
The Society for Bioscience and Bioengineering, Japan

NII-Electronic Library Service

The  Society  forBioscience  and  Bioengineering,  Japan

594 Okabe, Aiba, and  Okada CJ. Ferrnent. Technol.,

[J. Ferment. Techno]., Vol. 51, No. 8, p. 594.v 605)

The  Modified Complex  Method  as  Applied  to an  Optimization

          of Aeration and  Agitation iri Fermentation

Mitsuyasu Okabe',  Shuichi Aiba, and  Mitsumasa Okada"*

Institute of  Applied  Microbiology, University of  Tokyo,  Tokyo

                              Abstract

    After reviewing  briefiy the  complex  methed  exploited  by Box,  some  modjfication

of  the orjginal methed  has been discussed to establish  an  algorithm  fbr an  optimization
of  aeration  and  agitation  in fermentation. Supposing that annual  production  rate  of  a
fermentation product  is given, the  optimization  here js to determine the conditions  re-

quired of  aeration  and  agitation  such  that the annual  expenditures  of  the process are

minimized.  The  applicability  of  the modified  complex  method  to a  penicillin fermenta-
tien has been demonstrated by usjng  a  correlation  between penicillin yield and  volumetric

coeMcient  ofoxygen  transfer. In thjs demenstration, the volumetriccoeMcient  ofoxygen

transfer, K7-p  and  aeration  rate,  QAF  have been employed  as independent variables.
The  optimal  solutien  to  this exemplified  problem has been obtained  quite rapidly  within
60 sec,  using  HITAC  870018800, Computer  Center, University of  Tokyo.

Introduction

    One  of  the interesting problems  remaining  to be studied  in the fermentation industry
is in determining aeration  rate  and  agitation  intensity of  ferrnenters such  that sum  total of
annual  expenditures  of  equipment  and  utilities  can  be minimized.

    It has been claimed  by many  workers  that aeration  and  agitation  occupy  a  considerable

fraction of  the expenditures  required  fbr running  the  process. Here, the process signjfies

the fermentation per  se,  excluding  the separation  and  purification of  product. An  experi-

ence  has pointed  out  tacitly that the aeration  must  be kept decreased in view  of  high aera-
tion cost,  while  the agitation  intensity increased to keep up  with  the value  of  Kv･p  required

fbr a specific fermentation. Herein  lies the necessity  of  delineatiBg the  above-mentioned

experience  from the  standpoint  of  minimizing  the cost  of  aeration  and  agitation.

    However, it must  be mentioned  of  the fact that specific  conditions  to have a  fermenta-
tion product  concentration  in the  broth maximized  are  not  necessarily  compatible  with  those
te have the cost  of  aeration  and  agitation  minimized.  Conversely, the optirnization  of

aeration  and  agitation  to be studied  here is tantamount  to a  
"sub-optimization"

 in the
sense  that the optimal  solution  to the aeration  and  agitation  in this paper remains  to be
further studied  from the vjewpoint  of  the fermentation pattern, i.e., product  accumulation

vs, fermentation time, auxiliary  operations  such  as  sterilization  of  fermentation rnedia  and

air, and  in addition,  a  sequence  of  operations  to separate  and  purify the  product to have
an  optimization  of  the fermentation process as  a  whole.
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   The purpose  of  this paper  is in establishing  an  appropriate  algorithm  to have a  
"sub-

eptimization"  of  aeration  and  agitation,  and  in demonstrating the  usefulness  of  the  alg-

orithm,  provided :

    (1) annual  production  rate of  a  fermentation product  is given,

    (2) correlatioii  between product yield and  volumetric  coeficient  of  oxygen  transfer is

        glven.

                            Optimization Algorithm

    Generally, an  optimization  problern of  a  chemical  process can  be defined mathematically

as fo11ows :

    Minimize

             ¢ =ip(x,  u)*  (1)

    Subject to

             x-=flu)  (2)

             g(x, u)>O  (3)

             uEU  (4)

             xEX  ' (5)

where

             u  ==decisionveetor

             x  =-state  vector

             Xg  ==vector-valued  functions

              U  =admissible  set of  decision vectors

             X  =admissible  set  of  state  yectors

              e ==obiective  function

    The  problem  is to find the value  of  u  whi ¢ h minimizes  the objective  function, 
.di

 under

 the constraints,  (2) to (5). Equality constraint,  Eq. (2) is the system  equation,  in  other

 words;  though  another  constraint,  (3) is implicit, (4) and  (5) constrain  u  and  x  explicitly,

                                                                Obviously, an
 meaning  that u  and  x  belong to the admissible  sets,  U  and  K  respectively.

 analytical  solution  to Eq. (1) is hardly possible when  the optimization  of  a process, nop-

 linear in nature  and  endowed  essentially  with  various  constraints  as  could  be exemplified  m

 this work  (see ]ater) is dealt with.  
.

