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ENGINEERING ANALYSIS OF THE ROTORFERMENTOR*
Argyrios.Margaritis and Charles R. Wilke
Department of Chemlcal Engineering and Lawrence Berkeley Laboratory
. University of California .

Berkeley, California 94720

August 1971

ABSTRACT

The Rotorfeﬁﬁbntér ié a relatirely new.type of fermentation apparatus
in whlch cells are grown in the annular space surroundlng a hollow rotating
cylinder (the rotor) covered wlth 8 microporous membrane. The cells can be
retained in the- apparatus by centrifugal and/or filtration action whlle the
metabolic products in the broth\are'COntinuously removed through the membrane.
This dual function of continuous cell growth and;conceﬁtration ;s.the‘essential.
characteristic of the Rotorfermentor. As a result, high.cell.copeedtrations
are achieved. bPrevdous research in this laboretory has demonstrated the
basic'techﬁique. | | |
| In this paperfan*eﬁgineering @haxysis is presented which reviews the
basic theoretioel princiﬁlés of the Rotorfermeqtor designband its operating
characteristicsi Theoretiéal eqﬁations are presented which give filtration
rates for & model Newtonian system of spherlcal partlcles under the 1nfluence
of centrlfugal and fluid drag forces and the power c0nsumptlon of the rotatlng

4

rotor.

* . N L o
- Paper presented at the Annnal Meeting of the Society for Industrial -
» Microbiology, August 29fSeﬁtember h; 1971,-Colorado State University;VFort’

Collins,/Colorado.
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An equatlon is presented.whlch relanes the cell product1v1ty per unit
fermentor volume of the Rotorfermentor with that of an ordlnary fermentor.
Performance of the Rptorfermentor is aléo compared with that for a membrane
'diéiysis fermen;or éystem;
,Thevprototiie'Roﬁorfefmento?‘consists of a 2~inch_diametef rotor of
12 inches height enclosed in the fermentor vessel which hés e diameter of
| 10 1nches and helght 6f 12 inches (approx1mately 12 liters net fefm@ntdr
v‘volume).‘ A prelimin&xy process engineerlng analy31s suggests that & Rotor—-
fermentor might replace ec@nomiqally both the ordinary fermentor and the
centrifugevcell separatbr in a piiotfscale continuous p;ocessbfor endo-
enzyme pr&duction. |
| Future applicatiqns éf the'Rétbrfefmentor include the continuous
coﬁcentrafioﬁ of cell mass and separation of other m§ﬁabolic préducts_for

anaerobic and aerobic sYstems.
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 INTRODUCTTON

Bacterial conéentratiohs iﬂ iiguid cuitures reach a certain maximum
level which is'characteristic of the strain and culture conditions. This
maximum concentration of micrborganismg grown in ordinary batch or continuous
‘culture conditions is ﬁsﬁaliy in the ordér of a few g'mms' of dry weight of
cell mass per liter of broth. Since the rate of bacterial growth in logarithmic
phase is proportiongl to the number ofgcells present, i.e. autocatalyiic
growth, then high cell densities éould refult in great increases of cell‘
‘produCtivity rer unit ferﬁentor'volumé; | | g /

A'réview of the iitérature (3;6,15,17;22) reveals tﬁat one or a
combination of the followihg ﬁhree ﬁain factors limit maximum cell concen- -
tration: exhaustion of1&_liﬁiting‘sﬁbstrate,'accUmulatién ofvtéxic metebolic
eﬁd product(s), andAiack_of aveilable oxygen in the case of aeroBiC_s&stems.
In order to overcome theéévlimitinévfactors it'is neéessazy to'devise
speciél fermentor sysfems. ‘These syéteﬁs should provide for continuous
feeding of fresh medium, removal of toxic end ﬁroducts'from the-broth; and
gdéﬁuate éxygen supply.' |

The Rotorferméntor is a device‘whigh is designed to achiefe high cell-
densities in batch and continuous éultures by removal. of foxié metabolic end
products continuously through a rotating filtration membrane. | ‘Use of this

device was first suggested by Bhagat and Wilke (2) and subsequently employed

by Sortland,and_Wilké‘(Zh) to produce high density cultures of Streptococcus
faecalis.
In addition to ¢ell produetion, the Rotoffermentor can be used for

the productidn of metabolic products excreted by the organism into the broth.
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These products can be separated from the cells by filtratlon through the

membrane. The dual functlon of the Rotorfermentor, i.e. cell growth and

- high cell concentratlon mlght be used to replace both.an ordinary C.S.T.

'fermentor and a cell centr;fuge separator in conventlonal cell production.

Anothervpromiéing‘a@plicafioh might be the‘efficient bi510gical transformation

of v;rious substrateé by the highl&;céhcéntrated.cell méss. |
TFurther énalysig‘and comparisén 6f various dense cell culture systems

is given below.
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CONTINUOUS HIGH CELL DENSITY CULTURE SYSTEMS

As shown in Figures 1 and 2, three different fermentor schemes ‘have
been broposed to achieve ‘continuous dense cell_cultures.j Figure le shows a
scheme where a C.S.T. fermentor is cbnnécfed with a eentrifuge separator with
part of the concentratechells being recycled,baek:into the fermentor. A
theoretical treatmeﬁt of the performance of this scheme is given by Herbert (13).
Tﬁe main_diffiCulty ﬁiﬁh this systemvis'that a good parf of toxic end prodﬁcte
are recycled back into the fermenﬁdr aiong with the‘cells. In eddition, the
cells are:exposed continﬁously to two different‘environments, one the fermentor
and the bther being the centrifuge separstor where thefe,is ﬁo provisidn for
either sﬁbstrate'addition-or any_aeretien at 511. Especielly at High'cell |
densities the micfoorganism: may expefience nutrient.and/or Oxygen "shock"
during the_time it spends in the‘cehtrifuée and recycle lines.

