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ABSTRACT

This report describes results of a study on hydrodynamics of three-ph.ase bubbje columns for .
Fischer-Tropsch synthesis under a DOE Contract No. DE-AC22-86PC90012.

Experiments were conducted in two sfainless. steel bubble columns of 0.05 m and 0.21 m in
diameter and 3 m tall, at 265°C and atmospheric pressure using nitrogen gas and twb types of liquid
medium (hydrotreated reactor wax designated. FT-300, and.raw reactor wax from fixed bed reactors at
SASOL). The effects of solids type (iron oxide and silica), concentration (0-30 wt%), size (0-5 um and
20-44 um), and sI;Jrry (liquid) ve»locity ( up to 0.02 m/s) on the gas holdup and axial solidé cbnééntration
profiles, were investigated. Phase volume fractions were determined using conventidnal' (differential
pressure measurements together with determination of slurry concentration along the cqurﬁh) and novel
(dual energy nuclear density gauge) experimental techniques. Bubble size distribution and the Sauter
mean bubble diameter were obtained using the dynamic gas disengagement (DGD) method. Flow regime
transitions in both columns were determined using statiéticél anélysis of both pressure and density
fluctuations. _ |

Correlations for prediction of gas holdups and axial solids dispersion coefficient have. been
developed from experimental data obtained in this >study." Data needed for calculation of the gas-liquid
interfacial area (average gas holdup and Sauter mean bubble diameter) have been presented and can be
used to estimate the mass transfer rate in slurry bubblé column ‘reactors. The results obtained in this
study should be useful to those engaged in design-and e'cdnomic evaluations of slﬁrry bubble column

reactors for Fischer-Tropsch synthesis reaction.
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ive an f Work
The overall objective of this contract is to determine the effects of bubble column diameter, solids
loading and particle size, and operating conditions (temperature, gas and liquid flow rates). on
hydrodynamics of slurry bubble columns for Fischer-Tropsch synthesis, using a molten wax as the liquid

medium. To accomplish these objectives, the tollowing specific tasks will be undertaken.

Task 1 - Project Work Plan
| The objective of this task is to establish a detailed project work plan covering the entire period of
performance of the contract, including a detailed program schedule, analytical procedures, and estimated

costs and manhours expended by month for-each task. -

- i ryucti timental r

The existing stainless steel columns (0.05 m and 0.21 m in diameter, 3 m tall) that were
constructed under our previous DOE contract (DE-AC22-84PC70027), will be modified and additions made
in order to study the effect of continuous upward liquid flow. After the procurement of equipment and
instrumentation, and construction of the unit is completed, a shakedown of test facilities will be made to

verify achievement of planned operating conditions.

Task3-M rement of Hydrodynamic Parameter nventional Techni

In this task, the effects of operating conditions (liquid and gas suberficial velocities), gas
distributor, column diameter, and solids concentrations and particle size on hydrodynamic parameters in
the stainless steel columns will be determined. All experiments will be conducted usihg nitrogen at
atmospheric pressure. The hydrodynamic parameters that will be determined as a function of the -

independent variables mentioned above are: average gas hold-up, axial solids distribution, axial gas hold-
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up, flow regime characterization, and qualitative information on bubble size distribution.

The objective of this task is to determine hydrodynamic parameters for the three-phase system
using a nuclear density gauge apparatus. A movable assembly mechanism and positioning racks for the
two nuclear density gauges and detectors will be designed and constructed. Following the interfacing of
the apparatus with an on-line microprocessor, the gauges will be calibrated using pure components ,(Hquid
.wax and solid particles), and with known proportions of liquid and soiid. After calibration, the following
parameters will be obtained from experiments in the large stainless steel column: axial gas hold-up, axial

concentration of solids, and qualitative information on flow regimes.



EXECUTIVE SUMMARY

Slurry phase Fischer-Tropsch (FT) processing is considered a potentially economic method to =

convert coal derived synthesis gas into liquid fuels. Largely due to its relatively simple reactor desugh,
improved thermal efficiency, and ability to process CO-rich synthesis gas, the sturry process has several
potential advantages over conventional vapor phase processes.

