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1- Introduction

» Bubble column & advantages

» Design & scale up (understanding complex hydrodynamics)

» Thin gap bubble column (millimetric thickness)
@ Photobioreactor (PBR) for
microalgae culture

W Photo-reactor for
el

e -] water photolysis Solution = Intensification of culture growing
A conditions :
. cell concentration
Thin-film Heat . thickness of PBR Flat Panel PBR (Airlift)
Exchangers 2 - 25cm x 15cm x 7. mm
--------- < By >max™ as *In(1 + %/x) with ag = 1/e (Soulies et al., 2013)

Applications

YV V)Y

E
Q
\ Fischer—Tropsch = E \ \‘ \ \‘ \‘ £ \ \J \l \l \J
bubble column 0 :_ - S
slurry reactor Open System Open System PBR
Cxpmae ™ 0.2g/L 1g/L < Cxpmas < 10g/L Cotpa > 10g/L
> . costs (production, agitation, harvest, etc.)
RllebEne - productivity

Bioreactor (MBR)
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2- Context & objectives of the project
Photobioreactor Intensification

GOAL

Hydrodynamics and gas liquid mass transfer in
thin gap bubble column with non-Newtonian
liquid phase.

il

Biofacade PBR-AIrlift Flat Panel PBR-AIrlift

(Todisco,2019) (Soulies et al.,2013) Such as: Microalgae culture at high

concentration (Soulies et al.,2013)

Objectives | Characterization of thin gap bubble column (4 mm) with different
non-Newtonian model fluids and sparging conditions.

‘ i Outcomes:

_____________ ———————— ' Global characterization :

: v Effect of Confinement | » Gas Holdup

I v' Effect of bubble size at sparger : « Flow Regime Transition
| |

» Gas Liquid Mass Transfer Coefficient
Local characterization :

* Gas Phase (Shadowgraphy)

* Liquid Phase (PIV)

* Mixing Time
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3-Materials and Methodology

E!l Methodology to mimic biological culture.

The rheological behaviour switches from Newtonian to non Newtonian, when microalgae cell concentration increases.(Soulies et al., 2013).

] RHEOLOGICAL BEHAVIOUR OF CHLORELLA"
" VULGARIS AT HIGH CONCENTRATION

0
0
¢ For Chlorella vulgaris, three dlstlnct rheologlcal behaviour are observed.
M
I |2
l
I :
11
I v
A I
Newtonian (N) | Shear Thinning (ST) I Yield Stress (YS)
Cc,<30g/L I 30 g/L <C,< 65 g/L C,>65g/L
_— —_— _— —_— _— —_— _— J
] Variation of the apparent viscosity with shear rate
; ——CMC (2 g/L)
: .\ . ] ——C.Vulgaris (41.5 g/L)
% Microalgae culture data of (Soulies et al,. 2013) at shear thinning : ——X.Gum (1g/L)
behaviour (41.5g/l) compared to the rheological data of CMC and XG — 0.1- Bubble column wall shear rats range
- o . n=0.72
determined by Rheometer (PAAR Physica® MCR500). K\ |
= 1 i
= ,
g "7 i f
% Relationship between viscosity (i) and shear rate y (s71) : E @ i
| 1
Herr= Ky (Power Law Model) S 1s o ___ P N L)
K is the flow consistency index and n is flow behaviour index. < ] i |
1E-4 —— — ————
1 10 100 1000
> Shear Rate (s™)
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@ Pressure sensor locations All dimensions are in mm
@ Sensor locations (O;or conductimetry) ;‘: 300 >
» Thin-gap bubble column (4 mm * 300 mm * 1200 mm). 77 | Zone studied for )( ,-1—-1---
. . . 1 shadowgraphy method ot
» Gas sparging with 15 capillaries. /,-’
> Four capillary diameters 0.254, 0.508, 0.762 and 1.016 mm. /.-"' _
» Liquid height 950 mm corresponding to liquid volume 1.17 litre. .,-‘/ 15 Capillaries s
i i ) 7 -
» Gas flowrate is adjusted using EL mass flowmeter. - A
> 2 pressure sensors (KELLER PR25). 2 '
» p1 for conductivity and p5 for O, sensors.
PR i o b i
oo P lzuo
A
_ LAl SV ==TTTTTTITTTTTo
80 1 n | B Izuo ORI |1 1011111 11+
1 i |
P
ol s ;
A
Y. ] oy + ("/.
+-—r —p _I;-ﬁ- -
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Hydrodynamics in a bubble column