Gerhardt et al. (8,21) developed the continuous dialysis fermentor

~scheme shown in Figurevib.‘;The basieéharacterietic of this techniQue is the

use of a'dialysis membrane which separetes the fermentor from the nutrients

reservoir. The membrane is mounted on a plate:and frame type dialyzer and

continuous circulation of the nﬁtrients and bacterial culture is achieved on

either side.of-the mqmbfanebas shown in Figure 1b.

The nutrients dlffuse through the d1a1y51s membrane 1nto the fermentor
while the metabollc end products counterdlffuse through the membrane from the
fermentor to the reserv01r._ For the contlnuous mode of operatlon,‘the;'

bacteria'in the fefmehtor have two sbﬁrces of substrate, one from diffusion

- through the - membrane and the other from the direct feed into the fermentor.

Aécording:to Schultz and Gerhardt (21), 1t is this extra source ,of substrate-
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thfough‘the:dialysisfmeﬁbrgneﬁwhienﬁgiVestﬁigﬁﬁr ée1l1densities than-those -
dbtain;d;ﬁhen using éﬁ or@iha;y iC#S.Ti;f@ﬁhentor. Fer example, from
Figﬁré‘Bb we see that the cdmputéd maximum cell productivity of & hypothetical
organism used by Herbert gﬁ_g;} (lh) éccufs at the dilution raﬁe, D, of
appfOXimately\O;Bs hrit. .At this dilution rate the cell productivity of the
Vcéntinuous dialysis fefmentor system_is abéﬁt 5g cellé/hr and tha£ of an
ordinary férmgntor (nbh—diaiysis) 3.8 g cells/hr, ie. a rafib of 1;3. The
cqrrespbnding cémputed cell.densities‘at D = 0.85 hr—l are 5.6 g éeils/liter
_for’the dialysis system, and L.3 g-cells/liter for the ordinary fermentor. i
Much higher ééli densities are achieved gt lower dilutioﬁ rates but this is
done at the expense of'loﬁer'Subsﬁrate_utilization efficiencies (Z substrate
cénvertea to>cell masé ). For example, at D = 0.2 hr T from Figure 3a,
X :Cll.g célls/liter'for tﬁé dialysié fﬁrmentbf and X = 5 g cells/liter for:the
ordinary (ndn—diaiysis) C;S;&..fermentér,.i.e..a rétio of approximately 2.2.
The corfespoﬁding substrate ptilizgtionkefficiehciéé, Figure 3c at D = 0.2 hr-—l
are approximately 100% for the ordinary (non—dialyéis) fermeﬁtdr; and about 60%

for the diaiysis continuous fermentor. If substrate costs are high, the gain

in cell productivity of the dialysis system might be offset by substrate losses.

‘A limitation of the dialysis fermentor is the inherently slow process
of diffusion of both nutrients and metabolic products through the dialysis

membrane . 'vathe.rate of diffusion of toxic metabolic products out of the

o

-«

apparatus is less than the rate of their productioh by the cells, then the toxic »

'ﬁrOdﬁct concentration :in the fermentor may reach high levels, thereby limiting

‘maximum cell concentration. This may explain the fact that Gerhardt and

Gallup (10) obtained very low cell concentration of Streptocoécﬁs lactis (lactic

w
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acld inhibitor)‘as coupared'With high cell densities obtained for Serratia
» marcesceus,BUK in‘their flask_dialySis experiments. |

Figure 2 shows a schematic of the_Rotorfermentor. It consists of'
three main parts: .the rotatingscylindrical rotor the feruentor vesSel, and
the flltrate chamber on top which is separated from the fermentor The rotor
is connected to a varlable‘speed motor unlt and & mlcrooorous flltratlon mem-
brane is attached to the rotor. There is an annular space between the membrane
and the rotor_which allowslfor theiflow of filtrate from thejfermentor through'
,.the_membrane'and into.the filtrate chauber._ Any gas trapped invthe filtrate
separates out:and'leaveSTat the'top of the flltratefchauber while the liquid
filtrate iS‘withdrawn at the bottom as shown. The air and'liquid medium are
supplied under pressure through a spec1al sparger system at the bottom of the
fermentor. Th1s pressure prov1des the necessary dr1v1ng force for flltratlon
through the mlcroporous membrane at a glven.rotatlonal speed of the rotor. A
lsmall recycle line-isluseu to remove gas (air) and‘also uithdraw the concentrated
cells through'the cell bleea line. Any toxic metabolic products produced by the
‘cells are contlnuously removed through the flltratlon membrane whlle ‘the con-
centrated cells 1uside.the'fermentor are replenished with fresh medium.

Sortland and Wilke (24) used the same technique but a different design version

to study the growth cﬁaracteristiCS of a strain of_Streptococcus:faeCalis.

