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Abstract

Measurement of liquid velocities in downcomer and riser of the annulus sparged internal loop airlift contactor (ALC) revealed that
there was an unbalance fluid flow in the system. This was due to the existence of the internal liquid circulation in the riser of the ALC.
A mathematical model based on material and energy conservation principals was then introduced to determine the extent of this internal
liquid circulation. It was shown that the internal liquid circulation was affected predominantly by the superficial gas velgciyd the
ratio between downcomer to riser cross-sectional a8y of the ALC. An increase imisg gave rise to the down-flow liquid flowrate in
the riser, but on the other hand, reduced the fraction of down-flow area inAjgar.was found not to significantly influence the fraction
of down-flow and up-flow areas but smali/A; tended to increase the down-flow velocity in the riser.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction place within the system. For instance, Calvo and Lg8jn
incorporated the turbulent energy dissipation due to the in-
ternal liquid circulation in the riser into their energy conser-

vation based model and found that their simulation results

A defined cyclic liquid circulation pattern between riser
and downcomer of airlift contactor (ALC) is an important

characteristic which distinguishes them from other types of
gas-liquid contacting devices. In addition to the primary
liquid circulation between riser and downcomer, there also

agreed well with a wide range of reported experimental data.
This energy dissipation was considered similar to that oc-
curred in bubble columns. Wachi et §] stated that there

were fluid flow contractions at the entrances of riser and
downcomer, which were dependent markedly on the draft
tube diameter, or rather, the ratio between cross-sectional
areas of downcomer and risedg(A;). It was reported in
this article that the increase in draft tube diameter for a
surement of liquid velocity in the draft tube sparged ALC draft tube sparged ALC resulted in a relatively larger flow
did not correspond well with the model prediction. This contraction at the riser entrance. In downcomer, the in-
was concluded to be attributed to the existence of internal crease in draft tube diameters induced high liquid velocity
liquid circulation in riser. Shortly after that, Merchuk and which reduced the flow contraction at the downcomer en-
Siegel[7] observed that the up-flow pattern in riser was trance.
occasionally suppressed and became more turbulent, espe- Despite the awareness of this type of liquid flow in the
cially at high gas flowrate. They concluded that there must ALC, the quantitative and qualitative analyses of this type
be internal liquid circulation taking place in riser of the of flow in ALC have not been given adequate attention
ALC. and, hence, its role in characterizing the behavior of ALCs
The development of mathematical models for ALCs often is unclear. It was therefore the aim of this work to in-
emphasized that internal liquid circulation must have taken vestigate the local fluid flow behavior within the annulus
sparged internal loop airlift contactor. The effects of ge-
ometrical and operational parameters, i.e. downcomer to
riser cross-sectional area ratio and superficial gas velocity,

exists a secondary liquid circulation usually known as “in-
ternal liquid circulation” which takes place locally either
in riser or downcomer. This type of flow is similar to that
which dominates the behavior of liquid in bubble columns
[1-5]. In the work by Jonef6], it was found that the mea-
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Nomenclature

SE<FEDD

cross-sectional area &n

inside diameter of outer column (m)
inside diameter of draft tube (m)
outside diameter of draft tube (m)
friction loss factor

friction loss or the rate at which
mechanical energy is irreversibly
converted to thermal energy (W)

friction factor

gravitational acceleration (ffs)

distance between pressure measurement
points (m)

height (m)

difference in elevation between planes
‘1" and ‘2’ (m)

length (m)

hydrostatic pressure difference between
two measuring points (N/f)

pressure (Pa)

volumetric flowrate (rd/s)

gas molar flowrate (mol/s)

Reynolds number (-)

mean hydraulic radius (m)

superficial liquid velocity (m/s)
superficial gas velocity (m/s)

velocity (m/s)

mass flowrate (kg/s)

rate at which the system performs
mechanical work on its surroundings (W)

Greek letters

3 holdup

w  viscosity (kg/m s)
p  density (kg/m)
Subscripts

b bottom

D dispersion or downcomer
d downcomer

dn  down-flow

dt  draft tube

G gas

L liquid

R, r riser

t top

up  up-flow

respectively, were included in the study. The model for
predicting proportion of internal liquid circulation based
on material and mechanical energy conservation was pro-
posed.