The scale-up of slurry bubble column reactors is subject to uncertainty b,edause important
hydrodynamic parameters change with the scélg (i..e. with the reactor diameter, and, to smaller extent,
with the height). These parameters have sig'nificant effect on the synthesis gas conversion and product
selectivity. Commercial éize‘reactors are expected to operate in a churn-turbulent flow regime, and it is
essential to use a bubble column with syfﬁciently large.diameter which will allow for operation in this flow

regime. A glass bubble column with 0.23 m in diameter, 3 m tall was constructed at Texas A&M

University (TAMU), under DOE Contract No. DE-AC22-84PC70027, for hydrodynamic studies of Fischer-

Tropsch synthesis in the absence of sofids. It was demonstrated that this column operates in the Chka”'
turbulent flow regime under typical processing conditions for slurry Fischer-Tropsch synthesis reaction.
This study has provided useful information on the effects of operating conditioﬁs._gas distributor design,
column geometry, and oxygenated species on gas hold-up‘ and bubble size distribution. .
Slurry FT bubble column reactors operate with solid ‘lo’adi‘ngs up.tp 30 wt%, and part of slurry is
removed from the reactor and returned to it as a concentrated slurry_from a wax/:catalysg separation
unit. These factors (i.e. the presence of solids and small continuous liquid flow) may have significant
effect on hydrodynamic parameters, and need to be evaluated. _There‘fore,‘.TAMU proposed to lconduct a
systematic study of the effect of solids, and small upward liquid flow on,h'ydrod_ynarriic parameter in:o_.05
m and 0.21 m diameter columns, under condi_tions which simutate the process conditions in industrial sI_u_rry
bubble column reactors for Fischer-Tropsch synthgsis._ The following hydrodynamic parameters were

determined: the average and axial gas holdups, axial solids concentration profiles, the axial solids
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dispersion coefficient, Sauter mean bubble diameter in the absence of solids, fiow regimes and flow regime

transitions, by utilizing both conventional and novel experimental techniques.

SUMMARY OF RESULTS

Experiments were conducted in two stainless steel bubble columns (0.05 and 0.21 m in diameter, 3
m‘in height) in two modes of operation': (a) batch mode - continuous flow ‘of gas, stationary liquid
(slurry), and (b) continuous mode - both gas and liquid (siurry) in cocurrent upward flow. A total of 34
runs (28 with FT-300 wax, and 6 with SASOL reactor wax) were made in the small diameter column,
whereas 35 runs (6' with FT-300 wéx, and 29 with SASOL reactor wax) were made’ in the large
diameter column. - Two different types of solid particles were employed in these tests' iron oxide (05 pLm
and 20-44 pm) and silica (0-5 um and 20-4'4'pm) to simulaté typical catalysts and supports employed in
’Fischef-Tropéch synthesis. All experiments were 'ébnducted' ét' 265°C and atmdspheric pressure, using
nitrogen as the gas. Experimental conditions for different runs are listed in Tables 2.4 and 2.5

Gas Holdups by Conventtional Techniques
| Axial (between two measuremént ports along the column height) and average' (for the entire
column) holdups were calculated from differential pressure and solids concentration measurements along
“the column height, as described in Chapter I, The effects of slurry (liquid) flow rate, solids concentration,
type and size, column diameter, distributor type, and liquid medium on the average gas holdup are
summarized below. . I -
Effects of slurry (liquid) velocity. The gas holdup decreased with increasing slurry (liquid)
vezloc'ity for experiments conducted with FT-300 wax (With'and without solids) in the both columns. The
“decrease in holdup was most pronounced at gas velocities which favor the formation of foam, since a
slight upward liquid (slurry) flow rate is sufficient to dissipate the foam Iéyer. In the absence of foam,

the effe'ct:of slurry flow rate on gas holdup is’negligible’. ’
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SASOL reactor wax does not have tendency to foam, and the slurry velocity did not have
signiﬁcant.eﬁect on the gas holdup. The trends observed in our study are consistent wit.h résu!ts'
reported in literature with other systems. |

Effects of Solids Concentration. The addition of solids increased gas holdup in experifne’nts
conducted in the batch mode of operation with both FT-300 wax and .SASOL reactor wax. This may be
attributed eithef ‘to reduction in bubble size withl éddition of small particles or to ponr wettability of
particleélin the region. of high gas holdups (upper portion of tne column). | _ |

