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Il. MEASUREMENT OF GAS HOLDUPS BY CONVENTIONAL TECHNIQUES

Gas holdups and solids concentration: proﬁles: were measured ‘using conventional
techniques. In particular, gas holdup was calculated from visual obSérvations of the ex-
panded and static liquid height in the glass éélumns, and from méasurérhents of differen-
tial pressures and solids concenfrations in the stainlesg steel columns. The experimental
appafétus‘, operating conditions;, data reduction procedures, and results from both two—
phase and three—phase experiments are described below. Also, empi}ical correlations
which may be used to predict overall (or average) gas holdup in a Fischer-Tropsch slurry

bubble column reactor are presented.

E.x'perimental Apparatus .and Operating Proﬁedure

Figuré 2.1 is a schematic representation ofy the slurry bubble column apparatus
which was constructed for these studies. The maj;)rity éf experiments were conducted
in 0.05 and 0.21 m ID by 3 m tall stainless steel columns. Experiments in both the
batch mode (i.e.” without slurry circulation) and contiﬁuous mode‘ (i.e. with slurry
circulation) of operétion wére conducted in the stainless steel columns. Five pressure
transducers (Valydine Model DP 15) and five slurry samplling valves (1/4” Whitey ball
valves) with pneumatic actuators were located along the column ( see Figure 2.9 for
their locations ).

The flow rate of prepurified nitrogen from gas cylinders was measured and controlled
by a Brooks Model 5816 mass flow meter fof‘ experiments conducted in the 0.05 m.
ID column. A Sierra Series 840 mass flow meter was Qsed to measure the gas flow
rate during experiments conducted in the 0.21 m ID column. For the 021 m ID
column, the flow rate was controlled manually by adjusting the outlet pressure from

the nitrogen cylinder (cryogenic). Prior to each series of experiments, the mass flow
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meters were calibrated. The Brooks mass flow meter was calibrated using a wet test
meter, and the Sierra mass flow meter was calibrated using a flow prover (i.e. an orifice
meter). The metered gas entered the bubble column through the distributor which was
’ Ioéated between two flanges at the bottom of the column. For experiments in the 0.21
m ID column, the gas \‘f;fas passed through an electrically heated U-shaped preheater
before entering the column at the distributor. The gas inlet temperature was manually
controlled using two variable voltage transformers. The temperature of the gas was
monitored by three thermocouples (one located in the middle of the preheater — 0.21
m D 'éolumnl only; one located after the preheater; and one located just below the
distributor). The thermocouples were connected to an Omega (Model 199) ten channel
temperatureiindicator. ,

The wax was charged in the storage tank and the tank was electrically heated to
bring the wax to the desired temperature. The wax storage tank for the large diameter
column was 0.61 m in diameter and 0.91 m long; and the wax storage tank for the small
diameter column was 0.3 m in diameter énd 0.46 m long. The slurry inlet systems for the
large and smali diameter columnS are shown in Figures 2.2 and 2.3, respectively. Once
the solid wax was melted (x~ 150 °C), the stirrer was switched on to improve the heating
process. For experiments conducted with solids, the solids were added to the storage
tank once the wax was at the desired temperature (220 °C for batch experiments and
265 °C for cont}inuous experiments). The column was heated to the desired operating
temperature (265 °C) before the slurry was introduced. The column temperature was
contrblled using two temperature controllers, one for the bottom half of the column
and one for the top half of the column. For all bexperiments, batch and continuous, the
wax was transported to the column using a slight nitrogen overpressure in the storage
tank. For the continuous mode experiments, the pump (Pulsafeeder, Model G12 - 0.05

m ID column; Tuthill Corporation, Model 3A — 0.21 m ID column) was not switched on
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until the column was at least half filled with wax. This was done to prevent clogging
of the pump by solids which might have settled in the storage tank. Throughout the
preheating period and during the transportation of wax to the column, nitrogen flowed
through the colurﬁn. Once the wax was in the column, the temperatures of the various
units were allowed to stabilize before the actual run was started. For experiments in
the batch mode of operation, only the column was maintained at the desired operating
temperature. The exit lines and expansion unit were maintained at a temperature of
approximately 200 °C. The hot gas leaves the separator and passes through the scrubber
which is filled with Varsol (mineral spirits), before it is vented to the atmosphere. The
scrubber is used to recover components of the wax that evaporate from the column and is
maintained at approximately 70 °C. The lines connected to the pressure transducers and
slurry sampling val\)es were maintained at 200 °C. For experiments in the continuous
mode of operation, all lines and vegsels cafry;hg the slurry were maintained at the
operating temperature. The remaining temperatures were the same as those used for
batch experiments. All temperatures were monitored regularly, every half hour during
the preheat period and every hour during the experiment.

