4.8.1. Hydrogen Ln water.

From the linear rtelationship between Dop and T/ng {t is possible to determine
the diameter of the hydrogen molecule according to the Stokes~Einstein equation.
For this radius we calculated a value of 70 pm. This 1s small compared with the
value of about 120 pm published in the literature [101)+ However, .the correla-
tion described in eqn (4-32) 1s the result of one of the twe limiting éases of
interest. In deriving this correlation, it {s assumed that there 1is no tendemcy
for the fluld to slip at the surface of the diffusing particle. Hence, eqn
(4-32) can be used to describe the diffusion of larger spherical molecules.
However, when there 1is no tendency for the fluid to stick at the surface of the
diffusing molecule, eqn {4-32) becomes:

Dag = kT/(4mmgRy) o (4=44)

It is plausible that the diffusion of hydrogen into water is an example of the
second limiting case. Himmelblau {102] even suggested that for this system the
factor 4 in the denominator of eqn (4=-44) should be smaller. The radius of the
hydrogen molecule calculated from eqn (4-44) 1is about 110 pm, which value {s
more In agreement with the experimental data. )

For the molar volume of hydrogen we used the value of 14.3 10™% @d mol~! alsa:
used by Wilke and Chang. Our rvesults as well as the values obtained from the
above-pentioned correlations are given In Flg, 4.l1l. and in Table 4.9,

Table 4.9. Comparison of the values of the diffusion coefficient of h&drogen in
water from some predicting equations with our experimental results.

predicting equations experimental results
Othmer and Thakar Scheibel Wilke and Chang this work
T/oC D 10%/(n? g1y D 10%/(n? &) D 10%/(n? s~ 1) D 10%/(m? s~1)
20 2.8 3.0 3.0 - 3.2
30 3.6 5.0 3.9 3.9
40 4.5 5.0 4.9 4,9
50 5.5 6.1 6.1 6.1
60 6.6 7.4 7.3 7.1
D 10° ﬁgi
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Fig. 4.11. Diffusicn coefficients of hydrogen in water.
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Fairly good agreement is obtained with the Othmer—Thakar correlation. Values
calculated with this predicting method differ by less than 13 percent from cur
experimental values.

Further, it can be concluded that both the Wilke~Chang and the Scheibel correla-
tion predict our experimental results better. A maximum difference of less than
7 percent 1is obtained at 20 ©C.

4.8.2. Hydrogen in l-propanol.

In Table-4.10. we compare our experimental results of the diffusion coefficient
of hydrogen in l-propanol at 30 °C with the values predicted by the equations
mentloned above.

Table 4.10. Comparison of the experimental value of the diffusicn coefflclent
of hydrogen in l-propancl with values calculated from predlcting
equatlions at 30 OC.

predicting equations experimental result
Othmar and Thakar Schelbel Wilke and Chang this work
/% D 10%/(m? 57ty b 10%/(m? s7!) D 10%/(m? s”Y) D 10%/(m? &)
30 1.4 1.3 - 2,0 (‘x_ = loO) 8.0

2.5 {x = 1.3

It 1s obvious that all predicting equations give much lower values for the dif=-
fusion coefficlent of hydrogen in l-propancl than our experimental values. Also
Sporka et al. find higher experimental values (D = 11.9 102 n2 s‘l) than those
obtained from the predicting equations {see sectlon &4.6.4.).

4,8.3. Hydrogen in n~heptane.

The experimental value of the diffusion coefficlent of hydrogen in n-heptane
is about 13 10°% m? g~! ar 30 °C. Again, this result is compared with values
obtained from predicting equations, in Table 4.11.

From Table 4.11. it is clear that the equation of Wilke and Chang predicts our
experimental result very well. The equations of Scheibel and Othmer and Thakar
predict values which are lower compared with our experimental result.

Table 4.11. Comparison of the experimental value of the diffusion coefficient
of hydrogen in n~heptane with values calculated from predicting
equations at 30 ©C.

predicting equations experimental result
Othmer and Thakar Scheibel Wilke and Chang this work
T/oC D 10%/(m? s~ 1) D 10%/(m? s™}) D 109 /(m2 s~ 1) D 109 /(m? s~ 1)
30 7.9 5.9 12.3 13
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4.8.4. HMydrogen in an aqueous polyacrylamide solution.

In a number of publications, the diffusion of molecules in a dilute polymer
golution has been Lnvestigated experlmentally and theoretically [103-106].
However, the results are not in agreement with each other. The experlmental
value of the diffusion coefficient with increasing polymer concentration
decreases or increases or shows a maximum value. Therefore, models have been
developed which predict either an increase (104] or a decrease [106] or even an
increase and a decrease [105) of the value of the diffusion coefficient with
increasing polymer concentration.

