjusted to the required
temperature, pressure and speed of stirrers. Due to the presence of some liquid
in the cell, the bydrogen was already saturated with sclvent vapour.

When the required experimental conditions had been reached, the liquid-phase
stirrer was stopped and the degassed liquid was brought into the reactor after
passing a heat exchanger to obtain the required temperature before entering the
cell. The cell was filled with liquid to about the same level in all
experiments. During filling of the reactor with liquid, the excess of hydrogen
was removed through the gas cutlet M.

As soon as the reactor had been filled, the liquid inlet B and the gas outlet
M were closed. The stopwatch and the ligquid-phase stirrer were started at the
same time. The displacement of the plunger was noted down every minute.

After the experiment was carried out, the liquid phase was weighed and the
specific Interfacial ares calculated, using the known density of the liquid.
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6.3.2. Calculation of mass transfer coefficient.
The ahsorption rate of gas into the liquid is given by:

Talt) = kpap(Cag ~ Calt)) = aCx(r)/de (6-2)
Solving of the differential equation leads to:

In{Cpqy — Ca(t)) = — kpat + Cy3 (6-3)
For t = 0 it {s supposed that Cy = C4® so that:

In(Cpy = Ca(t)) = = kpapt + 1n(Caz - Cx%) (6-4)
From egn (6~2) one fiunds:

la{®a{t)) = In(kpap) + In(Cpy — Cal)) (6~5)
Substitutlon of egqn (6-5) into eqn (6-4) yields:

In(@a(t)) = In(kpay) + In(Cay - C%) ~ kyapt = Cyy, - kpart (6-6)

A plot of 1n(Pp(t}) versus t gives a straipht line whose slope b is equal to
-kLaL' i

The specific interfacial area is calculated from the mass of liquid My, the
density py and the liquid surface area nnwzfé 80 that:

ky = =4bMp/ (70, %0r) ' (6-7)

6.4. Measurement of gas absorption rates with chemical reaction.

6.4.1. Procedure. )

About 1.5 litres of solvent were ln a separate vessel degassed for about 3
hours at room temperature by means of a vacuum pump under constant stirring.
The catalyst was put lnto a small vessel together with about 100 al of solvent
and saturated with hydrogen under constant bubbling, for about 1 hour.

The procedures of filling the reactor and starting the reaction were different
for the three reaction systems used.

For the hydrogenation of hydroxylamine, the aquecus solution of hydroxylamine
phosphate was first prepared, after which a pH = 5 was obtained by addition of
KH PO, .

The aqueous solutlon was breought inte the reactor, after which immediately the
catalyst was added to the ligquid phase. After closing of the cell, the gas~phase
stirrer was started and the gas space was purged with about five times its
volume of nitrogen. The nitrogen was removed completely by purging the gas space
with about seven times its volume of hydrogen.

The measuring equipment E was rinsed too with hydrogen by moving the plunger up
and down several times.

After closing of both the gas inlet D and the gas outlet M, the gas phase was
saturated with water vapour.

This process was followed by means of manometer H. When the pressure in the
reactor did not increase anymore, the stopwatch and the liquid stirrer were
started.

For the hydrogenation of 3-pentanone 1in water, the reactor.was first filled
with degassed water and catalyst. The reactor was closed. and the gas phase

was purged with unitrogen and hydrogen as described above. -~

Afcer closing of the inlet D and the outlet M, the liquid stirrer was started
and the gas phase was saturated with water vapour.

When the gas phase was satprated, 13 g of 3-pentancne was injected into the
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liquid phase through a septum placed in inlet B, and the stopwatch was started.
For the hydrogenation of styrene in n-heptane we made use of a large glass
syringe of 150 ml, which was thermostatted. The syringe was filled with a
fifty-fifty mixture of styrene and n-heptane and connected to the inlet B.

Then the reactor was filled with the required amount of n-heptane and catalyst.
The gas space was purged with nitrogen and next with hydrogen as described
above and the gas inlet N and gas outlet M were closed.

When the gas phase was saturated with solveut vapour, the wmixture of styrene
and n~heptane was injected from the 150 ml syringe into the liguid phase of

the reactor through inlet B hy pushing the plunger. The excess of hydrogen was
removed through gas outlet M, When Inlet B and outlet M were closed, the
stopwatch was started.

€.4.2. Calculation of gas absorptleon rate.

The measurement of the pgas absorption rate was performed by reading the
ahsorbed volume of gas each minute under steady-state conditions i.e. constant
pressure, constant gas phase composition and constant walues of stirrer speed,
specific interfaclal area and temperature.

The gas absorption rate 1s found from the displacement of the plunger P
necessary to maintain a constant pressure in the cell.

The gas absorption trate is calculated from:

@y = (P - PyImdg?A8/(4RTALVY) (6-8)

6.5. Experimental results.

6.5.1. Hydrogenation of hydroxylamine In water.

The hydrogenation of hydroxylamine in water has heen discussed extensively by
Van de Moesdijk [112]. In an acid medium the reaction can be described by the
equation:

NH4*OH (aq) + Hp (aq) = NH,T (aq) + H30 (1) (6-9)

This reaction may be considered of zerc order with respect to hydrogen partial
pressure at pH = 5 and pyg, ? 0.5 bar. The reaction rate is highly pH~dependent
and increases with increaSing pH. In an acld medium the reaction can he
described by an apparent order of a half with respect to Cy, the total
hydroxylamine concentration. The reactlon rate was found to be directly
proporticnal to the catalyst concentration in the range of €O ~ 10 kg w3,
Since by the chemical reactlion ammonia 1s produced and the reaction rate 1s
highly pH~dependent, the aqueous solution 1s buffered with KH;PO,.

