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ABSTRACT

/

A novel approach utilizing an electrical conductivity twin-probe
technique is described for obtaining important gas-phase charac-'
teristics, such as bubble size, velocity, and holdup fraction. A
10-cm-internal-diameter by 310-cm-high glass column is employed tec
investigate the bubble dynamics measured with this probe. The
liquid phase is composed of a mixture of ethanol and water that
may have substantial "surface activity" that results in a dynamic
surface +tension effect on the rate of ©bubble coalescence.
Measurements of gas holdup, bubble size, and velocity indicate the
influence of surface activity on the gas phase characteristics.
Possible implications of these results -on toe hydrodynamics of
Fischer-Tropsch reactors are given.

Introduction

In the design of a slurry bubble column reactor for indirect liquefac-
tion of coal, there has been considefable controversy over the transport
phenomena associated with hydrodynamics, and mass and heat transfer (1-3 );
This controversy is strongly related to the uncertainties in extrapolating
transport coefficients obtained from cold model reactor data to a hot,
pressurized reactor containing a mixtl;re of synthesis gas, amn inert liquid
medium, catalyst, and low vapor pressure product waxes. Some important

transport measurements, such as gas noldup and axial solids distributions,
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have been measured (4) for a 2-inch-dizmeter by 25-foot-high slurry bubble
column Fischer—Tropsch (F-T) reactor but ﬂave not been correlated by
extension of cold model transport coefficient correlations. In addition,
there exists a iarge uncertainty of sca.ling up the transport phenomena
associated with a 2-inch-diameter rezctor to a demonstration scale

(1.5-meter-diameter) reactor.

A Xey parameter, bubble size distribution, must be known for F-T
reactor design. The hydrod,mam:.cs of slurry bubble columns are very sen'51-
tive .to this parameter, which, in turn, influences the mass and ‘heat
transfer. The bubble size distribution is a function of the initial bubble
size generated from the distributor plate and the rate of coalescence and
breakup of bubbles. For sinzle component liquids, an equilibrium bubble
size distribution is govemed by the bulk liquid properties, such as density
and viscosity, surface tens:.on, the mixing :.ntens:.ty of the gas phase, and,
in some instances, the initial bubble size ‘generated from the distributor
plate. . For multlcomponent l:.qua.d mixtures, the equilibrium bubble size is
affected by the same phenomena as for s:.ngle component liquids but addi-

tionally may be influenced by a dynamic sur"face tension effect.

It is’ the purpose of this work to demonstrate the effect of dynamic
surface tension on the hydrodynamies of a slurry bubble column. Possible

implicatﬂ‘.ons of these results on the hydrodynamcs of a slurry phase

. Fischer-Tropsch reactor are g:.ven.
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Experimental Apparatus

-A 10-cm-diameter by 3C07-cm-long glass bubble column is employed in this
investigation. The bubble column is sectionalized with altermating 30-cm
lengths of glass pipe and 5-cm lengths of Teflon spacers. The Teflon
spacers are employed as mounting devices for electrical conductivity probes
and slurry sampling systems. A 15-cm~diameter expansion chamber is located
at the top of the bubble colum, achievrj.ng‘uniform gas disénsagenent. A
ventilation hood is located above the expansion chambers to exhaus‘t any
vapors entrained in 'the»gas phase. A S5-cm-diameter by 10—cm-diamete;°',tee is
located at the top of the bubble column, joining a 10—cm-diam'eter by

213-cn-long glass column that acts as an overflow/recirculation tank for the

slurry. The gas phase is introduced through a 20-micron stainless steel

sintered plate distributor at the bottom of the bubble columms.- .In addition
to the above-mentioned 10-cm slurry bubble column apparatus, a
10.8-cm-diameter by 194~cm-long Plexiglass bubble column has been utilized

to obtain gas holdup data with a 72 x 1-mm perforated plate distributor [ _5) -

A depiction.of a twizi—electrode conductivity pr'obe. inserted into the

slurry bubble column is given in Figure 1. The conductivity probe circuit

and related data acquisition system are shown in Figure 2. The twin-

electrode conductivity probe consists of two Teflon-.ocated wires with a

diameter of 0.076 mm. The Teflon cocating serves as a good moisture-

repellent surface as well as an electrical insulator. Only the ends of the
probe wires are exposed to obtain rapid response of the bubble-shedding

