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A study has been made of methods in which chemioal ruotw_. mﬂ.m
used to evaluate the totel lethal effest of heat on the bacterial pop»

ulation in a sealed container of food material. _The chemical reasticm .
- teahnique has also enabled a study to be made of the effect that the . |
_movement of the material within the container has on the lethality of .

the applied heat.

%) - di

S
The relationship between the extent of & chemical resttion end :' =

the degree of destruotion of baoterial spores is shown to depend hnt'h

on the activation energies and decimal reduotion times of the chemioal

and bacterial systems, and on the “heat penetration” characteristigs of

the material being prooessed.

Acid hydralywis of suoruee, in-buffered soluiion, was chosen ug °
the model chemical reaction systems. It was ussd in the experimantal
“study of two types of prooess, cn$ with cans statianary, as in ardioly
cormercial batah retorts, and the other with the cams rTotaied "enAséver<emA”

as in some comrervial agitating batoh retorts and oontimuocus qookqx:bg_phrs.

The effeot of convestion an the extent of suorose hydrolyxis has
been investigated. By combining records of can temperature yith dath oy .
the rate of suworose hydrelymis, the final cancentration of swdrose has. .« -
been caloulated for a range of procesees. These calculated:values have
been campared with those actually obtained in the can, ) B4 oLy

Theoretiocal considerations show that the effeot of heat oA badterial
and chemical systems as calculated from temperatures measured at palfits”
fixed with respeot to the container, is not necessarily the same as that
actually obtained in the container if ocaivestion:tekes:place dnring .theiisr
Prooesse. - 8imple convection models have been used to relate tha exteat o7
of -suorese hydrulywis oaloulated from the temperature data, .to that ‘'
aQtually obtained in the can. These canvestion models show that the temp-
erature at the geametrical ocentre of the can could be cansidered typloal

of the whole oan for both statio and egitated can processes.
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The degrees of destrustion of two micro-organisms with differemt

“heataresistances” have also been caloulated fran the can temperature data.
These have enabled relaticnships between the susrose hydrulyais and the
spare destruotion to be established, The effeots of the various proseasing
faotors on these relationsiips, and on the rate of heat trenafer to the :
can have been studied. The factars investigated were processing pressure’
and length of process, for static can and agitated ean rmns, and type ¥and"
speed of rotation for agitated can runs cnly. The prosessing pPressure-in
the agitated can runs, and the lmngth of the process in both agitated and
statio can runs 40 not appear to have mignificant effects, but the effeots
of all other fastors stulied are significant.

The comoept of equivalent time d'iftereme, which d'iu- from the
relationship between the extent of a chemiocal reaction and the degree of
spore destruction has been defined and examined. Model temperature vs
time curves for a greater mange of prooesses and oan siges than that used
in the experiments have been caloulated uxing heat transfer rate data
based an the agitated can runs, and the dspendamoe of the equivalent time
difference an the type of process and on the sige of can is diecusseds

Multiple resotion systems in which measurements of the extemts of
several chemical reactions, each with different aotivation enargies, are
used to estimate tho degree of destruction of spares have been investigxted.
The model temperature vs time ourves, derived for the enalywis of the equive
alent time differunoce canoept, were used with data on the mmtes of the
suorose hydrolyxis reaction, which has sn eotivatiom energy of 22.35 koal/mals.
and en the rates of two hypothetical reactions with activation energies of
30 and 45 koal/mole. Retimation of the degree of lporo destrustion using
reactions in pairs or in groups of three is discussed.

If a pair of reactions is used, a knowledge of rates of heat transfer
to the oan is required for satisfactory estimation of the lothal effeot of
heat. If three reacticns are used, the lethn.ntj of the prooess oan be
estimated without heat transfer rate data.

e
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Errors arising in the estimation of the lethal effect of heat o;
bacterial spores using chemical reaotions singly, in pairs, or in groups
‘of three are disoussed. The maximm errors in the lethality of the
process as estimated using the various chemical reaction teciiniques were
found to be less than one quarter of those arising from the same sources
in traditional prooess calculation methods, in gquite a number of instances
much less. It is also shown that unocertainties arising from the necessary
experimental measurements can be evaluated much more readily with a chem-
ical reaction technique, espeoially the three reaction system, than they

can in other metho&s of prooess evaluation.
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INTRODUCTION

THE DEVELOPMENT OF CANNING EQUIFMENT AND PROCESSING METHODS

Canning as a method of food preservation has its origin in the
work of Nicolas Appert (1750-1841) who was the first to use heat as a
means of preserving food in hermetically sealed containers. Although
he did not understand the principles of his method, his systematic
experimentation (and generous sharing of his discoveries) laid the founde
ations of thermal food preservation methods.

Appert initlially processed his food in cork sealed glass jars and
bottles in boiling water baths for periods varying from 15 minutes to
two and a half hours. Storage trials were the basis of his processing
methods, some foods being kept up to ten years. His products ranged
from meats, soups and vegetables to fruit and even cream and evaporated
milk. He recognized the value of quick clean handling of good quality
raw materials. Blanching was used with some products, and he was also
aware of the distinotion between acid and low-acid foods in regard to
their length of processing.

Appert's understanding of the process was that heating eliminated
the "air" which was believed to be the cause of spoilage. This belief
was to persist for nearly 100 years.

Appert's work in glass containers led to the development in Enge-
land about 1815-20 of tin containers for preserved foods. Appert himself
used oans in some of his later work.

Some time before 1830 the autoclave was introduced (apparently by
Appert) as a means of cooking canned foods under pressure. By 1870,
autoolaves were being used quite widely in industrial canning.

Because pressure vessels tended to be dangerous, and tended to
over prooessing (Prestocott and Underwood, 1897) the desirability of
obtaining high temperatures without the use of pressure resulted in the

use of salt baths from about 1850, Common salt and calcium chloride were
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both used (Hitting, 19163 Orem, 1914) ”

Magphall (1897) oredited Tyndall with enunciating the principles
of the intermittent method of sterilization, which involved three or
more relatively mild heat treatments on successive days. The success
of the method relied on viable spores germminating af'ter heating, and
the vegetative forms beiny destroyed during the next proocessing period,
Darmangy of spores made the method unreliable, ani the method was
abandaned for prooesaing of non-acid foods.

A significant advance in the use of autooclaves was made by kaymond
Chevallier-Appert (suscessor to icolas Appert) who was yranted a patent
in 1852 for a retort with manometer which made possible much oloser
control of temperature - to within _‘o instead of about 20°.

turther development in processing ejuipament ocame with the intro-
dustion of agitating cookers, and contimuous sterilizers. The f{irst
spiral contimious cooker was patented in 1899. Spiral cockers were
limited to atmospheric pressure until the introduotion of the presesure
sealing oan transfer valve system about 1915. nrevolving crate batch
sterilizers were already in wide use. The hydrostatic pressure steriliger
was first installed in Eurvpe in 1936, Other oontinuous agltating processes
have been desoribed, e.g., Thermo~Roto Cooker, Ball and Oleon (1957), a
high speed spinning cooler ualng two long rollers and inolined guide rails
(Ven Blaricom, 1952), a spin cooker-cooler usin, belts (Casimir, 1962).

A very unusual experimental batch sterilizer has been described by Borges
and Desroasler (1954) in which a orate of cans is spun on two axes simul-
taneoualy,

Another signifiocant advance in canning teohnology is the intro=
dustion of aseptic filling of some products after sterilization in plate
or soraped surface heat exnhangers. B8all and Olson desoribe several
of these procesess; demuvaiset al (1961) describe an agitating sterilisger
uxing gas flame heating. Sporle (1955) desoribes a continuous milk
steriligation plant in which cans are conveyed on belts through a hot
air steriliger, using air at 293°F.



MICROBIOLOGICAL DEVELOFMENT IN CANNING PRACTICE
Most of the development in oanning methods before 1900 took

place with no knowledge at all of the ocauses of food spallage, and
process times were based mainly on trial and error. Spoilage rates
were used as oriteria for successful prooessing and all cans were inspect-
ed for vacuum, i.e., absence of "swells", both during prooessing and
before finally leaving the plant. Prestcott and Underwood (1897) report
that losses were large.

Pasteur in 1864 was the first to recognise the microbial nature of
food spollage, and his solution to the spoilaze of wines and beers was,
in fact, a mild heat treatment (Frobisher, 1957).

The significance of his observations was not noted in the canning
industry where it was believed for another LO years that the "vacuum"
was the essential element in food preservation. The work of Prestcott
and Underwood (1898) confirmed conclusively the assertion of earlier
workers that vacuum was not necessary for sterilisation.

The first recorded bacteriological examination of spoiled canned
foods is that of Russell (1895) who isolated two species of bacteria
from spoiled peas, one of which reproduced the swelling when inoculated
into sound cans, In this case the solution to the spoilage problem was
.an increase in temperature rather than in time. Similar findings were
made by Prestcott and Underwood on spoiling of canned clams and lobsters
(1896fand souring of sweet corn (1897)% They recognised the need for
the accurate determination of minimal retort times, and used small register-
ing thermometers to measure the maximum temperatures. It is evident that
they also made orude esiimates of the "heat resistance” of the isolated
thermophiles. Inpoulated cans were used to show that retorting was
superior to water bath prooessing. _

Harding and Nicholson (1904) investigated spoilage in canned peas,
and isolated two organisms which were shown by inoculation to be respons-
ible for the spoilage. The 1limits of succesaful processing were determined,

bremmably by inoculated pack experiments.

Early workers (Vaillard, 1900; Pfuhl, 1904; Bushnell, 1918; Weinzirl,

* Tese were reported in 1897 and 1898 respeotively.
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1918) recognized that viable orgenisms may be present in a food after

prooessing without spailing the material. The conoept of 'commeroial
sterility' was established within the canning industry well before 1924,
The term denoted "the absence of organisms capable of spoiling canned
food under conditions of commercial manipulation” (Esty and Stevenson,
1925).

Experimental inoculated pack experiments have been used extensively
in establishing processes, espeoially for low acid foods as recommended
by the National Canners Association (1955). The use of this type of experi-
ment is described by Meyer (1931), Lang (1935), Cameron (1936) and Ball
(1943). Ball and Olson (1957) have disoussed the difficulties and un=-
certainties in establishing reliable process times by this method, and
conolude that much larger numbers of containers than are commonly used
are necessary to get statistically significant results. A very strong

case is made for altermative methods of evaluating processes.

DEVELOPMENT OF CAICULATION METHODS OF PROCESS EVALUATION

Process evaluation may be defined as the estimation of the process
that will obtain a state of 'commerciasl sterility' in a canned food. In
terms of more recent understanding of bacterial destruotion, it is the
calculation of the probability that a given process will obtain suoh a
state in a container of food. )

To date, all methods of process evaluation (with the possible
exception of Hersom, 1964) have involved measurement of the 'heat resist-
ance' of spores (either thermal death times or 'decimal reduction times')
and measurement or calculation of the temperature time function within
the container of food, These are then combined to estimate the total

lethal effeot of the heat.

(a) Basio Bacteriological Data
() Heat Resistance Determination Methods

Methods of process calculation 2nd the basic assumptions

involved are dependent on the type of 'heat resistance' data available.



”
As the experimental methods for obtaining 'heat resistance' data have a

oconsiderable bearing on the understanding of thermal destruction of
bacterial spores, it is necessary to trace the development of these methods
and thelr interpretation, and discuss some of the salient experiments on
heat resistant organisms.

All work to date has used the failure of the organism to reproduce
as the oriteria of death., Rahn (1945) has disoussed this conoept, and has
suggested that cells that do not reproduce be termed 'sterile' rather than
dead. For practioal purposes the distinction is unnecessary (Stumbo, 1965).

Prestoott and Underwood (1897) and Russell (1895) were amang the
first to isolate thermophilic heat resistant spoilage organisms from ocanned
foods, and these early workers realised the need for some quantitative
measure of 'heat resistance'.

Very 1little accurate work on the effest of temperatures greater
than 100°C on resistant spores had been reported before 1920, The work
of lawrenoe and Ford (1916) and laubach, Rice and Ford (1916) ignored the
effeot of the heating and cooling periods.

Bigelow and Bsty (1920) introduce a thermal death time tube method
in which sealed tubes containing 1 ml of spore suspension were subJjected
to temperatures in the range 100-11.000. Their results (shortest time to
destroy and laongest time of survival) were plotted time against tempera-
ture on linear oo-ordinates. The effects of pH, initial spore oonoentra-
tion, age and condition of spores were studied.

Bigelow (1921) reports that replotting his thermal death time data
on semi~logarithmic paper (temperature vs log time) gave a substantially
linear relationship for quite a number of organisms. The lines for the
various organisms are parallel, although the mean slope for four non-spore
bearing organiems in the range 40-65°C is about half of that of the spore
destruction ourves in the range 100-140°C.

The term 's' is introduoed by Bigelow for the‘slope of the thermal
death time curve, and is defined as the temperature increase for a tenfold
deorease in thermal death time. For spore destrustion the mean value of

z was 18°F and for the vegetative cells was found to be 8.L°F.
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Deviations fram linearity of the thermal death time curves were

explained in terms of technique (heating and cooling times at high temp~
eratures and short times) and spore characteristics (deviations at low
temperatures near the maximum for growth).

Bigelow and Esty do not comment on the mechanism of 'death' of
spores or on the reasons for the observed effect of concentration. They
report the work of Schmidt (1906) who concluded that the resistence of
spores iaoreased with conocentration. Gage and Stoughtan (1906) are
reported as assuming different heat resistences of individual spores,
particularly the few that survive smignificantly langer times or higher
temperatures than the majority. BEijkman (1908) had also noted the effeot
of initial conoentration of spores on rates of destruotion and conoluded
that differences in thermal death rates were due to substances given off
into the media by the killed baoteria, Tne concepts of Schmidt, and of
Gage and Stoughton persisted for quite same time., Ball and Olson (1957)
use these concepts somewhat unconvincingly in a disoussion of Stumbo's
basis of prooess caloculatiaon.

Bsty and Meyer (1922) used a method substantially that of Bigelow
and Esty (1920) in a study of the heat resistance of C, botulinum and
related anaerbobes. FProblems encountered in this study inoluded the effect
of different spore preparation media, pH changes, and retarded germinatiaon
of spores. Some death rate data is plotted (log spore numbefn against

time) showing a substantially linear relationship from 10'°

spores/co
down to epore cancentrations of about 1 spore/occ in neutral phosphate
buffer. Their thermal death time data is presented as maximum survival
time and minimum destruction time, and the slope, or z value, of the
thermal destruction curve for the most resistant strain of C, botulinum
studied is very nearly the same as the mean slope of the thermal destruo-
tion ourve for the range of organisms studied by Bigelow and Esty (1920).
Levine, Buohanan and Lease (1927) developed a 'flask' method for
studying rates of destruotion of spores at temperatures less than 212%,
Inoculum is introduced into preheated m.edia in a well stirred flask, and

samples withdrawn at intervels.



Williams, Merrill and Cameron (1937) used a small (900 ml)
stirred stainless steel Jacketed tank with four sampling valves at
the bottome The inoculated substrate was heated from cold in 2-3
minutes. Temperatures up to about 250°F can be studied in this
apparatus.

Townsend, Esty, and Baselt (1938) used a method in which
inoculated food is processed in very thin quickly heated 208 x 006*
cans (2‘5 in diam. x 3§ in. high). Their method involves corrections
for heating and oooling times. The heating and cooling lags are about
the same as for glass tubes. Results are expressed either as number
of spoiled containers, or as number of surviving spores if the cans are
opened and suboultured.

. A number of early studies on rates of destruction had indicated
that the order of death was logarithmic both for spores and vegetative
cells (e.g. Chick, 1910; Esty and Meyer, 1922; Watkins and Winslow,
1932), but this observation was not used in characterization of the
'heat resistance' of micro-organisms until 1942 when the term 'decimal
reduction time' was introduced by Katzin and Sandholzer in a study of
milk pasteurization. Ball (1943) in a study of the application of his
process caloculation methods to milk pasteurization introduces the same
oconoept =~ apparently independent of Katzin and Sandholger - as the
quantity of z (zeta), which Stumbo uses in 1948. Ball discusses the
meaning of thermal death time measurements and their use in terms of 2z
but continues to base his calculations on the existence of a finite
thermal death time. It was left to Stumbo (1948a)to formally redefine
some of Ball's prooess calculation parameters to include the concept of
logarithmic spore destruotion rates.

With the introduction of the decimal reduction time concept into
prooess calculations, bacteriologloal destruotion studies tended to cone-
centrate on the measurement of thermal reduction times. It should be
pointed out that the earlier methods (prior to 1942) can be used to
caloulate decimal reduction times if the data are presented in a suit-

able form.

* For nomenclature of can sizes see Appendix XI.
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Por thermal resistance measurement above 240°F, Stumbo (1948b%)

developed the 'thermoresistometer' which has been used up to 300°F. The
device consists of three steam chambers in series, and a sample transfer
mechanism which carries six small samples (0.01 = 0.02 ml) in small open
cups from the loading chamber into the heating chamber, and later to the
final chamber vhere they are dropped into tubes of culture medium or
diluent. Cooling in the centre chamber is by sudden release of steam
pressure.

Pflug and Esselen (1953) developed an instrument similar to
Stumbo's thermoresistometer. The samples were cooled by dropping them
into tubes of culture medium. This instrument has been used to study
thermal resistances of various spores in the range 255-3w°F. Measure-
ments of the rate of destruotion of thiamine in pH 7.5 phosphate buffer
at 295°I' are also reported.

Small sealed capillary tubes were used by Stern and Prooter (1954)
to obtain decimal reduction times. Some results are given for B, stearo-
thermophilus.

Wang, Humphrey and Eagleton (1964) developed a method for measur-
ing the rate of spore destruction using flow techniques. Flow time
distributians were considered, and found to have a very significant effect =
the aotual destruotion being less than that caloulated assuming plug flow.
Data in the range 127-143°C (261-290°F) were identical at the 95% cone
fidence level with unpublished data of Scharer (1963) on the same spores
of B. stearothermophilus. Scharer used a capillary tube method at lower

temperatures.

(44) Heat Resistance Data Interpretation

In studies of the destruction rate of miocro-organisms the logar=
ithmic order of death has been confirmed or assumed, Of the many explan-
ations offered for this phenomena, that of Rahn (1929,1945) is probably
the most plausible. He suggests that loss of reproductive power of a
bacterial cell when subjected to moist heat is dus to denaturation of a
single gene essential to reproduction. While the actual mechanism of

bacterial death is unimportant in prooess calculations, the concepts = in
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particular those as advanced by Rahn « have made their impact in the
development of prooess caloulations methods. These concepts have
resulted in a ratianal basis for the statistical methods for caloulating
deocimal reduoticon times ("skips" are no longer a problem in the intere
pretation of heat resistance data), and have given rise to the conoept
of probability of spore survival as an end point in process caloulations
(Gillespy, 1951). The application of Arrhenius' equation to thermal
destruction data can also be traced to these conoepts.

A number of methods of treating data obtained from thermal
destruction rate experiments have been described. A graphical method
for deoimal reduotion time (D) has been found quite satisfactory, partic-
ularly where reasonably straight lines are obtained. Where straight
lines are not obtained, and it is difficult to decide which portion of
the curve is describing thermal death alone, the logarithmic order of
death is assumed, and methods of statistiocal analysis are used to get the
values of D. Stumbo (1965) discusses the methods of Halvorson and Ziegler
(1932), Sonmidt (1954) and Lewis (1956). These different methods give
results which are generally in good agreement.

The effect of temperature on thermal resistance can be expressed
in a number of ways. Thermal death times were not of great precision
and semi-logarithmic plots were found to be more or less linear (Bigelow,
1921). Bigelow, who was the first to plot heat resistance data in this
manner does not discuss the significance of this type of plot in terms of
any other similar or related phenomena., As pointed out by Ball and
Olson (1957) the use of z (the number of Fahrenheit degrees for a ten-
fold decrease in thermal death time (TDT) or decimal reduction time (D) )
is equivalent to the use of the Q10 concept, which is the rate quotient
for a temperature interval of 10°C, This Q10 concept arises from the
common observation that the rate of a chemical reaoction doubles or trebles
for a 10°C rise in temperature. This is known as the R.G.T. (Reaktiocns-
geschwindigkeit Temperatur) rule, or the Van't Hoff rule.

Because the early methods of prooess calculation uaing thermal

death times were adapted to the decimal reduwotion time concept by the
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I
redefinition of some of the terms (Stumbo, 1948a) the log D against

linear temperature has remained as a basis for process calculation.
Better methods have enabled more precise thermal resistance
measurements to be made over wider temperature ranges than was possible
in earlier TDT studies. Gillespy (1948) reports that plots of log D
against the reciprocal of absolute temperature were more nearly
linear than the same data plotted as log D against linear temperature.
This is the form of relation predicted by the Arrhenius equation for
chemlioal reactions.

i.e., kp = Aﬂxp(-_x._é)
RT
e U
or Ink, = T._q-log,A
= .1_ + b
T

kT is the rate of reaction at absolute temperature T.

A, b, 4 are constants for a particular reaction
R is the universal gas constant, and

BA is the activation energy of the reastion.

Gillespy points out that over small ranges of temperature, the
linear plot gives a good approximation to the Arrhenius plot. His process
caloulations are based on the linear plot. He also gives the relatiomship

between BA and z;

at a given temperature, '1‘1 to T2 -

g = %.bﬁ,oe

over a range of temperature,

R
g = T1:i 'l‘leoe
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Webb (1964) has discussed these alternative relationships
between thermal destruction rates and temperature. A table is presented
showing the variation of EA vith temperature if a constant Q1O is assumed.
Differences of up to 45% between aotivation energies at 37°C and 100°C
are shown.

Alba, Fumphrey and Millis (1965) also disouss the types of
relationship between reaction rate and temperature, and include Eyring's
theory of absolute reaotion rate with the Q,, (or z) approach and the
Arthenius equation. According to Eyring -

ke = gTe” AH*/RT . 04 8*/R
AH* and 1S8* are heat of reastion of activation, and entropy change
of activation respectively and g is a faotor including Planok's and
Boltzmann's constants.

To compare these three methods of correlating rate and temperature,
Aiba et al have fitted each theory to typical spore destruction data at
two points, and used each theory to interpolate and extrapolate the
decimal redustion time data. The Arrhenius and Byring theories are not
significantly different from each other. The Q,, (or z) basis of oal-
oulation gives values of D significantly less than the other theories
when used to extrapolate data.

Pflug and Bsselen (1956) glves decimal reduction time data on
PA 3679 in various food substrates. The curve in the log D vs T plots
is attributed to changes in the chemical composition of the substrate
with the different processes at the different temperatures used. However,
the data are such that a log D vs .1? plot would be more linear than the
log D vs T plots as presented.

Although no caloulations have been done, it is probable that
there are significant differences in the lethal effect of processes as
caloulated using the different forms of rate vs temperature data, partic-
ularly where the material does not spend an appreciable time at retort
temperature or where data at one retort temperature is converted to some

other temperature.
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There are a number of other variations of the rate of reaction”
vs temperature equations. Some of these are discussed by Moore (1957)
in terms of their derivation from the fundamental kinetic theory. He
states that it is worthwhile making a correction EA
forming calculations with the theory, but it hardly affects the linear

= E + 4RT in per-

plot of logk vs /e

Ball and Olson (1957) use the %o (or z) approach in the pre-
diction of the effect of heat on organoleptic quality of foods, whiah
are essentially chemical reaotions (Greenwood, Kraybill, Feaster, and
Jaokson (1944)3 Jackson, Feaster, and Pilcher (1945) ). Because
activation energles are generally much lower than those for spore
destruotion, wlder temperature ranges become significant, and it is
probable that largm{relative errors in organoleptic quality change cal-
culations will oocur if the Q1° theory is used, than occur when spore

survival probabilities are calculated on the same basis.

(b) Basic Heat Penetration Data

In the 'evaluation of thermal sterilization prooesses,
bacteriologiocal data (deocimal reduction times or thermal death times)
is combined with time and temperature ('heat penetration') data.

This heat penetration data is generally obtained by experiment
as the oomplexity of heat transfer within the container of food usually
precludes the use of purely mathematical methods for calculating the
temperature-time functions. A knowledge of the mechanisms of heat
transfer to, and within, the contalner of food has been useful in
extending the usefulness and applicability of experimental temperature-
time data to different can sizes and prooessing temperatures,

The temperature data required from a heat penetration test are
influenced by the method of process evaluation to be used (coldest
point only, whole can) and the type of food being processed. For
example, some products require temperatures on surfaces of the solid
portions only, other require temperature data inside the so0lid pieces,

Jackson (1940) has reviewed the different types of heat transfer and
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has classified foods into six main groups on the basis of their heat ’
penetration ocharacteristios. The type of container (glass, tin) also
has an important effect an the rate of heat transfer (e.g., Merrill,
1948).

The literature is replete with reports of heat penetration
studies on different types of foods using various processing methods.
Methods of obtaining heat penetration data, with examples of their use,
and the mathematical evpressions used to represent time~temperature
data in the formulae methods of provess calculetion are reviewed here.
The application of heat transfer theory to the main types of food pro=-

duct is also discussed.

(1) erimental Temperature Measurement Me

The first recorded heat penetration experiments were those of
Prestoott and Underwood (1898) who used maximum recording thermometers
mounted inside the cans with the bulb near the geometric centre.
Temperature-time curves were obtained by varying the length of the
prooess. Other warkers inoluding Belser (1905), Duckwall (1905), Koohs
and Weinhausen (1907) used maximum recording thermometers in heat pene-
tration tests. More recently (1964) Hersom tried this method and
abandoned it in favour of fine melting point tubes in a study of rotary
cooker-ooolers. )

Apart from the di sadvantage of only obtaining one temperature
per run, this method has been objected to by later workers (e.g., Bigelow
et al (1920) ) because the metal mounting tube of the thermometer, or
the stem of the thermometer itself if no mounting tube was used, could
conduot heat to the bulb, and thus distort the temperature records No
data on cooling curves could be obtained, and the time at which the
maximum temperature was recorded ocould not be determined. Muoh useful
information was obtained however,

The use of chemical thermometers was first described by Bitting
(1912), The thermometer was sealed into the can th/rough a stuffing
box soldered onto the oan top. Modified stuffing boxes enabled the

chemiocal thermometer to be used in retorts. Bigelow et al also object
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to the stem heat conduction effect, although Magoon and Culpepper (1922)’
point out that the thermal oonductivities of glass and water are approx-
imately the same, and the error in foods which heat by oconduotiaon will
be small as most solid foods have thermal conduotivities approxdmately
that of water. Stem conduwtion errors in @ nvection heating foods are
not discussed by Magoon and Culpepper.

, Bigelow and his oo-workers also desoribe the use of a mercury
in a steel recording thermameter which ocould be used by ardinary
operatives in cammercial canning plants. The bulb of this thermometer
is mush larger than that of a glass thermometer, and is subject to the
same heat oanduotion erxrors.

Bitting and Bitting (1914) described the use of thermoocuples
in cans as early as 1907. Referemces to and abstracts ofthis work do
not give details of the construotion of this thermocouple probes. The
effect of agitation on the shortening of the cooking period is also
reported.

Thompson (1919) used a thermosouple probe of glass whioh was
sealed thruagh the oan and retort top in a similar way to the chemiocal
thermometer desoribed by Bigelow et al (1920).

Bigelow, Bohart, Richardson and Ball (1920) used a thermocouple
probe in an extensive study of heating and cooling rates in a wide
variety of produots. A thin wall copper tube was used as part of the
probe, and is probably subjeot to greater conduotion errors in oanductian
heating foods than the glass thermometers used by others (Ford and Osborne,
1927).

A 'bakelite' thermocouple probe is dessribed by Ford and Osborne
in a study of heat caonduwtion errors in thermooouple probes as used by
various investigators., Significant differences were demonstrated.
Thermaneters were not inoluded.

Various improvements of a mechanical nature have been made to
heat penetration thermosouple probes, some of which 2re now produced
oommercially for heat penetration studies. Ecklund (1949) desoribes

plastic thermocouples wlth piug in fittings as developed by Benjamin (1938)
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7
that can be used in high speed closing machines, Canduotion errors

were shown to be negligible except for small cans of conduwtion heat-
ing prodwts. Ball (1923) and Eoklund (1949,1956) have proposed oarrec-
tion faotors.

A method of mounting thermocouples in cans without the use of a
support is desoribed by Board (1965). The two thermoccuple wires pass
through diametrically opposed holes in the can wall, or thivugh holes
in the oan ends, and are sealed with a heat reaistant epoxy resin
adhexive.

This method is probably the least susceptible to ccndustion errars
so far dessribed, and has the added advantage of minimum disturbansce to
the conveotion currents espeoially in still cooks of liguid products.
This faotor does not appear to have been disoussed, even though it may
be as important a source of error in conveotion heating as stem condustion
errors are in oonduotion heating.

Sensitive galvanameters have been used to indicate the potential
prodused by the thermocouple junotions (Thompsan 1919). Potentiometrio
devices (zero ourrent at balance) are to be preferred, however, as the
voltage indicated is independent of the resistance of the lead wires
(Boklund, 1949). Automatic or manual cold junotion compensation have
both been used as well as ice flask referenoce junctions. Various types
of recording potentiometers have been used (Clifcorn et al, '1950; Hoare
and Warrington, 1963).

Errors in thermocouple temperature measurement in food produots
may also arise from electrolytic e.m.f.‘'s produced by the different
metals of the thermocouples due to breakdown of insulation at palnts
distant from the junction. The potential drop produced by the current
flowing between the points of contect of the wire and electrolyte (i.e.,
food produot, cooling water, etc.) is superimposed on the thermoelectric
emf., Breakdown of insulatian or earthing of thermocouple leads outside
the can also can lead to spuricus emnfs., These effects have been dis-
cussed by Middlehurst, Board and Elbourne (1964) who demcnstrate that

very high emfs (up to 4 mv) ocan be generated in unfavourable(but not
unlikely) conditions.
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A number of studies have been made using thermocouples in
agitating cookers. Bigelow et al (1920) desoribe experiments both in
a smmall experimental cooker and in a commeroial agitating steriliger
specially modified for the temperature measurement vork. A flexible
coupling (heavy rubber tubing) and a rotating mercury junction were
used to connect the rotating can to the stationary potentiometer. Hoare
and Warrington (1963) used mercury troughs in some of their early work,
but found that the high impedance of the connections made the method
unreliable. This problem was solved by connecting the thermooouples
directly to the recording potenticmeter which was mounted on a synochran-
ously rotating turntable. 38lip rings were used for the mains supply to
the potentiometer.

Clifcorn, Petersaon, Boyd and O'Neill (1950) used slip rings to
connect the couples in the agitated cans to an automatic strip chart
recorder in a study of the effects of agitation (rotation and reciprocatian)
on the rate of heat penetration. Canley, Kaap and Schuman (1951) also
used 8lip rings in an investigation of a number of prooess variables on
rates of heating and cooling in an end-over-end rotating cooker,

Blaisdell and Zahradnik (1958) used silver plated copper slip
rings and silver graphite brushes to comnect rotating thermooouples in a
soraped-wall heat exchanger to statianary recorders. BErrors arising, in
part at least, fram the slip ring system are recorded. CWtim- to
temperature based on isothermal tests were made to all readings.

The earliest references to temperature studies in agitated cans
are those of Bitting (1912), and Bitting and Bitting (1917). Referemces
to this work do not indicate the method of temperature measurement.
Alstrand and Eoklund (1952) report that Bitting first used thermocouples
in cans in 1907.

Direct temperature measurement in some sterilizers (e.g., con-
tinuous reel type cooker-coolers) is impossible, and some experiments
have been done in special experimental retorts, reproducing the type
of agitation as nearly as possible (Wilson 1953, Wilbur 1949). High

speed motion picture studies of can motion in a commercial unit have
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been the basis of these process simulators. Bacteriological and
physical studies indicate that the experimental cocker gives heat
penetration measurements corresponding closely to those in commeroial

units.

Most early heat penetration curves were plotted on linear co-
ordinates (e.g., Thompson (1919), Bigelow et al (1920), Magoon and
Culpepper (1921,1922) ). Bigelow et al (1920) observe that the upper
part of the heating curve is usually a straight line on a semilog plot,
but this observation is only used to check consistenoy of experimental
data., Geometric similarity of the heating curves (linear co-ordinates)
was used to caloculate curves for different oan sizes and prooessing
temperatures. Cooling curves were found to be zﬁore variable than the
heating ourves, particularly for air ocooling, and for glass oaontainers
where boiiing of the contents with rapid ocooling could taks place when
the pressure of steam was removed and the intermal pressure in the
container is released through imperfect closures. The position in the
stack also has an important effect on the cooling of a can in air.

For water cooling the use of the reversed heating ourve has been
suggested by Thompson (1919) and Bigelow et al (1920). Magoon and Cul-
pepper (1922) objeot to this suggestion because changes in physioal
properties of the material on coocking and the reversed effect of heating
and oooling temperatures on viscosity alter the curves considerably.

With the introduwtion of the formula method of calculation
(Ball, 1923), the heating and cooling ourve parameters f and J were
defined. The quantity f or "slope" of the semilog heating or cooling
curve is the time fcr the straight portion of the temperature curve to
traverse one logarithmic oyole. When the parameters f and J are
related to the fundamental heating equations f ix defined as the
reciprocal of the slope (on a semilog plot) of the asymptote to the heat-
ing ocurve. (Ball and Olson (1957) and Cowell and Evans (1961) have dis-

cussed the effeots on f), of using the tangent to the heating curve instead
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of the asymptote, the differenoe being of partioular importance in

converting data from one oan size to another by caloulation.) The

quantity Jj, which is also known as the lag factor is used to define

the position of the linear part of the heating curve. It is caloulated

from one point of intercept of the straight portion of the heating curve

and the gero time ordinate. Zero time is usually the time at which the
retort is considered to have reach the prooessing temperature. The

effeot of non-zero come up times is taken into aocount by considering

42% of the total come up time to be equivalent to processing at retort
temperature and adding this time to the beginning of the process (Ball, 1923).

Saome produots have been found to show a break in the heating curve
when the mechanism of heat transfer changes from oconvestion to conduwtion
as the produot forms a gel. The reverse phenomena - a change from con=~
duction to convection - has been reported (Jackson, 1940). It is a rare
occurrenoe probably due to breakdown of a gel struoture. The second part
of the broken heating curve is described in a manner similar to a aimple
heating ourve.

Because the initial non-linear phase of the cooling curve is very
important in sterilization caloculations, empirical expressions have been
proposed by Ball to desoribe it. A hyperbolic curve corresponding to
typioal water cooling curves of conduotion heating produots is used.

The lower portion of the cooling curve is logarithmic, a hé faotor or

J value of 1.42 being assumed for basic calculation purposes (Correotions
to lethal effeot of cooling oan, however, be made for j # 1.42). The
faoct tnat the swcessful exec;ution of process calculations depends heavily
on the empirical expression chosen to represent the log portion of the
cooling curve, and that the assumption has many inherent weaknesses, both
theoretical and practical is admitted by Ball (1957). He states, however,
that no better useful approximation has been devised or even suggested.

No expressions for alr cooling; have been proposed apart from the ocomplex
basic heat oconduction equations, e.g. Thompson (1919). Ball's approx-
imation to the log portion of the cooling curve will be seriously in error

for air cooling in cases where the temperature at 'the can centre is not
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close to retort temperature at the beginning of the cooling period, as
the temperature continues to rise at the centre for some time. FMigure

79 in Bigelow et al (1920), and Pigures 43 and 44 in Magoon and Cul-
pepper (1921) are graphic examples of this. Temperature increases during
the cooling period of nearly 20°F are shown.

(111) Application of Heat Transfer Theory to Heating Curves
A number of attempts to use basic heat transfer theory in the

caloulation of heat penetration curves have been made. The complexity

of unsteady state heat transfer in finite solid and liquid packs with
time and temperature dependent physical properties has limited the applic-
ation of purely theoretical heat penetration curve calculations. The main
value of the theoretical approach has been to extend the application of
experimental data to different conditions such as alteration of can size,
and changes in processing times and temperatures (e.g. Schultz and Olsacn,
1938). The theoretical approach has also explained, in part, the types

of heat penetration curves obtained in practice (e.g. Olson and Jaokson,
19,2).

Evans (1958) has, however, solved numerically the fundamental
equations using thermal properties of water (considered immobile to simulate
a conduction heating pack) and has shown the effect of temperature variation
of thermal properties on the heating and cooling curve parameters. Hurwioz
and Tischer (1956) also report that the effect of temperature on the heat-
ing and cooling curve parameters is significant (L;rocessing of beef).

A number of workers (Olson and Schultz (1942); Ball and Olsamn (1957);
Charm (1961); Stumbo (1964), have considered mass average temperatures in
conduwtion heating products during heating and cooling, with particuler
reference to stack burn and corrosion of cans at the end of the cooling
phase. These are based on the theoretical distribution of temperature in
the cans as calculated from various forms of the heat conduction equation
(Thompson (1919) and Carslaw and Jaeger (1959) ).

Conduction heating paoks have proved somewhat more amenable: to
theoretical analysis than convection and mixed mechanism prodwts. Thompson

(1919) Aves fundamental equations describing heat penetration in uniform
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conduction heating finite cylinders, and uses these formulae to calculate
values of themmal diffusivity from various experimental heating ourves.

