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ENGINEERING ANALYSIS OF THE RCYI'ORFERMENTOR* 

ArgyriosMargari tis and Charles R. Wilke 

Department of Chemical Engineering and Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

August 1971 

ABSTRACT 

The RotorfeMntor is a relatively new type of fermentation apparatus 

in which cells are ~ in the annular space surrounding a hollow rotating 

cylinder (the rotor} COvered with a mi croporousmembrene. The cells can be 

retained in the apparatus by centrifugal and/or filtration action while the 

metabolic products in the broth 'are continuously removed through the membrane. 

This dual function of continuous cell growth and concentration is the essential 

characteristic of the Rot orfe rment or. As a result, h4.gh cell co~centrations 

are achieved. Previous research in this labora.tory has demonstrated the 

basic technique. 

In this paper anenginl!ering a'halysis is presented which reviews the 

basic theoretical prl.$ci:Ples of the Rotorfermentor design and its operating 

characteristics. Theoretical equations are presented which give filtration 

rates for a model Newtonian system of sphe~ical particles under the influence 

of centrifugal and fluid drag forces and the power consumption of the rotating 

rotor. 

* Paper presented at the Anrwal Meeting of the$ociety for Industrial 
. ~ . 

Microbiology s August 29~September 4, 1971, Colorado State Uni versi ty ,Fort 

Collins, Colorado. 
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r 
An equation is presente'd which ,relat,-es the cell prodUctivity per unit 

, 
fermentor volume of the Rot or ferment or with that of an ordinary fermerltor. 

Performance of the Rotorfermentor is also compared with that for a membrane 

'dialysis fermentor system. 
i 

E:>J7 
The prototype Rotorfermentor consists of a 2-inch diameter rotor of 

12 inches height enclosed in the fermentor vessel wtlich bAs a dia.meter of 

10 inches and height of 12 inches (a.pproximately 12 liters net fe~ntdr 

,volume)'. A prelimineu-y process engineering analysis suggests that a Rotor-

fermentqr might replace economically both the ordinary ferment or and the 

cent_rifuge cell separator in a pilot scale continuous process for endo-

enzyme pro,duction. 

Future applications of the Rotorfermentor include the continuous 
-

concentration of cel.l mass and separation of other metaboli c products for 

anaerobic and aerobi c systems. 

/ 
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These products can be separated from tJ;:te cells by filtration through the 

membrane. The dual function of the Rotorfermentor, Le. cell growth and 

high cell concentration might be used to replace botn an ordinary C.S.T. 
. . 

fermentor and a cell centrifuge separa.tor in conventional cell production. 

Another promising ,a.pplication might be the efficient biological transformation 

of various substrates by the highly'-cOncentrated cell mass. 

Further analysis and comparison of various dense cell culture systems 

is given below. 



-3- LBL-222 

CONTINUOUS HIGH CELL DENSITY CULTURE SYSTEMS 

As shown in Figures 1 and 2, three different ferment or schemes .have 

been proposed to achieve continuous dense cell cultures. Figure la shows a 

• scheme where a C.S.T. fermentor is connected with a centrifuge separato! with 

part of the concentrated cells being recycled back into the ferment or . A 

theoretical treatment of the performance of this scheme is given by Herbert (13). 

The main difficulty with this system is that a good part 9f toxic end products 

are recycled back into thefermentor along with the cells. In addition, the 

cells are exposed continuously to two different environments, one the ferment or 

and the other being the centrifuge separator where there is no provision for 

either substrate addition or any aeration a.t all. Espeoially at high cell 

densities the microorganism: may experience nutrient and/or oxygfm "shock" 

during the time it spends in the centrifuge and recycle lines. 

Gerhardt et al. (8,21) developed the continuo~ dialysis ferment or 
;, 

scheme shown in Figure lb. The basic characteri~st'ic of this technique is the 

use of a dialysis membrane which separates the fermentor from the nutrients 

reservoir. The membrane is mounted 6n a plate and frame type dialyzer and 

continuous circulation of the nutrients and bacterial culture is achieved on 

either side of the m~rane as shown in Figure lb. 

