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Airlift Bioreactors
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ABSTRACT

Airlift bioreactors are extensively used in the fields of aerobic fermentation, animal and plant cell
cultures. This review article evaluates the present research activities in the field of airlift bioreactors.
The published research works on the design parameters such as types, location and properties of gas
sparger, hydrodynamic properties such as phase holdups, mixing, liquid circulation rate, mass and heat
transfer rates are summarized. Also, recommendations are presented for designing airlift bioreactors.
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U9 B sl T oF 1/349ko} Hasri(1).
Abed4- airlift AERHE7)E o) LET A A
2 dek(2-5). Airlift AERRS7lE &R, IS

o], utg|gjo} FoEHE W xanthan gum(6),

FAHT) 5o A, R deAeedir &

oz AMET ch(8-9). Malfait 5(10)el

ostd, o5& airlift MES7)E o) o gy

AMFQl Monascus purpurers®) AJAHS- bk ub

7l A Bl " A 5 gk (airlift AAE

uk2-7], Yx/s=0.38; b 8k&7], Yx/s=0.32),

AR SRl o) airlift AEWRE7|o A AYALE

biomass®] ®7}E 50% o4 A7E 4 9t} 2

o Aspergillus fumigatusel] 9%+ cellulase?

AL Streptomyces niveusE ©]£3F novobiocin®)

A4t YA g Soldx wuk wkgr)ec) $

g S HoH(11-15). WREeF airlift A
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Mx B3E bl 9lei(16-18).
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Fig 1. Schematic diagram of an airlift bioreactor.
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Downcomer

(€ {d)
Fig 2. Airlift reactor type: (a) split cylinder inter-
nal-loop; (b) concentric draft-tube internal
-loop; (¢) concentric draft-tube (vertically
split) internal-loop; (d) external-loop.
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2] /M9 draft-tubed AHEd= A$E i Fig
2c). )33 airlift EUHE7]E Fejr} cheFaA|
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whAo] theFaict, o - o 3 airlift FEUHE7
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Fig 3. Flow regimes in airlift reactors.
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Fig 4. Dependency of flow regime on gas velocity
and reactor diameter for aqueous solution

for bubble columns (30).
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Fig 5. Flow pattern map for vertical gas-liquid
flow for low viscosity newtonian fluids
(83).
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Fig 6. Operating ranges of gas and liquid veloci-
ties in bubble column and airlift reactors
(84).
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ol Zhol we} 3R] Fo)ske] =7}
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7164 U f &A% (effective viscosity), K
= fluid consistency factore]x ne fluid behav-
ior indexo]c}t. dukx o2 K9} n& rotational vis-
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AR 2 leh
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Fig 7. Average shear rate in bubble columns (air
-water) as a function of superficial gas ve-
locity. The disparity among the various
correlations is substantial
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Fig 9. Mean bubble rise velocities in CMC solu-
tions (44): (a) porous sintered plate, (b)
perforate plate, (c) radial gas sparger.
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Fig 10. The influence of sparger location on gas
distribution in airlift reactors: poor distri-
bution of gas in (a) internal and (b) exter-
nal loops. Proper sparger positioning (c
and d) for improved gas distribution.
Hatched area indicate filled-in zones to
improve liquid flow and to prevent bio-
mass settling
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Table 1. Liguid circulation and mixing correlations in airlift reactors.
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. Concentric draught-tube internal-loops _ 28Ln{e.— €4 05 water, kerosene
V=g /d,-1)?
ST 41 /(1— &)
(draught-tube sparged). (1—e) d/d=1.61~6.67
Freedman and Davision (46) Lp=1.06~2.06m
. Concentric draught—tube internal-loops  aUn+bUn+cUL+d=0 de=0.10m, Lp=0.4m, L=0.26m

(draught—tube sparged).
Chakravarty et al. (47)

parameter a—b=F(L,A,AqUgUs
&, €48 friction factors)

H=0.73m, d/d,=0.45, 0.59, 0.74
water, Newtonian fluids

. Concentric draught—tube internal-loops
(annulus sparged).
El Gabbani (48)