Fig. 4.9. showe that our values decrease slightly with increasing polvmer
concentration. This behaviour is in agreement with the behaviour predicted by a
model [106] in which the diffusifon coefficient is given by the sum of the dif-
fusion coefficient in the almost pure solvent and the diffusion coefficient in a
highly concentrated polymer solution both with their own weight-factors.
However, there is no publication in which the “zero-sheatr” viscosity of a
polymer solution has been calculated or measured. There are some articles in
which the diffusion coefficient of a gas in a liquid of which the viscosity has
been increased by addition of a component has been investigated [107~110].

In these publications, the diffusion coefficlent commonly decreases with
increasing viscosity. In all these cases the results can be represented by the
fallowing equation:
D/Dy = (n/7)"R (4-45)
Also our experimental results can he represented very well by eqn (4-45). We
have calculated the values of n according te eqn (4-45) from the results from
the literature for gome systema. In Table 4.12. the values of n and the ranges
of viscosity and concentration are given.

From Table 4.12. we can conclude that in spite of the large differences in
aqueous systems, the diffusion coefficient decreases with increasing viscosity
and that the results can be represented very well hy eqn (4-43) even at high
viscosity.

Table 4.12. Comparison of ocur experimental results with values from the
literature (aqueous solutions).

cg 1073 q1073 T
Addition Gas Number of n Cn - ref.

mol m3 Pa s experiments K
NaCl 0.0-3.776 0.8%3-1.37 €0y § 0.90 0.02 298 [107]
NaNOq 0.0-3.602 0.893-1.32 €Oz 5 0.85 0.06 298 [107]
Na250y 0.0-0.898 0Q.893-1.33 Cop 6 0.65 0.03 298 [l107]
MgClay 0.0-1.262 0.893~1.49 cC0p 5 0.58 0.02 298 [l07]
Mg(N03); 0.0-1.219 0.893-1.36 COp 4 0.38  0.01 298 [107]
MgS0,, 0.0-0.969 0.893-1.70 Cop 7 0.57 0.03 298 [107]
Saccharose 0.0-1.96 0.856-14.8 09 5 0,70  0.01 301 [108)
Glycol 0.0-16.8  0.890-15.4 CO, 7 0.36 0.02 298 [109]
Glycerine C.0-8.27 0.890-19.2 (Cop 10 0.75 0.02 298 [109]
Glycerine 0.0-5.92 0.B94-4.673 Co0p; 6 0.68 0.01 2988 [110]
Separan AP-30 0-2 wt %  1.002-2940*% Hy 5 0.029 0.002 293 this
Separan AP-30 0-2 wt %  1.002~2,80%* H, 5 0,23  0.02 293 work

* "zero-shear” viscosity ng
**"infinite—-shear” viscosity 7w
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Furthermore, Table 4.12. shows different values of n for polymer solutions and
non-polymer solutions. For palymer solutions, the value {n = 0.03} 1s essen-
tially less than for non-polymer solutions (0.38 < n ¢ 2.90). From this it
follows that the "zero~shear” viscosity of diluted polymer solutions influen-—
ces the value of the diffusion coefficlent of slightly soluble gases less than
the viscosity of non-polymer solutions.

Further, the value of n for the relation between D/Dy and nw/ny has been cal-
culated. According to Table 4.12., n = 0.23,

4.8.5. Helium in water.

For the predicting equations, use was made of the value for the molar volume of
hydrogen as calculated according to the method of leBas.

According to this method one finds a value for the molar volume of hydrogen of
14.3 107% m3 mol~l. However, experimentally a value has been found which is
about twice as high: 28.5 1078 m® mol™!. As a consequence, the predicting
e?uations, based gn the calculated molar volume, should be corrected by a factor
2173 (Scheibel) or 2%+ (Wilke-Chang; Othmer and Thakar) when using the experi-
mental value of the molar volume in these equations. The experimental value of
the molatr volume of helium is 31.9 1076 @3 mol=! [102]. In the calculation of
the diffusion coefficient of helium in water we uged the corrected experimental
velue of the molar volume of helium beilng 16 1078 m® mo1™!l.

In Tabla 4.13, and Fig. 4.12. we compare our experimental results with the
values calculated from the predicting equaticnes.

10+ D 109
m? g-1
B T %
6-
1 present work
44 Al «+++ Scheibel
,’f’ : —-= Wilke and Chang
1 z° === Othmer and Thakar
2]
4 ‘ ' & T
0 - — r T u . T ¢
0 20 40 60

Fig. 4.12. Comparison of our experimentally determined values of the diffusion
coefficient of helium in water with values calculated from pre~
dicting equations (see alsc Fig. 4.10.).

