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1-"ii:uro, 1J1•12.1 Ca1.dy1,;d rcsolu11011 of amino a<1d, / ,.,,.,,, r. / i,.1a. /' \Ion \' / us,·. 1111d I. Sl11ba111. 
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1). 12 Optically pun: amino acids fhc pro,:,;ss d..:, d op,;d hy l'osa ,., ,ti ( .. ~ludk, on Co111inuou, 
I 111ym,; R..:,u.:rnrs 11. Prcparati,,n of DI Al'•Cd lulosc Aminoacyl,,sc ( olumn, ;111d Contmuou, Optl • 
l:tl Rcsohllion of Aw1yl-d.l.-111c.:1hiomne; · l·.11:rmolo11ic1. JI, :!25. 1%1>) GIii he rcpn:,cntc.:d , du:m.1ti• 
..-.,lly hy I 1g.. 1)1'12.1. Assumc for the momenl 1ha1 1,,,., b i11depe11den1 of pll. lhe inili,11 r.1ccn11l 
;111111w a1.:1d solulwn is acetylated hy n:.1c1ion wi1h :u.:e1ic anhydride. the I amino,1ql.1,e column 
rnerscs 1hc ao.:c1yla1ion rcacllon for t he I •,unino acid. whid, is 1hen c·r}M,1lli1cd in akohol ,olution,. 

(<1) Assum,; 1hat lhc inillal amino .1dd com:cnlf;llinn is · k,,. . dc,elop .111 e\prc,~ion for the 
frac1ion.1l 1-amino .icid C(>n,crsion ad1ie,cd hy lhe cn,.yme .:olumn in plug. Jl,m Repc.11 induding 
axial disp.:rsh>n. 

(/,) I'll<: rawmiza1ion rcact1on m.1y he 1aken w he liN order re\'ersihk. ,o 1ha1 the ra1e " 
proportional 10 , ,. ,,. ,1-, ~ ·""'' "here,~""'' is cquilihrium I> acid level ror the ,olutmn. If 'JO perccnl or 
the I aml and 1 pen.en! of the 1> ;1e1d i, rem,>\cd in 1he we1-cryst.1l stream. along 11ith 10 pen:cn, of 
the e111cnng aqueous phase. "hat racemitation CSTR ,olumc is needed lo achicvc '15 pcr..:,;m :,p­
proach to cquilihrnnn'! 

(,) ·1 he cnl.}IIMlic dcacctvl.111011 ,,er releases :u.:e1ic add into the solu11011 If the pl-:'., lc.1ding 10 
cnLyme <lc:1diva11011 arc pl\ 1 S an<l pl\ : X. whal cnterin!,! pl I \\ot1ld gnc maximum w111 cr,10n 
fi,r a 10 " \/. 10 • .\/. or IO ' ·\/ feed n11xlurc? (,hsumc plug llow) S1,11e )·our a,sump11011, d early. 
1).13 l>iJ!o,stion of insoluble substrnt,-s As an eumplc of procc,~, invol~ed \\ ith dil,!c, 1ion or p.1r11u1 
,.lie suhslrales. the following unll-opcr.111un sequcnw for }cast i;r,mth <>n ne1ispr1111 ha, h~cn , ut! 
J!C.,lcd 1m:chaniL1l )!rimlinµ . .odd h~dri>lvs1s. medium ne111rali1at i1>n. a,1dition of .utd111,m.tl minor 
11111nc111., for 1cast µnmth. )Ca,1 fcrmcnlor (acrohid. vacuum liltrat1on h> ,ep;1r.1tc hqmd ln>m cell 
111,1" 

(11) Shc1d1 1he llow scheme .1l1111·c. mdkaling hy arr(rn·, point- of .1dd111on .md h) cirdc, e.od1 
unit operalion. lndude solid., co111eycr, and li,1uid-pump loc.1t1011s \\here needed. 

(/•) I n,111 any human ph)sll>h>g) te, 1. ,ke1d1 1he human food-,h!!e~tu>n pH><.:c" 111 a , 11111l.1r 
111.IIIIICf. 

(,) Hion1c, 1s 1hc stud) of n.11Ur.1l sys lcms with ,Ill C)C lo\\ard dc1elopmc111 ,,f s)nlhellc ,malogs 
Di,cus, si1111briuc, ;ind dilkn.:nccs hclwccn proccs,cs (a) and (/•) I low 1111g.ht )1 >11 design a ;.c>lid, 
h,111dlit1!! scheme for p:1r1 t,l • u,111g the "co111cycr " t)pC in p.1rl (/,)'' 
'J.1.$ C't,11 maintcn:mrc; ":i,1111111 :11 sm:ill S I or some population, . a 111i111mu111 lc1cl of ,uhstr,lte 111;11 

he 11,·c•,kd to ad11.;1c a 111>11tri11al ,te:1dy , 1;1tc. ,\s an c.\amplc. con,1der the ') ' ,h .'lll w11h kmctk, of 1hc 
form 

/lr.,H~\ 

k ' r ' 
k,.' r, 

I 11.,.. ," 

l , A.' + ' 
Assumm~ lh:ll the de,ign h:1s1~ undcrly111i; l'roh. 1).10 i, 1ahd 

f11) 8how tli;il ,11 ,uhslr,ltc kvcl hdow k, /..: , '(11,,,,. k,) 1hc only ,1o:ady s1a1e i11 a <. SlR ,ystclll 

" ' ll 

1)1 ~l(;N .\s;I) .\ l'f \l \ !>IS 0 1 11101 OGll Al Ill ,\("lOlt!> 
649 

<I• • If ,,. .. 05 h '. /.: , 0 .2 !,! L. /,,. o I h ' .• , nd 1; O(q ; cdl g , uh, tn11c. plot (cl\' .in,, . ., " 
" · , and prove h) d1rcc1 , oh1t1oll of 1hc .,hovl) equation~ th;H cl, ,Ir O for low .\ and fo r V , 
D (1\a,h1nH). 

(c ) D~tcrminc the , t:1hiht~ of ead1 s lead y state to small pcrturh,ll ions. 

I) 1.:; \\·he\· fcrmcnt:11ion The fcrmcnla lion of 11 he> l.oc los,; to lawc acid hy I.,1110/,<1, 11/um lml11arn " ·' 
:,; ~-I (. a;id pl! S (> h,is h~en oh,cr1ed to Iii the modcl of Lucdeking ;1n<l Pirct [f.q (193)1 pr01 idcd 

the fo ll(m 111[! motlilk:111011, arc made: 

( /I
I' .• ) I. l he 111.n nnal gr1l\\lh r.1tc is /Im,- 1 

2 11. ,. 0.$8 h ' . />, • .,. 5 ",. ;II /'• 18 "., 

11,,. , 1.lh 1.1•~ • .$.1'., at /• ,lX",. 

1. 1'.1r,11nc1cr, f, ,, continu,,u, krmc111:1tion :m: 7 

/I 0.2 h 1 

r O HX l! producl !! , uh,t ra lc 
k, 'iOmg l 

(II ) Write d1,wn the c:qu.,tion, for .,. 1 • • ,nd 1• in ~ontinu,,u, fcr me111a11on 
(/ 1) ,\ ssunung , 1c.1dy-, 1ate hch.1\ior. ,how th:11 a l a h>l,11 re1c1111011 lime of 1 'i h. lwo cqu;ol ,_tage., 

.ire hcth:r lh:m on.:. hnl three prodm:e es,c111i.1lly no further 1111provcmc111 in the rc·duc11011 ol suh­
slr,ile lc1el. h 1hc ,amc n:,ult true for hiomas, 1 (( nnw lcr thc c. isc \ , 'O",., 1 ., I'" 0). 

1, J Keller .11111 ( oerhardl ("( 'o ntinuou, I ac11e Acid I ermenlation of Whey to Produce ,1 R11m1• 
11anl J CL'<l ',upp!cmcnl lligh 111 ( rude l' r<>ld n" Jliot,·c/1. /li,1<·11,1 . 17. '>'>7. 1'175.) note th.II when"" 
is less than ~ pcrL"cnl. product 111l11h1tion is not par11cularly strong. thus ,1 rg111ng th,11 " lrom a 
praclkal standpoint .. ... d 1cddar d1C1.:sc whey (-l<J 0

,, l.1ctose. 0.2 ",. lactiL :Kid) 11111,!hl he fcr~nciuc,t 
:Hlcqu,llcly in a ,inglc s lagc fi.:rn1c111 nr. whereas collage d 1cese whey (5 X' .. l,1ch ise. 0:7' .. l;1c1u: aud) 
hcndi1s from an addi1,onal stage.'' Illustrate the 111.1gnil11de of this henclil hy repea ling part (/,) de• 

sign using,., 5 I(' • . />., ll.7 ",.. 
(/•) I hcse :iuthor~ also poull 0111 thal addil i1>n ,,f ·"itiar woul1I red uce the amount of 1~ater 

wludt 11 1,oul<l be ne..:.;ss:,ry h> Jl'lllOVC 10 get a li.cd 111;1,s of product !lo w woul,1 sugar ,tddllton 

alli:~l a rc.1cwr desti,m , tra lcgy'? 
IJ.U, Sl:lJ!Cd fcnm:nt:llions: h~·droc:irhmL~ I.ct us suppo, :.: that you have the halch grm\lh cun c for 
1hc hi dr.>c,irhon fcrmcn,.llion dc,cnhc·d " ' vh•tdly h y M111111ra ct .11. Ill S,;c·. 8 K In l'roh. 8.11. )(1

11 

idcn1ili.:d the pr<>h.,hlc , ontwlhng. rcsista11ccs of cad1 of the fcrm~111a111>11 ph,,,c, (>h,c r~c,t. Your 
L'Olllp ;tni· ha, decided (m your ahseucc) 10 , ,·ale up llus k rmcnl,tW'.11 hy n tanb 111 s:.:nc,. whc~c 

11 
muuh~r ol' 1,111h, numhcr ,,f dislinct o.:cll-hubhk ,subs1r,11c conhgura 11011al phases rcp,,rted 111 

I ii!. x [.\. I or c.,ch p h.isc. \\file d,,wn the co111r.11l111g rcsl'>lancds) and d" cu, , qu.111111ati1 cl) how ) 11
11 

w,;ukl , c;olc the rcaclt>r 1olumc. po\1c1 inpuls. clc w oh1ai11 a s~al.: faclt>r ,,f 'i(K)() from lah1>ra tory h> 

pn>ccss units. 
•).17 Penicillin fcrmcn t:ition l hc results st11 ,11 11 in l'ig. l/1'1 7. 1 ,1 cre oh1.1inc,I from .1 /' ,·11ici//11w1 d 1r1 
., ,,,

1
, .1111111 fermcn talton r,,r pcni..:illin pro,h1et1011. l'hc ,;xpcrimcnt w ,l' run in ,1 1, cll-, 11rrc1I tc_n-llle r lcd ­

h;;tdt fc rnu;ntor. acr.11..:d al O 2 VVM (gas ,·,,Jumcs per fcrmcnl ur volume per 11111111te ). I he gnm lh 

;111d prml uctinn n1cd1um c1>11t;1inc·d initially (111 grams per htcr) 
Kil I'<>, \ .fl . Na ,SO, Ol/ : '.\lg( I: 0.2'i: M!,!S0, -11 10. OO'i. (iluc,>sc 10. NII,( I 2 . 

' In a,1ti11io11, gluw.,c 11a, kd c,>11li11uo11sly and Nll, 011 \1a, used for pll con1w l Hcn1.1l pcmu ll m 

has the r,,ll,>11111c fonn ula. ( , ,. 11 , .N, O, S. . 
(al r xplait~ the pr,,lilcs f, ,r .:di m,iss. penidllin. glucose and NH, in thi, fcd-h.11ch f~rmc111a11,m. 
(/•) Nolie.: 1hat 1.:ry 1111.:,p, Ltt:dly. lhc hiosy111hcs i, of pc1milli11 Lame to a r:'.p1d halt c,·cn 

1h,1uch 1hi, orl!anism has 1hc ..:ap:1hil11 y for sy nth,;si,.ing !he 11111c, lhc a mount of pc111nlhn a,c111HU· 
l;i tc,t,11 lhc po;nt oh s}n lhcs1, cc:i~e,l. ;\ s clncf 1r<1uhlc shoo1cr fo r A1111h1,1tics I 'nlnnilcd. I Ill. ~011 arc 
rc,1uc, 1cd 10 s.>h..: the 1mst,;r~ nl' why r~nicillin synthi:si, , topped. 
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BIOCHEMICAL ENGINEERING FUNDAMENTALS 

Penicillin 

-----------+--Cell mass, g/L 

, __ 
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.,,...✓ /NH.1 _________ .,,,._.,,... 
------------

44 52 60 68 76 
Time, h 

Figure 9P17.J Time course of a batch penicillin rcrmentation. 

9.18 Cyclic buu:h operations It is difficult to adminisler continuously low, controlled liquid feed rates, 
whereas the comparable periodic stepwise addition of substrate feed removal of formentor nuid is 
easier. Suppose microorganism growth is limited by a single substrate in a Monod fashion, and that 
cell growth is proportional to the time rate of substrate change. Al time "' 0, the formentation is 
begun (negligible lag). Al lime l, a volume V, is removed from the fcrmentor of liquid volume V, it is 
replaced by an identical volume of fresh feed al concentrations,. 

(11) Show that at time t (before volume removal), the substrate concentration s is given by 

I+---- In I+--- --...,....,-- fn - == 11.,1 [ 
K, ] [ 1 - s/s0 ] K, [ s ] 

(x0 / Y) + S0 x0 /(Ys0 ) (x0 / Y) -+ sQ s0 

(/,) At time I, the volume V 1 is removed, now feed is added, and the process repeal.~. Evaluate 
s 0 , •"o in tenns of s, :c, from this volume operation. 

(c) Then establish that the substrate utilization efficiency 

fl= (s, - s1)lsr =- I -
1 
~ ,f, (e•<•·,,v,,,,.:i..[I - ,f,]'1 '"• - 1)- 1 

where ,f, = V ,IV. 
(d) As ,f, - 0, show that this efficiency becomes identical with the continuous culture result 

K, 
fl = I - ---'---­

s1[µ.,(V/V 1)! - I] 

where 1'111' 1 is the reciprocal dilution rate. 

(e) Show graphically that at sJIK, = 1.0, finite values of cf> (discrete operation) give higher /1 
values than the continuous reactor if (11,. V1/ V 1) > 4. 

9.19 Fluidized bed tissue culture It is proposed to produce tissue culture biomass continuously on 
nonporous be.ids in a fluidized bed (Fig. 9Pl9.I). The proposed fluidizing nutrient liquid moves 

DESIGN ANO ANALYSIS OF IIIOLOGICAL RFACTORS 

Z (inoculated beads----. 
per hour) 

Pump 

Recycle 
fluid 

Product 
Bead 
withdrawal 

Figure 9P19.I Fluidized bed microcarricr biorcactor for tissue culture. 
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Figure 9Pl9.2 Production of cell number and viral titer vs. time. (11) c, (cells attached al li'."c 1)/ co 

(cells inoculated at time t = 0) vs. time (---75% 0 2 saturation; ······ ·S'\{. 0 : ~~turallon). _(b) 
TCID ( = virus dose yielding SO percent tissue culture infection dose per m!lhhtcr) vs. lime 

" ' ' II 1 ·11·1· . . . I II (---13 x 10' ccllsfm111iliter initial cell concentration; -----3.S x 10 cc s, m1 1 lier mum cc i:on• 
ccntration). { Repri111ed from A. L. t:1111 We:cf, Mia11L·arrier C11/111res of A11i111a/ Cells, i11 " Ti.mil! C11f, 
wre · Met/mil,· um/ Applirntiom," p. 371. Awdemic Pres.I', hie, Nell' York, 1973./ 
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upward, passing out of the reactor through a screen to retain beads, and then through a pump. The 
choice of beads with (Pbu d - 1111,0 ) small allows operation at a low fluidizing volume rate and use of a 
pump which does not damage the macromolecules in the nutrient medium. For liquid fluidized 
reactors, assume that the liquid moves in plug flow while the beads are perfectly mixed and distri• 
buted throughout the reactor. Bi:ads passing over the exit funnel settle into it and are continuously 
removed; the exit fluid being returned by a subsequent filter. 

(a) Assuming the data of Fig. 9Pl9.2 to typify cell growth kinetics on each bead withµ • 0 for 
t > 160 h [due to achievement of a complete monolayer (contact inhibition)), develop a steady state 
expression for the exit biomass concentration per bead in terms of the fluid bed void volume c, the 
feed rate of inoculated beads (Z per hour), the reactor volume V R and the appropriale growth rate 
law. The entering beads have c0 cellsibead. 

(b) Repeat (a) for the situation where the cells per entering bead have a distribution given by 

where A • normalizing factor 
(c) How would you design a "continuous," sterile transport system for adding new beads and 

for recovering the exit liquid volume as assumed? 

9.20 Tissue culture support inhibition It has been observed that high concentrations (cm2/cm3
) of 

solid supports for tissue culture may be deleterious to growth because of adsorption on these surfaces 
of growth enhancing factors and scrum protein from the support medium, adsorption rendering these 
factors inaccessible (C. B. Horng and W. McLimcns, Biotech. Bioeng., 17: 713, 1975). Consider a 
well-stirred microcarrier tissue culture reactor employing nearly neutrally bouyant beads as the cell 
supports. 

(a) Assuming that the cells grow logarithmically (all nutrients present in excess) until the avail­
able surface area is covered (sec Figure 9PI 9.2), develop an expression for the total biomass in the 
system versus lime. 

(h) Now assume that the growth rate also depends in a Monod function fashion upon the 
concentration of a growth-enhancing factor, S,, which is not consumed. Derive the analogous result 
for biomass versus time when the growth enhancing factor S, reversibly adsorbs on the solid in an 
inactive form following a linear partition law: 

s.(I) = Ks,(adsorbed) 

(c) For a batch system, as.suming that growth exhaustion results from luck of further bead 
surface, show that for a finite culture time (say 6 days) there is an optimal initial loading of beads into 
the tissue culture inoculum. Develop an expression for this value. 

(J) Since the beads act in some sense as an inhibitor, it would seem logical to consider several 
stirred tanks in series rather than one tank. What problems would face the experimenter searching to 
sci up such a system? 

9.21 Penicillin-V deacylation: multiple reactions Enzymatic deacylation of penicillin•V to produce the 
desired 6-aminopenicillanic acid (Chap. 12) for production of semisynthetic penicillins involves a 
reaction network represented below: 

A · (pen.-V) ~ p-(6-APA) + QOH(phenoxyucctic acid) 

A· ~ R : - (inactive product) + H • 

p · ..--!.L..... HS- (inactive ring cleavage product) 
K 

QOH , 
1 

Qo- + H • 

p · + H• Ki HP (stable pcnicillin-V) 

An optimal pH exists because protonation of p · gives stable HP, but too acidic conditions inhibit 
the reaction rate r 1• 

l 
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(a) Assuming r
1 

given by Michaclis-Menten kinetics with noncompetitive H • inhibition, and r2 

and r
3 

given by simple first-order irreversible forms, write down the equations governing these three 
rates and two (assumed) equilibria. 

(h) For a steady-state CSTR system with perfect enzyme recycle, derive an expression giving the 
feed level of A· which maximizes fractional conversion to p · . 

(c) For very high conversion of an expensive starting material, use of several CSTR 's in series 
appears appropriate. Discuss tactically the ad van111ges and disadvantages attending such a series 
arrangement. Assume r2, r3 are about 2- 5 percent of the rate r 1 In the first tank. 

(L. G. Karlsen and J. Villadsen, " Optimization of a Reactor Assembly for the Production of 
6-APA from Pcnicillin-V," Bimech. Bineng., 26: 1485, 1984). 

9.22 Hollow fiber reaclor produclMty Different reactor types can yield profoundly different microbial 
densities and productivities. For eJ1amplc, P-lactamase specific production activity is less in hollow 
fiber systems than in continuous culture by a factor of five : 

Productivity 
Reactor (units E/cell-h) 

Shaker flask 
Hollow fiber 

I X 10· 10 

2 X 10· 11 

(a) If the biomass level in the hollow fiber reactor is (typically) 1000 times greater than in 
suspension culture, calculate the productivity of each reactor in units/(reactor volume - h), assuming 
11 shake flask biomass level of x • 109 cells/ml. 