In continuous mode of operation addition of solids to FT-300 wax causes a slight decrease. in tné
gas holdup; whereas, addition of solids to SASOL wax causes a slight increase in the gas holdup. This
d‘ifferenc‘e in the, behavior of the two wax types might be due to differences in the wettability of ;'he
partncles with respect to each wax type. | | ”

Effects ot Solids Type and Size. In general, this effect was found to be insignificant, i.e. neither
the particle size nor the solids type have marked effect on the gas holdup. However, in the presence of
large axial concentration gradients of solids the holdup decreased with increase in particle size (e.g.
experiments with large iron oxide particles in the Datch mode of operation). In the latter case, ihe solids
accumulate n_eaf the distributor increasing the apparent viscosity of the slurry which results in larger
bubbles and thus lower gas holdups. | | |

- Effect ot Column Diameter. From the limited data it appears that column diametevr does not
have significant effect on gas holdup when the foam is not present ‘in the system. |

:EEﬁe‘cvt,gt Distributor Type. de type of gas spargers were used for_expérimenté in the 0.21 m
ID column; (a) a perforated plate (19 holes of 2 mm in diameier), and (b) bnb.b|e cap distributor (7 caps,
each with 3 holes of 2 mm in diameter). For both waxes, gas holdups in experiments with the bubble cap
distributor were slightly higher than those obtained With the perforated plate distributor. o

. Etfect of Liquid Medium. In the batch mode of operation and at low gas velocities gas holdupé




XXV
obtained with the FT-300 wax were substantially higher than those obtained with the SASOL reactor
wax, primarilyvdue to foaming tendency of the former. HoWever, in the absence of foam the holdups
were similar.

Gas Heldup Correlation

Data frorn both our three- -phase (present work) and two-phase studies (DOE Contract No. DE-
AC22 84PC70027) were combmed and the following general correlatlon was developed for predrctxon of
gas holdups in Fischer- Tropsch slurry bubble column reactors in the absence of foam

gy = 0.24 (Frg0.28 300.14)

~ where:Fry = (ug2 /gd.); Bo= (dc png/cL) d; = column diameter; g = gravity constant; ug =
superficial gas velocity; psi = density of slurry; 6 = surface tension of the liquid medium.

The mean square error based on 514 data points was 7 x 10 "4, and approximately 94% of

experimental data were within + 30%Vof the predicted values by the above correlation.

Axial Solids Concentration Distributions

- Axial solids concentration profiles were obtained durihg experiments conducted in both the 0.05 m
and 0.21 m ID columns with 0 - 5 um and 20 - 44 um iron oxide and silica particles. Solids concentrations
of 10, 20, and 30 wi% were employed throughout these studies. The small (d - 5 um) iron oxide and
silica part.ictes' were corﬁpletely suspended in both columns in the batch and éonﬁnuous modes of operation.
However, significant concentration gradients were observed with large (20 -44 um) partic'les, in the
small dianﬁeter column dufing batch experiments. In the I‘ar'ge diameter column, the solids concentration
gradient was smaller. The solids distribution becém'e eniform with the introduction of upward slurry
velocity (0.005 or 0.02 m/s), since the sl‘urry velocity was greater' than tﬁe terminal settling velocity of
the largest particles. Axial solids dispersion coefficients were estimated from axial solids concentration

"~ profiles obtained in experimehts eonducted with large solids in both the batch mode and continuous mode
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(the latter in the large diameter column only) of operation. The axial solids dispersion coefficients in the”

large diameter column were significantly greater than those obtained in the small diameter column. The il

following correlation for prediction of the particle Peclet number was obtained.

- [F87 0407
Pe, = 8.4 [ﬁé] |
where: Reg = UgdepL / KL : Pep=ugde/ Es; uL ;,viscoéity of quqid; E = aﬁial dispersion cqefficie_nt fO( solids.
The above correlation was developed fgom data obtained with both large iron oxide_ and silica parti‘cles} ,’
using both SASOL wax and FT-300 wax. |
Nuclear Density Gauge Measurements
_ A dual energy gamma-ray. densitometer was designed and constructed for the purpose of
obtaining pha_se (,i.g.Agas, quuid.,and solid) 4fraction‘s ir_\‘ the Iarge diameter column. The sources }anq
detectors were placed on a movable platform so that measuremenfs could be made at various axial and
radial locations. Cesium-137 and Cobalt-60 radioactive sources were used. For the (CeSium-j 37) -
(Cob_al_t»—}SO)_‘ system, slight errors in various parameters (e.g._the distance th_rough the co|umn).cé(use
significant errors in the measured phase fractions.. ) Tlhis. is due to similarities in the absorption coefficients
for the various phases associated with the two sources. However, when.a three-phase éystem,/Was
treated as a two-phase (slurry/gas) system, the measured volume fractions of gas and slurry. were
comparable to thqse obtained using conventional (i.e. DPvceAHs) _tephnique. _ |
Bubble Size Measurements | ) . |
- Sau;e[ mean _t?ubble_ diamete(s were m,e‘as‘.ur_ed using the dyn'amic'g_as disengagement (DG‘D‘)
technique. The DGD technique is based on.the fact that the volumetric flow rate at which the liquid level