Por practical purposes simplifications are made in the equations by neglect-
ing terms which are important at the beginning of heating omly. It is showmn
that many produsts behave as pure water in which conveotion currents are
prevented. Frediction of cooling ourves was not as satisfaotory as predic-
tion of the heating curves. The logarithmic form of the heating ourve
(after the initial lag) is aleo demonstrated. The same basis as used by
Thampson has been used by later workers who have extended Thompson's work to
more general cases. Olson and Schultz (19&2) review some of the mare import-
ant contributions to canduction theary in finite solids. Work on other
diffusion prooesses (e.g. diffusion drying) has also had its impact on the
mathematical treatuwent of the condustion equations, as the form of the
fundsmental differential equations is identical for quite a number of other-
wise unrelated phenomenz. Tables for the numerical solution of the heating
equations are presanted by Olson and Sohultz. Ball and Olson (1957) also
discuss the relationship of the heating equations to the traditianal heat-
ing curve parameters f and J as used in the formulae methods of process
evaluation.

Gillespy (1953) has outlined a method of caloulation of centre
temperaturs in conduction heating cans, based on the fundamental heat
candusction equations of Carslaw and Jaeger (1947) and Duhamel's theorem.
Complex heating and cooling cyocles can be calculated.

Conduwotion based theory has also been applied to conveotion heating
produsts (e.g. Thampson (1919); Merrill (1948) ). Merrill loosely regards
the diffusivity as found from experimental ocurves for convection heating
products as an "eddy diffusivity". Merrill's work extends conduotiom
theory with infinite surface heat transfer coefficients (a good apprax=
imation for can heating) to the case of finite heat transfer ooefficients
at the surface as in glass container heating.

Basic heat transfer theory has had less application to camveotion
heating than it bas had to conduction heating. A number of workers have
observed convection currents in transparent cylindrical containers and

standard commeroial glass jars of various shapes. Tani (1939) describes
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temperature measurements and convection currents in an aqueous suspension
of aluminium powder in a cylindrical glass container. When the tempera-
ture difference between initial temperature and heating bath temperature
was small, several "cell currents" were observed near the bottom of the
vessel. With higher temperatures differences between heating and heated
mediums these small cell currents merged with the main current in the
vessel. An ascending current was seen in a thin layer near the wall and

a slower movement down the centre was observed. This slow current down-
wards in the centre of the oylinder has been desoribed aptly by Webb (1964)
as piston flow.

Pagerson and Esselen (1950) studied temperature distribution in
two sizes of glass jars. Results similar to Tani's were obtained, includ-
ing the 'cell ourrents' near the bottom. (These are not cammented on, but
ocan be observed in photographs of jars being heated.)

Jaokson and Olson (1939) did not observe conveotion currents
visually in a study of temperature distribution in No.2 (307 x 409) and
No.10 (603 x 700) cans in which suspensions of 1%, 3.25% and 5% bentonite
were used to represent typical convection heating, broken heating curve
heating, and conduction heating respectively. They deduced from the temp-
erature patterns in the convection heating cans that the rising hot.
liquid forms a thin-walled tube adjecoent to the can wall, which spreads
over the upper liquid surface, as it reaches the top of the can. Nearly
uniform temperatures on any horigontal plane indicated that the cylinder
of liquid moving downward was relatively quiesocent. They state that the
temperature rise in most of the can was due to the slow downward movement
of hot liquid from the top of the can. They considered that this simplified
picture would be complicated by some eddy currents and some canduction.

The curves presented by Jacksan and Olson are somewhat anomalous.
The temperature position plots across the can show a slight dip with
sharp point at the axis, (only one side of the can is shown in their
figures). This may be explained by an insufficient number of points
being taken aoross the can to define the line adequately, or it may be
a result of disturbanoe of the weak convection currents by the solid

thermooouple probes used.
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Application of the heat transfer theory in terms of the physioal
properties of the material and the convestion currents set up in the can
has been studied by Okada (1939) who considered the fundamental differential
equations of conveotive flow and related these to the dimensionless numbers
commonly used in describing other forms of convective heat transfer, viz:
Nusselt, Reynolds, Prandtl, Peclet and Grashof numbers. The forms of
correlation in terms of temperatures at fixed points within the can for
both natural and forced convection are given. It does not appear that
oorrelations of this type have been used to describe convection heating
in oans.

Blaisdell (1963) in an extensive study of convection in liquids
in unagitated food containers, observed laminar core flow, and relatively
fast eddies as well as non-stationary cold paints. Quasi-steady-state
film coefficients for vertical and horizontal flat plates were incorporated
into a Newtonian heating model, and values of f predicted with reason-
able agreement. The effects of external film and container wall condust~
anoes on the parameters f and J were studied. Also discussed are the
design and use of multi-point thermoocouple rods, calorimetry, flow
visualization, model systems, and dimensionless analysis techniques as
tools to assist interpretation of experimental heating curves for real
systems.

Schultz and Olson (1938) in a paper an the variation of heating
rate with can size for oonvection heating produocts assume that the heat
transfer rate at the surface is the limiting factor, and that the overall
heat transfer coefficient based on the complete surface area of the can
is temperature independent and independent of can size. A state of ideal
convection in which the temperature within the can is uniform at any instant
is oconsidered, although it is only an approximation in preotice in unagitated
cans., PMactors for comversion of' the slope of the heating curve 'f' to
different oan sizes are derived. They state that their method agrees well
with experimental data, although anly one example (for an unspecified
oonvection heating produot) is given. The derivation of this same factor
by Ball and Olsan (1957) uses a slightly different argument to arrive at

the same result.
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As en extension of Schultz and Olson's work (1938), Ball and Olson
(1957) propose & convection index based on the canversicn factors for the
slope of the heatinz curve to different can sizes as based on pure con=-
vection and on pure conduction. They emphasize that the index, which
would indicate the relative importancs of conveotion in a produst depends
on many undefined and unknown factors, and much experimental work will
be required if the index is to be of much preotical use.

Although Merrill (1948) only considered the mechanism of heat trans-
fer inside a glass jar as oonduction (even for conveotion heating produots)
he calculated inside and outside heat transfer coefficients. This approach
oould probably be applied to convection heating products in glass jars with
greater reliability than to cans, as the overall heat transfer coefficient
would not be as dependent on ihe properties of the product with the greater
contribution fram the glass wall.

Clifcorn, Peterson, Boyd and O'Neil (1950) were the first to study
the mechanism of heating rates in agitated containers extensively, although
there are a number of reports of temperature measurements in aglitated con-
tainers in experimental and industrial cookers (e.g., Bitting (1912), Bitting
and Bitting (1917), Bigelow et al (1920), Ford and Osbarne (1928) ), Clif-
corn et al studied the effect or different can positions for agitation by
reciprocation and rotation, and the effeot of ayitation rate and viscosity
on rates of heating. A mechanism of convection was proposed to explain the
results obtained, and this was then observed in transparent rotating con-
tainers with the ume of a synchronously rotating movie camera. Maxdimum
agitation (with the headspace passing through the can centre at tne top of
each revolution) was obtained when the centrifugal acceleration at the ocan
gentre was equal to gravitational acceleration. This meximum observed
agitation corresponded with the maximm heating rates (expressed as time
for the can contents to reacnh one degree (F) less than retort temperature)
and applied over a range of can sizes. Heat transfer rates were considered
vut results expressed in tais i'orm are not included. Their results as
presented do not indicate whether semilogarithmic heating curves were
obtained. The experimental results obtained by Clifcorn et al were canfiimed

and extended by Canley, Kaap and Schuhman (1951) using the same equipment.
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It should be pointed out that much of the work relating heat trans-
fer theory to actual heating curves is based on ideal systems, i.e., pure
oanduction and pure conveotion heating packs. Most food products do not
conform to these models exaotly, and accurate prediction of heating curves
from other processing caonditions is not always possible, beocause of the
large number of faotors that oan affeot the heat transfer in some way or
other. Among these factors are non-constant thermal properties of produots
with time and temperature, non-homogeneous systems, and non-isotropic oon=-
duction heating materials, as well as inhereat variations between individual

oans.

(o) Process Caloulation

Although there was some earlier recognition of the factors involved
(eeg., Prestcott and Underwood, 1898), Bigelow, Bohart, Richardson and
Ball (1920) were the first to define adequately the basis for "process
caloulation". They state that "...the temperature at the centre of the
can is only one of the faotars involved in sterilization. It is equally
neoessary to know the time required at different temperatures to destroy
resistant organisms under varying conditions. These two factors, when
co-ordinated, oan be expressed in terms of process time".

For purposes of the present study process calculation is confined
to the methods of applying heat penetration data to the baotériologioal
data, and expressing the total lethal effect of the heat in some meaning-
ful form, such as P, which is the length of an equivalent prooess at
250°F. It is assumed that the characteristics of the most likely spoilage
or pathogenic organisms in the particular food system are known, as well
as the initial spore numbers, and the degree of destruction or probability
of survival that can be tolerated. The basio assumptions of the various
methods, and the mathematical techniques of process calculation are
reviewed, and the type of data required and the information obtained is

discussed.

(1) Bases of Process Caloulation
Although initial spore numbers in thermal death time studies
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were known to have some effeot, the earliest methods of process caloulation
(Bigelow et al (1920), Ball (1923,1928) ) were based on the assumption that
a finite time of destrustion at any temperature existed. It must follow
from this assumptian that the point of greatest lag, or cold point, in the
container is to be considered as the oritical point. If the effect of the
heat at the point receiving the mildest heat treatment is sufficient to
achieve destruotion of all micro-organisms at that point, then every other
point has received greater amounts of lethal heat and must therefore be
sterile. The use of finite thermal death time data is basic to several
important variations in process calculatiocn technique.

When the concepts of logarithmic death rates ofmicro-organisms were
introduced into prooess calculations by redefinition of various terms used
in the finite thermal death time methods, the adequaoy of cansidering anly
the coldest point in a can was questioned (Stumbo. 1948a). The thermal
death time (TDT) was reinterpreted as a thermal reduction time, and rep=-
resented the time to reduce the viable spore population to some very small
fraction (say, 10'9, (Ball, 1949) ) of its original value. Because the
mathematical treatment of the redefined terms was identical to the ocritical
naint, finite TDT method, some workers (notably Ball and Olson, 1957)
ocontinued to consider the coldest point (or point of greatest lag) in the
container as the critical point to be cansidered in process evaluation
calculations, However, the introduotion of thermal reduction times into
prooess calculations procedures, and the consequent conoept of probability
or eurvival of spores at the critical point brought with it the possibility
of spores at other points in the can surviving greater amounts of lethal
heat. Henoe, various methods (Stumbo (1948a, 1949a), Hicks (1951), Gillespy
(1951) ) have been proposed for estimating the total probability of sur-
vival of micro-organisms in the can, whem points oti'er than the traditicnal
cold point are considered.

Ball (1949) has discussed the approsoh of Stumbo (1948a), who defines
a region of greatest probability of spore survival in such a way that this
region or layer may be other than the centre point, and bases his calculation

of spore survival in the whole can on this point. Stumbo's method is in-
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inadequate in that the integratian throughout the can is not carried out.
The total spore survival probabilities in all other nonoritical regicons
in the can may constitute a greater hazard of spallage than the layer
considered, when either the coldest or some other paint or regian is con-
sidered. Ball objeots to Stumbo's application of the term 'probability’
to regions of different volumes.

Much of the argurent can be resolved if the basis of the integration
throughout the ocan that would follow on from the two apparently contradictory
definitions of padnt of greatest spore survival probability is conzidered.
Ball's approach is based on spore numbers per unit volume, and the integration
must be with respect to volume, while Stumbo's method is based un spore
numbers in elements of material having unequal volumes and the integration

of surviving spore numbers must be with respeot to the number of elements.
i.e.,

®oy o Lvoav

Stumbo Z !
oll |

=
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number of surviving spores,

Q
n

conoentration of surviving organisms
(number per unit volume),

number of surviving spores per layer.

L

Both integrations, if carried out over the whole container should
glve identioal numbers of survivors.

The disoussion of Ball and Olson (1957) is much less cogent than
Ball's note on Stumbo's first paper. Some of the considerations intro-
duced into the argument seem not only unneocessary, but also of extremely
doubtful validity, e.g., "Differences in intrinsioc individual heat resistance

of mloro-organisms exist, and constitute a critical factor." This adherence
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to the conoept of "heat resistance” of,individual spore, and the certalnty

(not probability) that a certain amount of lethal heat will destroy it
seems to be the sourcve of their diffioculty.

One faotor that has received surprisingly little quantitative atten-
tion in food prooess calculation investigatian is the effect of the movement
of product by conveotion within the container. All proocess caloculation
prooedures are based on temperatures measured at points fixed with respect
to the container, while the food product and the spores that the process is
designed to eliminate, move around in the container. The temperature time
functions to which the spores are subjected may bear little resemblanoe to
the time temperature functions measured at the fixed points. Stumbo (1965)
considers product movement in convection heating, and "beocause temperatures
are reasonably uniform during heating and cooling" states that the "temperature
at the geometrical centre is thought to approximate closely the effeotive

mean for the container.” This is similar to a statement of Hicks (1951) who

says that "each espore is subjeoted to some sort of average of the temperature ‘
history of the different pcints in the can. In a purely liquid pask a good |
approximation to the actual chanoces of survival of a spore would probably
be given by substituting "1-‘, the average temperature in the can at a parte
icular time for T the temperature at a particular point" in the relevant
equations for integration of spore survival probability.

Other workers who have studied convection heating produots have
ignored the effect. For example, Fagerson and Esselen (1950) and Fagerson,
Esselen and Licoiardello (1951) oaloulated F values for liquid (1%) bentonite
suspensions, and a number of liquid and liquid-solid food systems. These P
values, while adequate for the liquid-so0lid systems if the assumption is
made that spores remaining statianary on the food pieces, have little rela-
tionship to the F values that the spores moving about with the fluid are
subjected to. Some of Stumbo's calculations (1948a,1949a) of F requirements
at various positions in cans of fluld are also suspect for the same reason.

An equivalent effect in ultra-high-temperature continucus pasteurizers
and sterilizers is the effect of residence time distribution. Prooess
evaluation caloulations have been made on continuous plant, e.g., Williams

et al (1957,1958), Kiratsous, Francis and Zahradmik (1962). VWang et al in
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a study of the use of flow systems for measurement of biological kinetics
(spore destruction) found that the lethal effeot in practice is less than
that calculated assuming plug flowe Where the lethal effeot of the heat=
ing and cooling periods is significant, a residence time-temperature
distribution funotion rather than a simple residence time distribution

for all elements of food will be required.

(11) Technigues of Process Caloulation
Because the newer concepts of bacterial death rates and

criteria of prooess caloulation have utiliged the older mathematical tech=
niques by redefinition of some of the original terms and use these older
techniques to evaluate the lethal effect of heat at various palnts through-
out the container, it is important to review the early methods of process
calculation.

Bigelow, Bohart, Richardson and Ball (1920) presented a method
involving a graphical integration of lethal rates at the centre palnt with
respeot to time using experimental temperature data and lethal rates
defined by the ejuation =

na . .
™T
The process was considered sufficient for sterilization if the integral was
greater than, or ejual to unity. In terms of thermal reduction times, this
represents whether or not the same reduction in spore numbers as in the TDT
tests is attained.

The 'General Method' of Bigelow et al (1920) may also be used to
find the P value of a prooess (equivalent time at 250°F with respeot to
destruotion of spores) if a straight log TDT wvs T curve passing through
the paint TDT = 1 min., T = 250°P, is assumed. This is equivalent to

defining the lethal rate, L, by the equation =

L = log”' (T-2%) /z

10-(T = 250) /= A ¢ D

or T = zm + 2 log L se oo .o o .o (2)
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Schultz and Clson (1940) introdwos the *Improved General Method'
vhich uses a speoially ruled leihal »rate paper, on which the temperature=-
time data are plotted directly. The ordinate scale (marked in units of
temperature) is defined by ejuation (2) above. The P value of the
Process which has been plotted is determined by planimetry.

Other metnods of integrating lethal rate with respect to time
without assuming utanderd forus of the heating and cooling curves have
been proposed. Patashnik (1953) used a simple arithmetical summation
of lethal rate values at equal time intervals, while Levine (1956) approx-
imates time~temperature by a number of short siralght lines, and sums the
lethal effeot of ench interval using tables of hlis 'Thermal Sterilizing
Funotion'. This fumotion has been caloulated on the basias of an Arrhenius
expreselon for the rate of destrustion of spores,

The 'General Method' with its weriastions, is still the most reliable
method cf saloulating the letiial effeot of iieat far any glven set of data
(Gross et al (1945), Morris (1967) ). Stumbo (1965) has commented that
many of the formula methods (introduced to reduce the tedium of graphical
integration, and to inorease the versatility of the General Method) are
complex and time consuming. Data for one set of conditions usually cannot
reliably be converted to apply to another set of conditions (Stumbo, 1965).

Ball's 'Formula Method', introduced in 1923 uses heating and cooling
curves of a standerd form. The reciprooal slopes, f, and fo" of the heat=
ing and cooling curves are assumed equal, and the cooling curve has a lag

‘t‘aator or J value equal to 1.41. The lag portion of the cooling ourve
is approxdmated to by a hyperbolic expression.

The integration is carried out using the expression =

F

ngC,

where L = 10(2%0 = Tg) /2

and C 18 a tabulated funotion of g, z and m + g.

'g' is the difference between retort temperature and maxdmm centre

temperature T, at the end of the heating period, and 1/ g 18 the slope of the
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log TDT va T plot. 'm + g' is the difference between retort and cooling
water temperatures,

Ball's technique was further improved in 1928 with the retabulating
of the Cig tables as f,,/U : g tables, vhere =-

fh = 82. 303 g/z

U c

'U' is the 'number of minutes required to destroy organism at retort
temperature', In terms of the later thermal reduction time cancept it
represents the time, at retort temperature, to accomplish some given
reduwotion in spore numbers. Further parameters are introduced to account
for broken heating curves, cooling curves of different slope to the hesat-
ing curve, and a crude correction rhere the coolin; curve lag factor j, is
significantly different from 1.41.

A nomogram method based on Ball's formula method.was introdwed
by Olson and Stevens (1939) for the rapid solution of a limited range of
orocessing problems. Broken heating curves or divided prooess problems
cannot be solved. |

Ball and Olson (1957) introduse a sreat number of new parameters
and a number of new tabulated functions. This new method is based on tue
methods of 1923 and 1928, and arose from the extension of these early methods
to caloculation of the destrustion of nutritive and other fasctors in thermal
processing. The use of tne new funotions of P or "per cent sterility” is
claimed to “increase tne scope and flexibility of the formula method."

Athough Ball and Olson (1957) claim that the processes thus cal-
culated have "been almost manotonously successful" since the method was
introduced in 1923, Fowers et al (1952) observed very highly significant
differences between Ball's 1928 method and the General Method of Bigelow
et al (1920) for some sizes of jar. The differences, while significant,
were not very large. Stumbo and Langley (1966) observed that processes
caloulated by Ball (1923,1928) seldam agreed with processes calculated by
the General Method. They found differences between the methods of up to
15% even with identical prooesses, and proceeded to show that Ball's tables

of f;/U : g were incorrect. The recalculated tables of Stumbo and Langley
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(1966) and Stumbo (1965) cover values of jg (the cooling curve lag faotor)
other than the value of 1.41 as assumed in all of Ball's tables.

Hiocks (1958) points out that the tables of the B, functions of
Ball and Olson (1957) (i.e., per cent sterility for heating phase of
process) contain a number of disorepencies. He presents a revised table
of the B, funotions in a slightly different form. The P, functions (for
cooling) which are considerably more complex in their derivation have
not been checked, and the use of the earlier f} /U : g functions is
reocommended as an altemative.

All the methods discussed above treat only a single point, and,
depending on whether thermal death time or thermal reduction time data is
used, indicate whether a process will achieve 'sterility' or reduce the
population of spores by a given ratio. They do not indicate the prob-
ability of spore survival at any point other than that oconsidered in the
analysis., While the probability of spore survival on the basis of the
whole ocan cannot be inferred from this data, F values obtained by the
use of the so-called 'phantom' TDT ourve (equation 1), which can be
interpreted in terms of probability of spore survival at the can centre,

have been of great value in comparison of various processes.

Ball, Olson and Boyd (1948), in an unpublished paper desoribed a
method of calculating the effect of heat on nutritional and other faotors
in processed foods, which involved an integration throughout the container.
The details of the method did not appear until much later (Ball and Olscn,
1957) when the oaloulation of the neocessary tables of parameters had been
completed. The method can also be applied to destruotion of spores.

Stumbo (1948a) introduced to prooess calculation the concepts of
logarithmic death rate of bacterial spores and thermal reduction times,
although Ball (1943) had indicated the applicability of decimal redustion
times to process caloculation. Stumbo redefines several terms of the
thermal death time calculation method, and using these redefined parameters
demonstrated the effect of distribution of spores at points distant fram
the centre point on the probability of spore survival in a container. An

integration for total numbers of surviving spores in the can is not attempted,
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and his basis for process evaluation is the reduction of spore survival
probability to at least a oertain value (10-9) in a1l of the regions con=-
sidered in the container.

In a further paper (1949s) Stumbo demonstrated by a graphical inte-
gration for numbers of spores surviving processes (conduction and convection)
that no one location can be considered typical of the whole container. The
conveotion integration, however, is suspect because the effect of spore
movement is not taken into account.

Gillespy (1951), considering conduwotion heating packs only, interprets
the F value for the whole can as being the time at 250°F that, applied
throughout the can, would result in the same 'degree of sterility' as cal=
culated by an integration of the effect of heat on all elements of volume
in the container, followed by an integration with respeot to volume to
obtain an estimate of the total mumber of spores in the container surviving
a process. The first integration at the centre (using his own approximations
for the coolingz curve) is followed by an integration which assumes a linear
inorease in P with inorease in volume as measured from the centre point
towards the outside of the can. Unfortﬁnately Gillespy does not appear
to have extended his treatment to convection heating products as he had
indicated in 1951.

When dealing with conduction heating products Hicks (1951) uses the
fundamental heat condwtion equations, exponential integral funotions, and
graphical integrations to evaluate spore survival probabilities for the
whole container. He introduces the very useful concept of an equivalent
volume, which, when multiplied by the residual number of spores per unit
volume at the centre point would give the total number of viable spores
to be expected in the container. The factors that affect the equivalent
volume are disoussed in the light of the uncertainties always assooiated
with the other quantities, especially initial number of spores. It is
seen that, if the equivalent volume is known, then centre point caloulatiaons
can be used very readily for prooess calculations.

For canduwotion heating produwts the equivalent volume is shown to
be of the order of 1 = 2% of the can volume, while it is of the order of

the can volume for convection heating products.
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Stumbo (1953) presented a method for conduction heating foods
which uses only tahles of parameters as presented by Ball (1928). 1t
uses better approximations that Stumbo's methods of 1948 and 1949, and is
relatively simple to operate. The integration throughout the can is based
on a linear (F, - Fo) vs v ourve similar to that used by Gillespy (1951).
The F, value is the F value of the process on an iso-Jj-surface enoclosing
a volume v. An equation developed by Olson and Jackson (1942) was used
to describe the iso-j-surfaces. This method is also desoribed in Stumbo's
useful (and very readable) treatment of the application of thermobacteri-
ology to food prooessing of 1965, which includes the extended tables of
parameters of Stumbo and Longley (1966).

Hicks (1952) has reviewed the similarities and implications of the
methods of Stumbo (1948a, 1949a), Gillespy (1951), and Hioks (1951).
Stumbo (1949b) in a review of food procesaing applications of thermo=
bacteriology has discussed the classical methods of caloculation and his
omn work (i.e. Stumbo 1948a,19L9s).

The methods using the whole can as a basis for caloulation require
information on initial numbers of spores and their rate of destruction
charaoteristics, and give information on the numbers of spores per oan that
are likely to remain viable after processing. These data oan then be related
to the probability of spoilage. It should be painted out that the values of
these parameters are not wsll defined. Much more data will be’ require;d from
baotericlogists and biometriocians in the canning industry on the initial
numbers of spores, and the value of the final tolerable spore level will
need careful consideration by canning industry executives (Hicks, 1952).

A factor that does not enter directly into process calculation, but
is very relevant to the application of process calculation to process
specification arises from the non-tniformity of individual cans of pro=-
duot, and the consequent variation in heating and cooling curves and F
values. Powers et al (1962) have used statistical methods in a study of
the means and variances of F values of a number of products. They
review the various statistical methods that have been used to estimate

minimal lethalities dus to variations in heating and ocooling rates.
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Levine (1956) has used the mean and variance of initial spore pop-
lations to estimate the certainty that a given spore survival level will
ot be exseeded if a uniform lethal value of process for all containars
s assumed.

. As the overall spore survival probability will depend on both the
istribution of initial spore numbers, and the distribution of F values,
t may sometimes be necessary to take both factors into 2ocount, e.g., in

;he evaluation of proccsses for very heat senaitive produsts.

(111) Non-mathematical Methods of Process Evaluation
All methods of process caloulation so far described (with

the exoeption of the direct method using inoculated packs) involve inte-
grations of the effect of lethal heat after the process, based on data
obtained during the process. A method that, in effeot, does the integratiom
(for a single point) during the process is described by Hersom in a paper
read to the International Food Industries Congress, June 1964. He used

a sealed glass tube with an indicator based on a time-temperature sensitive
reaction (inversion of suorose). Details of the construotion of calibration
ourves from which the equivalent process is determined are not dessribed.
The teahnique was used mainly for the rapid checking of a continuous
cooker-cooler.

Ball, in oral disoussion of this pger commented an the relative
slopes (with respect to temperature) of chemical reaction, enzyme inaogt-
ivetion and spore destrustion rate ourves, and suggested the possibility
of using overall colour change in a light coloured produot (essentially a
system of chemical reactions) as an indicator of the lethal effeot of
heat on the whole bulk of the canned material. This would in effecot be
carrying out both integrations (with respect to time and with respect
to volume) in the can during the process, and would if found feasible,
take aocount of all convection movement of produst within the can.

Hersam's method, which was not published until the present work
was umder way is similar to this study in some respects, particularly in
cholce of reaction system. It is limited however in that product movement
cannot be taken into account directly, and the lethal eif'fect of heat is

only integrated at a single paint.
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THE PRESENT WORK

All methods of process calculation to date require measurement
or calculation of temperatures in the container during processing, followed
by graphical or matiiematical intezrations of lethal rate. Although these
methods have been very useful in process evaluation and prooess comparison,
they nave introduced a certain arbitrariness into process calculation,
either in the integration at a single point (standard f'orms of the heat
penetration curve), or in the integration throughout the container (stand-
ard distribution of P throu hout the container based on model conduction
and convection systems), or in both.

In view of this somewhat empirical nature of process calculation
methods, and the trend to contimuous processing methods where temperature
measurements are difficult (or impossible), it has been considered worth-
while to investigate the possibility of using a chemical reaction in the
container as an analogue of spore destruction in the estimation of the
total lethal effect of heat.

The present work is therefore a study of the predictian of spore
destruction from chemical reaction data, covering both the basic theoretical
aspects, and the application of theory to two convection heating systems

in which the previously unstudied effect of produot movement is important.

ADDENDUM

In a very recent paper (which appeared after this seoction of the
thesis had been completed) Timbers and Hayakawa (1967) describe the use
of a digital computer in the calculation of mass average sterilizing
values for cans heating by conduction.

In the first section Timbers outlines the measurement of temperature
at nine points in the can, and the use of this data in the caloulation of
the overall spore survival ratios by the General Method, and the methods
of Ball and Olsan (1957) and Stumbo (1953). Satisfactory agreement
between the three methods is reported for narmal values of z and D,
although the agreement was poorer vwhen Stumbo's method was applied far

high values of D.

.
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It should be pointed out that the tables of Ball and Olsan (1957)
were not used. Instead, a computer sub-program was prepared to generate
the required functions, and the disorepancies pointed out by Hicks (1958)
and Stumbo and Langley (1965) will not affect the comparison of the

three methods.

In the seoond seotion of the paper, Hayakawa outlines a new
prooedure for the caloulation of mass average sterilizing values using
a digital computer. Solutions of the Fourier equation for both the
heating and cooling periods are used, and all numerically significant
terms are included (of existing procedures in which anly the first term
is used). An analytical farmula was derived from the Fourier equation
solutions which contained a double integration with respect to volume,
and a single integration with respect to time. In the computer program
these integrations ere replaced by a 12 point formula (Tyler, 1953) and

Simpson's rule respectively.

Again satisfactory agreement between the calculated and experi-

mental values of the mass average survival ratio was observed.

In this work the log D vs T curve has been assumed linear rather
than the log D vs ‘15 curve as derived from the Arrhenius equation.
Examination of the schematic computor program indicates that an Arrhenius
type of expression for spore destrustlon rate could be used to replace
the log D vs T funotion, if it was deslred to calculate overall chemical

changes (i.e. vitamin losses etc.).
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ENTOF THE CHEMICAT, ANALOGUE OF SFORE DESTRUCTICN

INTRODUCTI ON

Development of the Investigation

This projeot developed from an interest in methods of sterilization
of reoonstituted milk in cans, with a view todistribution and storage
without refrigeration, especially in Asian markets.

It was not knmown whether a sterile product that would be acceptable
to the consumer could be obtained. Henoe a study of methods of steriligation
in the oan would be aimed at an evaluation of the effects of processing
variables such as retort temperature, time of processing, type of agitatiom,

eto., on both the basteriologioal quality and on the quality of the
product.

Development of the Qhemical Analogue Goncept

In a study of the bases of process evaluation methods, the

adequaoy of applying temperature data measured at fixed points to spores
and elements of food moving about in the container was questioned, partic-
ularly in unagitated containers where it was found in early experimental
work that large temperature differences existed between the various
locations in the ocan.

A consideration of a general process (see Appendix I ) in which the
positions and temperatures of all elements of the material in the container
were known showed that the 'sterility' as calculated on a basis of tempera-
tures measured at fixed points was not in general identical to the aotual
sterility (i.e. the sterility caloulated for each moving element of food
and then integrated over all the elements.

The comparison by Gillespy (1948) of the log D va T and log D vs 1
curves (see p 11 ) for spore destruction rates (and hence the relat!.cm-T
ship of spore destrustion equations to the Arrhenius equation for rates
of ohemical reactions (see p 9 ) along with the absence of any experi-

mental study of the effeot of convection movement of product on the total
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calculated lethal eff'eot of heat, sugzested that measurement of the extent

of some suitable chemical reaction in a can could be profitable in a study
of convection heating produnts. As well as making possible a study of the
effects of produot movement vithin the container, a chemical reaction tech-
nique could also lead to a method for direct evaluation of the lethal
effect of a prooess from relatively slmple measurements of the exteat of

a chemical reaction. This would avoid the complex double integration of
dethal rate with respeot to time and with respect to volume., The same
chemical measurements could also prove useful in evaluating the effect of
procesaing on various chemical faoctors such as vitamin destrustion, colour
and flavour achanges, etc., which are of great importence in canning

operations.

Experimental Plan

The experimental work of this project was planned with both poss=-
ibilities in mind. The chemical reaction teshnique was to be used to
check the effeot of produoct movement by comparing aotual overall chemical
measurements and the caloulated extent of chemical reaction using trad-
itional prooess evaluation methcds. When an adejuate basis for caloulation
of chemical reaotion from fixed point temperature data had been established,
spore destruotion was to be calculated and the effect of the various kinetioc
and heat penetration parameters on the relation between chemical resotion
and spore destruotion was to be investigated for a number of agitated and

unagitated prooesses,

DEVXLOPMENT OF BASIC CHEMICAL ANALOGUE THEGRY

Nomencla

The symbols U and F have been used widely in prooess caloulation
methods to denote the 'lethality' of a prooess in terms of equivalent time
at some given temperature. To avold a further redefinition of these
funotions,which have always been associated with the z concept, it has

been considered advisable to use other symbols to represent the lethal
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effeot of heat, and define these in such a way that they apply to both
spore destruotion and chemical reaction.

An upper case theta (v ) is used to denote 'equivalent retort
time', while the lower case theta (9) is used as the variable time.
Equivelent retort time for spore destruction can be readily related to

U and F in terms of reduction of spore numbers.

Definition of Terms and Integrals

The equivalent retort time of a process,® , is defined as the
length of a prooess at_ retort temperature (with instantaneous heating
and cooling) that acoomplishes the same relative change in spore numbers
or chemical reaotant conocentration as the process under consideration.

For any firest order process -

), -~

o0&

vhere N is either the concentration of spores (number per unit volume)

or conoentration of reactant in the reactiomn

N—— products

This gives
log, H/Ho = =kp?
From the definition of @

a = =1 log, -l
kn 80 NO 000000000000 0000 (1)

where N1 and No are the final and initial values of N, and kR is the

reaction rate constant at retort temperature, Tﬂ.

For any process T =F (4 ) =

a (1o0g, %) = -kds ,
=]



and 9
-logcu_1 = Sk as .
No Dy
Therefore 2
]
® = k d2
* 0000000000000 2
k (2)
90

The Arrhenius equation glves :

e < (3)

N
= = Dylogo L
NO

Dl is the decimal redustion time at retort temperature of component R.

If a non=-first order reaction is used the definition of the

equivalent retort time (equation 3) is unchanged, but the equation

N
o= '”hhg-toi’—
0

no longer applies.

Consider the simple case where a chemical reactian oan be found

such that

By (chem) * Ea (beot)

(a) Integration of lethal rate with respeot to time at a single paint.



Consider an element of food, dve It ocan be seen from the
definition of © (equation 3) that %act ° ©chem fOF &ll values of
B, and all time-temperature funotions u =G (4 ) = -,17._3 a B2y

o]

S X

D
. o\ W
and 3 = --]1
No Ao

where A is the cancentration of reactant A in the resotion

A

products.

N refers to spore numbers anly, and subsoript v refers to an element &v,

(b) Integration with respect to volume.

- S I .
N v| ¥
(o] (o]
i
v D,/Dy
&
I I i .4
=¥ (Ao) dv
J
(o]
R X
1
Henoe -ﬁ-— = '1— it DA=DN
(=] o]
N A A N A
A
and 2§ i | i¢ D and ¥ Ay
K ) (A) a 7 Do % " A

are not funotions of volume.

The final values of A and N averaged over the whole container
are denoted here by 11 and 'ﬁ'1 respeotively. The average ocancentration
change of a chemical reactant can thus be used as a direot measure

of reduotion in spore numbers if the reaotion is suoh
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that the bacterial and chemiocal decimal reduction times are equal at

retort tamperature. If the decimal reduction times of the two systems
are not equal, then the Oohem t v and @baot
funoti ans become important. This dependance of the integration with

t$ v distribution

respeat to volume on equality of the deoimal reduoction times can also
be deduced from the work of Gillespy (1951) and Stumboc (1953). Both
these workers point out the dependance of F_ (the lethal value of a
prooess obtained by integrating with respect to volume) an the deoimal

reduwtion time or 'heat reasistance' at retort temperature.

) de estima £ chemical reaction (II

It is not very likely that chemlcal resotions can be found suoh
that the bacterial and chemical activation energ;i.qs are identiocal.
Activation energles for spore destruction reactions are generally in the
range 60-110 k oal/g-mole (correspanding to a range of z's (see page 6 )
of approximately 22 to 12), while chemical reasotion activation energles
range from about 10 to 45 k cal/g-mole, with most in the range 20-30
k ocal/g-mole. Hence the case when B, (chem) £ E, (baot) must be oon-
sidered.

(a) Integretion of lethal rate with respect to time at a mingle paint.

8,

1
Gch a Bohem(1-u)
en e dé , and

9

9
“baot ° B pact 'E)
.0 e ds

%

It can be seen that the © {0 function is not in general

chem baot
independent of the time-temperature function u = G (6) at the glven

point. Because Boh - and Bbao N m known for a given set of chemical and
bacterial systems, a knowledge of the time-temperature function u = G (4),

and its influenoce on the o, g function becomes of paramocunt

hem ' © baot

importanoce.
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It should be pointed out that processes may appear to be quite
different in form, although they are equivalent with respect to spore
destruction prediction from chemical reaction. A change of variable in

the integration -

leads to =

where 0o and ¥ n &re the times on the cooling and heating curves

respectively at which the temperature of the food is T. ( i ﬂh)T

is therefore the length of time that the food has a temperature greater
than T. Any processes that give identical (00 - gh)'r vs T funoctions

are therefore equivalent with respeot to the calculation of © from

baoct

® This becomes important in a discussion of ourves of best fit

chem,
(see Purther Development of the Chemical Analogue, P 19 ) where the
prooess of best fit may not appear to resemble closely the time-temperature

funotion from whioch it is derived.

A number of approaches have been used in an initial study of the

0] (0]
Stenm H bact function.

(1) The © vs EA function for a general prooeas.

An expression was sousht that would enable © to be calculated

directly from the activation enerzy E,, or from B = BA/RZER
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-B (1 -‘1—_‘_)
Expansion of e in the integral -
6
"B(1 -1u)
A= e a/¢

o,
o
leads to an infinite series in B,

o0
viz. 0 = z
n=o0

where the (!n are defined by -
% 3
C = (3:1) a4
n u
%

C,—>0 as n—>se, becauss # <ud1 for all real processes, and
hence 0([55-”(1 and the series in B” for o is oanvergent.

Values of B are such that many terms of the series are required
to evaluate 0 , and henoe the expression will be of little use in predict=

ing spore destruction from chemiocal reaction data,

(114) The o vs E, funotion for processes of known or
assuned form.

ie The o ﬂﬂﬁﬁmﬁm

It has been shown that @ as a fimction of E A is dependent on the
funotion u = G (4 ), A rumber of integrations were done for simple
processes with linear heating and cooling curves (ses Appendix II ), to
find the order of magnitude of the diffe.ences between the E AVS @ funotions
for a range of prooess shapes similar to that obtained in praotioe.

These ¢ vs E, functions (see Pigure 1) are eimilar in form, but
the differences are significant enough to prevent caloulation of o Baot
from one measurenment of 0 chea® Although the heat penetration curves
used here are somewhat artificial, the log © vs EA ourves probably



43

illustrate quite well the influenoe that the u =G (5 ) (or T=PF (6 ) )

funotions might be expected to exert in praotice.

