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RESUME

Nous avons developpé une nouvelle technique polir 1a mesure continue
du taux de production de chaleur durant un prockdg de fermsntation. la
technique basef sur un systdme spécial de contxfle de température a &té
utilise# pour mesurer la quantité# de chaleur mtabolique produite par
activité microbiemns., La quantité de chaleur mesurfe a &t8 quantitativement
évaluéeetcnrri@epmmlespm:tasetgaj:\sdechalz}xrmlabuea'\m
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bilan de chaleur sur l'appareil de fermentation. Etant donné°que la

chaleur d'agitation n'est pas conmie, et qu'alle a2 une grande influence

sur le bilan de chaleur, cette variable a ét& examine en dStail. Ona ainsi
pu &laborer une meilleure corrélation générale entre le rapport des puissances
requises pmxrll'agitatim avec ou sans gaz et les nambres d'aeration et

de Weber pour l'agitateur . Spécifiquement cette technique a &té employée
pour déterminer avec précision le taux 4'évolution de chaleur de
Z"Aspergillus niger, l'Escherichia coli, la Candida lipolytica, la

Candida utilis, et la Candida intemedia cultivés sur différentes sources

de carbone :ﬁhydr:tesdecarbam,hydrocm:h.n'esetethaml .

Avec les dornés expérimentales que nous avons obtemues, une corrélation
du tax de chaleur dégagée et du taux d'cxyg@ne consammé a &tf &tablie :
Qeerm = 0-11140; .‘Lachalaur totale dégagée correspond bien A la
quantité d'oxygine consomme par les micro~organismes en croissance . la
constante de proportionalitf pour cette corrélation est 0.111 kcal/mmol 02 .
Les résultats expérimentaux sont en accord avec ceux obtenus par la .
Mmmwmormmnmlumummmm .

las corrélations rapportfies dans cetta &tude sont trds utiles
pour le calcul, le contrfle et 1'optimisation de processus de fermantation .

¢
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An accurate oontinuous technique has been developed and applied
to continuous measuring of the rate of heat production during a fermen-
tation process. A special temperature control system was used to monitor
the amount of metabolic heat produced by microbial activity. The results
were corrected for heat losses and qains based on the overall heat balance
on the fermentor. Since the heat of agitation represented a major unknown
in the heat balance, it was examined for the given system in more detail.
This part of the study yielded an improved general correlation between the
gassed-to-ungassed mixing power consuzptim ratio and the asration number
and the impeller Weber number. The technique was used for precisely
determining’ the rate Qf heat evolution of Aspergillus niger, Escherichia
ooli, Candida lipolytioa, Candida intermedia , and Candida utilte grown on
ethanol and different carbohydrate and hydrocarbon carbon sour::es . ‘

Based on the experimental data, a correlation between the rate
of heat released and the rate of oxygmcmswadh;abeendetarmimdas
Qgery = 0-111 80, . The total heat released also correlated well with
the total oxygen consumed by the growing culture . The proportionality
constant for this carrelation vas 0.110 keal/mol O, . The experimental
resultsagxeedweuwiththetheoretialpmdictic;warﬂwithtmue
developed by the dynamic calorimetric technique . i

The derived correlations reported in this study are useful for
fermentation process design, optimization and control .
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CHAPTER I
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INTRODUCTION AND LITERATURE REVIEW

A. INTRODUCTION 5

One of the important aspects of a number of microbial pmo%sses
used in industry is the removal of heat fram the bulk liquid broth in order
to maintain an optimal temperature for desired microbial activity. Efficient
heat removal is specially important in aersbic hydrocarbon fermentations
where the heat released is estimated to be 24 times that of conventional
carbohydrate fermentations® (Table I) .

Relatively little useful information is available on the microbial
thermogenesis. Information on the amount of heat being produced during
the fermentation process is crucial for a proper design of a cooling system
and can be also used for assessing the degree of microbial activity. The
problem of heat removal is very important in fermentation industry where
the capital cost of the heat removal system always represents a significant
proportion of the overall cost of plant items. In terms of operating
expenses, the cost of power for oxygen transfer and heat removal represents
typically 15-208 of the manufacturing costs’. The hept removal techniques
should be optimized in order to improve the overall project profitability.

The problem of biological heat generation is also of great
interest since no reliably accurate and convenient method has been available
vhich would provide criteria for predicting the heat evolved and thus
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TABLE I

GENERAL STOICHICMETRIC RELATIONS FOR FERMENTATIONS

CARBOHYDRATES :

1.8n CH. O+ 0.8n O

2 > + 0.19n NH; + (essential elements as P,X,S,etc.) —— M ———o

“(m1.7°o.5N0.19 Ash) + 0.8n (D2 + 1.3n H2O + 80,000 n Rcal

HYDROCARBORS :

Qi+ 0, + 0.19n NH: + (essential elements as P,K,S,etc. )

O + 200,000 n Kcal

n(CH 2

1_700.5!10.19 Ash) + n (I)2 + —1:,511 H
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facilitating the scale-up of heat removal systems .

B. LYTERATURE REVIEW

A literature review indicated that much of the early work
ooncerning the measurement of the heat of fermentation was discussed briefly
by Winzler and Baunberqer?'l‘he approaches taken by most of the investigators
involved the use of crude calorimeters to measure the heat evolved in their
respective fermentations.

A more recent method for heat measurements in microbial cultures
was reported by Sedlaczek and co-workers? These investigators presented a
dynamic micro—calorimetric technique to measure the heat during fermentation.
Basically, this procedure involves measuring the temperature difference
between the fermentor and the surroundings when the surroundings temperature
is accurately controlled.

Other different procedures have alsc been used to measure the
heat of fermentation. In most cases, as Cooney et ;a_l_5 pointed cut,the techniques
require relatively camwplicated apparatus and/or procedures for determining
the heat produced during growth and product fonmation®'’.

A successful attempt was reported by Cooney5 et al based on a
simple technique for measuring the rate of heat production during a fermen-
tation process by monitoring the broth éexperature rise when the temperature
controller was turned off. The heat accumulation measured in this manner was

then corrected for heat losses and gains on the bio-reactor. Volesky8 et al

—
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applied this "dynamic mﬂ}’" to natural gas fermentation. The authors
pointed out that the use of the dynamic calorimetric technique posseses a
certain advantage in its relative simplicity. The approach, m, requires
continuous attention during fermentation and may not be campatible with the
application of autamatic process control monitoring the heat of fermentation.
The procedure alsd does not take into account the changing physical properties
of the fementation broth. Extra-cellular surface active agents change the
gas hold—up thus affecting the fluid density. Apart fram viscosity and density
chan;esdur\ingtixefementationprocess, sarne types of broths are known to
exhibit highly non-Newtonian rheological properties. These factors can ;ppre-
ciably change the mixing power input requirements for the culture broth even
ttn:ghtheememlfactorssuchasagitatimspeedaxﬁaeratimrateare
maintained constant. Error in the measurement of agitation power contributes
significantly to the error in the overall heat balance on the, bicreactor.

Recently, Eriksson and co-mrkersg’lo

described a flow calorimeter
which can measure heat evolution independent of the disturbances caused by
stirring or the additicn of gas, alkali, or rutrients. Mou and Cocney'l
camented that this technique suffers fram the problems of wall growth in
the measuring cell ard oxygen deficiency with increasing cell densities.
It may also be difficult to use with filamentous crganiams or non-Newtonian
fluids. In a recent study, Mou and Cooney also applied the dynamic calori-
metric technique for monitoring fermentation processes. The rate of heat
evolution in mycelial fermentations for novobiocin and cellulase production

with media containing non—cellular sclids was measured by this technique.
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'memalda&taobtainedmreprwedsignificantbothinnmimringme

cell concentration during a trophophase (qrowth phase) and in serving as

an additional physiological variable in the fermentation process. The
validity of this technique was demonstrated by closing the overall material
and energy balances. ]

Based on the elemental stoichicmetric equations, Minkevich and
Eroshin developed a semi-theoretical correlation between the heat released
and the culture oxygen uptake rate under axygen limitation conditions.
Imanaka and Aiba™ recently also established a convenient method to evaluate
the rate of heat evolution based on total oxygen demand. In order for these
correlations and their principles to be employed, more supporting experi-
mental data are required.

The practical significance of the heat of femmentation is illus-
trated by the failure of a project in the West Indies which failed to
produce food yeast because of the problems in removal of heat fram the

15 in an analysis of aemhic

fermentation vessel'*. Furthemore, Guenther
hydrpcarbon fermentations,noted that the cost of heat removal could very
well cause the growth of yeast on hydrocarbons to be an uneconcmical
venture.

More fundamental and reliable criteria for predicting the heat
of fermentation would be most useful for the design and scale-up operaticns
as well as for the optimization of the manufacturing costs of fermentation
products in the fermentation industry.

) Forthepurpoa‘eof)easilydevelcpinglaboratorydatamﬂ\emat
of fermentation this work has focused on the development of an appropriate
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temperature control system whose action can be monitored as it varies in
mmthmntofmitmwmﬂ’acdvity.mm
determination of heat of fermentation with high accuracy without indue
disturbance to the culture. The tachnique has been shown to be applicable
to meagsure the rate of heat evolution which in turn was correlated well

with oxygen consumption by the growing culture .
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CHAPTER II

'I‘l’xetheoreticalaspectsofthismrkaredividedi.ntothre’e
parts: The mathematical basis for calculating the heat released during the
growth in a batch fermentor, the relationship between the heat evolution
and the axygen uptake during fermentation, and estimation of the axygen
uptake rate based on the measurements of axygen and carbon dioxide com—

centrations in -an outgoing gas stream.

II-1. MATHEMATTCAL BASIS FOR CALCULATING THE HEAT RELEASED DURING

FERMENTATION

II-1.l. The Overall Heat Balance On The Fermentor

An expression of the heat balance around the fermentor was
attempted. Acéntrolelat@tLJﬂ.wiJlbeconsideredcontainimanoperatin;
volume VLinmichthecmcmtratjmof cells is X g/%. During operation
the temperature of the control element is maintiai at a preset value

T (Fig. II.1). Anaeroblcallygrodmgwlmrepequnesaflmrateofoz/nun

'ofairwhichlscmractenzedbyltstexpmwreTarﬂmmid;tyY.meflw

oftheairstreamtkmazght}evoluaevLofthecmtrolelanentresultsin
the removal of sensible heat and evaporative heat loss fram the control
glanatbihgheathp:thtoﬂﬁcaxtmlelamtisprovidedpyﬂnagitatim
ra;uiredformintahixgthevolmelnmgmsarﬂmuaerated.hfurﬂaer
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Figure II.1 The Overall Heat Balance on the Fermentor

Q : The Rate of Heat Production of Fermentation

The Rate of Sensible Heat Loss

i g

: The Rate of Evaporative Heat Loss

¢ The Rate of Beat Loss to the Surroundings

:  The Rate of Heat of Agitation kA
The Rate of Heat Removal by the Temperature Controller

The Rate of Heat Disaipated by the Sparged Gas

All terms in the heat balance equation have the units of kcal/fL.h

e e
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heat input into the control volume is due to the bubbling gas. The
difference in temperature of the control element T and that of the
ambientTmb]eadstotheheataochamebetmeenﬂ\etwlocaJities. Finally
ﬂeheatramg?lfrmfenmnmrduimmmmucgrwmmmideredas
another heat loss from the control element. Considering the exothermic

growth and respiration processes of the micro-organism, the following heat

balance on the control element can be written:
Total heat input = Total heat ocutput .......... (1)

Substitution of the component heat terms yields:

%em + %agi+ %ub = %ent Qevp + Ysurr + %on @

The overall heat balance above is based on the following assumptions:
- No spatial variations of temperature in the bio-reactor.
- Kamogeneous biomass distribution throughout the fermentor volume.
- Constant gas flow rate through the fermentor.

Another arrangement of equ;ation (2) is as follows:

%erm = 9en+ %vp + %surr — %oon ~ Yagi - Gup o+ @)

Bquation (3) shows that Qfe.l:m , the heat ewolution during the fermentation,
cAn be campletely specified by a&i:erimentally measuring and/or estimating

thesixreminh\gfnattenm.

[
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II-1.2. The Deteminations of The Evaporative and Sensible Heat Loss

When the air stream passes through the control element of fermen-—
tation broth,it is carrying away a certain volume of vaporized liquid. This
resultsinmermmalofthelatmtheatofvapdrizaéﬁmfrm\thecmtml
element. The heat loss by evaporation can be expressed :

AW
Q —- i Ly eeeerecseasieesens (4)
evp  ~ v ( Yout Ym )
L
Where
. wai_r : Mass flow rate of air (kg/h)
Q avp : Heat of evaporation (kcal/l.h)
A : latent heat of evaporation (kcal/kg)
Yin’ycut : Humidity of air in and ocut of the

fermentor (kg water/kg dry air)
The hunidity of air is calculated from the following formula :

»Y _ 18 Pw
29 (760—Pw) -

Wurepw:vaporptesmreofwater {mm Hg)

The sensible heat Jjoss fram the control element can be evaluated by

NETRATIE e e e e |
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calculating the difference in the inlet and outlet temperatures of the air

stream, i.e.,
Q Wair
sen = . (Tout_Tin)(Cair+C out) ....... .o (6)
L
Where
Qsen :  Sensible heat loss (kcal/l.h)
Cair :  Heat capacity of air (kcal/kg.SC)
C, :  Heat capacity of water (kcal/kg?c)
Yot :  Bumidity out of fermentor as defined previously

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

well as the evaporative heat loss. However, if the incaming gas is saturated
with water at the operating temperature of\the fermentor before being intro—
duced into the fennento.I, the evaporative and sensible heat loss can safely

8,11

be neglected . The overall heat balance therefore becares :

Qorn = %on + Qpurr~ Gagi = Qb ctrerereeeeteeees e (7)

II-1.3. The Determination of The Heat Dissipated by The Sparged Gas

The energy input to the liquid phase by a sparged gas consists of
m‘jamatmwammmummutmd'mﬂewu@d
and of the energy required to move the gas through the static liquid head
above the sparger.




e e e s T e T I T | e ree

(J

{
The application of the First law of Themmodynamics to an ideal

gas system results in the following expression :

]

] q l = Wair [(KEmt - KEin) + (PEmt- PEin)] .......
Where

QI j Rate of heat transfer to the system

wa.j.r : Mass flow rate of gas‘

KE Kinetic energy per unit mass of gas

PE Potential energy per unit mass of gas

The kinetic energy change can be estimated by the basic fommla :

_ _ 2
(KB, - KE,) = ugut/z 022 e

Innomalcaaeuwt«um,equation (9) then beccames :

RE st

-KEin) = -Uzir/Z - cetecstricaasas

13
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The potential energy changs is the work required to push the bubble fram
the sparger to the top of the liquid height. The work required beccmes
constant if the operation is performed at low pressure, i.e.,pG «g

W pmag prDgh 2P GO PPELORGAssROunROIsEaRESOON (ll)

( merevbisvohneofambble
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The work required per unit mass of gas then becames

........................... .o (12)

Fram equations (8) to (12) the result is

Qn " -Wairuzm/Z-wmngWpG .............. (13)

Ifitisassmadfurt’f:ertrutpo'—'pl',am w./pGAisthesuperficial
velocity V, , the rate of heat transfer beccmes :

Qp - -wmuf_n/z-vsAQLgh .............. (14)

It:ixsevi.denttl’:at()I l<0andtl'msheatuust:beremcr\redt:okae','at.-.hebio—
reactor isothermal. Fram equation (14) ,theemefgyd.i.asipatedbythe
bubbling gas can be expressed as follows :

. )
The energy dissipated by the bubbling gas can be found from the work of
wm“mmnerr’. '
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II-1.4 The Determination of Heat Exchange to'the Surroundings

The temperature difference between the controul elament and its
surroundings results in heat transfer to or from the element. The
schematic diagram of a simple model for the heat exchange to the
surroundings is shown in Figure II.2 .