This anaerobic homoffermegtative‘bacterium fermeuts 90-95% of_the'glucose to
lactic acidlvia the Emoden—Meyerhoff pathway according'totGunsaluS‘anvaiven (11).
In this case the removal of lactic acid is necessary if high cell'deusities are
desired. ' Sortland and Wilke (2&) used a 0.45 mlcroﬂ_Millipore meubrane aﬁd Vere

able to obtain 40% packed cell volume using the fermentor-rotor scheme under Semi-
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'batch operatlng condltlons, 1 e. contlnuous feed and’ flltratlon but uno cell

_ bleed. -Thls~corresponds'to.9h g cells/llter (oven dry bas1s)1 Under ordinary batcﬁ
condltlons w1th the rotor removed from the fermentor, 2.1 g. cells/llter
were obtained, w?ich repregents a ratio in cell concentrations of approximately
HS‘Whenfcompafea.with the fotoffermentor;

| In»oadition5 therrotorfermentor was operated continuousiy and a steddy-
state value*of aﬁptoximately 52 g celis/liter was obtaiﬁed. The steady-
.'state cohtiﬁuous operation.without the rotor (erdinary C.S,T. fermentor) gave

‘a maximuﬁ-céll concéntration of'about 1.9 g cellS/liter. Therefore, under

T s1m11ar continuous operating conditlons _the rotorfermentor -gave cell cultures

about 27 tlmes more conoentrated than those obtalned using an ordlnary fermentor.
’ Flgure h shows the hO% packed cell volume. culture obtained by Sortland and

>W1lke (23)
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OPERATIONAL‘CﬁARACTERISTICS;OF THE ROTORFERMENTOR '

The.new.deéign of the Rotofferméﬁtof preseﬁtly under conéfrucﬁion is -
e modificetion of the origihal filtrati§n~fermentor eﬁployed bySSortlana and
wilke (2L), which'ﬁrovides largér"fermentor capacity.  In adéition; air.
supply'thfough_a special‘spgrger system extends the appiication‘to aerébic
systeﬁé.- . |

As shownvin Figuré'g, the.system consists of the fermentor ?essei which
has a diaﬁéfér'ofvlo inches and 12 inches height giving apprbximately 12.85 liters
volume. Thé rbtor has.a'2—inch diﬁmeté¥ and lé-inch heighf giving ap?roximately
0.62 litef volume and'&vailable membrané filtration aren is h86'cm2._ Tﬁe‘net
available-fermentor vo1ume is about 12.liters when the rotor-volume and oxygen
probe plus.éooling coil volumes are sﬁbtracted froﬁ the original 12.85 iiters.
Thé filtration qhambér has a diameter of'l2vinches and approximatelyv9 inches
height. Thé rotor is'suppérted at both enas by meahs of two sets of Craﬁe seals
and self—luﬁriéating‘ﬁall bearings, and it is connected at the bottom to a
variable-speed motor ﬁnit which has a méximﬁm‘speéd‘of.h,soo revolutiohs‘péf 
minute (r.pom.). ’ ‘ L

TWo.positiVe diééiacement metefing’Moyno pﬁmps are used, éne for the
recycle lihe and the other for the withdrawal»of cell bleed. A bféssurized
stainless steél'tank'ié uéed for the nutrients supply aﬁd a variable pressure
alr source is uséd with é'special spafgér mbunted-at the bottoﬁ'éf the fermentor.

Strongftufbulentfmixing of the iiquid broth is achieved:by means 6f the
rotating rotor. Additional bulk-mixing,is created by thé'recycling of the
broth. When the.rdtor is operafed.at its maximum'speed of about h,SQO.r.p.m;,

the maximum pressure inside the fermentor required to overcome"the’centrifugal
: ’ . :
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force durlng flltratlon is about 10° p .s,i. g.ﬁfTemperefure cohtrol-and pH‘COHtTOl
Lare also prov1ded. The pressure inside the fermentor is controlled by means of
a cOntrol'valve. The oxygenrpart;al;pressure ln.the liquid broth,1n51de‘the
fermehfor'ie meagured bf meéés of a steamesﬁérilizeﬁle‘Fermentation-Design
teflon probe | |

At a glven pressure level 1nsrde ‘the fermentor vessel the Rotor-
fermehtor can be operated in two‘ways:.:(l) flltration with cake formation at
rthe membrane surface or (2) flltratlon with no cake formation. In the latter
case’ the centrlfugal force fleld created by the rotor prevents partlcles from
‘-reachlng thevmembrane‘surface. An analysis of both modes of filtration is
giueu 5elow. rFigure'S ehowsrthelassembled Rotorfermentor. |

In the case of steeéy-s%ate ooerationVOf a C.S.T. fermentor; the
dllutlon rate Dis alwéys equal to the- specmflc growth rate U, and cell washout
‘ w1ll occur at D>y éx - |
The dllutlon rate of the Rotorfermentor is D ‘ ‘B/V which is not

identical with the overall dilution - rate, D . deflned by Equetion 1,

_ total flow threug_vthe Rotorfermentor _ Fr
D = _ ===, (1)
o . fermeritor volume‘ _ Vr
'Atfsteadyjstate operation
-  F =B+1L. S ' ' | (2)
, or o ' S S

- Assuming no cells in the filtrate and from a cell mase balance - With Di = U,

diﬁide Equation 2:by Vr fo éet Equation 3,

R T ’ o o ' ' S :
D =1y + 3 . - _ | (3)



“9- , | ~ LBL-222

~ As seen frbm'Equation 3 at:Steédy—state operation othhe_Rotorfermenﬂbr'the
overall dilution rate is always greater than Y. When D°3> Uﬁax no cell washout

occurs provided‘Dr=< u " This is due to the fact that the cells are

max’

retained in the fermentor by the filtration membrane . Howevef, cell washout

will occur when D > 1 .
T : “r  Tmax-
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FILTRATION MEMBRANES

FiltratibnrratéSmthrough the_rotaﬁing fii£er membrane may become the
limiting step in‘attainingfvery highvcell concéntrgtidns in the Roﬁbrfer@entor.
Use of‘metailic micropbfdué membranés with rigid smooth surfaces.offers
pfomising possibilities.éxvhigy enéugh rotor speeds to prevent cake build~-up
'-at'fhe ﬁembrane,sﬁrface.' i

