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I. SUMMARY 

The objective of thi s study was to investiga te some genera l 

principles in thermal processing and some methods for following 

this processing experimenta lly. The emphasis of the investigat­

ion wa s to develop a simple el e ctric a l a na logue system for 

follo winB th e progress of a single stage irre versible thermal 

processing re a ction. 

Documented data a nd principles of the kinetics of thermal 

processing of biological ma teri a l showed that such process 

reaction could be approxim a ted by the kinetic model of a single 

st a ge irreversible reaction. Temper a ture dependency of the 

thermal processing rate could also be approxim ~ted by the 

Arrhenius equation. 

Functional principles of electrica l analogue computers 

were appli e d to develop the electric a l analogue system. The 

structure and mode of operation of this syst em is described. 

The relationship between the output voltage of the analogue 

system and the progress of the therm a l processing are derived 

for different known thermal processing reactions, following the 

kinetic model of a single stage irreversibl e 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 

1 



the t em p e r a ture dependence of an irreve rsible re a ction r a t e could 

be generated with e rror of approxi ma t e ly ~ 4.55%. The error 

a ssociat e d with a pplica tion of th e ~ nalogue integrator for 

integrating the ge nerat e d r eaction rate w&s a pproxim a tely ~ 7 . 25%. 

The overall e rror in a pplicat ion of the a na logue system for 

detecting th e rmal processing varied with the time span of proces s ­

ing cycl e 1 and processing effect achieved at temperatures other 

than the set temperature of processing . 

2 
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II. INTRODUCTION 

A, THERMAL PROCESSING IN GENERAL 

Thermal processing implies a pplic a tion of therma l e nergy a t 

suitable thermal potential 1 namely temperature to a reacting 

system . Thermal e ffe cts on chemicals 1 biochemicals a nd biological 

rnaterin ls have long been recognised. Existence of these effects 

has been used to the advantages of many industries. Thermal 

activat~on of chemica l reactions and biochemical reaction 

constitutes a very fundamental process in chemi cal and biochemical 

technology. Polymeri sation reactions, hydrolysing reactions, 

oxidation and r eduction re ac tions a r e few examples of many 

important processing r eactions which may involve thermal process-

ingo 

In active living ti ssue , many metabolic r eac tions can proceed 

appreciably at room t emperatur e 1 c a using undesirable alteration 

in the tissue . Low temperature storage has the basic object i ve 

of a rresti n g the various ~eactions which may cause spoilage a nd 

which proceed at hi gher temperatures. Wi th ac tive proteins like 

enzymes and living tissue, denatur~tion and functional inac tiva t-

ion can occur r a pidly at processing temperatures . Sterili zation 

of microorganisms , pas teurisa tion of milk a r e specific examples 

of this type of therma l processing. 

Many reactions ma y occur simultaneously during a thermal 

processing. Ea ch of these reactions occurs to a varying ext ent , 

depending upon the reac tion rate constant . Among the rea ctions 

in therma l processing, there is at least one desirabl e reaction 

which is the objective of the processing. Some of the r ema ining 



reactions and very often all of them may be undesirable, caus ing 

de l ete riou s effects on orgnnoleptic properties and nutritive 

properties. Minimal proc ess i ng to meet its objective i s a lso 

required by econom ic al considerationo 

Temperature and time a r e the two variables which when 

combined determine the extent of thermal processing. Part icula r 

processing conditions can be selected to favour desirable r eaction 

according to the basis of high-temperature short-time processing 

or low-temperatur e long-tim e processing. 

B. PROBLEMS IN FORMULATING AND MANI PULATING PROCESSING 

CONDITION 

Effective means of formul a t i ng processing condition and 

evaluati ng processing results must be a vailable, to minimize a 

thermal processing at its lowest necessary l evel . Certain 

analytical methods of formulating processing condit ion have 

been developed i n the fields of thermobacteriolo gy (39, 10), 

b iochem ical engineering (1), and food te c hnology (25, 9). Con­

sideration of heat transfer must be included in these analytical 

methods, in order to a ccount for the thermal processing effect 

achieved during heat ing and cooling periods as step changes in 

temperature are not possible in practice, Accura te d a ta on the 

heat transfer properties and conditions for a specific reacting 

system must be available. Very often a ssumptions on the mode of 

heat transfer a nd the mode of process operation have also to be 

made. Uncontrolled or unknown cha n ge s in the plant and its 

operation which could arise from design or constructional 

tulera nces or from opera tor va riability, could lead to large 

variations in tile process chara cteristics. For example,- variations 
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in heat flow patterns 7 de position of scale on h ea t 

transfer surfGce 1 a nd changes i n thermal p ropert i es of materials . 

The r mal processing condition may be very acc ura tely formulated 

in terms of tempera tur e and time, for exampl e by a proc e ss wo rk-

ing pressure and the hold i ng t i me at this pressure . These t wo 

parameters specifying a thermal process do not easily a llow 

correction to be made by oper a tor whene ver unexpe cted f a ilure of 

processing s yst em occurso 

The r mal ~recessing may result in re adily de t ectable physical 

c hanges ~ Su~h changes a r e useful in fo l lowing the progress of 

p roc essing 1 provided a cc ess to the materi a l being processed is 

possib l e . Very often bio chemical and biological change s a re t he 

only results from thermal processing. Incubation r equiremen t 

and time lag in e va luating r esults may make i t inc onve ni ent to 

e xami~:ie t he adequ a cy of a pro posed process or to explore t he 

manipul a tio n of a processing condition to mee t its specific a tion . 

C. THE OBJECTIVE OF THIS STUDY ··----· 
The obj ect of thi s study was to deve l op an e l ectric a l 

a nalogue system to monitor the progress of a thermal processing 

rea ction, throughout a sm all r egion, with the re a ction r a te 

constant follo wing the Arrhenius equation. 
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III. LITERATURE SURVEY 

A. KINETICS OF THERl'I AL PROCESSING - --

Reaction kinet ic s h eve formed a quantita tive basis for 

analysing thermal processing. So it is necessa ry to survey the 

kinetic principles which can be appli e d to thermal processing. 

1. Reac ti on Rate Equation 

In the review o n t he chemistry of protein denaturation by 

Neurath e t a l. (29) 1 l a rge numbers of e xp e rim ental r e sults on 

th er mal denatura tion of prot e in were observed to follo w first 

orde r rea ction kineticsc 

From n number o f investigations 1 Rahn (33) es t abli shed tha t 

t he thermal destruction of microbi a l spores proceeded, in many 

insta nces, as first order re a ction o 

Wood (43) surveyed many experimental r esults of thermal 

ina cti vation on cellular constituents , viruses , bacteria a nd 

yeasts. He co nclud ed that the denatu r a tion of proteins and 

ina ctivat ion of enzymes we r e first order. Some exceptions were 

e xpl a ined by changes t a king pla ce in the e nvironment, during 

the course of heat treatment , 

The kinetics of thermal dena turation of bovine pl a sma was 

observed by Levy and Warner (24) to be first order for pH below 

4, using isoelectric precipita tion as the criterion of denaturat-

ion. This demonstrated the existence of a pseudo first ord e r 

reaction, similar to the case of ac id hydrolysis of sucrose in 

dilute aque ou s solution" 



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 microorganism 

was given as : 

de 
dt = kc 

where c = conc entration of microorganisms 

k = proportionality constant or specific reaction 

rate 

t = time 

In thermobacteriology, ho we ver, anothe r par ame ter is often 

us ed instead of the specific reaction rate . The parame ter is 

decimal reduction time, D. The definition of decimal reduction 

tim e 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 : 

D = 

where k = specific reaction rate. 

This first order reaction rat e equation has been adopted by 

7 

many investigators proposing methods of formulating and e valuating 

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. 
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A general reaction rate equation was discussed by Le venspiel 

(22). Th e r a t e of a r eaction i nvolving r eacting components W, 

X ••• z c a n b e a pproximat e d by a n eq~ation: 

= w + x + ••• + z = n 

wh e r e = the r a t e of re a ction of compone nt W 

k = r eaction r a t e consta nt 

c w,cx•••cz = concentra tions of components W, X ••• and Z respectively. 

w, x . 0. z a nd n = the orde r of rea ction, namely 

\'! th orde r with respect to w 

x th order with respect to x 

z th orde r with respe ct to z 

and n th orde r ove r-all 

Me thod s f or deter mi n ing t he or de r o f a r eaction we r e d i s cusse d 

by Gl a sstone (1 6 ). 

2. Tempe r a ture Dependency of Re a ction Rate Constant 

The r e ason for t he r mal proc ess ing is the tempe rature d e pend-

enc e o f th e r eaction r a t e constant. By incr easing the tempe r a ture 

the reactions can occur within processing tim es that can be e a sily 

a chi eved. Different p a rarr.et e rs describing the dependence of 

reaction rate consta nts on temperature have a risen 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 



scale. Th e curve was subsequently kno wn as thermal death time 

curve~ 

The "F" value together with the 11 z 11 value were a pplied by 

Ball (4 , 5) in chara cter i zing the thErmal death time curve . The 

de finition of the z value was given as temperature increme nt in 

degrees Fahrenheit for a tenfold decrease in thermal death tim e . 

The F value was defined as the time in minutes required to 

sterilize a particular mi croorganism a t 250°F. 

A large amount of data on t he rmal resistance of micro -

organisms has since been gathere d in the literature by using the 

thermal death time curve , 3uch data on putrefactive anaerob e 

P.A. 3679 and thermophilic ana e rob e T . A. 3814 were r e port ed by 

Reed et a l. C35L 

The conc ept of Q
10 

has been used widel~ to express temper-

a ture depe nd ency of chemic a l reactions as nell as biological 

reactions. Application of the Q
10 

concept to indicate temperatur e 

dependency for thermal destruction of microorganisms was demon-

strated by Rahn (34). The definition of Q
10 

a dopted was the 

quotient indicating how much more rapidly death proceeds at a 

temperature 10 degree C higher tha n tha t at a given temperature, 

T degree c. Relationship of Q
10 

and z value was der ived as: 

18 
z = 

loglO QlO 

Some data of temperature dependency for thermal destruct -

ions of vitamins in foods we r e reported by Greenwood et al. 