The hydrogenation was carrled out in aqueous solutions containing 1113 g of
demineralized water, 0.745 g of hydroxylamine orthophosphate and 46.3 g of
KH,PO,. The total mass of the liquid phase was about 1160 g. The density of the
solution was 1023 kg m™? at 40 9C. The volume of liquid in the reactor was
1134 em3, which gives an interfacial area of 8.7 m~! in the Whitman cell with
inside diameter 11 cm. The experiments were performed at 40 °C and pH = 5.

As catalyst we used a 10 wt % Pd/C catalyst from Fluka. The particle diameter
distribution is glven in Flg. 6.2.

The number~average particle diameter Is 4.0 um. The density of the porous
particles is 405 kg m'a, whereas the density of the solid itself is 2023

kg w3, resulting in a porosity of 0.B0. The pores volume is 2 1073 o3 kg‘l.
The specific surface area of this catalyst is 766 103 m? kg~i.

In Table 6.1., these values are summarized.
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Fig. 6.2. Catalyst particle diameter distriburion of 10 wt % Pd/C from Fluka.

Table 6.1. Properties of the 10 wt % Pd/C catalyst from Fluka.

_ e 2 183 .3 11
dy 4.0 pm - Vo 210 3m zkg 5
Pp = 405 kg m Sp = 766 10° m* kg
pg = 2023 kg m3 8p = 10 on
£p = 0.80

For the liquid-film mass.transfer coefficlent'we found a value of 4.9 1075

m s~!, In Chapters 3 and 4, for the solubility and ‘the diffusion coefficient
of hydrogen in the above~described soluticn:we obtalned Cpy = 0.58 mol m~3
and D = 4.2 1072 n? 5”1 respectively; both values refer to 40 ©C and a’total
pressure of 1 bar. . ’ :

For thne effective diffusicn coefficient of hydrogen In:the pores of the
catalyst particles we used a value of 1.1 1072 p? g1, This value was
calculated from the relation D* = DEP!ﬂ in which e, = 0.8 and 1 = 3 for carbon
particles [119]. : : :

In Table 6.2. we have summarized :the data with which we have made our
calculations.

Table 6.2. Properties of the system hydrogen/aqueous hydroxylamine solution
at 40 °C and at about 1 bar total pressure In the Whitman cell.

ky, = 4.9 1075 g 57! Cpy = 0.58 mqi-ﬁ'a
D = 4.2 1072 p2 i ap, = 8.7 o l¥
p* = 1.1 10~% p? g~} s
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In Table 6.3. the experimental results of the hydrogenation of hydroxylamine
in water are given. The enhancement factor has been calculated from

&/ (kparCpy). From the data given, it is found that apd = ayD/fk; = 7 1074,
It is obvious that ¢' = &" for this small value of ard-

Table 6.3. Experimental results of the hydrogenation of hydroxylamine in water
at 40 ©C and at about 1 bar total pressure.

Exp- @, 10° £ €, 10° Ca ¢' 103 ¢ C o103
Na. —————
mol m ¥ 571 kg o~ ? mol m~3

6~1 0. 062 0.25 24 10 0.059 0.079 0.059
6~2 0.090 0.36 44 10 0.109 0.146 0.109
6~3 0.0111 0.43 58 10 0.143 0.192 0.143
-4 0.0154 0.62 75 10 0.185 0,248 0.185
-5 0.0190 0.77 88 10 0,217 0.291 0.237
6=6 0.0215 0.87 90 10 0.222 0.298 0.222

Model 1: reaction in the bulk of the liquid only.
From eqn (5~%) and Table 5.1., it is found that:
E = 52,%/¢1 ~ ap8) = BHag2e/(1 - arb) (6-10)

After substitution of the values of Table 6.2. in eqn (5-123}, we obtain:

Hag? = Cy5 ke (6-11)
in which:

Cis = 19.1 {mol m~3)"% s (6-12)
so that:

E =Cg kot (6~13)
in which:

Cig = 9.5 (mol m™H)~% g (6-14)

From a plot of E versus ¢ it is found that:
Ko = €.27 (mol m~3)% ™! ' (6-15)

With this value of k, the values of O 2, I'' and A, can be calculated. The
results of these calculations are given in Table 6.4. For the calculaticn of
' we used kg = 2D/dp = 2.1 1073 m 57! and ag = 6Cp/(dppp) -
From Table 6 4. we may conclude that for all experiments the inequality of
expression (5-19) was satisfied since 9 £ 2. This means that for all
experiments the effectiveness equals unity and that application of eqn {5-9)
was correct. In Table 6.5., the experimental and calculated enhancement factors
are compared.

A graphical comparisen between E.exp and F..1. is made in Fig. 6.3,
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Table 6.4. Calculéted values of ©,2, T' and Ag for kg = 0.27 (mel a3y g-l.

Exp. 842 fio 103 7T 1073 201 - ad(1 - ap8)/ (/T + 1)
No.

6-1 0.42 0.9 0.44 2

f-2 0.76 0.9 0.81 2

6~3 1.01 0.9 1.07 2

b=t 1.30 0.9 1.38 2

£-5 1.53 0.9 1.62 2

6-6 1.56 0.9 1.65 2

Table 6.5. Experimental and calculated enhancement factors for the
hydrogenation of hydroxylamine in water at 40 ©C and pH = 5 at a
total pressure of about 1 bar.