water from the probe. A description of the data collection system for these

conductivity probes has been given previously (6). Analysis of the signal
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response considers tuwo important signal characteristies, the dwell time of a
bubble ron each probe and the lag time associated witi bubble traversing the
gap between the two probes. The dwell time is obtained from the slopes of
the signal response; the start of a bubble signal is indicated by exceeding
a threshold slope, and the end of a bubble signal is when ‘there is less than
A_a threshold slope for two consecutive sampling intervals._ The - lag time
between a pair of signals corresponding to the passage of a bubble is
computed for the time interval during which thg cencroid of a pierced bubble
travels from the upstream to the downstfeam probe. Bubble velocities are
obtained froﬁ the ratio of the gap between electrodes and the lag ;ime.
Bubble length is obtained from the product of bubble velocity and dwell
tim=. In order to avoiq improper.matchins of a signal pair, the following
‘ constraints ar; placed on thé matching process. First, the dwell time of
each bubble must be within 50 percent relative deviation ;rom;the_smallest
dwell ﬁime of the bub£le pair. Secondly, the velocity of all bubble; musf
be greater than the bubble velocity associated with the smaller measured
bubple length as calculated from Stokes Law. Finally, all of the neasurgd
bubble velocities must be less than the velocity of a bubble slug bridging

the column diameter.

In addition to bubble length and velocity information, the signal

response can be used to directly obtain gas holdup. The ratio of the total

dwell time of bubbles to the total sample time provides the local gas holdup
fraction measured by the conductivity probes. The sampling rate for the
.eonductivity probe measurements is 0.5 millisecond per point, and the total

sample time for each local measurement is 60 seconds.
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Dynacic Surface Tension Mod2l

For a multicomponent liquid mixture, as in slurry phase Fischer-Tropsch
reactors, consideration must be given to dynamic surface temsion effects on
the gas bubble. A depiction of the dynamic surface tension effect is given
in Figure 3. The phenomenon is associated with a liquid mixture that
contains at least two components with markedly different surface tensions.
In this case, the component having the lower surface tension has an excess
concentration near the gas Dbubble film. This excess concentratibn is a
result of phe ‘diffe:"ence in chemical _potential between two compbngats wi.tl:;
different surface tensions. A dynamic rise in surface tension of an
expanding film is realized as a result of the relatively slow migration of
molecules of the lower Surface tengion component into the adsorption layer
at the subsurface interface. A depictj.on of the solute _._concéntz-ation
profile‘ for a static and expanding film is shown in Figure 5. The net-
result of this conceatration gradient is to provide an elastic film that

enhances the stability of the initial bubble size generated from the

distributor plate.

The maximum stabilization of bubble film, or frothing ability, can be
estimated from a force and mass balance of the subsurface [TJ . For dilute
concentrations of a low surface tension liquid compohent (mole fraction less
than 0.1), the maximum frothing ability is obtairned from the following

equation:

x(%)2=manmum | (1)
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Gas Holdup

The gas holdup fractions were visually measured from level differences
in the 10.8-cm-diameter and 10-cm~Ciameter columns for a nitrogen-water
system, and the results are showa in Figure 5. This represents a baseline
case for a pure component system and demcnstrates the effect of the gas
distributor. The smaller distributor hole diameter associated with the
sintered plate results in a higher gas holdup in the bubble flow re;.i.me as
compared to the perforated plate distributor. For the bubble column with
the s:.ntered plate distributor, slugging flow was observed after reach:.ng a
superficial gas velocity of 15 cm/s, and the gas holdup was lower than that
obtained at 10 cm/s. At a superficial gas veloeity of 20 cm/s, the
distributor plate does not have a significant effect on gas holdup.

To test the frothing ability of a sx.;rface—active liquid mixture, gas
holdup was measured for two different concentrations of aqueous ethanol.
The concentrations were chosen fi-om theoretical predictions of frotf:ing
ability given by the dynamic surface tension model such that maximum and
approximately one-half maximum frothing intensity woulq be . exhibited. In
addition, the lower frothing ability mixture had a higher concentr;é.tion of
ethanol than the higher : frothing ability mixture so that bulk surface
tensicn effects could be otserved. Figzure 6 shows the frothing ‘criteria for
aquecus ethanol in a bubble column as a function .of the mole fraction .of
ethanol. The maximm theoretical frothing ability occurs at 0.0075 mole
fraction ethanol (approximately 1.9 wt. percent), at which tae bulk surface
tension is 64 dyne/cm. An order of nagnitude increase in ethanol concentra-

tion to 0.075 mole fraction of ethamol (approximately 19 wt. percent) gives
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less than half the frothing ability of the theoretical maximum, and the

mixture exhibits a bulk surface temsion of 36 dyne/cm.

