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Abstract

The Fischer-Tropsch (FT) synthesis on a large scale attracts a lot of attention. It represents a smart
innovation to convert low cost natural gas to high-profit fuel and products. Scaling up of such a
continuous heterogeneous process needs a very precise determination of hydrodynamic variables with
relation to slurry bubble column dimensions and catalyst loading. This study aims to employ a large-
scale slurry bubble column in a flow transition study with the aid of computational fluid dynamics. In
this study, two flow conditions were considered, periodic and steady state flows. The experimental and
computational work have been carried out to study the performance of a scaled -up slurry reactor under
the two different modes of operation. The impact of key parameters that enhances or alter the
performance of slurry reactor is studied, namely, superficial gas velocity (0.05, 0.1, 0.15, 0.2, 0.25
and 0.35 m/s), solid loading (8, 12 and 15%), and cycle period; short and long periods. A laboratory
unit was constructed to conduct this study. A mimic feed and solid loading were used to exclude the
impact of chemical reaction and to focus intensively on the hydrodynamics. Air — paraffin oil - silica
system was used for the hydrodynamic experiments. The results revealed that the transition flow was
accompanied with an observed much lower averageliquid flow rate compared to steady state operation
at different study conditions of superficial gas velocity average liquid velocity. It also showed that
scaling up influenced steady state flow boundaries compared to the same conditions with the lab scale
reactor studied previously. On computational part, it was shown that period operation was short and
less influent at low liquid flow are and solid loading.
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1. Introduction

Slurry bubble column reactors are widely utilized nowadays in several applications in chem-
ical and petrochemical processes. These processes include [*1: oxidation, hydrogenation, chlo-
rination, alkylation, polymerization [21, methanol and Fischer-Tropsch (FT) synthesis [3], mem-
brane technology ], green technology 5! etc. As the international oil price is increasing ob-
viously, the processes of gas-to-liquid transformation in Fischer—Tropsch (FT) technology has
gained a lot of attention and turn into a more feasible industrial process €1, Also, they become
an interesting process for research to increase productivity and upgrade the liquified fuel.
Slurry reactors are the heart of Fisher-Tropsch technology; therefore, they evoke a large de-
sign effort. Despite slurry column reactor shows excellent efficiency of heat transfer, easiness
in construction and maintenance continuous catalyst addition, replacement and withdrawing,
and a reasonable rate of mass transfer at the interface along with minimal energy input, its
multiphase flow behaviors are very complex, and scale-up effects are significant. Also, al-
hough design of reactor and catalyst and progressive development of the process, the appli-
cation of Fischer Tropsch technology is limited because of the large capital, operational and
maintenance costs required for the process compared to the available conventional technolo-
gies [, Thus, more extensive research is still necessary to develop, design and implement a
higher performance slurry column reactor 7). To develop a precise scale-up of the slurry
reactor for Fischer-Tropsch process, it is needed to obtain an appropriate characterization of
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flow pattern and hydrodynamics such solid, liquid and gas holdups, heat transfer performance,
residence time distribution, mass transfer at the interface between gas and liquid along with
solid catalyst. All these parameters have to be studied against reactor dimensions (reactor
diameter and height) and operating conditions in slurry systemsuch as catalyst loading, op-
erating pressure and superficial gas velocity 81,

The objective of the present study is to describe and evaluate the influence of scale up on
the performance of slurry reactor as a function of different key operating variables.

2. Experimental work

In the present work, experiments were carried out in a large scale polymethyl methacrylate
column (0.45 m diameterand 2.92 m height) designed and constructed in Chemical Engineer-
ing Department University of Missouri Science and Technology, USA. Figure 1 shows the ex-
perimental rig and specifications of the components are shown in Table 1.