In order to derive a relationship for estimating the heat loss
to the surroundings, the following assumpticons were made :

- Steady state heat transfer

- Uniform temperature T throughout the bulk liquid phase of

the control element .

- The interfacial resistance between region (1} and (2)

is negligible

- Constant thermal conductivities kOl and k02 in region 1 and 2

- Newton's Law of cooling at the fluid-solid interface apply

- Radiation heat loss is negligible
The total heat loss to the ambient air includes the heat loss in radial
and axial directions and the heat loss through the supported stainless
steel headplate of the fermentor (the stainless steel structure includes
the baffles, impeller shaft, themmocouple and thermistor well, and sampling
tube as well.as the headplate itself). The headplate rests on a steel an

- a steel supporting fin which is part of the fermentor fr‘ame. The whole

structure represents a complicated heat sink arrangement. The total heat
loss te the surroun@dings may be written as follows :

- o 2
Qur ® %ur * G * Y e erineens (16)

rman e

a——
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Figure II.2

A Model for the Heat Loss to the Surroundings

Region 01 - Fermentor Wall

Region 12 - Insulating Material
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* Tha heat loss in radial direction
A heat balance on a element Ar of length L (the axial length of
the control element) yields :
Heat in - Heat out - 0 ceiivieinna eee AT
e
Ifqo_.L is the heat flux per unit area per unit time equation (17) then
becanes :
2mrL - 2rrlL
%1 |, . § 1| iar = O e (18)
Dividing by 2nlAr with the limit Ar + 0 gives the following differential
expression ;
i(rqol) P 0 Pe e s eNcsssE P sEsIINETORSES (19)
ar _ ’ :
Integrating equation (19) for constant thermal conductivity kOl ’
rg, = ¢ ' (20)
qol o% 0 ¢ O PIP NS OO Y PV RET S LK N N 2

-

Since the primary mode of heat transfer occurs by a conductive mechanism, the

Fourier's Iaw'® &f conductive heat transfer can be appliad

01

q:l = "k aol ..tl'..".l.‘.l.o....‘l- (21)
& .
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Substitution of (21) into (20) gives - ,
-k ar - o % e (22)
0L c
dr r
u L)
r dar ‘
o . . 0% ( ) ............................. (23)
kg \ T

Integrating with boundary condition T:To at r=x, . and '1‘-:’1'l at r=r,

) o
1 1 ‘
o & % A e (28)
r
T o1
rO

After integrating, equatich (24) becames

r
T - p = 0% \1n (rl/ro) ......... vesreccvenrecaanns (25)
o) 1l "
01

Fram Newton's Lawlg of cooling at the fluid-solid interface, it follows that

- * ‘I..I'OC.."......l"’..l.ll'....l' _(26)
T To =t thO '
o L T e vevenesenas ceeeneeas vee (2D
T - T W e | eeem—— R
2 amb r .
. 2 \ %

In equations (26) and (27), h, and h_ are the heat transfer coefficients
nmmmmmm&mumm&fm.mmm

- { o
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for 9 results fram the addition of equation (26) and (27) .

Heat Flux q°=UI(T-Tmb) ................. (28)

where U] , the overall heat transfer coefficient used in equation (268), is

defined by
* 1
Uy = (29)
{/hH e i) ntey ) +(rc/klz)ln(r2/rl)7o/r2}b}
Hence from the heat flux per unit time , the heat loss per unit '
volure of fermentation broth can be evaluated as follows :
G = T T (30)
o v, [Wmror datry/xg) /g + Inley/r)) /iy, + Vrha]

wterer-ZvroLisdmmasﬂnbaseareaforheattransfer.

* The determination of the film heat transfer coefficient for the liquid

side

Almost all successful studies have correlated the film heat
transfercoeffiqienthobyacarrelatimoftrafwnm

- 24 'y 0.4
B2 ) Lk /dZNp SRV M) . @
1
ke \ u ke J\¥

where w_and i are viscosities of the fluid at the vessel walls and in
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the bulk liquid respectively. Ifitisfurtﬂaerassmedthatuw =y,
equation (31) becames :
2 A ‘/3
h, D e (2RO %) (32)
1
kf U kf

Accarding to Brooks and Su’l the value of K,is equal to 0.74 for a disk
flat blade turbine-type agitated reactor with 1,2, or 4 baffles. BEquation (32)
is considered to represent more closely to test data from available

sources .

Whexe

00 < N < 3x 10° e, (33)

* The detexrmination of the filin heat transfer coefficient for the

ambient side
mmata&mferfmum@nofmemsulammtermm
the ambient air can be considered as a free convection heat transfer on a
,vgrticalcyhxﬂer.Manyacperi;lmtalimestigationshavebeencmﬁwtedw
determine the heat transfer from various surfaces to fluids in free-
convection. The data are usually correlated by an equation of the form

m

h L C-
o a C(GrPr.) ... Cereveene veeees(34)

kg

= Nug
vdmetlnmbmiﬁtfirﬂicatesthatdapmpartiesinﬂndjxmionless
groups are evaluated at the mean film temperature N

2}
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Mmzzmamﬁzedavailableacpermemaldataforfmecmwectim

fram vertical cylinders, and recommended values of C and m to be used with

equation (34) ( Table II )

TABLE II

CONSTANTS FOR USE WITH BQUATION (34) FOR FREE

CONVECTICN FROM VERTICAL PLANES AND CYLINDERS

Gre x Pre © @
10¢ - 107 0.59 1/4
10° - 10%? 0.13 1/3

_ In equation (34),h,istiiefﬂmlaattrmxsfer coafficient on
the ambient side where Pr and Gr are the Prandtl and Grashof mumbers
respectively, which are usually defined as follows :

e e e s

e i e vt o
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oy . b D T T PP (36)
ke
geet 3

Gr - (T* = T )L eeerrnnnnnn. (37)
u? w ®

The constant f in equation (37) is so—called volume expansion df the
temperature coefficient and defined as

1 W P = P (38)
B = =] = ——
v p(T-T,)

The heat loss to the surroundings in the radial direction, therefare, can
beestinatedsincetvnwﬂcrmnpararetershomﬁ h_ have already been
specified .

* The heat loss in the axial direction -

BEquation (30) is only expected to yield an accurate result in
estimating the heat logs to the surroundings when the length of reactor is
relatively large, i.e. the bulk of the heat flow will be through the walls
in a radial direftion. For the sake of simplicity, it is necessary to
assume that the heat flow fram the top plate and the bottom of the reactor
inana:daldirectimisidmticalanipmportimltotheheatanpharge
in the radial direction through the following relationship

2
iurr - Q:!III'+ QBB!JI.'I = Qiurr,[ ﬂi] R 1))

o bl

T
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where21rm3ar)dngaretheheattransferareaofthesysteninradialand
axial direction respectively. The heat loss to the surroundings in both

radial and axial directions, therefore becomes :

Q-+ q = @ (L+R/L) e, (40)

The heat loss in radial and axial directions per unit volume of fermenta-

tion broth can be estimated as follows :

2L (1 + Ry/L) (T = T ) (41)
Q-+ Q =
sUrY SUrxr
VL{U xhy * In(xy/r ) /kyy + InleyT) /R ot I rzhf»}

* The heat sink

There was a heat loss to the surroundings through the steel
fermentor head support which could be considered as a heat sink. The
stainless steel fermentor head includes the baffles, thermcmeter well,
impeller shaft, and sampling tube. These act as heat conducting elements
connected with the head plate and the femmentor console which make the
estimation of the heat lost very difficult. The evaluation of the heat
loss to the surroundings can only be determined experimentally. However,
according to equations (16) to (41) the heat loss to the surroundings
doesmtduanqeappreciablyduringtheomzrseoffe'nmtatim
even though the physical properties of fluid may vary significantly. The
evaluation of the heat loss to the surroundings before inoculation could
safely be used for the estimate of the heat of farmentation during the culture
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period. It is, of course, corrected for the differing temperature difference
driving forces during experiments .

II-1.5. The Determination of The Heat Dissipated by The Impeller Shaft

The semi-thearetical formula for predicting the mixing power
i.nputinnon-aeratedsystansisava.ilablefrant_hevnrkofmshtm;ega_l_23

Equation (42) has been developed faor fully baffled systems, and in the

mrm1entregine(NRe > 104)wherethep0dermnberN is a constant

P
dependent on the particular impeller configuration .

The power dissipated by the impeller into the liquid phase of an
aerated agitated system cannot be determined fram equation (42) simply by
24
replacing fn for L
available for predictipg accurately the power input of a gas-liquid system.

There areonly a limited murber of empirical correlations for this purpose
25 2

. No universally applicable correlation has been

6, Pharamond et a1%’,

Clark ard Vermeulmzs, and a recent contribution of Hassan ard Robinsonzg.

such as those of Chyama and Endoh™™, Michel and Miller

i~ Correlation of Chyama and Exﬂohzs

Sssssmsescs et

3 ¢

‘pf ;B £ NAa

30,31

Nd

Calderbank

alq applied this correlating method and found the following
relationship : )

T——— A xRt

R )
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P/P = K, eeerernenen Ceereanae. (44)
If N, < 0.035 — Ky = 1= 126N, .cooennnnnn. (45)
If N, > 0.035 — K, = 0.62 = L85 N, «.oeunninn, (46)

The correlations of OChyama and Endohzs Calderbank3°'3l do not uniquely

characterize the interaction flow rate and rotational speed which

was pointed out by Michel and Miller2S,

ii~ Correlation of Michel and Mi:Lle:c26

-

0.45
2 3

P o= ¢ [EE &) (47)

g
Q0.56

In MKSA gystem the propartionality constant C,equals to 0.72 . The
correlation of Michel and Miller could not be reliably applisd to large
scale equipment and also failed at extreme values of gas flow rata.
Furthermore, this correlation does not appear to be applicable to gas
dipersions in aquecus electrolyte solutions as pointed cut by Hassan ard
Robinson® .

‘ 111~ Correlation of Clark and Vermeulen’
k} The power ratic was given by Clark and VermeulenZ® ag

pg/p - f(onwg c;;*) Ceesesteerecnannne teveseess (48)

26

o N o AT &
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The correlation of Clark and Vermeulen?® appears to have the most merit
since the authors used the impeller Weber number and the measured gas

hold-up as a basis for calculating the gassed-to-ungassed power ratio .
However, their method of gas sparging was unusual in that a perforated
plate covering the entire bottam of the vessel was used to distribute

the gas . Equation (48) thus may not be safely applied to a cne-single
orifice sparger system .

L C

iv- Correlation of Pharamond et a127

1 - B = 96(Q/VL)D°'53 .......... e, (49)

Bauation (49) is only applicable for ( Qv ) D082 < 0.3 ; above tnis
value,PJPismreorl.esscmstaxztato.Stoo.SS.TIBcorrelation

7

ofPha.rmmﬂgt_g_z is restricted to correlating only their experimental

data developed with six-blade turbine impeller .

v~ Correlation of Hassan and Robinsonzg

'Bxepowerratiomspu:opoaedbyﬂassanarﬂk:binsngas

r

PR = G ® 0¥ o) e (50)

Ihepmportiqalityconstantc,‘ofﬂBconehtimofaassmammbimng

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

o
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Newtonian fluids . It also requires the measurement of gas hold-up
therefare it is not practically applicable for fermentation experiments

where the aseptic conditions pose a serious restriction .

vi- Pregent Study

* The Principle of Strain-Gauge Dyrmcmerber
Most of the aforementicned correlations are not expected to

yield satisfactorily accurate estimates of the heat dissipated by the -
impeller shaft during the course of a fermmentation process because the
changes of fluids properties can alter the power drawn into the fermen-
tation broth and the deviaticn of geametry of the fermentor may have some
effectsnhuaematofmixirg.

In this study, a mixing power measurement based on a strain gauge
device was amployed to measure the torque of the impeller shaft. Four
identical straingauge were comnected as shown in Fig.II.4 . Each gauge
is exposed to a longitudinal stress, o , resulting in a strain e ., It is
readily shown that the value of the potential, de, generated between the

terminals of the bridge is 2

where V, = Electric potential applied
Ks‘- Gauge factor
t
The magnitude of the shaft shear strain, v/2, is composed of longitudinal

s el
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Figure II.3

Principle of Strain Gauge Dynamcmeter for Measuring the
Tarque of Impeller Shaft

29
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Strain Gauge Dynamameter Arrangement

Figure II.4
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am transverse strains in the rotating shaft, o/E and -o/mE, respectively.

LY

, .
Y2 = o/E = (~g/mE) = ~—(1l+1/m) ..... (52)
E
In order to measure the torque of a rotating shaft, the gauges are mountasd
on the shaft at a 45° angle to the axis ( Fig. II.4 ). The angle of 45° is
selected because the shearing strain, ¢, is maximum at this plane .
The value of € in (51) can be substituted by v/2 for the specific

arrangement of strain-gauges on the shaft. Namely,

de = VK (Y/2)  eeerreeenienen. crvrenaes (53)

where
E_ = Yomg's Modulus
m = Reciprocal of Poisson’s ratio

Forashafttwistedbyaninposedtcrque,tInamleostt¢ispmppm-
tional to the distance x of the cross-section fram the Fixed-end and hence
d¢/dx isamtyt.ﬂﬂsmtantmpresemsthemleofwistfpsrunit
length of the shaft and will be called 6 :

ab

Y - e = r 0 cseasnsvsssnnsssscnses (54)

dx
The maximm stress occurs on the outer surface of the shaft whete r = d /2.
Therefore, - ’ ' -




5 .
é»n
'
t9 4

povs
]

L 8a/2 everetrrereisiressecssnnenns (55)

The total moment M about the axis of the shaft is the sumation, taken
over the entire cross-secticnal area of these moments on the individual
aelements, i.e., :

o/? o2

M = | GOHp*d@& = G6§ p? da teeesenecness (56)

= GO I  ..... tevecrienenses. (56D)
Where - «

I, = | p*dA = = (d) - d}) .iceeene.. (5)

I, is the polar moment of inertia of the-ring section. From (56) and (57)
. - rd .
results

e W e———— = secsesssnvensssusae

' 8 _ ah
G, . . m(dl-4)) G

-Qr

[

324 tecsssessscssnnsss (59)
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Hence |}
i = 16M eeeeeeiieeerinene. (60)
Toax T (a*-a*)e
o] i
//
Fram (51) and (60) yields S
|
\/'
Y, gMd
de = V'Ksm - V‘Ks : o“ vess (61)
2 w(do-di)G
When the value of tbrgue is cbtainéd, the power consumption can be
calculated by the following relation :
Pchg = Mw = 2T NM  iiiiiiiiiciacnnnnaaans (62)
‘ ;
* The Correlating Procedure for The Mixing Power Input ,

Based on the experimental data as well as the work of Chyapa
and Endoh2>, Michel and Miller?, Clark and Vemmeulen®®, and Hassan and
mm”,m&nmmaﬁmmmmmmmme

mixing power ratio :

Lo

mmq.ﬁMn’mhmmmimaHyby
meaguring the mixing power input and the plysical properties of the
fluids studied . ‘ )
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T

II-1.6 The Determination of the Heat Removal by the Action of

Tenperature Oaﬁ:roller

During the isothermal fermentation process, the amount of heat
removed from the fermentor can be evaluated by measuring the cooling water
inlet and outlet temperatures and its flow-rate through two hollow baffles
ﬁmide the bio~reactor. However, in bench scale fermentors, it is very
difficult to control an exact amount of water flow rate required for

3

cooling. Furthermore, it is not practical to record the flow rate of

LA

cooling water continuously .