Exp. Eexp Ecalc 5007 /(1 = arh)
No.
6~1 0.25 0.21 0.21
6-2 0.36 0.38 0.38
6-3 0.43 0.51 0.51
6-4 0.62 0.65 0.65
6-5 077 0.77 0.77
6-6 0.87 0.78 0.78
104 E
’
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Fig. 6.3. Experimentally determined points and the calculated best-fit curve
(eqn (6-10)) representing the enhancement factor as a function of
5602/(1 - ap,8) for the hydrogenation of hydroxylamine in water at
pH = 5 and T = 40 ©C and at a total pressure of about 1 bar (Model 13}.

Model 2: reaction in the liquid film only.

This model was uot applied to the experiments of Table 6.3. since it was
vigsually observed that the catalyst particles were not in the liquid film omnly.
Experiments with higher gas absorption rates could not be carried out because
the hydroxylamine would decompose into ammonla and dinitrogen oxide on the
active sites of the catalyst particles if the concentration of hydrogen in the
liquid was below a certain minimum value [112].
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Model 3: reaction In the liquid film and in the bulk of the liquid.
From eqn (5-82) and Table 5.1., it is found that for E ¢ 2 and r, = 1:
E = 50,7 = kHa,?¢ (6-186)

In our experiments in the Whitman cell, the value of apéd « 1. As a consequence,
the same relations and results can be expected as with Model 1.

Van de Moesdijk glves at pH = 5.0 a reactlon rate constant of 10 (mmol I'l)%
(g cat h)~l at 60 °C for the reaction rate equation:

T4 = ko*Cp¥C, (6=17)
The value of ky* = ky/p, from our experiments at 40 ©C equals:
ko* = 2.5 (mmol 1-1}% (g cat n)~! (6-18)

This result obtained at 40 OC differs by a factor four from the value obtained
by Van de Moesdijk at 60 °C. The values agree if it is assumed that for every
10 K temperature difference the reaction-rate constant decreases by a factor two.

6.5.2. Hydrogenation of 3-pentancne in water.
The hydrogenation of 3-pentanone in water was performed at 30 °C. The overall
equation reads: .

(C2H5)2CO (aq) + Ho (agq) = (C2H5)2CHOH (aq) (6~19)

The hydrogenation of 2-prapancne has been discussed by Lemcoff and Jameson
[113] and Freund and Hulburt [114]. The hydrogenation of 2-propancne was .
carried our with Raney nickel as catalyst. They found that the reaction 1s of
zero order in 2Z-propanone and of order a half ia hydrogen.

The hydrogenation of 3-pentanone was carried out in water at 30 °C at pH = 3.
The 3-pentanone concentration was 100 or 400 mol m—3.

The Whitman cell was first filled with 1117 aor 1080 g water which had been
degassed for three hours. In part of the water the catalyst was suspended while
hydrogen was led through for one hour. When the Whitman cell was filled with
water, catalyst and hydrogen, 9.8 or 39 g 3-pentanone was iniected into the
liquid phase. The stopwatch was started and the gas absorption was measured

by recording the absorbed volume of gas every minute.

The volume of 1liquid in the cell was 1134 ml, giving an interfacial area of
about 8.7 m~!, As catalyst we used a 5 wt Z Pt/C catalyst {(Drijfhout). The
particle diameter distribution is given in Fig. 6.4. The number-average
particle diameter is 3.0 um.

The density of the porous particles is 399 kg m~3; the density of the solid
itself 1is 1921 kg m'3, resulting in a poroslty of 0.79. The pores volume is

2 1073 o3 xg~!. The specific surface area of this catalyst ts 811 103 n2 kg~l.
In Table 6.6., these values are summarized. -

For the liquid-film mass transfer coefficient a value of 3.7 103 n s~! was
found. From Chapters 3 and 4 we find the solubility and the diffusion
coefficient of hydrogen in the above-described solution to be Cpy = 0.69

mol m~3 and D = 3.6 1079 g2 ¢~! respectively; both values refer to 30 °C and a
total pressure of 1 bar. For the effective diffusion coefficlent we used a value
of 0.9 107% n? ¢~l. This value has been calculated from the relation D* = Dep/<
in which €5 = 0.79 and 7-= 3 for carbon particles [119].

In Table 6.7., the data which we used in our calculations are summarized.
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Fig. 6.4. Catalyst particle dlameter distribution of 5 wt % Pt/C from Drijfhout.

Table 6.6. Properties of the 5 wt % Pt/C catalyst from Drijfhout.

= 3.0 pm : €, = 0.79

= 399 kg o2 vp = 2 1073 o3 kg
pg = 1921 kg o3 : ' sp = 811 103 2 kg-l
5p =10 nm '

Table 6.7. Properties of the system hydrogen/aqueous 3-pentanone solution at
; 30 °C and at about 1 bar total pressure In the Whitman cell.

k = 3.7 1075 g §7! Cay = 0.69 mol m™
D =3.6 1070 q2 5! a; = 8,7 m-!
p* = 0.9 1079 p2 g}

In Table 6.8., the experimental results of the hydrogenation of 3-pentanone

in water are given.

The enhancement factor has been caleculated from ®,/(kpa;Cay)-

It was found that the reaction was of zero order in 3-pentanone. Further,. it
1s obvious that for a large number of experiments E » 2. Table 6 8. shows that
&' = " because of the small value of aL&

It is Interesting to note that after injection of 3-pentanone into the liquid
.phase of the Whitman cell we visually observed that the catalyst 'particles
preferred to stay in the neighbourhood af the gas-llquid interface despite
intensive -stirring of the liquid.
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Table 6.8, Experimental results of the hydrogenation of 3-pentanone in water
at 30 °C and at ahout 1 bar total pressure.

