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it*tl«m  tavtaolaaj  •**>#« r a   i« N>  fl^Awt   t»* uMtatg*  II«  fir»! 

It«f»fj«l    #np«nillínti    In   «Mnv    f#*t« fh«    »t «afWNf I •    f«f    I «?§»-•>* at * 

ft.'*«   <'»f   a>|t r»* t «I    pt'Mf l»>   «i*   »if #l;#nt    a*H#   »N   Mnuftf luff 

©f   ans?*»*   pronte ta   i«   «I ready   •fí'flffitl'j       M»   «t*^», 1 #1   thtr*f.*ff   fe* 

ab la   fo   look   forward   {••>   the   i^iiri* u ••«>    >f   *   «»-«*#*# i   .»f   t>#* 

(tfWflt « I i.m   plan*«    and    «••    IwrfiH«     . •<    ih»   »«§»••»  irte«     »f   «**ty    ,%|«| 

On* S If    the«*   fif»»rt«t I'1**»    €•*•»    f.*   i»«*«,   »n|iAM>ti    reap***« il» Î • 

1er  tfaaiftn of   ? be  «%#*> fatti iti*« wl 11   fa*# a   t*ti#!(  .»i   totttawing 

prosi«*»«   for   which   pact   *> * p# r I «me e   ««ut   rurrt»»   f»ra*Hr*    *ffe»    iiiiN 

guidane r 

fh*   Jive ratty  which we  iff   In   the  pfMhjrti  «if   ftn»ti(«tl«w  f•*he»!«^» 

laudi   to  cotufil   the   uniformity  whir h  pravada»   ttm   daalgn  «if   »«awtp 

•ant   «rid   plan!»   fot   prndu-  Ing   thtir   «material« Ir»   t mtwm   of   «urtwx 

facilities    thftr   at*   .»til»    t%r-'    type»    .if    ínwnMi t-«     j»r«» **«*« TKr 

fì r»t    tiWJii Uf*    bji.^|i$    [Hm-*,w   ft   »t-    hv     eht    ¡if-. .|.«£.t t  i>s«>      •• f    .. r t I »     in 

A  highly   aerated  aaettivaí  »imlr i    «ondtr i  «o *   «hi « »••,   , m      >*t!«   *»r      ¿tied 

»«apt It"   -   ut   pet hap«   aioaply   "«lean"        ¥**•?   MI>I<(*< itttr   .»«tivitr« 

ttlit   class        In   ton trait   a   wide   va» let y   >•*!   irli   aw:«b>titr«   *»* 

produced    In   media   whtsh   tfijul rr   both    interi»*   agt»«'^»     «nd   «etmt.Ht 

and  the  aM in tenant e  of  a**-h a**!*  ilaottn**  , ondi t |.»««  wht* h »» 

ttormily   ter»   "pure   »-til ture*'        Ant ibi<>t U » .   «it! t<    acid,   and  «aany 

of   the   eiirytnes   and   growth  fattiti»   «if  ««««pie* 

Raither   of   these  procesa-typaa   hat  benefttrd  wmm- h   ft««  »he  »Mttrti 

practice   of   chcaifcal   eng i tire i log       Yeaat   jU(H»\«-t |«»i   t*rfMtiq«i 

Hart  well   established   long   before   the   th*<ai«al    engt neet   w«t 

conceived   and  born       Aside   f ni«  «nate  <->>nt t ibuf t<»»t»   t->   *   belief 

Understanding   of   the  fliet'haniaMi   of   oxygen   supply,    he   has   «wide   littla 

laipact   her»»        Deep   tank   J>HH'I«I«H   Im   «ntlbtotlt«.   en «yaw«   and 

Organic   acids  wif   developed   «auch «atre   re* enti»   am»   engineering   ha« 

b#an   Involved   fro»   the  atari        Fven   «...   th-art«   of   a>i«i««blat   prnrait, 
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„ulptnent,  «nd Plant design have advanced very little  In the U.t 

w decade,.     Except   for  their  Urger capacities   (thanks .ainly 

t„  proven,«.,.»   in  the mechanical   design of  „Ration  equipment) 
^.Ldl.la.U..f«Wln6.airflH,r,.elc..fer,ne,u..r81n.t.n.d 

ln  the   las,   year  show   Mule   that   is   different   fro,  ,h,ir  ancestors 

o£  tlw   194,.W  poind.      indeed,   the  older  units   are working away 
i  etili   provide   the bulk  of   fermentation beside   the   newcomers   and   still   piovici 

capacity   in „any  plant..     This   failure   to  develop design methods 

for »1er • lai   Presses   is   understandable;   the   industry   .imply   has 

not  aerated   the demand.     Nevertheless,  we  face   the  prospect  of 

bel„g called  upon  to  design  a wide  variety  of  new  facilities with a 

,et  of  concepts  and methods which are  outn.ded  and   inefficient. 

Two  facts   are  especially  significant   In  this  respect. 

F1rst,   any  new  faciltics   lor microbial   protein  and  enzyme  production 

wlU   have   to measure  up   to  standards  of  economy which simply  did 

„ot  app.v  when many  of   tie   existing   fermentation  plants were built, 

„o.t   capita,   cost   items  and many  elements  of   operating cost are 

,B,,ivc   to  desi-n  decisions  and  It  will   be  necessary  to extremely   sensitive   to acbi0u 

introduce   every possible  saving  In   these  areas. 

Thc  second  factor  is   the  one which underlies   this   ve,y  meeting       If 

„icrobial   technology   is   to provide benefits   to  the  economies  and 

societies  of developing areas,   It must be suited  to  their need, and 

technical   resources.     Many design  considerations  operating in 

developed  areas  are  absent  or   -.,.   important while  others become 

„uch more critical.     In  the discussion which follows a number of 

specific   Illustration, will be cited to support this contentton. 
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MICROBIAL PROCESSES FROM Tttt DESIGN STANDPOINT 

l«fore we consider the aspects of microbial processes which «re 

of ipecial significance to the designer of equipment an I plants we 

Ought to define what we are talking about   The term mie rob?,i! 

processes is used here to denote chemical ¡»roc-esses win if ' nit in 

the presence of met aboi irai ly active cells of mi ci oor^an { sw:- 

This is obviously a practical definition rath* e than a theoretical 

one and it omits, for the purposes of this discussion, chemical 

transformations brought about by cell-free extracts, purified 

enzymes, etc.  The future potential of these techniqu-s is <rery 

great indeed but the design problems are both simpler and more akin 

to conventional chemical reactions.  Our "practical" definition also 

fails to include processes catalyzed by plant and animal tissues, 

simply because the prospects for their commercial use are still quite 

remote. 