     Consequently, the  use  of  computer  becomes indispensable; one.must  pay dug attgntion

 in this use  of  computer  to an  algorithm  which  is capable  of  saving  computation  
time

 gs
 much  as  possible, because the  time sometimes  overruns  an  allowable  limitation inherent in

 a  computer  unless  an  appropriate  algorithm  is used,  This is true particularly when  the

                                                              es  as  could  easiEy
 objective  function becomes complicated,  having many  independent variabl

 be found in the fermentation industry.

     In the present paper, the  modified  complex  method  has been adopted  as the optimiza-

                                                                  it is deemed tion algorithm.  Befbre elaborating  the  point of the modification  in this work,

  *  when  
".maximizi:"

 is required,  the sign  of  obiective  function is reversea,
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Fig. 1･Co!nputational  flow diagram  of  the  original  complex  method(OPTIM).

worthy  to have a  quick review  ef  the original  complex  method  which  has been developed
by Box') (see Fig. 1).
    In Fig. 1, the first step  is "initialization,"

 which  means  an  establishment  of  k-dimension
complex  having k-vertices via  generation of  

"random
 number"  in the  n-dimensional  space,

provided: k =  number  of  vertices (k>n+1)
              n  =dimension  of  vector,  u

   The  objective  function is then calculated  at  each  vertex  of  the  complex,  This  calcula-

tion is fbllowed by the step  to reject  a  vertex  which  gives the worst  function value  as  shown

in the figure. Then  the point is replaced  by a  new  one  as  fbllows:

ltneff==Uc+ar'(UcunUw) (6)

where

     h

uc  ==(=  uj)1(k  
-

 1 )
    ;･l:

(7)

provjded: uc  ==centroid

ttnew  
==

 new  polnt

uw  ==worstpomt

a.  =reflection  factor (>1)
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 is repeated  until  a stopping  criterion  assessed  from the value  of  objec-

tive function fa11s within  a  convergence  tolerance. According to Box, the  stoppmg  
crtterion

is taken  as  a  diffbrence of  two  consecutive  function values;  if the difference become  small

enough  to be within  an  accuracy  of  the computer  word-length  five times  consecutively,  
the
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 where  Af(ui)=(f(ui)-f(umai))1(f(ttmax)'f(umin)) (9)

 provided: u...==point  which  yields maximum  value  of  objective  function

               umi.=point  corresponding  to minimum  value  of  ob.iective  function
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"OPTIM"

 in this paper.

Example of  Optimization for Aeration and

The obiective  function is defined as fbllows :

Agitationin PenicillinFeTmentation
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                   M N

               ip 
=7

 (,=.-, 
ei'Ei

 +  
Ce'Xo)'Nt+

 a'  
.E.]-,h

 (I O)

where

           ei ==unit  cost  of  i-th utility

            E{ ==utility  required  per batch

            Co =cost  of  unit  rnass of  raw  material

           h  =･investment  cost  of  equipment  including fermenter vessel,  air  com-

                 pressor, and  air  filter

           7Vt ='  nu  mber  of  batch cycles

           Io =raw  materials  expended  per batch

           a  =empirical  constant  (= l.42)

    In Eq. (10), utilities adopted  in this work  were  steam,  electricity and  air."  Steam'
consumed  for sterilization  prior to each  batch was  assumed  to be constant  (one-sixth of  the
working  volume  of  the fermenter; here the fermentation working  volume  was  taken  as

constant,**  while  electricity  expended  and  air  consumed  were  assumed  from the  respective

system  equations  (ofl Eqs. (11) to (15) later)). The  empirical  coeMcient,  a  is equal  to
depreciation (==,O.3) multiplied  by Lang  factor (==4,74).
    In order  to assume  the investment cost  for each  equipment,  a  convenient  power func-
tion (exponent ranging  from O.5 te 1.25 depending on  the item) such  as  KAE  KCP,  KFA
and  KFT  must  be given.