ExXp. 2, 107 E Cp Cq et 103 ¢ 6" 10°
No -
mel m™3 s7! kg m 3 ‘mol w3

6-7 .20 0.8 0.02 400 0.05 0.06 0.05
6-8 c.21 0.9 0.03 440 Q.08 0.09 0.08
6-9 0.24 1.1 0.04 440 0.10 0.12 0.10
6-10 0.39 1.8 .06 100 0.15 0.18 0.15
6-11 0.45 2.0 0.09 400 0.23 0.27 0.23
6-12 0.94 3.8 G.11 400 0.28 0.33 0.28
6-13 0.97 4.4 0.16 100 0.40 0.47 0.40
6-14 1.17 5.3 0.28 100 0.70 0.83 0.70
6-15 1.42 6.4 0.87 100 2.18 2.58 2.18
6-16 1.64 7.4 1.13 100 2.83 3.35 2.83
6-17 2.43 11.0 1.77 100 4. 44 5.24 L4.44

Model 1: reaction in the bulk of the liquid only.

This model was not applied to the experimental results of Table 6.8. since
E » 1 for most of the experiments.

Model 2: reaction in the liquid film only.

From eqn (5-126) and Table 5.1., it is found that if E » 2:

E = Ha¥¢5 = 0y (6-20)
From eqn (5-123), the Hatta npumber for n = % and m = 0 reads:

Ray = (1/ky){4kyD/(3C,, M)} % (6-21)

For the above-mentioned conditions, the Hatta number is:

Hay = Cy7 kyh (6-22)
in which:
€17 = 2.05 mo170+% pl-3 5 (6-23)
so that:
E = Cpy (kyo)t (6-24)

From a plot of E versus ¢5 , see Fig. 6.5., it is found that:
ky = 5.1 mol1?:5 4-1.5 g7l (6-25)

for the experiments 6-11 to 6-17. :
With the result of eqn (6-25), values of 95 and E can be calculated. The

experimental and calculated enhancement factors are given in Table 6.9.
In Fig. 6.5. the experimentally determined points as well as the best-fit line
represénting the enhancement factor are given.
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Table 6.%. Experimental and calculated enhancement factors for the hydrogenation
of 3-pentanocne in water at 30 ©C and at a total pressure of about

1 bar.

Exp. Fexp teale %
Na.

6-11 2.0 2.4 2.4
6-12 3.8 2.6 2.6
6-13 4.4 3.2 3.2
6-14 5.3 4.2 4.2
6-15 6.4 7.4 7.4
6-16 7.4 8.4 8.4
6-17 11.0 10.6 10.6

a1y,

o

10

Fig. 6.5. Experimentally determined points and the calculated best-fit line
(eqn (6-20)) representing the enhancement factor as a function of 95
for the hydrogenation of 3-pentanone in water at 30 °C and at a
total pressure of about 1 bar (Model 2).

o
o

Model 3: reaction in the liquid film and in the bulk of the 1liquid.

For E » 2 the same relations are obtained for Model 3 and for Model 2.
Therefore, simjilar results may be expected.

6.5.3. Hydrogenatlon of styrene in n-heptane.

The hydrogenation of o~methylstyrene has been discussed by several
investigators [14,18,115,116].

It was found that the reaction was of first order in hydrogen and of zero
order In a-methylstyrene.

In the present work the hydrogenation of styrene was carried out in the
Whitman cell at 30 °C in n—heptane, indicated by (h):

CGHS(C2H3) (h) + H2 (h) = C6H5(C2HS) (h) (6_26)
This hydrogenation too is aof zero order in styrene and of first order 1in

hydrogen. The concentration of styrene was 210 or 410 mol m~3.
Since a new Whitman cell was used whose dimensions differed a little from those
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of the cell used for the experiments described In the foregoing sections, the
speciflc interfacial area was somewhat larger: 9.6 wl,

As catalyst we agaln used the 10 wt ¥ Pd/C catalyst from Fluka. The data of
this catalyst have already beea given in Table 6.1.

The 1liquid=film mass transfer coefficient has a value of 6.7 107 @ s~ !, The
diffusion coefficient was determined according to the method described in
Chapter 4 and was found to be 13 1072 n2 s7!, Ffor the effective diffusion
coefficlent of hydrogen in the pores of the particles we ochtained a value of
3.4 107% n? s~! after substlitution of e, = 0.8 and T = 3 in the relation

D* = Dep/t [119]. The solubility of hydrogen in the reaction liquid was assumed
to be equal to that of hydrogen in n-heptane. The value of 4.8 mol m™3 at a
total pressure of 1 bar and at 30 9C was used in our calculations.

Ian Table 6.10., the physical data of the reaction system used in our
calculations are presented.

Table 6.10. Properties of the system hydrogen/styrene solution in n-heptane at
“30 °C and at about 1 har total pressure in the Whitman cell.

kp, = 6.7 1074 g g™t Caqy = 4.8 mol o3
D =13 10°% g2 ¢! a;, = 9.6 =}
D% = 3,4 1077 n? g7}

In Table 6.11., the experimentzl data of the hydrogenation of styrene in
n~heptane are glven.

Table 6.11. Experimental results of the hydrogenation of styrene in n-heptane
at 30 9¢ and at ahout 1 bar total pressute.

