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I. SUMMARY

The objective of this study was to investigate some general
principles in thermal processing and some methods for following
this processing experimentally. The emphasis of the investigat-
ion was to develop a simple electrical analogue system for
following the progress of a single stage irreversible thermal

processing reaction,

Documented data and principles of the kinetics of thermal
processing of biological material showed that such process
reaction could be approximated by the kinetic model of a single
stage irreversible reaction. Temperature dependency of the
thermal processing rate could also be approximated by the

Arrhenius equation, ‘

Functional principles of electrical analogue computers
were applied to develop the electrical analogue systém. The |
structure and mode of operation of this system is described. |
The relationship between the output voltage of the analogue
system and the progress of the thermal processing are derived
for different known thermal processing reactions, following the

kinetic model of a single stage irreversible reaction.

The performance of the electrical analogue system in this
study was tested. The results indicated that the electrical
analogue system so constructed could approximate the function
described in theory. Non-ideality of the electrical circuitory,
however, restricted the application of the electrical analogue

system for its qualitative value only. The parameter governing



the temperature dependence of an irreversible reaction rate could
be generated with error of approximately e L.55%, The error
associated with application of the snalogue integrator for
integrating the generated reaction rate was approximately s 20258
The overall error in application of the analogue system for
detecting thermal processing varied witk the time span of process-
ing cycle, and processing effect achieved at temperatures other

than the set temperature of processing.



IT. INTRODUCTION

A, THERMAL PROCESSING IN GENERAL

Thermal processing implies application of thermal energy at
suitable thermal potential, namely %temperature to a reacting
system., Thermal effects on chemicals, biochemicals and biological
materials have long been recognised. IExistence of these effects
has becn used to the advantages of many industries. Thermal
activation of chemical reactions and biochemical reaction
constitutes a very fundamental process in chemical and biochemical
technology. Polymerisation reactions, hydrolysing reactions,
oxidation and reduction reactions are few examples of many
important processing reactions which may involve thermal process-

ing.

In active living tissue, many metabolic reactions can proceed
appreciably at room temperature, causing undesirable alteration
in the tissue. Low temperature storage has the basic objective
of arresting the various reactions which may cause spoilage and
which proceed at higher temperatures. With active proteins like
enzymes and living tissue, denaturation and functional inactivat-
ion can occur rapidly at processing temperatures, Sterilization
of microorganisms, pasteurisation of milk are specific examples

of this type of thermal processing.

Many reactions may occur simultaneously during a thermal
processing. Kach of these reactions occurs to a varying extent,
depending upon the reaction rate constant. Among the reactions
in thermal processing, there is at least one desirable reaction

which is the objective of the processing. Some of the remaining



reactions and very often all of them may be undesirable, causing
deleterious effects on organoleptic properties and nutritive
propertiecs. Minimal processing to meet its objective is also

required by economical consideration.

Temperature and time are the two variables which when
combined determine the extent of thermal processing. Particular
processing conditions can be selected to favour desirable reaction
according to the basis of high-temperature short-time processing

or low-temperature long-time processing.

B, PROBLIMS IN FORMULATING AND MANIPULATING PROCESSING

CONDITION

Effective means of formulating processing condition and
evaluating processing results must be available, to minimize a
thermal processing at its lowvest necessary level. Certain
analytical methods of formulating processing condition have
been developed in the fields of thermobacteriology (39, 10),
biochemical engineering (1), and food technology (25, 9). Con-
sideration of heat transfer must be included in these analytical
methods, in order to account for the thermal processing effect
achieved during heating and cooling periods as step changes in
temperature are not possible in practice. Accurate data on the
heat transfer properties and conditions for a specific reacting
system must be available., Very often assumptions on the mode of
heat transfer and the mode of process operation have also to be
made. Uncontrolled or unknown changes in the plant and its
operation which could arise from design or constructional
tclerances or from operator variability, could lead to large

variations in the process characteristics. For example, variations



in heat flow patterns,; deposition of scale on heat

transfer surface, and changes in thermal properties of materials,

Thermal processing condition may be very accurately formulated
in terms of temperature and time, for example by a process work-
ing pressurc and the holding time at this pressure. These two
parameters specifying a thermal proccss do not easily allow
correcticn to be made by operator whenever unexpected failure of

processing system occurs,

Thermal processing may result in readily detectable physical
changes, Such changes are useful in following the progress of
processing, provided access to the material being processed is
possible. Very often biochemical and biological changes are the
only results from thermal processing. Incubation requirement
and time lag in evaluating results may make it inconvenient to
examine the adequacy of a proposed process or to explore the

manipulation of a processing condition to meet its specification.

C. THE OBJECTIVE OF THIS STUDY

The object of this study was to develop an electrical
analogue system to monitor the progress of a thermal processing
reaction, throughout a small region, with the reaction rate

constant following the Arrhenius equation.



III. LITERATURE SURVEY

A. KINETICS OF THERMAL PROCESSING

Reaction kinetics have formed a cuantitative basis for
analysing thermal processing., So it is necessary to survey the

kinetic principles which can be applied to thermal processing.

1. Reaction Rate Equation

In the review on the chemistry of protein denaturation by
Neurath et al. (29), large numbers of experimental results on
thermal denaturation of protein were observed to follow first

order reaction kinetics.

From a number of investigations, Rahn (33) established that
the thermal destruction of microbial spores proceeded, in many

instances, as first order reaction.

Wood (43) surveyed many experimental results of thermal
inactivation on ceilular constituents, viruses, bacteria and
yeasts., He concluded that the denaturation of proteins and
inactivation of enzymes were first order. Some exceptions were
explained by changes taking place in the environment, during

the course of heat treatment.

The kinetics of thermal denaturation of bovine plasma was
observed by Levy and Warner (24) to be first order for pH below
4, using isoelectric precipitation as the criterion of denaturat-
ion, This demonstrated the existence of a pseudo first order
reaction, similar to the case of acid hydrolysis of sucrose in

dilute aqueous solutiona

(o2



Stumbo (39) discussed the problems of assuming death of
microorganism to be first order, Factors causing apparent
deviations from the logarithmic order were explained. The
reaction rate equation for thermal destruction of microcrganism

was given as:

dc
“ e = ke
where ¢ = concentration of microorganisms
k = oproportionality constant or specific reaction
rate
t = time

In thermobacteriology, however, another parameter is often
used instead of the specific reaction rate, The parameter is
decimal reduction time, D. The definition of decimal reduction
time was the time required to destroy 90% of the microbial
content. Katzin et al. (21) showed the relation between the

decimal reduction time and the specific reaction rate to be:

- 23
R k
where k = specific reaction rate.

This first order reaction rate equation has been adopted by
many investigators proposing methods of formulating and evaluating
heat sterilization of microorganisms. Deindoerfer and Humphrey
(10) assumed a first order reaction rate equation in proposing
an analytical method for calculating heat sterilization time on
fermentation media. A study was made by Teixeira et al. (40)
on computer optimisation of nutrient retention in the thermal
processing of conduction-heated foods, in which a first order

reaction rate equation was applied in the basic program.



A general reaction rate equation was discussed by Levenspiel
(22). The rate of a reaction involving reacting components W,
XeoeZ4 can be approximated by an equation:

w X
Cc

Ty = k Cy Cy ooe cg, W + X + 4o + 2 = N
where Ty = the rate of reaction of component W
k = reaction rate constant
CpysCyeesCy = concentrations of components W, X...and Z respectively.
WyXeoeZ and n = the order of reaction, namely

ey

7 th order with respect to W
x th order with respect to X
z th order with respect to Z

and n th order over-all

Methods for determining the order of a reaction were discussed

by Glasstone (16).

2. Temperature Dependency of Reaction Rate Constant

The reason for thermal processing is the temperature depend-
ence of the reaction rate constant. By increasing the temperature
the reactions can occur within processing times that can be easily
achieved, Different parameters describing the dependence of
reaction rate constants on temperature have arisen in various
different fields of work, often because of independent develop=-
ment and variations in particular requirements. The following

is a survey of some such parameters and their relationship.

Data on thermal resistance of microorganisms was studied
by Bigelow (7). Thermal death time data were plotted on

logarithmic scale against corresponding temperature on linear
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scale, The curve was subsequently known as thermal death time

Curve .

The "F" value together with the "z2" value were applied by
Ball (4, 5) in characterizing the thermal death time curve. The
definition of the z value was given as temperature increment in
degrees Fahrenheit for a tenfold decrease in thermal death time.
The F value was defined as the time in minutes required to

AT g . s o
sterilize a particular microorganism at 250 F.

A large amount of data on thermal resistance of micro-
organisms has since been gathered in the literature by using the
thermal death time curve. Such data on vutrefactive anaerobe
F.A. 3679 and thermophilic anaerobe T.A. 3814 were reported by

Reed et al. (35).

The concent of QlO has been used widely to express temper-
ature dependency of chemical reactions as well as biological
reactions. Application of the QlO concept to indicate temperature
dependency for thermal destruction of microorganisms was demon-
strated by Rahn (34), The definition of QlO adopted was the
quotient indicating how much more rapidly death proceeds at a
temperature 10 degree C higher than that at a given temperature,

T degree C, Relationship of QlO and z value was derived as:

18
log;n @9

Z

Some data of temperature dependency for thermal destruct-
ions of vitamins in foods were reported by Greenwood et al.