(18) and Jackson et al. (20), using Q10 concept . Ball and 



Olson (5 ) discussed a pplic a tion of Q
10 

data for predicting 

or ganoleptic properti es o f foods , during thermal proc essing. 

Non-lineari t y i n t he plot o f lo g
10

D against temperature on 

linear s cale was observed by Gillespy (14). It was also noted 

tha t the plot of log
10

D against the recipro cal of temp e r a tur e on 

the same da ta was more l inear. The plot of log10n against the 

reciprocal of t em perature was made a ccording to th e Arrhenius 

equat ion for chemic a l ~eaction. The Arrhenius equation c a n be 

defined as : 

k = A exp 
E 

(- -- ) 
RT 

where k = reaction rate c onstant at absolut e tempe r a ture 

T . 

A = parametric cons t ant wh i ch is often r eferr ed to 

as f r equenc y factor . 

activation energy of the reac tio n . 

R = the universa l gas constant. 

E 
The approximat e relationship between~ a nd z , measured ove r 

limit ed t em peratur e T
1 

a nd T2 was shown by Gi llespy to be : 

z = 

Thermal resistance cha racteristiGs of Clostridium 

sporogenes (P.A. 3679) in phosphate buffer , over th e temp e r a ture 

range of 105-120°C, were reported by Amaha (2) . The results 

conform ed with Gillespy's observation. 

Analysis of the rmal resistance data of P . A. 3679 and 

Clostrid ium botulinum by the Arrhe nius equation was presented by 

:o 



Levine (23)~ and many subsequent data on temperature dependency 

of thermal dest ruction of mic roorganisms have been reported in 

this manner~ 

Wcu:g (42) studied the k i :-::et ic s of death of Bacil~ 

a flow systemo The results were a na lysed a ccording to the 

Arrhenius equation. The activation ener gy a~d th e frequency 

factor were reported to be 83 .6 kcal/gm mole and 10
47° 2 min~l 

r espec ti vely~ The t empera tur e dependence of the spore destruct-

ion was also correlated by the thermal death time curve, but 

serious errors were observed in extrapola ting low temperature 

results to high temperatureso 

The colli sion theory of r eaction or rate process was dis -

cussed by Glasstone 7 Laidler and Eyring (15). Mechanical a nd 

s t atisti cal consideration of collision between reacting gas 

mol ecul es was the basis of this theory. According to the 

collision theory, th e speci~ic rate of reaction between two 

spec i es W and X, assuming the standard state to be one molecule 

per cc, was given as : 

k = 

whe re z = 

k = 

E ·-

R = 

T = 

E 
Z exp ( - RT ) 

-1 -1 
cc molecule sec 

collision frequency or collision number 

reaction rate at tempera ture T 

activation energy 

the universal gas constant 

absolute temperature 

The collision frequency itself was temperature dependent, 

and was described by the equation: 

11 
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z = 2 
sw ,x (8 

where sW , X = the mean free path between A and B 

kB = Boltzman constant 

= the actual mass of subscribed 

molecules. 

Subsequent modific~tion to this theory was made by introduc -

ing a factor? \•1hich m1s described as "steric" or " probability" 

factor to account for slower gas reaction rates in pra ctice . 

The absolute reaction r a te theory was also discussed in 

which the existence of equilibrium between an "a ctivated cor'lplex" 

molecule and reactants in ~ reaction or rate process was assumed . 

Decomposition of Rctivated complex along the reaction coordinntc 

gav~ ri se to r~te of reaction . Application of r elationships 

between the equilibrium constant a nd the thermodynamic propertie s 

of the vctivated complex to the rate of reaction r esulted in 

equation : 

k = 
!<BT * 

( 6G ) 
~ 

exp - -RT-

kBT * * 
( c s ) 6 H ) exp ... 

R exp RT h = 

where k = reac tion r a te constant 

kB = Boltzman constant 

h = Pl~nck ' s constant 

T = absolute tempera ture 

* 6G = standard free energy change from rea ctant 

to activated complex 

* 6 S = standard entropy change from reactant to 

activated complex. 
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* 6.H - standard enthal py change from reactant to 

a ctiva ted complex. 

~pplication of the absolute ~ euction rate theory to discuss 

reactio~ mechanisms in protein den~tu~a t ion was cited by Eyring 

and St e rn (11). Interpretatio n and corr8lat ion of param e ters 

CcGcribing reaction r a t e constant by the Ar r h enius equa tions, 

t he coll~sion theory and the absolute reaction rate theory was 

noted by Neura th et al. (29) ~ 

Tem p erature dependency of reaction rate constant a ccording 

to different r eactio n rate theory was summarized by Levenspiel 

(22) in the foJ.lowing expreesion; 

k 

w~1e r e k -- r eactio :1 rat E-. c ons :~ant 

T ·- aosolute tetn~Jera tur e 

-, a cti-,ration .i!, = e nergy 

R = the u:1.i ·1er sal_ 1-sas constant 

:n = co ns t ant 

= 0 when Arrhenius equation was applied 

i when collision theory of reaction was 

a pplied 

= 1 when the absolute ~eaction r ate theory 

was applied. 

B. THERMAL PROCESSING EVALUATION 

Therma l processing can be evaluated fro~ 1nalysis of the 

fractional conversion achieved. Actual me thods of analysis may 

vary with the nature and the kinetics of the reaction taking 



1.4 

placeo Applic a tion of kinetic principles, however, permits 

thermal processing to be evaluated from valid records of process-

ing condition. The follo wing i s survey of some techniques a vail-

a ble for such evaluation. 

Thermal processing co ndition i s generally expressed in terms 

of temperature and time. The em ploym ent of a s t a ndard me tho d in 

tempe r a ture r e cording was discussed by Miller (2?). 

A graphic a l meth od of determining the adequacy of thermal 

steriliza tion process was described by Bigelow et al. (6). The 

me thod was based on the t emper a tur e and time data a t the r e gion 

of s lowes t heating. Conve r s ion of th e temperatur e and tim e data 

to the therm a l death time (TDT) a nd time data, was carried out 

acco r d ing to the thermal de a th time curve of the mi croorganism 

co ncerned" The sterilizing r a t e a t a p a rticul a r temperature was 

equated to th e r e ciproc a l of th e corresponding therm a l death time . 

The a r ea unde r th e sterilizing r ate curve was es tim a ted as 
. t' 1 
\ 
) 

-TDT- dt which must be a t l eas t one to indica t e adequ a cy of 
0 

s t eriliza tion. 

A simplified procedure for thermal proc e s s evaluation was 

proposed by Pa tashnik (31). Instea d of using the lethality 

concept, the concept of process equivalence in terms of minutes 

at 250°F (F va lue) was used. The temperature and time data of 

the slowest heating region wa s expressed in terms of t and time 

(t) by the e quation: 

F 
t = 

1 
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Integration of ~ with respect to time was carried out to give 

the total F value of a process. For adequ a te processing, the F 

value must be a t leas t equivalent to th e thermal de a th time at 

250°F for the microorganism upon which the process was based . 

Spe ci a l t cmperatu~e and time coordina te paper was constructed 

by Schu:t~ and Olson (37), to permit conveni ent plotting of lethal 

rat eso The temper a ture scale on the pa p e r was set proportional 

F 1 
to - or value of the corresponding temperaturee The special 

t 'IDT 

coordinate paper referred to the sterilization with r e spect to 

C~52 .st~_ium botulinum with the z parameter of 18°F and the F 

value of 2.45 minutesR 

The conc ept of spe cial coordinate paper may also be a pplied 

to thermal processing of other kinds with temperature dependency 

of reaction ro. '.;e following any one of the known ree.ction r a te 

th eori es . The t emperature scale of the special coordinate paper 

may be constructed proportional to the r eaction rate constant, 

k , a t its corr e sponding tempe r atures~ 

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 popula tion in the 

sealeefl container of food material, the extent of sucrose hydrolysis 

was measured to indicate the total lethal effect of heat. The 

relationship 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, 



an~ o~ the para~etric constants describing the specific reaction 

rate i n each system , namely z or Q10 or ac~ivation energy and 

~ccimal reduction tim e or the frequency factor in the Arrhenius 

equa tiono A si~ilar analogue system in seal ed glass tube was 

i~drpe~ciently describel by HersG~ (19)o 

Aa clcctrn~e~ha~ic3l analogue ~as d~veloped by Sikyta n nd 

Mastne- (j3) as nn automatic equip~ent for ~edia sterilization . 

A plati.~rn1 r es ista:ic e thcrmcmetcr was used as sensor to generate 

t~c ther~al lestructi0n coefficient o~ microbial spores , 

_Br._:;:i.;!._1:.:2 :;_~:.~0~·othe_~ophiJ:..1.i.~ 1518 o I ntegra ti on of the thermal 

deatruction coefficient to produce output i ndicating tota l 

sterilizatio:1 e f fect was carried out by a servomechanical methodo 

i. sc-called 11 ext:'.":tpolator 11 was fitt ed on the analogue system to 

a,proximat ~ the value of sterili zation eff3ct which will be 

) reduced dcri~g the cooling periode 

J.6 
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IV . THEORY 

A. GE~ERATION OF REACTION FOLLO ING THE ARRHENIUS 

EgUA'I'ION 

1 . Thermistor Sensor 

Over a limited range of temperature , a negative temperature 

coefficie~t (NTC) thermistor has the electrical resistance 

characteristics (32) described by the equation: 

B 
r = D exp ( T ) (IV . l) 

~here r = electrical resi stance of an NTC thermistor 

T ambient absolute temperature of the thermistor 

D & B = parametric constants of the thermistor. 

A reaction rate constant fol lowing the Arrhenius equation 

may be written as : 

k 
E = A exp ( - RT ) (IV.2) 

where k = reaction r ate constant 

E = the activatio~ energy 

R = the universal gas constant 

A = the frequency f actor 

T = absolute temperature of the reacting system . 

The inverse of the electrical resistance of an NTC the rmistor 

thus resembles the Arrhenius equation . If the inverse resistance 

of an NTC thermi stor 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 react i on rate following the Arrheniu s equation. 