    If the annual  production rate, PO  is given, the number  of  batch cycles,  N,  can  be pres-
ented  by:

               IYt=PO!((E)mex'Y' VL) (11)
where

               PO  ==annual  production rate,  kg

               (L)max =:maximum
 product  concentration,  kg!m3

               VL ='=working  volume  of  fermenter, m3

               Y  =-  relative  yield

    Due  to paucity of  apprepriate  data on  penicillin yield (absolute value)  as a function of
operating  variables  such  as volumetric  coeMcient  of  oxygen  transfer, and  aeration  rate,  etc.,

the use  of  a correlation  between relative  yield and  volumetric  coeMcient  of  oxygen  transfer
multipHed  by partial pressure of  oxyge:,),  Klv･p (which was  presented by Karow  et aLS))  was

unavoidable  (see Fig. 2). Since the relative  yield, Y  is defined by the ratio  of  penicillin
concentration  in the broth to the  maximum  value  ever  attained,  the absoiute  value  of  yield
is represented  by (4).,.･ Y  as  seen  fi'om the denominator of  Eq. (11).
    Referring to the publication of  Hcrold et  aL`),  (E)...==7.0kg!m3 was  used.  It is
noted  from  Eq. (1l) that penieillin is recovered  without  loss frorn the processes of  separa-
tion and  purification; howcver, as  was  referred  to earlier,  the  assumption  of  1OO %  recovery

in this 
`"sub-optimization"

 does not  invalidate, to any  extent,  the result  of  calculation  in

 *
 cost  of  water  was  included in that of  raw  material.

**  see  Tab!2  ] later.

59S
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this example.  Briefiy, the  recovery  ethciency  is remaining  to be discusseq separately  in She
subsequent  systems  of  separation  and  purification other  than the aeration  and  

agitation

here.

    Though  the  original  diata are  scattered  considerably  as  noted  from  Fjg, 2, one  
may

 
be

permitted to draw a  hyperbolic curve  through  the points. Tlie function assumed
 
is
 

as

follows:

               Y--1.0-1,O/(a-K,･p-b) (12)

where

               a=1.47 × 102

               b==O.928

The assessment  of  a and  b values  fo11owed the least square  method  for the  non-linear  func-

tion. The  calculation  was  conducted  by "OPTIM"
 in this work.  .

    Then, a  coordination  of  Y  in Eq, (12) with  operating  variables.  via  Kv-p  
is
 
required.

            empirical  correlations  between Kv and  operating  variable$  
have

 
been

 pres-

gnhtOeUd?ha 
Msp22ic

 correiation  presented by cooper et ai.ti) wm  be used  as shewn  beiow･ The

arbitrary  choice  of  the correlation  bears no  particular significance.

           K.=O.0635･(P,!V,)e･95･KOST  (13)

where

           Kv  =.=volumetric  coeMcient  of  oxygen  transfer, kg  moles  021mS hr atm

           P. ==power  consumption  of  agitation  in gassed system,  iP

            K  ==norninal  velocity  of  air on  cress-sectional  area  of  vessel,  m!hr

    Assuming that pressure inside the ferrnenter is kept at  O.2 Kg/cm2 gauge, the partial

pressure of  oxygen,  p is calculated  by:

           p-((1.2+(1,2+H,110,3)!2.0)eO,21 (14)

 where

            HL  =liquid  depth, rn

            p =partial  pressure of  oxygen,  atm
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    Another  correlation  between P.  and  Po (power requirements  of  agitation  without  aera-
tion) modified  by Fukuda  et  al.6) will  be used  to have a  quick calculation  of  N  (rotation
speed  ofimpeller,  1!min).

           Pg=2,4'(Po2N'Di312AFO'"S)O'3S'10-3 (15)
where

           Di =impellerdiameter,cm

           eAF=  aeration  rate,  ml!min

    Now,  Eqs. (11) to (15) are  commensurate  with  the system  equation  (or equality  con-
straints)  represented  earlier  by Eq. (2). Judging from the  character  of  this problem, Kv･p
and  2AF  were  taken  as  independent variables  (decision vector),  Ncxt, the explicit ine-
quality constraints  represented  earlier  by (4) and  (5) are  also taken in this example  as  fo1-
lows:

               O.02<K.･p<O,2  (16)

               O.05･VL<eAF<1,O-VL  (17)

On  the other  hand, the  implicit inequality constraint  appearing  earlier  in (3) is assumed
as  fo11ows:

               N}<60*  (18)

   To  recapitulate,  this problem  is to minimize  Eq. (10) under  the constraints  from (11)
to (18).

