










































































Vp>*,
t 

lr,f-( 
'

v< ̂ lrc z ot dA' ^ Le v povd>tMr

I,^r-W,
t .  I  r  t ' l  ,  -  fr\Mpl/h'a' w>(Aweta/L

& +
Jt '

)@ vtAA'( e

Z A g
tu

€ l a

lL  6n

n  , Z  T'1  Qf f i ir,=t-,E=fW
I

q) Mo"lclr-r:- /rn',^ar'1, "4 n\'du

/\r = V S
, l

powno'r,r @ pJ fu?'* 
t^o*

1 2 -
C\ s .- +
da?

auoJt 64"',-\,,4'

g s

n-r&.wr t 
f

sr 'nh64d
: :TWGq>

s d@tL,(s d) - |
- r

I
/
!
!

I
I
I

r o V ^ *
k -

L"^

S /LA, +13 << J

t -
z  o \c
= t
lz o(\Q

, ?

I  q q  E  i
I

*  F \ [ 7
al) : ,- tl <-

a U l ), J - t g

i

/ h \
/ -v

- 1  (
Vf c*tnVr fc iu €C'1.-.r H-W ,

s 4 ^



7\/ :- ldo -) \)*tvuat*nt* Y-Y ' lro* V^ur-

y Ml*r

-  A  t t -

J , I  _ K V  %c, -T [r-
I  -  ' ' o l s

L

= qf"lp -ot 4' )
l, 2-

6, s , L.t-

oLnz T

S>k  ̂ - ,  {5

pol^n'rl g qr"J,- lN)'c-t t'(q:J  ' l - - " -  
1"  0

I

l -
cAC

[ic. h-eC^"C "d let"'oh't% l4-Y( t'"'$fl [^'''iln'lo| 1^'t'*a'clh

I-r6luu /v*^f e Y'U'tr"t Ps'(?{ '|\r t 
d"'tv ̂ ^^iA^'

r?-= Rc oL /v=R (]y'":l;: #:ff3',
/4v..l-!J]""r' ,/t = lzL- -V 

./t 1 l

d n

a**ry{"'cr\nt ̂ 'P\-(-{l"t't' ('

S A'L T FT'IS  =  
7 V  

t '  '
- zE"" (E"- F[. 4

r,)"* Ir-A *dt';' nl'o^ru,(>h h': 
,- r..* I; ;l

p.o\.uc,t- R*J 0 P &''h'ao Pf^^{--1f,'T. o\'7= "1

Po\.^a Re > o f 
-f*[rJ* itn'{1v.rw04,^ lr'--'-

=  
I  \ t (  ' t  :

c.l^.locJu-qahcpn^ lto\irF' l, =? 
" 

io-t-q.lr^^^ o-$di/^l,.t 
'- 0 -s 

{ < :E*_,

































































4.2 Cont inuous St irred Tank Bioreactors

4.2.1 The Chemostat: the ldeal CSTR
The use of a continuous stirred tank reactor to extend the duration of culture of microbes

was deveioped in the 1950s by Novick and Szilardr and Monod2.'Ihe realization that a
CSTR could be used to maintain microbial growth at a steady stare value, which could be
varied from any growth rate up to the maximum Fm,r,r, wlS an important advance, as it broke
the traditional thinking at the time that stable microbial growth was only possible at rhe
maximum rate, colresponding to the minimum doubling time found in batch cultures.
Subsequently, the use of a well-mixed continuous microbial reacror to study microbial
physioiogy ied to important advances in understanding the cell cycle, metabolic resulation
and microbial product formation.

The configuration of a typical weil-mixed continuous reactor is shown in Figure 4.2.
Agitation may be provided by an impeller or by the motion imparted to the liquid phase by
rising gas bubbles' In aerobic systems, supply of oxygen to the organism generally occurs
via air spar,sing. In the ideal case, the l iquid phase is complerely mixed, i.e., the l iquid phase
composition is uniform throughout the vessel. Similarly, temperature is maintained constant
and uniform by circulation of cooling water through coils in the vessel or in a jacket sur-
rounding the vessel. Typically the pH of the culture medium is controlled by the addition
of acid or base.

We may write material balance equations for each of the impofiant variables in the
CSTR. We shail first consider the case where only one substate (S) Iimits the growth rare
of the organism, and that the volumetric rate of growth is given by pX. The balance equations
are:

(1) Novick, A. and L. Szi lard, Science,tL2,TtS (1950).
(2) Monod, J.  Ann" Inst.  Past. ,79,390 (1950).
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Figure 4,2. A schematic of a continuous stirred tank bioreactor. Typicatl.v* the pH and
temperature are controlled, as are the flow rates of nutrients into the vessel. The notation
used to model CSfR systems is indicated; X is the dry cell weight, S ts the substrate con-
centration and F is the flow rate of nutrients into the vessel.

