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CHAFTER Y11
EXPERINMENT

A. Experimental Appuaratus

Lo Apparalus Descripiion

The experimental unit was consiructed carlier and has besn in operation TTiOr
e this study. The bubbie eolumn (BC) 2ud it's avxibary equipmen: is shown in
Figure 2. There are two celumns made of borosilicate glass. The s:noll eolumn is
0.052 m in diameter aud the large coiumn is 0.229 iy dlametsr. Both columns
are 3 m high. There are two senarale siorage lanks, one for ¢scn column. Al the
burtom of vach columa ibere are twa fanges which hald the ges dstributor plate
{aee Figure 3). Liquid and gas inlels are provided above and beiow Lhe distributor
plate, respertively.

Above each colutnn there Is ap expansios unit which is connecied to the gas-
Hgiid separator. Enirained liquid can eitber be recireniated to the storage tank or
discaarged. The gas-lignid separator is connecied to the scrubber wiich is ﬁﬂed

with muneral spirite {varsel} in order to dissolve any wax wpors present in the Tas,

. From the scrubber a vent line was provided o discharge gasses 1o she atmosphere,

The temperature in the column was monitored et the top and botiom of the
caluran using two differenl thermocouples located inside the volumz. The column
ternperatures were controlled by two Omega CN20:2 temperature controllers and
menitored by aa Omega model 199 multichanne) remperasure indicator. For

- 3 . . . ]
other heated units, there were thermocouple ports which wers connecied to

the temperature indicetor. Temperature control ir these upils was achieved by
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adjusling the variable voltage tranclormerz which supplied power te each of these

_:' units. There were ihuees poris ou ihe side of the coiumnr which were used for
differentiai pressure measurements: below ihe disiribuior, above the distributer,
&
g | and at the wop of the colamn.
2. Uperalion

. Nitroger {rom the cyiinders was passed through the mass flow meter (PO
befors it entered ihe prehester { F;f[)[electricaﬂ}f hzaied U shaped tube). The
preneaied gaz entered the glass column (BC) through a ges sparger at the bottom
of the column, Wax in the storage tank was heated to a lemperature between 158
_L "€ and 200 °C before it was transporied to the column using & slight nitrogen
.:: overpressure. ‘LThe colurnn was prebeated 0 a temperature of 130 *C before the
i-? s wax was transferred to the column. The flow of nitrogen was maintained during
¥ |

the enlire preheating period. The expansion unpit, gas-liguid separalor, scrubber
and their connecting pipz lines were maintained at temperatures above the melting
potnt of wax {~ 110 °C} to ﬁrevent solidification of any entrained liquid. The hot
gasses leaving the separator passed through the scrubber before being vented to
the aimosphere,  For non-war runs. the expcﬁménta.] operalions were essentially

the sarue as vhose for the hot-flow rups, except no healing was reguired.
- B. DMeasuremenis of Average Gas Hold-up

Measurements

—rerian

Fhe avernge gas hold-up is defined as the volume percent of gas in the
dispersion. A knowledge of the gas hold-up is essential for reactor design, because

togeiher srith Sauier mean bubble dimmeter ithey determine the specific gas-liquid




mnterlacial wrea available for mass transfer. Moreover, average gos hold-up aliows
estimaiion of residence time of gas in the reaclor.
e In this study, the work was div]&od inlo two parts:

1. Experiments with hot-molien waxes (paraflin wax; FT-20i, and renclor WaXes;
Sasol and Mabil waxes}, and a limited number of experiments willh FT-300
wax. (Paraflin waxes (I'T-200 wax and FT-300 wax) are purely synthetic
polymers of COQ and lf; {mineral waxes). They are snow-white in coior and
absolutely free of residual ol aud sulphur. When melied FT-woxes are fluid
and water clear. Whereas, reactor waxes (Mobil wax and Sasol wax) are dark
in coiot and contein residual oil and other compounds).

