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Noœ avons ~ une 00UV8lle t:ecbn.i.que poUr la naure cmtinue 

du taux de production de c:haleur duxant un proolI§dt de temmtatial. La 

technique bue6 sur un syatàœ spêcla) de cx::n~le de Uqldrature Il êtê 

uti li_ pour DI!S\lrer la quantitti de d\al.eur mI5tabol.ique produite par 

activit4 mic:rcXrlenne. La quantitê de chaleur ~ a êtA quantitativanent 

êvalu6e et corriqlle pour les ~ et gains de chaleur sur la bue d' un 

bilan de chaleur lU%' l' ~ de fcmentation. Etant <b1n6 ~que la 

chaleur d' agitation n' est pu CXll'lllUe, et qu' elle Il une grari3e infl.uence 

sur le bilan de chaleur, cette < variable Il ~ e:xmn:i.nh en dltail. ()]a ainsi 

pu ~laborer une me1l.leura cmr6laticm ~al.e entn! le rçport daa puiauncee 

raquisu PJUI' l' aqitatipn avec ou sana gaz et lee l'lCIti:n'es d' aerlltion et 
1 

de Weber pour l' agi tateur. Sp6::1fiquement cette technique Il f§t4 enployM 

pour d6teJ:mi..ner svec pdcis:i.al le taux d' dvolut.i.a'l de chaleur de 

l'Aspergillus niger, l'Escheriohia ~oZi, la Candida tipoZytiaa, la 

Candida utiUs, et ta Candida intel'lledia cultiv6s sur diffGrentes sources 

" de caIbone : hydrates de carbones, hydrocarbures et e't:h.!lrol • 

Avec les donn6s mcpêrimelntales que noua avalS obtenues, une c:xnralatial 

du taux de chaleur ~ et du taux d' axygêne c::onac:mnd Il f§t4 dtablie : 

Ofetm • O.lll ~ ',La dmleur totale ~ <X:In'eÇCI1d bien 8 la 

quant1~ d' ~ CXXl8CIIInI§e par leS micro-organismes en croissance • La 

CXlrl8tante de proport.i.ataJ.ita pour oette ~tion est O.lll kcalAmcl 02 

IAas rtsultats ~imentau:x eont en accord avec ceux obtenue par 1& 

tedI'1ique dynsai.quI! calorlnftrique et avec 1_ pr6licti.cxI8 thb:iqueII , 

IAB a:>:rrUat.ia18 I~ dan8 cette ft\na aont tIts utiles 

peu' le calcul, le CXI1'tJ:ele et l'optimisation de prooeuUII de tezmantaticn 
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An accurate oontinlXlUS technique has been develq;led and applied 

te ccntinuous lDIIlSUring of the rate of heat production durin'J a fermen­

tation proceaa. A speci Il ] t.arperat.ure control systan wu used tp naùtor 

/ the anrJUl'lt of metal:x>lic heat produca:i by microbial activity. '!he reeults 

we.re cxn:rected for heat l.oeaes and gains baaed ai the averall heat ba.lance 

on the fe.rmentOr. Since the heat of agitati.cn represented a major unlcnoWn , 

in the heat balance, it wu exani.ned for the given systan in trOre datail. 

'Ibis part of the study yielded an ~ qeneral CXlrrelatial bet::lt.'aen t:he 

gasaed-to-l.1D;JUaed mixing pcMtr CCI'lSlJlt?tion ratio and the aeration nunber 

an::i the inpaller Weber nœb!r. 'lhe technique was used for precisely 

detel:mininq' the rate 'of heat eVolution of Aspepgi nus nig61'. Esch6riohia 

co U. Candida Lipo Lytioa. CœJdida i.ntel'mBdia .. am Candida uti Us 9fOW!l CIl 

et:hanol and different carbohydrate and hydrocarbon carba\ sources . 

Based en the experimental data, a OOITelation between the rate 

of heIlt releued and the rate of oxygen cc:nauned has been detennined as 

0fem ... O.lll 402 • The total heat released also correlated well with 

the total oxyqen catS\lt1Sd by the growing culture. The proport.iœality 
> • 

constant for this oorrelation W!lS 0.110 lccal./ImDl > 02 • 'nie experilœntal 

reaults agœed well with the theoratical preàictials am with tboae 

davelopad by the 'dyNIDic calorlmetric t:echniqua • 

'1be derived correlAti.a\s reported in this study are useful for 

fel:mentatiaa proceA design, opt.imizat.ial and central • 
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5 
One of the inp:)rtant aspects of a nUlb!r of microb1a1 p~sses 

used in industty is the raroval of heat fran the bulk liquid bJ:oth in arder 

te maintain an optimal t:e!tperature for deeired microbial acti vi ty. Efficient 

heat l'E!!'IDVa.l. lS specially :Îltp)rt:ant in aerobic hydrocarlxJ1 feJ:mel'ltatials 

where the heat released is estin'8ted te be 2~ tirres that of oonvent.ionaJ. 

cartxlhydrate fennentat.icns1 (Table 1) • 

Relatively little useful infOIm!1tion is available al the mic:robial. 

thel:m:lgenesis. Infoonation al the aItOI,11lt of hea\t. being produced duri.D;J 

the feIInel'ltation pJ:OCeSs is crucial. for a prope.r design of a cooling systan 

and carl be also used for assessing the degree of micrabial activity. 'Itle 

problem of heat l'l'!JtDVIÙ is very inp>rtant ,in fel:l'nallta t.i.al industry where 

the capital oost of the heat reDDVal system always repreaents a significant 

proportion of the overall oost of plant iterœ. In t.e.I:mI of cçeratin:J 

expenses, the oost of p::Mer for oxygen transfer and heat reDDVal represents 

~ically 15-20% of the manufacturiD;J coets
2

• The œ,.t raroval techniques 

sb::>uld be optimized in arder t:o iJrprove the CMmùl project profitabili ty. 

'lbe problan of biological heat generatial is also of great 

interest sinee no reliably accurate and oc:mvenient metb::ld bas been available 

\otUch would provide criteria for pœd1ct:ing the heat evolvad and thus 

1 
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TABlE 1 

. 
GœERAL srolQUCH!:l'RIC RElATICNS Fm ~CR:> 

CAREaiY.DRMES 

l.8n CH
2
0 + O.Sn 02 + O.l9n NH; + (essential elaœnts as P,K,S,etc.) 

n<a;,.700.SNO.19 Ash) + O.Sn CD2 + 1.3n Hp + 80,000 n Kcal 

HID~ 

" 
2n 012 + ln 02 + 0.19n NB; + (essential elenents as P,K,S,etc..) 

n(Œl. 70 0.SNO.19 Ash) + n 002 + .h.5n H20 + 200,000 n Kea! 

" 
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facilitating the scale-up of heat retoVal systems • 

B. LITERATURE RE.VIEW 

A literature review iniicata:l that much of the early \\Ork 

ooncernin:J the rœasurenent of the heat of fennentation was discussed briefly 

by' Winzler am Baunberger~ The approaches taken by' m::>st of the investigators 

involved the use of crud.e calorimeters te lOOaSUre the heat evolvErl in their 

respective fennentations. 

A rrore recent metb::xl for heat measura:nents in rnicrobial cultures 

was reporte::l by Se:Uaczek arrl co-w:::u-kers~ These investlgators presente::l a 

dynamic micro-calor:iJœtric technique ta rneasure the heat durin3' fenœntation. 

Basically, this proce:1ure involves rœasur~ the t.arperature difference 

beb.een the fennentor arxl the surrC>Ul'rlings when the surrourxlings temperature 

18 accurately controlled. 

ether different proce:lures have also been used to IœaSure tba 

3 

heat of fennentation. In m::>st cases, as Cooney et alS pointed out,the techniques 

require relatively cx:mplicatErl apparat us an:l/or procedures far detennining 

the heat prcxiuce::l during grCMth arrl prcxluct foz:mation 6, 7 . 

5 
A successful attanpt was reported by Cooney et al based on a 

s.iJrqlle technique fOI r.easuring the rate of heat production during a fe:rrœn­

tatioo process by' m::>nitoring the broth temperature rise when the ~ature 

oontroller W<lS turned off. The heat accumulation measured in Ws mannar was 

then 'corrected for heat losses and gains on the bio-reactor. volesky8 et al 

1 
j , 
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applied this "dynanic ~try" to natural gas fez:mentation. The autlx:lrs 

pointai out that the use of the dynamic calorimetrie technique posseses a 

certain advantage in i ta relative sinçlicity. The approach, however, nçrlres 

cont.inucA1s attention d.ur:i.rv:J fennentation arx:l may oot be ~ti.ble with the 

applicat.i.oo of autanatic prccess control ronitarin; the heat of fennentatim. 

4 

The prooEdure al.sd does oot take into account the chan3:i.rv:J physical prcçerties 

of the feIInentation broth. Extra-cellular surface active agents charçe the 

gas oold-up tln1s affect.i.n;J the fluid density. Apart fran viscosity and density 

chaD;Jes durinq the feoœntaticn prccess, sare types of broths are krx:Mn te 

exhi.bit highly oon-Newtonian rheological prcperties. 'Ihese factors can awre­

ciably chan]e the mixi.rç power input requirements for the culture brot:h even 

tbJugh the ext:ernal factors such as agitation speed ard aeratial rate are 

mai.ntaine::i constant. Errer in the measuranent of agitation pc:w!r contriJ:lltes 

significantly to the errer in the overall heat ba.lanc:e on the,bioreactor. 

Recently, Eriksson and ~lœrs9, 10 described a flow ca.lorimeter 

which can measure heat evolution independent of the disturbances caused Dy 

stirrinq or the addition of gas, alkali, or nutrients. Meu and eooneyll 

cœmented that this technique suffers fran the probl.ems of wall growt:h in 

the measuriIJ;J cell arxi axygen deficiency with ilx:reasiD:J cell densities. 

It may also be difficult to use, with fl.l5nentoos orqanisns or nat-Newtonian 

fluids. In a reœnt stuiy, ~ arxi eooneyll also applied the dynamic calori­

metrie technique for m::mitorin3' felltll!J1tat.ioo processes. The rate of heat 

evolutial in mYcélial fell!mltations for IY:7JCbiocin am œllulase production 

with media containing oon-cellular solids was measured by this technique. 

1 
f 
! 
1 

1 

~ 1 



( 

) 

'Ibe.nnal data obtained w.re proved significant both in nau.torWJ the .. 
cell cœcentratioo durirxJ a ~(growth phase) am in Servin; as 

an additional }.X1ysiological variable in the feImentation process. The 

val.i.di ty of Ws technique was datalstrated by closin3' the overall material 

am energy balazx:es. 

Based on the elemental stoichianetric equatials, Mi.nJœvich and 

Eroshin1
2 devel~ a semi-thecretical correlat.ial between the ~t released 

.mi the culture OKY9en uptaJce rate un:1er axygen limitatiœ cx:nii.tions. 

Iinanaka an:i Aiba
13 recently also estabJ j shed a convenient metlxxi te eva.l~ 

the rate of heat evolutial based on total oxygen danard. In arder for these 

correlations am their principles te be eq>loyed, nme support.:in; experi­

mental data. are required. 

The pract.ical significance of the heat of fetmentatian i5 illus­

trated by the failure of a projekt in the West Indies which failed te 

prcx1uce food yeast. because of the problEms in rEmJVal of heat frou the ' 

fennentation vessel14• ~, Guenther15, in an analysis of aerobic 

hydrçx::arbon fetmentations,noted that the cost of heat rEmJVal ccuJ..d very 

~ cause the growth of yeast on hydrocartons to he an unecooanical 

venture. 

M:lre fuOOanentaJ: am reliable criteria for predi.ct.inJ the heat 

of fermentatial ~ l:;e nDSt useful for the design am scale-up operatioos 

as \IlBll as far the optimization of the lIIIUDlfacturirq oosts of fer:menta:tioo 

products in the fmmentation industty. 
o 

For the pn:pose of easily c:1eYel.q?in.; laboratory data al the heat 
1 

of fermentat.ioo this 'IIlrk bas fOCWJEd on the devel.c:pnent of an apprq:u:iate 
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detemi.nation of haaS:. C?f fe1mantation with hiqh aocuracy withcut UrXlue 

disturbIu1œ te the culture. '!he techniqœ bas been shcMl to l:Je çllcabl e 

ta Jœ&SUte tha rate of baat evalutial 1oiU.ch in turn was OOXDüatad well , 
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C8AP1'ER II 

The theoretical aspects of this I«Xk are di vided into three 

parts: 'lbe mathematical basis for calculat.i.rç the heat relea.sei dur1n3 the 

growth in a batch feIlœIltor, the relationship œtween the heat evolution 

am the aK:y9'eIl uPtake durin;1 fementation, and estimation of the axygen 

uptaJœ rate base:i en the measurements ofaxygen an:! carl:x:n diax:j de con-

oentrations in -an ootgoin;1 gas stream . 

II -1.1. The Overall Beat aalance, On The FeIlœIltor 

An expressial of the heat baJ.aIx:e arwrxi the fermenter was , 
attelq?tEd. A control element ~ will be considered conta.i.nin::J an q:Jerat.i..n3' 

volune V
L 

in whic:h the ooncentratial of cells is ~ g/R.. Durin:;J operation 

7 

the t:elrperature of the control element i5 main~ at a preset value 

T (Fig. II.l). An aerciJically growing culture ~ a fl.ow rate of Q R./min 

"" of air, which is characterized by its ~ture T arD hlmidity Yo • The flow 

of the air stream 1:hrcujh the voh:me V L of the cx:ntrol elsœnt resu.l ts in 

the remJV'al of sensible heat and evaparative heat loss fran the control 

el.emept. The heat input into tl8 ccntrol element is pr:ovide:1 by the aqitation 
• JI" (1 

required for ~ the volune txJoogeneoos and weil aerat.ed. A further 
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Figure II.l '!he Ov\arall Heat Balance on the Fet:rœntor 

~ 
1 

r Qfem 'lbe Rate of Beat Pmducti.an of Fenœntation , 
Qsen 'lbe Rate of Sensible Beat Losa 

Qevp 'lbe Rate of Evaporat,i.ve Beat Ioss 

Qsurr 'lbe Rate of Beat I.œs te the SUr:r:olm:ililg 

Qaqi 'lbe Pate of Beat of Agitation ~ 

Qam '!he Rate of Beat RsDoval by the Teqleratuœ Controller 

~ '!he Rate of Beat Disaipated by the Spa::ged Gas 

All teilla in the hMt balance equation have the units of kcal/R..h , , 
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heat inp.lt into the control voll.lœ is due te the l:l.ù:b1..in;J 9as. The 

diffenmce in t:.eJ'Iperatute of the ccntrol eJ.e.œnt T and that of the 

ambiant Taut> leads to the hea.t exch.!sn;Je be'bleen the tr...l:> l.cx::aljties. Finally 

the heat rerroval fran fenœntor during exotheJ:mic growth is oonsidered as 
'" 

aoother heat loss fran the control element. Consider:i.n; the exotheI:m1c 

growth ard respirat.i.al processes of the micro-orCJanism, the fol.l.owin;J heat 

bal.ance on the control el.ement carl be written: 

~ heat input = Tbtal heat output .......... (1) 

Substitution of the cc:.mp:ltIellt heat tenns yields: 

'lbe overall heat ba.l.arD! al:x:we is based on the fOllowiIJ] asSl,:lllptions: 

- No spatial variations of t:errp!rature in the b~reactor. 

- Hc:JrOgeneo.lS bianass distri1:1ltion throoghcut the fementor volurœ. 

- COnstant gas flow rate thrcuqh the fexmentor. 

Aoother ~t of equation (~) is as followa: 
" 

~eJl1\ = Qsen + Qevp + Qsurr - Qcon - Qaqi - %lb ... (3) 

Equation (3) str;,ws that Oœrm ' the heat eYOlutial duriD;J the fm:mentatian, 

Càn be oœp1etely specified by experimentally rœasuring am;or est.i.uatin; 
. 

the six ~ heat tenns • 
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II - L 2. The DeteIm:i.nations of The Evapc?rati ve and Sensible Setat l.9!s 

~ the air stream passes t:.hr<:Q;Jh the contrel element of ferHen­

tation brotl4it is carryin;J away a certain voluœ of vaporized liquida This 

results in the rElllCNal. of the latent heat of ~ fran the control 

elanent. The heat loss by evaporatioo can be expressed : 

Qevp = 

w. 
• ëU.r 

Qevp 

À 

•••••••••••••••••• (4} 

Maas flaw rate of air (kq/h) 

Beat of evaporation (kcal/l.h) 

Latent heat of evaporation (kcal/kg) 

EUnidity of air in am out of the 

fetmentor (kg water/kg dry air) 

The lunidity of air is calculated f:ran the foll.owin;J fOJlll1l.a : 

• • • • • • • • • . • • • . . • . • • • • • • • . • • •• (5) 

29 (76o-P.) 

Nlere P = vapar: pressure of water (Dm IÇ) w 

The sensible heat ~s fran the cattrol el.aDent can be evaluated Dy 
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calculatin:; the differeooe in the inlet am out.let temperatures of the air 

stream, i.e., 

Qsen -
W
air -= (T t - T. ) ( Cair + C y t) .•••.•••• (6) ou ln W cu VL 

~e 

Sensible heat loss (kcal./l. hl 

Beat capacity of air (kcal./kg. oC) 

Cw Heat capacity of water (kcal/kg<:C) 

Yout 8..Ini.dity out of fermenter as defined previcusly 

Fquatioos (4) to (6) can be used ta estimate the sensible heat loss as 

well as the evaporative heat 108S. fb.ever, if the iœ~ gas is saturated 

with water at.: the operat.irç t.er&1?erature of the feonentor before beirl;J intro­

duced into t.hQ fermenter, the evaporati ve and sensible heat loss can safely 

he neglected B, 11 • The overall heat balance therefare becanes : 

acon +- 0surr - 0agi - Owb •••••••••••••••••••••••• (7) 

II -1.3. The Det:emination of The Beat Dissipated by The Sp!rged Gas 

'b energy inplt ta the liqu.1d phase by a spa.rçed gas consists of 

the 'jet energy at the sparqer hole \Ihlch is transmitted to the bulk liqui.d 

an:! of the energy required to m:ne the gas thra.çh the statie liquid head 

ahJve the spaIg'er. 

" 
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The awlication of the First Iaw of 'l.'beu:mJdynames to an ide4l 

gas system resul ts in the followi.n:] expression : 

%ub = Wair [ (IŒart: - KEin) + (PEoot - PEin) l········· (8) 

Ra.te of heat transfer to the systan 

Wair Maas' flow rate of qas 

KE Kinetic energy per unit mass of qas 

PE Potential enargy par unit mass of gas 

The kinetic energy charçe can be estilnated by the basic for.nula 

• • • • • • • • • • • • • • • •• (9) 

In oocnal case U out < < U in ' e;ruation (9) then becanes : 

(10) 

'lbe pot:ential energy ~ is the 1IQt'k ~ to p.18h the blttùe fran 

the sparqer to the top of the llquid heiqht. The ~k required bacanes 

cœstant if the ~a.tion is perfœmed at low pressure, i.e., PG « ~ 

••••••••••••••••••••• Il Il ••••• Il • Il (11) 

-~ 
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The ~k required par unit mus" of gas then beoaœs 

w Pc g h . . . . . . . . . . . . . . . . . . . . . . . . . . . •. (12) 

Fran equatioos (8) to (12) the IUIllt 18 

If it is asSlItl!Id further that Pc :t PL ' and WJPc!'is the superficial .. j 

velocity V , the rate of heat transfer becanes : 
s 

(14) 

It is ~t that %.lb < 0 and thus heat nust be rerroved ta k.eep the bio­

reactor i.sot:heI:mal. Fran equation (14) , the eœr:gy dissipate:1 by the 

bJt:bl.i.B; gas can be expressed as fol1.ow& : 

• 

....9..PG ( rfwl2) + Vs A PL g h /VL 
VL 

(15) 

'lbe energy dissipated by the bÙbbling gas can he found fmn the Mlrlc of 

~6 and Miller17 • 
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II-l.4 'lM Detemi.nation of Beat Exchan3e to'the S~ 

'!he temperature difference be~ the cx::ntrol elE1œnt and its 

surroundings results in heat transfer te or fran the el.eIœnt. The 

schetIatic diagram of a s:iJrt:lle roodel for the heat exr:::hange to the 
, 

surroundings 15 sl'rMn in Figure II. 2 . 

In arder to derive a relationship for estima~ the heat losa 

ta the ~, the followinq assœptions ~ made 

- Steady state heat transfer 

- Uniforrn t.e!lperature T t:hrot.ghout the bul.k liquid Fhase of 

the control elemmt . 

The interfacial resistance between regioo (1) and (2) 

is negligible 

- COnstant theJ:nal conductivities k
01 

and k02 in regioo l arxi 2 

- Newton 1 S .Law of ooollng at the fluid-solid interface aw1y 

Radiation heat loss i5 negligible 

'!he total heat losa te the ant>ient air includes the heat loss in radial 

15 

and axial directions and the heat loss through the supported stainless 

steel headplate of the f~tor (the stainl.ess steel structure includes 

the baffles, :inp!ller shaft, theI;nDoouple and t:hel:m:I.stor weIl, and ~llng 
~, 

tube as 'A'elLas the headplate itself). 'lbe headplate resta 00 a steel al 

. a steel 8l.gX)rtinq fin Mlich ls part of the fexmentor frmre. -'fhe whole 

structure repœsents a cœplicated heat sink arrangement. 'lM total heat 

loss to the surroundings may be wri tten as folJ.cws 

0surr" O~ + O~ + o!un- ............... (16) 

1 
1 

\ 
1 
1 
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Figure II. 2 A MJdel far the Beat Losa te the Surt'OUl'ldings 

Region 01 - Femœnter Wall 

~ion U - Insulating Material 
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* 'lbe heat loss in radial direction 

A heat balaœe ca a elaDent flr of l.err;Jth L (the axial l..eD]t:h of 

the control element) yields : 

Heatin Heat out o •••••••••••••. , (17) 

/ 
If ~l is the heat flux per unit ares. par unit t:iJre equation (17) then 

becaœs : 

2nrL ~l 1 -r_ r ,. 
2'11'rL a_ 1 

~l r .. r+ ~r - o • • • • • • • • • (18) 

DiVidi.ng by 2'11'Ur with the limit ôr -+ 0 gives the fo~ differential 

expressicn 

• o (19) 

Integratin; equatioo (19) for coostant ~ oooductivity ~O). , 

• (20) 

18 

Since the primary JKX1e of heat transfer occurs by a oc:n:b:::ti.ve mechanian, the 

.!'ourieJ::' s Iaw 18 ~ oc::ada:ti-v. heat transfer can be appUed 

r 
~1 • . ..................... . (21) 



o 

------~ -- -- - -

~tution of (21) into (20) gives 

or 

dT· 

dT 
-k -

01 dr 

~1 

-
r 

r 

Aft.er i.nt:egratinq, equat..id1 (24) becxJl1es 

T - T • (ro %)ln (r1/ro) 
o l k 

01 

19 

. • • • • • . . • • • • • • • . • •• (22) 

(23) 

••••••••••••••••••••••• fil ••• (24) 

.......................... (25) 

P'rall Newta1' s LtJ.til9 of ooollng at the fl~EPOlld interfaœ 1 it follcwa that 

- or • o 
....•............................. _ (26) 

............ ,. ................ . (27) 

In equa.t:i.c:œ (26) am (27) 1 hO and ~ are the heat trarJafer CXlefficients 
.. .' ~ 

At the feJ::DBrt:ar wall. ml the aabient inIAll at.icD interface. An expœsaial 

-

• 

~ 
1 , 
1 
1 

1 
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• 1 

c) 

for CIo results fran the at:W.tial of EqUation (26) and (27) • 

* Beat Flux % .. U1 ( T - T
éIIb 

) • . • • • .. • • .. • .. .. • • • • • (28) 

* wbere U1 ' the overàll heat transfer coefficient used in equatial (28) t is 

defined Dy 

1 

{ l/ho +(r Al) ln (r1/r 0) + (rÂ2) ln (r:lr 1)7 d'rr-} 
(29) 

Bence fran the heat flux per unit time , the l'a.t loss per unit 

voluœ of fenœntation broth cart be evaluated. as follows : 

.. (30) 

* 'lbe deteJ:mination of the film heat transfer coefficient for the llquid 

aide 

AlDœt aU suooessful sbXlies have oorrelata1 the film heat 

transfer Gœf.f.ic;ient ho Dy a oorrala:t:iœ of the f0t1ll
20 

••••••••••••••• IIÎ 

~ llw ~ l.I, are viscoaities of the fluid at the veuel walls m:l in 

• 

o 

(31) 

-
20 
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the tJulk l.iquid respecti vely. If i t is further assœed that \.1 =:}J, 
W 

equation (31) beames : 

• . . • • . • • • • • . . • . • • • • • •• (32) 

Accx:lrdi.rv;J ta Srooks and SU
21 

the value of K, is equal te Q.74 far a disk 

flat blade tumine-type agitated reactor with 1,2, or 4 baffles. Equation (32) 

is coosidered" 1:0 œpresent ume closely to test data fran available 

sources
21 

300 < ~ < 3 x 105 (33) 

* The deteminatial of the fi.lïn heat transfer coefficient for the 

" 'lbe heat transfer fI:œ\ the wall of the insulatiD:} material to 

the a&roient air can be considered as a free oonvection heat transfet" on a 

.~ cyl.inder. Many experimental investigations have been comucted to 

deteIln1ne the heat transfer fran varioos surfaces te f1uids ~ free­

oonvection. 'lbe data are usually carrelated by an equation of the fom 

..•••••••••••••••.•• • (34) 

wheœ the s3baaript f indicates that the pJ:Qperties in the dimensionless 

g'l:ClJpS are EMIluat.ed at the mean film tenp!rat:ure 

\ 

..... 



(j 

( 

= T + T* 
00 w 

2 

(35) 

Mch:laœ
22 

bas sœma:d.ze:i available experilœntal data for f:ree convection 
.' 

fran vertical cyl.inders, an:i recxmnended values of C and m to he used with 

~tioo (34) (Table TI ) 

TABLE II 

<mSTANrS pœ USE wrm EWATICN (34) Fœ. FJŒE 

Grf x Prf 

0.59 1/4 

O.D 1/3 

_ In equation (34), hOl) is ~ film heat transfer CDtfficient on 

the srbient aide where Pr and Gr axe the Prardtl am Grashof rnmilers 

respectively, which: are 118IVl11y defined as follows : 

, ' 

~ - - -- -----. 

22 
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( , 

c ~ (36) 
Pr P •••••••••••••••• III ••••••• 

= 
k

f 

g S :1 
P 

L
3 

Gr = 1. ( T* - T ) ............ (37) 
~2. w 00 

'ltJe constant B in equatian (37) is so-called voluœ expansion df the 

~ture coefficient an:i defined as 

Poo - p (38) 

p( T - T ... ) 

Tœ heat loss te the surrourxii.D;Js in the radial. direction, therefore, can 

be estimated sinee two l..1l'lkncw.n parêllleterS ho anJ. hO!> have a.lready been 

spclfied . 

* '1be heat loss in the axial. cü.rection . 

~tial (30) is OIÙy expected ta yield an accurate result in 

estimat:i.nq the heat 1088 te the surrourxtin;Js when the lerqth of reactar is 

relatively la.l:ge, i.e. the l:lll.k of the heat flow will be ~ the walls 

:in a radial clirettion. Far the sake of s:inplicity, it is neœssary te 

a8SŒ1! that the heat fl.ow fran the tep plate an:i the bottan of the reactor 

:in an axial dil:ection is identical. an:l proport:i.onal. te the heat ~ 

in the radial directial t:hrc:u3h the fol..ladnq relationship 

a!.rr. a"la= + d'aurr • alaurr+ [~] ........ (39) 

-
.-

23 
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where 21T~ am 1T~ are the heat transfer area of the system in radial and 

axial direction r~specti:vruy. The heat loss ta the s~ in bath 
f ' 

radial and axial directions, therefore beccrres : 

o!un- + O~ = o!un- ( l + ~/L) ... ...... ......... (40) 

The heat loss in radial. am axial directi.ans per unit volœe of fecDenta­

tien brOth CM be est:iIrate;:l as foll.a.is : 

24 

:= 
21fL(l + ~/L) (,T - Taab ) (41) 

VL lIroho + ln(r1/ra)!kOl + ln(r~rl)!k12+ lIr~ 

• Tœ heat sink 

'lbere was a heat loss to the SI.lI'I'C1lJ'lds thralqh the steel 

fetn.eltor hM:3. ~ which coo.ld be cansidered as a heat si.nk. '!'he 

stainless steel fementor head .iJx:1udes the baffles, 1:heInaneter 'Weil, 

:inptlJer shaft, am sanpl...i.n:1 tube. These act as heat cc::muctin;J elanents 

oanœcted with the heëK1 plate an:i the fennentor calSOle which maJœ the 

estimation of the heat 10st very difficult. The eval.uaticn of the heat 

loas to the surrc::A.niirçs can only be determined exper:iIœntally. fboIeVer, 

~ te equatials (16) te (41) the heat loes to the surra.1I1d:LIçs 

dces net change çreciably during the course of fetn:mtatial 

eval t:Œu3h the ~ prcperties of fluid may vary significantly. The 

eval.uat.ial of the heat loss to the surro.:olings before iiloculation C01ld 

safely ba used for the estimate af the heat of femmtation during the culture 

, 
\ 
j , 
" 

" 
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period. It is, of ca.1rse, corrected for the differing tenq;lerature differen::e 

dri ving forces duting experiJIents • 

li-loS. ThE! Oet.eIIni.nation of The Beat Dissipated by 'nle Infeller Shaft 

The sani -thearetical fonrula for pre:iiC'tin;1 the mix.i.n:J ~ 
23 

in);:ut in oon-aerated systems 15 available fran the wcrk of Rushtoo et al 

p .. • . . • • • . • . . • . . • • . • • • • • . • .. (42) 

E:Juation (42) has been devel.oped for fully baffled systems, an::i in tœ 

turtulent regime (~ > 10
4

) where the ~ nunber Np is a constant 

dependent on the particular ~ller ronfiguratian • 

The ~ dissipated by the impeller into the liquid phase of an 

aerated agitated systan cannet be determined fran equation (42) sinl'ly by 

replacin:J Po for p~4 • No universally applicable CXlt'I'elation bas been 

available for p:redict.jJ)g' accurate1y the ~ input of a gas-liqujd system. 

'l1lere are only a limited ~ of arpirica.l correlations for this purpose 

such as tb:lse of aJyama am Erdoh25 , Michel am Miller 26 1 Pharancnd ~ al27 , 

Clark mi Venœulen 28 , am a rec:ent contribJ.t..i.oo of Hassan an:! Robinson 29 . 

i- Correlation of Ohyama am En:loh
25 

.. .................. (43) 
1 

caJ;Qerbank30,3l tPPlie:1 tN.s ~~ ~ and fc:urd the followizJ:J 
... , '{ .y 

relatialship : 

J 

1 

i 

\ 

1 
! 