EXp. @, 103 B Tp Cp ot 103 s o 10°
No. i
mol. .o~ 3 g~! kg m3 mol w3

6-18 6.9 0.22 0.03 210 0.07 0.40 0.07
6-19 7.0 0.23 0.02 210 0.05 0.27 0.05
6-20 11.3 0.37 0.07 210 0.17 0.91 0.17
6-21 C12.9 0.42 0.09 210 0.22 1.19 0.22
6=22 17.9 0.58 0.29 210 0.72 3.84 0.72
6-23 20.0 0.65 0.15 210 0.37 1.99 0.37
6-24 20.0 0.65 0.39 210 0.96 5.17 0.96
6-25 | 20.4 0.66 0.11 210 0.27 1.46 0.27
6-26 22.1 0.72 0.49 o210 1.21 6450 1.21
6-27 22.3 ‘ 0.72 0.29 210 0.72 3.84 0.72
6-28 24.4 ©0.79 0.97 210 2.40 12.86  2.40
6-29 27.2 | . 0.88 1.92 410 4.74 25.45 4.74
6-30" 28.4 0.92 1.44 210 3.56 19.09  3.56
6~31 29,6 0.96 1.93 215 4,77 25.58  4.77
6-32 1.6 ©1.02 3.86 210 9,53 51.17  9.53

Table 5.11. shows that ¢' = ¢"fbecause of the small value of agb. The
enhancement factor is calculated from @,/(kya1Cai). Further we visually
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observed that the catalyst particles were @isPerged homogeneodsly in the
reaction svstem. :

Model 1: reaction in the bulk of the liquid anly.

From eqn (5-45) and Table 5.l., 1t 1is found that:

1/E =1+ (1 - aLé)/(nlelz) + 1/T' =1+ (1 - aLé)/(nIHa12¢) + 1/ C(6=27)

For the above—-described conditicns, the Hatta number 1is:

Ha 2 = Cg ¥k {6=28)
in which:

Cig = 0.03 s ‘ (6=29)
sa that: ‘

012 = Cyg k& (6-30)

From a plot of (1/E -~ 1 ~ 1/7") versus (1/0) we can calculate k.
Assuming Shy > 2, D = 13 107% n? g7l and dp = 4 107 m, we obtain:

kg » 6.5 1073 @ 57~ (6-31)

Combination of the eqns (5~18) end (6-31) leads to: -

I > Cg Ep (6=32)
in which:
Cig = 3.7 10 n? kg~! (6-33)

Substitution of the emallest value of C, mentioned in Table 6.11. in eqn (6=32)
gives a minimum value of 75 for I'', provided that the catalyst particles have
been dispersed completely.

Since 1/T'' €1, we may neglect the contribution of 1/T' in eqn (6-27). As a

consequence: .

L/E = 1 = {(1 - ap6)/(myHa,2)}(1/9) ‘ (6-34)

From the plot of (1/E - 1) versus (1/¢) we determined k; with the data
represented in Table 6.1l., assuming 7 = 1:

k, = 32 57! (6-35)

With the result of eqn (6-35), it appeared that the effectiveness of the
catalyst particles 1s unity. In Table 6.12., the experimental and calculated
enhancement factors are presented. In Flg. 6.6., the experimentally determined
points and the calculated best-fit curve representing the enhancement factor
are given.

Model 2: teaction in the liquid fi{lm only.
This model was not applied to the experimental results of Table 6.11. since it

was visually observed that the catalyst particles were present in the bulk of
the liguid too. IR d
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Model 3: rteaction in the liquid film and in the bulk of the liquid.

For this model we must app1¥ eqn (5-113) to the experimental results. Apain
H312 = Cig k; and 912 = Ha)“¢. From egn (5-116) it 1s fouad that:

M6 = (ap8)%0) = (apd)Ma,o% = Cpq (k)% (5-36)
in which:
Cog = & 107 g% ' (6-37)

The effectiveness 1s assumed to be unity. The term 012/F follows from:
012/T = kydp/ (6kg) (A-38)

Sustitutiag k; = 25 s71, dp = & 1078 m and kg » 6.5 1073 m 57! in eqn (6-38),
we calculated that:

OIZ/T < 2.5 1073 {6=39)

As a consequence, the term Olzif in eqn {5-115) 1s neglected. When applying
the least—squares method, 1t 1s found that:

Ky = 22 57! (6-40)

The result of eqn (6-40) confirms that the effectiveness of the catalyst
particles 1s unity. In Table 6.12., the experimental and calculated enhancement
factors are presented, while {n Fig. 6.7. a graphical representation igs given.
It can be seen from Flgs. 6.6. and 6.7. that Model 3 describes the experimental
results of Table 6.11. better than Model 1. The same conclusicon can be drawn
when comparing the minimum value of E(Eex - Ecalc)z for both models; this
minimum value 1is 0.10 for Model 3 and O.lg for Model 1.

Table 6.12. Experimental and calculated enhancement factors for the
hydrogenation of stytene in n-heptane at 30 ©°C and at a total
pressure of about 1 bar.

'

Model 1 Model 3
Exp- Eexp Ecale 612/(1 - ap8) Ecale 9;2/(1 - ad)
No.
6-18 0.22 0.27 G.37 0.21 0.26
6-19 0.23 0.19 .24 0.15 0.17
6-20 0.37 0.46 0.85 0,38 0.60
6-21 0.42 0.50 1.00 0. 44 0.77
6=22 0.58 0.78 3.53 0.71 2.50
6-23 C.65 0.65 1.82 0. 56 1.29
h=24 0.65 0.83 4.74 0.77 3.36
6-25 0.66 0.57 1.34 0.49 0.95
6~26 0.72 0.86 5.96 0.81 4,22
6-27 0.72 0.78 3.53 0.71 2.50
6-28 0.79 0.92 11.79 .89 8.36
6-29 0.88 - 0.96 23.133 0.94 16.54
6-30 0.92 0.95 17.50 0.53 12.40
6~31 0.96 C.96 23.45 0.94 16.62
6~32 1.02 —_—— m——— 0.97 33.24



Fig. 6.6. Fxperimentally determined poilnts and the calculated best=fit curve
an (6-27)) representing the enhancement factor as a function of
/{1 = a;5) for the hydrogenation of styrene in n-heptane at 30 °C
and at a total pressure of about ! bar (Model 1).