2. Number of parameters for standard heat penetration curves.

If a real process can be oadpletely described by equations involving
n independent parameters, then the values of n-1 paremeters must be
measured or assumed to define the © vs EA function, and hence enable

the estimatian of A BEGt to be made from a single measurement of ©

ohem,
The processes used in the above calculations of © vs EA curves
oan all be defined in terms of four parameters. The three parameters
initial temperature, temperature of the holding perind, and ratio of
heating to holding period lengths, define the shape or form of the pro-
cess, and hence the 0 : EA function. The fourth parameter, the length
of the prooess is determined by a measurement of 0 chem’ and hence 6

bact
can be determined.

The standard heat penetration curve of Ball (1923, 1928) (simple
prooess, unbroken heating curve) cen also be defined in terms of four
parameters, vizs TR’ ‘1‘0 5 fh and g, with all other parameters being defined
in terms of these. T, and T,, the retort temperature and cooling water
temperatures respeotively, are known fram the prooess specification, and
g, the difference between ‘I!R and maximm product temperature, can be
determined with a maximum recarding thermometer. Using tables of fh/ © chem:8
(of fh/U t g tables of Ball), fy (the reciprocal slope of the semilogarithmic
heating curve) can be determined fram a single measurement of Gohem’ and
© bact (or U) can then be determined in the usual way from rh/oohm:g tables.
Alternatively tables of (9 bao 1:/ 0 ohm):g oould be used. The term U can be
regarded as the equivalent in Ball's system of the term o bact used here

to denote equivalent retort time.

If g is very small, another point on the linear portion of the
semlilog heating curve (sush as (0, log J (TR - To) ) or an experimentally
determined point (# , log T, - To) ) can be used, and the simultaneous

equations for g and fh are solved graphically, or by successive approximations.
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Even if the real proocess does not correspand exactly to the assumed

form, the estimation of © " from © alisa is probably better than
that based on the heating curve parameters alone, as deviations from
ideality especially in the cooling period will tend to be compensated
for in the estimation of fh‘ Camparison of processes of form similar

to that assumed will also be facilitated.

(111) e © )) funotiaon.

baot Y® (®ohem(1)’ ©chem(2
This is a speoial oase of (ii) above in which values of

are caloulated for three values of xA. vig: B and two values

A bact
of BA (cbem)* If a heat penetratian ourve is assumed whioh is desoribed

by n parsmeters of which anly n=2 can be deteruined by measurements
external to the oan, values of © chem for two reactions of difforent
aotivation energies are required for the determination of the form of
the O vs BA function and hence Qbact.

To demanstrate the spplioation of this method Obact’ © chem (1)

and @ ohem (2) were calculated for a mmber of four parameter proocesses
(again with linear heating curves). Contours of ( ©/06 g)paot We© Plotted
egainst (o /0 R)ohan (1) and (@/@R)ohm (2)* (Mg, 2a), from which

© bact for any linear process (with initial temperature and rate of heat-

ing unknown) may be found from two measurements of © It is assumed

chem’
that the retort-temperature (TR) and the overall length of the process

(GR) (see Flg. 2b) are known.

Simller curves could be construoted for other cases in which n-2
parameters can be measured outside the can. If Ball's curve for a simple
prooess is assumed Obaot ve (@ohem (1)? © ohen (2) ) ourves or tables
may be prepared, and any prooess with both fh and g unknown may then be
determined very simply.

An advantage of the direct © . vs (% hem (1)* ©chen (2) )

ocurve method is the ease with which errors in © bast ocan be estimated

(] (]
chem (1) el ® ohem (2)* Error
analyses in the formula methods are difficult as there are many variables

from the known unocertainties in

with non-independent errors to be taken into account. The General and
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Improved General Methods in which lethal rates are plotted znd integrated

graphically enable errors to be estimated somewhat more readily than the
Farmula Methods.

(b) Integration of © with respeot to volume.

(1) General unimowmn %bact ! Vv and o t v distributions.

chem
The overall equivalent retart time, ® , is the time at retort

temperature that would give the same chemical reaotant concentration

redustion or spore number reduotion as that obtained by averaging over

all elements of food =

G 5 (1)
1.3. mchem = -Dohm 10310 -A: ®@eevoeo00sc00000000 10-
.4
T — 1 00 0000000000000 00
Bl “bact =  “Dbaot 1%0 ix'; (5)

The average conoentration reduwtion of reactant A 4in the container ;-
o

has been defined by =

av, adBles N oot . (6]

o™l
"
<=
o:c»I::»

o

where V is the volume of the container.

Similarly for spores -

v
H_1 - l h d.v [ EE NN NNNNNNNNNNNN] (7)
N v N
fo) o
(o]
= ﬂchem/bnhan A
Subatd tution of 10 for ﬁ in equation (4)
[o]
= P phett Dohatn I,
10 for - in equation (6) gives -
[¢]

v

10 = Echm/D chem o - Oohan/ Dohem

1

dv

<=



vhich gives - v

-0
10 ohen/Dohem B

Ochem = Dohea 1og10 %
[

Similar substitutions in equations (5) and (7) lead to ~-

v
-0
3 . = baet! Ponat
bact = “Phaot 1°310%- 10 QY| seeesocses
o
where oohem and © bact 8re both funotions of volume v.

line

The © ) op Obact function is only dependent of the ©chen ! Vv &M
Gbmt t v functions if these funotions are such that =

0 o}
..ﬁ_.c.’l‘ﬂ - P&t . ¢ forall v,
chem bact

where C is a constant. If this condition cbtains -

As in case I where EA (chem) = EA (bast)? it is seen that the

values of Dohem and Dbact at retort temperature are involved in the
condition that the mohem ] @bact function is independent of the
Oohem t v and Opaot 'V distributions.

This integratian is discussed further under Further Development
of the Chemiocal Analogue p 201 , where a three parameter proocess of
best fit is used for spore destruction estimation for each element of

food.

(8)

(9)
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(11) EKnown © tv and O t v distributions - development

bact hem

of convection models.
Two cases of known O : v distribution are considered for comnvection

heating produots on the basis of simplified conveotion models. These

models give a basis for caloulation of spore destruotion fram fixed point

temperature data, and also meske possible an examination of the validity

of the prediction of @ Bad from @o

t hem

;1 [ Stationary can.

The model is based on the piston flow concept (see Fig. 3a) in
which any small eddies near the bottom of the can are neglecied. The
liquid is considered to consist of a number . of .elements which move slowly
domn the can at canstant temperature (i.e. piston flow). The heating of
each element as it moves up the.cant¢wall in'a.very thin layer is cansidered
to take place instantaneously., It is seen that the temperature histary
of each element of fluld is a series of steps (Fig. 3b).

In the example caloulated the fixed point temperatures (see Fig. 3b)
are assumed to approach retort temperature (27L°F) logerithmically.
Beoause the cooling ocurves will be similar in general patterm to the
heating ourves, the cooling phase has not been considered here.

The specifio chemical reasotion rate curve is based on suwrose
hydrolysis (1:A = 25,9 koal/g-mole) and the specific spore destruction rate
curves are based on a 2z value of 1l+°F at 2h0°F, which gives RA = 89.1
koal/g-mole. Beoause the value of =z ochosen represents a sté;per,than
averege log D vs T curve, the effect of EA on the calculation of ©
from fixed point data will be emphasized. .

The equivalent retort times based on the fixed and mov_ing pdint
data are shown in Tables 1 and 2 respectively. These values of O are
obtained by graphiocal integration of the specific rate ocurves (Flgures
30 and 34d). | |
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Table 1 ¢t Equivalent retart times; fixed point temperature data,

Fixed point nmumber 1 2 3 L 5 6 7
®ohen (mD:) 34811 34565 3,311 3,049 2.789 2,524 2,262
Gbmt (mn, ) 24288 1,973 14653 1.363 1.089 0.843 0.632

Teble 2 ¢+ Equivalent retort timesj moving element temperature data,

Moving element nmber 1 2 3 L 5 6
© hem (miDe) 3,025 3.05§ 3.069 3,055 3.040 2.988
‘._. ‘\\
Opaot (Wm) 10355 1,497 1,468 1,435 1.397 1,269

Putting Dohu = %mt = 1,0 ﬁ.n.givgg-

n = Y\
][ @ Py
®ohem * ~Pohem 1810 (.1. log (-MU-D ]) = 3,038
n T= shen

The ovarall equivalent retort times o o and o bact - arev:ex:y nearly
equal to the equivalont retort times for the can centre ,(,?df‘tf," in hble 1)e
Henoe it is proposed to use the centre paint tmpera‘;lu;e'”dat; intha ‘
caloulation o, . (of Stumbo 194%3,1953)s If comparison of © . and 6, .
(centre point) indioates that the approximations used in the above analysis
are not valid for actual statianary processes, then same point other than

the geometrical centre paint of the ocantainer oan be defined as an equivalent
point such that the temperature-time flmction at that point can be cansidered

to apply to the whole ocan.
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This analysis also oonfirms the validity of the use of the

-

: 5] 2]
nohm : bact function. b and be g oTe approximately the

same for all elements, and therefore =

..(?Lh.s!l. - _(_).h.ﬂe.t
Dohen © Dyaot

will be the same for all elements, and 8 oan, therefore, be validly

ohem

used as a measure of gbao ¥ for eny time-temperature funotion involving

a piston flow type of oonvestion. It is likely that the use of © chen

measursments for Bb estimation will be valid for any prooess where

aot
oirculation of the oan ocontents takes place. The validity of this
assumption oould be cheoked by a comparison of ejuivalent points for two

ochemioal reactions of different aotivation energies.

(2) Agitated oan.

The oonveotion model proposed is one of complete mixing. It is
assumed that the agitation of the produst is suoh that all elements of
fluid are at the same temperature at any instant. The equivalent retort

times are, therefore, the same for all elements of fluid, and henoce =

—chem —_— —naot
chem bact

=
=)

is oonstant, end &, oen, therefore, be used as a valid measure of

) baot for all time-temperature funotions. The equivalent retort time

caloulated using fixed point temperature data is 1dentical to the

equivalent retort time for any element, and henoe for the whole ocan.
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CHEMICAL ANALOGUE RXPREIMENTS

INTRODUCTION

Alm of eg

The experimental work was planned with two major aims 3

(a) to study convection heating for two types of process, using the
chemlcal reaction technique to evaluate the effect of product
movement within the container; and

(b) to study the relationship between the extent of a chemical reeo-
tion (expressed as © ohem) and the total calculated spore survival
fraction ( expressed as Obaot) for the two types of convection

heating.

Resume of the Work

A suitable first order chemical reaction (acid hydrolysis, or
inversion, of swrose) vas selected and the rate of reaction as a funotion
of temperature was determined. Thermoocouple wire wns calibrated over the
range of prooessin, temperaturos, and temperature measuring and recording
systems were, in turn, set up for the stationary and rotating can experi-
ments. Cans of sucrose were processed and the desree of inversion deter-
mined. The extent of sucrose inversion was calculated from the temperature
data and compared with tiie measured de;ree of inversion. The temperature
data were tnen used to oalculate the spore destruction ejuivalent retort

time, and correlations of © shem ve (0] bact "°F° obtained.

EXPERIMENTAL WORK

Chemic tem elopmen
(a) The ideal system.
In particular cases it may be possible to use a reaction taldng

place in the food nroduct itself «~ for example, the development of brovne
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ing in dairy produsts. As this would entalil the determination of the
kinetic charsoteristics of the reaction for each product, and as variations
between batches are likely to be important, this approach is not likely to
be of general application. The ideal reaction system would then be one
which could be added to any food product without disturbing the product
physically and without the reaction itself being disturbed chemically by
the food produwt. It may be possible to find reactions in solution which
are sultable. Alternatively reactions taking place in the solid phase
(e.g. colour changes or struoture degradations), which can be added in

finely divided or cclloidal form may prove to be satisfaoctory.

(b) Selection of the chemical system.

In this study the chemical system itself forms the produst. The
system was chosen to be similar in physical properties to milk, industrial
interest in which stimulated this investigation.

The system chosen, acid hydrolysis of sucrose has a number of

advantages, both kinetic and analytical.

(1) Kinetio characteristios of suorose hydrolysis.

The rate of inversion of suorose :
- +
012322011 - H20 + H —0m» 2 06H1206 + H
(glucose + fruotose)

can be expressed =

dfs] = -x. (s) (&
as

where (_S] is the conoentration of suorose. This gives, for any

glven hydrogen ion conoentration, [H+]

dfs] = -x [s]

ds

because the hydrogen ion concentration remains constant.
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The reaction is, therefore, first crder with respeot to
suwrose, with a rate constant k' that can be adjusted by acid

concentration or pH to any desired value. .

(11) Analytical characteristics of suorose hydrolysis.

1. Analysis :

The polarimetric analysis of the reaction is extremely simple.
The method relies an the widely different speoific rotations of the
reactant sucrose and the products glucose and fructose. A table of
concentration of unhydrolysed swrose against angle of rotation
(in 200 mm polarimeter tube at 25°C) has been prepared for a solution
initially 0.750M in suorose using data from the 1li terature.
(See Appendix IIT).

2, Effeot of temperature :
The specific rotation of the frustose in the invert sugar has

a high temperature ococeffisient. It is, therefore, essential to
water Jacket the polarimeter tube for analyses of all solutions in

which the invert sugar concentration is appreciable.

3. Mutarotatiom

In the preliminary work on suworose inversion, unsteady polarimeter
readings of the freshly cooled partially inverted sucrose solutions
were observed. This phenomenon was caused by mutarotation as thne
equilibrium between the « and B forms of glucose and fructose was
being established. The reaction, sucrose —e invert sugar, is more

completely described by the scheme

sucrose +l:l20
— e =glucose ——~3-g1uoose

( = e =D=glucopyranosidyl- H

+ B-fruotose ————> a -fructose
g=D-fructofuranoside)

stage 1 stage 2
(hydrolysis) (matarotation)
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Te activatian energy of the hydrolysis reaction (stage 1) is
about 25 kocal/mol : the activation energy of the mutarotatiom reaction
(stage 2) is about 15 kcal/mol (Moelwyn~Hushes 1961). The relative
rate of the second stage is, therefore, much lower than the hydrolysis
stage at high temperatures, and the equilibrium of the ¢ and p- farms

of the monosaccharides is not immediately established.

On cooling, the inversion reaction is essentially stopped, but
the mutarotation reaction proceeds. Experiments based on a rmn at 90°C,
with samples analysed immediately after cooling and at later intervals
showed that the equilibrium was established after three hours. No
significant chanze in rotation of any sample was found between three
and twenty-four hours at 25°C. Approximately 4% hours would be
required if a holdin; temperature of 20°C is used. Processes using
temperatures substantially higsher than 90°C with fast cooling may
require slightly lonzer holding times. This can be quite easily checked

in any particular situation.

(111) Stability of the system.

Unbuffered sucrose (0.001 N HC1) was found to give suitable
reaction velocities and a oconstant activation energy over the range
70 to 270°F. Serious disagreement between the measured 0 chem’ and

the o calculated on fixed point data was observed for stationary

chen
commercially lacquered cans. Measurements of pH before and after
prooessin: showed that even in lacjuered cans a significant interaction
between the can and chemical system occurred. The change in pH was

even greater in unlacjguered cans.

An acetic acid-sodium acetate buffer (0.250 M acetic aoid,
0.0143 M NaC(H, giving pH 3.5) calculated on the basis of the maximm
loss of acid (calculated from pH changes) and the minimum tolerable
change in the rate of reaction (see Appendix IV ). Variation in the
composition of stock buffer, arising from experimental errors in the
standardization of tne buffer components and mixing; of the buffer, was

found to be significant. Standard :rate determination at a reference
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temperature (212.00F) rrere therefore rejuired, and all rates at other
temperatures are exprossecd in terns of this standard rate. To deter-
mine the effect of can type on thz extent of Hydrolysis of this
buffered sucrose solution, a run of nine cans = three lacquered,
three unlaoquered and three coated with a special high temperature
insulating varnish (viz, “Formvar" *) - was processed. Tvo samples
were taken [rom cach can. The angles of rotation from solutions
processed in commercially lacguered cans gave the lowest variance,
and the differences between the lacquered and "Pormvar" coated cans
and between the lacquered and unlaoquered cans were significant
(Student’'s t ) at the two and five per cent levels respectively.
Tnese differences were equivalent to errors of 1,4% and 0.8% respeot-
ively in the pR value. 'pRk' is the negative logarithm of the frac-
tional concentraticn reduotion, i.e. pR = -log1o([8{}/1§éb. The
estimated standard deviation of the mean polarimeter readings for
each can (two samples per can, five readings per sample) was 0.03°,
which in this case represented an error in pR of 0.2%. Commercially
laoquered cans have therefore been used for all runs using buffered

sucrose solution.

Measurement teohnique.

Suorose solution can be measured satisfactorily in any polarimeter

that is capable of reading to approximately 0.01°. A Bellingham and

Stanley I[imited polarimeter (No. 532016) was used in this work.

The measurement technique used in this study is outlined

below.

1. Samples of sucrose solution (approximately 10 ml for a

200 mm tube) in stoppered 20 ml test tubes are placed in the water

bath at 25°C.

2. Samples for analysis are withdrawn from the bath after at

least three hours, and poured into the vertically clamped Jaoketed

polarimeter tube with the aid of a glass rod (see Figure L).

* "Formvar" made available by J. Middlehurst, CSIKO, Sydney.
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3. Te top end glass is put in place and any exvess solution
wiped off before placing the tube in the polarimeter.

L. Five readings are taken for each sample (preferably in a
partly darkened roam).

5 The tube is removed from the polarimeter and olamped.
Removal of the end glasses (lower glass first) allows the solution
to drain into a beaker,

6. The interior of the tube is cleaned with a "pull-through"
and the end glassdes wiped dry.

Z- The bottom end glass is replaced in readiness for ihe next

sample.

With practioce this routine can be reduced to about 23 minutes

per sample wrtnout loss of acouracy.

(a) Bate of hydrolysis determination.

(1) Low temperatures.

At temperatures less than 90°C (19LOF) a flask method was used,
Samples of approximately 10 ml were withdrawn at intervals using a
Pipette with a slizhtly widened tip. The samples were cooled in test
tubes in the 25°C water bath. The time taken to transfer the sample
to the oooling bath was insignifiocant in terms of the total heating
time. The rate of hydrolysis, H (= BPR/Bﬁ) was detarmined from a

Plot of pR vs 4 .,

(11) High temperatures.
At temperatures greater than 90°C, the 10 ml samples were

heated in stoppered 20 ml test tubes in brass holders (see Figures 5a, 5b).

1. For hydrolysis rate determinatians at 212°F a hypsometer was con-
structed (see Figures 6a, 6b). Two pairs of tubes were heated for not
less than ten minutes, and two pairs for about two hours, before cooling

in oold water. The rate was determined from the differences in pR and ¢ ;

»

H = apR/As
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The temperature was calculated from the barametrioc reading;

?(°F) = 212,00 + 0.0675 (B = 760)

wvhere B is the barametric height in mm. Hg.

The hypsometer gave the most precise rate determinations. The
maximum and minimum rates calculated from any set of data (four points at

each time) seldom differed by more than 13%.

2. Rate determinations at temperatures greater than 21 2°F 'were edie in
a reciroulating glyoerol bath (see Figure 7) of sufficient deoth to
allow complete immersion of the reference thermameter (50-150 x =ik °C).
Tubes were heated in pairs for varying periods and the rate detlz?mined
from the 1linear portion of the pR wvs 7 graph. In general these
curves were linear for times greater than four minutes, and this was
used as a minimum time for 8ll high temperature runs. Temperature control
was by manual adjustment of the variable transformer in the lheater line,
and varlattons during a run were usually less than + 6.200. The temp-
erature of the bath before a mm was set 0.7°C. higher than the desired
run temperature to allow for heating of the tubes. All tubes were cooled
by plunging into the 25°C bath.

The lower precision of this method was mainly due to variations
in heating rates of the tubes., These variations tended to become quite

noticeable with the very short high temperature runs.

(e) Calculation of the specific rate vs temperature tables.

(i) Unbuffered sucrose : 0.00101 N HC1, 0.750 M suorose.
un
Although Asuitable for use in ocans, the more easily prepared
unbuffered suorose solution should be quite satisfaotory in glass con-

tainers. The kinetic data are summarized in Table 3.



Table t$ Decimal reduction times : unbuffered suorose

Temperature (°F) 77 194 212 230 2.8 266

Deocimal Reduotion 2.97 14 56.7 23.7 12.0 Lo 54
Time (min.) 105

All the data (with the exception of the point at 248°F) are
fitted by a straight line (log D vs ! ) well within experimental error.
T

The aotivation energy is, therefore, taken as constant over the range
70-270°F.
The equation -

D = a5k logjy (9925.3/T - 13.6767)

which gives E, = 25,230 oal/mole, was used for interpolation.

The data can be extended to other camoentrations of acid if required

if the speoifio rate H/H, is used. The equation then becomes @

5 o= 1og1‘g, (13.4635 = 9925.3/T)
(o]

This can be compared with United States Department of Commerce,
National Bureau of Standards data (19,2) which give E, = 25.58 kcal/mole
end E = logjy (13.6533 - 10066.7/T)

Hy

This data was obtained with 0.01 N HC1.

(11) Buffered sucrose solutioms pH 3.5

The data from which the speocific rate vs temperature ocurve was
plotted are shown in Table 4, with the weights given to each point in

the caloculations also being shown.







Table 4 : Specific hydrolysis rates : buffered sucrose

Temperature (°F)  140.0  176.0 248.,0 2745 274.8 275.0 284.0

0.04725 0.0°645 0.0198 12.89 13.33 13.60 17.8

B
g 0.04758 12,48 12.93
13.08 13.42
3 L 2 1 2 2 1
1 1

Beoause the log H vs 1 plot was not linear, a parabola of best
B, T
fit passing through the paint (B/H, = 1, T = 212°F = 671.7°R) was used

for interpolation of the data. The equation of this curve is

logyg B = 2.275 (10° -10)  -3.922 (107 - 10°) 2
H, . T T, T
The table of % vs T appears in Appendix V.

[o}

Temperature Measurement

(a) Instruments.

All temperatures in the retort and in the cans were measured with
copper=constantan thermocouples, and recorded as emf on a single pen
recording potentiometer.

The potenticmeter used (see Figure 8) was a Varian, model G-1l4
with a five inch chart and ranges of O-1 mV, 0-10 mV, 0-100 mV and 0=-1V,
Chart speeds of 6 in./hour and 2 in./min., were used. A Cambridge work-
shop potentiometer (type 44228, with built in potential souroe) was used
to cheok the Varian calibration. Thermoelectric measurements were made
on the 0-10 mV range during heating and cooling cyoles, the maxdmum emf

being appraximately 6 mV at 270°P. For maximum sensitivity to small
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changes of temperature at or near the retort temperature an opposing emf
(up to 5 mV, from the potential source on the Cambridge potentiometer)
was inserted in the tihermocouple line to the Yarian, and the resultant

signal recorded on the 0-1 mV range.

(b) Calibration of thermocouple wire.

The glycerol bath used for the high temperatire suorose hydrolysis
rate measurements was used for calibration of the thermocouple wire (see
Pigure 9)s ¥at crushed ice was used as the reference point for all
temperature measurements. The thermocouple wire was taped to the stem of
the reference tnermometer (50-150:_{1300) with the Junction close to the
bulb, and emf's recorded using the Varian (O-1 mV range) and the back emf
from the Cambridge potentiometer. The reference thermometer was checked

at the steam point (100°C) in a hypsometer before eaoh calibration.

Readings of emf were taken from the chart to the nearest 0.002 mV
(1/5 of smallest chart division). Differences between the recorded
temperature and temperature at the sams em{ using standard tables (British
Standard 1828:1961) were plotted against emf, and the smoothed differences
used to calculate the temperature vs emf tables. These tables are not

presented here as they are not of general application.

(e) Thermocouple circuits.

The single pen potentiometer was used with special switching circuits
to record the emf's from several thermocouples in a single can or the
temperatures of several cans during each run. Using the high chart speed
(2 in./min.) and switching intervals of 23-4 seconds, up to eisht tempera-
tures could be recorded at least twice per minute (stationary can runs).
#ith four can thermocouples and one retort thermocouple (agltated can runs)
recording frequencies of up to three per minute for can thermocouples and

six per minute for the retort thermocouple could be obtained.

(1) can thermocouple junctions.

Rigld thermocouple probes were not used at any stage of this work.

Instead, a tension method of thermocouple mounting was used. in which the
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copper and constantan vires from the carefully twlsted and soldered
Junotion are sealed through diametrically opposite honles in the can walls.
Two methods of sealing have been used. The first (see Figure 10a),
used only on early static can runs,employed 1/16 in. I.D. copper pipe=-olive
compression fittings, cut in two, with a gland of 1/8 in. insertion rubber
making the seal. These proved quite satisfastory, but were rather tedious
to prepare. The second method used an epoxy resin adhesive*® to seal the
thermocouple wires through the can wall (see Figures 10b, 10c). Holes,
which are loocated by a wrap-around strip of paper, are pierced through
the can wall with a sharp paint. The thermooouple wires are threaded
through the holes and held in position with adhesive tape on the outside
of the can. The epoxy resin adhesive is applied in two stages as shown
in Pigures 100(i) and 10c(i1). Ten to fifteen minutes in a hot air oven
at about 100°C are sufficient to set the resin, and enable the second
application to be made. The resin is completely hardened after three hours
at 100°C although most cans were heated overnight. Fracture of the wires
at the seal could be avoided by twisting each pair of wires together (see
Pigures 10c(i) and 10c(ii). 1

(11) Stationary can circuits (Figure 11a)

Insertion rubber (3"), in 1/8 in. olive compression fittings with
1/8 in. male gas threads sorewed into a reinforocing plate on the top of
the retort, was used to make a pressure-{izht seal around the thermocoouple
leads where these passed throught the retort shell. The leads passed
from the retort to the ice flask where all reference junctions were electric-
ally isolated in separate kerosene filled glass tubes. An electrically-
driven cam-operated set of microswitches (see Pigure 11b) operated P. and T.
type 3000 relays (double pole on-off) which conneoted each thermocouple in
turn to the recording potentiometer. When required the back emf was
applied and the recording potentiometer used on the O-1 mV range. Because
the 'zero' on the Varian recorder shifted slightly with change of range,

it was necessary to short the input terminals of the recorder once per cycle.

* "Araldite” Ciba ILimited.
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This also served as an identification index for the recorded emfs. The
recording potentiometer was used with a floating input - i.e. the negative
terminal was not eartheds This redused interference by stray earth

ocurrents.

(144) Bdtating oan citoulte (M gure 13a).

The thermocounle wires from the revolving aens were sealed through
a rubber s{;opper in the end of a lmmgth of rubber tuhing, This tubing
passed through the centre of the drive shaft to the ocutside of the retort
(see Pigures 12a and 130). A 16 in, dlameter, % in. thlek steel plate was
mounted on the end of the Axive shaft, and mounted on this were the ice
flask for the reference Junctioms, and a 3-pele 25 position P. and T.
uniselector. The uniselector relay had been rewound for operation from
a 12 volt source which was supplied by two No.6, 6 volt lantern batteries
mounted opposite the ice flask, A system of gears 6losed a simple contaeot
in the uniselector relay cirouit chae every four oxr six revolutions of
the plate (see ngm‘ 13b). The tharmocouple leeds from the ice flask
were oonnected to the uniselector in various ways, d¢pending on the mmber
of thermocouples in use, With four cans plus the fefort thermocouple
the connestions were sush that the retort thermooouple emf was recorded
egi&j‘ttimea per sweep of the uniselector contaats, and the emfs from each
of the four can thermoocouples Eﬁ?u!; times per sweep. The 25th position
was used to short the input terwinals of the Varian for the zero reading
and thermooouple identifiocation index (see Figure 23b, p 104).

The three lines from the uniselestor were wound around a flexible
coupling (plastic covered ocurtain wire) 40 arotating mercury contact which
was totally enclosed in a wooden ocase. The stationary terminals of the
rotatin,; contaot device were connected to the Varian and Cambridge potentio=-
meters as in the static can set-up.

The third wire through the rotatin,, contect was necessary to enable
the recording potenticmeter terminals to be shorted by the rotating
swlitch~gear on both the 0-10 mV and O-1 mV ranges.
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(a) Sources of error in temperature measurement.

(1) Conduotion errors in thermocouples.

Errors in temperature measurement arising from conduotion of heat
along the thermocouple wire or probe from the outside of the can to the
junction have been shown to be significant in some ceses (e.g. Ford and
Osborne, 1927), A cheok on this source of error was made by setting up
the heat conduction equations (see Figure 14) with boundary canditions
appraximately those obtained in stationary oans, i.e. the temperature of
the retort is assumed to rise instantaneously to prooessing temperature
(ise. a "square" process). The wire is assumed to hawe no discontimid ties
(L.e. copper or constantan right aoross the aas) and the ends of the wire
are assumed to be at retort temperature for rll time af'ter zero. The
temperature of the fluid surrounding the wire is assumed to approach
retart temperature logarithmioally, and heat tranafex between the wire and
liquid is based on the physical properties of water and the rate of liquid
movement past the. wire as deduced from static can temperature measurements,

e.g. see Figure 27, p 1114

The solution of the partial differential hemt conduction equation
(see Appendix VI A) by a method of eigen-function transforms (due to

J. Gamlen) is the slowly converging series

ugx,6) = 4 5 [L,___omt - aacg?
e L] Z N N*T* 4 4a*** - 4arcg™

n=1
44
(O n) \ (n1“1+ u‘\-)
-cb - pr\aa? &
Ae -e
Ll
.5In 20 (2¢+ Q)
where i T' = wire temperature
T, = liquid temperature
U = TL - T‘ .
& % - T '1‘0 = initial temperature

retort temperature

=)
1]
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U, = overall heat transfer
LU coeffioient based on wire
& = 0 diameter, d
kd
k = thermal conduotivity of
wire material
P = density of wire material
2 po
and 5 _ka op = specific heat of wire
material
1/t,= slope of the logarithmio
o = 2'_15‘02 heating curve
h

2a 18 the diameter of the can, x is the distance along the wire

measured from the midpoint, and 6 is time.

If the transient term :

-c¥4
which is much less than e for large values of 9 is neglected,
U (x,6 ) can be expressed as a fraotion of the unaccomplished temperature

difference which is independent of time.

o0
. Ua (%,8) 4 | N -4d c g nTr
Mo, - 1 o ool Rt re 8 E - SLLLLR
1.e. 1= Uy T & n T+ aar IO‘CP" s\n m(’(ﬂ!ﬂ)
odd n

where UL= 1-e-°a = TI‘-T°

This series has heen summed to approximately 80 terms for a number
of values of x for 24 gauge copper wire with and without the nylon
insulation, and for constantan wire with nylon insulation. BEven at n = 201

the terms of the series are still large (0.1 of the greatest term) and a
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weighted mean of the sum to n, n, and n} terms has been used to calculate
the sum to infinity. The sums to n;, n, and n3 terms are successlive maximum

minimum and maximum values respectively of the summation when the sum to n :

terms is plotted against n (see Appendix VIB).

The error, as a function of unaccomplished temperature difference
is shown in Pigure 15. Heat conduotion is seen to be significant near the
oan wall, and the lag at the centre .of the can is due to the finite heat
tranafer rate from the 1liquid to the wire. The solution of the equations
for heating of the wire in the can closely approaches the solution for the
lag in heating of an infinitely long wire, which is also shown in Figure
15.

In all experiments in which temperatures are measured near the oan
wall, the copper wire passes across the can to the opposite wall, and the

constantan wire passes through the wall closer to the junotion.

The maximum error in unacoompli shed temperature difference is there-
fore less than 0,006 or 0.6% An error of 0.6% of the unaccomplished
temperature difference represents a time lead of 0.3 seconds, while at the
centre the temperature of the wire is approximately O.1 second behind the

temperature of the liquid. Hence conduotion is not a significant sourve

of error.

(14) Electrolytio errors.

Considerable trouble was experienced with spurious emf's in the
rotating can experiments, in spite of continuous insulation through all
wet regions with the exception of the junction in the can, and two soldered
Junotions in the retort which were well taped to prevent direct contact
with the can or retort wall. Even when all temperatures had become steady,
apparent differenoces of several degrees between the steam and can solution
temperatures were often observed. Noise, which appeared to be related to
the rotation of the retort was superimposed on these offset recordings of
emf. Attempts to electrically insulate the junctions in the oans and

experiments with the recording potentiometer alternately earthed and unearthed
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indicated that leakage between leads or leakage to ground was occurring
at several places other than the can centre. A "Megger" insulation tester
indicated temperature dependent resistances between the wires and ground,
down to about 6000 ahms. Electrolytic emf's between the leads or between
the leads and ground could, therefore, be set up (Middlehurst, Elbourne
and Board, 1964) with the ocurrents in the leads arising fram these

electrolytic emf's introduoing errors in the measured thermoeleotric emf's.

Complete rewiring of the copper-constantan part of the circuit in
24 gauge wire of the same calibration reduced the effect of the stray
currents as the resistanoé of the 24 gauge is 1/16(‘%1; of the 36 gauge
wire. Rewiring did not, however, eliminate the source of the spuricus
enf's,

After anly two runs the nolse level and offset were beoaming
intolerable. It was them noticed that water was being foroed along the
wires inside the outer covering (see Pigure 16) during pressure cooling.
Resealing of the wires at the wet end (see Figure 12) almost completely
eliminated the trouble. On the few occocasions when offs:et did occur it

was amell enough to allow correctians (in the ocalo\iYation of equivalent

retort times) to be made,

Proocessing experiments
(a) Equipment

(1) Steam supply

Steam was supplied by a LHP fire tube boiler in the adjacent
engineering workahop and laboratory. The pressure cant;jaller was set
50=60 psig so that the pressure drop in the line did not limit the

come-up rate (to a maximum of 30 psig).

(11) Experimental retort
The unsgltated ocans were processed in the frant half of the retort,

and the agitated cans in the revolving orate in the baok section. Figures
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17 and 18 show the instrumentation, and the steam, air and water

oonnections.

1. Instrumentation

The main retort pressure gzauge (a'Budemburg®, 4 in. diam.
0-60 psi x 2 psi) was checked on a deadweight yauge tester. The temp-
erature gauge ("British Teltherm" L4 in. dism., 0-300°F x 5°F) was a
meroury=in-steel type with the bulb in the back of the retort behind
the revolving orate. Other emaller gauges were provided on the steam
line and air regulator.

2. Steam supply

Steam from the main stfeam line was supplied to the retort either
through a regulator or through the by-pass line to the spreader in the
bottom of the retort. The three vents on the retort were a petcook
(always open to bleed non-oandensible gases) and two larger vents, cne

fram the safety valve line, and the other from the retort.

3. Compressed air supply
Canpressed air for pressure cooling of cans was introduced at
the side of the retort through a regulator and valve in the supply line

from the compressor.

L. Water supply
Cold water could be introduwed into the retort for cooling either
at the bottom of the retort through the drain outlet, or through a spray

header in the top of the retort.

5. Revolving orate drive

The revolving orate was driven by e 1 HP electrioc motor with a
variable speed drive unit (Charples and Hunting Pty. Ltd., Melb. Aust.)
with an output range of 73-440 rpm. This was situated underneath the
retort, and the drive to the orate shaft was by V belt. Several pulleys

were provided for an even wider range of orate speeds.
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(b) Preparation of the retort for prooessing experiments.

(1) Instruments

Befare each run the crushed ice in the reference junction flask
was topped up. Excess water was removed from the mounted flask in the
rotating experiments with a syphon.

The input terminals of the recorder were shorted, and the pen
ad justed to read zero on the O-1 mV range. The back emf of the Cambridge
potentiometer was also checked against the intermal standard cell. The
speed of the revolving orate was adjusted until the correct number of
points per minute on the Varian ohart was obtained.

The potentiometer ahart and the thermooouple switching equipment
were arranged so that the chart would record from the zero point at the
beginning of the run.

(11) WViring and filling of cans.

The thermocouple lines in the retort from the recording potentiometer
were cannected to the can thermocouple leads and the joints soldered. All
Jadnts in the retort were taped to prevent cantact with the can or the
retort wall, and all oilmuits tested for cantinuity.

Cans were filled with the suorose solution without disconneoting
the thermooouples (see Figure 19). Filler nipples made from the olive
compression fittings used for early thermocouple sealing were used (see
Figure 20a). If a vaouum was required (mainly to prevent blowing of can
ends during cooling in the 30 psi runs) this could be applied as shown in
Figure 20b, and the seal tightened while still under vacuum. This method
of sealing was quite satiafactory if the 3/16 in. steel balls were used
no more than 2 or three times with the corrosive asidic sucrose solutims.
The balls had been well seated in the brass fittings before these fittings
were soldered onto the can.

Head space in the cans was controlled by filling with a constant
volume of solution (454 ml for a 301 x 4LO9 oan).

The statianary oans were arranged on the tray in the front of the
retort, usually with at least one can diameter between adjacent cans. The

oans for the rotating experiments were fixed into the crate as shown in
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cap
,35- steel ball

halved olve
compression fiting
can wall

Fig. 20a  Filler nipple

air by-pass

section AA

ThicR walled rubber
tube lo vocuum

pump

ﬁ;"lu copper Tube

L steel ball
cap
halved olive

compression Filting

can wall

Fig.20b Filler nipple for vacuum sealing.
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figure 12a, taking particular care to ensure that the ocans on their
sides (i.e. with their axes tangential to the direotion of movement) were
seourely fastened. Loose thermocouple wire was wound around each can

before it was fixed in the orate.

(144) Arrangement of retort thermocouples.