(18) and Jackson et al. (20), using Qo concept, Ball and



Olson (5) discussed application of QlO data for predicting

organoleptic properties of foods, during thermal processing.

Non-linearity in the plot of loglOD against temperature on
linear scale was observed by Gillespy (14). It was also noted
that the plot of loglOD against the reciprocal of temperature on
the same data was more linear. The plot of loglOD against the
reciprocal of temperature was made according to the Arrhenius
equation for chemical reaction., The Arrhenius equation can be

defined as:

k = A exp (- g% )
where k = reaction rate constant at absolute temperature
T
A = 9parametric constant which is often referred to

as frequency factor.
B = activation energy of the reaction,

R = the universal gas constant,

2ol o5

The approximate relationship between and z, measured over

limited temperature Tl and T2 was shown by Gillespy to be:

m R
z = 2,303 T, T (E)

2

Thermal resistance characteristics of Clostridium

sporogenes (P.A, 3679) in phosphate buffer, over the temperature
range of 105-120°C, were reported by Amaha (2). The results

conformed with Gillespy's observation,

Analysis of thermal resistance data of P.A. 3679 and

Clostridium botulinum by the Arrhcnius equation was presented by
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Levine (23), and many subsequent data on temperature dependency
of thermal destruction of microorganisms have been reported in

this manner.

Warg (42) studied the kinetics of death of Bacillus

stearothermophilus spore (FS 7954) at elevated temperature, in

w

a flow system, The results were analysed according to the
Arrhenius equation, The activation energy aad the frequency

|
min

factor were reported to be 83.6 kcal/gm mole and 10
respectively. The temperature dependence of the spore destruct-
ion was also correlated by the thermal death time curve, but

serious errors were ouserved in extrapolating low temperature

results to high temperatures,

The collision thecry of reaction or rate process was dis-
cussed by Glasstone. Laidler and Eyring (15). Mechanical and
statistical consideration of collision between reacting gas
molecules was the basis of this theory. AMAccording to the
collision theory, the specific rate of reaction between two
species W and X, assuming the standard state to be one molecule

per cc,was given as:

k = Zexp ( - é% ) cc molecule ™ sec™t
where 4 = collision freguency or collision number

k = reaction rate at temperature T

E = activation energy

R = the universal gas constant

T = absolute temperature

The collision frequency itself was temperature dependent,

and was described by the equation:
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g = SE’,X (8 kgl ;VJ+:X )%
W "X
where SW’X = the mean free path between A and B
kB = Boltzman constant
My and My = the actual mass of subscribed

molecules.

Subsequent modification to this theory was made by introduc-
ing a factor P which was described as "steric" or "probability"

factor to account for slower gas reaction rates in practice,

The absolute reaction rate theory was also discussed in
which the existence of equilibrium between an "activated complex"
molecule and reactants in a reaction or rate process was assumed.
Decomposition of activated complex along the reaction coordinate
gave rise to rate of reaction. Application of relationships
between the equilibrium constant and the thermodynamic properties
of the activated complex to the rate of reaction resulted in

equation:

te AP 4

E = —g— exp ( —'%%F
T 28’ N
2 e oxp (W = ) exp ( - 57 )
where k = reaction rate constant
kB = Boltzman constant
h = Planck's constant
T = absolute temperature
JBG* = standard free energy change from reactant
to activated complex
&S* = standard entropy change from reactant to

activated complex.
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AH = standard enthalpy change from reactant to

activated complex.

Lpplicaticn of the absolute reaction rate theory to discuss
reacticn mechanisms in protein denaturation was cited by Eyring
and Stern (11). Interpretation and correlation of parameters
ccseribing reaction rate constant by the Arrhenius equations,

the collision theory and the absolute reaction rate theory was

notecd by Neurath et al. (29).

Temperature dependency of reaction rate constant according
te different reaction rate theory was summarized by Levenspiel

{22) in the foliowing exprecsion:

Tl E P
Ke T oxp f- == ). 0 mZI 1
2xp RT ¥ 3
where k = reaction rate constant

=]
i

absolute temverature

& = activation energy
R = +the uriversal gas constant
m = constant

= O when Arrhenins equation was applied

= & when collision theory of reaction was
applied

= 1 when the absolnte reaction rate theory

was applied,

B. THERMAL PROCESSING EVALUATION

Thermali processing can be evaluated from analysis of the
fractional conversion achieved. Actual methods of analysis may

vary with the nature and the kinetics of the reaction taking



14

place, Application of kinetic principles, however, permits
thermal processing to be evaluated from valid records of process=-
ing condition. The following is survey of some technigues avail-

able for such evaluatione.

Thermal processing condition is generally expressed in terms
of temperature and time. The employment of a standard method in

temperature recording was discussed by Miller (27).

A graphical method of determining the adeguacy of thermal
sterilization process was described by Bigelow et al. (6). The
method was based on the temperature and time data at the region
of slowest heating. Conversion of the temperature and time data
to the thermal death time (TDT) and time data, was carried out
according to the thermal death time curve of the microorganism
concerned. The sterilizing rate at a particular temperature was
equated to the reciprocal of the corresponding thermal death time.
The area under the sterilizing rate curve was estimated as

!
5: "T%E— dt which must be at least one to indicate adequacy of

sterilization.

A simplified procedure for thermal process evaluation was
proposed by Patashnik (31). Instead of using the lethality
concept, the concept of process equivalence in terms of minutes
at 250°F (F value) was used, The temperature and time data of
the slowest heating region was expressed in terms of % and time
(t) by the equation:

5 8

i
|

antilog, , (£20=Ly



- |
Jl

E
t

the total F value of a process. For adequate processing, the F

Integration of with respect to time was carried out to give
value must be at least equivalent to the thermal death time at

25OOF for the microorganism upon which the process was based.

Special temperature and time coordinate paper was constructed
by Schultz and Clson (37), to permit convenient plotting of lethal

rates. The temperature scale on the paper was set proportional

to % or E%ﬁ value of the corresponding temperature., The special

coordinate payer referred to the sterilization with respect to

Clostridium botulinum with the z parameter of 18°F and the F

value of 2.45 minutes.

The concept of special coordinate paper may also be applied
to thermal processing of other kinds with temperature dependency ‘
of reaction rate following any one of the knownresction rate |
theories. The temperature scale of the special coordinate paper ‘
may be constructed proportional to the reaction rate constant, ‘

k, at its corresponding temperatures. ‘

C. ANALOGUE SYSTEM FOR THERMAL PROCESSING

A chemical analogue of thermal destruction of bacterial
spore was developed by Packer (30). The analogue was a system
of acid hydrolysis of sucrose, in buffer solution. Under
identical thermal condition as the bacterial population in the
scaled container of food material, the extent of sucrose hydrolysis
was measured to indicate the total lethal effect of heat. The
relationshid between the extent of a chemical reaction and the
degree of destruction of bacterial spore was cited to depend on

the heat transfer characteristics of the material being processed,



anl o2 the parametric constants describing the specific reaction
rate in each system, namely z or QlO or activation energy and
cecimal rcduction time or the frequency factor in the Arrhenius
equation., A similar analcgue sysiem in sealed glass tube was

independently described by Hersca (19).

An electreonechanical analogue was doveleoped by Sikyta and
Mastner (33) as an automatic equipment for media sterilization.
A plati:ium resistance thermometer was used as sensor to generate
the thermal destruction coelficient of microbial spores,
Bazillus stearothermophilus 1518. Integration of the thermal
destruction coefficient to produce output indicating total
sterilization effect was carried out by a servomechanical method.
A sc-called "extrapolator! was fitted on the analogue system to
approximate the value of sterilization effzct which will be

sroduced during the cooling pericd,




IV. THEORY

A, GENERATION OF REACTION FOLLOWING THE ARRHENIUS

SQUATION

l. Thermistor Sensor

Over a limited range of temperature, a negative temperature
coefficient (NTC) thermistor has the electrical resistance
characteristics (32) described by the equation:

r = Dexp ( % ) (Iv.1)

where

H

= electrical resistance of an NTC thermistor
T = ambient absolute temperature of the thermistor

D & B = parametric constants of the thermistor.

A reaction rate constant following the Arrhenius equation

may be written as:

k = Aexp ( - g% ) (Iv.2)
where k = reaction rate constant
E = +the activation energy
R = the universal gas constant
A = the frequency factor
T = absolute temperature of the reacting system.

The inverse of the electrical resistance of an NTC thermistor
thus resembles the Arrhenius equation. If the inverse resistance
of an NTC thermistor can be incorporated into the transfer
function of an electrical circuit, the NTC thermistor may be
used as a thermal sensor for generating voltage proportional

to a reaction rate following the Arrhenius equation.