Once the column reached the desired temperature, the experiment was initiated.
Superficial gas velocities in the range 0.02 — 0.12 m/s were employed in all runs. A dura-
tion of at least one and a half hours was used for each velocity. Pressure measurements
were made three times for every gas velocity (i.e; approximately every half hour), with
thAe first measurement made one half hour after the gas velocity was changed. Slurry
samples were withdrawn at the five different locations after the final pressure mea-
surement. The gas flow rate was then changed to the next setting. For experiments
conducted in the continuous mode of operation, the superficial slurry velocity was mon-
itored using the calibration chamber. The calibration chamber for the large diameter

column was a 0.46 m ID cylindrical tank with an internal volume of approximately
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50000 cm3, and for the small diameter column,l the calibration chamber was a3 0.23 m
ID cylindrical tank with an internal volume of approximately 4000 cm3. Figures 2.4 and
2.5 are schematic representations of the circulation loops associated with the large and
small diameter columns, respectively. The desired slurry flow rate was set by varying
the pump speed, and slurry flow rate checks were made prior to each pressure reading
(i.e. three times per gas velocity). |

For three—phase experiments, slurry samples were withdrawn from the storage tank
at the beginning and end of each experiment; as well as, at the end of each gas velocity
for experiments conducted in the continuous mode of operation. In order to determine
the volume of slurry in the storage tank, a dipstick, similar to that used to determine
the oil level in an automobile, was designed (see Figure 2.6). The dipstick assembly
consisted of a casing (2.54 c¢cm diameter tube), 'wh_ich was welded to the lid of the
. storage tank, and the dipstick (0.635 cm diameter shaft). The casing extended half
way into the storage tank and had vent holes at the top to allow any gas which might
be trapped in the casing to disengage.

Following the completion of a run, the slurry was withdrawn into the storage tank
using a slight vacuum (the pump was switched off for runs conducted in the continuous
mode of operation). After each run, solids and wax inventories were made to check
for any losse losses, particularly losses in solids due to settling in the various lines and
process vessels. Solids and wax inventories are discussed in Chapter IV.

Following the completion of a series of experiments, the bubble column appa;atus
was cleaned . An»y slurry which may have remained in the system was collected and
weighed, so that an overall mass balance (solids + wax) could be obtained (see Chapter
V).

| Two-phase experiments were also conducted in two columns (0.05mIDand 0.23 m

ID by 3 m tall) made of borosilicate glass. A detailed description of these columns has
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been given elsewhere (Bukur et al., 1987a,b,c). All experiments in the glass columns
were conducted in the batch mode of operation. The glass columns were used to obtain

average gas holdups and bubble size distributions.

Experimental Conditions.

The effects of operating conditions (slurry and gas superficial velocity ), gas dis-
tributor design, column diameter, and solids concentration, type, and size were studied.
Table 2.1 summarizes the experimental condition‘s employed in the stainless steel bub-
ble columns. Experiments were conducted with S.ASOL's Arge reactor wax and FT-300
wax. SASOL reactor wax conﬁists of high molecular weight products of the Fischer—
Tropsch synthesis. FT-300 wax (also known as SH-105) is a hard paraffin wax obtained
by hydrotreating and fractionation of reactor wax and it has an average molecular weight
of 730 (Dura Commodities, New York).

Nitrogen was used as the gas for all experiments because it is inert, non-toxic,
and inexpensive. Also, in earlier studies, it was found that the effect of gas type on the
average gas holdup is small (Deckwer et al., 1980; Kuo, 1985). Superficial gas velocities
in the range 0.02 - 0.12 m/s were employed in all experiments. With this range of gas
velocities in the two columns, all important flow regimes were observed. A superficial
gas velocity of 0.095 m/s was employed in the Rheinpreussen demonstration plant unit
(Kolbel and Ralek, 1980), and thus, the higher velocities (0.08 - 0.12 m/s) chosen in
this study are representative of gas velocities employed in large diameter reactors.