Figure 7 shows the effect of superficial gas velocity on gas holdup for
the 19 weight percent aqueoutw ethanol-—nitrogen system with a sintered plate
distributor. A maxmum in the gas noldup occurs at a superficial gas
velocity between 10 cm/s and 15 cm/s. A marked increase in gas holdup as
compared to the pure water system was observed for superfici;l gas
veloeities greater than 3 em/s. Slugging was observed at a superfiéial sas.
veloecity of 20 cm/s; which is higher than the veloeity for slugging' ﬁ;.th the
pure water system. -

' In Figure 8, the gas holdup is shown as a Junction of superficial gas
velocity -for 2 1.9 weight percent aqueous ethanol--nitrogen syéte.m (near the.
paximum theoretical frothing ability'). The gas holdup increases sharply

with increasing gas velocity up to a superficial gas velocity ol Id cm/s and

then remains constant up to a superficial gas- velocity of 20 cm/s (gas’

bholdup fraction of 90 percent). This remarkable change in the gas holdup
fraction with dilute mixtures of aqueous ethanol appears to be qualitatively

deseribed by the dynamic surface teasion model.

Bubble Measurements

Bubble length and veloeity distribution measurements were performed
with a twin-probe electrical conductivity devicz in a slurry bubble column.

The slurry phase consisted of-a 1.9 weight percent agueous ethanol solutiom
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and 9.weight percent solids. Nitrogen was employed as the gas phase. The
measurements were performed in the 10-ca-diameter cclumn equipped with a
20-micron sintered plate distributor. Interpretation of bubble length and
velocity distributions was made with a probability model suggested by
Tsutsui and Miyauchi (8). The gamma and log-normal distribution functions
were tested as to which function better deseribed the calculated bubble size
distribution from the probability model and measured bubble lengths. In all
cases, the log-normal distribution was the better representation of the
bubble size distributioms. The log-normal distribution function for b(IJbble

’

size may be expressed as follows:
x (dp) = exp(~(tn (db/dbg)2/20‘2)/( Y27 o dpg) N ¢-))

From this expression, the recessary correlations between bube.L'e length and

bubble size distribution bammeters have been 'dclerive.d ‘(9 ):

& = :(8/9 (SN + D) _ <3)
and

dbg = 1.5 X exp(-2.5 &) - )

The cumulative bubble length distribution can now be expressed in terms

of the two log-normal distribution parameters, o2 and dpg:
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CZ(N) = 0.5 (Mepg)? exp(-20)erte(2alMapg)/aVZ) +

(5)
z
0.5 {1 + ere((2a(dapg) -29)/0VZ)}

Calculated values of the cuinulative bubble 1length distribution have
been compared with measured values obtained from the conductivity probe
measurements in a slurry bubbie colun!n. _An example of the agreement between
caleculated and measured bubble distr-il-)utions is given in Figure 9. The
slurry consisted of 9 weight percent solids in a 1.9 weiznt percen; aqueous
ethanol solution. The superficial gas velocity was 2-2‘2 cm/s, whic,:l‘z, iwas the

- .
eritical gas velocity required for complete suspension of soiids. The
radial position of the conductivity probe was halfway betwzsen the center -a.nd
wall of the ‘colum (rf;b.s), and the axial position of the probe was at
179 em (Z#=0.60). Good zgreement 15 achieved between the calculated and
measured cumulative bubble - length d_istribution. The calculated 'ﬁubble

length distribution indicates that 50 percent of the buboles have a diameter

less than 2 mm.
The cumulative bubble size distribution xﬁ:ay be expressed as follows:
CX(dp) = 0.5 + 0.5 ert(in(dprdpg)/oV2) . O
The Sauter mean bubble size is only a. f‘u.nc~tion of the é.verage bubble length:

dys = 1.5 X~ ' N
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The interfacial area of gas is a function of the gas holdup and Sauter

mean bubble size: ‘
a s 6 Eg/dvs - (8)

For the conditions given in Figure 9, the Sauter mean bubble size was
0.36% cm, and the interfacial area was 1.71 cz-1. The bubble size and gas
holdup did not vary significantly with radial position. The average gas

holdup was 10 percent, and the average Sauter mean bubble size was 0.360 ca.