, 

i 
1 
{ , 
1 , 

\ 
1 

0 

-( 

If NA < 0.035 

If NA > 0.035 

p~ 

--- K "" 2 

• • • • • • • • • • • • • • . • • • • • • • •• (44) 

1 - 12.6 NA •.•..••• ~ .••• 

0.62 - 1.85 NA •..••••.••• 

(45) 

(46) 

The correlations of Ohyama am En3oh~ Calderbank30,31 do mt Wliquely 

characterize the interact.ioo ~ flow rate an:i rotational. speed which 

wa.a po:int:ed eut by Michel am Miller 26 • 

p 
9 

ii- Correlation of Michel arxi Miller26 

- (47) 

In MKSA systan the pr:oparti.a1ality constant C, equals te O. 72 • The 

oorrelat.ia1 of Michel. am Millet: ca.ù.d rot be rel i ably appl..i:ed to large 

sc:al.e equipDent and also failed at ext.reDe values of gas flaT rate. 

Furt:hetnm'e, this correlation does net awear ta be appllœbl.e ta gas 

dipersiaul in aquecus electJ:olyte aolut.icms as pointa:i out by Hassan am 

Rcb.i.nsal
29

• 

ill- Correlatial of Clark and vm:meul.en28 

') '!he power ratio waa given by Clark and Vex:meulen28 as 
i 

• • • • • • • • • • • • • • • • • • • • • • • • • •• (48) 

28 

, 

d 
" 1 



~ ~~ --~-------------
"""'\ 

The correlation of Clark an:i Venneulen 28 appears te have the nœt merit 

siroe the authars usai the iltpel.ler Weber runber an:l the measured gas 

oold-up as a basis for ca.lculatin;J the gassed-to-urx]assed fOWel" ratio . 

However, their methcd of gas spBrg:i1ç was unusual in that a perforated 

plate ooveriIç the entire bottan of the vessel was usa:1 ta distrihlte 

the gas . Equation (48) thus may oot be safely awlied te a one-si.n;le 

orifice sparger systan • 

". 
iv- Col:relatial of PhararcaXl et al

27 

.. 96 (Q/V ) 0°·63 
L 

(49) 

Equation (49) is œly applicable for ( OIV
L 

) 0°·63 < 0.3 ; aIxNe this 

value , P,fP is more or less 0CIlStant at 0.5 te 0.55 . The correlation 

of PhaLsOid !!:. ~ 27 is restrict:ed te correl.at.in] cnly t:he.i..i experilœnta.l 
{ 

data develcpai with six-blade turbine :inp!l]er . 

11- correJ.atian of Hassan am Rcbinson 29 

• 1'" N..~.2S N
A
- O•3S ( 1 ) 

""2 -_ PD Po (50) 

The prqmt.ionality constant c.a'of the oorrelatial of Hassan am Rcbinson
29 

may vary with different tank sizes and the oarrelatiCll is restricted to 

27 



( 

NewtorUan fluids . It also r~s the measu.rement of gas lx>ld-up 

therefare it is oot practica.llyawlicable for fenœntatian experiments 

where the aseptic COIXiitions pose a serious restriction . 

vi-PresentStmy 

, 
* The Principle of Stra:i.n-Gau1e I?yMranet.er 

!>bst of the aforanenticned correlations are not expected ta 

yield satisfactorily accurate est.ilnates of the heat dissipated by the . 

inpeller shaft duri.n3 the course of a fez:mentation prooess because the 

cban;Jes of fluids prq;lerti.es can alter the power drawn inta the fez:men­

tation broth am the deviAtion of geaœtry of the fetmentor may have seme 

affects 'On the heat of ~ • 

28 

In this study, a znixin;l power measurement baSEd CIl a strain gau;Je 

device wu ~loyed ta measure the torque of the :inp!ller shaft. Four 

i.dentical st:rain-gauge were connecta:i as slDm in Fig. II. 4 . Eac:h gauge 

is exposed ta a l.oD:Jit1xii.nal stress, cr , result.in;J in a strain tE • It is 

re!dily shcM1 that the value of the poten.tial, de, generated œt:ween the 

t:exminals of the bri.&;e is32 

de .. (51) 

v, • Electric potenti.al applied 

K .. Gau;Je factor s 
1 

The magnitude of the sbaft shear strain, y/2, is ~ of .loD;itlXi:i.nal 

..... 

, 
1 

l 



o 

( 

Figure II. 3 Principle of Strain Gauge Dynananeter for MeasuriIç the 

Torque of InPùler Shaft 
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Figure II. 4 strain Gauge DynaIrrmeter Arrangement 
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ani transverse strai.ns in the rot:Ati.n3' shaft, oIE ard -aImE, respectively. 

a 
y/2 :II a/E - (-a!m.E) :II -( 1 + l/m ) (52) 

E 

In atàer ta measure the torqUe of a r6tati.rq shaft, the qau;es are nOmted 

CIl the shaft at a 450 àDJle to the axis ( Fig. II. 4 ). '1'he an;rl.e of 45° is 

selected becallse the shear~ strain, e:, is max:inun at this plane . 
, 

The value of e: in (51) can be substituted by y/2 for the specifie 

arraDJanent of ~au:Jes en tœ shaft. NaIœly, 

.. V, Ks ( y/2 ) • . . . . • • • •• .•• • • • •••••• • • •• (53) 

where 

E_- Y~'s~ 

m - Reciprocal. of Poisson' s ratio 

For a shaft twisted by an in{œa1 torque, the an:]lê of twist , is prcpor­

ticmal ta the ~ x of the croas-aection fran the f:lJc8i-erd am hence 

df/dx is a ~. 'l'hùl oonstant Iepreaeats the m;le of ~ par unit 

leD;rth Of ~ shaft ~ will bEl calla:1 e 

y .. r- .. ra • • •• ••• ••• • •••••• •• • .• (54) 
dx 

, 'Da maxiDun at:I:e88 o;ccurs ~ the outer aurfaoe of tl1e ~ wheté r • _ dc/2. 
1b!refore, , 

>. 
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, 

• 

u 

............................. (55) 

The total nœetnt M about the axis of the shaft 18 the SUIIII2lt.iœ, talœn 

over the entire c:rœs-sectiœal area of these nanenqs on the imiviàual 

elEments, i. e., : 

• 

- Gal p 

'If -32 

, ' 

.••••••.•.••• (56) 

.................... (5Q:» 

•••••••••• (57) 

l is the polar mœrxt of inért:ia of' tbe-....I ...... section. Fmll (56) an::l (57)' P , ".o.,y." 
, ' -' ' 

results 

e .N 32 M 
(58) ---:--- - ........••.....•.. 

G Ip • TI" ( d- - d") G o i 
• F 

.Qr 

2 Ymax;d • ~2 H (59) . ..........•....•. , 0 1 TI" (' ~- - d" )G o i 

,----

• 
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() 

y. .. 
max 

Fran (~) éDl (60) yields 

16 M 

'Ir ( dit - d~ )G o 1. 

y. 
v: K max 

1 s de ... v: K 
1 S 

... 
2 

/ / 

\~ 

'Ir ( d~ - di )G 

Nlen the value of t6r:que is cbtainèd, the ~ COllSI.l1pt.ian can be 

calculat.ed by ~ f~ ralation : 

M 1.1) SIl 21T N M 

(60) 

(61) 

(62) 

Baaed CIl the exper~ data as wall as the wark of ~ 

ml P'..D3oh25, Michel am Muler26, Clark and Venneul..en28 , am Hassan am 

ICbinsœ29 , the foll.cIIriD; car:relat..ial is prc:p:ad lBre te carrel.ate the 

m:i.x:lJç pcME ratio : 

... ,. ............... . 

'bI. ~t:aaU <:i, ur, azd rt are ta ha detemi_ axperi..m:ally by 

~ tbe mivi"l 'PaIIB.' iqQt ml t:be tiwdcal (OtOfî*Ltiaa of the 
• 0 " 

(63) 
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n-1.6 'lbe'DeteI:mination of the Heat Raroval by the J\ction of 

'l.'EJtperature Cœtroller 

Durirç the isotheonal fementation process, the ancunt of hea.t 

Il!IOVed fran the fenœntor can be evaluated by measuring the cooling water 

inlet and outlet terperatures and its flCM-rate through two hollow baffles 

inside the bio-reactar. However, in benc:h scala fenœntors, it il;> very 

difficult te control an exact anount of water fla", rate required for 

cooling. Furthe.uccre, it is not practical te record the fJ.ow rate ot' ... 
cool..im 'NB ter continucusl y • 

In this stlXiy, t:b:! fenœntation broth was overcooled by a gi ven 

CXl'lstant cooling water flow rate. '!he excess heat re!1OVed frc:m the fez:m;mtor 

is then rnade-up by the action of an ininersion e1ectrical heater. '!he 

te:nperature of the fennentation broth is measured by a t:heI:Ito:x>uple and 

cc:upared wi th the set-point terperature of an e1ectrical proportional 

controu&. The difference bebem these two signaIs is used te a::ntrol 

the pIOgzdililable direct current (de) ~ supply which activates the 

imœrsial heater at the proper power level. 'lbe rate of heat rem:M!!d fran 

~ feœentor, therefoœ, cao be evaluated as the difference be~ the 

rate of heat transfer fl:an the fennentati.al broth to the ooollng water 

baffles and the ~ting heat produced by the imœrsiœ œater(Fig. II.S) • 

foJ.l.aws 

Mathematic1!l 11 Y , the rate of heat rem:wal. can be expressed as 

o .. 
cal 

u~ KQ 
i 2 c ( T - Tc) - 0.8604 V

2
I/VL.... (64) 

VT (BQ +1) 
.... Je 

) 

../ 

f 
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Figure II.5 A 'l'EIq;lerature o:ntrol System for Measuring the 

Beat of Fennentation 

HI ,.. Beat tndicator 

PI 

FM ,.. Flow Meter 

'K: 

H .. nrmersial Beater 
1 

PPS SI Pl:ogtamœble Power S\Wly 

B:V = Band Cl:lntrol valve 

Of -Q::lOUnq Wster 

." .. ' 



() 

ft • • • 
: 1 .. . · : , .. l 

; 
i 

.. ~ It 

1-, ~ 
il z ~ 

~ ~ 
~ 

~ 1 .. 
" 

'(os 
4 ~ 

J. 

( ) 

1" 

Ô 
1 

lit 
0 
1 • 
Il .. 

/t • a .. .-.. • : • .. 

• 1 
IL-, .. .. • 

., 
• .. .. • ii -~ 

38 

'i 
1 

! 

.... 



() 

1 

1 
f 
r 

! 
1 

(1 

. • • . • • • • . • • • • • . •. (65) 

'lbe firet tenn in equation (64) refers te the rate of heat transfer œtween 

the perfectly mi.xe:i reactar fiuid am the metal walls of tœ aJOl.iIç 

surfaces. This enetgy exchan;Je tel:m was firstly devel.opei by Amur:dscn am , 
co-worJœrs

33 
arxi bas been used extensively for rn3e1ljDiJ the dyniInic 

behavior of the CSTR' s 34,35, 36 • The sea:ni teDn in equat.ial (64) 

descr:ibes the ~ beat prodllcej by the .imœrsion hea.ter. This 

heat teIm is cbv'1cusl.y the product of the voltage (V) am current (1) 

c:rossiIç the resistarx::e of the inmersion heater wbere 0.8604 is the c0n­

version factor which converts the ~ti.n; heat teI:m fran W;R. te 

kcal/t.h 

* Pmcess !!pe]; $ and control.ler Tuning 

1. Transient Enez:gy Bal.aœe 

An energy balance far the perfectly mixed vessel gives 

Equation (66) deac:ribes the transient enexgy balance for the system 

before i.nocul.atia1 where the heat of fetment:atial is equal to zero • 

b average CXlOl.ant tarpe:r:ature Tw am the inl.et cxxù.ant tan­

parature Tc are rel.ated by : 

39 

r 



o 

( ) 

Where 

a .. 

(a,!0C)T + TC 

(a/OC) + l 

• • • • • • • • . • • • • • • • . • • • . . • • • • • (67) 

........................... (68) 

SUbstitutin;r (67) am (68) into (66) yields : 

or 

Ui'"2 ~ (Tc..J!') •• (69) 

Cl+Q c 

.................. (70) 

K .. . ............. -- ........... . (71) 

7""<1 

'l'he rearraD;laœnt of equat:iœ (70) qives : 

(
O-A... K 0] or z--z -C •• (72) 

l+~ c 
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'lbe time constant t of the proœss, therefore, depenjs an the ooo.lJ.D3' 

'Water flow rate 

= 

'lbe i.rx:rEmental m:ldel. far equation (72) bea:mes : 

[rii] [Ul~ + U~ K Oc ] ... r.M.C . - + T 
~lP~dt l+~ 

c 

U A.. T _ [ Ul~ + Uf2 K Oc ] T' + [ 
rl. amb 1 + K ° c 

Or 

EJM.C • [~ ] 
J. ~ Pl..[ dt ] [ 

Ul~ + Urft4Jc ] '" + T ,.. 

l + K ° c 

Ul~ ( Tarrj) - T ) + ( Ufa2 K Oc } T - T ) 
1+ K Q c . c 

- -,.. 0 +0 +0.+ 
-pss -pas cç~ 

Uf2 K Oc 

l + K ° c 

- ..... 
~s + ~s + °agi + 

. . . . . . • . . • • • . . . . • •• (75) 

-....., -,.. 
Nlere T is the steady sta..te t:alperature (T· T + T , ~B· ~ + ~) 

MJreaver , it is cbaerveà t.bat : 

•••••••••• • (76) 
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Fquatial (75) therefare becanes : 

or 

riMiCpi 

U-f2 K Oc 
Ul~ + 

l+KO 

T = 

K -a 

-
~ 

c 

-

-

1 

Ui'-2 K Oc J T 
l+KO c 

Ci •••••••• (n) 
-pes 

-- ~ dr .... (78) --ar-- + T • 
Ut K ° U ~ + 2 c 

l 1 + K ° c 

. . . • • . . • . • • . . . • • • • • • . . • • . . • • • (79) 

.......................... (80) 

............. . , ........... . (81) 

• 

......................... (82) " 

't'. + 1 

... 

42 

." 1 



o 

() 

The transfer functial of the incrEIœntal energy equation 

desc:ribes first arder behavior • 

2. ContIoller 'l'!.Jni.D;J am Stability 

A block diagram of the system ( Fig.II.6 ) is presentai to 

assist in the study of the CXXltrolliw • Fmn the block diagram 1 the 

fol..lc:MiD;J relatiaJsh.ips carl be derivei : 

e '" 

T .. 
T S + l 

Fran (83) and (84) the fol.J.owiD;J is obta.ine:i : 

(83) 