decreases once the gas flow is shut-off is equal to the volumetric flow rate at which the bubbles exit the

dispersion. In the past, the DGD measurements were made in clear columns, and the rate at which the

-
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liquid level (or dispersion) dropped was recorded via a VCR/camera system. In this study, we utilized
pressure measqrements to determine the rate of disengagement. Pressure measurements not olnty
remove some of the subjectivity associated with VCR/camera measurements, but also enable one to
determine the effect of axial position on the bubble size distribution. Sauter mean bubble diameters for
FT-300 wax were quantitatively similar in both the 0’.65 m and 0.21 m ID bubble columns for the range of
“gas velocities employed in this study. The Sautér mean bubble diameter ranged from approximately 0.9
mfn at a gas velocity of 0.02 m/s to a value of 1.4 mm at a gas velocity of 0.12 m/s. Sauter mean
bubble diameters for the experiment conducted with SASOL wax (increasing gas velocities, 0.21 m IID
column) were similar to those obtained with FT-300 wax. However, for the experiment conducted using a
decreasing order of gas velocities, the Sauter mean bubble diameters were slightly higher (e.g., d,=1.7mm
at a gas velocity of 0.12 m/s). For the experiment conducted with SASOL wax in the 0.05 m ID column,

the Sauter mean bubble diameters ranged from 1.4 mm (Ug =0.02 m/s) to 2.2 mm (ug=0.09 m/s).

Flow Regime Transitions

Statistical analysis of wall pressure"and nuclear density gauge fluctuations was used to
determine fiow regime transitions in both columns. Fbr experiments in the small diameter column, the
transition from the bubbly to the slug flow regime occurred between gas velocities of 0.04 and 0.06 m/s,
regardless of solids concentration or slurry velocity (up to 0.02 m/s). Likewise, in the large diameter
column, the transition from the homogenéods bubbling Eegime to the churn-turbulent regime occurred
between gas velocities of 0.04 and 0.06 m/s. In the small diameter column, slugs start forming at a height
of 0.6 m above the distributor. The flow regime transitions obtained in this study are in agreement with
thosé predicted using correlations presented by Taitel et al. (1981) and the flow regime map presented by

Deckwer et al. (1980).
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RECOMMENDATIONS FOR FUTURE WORK

On the basis of results obtained in this study the following recommendations are made:

° _Conﬁnue work on development of nuclear densitometry for measurement of volume fractions and
bubble‘ rise velocities in three-phase systems. | | | |

® Continue work on refinements (theoretical and experimental) of the dynamic gas disengagement
(DGD) method for determination of bubble size distribution. In particular, experiments should be conducted
in which the bubble size distribution is measured by various techniques (e.g., photography, probes, DGD),
and applicability of the DGD method should be extended to three-phase systems.

Future work in the area of hydrodynamic studies of Fischer-Tropsch slurry bubble column
reactors should be directed towards measurement of add@tional parameters needed for design and scale-
up slurry bubble column reactors, such as:

o Volumetric mass transfer coefficient (k, a);
® A_xiél d-isperSion coefficients for the gas and the liqufd phase by tracer studies;
° Heat transfer coefficient befween the slurry aﬁd tﬁe immersed heat exchanger surfaces.

These measurements should be conductedpnder conditions sihilar to those that are planned for
use in slurry bubble column reactors for Fischer-Tropsch synthesis (i.e., at reaction temperatures and
pressures, and with wax as the fiquid medium). Experiments should be conducted in a bubble column with

sufficiently large column diameter to ensure operation in the churn-turbulent flow regime.