2. Mathematical model with internal liquid circulation

The existing of internal liquid circulation within riser (an-
nular section) was evaluated based on the material and en-
ergy conservation principals. A mathematical model into
which the internal liquid circulation is incorporated was de-
veloped based on the following assumptions.

1. Steady-state conditions.

2. One-directional isothermal flow.

3. Uniform gas holdups in up-flow region of riser and down-
comer along the axial direction.

4. No gas recirculation in down-flow area of riseg{dn =
0) [10].

5. Negligible interaction between the gas phase and the wall,
i.e. negligible influence of the gas phase on the friction
[11].

6. Negligible gravitational force for gas bubbles.

2.1. Steady-state macroscopic mass balance (continuity
equation)

A simple form of continuity equation for the case where
the liquid mass flow in downcomer was equal to that in riser,
i.e. internal liquid circulation was assumed not to exist, can
be written as

LdAd(1 — ecd) = virAr(1 — ecr) 1)

To account for the existing of internal liquid circulation
in riser, there must be a fraction of riser that allowed a
down-flow of liquid, in addition to the conventional up-flow
direction, as illustrated in a schematic diagram of liquid flow
in Fig. L In this figure, there was a flow of liquid entering the
downcomer at plane # ‘1’, and leaving the system at plane #

GAS OUT GAS OUT
R| D R YD
Vir VLrup Iﬂ
I Vid
Virdn [ :
Flow dil'cclinn/w mi i i
[N
;l*l'
(@) GASIN (b) GASIN

Fig. 1. Schematic diagram of liquid flow in ALC: (a) conventional model
for liquid flow; (b) model for liquid flow in ALC with internal liquid
circulation.
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‘2" in the riser. The liquid flow in riser was divided into two ~ Usually the energy term due to the gas flow was found neg-
distinct regions: the uniformly distributed bubble region in ligible when compared to the energy term due to liquid flow
the inner annular region and the bubble-free in outer annular[11,13], and this energy term was not considered in this
region gcr.dn = 0). It was assumed that the bubble region work. Thus, the energy balance of liquid phasg, (8) can
was also uniform in gas holdup. For this case, the RHS of be rewritten as

the mass balance of liquid phag&s. (1) should include the

liquid recirculation term which can be expressed as 0= %devfd — %Ier,upUEr up T %er,dnUEr dn
vLdAd(1 — eGd) = vir,upAr,up(1 — €Gr.up) — wLdghy + wir,upGhe — wir,anghy
P2 . . . .
— ULr,dnAr’dn(l — SGr’dn) (2) +/ (% + wLI’,Up + UJLr,dn + wGI’,Up) dP
Py oL oL PL PG

where v yp is the riser liquid velocity in up-flow region oLHL .
which occupies the area ok; yp, and vy gn is the riser + QcPpin (1+ P > + ZEW 9
liquid velocity in down-flow region which occupies the area t i

of Ar.an. The negative term on the RHS Bf). (2)accounts
for down-flow liquid in the riser. The total area of riser is

Substitutew = p v A(1 — eg) into Eq. (9)yields

equal to the sum of the up-flow ared,(yp) and down-flow 3 1 3
area @ dn) 0= SPL Ad(1—eca)viy — EPLAr,up(l — €Gr,up) ULt up
— 1
Ar,up + Ar,dn = Ar (3) + EPLAr,dn(l - SGr,dn)UEr,dn — pLAg(1 - 3Gd)ULdghd

SubstituteA, yp from Eq. (3)into Eq. (2) gives + oL Ar,up(1 — €6r,up)VLr,updht

—0 A 1—
vLdAd(1 — eGd) = vLr,up(Ar — Aran)(1— £Gr,up) AL Ardn( 8Gr,dn)ULr,dnghr

Py
— vLr,dnAr,dn(1 — €Gr,dn) (4) + / [Ad(l — &Gd)vLd + Ar,up(l — €Gr,up) ULr,up
Py
2.2. Steady state macroscopic energy balance + Ar.dn(1 — &Gr.dn)ULr.dn + Ar,upeGr,upVGr,up] dP
pLOHL -
The energy balance can be expressed using the Bernoulli +Qchbln (1 + P; > + Z Evi (10)
equation[12] i
1 _, P2 q N Energy dissipationsHy) taken into consideration in this
0=AZ{®)"+gah+ /P - dP + W+ Ey (5) work were those due to frictions in conduits, i.e. riser, down-
1

