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uHd to evaluate the total lethal.. effeot of. heat on the baoterial. ,pop,. · 
: • •  ·, J : . 'f." . • • F. , • • 

ulatioa in .a sealed oontaine.r of �ood. material. _The ohemi.oal r��·�� 
, ��que has. &180 �led a atud,y to be made of tl;le,., ef�eot .that, � ··"'·� 
.lll:OVement .or. the material. 1li thin the container haiJ en. the, ].etb8:J.1 t;y � . _ 

" '" • ·• • • ; l( .  ' ; o I • . -.;.- • ., 

the .. applied heat. ·-� 

. _,:.. the 4egree ot deatruootian ot baotarial spores is shown to depend � 
on the aotivation energies and. deoimal reduotion times of the ohemioal 

• ' "' . :-·.: "" t. ' . · 
and bacterial qstema, and on the �heat penet�tion� 

J 
charaoter18t1Qa ot 

the material being prooeased • . 

Aaid �· ot IIUO�, iD'buf't'ere4 solution, waa ohotlell u-: 

the model obeld.o� reaction eyateu. · It -.. used in the exper1.melltal 

:·at� ot no twe• of. prooeaa, a with cans .tatic:mary, ... in.�� 
oCU�Hroial batch retorta, m4 the other with the oana -rota'*l "•5P�wa4" 
aa in some commercial agitating batoh retort a and oontim10WI ��� .. 

� etteat ot convection oil the extent of suoroee .bJ4rali'd• bae 
·been imeatigated. By cambin1ng recorda of oan t•peratun · )11. th 4at& -.,,,:. 
1:be rate ot suoro• �·• the f'in.al canosntraticm ot acl"O.,. hae ' "� �· -

been oaloulatea. for a raage of proceaeea. 'fbeae caloulated�...:tuea·b&ve 

been oc:a.pared with those actuall;y obtaine4 in the oan. 
!heoretioal oonld.derationa ahc)y. that the etreat of hot ili'\�al 

. Ana ohelllioal ' e1steu •• caioulated from . temperature a iAeaaUred at 'Pollti:-:: 
fiXe4 with resPect to the OCI1taiMr, i1 not Moessal'U7 the .... M � 
aotual.l7 obtained in the container if OOilYMUGD: taaa: p1aoe · ·c111Z'iag LtM 'f!'3r 

· proo•••• · Simple oOUYeoticm. aoclela han- been ue4 to relate th* utlllt .-,r 

ot!·IUOron �� o�oulatecl tram the te��paoat1ire 4&1:&:,> .to :tU.t '· · 
1Gtual.l.7 obtained iJl the OeDe · 'lhl80 OOD.Y80tiCI11101el8 mow that the � 

erature at the gecaetrioal centre ot t4e can could be oCDid.clered tpoal 
ot the whole oan tar both statio and. a.gi tated can prooeaMs. 



� 
!be degreea ot destruot1CII1 at two mioro-orgam •• 1d. th 41t'h1111l\ 

"beataoreaiataDoea" hll9'8 al110 been oaloulated. trca the oen temperatuN c1Ata. 

The .. haft enabled relationabipa between the auaro• �· aDil the 
apore 4estruaticn to be e.tabllab.e4. !be etteota ot -the Tarioua Pl'Oit...U.C 

taotora OD the .. relatiCIIlllld.pa, · an4 OD tt. rate ot beat tranaf'er to ti
oan ha're been lltl141ed. !he hotara 111Y8atigate4 wre pl'OMaliDg p:N� 

Ul4 length ot prooeaa, tar statio oa aD4 agitate4 ea runs, Ul4 type.'IID4'. 

apeecl ot I'Otation tor agitated. om ruu ODly. 'lhe prooeallbg pre.aura·ta 

tbe qUated oan runa, an4 ttaa· J.eDath ot the prooeaa in MtJl· agS. tate&.ua 
atatia oa runa cSo DOt appea- to ban lligld.fioant etteota, but the ethota 

ot all other taotora studi.e4 are aigDitioant. 

•' · 
!he ocmaept ot equin.lent t1ae c!itterenoe, wbioh arises t'roll the 

relationllbip betwen the extent ot a ohemioal reaotian and the degree ot 
spore destruction haa been defined and examined. Jloclel temperature Ta 

tiu ourna for a greater rauge at prooesaea and oan siaea than that uaecl 

in the experiments have been oaloulate4 uld.ng heat tranater rate data 
baae4 on the agitated oan runs, en4 the 4qen4enoe ot the eqalftl.elrl tiae 

41tterenoe on the tn>e ot prooeaa an4 on the ld.se at oan ia aiaouaaecl.-. · · 

*ltiple reaction �tema in 11hiah llleatrurementa ot the matl ot 
HTeral ohemloal reactions, eaoh with titterdf aotintiOD aerglea, an 

UM4 to eatiaate the degree ot destruoticn ot QOrea haTe bee lDnftlgatecl. 

!be moclel tn;perature n t1llle ournt�, deri� tar the �· ot the ecpt..
alat U. clitfer.moe ocmaept, were uee4 with data cm the atea ot the 

OUOl'OM �a·roootiCXl, 'liliah hu c·llllti.,..tiai>. -- ftr 22.35 �� 
ID4 cm the rates ot two hypothetical reaotiou llith aoti.T&ticll eMI'Sl•• ot 
30 an4 45 kaal/IIOle. latillatiCil ot th• degree ot .ore deatruotica wd.»,a 

reaotiona in pelra or in groups ot three ia daouan4. 

It a pair ot reaotiona ia uaed, a kncnddge ot rates ot hea� trauter 
to the oan ia required far aat1ataot017 eatilllaticm ot the lethal etteot ot 
heat. It three reaotiona are U88d, the lethality ot the prooeaa oen be 
e8tiaate4 111 thottt heat transfer rate data. 
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" 
Errors arising in the estim:ition of the lethal effect of heat an 

baoterial spores using chemical reactions singly 1 in pairs, or in groups 

of three are dieoussed. 'lhe maximum errors in the letha.ll ty of the 

process as estimated using the various chemical reaction techniques were 

fOWld to be leas than one qUArter of those arising from the same sources 

in traditional process calculation methods, in quite a number ot instances 

much less. It is also shown that unaertainties arising from the necessary 

experimental measurements can be evaluated much more readily 1'li th a ohem-

ical reaction technique, especially the three reaction system, than they 

oan in other methods of prooess evaluation. 
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INTRODUCTION 



INTBODUCTICfi 

THE DKVEIDB.imT OF CANNING EQUIPILENT AND PROCESSING ME7HODS 

Canning as a method of food preservation has 1 ts origin in the 

work of Nicolas Appert (1750-1841) wno was the first to use heat as a 

means of preserving food in hermetically sealed containers. Although 

2 
" 

he did not understand the principles of his method, his systematic 

experimentation (and generous sharing of his discoveries) laid the found

ations ot thermal food preservation methods. 

Appert initially prooeseed his food in oork sealed glass jars and 

bottles in boiling water baths for periods varying :t'rom 1 5  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 q_uick clean handling of good q_uali ty 

raw materials. Blanching was used with some products, and he was also 

aware of the distinction between acid and low-aoid foods in regard to 

their length of prooesaing. 

Appert' s understanding of the process was that heating eliminated 

the "air" which was believed to be the cause of spoilage. tis belief 

was to persist for nearly 100 years. 

Appert 1 s work in glass containers led to the development in Eng-

land about 181 5-20 of tin containers for preserved foods. Appert himself 

used oans in some of his later work. 

Some time before 18.30 the autoclave was introduced (apparently by 

Appert) as a means of cooking canned foods under pressure. By 1870, 

autoclaves were being used q_ui te widely in industrial canning. 

Because pressure vessels tended to be dangerous, and tended to 

over processing (Prestoott and Underwood, 1897) the desirability ot 

obtaining high temperatures without the use of pressure resulted in the 

use of salt baths from about 1850. Common salt and calcium chloride were 



both used (llitting, 1916J Orem, 1914). 

Maaph.ail ( 1 an) oredi ted T,yndal.l m ih enunciating U10 prinoiplea 

� the intemttent method � sterilization, v.hich involved iliree or 

more relatively mild heat treatments on suooeseive days. 'lhe suoceaa 

af the method relied on viable spores berminating ai'ter heating, and 
the ve�etative forma bei� destroyed during the next proaeesing period. 

I>ormanay of spore a made the method unreliable , and the method waa 

abandcmed for prooeaaing or non-acid foods. 

A aignU'ioant advance in the use of nutool.llvea wu made by Raymocd 

Gnnalller-Appert (suooeasor to Nioolas Appert) who was grSnted a patent 

in 1852 .l.'or a retort with manometer 11b.iah made possible much oloeer 

0 0 
oontrol of temperature - to 1fi thin t instead of about 20 • 

b'urther developnent in prooeseing equipment otune \nth the intra-

duction of ag1 tati.ng oookera, and oontil:wous sterilizers. lhe first 

spiral continuous oookor wne patented in 1899. Spiral oookers were 

llmited to atmospheric pl"G&sure Wltil the introduction of the pressure 

sealing oan transfer valve system about 1915. l\evolving crate batch 

sterill�era were already in wide use. � hydrostatic pressure sterilizer 

waa firat ia.talled in Europe in 1936. Other continuous agitating prooesaea 

hAve been desoribed, e.g •• brmo-Hoto Cooker, .Ball and Oleon (1957), a 

high apeod spinning cooler using two loag rollers and inclined guide raib 
(Van .Blarioan1 1952), " spin cooker-cooler u.sill(; belts (Cabimir, 1962). 

A very unusual experimental batoh sterilizer hAa been described by Borges 

and Desrosier ( 19 54) in l'hi.ch a crate of oans ia spWl on two axes simul-

taneoual.y. 

Another aignifioa.nt advanoe in oanning teohnology is the intro

duotion of aseptic filli� of some produota at'tez· sterilization in plate 

or .oraped aurtaoe heat emhangera. Ball and Olaon deaod.be several 

of theM prooasaesa DefllV�a et al (1%1) desoribe an agitating eterillser 
u.1D& gas flame heating. Sporle (1955) de.oriboa a continuous milk 

atorillzatiCI'l plant in l'obioh oane are conveyed on belts through a hot 
air aterili&er, using air at 29;0.,. 



'XICBOBIOWGIOAL DEV'ELOHCENT IN CANlttNG PRACTICE 

Most of the development in �anning methodo before 1900 took 

place 111 th no knowledge at all of the oauses of food spoilage, and 

process times were based mainly on trial and error. Spoilage rates 

were used as ori teria for successful prooessing and e.ll cans were inspect

ed for vacuum, i.e. , absenoe of "s'tiells", both during prooessing and 

before f'inal.ly leaving the plant. Prestcott and Und.erwood (1897) report 

that losses were large. 

Pasteur in 1864 was the first to recognise the microbial nature of 

tood spoilage, and his solution to the spoilage of wines and beers was, 

in fact, a mild beat treatment (Frobisher, 1957). 

�e signifioanoe of his obseiV&tions was not noted in the canning 

industry 'llhere it was believed for another 4D years thnt the "vacuum" 

was the essential element in food preservation. '!he work of Prestcott 

and Undenrood. (1898) confirmed oonolusively the assertion of earlier 

workers that vacuum was not necessary for steriliaation. 

'!he first recorded bacteriological examination of spoiled canned 

foods is that of Russell (1895) 11ho isolated two species of bacteria 

from spoiled peas, one of which reproduced the swelling when inooulated 

into sound cans. In this oase the solution to the spoilage problem was 

an increase in temperature rather than in time. Similar findings were 

made b y  Prestoott and Undei"\''''od on spoiling of canned clams and lobsters 

(1896f and souring of sweet corn (1897)� '!hey recoenised 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 es�imates of the "heat resistance" of the isolated 

thermophiles. Inooul.ated cans were used to show that retorting was 

superior to water bath processing. 

Barding and Nioholson (1904) investigated spoilage in canned peas, 

and isolated two organisms 'l'lhich were sh01m by inooulatian to be respcm.a

ible for the spoilage. '!he limits of succe3sful processing were determined, 

presumably by inooulated pack experiments. 

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

• 'lhese were reported in 1897 and 1898 �·espeotively. 



S' 
1918) recognized that viable orgen.isms may be present in a food after 

proaessing without spoiling the material. '!be conoept of 1 commercial 

sterility' was established within the canning industry well before 1924. 

'!he term denoted "the absenoe of organisms capable of spoiling canned 

food under conditions of commercial manipulation" (Esty and Stevenson, 

1925) • 

.E.xperimental inooulated paok experiments lvlve been used extensively 

in establishing prooesses, especially for low aoid foods as recc:mmend.ed 

by the Uational Canners Assooiation (1955). 'lhe use of thia type of experi

ment is described by Keyer (1931), Lang (1935), Cameron (1936) and Ball 
(1943). Ball and Olson (1957) have disoussed the difficulties end Wl• 

certainties in establishing reliable prooess times by this method, and 

conclude that much larger numbers of containers than are commonly used 

are necessary to get statistically significant results. A very strong 

case is made for alternative methods of evaluating prooesses. 

DEVEWHmNT OF CAWULATION llETHODS 07 PllOCESS EVAilJATION 

Prooess evaluation may be defined as the estimation of the prooesa 

that will obtain a state of 1 oanmeroio.l sterility' in a oa.nned food. In 
terms of more recent understanding of bacterial destruction,· 1 t is the 

calculation of the probability that a given prooess 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 1heat resist

anoe' of spores (either thermal death times or 1deoimal reduction times') 

and measurement or calculation of the temperature time function within 

the container of food. 'Ihese are then combined to estimate the total 

lethal effect of the heat. 

(a.) Basio Baoteriolosical Data 

(1) Beat Beaistanoe Determination Kethod.s 

Methods of prooess calculation end the baaio assumptions 

involved are dependent on the type of 'heat resistance' data available. 
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As the expsrimental methods for obtaining 'heat resistsnae 1 data have a 

considerable bearing on the understanding of thermal destruction of 

baoterial spores, it is necessary to trace the development of these methods 

and their interpretation, and disouss sane of the salient experiments an 

heat resistant organisms. 

All 190rk to date has used the failure of the organism to reproduce 

as the criteria of death. .Bahn (194-5) has d.iaoussed this conoept, and has 

suggested that a ells that do not reproduoe be termed 'sterile 1 rather than 

dead. Por praotioal purposes the distinction is unnecessary (Stumbo, 1965). 

Prestoott and Underwood. (1897) and Ruasell (1895) were among the 

first to isolate themophilio heat resistant spoilage organisms tran canned 

food.s, and these early workers realised the need for some quantitative 

measure of 'heat resistance•. 

Very l1 ttle aoourate work on the efteot of temperatures greater 

than 100°0 an resistant spores had been reported before 1920. 1he work 

of Iawrenoe and Ford (1916) and l:..ubaoh, Ri.ce and Ford (1916) ignored the 

efteot of the heating and cooling periods. 

Bigelow and Bsty (1920) introduce a themal death time tube method 

in 11bioh sealed tubes containing 1 ml of spore suspension were subjected 

to temperatures in the range 100..1�00. 1heir results ( shortest tiDe to 

destroy and longest time ot survival) were plotted time against tempera

ture on linear oo-ordinatu. 1he 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-logar:l. thmio paper (temperature vs log time) gave a aubstantiall7 

linear relationship for quite a number of organisms. 1he lines tor the 

various organiams are parallel, althougb. the mean slope tor four non-spore 

bearing organilrns in the range �-65°0 is about halt of that of the spore 
0 

destruction cUZTes in the range 10C>-140 c. 
\l ,. 

�e tem 'z' is introduoed by Bigelow tor the slope or the thermal 

death time curve, and is defined as the temperature increase for a tentold 

decrease in thermal death time. Por spore destruction the mean value ot 
z was 18'7 Bnd for the veget�tive cells 'll9.S found to be 8.4-c;,. 
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Deviations fran llneari ty of the thermal death time ourves wre 

explained in terms of technique (heating and cooling times at high temp

eratures and short times) and spore characteristics (deviation!!l at low 

temperature!� near the maximum for growth). 

Bigelow and Esty do not comment an the meohaniOOl of 'death' of 

spores or on the reasons for the observed effect of concentration. �ey 

report tbe work of Sohmi.dt ( 1906) who concluded that the resistance of 
spores iooreaaed with couoentration. Ge.ge and Stoughton (19o6) are 

l·eported. aa assuming different heat resiste.noes of individual spores, 

particularly the few that surviTe significantly longer times or higher 

temperatures than the majority. Eijkm&n ( 1908) had aleo noted the ef'teot 

of initial conoentration of spores on rates of destruotion and concluded 

that differences in thermal death rates were due to substances given off 

into the media by the killed baoteria. The concepts of Schmidt, and of 
Gage and Stoughton persisted for quite same time. Ball and Olson (1957) 

use these conaepts somel'lhat unoonvinoingl.y in a dieoussion of Stumbo' a 

basis of process calculation. 

laty and Keyer ( 1922) used a method. substantially that of :Sigelow 

and Esty (1 920) in a study of the heat resistance of c. botulinum and 

related anaerbobes. Problems encountered in this study included the etf'eot 

of different spore preparation media, pH changes, and retarded germinaticn 

of spores. Sane death rate data is plotted (lQg spore nUIIiliera against 

time) showing a substantially linear relationship from 1010 spores/eo 

down to spore oonoentrations of about 1 spore/eo in neutral phosphate 

buffer. 1heir thermal death time data is presented as maximum survival 

time and minimum destruotion time, and the slope, or z value, of the 

thermal destruotion curve for the most resistant strain of C, botulinum 

studied is very nearly the eame aa the mean slope of the thennal. destruo

tion curve for the range ot organisms studied by Bigelow and. Baty ( 1920). 

Levine, .Buohanan and Lease ( 1927) developed a 'flask' method tor 

studying rates of destruction of �rea at temperatures less than 212°¥. 

Inoculum is introduoed into preheated media in a well stirred flask, and . 
samples Yi thdrawn at intervals. 



'lilliama, llerrill and Camoron ( 19.37) used a small (900 ml) 
stilTed stainless steel Jacketed tank with four sampling valves at 

the bottan. �o inoculated substrata was heated from cold in 2-3 

minutes. Temperatures up to about 2.50°F can be studied in this 

apparatus. 
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T01111send., Esty, and Baselt (1938) used a method in which 

inoculated food is processed in very thin, 'luickly heated 208 x oo6 • 

cana (2i in diem. x � in. high). �eir method involves corrections 

for heating Nld cooling times. �e heating and cooling lags are about 

the same as for glaas tubes. Results are expressed either as number 

of spoiled containers, or as number of surviving spores if the cans are 

opened and suboul tured. 

• 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 lleyer, 1922; Watkins and Winslow, 

1932), but this observation was not used in charaoterization of the 

'heat resistance 1 of micro-organisms until 1942 men the term 'decimal 

reduotion time 1 was introduced by Katzin and Sandholzer in a study of 

milk pasteurization. Ball (1943) in a stuq of the application of his 

prooess oalculaticn methods to milk pasteurization introduces the same 

oon.oept - apparently independent of Katzin and Sandholzer - as the 

quantity of z (zeta), 'VIhich Stumbo uses in 1948. Ball discus'ses the 

meaning of thermal death time measurements and their use in terms of z 

but continues to base his calculations on the existence of a finite 

thermal death time. It was left to Stumbo (1948a)to formally redefine 

sane of Ball's process calculation parameters to include the concept of 

logarithmic spore destruction rates. 

Vii th the introduotion of the decimal reduction time concept into 

process calculations, bacteriological destruotion studies tended to con

centrate on the measurement of thermal reduction times. It should be 

pointed out that the earlier methods (prior to 1942) oan be used to 

calculate decimal reduction times it the data are presented in a suit

able fo1111 • 

• For nomenclature of can sizes see Appendix XI. 
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�or thermal resistance measurement above 240'7, Stumbc (1948ll) 

0 
developed the 1thermoresistaneter 1 which haa been used up to 300 F. 'lhe 

device consists of three steam chambers in series, and a sample tranafer 

mechanism which carries six small samples (0.01 - 0.02 ml) in small open 

cups frcm the loading chamber into the heating ahamber, and later to the 

final chamber where they are dropped into tubes of oul ture medium or 

diluent. Cooling in the centre chamber is by sudden release of steam 

pressure. 

Ftlug and Esselen ( 19 53) developed an instrument similar to 

Stumbo'e thermoresistaneter. 1he samples were cooled by dropping them 

into tubes of culture medium. . 'lhia instrument has been used to at� 

thermal resistanoea of various spores in the range 235-300°F. Keasure-

menta of the rate of destruction of thiamine in pB 7.5 phosphate butter 

at 295� are also reported. 

Small sealed capillary tubes were used by Stern and Proctor (1954) 

to obtain decimal reduction times. Some results are given for B. atearo-

thermophily. 

Wang, Humph.rey and Eagleton ( 1964) developed a method for measur-

ing the rate of spore destructica u.ing flow techniques. Flow time 

distributic:ns were considered, and found to have a very significant etf'eot -

the actual destruotion being leas than that caloulated assuming plug tlow. 

Data in the range 127-143°0 (261-290'7) were identical at the· 95% con

fidence level with unpublished data of Soharer ( 1963) on the same spores 

of B. steargthermgphilus. Soharer used a capillary tube method at lower 

temperatures. 

(ii) Heat Besistanoe Data Interpretation 

In studies of the destruction rate of micro-organisms the logar-

i thmic order of death has been confirmed or assumed. Of the m.any explan

ations offered for this phenanena, that of .Rahn (1929,1945) is probably 

the most plausible. He suggests that loss of reproductive power ot a 

bacterial cell when subjected to moist heat is due to denaturation ot a 

single gene essential to reproduction. While the actual mechanism ot 

bacterial death is unimportant in process calculations, the concepts - in 
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particular those as advanced by Rahn - have made their impact in the 

development ot process oaloulatione methods. �eae concepts have 

resul. ted in a raticnal basis for the statistical methods for calculating 

deoiaal. reduction times (" sld.pe• are no longer a problem in the inter

pretation of heat resistance data) , end have given rise to the conaept 

of probability of spore survival as an end point in process oaloulationa 

(Gillespy, 1951 ) . �e application ot Arrhenius' equation to thermal 

deatl"Ultion data oan also be traced to these concepts. 

A number ot methods of treating data obtained from thermal 

destruction rate experiments have been described. A graphical method 

for decimal reduction 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 thennal death alone, the logarithmic order of 

death is assumed, and methods of statistical analysis are used to get the 

values of D. Stumbo ( 1965) disousses the methods of Halvorson and Ziegler 

(1932), Sohmidt (1954-) and Lewis (1956). �ese different methods give 

results Which are generally in good agreement. 

�e effect of temperature on thennal resistance can be expressed 

in a number of ways. �ermal death times were not of great precision 

and semi-loge.ri thmio plots were found to be more or less linear (Bigelow, 

1921 ). Bigelow, 11ho waa the first to plot heat resistance data in this 

manner does not discuss the signifioanoe of this type ot plot in terms of 

any other similar or related phenomena. As pointed out by Ball and 

Olson (1957) the use ot 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, wb.ioh is the rate quotient 

far a temperature interval of 10°0. 'lhis Q10 concept arises frcm the 

common observation that the rate of a chemical reaction doubles or trebles 

for a 10°0 ri se in temperatur e. 'lhis i s  known as the R.G. T. (Reaktions

gesohwindigkei t Temperntur) rule, or the Van 't Hd!'t 
.
rule. 

Because the early methods ot process calcUlation using thermal 

death times were adapted to the decimal reduotion time concept by the 
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redefinition of acme of the teru (Stumbo, 1948&) the log D against 

linear temperature has remained aa a basis for prooess oal.culation. 

Better methods have enabled more preci se thermal resistance 

measurements to be made ewer wider temperature ranges than was possible 

in earlier TOT 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• 

'lhis is  the form of relation predioted by the Arrhenius equation for 

ohemioal reactions. 

i . e. , = 

or = 

= fAo 1 + b 
T 

kT 1B the rate of: reaction at abeolute temperature T. 

A, b, 1-' are constants for a particular reaction 

R is  the un1 versal gas oonstant, and 

lA i s  the activation energy ot the reaction. 

Gilleapy points out that over snall ranges of temperature, the 

linear plot gives a good approxim.ation to the Arrhenius plot. H1.s process 

oaloulationa are based on the linear plot. He also g1 ves the relatianabip 

at a given temperature, T1 to 12 -
z a i...i.� e BA •o 

over a range of temperature, 

z = 
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Webb (1964) has discussed these alternative relationships 

between thermal destruction rates and temperature. A table is presented 

showing the variation ot EA with temperature if a constant Q10 ia assumed. 

Differences of up to 4.5% between activation energies at 3-fC and 100°0 

are shown. 

Aiba, Humphrey and Killls (1965) also disouss the types ot 
relationship between reaction rate and temperature, and include lyring' s 

theory ot absolute reaction rate with the q,0 (or z) approaah an4 the 

Arrbeniue equatica.. .Aocording to lyring -

..l�· and .l. s• are heat ot reaction ot activation, and entropy change 

of activation respectively and g is a factor including Planok's and 

Bol tzmann' s constants. 

To canpare these three methods of correlating rate and temperature, 

Aiba et al have fitted eaoh theory to typical spore destruction data at 

two points, and used each theory to interpolate and extrapolate the 

decimal reduction time data. 1he Armenius and Kyring theories are not 

significantly different fran eaoh other. 'lhe Q10 (or z) basis ot oal

oulatian gives values of D significantly leas than the other theories 

when used to extrapolate data. 

�lug end Bsselen (1956) gives decimal reduction time data on 

PA 3679 in various food substrates. 1he curve in the log D vs T plots 

is attributed to changes in the chemical oanposi tion of the substrate 

111 th the different processes at the different temperatures used. However, 

the data are suoh that a log D vs 1 plot would be more linear than the 
T 

log D vs T plots as presented. 

Although no oaloulations have been done, it is probable that 

there are significant differences in the lethal effect of processes as 

calculated 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 sane 

other temperature. 
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�ere are a number of other variations of the rate of reaction" 

vs temperature equaticns. Sane of these are disoussed by lloore (1957) 

in terms of their derivaticm from the fundamental kinetic theory. He 

states that it is 110rth11hile making a correction EA = I + iRT in per

forming calculations with the theory, but 1 t hardly af':t'eots the linear 

plot o:t' logelc vs 1/ 'l'o 

Ball and Olson (1957) use the Q10 (or z) approach in the pre

diction of the effect of heat on organoleptic quality o:t' foods, which 

are essentially chemical reactions (Gl-eenwood, Iraybill, Feaster, and 

Jaokson {1944-)J Jaolcsan, Feaster, and filcher {1945) ) . Beoauae 

actiTation energi.ea are generally much lower than those for spore 

destruotioo, wider temperature ranges become significant, and it is 

probable that large-r{relative errors in organoleptic quality change cal

oulatioos will occur if the �O theory is used, than occur when spore 

survival probabilities are calculated on the same basis. 

(b) Baaio Heat Penetration Data 

In the evaluation of thermal sterilization processes, 

baoteriologioal data (deoima1 reduction times or thermal death times) 

is combined w1. th time and temperature ( 'heat penetration' ) data. 

'lhia heat penetration data is generally obtained by experiment 

aa the oomplexi ty of heat transfer within the container of food usually 

precludes the use of purely mathematical methods for calculating the 

temperature-time functions. A lalowledge o:t' the mechanisms of heat 

transfer to, and within, the container of food has been useful in 

extending the usefulness and appllcabili ty of experimental temperature

time data to different can sizes and processing temperatures. 

the temperature data required :from a heat penetration test are 

influenoed by the method ot process evaluation to be used (coldeat 

point only, whole can) and the type of :food being processed. For 

example, some produats require temperatures oo surfaces o:t' the solid 

portions only, other require temperature data inside the solid pieces. 

Jaokson (1940) has reviewed the di:t':t'erent types of heat transfer and 



haa classified foods into a1x main groups on the basis of their heat 

penetration oharaoteristios. IJhe type ot container (glass, tin) also 

ha& an important effect on the rate of heat transfer (e. g. , llerrlll, 

1948) . 

IJhe literature is replete with reports ot heat penetration 

studies on different types ot' foods using various processing methods. 

Methods ot obtaining heat penetraticn data, 1d th examples of their use, 

and the mathematical e:qn-essions used to represent time-temperature 

data in the formulae methods of prwese calcule.tion are reviewed here. 

�e application of heat transfer theor;r to the main types of food pro-

duat ia also diaoussed. 

(i) !xperimenta.J. Temperature Mea surement Methods 

�e first recorded heat penetrati on experiment s were those ot' 
Prestoott and Underwood (1898 ) who used maximum recording thermometers 

mounted inside the cans wi th  the bulb near the geometric c entre. 

Temperature-time curves were obtained by varying the length ot' the 

prooess. Other workers including Belser ( 1905) ,  Duolcwall ( 1905 ) ,  Koohs 

and Yeinhausen ( 1907) used me.ximum recording thermometers in heat pene

tration tests. Kore recently ( 1 964) Beraan tried this method and 
abandoned it in favour ot fine melting paint tubes in a stu.dy of rotary 
oooker-ooolera. 

Apart from the disadvanta ge ot' only obtaining one t emperature 

per run, thi s method has been objected to by later workers (e.g. , Bigelow 

et al ( 1 920) ) because the metal mounting tube of the the:rmaneter , or 

the stem of the thermometer i tself it' no mounting tube was used, oould 

oonduo t heat to the bulb, and thc.s di stort the temperature record. No 

data on cooling curve s  oould be obtained, and the time at whioh the 

maximum temperature was recorded oould not be determined. Kuoh Wlet'ul 

information was obtained however. 

( 191 2 ) .  

'lh e  use ot' ohemioal thermometers was first deaoribe d  b y  Bi tting 
I 

�e thermometer was sealed into the can tprou.gh a stuffing 

box so�dered onto the oan top. Jlodif'ied stuffing boxes enahled the 

ohemioal thermometer to be used i n  retort s. Bigelow et al also ob jeot 
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to the stem heat cond1»tion effect, although )lagoon and Culpepper (1922 ) 

point out that the thermal oonduativities of' glass and water are approx

imately the same, and the error in foods whioh heat by oond.uotion wi.ll 

be snall as most solid foods have thermal c onduotivi ti es approximately 

that of' water. Stem oond.uo tion errors in eo nveotic;n heating foods are 

not di sous sed by Jlagoon and Culpepper. 

, Bigelow and his oo-workera also deaoribe the use of a mercury 

in a steel recording thermometer 11bioh could be used by ordinary 

operati.Tes in camneroial canning plants. �e bulb of thi s thermometer 

is  muah larger than that of' a glass thermaneter, and is  subject to the 

same heat oonduetim errors. 

Bitting and Bitting (191 4) described the use of thermocouple• 

in oana as early as 1907. References to and abstracts of'this 'WOrk do 
not give details of' the construction of this thermocouple probes. 'lb.e 

effect of' ag1 tation on the shortening of' the cooking period i s  also 

reported. 

'lb.cmpsc;n ( 191 9 )  used a thermocouple probe of' glass 11hi.oh waa 

sealed throagb. the oaxi and retort top in a llilld.lar way to the ohaioal 

thermcaeter deeoribed by Bigelow et al ( 1920 ). 

Bigelcnr, Bohart, Richardeon and Ball (1920) used a thermocouple 

probe in an extensin study of heating and cooling rates in a wide 

variety of produots. A thin wall oopper tube was used as part ot the 

probe, and is  probably subject to greater oond.uo tion errors in oondl.x:tion 

heating foods than the glass thermometers used by others (Ford and Osborne , 

1927). 

A ' bakelite ' thermocouple probe is deeoribed by Pord and. Osborne 

in a at� ot heat cc:llduoticn errors in thermocouple probes as used by 

various inveatigatora. Significant differences wen demonstrated. 

�ermcmeters were not included. 

Varioua Ulpl'OYelllents of' a mechanical nature have been made to 

heat penetration thermocouple probes, some of 11bioh IU'e DOW produaed 

OOIIIllleroially' for heat penetration studies. lck.lutld ( 1949) desoribes 

plastic thermocouples with p.i.ug i'l fittings as developed by Benjamin (1938) 
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that can be used in high speed closing machines. Ccmd.uotion errors 

were shO'IIl'l. to be negligl.ble except for small cans of oonduoticn heat

ing produota. Ball ( 1 92.3 ) and EoklWld ( 1 949 , 1 9  56) haTe proposed correc

tion taotors. 

A method. of m.O\mting thermocouples in oana without the un of a 

support is deaoribed by Board (1 965). 'lhe two themooouple wires paaa 

through diametrically opposed holes in the can wall, or thJ."OUgh holes 

in the oan ends, and are sealed with a heat resistant epoxy re� 

adhellive. 

�. method ia  probably the least weoe-ptible to conduction errore 
so tar duoribed., and has the added ad.Tantage ot minilllUIIl diaturbmae to 

the OCII1Teotion currents especially in still cooks of liqtdd produata. 

1hia faotor does not appear to have been di eoussedi eyen thCAlg)l it JU.Y 
be as important a souroe . of error in oonveotion heating as stem conduction 
errors are in oonduoti on heating. 

Sensitive galvanaaetera have been used to  indicate the potential 

produced by the thermooouple junotions ( 'lhompaon 191 9) . Potentianetrio 

derloes (zero ourrent at balance) are to be preferred, howevar, as the 

voltage indicated ia independent of the resistance of the lead wires 

(Boklund, 1949). Autanatio or -manual cold jlmOtion oompensaticm. have 

both been used as well aa ioe tlaak reference junotions. Varioua t1Pea 

of recording potentiometers have been used (Clifoorn et al, ·1 950 J Boare 

and W'arringtcn, 1 963) . 

Krrors in thermooouple temperature measurement in food products 

may also ari se fran electrolytic e. m. f. ' s  produced by the different 

metals of the themooouples due to breakdown of insulation at points 

distant from the junction. 'lhe potential drop produoed by the current 

flowing between the points of contact of the wire and electrolyte (i. e. , 

food product,  cooling water, eto. ) ia superimposed on the thermoelectric 

emf. Breakdown of insulati an or earthing of themooouple leads outside 

the can also oan lead to spurious emts. 'lhese effects have been dis

cussed by Kidd.lehurst, Board and 1Ubourne ( 1 964) who demonstrate that 

very high emfs (up to 4 mv) oan be generated in unfavourable(but not 

unlikely) conditions. 
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A number of studies have been made using thennooouple s in 

agitating cookers. Bigelow et al ( 1920) de aoribe experiments both in 

a small experimental cooker and in a commercial agi tating sterilizer 

specially modifi ed f or the temperature measurement work. A flexible 

coupling (heavy rubber tubing) and a rotating mercury junc ti on were 

used to c onnect the rotating can to the stati onary potenti aneter. Hoare 

and Warrington ( 1963 ) used mercury troughs in some of their early work, 

but found that the high impedance of the c amec ti ons made the method 

unreliable. 'lhi s problem was solved by c onnec ting the thermoc ouple• 

direc tly to the recording potentianeter 'flhich was mounted on a synchron

ously rotating turntable .  Slip ring s  were ·used for the mains supply to 

the potenti ometer. 

Clifc orn, Peterson, Boyd and O ' Neill ( 1950 )  used slip rings to 

c onnect the c ouples in the agitated cans to an automatic strip chart 

rec order in a study of the effec t s  of agitation ( rotati on and reciprooation) 

on the rate of heat penetration. Conley, K.e.ap and Schuman (1951 ) also 

used alip rings in an investigation of' a number of proc ess variables on 

rates of' heating and cooling in an end-over-end rotating cooker. 

Blai sdell and Zahradnik (19.58) used silver plated c opper slip 

rings and silver graphi te brushes to connec t rotating thermocouples in a 

scraped-wall heat exchanger to stati onary recorders. Errors ari sing, in 

part at least , fran the slip ring system are recorded. Corrections to 

temperature based on i sothermal tests were made to all readings. 

'lhe earli est referenc es to tamperature studies in agitated oana 

are those ot Bi tting ( 1912 ) ,  and Bi tting and Bi tting ( 1917). Bef'erenoes 

to thi s work do not indicate the method of temperature measurement. 

Al strand and Eokltmd. (1952) report that Bi t ting first used thermocouples 

in cans in 1907. 

Direct temperature measurement in some sterili zers (e. g. , c on

tinuous reel tn>e cooker-coolers ) i s  impossible , and sane experiments 

have been done in special experimental retort s ,  reproducing the type 

of agitaticn as nearly as possible (Wil son 1953 , Wilbur 1949) .  High 

speed moti on picture studi e s  of can motion in a commercial unit have 
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been the basis of these process simulators. Bacteriologioe.l and 

physical studies indicate that the experimental cooker gives heat 

., 

penetration mea..urements coiTesponding closely to those in commeroial 

units. 

(ii ) Experimental Heating Qurrea and lloating Outye Pe.rametert 

Most early heat penetration ourres were plotted on linear co

ordinates (e. g. , 1hompson ( 19t 9) , Bigelow et al ( 1920) , J(agoon and 

Culpepper (1921 ,1922) ) . Bigelow et al (1920) observe that the upper 
part of the heating C\U'V'e i s  usually a straight line on a semilog plot, 

but thi s  observation i s  only used to check consistemy of experimental 

data. Geometric similarity of the heating curves (linear co-ordinates) 

was used to calculate curves for different oan sizes and processing 

temperatures. Cooling curres were found to be more variable than the 

heating olll'Tea, particularly for air cooling, and for glass omtainers 

where boiling of the contents w1 th rapid cooling could t8k.e place when 

the pressure ot steam was removed and the internal pressure in the 

container i s  released through imperfect closures. 1he position in the 

stack also has an impo1.·ts.nt effect on the cooling of a can in air. 

Por water cooling the use of the reversed heating ourre haa been 

suggested by 'lhcmpson ( 1919) and Bigelow et al ( 1920) . J(agoon and Oul

pepper (1922) object to thi s suggestion because changes in Ph3sioal 

properties of the materi&l en cooking and the reversed effect ot heating 

and oooling temperatures on viaooaity alter the curves considerably. 

With the introduction of the formula method of calculation 

(Ball ,  1923) , the heating and cooling oUITe parameters f and .1 were 

defined. 'lhe quantity f or " slope" of' the semi log heating or cooling 

O\U'Te is  the time fer the straight portion of the temperature curre to 

traverse one logari thmio oyole. When the parameters f and j are 

related to the fundamental heating equations f i tf  defined as the 

reciprocal of the slope (on a semilog plot) of the a�ymptote to the heat

ing curve. (Ball and Olaon (1957) and Cowell and Bvans (1961) have dis

cussed the effeota on fh of using the tangent to the heating curve instead 



ot the asymptote, the ditferenoe being of partioular importanoe in 

converting dAta from one oan size to another by oal.oulaticn. ) �e 

quantity j ,  'VIhi.oh i s  also lmolll'l as the lag faotor i s  used to define 

1 9  

the posi ticn of the linear part of the heating cuzve. It is calculated 

from one point of intercept of the •traight porti on of the heating curve 

and the zero time ordinate. Zero time is  usually the time at 11hioh the 

retort i s  considered to have reaoh the processing temperature. 1be 

efteot of non·zero oane up times i s  taken into aooO\mt by oonsidering 

42% of the total come up time to be equivalent to processing at retort 

t emperature and adding thi s  time to the beginning of the process (Ball, 1 923 ) .  

Sane product• have b e en  f ound  to show a break i n  the heating OUITe 

when the meohani sn of heat transfer changes from comreotion to oond1»ticn 
as the product forma a gel. !�he reverse phenomena - a change trom ocn
duoticn to conveotian - has been reported (Jaokson, 1 940 ) .  It 1s a rare 

oocurrenoe probably due to breakdown of a gel structure. 'lhe aeoan4 part 

of the broken heating curve i s  desorlbed in a manner similar to a simple 

heating c urve. 

Because the ini tial. non-linear phase of the cooling cuzve i a  very 

important in sterilization calculations, empirical expres sions have been 

proposed by Ball to describe it. A hyperbolic curve corre sponding to 

typical water cooling curves of oonduati on heating prod.uats is used. 

'!be lower portion of the c ooling curve is logarithmic , a lAg faotor or 

j value of 1 .42 being assumed for baaic calculati on purposes (Corrections 

to lethal effect of cooling can, however , be made for j I 1 . 42 ) .  !�he 

fa.ot ti1at the successful execution of prooess c alculati ons depends heavily 

on the empirical expression chosen to represent the log porticn of the 

c ooling c urve, and that the assumption has many inherent weaknesses, both 

theoretical and pre.otical i s  admitted by Ball ( 1 957 ) .  He states, howeYer, 

that no better useful approximation has been devi sed or even suggested. 

No expressions for air oooli� have been proposed apart from the complex 

basic heat oondwtion equations, e . g. 'lhompson ( 1 9 1 9 ) .  Ball ' s approx

imation to the log portion of the cooling cUIVe wi,ll be seri ously in error 

for air cooling in oases where the temperature at. 'the c an  centre i s  not 
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close to retort temperature at the beginning of the cooling period, aa 

the temperature continues to rise at the centre for sane time. Plgure 

79 in Bigelow et al ( 1920) ,  and JPi.gures 43 and 44 in Ve.goon and Cul

pepper ( 1921 ) are graphic examples of thi s. Temperature increases during 

the cooling period � nearly 20C? are sholftl. 

(iii ) Application ot Heat Transfer 'lheory to Heating Cu.tyes 

A number of attempts to use basic heat transfer theory in the 

calculaticn of heat penetration ouzvea have been made. 'lhe complexity 

of unsteady state heat transfer in finite solid and liquid packs with 

time and temperature dependent physical properties has limited the applic

ation ot purely theoretical heat penetration cuzve calculations. 'lhe main 

value of the theoretical approach has been to extend the application ot 

experimental data to different conditions suoh as alteration of can size , 

and changes in processing times and temperatures (e . g. Schultz and Olson, 

1 9.38) .  'lhe theoretical approach has also explained, in part, the types 

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

1942 ) .  

Evans ( 19  58 ) has 1 however, solved numerically the fundamental 

equations using thermal properties of water (considered i111111obile to simulate 

a conduction heating pack) and has shown the effect of temperature variation 

of thermal properties en the heating and cooling curve parameters. Hurwioz 
and Ti soher (1956 ) also report that the effect of temperature on the heat

ing and cooling curve parameters is  aignificant (processing of beet) . 

A numb er of "WOrkers ( Olson and Sohul tz ( 1942 )  ; Ball and Olacn ( 19 57) ; 

Charm ( 1961 ) ; Stt11lbo ( 1964) 1 have c cnsidered mass average temperatures in 

conduotion heating products during heating and cooling, m th particular 

reference to stack burn and coiTosicn of cans at the end of the cooling 

phase. 'lhese are based on the theoretical di stribution of temperature in 

the oans as calculated from various forms of the heat conduction equation 

(Thompson (1 919) and Carslaw and Jaeger (1959) ) ,  

Conduction heating paoks have proved somewhat more amenable ,; to 

theoretical analysis than convection and mixed mechanism products. 'lhCJDpson 

( 1919) gives fundamental equations describing heat penetration in uniform 
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oonduation heating fini to cylinders ,  and uses these formulae to oal.oulato 

values of thermal di ffusivity from various experimental heating ourvos. 

lor practical purposes simplifioations are made in the eqUAtions by neglect

ing terms ldl.ioh are important at the beginning of heating only. It ia  shown 

that IJl8llY' prcduots behave as pure water in 'Which conveo ticm ourrenta are 

prevented. Predioticm of cooling curves was not as sati sfact0I7 as predic

tion of the heating oUITes. 1he logari tbmio form of the heating ourve 

(after the initial lag) 1a aleo demcnstrated. 'lhe same basi s aa uaed by 

�cmpson has been used by later �rk era who have extended �ompscn• a work to 

more general oases. Olson and Sohultz ( 1 942)  review some of the more import

ant contributions to o onduation theory in finite solids. Work en other 

ditfuaion prooesses ( e . g. diffusion drying) has also had its impact an the 

mathematical treatment of the oonduotion equations , as the form of the 

ftmd•ental. differential equations i s  i dentical for quite a number of other

wi se unrelated phenomena. Tables tor the numerlo a.l solution of the heating 

equations an presented by Olson and Sohultz. Ball and Oleon (1 957) also 

di eouss the relationship of the heating equations to the tradi tion.al heat

ing o\ll'Te parameters f and j as used in the formulae methods of proc e ss 

evaluaticn. 

Gillespy ( 1 953 ) has outlined a method of calculation of centre 

temperature in conduction heating oana, based on the tundamental heat 

conduction equations of Caralaw and J aeger ( 1947) and Duhamel ' • theorem. 

Complex heating and cooling cycles can be calculated. 

Oonduoti on based theory has also been applied to oonveotion heating 

prod�ts (e. g. 'lbompson ( 1 91 9 )  J Jlerrill ( 1 948) ) • Jlerrill loosely regards 

the diffusivity as found from experimental ourYes for convection heating 

products as an " eddy diffusivity'' . )(errill 1 s work extends c onducticm 

theory with infinite surface heat tranafer coefficients (a good apprax
imaticm for c an  heating) to the c ase of finite heat transfer o oeftioients 

at the surfac e as in glass container heating. 

Basic heat transfer theory has had le ss application to convection 

heating than it has had to conduction heating. A number of worltera have 

obs erved convection currents in transparent cylindrical containers and 

standard camneroial glass jars of vari ous shapes. Tani (1939) de scribes 
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temperature measuremente 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 8111all , several "cell currente"  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. nrl.s alow current dcnm

wards in the centre of the cylinder has been desaribed aptly by 'I ebb ( 1 96�) 

aa piston flow. 