A:preliminary78e¥56nihg of some of the-existing metaliic membranes of
vérioué pére sizes gave the results'shéwn‘in,Figuré S,EWhere the filtration
réte bf puféj&atef per unit membrane aréa is plotted against pressure drop
across the'meﬁbrane. Thevfiist ﬁgmbrahe is é stainless steel smooth membrane
of‘0,0l inch'thickness m@de by M@liory Metallurical Co. with a wide range of
-pore sizes from.loo to 400, microns, wi@h*the mean pore size close tO'ahQﬁt
. 250 micrqné,.and 10% open aréé.' T™wo otﬁer membrénesvmade of l)l6—inch sintered
stainless steel are alsq»Shawﬁ;.ohe is Grade. F of 20 micron pores and the.other
is Grade Hof 5 micrén ébres. For.ccmparatiVe purposes a Millipore cellulose
acetate membrane grade'W§ of 3—mi§ron'§oré size is also shown. Plastic mem-
branes of pore sizes less than’l microh mightvbe supported between two
| ﬁetallic membranes . of Véry large pore sizes and having more than.80% open - afea.
In this way high rotﬁfional speeds may be attained without damaging the plastic

. {
membranes by fluid friction.
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-HYDRODYNAMIC CHARACTERISTICS OF THE ROTORFERMENTOR:‘

When,the cylindrical membrane fotates the fluid elements adjecent to
fhe membreneAsurfaee:ere also.subjeoted to rofetionel notion. Af low fotor
speeds laminer floy conditlons eklst ln the annulus between the rotor'surface
and the wall of the fermentation chamber. This casevis adequately-described
by Schllctlng (20). However, as the rotor speed isVincreesed;‘e oritical value
1s~reeched beyond which fully-turbulent flow'eonditions.are develOped in the
annulus.  Turbulence in’tne vicinity;of the rotor‘is charecterized by the

'.

dimensionless Taylor Numbet, T,'defined bvaquetion L,

- 2 . - |

where S ; S o ‘ e

e .
I
|

‘D= rotor diemeter, cm

w;= 2N = anguler velocify of loto;, radiens/ge¢
N = revolutions perveeo,-secf.
V= u/p = kinemetie viSeoeity, cmg/secd

U= viscosity of fluid, g/cm sec

p = density of fluid, g/cms.

Accordlng to Chandrasekhar (3) thevcritical TaylorvNumber, T, beyond
lwhlch turbulence occurs is equal to 3 l b th, although the crltlcal Taylor :
'Number is also a function of the annulus w1dth | At rotor speeds well beyond
the critical value Donelly end Simon ( ) obtalned an emplrlcal relatlonshlp
between‘ﬁhe angular velocify;_w, annulus wldth,-d, end the_torque transmltted

by the rotor to the fluid. Batchelor (1) provides a theoretical anelysis.of.
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”tﬁéiexpériméntal results,:pésyulating a steady flow pattern.in tﬁe7axial plane
paséing thféﬁgh_thé anﬁulus éé shown in Figuré 7;

'TheAperipheral,véloéify of thg fluid eleﬁents adjacent to the membrane .
Qérieg:ﬁith distance.‘ Aﬁ'very Small distances_away ffom_the membrane surface;
i.e. gbou£ 50>mic?oﬁs orllesé,,the fluid elements do not "see" the;membrane |
_curvéture. Thereforé,_in_pfdef to simplify the analyéis a good approxiﬁation
.qén_bé.ﬁade‘by'negleciinglthev@embfane éu;vatu?eaand asSuming flpw paét a flat
plate. .FOr furbulent?fl¢wchnditions past a fiat platé the,Velocity prdfi%e.in
_fhe.bbundary_layer_is given by.Von Khrmanfs (26) univefSai velocity profile in

the form:

<
i]

v, (- ax) R | | (5)
vwhefe

'v_?'periphera; (ﬁangentia1) velgéity ofvliquid-element at distance x

from the membrane surface, cm/sec

l; vo’= peripherai'vélocity of membrare, cm/sec = TDN ' )
a = 'Tw gc » -l ’ : |
, w0 o o2
Ty = shear stress at the 'membra.n'e surface, g/em” = (-2-)( z

f = friction factor, avfﬁnction of Reynolds No.

gé = gravitational constant = 980 cm/'s-ec2
~In the derivation of Equatibn 5 it is assumed_that there is no appreciable
effégt“of-the:fluidfradial flow on the peripheral velocity profilé.

' Figure 8 is a plbt'of the Von Ka?ﬁan'veldcity profile for two different

-viscéSities‘at various speeds of the 2—in¢hzdiameter rotor.
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‘Another importantJVafiable is the power consuﬁéd»bj the roﬁér whiéh is
trensmitted to the fluid in the annulus. The power consumpfion is a function
of the rotor geometry andispeed,'and the physical préperties'bf the fluid.
Equation 6 shows the pOwer.consumptién for a cylinder'rotating.in a Newtonian

fluid, under fully turbulent flow cohditions.

P 8

(1.272 x 107") (romn*N) ) - | (8

where

P = pover cénsﬁmption, H.P.
o = density of fluid, 1b/ft3
f = friﬁtion factor |
L_=‘1ength of cylinder, £t
D= diametér of éflihdér,»ft

N = rotational speed of cylinder, R.P.M.