(84) 

~~~Ka( 1 
1:8 + 1 ) 

• • • • • • • • • • • • • • •• (85) -

* "C -
* KQ-

1 + ~ ~ ~ Ka( l ~ 
ts + 1 

• • • • • • •• •• (86) 

r*s + l 

"C " ...................... . (87) 

1 +YH« 

........••.............. (88) 



o 

() J 

• 

Figure II. 6 'lbe BlocJc Diagram for the 'l'eJttlerature Ccntrol 

system 

44 

f: 

1 



(j 

1 
)C~ 

, 

1 

, ... 
( ,-. 
-l ~ .. • l.. • el , 

~ 

( "1-al 1 

~ 

1 

;t~ 
...... 1 ,....-

-<, 
~ 

"l 

~ 

'" 



, 

1 
-" 
i 

1 

\~ 
1 

u 
The behavior of the closed loop system is ana Jogo.lS ta the q:en 

loop system, the system is always stable reqanlless the value of ~ • 'lm 
• ?fi 

gain of the oontroller sbJuld, hat.'eY'er, be tuned at" the max:inun value in 

c:mler ta raiuœ the offset which is the lliference bet:ween the set point 

am the steady S'tate catt:rolled value " 

( 

The elemental bal.aœe equatial for an aerabic fementatial ptCCeS8 

is: 

CH On + a mL + b O
2 

- œ 0 N .Ash + ai 0 Nt + H20 + (l-y-z)C02" • (89) -ln JI. ---:J Y P n q z r s c 
(Bianass) (PI:oduct) 

• 
Up)n ~tial of the law of mass cœservatial, the baJ.ancin} of both 

parts of equatial (89) with respect to N, H, an:! 0 resuJ.ts in 

.. 

y-4+m-2t s 

Yb. 4 + p - 2n - 3q 

y. • 4 +' r - 2a - 3t 
P 

••••.••••••••••••••••••••••••• (90) 

•••••••••••••••••••••••••••••• (91) 
~ 

•••••••••••••••••••••••••••••• (92) 

•••••••••••••••••••••••••••••• (93) 

-
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tœ re:iucin; ~ of substrats, bianass, am ~uèts ~vely. The 

element:al ba.l.aIx:e equatiDns of the ccrnI:nst:i.cn of substrate, bianass, am 

pmclu::t are t.hus ~vely exp:ressed as fol.l.cMs 

• Cl\n0t + (4-+m-2i) 1/4 02 - 002 + m/2 ~O o •••• 000. • •• (94) 

(SUbstrate) 

* CHpOnNq0Ash + (4 +p - 2n - 3q)l/4 02-C02 + l/2(p i-3:l)H.P + ~(95) 

(Bianass) 

• œrOsNt + (4 + r -2s - 3t )1/4 02 -+ C02 + 1/2(r -3t)H20 + ~ (96) 

(Prcxluct) 

'. 
The c::anblstion heats of substrats, bianass, am product per l gram-

equivalent of 02 are deooted as 0os' 0ob' an:l 00p respectively. Fran 

e:pltions (89) to (96), the heat of ccrnI:nst:i.cn per gram-atan carbon equal 

Y Q ,Yb0.-,' am y 0 respecti.vely. The heat of cc:ml:ustion per gram of s os \.&J P cp 

substrate, biatass, am product then becc:mes respecti.vely : 

Os • (a/12)y& Cbs 
~ .. (a/12) YbOàJ 

~ • (afU)YpOop 

•••••••••••••••••••••••••••••••• (97) 

.•••.••••••••••••••••••••••••..• (98) 

..•••••••••••••••••••••••••••..• (99) 

\ where a, al' a2 ue._~ weight part of C8l.ixn in substrate, dried bianus 

am proD::t respective1y • 

. ' FIon the abOve equations" it follows that the yieJ.ds of biatass -
and pmduct par œc.ygen oonsuœd oll we.i9ht bas~s a.nt : 

. ~ .. 

/ 

.. 
• 
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r C); 

• 

y = 
"!O 

12 l , ,( 3 ) 
~ 2 b 0"1 

l •••• (100) 
32 b 0"1 Y - z y s p _ y 

Yb 

Ypo .. 12 l C!aJ z .. 
32 b 0"2 Ys - zYE - Y 

. ...... 

Yb 

Equat.ials (89) te (101) describe a fairly wide range of micrcbial 

culture behaviar. In iJWstrial bianass production ally a very SDall 
. . . 

(lOl) 

fOl'llVltion of oxganic products is desirable (less than 1-3%) • tkXIer such . 
a cœditicn the pmduct: fcmnatial carl he safe1y neg1ected • &}uatia'l (100) 

therefore be<XJDes : 

Y,., • 3 ,[ y ] ......... • •••• • • ; • • •• (102) 

i& 2b al ~:. - y 

Silœ the' ~ of'bianasa ~ l gr2IIt""atan of ~ requiJ:es 

the cmtAIIpt:ion pf 1IY qDID atalll of sub8t:rate cadxXl, the meteboUc haat 

generated Dy eell.s equal.s the diffet'el'a bêolllerl the haata of subatrate 

CXlItIuSt:ion and the· c::orrespcl1d.f ~aaomt of biaMa (haats of hydrat.1.œ 

q,.ve l'Dt been taken !nto Mlcount I$ince t:bey aœ neqUqible' as ~ 

with the· beata of cc::IIŒst;ion). BInee lIIIt:abolic beat generatiœ par _ 

l gmn of dried ~ gxaa,' demtad as ~ is : 
, . () ~ .. 

L 

, , 

,­
,:II 

-

( 
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Since the aacunt of prcduct: taa::DIt:ial ia D8I1lected, i.e., a2 !:II 0 , it 18 

lIb:Mt that a Il al • BcJlatiœ(103) then bec:onee : 

..................... (~04) 

M:inJœYicb ard 1roIIhin12 al.ao ~at:ed that tbe1::e are lX) CQiteciabl.e 
~ 

di" ...... beb.m %s am Od) am fourd that °08 2'.92 Ja::al. (~W 

~ in %a • ft) and 00b • 26.94 kcal. (relative devia.tial in %b is 

3.9') • a:p..t:imIJ (102) am (104) result in : 

" 
•••••• • • • ••• (~OS) 

~ - ~. /:IIl i". • • • • • • • • •• • • • • • • • • • • • • • • • • • • • • •• (106) 

, . 
... lM - YllD.~2 ia the ~ of dri.ed bi;"- lZ'O"'''''' by WbI:kiDJ 

.' 

,49 

. vo:u- ua:1t;gsc' unit tU. anS &:>2 is t:ba rate of CIIq9IIl ..... bytbe micr:o-

cqami-• .aillat:it:ut.iDJ erptiea (lOS) into (106) nIUl1:ll i:n : 

/
- ~ . 

, ' 

t?' 



r , 
1 
1 , 
1 

'0 

~ 

() 

50 

.•••••••.•..••.•• (107) 

Since the deviatial of %s arxl Qob is 4t of tbair l'aDjJe, the ratio 

(%a- Oœ,)/%a varies ;in the rm;re ±'O.08 • ~ to Minlœvich mi 

"Eroahin12 
, the value of {1 ard Yb are fairly ccmstant ( (1 - 0.455, relative 

~ 4.2%, Yb- 4.182, relative àIw1atiœ - 1.8%), theœfore the 

factor 20)'113 equals 1.3; Ixo equals 1.15 whicb am be oonsidered as fairly 

h:igh aI1DÇ values achieYei ;in exper:imental practiœ. Therefore the secxni 

teIm in square bracket:a 1IJIIY vary in the interval %0.12. Equat1an(107) tlJen 

Cfecn - (0.106 ± 0.004 ) 602 ••••••••••••••••• (108) 

............ , .......... . (109) 

.....•............ , ..... (UO) 

Çoc:aIIY. et al 5 , UIJiD1 13 i.n-si.tu d.yœIIIic ca.lar:imatric tec:hn:ique for 

~ ~ the ~ of faxmentatiœ an! tœ axygen :I.Çt:aJœ rate , 

fcuzxl tbe foH.ow.iDg c:m%el.at.iœ: , . . 

...•..•...•.•.••...•... (lll) . . ' 

1 

...., 

1 
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" 'ltIe abave !U]qests a need for furt.her investigation en the subject, SC) 

that the validity of the deri~ semi-theœ:etical equatial can be caxfiImed. 

The existiD;J dicrepanœs ~ the t:heoretiœ.l. relatia1sh.ip mi the 

ex.per:imental correlation obtained by Crxrtsy !!:. alS shcW.d also be expl.aiœd. ' 

'lbe 0Kyqen Uptake Rate (CXJR) was œ1culated by applyiIq the 

fol.J..cMin; equa~ : 

CXJR • 
•• . •••• •..•.•••. (W) 

'1be exit ga.s flow rate Fout is DOt equal. to the inlet qas flow rate due 

to the respiratial activity of the œlls37 and it can be obtained by \:on­
siderin; a material balaD:::e œ the iœrt qas species ill' the :inleb am. exit 

gas streams : 

. .. 
Fran equatia'ls (112) and (U3) it foUcMs that 

••• (114) 



) j 

" , 
. . 

o 

- ---- ----------------

ibm the irolninq air is fully saturated with _ter at the ssœ ~t:ure 
in out as the fecnent:atial btoth, i.e., Pw • Pw ,equatiœ (114) tben beo mes : 

-- ---------. 
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(US) 

'l11e·~tiœ of œ.ygen am œrbon dioxide oould be detetmined 

analytically. ibn the gas flow rate is meesured the CDtygen balaIlCe CIl the 

gas stream can be cxrtpl.eteà • 

... . 

, . .. j 
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<JmPlER III 

* FeIne1tor 

A "Mic.roferm" laboratory fezmentor (New Brunswick, New Jersey) 

wi th a 14-11 ter total capaci ty Pyrex glass vessel was used in this stuiy. 
• 

'Ibis fellœntor has an internal diameter of 22. 2 oent.1meters, am stands 

45.7 centimeters h1gh. Inside are four baffles, tltJo teuperature measure­

Iœnt wells am an extra exteOOed broth sanp1ing tube. Ali internal parts 

of the fexmentor are coostructed of type 316 stainless steel. 'lb! 

53 

~tatial btoth was agi tated ~ tltJo, six blAàed tuJ:bine inpellers, eac::h 

7.4 oentimeters in diaDeter. 'lbe iDpeller shaft was art ven ~ a variable 
• 

1/4 HP direct cun:ent 11DtOr capable of speeds between' 0 am 1000 rpn. The , 

rotational speed of inpel J er shaft was nesured l:.7j an optiœl t.ac:hcQ1".er , 
device ooJ1uected to a digital read-out indicator (Figures m.l arxi III.2) 

The rotational speed was kept constant at 700 rpn during the experiIœnts • 
1 

~ }sration 

A sdlaœtic diagrmn of the fenneJrtor aeraticn arrangement is 

shcMl in Figure III.3. '1he inlet air wu introd1x:eff thl:'oaJh a 0-30 psig 

,pr::essure gau:;e, a ~ rotamet:er no. R-6-15-A, an inlet air fllter, a 

saturatiœ co1œn, and 1t WB then bJIX)led inm the cultœe medilD tlu::ou:3h 

a ai:nqle orifice sparger. 'lbe outlet air was passed t:lu:ou#l a misture 
~. 

J 

1 
j 

! 
1 
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Figure m.l Agitatiœ Deviee ~ for iL4 liter Fementat: 
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Figure m.2 'lM Agitation OeYice and Measuraœnt 
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Figure III. 3 The Aeration ~t 
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oondenser. 'lb! aerat.ial rate wu set at the desired value Dy the pressum 

gauJe an1 the rotameter valve. 'ltIe cal.ibratial of the :rot:aneter was 

acc:rJll?lished thrc:u::Jh the an-liœ instal.latiaJ. of a 1II8t 'best gas IDet.er. 

'1be outl.et air flow 1 alter enterin; the rotameter passed throl1gh the wet 

test gas meter and wu dischaxged te the atllCepheœ. 

'!he calibration procedure cxms1sted of the passage of oonstant 

volUtes of air ~ the :rot:ameter at specified teIlp!rature, pressure 

am time intel:val. Volune flow rate ~ then measured at the pxevai.l..i.nq 

flow cxxditi.ons (pœssure, ~ture) for different r:otanBter sett.:irçs • 

During the fex.mentation studies, tlJe gas flow rate wu (X)J:;Iecœd 

for the mean ccnü.ticms of delivexy air by USln:] the ideal gas equaticm 

of state (Figure III.4) , pnd kept constant at 8.4 1,,1nin . 
.. 

* Air St:J:eam 

Figure III. 3 represents a scheaa.tic diagram of the CXI'lS1::ant 

ta'lp!rature saturation collJlll. The air s1:re!lm "'Z!S sablra.ted with water at 

the 1:e1q)erature of the fetmèntation brOth. by, passinq it t:hl:Ou;h a teape­

rature contmlled 7 liter feJltlentar fill.ed with water. '1'he teIlperature of 

the inlet air st.n!ll!lm ta fexmentor wu ~ by a t:heJ:mistor. '!he total 
,"-

pressure of the inlet air 8~was JDI!IUUJ.'ed usinq U-tube tœrCUt'Y IlIlI1XI1I!ters 

! . 
open te the ai"l1t;œrnDSPl""I8re-. The accuracy of the pressure ~ .'WU 

within ±l JIIIl of mercw:y • 

., 

* Qx>l..!m' 
DIl7:iD:l experinal~ the EDUnt of <XIOliD;I _ter lûsed tlu'Ough the 

\ 
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Figœ:e m.4 
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measured by a rotamatar (the Brooks ~ no. R-6-lS-A). To ~ 

over-<:XX)l.in;1, the loaIpe,qltuœ of fecnentat.ial ,broth was 1lIdnta1ned at the 

~ seb-po!nt value of a CDrt:1Ol1er' by a subIm:sibJ.e heater vith variable 

power !q:Qt, ~lied by a prOgi&liirble ~ supply • 
\ 

,* '~ 'l'e!Ptr!t:u:e 
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An IJ:on-Q:mst:ant t:œi Iii IiiCXNPls with a 304 sta1nlesa lft;eel abaath 
d' '1 • 

wu uaad ta mauure the 1:eq;)eI:ature of the fe1"ll'l8fltat1œ bz:ot:h. 'lbe 
, 

therrion91e jU c:amected with a the" .. "Xq)ls ~ juœtim lItW::h ' 
, , 

, ' 
tepaaanted the t:aIpeiature of feJ:Jpentatiœ brot:h. 'l!Je t;heJ;Jmoouple pz:orided 

the i.qœ 1:0 an lH' {el.ectm-IDtiva fœœ} c:a:MEIt'ter. 'l'ba c:al.ibœtion curva 
l ' . 

.. , ~ \, 

~ tI1e the .. i'c'OCqÙe "m i~ refereoca j\XlCtiœ ia ~ in Fi;ure III.6 • . , 
- ~ - .1 1)0 0' 

1JUriDq the èalibratial the ta!perature of the cu.ltute Jœdiœ "lUI JIiMaaured 
, ... ~~ . ô 

by a digital ttwm"·.tar indi.cat:ar. 'l'be H' c:.aMrtar (IbSel '693A, J!Qd:mo, 
, " 

'Hua.) .. u.t te ~ a de ~'Y01t' signal. fed 1:0 an el.8ct:radc ~ 
'-

ttoller. 'l'be ...uMar_ .... eâl.:Uxated ta' cpera.te within span of 1.6 l1li. '1!1e 
, , " t 

,'JP1n_a aignal ta the CXIIlVCter .. aat far 20 Oc (O. 96 'aI'l) and tba amdJIIJII 

" . ~ .. lIpIt .Ja ~ of ~ 1c~' (2.56}1N) • 

'l'bI ~ el.8ct:radc ~ (Ibdel. 6211, Poxbxo, MUs.) 
v " ' 

". .. 411P~. te lCcn~ the ~~ of b .œlt:ma btoth At 13 daaind 
~ ,'\ , ,1 ' 

~" ~ ~l ~~ ~!l- ~ GÙNeLt. .. ~,b):tl1e set 

point 'val.l& If .the' ~ a!gnai/ u âqœJ. 1:0 the set point; the 
, ~ .' l 't>" 

. • " l "'" 1 • • 
~.- . tXIi1t:ZOl'output"w. ~ ~ UIlt1+ COX1JeCtift act1cln 1& requiœd '. 

"" ~"', '. . , , " . .. ,. ..... 'f"'" .... ~ ~ "'1 

.' ~ , .. jo 

" 'If tbI! "'M"\ImJWlt ~ DOt acpü the- -.t point, the outpJt w.i.l.l nI!p:t.o 
• ~ ~/ , ~ 1 1 ,.. '" i 7 .(} , ~ " ' -
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Figure :m.6 
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1level neœssazy ta make the measurement equal ta the set p:>int. The • 

_ ---6ut:put signal of the controller i5 fx:an 10 te 50 mA de: where the pr:qxlt'-

tional ban;d/can be varied beb/een 5-300 % • 'It1e calihratiarl for the H' 
-~ ~ 

oonverter and the CXl1'ltl:oller are sb.::7.m in Figuœs ru. 7 and ru. ~ . 
\ A pro;Jrartluable power sUf.Ply (fobdel ClI?S 36-BM, Kepcx:> Irx:., Flushinq, 

' .... 

NY) was used te deliver stabillzed voltage te activate an .inmers1Ql 

heater (7.29 a ). The de source voltage of the J?OM!I' in.wly is able to 

deli ver fmn 0 to 288 w ta the liqu:i.ft b:roth • 

'lb ootain a measuraoent of the btoth t.eIq;leratm:e, a t:he:mti.stor , 

circuit was cannected in a WheatstaJe bridge arrangement with the fe:ctentor 
~ 

taIperature a:mtmller thel:mistor as one le<] of the b;ri.dqe ~ IX) • 

The output of the bridqe W8S recorded usirxJ a stamard 10" Hewtlett Packard 
li 

chart reo:mier ta plot the talperature in the fe:l:nantor when the ~ture 

cœ~ wu tlu:neci off. The t.hetmistor circuit devioe was used in 'f:his 

study te evaluate the specifie heat transfer ooefficl.erits Ul~ and U~ • 
. "'}, 

'lbe resultinq ealibAtion curves are alXMl !n FigQtes m.9 am m.10 • 

'lbe brià:Je uaed Il 1.5 V de power supply •. 

* 'flle I! Ccat:J:t)!lar {hi t 
~ , 

A at:aIdaJ:d New ~ Scientif1c' ~ ~ 22) pH CXlI'tt:1'Oller 

mit wu 'U8ed, ir~ t:ba foll.ad.D:J eqaipamt : 
1 

~ Il pH i.niJ.œtor/ocntmller 

- Il pH r8CXEder acdule 

- Il IDgold ~ pH probe ()tXIeJ. 4f5-25-PZ) 
v 

~ ~ ~tal& pJlpI far~acià-bue 'aààiticâs 

~ 0'" 

, 
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'lbe pH <XX1troller wu cal ibmtEd by usiJJq standard t:if 4 and 7 buffer 
.. . 

soluti.aus. Iminq the œlihrat:i.al procedure tœ tarperatuœ of the buffer 

solution used wu taken inte aocount by appropriate1y adj~ the 

talperature-slq:)e aettirç Of the pH oontroller • 'Dle AID arxi~ timar of 
, . /' ' ) 

the CXXltroller were proporti.onately adjusted ~ t:jhe fetmll).tat:ial 
~ l, / 

77 

in omar te obtain a mauured ifi accuracy within :1:0.2 lmits of the set point • 

* '1be ~ Analrzêr unit 

'!he ~ c:mcentration in the exit gas straI!Im ... nali.tored by 

a Taylor Servanax (!tbdel Ql\ 273) ~ oxygen aœlyzer. '!'he aKY9BIl 

analyzer saaple stl:Mm8 of a flow rate bet:ween 0-150 mR.~ have te be dJ:y 

qas mixtures • 'l'he 00lk of the exit qas stream was b}-pIsaed fran the axygen 

analyzer as sOOwn in Figure nI. li . thé inlet gas te be analyzed was dri.ed 
1 

Dy passing it ~ a dl:yinq oolurn ·(6.35 an d.iarater, 28 an l.eIçth) packed 

wi th anhydtous calciun suJ.p\ate. 'l'he exhaust. st:remn fran the analyzer was , . ~ 

~ted to the a.tnœphere via a liIIIl11 rotaneter \ttù.ch maintained the flow 

rate at 150 mltUrin by adjustment ot ~ pirdl valves A ~ B • '!he ze.tO . 
(Nitmgen) gas and :z:oan air \IlIIEIW uaed 1:0 œlitrate the analyzer fmn 0 

, ' 

te 20.9 , • b output fl:an the analyzer W8S fad te ~ reool.'der with a 0 

to 10 rrN full scale range (Bewlett PacJcard, M:ldel '7127A) 

*9 'lbe carbal D:iadde Analyzer unit 

A LIRA RXIel 303 infrared cm:tlon diaxide analyzer (Mine Safety 

, ~~ Q)., Pitt:llb.trq, Penna.), wu -~ te naù.t:or the exit gas , 
8tream CD CXl'lQKltorat.iœ. 'lbe equipœnt wu u,tal1ed in aeries with and 

2 ';, 

l 
1 
j 
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Figure m.u Plow ~t for 0Kygen Analyzer am cat:txx\ Dioxide 
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oxyga1 analyœr witb a. 0 ta 100 milllvolt full aœJ.e rarqe. Before 8IIOh 

fer.lllS'ltatial t'Un, the CD2 analyzer WU cal U".ated with kIiorm mixtures of 
\ 

cm:t:xn d.iaxide and nittcqen (0, 1.lBt, 3.0U, 4 •• 99', and 5.45'). 'nle 

calibration curvea are slxMl in Figures.III .12 and III.13 • 

* A Strain Gals! oXh-nter 

80 

A llD1itiad at:min' g'm]e dynstœwJt:.er wu ~ to mauura the 

t:cr:qua of the rotat:iDq .brpel1er shaft . A ac:hanatic diaqram of this daviœ 

ia abJIcl in Fiqure II. 3. 

'lbe e~caJ. siqnal wu ttansl\i. tted fran the mtatirq ahaft 

via slip rings (Œ-4, .,Itn;Jhom, Texas). The outp.lt; si9Ml;- wu bal.anc:ed 

ard anpllfiad by a signal. cxn:1ition (!tldel BA-4 VishAy, Pa) followad by 

a de ooi.se filter . '!'he reauJ.tm] signal wu then recorded by a strlp· chatt 

~ (Hew1ett Packard, lobdel 7l27A). It liiII!UI slnm that the value of the 

potantial de is pmportia1al to the torque of the inpeller shaft (~t:l.al 

l (6l}). '!'he ~1ibration for the t:o.tqua wu ~ by,nuns of a oord, 

p.ù.ley, and waiqht ~. The resultin;J calibration curves of the 

torclue ~ tbe el.ectrical pot:ential generÀted are 1lluatrated in 

Figures 1I1.14 and III.lS • 
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1. Or:qanisn 
.:; 

ExperimImts \IJate perfoll'l'l8d usinq a mld CA. nigu), a bact:aria 

(B.aoU) 1 am tlu:ae different yasts (C. UpoZytjça~ C.intsrmBdia~ and 
.(r' 

C. un lis) • Both the yeut hydxQcarbœ and cartùJydrate feJ:D8ntatial. 

sysbI!IDiJ weœ invastig'atsi e:xt:snsively sinee t:hey am inplrtant pz:oœsaes 

for the ptOèluct:i.a1 of the single oell protein (SCP) • 

The foJ.l.c:lwinq· table lista the micro-o:rgan.is used in thia 

stmy and their sourcas • 

Table III 

Aspdrgittus nigw l 

Candida. uti. Us m 
Candida. intBm.ala . n 

.;: 

Candida 7,;,po zyti,ca rv 
BsaM.ztichia coti V 

2. 0llt1ira MecUa 

fi 

• SOUrce 

.. , 

carolina Bioloqical SUpply 0). 

Burl.iD;t:al, North caro~ 

M'Cl!: 9950 

A'lœ 20404 

Ma:: $662 
,.t 

~ of Mic.:rcb:iology, 

~ l.iat of the cultma media 1lMd in this 8~ is oonpi 1*1 in 

llA.*dix 1. ~ the ~ U8è ,... xeagant grade exœpt: for the 

'. 
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\ 

o 

o 

f Q2' 

\ 
qlu::ose, sucrose, etharo1, oellOOiose, hexadecane, and n-dodecaœ, which 

were t:echn.ical grade • 

3. IMculun greparation 

'1tIe Jn)cul\ID for each fennentation was pœpared l::ri the foll.owiJx} 

st:andard proœdure. 'lhree 250 ml shake flasks with 50 ml of nadiun were 

.irxx:ulated fl:an a slanj or stock culture stol:ad in the refrigrarator. '1be 

cultures \1IB:t'e al1CMW'l te CJ%OW' fran ten t:o eiqhteen tn.lra • Q1e ml of the 

resultinq œll suspensial wu then used ta inocu.l.a.te six 500 ml shaJœ flasks 

c:xntaininq 160 ml of nediœ each. These flasks were shaken at 250 rpn, at 

25°C. After six te sixteen heurs, when the cultuœs wexe in the ~ 

qrowt:h phase, they leI'e used te ·inocul.ate the 14 liter fementor • 

4. stèrillzation 

. All shaJœ flasks with carbch,ydrate were stesn st.erillzed in an 

autoclave at 10 [:Bi. 'l'his tenperature mi t:ime is net sufficient to 

caranellze the carbch,ydrates • Etharx>l, n-àodeoane, mi hexadecane, whi.ch 

cannet be sterilized by stesm were sterilizeël by maans of. ~ "millipore" filter 

{.,~)txmect:ed with 50 ml sy:rin;e. AU other sterillzation wu àme 

with steI!IIn for 15 minutes at 15 psi. AU m:inerill, salt solutions wexe 

steriJ.i." aepuately in œder to prevent pxecipitatiœ • The 7 litera 

of water were alao steam sterilized at 15 psi for 15 minutes • 

5. Sanflinq fran the fel:ment:or 
., 

'!he device shown in ~ m.l!' wu used to rarcve ssiples 

fmn the 14 liter fennentor • A 12 cm length of 32 Mn pYœx glass ~ 

wu fitted with two JllIItler 6 rubber steppers. Five ml gradat.ioos were 

~ on the ql.us tube to meuure the vol\Jl8 of the AIlPle rataVed • 
, , 
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Figure m .17 'l!le saupling Deviee 
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When IlI!IlDVi.rç a ~le, air fran the water saturatin;r col.l.lm wu 
o 

firet diverted te blow out the Sl'IIpl.iDJ line by cloa:in;J the line te the 

sparqer at (A) am openiB] valves (B) am (C). After cJ.earin] the sq>le 

line, the air wu aqain al.l.cM!d te flow te the spuqer by ~ CA),and 

closinq (Bl. A portion of the fetmentatial brot:h wu then farced inte the 

ool.l.ectin; tube by cloeirç the exit qas Une of the farmantar mi c:::panin;J 

the vent at (0). After closirç (0), the S8l'l1?le was di.schaJ:qe:i by openil'ç 

(E) • 

• 
6. Oensity Measuranent 

The denaity of cell suspensions wu det:el:mined by pipettjn; 50 ,ml 
1 

of ~le into a waiqhai 50 ml Erlemleyer flaak. An electrcI1ic bal.anœ wu 

usee! te weigh the flaaks with am witbJut the culture ~le. ca.re wu taJœn 

to detet:mine the densit.iea at constant ~ture. Density maasurementa 

were made in duplicata far each uq>le • 

7. I?!:y W!1ght ~ti.on 

A 40 ml ~ of cell suspensial wu centrifuqed at 15,000 rpt\ 

far 15 minJtes. The aupematant wu discarded mi the cella wut.i witb. 

25 ml of distllled water. After a aeoxd oentrifuJatiœ, the supcnatant wu 

a;rain discatded, mi the cella ~ in Sml of distllled wa1:a!=' Theee 

astples were plac«l in we.i.qha1 alœ1ini\l1l tare c:l.ishq and put into an aven 

at UOoC • At al'xAlt 18 b:Jun, 'the ~lea ware weiqhai am than returned to ' 

the c:b:yi.rJ] OYen. The NlPlea were weigha:1 aqain in 2 te 4 hcm'a. If their 

, 
i 
• 

1 
<, ! 

1 , 
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weiqht remained oonstant, dryinq wu st.opped. 'lhis prex'91nre wu carriad 

rut lot ~ twice for each det:etminat..ial • 

j 

8. &n'face ~~ 
'!'ha Fisher Surface Tcmaicmat (Modal. 21) WU uae:1 toJmauure the 

surace tanaion of l.iquide. The lUrface ten8iaDat OCZUIiata of a tor8ia1 

wlire balance wi th a diai cal i:brated in dynes par centimeter 1 a weighted . 

platinlJn-iridi\Jtl rio;, a m:N8bl.e table aDi a anaU l'IM!Ir8.ible notar. &n'face 

teosion maaBUrsra'lts .ra made in triplicata for each ~le • 

9. Gl.uooae COnoantratial Detatminatial 

The dat:ez:Jninatial of qlllCX)8e levels J.n the c:ulture broth \188 

based on the mathcd of Fisher Diagnostica Gluoose He:mld..naae (HK), utiliziD;J 

genue : 

Glucoae + lŒP 

'l'ha fint reIICtial. inYolwd ~lat.icn of 9~ by bexcJdnaae (BK) 

&rd NJ!9 ta yiald, qluco.. ~. 'l'hia product ia than axidiza1 by 

qlucclle-~te dehydrog.mue (G-6-PDH) with ocn::auJ.ttant z:eductii::;l of 

+ NN> to NNE. ~ince bath react:iauI are ~y i.rmvaraible, the tot:al 

lJIIDmt of NmI fœ.mad in" the 118CC11d"reactia1, det8l:mi.ned. ~i­

cal1y .. at 340 rift , il a direct lDMwre of 1the qlucoae oonoentratlal. 
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A. MIXING PCH:R INPUr mm 

With the purpose of develq)in; a semi-~cal correlation 

for estimation of the mi.xing EX'WE input in a gassed aqitated system, a 

strain gauge dynam::meter was used te measure the torque of the fennentor 

07 

~er shaft. '!be stirre:! tank geanet:xy and ranges ot operatinq variables 

are qiven in Figure IV.l and Table IV.1 respecti valy. 'l11e physio-cbemical 

p%tIperties of liquid solutions used in this study are given in Table IV.2 • 

'1!le relatialship betwee.n the m.ixing ~ input in gassed or un­

gassed systems and the Ùft'eller tOtatialal speed for saœ Newtonian and 

ncn-Newtonian li.quids wu expe'rimentally establlshed. Fiqures IV. 2 and 

IV.3 éIepict the mixinq paer per unit volume cœ:relatial with. inpeller 

J:Otati.onal. speed. In both caséS, the :impeller power input wu prqortional 

to the ~ of the jnp!ller rotational speed "QVer the entire r~ ot the 

J:Otational speed exam:ined which wu fran 500 te 800 rpn. 'lbe mix:1.nq power 

nU'ltler (Np> wu constant at 6.14 fçr a six-blade turbine iDptlJ er ~ 

tw:bulent œnditions (Figure 1'\1.4) • 

Hhen the mix.inq power ratio (p /p) wu plotted aqainst the 

aeration nuaber (NA)' a non-linear relationshi.p wu àltained (Figure rv.s) . 

Cree. plots of al! the experimental data in the fom of Fiqure rv. 5 shcwed 
-0.38 . 

~t . {PgIP> v~ied wi~ NA . '~O,l;,ijle Newtonian solutions. A similar . . 
correlation alao applles for the non-Newtonian solutions . 

? 
,1, 
" 

1. 

\, 
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, 

Finally, When the tunct:ion (Pcf'1')~·38 WU plDtted aqain8t the 

Weber l1lJd:Iar <Nwe), a ncn-linaIr relat:iawlù.p alIo rMUlted (ligura N.6) • 

'Iba bebaY10r of the ncn-Nwt:aù.an lJ.quidII, ~, wu CIbIervwd ta be 

alightly different w1tb l'eIIpCt to pcNII1' ~ fmn that of Newt:aU.an 

aolut.iaw. 

5 
Ali ~tal data related to lIIix.iDJ p:IWE ~ axe tatulated . 

in AA*Xtix III . 

1 
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Figure N.1 '1hI GeaDetty of 14 liter "Microfelmn 1'6l:mIrt:cr 
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7 . ,-
'1 ~/ 

Stirred Tank Geometry, Ranges of Operat'inq Variables 

.1 and Geometrie Ratios of Impeller 

Internal Diameter of Tank (m) 

Air Sparqer 

* Humber 
* Orifice diameter (m) 