Local gas phase characteristic measurements were also made at 71 em and
289 cm from the distributor plate. For the measurements near the fop of the

bubble colurm (Z2#=0.97), no significant change was observed in the bubble

"size and gas holdup as compared to measurement at Z* of 0.60. .Bowever at Z*

of 0.28, the gas holdup was reduced to 6 percent, and the Sauter mean bul;bie
size inqrea.sed to 0.417 cm. Consequently, the interfacial area was reduced
by 45 percent 2s compared to the interfacial area measurements at Z* of ;0.60
and 0.97. A possible explanation of this reduction- in in.terfacial area
involves the axial solids conceatration distribution. At Z* of 0.2%, the
solids concentration in the slurry was 2 weigat percent; but at Z¥* of 0.60,
it was reduced to 0.5 weight percent; and at 2Z* ,of 0.97, it was further
reduced to 0.2 weight .percex;t. It has been reported p.r-eviously (5) that the

gas holdub decreases with an increase in solids concentration.
In additioa to the bubble size distridution measurements, the bubble

veloeity distribution wes obtained 2s a function of measured bubble length

and the calculated bubble size distribution. For small bubbles, the

9-10
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velocityr qf a  single bubble is proportionzl to the bubble size, and for
large bubbles, it is proportional to the square root of the bubble size. As
a first approximation, the bubble velocity was assumed to be a lipear

function of bubble size:

Op =p +qdp , (9)
The average velocity is related to the mean bubble size:

Tp=p+aTp | s (10)

Bess (9] bas derived an expressior for the bubble velocity as a
function of measured 'bubble length from the assumption g’.ven in

Equation (9):

=p + q dpg erfc((ﬁn(l/dbg)- o0)/o ﬁ)/erfc(m(vdbg)/a\’_z') : {11)
Figuare 10 gives the bubble veloc:.ty distribution as a function of
measured bubble length obta:.ned in a n:.trogen—-—a.queous ethanol--glass beads

system. The solids concentral:lon in the slurry was 9 weight percent, and

the ethanol concentration iz water was 1.9 weight' percent. The superficial- -

gas velocity was 2.22 cm/s. These .zre the same conditions ;:employgd ‘in the
bui:ble size distribution measurements. The bubble 'veloé:ity initially
increases linearly with. bubble length for small bubbles. E‘o;:- lengths
greater than 0.15 em, the velocity may increase ‘at a reduced rate, but the
data have considerable scatter. The calcula:ted bubble velocity dls«.r:.but:.on

predicts the measured bubble veloecity reasonably well above a bubble lei:sth

9-11
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of 0.15 cm but fails below a bubble lenzth. of 0.1 em. .This indicates a need
for assuming a different expression for the bubble velocity distribution as

a function of bubble size.

Figure 11 shows the calculated bubble velocity as a functlon of bubble
size for the same conditions glven in Pigum 10. The mean bubble veloeity
as caleculated from Equation (10) is 18.7 ecm/s. The ratio of the superiicial
gas velocity to the mean bubble velocity shoulc indicate the gas holdup
fraction if the bubbles are rising vertically through the column. / ms
ratio is 0.119 as ccmpa.red to a locally measured gas holdup of 0.103. Some
of the dlfference between these two values may be attributed to the over-

prediction of bubble veloca.ty for the small bubbles.

Discussion

’J.‘he'ne.sults of the .bubbla measurements give.n in the preceding sections
1nd.1cate the need to properly understand the nhys:.cal and chemcal comoos:.—
tion of the liquid phase in a slurry bubble column in order to predict the
bubble dynamies. In adch.non, the effect of the solid paase and the im.tial
bubble Size generated from a gas d:.stm.butor nnst be consi der-ed. The
pred:.ctlon of gas holdup and bubble size from the bu_.c t"ansnort Troperties
of the liquid phase appears to be possible for liquids that do not contain a
"surface-activer component.  Gas' holdup appears to be directly related to

t‘ne superficial gas velocity and mean bubble size when operating in the

bubble flow regime. The gas i=t erfacial area 3is 2 ‘\mctlon of the superfz.—

cial gas veloe:.ty. mean bubble size, and Saute" mean bubble size. Further
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experimental investigation of bubble dynamics for hot, pressurized slurry
waxes similar to the slurry phase expected in z Fischer-Tropsch reactor is
needed to ascertain the effect of a variable-composition organic mixture on
the hydrodynamics and, in particular, to determine the effect of any
."surf'ace-actlve" compunents that may be present. According to the dynamic
surface tension model, the dynamic surface teasion effect becomes important
for a two-component 1liquid mixture if the frothing eriteria expressed in
Equatian (1) exceeds 1000 -dyne2/cm2. '

ot

For proper scale-up of a slurry bubble column reactor, the diameter and

i
¥

length of the column should be sufficient to avoid wall effects on gas
holdup and flow regime. The flow regime map givem by Deckwer et al. (10]
indicates the influence o.f colum diameter on the flow regime transitions.
For column diameters greater than 10 to 15 cm, the flow reg:.me t:'-a.ns:.t:.ons
appear to be indezpendent of superfic:.a.l gas velocity and column d:.ameter.