Figure 9 is a plot of rotor speed against power consumed for various rotor
diameters from 1 to 8 inches calculated for a system of 6 centipdsé-viscosity,

corresponding in properties to the 40% packed cell volumie suspension of

Streptococcus faecalisloﬁtained by Sortland (23). Values of the friction fac—
torvat different Reynoldfs@Noé.‘were obtained from The0dorsen and Regiér,(25)-

| _in the case of aeration thé effect Qf-gas‘bubﬁleﬁ'on performance of the
ngprfgrggnpor is nét knoﬁﬁ. FurtherVS£uay willvﬁe'rééuired ﬁb determiﬁe.
'Whethgr.the bubbles will interfere with passage of 1iquid\throﬁgh the membrane
of reduce the effectiveness of cell retention in the anﬁular_spéce;tbAnoﬁﬁer
cdnéideration'in'aeréted'systems is the effeqtfof the gas phase on power

requirements.
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_ THEORY. OF FILTRATION THROUGH THE:ROTOE MEMBRANE
Consider anj'parfiéle in-the.bouﬁdary lgyer near the memﬁrane surface
moving'with‘a periphefal'velocity v at a distancé'r from the rotor axis. The
particle'is subjeqtéd'to a ¢entrifugal fofcevFé given by Equation T.
, :é v v A ‘

_ch(%ff><_rf{gé>* - - ()

where -

D 3
P

oN=

effective particle mass, g =

oF
[

(pp - p), for spheres

R
L}

'Centrifhgal force, &p

M-I
]

particle diameter, cm
i .,

.

.
1}

:partiélg'deﬁsity, g/cm

O
1t

density of the fluid, g/cﬁ?
Substituting for v from:EQuation S and rearranging, we get

D3 Ap)(;-vz——) (1 - ex)? v (8)

“oy=

C

where -

i

p-p .

.
DA

1j'The'centrifug§l‘foxce tends'té throw the particle away from the membrane

sﬁrfgce.f If at the same.time there is a filtrate flow radially into the mem-

- brane, ‘the particle,expériences a drag fOree; FD, vhich tends % gcarry the 4

’particle'towardé>the»membrane,-;The‘drég.forcé acting on the pa}ticle-is‘given

by;EQﬁafion 9..
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where

Cp = drag éogfficient; a function of the particle Reynold's No. Reé and
D _u
Re = "
A.IJ = projectéd area of particle.in the direction of motion, cm2
- - D 2 . ,
A.p = f—EB— . for spherical particles
. s . - ' 3 2
u ='radial liquid velocity, cm/sec; also u = cm”/sec cm,

i.e. filtrate flux through the membrane.

For small relativelyﬂlight pafticles, as in the case of bacteria, the‘gravity
and bubyancy‘forces acting are negligible compared with the two‘domihant>forces
Fc and FD; Furthermore; for small values of’ﬁ, o) tha.t'Rep < 0.03, we assume

viscous flow and Stoke's Law is applicable.

CD - Rep - prpu | (10)

Substituting Equation 10 into Equation 9 gives

Fy -_(gc)(u%u)_ : | e _ - (1)

From Equatioh3v8 and 11 we see that for a éiven set of filtratioﬁuconditions,
the particle size Dp is»impoftént.éince Fc'ié prbpdrtional‘to Dp3, while FD is.
proportional to Dpfv For.a given pérticleISiZé and density;,Fc.can be changed .
by verying the rotor ;péed;-N; whiie FD‘Qan:be controlléd indepgndently

through,u‘by changing the pressure imﬁiae the fermentation vessel.
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. Dividing Equation 7 by Equetion 11 and noting that r = R, +x =R,

sincevﬁhe rotor radius Ro_>> x, we get Equation 12,
e 2 2 . .

I Fc’> FD at the membrane surface, i.e. x = 0, particles in the

liquid will not reach the surface, but rather will reach an equilibrium position

S

at a distance X = xéqu, where F = FD It is assamedvthat the'partieles are -

~carried by the fluid at the Same perlpheral velocity which varies w1th distance
according to Equation~5.‘ Thls mode of operatlon prevents the partlcles from
touchlng the membrane surface and thus prevents cake formatlon or p0551b1e.

v7.plugg1nguof membrane pores. ‘The hlgher the F /F ratlo at X = O the greater
.the\equlllbrlum dlstance xequ’ and theoretlcally a clear boundary layer region
"free of partlcles could exist adJacent to the membrane surface. In this case

it'would be possible to use membranes with large pores with corresponding large

filtration rates. We shall call this mode of, operation "centrifugal" filtration.

.Equation:lé does not include particle to_particle interaction‘and is applicable
only.to:Newtonian»fluida, For a given set of values of Ap, W, Ro,‘and
eQnilibrium'conditions sueh~that Fc/FD = 1, Equation 12 oan be used to predict
.ﬁneoretioal filtration rates, u, at different values of Dp and v. Such a plot
'ofﬁv,véreue uvat differenp Dp values for the 24incn'rotor is ‘shown in Figure 10.
’ .‘Afpreiiminary'test run mas mede using Bhagat's (2) modlfled apparatus

.nequlpped w1th a 6-1nch dlameter rotor and.the 10% open area Mallory metallic

membrane of average pore slze of about 250 microns. The flow diagram was the-

~

o

f’same asithat shown in Figure'Q‘withoﬁiethe recycle. Polystyrene spheres of size
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range 6 to.lh.microns were_used.ﬂ The rotor speed was 2,5@0 R.P.M. and the
filtration rate u = h.69sx 10;2 c_m3/sec.cm2 or 0.691 gal/min ft?. The experi-
mental results are snown'in Figure 11. In this case the bieed rate was zero and
the conoentration inside.the veesel inereased linearly:with time in agreement
with a meSS'balance.for the'particles. Caléuiatione-showed that‘particles'of
size 10 micronslor less were not subjected to sufficiently high centrifugal
forces to prevent them from going through the large membrane pores. A
travelling probe was used to take samples at various distances x from the
membrane surface. As-shown from Figure 11 there was no concentration gradient,
an 1nd1cat10n of good m1xmng conditions in the annulus