The nutrients diffuse through the dialysis membrane into the fermentor 

while the metabolic end products counterdiffuse through the membrane from the 

fermentor to the reservoir. For the continuous mode of operation, the, 

'. bacteria in the fermeiltor have two sources of substrate, one from diffusion 

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

Aecordiiig;:to SChultz and Gerhardt-(21), it is this extra source of substrate 
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thiough the di alysis'mEllIlb,t::llI;11e;'wh:li.ehf;,gi:ttes. mgliercell densities than- those 

obtained 'when using an o~,u:nanr c. S. T ~ .f.ermentor. . . . E.er ex amp Ie, from " 

Figure 3b we see that the comput ed maximum cell producti vi ty of a hypotheti cal 

organism used by Herbert et a1. (14) occurs at the dilution rate, D, of 

. ...1 
approximately 0.85 hr' . At this dilution rate the cell producti vi ty of the 

continuous dialysis ffi!rmentorsystem is about 5 g cells/hr and that of an 

ordinary fermentor (non-dialysis) 3.8 g cells/hr, i.e. a ratio of 1.3. The 

corresponding computed cell densities at D= 0.85 hr-l are 5.6 g cells/liter 

for the dialysis system, and 4.3 g cells/liter for the ordinary fermentor. -? 

Much higher cell densities are achieved at lower dilution rates but this is 

done at the expense of low.er substrate utilization efficiencies (% substrate 

converted to cell ma~d). -1 
For example, at D = 0.2 hr from Figure 3a, 

x ~ 11 g cells/liter for the dialysis ferment or and X :::;:: 5 g cells/liter for the 

ordina.ry (non-dialysis) C.S,'T. fermentor, i.e. a ratio of approximately 2.2. 

The corresponding sub~trate ,utiliz~tion .efficiencies, Figure 3c at D = 0.2 hr-
l 

are approximately 100$ for the ordinary (non-dialysis) fermentor, and about 60% 

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

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

A lilllitation .of the dialysis fermentor is the inherently slow process 

of diffusion of both nutrients and metabolic products through the dialysis 

membrane. If the rate of diffusion of toxic metabolic products out of the 

apparatus is less than the rate of their production by the cells, then the toxic .• 

product 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 Streptococcus lactis (lactic 

, ~ . 
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acid inhibitor) as compared with high cell densities obtained for Serratia 

marcescens aUK in their fl~sk dialysis experiments. 

Figure 2 shows a schematic of the,Rotorfermentor. It consists of 

three main parts: the rotating cylindrical rotor, the fermentor vessel, and 

the filtrate chamber on top which is separated from the fermentor. The rotor 

is connected to a variable speed motor unit and a microporousfiltratio'ri mem-

brane is attached to the rotor. There is an annular space between the membrane 

and the rotor which allows for the flow of filtrate from the fermentor through 

the membrane and into the filtrate chamber. Any gas trapped in the filtrate 

separates out and leaves at the top of the filtrate chamber while the liquid 

filtrate is withdrawn at the bottom as shown. The air and liquid medium are 
, , 

supplied under pressure through a special sparger system at the bottom of the 

fermentor. This pressure provides the necessary driving force for filtration 

through the microporous membrane at a given rotational speed of the rotor. A 

small recycle line is used to remove gas (air) and also withdraw the concentrated 

cells through the cell bleed line. Any toxic metabolic products produced by the 

cells are continuously removed through the filtration mempran~ while the con~ 

centrated cells inside the ferment or are replenished with'fresh medium. 

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

to Etlldy the growth characteristics of a strain of Streptococcusfaecalis. 

This anaerobic homo-ferm.e~tative bacterium ferments 90-95% of the glucose to 

lactic acid via the EmbdeIi-Meyerhoff pathway according to Gunsalus and Niven (11). 

In this case the removal of lactic acid is necessary if high cell densities are 

desired. ' Sortland and Wilke (24) used a 0.45 micron Millipore membrane arid were 

able to obtain 40% packed ,cell volume using the fermentor-rotor scheme under ,semi-
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batch operatiIlg condition~'i~Le .. continuous feed and filt:rationbut n9 cell 

bleed. This correspondst:6 94 g cells/liter (0ven dry basis). Under ordinary batch 

conditions with the rotor removed from the fermentor, 2; I g cells/liter 

were obtained, which represents a ratio in cell concentrations of approximately 

45 when compared. with the rotorfermentor. 

In addition, therotorfermentor was operated continuously and· a steady-

state value of approximate.ly 52 g cells/liter was obtained. The steady-

sta.te continuous operation without the rotor (ordinary C.S.T. fermentor) gave 

a maximUIl'i, cell concentratipn of . about 1.9 g cells/liter. Therefore, under 

similar continuous opera.t:f:ng conditions the rotprfermentor gave ~ell cultures 

about 27 times more cono.entrated than those obtained using an ordinary fermentor. 