Pagerson and Xsselen ( 1 9.50) studied temperature distribution in 

two eizea ot gl&aa jars. Results silllilar to Tan1 '  a were obtained, includ

ing the 'cell currents '  near the bottom. (These are not CCIIIIIlented on, but 

oan be obseiTed in photographs ot jars being heated. ) 

Jaokson and Olsan ( 1 939) did not obseiVe convection currents 

visually in a study of temperature di stribution in No. 2 (307 x 409) and 

Ko. 10  (6o3 x 700) cans in which suspensions ot 1�, 3.25% and 5� bentonite 

were ueed to represent typical convection heating, broken heating curve 

beating , and conduotion heating respectively. They deduced from the temp

erature patterns in the convection heating cans that the ri sing hot . 

liquid forms a thin-walled tube adjacent to the oan wall, which spreads 

over the upper liquid surtaoe, as it reaches the top ot the oan. Nearly 

unitom temperatures on any horizontal plane indicated that the cylinder 

of liquid morlng downward was relatinly q_uiesoent. 'lhey state that the 

temperature ri se in most of the can was due to the slow downward movement 

ot hot liquid from the top ot the oan. 'lhey considered that this simplified 

picture would be complicated by some eddy ourrenta and some cooduotian. 

'lhe cUIVes presanted by .Tackscn and Olson are somewhat anomalous. 

The temperature poai tion plots across the oan show a slight dip with 

sharp point at the axis, (only one side of the can is  shown in their 

figures) . '!hi s  may be explained by an insufficient number of points 

being taken across 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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.A.ppllcaticn of the heat transfer theory in terms of the phy'aioal 

properties of the material and the convection currents set up in the can 

has been studied by Okad.a. ( 1 939 ) who considered the fundamental differential 

equations of convective flow and related these to the dimensicnless numbers 

c ommonly used in de scri bing other forms of convective heat transfer, viz a  

Nusselt , Reynolds, i'randtl ,  Peclet and Grashof numbers. 'lhe forms of 

correlation in terms of temperatures at fixed point s wi thin the can for 

both natural and forced convection are given. It does not appear that 

oorrelationa of thi s  type have been used to describe convection heating 

in oans .  

Bla.iadell ( 1 963 ) i n  an extensive study of c onvection in liquids 

in unagita.ted food containers , observed laminar c ore flow, and relatively 

faat eddies aa well as non-stati onary cold points. Quasi-steady-state 

film coefficients for vertical and hori zontal flat plates were incorporated 

into a Newtoni an heating model , and value s of f predicted wi th  reason

able agreement. 'lhe effeots of external film and container wall c onduot

anoes on the parameters f and j were studied. Also di acussed are the 

design and use of multi-point thermocouple rods ,  calorimetry, flow 

vi suali zation, model systems, and dimenaionless analysi s teohniqu.es as 

tools to assi st interpretation of experimental heating curves for real 

systems. 

Schultz and Olson ( 1 938) in a. paper on the variation of heating 

rate with can aize for oonveotion heating produot s  assume that the heat 

transfer rate at the surface i s  the limi ting fac t or ,  and that the overall 

heat transfer coefficient based on the c omplete surface area. of the can 

is temperature independent and independent of can size. A state at ideal 

convection in 11hiah the temperature w1 thin the can is uniform at any instant 

is considered, although it i s  only an approximatioo in pr&etioe in una.gitated 

cans. ll'aotors for conversion ot' the &lope of the heating curve 'f '  to 

different oan sizes are derived. 'lliey state that their method agree s  well 

with experimental data, although only one example (for an unspeoi:f'ied 

oonveotion heating produo t ) is given. 'lhe derivation of this same .factor 

by Ball and Olscn ( 1 957) uses a aliahtly different argument to arrive at 

the same result. 



A8 an extension of Sahultz and 015an' s work (1 938 ) 1  Ball and Olaon 

( 1 957) propose a c cmvecti on index based on the conversion faotors tor the 
elope of the heating c urve to different can sizes as bazed on pure ocm

vecti on and on pure conduction. 'lhey emphasize that the index, 'llhioh 

vtoul.d. indicate the relative importano= of oonveotion in a prod.uct depends 

on many undefined end unknown taotors, and much experimental work will 

be req,uired if' the index i s  to be of much pre.otioal uae. 

Although .Merrill (1 948) only coneidered the mechanism of heat trans

fer inside a glaa a  jar as oonduotion (even for oonveoti on heating products) 

he calculated inside o.nd outeide heat transfer coefficients. 'lhis approach 

could prob!l.bly be applied to c onvecti on heating p:::-oduo t a  in glass jars with 

greater reliabi lity than to cans , as the overall heat transfer coeffici ent 

would not be a.s dependent on the !)roperties  of the product with the greater 

contribution from the gla�s wall. 

Clifcorn, Peterson, Boyd end O 'Heil ( 1 9.50) were the first to study 

the mechani sm of heating rates in agitated containers extensively, although 

there are a number of report s of temperature measurements in ag1 tated con

tainers in experimental and industrial cookers ( e. g. , Bitting (1 912) ,  Bitting ' 

and Bi tting ( 1 91 7) ,  Bigelow et al ( 1920 ) ,  Ford and Osborne ( 1 928 ) ) . Clit

oorn et al studied the effect or' different can posi tiana for agitation by 

reciprocation and rotation, and the effect of agi tation rate and viaoosi t7 

on rates of heating. A mechani sm of c cnvection was proposed to explain the 

results obtained, and thi s was then observed in transparent rotating con

tainers ·ni th the uae of a synchronously rotating movi e oe.mera. Kaxilllllm 

agi tatioo ( � th tile headspace passing through the can centre at the top of 
eaoh revolution) was obtained when the centri fugal acceleration at the oan 
oentre was equal to gravitati onal aooeleration. 'lhis maximum observed 

agitation c orresponded with the maximum heating rates (expressed aa time 

fol' the oan contents to reach one degree (F) le ss than retort temperature ) 

and applied O'ler a range oi.' can sizes. .Heat transfer rates were oonaidered 

C..ut results e:.cpressed in t.ilis i'orm are not included. 'lbeir re sults as 

presented do not indicate whether semilogari thmic heating c\U'Ves were 

obtained. 'lhe experimental reeul ta obtained by Clifcorn et al were confirmed 

and extended by Conley, Kaap and Schuhman ( 1 951 ) using the same equipment. 
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It should be pointed out that muoh of the work relating heat trane• 

fer theory to actual heating curves ia based on ideal s71Jtems, i . e. ,  pure 

o cmduation and pure convection heating pa.oks. Kost food prodoota do not 
oonform to these models exactly, and accurate prediction of heating curves 

from other processing oondi tions is not always possible, because of the 

large number of factors that oan affect the heat transfer in some way or 

other. Among these factors are non-constant thermal properties of products 

with tiae and temperature , non-hanogeneous systems,  and non -i sotropic oon· 

duation heating materials, as well as inhere-ut variations between iDdividual 

oana. 

(o ) Process Calculation 

Although there was some earlier rec ognition of the factors involved 

( e . g. , Prestcott and Underwood, 1898) , Bigelow, Bohart , Riohardson and 

Ball (1 920) were the first to define adequately the basi s for "process 

calculation" . 'lhey state that " • • •  the temperature at the centre of the 

can ia only one of the factors involved in sterili zation. It is equally 

necessary to know the time required at different temperatures to destroy 

resi stant organi sms under varying conditions. 'lhe se two factors, when 

co-ordinated , oan be expressed in terms of process time " .  

For purposes of the pre sent study process calculation i s  confined 

to the methods of applying heat penetration data to the baoteriologioal 

data, and expressing the total lethal effect of the heat in sane meaning

ful form, su.oh as P, which i s  the length of an equivalen t process at 

250°P. It i s  assumed that the characteristics of the most J.ikely spoilage 

or pathogenic organi sms in the particular food system are lmom, ae well 

as the initial spore numbers, and the degree of destruction or probability 

of survival that can be tolerated. 'lhe basic assumptions of the various 

methods, and the raathematical techniques of process calculation are 

reviewed, and the type of data required and the infonnation obtained i s  

di scussed. 

(i ) Bases ot Process Caloulatism 

Although initial spore numbers in thermal death time studie s  



were known to have some effeot, the earliest methods of prooess calculation 

(Bigelow et a1 (1 920) ,  Ball ( 1 923, 1 928) ) were based on the assumption that 

a finite time of destruction at any temperature existed. It must follow 

fran this assumption that the point of greatest lag, or cold point, in the 

c ontainer i s  to be considered as the critical point. If the effect � the 

heat at the point receiving the mildest heat treatment i s  sufticient 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. 'lbe use or f1n1 te thermal death time data is basic to several 

important variations in process calculaticn teohniqu.e. 

llhen the concepts ot logarithmic death rates of mioro-organilllllB were 
introduoed into prooeu caloal.atims b1 redet'ini tion of various terms u•ed 

in the finite thermal death time methods, the adequao1 or c cnsidering only 

the colde:st point i.n a can was questioned (Stumbo .· 1 948a). 'nle thermal 

death time (ID T) was reinterprete:d as a thermal reduction time, and rep

resented the time to reduce the dable spore population to some very 11111all 
fraction ( say, 1 0-9 , (Ball, 1 949 ) ) of its original value. Because the 

mathematical treatment of the redefined terms was identical to the critical 

r>oint, finite TOT method, I!OIIle workers (notably Ball and Olson, 1 957) 

continued to consider the coldest point (or point of greatest lag) in the 

c ontainer as the critical poin� to be ocnsidered in process evaluation 

calculations. However, the introduction of thenul. reduction ti.aaes into 

process calculations procedures, and the consequent oonoept of probabilit1 

or eu.rvival of spores at the critical point brought with it the pos.tbili ty 

of spores at other points in the c an  surviving greater amounts of lethal 

heat. Henoe, various methods (Stumbo (1 948a, 1 949a) ,  Hicks (1 951 ) ,  Gillespy 

( 1 951 ) ) have been proposed for estimating the total probability ot s�r

vival of micro-organisms in the can, when points oti.'er than the trad.1.tional 

cold point are considered. 

Bal.l ( 1949)  has diaoussed the approach of Stumbo ( 1948a ) ,  'Who det".nes 

a region or greatest probability of spore survival in such a way that this 

region or layer may be other than the centre point, and bases hi s calculati on 

of spore surrlval in the whole can on this point. Stumbo' s method i s  in-
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inadequate in that the integration throughout the can i s  not c arried. out. 

'lhe total spore survival probabilitie s in all other nonorl tical regions 

in the can may constitute a greater hazard of spoilage +;han the layer 

considered, when either the coldest or some other paint or region i s  c Oil-

sidered. Ball ob jects to Stumbo' s applic ati on of the t erm ' probability' 

to regions of different volumes. 

Kuch of the argtEent can be re solved if the basi s of the integratic:n 

throughoo.t the can that 190Uld. follow on from the two apparently c ontradic tory 

defini tione of point of greatest spore survival probability i s  considered. 

Ball ' s approaoh 1a  based on spore numbers per mrl. t vulune , and. the integration 

must be w1. th respect to volume , 11hile Stumb o '  s method i s  based on spore 

numbers in elements of material having unequal volumes and the integrati cn 

of surviving spore numbers muet be nth respeot to the number of elements. 

i . e. , 

where : 

� ol\ I � 

N = number of surviving spores, 

C = cono entrati cn of surviving organi sms 

(number per un1. t volume) , 

� = number of surviving spores per layer. 

Both integratims, if carri ed out over the whole c ontainer should 

give identioal numbers of survivors. 

'lb.e di i!IOuasion of Ball and Olaon ( 1 957) is muoh less cogent than 

Ball' 8 note on Stl.lllbo' 8 first paper. Sane of' the consiclerati on8 intro-

duced. into the argument seem not only unnecessary, but also of extremel7 

doubtf'ul validi ty, e . g. , "Differeno e a  in intrinsic individual heat resi stance 

of micro-organi ams exi st, and c onsti tute a critical faotor . "  tie adherence 
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to the conoept of "heat resistance" of,.individual spore, and the certainty 

(not probability) that a certain amount of lethal heat will destroy it 

seems to be the souroe of their difficulty. 

One faotor that haa received surprisingly little quantitative atten-

tion in food prooeas calculation inveatigaticm h the effect of the movement 

of product by convection within the container. All process calculation 

procedures are based on temperatures measured at points fixed with respect 

to the container, while the food produot and the spores that the prooeas ie 

designed to eliminate ,  move around. in the container. 'lhe temperature time 

functions to which the spores are subjected may bear 11 ttle resemblanoe to 

the time temperature functions measured at thft fixed points. Stumbo (1 965) 

considers prod.uot movement in convection heating, and "because temperatures 

are reasonably uniform during heating and cooling" states that the "temperature 

at the geometrical centre is thought to approximate closely the effective 

mean for the container. " 'lhia ie similar to a statement of Hicks ( 1 951 ) llho 

says that "each �ore is subjected to some sort of average of the temperature 

history of the different points in the oan. In a purely li'luid pact a good 

approximation to the actual chances of 15\lrVival of a spore would probably 

be given by substituting T, the average temperature in the can at a part

icular time for T the temperature at a particular point " in the relevant 

equations for integration of spore survival probability. 

Other workers llho have studied convection heating prodUcts have 

ignored the effect. For example , P'agerson and Esselen (1 9.50 ) and Pagerson, 

• Eaaelen and Itcciardello (1 951 ) oaloulated P values for li'luid (1%) bentonite 

suspensions, and a number of liquid and liquid-solid food systems. 1bese P 

values, while adequate for the liquid-solid systems if the assumptian is 

made that spores remaining stationary on the food pieces, have 11 ttle rela-

tianabip to the P values that the spores moving about with the fluid are 

subjected to. Some of Sttmbo' s  calculations (1 948a,1 949a) of F requirements 

at various positions in cans of fluid are also suspect for the same reason. 

An equivalent effect in ultra-high-temperature continuous pasteurize re 

and sterilizers is the effect of residence time di stribution. Prooeaa 

evaluation oaloulations have been made on continuous plant , e .g. , Williams 

et al ( 1 9  57 , 1 9  58 ) ,  Kira tsoua, Franoi s and Zahradrdk ( 1 962 ) . We.ng et al in 
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a study of the use of flow systel'Il8 for measurement of biological ld.netio a 

( spore destrooti cn) found that the lethal effect in praotioe i s  le es than 
that c alculated assuming plug flow. Where the lethal effeot of the heat-

ing and cooling periods i s  significant , a re sidenc e time-temperature 

distributi on funoti on rather than a simple re sidenc e time di stribution 

for all element s of food will be re1uired. 

(ii ) Teohnigues of Pr9oe ss Calculati on 

Because the newer o ono epts of bact erial death rate s  and 

cri teria of prooe s s  oalculaticn have utili zed the older mathematical tech-

ni que s by redefinition of some of the original terms and use these older 

t echniques to evaluate the lethal effect of heat at vari ous paints through-

out the container, it i s  important to review the early methods of prooesa 

calc ulation. 

Bigelow, Bohart, Richard.son and Ball ( 1 920) presented a method 

i nvolving a graphical integration of l ethal rates at the c entre point w1 th 

re spect to time using experimental temperature data and lethal rates 

defined by the equati on -

L = 1 
'lDT 

'!he proc e s s  was considered. suffici ent for sterilizati on if the integral was 

greater than, or e1ual to tmity. In terms of thermal reducti on  times ,  thi s  

repre sents 'llhether or not the s811le red.uotion in spore numbers as in the TDT 
tests i s  attained.. 

'!he ' General llethod ' ot Bigelow et al (1920 ) may al so be used to 

find the P value of a proc e s s  ( equivalent time at 2.50'7 vd th respect to 

destruction of spore s) if a straight log TDT vs T curve pas sing through 

the point TDT = 1 min. , T = 2.50°P, i s  assumed. !hi s i s  equivalent to 

defining the lethal rate , L, by the equati on -

L -1 
(T - 250)  /z .. log 

= 10-(T - 250) /z . . . . • •  ( 1 )  

or T = 2.50 + z log L . . . .  . . . . (2) 
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Sc�ul tz snd. Olson ( 1 91.0) introduoe the ' Improved General Kethod 1 

Tlhich uae:� a speoiall:r ruled lethnl l'R-te paper, on which the temperature

time data are plotted directly. 'lhe ordinAte soue (mlU'ked. in unite ot 

t emperature) i e  defined by- e1_UA.ticn (2) above. 'lhe 11' value o� the 

prooe s s  '?bich Mfl been plotted i e  detenrdned by plrurl.metry. 

Other methods rs! integrating lethal rate w1. th respect to time 

w1. thout o.asuzrdng :�tandard fon1s of the he9.ting and c oQllng OUl'V'es h..."tVe 

been proposed. Pata:llmik ( 1 953 ) used a simple nr.i thmeticu SU'lli:I8.tioo 
ot leth.U :-ate vlllue s  a t  equ'll time · intervals, whi l e  Levine ( 1 956) approx-

imates time-tsmptn•ature by a maber of short straight line s , and S\lllll the 

lethal effect of eooh interval using tables of hi s  1 'lhermnl Sterilizing 

Functi on 1 •  !!hi �  funoti on has beP.n oaloulnted on the basi s of an Arrhenius 

expression for the rate of de �truotion of spore s. 

The 'General Kethod' with its v�.riations, is still the most reliable 

method of oa.loulating the lethal effeot of i1e nt for any giv.:Jn set of data 

(Gross et al ( 1 946 ) ,  Korris (1 967) ) ,  Stumbo ( 1 965) has c ommented that 
m!UlY of the formula methods (introduced to t'eduoe the t edium of graphical 

integrati on, and to increase the vers�ttili ty of' the General Method) are 

c anplex and time consuming. De.ta for one set of conditions usually cannot 

reliably be converted to apply to another set of c onditions (Stumbo, 1 965).  

Ball 1 s 1 Formula llethod ' , introduced in 1 923 uses heating end cooling 

curve s  of' a standnrd form. 'lhe reciproc al slopes , f'h and t0 , of' the heat

ing and c ooling curvet� are assumed equal, and the cooling curve has a lag 
• 

factor or j value equal to 1 • 41 • 'lhe lag portion of the cooling ourve 

i s  approximated to by a hyperbolic expre ssi on. 

'lhe integrati o."l i s  oa.rried out using the expre ssi on -

where 

P' = f' Lg c, 
L = 

g 
10(250 - Tg) /z 

and C i s  a tabulated f'unotion of g, z and m + g. 

• g • is the difference between retort temperature and max:1.mum centre 

temperature Tg at the end of the heating period, and 1/ z is the slope ot the 
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log TDT va T plot. 'm + g' i s  the di fference between retort end cooling 

water temperatures. 

Ball ' s  technique was further improved in 1 928 with the retabulating 

of the C :g tables as tb!U : g table s, Where -

= 

' U '  i s  the ' number of minutes required to destroy organi iiiU at retort 

t emperature 1 •  In tems of the later thermal reduction time conoept it 

represents the time , at retort temperature, to aoocmpll sh BOme gi.Ten 

reduction in spore numbers. Further .�;>a.rameters are introduced to aooount 

for broken heating curves, coollnc; curves of di fferent slope to the heat-

ing curve , and a crude correc ti on ".here the ooolin;; c urve lag factor .1o is 

signif'io antly different frcxn 1 .41 . 

A nomogre.m method based on Ball ' s  formula method.. was introd.uoed 

by Olscn end Stevens ( 1 9.39 ) for the rapid solution of a limited range of 

prooessing problems. Broken heating ourves or divided process problems 

oMnOt be solved. 

Ball and Olson ( 1 957) introdooe a �eat number of new po.rametera 

and a number of new tabulated fW'lotions. Thi s new method is based on the 
methods of 1 92.3 and 1 928 , and arose froru the extension of these early methods 

to c alc ulation of the dest�tioo of nutritive and other factors in thermal 

proceseing. 'lbe use of the new funot i ons of l? or "per oent sterili tt' is 
claimed to "increase the scope and f'lexibili ty or ti1e i'omula method. " 

Although Ball and Ol son ( 1 957) claim that the processes thua c al-

oulated have " been almost monotonously suco esaful." sinc e  the method was 

introduo ed in 1 923 , .Powers et a1 ( 1 9  52 ) ob served very hibbly signif'icant 
differences between Ball ' s  1 928 method o.nd. the General Kethod of B1gelow 

et al ( 1 920 ) for some sizes of jar. 'lbe differences, while aignU'ioant, 

wore not very large. Stumbo end Lcngl.ey ( 1 966 ) observed that proaeasea 

c alculated by Ball ( 1 92.31 1 928 ) seldom agreed with proo e sses calculated by 

the Genern.l Method.. 'lhey found differenc e s  between the method.e of up to 

1 5% even wi th i dentical proce sses, .<1nd proo eeded to show that .Ball ' a  tables 

of fr/U : g were incorrect. 'Ihe recalculated tables of Stumbo and Ialgley 
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( 1966) and Stumbo (1965) cover values of jc (the cooling curve lag factor) 

other than the value of 1 .  41 as assumed in all of Ball ' s  tables. 

Hicks (19.58) points out that the tables of the ib functicms of 

Ball and Olson (1957) (i . e. , per cent sterility for heating phase of 

prooess) oontain a number of di sorepancies. He presents a revised table 

of the % .funotions in a slightly different form. 'lhe :P0 .funotions (for 

cooling) 'Whioh are considerably more ccmplex in their derivation have 

not been oheoked, and the use of the earlier fl/U : g .funotions i s  

reocmmended as an alternative. 

All the methods di scussed above treat only a single point, and, 

depending cm 'Whether thermal death time or thermal reduction time data is  

used, indicate whether a process will achieve ' sterility' or reduoe the 

population of spores by a given ratio. 'lhey do not ind.ioate the prob

ability of spore survival at any point other than that considered in the 

analysis. While the probability of spore survival on the basis of the 

11lhole can oannot be inferred from this data, F values obtained by the 

use of the so-oalled 'phantom ' TOT ourve (equation 1),  'Whioh can be 

interpreted in terms of probability of spore . survival at the can oentre ,  

have been of great value in ccmparison of various processes. 

Ball, Olaon and Boyd (1948 ) ,  in an unpublished paper described a 

method of calculating the effect of heat on nutritional and other faotors 

in processed foods, which involved an integration througnout the container. 

'lhe details of the method did not appear until muoh later (Ball ancl Oleon, 

1957) when the oaloulation of the necessary tables of parameters had been 

c cmpleted. 'lhe method can also be applied to destruction of spores. 

Stumbo ( 1948a) introduoed to prooess calculation the oonoepts of 

logari tbmio death rate of bacterial spores and thermal reduotion times, 

although Ball ( 194.3) had indicated the applicability of decimal reduction 

times to process oaloulation. Stumbo redefines several terms of the 

thermal death time oaloulation method, and using these redefined parameters 

demonstrated the effect of di stribution of spores at points di stant from 

the oentre point on the probability of spore survival in a oontainer. An 
integration for total numbers of surviving spores in the can is not attempted, 
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and hi a  bui s for process evaluation i s  the reduc tioo of spore survival 

probability to at least a oerte.in value ( 1 0  -� ) in all of the reg:l en� con-

sidered in the oc:ntainer. 

In a further paper ( 1 949&) Stumbo demonstrated by a graphical inte

gration for numbers of spore s surviving proces se s (c onduotion and convection ) 
that no one location can be considered typical of the 'tlhole container. 'lhe 

c onvection integration, however, i s  suspect because the effect of spore 

movement i s  not taken into aocount. 

Gillespy ( 1 951 ) , considering conducti on he.11ting packs only, interpret !" 

the F value for the ldlole c an  as being the time at 2500, that , applied 

throughout the c an ,  would re sult in the same ' degree of sterili ty' as cal

c ulated by an integrati on  of the effect of heat on all element s of volume 

in the container, followed by an integrati on with respeot to volume to 

obtain an e stimate of the total number of spores in the c ontainer surviving 

a proc ess. 'lhe first integration at the centre (using hi s own approximati ons 

for the o oolil'l8 curve ) is followed by an inte&rati on which assumes a linear 

inorease in P with inc rease in volume as me asured from the c entre point 

towards the outside of the c an. Unfortunately Gillespy does not appear 

to have extended hi s treatment to convection heating product s  as he had 
indicated in 1 951 . 

When dealing with conduotiou heating produc t s  Hicks ( 1 951 ) uses the 

fundamental heat conduction e quati ons , exponential integral f'unotions, and 

graphical integrati ons to evaluate spore survival probabilities for the 

llhole container. He introduo e a  the very useful c oncept of an equivalent 

volume , 'ftb.ich, llhen multiplied by the residual number of spores per unit 

volume at the centre point would give the total number of viable spores 

t o  be expected in the c ontainer. 'lhe factors that affect the equivalent 

Yolume are di sous sed in the light of the unc ertainties alwa-ys assooi ated 

wi. th the other quanti ti e s ,  e specially initial number of spore•• It ia 

seen that, if the equivalent volume is known , then centre point c a.laulati ons 

c an  be used very readily for proc ess c alculati ons. 

Por cc:nduo ti c:n  heating prodoots the equivalent volume is shown to 
be of the order of 1 - 2" ot the can volume , wnle i t  i s  of the order of 

thf. can volume for c onvec ti on heating products. 



St\.lllbo (1 953 ) presented a method for conduction heating foods 

which uses only tables of parameters as presented by Ball (1 928) .  It 

uses better approximations that Stumbo' s methods of 1 948 and 1 9491  and ia 

relatively simple to operate. 'lhe integration throughout the can is based. 

on a linear (F� - F0 ) vs v curve similar to that used by Gillespy ( 1 951 ). 

'lhe !'.\ value is the F value of the prooeaa on an iso-j-surtaoe enclosing 

a volume v. An equation developed by Olson and Jaokson (1 942)  was used. 

to describe the iso-j-surf'aoes. nu.s method is also described in Stumbo' s  

useful (and very readable ) treatment of the appllcaticn of thermobaoteri

ology to food prooessing of 1 965,  which includes the extended tables of 

parameters of Stumbo and I.ongley ( 1966 ). 

Hicks (1 952) has revie118d the similarities and implications of the 

methods of Stumbo {1 948a, 1 949a) , Gilleapy ( 1 951 ) ,  and Bioks ( 1 951 ) .  
' . 

Stumbo ( 1 949b) in a review of food prooessing applications of thermo-

baoteriolog;r has diaoussed the classical methods of calculation and his 

own work (i.e.  Stumbo 1 948a,1 949s.) .  

'lhe methods using the whole can as  a basis for calculaticm. require 

int'ormaticn an initial numbers of spores and their rate of destruction 

characteristics,  and giTe information an the. numbers of spores per oan that 

are likely to remain viable after processing. 'lhese data oan then be related 

to the probability �t spoilage. It should be pointed out that the values of 

these parameters are not nll defined. Muoh more data wlll be· required from 

bacteriologi sts and bianetricians in the canning industry on the initial 

numbers ct spores, and the value of the final tolerable spore level will 

need careful consideration by canning industry executives (Hicks, 1 952).  

A taotor that does not enter directly into process calculation, but 

is  very relevant to the applicatic:n of process calculation to prooesa 

speoiticaticm ari ses from the non-uniformity of individual cans of pro-

duot,  and the consequent variation in heating and cooling curves and F 

values. Powers et al (1 962 ) have used statistical methods in a study of 

the means and varianoes of F values of a number of products. They 

review the various statistical method• that have been used to estimate 

minimal lethali ties due to variation• in heating and ooollng rates. 
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I.evine ( 1 956 )  haa used the mean and variance of initial spore pop. 

Lations to e stimate the oertaint� that a given spore survival level will 
ot be exoeeded if a uniform lethal value of process for all containers 
s assume d. 

As the overall spore survival probabili t� will depend an both the 

.
. istribution of initial spore numbers, and the di stribution of F values, 

t ma� scmetimea b e  neoessar� to take both faotors into aooount ,  e. g. , in 
;he evaluation of proocsses for ver� heat senaitive products. 

(iii ) Ncm-m,ath.satioal, Ketbcx\a of Proce ss Evaluati(!} 

All methods of process calculation. so far desoribed ( w1 th 
the exception of the direot method using inooulated paoks) involve inte

grati ons of the effeot of lethal heat after the proo e s s ,  based on data 

obtained during tho proo ess. A method that , in effeot , does the integration 

(for a single point) during the prooess i s  deeoribed by Hereon in a paper 

read to the International Food IndWJtries Congre s s ,  June 1 964. He used 

a sealed glass tube with an indicator based on a time-temperature senei tive 

reaotion (inveraion of suorose ) . Details of the construction of calibration 

ourYes from whioh the equivalent prooesa i s  determined are not deeoribed. 

The technique was used mainly for the rapid oheoking of a continuous 

c ooker-oooler. 

Ball, in oral di so ussion of thi s  p.eper commented on the relative 

slopes (with respect to temperature) of ohemioal reaotion, enzyme inaat

ivation and spore destruction rate OurYe s ,  and suggested the possibilit� 

of using overall colour change in a light coloured produot ( eseentiall� a 

system of ahemioal reaotions )  aa an indicat or of the lethal effect ot 
heat on the lllhole bulk of the canned material. This would in effect be 

carrying out both integrations (with re spect to time and with respeot 

to volume ) in the oan during the prooese, and would if found feasible, 

take aocount of all convecti on movement of product within the can. 

Hers an ' s method, whioh was not publi shed until the pre sent work 

was Utd er way i s  similar to thi s study in some respects, particularly in 
choice of reaotion system. It i s  limited however in that produot movement 

c annot be taken into aocount directl�, and the lethal effect of heat i s  

only integrated a t  a single point. 
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All methods of proc e s s  caluulation t o  de.te require measurement 

or calculation of tempcratw:es in the container dwi.ng processing , followed 

by graphical or mat!lematical intec;rations of lethal rate. Although these 

methods have been very useful in proo eas evaluati on and prooess comparison, 

they have introduc ed a certain arbi trariness into process calculation, 

either in the integrati on at a single point ( standard f'orms of the heat 

penetrati on curve ) , or in the integration throughout the container ( stand

ard distri bution of P thro�:,hout the c ontainer based on model conduction 

and c onveoticn systems ) , or in both. 

In vi ew of thi s some'VIhat empirical nature of prooe s s  calculation 

methods , and the trend to c ontinuous proc es sing methods mere temperature 

measurements are difficult (or impossible ) , i t  has been c onsi dered worth

whi le to investigate the possi bili ty of using a chemical reacti on in the 

container as an analogue of spore destruc ti on in the estimation of the 

t otal lethal effect of heat. 

'lhe pre sent "ROrk i s  therefore a study of the prediction of spore 

de structi on from chemical reac tion data, covering b oth the basic theoretical 

a spect s , and the application of theory to two convection heating systems 

in which the previously unstudi ed effect of product m011ement is important. 

ADDENDU){ 

In a very recent paper (which appeared after this section of the 

thesis had been cCXDpleted) Timbers and Hayakawa (1 967) describe the use 

of a digital computer in the c aloulaticn of mass average sterilizing 

value s for cans heating by condu::tion. 

In the first sec tion Timbers outline s the measurement of temperature 

at nine point s in the can, and the use of thi s data in the calculation of 

the Olferall spore survival rati os by the General Method, and the methods 

of Ball and Olson ( 1 9.57) and Stumbo ( 1 953 ) .  Satisfactory agreement 

between the three methods is reported for normal values of z and D, 

a1 though the agreement was poorer when St llllbo '  s method was applied for 

high values of D. 
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It should be pointed out that the tables of Ball and Olscn ( 1 957) 

were not used. Instead , a c omputer sub-program was prepared to generate 

the required functions, and the di sorepanoi e s  pointed out by Hicks ( 1 9.58 )  

and Stumbo and .longley ( 1 965 ) will not affec t the comparison of the 

three methods. 

In the seoond seotion of the paper, Hayakawa outlines a new 

prooedure for the oaloulaticn of mass average sterilizing value s using 

a digital computer. Soluti ons of the Fouri er equati cn fb r  both the 

heating and cooling periods are used, and all numerically significant 

terms are inoluded (ct exi sting prooedures in which only the ti rat term 

is used) . An analytical formula was derived from the Fourier equati cn 

solutions which contained a double integrati on wi th re spect to volume , 

and a single integraticn with respeot to time . In the c omputer program 

these integrati ons are replac ed by a 1 2  point formula (Tyl er ,  1 953 ) and 

Simpson ' s  rule re spectively. 

Again sati sfac tory agreement between the c alculated and experi-

mental value s of the mass average survival ratio was ob served. 

In thi s  110rk the log D v s  T curve ha s  been assumed linear rather 

1 
than the log D vs T curve as derived from the Arrhenius equation. 

Examination of the sohematio oomputor program indicates that an Arrheniua 

type of expre ssi on  for spore de struction rate c ould be used to replace 

the log D vs T function, if it was de sired to c alculate overall chemical 

changes (i . e .  vitamin losses etc . ) . 
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DEVILO.fJ:!ENT OF 'niE CHEMICAL ANALOOUE OF SPORE DESTRUCTI<li 

IlfTRODUCTI ON 

Development of the Inyestigation 

ti s  project developed f'ran an interest in methods of sterilization 

of reconstituted milk in cans, wi th  a Tiew 'to di stribution and storage 

without refrigerati on, espeoiall7 in Asian markets. , 

It  was not known 'idlether a sterile product that would be aoceptable 

to the consumer could be obtained. Hence a stud;y of methods of steri lization 

in the oan would be aimed at an evaluation of the effects of processing 

variables suoh as retort temperature , time of prooe ssing, type of agi.tatian, 

eto. , an both the baoteriologi.oal qualit7 and an the qu.e.li t7 of the 

product. 

Development of the Qhemical Analogue Oonoept 

In a atud7 of the bases of prooesa evaluation methods, the 

adequ.ao7 of applying temperature data measured at fixed points to spores 

and elementa of food moving about in the container was questioned, part1o-

ularl7 in unagi. tated containers where i t  was found in earl7 experimental 

work that large temperature differences exi sted between the various 

looationa in the can. 

A consideration of a general proc e s s  ( see Appendix I ) in Wbich the 

positions and temperatures of all elements of the material in the container 

were kn011n showed that the 1 sterility' as c alculated on a basis of tempera-

tures measured at fixed points was not in general identical to the aotual 

sterility (i . e. the sterility calculated for eaoh moving element ot food 

and then integrated over all the elements. 

'lhe comparison by Gilleap7 (1 948) of the log D vs T and log D vs ! 
! 

curves (see p 11 ) for spore destruction rates (and hence the relation-

ship of spore destruJti on equati ons to the Arrheniua equation for rates 

of ohemioal reactions ( se e  p 9 ) along with the absenoe of any ex:peri-

mental study of the effect of c onvect i on  movement of product on the total 
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oaloulated lethal e!'!'eot ot heat, suggested that meuurement ot the extent 

ot some sui table ohemioal reaction in a oan could be proti table in a atud3' 

of oonvection heating produota. As well as making possible a •tudT ot the 

effect a ot produot movement 1'!1 thin the container, a ohemioal reaction teoh

ni'lue could also lead to a method. feyr direc t evaluation of the lethal 

effect ot a process from relatively simple measurements of the extent of 
a chemical reaction. 'Dli a  would avoid the canplex double integration ot 

lethal rate with reapQOt to time and with respect to volume. 'lhe 881118 

ohemioal measurements oould also prove useful in evnluating the effect ot 

processing on various chemical faotora suoh as vi temin destruction, oolour 

and tlavour ohangea, etc. , 'ftbioh are of great importance in canning 

operations. 

&xperimental Plan 

'lhe experimental work of this project waa planned w1 th both poss

ibili ties in mind. 'lhe chemical reaoticn technique was to be us�d to 

oheck the effeot of product movement by compa.ring actual overall ohemioal 

measurements and the calculated extent of chemical reacticn using trad• 

i tional process evaluati on methods. When an ad.�quate basis for oaloulaticn 

ot ohemioal reaction from fixed point temperature data had been established, 

spore destruotioo was to be calculated and the effect of the various ld..netio 

and heat penetration parameters an the relati on between chemical reaoticm 

and 8PQre destruotion was to be investigated for a number of agitated and 

�tated processes. 

DE'VKLOH!ENT OF BASIC CHEKICAL ANALOGUE THEORY 

N cmenolatye 

�the symbols 0 and F have been used widely in process oaloulation 

methods to denote the ' letlullity' of a proc e ss in terms of equivalent time 

at aome given temperature. To avoid a further redefinition of these 

funotioos, llbich have always been associated w1 th the z concept, it has 

been considered advisable to use other symbols to represent the lethal 



e ffeot of heat, and define these in suah a way that they apply to both 

spore destruotion and chemical reaction. 

An upper case theta ( � ) is u.ed to denote 1 equivalent retort 

time ' , �ile the lower case theta ( 9 )  i s  used as the variable time. 

Equivalent retort time for spore destruction can be readily related to 

U and F in terms of reduction of spare numbers. 

Definition of Terms and Integrals 

!he equivalent retort time of a process , 0 , is defined as the 

length of a prooess at retort temperature ( w1 th instantaneous heating 

and cooling) that acoompli ehes the same relative change in spore numbers 

or chemical reactant cono entration as the process under oonaideration. 

Por any first order process -

(o N) = - R.,.\J 
() B  T 

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

or conoentration of reactant in the reaction 

N - prodwts 

�s gives s 

P':ran the definition of e-

= 
• • • • • • • • • • • • • • • •  

where B1 and N0 are the final and ini ti al  values of N, and �  i s  the 

reaotion rate constant at retort temperature, � 
For any prooess T = P ( o ) -

a - k  d61 ' 

( 1 )  



and 

= 

therefore 

0 = 

'lhe Arrheniua equation gives 1 

a 

Putting � = B end .! = RTa Ta 

• • • • • • • • • • • • • •  (2) 

( 1 - 1  ) ' T TR 

u • get 

(1 - !  ) u d& • • • • • • • • • • • • • • • • • •  {3 ) 

n. ia  the deoimal reductic:n time at retort temperature of component H. 

If a non-first order reaction i s  used the definition of the 

equivalent retort time (equation 3)  i s  tmOhe.nged, but the equatic:n 

no longer appliea. 

Spore dettruption est1meticp from gh9mical reaotian (I) 

Consider the simple case whore a chemical reaotion oan be found 

suoh that 

1.A (ohem) =- 1A (baot) 

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



Consider an element of food, av. It oan be seen frcxn the 

definition of 0 (equation 3 )  that e
baot a 

0 ohflll for all values of 

B, end all time-temperature funaticna u = G ( fl ) :: \. • ., ( o ) 

Henoe; 

where A i s  the oonoentration of reactant A in the reaoticn 

A ----

N refer• to spore numbers anly, and subscript v refers to an element dv. 

(b)  Integration with re spec t  t o  volume. 

• dv 

= 

0 

Henoe = if 

and = if 

are not functions of volume . 

The final values of A and N averaged over the 'llbole container 

are denoted here by I1 and i1 respeoti vely. 'lhe average oanoentration 

ohange of a ohemioal reactant oan thus be used as a direct measure 

of 1-eduoticn in spore numbers if the reaotion is suoh 



that the bacterial and oheud.oal deo1mal reduction times are equal at 

retort temperature. If. the decimal reduction times ot the two systems 

are not equal, then the 0 ohem 1 v and Glba.ot 1 v distribution 

funoti Cll8 beoome important. 1h1 s dependance of the integrati oo with 

respect to volume an equall ty of the decimal reduotion times oan also 

be deduced from the work of Gillespy ( 1 951 ) and St\mlbo ( 1 953 ). Both 

these wolicers point out the dependanoe of F � ( the lethal value ot a 

prooees obtained by integrating with respect to volume ) en the decimal 

reduotioo time or 'heat reaiatance' at retort temperature. 

Sport dettruetiC!l estim.ati(!l f'rqm ohemioal reaotion (II) 

It is not very likely that ohemioal reactions oan be found suoh 

that the baoterial and ohemioal activaticm enerGies are identical. 

Activatioo energies for spore destruction reaotions are generally 1n the 

range 60-110 k oal/g-mole (corresponding to a range of z ' s ( see page 6 ) 

of approximately 22 to 1 2 ) ,  Tlbile ohemioe.l reaoticn activation energies 

range from about 10 to 45 k oal/g-mole,  with most 1n the range 20-30 

k oal/g-mol.e. Henoe the oaae 1llhen &A (ohem) � BA (baot )  muat be oon

aidered. 

(a) IntegratiCIIl of lethal rate 1d th r .. peot to time at a 81ngl.e paint. 

8, 1 J 0 B ohem (1 -- ) u 
d8 ' and 

e. 

(johem 
11 

11 r 
(1 - ! )  

e 

B ba.ct u 
d8 

8. 

It oan be aeen that the 0 ohem l 0baot functicn 1a not in general 

independent ot the time-t•perature f'unation u • G (8 ) e.t the given 
point. Beoauae Bohem and l\,aot are known for a given aet of ohemioal aD4 
bacterial systems, a knowledge of the time-temperature fWlOticn u 11 G (8 ) 1 

and ita influence en the 0 ohem 1 0 baot funotioo becomes of paramount 

importance. 
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I t  should be pointed out that processes may appear to be quite 

different in form , although they are equivalent with respect to spore 

destruction predicti on from chemical reacti on. A change of variable in 

the integration -

leads to -

(-) = 

� )  ka max  
(do - o h)T d(�) 

(� 0 

llhere 9 0 and 0 h are the times on the cooling and heating curves 

respectively at llhich the temperature of the food is T. ( I) - () h ) o T 
is therefore the length of time that the food has a temperature greater 

than T. Any processes that give identical ( 0 0 - rJ h) T vs T f'Uno ti ons 

are therefore equivalent wi. th respect to the calculation of 0 baot tram 

@ ohem. 'lhi s becomes important in a di scussion of ourves of best fit 

( see Further Development of the Chemical Analogue , p 1 94 ) where the 

prooess of best fit may not appear to resemble closely the time-temperature 

funoti on from 'tlhioh it is derived. 

A number of approaches have been used in an ini tia.l study ot the 

0 ohem I 0 bact function. 

(i ) 'lbe @ vs BA fWlCtion for a general prooe;:�s. 

An expressi on  was so'Uijb.t that would enable 0 to be calculated 

directly fran the activation energy EA' or frc:m B = B_/R� 
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.Expansion ar e in the integral -

(-) . J&, B (1 - �) 
e d �  

r90 
leads to an intini te series in B� 

0 ll On Jf1 • iiT 

where the en are defined by -

f. �lt:1t 4d g u 
0 
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en-. 0 as n � .o , beoauae t < u < 1 for all real prooesees, and 

beooe O (ju;11 <  1 and the series in Ifl tor 0 i s  o cmvergent. 

Values ar B are 8UOh that JD8D1' terms � the seri ea are required 

to evaluate 0 , and hence the expression will be of li ttle use in predict

ing spore destruc ti on from abemioal reaction data. 

(11) 'lhe 0 vs BA t\mo ti cn  for prooeaeea ot known or 
as fJUIIed form. 

It has been shown that 0 aa a function � EA ia dependent on the 

ttmotion u • G ( 0 ). A number of int6'grations were done tor simple 

processes w1 th linear heating and. cooling ourrea ( see Appendix II ) , to 
find the order ot magn1 tude ot the difte.:•eooes between the BA vs 0 tunotiana 

for a range ot proc ess mapes similar to that obtained in praotioe. 

'lhese 0 vs EA t'unotiona (see Pigure 1) are similar in form, but 

the ditf'erenoea are aignitioant enough to prevent calculation ot e baot 

tran one measurement at 0 obsn• Al� the heat penetration curves 

used here are aomelilat artifici al. ,  the log 0 vs EA ourvea p.robab� 



illustrate quite well the influence that the u = G ( 0  ) ( or T = F ( o  ) ) 

!'unc tions might be expected to exert in practice. 

2 .  Number of parameters for standard heat penetration curves. 

If a real proc ess oan be oalpletely described by equations involving 

n independent parameters, then the values of n-1 parameters must be 

measured or asswned to define the 8 vs RA functi on, and hence enable 

the e stimati on of 8 baot to be made from a single measurement of 0 ohem. 

'lhe processes used in the above calculations of 0 vs EA curves 

oan all be defined in terms of four parameters. 'lhe three parameters 

initial temperature , temperature of the holding peri ocl, and ratio of 

he ating to holding peri od lengths, define the shape or fonn of the pro-

o e ss, and hence the A : EA funoti an. 'lhe fourth parameter, the length 

of the proc ess i s  determined by a measurement of 0 chem' end henc e 0 baot 
c an  be determined. 

'lhe standard heat penetrati an curve of Ball ( 1 923 1 1 928) ( simple 

proo e a s ,  unbroken heating curve ) oan also b e  defined in terms of four 

parameters , vi z :  1R• T0 , fh end g ,  with all other parameters being defined 

in tenns of these . � and T0 , the retort temperature end c ooling water 

t emperatures respectively, are known fran the proc ess specifioaticn, and 

g, the difference between '!a and maximum product temperature , oen be 

detemined w1 th a maximum recording thermometer. Using tables of f't/' 0 chem : g 

(of f!IU s g tables of Ball) 1 fh ( the reciprocal slope of the semilogari tbmio 

heating ourve) oan be determined from a single measurement of 9 ohem' and 

0 baot (or U) oan then be determined in the usual way fran f/ 0 ohem:g tables. 

Alternatively tables of (0 bao/ 0 ohJ:g oould be used. 'lhe tenn U oan be 

regarded as the equivalent in Ball ' s system of the term 0 baot used here 

to denote equivalent ret ort time. 

If g is very small , another point an the linear portion of the 

semi log heating curve ( suoh as (0, log j ( TR - T0 ) ) or an experimentally 

determined point ( r1 , log TR - T0 ) ) oen be used, and the simultaneous 

e quations for g and fh are solved graphically, or by succ e ssive approximations. 



