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1. INTRODUCTION

During this quarter progress has been made in all 3 areas of the
bubble column research (probe measurements, laser doppler anemometry
and numerical modeling of the two phase flow). In particular, bubble
velocities can now be inferred from cross-correlation of two probe
signals, and the numerical modeling has yielded circulation
streamiines for a bubble column in laminar flow. Liquid velocities
can aiso be measured in a hexagonal test column with the laser doppler

velocimeter. Details of this research progress follow.

2. RESISTANCE PROBE MEASUREMENTS

The bulk of the air-water void profile data gathering is now
complete, with profiles available for two traverses (at right angles to
one another) at varying heights of mixture in the column. Data has
been taken at several different heights and different air flowrates in
each column. Figures 2.1 to 2.6 provide data on the column containing
an  unaerated water height of 12 inches. Figures 2.7 to 2.18
present data for the unaerated water height of 24 inches and Figures
2.19 to 2.27  give an incomplete data set for the case of an unaerated
water height of 36 inches. Note that the voidage distribution is initially
relatively uniform versus radius near the bottom of the column, but
becomes more non-uniform as the top of the column is approached.
Voidage is highest on the centerline. These data indicate that the initial
uniform injection of bubbles at the distributor plate is altered by an

inwards migration of bubbles towards the centerline of the column as

they rise up the column.




In addition, hardware and software has been developed to infer
vertical bubble velocities in the column. This is achieved by
cross—cerrelating the two voltage signals from two separate resistance
probe tips, the one tip being located directly above the other. A probe
with wvertical tip spacing of 3/8 inch (as shown in Figure 2.28) has
been manufactured, and the two tips have been tested separately in
air and water. Data is sampled rapidly (at 2000 Hz) from the probes,
and stored in computer memory. The two signals are then
cross-correlated to find the best-fit “time lag between bubbles
reaching the iower probe and the same bubbles reaching the upper
probe. A copy of the cross-correlation program is attached to this
report in  Appendix A. Figure 2.29 shows high resolution traces of
voltage from the upper and lower probes on the same set of axes.
The trcughs in each trace indicate bubble presence, and the time
delay between 1tfraces is evident. The accuracy of the
cross-correlation scheme and the probe hardware has been determined
by placing the probes in a stream of bubbles rising from a point source
below the probes. One would expect the measured velocity of this
string of bubbles to be slightly greater than the rise velocity of a
lone bubble in water, which is known to be about 240 mm/sec. for
bubbles of size between the Stokes and bubble cap regimes. The
program showed a satisfactory rise velocity of 255 mm/sec. It can
now be used with confidence to find the bubble  velocity in
circulating systems. These bubble velocities can then be compared
with the liquid veiocities predicted by the numerical modeling,
and by the one-dimensional models discussed previously in

this research. The one-dimensional model has recently been checked
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for this purpose, and some processed data are already availabie.
Figure 2.30 shows the shear-stress profile associated with the void
fraction distribution and mean local density distribution shown in
Figures 2.31 and 2.32 respectively. Figure 2.33 shows the liquid
velccity distribution predicted from the shear stress distribution using
water viscosity and a Prandt! mixing length approach. Figure 2.34
shows three predicted liquicd velocity profiles arising from actual void
data 1taken in the column. This will be compared with bubble velocity

data acquired from the column during the next quarter.

3. LASER DOPPLER VELOCIMETRY WORK

Preliminary measurements of liquid vertical wvelocity in a
hexagonal bubble column have been made during the past quarter using
the Iaser doppler velocimeter (LDV). Efforts during the next quarter
are aimed at obtaining simultaneous measurement of all three
components of liquid wvelocity, and at also measuring the bubble

velocity components nonintrusively using the LDV.

A schematic of the hexagonal cr‘oss—sectio.n bubble column is
shown in Figure 3.1i The column is made of plexiglas, and is 18 cm
across ine flats or 21 cm across the diagonal, and can accommodate
water depths up to 18 cm. For the present, preliminary experiments an
air bubble injection manifold with a single, central hole of 1/16 inch
diameter has been used. This results in an initial jet of air which
breaks into nominal 1-2 cm diameter bubbles approximately one
third of the distance up the column, which drives a relatively

strong water circulation which is upwards near the central column of




air bubties, and downwards near the outer walls of the column.
This configuration is being studied first because it greatly
simplifies the measurement of liquid velocity because there is very
little intarference with the laser beams due to bubbles crossing
through the beam paths away from where the laser beams cross in the
measurement volume to form interference fringes. Also, the hexagonal
cross-section has been selected because it eiiminates the problems
associated with peanetrating a curved interface, while still remaining
nearly cylindrical in shape. Once better alignment methods are

developed, it is hoped that it will be possible to view into the fiowfield

normal to one Tace of the coiumn with The 2-channel EDv, while -

simultaneously focusing on the same location with the.1-channel LDV
system through a neighboring face of the column, thereby
allowing 3-D velocity measurements to be made.