Figure 4 shows the 40% packed cell volume culture obtained by Sortland and 

Wilke (23). 
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OPERATIONAL CHARACTERISTICS OF THE ROTORFERMENTOR 

The new design of the Rotorfern;lentor presently under construction is 

a modifica-tion of the original filtration-fermentor employed bY.,Sortland and 

Wilke (24), which provides larger fermentor capacity. In addition, air 

suppJs" through. a special sparger system extends the application to aer0bic 

systems. 

As shown in Figv.re g, the system consists of the fermentor vessel which .. 
has a diameter of 10 inches and 12 inches height giving approximately 12.85 liters 

volume. The rotor has a 2·4nch diameter and 12-inch height giving approximately 

0.62 liter volume andatvailable membrane filtration area is 486 cm2 . The net 

available ferment or volume is about 12 liters when the'otor volume and oxygen 

probe plus cooling coil vol\lllles are subtracted from the original 12.85 liters. 

The filtration chamber has a diameter of 12 inches and approximately 9 inches 

height. The rotor is supported at both ends by means of two sets of Crane seals 

and self-lubricating ball bearings, and it is. connected at the bottom to a 

variable-speed motor unit which has a maximum speed of 4,500 revolutions per 

minutE (r.p.m.). 

Two positive displacement metering Moyno pumps are used, one for the 

recycle line and the other for the withdrawal of cell bleed. A pressurized 

stainless steel tank is used .for the nu.trients supply and a variable pressure 

air source is used witb a special sparger mounted at tbe bottom of the fermentor. 

Strong turbulent mixing of the liquid broth is achieved by means of the 

rotating rotor. Additional bulk mixing is created by the recycling of the 

broth. When the rotor is operated at its maximum speed of about 4,500 r.p.m., 

the maximum pressure inside the fermentor required to overcome the centrifugal 
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force during filtration, is abqut 10 p.s,i.g. Temperature control and pH control 

.' are also -provi ded. The· pressure inside the fermentor is controlled by means of 

a control valve. The oxygen partial pressure in the liquid broth inside the 

fermentor is measured by nie~s of a steam-sterilizable Fermentation Design 

teflon probe. 

At a given pressure level inside the fermentor vessel, the- Rotor-

ferm~ntor can be operated in: two ways: (1 )fiUration with cake formation at 

the membrane surface or (2) filtration with noeake formation. Inthe latter 

case the centrifugal force f.ield created by the rotor prevents particles from 

reaching the inembranesurface. An analysiE of both modes of filtration is 

given below. Figure 5 shows the assembled Rotorfermentbr. 

in the case of steady-state operation of a C.S.T. ferment or , the 

dilution rate D is alwel\Ys equal to the specific growth rate ].1, and cell washout 

will occur at D >].1 • 
max 

'rhe dilution rate of the RotorfermentoriS D =B/Vwhich is' not . r r . 

identical with the overall dilution rate, D ,defined by Equation 1, o 

D o 
= total flCN throW)h the Ro.torfermentor = 

'ferm:eritor volUI!le 

At steady-state operation 

F =B+L. 
r 

F 
r 

V 
r 

, 
Ass~ng no gells in the filtrate and from a cell mas13 balance wi~h 

di vide Equation 2 by V . to g.et Equation 3, 
r 

D 
o 

L = ].1 + -
V 

r 

D =].1, 
r 
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As seen from Equation 3 at steady-state operation of. the Hotorfermentor the 

overall dilution rate is always greater than ~, When D :> ~. no cell washout 
o max . 

occurs provided D ~ 11 This is due to the fact that the cells are 
r ""max' 

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

will occur when D >~. , 
r 'max 
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FILTRATION MEMBRANES 

Fiitration rates through the rotating filter membrane may become the 

limiting step in attaining very high cell concentrations in the Rdt~rfermentor. 

Use of metallic microporqus membranes with rigid smooth surfaces offers 

promising possibilities ,at hig~ enough rotor speeds to prevent cake build-up 

at the membrane surface. 

A' preliminary scr.eening of soine of the e~isting metallic membranes of 

various pore sizes gave the results shown in Figure 6, where the filtration 

rate of pure water per unit membrane area is pl,otted against pressure drop 

across the membrane. The first membrane is a stainless steel smooth membrane 

of 0.01 inch thickness made by Mallory MetalluricalCo • with a wi~de range of 

pore sizes 'from 100 to 400. microns" wit}): the mean pore' size close to al;J,qut 

250 microns, and 10% op~'n area. Two other membranes made of 1/16-inch sintered 

stainless steel are also ShdWri; one is Grade F of 20 micron pores and the other 

is Grade H of 5 micr·on Pores. For comparative purposes a Millipore cellulose 

acetate membrane grade WS of 3-micronpore size is also shown. Plastic mem­

branes of pore sizes less than 1 micron might be supported between two 

metallic membranes of very large pore sizeS and having more than 86% open area. 