Aeration Rate (ml/sec) x 105 

Baffles 

* Number 
* W /0 B . 

Rotational Speed (rpm) 

Lmpel1er Type : Six Flat-Blade Turbine 

... d/D 

... NI/d 

... LI/cl 

- TI/d 

0.222 

l 
0.002 

2.987-24.234 

4 
0.1 

500-900 

1/3 

0.216 

0.257 

0.0135 

V 
(1 r 
l 
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IJ,gtlielSolutial I?!!I1§ty V!lOCeity 

Oo;Iml, (N.1J/m2) xlOl 

* NaWtalian Fluide 

water 1000 0.89 

MIrtbiu»l 983 0.85 
(10' by voluDa) 

Met:hancl 963.5 0.80 
(25' by voJ.uaa) 

Ethylene GlyQOl 1008 1.72 
(H by w!9ht) 

* Nc:D-Newtc:ln.i 
r1ûIdï 

OC (o.n) 1000 . 
li 

OC (0.6"> 1000- ' 

t 
• 

.. -
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surtaœ 'lW18ial 

(N,Im)xlO3 

~'!... 

72 

58 

46 

( ,). 

55 

68.5 0 

71.5 ,-

~." • '1, 

-, , 
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* V\1M : VbltlDa of qa8 fl.CM' rate par 'VOltIIa of broth 
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IIIXINQ POWIR INPUT 

WATIR and AIR 

[kW/ilia] 

., 
t 

• 
• 
1 

2 

" 

.0 

o 0.732 VVM 

• 0.979 YYM 

" 1.350 ni. 
" '."9 ttvM 

104 

~I+-------+-----~ __ --p---~--~~~----------~ 
<100 100 '00 7QQ 100 fOO 1000 

I,~"LL'. (...-1 

li 

" 



o 

17, 1 

1 hl li., 

)' 

" 

Figure IV. 3 The Mixing Paier Input ve:r:BU,fI the lt)tatùmal Spaed for 

~P'luids 

1. VVM \b1œe of gas par vo1\1118' of broth par minute 

2. OC : ~J.9üluloae 

N.B. pamœter is the aerzd:ion qas flow' rate 
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IIIXING POW.R INPUT 

NON - N.WTONIAN 
L.IQu.laa at 2S-C 

[kW/",:I] 
.L 
YL . .~------4-----~----~----r---~~ 
~ 7+-----~~------~------~--_+--_+~~ 

"L 6+----+---+--+---t---::H---! 
s+-------~-----~----~~_+~~--~ 

3+-------_+-----i-----i~~+-~~~ 

o 

'1 2 
• 0 y y M - CM C 0.4" 

4 0 YYM - .......... 0...7% 

a 0.160 YVM - CMC 0.40 % 

• 1.236 YVM - C MC O .... -le 

o 1.511 VVM - C MC 0.4 " 

400 100 MO 700 100 900 1000, 
lM' ....... IOTATIONAL IPIID 1 r "III 1 

<ir'r 

.lI" 
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'lbe Mixinq Power NImbr for Saœ Nawt:anian Fluids 

at 25 Oc 
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À Il,0erol (40 %) 
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Figure IV. 6 'l11e Mixing Power Correlation for Newtonian am 
~F1uids 

1. Newtonian Fluids 

~ - 0.497 ( 

* Correlation Cbefficient .. 0.985 

2. Ncn-Newt.arian Fluids 

p 

-L - 0.514 
p 

* correlation Coefficient III 0.989 

( 

Q )-().38 

N dJ (
; 3 _)0'18 

d 0L 

cr 
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1 

1 
1 

~~-

N 
po ... 

i( Q )0.38 
P ~ 

0.2 

0.18 

0.18 

0.14 

0.12 

0.11 

0.1 
3 

--

__ ~~ __ 4_'''''' ~.-~-- ---~-.. - -,,- -~, ~ -_- -,.......,.~ A :;e (iQSili me; as a 2& Ob •• 2!_ 

o w.ter 

• methanol (10% i) 
Â .thyl.ne glycol 

(8 % by w.) 

v CMC 0.2 ~o 

o CliC 0.4 0"0 

• CliC O. 87 0"0 

4 el e 8 10 12 18 .100 

N =("2. d3~L) 
w. Ô 
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B. 'mE HEM' rœr 'ID 'IllE SURIOJNDINŒ 

Al~h the feJ::mmtor jar was insulated with 5 cm in thickness of ". 

çolyurethane foam, sans heat losa to the surrourrlings always occured, " 

part.l.cularly t:.hrœgh the head plate. An initial est.:imatial of this heat 

losS tenn was necessaty for the correcti.a1 of the fennentati va heat 

calculatiCl1S. Equations (16) ta (41) oould be used to evaluate the heat 

loss te the surroundings theoretically. fiJwever, these calculations may 

IlOt be qui te accurate sinee sana paraœters in the equations oould IlOt 

be deteIJninej precisely. 'n1e theoretical ltDdel proved that the specifie 

113 

heat transfer coefficient Ul~ was alIrost i.ndependent of the ~ r 
1.11pUt and the physical properties of the fluids studied. In this work, the 

specifie heat transfer coefficient tenn{Ul~) was detemined experimenta}.ly 

by rrea.surirxJ the slcpe of teq:lerature tise versus t.ime at oonstant ar;iitatioo 

and aeration rates ,with the t:ellJerature ccntroller tUl:ned of:1; • 

A Icnown arrount of heat was introduced mto the system through 

a resistance hel1ter in arder to increase the sl.q?e of the t:elrpratm:e 

versus time plot. 'lbe transient heat teJ:m 2:
i
M

i
C
pi 

(dT/dt) values,det:emined 

by this pro::edure, were then plotted as a function of the ~tuœ 

difference driving force (T - T
amb

) yiel.di.nq a straight ~ relationship 

with a slope (:U1A:i) of 0.068 kcal./l.h.oC <Figure IV.7) • 

'Itle value of the heat loss to the surroundinga was ally oorrected 
'\ 

for variation in the tenpe.rature difference driving fœ:œs as enoountered 

during the exper:iment. 'n'le mtbient air t:Eq:lerature, lrJwever, was fairly 

constant am the fluctuations of the heat loss to the surrourdinga were 
~ 

-

, , 
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Pigure 'N.7 'lbe. Det:etmination of the Specifie Beat 'l!ransfer 
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Slcpe .. - Ul~'· - 0.068 kcal/~.h 

Correlation Cceffici ... - 0.891 

4 ~ __________ ~ __ ~ ______ ~ ____________ __ 
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'Ble mixinq power oould De evaluated b'.( usi.n;J &;uatiœ (63). 

HCwever, the qIel"at1nq oonditia18 in t:hi.s study ~ slightly different 

fmn the ideal ~tials m/d =3, B/d" 3). In accotdance with the measured 

hea.t ~, the basic value of ~i -f:_~ - Ul~ ('1 ... Taai)l 0JUl.d be 

deteJ:mined by measurinq the t:BIt*'ature rise in the f~ prior ta 

:itJCCul.atial far a given rate of aqitation and gas flCM rate. SUbMquently, 

the œa.su:ra1-value wu uàed ~ the fementaf.icn for t:hè calculatial 

ofOterm" 

. - .'" 

<, 

,- , 

, -
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TABLE IV.3 

FeImentatial TiJœ 
) 

(Baur) 

0 23.66 30.02 

5 23'23 30.13 

7 . 2).90 30.16 
. ' l' 

23.08 • 8 30.18 

. 9, 23.50 ~0.12 

j 10 23.48 30.08 0 

. , 
o 

. ) 
l, o 

.. . . . 
o • 

.. 

, 
6.36 

6.90 

6.26 

7.10 

6.62 

6.60 

, . 
"\ 

:' ( ~ .. .... 

Qsurr 

(kcal/1.h) 

0.432 . 
0.469 

0.426 

0.483 

0.450 

0.449· 

. . " 

-
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C. 'mE vIE'.tERaNATIœ OF 'l1Œ SPJ!7lt~c BEAT TlWm'ER UEP'J!"lCIENl' ut-2 ma 
cx:x:x,n.x; HCWlf BAF.PIES 

J A simDar ~ tp the metlxXl of evaluation' of heat transfer 
1 • , 

118 

coefficient Ul~ was aqain E!lq;)loyed ta estimate the specifie heat transfer 

coefficient far the ml.l.œ baffles ui'l • Basica1ly the slope of the 

teaq:leLature versus tille curve -was measured while the t:e!rperature ccntroller 

, was tumed off, and agitati.al. and cooling water flcw rates were Jœpt. 

'. 

\\ . . 

cœstant. b he&t tlransfer, rate :fran. the fetmentatial bl:oth to the cooling 

nediun wu œlculated t:hrolJ;Jh the followinq dynanic ~ bal.anœ: 
" 

• 

......••.......•......•.... (1l6) 

• •••••••••• -••••••••••••• , • •• (118) . . 

K • 2 Cc Y U2"2, ................... ' •••••••• III... (119) ... 

. * 
'1be ,resulting valuas of Ui'2 ooefficient are, reportsd in 

". 

Table' lV.4 for ~fera:rt ccol.iIrJ water fl~ rates .' Figure IV. 8 ~ts 
~ !' •• 

a ~ ~ ~ the cooJ4ng f~ rate and the mean • 
• , J .. ~ • * 

!JPeCifie hea~'j~~ ~ficl.ent ut'7. def1ned in EXJuaticn ~llBl 
~ t \ • 

' . 
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rm;,lD:J fraIl l.0520 - l.6039 kcal.Il.h. Oc ,and c:ool.inq fJ.oW rates , ' 
fraIl 11.5326 - 18.5326 ~ 
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(j 
'matE IV.4 

~. ." * water FlCM Pate T-T Uf-2 CT - TC) U-h c 
(l/h) (OC) (kcal/1.h) 0 (kcal/1.h. C) 

! 

13.8147 9.9 12.2754 1.2399 ~ 
1l.48 14.3544 1.2504 

10.70 13.3275 ' 1.2456 
il.51 ' 13.9442 1.2115 

12.15 14.7298 1.2123 

·Mean : 1.2320 

16.1737 10.82 15.3071 1.4147 
: 

12.18 17.4985 1.4367 
1,3.20 18.7064 1.4172 

13.55 19.0304 1.4045 

*Mean : 1.4180 

1l.4558 13.25 13.9811 1.0~52 

14.03 14.9867 1.06~ 
". 

14.28 14.8382 1.0391 
• 13.91 14.3644 1.0477 . 

14.23 14.7343 1.1354 

14.44 15.2040 1.0529 

14.12 ],5.0614 1.0&67 

·Mean : 1.0520 

18.5326 ;; 13.90 22.294 1.6039 
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D. 1BE APPLICABILI'r.l, RELIABILITY, AND ACXlOR1C{ QI' 'Dm EXPERIMENrAL 

TJ!XlmIÇ(]E AND OF DYNAMIC CAt.ORlMEl'RIC 'ŒXmIspE 
6 

'-, 

, , 

'!he averall aœuracy of the eçerimentaJ. technique used in this 

~ ù> -- the ~ of f7 .... _U_ to Ile. - 1.4i, · 
'1his wu det:el:mined by siJra.üating heat of fennentatial ~ the 

int:roduct:ion of a krom aaount of heat !Dto the system via. a subneraible 

elect.riC heater. In arder te define the overaU ao:uracy of the measuring' 
j~. t 

technique, the set .heat input was est:imated by using the overall heat 

balanœ {~tial (7)} and carpare:i ta the ~ value • 

Fran Table IV. S, the discrepancy rm;ed fran 0.12 to -7. 5t of 

the lcncwn heat irIp1t. '!he overal.l. accuracy of the measurinq technique 

wu thus detel:mined te he - 1. 41% • 

A seri~ of s.1milar tests were carrlsi out ta deteImine the 

accuracy of the dynanic caladlletric technique (TâbJ.e IV. 6). 'lbe average 

percent diffeœnoe between the kncMl heat input and the âm::Junt of heat 

detemdned by the dyMm:ic calorimetrie technique was + 2. 20~ ., 

It is evident fran Table IV. 6 that the accuracy of the dynsnic, 

~ technique is satisfact:œ:y 'ally wben the siDulat.ed heat input 

ia high • In each expedlœn.t, the lœIIS\Jœi heat. was smaller t.han the 

lalam heat :in;ot:. '.lbe discxepancy rangad fran 0.21 ta 4.29\ of the actual 

heat input • 

, ' 
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'l'est No. 

l 

2 

3 

4 

, .< 5 

6 

.. ' .' , . 

- , 

TABIZ IV.S 

HQt~ 

(kcal./l.h) 

2.908 

2.908 :. 

2.901 

23.038 8 

23.333 

23.378 

Beat MBasU1:'ed 

(kcal/l.h) 

2.763 

3.ll4 

3.092 

22.827 

23.572 

23.350 

-Il .... 

-. 

Difference fraD 

Heat lS'Ut' (t) 

4.98 

-7.5 

.. 5.95 

0.92 

. -1.02 

0.12 

! 
, 1 

; 

.'----- .. 
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T.MLE IV.6 

'l'est No. HI!at lnPlt Beat Meaaured , Difference fl:au 
, 

Ckcal/l.h) 
~ 

(kcal/l.11) Heat IIJ?9t (,) 

1 3.745 3.632 3.01 

2 ' 5.899 5.464 4~29 

3 " U.921 11.896' , 0.21 

4 12.631 12.230 3.17 
, < 

5 16.734 . 16.679 . 0.33 . 
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E. ' '.mE FLU:'.1'U1a'IŒ CE' 'mE LIgJID BK1lH ~ AR:œD 'ŒE 

cam.çt.I..g> VAUlE 

, l. 

Befdl:e inoculation, the CCJl1?eMatin9 heat produced by the 

imDersioP _ter ranained unchaI1qed (Figure rv,.9) • 

Du'r:iIvJ the fem&ltation the 5lDlnt of extemaJ. heat auwlied 

into the system varied in accordance to the quantity of beat produœd -

Cy m:i.c:robial activity in arder ta ItBintain an isot:het:mal liquid broth 

(Figure IV.lO). It wu abaerved that the oontrolled tertçerature of 

lJqu.id moth never deviated for 1lDre than :t o.lS Oc fran the PL uet 

desirai t:.EIi4:Jerature ('.rible IV. 7) • 

Open det:eJ:mining the oVerau accuracy, rel i ab:i J ity, and 

~licabUity of the met:hcd, it was cmcluied that this teohnique ~ 

De adcpted far the 4esired ~ nadtorinq of the, heat of, 

fe:cDerttation • '\ 

-, 
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TABLE "LV. 7 

'mE 'tI.VIA1'IQf CE' _ o::tl1'1a.iI:.m ~ CE' 

~œ BRam AK:Um '!BE SET POINT . 

~ 
(br) 

0 

2 

4 

6 

8 

10 

12 

. ' 

\ 30~O2 

. 30.16 

30' .. 10 

30.12 

30.17 

30.08 

29.98 

, 

'r- " -------- ------------
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'*Data -.r:e for the grawt:h of c. ut:Uia œ qlQCOll8 ,( '1' • 30 OC) , 
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Figure lV.9 'lbe Bssp:.x1Se of the Beat .Act:ivated by tba Ptog:r:IiIII1Ible 
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'!he variatial of Beat Activat:ed by t#»e Pl:QgramIable 
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F. lmSIO-aD!HtCAL PIŒEkf.LES OF :FEEHNrATICN BrolB 

J", 
\ 

Slnœ the J1!ixinq power ratio CP c/P> was established te be 
(,., . 

depeIdent al the aerat.ion mJlber' and the iJrp!11er Weber n\Jllber, the .. .. 
.l'. 

. density and the surface tension of the fennentat.iœ br:oth were measurid . 
~ 
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periodica1ly tllxoo;OOut the experlments in ar:èer te inpr:ove ~ c:Cn:ect:i.œ . 
, 

for the' agitation eneE9Y inpJ;t'.. Usually, the density of the liquid 
. . 

brDth &es oot d:wY:Je appxeciably far bath ~te ëUXl ~ -
.. n. ' 

, . 
f~ • The 1Nrfa::e tension, therefare, is the. only parameter;whi.ch 

needs te be maasured duri.D;J the fexmentatial. '!he surface tensial of the 
" , . , 

,: .. ~ caltx:nyarate fenœntation broth di.d oot vary significantly 
\ 

durinq the expe:rlment . 'Dlble r.J. 8 p:œsent:s the lil:Ysical prcperties 

of broth for a cultm'e of C. utilis . 
, -

~I 

In the ~ of ~'fmmentations, ~ occured 

several. ~ duriD;J, the experlJœnta • ~ignif:\œnt quantities ~ ~ 
ware, added to the feuilentatian ~ te iDpmve the aeration ~ fl.Qw / 

pat:tar:na. 'lhe iDterfacial.' teœim wu decr:eIIsfnq dur:inq the gmwth of 

~.~ CIl 1:'8~ (Table IV.9) • 
. ,-
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TABtE IV.S 

No. 'l'DDa DenSity surface 'nms.ial - -
(h) (q/l) (dyne/an) ., 

Befote " 'r 
IooCulat.ial 1.06636 32 , 

• 
0 0 1.06634 32 

1 2.41 1.06860 31.5 ? 
<" 

\ 

2 3.15 1.06783 33 

3 4.67 1.06759 ' . \ 33.5 
\ 

5.67 4 1.06839 34.5 

5 6.67 l J06565 36 

6 7.67 1.06734· '. 35 

1 8.84 1.06629 34 
• 

8 9.50 '>- 1.06578 35 

9 10.17' 1.06354 37 

.' 
, . ) 

'D1a argaa1p uaed far th1a expedlœnt wu c. ut.Uia gram ca A m:ixture of 
1 

Gl.ucoIIe mi èeuœno. . 
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TABtI: N.9, 

'rima Ccuraa of the GttMth of Candida Zipo Zytwa 

al lJRUdeeane 
( 

lnt:erfaoial 'rslIicJ:l 

(IbJr) (dyn-an) 

l 40.3 

·12 33.2 

15 27 
• 

18 
I>~'\ 

-:r;.. 

21 18.3 

" 

1 \ , " 

'., 

.' ' 
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'lbe rate of œygen ~, when plotted ag.ainst tiJœ, . 

fol.la.ied the ttend of varlAtia:t in the rate of heat evolutial (Figures 

IV .11 t:hro\J;h IV. 25) • 
. 

When the heat aztl oxygen curves were oarpared with the growt:h 

curves, two different types of 'behavior were :iJxiicated • In the first 

case, the rates of heat ~ and oxygen cœsuned ,drastically declined 

after the culture passed the peak of the expcnential g:rowth phase. In the 
, , 
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secc:n:1 case, the two rate maxima, coincided with the max:inun culture growt:h 

rate, indicated by the inflect.iQn point al the growth curve. Experimenta 
1 

'n'th E. COU~ C. 7,ipoZ.ytica~ and c.! utiUs (Figures IV.IS, IV.IS, and 
1 '. . 

. IV.21) are illustrative of the first case while tOOse with A. niger", . 
C. intermedia(F:igm::es IV.U, IV.13, and IV.14) exarpllfy the second • 

In the case of d1auK1c g%OWth of E. (JoU (Figure IV.16), it 

was cbse:rIIed that the heat and ~ curves exhibit dual max:iJna , the first 
. ' 

peaks occurinq wh(en the preferential glucose ca:ê:lon source wu ~y 

utillzed ml the secc:ni œes cœ:respcnUng ta the end of the resuned . 

l:og 1XUISé • '!he pœsence of lactose was prt:bBbly xesponsible for a ~ 

1ag ~ in <XIlpIrlson with E. (Jou, growilYJ 00 glUlXlSe,œlY'(Figuxe IV.lS). 

'l.be paraeters nmitared during the g:r:cwth of C~ utiUs cÎl a 

mixture of glllCOBe and cellooio8e did Mt' foJ.low _ the expected diauxic 
, -

growtb pattem .' 'lhe heat and oxygen curves bath declined sha1:ply when 

glucose wu depleted by, the growing culture • 'lbe experlJœnt wu executed 
~ 

in dupl.ic:ate (FigureS IV.24 and IV.2S). Celldliose was net utiliUld by 

the C. uti'Lis cglture for its growth • AU thè blaMSS wu apparently 

prodŒ:ed at the eJCpenSe of primary gl1J:X)Se œly • '1his fact is oonf:t.tmad 

--- -
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by CXJJp1I"ing the oell cooœntrations of C. utitis in this ~ ta 

the experiment where 9'locœe was the sole carbc:Il source (Figuœ IV.21) • 
, , 
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'!he resul ting final bianass <XX1CE!Iltratia'l was 14.382 9'/1 for C. uti. Ua f-

grown on 39 q/1 qlwose as the ooly carbon source, while it wu 7.63 g/1 

when 15.5 9'/l CJIlXXl8e was cœbined with 15.5 9'Il cellobioae • In the 

firsf"c~, the ce1l yield is approximate1yequal' to'4S% (q oell/ q glucose) t 

while for C. uti Zis gxown an a medil.lll CXXltai.ninq al: 1. mixture of 

9'la:ose and oel.l.c::i:)!ose,. the cell yield was experlmen~y detemrlned ta be - .' 

48% (9' oe11/9' pt'lmal:y g11.lOOSe) • 

'lbe 'e:xperimental data shawed that, the rate of heat: re~ and 

the rate of oxyçen cœsœpt:ion depend CIl the type of orqanian and substrat:e 

used • 'l1'le h.ighest vo1unetric ,peak rate of heat relea&el;i was 00served te 

be 10.196 kcal/1.h for the grcM:h of E. aoU cultivated on a 1 : 1 nùxture 

of glucœe and lactose • '!he l.cwest peak voluœtric peak rate of heat 

releaaeci for artj culture exmnined wu 2.641 kcal/l.h for A.nig9%' grown al 

9'1~ • HoweYer, when the rate of Mat released was Iepresented as 

kcal/q oell.h , ' the result wu different • The ~ peak rate of heat 

release wu iO.S12 ~q œll.h for the grc.wth of C. utiUs al qlucose • 

. '!he highest peak ~ of heat release was 1.822 kcallq œll.h for E. (JoU 

grcMl- on ql~ only • ounng the yeast-hydroca:d:xln and yeast-carb:Xlyà:rate 

fetmentatiala, the range of variation in the maxiDun rate of heat release - ' 

_wu ~een 0.512 and 1.215 kcal/q oell.h • The maxi1Iun peak' rate of heat 

œlease was higher for the bact:eriAl·culture than for the yeast culture • 

'lbeae values weœ 1.38 and 1.822 keal/q cell.h for E. coti.cp:own on, a 

.... 
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"-1 : 1 mixture of 91\llXlSe aM l.act:œe , and qlUCD!le respect:ively • The 

maxmll1 rata' 'of hea.t releue far the mld cultu1:e wu anal ]er thIIn that 

for the yeast culture. 'lbs value of 0.60 kcal/q oell.h wu cbIened for 

A. ,n1.gsl' gxown an 91~ • In general., the cultures that e:xhibited the 

lù.9hest rate of heat pmduction, in deaceI1dinq ~, weœ : ~, 
1 

yeut, and l'IDld • 
i 

'Dle"maxim.In rate of ~ consœpt:ial by the growiD] c.ultm:e 
... 

used • '11le max:ilIun rate ofaxyqen c::onsœption bY the gtOWing cultuxe ~ , 
- 1 

fmn 4.~~ te 13.32 mb1, °19 cell.h for the growt:h.of C. utiUs al gluc:œe 

and etbanol œspectively • 

'rable N .10 S\JlIMrizes the maxiJDm ~uea of the rate of heat 

œl.ell8e arxl t.Qe rate of oxygen CCI'I81l1'ption for aU micrcidal cul~ . " 
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1 • 

N.B., 'l'he BxpeJ:j:men1;al Data for. c. uWi.s gxown al Gl:UC1?'18 ~ Pr,: 

the' Oynaaic' ~ wœ ~ shoMn ~ t:his 'l'abl.e ~ the bhJ~;'. 
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TABlE IV.10 
~ 

~ VAUlP.S CP nIE RME CF HEM' ~ JIHI) !DIE :HAm CF 

OX!Œ:H CXHUÉD 

" ; 

Organism SUbstrate . Max;iDlD Rate of Beat MDiDlD Rate Qf Qqgen 

Released ClœBu!Et!œ 
(kcal./l.h) CkealIg.h) (JIIIOl /l.~) - (IIIIDI 19~h) 

. 1 
A. mgel' 

A. nigep 

C.' intermedia 

E. coU 

E. coli 

C. Zipolytica 

C. Upolytica 
C. lipolytica 

c. "titis 

C. "tilis 

C. "tU i.s 

C. "titis 

Glu::ose 

cnucose, 
GlUCXlSe 

GlUCXJSe 
GLUCXlSe &. Iact:bse 

GLucose 

n-Dodecane 

Glucose 

Sucrose 

Ethanol 

1. DynaIlic Caladmetxy 

2.641 
3.297 
3.444 

6.925 
10.196 

3.469 
5.598 
7.~87 

7.085 

3.221 

6.923 

7.410 

te __ 

0.60 28.725 6.53 

31.339 
1.125 24 .. 939 8.797 

1.822 48 .... 8 12.7.0 
1.38 83.287 ' 11.255 
0.598 35.973 6.20 

0.888 51 •• 29 8.163 

0.913 60.044 7.322 . 

0.512 64.380 4.359 

0.76'1 31.303 J.453 
~ 

1.442 63.918 13.32 

0.972 51.278 6.727 
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Figure ~.ll Pate of Beat Productial, ~ ~ Rate, and 

Bi.cDna cax:entratlA:xl for ! .. ~ 91afl'l on GlUIXIM 
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Figure IV.U 
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Figure IV. 13 
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" Rate of Heat:' Produc:tion, 0Kyqen Upt.ake Rata, and 

Sima Cax:ctt::rat:Lon ~ ~. '~ grQ.n al Glta)18 
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Figure IV .16 

Gluo:::.e CCn::entration for E. cloU cp:own al. a 1 -- 1 

.. M:.b:t:ure of Gluooae and Iact:ose \ , 
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For practical pm:poses a oorrelatial JJeb..een thie rate of oxygen .. 
~ and the rate of heat prcduct:ion durinq g%tIWth is desirable • 

ibm these t;wo quantities weœ plotted against each other a llnear 
p 

reiationship resulted. 'lbe ~ues of aufo (the ratio bet:ween the rate 

of heat rel ease am the, rate of oxygen consœpt:ion, slightly differ 
" , 

.. 

'lbs lcMst value of âHfo S 0: 0911 kc~l 02 was recorded 

for A. nigtn- 9%OWh on glUCDle while the h1ghest llHfo • 0'.143 Jcca.l./IIIlOl ~ 
1- .... ~. ;. 

WU observed in C. utiUs gIQIIl en al: 1 miJ!:ture of glucose and 
" 

œ 1'âl1oee. '.lbe pz:oport:ional.ty cœst:ant âHfo appears ta be ~t al 

. the type of gxowth substraI:e and the orqanisn used. nù.a ratio , 

lDweYel:, is a1DDat .indaperà!nt of the grcwth rate • The data taken at 
1 ~ 

the end of sème expe:dments exhihited a large deviation, fmn the germal 
1 

trend (Figures N.27 and IV.32) 
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".. 

C.tipo tlltioa Glucose .. 0.104 
". 

C. HpoZ,ytioa n:.oodecaœ 0.112 
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Figure IV.31 'nie Rate of ~ ~ versus the Clxy9a1 Uptake Ra~ 
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'lbs tpt:al heat reo}easei and the toW axygen oa:umœd during 

a batch cp:o.rt:h period wu found for imividual ~tures by int.egrating' 

the curve a1DGl .in !'iqu.xe IV.11 througJ1 Figure IV. 24 usinq Sinpaœl' 8 rule. . . 
, ' ;:r 

'lbe results are expresaed .in Table rv .12 as kcal/l and lUŒ)1 0t'l of 

fexmantat.i.a1 brot:h • 

'n1e total heat ml_seri, and total axygen ClCIlS\JœCi for fWdro­

eax1xn and etharIo1 fmment:ations are 1lIlà1 higher .in cxuparison wi'th thoae 

for o:mventional caxbohyt3.rate fetsnentations • 'lhis behavior woul.d oe1!'tAinly 

be upect:ed as indicated in Table I. It is also iqxn:tant te note thât 

hiqher heat releue and oxygen ~ were obeerved for ~ 

(glucœe) fm:lœnta.tial with, respect: te di.saccharièe (sucrcae) feDœntatia'l 

for the sama~. In general., values of the heat releaeed are in the 
, , 

foll.owinq daacerXiinq œdar of subatrates : hyàJ:ocarbcrls, alool'.ols, 

~, and cU.aaccharides • "-
1 

ltlen a plot of the total oxygen 0CI'UI1.m!d versus the total. heat , , 

pmduced wu ~ (Figure IV.43), a straight lina with a slope of ' 

(}.lll :1: 0.02 lccal~ O2 wu fitted ta tbe axparimantal data by the 

least aqua:œs method .-

• 

-

208 



-

() 

, 

~-~~-- --~-~~---------... 

---------~ 

. " 

Fiquw 'N.43 'l'be 'lbte1 Heat.! Rel.eafJèd versus the Tot:al 

0Kygan o:ruuned 

, l 

/ 

AHfo • O.lll :1: 0.02 (~02) 

• 3.47 :t 0.62 ~9 02) 

tf • l'CDBltAtJ.Qr 'l'iœ ' 

~ . 
/ 
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" TABIB IV. 12 j 

'1'C7mL BEAT RI!U'ASED VEBSUS 'lUlM. ~ <XIBHD 

-î 
'---'" 

Kicro-oigamaœ SUbstrate 

* A.niger Gluoose 

~ A. niger Glucose 

C.i~termedia Glucose 

E.aoli 'Glucose 

E.ooU Glucose 

& Lactose 

C.lipo'tyti.ca, Glucose 

C.Upotyti.ca n--Dodecane 
" 

C.Upotytica .~ 

* C.utilis Gluoose 

C.utiZis Glucose 

C.utilis SUcrose 
, 

C.utiUs EthaD:>1 

C.utilis G1~ 

& Cellobioee 

* Dynamic calor.imetry 

Total. Beat 

.' (kcaljl.) 

17.125 

15.085 
21.442 

14.073 

33.063 

20.521 

43.758 . 
55.7U 

37.087 

38.530 

24.931 
40.554 

31,.:791 

L 

~)* _-- .. - *'tl' .... ~~ ... --_'!..- -....... - ,» nt" _h ! t' ,.brU • 

Total 0K}Igen 

~l) 

191.171 

-::.. 167.296 
192.320 

lOS. 871 

-,217.981 

213.956 

376.035 

423.654 : 

397.304 

390.764 

254;024 
395~,279 

217.856 

. ' 

~ 

• .~ 
(kcal/mIDle) 

0.090 

0.092 

O.lll 
0.133 

0.119 " ;; 

0.096 ' l 

0.U6 '" 
0.131 

0.093 
, 

0.097 
,.;J 

0.098 
0.103 f -

0.146 

" ,~ 

'\ 
~ 

----, 
\.......--
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, " 

Saœ inp:u:tant fermentation paraœters used for the eocrx:mic 
~ ~....... ~I 

assesanent of bian2lss ~ ~ a;-e the ax.ygen. requiranent par 
, ~ ~ 

gram of d%y cells (.680 ) , the 'thm:mal yield (ôH~) , i.e.' the heat evolved 
, 2. , c 
per gram-cella <Xl dxy weight basa, and the œU yield de:fined as the 

~ , 
.. 1 ;" 

weight of cell mus produœd per we.ight of ~t:e CDlS\IDed (yx/s) • 

.. '1be ~tal<.'!=esults ~ted that Mio is œlatively 
2 

iMepeOOent of the type of 111icro-oJ:qanism ~ Pœ: ~te {gluoose} , 

fennenta~, thi!r rat:ioc~ f:ran 0.86' ta 1.17° 9 0;lg cell • In 

general, this ratio follaws 'the ,desc::eMing order :, baC,teria, yeast, mold • 

,1!1e ëII!DlIlt ofax.ygen ~ Pm: gmn of cells Wu oonfixmed to be 

: ~t <XI: the ~ of! ~te ~ • While :'AHa
2 

was L17"~ 9 o-/g cell 

" for the cp:owth of c: U:pçZyt'Ï<!a. al glUéDJe, it _, experlrientally dete1::mined 
, ., 

