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concentrations of very smell catalyst particles (4,410 wm). The foam
diszapears when the catalyst concentration is increased to approximately
3 wt% or higher. With larger particles the production of foam ig not

gignificant, irrggpective of the concentration.

4.6 Experimental

4.6.1 Materials and vatalyst

All the gases used (ethene, helium, hydrogen and nitrogen) were
obtained from eyvliinders {purity>99.5%). The cylinder with ethene {polymer
grade) contained a mazimum of 0.05% ethane, which was experimentally
veryfied. Nitrogen, usad as earrior gag, was dried with molsieves. The
reactant gases were not purified. The catalyst, a prereduced hydegenatien
catalyst, was supplied by Dequssa Nederland B.V. It consists of § wt¥
Pd/y=Al;03 and was designated as B 207 R/D. The specific surface area was
400m2/g. Fractions with a mean diameter of 35 and 45 um were obtained
after sieving., A 7 pum mean diameter fraction was ohtained by crushing a
sieve fraction with a diameter smaller than 25 um. Fresh catalyst
particles were added to the reactor without further treatment. Used
catalyst particlas were washed and reduced with hydrogen at 250°C.

The liguid phase, squalane, was equal to that used for the kinetie
investigation (see Chapter 2). Squalane was recycled by separation of

catalyst particles and vacuum destillation at 70°C.

4.6.2 Apparatus
A schematic diagram of the apparatus is shown in Fig. 4.4. The

reactor congists of a glass tube, (height 1.6 m and diameter 0.050 m)
which i3 heated externally by electric wire. The amount of heat 1=
requlated by a PID temperature controller (Eurotherm 070} which holds the
reactor temperature constant at 250°C within 0.%°C. The temperature is
measured by a thermogouple type K which ig ingerted in the liguid phase.
The gas distributer i1s a porous plate with a pore diameter range of 1b6-40
pm or a perforated plate with 19 300 pm diameter holes. Only for holdup

experiments porous plates with different pore zize ranges were used.
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Fig. 4.4 Experimental setup:
(1) calibration mixture; (2J) molsieves; (3) cooling: (4)
electric heat wire; (5) ¢yclenes for entrained squalane; (6)
Qil filter; (7) magnetic valve: (8) relais: (9) time switch:

(10) sample valve; (]} water saturator

Ethans and sthens were analysed on-line by a Pye 104 gas
chromotegraph equipped with a flame ionization detector. The GLC sigral
wag integrated by a HF 3392A integrator. Initially, the concentration of
hydrogen was also wmeasured for the sake of controlling. Since both
analyses agresd closely, only ethane and ethene were measured during mest
of the experiments. The traces of ethane present in the ethene feed were
measured bafore the start of each experiment. The fraction of ethane in
the reactor outlet gas originating from the ethene cylinder was usually
below 10 volk.
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4.7 Results and discussion

4.7.1 Effect of the gas distributor

Production of small bubbles by 2 porgus plate distributor with small
pore diameters makes sense only. if the diameter of bubbles remains small
during a econsiderable part of their residence time. In that case gas
haldup and gas-liguid mass transfer will be noticeably larger than in
sase initally larger bubbles are formed. The influence of the gas
distributor type thus provides information on the tendency of bubbles teo
coalesce. This section deals with the influence of the type of the gas
distributor on the gas holdup followed by the effect on the gas-liguid

mass tranzfer.
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The ga% holdup observed in a bubble column filled with squalane only
is congiderably larger with a porous plate than with a perforated plate
as gas distributor as shown in Figure 4.5, The larger gas holdup observed
with a porous plate can be attributed to the visibly smazller gas bubbles.
The pore diameter of the poreousz plate hardly affegts the gas holdup in
the bubble flow regime (up to 4-5 cm/g). In the transition range.
however, the porous plate with the smallest pore diameter produces the
largest gas holdup as shown in Figure 4.5. Bzpecially at higher gas
velocities (2>4cm/g) relatively large bubbles are formed which have a low
contribution to the gas holdup due to their high rising velocity. These
{large) hubbles are formed more easily at a disgtributor with larger pore

or orifige diametev. Consequently, the maximumw gas holdup and the change
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Fig., 4.6 The gas heldup a5 a function of the gas velocily in the
presence of solids. The liguid level is Q.13 m. The particle
diameter and catalyst concentraktion are 45 um and 120 kg/mSp