comer, top and bottom sectionSy,, Evg, Evt and Eyp, re-
whereW is the rate at which the system performs mechanical spectively, and frictions from the movement of gas bubbles
work on its surroundings and, the friction loss or the in liquid (at gas-liquid interface) in the riser and down-
rate at which mechanical energy is irreversibly converted to COMer,Evsy, Evsd, respectively. The energy dissipations due

thermal energy. to frictions in conduits can be calculated from:
The energy input to any ALCs obtained from potential 1 I
: o ~ 3

energy due to isothermal gas expansion is Eyi = Z <§,0|_A(1 — sG)vLR—f>
X h i

- Py ( pLgHL> '

W=—In(l4 —— (6) 1

PG P +y (§pLA(1 - ee)vﬁev> _ (11)
i l

The friction losses £y) are composed of frictions from all
sections of straight conduits and all fittings including friction where )", ((1/2)pLA(1 — sG)vE(L/Rh)f)i is the sum on
losses at gas—liquid interface both in riser and downcomerall friction losses in sections of straight conduits such as

which could be calculated frofaq. (7) riser and downcomer, ard; ((1/2),0|_A(1—8(3)vﬁev)i rep-
n n resents the sum of friction losses at top and bottom sec-
Ev= Z Evi @) tions. However, the friction loss can usually be neglected for

i the open liquid surface such as at the top sectighl15]
SubstituteEqgs. (6) and (7)nto Eq. (5)yields Eqg. (11)can be written in a simple form as follows:

A 1 L
OZA%@)zJFgAH/P?}dP Evyi =Z (EPLA(l—EG)vE (R—hf+ev))i (12)
P P !

pLOHL
Py

+ P In (1 + ) + Z Ey; (8) whereR;, is the mean hydraulic radius amg the friction
PG t ;

loss factor, and the friction factor which is a function of
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Reynolds number according [©2] ~ Aran(l— SGr,dn)vEr,dn( r.dn fr,dn)
16 th,dn
f= = for Re< 210Q + 2gHpguLd Adecd + 2vsgHprecr (17)
e
_ 00791 To solve these equations, certain parameters including
/= Rel/4 for 2100< Re< 10° (13) downcomer liquid velocity 1 4), downcomer gas holdup

(eGa), liquid velocity in up-flow region of riseryr up), gas
holdup in up-flow region of risetsG, yp), and gas holdup in
down-flow region of riserdgr,qn) had to be known in a pri-

ARn(vL)pL ori, and for this work, they were determined experimentally
T (14) as described below.

whereReis Reynolds number defined &g1. (14)(for the
annular section of the ALC).

Re

In the determination of these energy dissipations, the friction
loss factor ¢,) for the bottom section of the contactor was 3 Experimental
assumed to be 1.8 for the two“98lbow (rounded) connec-

tors [12]. The energy dissipation due to the friction in the 3.1. Apparatus
riser (annulus section) was calculated in the same fashion as

that in downcomer. However, there existed two distinct flow
behaviors in the riser: up-flow and down-flow due to inter-
nal liquid recirculation. Hence, the total energy dissipation
from frictions in conduits becomes

A schematic diagram of experimental setup for this work
is shown inFig. 2 Experiments were carried out in a
transparent cylindrical column with a height of 1.2m and
a diameterDy, of 0.137 m. The column was equipped with

N 1 3 ( Ld pressure taps at every 0.1 m along the contactor height for
Ev=35pAd(l — ecd)viy (R_hdfd + €V) the measurement of pressure drapP, which was used
1 L to determine the riser gas holdugs,. A draft tube with a
+ 5P Arup(1 - £Gr.up)Vir.up (R'—‘“pfr,up) height of 1 m was inserted into the column where a clear-
hr, ance between the column base and the end of the draft tube
+} Aran(l — ear anv? Ly,dn f (15) was fixed at 5cm. The ratio between cross-sectional areas
PLAArdn erdn/firdn{ g’ A" of downcomer and riser was altered by changing draft tube

o o diameter of which dimension is providedTable 1 The un-
The energy dissipation due to frictions from the movement 4erated water level was controlled at 3 cm above the top of
of gas bubbles in liquidEvsr and Evsg, can be calculated  hese draft tubes. Experiments were operated in a semi-batch
from [16,17} operation where a continuous air flow was supplied through
Eusr + Eysa = vspL gHprear + pLgHbauLd Agecd (16) a perforated ring sparger into thg water-filled column. A|r
flowrate was controlled by a calibrated rotameter to give