Microbial process types 

We can recognize three broad classes of microbial processes in terms 

of the objectives for which they are carried out.  The first of these 

is the production of cell tissue (biomass) itself.  Yeast propagation 

for food and feed is the classic case - and almost the only o ;e of 

significance.  Now the preparation of a much greater variety of 

microbial ceils for their protein values is at hand.  Biomass produc- 

tion seems certain to comprise a substantially greater fraction of 

the total output of fermentati m  technology in the years ahead. 

Second, and most significant in economic value, Is the production 

of metabolites elaborated by the cells as they grow.  Some of these 

arise from biosynthetic activities; others are end or intermediate 

products of carbohydrate oxidation.  Example" are (1) citric acid, 

(2) amino acids, (3) growth factors, (4) enzymes, and (5) antibiotics 

-3- 



ff» third cl»» »f «itrofcUl «««.  I. »r. ílfflcul.  lo »fi«.- 

I,  .ml,..«-   .«*•«  .- »   "• "'"    ' '""  *'* U"J  '•' *"  '"• 

„,„„.  .   ,    .   •    .-     .-<•:•     -"'   *'     h*'"   '-  ,h*  •*•  

, ,,     „ ,,,   hv    ,h,   .„IH». Im   ••<    •..•«•'«•    i"   «n 
pro«««" t • •••    •   -- * 

•qualiv   «f*lli«<    •»«' 

I»   |.   m,   tha«   «r  culd c<mald«r   fhU  type  *f  >»«"••   «• * "»^ 

â v.rla..i   -'t   «he   M-md  (••i-bollf)   «•i.»ory       Stili   thrr»   !•  « 

differ, .-i,        h,   -n*   **••   •»V   *   HPlf^f  n«*e»   of   ih*   crii'. 
i i  .    *.,,« f«   m   rrttl    *#n***   t HI • 

•n>ymt<*   .»M-  H.-i.H,   .-«*d   -   p»rhap»   -»nlv   -m*        l«   »   "•• 

kind   of   p.-—    ...vr.mlaw.tr.   «   at-ole   en,ya-«K   covrilo«   In «Me* 

w  havt*  n«^l.»i»'«!   t"   relieve   ih«  «111 

Phy_sU al .„tjüüH: 
Of Ih K.r.-u.T importance ta th. ¿..Igner i« ih. phy-U"! fe-» 

of ihr .vi. t-.hial p.oce». with which he *..tt deal  rig«« J 

|UM1„ni,s ,.u- ,....r-,- -I Phv,l.*l "'«-«» — «nl<" "* —•«*«•"* 

Ifcdllim-Vh.. fl»l.» - solid - .,,» h.-.,- *K..i» «MIMI.M, i» . 

very Pr., tí, ,1 O.M-   "HUMI" «•.'».. are «h- r.-Mis   .«vcd hv 

convpntion.il pumps, "s... id" m-d... .«.«• the r.-st 

. i ,¡iv tft-tiii-'>( lor alcoholic* 
Mos t c uiiiiin' 11 ì a i i » s i » • « • » • "  f- - 

beverage num-fac t u,,) arc ,,roMt and ,xyKvn nu.M he ...ppllrd   This 

can be don- In various way. all oí which lead «u an im,ne«Ue and 

oftrn confusing spectrum of specific apparatus 

Operai i Qliill JE^'i! 

Finally microbial processes may be carried out in - variety of 

operational „.odes.  Batch processes exhibit inherent un.te«d>-t.te 

behavior .,n,1 do no« provide lor ePuien, utilisation of ^liable 

equipment.  On the other hand ,h,v arc well sui,ed to « h, p.oductio„ 

of a wide range oi P , odm t s o.u h in limited amounts   Since this 

pattern is generally typical of current fermentation technology, 

batch processes predominate. 
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continutme prore«»in* offert   >t?mmmml*   Inrent-teee.  m*4 

»titanat   mêvêmtm^m*   o»et  hatch  ajpthml«   y»t   It   i«   till I»   utMNf 

tit   «irrottili I    te«r hnolofly fm-9-A   reeat    |»t is<|in- t 1 wt    I*    thf     m|f 

itglli f I* •*"»• *»»*•!» I r 4g#t«, • re | «i i .-#* 1 » i «rfr t»r'*oS* « rf^tdrfapnf 

|9 neceaaar» If the th#<M et ir« I *<f-#«f>t »§ r * »f • ¿«it int» y* §«t » **•• 4»4kjl Ittf 

|f> H* re* l Iteci in pr» ?t«e Hi» f •*!• t • Ì t e* Hn«>l -i* h** «rh 

»láerf »hit In It»« pm*t hä*i thí »M»*» •!<• i ••»*»! #1 protein pf«*cea< 

Iff t t   •*li#   f  <nt lmt>>m    »p* t *f i ••»«    thligttotv 

A |K>lnt »rtilrti afte« «eewwi !•• he l'tmt in <|ti union« .if «- .*«t ! m*n%ja 

CVl f IVB t t <:*« i« th* fact, îhil wf • -. te* • if in» • ch*«iif*î pi :* ee» 

©p#ret lot"!*   «re   r r\*ì y   <• «•»*'•-1 I nom*. It ven   «   l«rge   pett->ïe*»»   refinery, 

•ft Ott   t •>*«• f der erf   t««   hc    t h»   ep!t<*mr    *>!    <<-»-«, f i tnj».«i» .    »!**<!*    «t*»» 