Before cloxing the retort, the retort temperature thermocouples
were arranged in their proper positions, i.e. near the centre of the
retart above the statianary cans, or near the ocans in the revolving
crate. Three junotions were used in parallel in the rotating can experi=
ments, and widely fluctuating emf's at the beginning of the air cooling
phase were avoided by ensuring that these retort thermocouples were ocut
of the line of the incaming cold air which is admitted at the side of
tiie retort Just in front of the revolving ocrate. The end of the rubber
tube covering the thermooouple wires (rotating can runs) was securely

tied to one of the can supports.

(iv) Closing
The retort door was closed and a cheok made to ensure that the

bypass, drain and vent valves were open, and all others closed.

(o) Process oyole.

In this investigation only two processing factors, viz: the pressure
and the length of the process were varied. Other prooessing factors
were kept as nearly constant as possible.

Measurements of retort temperature and pressure after various
lengths of venting showed that two minutes was sufficient tdme to purge
the air from the retort. This was therefore used as the venting time
for all static and agitated ocan rums,

At the end of the venting period, the drain valve and then the two
vent valves were olosed. Retort pressures of 15 psig (approadmately 25001")
and 30 psig (appracimately 272°F) were reached O.4 = 0.5 min., and 0.8 =~

1.0 min. after closing the vents.
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(1) Holaing period.

As soon as the required retort pressure was reached, the by-pass
valve was closed, and the pressure controlled manually either by the by-pass
valve or the main steam valve. A stopratch was started as soon as the
desired retort temperature was reached, and the corresponding point marked
on the recorder chart as soon as the control settled down. Temperature
variations were usually less than about ;O.ZOF, although larger variations

sometimes ococurred just after retort temperature was reached.

(11) Cooling period.

As the main steam valve was closed at the end of the holding pericd,
the air valve was opened and the retort pressure held at 15 psig or 30 psig
for three minutes. After three minutes the cooling water was applied.

The spray was used for the static cans, and the bottom inlet (through the
drain) for the agitated can runs. The air valve was closed as soon as
the pressure in the retort system began to rise after the initial drop,
and the pressure held steady at about 20 psig until the retort was
approximately % full of water., This water was immediately drained and

the retort filled a secand time. The seoond fill was drained as somn as
all oan temperatures were less than about 150°!‘. This gave a can tempera-

ture of about 100-120°F when the retort was opened.

(111) Sampling.

The suorose solution was drained into 500 ml measuring cylinders
without disoonnecting the thermooouples. The volume was checked because
ococasional leakage of can fittings did cocur. Two 10 ml samples fram
each cylind& were tranaferred to 20 ml test tubes, stoppered and placed

in the 25°C Jfor holding before analysis,

(d) Prooessing experiments.
(1) Sucrose hydrolysis rate determination
Variations in the preparation of the stock buffer solution and

preparation of the sucrose solution from the atock buffer made it necessary
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to determine the rate of hydrolysis at some reference temperature for
each batch of solution. Two methods, at 212°F and at retort temperature

have been used.

(1) Hydrolysis rate determinaticn at 212°F.
This method was used for the statio can runs and for some of
the rotating can runs.
B;, the rate of hydrolysis at the temperature of steam T is
determined in the hypsometer using the method outlined under rate of
hydrolysis determination, section (ii), paragraph 1, The rate of

hydrolysis at 212.0°P (Ho) is determined from H; and the H ys T gurve =-

B,

' H
i.e. H = H°+(—)'

(2 ) Rate of hydrolysis determination at retort temperature.

A disadvantage of the determination of the referenoce sucrose hydrolysis
rate at 212°F is that the rate of hydrolysis at retort temperature (used
in caloulation of equivalent retort times), is sensitive to small chenges
in the slope of the log B vs 1 ourve. A method of determination of

T
suorose hydrolysis rate at or near retort temperature was therefare sought.

Use of the glyoerol bath is unsatisfactory as the number of samples
to be processed for a reasonably precise determination of hydrolysis rate
is too large. Pour of the brass test tube holders were, therefore,
modified to include a thermocouple with each tube (see Pigure 5a) and
these four tubes were proocessed in the retort four minutes at retort
temperature, with two minutes pressure cooling. The tube holders were
fixed to the oan supports in the revolving orate and the crate revolved
at a speed (72-108 rpm) that would ensure thorough mixing of the
solution.

Heat penetration into the tubes was muoh faster than cans.
Differenoes in temperature and measured suorose hydrolyzis between tubes
were very small. The method of caloulation of the hydrolysis rate at

retort temperature (HR) is discussed under caloculation methods.
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Note : Details of thermocouplie seals
and filling nipples are not shown.

Fig.2la Thermocouple positions for static can
temperature distribution runs (ie runs2,3and4).
|

Fig.Zlb Thermocouple positions for stafic can
sucrose hydrolysis runs (ie runs [0-I13 and 15-17),

(All dimensions in figures 2la and 2lb are for the inside of the can.)
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(11) static can numas.
l. Temperature distribution rums.
A single water=filled 301 x 409 can with seven thermocouples
(see Fig. 21a, was used to study the temperature distribution during the
heating and ocooling phases. A longer air cooling paase than usual was
used (5 min. instead of 3 min.). This alloved & clearer picture of the

temperature distribution in this phase to be obtained.
2+ Sucrose hydrolysis runs.

Buffered sucrose solution was processed in static cans as

shown in Table 5.

Table 5 : Statlo can prooesses - suorose hydrolysis runs,

Am No,. 10 11 12 13 15 16 17
Pressure 30 30 30 % 15 15 15
(paig)
Time (m.) 1.0 300 5.0 7-0 105 300 7-0

Five 301 x 409 cans were prooessed in each run, two with three thermo-
ocouples (Figure 21b), one vd th-one thermocauple at the centre, and two

cans without thermocouples.

3+ Sucrose mllk and water comperisoun.

Four runs (2 min. and 5 min. at 15 psig and 30 psig) with
oans of milk (tom supply), susrose solution and water were carried out.
Each oan had two thermocouples aon the oan axis, 3 in. and 3} in. from

the bottam,

(111) Rotating can rums.
Speeds of rotation of 72, 80, 96 and 108 rpm were used in the agitated

oan runs, The various time-temperature combinstions are shown in tables 6a and 6b.
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Table 6a : Summary of rotating can runs

Process 2 min. 5 min. 2 min, 5 min.
30 psig 30 psig 15 psig 15 paig
?f;‘; Run number
T2 28 50*, 55 57 58
80 Ll 51 59 61*,69
96 45 52 62*,70 63*, 1
108 53 54 6L 65

* Irregularities in the suorose hydrolysis measurements of run 50, leading
to disagreement of the measured and calculated equivalent retort times
were obsexrved. Two determinations of suorose hydrolysis rate at retort
temperature for the solution used in runs 61, 62 and 63 were unsatisfact-
ory. The suorose hydrolysis measurements have therefore been discarded
for these runs, The time~temperature data are quite satisfactory, how
ever, for oaloulation of the chemical and baoterial equivalent retort
times.

Table 6b : Miecellaneous rotating can runs

Rum Speed time pressure
number (rpm) (min) (psig)

Long slow

38 80 2 30 come-up due
to failure
of boliler

L0 80 2 30 pressure con-
trol unit.

L6 126 2 30 ) Only one run

at this speed.
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tangentiolly
rotated can

radially
rotated can
revolving basket

Fig.22a Tangenfially and radially rofafed cans.

direction of rotation
Oxioug

rotated can

raxially
rotated cans revolving

boschke!

Fig.2Zb Axially and paraxially rotated cans.
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Initial s with rotating cans indicated that no significant
differences in temperature, at different positions within the can, ocourred
for cans rotated radially or tangentially (Figure 22a). Temperature
differences were apparent in axially and paraxially rotated cans (Plgure 22b).
Temperatures at points not on the can axis (axially and paraxially rotated
cans) showed fluotuations of the same frequenoy as the cage rotation.

The results of Clifcorn et al (1950) indicate that optimum heat
transfer to cans rotated radially is in the rangs of* mpeeds that give
centrifugal acoceleration at the can cenire approximately equal to the
acceleratiaon due to gravity. Their results also show that the maximum
heating rate of axially rotated cans occurs at much higher rotatianal
speeds than the maximum heating rate of radially rotated cans. This
investigation was therefore confined to redial amd tangential rotation
of cans, with rotational speeds iAving centrifugal acoelerations at the
can centres in the range 0.65 to 1.5 times that due to gravity. The
accelerations shown in table 7 are based on the radial cans, the centres

of which were 4.5 inches from the axis of rotatiom.

Table 7 ¢ Centrifugal aocceleration at can centres
rotatiopal,
speed (rpm) 7 80 96 108
agceleration s
. (£t/300%) 21.3 26.3 37.9 48,0
c
1 n
relative ' .
acceleration & 0.66 0.82 1.18 1.49

The rotational speeds were chosen, within the required rasge, to
give an integral number of reedings of emf per minute. This made for
easy adjustment of the variable speed drive, using the synahranously
driven chart as the timing base. Four cage revolutions per reading were

used on the two slowest speeds, and six revolutions per reading on the
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two highest speeds, giving 18, 20, 16 and 18 readings of emf per minute

for the speeds of 72, 80, 96 and 108 rpm respectively.

CAICUTATION METHODS

Graphical integration (with respeot to time) of chemical reaction
rate data and bacterial destruction rate data has been used to calculate

equivalent retort times for the chemical and bacterial systems respectively.

Calculation data

(a) Chemical reaction rate data.

The determination of sucrose hydrolysis rates at various tempera-
tures and the calculation of the specific rate of hydrolysis vs tempera-
ture table has been described in (d) and (e) of the section on Chemical

System Development.

(b) Bacterial destruotion rate data.

For purposes of calculation of bacterial equivalent retort times,
spore destruction rate tables have been calculated for a number of organiems,
using data from the literature. Two of these organisms, (Bacillus stearo-
thermophilus (Strain TH24, in milk) and Bacillus subtilis (Strain 786, in
milk) from the data of Franklin et al (1958) and (1958) respectively), have
been used extensively in calculation of equivalent retort times.

B. stearothermophilus is one of the most heat resistant organisms ooccurring
in prooessed foods, while B. subtilis is an organism camaonly respansible
for spoilage of sterilized milk.

From the point of view of proocess caloulation B.stearothermophilus
can be considered a typiocal organism. A value of 2z of 17.001’ has been
caloulated fram the data of Franklin et al (1958s). This is very olose to
the value of z of 18.0°F often assumed in traditional prooess calculations.
B. subtilis, however, has the very low value of 2z of 12.0°P (Pranklin
et al (1958) ). Organisms which give lower z's, i.e. steeper log D vs T or
log D vs 1, curves are likely to be rare, and hence this strain of B, subtilis
can be oc:'fsidered an extreme type. Aotivation energles for the destruotian
of both organisms have been calculated, and used for interpolation and

extrapolation of the data.
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(1) Lethal rate vs temperature : B, stearotherm

Franklin et al (1958d give Qo = 11.5 in the range 110 to 125%C,
Usaing the interval 112,5 = 122.5°C gives an activation energy for the
destruction of B, stearothermophilus of 74«1 koal/mol. The spore destruotian
rate at 115°C is 0.0833 decimal reductions per minute. Henoe the rate of

destruction of B, stearothermophilus TH24 spores in milk is given by =

(Qlogi ) .

\ ¥ /o

ol

2
= 0.0833 erp[#% (3&2'5 - ’—l,l-?)]
= logy [22.1@22 . &0.620]
deoimal reduotions per minute, where DT is the decimal reduwctiaon time

at T OR. Rates of destruction for Se stearothermophilyg (and for B. subtilis)
are shown in Appendix VII.

(14) Lethal rate vs temperature .: B, subtilis

Franklin et al (1958) give for B, subtilig (Strain 786 in milk)
a value of Q, equal to 31.7 in the range 112.5 - 120°C (from which
E, = 102.0 koal/mol), and rate of destruotion at 112.5°C equal to
0.188 deoimal reductions per minute.

Henoce for B, subtilis spores the rate of destruotion is given

by =
[6103‘10“] = 1
Y
= 2 1 - 1,8
= 0188 exp | 19208 (385.7 'i")]
-1 :
= logp [0 - 57,005
deoimal reductions per minute.
Tabulaticn

Potentiometer recordings are shovn in figures 23a and 23b for

typical static and agitated can runs respectively. The thermocouples
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are identified and the time from the beginning of the process is shown
aon the right hand side of each chart. In the rotating oan rnms readings
of emf are numbered consecutively from the beginning of each run. These
point numbers are shown in figure 23b and changes of potentiameter range
and other relevant prooess data are marked on each chart.

Time was marked on the statio ocan chart at intervals of 0.05 or
0.10 minutes, and the time and emf entered in the table ageinst the
thermocouple number (see figure 24a, columns 1 to 3). The emf for each
pceint on the reoorder chart, for the agitated cans, was taken at the end
of each interval and entered in the table against the thermocouple number
and point number (figure 24b, columns 1 to 3). The emf was read directly
from the chart, using a pair of dividers in the 0-10 mV range to take
account of the offset at the zero mark (see figures 23a and 23b).

The temperature corresponding to each emf in columm 3 is entered
in column 4, and the speocific sucrose hydrolysis rate and the rate of

destruotion of B, stearothermophilus spores and B. subtilis spores, in
columns 5, 6 and 7 respectively (figures 2La and 24b).

Plotting and integration
The hydrolysis rates and spore destruction rates were plotted

against time (statlo oan runs) or against point mmber (agitated oan
runs). Typical curves are shown in figures 25a (statio can) and 25b
(agitated can). Te integrations were done with an Allbrit planimeter
set to read 15.0 in2 per revolution of the measuring wheel, and the areas
reoorded direotly in revolutions. A third integration was done if the
difference between the first two readings was greater than 0,004 rev
(1se. 0.06 inz).

Hydrolysis and spore destruction rate curves for a hypothetical
sample of material whose temperature followed that of the retort exactly
were also plotted on the same graphs. The area under this curve
(ABCDEA in figure 25b) and also the area under the curve while the
retort is at the required pressure (BCPGB in figure 25b) were also

measured. The prooess time at retort temperature ( 5@ in figure 25b)

i8 measured from the Varian chart.
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(a) Equivalent retort time from temperature data.
The eguivalent retort times are calculated from the area

PQESTF and tLe area BCFGB (see figure 25b).

Area BCFGB is equivalent to ) min. at retort temperature.
Therefore 1

© = Aarea EQRSTP , 4

GF
area BCFGB

If "offset"” (page 88 ) was observed after all can temperatures had
become steady, a correction was made to the equivalent retort time by

multiplylng the equivalent retort time by =

—

omlr::
ki

i

e

o
-

(% is the specific hydrolysis rate at retort temperature and(%)
I

is gxe speocific hydrolysis rate at the indicated can temperature.

Corrections were not often greater than about 2% for suorose
hydrolysis equivalent retort times (indicated temperature error of O.AOF)
and the error on the corrected equivalent retort time is probably less
than 0. 5%

Similar corrections were applied to the spore destruction
equivalent retort times.

A typical calculation of ejquivalent retort time for suorose

hydrolysis is shown in figure 26,

(b) Equivalent retort time from sucrose hydrolysis data.
The mean retort temperature TR is calculated from the

mean height of the retart rate curve between B and C in figure 25b.
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The rate of hydrolysis (Ho) at the reference temperature is knmom
(see (d), (1) of the section on Processing Experiments) and hence the

hydrolysis rate at retort temperature can be determined,

i.e. Hy = H, .(%O)R

The equivalent retort time from the sucrose hydrolysis measurement

is then given by =

PRy - PR,
BB

where pRo and pR1 are the values of pR before and after processing.

(6) Caloulation of H, from measurement of sucrose hydrolysis
in agitated tubes.

Significant suorose hydrolysis takes plece during the heat-
ing and cooling periods in the determinations of sucrose hydrolysis rate
in agltated tubes at retort temperature. The specifio sucrose hydrolysis
rate is plotted against time (or point number) and the equivalent retort
time (» ) caloulated as outlined in section (i) above. The rate of

hydrolysis at retort temperature is then given by :

B o By

The specific hydrolysis rate (% ) at the mean retort temperature
o'R

is determined from the mean height of the retort temperature specifio
hydrolysis rate curve, and the hydrolysis rate at 212.0°F (Ho) is then

calculated by =

This estimate of H, is the. used for the caloulation of equivalent
retort times fram suwrose hydrolysis measurements as outlined in

section (1i) above.
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RESULTS AND DISCUSST

Static Qans
(a) Temperature distribution rums.

The results of the three runs with seven thermocouples in a single
water=filled can are shown in figures 27a, 27b and 27c. Temperatures are
plotted as log (‘ER -T)vséd, T vs 6, and log (T - Tg) vs 4, for the

heating, air-=cooling, and water=cooling periods respectively.

(1) Convection pattern.

It is seen that the temperature-time curves for paints near
the can wall (broken lines) and for points an the can axis (solid lines)
are fairly evenly spaced, particularly in the heating part of the process.
" This implies that isothermal surfaces in a central core in the oan are
horizontal, and that a 'piston' of liquid is moving slowly down the
centre region of tne can. In the present case the piston is at least
2 in. diameter (of can diameter, 3.0 in.).

The downward velocity of the fluid core can be estimated from the
temperatures if it is assumed that cunduction is not significant within
the pistan. In the later stages of heating and in both periods of
heating the fluid velocity is of the order of 2 in per min., These
velocities tend to decrease as the temperature differenoes, between the
inside and outside of the can, become small,

The general temperature distribution agrees well with that of
Jackson ani Olson (1939). The lower temperatures that these workers
observed at the axis were not observed in this study. It therefore appears
that disturbance of the wesk convection currents may have been significant
in their work.

The deviations from the simple piston flow temperature distribution
in the air cooling period are probably due to minor eddy currents. These
have been observed by a number of other workers including Tani (1939),
Pagerson and Esselen (1950) and Blaisdell (1963) especially in the initial
phases of heating. The momentum of the liquid could also be important

as the direction of the flow reverses.
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(11) Heat transfer calsulations.
A simplified temperature distribution besed on the piston flow
model has been assumed (see figure 28) and the total heat, Q, of the

can caloulated,
QR = ?'; (m, ) T)

where n, and 'l‘n are the mass and temperature respectively, of element n
as shown in figure 28, and c p is the specific heat of the fluid.
An overall heat transfer coefficient, h, has been calculated

from -

where An is the surface area of element n andﬂ‘n is the difference
between the retort temperature and the temperature of element n.
Newton's interpolation formula has been differentiated to give

an equation for the calculation of the rate of heat transfer qs

o () - S e
The first and seocond forward differences AQ b and Aon are based on the
values of Q at 00, o and A,. The time interval is A4 and %_'%-
is calculated at ¢ 4

Pigures 29a, 29b and 29¢ show the variation of the overall heat
transfer coefficient with time.

The inorease in heat transfer coefficient in the first two
minutes of heating (figure 29a) is due to the decreasing proportion of
air in the retort and the consequent increase in outside heat transfer
coefficient for heat transfer from the steam-air mixture to the wall.
The fluid velooity appears to be relatively constant (about 4 in. per
min.) during this venting period. The decrease in fluid velocity as

retort temperature is approached probably explains the decrease in the

heat transfer coefficient during the later stages of heating.
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Fig. 30 Temperature vs time curves for static
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The increasing proportion of air in the first stage of the cooling
would tend to glve a decrease in heat transfer coefficient. This has been
observed in all runs (see figure 29b).

Figure 290 ghows a mecdmin in the heat transfer coefficient vs time
curve. This is almost certainly because approximately one mimute is
required to cover the can campletely with water., The decrease in velocity,
and the inorease in viscosity with decrease of temperature will both
decrease the heat transfer coefficient as the mean can temperature approaches
the temperature of the cooling water,

Heat transfer coefficients as calculated above have the drawbaok
that a temperature distribution within the can must be asaumed‘before
rates of heating can be caloulateds Heat transfer coefficient based on
the centre point temperature or on the average temperature may be more

useful, e.g. in the caloulation of equivalent iime differences (see p 182 ).

(b) Sworose hydrolysis runs

Temperature-time curves sre shown for one can {rom each of
the four runs at 30 palg and one for each of the three runs at 15 psig,
in figures 30a and 30b respectively.

Hydrolysis rate and spore destructlion rate curves have also been
plotted for these runs, Two typical sets of rate vs time curves are
shown in figure 31 to illustrate the effect of the greater aotivation
energles of tne bacterial systems. The temperature-time curves from
which these rate curves are derived are also shown.

Tables 8a and 8b glve the equivalent retort times calculated from
the fixed point temperature data for the seven runs. The equivalent
retort times calculated from suorose hydrolysis measurements are also

shown in tables 8a and 8b, (pp 120, 121).

(1) Equivalent point determinatian.
The validity of the applicatian of the simple convection model
to static can calculatians can be assessed by comparing the suorose

hydrolysis equivalent retort time, as estimated by measurement of susrose
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hydrolysis, with that estimated from fixed point temperature data.

The equivalent retort times at the three points in the can are
shown in figures 322 and 32b. Data from *he four cans of sucrose solution
in the sucrose, milk, and water comparison runs (see Table 10) are inoluded
in figures 32a and 32b.

If it is assumed that the fixed point equivalent retort time vs
height of thermocouple above the bottom of the can curve is smooth
(see figure 3c), an equivalent point can be found by interpolation. The
ejulvalent point ies such that the residual sucrose concentration at this
point is equal to the averags sucrose concentration in the can after
processing. The equivelent points are shown in figures 32a and 32b.

It is seen that the equivalent point tends to move towards the
top of the can as process time is increased in the 30 psig runs. No
explanation could be found for this in terms of deviations from the con-
veoction pattern, s incomplete circulation in the can would cause the
equivalent point te fall below the centre. This can be deduced from
the equivalent retort time analysis of the viston flow convection model.
The ejuivalent retort time for the whole can based on the extreme case
of no circulation is 2.679 minutes, and the ejuivalent point is there-
fore approximately O.3 of the can height cbove the bottom of the can.

A partial explanation of the rising equivalent point in the
30 psig runs was found when the agitated can experiments were proceeding.
Consistent differences between calculated and measured equivalent retort
times indicated that the specific sucrose hydrolysis rate vs temperature
table used in the static can run caloulations was in error. The error
arose because too few data were taken to establish the rate of hydrolyais
at high temperatures adequately. The equivalent retort times calcoulated
from temperature data will not be affected greatly by the error, as they
are ratips of two arcas, both of which are calculated from the table.
Because the error is small, the equivalent retort times have not been
recalculated. The measured equivalent retort time is affecied by the

error, because =

3

where Hy = HO(H)
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Table 8a : Equivalent Retort Times : Static ocans, 30 psig runs

Equivalent retort times (min.)

&m and Process
thermo- s from from temperature data
couple suorose sucrose B.stearo-  B,subtilis
number (min. ) hydrolysis hydrolysis thexmo~
philus

10 R 1.0 3el5 1.77 1,64
A 2,92 3.96 1.40 0.89
A2 2,76 0.53 0.25
A3 1,88 021 0.07
B2 3,02 3,07 0.78 0.39
ct 3403 3.77 143 0.9
c2 2,65 0. 51 0.25
c3 ) 1.82 0.19 0.08

11 R 340 5069 Le1b 3.78
A 516 5.88 3468 3404
A2 L. 70 2.45 1.73
A3 3.68 1.40 0.89
Bz 5026 ll-oB} 2.10-6 1.%
(0] 527 6.16 4,10 3651
c2 517 2,88 2.27
C3 L4406 1.75 1.18

2 R 50 7457 5.94 5.62
A1 7.81 8.50 6.86 647
A2 735 5.18 L4+ 60
A3 6425 3.80 3413
B2 7.82 7.21 5.04 L35
(o] 7.83 8.36 6+67 6+20
c2 Te2) 5.12 449
C3 5¢90 745 2.7

i3 R 7.0 9459 7.96 7.70
A1l 9.97 10.24 8.42 7.86
A2 9.03 67l 6.07
A3 7493 5¢46 473
B2 10,01 9,31 7.27 6.72
c1 9699 10.35 8.80 8.50
c2 9.21 723 6.63

c3 7.97 5¢50 LeBL




Table 8b : Equivalent xetort Times : Static cans, 15 psig runs

Equivalent retort times (min.)

Run and Prooess

thermo- time fron from temperature data
cou.ple sucrose sucrose B. stearo- Bl Subtilig
RACRE (min. ) hydrolysis  hydrolysis thermo-
philus
> R 1.5 3493 2.38 2.11
Al* 2,65 3.72 1.35 0.86
A2 2.1 O.47 0.22
A3 1.50 0.16 0.05
B1 2.68 3.52 1,26 0.80
B2 2.39 0.47 0.22
B3 1.41 0.13 0.04
16 R 3.0 5.60 4,06 3.78
A1 " Le63 5.82 3ol 2,76
A2 Le 56 1.84 1.21
A3 3.0L4 0.83 Ol
17 R 7.0 9.03 8.32 7.80
A1 8.90 10.11 8.14 7.31
A2 8.40 5¢ 56 Le53
A3 7.02 Le21 327
B1 8449 9.96 7.98 7.08
B2 8.50 5¢99 504
B3 7.06 L.27 3.38
—_— — — —-

* Thermocouples 1, 2, 3 are on the axis of a 301 x 409 can, 3.5 in.,
2,0 in., and 0.5 in. above the bottom respectively, except for
cans 11C and 12A (thermocouples 3.7 in., 2.2 in., and 0.7 in.,
above ithe bottom of the can).

The effect of using the correoted specific sucrose hydrolysis
rate vs temperature table is to inorease the estimate of (H_) by about
3% at 270°F, and so to reduce the estimate of ® by the saflg l:mount.
This moves the equivalent point +owards the can centre. Unfortunately

no suciose soiution was avallable frou tlhiese runs Lo check tlic cstimates

of (E) and H.

Ho R
The 15 pelg runs are not greatly affected by the error in the

specific suorose hydrolysis vs temperature table as the correction is

only apprecieble at temperatures greater than 250°F. While a certain
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amount of scatter in is observed in the equivalent points for the 15 psig
runs, there is no definite trend towards the top of the can. The effeot

of scatter of the equivalent points is discussed in the next section.

(11) Bquivalent retort time correlation (obact vs Oehen)'

Flgure 3 shows temperature vs time curves, and hydrolysis rate
and spore destruotion rate vs time curves for two typical stationary
cans (can 10A, 1.0 min. at 30 psigj} can 12A, 5.0 min. at 30 psig).

Although the ordinate scales of the rate graphs are different,
it can be seen that the height of the can thermocouple curves, relative
to the retort thermocouple curves, decreases with increasing aotivation
energy. Camparison of the area under each can thermocouple curve, and
the area under the retort thermocouple curve while the retort is at
prooessing pressure, shows that the equivalent retort time for any
point decreases as the activation energy increases.

Ths temperature and rate vs time curves for the 15 psig runs
are slightly different in shape, but show the same general trends as
the 30 psig runs.

The curves also illustrate the difference between totsl lethal
effect of heat calculated at the coldest point, and that calculated at
the centre point. It 1s seen that processes calculated on the basis of
the temperatures at the coldest point may result in an unnecessarily
severe heat treatment, especially in high temperature short time
prooesses where all oan temperatures do not approach closely the
temperature of the retort.

For purposes of prediction of baoterial destruction from chemical
reaotion data, the equivalent retort times (Tables 8a, 8b) for spore
destruction ( %pao t) were plotted against the equivalent retort times

for suorose hydrolysis ( o ) as shown in figures 33a and 33b for

chem
B. stearothermophilus and B, subtilis respectively.
BEjqulvalent retort times are plotted for all points in the oan

(upper thermocouples ( #), centre thermocouples ( ¢ ) and lower thermo-

couples (¢ ) ) as well as the ejuivalent retort times calculated from
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the retort temperature. The equivalent retort times for a hypothetiocal
can following retort temperature exastly are included beocause they can
be calculated from temperature data which is relatively easy to obtain.
These ejuivalent retort times may prove useful in prediction of the

t obact correlation for the can centres and are easier to

2 chem

obtain than direoct values of echem end 06

baot.

The retort temperature in rmun 17 fell rather more rapidly than
the retort temperature in the other 15 psig rmms in the air cooling
period. This appears to be the reason for the somewhat irregular position
of the retort point for this run in figures 33a (ii) and 33b (i1).

Pigures J3a and 33b show that the 0 V8 O\ em correlation

bact
is of the form

bet (C] chem = 4°
for all prooesses of cammercial interest, where 4o or "equivalent time
difference” is a constant, the v~lue of which depends on the time-
temperature funotion obtaining in the can, and on the activation energies
of the chemical and bacterial systems. Deviations from linearity ocour
only at very short prooess times (140 or 1.5 min. at retort temperature).
These are not likely tobe used in prosessing of unszitated oens of
ocanvection heating produots.

As prooess time is inoreased besyond the maximum ahovn here, both
the baoterial and chemiocal equivalent retort times will increase by
the same amount as temperatures at all paints in the can are ejual to
retort temperature,

The equivalent retort time points (figure 33) ocaloulated from
data of the upper thermocouples are above the line and points from
lower tharmocouples are, in general, below the line based ocn the
centre paints, Hence if uncertainty exists as to the exaot position of

the equivalent point in the can, the poasition of the vs @

Gchem bact

line will also be unoertain.
The three points for each can may be conneoted, as shown for

cans 13A and 13B in figure 33a (1). From these lines it may be deduced
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that an uncertainty in the position of the equivalent point of + 1 in,

in a 4 inoch high can represents an uncertainty in 0 of appraximately

bact

%+ 0¢3 mine If Gbact is caloulated from temperature data alone (i.e. with

no measurement of ) the uncerteinty of + 1 in. in the equivalent

Ochem
paint ;slves an uncertainty in ® v of appraximately + 1.2 min,

The above analyals assumes that the suorose hydralysis ejuivalent
point is the same as the spore destruotion equivalent paint. If the
temperature data used in the development of the conveotion model are
conaidered it is seen that the extreme case of no conveotion in the can
Fives an equivalent point 0.23 of the can height above the bottom of the
can, which is 0,07 of the can hei;ht below the sucrose equivalent point.
In general the bacterial and chemical equivalent points will be closer
than the extreme oase considered here. Smaller values of D

baot
tnat used here (1.0 min.) will also tend to move the equivalent paint

than

avay from the ocentre point towards the coldest point, if the circulation
of the rluid in the can does not give uniform equivalent retort times

for all elements,

(111) BEquivalent time differences.

If a correlation of’ the form Ot B Ochem ~ 4O is to
be useful in prooess evaluation where temperatures cannot be measured
direotly, a means of estimating AP must be found.

For example, if heat penetration characteristiocs suci as heat
transfer coefficients are known for a glven product, then it will be
possible to calculate temperature-time curves. Hcnce mchem and o bact
and hence 3” gan be calculatedes The calculated time-temperature curves
could well be adequate for prediction of A® even if they are not precise
anouzh for actual evaluation of the process under consideration,

Relationships between equivalent time differences for different
organisms will also be extremely useful, as 9 bact for any organism

ocan then be calculated from G)b from same other organism., This

act
avolds having to carry out a complete ocalculation for the seoond organism

as is necessary with traditional prooess calculation methods.
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128
’,

The equivalent time differences for the two organisms and two

prooessing pressures pressures are shown in Table 9.

Table 9 : Equivalent Time Differences : Static Can huns

Organi sm Equivalent Time Differences (min.)
retort temperature curve can temperature curve
15 psig 30 psig 15 psig 30 psig
B, stea
thermophilug 1.60 1.65 2.68 2.25
B, subtilis 1.82 1.87 3450 2,78

These equivalent time differences are plotted against

log [EA (baot) / Ep (chomﬂ in figure 3l4. The can points are adequately
described by a straight line throuzgh the origin, but the retort points
are note Too few data have been obtained in this study to indicate
whether this plot will be of general use in predicting A® for one
organism from A® for another. It does not appear that the equivalent
time differences calculated from the retort temperaturs curves are
sufficient to calculate the equivalent time differences for the cans.
The relationship between the equivalent retort times for cans and for
the hypothetical can following retort temperature is further disoussed

in the section on Equivalent Time Difference Analysis (p 160 ).

(¢) Milk, water,and sucrose solution comparison.
Temperature~time data from cans containing milk, water and
sucrose solutiocn have been used to plot the specific sucrose hydrolysis
rate vs time curves. The rate vs time curves have been integrated and
the suorose hydrolysis equivalent retort times calculated for the three
liquids. These equivalent retort times are shown in table 10. Spore

destruoction equivalent retort times have also been calculated for the
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cans of suworose solution for runs 18 and 19, and these are included in
table 10, and in figures 33a (ii) and 33b (ii).

‘he sucrose hydrolysis ejuivalent retort times are plotted against
height of thermocouple (above bottom of can) in figure 35, Equivalent
retort times for the cans of milk and sucrose solution are in general
nearly equal, but the equivalent retort times calculated from the
temperature~time data from the water filled cans are gzreater than those
times calculated from data from cans of milk or suworose solutian.

(The upper thermocouple point from the milk filled can in run 19 is
derived from a temperature-time curve vhich is somewhat unusual. The
difference between the temperature-time curves for the upper and lower
thermocouples is much greater than that observed for any of the other
cans (inoluding cans filled with suorose solution).

These limited data indicate that measurements of O cheg ©OR &n
artifiocial system (suocrose solution in this case) ocan be considered to
apply to a real product (suwh as milk) if the physical properties

eede Viscosity) are of similar magnitude. The visoosities of milk
and the 0.75 molar sucrose solution are both approximately twice that
of water over the temperature range for which data are available

(Jenness and Patton, 19593 Perry, 1950).

Agitated Osng

(a) Tempsrature distribution runs.

A number of preliminary runs with several thermocouples in
each ocan were carried cut, with water filled cans rotated radially and
tangentially, and axially and paraxially (figure 21). Speeds in the
range 70-110 rpm were used.

Differences in temperature within the can were anly observed
for axially and paraxially rotated cans. The temperature distribution
in both tangentially and radially rotated cans was extremely uniform,
and single thermocouples were therefore used for all heat penetration
measurements with the exception of run 28 in which two cans had two
thermocouples. Axial and paraxial rotation have not been studied in

this investigatian,
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Table 10 : Equivalent Retort Times - Milk, water and suorose solution
in statioc cans

Equivalent retort times (min.)

2m and Process

sucrose sugrose B, stearo- B, subtilis
thermo- time and
Bguple hyirolysie ~ hydrolysis  thermo=
s iiben BUSREERS (experi- (caloulated) philus
mental)
18 R 2 min. 4o 4O 2,83 2,47
*S1 15 psig 3,50 394 Y4 0.93
82 2.58 0.61 0.2k
M 4,01
w 2,65
w L2l
w2 2,98
15 R 5 min, 7.62 6.06 5.82
82 5.61 2.9 2.19
X1 7.54
) 2] 5465
w 7+53
we 6.04
20 R 2 min, 453
81 30 pxig 3491 L.16
82 2,94
X1 Le33
w 2.83
m L4.68
m 346
21 R 5 min. 7. 72
31 30 psig Tolt3 7.50
2 6.30
M 729
) 6.29
w1 7.98
w2 6. 78

* S = swrose, N =milk, W = water

Thermooouples 1 and 2 are 3.25 and O.75 in above can bottom respeotively.
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(b) Sucrose hydrolysis rums.

The temperature=time curves are very - ni'ar for all the
speeds of rotation, and for both the radially and tangentially rotated
cans. At times greater than two minutes after processiig pressure was
reached, the can temperatures and the retort temperature were':distinguish-
able.

Two typical temperature-time curves are shown in figures 36a and
36b. (The speoific swrose hydrolysis rate curves and the spore
destruction rais ourves for the same processes are also shown. The
equivalent retort times and cquivalent time differences caloulated from
the rate vs time ousves are discussed in sections (ii) and (iii)

below. )

(1) Heat transfer coefficients.

To enable a comparison of the relative rates of heating of
agitated and statio cans to be made, heat transfer coefficients have
been caioulated for four 30 paslg suorose hydrolysis runs,viz: runs 50,
51, 45, and 53, rotated at 72, 80, 96, and 108 rpm respectively. Average
heat transfer coefficients based on these runs have been used to calculate
time-temperature ourves for a number of processes and oan sizes, in an
analysis of the equivalent time difference ooncept (see Equivalent Time
Difference Analysis, pp 157, 158).

3. Caloulation of overall heat transfer ooeffioients, (Fig. 37).
Graphiocal interpolation of the raw temperature data was used to
prepare tables of temperature vs time. These tables were used in the
calculation of rate of chenge of can temperature, and Lenoce of overall
heat transfer coefficients, for four runs at 30 psig. The runs used
for heat transfer coefficient calculation were numbers 5C, 51, 45, and
53, rotated et 72, 80, 96, and 108 rpm respectively.

The equation @

ar - T = ha- T
ds 9n+1 o Bn Af

was used to estimate the mean rate of change of temperature in the

interval 9n to 4 Tn and Tn +1 are the can temperatures at times

n+1°
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Bn and 0n + respectively, and A6 is the time interval. Time inter=-

vals of 30-40 seconds were used in the air cooling phase, and 15-20

seconds in the other phases of heating and cooling.

An arithmetic mean was used to estimate the mean temperature

diffecence ( ATn) during the interval 4 to 4 :

n+1

lees, 8T = £ ((Tg = T, ) + (Tg 0y = T 4))

CheR TRn and TR n+1

respectively.

are the retort temperatures at times Gn and
gn+1

The mean rate of change of temperature per unit temperature
difference (#) is then given by 1

4aT Tn+1 B Tn

a Al —n#l __'n
d AT a4 B I .ATn
The overall heat transfer coefficient (h) is given by :

mo
h = B ‘1_dT
A AT a6

The effective surface area (A) of a 301 x 409 can is 0.380 ft2

(internal height = L% in., intemal diemeter = 3 in.), and the mass
of suorose solution (m) is 499 gm (1.10 1lb.). The specific heat (op)
of the suorose solution is estimated from data of Gucker and Ayres (1937)

to be 0.854 cal/gm.