(b) Cell lysis in the hollow fiber, as well as protein export, accounted for some increases in P· 
lactamase release. Describe a program by which you would determine cell lysis kinetics, which could 
then be used to describe P•lactamase production by excretion and lytic release. (Sec D. S. Inloes et al, 
"Hollow Fiber Membrane Bioreactors Using Immobilized E. coll for Protein Synthesis," Biotech. 

Bioeng., 25: 2653, 1983). 
9.23 Batch produelion or non-growth associated product Batch production typically involves biomass 
production and product formation, with substrate being consumed by each process. Suppose that 
batch growth is modelled by the logistic equation, where Xmu is set by the initial value of a second 
substrate s

2
, (not used in product formation). Then for a nongrowth associated product (e g. 

L-glutamate from Microccocus glutamicus), we may write; 

dx/dt = µx(I - x/x,..,) 
dp/dt = nx 
ds/dt = - (dp/d1)/ Y, - (dx/dr)/ Y x 

(a) Integrate each equation to obtain x(r), p{I), s(t). 
(b) Discuss your strategy in setting Xmu ir your objective is ( i) to maximize p(O) or (ii) lo 

maximize p(O)/ tis(O), where O is a fixed, end-of-fermentation time. 
(c) Under what circumstances would you choose objective (i) or (ii) in part (h)'! 
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Many or the references given for Chap. 7 contain substanti11l material on reactor design and analysis. 
Additional general presentations are available in the following lexts : 

I. 0. Levenspiel, Chemical Reaction Engineering, 2d ed., John Wiley & Sons, Inc., New York, 1972. 
While many other aspects of reactor design are included, this is perhaps the best single source for 

material on mixing and RTDs. 
2. J. M. Smith, Clrcmical Engineering Kinetics, 2d ed., McGraw-Hill Book Company, New York, 

1970. One of the most popular general texts in the field, made richer by many worked examples 
illustrating applications to real reactors. 
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CHAPTER 

TEN 

INSTRUMENTATION AND CONTROL 

We have seen repeatedly that the activit d . . 
lyst or cell population depends directly o~ ~: use~ul ltfct1?1e of an enzyme cata­
in order to develop and optimize biolo ica~ :a~a yst env1ro_nment. Accordingly, 
them most efficiently, it is critical th t t; eactors and m order to operate 
monitored and controlled and that t~ e state of the catalyst environment be 
ment be determined. Achieving these e :;rsonse ~f the cataly~t to the environ­
measurement, analysis of measurement : t rc;u1res three d1_fferent functions: 
examine currently available reacto . t a a, an _control. _Jn this chapter we will 
~rief look at the rapidly changing ;e;~~;~m~nt~llon and its ~~~lication. After a 
mg, we shall summarize some of og1e~ or data acqu1s1t1on and comput-
c_ontrol. Although this chapter's pre~~:t::;:!eg1es f~r. data_ analysis _and process 
lion and control the princ,·ples d .b d I emphasizes b1oreactor mstrumenta-

, escn c a so apply t d 
and to feedstock preparation. 0 ownstream processing 

10.J PHYSICAL AND CHEMICAL SENSORS 
FOR THE MEDIUM AND GASES 

~igure JO.I shows a recently prepared schematic . . 
instrumentation. A striking feature of thi ·11 sum_marr of b1ochem1cal reactor 
measurements of medium and ga h _s '1 ustration IS the predominance of 

s c em1ca and ph · . I . 
shortage of measurements of II . ys1ca properties and the 

cc properties. Consequently, one of the major 
658 
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goals, if not requirements, of bioreactor data analysis is estimation of cell proper­
ties based on the available physiochemical measurements of the gas streams and 
the medium. In this section we will concentrate on instrumentation for on-line 
physical and chemical monitoring of bioreactors. 

10.1.1 Sensors of the Physical Environment 

The major physical process parameters that influence cellular function and pro­
cess economics and which can be monitored continuously are temperature, pres­
sure, agitator shaft power, impeller speed, broth viscosity, gas and liquid flow 
rates, foaming, and reactor contents volume or mass. In small laboratory reac­
tors, only temperatures and air-feed flow rates arc commonly measured. Pressure 
measurement and regulation is common on larger fermentors. 

The most widely used temperature sensor is the thermistor, a semiconductor 
device which exhibits changing resistance as a function of temperature. Although 
the temperature-resistance relationship is nonlinear, this is not a serious difficulty 
over the narrow temperature range of interest for most fermentations (25-45°C). 
Other possible temperature sensors arc the platinum resistance sensor, ther­
mometer bulbs (Hg in stainless steel), and thermocouples. 

Pressure monitoring is important during sterilization, and maintaining a 
positive reactor head pressure (around 1.2 atm absolute) can aid in preserving 
asepsis. Pressure also lhfluenccs gas solubility. In fermentation reactors, dia­
phragm gauges are usually used to monitor pressure. These produce a pneumatic 
signal which may be transduced if necessary to an electrical signal. 

Several different types of measurements can be made to monitor power input 
in mechanically agitated vessels. A Hall elTect wattmeter measures at the drive 
motor armature the total energy consumed by the agitator. A torsion dyna­
mometcr may also be used to measure shaft power input. A disadvantage of both 
of these measurement methods is inclusion of frictional losses in shaft bearings 
and seals. For example, in a study of mixing in a 270-litcr fcrmentor with 200 
liters working volume, it was found that 30 % of the energy used by the motor 
was lost between the motor and the internal impeller shaft. This loss factor was 
also observed to be an increasing function of agitator speed. Direct measurement 
of impeller power input to the reactor fluid may be achieved using balanced 
strain gauges mounted on the impeller shaft inside the reactor. 

On-line devices for measuring broth viscosity and other rheological proper­
ties are not well developed. One possible strategy is measurement of power con• 
sumption at several different impeller speeds. Also, a dynamic method has been 
proposed in which shaft power input is monitored during and after a brief (less 
than 30 s) shutoff in agitator drive power. As sketched in Fig. 10.1, Newtonian 
and non-Newtonian broths have been observed to respond differently during 
such a brief agitation transient. 

Several different instruments are available for measuring flow rates of gases 
(air feed, exhaust gas). The simplest, a variable area flowmeter such as a rota­
metcr, provides visual readout or may be fitted with a transducer to give an 
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electrical ou1p.111. I hcnu.11 mass llowmctcrs arc incrca ... ingly popufar cs c .·. II 
for lab and p1lo1-~calc reactors In ti , , J • .- . . . ,, . . . r c1.i y 

s:cli1in of lubing. :rnJ the lem-~.:ratur~:.~ill{r:',~~:- -~~~:l}~o,,~/s lh~ou~h i'. .'~eatt.:_d 
J1_re~.tly r_clall:d lo m:rss llow rate. These instruments hav~ acc~r,:~~~•:\~!1 ~~~!\~;~~; 
0

1 I_ " ol full-scale nnd ,ire most useful for flow rates fcs'> th-iil ~()() l · Af 
·1n1hbl · ·1r • t · 11 · ' • , 111111 1\ so Jilfi· '. ~-i C . :'.mrn_ar 0\\ measurement UC\ ices \\'hich determine llow has~d l~ll 

crcnl1,1 prcssun.: drop ,ll:ross a matrix device which divide, Ille ( it · 111 . 
·' l .I OW 11110 

multiple parallel capillary flows. Gas flow rate mcasun;mcnb .ire important ,;mce 
these quamities arc used frequent!, in material balancing calculation~ (Sec. l0.5). 

Liquid llow rates can he monitored with electromagnetic llowmetcrs, but 
these arc not used widely due to their cost. Occasionally. e,;pcciall, in laho1-;11ory 
sc,ilc studies. one relics on a metering or other well-calibrated pump to pro\"idc 
the desired liquid tlow rale. Allcrnalively. liquid can be a<ldc<l 10 1hc reactor in 
discrete dose:-. of well-defined volume or mass. Long-1crm monitoring of ncl How 
imo the ,c~ ... e1 may be achieved by continuous weighing of the reactor an<l its 
liquid i:ontcnts using a s1r;1in gauge (vessels • 250 L) or scale (smaller \'Cssels). 
Alterna1ivel,. a liquid level sensor based on a capaci1,111cc probe may be w,cd 10 

monitor reactor liquid content. Such capacitance probcs or a conductance probe 
may also be used 10 detect buildup or roam on thc top surface of the reactor 
contcms. In some situations an c.\tcrn.rl loop of circulating hrnth i~ used for 
measurements (sec below). lo cllcct product removal and cell recycle. or for hc,11 
and or gas exchange as discussed in Chaps. 9 and 14. Herc the presence of 
suspended particulates and changing broth rheology severely complicale liquid 
flow rate measurement. 

IO. 1.2 Medium Chemical Sensors 

rlcctrndcs which can he repeatedly steam-sterilized in place arc now ,l\allahle for 
pH. rcdox potential (/~11) and dissolved oxygen and C01 partial prcs\ures. The 
rnosl widely used and reliable probe among the,;c i.'i the pl I clcclrodc. which is 
genera fly ;1 single unil glas,;-rcfcrcnce elect rode design. A schematic diagram of a 
pH electrode designed for autoclave stcrili,alion is shown in Fig. I0.2. l·lc<.:trodes 
for irr situ slerili,ation rm,..,I include a h1H1..,ing lo pnnrde pressure balance during 
slcrilizalion or pressurized biorc,,ctor operation. Measurement of medium ri:dox 
potential is po .... sible using a combined platinum and reference electrode. Com­
bined pH-redo.\ probe,; arc available. While the inlluence of pl I on hiochcmical 
kmctics i, dearly established ,llld the physical signilkancc of a pl I measurement 
is ,;traightforw,1rd. interpretation of redo.\ potential measurements and under­
standing the rcla1ion-;hip between rcdox potential and '-·cit actidt) can he d,fli. 
cult. One promising applic,1tion of rcdox mcasurcrnenh 1s in nwniloring. l1m 
coment'i ()f d1.,,;ohed o:-.1gen (, I ppm) in anaerobic prol'.c~scs ( 450 rnV, 
/,1 • 150 mV) where prndtll't formation may he quite scn~ili\e to ,~

11
• 

The ,ariou~ types of di,soh·ed ox,gcn prnhc~ now a\ailable arc of g.ahanic 
(polcnti()lllctric) or poh1rogr,1phic (amperomdric or Clark) l) pcs. The~.c dec­
lrodes mcasurc the panial pressure (or activity) of the di~.,olvcd oxygen and no! 
the dissolved o.x}gen concentration. In both design ,;. an O\)gen-pcrmeahle mem­
brane usu,,11) ,;ep.iratcs the cleclrode internals from thi: medium Jluid (I 1g. HU). 
;\l~o. bt)th designs .,flare lhc l'.Olllmon fc,1lure of redu1..11on of oxygen at the 
c.rlho<lc surface 

("111/rodc 
l't 

• 2011 (10. I) 
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662 BIOCHEMICAL ENGINEERING FUNDAMENTALS 

Screw cap 

i ; 

Diaphragm 

HIii--- Lead-off clement 

Membrane tip 

Fig_urc l0.2 Schematic diagram of a combination pH electrode , 
des1~ncd for autoclave steam stcrili;r;ation. (Ingold type 465. llfus-
1ratw11 courtesy of /11gold Electrodes Irle.) 

INSTRUMENTATION AND CONTROL 66J 

+ 

Vent hole 

'----- Membrane 

The reaction at the anode in a galvanic electrode 

Anode ( galvanic) 
Pb - Pb2 + + 2e-

Figure 10.3 Schematic diagram 
of major components of an clcc• 
trochcmical probe for measure• 
mcnt of dissolved oxygen partial 
pressure. ( Reprinted by permis­
sion from N. S. Wang and 
G. Stephanopoulos, "Computer 
Applications lo Fermentation 
Processes," CRC Critical Reviell's 
in Biotechnology, vol. 2, p. I. (CJ 
CRC Press, inc., 1974. Used by 
permission of CRC Pres.r. Inc.) 

(10.2) 

completes the cell from which a small amount of current is drawn to provide a 
voltage measurement which in turn is correlated to the oxygen flux reaching the 
cathode surface. In a polarographic type of oxygen electrode, a constant voltage 
is applied across the cathode [Eq. (to.I)] and anode 

Anode ( po/arographic) 

Ag+CI- - AgCl+e- (l0.3) 

and the resulting current, which depends on the oxygen flux to the cathode, is 
measured. Drift caused by accumulation of hydroxyl or metal ions or chloride 
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depletion is a common drawback of hoth cb.:rrodc types. Fx1ernal fouling of the 
membrane surface may ulso co111ribute to drift 

In steady state. the oxygen llux at 1hc cathode depends upon a series of 
trnnsport steps in which oxygen moves from the bulk liquid to the outer mem­
brane ,;urface. diffuses through the membrane, and linally diffuses through 1he 
electrolyte solution to the cathode ~urface where reaction o<.:curs eflcctivcly in­
stantaneously. To the extent that the first step limits the over.ill transport rate. 
and thus the oxygen llux lo the cathode. the electrode output will depend on 
lluid properties (e.g .. viscosity) and local hydrodynamic conditions near the elec­
trode. For this reason it has been recommended. for example, th;1t the fluid 
velocity at the tip of a poh1rographic electrode should be ,ll lea~, 0.55 m s. Sensi­
tivity of the electrode output lo external boundary layer transport can also be 
reduced hy using a bs permeable membrane. (Why?) This approach has the 
disadvanwgc of introducing additional time delay in the instantaneous electrode 
response 10 transients in di~solvcd oxygen partial pressure~. The characteristic 
response time of membrane-co\·ered d1s-.olved oxygen sensors i-; quite long 
( IO JOO s). However, as \hown in the following example. transient probe mea­
surements may still be applied to characteri;,e mas~-transfer properties of hio­
reactor~ provided the influence of diffu,;ion through the probe membrane is 
included in the analysis. 

E'.\C:Hnplc IO.I: Ut~lrochcmical dc1cr111ina1ion or k,,, An o~ygcn dcdroJc 1, in,cricJ inlo :, , ,c:u.hf,, 
acr,11,·d haldl or u•nl11111ou, llo,, rc;1dor Af1cr ,, ,lcady electrode n.;spon,e h.1, hecn a<.hic1cd. lhc 
o\ygen•t:,1rr}i11g llo\\' is ,udJcnly rcpl;Ked hy an cquiv,ilenl nllrogcn llow. wh1t:h !hen ,1rips rite 
(>~)(!en from ,(>lutwn in a transient m,1nncr. l 1mlcr !hes,; circumstance,. chc ,·oltagc rc,pon,c of 
!he prohe " gl\cn hy I 11 l 

\\ here r 
l·1n 

"" '~ 
I 

;\{ 
,_ 

-~ u 

f
r' i exp( //1) 

/:(I) 1'" ,in r 1 1 

{II· , 
0 

prohc• \ oh age ,II 11111c / 
probe ,·.,ha!!c ,11 lime 0 
l!"' 11011 rale 
liquid n>lunic in 1,111). 
I knn \ bw .:011.,1a111 
1h1cJ.11ess of pn>hi: mcmhr,111c 
o.l)(!cn dilru,i\'il} 111 prohc mc111hr:1nc /', .• /_ 
pcrme;1h1ln) m,·mhranc 1h1,J.11,-,,. and 

IJ"exp C 

I 
11'~~ _,·., I ,. i) I 

II :r- T 

I 

fl lllnc co11s1an1 of ,y,1e111 (reac1or) 1·1u 
" "'" ' , .. \/ 

(IOJ I I) 

(1011.:') 

If lh.: ,),!cm It.ts ,t lar!!c 1i111.: c·on,1.1111 (small A,,1). the ,aluc (If /I JS (lc!crrnincJ from ckuro,k-,,,1t.1gc 
,,tine, l'or lime, mud, gr.:a1cr than 1hc d t.:t.!ro<lc rc,pnn,;c 11,dr. 111 11hich c·a,c lite , \:rit., t.on1nhut1on 
,th<Hc i, ncg.hgihk. I or brgcr 1ah1e, of'-," ( 50 5(K) h ' ). \Vcrn,111 an<l Wilke I 11 f ,ugl_!c,1 usmg 1hc 
slop~ ol lhe dcdrode r,•spo1ise ,ll lhc 1111li:<.1io11 po1111 (wher,• lhe ,ct.t>nd ,lcmatl\·e of/: 11i1h re,pcd 
IO I ,:1111,h,•,). 1 his method '"" found lo g1vc ri:sull, ·" :ll:<:Ur,llc as ~-(>1t1putcr•,111kd cunc lillill!? 
using lhc e111irc 1oll,lgc-1imc r..:,porisc I or ,:mou, dc~1ro,lc rcl,na11rn11i111c,. lhc ,-:,lue nf lhc i1ncrsc 
rcl;n.11inn 1i111c i, read from .1 gr,1ph of 1111, p.1r.1111e1cr ,s. 1hi: ,\lope of/: ,·,. 1 al 1hc inlkc11on poi111. 

•✓ ,, 
= 

10 

0 L 1 l L l l 
(I ! 0 -10 h0 

I ilnc 110111 , h.·p d u i:f!c s 

1-l() 

l ?O 

100 

XO 

(i(J 

40 

0 
() IOIJ :'Oil 

11 h 1 

l 

1 
100 

IN\ lltl .\II ',I ,\I IIIN ,\ '>JI) ( O"- 11!01 665 

l·iJ!un: IOEI.I J he: inllcdion-po111l slope: i~ ,tc-. 
tcn11111ctl [!r,1phically from the ckclro<lc response: 
r, ,llownu! ;1 \\\lldl from srarging or a n ,,xyl_!Cll· 
'- ,rr,mc- ea, 10 1111rngcn ,p.irgmg fl,,,,,.;,,,, d 
,;.,,11; 1i -C II ,·m<111 <111d C. fl. II ilk,· • .. N,·11 
lfrthod fo r l ·r11/1111ri1111 of O ,no/r,·d ( /\ 1 !1•'1/ lie­

'!""'"' /<11 /,; I II / )ct, 1mi11(l(IOII ... u;,,,,., h. /11o , ·m1 • 

111I i'. p. '1/. / IJ"i. , 

.[)!.!1th I J 
I : 

!4 -

t 

I 

I 
-100 ,oo 

. . " . . I 1. I m,11· he· dc1<.: rn1111c,I from lhc mllctt1011-p,,i111 slop;; .111tl h1:urt• IOU.2 I n>m l hh ,,r.,ph. l hc '·' 1 
c I · 

1
. 

1 
( Jtll 

1 
,, 

1
,.-

1111111
,.,1 /mm 11 . ( ·. II , ·1111111 

•1 •r I , rh.:11 fol h11, ,, rum q. - · ' .. 
mcrnhr:111c-1r:11i-pnrl p .tf,llllL L ' ,,, . / /) / · / () 

1 1 11 U, '/'" '"'. for f,
1 

a f1.-1t·1m111,1//u11. 
""" l R. 11 df.t.. \,.,. lt,,rfu•d /m / ·111h1<11101111 '"" ' " ' " 

/1101« h. Hiom,1.111/ ''·1'· ,-,. 1•r1. 

APPX 0342

Case 1:18-cv-00924-CFC   Document 399-7   Filed 10/07/19   Page 9 of 39 PageID #: 30762



66(1111<><111\11( ·\J l,<,IMJl1f'<, II 'lll,\~111'.l ,\1\ 

I 1af11a11011 of rhc dc,1rc·d 1,rluc. l,,a, lhcn prow cd., in !hr,;,: , 10:p, 
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I he prc.,cfl«• of h11:h wlu rc· eo11cc111r.1tion, 111ay a lier oxygen sol11hil11_1 ( I ahk ll r) rhc 0 1ygc11 
drlliiS1011 1:c•cllic1c111 ;111d lhc dcttrndc ll•cll (tlru, the ekc·1rotlc· respo11.,e1. i\ co111plc1c d1s, cui,111 of 
th-,.~ 111fluc·11cL, de.uh rc ,rm rc, L,1f1hr;111011 h_1 rn1kpi:udc111 111<:,m.,. 