                           Procedure  of  Calculation

    The procedure of  calculation  is shown  in Figs. 3 and  4. It is remarked  from Fig. 3
that the main  program 

"AEROPT"

 executes  only  the reading  of  input data, linking the
optimizing  program  

"OPTIM"
 to the subsequent  subprograms,  

"FPC,"
 

"COS,"
 and

"AGNR."

 This arrangement  is te impart universality  to "AEROPT,"
 leaving individual

cost  estimation  required  and  ancillary  calculations  of  the  leqst square  method,  etc. entirely

to the subprograms.

    In Fig. 4, the subprogram  
"FPC"

 carried  out  an  assessment  of  a  and  b values  by the
least square  method  as  mentioned  previously, while  another  subprogram  

"COS"
 deals with

calculation  of  the objective  function. If the optimal  values  of  Kv･p and  eAF  are obtained
by the iterative search,  the rotatlon  speed  ofimpellers,  N  is evaluated  by the last subprogram
"AGNR,"

 using  the Regula-Falsi method.T'  It gees vv'ithout saying  that  
"OPTIM"

 appear-

ing in Figs, 1, 3 and  4 is the  core  program. These programs  are  packaged  such  that the
application  to the aeration  and  agitation  process other  than  that  exemplified  here can  be
made  with  ease.

*
 The  implicit constraint  here originates  from  that the annual  working  perjod assurned  as  7,2oo hr is
 divided by the period of  working  time for one  batch, taken as  120 hr.
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Fig.3.  Flow diagram of  main  program.

  Actual data on  the  relative  yield sltown

in Fig. 2 and  in addition,  ciata summarized

in Table  1 were  read  from  data cards.  This

operation  was  followed by the calculation

via  
"OPTIM,"

 
"COS,"

 and  
"AGNR.'i

 (of:
Fig. 1)

suanFPC

Cail

-llnimumR
'N

E=ZtyJ-tw;.iiVftl:EKv.p.-b)):

suetcos

Evalutite
'

ebject:yefvn{tiett

SVER

Fig.

DeletmineNusing

 Pegula-Felsi ntetfpd

4. Flow  diagram  cf subprograms.

  The subprogram  
"FPC"

 executed  the curve

fitting of  the experimental  data3) by the least

square  method.  Whether  the sum  of  squared

differences, E  was  minimal  or  not  was  deter-

mined  by the stopping  criteria decreasing
below  a value  of  O.O05, The  subprogram
'`COS"

 carried  out  calculation  of  objective

function via Eqs. (10) te (14), The sub-

program  
"AGNR"

 executed  the determina-

tion of  rotation  speed  of  impellers by a  trial

and  error  method,  using  the  Regula-Falsi

method,T)

Lrn

,
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Resultsand Discussion

    The  specified  condition  used  for this optimization  is summarized  in Table  1, whereas
the optimization  result  is shown  in Table 2, Final values  of  the objective  function are

summarized  in the latter table by changing  the number  ofvertices,  the convergen ¢ e tolerance
and  the initial point independently.

    Despite the various  conditions  employed,  the  final value  of  the objective  function ap-

proaches nearly  the  identical value  of  (1.062 to 1.065) × 10" Yen  in this example,  theugh  the
3rd order  below the decimal point changed  slightly  from  2 to 5.

Table 1,Specified  condi･tion  foroptlmlzatlon.

Annual production  rate

Fermenter  volume  (nominal)
Working  volume  ef  fermenter

Utjlity data
   Air

   Electricity

   Steam (6.0Kg/cm2 gauge)
   Raw  material

CoeMcient  of cost  estiination

   KAF(aA(m31min)==20--35)

       (eA(m3irnin)--35--7o)
   KCP

   KFA  (EK PV(Kw) -'-  1O--50)

       (EKPV(Kw)=:50-"2oo)
   KFT

50, OOO

  200

  140

kgM3M3

   O. 28 Yen/m3

   3.35 YenfKw  hr
  63 )T Yenfton
5, ooO Yen/m3

 24.0 × 1o3
2eo.o  u

540.0  n

 28.0  n

 5.2  "

980,O  ,,

Tab!e  2.Comparisonof  optimalcomputations  under  variousconditions.