2. Generat ion of a Primary Reaction Rate Following the 

Arrhenius Equation 

An e l ectrical circuit may be constructed by using an 

operat iona l amplif i er such that its voltage transfer function 

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

follows: 

where vl = a constant input voltage 

Rl = a fixed feed back resistor 

rl = an input resi stor 

vl = the output voltage 

The output volt age v
1 

is described by the equation : 

Rl 
vl = - Vl ( rl ) 

When an NTC thermistor is used as the input resistor , 

(IV.3) 

substitution of equation IV.l into equation IV.3 is possible 

giving: 

(IV. 4) 

18 

The output voltage v
1

, so generated is thus proportional to a 

pri,nary reaction r a te , following the h.rrhcnius equ a tion. By compad n :r 

equation IV.4 with equation IV.2, the parametric constants in 

the generated reaction rate have the following numerical 



magnitudes: 

A ·- v ( R ) (IV.5) = D 1 

a nd 
E 

B (IV .6) = R 

The magnitude of th e generated fr equency factor i s 

- v1 ( ~ ) is und e r con t rol by selecting suitable input voltage 

v1 or s uitab l e feed back r esistor R
1

• The magnitude of the 

generated temperatur e coefficient B, i s fixed according to the 

charact eri s tic s of the N'rC thermistor n The term "primary" 

r eac tion rate i s g iven a ccord ing to its fixed va lue of tempe r atur e 

co effici ent. 

3. Modifi c ation of the Prim ary Reac tion Rate for Suit ab le 

Tempe rature Coefficient 

In ord er to gai n s ome control on t he parameter describing 

the t emperature coefficient i n the gener ated reaction r a t e , 

anal o gue mult ipli e r s a re used to ob t a in th e n th powe r of the 

primary r eaction r ate v
1 

as follows: 

The output voltage v
2 

may be d e scribed by the equation: 

Al ( nB ) (IV~?) v2 = exp -T 

where n = a constant integer 

Al = a constant 

19 



The output voltage v2 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 r espect to its B parameter and manipulation of multipliers 

to eive an integral multiplier of value n. 

Application of analogue multipliers to modify the pri mary 

reaction rate for a suitable temperature co~ fficient appropriate 

to n p~rticular rea ction does not permit continu-0us va lue 

of temperature coefficient nB to be produced . Alternati v e method 

in modifying the prim a ry 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 v
1 

which can be further multiplied by appropriate constant 

n, and then finally antilogarithmic circuit may be used to obtain 

(v
1

)ne 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 ho~ever: is greater . 

B. INTEGRATION OF THE GENERATED REACTION RATE 

The secondary reaction rate constant v
2 

may be integr ated 

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

20 



by 

c 
v2 ,----·l l 
R~ ID> ) 

C VO 

H.4 

where R2 , R
3 

and R4 

c 

= fixed resistance 

a feedback capac itance 

= output voltage from the integrator 

The output voltage VO from the integrator can be described 

the equation : 

R4 ( 
t' 

( ) 1 v2 dt VQ = -
R3+R4 R2C Jo 

f o 

t' 
1 v2 dt (IV . 8) = ~( 

where K = constant associated with the integration 

= ( 
R,2+R4 

R4 
) R

3 
C (IV.9) 

t = time variable 

t' = integration time limit 

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

result obtained is: 

= ( nB ) dt exp - T (IV . lO) 

Further subs ti tu ting equation IV . 2 into e·quation IV .10 , 

21 
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the result is: 

= k dt (IV . 11) 

provi ded nB = 
E 
R , irre spective of whatever the tempera ture and 

t im e ~ elationship may be. 

According to equat ion IV.11, the output voltage Vo is thus 

a measure of prog~ess of an irreversible process r e action with 

reaction rat e following the Arrhenius equation. Correl a tion of 

output voltage v0 from the analogue and progress of various 

irreversible process reaction will be discussed in the following 

s ect ion. 

C. CORRELATION OF ANALOGUE OUTPUT VOLTAGE v 0 WITH PROGRESS 

OF IRREVERSIBLE REACTIO N IN THERMAL PROCESSING 

Kinetics of irre ve rsibl e r eactions with different molecularity 

have been d iscussed by Leve nspiel (22). The progress in each of 

such r eaction is a function of initi a l composition, reaction r a te 

k and r eact ion time t '. In a react ing system with known initial 

composition, the progress of a single stage irreversible reaction 
t I 

can be measured by ~ k dt a lone. As an electrical analogue 
0 

system previously discussed can produce output voltage v 0 t I 

proportional to ~ k dt, the output voltage v0 is thus a measure 
0 

o f progres s of a singl e stage irreversible reaction. 

1. Irreversible Unimolecular First-Order Reactions 

The model of this reaction is : 

w k 
~~~~~ products 



The r eaction r ate is described by the equation: 

a.c:w 
c. t 

whe re = co~centration of reacting species W 

t tim e 7ariable 

?.3 

(IV 013) 

k reaction rate following the Arrhenius equation. 

Int egration of equation IV.13 can be c a rried out giving: 

or 

J c\Nf dew = ( t 
1 

cWo CW ) 0 k dt 

cWo 
ln = k dt (IV.14) 

where cWo = initial conc entra tion of reacting species W 

cWf = ~inal concentration of ~eacting species W 

Substituting equat ion IV.11 into equ a tion IV.14 gives: 

Gl!fo 
ln = 

CVJf 

KA 
Al vo (IVel5) 

For constant vo~ume reaction, equation IV.15 may be 

v1ri t ten as~ 

= (IV .16) 

where = initial content of reacting species W 

= final content of reacting species W 

Oceasionally 1 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: 

NW 
1 - -

NWo 
(IV.17) 



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

~quatiQn IV.17 can be substi~uted into equation IV . 16 giving: 

= (IV .18) 

where = finnl fractional conversion of react i ng 

species W a t time t 1 

2 . Irreversible Biomolecular Second- Order Reactions 

\"ihen t he r ec::ction model f ollows the form: 

Vi + Y 
k 

~~~--i~ products 

the reaction rntc equntion is described by the equation : 

= 

= (IV .19) 

where cw, Cy = concentrntion of t wo reac ting species 

w a nd y recpectively 

k - reaction r a t e 

t = time variabl e 

Applying the concept of fractional conversion , the amount 

of W or Y which has disappeared a t nny time t is: 

= 

where cWo ' cy
0 

= initial concentration of W and Y 

r espectively 

(IV . 20) 

= fractional conversion at any t i me t 

of W and Y r espectively 

Let· M = (IV . 21) 

24 



then equation IV.19 may be written as : 

cno = (IV .22) 

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

After 

-' ;- 1 

s u bstituting 

l 
"c;-\Jo (M -1) 

= cV/o(M-1) 

P.quat ion rv.11 , 

M- X,,.f 
ln 

I~ 

M(l- X'.'J f) 
-:: 

k dt 

i t c an be shown that : 

KA (IV . 23 ) 
A1 

VO 

In s iturtions where t he ini tial concentrations of reactant s 

u a nd Y ~re the same (i.e. M = 1), the r eac t ion mode l may be 

written as: 

2 \. 
k 

~~--'> produc t s 

The reaction rat e i s described by t he equa tion: 

dc FJ 
k 

2 
d t = cl'! 

k 
2 

( 1 - XV/) 2 - c Wo (IV . 24) 

Aft e r int egr a tion , t h e r esul t i s : 

t' 
l 1 ( 

k dt = I 

c \if CV/o Jo 

1 XV; f 
= 

c Wo 1 - XWf 

Its r e l a t ionship with the output voltage v0 from the 

electric a l a nalogue ca n be obtained by substituting equat ion 

IV.11, giving : 

= 
KA 
A VO 

1 
(IV,25) 
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Dependence of the i ntegrated react i on r a t e expression on the 

stoichi ometrj of the reaction has been demonstrated by Levenspicl 

(22). Such dependence will therefore affec t the equation describ-

ing the r e lationship between the output voltage v 0 from the 

electrical analogue and the progress of processing react i on . 

When the r eaction model is: 

\J -'- 2Y __ k_ ---1> products 

which is first order vii th respect t o both W and Y. The react i on 

rate equation becomes: 

dc .• v 
dt = 

~h e integrated form of this reaction rate equation can be 

derived to be: 

1 = 
r t ' 

Jo 
k dt 

cWo (M - 2) 

provided M I 2 . 

The corresponding relationship between analogue output 

voltage v
0 

a nd the progress of this reaction becomes : 

= 
KA 
A VO 

1 
(IV ~ 26) 

when the initial composit i on of the reactants is at stoi chi omet r i c 

rati o (i . e . M = 2) , eql:ation IV.26 is i ndeter mi na t e . It can be 

derived however , t hat 

= 

provide d M = 2. 

Th e corresponding rela tions hip be t we en a na logue output 
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voltage VO and the progress of reaction i s~ 

l XWf 
2 

KA (IV.27) --- = VO 
cWo 1--X,.