All predicting equations glve somewhat lower values for the diffusion coef-
ficlent of helium in water than our experimental results. Furthermore, the
values calculated from the predicting equations are all close together. Again,
values calculated with the Scheibel correlation show little difference with
those obtained from the Wilke—Chang equation. Qur experimental values are about
30 percent higher than those calculated with the predicting equations.
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Table 4.13. Compariscn .of our experimental results of the diffusion coefficient
of helium In water with values calculated from predicting
equations in the range 20 =~ 60 ©C.

predlcting equations experimental results
Othmer and Thakar Schetbel Wilke and Chang this work:

T/°¢  p10%/(m? s71) D 10%/(m? 57y D 10%/(m? 571y p 109/(m? s1)

20 2.6 2.9 2.8 4.0

30 3.4 3.8 3.6 5.3

40 4,2 4.8 4.6 7.3

50 5.1 5.9 5.7 8.1

60 6.1 7.2 6.9 9.6

4.9. Accuyracy.

To investigate whether leakage of gas along the plunger of the needle occurs,
the micrometer thimble was turned only sc far as to form a cap of gas on the
tip of the needle so that the gas-liquid Interface was just visible.

The system was left to itself for 5 minutes. After that time, the micrometer
thimble was turned to such an extent that an equally small cap of gas was
formed on the tip of the needle.

The same procedure was carried out with a rest-time of 30 minutes. The dif-
ference in micrometer reading of the experiment of 5 minutes was subtracted from
that of the experiment of 30 minutes., This was done ro eliminate the contribu-
tlon owing to absorption of gas across the gas-liquid interface of the

small cap. In this way the pure leakage can be calculated when neglecting the
very small contribution from diffusion of gas across the circular gas-liquid
interface in the needle. 1t has been found that the leakage of hydrogen is
about 1 % of the flow rate of the gas absorbed in water under normal experi-
mental conditions. This decrease in volume of gas absorbed from the gas bubble
will lead to a diffusion coefficient value which is about 2 per cent lower
than that given in Table 4.2. It can :herefore be concluded that no ccrrection
for the leakage of the syringe is needed.

4.10. Canclusions.

It has been shown that application of the (BS-method leads to accurate values of

diffusion coefficlents of pases in liquids provided chat:

- no disturbances occur in the stagnant liquid phase in the enviromment of the
gas bubble during the diffusion process;

- the method is carried out carefully according to the instructions described;

= the Henry number of the system is known;

~ the Rayleigh number of the inner cell contents obeys Ra < 1B00 to prevent free
convection; ‘

-~ the Bond number of the gas bubble obeys Bo < 0.0l to prevent that the local
curvature of the bubble surface deviates by more than 1 percent from the
average value;

- the surface tension ¢ » 25 1073 N p~!;

- the gas has been saturated with vapour of the solvent.

The values of the diffusion coefficlents discussed in this chapter have been

determined by a pure diffusion process without free convection. The CBS-method

can be used to generate englneering data and to test predicting equations for
diffusion coefficlents. The diffusion coefficients can be determined without
knowing the partial pressure of the gas in the bubble, provided that the Henry
nunber is independent of the partial pressure in the pressure range considered
and the gas has been saturated with vapour of the solvent.

81



4,11. Further reseéarch.

In this chapter the experimental results of the diffusion coefficient of
slightly soluble gases in liquids have been discussed. It has been shown that
measurement according to the CBS-method leads to accurate and reliable values
of the diffusion coefficients when using the theory of section 4.2.

Another major consideration in developing this experimental methed 1s to have
a well-defined systen {single spherical gas bubble with a well~defined gas-
1iquid interface) ro petrform absorption experiments of gas in liquids in which
a chemical reaction takes place. In the liquid of the diffusion cell not only
a homogeneous but also a heterogeneous reaction could occur. The theoretical
treatment of the CBS-method presented in section 4.2. should therefore be
extended to a chemically enhanced absorption.

Recently, Wimmers et al. [L111] of ocur laboratory applied this method to three
phase systems with chemically enhanced absorptian on the gas-liquid surface.
They have shown that addition of small active carbon particles does not
tnfluence the absorption rate. Further, they have shown that the gas absorption
rate lncreases significantly if catalyst particles are added to the gas-liquid
surface and a second reactant 1s availlable in the liguid.

As further research, experiments will be performed to determine gas absorptlon
rates in three phase slurry systems at different temperatures to determine
representative kinetle data. .

Wnen this procedure {s successful, 1t 1s possible to design large scale slurry
reactors frou Information obtained from accurate gas absorption measurements
from a single spherical gas bubble in 3 em? of process liquid in combination
with reliable data on the hydrodynamic behaviour of representative slurry
systems in vessels about 30 cm in diameter and 4 m long.

In Chapter 7, the influence of the relevant physical quentities on the gas
absorption rate will be elucidated.
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CHAPTER 5

MODELS FOR MASS TRANSFER IN SLURRY REACTORS

3.1. Intreduction.

In this chapter, we will describe three models for the mass transfer of gas

from the dispersed gas phase to the active sites of the solid catalyst

particles suspended in the 1liquid of a slurty reactor- At the active sites,
the gas component, denoted as A, reacts with another chemical component B from
the liquid phase. We will discuss models in which the catalyst particles are
distributed homogeneously:

- In the bulk of the liquid only (d, > 8);

= In the ligquid film only (dp <« §); particles tend to stay near gas—-liquid
interface;

= in both the bulk and the liquid film (dp < 58).

