Chemical Engineering Journal 342 (2018) 61-70

Contents lists available at ScienceDirect

CHEMICAL
ENGINEERING
JOURNAL

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

Mass transfer intensification in a novel airlift reactor assembly with helical = R

Check for

sieve plates LT

Zhiyong Zheng™"™*, Yugi Chen®, Xiaobei Zhan™*, Minjie Gao®, Zifan Wang"

@ Key Laboratory of Industrial Biotechnology of Ministry of Education, School of Biotechnology, Jiangnan University, Wuxi 214122, China
® Jiangsu Key Laboratory of Anaerobic Biotechnology, School of Environment and Civil Engineering, Jiangnan University, Wuxi 214122, China

HIGHLIGHTS GRAPHICAL ABSTRACT

® A novel airlift reactor assembly with
helical sieve plates was developed.

® Gas holdup and volumetric mass
transfer coefficient were significantly
intensified.
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ARTICLE INFO ABSTRACT

Keywords: A novel airlift reactor (ALR) assembly with helical sieve plates (HSPs) in the riser section was developed to intensify
Bioreactor gas-liquid mass transfer process. The mass transfer and mixing characterization of the ALR assembly with different
Gas holdup HSP structures was analyzed and compared using gas holdup, volumetric mass transfer coefficient, bubble velocity,
Mixing and mixing time as assessment parameters. With optimized HSP, the gas holdup and volumetric mass transfer

Bubble sizes

.. s e . a0 o . .
Bubble breakup coefficient of the reactor were significantly increased by 38-53% and 76-144%, respectively, compared with those

of the classical ALR. The empirical equations of gas holdup and volumetric mass transfer coefficient in the new ALR
under the experimental condition were proposed. With the increase in the free area ratio in the HSP, a large number
of bubbles were broken into small bubbles. Thereafter, the gas-liquid mass transfer efficiency was improved by
increasing the gas-liquid interfacial area. Large helix angle caused part of the bubbles to flow helically. As a result,
the circumferential mixing of fluid was enhanced whereas the overall mixing time was shortened.

1. Introduction saving property, and low shear stress, compared with mechanical agi-

tated reactor [3,4]. Airlift reactor (ALR) is widely used in biological

Airlift bioreactor is developed on the basis of a bubble column re-
actor and used for gas-liquid or gas-liquid-solid multiphase flow re-
actions [1,2]. It exhibits better mixing performance than that of bubble
column reactor. Moreover, it possesses several advantages, such as
simple structure, insensitivity to microbial contamination, energy

aeration in wastewater treatment, aerobic fermentation, and Fischer—
Tropsch synthesis [5-7].

Given the narrow operational flexibility and relatively low mass
transfer rate of ALR, the aerobic fermentation process is dominated by
mechanical agitated reactor [8,9]. To promote the mass transfer and
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Nomenclature

a Gas-liquid interfacial area, m?/m?

CL Dissolved oxygen concentration indicated by a probe, %
Co Initial concentration of dissolved oxygen, %

c Saturated concentration of dissolved oxygen, %

D Reactor diameter, m

Dy, Molecular diffusion coefficient, m?/s

d Equivalent diameter of bubble, m

dso Sauter mean diameter of bubble, m

d Screen diameter, mm

E Major axis of an ellipse, m

e Minor axis of an ellipse, m

hy, Liquid level before aeration, m

hp Liquid level during aeration, m

kia Volumetric mass transfer coefficient, 1/s
ki, Liquid-side mass transfer coefficient, m/s
L Length of bubble displacement, m

N Number of screen, —

n Flow behavior index, —

Ps/Vp  Pneumatic power input per unit gas-liquid dispersion vo-

lume, W/m®>
P Probability value, —

Ragi® Adjusted R-square, —

Rey, Bubble Reynolds number, —
S Projected area of bubble, m?
T Water temperature, °C

t Time, s

Ug Superficial gas velocity, m/s

Usiip Velocity difference between bubble and liquid, m/s
Vv Bubble velocity, m/s

Va Resultant velocity, m/s

Vx Circumferential velocity component, m/s
\%3 Liquid velocity, m/s

Vy Axial velocity component, m/s

Greek

B Direction angle of bubble displacement, °
€ Overall gas holdup, %

6 Helix angle

1y, Liquid viscosity, Pa‘s

oL Liquid density, kg/m?>

T Probe response time, s

W Free area ratio, %

Abbreviations

ALR Airlift reactor

ALR-HSP Airlift reactor assembly with helical sieve plates
HSP Helical sieve plate