All of the experiments in the stainless steel bubble columns were conducted at a
temperature of 265 °C, which is a typical temperature for the Fischer~Tropsch synthesis
with precipitated iron catalysts. In our previous studies ( Bukur et al., 1987a,b,c) some
experiments were conducted in the small diameter column at other temperatures (

160-280 °C ) in order to study the effect of liquid viscosity on gas holdup.
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A 2 mm single hole orifice plate distributor was used for experiments conducted in
the 0.05 m ID. column. Whereas, for experiments in the 0.21 m ID column, both a 19
x 2 mm perforated plate and bubble cap distributor were used (see Figurés 2.7 and 2.8,
respectively). Perforated plates and bubble caps are ebmmonly used in slurry bubble
columns.

Solids concentrations in the range 0 - 30 wt% were employed throughout this work.
This range of concentrations encompasses the range of catalyst concentrations used
in slurry bubble column reactors for Fischer-Tropsch synthesis. Iron oxide particles (0
— 5 pm and 20 - 44 um) were used as the primary solid. Some experiments were
also conducted with silica particles (0 - 5 um and 20 - 44 um) to study the effect
of solid density on the hydrodynamics of the system The two types of solids used,
iron oxide and sullca simulate typical catalysts and supports, respectively, employed in

Fischer—Tropsch synthesis.

Data Acquisition and Reduction Procedures for Gas Holdups and Solids Con-
centration Profiles

Average gas holdups, axial gas holdups, and axial solid concentration profiles were
measured experimentally. Experiments in the glass column were limited to two—phase
(i.e. liquid/gas systems) batch studies; whereas, experiments in the stainless steel
columns were conducted using both two—phase and three—phase systems with and with-
but slurry circulation.

Average Gas Holdup ~ Glass Columns

For experiments conducted in the glass columns, only average (or overall) gas
holdups were measured. The average gas holdup, which is the volume fraction of

gas in the suspended slurry, is calculated from visual observations of the expanded and



4— 75.2 mm —»

PLATE THICKNESS = 3.2 mm

' Figure 2.7. Schematic representation of the perforated plate distributor.
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static liquid heights, i.e.

— hs
g = 1- hexp (2- 1")

where hg is the static liquid height and hexp is the expanded height of the slurry, and
the quantity hs/hexp is the volume fraction of liquid in the gas/liquid dispersion. The
expanded height was recorded three times per gas velocity at intervals of approximately
30 minutes. Once the expanded height was recorded three times, the gas flow was shut
off and the static liquid height was recorded.

Phase Fractions — Stainless Steel Columns

In the stainless steel columns, axial gas holdups, axial solids concentrations, and
average gas holdups were obtained. Axial pressure measurements and axial solids con-
centrations were used to calculate gas holdups (average and axial). Figure 2.9 is a
schematic representation of the locations of the five pressure transducers and five slurry

sampling ports.

Pressure Measurements

During experiments in the stainless steel columns, the pressure drop across the
column and the weight fractions of solids were measured at various axial locations.
A purgeless pressure transducer system was designed which prevents hot slurry from
coming in contact with the DP cell (see Figure 2.10). The system consisted of a 0.635
cm diameter tube attached to the column wall and a 20 ¢cm3 chamber. When the
column is filled with slurry, the nitrogen trapped in the chamber serves as a buffer
between the hot slurry in the column and the low temperature DP cell. The chamber
also serves as a trap for any slurry that flows into the 0.635 cm tube. A drain located

at the bottom of the chamber is used to clean the trap between runs. A ball valve

located in the 0.635 cm line serves to isolate the system from the column, in case the

-
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trap has to be emptied during a run. The 0.635 cm line and chamber are heat traced
and insulated to prevent solidiﬁcation of slurry in this section.’