Preliminary wvertical liquid velocity measurements have been
measured versus vertical depth at the three different radiat locations
indicated in Figure 3.1 (2.6, 4.5, and 6.4 cm from the centerline). Air
flow rate was nominally 2 SCFH. Average vertical liquid velocity
(in cm/sec) versus vertical coordinate (in cm) is shown in Figure 3.2,
while RMS liguid vertical velocity is shown in Figure 3.3. Measured
vertical liquid velocity is positive (upwards) zt 2.6 cn and 4.5 cm
(near mid-radius), and essentially zero or slightly negative at 6.4 cm
(approximately two-thirds the radius). ¥Future measurements will be
made at larger radii to confirm the downwards liquid velocity
expected beyond 6.4 cm. Vertical liquid mean velocity is larger in
the top half of the column. RMS liquid velocity is the same order of

magnitude as, or larger than, the mean velocity. Fluctuations are




largest at smaller radii in the top half of the column.

For these preliminary liquid veicCity measurements at an air fiow
rate of 2 SCFH, there is essentially no re-entrainment of the air into
the downward moving outer liguid filow. Thus, ail LDV signals
were generated by the silver-coated 5 &wzm diameter giass
microspheres which were used 10 seec¢ the liquid flow. Particles of
this size essentially follow the iliquid flow.

it is planned that in the future liquid vertical velocities wilil
be measured at a greater number of radii, and that the radial liquid
velocity component will be measured. Air flow rate will be increased as
much as is practical, and efforts will be directed at measuring both
the liquid velocity distribution and the bubble velocity distribution.
Also, 1t is hoped that different manifolds will be used which wiil
inject air bubbles over a larger portion of the column cross section.
In as much as is practical, measurements will be obtained for bubble

injection manifolds and flow rates which can be simulated using the

numerical model.

4. NUMERICAL SIMULATIONS
4.1 Introduction

The modeling of circulation in a bubble column reactor has been
conducted to develop understanding of the process of interaction
between a dispersed phase (air bubbles) and continuous phase (water).
A complete mathematical model involving the momentum exchange between
the twO phases has been developed, with all the terms related to the
two phases are developed empirically or analyticaily. A typical

experimental and theoretical study for a liquid circulation in a




gas-liquid system has been presented by Rietema and Ottengraf (1970).
The numerical simulation has been performed based on their experimental
work. This section is a summary of the work done to date for the

numerical simulation of circulation in a bubbly reactor.

4,2 Mathematical Model

Consider an unsteady, gas-liquid flow inside a vertically situated
circular reactor which is assumed to be isothermal and non-reacting.
The mathematical formulation for such two-phase fiow i.s based on the
conservation of mass and momentum oprinciple for each phase. The
gas-liquid flow is assumed to be in.the bubbly flow regime which is
characterized by a suspension of discrete air bubbles in a continuous
fiquid such as water. Let pq be the liquid macroscopic density, and pp
be the gas macroscopic density such that g1=(1-)py, po=xpg, where peg
and pg are the microscopic densities for liquid and gas respectively,
and « is the void fraction for the gas. Let uy be the liquid velocity
vector (uq, vq, wi) and u> the gas velocity vector (ug,vp,w2) in the

axial x-, radial r-, and tangential, 8- directions, respectively.