1 
~ Al v· I 

3 . Irreve~sible Trimol ecul ar Third-Order React ions 

If a model of this reaction i s 

1','J y z k - " d t + ·l· ·----.,,.pro uc s , 

the reaction rate equation will be: 

= 

whe re CVJl Cy and cz = 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 : 

dX.u v. 
cWo dt = 

where cWo' cy
0 

and czo = initial concentration of reactants 

W, Y and Z respectively 

The j_ntegrated form of the reaction rate equation may be 

shown to be: 

1 
c 

ln Wo 
(cwo-cYo)(cwc-cZo ) CWf 

1 ln 
cYo 

+ 
Ccy -cz )(cy -cw ) 

_o 0 0 0 CYf 

.. :. 1 ln 
Czq_ 

(czo-cWo)(czo-cYo) r,Zf 



t' 

= 
( 

k dt I 
,. 0 

f ina l concentra t io n of reactants 

W, ! and Z r espe c t ively, a fter 

~he c or~esp~ndin g relationshi p between the pro gress of this 

reac ti on and the analogue output voltage v
0 

is obtained after 

substituting equ ation IV .11, a nd c an b e wri tten as : 

1 
Tc,~~ ~·~I-n.-c-,,.---c-z--) 

.v o c r10 o 

ln 

l n 

1 + ·- --··- - ··-· - ·---- ----·-
( c Zo-CWo) ( c zo-cYo) 

l n 

KA .. -· .. , .. 
A

1 
·o 

ro r r eac t ion model of the form: 

k W + 2Y --- -~ products 

~ith d iffe r ent i al r a te equation: 

dc 1V 2 . ~ 
k = c w Cy dt 

dXW 2 c " 2 
or a·;; = k cWo c1 ... x ) ( -7..~ - 2XW) 

W c Wo 

the integrated form of the re a ction rate equation can be 

derived a s: 

C2 cwo-cYo)(cYo-cYf) 

cYocYf 

(I V.28) 
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= 

provi ded 

2 
( 2 c w - c . .r ) 

v1 0 i O 

/ t i 
{ 
) k dt 

/ 0 

Th e ~o rr e sponding r e l a t i onship be tween t he pr ogr ess of 

~ ' eRct:'.. lm and t ho ou cpu t volt age v
0 

o f tJ:: e el ec tr i ca l a nal ogue 

(2 c
1
.1 _--8 , . )(cy - C v ~) 
·~ u 1 CJ 0 J.. I --- _, .. - ---- -··- ·---

c1 o CY f 

1 11 
c~lc cYf 

-( 2 c \'I - Cy )2 KA ·:- -- .. ·----- = 
cY c cWf l'/, O 0 Al 

-:;Y o 

cl!!o 
2 , i t ca n be derived tha t : 

l 
2 

c~V f 

~' o r t lie :;: · cact i o~1 ;n odel: 

k 

= 

= 

,, w + y - -------·--v 

/ •c I 

8 ( 
/ 

0 

k d-C 

-- 8 KA 7 
A1 o 

produc ts 

~i th differential r eact i on r a te equation : 

= d i; 

VO (IV . 29) 

( IV. 3 0) 

t he integrat ed fo rm o f r ea c t ion rate equati on can be der i ved a s: 

( c ~ - cy )(cy -·cyf ) .Jo o o - -- -------· 
Gy C ,I .. 

. 0 .x. ! 

+ ln c Woc Yf 
8 Yo0 Wf 

= (c ···C ) 
Wo Yo 

2 t ' f k d t 

0 
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provided 
cYo 

.L 1 
r;Wo 

1-

r t f 

1 1 
2 k dt or 

2 ? = 
/ 

CVif cWo 0 

provided 
cYo 

1 = 
cWo 

After substituting equation IV.11, the r esult is: 

2 KA = -(c,,1 -cy ) A v0 v· O 0 l 
(IV. 31) 

provided l 

1 1 -2 KA (IV.32) or 2 2 = v A_ 0 c Wf cWo _j_ 

provided 
cYo 

1 = 
cWo 

4 o Irreversible Reaction with Empirical Rate Equation 

of the n th Order 

The differential ~eaction r ate is desc ribed by the equation: 

= 

where cw -- concentration of reacting species w 

k = reaction rate 

t = time vari able 

n - order of reaction 

Integraiion can be carried out to obtain the reaction rate 

equation as: 



l ·-n 
·- C w. 

~10 

provided n I 1 

= (n-1) k dt 

where initi a l and fina l concentra tion of W 

t' = re a ction tim e 

In t erms of the fractiona l conversion XW of W it c a n be 

shown tha t: 

1-n 1 n 
cwo ( (1-Xw) - -1) 

p:i'.'ovided n I- 1 

= (n-1) ft' 
0 

k dt 

After substituting equation IV.11, the r e l a tionship of 

progress of such a r eaction a n d ~he analo gu e output voltage v0 

can be obt a i ned a s; 

1-n 1-n (1-n) 
KA 

(IV.33) c Wf - cWo = VO 
Al 

1-n ( (1-X )1-n -1) = c Wo w 

5. The Relationship of the Ratio of Frequency Factor and 

the Ra tio of Reaction Rate Constants at a Constant 

Temper a ture 

A 
The ratio of frequency factors a lways appears in 

Al 

relationship between the output voltage of the electrical anal6gue 

and the progress of a reaction. Such frequency factors, namely 

A, that of actual reaction rate and A
1

, 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 ce.se in 



thermobacteriology . Furthermore, the generated re a ction rate a t 

a given temperRture can more e as ily b e measured by a voltmeter 

while the ge nerated fr equency factor A
1 

has to be calcula ted 

a ccording to equ a tion IV . 7 . Using the ratio of re a ction rate 

constants a t a consta nt t empera tur e instead of the ratio of 

frequency factors may become convenient in many case s . The 

r e l a tionship of the r a tio of frequency factors a nd the r a tio of 

reaction rate constants at a constant tempe r a ture may be obtained 

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

A kT 
(IV . 34) 

Al 
= 

v2T 

provided 
E 

nB 
R = 

where kT = r eaction r a t e at a gi ven temp erature 

T 

v2T = gene rated r eaction r ate a t a given 

t emper ature T. 

32 
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V. APPARATUS 

A . REGULATED Pmn :R SUPPLY FOR THE ANALOGUE SYSTEM 

A voltage r egulated power supply was constructed a ccording 

to the c ircuit d i agr am in Figu r e V.l . The power supply so 

constructed forms two separ ated pairs of DC s upply output t erm ­

inal s . Each pair of the DC s upply output t e rmina l s could have 

variabl e electrical potentia l from a pproxi mately 5 .5 to 16 volts 

by adjus ting the associ a t ed 1 kiloohm va ri able r esi stor . The 

ripple rej e ction in such voltage r egul a tion was approximately 80 

decibels. The output current availa ble was a pproximately 1 

runpere. Connection of the output te rmina ls was arranged to 

indica t e the positive, negative and ground terminals for applica t­

ion to the electri cal analogue sys t em . Electrical potentia l a t 

t he output t erminal had +12 volts with r espect to ground and that 

the negat ive output t e rminal h a d - 1 2 vol ts with respect to ground . 

B . ELECTRICAL ANALOGUE SYSTEM 

1. Primary Reaction Rate Ge ne r ator 

A primary rea ction r ate gener a tor was constructed a ccording 

to the circuit diagram i n Figur e V. 2. The sensor of the circuit 

was formed by t wo NTC thermistors incorpora ted . The NTC the rmi s tors 

were pla c ed as close togethe r as possible such that simila r the rma l 

environment was sensed. The 1 kiloohm va riable r e sistor was 

incorpora ted for ad justing input voltage into the base of the 

transistor BC 307 such that control of constant input voltage 

v
1 

according to equation IV d4 could be excercised. As the 

electrical res istance characteristic of the NTC thermistors in 

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



opera tiona l amplifie r was c a rri e d out within !1 millivolt with 

the sensor h e l d at the middl e of the s i gnifica nt t em pe r a ture 

r a nge of therma l processing . This was necessary to minimise 

devia tion o f gai n from linea rity while the electrica l r e sista nc e 

of thermi s tors cha nged with t emperatur e over the s i gnifica nt 

r ange during processing. ~ere the NTC the rmistors to be chosen 

such tha t their el ec tric a l r esi s t nnce cha r a cteristicswer e exactl y 

i dentical, off-se tting o f the ope r a tiona l amplifi er could b e 

c a rri ed out with the sensor being held a t a ny suita ble tempe r a t ­

ure . According to the NTC th ermistors chose n , maximum nllowable 

t omperatur0 for a pplication of the sensor was 200°c . 

2 . Analogue Multipli er 

Four a n qloguc multipli e rs we r e constructed , each of which 

ha d the structure shown in F i gure IV . 3 . Off- setting of the 

integr a t ed circuit OTA CA 3080 (the t is a djusting the b i as 

r esistor t o g ive z e ro output when the re is zero input) was carri ed 

out a ccording to the proc edur e described in its application data 

(36) . The amplifi e r, using an i ntegr qted circuit uA 741, wqs 

incorporated to give low input i mpedance for dire ct connec tion 

to the n ext stage of the analogue mult ipli e r as well as fo r 

mainta ining a suit~ble voltage gain for further manipulation . 

Off-set ting c f each ope r ationa l amplifie r was car ried out within 

~l millivolt . 

3 . Ana logue Integrator 

An a na logue integrator was constructed ac cording to the 

circuit diagram in Figure IV.4. Off- setting o f the integra tor 

was carried out by a djusting the 1 0 kiloohms trim pot for minimal 
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drift while the input t e rminal was grounded. The input voltage 

divider was provided to permit only a consta nt fr a ction of input 

voltage to be int egr a t ed . Thi a would a llow the output voltage 

from the a na lo gue integr a tor to be held within the voltage of 

power supply wh e n high input voltage of appro xim a tely 10 volts 

wa s int egr a ted over the anticipated t he r mal processing tim e (no 

more than two h our s ). Th e r ese t switch pla cing a cross the 

c apacitor was provided for discharging the c a p a citor prior to an 

integr a ting oper a tion . The terminal "OUTPUT" was provided for 

a pplic a tion of volt~eter. 
"OUTPUT" 

The terminal 
101 

was provided 

for applic a tion of the potent iom etric cha rt r e corder during 

a na lo gue sys t em testing. 

C. THERMAL PROC ESSING REACTOR 

An autoclave was us ed to supply thermal po tenti ~l a nd en e r gy 

to a conic a l flask of water containing th e sensor of the analogu e 

s ystem. A "Danfoss " thermostat was fit ted on the a utoclave to 

control the supply of st eam and h ence the temperature in the 

c hamber of the a utocl a ve. The the rmosta t wa s an on-off switc h -

ing type. It was capnble o f maint a ini ng a consta nt temper c t ure in 

the chn mber of the a utoclave within approximately :!:1°c. The 

wiring a rrangeme nt t hrough the door of the autoc l a v e was a s 

shown in Figure IV.5 Q Suffici ent wate r in the conic a l flask was 

provided to attenuate fluctua tion of the temper a ture surrounding 

the sensors. Thermal convection of water in the flask also 

minimised the tempera tur e difference a rising from any difference 

in the location of the sensors. This was very important in test-

ing the performance of the analogue because the tempera ture in 

the vicinity of the sensor of the a na logue had to be sensed by 

thermocouple . 



L Vol tmet8r 

A null detector a nd microvoltmeter (Keithl ey Instruments, 

model 155 , serial number 88724) wa s us ed to measure voltage in 

off-setting the analogue circuit. It was a lso used in the 

experim ents for me a suring the voltage v
2 

which represented the 

generated r enct ion r a t e a ccording to equation IV.7. The accur acy 

of the voltage read ing from the voltmeter was within ~1% of its 

full scal e r eading. 