•Miration,    I«    n.if Pat*«    '»f     it    Ht«    »hut    d-<vr«    f f,*?    Hw    t ,*    ! tur 

•MJ  •**   overa!!    app» >»«IMI ? I •»»>    -f   nwt Inu» ry    I«   •*t*lv    ** hlrvrd   through 

)udl<-ioo«    u«f    ••(     l«t|«>   tf.-ii«Br*    "f    li'lrrlMulKtr    «f   -i «gr    ' *nfca 

lt    i»   quite    p<»««lhle    Hull    the    • ".»i«! í •»'»    .*f    i .»is! jti!í»iwi    «rth-ml«    i« 

ferment Ht ion    tr«hji »!;»(*    »tf-nsM   he    H**te«<ed    ti     ft»    â«lv-- »in    A ¡id 

6t*elnp*f»   vaniti   *!•   *t     » ( e«<tv • •« Al e   it(if t*t l.n    f-i?     peti   >«1*    -*t      IO - M> 

day»    »t    «•*•• t ivrn    ihot ïri    petlo«ï»    «#*>*» I fi    -*ítet     tr.il    r«    ••-.  -m \ • 

Incentive«        t>el Ibei «t e   »huí4*»wt»   ti*   permit    pt»vn<! í . r ,,.»"•'   »rliMwwt* 

ttt»  would   avoid   ot    mitigate   Min y   oí    the    trvhtiral    d». t t í f ul t ie» . 

tiptrliilv   * -•»«* ami nat t«wi   #«4  i ul tur»   é*§ «we rat Ion ,   vhir h   ate   fearedl 

>l l»    ojiei -*J l »n 

A rte?.i,;t.  . ,>itr.t idttit   unique  to mícrohial   pr<K«itti   I»   the  recuire* 

•Mint   for   aaept It- ,   or  *V«r» cui tur»** operation       Thi» mean»   that 

the  provr»»   »yttriB  «hiMiltl he   free   oí   «11   tuir nmrgatii ••»•   e«i#pt    the 

chosen   «gent    whh'h   wr   h*vr   tir 1 i bri n i. « ! v    í a t fstaWeó' % I tu r    «H«otute 

freedom   fi-»«a   r«. f t «i.f.m»   ,M^*»Ií»I«-*    I*   •! i f í I • u 1 t    !••»   atturvr    t«   plant 

Operation      tt   »>ii-   pia» fl.nl    «t<m<f«»'d   of    a*ep*S*    I*    in   ->t»let We 

Can   «av    that    »»pritit ion    t«   »*l l»l*t *«»tv   whru    the   p»>p»il a l I •»«   of 

ext raiteou»   nrpnNmii   It»   kept   •*»   h%  a»   imf    to-   (I)    intet lei«   with 

the   formation   oí   de« i red   product»   ot   their   »uhaetjuent    recovery, 



(2) cu.. .Unifient 1«. of th... pro*««, ««. M «O) 
brin, .bout ...  un.cc.pt.hl.  1...I of for.l,n «onf.tn.tlon In  «h. 

final   product 

,„   „,„   .,,..   „f   »«»holi.e-.yP*   pr«...«.   «I«   »»'   «°   "«"'I* 

fmn,   .h.    br...h   by  .,«-pl«   ch«,U.l   pr.«-rn„r«   -hUh ,ff«..«ly 

,„„!„... y    »'-«»        F...   ......M.l    pr t„pr.*«-...m. 

„„««r.    ,h..   .h,rd...,.T.....B -H   b,   -h*   -«.    < — — I-     « 
„neeiv-h!..   .ha,   .   ,,..r  -f   * —  u„d,.tr.M,  c.m.«.ln.n.   , Mil 

t„   !•,«...•   .u,,e.,,l«.   pr.,..Mll»n ««•»"  »»"   "nd"  ^   Pr,,"Urt 

unacceptable»   for  food use. 



WOCESS  SYSTEMS 

Hicrobi«!   procaatet exhibit   a common process   sequence which is 

•v*MwriïiKl  In Figure  2      The   fit M   step   is   substrate preparation 

(or  pri»tr«»«tment)   in  order   to make   the  primtry   car!»oM » mree 

available   to   the   míu morgan! sm        Next    the   prinvirv   substrate   is 

coatbined with  other   ingredients   -   nitrogen   source,   winetals,   ^r^wth 

factor»   -   in  a   balanced medium which   is   then   steri 1 1/et!       This 

•tdiiHfl   ¡s    then    irwulated   (ot    si-ode,!)   with   the   dr.-i red   ..te/inism   in 

•»r«   or   less   pur»    vulture   and   the   c0.1 vers ion    (or   re.leti ni)   ¡<lia-e 

ensures        Next,    cells   are   separated   from   the   spe.it   mediu«?  and.    finali 

products   are   recovered   from  either   the  med i un»,    t he   ..ils   or  boh 

R*g« rd 1rs s   .o    the   type   of    »rgaaistn and  med i uns  employed  or   the 

operational   form,   thi«   basic   process   scheue  apeáis   i „ tl 1 1   fermenta- 

tion   protesse*.       Sum-tines   the   first   step   is   uoncos.ir.'   bevute 

the  carbon   stoino   in   the   row   material    is   aito   , k   bi.toni.   tH. 