This corresponds to the column diameter effect on gas holdup 'given oy

Hughmark (1'1), in which the gas holdup is a function of column diameter for

-diametez‘s less than 10 cm. This has been confirmed . independently for -a
perforaﬁ:ed plate distributor at our ]_'a.borator.y for column diameters between
2.22 cm and 10.8 cm. ) For this range of column diameters, the gas holdup was
_proportional to the Froude number (EszlgD) to the 1/3 power in the bubble

flow regime and had a correlation coefficient of 0.98.

9-13




e o . e o B ) ——— .. el

Conclusions

An experimental technique and subsequent analysis have been developed
to determine the bubble size and velocity distri;butions in a slurry bubble
column cold model. Dynamic surface tension effects bhave been observed for a
two-component liquid mixture. The wmaximum frothing ability of a
"surface-active" species qualitatively agrees u"ith a dynazic surface tenmsion

model. Increased gas holdup and interfacial area are observed with the

addition of a "surface-active® component. In addition, increased 63as boldup/

and interfacial area are observed with 2 sintered plate compared to a

rorforated plate. The presence of solids reduces the &23 holdup and

--creases the bubble size.
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Nomenclature

a - gas interfacial area per unit volume of columm, em=1

CX(dy) - cumulative bubble size distribution

cz() - cumulative bubble length distribution

dp - bubble size, cm

dpg - geometric mean bubble size, cm

dys - Sauter mean bubble size, cm

D - column diameter, cm

g - gravitational acceleration, cm/s2 / ,
p' - bubble velocity.parameter, em/s ' '

Q - bubble velocity parameter, s~

r* . - dimensionless radial position

s2(2) - variance of bubble length, cm2

Oy - bubble velocity, cm/s . S .

Eb - mean bubble velocity, cm/s .

Eg - suﬁerfic;ial gas velocity, cm/s

X - mole fraction of low surfaée tension component in liguid - ‘
X(dp) - frequency distribution of bubble size

yAS - dimensionless axial position

Greek Symbols

- surface tension of liquid, dyne/cm

Y

€g ‘ - gas holdup

A - bubble length, cm

x - mean bubble length, cm
a2 - variance of bubble size

9-15
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Figure 1- Probe configuration for conductivity measurements
in 10.8-cm-i.d. siuvrry bubble column apparatus.
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Figure 2- Two-point electrical conductivity probe circuit
and data acquisition system.

-82753




e
SRR

R
,.M]}}?lwitx.ﬁ.lﬁ_ie_}1......_....!_....)_,1.....”,.__,,‘\.,“.}1'.-
kY . .

-
i e

. 6ecrishe
"|opow uofsudj a9n4ans dwouhq.¢ 34nby4

NOILVHLINIINOD
| NIng
| a
“ i\
| I78ang
| SY9
|

SS340X3 30v4UNns



L] ——

- p—

SUBSURFACE

CsoLuTE

E BULK ,
STATIC FiLM

SUBSURFACE

CsoLuTE

| : )
l - BULK

EXPANDING FILM: ek

Figure 4-Solute concentration profile
for dynamic surface tension
model.

BSya228

9-21




GAS HOLDUP FRACTION

1.0 I i 1 I ] l
® 10 cm diameter column
0.9 20 micron sintered plate —
O 10.8 cm diagmeter column
T2 X Imm perforated plate
0.8— : —
0.7 ]
0.6 — —
0.5+ -
C.4}— —
o

0.3— () ©—

© o
A (o) —

0.2 L o o
. ® o ©
O.l}— o o 1% —
o®o

| | | ] | ]

o] 3 6 9 12 15 I8 21

SUPERFICIAL GAS VELOCITY, ecm/s

Figure 5-Gas holdup as a function of superficial

gas velocity for a nitrogen-wcter system.
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GAS HOLDUP FRACTION
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Figura 7-Gas holdup as a function of superfi"cial ‘gas

velocity for nitrogen and 19 wt. percent
aqueous ethano! system.
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SUPERFICIAL GAS VELOCITY, cm/s

Figur238-Gas holdup as a function of superficial
gas velocity for nitrogen and 1.9 wt.

percent aqueous ethanoi cystem.
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CUMULATIVE FREQUENCY DISTRIBUTION
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Superficial gas velocity=2.22 cm/s
Squter mean bubble size=0.364 ¢cm —

Mean bubble length - =0.242cm - -
Gas holdup fraction =0.104
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Figure S-Compecrison of experimental and calculated

cumulative frequency distributions of bubbles
(1.9 wi. percent aqueous sthanol, Z¥ =0.60,
r¥=0.5)
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