ta bè 1.44 ml 1.80 9 .o~g ~œll wherLthis œganism was gmwn en hexadecane 

and n-d:;Jdeœne respectiVeJ.y, 'lbe highest value, 2.25~' g o:/g oeU, was 
• _ • ~ r ~ t. 

~ for c. utiUs g:r::own,en etbarx:>l while t:ne l.c::Jwest. Value, 0.62' 

9 0lg œU, was estab~ for ~,~ ol C. "utiZia al' ~ • 

, 'lhe_t:hemIal yieJ.às for C. intsrmedia., C. Zipo7.1Itica., and C. uti1.i8 

g:r:awn al glucœe were experimentally deteanined ta be 3.53, 3.52, and 2.68 

kcal./g cell respect:ivel.y. '!he t:het:maJ. yields for C. 1.ipo1.ytioa g:rc:Ml èo ' . \ 

h8xadecar)e and n-dodecane were established ta be 5.92 and 6.55 kca]/g cell 

respect:ively. 'lbe tbemal yield for the DDld culture is lower than that 

for the yeaat mi bact:erial cultures oxidizing the same ~te. ,'lha 

rel 

o 
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value ,of Mlfe for A. nigsl' q.mwn al qlucœe rarlged fl:an 2.75 to 2.87, 

kcal/g œll . 'lbe t:he1::mal yield for the gl:CWth of E. aoli on glucosé wu 

3.62 kcal/g oeil and was hi9her (4.37 kcal/g cell) when this orgzmia 

wu gl:ONn.al al: l mixtuœ of gluoose and l.actoee • 'lbe the1::mal yield 
~ 

Alife of C. uti.Us 9%DWn al a mi.xt:uJ:e of glucose and cel'à:i:tcee wu alao 

'214 

found te he highar than that of C. utiUs q.rown aü,yon gl1XXJSe under 

~ enviraIlen~ ~tiœs'~ In this case, the value of ~tc for 

the CCIlb.ined subettate was experllœntal.ly detel:mined 'te he 4.17 kcal/g cell. 

'lbe loM!st value of Mlfo ' 1.92 kcal/q œU, was 00aeIved ~ 

C. uti Us qx:orm 00 suc:rose \oiû.le the highest value, 7.23 Jccal/q cell, ". 

establ.ished for c. uti\ "la q.mwn al et.ha'ool as a source of caxtxn • ~\\ ' 

~ 

'lbe highest -Value of Yx/s 6 1.15, was detexmi:ned for the gmwth 

of C. UpoZ.ytica 00 hexadeC"ane 'Iihile the l.c:IWest 'cell yield, 0.14, wu 

à:Iserved for A. nigezo g::I:CMl on glucose. As expect:ed, the yeast~ 
, , , 

caihi.nat::iaJs produce higher cell y!eid than yeast~te fexmantatial • 

AU the ~ ooefficients wre dependent 00 the 

subetrate used êUXl were- œlAt:iYely ~t-of the type of ~ 

(Tablé IV.13) 
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T1\BŒ 'IV.13 

'lHB YIJ!U) o:t!H'lCmfrs OF SEImŒD MlaœIAL cwrœBS . , . 

, " , 
0 

, , 
Mtcm-organj.sn· S\:bstrate AHfc '~ 

2 

.' Otèal./q cel1) (q cyq ce1l) 

\ 
* A. nigez; GllXX)Se 2.76 . 0.98" 

A. nlgezt Glucose 2.74\" 0.97: ,-
C. intemedia Gluoose :' 3~53' 1.01~ 

E. "coti Glucose 3.61' 0.81' 
"" • 

E. coti Gluccse , Lactose 4.36~ 
. , 

1.17 

" c. UpoZytica Glucose 3.51~· 1.17~ 

C. 'tipo'tyUca. n-In3ecane 6.55~ 1 .. 80' 

c. Upotll#ca Hexmecalle '5.92' " 1 .. 44.~ 

C. "Ulis Glucose 
. 2.68'" . . O.86~ 

~" 

C. utitia SUcrose 1.92( 0.62t 

C. utiZia BI:J:1afDl - 7.22! 2.54 .. 

C; "tit..~8 Gluccse &;-Ce] ]drloAe 4.16' O.91~~ 
,0 

~. 
, 

*~c~ 

, '& • 

.~ : 

( 

, ' 

,: 
~ 

YX;s 

(q'CeuI9 ahiu!Sœ) .. ~~ , 

Opl7 
0.14. 

0.18 ~ 
0.16 

0.23 
" . 

0.32 
0.80 
1.15 "~ 

0.45 

'0:39 :.;. 

a. 26 .. 
0.47 

" .. r=' 

..: 

@j, 

.;~~~ ,. ... 

" , 

'l 
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K. ESCBERIOHIA COLI GION eN A DEFlNI!D MEDItM 

{ 

<':' J An enetgy balance on the feIIllellta~ _ was attarpt:ed for 

the grcwt:h JE. (JO 'Li al a m:Lxture of q1UOlSe and lactose. 
, 

'Ble initial total suqar calCEIrltratf.or? was 21.30 g/1 (11.30 9/1 
, 

g1uc:ose and 10 g/l lactœe) • A plot of the glucx:>ae ooncentratial versus 

t.ime is sb:wn in Figure IV .16 • 

After 15.6 bours, ail of the sugar appeared te have been 

J 1 assimilated by the qmwing culture as indicate:1 by the heat, "axygen and 
\ 1 ~ 

carl:x:n diaxide curves (Figure IV.16) • BJwever, an incœase of bianasa 

• c::xmcentrat.io was noted after 15.6 bours which SUggeSts that ~ seme 

partially axidhed. aoctmllate:i catabolies might have been utilized then • 

33.063 kcal/l were released clur.inq the 16 mur experiment. ,,!lbs 

final cell c:ouœntratial wu 7.57 9/1. The thetmal yield i8 ~ 
, 

4.37 kcal. per gram of c:ell dry weight. 

Durinq the experlment, 277.981 l'II'IDles/l ofaxyqen were consuned 

while 273.636 ImD1es/1 of cal±on diaxide were produc:ed. 'l'hese values were 

II, cbtained by in~tinq the axyqen uptake rate and carbon dioxide pxoduct.ilQn 

rate curves shown in Figure IV .16 using SiqIson' 8 l:Ule. 
, ) . , 

'lbe measuraoent of, glucœe ocrtœntration ~ that U.30 grams 

of glucose wu cx:up1ete1y uti 1 i zad by the qrowing culture. If a carbon 

balance is IlIl!de, ttie g;mwt:h equation ~_ : 
1 

li.JO Gluc:ose + Iactœ~ + 8.89 o~ , • 7.57 Cell + 12.04 002 ' 

wheœ the stoi.à1iaaet:l:'k coefficients are in g/1. If it i8 asEUned 

., further that the' cella are SOt cadx:038 , then 6.05 g of 1actœe would be 

: : 
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~ ta ~ the equation 

11. 30 Gl\lCC8e +,6.05 Iactœe + 8.89 02 ~ 7.57 ClaU + 12.04 002 

An analysis of the experimental. data showed that the values of 

the respiratœ:y qootient (10), define:1 as the ratio of the œtDon d:i.cnç:ide 
, 

p%Oàuct.i.al rates (CPR) ta the axygen uptake. rates (OOR), wre cloSe ta 

unity (Figure IV.44) • 

A ~ between the rate of heat release and the carbon 

<1ioxide respiratia1 rate ~ed a linèar relat.iooship (Figure IV.45) • 
<" 

'lbe proportianality coostant for this relationship is appzox:f.mately equal 

ta the prcport.i.ana.lity cxms1;ant,6Hfo , bet::ween the rate of heat re1ease 

and the rate ofaxygen uptaJœ. 'l'1p.s resul.t is œ.rtainly to be expected 

since the R:l values are close ta unity, which :hrplies that the carbon 

diax:i.de produètian ,rates axe' ltm'e or less eguaJ.. to the a&ygell uptake. rates .. 

lbèJer wben the rate of heat pIOduction is plotted aqa.inst the 

rate of C8J:bal diax:ide evolution, the oor.œlati,on is l'Dt as gccd as when the 

rate ofaxygen cxmsœpt:ion is used (Figure IV.45) • 

/. 1 
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Figure IV. 44 'lbe Cor:œl.ation betsMen the 0Kygen q,take Rate (cm) 

and the cai:tx:a Oi<xi.de P.r:cduct:ion Rat.e (CPR) 

( 

~ 
Slope- Rl (lWIpiratœ:y ~)- (.02 :t 0.14 

, " 
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Figure rv. 45 'lhe correlAtiœ œOIeBl'l the Osrbcll DioxiCle PJ:aluctiœ 

Rate (CPR) and tbe Rate of Beat :AIl ... 

** SJ.ope • ASfo • 0.113 t 0 .• 024 kœl/1.h 

(00rraJ.atian Q)efficiant • 0.96) 

. -
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, r" 'lbe heat evclved, JoOter:m dt, fmn a fenœntation which. 

transfœraa nut::r:ienta te mi.crobial cells and rela.ted prçducta dur.iD; a 

specifie period of, tirœ, tf' is givm by : 

AQ • (- AB1) - (-~) ••••••••• ~. ' •••••••••• (120) 

are -à!i. is the heat of CCIlblstion of substrates (kcal/l) and - ~ 18 

the \heat of <XIIblstiœ of p%Cducts (kcal/l) • 

. 222 

'l\l8 tcm' al the rigbt-hand side of ~ (UO) are givan by : 

(- ~) (-AN) •••••• ~ •• (121) 

, 

. wheœ - âHs i.s the heat of <XIIblstiœ of caxixmaœcus B\àb:ata (kcal/bDle 

substrate), - ~ 1& the heat of c:arblst::i.al of nit:occgeno\8 aubat:rIIt:e 

, /,' (kca1ftrole), ~ AHoel.l is ~ haat of ~ of dl:y oell8 (lcca.l./g œU) , , 

,- A\i is tbe heat of ~ Of i th prodaCI: Ocœl,h!r)le i th prcduct), , 

- AS is the ID:IIlnt of CIl:Ix'IlaœCU8 subatxata oœaa_ UlD~), ... AN ia the 

'~t of n1~ subsb:ate cxwuœd (JDle), âX is tba !III:IIlnt of 

'oéU mat.erial. ~ (9 ce1l) and AP i ~ the SlDJD.t of i th pÔ:XIuct 

fomled (m:üe). 

!'l:aIl D;lUaticn (120) te (122), it ia ev:l.dent that the beat of 

OCJIblIItiœ of m1crc:i;)ia1 œlls CXJUld be est1Dated by ~ tba _t 
. . 

-



~ -_. _._------ . 
If 

(j 

J 

evo1ut..icm of fe.tmentation ( tQ) and a~ the overa1l. material. balance 
• > 

far: fm:mentadon by ncaitoring the differances in the subetra~ oonoeut:ratial, , 

bianasa COlX:el'ltration, by-pn::)duct OCI1CEIil'ltration, and amronia OOIl1CeIltratioo 

during the gp:IWth of the culture • 

Of part.i.cular interest are the izX1uatrd:al. prooeases eaphasizinq / 

biaDus p.tOduct:ion, where aùy a l!IDIlll fo.z:mation ot orqanic by­

proc:luct;s is dasirable (leas than 1 - 3 , ). Fu:ri:hetn'ore, if the cxab..1st:ia:l' 

of cella happens to ~ amta'lia in the reverse of the reactiœ of ~ 

synthesis -.;>loying amrarl.a as a startinq material13 , the secx:Ild teI:ms 

on the right-hand Iiàe of Equation (121) am (122) carl be disreqarded • 

tQ • (- ARs) ( - Â9) - (- ABcel1) (.6X) ••••••••••• (123) 

Equation (123), therefoIe, oould he uaed to cal.culate the heat of CXlIfJustia1. 

of micmbial œlls l:Jy mauurinq the heat tW01ution of fm:mentat::ia1. onu.s 
awJ.i œ~ can be illust:rated by cal.cul.ating the heat of catt:Justial of 

the C. uti1.is mièr:ti:dal cella gxgwn al 'glucœe • 

It wu autm!d that after 14 houra of feJ:mentation, 30 q/l of 

glucoae aublltrate wœ cœp1etely oxidized by the gmdnq cultu:œ. 'lbe 
>-
tOtal hNt relealeC! WIll 38.530 keal/l c:œr~ te 14.382 9/l of 

aynt:lwBized mic;:d)ial œl.l.a. '1!1e heat of ~ of oells, t::hm:efore, is : 

30 x 3.74 --38.538 
- moell • 

14.382 

• 5.12 kcal/g cell 
- .. 

• 
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'lhe heau of cx::l'Iblstion of seme different cultures are sbown 

in Table lV.14. 'Ihe lat.test value, 3.32 ltcal./9 ~, wu observed for the . , 

224 

qra.n:h of C. tipoZytica on hexadecane while the highest value, 5.96 Jccal/q, 

wu for C. 'LipoZytica 91'CWI1 on n-dodéc::zme • 

'lbe caJ.culation of the beata of CXIIblstian for the g%'OWth of 

A. nig.%'~ C. intBlWI,dlal E .. ooZi, and C.utiUs al gl\lCX)S8 and,the ~ 

of C. utit.i.s al sua:ose was not atte1pted. since the relevant experiments 

wre oot carried ta cœpletial. tllfortunately the b:ic:inu. wu not examined 

by a speer! al i zad estab1ishec1 expedmmtaJ. ptYJadure for the heat of 

oad::Nstian due ta unavailability of the apptoptiate inst.rœentatial at the 

t::lma when the fexmentation eXper.1ments weœ caJ:tied out • 
CI 

. , 

\ . 
• 
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'l7mE IV.14 

( 

~ EYAUJATlDl CF MIC!lIEIAL GIOmI 

Orqanian s\ioJsUate Substrate -mS (kcal/g) • Total BI;Nlt Total Oel.l -âBoell 
CA:xlœntratian (g/1) (kcal/1) (g/1) (kœl/g) 

A. niger 1 Glucose 30 3.74 ' 17.L 6.9 

A. niger Glucose 30 3.74 15.0. , 5.40 .~ 

c. intermedia Glucose 30 3.74 21.4 .' 6.20 

E. coli -Glucose 20 3.74 14.0 . 4· 

E. coli Glucose & Lact:œe 20 \!:: 3J.Of" 7.60 5.75 
c. lipolytica Glucose 25 20.5"" 5.9 ,-
c. lipolytica n-nldecane 1.44 11.J4,,, 43.7 ' 6.8. \ -5.96 
c. 1/ipo lytica Hexadec.ane 7.70 11.29:-' 55.7', \ ' 9.4~' ~ 3 .. 32 

-
c. utilis Glucose 30 3.74 38.5_'1 <- 14.3·_:J 

4 
5.12 

C. utiZis Staœe JO 3.94 24.9,~~ 12.9:'~) ... 
c. ut.ilis Ethanol 20 7.102 40.5:-':4 5.6:-!i 

c. utiUs Glucose & CPllcbiose 30 3.74 31.7'...1, 7.6,-:0- 3.58 

1. Dymmic calorimetJ:y • 

-- '0 
'-"" . 
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'lh!s wc:a:it confhmed that j:he mechanical mixinq paoÏer inplt of 
\ ' 

turb.llent non-aerated agitat.ed Newtonian as "Well as ncn-Newtonian liquids 

in fully, baffled ~ varied with the cube of the .inp!]] er rot:at:i.onal 

228' 

'. speed. ibe power nu:rèer, Np' was 6.14 fœ- the six-blade tuxbine used in this 

,study. 'lbe resul't:s agree very we.ll with the well-kncwn wo:ck of Rushton . 

For the non-Newt:onian liquida, the mechanica1 power inplt also 

wried with ~ .0 1his behavior a~~n's ta be CXD!Jistent with the w::u:1é of 

ca!deJ:t)ank and z.tx>-Y0UDC140 ~ proposed the fpllowinq equation for 

predicting the mixinq power . ~ !,pseudcplastic behavior) 

N • P 
p 

=- 160 • • • •• (224) 

It oould Ce general iU!d that the power ~ for mix:l.nq in 

tur:bul.ent œgime :ta pmport.icnal ta r for bath Nèwtau.an Md non-Newt:onian 

fluids. 'l!1e pc::IWer nurber, Np' att:a:lned a value of abcIIlt 6.0-6.lS for sc::me 

mn--Newt.aù:an flu.tds exsnined .in this study. BE?œuse the aqita't:iqn power . .' . , 
requixaœnt in tuz:t:Went xegime cbi!s oot deperKl ca the visoosity of the 

flUid, and bec'al18e the dansity of many fcmentation broths is very close 

J 
" 

'0 

-
-

! 
1 . 

1 
,1 
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te that of water 1 it is axpected that in ~ systaœ the 0mix:inq _ 
-, 

power i.nplt 1:ar fetmentatian broth 19 equal te the ~ inplt for water. 

'Ibis was observed by M)u and Cooneyll. , 

In plotting the experlmental. results for CP /p) and aeration 

, numer [Q/Nd3) 1 it was indicated that the ch.aB]e in the ~ ratio waS 
.. 

depement upal wbet:her the aetation l'l1J!ber was chancied by altering -the 9as 

flcw rate or the !Dpel Jer rotational. spee1. '!he power ratio amsistently 

decreased wi'th incœasing aeration nunber when, the gas flow rate was varied 
.! 1.. 

, 4 

at CXll'lStant mtational speed of :lmPe1ler. A oon-linear c::orrelat.:i.oft for the 

power ratio and the aeration l1t.Itb!r haB been suggested (Figure IV. 5) • 

When the gas fl.cw rate was kept; oonstant at different points of 

, a fairly wide range with N varied., the mechanical poM!I' input requimd te 

- agitat:e a gas-liquid dispersion was still proportional te the cube of the 

'iIrpeller rotati.alal. speed (Figures IV. 2 and IV. 3) • Upon the crJtpletion of 
~ c 

a recp:ess:i.cm anal.ysis of aU experlmental data obtained in this stOOy 1 ft 

was deIrmstrated that the power ratio p gIP is ~ te Q-o. 38, • 

'lherefore the aeration ll\I'lber e:xponent in BJUation (63) 1 m*, is -0.38 • 'l!üs 

is crndstént with the worlt of éboney4~ and Has~ 'and lt:Ibinson29 • 

Sinee bath P and P have been shawn te vary with ~ , the power 
9 ' ., 
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, ratio PIF sOOul.d he independent.pf N and oonstant at a specified gas fl:bw '\ 
, 1 

rate • Based al this cons:idei:ation, the value of Weber nunber exponent, n*, 

in Equation (63) am be det:e.nnined te be -0.19 • '!he estimate of n* based 

on regmssion àna1ysis s!Dr;ed that the experl.men~ value, of n* is vezy 
, 0 

close ta the pr:edicted value based on th! aeration nœber exponent. '!bis, 

.. 

• 
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is illustrated in Figure N. 6 
o 

, In additiœ to the ~ IX'WE input, there is a cerWn auÏ:Nnt 

of enel.'9Y in1:mduced into the aerated systan by the l:Jul:t)liD1 qas • When 

P~ , estima~ fran ~ (15), 19 o~ significant magnitude, the value 

"?f (P/p> (QIN d3) 0.38 is ml: neœssarily"'cx:rustant .. ' 'l11e effect of isothetmal 

expansion of the bul:tüing qas into the gas-1iquid dispersion can be neqlected 

anly~. the ratio of the qas flow rate 'over the 'liquid volune is sœller 

thSn 1/6 (m3/seocrxl;.m3) as iOOicated by Hassan and R:lbinson29 • '1his c:mdi~ 

is ~te easy te fulfill for many practical awlications • 

~ mentiOned previousl,y, the e:xperiIœntal results in this stuiy. 

oonf:ùmed that l:oth P q and P in the \ turbulent regime are prqxxrtional to 

N3 for sone pseudo-plastic behavior fluids. Hcwever, the P,jP ratio was 

~ly df.ffe:rent far ncn-Newt:aùan liquids CXItpl%'ed te the <DrreSpOr1d:inq 

ratio far NewtaU:an solutions. 'Dle (lJC (caIbJxy-ine1:hyl-cellulose) solution 

data in Figure N. 6 weœ best fitted by a stxaight Une 'Whose slope is very 
.;> • 

close te "that for Newtcnian solutioos. In..effect, the c:x:astant C* am n* do. 
1 

IlOt me.œly œflect geanetrlc paraœters but alse depend on the charateristics 
. "-

. of f1~ • 'lb:i:s could perhaps be eiplained by the fact ~t the ratio P /p 
is ~ depeo3ent al the HedstJ:Üu ll\ll'èex' 42 • 

'lbe ~isoo. of exper:lmenta1 results wi~ the thearetical 

predic::t:ians avai
'
able·fn the literature mi wi'th ~ Ôriginal. ooe repo~ 

Il 

in tbis study was illustrated in Table V.1. In general., the prcpJSed 

~ of <Pcf'P' ~ d3
)O.38 with Weber ~ is ~ ~ful.t:han 

• 

-
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TABLE V.l 
1111 

'1Œ c:œPARIS:N CF ~ BBStJIJl'S WITH 'DB .. 

'J11EU<El'lCAL PRmI~ (M:[XIm PCJI?R INPÙ1' Ml'W) 

§olutioo calderbank et al3~ ~amni et tl
Z1 'Ibis NXk. 

water 

Me1:b2lool 

(10') 

Met:haJx)1 v 

(25%) 

" '",-

Ethylene Glycol 
(Si) 

(Pcf'P) 

0.543 

0 .. 543 

0.:;43 

0.543 

.~ Speed .. 600 qm 

"~ __ Flow Rat:e#- 10.128 lfiain 

1> 

.... 
-' 

-"--::-- - :.-

.~ 

" 

" . 

.... 

(P/P) (PifP)' 

~q --

()-.S8l <0.531· 
;\-

O.~l 0.513 

0.581 0.540 

0.581 O~501 

" .. ~ ". 

l '· . . , 
J 

.( 

"... 

-~ .. .., ':;... 

Il 

(P~) 

0.536 

o.sp 

"'0.544 
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~ available so far. AâDittedly, this propoaed c:x:rrmlatial has ml: beeD 
~ 

test.ed for diff~t ·scales of operatiœ and for different system gac:met:ries. , . 

'.lbe o:u:::rel.at:in pxoœdllJ:e œported herein ~ justified if the foUc.w.i.nq 

cxmitialS çJ.y ; 

- '1be power of .. mixinq is .pICIpCit t.i.œal to the density 'WU.ch in tum (" 

is directJ.y reJ.ated to ~ lxU.d-up • 

- li:)1d-up ois related ta bJ1:ille size30,31 whicb in,,/tuJ:n ~ 
~ 

- .. 

.., . 
, , 

: ' 
" ,,,..' "'.> ~ .. " ':' ~._ ~ ... 1. "', <_ 

/.;\ ' . '. 
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Foll..owing the t:est:in; mi cal..ibrat.im of the tdmique develqled 

as part of this ~ for the purp:se of~tin\DlSly ~ the heat 

qiVBl off durinq a fe:cnentation prcc:ES8, the tectmique was used for selected 

typical. culture growt:h experiments. Several cultures repœsent:ing bacterial, 

m!d and yeast ae:rà:rl.c femBltaticn pmeesses weœ gD:Ml on substmtes 

repœsentative of differe!lt levels of enel'ÇfY ava~ l able for bio-axidatim. 

!tDJBaccharides, disa.cchariàes, paraffinn1c hydrocaJ:tx:ns and etha:nol were 

selected as subatrates of industrial ~e çplication mi illterest. 

Pesults of the select:ed growt:h experiments are qraprl.cally 

depicted in Figures N.ll to IV.25 where tlu:ee quantitives are plotted 

. against time; heat release rate,> CXlt.Y9en consurption rate, an:! bionass 

axx::entrat.ian. It is essent:ial te include the latter'·if the fomer bic \ 

are expœssed in tecœ of liter-1 ~~~ sc that a physically arxl practically 

meaningful expœssion of the b«) rates can he derived in ~ 

units of gram -1 mur -1 for any gi~ ft::ime. Unfort:unately, sare results 

of e:xperjJDents pJblished earlierS,8,ll,41,43 do oot ioolude the cult:m:e 

. bj,aMss growth data mJd.ng a meaningful i.nteqJret:.ati and oatpariscn of 

:œsuJ.ts iDp:lssible. It is very ~g te express .the exper:imental 

xesults in the units co.r.respco1ing to tb;)se f'ound in the overall and 
.. 

partial. heat balance equatials whieh invariably .. use units of kcal per liter 

or kœl per liter per b')ur for the fol.lad.ng reMOn : exœpt. for the 

l. feDl8ltative Mat, the other heat peu;ë!IteteJ:s are specifieà on the basis 

of' unit vol\llle. thit voluœ, hcwever, beoanes meaningless when the heat 
~ . 



~ 
( ,. , 

() 

o 

prcdl1ced is a funct:ion of saœth.ing e!se inclu:led in this voltlDEI. :In the 
o 

case of fe:aœntat:i.on broth, the suspeOOè "soW" particles of biOMes 
~ 

are actua1ly generat:i.ng the heat. As it happena, the same "unit V'Olune" 
~ , 

prodnces an entirely diffeœnt ëllDUnt of heat when it a:mtains ally 

inccul\Jl1 m:i.c::ro-organ œlls as ~ to the nnre aclvanœd (:tlases of 

fecœntatial wben the oell oon:entratiauJ are JrIlCh higher. In this ~ 

bath rate values expressed in t.e:r::ms. of liter-l . heur -1 as ~ as 
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gram -1. lx'A1r -l, are listed far the peaks far: the rate of heat pr:oductial . 
and oxygen ~;rate ~ve.ly in Table lV.lO for cxnvenienœ • 

B.l Couela:ti.al of the Rate of Microbial. Beat E\IOlut.ial wi'th 

the Rate of OKyqen ~ 

... 

Dlring' t.hIE! course of the experiments, the rate of heat paxhJct.ion' ... 
bas been found ta cac:elate ~ with the rate ofaxygen COIlS\Itption. 'lbe 

correlation haB a general fcmn : 

~ !:.Hfo is a pr:cpœt;I.a1ality <XmStant w1th the llni;,ts kcalfimD1 °2• 'l1Us 

type of correlation wu awllcable for all thi;teen expar:imants using ~ 
. 

fi'Ve different ~ gxown on a variety of atœtrates. '.the \ 

cœrelation was al.8o valid for the dietDCic systan, i.e. a system wheœ 
,,~ 

1:M) diffel:ent souroea of carlxrt are util.ized by a culture in a sequential 

-



() 
deperœnt <Xl the substrate used mi en the typé of arganisn (Table IV .11) • 

variat.ial of ARfo with the orqanisn used wculd hé expected sinoe the 

ccostant value for ôHfo represents é! cr.ristant efficiency in using ~ , 

avai l able ftee ener;gy. 'DUs efficiency· am vary dependinq al ... marr:r ci.rClll!­

st:ances. Aaxlrding ta e:xpèrlment:al. results, the values of ôHfo vary fran 

0.092 kcal;tmDl 02 for =ld b? 0.135 kcal;1tm:>l 02 for bacteria. '!bis 

cbservation aqxees well with the results C'btained by Cooney41. During j:he 

la.:J P'laSe ar:D../or the eOO of cultivation experlment, sana feaœntations 
• 
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(Figuxes IV.27 m:l IV.32) exhihited a large deviation fran the general trend. 

A gxeat deal of fundaDental krow'ledge on the metabolic pattem of each 

culture used in this study ~uld have to be gathered in arder ta elucida.te 

this problem. 'lbe scatter of recorded data, l'x:Jwever, could 'alao }Je due ta 

the experDnental. enor, which is relatively large when f4IMller quantities 

are meuureà. 

'1be accuncy of âBfo estimates depend an the mea.suraœnt of the 

oxyqen upt:a)œ am the' fJmlBltat!ve heat values. 

.. ± 
e: (Cl1R) 

Cl1R 
± l' •••••• ,. • ••• (125) 

when ~ (US) :la used for 0CIl1?Utinq the <JXY98l uptake rate, the 

erzor in the ~ upta1ce rate e(OUR) ariginated . .fl:Qn the crxygen am 

cubcn diaxide analymrs ia: 

e (OORl - t PN""L {2 5P~ + ~P~ } 

~ 

........... 

• 
(126) 

-
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where ISpout and ôPoat are the inst:.r\:ment errors for the axygen and 
02 C02 

carbon diœd.de analyzexs respecti valy. 

th3er typical expedmental OODiitions, F. =- 8.4 t;bd.n, v.L- 9 l, 
J.n , 

P~ID ± 0.0717\ , and p~t... ± 0.004', qiving and er.ror, e(CXlR) :1 ± 2.91 
2 2 fo 

lO!Dl/l.h • 'Ibis could indica.te a signifiœnt error in the value of the 

am data for the fil:st 3 ta 5 hours of the culture experiJrent and/or durinq 

tœ ~ of the experiment when the OOR values are rel.atively small • 
...,.. . , 

1he errer in the rate of heat EM')1uti6n could !:le estimated 'by 

* eKa1lininq the measurements of ut2 ' (Qaqi.+ %lb - 0surr> and the voltage 

acrœs the imnersion heat:er. 'lbe ratio e: (~ecn) ~ depends on the values 

of Ote:cn ard varies fran 7.2\ te 0.2% when . ~ex:m rarJleS fran.2. 9 to 

22.3 kcal./1.h. Far the sake of simplicity, the ratio e(Ofem)~erm wu 

eval.uatEd ta he 1.411 as indica.ted in Table IV. 5. 

Far the growt:h of A. niger ~ glu::ose, 4 heurs after .inoculation, 

wben the c::ua value was estimate:i to he' 18.919 MlDl/1.h , the ratio 

€ (Q!fo) /flHfo becx:mes: 

e(MfO)' 

ARfc 

-t 16.79' 

-. ~ vaiue of AlIfo was experimentally,established ta }Je 0.0964 kœl,1m)l 02' 

the cxmf!denœ interval for the value of ~o ia (0.080-0.112) kcal~l 02' 

'lh1s cal.cul.ation illus~tes that when the fetll'elltative heat and o:xygen 
, 

~ ~ relative1y amall, a nare inacx:urate estlmat:ial of ABfo 

can he expected. 

, " 
-.. . '\ 

• 

\ ' 



() 
In omer te ll\ÏJ1.ilId.Ze the en:or due te the am data, an QKY9IiIn 

analyzer and èa$on diaxide ahalyzer with gœater accuracy and stability 

would have te be Eq)loyed for nr:nitoring the ocncentrations of o.x,ygan 

am carbcIl diaxide in the cut-gcin<1 gas stœmn. 'lbis ao:JgeStial is 
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difficult te hrpl.eœnt due te the reatrict:ed choice of avaiJable i.nstrtments 

and due to the <XIltÙexity of the analytical pIoceduœs invo1ved.. 

Aoot:her iDp:lrtant experlmen.tal parlIIIetêr is the carbon dioxide 

pxoduct:ion rate (CPR). 

" 

:li [ :Jlà out - 0000042'] 00 ...... :. (127) 
VL 1 - Poo2 - P02 

CPR • 

'!!Je errer in the C8l:bœ diœdde pl:Oduct.i.al rate (CPR) attributable to 

the 0Kygen mi caxbon dioxide analyzers 1s : 

t(œR) • ± 3! (2 ~P~ + ôPgut ) 
V

L 
2 2 .................. (128) 

th1er typical ~tal cxniitkrul the ex:mr in the ca:dxm dio:xide \ 

pmdJ.Jct:ion rate is 1.57 'IJ1J'Dl/1.h • 1be I\'IaIISI.1nI'Dt of the CPR data is 

theJ:efore nm:a accurate than tbat of OOR. 

thfartunatel.y, the correlation qf heat rel.eaaed with oa.t1xn 

diœd.œ evo1ved bas been ind:lcat«l as 1ees satis.factœyS and. ~ it 
-. 

haa not been attslpted in thia ~ • An Ulustratiœ of this ~tial 

is slXJNIl in Figure IV.45 for the gmwth ~ E. ~otf, al a mixture of glucose 

) 

.-
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1 

mxi l.actoee. ltal the rate of heat production is pl.otted versus the rate 

of carJxn diaKide produci:ion, the correlation i8 rot as good as when the 

axygen cr::nsœpt:ion is USEd. 'lhls may be à:Jserv81 by ~ the caDxm . , ' 

di.oxide and ~ data in the appx:opriate figures (Figurés IV .32 an:} 