The heat transfer coefficient for the system used is therefore

+iven by 1

where the time ¢ is in minutes.
2. Comparison of agitated can and static can overall heat transfer
coefficients,

The values of the overall heat transfer coeffiocients for the four

cans in each run have been averaged and plotted against time in figure 38.
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(Note: The lines represert the values of the heat transfer coefficient used
in the colculation of the model temperature vs time curves)

Fig.38 Overall heat transfer coefficiznts for four typical
agifated cans.
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The heat transafer coefficients for sucrose solution in the 301 x 409

cans are generally higher than those obtained for water in static cans.

The maximm heat transfer ooefﬁoient for the heating of the agitated

ocans is about 370 B.t.w./hr. £t2, P; ror unagitated cans it is about

200 B.t.w/hr.ft .°P. The heat transfer coefficients during the air

phase of the cooling cyole are of th§ same order for the rotating and
static cans, indicating that the outside film heat transfer coefficient
may be the factor limiting heat tranafer in this phase. During the,
water cooling period, the heat transfer coefficient for rotating ocans

is again higher than that for static ocans (200-250 B. t.u./hr.ftz.ol'

for agltated cans, and 100-120 B.t.u./hr.ftz.or for static ocans).

(11) Camparison of caloulated and measured suorose hydrolysis
equivalent retort times.

Table 11 shows the equivalent retort times calculated from
suorose hydrolysis measurements and the sucrose hydrolysis equivalent
retort times calculated from temperature datas Cans 1 and 3 are

radielly rotated cans, and cans 2 and 4 are tangentially rotated.

Table 11a ¢ Measured and calculated sucrose hydrolysis equivalent retort
times : 30 psmlig rotating ocan runs,

B e s o L .

Speed (rm), Process time = 2 min Brooess time = 5 min
san number measured caloulated measured Saloulated
I2 1 5.06 5.15 8.47 8
2 5.20 5.19 8.47 8.532
3 5.05 5.10 8.39 8.22
I 5.11 5.17 8.52 8427
80 1 L.89 4.92 7.88 8.11
2 5.00 4L.97 8.10 8.23
3 5.03 5.0l 8.01 8416
4 5.03 4495 8.12 8.09
96 1 4.98 499 8.12 8.34
2 5.23 5022 8.13 8.45
3 5.07 5.09 8.29 8.13
L4 5.09 5.11 8.19 8+25
108 1 5.00 5.04 8.15 8.07
2 5.13 5.20 8.36 8e2)
3 5.00 5.09 8.10 8.13
4 5.09 5.18 8.36 8.22
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Table 11b ¢ Measured and calculated suorose hydrolysis retort times :
15 psig rotating can runs

Speed (rpm), Process time = 2 min Process time = 5 min
can number measured calculated measured calculated
12 1 5.06 5.07 7.66 7.80
2 5.07 515 7.86 7.98
3 5.02 5.11 T« 7.91
L 4.87 L, 85 Te Tl 795
8o 1 Le75 L. 81 7.83 8.01
2 L. 99 4496 7.95 797
3 4,96 L 93 7.81 7.97
4 4o 91 L.82 7.90 7.98
96 1 4+ 96 5.05 799 8.22
2 5.03 505 8.03 8.05
5 5.07 Het5 7.96 7.90
)'0 5007 5.11 8.05 8.09
108 1 5.09 5.17 8.15 8.13
2 5.27 5.29 8.27 8.21
3 5.15 5.18 8.25 8.19
L 5.23 5.22 8.27 8.20

Table 11c : Measured and calculated susrose hydrolysis equivalent retort
times : Miscellaneous rotating can runs

Rumn Time Pressure Speed Can [Eguivalent retort time (min)
pumber  (min) (psig) {rpm)  number  measured  calculated

2 .13 1
(long slow come-up) 3 5.85 5.98
h. 5.8'-0‘ 5'97
. . 30 80 1 6.90 g.gg
(long slow come-up) § 6:79 6.78
L 6.90 6.93
46 2 30 126 1 5.32 323
2 5.45 5¢37
3 5.34 529
L 539 5.32
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The average difference between the calculated and measured
equivalent retort times is only 0.38% with few differences greater
than 2% ‘The standard deviation of the differences is 1.47%, whence
Student's t with 74 degrees of freedom is 2.23. The difference
betwsen caloulated and measured equivalent retort times is therefore

significant at about the 3% probability level.

From the analysis of variance of the effect of different types
of can, the component of variance arising from the polarimeter readings
was found to be 0.0009 degreeaz, whioch corresponds to a standard devia-
tion of 0.030. Two polarimeter readings are required in the caloulation
of both the measured and calculatid equivalent retort times, and the
standard deviation or variance of the difference between the measured
and calculated equivalent retort times arising from this ocause can
therefore be calculated for the two process times and two processing
pressures, The mean differences between the caloulated and measured
equivalent retort times are not significant (Student's t-test) in terms
of errors arising from the measurement of angle of polarigation, and
henoe the assumption of the convection model in which the fluid is

completely mixed can be considered valid in process caloulations.

(111) Bacterial equivalent retort times and equivalent time
differences.

Tables 12a and 12b show the equivalent retort times calculated
from temperature data and equivalent time differences for the rotating
can runs.

An analysis of variance has been carried out to evaluate the
magni tudes and significances of the effects of the various faotors in-
fluenoing the equivalent time differences. Table 13 shows thie equiv=
alent time differences used for this analysis. Wnere large corresctions
for "offset"” (p 4109) in temperature measurements have been made, the
equivalent retort times have been replaced by a mean calculated from

the equivalent time differences for the same speed, organism, time of

prooessing and type of rotation., Beoause a preliminary analysis showed
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Table 12a : Caloulated equivalent retort times ( O%hem 24 “ag t)

and equivalent time Aifferences ( A®) : Agitated can runs at 30 psig.

' Suorose B. stearo-
Rm Thermo=- Solution thermophi lus B, gubtills
mumber ~ oowple
speed, mmber Cohen ®bact 20 %act &9
tim
o ,; (mn.)  (mn) (etn.) (mn.)  (min.)
28 R 4a69 5.08 .61 2.8,  1.85
1 5.27 3.9 1.36 3.54 1.73
72 rpm 2a 4.87 3.59 1.28 3,26 1.61
2 min, 2b*e 5.01 3.94 1.07 3.82 1.19
3 5.06 3.73 1.33 3.4 1.65
La,b 5.21 3,68 1.53 3.5, 1.67
38e R 5.70 3.7 1.96 3.26 2.4
1 6.17 L4.55 1.62 410 2,07
80 rpm 2 6.16 4.65 1.51 417 1.99
IN 5.97 L<28 1.69 3,73 2,24
Lo* R 6.36 415 2.21 3.69 2.67
1 6.75 L. 70 2,05 Le33 2.42
80 rrm 2 6.86 5.03 1.83 L+ 56 2.30
2 min. } 5.78 5.02 1.76 !{063 2.15
IN 6.93 5.18 1.75 4.82 2.11
44 R 457 3.08 1.49 2.81 1.76
1 49 3.51 1.40 3.20 1.1
80 by | 2 10097 3097 1.00 3072 1.25
2 m. 3 Soolb 3091 1.13 3.67 1.37
N 4,95 3.97 0.98 3.66 1.29
45 R Lo 61 3.03 1.58 2.80 1.814
1 499 3.67 1.32 3.39 1.60
96 rm 2 522 Lells 1.08 3,84 1.14
2 r 3 5.09 }.89 1.20 3.58 1. 51
IN 5.11 3.86 1.25 2,60 1.51
46 R L.65 3.06 1.59 2.81 1.84
1 5.23 3.95 1.28 3.59 1.64
126 rpa 2 537 L4.18 1.19 3.98 1.39
2 min. } 5029 20-.08 1.21 3.78 1.58
IN 5¢32 Le12 1.20 3.94 1.38
oontinmued ...

* slow come-up

** extra point 2b not used in analysis of variance
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Table 12a continued :
Run Suorose B ear
:n_h Thermo-  Solutiam thermophi lus B. subtills
speed, couple
P ®hem  ‘baot ae ®baot  4°
at T (min.) (wn.) (mn.) (min.) (min.)
n R 70& 6.23 1057 5093 1087
1 8.22 7.40 1.12 6.79 1.43
72 rpm 2 8.25 7.09 1.16 6.81 1el4
L 8.19 6.86 1.33 6.1 1.78
il R 7.63 6.13 1.50 5.87 1.76
1 8.11 7.00 1.11 6. 1.40
N 8.09 6.87 1.22 6.49 1.60
52 R 7.81 6.18 1.63 5.89 1.92
1 8.34 T 43 0.91 6.98 1.36
5 min. 3ee 8.13 7.23 0.90 6.73 1.40
N 8.25 Tl 0.84 7425 1.00
53 R 4.69 3.13 1.56 2,84 1.85
1 5.04 3,65 1.39 3.32 1.72
108 rpm 2 5.20 3.87 1.33 3.59 1.61
2 win, 3 5.09 3e T2 1.37 3456 1.53
l.- 5.18 }091 1027 3.59 i 1.59
R 7.65 6415 1.50 5.85 1.80
1 8.07 6.67 1.40 6.28 1.79
108 rpm 2 8.24 7.07 1.17 6.73 1.51
5 m. 3 8.15 6.82 1.30 60“1 1.72
IN 8.22 7.01 1.21 6.7 151
55 R 7.8% 6.16 1.68 5.87 1.97
1 8.30 7.05 1.25 6.73 1.57
72 rpm 2 8.32 6.97 1.35 6.77 1.55
5 min. 3 8.22 6.91 a3 6456 1.56
I 8.27 6.95 1.32 6.66 1.61

*¢ Rquivalent retort times corrected for offset (see pp 68 and 109 )
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Table 12b : Caloulated equivalent retort times ( Ochem 204 Qbaot) and

equivalent time differences ( 4@ ) : Agitated can runs at 15 paig.

Sucrose aro-
Bn  Temo-  g)ipiem  oteee B. subtilis
number couple thermophilus
a number = . o
q‘l::e, chem obact AP bast 4o
at TR (min. ) (min.)  (min.) (min. ) (mi‘.n.)
51 R 4. 64 3.09 1.55 2.80 1.84
1 5.07 3,85 1.22 3,51 1.56
72 rpm 2 5.15 ELSH 1.24 355 1.60
2 min. 3 5.11 3. 72 1.39 3.46 1.65
Lo L.93 3439 1.54 2.96 1.97
58 R 7.62 6.15 1.47 5.83 1.79
1 7.80 6.42 1.38 6.12 1.68
72 IPa 2% ¢ 8-08 7.07 1.01 7-23 0.85
5 min. B 7.91 6.82 1.09 6.53 1.38
l{, 7095 6.97 0098 6.53 1.1}2
59 R L. 57 3.03 1.51 2.75 1.82
1 Lo 81 3,36 1.45 3.01 1.80
80 rpm 2 L+ 96 3,68 1.28 3,38 1.58
2 min. 3 1“93 5077 1016 30'-02’ 1-51
L L. 82 3.48 1.34 3.00 1.76
§1_ R 7.18 5% N 1.47 554 1.64
1 7.91 6.42 1.49 5.95 1.96
5 min,. 3 7085 6.206 1039 5.77’ 2.%
4 7.98 6.51 1.47 6.10 1.88
_63 R L.67 3.09 1.58 2,80 1.87
1 4.98 3.65 1433 3.05 1.93
96 pa 2 5.09 3.85 1.2 3446 153
2 min. }“ 1|.61+ 5018 ilels 2089 1075
IN Le75 o o) 1.42 2492 1.83
él R 707“ 6013 1.61 50815 1.”
1 8008 6069 1.39 6.210. 1.8“
96 rpm 2% 7.96 6.60 1.36 6.00 1.96
5 min, 3 8.16 7.08 1.08 6.61 1.65
l& 8.0‘]- 5057 1016‘7 6.23 1‘81
contimued ...

** Equivalent retort times corrected for offset (see pp 88 and 109)
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Table 12b continued :
Rm Thermo- Suorcae B, _stearp-
number couple Foljution thermonhi lus AmibEis
speed, number
time Ghed badE a0 G)bac:‘l: a0
at Tp (min. ) (min. ) (min.) (min. ) (min. )
64 R 467 3.19 1.48 2.87 1.80
1 S5¢17 3.90 1.27 3453 1.64
108 rpm 2 5¢29 IR § | 1.18 3.82 1.47
2 min. 3 5.18 3.87 1.31 }.56 1.62
N 522 3.97 1.25 372 1.50
§§ R 7.78 6.27 1.51 5692 1.86
1 8.13 6.85 1.28 6.58 1.55
108 rpm 2 8.21 7.04 1.17 6.76 1.45
5 min. 3 8.19 6.98 1.27 6.62 1.57
N 8.20 7.20 1.00 6o 71 1.49
§2 R 7.78 6.23 1055 5.92 1.86
1 8.01 6.96 1.05 6.62 1.39
80 rpm 2 7.97 6481 116 6.26 1.
5 min. 3en 7.97 7.10 0.87 6.80 1.17
4 7.98 0.83 1.15 6.37 1.61
o) R Lo 7 3417 1.57 2.87 1.87
1 5.05 3495 1.10 3.57 1.48
96 rpm 2 5.05 3.86 1.19 3.49 1.56
2 min. 3 5.15 4. 09 1.06 3.78 1.37
N 5.11 3.97 1.14 3.59 1.52
yal R 773 6.23 1.50 5.89 1.84
1 8.22 7.00 1.22 6.73 1.49
96 rpm 2 8.05 7.00 1.05 6.57 1.48
5 min. 3 7.90 6.69 1.21 6.49 Tel
L 8.09 6.96 1.13 6.61 1.48

** FEquivalent retort times corrected for offset (see pp88 and109)

Note : Equivalent retort times have been calculated from the time-temp-
erature data from the retort thermocouple (thermocouple R);
thermocouples 1 and 3 are in radially rotated cans, and thermo-
couples 2 and 4 are in tangentially rotated cans.
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that the main effest of pressure was insignificant, the mean equivalent

time differences used to replace doubtful values have been calculated over

both pressures. These are marked with an asterisk (*) in table 13.

Table 13 ¢ Analysis of Verlance : Equivalent Time Differences for
Agitated Can Rms.

Cause Symbol Conditian ,
Pressures P, B (15 psig, 30 psig)
Organi sms B,, B, (B.stearothermophilus, B,subtilis)
Prooessing times T, B (2min, Smin at retort temperature)
Types of rotation Ry, R, (radial, tangential rotation)

Speeds of rotation 8y, S, 83, 8, (72, 80, 96 and 108 rpm)

~ EBgquivalent time differences in hundredths of a minute.

o % % Sy

L B B B B o gy e
122 156 145 180 110 148 127 16}
7, 139 165 116 151 06 137 134 162

B | 124 160 128 158 119 156 118 147
135%  163*  109*  137* 14 152 125 150

P
1

138 168 105 139 122 149 128 155

z, 109 138 112*  4u3* 121 4 127 157

Ry | 122* 153* 116 171 105 18 117 145

98 1,2 115 161 13 8 100 149

R, |13 173 10 A7 132 160 139 12

1, 133 165 113 137 120 151 137 153

R, | 128 161 100 125 108 14 133 161

5 153 167 98 129 125 151 127 159

2 f

125 157 114 140 91 136 10 172

5, 131 156 120 151 9 10 13 179

R, | 135 155 97 128 101*  132* 117 151

132 161 122 160 8x 100 121 151

® Jdoubtful values replaoed by means.
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The sums of sjuares, degrees of freedom and mean squares
arising from the various significant causes are shown in table 1l
The significance level of each cause is also shown,
Table 14 : /‘nalyslis of variance : Summary of signficant effects.
Sum of Degrees of Mean Significance
Cause squares freedon Square level p(%)
B 32036.1 1 3203641 P & 0.1
R 1437.8 1 1437.8 p < 0.1
T 1603.2 1 1603.2 p < 0.1
Px3xT 1375.2 3 L57.7 0.1« p < 1
SxRxT 1652 4 3 550.8 Pp < 0.1
Residual 11390.8 112 101.7

1. Effect of type of organism (B).

As expeoted this effect is by far the most significant. The greater
slope of the rate of destruction vs reciprocal temperature curve of
B,subtilis ,lves greater ejuivalent time differences for all combinations
of speed (S), type of rotation (R), length of prooess (T) and process
pressure (P). The mean equivalent time difference for B,steargtherm
for all runs is 1.20 min. and for B.subtilis it is 1.52 min,

The type of organism does not occur in any significant interastiomn.
The effect of type of organism is, therefore, the same for all combinations
of pressure (P), speed (S), type of rotation (R) and time of processing (T).
This wes as expected, as the equivalent retort times for suorose hydrolysis
and the two oryganisms are all calculated frcm the same time-temperature
data.

Static can data indicate that the equivalent time difference for
one type of organism can be calculated fiom that of another type if the

aotivation energies of voth spore destruction reactions are known.
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Fig.39 Effect of speed of rotation (plofted as
relafive acceleration af the can centre) on
equivalent time difference.
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The linear relationship of figure 34 gives the equation =

_Ai = log (EA Eagi!2t / KA g!ﬂ) e oo oce ee oo (1)
Acy 102 By paot(1) / EA chem

[}
wiere AQ, represents the equivalent time difference for B,subtilig as
caloulated fram the B.stearothermophilus equivalent time difference ( 9, ).

Bquivalent time differences for Bysubtilig have been caloulated
from B.stearothermophilus data for 59 agitated cans (i.e. all data o
table 13 except those marked with an asterisk).

The mean of the differences ( A@; - Ae.z) is 0,0105 minutes, and
the estimate of the standard deviation of the differences is 0,108 mimutes.
The probability of a mean greater than 0.0105 minutes arising from
random sampling of an infinite population of zero mean and :standard devia=-
tion of 0.108 minutes, is about 46% (Student's t with 58 degrees of
freedom is 0.742). The mean difference is therefore not significantly
different from zero. Henoce equation (1) can be used to caloulate equiv-
alent time differences for one organism from equivalent time differences

of another.

2. Effect of speed of rotation (8).

-

The effeot of speed is the next most highly signifiocant after the
effect of type of organism. The exact effect of speed is not clear, as
this effect ocours in all the significant interaotions, i.e., the effect
of speed is significantly dependent on the processing preseure (Px S inter-
aotion), and also on the combinations of pressure and processing time
(Px3xT interaction) and on the combinations of type of rotation and time
of processing (SxRxT interaction).

In general, however, the speeds of 80 and 96 rpm give lower
equivalent time differences than do the extreme speeds. For example if
the mean equivalent time differences for the four combinations of spore
type (B) and type of rotation (R), are plotted against speed (S), each

set of mean equivalent time differences shows a minimum (fizure 39).
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The equivalent retart time can be considered as a measure of the

degree of "squareness" of a process. For a "squars" process in which
negligible time is taken to heat the material to maximum temperature
and to cool it to some sub=lethal temperature, the equivalent time
difference is gero. Henoe the lower an equivalent retort time is, the
nearer the prooess is to square., If the retort process itself is
square, then the equivalent time difference is a measure of the rapidity
of heating and cooling and hence of the heat transfer rate.
If the retort process is not square then a low equivalent
time difference may not necessarily indicate a high heat transfer
rate. The relative importance of the various phases of the proocess
and the heat trensfer rates in eaoh phase are discussed on pages 167-171.
In this study, the prososses used are by no means square, with
the most impartant deviations from "squareness™ ooourring in the early
part of the cooling. It is shown, however, in the section on the effect
of can eize and type of prooess (p 169), that the processes used here
are suoch that an increase in heat transfer rate gives a decrease in the
equivalent time difference. The work of Clifcorn et al (1950) and Canley
et al (1951) who observed maximum rates of heating at speeds which give
an aoceleration at the can centre equal to the ascceleration due to

gravity is therefore confirmed by the data obtained in this investigation.

-

B Effeot of type of rotation (R).

This effeot is not as eignificant as the effeot of speed, although
still significant at the 0.1% probability level. As with speed, the
effect of type of rotation was not apparent from examination of the raw
data.

The data obtained indicate that in the speed range studied,
the time~temperature curves obtained in tangentially rotated cans (Bz)
are more nearly square than the radially rotated cans (R1) (rigure 39).
Inspestion of figure 39 indicates that the difference between types of
rotation tends 0 inorease slightly as the speed is inoreased.
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It is doubtful whether this trend is real as the R x S interaction is

only significant at about the 15% probability level. The mean equivalent
time difference for radially rotated ocans is 1.39 min. and that for

tangentially rotated cans is 1,32 min.

4 BEffect of length of process (T).

The highly significant effect of length of prooess on equivalent time
difference was unexpected, as theoretical considerations indicate that ‘
the eguivalent time difference should be independent of process length
for all prooesses in vhich the temperature of the material in the can
approaches retort temperature olosely. For example, consider a process
such that cooling begins A4 minutes after the can temperature reaches
that of the retort. Both the bacterial and chemical equivalent retort
times are A9 minutes greater than those for a process in which the
cooling phase is begun as soon as the can temperature reaches that of
the retort. The equivalent time differences of the two prooesses will
be the same, provided that the processes are identical in all respects
except the length of time the can is held at retort temperature. Data
from the statio can runs indicate that the equivalent time difference
is independent of the length of process even for some prooesses in
which cooling is begun before the can temperature reaches that &f the

retort.

The data obtained in these experiments give mean equivalent
time differences of 1.39 min. for the short processes (2 min.) and 1.32
min, for the long procezses. The probabllity of a difference between
the mean equivalent time differences of 0.07 min. arising from experi-

ments in which proocessing time has no effeot is less than 0.1%

The most likely source of this difference between long and short
~ runs is variation in the oan temperature vs time curves. For example,

slow cooling in the air cooling phase will tend to give a lower equiv-

alent time difference. A camparison of lethal rate curves for long

and short prooesses indicated that the longer prooesses had a larger



proportion of relatively slow cooling curves than did the shorter
processes., These relatively slower oooling curves frequently corresponded

to lower than average equivalent time differences.

The reason for the higher proportion of slower cooling cans in
the longer runs is not known, It may be assooiated with changes in
the visoosity of the suorose solutian as the hydrolysis reaotion proceeds.
This could result in different heat transfer rates during the cooling
phase for the two different process times. Slight leakage of the cah
fittings has been observed during some runs. Any loss of fluid will
alter the volume of the headspace. Different lengths of process could
have different effects on the amount of leakage, and hence on the heat
transfer rate in the cooling period.

Differences Letween the ocome-up rates and between the cooling
rates of the retort of different runs cannot be disoounted as a source
of variation in the can temperature vs time curves. This sourve of
variation is probably not of great importance in these experiments, as
the length of prooess is not likely to affeot the retort come-up rates
or thé retort cooling rates.

Small non-random errors may ococur in the measurement and caloulation
of the equivalent retort times. For example, the mean rates of suorose
hydrolysis and spore destruotion at retort temperature (on which all
eqivalent retort times are based) are oaloulated from temperature
curves which often fluctuate over several tenths of a degree during
the process. An error of O.1 OF in the estimate of mean retort tempera-~
ture (which could easily arise from small systematic thermocouple
errors) leads to an error in the equivalent time difference of 0.06 to
0,08 min, for typical 5 minute prooesses, and an error of 0.01 to 0.02
min. in the equivalent time difference for 2 min. processes. Henoce it
is seen that if the measurement or calculation of mean retort tempera-
ture gives an estimate which is consistently too high or too low, then
a significant difference between the equivalent time differences for
long and short processes would ococur.

A highly elgnificant effect of length of prooess can, therefore,
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indicate either that the heating and cooling curves are not completely
independent of length of proocess, or that significant systematic
errors are present in either the measurement of temperatures or the

caloulation of equivalent retort times.

Because the proposed 0 : 0] correlation

chem bact

vig: Oba.ct = o}

length of the process, it can be argued that any variation due to !

chem =~ 20 » is such that A0 is independent of
different process times should be included with the residual variation
due to all other randam or undetermined errors. If this is done, both
significant three-faotor interactions are eliminated from the analysis
of variance, and the significant levels of the three main effects

(type of spore (B), speed of rotation (S), and type of rotatiaon (R) )
are not significantly changed by the increase in the estimate of residual
variance from 0.00997 m1n2 to 0.001131 minz. The two-factor interaction
(prooess pressure (P) x speed of rotation (S) ) also remains significant
at the 0.1% probability level. This would then imply that the effeot of
speed an equivalent time difference depends only on the processing
pressure, and that the effect of the faotors type of spore (B) and type
of rotation (R) are not dependent in any way on any other faotor or

combination of factors. .

B @ ime Difference

Theoretical considerations, and experiments on both statio and
agitated oans have indicated that the correlation: for estimation of
spore destruction from measurements of chemical reaction is of the

form -

The equivalent time difference A® has been shown to be a funotion
of various prooessing parameters sush as speed and type of agitation

(1f any), type of organism, characteristics of the chemical reactiom, eto.



The equivalent time difference concept has been examined in
some detail, and the relative contributions made by the different
phases of the process to the equivalent time dif'ferense arc discussed.
A range of processes has been used as a basis [or this discussion, with
temperature=time curves calculated for three different siges of ocan,
Heat transfer data based on the temperature-time curves obtained in the
agitated can experiments has been used for the calculation of model
temperature=time curves. The discuselon can also be applied to static

‘

cans, with some slight modificati on to teke account of the different

type of ocanvect!an.

(a) The specific rate difference function.

Because the activatiicn energles of chemical reaotiaons are lower

than spore destrusction activation energies, the specific chemical
rengtian rate %R is greater than the specific spore destruction rate

R
resotion and spore destruction rates are H and L respectively, and

%R at all temperaturcs below retort temperature T_ ., The chemical

subsoript R refers to tne rate of chenical reaotion or spore destrustion

at retort temperature.

The equivalent retort timees Qe and ©, ., are given
by =
8 .
1
0] = g ds
chem
i e
o
- )
and 1
L
(C] -
bact LRM
Yo
Henoce - A® = Ochem < B
01
H - L
= ('H'R T"R) d»
6
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The integrand (%'R - %R) is termed the specific rate difference

funotion.

The equivalent time difference can now be defined as the

integral (wlth respect to time 4 ) of the specific rate difference.

T he specific rate differenoces for B.stearothermophilus and
B.subtilis relative to sucrose hydrolysis are plotted against temperature

in figure 40, The retort temperature is 272°F. ‘

The curves of figure LO show oclearly that temperatures within
about 3001' of retort temperature are likely to meke a muoh greater
contribution to the equivalent time differences than temperatures below
this range. The slopes of the specific rate difference vs temperature
curves in the renge 265-272°F are higher than the slopes at lower
temperatures. Hence small changes in temperature in the range immediately
below retort temperature will have a larger effeot on the equivalent

time differences than small chianges of temperature below 265°F.

The temperatures in the air cooling phase of the agitated can
runs are in the range 265-272°F. Hence if the cooling in this phase
is slower than usual (see p:150 ) a lower equivalent retort time than

usual will be obtained.

The derivation and application of the specific rate difference
function are shown graphically in figure L41. A typical process is
shown in figure 4la, and the specific rate vs time curves for chemical

reaction and spore destruction are shown in figure L41b.

The specific rate difference curves are plotted in figure A41c.
The area underneath each section of the curve is the same as those
between tne heating and cooling sections of the specific rate curves
(figure 41b). The effeot of any variation of temperature can be
visualized much more readily on the speoific rate difference vs time
graph (figure 41c) than it can on the specific rate vs time graph
(figure 41b).
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(b) Caloulation of the model can temperature vs time curves.

(1) The model processes.

The processes used for calculation of the can temperature vs time
curves are shown in figure 42,

The retort temperature is 27201".

Two series of processes are used. The rate of ohange of retort
temperature in series A (runs 12,3, 4 and 9) is twlce that of series B
(~wns 5,6,7,8 and 10). Series A is based on the heating and cool.in.;g
curves obtained in the experimental retort used in this study. Series B
is used to study the effeot of slower heating and cooling rates, whioh
would be obtained in larger retorts with greater thermal inertia than
the emall experimental retort.

All phases of the prooess are linear emoept the initial venting
phase. The venting phase of series A is based on one of the agitated
can runs (number 51). In series B this phase is spread over four
minutes instead of two minutes.

Because the air cooling phase can make a large contribution to
the equivalent time difference, three durations of air cooling are
used.

The temperature of the cooling water is taken as 100°F, which is
appraximately the final temperature of the first fill of cooling water

in the exparimental retort used in the present work.

(1) Rates of heat transfer to the model cans.

Rates of change of oan temperature per unit temperature differenoe

( :_'r%:% = %A = B ) are shown in figure 43 for the heating phase

of the process. The values of P for a 301 x 409 can (i.e. §1) approx-
imate those obtained in the agitated ocan runs. Two values of 81 are
used in the air cooling phase, as differences between identical cans
were often observed in the agitated can runs. The values of g, are
0,40 min”" (runs 1, 3, 5 and 7) and 0.05 ain™ (runs 2, 4, 6 and 8).

The value of B, in the water cooling phase is 1.50 min1,
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T d
Two larger sizes of can are considered such that 02 = 0,70 ,61 and

133 = 0,50 8 9 If it is assumed that the overall heat transfer coefficient
h is independent of can size (Schultz and Olson, 1938), then the values
of B, and 33 would apply to 406 x 607 cans and 601 x 31.i cans respect-

ively, or to cans of the same surface to volume ratio.

(141) Method of calculation of the temperature vs time curves for
the model cans,

i
The method is essentially the reverse of that used to calculate
values of 3 from the temperature vs time data of runs 50, 51, 45 and 53
(p. 135 ).

The rate of change of can temperature per unit temperature difference

(B) is defined by =

T - T
= 1 4T n+1 n
A LY ST = A7 « AT
n
where" AT = %( (TR i = Tn) & (TR ag * Tn+1) )
This leads tn =
- = B AA (T + T - 2 )
n+i % Rn R n+1 e 4
2 +pAY .
= X(TRn * TR nm -ZTn)
where ¥ = p a9

2+ B AA

These formulae have been used to calculate the model can temperature
vs time curves. The time interval (as ) was 0.2 minutes, and tempera-
tures were calculated to 0.01°F to avoid acoumulation of rounding off

errors.
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(o) Equivalent time differences for the model cans.

The equivalent time differences calculated from the model temperature
vs time curves by graphical integration of the specific rate difference
vs time functions are shown for the two organisms B, stearothermgphilus
and B.subtilis in table 15.

Typical temperature vs time curves and specific rate difference
vs time curves (from which the equivalent time differences are calculated)
are shomn in figure 44 (heating) and figure 45 (cooling). Specifid rate
difference vs time curves for aone organism only (B, stes.rothgmgph.tmg)

are shown, as the B.subtilis and B.stearothermophilus specific rate
difference curves are very similar in general form. The B.subtilis

curves have higher maxima than tne B.stearothermophilus curves. In the
heating period the B, subtilis maxima ocour later than the B.stearo-
thermophilus maxima, and vice versa in the cooling period.

Retort temperature vs time ocurves are alsc shown in figures 44
and 45 (broken lines), along with specific rate difference vs time
curves calculated from these temperature vs time curves. The specific
rate difference vs time curves based on retort temperature are quite
different in form from the specific rate difference curves for the cans,
especially during the air cooling phase where the heat transfer coeffiocients
are low and oan temperatures are such that specific rate differences are
very sensitive to changes of temperature. Beocause the specific rate
difference curves based on can and retort temperatures are not at all
gimilar in formm, it is not possible to use equivalent time differences
based on retort temperature vs time curves to predict equivalent time

differences for oans.

(1) Bffect of type of organism on equivalent time difference.

The B.subtilis equivalent time differences are always greater than
the B.stearothermophilus equivalent time differences. That this must be
80 can be deduced from figure LO in which the specific rate differences
are plotted against temperature. The specific rate difference for

B.stearothermophilus is less than that for B.subtilis for all temperatures
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Cd
Table 15 ¢ Effeot of Can Size and Type of Prooess on Bacterial Equivalent
Time Differences.

Equivalent Time Differences (min.)

Rum No.
B, stearotherm lus Besubtilis
Can No.
heating cooling total heating cooling total
gl R 0. 382 1.110 1.492 O 414 1.353 1.767
1 0.572 0. 461 1,033  0.699 0.606 1,305
2 0. 734 04439 1173 0.9M1 04569 1.480
3 0.978 Oe 431 1.409  1.22) 04557 1,781
2 R 0.382 1.110 1.492 0.4k 1.353 1.767
1 0.572 0.349 0.921 0.699 0. 451 1.150
2 0.734 0347 1.081 0.911 0. 447 1.358
3 0,978 0.367 1.345 1.22) 0.459 1.683
3 R 0.382 1,924 2,306  O.lilL 2.214 2,628
1 0.572 1014 1.986  0.699 1.869 2,568
2 0. 734 1.245 1,979  0.911 1.662 2,573
3 0.978 1,098 2,076  1.224 14476 2,700
L R 0.382 1.924 2.306  OuliL 2.214 2,628
1 0.572 1.002 1.57%  0.699 14359 2.058
2 0.734 0.856 1,590  0.911 1,167 2,078
3 0.978 0.761 1.739 1.224 1,033 2,257
5 R Ce 774 1.015 1.789  0.840 1.297 2.137
1 0.878 0.463 1,304 1.014 0.585 14599
2 0.987 0.477 1.46L4  1.165 04591 1.756
3 1,154 0.511 1.665 14391 0.622 2,013
6 R 0. 774 1.015 1.789  0.840 1.297 2.137
1 0.878 0. 403 1.261 1.014 0.485 1.499
2 0.987 04429 1.i16 1,165 0.511 1,676
3 1,154 W N/N 1,628  1.391 0.558 1,949
1 R 077k 2,220 2,994  0.8)0 2.5 3.555
1 0.878 1.101 1.979  1.01L4 1.470 2.L8)
2 0.987 0.978 1,965 1.165 1,284 2,449
3 1,154 0.909 2,063  1.391 1.185 2.576
8 R 0.774 2,220 2,994  0.8.0 2,75 34555
1 0.878 0.779 1.657  1.014 1.035 2,049
2 0.987 0.718 1.705  1.165 0.931 2,096
3 1.154 0.689 1.843  1.391 0.885 2,376
9 R 0.382 0.101 0.483  0.414 0.113 0.527
1 0.572 0.221 0.793  0.699 0.249 0948
2 04734 0.255 0.989  0.911 0. 291 1.202
3 0.978 0.297 1,275  1.224 0.345 1.569
10 R 0. 77k 04202 0.976  0.840 O.22L 1,064
1 0.878 04359 1,237  1.014 0.391 14 405
2 0.987 0.385 1,372 1.165 0o k2 1.607
5 1.154 O li34 1.588 1.391 0.503 1.894
1 R 0.000 0.000 0.000 0,000 0.000 0.000
1 0. 469 0.082 0. 551 0.592 0.090 0.682
2 0.678 04117 0.795  0.853 0.129 0.982
3 0.936 0.16L 1.100  1.202 0.180 1.382

ocontinued secees
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Table 15 ¢ continued

Equivalent Time Differences (min.)

- Run No.
Can No. B. stearotherm lus B! subtilig
heating cooling total heating cooling total
12 3 0.825 1.488 2,313 0.931 1,911 2,842
1 3 1.050 0.865 1.915 14245 1.121 2,366
L 3 1.122 0.625 1747 1354 0.785 2‘.139

less than retort temperature, and henoce the equivalent time difference
for Bysubtilis must be grester than that of B, stearothermophilus. If
the ocontrol of the prooess was such that the temperature of the retart
was allowed to rise above the nominal retort temperature for an apprec=-
iable length of time, the B.gubtilis equivalent time difference could

be less than the B, steargthermophilus equivalent time difference if
these were based on the nominal retort temperature, instead of the actual
maximum temperature. This is because the B,subtilis specific rate

difference is less than the B, steargthermophilus specific rate difference

at temperatures greater than retort temperature.

The use of equation (4 ), (p 147 ) in the caloulation of
B, subtilis equivalent time differemses (i.e. A(->'2 ) fram B. stearothermo-
philus equivalent time differences (i.e. a0, ), gives values of AG)'2

which tend to be greater than the agtual B.subtilis equivalent time

difference 49,. An analyeis similar to that desoribed on page 147
glves a mean difference (i.e. A@'z - 592) of 0,0332 minutes, and an
estimate of the standard deviation of 0.064L5 minutes. This difference
. is significant at the 1% probability level (Students' t = 2.91 with
32 degrees of freedom). It therefore appears that equation (4) is not
satisfactory for calculation of equivalent time differemces for one

organism fram the equivalent time differences of another.

The estimates of B, subtilis equivalent time dfferences tend to

be greater than the astual B.subtilis equivalent time differences.
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The estimated equivalent retort time for B.subtilis is therefore less
than the aotual equivalent retort time, and processes oalculated on

basis of the estimated equivalent time difference ( -\@'2) will be safe,
i.e. the aotual reduction in spore numbers will be greater than that
indicated by the estimated equivalent retort time. If B.stearothermo=-
Pphilus equivalent time differences are estimated from B,subtilis
equivalent time differences, then the actual spore reduction will be
less than that indicated by data calculated by equation (41 ). The
difference between actual and estimated equivalent time differences’

(and hence between actual and estimated equivalent retort times) is

amall in terms of total prooess time, and a correction, or 'safety
factor', to be added to the estimate of the equivalent time difference,
may be quite satisfactory for prosess caloculations. This correction
would be based on the standard deviation (o ) of the difference between
estimated and actual equivalent time differences for a range of processes.
The standard deviation ( o) of the differences, A@'Z - 140,, for the
range of model processes and can siges considered is less than the
standard deviation of the differences ‘.\m'z - A®2 for the agitated can
runs (model cans, ¢ = 0,065 min.; experimental agitated cans, ¢ = 0.108

min. ).