If.Fc <'FD at the membrane surface,'i.e x =0, the particles will
touch the eurfece with'reeuitant'cake formation,_provided the pore size of the
membrane is'smaller than the barticle'size 80 that the particles do not go
through. ~For giVendR.P;ﬁ, and'préséure’inside thefuessei at the beginning
of a eteady-state run,]the.eake thickness'ﬁill start building up until e
eonstant'thickness is aehieved.t Correspondinély tﬁe.filtration rate will be
high at the beginning and'then decrease slowly.untii it reachesia limiting
‘constant'value, U This type of filtration we shell call "cake" filtration.
Bhagat end‘Wilke (2) developed a model:which includes the effects of centrifugal
and dragbforoesbas well:as‘the diffusion of particles away from the cake to the
bulk of the fluid. This theoretical model is shown in Figure 12. The con-
vective flux is due to bulk fluid flow through the cake and membrane, the
diffusion flux includes both eddy and'molecular diffusion end is due‘to the.
concentretion-gradient of ﬁarticles, and the_eentrifugel flux is: due to'centri-'

fugal force. At steady-state conditionms, the convective flux must equsl the
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diffusion flux plus the centrifugal flux. Using this type of analysis, Bhagat,

dndeilké'(2)'wefe abie to:¢xplain why the steady-state limiting filtration

ratés obtéinedAin their experiments were gréater than those pfediéted by "
: Equatién 12;, Figure 13 shows fypical experimental results obtained by Bhagat R

and wilke.12).uéing'a 6;ihbh'rotor and ani1lipore:mémbrane grédé WH of 0.45 micron
poré siie;V The particles used weré Dow polYétyrene of 1.3 micron size and |
l.QSé'g/cm3.density.. Féf:this run thelfﬁtor spéed ﬁas'maintéined constant at
N_é‘i,QOO‘R.P.M; and ﬁhé filtrate flow rate at two filtrétion pressures
‘lb;ﬁvp;s;i:g; and 13.4 p.s.i.g. was measured as a function of time. As seen
. from figu;e 13, phé fiitrate flow .rate starts at aﬁhigh,value, then as the cake
’buildé u§}1the;f;oW raté dééreaées to reach,a;ﬁerminal constant valué. Iricreasing
» ﬁhéipfeésure to av higﬁer value, i.e. l3;ﬁ'p;s.i.g.vmomentarily increéses'the‘
flow rate,but it.ieyélsgéff;to the origiﬁal;valuevas the new higher ceake thickness
o 6ffsets_the‘new higher filtration pressure, while maintaining the rotor speed
constant . Bhagat and»Wiike (2), in general, tound that |

P 2
: . : P
: uoom (AQ,_N—

) | | N ¢ )

where

“limiting filtrate f'lux,‘c_m»3/vs_ecvcm2

.§1 

B

AP pfessureHdiop_écross cake and membrane, p.s.i.g.

=
i

rotor'speed; R.P.M.

o
i

cake thickness, em
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jCOMPARISON-QF THE‘ROTQRFERMENTOR WITH THE C.S.T. FERMENTOR
One'bf the major advantages 6f the Rotorférmentor_is high:ééll produc-
tivities per unit fermehﬁor_volume..=An expression can bevde;elopéd which
relates the céll productivity of the Rotorférmentof'to that of an ordinary

C.5.T. fermentor. The two schemes are shown in Figure 1k.

The cell productivity of the C.S.T. fermentbr is given by Equation 1k,

=T - o
where
Q= cell prbductivity, g'cells/lit hr
F = volumetric feed flow rate, 1it/hr
V = volume of the C.S.T. fermentor, lit
X = cell.éoncentfétion, g cells/lit .
The cell productivity for the Rotorfermentor is given by Equation 15,
er . | _ o ‘ |
=T : . | 4 - (15)
v r v _ _ : .
where

Q_ = cell prodﬁctivity of the Rotorfermentor, g célls/lit'hr
B = volumetric,celi bleed rate, lit/hr
) Vr'% net fermentor volume of the Rotorfermentor, 1it

X£_=»ce11_c0ncentration,.g cells/1lit

The cell productivity raiio‘ofvthevRotprfermentor to C.S.T. fermentor, R, is

given by
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At steady-state the specific growth rate for each system is given by

<=
]
<|_w

Cw= . v | : o | o | (17) ‘

r
If it is assﬁmed fhgt,the Rotérferméntor iS op¢rated_at thé.same
.spécifié gfowth'rate“as théAc;SﬁT. férmentor, Equation 16 becomes
. . :

-’qu,thewC,S.T. ferm@@tof,the-Cell copcentration is given by

X Yess B0 = 81 S I (19)

where

62}
L}

concentration of limiting substrate in the feed

wn
1}

concehtration of limiting substrate in the fermentor

el

~

w -
1}

cell mass to substrate yield_cqeffiCiént

Similarly for the Rotorfejmenpor a material balance at steady-state giveé

- . . T : = i
X, =Y {sd - 8,) . o . | (20)

r 1 B

Therefore, if the two fermentors are operated at the sgme level .
'Qf”gupgprate concentration, i.e. a condition imposed by Equation 17 and
assﬁming the same yield'coefficients, EqﬁatiOns 19 and 20 ,may be combined to
‘give