Bubble Column: allows the culture mixing and ensures the gas-liquid transfers that is necessary for the growth of =
microorganisms.

3 flow regimes:

Preferred regime for microalgae culture

homogeneous transition heterogeneous

4l

(L
[
LU
[

-




Measurement Techniques
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Gas holdup measurement and characterization of flow reqgimes Gas Holdup vs Superficial Gas Velocity

( Results of Tap water-0.254 mm capillaries)

By measuring the differential pressure

0 o Ah

<jGL> :f(gG) C <jg >= Ugsup * (1—€¢)

Uswarm (m/sec)
o o= o o o
) w E= w o

o
=

0

chup 2ot = 0.0102 m/s

|
!

4 U(}sup 1-2 = 0-0?6.) m/s ¢
g ! I |
w : .

] 1

2
|
I
1
|
| 2 . 3
0 Homogeneous | Transition 1. Transition 2 | Hetrogeneous
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020 0.022 0.024 0.026 0.028 0.030
UGsup(m/sec)
Uswarm vs Superficial Gas Velocity <JGL> vs Gas holdup(%)
0.02
----------------------------------------------------------------------------------------- — i .= ¥
. t C=Wallis (1969) Ussupz'-3 = 0:0163m/s
B=Zuber and Findley (1965) : 0018 P
I /
[ 0016 &
s A
Uggup -3 = 00163 m/s | ,EL oot e
: s o+ I Vv
i " 1 _— ¥
Ugsup 2-2 = 00101 m/s = o—es LS oo Ugsupz=2' = 0.0112m/s .~
e P : E ‘!.., , i ”/
i o E oo o
o - ] /
Uﬂsup 1-2= 0.0058 m/s /":l i AG //
Sos L Zoo
w ; Ugsup 12 = 00065 mfs &
T L ! 0.006 e
| | | ' 0.004 e
1 | 2 P 3 P e
Homogeneous | Transition 1 | Transition 2 | Hetrogeneous { 0.002 — 1 2 2' 3
Homogeneous Transition 11 Transition 2 Hetrogeneous
0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03 0
0 0.5 1 1.5 2 25 3 35 4 4.5 5]

UGiup( ITI,I,SEC)
£5(%)
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Measurement Techniques....

Conductivity Method = Mixing Time ( t,,, ) Deoxygenation - Reoxygenation Method —> KkLa

» Deoxygenation of the reactor by aeration with N, sparging.
» 0, concentration as a f (t) during the deoxygenation & reoxygenation
step. The slope of EQ: 2 gives the value of ‘kLa’.

kLa determination by Deoxygenation & Reoxygenation method

» Tracer injection of 2 mL of a NaCl solution at 200 g/L .
» Experiments triplicated for water and repeated 5 times for non-
Newtonian fluids.

Re-oxygenation c
i‘ 300 mm ! (injection of 0z) Saturation concentration
I‘ '| .
i De-oxygenation
Conductivity (injection of N3)
Sensor &

Mixing time by conductivity method

1.20

Oxygen Concentration (mg/L)
[=] = N w L=} (%)) ()] ~ (=] o

8

|

i

|

- PE|
f

|

!