2. Potentiometer a n d Thermocoupl e 

A copper constanta n thermocouple wa s us e d to sense the 

t em p e r a ture in th e vicinity of the sensor. The thermoelectric 

chara cteristic s o f th e the r mocoupl e were observed to follo w those 

de scribed in the British St anda rd BS 1828. Th e hot junction of 

the the rmocouple was p l a ced within 3 mm of each thermistor of 

the analogue sensor. The cold junction of the thermocouple was 

ma inta ined a t o0 c by immersion in wet ic e flake. 

Th e mi llivolt output from the th ermocouple was measured by 

a manually oper a ted potentiomet er (C ambridge Pota ble Potentio-

meter , type number 44228, serial number 438767). The a ccura cy 

of the voltage reading from such a potentiometer was approximately 

+ + 0 - 0.003 millivolt, i. e . approximately - 0.05 C for the copper 

constantan the rmocouple. 

3. Potentiometric Recorders 

A potentiom e tric 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. 
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The a ccuracy of the voltage r ead i ng from the recorder was within 

~ O.~% of the ful: s c ale r eadingo 

A potentj~~etric ~ ecorder (Venture Servc s ;ribe, RE 511.20 7 

~i~e prof~le i~ the vicinity of the t~ercii~t~r. Th e vari ab l e 

vo1tag0 s~~~ ~a~ ~sed ~c enlarge th o rcaia of record ed temperature 

slightly. Calibrat i on of the temperature scal e on the recorder 

was made acainst the measur emen t obtai ~ed by using the Cambridge 

potentiomcte::· .. :L'he accuracy of teE1perature reading from the 

_,_ c 
recorder was approximately ~ Oa5 Cc 
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FIGURE V.1 

CIRCUIT DIAGRAM OF THE VOLTAGE REGULATED POWER SUPPLY 
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f LM309K I = Integrated circuit of a voltage regulator (28) I 
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FIGURE V.2 

CIRCUIT DIAGRAM OF THE PRIMARY REACTION RATE v1 GENERATOR 
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~ = Integrated circuit of an operational amplifier (121 

~ 
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= NTC thermistor with R25oc of 15,000n and s 25oc of 37500K (32) 
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FIGURE V.3 

CIRCUIT DIAGRAM OF AN ANALOGUE MULTIPLIER 
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1M.Q 

+12 v 

-12 v 

= Integrated circuit of an operational transconductional amplifier (36) 

~ = Integrated circuit of an operational amplifier (12) 



FIGURE V.4 

CIRCUIT DIAGRAM OF THE ANALOGUE INTEGRATOR 
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FIGURE V.5 

DIAGRAM OF WIRING THROUGH THE DOOR OF THE AUTOCLAVE 
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VI, PROCEDURE 

A. iJ<RANGEM N'i' 0 1" THE APPARA'J,US FOR EXFERIMT~NTAL TESTI NG ---
O? THE ~NALOGUE SYSTE~ 

1J'h2 a~'paratus •::as a;.'ranged as shown i n li'ieure IV .1 . The 

por:er si:.p::,ly \'Jes o:niU:cc.l f r or:i the block aiat;r am for simplicity . 

The ~rI'ang~Mcn~ o; the intermediate uaits of the analogue 

multiplier ~s omit~ed, the actual a~r~ngement depending on specific 

requ::.rcmen '.:s • 

. B_, __ ..]2~~-l_'.!.~HI!A~]_O~ OF ~Ij_E GENERATED PRIMARY REACTION RATE 

v_ AT VARIOUS TEMPERATURE T 
- .. -L. .. --- - ··-- - ·-- - - ----··- -

The ~e~formance of the analogue in gener ating the pri mary 

r~acticn ra~e v1 was deter mined by t cstjns the validity of equat­

ion IV.4. Record i ng of the primnry r eaction rate v
1 

at various 

~emperature T was made over the ra~ge of t~mperature for thermal 

processi ns. In the dXperime~ts a te~perature range from approx-

ima tely l00°C to 120°c was considered. 

AdjustmPnt on the magnitude of the primary reaction rate v
1 

was made ~or con?enient reading on the voltmeter . The adjustment 

v1as made such that the primary reaction rate v
1 

reading was approx­

imately at maximu::n on a suitable scale of the voltmete r when the 

thermistors were at their highes t expected temperature ~ The 

adjustment could be done on the 1 kiloohm variable r esi stor in 

Figure V. 2 to give a suitable voltage at the base of the transistor 

and hence suitable magnitude of the primary r eaction rate v
1 

according to equation IV,4 . 



Recording of the primary r eac tion rat e v
1 

and th e corres­

ponding t emperature T in the vicinity of th e thermistors was 

made as soon as the change of readings following the change of 

temper a ture in the autoc l a v e was suffic i ently small. Such 

r e cords were taken during both the heat i ng period a nd the cooling 

per iod. 

The temperature in the vicinity of the thermistors was 

sensed by a copper-constantan thermocoupl e. Conversion of the 

mi llivol t output from the copper -constan t an thermocouple to its 

corresponding inverse abso lut e temperature ¥ was made a ccording 

to the Appendix A. The data on the primary reaction rat e v
1 

a nd 

1 
corresponding inverse absol11te temperatur e -,:;; were subsequ ently 

-'-

used in the analysi s to verify equat i on IV . 4. 

C. DETERMINATION OF GENERATED SECONDARY REACTI ON RATE 

CONSTAJ·lT v2 AT VARIOUS TEMPERJJ.TURES T 

The performance of the analogue multipliers for inc r easing 

1+4 

the tempe~ature coefficient of the prima~y react ion rate constant, 

was determined by testing the val idity of equat ion IV.7 a t 

various settings of integer na The values o f the secondary 

reaction rate and the corre sponding inverse abso lute temperature 

¥ for each setting of integer n were obta ined 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 



1,_s 

variable voltage v
2 

representing the secondary reaction rate. 

A patentiometric recorder was used to record the output 

voltage at vRrious integrating times for each of the constant 

input volta~es applied. Such records wore necessary to show the 

linearity of the integrnted output voltage in response to each 

consta:it input voltage . 'l'he ra·co of change of output voltage 

with time a~ various constant i:iput voltages was measured f or 

subsequent com putatic1t of the constant K associated with the 

integration accorrttng to equation IV.8. 

E. APPLICATION OF ~'H~ ELECTRICAL ANALOGUE IN THERMAL 
--·--~--.... --- .,._ --·--· --- v -----

PROC:SSSiNG 

A th e rmal sterilization of an indicator microorganism in 

a flas k of mc~ium! at approximately 12lnC 1 was used to demonstrate 

t~e proc0dure by whi ch appl i cation of th e c lectr ~ cal analogue 

system followed the prcgress of tha proc css~ ng reaction. 

The kinetics of ~he th e rmal processing react ion was assumed 

to follo w the irreversi~l e unimolecular first--order reaction. 

Tho temperatur e dependency of the r a t e constant k was a lso 

assumed to follow the Arrhenius equation . The equations devel -

ope6 in Section IV. C.J. were appli cable a ccordingl y for correlat-

ing the output voltage v 0 from tho analogue system and the progress 

of the processing reaction. In order to meet the requirement 

for the valid application of the equat ions developed in Section 

IV. C.l, the temperatur e coeffi cient of the generated reaction 

rate constant was set equal to the temperature coefficient of 

the proc ess reaction rate (i.e. nB The thermal resistance 



d~ta of ~he mic roor ganism under the processing condition was 

assuMed tu bo ~s foll00s: 

"' ?6 '/C'()-r 17.6cF 
., 
H 

. - • : ./ ..J ... \ e r z ·-

, '"\ ·~ ~'- . 5 ! , j '1 
- J. 

Dl21°C Q. 2 min. ·'-!..21 -c Cll' ·-

The sonso~ of l~e an~logu~ sys~em gas pJac ed in the flask 

of r:10dium a·:. t h0 rcgi0n whcce progress of tho thermal processing 

Ir: ..... 
vn1.."' experiment the sensor of the analogue was 

placed approxirna t elj 1L t~c cen tre of t he medium~ The secondary 

ce.r:.:icd cit t th~·ct:gh +,he l ~.:i -:..ovhn Ya:.~:: <.1bl 0 r e.>i s tor s hown in 

~;'i. ,~·~r....: V (' ~ ,, Ar1 ac ~u] · ate ~endi.ng of t!1e second ary r eaction rate 

obt?..i.:.0J 1 c··:·c1 ·i,-:l~- bolow j_OQ r:i:.n:::..-.rc ll; ; b·•ca.n30 of :i.mperfectior 

f or a high voJ.tagc r~·adi.ng: cif th0 sc~o·1clo1nr react ion rate v
2 

nt 

the processing tempcrnture was ncccBsdry ~o min~mise the sig-

nif i cance of th~ error of the generat ed reaction rate v2 at 

lower i:;emperatures . For examp2-e i if the ge:rn!'a-ced secondary 

reaction r nte v2 was set to 8 volts at ~he e~pec ted processing 

temperature (121°c), the magnitude o~ the generated secondary 

reaction rate v2 bolo~ 100 millivolts wo~ld be below 1 . 25% of 

0 that a t 121 C (8 volts). The highest possible value of the 

generated rea~ tion rate v
2 

was just under +12 volts. Allowance 

had t o be made 1 nowever, for slight over-sl1ooting of the process·-



ing temperature during the ope ration. 

0 
Approximately 122 C was oet on the thermostat controlling 

the temperature in the chamber of the autoclave. When thermal 

energy was appl ied the output voltage v
0 

and the processing time 

were r ecorded by the potent i omet~ic recorder to indicate the 

progress of the thermal processing. 

The temperatur e 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 grnphi cal dete rmina tion of th e progress of the 

the~mal process~ngc 

The electrical analogue was also u sed to follow the progress 

of the r mal destruction of a chemical species at l00°C in the 

middl e of a flask of me diumo In t his case , th e required thermal 

processing temperature could be achieved by boil i ng at the 

atmospheric pressure. A hot plate was used to supply the thermal 

energy for processing. Any tendency towards over-shooting of the 

pr6cessing temperature in this case was very well controlled by 

the constant atm ospheric pressure, so that setting of the 

generated secondary reaction r a te ~2 could be made closer to 

+12 volts with little all owance for over-shooting of the process-

ing temper a ture. In the experiment , the generated secondary 

reaction rate v
2

, at the processing temperature (l00°C) was 

set at 9 volts. 