S1ca1n-sii:rilii',1hlc clci.:froi.:hcmi<.:a/ prohcs for dissoh-cd CO
2 

parlial presrnrc 
h,ne hcen llllrodui.:cd rcl.11ivcl}- rci.:en1/y. The C0

1 
prohe produl'.cd hy Ingold. for 

C\amplc. delcrminl.·, I', 11 hy fllc;1 ~11ring !he pl I of a sl;Hlllard hicarho11ate ~o­
l111io11 which 1s ~i.:pm,Hcd from lhc proi.:e~s '111i<l h} a gas-pi.:rrncahlc mcmhrane. 
( alihra1 ion is al'complished hy 1nca,;uring pll ,llier suhs1i1 ution of a rdi:rcrn:c 
huller solurion for the hic;1rhona1c sol111ion. 

t\1101hcr da,;s of method., for on-line assay of vo/;11i/c medium co111po11en1.~ 
.ind dissoh•cd gasc:-, ,~ ha,;ed upon 1n11ncrsion of a length of tubing. permeable lo 
lhc i:omponent(s) nf i111ercs1. in !he IJuiJ lo he analy1cd. Con1 inuous IJow of a 
,.:arncr gas ll1rough !he lubing ,; 11·ccp~ lhe l'.ornpounds \'vhidt pcne1ra1c !he luhing 
lo .r ga., analy:-,is de1ii:c (,;i.:c llC.\ I sei.:rion). where lhc 111i.:asurcmc1u is i.:011duc1ed. 
I hi,; approach ~ulli.:n, from s11hs1an1ial llk'asurc111cn1 delays (:! 10 min) and, 
therefor..:. is nor op11m.rl for mo11i1oring rapid lr:rnsic111,; in t·oncc111ra1io11,;_ 

Sciera! hios('/1.\on hare hecn dc1clopcd for a.~say of spedlk i.:0111r,one111s lll 

the liquid phase. T/1c:-,e ,He h;1sed on coupling the actwn of im111o hili1i.:<l cn/ }llles 
or i.:dl, wirh :111 anal) riLal device which dclet·1s ., parriwlar produl'.f of the hio­
l'.,tlalJ /cd rcac1io11. I .xaniplcs of co111hini11g Cllt} mc-c:11a/y/cd reai.:1wns with clci:­
lrodtcmi,.:a/ dcl1.'l.'f111·, \\ere disl'.ll:-,scd earlier in Sec 4 .. 1.1. Also studied C\lc11si1cly 
arc cnz) me lhenni:-,tcrs 111 11 hid, lhc he.if re/cased hy the i.:n1ymc-l':11a/y/eJ rcac-
111,11 i~ deii.:t·ll.·d hy a nearh} c,l!orinicter. Tahlc JO. I surn111ari1es 'io111c of the 
compound,; 11 hich h;nc hi.:cn a 'i:-.ayed hy I his method and !he corrc:-.ponding 
Cll/Jllle:-, employed. Orhl.'f pnssih1litie-; for hioscnsor dc1dopmen1 using im111ohi­
ll/ed l.'n1} ni.:, llldudc c111ymc I r,11h1lors 111 11 hid, reaclion produl'.('i (for e.xanipli.:. 
h)drogen) cwse 1.·hang1.·, 111 lhc dcc1ron1l' propcrlics of solid-sra!L' dc1kc:-, (for 
l'\,llllpk-. , 1f1l.·on chips 11 iU1 an Si()!./,iJcr co1crcd wi1h a Pd tilm). 

1 hl.· S/k·i.:1n1111 of hio,L'nso, de,;igm and i.:0111ig11ra1inn<; L·,111 he cnl:Jrgl'd h) 
t·on-;idcrlllg .r hroad1.•r d.1 s,; of hiol.·;11.1/J·/ ed re;1i.:1ions. 1nd11ding mullistcp or L'Oll· 
phi ri.:;1clinn~. lo geni.:r.r le I he dc!cl'IL'd L'ornponl'nL l111mohili1cd cells pnl\ idc .J 

con1c1ul'nt means in Ill.in) L\1si.:.-; l<•r trarhforrning !he t·o111poni.:1H lo he assayi.:d 
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mctaholir1..·, h) 11 hole 1.-...•/Js (ass,t)'cd hy fuel L'CI/ clec1rodc or h.r pl J or CO
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Table J0.2 
Summary of microbial sensors for process fluid analysis 

Componenr 
Organism 

Immobilization assayed 
employed Measurcmen1 

Detection method 
Acetic acid, principle 

device Trichosporon 
Altachment 10 ethanol 

hrassicae Simultaneous 0 2 02 electrode porous 
acetylccllulosc 

consumption 
Ammonia 

N itrosomona.f 
Rentention by and Simultaneous 0 2 02 electrode Nitrohacter gas-permeable 

consumption 
species membrane 

Cephalosporin 
Citrohacter 

Collagen 
Jreu11dii 

membrane 
Libera lion of H + 

pH electrode 

Formic acid entrapmenl 
Clostridium 

huryricum Agar enirapment 
Production of 

Fuel cell on 

acelylcellulose 
H2 

electrode 

Glucose filter 
Pseudonwnas 

Jfuoresce11s 
Collagen 

Simulrancous 0
2 02 electrode membrane 

cnlrapment 
consumption 

Glutamic acid 
Escherichia coli 

Rcn1ention by col produc1ion 
cellophane col electrode 
membrane 

also contains dextran labeled with th ff 
(FITC): The membrane used is im ere uorochrome fluoroscein isothiocyanate 
petes With glucose for binding to cin-:table to the FITC-dextran which com-

Glucose + Con-A 
- - Con-A-glucose 

FITC-Dextran + Con-A 
Con-A-FITC-dextran 

Thus, the amount of unbound FlTC d 
c · . - ex tran and h h 
ence em1ss1on intensity, is a function of th ' . ence t e measured fluores-

terference by other solutes which also bind t~ solution. gluc?se_ concentration. ln­
sucrose, and fructose to Con-A f; the specific bmdmg agent (maltose 
appr h b , or example) pose p t t' I ' 

oac ' ut the concept involv d . . . . o en ia problems for this 
further development. e is mtrigumg, quite general, and should enjoy. 

A further concern in use of 
bio~hemicals is deactivation of th any sensor _employing enzymes, cells, or other 
~es1~ns which allow aseptic rem:::,n:o~ d_urmg_reactor sterilization. Mechanical 
interior have now been develo ed n rnsert!on of the sensor in the reactor 
all sensors which depend on tp lo address this potential problem Also as in 

b ransport of the mon·1 d . ' 
mem rane, membrane fouling by cells d. I ore component through a 
transport resistance can cause drift o o:.;e. rum ~om~onents and external mass 

r s I ts m calibration of the sensor. 
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10.1.3 Gas Analysis 

The concentration of CO2 in the exhaust gas from a cell reactor is indicative of 
respiratory or fermentative activity of the organisms and hence is one of the most 
useful and widely applied measurements in monitoring and controlling a cell 
bioreactor. CO2 content in bioreactor gas streams is most commonly monitored 
using an infrared spectrophotometer. The gas sample stream must be dessicated 
carefully before entering the instrument to avoid damage to the sample cell win­
dows. Gas stream CO2 concentration may also be measured using thermal con­
ductivity, gas chromatography, or mass spectrometry. 

Gas stream oxygen partial pressure is usually measured using a paramag­
netic analyzer. Here too, elimination of water vapor in the sample stream is 
essential to minimize drift, and the sample stream flow rate must be controlled 
carefully for consistent measurements. Paramagnetic analyzers are also quite sen­
sitive to small changes in total atmospheric pressure, requiring simultaneous 
monitoring of barometric pressure for compensation in oxygen analysis. Drift in 
readings which necessitate on-line recalibration is a frequent occurrence with 
paramagnetic analyzers when applied to fermentations. 

Gas chromatography (GC) can be applied to analyze several components of 
the exhaust gas stream including 0 2 , CO2 , CH4 (e.g., in anaerobic methane 
generation), and H 2 (from Hydrogenomonas cultures, for example). Also, by de­
termining the gas phase partial pressure of volatile components such as ethanol, 
acetaldehyde, and carboxylic acids, GC measurements provide useful information 
on the status of the fermentation and on the liquid phase concentrations of these 
compounds. The requirement of intermittent injection of samples (ca. 15 min 
apart) limits the utility of GC measurements for monitoring process transients. 

Mass spectrometry (MS) is enjoying increasing popularity for monitoring 
gas stream composition. Lower-priced instruments are making MS more accessi­
ble for research applications, and reliable, robust process instruments have 
made mass spectrometry more practical for industrial application. MS instru­
ments offer rapid response times (<I min), high sensitivity (around 10 - 5 M 
detection limit), capability to analyze several components essentially simulta­
neously, linear response over a broad concentration range, and negligible calibra­
tion drift. Because of the expense of MS instruments, it is often desirable to 
interface the analyzer to several bioreactors and use a computer-controlled 
switching manifold to cycle sample streams from different reactors into the MS 
(Fig. 10.4). As indicated in this schematic diagram (only three fermentors are 
shown, but a single mass spec can support up to 30), the same computer may 
also be used for process control. 

Often, standard values (20.91 % 0 2 , 0.03 % CO2) are assumed for the feed air 
composition, but it is sometimes more reliable to measure feed gas composition 
directly by including a feed gas sample stream in the manifolding arrangement as 
indicated in Fig. 10.4. Of course, the merits of sharing analyzer instrumentation 
by use of such multiplexing and manifold arrangements are not limited to cases 
in which mass spectrometry analyzers are applied. 
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Figure 10.4 Schematic illustration of a computer-controlled sample selection system for time-shared 
use of a mass spectrometer. ( Reprimed by permission from R. C. Buckland and H. Fastert, "Analysis of 
Fermentation Exhaust Gas Using a Mass Spectrometer," p. J 19, in "Computer App/ica1ions in Fermen­
talion Technology," Society of Chemical Industry, London, 1982.) 

10.2 ON-LINE SENSORS FOR CELL PROPERTIES 

Unfortunately, there are few instruments for continuous monitoring of c,IJ prop­
erties in a bioreactor. The most basic measurement needed is total biomass con­
tent or concentration or, better still, active biomass concentration. Although a 
number of possible methods exist, no approach has yet been invented which 
provides such data reliably, consistently, and for a broad class of organisms and media. 

Optical methods based upon light absorbance (spectrophotometry) or scat­
tering (nephelometry, reflectance measurement) have been investigated widely. A 
sample stream from the reactor may be circulated through a spectrophotometer. 
A potential difficulty here is the nonlinearity between optical density and bio­
mass concentration above 0.D. == 0.5 or 0.5 g biomass/ L. Consequently, sample 
stream dilution or a shorter light path may be used for measurement of dense 
cultures. Figure 10.5 shows a flow-through cuvette design developed by Lim and 
colleagues which has proved very convenient in a number of laboratories. Alter­
natively, probes which can be inserted into the process fluid for optical cell 
density measurements have been developed. 
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=~=~:;:{,~~~~~~~~~~~~~~~~~~~~~~~:-==-=~Sample Sample ~ stream 
stream in T out 

D d Inserted 
lube 

water 

h cuvelle with internal effective dilution by mea~s or 
F

'gure 10 5 Schematic diagram of a llow-throug 8 D ,., mm this device provides a hncar 
I • . · 1 d w ·rh d - mm, =- - • . 

an inserted tube containing d1s11l e water . . . ' d ' I 8 g/L ( Adapted from C. lee and H. Lim, 
OD •CCII density relationship for cell dens111cs ex~e 1 •~g . 't ' oi Co11centratcd Microbial Cultures," ~ Nc:,~oDct•icc for Co111i11uously Mo11itori11g the Op11ca en.fl ) 
Bimech. Bioeng., vol. 22, p. 636, /980.) 

. . so far developed that provides in. 
The only conti?uous '?

0
mtorm;:~~~!;g{iate of the cell population is in situ 

formation on the b1ochem1cal or m I th) ·•s directed into the culture. 
• 1 r ht (366 nm wave eng d 

fluorometry. Ultravm et tg . . d d ridine nucleotides (NADH an 
Excited by this incident UV rad1at1on, r~ uce ·1 pyat approximately 460 nm. The 
NADPH) fluoresce with a maximu~ mtens1 Yd w1'th a suitable detector such as 

• d f the culture ts measure d 
fluorescence em1tte rom . . ri inall these measurements were ma e 
a photodiode or photom~lllpl,er. 0 fhe :.-11, of laboratory fennentors. The 
through quartz wmdows mstalle~ m b used in standard electrode ports m 
advent of fluorescence probe~ which c~n ~- f ns and application of culture fermentation vessels should •_ncrease mves tga to 

fluorescenc, mea.suremen~ (F,J!- l0.6). ds on cell density, average c,II metabolic 
Culture fluorescence mtens1ty depe~ h b t'on by the medium. Expert-

. · and hg t a sorp t 
state and fluorescence em1ss1ons, h that culture fluorescence measure-. • 1 f media have s own d 
ments m part,cu ate- rec . b' ncentration oxygen transfer an ments provide useful information on tomass co • 

A, Amplifiers 
LA, UV lamp 
D Photodetector 
F • Filter passing short UV 336 nm 
F ~: Filter passing 450 nm 
L 1• 6 Lenses 
CC, 'ca libration cuvclle. 
M. Dichroic mirror passing 460 nm 

reflecting 366 nm 

APPX 0345

Case 1:18-cv-00924-CFC   Document 399-7   Filed 10/07/19   Page 12 of 39 PageID #: 30765



672 JIIO( HI Ml< ,\J I Nc;fr-;1 l l!IN(; If Nl)\,\fl l\'l ,\J <; 

,., 
v 
C: 
,:, 
'-' 
"' 
~ 
J 
:, .. 
::, 

~ u 

J 

mV 

J'i.O 

15.-l 

:.,--

') 8 

Ill.II 

mV 

1 
'\ 

1 imc(~) 

I 
I 
I 
l 
~ ,"" 

I 

.J... 
IO 15 
~ 

. .i ! IO' .. 

I 
~ 
I 

(b) 

Figure I0.7 Tr;111~icn1s Ill tluorc,ccncc 
~ncasurcd (•1) ,lflcr pu bc ,1dd111on ()f lflllfl · 
inc 10 O 5 11 1-1,so .. \olurion, whith thar­
ac·tcn.lc, huJJ.. hquuJ 1111.1mg. ,ind (hi after 
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during this fcd-ba1ch operation. The circles arc used to identify the cul111rc lluo­
rcs<:cncc curve the measurement!. arc obtained continuously. In the porlion of 
the experiment shown here, clhanol pulses of l.85 g; L were added al 2.:l and 
24.5 h into the batch, while the pulse at 26.15 h added Jg ethanol per liter of 
cul<urc. Reduction in culture lluoresccnce accompanying elhanol exhaw,lion is 
dear. 

In all application~ of direct optkal measurements in cell culture~. a number 
of polcntial problems arise which c,111 interfere with interpretation of the mea­
surements. I or c:-.arnple. !he optical surfaces in contact with the prnces~ lluid 
may become foukd wirh cells or medium components. G,lii bubble-. and par1ic11-
la1es in the multiphase reaction fluid may i111crrupt or interfere with the dc~ired 
measurement and. in the case of fluorescence. certain medium components or 
produt:ts may lluorescc al lhc samc wavclenglhs useful for monitoring. intracellu­
lar stall.:. complicating inlcrprctation of the measurernenls. I lowcver. in vic\\ of 
the imponancc of determining the biomass concentration and cellular melahohc 
slate for monitoring. control. and oplimizalion of the proc:ess. thc~c and other 
optical mclho<ls can be expected to enjoy expanding applications in the futurc. 

The following ~ection is devoted to some of the intermittent. tlff-line analy:-.es 
of cell and medium properties which arc useful in hillproccss technologie:... We 
should rerngniLe that the di \'iding line bctwccn "continuous. on-linc" nwnitonng 
and "intcrmit1en1. off-line" measurements is somewhat diffuse. If the time he­
tween suc1:cssive off-linc analyse~ is less than the characleristic time \1.·ale for 
changes in the measured quantity. then lhc intermit1cn1. somewhat delayed 
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measurement is practically as useful as a continuous, real-time measurement. 
Since the time scales for changes in enzyme, cell culture, and reaction fluid pro­
perties may range from minutes to hours to days, certain off-line assays provide 
important information for process monitoring and control. 

10.3 OFF-LINE ANALYTICAL METHODS 

In this section we consider some of the measurement principles and methods 
applied to determine the properties of process fluids, biocatalysts, and biosor­
bants. Possible methods span the entire spectrum of analytical chemistry, spec­
troscopy, and biochemistry, making anything approaching a complete 
presentation impossible in this context. Here, we emphasize certain new methods 
relating to cell property measurements which have potential for process monitor­
ing and control applications and also provide an overview of other types of 
commonly applied analyses. 

10.3.l Measurements of Medium Properties 

After withdrawing a sample from a bioreactor or separation unit, a solid-liquid 
separation is accomplished by centrifugation or filtration in order to remove cells 
and any other particulate matter from the fluid phase sample. The analyses con­
ducted subsequently, of course, depend upon the particular application; analyti­
cal methods which perform satisfactorily for defined medium may not be 
accurate or appropriate for analyses in undefined medium which may contain 
interfering components. 

The desired measurements in a bioreactor are the concentrations of sub­
strates and components influencing rates, and the concentrations of reaction 
products and inhibitors. For fermentation, analyses of the carbon and nitrogen 
sources are often desirable. Also, it may be necessary or useful to determine the 
levels of certain ions such as magnesium or phosphorus in the medium. Products 
of cellular processes vary over a broad range of chemical complexity and prop­
erties, from small organic compounds such as ethanol to more complex struc­
tures such as penicillin to biologic-di macromolecules such as enzymes and other 
proteins. Accordingly, the spectrum of appropriate methods for product assay is 
extremely broad. 

Liquid-phase quantitative analysis is based usually upon light refraction 
(measured with a refractive index detector), absorption of light at a particular • 
wavelength (measured with spectrophotometer) or lluorescencc due to excitation 
at one wavelength and subsequent emission at a longer wavelength (measured 
with a spectrofluorometer). Sugars, for example, do not absorb light strongly and 
do not fluoresce but do alter solution refractive index. On the other hand, protein 
and nucleic acids lend themselves to spectrophotometric and spectrolluorometric 
detection. Fluorescence measurements are usually more sensitive and allow mea­
surement of lower concentrations. However, spectrofluorometcrs are more expen­
sive than spectrophotometers, making spectrophotometric measurements very 
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. . fi r om other compounds in solution, separ-
popular. In order to avoid mter ercncc r l t be analyzed from other solutes is 
ation or concentration_ of the _co~po:nacc~m lishcd by chemical treatment to 
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d Or to prec1p1tatc t e cs1rc . 37 C . d 

ecompose . h HCIO (perchloric acid) at an 
RNA is extracted f~om cell lyds~tes ~t lnterfuring sugars arc removed during 
analyzed by the orcmol mctho or n osc. 

the extraction. . d m ounds by chromatographic meth-
Finer-sc-.ile separation among relad!e coh p ·cal analysis The basic principle 

I applied in me 1um c emi · · 
ods is also common y . . . d in reater detail in Sec. 11.4 below, is 
of chromatography, which is_ d1scusse . g m ounds by an immobile phase in 
selective retention or retard_auon of c~rta1:t~he: components for the immobile 
a column due to preferential attraction I in anal zing mixtures of sugars such 
phase relative to other solutes. For exam;\ for ihese two sugars for the pri­
as maltose and glucose, the different ; ;' ,es pport material in a commercially 
mary amino groups on the su~face ~ t~ ::~~rate the sugars in an H PLC (high 
prepared carbohydrate column is use . . t s The dilTercnt sugars emerge 
performance liquid ~hromat~grap~y~ ~~:a:au be then detected and quantified 
from the column at d11Tcre~t u_mes, a~ t y Jany other separations based on 
separately using a rcfract1v~ mdc;. etcc or es Also separations accomplished 
HPLC methods ~re useful m n_1c 1~m :~:J:n ~ chr~matography or size parti­
undcr atmospheric pressure us1~g, ,~n rcsolvin! mixtures of related components 
tioning chromatography arc _use~ m 

before their individ~al qu~nttfic~tto~ a useful strategy for chemical analysis is 
As noted pr~v10usly m Chap. e • t of interest to a readily measurable prod­

selective conversion _or the compo\n d d laboratory methods for glucose 
uct. This is the basis for one of t e st?; ar nd peroxidase selectively convert 
assay, in which the enzymes g!uc~;.c hox:na: :ssayed spectrophotometrically. 
glucose to a colored compoun w ic c 

glucose gluconic acid + 2 H 202 
Glucose + 2 H20 oxidasc 

peroxidase 
H,O. + o-dianisidine 

- - (colorless) 

oxidized o-dianisidinc 
(brown) 

. rtant tools in assaying certain bio-
Ion-specific clcct_rodes have _bec~mc i:p~ontent can be determined with an 

logic-<llly important i?ns. C~llular mtroge or after chemical modification by pH 
ammonia electrode either ~ircctly (~~02-) digestion (amino acids), or enzy­
adjustment, NH1 ), reduction (N~fi • I : odes are also available for analysis of 
matic modification (u_rca)_. Ion spec~~c chec ~ al structure and function including 
many other ions which mfl~cncc ioc em1c 

potassium, sodium, and calcium_- d . . the concentration of a particu-
Occasionally, as an altcrnauve to cler~;'~~mincs the compound's biologi­

lar compound in solution, the mcasurcmen_ cbe ths by th1·s method has been a · ·1r · fi rmcntat1on ro 
cal activity. Assay of pemc1 m m c . I . d stry Here the size of a zone of 

d · th harmaceut1ca m u · • 
standard procc urc m e p . . k d with the solution to be assayed 
dead bacteria around a porous disc soa e 
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676 BIOCHEMICAL ENGINEERING FUNDAMENTALS 

provides an indication of penicillin activity in the solution. lt is very common to 
analyze enzyme content by measuring the activity of that enzyme. This functional 
assay is accomplished by exposing the sample solution to a standard enzyme 
substrate under standard conditions, then measuring the rate of substrate disap­
pearance, or product appearance, often spectrophotometrically or by fluores­cence. 