In this stidy, the fermentation brothwas overcooled by a given
constant cooling water flow rate. The excess heat removed from the fermentor
is then made~up by the action of an immersion electrical heater. The
temperature of the fermentation broth is measured by a themmocouple and
campared with the set-point temperature of an electrical proportional
controller. The difference between these two signals is used to control
the programmable direct current (dc) power supply which activates the
impersion heater at the proper power level. The rate of heat removed from
the fermentor, therefore, can be evaluated as the difference between the

e

rate of heat transfer from the fermentation broth to the cooling water

baffles and the campensating heat produced by the immersion heater (Pig. II.S). |

-~
Mathematically, the rate of heat removal can be expressed as
follows : 11
= .
UZA KQ
= 2 ¢ - - ;
Qcm eI W Tc ) 0.8604 VZINL eeeo (64)
VL(B:S)C +1)
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Figure II.5 A Temperature Control System for Measuring the

Heat of Fermentation

= Heat Indicator

= Proportional Plus Reset Controller
= Flow Meter

= 'memcouple

Immersion Heater

= Programmable Power Supply

= Hand Control Valve

e g 3 =43 %A
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= (Cooling Water
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The first term in equation (64) refers to the rate of heat transfer between
the perfectly mixed reactor fluid and the metal walls of the cooling
surfm.litdsenergyamgetemwasfirstlydevelopedbymﬂsmam
co-warkers>> and has been used extensively for modelling the dynamic
behavior of the CSTR's 33735436 | The second tem in equation (64)
describes the campensating heat produced by the immersion heater. This
heat term is cbviously the product of the voltage (V) and curzrent (I)
crossing the resistance of the immersion heater where 0.8604 is the con-

version factor which converts the campensating heat term fram W/& to
kcal/t.h

* Process Modeling and Controller Tuning

1. Transient Energy Balance

An enerqgy balance for the perfectly mixed vessel gives

ar i - -
zimicpiht—]- Qg () + Quus + VA (T = T) +UA) (T =T) .. (66)

Equation (66) describes the transient energy balance for the system
before inoculation where the heat of fermentation is equal to zero .

meaveragecoolmttmperamrerwam&eimetooolanttan-
perature T_ are related by :

PV R

A i




JP——

P
(0/ Q)T + T
Tw - (o] € tieescsssavesssctasscseneane (67)
(u/Qc) +1
Where ¢
. AL Ll e —————— (68)

2 ccpc

Substituting (67) and (68) into (66) yields :

dar U229 (1 -1)..(69)
ZiMlei[———d—t——] = stﬂ(t) +Q¥i + UlAl( Tm“ T) + —;——‘;—-Q—c—— (o]
or
[d'r Uzaszc
I MC || (t) +Q . - UA (T~ Tamb ) - T-T)
1%t Dses i~ Y Ty c
......... eeeansere (70)
Where
K = 20 C /Uy aeeeneeeennnn Ceeeennnnnas (71)
Pt

The rearrangement of equation (70) gives :

ar UZAZKQC
1°1"pi it 1‘,\1 l+KQc sts agi \lAlaub

UA, K Q, o --(72)

>

1+ Ko,




@

The time constant 1 of the process, therefore, depends on the cooling

water flow rate

1+KQ, IMCot
K QC UlAl + U2A2

The incremental model for equation (72) becames :

[f__] N e B Tl ™

2 M Cg | — T o= Qg * Gogg * gy *
U +U KQ U KQ ]
on T - e S i Tl N B S e i T g e (74)
1+KQ 1 +KQ J
C o}
or
ol I B P P -
1 o I ~
ZiMicpi[ at J i 1 +KQ "7 %es " %es " Cagi*
S
VA (T, -T) + T_ =) e (75)

1+KQ,

where T is the steady state temperature (T'E+E’Qpas'6pss+apsa)
Moreover ,it is cbserved that :

UA KQ - - UA, K Q

c C

UA + —————— |T = + Q + UAT . +————7—|T

1A1 1+KQc Qpas agi lAlanb I+ch c
oooooooo .o.(76)
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Equation (75) therefore beccmes :

-~

g

& ARG |2 L o ‘
M.C + = C 7 B Q  sieesses 77
ZlMi pi[ dt] UlAl 1+KQ Qpas 77
c
or
EiMCot & .5 . s . (718)
9] KQ 9] KQ
N U1Al+ 2A2 C U]_A]_+ ZAZ o]
l+KQc l+KQc
E
Hence
& . % . g f
T 3E + T KaQ cesensaceasans N (79)
Where

T = iipi G cereecereesreesecesasenn (80)
UA + —2£<£ €
™ 1+KQ .
c
1
xa- S P resees poesasesnnes (81)
UlA1+..__é§—2.
1+KQc .

_ Taking the Laplace transforn of ‘equation (79) yields :

= —— sssaccesesIsTEIRNERRISPIOEIBIREDY (82)

oE
-~
L
+
=
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The transfer function of the incremental energy equation
describes first order behavior .

2. Controller Tuning and Stability

A block diagram of the system ( Fig.IX.6 ) is presented to
assgist in the study of the controller . Fram the block diagram , the
following relationships can be derived : “

e = KM(R‘-E) ...................... (83)
T KCK'E'KO‘e ...................... (84)
T8+ 1

Fram (83) and (84) the following is obtained :

1
Ka ————————
7. M (Ts*l ) ................ (85)
X 1
1*‘:4’%“?‘9:(“”1)
»*
by %%k -~ K (86)
X 18 +( K, K, K, Ky) ™8 + 1
Where
'c*‘- T seeessenancsconcaassonnse (87)
i 1+ REFpa

. feeeeisssenresnrnnsennes (88)
1+ R KK ’




O

Figure II.6

o\

The Block Diagram for the Temperature Control
System '
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The behavior of the closed loop system is analogous to the open
loopsystan:thesystanisalvaysstableregardlessthevalueofxc.m
gain of the controller should, mx’rer,beumedatyﬂnmxinmvaluein
order to reduce the offset which is the difference between the set point
and the steady state controlled value .

II-2. CORREIATION OF THE HEAT OF FERMENTATION AND OF THE CULTURE QXYGEN

i

UPTAKE /

The elemental balance eguation for an aercbic fermentation process

cqnol + a NH3 + b 02 — y@pOan.Ash + zCHrOsNt + cHZO +(l—y-z)C02.. (89)
(Bicmass)  (Product)

Upon application of the law of mass conservation, the'ba.l.ancingofboth

parts of equation (89) with respect to N, H, and O results in

b o= LAY Y =20, ) | eeeeeeineennnie (90)
vhere
= - secesesssssctscersnesssenances 91
Yg= 4+m-2 ; (91)
Yb- 4+p-m—h .....‘.'.....'.’...'..........(92)
Yp. 4+'r"25"3t ooooo-..ooo--o-ooo.-o-ln-o-o-o(93)

. 12 , =
According to Minkevich and Eroshin ys,yb,andyparereferr_edmas

e v an }
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the reducing power of substrate, bicmass, and products respectively. The
elemental balance equations of the combustion of substrate, bicmass, and

product are thus respectively expressed as follmé :

* Cﬂmoz + (4+m=-22)1/4 O2 _— COZ + m/2 HZO ............ (94)
(Substrate)

* CHpOan.Ash + (4+p - 2n - 39 1/4 02—>CD2 + 1/2(p ’-3:1)1'120 + qNH3(95)
(Bicmass)

% GHON, + (4+7r-25-3t)l40, — Q0+ 1/2(r -3t)H 0 + tNH, (96)
(Product)
The canbustion heats of substrate, biamass, arﬂpfoduct:perlgram—
equivalent of 02 are denoted as Qos' Qob' and Qcp respectively. From
equations (89) to (96), the heat of combustion per gram—atom carbon equal
YsQos’ Yde,: and *onp respectively. The heat of cambustion per gram of
substrate, bicmass, and product then becomes respectively :

Qs = («J/l2)Ys Qos PP £ 1) |

= (Ol/lZ)YbQ¢ R N R N N R R N NN NN (98)

Q,
Qp = (02/12”9009 ....... veresaee ettesceccesanans . (99)

S
5
\{ where g, Oyr Oy a:er{ye weight part of carbon in substrate, dried bicmass

and product respectively.
Frém the above equ’ations,‘it follows that the yields of bicmass

andpmdmtperoocygmconsmedonweiqhtbasisarq: )
/

_____

sl

it S = % P et
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[

O

Yy - A2y 3 Y ... (100)
32bc11 2bag Yg =~ 2Y _y
Y, |
Y o= 12 3 ' e (101
m X = z ( )
32bcx2 2b02 Yg = Ty —Y .
-———-—EY
b .

Bquations (89) to (101) describe a fairly wide range of microbial
culture behavior. In industrial biomass production only a very small
formation of orqanic products is desirable (less than 1-3%) . Under such

‘a condition the product fozmatim can be safely neglected . thtntim (100)

therefore beccmes :

Y = 3 . y ',’ ........ Q'-..DO:QQQO(loz)
X0 . 2b oy
- Y
Siwet.he efbmsacmtainh:glgrm-awnofcarbmraqdm

ﬂaecmsmptimof]/ygmatmnofsubammcarbm,ttnmtabolichut
guuatedbyoellsoqmlsﬂndiffermmthamuofmmstmm
cambustion and the corresponding amount of bicmass (heats of hydration
memtbmt&&xmmmm&uymrngugibh'umnd
with the heats of conbustion). Hence metabolic heat generation per
1 gram of dried calls grown, denoted as M, is :

0

N~




e

@ Yy G 1% %] _ 1 [0 s %

- 0,Y (103)
12y 12 uLY 1sQob

Simaﬁnmmtofpmdm:ttmtimismglacmd.i.e.,az=0,itis
ﬂmﬂatuaal.sqnum(lontlmbecm:

Rrerm =

. O Y, Q
8 “os
x| —B98 o | e ... (104)
o — 12 ¥ .b “ab P
W
12

Minkevich and Exroshin almdam;xsmtedﬂuttmreammmciabh
LY
Mﬂmmqmmawmfummq“-zs.szm (rehté;iva

vleviation in Q _ = 4¢) maobazs.%km (mlatiwdeviatiminoobis
3.9%) . Bguations (102) and (104) result in :

]

X

' Qe = % 1, cYb(Qoa"de) .......... .. (108)

8¥m 12

Tharefore the fermentation heat generation per unit volume bacomes :

Qm- %- md #® seecscee 0.;-00.-.00.0.0.;.00--... (106)

vhete 8 = Y_.00, is the aownt of dried bicmass prodced by working
'vahumkr"ﬁtﬁmaﬁwzuﬁnrmdmmw,ﬁam
organims.Substituting equation (105) into (106) results in :

)




)

&

—~ - — .

s, (% "%\, fm, e (107)

R A

d

simethedeviatimofomaxﬂoobisuofﬂnd:ram,ﬂ:eratio
(Qm-Qd,)/Qoavariesintherarget0.08.AccordingtoMinkarichani

: &odﬁnu,ﬁnval\nofoudybarefmwmwtt ( o = 0.455, relative

deviaterr-= 4.2%, A 4.182, relative deviation = 1.8%), therefore the
factor 20y, /3 equals 1.3; Y equals 1.15 which can be considered as fairly
highm;n;vahmadxievedinacperimemalpmctice. Therefore the second
tem in square hrackets may vary in the interval $0.12. Bguation(107) then
becanes :

Qerm ™ ( 0.106 £ 0.004 ) AO2 ................. (108)

Eqmtim(loa)amea\rsboagmeveryweuwiﬂxthemsmestadby
Mmﬂmnvﬁbdetivadthefollowingrehﬁmship:

*,
Qfgm - (-AHO) wz secccesvenes seesssssncse (109)

where (-;ui;)- 0.106 kealdmol O, ... reveeenan tereveee. (110)
m%gs,mmtn-aimmmmmmmfa
directly meaguring the heat of fermentition and the oxygen uptake rate ,
fumdthnfo}dadng‘wddaﬁm:

1]

#

& - ?

- %m‘ o»u“wz escesvsetsscrscssnnenese \(lll)‘

el




kY N F P - p
in 02 out 02
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q
The above suggests a need for further investigation on the subject, so

that the validity of the derived semi-theoretical equation can be confimmed.
experimental correlation obtained by Cooney et al® should also be explained.

k]

I1I-3. THE OXYGEN UPTAKE RATE DURING FERMENTATION

“

The Oxygen Uptake Rate (OUR) was calculated by applying the
follw:lngequatégx:

in P out

(112)

wR - Ssscsecssnessvsoe

L

'l‘heexitgasflowrateb‘mtismtequal to the inlet gas flow rate due
totherespiratimactivityofthecells”arﬂitcanbeobtaimdby‘cmr
sidering a material balance on the inert gas species in the inlet and exit

gas streams :
z - in _in _in t t t
F, = F, (1-p =pt=-pm ) = F__(1-poic - pit_ o,
N ] in 02 W c:t)2 o&t O2 W CDZ
tesesbesnananass (113)
Fram equations(112) and (113) it follows that
1
s in out
F Fo Po
N 2 2
OR = - .. (114)
v. o~
LI 1-pf-pl-pln lfpg‘t-pg;;-pf,“t

L2

)
A



s \:i*:
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>

When the incoming air is fully saturated with water at the same tamperature
as the fermentation broth, i.e., pfx-pglt,equatim (114) then becomes :

in out
N fo, Fo,
OUR = B (115)
V. in in ot out
L | 1-py =B 1-py -p
02 an 02 an

The-concentration of oxygen and carbon dioxide could be determined
apalytically. When the gas flow rate is measured the oxygen balance on the
gas stream can be campleted .

4
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CHAPTER II1I

MATERIALS AND METHODS

A. INSTRUMENTS AND CALIBRATTONS

* Fermentor

A "Microferm" laboratory fermentor (New Brunswick, New Jersey)
withalbl{.tertotalcapacitylﬁmexglassvesselmsusedinthissuﬁy.
This femmentor has an intexrnal diameter of 22.2 centimeters, and stands
45.7 centimeters high. Inside are four baffles, two temperature measure—
ment wells and an extra extended broth sampling tube. All internal parts
of the fermentor are comstructed of type 316 stainless steel. The
,ﬁeennmtatimbmﬂuwasagitatedbym, six blAded turbine impellers, each
7.4 centimeters in diameter. The impeller shaft was driven by a variable
1/4 HP direct current motor capable of speeds between 0 and 1000 rpm. The
rotational speed of impeller shaft was measured by an optical tachameter
device connected to a digital read-out indicator (Figqures III.l and III.2)

4

The rotational speed was kept constant at 700 rpr: during the experiments .

* Beration
A schamatic diagram of the fermentor aeration arrancement is

shown in Figure ITI.3. The inlet air was introduced’through a 0-30 psig

, fressure gauge, a Brooks rotameter no. R-6-15-A, an inlet air filter, a

saturation colum, and it was then bubbled into the culture medium through

a asingle orifice sparger.The outlet air was passed through a moisture
- , (



< s
P

Figure ITI.1

Agitation Dewvice Arrangement for 14 liter Fermentor
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Figure ITI.3 The Aeration Arrangement
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condenser. The aeration rate was set at the desired value by the pressure
gamgeandthemtaretervalve.meceli:bratimofthemtmeterm
acm@lishe@thmmﬂnmrmemsmlhﬁmofawettestgasmter.
The outlet air flow, after entering the rotameter passed through the wet
test gas meter and was discharged to the atmosphere.

The calibration procedure congisted of the passage of constant
volures of air through the rotameter at specified temperature, pressure
and time interval. Volume flow rate were then measured at the prevailing
flow conditions (pressure, temperature) for different rotameter settings .

During the fermentation studies, the gas flow rate was corrected
for the mean conditions of delivery air by using the ideal gas equatiomn

-

of state (Figure ITI.4),and kept constant at 8.4 l/min .