T e - = + = .. . DT . E ) o :
X =1 B K : : (21)
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As shown by Equations 20 and 21 high cell concentrations and high
productivity rutios aré éttéined in the.Rotorfermentoruby employing a high
‘ratio of feed fate to.bleed rate. Thus by suitable choice of flow rates, the
vRotorférmentor méy fulfill the functi_on_s of both-»al.n o.rdi.na,ry»'fer'mento.f andb
centrifuge cell:seﬁaratbr.u

In a.conventional'tfocess uheréyahveﬁdoééllular product is deéiredv
the first step is cell productlon in a ferméntor followed by cell concentratlon
in a centrifuge,.cell dlsruptlon and further separatlon and. purification of
the final p:oduct. Sugh a process for the continuous pllot scale production
of an’éndoéuzyme is described by Lilly und.Dunnill (16) employingvé wild-type

Pseudomonas aeruginossa, a facultativevaefobe; to broduce the endocellular

enzyme‘amidase.' Figure'lSavshows part of the flowsheet based on the given
informationv(16); A Cqs;T. 100-liter‘fefmentor was uséd at"avdilution rate

= 0.4 hr_l‘for'muximum eniyue outputt lfhe cell_cqncentration'leaVing the
fermentor was 2-3 g,cells/lit (oven dry basis). The cells were then fed to a
Westphaiia’cehtrifuge sepafator'model_SAOGH;ZOS, which produced a cell slurry
of 15 td 25 g cells/lit,”i e. ~a concentration factor of 6 to 8 times. According
to 1nformation supplied by the manufacturer (prlvate communlcatlon) the
Westphalia centrlfuge separator model SAOOH—ZOS separates ‘about 80% to 90% of
: the cells entering. Basedtqn this 1nformatlon, a cell mass.balance was made
around the-ceutrifugevéé sh0wn in FigureIISa; .The-concentrated:cell output
comlng out of the centrlfuge 1s estlmated to be 96 g cells/hr |

Flgure 15b shows the operatlng cendltlons of a 12—11ter Rotorfermentur

(10 liter worklng volume)'des;gned to give the same cell output as that.obtained '

in Figure 15a, i.e}‘96vguCeils/hr at the same specific growth rate, 0.4 hr‘l,
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ana tne same substnate concentration_in theffeed.‘.ASSuming practically all
substrate:is converted toncell mass, the celi concentretion inside the
Rotorferﬁentor, kf, is 24 g cells/lit, and the'feed'and filtrste rates, F? end *
L;vare 32 lif/hf.andHQB'lit/hr 'respectively.‘ The specified cell concentration a

is well below the experimental value. of 52 g cells/llt obtained by Sortland

and Wilke (23) for contlnuous Rotorfermentor operatlon with Streptococcus
.faeCalis. | -
Accon&ing'tosinformation obtéined fron the manufacturer (private com-
municstion), fhe'Westphqiia centrifuge model-SAOOH;ZOS draws 1.5 H.P. power
 at,the-sﬁBrt and about 619 H.P. once it reaéhes its final rotationsl speed.
At s typi'c_a.l' power input of 3 H.P.».pe_r. 1,000 galions liquid for the C.5.T.
fermentor and 60% mechanical efficiency, fhe lOO—liter_fermentor consumes
abou£ 0.13 H.P. Therefore, ‘f_or the West‘pha.lia. and C.S.T. fermentor the total
power}consnned is 1}03 H.P. to produce 96 g.cells/hr. The energy consumed to
produce and concentraxe“ﬁhe cells is.therefOre 3.7 Kwatt-hr/1b  cell msss.
;In the case;of’fhe Rotorfermentor the.rotor has a dismeter of 3 inches
and 2hvincnes heightcgiving‘a filtration ares of 1,460 em®. To maintain a
.filtrate.rate of 28 lit/hr ﬁithout_Cake formetion (see Figure 10) for 1 micron
perticles at L1 = 6 c.p., a peripheral veloclty of 2,000 cm per second is
required, corresponding'to N=%5, 000 R P.M. From Figure 9 the power consumed
by the rotor, P, is T.95 H.P., which corresponds to T.43 x 10° f‘_t-elbf/.rhin £13
liquid.in‘the Rotorfermentor. Therefore the'energy consumed to prodnce and -

concentrate the cells 1n the Rotorfermentor is- 28 7 Kwatt hr/lb cell mass.

Thus, for the present xample, the Rotorfermentor consumes about 7.7 times more

_power to do the same job as the C S.T. fermentor and centrifuge.
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' The power consumedbby the Rotorfermentor is reduced appreciably as the
cell size_increases;‘ Eofnexample, in the ebove sysfem, if the microorganism
size were increased-tovSImicrens,and for process condiﬁions identical to those
given 1n Figure 15, the same filtration rate could be obtained, i.e. 28 lit/hn
in the Rotorfermentor at 1,130 R.P.M. 1nstead of 5,000. This reduction in
" rotor speed would reduce the power consumptlon from 7 95 H. P to about 0.133 H. P;
corresponding to 0. h8 Kwatt-hr/lb cell mass.

An addltlonal condition pertaining to power input is that sufficient
agitation must be provided:to disperse oxygen and other substrate constituents
throughout:the cell suspensionvat e rate sufficient.te sustainvthe requifed
,growth rate. In aerobic_éysfems oxygen.supply is usually the limiting factor.