The pressure transducers (Valydine Model DP-15) were connected to dual channel
indicators (Valydine Model CD-223). The indicators have a digital display, as well as a
0~ 15 volt DC output. A data acquisition system which consisted of an A/D converter
(Metrabyte Model DAS-16G) associated software, and a Zenith 286 personal computer
was used to record the output - voltage from the pressure transducer indicators. The
pressure transducer indicators were adJusted.so that the output voltage (proportional
to pressure in inches of wa'ter)was_ scaled down;“b’y_ a factor of 10 before being sent to
the data acquisition system. Thus an outputb'VO!t'aﬂge of‘l corresponded to a height
of approximately 10 inches of water. The calibration procédure for a single pressure
transducer is outlined below. All pressure transducers were calibrated using the same
procedure. |

Before beginning each series of experiments, the pressure transducers were calibrated
using tap water. The density of water was assumed to be 1000 kg/m3. Initially, the
output voltage from the pressure transducer indicator was set to zero. In order to
calibrate a pressure transducer, the column was filled with water. The height of water
above the transducer is the height of water in the column minus the height of the
pressure transducer (both measured from the bottom of the column). The output
voltage from the transducer indicator was forced to be 1/10th of the height of water
(in inches) above the transducer by adjustrng the span The column was then drained
and the zero was readjusted if necessary. Next, the column was filled with water again,
and the output voltage was recorded. By making several measurements with different
amounts of water in the column once the zero and span were set, a calibration curve of

height of water (in inches) above the pressure transducer versus output voltage from the



36
pressure transducer indicator was obtained. Figure 2.11 is a sample calibration curve.

The form of the calibration equation for a given pressure transducer is: v
Pressure (inches of water) = sIc?pg « (output voltage) + intercept (2.2)

For all pressure transducers, the slope of the calibration curve was in the range 9.9 to
10.1 and the intercept was in the range -0.6 to 0.6.

Data acquisition software was written which would display a "running” average of
the pressure indicato} output voltage. During the experiménts, data was collected at a
raté of 50 Hz for a period of 2 to 3 minutes. As previously described, measurements
were ﬁ;ade three times per gas velocity (i.e. approximately every 30 minutes), and the

average of the three values (output voltage) was used to calculate the pressure, in inches

of water, above a given pressure transducer uéing Eq. 2.2.

Solid Concentration Measurements

For three—phase systems, b;':th pressure measurements and weight fractions of solids
are needed to determine the phase holdups (i.e. gas, liquid, and solids holdup). The
weight fraction of solids in the élurry samples withdrawn at the various axial locations
(see Figure 2.9) was measured using the Archimedean principle (the apparent loss in
weight of a solid body, when completely immersed in a liquid, equals the weight of the

displaced fluid). The procedure used is outlined below.

AN
; -

The slurry withdrawn into the sampling cylinder is allowed to cool and solidify.
The solid sI;Jrry plug is then removed for solids fraction determination. The sample
is first weighed on a precision balance (mg,). It is then suspended with a thin wire
from a supbort structure placéd on the balance and théf;combinled weight of the sﬁpport
structure and sample recorded (m;). The sample, while”stiﬂ suspended fro.m the support
structure, is then complet-eiy ir’nme;sed‘i‘n a beaker of é‘detonn“e va‘nd the balance reading -

recorded (m,). The three measured quantities, along with the known densities of
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solidified wax (pw), solids (ps), and acetone (pacet). Were used to determine the weigh.
fraction of solids (ws) in the slurry sample. By the definition of the Archimedean

principle,

Wacet =m; —mj : (2.3)

where W, is the weight of acetone displaced. The volume of acetone displaced, which

is the same as the volume of the slurry sample; is given by
Vyp = Wacet ~ (2.4)

By substituting Eq. 2.3 into Eq. 2.4 and dividing the weight of the slurry sample (m,;)
by the volume of the sample (V,), the following expression is obtained for the density

of the slurry sample

- — MegPacet :
Pst = o g - (2.5)

The density of the sample may be expressed in terms of ws as follows

1
I e———————— 2.6
Pse o N (1-ws) ( )

Equating Eqs. 2.5 and 2.6 to eliminate p,,, and rarranging the terms, yields the following

expression for ws
- ﬂﬁ Ps m] —M2
- ps - (pace! )( msl )

LT (2.7)

W

The density of solidified wax was determined experimeﬁtally. The density of fresh FT—
300 wax is 950 kg/m3, and the density of fresh.SASOL wax is 930.5 kg/m3. Acetone
was selected as the liquid medium for this procedure because it has a lower density
than wax (pacet = 792 kg/m3), it evaporates quickly ;frOm the sample surface, and the
solubility of wax in acetone at room temperature is negligible. The procedure was tested
using both FT-300 and SASOL wax containing kn_owﬁ quantities of solids. Samples’