1—a|_6

0 r T
0.1 1 10

Fig. 6.7. Experimentally determined points and the calculated best-fit curve
(egn (5-115)) representing the enhancement factor as a function of
@12/(1 - ayb) for the hydrogenation of styrene in n—heptane at 30 OC
and at a total pressure of about 1 bar {(Medel 3).

6.6. Conclusions.

In this chapter we have shown that the gas absorption rate in a heterogeneously
catalyzed chemical reaction system can be described by three models developed
in Chapter 5. Which model has ko be applled to experimental results carried out
with a slurry reactor 1s dependent on the size of the catalyst particles and the
tendency of the particles to stay in the film near the gas-liquid interface or
in the bulk of the liquid.

If the liquid film near the gas-~liquid interface contains sufficient small
catalyst particles and the reaction rate is sufficiently high, an enhancement
factor larger than unity may be expected, in particular if ki is relatively
small as is the case for very small gas bubbles.
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CHAPTER 7

DESIGN OF SLURRY REACTORS

7.1. Physical quantities and relations.

In the design of slurry reactors, the rate of conversien plays an Important
role in the dimensioning of the reactor. The rate of conversion depends on the
mass transfer rate, the kinetics of the reacticn, the catalyst concentration
and other process conditlons. Moreover, in most of the reactions heat transfer
must be taken into account in the design of the reactor.

The subject of heat ttansfer has not been dealt with in this thesis. Some work
on heat transfer in bubble columns has been done by Kdlbel et al. [7] and
Hikita et al. [117].

In this work we have treated the mass transfer in slurry reactors In which
components Teact on the active sites of solld catalyst particles. One of the
reacting components is a gas absorbed from a dispersed gas phase into the
liquid phase. The other component 1s dissolved in the continuous liquid phase.
This chapter deals with the design of slurry reactors.

Therefore, we need rellable values of:

- transport properties of the gas-liquid system: D, 7, ¢, He, p;

- transport coefficients of the gas-liquid system: kp, kg, kg; _

- process conditions: up, up, Hg, T, dg, €, ap, 8gy Cgy Pa» T, Cp;

~ kineties: k,, n, m;

~ catalyst properties: dp, Eps Pps Sp, VP, Te

For a reliable design it ts required to use values of the properties measured
under the same operating conditione as used in the reactor, for instance with
respect to temperature, pressure, and composition of the reaction system.

We have shown how rellable values of the above-mentioned properties can be
obtained. These values can be used for the deeslgn of a slurry reactor.

The aim of the procedure in this chapter is to calculate the production capaclty
of a given reactor and reaction eystem or to determine the volume of a reactor
required to achleve a particular producticn rate. -

The first step i1s to plot the enhancement factor E versus the modified Hatta
aumber O, as done in Chapter 5. In Chspter 5 three models were given for the
mass transfer of gas from the gas phase to the active sites of the catalyst -
particles suspended in the ligquid phase. It 1s obvious that the most
conservative value of E 15 obtained when we assume that the catalyst particles
are In the bulk of the liquid only. We have derived only the equations in which
the reaction rate is of zero order or first order in the gas component.
Equations referring to other orders should be treated in the same way. This
means that the reaction orders n and m must be known. -

To obtain a reliable correlation between E and O, measurements must be per-
formed in, for example, a Whitman cell.

In the Whitman cell we have to determine:

E = @5/ (kyayCas) (7-1)

= (L/%p) {2kqCag™tog™pe/(n + 1)}% = Hano% | (7-2)
T = kgag/(kpap) : (7-3a)
or T' = kgag/(kpap{l - ar6)) | (7-3b)
o = knCB"Cas™ 1dy2(n + 1)/(26D%) | (7-4)
» = Cp/lppard) - : : | (7-5a)
or ¢' = Cp/(pp(l — apd)) (7=-5b)
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or & = Tploy (7-5¢)

Q4> ¥p, n and m are determined expevimentally from the absorption rate if
chemical reaction occurs. The values of Cg and €, are calculated from the
nunber of mcles or mass added to the cell per unit volume of liquid.

The value of a; for a Whitman cell can be calculated from:

anz

ap, = (7-6)
4vp

The value of ag; follows from:

ag = GEp/(ppdp) or ag = 64"/dy (7=-7)

The value of ky i1s calculated from the experiments im which no chemical reac-~
tian takes place.

Tf catalyst particles are used, the catalyst support should be dispersed in
the reaction medium. In Chapter 6 we described how to perform these
experiments.

If these experiments are to be carried out under pressure and at high
temperatures, an autoclave must be used.

It should be pointed out that the gas absorption rate both with and without
chemical reaction is determined under identical conditions with respect to
temperature, pressure, geometry of the reactor, stirrer speed and composition
of the three phases.

Furthermore, knowledge of some properties of the catalyst and the reaction
system Is needed to be able to plot E versus 0,

The values of €ps dp, T and pp are determined accordlng to methods well-known
in catalysis.