2. Generation of a Primary Reaction Rate Following the
Arrhenius Equation
An electrical circuit may be constructed by using an
operational amplifier such that its voltage transfer function

is the negative ratio of two resistors in the circuit (26) as

follows:
*
v/,
where Vl = a constant input voltage
Rl = a fixed feed back resistor
ry = an input resistor
¥ = the output voltage

The output voltage v, is described by the eqguation:

1
Rl
vl = - Ul ( r—l' ) (IV.,3)

When an NTC thermistor is used as the input resistor,
substitution of equation IV.l into equation IV.3 is possible
giving:

A B

vwo= =V ( 1% ) exp ( = T ) (IV.4)

The output voltage v so generated is thus proportional to a

ll
primary reaction rate, following the Arrhenius ecquation. By comparine
equation IV.4 with equation IV.2, the parametric constants in

the generated reaction rate have the following numerical
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magnitudes:
R
A = - Vl ( b ) (IVOS)
and % = B (1v,6)

The magnitude of the generated frequency factor is
« Uy ( % ) is under control by selecting suitable input voltage

Vl or suitable feed back resistor Rl' The magnitude of the
generated temperature coefficient B, is fixed according to the
characteristics of the NTC thermistor. The term "primary"

reaction rate is given according to its fixed value of temperature

coefficient.

3, Modification of the Frimary Reaction Rate for Suitable
Temperature Coefficient
In order to gain some control on the parameter describing |
the temperature coefficient in the generated reaction rate,
analogue multipliers are used to obtain the n th power of the

primary reaction rate v, as follows:

_‘\ (V)2 v<x(v)
o LT&/ /

The output voltage v, may be described by the equation:

2
= nB
v, = Al exp ( = ) (Iv.?)
where n = a constant integer

a constant

i
1
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The output voltage 5 is thus proportional to a secondary
reaction rate generated by the analogue. The temperature coeff-
icient in this secondary reaction rate is nB which can therefore
be set to any required value by selection of a suitable thermistor
with respect to its B parameter and manipulation of multipliers

to give an integral multiplier of value n.

Application of analogue multipliers to modify the primary
reaction rate for a suitable temperature coefficient appropriate
to a particular reaction does not permit continuous value
of temperature coefficient nB to be produced. Alternative method
in modifying the primary reaction rate for a suitable temperature
coefficient may be described as follows. A logarithmic circuit
(41) may be used to take the logarithm of the generated reaction
rate vy which can be further multiplied by appropriate constant
n, and then finally antilogarithmic circuit may be used to obtain
(vl)n. This logical path of modifying the primary reaction rate
will permit reaction rate with continuous value of temperature
coefficient, nB to be generated. The cost and complexity of

logarithmic and antilogarithmic circuit with suitable operational

voltage range however, is greater,

B. INTEGRATION OF THE GENERATED REACTION RATE

The secondary reaction rate constant v, may be integrated

by an analogue integrator (12, 13, 26) as follows:



2 % ( | }
H
3 R, l !
s | _
e ey ' 0
i}
145
where Rz, R3 and R4 = fixed resistance
C = a feedback capacitance

Yo output veoltage from the integrator

The output voltage v, from the integrator can be described

0
by the equation:
tl
R
y 1 (
v. = ( ) v, dt
0 Ry+R, RC Ju 2
1
1 ( .
= ~ ;{- J Vi, d% (IV.S)
X 2
0
where K = constant associated with the integration
R_+R
s (2—tIE, B (Iv.9)
R 3
£ = time variable
t' = integration time limit

On substituting equation IV.7 into equation IV,.8, the

result obtained is:

B
Yy = = '50 exp ( - %F ) 4% (Iv.10)

Further substituting equation IV.2 into equation IV.10,

21



the result is:
tl’

. .2 k at (IV.11)
vo o = KA oll
0
provided nB = % ; irrespective of whatever the temperature and

time relationship may be.

According to equation IV,11, the output voltage Yy is thus
a measure of progress of an irreversible process reaction with
reaction rate following the Arrhenius equation. Correlation of
output voltage vo from the analogue and progress of various

irreversible process reaction will be discussed in the following

section.

C. CORRELATION OF ANALOGUE OUTPUT VOLTAGE v,. WITH FPROGRESS

OF IRREVERSIBLE REACTION IN THERMAL PROCESSING

Kinetics of irreversible reactions with different molecularity
have been discussed by Levenspiel (22). The progress in each of
such reaction is a function of initial composition, reaction rate
k and reaction time t'. In a reacting system with known initial

composition, the progress of & single stage irreversible reaction
1

can be measured by };t k dt alone., As an electrical analogue

system previously d%scussed can produce output voltage Yo

proportional to J;t k dt, the output voltage Yo is thus a measure

of progress of a single stage irreversible reaction.

1. Irreversible Unimolecular First-Order Reactions

The model of this reaction is:

W ——E——~D products
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The reaction rate is described by the equation:

QCW

= Tﬂ? = ke (IV,13)
where Cy = concentration of reacting species W
t = time wvariable
54 = reaction rate following the Arrhenius equation.

Integration of equation IV,13% can be carried out giving:

c,
W de ;2
g Y e

c

So W /0

i
®Jio ("
or 1ln -——= = | k dt (IV.14)

YW /0

where Cho = initial concentration of reacting species Y
Cyp = final concentration of reacting species W

Substituting equation IV,1l into equation IV,1l4 gives:

c i
1n =R . K v, (Iv.15)
“ug gl
For constant volume reaction, squation IV,15 may be
written ast
N‘I.'a' KA
1 ﬁ*Q TR (IV,16)
“WE ]
where ch = initial content of reacting species W
wa = final content of reacting species W

Oceasionally, fractional conversion is used to express the
progress of a process reaction. If fractional conversion XW

of a given reactant W at any time t is defined by the equation:

(Iv.17)
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—~
-

where NW = content of reacting species W at any time t

Bquatién IV.17 can be substituted into equation IV.16 giving:

KA
) = 7~ F

3

Ta {1 = X (1v.18)

W 0

where = final fractional conversion of reacting

Xag

species W at time t!

2, Irreversible Biomolecular Second-Order Reactions
ihen the rezction niodel follows the form:

W+ Y ———E——4> products
the reaction rate eguation is deseribed by the equation:
dcw dcY
at = dt

= ke, e (Iv.19)

¥ X

c = concentration of two reacting species

where v

Cop e
W and Y respectively

k = reaction rate

t = time variable

Applying the concept of fractional conversion, the amount

of W or ¥ which has disappeared at any time t is:

®Wo XW = %yo XY (Iv.20)
where ¢, , C = Initial concenﬁration of W and ¥
Wo Yo
respectively
Xw, XY = fractional conversion at any time t
of W and Y respectively
o
Let TR (IV.21)

&
Wo
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then equation IV,19 may be written as:

W &
— | (g ™ X "
Cy : k C.y Lk XWJ(M XW) (Iv.22)

The integrated form of equation IV.22 can be derived as:

M - X ("t'
In gy = CWO(M-—l) ')o k dt

provided 4 ¢ 1

After substituting equation IV,11, it can be shown that:

I M-=X..

1 Wif KA
SO RV R .. VSR . (Iv.23)
cwoh‘l—-l) M(l_xv.:dnf) A-1 o

In situsations where the initial concentrations of reactants
% and Y are the seme (i.e. M = 1), the reaction model may be
written as:

2 W ~—£———D products

The reaction rate is described by the equation:

(1-;{\?,)2 (Iv.24)

After integration, the result is:

t[
= - 'EL = ) kat
W Vo 0
_ 1 Tur
cWo l-fo

Its relationship with the output voltage Vo from the
electrical analogue can be obtained by substituting equation

IV.1ll, giving:

et (IV.25)
i i



Dependence of the integrated reaction rate expression on the
stoichiometry of the reaction has been demonstrated by Levenspiel
(22). Such dependence will therefore affect the equation describ-
ing the relaticonship between the output voltage M) from the
electrical analogue and the progress of processing reaction,
lihen the reaction model is:

W + 2Y -—-Ji-—ﬁ> products
which is first order with respect to both W and Y. The reaction

rate equation becomes:

de,
. k c
at -~ %w %y
2
= k ¢y (1-X,,) (M=2X,)

The integrated form of this reaction rate equation can be

derived to be:
M-waf

Wf) i u)O

1 1an
CWO(M—2) M(1-X

provided M # 2.

The corresponding relationship between analogue output

voltage v, and the progress of this reaction becomes:

0
M-2X.
1 WE KA
—. 1ln mom———y = = = V¥ (IV.26)
chEM-a) Miluxwf) A, 7O

when the initial composition of the reactants is at stoichiometrie
ratio (i.e. M = 2), eguation IV.26 is indeterminate. It can be

derived however, that

X t!

W
cL 1--34{f = 2j kg%
Wo Wf 0

provided M = 2,

The corresponding relationship between analogue output
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voltage VO and the progress of reaction is:

X
: We KA

Lo e
Wo Wi L

%+ Irreversible Trimolecular Third-Order Reactions
If a model of this reaction is

W+ Y 4+ Z *—E-——Ab products,

the reaction rate equation will be:

de,
. S
~TaE & %% 9%
where Cyr Oy and Gy = concentrations of reactants W, Y,
and Z respectively.
k = reaction rate
t = time variable

In term of fractional conversion Xw of W, the reaction rate

equation can be expressed as:

daX. & .
_""I. - 3 _')j_'_q 7.0
o T = oo, SRhpi (T RXpi ey
Wo Wo
Wher® Oy.s © and ¢ = initial concentration of reactants
Wo' "Yo Zo

W, ¥ and Z respectively

The integrated form of the reaction rate equation may be

shown to be:

Cyo=Cyo? (P z0) Cwsr

c

¥

sy, i 2
Yo “Zo Yo “Wo Y&

c
1 Zo
- 1n e~
(EZo_cWo)(cZo—ch) ‘Zf



and ¢ = final concentration of reactants

where c, %

wer Cxg
W, ¥ and & respectively, after

reacting time t'.