* Air Stream

Figure IT1I.3 represents a schematic diagram of the constant
tamperature saturation colum. The air stream was saturated with water at
&ew@mmofunfmﬁdmmmby.passmitthmam—
rature controlled 7 liter fermentor filled with water. The temperature of
theinlet‘airstremtofenmtorwasneasu:édbyadxemismr. The total
pmsmmeofﬂainletairstrea;\mrmmmdusirgu—wbemmuymmmters

|
open to the atnosphere. The accuracy of the pressure measurements was

within 1 mm of mercury .

* Oooling
ummm@m,mmtofmmsﬁgrwwﬂs

N

e




Figure I1I.4 The Calibration for Air Rotameter
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mpmmomqufﬂuofunfmm‘smcmmmm

N : mamedbyamumter(ﬂemt;dmmtmtengm.n-ﬁ-ls-m.mmm
aver-coolirg, the temperature of fermentation hroth was maintained at the
~set-point value of a contyoller by a sulmersible heater with variable

/ pwerirp.xt mliadbyapzogmmb]epouermly.

m»Imanstantanthemocwplawitha3M§tahﬂm5teelmeaﬁl
was used to measure the temperatite of the fermentation broth. The
W&smﬁﬂxamqﬂemfamjmm~
""" representsd the temperature of fermentation broth. The themocouple provided
S ﬁnim:thomm(dacuo-mtiveform)m The calidration curve
mmmhudi&tdmjmﬁmuwmmms.
mringﬂaéanbmtimunwpa-meofﬁwculmwmmm
wadmmwmw.npmm ahdel*sszn, Paxbaro,
Mmu._)vnimdmdmmadcmlivolf‘sigmlfedmanmm
troller. The cxverter was calibrated to' operate within span of 1.6 n¥. The

v mmm&u’amam"c (2.56 1) .

, o ﬁ mwmmmm,m,mu)
R mmmm@mmmmaﬂnmmmnmm
o ;\" m“mmmmmmn#@mummmmm
: point value, If the measurenent signal|is equal to the set point; the
U mlmxyulmmmmu&u cotractivaactimisreqv.ﬁ.zed
~'xfmmmtaoamtega1mutpo£nt theoutputwillrmpto

*
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level necessary to make the measurement equal to the set point. The
. ~Gutput signal of the controller is from 10 to 50 mA dc where the propor-
tional band can be varied between 5-300 % . The calibration for the EWF

o &
converter and the controller are shown in Figures III.7 and III.8 .
E 4 A A programmable power supply (Model OPS 36~8M, Kepco Inc., Flushing,

NY) was used to deliver stabilized voltage to activate an immersion
heater (7.29Q). The dc source voltage of the power sSupply is able to
deliver from 0 to 288 W to the liquid broth .
; To obtain a measurement of the broth temperature, a themmistor
circuit was connected in a Wheatstone bridge arrangement with the fermentor
tmperatxecéxtmﬂertm;uswrasmlegofthebridqemmaﬂixm.
The output of the hridge was recorded using a standard 10" Hewtlett Packard
4 dni‘trecoﬁertoplotﬁntarperaureinﬂmefenmnmvmenﬂxetmperaume
ymizohfermsﬁﬁnndcﬁ.ﬂmeﬂmuistorcirmiﬁdevicemmedmm
smdymevaluataﬂwspeciﬁcmttmnsfercoefﬂcienﬁulﬁarﬂuzﬁ.
’Bﬁrestﬂtingcaiihrationcurve}areslminﬁgqtesm&mﬂm.lo.
The bridge used a 1.5 V dc power supply .- %
~ * Phe p Controller Unit |
“ A A standard New Brunseick Scientific (Model pif 22) pH controller
.l \ @tmmed,hmrmgtﬁgﬁaﬁm“eqﬂmt=
T ~ a pH indicator/controller .
d o ~ | - a pi recorder module (
' .= a Ingold sterilizable pH probe (Model 465-25-P%)
'~ - 7w pegistaltic pupe for acid-tase additions

'
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Figure III.7 Calibration for Electronic Controller
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The pH controller was calibrated by using standard p 4 and 7 buffer
solutions. During the calibration procedure the temperature of the buffer
solution used wes taken into account by appropriately adjusting the
tanperature-slope setting Gf the Pl controller . The ADD and-MIX timer of
the controller were propartionately adjusted throuhout ﬂm fermentation
inordartoobtainammedpﬂmmcywiﬁ:into.zm‘tsoft;asetpoint.

*'memygmhmlyza'rmit

The oxygen concentration in the exit gas stream was monitored by

a Taylor Servomex (Model QA 273) paramagnetic cxygen amalyzer. The oxygen
analyzer sample streams of a flow rate between 0-150 m{/min have to be dry

) gas mixtures . The bulk of the exit gas stream was hy-passed from the oxygen

analyzer as shown in Figure III.1l . Thé inlet gas to be analyzed was dried
by passing ittmfanghadryingcolmn (6.35 an diameter, 28 cm length) packed
wiﬂxanhydxouscalcixxgsﬂ.pute.'ﬂwemmuststremnfmtheamlyzerwas
vented to the atmosphere via a small rotameter which maintained the flow
rate at 150 mi/min by adjustment of the pinch valves A and B . The zero
(Mitrogen) gas and room air ware used to calibrats the analyzer £rom 0

0 20.9 % . The output from the analyzer was fed to a recorder with a 0

to 10 mv full scale range (Hewlett Packard, Model 7127A) .

*, The Carbon Dicxide Analyzer Unit
" 'A LIRA Model 303 infrared carbon dioxide analyzer (Mine Safety
Appliances Co., Pittsbury, Perma.), was employed to monitor the exit gas
!

mmzmmmtim.nnequimmtmi@talhdinnrieswiﬂxmd

€




8 S
24 78

‘
- 4

Figure II1.11 Flow Arrangement for Oxygen Analyzer and Carbon Dicodde
Analyzer Unit
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* {611). The calibration for tha torque was perf by means of a cord,

torque versus the electrical potential gensrated are illustrated in

immediataly after oxygen analyzer . 'memq:m:fmﬂaemzmlymrm
also fed to the same recorder used for recording the ocutput fram the
oxygen analyzer with a 0 to 100 milliwvolt full scale range. Befcre each
fermentation run, ﬂnmzmlymrmmlibratedwithmmmxm:of
carbon dimxide and nitrogen (0, 1.18%, 3.01%, 4.998, and 5.45%). The
calibration curves are shown in FiguresIII.l2 and III.1l3.

* A Strain Gauge Dyhamometer ‘

A modified strain gauge dynamometer was employed to measure the
moftherqtadnqiupeuatahaft.Asdmticdiagmofthisdwice
is shown in Figure II.3.

The electrical signal was transmitted from the rotating shaft
via slip rings (IEC-4, 'Longhorn, Texas). The cutput signal was balanced
and amplified by a signal condition (Model BA-4 Vishay, Pa) followed by
a dc noise filter . The resulting signal was then recorded by a stxip chart
recorder (Hewlett Packard, Model 7127h). It was shown that the value of the

potential de is proportional to the torque of the impeller shaft(Bquation
pulley, and weight arrangement. The resulting calibration curves of the

Figures III.14 and III.15.

'nnovmn'sytm\uedfarcmthmmmtdm
fermentative heat is shown in Figure III.16




Figure IX1I.12 Calibration for @, Analyzer




<.

T

Y




)

N

P

Figure ITI.13 Calibration for CDZ Amalyzaer
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Figure 1I1I.15 Calilration for Strain Gauge Dynamometer
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Experiments were per‘fomad u;ing a mold ﬂ.niger),. a bactasria
(E.00li), and three different yeasts (C. Zipolyﬁj?a, C.intermedia, and
C.utilis) . Both the yeast hydrocarbon and carh;'lydrate fermentation
systummmifxvestigawmivdysimeﬂnyminpommms ’
for the production of the single cell protein (SCP) .

The following table lists the mi.cm-crgmism used in this
study and their sources .

i
Table ITI = R
\ ‘ ‘
Aspergtllus niger I Carolina Biological Supply Co.
) °  Burlington, North Carolinh

Candida utilis III ATCZ 9950
f Candida intermedia . o ATCC 20404 ’
| Candida lipolytica w ATCC 8662 .
r ) Escherichia coli v w of Micrabiology,

) . MoGi1l University, Montreal

2. Qulture Media | ~

; . A list of the culture media used in this study is compiled in -




\

glucose, suwcrose, ethanol, cellobiose, hexadecane, and n-dodecane, which
were tachnical grade .

3. Inoculum Preparation

The inoculum for each fermentation was prepared hy the following
standard procedure. ﬁmZSOmlslukeflaskswithSOmlofngdiunmre
inoculated from a slant or stock culture stored in the refrigerator. The

cultures were allowed to grow from ten to eighteen hours . One ml of the
resulting cell suspension was then used to inoculate six 500 ml shake flasks
containing 160 ml of medium each. These flasks were shaken at 250 rpm at
25°C. After six to sixteen hours, when the cultures were in the exponential
growth phase, they were used to -inoculate the 14 liter fermentor .

4. Sterilization

‘All shake flasks with carbohydrate were steam sterilized in an
autoclave at 10 pei. This temperature and time is not sufficient to
caramalize the carbohydrates . Ethanol, n-dodecane, and hexadecane, which
cannot be sterilized by steam were sterilized by means of a "millipore” filter
{.45w. Joonnected with 50 ml syringe. Alloﬂwe;.'steriuzatimmsdmxe
with steam for 15 mirtes at 15 psi. All mineral.salt solutions were
sterilized separately in order to prevent precipitation . The 7 liters
of water were also steam sterilized at 15 psi for 15 minutes .

.y

5. Sampling from the fermentor -
'mmmmnmm.li'mwmmmm
fxmﬂ:euliter.femmtor.Alzanlengthofaszyr&glassmhim
mfittedwiﬂ:bnnumersnmberstopgers. Five ml gradations were
mrkqdonttnglasstubetomeuurethgvolmofﬂnsmplemed.

L4




Figure III.17

The Sapling Device
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When removing a sample, air fram the water saturating colum was
first divertad to blow out the sampling line by closing the line to the
sparger at (A) and opening valves (B) and (C). After clearing the sample

s+ line, the air was again allowed to flow to the sparger by opening (A),and
cloging (B).ApOttionofthefema;tatimhtothmﬂmforcedinwthe
collecting tube by closing the exit gas line of the fermentor and opening
the vent at (D). After closing (D), the sample was discharged by opening
(B} .

]
6. Density Measurement
mmxwdmumapenBmewpmngsom

of sample into a weighed 50 ml Erlermayer flask. An electrohic balance was
used to weigh the flagks with and without the culture sample. Care was taken ;
to determine the densities at constant temperature. Damitymasur@ 4
were made in duplicate for each sample .

7. Dry Weight Determination
A 40 ml sample of cell suspension was centrifuged at 15,000 rpm

for 15 mimites. The supernatant was discarded and the cells washed with
25nﬂ.6fdistilla:lwater. After a second cemtrifugation, the suparnatant was
; again discarded, and the cells resuspended in 5ml of distilled water. These
saples were placed in weighed aluminium tare dishes and put into an oven
at 110°% . At about 18 howrs, the samples were weighed and then returned to |
the drying oven. The samples were weighed again in 2 to 4 hours. If their




]

-

weight remained constant, drying was stopped. This procedure was carried
mtat%astwiceforemhdetemhntim.

|
8. axfmmm@mmt

The Fisher Surface Tensicmat (Model 21) was used to measure the

suy'facetensimaf liquids. The surface tensicmat consists of a torsion
wire balance with a dial calibrated in dynes per centimeter, a weighted -
platinur-iridium ring, a movable table and a small reversible motar. Surface
tapsion measurements were made in triplicate for each sanPle .

9. Glucose Concentration Determination

The determination of glucose levels in the culture broth was
based on the method of Fisher Diagrostics Glucose Haxokinase (HK), utilizing
the coupled enzyme reactions of hescokinase and glucose—6-phosphate delydro-

genase :

Glucose + ATP ADP + Glucose-6-Phosphate

Glucose—-6-Phosphate + NAD+ G~6-0H

——— 6-Phosphogluconate + NADH + H'
The first reaction imvolved phosphorylation of glucose by hexckinase (HK)
and ATP to yield glucose-6-phosphate. This product is then axidized by
glucose-6-phosphate dehydrogenase (G-6~PDH) with concomittant reduction of
ND' to NADH. Since both reactions are essentially irreversible, the total
amount of NADH formed in the second reaction, detemmined spectrophotcmetri-
cally-at 340 m , is a direct measire of the glucose concentration.
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CHAPTER IV

A. MOXING POWER INPUT STUDY

With the purpose of developing a semi-theoretical correlation
for estimation of the mixing power input in a gassed agitaf:ed system, a
straingmggdynmeterwasusedtomeasuretmqumofmefementor
mpellerah;ft. The stirred tank geametry and ranges of operating variables
are given in Figure IV.l and Table IV.l respectively. The physio~chemical
properties of liquid solutions used in this study are given in Table IV.2 .

The relationship between the mixing power input in gassed or un-
gassed systems and the impeller rotational speed for scme Newtonian and
non-Newtonian liquids was experimentally established. Figures IV.2 and
IV.3 depict the mixing power per unit volume correlation with impeller
rotational speed. In both cases, the impeller power input was proportional
to the cube of the impeller rotational speed-over the entire range of the
rotational speed examined which was from 500 to 800 rpm. The mixing power
nurber(Np) was constant at 6.14 for a six-blade turbine impeller under
turbulent conditions (Fiqure TV.4). '

When the mixing power ratio (B /P was plotted against the
aeration nurber (NA , & non-linear relationship was cbtained (Figure IV.S).
Cross plots of all the experimental data in the fomm of Figure IV.5 showed
that (B /P) vazied with N.0%®  fox the Newtonian solutions. A sinilar
correlation also applies for the non-Newtonian solutions .

P




Finally, when the function (Pg/P)Ng""B was plotted against the
Weber murber %).arm»mmrrelaﬂaﬂu.pahomulud (Figure IV.6).
The behavior of the non-Newtonian liquids, however, was cbsarved to be

slightly different with respect to power consumption fram that of Newtonian
solutions. ! ‘

All experimental data related to mixing power input are tabulated
in Appendix III .




Figure IV.1 The Gecmetry of 14 liter "Microferm” Fermentor
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TABLE 1IV.l

Stirred Tank Geometry, Ranges of Operating Variables
g and Geometric Ratios of Impeller ”

Internal Diameter of Tank (m) ’ 0.222

Air Sparger

* Number 1

* Orifice diameter (m) 0.002
Aeration Rate (ms/sec) X 105 2.987-24.234
Baffles

* Number 4

* WB/D 0.1
Rotational Speed (rpm) 500~-900
Impeller Type : Six Flat-Blade Turbine

- d4/D 1/3

- WI/d \ 0.216

- Ll/d 0.257

- TI/d 0.0135 ’
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TABLE IV.2 \f
Physico-Chemical Proparties of Aqueous Phases (25°C)
} .
Ligquid/Solution Density Viscosity Surfaca Tension
Og/m)  (N.s/m2)x10° (V/m) x10°
:
? * Newtonian Fluids ,
{
| ¢
 Water 1000 0.89 . 72
1 Methanol 983 0.85 58
(108 Ly volume)
Methanol 963.5 0.80 46 |
(25% by volume)
[d h
Ethylene Glycol 1008 1.72 55
(88 by weight)
* Non-Newtonian 1
o (0.4%) 1000 - - _ / 68.5 .
»
o {0.67%) 1000 - / 71.5 -~
. L1
[ 1
g, o o ) B ‘\
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Speed for Newtonian Fluids
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MIXING POWER INPUT :
WATER and AIR
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mmmmnmm@'ﬂammmfor
non-Newtonian Fluids ‘

~ Figure IV.3
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Volune of gas pexr volume of broth per minute
CarboxyMethylCellulose
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MIXING POWER INPUT

NON- NEWTONIAN
LIQUIDS at 235°C

.