The value of the effective diffusion coefficient 1s calculated from D* = De /t.
In Chapter 4 we described a method to determine reliable and accurate values
of the diffusion coefficient D of slightly soluble gases in liquids.

The solubility of the gas in the liquid medium is determined by the method
gilven in sectlon 3.7. The use of a stream of liquid in a gas~liquid system
enables rapid and accurate determination of the Henry number He.

The measurement of the diffusion coefficient and Henry number can be carried
out under pressure when the equipment presented in this thesis is modified.
With the data obtained in this way E can be plotted versus 3, on the basis

of experiments in the Whitman cell.

When tramslating the results obtained with the Whitman cell to the commercial
reactor it should be borne in mind that the values of some physical quantities
will not change If the reactor 1s operated under the same conditions of
temperature, pressure, and composition of the reactlor system as used in the
Whitman cell.

The unchanged properties are:

= transport properties D, 1, o, p and He;

= kinetic constants k,, n and m;

= catalyst properties dp, Ep» Pps Sp, Vp, + and W

In Chapter 2 we described experiments in a bubble column investigating the
influence of ug on dg, ay and £,,. These experiments were performed In a
bubble column with a diameter T = 29 cm. This relatively large diameter has
been chosen to minimize the influence of the wall. Furthermore, the middle
sectlon of the dispersion In the column muest be large compared with on—stream
zone and foam layer.

From the experiments in Chapter 2 it may be concluded that reliable data can -
be obtalned only 1f the experiments are carried cut with a dispersion of
representative composition.
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~ For small bubbles (dg < 0.5 mm) in the field of gravity the value of ki is
almost independent of the process conditions and is mainly determined by the
physical properties of the reactlon system [37-40]. For calculation of the
mass transfer coefficient, knowledge of p, n and D is needed. Further, the
surface tension gradient can influence %y (Marangoni~effect) [118].

At the gas—liquid interface, mass transfer resistance In the gas film is
almost negligible in comparison with that {o the liquid film.

Values of kg can be approximated by Shy = 2.

Further, the value of ap must be koown under commercial reaction conditions:

ap, = beg,/dg ) {(7-9)

Therefore, values of ey, and dg must be determined. From Chapter 2 it iIs knowm
that dg is almost constant under the normal process conditions we lnvestigated.
In sections 2.2.5 and 2.2.7 we described how the Sauter mean diameter dg can
be determined by:

~- chemical method [9,41,49];

- photographic method [9,38,40,417;

- resistivity probe method [56,57];

- pas disengagement method [67];

- correlations [9,10,40,45].

The disadvantage of the photographic method is that it cannot be applied to
slurries of small carbon particles. When proper precautions are taken, all
methods can also be used for systems under pressure.

The average gas holdup e,y must be determined experimentally. This can he done
by visual observation 1if the vessel is made of a tramsparant material and its
diameter T #» 0.3 m. For high pressures the column must have a sight—glass otr
must be equipped with a float.

The relation between the average gas holdup and the superficial gas velocity
can be represented hy:

1/egy = b+ vg/ug; b 2 1 (7-10)
As a consequence, the specific interfacial area is given by:
ay, = bug[{vy + bug)dg}™! (7-113

If reliable values of the physical properties are avallable &£, can be calcu-
lated from correlations presented in the literature (see Table 2.1.).

These correlations may be used only within a given range of process conditions
and transport properties.

The effect of the superflclal liquid velocity and the ratio of the clear
liquld height to the column diameter on the average gas holdup is mestly
negligible if the superficial gas velocity remains unchanged.

Finally, the values of Cp and Cg can be chosen and the value of ay be
calculated.

With the values of the various parameters it 1s possible to calculate 9,

as well as other dimensionless numbers. With thils information both E and &p
can be calculated for a commercial reactor.

7+2. Influence of gas holdup and particle size -1 mass transfer rate.
If gas bubbles and solid particles are dispersec in a liquid, the gas volume
is:

Vg = EgqyVL/(l — 24y) ‘ (7-12)

The number of gas bubbles in the dispersion is given bhy:
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ny, = 6Vp/(mdg?) = Bea VL/(mdg (1 ~ £,59)) (7-13)

When there i1s a catalyst concentration Ep, the total mass of catalyst in the
dispersion equals CPVL. The nunber of catalyst particles is found from:

= 5C 3 -
np JCPVL/(ndp pp) (7-14)
Thus the number of catalyst particles per gas bubble equals:
np* = Cpde (1 = ea0)/(dp ppeay) (7-15)
Let us further ceonsider a spherical layer of liquid (see Fig. 7.1.) with an

lnside diameter dg and an outside diameter dp which encloses a gas bubble of
diameter dg. It is cleatr that for this system the gas holdup is given by:

Eqv = dgi/dy? (7-16)
so that
d_[13 = dsa/EaV (7"17)

The volume of liquid per gas bubble is calculated from eqn (7~13):

Vi/og = mdgP (1 = egy)/(6eay,) (7-18)
The thickness of the liquid film around the gas bubble is given by:

& = D/, (7-19)
The velume of the 1iquid film per gas bhubble equals:

Vp/np = mi(dg + 2833 - d. 7]/ (7-20)
so that the ratio of liquid film volume to 1liquid volume 1s calculated from:
VR/VY = [(de + 2807 - d e,/ (A% 1 - e0) ) (7-21)
The number of catalyst partlcles in the liquid film per gas bubble equals:
np® = Cp{(dg + 26)% - ds3}x(ppdpé) (7=22)
asguming that the catalyst particles are divided homogeneously betweea bulk of
the liquid and liquid film.