2. Experiments with non-wax liguids {distilied water, n-butanol, and aqueocus
solutions of n-butancl and curboxyrethy! ccllulose [CMC)). |

The average gas hold up was measured by visual observation of the expanded height
of the dispersion H, {including any foam preseni) and the liquid siatic Lieight |rH s)

and 1ts value was caleulaled from:

", -,
¢ = *HH x 100 (3.1)

e

1. Hot-Fiow Runs

At & given set of operating conditions, a minimum of three readings of
expanded heighi wefe recorded. For superficial gas velocities less than (.05 m/s,
reacings were made after every thirty minutes, at higher gas velocities readings
were made after every twenty minutes. The numnber of readings was increased
whenever the observed height of foam increased with time wntil a gicady height

was atizined. Before switching to another gas flow rate, the ges inlet supply was

i



IR

&

firse cut off usiog an electromagnetic valve, then by closing gas inlal vzive 1o avoid
= [ 1 . E- =
weeping of wax Lo below the distribstor. The siatic Ugirié licighi was laken aftes

all the gas bubble: had disengnged.

2. Colid-TMow Buns

The operating procedure for the cold-llow runs was basically the same as the:
[or the hot-fiow run, with the exceptions tha? no heating was done and running
time was redueed to 50 minutes for cach gas velociiy (reading: sfter 20, 20 and 10
minute intervals). The static height was maintained ai about 2.0 m for mest of the
experiments. Static heights as low as I m were used in some of the experiments
in the 0051 m ID column with SMP disiributor because of the presence of foam,
A summary of different cuns and operating conditions is shown In Table 3 for T

derived waxes and Tabies 4 and 5 for non-wax mediams.
€. DMeasurements of Physical Properties

%+ Fischer Tropsch Derived Waxes

The density and viscosily of the various waxes used in this study were measured

at different temperatures to better understand the role of physical properties in

determining the hydrodynamic properties of these waxes. 1t was not pessible to
measure the surface tension of the waxes and the literature value of this property
was used. Physical properties sbtained from measurements made in the present

study are presented together with the existing literature data in Tahle 6.

S
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Table 6. Physical Properties of Waxes.
Wax Type Temp. Density Viscosity  Surface Tension Reference
(*C) {kg/m*) (mPa.s) {N/m)
Krupp wax 200 723 3.0 Calderbank et al.
230) 703 2.9 (1963
261 694 1.6
Paraffin wax 143 A0 13.0 0.629 Deckwer et gl
220 640 4.0 0.024 {1980)
260 670 2.0 (0.021
FT-200 wax 129 : 4.4 Ruo et af, {1985;
20: 2.2
260 . T20 1.7 0.024
FT-200 wax 150 4.4 This werk
200 712 2.8
230 2.4
2635 675 i.g *
FT-300 wax 150 6.4 This work
200 T22 4.2
230 706 3.8
265 651 2.7 =
SASOL's Arge . 150 4.2 This work
wax 200 701 2.9
- 230 2.5
263 653 2.0 *

" * estimated from data at lower tempetatires.
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Table 6. Physical Properties of Waxes (contd.]}.
Wax Type Temp. Density Viscosity Surface Tension Reference
(*CH  (keg/wm®)  (mPa.s) (M:im]
MOBIL REACTOR WAXES
Run C1-236-4 144 6.1 Kuo et al. (1983)
204 4.3 '
260 3.4 0.026 - 0.027
Run (XT-258-5 149 17.6 IKuo et al. {1985)
204 2.5
260 3.4 0.028
Run CT-256-7 149 . _ huo et al. (1983)
264 4.1
260 2.3 0.026 - 0.027
Ruz CT-236-8 148 13.1 Euo =t al, {1983}
204 6.8
260 - 0.026 - 0.027
Run CT-256-3 149 5.7-1.3 : Kuo et al. (1985)
' 204 3.1 -40
Run CT-236-11 148 6.1-6.7 Kuo er al. {1983}
204 3.2-3.7
Bun CT-256.4 150 9.1 Th = werk
CT-256-7 200 5.5
composice - 230 4.5
265 3.8
Run {U'-236-5 154 13.9 This work
CT.256-28 2010 7.3
composite 230 3.7
2685 39t
Run CT-236-9, 150 £.3 This wark
CT.256-11, 200 716 3.8
CT-.236-12 230 3.1
composite 265 674 2.3 ¢

T estimated from data at lower temperatures.