In this way high rotational speeds may be attained without damaging the plastic 

membranes by fluid friction. 



-11- LBL-222 

HYDRODYNAMIC CHARACTERISTICS OF THE ROTORFERMENTOR 

When the cylindrical membrane rotates the fluid elements adjacent to 

the membrane surface are also subjected to rotational motion. At low rotor 

sp'eeds laminar flow conditions exist in the annulus between the rotor surface 

and the wall of the fermentation chamber. This case is adequatelydes(!ribed 

by Schlicting (20). However, as the rotor speed is increased, acritil!al value 

is reached beyond whi~h fully turbulent flow conditions are developed in the 

annulus. Turbulence in the vicinity of the rotor is characterized by the 
'. 

dimensionless Taylor NUmber, T, defined by Equation 4, 

where 

T = - D W 4 4 ( )2 9v . 

D = rotor diameter, cm 

W = 2nN = a.ngular velocity of rotor, radians/sec 

-1 N = revolutions per sec, sec 

\) = ~/ P = kinematic viscosity, cm2/ sec" 

~ = viscosity of fluid, g/cm sec 

p = density of fluid, g/cm3 . 

(4) 

According to Chandrasekhl:l,r (3) the critical Taylor Number, Tc' beyond 

which turbulence occurs is equal to 3.1 x 104, although the critical Taylor 

Number is also a function of the annulus width. At rotor speeds well beyond 

the critical value Donelly and Simon (5) obtained an empirical relationship 

between the a.ngular velocity, W, annulus width,d, and the torque transmitted 

by the rotor to the fluid. Batchelor (1) -provides a theoretical an~lysis of 
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the e:x:perimental results,postulating a steady flow pattern in the axial plane 

passing through the ann~lus as shown in Figure 7. 

The peripheral velocity of the fluid elements adjacent to the membrane 

varies with distance. At very small distances away from the membrane surface, 

i. e. about 50 microns or.less, the fluid el.ements do not "see" the membrane 

curvature. ThereforE;!, in order to simplify the analysts a good approximation 

can be made by negJ-ecting.the. membrane cu~yature.and assuming flow past a flat 

plate. For turbulent flow conditions past a flat plate the .veloc i ty profi~e in 

the boundary layer is given by Von Karman's (26) universal veloc~ty profile in 

the form: 

where 

v = v (1 - ax) o 

v peripheral (t,s,ngential) velocity of liquid element at distance x 

from themem'brane surface,cm/sec 

Vo = peripheral velocity of membra.ne, cm/sec = 7TDN 

a = 
Tw gc -1 
~v 

, ClJl 2 
0 

2 (f)(P v ) shear stress at the membrane surface, g/cm 
0 T = = W gc 

f = friction factor, a function of Reynolds No. 

. '. . 2 gc = gravitational cOQ,'stant = 980 cm/sec 

In the derivation of Equation 5 it is assumed that there is no appreciable 

effect of the fluid· radial flow on the peripheral velocity profile. 

Figure 8 is a plot of the Von Karman velocity profile for two different 

viscosities at various speeds of the 2-in~h diameter rotor. 
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Another important.variable i's the power consumed by the rotor which is 

transmitted to the ~luid in the annulus. The power consumption is a function 

of the ro~or geometry and speed, and the physical properties of the fluid. 

Equation 6 shows the power consumption for a cylinder rotating in a Newtenian 

fluid, under fully turbulent flow conditions. 

(6) 

where 

P = power constmlption, H.P. 

p = density of fluid, Ib/ft 3 

f = friction factor 

L = length of cylinder, ft 

D = diameter of cylinder, 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 centipose viscosity, 

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

Streptococcus faecalis obtained by Sort land (23). Values of the friction fac­

tor at different Reynold' s,Nos. were obtained from Theodorsen and Regier (25). 

In the case of aeration the effect of. gas bubbles on performance of the 

Rotorfermentor is not known. Further study will be required to determine· 
• ,!' , :' :, ~ .... : ~", '. ;'" 

whether the bubbles will interfere with passage of liquid through the membrane 

or reduce the 'effectiveness of cell retention in the annular space. Another 

consideration in aerated systems is the effect of the gas phase on power 

requirements. 
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THEORY, OF FILTRATION THROUGH THE ROTOR MEMBRANE 

Consider any particle in the boundary layer near the membrane surface 

moving with a peripheral. velocity v at a distance r from the rotor axis. The 

particle is subjected to a centrifugal force F given by Equation, 7. 
c 

2 

Fe = (lIleff)( rVog ) 
. e 

where' 

= effect1vep$"tiele mass, g':'" !. D 3(p - p), for spheres . ,:- 6 p p" . 