An alternative set of analytical procedures is based upon volatilization of the 
components of interest and their measurement in the gas phase. This can be done 
for glucose, for example, by forming its TMS (trimethysilyl) derivative which can 
be vaporized in the injection chamber of a gas chromatograph and the product 
detected by a flame ionization detector. Determination of the contents of rela­
tively volatile components such as ethanol, acetone, and butanol in fermentation 
fluids by this method is quite straightforward. 

Analytical laboratories which support pilot- and production-scale fermenta­
tion facilities often contain one or more automated wet chemical analyzers. These 
automatically partition, dilute, and process a sample to carry out several chemi­
cal analyses. The response time of such instrumentation is JO to 30 minutes, 
sufficient in many cases to be useful for monitoring of bioreactions in progress. 

10.3.2 Analysis of Cell Population Composition 

Analytical methods for cell populations can be categorized in much the same way 
as were mathematical models for cell population kinetics in Chap. 7 (recall Fig. 
7.2). Most classical measurements of biochemistry provide population-averaged 
and thus unsegregated data on the cell population. Measurements of this type 
can be extended to a very large number of cellular constituents, even to the level 
of particular proteins, RNA molecules, and DNA molecules and sequences. If the 
experimental measurement is made on a single-cell basis, or can be used to infer 
single-cell information, so that the distribution of single-cell properties is ob­
tained, the data may be said to be segregated. 

We shall first discuss measurements of nonsegregated type. The most coarse 
of such measurements, after determination of total cell mass or number density, is 
analysis of the elemental composition of the cells including carbon, hydrogen, 
and nitrogen. Automatic analyzers such as the apparatus for determination of 
total nitrogen have been developed for bulk sample assays of this type. Specific 
ions are also known to play an important role in biological processes, and it is 
common to see total levels of iron, magnesium, phosphorus, and calcium re-­
ported as well. Determination of total protein, total RNA content, total DNA 
content, and other average macromolecular content of the cells can be accom­
plished by well-established methods. Shown, for example, in Fig. J0.9 are some of 
the procedures useful in analysis of the macromolecular composition of yeast. lt 
is beyond the scope of this text to describe eacJJ of the individual analytical 
methods for each class of macromolecules in detail; they can be found in Refs. 14 
and 15 as well as in many research publications dealing with composition mea. 
surements during cellular growth. Measuremepts of this type provide the 
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I0-20 mL culture lluid 

I 
Cenlrifugation 
(10 min; I0,000 rpm) 

Analysis of 
Supernalant soluble 

'---------.,, medium 
Pelleted 
cells componen1s 

I ml, 100 11-g cells 10-20 mL, 20-60 mg cells 

Protein 
analysis 

Wash in phosphate 
buffer (remove 
interfering glucose) 

J 
Add 0.5 ml NaOH, 
1oo·c. 5 min 
( dissolve protein) 

! 
Add Lowry reagents 

l 
Measure absorbance 
at 750 nm. Compare 
with standard (e.g., 
bovine serum albumin) 
curve 

Remove acid-soluble 
materials with 0.25 N 
HCIO• {0°C, 15 min) 

l 
Centrifuge 

Pellel~ 

Extract RNA in 
0.5 N HCIO., 37•c 

l 
Centrifuge 

! 
Supernatant 

! 
Orcinol procedure 

J 
Record absorbance 
at 672 nm. Compare 
with slandard 
(yeasl RNA) curve 

, determination of the (populalion-uverage) prolein Figure 10.9 Flowchart of analysis procedures for d inol procedures may be found in Refs. 
and RNA content of yeast cells. Details on lhc Lowry an ore 
14, 15. 

. h those shown in Fig. 7.17. Although a given experimental basis for results sue a~ t pie will often apply for many 
method of protein or .DNA. analysbe1s, or examy to ' adapt analytical methods to different types of organisms, it ma_Y . necessar 

the particular species under invest1gall;n. r I proteins can be determined in 
Population-average cell content o par •:u. ar s are used to monitor the 

several different ways. First, for enzymes, act1V1ty assay 
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Table I0.3 Characteristic substrates and measurement principles for assay of 
activity of key enzymes in the catabolic pathways of C/ostridium acetohuty/icum 
Enzyme 

Acetoacetare 
decarboxylase 

Substrate 

Acetoace1n1e 

Phosphofructokinase Fructosc-6-phosphatc 

Hydrogenase 

Pyru va lc-fcrrcdoxin 
oxidorcduclase 

Buryrokinase 

MerhyJvioJogcn 

At-ctyl-CoA 

Dutyrophosphatc 

Reaction 

Acetoacetale ---+ 
acetone + CO2 

Reaction coupled with 
a!dolase, lriosephosphate 
isomerasc, and 
a-glyccrophosphate 

Dehydrogenasc 
methylviologcn + 
2H+---+ 

mcthylviologen (ox)+ H
2 

14
CO2 + acctyl-CoA + 
ferrcdoxin(rcd) 

--. 
14pyruvate + 

CoA + fcrrcdoxin(ox) 

Butyrophosphatc + 
hydroxylaminc -
butyrohydroxamic acid + 
HOPOj 

Measurement 

Consumption of 
acetoacetate by 
spectrophotometry 
(.t\OD270nm) 

Consumprion of 
NADH by 
lluorometry 
(excitation 340 nm, 
emission 460 nm) 

Oxidation of 
merhylviologcn 
which produces H

2 
gas is followed 
manometrically 

Production of 
pyruvatc by 
scintilla lion 
counler 
(radioactivity of 
l4C) 

Production of 
butyrohydroxamic 
acid by 
spcctropholomctry 
(.t\OD a1 540 nm) 

changes in enzyme levels during process operation. Table 10.3 lists the character­
istic reactions and measurement principles involved in assaying levels of key 
enzymes in the metabolic pathways from glucose to organic solvents in the bacte­
rium Clostridi11111 acetobutylicum used for fermentative production of acetone and 
butanol. Shown in Fig. I0.10 are the time courses of activity of several key 
enzymes in this organism during batch cultivation. Here it is seen that the activi­
ty levels of the enzymes associated with acids production decline late in the 
fermentation, while there is an increase in enzyme activity associated with sol­
vents production late in the batch. Based upon information of this type, alter­
ations in metabolism may be more directly correlated with strain and bioreactor 
operating parameters in order to optimize the organism and the process condi­tions. 

Individual proteins can sometimes be analyzed by protein chromatography 
(see Sec. 11.4) or by examining the relative intensities of bands obtained by 
electrophoresis of a protein mixture. Increased resolution and extreme sensitivity 
to many different protein levels can be achieved by two-dimensional gel electro­
phoresis in which proteins are separated in one direction on the basis of their size 
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• ( ) G wth parnmeler an pro u ~ '' · . , · 

product formation. a ro 1 • (b) Level of enzymes involved m the ,ormnllon b ... . cctone • · and butano , • . h h 
acerate, ~ : utyrate, -• a • ' hos hotransacctylase, e; acelate kmase, •, p ~sp O• 
of acetate and butyrate and of hydrogenase. p dp • (c) Level of enzymes involved m the 

k · .& • and hy rogcnase "'• 
transbutyryJasc, •; butyrate mase, ' I C A. CoA-transfcrasc with acetate, ( •) or butyrate 
rormation of acetone and butanol. Acetoaccly - . o . raldch de dehydrogcnase, • ; and butanol de­
(0 ) as acceptor; acetoacetale decarboxylase, v' • bury ., yh H Bahl and G Gouschalk, " level of 

• db , ii sion from W. Anuersc , • , · 

1 
hydrogenase, T. ( Reprmte ~ pern " d B t of Formation b}' Clostridium acetobuty • En:ymes lnvoh•ed in Aceta1e, Butyrate, Acetone an u an 

83 lcum," Eur. J. Appl. Microbio/. Biotechnol., vol. 18, p. 327, 19 .) 
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and in a second direction on lhe basis of h . 
way, different proteins lend to mov t d.tflie1r charge. When separated in this I . . e o I erent spots in th t d. . ~ ane, making It possible to identify and u . e wo- •mens1onal 

simultaneously. For example th· th d q ant1fy a large number of proteins 
thesis of 140 different prote,·ns' d is_ me o hwas used to study the rates of syn-

unng growt of the b t · E . 
:',nother basis for analysis of individual ro . . ac. en~m . col~ [ 17J. 

particular region on an individual t . p teins is bmdrng of ant1bod1es to a 
for the protein of interest an I prob em molecule [18]. If antibody is available 
. . , a yses ased upon pre . ·1 1· d . droactrvely labeled antibodr·e th c1p1 a ion, election of ra-1. S, or e amount of enzym t· · h. inked to a particular protein b . e ac 1v1ty w ich can be 

assay (ELJSA) method] may ? an a;t•body [t~e enzyme-linked-immunosorbent 
protein present. Such methods ;a~s:ls~ob~~an~~fy the amount of the individual 
other components or of macro I I PP ied to analyze cellular content of 
b d . mo ecu ar structures agai t h. h . . o ies can be made. Antibody I b I ns w ,c specific ant1-
is1ence on a cell surface of pa / ~ s are used frequently lo determine the ex­
quantify in some cases the amro:ut ar /Ypes of molecules or structures and to 
Labeling of cell surface compound: o d these components on the cell exterior. 
ducted without killing the organism an fi subseque_nt measurement may be con­
or selection during strain improvem=~~ b eature ~h1ch may be useful in screening 
venient for distinguishing betwe _Y ~utat1on. Such methods are also con-

en species in a mixed It . . usually carry specific surface markers whi . cu ~re, since organisms 
quantified with specific antibodies ch can be identified separately and 

The importance of plasmids ~s the car . . . 
product synthesis in recombinant . ners of the genetic instructions for 
tent a potentially important meas:::;nistm~:;akes as~ay of cellular plasmid con­
quantification in bacteria is done by i e~ ·r e ~~t ngorous method of plasmid 
separating plasmid DNA r:rom h so a mlg a NA from the organism, then 

• 
11 c romosoma DNA · . · h . 

using an ultracentrifuge The rel r . . m a cesium c londe gradient 
DNA can be examined i~ several :t: }~~nl1t1es of ~hrom~somal and plasmid 
of DNA was used, fractions can be :~llecte~x~mple, if a radioactive preparation 
analyzed for radioactivity using a scintill r rom the botto~ o~ the tube and 
DNA content in yeast or animal c II a ion counter. J?eterminat1on of plasmid 
assay using a labeled probe comp! ems ~ay be accomphs~ed by a hybridization 
the plasmid. Alternatively the gene efo en ary !o ~ nucleotrde sequence unique to 
is easy to assay, may be i~cluded o t~ a ~arti~u ar enzyme, the activity of whicn 
this enzyme used to estimate the ~ e_~ asm1d as a marker, and the activity of 
method has been implemented in Pb=~~'. content of the ~rganisms. This latter 
strains. eria, yeast, and ammal cell recombinant 

All of the measurements discussed ab . . . 
composition and to some degree o I d o~e ~rov1de information on cellular 
d . . . n en enc1es in metabol· b h ircctly indicate the current m t b 1· ism, ut t ey do not 

e a o 1c state or energ ( t f . Measurement of cellular ATP cont t b e ic s ate o the organism 
measures luminescence produced b;n can . e carried out with a Biometer tha; 
the enzyme luciferase. Since ATP I al re~t1on req~iring ATP and catalyzed by 
environment and metabolic activit e~; _s c ange rapidly as a function of cellular 

Y, I ts necessary that samples of the cell popu-
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lation be quenched rapidly in phosphoric acid in order to preserve their ATP 
content before this or alternative ATP analyses. Since ATP is absent from nonvi­
able cells, measurements of the ATP level can also be interpreted usefully in some 
cases as a measure of the metabolically active biomass in the population. 

High resolution nuclear magnetic resonance (NMR) measurements of 31 P 
have been successfully applied to determine intracellular ATP, ADP, sugar 
phosphate, polyphosphate, and pH values. Several different microorganisms have 
been studied in this fashion including the bacteria E. coli [19] and Clostridium 
thermocel/11111 (20] and the yeasts Saccharomyces cerevisiae, Candida uti/is, and 
Zygosaccharomyces bailii [21]. In addition, tracer isotopes such as 13C and 15N 
may be used to observe functioning of intracellular pathways of carbon and 
nitrogen metabolism via NMR (23, 24]. 

It has been observed in several fermentations with mycelial microorganisms 
that the process productivity and kinetics arc correlated with the morphological 
state of the mold or actinomycete. Example 7.2 presented some data and discus­
sion of the connection between morphology and product formation for cepha­
losporin production using the mold Cepha/osporium acremonium. Direct 
observation and quantitative monitoring of mycelial morphology is quite difficult 
and time-consuming since repeated microscopic observations and human or 
computerized image analysis are involved. It has been observed that the filtration 
properties of a suspension of mycelia are influenced by the mycelial morphology, 
and this principle has been used by Wang and collaborators (25, 26] and refined 
by Lim and colleagues [27] to formulate an ingenious mycelium morphology 
and biomass probe based upon a batch filtration measurement. A small sample 
of culture suspension is filtered, and the filtrate volume and cake thickness are 
monitored continuously. Based upon previously established correlations between 
filtration characteristics and the morphological properties and density of the 
particular mold considered, these data provide a basis for intermittent on-line 
monitoring of the progress of the fermentation. (see Prob. 11.6) 

There arc several different methods available for measuring and characteriz­
ing the distribution of single-cell characteristics in a population of single-celled 
organisms. Microscopic observation can give some approximate indications and, 
coupled with image analysis methods, quantitative information can be obtained, 
although gathering data on a sufficiently large number of cells to have a good 
statistical sample is rather difficult. More suitable for rapid measurements of 
properties of large numbers of individual cells are flow measurement methods of 
which there are two general types. In instruments 1.Hilizing the Coulter principle, 
the volume of individual cells is detected as cells suspended in a sample stream of 
an electrolyte solution flowing through a small orifice across which resistivity is 
measured. For spherical particles, the alteration in resistivity across the orifice 
may be correlated directly with the volume of the spherical particle, allowing 
many particles to be sized as they flow rapidly through the orifice. Alterations in 
particle morphology can cause some difficulties in interpretation of the measure­
ments, but still this is a useful approach for obtaining the size distribution in a 
cell population. 
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/\ richer das,; of mea,;urements is pos-;ible using .t Jlow cy10111e1e r. In lhi-. 
instrumcn1. a dilute cell su-;pcnsion again flow-. lhrough a mc;1-;uring section and. 
in 1hb case. optical mcasuremcnts arc condtu.:tcd. I\ ,; indicated in the schematic 
diagr;1m of I ig. 10.J L the cell sample s1rcam is irradiated hy a l;1scr or olher light 
-;ource and the ligh1 ah-;orption. scalier and or lluorcsccncc j., measured on a 
single-cell ha,;is. I ight-scal!ering mcasuremcnls may he used to obtain informa­
tion on the L·d] si1c distribution. Since right-angle lighl-sc,lllcring inlensity b 
-.ensitivc to int rawllular morphology. this mca~urcment ha-. been applied to 
monitor the accumulation in indiviJual bacterial i:dls of rcfrai:tile partides con­
~i,;1ing of !he slorage earhohydr.ite polyhydroxyhutyrate [2X). Individual cell 
macromolecular composition has hcen mc,,.,urc<l for microorgani~ms and anim,11 
cells hy ,tppl,ing spccihc lluorcsccnt dyes which lahcl the macromolecular pool of 
in1ercs1 including Iota! cellular protein. double-stranded RN/\ and cellular DNA 
f ~

1

) . ,10 ]. Accumulal ion of an in1racdlul;1r Jluorcsccnt produc1 produced under 
the action of a -;inglc c1vyme can be monitored on the single-cell level in such an 
inslrurncnl. allowing .l'i'iilj of individual en;ymc activil} in indnidual cells. study 
of i11 ri1ro cn1Jmc kinetic-. and. hy dllning the gene fo r lhi:.. c1vymc on a plas;mid. 
1.h;1ractcri1ation of single-cell plasmid con(ent I J I]. l·lm\ cytometry 111casure-
111ents may abo he u-.cd to diflcrenti;1lc and quancily mult iple specie~ in a mi\cd 
culture and lo detect the presence of contaminant in a lcrn1cntation inocu/um 
I 32. 33 I, Since llow cytomctry provide, 1w1 only average information hut give,; a 
dis1ribu1ion of single-cell diaral'.lcmtics in the populalinn. the data ,~ nch and 
provitks detailed im1ght into the .~late of the mrcrohial populalion. 

Although mos! applit.:ation-. of llow cylomctry lo ~ludy krmcnt:ttion pro­
ces,;es h;l\·C involved single-parameter mcas;ttrcmcnts. it i,; po:..sihlc lo cflcct simul­
lancous multiple mc.i-;uremcnt~ on mdi,-idual cells. gaining even further dclailcd 
infonnation on the 1.·cll population. D,lla of lhi, lypc. L'.on:..idcring lwo-parame1cr 
measurements as an c\amplc. l,1kc !he form ol ,t '>t1rl:1cc indk :tting frequency or 
rclati,c nurnhcr of cells as a function of the coordinatc-. in an undcrl}ing plane 
rcprcsc111ing the mc.1,;urcd q11anti1ic..;. hgurc 10. l 2 :..how-, e\amplc data llf 1his 
l}pl! in 1d11ch the me.tsurcd singlc-l·ell properties arc ligh1--.c,111c1ing in1cnsit} 
rcla1cd to cell size and intraccllul.1r lh1orcsccnl·c produced h} rhc aclion of an 
c1vyrnc encoded on a plasmid gene. rl1 us. the amount of lluorcsccnl product 
,tccumulatcd m;1y he L'.orrclatcd ,,1th the C\istcncc and e,-cn ,,11h the nt11nhcr of 
pla~mids in the yca~c cell. I he da1,1 111 I ig. I0.12 .,how l\\O de.tr pc,ths 1\hid1 
rcprcscn1 dilkrenl lypes of cell~ in 1111-. culture. I ho-.i: \\ilh rcl,1111cly small 11110• 
r1..'sccrKc in1cnsi1~- arc cells 1,i1hou1 pla~mid~ ,,hich e\hihit ,1 low degree of 
natural tl11orcs;ccncc under 1hc mca,urcmcnl 1.ond itt1>Jh applied. I he popular ion 
\\ith l.1rgcr llt1llrcsccncc. c,idcnt as a di ... ti1K'I mode or mo11111ain in thi-. ~orl of 
mc;hurcmcnt. rcprcscnl , 1.clls 1.·ontaining plasmid and therefore I he cn1y111e re­
quired 10 gcncralc an .1ddi110nal lluoresccncc 1c-.pomc. Ba:.cd upon th i~ t) pc nr 
measurement. the proportion of cell-; 1\ith and \\ithou1 pla~mid in the l:Ulturc c,tn 
be 1cr) rapidlj assa)·ed and further mformation u 111 he e,1r,1ctcd on pl,t!illlld 
1-..:phcation and si:gr..:g:tl ion in lhc fL'Co111binan1 ,train. 
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~i~ure l0.12 Two-parameter characterization of a population of recombinant Saccharomyces cere­
vmae ~y flow ~ytomctry: Axes of the basal plane denote single-cell light-scattering intensity (corre­
lated With cell size) a~d single-cell fluorescence intensity which here is correlated with cellular plasmid 
content. Here, plasmid-free and plasmid-containing cells are readily dis1inguished based on fluores­cence. 