SubstituteEgs. (15) and (16into Eq. (10)yields

3 3
0=A4(1— ecd)vyg — Ar,up(1l — SGr,up)er,up @
+ Ar,dan(1— EGr,dn)UEr’dn — 2A4(1 — ecd)vLdghy ‘;’
+2Ar,up(1 - SGr,up)ULr,upghr —
— 2Ar,d(1 — ecr.dn)vLr,dnghy fper
2 P2 MEASURING PORTS __ /<=5
+ — [Ag(1 — egg)vLg] P TGRS
pLI Py ol %o |
P2 B :"O;’ Hp
+ o [Ar,up(1 — eGr.up)vLr,upl d P MANOMETER IR
Py ol e |-
2 P2 g ‘
+— [Ar.dn(1 — €Gr.dn)VLr.dn] AP sl [
PLJ Py oL ¢
5 P2 206P GAS
GIb SPARGER
+— | [Arupgerupverupl dP + ——— ¥ DRAIN
O P ROTAMETER
A
pLOHL 3 ( Ld AIR
xIn{14+ ——) - Adl —ecviy | =—— fa+ev VALVE COMPRESSOR
Py Rng O O
— Arup(1— EGLUP)”Er,up <ﬂfr up) Fig. 2. Experimental apparatus of the concentric internal loop airlift
Ry, contactor.
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Table 1 This allowed the tracer to travel through the entire length

Specification of ALCs used in this work of the riser. For the measurement of downcomer liquid ve-
ALC D; (m) Dio (M) AglA locity, 20 ml of color tracer was injected at the top section

ALC-1 0.034 0.040 0.067 e}bove theT draft tube. The travelling time was taken as the
ALC-2 0.074 0.079 0431  time required for the tracer to move from the top to the bot-

ALC-3 0.093 0.100 0.988 tom of the draft tube.

ALC-4 0.103 0.109 1.540

a range of superficial gas velocitiessg, from 0.005 to 4. Results and discussion

0.15m/s. The air sparger was perforated rings made of a

0.8 cm diameter PVC-tubing with 14 orifices (1 mm diame- 4.1. Internal liquid circulation: experimental evidence
ter). The sparger was located at the base of annular section.

Experiments carried out in internal loop ALCs (annulus
sparged) showed that, within the range waf, and Aq/A
employed in this work, the color tracer in the downcomer
3.2.1. Gas holdup moved in a uniform pattern with slight dispersion. Most bub-

The overall gas holdup,go, was determined by the vol-  bles were stationary or flowed downwards in downcomer.
ume expansion method. The unaerated and aerated liquidThis implied that the velocity measurement in the down-

heights were measured ang, was then calculated from: comer with a color tracer provided reliable results. It was
Ho — H, therefore assumed that there was no internal liquid circula-

tion in the downcomer and that the fluid in the downcomer
Hp moved uniformly across the cross-sectional area.

On the other hand, large turbulence in the color tracer was
observed along the riser section. In addition, liquid veloci-
ties measured in the riser and downcomer did not follow the
continuity equation Eq. (1) where the net liquid flow in
riser has to be equal to that in downconieig. 3 displays
the riser liquid velocity ¢, ;) measured from the experiment
compared with they , computed fromEq. (1) using down-

3.2. Measurements

£Go = (18)

The riser gas holdugg, was estimated by measuring the
pressure differenceAP, between two pressure taps located
along the height of the column:

AP
PLEAH

EGr = 1- (19)

whereAH is the distance between the two pressure taps.