OSP Horizontal sieve plate

OWM Horizontal wire mesh

energy-saving performance of ALR, researchers have developed several
gas spargers [10,11] and optimized reactor structures [12]. Zim-
merman et al. [13] developed a fluidic oscillator that significantly re-
duces bubble diameter by using air pulses. Although the novel sparger
can decrease the initial size of bubble, the bubble coalescence during
rise for submerged cultivation is still not solved. Researchers have in-
stalled static mixers [14,15], horizontal sieve plates (OSPs) [16,17],
impellers [18], and vibrating apparatuses [19] in the bubble column
and ALR to prevent the bubble coalescence. ALR assembly with OSPs in
the riser section can enhance the breakup of bubbles and improve the
efficiency of mass transfer [16]. Although OSP promote gas holdup at
low aeration rate, the volumetric mass transfer coefficient cannot be
increased in accordance with the increase in gas holdup at high aeration
rate. This condition is due to that bubbles accumulate under the OSP
and gas blocking occurs. In addition, multi-layer OSPs installed in the
bubble column are difficult to be accessed and cleaned and are thus
undesirable for biological reaction and aerobic fermentation.

Bubble size and gas holdup determine the specific gas-liquid in-
terface surface area, which significantly affects the volumetric mass
transfer coefficient. Unfortunately, no fairly rigorous theory of bubble
breakup processes exists. In recent years, several researchers have
studied the breakup and coalescence of bubble in the reactor [20-22].
They have speculated that bubble breakup is due to the abrupt accel-
eration of liquid, influence of stresses on a bubble in the gradient field,
effect of turbulent pulsations, and development of instability of the
interface boundary [23]. High pressure can be beneficial in reducing
bubble size, improving the driving force for mass transfer and inhibiting
bubble swarm, thereby improving gas-liquid mass transfer efficiency
[24]. Ramezani et al. [25] found that although surfactant (ethanol)
addition can decrease the surface tension and result in smaller bubble
sizes, the diffusion coefficient may also be reduced which leading to a
decrease in liquid-side mass transfer coefficient (k). Bubble size and its
distribution influence the transition of the flow regime [26]. Therefore,
the size and shape of bubble in the bubble column is dependent not only
on the superficial gas velocity of gas but also on the turbulence and
instability of bubble.

62

The interphase mass transfer and their characteristics are crucial for
evaluating the performance of the airlift reactors. Predicting gas holdup
(¢) and volumetric mass transfer coefficient (kpa) of an airlift reactor
through empirical correlations is vital for optimization and scale-up of
the reactor. The empirical correlations reported in literatures and their
operational conditions are briefly summarized in Table 1.

A novel airlift reactor assembly with helical sieve plates (ALR-HSP)
was developed in our previous work [31]. The current study aimed to
determine the relationship between the HSP structure and the mass
transfer characteristics of the ALR. It would help to provide a frame-
work for establishing scale-up correlation equations for reactor design
and facilitating this novel reactor in industrial applications, such as
aerobic fermentation and biological aeration.

2. Materials and methods

2.1. Experimental setup

The experiment was carried out in a 120 L internal-loop ALR, which
was composed of a cylindrical tank and a stainless-steel elliptic head
(Fig. 1). The liquid volume was 95 L. A square transparent jacket was
assembled outside of the tank, which was filled with water, to avoid the
deformation of optical refraction when observing the bubbles in the
tank. A plexiglass draft tube was installed in the tank center, which was
supported by three legs. The gas sparger was looped by a steel pipe with
a diameter of 300 mm, and 20 holes with a diameter of 1.5 mm were
evenly distributed on it. The gas sparger was located horizontally at the
bottom of the annulus (riser section) between the tank wall and draft
tube. The inner-side of the draft tube was set as the downcomer section.
Table 2 shows the detailed structure dimensions of the reactor.

The HSPs were made of 1.5 mm-thick transparent polycarbonate
plastic, on which 5mm holes were evenly arranged in a regular trian-
gular pattern. The central distances between adjacent holes were 6 mm,
7 mm and 8 mm, corresponding to the free area ratios w of 35%, 46%
and 63%. The helix angles 6 of the plates were 10°, 20° and 31°. Nine
HSPs with different free area ratios and helix angles were fixed in the
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Table 1
Summary on the empirical equations and the variables ranges in reactor.
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Author Reactor type Empirical correlation