"+
q—i—-

o
0
o

1200
mm
(c-co)/(cf-co)

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000
Time (sec)

Deoxygenation-Reoxygenation Curves

Perfectly mixed liquid phase &
constant gas composition

|
]
1
i
} Mixing time =360 sec
|
|/
1
I
1
i

o
N
=]

=
o0 0 100 200 300 400 500 600 700 800 9S00 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 .2
° time (sec) g
_!L._/ ——Conductivity Signal ——min ——max N dC _ kL * . - . .
e o ] ] ) i — = a(C*—C(t EqQ:1| c*= 0, saturation concentration
/K‘/ Tracer Injection Mixing Time determination § dt ( (©))
== C*— C(t)
—> n = kLa.t Eq:2
<c* —C(t= 0)> a - ’

(Thobie et al., 2017)




4. Results and Discussion
m Influence of confinement on gas holdup (g¢)

Water : homogeneous regime, & is slightly greater than in conventional BCs.

Gas holdup vs Superficial gas velocity (water)

M Experimental Results(Tap water;capillaries(15%1.016mm);e=4
mm; HL=0.98m)

B Amin Esmaeili et al(2015);(Tap water;perforated
sparger=94*1 mm;Dc=0.292m;HL=2.7m)

Fransolet et al{2005); Demineralized water;multihole
sparger=203*1mm;Dc=0.24m;HL=2.75m)

# Olmos et al(2003);(Tap water;multi-orifices;62* 1mm circular
holes;Dc=10cm.H=1.35m)

B Olmos et al(2003);(Tap water;porous;10-16 um mean pore
diameter;Dc=10cm.H=1.35m)

Coalescence effect

# G.Besagni et al(2016);(Demineralized water;sparger stainless
steel tube
0.070m*0.340m*orifice=3.5mm;Dc=0.24m,HL=5.3mm)

0.02

0 —-—
0 001 002 003 004 005 006 007 008 009 0.1

Ugsyp(m/sec)

&

&
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CMC & XG : g is higher than in conventional BCs for

all three regimes
Gas holdup vs Superficial gas velocity (CMC)

0.2
B Experimental Results(2 g/L CMC;capillaries(15*1.016mm);e=4 mm; HL=0.98m)

® Jamshidi et al(2018);(2 g/L CMC;orifices=100*0.5mm;Dc=90 mm,HL=175cm)

0.1
0.08
0.06
0.04

0.02

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
UGsup (m/sec)
Gas holdup vs Superficial gas velocity (XG)

B Experimental Results(1 g/L XG;capillaries(15*1.016mm);e=4 mm; HL=0.98m)
0.18 Fransolet et al(2005);1 g/L XG;multihole sparger=203*1mm;Dc=0.24m;HL=2.75m)

0.1

0.08

0.06

0.04

0.02

0.04 0.05

Ugsup(m/sec)



IH Influence of fluit

Gas holdup vs Superficial gas velocity ( 0.254 mm capillary )

Fluid

Average Regime transition
This thros maf‘hﬂds}

1
UGsup 1-2 {ITI.S }
(Homo to transition)

1
UGsup 2-3 {ITI.S }
(Transition to hetero)
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locity ( 0.508 mm capillary )