10.4 COMPUTERS AND INTERFACES 

The~e. are a number of advantages to be gained by coupling process instruments 
!o digital computers. First, the computer can enhance data acquisition functions 
m s~v~ral respects. Impro~~d reliabi!ity and accuracy can be obtained by using 
stat1st1cal methods and d1g1tal filtenng. Readings from several parallel sensors 
can be c?mpared_ and analyzed to provide on-line recalibration and to identify 
sensor failure._ With a computer, the number and sophistication of analysis sys- . 
terns can be mc~eased. For example, a computer-controlled system may take 
samples a_uto~attcally, conduct ~ chr?matographic analysis, and interpret the 
~esults, us~ng mt~rnally stored c~hbrat1ons or algorithms to give output directly 
•? convenient ~nits._ Al~hough simple signal conditioning and correcting opera­
tions_ such as lme~nzat1on ca? be do?e with particular electronic circuits, these 
f~nct1ons a_re readily accomplished using a computer without the need for addi­
tion~! _spec1~c hardw_a_re. Another advantage of computers with respect to data 
acquis1t1?n ts the abtltty to store large quantities of measured results in digital 
form which may be accessed conveniently, analyzed, and displayed later. 

INSTRUMENTATION AND C"ONTROL 685 

Using computers, data analysis and interpretation can be enhanced greatly. 
Results of several measurements may be combined to calculate instantaneously 
quantities such as oxygen utilization rate and respiratory quotient. Advanced 
state and parameter estimation methods may also be applied on-line to provide 
additional useful information on process status from the limited measurements 
available. More specifics and some examples of computer applications for data 
analysis are presented in the next section. 

Computers expand opportunities tremendously for improved process control 
and optimization. One computer can replace many conventional analog con­
trollers and control many individual valuables such as pH and temperature using 
standard feedback algorithms. Furthermore, more sophisticated multivariable 
control methods may be implemented easily with a computer. Controlled vari­
ables may include derived quantities such as RQ when a computer is applied. 
Computer methods may be used to evaluate and improve process mathematical 
models which may then be employed for determining optimum operating condi­
tions and strategies. Then, the computer provides the memory and computation 
capability to implement the optimization method, such as variation of nutrient 
feeding rate or pH during a batch fermentation. 

Operation of a batch process requires a carefully controlled and coordinated 
sequence of valve openings and closings and pump starts and stops. While all of 
these functions have been done by various timers and relays in earlier tech­
nology, they may now be managed efficiently by computer. Use of a computer to 
manage such switching operations during batch process operation becomes 
essential if we wish to optimize the scheduling of a number of parallel batch 
processes (e.g., fermentors) which feed sequentially to downstrean batch processes 
(e.g., precipitation, chromatography, and so forth). We shall examine elementary 
process regulation and more ambitious control objectives and strategies in Sec. 
10.6 and 10.7, respectively. 

Before turning to these interesting domains of computer application, we shall 
examine briefly some of the principles of digital computers and computer inter­
faces. Our objective here is to introduce some generic concepts and, by example, 
to illustrate specific realizations of different types of computer-process configura­
tions. Because improvements and cost reductions in computer hardware and 
software are proceeding presently at a rapid rate, any specific computer system is 
probably outdated by the time its description has been published- certainly in 
book form. Thus, we should view the examples here and in the remainder of the 
chapter as the kinds of things which can be done, recognizing that, as of this 
reading, there are probably cheaper, more efficient ways of doing the same thing 
or something even more effective. 

10.4.l Elements of Digital Computers 

The basic components of a digital computer are shown in the block diagram in 
Fig. 10.13. The central processing unit (CPU) accepts instructions from a stored 
program through its control unit and performs the indicated arithmetic and 
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The input-conlrol allows the compulcr to communicate with external pc­
riphcr,11 devices. Within the computer, a bus system inlerconnects the CPU. 
memory. and input-output control segments. 

The functional clements described :ibovc arc commo n to a ll compulcrs. but 
the speed and memory capacity arc determined by !he particula r hardw,irc con­
figuration. Based on these parameters. computers arc or.en classified into super­
computers. mainframe computers, minicomputers. and microcompulcrs, with th is 
lisl ordered from l.irgcst. faslcst, and most costly to smallest, slowest, and lc:isl 
expensive. Definition of the boundaries between lhcse different classes of com• 
pulcrs is constantly shirting: 1oday's microcomputers ha ve the power or main­
frame compulcrs of the 1970s. The availability of tremendous comruting capacily 
at low cost is dri ving a rcvolu!ion of new co mputer uses in consumer products. 
communications. informa tion rroccssing, scientilk instrumentation, and in bio­
technology. While computcr-courlcd fermcnlors were a novelty in the !%Os. we 
can expect in !he not too distanl future !hat almost every biorcaclor, analytical 
instrument, and other bioproccss unit will be monitored and controlled by digi1al 
com ru tcrs. 

I0.4.2 Computer Interfaces and Peripheral Devices 

The storage anti arithmetic ,md logic capabilities of a computer arc worthless 
unless the comptllcr is conncccc<l to o r inlerfaccd with somc1hing else. We c,111 
classify Ctlmputcr irllcrfaccs as follows according to the objecl conneclcd with 1he 
computer: 

I. Comrutcr computer: communica1ion 
., Operator • computer: instruc1ion 
J. Computer • 1lpcrator: informalion 
4. Sensor • computer: inpul 
5. Computer • actualor: manipul.,tion 

We shall next con-;idcr each of these types or inlcrfacc an<l !heir significa nce in 
computer applications in hiochemical engineering. Befo re turning 10 particular 
interface da~:-.es. however, we should make the general comment that communi• 
cations hardware anti sofl ware controls a rplie<l to a particular type of interface 
arc not stantlardiLctl. so 1ha1 different computers. peripheral devices. and sensors 
cannot he .. plugged-in .. to each other arbi1rarily. Care must be e xercised to 
ensure 1ha1 unih 10 be interconnected have compatible inpul-output runctions. 

Computer-computcr connections arc important because dillcrcnt types of 
computers and digit.ti devices have diffcrcnl cosls and ca pabilities. O \ cra ll clli­
cicncy is ma:\imi, .cd a nd cos! minimi.t.ctl by us ing the minimum computing power 
for the major task ,II hand. communicating wilh a higher-level computer when 
more rarid or complex compu1a1ional opcralions or la rger storage arc needed. /\ 
proposed hierarchy of computing levels applicable 10 ferme ntation research a nd 
developme nt is ~hown in F ig. 10.14. Herc. at the first and lowest lc\cl. which 
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The lirst- :rnd many of 1he second-level functions arc conducted in rt!11l 1imt!. 
which mean~ that there is negligible lag between input of informution or instruc­
tions 10 the computer and output or control action based on that information. At 
the highest or third level, a mainframe computer may be used to sohe compli­
c:ucd model equations, estim:1te model parameters from obtained data, and 
evaluate advanced control and optimi:rntion strategics. Herc, inform:1tion sup­
plied from the first- and second-level computers would be used, but the results 
would not necessarily be obtained in real time. Instead, the goal may be improve­
ment of process operation at some future time. 

Communication at the "person-machine interface .. between operator and 
computer takes several different forms. Computer-to-operator communication 
may occur using a digital meter, a CRT (cathode-ray tube display), printer, plot­
ter or, recently, computer-generated speech. The form of output displayed on a 
CRT printer or plouer may be tex t or grnphical format shown in single or 
several colors. Operator input to the computer is often using a keyboard, directly 
communicating with the computer in the case of a terminal or indirectly using a 
keypunch. Other modes for operator input include switches, touch-sensitive 
screens. and "mouse" devices which, when rolled on a hard surface, translate 
correspondingly a cursor on a CRT display. Also, speech recognition capabilities, 
the object of intensive contemporary R & D activities, already permit a small set 
of instructions to be entered verbally. Input of prerecorded programs or data is 
done through one of the mass memory peripherals mentioned earlier. 

The convenience and flexibility of operator-computer interactions combined 
with the computer's ability to store and manipulate rapidly large quantities of 
data have several significant benefits in biotechnology as in other areas of process 
technology. Process and controller status can be communicated to the process 
operator in clear, efficient f.ishion, giving the operator the option of examining 
particular aspects of the process in greater detail on command. Alarms and cues 
generated by the computer can alert the operator to existing or emerging prob­
lems in the process. Also. the operator possesses great flexibility in altering con­
troller setting~ or, if needed. even the controller algorithms and configuration. 

In addition, safety and regulatory policies usually require gathering and 
maintaining det:1iled records on each batch of a drug. Such record-keeping and 
report generation is facilitated greatly if a computer is linked to the process. 
Reports on raw material and energy consumption, cycle times. yields and inven­
tories important in R & D, in plant management, and in overall economic t)pli­
miz:1tion for the comp;iny m:1y be prepared more rapidly and with much less 
effort if the process units arc computer-coupled. Benefits solely from improved 
record-keeping and report generation have provided the economic justification 
for installation of proce~s computers in several pharmaceutical companies. 

Sensor-to-computer interfaces depend on the measured quantity and the 
available forms of ~ensor output. Some important process operating \,tri:iblcs 
have only "on" or "off" states such as running of a pump or compre~sor or :111 
open or closed valve. These may be read by the computer directly in digit al form. 
Another type of digital input is a pulse which is generated by a 1:1chomcter or 
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signals over a prcspcdlicd range. Resolution or the analog signal is dircclly re­
lated to the number or bits employed. 1r the digital output has II bits. the input 
analog range will bc divided into 2" discrete suhintcrv.ib by the converter. 

An cx,tmple of a laborawry data acquisition system based on a microcom­
puter is illustrated schematically in Fig. Hl.15. /\s mentioned. the Oz and COz 
analy1.er an,tlog outputs arc adartcd before going to the/\ D convener. lntcrcsl­
ingly. notice that an amrlilicr board has hecn used to input directly the voltage 
generated by the dissolved oxygen rrobc without the use of a separa1c instru­
ment or rc.,dout unit for DO. By rcrlacing some of the functions of analog 
instruments and controllers, a microeomruter syslcm can provide ,111 of the ad­
vantages discussed al lower cost than the lraditional set of analog instrumen­
tation. 

Two d1llcrent arprnaches have been used in connecting several analog inputs 
to a computer. The lirst uses a separate I\ ,o 1,;onvcrtcr ror e;,ch in rut ( there a re 
usually several such converters on a single 1\1 D hoard). l\ltcrnativcly. ;1 scanning 
unit containing several relays (relay multiplexer) may he used to switch among 
several analog inputs. feeding the selected input lo a s ingle ;\ D converter. The 
former aprroach permits more rapid samrling and reading of each analog input 
at the cost of a larger number of ;\ D converters. Increasingly. an,llysis instru­
ments arc being equipped with digit.ti outputs. usually in the form of a hinar_,, 
mded diyi111/ (BCD) si!f1111l. which may be used for computer input. 

Consideration of compu1cr-to-;1ctuator interfaces p;1rallcls that ju~I dc~crihcd 
for physical device-to-computer communication. Digital outputs control electri­
cal on off switches (relays) and stepping motors. Di11i1al-10-a1111/o!f ( D /\) w11rer­
ters send to actualor~ analog signals corresponding to digital value oulpul of the 
computer. Figure 10.16 shows the interconnections and interfaces used in .::om­
putcr coupling to a pilot plant. While the complexity and scope or the two 
systems dearly ditlcr. lhc major comroncnts. types of information. and signal 
Hows arc \•cry simih,r to those in the laboratory gas analysis microcomrutcr 
module in hg. 10.15. 

l0.4.3 Sortwarc Systems 

The s,i/ill'ltrt' the sci or programmed instructions which govern the opcr,ttion or 
the computer. its interfaces and i1s pcrirheral devices is a critical component of 
a computer-coupled formentation process. The sortwarc dictates how !he com­
rutcr. and pcrlwp~ ullimalcly the process. will perform. Which data ts displ.iycd 
and stored in what format. what operator inputs or inlcrvcntions arc nccc:..'.>ar} 
or allowable. perhaps how the process is operated. arc delcrmincd by the sofl­
warc. It has lnng. been recognized by those with experience in the licltl or ..:om­
pulcr-coupled instruments and processes thal good software is a cctHral key to a 
successful ~yslcm. and that software development can he the m.ijor task and ;1 

\ignilicant c.\pcnsc 111 installing a process computer. Recent downward trends 
in hardware pri.::c\ ccnainly re inforce this Iheme. Consequently. it hclHHH C'i 

!he laboratory rcsear.::hcr ;tnd plant manager alike w examine ..:ardully the 
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.g 

1
. lcv~I hu~g_u_ages ~ B~SIC, F.ORTRAN, A PL and others), and appliw~io11s t: '.'!!' ':'.m for •1~co~ipltslung particular computations and other tasks. Some 00• 

!cc~tves of applicall~ms programs such as data acquisition, operator inform·11ion 
'''.

1 r~port generation have already been discussed, and olhcrs includin .' dat,; 
h:indhng and pn~ccss control arc considered in the remainder of this (.l, tcr 
l·
1
. xamplcs of par11cular algorithms and application progrnm funclions .~hou•~ i~ 

I 1c chapter references. 

. . _An impo~lanl co1~sidcration in selecting a hardware-~oftwarc system is ils 
,1h1l11y lo do 11mc-sl~armg or muhitask operations. With I his capability th, .

0 
• 

~ut~r system e~scnttally can run several programs simultaneously th~rc~ c <~~­
s~rvmg, analyzmg, and conlrolling several different process units;· al the :·,me 
tim_c. Also. new progrnms can be wrillcn and old ones debugged or modi.Ii •d 
wlulc the computer rnntinucs 10 interact with one or more proccs~cs. Multita~k 
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capability i'i essential at the seco nd and third level!> displayed 111 Fig. 10. 14. but 
the dedicated microcomputer data acquisition and ~1nalysis syiacm in Fig. 1().15 
docs not require time-sharing rcatures. 

Having surveyed the basic concepts important in process computer sys tems. 
we now examine some uses of computers and or data which they have ~,cquircd 
to define the l)perating slate of the procc~s ;111d to provide the de~ircd environ­
mental <.:onditions for maximiLing bioprocess produc1ivity. 

10.5 DATA ANALYSIS 

Although the available measurements for a bioreactor arc limited, lhesc c:111 be 
used in concert with defining equations. overall mass and energy balances. and 
process mathematical models to deduce 1hc values of proce~s variables and 
parameters. As A. E. Humphrey suggested in 1971. the available measurements 
taken together provide a " gateway" into other m,pects of the process which arc 
not directly observed. We have already discus~cd how me~1s uremcnts of inlet and 
cxil gas now rates and composition may he used to calculmc the ~,verage volu­
metric mass-transfer cocllicicnt, k1a, for a biorcactor (sec Sec. 8.1.1 ). Also. in Sec. 
5.10 we saw how macroscopic balances on cellular growth could be used sys1c­
ma1ically to calculate macroscopic nows based upon known overall cellular reac­
tion s1oichiomc1ry. Figure I 0. I 7 show!> in llowchart form how measured 
quantities may be used to calculate related process properties associaled with 
mixing and aeration and wi1h cell growth and metabolism. 

On-line estimation of biomass concentration and of specific growth mies 
during fermentation has been ;1 central objective for data analysis methodologies. 
In this section, we will use lhis biomass estimalion problem as a prototype for 
illustration of several dillcrent approaches to biorcactor dal:I analysis. 

I0.5.1 Data Smoothing and Interpolation 

Often, measurements oblained frnm process ins1rumcnts arc noisy. Significant 
measurement lluc1ua1ions make thc instrument outputs unsuitable for use as an 
accurale, inslantancous value. Some !,Ort nf signal conditioning or smoothing is 
required in such cases. 

The simplest way to ~mooth dat:1 is to apply a first-order (analogous to an 
RC) lihcr which ,1llcnua1cs input l1uctu,1tion-; smoothly and increasingly as the 
lluctuation frequency increasc'i. Such a filler is characterized hy :1 time constant 
11: inputs with frequencies much smaller than , 1 

1 arc attenualc<.I lo negligible 
magnitude in the ou1put. and lluctuations with frequencies much grcaler than 11 

1 

pass essentially unalkc1ed. In discrete-time form. convcnienl for digi1al computer 
implementation. !>Ucha filter b given by [1] 

II'~ - tlo II~ + (I 111~ l /, 111\ I ( JOA) 
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i::~ur~ ~l~.1-7 Prim'.iry _n'.c:1surcn1c'.t1s. shown 011 top. may he u:,c;d to cakul,llc many rd;1tcd roccss 
P pcrtlcs ,tnd p.1r.1111c1crs. 1 u,.,,,1111.-cl hr 1,,·mii.,,,,m /i·,mt I I' 1·111 . 11 , V . . r 
. /" ·· • • 1/(11(1/11 n 11r1 •· fla11·1111 • f 

111111 of ·,·r111,·m,11i1111 Sr.t1,·111.r:· I' 3.11 i11 "Mi, ,·obial 1,·, /mo/o,ii·:· ::d c,I I ·,,,.·i, 111 1 ·,. . · l •. '' ~ a• 
/'cr/11u111 I ,·,k1 /. lu11/,·111i, /',·,·ss. N,·11· l ork. /9 79.) ' . . . 'l'I'" an, /). 

~v1;7" is the Jilter input (noisy signal). ,,. is the lillcrcd output. and suhscripls k 
:•n , I denolc the current and the previous discrete sampling lim ·s 
'.111d I>, arc parameters which determine the filter characteristics 111 p· ct·.·. "1'.i, "1 • 
is r •hi •d I ti 1· . • . . . ,,r J<.;U ,tr. If 
· . ~• ~. 0 te sampu1y.11111e 1: (lhe lime interval hetwecn samples) and the 
p,1r,1melcr h1 hy the equation 

1,. 
7;:(I h 1 ) 

2( I + '1 1 ) 
( 10.5) 

. Sl~mewhat simpler lo implement. yet giving similar filtering characteristics is 
:' 111°''111!1 ,,raa!Jl' calculation. Herc, we take measurements more frequentiy :,·nd 
''.:,e,ra,~c ~~m~ _set. ~a~ JO, of the sequence of measurements 10 obtain a rcprcs~i~ta­
:'. c ~-•1~l~c 0.icr ',hc l!lll~ _for all of those measurements. This is quite fc.isihlc for 
11orc,tct1ons \~here stgmhcant changes in mca<;ured quantities often occur ov •r -1 
much long.er lime_ s':.tle than the lime required for the measurement. e ' 
.. A. ~nore sop_l~1s11cated tiller \~hidt also provide<; an interpolation polynomial 
~~ ~e~n r_rop~)s~<l ~l~r. fern~c111a110~ applications by Jefferis an<l coworkers [35 ]. 

c sh,111 <.;Ol1s1dcr csl1ma11on of hwmass density ·111d gr'>\vtli r·,t. f · · , · • . . · · · • ~ , c rom noisy. 
llllcrm1ttent lurb1d11v measurements ·1s ·111 cx·intpl Tl 11 d · · . · • , . , , e. 1c cc mass cns11y within 
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some time interval r backward from the current sampling time is represented as a 
second-order polynomial in time: 

( 10.6) 

The objective is to estimate values of the coefficients rx 1, IXz, and rx_, using the 
present measured value of \', .x(l 4), previously measured values, and possibly 
information on measurement noise as well. One approach is lo effect a least­
squurcs deviations lit of Eq. (10.6) to the data over the time interval lk r to'~ · 
A recursive le,1st-squ.1rcs tillering method for this purpose is described in Ref. 35. 
Other techniques for filtering noisy data arc discussed in the general references at 
chapter's en<l. 