1 2
e 0 YYM - cmC 04 %

~

e b b

A 0 VVM - Netresel 0.67 %

[

a 0.860 YVM = CMC 0.4 %
® 1,236 YV - CmC 0.4 %

O 1.381 VVM - CMC 0.4 %

14

71T

#00 700 800 900 1000.
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Figure IV.6 The Mixing Power Correlation for Newtonian and
nomr-Newtonian Fluids

1. Newtonian Fluids

-0.38 <0.18

N P O N2 d3 OL
| 2 = 0.497 |— o

F N a3 7

* Qorrelation Qoefficient = 0.985
2. Non-Newtonian Fluids
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B. THE HEAT LOST TO THE SURROUNDINGS

Although the fermentor jar was insulated with 5 cm in thickness of ~
polyurethane foam, same heat loss to the surroundings always occured, -
particularly through the head plate. 2n initial estimation of this heat
loss term was necessary for the correction of the fermentative heat
calculations. Equations (16) to (41) could be used to evaluate the heat
loss to the surroundings thecretically. However, these calculations may
not be quite accurate since same parameters in the equations could not |
be determined precisely. The theoretical model proved that the specific
heat transfer coefficient UA, was almost independent of the mixing
input and the physical properties of the fluids studied. In this work, the
specific heat transfer coefficient term(U)A,) was determined experimentally
by measuring the slope of temperature rise versus time at constant agitation
and aeration rates,with the temperature controller turned off .

Aknoomanmmtofheatwasintroducedintotmsystanw
a resistanceheate.rinordertoincreasetheslopeofthetatperaﬁ:re
versus time plot. The transient heat term EiMiCpi(&I‘/dt) values ,determined
by this procedure, were then plotted as a function of the temperature
difference driving force (T—Tamb) yieldirqastraightl.imrelatimship
with a slope (=U,A|) of 0.068 kcal/l.h.°C (Figure Iv.7) .

Mvalmofﬁeheatlmm&emmﬂhxgsmmlym
for variation in the temperature difference driving forces as encomte;:ed
during the experiment. The ambient air temwperature, however, was fairly
constant and the fluctuations of the heat loss to the surroundings were

e

!




Figure IV.7 The Detemmination of the Specific Heat Transfer
Coefficient A
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Slope = - UA "= - 0.068 kcal/%.h |
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negligible in the overall calculation of the fermentative heat (Table IV.3).

1

' The mixing power could be evaluated by using Boquation (63).
However, the,opa:'ating conditions in this study were slightly different
£rom the ideal conditicns (D/d =3, B/ = 3). In accardance vith the measured
heat loss, the basic value of Q. +Q; = UjA) (T = Ty could be
determined by measuring the temperature rise in the fermentor prior to
inoculation for a given rate of agitation and gas flow rate. Wﬂy,
the measured value was used throughout the fermentation for the calculation

e ek e e
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TARLE IV.3
" THE HEAT I0SS TO THE SURROUNDINGS CALCULATTON .
1
| Y Fermentation Time Tanb T T ~ Tanb Qm
| (Bour) o) (°c) °c) (kcal/l.h)
0 23.66 30.02 6.36 0.432 *
5 23,23 30.13 6.90 0.469 =
/ \
7 ' 23/.90 30.16 6.26 0.426 ;
= .
8 23.08 30.18 °© 7.10 0.483
9. 23.50  30.12  6.62 0.450
; 10 23.48 30,08, 6.60 0.449 .
/ =
ngot w
{ ) flo “"\>
¢ ) éf q Ua '.
. » ’
. . ; R . K
3 > " . R v,
n r » Ao - . B a ~
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C. MIWOF'MESPMTCMWWMU@;M
COCLING HOLLOW BAFFLES

) Asimilarappi:'oachtotheneﬂbdofevalmtim'ofheattransfer o
coefficithAlwasagaine:ployedtoestmtethespecificmattrmfa
coefficialtfcrthelnllmbafﬂesnzhz . Basically the slope of the
temperature versus time curve was measured while the temperature controller
*wasmmedgff,aqdagitatimandcoélinqwaterflwrateswerekept*
cmst:;xt. ﬁnm;ﬁnmsfa,rate franthe fermentation broth to the cooling

nadumwaacalculatedthrmx;hthefolmngdynaucamgybalame

;

3T o
u
zi"p““)’Qag:. U, (T - )-2"‘2 (e - 7))
. | l+KQ

* .
: T Cagit G AT - Ty - T (T 1) )
ST o
where ' ‘WA K Q _ oL °
UZA; = 2A2 C n-o.an-o--o'onc'urnng‘-‘ooo‘aoo (118)
. ‘ 1 +KQc' A
m K = 2CCPJ U2A2= e9sessseessreveseserssenioes (119)~

'meresultmg\mluas ofUzA; coefficient are repoarted in
'I‘ableIV.4 for different coolingwat:erflowrates * Figure IV.8 presents
agraplﬂ,calrelatimshipbeweenthecooling flow rate and the mean |

2

specific heat transfeu: ooefficient t:lzl\.2 defined in Bquation (118) .
. ) . ¥
u, ' ' )

‘v

G




»”

-

. . < . L .
~ ] v . + v ‘ H A »
G . . : L n
. ¢ , ' g
o i RS i N - b L - -
3 PP PN o, . . R vt ERTET
Lot . - ‘ Voo .l MR i ..
s - N . L . . . TR Ju IR ! ol
— 5 “ 3 Yol s ) x ! ——
Bk T v A e e
- . . B
hd 4
. e
. N o -~
B p
- 119
.
13

This relationship was established as a linear correlation with values for
) ' ' . . '
' UA) renging from 1.0520 ~ 1.6039 keal/1.h.°C .and cooling £low rates :
from 11.5326 - 18.5326 L/h . , : ‘
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TABLE IV.4 -
*
THE DETERMINATION OF SPECIFIC HEAT TRANSFER COEFFICIENT U.A.
* * 3
jhter Flow Rate T ; 'rc UZAZ (T - Tc) UZAZ .
(1/h) o) (kcal/l.h) (kcal/1.h.%c)
v ¢ ’ / »
13.8147 9.9 12.2754 1.2399 \/
- ‘ 11.48 14.3544 1.2504 ,
- 10.70 13.3275 ' 1.2456
- 11.51 13.9442 1.2115

#Mean ; 1.2320

]

16.1737 10.82 15.3071 1.4147
- 12.18 17.4985 1.4367
- 13.20 18.7064 1.4172
- 13,55 19.0304 - 1.4045

«Mean : 1.4180

11.4558 13.25  13.9811 1.0552

- . 14.03 14.9867 1.0682.

- ' 14.28 14.8382 .03 -
- 13.91 14.3644 1.0477

- 14.23 14.7343 1.1354 |

- 14.44 15.2040 1.0529

- L1412 15.0614 1.0667

#*Mean : 1.0520

2

18.5326 ¢ 13.90 22.294 1.6039
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D.mEAPi’I.ICABILITY, RELIABILITY, AND AQCURACY OF THE EXPERIMENTAL
‘MN}QEANDOE‘DYNAMIC“G\IORRMRIC‘MM

i

The overall accuracy of the experimental technicue used in this
study to measure the heat of fermentatjén was established to be - 1.41% .
m.sw;adetemm;edbysﬁmamg heat of fermentation through the
introduction of a known amount of heat into the system via a submersible

electridheater.mordertodefimttncverallacctmmyqfﬂ;masurhxg-

technique, the set.heat input was estimated by using the overall heat
balance {Bquation (7)} and campared to the actual value .

' Fraom Table IV.5, the discrepancy ranged from 0.12 to -7.5% of
ﬂxelnmheathmt.meovemumacyc;fthemingtedmiqm
was thus determined to be ~ 1.41% .

{ @

A series of similar tests were carried out to determine the
accuracy of the dynamic calorimetric technique (Table IV.6). The average
percent difference between the known heat input and the amount of heat
deteminedbythedyrmiccalcrimetrictedmiqxewas+2.20§ .

It is evident from Table IV.6 that the accuracy of the dynamic.
caloc:lmtrictedmiqmis satisfactory only when the simulated heat input
is high . In each experinent, the measured heat wis smaller than the
lnown heat input. The discrepancy ranged fram 0.21 to 4.29% of the actual
heat input . ' ’ |

123
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TABLE IV.5
THE DETERMINATION OF THE OVERALL ACCURACY FOR - K
THE NEW TECENIQUE - Y
Test No. Heat Input, Heat Measured Difference from
(kcal/1.h) (kcal/L.h) Heat Input (8)
1 2.908 2.763 4.98
2 20908 ‘ . 30114 '7-5
3 2.908 ©3.092 A -5.95
"4 23,038 s 22.827 ; 0.92
L8 23,333 . 23.572 , =1.02
6 23.378 23.350 0.12 p
/
x
]
E
i ' [




Test No.

TARLE IV.6

THE DETERMINATION OF THE OVERALL ROCURACY OF THE
DYNAMIC .CALORIMETRIC TECHNIQUE '

Heat Input
. (kcal/l.h)

3.745
' 5.895

" 11.921
12.631
1.6.75; .

Hest Measwed ,  Difference from
(keal/1.h) Heat Input (%)

© 3.632 3.01
5.464 4,29

11.896 0.21

12.230 3,17

16.679 ° 1 0.33

. b

128




o)

E. THE FLUCTUATION CF THE LIQUID BROTH TEMPERATURE AROUND THE

CONTROLLED VALUE

L

\ Befotreiroculaticﬁ,tlncmpmaatingheatémdwedbythe
immersion heater remained unchanged (Figure IV.9) .

thgﬂafenmuﬁpntMmmtOEMmatmlied

126,

intothesystauvariedinaocordmtothequantityofheatpmdwed .

by microbial activity in order to maintain an isothemal liquid hroth
(Figure IV.10). Tt was observed that the controlled tenperat\mel of

liquid broth never deviated for more than t 0.15 °C from the preset
desired temperature (Table IV.7) .

" Opon determining the overall accuracy, relishility, and
applicab:.lityofthemtmd, itwasml\dedttmtthistechﬂ.quesm.;ld
beadoptedforﬂ:edesiredcmtimmsm:itorﬁgofﬂuheatof
formentation .
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TABLE V.7
THE DEVIATION OF THE CONTROLLED TEMPERATURE CF p
FERVENTATTON BROTH AROUND THE SET POINT -
No. . Time - Permentation Broth
(hx) Tenperature (°C)
- —
0 0 -~ 30,02
1 2 - 30.16
2 4 30.10
3 6 30.12
4 8 30.17
5 10 ;30,08 .
6 g 12 o 29.98
*Data were for the growth of C. utilis on gluccse ( T =30 °0) - ..
. "
. N _ . k] " w "
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“~selected cafbdiydrate fementati.on broth did not vary significantly

0 132

F. PHYSIO-CHEMICAL PROPERTIES OF FERMENTATION BROTH

) -

N |

Shwethembd.ngpowerramo(Pg/P)waseatabhsl'edtobe
deperﬂentmtheaeratmmnberandmeinpeuermbernmber the
Q/dens:l.i:yanﬂt:hes\um‘fas::e1:emsicmc'n?1:hefe:unart'.a.ﬂrl:i.mbmi:hwm:emeasuz:éd-
periodicanyﬂmgknmthgacperimtsinordertoimcveﬂnmdm‘ ’
for the' agitation enerqy input . Usually, the density of the liquid
bmthdoesmtdmugeapprec:ablyfmbotharbdlydrateardhydmcm
femtatims 'mesurfacetmsion therefcre.istmmlypamtermich
needstobemaamne@_dmmgtmgenmtaum.mmfacetensmoftm ‘
dm‘ingthee:@erimt 'mblerv.spu:esentsthephyslcalpmpemes ]
ofhmt:hforamlmrbofc._%.

34

In the case of hydrocarbon’fermentations, foaming occured
mﬁmmma@eﬁm.smmmﬁaofwﬁd

A
ma&dmﬂwfmimmmmﬂmmtimm&fhw /
pattm:na 'meinterfac:i.altmsimmdec:easingduringﬂ'aq:w&:of
C. lipolytica on hexadecane (Table IV.9) .
sw:"”“"-:\ , “’

.
L ) : ) . ‘ .
g i
*’ o - LN s
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it TARLE 1V.8 : - .
|  PHYSIO-CHRMICAL PROPERITES OF FERMENTATION BROTH
~ No. Time Density Surface Tension
. , w - (/1) " (ayne/am)
. - "/ b
’ Inoculation - 1.06636 ) 32
0 0 . 1.06634 : 32 )
\ "
| 1 - 2.41 1.06860 ) R p
t \ Ex
2 3.75 1.06783 33 ‘
| 3 4.67 . 1.06759 ...  33.5
¥ 4 1 5.67 1006839 3‘-5
5 6.67 - 1.06565 36
, 6 7.67 1.06734 - .35
'} ' 7 ~ 8.84 1.06629 34
) 9,50 - 1.06578 35
| ] 10.17 1.0635¢ . ) 37
‘ s mmwfmmmmc.utilngmmmameof o
. " Glucose and Cellabicee . . .
, e ¥
x * . -
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TABLE IV.9 ’
Time Course of the Growth of Candida lipolytiea
° 7 on Hexadecane
¢
$ _ Parmentation Time Interfacial Tension
- (Hour) (dyn-cm)
1 | 40.3
‘12 ' 33.2
15 27
\ 18 _ -
I | 18.3
. f { .
i . ! \’! ! ‘ ' v
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G. RATE OF HEAT PRODUCTION, OXYGEN CONSUMPTION, AND BICMASS

' OONCENTRATION VERSUS® TIME

=

Figm'esIV.lltlmxghIVZSamplctsofthemteofheat
productim axygen consurption, arﬂbiamsscmcmtratimversustim
for the following individual microbial culture and carbon sources :.

Organisms

Aspergillus nig_erz
‘;apergiZZua niéafz
Aspergillus niger
Candida tntermedia
Escheriohia coli .«
Escherichia coli
Cendida lipolytica
Candida lipolytioa
- Candida -lipolytica
Candida uf:ili31
Candida utilis
Candida utiu:a
Candida utilis
Candida utilis
Candida utilis

1. Dynamic Calorimetry
2. Wall Growth

Subgtrate
Glucose
Gluccse
Glucose

Glucose

Glucose & Iactcse

Glucose & Cellobiose

Figure

w.1
v.12 ™
.13
Iv.14
V.15
V.16
™v.17
V.18
.19
V.20
.21

Iv.22

v.23 ’ %

Iv.24
Iv.25
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'merateqfcxygalcmswpﬂm,wmplottedagaiﬁsttim,-
followed the trend of variation in the rate of heat evolution (Figures
IV.11 through IV.25). '

When the heat and oxygen curves were compared with the growth
curves, two different types of behavior were indicated . In the first ’_

~ case, the rates of heat released and oxygen consumed drastically declined

after the culture passed the peak of the expanential growth phase. In the
smdcase,ﬂxeworatenwdna'cohnidedwiththenmdnimmﬂﬁnegn;wm
rate, indicated by the inflection point on the growth curve. Experiments

! 1
‘with B. eoli, C. lipolytica, and C.| utilis (Figures IV.15, IV.18, and
‘Iv.2l) are illustrative of the first case while those with A. niger,

C. intermedia(Figures IV.11, IV.13, and IV.14) exemplify the second .

' In the case of diaxic growth of Z. coli (Figure IV.16), it

was cheerved that the heat and axygen curves exhibit Gual mexima , the first
peﬂmomimmmepmfemdalglmemmmmletely
utilizedazﬂﬁmsecuﬂmcomspmﬂing to the end of the resumed

log phase . The presence of lactose was probably responsible for a longer

lag phase in conparison with E. coli growing on glucose only -(Figure IV.15).
mpummmmmmmmofé; utilis on a
mcumeofglmoseuﬂcellcbiosadidmt‘ﬁollow_ﬂleenfpecteddiamdc
grwthpatte;m."meheatapdmtygmcuvesbothdecnnedsharplyw}m
glwosemdepletedbysthegmmgculme.'mee:@arimtwagmted
in duplicate (Figures IV.24 and IV.25). Cellcbiose was not utilized by
the . utilis cylture for its growth . All the biomass was apparently
produced at the expense of primary glucose only . This fact is confirmed
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by camparing the cell concentrations of ¢. utilig in this experiment to

the expermtwhere glucose was the sole carbon source (Figgme .21 .