containing 3, 7, 10, 15, 20, 25, 30, and 35 wt.% solids in wax were prepared. Samples
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with 0-5 um iron oxide, 2044 um iron oxide and 07-5 pm silica were used with FT-300,
and samples with 0-5 um iron oxide and 2044 um silica were used with SASOL wax.
" Solid densities of 5100 kg/m3 for iron oxide and 2650 kg/m3 for silica were employed.
Tables 2.2a, 2.2b, and 2.2c show: results obtained with slurries of 0 - 5 p#m iron oxide .
particles, 20 - 44 um iron oxide particles, and 0 = 5. um silica particles in FT-300 wax,
respectively. For these samples, the relative error between the calculated (Eq. 2.7)
and the actual weight fraction .af solids was highest for the sample containing 3 wt%
0 ~ 5um silica particles (6.5 %). For all other solids concentrations, the relative error
- between the actual and calculated weight fractions was less than 2.2 %. Tables 2.33
and 2.3b show results fron:mea‘surement; with 0:,-‘ 5 um iio'n oxide and 20 - 44um
silica particles in SASOL wax, respectively. For all samples analyzed, the calculated
weight fractions of solids were within 1.02 % (relative) of the actual weight fraction of
solids. | .‘

Sensitivity arialysis of Eq. 2‘7. re\iealed -ihat the reei.ilts i/ve.rve veryi sensitive to small
variations in the density of solidified wax. A variation of only 1 % in the density of wax
caused a 12 % change in ws; whereas a 5 % change in the dens:ty of sohds caused
only a 2 % change in ws for slurries containing iron oxude and a 4 % change in weg for
slurries containing silica. Because of the high sensitivity to wax densnty, we determined
the density of fresh wax and:used wax. For FT-300, the density of fresh wax and used

“wax (100 hodrs on stream) was the samé. However, the density of SASOL wax varied
with time on stream. The density of fresh- SASOL wax was 930.5 kg/m3 ‘and the density
- of used SASOL wax (72 hours on stream) was 941:2-kg/m3. There was less than 0.07
% difference in the density of SASOL wax between 72 haurs on stream and 144 hours
on.stream. The change in density between fresh and used SASOL wax-was probably
caused by changes in the composition of SASOL wax with time on:stream: SASOL

wax contains a significantly higher concéntration of lower molecular weight components



Table 2.2a. Results from Archimedean Procedure (0 ~ 5 um iron axide in FT-300)?

Nominal Actual Measured % Error
wt.% wt.%
3 2.94 2.96 0.74
7 6.61 6.60 -0.13
10 5.15 9.09 -0.61
15 13.13 12.92 -1.59
20 20.20 20.26 0.31
25 25.18 24.95 - -0.78
30 30.25 30.04 -0.68
a5 35.22 _ 34.90 -0.91

3 densities used: pw = 0.9495 g/ec, pg = 5.1 g/cc. pacet = 0.792 g/cc

Table 2.2b. Results from Archimedean Procedure (20 = 44 um iron oxide in FT=300)°

T
Norunal Actual Measured % Error
wt. % wt %

3 3.09 2.89 , -6.54
7 ) 711 7.25 2.02
10 10.24 10.01 ] 2.1
18 15.13 ' 15.17 . 0.26
20 20.00 20.02 0.10
25 25.13 : 25.28 0.49
30 ) 30.33 30.43 . 0.32
35 35.03 35.07 0.11

3 densities used: ow = 0.9495 g/cc. oy = 5.1 g/cc. pacet = 0.792 g/cc

Table 2.2¢. Results from Archimedean Procedure (0 ~ 5 um silica in FT-300)¢

m
‘ wt.% wt.%
3 3.04 109 1.54
7 7.06 7.04 -0.39
10 10.04 B 10.07 0.27
15 15.10 S 1807 -0.23
20 ‘ 20.09 20.00 -0.44
25 25.09 : 24.93 .0.67
30 30.15 30.05 4 .0.32
35 ' 35.08 34.87 : -0.51

3 densities used: oy, = 0.9495 g/cc. pg = 2.65 g/cc. pacer = 0.792 g/cc
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Table 2.3a. Results from Archimedean Procedure (0 = 5 um iron oxide in SASOL)?
%—

Nominal Actual Measured % Error
wt. % wt.%

3 3.03 3.02 -0.34
7 6.78 6.74 -0.65
10 ' 9.81 9.89 0.77
15 14.94 | 14.99 0.31
20 . 20.26 - 20.05 -1.02
25 : 24.63 - 24 45. -0.72
30 - 28.95 29.04 0.32
35 35.21 34,90 -0.89