(15.49 wt%) respectively
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from bubble to hetercgensous flow iz reached at a lewer gas velocity when
the perforated plate is used as shown in Figure 4.%. The large difference
betwesn the gas holdup obtained with a porous plate and that with a
perforated plate as gas distributor indicates that small bubbles coalesce
slowly in a bubble eolumn with sgqualane as liquid,

The additien of solids does not significantly reduce the large
difference in gaz holdup between a porcous and perforated plate az shown
in Figure 4.6, in which the gas holdup is depicted versus the gas
velocity for a suspension with 15.4 wt¥ solids. Generally, the addition
of =olide leads to a gas holdup decrease as will be shown in section
4.7.3. An exception is the gas holdup at gaz velocities above 4 cm/s with

a perforated plate as gas distributor as shown in Figure 4.7. The higher
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Fig. 4.7 The gas holdup as & functlion of the gas velocity in the absence
and presence of solids. The ligquid level is 0.60 m. The gas

distributor is the perforated plate
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gas holdup with 11.7 wt% golidz in this figure indigateg that the change
from bubbling te heterogenecus flow may ogcur at higher gas velocities by
the presence of solids. Probably, the solids inhibit the formation of

large bubbles specially bubble=s with the dimension of the column diameter.
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Fig., 4.8 The value of k;a as a function of the gas velocity. The
suspension level is 0.1I3 m. The catalyst concentration is 80
kg/mdp (108 wtl),

In congequence of the higher gaz heldup and the smaller gaz bubbles,
the gas-liquid mass transfer iz eonsiderably larger when a porous plate
ig ugsed instead of a perforated plate as shown in Figure 4.8. The ka
porous’/KL3 perforated Fatie (= 2). however, is smaller than the gas
holdup ratio (= 3). This may be attributed to an (average) lower ky, value
with the perous plate due to the presence of a large amount of gmall

bubbleg with a rigid surface. The diameter of these small bubbles ig
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approximately 0.7 mm as this value is reported by Zaidi et al.l? for gas

bubbles in a Fischer-Tropsech wax without solids. Although visible

ecbservation in the three phass bubble column indicates that bubbles grow

rapidly as a2 function of the height, the bubble diameter cloge to the

porous plate will be of the order of 0.7 mm. The kr, value of such small

bubbles i3 significantly lower (= 50%) than that of hubbles with a

diameter larger than 2.5 mm, accerding to the well-known correlation of

Calderbank and Moo—Young 28, This lower k;, value decreases the effect of

both the largar gas holdup and {initially) smaller bubbles formed by the

porous plate,
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4.7.2 Effect of the liguid/sugpension lgvel

The degree of coalescence determines the influence of the liquid/
suspenszion level on the mazs transfer in a bubble ¢olumn. In this section
the influence of this level on the gag heldup will be considered first
and thereafter on the volumetric mags transfer, for various catalyst
concentrations.

In the two phase system sgualane/nitrogen or squalane/ethena. the
ligquid level does not affect the gas holdup in the bubble flow ragime for
both types of gas distributors as shown in Figure 4.9. This indicates
that coalescence is rather unimportant in this flow regime. Increasing
the gas velocity up to 9 om/z does not change thisz situation with a sieve
plate. With a porous plate, however, the liquid level does reduce the gas
holdup when the gas velogity is larger than 4 cm/s as shown in Figure
4.9. In this case thug goalesgenge gannot be neglected . Nevertheless,