F c = centri:~ugal. force, gf 

D = particl~ di~eter, em 
p 

Pp = particle de~sity , g/cm 3 
, 

P = density of the fluid, 3 glcm 

Substituting for v f~()mEquation 5 and rearranging, we get 

where 

Fe =(6 Dp
3 AP)(}i:) (1 - ad 

6.p = p - p 
p 

(8) 

Thecentrifu$al force tends to throvT the particle away from the membrane 

surfa.ce. If at the same.time there is a filtrate flow radially.into the mem­

brane,the particle eXperiences a drag force, F
D

, which tends :£i'::arry the 

particle towards the membrane .. Thecirag force acting on the pa~ticle. is given 

by Equation 9. 

.b 
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where 

CD = drag co~:tticient, a function of the particle Reynold's No. Rep and 

D U 
Re =--1L 

p \) 

2 A = projected area of particle in the direction of motion, cm 
p 

D 2 

Ap = ~ for spherical particles 

u = radial liquid velocity, cm/sec; also u = cm3/sec cm
2

, 

i . e .filtra.te flux through the membrane. 

For small relatively light particles, as in the case of bacteria, the gravity 

and buoyancy forces acting are negligible compared with the two dominant forces 

Furthermore, for small values of u, so that Re < 0.03, we assume 
p 

viscous flow and Stoke's Law is applicable. 

C = gL = s.!uL 
D Re pD u 

p P 
(10 ) 

Substituting Equation 10 into Equation 9 gives 

(11) 

From Equations 8 and 11 we see that for a given set of filtration· conditions, 

the particle size Dp is important since Fc is proportional to Dp
3 , while FD is 

proportional to D 
p 

For a given particle Size and density, Fc can be changed 

by varying the rotor speed,N, while FD can be controlled independently 

through u by changing the,;press1.1re jj.:8~de the fermentation vessel. 



-16- LBL..,.222 

Dividing Equatio.n .. 7 by Equat i en 11 and no.ting that r = R + x ~ R , 
0. 0. 

since the ro.to.r radius R »x,we get Equatio.n 12, 
0. 

\ If F c > Fn at the membrane surface, i.e. x = 0, particles in the 

(12) 

liquid will net reach the surface, but rather will reach an equilibrium po.sitio.n 
i.... 

at a distance x = x . where F 
eq;u' c 

It is assumed that the particles are 

carried by the fluid at the same peripheral velo.city which varies with distance 

acco.rding to. Equatio.n·5. This mo.de o.f o.peratio.n prevents the particles fro.m 

to.uching the membrane surface and thus prevents cake fo.rmation o.r pes sible 

plugging o.f membrane peres. The higher the F/F
n 

ratio. at x =0, the greater 
',' 

the equilibrium distance x ,and theo.retically a clear bo.undary layer regio.n equ. .. 

free o.f particles co.uld exist adjacent to. the membrane surface. In this case 

it wo.uld bepo.ssible to. use membranes with large peres with co.rrespo.nding large 

.filtratio.n rates. We shall call this. mo.de o.f! o.peration "centrifugal" filtratio.n. 

Equatio.n 12 do.es net include particle to. particle interactio.nand is applicable 

only to Ne"rto.nil:'!ll fluidfJ·. Fer a given set of values o.f I:J.p, ll, R , and 
0. 

equilibrium co.nditio.ns !3uch that F/F'n = 1, Equatio.n 12 can be used to. predict 

theo.retical filtratio.n rates, u, at different values o.f n and v. Such a plo.t 
p 

of v versus u at different n values for the 2"';irtch ro.tor is ·sho.wn in Figure 10. 
P 

A preliminary test run was made using Bhagat's (2) modified apparatus 

~quipped with a 6-incb. diameter ro.t~:rand.the 10% o.pen area Mallery metallic 

membrane o.f average po.re size o.f abo.ut 250 micro.rts. The flew diagram was the 

sal:!le as that shewn in F,igure 2witho.ut the recycle. Po.lystyrene spheres o.f size 
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range 6 to 14 microns were used.' The rotor speed was 2,5@0 R.P.M. and the 

filtration rate u= 4.69 x 10-2 cm3/sec cm2 or 0.691 gal/min ft2. The experi-

mental results are shown in Figure 11. In this case the bleed rate was zero and 

the concentration inside the vessel increased linearly with time in agreement 

wi th a mass balance for the particles. Calculations showed that particles of 

size 10 microns or 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. Assho~ from Figure 11 there was no concentration gradient, 

an indication of good mixi.ng conditions in the annuluS\. 