Ur=alUs

water : @=0.166, » =0.237
0.15M Nacl: @=0.188, v =0.382

water, salt solution(0.15M Nacl)
H=1.70m, A/A.=0.29

0.02< Ug<0.10m/s

d.=0.095m, Lp=1.47m,

. Concentric draught-tube internal-loops

tm “hDI 7

air-water

(draught-tube sparged). (95% of complete mixing) de=0.254m, H=170m, dp/d.=0.2~06
Rousseau and Bu'Lock(49) 0.68< hp(m)<1.64
B=1p=0.10m
. Concentric draught-tube internal-loops  tUs 8a[1+ Aq ]1,3[U_Zx]1 /3 air-water
(draught-tube or annulus sparged). he ’ A, dg dc=0.152~0.23,
Kawase and Moo-Young (50) 1X hm)<18
Ugbased on dc and
Ux=0.787(dUg"n %
. Rectangular channel internal-loop. UL=33.868Ug(d/d) " air-water
Seigel et al. (29). cm/s) d/di=1.21 0r 0.83
hL~4m

. External-loops, draught-loops
internal-loops (draught-tube sparged).
Bello (51), Bello et 4l (52)

Un=w(AJ/A) U
external-loops : w=1.55, v =0.7410.04
external-loops : @=0.66, » =0.7810.08

1= w(AJA) Uy
external-loops: w=2.3, ¥ = —0.46
external-loops: w=4.9, » =—0.50

Lo — (A/A)"

te

(99% of complete mixing)
external-loops: w=5.2, ¥ =0.46
external-loops: @=3.5, ¥ =0.50

air, 0.15M NaCl

hp=1.8m (all cases)

external-loops : d=0.152m,
A/A=0.11,0.25, 0.44

internal-loops : dc=0.152m,
A/A=0.13, 035, 0.56
B=0.25m, Lc=0.10m

. External-loops.
Popovic and Robinson (38)

U= wU" “e(Ad/A) ™ oy

w=0.052(bubbly flow)
w=0.0204(lug flow)
1=K (5000Ux)""

CMCsol'n, figp=0.015~0.9Pa * s
external-loops: d,=0.152m,
Ad/A=0.11, 0.25, 0.44

. External-loops.
Merchuk and Stein (53)

yf=1.oa(uu+ug)+o.33

apparently water

external-loops:d,=0.152m
d:=0.14m, AYA=1.0
0<(U+U)<1.40m/s
0.20< Ug/ &< 1.80m/s
L=Ls=4.05m, &=0Glways)
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oAb eahdwol F3RAS airlift AEHS7]9
Eo] Z7lel| we} F7R(55). EFAGLE F&
7| SellAle draft-tube®] Folo F7lel wet
dAsA F718la, 22 F5olME S
B}, Russell 5(55)& draft tube®} Eo[(Hpr)
o B At se] WA £EET (Uk)ot EFA
7 (ta)9] AFRAE AQkesict

ULR = 09 Usga HDTb (7)

tn=a Hy" (8)

oJ7)o) A a=0.44%0.03, b=047+0.07 ¢)Z, t,
& EAA(tracer)E 90% E£sted 285 &
gA)zbolc}, 715 vb37)e} wlawste] 1~2749)
draft tube7} A% airlift AE-E7] A= o
&3 A=27} 47) gl EFARke] FHaCH(56).
%3}, draft-tubert ofe] 7| AAIEe] Qe airlift
AT e A/AS LTS A s34
w9t 7| AFHe F7Fsa(57), AU AE
¥5 )9 ¥yt 1 SE RS Fadd

- 9 28k airlift JEUHS7]NAM Q] S
(ta)d EBAZH L)Y vl 7S T3,
2] wke-71e] e} A/A uloll SEIH(52).
WEEE airlift AEUHE7IN 2849 E83 &
ARGL g whgr] A7 of Adsy-o] A wl(d/
d.)9) gtg ofe) QFAESe] Akstdch AEA +
29 #HigFdA d/drEle 2F 059~0.8°]c)
Weiland (58)= 08~0944¢] d/d.E 38t
o} 7P 2o AR A5E d7) 7 AJAC
L 05~059% we Ao 04~062 A/A: &
& AH8-319IcH(58-59).