(11) Effect of oan size and type of prooess on equira’lent time
di fference.

The effect of can size on equivalent time difference is dependent
on the type of prooess, and hence these two effeots are disoussed

together.

The temperature-time funotions T = P (6 ), for the model oans

are solutions of the equation -

T}—T 2 = % =g veeeeesesees (2)

vhere U is the overall heat transfer coefficient, A is the surface area

of the container, m and op are the mass and specific heat of the material
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T4
in the can, and B is the rate of change of temperature per unit temp-
erature difference. The can temperature is T, and ﬂR’ which is a

funotion of time 6 , is the retort temperature.

The time 4 , can be transformed to 0,, where ¢ = .f...é;
equation ( 2) then becames -
1 Q! =2 U ee oo e o0 oo ( 3 )
'IER - T 44
The solution of equation (3) i.e. T = F' (6') is, therefore, the °
same for all siges of can if U is independent of can size (see Schultz
and Olsan, 1938) and if the retort temperature 'I’R is the same fimotion
of transfarmed time 6' for all can sizes. The caly temperature=time
funotion to satisfy this candition is a step change in retort tempera-

ture, i,e. a "square” process which is appraximately that obtained in

some forms of continuous cooker-cooler (e.g. the spiral and reel type).

The speoific rate difference funotion (¢ ) is a funotion of
temperature only, for any pair of chemical and beoterial systems. Hence
the specific rate difference vs transformed time function (i.e. ¢ vs 9 )

is independent of can sige.

The equivalent time difference is given by :

where 9'0 and 0'1 = %. 6, and .&%.. 91 respectively.
P P P

If 9/, and 0, are suoh that the specific rate difference,.is
gero at 9'0 and 9; for all ocan sizes (i.e. if the final temperature

of all cans and the retort temperature are indistinguishable), the
9‘

integral = .
€ df."
al

e
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does not depend on the can size. The equivalent time difference is,
mo
therefore, proportianal to —AR, and henoe to the ratio of can volume

to surface area for a step or "square" process.
The case also arises in which the retort temperature inoreases

slowly from sublethal temperatures to retort temperature.

Con=zider the case in which the retort temperature TR is
deéfined by -

'.ER = To + k¥ ,
Equation (3,) then gives -

%35 = A(T, +kOFT)

The general solution of this equation is -
'r-roqu'M+ kf - Xk
If the initial can temperature is 1‘0, this gives =
- - k(. P?
T-T = k& S eP”)

whioh gives =

T-T = kb -

RN

when & is large.

Because low temperatures make no significant oontribution to
the equivalent time difference, the can temperature vs time ocurves will
be substantially parallel to the retort temperature vs time curves, and
henoe to each other, from the time the spore destrustian and chemical
reaction rates beoome significant, until the retort reaches its final temp-
erature. The temperatures of the larger cans lag behind those of the mmaller
oans, and the specific rate vs time curves of the different sigzes of can
are therefore identical in shape for much of the process. In the phase of
heating in which the temperature vs time curves for the different sizes

of can are not parullsl, the ocontributions to equivalent time differences
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are approximately proportianal to the ratio of can volume to surface

area,

Similarly, temperature vs time curves for slow linear cooling
can be shown to be approximately parallel after the inmitial phase in
which the exponential term (i.e. the transient ) is signifiocantly
large. Hence the equivalent time differences for slow cooling are

also nearly independent of can size.

The model processes illustrate the effects of type of prooess
S
and can size on equivalent time difference. Flgures a and & show
typical temperature vs time and specific rate difference vs time

curves.

l. Effeot of total length of heating and cooling periods.

The most important effect of type of prooess is that of the total
length of the heating and cooling periods (irrespective of can size)
on the equivalent time difference. The equivalent time differences
of the cens in each set of rnms (9,1,3), (9,2,4), (10,5,7) (10,6,8)
and (11,9,10) oan be compared. In each set the slower retort heating
and cooling rates give greater equivalent time differences. Series A
and se_rles B runs with the same length of air ocooling phase cannot
strictly be compared as the different rates of cooling of the retort
in this period have an effect that tends to offset the effect of langer
total heating and cooling time. In runs 2 and 5, and in runs 4 and 7,
however, the temperature-time curves in the air cooling phase are almost
identical. The effect of totel length of heating and cooling phase is
not obssured by the effeot of the different retort-cooling rates.
Again, the effect of langer total lemgth of heating and cooling phase

is to increase the equivalent time difference.

2. Effeot of can size : square process.
The effect of can size has been shown above to he dependent on the
type of process. Run 11 is a square process in which U, the overall

heat tranafer coeffiocient is independent of temperature. The abscissae
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g
of the temperature vs time ourves, and of the specific rate difference

vs time ourves at any given value of the ordinate {see—figures—ipram—#5)

v v v
are in the proportion 1 % 3 % (Lees 8—1 : 8—2 t -sl ) far the
1 2 3 1 2 3

three can slizes 1, 2 and 3, i.e. the temperature vs transformed time

ourves (i.e. T vs 6 ), and the specific rate difference vs transformed

time curves (i.e. ¢ vs 6 ) are identical for the three can sizes, as

shown above (p 465 ). The can volume and can surface area are V and S
hme differences

respectively. As expected, the equivalent-retert—times-for run 11 i‘n

table 15 also show the same proportianality to ys-.

3. Effeot of can size : non-square process

The retort temperature vs time ocurves for the non=square processes
(runs 1=10) are by no means linear as assumed in the analysis above
(p 166 ). However, the can temperature vs time curves are nearly
parallel for the three siges of can in both the heating and cooling
periods. The slopes of the can temperature vs time curves (see figure L, )
are appraximately equal to that of the retort temperature vs time gurve,
especially in the period immediately before the retort temperature
reaches its maximm. The effect of can size an the equivalent time
difference in the heating phase (see table 15) is less for the slower
heating runs (series B, runs 5,6,7,8 and 10) than it is for the faster
heating runs (series A, runs 1,2,3,4 and 9). This is because length
of the period in which the can temperature vs time curves are approx=-

imately parallel is relatively longer in the slower heating runs.

The situation in the cooling phase is not so clear as there is
an abrupt change of slope in the model retort temperature vs time
curves and a large inorease in the overall heat transfer coeffiocient
as the cooling water is introduced. The can temperatures pass slowly
through the range in which the faster cooling cans have higher speoific
rate differences, and then pass very quickly through the temperature
range in which the faster cooling cans have lower specific rate differ-
ences, The net result is that the faster cooling ocans tend to have

greater equivalent time differences for the cooling phase, especially
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for those processes which have the langer air cooling periods.

Because the temperatures in the air cooling phase are in the
range in which the rate of change of specific rate difference with
respect to temperature is large (see figure 4O) the effeot of heat
tranafer coeffioient is appreciable., Runs 1 and 2, 3 and 4, 5 and 6,
and 7 and 8 (see figure 43) are identical, except that the overall
heat transfer coefficient in the air cooling phase of the odd numbered
runs is twice that in the even numbered runs. In all these runs the,
greater heat transfer coefficient in the air cooling phase gives the
larger equivalent time differences for the cooling phase,

The effeot of can sige on the equivalent time difference is
the sum of the effects of the heating and cooling periods. For a
square or step prooess, the equivalent time differennes are proportianal
to the ratio of can volume to surface area %. The effect of can sige
in the non-square processes is less than in the square process,
especially where the air cooling phase is relatively long. For some
processes with long air cooling periods, the effeot of can size is
small, and scmetimes is negative, i.e. the equivalent time difference

decreases wWith an inocrease in ocan sigze,

4. Effect of length of process.

The equivalent retort time correlations for static cans i;xdioate
that equivalent time differences for runs in which the maximum temp=~
erature is indistingulshable from that of the retort can be applied
without serious error to processes in which the maximum can temperature
is near, but not equal, to the retort temperature,

Three model temperature vs time ourves have been construoted for
this ocase., These are based on the largest size of can, and the heating
and oooling curves are those of run 5. Cooling is started 1, 2 and 3
mimites after the retort reaches maximum temperature (272.0°P), at
which times the can temperatures are 266.00°F, 270.0L°F and 271.56°F
respeotively. Equivalent time differences are shown in table 15 for
the three runs (mmbers 12, 13 and 14 respectively for the 1, 2 and 3

minute processes).
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In all ocases the equivalent time differences are greater than

those for run 5 oan 3 in which suffiocient time is allowed for the ocan
temperature to reach that of the retort. The contribution to equivalent
time difference made by the heating period ia reduced, as the ccoling is
begun before the specific rate difference beccmes zero (as in rm 5).
The contribution to equivalent time difference made by the cooling
period is inoreased as the temperatures in the air cooling phase are
lower, giving greater specific rate differences. The increase in the
cooling curve contribution to the equivalent time difference more th:m
offsets the lower equivalent time difference for the heating phase,
giving greater overall equivalent time differences.

It, therefore, appears that the equivalent time difference is a
function of maximum temperature obtained in the can, and is in general
constant anly for processes in which the maximum can temperature is
ihdistingui shable from that of the retort. The apparently linear
equivalent retort time correlations for the 15 psig and 30 paig statio
can runs are probably due to a fortuitous cholce of prooesses in which
the effeot of begimning the cooling while the ocan temperature is still
rising is not great. The overall coefficients of heat transfer to
agitated and static cans are approximately equal in the air cooling
phase, and henoe the inorease in cantribution to the equivalent time
difference made by this phase will belof the same order for the two
types of prooess. Static can heat transfer coefficients in the heatlng,
and weier cooling, phases are about half those for the agitated cans, and
the rate of chenge of temperature in the static cans will be less than in
the aglitated cans. Henoe the cantributions to the equivalent time
difference in the heating and water cooling periods of static ocans are
greater than those of aglitated cans, and the relative effect of the
eir cooling phase will be less in the static can runs than it is in the
agitated can runs.

The effect of beginning the cooling while }the can temperature is
still rising may explain the anomalous effect of process time (T) in the

agitated can runs. If the cooling in the short (i.e. 2 min.) run was, in
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faot, begun Just before the can temperature stopped rising, the equiv- .
alent time differences for the short runs would be slightly higher

than those for the lang (i.e. 5 min.) prooesses where the can temperature
has for all practical processes reached that of the retort. Camparison
of the equivalent time differences of run 14 can 3 and run 5 can 3 shows
that a difference between retort temperature and can temperature at the
‘begimning of the cooling period of O.M.OF leads to an increase in
equivalent time differemoe of 0.08 min. for B.stearothermophilus, and
0+13 min. for B.subtilis. The observed differences in equivalent t1m7
differences in the agltated can experiments were 0.09 min. and 0.05 min.

respeotively.

(a) Application of equivalent time difference analysis conclusions to
real prooesses.

The model proocesses di scussed here are somewhat artificial, in that
linear heating and cooling curves with abrupt changes of slope are only
approximations to those observed in practice. The overall heat tranafer
coefficients are based on a limited number of runs of one type. In
particular, the retort temperature and the heat transfer coefficient in-
the air cooling phase may not be representative of a very wide range of
prooesses. For example, much greater thermal load in a commercial
retort could well affeot the rate of change of retort temperature in
the air cooling phase (and hence the specific rate differences and
equivaisant time differences).

However, the model temperature vs time functiaons cover quite a
range of types of prooess, and the broad conclusions fram the equivalent
time difference analysis should be applicable to real processea. These

conolusions can be listed as follows :-

1. The equivalent time differences for organisms whose spore destrustion
reactions are charasterised by high activation energies are greater
than orgenisms with relatively low aotivation energies. Approximate

caloulation of equivalent time differences of an organism appears
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possible with the equation =
sog  _ 108 (B yonin) / By chen)
AR og \E 3
1 A bact(1) A chem

2. Slower rates of heating and cooling of the retort give larger

equivalent time differences.

3. The effect of an inorease in can =ize is generally to increase

the equivalent time difference. The effect of can size is grea‘éest
for a square process where the equivalent time difference is proportianal
to the ratio of om volume to surface area. Can size does not have as
great an effeot an equivalent time difference in processes with finite
rates of heating and cooling of the retort. The effect of aan size
deoreases as the length of the total heating and cooling periods
inocreases. In some cases, particularly processes with long air cooling
periods, the effect of an increase in the can size may be to redune the

equivalent time difference slightly.

L The most important source of variation in equivalent time
differences is the air cooling period. Hence smaller differences
between the equivalent time differences of similarly prooessed ocans,
as well as greater uniformity of processing, will be obtained by the
use of prooesses in which the duratian of the air cooling pe;iod is

as short as possible.
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FURTHER DEVSLOPMENT OF THE CHEMICAL ANAIOCUE

INTHODUCTIQN

Experiments and theoretical considerations have both shown that
the equivalent retort time correlation is dependent on the temperature=-
time funotions obtained in the can during the heating and cooling phases
of the proceass. ‘

For a single element of material in a container, it has been shown
that the ejquivalent retort time correlation depends on the temperature=-
time function if only one chemical reaction is used. If two chemical
reactions with different activation energies are used, it is still
neoessary to know the form of the temperature-time function., lience
measurements or calculations of temperatures within the can must be
made,

Where the effect of heat on all elements of material in the ocan
is not identical, as in statio convection or conduwtion, a knowledge of
the effect of heat on all elements is necessary for the prediction of
equivalent retort times froa ohewmical measurements.

Beocause of this dependence on temperature-time funotions (which
are sometimes quite difficult to obtain) the possibility of an analogue
vhich 1s independent of temperature-time functions was inveséigated.
This seotion is, therefore, a disoussion of methods of calculation of
spore destruction from chemical measurements with particular reference
to the degree aof dependence of these methods on a knowledge of temperature-
time funotions. In particular, a chemiocal analogue vhich can be applied

to any prooess with unknowvn can temperatures is souht.

MULTIPLE REACTIQH SYSTEMS

Temperature vs time curves of best fit

A number of chemical reactions (witih non-equal activation energies)

can be used, and cuemical equivalent retost times determined for each system,
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A temperature vs time curve of best fit (i.e. a hypothetical time-
temperature funotion which gives chemical equivalent retort times
identical to those observed) cen then be used to extrapolate from chem~
ical data to bacterial equivalent retort times.

These hypothetical curves need not necessarily resemble closely
the temperature vs time curves to which they are equivalent. It has
been shown earlier (p 45 ), that apparently dissimilar temperature vs
time curves can be equivalent for the calculation of baoterial equi\‘ralent
retort times from measurements on chemical systems.

The development of a chemical analogue which is independent of any
knowledge of the form of the temperature-time functions obtained in the
can, therefore requires an investigation into the number of chemical
reaction systems necessary to define a curve of best fit which is satis-

factory for the calculation of bacterial equivalent retort times.

Method

In this study, prediction of bacterial equivalent retort times
from measurements on two, and on three chemical reactions, with dif'fergnt
activation energles, has been investigated. Because sultable chemical
reactions with the required activation energles and rate constants were
not readily available, hypothetical reactions with activation energies of

30 and 45 Ecal/mole have been used. These are referred to as the EAxBO
and the EA”“S reaotions.

The equatians 1@

log,, %R= 11.803 (1.3667-11.93)

log,, %-_R = 11,704 (1.3667 -Jin)

have been used to calculate specific reaction rates for the EAtBO and
E, 145 reactions respectively. The rate of reaction at T (°R) is X, anad
that at retort temperature (272.0°F = 731.7°R) is Ep. These specifio

reaction rates have been used to prepare tables of specific rate difference
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(with respect to suorose hydrolysis) vs time. These tables are presented

in Appendix VIII.
All specific rate differences and equivalent time differences

(for chemical and bacterial systems) are with respect to the sucrose

hydrolysis reactiaon :

. L . H
i.e0 bact = LR HR ’
. - K . H !
chem KR HR J
Ar')bzu::‘t'. ®  “%wrose = “bast ?
and = ) N

Ye) = o] =
chem sucrose chem

where ¢ is the speoific rate difference, H, L and K are the rates of
suorose hydrolysls, spore destruction and hypothetical chemical reaction.
Equivalent retort times are denoted by ® , and the ejquivalent time
differences by 4o . Subsoript R refers to retort temperature, while
subsoripts bact, chem, and suorose refer to the baoterial systems, the
hypothetical chemical reactions (EA:BO, and EA:LS) and the suorose

hydrolyeis reastion, respeatively.

Equivalent time differences have been caloulated for the range
of model prooesses used in the study of the ejuivalent time difference
cawept (Pp 157,158) Table 16 ehows the equivalent time differences for
the heating and cooling reriods, and the total equivalent time difference,
for both reactians.

(a) Two reaotion systems.

(1) Temperature vs time curves of best fit.

A ocurve of best fit based on two chemical reaotions must be
defined in terms of two parameters, with all other neoessary parameters
required to define the can temperature vs time curve being defined in
terms of these two. [or example, if the two parameters are fh (the

reciprocal of the slope of the semilogarithmic heating curve (p 18 ) and
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Table 16 : Effect of Can Size and Type of Process an Equivalent Time
Differences for Chemical Reactions with Activatiaon Energles
of 30 koal/mole and 45 kcal/mole.

Equivalent Time Differences (min.)

Ba no- EA t 30 reaction KA t 45 reaction
can noe.

heating ocooling total heating cooling total

i R 0.156 0.299 0.455 0.290 0,658 0.948
1 0.178 0.109 0.287 0. 368 0.263 0.631

2 0.210 0.,117 0.327 0.450 0.259 0, 709

3 0.266 0.123 0.389 0.886 0.267 0.853

2 R 0.156 0.299 04455 0.290 0. 658 0.948
1 0.178 0.096 0.274 0.368 0.206 0.574%

2 0.210 0.101 0.311 0.450 0.212 04662

3 0.266 0.112 0.378 0.586 0.237 0,823

3 R 0.156 0.60L 0. 760 0.290 1.279 1.569
1 0.178 0.323 0. 501 0.368 0.767 1.135

2 0.210 0.285 0.485 0. 450 0.672 1.122

3 0.266 0.256 0.522 0.586 0.606 1.192

L R 0.156 0.604 0. 760 0.290 1.279 1.569
1 0.178 0.223 0. 401 0.368 0.534 0.902

2 0,210 0.198 0. 408 0.450 0.L467 0.917

3 0.266 0.185 0. 451 0.586 0.428 1.014

2 R 0.312 0.257 0. 569 0.586 0.57 1.157
1 0.315 0.136 O.451 0.610 0.292 0.902

2 0.:73 0.145 0.473 0.663 0. 308 0.9M

3 0.357 0.158 0.515 O¢ 745 0.331 1.076

é R 0.312 0.257 0.569 0.586 0.57M 1.157
1 0.315 0.126 0.4 0.610 0.261 0.87

2 0.328 0.138 0.L466 0.665 0.280 0.943

3 04357 0.151 0.508 0. 745 0.313 1.058

continued ...



Table 16 cont.

Equivalent Time Differences (min.)

Run 0
S EA ¢ 30 reaction EA s 45 reaotion
aRRI0. heating cooling total heating cooling total
1 R 04312 0574 0.886 0.586 1.322 1.908
1 C.315 0.258 0.573 0.610 0.608 1.218
2 0.328 0.241 0.569 0.663 0.552 1215
3 0.357 0.229 0.586 0.745 0.552 1.297
8 R 0.312 0.57% 0.886 0.586 1.322 1.908
1 0.315 0.199 0.514 0.610 0.439 1,049
2 0.328 0.188 0.516 0.663 0.416 1.079
3 0.357 0.192 0. 549 0. 745 0. 116 1.161
9 R 0.156 0.036 0.192 0.290 0.070 0.360
1 0.178 0,070 0.248 0.368 0.149 0.517
2 0.210 0.084 04294 0.450 0.170 0.620
3 04266 0.100 0. 366 0.586 0.199 0.785
10 R 0.312 0.073 0.385 0. 586 Oe 1l 0.730
1 0.315 0.113 0.428 0.610 0.225 0.835
2 0.328 0.126 04454 0.663 0.253 0.916
3 0.357 0.143 0.500 0. 745 0.288 1.033
11 R 0.000 0.000 0.000 0.000 0.000 0.000
1 0.123 0.032 0.155 0.279 0.061 0.340
2 0.177 0.046 0.223 0.402 0.087 0.489
3 0.252 0.065 0.317 0.567 0.122 0.689
12 3 0.297 0.367 0.664 0.585 0.845 1.430
13 3 0.340 0.225 0.565 0.697 0. 504 1.201
1 3 0.352 0.179 0.53 0. 730 0.384 1114
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-
g (the difference between the maximum ocan temperature and that of the

retort) are used, then values of other parameters sugch as the shape and
slope of the cooling ourve, initial temperature, eto. must be assumed
to be invariant, or defined in terms of fh and g.

A number of types of ocurve can be used to fit the chemical data.
In general the two parameter systems have proved inadequate for
caloulation of bacterial equivalent retort times from measurements on

chemical systems.

(11) Equivalent time difference correlations.

Although it has been shown that measurements on two chemical
reactions are not sufficient to make possible the calculation of
baoterial equivalent retort times from chemical equivalent retort times,
ocorrelations involving two chemical reactions have been plotted (figures
4L7a and 47b). These figures show the equivalent time difference for

B. stearothermophilus plotted against the equivalent time differences for

the EAz 30 and the EAsLB reactions, The corresponding correlations for
B. subtilis (which are quite similar in general form to the B.stearo-
thermophilus curves) are not shown.

In each figure the data for the non-square runs can be represented
by two distinot straight lines. The upper line represents the data of
runs 1, 2, 3, 4 and 9 (i.e. series A) which are based on the heating and
cooling rates obtalned in the experimental retort used in this study.

The lower line represents the data of series B (runs 5, 6, 7, 8 and 10)
in which the heating and cooling rates of the retort are half the
corresponding rates of series A. Within eaoh set of data, the effects of
length of air cooling phase, overall heat transfer coefficient in the air
cooling phase, and slze of can are relativelyunimportant. The maximum
error in the bacterial equivalent time difference (and hence in the
equivalent retort time) predicted from the chemiocal equivalent time
difference is less than 0,07 min. (L sec.) if the EA:30 reaction is used,

and is less than 0.,05min.(3 sec.) if the EA:L5 reaction is used.



182

rd
If the magnitudes of these errors are representative of the orders

of the errors to be expected from real processes, then relatively orude
heat transfer data can be used to caloculate temperature vs time ourves
from retort temperature data for the process being investigated.
Chemical and bacterial equivalent time differences on these can tempers=
ture vs tims curves can be used to establish the relationship between
the ohemical and bacterial ejuivalent time differences. Measurements
on two chemcal systems within the can will determine the chemical
equivalent time difference for the glven product and process. Thus tk‘xe
baocterial equivalent time difference and hence the bacterial equivalent
retort time (i.e. tie total icthal effect of heat) can be determined.

The data from the sjuare prooess (i.e. run 11) lie on a straight
line which passes through the origin. The points are marked 11=1, 112
and 11=3 in figures L7a and 47b. The linearity of the three points and
the origin arises because both the chemical and baoterial equivalent
time differences for tne three can slzes are proportianal to the respeot=-
ive ratios of can volume to surface area %. Hence, for a square prooess,
temperature vs time curves for ane slze of can only, are required to
define the line relating the baoterial and chemical ejuivalent time
differences.

The data fraom the runs in which the oan temperature did not
reach retort temperature are also shown in figures 47a and L7t (points
12-3, 13=3 and 14=3). The point for run 12 ocan 3, in which the can
temperature at the beginning of the cooling period is 6.0 degrees below
the retort temperature, lies below the line. Hence the correlatlion
between the chemioal and the baocterial equivalent time differences may
prove to be non~linear. The correlation oan still be determined by
caloulating temperature vs time curves far prooesses of length similar
to that being investigated, and hence measurements on two chemical

systems can be used to determine the total lethal effect of heat

(b) Tiree reaction systems.
(L) Types of best fit curves.
Two types of curve of best fit have been used for the caloul-

atian of bacterial equivalent retort times from chemical data in this
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d
investigation. Type I, which is shown graphically in figure L4L8a is based

on three parameters f,, £ and g, and type II (figure 48b) on the para=
meters fh' fo and ©. , where fh and fc are the reoiprocal slopes of the
semi-logarithmic heating and cooling curves respectively, and g is the
difference between the maximum can temperature (T) and that of the
retort (TR). The holding time ©, is a period in which the can tempera-
ture is the same as the retort temperature. This period is arbitrarily
assumed to begin when the can contents reach a temperature 0.1°F belo‘w
that of the retort.

The equations relating the chemloal resotion data (i.e. equivalent
retort times), and the three parameters are given below, along with the
method of solution of these equations. The methods of calculation of
the various funotions or constants required in the solution of the

equations are also outlined.

1. Type I curve of best fit.
Bacterial and chemical equivalent retort times ( © ) are given by

the equation =

0 = Oh + [C] 0000000000000 0000000 (1)

where eh and G’o are the respective contributions to equivalent retort
time of the heating and cooling phases of the prooess represented by the

ourve of best fit.

Because 0 h and 0 o &re proportional to fh and 1’0 respectively for
a given maximum can temperature ‘I!R -g, Gh and Go in equation (1) may

be replaced by afh and bfo respectively.

Equation (1) is then

A= af

h +bf°

vwhere the coefficients a and b are funotions of g only, for any given
chemiocal or bacterial system. The use of the subsoripts A, B and O for

reference to the three chemical reaotions (which in this study are suorose
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hydrolysis and the hypothetical reactions with motivation energies of
30 end 45 ksal/mole respectively), and S for reference to the destrustion

of bacterial spores leads to the equations :

OA = aAf‘h + bt e — )
@p = agfy + Dbpf, SR ()
(-)c = ath + bcfo eecsscscsscscos (&)
end Of = agf, + bgf, S |

Equations (2 ), (3 ) and (4 ) are solved for £, and f_ in pairs,
using trial values of g to determine the coefficients a and b. Values
of £, f, and g which satisfy oguations (2), (3) and (4 ) are used to

determine Ag by substitution in equatiom (5).

Values of a and b for a range of values of g can be calculated
by graphical or mummerical integration of the speocific rate vs time curves
based on the respective semilogerithmic heating and cooling curves.

Alternatively a and b can be determined using the equatiaons :

»
|

log,y e - =Bl (= B(gx'g -1) )+ e® B (-%g) seceege (6)

T
b = log‘oe.eB '%)m(uo ug ) -e Ei(-;g)....(?)

where
E
B='R"$l:&ndua,—§3-

Sibscripts g and o refer to the temperatures at the end of the heating
period (T = Tp = g), and the temperature T, of the cooling water. Two

terms which ocour in the full form of equation ( 7 ) are cmitted. These
arise from the lower limit (where all rates of reaotion and spore destruwotion
are very low) and are negligible for values of B, g and uj of interest

in the present context.
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The funotions -Bi (~*) and Bi (= ) are known as exponential

integrals. They are defined by :
0

Bl (-x) = —ﬁ-— du ( 2> 0)
€L

and H (x) = Um B (x+ iy) 2 iw

y ~*» 0+0
(xeand y real).

These functions have been tabulated, e.g. Korn and Korn (1961)

and Jahnke and Bmde (1945).

The derivation of equations (6 ) and (7 ) is shown in Appendix IX.
Appendix X gives values of a and b for the sucrose hydrolysis reaction
(activation energy in the range 212-272°F assumed constant and equal to
22,34 koal/mole). Values of ia and Ab for the other chemical and

bacterial systems are also shown, where AaN and AbN are given by :

Adg = 8y - &
and Abg = by - by

Subsoript A refers to the sucrose hydrolysis reactian and subscript N

to the other systems. The range of g 4in the table is 10.0°% to 0.01°F.
Retort temperature is 272.0°F and the temperature of the cooling water is
67°F (ug = 0.72).

2, Type II curve of best fit.
For a type II best fit curve, the bacterial and chemical equivalent

retort times are given by the equation :

where O O and o o are the respeotive contributions to equivalent
retort time of the heating, holding and cooling periods of the process

represented by the curve of best fit.
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As in type I, the contributians G)h and 0, oan be replaced

by afh and bfo respectively, giving =

Use of the subsoripts A, B, C and S, as above, leads to the

equations @

(0] = ]
A = aAfh + r + bAfo e0eccecccccvcce (8)
[
A = ]
B - anh + r + beo 0000000000000 (9)
® =
c = acfh + Or + bcfo eeccceccsscccee (10)
and QS = asfh + qr + bsfc 00000 co0covovvce (11).
a0 = el & R
whence GB- A B
= Aa-th +Abe° 0000 ccocccccoce (12)
D= ® _ 0
pod| (49 A c

Aacfh +Abcf° R xx (13)

Because the high temperature limits of the type II heating and
cooling curves are invariant, the values of a and b (and hence of
Aa and A b) are constant for each chemical and baoterial system. The
values for the different systems are marked with an asterisk in the table

of Appendix X, (p 269).

The solutian of the equations for the type II curve of best fit is
much simpler than that for the type I best fit curve. A single pair of
linear similtanecus equations with constant coefficients (viz., equations
(12) and (13) above) are solved for f, end f_. The value of ©_is found
by substitution in one of the equations (g ), (9 ) or (10). Substitution
of £;, £, and ©_ 4in equation (11) ylelds the equivalent retort time for

spore destruction.
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Altematively equatians (8), (9) and (10) may be solved for 2,

@, and £ in terms of ©,, ®B and A, Substitution into equation @)

yields, efter simplification, an equation of the form =

Os s P mA - ud @B + T @c 0000000000000 0000 (14)

which oan be used to caloulate bacterial equivalent retort times directly
from the chemical equivalent retort times. For B.stearothermophilus
and B,subtilis the equations are =

95 = 1.2801 QA - Jcm l“"’B + 3.1607 Gc

&g = 2,5426 0, = 644005 op + 58579 0g

respectively.

If equivalent time differences anly are known (as in the caloulations
on the model prooesses), the bactarial ejuivalent time differences ( ao s)

can be caloulated using the equation =

.\ms s -qQQB + _‘il':}c 000000000000000000000000 (15)

This gives

A0g = -}.1,.!;08363 + 3.1607:.:’-)0

and
A0g = =6.4005 305 + L8579 ang,
for B, stearpthermophilug and B.subtilis respectively.

An advantage of this direct method (apart from its extreme simplicity)
is the ease with which the errar in Ogs due to errors in estimation of

0 0

I and @C, can be calculated.

B

(11) Comparison of the two types of best fit curve as methods of
caloulation of spore destruction.

Tables 17a and 17b show the equivalent time differences and
equivalent retort times, and the relevant parameters of the best fit
curves. In table 17a (runs 1-11) equivalent retort times and lengths of

the holding periods are not shown, as the equivalent time differences have



190
v

Table 17a : Equivalent time differerces and parameters of the ourves of

best fit ¢ Hms 1 = 11,
. £ ¢ Equivelent time difforence , A0 (min.)
— B, stearothermophi lus Basubtilis

cen  No. (min) (min) type II model type II model
1 1 1,399 6491 1.007 1,033 1,228 1.305
2 1.423 914 1.116 1.173 1.351 1,480

3 1.858 9,65 1.358 1.409 1.654 1,764

2 1 0,848 10.2L 0.8 0.921 1,035 1.150
2 1,442 10.28 1,022 1,081 1,225 1.358

3 1,704 10.13 1.301 14345 1.579 1,683

3 1 3.017 7.75 1,864 1,986 2,307 2,568
2 24991 7.56 1.842 1.979 2,282 2,573

3 3,306 6.87 1,97 2,076 2.450 2,700

L 1 2,304 7.03 147 1.57h 1.815 2,058
2 24332 7.25 1494 1,590 1,843 2,078

3 2,584 7.97 1.653 1.739 2.039 2.257

2 1,122 20,24 1,02 10164 1.690 1.75

3 14544 19.62 1,629 1.665 14931 2.013

6 1 04457 23.27 14236 14281 1.409 1.499
2 0.872 21,69 1377 1.446 1,598 1,676

3 1.465 19.79 14596 1,628 1,888 1949

1 1 2,076 19.16 1.878 1.979 2.2L49 2,484
2 2,156 184 31 1,682 1.965 24260 2449

3 2,472 16.97 1.985 2,063 2.399 2.57

8 1 1,114 22,78 1.547 1.657 1,806 2,049
2 1.563 19,54 1,635 1.705 1.939 2.096

3 1.886 19.12 1,784 1,843 2,126 2.376

9 1 0. 724 9.60 0. 780 0.793 0492k 0.948
2 0. 980 10.46 0.948 0.989 1,130 1.202

3 1,046 11.33 10222 1.275 1,474 1. 569

10 1 0.267 23.91 1.167 1.237 1,317 1,405
2 0.803 21,48 1.333 1.372 1.554 1,607

3 14299 20455 14545 1.56L 1,019 1,894

11 1 0. 742 3483 Q. 541 0. 551 0660 0.682
2 1.065 5¢53 0.778 0.795 0.943 0.982

3 1.409 8465 1,087 1.100 1.318 1.382
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TJable 17b : Equivalent time differences, equivalent retort times end

parsmeters of the best fit ocurves : Runs 12-1l.

model type 1 type 11
Tvs 9 curve best fit ourve best fit curve

Run 12 ocan 3

£y (min) - 3.119 2,72k
.8 (min) - 18.29 19.81
g (°») 6.00 1,45 Q.54
O (min) - - - 1,99
B. stearotherm 1
0 (mdn) 2,313 2.215 2.235
a0 (min) 1.916 2,014 1.99%
B. subtilis
© (min) 2.842 2,61 2,697
40 (min) 1.387 1.585 1.532
Rm 13 ocan 3
£, (min) - 2,064 2.047
£ (min) - 18.75 18.89
g (°r) 1.56 0.10 00995
o (min) - - 0.025
B, gtearothermophi lug
o) (min) 1.915 1.854 1.852
A® (min) 3,666 3.727 3.729
B.subtilis
) (min) 2,366 2,222 2,218
A0 (min) 3.215 34359 3.363
Run 1 oan
L (mdn) - i 1.6M
£, (min) - . 19.64
g (°r) O Lt <0.01 0.007%
Bl (min) - L 1.887
B, stear eIm U8
o (min) 1.747 . 1.692
80 (min) 4929 . 4,982
B.subtilis
® (min) 2.139 . 2,013
AG (min) 4537 * 4663

* A golution is not possible as the minimm value of g 4in the table
AP Annendiy X ia N.010P.
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been caloculated direotly from the heating and cooling curves of modei
prooesses of unspecified length. Table 17b shows data far the rums 12-14,
in which cooling was begun before the can temperature reached that of the
retorte Equivalent retort times, as well as equivalent tims differences,
are shown, along with the relevant parameters of the best fit curves

(1.e. f,» f, and o, or g)e In both tables equivalent time differences

of the model process are shown for comparison. Table 17b also inoludes

equivalent retort times caloulated from the model curve.

4

Caloulated equivalent time differences (ardinates) are plotted

against the wodel equivalent times (abscissae) in figures 49a (B.stearo-
thermophilus) and 49b (B.subtilis).

1. The best fit ourves.

A qualitative examination of the model temperature vs time curves
and the curves of best fit has been made. It is apparent that for processes
in which relatively large contributians to equivalent time difference are
made by temperatures near that of the retort (say within about 15°F) , the
slope of the heating part of the curve of best fit will be relatively low.
The value of fh will hence be relatively high, and the cantribution to
equivalent time difference by this part of the best fit curve will be
large. Similarly, processes in which lower temperatures give relatively
large contributions to equivalent time difference will givé rise to
relatively large values of fo for the curve of best fit.

The temperature in the model prooesses during the air cooling
phase are in the range which gives large contributions to equivalent time
differences. The s with the langest air cooling periods give higher
values of f,. Figure 42 (p 156) shows that there are four sets of runs
which are identical except for the length of the eir cooling phase. These
are s 9, 1 and 3, runs 9, 2 and 4, runs 10, 5 and 7, and rums 10, 6 and
8. In each set the value of fh increases with the length of the process,
while the value of fc remains approximately constant.

The effeot of rate of change of retort temperature for the model
prooesses is also shown in table 17a. The values of fh for runs 1, 2, 3, L4 end
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9 (i.e. series A) are in the range 7-11 min., while runs 5, 6, 7, 8 and *
10 (series B) are in the range 17-24 min. In series B the rate of change
of retort temperature is lower than in series A, and hence the loanger
times are spent at lower temperatures. This effect appsars to be almost
independent of differences in process ocourring at high temperatures.
In both type I and type II ocurves of best fit, the cooling curve
used falls rapidly framn maximum temperature to sublethal temperatures.
The contribution to equivalent time difference of the cooling curve with
unit slope (i.e. coeffioient b of equations (2 ) to (5 ) and equations
(8) to (11) ) is about ane order of magnitude less than the corresponding
quantity (i.e. coefficient a) for the heating ocurve of unit slope. The
model temperature vs time curves are such that the contributions to
equivalent time difference of the heating and cooling sections of the
best fit curve are of the same ordem Hence the values of fo are about
one order of magnitude greater than the wvalues of f‘h. This again
emphasises the faot that a curve of best fit may be the equivalent of
some other temperature vs time curve, for purposes of caloculation of
spore destruotion, without being at ell similar to it in general shape.
The parameters g (type I curve of best fit) and &, (type II ourve-)
are both measures of the length of the process. When the can temperatures
are very close to retort temperature (say g < 0.101'), a tenfold decrease
in g represents an inorease in overall process length equal to fh.
Similarly an inocrease (or decrease) in overall process length inscreases
(or decreases) the value of ® o If gis small (say <0.1°F), the
change in mr is equal to the change in prooess length.

‘ Table 17b shows the values of g and f-)r for runs 12-14., As the
prooess length is inoreased the values of g and O ror the type I and
type II curves of best fit show the expected trends, with the values of
g decreasing, and the values of Or inoreasing.