squalane without solids gan be congidered as a "non~coalescending mediuwn”.
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Fig. 4.10 Effect of the suspension level on the gas holdup. The gas
distributor is the porous plate. The diameter of the catalyst

particles is 45 um
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Due to the addition of catalyst particles the influence of the
sugpension level on the gas holdup is considarably different compared
with the situation in the absence of solids. Contrary to the two phase
system the gas heldup now decreases considerably with increasing
suspension column height. This decrease already occurs at low gas
velocitiss as shown in Figure 4.10. The effeat of the height of the
suspension column is more prongunced at a higher particle concentration
(see Figure 4.8). This concentration effsct will be discussed further in
the following section.The lewer gas holdup at a higher liguid level can
be attributed to a larger mean bubble diameter, and hence a higher bubble
riging velosity 25 T can be expected that the volumetric mass transfer
decreases with increasing suspension column height as a consequence of
both a lewer gas holdup and a larger mean bubble diametar.

The value of kpa dec¢reases indeed as a function of the suspension

column height in the three phase system ag shown in Figure 4.11. If the
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Fig. 4.11 The value of kpe as a function of the suspension Igvel. The
eatalyst concentration is 73 kg/m3p €10 wrk)
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agsumption is made that the bk, value doez not vary significantly. the
parameter kpa/eq is inversely proporticonal to the mean hubble diameter.
This kra/eg ratic appears to decrease sharply as shown in Figure 4.12,
indicating that the mean bubble dizmeter increases. After comparing
Figureg 4.9 and 4.10 the concluszion iz that the bubble diameter is the
dominating factor with rezpect to the dependence of the volumetric mass

transfer coefficient on the suspensicn level for 45 um catalyst particles.
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Fig. 4.12 The kpa/eg ratio as a function of the zuspension level. The
catalyst concentration Is 73 kg/mip (10 wt%)

This section deals with the influence of solid particles on the gas
holdup and the volumetric gas/liguid mass transfer in a 5 cm bubble

column at 250°C with squalane as the liquid phase.
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The addition of 45 pm particles results in a dedrease of the gas
holdup in all aireumstandes. The conditions only determine the degrees of
the gas holdup decline. These conclusions can be drawn from Figure £.13
which demonstrates the gas holdup as a function of the solid
concentration at various conditions. The largest gas holdup degrease is
obtained with the porous plate, a low liquid level and a high gas
velocity. This means that in the presenca of small particles {45 pm
mean), in contrast to the two phase system, small bubhles coalesce
easily, causing a lower gas holdup. Relatively large bubblas produced by
a perforated plate do not coalesce signifieantly as is indicated by the
gmall decline of the gas heldup compared with that observed with a porous
plate (gee Figure 4.13).

Addition of 45 pm catalyst particlea, thus, results in a lower gas
holdup. Conseguently. the volumetric mass transfer will decrease as well.
Tha affect of the solid cendentration together with that of the type of
the gas distributer and the suspension column height are shown in Figura
4.14 and 4.15. The value of kra is wvery high when the catalyst
concentration iz lower than 1 wt% and tha initial bubbles are small which
<an be achieved by using a porcus plate. However, the value of kpa
observed with this gas distributor dropa sharply with increasing solid
concentration, When also the suspension level is increased to 1 m the
value of kpa obtained iz even lower with a porous plate than that with
the perforated plate in a bubble column with an equal seneentration of
solids but with a lower zugpension level. Thus the influende of the
guspension column haight dominates the influence of tha gas distributor
for moderate solid concentrations. This indicates that the mean bubble
diameter at a high suspension level iz lower than the initial bubble
dismeter formed by the perforated plate. Obviously, the lowest mass
transfer is obtained in the column equipped with the perforated plate at
a 1 m suspengion eolumn height. It is interesting to note that this kra
value is about 10 times lawer than that observed with a porous plate at a
low suspension level and a low solid congentraticn,

