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Abstract

One important challenge in chemical industry, especially for processes of synthesis fuels, is the development of effective three-phase
reactors for high pressure and temperature. In the present study, a novel airlift internal-loop reactor (ALR) was proposed and its hydrodynamic
behaviors were experimentally studied. The local bubble rise velocity and liquid velocity are measured under different operating conditions.
The influence of operating conditions including the superficial gas velocity and solid holdup on the bubble rise velocity and liquid velocity in
the riser was studied. A mathematical model was proposed based on the energy balance to describe the multiphase flow characteristics in the
internal-loop airlift reactor. The comparison between the calculated and experimental values shows that the proposed model can predict the
flow behavior reasonably.
© 2005 Elsevier B.V. All rights reserved.

Keywords: ALR; Bubble rise velocity; Liquid velocity; Energy balance

1. Introduction ether[7], the reactant and the product are gas, the liquid
phase is inert solvent and the solid phase is catalyst. Bub-
Internal-loop airlift reactors (ALR) are widely used in ble entrainment into the down-comer is disadvantageous to
chemical industry and biotechnological processes, e.g. ox-the production efficiency. Therefore, we reported in this work
idation, chlorination and fermentation procesgkg]. It is a novel internal-loop airlift reactor with a specially designed
usually constructed by mounting a draught tube in a bubble gas—liquid separator. This gas—liquid separator can separate
column. The gas is dispersed into the draught tube or into thegas and liquid completely even at a high gas velocity.
annulus and a global liquid circulation flow is formed. The The multiphase flow behaviors of this novel reactor, such
circulating liquid flow enhances heat and mass transfer andas the local bubble rise velocity and liquid velocity, are ex-
makes the flow behavior more homogeneous in the reactorperimentally measured using a conductivity probe and the
[3]. In the three-phase system with suspended solids, the pariaser doppler velocimetry (LDV), respectively. For the pur-
ticles can be completely suspended at lower gas velocity in pose of design and scale-up of the reactor, a mathematical

an ALR compared with a bubble coluni. model was established based on the energy balance. The val-
The gas-liquid separator at the top of the reactor has im-idation of the proposed mathematical model has been tested
portant influence on the performance of the AJR$]. This by the experimental measurements.

influence is a combination of its ability to separate gas from
the liquid or liquid—solid phase and its hydraulic resistance. .
Choi etal]6] found thatin the case of a significantly restricted 2. Experimental
liquid flow area, the pressure drop through the separatorwas e ALR used in this work is schematically shown in
dominant over the gas separation ability. For some reactionscy 1 1js made of Plexieglas and consists of two concentric
in a three-phase system, such as the synthesis of dimethy}, o5 and an expansion as enlarged degassing zone, 820 mm
in diameter. The main column is 5.6 m in height and 376 mm
* Corresponding author. Tel.: +86 10 62785464; fax: +86 10 62772051, 1N inner diameter. A draft tube of 220 mm in diameter, 7 mm
E-mail addresswangjf@flotu.org (J. Wang). in thickness and 5 min height is mounted in the column 7 cm
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Nomenclature

cross-sectional area fin

diameter (m)

energy inputted (W)

friction loss (W)

friction losses between liquid and device (W
gravity acceleration (mf3

vertical height (m)

pressure (Pa)

friction losses at the liquid—gas interface (W
local velocity (m/s)

superficial velocity (m/s)

friction losses due to internal recirculation (W

Greek letters

coefficient
coefficient

phase holdup
friction coefficient
viscosity (Pas)
density (kg nT3)

ubscripts

bubble

down-comer

gas phase
pseudo-homogeneous phase
liquid phase

riser

solid phase

separator tube

U-bending flow

1 ALR
2 Gas sparger

3 Separator
4 Separator tube
5 Flow meter

([

6 Compressor

Fig. 1. Experimental set-up.

above the gas distributor. The draft tube and the annular chan-
nel between the two concentric tubes are used as the down-
comer and riser, respectively.