The corresponding relationship between the progress of this

reaction and the analogue output voltage K is obtained after

substituting equation IV.11, and can be written as:

1 “Wo
L oidcie oy = g
Wo “Zo’ ““Wo “Zo Wt
4~
Gl o '%(c ) 8 EXE
“No h Yo “Wo Yf
c
1 40
f . i T = in AR
(CZO uw_)_(czo—c-.fo) uzf
T, IF "
. . KA (IV.28)
& 0

1'or reaction model of the form:
= s
W+ 2Y ———>b products

with differential rate equation:
d

G
W _ 2
el k cw cY
daX c
W 2 Yo 2
or 5% = koey (l-Xw)(cwo - 2X.)

the integrated form of the reaction rate equation can be

derived as:

(Ecwo—ch)(ch-cY,)

4

Cyo°yr



t:
“wo’if g |
2 Dl (zcﬁo—ch) j k dt
“Yo WP d 0

G
== _ A0 £
provided = ;

f .
1{40

M

The corresponding relationship between the progress of

reacltion and the output wvoltage vq of the electrical analogue
4

2o
L5

o —
(Efﬁp Oy, ) {Cye~Cyp)
®vo°ys
“volys 2 KA
Fln === = «(2c, ~Ci )T T— ¥ (IV.29)
CyoCurr Wo Yo Al 0

[&]

Wne: }52 = 2, it can be derived that:
Vo
5 i a 3
G- %= = B xa
b“ff c“O 0
-y (IV.30)
r\.] o]

Tor tlie reaction model:

W+ Y 8 -~ products

with differential reaction rate equation:

doyg _ . .2
T Cy Cy

the integrated form of reaction rate equation can be derived as:

(eyoCyo) (Cy -y )
®¥oCys
o S 1 75
+ in :\19__}_& = (c,.‘h_jv-c,m)2 j k dt
“Yo WT

0
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provided it # X
“Wo
o
1 1 {
Bff =~ = mpw = 2 ) k dt
vt “Wo 0
c
provided Mg+ £ 4
Yo

After substituting equation IV,1l, the result is:

(eyo=cye) (ey =cyp) CyoCys
ity s o=
Yo Yf Yo Wf
2 KA
. _(CWO-CYO) A, Yo (1v.31)
S CYO
provided # A
c
Wo
or —%—-—- P . = =2 Eév (Iv,32)
[ “2 A o]
2 ¥t Vo 5
c
provided b e 1.
®wo

L. Irreversible Reaction with Empirical Rate Equation
of the n th Order

The differential reaction rate is described by the equation:

B
dt w
where w = concentration of reacting species W
k = reaction rate
t = time variable
n = order of reaction

Integration can be carried out to obtain the reaction rate

equation as:



tl
c;—n - clfn = (n=1) k dt
Wt Wo 0

provided n ¥ 1

where

[

Cuo? Cup initial and final concentration of W

t! reaction time

In terms of the fractional conversion Xw of W it can be

shown that:

i
ol O O L ¢ (n-l)j k dt
Wo W

0

provided n # 1

After substituting equation IV.11, the relationship of
progress of such a reaction and the analogue output voltage Yo

can be obtained as:

l=n l-n KA

Cwr " %o = (1-n) ™ v (IV.33)
- 1-n 1-n
= oy, ¢ (1-Xy) -1)

5. The Relationship of the Ratio of Frequency Factor and
the Ratio of Reaction Rate Constants at a Constant
Temperature

The ratio of frequency factors j%’ always appears in
1

relationship between the output voltage of the electrical analogue
and the progress of a reaction. Such freguency factors, namely

A, that of actual reaction rate and Al, that of generated reaction
rate, may not be conveniently obtained in practice. For example,
data on the kinetics of thermal processing may be given in terms

of reaction rate at a given temperature as is often the case in



thermobacteriology. Furthermore, the generated reaction rate at
a given temperature can more easily be measured by a voltmeter
while the generated frequency factor Al has to be calculated
according to equation IV,7. Using the ratio of reaction rate
constants at a constant temperature instead of the ratio of
frequency factors may become convenient in many cases. The
relationship of the ratio of frequency factors and the ratio of

reaction rate constants at a constant temperature may be obtained

from dividing equation IV.2 by equation IV.7 as:

k
= - = (1V.34)
1 2T
provided % = fb
where kT = reaction rate at a given temperature
T
Vop = generated reaction rate at a given

temperature T.

\
n
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V. APPARATUS

A. REGULATED POWER SUPPLY FOR THE ANALOGUE SYSTEM

A voltage regulated power supply was constructed according
to the circuit diagram in Figure V.i. The power supply so
constructed forms two separated pairs of DC supply output term-
inals. Kach pair of the DC supply output terminals could have
variable electrical potential from approximately 5.5 to 16 volts
by adjusting the associated 1 kiloohm variable resistor. The
ripple rejection in such voltage regulation was approximately 80
decibels, The output current available was approximately 1
ampere, Connection of the output terminals was arranged to
indicate the positive, negative and ground terminals for applicat-
ion to the electrical analogue system. Electrical potential at
the output terminal had +12 volts with respect to ground and that

the negative output terminal had -12 volts with respect to ground.

B. ELECTRICAL ANALOGUE SYSTEM

1. Primary Reaction Rate Generator
A primary reaction rate generator was constructed according

to the circuit diagram in Figure V.2. The sensor of the circuit

was formed by two NTC thermistors incorporated. The NTC thermistors

were placed as close together as possible such that similar thermal
environment was sensed. The 1 kiloohm variable resistor was
incorporated for adjusting input voltage into the base of the
transistor BC 307 such that control of constant input voltage

Vl according to equation IV.4 could be excercised. As the

electrical resistance characteristic of the NTC thermistors in

the circuit were not exactly identical, off-setting of the



operational amplifier was carried out within I millivolt with
the sensor held at the middle of the significant temperature
range of thermal processing. This was necessary to minimise
deviation of gain from linearity while the electrical resistance
of thermistors changed with temperature over the significant
range during processing. Were the NTC thermistors to be chosen
such that their electrical resistance characteristicswere exactly
identical, off-setting of the operational amplifier could be
carried out with the sensor being held at any suitable temperat-
ure. According to the NTC thermistors chosen, maximum allowable

temperaturc for application of the sensor was 200°¢c.

2. Analogue Multiplier

Four analogue multipliers were constructed, each of which
had the structurc shown in Figure IV.3. Off-setting of the
integrated circuit OTA CA 3080 (that is adjusting the bias
resistor to give zero output when there is zero input) was carried
out according to the procedure described in its application data
(36). The amplifier, using an integrated circuit uh 741, was
incorporated to give low input impedance for direct connecticn
to the next stage of the analoguec multiplier as well zs for
maintaining a suitable voltage gain for further manipulation.
Off-setting cf each operational amplifier was carried out within

¥ millivelt.

3. Analogue Integrator
An analogue integrator was constructed according to the
circuit diagram in Figure IV.4, Off-setting of the integrator

was carried out by adjusting the 10 kiloohms trim pot for minimal



drift while the input terminal was grounded. The input voltage
divider was provided to permit only a constant fraction of input
voltage to be integrated. This would allow the output voltage
from the analogue integrator toc be held within the voltage of
power supply when high input voltage of approximately 10 volts
was integrated over the anticipated thermal processing time (no
more than two hours). The reset switch placing across the
capacitor was provided for discharging the capacitor prior to an

integrating operation. The terminal "OUTPUT" was provided for

"OQUTPUT"
101

for application of the potentiometric chart recorder during

application of voltmeter. The terminal was provided

analogue system testing.

C. THERMAL PROCESSING REACTOR

An autoclave was used to supply thermal potential and energy
to a conical flask of water containing the sensor of the analogue
system. A "Danfoss" thermostat was fitted on the autoclave to
control the supply of steam and hence the temperature in the
chamber of the autoclave., The thermostat was an on-off switch-
ing type. It was capnble of maintaining a constant temperature in
the chamber of the autoclave within approximately 1100. The
wiring arrangement through the door of the autoclave was as
shown in Figure IV.,5, Sufficient water in the conical flask was
provided to attenuate fluctuation of the temperature surrounding
the sensors. Thermal convection of water in the flask also
minimised the temperature difference arising from any difference
in the location of the sensors. This was very important in test-
ing the verformance of the analogue because the temperature in
the vicinity of the sensor of the analogue had to be sensed by

thermocouple.



D. MEASURING EQUIFMENT

1. Voltmezer

A null detector and microvoltmeter (Keithley Instruments,
model 155, serial number 88724) was used to measure voltage in
off~setting the analogue circvit. It was also used in the

experiments for measuring the voltage v, which represented the

2
generated reaction rate according to equation IV,7. The accuracy
of the voltage reading from the veoltmeter was within 1% of its

full scale reading.

2, Potentiometer and Thermocouple

A copper constantan thermocouple was used to sense the
temperature in the vicinity of the sensor. The thermoelectric
characteristics of the thermocouple were observed to follow those
described in the British Standard BS 1828, The hot junction of
the thermocouple was placed within 3 mm of each thermistor of
the analogue sensor. The cold junction of the thermocouple was

: - 0 . " . .
maintained at 0°C by immersion in wet ice flake.