In this chapter we shall discuss models for zero-order and first-order reactions

in the gas component A.

For each model, the following assumptions are made:

= the catalyst particlee are sphericsl;

- the active gites are distributed homogeneously in the catalyst particles;

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

- for the chemical component B and the product(s), there {8 no reeslstance to
rmase transfer, nelther in the liquid film nor in the pores of the catalyst
particle;

= the solubility of the gas in the liquid Cpy a8 well as the mass transfer
coefficlent ¥;, are not affected by the concentration of the catalyst.

Thig 1list of assumptions will be extended If necessary.

5.2, Catalyst particles in the bulk of the liquid only.

In Fig. 5.1., a eteady-state concentration profile of the gas 1s represented
for the case that the catalyst particles are distributed homogeneously in the
bulk of the liquid only.

coencentration

T \\
~

\

cAi \‘
!

/
CAb ) //
Cas ‘%""
C.l0)

—fam- dislance

Fig. 5.1. Steady-state concentration profile of component A in the case that
the catalyst particles are distributed homogeneously in the bulk of
the liquid only.
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5.2.1. Rehction of zero order in the'gas component A.
Faor the zero-order reaction, the equation of diffusion for a porous spherical
catalyst particle is given by:

1 d dCa(r) '
p* — — [ ¢2 = koCp® ‘ _ (5-1)
r2 dr dr

with the boundary conditlons:

Calr) = Cpg for r = Rp (5-2)
dCa(r)/dr =0 for r =20 (5-3)
The solution of thils problem is:

Calr) = Cpq = koCpB(Rp? - v2)/(6D%) (5-4)
The rate of gas absorption for one catalyst particle is found from:

Bp/np = AnRRZDXACK(r)/dr | o = 47koCpPRLY/3 (5-5)

=R
P

The number of catalyst particles per unit volume of bulk liquid equals:

ng = 3C,/(4mRp3pp(1 - apé)) (5-6)

so that the rate of gas absorption per unlt volume of liquid is given by:

Bp = koCpUCH/ (pp(1l = aLd)) = ko Cple’ (5-7)
in which: |
' = Cp/(op(l = arpb)) (5-8)

gives the volume of the catalyst particles per unit Qolume of bulk iiquid.

The ratio of the actual absorption to the maximum physical absorption of gas
(l.e. Cap, = 0) from the gas phase into the liquid phase is defined by:

1]

E ¢A/(kLaLCA£) ﬂ.koCBm®'/(kLaLCA1) z 5@02/(1 - aph) {5-9)

Eqn (5~9) 1s only valid when the effectiveness of the catalyst particle
equals unity i.e. when there is no single active site in the pores of the
catalyst particle at which the concentration of gas is zero.

This requirement can be expressed in the inequality:

Cal0) = Caq — koCp™R,?/(6D%) > 0O (5-10)
which results from eqn (5-4). Eqn (5-10) leads to:

Cas » koCpPdp?/(24D%) (5-11)
Let us now introduce the quantity A,, defined by:

fo = koCpPdp2/(24D*Cay) _ , , (5~12)

From eqns (5-11) and {5-12) it can be deduced that the effeétiveness is unity
1f: ’

Cas/Cat » Aq ' {5-13)
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In the steady-state, the rate of gas zbsorption per unit volume of liquid from
the gas phase to the active sites of the catalyst particles can also be
expressed by:

(I’A = kLaL(CAl- - CAb) = ksaS(CAb - CAS)/(I - EILE)) (5—1-‘-’&)

Elimination of Cap glves for Cpg:

Cas = Cay - Zal(kpap)™ + (1 = ap8)/(kgag)} (5-15)
or
Cas/Car = 1 = ®alCkpard™ + (1 = ap8)/(kqag)}/Cag (5-16)

Combination of eqns (5-9), (5-16) and (5-13) yields:

E € (1 - A}/ (1/T" + 1} (5-17)
with
I = ksas/(kLaL(l - aLB)) (5-18)

Because E = &@02/(1 - a8) when the effectiveness is unity, eqn (5-17) is
rewritten as: '

0627 < 2(1 = A(L - ap8)/(1/T' + 1) (5-19)

As long as the inequality of eqn (5-19) i1s valid, the effectiveness is unity.
1f the effectiveness is not unity, the boundary conditions of eqn (5-1) are:

Calr) = Cpg for r = Rp (3-20)
and
dCp{r)/dr = 0 for r = R* < RP (5-21)

For the boundary conditions of eqns (5-20) and (53-21), the solution of
eqn {(3-1) is given by:

Calr) = Cyg = koCa®(Rp2 = T2)/(6D*) + koCpmRA3(r™! - Ry™1)/(3D%)
‘ (5-22)
for R* < r < Rp

Further, we asgume that:
Ca{r) = 0 for 0 < r < R* : {5-23)

In this case, the ratlo of the actual gas absorption rate to the maximum

physical absorption of gas (1.e. Cap = 0) into the liquid is obtained from

eqn (5-22):

B T 84/(kgarCar) = {1 - (R*/Rp)I}koCpM' /(kparlay) = (5209
= 5{1 - (R*/R)3}8,2/(1 - aLd)

Because of the continuity of the function describing the gas concentration,

subgstitution of r = R* into eqn (5-22) must lead to C,(R*) = 0. After this

substitution, and using eqn (5-12), it is found that:

Cag/Cas = Aol - 3(ai/ap)2 + 2(R*/Rp)? _ (5-25)
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it is obvious that the right-hand side of eqn (5-16) must be equal to the
right-hand side of eqn (5-25):

1 - da{Ckpap)™l + (1 - ap8)/(kgag)}/Cay = Aofl ~ 3(R*/R)HZ + 2(R*/R,)?}
(5-26)

Further, from eqn (5-24) it follows that:

R*/R, = (1 = 2(1 = ap6)E/0,2)! /3 (5-27)

Substitution of the definitions of E and I'' and of eqn (5-27) into eqn (5-26)
glves the following function of E:

E(1 + LT - 4(1 - apbho/Bs2) - 3o{(1 = 2(1 - ap8)E/e,2)2/3 - 1} =1

(5-28)
The next step is to find the value of E of eqn (5-28) for given values of
5. Ag, T7 and aLé. ,

In Fig. 5.2. a diagram has been drawn for E as a function of %602/(1 - a16)
for given values of A, {0 € Ay € 1) and T'(0 ¢ T < =). -

?
1.0 7
A=
= Ol
1\0— . _
4 /\0= 0 ' Fl = 1
0.5 Ag= 14§
__fo?
= N i
=01 2(1-3.8)
¢ . 0.5 1 1.5 2

Fig. 5.2. Diagrem of F as 2 function of %952/(1 - ay8) in the case that the
catalyst particles are distributed homogeneously in the bulk of the
liquid only.

5.2.2. Reaction of first order in the gas component A.
For a first-order reaction, the equation of diffusion for a porous spherical
catalyst particle is given by:

1 d dC, () .
D* — — [ 12 ——— ] = kCu(r)CgT (5-29)
r? ar dr

with the boundary conditions:
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CalrYy = Cpg for r = Rp {5-30)
and:
dCp(r)/dr = 0 for r =0 (5=31)

The solution of this problem is:

Calr) = CASRpsinh(R'r)/(rsinh(R'Rp}) (5=-32)
with |
A' = (kqCpR/D*)% (5-33)

The rate of gas absorption per unit volume of tiquid is gilven by:

2y = {(MRpdcoth(A'Ry) ~ 1}3D*Cagd T /Rp? {5-34)
It is known that for a first-order reaction the effectiveness is given by:
11 = 3R eoth (MR - 11/ {(A'Rp)?] (5-35)
When we define {see zlso eqn {5-12)):

An = knCEMAp2Ca10 Lo + 1)/(24D%) (5-36)
it is found that:

Ay = k) C3™dp?/(12D%) (5-37)

With the eqns (5-33) and (5-37) it follows that:

Ay = (M'dp)2/12 (5-38)
gso that:
ARp = (3415 ' (5-39)

and the effectiveness 1s found from eqn (5-35):
m = {COADBeoth( (A% - 1}/a, | © (5-40)

The ratic of the actual absorption to the maximum physical absorption
(i.e. Cpyp = 0) Is determined from eqn (5-34):

E = @/ (kparCag) = mKkiCpChgt'/(kparCai) = my@1%Cas/ (Cag(l ~ ap8))  (5-41)
in which:

912 = k Cpme"/(kyay) (5-42)
In general, 1t 1s defined that:

9p2 = ZkpCpPCA1 T IDe/(kp2(n + 1)) = Hay?s i (5~43)

Substitution of egqn (5-15) .and the definitions of E and T'' into eqn (5-41)
yields:

E = m012{l - EQL/T" + D}/ (1 - ays) | (5—&4)
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from which it follows that:

E =1+ (1 - apd)/{mo?% + 1/1' : (5-45)
With substitution of eqn (5-40) for the effectiveness, eqn (5~45) is written as:
/E = 1+ 41(1 - ap8) {0120 (¢34 %) coth((34)%) ~ 1)}-1 + 1/ (5-46)

- In Fig. 5.3., a diagram of E is given as a function of 0;2/(1 - a;6) and
different values of the parameters n; (0 < m € 1)and I'' (0 <" € @)

3 7]1=1
i,.I= m
0.5- r'=3
rs 1
fiq2
r'=0.1
1-apé
0 . . . L
0 0.5 1.0 1.5
"]'1:..-1
r]1=0.5
1,=0.25 )
e 7}, = 0.1 _Elu
1
1-a.