The process kinetics of the thermal destruction of the 



chemical speci es was assumed to follo w an irreversible unimolecular 

first-order re a ction . The foll owing parameters governing the 

thermal de s truction rate of th0 ch em ic a l speci e s were assumed : 

E ., 
h 

= 
.. ] = 1 min · 

The multipli e r s of th e electrical analogue s yst em were se t 

to hnvc the t empe r ature co e fficient nB of the gener a t ed seconda ry 

0 
react i on r ate v2 , of 7311• K with n = 2 . Th e output voltage v0 

from the e l ectrica l anal ogue and the temperature -time profile in 

the vicinity of the thermistor we r e recorded . 



FIGURE Vl.1 

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
1 

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
2 

at various 

settings of the temperature coefficient . 

The r esults of testing the performance of the analogue 

integrator are shown in Figure VII.1 . 

Figure VII.2 shows the recorded output voltage v
0 

from the 

ana logue system , indicating the progress of the thermal destruct -

io n of a microbial population . The the rmal 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 v
0 

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 SJstem are shown 

in Figure VII.5. 



TABLE VII . 1 

RESULTS OF PRIMARY REACTION RATE v 1 GENERATED 

BY THE .ANALOGUE 

HEATI NG 

COOLI NG 

El ectrical 

Potenti al of 

Thermocouple 

(mV) 

4 . 639 

4 . 979 

_5 0 -163 

5 . 292 

5 . 126 

4 ,892 

4 . 695 

4 . 428 

4 . 292 

Primary 

Reaction 

Rate v1 

(V) 

4,00 

1+. 75 

50 15 

4.60 

4 . 15 

3 . 55 

3.30 

Invers e Absolute 

Temperature 

1/T x 103 

( oK..:1) 

2.621 

2 0571 

2 . 546 

2 . 528 

2.551 

2,584 

2.6 12 

2 . 652 

2.673 



TABLE VII . 2 

RESULTS OF REACTION R~TE v~ GENERATED BY c 

APPLIC ATION OF ANALOGUE MULTIPLIER 

The integer multipl e , n of the temperature coefficient in the 

pri mary r eac tion rate is 2 . 

HEATING 

COOLING 

Electrical 

Potentia l of 

Thermocouple 

(mV) 

Lr . 388 

4.626 

4,833 

4.978 

5o 148 

5.280 

5 .131 

4,,890 

4.682 

4.493 

4.300 

Reaction 

Rate v2 

(V) 

3o05 

4.oo 

5 . 10 

5 . 95 

7 .15 

8 .20 

7.05 

5.45 

4. 35 

3.50 

2.83 

Inverse Absolute 

Temperature 

1/T x 103 

(oK-1) 

2~658 

2.623 

2.592 

2.572 

2.548 

2.531 

2.550 

2 .584 

2.614 

2.642 

2.672 



TABLE VII .3 

R~SULTS OF REAC'I'ION R!'.TE ~ 2 GEiJERATED BY 

APPLICATION or ANALOGUE MULTIPLIER 

The integer mul~iplc , n of the tcmrera turc coefficient in the 

p~ireary reaction rate is 4. 

Flectrical 

Potential of 

Thermocoupl e 

(mV) 

HEA'l'ING 4.4?9 

l~ . 512 

4. 6)8 

4.818 

5.060 

5.206 

5.255 

COOLING 5.100 

Reac t ion 

Rate v2 

(V) 

~ . 50 

1.58 

2o52 

3. 25 

5. 40 

7.40 

8.20 

1. 20 

Inverse Absolute 

'femperature 

1/T x 103 

(oK- 1) 

2.644 

20639 

2 . 612 

2.595 

20560 

2~540 

2. 534 

2. 555 

2.584 

2.617 

2 . 664 



TABLE VII 0 4 

RESULTS OF REACT ION RftTE v 2 GENERATED BY 

fl_PPLICP.TIOi'J OF ANALOGUE MUI./L'IP~IER 

primary reect i on rate is 6. 

E:L e c t:-i cal Reaction Inverse Absolute 

Potential of Rate ., Temperature 
2 

103 
'Ihermocouple 1/T x 

(mV) (V) (oK-1) 

HEATING 4 . 308 Oo48 20671 

4n483 0086 2 . 643 

1:- n571 1. 18 2.630 

4.732 1.,95 2.607 

4 . 933 3o60 2 . 578 

5,089 508.5 2. 556 

5 .155 7" 15 2.547 

50228 8.90 2.538 

COOLING 5o 166 704-0 2 .546 

5.095 5,,90 2.555 

50002 4?50 2.568 

4~850 2e87 20590 

4.620 1 o L~O 2,,623 

4a320 0 .,55 2.669 



TABLE VII.5 

RESULTS CF :2FACTION Rf,TE ·;
2 

G~!'i:6I-u-i.TED BY 

A:?I'LI CA'I'ION UP ANALOGUE i-iULTE'L:!:ER 

•.r,10 intet;er n;ul ti::_JJ.C'? :1 of t.hc tempcrntu:.:e coeffic ient in the 

~~iLl~ry reaction rate is 8. 

:Clectrical Reaction Inverse Absolute 

?ot cntial o: Rate 
"" 2 

Temperature 

Ther mocoupl2 1/T x 103 

(mV ) (V) (OK-1 ) 

HEATING uo374 0 0 19:3 2 a660 

4 , 568 o. 4Co 2 . G31 

I;. ,678 On760 2 . 615 

/, .?G3 '1010 2.,602 

4.,907 2e00 2.582 

5.090 1
f 0 1 ') 2.536 

50206 G,50 2 . 5~0 

5 .260 8000 2 . 534 

CvOLiim 5.221 ?~OO 2.539 

5 . 13-1 4.95 2 . 550 

4 . 984 2.78 2 . 570 

4 . 734 1 .oo 2 . 606 

4 . 620 0 . 62 2 . 623 

4 . 538 o.42 2 . 636 

4.355 0 .18 2.663 

55 
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T !'.BP~ VI :L • 6 

RSSULTS OF g~ACTION R!~E v~ GE~LRATED BY 
c.. 

.A~P::'.:.,ICA'.L'IOll or Ar;:,LOGUE HUL'i'IPLIK] 

Tbc' j.n~cger 1.1u1t.iple , n of the te.rrip c ratn:"e coefficient in the 

primary r eaction rate is 10. 

ZJ.ectrical Reaction Inverse Absolut e 

P0t" r.:':;j al of Rate - 7 Temperature • ? 

T:i.c l'.'111.:- c ou pl e '1/T .. 103 

(m'.i) (V) (oK-1) 

ifC t\'.,: .l:J '. C Lr.45:5 0. 17f) 2. 6l1-7 

u,560 Oo29,'.;· 2.63~ 

1
: ,S7& o.;65 2.615 

lr • 771 (.. .. 8';L' .2 . 601 

L "'-~ r .... Uv·., ·1 ~ :::;<..) ~~,585 

L_. c 98'.) ~ .'1-:? 2.5;0 

]. oS·~ ~ .. 50 2.s60 

5 - ·15c, .5 . 3v 2,547 

5 o 2L:.7 8"00 2.535 

CCJOL:i: ::2 5c '1 92 6 .70 2 ?542 

5~ 102 i+ 0 If(' 2 .551+ 

5.,030 3.05 20564 

4. 940 1.90 2.577 

4.,815 1 .oo 2.595 

4.,751 0.7 .~o 2 "6cL1-

40620 0,370 2. 623 

40545 0:26~ 20635 



TABLE VII.7 

RESULTS OF REACTION RP.TE v2 GENERATED BY 

APPLICATION OF ANALOGUE MULTIPLIER 

The integer multiple , n of the temperature coefficient in the 

primary reaction rate i s 12 . 

Electrical Reaction Inverse Absolute 

Potential of Rate v2 
Temperature 

Thermocouple 1/T x 103 

(mV) (V) (oK- 1) 

HEATING 4.565 Oo 162 2 . 631 

4 . 652 0.21)5 2.618 

4.780 Oo535 2 .599 

4~885 '1n12 2~585 

4n995 2 . 30 2.,569 

5 . 085 3.70 2.557 

5o 15& 5.75 2~546 

5~212 7. 70 2~540 

5 . 250 9u30 20535 

COOLING 5 . 221 8.oo 2.538 

5 . 169 5c90 2 0545 

5 . 078 3.55 2.558 

4 . 967 2 . 15 2 . 573 

4,,810 0,,8·10 2.595 

4 . 682 0~3:;.5 23614 

4.605 Oo195 2 . 625 

5'( 



TABLE VIIe8 

RESUL'rS OF REACTION R,'.;.TE v2 GENE.it.ATED BY 

APPLICATION OF ANALOGUE MULTIPLIER 

The integer multiple , n of the temperatur e coef f ici ent in the 

primary r eac tion rate is 16 

HEATING 

COOLING 

Electrical 

Po tential of 

Thermocouple 

(mV) 

4c925 

4.960 

5.020 

5 , 105 

5 . 165 

5 .200 

5.225 

5o 140 

5 . 070 

4 . 980 

4 . 910 

4 . 770 

Reaction 

Rate v 2 

(V) 

0~570 

0 . 790 

1 . 30 

2.70 

4 . 30 

6 . oo 

7.20 

1 .. 00 

0.540 

o. 130 

Inverse Absolute 

Temperature 

1/T x 103 

(oK- 1) 

2 . 579 

2 . 574 

2.566 

2 . 554 

2 . 546 

2 . 541 

2 . 538 

2 . 548 

2 .. 559 

2 . 571 

2 . 581 

2 . 601 
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FIGURE Vll.1. 