Eguations For Liguid Phase

The continuity equation representing the conservation of mass for

the liquid phase is

Dp 3p
o't P1(Z.u1) = 550 + Z.(pyuy) = 0 (4.1)

where D( )/Dt is the substantial derivative and =. is the divergence
operator. The term Z.uq is zero for an incompressible flow. There are

no source/sink terms in Eq.4.1 because there is no phase change due



to chemical reactions or thermal changes. For numerical treatment
Eq.4.1 is rewritten in conservative form as

ép 1e¢ . 19 L _

—‘at *rar b pqrvy) + 28 { piwy ) + = { Pquy ) =0 (4.2)

The momentum egquations fTor liquid phase, in vector form (see for

example Celik, 198€), are

Du+

Pige = ~(1=«)P = 7.z + Fia( up-uq) + p1g + fc - wiex x uy/r  (4.3)

In Eg.(4.3), the term 2.7 is the stress tensor, g is the acceleration
of gravity, P is the mixture pressure, Fi2 is the momentum exchange
function, ey is the unit vector in x- direction, and f. is the additional
stress vecter ( 0, -T4o/T, Tre/r ) in x -, r -, and 8 - directions,
respectively. The components of the symmetric stress tensor ~ in

cylindrical coordinates for Newtonian fluids are

—— =~ du _ 2
xx = TP+ s -3 kT
- = v _ 2
Trr =P+ AT - B 2y
- = = ldw v, _2
Tes = p+2p(r39+r) 3“3-!
o v ay (4.4)
"rx = Txr = s+ 30 )
Iw 1 av w
Tre = Ter 2w gLt T e T 7))
1 8 Iw
Txe ‘rox:y(F;-g-+E)



The dilatation term 7.u wili be negiected in the momentum equations,
since the effect of this term is minimal even for a wide range of
compressible fluid flows provided that the Mach number is less than
0.30. It should bs noted, however, that v.u will be kept in the eguation
of continuity and the resulting eguations would be wvalid for many
compressible fluid flow problems unless this term becomes very l:arge
under unusual circumstances, i.e. Mach numbers jarger than 0.3.

The tgrm Fq2 (u2-u1) in Eq.(4.3) represents the momentum exchange
for liquid—-phase equations, likewise, Foy{ug-uy) is the momentum
exchange term for gas-phase equations, hence Fqy9=-Fa4. If the dilatation
term 7.u4 is neglected, the three components of Eg.4.3 in x-, r~, 8-

directions, respectively, can be written in conservative form as follows
X = Momentum
201U
2211 4 2-(pququy) + a,,(muv/a) + 1 Lo(purwy)
Ltren) + L olrrp) + 1 (o) + prax + Fralug-us) (4.5)
ax " KX r areiTrx r 28 ~ 98X 18x 12iuz=uy -

- Momentum

2

apvy |
It (P1U1V1) + = T ar(rP1V1V1> + - r 80(p1v1w1) - 91?1

d 1 1 @ -
= 5x(mxr) + ¢ 3 7)) + £ 35(Ter) - '?‘9' +p19r + Fia{vg-vy) (4.6)

r

6 -~ Momentum

;.i_z__i + --(p1u1w1) + = r ar(rp1v1w1) * T 39(!’1"1“'1) +
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a . 1 @
= a_xk"'xo) + — S=(rver) +

1 9 -
ror T Jol7ee) * —?’ +P19e + Fio(wa-wqy) (4.7)

For the axisymmetric, non-swirling flow case that will be
investigated, EQqs.4.5-4.7 are greatiy simplified. The finai form of the

liquid phase equations which will be solved numericaily are:

Continuity
ap 19 =
;g’ + <352 (prrvy) + 2 ~ (P1u1) = 0 (4.8)

X _— Momentum

-] Ou
srlPiut) + (p1U1U1) + ; S (rpquqvy) = -(1-a)—- + 2—-( Gy )

14 au1 la . 3viy, -
+ T ar(“ )+ ps ar(rl-‘l ) - p1g + Fia(us-uy) (4.9)

r - Momentum

2 a 1 P a4, av
3t PIV1) + (puqve) + ¢ ar(r‘P1V1V1) —(-e)ge + a—x'(m;l)

+ 2 L (rugt) + TaR) - B+ Fralveve)  (4.10)

Similar equations apply to the gas-phase flow. The momentum exchange
functior=F;, will be prescribed empirically in the functional form
Fiz2 = Fi2 (< Reb) ‘ (4.11)

where Reyg is the bubble Reynolds number defined as
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Rey=pelu,-u, !dp/pe, With dp being the bubble diameter. The explicit
form of Eg.4.11 is discussed in the next subsection.