•Vftildhle   (1  on   suvar,   sucrose   in   mo] .esses,   eti    )        Sti!],    in   the 

EUS«?   of   molieses   and   n-e.y    »tlnr   raw  mat ei i a Ì s ,    so.:..»-   pr.o î toit men t   nwv 

be  needed   !  o   other   reasons;   removal   ,.|    inhibitors   ratios,   colloid,,) 

•alter,   etc    ,   for   instarne        It   nwv  als., he   possible   t     eliminate 

the   final    step   but    this   is   rare        For  example,    some   ciud«    animal 

feed   cofnp.,|».-nf s   are   prepared   by   simple   spray-rírvim:   the   complete 

broth,   onanisms-    imluded,   at    the   end  oi    the   react í<n¡   phase 

fh#    bfltt 1}    pi -Ht'Nii 

Nott    industrial    fermentation   processes   today   are  carried  out   in   the 

batch manner        The   only   .uhstant ! a 1   exception    t o   this   is   the 

•invifdi nue   "t   yeast,   espet ially   feed  yeast,   which   is  ordinarily  a 

continuous   operation        Bat * h   protesse-,   are   inherently   un*, teady   s t at «   , 

tone   ot   «1!   ¡a    the   pj.i* es'    v.niables   thange  with   tin  •       As   a   result, 

productivity    Is   not    lomMant    and    the   ave 1 ave   ->ul [ml    ••!    M« h   a   pn»<i-'*- 

ls   always   less   than   t Ite   maximum   'uitput        A   schematic   di oc fou) 

represent trig  the   variou*  phase«  of   a  typte«!   batch  procens   IR  given 
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in Figure 3. 

Productivity,  the average rate of production of the unit, Is 

reduced   In batch fermentation processes because of  the  lag which 

occur»   after   Inoculation but  also because  of  the   ti«*  required 

for "turnover"   (emptying,   cleaning,   and  servicing   o£   the »nit 

and  preparation  for   the   new batch.     Good  scheduli.*  and  a „ell- 

organized  reduces   turnover   tin*  but   there  are   inherent 

U   the   plan;   !..  .»akin* a   variety  of   products  utilizing  different 

„odia   and  roaring  different  batch   times.      It   is   so.eti.es 

.mp„ssih,o ,,,   to  have   fcrmentors   Idle  for  periods   longer  than 
rnnHnuous   sterilization  also  helps,   as we needed   for  turnover.     Continuous   SUCH 

shall   see,  by   reducing   the batching  and  sterilization   time.     It 

too   is   lifted by   the   total   plant  operation,   however.      If,   as   is 

,c often  the case,   many   products,   each in   relatively  small  volume, 

are „,anuf actured,   continuous  sterilization   is  not  practical. 



REACTOR SYSTEMS 

The fermentation reactor -  or fermentor -  has been  the subject of 

most of  the attention  so  far given  to   the design  of microbial 

process  equipment.     This   is  entirely   fir ting because  in  this  one 

unit,  most of   the activities which uniquely  characterize  fermenta- 

tion  take place -   either by  intent or  accident.      Here   the micro- 

organisms  grow and bring  about   product   formation   and   it   is  here   that 

the process   is  most  susceptible   to contamination. 

Because  of  the  economic  dominance of  aerobic,   deep-tank processes, 

aeration and agitation of   the reaction mixture   (organisms  plus 

medium)   has been examined   in great detail.     Heat   transfer,   on   the 

other hand,   has  received   little  attention.      It   har^ordinari 1 v been 

a  problem in  conventional   fermentation   processes   carried out   in 

temperate climates.     Microbial   protein   production   from non- 

carbohydrate  substrates   releases   heat  at  substantially   bisher  rates, 

however,   and   the  removal   of  this   heat   of   react i-»;i   imposes  a  new and 

significant burden  on   fermentor  design.      In   tropical   or  scrii- tropical 

climates   it will  surely be   the most critical   factor. 

The primary factors which affect   the choice  of   the basic  reaction 

configuration  for any  fermentation process  are   these: 

(1) Is   the process   to be batch or continuous? 

(2) Is   the  fermentation  "reaction"  rapid or slow? 

(3) Is   the  oxygen  demand   vury  high,   moderate,   or  low? 

(4) Is   there  a  heat  removal  problem? 

(5) What are   the  physical  characteristics  of  the cell-medium 

mixture  and  how do   they change  as   the  fermentation  proceeds? 

Figure 1, summarizing the various physical forms which microbial 

processes may take is also a useful guide to the reactor systems 

which have been or could be  employed.      These  are also enumerated 
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In Figure  1. 

Anaerobic  processes 
7^-Tp^esse* using fluid media are,  of course,  rare today. 

(NOTE: Anaerobic   digestion   is  very  important   in biological waste 

Latent  but   this  area   U  not being  covered  bete.)     The   traditional 

anaerobic  process   (et. o!, butanol,   etc.)   rarely use,  any  form 

oE mechanUnl   agitation  since   the  gas  bobbies  arising  from fermenta- 

tion were   sufficient   ,o Keep   the medium well   mixed.     Heat   removal 

„ore   than »„ending of   the   reaction mixture,   can easily   limit the 

rate -ot  an  anaerobic   process  so mechanical   agitation .ight be 

required   in   .arge-volu.e   fermentors.     A  useful  alternative  in  such 

cases would be  puling of   the medium  through an external   heat 

exchanger. 

Aerobic  processes 
Z^^^-  as we have noted,   dominate fermentation 

„day      Within  this broad classification,   however,  oxygen require- 

nt.' vary markedly as do  the other process  variables -  especially 

„ediu* Pities   -  which  affect   the  efficiency of  oxygen  absorption. 

Consequently  a wide  spectrum of  equipment   types   for aerobic   processe 

has developed.     Some of  these have found little correrai  application, 

others  are widely  used. 
„.,,..•„   -riA  is   the best known example  -  are Tray  fermentations   -  citric  acid  is   cne 

•   -       Tt-   ic  difficult  to conceive „entloned  simply because   they  exist.      It   is  difficult 

o£ any now situation in which a static  pan process would be used 

commercially.      Indeed,   the nature  of  current  fermentation process 

development   techniques virtually rule  them out.    Agitated  (shaken 

£1..W  cultures are used  from the start in practically all  laboratory 

work  today. 