Operational condition

Bello et al. [27,28] ILAR, ELAR s Pg 2/3 Ag\! Water, 0.15 kmol/m?® NaCl solutions
€=34x10 (%) (1 + Xr) ILAR: Ag/A; = 0.13, 0.35, 0.56
of Po 0.8 Ag\ 12 ELAR: A4/A; = 0.11-0.69
kea =55x10 (‘TD) (1 + X) 0.008 W/m®* < Po/Vp, < 0.07 W/m®
Kawase et al. [29] ILAR, BC U 0.84—0.14n DUger, 0.07 Water, Pseudo-plastic fluid
€= 0424( \sng) (Tﬁ] 0.008 m/s < U, < 0.285m/s
ILAR, BC: 0.14m <D < 0.35m
kLab? _ 0.68}176-72(DUgPL)O.SSn-'—OVSZ( AL )0.3&:—0.14 028 <m<1
DL ML DrLpL,
Luo et al. [16] ILAR € = 107.72d019 016N 021075 Water
0.877 X 10> m/s < Uy < 2.81 x 10" % m/s
- 0.19,,0.137\70.4870.86 A
ke = 0.35ds™ " PN Ug 2.5mm < d; < 3.5mm
1<N<2
037 <=w <073
Résédnen et al. [11] ALR Ugsr 0.6929 + 0.0619 Ugsd 0.0165 + 0.0408 Water
€= 00756 + 0'0023(Ugsr,avg) (1 Ups d’avg) 0.013m/s < Uy, < 0.034m/s
kpa = 44773 + 3.1070U; 302 * 01847
Zhang et al. [30] ILALR = 0.34Ug°'705 (No screen) Water

€ = 0.325U5 7 [4.74—(3.35—ds)*|* % (With screen)

1.2mm < d; < 4.75mm
0.01m/s < Ug < 0.06 m/s

kpa = 8.34U¢%[3.24—(2.99-d,)?|%0% (With screen)

riser of the reactor by using horizontal steel bars. The experiment was
carried out in the room temperature. The superficial gas velocity (Uy)
range was 0.009 — 0.09m/s.

2.2. Measurements

2.2.1. Gas holdup

The volume of the gas phase in the liquid phase could be calculated
by measuring the liquid level before and after aeration. The overall gas
holdup ¢ was calculated as follows:

hp—hy,
hp (€8]

£ =

where hy, is the liquid level before aeration, m. hp is the liquid level
during aeration, m.
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2.2.2. Volumetric mass transfer coefficient

Volumetric mass transfer coefficient (k;a) was measured using the
dynamic gassing-out-gassing-in method [32]. Two dissolved oxygen
(DO) probes were mounted in the riser and downcomer sections, se-
parately, at 0.510 m and 0.300 m up from the lower edge of the draft
tube. The kpa in the riser and the downcomer was measured si-
multaneously. First, nitrogen was bubbled through the reactor at high
gas velocity until the DO concentration (Mettler Toledo InPro 6800)
was less than 5%. Then, nitrogen was stopped and air was injected
into the reactor at a preset flow rate. The DO controller automatically
collected data until it reached a level above 90%. Considering the
response time of the DO probe and the water temperature, the volu-
metric mass transfer coefficient could be calibrated according to fol-
lowing equations:

Fig. 1. Schematic of the experimental airlift reactor.

Computer

L]

— Helical sieve plate

DO meter

Gas sparger
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Table 2
Structure dimensions of the experimental reactor.

Dimension Value
Tank height 1.130m
Tank inner diameter 0.370m
Draft tube height 0.750 m
Draft tube inner diameter 0.230m
Draft tube outer diameter 0.240 m
Cross-sectional area ratio of downcomer to riser 0.693
Support leg height 0.100m
HSP height 0.600 m
Distance between the lower edges of HSP and the draft tube 0.060 m
Spacing between adjacent HSPs 0.200 m

Cr-C, _ ekel_fggret

C*—Cy (1—kpa-7) 2)

kpa(T
kia(25) = Li()
1.0247-% 3)

where C* is the saturated concentration of dissolved oxygen, %; Cy, is
the dissolved oxygen concentration indicated by a probe, %; Cy is the
initial concentration of dissolved oxygen, %; t is the measuring time, s;
7 is the dissolved oxygen probe response time, s; T is the water tem-
perature, °C. The experiments were carried out at the room tem-
perature. 25 °C was chose as the reference temperature and all the k a
data were calibrated.

2.2.3. Diameter and velocity of bubble

The diameter and velocity of bubble were measured by taking
photos with a camera (Cannon EOS 500D) and then analyzing the
images. The exposure time of the camera was set at 1/1000s (quick
shutter). The site of photo shooting was 0.200 x 0.100 m (W x H) and
its distance from the bottom of the reactor was 0.700 m. For the bubble
shape similar to an ellipse, the major axis E and minor axis e were
measured. The equivalent diameter of bubble was calculated according
to Eq. (4). For irregularly shaped bubbles, the equivalent diameter was
calculated according to Eq. (5) as follows:

d = YE% @
d = 4S/% (5)

where S is the projected area of bubble, m>.
The Sauter mean diameter ds, of bubble was calculated according to

_ ) ”idi3
C Y md? ®)

where n; is the number of bubbles; d; is the equivalent diameter of each
bubble, m.