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IV. 45). lt:ù.le the coc:el.at.ion ooefficient of the linear relatialship be:t:ween 

the heat release and the camon èlioxide productioo is 0.963, the 

a:n:relatian coefficient of the relationship between thp heat release and . 
the ax.ygen ~tion ls 0.98 which imicates a better ,fit t.o the 

, , 

experilœntal data. For the hea.t release and the carbon dioxide production 

correlation, it was further ~ that the experilœntal data abtained 

exhibited a large deviation fran the geœral regression liœ (Figure IV.45) 

when the culture pa.ssed the exponential q.tOWth phase. SUch a pheD:Iœncn 

iIxlicates a significant chan:Je in the ratio of the heat reJe'ppd ta the 

caJ:bon dioxiàe ~. Tbe change in th1s ratl,o can he explained by 

a:msidering mat.erial heing axidized at the time when the heat productia1 

and the caJ:txm diœdde prodœtion rates were measured. If OJ:ÇaIÙ.C acl.ds, 

for instance, were ta a.c:.'CtIaUl.ate during exponential gl:OWth on gluc::oee and 

~ lactose am oxidi zad only when the sugar supply wu oc:upletely depleted . 
t:hen at least two different values of the ratio (heat to C02 producti.a1 . , 

rates) wOul.d be ~. . 

Whan ~ the oarrel.atial beban the rates of heat productioo 

and <D2 prc:X1uct:1on, Cco!1ey 41 also cbaerved that the data for E. 00 7,i. ~ 
o 

B. subti,1,i8~ and C. intBl'msdia qmwn on qlucose after the e:xponential 
• 

Plaee sbcwed ,a l.aJ:ge deviation fran the general trend. The autlm' ~ 

that the significant dumqe in the ratio of the heat rel eeSed and the carlxm 

-
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dioxi.de pmduad oculd be -due ta the aœœW.ation of sare orqanic acids. 

P:resl:Iœbly these œ:ganic acids were ŒÙi axidized after the primaI:y 

substrate (gl1.XX)Se) wu ~y exhausted. As a cxmsequenœ, the ratio 

between the rate of heat pmduction and the carbon dioxide productial 

can vary significantly with the substrate be.:i:ng oxidized. 
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A similar CXI'1clusion' wu alSo reported by Zabriskie aM HtJtPu:ey 
44 

wben these investigators used the CPR for est..Uœt:lon of the bianass 

conoentratial inst:ead of the OOR. 'lhis a:mclusion is SUR;lOrted by the fact 

that carbon d:ioxide is evolved during many met:abolic pr:oœsses. cnly seme 

of these prooesses are involved d:irectly in producing energy for cellular 

g%OWt:h. 'lbarefore, ca.mon dioxide e\IOlution and heat ~lease are rot elCpeCt.ed 

ta he oor:relatal as aloselyas the heat release and ~ ~on. 

'ltJe oorrel.at.ion be'bem the heat of fermentation ~ axygen uptaJœ 

reported herein did IlOt take the' heat of p.J:Oduct fonratioo. into aoccunt. 

'lhi.s çroach is only ac:œpt:able if the ~ fOll'OEld bas an enel:9Y 

potentia.l similar ta the cazbon substrate on a weight buis. If the product 

bas an energy potential smilar te or less than the bianass, the effect of 

pr:oduct fomation al tbaI:mal. data cannot: be ca1Sidered negligible and tPe 

direct oorrel.atiœ of heat producticn and oxygen upt:ake is no la1ger valide 

Alc:àx>l and oz.vanic:: acl..d fflJ'JlBltatian are typical exeples of the first 

type of product fOl:mation, wbil.e ant:ibiot:f.c fm:mantatiœa are typical of 

the 'seoood type. 'l!le good correlation cbta:i.ned for eadl individual set çf 

exper:imaltal data report:ed here dalDnstrat:e that the effect of product 

fOll1lltion al thetmaJ. data for aU fermentaticns e.x:sined in thia st\Xly 

is quite neglig:ihl.e • 
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B.2 .. Cor.r:elation o~ the '1'otal Heat ~eased and the Total 9Q'gen ConslRed 

In general, the total heat released am total oxygen oc:rlSlIllBd f~ 

hydrocaJ:t:al felltl!lltations are muc:h lùgher c:x.upred with tlxJse for au:bà1ydrate 

femantatièns. 'It1is behavior œIl !Je explained by the fact that il carJxlhyàrate 

furnishes saœ of the cell growt:h I1IIlterial. caxtlon(C), hydrogen(H) ml 

axygen (0) in' aqueous solution where the cells gmw, while a hydrocarbcn 
" ' 

furnishes only C and H in a fcmn which is practiœl.ly insoluble in water. 

Qcygen lIIJSt then be supplied fran lal:ge qœnti ties of at:lmSpheric air bl.c7.t.n 

into the proc::ess. As' a conaequence, the use of h;ydroca%bcn ~tes instead 

of cart:dlydrates, requires aboot two and a half times as much at:m::)Çheric 

axygen and raleases CfV8'r bdee as rnudl heat in the reactia11 • 

It is eviàent fran Tables IV.U and IV.l3 that the cor.ygen c:x:mnJDed 

and heat rel.ea~ for the ~ of C. UpoZytica on n-dodecane and 

hexadecana are I!UCh h:igher than t:OOse lof this organism g:rcwn en glucœe. 

Using the ssne arganent, it is ta }Je expect:ed that the CJXY98l consuned 

and the heat nüeased for the di.sao:baride fennentatioo aœ l.cM!r than tOOse 

of the ~ and et:hIIool ferlrart:ation for the same micxo-orqanism. 

'lbe expednental results oonfixm this ex:pectatj.œ (Tables IV.l2 and IV.13) • • 

lbm.the total heIIt produced wu plottad aqa.inst. the total 

~ CUURmId durinq il fmmentation ~, a l.inear œlatiorlship msul.ted: 

.. ~ 
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slightly higher for l:ecteria than for yeasts and 1OOl.ds • A1th~ a1l.y 

ale line WIll drl'1'Nl in Figure IV.43, it is ol:Berved that severa! lines roay exist 

. * passing throl.J:Jh the origin. It is expected ~t AHfo can vary fran 

orqsnisn te organism and further oorrelatials charact:eristic for specif~ 

g.roupa of micr~, if Pf?SSible at all, wculd l::e well beya1d the 

sccpe of this study. 

B.l ~ of ~tal Data with the Literature 

\ 

'lbe eXperimental. data for the heat ml eesed per gram of oxygen 

c:xmsuned fmn this study agree well with the values fl:an the literatuxe. 
, - 12 

'l!1e proportionall:ty oonstant , Mlfo 1 acx::ording to Minkev:l.àl an:1 Eroshin , 

varies fl:an 0.092 te 0.ll8 (kcal,/mDol 02) :regaxdless of the type of 

substrats 1 mic:z:cbial apecies, and effecti\l'a'leSS of oell g2:OWth when oxygen 

is the l.imitinq factor. It is evident fran Table~IV.U that the e:xpe.rilrental 

data reported in this study ~ to the theoretf.caJ,. pxediction fran 

the WJ:k of M:lnkevidl am EE:œhin12, and Xm!maka and Aiba13 • '!he CXlDSt:ant 

àBfo arriV9d at thiB woèt is sllghtly lawer than the value dltained 

axperlmentally by ClXlney !!: ù S 
• It ~ in the fol.l.adng oo:r:œl.atim : 

Otem • (0.124. ± 0.0(3). 602 

""" 'D1e ~ ~leued par DDle ofaxygen ~ detemdned by 

8eid1 ac-k 45 la gmamlly lCllllJ8r than the valuae c:bIerved in this stu:ly. '1ba 
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significant diffeœnce between these values coul.d De e:xplained by the 

fact that SedlaczeéS used a zœdiun ridl in ami.no acids for his ~. 

COnsequently, less energy \1IOUld prcbably œ wasted Dy the growinq culture 

as heat due to the lower deraarn \ for ene1:9Y for qJ:OWt:h because sane of the 

prefonœd oaipounàs for œll cxmstituents \\1OUld be readily availahle am 

need IlOt be synthesi zed. '!hie fact wu also pointed out br CoOney 41 • 

. When the values 00: total axyqen CXIlSlDBd in the oourse of the 

fenœntation are plotted against the total energy dissipated as heat 

1 (Figur:e V.l), a st:ç'aight Une \o.th a slope of (O.~97 ± O.~14) ](cal;MJD102 

am be sl"om to fit the data of SedlacZek 45. In the work of Ct:Jorey et al5 
~ , --- ..... 

~ straight l:ine with a sl.qle of 0.11 t 0.01 lccaljÛlro1 02 was found ta fit 

tbe data (Figw:e V.2). Winzler and Ba\Jri:)erger3 found the ratio of heat 

produced te oxygen oonatmed ~ be 0.104 and 0.144 k.cal;imDl 02 for, 6-
~ and V:Ibrio JDBt:dmikoff respectively. It i&~ fza:n 

Table IV .12 that the experimen~ data in tbis \IlOl:k are ~te a:msistent 

with the fZdÇjiiSi11:m:y data reported by pœvious investigators.. 'lbe CXJJplrlscn 

of the original expe:rimental data 'arld the data fxan the liter~ is 
, 

sœIœrized in Table v.1 . 

'l!Je eÇerimental zesulta for the heat raleased per gm:n of 

dl:y miClX:bial ~ aJ.a) agl:ee ~ vith those cbt:ained Dy pœvious workers. 

-~ themIal. yiel.d, ARfe , for ~te f~tat.i.a1 prooesses 

wu reported ta raDIe fmn 3.5 ta 4.6 kcal/g oell
46 

• '1he mean value of 

ABfe for yeast-carlJoh.ydrat. fementations was aperimentally detetmined 

.,. by this study to be 3.47 kcal./9 œll • 

-
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~ Slq)e - 0.097 t 0.014 kœl/nmol 02 
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TABLE V.2 
'7 

~ 

cx:M?~ OF Ll'.lBWJllRE JR) EXPJmD.1!HrAL DrŒA Rm mE EElMNrATIVE BPAT S'lUl{ 
J ' 

Qrganisns SUbst.rat.e ~o <kcaljq °il ~o (kcal/q oell) 

* References '1hi.s N:lrk References '!bis Rxk 

Z. • 41 E.co 1- Glucose 5.0 4.2l. 4.73 3.62 
E.col.i e Rich Mediun 2.88 - ~.27 

E.col.i Gll.1CX)Se & . ,- 3.77 -./ 4.37 
lactose , 

S.typhi 45 Riçh Mediun 2.69 2.95 
S.sonnei 45 Rich Medi.un 3.22 3.73 

'r . . .s 
Rich Medi.un 3.40 4.15 \ ) P. vu Zgar-is 

( 45 S.aureus Rich Medi.un 3.81- 3.97 
P.fl.UOZ08SCens • .. Rich Mediun 3.88 4.48 
Yeast 4e 

ltxx1 B}ùro- .:. 3.5-4.6 
lyzate 

• Yeast .7 Gluoose 3.87 
-<,. 

S.mar-cesoens 45 
Rich Mediun " 2.76 3'.32 

A.niger 41 G1ucose ~ * * 2.82 2.87,2.88 2.60 2.75,2.87 
A.niger" ~~aes 3.72 2,7~ 

~ 
l' ' 

* Dyilamic 'calor~ -, 

J\) 

" 
~: l C "'---" ", :. 

.iJIiIIl '. 
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.'lMIB' V.2 (Cont) 

" 0J:ganians 

. B. subtitis 41 

B. subti.1.iB 41 

B.aubtitiB41 

C. intermedia 41 

c. intezrmedia41 

C.utUis* \ 

c.uti1.iB 
C.ut-j,tia ,.. 

C.utilia 

C.utitia 

c. tipo l.ytica 
C. 1,.ipotytica 

c. ti.pollltica 

SUbstrate 

Gl - 0 .,~,-
\X:IOSe" • " ,;1 

" 

Molasses 

Say sean Meal. 

GlUX>Se 

Mol.asses 

GlUCX>Se 

• Glucose 

SUCrose 

~ 
Glucose am 
~~ioee 

Glucose 

n-DOdecane 

Bexade:3i1e 

* Dynamic CalarJmetty 

~C!$=WqO~ 

Bef~ 'lbis \t)r:k 

"3.90 

4.69 
3.94' 

3.59 " 3.50 
3.88 

2.94 
3.00 

3.06 

3.28 
4.47 

3.25 
3.50 

4.22 

~ 

~C ga:au9 cell) 

Rafeœmea 1bts ~ 

2.94 

3.84 
/2.80 

/ 

5.45 

2.21 

-

'cr, 

3.53 ~, 

1 -

2.68 
1.92 
7.23 

4.11. 

3.-52 
6.55 

5.92 

" 
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']ha experimental results of this ,stI.qT iD:ticated that the value (,) 

of Mlfe for ~ ~ gtCMn on gl~ ranged fmn 2.75 ta 2.87 kcal/g cell. 

Coaley 41 ,œported that AlIfe for~. ~ gram <Xl t.t1e sqœ mSài~ as WU 

" 

used in this ~ was 2.60 kcal/g oell • 

'1be ~ yiel.da for!. coli gxown Q\ qlucoae aD.i a g11Xale 

mediun enriched with amine acids ware xeported to be 3.27 and 4. 73 ~/g oell, 

œspectively4l,45 • 'lbe value of Ml
fe 

for!. coli in this wœ:x W8S 3.62 

kcal/g oell when gl\JCl'lSe wu" used as a sole source of catbon. '!he thel::mal 

yielà for!. coli grown on al: 1 mixture of gluoose and lact:œe was 

establisbed to be 4.37 kcal./g cell • 

Beat evolved du:dng the bio-axidation of ~ bas been 

theoJ:etically estimated te be l'tDœ than oomle that -evolved by a cultuœ 

oxidizing an equivalent mlar weight of cm:bohyàrate (Table I) • 'lb! heat 

rel.eased oor.r:espa:r3s t.o about 7.6 and 3 kœl par grëIIl dry ~t of ' 

bi.aœss for ~ and ~ fementat:ial œspectivelyl • 'lbe 

tne8n value of the themal yield for aU the ~ feÎlœntatials.' " 

examined in this study was detelrnined to be 3.25 kcal/g oell • In the case 

of hyàl:oau:bon fementations, the theI:mal yiêlds for 9.. l;eolytica grown 
1 .t ~ , 

al n-dodecane and hexadeœne we:re 6.55 and 5.92 kcal/9 cell respect:iw}-y. 

'1hese values are less than the cmœ tbéol:etical p%Bdiction. 'lbe diffe:r:enœ 
..' u ~ 

bebam the exper]JœDtal values and the t:heoretical predictial c:ould be 

explained bY the fact that ~ pxedicteà theImal yi.eld (&Ife = 7.6 Jcca1/ 
1 

9 œll) wu ccœidered to be the mean value for diffeœnt m:icto-QJ:ganis , . . ~ 

~ al different paraffinnie ~ S1.iIstrates. '!bis value 

__ different fIan culture to culture as inU.cated J::efore (Tatie IV.13) • 

'. 
, 
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In" particular, CcaIey and MaJd.guchi 2 uaed the value of 7 kcal/g œll 

as the thenœl. yield of he:Iœdecane f~ for the caleul at:iO'\ of 

heat prOOuction during grarth al seJ.ected caz:bal sources • 'D1e differenœ , 

between the aboYe values CXIUl.d be due to the' fact: that the themIal yiel.d 

estimation is depen3ent al the œll yie!d Cg cell/g substrate). For 

n-paraffinnie hydrocal:b::n fetmentatians, the t:hel::mal yield, ARfe , was 

reported ta range fran 4.53 to 7.8 :kcal/g oell when' the œll yield varied 
, c~ 

fran 1.4 ta 1 • For a oel1 yiel.d of 1.2 (g œ11/g sd:>stra1:e), the ~ 

yield wu reported ta be 5.90 kcal/g œll 48 • '1be cell yield for a 

heJaw:Ieœne fennentation was det:el:m:i..œ:i heœ to be 1.lS (g cell/g substrate) • 

'D1e, thennal yie!d, "Rfe' for~. lipo1ytica grown al he:Iœdecane Çlbtained 

in this study (5.92 kca.l/g cell) agrees very well with that report:ed in 

the llterature (5.90 kcal./g oell) 48 • 'ltle ~ yield of Ç,. lipolytica 

g:t'OIm al n-àXIecane wu also fairly consistent with lit:he theoret.ical 

predict:ial. 
-) 

~ cxmfimation of the validity of the iesul.ts fl:an the t'Wc 

hydrc;:xm::bcn fenœn.tations exaDined in this study can be illustrated by 

ams.idering the oell yiel.d ooefficient (q œll/q stbst:raté). 'l.besE: 
lG' 

ooefficients were deteaained to he 0.80 ta 1.15 for the growth of f.. Upolytica 

al n-dcdeœne and hexadecane respectively. <\'1be literature indicated that 

cell yiel.ds on hydJ:oca:dxm fl:aqt:ions ~ fl:an 50 ta liS par cent 49,50. 

A figure of 85 per cent was :reportai te be typiœl 51 • It is also reported . , ' 

'heœ that~. lip?lytica gzown al hexadeœne pmduœs a highar œll yield 

t.han when it waa g:ram al n-àodecane. 1his d>servatial agrees weil with the 

J:eSUlts cited in the Uterature. Takahaahi e~ 8152 rep:lrted that. the ~ 
,. . , -,-. 

( 
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boilin9 fractions of n-alkanes were uore easUy utilized by f. ~icalis 

than the lower boiling fractions, with n-oct«1ecane and hexadecane sb::lwing 
" 

the best assimilation and àXlecane and tridecane being poorly assimilated. 

AD::rl:her a1ready mentioned inp)rtant parârl'eter of a fennentation 

pJ:OOeSS is the am:ront of oxygen constrned per unit weight of ceil produced. 

'ltù.s ratio is useful in mass transfer calcu1ations and estimation of 

oooling requirements 1:hrough the use of a ,value of 0.11 t 0.02 kca1 per , 

mUlinole oxygen oonsuœd was obta:Üled' in Ws study. 
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Fl:an Table I, it is noted that carJ:::ohyàrate fermentation require 

O. 8 ~le 02 per IOOle of microbial œ11 1 • If the weight of ash is neglected 

as a cClllponent of the cell, the theoretica1 ratio AIL for carbohydrate , -U
2 

fe.tmentations is 1.05 9 02/g cel! • '!he mean ratio MIO was experiIœntally 
. . 2 , 

establisherl here to he 0.955 9 02/g oeIl (Table IV.13) for the camahydrate 

feDl1e11tatiohs • '1hls value agrees weIl with' the theoretical. prediction. 

In. this WOlX, the experimental value of ~ was fo~ to be 
~ 2 

1.81 and 1.44 9 02/g œll for the grcMth of~. lipolytica on n-dodecane 

and hexadecane respectivèly. '!he axygen %'eqUi.rement per gram cell: for 

yeast-hydrocarlx>n fennentation was repOrt:ed to range f~ 1.52 9 °2/9 cel! 

to 2.42 9 02/g cell when the cell yield varied fJ:an 115 to 85 ~ èent15 ,53 .. 

'1be values of ~ d:>tained for the ~rowth of c. lipolytica are l:elatively 
. 2 

analler than those reported in the literature. A difference between these 
< 

values cao be expect:ed sinee the pred!cted value of ~ was developed for 
. 2 

different micro-organistœ grown on different hydr:ocarbon substrates. 'lhis 

value can vary .fran culture ta culture. " 
, 

In. g.eneral, the valUès of AH_ observed m this woxk ~ dependent 
-U2 ' . 

\ 

1 •• 
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al the type of suœtx'ate and relatively independent of the type of micro-
é 

orqanism grtMl • 'Ibis observation is cansist.ent with the results fJ:dn 

the wœk of Matelea54 •• 

'lbe ~Uœtion of the experimental technique for detennininq the 

beats of CC'IIbustion of different cultures is" ill~ in Table IV .14 • 

'!he values of cœbust.ion heat (- 6H
oell

) devel.cped here were 0XlSistent with 

thoae ~ by the previàùs~. Prochazka, Payne~ and MaybenySS 

Wicated tbat the maan calorific CDltent of the various micro-œ:ganismS 

they tested wras 5.4 kcal/q of cells 00 ash-fœe, dJ:y-weight buis ~ the 

:rm;Je of variation was fl:an 5.0 to 6.4 kœl/9 • In an ear~ study, QlentherlS 

h8d used a value of 3.6 kcal/9 of cells, dry weight, in, the evaluation of 

heat p:tod1.t::tion durinq ~ feJllll!nt:atial. using the theoretical 

~ availability of electJ:aJs to calcul.atè the heat of CXJIblstiœ of ~, 

Atbott am ClaDen56 derived 'a value of 5.38 kcal/g. cells • Us:iD; a l:xlIb 

cal.orimeter, Mennett and Nakayana57 found a value' of 4.8 kcal/q œll of 

ash-fxee œlls, dxy weight, for PseudaIalas fluorescens • 

'Aoot:her <X:q)arlson can he 11lI!Ide bet::tween the literature data and the 

œsults of this study by oaw~ the fraction of the ava.il.éble eœrgy 

wasted as heIJt • '!bis cœpariscn wu based <Xl!. ~ g%am en a 1:1 mixtu:œ 

of glUCX)S8 and lactose • 

'1here are two àifferent ways of :intepret::.inq the experimental data. 

In the first appI'Oaàl it is U8l'.IDBd t:hat a total of 21.30 grsn/liter of 

gluoose mi lactœe are CXI1pl.et:ely caddi:œd bt the gIONing culture. 1he 

t:otàl fl:ee enmgy àlange (the heat of CC'IIbustion) œsulting fmI'1 the c:c:apl«e 

oxidation of thia alDUnt of ~ is 81.436 lcœl/l .EI!perlmentally detexmined 

.. 
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œoJnt of heat releued fmu the feJ:men:t:a1:ic was 33.063 kcal/l ('rabl,e rv .12) , , 

coxresPQnding te 0.406 of the total. 

'Ble second approach '}SeS the stoichianetrlc equation derived 

tri means of a caxba1 balance (secticn IV .K). It is found that 11.35 of 

~ sugar Cll.J g of glucœe and 6.05 g of lactose) per liter ~d be 

neeœd 1:0 balance the equation. '1his ~ assœes that the diffenmce 
, 

between the initiAl total suqar introduœd (21.30 g/l) and the stoid:l:iaœtric 

~ty of 11.35 g/l cited above may be ao:xrunted for by the presence of 

K saœ acclIIu] ated metabolite. In this œse, the total free energy change is 

66.10 kcal per liter. 'l!lis would then yield a fraction of E!llet9Y wasted 

as heat equal. to 0.500. 

b fract.i.ona of energy wasted as heat calculated for bath cases 

aüy zepresent a lower and upper ~t for c::œparisal :'!!le actual value 

will lie be'bean tbe two exb::aœs • If the actua1 fract:ial of waàted 

~ is taJœn to be an average of the two ext:reme values, it is equàl 

to 0.453 • 'lhis' value derlved heze ag:œes ~ with thcse cbta:ined Dy the 

\ pœvious lt10rkers 45,58 • 'lbe values fourr1 in the literature for !. ~ 

range fran 0.435 to 0.609 • 

'lbe gOod agreement between lit:erâture and the experjmental 

data report:ed here confima the vaUdity of the zesults cbtained which 

SUR:X>rt the appÙcabi 1 i ty of the e:xperjmental technique • 
1 

• 0 
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B. 4 'l'ec!1nical P:r:OOlESllB Involved With cal.orimetric Meuumœnt 

1. The Beat of Agitation 

'l11e hea.t of ~tation, Qaqi' is equal ta the pcM!!r input introduced 

into tœchanically mixed syst81lS by the shaft (gas spaxging power input 

œn be neqlect:ed). 'Ibe reasoos for the c::hIm3es in the power inplt. into the 

fmmentation broth duting the batch g1'C7trIt:h are 00t CXlÇletely urœrstxxxill • 

As a ~, Qagi was cal ihrated before izxx:ulatial at the specified 

agitatial and aeration rates and was then used 1:h.rougJ:xJut the fm:mentation 

in the calculation of Qfem' 'lhis ~ wu exte.nsively eaployed by 

ltII!IIW previous worlœrs te detemd.ne the heat of fennentatiœS, 8 ,11. In œ:ëer 

to BUPI;Xlrt the applicability of this proœdure these autb:>rsS, 8 , li quot:ed 

the '.«>J:X of Cl1yama and 1b3oh
25 

, and Michel 'and Miller26 to oonclude that 

the mixing po.tJer input for the tum.ü.ent regiIte dces oot depend en the 

, p.,ysio-chanical prq;Jerties of 'the fennentation broth exœpt for the density 

of the soluticin • Taguchi. and Miyanm.a59 also obael:ved that the oorœlatial 

of Michel ànd Mil.ler26 is vaUd for ~t agitation of Newta1ian as wall 

as rœ-Newt:onian fluids. '1his observation iJrplies that the mix:ing power 
~ 

input does not: ~ to vary ~iably durinq the course of feunentat:l.on 
1 • 

'evet\ tho.tgh sone types of broths sucn as in the polysaccharide fenœnta.tial 

are lmcwn te exhibit highly IDl-Newt:cnian :rheol.ogical prqx!rti.es. raœ,.43 et al 
, --

further dJser\Ied 1:hat when the fE!Dllelltation lN!diun is a Newtonian fluid, the 

Einstein law is verified and the viscosi ty fomes do not vary 1IIlCh • '1bese 

investigators also neasured the agitation ~k in the Newt:aù.an fement.atian 

bI:ot:h and CXX'lfimed that the Iratio ~Qaqi/Qagi is less than l' when the 

1 
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bianass ~t:rat~ fran 15 ta 25 q/l • MJst fenœntative heat 

data develqled hel::e are for yeast culture ~,. whià\ hI!Ive beeO estahl i shed 

as Newt:onian liquids2. '!he pararœters oottespord.inq ta the Psynolds 

nutiler and the powert-m.tnber (Np) ~ used by many previaus \olOJ:Iœrs2 

witboUt the IOOdificat:ions qenerall.y çlied in the case of yeast culture 

broth. Rowever, for the IXn-Newtonian fungal. CIllture broths the usual 

cor.rect.ioos tgJld be J:eqUired. 

In tlùs work., the density and the surface tension of fel:mantatial 

broth \ere measured periodically ~t the experlments in order ta 

U!prove the cmrect::ion for the aqitation energy input int:zcduœd into the 

systan. Usually, the ~ity of feaœntation broth does net change appreciably 

during fennentation for both caxbd:lyàrate and ~ fetment.atia1s 

(Table 'IV.S) • Coor1ey41 obserwd that the density of fetmen'tatiœ broth3 
(y 

ranained ~ for 'au of bis cultures. b density of ~. intermedia 

grawn al hexadeœne broth, for exanple, anly fluctuates fran 1.0008 q/an3 

'to 1.0048 q/an3 after 53 00urs of fe:anentation. '1l1e surface tension, there­

fore, is' the only paramet:er whieb needs te be measured durinq the 

femantation. It is noted that the ~te (Pg('P) (QIN d3) :imreases by 

15' as the i,npall.er- Weber nœœr cbmlgès about 2.5 fold, 80 the IDixiB; power 

ratio is rela1:ively insensitive to the Weber 1l1.Ilb!r • "-

'lb! ~ of surface tensials of the ~te ' 
femerrt:ati.Œl bmths indicated that tbis parameter did net àwçe appreciably 

durinq the experi1œnt. OX'lsidering these ŒJsèrvati.a1s,. it is quite reasooable 

te a8S\lDe tbat the mix:inq power inplt of yeast cultures gmwn al ~te 

,. 
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media rana:ined ~ or varied insignificantly; d.uri.D3 the culture 

periode In the case of hydrocal:f::lQn fe:anentatians, this pràJlEm becx:Iœs 

m::xre oarplicated. 'l,be interfacial tension was found to decl.:ine sharply 

even though the mi.xinq power input was held coriStant for the gxowt:h of 

c. lipolyt:ica grown on bexadecane (Tabl.,e IV.9). 'l1ùs pherx:InerxJn cm.ld . ~~ 

be explained.Dy the fact that the interfacia1 tension decmase was 

respa\Sible fOr the reduct.ion of the Sauter mean but::ble diameter with. 
l> 

:œsul tinq inc:rease in int.erfacial area • '!he variation of. the mi.x:i.nq power 
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input during ~ fer:mentations would ~ nœe ~ation. '!!le shaft 

torque slnlld be 11Dlitored accurately during the course of fetluerItatioo in 

order te min:imize exxors int:rod1lCed-~ est:I.mating and/or COJ:reCt:inq the 

heat of agitation • 

The effect of aptifoan addition al the heat of agitation shculd 

net be neqlected. It was .investiçrated in this woz:k as wel.l as by Q:)c::)ney41 , . 

anl M:)u and eooneyll • Since this affect wu praDIlJ'lCed. at ~ antifœm 

concentrations, it oould be avoi.ded Dy using- initial antifoam cx::xncentration 
-~~------ - .. 

g.œater than 300 nç/l.. Before iooculation, sudl an antifoam ooncentr.a~ . 

slxJuld be adjusted in the llquid bJ:oth and additional antifoan should only 

be used when really requ:i.œd during the experiment. No extra quantities of 

antifoan were œquired for lIDSt cultures used in this study exœpt: for the 
~_ 1 

g%OWt:h of Ç.. liIX?~ytica '" al glucose and~. lI} Fiqures 

IV.17 am IV.19 the exper:iments Were tenninated pra:natu:œl.y beœuse of a ' 

foami:n.g problem. In th.is case the heat production is ~tely 33\ bel.ow '" " '. ... 
the earlier results for the g;r;owth of f.. llpolytica (Xl glucose. In this 

-, 

. ~'" -, 
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exper:iment, it ,was ~ that foam:ing occured several times during the -fermentation. 'l!le aeration arrl flœ patterns were sic,;nificantly a:ffected 

Mtich in bu:n affect:ed the tnixing power inpIt. Sana previous investigators 60 