The resulting final bicmass concentration was 14.382 g/1 for C. utilia £
grown an 30 g/1 glucose as the only carbon source, while it was 7.63 g/l
when 15.5 g/l glucose was ocnbined with 15.5 g/1 cellobiose . In the
firsﬁ"‘c,am, the cell yield is approximately equal' to 45% (g cell/ g glucose) ,
while for ¢. utilis grown on a medium containing a 1 : 1 mixture of

glucose and cellobiose,tl':e cell yield was experimentally determined to be
48% (g cell/qg primary glucose).

The experimental data showed that the rate of heat release and
the rate of oxygen consunption depend on the type of organism and substrate
used . The highest volumetric pesk rate of heat released was cbserved to
be 10.196 kcal/l.h for the growth of F.coli cultivated on a 1 : 1 mixture ‘
of glucose and lactose . The lowest peak volumetric peak rate of heat
released for any culture examined was 2.641 keal/l.h for A.niger grown on

glwose . However, when the rate of heat released was represented as

" keal/g cell.h , ‘ the result was different . The lowest peak rate of heat

release was 0.512 lLr.ca.fL/g cell.h for the growth of C. utilis on glucose .

.The highest peak rate of heat release was 1.822 kcal/g cell.h for E. coli

grown-on glmqseonly . During the yeast-hydrocarbon and yeast-carbohydrate
fetmentations, the range of variation in the maximun rate of heat release

was between 0.512 and 1.215 keal/g cell.h . The maximm peak rate of heat

mleaaewashig!mfor&nbacterm‘mltwetmnfmtheyeastcult{m.

‘These values were 1.38 and 1.822 lical/g cell.h for E. coli .grown on a

-

Vod
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~1 : 1 mixture of gluccse and lactose , and glucose respectively . The

maximm rate of heat release for the mld culture was smaller than that
fortheyeastmlbme The value of 0.60 kcal/g cell.h was cheerved for
A.fnigez‘-_grmmmgluooae . In general, the cultures that exhibited the
highest rate of heat production, in descending arder, were : bacteria, ’
y’eaat,arﬂmold. ’ .
mema:dmxnrateofomygencormnptimbyﬂmgmwimqﬂwre
muéobservedmbedepamtmmetypeoforgmmmmtrm
used.ﬂmnmdmmteofm:ygenqm&wt_ionbyﬂaegrmdngculmlmied‘
from 4.36 to 13.32 moOl 0,/g cell.h for the growth of C. utilis on glucoss
andeth;nlrespectively. |

<Tabhﬁr.losmimﬂmmdmmvgimofﬂumteo£m¢
mleueﬁmﬂﬂprataofommtionfwaﬂrﬁcmbialmlﬂm
examined in this study
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A. nigerl
A; niger

- €. intermedia
E. coli
E. coli
€. lipolytica
C. lipolytica

- C. lipolytieca
C. uttlis
C. utilis
C. utilis
C. utilis

TABLE IV.10

/‘“

MAXTMM VALUES OF THE RATE COF HERT RELEASED AND THE RATE OF

CXYGEN OONSUMED

Substrate

Ethanol
Glucose & Cellobiose

1. Dynamic Calorimetry

-

Maocimam Rate of Heat
Released :
(kcal/l.h) (kcal/g.h)

2.641
3.297
3.444
6.925
10.196
3.469
5.598
7.487
7.085
3.221
6.923
7.410

' 0.60

1.125
1.822
1.38

0.598
0.888
0.913
0.512
0.767
1.442
0.972

 Maximm Rate of Oxygen

Consumption

(mol /1.h) - (mmol /g.h)

28.725
31.339
24.939

48.448

83.287 -
35,973

51.429
60,044
64,380
31.303

163,918

51.278

&

6,53
8.797 N
12.749
11.255
6.20
8.163
7.322 -
4.359 -
_7.453
13.32
6.727 ;
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Figure IV.19
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FOR _INDIVIDUAL EXPERIMENTS

: For practical purposes a correlation between the rate of cxygen
consumption and the rate of heat production during growth is desirable .
mélﬂxeset;mquarxti;tiesmreplottedagahmteadloﬂxeralhmr

 relationship resulted. The values of 4 (the ratio between the rate
of heat-release‘and tl?e\rate-ofcxygmcmsuptim)slightly differ
according to the micro-organism used (Table IV.11) .

MWMMofM o = 0.0917 keal /mmol Ozwaarm

' for A niger gmmmglmemilethehlg!utmfo=0143kcal/m1 o,
wasobsmedm C. utilis grown ona 1 : 1 mixture of glucose and
callcbioee 'Bapmportimalitycmstmtmfoappearstobedepezﬂentm
‘thetypeofgrwthwbsi:rateandﬂmeorgmmused This ratio ,
however, isalmstind@axdmtcfthegrwthrate The data taken at
ﬂaaﬂofmm;perimtse:dﬂbitadalugedaviationfmﬂngmmal
trend (Figuz'es Iv.27 and IV.32) .

) - %, 1
rate of heat froduction during micrcbial grovth of selected cultures are.

.. shown in rectlinear cocrdinates for the following strains :

N




Qrqaniam

Aap;&gillus nigerz
Aspergillus nigerz .
Aspergillus ﬁiger
Candida. intermedia

Escherichia coli
Escherichia coli
Candida lipolytica
Candida lipolytica
Candida lipolytica

Candida wtilia’
Candida utilis
Candida utilis

Candida utilis -

Candida utilia O\

&Jbé__.tse_tsf

Glucose
Glucose
Gluﬁose

Glubou ‘

'Glucoae
Glucose. & Lactose
Glucose W%

Sucrose w
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2

o

1v.26
Iv.27
Iv.28,
1Iv.30

Iv.31
.32
Iv.33
Iv.34
Iv.35

V.36
1v.37
m.3e
1v.40
1v.41
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. The sippes of the -regression J.ines ranged from 0.0917 to 0.143 k i
(keal Aol O Mmﬂnvalwsofﬂxe:espectiratesmeplot&edfcr .

: Mtpmmmmmﬂew callgmwth astraigbt -
limwimasldpeofoulto.nz hml/imnlo relultﬁd (Figm w.42) .
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v TAME V.11

THE RETATICNSHIP BETWEEN THE RATE (F HEAT RELFASED AND
mm‘wmmmmmmmmms

Py
Mirco~organisms Substrate : gfruccal,/ml 0_2)_
* Aniger' L Glucose 0.092
A.niger . G/lﬁcose ' 0.092
A.niger? . . Glucose - 0.082
© C.intermedia . Gm.‘m : ' ’ 0.112
.00t Glucose | ' 0.135
. E.coli Glucose & Lagtose o121
¢. Lipolytioa Glucose - o 104
C‘: lipolytica n—Dodecane ' ) 0.112
c. Lipolytic:z Hexadecane . .0:135
Cutitie. Glucose 7 . 0,094
C.utilis _ Glucose ' 0.096
C.utilis ' Sucrose . 0.008
Coutilia . " Ethanol 0.105
. C.uﬁlie; Glucose & calld:iou 0.143
1. Dynamic Calorimetry ’
2. Wall Growth | . s
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Pigure IV.26 m‘mteofmmodwtjmmﬂnamlb{:ahm‘
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* correlation Coefficient : 0.996
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Figure IV.33 The Rste of Heat Production versus the Chygen Uptake Rate
for C. lipolytica grown on Glucose
* Correlation Coefficient : 0,981
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Figure IV.34
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i
The Rate of Heat Production versus the Qxygen Uptake Rate
for C. lipolytica grown on n-Dodecane -
* Corrvelation Coefficient : 0.967
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Figure IV.35 - The Rate of Heat Production versus the Oxygen Uptake Rate
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* Correlation Coefficient : 0.982 . /
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Figure IV.37 The Rate of Heat Production versus the Oxygen
for C. utilis grown on’ Glucose '
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Figure V.39 The Rate of Heat Production versus the Qxygen Uptake Rate
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* Correlation Coefficient : 0.979
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I. TOTAL HEAT RELEASED AND TOTAL OXYGEN CONSUMED
v mmmmtm}méﬂﬂamdmmmm

a batch growth period was found for individual cultures by integrating:
ﬁhemvestnminﬁgmw.uﬂmm&guew.zeusmgshpm'smle.
The results are expressed in Table IV.12 as kcal/l and mmol 0,/1 of
fenmtatim.broth. o

The total heat released and total oxygen consumed for hydro-
carbon and ethanol fermentations are much higher in comparison with those
for conventional carbohydrate fermentations . This behavior would certainly
be expected as indicated in Table I . It is also important to note that
higher heat release and oxygen consumption were cbsexrved for monosaccharide
(glucose) fermentation with respect to disaccharide (sucrose) fermentation
for the same organism. In genexral, values of the heat released are in the
following descending order of substrates : hydrocarbons, alcohols,
mgacdmrides,mﬁdisacdmxides. \

vimmap]ntofthetota;mcygmcmsmdmmﬂnmltuat
pm@medmnuée(!‘iguraw.ﬁ), a straight line with a slope of
0.111 £ 0.02 keal/mol 0, was fitted to the experimental data by the
least squares method .

"

1
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Figure IV.43

.

The Total Heat/ Released versus the Total
Oxygen Consumed 4

A
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];:z'fm dt (keal/R) = AR . Foz dt (mmole/t)
: 0

£

where
/

| AH!O = 0.111 # 0.02 (keal 02)

= 3.47 £ 0.62 (keal/g O)
ty = Fexmentatioy Time '
‘e eI

- ¥
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TABIE IV.12

Micro-organisms Substrate Total Heat . Total Gxygen . _AH, '
. ", (kcal/l) (uole/1) (kcal fumole) :
A.niger Glucose 17.125 . 191171 0.090 '
A.niger Glucose 15.085 _ 167.296 . 0.092
C. intermedia Glucose .  21.442 192.320 ~ 0.l .
E.coli : "Glucose 14.073 105.871 0.133 -
E.coli , Glucose 33.063 _.2717.980 - o9 :
N : & Lactose o

C. Lipolytica. Glucose 20.521 213.956 0.096 L
¢. lipolytiea n-Dodecane 43.758 376.035 “o.m16 ¢
c. lipolytica . Hexadecane - 55.712 423.654 © 0.131 ,
c. utilis Glucose 37.087 397.304 0.093
C.utilis - Glucose 38.530 390.764 " 0.097
C.utilis Sucrose 24.931 254.024 0.098 )
C.utilis Ethanol 40.554 395,279 0.103 :
C.utilis Glucose 31:791 "217.856 0.146

& Cellobiose ' : -
* Dynamic Calorimetry ‘ : .

17
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J. SOME YIELD OOEFFICIENTS OF SELECTED MICROBIAL CULXURES

Sme'inportant“fem;a\ta—ti:c;n:;aranetersusedfortheeccrunic
assesmmtofbimasspmductimcostsarethem:ygnenmqmmnentper
gram of dry cells (sH, ) ,thethenmlyield (8Bg) , i.e. the heat evolved
per gram-cells on dry m:.ghtbasia,andthece}.lyielddeﬁnedasthe
migirtofcellmsspmoduoedpermightofsubatmtecmmmedwx/

~ _The experimental<results imlicahed that AH is relati.vely
independent of the type of micro-organism . For ca::bdxydrata (glucose)
feumtatims,thisratlovgriedfmno.%“tol.uigoz/gcell.In
general, this fatio follaws the descending order : bacteria, yeast, mold .
mearnmtofmygmmquim;déergmofcens”msconﬁmadtobe

:depaldmtmﬂntypeofsubstmteuaed Wh.'l.leAHo was117’g02/gcell
"fortheg:wthofé" lipplytica on gluccae, it was a:perimentallydetannined

to be 1.44 and 1.80 guoz/g’,cell when this organism was grown on hexadecane
and n-dodecane respectively, The highest value, 2.256'g 0,/g cell, was

cbserved for C. utilis g:mmeﬂnmlvduletheloweetvalm,osz
goz/gcell,wasestablishedfortheg:wthofc utilis on sucrose .

: 'Ihe,thenml vields for C. intemedia, c. Zipalytiga, and C. util.ig
grown on glucose were experimentally determined to be 3.53, 3.52, and 2.68
kcal/g cell respectively. The thermal yields for C. lipolytica grown cn
hexadecane and n-dodecane were established to be 5.92 and 6.55 kcal/g cell
respectively. The thermal yield for the mold culture is lower than that
for the yeast and bacterial cultures oxidizing the same substrate. The
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value of Ach for 4. nigergr&mmglucoee ranged from 2.75 5'2.87]
kcal/g cell . 'methennalyi;eldforﬂxegrwﬂxofm eoli on glucose was
3.62 kcal/g cell and was higher (4.37 kcal/g cell) when this organism
was grom on a 1 : 1 mixture of glucose and lactose . The thermal yield
AH,_ Of C. utilis grown cn a mixture of glucose and cellcbicse was also
found to be higher than that of (. u¢{li{s grown only on glucose under
mmacalmnmtal}éaﬁaa In this case, the value of Al for
the cambined substrate was experimentally determined to be 4.17 kcél/g cell.
The lowest value of AH,, 1.92 kcal/g cell, was cbeerved for

C. utilis grown on sucrose vhile the highest value, 7.23 kcal/g cell, was
established for ¢. uti zisg:mmmethamlasasotmceofcarbm,

o

'mehigrést'valmofvx/s , 1.15, was detexmined for the growth
of C. lipolytica on hexadecane while the lowest cell yield, 0.14, was
cbserved for A. niger gmmm;glwose.hse:q:ected,u:e'ymt-hydrocurbm ) :
cotibinations produce higher cell yieid than yeast-carbohpdrate farmentaticn .

All the above-mentioned coefficients were dependent on the
substrate used and were relatively independent of the type of organiam

(Table IV.13) .
;’?/\
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TARLE IV.13

\ ,

Micro-organiam Substrate L
' (kcal/g cell)

A. m’,ger* Glucose 2.76°
A. niger Glucose 2,74+
C. intermedia Glucose 23,53
E. coli Glucose 3.61
E. colt Glucose & Lactose 4.363
C. lipolytica Glucose 3.51%
C. lipolytica, n~Dodecane 6.55%
C. lipolytica Bexadecane 5.92:
C. utilis Glucose T 2.68"
C. utilis Sucrose 1.927
C. utilis Ethapol . 7.22
C: utilie _Glucose &Cellobiose 4.16
* Dynamic Cdlorimetry

A} £

. 2
(g 0,/g cell)

.r

-,

0,98
0.97.
1.01}
0.87
‘1.17

1.17:
1.80°

. 0.86¢

0.62:

2,54
0. 91§§ .

¥
*
13

|

)
H

Yk/s

< (g cell/y

0.17

0.14.

0.18
0.16
0.23

0.32
0.80
1.15
o 0.45
0.39
0.26

Y 0.47

-

substrate)

Y
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K. ESCHERICHIA COLI GROWN ON A DEFINED MEDIUM

Ana\ergybalameon‘ﬂmfementa‘%jn‘wasattatptedﬁor
thegrowthgfylv:' colt mamixtmreofglucose&ﬂlactose.