When the catalyst particles are assumed to be In the liquid film only, the
concentration of the catalyst in the liquid film is- given by:

Cp® = Cpdg®(l ~ 500/ [((dg + 28)3 - dg¥ e,y ] (7-23)
In the following we will show the influence of gas holdup and catalyst par-
ticle size on mass transfer rate by means of two examples.

Example 1.

Let us consider the following conditions:

gy = 0.2

dg = 200 um Pp = 400 kg m?
dp = 100 um D=5 10"% m? 57!
Cp = 12.5 kg m™3 k = 1074 p 57!
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With these conditions we calculated:

op* =1
dy, = 342 um
& = 50 pum

n.® = 0.

P 6
VF/VL 0.6

This situation is represented in Fig. 7.1.

a b

Fig. 7.1. Representation of one gas bubble in a slurry for the conditions of
example 1; np* = 1 1.e. one catalyst particle per gas bubble.

In Fig. 7.la. we have drawn two catalyst particles. Both catalyst particles
are positioned identically. The total catalyst volume per gas bubkle equals
that of one catalyst particle. The total catalyst volume in the liquid film
is about 0.6 times that of one catalyst particle.

In Fig. 7.1b. n * and n.° have the same values as above. In Fig. 7.1b. we
placed cne catagyst'particle ad jacent to the gas bubble so that a larger part
of ‘that catalyst particle is in the liquid film. To obey the condition of

npo = 0.6, the other catalyst particle is placed further from the gas bubble.

Example 2.

The .conditions are identical with those of Example 1 except for the catalyst
.dlameter:

dp = 10 pm.
We calculated the following values:

ng* = 1000

dy, = 342 pn

np® = 594

Vp/Vy = 0594

& = 50 pm

Cp0 = 21 kg w3
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In Fig. 7.2a. we have drawn the sfituation in which the catalyst particles are
distributed homogeneously between liquid film and bulk of the liquid.

In making these drawings it was assumed that the depth of the cross-sectional
view equals d,.

The number of catalyst particles in this cross—sectional view can be obtained
from:

ne = 3dp0ar? - dgfngt/{20d? - 9] (7-24)

If each catalyst particle in bulk and film of Fig. 7.2a. is brought to the
gas~liquid interface, the gas-liquid interface area occupied by catalyst
particles can be obtained by projection of these partleles on the surface of
the hubble. Consequently, the fraction of the gas bubble surface occupied by
catalyst patticles can be approximated by:

fo = mp*ap?/(4dg?) = Tpdg(l = £ay)/ (4dpopeny) (7-25)
In this case it 1s assumed that all particles form a monolayer of catalyst
particles along the surface of the gas bubhle.

For the conditlons given, we found f, = 0.6 from eqn (7-25).

a ) b

Fig. 7.2. Representation of one.gas bubble in a slurry for the conditions of
example 2.

1. bulk liquid 3. catalyst particle in bulk liquid
2. film liquid - 4, catalyst particle irn film liquid
5. gas bubble

When we compare the situation as given in Fig. 7.1. with that of Fig. 7.2a. we
can conclude that the enhancement of gas absorption to be expected for the
situation of Fig. 7.2a. 1s much.higher than that for the situation of ‘Fig. 7.1,
The larper value of the enhancement factor in the situation of Fig. 7.2a. at
the same catalyst concentration is caused by the smaller particle diameter

and the larger number of catalyst particles near the gas bubble surface.

If we assume that the active sites are distributed homogeneously 1in the
catalyst particles, Independent of the particle silze, then the active sites are
distributed more homogenecusly in the liquid owing to the larger number of
particles and the smaller particle diameter. This simply means that in the
liquid film near the gas-liquid Interface whers the gas concentration is

high compared with that in the bulk, more active sites are present.

The maximum yield for the glven catalyst concentration and size 1s obtained
when the particles are all pushed against the gas—-bubble surface as is done

in Flg., 7.2b. Here, all avallable active sites are in contact with the highest
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possible gas concentration. Therefore, the situation in Fig. 7.2b. will give

a higher gas absorption rate than the situation of Fig. 7.2a.

Generally, we can increase the fraction of occupation by increasing the catalyst
concentration or by decreasing the catalyst diameter at a given gas heldup

(see eqn (7-25)). The average gas holdup €4y can be influenced by the
supetrficial gas velocity. The gas bubble diameter dg in a given reaction

medium remains almost constant as we have shown In this thesis.

7.3, Summary and conclusions.

In the first part of this chapter we have mentioned the physical quantities

of which the values must be known to be able to design three-phase slurry
reactors. Further, we have indicated how to obtain accurate and reliable values
of various hydrodynamic, kinetic and transport properties.

In the second part we paid attention to the influence of gas holdup and
concentration and size of the catalyst particles on the gas absorption rate

in a slurry reactor.

For a given system in a slurry reactor, the conversion of gas per unit volume
of liquid can be enlarged by increasing ar,, kg, Cpj and E.

The value of aj = 6e,,/dg can primarily be influenced by the gas holdup

€ay = ug/(v, + bug) since the bubble diameter remains almost constant.

The value of kp can hardly be influenced, whereas the value of Caj can only
be increased by increasing the partial pressure of the gas component in the
gas phase.

The value of the enhancement factor is dependent on the concentration and size
of the catalyst particles. Further, the value of E increases with the number
of catalyst particles present 1n the liquid film near the gas—liquid interface
in the slurry reactor. _

Therefore, the values of £,,, C; and d, must be chosen in a proper way which
is dependent on the transport properties and the kinetics of the reaction
system.
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