Bubble velocity was obtained by calculating the bubble displace-
ment in the photograph taken by the camera at a preset exposure time
and at the same shooting site. The exposure time was set at 1/40-1/
200s (slow shutter) according to bubble velocity under different op-
erating conditions. First, for the sake of reducing the number of ob-
servable bubbles and conveniently measuring the movement of bubbles
in the reactor, an opaque blue plastic sheet was placed in the local area
of the reactor along the circumferential direction on a cylindrical sur-
face (r = 0.160 m). The trajectories of bubbles under various helical
sieve plate conditions and various superficial gas velocities were re-
corded by the camera. Then, the displacement length L and the direc-
tion angle f3 of the bubbles in a fixed area of a rectangle were obtained
(Fig. S1). Finally, the average resultant velocity Va, the circumferential
velocity component Vi (=L-cosf/t), and the axial velocity component
Vy (=Lsinf/t) of bubbles were calculated. The number of bubbles
calculated under each condition was between 300 and 400.

ds
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2.2.4. Mixing time

After the aeration condition was stabilized, 20 ml 1.0% (w/v) of
phenolphthalein and 30 ml of 1.0 mol/L NaOH were added into the
reactor. When the tracer agents were homogeneously mixed, the liquid
became magenta in color. Thereafter, 30 ml 1.0 mol/L of HCl was added
and the timer was started until the solution in the whole reactor was
colorless. The resulting time was considered as the mixing time.

3. Results and discussion
3.1. Gas holdup

Gas holdup and bubble diameter determine the gas-liquid inter-
facial area (a), which significantly affects the mass transfer rate. Fig. 2
shows the relationship between the gas holdup and superficial gas ve-
locity in the ALR assembled with nine different HSPs and without a
sieve plate. Under the investigated conditions, gas holdup increased
with the increase in superficial gas velocity, which was mainly depen-
dent on gas flow rate. Gas holdup was obviously higher in ALR-HSP
than that without sieve plate at the same superficial gas velocity.
However, the effect of different HSP structures on gas holdup was not
obvious. The HSPs mildly impeded the rising bubbles, helically moved
partial bubbles, reduced the axial velocity, and lengthened the move-
ment path. Thus, the overall gas holdup was improved. When free area
ratio was 63% and helix angle was 31°, gas holdup increased by
38-53% (p < 0.01) more than that without sieve plate.

Bubble flow regimes can be categorized into homogeneous, transi-
tion, and heterogeneous flows according to certain characteristics, such
as superficial gas velocities and bubble size distribution. For homo-
geneous flow, bubbles are evenly distributed and the interaction be-
tween bubbles and liquid flow is tender; on the contrary, for hetero-
geneous flow, the coalescence and breakup of bubble frequently occur
and the interaction between the bubbles and liquid flow is intensive
[33]. Fig. 2 shows that the increase in gas holdup in the reactor without
sieve plate became slow when superficial gas velocity was at 0.072 m/s.
Using the method proposed by Besagni and Inzoli [26], the curve of Ug/
e versus & was plotted to evaluate the flow regime transition point based
on swarm velocity. For the ALR without sieve plate, the transition point
of the superficial gas velocity from the homogeneous regime to the
heterogeneous regime was at 0.07 m/s. The transition point in the
bubble column reported by Shah et al. [34] was 0.04-0.075 m/s. By
contrast, for the ALR assembly with horizontal wire meshes (OWM with
square holes) investigated by Zhang et al. [30], gas holdup increased
slowly when superficial gas velocity reached 0.03-0.04 m/s, which was
the transition point to the heterologous flow regime. However, for ALR-

—&— without sieve plate
——35%,10°
- —A—35%,20°
—4—35%,31°
—¥—46%,10°
—0—46%,20°
—»—46%,31°
- —9—63%,10°
—*&—63%,20°
—8—63%,31°

Gas Holdup (%)

[T N [N T AN SO T T SN SO (NN SO NN SN N
001 002 003 004 005 006 007 008 009
U, (mis)

0.10

Fig. 2. Variation in gas holdup with superficial gas velocity in the airlift reactor assembly
with different helical sieve plates. The first column in the legend is the free area ratio w
(%) and the second column is the helix angle 6 (°).
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HSP, the superficial gas velocity transition point did not emerge in the
investigated ranges. It is implied that the HSP could allow the gas-li-
quid fluid to maintain a homogeneous flow regime over a wider range
of superficial gas velocities and could show better operating perfor-
mance and robustness than those of OWMs. Due to the impediment of
the sieve plate or the wire mesh, gas-blocking might occur at high su-
perficial gas velocity and result in an increase of gas holdup, whereas its
impact on the mass transfer was probably determined by the type of
plate and the free area ratio. For the case of gas-blocking led by hor-
izontal baffles, it was not beneficial to the gas-liquid mass transfer [35].