0 v T T
0 0.5 1.0 1.5

Fig. 5.3. Diagram of E as a function of €,2/(1 - ay8), n; and T' in the case
that the catalyst particles are distributed homogeneously in the bulk

of the liquid only.

5.3. Catalyst particles in the liquid film only.

In the following model, it is assumed that the catalyst particles will be
present in the liquid film only. The mass transfer into the bulk of the liquid
is zero. The separate catalyst particles are distributed homogeneocusly in the

liquid film.
The thickness of the liquid film is assumed to be:
& = Dfky (5-47)

This representation is given in Fig. 5.4.
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Fig. 5.4, Steady-state concentration profile of component A in the case that
the catalyst particles ‘are distributed homogeneously in the liquid

film only.

The total volume of catalyst particles per unit volume of liquid Is:

vp = Cplep  (5-4B)
_Further,
apd = ApS/vg (5'5‘9)

is the volume of the liquid film per unit volume of liquid.
The above-mentioned considerations lead to:

0 = vp/(aLd) = Cp/(ppard) (5-50)
The physical quantity ¢ 1s the volume of the catalyst particles per unit

volume of liquid film. _
The concentration of catalyst Cp 15 again based on the total volume of liqui

5.3.1. Reaction of zerc order in ‘the gas component A.
The equation of diffusion for the liquid film 1is:

d2cy(x)
D ————— = k,CpT0 (5-51)
dx?
with:
¢ = Cp/(0paL) (5-52)

With the boundary conditions:
Cal(x) = Cpqy for x=20 (5-53)

and:

d.
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dCp(x)/dx = 0 for x =6 (5-54)
the fellowing solution is found:
CoAlx) = Cp; + koCpMex?/(2D) - kyCpMex5/D (5-55)

From this equation 1t follows that the ratlo of the actual gas absorption to
the maximum physical gas absorption 1s given by:

E = @A/<kLaLCAi) = - DaLdCA(X)/dK\ %=0 /(kLaLCAi) = kOCBm¢6/(kLCAi) =
(5~-56)
= %@02
This relation holds as long as:
CAb = CA(&) > 0 (5_57)

From eqn (5-53) it can be obtained that thils requirement s fulfilled 1f:
Cag ~ koCM082/(2D) > O (5-58)

By substituting & = D/k; and dividing both sides of the Inequality (5-58) by
CAi it {s found that CAb » 0 if:

@y € 2 (5-59)

When eqn (5-51) is selved with the houndary conditions

CA(X) = CAi for x =0 (5*60)
and
dCp(x)/dx = 0 for x = 6% < & {5-61)

the following solution 1s found:

Calx) = Cpj + koCpMex2/(2D) ~ K, CpRed*x/D  for x ¢ b* (5-62)
Further, we assume that:

Calx) = 0 for &% ¢ x < & ‘ (5-63)

From eqn {(5+62) it can be deduced chat the ratio of the actual absorption
of gas to the waximum physical absorption is given by:

koCBm¢6*/(kLCA1) =

E = @A/(kLaLCAi) = - DaLdCA(x)/dxi x=0 /(kLaLCAi) s 64)

%6*0,2 /6

The concentration in the liquid film for x » 5* must be zero.
From eqn (5-62) it can be obtained that this requirement 1s fulfilled if:

&*/5 = 2/0, (5-65)
which after substitution in eqn (5~64) leads to: ‘
E = 0 (5-66)

In Fig. 5.5., a diagram is given of E as a function of O,.
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Fig. 5.5. Diagram of E as a function of 9, in the case that the catalyst
particles are distributed homogeneously in the liquid film only.

5.3.2. Reactlon of first order in the gas component A.
The equation of diffusion for the liquid film reads:

d2¢4(x)

D ——— = k Ca(x)C3Md
ax?

with:
¢ = Cp/lopart)
The boundary conditions are:
Calx} = Cpy for x =0
and
dCa(x)/dx = 0 for x = §
with which the folleowing soluticn is found:
Ca(x) = Cpicosh(A(E - x))/cosh{A8)
with:

A= {kyCpTe/D}Y

{5-67)

(5-68)

(5-69)

(5-70)

(5-71)

(5-72)

From eqn {(5-71}) it can be deduced that the rate of gas absorption per unit

volume of liquid equals:

84 = -DapdCa(x)/dx | = DapACpqtanh{As)

x=0

The ratio of the actual absorption to the maximum physical absorption

is given by:

(5=73}



E = @5/ (kpaCai) = (AS)tanh{A&) (5-74)
From eqn (3=-72), 1t 1is found that:

A o= B (5-75)
From eqns {(5-74) and (5-75) we obtain:

E = @ tanh(0;} = 9, for large values of G e.g. 0; * 2. (5-76)

In Fig. 5.6., a diagram of E as a function of O, is given for the case that
the catalyst particles are distributed homogeneously in the liquid film only.