T= 
F,nXo-F,u,X +1tXV

#= F,nso-r",,s -{ptxv

$.19a)

(4.reb)

(.19c)

(4.20a)

(4.20b)

- Fou,

When the volumetric feed rates, F1n, Fou,, into and from the vessel are maintained constant
and equal (F); the equations simplify to (note that dUdt no lon_eer equals prX, as it does
during batch growth)

d X F
A 

-V(x,-X) + Ux

d S F  1
A=V$"-S) 

- 
r* [X

The ratio F/V is generally referred to as the dila tion rate denoted as D, with units of reciprocal
time. It is the inverse of the average residence time t. It equals the number of reactor volumes
that pass through the reactor per unit time. At steady state, the time derivatives are set to
zero and the equation for cell concentration has the. solution
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D X,,= (D - p)X (4.2r)

(4.23)

(4.24)

(4 )5\

(4.26)

(4.27)

When the feed stream is sterile (generally the case), Xn is zero and two solutions to the above
eouation are oossible:

{ ' , = 0  o r  V = D (4.22)

In the unusuai case that the specific growth rdte of the culture (p(S)) is independenr of
substrate concentration and is constant, the steady-state concentration of cells that results
when the dilution rate is set equal to pr is indeterminate. Solution of the second mass balance
shows that the steady state substrate concentration is also indeterminate, although both X,.
and S". must satisfy

Thus a range of vaiues of cell and substrate concentrations is possible. Experimentally, this
can be occasionaily seen at very low inlet substrate concentrations. Time-varying cell mass
and substrate concentrations are observed.

Generally however, the specific growth rate is a tunction of substrate concentration.
When the Monod relationship between ;.r and S is employed, the mass balance equations
are no longer indeterminate and we find

I

{, = { -i-x,,
t  x ts

D = tt= h*s
'  K r + S

which can be soived for S:

S. .  =  
D& ,  

n rnv idcd
[ r ,n*-t  Provloeo X"*o

and from the substrate baiance equation we see

D(S, -S-,) -*U"", = O
t xts

and noting D = p, we obtain
( orc" \X,, = fr,r[S, -p*-#j

tl*",s-
D'* = 

",.q,

The second steady state soiution occurs when X., = 0. The conesponding value of the
substrate concentration is S*, = Sn. This steady state is referred to as washout, as cells are
no longer present in the reactor. The dilution rate at which washout occurs can be found by
examining equation (4.24). When S". equals the feed concentration Sn, the corresponding
dilution rate is

(4.28)
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The maximum dilution rate is thus slightly smaller than the maximum specific growth rate.
If the dilution rate is greater than this value, the system moves to the second steady state
solution X.*, = 0. This can be seen from the behavior of S..,.,; as D -+ p,,., S* becomes
indeterminate.

Summary of Steady State Solutions
D ( F,n* D ) F..'

C =

q
" $

D K s
provided

l r * -D

is indeterminant if

A F^ ", . . '
r o > F

DK.,
S,' <:*--., 

It.lm_ u

. S  = . (

Y  - n

As we saw in Chapter 3, values of K, are usually small, particularly when compared
to the inlet substrate concentration Sn. Thus the steady state substrate concentration is quite
smail, and, remarkabiy, is independent of the inlet substrate concentration. The non-trivial
solutions can only apply in the case where the inlet substrate concentration is greater than
S,,. If Sn ( S,,, then the specific growth rate p is constant, the equations are indeterminate,
and a variety of steady states could be observed.

The cell concentration is approximately YorS" for dilution rates up to values
approachin-9 F**. The behavior of the steady state solutions X,, and S,, as a function of the
dilution rate is shown in Figure 4.3. The operation of a CSTR under conditions where only
one substrate is growth-limiting gives rise to an almost constant value of the substrate
concentration over a wide range of dilution rates. Other substrates which are consumed at
rates proportional to the specific growth rate of the cells will also have steady state con-
centrations that are independent of D and are constant. For this reason, this type of bioreactor
operation is referred to as chemostat operution (i.e., the chemical environment is stanc).

As the dilution rate approaches F,*, the cell concentration decreases very--rapidly.

Operating the chemostat at dilution rates close to Fn,* is experimentally difficult due to this
sensitivity. Small variations in inletsubstrate concentration, feedflow rateorsmall variations
in the growth rate of the organism may result in washout of the cells.

The volumetric productivity of cells in the chemostat is given by DX," (typically
expressed as gm cells per liter reactorvolume per hr). The dilution rate at which the maximum
productivity occurs can be found from:

Xr, = )'*rr(S,
D K s  

)- 
tt*-D )
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Figure 4.3" The dependence of the steady state cell and substrate concentrations on the
dilution rate D. The values of the constants in the Monod model are lr,na, = L0 hr't, K, =
0.5 gm/l, Yxn = 0.5 gm cells/gm substrate with So = l0 gm/l. AIso shown is the cell pro-
ductivi4', DX,,, in gn/( liter-hr ).

dDX,, - 0 thus (4.2e)
dD

The corresponding cell concentration is

X.,",,* = Yru({ + & -..@(s, - Kr)

If Ks << So, then the volumetric productivity becomes lx,rlt,o"rSo.

(4.30)
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