The riser was assumed to consist of two distinct regions,
i.e. up-flow and down-flow regions where gas holdup in the
down-flow regionggy,an, Was assumed to be zero. Therefore,
eGr,up can subsequently be calculated from:

SGr,upAr,up = &GrAr (20)

Downcomer gas holdupgg, which could not be measured
simply by manometer, was calculated from the experimental
data ofego andegy. It was assumed further that gas holdup
in the top section was approximately equal to that in the
riser gt = ecr) and thereforeggq can be computed from:

_ &GoHD(Ad + Ar) + (HagtAd — Hp(Ad + Ar))écr

EGd
HgytAqg

(21)
3.3. Liquid velocity

Liquid velocities both in riser and downcomer were mea-

comer liquid velocity ¢ q) from experiments in ALCs with
different ratios of downcomer to riser cross-sectional areas
(A4/Ar). The measured; was always observed to have a
greater value than the calculated value friop (1) which
means that there must exist a down-flow of liquid in the riser
to counterbalance the excess liquid up-flow. In other words,
an internal liquid circulation must have taken place in the
riser of the annulus sparged internal loop ALCs.

4.2. Determination of internal liquid circulation

The simple calculation model based on principals of
conservation of mass and energy, Egs. (4) and (17)re-
spectively, was employed to estimate the proportion of the
internal circulation of liquid in the riser. A proper arrange-
ment of Egs. (4) and (17)ed to two equations with two
variables, i.e. liquid velocity in down-flow region of riser
(vLr.an) and area occupied by down-flow region of riser
(Ar.dn). These equations were solved simultaneously using

sured using the color tracer technique where the travelling & Standard nonlinear iterative procedure to yieldgn and
time of color tracer between the two points in the contac- Ay gn. The simulation results are given in the next sections.

tor was measured for the calculation of liquid velocity. The
lowest pressure tap, 10cm above the bottom of the airlift
column, was employed as an injection point of the color
tracer in the riser section. 10 ml of color tracer was slowly
injected perpendicularly to the liquid flow direction in the

riser, and the detection point was at the top of the draft tube.

4.3. Effect of superficial gas velocitysgy on internal
liquid circulation

The internal liquid circulation was characterized in terms
of up-flow and down-flow liquid fractions in the riser, and
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Fig. 3. Comparison between riser liquid velocities calculated from Eqg. (1) and from experiments.
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Fig. 4. Experimental data on v g and vir,yp, and simulation results on vy gn in various ALCs.
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Fig. 5. Up-flow and down-flow area fractions in riser of various ALCs (filled symbols for A, yp/Ar and empty symbols for Ay gn/Ar).

this is illustrated in Fig. 4 where experimental results on
vLd and vr yp are plotted along with the simulation results
ON viy,dn & various Ugy in ALCs with different Ag/A,. The
increase in ugy aways resulted in a higher level of both
vLr,up and vy gn. The same trend was also found for v g
for the whole range of ugy employed in this study. This was
not unexpected as an increase in gas velocity effectively
implied a larger energy input to the system and high liquid
velocity was induced. Note that the effect of usy on vir yp
was less pronounced than that on v r gn, and it isinteresting
to observe that the down-flow velocity was in many cases
higher than the up-flow vel ocity particularly inthe ALC with
small Aq4/A:.

The determination of the up-flow and down-flow areafrac-
tionsresulted in aplot in Fig. 5. The fraction of up-flow area
inriser (Ar up/Ar) increased steadily with the increasein ug
whilst the opposite was found for the fraction of down-flow
area(Ar,dn/Ar). It was possible that, at low ugy, the behavior
the of ALC was close to that of bubble columns where the
wall effect played an important role in retarding the move-
ment of the liquid which resulted in a recirculation of lig-
uid within the column. [18] At high ug, the liquid became
highly turbulent which lessened this wall effect and a lower
down-flow area was observed.

Information on v, and A; allowed us to determine the
volumetric flow rate of liquid up-flow and down-flow in the
riser as:

QLr,i = ULr,iAr,i(l - SGr,i) (21)

wherei = ‘up’ for up-flow inriser and ‘ down’ for down-flow
in riser, and these results are illustrated in Fig. 6.