E‘
101
5 4
o —
T T 1 T I
(1] 2 4 ] 8 10

Fig. 5.6. Diagram of £ as a function of 8, im the case that the catalyst
particles are distributed homogeneously in the liquid film only.

5.4, Catalyst particles homogeneously distributed in the ligquid.

In this section, the model is described in which the concentration of catalyst
particles in the liquid film and that in the bulk of the liquid are identical.
For the catalyst particles in the bulk, the same procedure is fellowed as in
section 5.2. The procedure of section 5.3. is followed for the catalyst
particles in the liquid film. This model 1s represented in Fig. 5.7,

5.4.1. Reaction of zero order in the gas component A.
The equation of diffusion for the 1iquid film is:

d2cyix)

D ——— = k,Cp%3" (5-77)
dx?

ir which

0" = Cplpp (5-78)

denotes the volume of the catalyst particles per unit volume of liquid.
For the boundary conditions:

92



conceniration

CAs
Caf0)

——Em—distance

Fig. 5.7. Steady-state concentration profile of component A in the case that
the catalyst particles are distributed homogenecusly in both the
hulk and film of the lliguid.

CA(X) = Cyy for x=20 (5=79)
and
dog(x)/dx = ={1 - (R*/R;)3JkoC™(1 = a;8)9”/(aP) for x = & (5-80)

eqn {5-77) leads to:
CalX) = Cay + koCp™e"x2/(2D) - {{1 - (R*/Rp)3}(1 - a18) + ap6ik CpP0"x/ (D)
| (5-81)

so that the ratioc of the actual gas absorption to the maximum physical gas
absorption 1s given by:

E = @/ (kparCag) = ({1 = (RY/RL3IJ(L - ap6) + a 81k Cp®07/ (kparCay) =

(5-82)
= 3[{1 - @R - 2 8) + apsle,?
From eqn (5-11) it was found that.m, = 1 1if:
Cae * koCBmdpzf(zan*) (5-83)

If the effectiveness is unity, it is found that in the steady-gstate for the
catalyst particles in the bulk: ’

koCpld" = kgag(Cap = Cag) _ (5-84)
Substitution of Cp, from eqn (5-84) into eqn (5-83) yields: '

Cas = Cab — KoCp™6"/(kgag) > koCpRe,2/(24D4) (5-85)
from which it follows that:

Cap/Caz » Ao + ¥0,2/T ‘ . ‘  (5-86)

93



Substitution of x = & in eqn (5-81) for the concentraticn of gas in the bulk
of the liquid gilves:

Cap/Cag = 1 - %9,2/{1 - ap8/2) (5-B7)
Substitution of egn (5-87) into eqn (5-86) gives:

B85 € (1 = AQ/(L/T + 1 = a1,5/2) ‘ (5-88)
This result is comparable with egn (5-19).

For the catalyst particles in the bulk it 1s found that when the effectiveness
is not unity:

{1 = (R*/Rp)PHkoCpP0" = kgag(Cap ~ Cag) (5-89)
from which the concentration Cae 1s found to be:

Cas = Cap =~ {1 = (R*/R))3 Kk CpR0"/ (kgag) (5-90)
Dividing eqn (5-90) by Cuy and substitutton of 4y /Cuy from eqn (5-81) gives:
Cas/Cas = 1 - %0,2{{1 - (R*/np)3](1/r + 1 - 218) + kapb} £5-91)

The right-hand side of eqn (5-91) must be equal to the right-hand side of
eqn (5-25):

1 - 309,2{{1 = (R*/R)FFI/T + 1 - ap8) + Naps) = no{1 ~ I(R*/RYZ + 2(RA/Rp)?)

(5-92)
From eqn (5-82) it follows that:
(R*/Rp)? = 1 + (a8 - 2E/0,2)/(1 - a18) (5-93)
Substitution of eqn (5-93) into eqn (5-92) gives:
40,2 {(28/8,2 - 8 8)(1/T + 1 - ap6)/(1 = 2p6) + %ap8] +
+ 41 = 31 + (ag8 - 28/0,2)/(2 - a8))2/3 + (5-94)

+ 201 + (aph - 2E/6,2)/(1 - a6} =1

From eqn {5-94), we have to find the value of E for given values of T, A,,
ap, and § as a function of G4-

By substituting a16 = O, eqn (5-94) is reduced to eqn (5-28)

The rate of gas absorption from the liquid film into the bulk of the liquid
ig zero 1f:

kgag(Cap ~ Cpg) = 0 (5-95)
which will be true 1f Cpp = Cpg-

However, this condition will be reached only 1f Cpy = Cpg = 0 and consequently
the effectiveness is zero.