2 densities used: pw = 0.9305 g/cc, ps = 5.1 g/cc, pacet = 0.792 g/cc

Table 2.3b. Results from Archimedean Procedure (20 - 44 um silica in SASOL)®

Nominal Actual Measured % Error
wt.% wt. %
3 2.97 2.97 0.0
7 7.02 6.97 -0.71
10 9.94 10.00 0.06
15 15.03 14.91 -0.83
20 19.94 19.86 -0.41
25 2481 24 .91 0.39
30 29.88 29.93 0.18
35 : - 35.12 35.08 -0.10

3 densities used: pw = 0.9305 g/cc, ps = 2.65 g/cc, paeer = 0.792 g/cc
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than FT-300 wax. These low molecular weight components evaporate when the slurry
is held at 265 °C for extended periods of time.’ As mentioned previously, slight errors (or”
changes) in wax density result in latge errors of the estimated solids concentration. In
order to comﬁenséte fér changes in 'wax densi-ty (SASOL wax) with time on stream, the”
density of used wax (i.e. 941.2 kg/'mj)‘Was used to calculate the solids concentration
once the wax had been on stream for over 72 hours, and the density of fresh wax (930.5
kg/m3) was used prior to that.

Holdup Calculations

‘The system ‘constants used to determine the gas holdup, liquid holdup, and solid
holdup includethe densities of solids (ps), liquid (p;), solidified wax (pw) and acetone
(pacet), heights of the five pressure ports above the distributor (h; to hg), and the
distance between the distributor (bottom of the column) and the top of the column (hy).
The measured quantities inclucie tﬁé meter readings (i.e. average output voltages, OV,
*.to OVg), the weights of solidified slurry samples (msl)ij ), the‘weight-of the slu‘rry sample
suspended in air (mlij), and its weight when immersed in acetone (m2ij). For simplicity,
:the measured-quantities have been replaced with the primary derived quéﬁtities, i;e. the
differential pressure across section i=j (AP;;), and the average weight fraction of solids
for the section i—j (< ws >;). |

The differential pressure is defined by

APy =P~ P=(30V; +b) - (30V;#b) i=ltoSandj=i+1  (2.8)

where a; and a; are the slopes of the calibration curves relating the meter readings to

pressure (in inches of water) for transducers at ports i and j, respectively, and b; and b;

are the intercepts of the two curves (see Eq. 2.2). Note, j = 6 corresponds to the top

-
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of the column, and the pressure at the top of the column is assumed to be atmospheric

pressure. The distance between pressure ports i and j is defined as -
Ahj=h; —h; l-—1t05andJ i+1 (2.9)

The average weight fraction of solids (see. Eq. 2.7) between pressure ports i and | is

given by
mli'-mzi'
es- (e (=) | |
<ws >;= L i=1lto5and j=i+1 (2.10)

The gas holdup in a three-phase (gas/liquid/solid) system may be expressed in terms of
the slurry (liquid/solid) density, Ps¢ and the density of the gas~liquid—solid dispersion,

P4 (i.e. density of the expanded slurry) as,

58_251'21"'1 Ly (2.11)
- Psg— Pg Pst ,

since the density of the gas, pg is small in comparison to the density of the slurry at
low pressures.

The density of the expanded slurry between any two pressure ports, i and j may be
calculated from the measured pressure drop APij and the known distance between the
pressure taps, 4h;,

_ APy
Ah 4 and Pd; = Sd.Pwater i=ltoS5and j=i+1 (2.12)

where S4; is the specific gravity of the dispersion between pressure ports i and J. Sub-

stituting this expression into Eq. 2.11, yields:

| _apy | |

Sse Ah

where Sst, is the specific gravity of the slurry (liquid/solid) in the i~j section. The

specific gravity of the slurry between pressure ports i and j can be calculated from the
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weight fraction of solids between pressure ports i-and j, the density of the solid, and tk

-

density of the liquid using the following expression

1 1

S = -
o4 Pwater [ Sws>ij + 1-<ws>;;
Ps Pe

i=lto5andj=i+1 (2.14)