, 

a.lready discovered that the mec!hanical mix:ing power input is quite diffm:ent 

for oon-foam:iD;J systE!rS as carpared te fota:i.ng cnes. 'lbe deviaticn of the 

heat pJ:Oduct:ion data with the ~ c:x:msœptia1. fran a straight line, 

therefore~. would not he totally unexpecterl if there wu 00 oo.rrectial applied 

te the mixinq power input under SI.1dl a circœlstanoe. '-

2. 'I!1e Beat Dissipated by the Sparg!l Gas 

'!he energy dissipated by the bul:bling gas i.S directly prc.p:rtional . 

to tl1e density of fenœntaticn b:roth as shcMl in ~ (15) • This., / 

energy tem is expected 1:0 be cxmst:ant sinee the density of fexmentatial 

b:r:oth dces ~. vary aa:xreciably dur.inq fennentation for both ~te 

and h;ydroearbon feanentations. Furt:hemme, urx1er the typical experlmental 

-
> c:crxli.tions used in this study, the gas sparging power input cab be waly 

neglec:t:eq;=~~=: q,!~ kcal/l.h (Appendix V). Volesky ~ al
S 

negl.ec:œ:1 
, 

the changes in potential am kinetic ~ Wlen deriving a heat l:al.arx:e al 

the fe:m~tor te calculate the fezmentatial heat released during bio-QXidatial 

of a carlxln ~te. Since these eneJ:9Y tem& are very small in ~ 

with ether beat tenœ, they ware, therefore, also œmited in the overall 

~t ba1.anOa :in the work of ~ !.1=- alS 
and !Dl and Cco.neyll '. 

3. 'lbe Beat Iœs te the ~ 

'lbe Specifie heat t:r:ansfel coefficient Ul~ whi.àl' detenninès the 

heat loss to the sur.roondi.ngs was eval.uated experimentally ~are inoeulatial 

. , 

.. 
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--reqardless of the sliqht ~ of physical pr;ope:ities of fez:mentatioo broth. 

'1his procedure is justified 0JI'ISiderin;r the follCMing : 

- '!he changes in rheological p;rope.r;ties of fetmen~ bmth 

affect only tlle film heat transfer CXleffici~ ho (~ {31}) • 

- In ~ (41), the terms m(1'1/rô)/ko1 " 1/1'2 h .. , and 
, , 

m(ri1'l)1kt2 daninate the hèat transfer. 'lbe teJ:m 1/roho can be neglectad 
~ 

in EkJUation (41) to s:inplify the heat lOBS c:aJ.cul.at;i.on s:inœ it is very 

~1 in o::uparison with the tem1S above (~VII). 

'l11e theoretieaJ. calculation of the heat loBs to the surroundincjs 

is illustratsl an APPerxUx VII. In the absence of relevant mrperimmtal. 

data, rquatials (16) te (41) could be uaed ter the heat 1088 œJ.culatiœ 

to within an acœptable accuracy. Evèn t:lolgh there is a 36' diffeœnC8 

bebleeIl the treasUred value, and the t:beclret:ical hast loas evaluatial, it 

does oot affect the overall heat bal.m::e ~iab1y. 'lhis is becauae the 

haat lœs tetm is rèlatively snall in ~ vith the other heat enat9Y 

tmnB meuured for the overaU -heat balance equatial'. 0Verall errer ,in 

the fmmentation heat eval.uation resultinq fran the heat loas anar (35%' 

is oonespaxting' vaxy snall,ranqinq fran 003'_ to~ 
~ beat loss to the ~ CXJUl.d al80 be dfrectly measured 

, . 51 
by a heat fl~. '!he ~ of this pxoœduxe°were:rep:xrted elll~ • 

.... ~ 

'l1lis ~ , hor.JatIer, bas wt been att'alpted in .this wœ1t becauIIe it 

wculd .a.Elt an unneooesaz:y cœp1icat:l.al of the ~ procedure. 

1 
1 
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4. lu. .lichhi1ity of 'Ùù.a, ~ ~ wrsu8 the 
, • L 

.. D:in!Diç Calorlmatric ~ 
• '1' 

'lbe ~ "~ of this 1IIeIURD:ing technique wu experizœntally 

, ç1et:emdner.ï Pto œ - 1.41' wbil.e the percent di.fferenoa bebam the knam heat 
, • c \ 

~ am.the 8IIDlrlt of"heat detemti.ned Dy the dynamic ca.l.ori:œt:ric tedmique 

- '''.1''2.21 (Tables lV.S ard IV.6) •. 

"experimental technique wu - 1.2' • It is evident fmn Tables IV. 5 and rv. 6 
~ 

.. ~ ,the 8a:uracy of botb ~ is quite ~tisfactmy when the fçœn-
" P 11 1 

. fi " , ' 

t:ative haf.t 18 hiAJh. 'lbe fermentative heat data œasured by these two 

" \ 1 t:eàmiqoes abculd thua ~ :weU ~ the perlod of 'high fenoentative .. . 
, ," . 

, ~ P;odoot:lœ. Indeed, for bo typical ftXilIIPles Wustrabad by expedman~ 

. . msults 4ep:fctM 4!n J19ums IV.29 and IV.38 • 'lbe ratio4Hfo ~ by, 

. , 

.. , ~ 

1 th$ Daf t.edwù.qœ ar;œêd qù~ ~_~th ~ eue ~ Dy the ~ 
, . ~ tIicbn.ique (ftble IV.U). 

, ~ 

\ 

~ fxaD the l.c:Mer're'!'iability and aoc:u:racy of the dynsd.c 
'li, ,~ 

~ t.eCbuqué as .." f%âa ~ cxrzpar1son of the bJo 
. . 

• 0 ., 

JlIItbods, the uae. of tbat ~ reprennts a further ~ 
,. . 
" ,~. 'l!Ja ~ ~ ~DJIJ attential during' fementatiœ 
"0 " • • '1 

• ~ lIOb1dl - lIIot li:Ir .. W · - boip!ratuI:a flucI:uat:iaœ. 
',' , ~ .. ~.~tmJ~i~~_,' '0 ~·~metabolicactiVities. 

~ " :, "' ~t ~t:ba llI!f ~ can"~ the fez:Jœllta~ve'œat data 
(" • ..' "'1 

. '?*"ately':' the dymmic œladlÏIat:xic technique ,.;a]1, reqW,œs ~ 
. . , 

+r~ , " ~", 

,\. ~ ." . '~. lm' Jn!tial period 'Of 5-9 m:I.nutes is rèqu:treë. to let the· taIpm1tUl:e 
, " ,t _,' '>l - .. ' ... • " 

'. \t!rA .'.; ~ "~ '" ~ ~ a'~ ra~ ~ ~ ~1.syat.eu ~'~~ o~~. 
~ ... ,'! .. ~ • ,'" ... ...,... '""--.., 

, .,t 1.,.·' ","t .'c, • - t.I: .. ,,~ 
'" - 1"f~1 ' \ l ,~".,.." ~ , 

~·f!~~1:. ~~ ),~.~: :: ;':;~:;"; ,~: . 
". 

.~, "", " 
< , 

f 

f' ,l, 
'\ 1 .. ~ .. 

" 
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Dynaaic calarJmeb:y is, theœfar:e, net as efficient in,~ rel.iably 

the heat evolutial ~,the end of expcoent:ial. gxowth pwse when the, 

'~ of heat X,eleaaed may drastically decline in a ~vely short period 

of tDoe. 

'lbe t.éc:tniqœ uti] 1 "AId in this ~ is very suitable for the 

.. -lt •• ut of the heat of fE!Dlll!lltatial. If a, oorrelatial between the bat 
62 

of fematt:aticn mi the bianass cœcentmtion wu sucoessfully at.tarp:ed , 

the l18W t.edmiqœ could bé used as an iIr3irect senaor for éIetetlnplinq thè, 

~ gxcwth ~ hianass CXI'lCI!Dt:rat. dur:ing fetmentat.içm. It oould also serw 

J . 

. -

as a quantltatiw indtcat:or of diffm:ent met:abollc act:ivities and ' 

[lIIt'LtD8teta. 'lbese am ex~y iDp)rtant fat' iDiustr:ial fenlElltat.icœ, 

particul.arly in po:)œa~ designed ta pJ:Qiuce high œ1l densities. 
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1. '.rhe rate of heat releaeai duriD; grcMth carrelates well with 

2 • 

3. 

the rate of ~en ~. 'l!lis oxrelatial bas the 

fol.lowinq fOllll : 

"'Wlere ~cm am liJi represent the rate of beat pr:aiucticn am .. 

tbe rate 'ofaxyqen ~ respect:iVel.y. '1be pt'CpOtt.i.œal.ty 
. , 

wu experjmental.ly detennineà as b.lll ± 0.02 

'!'ha ~ ARfo is ~ al the type of micro-ar:qan:l., al 

. . 
the substrat:e uaedÎ am is' iD:1epe1èIeat of the gr:owth ra~.· 

1,,\ 

'l'qa ~ haat rel,.sai aD! the tctal ~en cansÎIœd al.so 

, , -
t 1 ~ .... 

/ .. /f ~ .. 

T 

i' "'. 
_, 'lt 
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. .. 
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l 

5. The total heat released a.rxi the tot:al axygen CXIlSIlIIBl ~ cÎ1 , 

the microbial culture arxl in general decrease with tœ decreas.iDJ 
1 ... 

free energy of the substrate • 

6. ~ experimeptal data agree weil. with the theoretical predictial 

., of M:i.nlœvich and Eroshin, aIXl with the work of DDanaka and AiJ:Ia • 

The ~ty ~t 6HfO is sl:iqhtly lower than ~ cme 

exper:iment:ally eStablisbed by Ccx:rsy et al • 
! --
1 

7. In abseœe of exper:imerIt:al data, the correlatiooS derived iri this 

stu:iy could !Je usai ta ~tè the ,Fecœntative heat thz:'c:u;Jh the 

~t of the c:«yqen upt::al(e rate • 'lbe ~'limit value of 

âlifo (O.13 kcal/DIDOl O~) is ~lied te the bacterial cuJ.tuœ or 
! 

the d.iauxic gzowt:h. Cl1 the ether side, the l.ower limit value of 
, 

âlifO (O.09:' kcal/DIDOl 02) cm he ~ te oxreJ.ate tœ œte of 

heat re]·"" and ~ .œYVEIl uptak.e rate for the mld culture. The 
l, 

man value of ~(O.ll.; kcal./DIIDl 02) i8 çpl.icable far: tba yeast' 

"' ~ture. 

,:' .. 

,. 
'heat l:àIr:wal ~ for the' fetmentor, espect:ially ~ ~ 

• substrate matad.Als are ~ • 

, , 

9. The ~ disaipate;':by the J::u1i>.l,Jn;r gaa oould be neq~;in . , 
~ \ . .... ~ 

any practièal. œlO1latian 'far ewln&tim Of the 'fecad:atial·heat. 
. \~. ' 
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to ,the sur::rœndin;Js did oot .fluct:uat:e ~ly ciuJ:iD] the 

cxm'ge of experiment for thirteen expet:7 exami.nEd in this 
Â' . . 

sbJ:iy • ", '" . 
l1. In the overa.1.l heat balance on the fecoentor, the cxn;:,ept of the 

inpill er Weber lUJt)er str:Wd be used tD oorrelate the mi.x:i..D:J power 

iIplt (PgIP) for 1xX:b Newtœian ml JDl""Newt:adan fhûds in the 

t:urtulent r8]ime • 

.. 
Severa! elaoénts'of this sta1y are CXC1aidared th !Je original 

ooutribltia:lS to ,mowl.s:1qe in f8llDli!!l1tat.: t:.echlnl.ogy : 

, ' 

i. The. design of the apetrla' taIpIrat:llre c:œtml systaD 'Which c::an ta 

... 

~ çp1 i«1 to oc:Ilt:iru:Iualy'l1alitar the heat evolutial durirç a 

, . 
, ' .. ~' 

,4. 

i 
\ ~ , 

" 

À ' 

, , 

, , '1 

ii. The rasults of the naEPJr8Dl!llt of the fermentative haat am the 

cacwan uptaJœ for many diffennt ~ gl'CWn en diffez:ent 

œT'bcwl 's:mœ. • 1'his wade alào develt:Ipa tte f .... tative _ data 

far t.ypiaü. ~ ml alocbbl f.".lItaticDa ..wm' have net' . . 

of ~ .z:elea", mi the 'rate ~ ax.ygen ~ ~ tbB di81ucio 

• 1- ,. 

, , 

; 
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the oxygen uptake by the 9rad~"~ture is v!!!:y us fu! both fbr 

feonentation systen œsign and ~s ~zation. \ ln addition, it -. 

CQUld be ext:ème:i into process control applicati<iPs • 

iv. '!he results of investigation of the mixing ~ .input in gasàed 

and ungassed systems' for Newtonian and non-Newtanian llquids resulted 

in a semi-theoretical correlation for estiIration of the mixing 
" 

p::1Iler input in 9ë\s-liquid dispersion systems. Eecause ~ prçposed 

" cmrelation for eStinat.i.ng the rnixinq pc::7.Ne.r ÏllPlt is on the , . 

d:brensiooal analysis approach, it can be useful for the des]; and 

scal.ing-up of fennentor system • 

fi 

, . 

Il 

\ 

BaDe inteœsting fa.cets of the p.r;eseait pt'Oject œil te reexlllœnded·for 

future st1x!y : 
•• , ~ 

-, 

1. 1 App~ j ity of the" oorrelatJ.œ p:qœed ~ tbj.s staly for . , ~ 

L • 

estimating: the mixinq.~' ÜiNt in gas--liquid' dispersiœ sys~ 

11\.: ..• ~ 

\' 

" 
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1 

J - ,,' 

2. '1be effect of surfactant c:x:noentra:tion <Xl the ~ power inplt, 

in a qassed system • 

3. 'J.be:z:beol.oqical. pmperti.es (Newtonian or -Newt:onian behavior) 

4. 

s. 

.6. 

7 • 

8. 

" .. ",' 

. 
of fe%Dlel'ltation broth sOOuld !Je specified further during fententatial 

proœss for individœ.l cultures. The 
\ 

in parallel with the mix1nq pc:1Im' input 

affect on the latter. IMccuracles in the 

of agit:ati.a1 oould t:hus he minimized • 

A reUabl.e method for measur:a:nent of 

system should he developed • .) 

Mixinq power iJplt in a ocap1ex 

The desc:ribed technique far ~ t:l'Ia, 

, 
c::cnt:l.mDJs-flaf cultures with ether 

11la 'DIllti...nm:i- ~vior of the femen 

for dj.auxic g10Wth 8bJuld be e:xaId.necl 

\lie ct taJ:::mmtatiw heat as a ptee •• 
~ 

cœt::l:'C?l: t:ha faxmeat..atiœ proc.s. • 

1118 cor:œlatiàn babem the rate of 

," -',,;,.' ...... , ,:'" ',. " 

, ,. , " .. " . , , ' 

... \ k 

'f 

ity should be tœaSUred 

t:i.mtion of the heat 

' . 

pJWer input in a :fœnd.D; 

. system (qas, l.iquiè-oil, 

~ 

:t of fel:mentation shculd 

in fed-batc:b and 

et:rains of inteœst • 
) 

~ heat and CJXY9IIInr qd:ake , 

• 'Dlis could 'lead te the 

1:0 1'8ÇJÙl.ate and/or 
) 1, 

\ 

tation heat evolut:ial 

.f 
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œrrelatic:n oc:uld he useful as an àiit:i.cœl IilYsioloqiœl p!;OC8SB 

variable in the fetmaltation ptOCeSs • ~ 

9. 

i ~__ ~ 

Furthér st:t4r of the J~ of prod\X:t fœnation al the heat 
( 

1 

evolutial am its oorrelatiauJ • Anaerà:>ic mi pro:1uct-a:rieQ 

fern&ltatians ap::md be EllUlDi nad • 

10. 'The validity of the result..ùJ;J ~ s!rW.d be i.nvastiqated . . 
;- , ., 

for the fennentat.ion p:rocess when the des.ire:i erd product. of the 

fennentat:ion ~ a pr:cd1.X:t ether than cell mass • 

./ 
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APPENOlX l 

GlOlœ MEDIA 

The following growth media were used for the fetmentatiOns dj srnssed 

in this study : 

Ml!DItJ( l ( used far Aspergittis nigel' )* 

\ Ccl!ppmt gram / liter 

Glucose ~ 4.. .fh-, 

\ 
30.0 

(NB4) 2SJ4 4.0 

MgS)4·~O 1.0 

~P04 , 3.0 

sàlt stution1 4.0 ml 

'l'aIpB'ature 30 OC 
pB 5.5 

MlDIœ II : * ( used far Candida inumedia ) 

" , 

~HB4)rso4 

mye. 
~. 
yeaat B1:traQ.t 

" . 

• 
c;ra / liter ' 

30.0 

. 5.0 

~O.O 
" 

3.5 

1.S 

0.1 

,.' 5.5 
1 • 

t' " 

.....-

\ 

\ 

, .", 

. \ ' ' 

i 

:;·>"~;;t 
".1. • 

> ,Ii""'" ... f 

• 1 , .. l~ • 



o 
MEDIUM III 

MEDItK N : 

'. ... 

1 • 

( used ,for ,Candida uti 'Lis ) ** 

Glucose 

Suc:rose 

Gl.uccee and 

Cellàliœe 

Éthanol 

(NH4)2~4 
cacl~·2H20 

~4 
lÇS)4·~O 
'l'EIIpEature 

pH 

%!Il / lital: 

30.0 

30~O 

30.0 

20.0 
2.5 

0.05 

2.5 
0.5 

30 0e 
4.5 

* ( used for Esohettiohia (JO U. ) 

GltJCOlle 

GlUCQlle & Lactoae 

(NB4)2eJ)4 

11904 
l.J1R04 
~4·~O 
FefftJ4·~O 
~ture 
pli. 

, 
.' 

gram/li~ 

20.0 

20.0 
4.5 

7.0 
3.0 

0.1 

0.005 

37'= 
1" 

.... '~l .., ~, 
... ,~, 

( , 

~, 
s 1, 

" ' 

, -> 

" , 
, ,'~, ' f' ,,.. 

') 

, 
• 

Cc 

. ' , , " 
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MliDItM V : ( u.sed for Candida 7, • 7, • ) *** l.pO yt1-ca 

Ca!Jx!!ent cp;am 1 liter 

Glucoae 25.0 

n-Dcdecane -5-10 ml 
. . 

Hexadecane 5-10 ml 

mye4 '.0 

~4·12~O 1.2 

~4·~O 0.2 

(NH4) 2&:J4 
4.0 

cacJ.2·~O 50 RI1 

NaCl 50 m; ~, 

CtS>4·~O 80 \.l9 

la '1 2001lq 

,~.~O lm; 
MnS) 4" 211.z0 30 \.lq 

\ 

Nlt..jUl4 .~O 10 \.lq 

ZnS)4 1Jo).I<J 
- Bœic Acid -
" 

200 lJCI 

Yea&t BIctraCt 100 \.lq 

1. a. liter of trace sait aOl.ut:icIl wu made u:h that cme mi 1 J 1 Ji ter 

1œld cœtain' the fol.lowiDi , 

Q.1S)4·~O 

1fSl4.·~O,/ 
1tIS) • • B.z0 t 

1nS04• ~o, 

:(~~) t!"',024 .~o 

I!JŒ!Ill liter 

40.0 

150.0 ' 

400.0 
400.0 
115.0 

, " 

. . , 

~ 

(lS10)·~' . -" ~ 
" - ,'~~ ~,' :" 1 ~ 

. . . 
., -

• 

, " 
~ ~ l ~ , 

, -
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APPEN>IX II 

Mass/Uter of 
broth,kq/l 

Specifie heat, Haflt capacityf 
kœ.l/1<q. Oc llter,lcœl/l. Oc 

p 

Fetme!lta.tion 1.01 1.00 1.01 
brot::h 1 

Fexmentor jar2 0.382 0.20 0.0763 
(PyrSc) 

Stainl.ess Steel:t 0.152 0.12 0.0182 
(Type 316) 

Total 1.1045 

'. .,. 

1. Basai on 9.0 liter of fcmentation broth 

2. 'Buej en 68' of t.ha glass bain:} in cart:act with the l.lquià 

3. The waight of the iJIPÙ' er, shaft, pH eJ.ect:rcde,.ilmersion heatar ,ard 
.. 

at:&uüesa st:e&l baffles .. e8timated te br! 1.368 kq 
l ' 

.. 
ù 

, 'II! 

... '~~_ 1 . 
': 

, - . 
~ ..... ' r .. j ~ 
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APPI!N)!X m 

Mlxi.D:I power input fQt' Newt:oni.an fluida at 25°C . 

The' IDi.xiD;J p:Mer m.JDber f~ Newt;aù.an fluids . 

289 

In.3 ". Mixirlg 'power input for oon-Newtonian fluiÇIs . 

In.4 

In.S 

III. 6 

. . 
1 

" 1 

d) , , -

The Dtixinq p:Mer ratio versus the aeraticn rJJDi:ler • 

The (PifP)~·38 ratio versus the Weber 1'D.1ltler for ~ flûids . 

'1be cP g'9)~. ~8 ratio versus the .. WePer ll'llltIer for nco-Newtaù.an 

fl.u:ls;Us • 

'il,' 

, . 

" 
1 

. <fi 
., . 

, , 
" 

1" .:, .".J <, 
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1btatiafal 
SPëëd (ijïii) 

• 

-500 

550 

&Oô 

650 , 

700 

) 750 

800 

.. 

..,. 

»,...-~- .. ~-. .. -~-- ~ ~- ~ 

" .. 

AP1'JiH)lX :tU. 2 
<?' 

, 

"1'BB IIIXDG RH:R IUEBR Pœ NI!IflQfDN FWIDIS 
... 

- ... 
.0 

-.. ~ KixiJg Paer lbIœr tNpt 
" 

lIIlter Metbanol ~l 
l' (251) (lb,) &1(:.), 

" ~ '-6.117 
l> 

6.U4 6.210 6.1:58 tt;167 

6.082 6.230 6';125 6 .. 144-
... 

6.105 6.270 6.220 6.200 

6.102 ' 6.270 6.145 6.1OS 
'. 

6.116 6.220 6.159 
~ 

6.172 
'. 

6.118 6.25 6.200 6.~ 

s t!J# 

" 

., -, 

:.. 

~> 
V 

• Ci'> • 
"J. Il , • c ~ .. -;... ;lJ,:~4I. .. - "J .... :-... ,~ 
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Al'PI!H)DC m. 3 

, 

1 BDtatJ..caal. ~ _ Izèt Pc Unit VoJx..fPllrA3) , 
" 

, 9JM1(J:eD) or:~O~4'!, , ac~0.6"J , 

550 1.3406 

-580 l.620 

600 1.7746 

640 2.l73 

650 2.269 

680 2.62(; "!" 
\ 

700 2.Sq& 
" 

740 3.405 . -
750 - 3.SÙ3 , 

• 4,.3161 800 

820 
1 

4.637 

----' 850 ' . 5.144 
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• 
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() 
APPIN>lX m.~ 

,'l'HB MIXOO PQrŒR lW1'lO, VERSUS H A!'.IWrIŒ _ 

~~3)xlOO 
. , 

Air Fl.cw-Rate ~roera.tio ( PCJ 1 p ) , 

(l/min) (~) water *I\f -')~ . i -
14.54 5.981. 0.449 ,g.456 ~ 0.413 
13.65 5.613 0.464 0.471 '!'" 

12.75 5.245 0.478 0.488 0.486 
li. 86 4.877 0.493 . 0.485 
10.89 4.519 0.507 0.529 - 0.514 
10.13 4.165 0.536 0.514 
9.27 3.813 0.550 0.558 ":' 0.554 

-
8.34 3 .. 429 ' 0.565 - .. 0.557, 
7.35 3.021 0.594 0.603 - 0.622' . 

. 6.45 2.6S3 0.623 0.600. 
5.49 2.258 '0.667 0.676 ~ 0.662 
4.59 1.888 o 0.696 0.685 
3.62 1.488 0.753 0.765 0.757 
2.71 1.U4 0.840 

~ 

0.828 -, 
2.50' 0.886 0.869 

... 
:-

1.79 0.782 0.927 9.946 0' 

() 

"1\50 0.7li, . 0.985 1 0.941 ... 
.. 

* ~ ape.:l = 600 q:m 
.. 

r 

, f,' 

,', J 

. \ . 
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!PPJ!!2IX m.5 
• 

~ (P,,)N~·38 ra$ V8rau1tthe 1!!bE lIoII&Ir 

for NIIwt:cniàn f1ui.ds. 

Nw. 
1. t4ate: : , 

412.92 1.6320 
562.81>, 1.5789 

660.52 1.5323 
766.0S ,1.4891 

. 879.39 1.4506 
1000.55 1.4154 

f 

2. ~ (lOt) : 

575.60 " r 1:.5939 

(\- 685001 

803.9. 

l ') 932.38 
\ 1070.33 ~ 

1.5421 

1.4960 
1;454} 
1.4169 

;/ 1217.80 1.3825 

3. Bt;bXlene GlYÇOl. (8": 

62.4.04 1.S723 

742.:7 1.S211 

871.60 1.4757 
" 1010.85 1.4751 

U60.Cl 1.3976 

~O.29 1.3637 

\ n 

" ", " 

'. 

l 
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(' 
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/ < AmR')lX In.6 

/ 
/ 

,!!!...(~ Î'!tt! .3~ ratio V8rBUII tha NDr lUIIbIr 

tar ~ fJ.\W1l l' 

.U 

Hw. 

1. ac(O.~') 
~. 

684.50' 

931.68 , 

1216.09 
1540.12 

, 

2. QC(O.4.) 

529.59 
644.83 
727.95 
862.08 
~57.80 

1058.56 
lP7.43 

3. CX:IO."'r 
'Il 

497.0c8 
591.5& 

" 6H.27 
805.19 
924.32 

1051.67 
1 
1 _ 

... 

, . 
,t 

... ,- -

,f, 

. '\.47~ 
l.~"\ 

1.368& 
1.2849 

) 

1.5126 ' 
1.4570 
1.4238 
1.3789 
1.3515 
1.3261 
1.3081 

1.5476 
1.4973 
1.4525 
1.4121 
1.3756 
1.3423 

1 

\ 

( 

.. 

Il 

1 • 

'-

, 
l ' 

- .. ,l, 
1l.'1 \1 
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IV.l 

lV.2 

, lV.3 

lV.~ 

lV:S 

lV.6 

lV.7 

lV.8 
~ 

IV.J 

IV. 10 

lV.ll 

lV.12 

lV.13 
, 

N.14 

! 
/ 

( , 

, 1 

\. ' 

'Di1mA'1'ID RISt1I4! l\:Jt !~, larA'1' DNm 

, , 

.! 
f 

.,. 
" 

J ~/ 

. ' 

• A. nig.%' graND Cft GlucoIIè (I)ynImiD C&l.œ'imetry, ~ 2). 

A. n-tg.ia 9J:OWft cft Glllcx.e. ' 

c.. int.rm.dia g2:OIC1 CIl 'Gl~ • , , 

c. lipotlltica 9rown en ~ .. 
Q 

c. lipotlltioa grown CIl Haxacfeaane • ' '. 
~, ... 

c. 'l'titis grcNn Gl G11.lCœe (Dynaaic Cal..o:t.tn.b:Y) • , , 

c. u'tiUs gltMft œ Gluccee.­

c. 'l't'His grown CIl Suc:::.tOM • 
~, 1 

c. 'l'titis g%t\Nn (XI BtbIInoI • 

C." ut;iUs ~ en a mixt:m:e ol G~ ft c.ll~ • 

'),.. 

) 
./ 
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il 
; 

(, 

1 , 2T1 . 
v f , 

/ , ' .. " f ( ) 
M!'I@?lX JY.1 

, .. 
l, 

" , 
1 U . / 

A.n1ar 9f2!!! œ GlIXX* , E!=~.5 , Ti'lOOc ) 

l?:inPig ~ ~ ( ~t l ) <Ill> 

~ i "', , lb. T:iJM· gl! /~~ Iti~. -, -
---( (h) ...,le/l.h) : , (JccalI1. .h) (q/1) , 

~ 

0 0 1 1.Ô14 
l 2 6.14 Q •• Ul 1:400 
2 

; 
3 10.414 

/, 
Q.894 

... r -
3 5.5 9.945 f 1:.149 -
4 6 i6.3Sft 1.392 
5 6.5 17.037 1.724 

. -:) 

6 7 22.812 ~.093 

7 7.5 22.157 ,. 2.~1 
0" 

8 8 26.373 ' 2.486 . 3.290 , 

9 8.~ ,( 24.676' 2.306 
10 9 ! 27.637 2;"1 

1 

11 9.50 28.725 " 2.641 
12 -l0 / 26.590 . 2.239 4.850 

0 / 

13 10.50 / 19.220 , 1.580 
14 U (\ 5.350 

15 u.sc( 
> 

13.533 0.962 
'16 12/ 6.045 ., 
17 li~so 16.191 1 • .166 ' 1 

18 1.3 - 6.19~ 

19 13.50 1).W- 1.186 -
• 

j -' .. 

0 ., 
-

• 
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() 

Mo. -
o 
l 

2 

3 

4 

5 

6 

7 

8 

9 

.1Op 
U 

12~ 
13--

14" 

15* 

.-

i 

!JI!. 
(h) 

o 
3 

4.5 

5 

5.75 

7 

7.5 . 

8 ' 

8.5 

9· ~ 

9.5 

10 

U 

11.5 

12 

12.5 

) \ 

l' 

taaoleIl.h) 

6.044 

9.023" , 

~ 
(kc&l/l.h) 

0.228' 

0.301 
",-----

12.034 C ) 0.854 -
~.~-

16.225 r,-f' 1.47~ 

~.?IO " 2.105 \ 

. 26~52 2.731. \ . 

29.920 .3.126), 

32.88d 3.200 

35.860 

35.860 

35.860 

29.97 

26.9ao 

26.980 

. 26.'ao 

. \ 

3.482 ~ 
) .)1 

3.200' 

1.792 

1.425 
1.122 1 

1.479 
1 

~ . 

...,.. , 

----- " r 
1 
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1 

(~) \ 
~IX1V.3 1 

1 
1 • 

A.JÙ.9!f SIfO!!! Cln Gl!!!!! ~ E! = 5.5 , l' = 30 ~ , 
l,;;,-o-;' 

') .... ! ' 

Ml. CXJR 
~-- B1aœ •• - -

l(h) (aIaol.e/l.h) (JGcal/l.h)~ (g/1) 

~ 0 1.346 
0 1 1 2.078 ... 

2 1.60 2.078 
3 3.50 11.743 

',1 

1 .. 226 (r 

4 3.67 15.328 1.601 
5 4 18.919 1.,824 1.682 
6 4.5 24'.Sll 2.103 
7 4.61 ~4.385 2.189 

8 5 23.876 2.203 ... 
9' 5.50 25.087 2.3-30 .' "' 

10 6 27.120 1 2.398 1.920 
11 6.50 28.641 2.506 
1,2 7 J.t.272' 3.,207 2.552 

~/ 
,~ 

13 7.50 31.339 3.297 ( 

r - . 
2:419 14 8 28.194 3.252 

! 
15 9 18.634 1.416- 3.880 

16' 9.50 17.475- 1;420 .... 

17 10 ... 4.750 

U 10.50 . 15.868 1.696 -",p 

'1~383 19 11 17.993 5.222 , 
~~--

20 12 5.412 
'., -2l 13 5.490 . 

, 
--- --

cS ----. 

9 - , 

() "'-;.-. 
\\ .' 

'. . ' r 

1 ,-
." ' ~ . ", . , " ~ ~ . . . -
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() 

. " 

~ 

No. -
0 

1 

12 

3 

4 

5 

6 

7 

ê 
9 

10 
li 

12 
13 

14 

15 

16 
17 , 

~----~-,~~l8----,-

i 
1 

0) 

19 
20 

J 

~ 
(h) 

O· 
2 

,- 4 

5 
6 

6.50 

7 

7.50 
8 

8 .. 50 
9.25 
9.50 

f) 

10 
10.50 
11 

li. 50 
12 
,12.50 

,12.15 
13 

13.42 

'..; 

'j 

APPIHJ:CC lN. 4 

am Jlt ___ -(Ja;)leI1.h) (kca.V1.h) 

--
2.~" 0.301 

10.928 0.791 
10.608 ~.162 

12.257 1.340 
19.485 2.191 
14.902 1.69~ 

22.553 2.556 
24.939 3.444 
.21.821 2.760 
22.836 2.543 

r-

20.24f 
- - • 1 

. 2~ 632"---' 

24.705 2.792 
22.952 2.575 
20.876 2.589 
22.957 2.804 
21.409 2.m-

' 22.957 2.682 
22.265 2.035 
23.650 o 1 2•SU 

20.933 2.142 

, .~\ ' . ) 

\ 

, NCDU' 
(;/1) , 

0.530 
0.546 . 

... 
1.317 

" 
, 
'~ 

1, _ f, 

2.835 

4~925 

5.590 

, 

, 

.,. .. 

210 . 

.. 
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A1'PJR)IX IV. 5 

/ J.coU $99 en GlpcoIIe ( SI::7 1 T=3,oC ) . 

No. - . '&a - 812".' 
(1) _le/l.h) Occal/l.h) (q/1) 

0 0 0.606 
. 

l 1.58 1.906 0.086 

~ 2 2.00 3.139 0.464 

3 2.50 4.339 0..568 0.736 

4 3.00 4.735 ' 0.6U 

5 3.5 17.104, ~ 2.058 

6 4.00 19.855 2.395 1.700 
, . 

7 4.25 27.096 3.724 

8 4.58 .33.095 4.425 

'-9 4.92 38.214 5.297 

10 5.25 42.599 6.494 ... 
U 5.67 48.448 6.925 

12 6.08 22.8lS - 3.146 .. 1 .. 
d 13 6.50 6.921 0.843 3.817 

14 6.83 7.698 0.916 3.895 . 

15 7.00 6.0lS 0.749 .. 
16 7.25 5.814 0.951 

17 7.33 6.358 0.905 
..-

J 

, 0 
! ,-, 

/ ". 

-, -

1: 
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~ 
1 'j 212 

CJ 
Al'IItI)DC r.T. 6 

" 
E.ool1 gz:own on a mixture of Glu,,?!! ard' Lact:cIe 

1 !:?. TJme am .-Otez»- BiaMlI Gl'Jetla -- -(hL ~.h1 (Jcœl/l.h) ('1/1) 
\ 

~ 
0 t.iA9 Cq/l) 

1 0 0.625 11.30 

2 1.25 -, 0.,705 10.30 

3 4.92 .~ 0.725 ,10.20 

4 6 0.469 

5 7.33 1.259 0.203 0.837 10.00 

6 7.50 4.625 0.511 .. 
7 8.50 1.160 

8 9 4.351 0.423 

9 9.50 7.612 '1.051 1.340 9.3S, 

10 9.83 9.296 1.028 

11 10.17 11.287 1.773 ... . .. 
12 10.50 li.736 1.532 1.852 8.67 

13 iO.67 13.827 1.753 .. 1 

14 11 18.136 2.598 

15 11.33 21.477 2.695 
'16 11.42 23.289 2.459 

17 il. 50 26.389 3.044 1.936 7.lS 

18 il.S3 29.900 3.484 \, , 

19 12 32.213 3.886 
20 12.17 35.925 i·443 

21 12.50 42.505 5.017 2.664 4.95 

22 12.58 43.636 4.902 

23 12.75 46.564 5.321 

24 12.83 48.259 5.634 

25 13 48.699 5.873 .. , 
.26 13.17 53.318 6.463 .. 

(\ 



.. , . 
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, 
J 

-----~~ ~ 1 , 1 

1 
1 

1 1 
1 d . 283 
1 r~ 

1 4iI 

() 
lII'R!IIlIX IV, 6 Ifalt0i 

1 

~. \~ OOR ~h) Bi.aaaai Gllxx.e - & 

Ch) (umole!1.h) (q/I)- cœtwJt:ra-

t:.iœ. (qjl) • 1 

1 
27 13.33 53.933 6.~9 
28 13.50 58.264 4.'532 0.611 1 6.~ 7 
29 13.58 40.441 5'137 

0 

30 l..a.67 35.925 3.459 
13.8'3 

1 

31 55.795 4.414 5.088 0.022 
32 1 .. 56.409 6~125 

33 14.17 72'.276 8.716 
34 1~.33 72:446 9.013 
35 14.50 77.196 " 9.877 6.304 0.002 
36 14.75 77.022 10.032 ...... "'1 
37 14.83 78.906 10.019 

/ 
38 15 83.287 10.196 
39 15.17 81.644 10.109 
40 15.33 79.259 9.777 

J 
, 

41 15:50 45.389 5.290 7.568" 0.005 
.42 15.58 '34.307 3.529 - tI' 

43 15.67 32.801 . 2.020 Q - -
44 15.75 30.553 1.837 \ 0 

30~6S \ 
45 16 1.623 - 1 

1 , 

-( 46 16.08 30.034 1."584 

'-

" > 

9 a 

" 

o 

... <) 
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'.--1 ------() 

-~~.:..---_ •. ' • 
, 1 

o 

\ 

, . . - .. 

dt 

:." ,1 
,-J, 

, > 
\;; ,1';[ ~ 

-, , 

o 

, , 