The system mimic Fischer-Tropsch process consists of C1o-Ci2 normal paraffine oil (mixture
of decane, undecane, and dodecane, supplied from Sasol Chemicals LLC, (USA) Houston TX),
compressed air and silica powder. A 241 holes (3 mm diameter) perforated plate diffuser was
used and the holes were arranged in a square pitch configuration. Two mass flow meters were
used to control gas and oil flow rates. Three superficial gas velocity were tested; 0.1, 0.15,
0.2, 0.25, 0.3 and 0.35 /s, and three solid loading were examined; 8, 12 and 15% and a
constant liquid flow rate of 0.03 m/s. The silica powder was impregnated with paraffin oil for
24 hrs before operation to ensure complete wetting and adequate liquid distribution at the
time of experimentation. Five points were monitored along the height of the column via an
optical probe to obtain the hydrodynamic measurements; 14, 28, 42, 56 and 70" at the center
of the column with tips facing downwards. The details of this innovative instrument were
characterized elsewhere °1. A time-based gas holdup is obtained by the technique and it is
different fromthe one reported by Xue et al. [*°!, which was based on volume. Thus, the local
gas holdup obtained in the present study is defined as [1°!:

egr = Sy (1)
where, T¢ is the time the probe tip spends in the gas phase (bubbles) and T is the total
measuring time [19],

Figure 2 shows anillustration of the probe. To ensure accurate experimentation, the prob-
ability distribution analysis was employed at the desired operating conditions of the gas hold
up and superficial gas velocity. The percentage of standard deviation was determined at less
than 10% for the examined operating conditions.
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Figure 1. Experimental setup
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Table 1. Specifications of experimental setup

Item Name Specifications

number

1 Slurry bubble column Vertical polymethylmethacrylate cylinder, 0.45 m diameter,
2.92 m height.

2 Mass flow meters RS485 flow Range 0-200 L/min, Accuracy £(2.0+0.5FS) %
Response Time <2 sec

3 Compressor Honda GX160 OHV, floating-type, 8-Gallon Twin Tank, 13.7
CFM at 90 Psi

4 Optical probe Fiber optic cables with glass cores of 200 um arranged in the

geometrical configuration. The bundle is jacketed with four
polymer layers.,

5 Computer Core i5-2450M, hard disk capacity of 1 TB and memory 16 G.
17" monitor
6 Interface and data log- SD card logging with Matlab code. Voltage of 0 V to fit into
ger the processing program. Accuracy 0.5%- offset adjustment
possible.
7 Gas distributor Perforated cupper plate (3 mm dia holes, free plate area
0.13%)
LlLI LI Tip 3 'l Tip2
Tipl
L
Tip0 \|/
Side Head -on ®
View L=2mm View Tipl
r=0.6 mm

Figure 2. Optical fiber probe [12]
3. Results and discussion
3.1. Steady state operation

In a slurry bubble column, contact between three phases resulted in different flow regimes.
Generation of these regimes occur at different flow rates of gas and liquid, flow conditions and
physical properties of the interacted materials (gas, liquid and solid). In order to establish a
map of transition fromhomogeneous to heterogeneous regimes, a matrix of experiments was
conductedin a broad range of different solid loading and gas flow rates for long cyclic period
(steady state operation).

Figure 3 shows the transition boundary from homogeneous to heterogeneous regime as a
function of the superficial gas velocity with 8%, 12% and 15% solid loading for air-paraffin oil
system. It indicated from Figure 3 that transition from homogeneous at low loading of 8%
depends on gas velocity and boarder than the one obtained by Gheni et al. [**! with small
scale slurry bubble. As solid loading increasesto 12%, zone of homogeneous shrinkages and
more volume is occupied by clouds and solid. At constant superficial gas velocity of air, a shift
towards homogeneous region is observed. As more space is provided in the present work
density of solid in this region became less and the homogenous zone gets larger. The flow
regimes encountered in the column are established as a result of a balance between the driving
forces (inertia and gravity), shear stress and surface tension resisting forces. Thus, adding
more solid powderincreases surface tension and gravity due to increase of viscosity of slurry
system. Also, solid loading incorporates with a low gas flow rate to generate a heavier intertrial
force on bubbles flow upward to result in large coalesced bubbles (slugs). The liquid film
formed around the bubble in the cylindrical column acquire a uniform thickness because of
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the circular section and absence of the corners. This gives a reliable mimic accounting for
liquid film in slurry bubble system compared to rectangular section mimic reactor utilized
elsewhere [12-14] and closerto industrial Fisher Tropsch reactors. The maximum film thick-
ness located at the centerline of the wallin the cross-sectional plane (see Figure 3).
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3.2. Periodic operation