S>jste m EA ( lltol /molt.) 
chem( 1 )  zo 
che m (2.) 40 
boc.t 80 

F i � .  2 o  The eboc t VS ( 6cbe�n (•) l ec:hcm (l.) )  fun d i o n  
for s implt. line ar processe s 

loO 

0·8 

9 01�-
---�o�----------�----------------�e�---R 

F i q. 2. b Proce sses U$ed in calcul at ion of th� 
eboct v s  (9chem (l) •echemc1) ) f u nction. 



BYen it the real process doe s not oorrespoad exactly to the a .. maed 
form, the estimaticu ot e baot fl'CIII ® ohem i a  probably better than 

that based CD the heating oUITe parameters alone , as deviati ons tram. 

ideall ty especially in the cooling peri od will tend to be c ccnpensated 

tar in the estimation ot th
. ec.pari. son ot processes of form similar 

to that assumed will also be faci litated. 

(Ui) �e 0 beet Ys ( 0 ohem(1 ) ' 9 ohtB(2) ) f'lmotian. 

'Dlia i8 a special oaae of (ii ) above in llhioh values ot 

are oaloulated for three value s of BA' 'fiz : BA baot and two values 

ot BA (ohemt If a heat penetraticn ourn is aasumed 'lhioh ill deeoribed 

by n parameters of llhioh Cllly n� oan be determined by measurements 

external to the oan, Yalue s of e oh for two reections of diff'orent . ell 
activaticm energies are required tor the determination ot the form ot 
the G .,.. lA tuootian and hmoe 0 baet. 

To dccmstrate the spplioation of thi s  method 0 
bac t '  0 ohem (1 ) 

and 0 ohem (2 ) wre calculated for a number of tour parameter processes 

(� 111. th linear heating cum a). Contours of ( e / 0 :a>bact wre plotted 

against ( e /e R)ohem (1 ) and ( e /e :a)ohem (2 ) ' (Pig. 2a) , froo�. which 

0 bact for any linear process ( 1'fi th 1ni tial temperature and rate ot heat

ing unknown) may be found from two measurements of 0 h • It is assumed o em  
that the retort-temperature (Ta) and the overall length of the process 

( e R) ( see Fig. 2b ) are known. 

Similar curves could be construc ted for other oases in which n-2 

p arameters can be meas\.U'ed outside the can. If Ball' s ouzye for a simple 

process i s  assumed 0 beat vs ( e ohem ( 1 ) , e ohem (2 ) ) curves 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 0 beat vs ( a ohem ( 1 ) ' 0 chem (2 ) ) 

oUI"'''e method i s  the ease wi th  v.hioh errors in 0 beat oan be estimated 

from the known unc ertainti e s  in B
chem (1 ) and 0 ohem (2) . Rrror 

analyses in the formula mE�thods are diffioul t as there are many vari ables 

1'fi th non-independent errors to be taken into aoco1.U'lt. 1he General and 
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Improved General Kethods in 11hioh lethal rates are plotted £>.nd integrated 

graphically enable errors to be estimated sa:ae11hat more readily than the 

Formula Kethod.s. 

(b ) Integration of 0 with respect to volume . 

(i ) General unkno-m <'baot 1 v end f-l
chem : v di stributions. 

The cwerall equivalent retart time 1 f-i 1 i s  the time at retort 

temperature that would give the same chemical reactant c ono entraticn 

reduotion or spore number reducticn as that obtained by averaging ewer 

all elements of food -

i . e. (.i = -D 
chem 10&t 0 11 

. . . . . . . . . . . . . . . . . (4) 
chem � 

and 0 = -�aot 10&t o  y1 . . . . . . . . . . . . . . . . .  ( 5 )  
baot No 

'lhe average oonoentration reduc tion of reactant A in the container � 
Ao 

haa been defined by -

� T 0 
= 1 rv� dv 

V A ' 
0 

0 

• • • • • • • • • • • • • • • • •  (6 )  

were V i s  the volume of the oCiltainer. 

Similarly for spores -

= . . . . . . . . . . . . . . . . .  

.. 0 oheu/D ohem A1 T  in equation (4) ��-"ti tuticn of 10 for r 0 

1 0  
- (.)cheefn� 'I1 in equati Cll ( 6 )  g1 ves -

10 

and 

- (.)  In oheuf -ohem 

for r 0 
V 

1 f - 0 ohem"'D chea 
:a - 10 dv 

V 

0 

(7) 



llhioh gives -

0 ohem = J
v 

- 0 oheu/D ohem -Doh<m lo"lo ( � 01 0 dv) . . . . . . . . .  . 
Similar substi tutioo.s in equations (5) end (7) lead to -

e bact = 

where 0 ohem end e baot are both tunotions of volume v. 

• • • • • • • • • •  

- l •n. 
: 0 baot tunotion h cml�"dependent of the 0 ohem s v and 

t'uDoticms if these tunctiona are such that -

0 oh em 
D oh em 

0 baot 
Dbaot 

a C for all v, 

where C is a coo.stant. If this oondi tion obtains -

0 eh em 
Dohem 

IZ c. 

As in case I 'l'here EA (ohem) = EA (baot) '  it is seen that the 

values of Dohem and Dbaot at retort temperature are involved in the 

oonditicm that the 0 ohem : 0 bact function is independent of the 

0 ohem : v and e baot : v distributions. 

'lhis integration is  diaoussed further under Further Development 

of the Chemical Analogue p 201 , where a three parameter process ot 

beat fit is used for spore deatruoticn eatill18.tion for each element of 

food. 

(8) 

(9)  
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(11 ) Kn01m 0 bnot : v  and e ohem : v distributions - development 

of o orrieotion models. 

Two oases ot known 0 : v di stribution are considered for convection 

heating products an the basis of simplified convection models. 'lhese 

models give a basis for calculation of spore destruction fran fixed point 

temperature data, and also make possible en examination of the validi t7 

of the prediction of 0 baot fran e ohem• 

( 1 } Stati!jiUI.q_��· 
1'he model is  based on the piston flow concept (see Fig • .3a) 1n 

whioh any small eddies near the bottom of the can are neglected. -b 
liquid i s  considered to consist ot a number , of .elements 11hioh move slowl7 

down the can at constant temperature (i. e. piston flow) . 'lhe heating of 

eaoh element as it moves up the ;oaniwall in· a .very thin layer 1a oansidered 

to take plaoe instantaneously. It is  seen that the temperature history 

of eaoh element of fluid. i s  a series of steps (Fig • .3b ) .  

In the example oaloulated the fixed point temperatures ( see 111g • .3b) 

are assumed to approach retort temperature (274 °P) logari thmioall7. 

Because the cooling curves 11111 be aimilar in general pattern to the 

heating curves, the cooling phase has not been oonaH.ered here. 

'lhe speoifio chemical reaction rate curve is based on auoroae 

hydrol1'81• (EA ::s 25. 9 koal/g-mole) and the speoifio spore destruction rate 

curves are based an a z value of 14°F at 240°P, 11hioh gives RA • �9. 1  

kcal/g-mole. Because the value of z chosen represents a steeper_ than 

average log D vs T curve, the et'feot ot EA en the calculaticn ot e 

from fixed point data will be emphasized. 

'lhe equivalent retort times based on the fixed and movillg point 

data are ah01m in Tables 1 &nd. 2 respectively. 1'heae values · of 0 are 

obtained by graphical integration of the specit'io rate ourves (Figures 

.3o and 3d). 
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'l'able 1 a Eq_uivalent retort timea J f'ixed point temperature data. 

Fixod point number 1 2 3 4 .5 6 

S7 

7 

8 ohem (min. ) 
0 baot (min. ) 2.288 1 . 973 1 .6.53 1 . )63 1 .089 0.843 0.632 

Te,ble 2 1 Equivalent retort times J m.oving element temperature data. 

)(ori.Dg element mllber 1 2 3 5 6 

. .  > .... 

0 ohea (min. ) 3.025 ).0.56 ,3.o69 ).05.5 ).040 ' 2.988 

,, 
G baot (min. ) 1 .355 1 . 41 9' 1 . 468 1 • 43.5 1 . 397 1 . 269 

\ 

' 
Putting Doh• • �30t • 1 .0 min. gi.Tea -

0 • -D lo� . ( 1 �n 
log-1 (-eohem(r))) • ;.o,a ohem ohem -. 0 - Doh n r- em 

e baot • '"'\..,t l""to ( � � log -r�::�rJ)) · · J ,JBs 
·· · ·:· (' 

'lhe anrall ectuivalent retort time• e ohs. and e baot • &;re :y .. 
e.7 ��� ··;, . ' • ! :· . � �- . . ·:. .. . ' • 

equal to the equivalont retort timt-s for the oan centre (point 4-, in �le 1 ) • 
. J i t :- ::r•,: · · . ) .� �, : : ·. �� · ·:. !j', ;� 

Hence it i e  proposed to use the ocm� paint temperature dAta in the 

oaloulatiCil 0 baot (of Stumbo 1 9�1 953).  If oanpari aat ot 0 ohs. and e ohem 
(centre point ) indicates- that the approximations used in the above analysis 

are not valid for actual ataticnar;y prooessea, then acme poi.nt other than 

the geometrical centre point of the ocntainer oan be defined as an equivalent 

point su:Jh that the temperature-time f'uncticn at that point oan be oc:m.s1dere4 

to apply to the lilole oan. 



'lhi a analysi s also o onf'irms the validi ty of the use of the 

e ohem and ebao t are approximately the 

S8111e for al l  elements, and therefore -

0 oh em 
D oh em 

0 bagt 
�aot 

will be the same for all etlementa, and .i ohem oan, therefore, be Talidl7 

used as a measure of � bact for any tim&o temperature �ti on involving 

a piston flow type of oonveotion. It i s  likely that the use of � ahem 

measurement s for ibaot e stimation will be valid for errr prooess are 

oiroulation of the oan oontents takes plaoe. 'lhe validity of thia 

asstDpti on o ould be cheoked b7 a c ompari son of e'luiTalent points for two 

ohemioal reaotions of different activati on energi es. 

(2) Agitated oan. 

'lhe oonveoti an model proiJoaod ill one of c omplete mixing. It i a  

assumed that th e  ag1 tatian o f  th e  produo t is auoh that all elements ot 

fluid are at the same temperature at any instant . 'lhe equiTalent retort 

times are , therefore , the same for all element s of fluid, and henoe • 

i s  constant, and 

0 baqt 
Dbao t  

0 oan, therefore , be used. as a Talld. measure o1" ahem 
� b for all time-temperature functions. 'lhe equivalent retort time 

ao t  
calculated using fixed point temperature data i s  identical t o  the 

equiTalent retort time for e.n:y element , and heno e for the "tlhcle oan. 





Aim of the .Project 

CHEMICAL ANAIDGUE EXPERIMENTS 

INm:>DUC'l'ION 

'.lhe experimental work was planned wi th  two major aims t 
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(a) to study convec tion heating for two type s  of process, using the 

chemical reaction technique to evaluate the effect of product 

movement w1 thin the container ; end 

(b ) to study the relationship betwen the extent ot a chemical reao-

tion ( expres sed as 0 ) and the total calculated spore survival 
· ohem 

frac ti on ( 

heating. 

expre s sed as 0 
baot

) for the two types of c onvection 

Resume of the WJrk 

A suitable first order chemical reao ti on  (aoid hydrolysis, or 

inversion, of sucrose ) was selected and the rate of reac tion as a func tion 

of temperature was determined. Thermoc ouple wire wns c alibrated over the 

range of prooesai� temperature s ,  nnd temperature measuring and recording 

systems were , in turn, set up for the stationary and rotating can experi-

ment s. Can s  of sucrose were prooe s sed and the degree of inversion deter-

mined. The extent of sucrose inversion was c alculated from the temperature 

data and comp BJ.•ed wi th  the me asured de1.:;ree of inversi on. 'll1e temperature 

data were then used to calculate the spore de struction equivalent retort 

t ime , and correlations of 0 VB oh em 0 bag t  
were obtained. 

EXPERIKENTAL WORK 

Chemical. S'{!tem Drrelopment 

( a ) The ideal system. 

In particular oases i t  mAy be possible to use a reaction taking 

PlMe in the food product 1 t self - for exnmple ,  the development of brom-



• 

i ng in dairy produo te. A s  thi e would entai l the determination of the 
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kinetic oharao teristic s of the reaction for each prod.uo t ,  and as variations 

between batohe" are likely to be important , thi s approach i s  not likely to 

be of general application. 1he ideal reaction system would then be one 

1drl.ch could be added to any food prod.uot w1 thout di sturbing the produc t 

physic ally and without the reac tion it self being di sturbed chemically by 

the food produc t. I t  may be possible to find reac ti ons in solution which 

are sui table. Alternatively reactions taking place in the solid phase 

(e . g. c olour changes or struo ture degradations ) , 11hioh c an  be added in 

finely divided or cclloidal fonn may prove to be sati sfactory. 

(b ) Seleo ti on of the chemio al system. 

In thi s study the chemical system it self' forms the prod.uo t .  The 

system was chosen to be simi lar in physic al  properti e s  to milk ,  industrial 

intere st in Which stimulated thi s inve stigation. 

the system chosen, acid hydrolysi s of sucrose has a number of 

advantages ,  both kinetic and analytical. 

(i ) Kinetic oharaoteriatio s  of sucrose hydrolysi s .  

The rate of inversion of' sucrose 

oan be expre ssed -

d (s1 
d .l9  

(gluoose + fruc tose ) 

where [ S 1 i s  the o ono entration of sucrose. Thi s gives ,  for any 

given hydrogen ion o ono entrati on, [ H+] 

d (s] 
d o  

= - k '  (s] 

b ec ause the hydrogen i on c onc entration remains c onstant. 
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1he reacti on i s ,  the refore , first order with respect to 

sucrose, with a rate constant k '  that c an  b e  adjusted by acid 

concentration or pH to any desired value. 

(ii) Analytical characteri stics of sucrose hydrolysi s. 

1 • AnalYSi s : 

1he polarimetric analysis of the reaction i s  extremely simple. 

1he method relies on the widely different speoitio rotations of the 

reactant sucrose and the products glucose and. fructose. A table of 

concentration ot unhydrolysed suorose against angle of rotation 

(in 200 !IlD. polarimeter tube at 25°0) has been prepared for a solution 

initially o. 7.50ll in sucrose using data fran the li terature. 

(See Appendix III ).  

2.  Ef'feot of temperature 

'Dle specific rotati on of the fructose in the invert sugar has 

a high temperature o oeffioient. I t  i s ,  therefore , essential to 

water jacket the polarimeter tube for analyses of all solutions in 

which the invert sugar concentration i s  appreciable. 

3. llutargtation : 

In the preliminary work on sucrose inveraion, unsteady polarimeter 

readings of the fre shly c ooled partially inverted sucrose solutions 

were observed. 'Ihi s phencmenon was caused by mutarotation as the 

equilibrium between the et and � forms of gluo ose and fructose was 

being e stablished. 'lhe reaction, sucrose - invert sugar, is more 

completely described by the scheme 

sucrose 
a -gluoose :;:::==� ,s -gluoose 

• 

( = cz -D-gluoopyranosidyl

�-D-fruo tofuranoside) + .B-fruotose .:;:=== a -fructose 

stage 1 

{hydrolysi s ) 
stage 2 

(mutarotation) 



'Ihe activation energy of the hydrolysis reacticn ( stage 1 )  is 

about 25 koal/mol : the ac tivation energy of the mutarotati on reaction 

(stage 2 )  is about 1 5  koal/mol (Woelwyn-Hughes 1 961 ) .  The relative 

rate of the second stage i s ,  therefore , much lower than the hydrolysis 

stage at high temperatures ,  and the eq,uilibrium of the a· and 13· forms 

of the monosaccharides is not immediately establi shed. 

On cooling , the inversion reaction i s  essentially stopped, but 

the mutarotation reaction proceeds. 
0 Experiments based on a run at 90 c,  

wi. th samples analysed immediately after cooling and at later intervals 

showed that the e1uilibrium was establi shed after three hours. No 

significant ch8.1'1.6e in rotation of any sample was found between three 

and twenty-four hours at 25°C. Approximately 4i hours TTCuld be 

required if a holdinG temperature of 20°C is  used. Proce sses using 

temperatures substantially higher than 90°C with fast cooling may 

req_uire slightly loneer holding times. This can be quite easily checked 

in any particular situation. 

(iii ) St�bili ty of the system. 

Unbuffere1 sucrose (0. 001 N HC1 ) �s found to give suitnble 

reaction velocities and a constant activati on energy over the range 

70 to 270�. Serious di sagreement between the measured 0 and 
chem' 

the 0 h calculated on fixed point data was observed for stationary c em 
oommeroially lac1uered cans. Measurements of pH before and after 

prooe ssin.:; showed that even in lao 1uered cans a significant interaction 

between the can and chemical system occurred. The change in pH was 

even greater in unlacquered c ans. 

An acetic acid-sodium acetate buffer (0. 250 K acetic acid, 

0.01 4.3 .U: NaCti, giving pH .3 . 5 )  calculated an the basi s of the maximum 

loss of acid (calculated from pH changes )  and the minimum tolerable 

change in the rate of reac tion ( see Appendix IV ) • Variation in the 

c cmposi tion of stook bui'fer, ari sing from experimental errors in the 

standardization of the buffer ccmponents and mixiil!; of the buffer, was 

found to be significant. Standard :..·ate determination at a reference 
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temperatures a:e expressed in ter.ns of thi s  standard rate. To deter-

mine the effec t of ann type on th� extent of nydrolysi s of thi s 

buffered sucrose soluti on, a run of nine c ans - three lao �uered, 

three unlao�uered and three coated with a speo ial high temperature 

insulating varni sh (viz,  "Formvar" .,. ) - was processed. Two samples 

were takcm from each can. 'Dle angles of rotation from solutions 

processed in commercially lao�uored cans gave the lowest variance , 

and the di fference s  between the lacquered and " Ponnvar" c oated cans 

and between the lacquered and unlaoquered cans were significant 

(Student • s  t ) at the two and five per cent levels respectively. 

These differences were equivalent to errors of 1 . � and 0.8� respect-

ively in the pR value. 'pR'  i s  the negative logarithm of the frao

ti onal concentration reduction, i . e .  pR = -log1 0 ([s11 /[s�) . 'lhe 

e stimated standard deviation of the mean polarimeter readings for 

each can (two sam,lJhs pel' can, five readings per sample ) was 0 . 0.3°, 

lirl.ch in thi s case represented an error in pR of 0 . 2%. Corrmeroially 

laoquered cans have therefore been used for all runs using buffered 

sucrose soluti on. 

(a ) Measurement techni que. 

Sucrose solution c an  be measured sati sfactorily in any polarimeter 

0 
that i s  capable of reading to approximately 0.01 • A Bellingham and 
Stanley Limi ted polarimeter (llo.  53201 6 )  was used in thi s work. 

'lhe measurement technique used in thi s study is outline� 

b elow. 

1• Samples of sucrose solution (approximately 1 0  ml for a 

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

bath at 25°C. 

,g,. Samples for analysi s are w1 thdra1m fran the bath after at 

least three hours, and poured into the vertically clamped jaoketed 

polarimeter tube w1 th the aid of a glass rod (see Figure 4). 

• "Formvar" made available by J. Jfiddlehurst, CSIRO, Sydney. 
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.l• The top end glass is put in place and any exoess solution 

wiped off before placing the tube in the polarimeter • 

.!to P'i ve readings are taken for each sample (preferably in a 

partly darkened room ) .  
2• 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. 

i· The interior of ' the tube is oJ.eaned .with a "pull-through" 

and the end gla'8ses wiped dry. 

1· '!he bottan end glass is  replaced in readiness for the next 

sample. 

t1 th praotl.oe this routime · c an  be ·-reduced to about 2i minutes 

per samp�e-,n�Ottt loss of acouraoy. 

(d) Bate of hydrolysis determination. 

(i ) low temperatures. 

At temperatures less than 90°C ( 1 94°F) a flask method was used. 

Samples of approximately 10 ml were withdrawn at intervals using a 

pipette with a alightly widened tip. The samples were c ooled in test 

tubes in the 25°0 water bath. The time taken to transfer the sample 

to the oooling bath was insignificant in terms of the total heating 

time. '!he rate of hydrolysis, H (= "'lJ�R/�tJ ) was det'!ll'lnined from a 

plot of pR vs 4 • 
(ii ) High temperatures. 

At temperatures greater than 90°0, the 10 ml samples were 
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heated in stoppered 20 ml test tubes in brass holders ( see Figures !)a, 5b ) • 

.!.· For hydrolysi s rate determination& at 21 2°F a hypsometer was c cn

struoted ( see figures 6a, 6b). Two pairs of tubes were heated for not 

less than ten minutes, and two pairs for about two hours, before oooling 
in oold water. 'lhe rate was determined from the differenaes in pR and 8 

H = t. p�f'A fl 
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�e temperature waa calculated from the baranetrio reading ; 

T ( °F) :: 21 2.00 + O. o675 (B - 760) 

mere B i s  the baranetric height in mm .  Hg. 

The hypsometer gave the most preci se rate determinations. The 

maximum and minimum rates calculated from any set of data (four points at 

each time ) seldom differed by more than 1 �. 
£_. Rs.te determinations at temperatures greater than 21 2°1i1'1fe:t-& di:le in 

a reciroulating glycerol bath ( see Figure 7) of sufficient dePth to 

allow complete immersion of the reference the:nnaneter (50-1 50 x_L°C) .  
1 0  

Tubes were heated in pairs for varying periods and the rate determined 

from the' -unbar portion of the pR vs I} graph. In general these 

curves were linear for times greater than t� minutes, and thi s was 

used as a minimum time for ell high temperature runs. Temperature control 

was by :marmal adjustment of the variable transformer in ths heater line, 

and varl:at1:ons during a run were usually loss than .:t 0.2°C. The temp

erature of the bath before a run was set 0 • ..,Oc. higher than the desired 

run temperature to allow for heating at the tubes. All tubes were cooled 

by plunging into the 25°C bath. 

The lower preoision of thi s 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 ) Unbuff'ered sucrose : 0. 001 01 N HC1 1 0. 750 )( SlX)rose. 
�n 

Although. 11suitable for use in oans, the more easily prepared 

unbuf'fered sucrose solution should be quite sati sfactory in glass con

tainers. The kinetic data are aumm.a.rized in Table 3· 



Table 3 s Decimal reduotion time s unbuffered suorose 

Temperature (°F) 

Decimal Reduction 
Time (min. ) 

77 

2. 97 
x1 05 

1 94 2 1 2  230 

1 41 

248 266 

1 2 . 0  4. 54 

All the data (with the exception of the point at 2480p) are 

fitted by a straight line (log D vs .!. ) well wi thin experimental error. 
T 

The activation energy i s, therefore , taken as constant over the range 

70-2-,d°F. 

�e equa.ticn -

D c 4. 54 los;-� (9925.3/T - 1 3. 6767)  

. 
which gives EA = 25,230 cal./mole, wa s  used for interpolation. 

'nle data can be extended to other oono entrations of acid if required 

if the speoitio rate B/Bo is  ueed. 'lhe equation then beoane s  s 

'lhi s  oan be c ompared w1 th Uni ted States Department of CCJ���Ioeroe ,  

Nati onal Bureau of Standards data (1 942) 'llhioh give EA = 25. 58 kcal/mole 

and � = los16 ( 1 3 . 6533 - 1 0066 . 7/T) 
Ho 

�a data was obtained wi. th 0.01 N HC1 . 

( ii ) Buffered su:rose solutiom pH .; . 5 

'nle data from whioh the speoifio rate vs temperature otUVe was 

plotted are shown in Table 4, 1rl. th the weights given to each point in 

the calculations also being shown. 
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Table 4. s Specific hydrolysis rates t buffered sucrose 

Temperature (Opo) 140.0 1 76.0 248.0 274. 5 274.8 

0.0�5 o.cY645 0. 01 98 12.89 1 3. 33 

H o.olry58 1 2.48 Ho 
1 ).08 

4 2 1 2 

weight 1 1 

1 

275.0 284.0 

1 3.60 1 7. 8  

1 2. 93 

1 3.42 

2 1 

1 

Because the log !! vs ! plot was not linear, a parabola of best 

Ho T 
fit passing through the point (B/Bo = 1 ,  T = 212°P = 671 . 7°� was uaed 

for interpolaticn of the data. 'lhe equation of this ourve is  

-3. 922 ( 1cY - J.Sl> 2 

The table of !! vs T appears in Appendix V. Ho 

Temperature Measurement 

(a) Instruments. 

T0 T 

All temperatures in the retort and in the cans were measured with 

c opper-oonstantan thermocouples, and recorded as emf on a single pen 

recording potentioneter. 

'lhe potentioneter used ( see Pigure 8 )  was a Varian, model G-14 

with a five inch chart and ranges of 0-1 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 potenti oneter (type 41.228, with built in potential source)  was used 

to cheok the Varian calibration. 'lhermoeleotric measurements were made 

on the 0-1 0 m V range during heating and. cooling cyoles, the maximum emf 
being approximately 6 mV at 2700po. For maximum senaitivity to small 
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ohangeR of temparature at or near the retort temperature an opposing emf 

(up to 5 mV, from the potential Muroe on the CIU!lbridge potentiometer) 

was inserted in ·�he thermocouple line to the '!.fU'ian , and the resultant 

signal recorded on the 0-1 mV range. 

( b )  Calibrati on of thermocouple wire. 

The glyc erol bath used for the high temperatUre sucrose hydroll� B 

rate measurement s �s used for c alibrati on of the · tnermooouple wire ( see 

Figure 9-},.; J�it crushed ice was used as the referenc e point for alil 
t emperature measurement s. 'lhe thermocouple wire was taped t;o the stem of 

the referenc e tnermcxneter (.50-1 .50 x 1 °0)  wi th the junotion c lose to the 10 
bulb, and emf ' s recorded uaing the Varian (0-1 mV range ) and the back emf 

frcxn the Cambridge potentiometer. 'lhe referenc e thermcxneter was checked 

at the steam point ( 1 00°C) in a hypsometer before eaoh calibration ... 
Rea.dings of emf were taken from the chart to the nearest 0. 002 m V 

( 1 /5 of smallest c hart divi sion ) .  Differenc es between the recorded 

temperature and temperature at tho eallld emf uaing standard tables (British 

Standard 1 828 : 1 961 ) vrere plotted against emf , an d  the smoothed differenc es 

used to calculate the temperature vs emf tables. Th e se tables are not 

pre sented here as they are not of general application. 

(c ) Thermocouple ciroui t s .  

'!h e  single pen potenticxneter was used wi th  special swi tching c iroui ts 

t o  rec ord t h e  emf ' s from several thermocouple s i n  a single can or the 

t e mperature s of several cans during each run. Usi ng  the high chart speed 

(2  in. /min. ) and swi telling intervals of 2"2--4 seconds, up to ei,4lt tempera-

tures could be rec orded at least twice per minute ( stationary can runs) .  

·n th  four can thermocouples and one retort thermoc ouple (agi tated can runs) 

recording frequencie s of up to three per minute for can thermooouples and 

six per minute for the retort thermocouple could b e  obtained. 

(i ) Can thermoc ouple junc tions. 

Rigid thermoc ouple probe s  were not used at any stage of this work. 

Instead, a tension method of thermocouple mounting was used . in which th� 
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c opper and conato.ntan wires from the carefully twl. stcd :md soldered 

junotion are sealed through diametrically opposite holes in the can walls. 

Two methods of sealing have been used. The first ( see Figure 1 0a), 

usec1 only on early static can runs , employed 1 /1 6  in. I . D. copper pipe-olive 

compres sion fittings, o ut in two, with a gland of 1 /8 in. insertion rubber 

ma.lting the seal. These proved quite satisfactory, but were rather tedious 

to prepare. 1he second method used an epoxy- resin adhesive• to seal the 

thermooouple wires through the can wall ( see Figures 1 0b ,  1 0o ) . Holes, 

whict are located by a wraP-around strip of paper, are pieroed through 

the can wall. with a sharp point. 1he thermooouple wires are threaded 

through the holes and held in position wi th adhesive tape on the outside 

of the can. 1he epoxy resin adhesive i s  applied in two stages as shown 

in P'igures 1 0o (i )  e.nd. 10o (H ). Ten to fifteen minutes in a hot air oven 

at about 100°C are sufficient to set the resin, and enable the seoond 

application to be made. The resin is c ompletely hardened after three hours 

at 100°C although most cans were heated overnight. Fracture of the wires 

at  the seal could be  avoided by twi sting each pai� of wires together ( see 

P'igures 1 0o (i )  and 1 0c (ii ) .  

(H ) Stationary can circuits (Figure 1 1  a)  

Insertion rubb er (i" ) ,  in 1/8 in. olive compression fittings with 

1 /8 in. male gas threads sorewed into a reinforoing plate an the t op of 

the retort , was used to make a pl'e ssure-tight seal o.round the thermooouple 

leads v.here the se passed throught the retort shell. 'nle leads passed 

from the retort to the ice flaek llhere al l  referenoe junctions were electric

ally i solated in separate kerosene filled glass tubes. An electrically

driven cam-operated set of micronitohes ( see Pigure 1 1 b )  operated P. and T. 

type }CXX) relays (double pole on-oft) 'Which connected each thermocouple in 

turn to the recording potenticmeter. When required the back emf was 

applied and the recording potentiometer used on the Q-1 mV range. Because 

the ' zero 1 on the Varian reo order shifted slightly with change at range , 

i t  was necessary to short the input tenninala ot the recorder once per oyole. 

• "Ara.ldi te � Ci ba Lirni ted. 
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nrl.s also sezved as an identifioatian index for the recorded emfs. 'lhe 

reoording potentic:meter waa used with a fioating input - i . e. the negative 

terminal was not earthed. nrl. a  reduoed interference by stray earth 

currents. 

(iii ) Bd\ating oan GiTo\aitaL �e... 1Ja). 
'Ihe tbermooounle wires ·trom the reYOlving aaru1 wn sealed through 

a rubber stopper in 'tile end ot a lilagth ot rubber ttlbiJ\g. 1hia tubing 

passed tbrougll the oentre of the drin ahat't to th• outside of the retort 

( see ftpres 1 2a BAd 1 ,3o  ) . .\ 16  in. diameter, � in. tlii�k steel plate was 

mounted on the eM. of the t\An matt, and mounted. on this were the ioe 

flask for the reference JlalOtiCIIe, $lA a 3-pole 2.5 �siticm l?, and T. 

uni seleotor. 'lhe unilieleotor relay had been reliOUQd tor operation from 

a 1 2  volt source 11hich waa supplied b;r two No. 6 ,  6 volt l.antem batteries 

mounted oppoai te the ioe tlaak. A s;ratem ot geart oloaed a simple oontaot 

in the uniseleotor relq oirouit *• fiiiV1 t� oar at�r z:evolutions of 

the plate ( see 11gure' 13b}. 'lhe themooau;ple l�acla trra the ioe f'laalt 

were o.onneoted to the uniaeleotor 1ft nrioua waJ8, a.pending on the number 

of the.rmooouplea in use. With tour oana plus the retort thermooouple 

the oonneotions were woh that the retort thermooouple emt was recorded 
ei ht � times per neep ot the uniseleotor oontaota, an4 the em.fs from each 

+our of' the four oan thermooouples "*-- times per neep. 'lhe 25th poai t1011 

was used to short the input teminal.a ot the Varian for the zero reading 

and thermooouple identU'ioation index ( see Pigure 23b, p 1 04) . 

� three linea trom the un1aaleotor were wound around. a flexible 

coupling (plastio oovered ourtain wirehotrotating meroury ccntaot llbiah 

was totally eno;).osed in .a woden oase, 'lhe atationar:v tel'!D1nal.s ot the 

rotati� oontaot devioe were connected to the Varian and Cambridge potentia-

meters as in the statio oan set-up. 

'lhe third 'l'd.re thr� the rotating oontact wa.e neoessacy to enable 

the reoo.rding potenticxneter termin8la to be shorted by the rotating 

awi tab-gear on both the 0-1 0 m V and 0-1 m V rMges. 
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(d) Sourc es of error in temperature measurement. 

(i ) Condwtion errors in thermocouples. 
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Rrrors in temperature measurement arising frc:a conduction of heat 

along the thermocouple wire or probe from the outside of the oan to the 

junction have been sho1111 to be significant in some cases (e. g. Ford and 

Osborne , 1 927).  A oheok on this aouroe of error us made by setting up 

the heat oonductioo equations ( see Pi.gureo 1 4) with boundary conditions 

approximately those obtained.. in ataticm.e.ry oana, i. �. the temperature of 

the retort is ass\.IDed to rise instantaneously to prooessing temperature 

(i. e. a "aq,uare" process) . Dle wire is assumed. to ha1l8 no di eoontinuities 

(i . e. oopper or oonatantan right aorosiS the alii\) and the ends of the wire 

are assumed to be at retort temperature for al.l time after ozero. 'nle 

temperature of the fluid surrounQja}g the wire i os assumea to approach 

retort temperature logari thmioally, an4 heat tre.naf'e� between the wire and 

liquid i s  based on the physical -properties of water and the rate of liquid 

movement past the. wire as deduced from statio oan temperature measurements,  

e . g. see Pigure 27, p 1 1 1  • . 

1he solution of the partial differential heat conduction equation 

( see Appendix VI A )  by a method of eigen-functi on transforms (due to 

J. Gemlen) is the slowly converging serie'a & 

where c 

u • . 

.4_ � t\ n"'TT 'l.  - 4 a c  @'t. 
1f L n . -n�"'-'1l'-::'l....;.....;.+..__4_a�"'""""o<."=''l.-'_"-4-a't.::--c.-�:=:--"l.. 

""' ' 
(odd n) 

= TL • '1W 
'fa - To 

( 1 ( n""lt"' 'l.) ) 
- c fJ - � 4 ai + cx fJ 

. e - e 

• sin � (x+ a) ] 
Tw ·  wire temperature 

TL ,. liquid temperature 

T = initial temperature 0 
TR = retort temperature 
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2a i s  the diameter of the oan, x 
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overall heat transfer 
ooetfioient based an wire 
diameter, d 

k = thermal conductivity of 
wi re  material 

f = denai ty of wire material 

specific heat of wire op = 

material 

1/fh• slope of the logarithmic 
heating O'Ul"V'e 

is the distance alcng the wire 

measured fran the midpoint, and 8 is time. 

It the transient term 

_, I} 
which is muoh less than e for large values of IJ i s  neglected, 

U (x, g ) can be expressed as a fn.otion of the unaocomplhhed temperature 

difference which is independent o£ time. 

i.e . 

where UL = 1 -o fJ  - e 

nrl. a  series has been summed to approximately 80 terms for a number 

of values o£ x for 24 gauge copper lrl.re 1rl. th and without the nyloP 

insulation, and for constantan wire with nylon insulation. Even 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 n1 , n2 end n
3 

terms has been used to c alculate 

the sum to inf'ini ty. 'lhe sums to � ,  � and n3 terms are suocessive maximum 

minimum and maximum values respectively ot the summation 'l'lhen the sum to n 

terms i a  plotted against n ( see Appendix VI B). 

'lhe error, as a tuna ti on  ot unaocomplished temperature difference 

i s  shown in Figure 1 5. Heat conduction i s  seen to be significant near the 

oan 1'18.11, and the lag at the c entre .of the can is due to the tini te heat 

tranater rate f'ran the liquid to the rire. '!he solution of the equations 

for heating o£ the wire in the can closely approaches the solution for the 

lag in heating of an infinitely long wire, 'Which i s  also shown in Pigure 

In all experiments in lihioh temperatures are measured near the oan 

wall, the copper wire passes across the c an to the opposite wall, and the 

constantan wi re passes throUp".,h the wall closer to the junotion. 

'lhe maximum error in unacoanpli shed temperature differenoe i s  there

fore less than 0. 006 or 0.6� An error of 0. 6% of the una.ocompli shed 

t�perature difference represents a time lead of 0.3 seconds, 'l'lhile at the 

c entre the temperature of the wire is approximately 0. 1 second behind the 

temperature of the liquid. Hence conduction i s  not a aignificant source 

of error. 

(ii ) El.eotrolytio errors. 

Considerable trouble was experi enced with spurious emf ' s  in the 

rotating can experiments ,  in spite of c ontinuous insulation through all 

wet regi ons with the exception of the junction in the can, and two soldered 

junctions in the retort lihi.ch ?Tere well taped to prevent direct c ontact 

wi. th the can or retort wall. Even "llhen all temperatures had b ecome steady, 

apparent differences of several degrees between the ste8lll and can solution 

temperatures were often observed. Noi se,  which appeared to be related to 

the rotation of the retort was superimposed on these offset recordings of 

emf. Attempt s to electrically insulate the junction s  in the oans and 

experiments with the recording potenticmeter alternately earthed and unearthed 
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(0) 6X 

(c) 

Fig I 6 .  Thermocouple w 1res : to) 2.4 ga'-49e 1 u�ed 
in all �c. Con exper'w-oents ; (b) 36 gauge , used 
in in iiiol rotO'hn9 can e.x.perimen+s ;. (c.) 2A 90uge, 
u sed in later ro+a11ng can exper'tme.n+s. 
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indicated that leakage between leads or leakage to ground us oocurring 

at several pla.oes other than the can centre. A "Kegger" insulation tester 

indicated temperature dependent reaistanoea between the wires and ground, 
down to about 6000 ohms. Electro1ytic emt' s between the leads or between 

the loads and ground. could, therefore, be set up (lliddlehurst , E:l.bourne 

and Board, 1 964) with the currents in the leads arising fran these 

electrolytic emt ' s introducing errors in the measured thonnoeleotrio emt • s. 

Complete rewiring of the copper-oonstantan part of the ciroui t in 

24 gauge wire of the same calibration reduoed the effect of the stray 

currents as the resiatanoe'
. 

of the 24 gauge i s  1 /1 6-'�t of the 36 gauge 

wire. Rewiring did not, however, eliminate the souroe of the spurious 

emf' ' s. 

After anl7 two runs the ncd.. se lenl and offset were beoaning 

intolerable. It was then notioed that water was being foroed along the 

wires inside the outer covering (see Jigure 1 6 )  during pressure cooling. 

Resealing ()f the wires at the 1f8t cm4 (aee Pigure 1 2) almost ccmpletely 

eliminated the trouble. OD the tew oooalicms when otta�t did oocur 1 t 

'ff!ls small enough to allow oorreotiCila (in the oalo�ation ot equivalent 

retort times) to be made. 

Prooeasing exeeriments 

(a) Equipment 

(i ) Steam supply 

Steam us supplied by a � fir..e tube boiler in the adjacent 

engineering workshop and laboratory. 'lhe pressU,J:'o qon:t�ler was set 

50�0 psig so that the pressure drop in the line did not llmi t the 

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

(ii )  Experimental retort 

'lhe unagi. tated oans were prooessod in the froot half of the retort, 

and the agitated cans in the revolving orate in the ba.ok section. Figures 



Fig 17 .  Ex.pe r\menta\ retort ( front- vtew) . 



Fig . IS Ex.peramentol retort (s1de. v\ew) 



17 and 1 8  show the inatrumontaticm, and the steam, air and water 

oonneotiona. 

1• Instrumentation 

1be main retort pressure gauge (a �onburg" , 4 in. diam. 
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0-60 psi x 2 psi ) was oheokod. on a doadweight gauge tester. 1he temp

erature gauge ("British Teltherm" 4 in. c!iu. 1 o-300� x 5�) was a 

mercury-in-steel t1Pe w1 th the bulb in the baolt of the retort behind 

the revolving orate. Other smaller gauges were provided on the ate8111 

line and air regulator. 

,g,. Steam .upply 

Steam fraa the main atfeam line was supplied to the retort either 

through a regulator or through the by-pass line to the spreader in the 

bot tan of the retort. 1he three vents on the retort were a petoook 

(always open to bleed non-ooodenaible gases) end t110 larger vents, one 

trcn the safety val.n line, and the other fl"CCIl the retort. 

l• Canpresaed air supply 

Cr:npressod air tor pressure cooling of oana was introduced at 

the aide of the retort through a regulator and. valve in the supply line 

frr:n the ccmpressor. 

lt• Water supply 

Cold water oould be introdooed into the retort tor oooling either 

at the bottom of the retort through the drain outlet , or through a spray 

header in the top of the retort. 

2.• Revolving ora te drive 

'lbe revolving orate was driven by e. 1 BP eleotrio motor w1. th e. 

variable speed drive unit (Charplea and Hunting pty. Ltd. 1 Kelb. Aust. ) 

wi th  e.n output range of 73� rpn. 'lbia was situated underneath the 

retort, and the drive to the orate shaft was by V bolt. Several pulleys 

were provided for an even wider range of orate speeds. 



Fig. 1 q  Can .fi\hng Opparotus 
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(b ) Preparation of the retort for processing experiments. 

(1 ) Instruments 
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Before each run the crushed ice in the reference junoticn flaelc 

was topped up. Excess water was removed from the mounted flask in the 

rotating experiments with a syphon. 

'lhe input terminals of the recorder were shorted, and the pen 

adjusted to read zero on the 0-1 mV range. '!he baolt omf of the Cambridge 

poteutianeter was also checked against the internal standard cell. 'lhe 

speed of the revolving crate ft.s adjusted until the correct number of' 
points per minute on the Varian ohart waa obtained. 

'lhe potentianeter ohart and the thermooouple swi tohing equipment 

were arranged so that the chart 110uld record f'rca the zero point at the 

beginning of the run. 

(ii ) Wiring and filling of' cans. 

'lhe thermocouple lines in the retort from the recording potentianeter 

were connected to the can thermoc ouple leads and the joints soldered. All 

joints in the retort were taped to prevent contact with the can or the 

retort we.ll, and all circui ta tested for continuity. 

Cans were tilled with the suorose aolutic:n without disoameoting 

the thermocouples ( see Figure 1 9 ) .  Filler nipples made f'ran the oll ve 

compression fittings used for early thermocouple sealing were used ( see 

Figure 20a) . It 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 11hile still under vacuum. 'lhis method 

of' sealing was quite satiafaotory it the 3/1 6 in. steel balls were used 

no more than 2 or three times w1 th the corrosive acidic sucrose aoluticms. 

1be balls bad been well seated in the brase fittings before these f1 ttings 

were soldered onto the can. 

Head space in the cans was controlled by tilling w.i. th a constant 

volume of solution (4.54 ml for a .301 x 409 oan) . 

'lhe stationary oana were arranged on the 'tra3 in the front of' the 

retort, usually with at least one oan diameter between adjacent oana. 'lhe 

oans for the rotating experiments were fixed into the crate as shown in 



Fig. 2.0 o F i ller n \pple. 

s�c: t i on AA 
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cap 
�· I& 'tcel ball 
holwd olivt. compru,ion f itt1n9 
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ThicR walled rubber tu� to wcuum pump 

�"10. topper tubt. 
f stul ball 

cop 
halved olive. compression Fitt inq 
Cal IVQ\1 

f iq. 2. 0  b Fi U�r nipple for vacuum $<loling. 
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figure 1 2a, taking particular care to ensure that the oans on their 

sides (i . e. 1li th their axes tangential to the direction of movement) were 

securely fastened. loose thermocouple l'lire was 'WOUnd around each can 

before it was fixed in the orate. 

(iii ) Arrangement of retort thermocouples. 

Before closing the retort, the retort temperature thermocouples 

were arranged in their proper positions, i . e. near the centre of the 

retort above the stationa.r;y oans, or near the oans in the revolving 

crate. 1hree jUnotions were used in parallel in the rotating can experi

ment s ,  and widely fluctuating emt' a at the beginning ot the air cooling 

phase were avoided by ensuring that these retort thermocouples were out 

of the line ot the inoc:ming cold air wb:i.oh i s  admitted at the side ot 

t;!e retort just in front of the revolving crate.  'lhe e nd  of the rubber 

tube covering the thermocouple wires (rotating can runs ) was securely 

tied to one of the �an supports. 

(iv) Closing 

'lhe retort door ...as closed end a oheok made to ensure that the 

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

{o ) Process oyole. 

In thi s investigation only two proce ssing factors , viz : the pressure 

and the length of the process were varied. Other processing factors 

were kept as nearly c onstant as possible. 

Measurements of retort temperature and pressure after various 

lengths of venting showed that two minutes ...as sufficient time to purge 

the air from the retort. '!his was therefore used as the venting time 

for all statio and agitated oan runs. 

At the end of the venting period, the drain valve and then the two 

vent valve s were olosed.. Retort pressures ot 1 .5  paig (approximately 250°P') 

and .30 psig (approximately 272Cp) were reached 0.4 - o. ; min. ,  and 0. 8 -

1 .0 min. after closing the vents. 



(i ) Holding period. 

As soon as the required retort pressure was reached, the by-paaa 

valve was closed , and the pressure controlled manually either by the by-pass 

valve or the main steam valve. A stopnatch was started as soon as the 

desired retort temperature was rea.ohed, end the corresponding point marked 

on the recorder chart
. 
a• soon as the control settled down. Temperature 

0 variations were usually less than about z.0. 2  F, although larger variations 

sanetimea occurred just after retort temperature was reached. 

(11 ) Cooling period. 

As the main steam valve was closed at the end of the holding period, 

the air valve was opened and the retort pressure held at 1 5  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. 'lhe air valve was closed as soon as 

the pressure in the retort system began to rise at'ter the initial drop, 

and the pressure held steady at about 20 paig 'I.Ultil the retort was 

approximately i tull ot water • . 'Jhis water was ilDIIediately drained and 

the rbtort filled a seocmd time. �· second fill was drained u aoCil aa 

all oan temperatures were less than about 1 50°P. 'lbia gave a can temper� 

ture of about 1 00-1 20°F when the retort waa opened. 