Jubd o 2 ulFE FANME A Axrt F
7Vl o} oAb Tl FAageR(53, 60).
Xanthan gums} 22 &2(drag force)& Zole
TR £8E 4% WK AL A S0t
B} whach gy, vBEHAE §E7F 71
ue} £Eg e} Al "ok(61). APdre] AlE
57t 7 34l ALY sEr) Skl at
2} A} akE = 7hagieH(45, 61).

Airlift 42971004 Ay FBER e A
A9 e ARATe] FAYS ToiD ARAS I
7) 93 AHEE B ] ool ThE Wl
E A $H4ES B3] A58 Tock: 4

olck. olelat £AE FHa7) slahed, A ¥
£ Aol theho} ches e ol AhA) whe7lel
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(P, 27])sh 29 WESo U FEHIA
AEH S5} 1A o[ EALS AISHATH(45).

_ 2gho( e6— €a4) 0.5
L S sy el M
(1-e)  (l1—e) " A

Joll A Kr9} Ko A9} 317452 H&5-9
el A9 opEEA Ao, A (9)=
19 Hejrt ogele E785, E-37] Al

o) gy dy-E A £5E +30
#el ol A A5& 5 Sl

Airlift g7 A, P, 71AE
2]7] (Fs5-4el F2h)e A EFEAe] A ot
2|, 7|Ad-e)7]e M) E§e] 71} S48k sk
Hol| 4o Egto] 7pA vjuuch(62). Ao A7t
& draft-tube$| 9] of H3j7} F7)ghel we} 7Hagl
t}. 98 draft-tube® Zte= airlift A49H-E7] (d/
d.=0.76)¢} split-cylinder airlift AE4+¢-7] (d.=
0.243m, A/A.=0411, Li=48m; L.=0.102m)
9 79 dubdeg AR 94 A9t 0.5m7hA
Z74ghol uhet ubs-7)e] E§HAdTe] At 2
2}, 0.5m o] Mol A= 0.05m/s9] ¥ 7]
A FEoAE A8 E3te] F o]Fojx| ¢7] o
Foll, ukg-7]el Fol9} FAGle] baffle (draft-
tube)$]2] A 0.5mE Z2335A & o] vigt
A3},

N airlift 2RSS Ao sk 7
o] 71 AT 2ol w5 ulzbe}lr] wiEel, 7]
-of Halr)e] 98¢ s J)AEer]e Hev &
gol wel £33 AAEE AJgol wol ZEbAldh
7o o] 7k AFeFe] A2 o¥e3t airlift
AEHHS-7) T8 so] Y- w3 airlift AEHHS-
7] ¥} epsie). A ¢3S 47 M=
Ba)r)e) ZEAGS HAR R A =efo} &
t}.

o9

N

_g_
1;:_}
o
%

=8 oy

714k AR SANEH S

71 AFEL airlift FEuHE7)e) Fehd B4
velle Fo wWH4E 9 shlolcl. 71AF AR
7)-Holht 7]-of-3 FAbe] AA FuF )4
Rujigolct, e 71 AFFE 7)- A
& Z7A7IER EAAG AFo] & g ovlEt
o}, A5re} s7Re) A1 AR Aolr} oA
Ao £8& AF FAHe) Huw, Fg Uiy
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Table 2. Gas holdup and mass transfer for airlift reactors.
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. External-loops; draught-tube
internal-loops(annulus sparged) ;
bubble column,

Bello ¢t 4l (63, 64)

kia=0.76(1 -l-%)‘sz:
(/s) (m/s)

or in terms of power input
kia=5.5%10"(1 +7':~"—)"'2(PG/VD)“
/s r (W/m)
=310+ 4470/ VD

k%‘h" =2. 28(U’“')° (1 + A“)’l

for water and salt soluuon

User Ay
=016—52(1 + ¢
=016 UL (1 )

air-water of aqueous salt solution

(0.15kmol NaCl/m?; d. or d=0.152M

hp=1.8m; Ug=0.0137~0.086m/s(bubbly flow only)
A4/ Adinternal loops) =0.13, 0.35, 0.56

bubble column AyA=0

=0.56(water), 0.58(salt solution).