As stated earlier, despite the high down-flow liquid ve-
locity in the riser, most of the liquid was found to flow

upwards as the area for the up-flow was larger than that
of the down-flow (see Fig. 5). Interestingly, the proportion
of Qur,an/QLr,up in €ach ALC employed in this work was
rather constant as shown in Fig. 7. This implied that the
ratio between the down-flow and up-flow liquid volumetric
flowrates was not affected by the quantity of gas supplied
to the system (at least for the range of ugy employed in this
work). This information allows one to easily determine the
magnitude of the liquid internal circulation within the ALC
system.

4.4. Effect of cross-sectional area ratio between
downcomer and riser (Ay/A;) on internal liquid circulation

The effect of Ag/A; on internal liquid circulation can
also be extracted from Figs. 4 and 5. Fig. 4 illustrates that
there was only a dlight effect of Ag/A; on vy yp such that
vLr,up Slightly increased with an increase in Ag/A;. On the
other hand, it was apparent that v r gn decreased with anin-
creasein Ag/A;. The ALC with high Aq/A; (large downcomer
cross-sectional area and small riser) always led to a system
with high liquid circulating velocity [19-21]. Asthe up-flow
area (riser) was smaller than the down-flow area (riser +
downcomer), increasing Aq/A; implied that liquid in riser
needed to flow with higher velocity to account for the high
liquid down-flow. At small A4/A;, arelatively low circulating
velocity allowed more liquid to flow down in the riser in the
same way as the phenomena taken place in bubble columns
and a higher down-flow velocity in riser was obtained.

The effect of Ag/A; on the fraction of areas for up-flow
and down-flow in the riser was not detected in this work
as elucidated in Fig. 5. The reason for this could not be
extracted from this experiment but this information was
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Fig. 6. Liquid volumetric flowrate in various ALCs.

significant as it implied that the down-flow of liquid would
always exist in the annulus sparged ALC with a predictable
fraction of the total cross-sectional area. However, this frac-
tion of down-flow in the riser depended markedly on ugy as
described earlier.

Similar to the discussion in the previous section, the
down-flow and up-flow liquid flowrate in riser were cal-
culated based on the information on velocities (vir,yp and
VLr,dn) and cross-sectional areas (Ar,up and Ay gn) and the
results are illustrated in Fig. 6. Fig. 7 demonstrated further

1
& ALC-1
| O o
0.9 o o O ALC-2
A ALC-3
0.8 O ALC4
— 0.7 A
=
;» 0.6
Q o
i m] O
g 0.5 o
(o4
0.4
0.3 A A A A A A
0.2 1 o o e}
0.1 o
O T T T T T T T
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Ugg (MV/s)

Fig. 7. Fraction of down-flow and up-flow liquid flowrates (QLr,dn/QLr,up) in various ALCs.
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that the ratio between the down-flow and up-flow liquid
flowrates (QLr,dn/QLr,up) decreased significantly when Ag/A
increased from 0.067 to 0.988. This is because the configu-
ration of the ALC with an extremely small Aq/Ar (ALC-1)
was close to that of bubble column, i.e. large aerated sec-
tion, and this promoted the internal circulation within the
riser. As a result, Qpygn in ALC-1 was amost as grest
as Qur,up- As the riser became smaller (larger Ag/A;), the
behavior moved away from the bubble column where the
downcomer played a more important role in recirculating
liquid. Hence, a smaller extent of internal liquid circulation
in riser was obtained and thus a smaller Q. dn/QLr,up be-
came more apparent. However, a further increase of Aq/A;
from 0.988 to 1.54 did not seem to have great effect on this
liquid flow ratio. Hence, it is concluded that there must exist
acritical ratio between downcomer and riser cross-sectional
area above which the internal liquid circulation would re-
main constant, and in this case, this critical Aq/A: was in
the range of 0.988-1.54.

5. Conclusion

Thiswork presented an innovative notion on the determi-
nation of the internal liquid circulation in the airlift contact-
ing system. This could be achieved through the combination
of experiment and simulation. First, experiments were con-
ducted to reveal that the operation of the airlift contacting
system was often subject to the condition where internal lig-
uid circulation existed. Necessary conditions such as up-flow
liquid velocity in riser, liquid velocity in downcomer, and
gas holdups were also obtained from these experiments. A
mathematical calculation based on mass and energy conser-
vations in an annulus sparged airlift contactor was proposed
where the magnitude of thisinternal liquid circulation could
then be determined.
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