(iii ) Sampling. 

!!he sucrose solution wa• drained into .500 ml measuring cylinders 

without diaoonneoting the thermocouples. 'lhe volume was cheoked because 

occasional lealca&e of can fit tings did oocur. Two 1 0  ml samples fran 

each cylinder were transferred to 20 ml test tubes, stoppered and placed 
� 

in the 25°0 ,/or holding before analysis. 

(d ) Processing experiments. 

(i ) Sucrose h3drolysis rate determination 

Variations in the preparation of the stook buffer solution and 

preparation of the sucrose solution from the stook buffer made it necessary 
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to determine the rate of hydrolysi s at :::ome referenc e ter:1pero.ture for 

each batch of soluti on. Two methods, at 21 2°F and at retort temperature 

have been used. 

(1 ) Hydrolysi s rate determinaticn at 21 2°F. 

'lhis method was used for the statio can run:J and for some of 

the rotating oan runs. 

I t H0 , the rate of hydrolysi s at the temperature of steam T i s  

determined in the hypsometer using the method outlined unde� rate of 

hydrolysi s deteminati on, section (ii ) ,  paragraph 1 .  '!'he rate of 

hydrolysi s at 21 2.0°F (H0) i s  determined from H1 and the H vs T ourve -0 � 
i . e. :z H� + ( l) I 

T 

( 2  ) Rate of hydrolysi s determination at retort temperature. 

A disadvantage of the determination of the referenae sucrose hydrolysi s 

0 
rate at 212  F i s that the rate of hydrolysi s at retort temperature (used 

in calculati on of equivalent retort times ) , is sensitive to small changes 

in the slope of the log H vs .!. curve. A method of determination of 
T 

suorose hydrolysi s rate at or nelll· retort temperature was therefore sought. 

Use of the glJO erol bath i s  unsati sfactory as the number � samples 

to be proc essed for a reasonably preci se determination � hydrolysi s rate 

i s  too large. Pour of the brass test tub e holders were , therefore , 

modifi ed to include a thermocouple with each tube ( see Figure Sa) and 

these four tubes were proc e ssed in the ret ort four minute s  at retort 

temperature , with two minute s  pre ssure c ooling. 'lhe tube holders were 

fixed to the oan supports in the revolving crate and the crate revolved 

at a speed (72-108 rpm) that would ensure thorough mixing of the 

s olution. 

Heat penetrati on into the tubes was muoh faster than cans. 

Differeno es in temperature and measured suorose hydroly :rl s b etween tubes 

were very small. 'lhe method of c alculati on of the hydrolysi s rate at 

retort temperature (�) i s  discussed under calculation methods. 
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sucrose hydroly s 1s  r u n s  (ie r u n s  10- 13 and 15 - 1 7). 
(A ll dimens ion6 in figures Zl a and 2.1b are for the in�ide oF the con.) 
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(ii) :ltatio can runa. 
!• Temperature di stributi on rune. 

A single 't'l!.ter-filled 301 x z.o9 oan w1. th seven thermooouples 

( see Fig. 21 a; � used to study the temperature distribution during the 

heating and o oollng phases. A l�er d.r Gooling ,pt'le.ee than usual es 

used (5 min. instead of 3 min. ) .  '!hi& allowed � qlee.rer pic ture of the 

temperature distribution in thi s phaae to be obtained • 

.£• Suaroae hydrolysi s runa .. 

Buffered INDrose eolution wsa prooesaed in static cans as 

Shown in Table 5. 

Table 5 s Statio can processes - sucrose hyd.rol;rsi lf rina. 

lhln No. 

Pressure 
(paig) 

Time (min. ) 

10 1 1  

1 .0 

1 2  1 3  1 5  

30 1 5 

1 . 5  

1 6  1 7  

·1 5  1 5  

3.0  

F1 ve .301 x 409 c ana  ware prooeeaed in each � ·  t1fO with thre e  themo

oouplee (l"i&Un 21 b ) ,  one Tli tA:- one thermoc ouple at the oentre, and t-wo 
oana wL thout thermocouples • 

.l• Sucrose milk and water c anpariaon. 

Four runs (2 min. and 5 min. at 1 5  psig and 30 peig) 'tdth 

oans ot milk ( to.l supply) ' sucrose aoluticn ana -.ter were carried out. 
Each oan had two thermo=ouples an the o an  e.xia, i in. Bnd 3l in. f'rom 

the bottan. 

(Ui ) Botating onn rune. 

Spoeda of rotation of 72 , 00 ,  96 nnd 1 08  rpm were used in the agitated 

onn .runs. 1'he various time-temperature oombinatiorus a..re shown in tables 6a and 6b. 



Table 6a : Swmnary of rotating can runs 

Prooesa 2 min. 5 min. 
30 psig 30 psig 

Speed 
(rpn) Run number 

72 28 .50• ' 55 

80 44 51 

96 45 52 

1 08  53 54 

1 00  

2 min. 5 min. 
1 5  psig 1 5  paig 

57 58 

59 61 • ,69 

62• ,  70 63• ,  71 
64 65 

• Irregularities in the sucrose hydrolysi s measurements of run .50 ,  leading 
to di sagreement of the measured and calculated equivalent retort times 
were observed. Two detel'lllinations of auarose hydrolysi s rate at retort 
temperature for the aolution used in runs 61 , 62 and 63 were unsatiaf'aot
ory. 1'he suorose hydrolysis measurements have therefore been di eoarded. 
for these runs. 1'he time-temperature data are quite satiataotory, how
ever, for oaloulation of the chemical and bacterial equivalent retort 
times. 

Table 6b : lli eoellaneous rotating oan runs 

Run Speed time pressure 
number (rpm) (min) (psi g) 

38 80 2 30 

40 80 2 30 

1 26 2 30 

Ialg slow 

l 
oome-� due 
to failure 
of boiler 
pressure oon-
trol unit. 

) Only cne run 
at this speed. 
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tar.g� ntiol llj 
r ot ate d can 
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Fig. 2.2a Tangential ly an d rod io l ly rotated cans. 

porax·,a\1\j rotated c o n s  -----.\CL 

o x ioll � ro tated c.o n 

r� vo lvinq 
bo c ke t  

Fig. 2.Z. b A x i a l ly a nd parax ial l y  rotate.d cans. 
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Initial rune with rotating cane indicated. that no signitioant 

ditf'erenoea in temperature, at different poeitioaa within the oan, occurred 

for cane rotated radially or tangentially ( J'igure 22a). Temperature 

differences were apparent in axially and paraxiallY' rotated cane (Plgure 22b) .  

Temperatures at  points not on the oan axis (axiallY' and paraxiallY' rotated. 

c ans )  showed tluatuationa ot the S8111e frequenoy ae the cage rotation. 

�e results of Clifoom crti al (1950) indicate that optimum heat 

tranafer to cans rotated radially ia  in the rang& of' speeds that ghw 

o entrif'ugal aoceleratiCl'l at the can cen11re appronmately equal to the 

accele.rau·an due to gravity. �eir resa.lta also show that the maximum 

heating rate of axially rotated can• oooure at !lUCh higher rotati onal 

speeds than the maximum heating �ate ot radiaUy rotated cana. 'lhia 
investigation was therefore .oorifined to �1 aoil tangential rotation 

of cans , with rotational speeds �ving oentri"fugal aooelerations at the 

can centres in the r�e 0.65 to 1 . 5 times that due to gravity. 'lhe 

aocelerations ahown in table 7 are baeed On. the radial cans, the centres 

of 111bioh wel'e � S  inches rran the axis or rotati'drt.' 

Table 7 1 Centri fUgal acceleration at oan o entrea 

rotati�. 

ape� '(rpmJ 72 80 

acceleration 
(ft/aeo2 ) 21 • .} 26 • .} 

a 
c 

relative � 
accelerati on g 0.66 0.82 

96 1 08  

37· 9 48.0 

1 . 1 8  1 .49 

�e rotatian.al speeds were chosen, w1 thin the required rqge• to 

give an integral number or readings or em£ per minute. 'lhia made for 

easy adJuatment of the n.riable speed drive, using the synchronously 

driven chart aa the timing baee. FCNr cage revoluti ons per reading were 

used on the two slowest speeds , and six revoluti ons per reading on the 
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two hi ghest speeds, giving 1 8 ,  20 , 1 6  and 1 8  readings of emf per minute 

for the speeds of 72 , 80, 96 and 1 08 rpm re spec tively. 

CAI.CtJLh n ON  KE'IHODS 

Graphical integration (with re spect to time ) of chemical ree.otioo 

rate data and bacteri al destruction rate data has been used to calculate 

equivalent retort times for the chemical and bacterial systems respec tively. 

Calculati oo data 

(a)  Chemical reaction rate data. 

�e determinati on of sucro se hydrolysi s rates at various tempera-

ture s and the c alculation of the specific rate of hydrolysi s vs tempera

ture table has been de sc ri b ed in (d) and ( e )  of the sec ti on on Chemic al 

System Development. 

(b)  Bacterial destruc tion rate data. 

For purpose s of calculati on of bacterial equivalent retort times, 

spore destruction rate tables have been calculated for a number of organi sms, 

using data fra:D. the ll terature. Two of the se organi sms, (Bacillus stearo

thermophilus (Strain m24, in milk) and Bacillus S\!btilla (Strain 786 ,  in 

mi lk) from the data of Franklln et al (1 9� and (1 958 )  re apeotively) , have 

been used extensively in calculati on of equivalent retort time s. 

B. stearothermophilue i s  one of the most heA.t resist&nt organi sms occurring 

in prooessed foods, 1'1hile B. subti llt is &n organi sm camnonly reaponsible 

f or spoi lage of sterili zed mi lk. 

l"rom the point of view of proc ess calculati on B. stearothermgphilus 

can be considered a typical organi sm. A value of 0 . 
z of 1 7. 0  P has been 

c alculated fran the data of Franklin et al ( 1 95a.) .  'lhi s  i s  very close to 

the value of z of 1 8 .0°F often assumed in traditi onal proo ess calculati ons. 

B. subtili s ,  however, has the very low value of z of 1 2.0°P ( Pranklin 

et al ( 1 958 ) ) .  Organi sms which give lower z ' s , i . e . steeper log D vs T or 

log D vs j_, curves are likely to be rare, and henc e thi s  strain of B. 8Ubtilis 
T 

o an  be ccnsidered an extreme type. Activati on energi es for the destl'UQtian 

of both organi sms have been calculated, and used for interpolation and 

extrapolati on of the data. 
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(1 ) Lethal rate vs temperature : B. 1tenrpthermophilul 
Franklin et a1 ( 1 9� give Q1 0  a 

1 1 , 5  in the range 1 10 to 1 25°0. 
Using the interval 1 1 2,5 - 1 22, 5°0 gives e.n activation energy for the 

destruction ot B, stellfothermophilue ot 74. 1 kcal/mol. 'lhe spore destruction 

rate at 1 1 5°0 ia 0,0833 decimal reductions per minute. Henoe the rate ot 
destruction of B. stearqt8emgpb11U! 'lB24 spores in milk is given b;y -

� �lo�oN) 
• 1 

o(J T DT 
• 0 .0833 exp [� 1 . 9  7 

1: lo -1 
� 0 ( -29�?0 

( 1 - .1.& )] 388.2 1' 

+ 1.0.62o] 
decimal red.uotia'lS per minute, mere DT i s  the decimal reduction time 

at � � Rates of destruction for 3. stearothermopbilus (and for B. subtilis) 
are sh own  i n  Appendix VII. 

(11 ) Lethal rate vs teu�Perature 1 B, !IUbtili• 

Pranklln et al ( 1 958) give for B, ;ubtilia (Strain 786 in milk) 
a value ot �O equal to 31 .7 in the range 1 12,5 - 1 20°0 (trcm llhioh 

BA • 1 02.0 mal/mol) ,  and rate of destruoticn at 1 12 . 5°0 eq,ual to 

0. 1 88  decimal red.uo tions per minute. 

b;y -

Hence for B. subtilio spores the rate of destruction ia ginm 

= 

= 

Tab\llation 

0 . 188 e.xp 1 1Q1
2
.i47 

( 1 L 3'85.7 

lo -1 
&t o  

¥)1 

decimal reduotiooa per minute, 

Fotentiometer recordings are shom in figures 23a and 23b for 

typical statio e.nd agitated oe.n runs respec tively. 'lhe thermooouples 
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are identified and the time from the beginning of the process is  sh01V11 

on the ri�t hand side of each chart. In the rotating oan runs readings 

of emf are numbered consecutively from the beginning of eaoh run. �ese 

point numbers are shown in figure 23b and changes of potenticmeter range 

and other relevant process data are marked on eaoh chart. 

Time was marked on the statio oan chart at intervals of 0.05 or 

0. 1 0  minutes 1 and the time and emf entered in the table against the 

thermocouple number (see figure 24&, columns 1 to 3 ) . 'lhe emf for eaoh 

paint on the reo order chart, for the agitated oans, was taken at the end 

of eaoh interval and entered in the table against the thermae wple number 

and point nUClber (figure 24b , oolumns 1 to 3) . �e emf was read directly 

frcm the chart, using a pair of dividers in the 0-10 m V range to take 

account of the offset at the zero mark ( see figures 23a and 23b) . 

�e temperature corresponding to eaoh sf in column 3 i s  entered 

in column 4, and the specific sucrose hydrolysi s rate and the rate ot 
destruc tion of B, stearothemophilus spores and B. subtilis spores, in 

columns 5 ,  6 and 7 respectively (figures 24a and 24b ) . 

Plotting and integration 

'lhe hydrolysis rates and spore destructicn rates were plotted 

against time (statio oa.n runs) or against point number (agitated oan 

runs) . Typical curves are shown in figures 25a ( statio oa.n) and 25b 

(agitated ca.n) . 'lhe integrations were done wi. th an Allbri t planimeter 

2 set to read 1 5.0  in per revolution of the measuring wheel, and the areas 

recorded directly in revoluticns. A third integration was done if the 

difference between the first two readings was greater tha.n 0.004 rev 

(i. e. o.o6 in
2 ) . 

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. �e area under this curve 

(ABCDXA in figure 25b) and also the area under the 'aurve while the 

retort is at the required pressure (BCPGB in figure 25b ) were also 

measured. 'lhe process time at retort temperature ( OG!' in figure 25b) 

i a measured from the Varia.n chart. 
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OaJ.guJ.aticm of EQuiyalent Retort Times 
(a) Equivalent retort time from temperature data. 

'D1e equivalent retort times are calculated from the area 

PQBST.t- and tile area BCFGB ( see figure 25b ) .  

Area BCFGB i s  equivalent to (}GF min. at retort temperature. 

Thel'f;fore z 

0 .. area PQRSTP • 

area BCFGB 
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If "offset " (page 88 ) was observed after all can temperatures had 

become steady, a correction was made to the equivalent retort time by 

multiplying the equivalent retort time by -

(ij is  the specific hydrolysis rate at retort temperature e.nd.{Hj 
I 

i a  �e speoitio hydrolysis rate at the indicated can temperature. 

Corrections were not often greater than about 2% for sucrose 

hydrolysis equivalent retort times (indicated temperature error of 0. 4°P ) 
and. the error on the corrected equivalent retort time i s  probably less 

than 0. 5%. 

Similar corrections were applied to the spore destruction 

equivalent retort times. 

A typical calculation of equivalent retort time for sucrose 

hydrolysi s i s  shown in figure 26 . 

(b)  Equivalent retort time from suo�ose hydrolysis data. 

'lhe mean retort temperature TR is calculated from the 

mean height of t he retort rate curve between B and C in figure 25b. 
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�e rate of hydrolysis (H0) at the reference temperature i s  known 

( see (d) , (1 ) ot the section on Processing Experiments) and henoe the 

hydrolysi s rate at retort temperature can be detemined, 

�e equivalent retort time from the sucrose hydrolysis measurement 

is  then given by -

nR. - pR 
(.) = &J 0 

� 
"'lhert) pR0 and pR1 are the values ot pR before and after processing. 

(o ) Calculation of H0 fran measurement of slllrose hydrolysi s 

in agi. tated tubes. 

Significant sucrose hydrolysis takes pleoe during the heat-

ing and cooling periods in the determination& of sucrose hydrolysis rate 

in agitated tubes at retort temperature. �e specific suo rose hydrolysis 

rate i s plotted against time (or point number) and the equivalent retort 

time ( 0 ) calculated as outlined in seoticn (1 ) above . 'lhe rate of 

hydrolysi s at retort temperature is then given by : 

= 
- pR 0 

�e speoific hydrolysi s rate (I ) at the mean retort temperature 
O R  

i s  determined fran the mean height of the retort temperature speoifio 

hydrolysi s rate Cl.l.rVe , and the hydrolysis rate at 21 2.o
0
:r (H ) is then 0 

calculated by -

'lhi a  estimate ot H0 is  the.1 used for the calculation of equivalent 

retort tiaa tra:n BUOroae hydrolysis measurements as outlined in 

secticn (11 ) above. 
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RESUL'!S AND DI SCUSSION 

Statio Cans 

( a) Temperature di stribution runs. 

'!he results of the three runs wi th seven thermae c:uples in a single 

water-filled can are shown in figures 27a, 27b and 27o . Temperatures are 

plotted as log (1R - T) vs r; 1 T vs d 1 and log (T - To) vs o ,  for the 

heating, air-oooling, and water-oooling peri ods respectively. 

(1 ) Convection pattern. 

It i s  seen that the temperature-time curves for points near 

the oan wall (broken line s) and for points on the oan axi s ( solid lines) 

are fairly evenly spao ed, particularly in the heating part of the prooess. 

'lhi s implie s  that i sothermal surfaoe s  in a central core in the oan are 

horizontal , and that a ' pi ston' of liquid i s  moving slowly down the 

centre regi on  of the c an. In the present case the pi ston i s  at least 

2 in. diameter (et can di ameter, 3.0 in. ) .  

'lhe do'f!nWard velocity of the fluid c ore c an  be estimated from the 

temperature s  if it i s  assuned that o ooduction i s  not significant within 

the pi ston. In the later stages of heating and. in both periods of 

heating the fluid velocity i s  ot the order of 2 in per min. 'lhese 

velooi.ties tend to decrease as the temperature differences, between the 

inside and outside of the can, become small. 

'lhe general temperature di stribution agrees well wi th that of 

Jaokson ani Olson ( 1 939 ) .  'lhe lower temperatures that these workers 

observed at the axi s  were not observed in thi s  study. It therefore appears 

that di sturbance of the weak convection currents may have been significant 

in their work. 

'lhe deviations from the simple pi ston flow temperature di stribution 

in the air c ooling peri od are probably due to minor eddy currents. 'lhese 

have been observed by a number of other workers including 'rani ( 1 939 ) , 

l"agerson and Esselen ( 1 950 ) and Blai sd.ell ( 1 963 ) especi ally in the initi al 

phases of heating. 'lhe momentum of the li quid c ould also be important 

as the directi on  of the flow reverse s. 
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(ii ) Heat transfer oa.loul&tions. 

A simplified temperature distribution based on the piston flow 

model has been a.sSUIIled ( see figure 28) and the total heat, Q , of the 

oan oa.loulated, 

where D1n, and Tn are the mass and temperature respectively, of element n 

as shown in figure 28 , and cp i s  the specific heat of the fluid. 

from -

An overall heat transfer coeffici ent, h, has been calculated 

� = h � (An • 6.Tn) 
dB n 

'Where A i s  the surface area of element n and �  i s  the difference n n 

between the retort temperature and the temperature of element n. 

Newton ' s  interpolation formula has been differentiated to give 

an equati on for the calculati on  of the rate of heat transfer qa-

q 

n>.e first and second forwe.rd difference s  t.Q0 and l·Q0 are based on the 

value s of Q at 8 ' 11  0 I 

i s  calculated at 9 1 •  

and n 2• 'Ibe time interval i s  6. � and 

Pigures 29a, 29b e.nd 29c show the variation of the overall heat 

transfer coefficient with time .  

� e  increase i n  heat transfer c oefficient i n  the first two 

minutes of heating ( figure 29a) is due to the decreasing proportion of 

ai r  in the retort and the consequent increase in outside heat transfer 

c oefficient for heat transfer from the steam-air mixture to the wall. 

The fluid velooi ty appears to be relatively c onstant ( about 4 in. per 

min. ) during thi s venting period. 'Ibe decrease in fluid velocity as 

retort temperature i s  approached probably explains the decrease in the 

heat transfer c oeffici ent during the later stages of heating. 
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'lhe inorensing proporti oo of air in the first stage of the cooling 

would tend to give n deorense in heat transfer coefficient. 'lhia has been 

observed in all runs ( see figure 29b ). 

P'igure 29o allows a maximum in the heat transfer coefficient vs time 

curve. 'lhi s  is almost certainly beoauae approximately one minute 1 a  

required to cover th e  c an  ccmpletely with water. 'lhe decrease in veloo1 ty, 

and the increase in vieoosity with dec:.reue of temperature will both 

decrease the heat tranater coefficient aa the mean can temperature approaches 

the temperature of the cooling water. 

Heat tranefer coefficients as calculated above have the drawback 

that a temperature di stribution within the oan must be assumed before 

rates of heating can be calculated. Heat trnnafer coefficient baaed on 

the centre point tempernture or on the average temperature may be more 

useful, e.g. in the calculation of equivalent time difference s  ( see p 1 82 ) . 

(b ) Suoroee hydrolysi s nt."l:!l 

Temperature-time curves nre shown for one can from eaoh of 

the four runs at YJ paig and ooe for each of the three runs at 1 5  paig, 

in figures 30a and 30b respectively. 

Hydrolysi s rate and spore destructi on  rate curves have also been 

plotted for these rwuJ. Two typical sets of rate vs time curves are 

sh01'1n in figure 31 to illustrate the effect of the greater activaticn 

energies of the booterial systems. 'lhe temperature-time ourvea from 

?hioh these rate curves are derived are alae shown. 

Tables 8a Dnd 8b give the equivalent retort times calculated from 

the fixed point temperature data for the seven runs. 'lhe equivalent 

retort times calculated from sucrose hydrolysi s measurements are also 

shown in tables 8a and Sb , (pp 1 20 ,  1 21 ) .  

(1 )  Equivalent point determinati on. 

'lhe valldi ty of the applicati on of the simple oonvecticn model 

to statio can calculati ons can be assessed by comparing the sucrose 

hydrolysis equivalent retort time, as estimated by measurement of sucrose 
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hydrol;rsi s ,  with that estimated from fixed point temperature data. 

'lhe equivalent retort times at the three point s in the can are 

shown in figures )2 a  nnd ,32b. Data frc:m the four c an s  of suorose solution 

in the suc ro se , milk, and water compari son runs ( see Table 1 0) are inoluded 

in figures .32 a  and 32 b. 

If i t  is assumed that the fixed point equivalent retort time vs 

height of thermocouple above the bottom of the can cuzve i s  smooth 

( see figure 3c ) , an equivalent point can be found by interpolation. 'lhe 

equivalent po:lnt l e  such that the residual sucrose oonoentration at ;thi s  

point i s  equal t o  th e  average suc rose c oncentration i n  the c an  after 

processing. 'lhe equivalent points are ahcnm in figures .32 �  and 32 b. 

It  i s  seen that the e quivalent point tends to move towards the 

top of the c an  as proc e s s  time i s  increased in the 30 psig runs. No 

explanation could be fo-und for thi s in terms of deviations from the con-

veotion pattern, a s  incc:mplete circulati on in the can would cause the 

equivalent point to fall below the c entre. 'lhi s can be deduced from 

the equivalent retort time Analysi s of the :pi ston flow oonveo tion model. 

'lhe equivalent retort time for the whole oa.n based on the extreme case 

or no oiroulati oo is 2. 679 minut e s ,  and the eiJ_uivalent point i s  there

fore approximately 0 . }  of tl-.a oan height c.bove the bottom of the oan. 

A partial explanation of the ri sing equivalent point in the 

30 p sig runs was found when the agitated can experiments were proceeding. 

Consi stent differences between calculated and measured equivalent retort 

times indicated that the specific sucrose hydrolysi s rate vs temperature 

table used in the statio can run calculations was in error. 'lhe error 

arose beoause too few data were taken to establi sh the rate of hydrol,-si s 

at high temperatures adequately. 'lh.e equivalent retort times calculated 

frc:m temperature data will not b e  affec ted greatly by the error, as they 

are ratios of t110 aroas, both of llhioh are calculated from the table. 

Beo auae the error i s l!lllall, the equivalent retort ti me s  have not been 

recalculated. '!he measured equivalent retort time i s  affsc'...ed by the 

error, because -

where :: 
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Table 8a 1 Equivalent Retort Times : Statio oana, 30 psig rune 

Equivalent retort times (min. ) .!Yl and Prcoeaa 
thermo- from fran temperature data 

time 
couple sucrose suo rose .B1aj:earo- � •• �Si&li• 
number (min. ) hydrolysis hydrolyei. thermo-

pbilue 

1Q .R 1 .0 3·45 1 .  77 1 .64 
A1 • 2.92 3.96 1 .40 o. 89 A2. 2. 76 0. 53 0.25 
A3 1 .88 0.21 0.07 
B2 3.02 3·01 0. 78 0. 39 
01 3·03 3. n  1 .43 0.94 C2 2.65 0. 51 0.25 
C3 1 .82 0. 1 9  o.oe 

.11 R 3.0 s.69 4. 1 5  3.78 
A1 5. 1 6  5.88 ,3.68 ,3.04 A2 4. 70 2 .45 1 .  73 
A3 3 .68 1 .40 o.89 
.B2 5.26 4.83 2.46 1 .80 
01 5.27 6 . 1 6  4. 10  3· 51 C2 5. 1 7  2.88 2.27 
03 4.o6 1 .  75 1 . 1 8  

ll R s.o 7· 57 5. 94 5.62 
A1 7. 81 a. so 6.86 6 .47 A2 7·35 5. 1 8  4.6o 
A.3 6.25 ). 80  ,3. 1 3  
.B2 7. 62 7.21 5.04 4.35 
C1 7. 83 8. 36 6 .67 6.20 C2 7. 24 5. 1 2  4.49 
03 5. 90 7. 45 2. 74 

ll R 7.0 9 .59 7. 96 7· 70 
A1 ') . 97 10.24 8.42 7.86 A2 9.0.} 6 .74 6.07 
A3 7· 93 s. 46  4. 73 
B2 1 0.01 9 .31 7. 27 6 . 72 
01 '). :;,l') 10.35 8.80 8. SQ 
C2 9.21 7.23 6.63 
C3 7·97 s. so 4.84 



Table 8b s Equivalent rtetort Times 

Equivalent 
� and l?rooess 

thermo- time from 
c oupl e sucrose 
number (min. ) hydrolysis 

.1.5. R 1 . 5 

A1 • 2 .65 
A2 
A3 

B1 2 .68 
B2 
B3 

� R 3.0 

A1 4. 63 
A2 
A3 

11 R 7.0 

A1 8 . 90 
A2 
A3 

B1 8 .49 B2 
B3 

Static cans,  1 5  psig runs 

retort times (min. ) 

fran temperature data 

sucrose B. stea.ro- Bs subtili§ 
hydrolysi s :l:eermQ-

Ehi lus 

3 o 93 2 . 38 2. 1 1  

3 . 72 1 .35 0. 86 
2 . 41 0.47 0. 22 
1 . ,50  0. 1 6  0 .05 

3 o 52 1 .26 0.80 
2 . 39 0 .47 0. 22 
1 . 41 0. 1 3  0. 04 

5 .60 4.06 3. 78 

5. 82 3. 44 2 . 76  
4. 56 1 . 84 1 . 21 
3 .04 0. 83 0. 1 4  

9 .03 8 - 32 7.80 

1 0. 1 1  8. 1 4  7.31  
8. 40 5o 56 4. 53 
7.02 4.21 3 .27 

9. 96 7. 98 7.08 
8 . 50 5 . 99 5. 04 
7.06 4.27 3 - 38 

• 'lhermoc ouples 1 ,  2 ,  3 are on the axi s  of a 301 x 409 can, 3. 5 in. , 
2.0  in. , and o. 5 in. above the bottom respectively, excep t  for 
cans 1 1 C  and 1 2A ( thermooou�les 3.7 in. , 2 .2  in. , and 0. 7 in. , 
above t.he bottom of the can) . 

'lhe effec t of using the corrected specific suorose hydrolysis 

rate vs temperature table i s  to increase the e stimate of ( !:_.) by about 
0 Ho R 

3% at 270 F, and so to reduc e the estimate of 0 by the same amount. 

� s  moves the equivalent point towards the can centre. Unfortunately 

no SUCl'ose solution wa s avnl lable fro;a the se l.'un s  to check tl-.c e stimate s  
of (�) and H0• 

R 
'lhe 1 5  psig nms are not greatly affected by the error in the 

specific sucrose hydrolysis vs temperature table as the correction i s  

only appreci able at temperatures greater than 250°F. While a certain 
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amount of soatter in is  observed in the equivalent points for the 1 5  psig 

runs, there i s  no definite trend towards the top of the can. 'lhe efteot 

of soatter of the equivalent points is di scussed in the next section. 

(ii) Equivalent retort time correlation ( 0 baot vs e aherm).  
ll'igure 31 sh ows  temperature vs time curves,  and hydrolysis rate 

and spore destruction rate vs time curves for two typical stationary 

cans (can 1 0A, 1 . 0 min. at .30 paigJ can 1 2A, 5. 0 min. at 30 paig) , 

Although the ordinate soale• 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 activation 

energy. Canpari son of the area under each can thermocouple curve, and 

the area under the retort thermocouple curve while the retort is  at 

processing pressure , shows that the equivalent retort time for any 

point decreases as the activation energy increases. 

'lh� temperature and rate vs time curves for the 1 5  psig runs 

are slightly di ffere�t in shape , but show the same general trends as 

the 30 psig I'I.Dls. 

'lhe curves also illustrate the differenoe between total lethal 

effect of heat calculated at the coldest point, and that calculated at 

the centre point. It i s  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 temperat ure short time 

prooesses 11here all oan temperatures do not approach closely the 

temperature of the retort. 

For purposes of prediction of bacterial destruction from chemical 

reaction data, the equivalent retort times (Tables Sa, 8b ) for spore 

destruction ( @baot
) were plotted against the equivalent retort times 

for suorose hydrolysi s ( (.) h 
) as shown in figures 33e. and 3.3b for c em 

B. stearothermophilus and B. subtills respectively. 

Equivalent retort times are plotted for all points in the oan 

(upper thermocouples ( � )  1 centre thermocouples ( • ) and lower thermo

couples ( fl' ) ) as well as the equivalent retort times calculated from 
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the retort temperature. 'lhe equivalent retort times for a hypothetical 

oan following retort temperature exactly are included beoause they oan 
be calculated from temperature data mioh is relatively easy to obtain. 

��ese eg_uivalent retort times may prove useful in prediction of the 

e 1 0 b•�t correlation for the can oentreo and are easier to 
· ohem cu.; 

obtain than dii-eot values of 0 
ohem and 0 baot. 

'lhe retort temperature in nm 1 7  fell rather more rapidly than 

the retort temperature in the other 1 5  psig rtms in the nir cooling 

period. 'lhia appee.rs to be the reason for the scxne?lhat irregular position 

of the retort point for this run in figures 33a (11 ) and .33b (ii ).  
Figures 3J a  and .33b show that the 0 be.ot vs 0 

chem correlaticn 

i s  of the form -

0 bact 8 chem - �(-) 

for all prooeeses of cQ'IIlleroial interest, '!lbere M) or "eg_uivalent time 

differenoe" i a  'a constant , tile v�lue of \"lhich depends on the time-

temperature f'unotion obtaining in the can, and on the ao tivaticn energies 

of the chemical and bacterial systems. Deviations fran linearity ooour 
only at very short process timea (1 .0  or 1 • .5 min. at retort temperature) .  

'!he se e.re not likely to be used in processing of unngi tated o ana  of 

convection heating produots. 

Aa prooeaa time ia in:lreo.aed beyond the maximum ahom here , both 

the bacterial and chemical equivalent retort time s  will inoreaae by 

the aame amount aa temperatures at all points in the can are eg_ua.l to 

retort temperature. 

The equivalent retort time points (figure 3.,3 ) calculated fraa 

data of the upper thermooDUPlea o.re above the line and points from 

lowor thermocouples are, in gcmeral, below the line based on the 
centre points. Hence if  unoertainty exi sts aa to the exact position of 

the equivalent point in the can, the position of the 

line llill also be unoertain. 

8 VB chem 0 baot 

'lhe three points for each oan may be oonneoted, as shown for 

cans 1 3A and 1 3B in fiQ.U'e 33 a (i ) .  From the se lines i t  may be deduced 
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that an 1.m0ertsinty in the posi ti c:n of the equivalent point o£ .:!:. 1 in. 
in a. 4 inch hii9l ca.n represents an uno erta.inty in 0 baot of approximately 

.:t 0 • .3 min. If 0 
boot is calculated from t emperature dAta alone (i. e. w1 th 

no measurement of 0 ahem) the unc ertainty of .:!:.  1 in. in the equivalent 

point �ves an uncertainty in 0 baot of approximately .:!:. 1 .2 min. 

'lhe above analysis assume s that the sucrose hydrolysi s eq_uivalent 

point i s  the same as the spore destnJotion eq_uivalent point. If the 

temperature data used in the development of the oanveotion model are 

considered it i s  seen that the extre'=le case o£ no oonveotion in the can 

d.ves an e quivalent point 0. 2.3 of the ca.n height above the bottan of the 

ca.n, llhioh i s  0.07 of the cM hei1.;ht below the su:::rose equivalent paint. 

In general the bacterial and chemic al equivalent points will be c loser 

than the extreme oa.se considered here. Smaller values of Dbaot than 
that used here ( 1 .0 l:lin. ) will al so tend to move the equivalent point 

nwa.y from the oentre point towards the coldest point , if the oiroulaticn 

of the fluid in the oan does not give uniform equiva.lent retort times 

for all element s. 

{ ill ) E·1uivalent time differences. 

If a oorrelaticn 01' the form 0 baot 
= 0ohem - 60 i s  to 

be useful in proce s s  evaluaticn ...tlere temperature s cannot be measured 

directly, a means of estimating A 9 must be found. 

For example , if heat penetration aharaoteristios suoh as heat 

transfer coefficients are kncmn for a given product, then i t  will be 

possible to calc ulate temperat ure-time curve s. Hence 0 chem and 0 bao t 

and hence �A oan be calc ulated. 'lhe calc ulated time-temperature CurYes 

c ould ...ell be adequate for predicticn o£ A0 even if they are not preoiee 

enough for actual evaluation of the process under consideration. 

Relationships between equivalent time d.U'terences for different 

organi sms 1fill also be extremely usef"ul, aa 0 baot for any organi sm 

can then be calculated from 0 baot from some other organi sm. 'lhis 

avoids having to carry out a complete oaloulation for the second organism 

as ia necessary with traditiCI'Ull process calculati on methods. 
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4 6 9  
(min) B. subtilis \ c..an c.e.ntres 

( I� psig runs) 
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time 
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O·b 0·8 
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The equivalent time differences for the two organisms and two 

processing pressures pressures are shown in Tsble 9.  

Table 9 

Organism 

Equivalent Time Differences Statio Can Huns 

Equivalent tlme Differences (min. ) 

1 28 
" 

retort temperature curve can temperature curve 

1 5  psig 30 paig 1 5  paig 30 psig 

B. ssear2-
themophilus 1 . 60 1 . 65 2 . 68 2.25 

B. subt1li! 1 . 82 1 . 87 3 . 50 2. 78 

these equivalent time differences are plotted against 

log [ EA (baot)  I EA (chem� in figure 31�. 'lhe can points are adequately 

described by a straight line through the origin, but the retort points 

are not. Too few data have been obtained in this study to indicate 

whether thi s plot wi ll be of general use in predicting 60 for one 

organism from �0 for another. It does not appear that the equivalent 

time differences calculated frcm the retort temperature curve.s are 

sufficient to calculate the equivalent time difference s  for the cans. 

1he relationship between the equivalent retort times for cans and for 

the hypothetical can following retort temperature i s  further disoussed 

in the section on Equivalent Time Difference Analysis (p 1 6o ) . 

(c ) llilk, water, and sucro se soluti on comparison. 

Temperature-time data fron cans containing milk, water and. 
sucrose solution have been used to plot the specific sucrose hydrolysis 

rate vs time curves. the rate vs time curves have been integrated and 

the sucrose hydrolysis equivalent retort times calculated for the three 

liquids. 'lhesu equivalent retort times are sha-m in table 1 0. Spore 

destruction equivalent retort times have also been calculated for the 
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1 ·0 frac t i on of con he •ght 

0·5 

0 0  0 

1 ·0  frac t ion of 
can hei g h t  

0·5 

5 1'\  w 11 I .. . 

11 I 

5 

1 r r 

li' i 

. 
I I 

(O ) 

i i 

(b) 

S • sucro&e solution 
M • m·d �t  
'.t • wat� r 

Gch m Cmi n) 
10 

11 r 

s · suc rose soluti o n  
M • mi ll�. 
W • wattr 

F i g. 3 5 Com p o r i  s o n  of m i \R , suc r o se solut 1 on 
an d wate r . Equiva lent reto rt t ime vs pos it i o n  of  
the r mo couple. : ea) 1 5 ps i g  runs , (b) 30 psiq runs. 



oane of suo rose solution for l'Ul'I.S 1 8  and 1 9 ,  and these nre included in 
table 10 ,  and in figures 3}a (il ) and 33b (ii ) .  

1h e  sucrose hydrolysi s equivalent retort times are plotted against 

height o1' U1e.rmocouple (above bottom of oan) in figure 35. Equivalent 

retort times for the onna of milk and suorose solution are in general 

nearly equal , but the equivalent retort times calculated from the 

temperature-time data from U1e water filled cans are �reater than those 

times calculated from data from oans of milk or sucrose solution. 

(The upper thermocouple point from tile milk filled oan in rtm 1 9  i s  

derived from a temperature-time cUITe vzhich i s  some'What unusual. 'lhe 

difference between the temperature-time curves for the upper and lower 

thermocouples i s  much greater than that observed for any of the other 

oana (including oans filled wi th sucrose solution) .  

lhese limited data indicate that measurement s of 0 ahem on an 
artificial system ( sucrose soluti cn in this oase ) can be considered. to 

apply to a real product ( such as milk) if the physiolll properti es 

( e . �. vit!IOosity) are of similar magnitude. 'Ihe vi soosities of milk 

and the 0. 75 molar sucrose solution are boUl approximately twice that 

of water over the temperature range for Wbioh data are available 

(Jenness and Patton, 1 959 ; Ferry, 1 950).  

Agitated Oant 

(a)  Tempsrature di stributi cn runs. 

A number ot preliminary runt with several thermocou,plea in 
esob oan were carried cut , m. th water filled c ans rotated radially 8Dd 
tangenthlly, M.d. axially and parnxially (figure 21 ) . Speeds in the 

range 70-1 10  rpm were used. 

Difterenoes in temperature within the oe.n nre cnly obterved 

for axially nnd paraxially rotated oans. 'll1e temperature distributicn 

in both tangentially and radially rotated cans wna extremely unifOI'IIl, 

and single thermooouplet were therefore used for all heat penetraticn 

measurements 1fi th the exception of rtm 28 in ?ihioh two oans had two 

thermocouple s. Axinl and paraxial rotation have not been studied in 

thi s investigation. 



Ta.ble 1 0  

51 and 
thermo-
oouple 

number 

ll R 

*S1 
S2 

K1 Jl2 
'11 
W2 

1i R 
S1 
82 

K1 
J£2 
'11 
12 

£Q R 

81 
S2 
X1 
Jl2 
1'1 
12 

ll R 

S1 S2 
)(1 ll2 
11'1 
12 
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Equivalent Retort Times - llilk, 'W!lter and suorose solutioo 

in statio oans 

Equivalent retort times (min. ) 

Process 
sucrose sua rose B. s�earo- B. sub�JJ.I 

time and hycJ.rol.y::i a hydrolyei s 1h e:rm2-
pressure ( experi- (oaloulated) philus 

mental) 

2 min. 4. 40 2.83 2 . 47 

1 5  paig 3.50 3. 94 1 . 47 0.93 
2. 58 0. 61 0.24 

4.01 
2 . 65 

4.24 
2 . 98 

5 min. 7.62 6 .o6 5.82 

1 5  paig 6.  73 6 . 98 4. 22 3.1.0 
5.61 2. 91 2 . 1 9  

7. 54 
5.65 

7o 53 
6 .04 

2 min. 4. 53 

30 paig 3o 91 4. 1 6  
2. 94 

4.33 
2 .83 

4.68 
3.46 

5 min. 1· 72 
30 psig 7. 43 7- 50 

6. ,30 

7. 29 
6 .29 

7. 98 
6. 78 

• S = sucrose, X = milk, 1' = 118.ter 

'lhermooouples 1 and 2 are 3 . 25 and 0. 75 in above oan bottom respectively. 
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(b ) Sucrose hydrolysi s runs. 

'lhe temperature-time curves are very �� . .  -u �.ar for all the 

speeds of rotati cn, and for both the rA.di ally and tangenti ally rotated 

cans. At times greater than two minut e s  after proc essing pressure waa 
I fl· 

reached , the can temperatures and the retort temperature were 11distinguish-

able. 

Two typical temperature-time ou:rns are sh01¥11 in figures 36a and 

36b. (�e speoifio suoroae hydrolysi s rate ourve s  and the spore 

destruction rat.� ourvea for the same proc esses are also sh01111. 1be 

equivalent retort time s and eq,uivalent time differences oaloulatuu from 

the rate vs time ot.<..-vea are di soussed in seotions (ii ) and (iii ) 

below. ) 

(i ) Heat transfer coefficient s. 

To enable a comparison of the relative rates of heating of 

agitated and statio oana to be made , heat transfer c oefficients have 

been o aloulated for four 30 psig suo rose hydrolysis runs, viz : runs 50, 

51 , 45, and 53, rotated a t  72 , 80, 96 , and 1 08 rpm respectively. Average 

heat transfer c oefficients based on these runs have been used to o aloulate 

time-temperature ourves for a number of prooesses and oan size s , in an 

analysis of the equivalent time differenc e oonoept ( see Equivalent 'fime 

Difterenoe Analysis, pp 1 57,  - 1 .58 ) .  

1• Calculati on of overall heat transfer ooeffioienta, (Fig. 37). 

Gra:tilloal interpolation of the raw temperature data was used to 

prepare tables of temperature vs time. 'nleso tables were used in the 

c alculati on of rate of ohenge of can temperature , and henoe of overall 

heat transfer c oefficient s ,  for four runs at 30 psig. The runs used 

t.ar beat transfer coefficient calculation were numbers 50 , 51 , 45, and 

53 , rotated e.t 72 ,  80 , 96 , and 1 08 rpm respec tively. 

�e eq_ua ti on 

T - T 
n+1 n 

6.9 

was used to e stimate the mean rate of change of t emperature in the 

interval 9 n 
to 9 n+1 • Tn 

and Tn+1 are the c an  temperatures at times 



T 

AT R n "' � ( � TR n + [:) T R nt 1 ) 
f3 = _L . £  LrrRn 6 &  
Note : The �" , &ntl £ tc, are. 
a rra nq cz d 'o that abrupt changes 
in � sle>p(. of tht retort 
tcz.mperoture curve. do not oc.c.ur 
within o time inttrval. 

F i g . 3 1  C a l c u lati on  of � ie. rate oF chan9e of 
temperature C�r unit tempq rature di fffl re nce). 
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O
n 

and 8n+1 respectively, end A 8 is the time interval. Time inter

vals of 30-40 seconds were used in the air oooling phase , and 1 5-20 . 

seconds in the other phases of heating and oooling. 

An ari tbmetic mean was used to estimate the mean temperature 

diffecence ( 6. Tn) during the interval 4 n to I} 
n+1 

whu� TR and TR 1 n n+ 

dn+1 respectively. 

are the retort temperatures at times (} and n 

The mean rate of ohange of temperature per unit temperature 

difference (e) is  then glven by t 

11 = .!.. dT = Tn+1 - Tn 
6. T 'di 11 0  . 11Tn 

1he overall heat transfer coefficient (h) is glven by 

mo 
• 1 dT h = --f 'KT di 

1he effective surface area (A) of a 301 x 409 can is 0. 380 tt
2 

(internal height a 4 1\  in. , internal diameter = 3 in. ) , and the mass 

of sucrose solution (m) is 439 gm ( 1 . 10 lb. ).  !he specific heat (o ) 
p 

or the auorose solution is ewtimated from data of Guoker and Ayres ( 1 937) 

to be o. a.s4 oal/gm. 

1he heat transfer ooetficient for the system used is  therefore 

l 1:ven by t 

h :a 1 .  43 iT �; Bt� OF 
hr. ft • 

vmere the time (} is in minutes. 

�· Com.Pari son ot agitated oan and statio oan overall heat transfer 

ooeffioients. 

1he values of the overall heat transfer coefficients for the four 

cans in each run have been averaged and plotted against time in figure 38. 
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ihe heat transfer coefficients for suorose solution in the 301 x 409 

cans are generally higher than those obtained for water in statio oana. 

ihe maximum heat transt'er coeft'ioient for the heating of the ag1 tated 
oans is about Y/0 B. t.u./hr.t�2�o;�-��; �.;;t�ted cans it is about 

/hr 2 0 200 B.t·. u. . ft • r. 1he heat transfer coefficients during the air 

phase ot the cooling oyole are of the same order for the rotating and 

statio cans, indicating that the outside film heat transfer ooeft'icient 

111&7 be the factor limiting heat transt'er in thi s  phase. During the , � 

water cooling period, the heat tranater coefficient for rotating oana 

is again higher than that for statio cans (200-2.50 B. t. u./hr. ft2• 0p 

for ag1.tated oana, and 1C>0-1 20 B. t.u./hr.ft2• o, for statio oana) . 