If Fc < FD at the membrane surface,i.e. x = 0, the particles will 

touch the surface with resultant cake formation, provided the pore size of the 

membrane is smaller than the particle size so that the particles do not go 

through. For a given R,P~M. and pressure ,inside the vessel at the beginning 

of a steady-state run, ,the cake thickness will start building up until a 

constant thickness is ach:j;eved. Correspondingly the filtration rate will be 

high at the beginning and then decrease slowly,:until it reaches a limiting 

constant value,~. 'This type of filtration we shall call "cake" filtration. 

Bhagat and Wilke (2) developed a model which includes the effects of centrifugal 

and drag forces as well as the diffusion of particles away from the cake to the 

bulk of the fluid. This t~eoretical model is shown in Figure 12. The con­

vective flUJC +s due to bulk fluidflGW th,rough the cake and membrane, the 

diffusiol'l flux includes bO~h eddy and molecular diffusion and is due to the 

concentration gradient of particles, and the centrifugal flux is due to centri-

fugal force. At steady-state condit1ons,the convective flux must equal the 
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dif.fusic,ufl1ix plus the centriftigalflux. Using this type of analysis, Bhagat 

and Wilke (2) were able to explain why the steady-state limiting filtration 

rates obtained in their experiments were greater than those predicted by 

Equation 12. Figure 13 shows typical experimental results obtained by Bhagat 

and Wilke ,(2) using a 6-inch rotor and .80 MiJ,.lipore membrane grade WH of 0.45 micron 

pore size. The particles used were Dow polystyrene of 1.3 micron size and 

1.056 g/cm3 density. For this run the rotor speed was maintained constant at 

N = 1,200 R.P.M. and the filtrate flow rate at two filtration pressures 

10.4 p.s.i.g. and 13.4 p.s.i.g. was mea.sured a.s a function of time. As seen 

. from Figure 13, the filtrate flow rate. starts at a high value , then as the cake 

builds' up "the. flow rate de~reases to reach a : terminal constant value. Increasing 

the pressure to a higher value, i.e ~ 13.4 p.s. i.g. momentarily increases the 

flow rate.but it levels' off to the original value as the new higher cake thickness 

offsets the new higher filtrat~on pressure, while maintaining the rotor speed 

constant. Bhagat and Wilke (2), in general, found that 

I 
(13) 

where 

". l~ =l.iriliting filtrate flux, cm3/sec cm2 

AP = pressure di"opacross cake and membrane, p.s.i.g. 

N·= rotor speed, R;P.M. 

~ = cake thickness, cm 
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COMPARISON OF THE ROTORFERMENTOR WITH THE C.S.T. FERMENTOR 

One of the major advantages of the Rotorfermentor is high cell produc-

ti vi ties per unit fermentor volume. ,An expression can be developed which 

relates the cell productivity of the Rotorfermentor to that of an ordinary 

C.S.T. fermentor. The two schemes are shown in Figure 14. 

The cell productivity of the C.S.T. fermentor is given by Equation 14, 

where 

FX 
Q = 

V 

Q = cell productivity, g 

F = volumetric feed flow 

V = volume of the C.S.T. 

X = cell concentration, 

(14 ) 

cells/lit hr 

rate, lit/hr 

fermentor, lit 

g cells/lit 

The cell productivity for the Rotorfermentor is given by Equation 15, 

where 

BX 
r 

Qr = cell productivity of the Rotorfermentor, g cells/lit hi 

B = vblumetric cell bleed rate, lit/hr 

'V 
r = net fermentbr volume of the Rotorfermentor, lit 

X" = cell concentration ,g cells/lit 
r / 

The cell productivity ratio of the Rotorfermentor 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 

F B 
11 = V = V 

r 

If it is assumed that the Rotorfe.rmentor is operated at the same 

specific growth rate as the C.S.T. ferment or , Equation 16 becomes 

R = 
X 

r 
X 

For tbe·C.S.T. fermentor the cell concentration is given by 

x = y / (S - Sl·.) x s 0 

where 

s = concentration of limiting substrate in the feed 
0 

Sl = concentration of limiting substrate in the ferment or 

y 
xis = cell mass to sU9strate yield coefficient 

Similarly for the Rotorfermen~or a material balance at steady-state gives 

X = y / r x s 

F 
(S - S.) • -L 

o 1 B 

Therefore, if the two fermentors are ·operated at the same level 

of ~u9~tr~te conce~tration, i.e. a condition imposed by Equation 17 and 

(16 ) 