As round hole was used in the HSPs in the present work, the max-
imum free area ratio could not exceed the theoretical value of 78.5%.
Considering the limited manufacturing precision, the maximum free
area ratio of 63% was adopted. The empirical correlation equations of
gas holdup, derived from Zhang et al. [30], comprising superficial gas
velocity, helix angle, and free area ratio were fitted with the least
squares method as follows:

€= 1.332Ug1'038 (without sieve plate)
2 _
Radj = 0.998 @

€ = 1.766U, °°6°%%%[0.85—(0.798—w)?]*1*  (with HSP)
2
Radj = 0.996 (8)

where Uy is the superficial gas velocity, m/s; 6 is helix angle, °; w is the
free area ratio,%. The Egs. (7) and (8) are valid over the ranges of the
variables as follows:

0.009m/s < Uy < 0.09m/s,
10°< 6 < 31°,
35% < w < 63%,

A good consistency was achieved between the experimental data
and mathematical models with relative errors of less than 10%. The
sensitivity coefficients of superficial gas velocity, helix angle, and free
area ratio to gas holdup were 1.009, 0.007, and 0.041 respectively.
Superficial gas velocity was the main factor that influenced gas holdup.
The sensitivity of free area ratio was larger than that of helix angle.

For the bio-reaction process, limited oxygen transfer rate is com-
monly not beneficial to cell growth rate and cell density. It would
further limit the product accumulation and result in high cost of pro-
duct recovery. On the contrary, excessive oxygen transfer rate is not
necessary for bio-reactions. On the one hand it would increase the gas
holdup and then result in loss of the effective liquid volume and the
product productivity in the reactor. On the other hand it would also
result in the energy overconsumption. As for the airlift reactors, it
would be preferable to have a wider range to meet the operation flex-
ibility for the various bio-reaction systems. Therefore, we pursue a
higher oxygen transfer rate in order to promote the operational ro-
bustness and applicability of the reactor.

3.2. Volumetric mass transfer coefficient

Volumetric mass transfer coefficient k;a is a key parameter for the
gas-liquid mass transfer process and is the product of liquid-side mass
transfer coefficient k;, and gas-liquid interfacial area a. According to the
two-film theory, the interfacial area of gas-liquid is related to gas
holdup and bubble size while the liquid-side mass transfer coefficient is
related to the “thickness” of the liquid film, which is further related to
the relative velocity of gas-liquid motion and physical properties of the
gas-liquid two-phase (such as viscosity, diffusibility, surface tension
and density).

The effects of different HSP structures (0 and w) on kya in the ALR
were investigated. Fig. 3 shows that kya increased with the increase in
superficial gas velocity U,. kia remarkably increased in ALR-HSP
compared with that in the classical ALR at the same U,. Fig. 3a, band c

Chemical Engineering Journal 342 (2018) 61-70

show the effect of different values of w on k;a in the riser section under
fixed helix angle. k;a increased with the increase in w. With the increase
in w, bubbles rose vertically and were cut and broken into small bub-
bles. As a result, the gas-liquid interfacial area was improved, thereby
strengthening the gas-liquid mass transfer. When superficial gas velo-
city reached 0.072 m/s, kra was no longer increased under the condi-
tion of without sieve plate and ALR-HSP with @ = 63%. Therefore, the
gas-liquid flow would reach a heterologous churn-turbulent regime at
high superficial gas velocity and resistance in vertical direction would
be less. However, when free area ratio was relatively low, the hetero-
logous churn-turbulent flow regime would be postponed and the linear
section of kya versus Uy would be elongated. The gas-liquid flow tended

0.14—""— without sieve plate
- —— 35%,10°
0.12——v—46%,10°
- ——63%,10°
_ 0.10—
@ L
T 0.08—
©, L
< 0.06—
0.04—
0.02_— a
0.00

0.14/——=— 35%,20°
- —e— 46%,20°
0.12——*— 63%,20°

0.10—
0.08—

k a(lls)

0.06[—
0.04—
0.02—

1
0.00 002 004 006 008 0410

0.14— ¢ 35%,31°
- —»—46%,31°
0.12——63%,31°

0.10—
0.08—

ka(1ls)