0.88,

2. Draught-tube internal loops o= (s — )P+ 161 (73.3—0) XU water; sodium sulfate, glycerol and iso-butyl alcohol solutions;
(draught-tube sparged) o[l pew (74.1 —a)] # Ug=0015~0.20m/s; d:=0.10m; d,=0.074, 0.059, 0.045m;
Chakaravarty et &, (65) and Ls=0.040m; L,=0.026m

&=
_y (74.2-0) A, 0.88
X 2 0.45 X (=8 1. 08;
1.23X10 [Am.l—a 16" % (Ad) U
14, !, in mPa * 5;0in mN/m; Ugin cm/s

3. Rectangular internal-lop bubble flow: water; aqueous salt solution (0.15kmol/mNaCl);

Chisti ef 4. (28) _ _ 0 820,075 salt solution+1, 2 or 3 dry we./vol.%
€0 (1488~ 0496C U Solka-Floc (KS-1016)cellulose fibre
coalesced bubble flow

0.430£0.015

€6=(0.371—0.089C)U

Ug based on total reactor Cross—section.

4. External-loops. _ A, O OO 078 water; aqueous solution (0.15kmol/m*NaC);
Chisti et 2l (28) &=065(1+ ) M salt solution+ 1, 2 or 3 dry wt./vol%
and (m/} s) Solka-Floc (K$-1016) cellulose fibre
0.8371 0. 062
ka=(1+2 ) 0.349-0.102CI U
{1/s) (m/s)
5. Draught-tube internal loops; co=024n % U Us Ui yo -0 ,4,,(gd CpZL)o o water, pseudoplastic fluids; Ug=0008~0.285m/sd=0.14~
bubble columns « " - 0.35m;
Kawase and Moo-Young (36) kiad? _ - 72(d UsPr o n=0.543~1; K=0.001~122Pa * s,

Do ’ Foapo
( Happ yo-s8-0 14

Pseudoplastic fluids; water; Ug=0.008~0.085m/s; d.=0.14~
305m
n=0.543~1; K=0.00089~2.82Pa * s.

6. Draught-tube internal-loops;
(annulus sparged)
Koide et al. (66)

kiao _ ,UL 05 01%
Digin ( ) (g/z‘L)
(dﬂ) 009056 !

d. ¢

applied withint12% for:

371X 10°< aD <600 X 10*
118X 10°< ad’srh <593 X 10°
0471< 3 <0743

741X 10‘3g%~

2.86X107¢
0.0302< £6<0.305

Newtonian fluids: £4.30.9~13mPa * 5;6~51~73mN/m;
DLx0.186X 10 *~2.42% 10 *ni/s

0.0098 <Um/s)<0.156, based on total colum cross-section.
d=0.10~0.30m; dc=0.06~0.19m

L4=0.70~2.10m; L=0.84~2.24m

d,=0.001~0.004m
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7. Draught-tube internal-loops
{draught-tube sparged).
Koide et al (67)

kiad _
Dy

applied within®13% for:

3 4
69X 10°<——<5.68 X 10
369 oDy

2
136X 1033’5‘17‘”@1_22 x10*
dg
04n1<$'<0745

n BdcOLyg a7 84°00 ot dey-ose ¥
O.477(pLDL)05( . ¥ A ) (dc) &

Newtonian fluids: 409~ 13mPa * 5; 0% 51~73mN/m;
0.0098 < Ug{m/s)<0.156, based on total column cross-section.
d.=0.10~0.30m; d4=0.06~0.19m

Ls=0.70~2.10m; L=0.84~2.24m

d,=0.001~0.004m

DiX0.186 X 107°~2.42 X 107°mi/s

spargers:(single nozzle)d=0.001m, 7holds;