Dvmsity Measurements

Drenssiies of varions waxes were estimated by measuring the kydrosiatic head
for known heighis of liguid iz the 0.051 m ID giass coluran. The differential
pressure cell {Validyne Model DP-15} was used {0 measure the h‘l’ﬂi‘ﬁb't-&tlc head
corresponding $0 a known liguid height, Bydrosiatic heads wers LaLen for va:rmuh
heighiz of liquid ievels. This weasurement was repeated two times. Belore the
measurements with wax. the pressure cell was calibrated using cistilled water. The
columt: was then prebeated to the desized ternperature and hot wax indroduced into
the coluran. The density of wax at the measured iemperature was obiained from
the slope of the hydrostatic head versus neigot plot, after appropriate carrections
for ihe calibration factor. Results of these messurerients are shown i Table &
together with lierature values {Caiderbank ef al., 1963; Deckwer et al., 1980 Kuo
et al., 1985}, The measured values are in good agreement with the literature values.
The =fiect of temperature on density .Wa.s as expected,.i.c. density decreases as
teiuperatire increases. These results also show that different types of waxes have

similar densities between 655 and 894 kg/m® in the temperature range 260-265 °C,

Viscosity Measurements

Viscosity measureinents were made in = Brookfield viscometer (LV series, 2.5X)
using & cylindrical epindle {SC4-15) operating ai 60 rpar. A Brookfield Thermosel
gvstern allowed n1easureﬁlents up to temperatures of 230 °C. The measurements
were made in the temperature range 150-230 °C and the wax viscosity at higher
temnperalures was estimated from data at lower temperatures assuming Arrhenius
tvpe of dependence of viscosity on temperature. The system was first calibrated

usiog siandard silicone ciis of known viscosities, 5.1 and 8.8 mPa.s at 23 °C, and



distilled water, 0.839 mPa.s. Standard Hquids were used before and afler VISCOsity
mMegsurerells with waxes to monitor deviee drift.

lesults obtained frow these measurements are presented in Table § alog g with
diia frora Diterature. Comparison of data obtained w Atk the same type o wax is
possible oxnly for FT-200 and some of Mobil's reactor waxes. Values of viscos1ty of
FT-23% paraffin wax obiained in ihis study and Mobil's study (Kuo et ef., 1985}
are in good agreement at low (~ 130 °C} and ai high {~ 260 °C} teraperatures,
whereas the agreement s ot so good at the intermediate tempetatures {~ 200 *C),
Viscositiss of the composite Mobil Teactor wax from runs £ and i are consizlently
higher than valies reported by Kuo et al. for either Tun 4 or Tun 7 waxes, whereas
vigcosities of the composite, from runs 5 and 8, are between values reported by
RKuo ¢f al. for waxes fromn the two runs. Vizcosiiies of the composiie from runs
9,11 and 12 are in good agreement with values reported by Kuo ef ¢l for waxes
produced i runs § and 11. Kuo et al reported values of viscosity of waxes samples

produced at 4ifT \erent iimes during the run.

Surface Tension

Tlhe surface tﬁns':icun of diferem waxes was not measured in the present study.
However, from the data reporied in the Hterature it mey he {:x-ncIudad that different
weaxes Liave similar values of surface tension (e.g. results from Deckwer £t al,, 1980;
and Kuo ef al., 1985 are compuarable)

The data summarized in Table § show tha.t- physical properties of different
waxes at & given temperature are similar, In pa,rtzcuIar there are no s:gmﬁca,nt

differences in physical properties between the paraffin and the reactor waxes at

higher temperatures (260-265 =C).




2. Agueous Mixtures

Samples for physical property easurements were taken from fresh mixiures
and speat mixtures. This was iniended Lo moniior any degradalions in physinal
properizes of the mixture through & run. Samples of aguecus mixtures were
categorized into the fellowing groups:

*. Newlonlan mixtures {distiiled water and aqueous solutions of butanol}.

2. Non-Newtonisn mixtures {all aqueous mixtires containing CMC}).

Density Measurement

Densgitics of aqueous mixtures were.mcasured WNE a d;:nsity meter, Mettler
PAAR digitai ﬂensit}rmeter DM A 35, The instrutent raeasured the density and
termperature of the mixiure. The instrument was first calibrated using digtilied
water before samplas of liqui_d 1nixtures were rueasured.

Results of thesr measurerents iogether with literature valves nre presentad
in Tables 7-9. Density values for Newtonian liquids {see Table 7} are in good
agreement with literature values, whereas, for non-Newtonian mixtures (Table 8)
literature values are slighlly higher than the measured values probably because

literature values were obiained by dissolving CMC iu tap water.

Surface Tension Measurement

Surface tensions of agueous mixtures were measured using & ¥ister Surface
Tensiometer model 20. Details of the expetimenta]l procedure are described in
APPENDI}Q E and the resu_'[.ts of thesc measuremnents are presented in Tahles 7—

9. Measured values of surface tension for Newtonian liguids {agueous solutions
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of hulanol! were lower than siated values from the Htorature, this was be due to

d:fferent satupling and mixing technigues.