0.06[—
0.04—

0.02— Cc

v 1 1 0 1
0.02 0.04 0.06 0.08 0.10

Ug (m/s)

0.00—

Fig. 3. Variation in kpa in the riser section with superficial gas velocity under different
sieve plate conditions. (a) 6 = 10°; (b) 6 = 20%; (c) 6 = 31°.
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Fig. 4. Bubble size distributions and shapes in the various local zones of the airlift re-
actor. (a) Without helical sieve plate; (b) Bubbles go through the helical sieve plate for the
first time; (c) Bubbles go through the top helical sieve plate.

to rise helically owing to the existence of the HSP with low w. Ac-
cording to 6, the operational flexibility of ALR-HSP was broadened.

Fig. 3 shows that, for w = 35% in the HSP, kja was influenced by
various helix angles 6; by contrast, for high w, kra was slightly de-
pendent on 6. ka increased by 76-144% (p < 0.01) in ALR-HSP under
the optimized condition (6 = 10°, @ = 63%) with various superficial
gas velocities than that without sieve plate. Helix angle was low while
gas-liquid fluid flowed vertically. Most of the bubbles went through the
HSP and were broken by the sieve pores. For the ALR assembly with
OSPs [16], kpa increased by 50-80% more than that of ALR without
sieve plate. The k;a depends not only on the turbulence of the gas-liquid
flow, but also on the size, shape and distribution of the bubbles.
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- —&— without sieve plate
——63%,10°

d, (mm)

a

I I T N R R
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0.10

L —— without sieve plate
04— —~ 63%,10°

- / \

o
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|

o
(S
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Probability
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i
|

0.0—
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Fig. 5. Sauter mean diameter of bubble (a) and size distribution of bubble (b) in the ALR-
HSPs and without sieve plate when Uy = 0.009 m/s.

Fig. 4 shows that the instantaneous shape of bubbles in the riser
section of the ALR by using a camera. Fig. 4a shows the shape of
bubbles in the ALR without sieve plate (the detection position was
approximately 0.700 m above the bottom of the reactor). Partial bub-
bles were large and bubble size distribution was very wide. Fig. 4b
shows that the bubbles went right through the HSP for the first time.
From comparing the bubbles beneath and above the HSP, the average
size of bubbles above the HSP was found to significantly reduce. Fig. 4c
shows that the bubbles went through the top of the HSP. Nearly all
bubbles were small and evenly distributed. They were frequently
broken and became small every time they went through the plate. Fig. 5
shows the Sauter mean diameter (ds,) and size distribution of bubbles
in ALR-HSP (w = 63%, 6 = 10°) and in the ALR without sieve plate for
comparison. The Sauter mean diameter of bubbles (Fig. 5a) in ALR-HSP
was obviously reduced. According to the bubble diameter distribution
(Fig. 5b) at U, = 0.009 m/s, the mathematical expectations were 3.43
and 4.47 while the variances were 0.96 and 2.31 for ALR-HSP and
without sieve plate, respectively. Bubble size was evenly distributed
and concentrated in a narrow range after going through the sieve plate.

Gas-liquid interfacial area a was calculated using Eq. (9), and li-
quid-side mass transfer coefficient k;, was obtained by dividing k;a by a.

6e
a=
d(1—¢)

)]

Fig. 6 shows that a was increased significantly whereas k; was
nearly unchanged between ALR-HSP and ALR without sieve plate. The
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250~ —m— without sieve plate

——63%,10°

0.02 0.04 0.06 0.08 0.10

Ug (m/s)

—m—without sieve plate
——63%,10°

4
kx10" (m/s)

b

1 | 1 | 1 | 1 | 1
0.02 0.04 0.06 0.08 0.10

Ug (m/s)

Fig. 6. Gas-liquid interfacial area a (a) and liquid-side mass transfer coefficient k;, (b) in
the ALR-HSPs and without sieve plate.

decrease in the average diameter of bubbles and the increase in gas
holdup resulted in a significant enhancement in a and thus the im-
provement in kpa in ALR-HSP.