10.5.2 State and Parameter Estimation 

Neglecting accumulation of oxygen in the reactor, the oxygen m.itcrial balance 
on a batch reactor becomes 

f.rco,,J F,.l"o, •· 0 ii, 
I
/ , , ,:: -<>, = 1W o, X \' + I 

}',,; o, I I 
( I 0.7) 

where f and e denote feed and exit values. respectively. In this equation. oxygen 
use for both growth and muintcnance metabolism is consi<lcred. By measure­
ments on the feed and exit gas streams, the o'(_\'!fl'II 111i/i:e11i111r nu,• Q0 , (this 
quantity is often also indic.itcd as OUR in the literature) may be determined 
experimentally. With Q0 ,(r). u known function of time and assuming the coctli­
cients i\/0 , x an<l }'._..0 • k) be constants, Eq. ( 10.7) may be integrated lo obtain . . . 

x(I) • exp ( A/0 , x 1:,. 0 ,1) x [ ,(0) + J: l',,;,0 , exp (M0 , x Yx 0 ,r)Q0 ,(r) dr] (10.8) 

This equation may now be used to estimate values of x(r) from Q0 ,(1) mcasurc­
menls. Then. the growth rate ,h d1 and specific growth rate follow directly from 
Eq. ( 10.7). 

However. before applying this lo a particuh1r fermentation, the oxygen stoi­
chiometric parameter~ must be determined. A convenient equation for this pur­
pose may be obtained hy integrating Eq. ( 10.7) with respect to time and 
rearranging to ohtain [291 

J:, Q0 ,(r) dt 

J: •. \(r) dr 

I [ ,(1) .x(O)J 
Mo,x+ , , 

lxo, Jux(r)1/r 
( 10.9) 

Using measured values of Q0 ,(I) an<l .x(r) from an off-line experiment. the 
parameter~ M0 , x ,ind l'x 0 , m:iy be determined from a linear plot of the left­
hand side of Eq. ( I 0.9) vs. the brackcled quantity on the right. 
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Zabriskie and Humphrey f36J applied this approach to batch cultiv,11ion of 
several microorganisms. Figure l0.18 shows the results for (a) a Streptomy< es 
fermentation and (b) for growth of Sa((/um,111,rC'es C'en•risiae. Yield factor and 
m,1intcnance cocllicient values for each case arc shown, a~ is the coclllcien1 of 
variation 1· belween experimental data (dots) and biomass concentrarion esti­
mates (continuous line) based on Eq. ( l0.8). We sec tha1 1his estimation proce­
dure performs well for the Srr('f'/0111.rn,.1· cultivation btu that, in the S. n ·rt't•i.liae 
experiment. lhe data deviate qualitatively from the estimates. There is evidence of 
diauxic growth in the measurements which is not indicated by the estimates 
derived from material balancing. These discrepancies have been attributed 10 
variations in M0 , \ and ), 0 , which accompany shifts in glucose u1ilitation me­
tabolism during cultivation f 36 J. 

This particuhtr example is ilh1s1rativc of an entire da,s of data analysis :1p­
proaches hascd on macroscopic halancc,;. These methods often perform well as 
gateways from measurements to derived proce,;s v:i riable values. Dilliculties may 
ari,;e, however. hcL·ausc of error accumulation. 

General methods for e,;timaling lhe stale of a process, th,tt is the values of 
lhe variables whid1 appear in ,1 dillcrcntial equarion mmhc111a1ical model of the 
proccs,, have been developed by systems engineers ,Ind applied mathematicians. 
Like lhc material balancing approaches. thc.,e more advanced estimation 
methods t,1kc into account known relationships among procc<,s v:1ri:1hles. J Jow­
Cl'er. these methods also consider noise eflccts and error propag.ition in fact. 
the nwthcmatkal bases for modern estimators rc~ts in lhe theory of stod1a~1ic proce!.~cs. 

Presentation of modern multivariahle e.11i111<11or.1 such as lhc n ·1e11ded /.:af-
111m1 Jiftt'I' is ou1side the sL·ope of rhis 1c,1. We should. however. no1e several 
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t·1 • , r ·d to hioreactors as revealed in the attributes of the exlendcd Kalman J tcr app ic I I . [17 18J· 
· . d' . f S·rn and Step 1anopou os - . • · computational and cxperrmental stu ,es o • 

I. The estimator responds rnpidly and accurately to changes in process param-

eters. . . . . , ··11·.,, to errors in the starting estimates of the state 2. The cst11nator 1s not scnsi ,c 

variables. . . , I d .. h. extended in a straightforward fashion to J. The state esllma11on met 10 c.111 e . 

provide estimat~s 
0

_f t~m~;~~~~:~: 1;~~~~;r~~~~l:~:~;,~· this type of estimator. 4. Error propagallon .tn g · 

. . • I test of the extended Kalm,m filler estima-Figure Hl.19 shows one compu1.1t1on.1 1· I . []I] Herc ·1 mathematical 
• I d posed by San and Step rnnopou os - . . ~ . . . , 

lion met 10 pro · d . . )f step 1·11cre·ises 111 d1lu11on r,tle. 
model of a chcmostat w,is su ~cc c · .

11 
·d noise before en-. .. b' • •t • to a sencs { • • · · 

. bl • • . lrrupted by compulcr-gener. c . 
and the model vana cs were et . . l • ... density •md specific 

tering the cst11nalo~. d . .. .' I ·ly even after the dilution rnte h.1s exceeded /lm;u growth rale .ire lrnci-:e ,1ccur.1 c . 
. The rcsultmg changes in ,1om,1ss . ' 

and washout has started lo occur. , , . . . ··1hlc-; and parameters deduced from 
Process measurements and pr~c~ss v.tr!, , 'd •d to opcnte the process. In 

lhe measurement data provide lhe m,orma11on nee c ' 
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!he ncx1 sections. we examine dillcrcnt '>Ir.tic •ics fi - . • - , , -
rng process opcratirH.! conditi,)n" '<)r g _, g

1
_ - or 111

•11111•1111111g ,t nd manrpulat• 
- ' _, 1 ' oou per onnance. 

10.6 PROCESS CONTROL 

Obtaining sa1isfac1ory process perfornnn<.:c r. - • -
conditions ,ll c.lcsi!.!n v·1/11cs B... -. 'f cq~rrc-, nwmtcnancc of operating 

- ' -· cc,rnsc o unprcd1c1-1hlc u ' I• I · I - • enter a pr0<.:css due 10 lluclti·itr· ) . . ' r~e s w Hc 1 111vanably 
- • t rn, Ill p11mp111u nlcs 11 )W • 1 · 

,llld other opcratinu condi1io11c ·111·' I •. - -f 1' . : t p,11 crns. nm.er speed 
- ,,, • u 1ec,tusc o c 1cm1c·1l ·I • · I -ccss. control action b usu·1llv r . ., - . - • c l,mgcs Wit 1111 the pro-

, - • • J cq uircu to ma1111·un sp . ·'f •d . .,· -
tunes ,vc can improve ln1,·l1 1·c·1 ·t r • . ct:r le conu111ons. Some-

• " • c or pcr,ormancc 0v v·i .· . . , 
such as pll or lcmpcr·1111rc r11 ·1 I . <l J • rymg proccs~ con<.hllons 

' • prct c1crn1mc f:ishi l . • I • , -
1 lcrc. too. controls arc required in ) d • t .. •. < n ,ts _1 ic rcactJon occurs. 
program. In this section w,· 1·1rst < r ~r o t:,trry o111 the c.lcsircd hatch opcr;ttion 

· ~ . cxam1nc conlrols 10 m· · 1· · ., -· I measured v·,ri-tblcs Tli. -., · ,un ,un uc:-.1rct v,tluc~ of • • • • en, we consrucr control h- · ,., · ditions. . ,tscu on cs11m;11cd proccs~ con-

I0.6.1 Dirccl Rcgula1ory Control 

Using control of a hiorcactor as ,tn exam I• • ~ • • -· 
temperature. aeration rate ·1ui1'11ion s ·•dp·e,dwe rcqucnl_ly n1sh lo control pl/, 
pressure 'II spccili ·d . I • _' -S,' . pi.:c ' ,lit perhaps dissolved oxygen partial 

' . c v,1 ucs. mcc all llicsl' t1u·11ui1i.. .. b 
rcuulation of c·idi of lh.. · . ' cs c,tn c measured on-line 

- ' esc process slate variables c·tn he . . . 1. 1 c.l , • 
convcntion,tl feetfha<'k cm1trolla ti • b· .- . . . • ' ,tc~omp is ic us,ng " 
in Fi!! JO 1() H • , ! . . le .t:-.rc components of wf11ch arc summariLcd 

-· ·- . ere. I le controlled or oulpul v·1rhl I· .. 1-f . 
the analyLcr output is scn1 to ·1 . > I II I, • J e. s.1y p . is measured, and 

. . ' u n ro er w icrc !he mc·1s11 •. , I -compared lo th, d • .·. ·d . . - • · reu output \a uc 1s 
c esrrc . or set pom1 value lhscd II d . . 

desired and mc.tsurc<l v·,luc c 111 1 • _ • _ '· on le cviatJon between 
algorithm. . • . < • ro ac11on ts determined by some control 

The controller nny he .1 . . .1 . . 
··d.. ·I. • . • person '' 10 monitors Instrument readout .ind dc-

c1 e<; '' l,ll to do. More ollcn. lhc control/er is a 

Ser 
point ( 'omrollcr 

Mc;1surcd 
output v;11\c 

/hllta1or 

Mca\11rcmcn1 
dnitc 

I· il!un• I0.20 I lc111cnrs Ill a fculh;K~ Lo111rol SJslcm 

pneumatic. clcclronic. or digital 

--
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computer dc,icc. The simplest type of control is on-off control. llcrc. the actua­
tor is turrn:d on wh..:n the error c,cccds a specified value and turned off when th..: 
error f,tlh below ;1no1hcr specified. lhrcshold level. or vie..: versa. Such controls 
arc u:;cd when th..: .1c1ivator or control clcmcnl. which acts physically on the 
process lo cause corrcctiv..: action. is an on-off dc\·icc such as a ~inglc-spccd 
pump. Tim,. in on-off pl I control. a pump which fcc<ls hasc to th..: f..:rmcntnr is 
turned on when the pl I falls a certain amount (typically 0,25 pl I u111ts) below the 
sci point pH . Wh..:n the pl I reaches a certain level (set point t 0.25 pll unih) 
abmc the set point. the pump b turned oil (/\I lhb point. an acid feed pump 
may be turned on. I lo,\c,cr. this is mually not necessary since lhc cllcct or nh)St 
fcrmcntationi, i-, to lower medium pl I,) Tcmpcr,tlurc control is often accom­
plished in a i,imilar way. at least in :..mall-scale reactors. 

If the con1rol clement provide-, a continuous range of outputs. such as u 
variable-speed motor on 1hc fcrmcntor impcllor shaft or a conlinuou-;ly a<lju~t­
ahlc \'uhc on focd ,tir :..upply. ii is common to use 1wop11r1ic111al-i11tc11ral-dcrirmi1·f 
(PID) control or some \•ariation of this algorithm. For PID control. the ci111-
trollcr output o is given hy 

o(I) 11, t l,:,[cto + 1 f\'(ll')d1I' +- r,,dt'(r)j 
r, o dt 

( 10. 10) 

1-Icr..:. o, is the nominal controller ou tput corresponding 10 opcralion a l the un­
dislurbc<l. design t:ondil ion. and <'(I) denote~ the error 

c(I) (set point value measured value) al lime t (10.11) 

/\s indicated in Fq. (IO. IO). the three <lillcrcnt terms in the hrackct con1ribu1e 
10 control .tction in proportion to the error (P). the integral of the error (I) and 
the derivative of the error (D). Relative vvcighting between these three control 
modes i-; determined hy the parameters r 1 and r 11 which arc called the i111c11ral 
1imc and the dt•riratire time. respectively. The overall ":..trcngth" of control action 
is determined hy the magnitude of the 11ro1wr1i1111al 11ai11 f.:,. If the derivative 
mode is abs..:nt ( r ,, 0). the controller is called simply proponional-intcgral (Pl) 
Other pos'>ibiliti..:s arc obvious. 

;\ prop..:rly adjust..:d controller of this type often pro vide-, excellent regulation 
of the mca~urcd variable. Poorly adju'>led. a feedback controller can dc..;tahli,e 
cite ,y-,tcm. c,1using undesirable. accentuated llucluation-;. I low lo ~ct or "tun..:·· a 
PID controller and its relatives is a central theme of many text, on procc,, 
control ('>cc. for example. Refs. l '\). 

Common prac1icc i-, simu ltaneous use of ... c,•cral controllers of this type. one 
u~ing temperature m..:a~uremcnl<; lo change cooling rate. one regulating pH. ,ind 
so forth. Bcc,111~c of decreasing co.~t:.. of digi1al computer hardware. ii rs mcrcas­
ingly cflcctivc to use a single microcomputer as the controller for sc\-cral such 
~ingk-variahlc feedback control loop~- If the computer outpul (usu.illy aflcr a 
D ;\ converter or a relay) is used directly to drive the actuator. the sy-;tcm is saul 
to be in dil','ct ,liyi,af <·0111ml (DOC). 
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Figur~ 10.21 A computer conlrol syslem for dissolved oxygen concenlration based on exhaust gas 
and dissolved oxygen analyses. ( Reprimed by permissio11 from L. P. Tannen and L. K. Nyiri, "l,1stru-
111entation of Fermentation Sy.rtems," p. JJJ in "Microbial Technology," 2d ed., Vo{. II f H. J. Peppler 
and D. Perf111a11 (eds.)/, Academic Press, New York, /979.) 

A di~tinct advantage of using a computer as a controller is the opportunity 
to c~mbm_e the data analysis capabilities of the computer with the flexibility of 
mampulatmg ~ore than one process input to achieve control. An example of 
such a system 1s shown schematically in Fig. 10.21. Here, measurements of dis­
solved oxygen (DO) level and exit gas 0 2 concentration allow on-line estimation 
of k,a. This information can then be used in concert with the DO measurement 
to manipulate agitation rate and/or gas feed rate to control DO at the desired 
level. This is a DOC system. Notice that the A/D converter accepts current 
signals here, requiring conversion of instrument output voltages to currents (the 
V/J converter). It is preferable to transmit electrical analog signals in current 
form unless the transmission lines are very short (e.g., in a research laboratory) in 
order to avoid significant line losses. The theme of applying calculated process 
states and parameters for control is extended in the next section. 

l 0.6.2 Cascade Control of Metabolism 

Th~ ultimate objective of any cellular bioreactor control scheme is to provide an 
environment or an environment history which drives the metabolic controls in 
!he organis°:1 t~ maximize production of the desired compounds. Accordingly, 
instead of thmkmg about keeping pH or temperature at some particular value, it 
may be more useful to consider controlling the bioreactor so that the culture 
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Measured variables 
for metabolic 
aclivity 

(A) (B) 
r- ---, 

Measured variables I Data I 
'or environmental reduction I Environmental •· I I 

controlled variables I (estimation) 
variables T, N. F, P. DO, S, pH I : 

Environmental setpoints I I 

r- ----------------------~ I 
l Metabolic Qo,, Qco,, RO, x . .i-, P, µ , NAD+- = NADH + H+- I 

co~trol Computer I 
~ actions _____________________________ J 

Figure 10.22 Information now in a cascade contr?I scheme in which d~viations from d_esired meta­
bolic states are used to modify environmental variables. LegC'nc/; DO, dissolved oxygen. F, gas now 
rate· S substrate: + S substrate addition rate: P. pressure or product; N. agitation speed; Qo,, Qco,, 
gas ~tiiizalion rate. ( ikpriilll'd hy permission from L. P. Tamum and L. K. Nyiri, " lnstr11111e111a1io11 of 
Ferme111ati1m Sptem.r," p. JJ/ in "Miu ohiaf Tcclmology," 2d ed, Vol. II { H. J. Peppler a11d D. 
Perlman (cdr.1}, Acadcmi< Press, Nell' York, 1979. J 

growth rate or respiratory quotient is kept at a desired value. !his is fe~sible 
since as summarized in Sec. 10.5, we can estimate some metabolic properties of 
the c~lture based upon available measurements. Then, as illustrated in the infor­
mation flowchart in Fig. 10.22, the estimated metabolic property may be com­
pared with its set point value. Error here determines the " metabolic c~ntrol 
action" in Fig. 10.22, perhaps using one of the feedback controller algonthms 
just described. . 

The output of the metabolic controller may be used d1r~ctly to alter a pro­
cess input such as a pumping rate. Alternatively, the metabolic controller output 
may be used to change the set point of an "environmental controlle~," s~y for pH 
or DO. The pH or DO controller will then alter the pH or DC? wh1c~, I~ a good 
control system, will change the metabolic variable to reduce its devmlion from 
the metabolic variable set point. 

When the "environmental" variables are controlled by local single-loop con­
trollers and the environmental controller set points come from a digital com­
puter, the scheme is called supervisory co11trol or digital set point control (DSC). 
Of course, everything may be done by digital computer/controllers. We ha_ve 
already seen such a system in Fig. 10.14, in which the first-level comput~r carries 
out the regulatory control of environmental variables, driven by set pomts pro­
vided by a higher level computer. 
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Computer control of fed-batch cultivation of baker's yeast (Sacd111rom1·<·'-'s 
ct'rerhiae) affords an interesting example of metabolic manipulation by pr~per 
environmental regulation. Regulation of glucose catabolism in this organism is 
quite complicated. At suitable values of glucose and dissolved oxygen concentra­
tion, glucose is utilized for respiration, providing maximal cell yields per unit 
amount of glucose consumed (recall Sec. 5.3). If glucose concentration increases 
above a certain level. metabolism switches to fermentation even in the presence of 
oxygen. This condition is termed aerobic jemw11tari1111 and i~ the result of meta­
bolic regulation known as the Crabtre,• e/Ject. If aerobic fermentation occurs. cell 
yield on glucose is reduced. and ethanol and COz arc formed as end-products. As 
noted earlier (Sec. 7.2.3 ), ethanol inhibits yeast cell growth. 

Consequently, aerobic fermentation should be avoided if production of yeas! 
is the process objective (as is often the case). This c,tn be accomplished by feeding 
glucose during the batch fermentation. The program of glucose feeding can be a 
preset schedule based on previous experience with the fermentation. However. 
due to batch-to-hatch variahility in the inoculum and medium (in practice. mo­
lasses rather than pure glucose). such a fixed feeding schedule may not match the 
glucose rct1uirements of the culture over lime. reo;ulting in high glucose concen­
trations. aerobic fermentation, and yield reductions. 

In order to adapt such a /eed-011-demmul strategy to the requirements for a 
particular batch. Wang, Cooney. and Wang [39, 40J used on-line material bal­
ancing lo estimale the rrogress of the formenlation and 10 adjust the glucose feed 
rate accor<lingly. Respiratory quotient f RQ; Eq. (5.51 )J was found to be a useful 
indicator of glucose utilization pathway, with RQ values greater than unity in­
dicative of ellrnnol formation. RQ values in the ranges below 0.6, 0.7 O.li and 
0.9 1.0 signal ethanol u1ili1a1ion, endogcncous metabolism and oxidative growth, 
respectively. 

Wang cl .ii. [ 39. 40] dcscribe<l lhe baker's yeast fermentation using !he fol-
lowing stoichiometric rcprcsentalion: 

• ChHrn.9 Nr.o.lO.1_0 ,, + eH2O + (CO
2 

(10.12) 

( l0.13) 

The empirical cell formula [wi1h unity codlicicnl in Eq. (l0.12)] i-; based on an 
average of elcmenlal analyse:.. conducted at different stages of the halch fermenta­
tion. There arc se\•en unknowns in describing this reaction system: the live stoi­
chiometric coellicicnts in Eq. ( I 0.12), anti 1hc extents 10 which these two 
reactions have occurred. Base<l upon elemental balances on C, H, 0, and N in 
Fq. ( 10.12) and measurements of 0 2 utiliLation. CO

2 
evolution, and NH.l addi­

tion, these unlmmvns may he determined on-line. 