Drum fermentors 
Fermentors consisting of horizontal cylinders rotating on their axes 

„ere introduced for a number of processes many years ago.     They have 



b#en used with liquid media  (gluconic  acid)  «ml solid  (amyloiyttc 

enzymes). The contents, liquid or wet »olid«, arc tunhlcd over 

«nd over through the atmosphere <>| air (.si.mct ine* t-oubrrf with 

oxygen)  whit ft   passes   through   the  Chamber 

These  drum  units   can  he   very  effective   aeration  deviir*        Hderd, 

it   was   the   high   oxygen   requirement    of    the   A   a i>¿et   gli;:   >,>(,    ^«fd 

fermentation  which   caused   them   t ••  he   developed   ir.   the   tit«*!    place 

Conventional   aerators   used   in   yeast   |H,M,K S i....  wire   unsuiîahfe   for 

the  viscous   mixture  whi.-h   resulted   from  growth  ,.f   the  ¡DO ! d        Shu« 

deep-tank   processe«,   had   not   been  well   deve!  >ped   .1 r   f.    time,    :,.«• 

drum  system  proved   reaso.iahlv   sat i sfai t ot v       With   • h,    advtot     d 

penicillin,   however,   deep-tank   methods   were   rapid!'»   uJ   .«•...«   '   aid 

soon   replaced   drum   fermeritors   in  most   appli < at i".;s       The  1 ritte«! 

weaknesses  of   the   drum-type  unit   ate: 

(1) increasing  mechanical   problems   in   rotai in?   the  drum  «* 

capac it v  goes  up, 

(2) poor control   of   temperature 

(3) difficulties   in controlling other process  vtrUbler,   pH 

for exampi e, 

Despite  these  problems,   investigators   have  shown  renewed   interest 

in drum-type  units   in  recent   years.   Once   again   it   Is   their 

relatively   high  aeration   efficiency   that    attrai! AI'..«   t'u ;,    fg 

the  possibility   of   carrying   out   multi<:ae.«    rmtiüM^p    ,,r , ,.,.,,«s 

Within   «i  single   vessel   wall.       In   any   'ase,    all    the   t,    enr    .«sun 

fermenten-  proposal .   have  avoided   the   nain   -pei s»     ,.¡   >M  ,h ; ».„   . 

rotation of   ! he  drum -  by  subs t i mt iny   m..-< h.-i-aJ-,••!   ,iyj   .,n »n  with 

multiple blades,   discs,   etc.,     nnuuiied   .>o   a   hoii/i, ?••!   shaft 

(Figure  4).   Since   it    is   also  pmsibl.-   ?..   a. hieve   t h«   v...nr   --t..«ul- 

ives   in   a   tov/er-typc    lermenter,   especially   where    .    u?     a-ue    pro- 

cessing   is  employed,   the   prospects   tor  commercial   deve I .ip»w»nf   of 

drum-type units  are not   good. 
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fircp t«ak.l£lMÌttga 
In  i#m   of   tot«!   vol«,   in operation,   tank-type  reactors are 

c.rt«i»1y   thr  mo»t   c«wm,n       Again heraus, aerobic   processes are 

•o   I«|MMI^(,   most   of   thés,-   units   employ   forced   aeration  and 

^ch*.Ml«..l    a^it-tl .n       The   tew   continuous  processes   in   operation 

(^iniv   i,,.I   ve^f   pLiulH)   al*-   rn.pl "V  crated,   agitated   tank 

,-,. K   f,.«ii   these  and  standard batch uni t.s • yttrium The   onlv   di ft e I erne   belami   in« st 

-    •        »    .„„,»!,.«!   -it-rat ion-.H'Hat ion   systems are often If   thill    «spcv I*U isred,    juttented   attain."   »M 

t*tplov*d 

A  tyP|, ,1   ,»»k   frr»,.,.,..-   f   »how»   In  Figure   5.     Agitation is  provided 

bv  „.„.UK*   flat-bi.*<le<1   turbine   ,>•! «alors   (up  to   three   in larger 

CipitMy   ,,.,.!«)       Ah   is   introduced   through  a   sparger   located 

,       u      .   .   , f    t.nM-e   -md   heat    transfer   surface   in   the   form  of bcnt-ath    the    love M    lutm-.t     -»in    ni... 

t    i-.. w,.i      ir both     i«   provided.     Inoculation 
ititrrn.-i!    «   • i 1 * .   •»«'   eternal    ]•»< kt t ,    n   nom, j 

.,iti.     r„r|l     exhuiM   lines  and  eontrol   devices 
S«m   !»»••.    .»n.1   medium   .unit I ion   potts,   t Miau. I 

\     ',  ...    ,   ,,,  .,,«,„,   ,o   the   experience  and  specific   requirements 

0Í     t Ite    »..'«-i .S !    '! 

1K.H.UMH.   »-   •»*"« u«   that   the  critical   factors   in   the selection 

of  ê  *pt.. «tu.   .U-slK»  ^*   *   trtok-type  fertnentor  are: 

(P    thr   ...vRcn   lequirement    tor  nix I mum  productivity 

(?)   ,.hvsi...l   p.-ipcrti.^   of    'he   cell-medium mixture. 

-ti     .u.^s....  , .»ni iiMirat ions which can be used for 
the  vatii'v     M   T''"!u   des,>..,«•   !,m'^""" 

4eCp.t., -t   w.M ,-..-»>   is   si«w»ari/.ed   in   Figure   h, 

]g*w  vi- s i i l».Vl V"1» I 

,!„..      -    .: M h  leui   <o  ..   "low-viscosity" environment  are: 

(u   „„  .......is.whl.h  „ow,   individually  or   in  small   aggregates 

I.   | Ul, ;>*:    «,t    , ha in». )    ,in W 

,,,••.-hi  »niv soluble materials with little or 

Iti» «UspiMtd» d S-«l i «iS 

(J) »oluhlr pradu. IK ot low molecular weight. 
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Yeast propagation on molasses  or microbial protein production from 

hydrocai-bons  are   typical . 

In such processes  oxygen absorption   is   the primary  concern.     Mechanical 

agitation   is   therefore   introduced   only   (1)   to  enhance gas-liquid 

contact  and   oxygen  absorption   or   ;2)   to  ensure   uniformity  of   the 

reactor  contents   (blending).      Since   this  blending   requirement   is 

ordinarily   significant  only   in   very   large  vessels,   reactors   for   low- 

viscosity   processes  often  have  gas-spargers  only,   without   mechanical 

agitation. 