It is important to know whether an equilibrium bubble diameter is
reachad or not by the addition of zolids,In any case the kpa value. which
is an average value over the whole suspension volume, will decrease with

increasing suspension column height. Only the course of the hpa decline
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differs. In case an equilibrium bubble diameter is reached rapidly {just
abave the gas distributer) kya will approach rapidly a2 minimum value with
increaging suspension ¢olumn height, If bubbles even at the top of the
e¢olumn have neot reached an equilibrium diameter, the kpa value will
continue to decline with increasing suspension column height. The
influence of the suspension column height on the hydrogen conversion for

two different particle sizes is shown in Figure 4.16. The conversion with
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Fig, 4.16 The conversion of hydrogen as a function of the suspension
level for the perforated plate. The catalysr concentration is

73 kg/m3L (10 wi%). The gas velocity Is 3 cm/s

7 um diameter particles increases continuously but surprisingly the
conversion with 4% ym particles reach a maximum value at approximately
0.7 m and appears even to decrease slightly with increasing suspension
column height, This gan only bhe explained by a deerease of the kpa-value
in the lower part of the column, Az kpa decreases with increasing selid

concentration (see Figure 4.14), apparently the increase of the
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sugpension column height leads to an increase of the solid congentration
in the lower part of the column. In order to verify the presence of a
concentration profile, the solid concentration was measured at the top of
the column for 3 and 45 um diameter particles (suspension level and
guperficial gas velocity were 1.12 m and 3 cm/s respectively). It
appeared that 3 um particles were completely homogencously suspended (5
wt % suspension) whereas with 45 pm particles the solid cencentratien at
the top was only 3%% of the mean concentration {10wt%).

In order to confirm that the influence exerted by the splid
concentration on kpa depends strongly on the particle diameter. the
following experiments were carried out. The column was £illed with 10 wtk

7 pm diameter catalyst particles. After that ecarrier particles (these
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Fig. 4.17 The effect of the addition of 35 and 45 um diameter carrier

particles to a 10 wth suspension of 7 pm diameter catalyst
particles on the value kya. The gas velocity is 3 em/s. The gas

digtributor is the pecforated plate
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particles are indentical to the catalyst particles only palladium is
lachking) with a diameter of 35 or 4% pm were added to the column. The
effact of these ecarrier particles is shown in Figure 4.17. This figure
shows that the presenge of just a few percent of carrier particles causes
a strong decrease of the Kpa value. This decline of kpa depends both on
the suspension level and the particle diameter. Az these factors affoct

27, it may be

espacially the concentration profile in the column
concluded that this profile iz a main cause of the strong kpz decline
obsarwed with 45 pm solids in Figure 4.17 and the conversion decrease in
Figure 4.16. This points to a sharp decrease of kLa az well, as shown in
Figure 4.11. Thus both as a result of the suspensisn column height
increase {Figure 4.16) and carrier addition (Figure 4.17), the solid
concentration in the vicinity of the distributor increaszas, resulting in
a lower specific area in this region. The decreasze of the gaz-liguid area
is cauged by an increased coalescence resulting both in a lower gas
holdup and in a larger mean bubble diameter as indicated by Figure 4.18.
Here the kra/eg decline represents the incereasa of the mean bubbla
diameter, provided the ky value iz not significantly changed.