Gas-liquid interfacial area a increases with decreasing bubble dia-
meter. When the bubble diameter d is larger than 1.0 mm, bubble rising

0.4
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Fig. 7. Bubble rising velocity in the riser section with different helical sieve plates. Va:
resultant velocity, Vx: circumferential velocity component, and Vy: axial velocity com-
ponent. Ug = 0.027 m/s. Number in the horizontal ordinate refers to the sieve plate
structure: (0) without sieve plate; (1) @ = 35%, 6 = 10% (2) w = 35%, 6 = 20°; (3)
® = 35%, 6 = 31°%; (4) @ = 46%, 6 = 10°; (5) w = 46%, 6 = 20°; (6) w = 46%, 6 = 31°;
(7) w = 63%, 6 = 10%; (8) w = 63%, 6 = 20°; (9) w = 63%, 6 = 31°.
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velocity and liquid velocity would not change obviously with bubble
diameter [36,37]. Therefore, the velocity difference between bubble
and liquid (Ugip = |V — Vi|) and k;, are not obvious changed. The in-
crease of kpa is mainly due to the increase of a at the condition of
d > 1.0mm rather than the k;. However, when d < 1.0 mm, the
bubble rising velocity decreases with the smaller bubble diameter [37].
It resulted in the smaller velocity difference (Ug;p), decreasing of bubble
Reynolds number (Re;,) and liquid-side transfer coefficient k;. So the kja
might have a threshold value (upper limit) in the range of d < 1.0 mm,
i.e., smaller diameter bubbles do not necessarily result in a higher k;a.

Since the airlift reactor is mainly divided into the riser and the
downcomer, the kpa in the riser is generally higher than that of in the
downcomer. In order to distinguish the mass transfer differences be-
tween the riser and the downcomer. k;a in the downcomer section in
ALR-HSP was also measured (data not shown) and was lower than that
in the riser section. When bubbles passed through the gas-liquid se-
paration zone, most of the bubbles in the riser section were drained off
at the liquid level and a fraction of the small bubbles were carried into
the downcomer section which resulted in low kya. The overall k;a in the
entire reactor could be calculated according to the cross-sectional area
ratio of downcomer to riser. The overall k;a was slightly lower than k;a
in the riser section. The experimental correlation equations of k;a in the
riser and downcomer sections and overall ALR comprising superficial
gas velocity, helix angle, and free area ratio were fitted with the least
squares method as follows:

For the ALR without sieve plate,

kpa = 1.697Ug1'234 (riser)

Ry = 0.991 (10)

kpa = 1.262Ug1'240 (downcomer)

Ry = 0.974 11

kpa = 1.512U0;%*  (overall)

Ry = 0.992 12)
For the ALR with sieve plates,

kpa = 1.989U; 9% 6%018[0.798—(0.778—w)?|"*?  (riser)

R = 0.946 (13)

kpa = 1.722U;°%6°0%80.798—(0.778—)*[-%*”  (downcomer)

Ry = 0931 (14)

kpa = 1.869U; °°6%939[0.798—(0.778—w)?]"*5  (overall)

Rgy = 0.956 15)

Research on the ALR assembly with OSP has shown that excess free
area ratio is not beneficial for k;a because bubbles will be re-coalesced
instantaneously when they leave the sieve plate [30]. In the present
study, the effect pattern of free area ratio on k;a in ALR-HSP was similar
to that in the ALR assembly with multi-layer OSPs. A good consistency
was achieved between the experimental data and mathematical models
with relative errors of less than 15%. The sensitivity coefficients of
superficial gas velocity Uy, helix angle 6, and free area ratio  to kpa in
the riser section of ALR-HSP were 0.956, 0.018, and 0.707 respectively.
The sensitivity of w to ka was higher than that to gas hold up, which
meant that the influence of @ on k;a was more remarkable than that of
gas hold up.

3.3. Bubble rising velocity

The moving trajectories of bubbles were recorded using the camera
with preset exposure shooting. Although introducing the sheet would
impede the radial flow of fluid, the circumferential velocity of bubbles
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Fig. 8. Local bubble velocity in the airlift reactor with different helix angles when @ = 63% and exposure time was 0.0125s. (a) 6 = 10°; (b) 6 = 20%; (c) 6 = 31°.

would not be interfered obviously. Fig. 7 shows that the bubble velo-
cities in the riser section of ALR-HSP were measured at a superficial gas
velocity of 0.027 m/s. In general, the resultant velocity V, was slightly
larger than that without sieve plate. However, for HSPs with different
structures, the difference was not obvious. V, and V, are the cir-
cumferential and axial velocity components, respectively, of the re-
sultant velocity. The axial velocity was close to the resultant velocity
and much larger than the circumferential velocity.