Substituting Eq. 2.14 into Eq. 2.13 yields

_ 1 Apijpwster\
< ¢€g >|J—. - Ahu

<ws>i  l-<we>;] |
s 2 + Ws J] i=1to5, j=i+1(2.15)
Ps Pe

The latter expression was used to calculate the gas holdup between pressure ports i and

i

The liquid holdup may be expressed in terms of p,, pg, ps, €g, and es as follows:

_ Py = gPg —EsPs " (2.16)
Pe '

€

where e is the volume fraction of solids (i.e. solids holdup‘)Ain the dispersion. Assuming

egpg is negligible, Eq. 2.16 may be rewritten as:

6[ = __d___P ;esés ‘ (2 17)
: 4 .
The volume fraction of solids in the dispersion may be expressed in terms of the weight

fraction .of solid in the dispersion using

€g = %f_i . . ‘ (2 18)

Substituting Eq. 2.18 into Eq. 2.17 upon rearrangement yields the following expression

for ¢

=il (lb;“") o (2.19)°

Thus the liquid holdup in the section i-j is given by
pdii(l— <ws; >)
Pe

<e >= i=ltobandj=i+1 (2.20)
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Substituting the expression for Pd, (Eq. 2.12) into Eq. 2.20 the following expression is

obtained for the average liquid holdup between pressure ports i and j

APP t l-< Wwg > . . . )
< & >p= ( Zh‘;a er) ( o U) iI=1tob, j=i+1 (2.21)

Since the sum of the volume fractions of gas, liquid and solids equals one, the volume

fraction of solids in the dispersion between pressure ports i and j may be expressed as:
<'esij>=1—<e£ij>—<egij> i=lto5andj=i+1 (2.22)

Substituting Eqs. 2.15 and 2.21 into Eq. 2.22 yields the following expression for the

average volume fraction of solids in the i—j section

i=1to5, j=i+1 (2.23)

_ Apijpwater < ws >ij

Equations 2.15, 2.21, and 2.23 were.used to estimate holdups of the three phases
in the section between any two adjacent pressure ports; however, for the equations to
be valid the entire section must 1be filled with the dispersion. For runs conducted in the
continuous mode of operation, éll five sections are always full, since the dispersion fills
the entire column. For runs conducted in the batch mode of operation, Eqs. 2.15, 2.21,
and 2.23 may be used for those sections that are full, i.e. all sections below the top most
non-zero pressure port. The section ju;t above this pressure port (say section n) is only
partially full, therefore the height of the dispersion in this section (A4hp) is not known.
However, the differential pressure for this section (APn) is known. If a slurry sample
was not withdrawn from this section, < ws >n would also be an unknown quantity. For
such cases, the gas holdup and if necessary, the weight fraction of solids in this section
are either estimated by extrapolation of the < ¢z > and < ws > profilés or they are

assumed to have the same values as in the section below (ie. < Brnsr =< €g,_ 1, >
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and < ws

g1 =< Wso_ 1 >). The height of the dispersion in this section is then

calculated using (see Eq. 2.15)

—_ Apnpwater> [< ws >n , 1-<ws >n v
Ahn = (1_ nluter ) | S8 20 4 i . (2.24)

Equations 2.21 and 2.23 can then be used to estlmate the I|qU|d and SOIIdS holdups
for this section. For aII runs, no measurements are made between the dlstnbutor and
pressure port 1 (see <F|gure 2.9). lt is assumed that‘the volume fractlons of the three
phaSes in this section are the same as those in the section above (i.e. section 1-2).
The average gas holdup for the entire dispersion can be obtained using a weighted
(volume) average of the gas holdups in the individual sections and is expressed as

< €g>= Zfd <eg, > j=i+tl - (2.25)
i=1 ,

‘where fy_ is the volume fraction of the dispersion between pressure ports iandjandis
ij

given by

14 =52,
i

Substituting Egs. 2.15 and 2.26 into Eq. 2.25 yields

i=lto5andj=i4+1 (2.26)

n <ws>:  1-<ws >y
Z (APUPwater) pss 4+ Pgs' L
<eg>=1- =0 - — j=i+1  (2.27)

i=0

where APg; = AP, 4hg; / Ahyy, and < ws >01 =< ws >12 “For :the continuous mode
of operation n = 5 whereas for the batch mode of operatron nis dependent on the
location of the top of the d|5per51on v '

For two~phase experrments in the stamless steel column, the same procedure was
used to calculate gas holdups and liquid holdups However the weight fractlon of solids,

ws, was set equal to 0.