3 and porous plate.
227x10< 8 ﬂ;pz L<s30x 10"
L
0.037<6;<0.2
8. Draught-tube internal-loops com 0.44Fr fluids: water, ethanol/water, glycerine/water, millet jelly/
(draught-tube sparged). Ca U, water,
Miyahara et al (68) 1+04/Fc (1+ Uw)
2 PL=925~1168kg/m* 4 =1.0~149Pa * s,
_Us 0=34.1~720mN/m; d=0.148m;
Fr= gdo’ Ls=1.03m; maximum hp=1.20m; de=0.005~0.001 I m;
and A/A=0128~0.808

A r
Eu=451% 10‘*Mo°“5(7)‘ et
d
when

&a<001 35(i)‘1 ? o
Ay

Lazp (A
- a2 (Liryo s QAMe—0 073
&=005Mo*?[ ( Ad) €6r]

when

A
€G>0.0l33(rd) L&

_sth
Mo(motornumber)= 0o

9. External-loops and bubble columns.

popovic and Robinson (38)

0.525 Ad

kia=1911X10""Uy Q-+ "85,

Av
(1/s) {em/s)

and

0. 6504 Ad R —1.039
£6=002U, (HT) o

none-Newtonian CMC solutions;
A/A=0~044;
Lap=0.015~0.5Pa * s ;

tap based on shear rates calculated using:

T =5000Ug
(1/s) (m/s)

Fedo] Qlet.

Airlift gEwh71elxe) 714 AT (e)2t
A AdAT(la)dd dal o8 7hed AT
Table 2o AHejstsict. Airlift AE1Hg-7]0l1 49

N o g

A AR Tl B e slEg g
719} w7 AR chga 2be] viehd 4 glet

&c X Usg"

(10)

N AREE dAHE el IEsL,
449 24719 £5, o) A4 A/AM 5o

w8719 7k B4, Al 24, 2§99 §
o ofal J&e et

Airlift EWs7] W71 AAZ def )3 A
e 2 1 AR 2t Ay s
el 71 ARk BAR wlg- Feste, o] 3
Ale w719l ZIAER)78 7)-dEe) 4 A
of Fastct ZIAE e 7)-4 FedeE 8
kA, ZIA Rl hEAE HaR g AA
hojof Zch(48). 571 AR a7l A W] 7]
ALl 2& 7)-9 Lelade dads 7L
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& gloh AT dgAH e g FFIHeE, AeF
A Ak4Z Z3E wioFdo] 7} ofefe oj-
YA A A W PE-2) Abs 4wl &) A4l nAE
g odvh. vlgEe] g JAtLEEEE 96%x107°
~1.6x107°kg/mro|tH(74). 7|3} stellA H¥A
ol viRE9 Abx $8l%s 8x107kg/mie|x, T
Aske Bokel Ho Ak TF(peak oxygen de-
mand)& 1.8x107¢~2.7x 10 °kg0¥/m’ - so| B2
(85), 2717} £ wjAol 44 T3S FHE A
4 2~25% ol Akav) 2zbd Zlo|ct. wekA, A
42172% WA el u|dEd wet db
oA A9 AFAZE 2~455210T} 2HA) A,
a7k 71Ale AgFel} MEL JAE F9
of gt} o|ejgt o)f wiE-ol V£33 airlift *ﬂ
Eukgr| vk sl A AR 2 Wy
3} airlift AEW27]9 2}Lo] vlatAlshel o i]:}_'
3p7ko} AR o] F7)-F AAY 714 A
Fepe ohe3) zke Ak A 7} 2drh(63).

e6e=0.79¢6,—0.057

(&)B-=8 airlift AE9H7])  (11)
e=0.89%¢¢

(WE£F airlift AERES7]) (12)

A7)l eadt ecs 22 e -2t 8- /(14
714 AFepolct, Chisti 5(28)2 &3} vlfE
Aol sl AR FAE galaksict.