The millivolt cutput from the thermocouple was measured by
a manually operated potentiometer (Cambridge Potable Potentio-
meter, type number 44228, serial number 438767). The accuracy
of the voltage reading from such a potentiometer was approximately
x 0,003 millivolt, i.e. approximately S 0.0500 for the copper

constantan thermocouple.

3., Potentiometric Recorders
A potentiometric recorder (Sargent Recorder, model SRG,
catalog number S 72180-17, serial number 2080008) was used to

follow the output voltage development from the analogue system,



The accuracy of the voltage rcading from the recorder was within

- r o .
-~ 0.5% of the full scale reading.

£ poteatiometric recorder (Venture Serves:ribe, RE 511.20,
serial nwsber 3475) was also used to record the temperature and
time profile in the vicinity of the thermistor. The variable

voLltage span was used to enlarge the reale of recorded temperature

slightly. Calibration of the teuperature scale on the recorder

was made against the measurement obtained by using the Cambridge

potentiometer. The accuracy of temperature reading from the

e
v

; e
recorder was approximately ~ 0,5 C.
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FIGURE V.1

CIRCUIT DIAGRAM OF THE VOLTAGE REGULATED POWER SUPPLY
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FIGURE V.2

CIRCUIT DIAGRAM OF THE PRIMARY REACTION RATE vq GENERATOR
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= Integrated circuit of an operational amplifier (12)
AN = NTC thermistor with Rygoc of 15,0002 and Bogoe of 3750°K (32)
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FIGURE V.3

CIRCUIT DIAGRAM OF AN ANALOGUE MULTIPLIER
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FIGURE V.4

CIRCUIT DIAGRAM OF THE ANALOGUE INTEGRATOR
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FIGURE V.5
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DIAGRAM OF WIRING THROUGH THE DOOR OF THE AUTOCLAVE
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VI. PROCEDURE

A. ARRANGEM. NT OF THE APPARATUS FOR EXFERIMENTAL TESTING

(L)

'he apparatus was arranged as shown in Figure IV.1l. The
power supply wes omiited from the block diagram for simplicity.

The arrangcment oi the intermediate units of the analogue
multiplier is omitted, the actual arrdngement depending on specific

requirements,

B. _ DETERMINATION OF THE GENERATED PRIMARY REACTION RATE

v, AT VARIOUS TEMPERATURE T

The performance of the analogue in generating the primary
reaction rate v, was determined by testing the validity of equat-

ion IV.4. Recording of the primary reaction rate vy at various
temperature T was made over the raage of tomperature for thermal
processing. In the experiments a temperature range from approx-

imately 100°C to 120°¢ was considered.

Adjustment on the magnitude of the primary reaction rate vy
was made for convenient reading on the voltmeter. The adjustment
was made such that the primary reaction rate vy reading was approx-
imately at maximum on a suitable scale of the voltmeter when the
thermistors were at their highest expected temperature. The
adjustment could be done on the 1 kiloohm variable resistor in
Figure V.2 to give a suitable voltage at the base of the transistor
and hence suitable magnitude of the primary reaction rate vy

according to equation IV.4,



Ll

Recording of the primary reaction rate vy and the corres-
ponding temperature T in the vicinity of the thermistors was
made as soon as the change of readings following the change of
temperature in the autoclave was sufficiently small. Such
records were taken during both the heating period and the cooling

period.

The temperature in the vicinity of the thermistors was
sensed by a copper-constantan thermocouple. Conversion of the

millivolt output from the copper-constantan thermocouple to its

L=l L

corresponding inverse ahsolute temperzature 5 was made according
to the Appendix A, The data on the primary reaction rate vy and

were subsequently

FI-

corresponding inverse absolnte temperature

used in the analysis to verify equation IV.4.

C. DETERMINATION CF¥ GENERATED SECONDARY REACTION RATE

CONSTANT ) AT VARIQUS TEMPERATURES T

The performance of the analogue multipliers for increasing
the temperature coefficient of the primary reaction rate constant,
was determined by testing the validity of equation IV.7 at
various settings of integer n, The values of the secondary
reaction rate and the correspcnding inverse absolute temperature
% for each setting of integer n were obtained in the same way as

that described in Section VI, B.

D, TESTING OF THE ANALOGUE INTEGRATOR

The performance of the analogue integrator for this purp-
ose was determined by testing its conformity with equation IV.8,

In this test various constant voltages were used instead of the



variable veoltage Vs representing the secondary reaction rate.

A potentiometric recorder was used to record the output
voltage at various integrating times for each of the constant
input voltages applied. Such records were necessary to show the
linearity of the integrated output voltage in response to each
ccnstant input voltage. The rate of change of output voltage
with time a% warious constant input voltages was measured for
subsequent computaticn of the constant K associated with the

integration according to equation IV.8.

E. APPLICATION OF THI ELECTRICAL ANALOGUE IN THERMAL

PROCESSI NG

A thermal sterilization of an indicator microorganism in
5 4 s : = 0
a flask of medium, at zapproximately 121 C, was used to demonstrate
the procedure by which apolicatioa of the electrical analogue

system feollowed the pregress of the processing reaction.

The kinetics of the thermal processing reaction was assumed
te follow the irreversible unimolecular first-order reaction,
The temperature dependency of the rate constant k was also

assumed to follow the Arrhenius equation. The equations devel-

[de

oped in Section IV. C.) were applicable accordingly for correlat-

ing the output voltage v, from the analogue system and the progress

C
of the processing reaction. In order to meet the requirement

for the valid application of the equations developed in Section
IV, C.1, the temperature coefficient of the generated reaction

rate constant was set equal to the temperature coefficient of

the process reaction rate (i.e. nB = % J. The thermal resistance
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e

data of the microorganism under the processing condition was

assuned to be as follows:

b - o C

2 = BB.570K er 2 = 17.6°F

R <

% wa@, = 1145 min o or D...o., = 0,2 min
L2906 e : 199 Ve e i

Tre sensor of the analogue system was placed in the flask
of medium at the region where progress of the thermal processing

-

was fecliowed. In the experiment the sensor otf the analogue was

placed approximately al the cenlre of the medium. The secondary
reastion rate v, was set to & volts at 122°C, The setting was
carried cnt through the 1 kilochm variable resistor shown in
Pipnre V.2, An accurale reading of the secoandary reaction rate

v, at the sstting temperature or a* any other constant temperature

T muast be taksn for “nterpretaticn of the resulis from the analogue

system according to cquation IV.15 and equation IV.3h.

The generveted scrondary reaction rate v, could not be

n

obtaiuned accurately below 100 millivelts because of imperfection
in circuitory off-setting and drifting with tcuperature. Setting

for a high voltage rcading of the secoadarv reaction rate Vs at

the processing temperature was necessary io minimise the sig-
nificance of the errcr of the generaled reaction rate Vs at
lower temperatures. For example, if the generated secondary

reaction rate v, was set to 8 volts at the expected processing

temperature (121°C), the magnitude of the generated secondary

reaction rate v2 below 100 millivoits would be below 1.25% of

that at 121°C (8 volts). The highest possible value of the

generated reaction rate v, was just under #12 volts. Allowance

2

had tc be made,; however, for slight over-shooting of the process-
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ing temperature during the operation,

0

Approximately 122 C was cet on the thermostat controlling
the temperature in the chamber of the autoclave., When thermal
energy was applied the cutput veltage Yo and the processing time

were recorded by the potentiometric rccorder to indicate the

progress of the thermal processing.

The temperature and time profile in the vicinity of the
thermistors was sensed by a copper-constantan thermocouple, the
millivolt output of which was recorded by a potentiometric
recorder for the graphical determination of the progress of the

thermal processing.

The electrical analogue was also usecd to follow the progress
of thermal destruction of a chemical species at 100°C in the
middle of a flask of medium., In this case, the required thermal
processing temperature could be achieved by boiling at the
atmospheric pressure. A hot plate was used to supply the thermal
energy for processing. Any tendency towards over-shooting of the
processing temperature in this case was very well controlled by
the constant atmospheric pressure, so that setting of the
generated secondary reaction rate ¥ could be made closer to
+12 volts with little allowance for over-shooting of the process-
ing tempcrature. In the experiment, the generated secondary
reaction rate v,, at the processing temperature (100°C) was

set at 9 volts.

The process kinetics of the thermal destruction of the



chemical species was assumed to follow an irreversible unimolecular
first-order reaction. The following parameters governing the

thermal destruction rate of the chemical species were assumed:

™
= = 7731L°K
. !
1
“100”0 1l min

The multipliers of the electrical analogue system were set
to have the temperaturc coefficient nB of the generated secondary

reaction rate of 751&0K with n = 2, The output voltage v

Vo1 0

from the electrical analogue and the temperature-time profile in

the vicinity of the thermistor were recorded,
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ARRANGEMENT OF APPARATUS FOR TESTING THE ANALOGUE
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VII. RESULTS
The experimental results of the analogue in generating the
primary reaction rate v, are collected in Table VII.1.
Table VII.2 to Table VII.8 are summaries of experimental
results in generating the secondary reaction rate v, at various

2

settings of the temperature coefficient.

The results of testing the performance of the analogue
integrator are shown in Figure VII.?.