" o) 0.0062 0.0162
> 1 2 3 XG 3 X6
e - - e isun) 0.0057 0.0083 - T
N A 2 2 Topwater, ) 0.0055 0.0087 . s Tap wator .
11 Elastic effect 11 | InTluence ot tront
0 10 & back walls cMC
- 9 9
E 3 g s
u‘:l: 7 u‘j‘: 7
6 6 1
5 5 :
4 4 1
3 bubble diameter at injection 1= Homogeneous 3 bubble diameter at injection 1= Homogeneous
2 dy,(water) = 1.95 mm 2= Transition | 2 d, (water) = 2.78 mm 2= Transition |
X db(CMC)_= 2.22 mm 2'= Transition Il . d,(CMC) = 2.68 mm 2'= Transition I
0 dy,(XG) = 2.20 mm 3= Heterogeneous . dyp,(XG) = 3.10 mm 3= Heterogeneous
0 0002 0.004 0006 0.008 o001 0012 0014 0016 0.018 002 0.022 0024 0026 0028 003 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03 0.032 0.034
Ugsup (ms™) Ugsyp (ms™)
Gas Holdup vs Superficial gas velocity ( 0.762 mm capillary ) Gas Holdup vs Superficial gas velocity ( 1.016 mm capillary )
15 ® 1 2 3
14 = 1 % 2 - 3 Xe = 1 X8
13 = 1 - 2 % 3 cmc = 3 ; 2 ; 2
12 < 1 o 2 P 2' P 3 Tap water 12 ! 2 ? 3 Tap water
11 Influence of front 1 Influence of front ome
10 & back walls 0 & back walls
cmc
9 9
% 8 65; 8
LI? 7 v 7
6 [}
5 i 5
1
4 - - - . - -
= o= » QOpposite in unconfined BC : water have higher ¢; then nN solutions. _ |
3 ! i bubble i bubble diameter at injection i 1= Homogeneous
2 i dp (w . . N i dp(water) = 3.28 mm | 2= Transition |
1 .4« » Effect of the confinement and higher ‘tr’ . ; dg(g':é‘;)_=33;;7n’;‘;“ { 2'=Transition I
| dy, ( . . . | b =3 | 3= Het
0 >3 » Similar results were observed by Bohm et al.,2014 for confined | o= meTeroBeneots

0 0.002 0.004 0.006 0.008 0.01

0.012 0.014 0.016

UGsup (m:

column (5 mm gap).

.024 0.026 0.028 0.03 0.032 0.034 0.036 0.038 0.04
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€ (%)

€ (%)

QO = N W B U OO N 00 W

15
14
13
12
11
10

15

6 R R & &

Gas holdup vs Superficial gas velocity ( 0.254 mm capillary )

1 | 2 3 XG
1 2 3 cMC
1 Tap water

Elastic effect

bubble diameter at injection

i 1= Homogeneous
i dp(water) = 1.95 mm

]

i

2= Transition |
d,(CMC) = 2.22 mm

dy,(XG) = 2.20 mm

2'=Transition Il
3= Heterogeneous

0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03
-1
UGsu‘p (ms )

Gas Holdup vs Superficial gas velocity ( 0.762 mm capillary )

_ 1 P 2 o 3 XG _
- 1 . 2 P 3 cMmC _
1 2 2! 3 Tap water

L J
F Y
v
F Y

influence of front

& back walls

0

cmvce

1= Homogeneous
2= Transition |
2'=Transition Il
3= Heterogeneous

bubble diameter at injection
d, (water) = 3.11 mm
dp(CMC) = 3.04 mm
d, (XG) = 3.14 mm

h
'
'
|
i
"
'
'
'
'
'
|
'
'
3

0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03
-1
UGsup (ms )

€¢ (%)

Eg (%)

Gas Holdup vs Superficial gas velocity ( 0.508 mm capillary )

15
1 2 3 XG
14 < >4 >4 >
13 < 1 5 2 5 3 cmc ,
12 le 1 o 2 o 2' o 3 Tap water
11 Influence of front
10 & back walls cme
9
8
7
6
5
4
3 bubble diameter at injection 1= Homogeneous
2 dp, (water) = 2.78 mm 2= Transition |
dp, (CMC) = 2.68 mm ST -
1 . = Transition Il
dyp,(XG) = 3.10 mm
o 3= Heterogeneous
(4] 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03 0.032 0.034
UGsup (ms_l)
Gas Holdup vs Superficial gas velocity ( 1.016 mm capillary )
15
1 2 3
14 X6
1 2 3
13 CcMC
1 2 2' 3 Tap water
12
1 Influence of front & e
0 pack walls
9
8
7
6
5
4
3 i - == |
i bubble diameter at injection ! 1= Homogeneous
2 | dy(water) = 3.28 mm I 2= Transition |
1 | dp(CMC) = 3.27 mm 1 2'= Transition Il
0 ' dp(XG) = 3.36 mm | 3= Heterogeneous
0 0002 0.004 0006 0.008 0.01 0012 0.014 0016 0.018 0.02 0.022 0024 0026 0.028 003 0032 0.034 0036 0038 0.04