=046 €c—0.024
(238 airlift 42BE7])  (13)

o]5 A5 2R3 airlift JEHHS7|A A
A 714 AR FAY St w719 718kt
A Yo o3k ubAuk, Ao} EIEe 7]
A AFE e ol dAEH TRtk Wi
g wkg7)ol wlsle] ¥ ukgT)elA 7143 iﬂv
2ol xﬂﬂ, 01% e A e B
oA A 7|47} EejEle], AL ok 7li
gko] M i T8=]7] wtolh.

oulA o 2 Fogh 274 7| L&t 4 draft
~tubeE ZHE airlift AEHRET]9] VY AFEE
SAFEE(50, 52, 58, 67), ¥-<cdk airlift 424
SN M 712 ARl wek(Fig. 11). uhus
714 & P7l (radial gas sparger)7} &% 7| L&
o A 714 AlFe] wif- =TH(60, 69). dubA
ol 7]ﬂ] FA7le w19 & wge R FUE &
skl wkshe, ubAdukek 714 A7) ( porous )&
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(b)
©)

g6 (=)

Ll N |
107¢ 107! 10°
Us (m/s)

Fig 11. Gas holdup in bubble column and airlift
reactors: (a) bubble column with a radial
gas sparger; (b) bubble column and inter-
nal-loop airlift reactors; (c) external-loop
airlift reactors.

71% ubg7le) Hiuare 2 Folehe AR Ho
, THE RAb7|RT} Ak o] ylo 7|E =707}
2ty Folstr) wEel Ui "3& airlift A24HE-7]el
A4 A AR 2 718 AFEE 7lsst
g} 94-r:r3% airlift /‘EE“}—JMWL A/Aq
vz Z7Mgk whe} 71k AFske] FURskRAE
fres (98 draft-tube) airlift ¥H-&7|olAE
draft-tube®] 7o FAYe] 7128 w719
AR 7)1 AlFeke] A ch(64). 0.14m o449
A& 7he 7125 Tl Ay 8 AFRE @
A7 g HhA e Ao dHFHoH(T1-
73), T A7 Aol sl 7|x¥ ubgr)9
gt7do] ZUlgko) wle} J1AAFEe] FAadte Ao
2 o HH(36, 82). AR, WRTE airlift
AEUS TN MY 71 AR ' Ao U
o weh 7ateh(36). 0.1~03me) airlift ¥k]
oA} gl F71E F9U3 A9, 5 AAe] s
Fek EAAG vRE Q3 FAR wsithe
AT Ae QJh(66).

FAAGATE TS, A4

_i_,_|_._,.1,_.}-m<>|-d

el $4, 712 =)
EE 59 o o] ¢ 195w M AR
S} ol BAARARE T 22 o

F& o BAAR dF 7R E ] 9%
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kua (1/s)

10 7% Lol L ded b1 |

Fig 12. Volumetric mass transfer coefficient in
mycelial fermentation broths: (a) bubble
column with a radial gas sparger; (b)
bubble columns; (c) internal-loop airlift
reactors; (d) external-loop airlift reactors.

ohe3 e Wele] AR e 2 vehic,
kia < A Ug (14)

kiae §3 ERAGATlL, Ad} n' & Aol
t}, &7kte A o] 7]-9 AmAe] A7) Rl -
o] BAAGE AgHelA defdrt. weby, 37
Foxe] AxHGe FA”  rH67).

ofg] whg7lelAe EAADATE Fig. 1264
=85} Airlift W7ok 7|25 wkgr]e B
ARG Aol $stx, Wi airlift ¥He-7)7}
H# airlift¥ct EAAE Aso] 97360,
64). 714 AFH whrlA R, wbgue B}
A2y 7|35 k7)o EAAGA S} 35t

Table 20 2.¢) v} zko] kaol 3t airlift A
Euke-7)e] 7jskety A9 Hike F2 Ao
7452 A vl(A/ANE el g o7
Ao A o - ¥ =3 airlift FEuRS7]2] A/
A7} 2713l wle} kiart $71ee) 48 draft-
tube®] W airlift AEH-E7]ANA T F
q)&  draft-tubet} &FH(annulus)ell F L3}
Draft-tubeell 7141& Fsk= A-fol kat d/d
Hlo} g oA @& o3& werl Draft-tubeol
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Fig 13. Operating costs C, of the fermentation
unit versus aspect ratio 4- (H/D.) at two
different pressures in the tank top, P. =
0. MPa (---), 0.2 MPa (—) (7).