RESULTS OF ANALOGUE INTEGRATOR TESTING 
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FIGURE Vll.2 

OUTPUT VOLTAGE FROM THE ANALOGUE SYSTEM IN FOLLOWING THE 

PROGRESS OF THE STERILIZATION OF A MICROORGANISM 
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FIGURE Vll.3 

TEMPERATURE AND TIME PROFILE IN THE VICINITY OF THE SENSOR OF 

THE ANALOGUE IN A MICROBIAL STERILIZATION 
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FIGURE Vll.4 

OUTPUT VOLTAGE FROM THE ANALOGUE SYSTEM IN FOLLOWING THE 

PROGRESS OF THE DESTRUCTION OF THE CHEMICAL SPECIES 
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FIGURE Vll.5 

TEMPERATURE AND TIME PROFILE IN THE VICINITY OF THE SENSOR 

OF THE ANALOGUE IN A CHEMICAL DESTRUCTION REACTION 
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VIII . ~ISCU3STO~ OF RESULTS -.... ..__...._ . _ ... ...... .. ~.-- · , .. - ....._ ___ ,.. ______ _ 

The ~esul~s obtained i n ~able V~I . 1 wer e analysed to 

ve rify equatlon IV. 4 , and hence the pErforma~ce of the analogue 

in ge n e rating the primary reaction r ate v 1 • A plot of ln v
1 

against 1/T accord i ng to the Arrhenius equation is shown in 

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

data i c outlined in Appe ndix C. The correlation coefficient of 

the set of ln v
1 

and 1/T was founrt to be 0.9996. The expe rim ental 

teru pe~nturc coefficient B, was foun d to bs 3657°K which was in 

ag:;.·e:er:. c nt vii th th e nominal value 6i 1!cn by th8 manufacturer o:Z 

t h e thermistors (35). The n0minal v a lue o f n 0 + 
·.ms 3750 K -~ 5% 

at 25 ~ C. The pertinent values associa~ed ~ith the analysis of 

th~ dota ~re cw~mar~~ed i n ~abl e c. 1. 

2. G ~ ilerat i on of the Re a ction R~t~ •
2 

~ith Aprl i cation 

of tho Ana logue Multipl~a r 

The Tesults obtained i n eacl1 ·cable f:".' o ,n 'l'e.7uile VII . 2 to 

VII .8 we 1:e analysed to verify equa t:i.oH IV .7 -.nd h0nce the 

ua ·formance of the analogue ~hen analogue mul tipliers were 

applied to produc e tte reaction rat ~ v
2 

at various integer 

multiple n, of the t emperatu~e coefficient. Plato of ln v 2 

against 1/T according to the Arrhenius equation, for different 

valueo of n the multiplier of the temperature coefficien~ are 

shown in Figures VIII.2 to VIII.8. Linear regressi o n was used 

to analyse the data in a similar manner to that for the 

9ri mary reaction rate generati onc The results obtained are 



s·..;r,1iriarized ia Table VII I . 1 a nd the valu es associated with the 

analysis of ~ata are summariz8d in Tabl e C. 1. A plot of the 

tcrnpr:r2.ture coc.fficl8r"l; uB o:i the -.:.;e:neratcd react i o;.1 1 against 

the multipl ier u, i s shown i ~ Fi g~rc VII~ .9o The statistical 

met~o~ shown ~~ ~ppenaix D ~~s ~scd tc ustimR~e the e rror s of 

For .J. 99 . 8% cc ~1fi dencE: interval , tlle error s of the temperatur e 

coefficient v1erc estir,iated to b0 ~ l~ . ]5% . The ·i;emperature 

coc~fi=ient cf the generated reac tion rate could therefore be 

6 0 ·'· I I 
e~=r: ~:-e ::;s ed as 3 57 n K ;... '+ .55~0 0 The error s a ri s ing from the 

~pplicati oil of th e a nalogue multiplier could seri ously distort 

-:~110 te::np::rature d epende:::icy uf the reaction r a t e e;ene::-ated by 

the anulogne . The preci s ion of snch n:::i 2.nalogue i n followinG tlcc 

~Yccgrc~s of processi:1g would t hus l)e :!_imi tcd par t i cular:Ly wh en 

the temperature coe~ficient is large and tho precessing tempe:at · 

'ire i s l o\'J, 

ror any voltage v , appJicd at ~~c i~:~t te~ninal of the 

lni;egra tor i L Figure v.4! ~he outpnt v f r om the 
0 

integ~ator would be ~eacribed by ~ic equnt~on: 

-~ft ' 
0 

v dt (VIII ~ 1) 

~here RC = time constant of the integr ator, approximately 

68 sec . 



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
0 

dt = v 
K 

(VIII . 2) 

In order to estimate the experimental value of the constant 

K associated with the integration , the constant rate of change 

of the output voltage - dv
0
/dt in integrating a constant input 

voltage v, was measured frorn results in Figure VII . 1 and 

summarized in Table VIII . 2. The values of the rate of change of 

integrating output voltage a nd the corresponding input voltage 

are plotted as shown in Figure VIII.10. The slope of the plot 

in Figure VIII.10 i s 1/K according to equation VIII . 2 . Estimat-

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 ~ 7,25% for 99% confidence 

interval . 

The error in the analogue system was the total error taking 

into account the existing exper imental 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 . 
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'l'i.,c ou tp1~-C vol tag€' v 
0 

f1·0;;1 the ennlogue Gystem shown in 

Fi gur e VI!.2 id r0late~ • · J thn progres& of the therma l steriliznt-

ion by c.pplicat io1! of aq_uc:t ions r.r ,, 15 and IV .;..>4, giving: 

(VIII.3) 

~nitial concenL:&tj0n or the microorsanism 

~\,i/f fin.:i.l concentr3tion of t:1e microorganism 

= the conctant associated with the analogue 

integra tion ·:·l1ich wns found to be 10909 mj n . 

= generated reaction ~ate at 394°K with nB 

approxim~tins E/R 

= 8000 mV es desc~ibcd in section VI .E 

re~ction r ate of the thermal sterilization 

of microorganism a~ 394°K 

•· 1 = 11.5 min as descrioetl in section VI . E. 

!\.fte ·: c-11bE"Ci tu ting the nu:'lericaJ_ v a lue of the parameters 

aesc~ibed itl equation VIII . 3, the resu:t is: 

(VIII . 4) 

The ()·•tput voltages v0 from the analogne system and the 

~ines in Figure VII.3 can thus be c~nve~ted to the data of 

ln(cm /cm~> and time, using equation VIII . 3~ fhe results are 
no .. r 

shogn in Table VIII.3, 

~he terrperature and ti~e dat a (Figur e VIIo3) in the 

vicinity of che sens0r of the analogue were converted to the 

corresponding reaction rate and time data according to Appendi:~ 
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B1. The results a re shown in Fi gure VIII.11. Graphical integ r a t-

ion of the re a ction r a t e and time data g ives the pro gr ess of the 

. cVVo 
process re a ction (ln -- vs. tirne a ccord ing to equ at ion v.14) as 

c \'Jf 
sho wn in Tabl e VIII.3. Comparison of progress of the sterilizat -

ion processing detected by the analogue sys t em, with that detected 

by the temper a tur e and time measurement is shown i n Figure VIII.12. 

Throughout th e per iod of the th e rmal s teriliza tion, the inte3r8 ted 

results from the analogu e system deviated from that obt a ined by 

th e t emper a tur e and time me a surement by approximPtely 7.8%. The 

difference might be accounted for by f a ctor s simila r to those 

described in the previous section on the testing of the analogue 

system . 

The output voltage v
0 

from the analogue system shown in 

Figur e VII .4 i s r e l a te d to the progress of the the rm a l destruction 

of th e chemic a l species i n a similar manner t o tha t in the example 

of ste rilization. The r elationship of the output voltage v0 

from the a nalogu e and the composition of the chemical speci es 

under consideration can be shown to be : 

= 82 mV (VIII.5) 

where = initial conc entra tion of th e chemical 

speci es 

= final concentration of the chemical 

species 

The output voltages v 0 from the analogue system a nd the 

times in Figure VII.3 can thus be converted to the d a ta of 

l~(cW0/cWf) a s a function of time , using equation VIII.5. The 

results are shown in Table VIII.4. 



The tempera~ure and time profile , (Figure VII . 5) i n the 

vicinity of the sensor of the analogue, were converted to the 

corresponding react i on rate a~J time profile according t o 

Appendix B2. The results are shown in Figure VIII.13 . Graphical 

integration of the react i on rate and time data gives the progress 

of the process reaction (ln(cw
0
/cWf) vs . time) as shown in Table 

VIII.4 . Comparative progresses of the thermal destruction of 

the chemical species detec t ed by the analogue sys t em and that 

detec ted by the temperature and time measurement are shown i n 

Figure VIII . 13o Throughout the per i od of the ther mal processin g 

(35 min . ) 1 the integrated r esults from the analogue system 

deviated from that obtained by the temperatur e and time measu re ­

ment by approximately 3 . 2~. 