UGsup (ms‘ l)
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Influence of liquid rheology & bubble size at sparger on Mixing time (¢,,,)

>t with the[ ] Ugsup
> tn, with the[ ~] dcqp

» t., iIn NN higher than water (viscosity effect), especially in homogeneous & transition regimes.

» The trajectory, fluctuations and the bubble shape in water is much different than nN fluids.

Mixing Time_0.254 mm capillary with Water, CMC and X.Gum Mixing Time_1.016 mm capillary with Water, CMC and X.Gum
75 15
1 2 3
XG
10 e < g X o 1 | 2 o 3 X6,
1 2 3 CMC 1 2 3 CMC
65 . ” > 3 —— 13 = = >4 »
p P 5 ap Water 1 2 2' 3 Tap Water
60 >4 >4 >4 > 12 = - - - P S
55 1= Homcrg.eneuus 11 1= Homogeneous
2= Transition 1 o 2= Transition 1
— 50 2'= Transition 2 10 54 ! 2'= Transition 2
§ 45 T 3= Heterogeneous = o] 3= Heterogeneous
2 ol
a0 ~ % =
g < : n 8 3'
™ 35 1 E 7 I
S I - .9| 4
30 1 6 acY
< | o
20 S
1 4
15 I 3
10 v 2
5 1
0 - 4 o <> % <> % - o o . ——
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.015 0.018 0.02 0.022 0.024 0.026 0.028 0.03 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.01¢ 0.018 0.02 0.022 0.024 0.026 0.028 0.03

UGsu‘p (mf SEC} UGstr,p (m/ SEC)




Influence of confinement on kLLa
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» Confined BC kLa results vs unconfined BC kLa results.

» The value of kLa lower then in conventional BCs. (Thobie et al.,2017 , for water and glycerol , same thickness )

Comparison of kLa (water) with kLa in infinite columns

Comparison of kLa (CMC and XG) with kLa in infinite columns

—— This study (water ; Dc =0.3m ; H=1.2m ; dinj = 0.508 mm)
Gourich et al. (2008)(water ; Dc = 0.1 m ; HL = 3 m ; perforated plate 76 *0.5 mm dcap)
—4A— Han et al.(2018) (water ; Dc =0.16 m ;163 holes of 0.5 mm ; H = 1.8 m)

—%— Deckwer et al. (1974) (water ; Dc=0.15m ;H =4.4m ; dinj=0.15 mm)
0.10 v A
s P
/s P
7’ - .
0.08 ’ _ unconfined column
/s -~
F Y
7 -~
I -~
V. 4 -~
—~ 0.06 - L
) v
S ’ 7
z V4
< 0.04 - ¥ &
/ Va
, F4
s
/V /
0.02 4 Water
v
confined column
0.00

T
0.00 0.01

1
0.02 0.03 0.04 0.05 006 0.07 0.08 0.09 0.10
(m/s)

UGsup

kLa (s™)

—M—Dong et al (2019) (Square BC 0.3 m *0.3 m * 0.6 m high; multiporous aerator, 3 g/L CMC)