A wide  variety of  sparger designs   have been employed   in order  to 

produce  fine bubbles  of  air.      In  general   it  is   desirable   to disperse 

the air  in   this way when mechanical   agitation   is   not   used.     Pipes  or 

discs   drilled with a   large  number   of  small   holes   arc-   the  simplest 

and usually   the most  satisfactory   performers.     Spargers  made up  ol 

fritted  metals   and  ceramic  materials   show a   tendency   to  become  clogged 

by filamentous  organisms  but   are   adequate   for  other   types.     Their 

greatest   drawback  is   the  relatively   high pressure  drops which  they 

introduce. 

"Sonic" nozzles  are designed   to  operate with a  sufficiently high 

pressure  difference  so   that   the  air  velocity   through   the  nozzle 

reaches   its  maximum possible  value,   the  velocity  of   sound.     Such  a 

device  not  only  produces  fine bubbles but  is  also  capable  of 

delivering  a modest  level   of  mechanical   energy   (power)   to   the medium. 

In practice,   however,   the  power  delivered  is   too   little   to be 

significant   if mixing   is  really  a   problem; mechanical   agitation 

should be  used.      If mechanical  mixing  is  not  necessary  then  sonic 

nozzles  are   a  very expensive way  of  producing  fine  bubbles. 

The airlift   fcrmentor  has  received   considerable   interest   recently 

in connection with microbial   protein  studies.      Preliminary  studies 

with  laboratory  and pilot-scale  units   (Figure  7)   indicate   that  air- 

lift units   can be much more  efficient  aerators,   in   terms  of oxygen 
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absorbed per unit of power expended,   than mechanically agitated 

tanks.     This  advantage will  only be  found  in  low-viscosity media 

of  course,  but as   this   is   the  case   for most microbial   protein 

proposals,   the prospects   for   this   type of   fermenter  arc good. 

External circuì a_ticm 
External circulation devices   have  been proposed many   times  but 

seldom used.     Heat  transfer  requirements   rather  than aeration or 

ouxing are  usually   the  basis   for   their design.     An  external   heat 

exchanger operating under  forced  convection  is   a much more  efficient 

heat   transfer device   than  internal   coils   or a   jacket.     The  practical 

limitation  on external   circulation  units   has   arisen  from our 

inability   to develop circulating  pumps which  can operate  for 

sufficiently  long  periods without  causing contamination.     The   heat- 

removal  problems   encountered   in microbial  protein  production  are 

again drawing attention   to   this   type of  system. 

H*flh-víscosi ty   processes 
The  ability of  microbiologists  to  develop microbial  strains  capable 

of  more and  more   luxuriant   growth,   as well  as   productivity,   poses 

a serious   problem  for   tormentor  designers.     A  number of  process 

situations   al.eady exist  in  which   the cell-medium mass  reaches 

extremely   high  "viscosities."     In  such cascs,co.wmtional   turbine 

agitators   are not  capable  of   adequately mixing  the   fermenter  contents 

and  ensuring adequate   air  dispersion and oxygen absorption. 

This  problem  is   extremely  complex but  there   are clearly   two  elements 

involved.     First   we must  provide   for air dispersion and  subsequent 

dissolution of   oxygen   from   the bubbles;   second,  we must  ensure 

that  the  entire   fermentor contents  are  adequately  mixed   (blended)   so 

that nutrients   and air bubbles  are evenly distributed  throughout.     No 

single agitator  design now  available appears   to meet both  these 

requirements  so  compromises  must be sought. 
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In turbine-agitated fermentors with low or medium viscosity media, 

air dispersion is   ordinarily accomplished mainly by   the  impeller. 

It has  been  demonstrated   that   under   these   conditions   sparer  design 

matters   little;   the  immense  local  shear generated by   the   impeller 

determines bubble   size  distribution.      In   high- viscos i ty media, 

however,   sparger design  again  becomes   important   because  the   impeller 

is  no  longer  as  effective  a dispersing device.     As a   result 

fermentors  for such  service are  again  equipped with  fine-bubble 

spargers  in  piace  of   the   simple  pipes,  etc.,  which were  long 

considered adequate. 

In addition   to sparger modifications,   special agitators  have  also 

been designed  for   high viscosity media.     One design which has 

proven  useful   in  pilot-scale units   is made  up of   a group of   vertical 

bars   (looking  very   much   like  an   animal   cage)   mounted  on   the   shaft 

above   the main   turbine.      These   bars   ensure   t Im rough mi x ing   through- 

out  the  contents   of   the   fermentor.      Here  again,    the  same  difficulty 

has been encountered   in  putting   this   impro/omont    into   plant   use. 

The  total  production  of   the material   made   in   this   extremely   viscous 

process   is   too small   to   justify  conversion   of  plant  units which 

must also be  used   for other processes. 

Reactors   for continuous   processes 

Virtually all   the  continuous  processing carried   out so  far  have 

used a   standard   tank-type   fermentor  adapted   for  continuous  addition 

of  fresh medium and  overflow uf   spent   broth.     This kind  of  arrange- 

ment  limits   the  process   to a  single-stage  conversion.     Multistage 

systems   have  been  set up  by simply connecting several   such  units 

in  series by means   of  pumps.     Each stage  is   operated  as  a separate 

unit with its  own  systems   for  agitation,   aeration,   and  control. 

An  alternative   to   this  arrangement which has  attracted   recent 

attention is   the   tower  (or column)  fermentor  (Figure  8).     This 
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fermenter  consists of   a column divided   into stages  by perforated 

plates.     Medium   is fed  continuously  to   the  top chamber and  the 

product stream  is  removed   fron,  the bottom.     A  single,  central 

agitator   shaft   operates  mixing blades   in  each  stage. 

This   system has   important   advantages  over  the   conventional  multi- 

stage  set-up.     The pumps   Unking   the units  and separate   systems 

for   level   control,  agitation,  and   aeration  have been eliminated. 