The gas liquid separator is similar to a funnel. Its bottom
is connected to the top of the draft tube and its top is equal
to the expansion in diameter, as shownFig. 1 Twenty
tubes, 35mm in diameter, is distributed on two concentric
loops and mounted at the flank of the funnel. Twelve tubes
are mounted at the outer loop and 8 tubes at the inner loop
uniformly. Because of the presence of the separator tubes,
the abrupt constriction of flow channel makes the gas—liquid
mixture eject from the tubes and improve the separation ef-
ficiency. During the experiment, there is no bubble observed
being entrained into the down-comer even at high superficial
gas velocity. Higher heat transfer can be obtained if the re-
action takes place in the annular. So the gas is dispersed into
the annulus through a special designed sparger. The sparger
composed of a base plate with 20 holes onside, 20 stainless
steel tubes and 20 sintered steel tubes. The 20 holes are dis-
tributed on two concentric loop at the base plate, 12 at the
outer loop and 8 at the inner loop. Each sintered steel tube
is connected with one stainless tube and the other end of the
stainless tube is connected with the hole on the base plate.
The sintered steel tube is high than the bottom of the draught
tube. This can guarantee bubbles be sparged into the annu-
lus directly. Even though there is lots of solid in the annular,
bubbles would not enter the draught tube and make the liquid
rises in the draught.

Air, tap water and glass beads with density of 2400 &g/m
and mean diameter of 1@dn were used as the gas, liquid
and solid phase, respectively. Different solid loadings were
used to investigate the influence of the solid phase on the
flow behavior. The level of water or liquid—solid slurry filled
in the reactor was controlled at a height of 10 cm above the
top of the separator tubes. The air was fed into the annulus
through the gas distributor presented previously and the flux
was controlled by a calibrated rotameter. The superficial gas
velocities,Ug, varied from 0.0076 to 0.213 m/s according to
industrial applications.

The local liquid velocity in the riser was measured by
a backward scattering LDA system (system 9100-8, model
TSI). The measuring method and data processing were de-
scribed elsewhel8]. A conductivity probe was used to mea-
sure the bubble size and bubble rise velocity in the riser. The
probe has two tips that correspond to different response time
for a same bubble boundary. Therefore, bubble rise veloc-
ity can be obtained from the different response time and the
distance between the two probe t[9%.

3. Results and discussion

3.1. Bubble rise velocity

It is important to study the bubble rise velocity and its ra-
dial profile in a gas—liquid system as these are closely related
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Fig. 2. The radial profile of bubble rise velocity at different superficial gas velocities.

to the hydrodynamics, mass and heat trandfe}. Fig. 2(A)

nant effect of the addition of solids is different, leading to a

and (B) shows the radial profiles of bubble rise velocity at different influence on the bubble rise velocity.
The solid holdup also affects the radial profile of bubble

different superficial gas velocities with solid volume fraction
of es=0 andes=1.94, respectively. Note that in the figures
the x coordinates 0.11 m and 0.188 m correspond to the in-
ner and outer flow boundaries of the riser, respectively. The
bubble rise velocity increases with increasing superficial gas
velocity, but the increase tendency becomes weaker at high
superficial gas velocities. When the superficial gas velocity
exceeds 0.1217 m/s a§=0, the superficial gas velocity al-
most has no influence on the bubble rise velocity, showing
that the bubble rise velocity does not increase unlimitedly
with increasing superficial gas velocity and reaches a con-
stant with increasing superficial gas velocity. For the case
of es=1.94%, the bubble rise velocity is smaller than that
in a gas—liquid system at the same superficial gas velocity.
Similarly, the increase of the bubble rise velocity at high su-
perficial gas velocities is less than that at low superficial gas
velocities. The solid particles increase the flow resistance of
the system, which in turn results in a decrease in the liquid
velocity.

u, m/s

rise velocity. At low solid holdups, the radial profiled of the
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Fig. 3. The axial evolution of bubble rise velocity with increasing axial

Fig. 3illustrates the axial evolution of the radial profile  height.
of the bubble rise velocity alg=0.1217 m/s ands=0. The : : : : : :
bubble rise velocities increase slightly with increasing ax- 16L - 4
ial height. Along the riser height, the bubble size becomes — B
larger due to coalescence and pressure decrease, which in 14 T/;;;i — -
turn leads to an increase in the bubble rise velocity. At the ax- — v\v\
ial position ofH =4.23 m, the bubble rise velocity is smaller 12¢ /’4,’_*4: T
near the wall of the draught tube than those at other axial — >§<
positions. e O