An unexpected feature of the type I ourve of best fit is that
the values of g for the best fit curve are much less than those of
the model temperature vs time curves from which they are derived. In the

type II ocurves of best fit, the temperature on the heating curve (extrap-

olated if necessary) at the instant when cooling begins can be calculated.
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The values of g for type II curves are shown in table 17b. Again they

are considerably less than the values of g for the model curves.

It is not known why the curve of best fit gives values of g whioch
are lower than expected. It is probably because the types of best fit
curve assumed do not allow the model temperature vs time curves to be
fitted very closely. Other curves of best fit based on three perameters
could be used which give a closer fit to the model curves. It is expected
that the more clossly fitting ourves would give values of g oloser to
those aotually obtaining in the can.

The two types of best £it curve :sed here are suwsh that for small
g (say g < 0.1°F) the ocurves of best fit are almost identical. Impartant
differences between the curves are expected only when g is greater than
about 1,0°F. The valuss of £, eand f_ for runs 12 and 13 (table 17b)
show this behaviour clearly. There is close agreement between the two
values of fh, and between the two values of f, of run 13 in which the
value of g for the curves of best fit is 0.10°F. The values of rh and

fo for run 12 do not show this close agreement.

The value of Gr of run 12 can 3 has the "imposaible” value of
«1.,994 min. This negative value arises because the sum of the contributions
to equivalent retort time of the heating and cooling periods is greater
than the equivalent retort time of the model curve. The renuit is a curve
of best fit in which the cooling period begins before the heating period
is oamplete. Cantributions to equivalent time difference are hence
being made by both the heating and cooling parts of the curve of best
fit during the negative holding time. The baoterial equivalent retort

times predicted uaing this "impossible" curve of best fit are discussed

below.

2. Equivalent time differences and equivalent retort times.

Al]l bacterial equivalent time differences 6aloulated using three
parameter curves of best fit are less than those based on the model curves
(see tables 17a and 17b, and figures 49a and 49b), and it hence appears
that the two types of best fit curve as used here are not ejuivalent to

the model curves when used for caloculation of spare destruction.
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Because the equivalent time differenoes predicted from the chemiocal analogue
are less than the equivalent time differences calculated directly from the
model temperature-time functions, the bacterial equivalent retort times
based on the chemical analogue will tend to be high. The error in spore

destruction is henoe on the unsafe side.

The disorepanoy between calculated and model equivalent time
differences is probably because the curves of best fit do not allow the
model temperature vs time curves to be fitted closely. It may be pbssible
to modify the three parameter curves of best fit to allow a oloser fit to
the aotual curves (particularly in the early stages of cooling) and so get

a more reliable prediction of equivalent time difference.

The differences between the model and calculated equivalent time
differences are not great, and the equivalent time differences calculated
from a type I curve of best fit do not appear to be significantly different
fram the type II equivalent time differences. The points representing
the very short runs are marked in figures 492 and 49b with the run and can
mmbers, and the type of best fit ourve used.

T he most important observation is that the scatter of the results
as plotted in figures 492 and 49b is emall (i.e. + 0.5 min. or 2.5% for
B, stearothermophilus and + 0.10 min. or 5% for B.subtilis equivalent time
differences), even though the analogue is not completely ind;pendent of
the temperature-time funotion obtaining in the can. If it can be shown
that this dependence of the analogue on the can temperature-time funotion
is the same for a wide range of processes, can siges, etoc., then the

anal ogue can be used to predict bacterial equivalent retort times.

(111) Modification of the analogue.

Two methods of eliminating the difference between the
caloulated and model ejuivalent time differences (see figures 49a and L49b)
oan be used. One posaibility, the modification of the best fit curve to
enable the can temperature vs time curve to be fitted more olosely has

been proposed. The secand method, which is somewhat simpler involves
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modification of some of the constants in the equations of the analogue.

Figures 49a and 49b show that for the range of model proocesses
considered, the data can be represented by a straight line through the
origin without serious error.

i.e. A(-)S el k AQS Oalo. ‘0000000000000 000 (16)

where k is a constant of proportlianality.

!
The equations which have been developed for the caloculation of

bacterial equivalent time differences from chemical measurements are

A(:)S calc. = iasrh + 3bsf° “assscessssnsasee (1?)

Ar')s oalc. -3 - q AQB + r AF)C 0000000000000 (18)

For any given system of three reactions the coefficients aag
and Abg in equation (17) and the coefficients q end r in equatian (18)
depend only on the charaoteristios of the organism and the retort
temperature on which the equivalent time differenoces and equivalent

retort times are based.

Equation (16), with equatians (17) and (18) respectively gives -

-

‘g = k 493 oale.
= k Aasfh + kAhSro
= d&’s fh + -:AbJS fc 006000000000 000 (19)
and &F)s = -kq_gr-\n = kI‘AmC
= *Q&F‘}B + RA@C ecccccses000000 0 QO)

where Aa's, Ab's, Q and R are constants equal to l:Aas, .kAbS,

kq and kr respeotively. These constants can be tabulated for a range

of baoterial aotivatiaon energies and retort temperatures.
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If the reciproocal slopes fh and to are to retain their meaning,
the modification of equation (17) to give equation (19) can only be
regarded as a somewhat arbitrary modification of the present analogus.
This is because the bacterial equivalent time difference is calculated
from a ocurve of the same form as the curve of best fit, but with
decreased slopes of the heating and ocooling curves, i.e. the heating and

cooling ourve slopes respectively are —-— and —1— 4instead of - and .1.
K, Kt z
.} h c
l
Bquation (20), which was derived via equation (16) from equation (18),
can be regarded as a modificetion of the shape of the ocurve of best fit.
Although the equation of this modified best fit ocurve is not known, it is

suwh than an analysis slmilar to that leading to the equation =«

OS = p GA - q ﬁB + r Oc 000000000000 (11§) (P 189)
will give the equation=-
ms z P ﬁl - Q r’B + RGC XXX XXXX] (21)

where P is glven by =

P = Q + R = 1 0000000000000 0000s0 (22)

(see footnote below)

-

Regression equations (for the best estimate of Abg for a given

Aas cRlp ) have been caloulated by the method of least squares for the

B, stearothermgphilus and B,subtilis data. Values of the constant k of
equation (16) are 1.0424 and 1.0802 respectively.

Equation (21) then beccmes ~

ms = 1.2920 {:}A - 3.5867 :—'}B 2 5-291&7 ’0 ssesnsnne (23)

Bquation (22) is derived from consideration of an element of food which
heats instantanecusly to retort temperature end cools instantaneously to
sublethal temperatures. All equivalent retort times GA’ F’B’ F)c and og
are equal. Equation (21) then becomes -

°g = PYg - Q85 + R

whioh gives =
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and *
QS = 2.6663 GA - 6.9138 GB + 5.211.?5 @c esssscesvnse (21¢-)
for B, gtearothermophilus and B, subtills respectively.

(iv) Errar in equivalent retort time due to error in measurement
of retort temperature.

Beoause an average retort temperature has been calculated

far each run in the experimental work and a preoisely known retort tempera-
ture has been assumed in the calailations on model processes, the effeot of
error in retart temperature has been minimized or eliminated.

In practice however, the equivalent retort times would be based
on the rates of chemical reaction and spore destrustion at the naminal
retort temperature. A mmber of factors can cause this nominal retort
temperature to be different fram that asctually obtaining in the retart,
e.g. variation of temperature within the retort arising from inadequate
venting, errors in temperature and pressure measurement and/or contral,
eto. Henoe the effeot of an error in retort temperature an the predioted
equivalent retort time has been investigated.

Bacterial equivalent retort times are given by 1

85 = PGA o) Q (‘IB + RQC 0000000000000 000000000000 (25)
and -
mls = PQ'A - QH.B + Rmé 000000000000 0000000000000 (26)

vhere the ejulvalent retort times QA’ QB, R and g are based an

the nominal retort temperature (TR) and the equivalent retart times

A, A r-)b and O, are based on the aotual retort temperature Tp.

A’ B S

The error in O, is defined by =

S

A
g = 68g = g

whare 6 is the actual baoterial equivalent retart time (based on the
nominal retort temperature) and 63 is the estimate of ©g obtainsd

using the inoorreot retort temperature,
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If 5T 4is amall (5T = T - Tp), then -

o = o+ (1 + ,5T) (27)
g = g+ (1 +agsT) eererersenneses  (28)
m(': = ag+ (1+2557) (29)
and % = Ag (1 —eg 1) ceveccsectessssncees  (30)

where °yr °p etc., are t.ie slopes of the rate of chemical reastion
vs temperature or spore destruotion rate vs temperature curves, The

values of Sy %pr g g for B,stearothermophilus and ag for
B.subtilis are 0.038, 0.051, 0.076, 0.125 and 0.173 °I"-1 respsotively.

Substitution for @,, ©; amd o, in equatimm (26) gives -

D>
n

.' ¥ U
Pe - 9% + B9

3! — o Q'
+(P,AnA QuBB+Rac C)ST

& 1 ! = o L c b
g + (Py®) = QegOp + Regar ) AT

e} [ — o} 0 La B
g + (Pey® = QagPp + ReT% =ag0g )3T

Therefore

30 2 0O, - O

(Pa,0, = Qap?p + Ray®y = o504 )3T
0000000000000 (27)

For B.steerpthermophilug equation (27) is -

3og = (0.049 6 - 0.1830f + C.2509y = 0.12504 )3T

cosesvessssces  (28)

and for B,subtilis the error ses is given by -

dng = (041016, - 0.3536y + 0.3999; = 0.1730g )3T
0000000000000 (w)

Equations (28) and (29) have been used to caloulate the error in g

for runs 12, 13 and 14. Errors (expressed as peroentages of Os) are shown
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in table 18, for an actual temperature of 272,0°F and a naminal tqnpgr-;,-
ture of 275.0°F.

Table 18 : Errors in baoterial equivalent retort time due to error in
measurencnt of retort temperature.

Rm and can no. 12 3 12 3 L 3
B, stearotherm lus ~0.9 ~1.7 2.0
Besubtilis 0.3 “3uls shiaf

T R T e e e ————————————

Error in temperature = + 1.0°%F
Exrrors in baoterial ejuivalent retart times are expressed as perventages.

In traditianal methods of procecs caloulation an error of +1°F in
retort temperature will give rise to errors of approximately ~12,5% and
-17.3% for B, stearothermgphilus and B,subtilis respeotively. The errar
in bacterial retart time due to error in retort temperature is less in
the chemical analogue method than it is in traditional process calcul-

ations, because the alternating signs of equation (21) tend to oancel out

the error.

(v) Integration with respect to volume.

Much of the disousaslon above applies only to sim;ie elements
of food, or to containers in which the whole volume of food oan be
treated as a aingle element for the purpcses of spore destruwotion caloul-
atians. In some produots, sush as canduwotion heating packs, it may be
posxible to estimate the lethal effeot of heat on each element of food
before integrating with respect to volume. In many other foods, however,
this may not be possible, and the lethal effeot of heat for the whole
container may then have to be evaluated an the basis of mass average
chemical measurements made on the well mixed bulk. The actual overall
equivalent retort time (_as (based an the aotual number of viable spores
remaining in the container after processing) may not be identical to the

2
equivalent retart time Og caloulated on the bagls of chemical measure-
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ments mede an the well mixed bulk (i.e, E’A, 53 and ﬁc). Hence the

equivalenoce of the actual overall equivalent retort time (T)S end the chem-

a
ical analogue overall equivalent retort time QS has been investigated.

For any element of food, r, the bacterial equivalent retort time

OSr is ziven by :

e} = -

where @AJ:’ Agy e&nd o ore the chemical equivalent retort times for

¢
the three reactions of element r.

The actual overall equivalent retort time O, is given by -

D1
n

g 1 sr
S -Ds 108 'E Z log ("D_s) eecccscccccccccce (}o)

n
~Dg log ':; Z J.og‘l (-'g" (P €, =V 6p,. ¢ R@Cr))

(31)

where n is thie total number of elements of food considered and D is the ‘
decimal reduction time. Equation (30) is derived from equation (9)

P 5§52, in which the integration with respesct to volume is replaced by

a summation over all n. Equations (32), (33) and ( 34 ) below are

derived from equation ( 8 ) p 52 , in a similar manner. -

A
The ohemical anslogue overall equivalent retort time OS is

evaluated by the equation @

O, = 0, -
g = PGA QG)B + RGC.

The overall chemical equivalent retort times

are given by the equations :

P [~ n (C]

5 o - 1 -1

A = DA log ;gl log (.11)_21‘)T Ry (32)
- :1 n 1 (0] .

OB = -DB log .;‘. 2 log- <_ Dzr) eeecccccce (33)
- ~ n CHRY

5} = -1— -1 - cr eno0o0000000

c -D; log Ln L log ( o ) . (34)
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whenoe - _ - o
A n A
= -1 Ar
A, = -PD,log | 4 2 log (— )
A
S L nr DA
B n e}
1 -1 Br
4-QDB log = log (- ) )
= A
[, B Ay
1 -1 Cr
-KD,10 - lo -
c g ngl 8 ( Dc ) o000 coe e (35)

Beoause the operatians log and log-1 are not linear the actual
overdl 1 equivalent retort time 53 and the chemical analogue overall:
)
equivalent retort time 0g as given by equations (31) and ( 35)

respestively are not neocessarily equivalent.

The differences between %S and '('-73 will need to be investig-
ated quantitatively before a three reesction enalogue can be applied to
prodwts in which the lethal effeot of heat on all elements is not
identical. A method using model systems and calculated temperature vs
time ourve will probably be the best way of investigating the integratiomn

with respect to volume.

As the number of temperature vs time curves will be large in
any extensive study, digital camputation methods will almost certainly
be required for both generation of the temperature vs time vurves and

integration of specific rate with respeot to time, and with respect to

volume.



CONCLISI NS

POTENTIAL APPLICATIONS OF THE CHEMICAL ANALOGUE
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Thegoretical Considerations

The conditions under which chemical resotions can be used to
estimate spore destruwtion in a container of food depend on the astivation
energies and the decimel reduwotion times of the bacterial end chemical
systems, and on the "heat-penetration™ characteristios of the processed
food.

'
If the activation energies of ths bacterial and chemical systems
are equal then the exient of a chemical resction can be used as a direct
measure of the extent of spore destruotion in any small element of
material, or in any container of material in which the temperature through-
out is uniform at all instants. The chemiocal concentration change oan be
used as a measurs of the spore reduction ratio for a container in which
the instantaneous temperature distribution is not uniform, only if the
baoterial and chemical decimal reduotion times are equal, or if both the
residual chemical reantant concentration and the spare reduwtion ratio

are not functions of position in the ocan.

If the eotivation energles of the bacterial and chemlcal systems
are not equal, then the residual chemical reaotant concentration can be
used to estimate the spore reduction ratio for any element of* material
only if the form of the temperature-time funotion for that element is
knomn. The residual chemical reactant concentration can anly be used
as a measure of the mean spore reduwtion ratio for a whole container if
the temperature-time funotiocns of all elements of the material being

processed are such that

0ohe:n 4 bact

D chem D baoct

is the same for all elements oi volume. The equivalent retort time (@)
of a process is the time required at retort temperature to bring about

the same change in chemical reactant (or baoterial spore) canoentration
as does the prooess; D is the deoimal reduwstion time, and the subsoripts

chem and bact refer to the chemical and bacterial systems respeoctively.
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It is also shown that tihe imean residual chemical reactant con-

centration (or residual spore concentration) calculated from temperature
data which has been measured at points fixed with respect to the container,
is not identical to that ocourring in the can if convective movement of the
processed material takes place. However, a consideration of comvective
ourrents in the container (using simplified convection models for two
types of canveotion) indicates that relationships do exist between the
residual chemical reactant concentrzilons (or residual spore oomentrf\tim)

calculated using fixed paint temperature data, and those actually obtained

in convectian heating produots. _,i

The Experiments

The acid hydrolysis of suorose in buffered solution was chosen as

the chemical reaction in this investigation.

(a) ctatio oans.

The convection model proposed for the statio cans was not
confirmed comolusively by the limited number of static can runs carrield. :
outs The deviations from the axpeoted behaviour can be explained anly
in part by experirental errars. More work will be required to canfirm

or reject the validity of the wodel.

.

The relationship between the bacterial and chemical equivalent

retort times is of the foru -

.crlem = 40 t6ecccccccccooe (1)

viere AP, the equivalent time difference, is a constant for any given
prooess and pair of bacterial and chemicel systems. The equivalent time
difference is independent of the length of the prooess exsept for

extremely short runms.

A logarithmic relationship appears to exist between the equivalent
time differences and the activation energies, of different baoterial

systems, 1i.e.

A® =
2 108 By pest (2) 198 By hem ..., (2)

:19) -
A log EA bact (1) log EA den
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It does not appear that any useful relationship exists between .
equivalent time differences calculated from the retort temperature vs time
ourve, and the equivalent time differences for the cans, i.e. the value of
DO for a container cannot be determined from retort temperature vs time

curves alone.

If the chemical reaotion technique is used with temperature
measurements, the uncertainty in equivalent retort time is about one
quarter of the uncertainty which arises if temperature measurements alane

[
are used.

It also sppears that measurements on a model system (e.g. suorose
solution) can be applied to a real system (e.g. milk) if the physical
properties (espeoially viscosity) are similar. If the physical properties
are not similar (e.g. water and sucrose solution), significant errors

arise.

(b) Agitated cans.

The conveotion model of camplete mixing was canfirmed by a
comparison of the actual residusl suorose concentration and that caloulated
from temperature measurements. Differences between the aotual and cal=-
oulated equivalent retort times were seldom greater than 3%, and the mean

difference was less than 0.L%.

Again the relationship between the chemical and bacterial equiv-

alent retort times is of the form -

baot chem

The equivalent time difference, 2 , was calculated for two
different types of organism for all cans of a series of runs, with cans
agitated in two different ways at four different speeds. Two lengths

of process and two prooesaing pressures were used.

The effect of type of organism on /> is very highly significant.
The organism with the greater aotivation energy glves greater equivalent

time differences than an organism with a lower activation energy. The
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relationship between activation energy and equivalent time differemces”
can be applied to the data of a1l agitated can runs without serious

@ITOX,

It appears that the effeot of prooessing pressure an © 1is not
slgnificant. This may be due to a fortultious cholce of prooess. PFurther

work will be required to show whether this is eo or not.

The effeot of speed is to give the lowest equivalent time differences
at speeds glving centrifugal aooéieration, at the can centre, appraxi‘mately
equal to the acoeleration due to gravity. The prooesses are such that a
relatively low equivalent time difference is indicative of a high heat
transfer rate, and henoe this work confirms that of Clifcorm et al, (1950),

and Conley et al, (1951).

Two types of rotatiaon were studied. The difference between the
equivalent time differences of tangentially rotated cans, and those of
the radially rotated cans is small, but quite significant. No explanatian

of this effect has been found.

The effect of length of prooess is also quite significant, whioh
is contrary to the effeot expeoted from theoretical considerations. A .
number of possible reasons for this effect have been discussed. Further
work will be needed, as examination of the experimental results does not

give much indication of the cause of the anmmaly. .

A ocamparison.of heat transfer coeffiocients for the agitated and
statio can runs indicates that the inside film heat transfer coeffioient
is the rate controlling faotor in the static cans in the heating and
in the cooling periods. The impartanoce of the inside film heat transfer

coefficient is muoh less in the air cooling periods of the processes.

Analysis of the equivalent time difference concept
This analysis uses model temperature vas time ocurves, caloulated
for a range of processes and can siges using heat transfer coeffiocients

based on the aglitated can runs. The most important conclusion is that

both type of process and the size of can have an impartant effeot on
equivalent time difference.
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It is seen that an inorease in ocan aize generally inoreases the

equivalent time difference. If the process is square (i.e. if the heating
and cooling of the retort are both step changes in temperature), the equiv-
alent time differeice is proportional to the can volume-to-surface ratio.
For processes with finite rates of heating and cooling of the retort

the inorease in equivalent time difference with increase in can size is

somewhat less than proportional to the can volume-to-surface ratio.

The magnitude of the equivalent time difference tends to increase
[
with an increase in the overall length of the heating and cooling periods

of the retorte.

It is seen that the most important phase of a prooess is the
early part of the ocooling periods In this period small variations in
temperature have greater effests ai both the equivalent time difference
and the equivalent retorf time. It is hence advantageous from the point
of view of uniformity of processing, as well as from the paint of view
of preoismion of estimatian of spore reduction ratios from chemical

measurements, to keep the alr cooling period as short as possible.

The analysis also shows that organisms with greater activation
energies must have equivilent time differemoes greater than those organiems
with lower asctivation energies. However, the quantitative relationship
between aotivation energy and equivalent time difference (i.e. equation (2)
above) is not explained. In fact, it appears that the relatlonship is
not applicable, as it stands, to the data from the wider range of processes
conaidered. The errors introduced by the use of the equation are =small,
and it should be possible to modify the relationship if it is found

necessary to apply it to a wide range of prooesses.

Multiple Reeotion Systems

The prediotion of bacterial equivalent retart times uaing measure-
ments on multiple reaction systems has been studied using the model
temperature vs time curves which were calculated for the analysis of the

equivalent time differemoe concept. Two hypothetical reactions, with
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activation energles of 30 and 45 koal/mole, were used alang with the =~

suorose hydrolysis reaction (EA = 22.35 ksal/mole).

If two reactions only are used (e.g. sucrose hydrolysis and the
EAx}O reaction) the bacterial equivalent retort time or equivalent time
differenoce cannot be predicted satisfactorily without some knowledge of
the temperature-time function ar of heat transfer rate data. It is
shown that this heat transfer rate data may be quite satisfactory for
use with a two reaction system even if it is not precise enough far the
direct celoulatian of eguivalent retort times (as in traditional proo:ess

caloulation prooedures).

If three reaotions are used, then no heat tronat'er rate ar can
temperature vs time de.ta is requdred for satisfactory prediction of

bacterial equivalent retort times :rox measurements cn chemiocal systems.

The two types of curve of best fit used to fit the chemical datsa,
give predictions of baoterial equivalent retort time which are not

signifiocantly different.

An expression derived from the most widely applicable of these
two types of best fit curve allows the bacterial equivalent retort time
to be oaloulated directly, and has the added advantage that the error
in the estimate of the baoterial equivalent retort time due to any
uncertainties in the measurement of chemical equivalent retort, times

is very readily oaloulated.

Other sources of error have been considered (e.g. error in the
measurement of retcrt temperature) and the three reactim enalogue of
spore destruotion is shown to be much less affected by these errors than

are traditional process caloulation methods.

It is not known whether mean residual chemical reactant concen=-
trations can be used to estimate mean residual spore concentrations for
the whole conteiner. However, definitive equations have been set up,
and a method of investigation of this aspect of the three reaction

analogue (uaing digital computation) has been suggested.



General Conolusians

The two major oonolusions which ocan be drawn from this work are -

(a) Chemloal reaotion systems can be used to evaluate the effeot of
produot movement in a ocontainer on the total effect of heat on

the oroduot; and

(b) Chemiocal reactions, used singly, in pairs, or in groups of three,
oan be used to estimate the total lethal effeot of heat on the
baoterial population of containers of food materiel. Various '’
quantities of temperature-tims data are required along with the

chemiocal data of eaoh method.
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A number of applications of chemical reaction techniques arise
directly from the methods discussed in this work. Among these are the

following -

(a) Method for checkdng process calculation assumptions.

Single, double or triple reaotion systems can be used to
check the validity of various assumptions made in traditional process,
oaloulation methods, e.g. the effeot of produst movement within the oan,
especially in produots which heat partly by canvection and partly by
oonduction. Products of this type inoclude those with salid portions in
liquid swh as some canned fruits (in syrup) and vegetables (in brine)
as well as soups and julces which exhibit "broken heating curves" as the

material forms a gel.

Aotual produsts, or model systems using for example oarbaxymethyl-
oellulose to form a gel with some sultable reaotion system, could be used
to study the distribution ot' lethal effect of heat within a container
heating by condwtion. In this case samples could be taken from variau.s.

parts of the material and analysed.

(b) The evaluation of new or modified provesses. i
The chemical reaoction technique - especially the three reactiomn

chemical analogue - could prove very useful in evaluating the total effeot

of heat of a prooess, particularly for continuous equipment in which

measurements of can temperature are impossible. If chemical systems

oan be found which can be used in the actual food produot, then the effect

of changes in formulation of the product and variations between individual

ocans can be investigated.

(¢) Trouble shooting and control techniques.
The chemical anslogue in one of its different forms can be

used to assist in evaluation of proeessing problcmd, such as uneven retort
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heating (due to "air pockets") or fluctuations of pressure during a *
run. The method is much more sensitive to smell changes in temperature

than traditional prooedure in which temperatures anly are measured.

(d) Evaluation of effect of heat on vitamin losses etc.

Because the chemiocal analogue can be applied with confidenoe
to systems which behave essentially as chemical reactions, the effest of
heat on loss of nutritive value, changes in colour, flavour eto., can be
readily evaluated. Tne chemical analogue teohnique will probably be 'most
ueeful in comparison of prooesses which are equivalent from a baotericidal
point of view, but whish may have widely different effects on nutritive

value and other heat sensitive faotors.

In addition to the applications mentioned above, there are a number of

other possaible uses.

(e) Evaluatian of the effect of heat in continuous flow systems.

In constant temperature flow systems the residence time
distribution is important. Wang et al (1964) have observed that the aotual
spore destruotion in a continuous flow system is less than that calculated
assuming plug flow. If the temperature vs time curve of the prooessed
material is not canstant, e.g. as it passes through heat exchangers, then
the residence time~temperature distribution becomes important: The
chemical analogue technigque, using a suitable convection model to take
acoount of the residence time distributicn and the heating and cooling

curves of the equipment, will ensble flow prooesses to be evaluated.

(f) Low temperature applicatiacns.
Some recent interest has been shomn in the development of a
device to measure the average temperature of chilled and frozen products
during transport, and a device proposed for this purpose has measured

an arithmetic mean temperature.

Beocause rate of spailage of foodstuffs is more likely to be
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desoribed by an Arrhenius type of expression rxiizer than a linear oh
function of temperature, it is felt that measurement of suitable chemical
reactions would give a better estimate of the effective mean temperature

than a linear averaging devioe.

The chemiocal analogue technigque could well be adapted to this
application. The results would be expressed as an "effective mean

temperature” ratner than an equivalent time at some given temperature.
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SYMBOLS AND DEFINITIONS
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A constant

Concentration of component A

Total surface area of can

Angle of rotation of polarized light

Concentrations of ocomponent A at times o, ang o
o 1
respectively

Mass average concentration of' component A in the

ocan

A coefficient (= oy /fh)
Radius of oan

A constant (= By, / R Tg)
Symbol for type of organism
Barometric height in mm. of mercury

A constant (= E, /R To)

A constant
A coefficient (= 7, / £5)

A constant
Conocentration of surviving organisms

Total concentration of acetate ion plus unionized

acetio acid in solution

Conocentrations of invert sugar and suorose
respectively (gm / 100 ml)

A constant

A constant (= 2.303 / fh)

Specific heat
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opL Speoifio heat of liquid

D Decimal reduotion time

Diameter of wire

Dy, Dy Decimal reduction times of components A and N
respectively

E A Activation energy

E' A constant (= EA/R)

Ei(-x), Ei(x) The exponential integzral functions

F "The number of minutes required to destroy an
orgenism at 250°F" - Ball
"The equivalent time in minutes at 250°F of all
heat oconsidered, with respect Lo its capacity to destroy
spores and vegetative cells of a partioular orzanism"
- Stumbo
A faotor
A function of time

F The F value of all lethal heat received by the
geometrical centre of the can durdng a process

FA The F value of all lethal heat received by any
point other than the geometrical centre of the
can during a process

P, A factor used in calculation of BEi(=-x)

4 A subscript used to denote the fixed point basis
of caloculation of mass average spore survival
ratio

Reoiprooel of slope of a semilogarithmic heating
or cooldng curve

fh Reoiprocal slope of a semilogarithmic heating

curve
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Reciprooal slope of a semilogarithmic cooling -

curve
A function of time

Acceleration due to gravity

A factor involving Plenck's and Boltzmann's oonstants

The difference between the maximum ocan temperature and
that of the retort

Rate of suorose hydrolysis (= dpR /36 ) '
Rate of suorose hydrolyais at 212°F

Rate of susrose hydrolysis at retort temperature
Heat transfer coefficient

Subsciiptl dencting "indicat';ed can temperatuze"

Square root of minus one

lag factor for a semilozarithmic heating or cooling
ourve

Rate of hypothetical reactiorn at temperature T
(see definition of H)

Dissociation constant cf acetic acid
Rate of hypothetical reaction at retort temperature TR

Ye) AG

Slope of the S model V& -‘-Os calg curve

Rate of chemical reaction or spore destruction at
any temperature, T (= dlog N /36’).Il )

A constant

Thermal conductivity

Rate of chemical reaction or spore destruction at
retort temperature
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Thermal conductivity of liquid »*

Rate of chemical reaction at To absolute
A constant (= k EH#J)

Lethal rate (rate of destruotion of spores)
i.e. "reoiprooal of the thermal death time
(TDT)" - Ball, or "reoiprocal of the decimal
reduction time, D."* « Stumbo

langth of polarimeter tube

Lethal rate at temperature “l‘g

A temperature difference (m+g = g - Tc)

Mass
Subscript denoting moving element basis of cale

oculation of mass average spore survival ratio
Mass of element n
Number of spores per ur‘t volume

Msan number of surviving spores per unit volume
averaged over the whole container

Initial and final numbers of spores per unit volume
respectively

Nusselt number (= hD / k )

An integer

Total number of elements of volume
Number of surviving spores per layer

Symbol for pressure of prooessing
A constant (= k p)

Ball's notation for his "percent sterility” funotion

(heating and cooling phases of the process respectively)
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Prandtl number (= o1, * / k‘L)

A coefficient

An integer (0 < p < q)
Significance level

A parameter in the equation for U(x, » )

Negative logarithm of the sucrose comcentration
reduction ratio (= -10310(81/ So) ) ,

Total heat
A constant (= kq )

Rate of heat transfer
Number of time intervals in a process (qaa= g = 8 )

A parameter in the series for U(x,s )

Universal gas oconstant

A constant (= kr)

Symbol for retort thermooouple
Symbol for type of rotation

Reynold's number (= Du "L [/ n)

A coefficient
An integer (0 < r & n)

A parameter in the series for U(x, 7)

Surface area of can
Suorose concentration

Symbol for speed
An integer (0< 8£ q)
Thermal death time

Temperature
Symbol for time of processing
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Temperature of cooling water o

Temperature at which all rates of spore destruotion
and chemical resction are negligible

Maximm can temperature (= T, - g)

Initial can temperature

Can temperature at time ,
Iiquid temperature

Temperature of element n in can

Can temperature at times 0n RY respectively

a0
Retort temperature

An estimate of retort temperature

Retort temperature at times 0n’ 0n+1 , respectively

Temperature of thermocouple wire
Temperature in degrees centigrade

"Number of minutes required to destroy organism at
retart temperature" - Ball; or

"The equivalent, in minutes at retort temperature,
of all lethal heat received by some designated
point in the container" - Stumbo

Overall heat transfer coeffiocient

A tranaformed temperature difference, i.e. error due

to oconduotion of heat alang a thermocouple wire

(= (T, - T / (g =-1T) )

A transformed temperature difference giving temp-
erature of liquid surrocunding the thermocouple wire

(= (1, - 1) / (3, - 1))



¥, (x)) vy (x)
v, (x)

7p (x)

Overall heat transfer coefficient -*

Eigenfunction transform of a transformed temperature
difference

Differential of ﬁn (7) with respeot to time

A variable in the definition of the exponential
integral funotioas

A transformed temperature (= T/Tg or T/To) (8 T,
and T are absolute temperatures) ‘

Velooity of liquid past a thermocouple wire

Transformed temperature (= ('I‘R - To) 4 'I:R) ('1:R and T
are absolute temperatures)

Transformed temperature (= (TR -g8)/ tR) (‘IR is an
absolute temperature)

Transformed temperature based on Tc instead of 'I.‘R
(= T/T,, where T and T, are absolute temperatures)

Volume of ocan
Volume

A variable
Distance from can axis

A variable
Eigenfunotions
First differential of y, (x) with respect to x

Seaond differential of y_ (x) With respeot to x
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"Slope of thermal death time ourve" - Ball
(Mathematically equal to the reciprocal of the slope
of the thermal death time ourve); or

"Degrees fahrenheit required for the thermal destruo=-
tion ourve to traverse one log cyole. Mathematioally,
equal to the reciprocal of the slope of the thermal
destruction curve" - Stumbo

A parameter

A constant (= 4 U, / kd )

Slopes of the rate of reaction vs temperature

ourves for the resotions -

A —» produots,
B —» products, and

C —» prodwts, respeotively

Slope of the rate of spore destruotion vs temperature
curve

Centrifugal acceleration at centre of the can

Rate of charge of can temperature (per unit temp-
erature difference (= (1/aT) . (@r/ae¢) )

A canstant (= -Jpcp/k )

-

A parameter used in calculation of model temperature
vs time ourves (=p349/ (2 + 546 ) )

A difference
First farward difference operator

Seoond forward difference operator

Equivalent time difference, i.e. the difference between
the equivalent retort time for chemical reaction and
o N - 0
that for spore destruotion (= © hem but) or
the difference between the equivalent retort times
for two chemicel reaction systems of different

energies (= “chem (1) ° Cohem (2) )
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Equivalent time differences for two organisms, with -

aotivatian energies of B, , . (1) 802 By oot (2)
respeotively

Estimate of a0, using A01 and activation energy
data

A time interval

An ercor in ratort temperature (= T;.’TDJ
An error in the estimate of OS

Specific rate difference (= B/E - /I or H/E - KK )

Ball's early notation for decimal reduotion time

Equivalent retort time, i.e. time required at retort
temperature to accomplish the same relative change in
spore numbers or chemical reactant conoentration as

the prooess being considered.

Equivalent retort times for the reactions =

A —s products,
B _—» produots, and
C —» produots, respeotively

Equivalent retort time for destruotion of spores

)

Values of QA’ ‘g % and "-'S respectively for

element r

Mass average values of “ps B* ¢ and Pg respect-
ively for the whole container

Length of the holding time in a type II curve of best
fit

Contribution of heating and cooling phases respectively
of process of best fit (types I and II ourve of best
fit)

Equivalent retort time based on nominal retart temp-

erature T'
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An estimate of QS using an inoorrect estimate of

Tp (Lee T )

An estimate of the mass average bacterial equivalent
retort time ﬂs using mass average chemical egqulv-
alent retort times 5A, '-ﬁ and

) C
Time

Time at tbe beginning and end, respectively, of a
prooess ‘

Times during the heating and cooling periods, respectively,
of a prooess

‘I.'“-"-
A parameter (- ';7& o)
Viscosity of liquid in ocan
Density

Densaity of 1liquid

Standard deviation
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APPENDIX I *
R T
Ce Mass Average S Ratios, Caloulated using Fixed
Point and Moving Element Temperature Data

In traditional methods of process calculation, the total lethal
effect of heat is caloulated using temperature obtained at points fixed
with respect to the container. In many products the material heats by
canvestion, and the microorganisms the process is designed to destroy
move about in the container, and mey be subjeoted to temperature hist-

ories quite different in form from those measured at fixed points.

In this analysis, a simplified prooess is set up in which the
positions and temperatures of n moving elements are known. The total

lethal effect of heat is caloulated for eaoh moving element, and the

mass average spore survival ratio (%") for the whole can is then
o/m

obtained by averaging over all elements of volume.

Because the positions of all elements are known, the temperatures
at n points in the can (corresponding to the n moving elements at

any L‘xstant) are known. These temperatures are used to calculate the

mass average spore survival ratio (g—) on the assumption that no pro-
o/f

dust movement takes place. The moving element spore survival ratio

(%—) and the fixed paint spore survival ratio (%—-) are then compared.
o/m o/f .

The container of food is divided into n elements of ejual
volume. The prooess is considered to consist of q short time inter-
vals (of length 3 ), and the temperatures of all elements are considered
to be constant during each time interval. The absolute temperature of
(vhere o = g_+36)

p+l P
is denoted by '.I.‘r p? and the temperature of element 8 during the interval
’

element r during the interval Gp to 9p+1

0 to ¢ is given by Ts,p+1' etc,

p+1 p+2

If Nr p denotes the concentration of spores in element r at
]

time ap , and Nr denotes the concentration at time 9p+1 , then the

»P+1
reduwstion in the interval ap to 9p_” is Nr,p+1/Nr,p°
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For bacterial systems in which the destruction of spores is -+
N
first order, 1oge _N_rhmj_ s -k (%. p)sa ’
Ty p !

where k ('I‘r p) is the rate constant for destrustion of spores at
’»

t t S —
emperature T,
Hence Nr, Pt = exp (-k(T )8”)
Nr p TP
’

The Arrhenius equation gives -

k(Tr,p) = Aexp[- g; p:l

where E' = E

A
;3
Herpe =
N 4 "
.ITEJ.E. s exp | =A 36 exp (- E A
Ty P Tr,p

If the initial uniform spore conoentration is No, then the
residual spore conoentration in element 1r at the end of the process

(Leee at time lq) is given by =

q=-1

N
= r, p+i
Nr,q No .ﬂ- N p

p=0 ry P
q-1

- - B

= HO 'ﬂ- e,xp[-;\b‘ﬂ ex'p( T, )]
pﬂ » p

q=1

o4 3 = ()

PSRRI 1y
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The mass average spore survival ratio is then given by -

- n q-1 (]
(.g_)m - 1 z exp[-A 56 pz=o exp(:—g-——)] ceereeenes (2)

= ry P

The effect of product movement oan be evaluated by consideration
of the simple prooess in which all elements of fluld remain statiomary for
the entire prooess, except for elements k and 1 which are inter-
changed during the interval 6’8 to 05+1. The mass average spore survival

ratio based on the fixed point temperature data (i.e. %— ) is then
of

caloulated from the same temperature data as used for the caloulation of

N
No m, except thet Ik, 3 replaces Tl, 5 and vice versa.