Figure VI1.2 shows the recorded output voltage v. from the

0
analogue system, indicating the progress of the thermal destruct-
ion of a microbial population. The thermal conditions in the

vicinity of the sensor of the analogue system are shown in

Figure VII, 3,

Figure VII.4 is the recorded output voltage vy from the
analogue system, indicating the progress of the thermal destruct-
ion of a chemical species. The corresponding thermal conditions
in the vicinity of the sensor of the analogue system are shown

in Figure VII.5.
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TABLE VIT.A

RESULTS OF FRIMARY REACTION RATE v, GENERATED

BY THE ANALOGUE

Electrical Primary Inverse Absolute

Potential of Reaction Temperature

Thermocouple Rate v, 1/T % 103
(mV) (V) k™"
HEATING 4,639 L,00 2.621
4.979 4,75 2.571
5,163 5625 2,546
5.292 5.62 2.528
COOLING 5,126 5,15 2,551
4,692 L,6C 2,584
4,695 4,15 2,612
L 428 3.558 2,652

4,292 3,30 2.673



TABLE VII,2

RESULTS OF REACTION RATE Vs GENERATED BY

APPLICATION OF ANALOGUE MULTIPLIER

The integer multiple, n of the temperature coefficient in the

primary reaction rate is 2.

Electrical Reaction Inverse Absolute

Potential of Rate ) Temperature

Thermocouple 1/T x 103
(mV) (V) & Ak
HEATING k388 3,05 2.658
4,626 k.00 2.623
4,833 5.10 2,592
k.973 5.95 2,572
5,148 215 2,548
5.280 8.20 245351
COOLING 5,131 7 .05 2.550
4,890 5.45 2.584
4,682 k.35 2,614
k493 3.50 2.642

4,300 2,83 2,672



TABLE VII.3?

RESULTS OF REACTION RATE 5 GENERATED BY

APPLICATION OF ANALOGUE MULTIPLIER

The integer multiple, n of the temperature coefficient in the

primary reaction rate is k.

Flectrical Reaction Inverse Absolute

Potential of Rate Vs Temperature

Thermocouple 178 % 103
(nV) (V) k™M
HEATING L 479 1450 2.644
k,512 1,68 2,639
L.6S6 2.52 2.612
L.818 3425 2,595
5.060 5.40 2,560
5206 7.40 2.540
5+E39 8.20 2.534
COOLING 5.100 5.90 2,555
4.891 3.80 2.584
4,663 2.35 2,617

k.359 1.20 2,664



TABLE VII.4

RESULTS OF REACTION RATE Vs GENERATED BY

PPPTICATION OF ANALOGUE MULTIPLIER

The integer multiple, n of the temperature coefficient in the

primary reaction rate is 6,
Eiectrical Reaction Inverse Absolute
Potential of Rate Vs Temperature
Thermoccouple - 1/T x 103
(V) ) ™M
HEATING 4,308 0.48 2,671
L, 483 0.86 2.643
I 571 1.18 2.630
b,732 1.95 2.607
4,933 3,60 2.578
5,089 5485 2,556
54155 215 2547
5.228 8.90 2,538
COOLING 5166 7 40 2.546
5.095 5.90 2.555
5,002 4,50 2,568
4,850 2.87 2.590
4,620 1,40 2.623

4,320 0.55 2,669



TABLE VII.5

RESULTS CF REACTION RATE v, GENERATED BY

APPLICATION OF ANALOGUE MULTIPIIER

The integer multiple, n of the temperature cocfficient in the

primary reaction rate is 8.

Electrical Reaction Inverse Absolute

Potential of Rate Ts Temperature

Thermocouple 14T % 103
(V) (V) &
HEATING L z74 0.195 2,660
4,568 0,460 2,631
4,678 0.760 2,615
L7638 1.10 2.602
L.,907 2.00 2,582
5.090 .10 2.556
5,206 €.50 2.540
5,260 8.00 24534
CCOLILG 55221 7 .00 2.539
5.131 4,95 2.550
4,984 2.78 2,570
L,73k 1.00 2.606
4,620 0.62 2.623
4,538 0,42 2,636

4,355 0.18 2.663



TABLE VII.6

RESULTS OF REACTION RATE Vo GENERATED

(&3]
5]

ADPLICAYION OF ANALOGUE MULTIPLIER

The integer muliiple, n of the temperature coerficient in the

primary reaction rate is 10.

Electrical Reaction Inverse Absolute

Potential of Rate v, Temperature

Tacrmocouple - 1/T % 'IO3

(m) (V) (°c™ ")
HEATIICG L 455 Q175 2,647
L ,550 0.295 2,632
h 578 0.565 2,615
ho771 0.870 2,501
4,858 150 24565
L..985 205 2.5'70
5.051 L 90 2,560
5+7155 5.30 2.547
5.247 8.80 2.535
COOLIES 5.4992 6.70 2,542

5102 40 2.554
5,030 3,05 2.56Mh
4,940 1.90 2.577
L_815 1.00 2.595
L,751 0,720 2.60h
L.620 0.370 2.623

4,545 0.265 2.635



TABLE VII.7

RESULTS OF REACTION RATE vy GENERATED BY

APPLICATICN OF ANALOGUE MULTIPLIER

The integer multiple, n of the temperature coefficient in the

primary reaction rate is 12.

Electrical Reaction Inverse Absolute
Potential of Rate Vs Temperature
Thermocouple /T % 103
(mV) V) ™)
HEATING h.565 0,162 2.631
L.652 0.265 2.618
L.780 0.585 24599
4,885 1012 2.585
4.995 2430 2,569
5.085 3.70 2557
5.158 579 2.546
5.212 770 2.540
54250 9,30 2.535
COOLING S5+221 8,00 2.538
5.169 5.90 2,545
5.078 3.55 2,558
4,967 2.15 2.573
4.810 0.810 2.595
4,682 0.3%5 2,614

L ,605 0.195 2.625



TABLE VII,.8

RESULTS OF REACTION RATE Vo GENERATED BY

APPLICATION OF ANALOGUE MULTIPLIER

The integer multiple, n of the temperature coefficient in the

primary reaction rate is 16

Electrical Reaction Inverse Absolute
Potential of Rate v, Temperature
Thermocouple PR % 103
(mV) (V) gt
HEATING 4.925 0,570 279
L.960 0.790 2,574
5.020 1.30 2.566
5.105 270 2.554
54165 k30 2.546
5.200 6.00 2.541
5.225 7.20 2.538
COOLING 5.140 3.50 2.548
5.070 2,05 2.559
4,980 1.00 2.571
4.910 0.540 2,581

4,770 0,130 2.601



Output voltage (volt)

FIGURE VII.1.

RESULTS OF ANALOGUE INTEGRATOR TESTING
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FIGURE VIlL.2

OUTPUT VOLTAGE FROM THE ANALOGUE SYSTEM IN FOLLOWING THE
PROGRESS OF THE STERILIZATION OF A MICROORGANISM
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FIGURE VII.3

TEMPERATURE AND TIME PROFILE IN THE VICINITY OF THE SENSOR OF

THE ANALOGUE IN A MICROBIAL STERILIZATION
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FIGURE VII.4

OUTPUT VOLTAGE FROM THE ANALOGUE SYSTEM IN FOLLOWING THE
PROGRESS OF THE DESTRUCTION OF THE CHEMICAL SPECIES
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FIGURE VIIL.5
TEMPERATURE AND TIME PROFILE IN THE VICINITY OF THE SENSOR

OF THE ANALOGUE IN A CHEMICAL DESTRUCTION REACTION
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i CESTING OF TUFE ANALCGUE S5%300M

i Ge.ieration of the Primary Reaction Rate v,

r

The results obtained in TYable ViI.1q werc analysed to
verify equation IV.4, and hence the performance of the analogue

in generating the primary reaction rate v A plot of 1n v

19

against 1/T according to the Arrhenius equation is shown in

1

Figure VIII.1. A linear regression method for analysing the

data is ocutlined in Appendix C. The correlation coefficient of
the get of I v, and 1/T was found to be 0,9996. The experimental
: e X . =i 5 .
teuperaturc coefficient B, was found to bes 3657 K which was in
agrzement withh the nominal value given by the manufacturer of

L 11 TP R - m . ] g T . o + o

the thermistors (35). The nominal value of B was 3750 K =~ 5%

at 25°C. The pertinent values associated with the analysis of

the data are cummariced in Table C.1-

2, Gezneration of the Reacticn Rate v, with Application
of the Analogue Multipliier

The results obtained in each table from Table VII.2 to
VII,.8 were analysed to verify eguation IV,7 =nd hence the
verformance of the analogue when analoguc multipliers were
applied to produce the reaction rate Vs at various integer
multiple n, of the temperature coefficient., Plots of 1ln Vs
against 1/T according to the Arrhenius equation, for different
values of n the multiplier of the temperature coefficient, are
shown in Figures VIII.2 to VIII.S., Linear regression was used
to analyse the data in a similar manner to that for the

primary rcaction rate generation. The results obtained are



suminarized in Table VIII.1 and the values associated with the
analysis of data are summarized in Table C.1. A plot of the

renerated reaction, against

temperasture coefficient nB of the g
the multiplier n, is shown iz Figure VIIT,9., The statistical
method shown in Appendix D was used vc estimale the errors of
the temperature coefficienty in the generated reaction rate,
associated with ithe apwnlicatica of the analogue multipliers,
For a2 99,8% ccafidence interval, the errcrs of the temperature
coefficient were estimated to be - 4,55%, The temperature
coeffizient ¢f the gensrated reaction ratc could therefore be

o, + ; o
erpressed as 3657 n K - 4.,55%, The errors arising from the

applicaticn of the analogue multiplier could seriously distort

-

cemperature dependency of the reaction rate generated by
the analogue., The precision of such an analogue in following the
progress of processing would thus bhe Limited particulariy when

he tempesrature coefficient is large and the processing temperat-

re is low.