3718 Fske AFd kazk deh el wiEsty,
ol F71% Fdshe Aol dc” ™ol vz}
(66, 67).

AP okl A Y oo MEAEL Al xY
557t S71el wiel Hxo) F)ske] uks-r)e] A
ol 4% »|Rch. 7125 vk airlift AEHE
$7)9] A% fAQ Ao met 7)Ao B8 eddo)
He}slr] ool Aake] Hxr} 7k AFn At
Al B S nAc). dubHe R 7| ¥l
airlift JERHE7|N = A9 Hxrl F713tel o
2} e, kia P A 3T} 2H4FH(50, 60).

& 2AAY 288 7] SJdME w1y E
o7} F& airlift YEUHE7IE FHs T UeH(7).
Moresi (7)= WH5# airlift AEuH-2-7]0]4] 2
SAEg Y plug  flows: s}k
Kluveromyces fragilisol 213t % (whey)9 9%
Hae] ded Abh auFE JjEo R AaAT|
g3 FHuE Aistgoh. Airlift 879
Zqule= ubg7] 273 Folo] F¥v|(L/dc)7) 3
7134 wel 7Aagich(Fig. 13). 100m’e} wa =]
745 L/dc?] wl7} 30 o3 o A7} 7pA @
3k, 250~1000m*e] waxel 7S L/dcy w7}
15614 4 2¢u]E 92 F Adrh o= As
L/dc w7} 718l 24u]9] 4t £8=HoE
Zq¥-ue we} 515 o]k F3w|(L/dc) ¥4
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\ 1 2
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N

e Exhaust
[~
% Qutler for broth
- ,//
a3

Heat transfer area

/\Cross*sectional view at AA

20,500

12,600
7,500—— I

| 7’
4 Inlet for medium/

/__‘//__,_————- Sparger

(d)

Fig 14. Modification of draft-tube in airlift bioreactors: (a) net draft tube; (b) draft-tube with stainless
steel sieves; (c) & (d) draft-tube with perforated trays.

7} Agsicty Zop. AA5 Folo F3w|(L/de)
o we} xzgiurl o e w9 7|23k AL
A % 7|29 AFAZE 2AH7 FA7 Qe
7o 2 wolr)

HT Bo] AlaAg A5 G717 ¢k o
2 7}A el airlift AEHRE7]S |27} o] Fof
Heh, ERAGLe v)xe] =79} A3 He] gl
7] dFol & EAAD H5g 7] dsiMe 7)-
A Ao YEE 7| 37)E A o} g} o]
215t defg o]48te] AoFol WALE AAFH oY
e o] airlift 2719 27} o] F o H K Fig.
14). Wug} Wu (79)+ sAHF-29] Asds AHS

dho] EAADASE 2m2 AL S gl
Okabes-(80) Fig. 14(b)9] airlift JE4-¢715
AHesle] EAAGA TS Aspergillus terreusS o
43} itaconic acid®] AAHS 77t 2w o)A A
T ek A 29 airlift FEHRS ) A
2] AgIE AbnAdo] AR 2H4}R|
ok ol2igt airlift AJEN-L7)9) NEE Ea AaA
2 TAE oz Ax S5 ¢ ik

UL 54
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Table 3. Heat transfer correlations in airlift reactors and bubble column reactors.

1. Bubble column.

! h,=8.85U %
Fair et a/. (12)

(kW/m’ - C) (m/s)

air/water; d.>0.45m

2. Bubble column. he o[ U’ (M)]
— U, \
Deckwer(75) oCoU s K
3. Concentrica-tube internal- Newtonian fluids; £4=0.78~5.27mPa * §

loops.
(draught-tube sparged)
Chakravaty et 4l (76)

(kW/m’* C) (m/s)

Ug based on riser diameter

0.22
— Aro sy Coltiy-0s
ho=8.71U €, ° V=)

Ug=0.008~0.16(m/s); A/Aq=0.25~1.2

4. Concentric draught-tube
internal-loop.
Quyoung et &l (77)

0.275 A
h=13.34U, (1477
Ay
&W/m*+ C) (m/s)

Newtonian fluids; 144 =0.78~5.27mPa -+ S
Ug=0.01~0.04(m/s); A/ A,=0.242~0.452

Ugbased on total reactor cross—section

g Ao iAld e PALe 5~15kW/m’e|ch.
F9do AXNEEE Atranel DA FAL th
)8l E2 ol83le] E. coli, Candida intermedia,
Bacillus subtile7} AAsle gokel A== ey
& o33 ZAtH(74).