Number
  ofvertlces

InitialKF･PpomteAFInitialobjectivc

fumction

EPS, Final point
Kv･p  eAF

Final¢ *objective

funetion

Number
  oflteratlon

3O.107O.119O.096
24.9615.7924.

 7I

× los1.106L0751.108

O. O05O.OOI O,t16  10.52

O.119 9.64

×  los

1.0631.0622436

4

O. 107O.119O.104O.

 096

24. 96IS,7918.9424.

 71

1.L061.e751.og.)1.10B
O. O05O.

 OOIO.116O.  1]5

 9, 7710,26 1.0621.063 4040

3O.

 093O.
 140O.
 049

32, 46r･
 4, so32.

 2S

1.l3il.1071.168

O. O05 O. 130]L6S 1,065 39

ny

 ***convergence
 tolerance

The  final objective  function is ebtained  when  the two  criteria decrease
criterion  is 1(g5rns!-ipmin)/ipmax[ and  2nd  one  is rdetl]all,  provided:
   ravL-average  value  ef  the distance between adjacent  vertices

   Ilall==norm of  centroid

belowEPS;  the  lst
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even  when  the modified  cornplex  method  is used.
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 Iteration here is defined as number  of  calcu]ating  

the

objective  function by calling  the subprogram  
"COS."

Accordingly, at  the  start of  the  computation,  the value  of

the objective  function was  present, corresponding  
to

 
the

lst, 2nd, and  3rd iterations as  shown  in the figure (of1 the

lst row  for the number  of  vertices=-3  in Table  2). The

objective  function value  in the  figure, thereafter,  was  
taken

from that  corresponding  to a  new  point assumed  by  the

repetitive  manipulation  as  mentioned  earlier  in the rnodified

connplex  method.
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This interesting aspect  will  be discussed separately.  ,
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Table  3. 0ptimal  rcsults.

Objective function
   Fixed  cost

   Raw  material  cost

   Running cost

Independent variables

   Kl･P

   QAF

Dependent

   Pa

   N

 <two sets

variables

1.062 × 10S Yen

O. 642 × 10S Yen

O. 382 × 10S Yen

O.038× lOS Yen

O, 116 kg rnoles  02!mShr
9.77  mSlmin

(O.07 vvm)

               77, 78 llP 
'

              48 rpm

of  impellers, Dt/Di--3)

preciate the applicability
mentatlon  process.

of  the modified  complex  method  to the optimization  in the fer-

a1[aMbCoDiD,eiE,fFKPVEgthImkKAFKCPKFAKFTKvNN,PPgPopoeAeAFravU

Nomenclature

==  empirical  constant

==  norm  of  centroid
=empirical  constant

=cost  of  unit  mass  of  raw  material

:=impeller  diameter, cm,  m
==vessel  diameter, m
=unit  cost  of  i-th utility
=.-utility  required  per batch
==vector-valued  function
=::power  required  for motor,  Kw
===product  concentration,  kglmS
=vector-valued  function
=:liquid  depth, m
==investment  cost  of  m-th  unit  equipment
==:number  of  vertices  of  the complex
===coethcient  of  cost  estimation  of  air flter
==!coeMcjent  of  cost  estimation  of  air compressor
==coeMcient

 of  cost  estimation  of  agitator
==ceeMcient  of  cost  estimation  of  vessel

==  volumetric  coeMcient  of  oxygen  transfer, kg moles  Otlm3 hr atm
=rotation  speed  of  impeller, rpm
==number  of  batch cycles
=partial  pressure of  oxygen,  atm

=power  requirements  of  agitation  in gassed system,  IP
=power  requirement  of  agitation  without  aeration,  }{P
=annual  production rate, kg
=air  delivery rate  of  compressor,  m3/min
=aeration  rate, m31min,  mllmin  exclusively  in Eq. (15)
=average  value  of  the distance between adjacent  vertices

=t=admissible  set of  decision vectors

NII-Electronic  Mbrary  
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     k
     X

     k
     y
Vector

     u

     x

Subscript
     c

     max

     mm

     new

     W

Greek letters
      a

      ar

=working  volume  of  fermenter, m3
=admissible  set of  state vectors

==raw  materials  expended  per batch
=relative  yield

=decision  vector

==  state vector

==centroid

=::maxlmum

==mlnlmum

==new  pomt
===worst  polnt

==  empirical  constant

==reflection  factor
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