Bl

B INe

0

gue Integrator
For any voltage v, applied at the input terminal of the
integrator in Figure V.4, the output wveltage Vo from the

integrator would be described by the equation:

g L
.= o - ._....._l.._. it == b= 5
Ty, ® 101 RS ¥ @s
0
ti
= ,}é v dt (Eiit:1)
0

wnere RC = time constant of the integrator, approximately

68 sec.



o
o,

K = 101 RC, the constant associated with the
integration, approximately 104 min.

R = input resistance of the integrator, approx-
imately 10 Mohm,

C = feed back capacitance of the integrator,
approximately 6.8 uF.

Differentiating equation VIII.1 would give:
dv

o

(VIII.2)

2
o+

I
=i

In order to estimate the experimental value of the constant
K associated with the integration, the constant rate of change
of the output voltage -dvo/dt in integrating a constant input
voltage v, was measured from results in Figure VII.1 and
summarized in Table VIII.2. The values of the rate of change of
integrating output voltage and the corresponding input voltage
are plotted as shown in Figure VIII.10. The slope of the plot
in Figure VIII.10 is 1/K according to equation VIII.2, ZEstimat-
ion of the constant K and the error of integration is shown in
Appendix E. The value of the constant K was found to be approx-
imately 109.9 min., The error associated with application of the

integrator was estimated to be o 7,25% for 99% confidence

interval.

The error in the analogue system was the total error taking
into account the existing experimental arrangements, This total
error would include experimental error, imperfection of the
analogue system, and drifting of the offset of the analogue

system according to the ambient temperature change.



3. _THE ANALOGUE SYSTEM IN THERMAL FROCESSING

4
—

The output voltage v, from the analogue system shown in

o

Figure VII .2 is5 related to the vrogress of the thermal sterilizat-

ion by application of eguations IV.15 and IV,.34, giving:

v, Vi ol
+ Qs -(’,/,:. ~y = % _.]'Zﬁjg.i X LVETT W 5)
L C.ﬁ.‘.,o L'.'."f i .{.3940;{
wnere CWo = initial concentration of the microorganism
Cup final concentration of the microorganism
K = the constant associated with the analogue
integration which was found to be 109.9 min.
G I - 1 ” o] .
2 %9L~K = generated reaction rate at 394 K with nB
approximating E/R
= 8000 mV as described in section VI.E
S . . . . Sl .
S394%K = reaction rate of the thermal sterilization

. - . e
of microorganism at 3947K

= 115 win ' a6 desoribed in sestion VI.E.

After cubstituting the numerical value of the parameters

described in equation VIII.3, the result is:

NPT . = 6,34 nv (VIII.NW)
1nley /eye)

The output voltages Vo from the analogue system and the
“imes in Figure VI1.3 can thus be converted to the data of
1n(cw0/cwf) and time, using equation VIII.3. [fhe results are

shown in Table VIII,3.

The temperature and time data (Figure VII.3) in the
vicinity of the sensor of the analogue were converted to the

corresponding reaction rate and time data according to Appendix
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B1. The results are shown in Figure VIII.11. Graphical integrat-

ion of the reaction rate and time data gives the progress of the
c

CWO vs. time according to equation V,14) as
kY

shown in Table VIII,3. Comparison of progress of the sterilizat-

process reaction (ln

ion processing detected by the analogue system, with that detected
by the temperature and time measurement is shown in Figure VIII,12,.
Throughout the period of the thermal sterilization, the integrated
results from the analogue system deviated from that obtained by

the temperature and time measurement by approxim=tely 7.8%. The
difference might be accounted for by factors similar to those
described in the previous section on the testing of the analogue
system.

The output voltage v, from the analogue system shown in

0
Figure VII.4 is related to the progress of the thermal destruction
of the chemical species in a similar manner to that in the example
of sterilization, The relationship of the output voltage Vo

from the analogue and the composition of the chemical species

under consideration can be shown to be:

M)
-7 y = 82 mV (VIII.5)
D Cywo/ Cur
where cWo — initial concentration of the chemical
species
Cus = final concentration of the chemical
species

The output voltages v, from the analogue system and the

0
times in Figure VII.3 can thus be converted to the data of
1n(ow0/cwf) as a function of time, using equation VIII.5. The

results are shown in Table VIII. 4.



The temperature and time profile, (Figure VII.5) in the
vicinity of the sensor of the analogue, were converted to the
corresponding reaction rate and time profile according to
Appendix B2. The results are shown in Figure VIII.13. Graphical
integration of the reaction rate and time data gives the progress

of the process reaction (1ln(e ) vs. time) as shown in Table

wo/ s
VIII.4, Comparative progresses of the thermal destruction of
the chemical species detected by the analogue system and that
detected by the temperature and time measurement are shown in
Figure VIII.13. Throughout the period of the thermal processing
(35 min.)1 the integrated results from the analogue system

deviated from that obtained by the temperature and time measure-

ment by approximately 3.2%.

This reduced deviation of the electrical analogue in follow-
ing the progress of the thermal destruction of the chemical species
in comparison to the thermal sterilization which is probably due
to the lower temperature coefficient of the reaction rate in the

former process with fewer multipliers in the analogue circuits.
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TABLE VIII.A

SUMMARY COF RESULTS OF REACTION RATE GENERATION

BY THE ANALOGUE

5 Experimental Correlation
Values of nB Coefficient 4
(OK) of 1? v and T
1 3,657 +9996
2 74297 «9993
L 14,284 +9998
6 21,572 +9996
8 29,181 .9998
10 34,873 9997
12 42,392 .9992

16 60,988 . 9906



TABLE VIII.Z2

MEASURED OUTPUT VOLTAGE CHANGES OF INTEGRATOR

AT VARIOQUS INPUT VOLTAGES

Input Rate of Output
Voltage Voltage Changes

v - (dv/dt)

i mV minc-1

1 8.7

2 17 .4

3 27.0

b 26.6

2 454

6 56.1

T 64,3

8 7245

9 8347

10 94.8



TABLE VIII.3"

COMEARISON OF PROGRESS OF THE THERMAL STERILIZATION

DETECTED BY THE ANALOGUE AND THAT BY THE

End of
Processing

Time (min.)

o 1 = W

O e N

10
11
12

13

TEMPERATURE-TIME PROFILE

Analogue

1n(CWQ/CWf)

.05
1.6
6.k

1447
2h.3
36.0
47.8
5947
71.6
81.0
82.0

82.0

1n(cwo/CWf) according
to the Temperature-

Time Data

.035
18
70

16.0
26.3
38.0
50.2
62.6
75.5
85.7
88.9
88.9

7e
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TABLE VIII.h4

COMPARISON OF PROGRESS OF THE THERMAL DESTRUCTION
OF THE CHEMICAL SPECIES DETECTED BY THE ANALOGUE

AND THAT BY THE TEMPERATURE-TIME PROFILE

End of Analogue 1n(ch/ch) according
Processing ln(cwo/cwf) to the Temperature-
Time (min.) time Data

245 184 .160

540 Llely .389

7 o5 837 .813

10.0 1.60 155

12:5 3.07 %05

15.0 5.45 5.40

20,0 10.7 10.4

25.0 16,0 1545

2745 18,4 17.6

30.0 19.0 18.2

325 19.2 18.5

35.0 19,4 18.8



Generated reaction rate constant (volt)

FIGURE VIII.1

PLOT OF THE PRIMARY REACTION RATE GENERATED BY THE

ANALOGUE ACCORDING TO THE ARRHENIUS EQUATION
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Generated reaction rate constant (volt)

FIGURE VIII.2
PLOT OF THE REACTION RATE GENERATED BY THE ANALOGUE
ACCORDING TO THE ARRHENIUS EQUATION
a n=2 o Heating

+ Cooling
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Generated reaction rate constant (volt)

FIGURE VIII.3

PLOT OF THE REACTION RATE GENERATED BY THE ANALOGUE

ACCORDING TO THE ARRHENIUS EQUATION

Inverse absolute temperature 1/T (°K—1x103)
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FIGURE VIIlL.4

PLOT OF THE REACTION RATE GENERATED BY THE ANALOGUE
ACCORDING TO THE ARRHENIUS EQUATION

Generated reaction rate constant (volt)
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Generated reaction rate constant (volt)
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FIGURE VIIL5

PLOT OF THE REACTION RATE GENERATED BY THE ANALOGUE
ACCORDING TO THE ARRHENIUS EQUATION
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Generated reaction rate constant (volt)

FIGURE VIIl.6
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PLOT OF THE REACTION RATE GENERATED BY THE ANALOGUE

+

ACCORDING TO THE ARRHENIUS EQUATION
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Generated reaction rate constant (volt)
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FIGURE VIIL7