(11 ) Comparison of oaloulated and measured suo rose hydrolysis 
equivalent retort times. 

Table 1 1  shon the equivalent retort times oaloulated from 

suaroae hydrolysis measurements and the sucrose hydrolysis equivalent 

retort times calculated from temperature data. Cans 1 and 3 are 
ra.dially rotated oans, and cans 2 and 4 are tangentially rotated. 

Table 1 1  a t Keaaured and calculated suo rose hydrolyai a equivalent retort 
tim .. a 30 pld.g rotating can runa. 

Speed (.rpa) , 
oan nU!Ilber 

1 
2 
3 
4 

1 
2 
.3 
4 

1 
2 
' 4-
1 
2 
3 
4 

1Tooe11 time • 2 min 
measured calou1ated 

;.o6 5. 1 5 
5.20 5. 1 9  
5.o; 5 . 10  
5. 1 1 5. 1 7  

4..89 4. 92 
5.00 4. 97 
5.03 5.04. 
5.03 4. 95 

4. 98 4. 99 
5. 23 5.22 
;. 07 ;.09 
;.09 5. 1 1  

5.00 5.04 
5. 1 3 5.20 ; . oo  5.09 
5.09 5. 1 8  

Prooe!f time- = 5 m1n 
measurtd oa1ou1ate4 

8.47 8 .)0 
8.4-7 8.)2 
8.39 8.22 
8.52 8.27 

7.88 8. 1 1  
8. 10  8.23 
8.01 8 . 16  
8 . 12  8. ()9 

8. 1 2  a .  Jlt-
8. 1 3 a.Jt.s 
8.29 8.1 3 
8. 1 9  8.25 

8. 1 5  8.07 
8.36 8.24 
8. 1 0  8. 13  
8.36 8.22 



, 
Table 1 1  b s Measured and calculated suorose hydrolysis retort times 1 

1 5 psig rotating oan rune 

Speed (rpm) , Process time = 2 min Process time = 2 min 

oan number measured oaloulated measured oaloulated 

E 1 5 .o6 5.07 7. 66 7. 80 
2 5.07 5. 1 5  7. 86 7. 98 
3 5 .02 5. 1 1  7· 71 7. 91 
4 4. 87 4. 85 7· 74 7. 95 

.§Q 1 4. 75 4. 81 7o83 8.01 
2 4. 99 4. 96 7. 95 7. 97 
3 4. 96 4. 93 7. 81 7.97 
4 4. 91 4. 82 7. 90 7. 98 

.2§. 1 4-. 96 5.05 7· 99 8 .22 
2 5. 03 5.05 8. 03 8.05 
3 5 .07 5 . 1 5  7. 96 7. 90 
4 5. 07 5 . 1 1  8 .05 8. 09 

� 1 5 .09 5. 1 7 8 . 1 5  8. 1 3  
2 5.27 5.29 8 . 27 8.21 
3 5. 1 5  5. 1 8  8 . 25 8. 1 9  
4 5. 23 5.22 3 . 27 8. 20 

Tabl� 1 1o Measured and oaloulated sucrose hydrolysis equivalent retort 
times : Miaoellaneous rotating oan runs 

.&m Time Pressure Speed Can E·auivalent ret2rt time {min) 

number (min) (psig) i!ml number 'lleasured oaloulated 
38 2 30 80 1 6 . 1 5 6 . 1 7  

(long slow come-up ) 2 6 . 1 3  6 . 1 6  
3 5. 85 5. 9a 
4 5. 84 5. 97 

40 2 30 80 1 6 . 90 6. 75 

( long slow come-up ) 2 6 . 86 
.3 6.  79 6. 78 
4 6 . 90 6. 93 

2 1 26 1 5. 32 5. 23 
2 5 . 45 5. 37 
3 5 .34 5. 29 
4 5 .39 5. 32 
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�e average difference between the calculated and measured 

equivalent retort times is  only 0. 38% with few differences greater 

than � 'lhe standard deviation of the differences is 1 .  47%, whence 

Student ' s  t with 74 degrees of freedom is  2 . 23. 'lhe difference 

betwen calculated and measured equivalent retort timoa is therefore 

aigniticant at about the 3% probability level. 

From the analysis of varianoe of the effect of different types 

of can, the ccmponent of variance arising from the polarimeter readings 
' 

2 wae found to be 0. 0009 degrees , which corresponds to a standard devia-

tion of 0.03°. Two polarimeter readings are required in the calculation 

of both the measured and oalc.ulat�d. equivalent retort times, and the 

standard deviation or variance of the difference between the measured 

and caloulated equivalent retort times arising from this cause can 

therefore be calculated for the two prooess times and two processing 

pressures. 'lhe mean differences between the calculated and measured 

equivalent retort times are not significant (Student ' s  t-test) in terms 

of errors aris1D6 from the measurement of angle of polarization, and 

henoe the assumption of the convection model in which the fiuid ie 

completely mixed can be considered valid 1 n prooess calculations. 

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

Tables 1 2a and 1 2b show the equivalent retort times calculated 

from temperature data and equivalent time differences for the rotating 

c an  runs. 

An analysis of variance has been carried out to evaluate the 

magni tudes and si�ficances of the effects of the various faotors in-

fluenoing the equivalent time differences. Table 13 showa the equiv

alent time differences used for this analysis. W'nere large corrections 

for " offset" (p 1 09 ) in temperature measurements have been made, the 

equivalent retort times .b.ave been replaced by a mean calculated from 

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

processing and type of rotation. Because a preliminary analysis showed 



Table 1 2a s Caloulated equivalent retort times ( 0ohem and �aot) 
and eq,uivalent time differences ( 6.0 ) s Agitated oan runs at 30 psig. 

Suo rose B. stearo- B. aubtilia !e �armo- Soluti on ib�mszehibl 
mab!£ oouple 

speed, number 0 
oh em 0 

bact �(.) \act A0 
time (min. ) (min. ) (min. ) (min. ) (min. ) at Ta 

� R 4.69 .}.08 1 . 61 2.84 1 .85 
1 5· 27 .} . 91 1 • .}6 3 - 54 1 .  73 

72 rpa 2a 4.87 3 - 59 1 . 28 3.26 1 .61 
2 min. 2b .. 5.01 3· 94 1 .07 3.82 1 . 1 9  

3 s.o6 3 · 73 1 . 3} 3.41 1 .65 
4a,b 5.21 3 . 68 1 . 53 3 · 54 1 .67 

J§.• R 5. 70 ). 74 1 . 96 ) .26 2.44 
1 6 . 1 7  4. 55 1 .62 4. 1 0  2.07 

80 rpm 2 6 . 1 6  4.65 1 .  51 4. 1 7  1 . 99 
2 min. 3 5. 98 4. 31 1 . 67 3 .80 2 . 18  

4 5. 97 4. 28 1 . 69 3. 73 2. 24 

JJJ.• R 6.36 4. 1 5  2.21 ,3 . 69 2.67 
1 6 . 75 4.70 2.05 4. .33 2.42 80 rpa  2 6 . 86 5.03 1 . 83 4. 56 2.30 

2 min. 3 5 . 78 5.02 1 .  76 � .• 6) 2 . 1 5  
4 6 . 93 5. 1 8  1 .  75 4.82 2. 1 1  

1t1i: li 4. 57 3.08 1 . 49 2.81 1 .  76 
1 4. 91 3.51 1 . 40 ).20 1 .  71 

80 rpl 2 4. 97 3-97 1 .00 3·12 1 .25 
2 min. 3 s.o4 3.91 1 . 1 3 3.67 1 .37 

4 4. 95 3. 97 0.98 3. 66 1 . 29 

Ati R 4. 61 3·03 1 . 58 2.80 1 .81 
1 4. 99 3 · 67 1 .32 3 ·39 1 .60 

96 rpa 2 5.22 4. 1 4  1 .08 ,3. 84 1 . 1 4  
2 min. 3 5.09 3.89 1 . 20 3. 58  1 .  51 

4 5. 1 1  ).86 1 .25 ) . 6o 1 . 51 

112. R 4. 65 3.o6 1 . 59 2.81 1 .84 
1 5.2) ).95 1 .28 ) . 59 1 .64 

1 26 rpl 2 5.37 4. 1 8  1 . 1 9  3. 98 1 .39 
2 min. 3 5.29 4.08 1 .21 3· 78  1 . 58 

4 5.32 4. 1 2  1 .20 3 .94 1 .38 

continued • • •  

• slow oome-up 

•• extra point 2b not used in analysi s of' variance 
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Table 1 2a Continued : 

!$l Suo rose B. stearo- B.  subtilis 
1hermo- Solution th�mODbil!H n\Dbs: 

speecl, couple e 0 6(..) 0baot :d@ 
time number Oh em baot 

at fa (min. ) (min. ) (min. ) (min. ) (min. ) 

� :a 7.80 6.2,3 1 .57 5-9.3 1 .87 
1 8.22 7.10 1 . 1 2  6 . 79 1 . 43 

72 rpa 2 8.25 7.09 1 .1 6  6 . 81 1 . 44 
5 lld.n. 3 8.33 7. 24- 1 .09 6 . 93 1 .40 

4 8. 1 9  6.86 1 .33 6 . 41 1 .  78 

.it :a 7.63 6 . 1 3 1 . 50 5. 87 1 .  76 
1 8. 1 1  7.00 1 . 1 1  6 .  71 1 .40 . 80 rpm  2 8.23 7.26 0.97 6 . 95 1 .28 

5 min. 3 8. 1 6. 6.96 1 . 20 6 . 65 1 . 51 
4 8.09 6.87 1 .22 6 . 49 1 .60 

g R 7.81 6. 1 8 1 . 63 5. 89 1 . 92 
1 8 .34 7. 43 0. 91 6 . 98 1 .36 

96 rpl1 2 8.45 7.20 1 . 25 7. 1 8  1 . 27 
5 :Din. 3•• 8. 1 3 7.23 0. 90 6.  73 1 .40 

4 8.25 7. 41 0.84 7.25 1 .00 

� R 4. 69 3. 1 3  1 . 56 2.84 1 .85 
1 5.04 3.65 1 . 39 }. 32 1 .  72 

1 08 IlB 2 5.20 3.87 1 .33 } . 59 1 .61 
2 min. 3 5.09 }. 72 1 • . }7 ,3 . 56 1 .  53. 

4 5. 1 8  3. 91 1 .27 3 · 59 . 1 . 59 

� R 7.65 6 . 1 5 1 • .50 5.85 1 .80 
1 8.07 6 .67 1 .40 6 .28 1 .  79 

1 08 rpm 2 8. 24 7.07 1 .1 7  6 .  73 1 . 51 
5 min. .3 8. 1,3 6 . 82 1 .30 6.41 1 .  72 

4 8.22 7.01 1 .21 6 .  71 1 . 51 

� :a 7. 84 6 . 1 6  1 .68 5.87 1 . 97 
1 8. 30 7.05 1 . 25 6. 73 1 . 57 

72 rpa 2 8. 32 6 . 97 1 .35 6 .77 1 . 55 
5 min. 3 8 .22 6 . 91 1 . 31 6 .56 1 • .56 

4 8.27 6 . 95 1 .32 6 . 66 1 .61 

•• Equivalent retort times oorreoted for oftset (see pp 08 and 1 09 ) 



Table 12b : Calculated equivalent retort ti.mM ( 0 chem and \aot ) and 

equivalent time differences ( t>0 ) : .Agitated oan runs at 1 5 psig. 

1SB Thenno- Suo rose B. stee.ro-
Soluticn B. sub tills 

number cou;ple thermaphilus 

speed, 
number 8 0 '\act t>0 t.e 

time 
ohem baot 

at ora (min. ) (min. ) (min. ) (min. ) (min. ) 
' 

:il 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. 1 5  .}. 91 1 . 24 3· 55 1 . 60 
2 min. 3 5. 1 1  3· 72 1 - 39 3- 46 1 . 65 

4** 4- 93 .3 .39 1 . 54 2. 96 1 . 97 

� R 7. 62 6. 1 5 1 . 47 5 .83 1 .  79 
1 7. 80 6 . 42  1 . 38 6 . 1 2  1 . 68 

72 rpm 2 .. 8. 08 7o07 1 . 01 7. 23 o. 85 
5 min. 3 7. 91 6 .82 1 . 09 6 . 53 1 . 38 

4 1· 95 6 . 97 0. 98 6 . 53 1 . 42 

.22. R 4- 57 3.03 1 . 51 2.  75 1 . 82 
1 4- 81 .3 . 36 1 . 45 3.01 1 .80 

80 rpm  2 4- 96 3 . 68 1 . 28 3 o 38 1 • .58 
2 min. 3 4- 93 3· 77 1 . 1 6  3. 42 1 . 51 

4** 4- 82 3- 48  1 . 34 3 . 06  1 .  76 

§! R 7. 1 8  5· 71 1 . 47 5- 54 1 .64 
1 7. 91 6 . 42 1 . 49 5 - 95 1 . 96 

80 rpm 2 7. 96 6 . 44 1 . 52 5 .88 2.08 
5 min. 3 7. 85 6 . 46 1 - 39 5.  77 · 2.08 

4 7. 98 6. 51 1 . 47 6 . 1 0  1 .88 

62 R 4. 67 3- 09 1 .  58 2 .80 1 . 87 
1 4- 98 3 . 65 1 . 33 3.05 1 . 93 

96 IJil 2 5.09 3 .85 1 .� 3. 46 1 . 53 
2 min. 3•• 1 .. 64 3 . 1 8  1 o I 2.89 1 .  75 

4 4o 75 3- 33 1 . 42 2. 92 1 . 83 

ll R 7. 74 6 . 1 3 1 . 61 5. 84 1 . 90 
1 8.08 6.69 1 .39 6 . 24 1 .84 

96 rpm 2•• 7. 96 6 .60 1 • .}6 6 .00 1 . 96 
5 min. 3 8. 1 6  7. 08 1 .08 6 . 61 1 .65 

4 8. 0�. 6 .57 1 . 47 6 . 23 1 . 81 

continued • • •  

• •  Equivalent retort times oorreoted. for offset (see pp 88 and 109 )  
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Table 1 2b ogntinued 

� 'lhermo- Suoroae B. stearo-
Solutic:n �ophilu� B. subtilis 

number couple 
speed., number 

E) (.) �0 0 &0 time eh em baot bact 
at � (min. ) (min. ) (min. ) (min. ) (min. ) 

g. R 4. 67 ). 1 9  1 . 48 2.87 1 . 80  
1 5e 1 7  3. 90 1 . 27 .3 ·  53 1 .64 

1 08 rpm 2 5.29 4o 1 1  1 . 1 8  ).82 1 . 47 
2 min. 3 5 . 1 8 3.87 1 .31 }. 56 . 1 . 62 

4 5. 22 }. 97 1 .25 .3· 72 1 . ,50 

� R 7. 78 6 . 27 1 . 51 5. 92 1 .86 
1 8 . 1 .3 6.85 1 .28 6 . 58 1 . 55 

1 08 rpm 2 8.21 7.04 1 . 1 7  6. 76 1 . 45 
5 min. 3 8 . 1 9 6 . 98 1 . 27 6.62 1 . 57 

4 8.20 7. 20 1 . 00 6. 71 1 . � 

.2i R 7. 78 6 .23 1 . 55 5. 92 1 . 86 
1 8 .01 6 . 96 1 . 05 6 .62 1 .39 

80 rpm 2 7· 97 6. 81 1 . 1 6  6.26 1 .  71 
5 min. 3 .. 7· 97 7. 10 0. 87 6.80 1 . 1 7  

4 7- 98 6.83 1 . 1 5  6. 37 1 . 61 

1Q R 4. 74 }. 1 7  1 . 57 2. 87 1 . 87 
1 s.os }. 95 1 . 1 0  .3· 51 1 . 48 

96 rpm 2 s. os .3. 86 1 . 1 9  3.49 1 . 56 
2 min. 3 5. 1 5  4. 09 1 .o6 }. 78 1 . 37 

4 5. 1 1  3- 97 1 . 1 4  }. 59 1 . 52 

1.1. R 1· 73 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 1 . 41 

4 8. 09 6 . 96 1 . 13 6.61 1 . 48 

• •  Equivalent retort times corrected for ol�fset ( see pp 88 and 109 ) 

Equivalent retort times have been oaloulated fran the time-temp
erature de.tn from the retort thermocouple ( thennooouple R) ; 
thermocouples 1 and 3 are in radie.lly rotated oe.na, and thermo
couples 2 and 4 a.re in tangentially rotated oe.ns. 



that the main etfeot of pressure ,as insignificant , the mean equivalent 

time differences used to replace doubtful values have been oaloulated over 

both pressures. 'lbese are marked with an asterisk ( • )  in table 1 3 . 

Table 13 s Analysis of Varlanoe s Equivalent Time Difterenoes for 
Agitated Can Runs. 

Oanse Symbol Condition 

( 1 5  p sig, 30 psig) PresiUI'es 

Organi sms 

Processing times 

Types of rotation 

Speeds of rotation 

p1 ' p2 
B1 , 

� T1 , 

� � � � 
(B. stearothermophilus, B, Subtilis) 
(2min, 5min at retort temperature ) 
(radial, tangential rotation) 

� ,  �. s3 , 
s4 ( 72 ,  so , 96 and 1 08 rpm) 

· - Equivalent time differences in hundredths of a minute. 

� � 
� B.z B1 � -

� 1 1 22 1 56 1 45 1 80 
T.t 1 39 1 65 1 1 6 1 51 

Rz 1 1 24 
1 60 1 28 1 58  

1 35* 1 6;• 109* 1 37* p1 
a, 1 1 38 1 68 1 05 1 39 

� 1 09 1 38 1 1 2* 1 43*  

Rz 1 1 22* 1 53* 1 1 6  1 71 98 1 42  1 1 5  1 61 

� 1 1 36 1 73  1 40  1 71 
� 1 33 1 6 5  1 1 3 1 37 

� 1 1 28 1 61 100 1 25 1 53 1 67 98 1 29 p2 

� 1 1 25 1 57 1 1 1  1 40  
� 1 31 1 56  1 20 1 51 

� 1 1 35 1 55 97 1 28  1 32 1 61 1 22 160 

• doubtt'ul values repl.aoed by means. 

s3 
B1 � B1 -1 1 0  1 4f  1 27 

� ll6 1 37 1 31 
1 1 9  1 56 1 1 8 
1 1 4  1 52 1 25 
1 22 1 �  1 28 1 21 1 41 . 1 27 

1 05 1 48  1 1 7  
1 1 3  1 48  1 00  

1 32 1 60 1 39 
1 20 1 51 1 37 
1 08 1 1 4  1 33 
1 25 1 5'1 1 27 

91 1 36 1 40  
90 1 40 1 31 

1 01 * 1 32* 1 1 7  
84 1 00  1 21 

s!t 
� 

1 64 1 62 
1 47 
1 .50  

1 55 
1 57 

1 45 1 �  

1 72 1 53 
1 61 1 59 
1 72 1 79  
1 51 
1 51 
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The ::nuns of s1uare s ,  degrees oi' freedom and mean squares 

arising from the vari ous significant causes are shown in table 1 4.  

1he significance level of each c ause i s  also shown. 

Table 1� r.naly!d. s of variance Summary of signficant effects. 

Sum of Degrees of 
Cause squares freedom 

B .}2036. 1 1 

s 6927. 6 3 
R 1 4.37. 8  1 
T 1 60.}. 2 1 

F X s 2585.0 3 

PxSxT 1 37.3. 2  3 
SxRxT 1 652. 4 3 

Residual 1 1 390.8 1 1 2  

TOTAL 59006 . 1  1 27 

!• Effect ot type of organi sn (B) . 

Mean Significance 
Square level P\%) 
.320,36. 1  p << 0. 1 

2.309. 2 p < 0. 1 
1 437. 8 p < 0. 1 

1 60,3. 2  p < 0.1  

861 . 7 p < 0. 1 

457· 7  0. 1 < p < 1 
550. 8  p < 0.1  

1 01 . 7  

464.6 

As expected thi s etfect i s by far the moat significant. �e greater 

slope of the rate of destruo ticm vs reoiprooal temperature curve of 

B. &ubti ll s  �vea greater equivalent time di fferences for all _?ombinatiaus 

of speed (S) , type of rotati cm (R) 1 length of prooeas (T) and proo esa 

pressure (P) . 'lhe mean equivalent time difference for B. steargthermopbilus 

for all runs i s  1 ,20 min. and for B. subtills it is 1 . 52 min. 

'lhe type of organism does not occur in any significant interaatiCil. 

'lhe effect of type of or�ani su i s, therefore , the same for all ocnbinations 

of pressure (P) , speed (S) , type at rotation (R) and time of prcoes� (T) . 

'lhi s  wns as expected, as the equivalent retort times for sucrose hydrolyai a 
and the two organi sms are all calculated fr,:,m the same time-temperature 

data. 

Statio can data indicate that the equivalent time difference for 

one type of organi sm can be calculated f1'0m that of another type if the 

notivaticn energies of both spore destruatioo reMtiona are known, 
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1 ·7 !:l 6  ( min) 8. subhlls 
radia l rotation 1 ·6  

1 · 5 

1 ·4 

1 ·3 

I · I 

1 ·0 

B. ' "bfilts 
tangential rotation 

8. !lfearofhftrmopl1ilu' 
rad·1ol rotation 

8 steorothermophilvs 
tangent ial rotation 

0-b 0·8 1 ·0 1 ·2. 1 '4 1 ·6  

F ig. 3 q Effe.ct of s�ed of rotation ( plotted as 
relative accelerati on at the CQn centr� ) on 

I equivale n-t 1im<l. differenc e .  

I I 1 
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'lhe linear relaticmship ot figure 3lt- givea the equation -

t A� - • •  • •  • •  • •  • •  (1 ) 
A� 

t 
-Ml&re A� repreaenta the equivalent time difference for B,nubtilit as 

oaloulated fran the B. etear9thermopb1lut equivalent time difference ( t.e1 ) .  

Equivalent time differences for B,eubtilit have been oalaulated 

from B. etearothermophilue data for 59 ag1 tated a ana (i. •• all data oi' 
table 1 3  except those marked with an aatedllt) • 

• 
'lhe mean of the ditterenaea ( t.� - t.�) it 0.0105 llinutet, and. 

the estimate ot the atandard derlaticm ot the differeDOea is 0. 1 08  minutes. 

'lhe probability at a mean greater than 0.01 05 minute• arising trom 

random sampling or an infinite p opulaticm or zero mean end i staDdard devia

ticn ot 0. 1 08 minutes, i s  about 46% (Student ' •  t with .58 degreea or 

treedom i a  o.  742 ).  'lhe mean difterenoe i s therefore not signitioantly 

different trom zero. Henoe equaticn ( 1 )  o an  be used to oaloulate equiY

alent time ditteren.oea for one organi lllll fran equivalent tiu:e ditterenoea 

ot another. 

,g. Etteot of speed. of rotation (s) . 
'lhe effect of speed is the next most highly significant after the 

effect of type of organism. 'lhe exact ef'f'eot of speed is not olear, aa 

thi s ef'teot ooours in all the signitioant interaoti ens, i . e. the etteot 

of speed 1a signit'ionntly dependent on the processing pressure (P ·x S inter

aoticn) ,  end also en the ocxnbinationa of pressure and processing time 

(PxSxT interacti on) and on the c ombinations of type of rotaticn and time 

ot processing (SxRxT interaction) . 
In general 1 howe'ter 1 the speed.s of 80 and 96 rpm g1. ve lower 

equivalent time differences than do the extreme speeds. For example it 

the mean equivalent time differences tor the four combinati ons of spore 

type (B) and type of rotation (R) , are plotted against speed. (S ) , eaoh 

set of mean equivalent time differenc es shows a minimum (f'i�e 39 ) ,  
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., 
1he equivalent retort time oan be considered as a measure of the 

degree ot " squareness" ot a prooess. For a " square" prooesa in wbioh 

negligible time ie taken to heat the material to maxbrum tem:Perature 

and to oool it to some aub•lethal temperature , the equivalent time 

difference i s  zero. Henoe the lower an equivalent retort time i s ,  the 

nearer the prooesa is to square. It the retort prooess itself i s  

square , then the equivalcmt time diftereno e i s  a measure of the rapidity 

ot heating and oooll.ng and. hence of the heat transfer rate. 

It the retort prooess is not square then a low equinlent 

time cll.tterenoe � not necessarily indicate a higb. heat tranaf'er 

rate. 1he rel&tiTe importanoe of' the various phases ot the prooesa 
and the heat trPnster rat .. in ea.oh Ji'ase are discussed en pages 1 67-1 71 . 

In this study, the pro:sossea used are by no means square , with 
the most important deviati cns from " squareness" ooaurring in the early 

part of the o ooling. It ia sh01m., however , in the section on the effect 

at oan size and type of proo ess (p 1 69 ) ,  that the proc esses used here 

are such that an increase in heat transfer rate give s a decrease in the 

equivalent time differenc e. 'lhe work of Clifoorn et al (1 9.50) and Oonley 

et al ( 1 951 ) 11ho obaeiTed maximum !'ates at heating at speeds llhioh gin 

an eoceleration at the oan centre equal to the eoceleration due to 

gravity i s  therefore confirmed by the data obtained in thi s  investigaticn • 

.l• Etf'eot at type of rotaticn (R). 

1hi s  effect i s  not aa significant as the effect of speed, although 

still significant at the 0. 1% probability level. As with speed, the 

etteot of type ot rotati on  was not apparent fran examination of the raw 

data. 

1he data obtained indicate that in the speed range studied, 

the time-temperature oUITes obtained in tangentially rotated cans (�) 
are more nearJ.:r square than the rad.ially rotated oana (R1 ) (figure 39). 

Inspection of' figure 39 indioate a that the difference between types ot 

rotation tends 't) increase slightly as the apeed i s  increased. 
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I t  i s  doubtful 11hether this trend. i s  real as the R x S interaction i s  

only significant at about the 1 5,_ probability level. 'lhe mean equivalent 

time difference for radially rotated cana is  1 .39 min. and that for 

tangentially rotated cans is  1 .32 min. 

Ji. itfeot of length of process (T) .  

'lhe highly significant effect of length of prooess on equivalent time 

differenoe waa unexpected, as theoretical considerations indicate that 

the equivalent time difference should be independent of process length 

for all processes in which the temperature or the material in the can 

approaches retort temperature closely. For e�ple , c onsider a process 

suoh that cooling begins A 0 minutes after the can temperature reaches 

that of the retort. Both the bacterial and chemical equivalent retort 

times are t. d  minute s greater than those for a proc ess in which the 

cooling phase i s  begun as soon as the can temperature reaches that of 

the retort. 1he equivalent time differences of the t-wo prooesses will 

be the aame , 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 processes in 

which cooling i s  begun before the can temperature reaches that 6f the 

retort. 

1he data obtained in these experiments give mean equivalent 

time differences of 1 .39 min. for the short prooesses (2 min. ) and 1 .32 

min. for the long proce sses. 1he probability of a difference between 

the mean equivalent time differences of 0.07 min. ari sing fran experi� 
menta in 11hich processing time haa no eff'eot is less than 0. 1 %.  

�e most likely source of thi s difference between long an4 abort 

runs i s  variation in the oan temperature va time curves. For example, 

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

alent time difference. A comparison of lethal rate cuzves for long 

and short processes indicated that the lc:nger processes had a larger 
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proportion of relatively slow cooling curves than did the shorter 

processes. 'lhese relatively slower ooollng curves frequently corresponded 

to lower than average equivalent time differences. 

'Jhe reason for the higher proportion of slcrwer cooling oans in 

the longer runs is not known. It  may be associated with changes in 

the vieooai ty of the sucrose solution as the hydrolysis reaction proceeds. 

'Ihis could result in different heat tranater rates during the cooling 

phase for the two different prooess times. Slight leakage of the oab. 

f1 ttings has been obsel"V'ed during some runs. Any loss of fluid will 

alter the volume of the headspaoe. Different lengths of process could 

have different effects on the amount of leakage , and. henoe on the heat 

transfer r&.te in the cooling period. 

Differences �et11een the oome.-up rates and. between the cooling 

rates or the retort of different runs cannot be di scounted as &. souroe 

of vari&.tion in the oan temperature vs time curves. 'Ihia source of 

variation 1s probably not of great importance in these experiments, aa 

the length of process is  not likely to affect the retort oome-up rates 

or the retort cooling rates. 

Sm&.ll non-randan errors may occur in the measurement and oalcul&.ti on 

of the equivalent retort times. For example, the mean rates of sucrose 

hydrolysis and spore destruction at retort temperature (on which ill 
ecpivalent retort times are based) are o&.lculated from temperature 

curves Which often fluctuate over several tenths of a degree during 

the proce ss. An error of 0.1 °F in the estimate of mean retort tempera-

ture (11hich could easily ari se from small systematic thermocouple 

errors) leads to an error in the equivalent time difference of O.o6 to 

0.08 min. for typical 5 minute prooesaetS, and an error ot' 0.01 to 0.02 

min. in the equivalent time difference for 2 min. processes. Hence it 

is seen that if the measurement or calculation of' mean retort tempera-

ture gives an estimate 1lhioh is  consi stently too high or too low, then 

a significant difference between the equivalent time differences for 

long and short processes 110uld occur. 

A highly significant effect of length of prooess oan, therefore, 
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indicate either that the heating and cooling curves are not completely 

independent of length of process, or that significant systematic 

errors are present in either the measurement of temperatures or the 

calculati on of equivalent retort times. 

Booauae the proposed 0 chem 0 baot correlat1Clll 

vis s = 0chem - t.0 , i s  suoh that &e i s  independent of 
I length ot the process, it can be argued that any variati on due to 

ditterent process times should be included with the residual variation 

due to all other random or undetermined errors. If thi s is done , both 

significant three-faotor interactions are eliminated from the analysis 

of vari ance,  and the significant levels of the three main effects 

(type of spore (B) ,  speed of rotation ( S) , and type of rotation (R) ) 

are not significantly changed by the increase in the e stimate of residual 

variance from 0.00997 min2 to 0.001 1 31 min2 • '!be two-faotor interaction 

(prooess pressure (P) x speed of rotation ( S) ) also remains significant 

at the 0.1% probability level. 'Ibi s would then imply that the effoot of 

speed on equivalent tille differenoe 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 factor or 

combination of faotors. 

Equiyalent Time Difference Anal,Ysi a 

'lheoretioal considerations, and experiments on both statio and 

agi tated oans have indicated that the c orrelation J  for estimation of 

spore destruotion from measurements of chemical reaction i s  of the 

form -

= 

'!be equivalent time difference 6.0 has been shown to be a funotion 

of vari ous prooeasi.ng parameters such as speed and type of agi tation 

(if any) , type of organi sm, oharaoteri. stics of the chemical reaotion, etc . 



'lhe equivalent time ditrerenae c onc ept has been examined in 

some detail, and the relative c ontributions made by the different 
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phases of the process to the equivalent time dit'ferenoo e.ro di sc uaaed. 

A range of proce sse s has been used as e. basi s for thi s di sc ussion, ld.th 

temperature-time curves calculated for three di fferent si zes of oan. · 
Heat transfer data based on the temperature-time cw:voa obtained in the 
e.gi tated can experiments has been uaod for the oaloulati on of model 

temperature-time curves. 'lhe di aoussi on  :::an al so be appli ed to statio 

oans, w1 th some aligllt modif'ioati on to talce acc ount of the different 

type of' oonv�t't on. 

(a) 'lhe speoif'io rate dif'f'erenoe function. 

Beoauae the activati on energies of chemical reactions are lower 

than spore destruotion activati on energi e s ,  the specific chemic al 

H 
renotion rate � i s  greater than tne speoif'io spore destruc tion rate 

L � at e.l.l temperatures below retort temperature TR. 'Ihe chemical 

renoti on and spore de�truotion rates are H nnd L respectively, and 

subaorlpt R refers to the rate of ohe�:Uoal reaction or spore destruction 

at retort temperature. 

b;y -

and -

'lhe equivnlent retort timea 0
ohem and e

baot are given 

0 
oh em 

0 
bact 

• 

• 

Henoe - �(.) . 0 
chem 

. I>� - ; ) . . 

0 
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04oo no 1 so I<?O 200 210 2.20 2.30 240 250 w 210 w 

Fi q. 40 S pecific  rote difference vs t(l mpe rotu r e  for 
B subfilis ond B sfearofhermophilus. 



The integrand (� - �) i s  termed the specific rate difference 

funotion. 

'lhe equivalent time difference can now be defined as the 

integral (?d. th respect to time � ) of the speoific rate difference. 

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

in figure 40. 
0 1he retort temperature i s 272 F. 

'lhe curves ot figure 40 show clearly that temperatures within 

about 30°P of retort temperature are likely to make a much greater 

contribution to the equivalent time differenoes than temperatures below 

this range. 'nle slopes of the specific rate difference vs temperature 

curves in the range 265-272°F are higher than the slopes at lower 

temperatures. Hence small changes in temperature in the range irmnediately 

below retort temperature w.l.ll have a larger effect on the equivalent 

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

'lhe temperatures in the air cooling phase of the agi. tated can 

runs are in the range 265-272°F. Hence if the cooling in thi s phase 

i s  slower than usual (see p: 1 50  ) a lower equivalent retort time than 
usual will be obtained. 

1he derivaticn and applicaticn of the specific r.t.te di.t'terenae 

function are sh01In graphically in figure 41 . A typic al. process i a  

shown in figure 41 a ,  and th e  specific rate vs time ou.rves for chmcal 

reaoti on and spore destruction are shown in figure 41 b.  

'lhe specific rate difference curves are plotted in figure 41 c .  

The area underneath each section of the curve i s  the same as those 

between the heating and oooling secti ons of the specific rate aurvea 

(figure 41 b) .  'lhe effect of any variation of temperature can be 

visualized muoh more readily an the specific rate difference vs time 

graph (.figure 41 c )  than it can cm the specific rate vs time graph 

(figure 41 b) .  
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(b) Calculation of the model cen temperature vs time curves. 

(i ) 'lhe model processes. 

1 57 

'lhe processes used for calculation of the can temperature vs time 

curves are sho1'1tl in figure 42.-

'lhe retort temperature i s  272'7. 

Two series of processes are used. 'lhe rate of ohange of retort 

temperature in series A (rtms 1 , 2,3, 4 and. 9 )  is twice that of seriea B 

(:':"Una 5 , 6 ,  7,8 and 1 0 ) .  Series A. i a  based on the heating and cooling 
I 

curves obtained in the experimental retort used in thi s study. Series B 

is used to st� the eff'eot of slower heating and cooling rates, whioh 

would be obtained in larger retorts 1fi th greater thermal inertia than 

the small experimental retort. 

All phases of the prooess are linear except the initial venting 

phase. 'lhe venting phase of' series A i s  based on one of the agitated 

can runs (number 51 ) .  In seri es B this phase i s  spread over four 

minute s instead of two minute s. 

Beoause the air cooling phase can make a large contribution to 

the equivalent time difference, three duration• of air cooling are 

�e temperature of the cooling water is taken as 1 00°F, llhich 11 

approximately the final tanperature of the first fill of' cooling water 

in the experimental retort used in the present work. 

(ii )  Rates of heat transfer t o  the model cans. 

Rates of change of oan temperature per unit temperature difference 

( .L � = a:.! = f3 ) are sh01m in figure 4-3 for the heating phase A T  d !f mop 
of the process. 'lhe values of � for a 301 x 409 cen (i . e. ,s1 ) approx-

imate those obtained in the agitated oan runs. Two values of f31 are 
used in the air cooling phase, as differences bet"Ween identical oan1 

were often observed in the ag1 tated oan runa. 'lhe values of �J1 are 
. -1 ( ) -1 ( 6 ) o.tO m1n runs 1 ,  3 ,  5 and 7 and 0.05 min I'\ms 2,  4, and 8 • 

-1 '!he value of �1 in the water cooling phase i s  1 . 50 min • 
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Two larger sizes of can are c cnsi dered sooh that .B2 = o. 70 ,e1 and 

e3 
= 0 • .50 e1 • If it i s  assumed that the overall heat transfer c oefficient 

h i s  independent of can si ze ( Schultz and Olson, 1 9.38 ) , then the values 

of /3 2 and /33 would apply to 406 x 607 c ans and 601 x 81 ;.. cans respect

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

(iii ) llethod of calculati cn of the temperature vs time curves for 

the model cans. 

'lhe method is essentially the reverse of that used to c alculate 

values of /3 from the temperature vs time data of runs 50 , 51 1 45 and 53 

(p_ 135 ) .  

'lhe rate of change of can temperature per unl t temperature difference 

( fJ ) i s  defined by -

f3 = 

where · 

'lhi. s  leads to -

T n+1 

where 

- 'lh = 

= 

)' = 

1 ,ll A! dB 
= 

2 + {3&.4  

}f (� n + � n+1 

- 2 T ) n 

- 2 T ) n 

These formulae have been used to c alculate the model can temperature 

vs time curve s. 'lhe time interval ( t::. fl ) was 0. 2 minutes , and t empera

tures were calculated to 0.01 °F to avoid accumulati on of rounding off 

eiTors. 
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( o )  Equivalent time differences for the model cans. 
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'lhe equivalent time differences calculated fran the model temperature 

vs time curvee by graphical integration of the specific rate di fference 

vs time frmctions are shown for the ho organi sms B. stearothermgphilus 

and B. sub till a in table 1 5. 

Typical temperature vs time curves and specific rate differenc e 

vs time curves (from which the equivalent time differenoes are calculated) 

are shown in figure 44 (heating) and fi gure 45 (cooling ) .  Specifid rate 

difference vs time curves for one organi sm onl7 (B. stearothemophiluo) 

are shown, as the B. subtilis and B. stearothemophilus specific rate 

differenc e curves are very similar in general fom. 'lhe B. subti lit 

curves have higher maxima than the B. stearothemophilua curve s. In the 

heating peri od the B. subti li s  maxima ocour later than the B. stearo

thermophilus maxima, and vice versa in the cooling peri od. 

Retort temperature vs time ourves are also shown in figures 44 
and 45 ( broken line s ) , along wi th specific rate difference vs time 

curves calculated from these temperature vs time curves. 'lhe specific 

rate difference vs time cwves based on retort temperature are qui te 

different in fom from the specific rate difference curves for the cans, 

especially during the air c ooling phase where the heat transfer ooeffioients 

are low and oan temperatures are such that specific rate dif'terenoes are 

ver7 sensitive to ohanges of temperature. Because the specific rate 

difference curves based on oan and retort temperatures are not at all 

similar in form, it i s  not possible to use equivalent time differences 

based on retort temperature vs time ourves to predict equivalent time 

differences for oans. 

(i ) Effect of type of organism on equivalent time difference. 

'lhe B. aubtilia equivalent time ditferenoes are al"19'8j"s greater than 

the B. stea;ythermophilua equivalent time differences. 'lhat this must be 

so can be deduced from figure 40 in which the specific rate dift'erenoea 

are plotted against temperature. 'lhe specific rate difference for 

B.  stearpthermophilus i s  less than that for B. subtilis for all temperatures 
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Table 15 1 Etfeot ot Can Size and Type of Prooesa en Bacterial Equivalent 

Time Differences. 

Xquivalent Time Differences (min. ) 
Run No. 

B. stearothermopbilus B. subtilia 
Can No. 

heating cooling total heating cooling total 

! R 0. 382 1 . 1 10 1 .492 0. 41 4 1 .353 1 .  767 
1 0. 572 0. 461 1 .033 0.699 o. 6o6 1 . 305 
2 o. 734 0. 439 1 . 1 73  0. 91 1  0. 569 1 .lt80 
3 0.978 O. lt31 1 . �9 1 .224 0 . 557 1 .  781 

� R 0. 382 1 . 1 1 0  1 . 492 0.414  1 .353 1 .767 
1 0. 572 0.349 0. 921 0.699 0. 451 1 . 1 50  
2 o. 734 0. 347 1 .081 0.91 1  0. 447 1 • .}.58 
3 0.978 0. 367 1 .345 1 .224 0. 459 1 .683 

.l R 0 • .}82 1 . 924 2. 3<)6 0.41 4  2.21 4- 2.628 
1 0. 572 1 . 41 4  1 . 986 0.699 1 . 869 2.568 
2 o. 734 1 .245 1 .979 0.91 1 1 .662 2. 513 
3 0.978 1 .098 2.076 1 .224 1 . 476 2e 700 

R 0. ;82 1 . 924 2.,306 0.41 4 2 . 21 4 2.628 
1 0. 572 1 .002 1 . 574 0.699 1 .359 2.058 
2 0. 734 0.856 1 .590 0.91 1 1 . 1 67 2.078 
3 0.978 o. 761 1 .  739 1 .224 1 .033 2.257 

R o. n4 1 .01 5 1 .  789 o.8� 1 . 297 2 . 1 37 
1 0.878 0. 463 1 .341 1 .01 4. 0 • .585 1 . 599 
2 0. 987 o. 4n 1 . 464 1 . 165 0. 591 1 . 756 
3 1 . 1 54 0. 51 1  1 . 665 1 .391 0.622 2.01 3 

R o. n4 1 .01 5 1 .  789 o.8� 1 .297 2. 1 37 
1 0.878 0. 403 1 .281 1 .01 4 0.485 1 .499 
2 0. 987 0. 429 1 .41 6  1 . 1 65 0. 51 1  1 .676 
3 1 . 1 54 0. 474 1 . 628 1 .391 0. 5.58 1 .949 

1 R o.nlt- 2. 220 2.994 o.aqo 2. 71 5  3. 555 
1 0. 878 1 . 1 01 1 .979 1 .01 4 1 .4"/Q 2.Jt84 
2 0. 987 0.978 1 .965 1 .1 65 1 . 284 2.� 
3 1 . 1 54 0.909 2.063 1 .391 1 . 1 85 2. 576 

§. R o. n4 2.220 2.994 0.8� 2. 71 5 3· 555 
1 0.87& o. 779 1 .657 1 .01 4 1 .035 2.049 
2 0. 987 o. 71 8  1 .  705 1 . 1 65 0 . 931 2.096 
3 1 . 1 54 0. 689 1 .843 1 . 391 0.885 2.376 

R 0. )82 0. 101 0. 48.3 0. 41 4  0. 1 13 0.527 
1 0. 572 0.221 o. 793 0.699 0.249 d. 948 
2 0. 734 0. 255 0.989 0. 91 1  0. 291 1 .202 
3 0.978 0.297 1 . 275 1 .224 0.345 1 . 569 

!Q. R o. n4 0. 202 0. 976 o. 8� 0. 224 1 .064 
1 0.878 0. 359 1 . 237 1 .01 4 0.391 1 . lt()5 
2 0. 987 0. 385 1 .372 1 . 1 65 0. 41.2 1 .6o7 
3 1 . 1 54 0. 434 1 . 588 1 .391 0 • .503 1 .894 

!1. R o.ooo o.ooo o.ooo o.ooo o.ooo o.ooo 
1 o. 469 0.082 0. 551 0. 592 0. 090 o.682 
2 0.678 0. 1 1 7 o. 795 0. 853 0. 1 29 0. 982 
3 CJ. 9)6 o� 1 64 1 . 1 00  1 . 202 0. 1 80 1 .)82 

continued • • • • • •  
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" 
continued. 

Equivalent Time Dit:f'erenoea (min. ) 

B. stearothermaPbilua B, subti�l 

heating oooling total beating oooling total 
-

0.825 1 . 488 2.31 3 0. 931 1 . 91 1  2.842 

1 .050 o. 865 1 . 91 5 1 .245 1 . 1 21 2. 366 

1 . 1 22 0.625 1 .  747 1 . 354 0. 785 2.139 

leas than retort temperature, and benoe the equivalent time ditf'ereno� 

tor B. tubtilia must be gree.ter than that ot B. Bteaz:9thermophil\lf• It 

the oontrol of the prooess was su:b that the temperature of the retort 

waa allowed to rise above the naninaJ retort temperature for an appreo-

iable length ot time, the B. §Ubtilb equivalent time dirterenoe could. 

be less than the B.stearothermopbilus equivalent time difference if 

these we re  based an the nominal retort temperature, instead of the actual 

ma:daum temperature. 'DU. a i s  because the B. subtilis specific rate 

dirterence is less than the B. stearpthermopbilus speoitio rate dit:f'erenoe 

at temperatures greater than retort temperature. 

1he use ot equation ( 1 ) , (p 1 47 ) in the oaloulation ot 

B, subtilit equivalent time differenoes (i.e. 602 ) trcm B. stedem.o

philua equivalent time dit:f'erenoes (i. e. 601 ) , gives values of A0� 

11bioh tend to be greater than the actual B. subtilit equivalent tiM 

difference t.e>2• An enal.yeit similar to that d.eeoribed cm page 14-1 
give• a mean difference (i. e. AA� - �02) of 0. 0332 minutes, and an 

estimate of the standard deviation ot 0. 0646 minutes. ti e  difference 

i1 signitioant at the 1"  probability level (Stu4enta' t •- 2. 91 with 
32 degrees of treedan) . It therefore appears that equation (1 ) ia not 

aatiataotory for oaloulaticm of equivalent time dirterernoes for one 

orgam• fra:a. the equivalent time ditterenoea of another. 
. 