o C.liJ;?o1yt;,ica g;own on GIna?!! ( @=5.5 J or = 30 C ) 

o 

5.015 Q.554 
5.120 0.569 
5.906 0.607 
7.9:31 0.803 
8.705. ... ·.0.969 

~ 

1l~244 1.406 
15.939 1.622 ' 

, 
14.938 1.425 
16.952 1.789 
20.494 2.059 

,24.637 2.487 
1 

30.306 2.918 
31:.958. 3.181 

, 35.973 3.469 
38 .. 434 " 3.376 • 

37.524 3.376 
40.587 3.249 
-39.814 3.098 
~ 1,"'-

32.228 3.345 

" , ..! '\ 

8:i..c:JMBS 

(9/1) 

1.560 

1.760 

2.343 

3.610 

S.496
L 

5.834 

-, 

~ .. tsnainated ~lier duè ta fOllllliD:1 p:gbleIn • 1be final 

deu cQlOBiltraUœ aftC 24 ~ iiJ 11.280 cl / 1 .' .. . 

, , , 

o· . .( 

.. # 
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0 
• APPUDDC N. 9 . ! ' , 

1 

C.liS?lytiœ ~ (Xl ~ 0 ( p!!=5.5,T=30 C ) 
, ' t, 

,!g,. ~ ~ ~eœ- BiaMes 

(hl (JœK)l.e/1.h) (Jcœl/l.h) (g/l) 

'L ~~ 

0 0 0.560 
~ 

2 4.67 9.735 .; 1.585 0.833 

3 , 5.17 10.489 1.787 

4 6.25 15.2n 2.670 

5 6.67 16.332 , 2.788 1.163 

6 7.17 11.642 3.146 

'. 7 7.67 19.334 3.047 

8 8.67 25.098 3.472 2.045 
1> 

9 9.17 27 .239 3.923 

10 9.67 31.896 3.864' 

II 10.17 33.383 3.335 

12' 10.67 37.062 . '4.651 3 .. 015 

13 11.08 40.955 5.028 

14 11.'17 42.~ 5.192 

15 
... 

ll.42 40,,05 3 5.728 , 

16 1l~84 42.176 5.323 

17 12'.17 44.393 ~ 5.852 

18 '12.59 48.816 6.180 .. 
19 12:67 

1 
50.255 6.299 5.575 

" , , ,; 
1 : .. ., " . " 

® . ~:,' 
:,c"!i:' ~ ,~."J ~ 
, " ,il'~ "':: 
~: ",~:' 
~l'{i~t'l 

, -~~-~, , 
t l" " 

'::t~~ " 
'~r~. ,,,,., .. 

~ 

" , 



st 
'~Â, .. 

-~ 

.r 

'''î 2,1~ 
. 1 

() 
A'PP!HJDC 1».9 (Calt.) ~ 

.1 

v ~ 
No. T.ime 00ll ~erm- BlC1M88 -(h) <aaDle/l.h) Ckcal/l.h) (g/l) 

20 13.08 52.,897 . 6.533 -. 
21 13.58 , 54.364 .,~.929 ,/ -- . , 
22 14t 57.001 46.987 

0 23 14. 59.603 7.135 

24 14.67 57.001 7.059 7.397 

25 14.75 59.314 7.034 

26 15.00 - 56.709 7.2(11 

.27 15.17 60.044 7.487 
, 

28 15.33 58.873 ,'.478 

29 15.67 59.126 6.521 8.430 

30 16.17 55.089 6.l29 9.410 

1 
1 

o 
,-iIo 

".,' , .. 
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\ 

() 

No. -
0 . 1 
2 

3 
4 

5 
6 
7 
8 

9 

10 
11 
12 

13 
14 

15 
16 
17 
18 
19 
20 
2l 

Il ., 

~' 

AW!H)lX N .10 

... '0 C.utills g;?!I!1 cm Gluccae ( pH_4.5 , ".1.";30 C ) 
; 

Dy!!!nic C!1pSmatrY Teghniqye 

~ gm ~m:m-
(h) (ImDle/l. .h) (kcal/1.h) 

0 . 
1 0.395 0.038 
2 4.147 0.398 
3 ' 7.165 0.64~ 

4 8.723 0.795 
5.33 21.285 1.699 

6 27.408 2.478 

6.50 26.802 2.784 
7 31.616 3.225 
7.50 38.233 3.744 
8 44.828 4.374 

8.50 - 4.772 

9 -55.96~\ 5.389 
9.50 60.849 5.624 

~ 10 58.130 5.766 
10.50 57.705 6.069 

11 .. 63.756 6.069 , . 
11.50 63.190 6.069 
12 53.821 ' 4.230 
12.50 51.399 3.994 

13 18.712 ' 1.919 

13.50 14.027 . 0.795 

" j. 

= 

288 
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'. No. -

.. 

APPJ!H)IX 'IY .u 

o 
c. utU:iI 9X!!'9 en Gi~l!CX?!' ( p!!=4.5 , If: JO Oc ) 

I!!!. 
(h) 

c:œ -
(DIaole/l.h) 

._--<' 

" 

(q/l) 



, 1 

. 
-- , - - ~ _ .. ~~----- . 

'" ,"' .' 

\ 210 

() 
~IX IV.l2 

è" 
C.~9!"'"'on~\1:'h30C ) 

.... 
f 

No. ,Bi.cmu. - ~ ~,cm-
" (h) fmIo1.e/l.h) (Jcx::al/l.h) (9/1) 

1 

/ 
0 0\ 1.144 
1 2 ..:. 1.228 Jo / 
2 2.25 8.221 0.781 / 

3 2.50 10.607 1.043 .;. 

... 4 3 13.356 1.358 
5 3.50 15.333 1.465 
6 4 17.750 1~967 1.904 / 

, 
7 4.5 21.991 , 2.305 
8 5 .. 5 24.295 

, 
o 2.305 

9 '6 29.903 2.704 3.586 
30.667 

. / 10 6.17 3.086 
1 

" 11 6.50 31.303 3.221 / j 
/ 

) 
,12 7 29.457 2.777 / 

1 

13 7.50 29.457 2.855 ! 
1 

1 

14 . 8 29.264 2:.585 / 

6.192 / 
15 8.17 30.030 ~.799 

1 
, 

" 

'28.498 / 
1 

16 8.50 3.109 -/ '1 

17 9 30.030 2.860 1 

1 

/ , . 
18 9.50 32.292 2.832 

1 

19 10 30.763 Z:842 9.440 
20 10.50 28.373 / 2.821. 

'> .. 
1 / 

1 

! 21 11 26.395 2.668 • .. 
~2 U.SO 26.074 2.4~9 

23 12 26.965 ',. 2.672 12.456 
/ 

,24 12.50 
/ - 12.980 '~ / 

1 ~ 
l' 

~; / 

() / " 

< 

,0 

/ / 
/ >, i 

1 ; •• 1 , ~ - , 
....... 1 

/ 

l' 
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o APPJ!H)]X N .14 

C.UtiU! 91'C!Q CIl GlDc9!p ard Ç!l**,** (1ilH=4.5 , T=30OC ) 

-,\ . 
/ 

No. ~ aJR ~---, B1aDa .. GJ.\1CC)M - <- Oc:lnaIIntraticn 
(h) (llal)l.eI1.h) (kaal/l..h) f (;/1) (971) 

0 0 li.S 0.32 

1 1.25 2.216 0.082 

'2 1.50 ' 3.393 0.529 t -

: \ 2 4.762 0.420 

2.42 4.230 0.420. 0.467 15.0 

5 3 8.061 1.033 -
6 3.58 7.796 1.166 

1 
, 7 3.75 0.703 14.8 

8 4.17 10.066 1.770 -, 
9 4.50 11.301 1.911 

1:, \ 

10 4.67 12.065 2.U3 ,0.986 14.0 
... 

11 5.42 11.901 2.207 ... 

12 5.67 15.342 3.099 1.656 ' 13.5 
, , 

13 6 17.828 3.351 ,.. -.. • 
11 -

14. 6.33 21.759 . 3.323 

15 6.58 24.893) 4.159 j 

16 6.67 28.375 4.533 2.285 12.3 
.J< 

7 30.77? 5.U6 
, ... 

. , 

" 



,-, ----_\' 

" , 

( ) 

,.t, 

No. -
'18 

19 

20 

21 

22 

23 

24 

25' 

26 

27 

28 
"\ 

29 

_30 

31 

32 . 
\ 

33 

34 

3S 

36 

37 

38 

() 
f 

,~'~\1 .. 

) 
APPJR)tx -IV.l"4 {eont.) 

, . 

Time ~ ~etm--
(h) (mlole/l.h) (Ja::alI1.h) 

~.25 32.519 5.231 

7.33' 38.234 5.577 

7.42 34.166 ~77 

7.58, 40.016 ~ 6.179 
t 

7.67 42.729 6.613 V 
7.75 45.715 6.186 " 

7.83 42.421 ,5.759 , 

8 45.041 6.1'76 

8.25 47.344 6.609 

8.42' 48.997 6.918 

8.33 51 .. 062 6.901 

'9 53.180 7.074 

9.33 Sl.W 7.410 

9.42 51.~ ?410 

9.50 48.9n 6.859 

9.67 46.672 5.299 • 

9.83 27.862 4.255 

9.92 23.282 2.~41 

10.08 17.943 2.240 

10.17 20.762 2.'225 

10.50 17.079 ' 1.756 

, , 

., 

" 

l ' 

8:1aœ •• r 

(g/1) 

3.555 ' 

5.660 

7.623 

7.630 

'" 

. ... 

Gluee* 
CClrJCentatial 

('l/l) 

)-. 

9.10 

- '----_ . .". 

3.90 

0.155 

-
0.048 

\ 

•• 
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-_/ 
~ 

-) O:I;T"r§Ill'Iœ Fœ. ~ 

/1 
V.l 

V.2 cal ibrat::lal far Caxbcxt Diacide Analyzer4 • 

V.l Cal ibratiœ far: DI' CcxMIrt:er • 
, é 

V.4 cal.ibrat:lal far: El.ectl:al.:I.c Cœtrol1er • 

V.S Cal i brat:ia1 for 'l.'bIum::caJple • 

V.G àa1 ibratiœ far 'rhet'miator • 

V.7 cal ibrat:ia1 far;' Air RotEet:8r • 

V.S cal.ibrat:lal far COoliIrJ water RotaDet:er • " 
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",~~ ma aD. C250C) , I=25mA. 
~ i~~ ~/ Gain'=200 

1 

!eight ($!DB) de~~~ da (volt) Torque Q!i-œ.tl , 
, , 

200 21 0.0042 0.5ll 

~ 
300 . 30 0.0060 0.766 

400 4l.S 0.0083 1.022 
.~ 

1.27~ SOO . 50.0 0.010 

800 7Q.0 0.014 1.788 

1000 100.0 0.020 2.555 
p 

1200 
>, 

120.0 0.024 3.066 

1500 150.0 0.030 3.832 

1700 170.Q 0.034 3.B32 

2000 197.5 0.0395 5.1lO 
'q; 

2678 212.5 0.0425 6.B43 

2878 232 0.0464 7.354 

3378 282.5 ;00565 8.63 

3578 302.5 0.0605 9.1U 

3728 317 0.0635 9.526, 

3878 331.5, 0.0663 9.91 
) 

1 

4378 381.0 0.0762 11.187 

457., 400.0 0.080 11.698 
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APP!JI)XX V. 2 

.... 

Scale Rel4inq , 0)2- JIlVOlt -
! 

0 0 0 

26.5 1.18 27.10 
'( 52 3.01 53.80 

70 4.99 11.80 

74.50 5.45 76.50 -. 

100 10 10 

CœrelAt.iOn COefficient • 0.99703 

. , 

1 o 
. , 

, , 
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7 

mi 11 i&'1-= 
c 

, -
f' 

0.96 10 

1.15 15 

t 1.35 20 
1 

1.55 25 

1.75 30 .. 
1.95 ,35 

2~15 40 

~)2.:i4 45 

~p.55 50 

'.' 

, 

l, 

" .. 
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APPJH)IX v. 4 

• l 

l, 

, . 

. , 

" 

.. 
,'- . 

,l li', 

.... l~,_ . 

mil] ja'lere 
'< 

-10 

14" 

21.8 

26 

30 

34 

38 

42.1 
,{' 

45.9 

50 

- " 

... 
.f 
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0 APPJII)lX V.5 

'mB~roR~ 
) 

1 

/' " 
Telp!ratur! (oC) Olt:Ii!!t (mvcl.t ) 1'aIperatm:e ~oc 2 

& 
ou. ( mvoJ.t ) 

.,. 

~ 20 0.96 22 1.06 

23.50 1.13 26.56 1.33 

26.80) 1.35 27.0 1.36 

27.50 1.38 28.0 1.40 

29.0 1.44 29.50 1.46 

"- 30.0 1.49 '" 31.0 1.54 
.. 

31.65 1.57 31.80 1.5& 

32.0 1.60 32.50 -1.625 

33.0 1.65 34.00 1.700 

35.0 1.75 36.00 1.800 
,) 

37.0 1.850 38.0 1.900 '-

39.0 1.960 40.0 2.01 

42.0 2.12 45.0 2.28 
-' 

'" 
47.0 2.39 48,,0 fi, 2.44 \Ii 

, 

49.0 2.49 50.0 2.55 
0-

51.0 2.60 "'!' 

.. ). 

" .. ' 

f .@ 
j, 

" 

. .... ~~ I",~ , p ... 



, 

, , 

, , 

" ~};'. 
"l" 

o:,.~ 1'::-;:1 
.'f.!. 

i:~~<~ 
~,..,.._ .. ", .. ~, 
~! .:'-~ 

/;\ 

(j 

~ 

... 

'\. 

APJ?!N)IX V. 6 

THE CALIBRATIaJ roll '1'BIRŒS1œ 

'l.'aJP!t!ture (oC) 'l'el~ture ~C~ 

l8.S0 18.65 

19.73 19.64 
20.0 66.17 19.90 

19.97 66.30 20.30 

20.35 64.44 20.68 

20.62 63.05 21.33 

22.0 56.07 22.36 

22.28 54.57 22.82 

23.48 48.43 23.42 

24.30 44.19 24.36 

25.10 39 •. ~6 25.17 

26.00 35.09 26.94 

26.88 30.30 27.83 

27.77 25.43 28.53 

28.50 21.30 29.6Ô 

29.65 14.93 " 30.30 

30.80 8.50' 31.46 

32.05 1.30 32.10 ' 

32.25 0.30 ~2.28 

, ., 

o 

. . 

.. 
, , ~ 4 

f> '..-, .~ 

CI 

300 

()1tp1t (mvolt~ 
\ 

J2.77 

67.95 

66.62 

64.66 

62.70 

59.50 
• 54.23 

51.85 

48.70 

43.n 

39.50 

29.94 

25.09 

21.28 

15.15 
11.36 

. 4.75 

1.05 

0.00 ' 

.. 

, , , .. , 
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APPJ!!!?DC V.7 

CALIBPATIœ roa AIR ~ 

SœlePe-di n;r El!p!!f! Time 

(Secaxi) 

2 434 

3 ' 287.5 

4 2).5 

5 - 169.5 

6' 141.7 

7 120.6 

8 105.9 

9 93.3 

10 83.9 

U 76.8. 

12 10'.8 

13 ~5.6 

r- U 61.0 ) 

15' 57.0 

1 16 53.5 
<' 

• (.f 

" . 

\. 

V01\JD8 

(ft3) 

0.5 

0.5 

0.5 

0.5 
~ 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5, 

0.5 

0.5 

Flow,Rate 

(J.,Imin) 
-7>J 

1.957 

------- 2.955 

3.951 

, 5.012 

5.995 

7.044 

8.022 

9.105 

10.US 

11.060 

o 11.998 

l'~) 

, 

' 12.949 

13.926 

14.903 

15.878 

, 
1 

" 
... ' .0( , 
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Al'PJ!N)IX V. 8 

C'AI.IBMTICN Fœ. COOLOO Wd"ER ~ 

i 

f:FIDw -(lI!!l Scale~ Vol1De~) E]~Titœ 
. ,( , 

{ 

7.5 400 42.7" 33.724 

7 400 46.6" 30.901 

- 6.5 400 50.,7" 28.402 .. J.-

5 .. 5 400 55.S" ' ' .......... ~--- 25.806 

5 400 1'2.2" 23.151 

4.5 400 1'9.7" 20.660 ,. 

4 400 1'11.9" 18.159 

3.5 400 1'34" 15.319 
./ 

3 
l, 
1 400 2'14.5" 10.706 
\ 
~-

2.5 '" " 400 2'52.9" 8.329 
'\ 

2 "00 4'5" 5.878 

1 00 3'13.7" 1.859 

, : 
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APPOOIX VI 

The energy di S8ipated by the bnbb1iD;J gas GDlld be est:imat.ed by the 

fol.l.cwin;J equatia1 : 

~ = 0 PG u2in + V.9 PL 

VL 2 
. ' 

In the typical COIJlltioo of this study, 

PG : 0.0753 IDVft3 1.21 x '10.3 g/cm3 (air) 

9 : 980 an/sec2 

Px, : 1 g/an3 
(broth density) 

V
L 

:' 9 litera (c:p!rating vol\.l'llll of fetmant:at.ioo brot:h) 

do : 0.3 an (sparqer 1xlle dianeter) 

D : 0.21 an (diaaeter of tank) 

Q : 8 ",SOS J.;m1n (qas flow rate) 

Uin: 2.103 au/sec: (spUqar hole velocity of qas) 
~ 

(i) 'l!Je potential. enatgY ch!D;Je par unit vol.llne : 

3 
âPE = V.g Px. = 40.08 W/1ll = ~.034 ~.h 

(ii)'l!Je ~ eœrgy chmJe par, unit volaDe : 

MŒ = (OPG""L)u2u/2 = 0.0038 W/l = 0.0033 kcal/l.h 
r 

'lbe ene.t9Y diasipated by the aparqiz1q qu , tberefore-,-ds, 

<lœb= APE+ AD:: 0.037 kcal/l.h-
. ( . \, 

'l'he qas sparqiD;J pt7fIIar iDpIJt,cDdcllaly ,can be negleOted • 

, 
1 

-" 
1 

,'-

1 
1 

J 

1 
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APPJ!N)IX VII 

'l'hetmal oon:iuctivity (Glasl,Pyrex) 

'1'haJ:mal oon:iuctivity (Styl:ofœm) 

'1tmmal <XD1uctivity (W&ter) 

'l'hemIal cxxxluQtivity (Air)' 

Specifie heat (Water) 

Density (Water) 

Viscosity <Mlter) 

Inner radius of fetmeRt:or 

CUt:ar radius of fe:a:mentor 

'Dq?eller rotAtional speei 

'l'npl 1 er dimat:er: '. 

,. , 

k01 - 0.63 BŒU/h.ft.or 
! 2 a... leu - 0.23 BŒU/h.ft. -F/inch 

kw - 0.360 mu/h.ft.or' 

kair- 0.015, BlU/h.tt-;'or 

C - 1.0 kca.1./kg. Oc 1 

pP _ 1.0 q/an3 

~ - 0.007975 qlan.sec 

ro - U.l an 

r 1 - 12.1 an 

N - 700 xpn 

d-7.4an 

D - 22.2 an 

L - 43.5 au 

1. 
1 R.n(riro>/kol - ~n(12.~1l.1)/0.63 

4 

• 0.13692 (h.ft.<?;Sro) ****************** 

2.- Ln(rirl~1ku - 1n (14. 6/12.1)/(0. 23/l2) 

/ ,q- - 9.79910 (h.tt.o,,/Bl'O) ****************** 

3. ~D/kf - 0'.74 eN 0':;- 'p/~) 2/3 (C ~) 113 
,P if 

. 

,~' 
'-, 
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APPEN:>IX VII 0 

THroRErICAL CAtCUIATICN FOR M HmT rœs 'lO THE SURln'JNDINGS 
, . 

The.i:mal con:iuctivity (Glass,Pyrex) 

Them1al con:iuctivity (S~oam) 

Ther:mal cxrductivity (water) 

'l'hennal comuctivity (Air) 

Specifie œat (Water) 

.Den8ity (Water) Ci 

Viscosity (water) 

Inner ra:ll.us of fex:mentor 
• 

Olter radius of fennentor 

Dlpùler rqt:ational spee:i 

l'q)eller dianeter 

Inner diameter of fetment:or l' 

Fetmentor height 
1 
1 

k01 • 0.63 mu/l4.ft.~ 

kI2 • 0!23 BTU/h.ft2.~/inch 
kw 11:1 0.360 BTU/h.ft.~ 

kai% 0.015 BTU/h.ft. O:F. 

Cp 11:1 1.O'kcal./kg.oc 

P 11:1 1.0 g/an3 

~ II: 0.007975 g/an.seo 

ro II: 11.1 an 

r 1 = 12.1 an ' 

N 11:1 700 rpn 

d 11:1 7.4 an 
, 

b II: 22.2 an 

L - 43.5 an 

1. 

11:1 

2. 

ln\12.~.1;/O.63 
o.il Ih.tt.9rfJBŒUl 

tn( 4.6/~2.1)/(0.23/12) 

9~ 7 ,'". (h.ft. CT/Bl'U) 

************.**.** 

• 

- •• *.* ••• *.***.* •• * 

3. 

" 

, 1 (~\ "J 1 J ' 

.0 
" A..... 
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~ 

.. () 

\, 

. '.,', 

~}2/3; 

(Cp ll/kf ) 

CC ll/k.) 3/3 . p f 

hJlIkf 

/ 

t 

'. 

(7.4) 

- 0.80 x 105 

.. 1858 

.. °4.8 (Water at 30°C) 

.. 1.68 

.. (0.74) (1858.31652) (1.68979) 

.. 2323 

.. 2323.72 x 0.360 /(.22.2/30.48) BlU/ft2 .h. ~ 

.. 1148 BTU/ft2.h.~ 

.. l/{11.l/30.48} (1148.54585) ft.h.~/BrU 

l1li 0.'0023 ft.h.~/ mu *********************** 

.. 

.. 

.. 

.. 
-
.. 

Nuf 
'Ir 

'1' + T 
011 W 

2 0 
(30 + 24)/2 .. ,27 C .. 89.24 <lp 

O. 7~ (Air at '90 bC) 
.. 

9 ~ p2 ('1': - 'l'CD )L3/1l
2 

. 

1.80 x 106 ( 30 - 24) (212/iOO)(43.5/3~~48)3 • 

;- 0.66 x 108' 

• 0.47 x 108 

~. , , '1 
" , 

= 
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II 3 ... M" ~ • 

o 
, ? 

\ 

1 

1 

. 
. '" 

·0 

, , -, 

h~ L / kf ' - 0.59 (0.47919 x 108)°.25 

.. 0.59 x 0.83201 X 102 

• 49 

• (49.08859) (kf)/L 

• (49.08859) (0.015)/(43,5/30.68) BRJ/ft~ h. "F 
- 0.51 mu/ft2.h. ~ 

• ~(14.6/30.48) (0.51~32) ~t.h.~/BŒU 

.. 4 ft.h.or/BTU ************************* 

l/ro~ + 1n(r1/rO)!kOl + R,n(r/r1)!k12 + 1/~2h~ = 0.002 + 0.13 + 

9.79 + 4.01 

.. 13.95 h.ft. "F /BlU 

- 9.38 o 
h.m. C jkca1 ********************** 

21TL(1 + r,jL) 

Ul~ ~ 2n(O.435) (1 + 14.6/43.5) /(9 x 9.38316) 
... 

III 0.043 kcal/t.h.OC ************************************** 

306 

'lbe experimental vallle of Ul~ wu det:eJ:mlne1 as 0.068 kcal/R..h.oC • '!'he 

difference between. the exper~tal mi theo.retiœl value of Ul~ \Olld 

œrta.inly)::e, ~ s~ th! heat sink oould not been t:aken info 

consideration i.n this ealcU1ation • 

J 

,/ 
/ . 

/ 
/ 

/ 
/. 

'.' 
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SUbstrate 

Fecoentation t.:ime 

Air Flow Rate (Fair) 

APPJH)IX VIII 

J'.Dt'el Jar :Rot:atialal Speed (N) 

Ambient Air 'l'aIperature <'l'adJ} 

Liquid Brot:h 'rE!aperature (T) 

Inlét Air TErIp!ratUre 

Inlet. Taq;erature of CoolmI watar (Tc) 

Beat Activaw by the de ~ SUpp1y (E) 

rnmersiœ' Baater Resist:aJx:e 

OIcWen Ccmcaltratial in the Eldt Gas Stresn 

C02 Cœcantl:atial in the Exit Gas Stl:Mn 

. * Beat 'l'ransfer: ccefficient Uh 

A. TàB RA1'J!: œ c:aaœN CXHIJ6ITIœ 

C. 'Lipo Lytica 

n-Codecane 

14.17 ln1rs 

8.40420 R./min 

800 rpn 

26.40 Oc 

29.93 Oc 

29.98 Oc 
~ 

17.20 Oc 
. 

26.25 volt de 

7.29 n 

19.,~,$ l"~ 
f ~l:V 1 

0.'\ 

1.l5517 lQl;IR..h.OC 

The CIICY9'8ll upt:aJœ rate (OOR) WI!IIJ ca.lcul.Ated. Dy the folJ.adn;J 

..... 

• 
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CXlR -

where FN the 1lOlAl flcw rate of. inert (N2) gaa WU calculat:ed ~ 0.79 

tmIes inlet air ~low rate. For a fermentor aeratéd with wat:er-saturated ., 
air, Equation (1) ~ : 

____ mm '. 

308 

••••• (2) 

where 

p,in _ 0.20946 
O2 

p,in _ 0.00033 
C02 

1-
out out 

Po - Pco 
2 2 

cœ - OKyqen uptaJœ rate _l/R. .• h) 

FN - Gas flow rate (R./min) 

VL - Vol\D8 of liqu.id in fetmell'ltcr (1,) 

Un:iet' typical CXI1dition of experimI!Ilts, the q;erat.iD;J volulœ brot:h is 

91. 4Bi t:hit in:3oizq <1M flow rate equal.s 8.40420 1,.,mm 4Bi if the 

à:ŒEllitrations of acyqen m1 earbcx). ~ in the ~ gu streE 

were _aura! ta be O.1941~ m1 0.007 , reapectively • b val~ of the 

œyga1 uptalœ rate (OOR) wu caJonJated as : 

'. 

/', 

'" 10.' 

~, 

l'l' 
~ f, 

1 , 
'., 
ri(. 
><, 

'. 
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am. • 2U6.534 x 8.40420 (0.26~07 _. 0.19416 ) , 
9 1 - 0.19416 - 0.007 

'" . 
• 43.518 mmol /t.h ****************************** 

* ~i + Obub - 0sur.r - 1.0748 kcal/t.h 

* O:eenu • U~ (T - Tc) - E2 
X 0.86042/(9) (1.29) - 1.074& 

O:e~ • 1.15517(29.93 - 17.20) - '(26.25)2/16.2535 - 1.0748 
" 

O:e~ • 4.594 kcal/t.h *************************************** 

c. THE VAWE CE' ~ CXlfS:rJ\brl' AHfo- ' 

ARfd· ~et'Dl / OUR 

ARfo· 0.1056 kca.1/ II1II\01 O2 ***************************** 
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.. AfP.!!?IX IX 

, D~IGN OF THJ!:R.rmroR CIlOJrr 

ft is necessaty ta àltain a l.inear reJ.at.iooship of the t:.eIlp!rature. 

riss as a funct.ial of t:ime in the ~ element LJI<L (Figure Il.1) .' This '. 

will enable the evaluation of cfl'/dt an:i hence the transisnt heat·tetm 

tiMiCpidI'/dt as spe::if1Ed in Fquation (1l6) • 

S1:art:iD3' with the thel:mistar used in the ~ture oontroller 1 

the variatiœ in the themti..st:Œ resi.stance as a funct:im of 1::aJterature 
. . 

J'IIlSt first. he evaJ.uated. 'I1lis \es dooe by <X'CUleCtiD:J ~ thel:mistar 

bQ:nersed in a variable ~ture bath to a gaurç1ed \tJeatstaB bridge.· '!'ha . 
bal..alx:iD} of the br:i.dqer, legs ta give nu.ll an:rent det:ectia1 will specify 

o 

the resist.mx:e of the thel:mist:or at the particul.ar t.eJlp!rature. Given 

the accuracy of the resistance "1œa$lI'ement it is neœssax:y ta ma,intain an 

equaUy aocurate ta1çerature a:mst:ancY of the variable t:s1pmiture W!ter 

bath .. This wu possible u.siIr:J the CCIlStant tslp!rab.1re water ch'culatar. 

Fmn 'the data obt:aine:i, the foJ.lo.fiDJ equa:tiœ. wu possible : 

3813.636 R "0.005497 exp ( ..--0_._ ............... _) •••••••••••• (1) 

~ 

'l'be ~ of B;tuatiœ (1) bei.D1 ;t O.lt • Fran the propoaed 
,II, /J ~ - ~ 

rel.atiœship it ~~t .. t:bat the millivolt respœse te the c:hatçe in 

resistaooe ~ ~ ~linear. In omer to cbtain a linear miliivolt 

œtplt as a fuD::tial of t:.Eqlerature of the bridqe citcuit of ,Figure A. De.l . 
may Ce used. The ~ts of the bridge are as foll.aws : 

o 

-

-
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1. ~tput'~ lM - 9. mv at 32 ct 
2. OUtput. acmss lM =- 4 mv at 32.7 Oc 

\ 

3. ~ ~ l\r at 32 Oc 

1 
~. Ra· ~ ~ R.r at 32.35 oC, ' 

Br substitut:i.al of the talprature a:niitials ~, Ra/~ am ~ , 
, ,---

waœ evaluated frau Equation (1) ao:i fOUD;1 te be : 

,~ ~ 14~O.5 àms, 
, " 

~ • R:3 • ~449.4 cDDs' 

~ • 1428.8 'Ohms , 

The expressiOn for ~ cw:rant i across l\s is givan Dy the br1dge eq:uatial : 
, Q" (~ 

i -
l~' (1\ + ~) ~ + ~) + Yl ~~) + Y3 CR.r+l1.> .. 

./' 
SiŒe,~. Vii lItth e· 1.S ~t (depenis al the power ~y 1fO ~ 

~. l' 

. èl:Ea.u.t) mi 'fi • 4 lUV', 1lUJ?8titut.ia1. in Equatial (2) qives ~. 854.2 G 
J' ' 

, . ' tb:Js' ~ t.ha brlàqe ~y • 
Q ,& C 
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0 
APPOOIX X 

CCJeI'C1GN1'S CI' A'lKSPBEl\tC An1 

. ' • (EKclusive of watsr vapeur) 

c. 

-----Ccmatitumt Cœtalt Ct) CaJ!*lt <e! 
By Vol\lœ Dy Vol.1mt 

NZ 78.084:1:0.004 

°2 20~946±0.OO2 

002 O. OJJ±O. 001 

A 0.9lUO.OOl 

"Ne 18.l8:t0.04 
\ ' • 

Ha " 5. 24:t0. 004 

Kr , 1.14:t0.Ol 

l xe o • .()87:t0 • 01 

"Hz ,0.5 

CB4 2 

N
2
0 O.StO.l 

., 

. ~ 

. ' 
1 .. Waast, R.C., 'wlIatdx:Iok of ~ and P!MW:!" . 

, ~ Pœaa, Cl.evel.arr1, QUo (1946) 

. 
, . 

• ~<JI ' Jh li. 
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Saœ syldx>la· defined in the· taxt mi used only once axe not listed 

œre . 

Symbol 

A Cross-Sectianal Area 

• AO Base Are!! of Beat Transf~ 

C Pl:q;Iort::i.œaty Constant in Equation (34) 
" .. 

Cl Pl:q;Iort::i.œaty cœstant in Equation (47) 

• 
Cl Pl:q;Iort::i.œaty COOStant in Equation (63) 

C2 Pl:q;Iort::i.œaty Ccxlstant in Equation (50) 

Cair Beat capacity of Air 

Cc Beat capacity ôf Coolir:q water 
.. 

Cp Beat eapacity 

C
W Z· Capacity of water' 

d tq.eu er Oianeter 

p Tank Diaœt:er 

di Inner Di.lIDet:er of Hollaw Sha:ft 

do Outer DiaDat:er of Ho] law Shaft 
,-

de' 
.•. ,./.1 

Potential Generated Be:t1een the 'l'erminals of the 

Brldqe 

E YOUBJ" s lb1ulua 

'in lnlet Gu Flow Pate L~ 

'alt: Out.let Gu Flat Rate 

• 
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() Il ( 

FN lot)J.al Fla", Rate of Inert (N
2

) Gas 

G Modulus of R:iq:idity 
li 

q Gravitatianal Acceleration 

qa Conversion Factor 

lit h ~ Beight 

har lieat 'rransfer coefficient at the Fenœntar wall 

~ HeIlt 'rransfer' coefficient at the Ambient Insulatial 

Interface 

h Beat Transfer Coefficient al the Artirl.ent Sida 
CI) 

C 
l Current of :nnnersioo Beater 

j 1 

Ip Polar z.t:ment of Iœrtia 

K Calstant in 1Çlation (65) 

~ Cœstant in EklUation (32) 

~ Funct:ial of Aeration NlIlIber defined in ~tial (44) 

Ka Gain of cœtrol1er 

~ Gain of Meuuraœnt Deviee ('lbmrooolJll]e) 

~ Gain of ProgrSllrbla PoMe.r Suwly 

Ka Cœstant in apatial (81) 

* Ka CauJtant in, ~ (88) 

Ka Gauqe Factor 
1 

kf T.hfmlal. Ccniuctivity of Fluid Evaluated at the Mean 

Pilm 'l'aIPrature 

kal 'lbarIIIIù ecmucti.vity of Reqial al 

1 lcr2 'l'hermal. Ccn1uctivity of Regiœ 12 
' )' 

~, 
, 

'" 
k02 'l'herm&l. ~vit.y of Bagiœ 02 -j 

.' '. 

'0 .' 
" 
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Ienqth of React:or 

~iprocal of Poisson' s Ratio 

Elcpalen.t in Equation (63) . 

M 'Jmque of !rrpeller Shaft 

* n Expcnent in Equation (63) 

N ~tiona1 ~ of ~ller Shaft 

OOR OKygen Uptake Rate 

P Total Pressure 

o [ 

in out ' 
PO) , PO) Qmcentrations of ())2 in Inlet and OIlUet Gas 

2 2 

P~ 1 p~t. Concentrations of 02 in Inlet and rutlet Gas 
2 2 

in cm 
Pw ' Pw OJnœntrations of Water in Inlet and ().].tlet Gas, 

p 

Qoon 

Qevp. 

~ca1 .Agitatièm Power in Ungassed Liquid 

Mechanica1 Agitation 1 in Gas-Liquid DispersWn 

vapor Pressure of water 

Gas Fl.cw Rate 

Flow Rate .of OXlling Water 

Beat of Aqitation 
1 

Beat Dissipated by the Butblinq Gas 
. 

Beat Renoval by the Action of COl'ltl'oller 

Beat of Evaporat!cn • 

Qsen Sensible Beat I.œs 

. ' 

.. 
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Tin 

.Tout 
T

W 

* To 
W 

Too 

* U1 
Uin 

UCJlt 

U1~ 

\ 

Ub. 

V 

V1 
V2 
VL 

Vs 

Vb 
y 

Yin 

YCJlt 

W 

TeIlpEature of EnteriD} Air 

TEaperature of Exi'l::Ï.D1 Air 

The Average COOlant 'l'aIt*&tuJ:e 

TaJ:plrablre at surface of Il Wall 

'l'eapIrat:ure of Fluid Far RaDcvecl frau Heat SQurœ 
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over Beat. Transfer Coefficient Def1ned in Equaticn (29) 
) . 

Sparqer Hele Velocity 

Bul:i)le Velocity 

Overall Heat Transfer Coefficient for Determinatial 

of the Beat IaIfJ te the ~. 

Owr:all Heat Transfer Coefficient for CooJ..:inq SUrfaoes 

Vo1\1D8 

Electric Potential Applied 

Vol~ of DllDersial Heater 

Liquiâ Vol\Jll8 

&Jparficl,Al Gu 'Velocity 

Vol\llle of a BlJbble 

IlD:U1ity of Air 

BlDldity of ~ Gas sti:esn 

9IDidity of outlet Gu St:nII!ID 

1 

~ Nxk ~ te Puah tba Butble fran the Spuger 

te the 'l'cp of the Liquid HeièJht 

Wair Mua J'laf Pate al Air 
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GREEK I.m'1'ERS 

CI 

a 
y 

"---
AH 

AHfe : 

Allfo 

• AHfo 

AH·· fo 

AH' 
O:l 

" 

, 

<i 

• 

Geaœt.rical M.tnber • d2Wxfh.02 

* Grashof Number = gBp2(T - T )L'/112 
W QI 

PraDitl NlmJer • CpP/kf 

Aeration Nurœr ::: o,M.d 3 

~ Power Numbe.r a P.gc!PtN'd' 

~ler Reyrxllds NI.mIber = N' d 2 PJlJ 
Nusselt Nunber • hOD/kf 

Impeller Weber Number .. N2d' PrIa 

Cœstant Defined in Equat;on (68) 

Talp!rature Coefficient of Voluœ txpansion , 
SheSr Strain 

Beat of CcIrbustion 

('1beImal Yield) Heat EYolved Par Gram of I:ifY Bianass 

Ratio of Heat ~ am ~~, 

318_ 

Ratio of Total Beat Released and Total Olcygen Consuœd 

Ratio of Beat ~eased ~ Evolved 

Gravimetrie Oxygen ~t Per Gràm of Ory Bianass 

, ' 
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P 

,Pc 

Po 

PG 

p .. 

PL 

t 

~ 

T 

a 

• 
t 

(Il 

&iMiCpi 

-

Oxygen Uptake ~te 

Aroount of Dried Bianass par Unit Volume per unit T:iJœ 

Beat Generation per l gram of Dried Cells 

Strain .. 
ADjle of Twist per Unit I.ength of the Shaft 

Latent Beat of Evaporization 

Absolute Viscosity 
J 

VisOOsity of Fluid .at the wa.lls of Vessel 

Mass Density 

Dens'ity of Coolinq water 

Oensity of Aerated Liquid 

Density of Gas 

Density of Fluid far fran the Beat Source 

Density of Liquid 

T.ime Constant defined in Equation (80) 

Time Constant Defined in Equation (87) 
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SUrface 'lelSion (also Weight Part of Ca.rlx>n in 'EquatiQn (97-107]) 

Angle of TWist 

Gas lblà-up 

Angular Velocity 

Beat Capac~ ty of 5ystsu Catponents (Appendix II) 

(Fexmenl:4tion ~ t Fenœntor Jar + St:ainless Steel) 
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