It shouid be noted that the way the pressure gradient terms should
be handled in Egs. 4.8 - 4.10 is a controversial issue. There is
considerable debate in the literature (see for example Stewart et al.,
1984) whether [{1-«)P] or (1-«)7P should be used in these eqguations.
Both forms satisfy the condition that when the corresponding momentum
equations for the two phases are added, the resulting pressure gradient
term must be ¥P. The equal pressure model (Stewart et al. 1984) will be’
adopted, i.e. P,=P.=P; this pressure will be distributed as (1-«)P and «P
between the liquid and gas pnases, respectively. In this regard, the
pressure gradient terms are being treated as part of the interfacial
momentum exchange. The surface tension effects will be included in the
interfacial momentum exchange function F,;; for different surface
tension, ¢, the drag force and hence the terminal velocity of a bubble
are different. It should be noted, however, if we include a pressure
difference ap=P,~P,=4c/dp due to surface tension, this does not alter
the form of the above equations. This is because the bubble diameter
dp and the“.su:'face tension, o, are fixed for a given flow regime and
hence P,=P,+4¢/dp = P+4s/dp and vP,=vP again.

Once F;2» = F;; («, Rep) is prescribed, Eqs.4.8 through 4.10 written
for both phases constitutes a closed set of 6 differential equations for
the 6 unknowns, namely «, P, u,, v,, U, and v,. For the initial part ¢f
the numerical simulations these equations wiii be reduced to 4 equations
and 4 unknowns by assuming a slip velocity relation of the form

_gé = u; - u, =T («, Rep) (4.12)

This explicit form of EQ.4.12 is discussed in the following sections.



Interfacial Momentum Exchange

The momentum transfer between the different phases takes place via
several mechanisms, the mest important of which being the viscous drag
force resulting from the shear stress at the interface and the form drag
due to the pressure distribution on the surface of individual bubbles.
Other possible mechanisms for momentum transfer include added mass
effect, magnus effect (due to rotation), pressure gradient, and shear
rate effects of the surrounding fiuid (see for example Hinze, 1972). For
brevity these forces will not be considered in the present analysis.
Instead, ali these effects will be lumped into the drag function (Eq.
4,115

In the bubbly flow regime, the total drag force can be related to

that of a single bubble. Hirt (1982) used the following relation for

water droplets in steam.

-3 3. ly - u
Fila=z20=p, 71 _—2 ¢ (4.13)
Where dp is the droplet particle diameter. Syamlal and O’Brien (1988)
suggested the following empirical relation for dispersed solid particles in

a continous liquid or gas phase

2 —_— -
) 3 ai(1-ajp,lu - Ut e (4.14)
F.o== D
12 4 dp

where Cp* is another empirical drag function given by

Cp ( Rep <= Rep/Vy )

Cp = (4.15)
vp2




In Eg. 4.15 Cp=Cp(Rep) is the drag coefficient for an isolated particle
and Vr is the ratio of terminal velocity of a group of particles to that
of an isolated particle. Neither of the equations 4.13 or 4,15 is strictly
applicable to the bubbly flow regime. However, to a first approximation
the simpler relation used by Hirt (1982) should be sufficient for our
purposes, provided that Cp is replaced by an empirical relation for
bubbles in water. )

Such a Cp relation can be derived by curve fitting to the

experimental data presented by Clift et al. (1978). For bubbles in pure

systems, the following function is suggested.

Cp = a Rep ° (4.16)
with
Rep < 2 a= 24 b = 1.000
2 < Rep < 10 a = 23.66 b = 0.981
10 < Rep < 100 a= 14.9 b = 0.780
100 <€ Rep < 1000 a==6.9 b = 0.613

Equations for Gas Phase

Instead of solving for the gas or momentum eguations, the gas
velocities will be determined from a slip velocity relation (Eq. 4.12). For
small void ratios (i.e. dilute dispersed phase) the gas velocities can be
calculated in the radial-direction as

ve =0 or vy =vg (4.18)
and the axial direction as
Ug = ug + Ue

where the slip velocity ug = Upe(1-x; (4.19)

1



Ups is the terminal velocity of an isolated bubble in an infinite liquid
medium. The effect of void ratio, «, on the slip velocity as given in Eq.
4.20 is suggested by Wallis(1962). Upe. can be caiculated by equating
the drag force to the difference of the buoyancy force and the weight
of the bubblie. With the drag relation Eq.4.16. this force balance results

in

4 (pe=pg) Pedb

___ 1/(2-b)
3a Pe 9 dp ( He )]

Ub. = (4-20)

For example with b = 1 and a = 24, i.e.,, Stokes range Eg. 4.20 recuces

to

1 (P!‘Pg)

o - cot——— 2
Ube = 13 Y dp (4.21)

If the water (or liquid) is not pure, the degree of contamination may
have significant influence on Upe. For this, the empirical curves

presented by Clift et al. (1978) can be used.