Controlling glut.:osc addition based on the slrategy of maint,1ining RQ less 
than unity produced the results shown in Fig. I0.2l Herc, 1he control and a:..so­
ciatcd estimation method performed extremely well. Glucose and cllrnnol levels 
both remain low throughout the fcrment.11ion. with the exception of a brief pulse 
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in ethanol production around hour 16. The cell density trajectory_ ohtaincd from 
material balancing computer estimates closely tracks the cxpernnentally mea-
sured information. . 

Such close .igrcement bctwecn estimated and measured biomass concentra­
tions was nol ohtaincd in olhcr fe<l-batch cxpcrimcnls in which greater ethanol 
production occurred. In these cases. !he cclb consumed ethanol_ for growth. a 
reaction not considered in the biom,1ss estimation procedure. l hesc cxampl~s 
illuslrate po-;siblc pitfalls in such direct material balancing app~oachcs : errors 111 

process st.Ile csti1mttes. once made. lend to propagate. and _extstem;c of overall 
comersions nol in the prc..,ume<l stoichiometry can throw on 1he whole scheme. 

I0.7 ADVANCED CONTROL STRATEGIES 

To conclude our oven icw of process instrumcntalion and control. we shall 
examine some of the str,ttcgics used to m.1ximizc product yield in batch rcact'.)rs 
and to rcl!ulatc and stabili1c continuous rcaclor-;. In addition. we shall c_xan_1rnc 
hriclly so~1c of the interesting scheduling and design problem~ which ansc rn a 
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process consisting of a sequence of different batch operations. In all of these 
cases, application of computers is essential to implement the control or to do the 
calculations necessary to determine the desired control strategy. 

10.7.J Programmed Batch Bioreaction 

Given a particular organism, maximizing production from batch bioreactions 
requires determination of the environmental conditions during the batch which 
driv: t~e cells to t~eir best possible performance- or, stated differently- which 
?1ax1~1ze t~e gen_et1c potential of the organism. There are several different ways 
in w_h1ch this en~1ronmental optimization problem can be defined, depending on 
the ins!rumentat1on and control provided on the reactor. In the simplest case, 
exemplified by a shake flask in which there is usually no on-line measurement or 
cont~o! _capabil!ty beyond ~~crating temperature, we seek the best temperature 
and 1mt1al medium compos1t1on. In a bioreactor with only direct environmental 
controls, we can look for the pH, agitation intensity, and other environmental 
parameters which optimize performance. Here, the environmental variables are 
maintained constant throughout the batch reaction- to the extent feasible for the 
reactor. (For example, dissolved oxygen level will not be controllable if the cul­
ture oxygen demand exceeds the oxygen transfer capacity of the bioreactor.) 

However, we kn?w in many cases that a constant environment is not optimal 
for ma~y ferm<:ntat1o~s. For example, secondary metabolites are not actively 
synthesized during rapid growth, but, on the other hand, slow growth is undesir­
able du_ring the initial stages of a batch fermentation in which cell density is low. 
Accordmgly, we should operate the reactor initially under conditions which max­
imize growth. Later, when cell density is high, ~e utilize conditions which stimu­
late _maxi~um net product formation. In this production stage of the batch, 
cons1derallon of the rate of product inactivation or decomposition as well as the 
rate of product synthesis is essential. 

. . In a similar fashion, when manufacturing a protein using a recombinant celf, 
it 1s usually best to avoid expression of the product early in the batch because 
this ofte~ inhi_bits cell g~owth ~nd may accentuate any genetic instability prob-
1:ms which ~XISt. By addmg an inducer (or depleting an inhibitor of gene expres­
sion) later m the batch, product formation can be switched on after suitable 
culture growth has occurred. Thus, operating strategies for recombinant batch 
f~rmenta.tions may clo~ely resemble those for secondary metabolites although the 
b1ochem1cal processes Involved and their regulation are much different. 

The activity of a batch culture at any point in time is a function of both the 
environmental state at that time and the previous history of culture environ-· 
ments. A particular time sequence of pH, dissolved oxygen level, and other vari­
ables_ may be required in order to develop the culture over time in a way that 
provides the .greatest productivity. Often this is accomplished empirically. How­
ever, a sufficiently structured process model makes possible production maximi­
zation through computer simulation and optimization. In the remainder of this 
section we shall examine different examples showing the benefits of programmed 
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batch operation and the methods used to determine the batch programming 
strategy. 

Production of the enzyme fi-galactosidase by the mold Aspergi/lus niger in batch culture follows 
the pattern typical of secondary metabolites. A computer-controlled operating strategy for this pro­
cess described by Lundell [ 41 J is based upon the following guidelines; 

Growth plrase 
I. Use carbon source feeding to extend the growth phase and increase the cell mass concentration. 
2. Add additionnl carbon source intermillently as required, as delermined by decrease of both the 

CO1 evolution rate (CER) and respiratory quotient ( RQ) to 20 percent of their maximum values. 
3. Use the pH and lcmperaturc which maximizes cell growth. 
4. To conserve energy, use the lowest possible air-feed rate and agitator rotation speed, as deter• 

mined by the fermentor system's oxygen transfer rate capacity and the culture CER and RQ. 

Enzyme formation phase 
I. Switch to enzyme formation operating conditions when growth slows (dropping CER and RQ). 
2. Use optimum temperature and pH for enzyme production. 
3. Adjust agitator rotation and feed air-flow to meet process requirements (enzyme formation phase 

is characterized by lower oxygen requirement and decreased broth viscosity). 
4. When enzyme formation rale slows, add more enzyme inducer. 
S. Add additional nutrient to extend growth. 
6. Add surfactant, then terminate the batch when enzyme formation rate declines rapidly. 

Table 10.4 summarizes the different types of operating stratcsics which were examined experi­
mentally. The continued batch (CB) mode employs nutrient feed during the enzyme formation phase. 
In the fed-batch (FB) mode, extra nutrient feed is provided during the growth phase. The FB/CB 
stralegy combines both of these features. The enzyme production trajectories obtained using the 
conventional batch and continued batch operating actions arc illustrated in Fig. 10.24. Performance 
charactcrislics or all four operating strategies arc listed in Table 10.5. Herc, careful selection of 
programmed batch conditions combined with computerized data analysis and control gives a 70 
percent increase in enzyme production and simultaneously a 50 percent reduction in energy use. 
Notice that, although the basic features of the operating sequence arc programmed in advance, on­
line measurements and derived quantities arc used lo determine the particular points or switching 
from one operating region to another. This is very important in practice because of batch-to-batch 
variations in inocula and media. 

It hns been known for some time that high temperatures (J0"C) maximize growth rate of the 
Penicillium mold while lower temperatures (20°C) arc more favorable for high rates of penicillin 
synthesis. Although operation al a temperature between these extremes (24 to 25' C) has predom­
inated in past commercial practice, intentional variation of the temperature during the batch, i.e., 
temperature programming. can conceivably give larger pencillin yields than any constant tempera­
ture. Slandard mathcmalical procedures for obtaining the best temperature program have been ap• 
plied to this problem (42, 43) with interesting results which arc summarized next. 

In order to apply optimal control lhcory, a mathematical model is necessary. The crosses in Fig. 
10.2S arc experimental data from commercial fermcntors operated at 2S' C. To avoid revelation of 
proprietary-process characteristics, these data were reported only in lhe nondimensional fonn shown. 
These plots do not show the lag phase: the first data point is uboul 50 h into the fermentation. The 
trends in these data suggest the following general forms or growth and product-formation kinetics: 

(10.14) 

( 10.15) 
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Table I0.4 Summary or different programmed batch operating stra1egies 
considered for oplimization or /1-gulactosidasc produclion by a strain or A.'ipt'l'!/i/111.\ 
11i5/t'r. In each case lhc total pressure was 130 kPa and Ilic dissolved oxygen le,·cl 
was 20'¼, or saturation 
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Table I0.5 Summary or Ilic results or different batch fermentation operating 
slmlcgiL-s for maximizing production or Jl-galactosidasc by ,-faper11ill11.~ 11i11er 
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Maximum Prmdplc [5) asserts 1ha1 for th.: t>ptimal temperature program. which we sh;1II dcnoh: 11•. 
ii 1, ncccssary lhal the lla nuhonian function l·I 

/1(0) - t i.,"(l)/11 \f(/), Y!(t ). OJ 
i I 

he., m.1.,1mum for() //"(r) for all r octwccn O and '/: The superscript • in Cq. ( I0.20) denotes , .tluc, 
ohwmcd usmg II'. 1, here the adJoint ,·ariahb i.; s;1tisfy th..: differential equations 

di., .,, c I0.21) 
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·1 hcsc 11,·u:,sar} .:ondi1io11s and .1s,oda1cd thcorcl1<·:1I r"uhs ,uggcq the fnllo1, 111g iteration 
,1l!_?or1thm for 1:ompu1ing lhc optimal 1cmper:1turc program: 

l. I ct 11101
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the yicl<l i, 7<,(, perwnt larger than 1hac ohtaincd at the hcst rnnst:1111 1empcra1un: of 25 C. 

Other rnodcb h.1,cd on dilforc111 d.11,1 sets arc forrnulalc<l and op1i111i1.cd in the rcfcrcm:cs men• 
lioncd c.1rhcr. In thmc 1.asc,. pcmL·Jllin-yidd impro,emcnls of about 1.5 pcn;cnt rcsull from pro• 
grammcd tcmpcrawn.:. The 1c111pcr.1111rc \ari,llion, pn:,1.rihcd hy these c1k11lation, can Ill: 
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of 111a1h..-ma1ic.tl modeling and opumi,.11ion theory should :1lso lind fruitful apphauon for other 
ferment.Ilion,. 
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I0.7.2 Design and Operating Strategics for Batch Plants 

An over.ill m.rnufacluring process consisting of a series of diffcrcnl types of batch 
operations (e.g .. substrate pretreatment. sterilization. fermentation. product re­
covery. packaging) poses a hierarchical series of problems from single units to 
overall process-lo-process design and scheduling for manufac1urc of several dif­
ferent products. These may be summarized as follows [ 44]: 

Characterize and optimiie performance of individual process units. 
Oplimizc the pcrform,mcc in a given sequence of hatch process units pro­

ducing a single product. 
Specify equipment required for manufacture of one or several products. 
Determine equipment intcn:onnections to meet product requirements most 

cllicicntly. 
Decide the operating strategics to he used in manufacturing several different 

products over a certain time sp;m. 

We have already considered the Jirst of these problem!-. in several con1cx1s. 
To sec how consideration of a sequence of batch processes can ahcr optimum 
design. we shall consider a simple example in which a function f(t) describes the 
fraction of feed raw material converted <luring operating time r to useful products 
for the next stage. In addition. we assume the time to dean the prnccs,; unit and 
charge it for the next batch is r.,. The ohjeclive function F considered here is the 
amount of feed converted per unit time which may be wrillen 

r 2::: r,.1 ( 10.25) 

Dillcrcntiating Eq. (10.25). equating the result to zero and rearranging this condi­
tion on the optimum cycle time (denoted r*) gives the relationship 

f'(r* fr1) 
((t* t,,) 

t* 
( I0.26) 

As sketched in Fig. 10.27. this condition has a simple graphical interpretation: 
the optimum hatch cycle lime is the point al which a straight line through the 
origin i:-. tangent 10 the unit's performance function /(1 r,1). This construction is 
shown also for a second batch process with performance function ff. 

Now consider two hatch processes in series. the first char.1ctcrizcd by f and 
the second hy f/. The fraction of raw material converted to desired product in the 
serial batch process is f(1 r.,)u(1 t;,) which we will call /i(l). Herc. ,;, is the 
restart time for the second unit. Maximizing feed conversion per unit time re­
quires maximizalion of 

,.. .I (r r > max:,.,. r;,: ( I0.27) 
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Considering !he sam~ cakulalions as before. we arrive at 1he s,tme condi1ion for 
lang.ency. but_ now_ Ill term!. of !he composite performance function /1 (Fiu. 
10.27<"). The lollo~, mg cenlr,11 point is illuslrated by 1he e.x.imple performan:c 
cunc~ and gra~lucal_ co11~1n11:tions in Fig. 10.27: the optimum cycle time for 
batch ~rl:cesscs 111 senes may be different from 1he optimum cycle time for anv of 
the 111d1v11.l11,il processes lreated separntcl), • 

If lhe o~ti1~1_um <.:ycle lime,; for individual steps in a batch-processint! se­
quence a~c s1g1_1,~1can1[y dilforent. improved o\'cr,tll performance lll:t) he po;,;ihle 
by all<m-·_11~g dtflerent cycle lime~ for diffcrenl units. The simples! case which 
allows drllerenl cycle time~ is sdeclion of a 9cle time for the slowest unit(s) 

1',S l l!l Ml NI A l!ON ,\ NI) cot-: JROI 713 

which is an integer multiple (111) of the faster unit(s) cycle times. Then III of the 
slower units must be provided in rnirallcl 10 J..ecp up with process tr;1nsitions 
from and to the faster unit(s). 

Maximum llcxibility in cycle time selection for batch-unit processes in series 
is afforded by including i111a111edia1e .';toraye in the plant. so that products from 
one batch unit can be stored temporarily before entering the next batch unit in 
the processing sequence. I ntcrmediate ~toragc can also provide other useful func­
tions in batch proces~ing [ 45]. Just as storage or surge tanks in continuous 
processes can absorb transicnls, intcrmedi;1te storage in batch processes helps lo 
damp disturbances created by equipment failures, by lluctuations in unit start-up 
time. and by hatch-to-batch variation in operating performance as is common, 
for example, in batch fermentation. /\lso . intermediate storage serves 10 moderate 
upsets which may misc in switchover from one product to another. 

Several requirement~ mu -;t he kept in mind when intermcdialc storage is 
considered. First, enough units of each type must be provided in parallel so that 
the time-a\ocr;,gc processing capacity is equal for all steps in the overall process. 
Second, the stability of the raw materials and products under storage conditions 
must be considered. Intermediate storage is impractical for unstable materials. 
Finally, requirements for /w1d1 imewicy may preempt any economic advantages 
for certain batch-process operating strategics. Batch integrity means that the 
material from one batch is proces~cd separately from any other batch's material 

with no intermixing at any point. In this way, a certain lot of product can be 
identified uniquely with a corresponding batch of production. This requirement 
is common in the ph;1rmaceutical industry. Intermediate storage may still be 
desirable to address cycle time imbalances or to improve damping functions even 
when batch integrity must be maintained. 

Many fascinating design and optimization problems and opportunities arise 
in consideration of equipment specification and in design and operation of multi­
product plants. Recent research on these and other .ispccts of batch (or scmicon­
tinuous) process design arc reviewed in the chapter references. 

10.7.3 Continuous Process Control 

Different types of control problems .ind opportunities for use of advanced con­
trol strategic~ arise for continuous processes. Herc. the system is usually designed 
for opcr,llion at some steady-siatc condition. One control objective in this case is 
minimizing start-up time or some function of start-up cosls. This is cssenlially a 
batch-optimi,atio n problem or a somewhat different type from those just con­
sidered now the goal is to move the system from its initial state to the desired 
operating point or some neighborhood of that point in order to minimize some 
objective function. Given a good process model. this problem can be solved hy 
methods related closely to that described above for hatch temperature progr,1111-
ming for penicillin production. 

/\fter ~tart-up. lhe usual 1:ontrol oojectivc is keeping the process at the 
desired steady state. This can often be accomplished using several separate. 
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7J4 DIOCHEMICAL ENGINEERING FUNDAM l:NTALS 

single-loop controllers of the kind discussed in Sec. l 0.6, and indeed this is cur­
~ent standard practic: in biochemical processing. However, experience in system 
and process control m other contexts has shown that undesirable interactio

11
s 

often occur between different control loops. That is, when manipulating one 
process input to tr~ to drive on_e process variable back toward its set-point value, 
other pro~ess variables are disturbed. Generally, many process variables are 
coupled with each other and with several proces~ inputs, causing individual con­
trol loops to interact. 

. Sev~ral different approaches have been developed for dealing with control 
mte_ract1ons. _Mo~t of these we must leave to the chapter references, but one, 
optimal multivanable control, will be considered briefly here. 

First, we recall that a process system described by 

dc(r) 
di • f[c(1}, d(1)J (10.28) 

where c is the vector of process state variables and d is a vector of process inputs, can be approxi­
mated near a steady-state operating point (c., d,) sausfying 

by the linearized differential equation 
f(c,, d,) .. o 

dx(l) 
- d

1
- • Ax(r) + Bv(1) 

where X and " arc the stale and input deviations, respectively (sec Sec, 9.2) : 

X(I) c(I) - c, 

v(l) • d(r) - d, 

(10.29) 

(10.30) 

We base the multivariablc control design on the local, linearized approximation of Eq. (JO.JO), 
. To formulate u mathematical optimiza.ti~n. problem compatible with the goal of keeping c(I) 

ne,ir c., or X(I) near zero, we shall seek to mm1m1ze the scalar objective fum;tion 

(I0.31) 

(I0,32) 

(10.33) 

whe~ C ~nd, R arc posi_ti~c definite matrices. The first term in the integrand in Eq. (10.33) has clear 
physical s'.gnrficancc: this 1s the measure in some sense of the amount of deviation of the state from · 
the sct-pomt vect~r c,, and th~ integral adds together all of the instantaneous values of this measure 
of ~IT-spec o~e~a11on. How C 1s chosen is up lo the control designer, who may wish lo weight some 
"anable devia!1ons more than ot~crs based on the requirements or economics of that particular 
~rocess, The simplest choice of C IS the identity matrix, which makes the first term in the integrand 
simply the sum of the squares of all the st.ite variable deviations. 

_ The term vTRv in the objective_ function i~ sometimes called the cost of control, but this interpre­
tation usually d?cs not make physical sense m the context of chemical process control. This term 
serves an essential mathematical and praclical function : without it, the optimal control would be 
unbound~d and thereby physically impossible. It is more useful lo think of Ras a matrix which scales 
the _m~gnrtude of lhc co~trol action, with l.1rgcr values of the norm of R corresponding lo smaller 
dcv1a11ons of the process inputs from their nominal values under steady-state design conditions. 

INSTRUMENTATION AND CONTROL 7J5 

Applying the Maximum Principle introduced in Sec. 10.7.1, we can show that the control which 
minimizes Jin Eq. (10.33) subject to the stale and control interactions described by Eq. (10.30) (often 
called the linear-quadratic optimal control problem) is given by 

(10.34) 

where the time-invariant matrix M satisfies the following nonlinear algebraic equation: 

(10.35) 

This is an interesting result, since l!q. (10.34) has the form of a multivariablc, feedback control. Thus, 
current control values arc given explicitly in terms of the current values of the state variables. 

If the state variable cannot be measured directly, we may be able to estimate these values based 
on one of the data analysis methods described earlier. Kalma11 filter methods arc especially suitable 
here since filter calculations are formulated in a mathematical framework very similar to that used in 
calculating the optimal multivariablc feedback control. Comparisons of controller performance with 
direct state measurements and results based on Kalman filter estimates for :1 simulated fermentation 
process arc described in Re[ 46. 

F,m, Erickson and coworkers (47] studied using mathematical models the response of a single 
biological CSTR in which cell growth was described by Monod kinetics with maintenance. An opti• 
mal controller of the design just described was used to manipulate now ralc through the vessel based 
upon measurements of cmuent substrate and cell mass concentrations. The control design matrices Q 
and R were taken as 

Q R n I (scalar) (10.36) 

With R fixed, increasing one or both nonzero components of Q has the c!Tect of increasing the 
amount of control action. 

Shown m Fig. 10.28 arc the variations in volumetric now rate (the manipulated input or control 
variable) and corresponding trajectories in dimensionless effiucnt cell density and substrate concen­
tration following a 12.5 percent step increase in feed conccntrntion from dimensionless time zero to 
dimensionless time ~ 2. The parameters on these trajectories correspond to different magnitudes of 
q11 with q22 fixed at 1000. Notice that as q11 increases, the control variable changes more, the 
deviations in dimensionless emucnt substrate concentration (y1) decrease, while larger fluctuations 
arc obtained in dimensionless. biomass conccntralion (J•2) . Keeping q11 fixed and increasing 112

2 
gives 

di!Terent control action during the disturbance which reduces y2 deviations and gives grcalcr y
1 

deviations for increasing control action. This shows the ability to tune the controller response and 
e!Tccts according to the process requirements. 