Viscosity Measurement

Viscosilies of aguesus mixiures used im this study were measured using a
conceniric cylinder viscometer (Fann viscometer model 30C). For non-Newtonian
mixtures, viscosities ai different shear rates were measured as apparem viscosity
(details of the experimental pracedure are described in APPENTHX L) and resulls
of these measurements are tabulated ir: Tables 7-9.

For Newlonian mixtures, the measured values {see Tuble 7) were in good
agreeraent with the literature velues, wiereas, for non-Newloniar mixtures there
was a large discrepancy. This deviation might be due different types of CAIC
used by different workers, there are three types of CMC: low viscosity, medium
viscosity, and high viscesity, In this study, high viscosily CMC wes employed and
Little irformation is known about the CMUC used by other workers, this makes
comparison with existing values difficult. However, a mixture containing (0.1 wt.
% CMC used in this study gave values of K and n which were similar to those

obtamned by Kelkar and Shah (1985} (see Table 8).

D, Effects of Butanol and CMC on Physical Properties

Measurements of physical properties revealed that, apart from inhibiting
coalescence in the bubble column, addition of n-butano] lowesrs the surface tension
of water. I'igure 4 shows the effect of butanol concentration on surface tension
aad viscosity. In tlis study 0.5 wt. % of butano! in diséilled water lowered

the surface tension of water from 0.071 N/m to 0.051 N/m anc 1.0 wt. % of
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Figure 4. Effect of butane] concentration on surdace tension and Viscosity



bulanol lowered the surface tension to 0.042 Nim. However, no sigrificent efecte
of alconol coneccntration on viscosity and density were observed at these low alcahal
COLCETILTAIONS.

An alechol in distilled waier acts like a surfactant. Alcohols consist of
hydrophilic group (-0} and & hydrophobic part (hydrocarban structural group }.
Thess molecules are surface active, which means they will accumulate at the ERE-
lignid interface, e.g., in bubbly flow, or the liguid side of the interface the surface
aciive molecules will tend to fortn » monclayer whose stability depends on the
type. the concentration, and the size of surface achive molecule (1.e., -OH, =C0, or
~GOOH}. For primary aleohols, the stability of a monolayer increases with length
of carbon cliain. These organic melecuies orient with Lheir hydrophilic group into
the Ligmd film surrounding ibe bubble and iheir hydrophobin part into the gas
phase; hence, the liquid surface around the bubble becomas electrically charged.
This surface polarization produces repulsive forces when two bubbles come close to
eachk viher. Thus the first step in bubble coalescence is prohibited. Increasing the
conezntration of bntanol increases ihe concentration of the hydrophilic molecules
on the surface resulting in & much lewer surface tension. Opposite to this, CMC
has & strong eflect on tht". viscosity and only & minor effect o1 the surface tension
and the density of the mixture. High concentrations of CMC may result in a very
thick, jelly-like subsiance. Studies in bubble columns using aqueous solutions of
CUMC at concentrations {Buchholz et al. 1978; Franz ef ol 1980: Nakanob and
Yoshida, 1980y Schumpe and Deckwer, 1982; Hague et al 1986; and Vatai and
Tekic, 1887.} have shown that the rate of coalescence is much higher for CMC
sobutions than for pure waler. However, no studies have been reported where CMO

was added to a non-coalescing systern such as alcohol solutions.

T el e



Figure 3 {a) shows the apparen! viscosities at differunt shiear rales for offerent
mixiures comiairing CMC, The CA1C mixtires exhibit high apparent viscosities at
low shear rates and @ fairly constant value at high retes. The apparent viscositjes
ncreased witn increasing concentration of CMC. lowever, slighily different values
of the apparent viscosities were obtained for mixtures used in e large column and
the smali column, this might have been due to the eflect of mixing procedure. It
was much casier lo disseive sinall quantities of CMC for the small column than large
amounts {or the iargc column where vigorous mixing was required 1o dissoive the
CMC. Several workers, e.g., Schiirgel (1981} and Haque ef al. 1986 have reported
that viscosity of CMO solution is time dependent and since the solution decomposes
with mixing. This property is illusirated in Figure 5 (b) where the apparent
viscosities of fresh and spent suixiures are shown. The apparent viscosities of

the spert mixtures were siightly lower than those of the fresh mixrure.
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