It is interesting to note that the kra value reaches a constant valua
when 4 wt% 45 um carrier particles are added for the case of the
gugpengion level being 0.88 m (gee Figure 4.17). Thiz indicates that the
suspensgion level at which bubbles reach their equilibrium diameter is not
affected anymore by further increasing the carrier particle
eoneentration. In contrast to a high suspension level. at 0.33 m the kpa
value continues to dedline with inareasing carrier concentration te a
value of 0.35 m3L/m3L+G.s at 10 wt% carrier particles. This value is much
lower than with 10 wt% 45 um catalyst particles alonme (0.52 mip/m¥,q.s).
Apparently, the 7 pm carrier particles strengthen the affect of the 45 wm
particles on the coalesence. This impliez that the level at which the
equilibrium bubble diameter is reached in the 0,33 m column is lower when
both 7 and 4% pm particles are present. Thisz situation, however, is
different at a high suspension level. The kpa value with 10 wt% 45 gm
alene and with the combination of 10 wt% 7 um and 4-8 wt% 45 pm carrcier
particles are 0.24 and 0.22 md /mip,q s respectively at 0.88 m suspension
¢olumn height. As these values are so close together it can be concluded
that the kpa value is not affected by the coexistenca of 7 and 45 um
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Fig. 4.18 The effect of the addition of 35 and 45 pm diameter carrier
particles to 10 wth suspension of 7 pm diameter catalyst
particles on the kpa/eg ratio, The gas velocity is 3 cm/sz. The
gas distributor Is the perforated plate

particles compared with 45 pi particles alone. Probably, the mass
transfer coefficient hag already reached the minimum value when
exclusivaely 45 pm particles are present. Therefore, it iz likely that the
eguilibrium bubble diameter with these particles is already reached at a
small distance from the gas distributor.

It may be noted that the viscoszity of the suspension plays no role as
the vizcosity hardly changes by the small addition of 45 pm diameter
particles. Thug. the influance of particles on the volumetric mass
transfer differs considerably from that in a stirred reacter with
kerosine as the liguid phase, since the kLa decline in this type of

reactor correlated with the apparent visopaity 28
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The strong influence of only a few percent of 45 pm particles and the
higher kra value observed when 35 um particeles are used, denotes that the
promotion of coalasdence by particles decreases with decreasing particle
diameter. This may result in an increase of the suspension level at which
bubbles reach the eguilibrium diameter. This eguilibrium diameter is of
the order of 2-3 mm which is much larger than that reported by Quicker
and Dackwer 3, Zaidi ot al.? and Deckwer et al. 15,

Finally, it ecan be concluded from the results of section 4.7.1-4,7.3

that in a gassed two phase bubble column with squalane as the liguid,
coalescence ig of little importance allowing a high gas holdup and a high
volumetric gas-liguid masz transfer coefficient to be cbtained by the
application of a gag distributor with small porez, However, in the
presence of 7-4% pm diameter solids, bubbles coalesce rapidly te the
equilibrium diameter. Hence. the formation of initially small bubbles
hardly increases the gas-liguid mass transfer in this three phase system.
The promotion of coalescence by solids appears to inerease with the
diameter of the solids.

4.8 The relevance of gas-liguid mass transfer limitations to the

Fisoher-Tropsch slurry process

As written in the introduction of this chapter it is uncertain
whether gas-ligquid mass transfer exerts an influence on the converzion of
synthesis gas in a bubble column. Although in many models 1-%,14,33 tpe
Figcher-Tropgch reaction iz assumed to be firat order in hydregen, no
experimental data of the volumetrie gas-liquid mass transfer coefficiant
is available. Therefore, this data iz ealeulated and used for the
prediction of the importance of gas-liquid mass transfer of hydrogen. In
this sectien. these calculeted kpa values are compared with the
experimental results obtained in this study and the first order reaction
rate gonstants of various iron catalysts.

The calculation of kpa is divided inte two or three parts: kp and a
or kp. g3 and dy. The value of ky iz often calculated by meang of the
correlation of Calderbank and Moo=Young 2P, although this correlation is

derived for a two phase system.
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Z
DL oPL 9 1443

R, = 0.31 ¢ dp< 2,5 mm (4.40)
HL
3 2
k, = 0.42 ( DL PL 97y dp> 2.5 mm (4.41)
ML
Table 4.2

EFxperimental and calculated values of the diffusion and mass transfer

coefficienat in "Fischer-Tropsech liguids” ar 250°C.