'lbe estimates ot B. !Ubtilia equivalent time ditterenoes tend to 

be greater than the actual B. aubtilis equivalent time difterences, 
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., 
The estimated eq_ui valent retort time for B. !Ubtili a ia therefore leas 

than the aotual eq_uivalent retort time , and prooeesea oaloulated on 

basis of the estimated equivalent time difference ( ..l.A'
2) will be sate , 

i . e .  the a.otual reduction in spore numbers will be greater than thAt 

indicated by the estimated eq_uivalent retort time. If B. atearothermo

philua equivalent time differences are estimated from B. subUlis 

equivalent time differences, then the aotual spore reduction will be 

less than that indicated by data calculated by equation ( 1 ) • '!he 

ditterenoe between aotual and estimated equivalent time differences 
j 

(and henoe between aotual ana estimated equivalent retort times) is 

small in tenna of total process time, and a correction, or ' aafet,

faotor' , to be added to the estimate of the equivalent time diff'erence ,  

may be q_ui te aatiafaotory for prooess calculations. This correction 

would be based en the standard deviation ( fr ) of the difference between 

estimated and aotual equivalent time differences for a range of prooeaaes. 
I 

'!he standard deviation ( er ) of the dif'terenoes, �0 2 - �02' for the 

range of model processes and can sizes considered i s  less than the 
standard deviation of the differences · f>A12 - t-02 for the ag1 tated can 

runs (model cans, er = o.o65 min. J experimental agitated cans, a :a 0.108 

min. ) . 

(11 ) Effect of can size and type of process on equivalent time 

difference. 

'!he effect of can size on eq_uivalent time difference ia  dependent 

on the type of process, and hence these two ef'teots are diaouased 

together. 

'!he temperature-time f'un.otions T = P ( o ) 1 tor the model oana 

are solutions of the equation -

1 

fll • T 
.!t 
diJ 

• 
= f3 • • • • • • • • • • • •  ( 2 ) 

where U i a  the overall heat transfer coefficient, A is the aurt'aoe area 

of the container, m end op are the mass and specific heat of the material 
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� in the oan, anc1 f3 ia the rate of obange ot t•perature per UDi t te.;p-

erature clitf'erenoe. IJhe oan temperature ia !• and �� 'tlbioh ia a 
funotion of time 9 , is the retort taaperature. 

' 
'lhe time 9 , oan be transformed to 9 , where 

equation ( 2 ) then beocmes -

• •  • •  • •  • •  • •  

'lhe 80luticm ot equati on ( 3 ) i . e. ! • 1'1 ( & 1 )  ia, therefore, the 1 

aame tor all aizea ot oan it lJ ia  independent ot oan size (aee Sohultz 

end Olsan, 1 938) and if the retort temperature !R ia the same t'lmaticz 

ot tranatormed time 0'  tor all oan sizes. 'lhe cnly temperature-time 

funotion to sati sfy this oondi ti on 1e a step change in retort tempera-

ture, i . e. a " square" process wbioh i a  approximately that obtained in 

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

'lhe speoitio rate difference function ( ( ) is  a function ot 

temperature only, for any pair of ohemioal and bacterial systems. Hence 

the speoitio rate difference vs transformed t,._ function (i. e. � vs t;' ) 
ia iDd.epend.ent of oan size. 

'lhe equivalent time ditterenoe is gi.Ten b7 s 

= 

where 11 '0 and o ;  

I IJ 

map r A / 
0 

= A o - · 0 mop 

oi 

respectively. 

It 00 and 91 are euoh that the speaitio rate ditferenoe,.is 

zero at 9� and 91 for all oan aizea (i. e. it the final t.-perature 

ot all cans and the retort temperature are indiatinguiahable) 1 the 

integral -
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does not depend Cl1 the oen abe. 'lhe equivalent time dif't'erenoe is, 
JDO 

theretore , proporticmal to -f, and hence to the ratio of oan voluaae 

to eurf'aoe area for a step or " aquare" prooeas. 

�e case also arises in which the retort temperature inareasea 

slowly from sublethal temperatures to retort temperature. 

Consider the oase in 11h.ioh the retort temperature 'r:a 11 
detined. by -

EquatiCil ( 'J.. ) then gives -

'lhe general aolutiCil ot this equ.atiCil i a  -

T - T 0 a A e  -� + kP - .5 I 
It the initial oan temperature ia T0, thi a  gives -

T - T  0 

whioh gina -

when & ie large. 

= k t9 - .5 ( 1 - e -P@ ) f3 

Beoauae low temperatures make no significant oontributi cn to 

the equivalent tilDe dif'terenoe, the oan �erature va time curYes will 
be subatantially parallel to the retort temperature va time curves, and 

hence to eaoh other, from the time the spore destruoticn and ohemioal 

reaotion ratea beoane significant, lmtil the retort reaches ita final temp

erature. 'lhe temperatures af the larger cans lag behind those of' the 81118l.ler 

oana, end the specific rate vs time curves of the di fferent sizes of' c an  

are theretore identical in shape tor muoh af the process. In the phase ot 

heating in which the temperature vs time curves for the different sizes 

of can are not parellel, the oontributiCils to equivalent time dif'terenae s  



are approximately proportional to the . ratio of oan volume to surface 

area. 

Similarly, temperature vs time ourns for slow linear cooling 

oan be ahcnm to be approximately parallel after the 1ni tial phase in 
wbioh the exponential term (1. e .  the transient ) ia significantly 

large. Henoe the equi..-alent time differences for slow cooling are 

also nearly independent of oan size. 

'lhe model processes illustrate the efteots or type of prooes� 

and oan size en equivalent time ditterenoe. FigUres U, and ti show 

typical temperature vs time and specific rate ditterenoe vs time 

curves • 

.l• Xi"teot of total length of beating and cooling periods. 

'!he most important eff'eot of type of process is that of the total 

length of the beating and oooling periods (irrespective of oan size) 

on the equivalent time difference. �e equivalent time differences 

ot the oans in eaob set of runs ( 9 , 1 ,3 ) ,  (9,2,4) ,  ( 10,5,� (10,6 ,8)  

and ( 1 1  ,9 , 10)  oan b e  ocmpared.. In eaob set the slower retort beating 

and. cooling rates give greater equivalent time differences. Series A 

and series B l"lms with the same length of air oooling phase cannot 

strictly be compared as the different rates of cooling of th� retort 
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in this period. have an effect that tends to offset the effect of lccger 

total heating and oooling time. In runs 2 and 5, and in runs 4 and 7 ,  

however, the temperature-time ourves in the ai r  cooling phase are almost 

identical. �e et'feot or total length of beating and cooling pb.aae is 

not obsoured by the effect of the different retort-cooling rates. 

Again, the effect ot' lccger total length ot heating and cooling phase 

is to increase the equivalent time dif'f'erenoe. 

g,. Rf'f'eot of can size : square process. 

�he effect ot' can size has been shown above to Qe dependent on the 

type ot' process. Run 1 1  is a square process in 'Which U, the overall 

beat transfer coefficient i s  independent of temperature. 'lhe abi!IOi ssae 
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,. 

of the temperature va time CUl'Tes, and of the specific rate difference 

vs time cunes at any given value of the ordinate (see figca:es 44: and 4:5) 
are in the proportion .l : .l : � (i. e .  !.1 : !l : !l ) for the 

.81  /12 3 
8

1 
8
2 

8
3 

three can sizes 1 ,  2 and 3 ,  i . e. the temperature va transformed time 

curves (i . e. T va rl ) , and the specific rate difference vs transfomed 

time curves (1 . e. t vs o' ) are identical for the three can sizes ,  aa 

shown abOYe (p 165 ) . 'lhe can volume and c an  surface area are V and S 
ttme. alff�� 

reapectively. As expected, the equivalent re1!el"t 1!iaee for run 1 1  in 
I 

table 1 5  also show the same proportionality to � 
.l• Effect of can size : ncn-aquare prooesa 

The retort tanperature vs time curves for the non-square processe s 

(runs 1 -1 0 )  are by no means linear a.e assumed in the analysis above 

(p 1 66 ) . However, the can temperature vs time curves are nearly 

parallel for the three si zes of can in both the heating and cooling 

periods. The slopes of the can temperature vs time curves ( see figure 44 )  

are app:roxiiiiAtely equal to that of the retort temperature vs time oUITe, 

e specially in the period immediately before the retort temperature 

reaches ita maximum. 1be effect of c an  size en the equivalent time 

difterenoe in the heating phase ( see table 1 5 ) i s  less for the slower 

heating runs ( series B, runs 5, 6 , 7,8 and 1 0 )  than it i s  for the faster 

heating runs ( series A, runs 1 , 2 ,3 ,4. and 9 ) .  'lhia is because length 

of the period in which the can temperature vs time curves are approx

iiiiAtely parallel is relatively longer in the slower heating runs. 

'lhe si tu.ati cn in the cooling phase i s  not so clear u there is 

an abrupt change of slope in the model retort temperature vs time 

curves and a large increase in the overall heat transter ooett"ioient 

as the cooling water i s  introduoecl. 'lhe can temperatures pass alowl.y 

through the range in which the faster cooling oana have higher apeoitic 

rate difterenoes, and then pass very quickly through the temperature 

range in "'lhich the faster cooling cans have lower specific rate differ-

enc e s. 'lhe net result i s  that the faster c ooling cans tend to have 

greater equivalent time differenc e s  for the cooling phase , e speoia.lly 



for those processes llhioh have the lmger air cooling periods. 

Because the temperatures in the air cooling phase are in the 

range in 'fthioh the rate of ohange of specific rate dit'f'erenoe w1. th 

respect to temperature is large ( see figure � )  the effect of heat 

transfer coefficient is  appreciable. Rims 1 and 2 ,  3 and 4, 5 and 6,  

and 7 and 8 ( see figure 43) are identical, except that the overall 

heat tranet'er coefficient in the air cooling phase of the odd numbered 

rw1s is twi.ce that in the even numbered runs. In all these nms the 1 

greater heat transfer ooettioient in the air cooling phase gins the 

larger equivalent time dit'f'erenoes for the cooling phase. 

1he ef'f'eot of' oan aiEe cm the equivalent time difference is  
the sum of the ef'teots of the heating and c ooling periods. For a 
square or step process, the equivalent time differenoes are proportional 

to the ratio of can volume to surface area Y.. 'lhe ef'teot of can aize s 
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 loog air cooling periods, the ef'f'eot of' can size is 

small, and sanetimes is negative, i .e. the equivalent time difference 

decreases 111 th an increase in oan size. 

lt• Effect of' length of prooen. 

'Jhe equivalent retort time correlations for statio oans indicate 

that equivalent time differences for runs in which the maximum temp

erature is indistinguishable f'ran that of the retort oan be applied 

without serious error to prooeBSes in which the m8%imum oan temperature 

is near, but not equal, to the retort temperature. 

'Jhree model temperature vs time ourves have been oonstru.oted for 

thi.s oaae. 'Ihese are based on the largest size of oan, and the heating 

and cooling curves are those of run 5. Cooling is started 1 , 2 and 3 

minutes after the retort reaches maximum temperature (272.00,) , at 

'fthioh times the can temperatures are 266.00°1', 270.04°'1' and 271 • .56°1' 

respectively. Equivalent time differences are shown in table 15  tor 

the three runs (numbers 12,  13 and 1 4  respectively for the 1 ,  2 and 3 

minute processes) . 



In all oases the equi.Talent time differences are greater th8n 
those for run 5 oan 3 in whioh suN'ioient time i s  allowed for the oan 

temperature to reach that of the retort. The contribution to equinl.ent 

time ditterenoe made by the heating peri od  i 3  reduoed, as the c c..�ling is 

begun before the speoitio rate difference beoanes zero ( as in run 5).  

'lhe oontri.buti oo t o  equivalent time differenc e made by the cooling 

period is iDorea�ed as the temperatures in the ai r cooling phase are 

lower, giving greater specific rate differences. 'lhe increase in the 
I 

o ooling ourve contribution to the equivalent time differenc e more than 

offsets the lower equivalent time differenc e for the heating phase •  

giving greater overall equivalent time difterenoes. 

It, therefore , app e ars that the equivalent time differenc e i s  a 

f'unotion of maximum temperature obtained in the can. and is in general 

c onstant only for processes in l'ili.ch the maximum oan temperature i s  

ihdi stingui shable from that of the retort. '!he apparently linear 

e quivalent retort time c orrelati ons for the 1 5  pai.g and 30 psig statio 

o an  runs are probably due to a fortuitous choice of proc esses in �oh 

the etf eo t  of beginning the cooling while the oan temperature i s  still 

rising i s not great. 'lhe overall coefficients of heat transfer to 

agitated and statio cans are approximately equal in the air c ooling 

phase, and hence the inorease in c cntribution to the equivalent time 

differenoe made by thi s phase will be of the same order for the two I 
type s of proc ess. Statio c an  heat transfer o o&fticient s in the heatl. ng, 

and water cooling, phases are about hAlt those for the ag1. tat&d o ana ,  and 

the rate of change of temperature in the statio c ans will be less than in 

t1le agitated cans. Heno e the contributions to the equivalent time 

difference in the heating and water c ooling perioO.s of statio oana are 

greater than thoae of agi tated o ans, and the relati'e effect of the 

air cooling phase wi ll be less in the static oan runs than it i s  in the 

agitated c an  runs. 
I 

'lhe effeot of beginning the cooling while; �e can temperature i s  

still ri sing may explain the a.n.cxnalous effect of :woo e ss time (T) in the 

agi tated can runs. If the c ooling in the short (1. e.  2 min. ) rtm was , in 
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fact, beglm. just before the can temperature stopped rising, the equiv-
" 

alent time differences for the short runs would be slightly higher 

than those for the long (i . e. 5 min. )  processes where the can temperature 

he.a for all practical processes reached that of the retort. Ccmpariaan 
of the equivalent time differenaes of run 1 4  can 3 and run 5 oan 3 ahon 
that a difference between retort temperature and can temperature at the 
·beginning of the cooling period of 0. 44°P leads to an inorease in 

equivalent time diftereme of o.oa min� for B. stearothennopbilue, and 

0. 1 3 min. for BsiUbtiliB• '!he obeerYed differences in "qui.valent time 
I 

ditferenoea in the ag1. tated can experiments were 0.09 min. and 0.05 min. 

re speoti vely'. 

(d) Applicaticn of equivalent time ditferenoe analysis conolusions to 

real processes. 

'!he model processes di soussed here are somewhat artificial, in that 

linear heating and cooling curves w1. th abrupt changes of slope are only 

approximations to those observed in practice. 'lhe overall heat transfer 

coefficients are based en 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 ot 
processes. For example, much greater thermal load. in a commercial 

retort could 11ell affect the rate of change of retort tempera�ure in 

the air cooling phase (and henoe the specific rate differences and 

equiva·l mt time differences) . 

However, the model temperature vs time functions cover quite a 

range of types of' process, and the broad conclusions frcm the equivalent 

time difference analysi s  should be applicable to real processcn. 'Ihese 

conclusions oan be li sted as follows : -

1 .  'lhe equivalent time differences for organi sms 'Whose spore destruction 

reactions are characterised by high activation energies are greater 

than organisms with relatively low activation ener,gies. Approximate 

calculation of equivalent time differences of an organi sm appears 



possible with the equation -

= 
log (EA baot(2) / EA chem) 
log (EA baot(1 ) / XA chem) 

2 .  Slower rates of heating and cooling of the retort give larger 

equivalent time differences. 

3. 'lhe effect of an increase in oan size ia  generally to increase 

1 7l  

j 
the equivalent time difference. 'lhe effect of can aize is greatest 

for a aqua.re process 'llhere the equivalent time difference is proporticmal 

to the ratio ot om volume to surface area. Can size does not have aa 

great an effeot en equivalent time difference in prooesses with f'in1 te 

rates of heating and cooling of the retort. 'lhe effect of cran size 

deoreases as the length of the total heating and cooling peri ods 

increases. In some oases,  particularly prooesees with long air cooling 

periods, the effect of an increase in the can size may be to reduoe the 

equivalent time difference slightly. 

4. 'lhe most important souroe of variation in equivalent time 

differences is  the e.ir cooling period. Hence smaller differences 

between the equivalent time differences of similarly prooessed oans, 

as well as greater uniformity of processing, will be obtained by the 
. 

use of processes in '\1hich the duration of the air cooling period is 

as short as possible. 
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FUR1HER DEV&UlPYENT OF THE CHEMICAL ANAI.OC-UE 

INTHODUCTI� 

Experiments and theoretical considerations hnve both shown that 

the eq_uivalent retort time correlation i s  dependent on the temperature

time funotions obtained in the oan during the heating and cooling phases 

of the process. 

For a single element of material in a container, it has b een shown 

that the eq_uivalent retort time corre lation depends on the temperature

time :func ti on  if only one chemical reac tion i s  used. If two chemical 

reactions wi th di fferent activation energie s  are used, it i s  still 

nec es sary to know the form of the temperature-time funoti on. llenoe 

measurements or calc ul ations of temperatures within the oan must be 

made. 

Where the effect of heat on all elements of lllllterlal in the oan 

is not identical , as in statio convec ti on or condua ti on, a knowledge of 
the effect of heat on all elements i s  neo e s aary for the predic tion of 
eq_uivalent retort times from ohemioal measurements. 

Beoal18e of thi s dependenc e on temperature-time funoti on8 (l'lhioh 

are sometime s  q,ui te difficult to obtain) U1e pos si bi li ty of an analogue 

llhioh i s  independent of t empe rature-time f'uno ti ona was inveatit:ated. 

'nrl s  seo ticn i s ,  therefore , a di so ussicn of methoda of c alculntion ot 

spore destruc ti on from chemioal measurements •.rl th particular referenc e 

to the degree of dependenc e of these methods on a knowledge of temperature

time funoti cns . In particular, a ohemioal analoe;ue vhich co.n be applied 

to any proc e s s  \rl th unknom oan temperature s is scu . .YJ,t • 

.MULTIPLE REACTiai SYSTE.\!S 

'Xem;eera ture vs time curves of best fit 

l\ number of chemioo.l reac t i ons ( -rl th non-equal ac tivati on energies) 
a nn be use d ,  and ci1emioal e1uivalent retoL·t time s determined for eaoh system. 
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Note : The sc.al�s of 1t5 figure 
ore the same as those of f1gure. 
40 which shows the specific 
rote di ffue nc. e vs time curve� 
for B. sfeorofht!rmophilus and 
B. $ubtilis. 

� : 45 �action 

0�160 110 180 190 100 ZJO l20 Z30 240 2.50 00 

Fig. 46, Specific rate difference vs temperature for 
the EA: 30 and �:45 re: acti ons. 

, 
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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) can then be used to extrapolate from ohem-

ic al data to bacterial equivalent retort time s .  

These hypothetical curve s need not nec e s sarily resemble closely 

the temperature vs time curves to �eh they are equival ent. It has 

been shown earlier (p 4.5 ) , that apparently di ssimilar temperature vs 

time curves can be equivalent for the calculati on  of bacterial equivalent 
I 

retort times from measurements on chemical systems. 

ihe 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 nec e s sary to define a curve of best fit Which i s  satis-

faotory for the calc ul ation of bacterial equivalent retort times. 

Method. 

In thi s study, prediction of bacterial equivalent retort times 

fran measurements on two , and on three chemical reactions, with different 

activation energies , has been inve stigated. Because sui table chemical 

reactions with the required activation energies a.n4 rate c onstants were 

not readily available,  hypothetical reactions with activation energies  of 

30 and 45 Koal/mole have been used. These are referred to as the BA:}O 
and the EA :45 reactions. 

'lbe equatiorus 1 

have been used to calculate specific reaction rates for the EA :30 and 

EA s 45 reactions respectively. '!he rate of reaction at T (�) i s  It, and 

that at retort temperature (272.0°P = 731 . 7oa) is �· 'lhese specific 

reaction rate s  have been used to prepare tables of specific rate difference 



� 
(with respect to suorose hydrolysis )  vs time . These tables are presented 

in Appendix VIII . 

Al.l specific rate differences and eq,uivalent time differences 

(tor chemical and bacterial systems) are with respect to the suoroae 

hydrolysi s  reaction t 

i . e. l � H • Ha bact La 
a K - H 

�chem � Ha ' 

t.(.) a A <'\,ant ' baot suo rose 

and �(.) 
chem 

= 0 
suo rose 

0 
chem • 

where 1 ia the specific rate difference, H, L and  K are the rates at 

suoroae hydrolysis, spore deatructicn and hypothetical chemical reactica. 

Eq,uivalent retort times are denoted by A , and the equivalent time 
differences by c.e • Sub110rlpt R refer a to retort temperature, llhile 

aubaorlpta baot ,  ohem, and auorose refer to the baoterial systems, the 

hypothetical ohemical reactions (&A &30, and EA t45) and the auorose 

hyd.roly'Bia reaction, resi;>eoti vely. 

Equivalent time differences have been calculated for �e range 

ot model prooeaaea used in the stu.d.y of the eq,uivalent time difference 

concept (pp 1 57,1 58 ) • Table 1 6  ahon the equivalent time di f'terenoea for 

the heating and cooling pa rioda, and the total equivalent time difference, 

for both reacticns. 

(a) Two reacticn systems. 

(i ) Temperature va time curves of beat fit. 

A curve of beat fit based en t110 chemical reactions muat be 

defined in terms of t110 parameters, with all other necessary parameten 

required to define the oan temperature vs time curve being defined in 

terms of these two. For example ,  if the two parameters are f h ( the 

reciprocal of the slope of the aemilogari thmio heating ourve (p 1 8 ) and. 



Table 1 6  

Run no. 

oan no. 

1 R 
1 

2 

3 

l R 
1 
2 

3 

l R 
1 

2 

3 

li: R 
1 

2 

3 

2 R 
1 

2 

3 

i R 

1 
2 

3 
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Effect of Can Size and Type of Proce ss en Equivalent ':ame 
Ditferenoe s  for Chemical Reactions with Activation Energi.a 
ot 30 koa.l/mole and 45 lccal./mole .  

Equivalent Time Difterenoes (min. ) 

EA : .30 reaction EA : 45 reaction 

heating ooollng total heating cooling total 

0. 1 56  0, 299 0.455 0. 290 n. 658 0. 9lt8 
0. 1 78  0 . 1 09 0. 287 0. 368 0. 263 o, 631 

0.21 0  0 . 1 1 7  0.327 Oo 450 0.259 o,m 
0.266 0. 1 23 0.389 0. 886 0. 267 0.853 

0. 1 56  0.299 0. 455 0.290 o. 6.58 0.9� 
0. 1 78 0.096 0. 274 0.368 0. 206 0. 574 
0.210 0. 1 01 0.31 1  0. 450 0 . 21 2  o.662 
0. 266 0. 1 1 2  0.378 0. ,586 0 . 237 0. 823 

0. 1 56  0. 604 0. 760 0 .290 1 . 279 1 • .569 
0. 1 78 0. 323 0. 501 0. 368 o. 767 1 . 1 35 
0. 21 0 0. 285 0. 495 0. 450 0 .672 1 . 1 22 
0. 266 0. 2.56 0 • .522 0. 586 0 . 606 1 . 1 92 

0. 1 56  0. 604 o. 760 0. 290 1 . 279 1 . 569 
0. 1 78 0. 223 0. 4()1 0. 368 0 . 534 0. 902 
0. 21 0  0. 1 98 0. 408 0. 4-50 o . 4b7 0.91 7  
0. 266 0. 1 85 0. 451 0. 586 0. 428 1 .01 4 

0 . 31 2  0. 257 0. 569 0 • .586 0 . 571 1 . 1 57 
0.31 5 0. 1 36 0 .451 0.610 0 . 292 0. 902 

o. ,; ·:s 0. 1 45 0 .473 0. 663 0. 308 0. 971 
0. 357 0. 1 58 0. 51 5  0. 745 0. 331 1 .076 

0.312 0. 257 0. 569 0.586 0 . 571 1 . 1 57 

0 .31 5  0. 1 26 0.441 0.61 0 0. 261 0.871 

0. 328 0. 1 38 o.4b6 0. 665 0. 280 0. 943 

0.357 0. 1 51 0 .508 0. 745 0.31 3 1 . 058 

continued • • •  
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Table 1 6  ocnt. 

Equivalent Time Differences (min. ) 
Run no. EA : .30 reactioo EA : 45 reaction 

oan no. heating ooollng total heating cooling total 

l R 0. 31 2  0. 574 0.886 0. ,586 1 . 322 1 .908 

1 0.31 5  0 .2.58 0. 573 0. 610 0. 608 1 . 21 8  

2 0. 328 0. 241 0. 569  0. 663 0. 552 1 ·21 5 

3 0.357 0 .229 0. ,586 0. 745 0. 552 1 . 297 

.§. R 0.31 2  0 . 574 0. 886 0. 586 1 .322 1 .908 

1 0.31 5 0. 1 99 0. 51 4  0. 610 0.439 1 .049 

2 0.328 0. 1 88 0. 51 6  0. 663 0. 41 6  1 .079 

3 0. 357 0. 1 92 0. 549 0. 745 0. 41 6  1 . 1 61 

i R 0. 1 56  0. 036 0. 1 92 0. 290 0.070 0.360 

1 0. 1 78  0.070 0.248 0.368 0. 1 49 0.51 7 
2 0. 21 0  0. 084 0.294 0.4,50 0. 1 70  0. 620 

3 0. 266 0. 1 00  0. )66 0. 586 0. 1 99 0. 785 

.lQ R 0.)1 2  0 .073 0 .385 0. ,586 0. 1 44  o.  7.30 
1 0.)1 5 0. 1 1 3 0 .428 0.610 0 .225 0 .835 
2 0.328 0. 1 26 0. 454 0.663 0. 253 0. 91 6  

3 0. 357 0. 1 43 0. ,500 o. 745 0 .288 1 .033 

ll R o. ooo o. ooo o .ooo o.ooo o. ooo o.ooo 
1 0. 1 23 0.032 0 . 1 55 0.279 0 . 061 0.340 
2 o . 1 n 0.046 0. 223 0. 402 0 .087 0.489 
3 0.252 0.065 0. 31 7 0. 567 0. 1 22 0. 689 

g 3 0 .297 0 .367 0 .664 0. 585 0 . 845 1 o 430 

.u. 3 0. 340 0 . 225 0 . 565 0.697 0. ,504 1 .201 

1l!: 3 0.352 0. 1 79  0 .531 o. 730 0. 384 1 . 1 1 4  
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Fig. 47 Eq,uivolent time c;liff�rence correllofi ons 
for two rczoction s�stems. 

(a) llS B.stcorothcrmopl7ilus VS ( e su� rosc - a  E.\: 30). 
(b) ll9 a.tu�r#IOpllilus . vs ( e �utrosc - a �:45). 
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g (the difference between the maximum oan temperature and that of the 

retort) are used, then values of other parameters suoh aa the shape and 

elope 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 curve can be used to fit the ohemioal data. 

In general the two parameter systems have proved inadequate for 

oaloulation of baoterial equivalent retort times fran measurement a on 

chemical systems. 

(11 ) Equivalent time difference correlations. 

Although it has been :>hown that measurements on two chemical 

reaot1ons are not sufficient to make possible the calculation of 

baoterial equivalent retort times from chemical equivalent retort times,  

correlations involving two chemical reaotions have been plotted (figures 

47a and 47b ) .  'Ihese figures show the equivalent time difference for 

B. stearothermophilus plotted against the equivalent time differences for 

the li:A : .30  and the li:As45 reaotions. 'lhe corresponding correlations for 

B. subtilis (which are quite similar in general form to the B. stearo

thermophilus curves) are not shown. 

In eaoh figure the data for the ncn-square runs oan be represented 

by t110 distinct straight lines. 'lhe upper line represents the data of 

runs 1 ,  2 1 .3 1  4 and 9 (i . e. series A) llhich are based on the .heating and 
cooling rates obtained in the experimental retort used in this study. 

�e lower line represents the data of series B (runs 5 ,  6 ,  7, 8 and 1 0 )  

in which the heating and cooling rates of the retort are half the 

c orresponding rates of series A. 'li thin each set of data, the effeota of 

length of air cooling phase , overall heat transfer coefficient in the air 

c ooling phase , and size of can are relatively unimportant. 'lhe maximum 
error in the baoterial equivalent time difference (and hence in the 

equivalent retort time ) predic ted fran the chemical equivalent time 

difference i s  less than 0.07 min. (4 sec . ) if the EA:30 reaction is  used, 

and is less than o.05min. (3 sec . ) if the EA : 45 reaotion is used. 
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" 
It the magni tudes of these errors Are repre sentative o� the orders 

of the errors to be expected from real processes,  then relatively crude 

heat transfer data can be usad to caloulate temperature vs time ourves 

frotu retort temperature data for the prooess being investigated. 

Chemical and bacterial equivalent time differenc es on these oan tempers.-

ture vs time ourvea oa.n be used to establi sh the relationship between 

the ohemioal and bacterial eq,uivalent time �ferenoca. Measurements 

on two ohendcal systema within the can will detenn.ine the chemical 

I 
equivalent time difference for the given product and process. 'Jhua the 

ba.oteri.al equivalent time difterenoe and henc e  the bacterial equivel.ent 

retort time (i . e. the total lethal effect of heat ) oan be determined. 

'lhe data !'ran the square process (L e. run 1 1 )  li e on a straight 

line which passe s  through the origin. 'lhe points are marked 1 1 -1 , 1 1 -2 

and 1 1 -J in figures 47a and 47b· 'lhe linearity of the three points and 

the origin ari ses beoause both the ohemioal and bacterial equivalent 

time differenc e s  for the th.ree can a:l.zea are proporticnal to the respeot

ive ratios of oan volume to surface area i· Hence, for a square prooeaa, 

temperature vs time o�s for one si ze of o ftll. only, are required to 

define the line relating the bacterial and ohemioeJ. equivalent time 

differences. 

'lhe data fran the runs in which the o an  temperature did not 

reach retort temperature are also shown in figures 47a and 47tf (points 

1 2-.3 , 1 3-.3 and 1 4-J ) .  'lhe point for run 1 2  oan .3 ,  in which the con 

temperature at the beginni.n0 of the cooling period i s  6.0 degrees below 

the retort temperature , li es below the line . Hence the correlati on 

between the ohemioa.l and the ba.oterial equivalent ti 1ne differences riJa3 

prcwe to be non-linear. 'l.'he oor.elaticn oan still be detexminec1 by 

oaloulo.ting t emperature va time c urves for processe s  of length similar 

to that being investigated, and hence measurements en two chemical 

syatema can be used to determine the total lethal effect o� heat. 

( b )  llU'ee reaction systems. 

(i ) Types of best fit curves. 

'I'WO types of' cUIVe of best fit have been used f'or the oaloul-

ation of' ba.oterie.l. equivalent retort times fran chemioa.l data in thi s 
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,.,. 
investigation. Type I ,  which is  shown graphically in figure 48&. is baaed 

en three parameters fh' f0 and g, and type II (figure 48b ) on the para• 

meters fh, fc and 0r 1 'fthere fh and t0 are the reoiprooal slopes of the 

semi-logarithmic heating and cooling curves respectively, and g ia the 

difference be�en the maximum oan temperature (T) and that of the 

retort (TR) . 'lhe holdir..g time 0r is a period in which the can tempera

ture is  the same as the retort temperature. nrl.s period is arbitrarily 

assumed to begin when the can contents reach a temperature 0. 1 °F below 
I 

that of the retort. 

�e equations relating the chemical reaction data (i . e. equivalent 

retort times) 1 and the three parameters are given below, along with the 

method of solution of these equations. ?:he methods of calculation of 

the various functions or constants required in the solution of the 

equations are also outlined. 

1• Type I curve of best fi t. 

Bacterial and chemical equivalent retort times ( 0 )  are given by 

the equation -

8 c 0 + h 0 c • • • • • • • • • • • • • • • • • • • •  ( 1 ) 

where e
h and 6>0 are the respective contributions to equivalent retort 

time of the heating and cooling phases ot the prooess represented by the 

curve of beat fit. 

Because e h and (.)c are proportional to rh and fc respectively for 

a given maximum oan temperature � - g, eh and 8 0 in equation ( 1 ) may 

be replaced by afh and bfc respectively. 

Equation ( 1 ) is then 

A :  afh + bfc 

where the coefficients a and b are flmotions ot g only, for any given 

ohemical or bacterial system. 'lhe use of the subaoripts A, B and 0 for 

reference to the three chemical reactions (which in thi s study are suorose 
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hydrol.ysh and the hypothetical reaoticma wi th  activation energies of 

30 and 45 koal/mole respectively) , and S for reference to the destruction 

ot bacterial spores leads t o  the equations s 

e = aAfh + bAte ( 2 ) A . . . . . . . . . . . . . . .  

(.) B "' 
�

rh + bBfc • • • • • • • • • • • • • • •  ( 3  ) 

0 c = aCfh + bcfc • • • • • • • • • • • • • • •  ( 4 ) 

and 0 • 
Ag

fh + bstc • • • • • • • • • • • • • • •  ( 5 ) s 

Equations ( 2  ) , (3 ) and ( 11- ) are solved for fh and f0 in pairs, 

using trial values of g to determine the coefficients a and b. Valuea 

of f'h' f0 and g lilioh satisfy o�uationa ( 2  ) , ( 3 ) and ( 4 ) are used to 

determine 09 by substitution in equaticm ( 5 ) . 

Values ot a and b for a r&nge of values ot g can be calculated 

by graphical or numerical integraticm of the specific rate vs time curves 

based on the respective semilogaritbmic heating and cooling curves. 

Alternatively a and b can be determined using the equations s 

1 
a = lo�0 e • -Ei (- B(ii - 1 )  ) + eB Ei (- .! ) g ug 

1 u - u 

. . . . . , . ( 6 ) 

b • B(1 - Ua) Ef ( ! g 
c

) - eB Ei (- ,!! ) lo� 0 e • e Uc Ug ug • • • • ( 1 ) 

where 

and u "' T 
�· 

fbbeoripts g and o refer to the temperatures at the end of the heating 

period ( T a � - g) , and the temperature T0 ot the cooling water. Two 
terms 'flhioh ooour in the full form of equaticn ( 7 )  are ani tted. 'nlese 

arise from the lower limit ('lhere all rates of reaction and spore destruction 

are very low) and are negligible for values of B, ug' and u0 of i'ltereat 

in the present context. 
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'lhe t'unotions -El ( � " )  and Ei ( ,. ) are kno"'lln a s  exponential. 

integrals. '!hey are defined. by t 

-El. (- X. )  = (-�. -� I "'  d"'  < =' /'  o >  

:t 

and Ei ( " ) = lim 

y - 0+0 

Ei ( ":t .:!: iy ) .:!: i 1T 

( " end y real ) • 

'lheae tunotions have been tabulated, e. g. Korn and Korn ( 1 961 ) 

and J ahnke and l!mde ( 1 945 ) .  

'lh e  deri vatian of equati ons ( 6 ) and ( 7 ) i s  shown in Appendix IX. 
Appendix X gives values ot a and b for the su:lrose hydrolysis reacti on 

(aotivation energy in the range 21 2-272°F assumed constant and equal to 

22.34 koal/mole ) . Values of .'.a and .:lb tor the other chemical and 

baoteri al  systems are also shown, Vlhere A.� and A� are given by : 

Subaoript A refers to the sucrose hydrolysis reaotion and subsoript N 

to the other systems. �e range of g in the table is 1 0.0°� to 0.01�. 

Retort temperature is 272.0°F and the t emperature of the cooling water is 

67°P (Ug = 0.72). 

,g,. Type II cuxve of best fit. 

For a type II best fit curve, the b acterial and chemical equivalent 

retort times are given by the equation : 

e · = 0 + h 0 + r 

where eh, er and e0 are the respective contributions to equivalent 

retort time of the heating, holding and cooling periods of the process 

represented by the curve of best fit. 



As in type I ,  the contributions 0h and 00 oan be replaoed 

by af'h and bf0 re spectively, giving -

e = af'h + e + bf r o 

Use of the sub so ripts A, B, C and S, as above , leads to the 

equation• s 

e = aAfh + B + bAf
o A r • . • . . . . • • . . . . • •  ( 8 ) 

(.) = �rh + (.) + bBfc B r • • • • • • • • • • • • • • •  ( 9 ) 

e 
c = a<fh + 0 + blo r . . . . . . . . . . . . . . . ( 1 0) 

and (.)s = aSfh + '-) + bsfo r . . . . . . . . . . . . . . . ( 1 1 ) ' 

whence t.0 - e A 
B - A B 

a 

t.

�fh + .i�f
o . . . . . . . . . . . . . . . ( 1 2) 

and 
t.0c = @ (.) A c 

= �acfh + � bcfc . . . . . . . . . . . . . . . 
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Because the high temperature limits of the type II heatlng and 

cooling curves are invari ant, the value s of a and b (and henc e of 

A a and A b )  are constant for eaoh ohemioal and baoterial system. 'lhe 

values for the different systems are marked with an asteri sk in the table 

of Appendix X , (p 269 ) .  

�e soluticn of the equaticna for th e  type I I  curve of beat fi t  is 

muo h  simpler than that for th e  type I best fi t curve. A single pair of 

linear simultaneous equati ons with constant c oefficients (viz. , equaticns 

(1 2 )  and (1 3 ) abcwe ) are solved for rh and f0 • �e value ot A i s  f'aund r 
by substitution in one of the equations ( a ) ,  ( 9 ) or (1 o ) . Substituticm 

of th, f0 and (.)r in equation (1 1 )  yi elds the equivalent retort time for 

spore destruction. 
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Alternatively equations ( 8 ) ,  ( 9 )  and ( 10) may be solved for 'h• 
Ar and t0 in terms of eA' eB and. A0• Substitution into equation (1 1 ) 

yhld.a, after aimpllfioation, an equation of the form -

0 3  = p 0A - q e B  + r e 0  • • • • • • • • • • • • • • • • •  (1 4) 

'Whioh oan be used. to oaloulate bacterie.l equivalent retort times directly 

frcm the chemical equivalent retort times. For .B. atearothermgphilqt 

and B, subtilia the equations are -

ro�tively. 

It equinlent time difterenoea only are kn011n ·(as in the oaloula:ticna 

an the model processes) '  the bactf'lrlal equivalent time differences ( 6.0 s> 
oan be oal.oulated using the equation -

'Ihi a g1. ves 

..\f.l a _., .!l.0 + 
S -a. B • • • • • • • • • • • • • • • • • • • • • • • •  

for B. atoargthormophilus and B. suptills respectively. 

(1 5 )  

An advantage of this d.ireot method (apart from ita extreme simplicity) 

is the ease w1 th 'tlbioh the error in 0 S' due to errors in estimaticn ot 

eA' 0B and e0, oan be oaloulated. 

(ii)  Comparison ot the two types of beat fit ourve as mothod.a ot 
oaloulation ot spore deatructian. 

1'abloa 1 7a and 1 7b  show the OCluivalent time differonoea end 

eClui:valent retort times, and the relevant parameters of the best fit 

ourvea. In table 1 7a (runs 1 -1 1 )  equivalent retort times and lengths of 
the holding periods are not sho,m, as the equivalent time differences have 
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Table 17a 1 Equivalent time clift'ererJCea and pa.remetera ot the ourna ot 

be art t1 t t lhma 1 - 1 1  • 

]!!l, f'h r Equivalent time dif'tcu"GnOe , :&0 (min. ) 
0 

B. at�erm�lua 1. aubjji;)J. 1 
oan No. (min) (min) type II model type II model 

! 1 1 .399 6. 91 1 .CXJ7 1 .033 1 . 228 1 . 305 
2 1 .  Jt2.'5 9. 1 4 1 . 1 1 6 1 . 1 73 1 . 351 1 . 480 

3 1 .858 9. 65  1 .358 1 . 409 1 .654 1 . 784 

£ 1 0. 848 10.24- 0. 871 0. 921 1 .035 1 . 1 .50 
2 1 . 142 10. 28 1 .022 1 .081 1 . 225 1 .358 
3 1 .  704 1 0. 1 3  1 • .}01 1 .345 1 . 579 1 . 683 

l 1 3.01 7  7· 15 1 .864 1 . 986 2.307 2. 568 
2 2. 991 1· 56 1 .842 1 . 97) 2. 282 2.573 
3 3.306 6 .87 1 . 971 2.076 2. 450 2. -,rJJ 

1 2.304 1·03 1 .471 1 . 574 1 . 81 5 . 2.058 
2 2 • .332 7e25 1 .494 1 . 590 1 . 843 2.078 

3 2. 584 1· 91 1 . 653 1 .  739 2.039 2.257 

c:; 1 0. 661 22 . 36 1 . 299 1 . 341 1 . 495 1 .599 . 
... 

2 1 . 1 22 20. 24 1 .  4Jt2 1 . 1:64- 1 . 690 1 .756 
3 1 . 544 1 9.62 1 . 629 1 . 665 1 .931 2.013 

§. 1 0. 457 23.27 1 .2,36 1 . 231 1 .lt09 1 .499 
2 0.872 21 . 69 1 .3n 1 . 41 6  1 . 598 1 .676 

3 1 .465 1 9. 79 1 . 596 1 . 628 1 .888 1 . 9� 

l 1 2.076 1 9. 1 6 1 .878 1 . 979 2.249 2. 484 
2 2. 156 1 8  • .)1 1 .082 1 . �65 �.260 2eW 
3 2. 472 1 6.97 1 . 985 2.063 2. 399 2. 576 

A 1 1 . 1 1 4 22. 78 1 . 547 1 . 657 1 . 806 2.0� 
2 1 . 563 1 9. 54 1 . 635 1 .  705 1 . 939 2.()96 
3 1 . 886 1 9 . 1 2  1 .  781 1 . 843 2. 1 26 2.376 

1 o. 724 9.60 0. ]80 0. 793 0. 924 0.948 
2 0. 980 1 0. 46 0. 948 0. 989 1 . 1 30 1 .202 
3 1 .  446 1 1 ..33 1 . 222 1 . 275 1 . 471 1 . 569 

1Q. 1 0. 267 2.3.91 1 . 167 1 . 237 1 .31 7 1 .lt05 
2 0 . 803 21 . 48  1 .333 1 . 372 1 . 554 1 .607 
3 1 . 299 20.55 1 . 54.5 1 . � 1 . 01 9 1 .894 

!1 1 o. 742 ).83 o. 5�.1 0. 551 o. 66o 0.682 

2 1 .065 5. 53 o. na o. 795 0.948 0. 982 

3 1 .4()9 8.65 1 . 087 1 . 1 00 1 . 31 8 1 .,382 
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Table 17b Equivalent time dif'f'erenoea, equivalent retort times and 

parameters of the best f'i t oUITes : Runs 1 2-1 4. 

model t;vpe I t;vpe II 

T vs iJ curve best fit oUITe best tit cum 

Run 1 2  o an  � 
f'h (min) 3. 1 1 9 2. 724 
f'o (min) 1 8 . 29 1 9.81 
g ( Op )  6.00 1 . 45 q.54 
(·) (min) - 1 . 994 r 

B. stearothermOPhil� 

0 (min) 2.31 3 2. 21 5  2. 235 

t.e (min) 1 . 91 6 2. 01 4  1 . 994 
B. subtilia 

0 (min) 2.842 2.644 2. 697 
M> (min) 1 . 387 1 • .585 1 . 532 

Run j� O!Q � 
f'h (min) 2.o64 2. 047 
to (min) 1 8. 75 1 8.89 
g ( OJI ) 1 . 56· 0. 10 0.0995 
0 (min) 0.025 r 
�����aro�!rmonbi�YA 
(.) (min) 1 . 91 5 1 . 8,54 1 .8.52 
A� (min) 3. 666 3· 727 3·729 
B. ej:1:li! 

0 (min) 2, 366 2. 222 2.21 8  
M> (min) 3 . 21 5 3· 359 3·363 

Run 1� oan j 

th (min) • 1 .671 

£0 (min) • 19. 64 
g ( � ) 0. 44 <. 0.01 0.0074 
0 (min) • 1 .887 r 
B.§tearothermOPhilua 
� (min) 1 .  747 • 1 .692 
60 (min) 4. 929 • .4. 982 
B. subtilil 

0 (min) 2. 1 39 • 2.013 
�e- (min) 4. 537 • 4.663 

• A solution ia  not possible as the mini� value of' 
nf' Ann ... ni'l-i Y y i Ill o . o1 01P. 

g in the table 
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equ i va le n t  t i m e  d i Herences (O) B.s'l::oroi1JC!i7JD
philus Cb> 8. subti/is . 

, 
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been oaloulated directly frat1 the heating and cooling OUIYes of model 

processes ot \mSl)eoified length. Table 1 7b  shows data for the runs 1 2-1 � 

in 11hioh cooling was begun before the oan temperature reached that of the 

retort. Eq,uivalent retort tillea, as wll as equivalent time dif'terenaes, 

are shoe, along with the relevant parameters of the best fit ourns 

(i. e. th' t0 and. sr or g).  In both tables equivalent time differences 

of the model process are shown for oc:mparison. Table 1 7b  also includes 

equivalent retort times calculated from the model oUITe. 

Oaloulated equivalent time differences ( ordinates) are plotted 

against the model equivalent times (abscissae) in figures 49a (B. stearo

thermgphilus) and 49b (B. subtilis).  

1· �e best tit oun'es. 

A qualitative examination of the model temperature vs time curves 

and the OUM'es of best fit has been made. It is apparent that for processes 

in whioh relatively large oontributioos to equivalent time difference are 

made by temperatures near that of the retort ( say within about 1 5°F) ,  the 

slope ot the heating part of the curve ot best f1 t will be relatively low. 

1he value ot th will hence be relatively high, and the ocntribution to 

equivalent time c!if'terenoe by this part of the best fit cum will be 

large. Similarly, processes in 'tlbioh lower temperatures give relatively 

large oontributicns to equiT&lent time ditterenoe will give riae to 

relatively large values of t0 tor the curve ot best tit. 