This  not   only means   a   considerable savings   in   investment   but  also 

reduces   the possibility of   contamination and malfunction. 
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ASEPTIC OPERATION 

As we  have   seen,   the requirement   tli.it  process  equipment be  operated 

without extraneous biological   contamination  is   unique   to microbial 

technology.      A generally high   simularci   of   cleanliness   certainly 

exists   in   the food   industry  but   it    is  rarely t,s   strict   as   th.it   main- 

tained   in   the  so-called   "pure   culture"   procedes.      It    may   he  that 

fermentation  practice   is unduly rigorous   in many ea;-s.     Hen   ;>gain 

we suffer   from the   fact   that   our   introduction   tu n.od. x „ miei „hi., 1 

technology  was  the   production   of perniili,,,   a   singularly   labile 

substance.      In any case,   fermentation   technologist:    have  elected   to 

hold   the barriers   high   and bear the   extra   cost   burdens  which result. 

Practical  asepsi_s 

Before  outlining   the methods   employed  to  maintain "aseptic   operation", 

the  fundamental   weakness  of   this  concept   must  be  noted.     First   of  all, 

there   is no   reliable,   quantitative   method   for measuring   the-   number   - 

or concentration   -  of  contaminants   in  a   process   « vstt     ,      Secondly 

individual   contaminants   vary  widely    ni   tie  ir  potent in'   effect.     The 

penicillinase producer   was the  real   enemy   oí the  penicillin   process; 

a potential   pathogen or   toxin   producer     is  more   to he   f,.;,,,-,!   ¡„ 

microbial   protein   production.      It   may we i 1   \K   , in„,  rn    fermentation 

technology   to adopt more   of   the practi<ts   of  th,    foe,!   hiduMr,  and 

pay more attention   to  overall   plant    sanitation   t h:,.,   te   the   potential 

contamination of   individual  pieces   of  equiwrn .     Then   it   .-a^uld  be 

possible  to   define   realistic   level-   of  permissible  < on fa. ; i naUnn . 

System   integrity 

The  typical   fermentation   process  is   susceptible   to cont.n,«j  ,ation   in 

many ways but  the   following  elemcats   are   the most critical: 

(1) the   medium 

(2) the   inoculum (or  seed   culture) and  the   inoculation 
step 
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(3) the air supply 

(4) addition (nutrients, antlfoaw», etc.) during 

processing 

(5) the   form nitor   itself 

Unfortunately, the lack of precise techniques for detecting con- 

taminant origins, coupled with human prejudice and fads, has led 

to a number of   imposions which  are   rarely   in  accord  with the 

facts. 
Typical   of  these   is   the   tendency  lo blame   the  air  supply  system 

whenever massive  coni a.nin ,t ion   occurs.     Existing air   supply  systems 

have  notable  weaknesses   as  we   shall   see but   they  also  have  .any 

inherent   sa^eguanis.     Indeed   it   is   often  difficult   to  deliberately 

contaninate   a   process  unit   using  air   ahme'     Far .ore   likely   ^ 

candidates   for  bla-u-  when  com .-minât ¡on occurs   are   faulty design 

of   the   »e.-utor,   especially shaft   seals  and   fitting,   and   transfer 

techniques   -   inoculum,   additives,   etc. 

Medium st_eri 1 Jzat_ion 
Batch surm;ati,a  of  medir,   in   the  tormentor   is   still   the  COTO» 

practice.     in   this nut hod  the   medium and  reactor are-   sterilized 

together   and   no   transfer  of  sterile  medium   is   necessary.     The 

presence   of   the   medium   In  the   tank   may also  aid  equipment   f util- 

ization by dislodging  traces   of  caked  solids  and   improving heat 

transfer. 

Arguments against hatch sterilization are that it is t im •-consuming 

•r     TUa  f-i-rct U certainly valid because the and often non-uni form.  The tust is cuuniuy 

conventional fermenter (Figure 5)   design is notably i nef fuient in 

heat transfer.  In large voli.au- units several hours of hem .in« up 

and cooling «own aecompanv a sterili^tion period of »0-ftO minute. 

As we have sm-n, this problem can be reduced by improved design 

of the heat transfer surfaces in a large fermentor. 
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W» ©thar argument again.t batch iteri ÜEation - non-uniformity - 

it auch U«, valid. It i» certainly tru, that «edlu. ntorill««d 

l» Urge vessels i» usually quit* differ.-.« than the «ame ,,,Uui 

• ttrllUed In amali batehes. it „„ou Id be fur it has been heated 

« lot more. Technique for "scaling U|»" the batch M n Í If r.at ion 

process mor*, accurately have been ^„pos^i and i,-st,,| Hut little 

plant   une   seems   to   have   been   nwide   of    them. 

More  .erlcua  «re   the  deviation   in   sterile medium   properties   from 

One batch   to  another.      Assuming   that   raw  materials   are  uniform   . 

«Id   this   is   a   poor   assumption   -   bat <h-to-bateh  variation   i «   generally 

th«   result   of   inadequate   control   of   the   s t er , 1 : ?., t i ,„.  procès*,      for 

enample,   the  heat   tran« 1er   surfte,,   in   „ne   t,nk   m,»v  he   les,   effilent 

than   In  another    -   or   the   ste.nn  rm,y   he   wetter.       In   either   c ,o,e   the 

total   heat    input    to   medium   i„   order   to   achieve   a   ,,»!atu   nominal 

• terlliznti.M,   period   will   bo   difieren!    ,,:1d   different    total   heots 

Ordinarily   give   different    sterile  m.-dU. 

Continuous   sterilisation   offe, s   many   advent „,;es   over   bat. h   procedine*. 