The ratevet.whicn exygen must. be supplied to a %ell suséension is
determined by the respiration. rate of the microorganism and fhe cell-concenf
tration."At_steady-state this rate mﬁst-e@ual the rate ef oxygen transfer
from the.air bubbles to the gas-liquid interface in the‘fermentor. This rela-

tionship is given by Equation 22
(1,2) (" | o | (22
ka)(C - QB) =QX C o t22)
where

k.a = mass transfer coeffieient,’hr—l

= equilibrium concentration-of oxygen, m mole O /lit
C, = oxygen concentratlon in the bulk of llquld m mole O /llt'

.Qm = spec1fic oxygen demand of mloroorganlsm m mole 0 /g cell hr

~
I

cell concentratlon,rg cell/llt .
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tHégéman (privéte-chmunicaﬁioh,jUnivgrsity,of'Célifdrnia, Berkeley) :
repbrtéfthat ih,the cgsegof:Pseudoggéés aeruginosa appfoximatelj_ho%.df the
:sugstrate{garbbn.in:the'form of sucgin;te is assimiléted tébform.cell mass and
thé remaiﬁder ié.bxidized.‘ Théréfofe,.for the C.S5.T. ferﬁentatiOn conditions
. reported by Liiiy ahdzbunnili (16),-a’valﬁe of Qﬁ méy be-estimated to be |
» . » a ié

7.5 m -moles 02/g cells hr. From‘Equaﬁion 29 the réquired_value of kL

695 hr-l,in order to sustein a cell concentration X, = 24 g cells/lit in the

L

~specified above on- the basis of existing mass transfer correlatiqns for

Rotorfermentor. This value of k a seems readily attainable at the power input

‘agitated fermentor vessels (18,19).
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CONCLUSIONS

From the foregoing ;ﬁalysis, it mey be concluded that the Rotorfermentor
is capéble of siﬁultaneous groﬁth and concenfration 6f miéroérganisms. While
_the poﬁér consum@tionjfér:émail size micfborganisms is high; this may be offset
in particﬁlar applicatioﬁs*by the small fermeﬁtor volume aﬁd fesulting high
cell Eoncéntrati@ns obtaiﬁed, TFor thetpilot secale proceés comparison'of’amidase
productioﬁbdescribedvabové cépital equipmént:costs_for;fﬁe Rotorfermentor
system are eétimatedvfo Be:épprOXiméfely one third of thét for a C.S.T. unit
| plus ceﬁtrifuge. _Furthef work is neededvto determine more accurate power
requireménts, filtration-fates‘ﬁnd overall capital costs fér large scale
processés. | |

invaddition to‘potgntial frocessing applications,'the Rotorfermentor

is of interest as avfeséaréh tool for the study of cell growth kineties and
product férmétion’(2h). The devicé‘is of ﬁarticular interesf for study of the
propertiés qf dense céll cul%ures and}the prOduc£ion of metabolié products
excreted by the cells when émpioyment of dénse cﬁltufes would be advantageous.
Specifie_applications of the Rotorfermentor might include the following:

1) Continuous pfoductioﬁ and concéntratioh of cell mass. Examples:
vaccineé, othervcells.

é) _Préductidn éndvremoval through ﬁhe membrane of cell-free.metabolic
products éxcretéd by the celllinto the liquid broth. Examples:
exoenzymes, anﬁibioticsvsuch as penicillin, etc; ’

3).‘Bidlogical1traﬁéférﬁatioh‘of vafi§us substrétésvby thg'highly con-—

v.genfrated cell masé..4Examplesﬁ _sﬁeroid hydroxyiation, antibiotics

transformation, etc.
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'4): P?Qdﬁc§idnyof¥mét?leib prbdpctéwpfeséntfwithin the cell. Examples:

endoenzymes s protéiﬂﬁ;_nuéleic.acids,'vitamins, ete.

-

E:H_»yhié'workngsfpérformed]under the[apsﬁices of thé U,ﬂSfiAté@iggEnergy

- “Commission.
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Flgure 3. "Calculsted aomparison-oftdialysis and'nondiélysis hontinuous culture
with respect to cell density (a); productivity (b),'and efficiency (c¢). The

\follow1ng condltlons were ‘assumed: fermentor volume, 1 liter; growth rate
»constant .Y =1 hr l; growth constant KS =2 % lO‘h g7m1 yleld constant,
Y = 0. 5, malntenance constant, YE 8;'substrate concentration in fermentor .

and reservoir feed, S 0=3509=
500 ml/hr; product of I membrane permeablllty and area, P A = 420 cm
Schultz and Gerhardt (21)

g/ml; flow rate through rese§v01r F =
/hr. AFter
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Figure ), High density transient Run TJ. From left to right: the filtrate, the bacterial
culture and a sample centrifuged at 16,000 g's for one hour which shows the 40% packed
cell volume attained. After Sortland and Wilke (19). (XBB 683-1029)
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Figure 5. Rotorfermentor assembly without the filtration membrane.
(XBB 718-3815)
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Peripheral velocity ratio ,v/v,
dimensionless
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Figure 10. Filtration rates forldilute.suspensions,
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Figure 12. Theoretical model for filtration with cake formation.,
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Flgure 13.: Flltra.tlon rate vs. time- foi" 1.3 | slurry at 25° C and 1200 rpm.
‘ Data of Bhagat and Wllke (2). : :
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.Ce.ll‘p'r.'oduct'ivit";y ratio of rotorfermentor to C.S.T. fermentor.
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Figure 15. Continuous.endoenzyme production.
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| EGAL NOTICE

‘This report was prepared as an account of work-sponsored by the

United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor

- any of their contractors, subcontractors, or their employees, makes

any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or.represents
that its use would not infringe privately owned rights.
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