If each of the n fixed points at which the temperatures are
measured take the number of t he moving element correspanding to it in
the first time interval (i.e. (’o to 6|) then for all fixed points exoept

points k and 1.

N N '
T, q E4 r, q where N r, q is the residual spore concentratiom

in element r oaloulated on the fixed point basis.

For element k -

N! = N

k, s k,s
s=1
" <A 34 =5
= No exp Z exp "EL- )
p=0 ' P
whenoe - 81
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The residual spore concentration (N! X q ) at point k 4is then given b§ -

q-1
N'k,q = NO exp -AMZ exp E' )
p= ’P
p¥s
- A 89 exp ( E' )
1,5
q-1

- B!
= N, exp -Aan exp | =& ‘
s P

+ A 80 exp (%) -A%) exp (;%_:)

Similarly the residual spore cancentration at point 1 (i.e. N1 c1) is glven
’

by -
q=-1
N =N A B = E
l,q &P Zexp T
p=0 1,p

. A30 exp (—-Efl-—) -4 e (LTK_)

The mass average spore survival ratio based on fixed point temperature

data (i.e. (:—) ocan be expressed in a form simllar to the equation
3¢

0

for ('3—0 o i.e. equation (2). The expression, however, is rather large,

and does not facilitate the comparison of the two quantities (g—) and

= m

(%— « Instead the difference between the two spore survival ratios, which
o/f

o
depends anly on the residusl spore conoentration in elements k and 1,

is consldered.



This difference is given by =

BY JIE) . A N
(N) (N) 3 L TR
o/m f
] [}
- 1 N + N
nNo ( Lk L,
The difference will be zero if -
N, ) (' N'
= + O +
. (Nk. q 1,q k,q l,q

Equations (1) (with r=k) and (3) above give =

Nksq N Nksqr

where F

|}

exp | A 37 exp(“g )
k
)8

a0 e (24—

Similarly equations (1) (vdth r=1, and (4) give -

-
-

= K L
Nl,q 1,9 F
. N = N N - N P
L k,q * 1,q k,q
= N 1-F) - N l-F
k,q( ) l,q( F )

N
Hence 4 is zero if F=1 or if F=N—1l-9
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The first oondition obtains 4if Tl, o = 'nk, &

The seoond condition obtains if Nl q’ N , T and Tl are such

that =

L]
exp | A 27 exp (:E___)

. it ach other, A is not
Beoause the T‘.L,a’ 'I:k’ . etc. are independent of e o} »
necessarily equal to zero. Hence the mass average spore survival ratios

caloulated on the two bases (i.e. fixed point and moving element ) are
not neocessarily identical.

In this analysis only, one pair of elements have been inter=-
changed. Any desired convection pattern can be approximated to by
multiple interchanges of pairs of elements, and hence the non-equivalence
of the two bases of caloculation of mass average spore survival ratio as

shown above can be extended to a general process.

The analysis c¢an also be applied to chemiocal reactions, if N,

the canoentration of spores is replaced by C the concentration of a

ohemical reactant.



APFENDIX II -

Caloulation of Equivalent netort Time for Iinear Processes

Zquivalent retort time is defined (see p 42) as the integrel (with respeot

to time) of specific spore destruotion rate or specific chemical reaction

rate}
<]
k
i.e. 0 = 'ER dn [
»
o
Kl
B(1 - .‘1.1)
= e dn
,70

The simplest expression of a linear process is =

- 4
u - -— g
a

whence

e I
"

[
[ ]

A change of variable in the integral such that

x = &B
0
leads to - X,
Q = -a-BeB -&-x dx
xo
where x, = o
and x, =

_Flu
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This gives -
B
§ %
© = aBe® e + aBe® £ o
x X
B(1 -1 )
= QIL'O n1 + a.BeB Ei(-'B{;)
B(1 - <)
= &\110 (1 _r1) ©e0c00cc0c0c0c0ey (1)

The function =Ei(-x) is known as the expanential integral.
Values of this function are tabulated (e.g. Jahnke and. Emde (1945), Korn
and Korn (1961) for x <15. For x >15 equation (1) above is used. The
value of F1 is tabulated for 15<x<40, and for x>40 it is calculated

fram the semi-convergent series

- -1_ -
F1 = 1 = + ee0eeecsce

2!
Ml

e

N
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AFPENDIX III A &

Caloulation of pR _vs A Table

For suorose D
a 2
26 66.462 + 0.0087 cB - 0.000235 C,

For invert sugar (the equimolar mixture of glucose and frustose)

D 2
020 = = (19.415 + 0.07065 ¢, - 0.0005. C, )
D I
and at =%y * (0.238 + 0.0014 ci) (t-20)

(Raye and Laby (1959) )

For suorose we have

a
[}

D
A % (1 + 0.000184 (t=20)

(Bondg (1963) )

The respeotive oconcentrations of suorose and invert sugar

(in gm/100 ml) are C,6 and C and "2 is the specific rotation

i!
of the solutian (sodium D 1line of the spectrum) at a temperature

of t %.
0.750 M swrose solution = 25.673 gm/100 ml.
0.750 XM invert sugar = 27.024 gm/100 ml.
Therefore C, = 27.021{- (1 - cs ) 0000 c00c000000000 (1>
d 25.673

At 25°C we have -
1008 - 66.532¢c + 0.0087Cc? - 0.000235 C >
L - g 8 ¢ 8 ¢ 8

- 18.000 C, =~ 0.0635 ci2 + 0.00054 013

sesosseosuvussnees (2)
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Solution of equations (1) and (2) for a 200 mm polarimeter tube

leads to -

A = = 10.4452 + 1.751 CB

- 0.052663 cs?' - 0.0"730 053

Values of A have been caloulated for values of Cs between O and

26 gm/100 ml and, by interpolation, a table of C, against A has been
prepared. PFrom this table, the table of pR ( = -log,, C e/cs o) 2gainst
A has been caloculated. Because the caloulation is rather laborious the

PR vs A table is presented herin.



LPPERUDIX III B

INVERSION OF 0.750 M SUCROSE:
PR (= -log,, g_ )vs ANGIE OF ROTATION (DEGREES)
N 200m. TUBE AT 25%

o1 o2 3 ol 5 .6 o7 .8 .9 1.0

>
o

-h
-

3,00 2.49 2.27 2.12 2,01
2,006 1.918 1.845 1.782 1.727 1.679 1.620 1.595 1.559 1.525 1,494
1494 1494 1,465 1.438 1,388 14365 1.343 1.323 1.303 1,284 1,266
14266 1,249 1.232 1.216 1,200 1.185 1171 1.157 1.143 1.130 1.117
1,117 1.105 1.092 1.081 1.069 1,058 1.047 1.037 1.026 1.016 1.006
1,006 0,997 0.987 0.978 0.969 0.960 0.951 0.943 0.934 0.926 0.918
0.918 910 902 895 887 880 873 866 859 852 845
0.845 838 832 825 819 812 806 800 794 788 782
0.782 776 mnm 765 759 754 748 43 738 732 727
0.727 722 717 T2 707 702 697 693 688 683 679
0.679 674 670 665 661 656 652 648 643 639 635
0.635 631 627 623 619 615 611 607 603 599 595
0.595 591 587 584 580 576 573 569 566 562 559
0.559 556 552 548 545 542 538 535 532 528 525
0.525 522 519 515 512 509 506 503 500 497  LI94
0.494 491 4,88 485 482 479 L76 473 470 L67 465
0.465 462 L59 L56 453 L51 L8 L5 L3 440 437
0.437 435 432 429 427 424 422 419 L7 IRIR 412
0.412 L09 LO6 Loy 402 399 397 394 392 390 387
0.387 385 382 380 378 376 373 mn 369 366 364
0.364 362 360 357 355 353 351 349 347 344 342
0.342 340 338 336 334 332 330 328 326 324 322

1
9
B
7
L
2
k
3
2
T
0
1
2
3
N
5
6
7
8
9

10

11 0.322 319 317 315 313 311 309 307 306 304 302
12 0.302 300 298 296 294 292 290 288 286 28, 283
13 0.2826 2807 2789 2770 2752 2734 2716 2697 2679 . 2661 2643
14 0.2643 2625 2607 2589 2572 2555 2538 2520 2502 24,85 2468
15 0.2468 2451 2434 2417 2400 2382 2365 23,8 2312 2315 2299
16 0.2299 2283 2266 2250 2234 2219 2201 2185 2169 2153 2137
17 0.2137 2121 2105 2089 2074 2059 2043 2027 2012 1996 1981
18 0.1981 1966 195 1935 1920 1905 1889 1874 1859 184, 1829
19 0.1829 1814 1799 1784, 1769 1756 1781 1726 1712 1697 1683
20 0.1683 1669 1654 1640 1625 1612 1597 1583 1569 1555 15u1
21 0.1541 1527 1513 1499 1485 1472 1458 1445 1481 14,18 1404
22 0.140L 1391 1377 1364 1350 1367 1323 1310 1297 1284 127N
23 0.1271 1258 1245 1232 1219 1207 1193 1180 1168 1155 1142
24 0.1142 1129 1116 1104 1091 1079 1065 1053 1041 1028 1016
25 0.1016 1004 992 979 967 955 943 931 918 906 894
26 0,0894 882 870 858 8u6 834 823 811 799 787 775
27 0.,0775 763 752 740 729 M7 705 694 682 6M 659
28 040659 648 636 625 614 603 591 580 569 557 S4L6
29 0.0546 535 524, 513 502 L9 480 4,69 458 L7 436
30 0.0436 425 415 Lo, 393 383 372 361 3% 340 329
31 0.0329 318 308 297 287 276 265 255 24, 234 223
32 0,0223 213 202 192 182 172 161 151 14 130 120
33 0.0120 110 100 90 80 7 59 49 39 29 19

S

0.0019 9
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APPEND! IV

o tion the Acetic acid - Sodium acetate Buffer

Sodium, acetats, hydrogen and hydroxyl ions (Na+, Ac, H"', and
OH  respectively) and undissocoiated acetio acid (liAc) are present in
the buffer solution., Tie hydrogen ion concentration i8s given

approxdmately* by -

(] = [me]
["“’—] cereesesesnsaneaes (1)

where Ka is the dies>oiation constant of the acid, and square braokets

denote concentration.

Electrical neutrality of the solution gives the relationship -

[ﬁ*} + [Na*] = [Aa‘]
beocause the hydraxyl ion concentration [OH'] in aocid solution is

negliglbly suall.

] [HF] . (c, - [&]- LNa*] ) Ka
] .

where Ca 1is the total scetate conoentratiom in the solution.

Interaotion of the can with the unbuffered solution had the
effect of inoreasing the pH, i.e. the interaction is equivalent to the

addition of hydruxyl ions to the solutiam.

¢ This analy=is is approximate in that equation (1) anly applies
striotly in Ailute salutions. Deviations from this simple form,
along with variation of the dlazsocistion constant Ka with temp-
erature are almost certainly the reason for the observed non-
linearity of the log H/Ho vs 1/T curve.



2,8

The addition of &M gm-ions of hydruxyl ion per litre (as NaCH)
has the effect of increasing the sodium ion conoentration by &M gm-ions
per litre. The concentration of hydroxyl ions remains negli-ibly

small.

The effect on hydrogen ion conoentration of the addition of

M gm-ions of hydroxyl ion per litre is therefore given by -

s[1'] = -—_E[H NI:+ - '

LT s | (&)

Differentiation of equation (1) with respect to [Na"] leads

to -

aH] . - [®] ¢
d[Na 2[5 + [Na'] + Ko

cecossssssccsscese (L)

The rate of hydrolyslis of sucrose is directly proportional to the
hydrogen ion concentration. Hence if the maxdmum tolerable change in
the rate of hydrolysis is 1%, then Bﬁi*] = =3.16. 10-6 gn-ian/litre.

([Hq = 3.16. 10-1" gn-ian/litre at pH 3.5).

Changes in the pH of unbuffered suorose solution in laquered cans

are equivalent to the addition of approximately 1.3 x 10-)+ gm-moles of
NaOH per litre.

L

i.e. 3M = 1.3.10 ' gm-ians/litre.

Hence -

+
alw]  _ . ssg" - - 3.6.10° _ _ ,.u3.1072
a[na®] 1.3.107%

Substitution of the values of [H*] » K, (Ka for acetic acid =

+
1.82.1072 gm-molea/litre) and 'd—"[ll in equations (2) and () give -

d [Na”]

0.231 M

(9}
I

0.132 M

and [Na*]
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A total acetate concentration of 0.250 M was chosen. The correspond~

ing sodium ion concentration is 0.0143 M

All buffer was prepared in a concentrated form, and diluted
1 part in 8 (by volume) before use. The concentrations in the stock

buffer solution were -

acetic acid 2,00 M, and

sodium hydroxide 0.1144 M

The buffered suorose solutions were made up by weight. The

quantities required per litre of solution are -

256.7 gm sucrose
127.5 gm buffer
T14.8 gm water

1099.0 gm total

The alternative method of preparing the buffer from acetio
acid and sodium acetate was not used as the end paint of the titratiom
of sodium acetate with hydrochloric acid (Kolthoff and Steager (195.4.)
Vol.II, p.152 using thymol blue as indicator) is not very sharp, even

with concentrations up to 1N.
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APPENDIX V

SPECIFIC SUCROSE EYDROLYSIS RATE
(RATE AT 212°PF = 1.00)

—

T (°F) 0 1 2 3 N 5 6 7 8 9
120 0.00 0 0 0 1 1 1 1 1 1
130 0.01 1 1 1 1 1 1 1 a* )
140 0.02 2 2 2 2 2 ) 3 3 3
150 0.03 3 L L L 4 5 5 5 6
160 0.06 6 7 7 3 8 9 9 10 10
170 0.11 12 12 13 14 15 16 16 17 18
180 0.19 21 22 26 2L 26 27 28 30 32
190 0.33 35 37 39 IN| L3 L5 L8 50 53
200 0.56 59 62 65 68 71 75 79 82 87
210 0.91 95 100 105 110 115 121 127 132 139
220 1.45 152 159 166 174 182 190 198 207 217
230 2,26 236 247 257 269 281 292 305 318 332
240 3.46 360 375 391 LO7 L24 L2 160 L78 L98
250 5.18 539 560 583 606 630 654 630 706 T3k
260 7.62 791 82> 853 835 919 Y53 989 1025 106k

270 11.03 1143 1185 1228 1272 1318 1365 1414 1464 1515
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APPENDIX VIA

Solution of the Equation for Heating of the Thermccouple Junction by

Conduction along the Wire.

The derivation of the partial differential ejuation for heat
conduotion along a wire is shown in figure 14 (p 82 ). This equation is -

& U (x,8) 2( _ _ z(au(x, 9))

(_—_-_-ﬁ— X U()(,&) UL(g) ﬂ —w_xoococu'o (1)

dx-

14

where U(x, (9) is the temperature of the wire at time # and position % .
The condition that the temperature of the wire at time § =0 1s

equal to the initial temperature of the fluid To’ gives =

U(x,0) =0

The boundary conditions obtaining at each end of the wire

(1eee T = Tz for all time ¢ greater than zero) gives -
Ua & =1

The temperature of the fluid heating the thermocouple wire is

assuned to approach retort temperature exponentially, i.e.

UL(B) = 1-0.09

The method of solution of equation (1) (due to J. Qamlen) uses
eigenfunotion transforms. In this solution a bar ( — ) is used to
denote the eigenfunotion transform of a function, and primes ( ' ) and
dots ( ) ) are used to denote differentials with respeot to position x

and time & respeotively.
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The eigenfunctions of the problem

gloo + D= ayq = 0 e (2)

(yt-ay = yay = 0)

are
. %
5“ (x) = sin /\r\_d , (I +G)
=ere
A
P = L ———r
Ap =& 2a
i.e
At 2

These eigenfunotions form a base for analytic functions in the

interval -a to a.

Hence

Ux;8) = C+ 2 q, y. (%)

The boundary condition, U(+a, ) = 1, gives C =1 as thé yn(x)
vanish at x = +8g,

i.e. .
Uxe) = I+ Zt Q. Hn(xj O D OO0 . £Y)

These eigenfunctions are o:thogonal,

L.e. a
Yg, (x) yn(x) dx =0 ( m%n)
-Q
and a
j Yo ) yux) dx = Q ( m=n)

-
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<+

Multiplication of ejuation (3) by gn(x) followed by integration

with respect to x between -a and n gives -

=a
whenoce

|
o, = 9 Ulx,6) y,0x)dx
e

A

a Q
[ Ulx,8) Yy, dx = thn(x) dx+ OnJoHrzm(x) dx
~a -a

a
|
~Q

0
nm

= 5 | Ux) Yn(x) dx = e ( sin Za (x+a) dx

-G

Q

:

-0

n
D

G
1
= a [ UCx,8) y, 0 dx t
Za

Henoe a
|

Q, = Q { U(x, &) ljn('J() dx

-Q
and

a
1
G = @ J U(x,8) g, (x)dx

-Q

Therefore
Ux8)= 1+ 2 U8y, ()
vhere

ﬁn(B) = J U(x,6) Yp () dx .
&)

-Q

= Nl 7
Ux8) y, () cdx t+ ar [COSE(MO;I'

.5

}T—Ef(cos nw —-l) .

{or dl even n

— A o al odd n.

- TZ (ﬁai‘).gn(x) SR

odd n

An ordinary differential equation in Un(ﬁ) can now be obtained.



o

Q
3 U(x, 8) AU W) | _ | 2U&e)
[__é"_ Yo (0 dx = \:Bn = ] j T Yy, &xdx
a

-0

Q

=0- [Ubge) 3;(1)]
-Q

Q

+ Ju(x,o) y, 6O dx

-,

=Q

: [3“_@]0 = (xy=od) :Euu,&) Y, 09dx

because U(:-"-OJ 67) = | and

Hn 0 = _(}\ E 1)3“

Therefore

a

1
S (3—3%—9} - o U (x,ﬁ))gn(x) dx.
—a

-Q

_ [5;1“% - A an) .......... (5)
a

Equation (5) with equation (1) then gives =
o

[ F‘ﬂ(jﬁ) y,6)dx - rd‘uL(ﬁ) Yadx

2o -

3 [ g;,(x)] o WIK(}
Q o
Now J 1%"“%’2)30(1) dx [8 U @)

-Q

cbla.

g (8),

Q
and I}UL(Q) Yg Lo dx = dlUL(ﬁ)I Y, (x) dx

-a -Q
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Therefore a .
g U (6) ~ o u(6) J\jn(x)dx = [3;@% — Ay U, (&
=l o
i.e, a
= P 1|l d . am
G0 M T0) = o 2508 e |
-a

a

1
¥ u & Jsin%(xi-a) dx ‘

g
2o
e (o]
L
= '-E:}% %1 u @ + ‘%‘A [c::s-g_—‘l'; (x &-a\]
-

a
nu
Beoause cos o2 (x+a) is equael to O for all even n
—-a
and 18 equal to -2 for all odd n, two differentiel equations in
ﬁn(ﬂ) are obtained.

These equations are -

En(g)"' %1. ﬁn(Q} &0 (for n even) ceecccecsoses
and
= = ol , 4ad
U, (@ + %E 0,07 age* Grgr WO
= nm 4.‘_?_“: = A-Qg‘l "Cé
a—p-h‘i" b= p-l l"lTrP‘e
i.e.
. - 4
Un(g)-i- Pa Uﬂ(ﬁ) =q - ,—n; (for n odd) widldle o o o SIS
where
A e )
b = ?"_ = :o:rp" +.£F‘.,_
- om dac*
T opr T amgr
and = = dac*

n n'\Tp" g

(6)

(7)
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Equatiocn (6) gives -

— -8
u(8) = Ce

The initial condition U(30)=0 gives U (0)= O
Henoe C =0 and ﬁn(a)':O for all even n

Equation (7) gives -

d 0_ &9 (H‘—C)Q
E"O(ce:“1 Un(ﬁ’)) =g

ne - Fne .
Hence 8 8 -\ #
Py o %0 P &9
e Uﬂ(ﬁ) Po Q R‘“c e
Again ﬁn(o) =0
__fa _ Q4n
This gives C = ?n-c Pa
whenoe P g
I -c M _ 9n) =P
un(G)— P —(Pn—c e +(Pn—C Pn)e !
for 211 odd n
Substitution for an(G) in equation (4) gives -
s (ﬂa_(_‘.'n_ 6% (_ro_ - 3o -pné?) AW
Ux,g) = l+on}=:‘ Pn pn—c)e‘ Y p—< Pn)z Sin 25 (x+a)
(odd n)
-é Z %}Smg@m) axreisas o exoseslilitie  NBHac
(od;n)

Equation (8) oould be used to calculate the temperature of the wire

at any time # and position x , and hence the error due to heat oonduotion
(1.e. UA(X, &) ) could be caloulated.
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Alternatively an expreasion csn be derived from which the error ma§
be calculated directly.

An analysis similar to that leading to equation (4) gives the

expression -
W8) = 62 Ty () 4,60
where Um(9) = Gn(m = T"nL (@)

(e value orf the constant is gero in this case as the initial tempera-
tures of the wire and rluid are equal, giving Ua(x,00=0 and

hence fl‘.\A(O)=O. )

Now ¥
uL(G) = l-e .
Therefore a
- -cb.
q_“_(a) = f(l—e ) Yy, (x)dx
-0
a
-cb. .
= (1-¢ ) jSm T xraddx .
S 2a
Hence, when n is even
Um_(a) -8

and when n is odd

Thus 0o

'c':' 2 (&D et (e-ca e-Pna) sin 35 (x+a)

e0ccccccccccce (9)
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beoause nT Pn p

Substitution for p,,q, and r, in equation (9) gives

4 % 1 T - 4acg™
U(x,g) = T rén [n(n‘tr”- + 40" -4dC 51)

(Bed.ny T 4 o
—® -Jga(za‘i*‘")&) .
x\e -e sinD (1)
If the transient temm !
SN
'ﬁ‘(qd‘ + & )9
i.e. @

—<6

(which is much less than @ for large values cf & ) 1is negleated,

the error can be expressed as a funotion of the unacoomplished tempera-
<8

= u e = e

ture difference ,

Ua(%6)  _ i"i __._( o - aatcgr
T = neme+ 4a’-o<1—4acf}‘)

iMoo s (D)
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APPENDIX VI B

Calculation of Heat Conduction Error in Thermocouple Wire

(a) Caloculation of the Parameters.
Values of the parameters a2, /32, c and a of equation (10) Appendix

(p 258 ) are required for calculation of the heat conduwstion error.

(1) Caloculation of a# s
o a kU
kd

where Uo is the overall heat transfer coefficient (based on the diameter
of the wire d) for transfer of heat fram the fluid to the wire, and k 1is

the thermal conductivity of the wire material (1.e. copper or constantan).

The film heat transfcr coefficient of h has been calculated from

the equation of Davis (1924), i.e.

)+3 0.3

Mo = 0.86 .Re%*® .pr

for flow of li,ulds past a single oylinder (0.2 %e<200). Nu, Re and Pr

are the Nusselt, Reynolds and Prandtl numbers respectively.

Nu=-ih—D-

L

Re:DuﬁL

"

c

and Pr = _pL_
Ky

vhere D is the dlameter of the clyinder, and kL’ Prp ® and °pL are

the thermal conductivity, denelity, viscosity and specific heat respectively,

of the liquid. The velocity of the liquid paat the wire is u.
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The liquid properties sre measured at the mean film temperature, which is ‘
taken as 250°F. The velocity of the fluid is deduced from temperature
distribution within the static water-filled cans (see figure 27, p 11 ).

A value of u = 17ft/hr is used in these calculations.

The overall heat transfer coeffioient Uo is calculated from the
filxp coefficient h and heat flow through a thick-walled tube (i.e. the
nyim insulation) to the thermocouple wire. The overall heat transfer
coefficient is based on the diameter of the wire (0.011 in.) rather than

the outside diameter of the insulation (0.020 in.),

(11) Calculation of ,92

where cp, p » k are the specific heat, density, and thermal conductivity

of the wire material.

(111) Caloulation of c

The value of ¢ 1is deduced from the temperature distribution

in a static can (see figure 27).

i.e. o = 2,303 ('1:")

where is the slope of the semilogarithmic heating curve. A value of

1
£
f = 2,0 min. is used in these calculations.

(iv) Caloulation of a

2 a = dlameter of the can = 3 in.

Hence a = 0.125 ft.

The values of the parameters 42, B 2. c and a are shown in

table 18 for the three cases.
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0004 N copper with insulation, x =0

e e I - U

[t e e — — e — b
—0.004..

[ o ,

-0-008 " o 17127 129 BI
0008 3 -i(Tess+7)
0004 * E copper wihout insulation, x-i%
0-000 V™ f ‘ ~ __~®&
S __ls_Y_1 __ﬁLw
-O-OO4
oo _l_ I23 125 17.1
-0-008* 3 Z +Z + Z
L 23
L2 constontan wdh insulation, x=* 3 .
0004+ @
oooo._\)\-_ " ALLA ..A A.ALA/‘\A.“..F:
170 10 150 200 210 220
——f——t = —f——t—4——t-F
-0004
-0-0G8 |
~ ®© O
oo 1 (203 209 an)
Zeall +2Z2+L

The circled figures are the weights given fo each point in the summations.
Fig. 30  Mzihod of summalion of the slowly
convarging series for the hect coaducticn error.
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<

of Parameters for Caloulation of Heat Conduotion Error.

Type of wire a B c a
and insulation £472 hr. £t~2 ! £t
copper with

insulation 5900 0.236 70 0.125
copper without

insulation 10200 0.236 70 0.125
constantan with f
insulation 121000 3 S35 70 0.125
e - = - = — = — == —]

(b) Calculation of the heat conduction error.

Arithmetical details of the caloulation of the terms of the series

(1.e. equation (10) p 258 ) and the sumation to n terms are not shown.

Because the series canverges very slowly, weighted means of the sums

to ng, 0, and n3 terms have beer. used for calculation of the sum to

infinity. These caloulations are shown graphically in figures 50a, 50b

and 500, for three typical sets of data.



LETHAL RATE
BACILIOS STRAROTEERMOPEIINS (STRAIN TH2), IN MIIK)

AFPENIIX VII

(DBCIMAL REDUCTIONS PER !{INUTE)

2¢2

T (%) 0 1 2 3 4 5 6 4 8 9
200 0.000 0 0 0 1 1 1 1 1 1
210 0.001 2 2 2 2 3 3 § b 5
220 0.006 7 8 9 11 12 14 16 19 22
230 0,025 29 33 38 Ll 50 58 67 76 88
240 0,100 116 132 151 173 199 227 260 297 340
250 0.389 443 505 578 661 750 859 975 *111 %126
260 1o ldy 164 187 212 241 274 311 353 LO1 L56
270 5,18 585 664 753 84L9 966 *110 *12L *4L0 *158
280 17.9

e ——— ————— —————————— — ——— — —— e —— ———{

* denotes a change of decimal paint
LETHAL RATE (DECIMAL REDUCTIGNS PER MINUTE)
BACILIUS SUBTILIS (STRAIN 786 IN MIIK)
R L LLIL i A i i ™S B i i I i

T (°P) 0 1 2 3 y 5 6 7 8 9
210 0.00 0 0 0 0 0 1 1 1 1
220 0.01 1 2 2 2 3 N 3 5 2
230 0,08 10 12 14 17 21 25 31 37 L5
240 0.5 66 79 95 114 139 167 201 21,2 291
250 3.50 17 499 604 726 865 *MOL  *124 *14L9 *178
260 21.2 255 303 362 431 514 613 729 871 *10)
20 124 146 174 207 245 292 348 10 484 153
280 682 805

e — — — — — — —  — —— ————__ _ _ _ ____ __ _ _ ____ __

® denotes a change of decimal paint




SUCROSE HYDROLYSIS = Ep:30 REACTION
SPECIFIC RATE DIFFEEENCE (Tg = 272°P)

APPENDIX VIII
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T (°p) 0 1 2 3 L 5 6 7 8 9
120 0.000 0 0 0 0 0 0 0 0 0
130 0.001 1 1 1 1 1 1 1 1 1,
140 0.001 1 1 1 1 2 2 2 2 2
150 0.002 2 2 3 3 b 2 3 IN I
160 0.00L N I N 5 5 5 6 7
170 0.007 7 8 8 8 9 9 10 10 N
180 0,012 12 13 13 14 15 16 16 17 18
190 0.019 20 21 22 23 24, 25 26 27 28
200 0.030 3 33 34 35 36 38 40 L1 43
210 0.045 L6 48 50 52 54 56 58 60 62
220 0.06, 67 69 T 73 75 77 79 82 84
230 0.087 89 91 93 96 99 101 103 105 107
240 0.109 110 112 114 115 117 119 120 120 121
250 0.121 121 121 120 119 118 116 114 11t 109
260 0,105 100 9% % 84, 77 69 60 50 L0
270 0.028 14 0
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SUCROSE HYDROLYSIS = Ep:45 REACTION
SPECIFIC RATE DIFFEKENCE (Tg = 272°F)

T(°®) o 1 2 3 4, 5 6 7 8 9

120 0.000 0 0 0 0 0 0 0 0] 0
130 0.001 1 1 1 1 1 1 1 1 1

140 0.001 1 1 1 1 2 2 2 2 2

150 0,002 3 3 3 3 3 4 L 4 5
160 0.005 5 £ 6 7/ 74 8 5] 8 9
170 0.009 10 10 1 12 12 13 13 14 15
180 0.016 17 18 19 20 21 22 23 24 25

190 0.027 29 30 32 33 35 37 39 L1 L3

200 0.045 L7 L3 52 Sk 57 59 62 65 68
210 0.07 7L 77 81 85 88 92 96 99 104
220 0.108 113 117 122 127 132 136 141 146 152
230 0.157 163 169 17, 180 186 191 196 202 208
240 0.214 219 224 230 235 240 245 249 252 256

250 0.259 262 264 265 266 266 264, 262 258 254
260 0.248 240 232 220 207 192 173 153 129 103
270 0.073 38 0
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APPENDIX IX ‘

Calculation of Equivalent Retort Times for Iinear
Semilogarithmic Processes

It has been shown (p 42 ) that equivalent retort time © is given by -

04

B(1- 1)
e = e u gg (1)

0000000000000 00000

where -

and -

Iinear semilogarithmic heating and cooling curves can be expressed as -

fou = %7
and u-t = e respectively,
where o = ].og°10/1’h = 1/10310 e.fy
or o = 1oge10/f'° = 1/log10 e.f,

Hence for heating and cooling the temperature-time function is

f=u = ae'O”
where a = +1 for heating
and a = =1 for cooling.
This gives -
u = 1 - ae-ca
and du = =o(1-u)ds

S — "\



Henoe -

c®

Putting B(1 - -:-1) = x then leads to =

N
(%2
o

“

X
x
cO == De dx
x| B=x
x f
o
00 000O0OOCOOOLOIOOPOPOSLEOIONOSS (5)
Simplification of equation (3) gives -
rx1 21
x x
on S = _0_ dx - .e——
e B-x
Jx x
o o
(x1 B-x1
ex B=x
2 - - dx + L dx
J: * *
x, B-x
x, B-x1
x =
= - e ar 4+ e° o= A
x x
x B-x
o o i
00000000000 OOOGOOIOOIOOLS (l.-)
For heating,
xo = B(1 -.31_) = =00
o
and x1=B(1-_j_)=-B(-1--1)
u
u g

g

where the initial temperature of the material is taken as zero absolute

(1.e. u, = 0), and T; - g 18 the final

temperature (i.e. 9 = ('I'R - g)/'l!R )



267

Hence, for heating -

9 o0
-B(Eg -1)
x -X
e B
0y = 1ogme.fh == dx - e ;_
B
~ =
g
: | B B ‘
= lo;zoe.fh ~Ei (-B( o -1)) + e H (-E)
g

Because the cooling curve approaches the temperature of the cooling water
('l‘c) asymptotically, the parameters B, u and ® of equation (4) are
based on To rather than 'I'R when this equation is applied to cooling;

L]
i,e. B Ey

RTo

\1:2_

To

B(1 - ¢ )
and r-)'o = Mc e Uc

sessswssssevssssvess (6)

-

where the prime (') is used to distinguish the parameters based on boN

from those based on TR.

]
Thus x, = B (1-%')
g

where u'g = (TR-g)/Ta.

The cooling phase may be considered complete when a temperature is reached
at which all rates of chemical reaction and spore destruction are negligible.

It 'l‘oo is some suoh temperature, then =

and x,

n
[« <]
—~
-
]
L
~
[ ]



o

2€3

In terms of the parameters based on IR *
1 _3
xo = B ( E; -'EB) 0000000000000 00 (7)
and x1 = B ('% -‘1 )o Ry (8)
[«] uoo

Equation (4) (with parameters O'o, B' and u' replacing o, B and u,
respeotively) and equations (6), (7), and (8) lead to the equation for © o

i
i.e.

3(1--"1%)
© = log .e.f . BL <1353 (1 =1
e 810%%c*® ((u “S)) - (B(u “oa) ))

] [}

B
+ hg‘oe.ro'e (ﬁ(-ﬁ ) - n(-% )) eseseencssesnne (9)
o 8
Both terms involving U, are negligible for values of B, ug and u of
interest in the present context, and can hence be eliminated from equation (9)

yielding the equation -

B(1 -3 )

o
o, =1og10e.f°(e ﬁ(B(Jﬁo-lu))-OBm(‘%))
e g

0000000 c00 o0 (10)

Equatians (5) and (10) With fy, = £ = 1 min. give equations (6 ) and (7)
(p 186 ) respeotively, for tie ocalculation of the parameters a and b,



Coefficients a,

b,

AFPENDIX X
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Aa, and Ab for caloulation of parameters for

type I curve of best fit.
sucrose E, ¢+ 30 E, + 45 B, stearo-

& hydrolysis reﬁotion rﬁmtion thermophilus el
(°p) a b Aa Ab ‘a ‘b Aa ab Y Ab
10.0 3074 L4233 785 1546 1689 2872 2472 3738 2778 L4011
9.0 3394 4387 824 1564 1789 2918 2654 3826 3011 l+1[22
8.0 3762 4547 862 1586 1891 2965 2808 3911 3263 4232
7.0 199 LML 903 1597 2002 3007 3060 3993 3542 4339
6.0 L4721 4884 945 1611 2117 3045 3237 L4067 3847 LWLO
5.0 5363 5061 989 1623 2253 307 3533 4134 1484 4533
L5 5745 5152 1011 1628 2302 3094 3662 4164 L4365 L4575
4.0 6180 5242 1035 1633 2369 3107 3798 4195 L4554 L6415
3¢5 6684 5336 1055 1638 2436 3120 3940 L4220 L4754 L652
3.0 7276 53,2 1083 1641 2505 3131 L4087 L4243 4965 L686
2.8 7543 5471 1093 1642 2533 3135 LALT7 L4252 5052 L4699
2.6 7834 5510 1104 1643 2562 3139 L4208 L4260 5141 L4711
2.4 8150 5549 1112 1645 2596 3142 L4271 L4267 5231 4LT22
2.2 8497 5588 1123 1646 2621 3146 4335 4275 5323 4732
2.0 8880 5627 1134 1647 2651 3148 4399 4281  5L17 L4733
1.8 9304 5667 1143 1648 2680 3152 L4465 L4287 5512 L4751
1.6 9784 5708 1153 1650 2P0 3155 4532 4293 5610 4759
1.4 10332 5748 1165 1650 27,0 3157 4598 L4299 5709 L4766
1.2 10969 5789 1176 1651 2771 3159  L667 4303 5811 L77h
1.0 11729 5830 1187 1651 2804 3160 L4737 L4306 5915 LI
0.8 12666 5872 1198 1651 2835 3162 4808 4309 6021 4783
0.6 13883 5912 1209 1651 2868 3162 4881 L4312 6131 L4787
0,40 15611 5953 1220 1652 2900 3163  LI95L L4313 6243 4790
0.30 16845 5973 1225 1652 2917 3163 4992 L4313 6299 LT
0.20 18594 5994 1230 1652 2932 3163 5029 L4313 6356 L4792
0.10  21589* 6008 1236* 1652 2949* 3163  5068* 4313  6415* L4792
0.08 22555 6011 1237 1652 2954 3163 5076 L4313 6427 L4792
0.06 2335 6013 1238 1652 2957 3163 5083 L4313 6438 L4792
0.04 23604 6016 1239 1652 2960 3163 5090 L4313 6450 4792
0.03 26807 6017 1240 1652 2962 3163 5093 4313 6456 L4792
0.02 28566 6018 1240 1652 2964 3163 5097 L4313  6LE1 4792
Q.01 31575 6020* 1241 1652 2966 3163* 5102 L4313* 6468 L792*

The units of a and Aa are 0.,0001 min, }
0.00001 min.

For purposes of interpolation the curves a vs 1log g, da vs 1log g,
b vs g,and Ab vs g may be assumed linear.

units of b and b

are

Cw



APPENDIX I

Nomenolature of Can Sizes

The system of nomenclature used is that employed in the industry,

in which the can is identified by a statement of its dimensioms (over-all

ﬁ&gﬂ by over-all w.‘).

The left hand digit in each dimension is the number of whole "

inohes and the two right hend digits ;Ave the additional fraction of the

dimension expressed ag sixteenths of an inch.

For example, & 307 x 409 can is 3 7/16 in. in diamete: and & 9/16 in.
in height, while a 208 x 006 can is 2% in. by 3 in.
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