An alternative is to use the terminal velocity relations presented by
Hewitt (1982, chapter 2) where the terminal velocity of bubbles in clean
fluide is expressed as a function of Rep and the Galileo number

Ga=gue/peod.

Equation for void Fraction

The void ratio distribution, « (x,r), is not empirically specified. So
the distribution function for « is determined analytically in the

numerical simulation. It is assumed in the present work that a(x,r) is

=18~



not varied in the vertical or axial direction, and thus it may be
prescribed in the radial direction by either a parabolic function

distribution

2
«{r) = oz ( 1= =) (4.22)

or a cosine function distribution

o(r) = ec( 1 + Cos(=r/R} ) (4.23)
Here R is the tube radius, and «g is the centerline value of « which will
be related to the total gas hold-up «; and hence to the air flow rate Q.
Based on the experiments situation, a smoothly varying function of the
form

a(r)=0.5 «-(1+Cos(=r/Rg)) r £ Rg
with (4.24)

«(r)=0. r > Rg
was selected for the simulations. Here Rg is the radius of the bubble
street measured from the center of the column reactor. The center line
value, =, was determined from conservation of mass for the gas phase,

i.e.,

R
Qa = Io 27 a(r) ug(x,r) r dr (4.25)

4.3 Experimental Situation

A laminar liquid circulation and bubble street formation were
investigated in a Quickfit glass column (Rietema and Ottengraf, 1570).
The geometric configuration for the glass column is shown in Fig.4.1.
The experimental conditions for the case simulated numerically are liguid

density pe =1153 kg/m3, liquid viscosity #¢=380 cp (0.35 kg/m-s), air

~-16-



flow rate Qa=11.4cm?/s, gas hold-up :g=74 cm?, bubble diameter dp=0.54
cm and bubble street diameter Dg=10.0 cm. The liquid used in the
experiments was a glycerol water solution. The glass column had a
diameter of 22 cm and a height of 122 cm. Initially the column was filled
with the liquid solution up to a depth of 80 cm. If the gas hold-up of
74 cm3 is added to the liquid volume, the total mixture volume requires
a column height of 80.195 cm. This vaiue was used in the simuiations.
Air bubbles were formed by means cof injection needles. According to
experiments, the vertical baffles were placed along the wall, thus a
reasonably symmetricai street could be created. The effect of baffles is

not considered at present study.

4.4 Computational Details

The mathematical model has been incorporated in a readily available
computer code, TEACH (Gosman and Ideriah, 1976; Durst and Loy, 1984).
The code is based on the finite volume approach (see for example
Patankar, 1980) and it is suitable for numerical solution of
incompressible, steady, single phase flow problems. AH the necessary
modifications have been made to include the second phase in the
calculation procedure. At present the computer program can be used to
calculate both components of the liquid velocity distribution in an
axisymmetric configuration, as well as the pressure distribution for any
given void fraction radial distribution.

The calculation domain was fixed at 80.2 cm in the axial and 11 cm
in the radial directions; due to symmetry, only half of the column needs
1o be considered in the simulations. The uniform grid distribution is

used in axial and radial directions with ax=0.04m and Ar=0.01m for




testing of the numerical procedure. An adapted grid distribution should
be used for more accurate calculation, since the computer code is able
to accommodate a variable step size.

Initially, the liquid velocity field is not known. The gas velocity, ug,
was calculated from

ug = ug + ug
where ug is liquid velocity and ug is the slip velocity between the two
phases. To start the calculations the liquid velocity was set equal to
zero and the slip velocity was calculated from ug = Upo{1-x), Upo is
prescribed as a function of the bubble Reynolds number, Upe=5.23 cm/s
caiculated by Eg.4.21. For the conditions summarized above, an % value
of 0.0985 was calculated with ue=0. Once «c is determined, «(r) can he
calculated by Eq.4.24 and the resuiting « distribution at x=0 is depicted
in Fig. 4.2. Then the computer program continues to solve the ligquid
momentum equations for ueg and vy, and solve liquid continuity equations
for pressure. The liquid velocities are corrected after the pressure
calculation. The result indicates that the solution converges after about
300 iteration steps. A relaxation factor of 0.7 was used for the «(r)

calculation in the first 100 iteration steps.