65 

This reduced deviation of the electrical a nalogue in follow ­

ing the progress of the thermal destruction of the chemical species 

in comparison to the thermal steriliz3tion ghich 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 . 1 

SUMMARY OF RESULTS OF REACTION RATE GENERATION 

BY THE ANALOGUE 

Experimental Correlation 
n 

Values of nB Coefficient 

of ln v and 1 
T 

(OK) 

1 3 , 657 . 9996 

2 7 ,597 . 9993 

4 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 .2 

MEASURED OUTPUT VOLTAGE CHANGES OF I NTEGRATOR 

AT VARIOU S INPUT VOLTAGES 

Input Rate of Output 

Voltage Voltage Changes 

v - ( dv/dt) 

v mV min. - 1 

1 8. 7 

2 17 . 4 

3 27 . 0 

4 36 . 6 

5 45.4 

6 56.1 

7 64 .3 

8 72.5 

9 83 .7 

10 94. 8 



TABLE VIII . 3 

COMPARISON OF PROGRESS OF THE TH:..RMAL STERILIZATION 

DETECTED BY THE ANALOGUE AND THAT BY THE 

End of 

Processing 

Ti:ne (min . ) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

TEMPERATURE- TIME PROFILE 

Analogue 

ln(cw
0
/c "Jf) 

0 

. 05 

1.6 

6. 4 

14 . 7 

24 .3 

36 . 0 

47 . 8 

59 . 7 

71 . 6 

81 . 0 

82 .0 

82 .0 

ln(cW
0
/cWf) according 

to the Temperature ­

Time Data 

0 

. 035 

1. 8 

7 . 0 

16 .0 

26 .3 

38 . 0 

50 .2 

62 .6 

75 . 6 

85 .7 

88 . 9 

88 .9 

72 



TABLE VIII . 4 

COMPARISON OF PROGRESS OF THE THERMAL DESTRUCTION 

OF THE CHEMICAL SPECIES DETECTED BY THE ANALOGUE 

AND THAT BY THE TEMPERATURE- TIME PROFILE 

End of 

Procese ing 

Time (min . ) 

2. 5 

5 .0 

7.5 

10.0 

12 .5 

15 . 0 

20 . 0 

25 . 0 

27.5 

30. 0 

32.5 

35 . 0 

Analogue 

ln(cw
0
/cVd) 

. 184 

. 444 

.837 

1. 60 

3.07 

5 . 45 

10 .7 

16. 0 

18.4 

19 . 0 

19 . 2 

19 .4 

ln(cW
0
/cWf) according 

to the Temperature ­

time Data 

. 160 

.389 

.813 

1.55 

3.05 

5. 40 

10 . 4 

15 . 5 

17.,6 

18 ~2 

18 . 5 

18.8 

73 
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MEASURED OUTPUT VOLTAGE CHANGES OF 
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INPUT VOLTAGES 
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FIGURE Vlll.11 

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 STERILIZATION DETECTED BY THE 
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FIGURE Vlll.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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IX. CONCLUSIONS 

1. Therm a l processing c f b iolo gic a l and biochemical 

ma teri a ls may be desc ribed , in many cases , as a single stage 

irr e v e rsibl e proc ess r eaction. The pro gre ss of s uc h thermal 

proce ss r eaction can be de t e cted by following the int egral of the 

process r eaction rat e with r espect to t i me , provided that ini t i a l 

com position and reaction r ate equation are known . 

2 . Advantages of thermal processi ng depend on the nature 

of the temp e r a ture d ependency of the proc essing re a ction rate. 

88 

When the temperatur e dependency of a processing re a ction r a te i s 

described by the Arrhenius equation, an anal ogue system may be 

employed to follo w the progress of the processing r eact io n rate 

provided t ha t the temperature coefficient of the processing r eac t ion 

rate can be accu r ately s i mulated . I n any analogu e system whe n 

the t emper a ture coeffici ent of the processing reaction rate 

c annot be accurately s imulated, temperature dependency o f the 

r elat ionshi p between th e s i gnal f rom an analogue system and the 

progress of processing r eaction c annot be eliminated . 

3 . A s imple electrical a nal ogue system was construct ed 

using negative tempera ture co e ffici e nt thermistors a s sensing 

elements. Analogue multipli e rs we re used to increase the temp­

e r a ture coefficient of the thermi stors so as to approxima te the 

temperature coefficient of a processing reaction rate. Proper 

selection of NTC thermistors and the manipulat io n of anal ogue 

multipliers were necessary to produce the tempera ture coefficient 

corr~sponding to a particular processing reaction rate . An 



analo gue integr a tor was u sed to int egr a t e the ge nerated reaction 

r a t e during p roc essing . 

4. Th e s i mpl e e l ec tric a l analo gue sys t em so construc ted 

cannot be conside r ed as a pr e cision instrument . The performance 

of suc h an anal o gu e system will be particularly prone t o error 

when it i s appli ed to a th ermal pr ocess wi t h a long processing 

cycl e tim e or wi t h a high t emper a tur e co e f f ici ent of th e proce ss ­

i ng reaction r ate . The temperature c oe ffici e nt of a t he r mal 

processing r eacti on r a te can be produced by the electrical 

a nalo gue with an e rror of approxim a tely ! 4,55% . The error 

associ a t ed with applic a tion of the analogue inte gr a tor for int egr a t ­

ing the gener ated re a ction r a te was approximately ! 7 . 25%. 

Applic a tion of such an e l ectrica l analogue is limited to: 

a . Approximate che cking of a proposed th er mal proc ess ­

ing condition , 

b. Approximate che cking of a thermal process i ng manipul a t ­

ion to achi e v e a specifi ed conversion in a small r egion 

in a bat ch r eactor. 

c . Guiding a thermal process ing oper a tor to manipula te 

a r eactor to achieve a desired conversion . 



APPENDIX A 

CHARACTERI STICS OF COPPER CONSTANTAN THERMOCOUPLE 

AND 

CONVERSION OF ITS MILLIVOLT OUTPUT TO CORRESPONDING 

INVERSE ABSOLUTE TEMPER ATURE 
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TABLE 11..1 

CHARACTERISTICS OF COPPER CONSTANTAN TH~RMOCOUPLE , 

ACCORDING TO BS 1828 (8) , 

WITH REFE]ENCE JUNCTION AT o0 c 

Ho·c Jun e ti on 

Temperature 

(oC) 

100 

105 

110 

115 

120 

Electrical 

Potential 

(mV) 

4.239 

4.472 

4.704 

4.940 

5.176 
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TABLE A.2 

RELATIONSHIP OF INVERSE ABSOLUTE TEMPERATURE AT HOT 

JUNCTION AND ELEC'rRIC AL POTENTIAL OF THI~ COPPER - CONSTANTAN 

THERMOCOUPLE 1 WITH REFERENCE JU NCTION AT o0 c 

Electric a l 

Potenti a l 

(mV) 

40420 

4.510 

4.635 

4.732 

4. 885 

4.995 

5.250 

Inverse Temperature 

at Hot Junction 

2.653 

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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APPENDIX B.1 

DIAGRAM OF REACTION RATE AND TEMPERATURE 

ACCORDING TO THE ARRHENIUS EQUATION WITH 

E/R = 36,570°K 

k121oc = 11.5 min .-1 

Temperature (°C) 

118 116 114 112 110 108 106 

95 

104 



1.0 

.9 

.8 

.7 

.6 

.5 

.4 

.3 

.2 

.1 

.09 

.08 

.07 

.06 

.05 

.04 

.03 

APPENDIX B.2 

DIAGRAM OF REACTION RATE AND TEMPERATURE ACCORDING TO THE 

ARRHENIUS EQUATION WITH E/R = 7,314°K 
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APPENDIX C 

LINEAR REGRESSION OF THE EXPERI MENTAL REACTION RATE 

to be : 

GENERATED BY THE ANALOGUE 

The Arrhenius equation was expressed as : 

ln k = 
E 1 
R T + ln A 

Correlation coefficient , 7f , of ln k and 1/T c a n be sho wn 

Using linear 

~ ( ~i ; ) ( ln ki - ln k ) 

regression to 

( ln k. - ln k)
2 

l 

estimate the slope of the 

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

2: 1 1 ) ( ln k . ln k ) 
T. T -

E i l 
l = R 

1 1 )2 2:: ( ;... 

T. T 
i l 

where k = reaction rate 

E = activation energy 

R = universal gas constant 

T = absolute temperature 

A = frequency factor 

i = the i th observation 

1 and ln k values 
1 and ln k respectively 

T = mean of -T 
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TABLE C.1 

PERTINENT VALUES ASSOCIATED WITH ANALYSIS OF EXPERIMENTAL 

REACTION RATES GENER ATED BY THE ANALOGUE 

- - 2 1 1 2= (2 - 2) ~ ~ ( - - ···) . ·r. T T. T 
1. 1. i l. i 

1 103 ln k x( l n k . - ln k) x 1012 (ln k.-ln k)2 n "T x l. l. 

x 10 6 

1 20593 8 .3951 72 . 368 19789 0. 2648 

2 2.599 8 . 4915 167. 806 22089 1.27579 

4 2 . 598 8 . 0380 364.865 24441 5. 4491 

6 2.594 7.8532 600 . 188 27823 12 . 9573 

8 2,594 7.2402 798 . 971 27380 23 . 3224 

10 2 .. 587 7. 2202 684 . 445 19627 23 .8838 

12 2.577 7.3817 704.644 16622 29.9173 

16 2.563 7. 3251 238.400 3909 14 .8159 



APPENDIX D 

ESTI HATio:r OF ERRORS ASSOCIATED 1,iITH 'rEMPERATURE 

COE7FICIENT I N REACTION RATE GEN1RATED 

BY THE AflALOGUE 

Assum e that 

Tern ti~~ ~ur ~~ ffj. c i en t 
n = B + e 

~her e n is an integer grea~er than or equal to 2 

B is the p~imary r eaction r a te = 3657°K 

e is ~he error wh i ch is nor mally d i s tributed with 

mean 0 and s t andard deviation s 

Then ston<lar n devi a tion can be estimated as : 

s = 
I 

+ I - I -
....} 

)" 2 
·- € 

m 

where rn is number of observation 

2 2- c = )- c-!.e_m_pe r2.J;~.£.C . ...££.e_fJicj.~_nt _ B)2 
- - n 

= ?0290 . 6 

s = ~ J ~ e
2 = 53.84 

For 99~8% confidence interva~ 

Temper_ature coefficient 3657 + 3.09 x s = -n 

3675 + 166 . 36 = -

= 3675 + 4. 55% -

Henc e temperature coefficient = 3657 n : 4. 55% 

DB RARY 
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APPENDIX E 

ESTIMATION or CONSTANT , K, AND THE ERHOR IN INTEGRATION 

Equa tion VIII . 2 may be written as 

1 = K 

Assumins that ( - dv /dt)/v is normally distributed with 
0 

100 

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

1 
K = 

m 

where m is the num ber of observations . 

The standard de vi a tion can be estimated as : 

s = 
L ( - dvo/v - ~ )2 

m - 1 

According to t h e r esults i n Tab l e VIII . 2 

m = 10 

2=< -
dv

0 I v) 0 . 09101 min . - 1 
I = dt 

K = 109 . 9 mi n . 

dv0 - 2)2 = 5,895 x 10- 7 - 2 2::<-- /v min . dt K 

s = + 0 . 00256 . - 1 min . 

+ = ·- 2 . 812% 

For 99% confidence i nterval, 

dv
0 I v 

1 + 2 . 58 min . 
- 1 = K 

s dt 

= 0 . 009109 :!: 7 . 2% min. 

. 1 r· + Hence v = - K v d t - 7 . 2% 
0 

0 

- 1 
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