(18) 

(19 ) 

(20) 

ass1lllling the same yield coefficients, Equations 19 and 20 ) may be combined to 

give 

X F 
I= :=l+~. (21) 
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As shown by Equations 20 and 21 high cell concentrations and high 

producti vi ty ratios are attained in the Rotorfermentor by employing a high 

ratio of feed rate to bleed rate. Thus by suitable choice of flow rates, the 

Rotorfermentor may fulfill the functions of both an ordinary ferment or and 

centrifuge cell separator. 

In a conventional process where .a.n epdocellular product is desired, 

the first step is cell production in a fermentor followed by cel'l concentration 

in a centrifuge, cell disruption and further separation and purification of 

the final product. Such a process for the continuous pilot scale production 

of an endoenzyme is described by Lilly :and Dunnill (16) employing a wild-type 

Pseudomonas aeruginosa, a facultative aerobe, to produce the endocellular 

enzyme amidase. Figure 15a shows part of the flowsheet based on the given 

information (16)~ A C~S.T. 100-liter ferment or was used at a dilution rate 

D = 0.4 hr -1, for maximum enzyme output. ' The cell concentration leaving the 

fermentor w~s 2-3 g, cells/lit (oven dry basis). The cells were then fed to a 

Westphali'a centrifuge separator model SAOOH-205, which produc,ed a cell slurry 

of 15 to 25 g cells/lit, i.e. a concentration factor of 6 to 8 times. According 

to information supplied by the manufacturer (private communication) the 

Westphalia centrifuge separator model SAOOH;..205 separates about 80% to 90% of 

-
the cells entering. Based on this information, a cell mass balance was made 

around the centrifuge as shown in Figure l5a. The concentrated cell output 

coming out of the centrifuge is estimated to be 96 g cells/hr. 

Figure l5b shows the operating qonditions qf a12-liter Rot or ferment or 

(10 liter working volume)' designed to giv.e the same cell output as that obtained 

;..1 
in Figure l5a, i.e. 96 g cells/hr at the same specific growth rate, 0.4 hr , 
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and the same substrate concentra.tion in the ,feed. Assuming practically all 

substrate is converted to cell mass, the cell concentration insiae the 

Rotorfermentor, X , is 24 g cells/lit, and the feed and filtrate rates, F and 
r r 

L, are 32 lit/hrand 28 lit/hr, respectively. The specified cell concentration 

1.s ~ell below the experimental value of 52 g cells/lit obtained by Sortland 

and Wilke (23) for continuous Rotorfermentor operation with Streptococcus 

faecalis • 

Accord.ing tointbI'mation obtained from the manufacturer (private com-

munication), theWestph~ia centrifuge model SAOOH-205 draws 1.5 H.P .. power 

at ,the start and about 0'.9 H.P. once it reaches its final rotational speed. 

At a typl.cal power input of 3 H.P. per 1,000 gallons liquid for the C.S.T. 

fermentor and 60% mechanical efficiency, the 100-liter fermentor consumes 

about 0.13 H.P. Therefore, for the Westphalia and C.S.T. fermentor the total 

power consumed is 1.03 H.P. to produce 96 g cells/hr. The energy consumed to 

produce and concentrate the cells is therefore 3.7 Kwatt-hr /lb cell mass. 

In the case of the Rotorfermentor the rotor has a diameter of 3 inches 

2 and 24 inches height :giving a filtration area of 1,460 cm. To maintain a 

filtr·ate rate of 28 l!t/hr without cake fo:rmation (see Figure 10) for 1 micron 

particles at lJ = 6 c ~p., a peripheral velocity of 2,000 cm per second is 

required,correspehdingto N ~5,000 R.P.M. From Figure 9 the power consumed 

by the rotor, P, is 7.95 H.P., which corresponds to 7.43 x i05 ft-lbf!min ft 3 

. . 