DL,H2 kL,Hz &) Ref.
[m‘lL/mzL_‘_G =} [m3L/m2G_L a]
10.0 x 1078 %! 15.0 - 28.9 ¥ 1074 30
7.0 x 1078 2! 12.0 - 24.0 x 10-4 31
2.1 x 108 3 5.5 - 14.1 x 10-4 -
0.9 x 1078 3.0 - 8.8 x 1074 3
0.5 x tp=8 9 2,9 - 8.6 x 1074 -
1) .
measured in Krupp wax
2 measured in sgqualane
3}

caleulated for squalane accerding to the relation of Wilke—-Chang 4z,

g T 0.5
Du, = 7-4x10

u vy 0-6
wherein the association parameter X iz egual to 1. the molecular weight
MW=422.83 g/mol and the molar volume of Ha, Vi = 13.3 cmd/mal,

4} paleulated for n-triacontane Cliz (Cﬂz)za CHy according to Wilke-Chang

%) caleulated for squalane aceording to the correlation of Sovova iz,

3.374 x 1074

DLHy =

bL,Hg 05 g, 06

wherein D is in om?/s, pp, in cP, and Vg g, is the molar volume of
hydrogen (14,3 emi/moly

6) calculated according to Calderbank and Moo-Young 26,

2
kpop, = 0.31 (DL,Hzg oL 3/up)0-33 dy < 2.5 mm  and
by, = 0.42 (Op my” oer g2 /pg)0-17 dy > 2.5 mm



-205-

In these correlations the value of the diffusion coefficient is a matter
of dizpute and the predicted values vary considerably (a few examples are
given in Table 4.2). Therefere, the diffusion of hydregen in squalane is
measured experimentally. This value agrees well with the diffusion of
hydregen in Krupp wax as shown in Table 4.2. It is interesting to note
that both experimental values are much larger than values predicted
according to Wilke—Chang or Sovova. Furthermore the reported values of
the viscosity of wax (paraffin) differ substantially. The values reported
in literature for the density of wax (paraffin) agree closely (see Table

4.3). In view of the foregoing it gan be concluded that an accurate

Table 4.3
Viscesity and density of various "Fischer-Tropsch ligqulds”

Type of wax ML, PL Ref .
[Nz /2] [hg/m3]

Paraffin 2.80 x 1073 875 1

Krupp 1.80 x 10-3 680 14

Squalane 0.61 x 20-3 660 Y

Paraffin 0.33 x 1073 - 29 &)

L this work

2)

usad by Stern et al. 2

pradiction of kp is diffiecult. As the specific area {gas holdup and
bubble diameter) iz in dispute as well (see section 4.1) the predicted
values of kya vary appreciably as shown in Figure 4.159, in which values
determined experimentally in this study are shown as well. As a result
of the high diffusion eoefficient observed in Krupp wax Calderbank 14
predicts a high kra value (0.53 mPp/mdp.g s) despite the low specific
area in comparison with Deckwer. The kpa value predieted by the latter
agrees well with that of this study, although the values of kp and a seem
to be teo low and too high respectively. with respect to the raesults
obtained in squalane. Tha kpa value reported by Satterfield 3 zeems to be
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0.7
06 | L=210m
] —=— Calderbank
05 r
ka [7Zim1awte [
( o , 04T
m3 s 1)
L+ [7am10wt¥ a5 umBwt®%] @
0.3 S o B ® Deckwer
[7um 10wt % «& Sum Bwt]
7.
0.2 45um10wt%./- .
. - Zaidi
./’
o1 - - Satterfield
O 1 X A 1 e, 1
0 3 2 3 4 s 6 7

— Ug [cmé/cmé‘l_s)

Fig., 4,19 Values of the volumetric mass transfer in @ bubbkle column at
Z50°C. The filled symbols are experimental values of kpa
chtained in thigs study with the perforated plate and a
suspension column helight of I m. The open symbols are predicted
values of kra reported In literature. For each data point of
the mass transfer coefficient. specific area and bubble
diameter are given below. The value of Zaidi is an exception

boecause this value is measured for £Q

kr 2 Ip

im¥ing_; 5] (wfg_p/m3p 5] [mm]