0.0030 4 _g—pong et al (2019) (Square BC 0.3 m *0.3 m * 0.6 m high; multiporous aerator, 2 g/L CMC)
—&— This Study (Thin gap BC 0.004 m * 0.3 m * 1.2 m high; Sparger 15 * 0.254 mm 2 g/L CMC)
—w~ This Study (Thin gap BC 0.004 m * 0.3 m * 1.2 m high; Sparger 15 * 0.254 mm,1 g/L XG)
0.0025
__.—-= unconfined column
AT
0.0020 Vs
7/
‘/ D/
0/ /
0.0015 .
R
&y
-/ .
0.0010 - - /
._/' ‘/
-’-4
0.0005 - Cei _
confined column
_____ A cMC
_———m e = S I - == — e 4
-_—e— mm e E = = P o e = — = XG
0-0000 ? 1 I 1 I 1 I* 1 I 1 I 1 I 1 I 1 I 1 I 1 I
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020 0.022
UGsup (m/s)




12t ECCE _ Florence, 15-19 Sept 2019

m Influence of fluid rheology and bubble size at sparger on kLa

> kLa [~|with the | 7] Ugsyp.
» kLa [\]|with the | ~| d.4, (due to interfacial area of bubbles, db and number of bubbles)

C
> KLa \WIE”EHG 2| Uftuia

» kLa is much higher in Newtonian fluids (tap water) than in nN fluids.

Effect of Rheological Properties on klLa
Volumetric Mass Transfer Coefficient (kLa) of all fluids

Effect of sparger’s diameter on kLa

kLa Experiments (Tap water)

0.002

0.004

0.008

UGsup (m- 5_1)

B dcap= 0.254 mm

0.012

0.016

mdcap= 0.508 mm

0.02

0.03

Edcap= 1.016 mm

0.0225 H Transition H ; == klLa_0.254_Water
0.02125 < omogeneous eterogeneous 0.020 . - kLa_0254_C MC
0.02 0.018 —/= klLa 0.254 XG
0.016 - 4 water
0.01875 Lowest d,, has 0.014 - -7 {
0.0175 highest kLa 0.012 .-
0.01625 0010 -
0.015 0.008 ]
2™ 0.01375 0.006 4 s
b 00125 0_004_: 2
8 0.01125 00024 %
3 0.01 “’ T g
0.00875 g 0.0005 - g =
0.0075 ] o
] B )
0.00625 0.0004 4 =
0.005 0.00034 &
ofgzzi 0.0002 4 é ___.-o|CMC
. 1T« === _ N
0.00125 III 0.0001 - em-g-zZIZIZZIIZ---- v XG
VAim==Z S = = 24—
0 0.0000 ——————————

Gsup

0.000 0002 0004 0006 0008 0.010 0012 0014 0016 0018 0020

(m.s™)
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5- Conclusion & Perspectives e n—

REGIME TRANSITIONS
» The RT in confined column occur earlier compared
to conventional BCs

» The RT for non-Newtonian liquids appear at lower
Ugsup than Newtonian. (coalescence tendency)

GAS HOLDUP
> &£ 1S more important in confined column.
» g of nN liquids > Newtonian in confined column
(high residence time)

MIXING TIME

» t,, Is higher in confined column than unconfined
column.

» tym |l withUggypy T &  ty | with degp 1

>ty innN liquids is quite poor at low Uggyp
viscosity effect

GAS LIQUID MASS TRANSFER COEFFICIENT

» The value of kLa is lower in thin gap bubble column
compared to conventional BCs.

» KkLa is poor in nN fluids than in Newtonian (water).
> kLa 1 with d;qp, | (due to ‘a’, ‘db’ and ‘nb’)

The local hydrodynamics characterization will be Optimization of culture conditions:

SIS — > Flowrate, bubble diameter
v’ Gaseous phase by shadowgraphy

v" Liquid Phase by Particle image velocimetry (PI1V)

16



ECCE _ Florence, 15-19 Sept 2019

Regime Transition visualization
Heterogeneous Regime
Ugsup = 0.02m/s

Transition Regime
Ugsup = 0.008 m/s
Water CMCA

Homogeneous Regime
Ugsup = 0.002 m/s
Water CMC

CMC

Water
“"“‘ ==t | =XV F=

1 THANKS FOR YOUR
ATTENTION

! ﬂr)ia‘\ "‘
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