4.5 Results and Discussion

Rietema and Ottengraf (1970) have presented the velocity profiles
from their experimental work, see Fig.4.3. The velocity profiles were
measured half way up the column height (at x=4Ccm) by following very
smail dispersed air bubbles, which move at the local liquid vealocity.
The operating conditions used for the numerical calculations are the

same as the experiments: the dimensionless air flow rate

18-



Qa=(8u/=p¢gD*)Qa= 0.3874x107¢, where D is column diameter, and
Qa=11.4cm?/s, air flow rate; Diameter ratio &é=Dg/D=0.454; and
dimensionless slip velocity (ue/pegD?)ug=0.428x107". The bubble
Reynoids number Rep is about 0.8 according to the calculation, so the
Stokes equation can be used for such a laminar flow. The void fraction
a(x,r) is calculated at each grid point of the cross section along the
axial direction. Fig. 4.2 shows the result of the void fraction
distributions. The curve at x=0 is the void fraction distribution imposed
at the inlet of the column. The void fraction distribution changes
gradually, but after half way up the column (x=40cm), the distribution
seems uniikely to change any more. The liquid velocity profile from the
experiments is shown in Fig.4.3, and the liquid velocity profiles from the
calculation are shown in Fig. 4.4. By comparing the resuits at x=40cm,
the magnitude of liquid velocity in the calculation at the reactor center
line is about twice that in the experiment, however the shape of
velocity profile and magnitude of liguid velocity near the wall are close
¢ that from the experiment.

The calculated stream function contours for the liquid phase are

plotted in Fig.4.5. This stream function is defined as

-

vz 2= J « pp Ug r dr (4.26)

The result has been improved and there is no flow separation predicted.
It is seen that the usual counter clockwise recirculation pattern is

predicted correctly for the liquid phase.

~-19-




4.6 Conclusions

Progress has been made in the numerical simulation for the bubbly
flow in a vertically situated circular reactor.

The mathematical model for liquid-gas two-phase flow has been
developed. A slip velocity relation is prescribed empirically from which
the gas phase veiocity is calculated. The resuits show that the
simplified model for the gas phase is workabie for the general
prediction.

The void fraction «(r) is described by a smoothly varying cosine
function. The void fraction distribution function is a Key point in the
connection of the liquid and gas phases calculations. The results from
the liquid velocity profile has indicated that the function for the o(r)
distribution is in good agreement witn the experiments. For future
investigations, the o(r) function will be tested and matched more
realistically to the experimental situation, such as including the baffles
etfect.

The numerical results show the correct patterns and shapes for the
stream lines and liquid velocity profiles in comparison of the
experimental results, but there is the discrepancy in the magnitude of

the liquid velocity at the centerline of the column.

-20-
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Figure 2.33 Liquid velocity profile at 6" (1 ft. of water and 09 = 4.6 CFM)




LIQUID VELOCIT Ylem/see)

LIQUID VELOCITY PROFILE(l FT OF WATER)

Proflle ® 6"
60
¢
80 .
40 A
30 -
20 -
10 —
0
-0 ~ v Ty (N/m2) Qg (CFM)
A- -1.3318 4.6 t
29 B- -1.6264 7.3
-30 . C- -1.882 10.4
—40 l' T,, - wall shear stress
! Qg - Superficial gas flowrate
~50Q
—60 T | [ | ] T T T | ]
0 2 4 8 8 10

DISTANCE FROM WALL(cm)

Figure 2.34 Liquid velocity profile at 6" (1 ft. of water at 3 flowrates)




o-‘>°® TOP
A o]  VIEW
e 262cm
e 451 cm

\y

| ¢
T =
bubble
injection SIDE
18 cm :;‘L VIEW
Y

Figure 3.1 Schematic of hexagonal cross-section bubble column

for laser doppler velocimeter measurements.