Another possible goal of continuous process control is stabilizing a steady 
state that is unstable in the absence of control. Two examples can be cited from 
the recent research literature. Growth in a CSTR of methanol-utilizing organisms 
which exhibit substrate-inhibited kinetics admits, according to reactor models, 
three steady states for some operating conditions. DiBiasio, Lim and Weigand 
[ 48, 49] showed theoretically and experimentally that stable operation at the 
intermediate, unstable steady state could be obtained by use of proportional 
control. The measured process output was culture turbidity and the manipulated 
variable was substrate feed rate. 

Although operation at a desired steady state is usually considered the ideal 
for continuous reactor operation, a number of computational and experimental 
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~lu<lics indicate that. in some case~. improved reactor perform,tncc can be ob­
t~tined in dynamic operation which i'.> forced by time variations in feed or operat­
ing conditions [50]. Pcrimfo.: operation, in which sucl• forcing involves pcriodk 
functions of time and lhc rc~tctor \'ariables eventually become periodic also. is the 
most widely considered dynamic operating mode. The b;1sic concept underlying 
the possibility of improved reactor operation hy intcmional 1ransicn1 operation is 
quite simple. In lransicm operation. medium and l'cllular composition~ and reac­
tion r,tles c.1n achieve different interrelationship"> than any of those possible in 

INSIIU ~11·:-.l ,\llflN .\M) ( 0"11tOI 7(7 

stc;1dy-statc opcralion. where slcady-stalc stoichiometric constraints limil the 
av;til~tblc mixture compositions. Intentional periodic lluc1ua1ions in hiorcactor 
operation h,tvc been shown. for example. 10 incrca,;c cytochrome production hy 
C1111did11 111ili,. hiophotolytic hydrogen yicl<l hy .•l1111hac1w cyli,ulrirn, and to 
modify macromolecular composition of E. rn/i [51 ]. 

As we will explore further in Chap. 13. growth of two different organisms 
competing for a common limiting substrate usually leads lo washout of one 
species. However. Hatch. Cadman and Wilder [5:?] have shown in simulation 
studies th,11 a stable steady stale with both species coexisting can be maintained 
u~ing a proportional control algori1hm in which ~ubslralc feed rate a nd overall 
dilution rate arc both manipulated in response to mea~urerncnls of the cell 
densities of the two species. Fur1her. they demonstrated experimentally the feasi ­
bility of rapidly monitoring the cell concentrations of both Cmulitla 111i/is and 
Cor.1•11e/,11cteri11111 y/111amirn111 using llow cytomctcr light-scattering measurements. 

I0.8 C'ONC'LtJDING REMARKS 

Control of a biotechnological process. whether by hum,111 or computer. requires 
good information on proce~s operating state. This in turn depends upon analyti­
cal ins1rumcnta1ion and rigorous. systematic analysis .1nd intcrprc1a1ion of pro­
cess data. Major advances should occur in coming years as more powerful 
analylical tools from chemistry, biochemistry. and cell biology arc adapted and 
improved for process applications. Model-based dat.i analysis methods will pro­
gress beyond applications of clcmcntury stoichiomclry to on-line parameter up­
dating and more detailed metabolic slate estimates based on robust. structured 
models. 

Scver~tl major com.:cpts and topics conncctc<l with process con1rol which 
were not dbcusscd ahovc should be mentioned hcforc turning to o ur next topic. 
scpara1ion procc~ses. On a local level. we wi~h lo conduct the process according 
to some dc~ign or operating -,pccihc,11ion. Thal specification arises in turn from a 
higher lc\.cl op1imiza1ion or control problem in which the goal is maximization 
in some ~cnse. often prolll, or the contrihution of that process to the l)Vcr.tll 
plant. thence the parent corporalion. and finally to the society. The objective 
functions and the constraint~ whicl1 the process engineer considers arc derived 
from a hierarchy of ohjcct ivc-, and rule~ al larger levels of operation. 

Often reliability :111d safety arc importunl components of I he objecti\'c func­
tion or the operating con~trainb. How ~hould the process he conlrolled to maxi­
mize produc1 uniformity. to minimize the chances of losing a batch. and to 
minimiLc 1hc probability of \\orker exposure to potentially unhealthful condi­
tions'! In practice. these l)hjectr,cs may he much more important than a few 
percent more or less in prl)dUct yield or deviation from sci point. Control engi­
neers have begun to explore these quc-;tmns. and we can expect more advarn:cs in 
these area-, and in their significance in hioprocess control design in the future. 
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718 BIOCHEMICAL ENGINEERING FUNDAMENTALS 

PROBLEMS 

ID.I On-line sensors Define and give, in one sentence, the operating principle of the following. 
(a) Thermistor, thermocouple, diaphragm gauge, Hall effect wattmclcr, torsion dynamometer, 

strain gauge, gas rotameter, thermal mass Howmeter, capacitance probe. 

(b) pH electrode, galvanic and polarographic types of dissolved oxygen probe, Pco, electrochem­
ical probe, immobilized enzyme electrode. 

(c) Mass spectrometer, gas chromatograph, paramagnetic 0
2 

analyzer. 
(d) Spectrometer, nephelometcr, in situ fluoromctry. 

l0.2 Computer and control runcrions Deline (a) A/ D converter, multiplexer, D/A converter, (b) hard­
ware, soflware, (c) process, sensor, monitor, controller, final control element. 

10.3 Slate and parameter estimation (a) Discuss measured vs estima1ed variables. (b) What hardware 
and/or software system is needed for state estimation? 

10.4 Process control and Laplace transforms The Laplace transform has properties very convenient 
for evaluation of linear, or linearized, control systems. The definition of the transform of any function 
of time,/(1) is F(s) where 

F(s) l!!I [a''t1 (t)e - " dt 

which is oflen abbreviated as F(s) El L{f (t)). 

(a) Establish the properties of transforms of a derivative and integral: 

L (df/dt ) = sF(s) if J(t a 0) • 0 

(b) Show that the Laplace transform of the controller output deviation o(t) - o, (Eq. I0.10) is 

O(s) • K, E(s) + - + T
0

E(s) { 
E(s) } 
T1S 

and thus that the lransfer function, or ratio of output (correction) lo input (error) transforms, is given in the s-domain by 

O(s) [ I J 
E(s) • K, I + ,,s + ro5 • G,(s) 

10.S pH control The kinetics of product formation during the batch lactic acid fermentation was 
described by Luedeking and Piret as Eq. (7.93) 

dp dx 
- • fix+ a -­
dt dt 

(a) Suppose x(t) is described, under approximately constant pH, by the logistic equation 

dx/dt = µx(I - xfx ... ,) 

Obtain a solution for p(t) assuming that p(0) • 0. 
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(b) Lactic acid (pK. -= 3.88) causes a pH shift if the fermentation is u~controlled. Suppo~e we 
wish to control the pH at 6.S (i.e., the desired "set-point"). Derive expressions for the error m an 
uncontrolled process 

e(t) s pH(t) - 6.S 

What time program for addition of a small stream of concentrated base will keep the error in pH no 
larger than 0.J ( e pH - pHo)? 

(c) Derive an expression for the output O(t) of a PID controller using Eq. (10.10) and the error 
e(t) of the uncontrolled process. . _ 

5 
(d) Consider a proportional-only controller (Eq. 10.10 wnh ro • o_ and :• - . oo). The large t 

II bl ( H PH • O I) must "eneratc a base addition ra1e m11 which Just matches the error a own e p - o · c b 
maximum product generation rate VR(dp/dl)m .. - Expressing the outpul 0(1) as equal lo the ase 
addition rate m11, what proporlional gain K, is needed for salisfa~tory control?. 

(e) For the simple block diagram shown in Fig. IOP5.I derive an expression for p~(t) for the 
controlled process. Neglect the volume change caused by addition of concentra~ed base,. "'a· Assume 
that pHm = pH, i.e., that the pH probe is both instantaneous and accurate. (For mformatlou on block 
diagram representations, see any process control text such as D. R. Coughanowr and L. B. Koppel, 
Process Systems Analysis and Control, McGraw-Hill, New York, 196S.) 

pH 11 .. 6 .S 

Ferment or 
pH 

pH.,. L....----------1 pH probe 

Fig. IOPS.I 

10.6 Time lag in transient conditions In the presence of tra~sients, the introduction of a time delay 
constant ( ... II}•) for 1he response of the instanraneous specific growth constant µ(t) to..'he change_<! 
subslrare level has been proposed (T. B. Young, D. F. Bruley, and H. R. Bungay, A Dynamic 
Mathematical Model of the Chemostat," Bioteu. Bioeng., 12; 747, 1970). The movement of µ(t) 
toward the stcady-slale value /lo is given by 

(a) If s is a function of time .f(t), show that the solution is given by 

- 1f'r tt1H 
µ f,' e - o- n,,s(r')dt' 

µ(t) = µ(I = O)e + y u K. + s(t') 

(b) Suppose s(I) ... f 0(J + a cos ut), a < J, and K. • s(z'). Obtain the explicit solulion f~r µ~) 
above, plot the ratio 11(t)/µ,..., vs. t for 01 = 0.5, y"" I, and IV = 0. ly, . 1.0y, and HJ-1. E~plam t : 
differences between 1hesc curves. For whar sorts of lransients ought the lime constant i' be included.' 

(c) If growth r, • µxs, write down the equations needed to describe the behavior of n CSTR if 
s1 -= S10(J + COS IV/). 
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W.7 Acra1cd chcmost:11 moni1orin1: When growing aeroh1L org;1n1.~ms in a dtemo~Jal. 1.omprcsscd air 
1, , ~:isscd . through the fc_rme11_11,r al I} piL.1l!y one rnlume of ;ur per volurne of liquid per mmutc 
(\.\ \I>. ( <•mpre" e1t ;ur 1, _q une dr} 011 cnterini; 1hc formenlor hul ,.1111ra1e1t wuh 11,111;r on leavinl!. 
A, a LomequenLc. the liquid 1h11, r;11c in ,Ind ou1 11'111 he d11Tcrcu1. .. 

11°
11 11

111 1111, afft.:1.1 the 1111erpre1:11io11 of analy1ic:1I 1faJ;1 oh1.uncJ hy measurcmcnl on the 
frrmentor clll t1en1' If lhc fermcn1or 111Ju111c is 10 liter,. anJ 1he 1.hlullon rale ,s O.I h •. wh,tl will h,• 
lhe .11. tu,ll produu 1.onu:n1r.irio11. 1.orrel.l cd for ev,,por.111011, 111 tlic follm1111g , y,1cm 

,'to 50 g gh,..-o,c liter 

K, JO mi; gl1u.:osc liter 

,,,11.,, 0 7 h ' 

1,' <>. ~ g w ll g glm:ow 

Ill 0.02 g glurnsc g ccll-h 

l,.' 05 

'Ir O 2 g proJuLJ g ..-cll-h 

r 60 C 

_I he va.por pres~ure o~ w.11c_r at 60 ( i., _J SO mm Mg. Assume 111.11 Mo nod model Is valid Also y,,u may 
,is,umc th.II the w _m:cnlrauon of ( 0 ~ 1111hc air 1, neghg1hlc ;111J Jh,t< the r1.•,pir;i1ory quotient for this 
fcrmelllaflon is u1111y. 

I0.8 F~•cdforn-nrd control A hatch fcrn1cn1;111011 i, operated such 1ha1 mkrohial growJh is gi\'en h} 

d~ 

"' 
/I~ 

until ,1 cntk;1I nu1t1en1 S 1, cxl1.ms11:J ,II (, 1., > l ,,,. Hie .icrohi1. pro..:L, , h;i, , ioid iiomci n..: 
reqturcmenh for oxJgcn for h10111a" growJh and for prnduct f,>nu;11 ion r~lkcccd in )'_ .

111
., 1· 

( ) If f f . • ' O ' U , . Cl · 
. " prn1 lli.l orm:1 11011 ts nongnl\\lh as,od accd, ,o 1ha1 ,Ip ,II /II, Jeri, e cxpr..:,.~1<m, for the 
1n,1,uu;1111:ou, Ox}gc1'. '.lc111.1ml. <Jo .. anJ for the ,pcdlk oxygen dcm:111J (ha~c<l on i:dl conccntraiionl, 
<!11. 1. ,\1 what n•mhtmn Jo c:1d1 of Jhesc h:t\e max imum value,, 

(b> D~rhe an C\pre, s1on for 1hc f.. 111 design \,1J11e needed 111 111<:cl the peak deman,I. 
1, J If f.., - rnn~l-llH ,111~ " 1·:me, a, lhe ga, inlet flow r,lle Jo the , -l power. how mu,1 /- (inlet> 

he proer,unme,1 lo Jll'I aduc\c the ne.:e",lt} acr.11ion r,lfc with ,1 111111111111111 total !.!•" uulization, 
Dt.:me an expr..:,-,wu for the r.1110 of .,ir volume Jclil"crcd .• ,s cell ma,, L!rm" from ,. 1, d' ·d • I 
I)\ II I I I I f I I - " ( 1,,.,. 1\1 Cl 1c 10 umc t c l\crct 1 , l\ ere he d at the ma,unum value throughout 1h,, time. 
. (,I> l c·~,11,,rnanl 1.,>111~01 "011~11 ca,1er to 1111pl.:111cn1 lh:111 fc,dh.11.k lOlllrnl. hut ,in..-e 1hc fonncr 
nnolvc, no 1.-u111111u, d , c11s111g of the prow". 11 run, " hhnd - Di,1.us.. thc u >n,,,;q iienc..:s or h,l\ ltll! the 
progra111111cd ,urlluw meter lor p:1n lr) mi,Lalihr;IJL<l ,n 1h,11 n c,m, i, 1<.-n111' delher, (If 10 " l>·I ,-,\ 
( 1 ·o " h I I · • .. c • or 11 

) a. 01c I IC• c,trcd program r,llc. \\ hat 111od1h1.,111ons in 1he Lontrol '>I stem do 1011 propo,c I<> 
,1ddre,., rht, polen11,1I prohlc111 • · · · 

I0.9 ~lllll' c,tinmtion ,-i:t on-line nm" h:dancinl! (,1) ( 'ou.,1dcr 1hc rapid growth ol cells d urini: whi1.h 
•-h~ ( O ; produ1.1tun r.ue (C l'lll h pr,>por1i1•11.1I 10 the hiom.", gw1\Jh rat e. Demc c\press;on, f,,r 
c"un1.1i,, of ' .tnd 11 (1) if ( l'R " 111c."11r,d wn1inuou,ly .md <ii) 1f CPR 1, mca, urcd al d1,1. rc1e 
1111<:n;1I, ol f..:11~1h \1. 
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(/>) Al low cell !,!r<mlh r:11e, c, ,rrc, ponding to pcntulhn productwn. the , imple CO ! propor­
Jionahty hrc:1k, Jo1\n .ind .1 fuller l ,lrhu n h:11:llllC i, needed. Tho: mcrall rc.11.1ion 111 ;1 fccd -h;11d 1 
syslcm b given h: 

Suhslralc i pe1m:1lhn pr1.-cur,or • seed hioma,\ • 
u1H:on\crll:d suh,trate • un..-onvcrted prernrsor ~ fcrmcnlcr hioma~, 

+ , oluhlc unidentilicJ produLl.\ t penicillin + CO! 

If only sub,1ratc, precursor. C'O~. and penicillin provide apprec1ahlc carhon in addiuon to the hm­
mass. express the bw m.iss conccn1ration through a c:irhon hala11cc. in terms of measurable substr.tle, 
prccur, or. penicillin :ind C'O ! le\cl, lcuing ;·, fra1.tion ...-a rhon in ith ~rccic,. Ignore the volume 
d1ange of fermcnl,llion lluid with lime 

(<) Suppo,e 111:11 penicillin is 1101 directly mcasurnble. hut that it docs 1101 contribute impor­
wntly 10 the c:1rhon h:ilancc. If penicillin accumulation is as~umcd to haw the kincllcs gi ven earlier. 
such 1h;11 

dp ,h · 
tit tl I: + Ill tit k1• 

Jeri\e an e\prt.:~~ion from which you could estimate 1> l oncc111ra1ion in term, of dis..-rcte mcasur.:­
mcnls of subslralc. precursor, ;111J C'O, levels. (sec D-U. Mou and C. L. C'ooncy. Hio1<•, /1. /Jfoe1:!f., 25. 
225. 257, 1983, for :1 detailed example of on-line b:ihmdng for penil:illin prodUlllon). 

10.IO Au1oma1ic supplcmcntalion of minerals in fcd-ba1ch culture /Ji .,iw prohes for NM.1 or volatile 
<.arhon \uh.\Jrale (cg , ethanol) ,tllow direct fccdh;Kk control of k cd aJd1tio11 rate of nitrogen or 
l·a rbon. Many minerals ncces,.1ry for growth and via bility 1.annot he mea.\ ured on-line. Full mineral 
ad<liuon :11 1 0 would often be inhihitory to 1hc inoculum Ac.ordingly, fcd-h.1tch programmcJ 
.iddilion of minerals can be ,iccomplishcd hy use of stokhiomclric relatio ns hcJwccn !he mcasurahle 
and nonmc:1surahle in "Ill levels. 

C"ons1Jcr a ~implc h:1lancc of the fo llowing type· 

;:,(NII_,> + //(1..1rhon source) + ;·(mineral source)- hiomass 

(11) J or three fw d reservoir, al cnnccn1ra1wn, 11.,., ,.. and 1110 of ni1ro,;en. 1.,1rh1111. and mineral. 
respectively. wh:11 rallo of \Oh1111c1riL li:cd ra lcs will he , 1oid1io111cl ril:ally h.11:1111.cd for biomass pro­
d11c1io11 ! ffo1\ many dilTcr..:111 \cn~o r, a rc needed h> , ct .111 fce1t rate, '! 

(/,) If hoth hioma,, an,I a produ1.1 (C , NO,M,0 ) .ire produw d. dcrh,: an cxpn:,sion for the 
propcr volumetric m1m;ral ,olutum rate. /· n,( I). in tcnu, of the fecdha1.k-nn11 rollcd r.tte, of ml rogcn 
and carhon solu11011s, l•. (I > and I· ,(r) Hm, m ,tll} dilfcrcnl ,cn,o r~ arc now needed? (Sec 1 . Su:ruk, cl 
al. •· ,\ulomalk ,11ppk111c111.111011 of \.fmcrab 111 FcJ-U.11d1 Cult ure lo I hgh !hum.is, Conccn1r;111ons." 
/li,,r,·, Ir. /lro,·11,1. 27 1')2. 198~.l 

10.11 Enlymc assay for J!rowth monitorinii S111die~ on 1hc nm.:robial ullhJ'.alion of 1.·cl lulosc arc d illi­
..:uh hccau,e of the w.11er i11, oluh1li1y of the , uh, 1ra1c. You arc asked h> c., .1m111c the produc11011 of 1hc 
enzyme gluLo,e oxidasc hy a ccllulo ly1i1. ha1.le ri11111 grow111g on l·ell ulo,c. G lucose 1>liJ;isc l :ll.1lyscs 
the n:a1.tion · 

K111eucs ,,f lhi, re.ti.lion may he mea, ured \~ilh an cnz}mc-linkc<l colorimecric as,ay ,,r with a 111a no-
111ctn1. app.m11u, (e g. W,1rhurg r..:spirom..:tcr). You know lh.tt the org,inism of i111crc, 1 wn1a111., aho111 
one unil of gluco,e oxtda,c aLl11 lly per gram o f cell protein ( I un it I 1111wlc of glucmc cmisumcd 
minute). The cellul.1,c .1c11 v11y m 1hi, h:1..-1crium i, .,~~odated with 1hc cdl \\ ,Ill. thu~ Jzrcll rnnl,11.1 
h~twcen the organ i, m .111J , uh,t r.ttc i, rL·,1uircd for !,!toWth. 
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(~) Dcs1gn_an experiment lo study lhe kinetics of growth and glucose oxidase producrion by the 
~a~terium growing on ce!lulose powder (particles arc 100 Jim in diameter). These studies should 
•ndude bo1h 1he exponenuar and stationary phases. In particular, you should describe: ( J) the rypc or 
apparnrus you would use, (2) the specific type of assays, and (3) the amounl of cellulose and nitrogen 
sourL-c l(NH,h SO_.J 10 be added to the medium. 

(h) How lo~g wo~l~ you expccl the experiment lo take and what would you cxpccl the growth 
and enzyme specific act1v11y curve to look like? You may assume that: 
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