Calderbank 11 15x10~% 350 L

Dackwer 16 2x10~1 1500 .7

zaidi ¢ V7 Ix107% 1500 .7

Satterfield 3 3xig-d 150 .1
I3

data obtained for €O
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too low as this value is even lower than the kpa observed for CO by Zaidi
et al, 12, From Pigure 4.19 it may be congluded that the value of kpa for
hydrogen in a Fischer-Tropsch bubble column under iadustrial conditions
will be at least 0.2 m¥;/md,q & at a superficial gas velocity of 3 cw/s
or higher. It iz assumed that the influence of the pressure can be

neglected 41,

Tabie 4.4
First order reaction rate constants of hydrogen for various Iron
catalysts. The rate constant Iz based on a 20 wi% suspension and

calenlated with help of the data reported by Deckwer 4,

Authors Catalyst Temperature kg
{°c] [1/8]
Kilbel, Ackerman??  Ppta. Fe 268 0.1%
K5lbel. Ralek33 Pptd. Fa 266 0.18
Schlesinger et al.3® Pused Fe 258 0.032
Mitra. Roy37? Pptd. Fe 260 0.077
Kunugi et al.38 Pptd. Fe 260 Q.37
Mohammed3? Red mud 280 0.35
Mohatmed3? Pptd. MnFe 327 0.054
Schmidt et a0 Pprd. MnoFa 303 0,24

Pptd. Fe = precipitated Fa

Finally, when this kra value iz compared with the first ovder
reaction rate gongtants of the hydrogen conversion over iron catalysts,
based on a 20 wt% suspension (see Table 4.4), it can be concluded that
the gas—ligquid mass transfer will caertaialy limit the conversion of
synthesis gas over active iron catalysts in a Fischer-Tropsch bubble
column, Consequently, the olefin selectivity will be lower than obtained
in the kinetic regime (see Chapter 2, seection 2.9.4) due to an increaged

olefin/carbon monoxide concentration ratie in the liguid phase.
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Symbols

ag

Coat

kOV
kg

Lr+g

=

gas bubble interfagial area

external catalyst surface area

per liguid or suspension voluma

catalyst concentration

concentration of hydrogen in the liguid phase
hydrogen concentration in the ligquid phase at
equilibrium with the gaz phase

hydrogen concentration at the catalyst surface
bubble diameter

diffusion woefficient in the liquid phase
dispersion coefficient in the gas phasge
particle diameter

reactor diameter

fraction hydregen in the feed gaz

gas flow

gravity

Henry coefficient

reaction rate constant

liguid film masg transfer coefficient
velumetric gag-liguid mass transfer coefficient
apparent reaction rate constant

reciproke of the overall resistance
liguid-partiele mass transfer ceoefficient
liquid or suspension colwm height without gas
bubbles

expanded liquid or suspension column height
solubility eoefficient (H/RT)

number of mixed cells

reaction rate

mixing time of the liguid phage

charaterigtic reaction time (kgm)

guperficial gas wvelocity

volume of expanded liquid or suspension
liguid or suspension

copversion of hydrogen

g1/

wtp,g/mdy,
kg cat/m3L
mol/m3L

mol/m3L
mol/m3L

ng
qu/mzLH} 3
ng/s

m or pm

mp, OF Mig
m3gfs

m/ g2

din® atm/mol
m3L/kg cat.s
w3y /ey, 8
m3Lf‘m3L+G [
m3L/kg cat s
m3L/m3L+G ]
mBL/mZL—S ]

My,

NG
mjL/mBG

mol ,‘mBL_'GS

da/mey e 8
nd

m3 L+3

vorl ¥
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- vertical cocordinate mg, or mpio
& liguid £ilm thickness my,
£ gas fraction m3G/m3L+G
effectivaness factor -
u dymamig viscosity Ns/mZL
oL density of the liquid phase kg/m3p,
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