1he temperature in the model processes during the air cooling 

phase are in the range which gives large contributions to equivalent time 

differences. 1he runs with the lcngest air c ooling periods give higher 

values ot th. ll"igure 42 (p 1 56 )  shon that there are four seta ot runs 

11h.ich are identical emept for the length of the air cooling phase. 1hese 

are runs 9 ,  1 and 3 , r\m.S 9,  2 and 4, runs 1 0 ,  5 and 7, and runs 1 0 ,  6 and 

B .  In each set the value of fh inoreases with the length of the process, 

while the value of t0 remains approximately constant. 

1he etf'eot of rate ot change of retort temperature for the IIOdel 

processes is also shown in table 1 7a. 1he values of th for runs 1 ,  2 ,  3, 4 and 
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9 (i . e. seri ea A) ere in the range 7-1 1 min. , llhile runs 5,  6 ,  71 8 and "'  

10  ( seri es B) are in the range 1 7-24 min. In series B the rate of change 

of retort temperature i s  lower than in seri e s  A, and hence the longer 

times are spent at lower temperature s. 'lhi s effect appears to be almost 

independent of differonce s  in prCXless CXlcurring at high temperature s. 

In both type I and type II oUITes of best fi t, the cooling curve 

used falla rapidly fran maximum temperature to sublethal temperatures. 

'lhe contribution to eCJ.uivalent time difference of the cooling oUITe with 

unit slope (i . e. coefficient b of eCJ.uati ons ( 2  ) to ( 5 ) and eCJ.u&tionJ 

(8 ) to (1 1 )  ) i s  about one order of magnitude less than the c orresponding 

CJ.uanti ty (1 . e .  coefficient a) for the heating curve of unit slope. 'lhe 

model temperature vs time curves are such that the contri butions to 

eCJ.uivalent time differenc e ot the heating and c ooling sec tions of the 

best fi t c urve are of the same ordeJZ Hence the values of f are about 
0 

one order of magnitude greater than the values of fh. 'lhi s  again 

emphasi se s the fact that a curve of best fit may be the eCJ.uivalent of 
some other temperature vs time curve , for purposes of c alculation of 

spore destruoticn, without being at all similar to it in general shape. 

'lhe parameters g (type I curve of be st fi t ) and A ,.  ( type II curve ) 

are both measures of the length of the prCXless. When the c an  temperature s 

are very close to retort temperature ( say g < 0. 1 '7), a tenfold decrease 

in g represents an inareaae in overall prCXl ess length eCJ.ual to r
h

. 

Similarly an increase ( or decrease ) in overall proc ess length inareases 

( or decreases ) the value of A
r

• If g is amall ( say < 0. 1 °F) , the 

change in A
r 

i s  eCJ.u.al to the change in prCXless length. 

Table 1 7b  shows the value s of g and 0 
r 

for runs 1 2-1 4. Aa the 

prooess length i s  increased the values ot g and 0 I'or the type I and 
r 

type II curves of best fit show the expected trends, wi th  the values of 

g decreasing , and the values of 0 
r 

increasing. 

An unexpected feature of the type I curve of best fi t i s  that 

the values of g for the best fit curve are muoh less than those of 
the model temperature vs time curves fran ldrloh they are derived. In the 

type II curves of best fit, the t emperature on the heating curve (extrap

olated if nec e ssary) at the instant when c ooling begins can be calculated. 
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�e values of g for type II cunes are shown in table 1 7b. 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 which 

are lower than expected. It is probably because the types of best fit 

curve assuned do not allow the model temperature vs time curves to be 

fi tted very closely. Other ourvea of best fit based on three parameters 

could be u.sed 'lbioh give a closer fit to the model curves. It ia expected 

that the more cloeely fitting ourvea 110uld give value s  of g closexl to 

those actually obtaining in the can. 

lfhe t110 types ot best t it curve need here are sooh that for 8II1All 
g ( aay  g � 0.1 °1) the curves of best fit are almost identical. Important 

ditterenoes betwaen the curves are upeoted cnly when g is greater than 

about 1 .0°P. 1he values ot th and t
0 

for nms 12 and 13  (table 1 7b) 

show this behaviour clearly. 1here is Qloae agreement b etween the two 

values of t
h , and between the t11o n.luea of t0 , ot rtm. 1 3  in which the 

value of g for the curves of best fit i s  0. 10°F. 1he values ot th and 

t0 tor run 1 2  do not show this close agreement. 

The value ot 0 
r 

of run 1 2  can 3 haa the "impossible" value ot 

-1 . 994 min. 'lhia negative value arises because the sum ot the c c:ntributi ona 

to equivalent retort time of the heating and cooling periods ia greater 
. 

than the equivalent retort time of the model curve. 1'he result is a curve 

of beat fit in which the cooli.ng period begins before the heating period 

is ocaplete. Contributions to equl.valent time difference are henoe 

b eing made by both the heating and cooling parts of the curve of beat 

fit during the negative holcling time. 1'he bacterial equivalent retort 

times predicted usin(; this "impossible" curve of best fit are discussed 

below. 

z.. Equivalent time difterenoes and equivalent retort times. 
All bacterial equivalent time differences 6alculated using three 

parameter curves of best fi t  are less than those based on the model curves 

(see tables 1 7a and 1 7b, and figures 49a. and 49b ) , and it henoe appears 

that the two types of best f'i t curve as used here are not equivalent to 

the model curves "'lhen used for calculati on of spore destruction. 
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Beoauae the equivalent time differences predic ted from the chemical analogue 

are le ss than the equivalent time differenc e s  calculated directly frca. the 

model temperature-time functions, the bacterial equivalent retort times 

based on the chemical analogue wi ll  tend to be hi gh. �e error in spore 

destruction i s  heno e on the tmsafe side. 

'lhe di eo repanoy between calculated and model equivalent time 

differences is probably beoauae the curves of' best f'i t do not allow the 

model temperature vs time curves to be fitted closely. It may be pbsaible 

to modify the three parameter curves of best fit to allow a closer fit to 

the ac tual curves (particularly in the early stages of cooling) and so get 

a more reliable prediction of' equivalent time difference .  

'lb e  differences between the model and calculated equivalent time 

difference s  are not great , e.nd the equivalent time differenc e s  calculated 

from a type I curve of best fi t  do not appear to be significantly different 

frcm the type II equivalent time differenc e s. 'lhe paints repre senting 

the very !3hort runs are marked in figure s 49a and 49b with the nm and o an  

numbers, and th e  type of best fit ourre used. 

T he most important observaticm is that the scatter of the results 

as plotted in figures 49a and 49b ia small (i . e . + o. 5 min. or 2 • .5% tor - -

B. stearothermophilua and .! 0. 1 0  min. or 5% for B. subti ll s  equivalent time 

differences ) ,  even though the analogue i e  not completely independent of 

the t emperature-time f'unoti on obtaining in the can. If it oan be shown 
that thi s dependeno e of the analogue on the oan temperature-time f'unotian 

i s  the same for e. wide range of processes, can aisea, etc. , then the 

anaJ.ogue oan be used to predic t bacterial equivalent retort time s. 

(iii ) Xodifioe.tioo of' the ana1ogue. 

Two methods of eliminating the dift'er600e between the 

calculated and model eq,uivalent time ditrerenau (see figures 49a and 49b ) 
can be used. One possibility, the moditioatiori of'. the best fit curve to 

enable the can temperature vs time curve to be fitted 111ore olosely has 

been proposed. 'lhe sf:cond method, which i s  some'Mlat simpler involves 



modificati on of sane of the constants in the equations of the analogue. 

P'igures 49a and 49b show that for the range of model processes 

considered, the data can be represented by a straight line through the 

origin without seri ous error. 

i . e. ..;0
8 =- k t.0

8 -1 oa c .  

where k is a oonstMt of proporti onal! ty. 

· �  . . • . . . . . . . . . • • • •  ( 1 6 )  

'lhe equations llhich have been developed for the oaloulation of 
bacterial equivalent time differenoes fran chomical measurements are t 

and 
t.0 S oa.lo . = - q t.0B + r t.0c • • • • • • • • • • • • • • • •  (1 8 ) 

For any given system of three reactions the c oefficients t. a8 

and 6. b8 in equation ( 1 7) and the coefficients q and r in equation ( 1 8) 

depend only on the oharacteri atio a of the organi sm and the retort 

temperature on 'llhioh the equivalet.t time d!.fferenaes and equival.ent 

retort times are based. 

Equation ( 1 6) ,  with equations ( 1 7) and ( 1 8) respectively giTea -

. . . . . . . . . . . . . . . (1 9 )  

. . . . . . . . . . . . . . .  (2o ) 

where &. a�, &. b�, Q and R are c onstants equal to k &.a8 ,  . k  .ib8, 

kq and k:r respectively. 'lhese constants oan be tabulated for a range 

of bacterial activation energies and retort temperatures. 
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If the reoiprooal slopes fh and t0 are t o  retain their meaning, 

the moditioation ot equation ( 1 7) to gin equaticm (1 9 ) oan only be 

regarded as a scmewbat arbitrary moditioati on ot the pre sent analogue. 

'lhis is because the bacterial equivalent time difference i s  calculated 

frcm a ourve of the s&e form as the ourve of b e st fit, but with 
decreased slopes ot the heating and oooling curves, i . e. the heating and 
cooling curve slopes respeotinly are ...L and _j_ instead of .L and  .1. .  

kth kt'o rh to 
Bqua.ticn (2�) , 'tlhioh was der1Te4 Tia equatiCil (1 6 ) fran equa.tian

1 
(18) ,  

oan be regarded as a mocU.tioatiCil ot the shape ot the ourye of best tit • 

.Although the equaticn ot thi s  mcxU.tie4 best fit curve ia not known, it is 

suoh than an analysis similar to that leading to the equation .. 

• • • • • • • • • • • • ( 1 4) (p 189 ) 

will give the equation-

• • • • • • • • • • • •  (21 )  

vdlere P i a given by -

P - Q + R = 1 • • • • • • • • • • • • • • • • • • •  (22 ) 

( see footnote below) 

Regression equations (for the best estimate ot c1 e8 for a ginn 

be8 al ) have been oaloulated by the method of least squares for the 0 o. 
B, stearothermophilus end B, subtilis data. Values of the constant k ot 
equation ( 16 )  are 1 .0424 and 1 .0802 respectively. 

Equaticn (21 ) then beocmes -

Equation (22 ) is deriTed frc:m consideration of an element of food. whioh 
heats instantaneously to retort temperature and c ools instantaneously t o  
sublethal temperatures. .Al l  equivalent retort times eA, c:'B ' 00 and 05 
are equal. Equaticn (21 ) then becomes -

0 s = P (·'s - Q G s + R �s 
whioh gives -

P - Q + R = 1 
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and 

for B, stearothemgphilus and B, subtills respectively. 

(iv) Error in equivalent retort time due to error in measurement 

of retort temperature . 

Beo&U8e an average retort temperature has been caloul.a.tod 

far eech run in the experimental work and. a preoi sely knO'Ml retort teqtpera

ture haa been aaatmed in the oal01 lationa on model processes,  the effect of 
error in retort temperature haa been minimized or eliminated. 

In prootioe h01'1e'Ver, the equivalent retort times 1'10uld be based 

on the rates of ohemiotl.l reacti on and spore destruction at the ncminal 
retort temperature. A number of factors oan oause this noninaJ retort 

temperature to be different frcm that aotual.ly obtainill6 in the retort, 

e. g. variati on of temperature 1d thin the retort arising from inadequate 

venting, errors in temperature and pressure meuurement and/or control, 

eto ,  lienoe the effeot of an error in retort temperature m the predicted 

equivalent reto%1; time has been investigated. 

Bacterial equive..lent retort times are given by t 
1\ 0 .. P A  - Q <'L  + R A 

S A � C • • • • • • • • • • • • • • • • • • • • • • • • •  

• • . . • . . . . . . . . • . . . . . . . • • . .  

(25) 

( 26) 

''lhere the equivalent retort time s AA' "> D '  Ac and A 8  are based on 

the IlQI1inal retort temperature ( Ta) and the equivalent retort times 
I I I)• f.l B' are based on the actual ret art temperature T�. 

'lhe error in 0 5 is defined by -

t(.) = s 
... 
(.) s  - (.)s 

where e8 i s  the actual bacterial equivalent retort time (based en the 

naninal retort temperature) and �S is the estimate of AS obtaine4 

using the inoorreot retort temperature. 



It 8 T i s  small ( � T = � - � ), then -

(:)I A = (:)A .... (1 + a A h T) . . . . . . . . . . . . . . . . (27 ) 

' 

% .... (1 + a
B

S T) (28 ) � = . . . . . . . . . . . . . . . . 
AI = (:)0 .... (1 + .. 0 s T) . . . . . . . . . . . . . . . . (29 ) c 

(:)I 
= (:) (1 s s - aS � T) . . . . . . . . . . . . . . . . . . . .  ( 30) 

11here "-A• ClB eta . are the elopes of the rate of ohemioal reao ti. cn  

vs temperature or 8Pore deatruotion rate va temperature curves. 1he 

valuea ot CIA' "' B' a C' "' s for B. stearothermophilUf and. "'s tor 
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B. subtili e are o.o.;B, 0.051 , 0.076 ,  0. 1 25 and 0. 17.3 °r-1 
re spec tively. 

Substitution for (:)A' 19B 8114 e0 in equation (26 ) gives -

'lheref'ore 

�s = P1. - Q� + 

" (.) - 0 B S 

Re• c 

For D. atearothermophilus equation (27) i s  -

and tor B. subtilis the error %e8 ia given by -

. • • . • . . . • • • . . .  

• • • • • • • • • • • • • •  

• • • • • • • • • • • • • •  

( 27) 

( 28) 

(29) 
Equationa (28) and ( 29) have been used to oaloulate the error in e5 

for run s  1 2 , 1.3  and 1 4. Errore ( expressed a s  perc entages ot e 5) are sho1ln 
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0 � 
in table 1 8 ,  for an actual temperature of 272.0 F and. a n.aninal tempera-

o ture at 273,0 F. 

l'able 1 8  ' Errors in baoterial equivalent retort time due to error in 

measurezr.cr:t of �tort temperature. 

.!9:n and oan no. ll 3 

B,stearothermophilu. -2.0  

B, al1btills 

Error in temperature • + 1 ,0°F 
Errors in bac terial equivalent retort times are expressed as peroentages. 

In traditiooal methods of prooe.:s calculation an error ot +1 °1' in 

retort temperature 1dll give ri se to errors of approximately -1 2.� and 

-1 7. 3% for B. steargthermqphilue end .B, subtilh respectively. 'lhe error 

in bacterial retort time due to error in retort temperature i s  less in 
the chemical analogue method than 1 t i s  in traditional prooesa calcul

ations, beo auae the alternating signa of equntion ( 21 ) tend to oancel 0\1t 

the error. 

( v) Integration w1 th reapeot to volume. 

Much of the disousai.cn above applies aU.y to single elements 

of food, or to containers in 'Which the mole volume of food oan be 

treated aa a aingl.e element for the purpoaes of spore destruo tion oaloul-

ationa. In some prodoota, suah ae oonduotion heating pecks, 1 t ma:t be 

possible to estimate the lethal efteot ot heat on each element of food 

before integrating m th Mspeot to volume. In man,y other foods, however, 

thia mrq not be possible, and the lethal effeot of heat for the 111hole 

container may then have to be evaluated on the basis of mass average 

chemical measurements made on the well mixed b\ll.L 'lhe actual overall 

equivalent retort time es (based en the aotual number of viable spores 

remaining in the o ontain&r at"ter prooessi.ng) may not be identical to the 
"' 

equivalent retort time 08 calculated en the bub of chemical measure-
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menta me.de on the 11ell mixed bulk (i. e. C-i 
A' 

equivalenoe of the aotual. overall equivalent retort time 08 and the chem
A 

ioal analogue overall equivalent retort time 08 has been investigated. 

For any element of food, r, the baoterial equivalent retort time 

0 Sr i s  given by : 

whera 

(-)Sr = p 0 Ar - Q 0 Br + R G Cr 

e A and Ar' Br (.)C are the chamical e quivnlent retort times for r , 
the three reaotions of element r. 

�8 actual overall equivalent retort time 0 3 i s  given by -

A 
[ 1 

n 1 (-�)] ( 30 ) s = -D8 log ii [ log- . . . . . . . . . . . . . . . .  
r=l 

= ..n5 log [ � i:_ log-1 (- � (uAr - Q "Br + R<'>cr�] r=l 

• • . . . . . . . •  ( 31 ) 

where n is  the total number of elements of food c onsidered and D is  the 

decimal reduction time. Equation ( 30 )  i s  derived from equation ( 9 )  

p s-l , in which the integration with respect to volume i s  replaced by 

a 11\Jill:llati on over all n. Equations ( 32 ) , ( 33 ) and ( 34 )  below are 

derivad from e·1uation ( 8 ) p 52 , in a similar manner. 
"' 

�e ohamio al anL'.logue overall equivalent retort time 08 i s  

evaluated by the equation : 
A 0s = p 0A - Q QB + R 1!50. 

�e overall chemic al equivalent retort times 0 0 --.!1 0 
A' B ...,IU c 

are given by the equations : 

0 = -DA log � i log-1 (-�� • • • • • • • • • •  (32) A 
r=l 

0 = -� log � � log-1 
f �

r
)] • • • • • • • • • •  (33) B 

- � f log-1 (- :�r)], (-) = -n0 log • • • • • • • • • •  (34) c n r=l 
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whenoe -
� [ 1 • 

-1 (- :�� 0 = -.PDA log n L log s r=l 

[ 1 n 1 
+QDB log n k. log- (-�� 
-RDC log n L log-[ 1 • 1 

r=l (--i;� . . . . . . . . . .  ( 35 ) 

-1 Because the operations log and log are not linear the ao tual 

O'l'eral l equivalent retort time 0 S and the chemic al sn.al.ogue overall' 
� 

equivalent retort time 08 as given by equations ( .31 ) and ( 35 ) 

respectively are not necessarily equivalent. 
" 

'-he ditterenoes between 08 and 05 will need to be investig-

ated quantitatively before n three reao ti on  e.nalo£Ue can be applied to 

prodoot s  in 'flhioh the lethal efteot of heat on all elements i s  not 

identical .  A method using model systems and calculated temperature vs 

time ourve will probably be the best way of investigating the integration 

1d. th respect to volume. 

As the number of temperature vs time ourves "tdll be large in 

any extensive study, digital ocmputati on methods will almoet certainly 

be required tor both generation of the temperature vs time uurves and 
integration of specific rate wi th  respect to time , and w.i th respect to 

volume. 



CONCLDSI CfiS 

POTENTIAL APPilCA'n ONS OP' 'lHK CHEMICAL ANAWGUE 



206 

CONOllJSI CliS 

TheoretioaJ. Can§iclerations 

'lhe c onditions under llhich chemical resationa c an  be used to 

estimate spore destl"\.¥)tion in a container of tood. depend cn the aot1-n.t1011 

energi e s  and. the decimal reduo ticn time s of the beoterial end chemical 

systems, and on the "heat-penetrati cn" ohare.oteri atios of the proc essed 

tood. 

If the activation energie s  of the ba.oteri al and chemical systema 

are equal then the extent of a chemical reecticn oan be used as a direct 

measure of the extent of spore destruction in any smAll element ot 
materi al ,  or in any container of material in 11hich the temperature through

out i a uniform at all instants. 'lhe chemical cono entrati cn change oan b e  

used a s  a measure of the spore reduction ratio for a container in which 

the instantaneous temperature distribution is not unifon:n, only it the 

ba.o terial and chemic al decimal reduoticn time s are equal, or if both the 

residual chemical reactant conc entration and the spore reduction ratio 

are not functions of poai ti.on in the oan. 

If the aotivation ene:-gi es of the bacterial and chemical systems 

are not equal, then the residual chemical reactant concentration can be 

used to estimate the spore reducti oo ratio for any ele!Dent � material 

only it the foi'Il of the temperature-time tunotion for that element i s  

knom. 'lhe residual chemical rea.ota.."lt concentration can only be used 

as a measure of tbe mean spore reduc ti cn ratio for a 11hole c ontainer it 

the temperature-time func ti ons of all elements of the material being 

processed are BUJh that 

0 
chem 

D eh em 

A bact 
D baot 

i s  the eame for all elements of volume . 'lbe equivalent retort time (e) 
of a proo e s s  i s  the time required at retort temperature to bring about 

the same change in chemioal reactant (or beoterial spore) oonoentraticn 

as does the prooess J D is  the deoimal reduc ti on  time , and the subscripts 

chem and baot refer to the chemica1 and bacterial systems respectively. 
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It i s  also shown that the mean residual chemical reactant con-

centratioo (or residual spore ccnoentratioo) calculated tra:D. temperature 

data Wrl.ch has been measured at points fixed nth respect to the container, 

i s  not identical to that oocurring in the can if convective movement of the 

processed material takes plaoe .  Ho11ever, a conaideraticn of convective 

currents in the container (using simplified conveoticn models for two 

types ot conveotion) indicates that relationships do exist between the 

residual chemical reactant conoentrai.ions (or residual spore oonoentraticn) 
I 

calculated using fixed pa:l..nt temperature data, and those aotueJ.l.y obtained 

in convection heating products. j 
/ 

'lhe Experiments 

'!he acid hydrolysis of sucrose in buttered solution was choaen as 

the chemical reaction in thi s investigation. 

(a) C�atic oana. 

'1he conveotion model proposed for the statio cans was not 

oonfinned conolusively by the limited. n1J1Ylber of statio can runs carried · 

cut. 'lhe deviations from the expected behaviour can be explained only 

in part by experir.ental errors. More work will be required to c cnf'irm 

or reject the valldi ty of the tuOd.el. 

'lhe relaticnship between the bacterial and chemical equivalent 

retort times is  of the f'� -
(.) 

bact = (.) eh em . . . . . . . . . . . • . .  

w.i'lere Af.'l , the equivl!.l.ent time dit"ference, i �  a constant for any given 

( 1 )  

prooe .. and pair of bootorial and chemical systems. '!he equivalent time 
difference is  independent of the length of the process e:xoept for 

extremely short runs. 

A logarithmic relationsbip appears to exist between the equivalent 

time difterenoes and the activation energies, of different bacterial 

systems, i . e. 
6.0 

2 
= 

log EA baot (2) - log EA ohem 

t.r-; log EA bact (1 ) - log BA chem 

• • • • • • • • • •  (2) 
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It does not appear thAt any useful relationship exi sts between ,. 

equivalent time differences calculated trom the retort temperature vs time 

ourve , and the equivalent time differences for the oe.ns, i . e. the value of 

b() tor a container cannot be determined fran retort temperature vs time 

ourves alone. 

If the chemical resotion technique is used nth temperature 

measurements, the Wloertainty in equivalent ret ort time i s  about one 

quarter of the Wloertainty which arises if temperature measurement s alone 

are used. 

It aleo appears that measurements on a model system ( e. g. suorose 

solution) can be applied to a real system ( e.g. milk) if the physical 

properties (e specially vi soosi ty) are similar. If the physical properties 

are not similar ( e.g. water and aoorose solution) , significant errors 

ari se .  

(b) Agitated oans. 

'lhe c onvection model of canplete mixing was o onf'i rmed by a 

comparison of the actual re sidual sucrose concentration and that calculated 

from temperature measurements. Differences between the aotual and oal

oulated equivalent retort times were seldom greater than .3%, and the mean 

difference was less than o. J$,. 

Again the relaticnsbip between the chemical and baoterial equiv

alent retort times 1e of the form -

0 
baot = 0 

oh em 6.0 

�e equivalent time difference ,  .t.A , was c alc ulated for t1t0 

different tn>es of orge.ni sm for all cans of a series of runs, 111. th oe.ns 

agi. tated in ho different ways at four different speeds. T110 lengths 

of process and two prooesalng pressures were used. 

The effect of tn>e of organism on :.•-) i s  very highly significant. 

'lhe organi l!llll 111. th the greater activation energy gives greater equivalent 

time dif'i'erenoes t.hiD an organisn 11ith a lower sotivati on eergy. 'lhe 
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relationship between activation energy and equivalent time di:N'erenoe� 

can be applied to the data of all agitated c an  runs 1'li thout serious 

error. 

It appears that the effect of prooeeeing pressure en e 1e not 

significant. �s may be due to a fortui tious choioe of process. :Purther 

work will be required to show whether this i s  t10 or not. 

1he effect of speed is  to give the lowest equivalent time differences 

at speeds giving centrifugal aooeleration, at the oan oantre , approximately 
I 

. 

equal to the aooeleraticn due to gravity. The prooesses are suoh that a 

relatively low equivalent time difference is indicative of a high heat 

transfer rate, and hence thi s  work confirms that ot ClU'oom et al, ( 1 950),  

and Conley et al ,  ( 1 951 ) .  

Two types of rotati cn -were studied. 1he difference between the 

equivalent time differences of tangentially rotated cans, and those of 

the radially rotated cans i s  small , but quite significant. No explanation 

of this etreot has been found. 

1he effect of length of prooess i s  also quite signitioant , 'ftbioh 

i s  contrary to the effect expected from theoretical considerations. A 

number of possible reasons for thi s  effeot have been disoll!lsed. Further 

wrk will be needed, as examination of the experimental results does not 

give muoh indicati on of the cause of the anomaly. 

A oompariaon . of heat transfer ooeffioients for the agitated and 

statio oen runs indicates that the inside film heat transfer coettioient 

i s  the rate controlling f'aotor in the statio cans in the h eating and 

in the cooling periods, The importance of the inside film heat transfer 

coettioient i s  muoh less in the air cooling periods of the processes. 

AnWsi s of the egu,i.ye.l.ent time d;if'ferge oongept 

!Ibis analysis uses model temperature vs time oUITes, calculated 

tor a range of processes and oan sizes using heat tranater coefficients 

based on the eg1 tated can rlm.s. 1he most important conclusion is that 

both type of process and the size of oan have an important effect on 

equivalent time difference. 
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..,. It i s  seen that an inorease in oan size generally ii�reases the 

equivalent time difference. If the proo e ss i s  square (i . e . if the heating 
and cooling of the retort are both step changes in temperature ) , the equiv-

alent time difference is  proportional to the can volume-to-surface ratio. 

For processes wi. th finite rates of heating and cooling of the retort 

the inorease in equivalent time di fference with increase in can size i s  

scmewhat less than proportional to the can volume-to-surface ratio. 

!he magnitude of tho equivalent time difference tends to increase 
I 

w1 th an increase in the over�], length of the heating and cooling periods 

at the retort. 

It i s  seen that the most important phase of a process i s  the 

early part of the cooling perlod. In thi s period small variations in 
temperature have greater effeots on both the equivalent time ditf'erenoe 

and the equivalent retort time. It i s  henoe advantageous from the point 

of vi ew of uniform! ty of proce ssing, as well as from the point of view 

of preci sion of e stimation of spore reduction ratios frcm chemical 

measurement s, to keep the air cooling period as short as possible. 

'.Ihe analysi s also shows that organiams with greater activati on 

energi es must have equiVl'�ent time differenc e s  greater than those organi sms 

with lower aotivatian energies. However, the quantitative relatiooship 

bet"Reen activation energy and equivalent time difference (i . e. equati on ( 2) 

abore ) i s  not explained. In fact , it appears that the rela:Uanship i s  

not applicable , as i t  at6llds , to the data fran the wider range of' processes 

considered. 'nle errors introduced by the use of the equatioo are small, 
and it should be possible to modify the relationsbi.p if it i s  found 

necessary to apply it to a wide range of proce sses. 

MUltiple �aoti on S13tems 

1'he predioticn of baoteri.al equivalent retort time s using measure

ments en multiple reaoticn systems haa been studied using the model 

temperature vs time curves which were calculated for the analysi s of the 

equivalent time difference concept. Ttto hypothetical reactions , wi th  
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ao tiTati on energies of 30 o.nd 45 koal/mole , were used aloog m th the " 

soorose hydrolysi s reaction (EA = 22.35 koal/mole ) . 

If two reaoti ons only are used ( e . s .  sucrose hydrolysi s and the 

EA s 30 reaoticn) the baoterial equivalent retort time or equivalent time 

difference cannot be predicted sati sfac torily wi thout some lmowled.ge of 

the temperature-time functi on or of heat transfer rate data.. It i s  

shown that thi s  heat transfer rate data. may be qui te sati sfaotory tor 

use with a two reacti on system even if it i s  not preci se enough for the 

di rect c doula.tic:n of equivalent ret ort time s (a.a in traditional proo�ss 

c alculation proo ed�s ) . 

If three reaotions are used, then no hell.t tr�:Ji'er rate or can 

temperature vs time da.ta i s  requi red for satiefactory predicti on of 

bac terial equival ent retort times : ro.-n  measurements on chemical systems. 

'lhe t1110 types of curve of best fit used to fit the chemical data. .. 

give predictions of baoterial equivalent retort time which are not 

a.ignifioantly different. 

An expression derived from the most widely applicable of these 

two types of best fit curve allows the baoteria.l equivalent retort time 

to be oa.loula.ted direc tly, and has the added advantage that the error 

in the estimate of the baoterial equivalent retort time due to any 

unoertainti es in the measurement of chemical equivalent retort times 

is very readily oaloula.ted. 

Other sources of error have been c onsidered ( e . g. error in the 

measurement of retcrt temperature ) and the three reaoti cn enalogue of. 

spore de struction i s  sholiD. to be much le ss affected by these errors than 

are trad.i tion.a.l proce fts ca.loule.tion methods. 

It i s  not kno1ln llhether mean residual chemical reactant conoen

tra.tione can be used to estimate mean re sidual spore concentrations for 
the 11hole c ontainer. However .. definitive equati ons have been set up, 
and a method o f  investigation of this aspect o f  the three reaction 

analogue (using digi. tal computati on) has been suggested. 
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General Conalusions 

'Dle t110 major oonolusions Vlhioh oan be dra:m from thi s work are -

(a) Chemical reaction systems oan be used t o  evaluate the ef'f'eot of 
produat mcrrement in a container on the total eff'eot of' heat on 

the product ; and 

( b )  Chemical reao ti cns ,  used singly, in pairs , or in groups of' three , 

oan be used to estimate the total lethal ef'f'eot of heat on the 

ba.oterial population of' c ontainers of' t'ood material. Various 1 

quanti tios of temperature-time data are l'eq_uired along with tha 

ohemionl data of' eaoh method. 

:' 
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A number of applic ati ons of chemical reaoti on t eolmiq_ues ari se 

directly from the methods discus sed in this work. Among these are the 

f ollowing -

(a) llethod for checking prooess calculation assumpti ons. 

Single , double or triple reaotion systems can be used to 

check the validity of vari ous assumptions made in traditi onal process 1 

o aloulation methods , e . g. the effeot of product movement wi thin the oan, 

especi ally in prod.uo t s  llhich heat partly by c onvection and partly by 

o onduotion. Products of thi s  type inolude those 1rl. th solid portions in 

li quid sooh as some canned frui t s  (in syrup ) and vegetables (in brine ) 
as well as soups and juices which £:xhibi t " broken heating curves" as the 

material forms a gel. 

Aotual produc t s ,  or model systems using for example oarbc:xx,ymethyl

oellulose to fonn a gel wi. th some sui table reaction system ,  could be used 

to study the di stribution oi' lethal effect of heat within a container 

heating by condootion. In thi s  case samples could be taken from various 

parts of the material and analysed. 

(b ) The evaluation of new or modifi ed prooesses. 

The chemical reaotioo techni que - e speci ally the three reaction 

chemic al analogue - oould prove ve::y useful in evaluating the total effect 

of heat of a prooess, particularly for continuous equipment :..n 'fthich 

measurements of can t emperature are impossible. If chemical systems 

oan be found which can be u.sed in the actual food prodoot ,  then the ef'teo t 

ot changes in formulation of the produc t and variations between individual 

o ans oan be investigated. 

(c ) Trouble shooting and c ont1�o1 techni que s. 

The chemical analogue in one of 1 ts different fonns can be 

used to assi st in evaluation of processing problems, such as uneven retort 
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heating (due to "air pockets" ) or nuotuations of pressure during a "' 

run.. The method is muoh more sensitive to small changes in temperature 

than traditional procedure in which temperatures only are measured. 

(d) Evaluation of effect of heat on vitamin losses etc. 

Because the chemical analogue can be applied with confidence 

to systems llhich behave essentially as chemical reactions, the effect at 
heat on loss of nutri +.i ve value, cb.lmges in colour, f'lavour eto . , Cllll be 
readily evaluated. The chemical analogue technique vrl.ll probably be most 

I 

useful in compari son of processes ..miah are equivalent from a bactericidAl 

point of vi ew, but -wbj.oh may have widely di fferent effects on nutritive 

value and other heat sensitive feotors. 

In addition to the a.pplicatiom; oentioned above, there are a number of 
other possible uses. 

(e ) Evaluation of the ef'feot of heat in continuous flow systems. 

In constant temperature flow systems the residence time 

dietribution is important. Wang et al ( 1 964) have observed that the actual 

spore destrwtion in a. continuous flow system is  less than that calculated 

ass\'llling plug flow. If the temperature vs time curve of the processed 

material is not constant , e. g. as it passes through heat exchangers , then 

the residence time-temperature distribution beccmes important. 'lhe 

chemical analogue techni<pe, using a sui table convection model to take 

aooount of the residence time di stribution and the heating and cooling 

curves of the equipment, vd.ll enable flow processes to be evaluated. 

(f ) Icw temperature applications. 

Sane recent interest has been shom 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 ari thmetio mean temperature. 

Because rate of spoilage of foodstuffs i s  more likely t o  be 
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daaoribed by an Arrhenius type of expressicn 1 • 1 I e:t than a linear "" 

tunotion of temperature , it i s  felt that measurement of suitable chemical 
reactions would give a better estimate of the effective mean temperature 

than a linear averaging devioe. 

llie chemioal Mal.ogue technique could well be adapted to this 

application. 'lhe results would be expressed as an "effective mean 

temperature" rather than an equivalent time at so;ne given temperature. 



SlKBOLS .AND DEFIN!TIOOS 



A 

a 

B 

b 

c 

c 

S i ll B O L S AND D E F I N I T I O N S  

A c onstant 

Concentration of c omponent A 
Total surface area of can 

Angle C\f' rotation of polarized light 

Concentrations of c omponent A at times 

respectively 

0 and I) 0 1 

ll.ass average concentrati on o1' c cxnponent A in the 

can 

A coeffici ent (= 0h lth) 
Radius of oan 

A c onstant (= EA I R TR) 

Symbol for type of organi sm 

Barometric hei�t in mm. of mercury 

A c onstant 

A coefficient (= �c I f0 ) 

A const9.nt 

Conc entrati on of surviving organi sms 

Total c onc entrati on of ac etate ion plus uni oni zed 

ao etio acid in solution 

Concentrations of invert sugar and sucrose 

respectively (gm I 100 ml )  

A constant 

Specific heat 
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D 

E '  

Ei (-x) , Ei(x) 

F 

F-\ 

Speoi fio heat of liquid 

Decimal reduction time 

Di gmeter of wire 

Decimal reduction times of c omponents A and N 

respectively 

Activation energy 

A c onstant (= EA(R) 

'Ihe exponential integral flmCtions 

" The number of minutes required to destroy an 

organi sm at 250°F" - Ball 

" 'Ihe equivalent time in minute s at 250°F of all 
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heat considered, with respect to i t e  capacity to  destroy 

spores and vegetative cells of a pa.rtioulA.r organism" 

- Stumbo 

A faotor 

A funotion of ti me 

The F value of all lethal heat received by the 

geometrical c entre of the can duri% a process 

The F value of all lethal heat received by any 
point other than the geometrical centre of the 

o an during a process 

A factor used in c alculati on of Ei ( -x) 

A subsoript used to denote the fixed point basi s 

ot oaloulaticn ot mass average spore survival 

ratio 

Reoiprooe.l of slope of a semilogari thmio heating 

or cooling curve 

Reciprocal slope of a semilogarithmio heating 

curve 



G 

g 

H 

h 

I 

1 

j 

K 

k 

Reciprocal slope of a semilogari thmic c oolin6 

curve 

A func ti on  of time 

Acc eleration due to gravi ty 
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A factor involvi� Ple.nc k '  s and Boltzmann ' s constant s 

'!he di fferenc e between the maxi mum oan temperature end 

that or the retort 

.R&.te of suo rose hydrolysi s <= apR I o& ) 

Rate of sucrose hyd.rolyai s at 21 2°F 

Rate of sucrose hydrolysis at retort temperature 

Heat transfer coefficient 

Sub sci1.pt denoting "indicated can temperati.U.·e" 

Square root of mintlS one 

rag fac tor t'or a serdlogari thmio heating or cooling 

ourve 

Rate of hypothetical reac tion at temperat ure T 

( see defini tion of H) 

Di ssooi a.tion constant cf acetic acid 

Rate of hypothetical reaction at retort temperature T
R 

Slope of the �A
S model vs �0 S calc 

curve 

Rate of chemical reaction or spore destruction at 

any temperature , T (= ) log N / ?J6')T ) 

A c onstant 

Thermal conduc tivity 

Rate of chemical reaction or spore destruction at 

retort temperature 



L 

m 

N 

Nu 

n 

p 

'lhennal conductivity of liquid 

Rate of chemi c al reaction at T0 absolute 

A constant (= k [a+]) 

Lethal rate (rate of destruo tioo of spores) 

i . e .  " reoiprooal of the thennal death time 

( TOT)" - Ball, or " reciprocal of' the decimal 

reduction time, D. " • Stumbo 

Imlgth of pola.rl.meter tube 

Lethal rate at temperature Tg 

A temperature difference (m+g = TR - T
0

) 
Yass 

Subscript denoting movine element basi s of c al

culation of mass average spore survival rati o 

Mass of element n 

Number of spores per ur� t volume 

llhan number of surviving spores per uni. t volume 

averaged over the 11hole container 

Initial and final numbers of spores per un1 t volume 

reapeoti vely 

Nusselt number (= hD / � ) 

An integer 

Total llUIIlber of elements of volume 

Number of surrl ving spores per layer 

Symbol for pressure ot proce ssing 

A constant (=  k p ) 
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Bal.l ' s notation for hi s "percent sterill ty" funotion 

(heating and cooling phases of the process respectively) 



Pr 

p 

pR 

Q 

q 

Re 

r 

s 

s 

TOT 

T 

Prandtl number (= opL P I � )  

A coefficient 

An integer (0 <. p < q) 

Significance level 

A parameter in the equati on for U(x, IJ ) 

Negative loge.ri thm of the sucrose concentration 

reduotion ratio (= -lo&.s0 (s1 I S0) ) 

Total heat 

A constant (= k q ) 

Re. te of heat transfer 

Number of time intervals in a process (q t., t?  = 6?1 

A parameter in the series for U(x, I? ) 

Universal gas oonstant 

A constant ( = kr) 
Symbol for retort thermocouple 

Symbol for type of rotati on  

Reynold' s number (= Du "L I '' ) 

A coefficient 

An integer (0 � r < n ) 

A parame ter in the series for U(x, o ) 

Surfac e area of can 

Sucrose conc entratioo 

Symbol for speed 

An integer (o<. s< q) 

Thermal death time 

Temperature 

Symbol for ti me of processing 
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T 

T I R 

t 

u 
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Temperature of cooling water 

Temperature at which all rates of spore destruction 

and ohemical reaction are negligible 

:Maximum oan temperature (= � - g) 

Initial oan temperature 

Can temperature at time 

Liquid temperature 

Temperature of element n in oan 

Can temperature at times & ' n on+1 , respectively 

Retort temperature 

An estimate of retort temperature 

Retort temperature at times ft ' n 

Temperature of thennooouple wire 

Temperature in degrees centigrade 

o 1 , respectively n+ 

"Number of minutea required to destroy orgailism at 
retort temperature" - Ball ; or 

"'!be equivalent, in minutes at retort temperature, 
of all lethal heat received by some designated 
point in the container" - Stumbo 

Overall heat transfer coefficient 

A tranafonned temperature difference, i . e. error due 
to conduction of heat along a thermocouple wire 

(= (� - 'IW) I (Ta - To) ) 

A tra.nsfonned temperature difference giving temp
erature of liquid surrounding the thennooouple wire 
(= (� - T0) I (� - T0) ) 



u 

• 
u 

V 

V 

X 
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Overall he9.t traneter o oef:fioient 

Ei gen!'unction transfonn of a trs.nsfonned temperature 

di fference 

Differential or u
n 

( •1 ) with respect to time 

A variable in the defini ti on of the exponential 

integral functions 

A transformed temperature (= TITR or T/T0) (T, Ta; 
and T0 are absolute temperatures ) 

Velooi ty of liquid past a thermocouple wire 

Trs.nsfonned temperature (= (TR - T0 ) I �) (� and T0 
are absolute temperatures) 

Transformed temperature (= (� - g) I � ) (� i s  en 

ab solute temperature) 

Transformed temperature based on T0 instead of 1R 
(:: T/T0 , where T end. T0 are absolute temperatures) 

Volum� of oan 

Volume 

A variable 

Di stanc e  from oan axi s 

A variable 

• 
Yn (x) Fi rst differential of Yn (x) wi th reapeot to x 

�n
" (x) S d1 al ( ) ., eoond fferenti ot Yn x w1. th re spect to x 



z 

a n a 
A' B'  C 

s 

" 0 
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" Slope of thermal death time ourYe" - Ball. 
(JLathematically equal t o  the reoiproo al of the slope 
of the thermal death time ourve ) J or 

"Degrees fahrenhei t required for the thermal destruo

tion ourve to traverse one log cyole. Jlathematioally, 

equal to the reoiprooal of the slope of the thermal 

destruction curve" - Stumbo 

A parameter 

A constant (= .J 4 U0 I kd. ) 

Slopes of the rate of reaction VB temperature 

curves for the reactions -

.A - products, 
B ..... products, and 
c _.. prodwts, respectively 

Slope of the rate of spore destrootion vs temperature 

curve 

Centrifugal acceleration at centre of the can 

.Rate of charge of can temperature (per unit temp-
erature difference (= (11 A T) (dT I d & ) ) 

A constant (= .J P  cp I k ) 

A parameter used in calculation of model temperature 
vs time curves (= {1A :> I  (2 + !J '- 0 ) )  

A difference 

First forward difference operator 

Seoond forward difference operator 

Equivalent time difference, i.e .  the difference betwon 

the equivalent retort time for chemical reaction and 

that �or spore destruction (= 0 oh• - 0baot) or 

the ditrerenoe between the equivalent retort times 
for ho chemical reaction systems of different 

energies (= Aohem ( 1 ) 0chem (2) ) 



8 T  

z ( zeta) 

(.) (.) A' 

(•) 
s 

Ar' 
''> 
Cr' 

B' 

(.) Br 

( , 

0 , ,  7-i 

c 

�' ' B' C ' S' 

(.) 
r 

G G 
h '  0 

' 
(.) 

Equivalent time differences for two organisms, with -' 

activation energies of EA baot (1 ) and EA baot (2)  
re speoti vely 

Estimate of 

data 

�0 ,.,..4 ,..,. A0 
2 �"6 1 and activation energy 

A time interval 
I An er ro r '" rca+ort teM�,..o�re l c T� - T�) 

An error in the estimate ot 05 

Speoitio rate ditferenoe (= � - !/La or Ht'Ha - � ) 

Ball' s early notation for decimal reduction time 

Equivalent retort time, i . e. time required at retort 

temperature to aooompllsh the same relative change in 
spore numbers or chemical reactant concentration as 

the process being considered. 

Equivalent retort times for the reactions -

A ---. p-rodu.ot s, 

B _..., prod.uots, end 
c --+ products, respeo ti vely 

Equivalent retort time for destruction of spqres 

Value s of 

element 

f·) A' 
r 

and ·: · 8 respeoti vely for 

Kass average values ot �-'A' B' 0 and 0 8 respeot

i vely for the 'Whole oont ainer 

Length of the holding time in a type II curve of best 

fit 

Contributicn of heating and c ooling phases respectively 

of process of best fit (types I and II ourve of best 

fit) 

Equivalent retort time based on nominal retort temp

erature T' 



" 0 s 

9 9 
h' 0 

},. 
n 

p 

p 
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An estimate of c-JS using an inoorreot estimate ot 

� (i .e. T� ) 

An estimate of the mass average bacterial equi.val.ent 

retort time HS using mass average ohemioal equi.v-

a.lent. retort timea f-i.A' -:-}3 end n c 

Time 

Time at the beginning and end, respectively, of a 

prooese 

Times during the heating and. cooling periods, reepeotively, 

of a process 

A parameter 

Viscosity ot liquid in oan 

Density 

Density of liquid 

Standard deviation 
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APPENDIX I 

Ccpparison of llass Aye;:age Suryiyal .Ratios, Caloulated using Fixed 
Feint and l4oying Element Temperature Data 

In traditional methods of process calculation, the total lethAl 

effect of heat i s  calculated using temperature obtained at points fixed 

with respect to the container. In many products the material heats by 

conveotian, and the microorganisms the process is  designed to destroy 

move about in the container, and mAy be subjected to temperatm-e hist� 

ories quite different in form from those measured at fixed points. 

In this analysis, a simplified process is set up in vihich the 

po!li tions and temperatures at n moving elements are known. 'lbe total 

lethal effeot of heat is ca.loula.ted for eaoh moving element, and the 

mass average spore survival ratio (: ) for the 'fthole can is  then o m  
obtained by averaging over all elements of volume. 