Theinfluence of the solid holduplg =0.0304 m/s on the 5 0.8'_ €, ]
radial profile of bubble rise velocity is shown kig. 4. The L a0 Ry ]
bubble rise velocity decreases with increasing solid holdup. 06 —0—00019 —<— 0055
With an exception, the radial profile of the bubble rise ve- | —A—0.0039 —P— 0.0721 H=2.93m l
locity remains almost unchanged as the solid holdup varies ~ o4p ~vV—0019 U 20.0304mis
from 0.19 to 0.39%. Addition of solids has three different in- — ! :

0.12 0.13 0.14 0.15 016 017 0.19

fluences on the flow behavior, namely, accelerating the break-
ing rate, accelerating the coalesce rate and increasing the flow
resistancgl11,12] Under different solid holdups, the domi-

rnrm

Fig. 4. The effect of solid holdup on the radial profile of bubble rise velocity.
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Fig. 5. The effect of solid holdup on the average bubble rise velocity.

ble rise velocity. With a further increase in the solid holdup
(es>0.39%), the effect of increasing flow resistance is dom-
inant, and the liquid and bubble rise velocities decrease. It is
the complex effect of the solid addition on the flow behavior
that leads to a complex behavior of the bubble rise velocity
with different solid holdups.

3.2. Liquid velocity

The liquid circulation pattern between the riser and down-
comer of ALRs is an important characteristic that distin-
guishes them from other types of gas—liquid contacting de-
vices. The liquid velocity is determined by the balance be-
tween two parts: one is the hydrostatic pressure driving force
due to the different gas holdups between the riser and the
down-comer; and the other is the flow resistance along the
loop channel, especially through the separator tubes in the

bubble rise velocity is more uniform except a steep decreaseALR.

near the wall of outer tube. A parabolic radial profile appears

The liquid velocities in the annular riser are measured us-

when the solid holdup is high. This is because with the solid ing LDV probe at different superficial gas velocities. The
holdup increasing, the wall effect becomes remarkable andradial profiles of the measured liquid velocities uneer 0
the flow resistance near the outer wall of the draught tube andes=1.94% are shown iig. 6(A) and (B), respectively.

increases.

At different solid holdups, the liquid velocity increases with

Fig. 5shows the cross-sectional averaged bubble rise ve-increasing superficial gas velocity. Similar to the radial profile
locity versus increasing superficial gas velocity at different of the bubble rise velocity, the increment of the liquid veloc-
solid holdups. The average bubble rise velocity decreasesity decreases with increasing superficial gas velocity and the
with increasing solid holdup except that there is an increase liquid velocity reaches a maximum valuely§=0.1217 m/s,
in the average bubble rise velocity when the solid holdup at which the bubble rise velocity also reaches its maximum.

increases froms=0.19% toes=0.39%. The solid holdup

The flow resistance in an ALR is engendered in four parts, the

can affect the bubble break and coalescence rates, and highatiser, the down-comer, the separator and the direction change
solid holdup leads to anincrease in the flow resistance. There-at the top and bottom of the reactor. Addition of solids in-
fore, different effect mechanism will dominate the influence creases the flow resistance and the energy consumed by the
on the bubble rise velocity at different solid holdup. When liquid flow, even though the liquid velocity is relatively low.

the solid holdup varies in a range from 0 to 0.19%, the effect It will be discussed in the modeling section. For a gas—slurry
of breaking bubble is dominant and an increase in the solid system, it will need a relatively larger superficial gas velocity
holdup leads to a decrease in the bubble size and the bubthan for a gas—liquid system to reaches the maximum liquid

ble rise velocity[13]. With an increase in the solid loading,

velocity.

the effect of bubble coalescence becomes dominant and the Fig. 7 shows the axial evolution of the radial profile of
bubble size increases which results in an increase in the bubthe liquid velocity atUg=0.0304 m/s. The radial profile of
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Fig. 6. The radial profile of liquid velocity at different superficial gas velocity.
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Fig. 7. The axial evolution of radial profile of liquid velocity. Fig. 9. The effect of solid holdups on the average liquid velocity.

the quui_d ve_:loc_ity is flgtter aF Iowe_r positions and become tance increase with increasing solid holdag], the energy
parabolic with increasing axial height. Because of the 9as ;5 med by the flow increases and the liquid velocity de-
phase expansion along the axial height, the gas holdup in-creases with increasing solid holdup. Klein et[aE] also

creases and the liquid flow channel decreases. So the liquitkgng that the liquid velocity decreases with increasing solid
velocity increases slightly along the reactor axial height. holdup.