liquid in the Rotorfermentor. TheI'efore, the energy consumed to produce and 

concentrate the cells 

Thus, for the present 

in.t.he Rotorfermentor is 28.7 Kwatt-hr/lb 

~~~Ple,' ~~e' Rotorf·ermentor consumes about 

power to do the samej6b as the C.S.T. fermentor and centrifuge. 

cell mass. 

7 .7 times more 
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The power consumed by the Rotorfermentor is reduced appreciably as the 

cell size increases. For example, in the above system, if the microorganism 

size were increased to 5 microns,and for process conditions identical to those 

given in Figure 15, the same filtration rate could be obtained, i.e. 281it/hr 

in the Rotorfermentor at 1,130 R.P.M. instead of 5,000. This reduction in 

rotor speed would reduce the power consumption from 7.95 H.P. to about 0.133 H.P. 

corresponding to 0.48 Kwatt-hr/lb cell mass. 

An additional condition pertaining to power input is that sufficient 

agitation must be pro.vided to disperse oxygen and other substrate constituents 

throughout the cell suspension at a rate sufficient to. sustain the required 

growth rate. In aerobic systems oxygen supply is usually the limiting factor. 

The rate at which oxygen must.be supplied to a ~ell suspension is 

determined by the respirat-ion rate of the microorganism and the cell concen-

tration.At steady-state this rate must equal the rate or oxygen transfer 

from the air bubbles to. the gas-liquid interface in the fermentor. This rela~ 

tionship is given by Eq~ation 22 

where 

kLa = mass transfer coefficient, hr-l 

* C = equilibrium concentration of oxygen, m mole 02/lit 

CB = oxygen concentration in thebillk of liquid; m mole O/lit 

~ = specific oxygen demand o.f mioroorganism, m mole 02/g cell hr 

X = cell concentration, g cell/lit 
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Hegeman (private commUnication, University of California, Berkeley) 

reports that t"n the case ofPseudomgsas aeruginosa approximately 40% of the 

substrate carbon in theforIn of succinate is assimilated to form cell mass and 
. f· 

the remainder is oxidized. Therefore, for the C.S.T. fermentation conditions 

report~d by Lilly and Dunn;Ul (16), a value of ~ may be estimated to be 

7.5 mmoles 02/g cells hr. From Equation 22 the required value of kLa is 

695 hr-l in order to sustain a cell concentration X =24" g cells/lit in the 
r 

Rot or ferment or . This value of kL a seems readily attainable at the power input 

specified above on the basis of existing m,ass transfer correlations for 
! 

agitated fermentor vessels (18,19). 
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CONCLUSIONS 

From the foregoing analysis, it may be conciuded that the Rotorfermentor 

is capable of simultaneous growth and concentration of microorganisms. While 

the power consumption for small size microorganisms is high, this may be offset 

in particular applications by the small ferment or volume and resulting high 

cell concentrations obtained. For the pilot scale process comparison of amidase 

production described above capital equipment costs for the Rotorfermentor 

system are estimated to be. approximately one third of that for a C .• S. T. unit 

plus centrifuge. Further work is needed to determine more accurate power 

requirements, filtration rates and overall capital costs for large scale 

processes. 

In addition to potential processing applications, the Rotorfermentor 

is of interest as a research tool for the study of cell growth kinetics and 

product formation· (24). The device is of particular interest for study of the 

properties of dense cell cultures and the production of metabolic products 

excreted by the cells when employment of dense cultures would be advantageous. 

Specific applications of the Rotorfermentor might include the following: 

1) Continuous production and concentration of cell mass. Examples: 

vaccines, other cells. 

2) Production and removal through the membrane of cell-free metabolic 

products excreted by the cell into the liquid broth. Examples: 

exoenzymes, antibiotics such as penicillin, etc. 

3) Biological transformation of various substrates by the 'highly con­

centrated cell mass. Examples: steroid hydroxylation, antibiotics 

transformation, etc. 

/ 
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4) Produc~ion ofmetabol~c product,s present within the cell. Examples: 

endoenzymes, protein~, nucleic acids, vitamins, etc. 
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, fo"llowing,condi t'~o~ were as sunied :fermentor vOluni: I~ V£ .=1 ~i ter; growth rate 
. constant, jJ = 1 hr 1; growth constant, K = 2 x 10 L+ g/ml; Y1.e1d constant, 
Yx = 0.5;· m~intenance constant, YE.::.,.8; s~bstrate concentration in fer~entor 
and reserV01.r feed, S 0 = Sf 0 = 10' g/ml; flow rate through rese§volr, F = 
500 ml/hr; productofrmembrane permeability and area, P A = 420 cm /hr. After 

. ( ) m m Schultz and Gerhardt 21. 
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Figure 4. 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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Fi gure 5. Rot orfermentor assembly without the filtration membrane . 
(XBB 71 8 - 3815) 
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Pressure drop across membrane 
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Figure 6. Filtration rates for pure water. 
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Figure 14. Cell productivity ratio of rotorfermentor to C.S.T. fermentor. 
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