The initial total sugar concentration was 21.30 g/l (11.30 g/1
glucose and 10 g/1 lactose) . A plot of the'glucoae concentration versus
time is shown in Figure IV.16 . /

After 15.6 hours, all of the sugar appeared to have been
assim\uatedbymeg:wmggmumeasimicatedbyunmat,‘,mm’md ;
carbon dioxide curves (Figure IV.lG).Bmever,anincreaseo_fbiamss
concentration was noted after 15.6 hours which suggests that perhape scme
partially oxidized accumilated catabolies might have been utilized then . .

33.063 keal/l were released during the 16 hour experiment. The
final cell concentration was 7.57 g/1. The thermal yield is therefore
4.37 keal per gram of cell dry weight.

During the experiment, 277.981 mmoles/l of cxygen were consumed
while 273.636 mmles/] of carbon dioxide were produced. These values vere
datanadbyinpegxatingﬂamqgmwcer#emcamondwddepmdwum
ratecurvesslnmin?igur_eIV.lGusmgsn\:psm's nile.

The measurement of glucose concentration showed that 11.30 grams
ofglmemcmplételymilizedbymegmwingculture. If a carbon |
balance is made, the growth equation becomes :
| 11.30 Gluccse + Lactose + 8.89 O, ——— 7.57 Cell + 12.04 O, *

2 2
where the stoichiometric coefficients are in g/1 . If it is assumed

" further that the'cells are 508 carbon’C, then 6.05 g of lactose would be

-~
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11.30 Glucocee +’6.05 Lactose + 8.89 02 = 7,57 Cell + 12.04 (302
An analysis of the experimental data showed that the values of
the respiratory quotient (RQ), defined as the ratio of the carbon dioxide
praduction rates(CPR) to the axygen uptake rates (m,mre close to
unity (Figure IV.44).

A camparison between the rate of heat release and the carbon

. dioxide respiration rate revealed a linéar relationship (Figure IV.45) .

The proporticnality constant for this relationship is approximately equal
to the proportionality constant,AH. , between the rate of heat release
and the rate of oxygen uptake. This result is certainly to be expected
since the RQ values are close to unity, which implies that the carbon
dimcideprodu&tim,mtesam'mmorlessequaltoﬂnmygmwt&e‘nta.
However when the rate of heat production is plotted against the
rate of carbon dioxide ewvolution, the correlation is not as good as when the
rate of axygen consumption is used (Figure IV.45) .

[y
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Figure IV.44 The Correlation between the (xygen Uptake Rate (OUR)

and the Carbon Dicxide Production Rate (CPR)
’ [4
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Slope= RQ (Respiratory Quotient)= f.oz % 0,14
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Figure IV.45
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The Correlation letween the Carbon Dioxide Production

Rate (CPR) and the Rate of Heat Release

Slope = AH;; = 0.113 £ 0.024 keal/t.h
(Correlation Coefficient = 0.96)
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'wtdnm substrate consumed (mole) , AX is the amount of

formed (nole) . | , ,
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L. THERMODYNAMIC EVALUATION OF MICROBIAL GROWTH

,1 %
The heat evolved, _LQ'L'erm dt, from a fermmentation which
transforms nutrients to microbial cells and related products during a
specific period of time, t,, is given by :

AQ = (- AHl) - (= Aﬂz) ......... beearens «s 04 (120)

where—Aﬂlisﬂnheatofcmbustiondfsubetrates (kecal/l1) md-AHzis
ﬂnlheatofcmb.:stimofpmducts (kcal/l) .

-

The terms' cn the right-hand side of Pquation (120) are given by :

1)

- AHl = (S'AHS).(-AS) ‘ + ("" ABN) (-m .-....:’.-(m)

i

-8, = (-aH ) 0+ B(-tH) (B eeeeenienn 122) ]

sbstrate), - &8, is the heat of cambustien of nitrogencus substrate

. (kealmole) , =t is the heat of combustion of dry cells (kcal/g cell),
-y is the heat of combustion of 1T product (kealmole 18 prouct),
- AS is the amount of carbonacecus substrate camsumed (mole),- AN is the

-

béumterialsyrr&npized(gcell)mﬂwiigﬂnmmtofithpéo&xct

_ From Bouations (120) to (122), it is evident that the heat of -
combustion of microbial cells could be estimated by meamming the heat
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evolution of femmentation ( 4Q) and attempting the overall material balance
for fermentation by monitoring the differences in the substrate concentration,
bicmass concentration, by-product concentration, and ammonia concentration
during the growth of the culture .
OfparticularinterestmtheindmtrMprocessesmpmsizing
bicmass production, where cnly a amall formation of organic by-
products is desirable (less than 1 - 3 & ) . Furthermore, if the combustion’
of cells happens to yield amonia in the reverse of the reaction of cell
synthesis employing amonia as a starting materiall®, the second temms
on the right-hand side of Bquation (121) and (122) can be disregarded .

0 = (-E)(-05) - (-8 ) (8 ...eeee....(123)

Equation (123), thersfore, could be used to calculate the heat of combustion
of microbial cells by measuring the heat evolution of fermentation. This
application can be illustratsd by calculating the heat of cambustion of

the C. utilis microbial cells grown on Ylucose .

It was assunad that after 14 hours of fermentation, 30 g/l of

glucose subgtrate were campletely oxidized by the growing culture. The

total heat released was 38.530 kcal/l corresponding to 14.382 g/l of
synthesized micrcbial cells. The heat of cambustion of cells, therefore, is :

cell ,
14.382

= 5,12 kecal/g cell
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The heats of carmbustion of some different cultures are shown
in Table IV.14. The lowest value, 3.32 kcal/g cell, was cbserved for the
growth of C. lipolytica on hexadecane while the highest value, 5.96 kcal/g,
was for C. lipolytica grown on n-dodecane . "
o The calculation of the heats of combustion for the growth of
A. niger, C. intermedia, E. coli, and C.utilis on glucose and‘t'he groyth
of C. utilie on sucrose was not attempted since the relevant experiments
were not carried toéarpletim. Unfortunately the bicmass was not examined
by a specialized established experimental procedure for the heat of
ccmbustion due to wavailability of the approprists instrmentation at the
ﬂm@v&mﬂnfemxtationaﬁpaﬁxmtsmm carried out .
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TRBLE IV.14
{
THERMODYNAMIC EVALUATION OF MICROBIAL GROWTH

Organism Substrate Substrate -0H_(kcal/g) - Total Beat Total Cell ~MH ,,

Concentration(g/1) P  (kcal/1) (g/1) (kcal/qg)
A. niger’ Gluccse - 30 3.74 17.1 6.9 -
A. niger Glucose 30 3.74 . 15.0. . . 5.4-. -
C. intermedia Glucose 30 3.74 21.4 6.20 -
E. coli -Glucose 20 3.74 14.0 . 4 -
E. colt Glucose & Lactose 20 \ 3.84 33.0¢ 7.60 5.7%
€. lipolytica Glucose 25 : 20.5A 5.9 .-
C. lipolytica n-Dodecane 7.44 11.34. . 43,7 6.8 '5.96
C. lipolytica Bexadecane 7.70 11.29> 55.7:° T 9.4v & 3.32
C. utilis Glucose 30 3.74 38.5.% < 14,33 -, 5:12
C. utilis Ethanol ) 20 7.102 ‘ - 40.53% - 5.6.% -
C. utilis Glucose & Cellabiose 30 3.74 31.7 & 7.6.-% 3.58
1. Dynamic Calorimetry
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' in fully baffled tanks varied with the cube of the inpeller rotational
'speed-.;ihepmermmber,up,wass.nforﬂaesix-bladeturbineusedinmis :
study. The results agres very vell vith the well-known work of Rushton g
et al™,
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CHAPTER V
DISCUSSION

A. MIXING POWER INPUT STUDIES

, This work confirmed that the mechanical mixing power input of . i
wmlmtmmteda;itateﬁmwtonianasmuasmmm

39

Ebrthermr-ﬂewtonianliquids,themdn‘nicalpmnrixmtalso
varied with Ir’. This behavior appears to be consistent with the work of
Calderbank and Moo-Young? who proposed the following equation for
predicting the mixing power consumption (pseudoplastic behavior) :

N ~

W, I.(d -~ W
e Al & vee.. (229)

3

P
N = — = 160
P anst‘ a

Tt could be generalized that the power consumption for mixing in
turbulant regime is proportional to N° for both Newtonian and non-Newtcnian
fluids. The pover mmber, N, attained a value of about 6.0-6.15 for some - -
xm—mwbmi‘anﬂuidse:uﬂngdinthissmdy. Becuusetheagitatiqnpower
requirenent in turbulent vegime does not depend cn the viscosity of the »
£1uid, and because the density of many famentation broths is very close . -

4




()

.. 227

. to that of water, itisexpectedﬂxatinm—gassedsx;stansﬂle'xrﬁ:dng

pwermputforfementatianhroﬂxiseqmltoﬂxepovarin;mtformter
'miswasobsewedbymuandcooney

In plotting the experimental results for (Pg/P) and aeration

. number (Q/Nd3), itmsirﬂicatedthatthed:argeinﬂmpowexratiowaé

dqamﬂmtupmwpeﬂlertheaeratimmnberwasdmnéedbyalterh;gﬂngas
flow rate or the impeller rotational speed. The power ratic consistently
decreased with increasing ae.ratinnmmberwher_x;thegasflow rate was varied
atcmstantmtatjnnalspeedofﬁli:eller.Armrlimarc:;ﬁelatimforﬂm
pmverratjohndmeaerationnmberhasbeensuggested(Figurexv.S) .

When the gas flow ratewaskepgconétant at different points of
a fairly wide range with N varied, thenednam.calpmeri:patreqmredto

jagita'n-.ea'gas-liqui':ld:i.spersicmwa:a still proportional to the cube of the
‘ﬁrpellerrotatiomlspeed(Figm’esIVZand‘IVB) Upon the completion of

aregressimanalysisofalle:@erinentaldataobtamedinthlssttﬂy it
mmmmtmmrmuopgmismmmoﬂ'”,
Therefare the aeration mmber exponent in Equation (63), m*, is ~0.38 . THis
is consistent with the work of Cooney': and Hassan and RobinsonZ>.

SMcehotthaxﬂthrebeenshmmtovarywim@,ﬂnepm:er

‘ratioPg/Pstmﬂdbeirﬂqaetﬂmt,prandcmstantataspecifiedgasflbd »

; - ~ f
rate . Based on this consideration, the value of Weber number exponent, n*,

in Bquation (63) can be determined to be -0.19 . The estimate of n* based

'mregzessionamlysissrmadtMtttnatpa'bmt'alvalue,ofn*isvezy
closetomepredictedvaluebasedmﬂnaerationmx}berexpment.'ﬁxis'

-
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is illustrated in Figure IV.6 .

o
In addition to the mixirg power input, there is a certain awount
of energy introduced into the aerated system by the bubbling gas . When
| bub ’ estjmted from Bquation (15), is of significant magnitude, the value
of (Pg/P)(Q/Nd3)0 +38 s not necessarily constant .. The effect of isothermal
expansion of the bubbling gas into the gas-liquid dispersion can be neglected
only when.the ratio of the gas flow rate over the liquid volume is smaller
than 1/6 (n3/second/n’) as indicated by Hassan and Robinson>®, This condition
isqué.teeasyt;fulfillfornmypracticalappiicatims.

Aammﬁdedmﬁmsly,meméalmultsmmm
confimedthatboﬁmpgéndPinﬂmeamrbﬂmtregimarepmportionalto 3
N3 for same pseudo-plastic behavior fluids. However, thePg/P ratio was I
appreciably different for non-Newtonian liquids compared to the corresponding
ratio for Newtonian solutions. The O (carbaney-methyl-cellulose) solution

PP

data inFigureNGwenebestfittedbyastxaightlimwtnseslopeisveq
cloaetothatforNewt:oniansolutims In.e.ffect,themtantc*axﬂn*do

mtnmelyreflectgematricparmet&rsbutalsodepaﬂontbedmr&termtlcs !
_offlu:.ds miscmldpermpsbeexplamedbythefacttlnttheratioPQ/P
walsodepaﬂmtmtheﬂedstxmmnber

‘ 'mecmparismofexi:ednmtalresultswithtlntlmmtical
. pmdicumsavanable-i?mentenumuuwithméngmumrepo;@
in this study was illustrated in Table V.1 . In general, the proposed
|  correlation of (1>g/1>)(o/tu13)°'38 withmmﬁbefisméugem_ﬂm

(\‘-" -4 ’ ’ § o

3
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those available so far. Admittedly, mmmmﬁmmmtm
tested for different scales of cperation and for Gifferent system gacmetries.
The correlating procedure reparted herein is justified if the following
caﬂitimsag;ly: |

£

- The power of mixing is proportional to the density which in tum .
is directly related to gas hold-up . -

- -Eold—upisrelatedtobubblesizem'?'lm.dxin/?mis

L
related to Weber mumber .
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B. FERMENTATIVE HEAT STUDIES

Following the testing and calibration of the tecimique developed
as part of this work for the purpose of-.continuously measuring the heat
given off during a fermentation process, the technique was used for selected
typicalmﬂhmegr;ﬂ\a@erimts.smmumrmbac&dal,
mold and yeast aercbic fermentation processes were grown on substrates
representative of different levels of energy available for bio-ceddation.
Monosaccharides, disaccharides, paraffinnic hydrocarbons and ethanol were

" selected as substrates of industrial large-scale application and interest.

Results of the selected growth experiments are graphically
depicted in Figures IV.1l to IV.25 where three quantitives are plotted
‘against time; heat release rate, axygen consumption rate, and bicmass
concentration. It is essential to include the latter if the former two 1\
ammsedmtmofuter'lm;{}sothataphysicanyaxﬂpracdcauy
meaningful expression of the two rates can be derived in corresponding
units of gram - hour - for any given kime. Unfortunately, scme results

of experiments published ea::'lj.e::‘r”8']'1'4]"43 do not include the culture

'bianassgrwthdatamkingamﬂ.ngfulmtemetatimmﬁ\cmpariamof

results impossible. It is very tempting to express the experimental .
results in the units corresponding to those found in the overall and
partial heat balance equations which invarishly-use wnits of kcal per liter
or kcal per liter per hour for the following resson : except for the
fermentative heat, theothex:heatparamet:er::sarespec;ifiedonthebasi.sw
of unit volume. Unit volune, however, becmesmeaninglesswlm the heat

-
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produced is a function of something eise included in this volume. In the
case of fermentation b;oth, the suspended "90lid" particles of bicmass
areactu;lly generating the heat. As it happens, the same "unit volume"
produces an entirely different amount of heat when it contains only
inoculum micro-organism cells as campared to the more advanced phases of
fermentation when the cell concentrations are much higher. In this work
bothratevalﬁesexpressedintema'ofliter-l.m-l as well as

1

gran'l. hour - , are listed for the peaks for the rate of heat production

and cxygen consumption rate respectively in Table IV.10 for convenience .

B.l Correlation of the Rate of Microbial Heat Evolution with
the Rate of Oxygen Consumption

a

mringthécq\grseofthemcperinmts,ﬂxerabeofteatpmdmtmn‘
has been found to correlate well with the rate of oxygen consunption. The
correlation has a general fom :

Qerm = Mg+ 40,

where s, is a proporticnality constant with the units kcal/mwol 0,. This
type of correlation was applicable for all thirteen experiments using
five different micro-orgenisms grown on a variety of substrates. The
correlation was also valid for the diaumxic system, i.e. a system where 4
two different sources of carbon are utilized by a culture in a sequential
The proportionality constant, Anfo,appearedtoberélativeQ :
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dependent. on the substrate used and on the type of crganism (Table IV.11).
VariatimofAHfowiﬂlﬂnmgmimuaedebéa@ectedsﬁmﬂe |
constant value for A, represents a constant efficiency in using the .
available free energy. This efficiency- can vary depending on many circum-
W.Mngtnacpuﬁmtalreaﬂts,ﬂxevulwsofmfovanjﬁm
0.092 keal/mol 0, for mold o 0.135 keal/mwol O, for bacteria. This
cbservation agrees well with the results cbtained by Coomey’l. During the
lag phase md/ou: the end of cultivation experiment, same fenfaxtaﬁm:s
(Figures IV.27 and IV.32) exhibited a large deviation from the general trend.
A great deal of fundamental knowledge on the metabolic pattern of each
culture used in this study would have to be gathered in order to elucidate

. this problem. The scatter of recorded data, however, could also be due to

the experimental error which is relatively large when smaller quantities
are measured.