Figs. 8 and dllustrate the radial profile of liquid veloc-
ity and the cross-sectional averaged liquid velocity at dif-
ferent solid holdups, respectively. In a liquid—solid system
high solid holdup will increase the superficial viscosity of
the slurry and results in an increase in the flow resistance. As
shown inFig. 8 the liquid velocity decreases with increas-
ing solid holdup. Furthermore, the solid holdup also influ-
ences the radial profile of the liquid velocity. For the cases
of lower solid holdup, the radial profile of the liquid velocity
is parabolic. At higher solid holdup, the radial profile is flat-
ter in the inner region. With the addition of solids, the liquid
velocity decreases and it tends to give a uniform profile in
the radial direction. At different solid holdups, the average
liquid velocity increases remarkably with increasing super-
ficial gas velocity firstly. Then it almost keeps constant with
increasing superficial gas velocity. Because of the flow resis-

' 4. Mathematical modeling

Despite a few successful applications, the design and
scale-up of ALR still remains in an empirical or semi-
empirical stage. One major reason is the lack of reliable
mathematical model that can predict the multiphase flow pa-
rameters, such as the bubble rise velocity and liquid circula-
tion velocity reasonably. In order to appropriately design and
scale-up ALR, a mathematical model is established based on
the energy balance model to describe the liquid circulation in
the ALR[16]. For the case of the ALR structure used in this
work, the model equations of the energy balance is set up by
considering the balance between energy input and dissipation
in the circulation flow.

The liquid—solid slurry phase was regarded as a pseudo-
L homogeneous phase with the consideration that the particle

12 _/./'\. H=_4-23m i size used is very small. Therefore the properties of the slurry
! e T U,=0.0609m/s phase were calculated from the properties of liquid and the
1.0 p—" — \ 8 solid holdup. The slurry density can be calculated as:

[ P— |
08} \ ] ph = pi(L— &s) + pses 1)

0 <:;; DA
E; 0.6 ';:’_1,_.::_“@‘\‘ T The superficial viscosity of the slurry was calculated using
=] L . B
€ I following correlation[17]:
04 s .
L =m0 —4—0.0374 ] ith 5
—€—0.0019 —4—0.055 Ll OV, I 2
02} : =1+ ¢
—A—0,0039 —P»—0.0721 4 W 2°° )
[ —v—0019 ]
00 L 1 1 1 1 1 n . . . .
012 043 014 015 016 047 018 049 Two equations are obtained by considering energy bal-
fm ances of the overall reactor and the gas-liquid separator. The

bubble rise velocity and liquid velocity can be obtained from
Fig. 8. The effect of solid holdups on the radial profile of liquid velocity. these two equations.
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4.1. Overall energy balance 4.2. Energy balance in the separator
The overall energy balance consists of inputted energy due  In order to achieve high efficiency of gas—liquid separa-

to gas expansioh, dissipated energy due to flow resistance tion, small diameter of the separator tubes, as showigir,
and turbulencé& and the dissipated energy on the gas—liquid is designed and the velocity of the multiphase stream in the

interfaceS. That is: tubes is therefore relatively high. According to the correla-
. tion of criterion for slug flow of gas liquid systems given by
E=F+S§ ®) Das et al[19]:
The inputted energy due to gas expansion in the riser can be _ 1/2
determined by: siug = 0.35(2d) (11)
ongH; the minimum velocity for slug flow in the tubes is about
E = PyUgln <1 +— ) 4) 0.2 m/s. This value can be exceeded mostly under all the ex-
0

perimental conditions. Hence it is assume that the flow in

wherePy, andPy are the pressures at the bottom and top of the tubes is in slug flow regime. Because air and water flow

the riser andJg is the superficial gas velocity at the bottom cocurrently, no relative slip between the phases is assumed

of the riser. which has been observed in experiments. This means that the
The dissipated energy due to flow resistance and turbu-energy dissipation at the gas—liquid interfagan Eq. (3),

lenceF consists of four parts: the energy consumption in is negligible. Therefore, the energy balance in the separator

the riser,f;, that in the separator tubefs, that in the down- tube can be written as:

comer,fq, and that due to the flow direction changes of the

U-bending flow channel at the top and bottom of the reactor, PoUgIn (

fu. ThereforeF can be written as:

H H
1+ %) ~ 0.3164Re; °— ) (12)
0

t
Ht, e, Uit, Py are the height of the separator tube, the time-

F= Z fit fu. i=rtd ®) averaged gas holdup in the separator tubes, the liquid velocity
i and the local pressure just above the tube, respectively. Be-
where cause there is no slip between bubble and ligetd andu ¢
H , . can be calculated from the superficial gas velodity;, and
fi= O'SQ)‘iphZMI,iAi’ i=rtd (6) superficial liquid velocityl; , as:
fu= Bfr M egi= % (13)

In the above equationg, is a coefficient with the value of
1.0 for single phase flow and 2.0 for multiphase flf], uie = Ut + Ugt (14)
and g8 is an adjustable coefficient and has a value of 2.1
by fitting the experimental results for the two phase flow.
The flow resistant coefficient is determined by the Blasius
equation:

i = 0.3164Re; 025 ®)

The superficial gas velocity in the separatdy,, can be ob-
tained from the superficial gas velocity in the riser

A
Ug't= ngi (15)

whereA; andA; are the cross-sectional area of the riser and
all the separator tubes.

During the modeling, the bridge effect that addition of
solids leads to a decrease in the flow channel has been taken
into account. The similar effect was reported by Klein et al.
[15]. In order to balance the energy inputted and consumed
S = equslippng Hr (9) !n Fhe circulation, a modified diameter of the separator tubes

is introduced as:

where Rg is the Reynolds number defined ake; =
diuy i pn/n and the diameter of the riser is its hydrodynamic
equivalent diameter.

The dissipated energy on the gas—liquid interfaierep-
resented as:

whereugip is the bubble slip velocity angly the gas holdup o
in the riser. di = dp (1 - &g)" (16)
Substituting Eqs(4), (5) and (9)into Eq.(3), the energy

The modified diameter is only used to calculate the friction
balance for the overall reactor reads:

coefficient when solids are added. The exponei Eq.
,Othr> (16) can be determined from the experimental data and has
0 a value of 2.0 for this work. Substituting Eq4.3)—(16)into
Eq. (12), the liquid flow velocity in the separation tubeg
(10) can be obtained based on the superficial gas velocity and the
solid holdup. The superficial liquid velocity in the separator
tube U, t, can be calculated from E(L4)if the liquid velocity

At Ad
= fi+ fi— + fa— + fu+ egusiprng Hr
Ar Ar
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Fig. 10. The calculated and experimental values of bubble rise velocities. Fig. 12. Comparisons between the calculated and experimental bubble rise
velocities.

in the separator tubes is known and the liquid velocity in the

riser can be obtained by: show the comparisons of the calculated bubble rise veloc-
ity and the cross-sectional average of the measured bubble

ur = U tL (17) rise velocities. There is a satisfactory agreement between the
’ " Ar(1 - gg) measured and calculated results of the bubble rise veloci-

Furthermore, the average bubble rise velocity and the slip [i€S; for both cases of the gas-liquid system and gas-slurry
velocity in the riser can be calculated the following equations, SYStem.

respectively: The comparison results between the measured and cal-
culated values of cross-sectional mean liquid velocities are
_Yy shown inFigs. 11 and 13It also shows a relatively satis-
Up = (18) )
&g factory agreement between the experimental and calculated
lslip = Up — Ul (19) mean liquid velocities in the operating conditions of this

work. Therefore, it is reasonable to conclude that the energy
balance model established in this work can describe the circu-
lation flow behavior in the ALR. The experimental measure-
ements supply important basic data for the three-phase reactor
development and simulation. And the mathematical model
is helpful for the design and scale-up of ALR for gas—liquid
and gas-slurry systems.

4.3. Model validation

Based on the mathematical model established above, th
hydrodynamic parameters of the multiphase flow in ALRs,
such as bubble rise velocity and liquid velocity, can be pre-
dicted. The predicted values are compared with the exper-
imental results, as shown fRigs. 10-13Figs. 10 and 12
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Fig. 13. Comparisons between the calculated and experimental liquid ve-
Fig. 11. The calculated and experimental values of the liquid velocities. locities.
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