It   «aves   time,   the   tank   ,«n   he   Mn,lh«d   empty   (or   with   s^o   water; 

quite   rapidly  and   the   addition   of   .sterile   „,,dium   only   takes   up   the 

time  ordinarily  used   fl„   batch;,*.      Furthermore,   the   continuous 

process   tends   to   prodtu e  modi,,  much  «»ore   uniform   in   properties.     A 

complete   sysie.n   for   continuous   medium   sterilization   is   shown   in 

Figure*,.      Note   the   emphasis   on   ovviali   heat   economy 

Although  many   continuous   sterilisers   have    been   built   ;,„d   operated, 

they  are   still   no«   used  widely   in   p,,.due«ion.      Technical   p,oMe«s' 

do  exist;   media   containing   suspended   solids   (soy   he„n  ma!,   etc.) 

cause   problems   and  may   require  extra   heating  to  guarantee   full 

Sterilisation.      Probably  the  most    |...,. .tant   factor   in   limiting   the 

use of continuous  sterilisation   is,   however,  not   specifically 
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t.dwical      It i. the overall organisation of existing batch 

function  plants.     The numbers  of  products  involved and the 

•I,« of   fferaentor*   is  often   such   that   it   is  uneconomical,   in- 

convenient,   or both,   to operate  a  continuous   sterilizer.     Continuous 

.tertlUer,  are bet   suited   to  a  plant   producing relatively large 
,-a,, -,c       Ai-ain    microbial  protein production and, 

«Mounts   of   a   tew  produits,      Afc.tin, 

probably,   the newer  enzyme*     re   examples. 

Air cleaning and   *jterjj.ijtat±3 
~Z ""~"     '- "i""f „ment -.ti.-n bromes contaminated and the reason If   a  e orni«* r i i a 1   i ei mi-ni «ti i "n   i «•• ». ~ 

,   *        uu.lv obviovr     suspicion normally  falls  on the air 
it not   imwHiiau h  1,!H " y   > « 

,   ~       The hivhly  aerobic  processes which dominate current 
iupplv   system.     Ine  ni^ni>   «mi 

I  V       ,    rnulre   Urvr  voWs  of air-normally  about  one  volume 
technology  do result*    i-"M-   v 

,      „.   (,   ,f..u1ai.l  or;,lions)   for  every volume  of   liquid medium. 
per mi nut e   (.«'»    st,l,ul" 

,     , . .   ht    treüed   so  as   to kill  or   remove  all   the  organ- 
All   thl**   a i t   must   ne   Ut.Ho.   ^» 

t.   . i,     ,lf  .,   the   fermento!   durin;   the  opere ting  period. taut which nught   intet   tin    i«t>«.m 

»,r   ,l(.ll    «V-t.-"»   '"   P'.uti..,!   u,,    .»•   uf   two   typ«:    O) 

fc...   ..«IIWU  am.   CO   f0.r..um.     Sy-te»«  -ploying heat as 
„*-«  („Hiv      On the* other f   r    »ir   sterilisation  are   tare   today,     wi 

the only  wm y  t   l   dU   slin" 
,      ,i,   Minnlv   system envoys   a degree  of  heat 

hand   virtu,,« ly   evet y   an    suPP   v      V 
v .      ,f   the   heat   of   compression.      Indeed   this   xs 

«t#ri li.'at ion   be» ause   o!    t ne   mai i 
i    i    ..   uhi.h onerate to reduce tne 

o»e  oí   i he   tnheteol   factors   noted  above  which  opt rate 

poMibUUif*   of   contamination   fron,  the   air. 

, .,„*   are  not   favored  for  several  reasons.     The 
Heat   sU-rUt/.a.t.'n   systems   att    not   i.ivt 

Hllrs,   .....   so,-   -e..,-   »   .-  —  f»">   <«"  -   li<1Uid)  direCtly 

,„,„..„,,   s,,.-        T..U  wiU.h,w,v,,-,   use  up   .»«  of   the  oxygen 
it      if   rom'm^tion.   some  of  which will 

i 4   .i   i »    ilttf     ill in UK t  s     Ol      ( l'Uliniòi   »'   "t and  pioihice uiideMiattu   pi» _ 

*.„»...-,    ,„»,-.,      O"» "•""" ' 

,he  «>.   .I.-»  -   I"»  «'•>-'   '"""",Uy "Sl"'   '   ÌF  U"",Uahl°-     "°at 

,r«.fer  to ...e.   i. ..ner.lly poo,   .nd »r..t variation,  in fio- can 
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exist with the result that organisms,  especially spores, may 
safely pass  the  sterilizer. 

Air  filtration   (Figúrelo)   is   the  most  common method   for  sterilizing 

air.     Fibrous   filters,   mainly glass wool,   are widely  used.     Their 

action  is   probabist ic  and  it   is   only possible  to design  for a   low 

probability  of  penetration.     Membrane  filters capable   of retaining 

all particles   above  a certain value  have  never been   satisfactory 

for  industrial   use  because of   their  structural weaknesses anú   in- 

ability   to be   steam-sterilized.      This   is   changing,   however,   and 

new polymeric     membrane materials  are  available which  are capable 

of retaining  all but  virus-type   particles  and can be   sterilized 
repeatedly with  steam. 

In view of   this  possibility  it   is  possible   to recommend  a wholly 

new approach   to  the  air  supply  problem.     Experience  with the  standard 

type  of  system  shown   in Figure   9   indicates   that  it  was   most   likely 

to fail   in a   single   instance  rather  than gradually.      All  too often 

the   local   filter would  accumulate  water  as   a  result   of   sterilization. 

When  the   air was   turned  on this  water,   freshly inoculated with con- 

taminants   from  the  air  stream,   would be  blown  into   the   fermentor. 

More often  the  air  reaching   the   local  filter would   contain  suspended 

moisture  which  it cannot remove.     In short,   it is  free   liquids  that 
we must  avoid. 

For this   reason the  air system recommended   in Figure   9  places much 

more emphasis  on overall air cleanliness  and,  consequently,   less 

emphasis   on  the   local filter.     If  the  air reaching   the   local  filter 

is  truly  free   of  suspended moiscure  and   dirt,   the   local  filter will 

be more   lightly  loaded  and  less   subject   to  accident.      Furthermore 

it will now be  possible  to use   a  membrane  unit here   since  it will 

have  to deal   only with  those  few  contaminants which   survive  the 

previous  obstacles.     This will give  the   air  supply  system a  level of 

reliability never possible with  fibrous,   probability  filters. 
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FIGURE 4 
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