'meaccuxacyofbﬂfoestimtesdependmﬂaemaasurmmtofﬂ:e
cxygen uptake and the: fermentative heat values.

\ |
clabey) _ SR O rererenennes (125)
AHg oR Qe

when Equation (115) is used for camputing the oxygen uptake rate, the
mmmmmrm «(OUR) Oﬂgﬁmﬁd’-ﬁmﬂﬁmaxﬁ
carbon dicxide analyzers ig :

‘e‘(oum - BN {2 spg:t +§°“t} ferevneenes (126)

Pcoz
/\\q ‘

..
Se-
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where SEO and 6P are the instrument errors for the axygen and
carbon digodde a.nalyzez.%s respectively.
Under typical experimental conditions, Fy = 8.4 %/nin, V= 9 £,
PP + 0.07178 , and pgza t 0.0048, giving and exror, e(OUR) = + 2,91

(o)
2 )

mol/2.h . This could indicavteasignificanterrorinthevalueofthe
OOR data for the first 3 to 5 hours of the culture experiment and/or during
the end of the experiment when the OUR values are relatively small.

’ The error in the rate of heat evolution could be estimated by
emn:i.ningthem:raxmtsofuzag, (Qagi+ob.1b -qun-) and the voltage
across the immersion heater. The ratio E(Qferm)/Qfem depernds on the values

of Qarm and varies from 7.2% to 0.2% when Qg ranges from 2.9 to

22.3 keal/t.h. Far the sake of simplicity, the ratio € Qpor) Rpory 23
evaluated to be 1.41% as indicated in Table IV.5.

For the growth of 4. niger on glucose, 4 hours after inoculatien,
when the OUR value was estimated to be 18.919 mmol/i.h , the ratio '

£ (Aﬂfo) /AHfo becam :

¢ (AHg,)-

B,

=31 16.79 %

.The vaiue of M, was experimentally established to be 0.0964 kcal/mol 0y/

the confidence interval for the value of AH. is (0.080-0.112) keal/mol 0,.
This calculation illustrates ﬂntwhmthefgmentativelnatarﬂm:ygm
consumption ;aiarelatively small, a more imcclmacteestinatimofdﬂfo

can be e:q:ected "

-
et




PO, uwa el

[ STUUEDUIIERIVE SRR

Q

s

235

a

Inordertouginhizettwermr&:etothe&l!!data, an oxygen
analyzer and carpon dicxide analyzer with greater accuracy and stability
would have to be employed for monitoring the concentrations of oxygen
and carbon dicordde in the ocut-going gas stream. This suggestion is
difficul;toinplamtdntoﬂarestricteddniceofavailablemts
andﬁdmtougompleu’dty of the analytical procedures involved.

Another important experimental parameter is the carbon dioxide
production rate (CPR).

Y

A '

o

P
- X oe/) - '
CPR m . - 0.00042 [ .......... (127)

l1-py =P
L 0, ~ *o,

The error in the carbon dioxide production rate (CPR) attributable to
the oxygen and carbon dioxide analyzers is :

N out out
e(CPR) = 3 — (2 59002 + 6902 ) R ¢ I )|

Under typical experimental conditions the erzor in the carbon dicxide |
production rate is 1.57 mot/e.h . The measurement of the CPR data is
therefore more accurate than that of OUR. |

Unfortunately, the correlation of heat released with carbon
dloxide evolved has been indicated as less satisfactory® and therefore it
has not been attempted in this study . An illustration of this correlation
is shown in Figure IV.45 for the growth of E. coli on a mixture of glucose

)

i




and lactose. When the rate of heat production is plotted versus the rate ‘
of carbon dioxide production, the correlation is not as good as when the
axygen consunption is used. mismypeqbservedbycat'garh)gtlmecarbon
dioxide and oxygen data in the appropriate figures (Figures IV.32 and

! ‘ IV.45). while the correlation coefficient of the linear relationship between

1 the heat release and the carbon dioxide production is 0,963 , the
| correlation coefficient of the relationship between thg heat release and i
the cxygen consumption is 0.98 which indicates a better fit to the

ccrrehtim,itwasﬁr&xetcbaervedthattrmmcperimtaldaﬁaobtamed
exhibited a large deviation from the general regression line (Figure IV.45) ;
when the culture passed the exponential growth phase. Such a phenamenon
indimtes)asignificmtdmrgeinﬂ:_eratiooftheheatmleaesdtoﬂn 1
carbmdio:ddepmduced.mcmngemﬂﬁsr;mpcanbea:plamedby
considering material being oxidized at the time when the heat produstion ‘ ’
and the carbon dioxide production rates were measured. If organic acids,
for instance, were to accumilate during exponential growth on glucose and

+ lactose and axidized only when the sugar supply was campletely depleted
then at least two different values of the ratio (heat to (O, production
rates) would be expected. -

When dttempting the correlation between the rates of heat production

and 00, production, Cooney' also cbeerved that the data for E. ools,
" B. subtilis, a'nd C. intermadia grown on glucose after the exponential
phage showed a large deviation from the general trend. The author suggested
that the significant change in the ratio of the heat released and the carbon
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dioxide produced could be'due to the accumilation of same organic acids.
Presumably these organic acids were only oxidized after the primary
mm (glucose) was campletely exhausted. As a consequence, the ratio
between the rate of heat production and the carbon dicxide production
can vary gignificantly with the substrate being oxidized.

A similar conclusion was also reported by Zabriskie and Humphrey®
whaiﬂieseinvestigatorsmedﬂlemforeetixmtimofﬂ:eblamss
concentration instead of the OUR. 'nﬁ.sconclusimissupportedbythefact
that carbon dioxide is evolved during many metabolic processes. Only scome

+ of these processes are involved directly in producing energy for cellular
gmﬁm.nmefore,carbmdimddeemlutimandreatreleasearemtetpected

tobeconelatedascloselyasﬂ:eheatreleaseandmygmcoqsmtim.

The correlation between the heat of fermentation and oxygen uptake
reported herein did not take the heat of product formation into account.
misapproadxismlyacceptableifthepro(dwtfonmdhumermgy .
potential similar to the carbon substrate on a veight basis. If the product
has an energy potential gimilar to or less than the bicmass, the effect of
product foxmation on thermal data cammot be considered negligible and the
direct correlation of heat production and oxygen uptake is no longer valid.

Alcohol and organic acid fermentation are typical examples of the first
type of product formation, while antibiotic fermentations are typical of

the 'second type. The good correlation chtained for each individual set of
experimental data reported here demonstrate that the effect of product
formation an thermal data for all fermentations examined in this study
is quite negligible .

»
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B.2 ¢ Correlation of the Total Heat Released and the Total Okxygen Consumed

»

In general, the total heat released and total axygen consumed for
hydrocarbon fermentations are much higher cmpargdwiththosefcrm‘bdxydrate
fmuum.mwamrmbewmby&wfmmtacmmte
furnishes same of the cell growth material carbon(C), hydrogen(H) and
axygen (0) in’ aqueous solutianMezjethecellsgmw, while a hydrocarbon
furnishes only C and H in a form which 1s practically insoluble in water.
Q:ygmmstthmbesxppliedfmlargeqtnnﬁtiesofamaj:blm
into the process, As a consequence, ﬂnuseofhydmmmmmﬁtes instead
of carbohydrates, requires about two and a half times as much atmospheric
axygen and releases over twice as much heat in the reaction® .

It is evident from Tables IV.12 and IV.13 that the oxygen consumed
and heat released for the growth of (. lipolytica on n-dodecane and
rm&adecamaremdlhigimtmnthose’gfﬂﬁsorganisngmmglm.
Using the same argument, it is to be expected that the axygen consumed
and the heat releaged for the disaccharide fementation are lower than those
onnmacdmri&uﬂe&ml fermentation for the same micro-organism.
The experimental results confimm this expectation (Tables IV.12 and IV.13).

When the total heat produced was plotted against. the total
axygen consumed during a fermentation process, a linear relationship resulted:

. S
Opem @t = i, x | 10, .

Similarly, theprcpartﬁ:o?ality constantAH;o depandscnthe ,
typqoforganianmdgrqf:ths\bstiatewed.ﬁdscmstantmfomﬁtobe

X 90 2.

A
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slightly higher for bacteria than for yeasts and molds . Although only

ane line w8 drawn in Figure Iv.43, it is olserved that several lines may exist
passing throu;hﬂxecrigin.rtiseuqaectedthaﬁAH;o can vary from
organisntooxganisn&ndfurthermelatiamd;aracteristicforspeciﬁc
gmmsofm;k:ro»-ou:éanisns, if possible at all, would be well beyond the

scope of this study.

B.3 Comparison of Experimental Data with the Literature

The experimental data for the heat released per gram of cxygen
consumed f£ram this study agree well with the values fram the literature.
The proportionality constant , A, , according to Minkevich and Eroshinl?,
varies £rom 0.092 to 0.118 (kcal/mol O,) regardless of the type of
substrate, microbial species, and effectiveness of call growth when oxygen
is the limiting factor. It is evident fram Table,IV.1l that the experimental
data reported in this study correspond to the thearetical prediction £ram
the work of Minkevich and Ercehin!?, and Tranaka and Aibal®. The constant

mfomivﬁatﬂMMhmwﬂylmﬂmﬂEMmm

m&perjmxtallybymunyg_t__ais.ltappearsinﬂuefollwmgmelaﬂm:

e

Oper = (0124 £ 0.003). 40,

B

-

m}nmmmofmwww
Se'dlacak“s nmuy;mmmmmmmmm.m
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. The thermal yield, Ach,forﬁsast-caﬂ:mydratef%nmtatimprocesses
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significant difference be'bdeen these values could be explained by the

factﬂutSedlaczekﬁwedamdimri.d:inanﬂmacidsforhisa:perimézt.

Consequently, less energy would probably be wasted by the growing culture
as heat due to the lower demand for energy for growth because some of the
preformed caipounds for cell constituents would be readily available and
need not be synthesized. This fact was also pointed out by Cooney'

When the values of total cxygen consumed in the course of the
fenmtationamplottedagainstthetotalmergydissipatedasheat
(Figure V.1), a straight line\dtha slope of (0.097 ¢ 0.014) kecal/mmol 0,
can be shown o £it the data of Sedlaczek®>, Intl'geworkofcomeygggs
_as&aﬂ.ghtljmv;ithaslopeofo.ll:o.OU:cal/hmlozwasfomdtofit
the data (Figure V.2). Winzler and Bautberger® found the ratio of heat
produced to cxygen consumed to be 0.104 and 0.144 keal/mol 0, for Y

Exrythrocytes and Vibrio metchnikoff respectively. It is gvident from

Table IV.12 that the experimental data in this work are quite consistent

with the fxagmuzydatareportedbyprevimminvestigam The comparison
oftheorigimlexperinentaldataandﬂndatafxunﬂieliteratumis
srmmrwedin’rablev.l.

The experimental results for the heat released per gram of
dry microbial cells also agree well with those cbtained by previous workers.
was reported to range from 3.5 to 4.6 kecal/g cell® | The mean value of
ch foryeast—carbdxydratéfemtatiamwase:tpe:ﬂmtauydetm:ed
by this study to be 3.47 kcal/g cell .
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TABLE V.2 o

c DAt V.l
s
QOMPARISON OF LITERATURE AND EXPERIMENTAL DATA FOR THE FERMENTATIVE HEAT STUDY

88 Ocal/g ;)

Organisms Substrate AHe (kcal/g cell)
* References _This Work References This wWork

E.coli® Glucose 5.0 4.21 4.73 3.62
E.coli*® Rich Medium  2.88 - 327 -
E.coli Glucose & - 3.77 7. 4.37

Lactose
5. typhi *° Rich Medium  2.69 - 2.95 -
S.sonnei ® Rich Medium 3.22 - 3.73 -
P.vulgaris*® Rich Medium  3.40 - 4.15 -\
5.aureus * Rich Medim  3.81 - 3.97 -
P.fluoz'escens‘8 + Rich Medium 3.88 - 4.48 -
Yeast*® Wood Hydro- - - 3.5-4.6 , -

lyzate
.Yeast” Glucose o - 3‘. 87 -
S.marcescens ** Rich Medium - 2.76 - 3.32 -
A.niger __ Glucose % 2.82 2.87,2.88 2.60 2.75,2.87"
Aniger® " Molasses 3.72 - 2,76 - -

N\

* Dyhamic ‘Calorimetry




%
. \
STARLE' V.2 (Cont) -
1] ; % ) ] - *
Organiams Substrate ) AB.  (kcal/g O,) - AH (kcal/g cell)
. References This Work References This Work
‘B. eubtilis ¥ Glucose. - * %% - 3.90° - 2.94 -
B. eubtilis® Molasses . 4.69 - 3.84 -
B.subtilis® Soy Bean Meal 3.94 - J 2.80 -
C. intermedia®' _Glucose 3.59 - 3.50 5.45 3.53 °
C.intermedia® Molasses 3.88 - 2.21 7 -
C.utilig* Glucose - 2,94 - -
C.utilis - Glucose - 3.00 - 2.68
C.utilis - Sucrose - 3.06 - 1.92
_ C.utilis Ethaol - 3.28 - _ 7.23
C.utilie Glucose and . 4.47 - - 4.17
Cellobiose ‘ .
C.lipolytica Glucose - . 3.5 § - . 3.52
C.lipolytica n-Dodecane - - 3.50 - 6.55 N
C. Lipolytica Hexadecane : - 422 - © 5.92 A
* Dynamic Calorimetiy . ’
[ ] i




Intandin of - - . -

247

i

I

The experimental results of this study indicated that the value

ofAHf for A. niger grmmongluoosermgedfxmz.75toz.87 kcal/g cell.

comey reported that 4He  for A. niger grown on the same medium as was

medmth:.smrkwasZ.GOkcal/gcell.
The thermal yields for E. coli grown on glucose and a glucose

mediun enriched with amino acids were reported to be 3.27 and 4.73 keal/g cell.

| vve.lyu +45

kcal/g cell when glucose was used as a sole source of carbon. The thermal

- The value of AH. , for g.'coli in this work was 3.62

yieldforg. coli grown on a 1 : 1 mixture of glucose and lactose was

e

established to be 4.37 kcal/g cell . -
Heat evolved during the bio-oxidation of hydrocarbons has been H
theoretically estimated to be more than double that evolved by a culture
oxidizing an equivalent molar weight of carbohydrate (Table I) . The heat ' 1
released corresponds to about 7.6 and 3 keal per gram dry weight of |
bicmass for hydrocarbon and carbohydrate fermentation respectively™ . The
mean value of the thermal yield for all the carbohydrate fesmentations -
examined in this study was determined to be 3.25 kcal/g call . In the case
,ofhydm:ba\femmtatiom,ﬂ'eﬂaemlyi&lds for C. lipolytica grown
on n-dodecane and hexadecane were 6.55 and 5.92 kcal/g cell respectively.

!mesevalwsare]essthanthecnﬂetheoreti@lpmdiction The difference
beuvemﬂxea:perimtalvaluesandﬂxeﬁmreticalpredictimcouldbe
explainedb?ttafactthatﬂzapredjctedﬂmulyield(mfc=7.6kc&1/
y g cell) mmidere