One of the main objectives of the present work was to observe the effect of switching liquid
flow between ON and OFF modes and cycle period on hydrodynamic parameters of slurry
bubble column reactor at a relatively large scale. The periodic parameters were tested under
the same conditions examined at steady state study. The unsteady state periodic operation
mode has attracted broad attention and a growing interest because many studies have shown
the reactor performance canbe improved significantly by periodic operation [15-171,

The principle of periodic operation is to force a flowing systemto operate continuously in a
transient mode rather than relaxing to a steady state [*31, In the present study, the slurry
bubble column reactor was operated in a periodic mode at a cyclic period of 5 minute to
examine the impact of cyclic operation on hydrodynamics of the slurry bubble column reactor.
Figure 4 shows regimes transition at different solid loadings at periodic operation. It is cleary
seen that gas holdup obtained at periodic operation is much less than those obtained at steady
state. This may attribute to the high surface tension and force of inertia exerted on bubbles
dispersed through slurry and they did not let the bubbles to interfere with the oil phase and
grow to a larger size bubble. It is also attribute to the short time of contact with oil and
residence time in the slurry bubble column. It also shows that operation with higher solid
loading resulted in more regimes transitions compared to steady state and instability of oper-
ation. However, the low density and moderate density experiments reveal a semi stable tran-
sition to heterogeneous flow Although the transition region was boarder, the gas holdup in
heterogenous region was almost uniform which is regarded as an important parameterin
Fisher Tropsch process. The cyclic operation in slurry bubble column reactor may alter the
average interfacial area between gas and liquid, making the determination of mass transfer
parameters and experimental acquirement of datain slurry bubble column challenging.
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3.3. Computation fluid dynamics of the system

In order to validate the experimental observations, computational fluid dynamics (CFD)
simulation of a slurry bubble columns operating at steady state and cyclic state is implemented
at the examined conditions of this study. A population balance modeling (PBM) was utilized in
this part of the study. It has received an unprecedented amount of attention during the past
few years from both academic and industrial quarters because of its applicability to a wide
variety of particulate processes [*8], To validate the experimental results, PBM was employed
and solved numerically using the bubble class method [*°], Figure 5 shows comparison be-
tween experimental and simulated results at steady and period states of operation. 12% solid
loading and 0.35 gas velocity were chosen as a basis of comparison. It is observed that the
local gas holdup for both steady state and simulated results are close at the examined condi-
tions and period results still deviate fromboth simulated and steady state operations at most
of the tested ratios of length to diameter.
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Figure 5. Flow regime transition in oil-silica-air slurry bubble column at 12% solid loadings and 0.35
m/sec gas velocity at steady state and periodic operation compared to CFD simulation at different L/D
ratios
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4. Conclusions

A large-scale experiment was conductedin a slurry bubble column to visualize and deter
mine the impact of steady state and periodic operation on behavior of paraffin oil-silica powder
and air system at different solid loadings and gas flow rates. It was showed that a periodic
operation reveals the lowest gas holdup and enhances mixing between phases. It was also
shown that regime transition between homogeneous and heterogenous zones are broader
than the transition observed previously with water-silica-air system in a small-scale colurm.
The simulated results in CFD showed a good validation of the experimental results of steady
state operation and large deviation from the results obtained at periodic operation. Large
difference in gas holdup was observed along the height of the column which in turn very
influential in industrial applications.
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