When R*/Rp =1 is substituted into eqn {5-82), it is found that:

E = 1531.5902 (5-96)

The value of @, for which the effectiveness is zero can be found from eqn
(5-91) by equating both the effectiveness and the left-hand side of this
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equation to zero (R*/RP =1):

947 = 4/(aph) (5-97)
Combination of egns {5-97) and (5-96} leads to:

E =2 (5-98)

From this point, the same procedure has to be followed as in section 5.3.
This means that eqn (5-77) must be solved with the boundary conditions:

Calx) = Cqy for x = 0 (5-99)
and:
dCa{x)/dx = 0 for x = % < & ' (5-100)

The solution found is:
Calx) = Cpy + ROCBm¢"x2/(ZD) - kOCBmQ“é*x/D {5-101)

The ratio of the acteal absorption of gas to the maximum physical absorption
is given by:

E 2 @p/(kparCag) = KoCpMe 6%ar/(kiapCay) = hept*d,’ (5-102)

The concentration in the liquid film for x » &* must be zero. Substituting of
x = §* and CA(x) = 0 in eqn (5-101) and using the definition of 9, lead to:

8%2 = 45/(a18,°) (5-103)
Combination of egns (5-102) and (5-103) results in:
E = (a18)30, (5-104)

In Fig. 5.8., a diagram of E s given as a function of 8, for various values
of ar b,

101
a 5= 0.81
5 a5 =0.25
a 5= 0.00
0 ———ig
0 5 10 L

Fig. 5.8. Diagram of E as a function of &, and apd in the paée that the
catalyst particles are distributed homogeneously in both film and
bulk of the liqudid. .
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5.4.2. Reaction of first order in the gas component A.
The equation of diffusion for the liquid film reads:

d2cy(x)
D —— = K Ca(x)CpMe " _(5-105)
dx?

with the boundary conditions:

Calx) = Cpy for z=20 (5-106)
and
dCa(x)/dx = -1k CpBCagth (1 - ar8)/(arh) for x = § (5-107)

The solution of thls problem is:
Cplx) = {CAicosh(h"(é - x)) - (nlk"CAs(l - aLé)/aL)sinh(A"x)}/(cosh(h"&))

(5~-108)
with

A" e (k CpTp” /D)% ~ (5-109)

so that the ratio of the actual pas absorption to the maximum physical
absorption is given by:

E = @A/(kLaLCAi) ] (?\"é)i:anh(?t"é) + ﬂl()‘“)chs(l - aLa)éf(aLCAicosh(?\"G))
(5-110)

In the steady-state, for the catalyst particles in the bulk, {t is found thac:

n1ky CagCa™” = kgag(Cap = Cag) (5-111)
so that
Cag = Capll + mkiCp™e"/(kgag)}™l = cpp/(1 + m@2/T) (5-112)

Substitution of x = & into eqn (5~108) gives for the concentration of gas
in the bulk:

CA(B) = Cap = Cag/{cosh(X"8)) = (mA"(1 = a8)Cpq/ar)tanh(A"5) (5-113)

From the eqns (5-112) and (5-113), it follows that:

Cag/Cas = 1/Ccosh(A"8)){(m8)2(1 ~ ap8)}/(1"6))tanh(A"8) + 1 + 010, 2/T)"1
(5-114)

Substitutlion of Caq/Cpy from eqn (5-114) into eqn (5-110) gives:

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

Mm@ 201 - apb)/(cosh?(A"6))1{{n;8,2(1 - ap8)/(A"5))tank(r"8) + 1 + ny8,2/r}7?

in which

A"E = (aps)o, "y C (5-116)
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Substituting apd = 0, eqn (5-115) leads to eqn (5-45).

The rate of gas absorption from the liquid film into the bulk of the liquid

is zero if:

Cap = Cag = 0

When eqn (5-105) 1s solved using the boundary coenditions:
Calx) = Cpq for x =‘0

and

dCp(x)/dx = 0 for x = §

the following solution is found:

Cp(x) = Cpycosh{A"(& - x))/(cosh{»"6))

The chemical enhancement factor is given by:

E = &4/(kparCay) = (A78)tanh(r"8)

Combination aof eqns (5-116) and (5-121) results in:
E = (aLﬁ)teltanh{(aLé)Eel} = (aLé)gel

for high values of (aLé)Bel e.g. (aLé)%Ol » 2.

(5~117)

(5-118)

(5-119)

(5~120)

(5-121)

{5-122)

Fig. 5.9. gives a diagram of E as a function of ©; for various values of ar
for the case that the catalyst particles are distributed homogeneocusly in

both liquid film and bulk of the liquid.

104 E
—— T = n=1 a s =0.81
a5 =049
5 a s =0.25
a 3=0.09
AT b
0 pha== T T
0 5 10

Fig. 5.9. Diagram of E as a function of @) and ap 6 in the case that the
particles are distributed homogeneously in both film and bulk of

the 1liquid.
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