PLOT OF THE REACTION RATE GENERATED BY THE ANALOGUE

ACCORDING TO THE ARRHENIUS EQUATION
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Generated reaction rate constant (volt)
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- FIGURE VIIL8

B PLOT OF THE REACTION RATE GENERATED BY THE ANALOGUE
ACCORDING TO THE ARRHENIUS EQUATION
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Temperature coeficient nB (°K) x 10—4

FIGURE VIII.9

RELATIONSHIP BETWEEN TEMPERATURE COEFFICIENT OF GENERATED

REACTION RATE AND INTEGER MULTIPLE n
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Rate of output voltage change — dv,/dt(mV/min.)
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FIGURE VIIIL.10

MEASURED OUTPUT VOLTAGE CHANGES OF .
INTEGRATOR AT VARIOUS

INPUT VOLTAGES

Input voltage (volt)

T T T T i Ty T T T
2 4 6 8 10



16

14 -

14

10 —

84

FIGURE VIIL11

REACTION RATE AND TIME PROFILE IN THE VINCINITY OF THE SENSOR
OF THE ANALOGUE IN A THERMAL STERILIZATION
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Progress of the thermal processing (In cyy,/cyys)
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FIGURE VIII1.12
PROGRESS OF THE THERMAL STERILIZATION DETECTED BY THE
ANALOGUE AND THAT BY TEMPERATURE AND TIME

MEASUREMENT
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FIGURE VIIL.13
REACTION RATE AND TIME PROFILE IN THE VICINITY OF THE SENSOR OF
THE ANALOGUE IN A THERMAL DESTRUCTION OF A CHEMICAL SPECIES
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FIGURE VIIL14
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IX. CONCLUSIONS

1« Thermal processing cf biological and biochemical
materials may be described, in many cases, as a single stage
irreversible process reaction. The progress of such thermal
process reaction can be detected by following the integral of the
process reaction rate with respect to time, provided that initial

composition and reaction rate equation are known.

2. Advantages of thermal processing depend on the nature
of the temperature dependency of the processing reaction rate.
When the temperature dependency of a processing reaction rate is
described by the Arrhenius equation, an analogue system may be
employed to follow the progress of the processing reaction rate
provided that the temperature coefficient of the processing reaction
rate can be accurately simulated. In any analogue system when
the temperature coefficient of the processing reaction rate
cannot be accurately simulated, temperature dependency of the
relationship between the signal from an analogue system and the

progress of processing reaction cannot be eliminated.

3« A simple electrical analogue system was constructed
using negative temperature coefficient thermistors as sensing
elements, Analogue multipliers were used to increase the temp-
erature coefficient of the thermistors so as to approximate the
temperature coefficient of a processing reaction rate. Proper
selection of NTC thermistors and the manipulation of analogue
multipliers were necessary to produce the temperature coefficient

corresponding to a particular processing reaction rate. An
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analogue integrator was used to integrate the generated reaction

rate during processing.

L., The simple electrical analogue system so constructed
cannot be considered as a precision instrument., The performance
of such an analogue system will be particularly prone to error
when it is applied to a thermal process with a long processing
cycle time or with a high temperature coefficient of the process-
ing reaction rate. The temperature coefficient of a thermal
processing reaction rate can be produced by the electrical
analogue with an error of approximately z L4,55%, The error
associated with application of the analogue integrator for integrat-
ing the generated reaction rate was approximately s 7+25%.,

Application of such an electrical analogue is limited to:

a. Approximate checking of a proposed thermal process-

ing condition,

b. Approximate checking of a2 thermal processing manipulat-
ion to achieve a specified conversion in a small region

in a bateh reactor.

c. Guiding a thermal processing operator to manipulate

a reactor to achieve a desired conversion.



APPENDIX A

CEARACTERISTICS OF COPPER CONSTANTAN THERMOCOUPLE
AND
CONVERSION OF ITS MILLIVOLT OUTPUT TO CORRESPONDING

INVERSE ABSOLUTE TEMPERATURE
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CHARACTERISTICS OF COPPER CONSTANTAN THI:RMOCOUPLE,
ACCORDING TO BS 1828 (8),

WITH REFERENCE JUNCTION AT 0°C

Hot Junction Electrical
Temperature Potential
(°c) (mV)

100 4,239
105 4 472
110 L 704
115 4, oko

120 5.176
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TABELE A.2

RELATIONSHIP OF INVERSE ABSOLUTLE TEMPLRATURE AT HOT

JUNCTION AND ELLECTRICAL POTENTIAL OF THX COPFPZR-CONSTANTAN

THERMOCOUPLE, WITH REFERENCE JUNCTION AT 0°c

FElectrical

Potential

(mV)

b 420
4,510
4,635
k.732
4.885
4.995

5.250

Inverse Temperature

at Hot Junction

(OK)_qx ‘103

24653
2.640
2.621
2.607
2,585
2.569

2.532
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FIGURE A.1

CHARACTERISTICS OF COPPER—CONSTANTAN THERMOCOUPLE
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Inverse absolute temperature 1/T (°k—1x103)

= FIGURE A.2

265 RELATIONSHIP OF INVERSE ABSOLUTE TEMPERATURE AT HOT JUNCTION
AND ELECTRICAL POTENTIAL OF THE COPPER—CONSTANTAN
THERMOCOQUPLE
2.63 —
2.61 - Cold junction at 273°K
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Reaction rate constant k(min_1)

— 0.7

~ 0.2

APPENDIX B.1
DIAGRAM OF REACTION RATE AND TEMPERATURE
ACCORDING TO THE ARRHENIUS EQUATION WITH
E/R = 36,570°K

k121OC = 115 min._1

Temperature (°C)
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DIAGRAM OF REACTION RATE AND TEMPERATURE ACCORDING TOITHE

APPENDIX B.2

ARRHENIUS EQUATION WITH E/R = 7,314°K

Reaction rate constant k (min.""l

Inverse absolute temperature 1/T (°K—1x103l

k1000c = 1.0 min._1
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APPENDIX C

LINEAR REGRESSION OF THE EXPERIMENTAL REACTION RATE

GENERATED BY THE ANALOGUE

The Arrhenius equation was expressed as:

1n k = - + 1n A

ol ol

Ml

Correlation coefficient, 2(, of 1n k and 1/T can be shown

to be: . _
1§ st

Z:( T -7 1€ an k; -1lnk )

¢ o -1

b = j___ = —
S<¢ 3 _ A2 2
2 ( T )2, € in k; ~ In k)
i i i

Using linear regression to estimate the slope of the

regression line, -E/R, it can be shown that:

-8 _ 3 i .
) F iE ad
: . T
i i
where k = reaction rate
E = activation energy
R = universal gas constant
T = absolute temperature
A = frequency factor
i = the i th observation
% and I1n k = mean values of % and 1n k respectively
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TABLE C.1

PERTINENT VALUES ASSOCIATED WITH ANALYSIS OF EXPERIMENTAL

REACTION RATES GENERATED BY THE ANALOGUE

49 $q-9 =

i : 1 1 &
n % x 10° In K x(1n k,-1n k) x 101% (1n k,-1n k)2

= 106

1 2.593 8.3951 72.368 19789 0,2648
2  2.599 8.4915 167.806 22089 1227579
L 2,598 8.0380 364,865 2Lllq 5.4491
6 2.59% 7.8532 600,188 27823 12.9573
8 2.59% 7.2402 798.971 27380 23,3224
10 2,587 7.2202 684445 19627 23,8838
12 2.577 7:3817 704,644 16622 29.9173

16 2,563 7.3251 238,400 3909 14,8159
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APPENDIX D

ESTIMATIOI OF ERRORS ASSOCIATED VITH TEMPERATURE
COEFFICIENT IN REACTION RATE GENGTRATED

BY THE AVALOGUE

Assume that

Temperature coefficient
n

= B + e

where n is an in%teger greater than or equal to 2
B is the primary reaction rate = 3657°K
e is the error which is normally distributed with

mean C and standard deviation s

Then standard deviation can be estimated as:

P
2L e

+
5 = - B
m

T

where m is number of observation

2 — (Temperature cocfficient ;42
> e = 3 " B)
= 20290.6
s = & _;; & = 53,84
(s

For 99.8% confidence interval

Temngpatuie coefficient _ 3657 + 3.09 x s
= 3675 1 166.36

Hence temperature coefficient = 3657 n I 4,55%

EIBRARY
MASSEY UNIYERSITY
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APPENDIX E

ESTIMATION OF CONSTANT, K, AND THE ERROR IN INTEGRATION

Equation VIII.2 may be written as
- dv./dt 1
s K
v

Assuming that (-dvo/dt)/v is normally distributed with

mean 1/K and standard deviation s. The mean can be estimated as:

where m is the number of observations.

The standard deviation can be estimated as:

I 2
s / S (-dvy/v - )

5 m -

According to the results in Table VIII.Z2:

m = 10

0.09101 min.

]
1

2

+lo
i
<
e
i

=
]

109.9 min,

S (=2 /v - D® = 5,895 x 1077 min.™

4]
n

* 0.00256 min." !

¥ 2.812%

For 99% confidence interval,

dv
0 A .
- /v = z * 2.58 s min.
= 0.009109 ¥ 7.2% min,™"
tl
N | g
Hence VO = =¥ 5' v at 7.2%

0
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