Because the positions of all elements are knovm., the temperatures 

at · n points in the can (corresponding to the n moving elements at 

any L•stant) are known. 'lhese temperatures are used to calculate the 

mass average spore survival ratio (��)
f 

on the assumption that no pro

du.,t . !!!cwement takes place. 1he movlng element spore survival ratio /y_) and the fixed point spore survival ratio (� J are then compared. \No m o } f , 

'!he container of food i s  divided into n elements of e-1ua.l 

volume. The process is ccnsidered to consi st of q short time inter

vals (of length 80 ) , and the temperatures of all elements are considered 

to be constant during eaoh time interval. 'lbe absolute temperature of 

element r during the interval (} p to 11p+1 (·nhere = d + s o· ) p 
is denoted by T , r,p and the temperature of element s during the interval 

to dp+2 i s  given by T 1 , etc. s , p+ 

If N denotes the concentration of spores in element r,p r at 

time fJ p ' and N 1 denotes the r,p+ 
reduction in the interval (} p to 

concentration at time 

0 is N /N . �* I r,p+1 r,p 

61 p+ 1 , then the 



For bacteri-al systems in 11hioh the deatruotion of spores i s  
Nr. p+1 first order, log8 N • - k (�, J ao 1 

r, p 

where k (T p) is the rate constant for destrtDtion of spores at r, 

temperature Tr , p• 

Hence N r, p+j 
N r, P 

= exp (-k( T ) s11) r, p 
'lbe Arrheniu.e equation gives -

lleme -

:r, p+1 .. exp [ -A 8fi exp ( -
r, p �· )] · r, p 
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If the initial unifom spore oonoentration i s  N
0

, then the 
residual spore ocnoentration in element r at the end of the prooess 

(i . e. at time I ) is given by 
q 

q-1 
N :s N l1 r, q o 

p=O 

N 
r, e+1 

N 
r, p 

• • • • • • • • • • • • • • • •  • • • ( 1 )  



�e mase average spore survival ratio is then given by -

n L. 
r=1 

exp [ -A " 

q-1 

L_ 
p::O 

exp (- �· )] · . . . . . . . . . (2) 
r, P 

'Ihe effect of product movement oa.n be  evaluated by consideration 

of the simple prooess in llhioh all elements of fluid remain stationary for 

the entire prooess, except for elements k and 1 Which are inter-

changed during the interval & to o 1 • 8 s+ 'Ihe mass average spore survival 

ratio based on the fixed point temperature data (i . e. : ) i s  then 
0 f 

calculated fi'Oil the same temperature data as used for the calculation of 
i 
N , exoept that 

o m 
T. repl.aoes T1 and viae versa. �. a , s 

If each of the n fixed points at which the temperatures are 

measured take the number of t he moving element correapanding to it in 

the first time interval (i . e. fi0 to B 1 )  then for all fixed points exoept 

points k and 1. 

N'  = N where N'  is the reaidual spore conoentratioo r, q r, q r,  q 
in element r oaloulated on the fixed point basis. 

For element k -

'llhenoe -

N' = N k, s k , . 

[ s-1 

N'  = N0 exp -A M ) exp (- E ' ) k, s+1 L T. 
p=o � . P 
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'nle residual spore oonoontration (Nic, q) at point k i s  then given by -[ q-1 

N k, q = N 0 ex:p -A 'M L 
p=o 
pfs 

[ q-1 

-A s n  L exp 

p=o 

( - E ' ) � , p 

+ A S fJ  ex:p (- E '  ) -A � '} exp \, s 

. . . . . . . . . . . . . . . . . . . . . . . .  (3 ) 

Simils.rly the re si dual spore c onc entrati on at point 1 (i . e .  N1 ) i s  given 
I q 

by -

I N 1 ,  q 
= N0czxp[ A ' '' I exp (- �· ) 

[ P=O l , p 

+ A 8 n exp (- F. 1 ) - A 8 n ex:p ( - E 1 )� �. e �. s � 

. . . . . . . . . . . . . . . . . . . . . . . (4-) 

The mass average spore survival rati o based on fixed point temperature 

data (i . e. (�0 t oan be expres sed in a form similar to the equation 

for (:J m i . e . e quation (2 ) .  The expre s si on, however, i s  rather large, 

and does not faci li tate the oompar.i.. sou of the two quantiti e s  (N ) and (-_NNo l f· No m 
Instead the differenc e between the two spore survival ratios, l'lhioh 

depends only on the residual spore concentration in elements k and 1 ,  

i s  considered. 



'lhia dif'terenoe is gi.ven by -

(Nk + Nl ) 
, q , q 

' ' 

1 (N k + N1 ) • 
nNo ' q ' q 

1he differenoe will be zero if -

' ' 
.l = (Nk + N1 ) - (N + N ) = o. 

I q I q -lt, q lt q 

Equations (1 ) (with r=k) and (.3 ) above gi.ve -

' 

1\, q = 

mere F = 

Similarly equations ( 1 )  

' N l. q 
= 

'lhua - � = 

= 

= 

N k, q p 

- [A " ( - E ' ) exp Tk, s 

· A M - (·(,.)] 
(with r=l ) and (4) give -

N 1 
1, q "F .  

Nk + , q 
N -

1 , q N k, q F - N l , q 

N k, q (1 -F) - N ( � ) 1 , q F 

(N -
k, q N l, q � ) ( 1 -F ) 

N 
Henoe � ia zero if F=1 or if F = -l.a.s N k, q 

1 
F 



'nle first o ondi tion obtains i f  T = 
1, .  
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1c, s· 

'lhe second oondi tian obtains if N ' 
l , q 

N ' 
k, q 

T and T are such 
k, s l , s 

that -

�. q exp [A ' '  exp (-(..)] 
= H1 , q exp [A " exp ( - ( .) J 

Beoauae the T.. T.. eta. are independent of each other , � is not J., i ��:, e 
nec e ssarily equal to zero. Hence the mass average spore survival rati os 

calculated on the two bases (i . e. fb:ed point and moving element ) are 

not nec e s sarily i dentic al. 

In thi s analysi s  only, one pair of elements have been inter-

changed. Any de si red convection pattern can be approximated to by 

multiple interohanges of pairs of element s ,  and hence the non-equivalence 

of the two base s of calculati on of mass average spore survival ratio as 

shown above can be extended t o  a general process.  

'lhe analysis cAn al so  be appli ed to chemical reactions, if N, 

the oonaentration of spores is replaced by C the c onc entration of a 

chemical reactant. 



APPENDIX II 

Caloulatim of Equivalent .i\etort Time for Linear Proo esses 

Zquivalent retort time is defined { see p 42 ) as the int egral { \uth re spect 

to time ) of specific spore destruo ticx1 rate or specific chemical reaction 

rate ; 

i . e. r k d l1  (·\ = � 
0 

( 
B(1  - .1) u 

d () = e 

'lhe simple st expression of a linear prooess i s  -

whence � = .! • u '] 

u = If 
- ,  
a 

A oh.a.nge of variable in the integral such that 

leads to -

where 

X = !! 
I 

-x e dx 
.; 



'lhia gives -

B( 1 - � )  
= au.., e 

B(1  - 1 ) u., 
= a� e 

+ aBeB Ei. (- � ) 
� 

• . . . . . . . . . . . . . .  , 

'lhe func ti on -Ei ( -x) i s  kno111'1 as  the exponential integral. 

( 1 ) 

Values of thi s functicn e.re tabulated ( e. g. Jahnke and. Emde (1 9 45 ) ,  Kom 
and Korn ( 1 961 ) for x < 1 5. For x >1 5 e quati on ( 1 ) above i s  used. 'lhe 

value of F1 i s  tabulated for 1 5 < x <. 40 ,  and for x > 40 i t  i s  c alculated 

from the s�mi -c onvergent seri e s  

1 '  2.1 - � .·· F1 = 1 - -:- + x2 � + • • • • • • • • • • 



APPENDIX . III A 

Caloulatign of pR vs A Table 

For suorose 

. 
a

D = 66. 4.62 + 0. 0087 0 - O. (X)()235 C
2 

20 8 s 

For invert sugar (the equiaolar mixture of gluoose and fruotose) 

D 
01 
20 

2 
= - (1 9 .41 5  + 0. 07065 c1 - 0. 00054 c1 ) 

D D 
and a t = (120 + (0. 2.38 + 0. 001 4  ci ) (t-20) 

(Kaye and Leby (1 959 ) ) 

For suorose we have -

D D 
a. t 

= a 20 { 1 + O. 0001 84 ( t-20 ) 

(Honig ( 1 96.3 ) ) 

'lhe respective oonoentrations of soorose and invert sugar 
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D 
(in gm/100 ml) are C 9 and Ci , and a t  i s  the speoifio rotation 

of the solution ( sodium D line of the spectrum) at a temperature 

of t 00. 

Therefore 

o. 7t;IJ )( soorose solution = 25.673 gm/1 00 ml. 
0. 7t;IJ 1l invert sugar = 27.024 gm/1 00 ml. 

• . . . . • . . . . • • • . • . . •  

0 At 25 C we have -

1 00 ! 
= 66. 5.32 c + 0.0087 c 2 - 0. 000235 c 3 

L s s s 

• . . . . . . . . . . • . . . . . .  

( 1 )  

(2 ) 



Solution of equaticns ( 1 ) and (2 ) for a 200 mm polarimeter tube 

leads to -

A = - 1 0. 4452 + 1 . 7571 C 8 

- o.o32663 c 2 - o.o� 730 c 3 
s s 

Values of A have been calculated for values Or C be tween 0 and 
s 

26 gm/1 00 ml end , by interpolati on, a table of 08 against A has been 

24.5 

prepared. Prom thi s table , the table of pR ( = -lo� o c,;c
so) against I 

A has been calculated. Bec ause the c alculation i s  rather laborious the 

pR vs A table i s  presented herin. 
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/,PFENDIX m B 

INVERSION OF O. 7r;IJ )( SUCBOSE : 
pR (= -1o�0 0 ) vs .ANGIB OP ROTATI<:fi (DEGREES) 'CO 0 IN 200mm. TUBE AT 25 C 

A . o  . 1  . 2  · 3 . 4  · 5 . 6  · 1  . 8  . 9 1 .0 

n 3.00 2.49 2 .27 2. 1 2  2.01 
ro 2.oo6 1 . 91 8  1 .845 1 .  782 1 .  727 1 .679 1 . 620 1 . 595 1 . 559 1 . 525 1 . 494 9 1 . 494 1 . 494 1 .465 1 . 438 1 .388 1 .365 1 .343 1 .323 1 • .303 1 .284 t1 .266 
8 1 .266 1 . 249 1 .  232 1 . 21 6 1 . 200 1 . 1 85 1 . 1 71 1 . 1 57 1 . 1 43 1 . 1 ,30  1 . 1 1 7  7 1 . 1 1 7 1 . 1 05 1 .092 1 .081 1 .069 1 .0,58 1 .047 1 .037 1 .026 1 .01 6 1 . oo6 
b 1 . 006 0. 997 0.987 0.978 0. 969 0. 960 0. 951 0. 943 0. 934 0. 926 0. 918  5 0. 9 1 8  91 0 902 895 887 880 873 866 859 852 845 -
4 0. 845 838 832 825 81 9 81 2 806 800 794 788 782 
3 0. 782 n6 771 765 759 754 748 743 738 732 727 
2 o. 727 722 71 7 71 2 707 702 697 693 688 683 679 
T 0. 679 674 670 665 661 656 652 648 643 639 635 
0 0. 635 631 627 623 61 9 61 5 6 1 1  607 603 599 595 
1 0. 595 591 587 584 580 576 573 569 566 562 559 
2 0. 559 556 552 548 545 542 538 535 532 528 525 
3 0. 525 522 51 9 51 5 51 2 509 506 503 500 497 494 
4 0. 494 491 488 485 482 479 476 473 470 41>7 4£>5 
5 0. 4£>5 4£,2 459 456 453 451 448 445 443 41+0 437 
6 0. 437 435 432 429 427 424 422 41 9 41 7 41 4 41 2 
7 0 .41 2  409 406 404 402 399 397 394 392 390 387 
8 0.387 385 382 380 378 376 373 371 369 366 364 
9 0.364 362 360 357 355 353 351 349 347 344 342 

1 0  0.342 340 338 336 334 332 3.30 328 326 324 322 
1 1  0. 322 31 9 31 7 31 5 31 3 31 1 .309 307 ,306 304 .302 
1 2  0.,302 300 298 296 294 292 290 288 286 284 283 
1 3  0. 2826 �807 2789 2770 2752 2734 271 6 2697 2679 • 2661 2 643 
1 4  0.2643 2625 2607 2589 2572 2555 2538 2520 2502 2485 2468 
1 5  0. 2468 2451 2434 241 7 2400 2382 2365 2348 231 2 231 5 2299 
1 6  0. 2299 2283 2266 2250 2234 221 9 2201 21 85 2169  21 53 21 37 
1 7  0. 21 37 21 21 21 05 2089 2074 2059 2043 2027 201 2 1 996 1 981 
1 8  0. 1 981 1 966 1 950 1 935 1 920 1 905 1 889 1 874 1 859 1 844 1 829 
1 9 0. 1 829 181 4  1 799 1 784 1 769 1 7.56 1 741 1 726 1 71 2  1 697 1 683 
20 0. 1683 1 669 1 654 1 640 1 625 1 61 2  1 597 1 583 1 569 1 555 1 541 
21 0. 1 541 1 .527 1 .51 3  1 499 1 485 1 472 1 458 1 445 1 481 1 41 8  1 404 
22 0. 1 404 1 391  1 3n 1 364 1 350 1 367 1 323 1 31 0  1 297 1 284 1 271 
23 0. 1271 1 258 1245 1 232 1 21 9  1 207 1 1 93 1 1 80 1 1 68 1 1 55 1 1 42  
24 0. 1 1 42  1 1 29 1 1 1 6 1 1 04 1091 1079 1065 1053 1 041 1028 101 6  
25 0. 1016 1 004 992 979 967 955 943 931 91 8 906 894 
26 0.0894 882 870 8.58 846 834 823 81 1 799 787 n5 
27 0.0775 763 752 7/.IJ 729 71 7 705 694 682 671 659 
28 o.o659 648 636 625 61 4 603 591 580 569 557 .546 
29 0.0546 535 52.4 513 502 491 480 469 458 447 436 
30 0.0436 425 41 5 404 393 383 372 361 350 3/.IJ 329 
31 0.0329 31 8 308 297 287 276 265 255 244 234 223 
32 0.0223 21 3 202 1 92 1 82 1 72 1 61 1 51 1 41 1 .30  120 
33  0.01 20 1 10 1 00  90 80 70 59 49 39 29 1 9  
, 34 0.001 9  9 



APPmDIX IV 

caloulaticn of the Acetic acid - Sodium acetate Puffer 

Sodium, acetate, hydrogen and hydroxyl ions (Na+ , k, H+, and 
oli respectively) and undi asooiated a.oetic acid (IIAo j are present in 

the buffer solution. 'n1e hydrogen i cn  concentration is  given 
approximatelr- by -

• . • . . . . • . • . . . . . . • •  
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( 1 ) 

'!'�bore Ka is  the di E &ooi a.ticn constant of the acid,  and sq\lll.re brackets 

denote concentrati on • 

.IUeotrlunl neutrnli ty of the soluti on  t?-ves the relaticnship -

because the hydroxyl i on  conoentraticn [?n·J in 30id soluti on is  
negligibly stuall. 

Hence -

(ea - [H+]. (Ha+] ) Ka 

[H+1 + �a+] 
• . . . . . . . • . . . . . . . • .  

where Ca i s  the total e.oeta.te coooentraticn in the solution. 

Interaoticn of the oan w1 th the unbuftered soluticn had the 

(2 ) 

effect or inoreaaing the pH, i. e. the interactioo is  equivalent to the 

addition at hydroxyl ions to the solution. 

• nu. �8 is approximate in that equation ( 1 ) only applies 
atriotly in t\ilute soluticns. Deviations from this simple torm, 
aloag with T&rl.ation of the d.i a�tion constant K.a ld.th temp
erature are almost certainly the reason for the observed non
linearity ot the log lVHo vs 1/T curve. 



1he addi tian of 8.M gm-icns of hydroxyl ion per litre (as NaOH) 

haa the etf'eot of increasing the sodiwn ion concentration by 8)( gm-ions 

per litre. 'lhe c oncentration of hydroxyl ions remains negli.:j.bly 

small. 

1he effect en hydrogen ion concentration of the addition of 

ll gm-ions of hydroxyl i on per 11 tre h therefore given by -

to -

= - .L.Ud S ll  
d [Na+) 

. . . . . . . . . . . . . . . . . . 

Differentiation of equation ( 1 )  with respect to [Na +] leads 

.illi1 - - [It} + Ka d(N�) - -2 ?o-[H�+]i-+--:�::""'Na'""::::1::--+-Ka-
. . . . . . . . . . . . . . . . . . 

(3 ) 

(4) 

'lhe rate of hydrolysi s of sucrose i s  direct ly proporticnal to the 

hydrogen icn concentration. Hence if the maxilll\lrn tolerable change in 

the rate of hydrolysi s i s  1%, then o &+J = -3. 1 6 . 1 0-6 gm-ion/litre. 

( (H+] = 3. 1 6 . 10-4- gm-ion/litre at pH 3. 5 ) .  

Changes in the pH of unbuffered sucrose solution in laquered cans 

are equivalent to the addi tion of approximately 1 - 3  x 1 0-4- gm�oles of 

NaOH per litre.  

Hence -

i . e. 8 1{  = 1 . 3 .  10-4- gm-ions/litre. 

-6 
- 3. 1 6 . 10  = 

1 .  3 . 10  -4-
-2 

= - 2 . 43 . 1 0  

Substi tuticm of the values of [H+) , Ka (Ka for acetic acid = 

5 d utJ 1 . 82 . 1 0- gm-moles/litre ) and - - in equations (2 )  and (4-) give -
d [Na+] 

c = 0. 231 )I{ 
a 



A total ac etate c oncentration of 0. 25Q K -.vas chosen. 'lbe c orrespond.., 

ing sodium i on c oncentration i s 0 . 01 43 K.  

All buffer was prepared in a concentrated form, and di luted 

1 part in 8 (by volume ) before use. The c oncentrations in the stock 

buffer solution were -

ac etic acid 

sodium hydroxide 

2. 00 .M:, and 

0. 1 1 41+- ),{ 

'lhe buffered suorose s oluti ons were made up by weight. 'lhe 

quanti ti es requi red per ll tre of solutioo. are -

256 . 7 gm 

1 27. 5 gm 

71 4. 8 gm 
1 099. 0  gm 

su= rose 

buffer 

water 

total 

'lhe alternative method of preparing the buffer frcm ac etic 

acid and sodilun ac etate was not us ed as the end point of the ti tration 

of 80dium acetate wi th hydrochloric acid (Kolthoff and Ste nger (1 954) 

Vol . II, p. 1 52 using thymol blue as indicator) is not very sharp , even 

1fi th conc entrations up to 1N. 



T (o:P) 0 

1 20 o. oo 0 

1 .30 0. 01 

1 40  0. 02 2 

1 50 0. 0,3 .3 

1 60 o. 06 6 

1 70 0. 1 1  1 2 

1 80 0. 1 9  21 

1 90 o • .3.3 .35 

200 0. 56 59 

21 0 0 . 91 95 

220 1 . 45 1 52 

2.30 2 .26 2.36 

240 3. 46 .360 

250 5 . 1 8  539 

260 7. 62 791 

270 1 1 . 03 1 1 1,J 

APPENDIX V 

SPECIFIC SUCBOSE HIDBOLISIS RATE 
(RATE AT 21 2°:P = 1 . 00) 

2 .3 4 5 6 

0 0 1 1 

1 1 

2 2 2 2 2 

4 4 4 I 5 Lf 

7 7 8 8 9 

1 2  1 .3 1 4  1 5 1 6  

22 2.3 24 26 27 

.37 .39 41 4.3 45 

62 65 68 71 75 

1 00  1 05 1 1 0  1 1 5  1 21 

1 59 1 66 1 74 1 82 1 90 

247 25:' 269 281 292 

375 .391 407 424 442 

560 58.3 606 630 654 

82:' 85.3 885 91 9 953 

1 1 85 1 228 1 272 1 31 8  1 .365 

2.50 

7 8 9 

1 1 1 

1 2 

.3 .3 .3 

5 5 6 

9 1 0  1 0  

1 6  1 7  1 8  

28 .30 .32 

48 .50 53 

79 82 87 

1 27 1 32 1 39 

1 98 207 21 7 

305 31 8 332 

1,.60 478 498 

680 706 7.34 

989 1 025 1 064 

1 41 4  1 464 1 51 5  



Solution of the Eguati on for Heating of the Tuermooouple Junoticn by 

Conduotion alon.g the Wire . 

251 

'!be derivati on of the partial differential eqUD.ti on for heat 

oonduotion along a wire i s  sh own  in figure 1 4 (p 82 ) . nrl s  equation i s -

( o•u �;: 611 )u - "'2( u (,,,uJ -uL (6'l) = ll'( 0� �, &lj" . . .  . .  . . • < 1 J 

where U (:r., &) is the tempe rature of the wire at time (;. and position "}( .  

�e condition that the temperature of the wi re at time e = 0 i a  

equal t o  the initial temperature of th e  fluid T0, gi.ve s -

'nle boundary conditions obtaining at each end of the wire 

(i . e. T = � for all time @ greater than zero ) gi.ve s -

'nle temperature of the fluid heating the thennooouple wire i s  

assuned to approach retort temperature exponen tially 1 1.  e .  

-o O  
= 1 - e · 

�e method of soluticn of equaticn ( 1 ) ( due to J. Qamlen) uses 

eigenf'unotion transforms. In th.i s solution a bar ( - ) is used to 

denote the eigenfunotion transfonn of a function, and primes ( ' ) and 
• 

dots ( ) are used to denote di fferential s with respect to position x 

and time 0 re spec tively. 
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�e eigen.tunctione of the problem 

• • • • • • • • • • • • • •  (2 ) 

( y l - a) = \j (a ) = 0 )  

are 

'j n ( x.) :: S i n JAr. - li.."l. .  (� + C) 

C.e..-e 

/An - c<'2. n1T ::. 2.a 

i. e. 
n'"l.1t 'l. An + 0('2.. = 

4 0 7.. 

�ese eigen.funoti ona fonn a base for analytic fu.nctions in the 

interval -a to a. 

Hence 

�e boundary condition, U(ta, ) = 1 ,  gives C = 1 as the Yn(x) 
vanish at x = ;t a, 

i. e.  

�eae eigenfunotions are o��hogonal , 

i. e. 0 

J-<l �n (x) Ym (x) d x = 0 

fa �n 6<l �rn (x.) d.: � o 
-<1 

• • • • • • • • • • • • • • •  (3) 

( m-=t: n) 

( m =  n) 



25.3 

)(Ul.tiplioation of eq_uation (3 ) by Yn(x) followed by integration 
'Id th respect to x between -a and n gives -

whenoe f U (x, &) � n (x l dx. 
a 

.L - � J Yn (x.) d :x.  a 
-a :_o 

I 

' 

= f U (x, &) ljn(x) e h  -
I r n � - - s in '2. C\  (')(. +a) dx 0 a 

Henoe 

and 

mere 

:: 

= 

on :::: 

a "C. 
n 

.!.. 
0 

I -
a 

I 
a 

I 
Q 

-0 

a f U(x, & )  ':Jn {:x) dx 
-o 

a f UC:x,G) Yn !xl d x  -t 
- a  

a f U(x, G) 
- a  

':i n (X) dX-

a j U ( x,G) ':In (x.) dx  
-a 

+ 

-a 

0 

n� [ Coc:, �"IT (x-tC ] a -a 

n� ((os mr - , ) . 

tor al\ eve n n 

4 al\ odd - n lf  for n .  

, oo  00 4-U (:1., 8) ::: I +  a L u (c9) �n (x) ) ( ) - L nif · �n (x) . . . . . . . . (4) I ' 
odd n 

0 

un ( e) = f u (x,6' )  �n (><) d x  • 

-o 

An ordi.nar7 dU'ferential equation in Un(Q) can now be obtained. 



beoause U(±a O )  = I ) 

�erefore 

0 [ VC)�U (xJ 0) J _ Yn � x  
-a 

a 

� 0 - [ Ul>; 6) ':l� lXJ 
-0 Q 

Q 

r � U (x, @) J d � 
-o 

+ s u (x, 6) .;, (;,<) d "'  
-a 

and 

2.54 

• • • • • • • • • • (5) 

Equation (5) with equatioo (1 ) then gives -

Now 

and 

0 f �· d U (;,<,IJ ) ( ) d  d f) Yn x ><. 
-o 

F1 � u <x,IJ> <x> d a e  Y n  X 
-o 

�.,_UL(O) Yn  (x) dJC 
-o 

- foe•uL(t1\ �nd" 
� 

= 

= 

-

-o 
= [ y�<x)} - An U0 (0) . 

0 
2 d - ) f3 d& un (& 

• 

p'J. ijn ( c9) , 
0 

oil. ul (6') f �"(x) dx  
-a 



'lherefore 

i . e. 

a 

- o<� UL (9) J Yn <"Jdx. � 

-o 

a 

= �� [ jx s·l n � (xta)J 
- o  

a 

Beos,.se [<oS � (;<+a� i s  equal to 0 for all even n 

-<I 

and is  equal to -2 for al.l odd n ,  two differentie.l equations in 

U ( D )  are obtained. 
n 

'lhese equations are -
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(for n even) • • • • • • • • • • • • •  {6 ) 

i. e.  

• • • • • • • • • • • • •  (7)  

where 
A n ri�lf,_ 

+ 0('2. pf' :: ? = 4o'1.�'2.. -'2. , 

n1T 4lot'l. 
9.n = 0(1,_ + n Tr {3'2. 

and 4 oce'l.. rn = n lTf!' 
• 



Equation (6 ) gives -

1he initial condition U(�O) = 0  gives U0(0) • 0 
Henoe C = 0 and U0 (8) : 0 for all even n 

Equation (7) gives -

H ence 

(Pn-c) {}  
r"" e 

rn C\.n 
'lhis gives C -= ?"c ?f'\ 

whence 

for all odd n. 

Substitution for U f'\ (8) in equation (4) gives -

..L .....& _:..n_ __:_a_ ...Id) r-f"l n 1r: 
o0 ( a �  ( r: ) -cfl ( r. a �  ) _ ..., B) 

I t a k Pn - pfl- c e. -\- \tl-c - Pn e. c;in ia(x.-ta) 
(odd n) 

DO 

....J- \ M si n .nJf (x..-a) o L mr � 
n = • (odci n) 

• • • • • • • • • • • • • • • •  (8 ) .  

Equation (8) oould be used to calculate the temperature of the wire 

at any- time & and position :x , and henoe the error due to heat oonduotion 

(i . e .  Uix, O) ) could be  oaloulated. 
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., 
Alte:o:-na.tively an expression c an be derived i':rom which the error may 

be c a.lculnted directly. 

An an!llysis sir..ilar to that leading to equation (4) give s the 

expre ssion -

00 

th(x,D) = ;5 � ijn� (&) �n (x) 

where 

( 'lhe value of the constant i s  zero in thi s case as the initi al tempera-

tures of the wire And fluid are equal , giving 

heno e UnA (o) -=0. ) 

No w 
ul. f.B) 

Therefore 

q,L (fl) 

He no e, 11hen n i s  even 

-C. r; 
= 1 - e 

Q 
( - c9.) J . nlT d ::: 1 - e S t n - (x � a") X :Z.a -o 

u ((J) = 0 n L  

and 'When n i s  odd 

'lhus 
I CJ/0 ( S:n _m_)( _c:() -Po'; ) 'tt' 0 'k, Pn - �-c e - e sin � (X+Cl) 
(oGidn) 

• • • • • • • • • • • • • •  (9) 
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beoe.use 

Subati tution for p0 , O...n e.nd r"" in equati on (9 ) gives 

If the transient tenn 

-}(�� -t rXi-)8 
i . e. e 

-e..B 
(vdrl.oh is  much less than e for large value s of & ) i s  neglected, 

the error oe.n be expressed as a function of the unaooompli shed tempera
-e ll  

ture di f:t'erenoe > I - UL (B) -=- e 

i . e. 

• . . • • . . . • . . •  ( 10)  



. APPENDIX VI B 

Calculation of Heat Conduc tion Error in Thermoc ouple Wire 

( a )  Calculation of the Parameters. 
2 2 Value s of the parameters a , {J , c and a of equation (1 0) Appendix 

(p 258 ) are required for calculation of the heat c onduction error. 

(i ) Calculation of a2 
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mere U i s  the overall he at transfer c oefficient ( based on the di runeter 0 
of the wire d) for transfer of heat frcm the fluid to the wire , and k i s  

the thennal c onduc tivity of the wi re materi al  ( i . e.  copper or constantan ) .  

The film heat transfer coe:ffici ent of h has been c alculated from 

the equation of Davi s ( 1 924) , i . e. 

Nu = 0. 86 . Re0• 43 P 0. 3 • r 

for flow of 11'-LI.Ii.ds past a singl� cylinder (0. 2  ( R�;> ( 200) .  Nu, Re and Pr 

are the Nusselt, Reynolds and Prandtl numbers respectively. 

Nu = hD 
kL 

He = Du ,>L 
p. 

and Pr = 
c

pL�-' 

kL 

where D i s  the diameter of the c lyinder, and kL' PL' p. and cpL are 

the thermal c onduotivi ty, densi ty, vi sc osity and specific heat respectively, 

of the liquid. The velocity of the liquid past the wire is u. 
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The liquid propertie s  ere · measured at the mean film temperature, which is
� 

taken as 25Q°F. 'lhe velocity of the fluid i s  deduc ed from temperature 

distribution w1. thin the statio water-filled oans ( see figure 27, p 1 1 1  ) • 
A value of u = 1 7ft/hr i s  used in these c alculations. 

The overall heat transfer coefficient U0 i s  c alculated from the 

film coefficient h and heat flow through a thick-walled tube (i . e. the 

nylon insulation ) to the thermocouple wire . 'lhe overall heat transfer 

coefficient i s  based on the diameter of t he wire (0. 01 1 in. ) rather than' 

the outside diameter of the insulati on (0. 020 in. ) . 

(ii ) Calculation of (J 2 

c f' 
= .....£..:.._ 

k 

1'1here c
p

' p , k are the specific heat, density, and thermal c onduc tivity 

of the 'l'lire materi al .  

(iii ) Calculati on of c 

The value of c i s  deduced from the temperature di stribution 

in a static can ( see figure 27) . 

i . e . c = 2 . 303 ( 1 ) 
1 

1'1here f i s  the slope of the semilogari thmic heating curve .  A value of 

f = 2 . 0  min. i s  used in these calculati ons. 

(iv) Calculation of a 

2 a = diameter of the c an  = 3 in. 

Heooe a = 0. 1 25 ft. 

The value s of the parameters 

table 1 8  for the three cases. 

2 2 
Cl , /1 c and a are sh011n in 



26C>a 

()-004 :. n L L. 

- 0·004 

- 0 ·008 

0{)04 r n 
L. 

0·000 

- O·OOS 

0 ·000 

-0004 . 

-{)·008 

co ppe2r with I nsulation, x >=- 0  

CV 
n 

f35 
00 

- - - - - - - - I: 

copper wrthout insulatiOn  1 x • !.  � 

eo ..!. ( 12.3 12..5 12.1 } 
L •  3 L + L + L  

+ 2 :l comtonton wcfu m�lation 1 x " - 3 
Q) 

- I (203 Z09 2.15) !: c 4  r -r 2.L: ..- [  

n 
l2.0 

ThQ c.irci<Zd figures are 1he ..wights give n to rz ach point in the summotions. 

Fiq. 50 f-'tthod of summo1ion of th2 s!o·�� 
conv2rgktq series for 1he heot condutticn error. 
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.. 
Tabl� 18  t Values of Parameters for Caloulaticn 

2 
/1

2 Type of wire Q 

and insulaticn ft-2 hr. ft-2 

c opper with 
insulation 5900 0. 236 

c opper without 
insulaticn 1 0200 0.236 

c onstantan with 
insulation 1 21 000 3. 3.3 

( b )  Caloul.aticn of the heat conduction error. 

of Heat Ccnduotion Error. 

c a 

hr-1 ft 

70 0. 1 25 

70 0 . 125 

( 

70 0. 1 25 

Arithmetical details of the calculation of the terms of the series 

(1. e. equation ( 1 0 )  p 258 ) Nld the summation to n tenns are not shown. 

Because the series converges very slowly, weighted means of the sums 

to n1 , � and n3 terms have beer. used for calculation of the sum to 

infinity. 'nlese oaloulations are shown graphically in figures 50a, 50b 

and SOo ,  for three typical sets of data. 



APPENDIX VII 

LE:IHAL RATE (DECIKAL REDUCTICfiS PER l!INUTN) 
BACILWS STEARO'!HERMOHIIIDS (STRAIN 'lH24 IN UIIK) 

T (Pp) 0 1 2 3 4 5 6 7 

200 o. ooo 0 0 0 1 1 1 1 

210 0.001 2 2 2 2 3 3 4 

220 o.oo6 7 8 9 1 1  1 2  1 4  1 6  

230 0. 025 29 33 38 44 50 58 6 7  

240 0. 1 00  1 1 6 1 32 1 51 1 73 1 99 227 260 

2.50 0.389 443 505 578 661 750 859 975 

26o 1 .44 1 64 1 87 212 241 274 31 1 353 

270 5. 1 8  585 664 753 849 966 •1 1 0  *1 24 

280 1 7. 9  

• denotes a change o£ decimal point 

T (0P) 0 

21 0 o.oo 
220 0.01 

230 0.08 

240 0 . 54 

250 3 - .50  

26o 21 . 2  

270 1 24 

280 682 

LEmAL RATB (DIDDlAL REDUCTICWS Pim lliNUTE) 
BACILliiS SUBTILIS (STRAIN 786 IN KIIK) 

1 2 3 5 6 7 

0 0 0 0 0 1 1 

1 2 2 2 3 4 4 

1 0  1 2  1 4  1 7  21 25 .31 

66 79 95 1 1 4  1 39 1 6 7  201 

41 7 499 604 726 86 5 •1 04 •1 24 

255 303 362 431 51 4 6 1 3  729 

1 46  1 74 207 245 292 348 41 0 

805 

• denotes a change ot decimal point 

262 

8 

1 1 

4 5 

1 9 i 22 

76 88 

297 340 

*1 1 1  *1 26 
401 456 

•n..o *1 58 

8 9 

1 1 

5 7 

37 45 

242 291 

*1 49 *1 78 

871 *1 04 

484 575 



0 

1 20 o.ooo 

1 30  0.001 
1 40  0.001 

1 50  0. 002 
1 60 0.004 
1 70  0.007 
1 80  0.01 2  
1 90 0.01 9 

200 0. 030 
21 0 0.045 
220 0. 064 
230 0.087 
240 0. 109 

2.50 0. 1 21 
260 0. 1 05 
270 0.028 

APPENDIX fiU 
SUCROSE HYDROLYSIS • EA:30 REACTrCii 

SPECIFIC RATE DIFFERENCE ('fa = 272°P) 

1 2 3 5 6 

0 0 0 0 0 0 
1 1 1 1 1 
1 1 2 2 

2 2 3 3 3 3 
4 4 4 5 5 5 
7 8 B 8 9 9 

1 2  1 3  1 3  1 4  1 5 1 6  
20 21 22 23 24 25 

31 3.3 .34 35  36  38 
46 4B 50 52 54 56 
67 69 71 73 75 77 
89 91 93 96 99 1 01 

1 1 0  1 1 2 1 1 4  1 1 5  1 1 7  1 1 9  

1 21 1 21 1 20 1 1 9  1 1 8  1 1 6  
1 00 96 90 84 77 69 
1 4 0 

7 8 9 

0 0 0 

1 I 

2 2 2 

3 4 4 
6 6 7 

1 0  1 0  1 1  
. 1 6  1 7  1 8  

26 27 28 

40 41 43 
58 60 62 
79 82 84 

103 1 05 1 07 
1 20 1 20 1 21 

1 1 4  1 1 1  1 09 
60 50 40 



T ('7) 0 

1 20 o.ooo 
1 30 0.001 
1 40  0 .001 

1 50  0. 002 
1 60 o. oo; 
17'0 0. 009 
1 80  0. 01 6  
1 90 0. 027 

200 0 .045 
2 10  0. 071 
220 0. 1 08  
230 0. 1 57 
240 0.21 4 

2.50 0. 259 
260 0. 248 
270 0. 073 

SUCROSE HYD.ROLYSIS • EA :45 REACTION 
SPECIFIC RATE DIFFERENCE (TR = 272°F) 

1 2 3 5 6 

0 0 0 0 0 0 
1 1 1 1 1 
1 1 2 2 

3 3 3 3 3 4 
5 G 6 7 7 8 

1 0  1 0 1 1  1 2  1 2  1 3  
1 7 1 8  1 9  20 2 1  22 

29 30 32 33 35 37 

47 49 52 54 57 59 
74 77 81 85 88 92 

1 1 3  1 1 7  1 22 1 27 1 32 1 36 
1 63 1 69 1 74 1 80 1 86 1 91 
21 9 224 230 235 240 245 

262 264 265 266 266 264 
240 232 220 207 1 92 1 73 
38 0 

7 8 9 

0 0 0 
1 

I 

2 2 2 

4 4 5 
6 8 9 

1 3  1 4 1 5  
23 24 25 
39 41 43 

62 65 68 
96 99 1 04 

1 41 1 46  1 52 
1 96 202 208 
249 252 256 

262 2� 254 
1 53 1 29 1 03 
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APPENDIX IX 

Qalcu1ation ot EQuivaJ.ent Retort Times for Linear 

Sernilogari thldo Proc e sses 

It has been shown (p 42 ) that equivalent retort time e i s given by -

0 
. . . . . • . . . . . . . . . .. . .  ( 1 }  

where -

and -
' 

u = 

Linear semilogari.tbmic heating and cooling curve s c an  be expre ssed as -

and 

where 

or 

1 -u = -o il  
e 

u-1 -ell = e respectively, 

o = loge1 0/fh = 1/log10 e . fh 

o = loge10/f'0 = 1/los_,0 e. f0 

Hence for heating and cooling the temperature-time t\motion i s  

where 

and 

1 -u -ofl = .. e 

11 = +1 for heating 

a = -1 for cooling. 

'lhis gives -

u = -o() 1 - a  e 

and du = -o (1 -u)d8 

• • • • • • • • • • • • • • • • • • • • • • (2) 



Henoe -

o 0 = Ju' e
B ( 1 - �) du 

1 -u 
uo 

Putting B ( 1  - 1) = x then leads to -u 

0 0 = -

fx1 
Bex 

dx 

x 
x(B-x) 

0 

Simplification of equation (3 ) 

0 �  r = - % :· 
dx 

0 

r = • �X dx 
xo 

gives -

r % - ,.!_ 
B-x 

X 0 

B-x r
x, 

+ .!..,_ 
X 

B-x 0 

dx 

dx 

= • :
X 

r dx + eB e-x 

f�., 
dx X 

X B-x 0 0 

For heating, 

xo = B (1  - ..1. ) u = - f/10  
0 

and x1 
= B ( 1  - ..L ) = - B ( 1 - 1 ) u u g g 
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• . . . . . • . . . . • • . . . • . • •  (3 ) 

• • . • . . . . • . . • • . • . . • . .  (4) 

'flhere the initial temperature of the material is taken aa zero absolute 

( i . e . u0 m o),  and 1R - g i a the final temperature (i . e. ug = (TR - g)/iR ) 



Henoe, for heating -

-B ( j_ - 1 )  
. 

ug 

B dx - e 
-x .!.,._ dx X 

.!! 
u g 
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I 

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

Because the cooling curve approaohes the temperature of the cooling water 

( T0 ) asymptotically, the parameters B, u and 0 of equation (4) are 
based on T0 rather than TR when this equation i s  applied to oooling; 

I T u = T; 
and • 

B(1 - �) 
(.) = @I e 

c c 

• • • • • • • • • • • • • • • • • • • •  

where the prime ( ' ) i s  used to distinguish the parameters based on T0 
from those based en TR. 

'lhus 

where u' 

xo = B I ( 1 - .ll ) 
u g 

= 
g 

(6)  

'lhe cooling phase may be considered complete when a temperature i s  reached 

at which all rates of ohemioal reaction and spore destruotion are negligible. 

If T00 is some s�h temperature, then -

and 

ul 
CO 

= B I ( 1 - 11 ) u • 00 



2G8 

In terms of the parameters based en � 

xo = B ( 1 _ 1  ) u0 ug • • • • • • • • • • • • • • •  (7) 

and X., = B ( 1 . !  ) . uo uoo 
• • • • • • • • • • • • • • •  (8) 

( ) { 
I I t 

Equation 4- wi th  parameters e 0 ,  B and u replacing e , B and. u, 

respeotiveJ.:r) and equaticna (6) ,  {7) ,  and (8) lead. to the equation for ® 0  

Both terms involdng �0 are negligible for values of B• ug and u0 ot 
interest in the present context, and. oan hence be eliminated from equaticn {9) 

yielding the equation -

• • • • • • • •  • • • • • •  • • (10)  

Equaticns (5) end. { 10)  with th = fo a 1 min. give equations ( 6 ) and ( 7 )  

(p 1 86 ) re8Peotively, for the calculation ot the parameters a SDd b. 
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APPENDIX X ... 

Coefficients a, b ,  a a, and hb for calculation of parameters for 
type I curve oi' best fit. 

g suo rose EA : .30 �A : 45 B. stearo-
B! sub;!i!lil! h1drolysis reaction reaction �ermODhil!:!§ 

(o:r) a b t.a "' b  :- a \ b  t. a t.b t.a t.b  
1 0.0 .3074 4233 785 1 546 1689 2872 2472 3738 2778 lt011 

9.0 3394 4387 824 1 .564 1 789 291 8 2654 .}826 .301 1  41 22 
i 

8.0 3762 454.7 862 1 .586  1891 2965 2808 391 1 3263 4232 

7.0 4.1 99 471 4 903 1 597 2002 3007 3060 3993 3542 4.339 
6.0 4721 4884 945 1 61 1  21 1 7  3045 3237 w:J',7 3847 44ltO 
5. 0 5363 5061 989 1 623 2253 3079 3533 4134 41 84 4533 

4.. 5 5745 51 52 101 1  1 628 2302 3094 3662 41 64 4.365 4575 

4..0 61 80 5242 1035 1 633 2369 31 07 3798 4195 4554 461 5 
3 . 5 6684 5336 1 055 1 638 2436 31 20 3940 4220 4754 4652 

3. 0 7276 5342 1 08.3 1 641 2505 31 .31 4087 4243 �65 468b 
2. 8 7543 5471 1093 1 642 2533 31 35 41 47 4252 5052 4699 
2 .6  7834 551 0 1 1 04 1 643 2562 31 39 4208 4260 51 41 471 1 
2. 4 81 50 55� 1 1 1 2  1 645 2596 31 42 4271 4267 52.31 4722 
2. 2 84!)7 5588 1 1 23 1 646 2621 31 46 4.3.35 4275 532.3 4732 
2.0 8880 5627 1 1 34 1 647 2651 31 48 4.399 4281 541 7 4733 
1 .8 9.304 5667 1 1 43 1 648 2680 .31 52 41+65 4287 551 2 4751 
1 . 6 9784 5708 1 1 5.3 1 650 2710 31 55 45.32 4293 561 0 4759 
1 . 4 1 0332 5748 1 1 65 1 650 2740 .31 57 4598 4299 5709 4766 
1 . 2 1 0969 5789 1 1 76 1 651 2n1 31 59 4667 430.3 .581 1 4774 
1 .0 1 1 729 5830 1 1 87 1 651 2804 31 60 4737 4.306 591 5  4779 
o. a 1 2666 .5872 1 1 98 1 651 2835 .31 62 4808 4309 6021 4783 
o.6 1 3883 591 2 1 209 1 651 2868 31 62 4881 431 2  61 31 4787 
0. 40 1 ,561 1 5953 1 220 1 652 2900 31 63 4954 431 .3  6243 4-790 
o • .30 1 6845 5973 1 225 1 652 291 7  .3163 �92 431 3 6299 4791 
0.20 1 8594 5994- 1 230 1 652 2932 31 63 5029 4313  6356 4792 
0. 1 0  21 .589• 6008 1 236• 1 652 2949• 31 63 5068• 431 3  641 5• 4792 

o.oa 22555 601 1 1 237 1 652 2954 31 6.3 5076 4.31 3  6427 4792 
0.06 23.365 601 3 1 238 1 652 2957 31 63 .5083 431 3  6438 4792 
0. 04 23604 601 6 1 239 1 652 2960 31 63 5090 431 3  6450 4792 
0. 03 26807 601 7  1 240 1 652 2962 31 6.3 5093 431 3  6456 4792 
0.02 28,566 601 8 1 240 1652 2964 31 63 .5097 431 3  6461 4792 

0.01 31 575 6020* 1 241 1 652 2966 .31 63• 5102 4313•  6468 4792• 

�e units of a and D. a are o. 0001 min. J uni. ts of b and t. b are 
0. 00001 min. 

For purposes of interpolation the curves a vs log g Aa vs log g, 
I 

b vs g 1 and 6 b  vs g may be asS\Ded linear. 

I \ 



Nomenclature of Can Siz e s  

'lh e  system of nCIIleno lat\U'e used i s  that employed in Ute industry, 

in whioh the can i s  i dentified by a statement of its dimensi ons ( over-all 
�L�;1<\y over-all W;�t ) .  

'lhe left hand digi t in each dimension i s  the number of mole 

inoht: s and the tm ri ght hand d i gi t s  t;ive the n.ddi tlonal frac ti on of the 

dimensi.cn expressed ae sixteenths of an inch. 

For example ,  a 307 x 409 can i s  3 7/1 6 in. in di ameter nnd 4 9/1 6  in. 

in hei :Ylt , 11hlle a 208 x Cl06 can i s  2-i in. by � in. 
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