-57-




CIRCULATION COLUMN

Nuve vz, T
Re2.62 cw

15 4
10+ ZESE‘B
¥ s = \G
¢ | ososge®E®
< o s
ST
-ls-‘ . ' . —
[ H 1s 15 2
2 temd
CIRCULAE:I‘!ON COLUMN
Rea.01 ca
15
104
3 59
v —
M ﬁ%&ga
¢ 0:%
e
-1l
-!'5-. v r . .
[ ] s te ts ze
2 (ecn?
CIRCULATION COLUMN
wave vs, 7
Re6.35 cm
15+
184
i
v
¢ — T v
3 [ ] uct
ol
-10 4
-5 3 . . . .
. s 19 1% ze
2 tzs)

Figure 3.2 Preliminary measured mean vertical velocity profiles in hexagonal
bubble column versus depth at three different radii; air flow rate

= 2 SCFH.

—-58-



|
l

Figure

3.3

wIweg

LR R AW Nl

DE X B ESE N 1

LER BN LI R E T 4

CIRCUI.AI‘IQ'SN COLUMN

.2
402.42 <o

94 g
] /
y - P

14

‘; $ 14 J 18 pid
CIRCULA.'I_'}C_)N COLUMN
:-:.S‘;: c-z

. v
Y i1 J 1% 20
CIRCULATION COLUMN
. es

S temd

Preliminary measured RMS vertical velocity profiles in hexagcnal
bubble column versus depth at three different radii; air flow rate
= 2 SCFH,

-59-




22 cm

10cm

80 cm

Fig. 4.1  Geometry of the bubble column

—H(-



]
8.87J ——at x=0

at x=0.04m

at x=0.4m, x=0.8m

ﬁ‘l L§ ‘l L3 l LY l LS T
9.8 ©B.82 @©@.04 ©.?5 8.8 ©.10

Fig. 4.2 Void fraction distribution as a function
of the radial distance




v=YE LOCITY (cmisec)

02 04 06 08

r/R
aq = 0.3831»<1o'6 £=0.0118
s = 0.4108x107% $=0.46

Fig. 4.3 Experimentally determined velocity profile,
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APPENDIX A Cross—-Correlation Program

Oln A&RRAY( 1R000 . ZAL301), ZV(1l,
FOR k¥ = | 10 10
oo ERSTAT = 0
CaLl INITIALIZE(ERSTAT)
I ZPRTAT = Q THEN 100
FRINT "THE ERPOR IS @ SPETAT
INFUT QS
QoTu )
P o L N T TR N
SCAFD = ]
ERSTaT = 0
NHAN = D
MULT = S0
RONGE = 10
CoOUMT = 16000
GRIN = 1

r

IALL SCANTISILOHAN. ROARD. PCHAN. RANGE. MULT, COUNT. GAIN. SRSTAT)
IF ERPSTAT = O THEN 200
OFINT 'TME EPROR IS™ ; SRSTAT
NPT QS
GOTO 100
20C INPUT "CCLLECTION OF DATA BEGINS ON ANY INPUT": 8%
PRINT TIMER
LOHAN = 1
ERSTAT = ¢
CRLL SCAN(LIHAN. ARRAY({1). ERSTAT:
IF ERSTAT = O THEN 300
SRINT "THE ERROR IS”; ERSTAT
INPUT O3
GOTS 200
LCHAN =
IRSTAT = O
10 CALL CHECK(LCHAN. ERSTAT)
IF ERSTAT = 117 THEN 400
Ot 310
10C PReIMT  CCLLECTION OF DATA COMPLETE™
PRINT TIMER
PEAD A3
TEN "07 ,#l1.AT
MR I = 1 7O COWNT
PRINT #1.ARRAY( I}
NEXT I
CLOSE #)
FOR % = 1 TO :81

3

2

TOP I =N TO M STEP 2

JALK) = ZAIK) + ((ARRAY(1)/2)%(20/4096:) = ((ARRAY(I + 2 = L + 1)/2)=(20/405€))
NETT I

GOTO S0C
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] Mool 230

Mo ST - ]

FOP 1 =1 T M STER 2

ANy = TALKS » (LAPRAYL 1)/2)=(20,,3096 ) « [iAFRAY(I + 2 % L « 13/21%020/4096))
NEXT 2
£Lo ATYT «
TEMR = O
O I o= 110 19
IF TALI TS THEM (DTN /S0

£e0 NEMY I
I IviLL 21 THEN 7
IViLL)Y = 1 - ZV(LL)
52 TQ TEC
00 Ll = 2YrLL) - 51
FEC HEXT =X
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