Q=1(16.2+0.4)Ro: (15)

7194 Q (KW/m')sh Ro, (kg/miS)e 2h7k
asEel As Aulbrolc webd, LEAL A
Aet) 98 Bad GG BAE b HoziE
Aol FFs et

Q = UHAHAT (16)
71 M Ape AdWA, U % JADAT
o|c}.

Z\zeta} airdift AEuES7)oA e dADATE
7] 918 o1 7 FRAHES Table 39 Azl
soch. 7)1xg whgrleh airlift AEURS7]o) 49
A-2-e AA%(boundary layer)$ 53 dHLo]
ohujz} A7) Eol o8 o fHe) 3} Y
A% FA7E 7] wFol A EE(single phase
flow)oll w]gto] 7 uk-g-7lojl 42 LA ST} of
W o} a2lm, airlift EHSIIE V12 S
7|8} Abfdre] A7) wEel] AA=Aws} 2uf
o4 :AATH86). Chakravarty 5(76)0] AA1g 4
ARAZRE T airlift 47|49 dAGAF
(h)E 06~24 kW/m’ - C g #le]c}.

Airlift AEuHS7]ol| 4 dALAGTE B4}

234
6 T
Foll B e wioh ohy e O £

#
&
=

k1

ol A= airlift AEHS-7]9} 7| X5 ubg7) o] g
A EAJo] fAksl7] wlol 7| 2g uhg oM e
S AR g 9deh(30, 75). e AARE
(Ur<0.015 m/s)ollAls B f&ol F3ap=|ql,
Fo AL (0.0156<U (m/s)<0.139)el 4+ U
ol BlaEghe}(32). 71F5 Wk M= AT
7b W Awrt Friel wet XA FRasta,
A iAo xRN} Sl wet A
o] FAEIL} vl AR airlift AEWHS] A
Aspergillus niger®} Penicillium chrysogenum®] vl
ofollo 4] JALL- A7g Azl 2J3lH(78), A
ol g A4S dALATE 8kW/m! - CTE, 493
o] abE gt

G wpzpA g Abglg rre] W
= wrade A wit Fese} wak i
o] Qg Adeo] ¢dt airlift AEHHS-7]
Wgde) A7z} folaitt. F8lE F7]9h Hwel
AMal5l water jacketS F3dto] WELL AAY &
oleh. wiefle] Myt Frlshe A4 ubgrlel ¥
ol& Z7IAA dAd WAL W £ gz, air
lift AEdkg7] o] dugr)E A3 4ol
AtH(81). Airlift AEuHE7o dugtr|E A3}
AL dugy| AHe] oyFor oo 2
48 e 9l A9 55 WaErls 3] o
Foll frAle] BEAYE Hadstns AdAE oo
gho}. mebA, coil Hefo] dutr)Hoh= tube ¥
o dugr)E syl ¢Re® dAste] {4
BEo] UFEE AA3l= 7o) wiEHAs}

(Fig. 14(c)).
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2 £

Airlift AE9H-719) EA7} vkg7] HAE )
293 A5ES AHelstdol. Table 13} 29 A4
ghafel 7o) wjokal o] niwE Al A4S wAls)
7] S8t wlwE FAY AAgE 2= CMC
( carboxymethyl cellulose), natrosol, xanthan gum
3 2 agA LA AMste] V)4 A Feka)
ARG, A £FEE Tl digl dolHE A4
BAck. et AR A1 A Fol T zlo)
7F 3, airlift AE4H-719] 7)81ekA] HelS o) o}
27] dfFo airlift FEWE7E F71e ¢ = o
REsLEl AA7|Eo] oAl BEF Yo} w3,
AA R Al2go] g Q77) A7) gl AR
WEA A B} g A7) e
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