The circumferential velocity Vy increased obviously with the in-
crease in helix angle, which further showed that increasing the helix
angle would alleviate the impact of gas blocking. Meanwhile, as free
area ratio increased, circumferential velocity Vy decreased slightly.
When free area ratio was at low level, the resistance of the gas-liquid
fluid going through the plate was not negligible and bubbles accumu-
lated under the plate and formed gas blocking. The bubbles under the
sieve plate rose helically when helix angle increased. For low free area
ratio, k;a would increase with helix angle; by contrast, for high free
area ratio, ka was barely affected by helix angle (Fig. 3).
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Fig. 8 shows that the recorded bubble flow pattern in ALR-HSP with
different helix angles. With the increase in helix angle, bubbles freely
moved helically. The bubbles in the center of the reactor were found to
rise faster than did the bubbles in the peripheral region. Large bubbles
with high velocity would produce an eddy flow and disturb the
movement of the adjacent small bubbles. This phenomenon promi-
nently occurs at high superficial gas velocity as described by Zhang
[30]. For ALR-HSP, the interference intensity was increasingly obvious
with the increase in helix angle in the current study.

In the present investigated airlift reactor, as shown in Fig. S2, the
bubble rising velocity does not change manifestly with the superficial
gas velocity. Due to the bubble breakup by the helical sieve plates, the
bubble sizes were mainly distributed in the range of 1.0-8.0 mm and
the bubble shapes were spherical or elliptical. The relationship between
the bubble size and bubble rising velocity is consistent with the model
reported by Bhole et al. [36].
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(a) w = 35%; (b) w = 46%; (c) w = 63%.

3.4. Mixing time

Mixing time is also one of the key parameters for the design and
scale-up of an ALR. In the present work, the tracer reagent (HCI solu-
tion) was added from the top of the reactor during the measurement of
the mixing time. McClure et al. [38,39] found that the location of the
tracer addition site had little effect on the mixing time. It was observed
that the magenta color vanished in the bottom region slower than in the
other regions. The overall mixing time was the duration time from the
tracer addition to the completely vanishing of magenta color in the
whole reactor. The axial mixing of ALR is mainly dependent on the
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velocity difference between the gas and liquid phases [40]. In the
present work, the mixing in the top and bottom regions of the reactor
was associated with the vortex flow formed by the HSP. Fig. 9 shows
that the mixing time with the addition of the HSP was increased com-
pared with that without sieve plate. The increase was due to the HSP
partially impeding the gas-liquid fluid, thereby slowing down the liquid
phase axial velocity. A similar result is previously obtained by adding a
helical plate to the downcomer section of the ALR, thereby improving
the tangential mixing performance [41,42]. Fig. 9a and b show that
mixing time was reduced as the helix angle of the HSP increased.
However, in Fig. 9¢, mixing time was nearly constant as helix angle
changed. It was concluded that when the high free area ratio was ar-
ranged in the HSP, the gas-liquid fluid flowed axially and the effect of
helix angle on mixing time was weak.

Fig. 9 shows that mixing time decreased sharply when the
Uy < 0.01m/s, whereas it maintained a constant value when
Ug > 0.01 m/s. This phenomenon was associated with the bubble rise
velocity described by Haberman and Morton [43]. Since the bubble size
in the reactor was concentrated in the range of 1.0-8.0 mm when the
U; > 0.01m/s, both the bubble rising velocity and liquid velocity did
not change obviously. It means that the mixing time does not depend on
the U,. Similar results were previously found for other ALRs [40]. In the
current work, the oxygen transfer performance of ALR-HSP was en-
hanced mainly through the breakup of bubble and elongation of the
gas-liquid contact time.

Compared with multi-layer OSPs, the HSPs enhanced the perfor-
mance of gas-liquid mass transfer but decreased flow resistance and
relieved the gas blocking. Furthermore, the new reactor widened the
operating ranges and the flexibility.

4. Conclusions

The installation of an HSP in the riser can effectively intensify
bubble breakup and reduce bubble size, thereby increasing gas holdup
and volumetric mass transfer coefficient (k;a). The main reason for the
increase of kya is the increase in specific gas-liquid interfacial area (a).
As the HSP leads the bubbles to rise upward helically, the bubbles will
not accumulate under the sieve plate at high aeration rate. The cir-
cumferential velocity of bubbles increases with the increase in the helix
angle of the plate but decreases with the increase in the free area ratio.
The HSP causes even distribution of bubble size but extends the mixing
time. The positive effect of the HSP on the mass transfer enhancement is
much greater than the negative effect of the mixing slowdown.

Unlike cascaded bubble column with multi-layer OSPs, ALR-HSP
has open entries at the upper and lower ends of the annular space be-
tween the draft tube and cylinder body. Cleaning and maintenance are
easy and suitable for high hygiene and cleanliness requirements for
microbial, animal, and plant cell cultures. The HSP will be washed by
the upward rising gas-liquid flow in the helical direction and will not
be easily blocked by growing bacteria or cell clusters. The new ALR can
maintain efficient mass transfer performance and has potential for
commercial biological cell culture.
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