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ABSTRACT

Thermal Sterilization of Flexibly Packaged Foods
by
ChoKyun Rha

Submitted to the Departmemt of Nutrition and Food Seience on May 12, 1967,
in partial fulfillment of the requirement for the degree of Doctor of
Science.

. Procedures for the prediction of the microbial sterility of flexi-
bly packaged heat processed foods were investigated to examine the ap-
plicability of existing thermal proecess calculations. Food systems with
different heating characteristies selected for this study weres ground
beef, chicken broth and carrot slices in chicken broth.

Healt penetration in these three types of foods at the slowest heat-
ing point wers studied for the cases when the pouches were placed for pro-
cessing in a vertical positiom or im a horizontal positions Another vari-
able investigated was the amoumt of air left in the pouches. Heal penetra-
tion data obtained from the gesometric center of ground beef pouches showed
generally a comduction~heating behavior, but the magnitude of the overall
heat transfer coefficient was lower than expected. Thers was a significant
effect of positiom during processing on the heating rate. Heat penetration
data obtaimed with chicken broth end with carrot slices in chickem breth
showed generally a convective heating behavior, but the overal] heat trans-
fer eoefficient was lower than expected. Consideration of posgible ressons
for the slower heat penetratiom in all cases studied led to postulation of
additional heat resistance due to gas films at the surface or within the
-lamination composing the pouches.

With data obtained in the thermal resistance studies on Clostridium
sporogenes (PA 3679), the decimal reduction times at various temperatures
and the slope of the decimal reduction times curves in beef puree and chic~
ken: broth were determined.

From the heat pemetration data snd thermal resistance data above,
the lethality of thermel processing was predicted for ground beef and chie-
ken broth, and these were compared with experimemtal results obtained from
the inoculated packs. Similar studies were carried cut for a more severe
process to evaluate the sterility of the product. The agreement between
- the predicted and experimental effects of thermal process, and sterility
were satisfactory.

' Thesis Supervisor: MNareus Karel

Title:_ Associate Professor of Food Engineering
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THERMAL STEBILIZATICN OF FLEXIBLY PACKAGED FOCDS

s . .
/

I. INTRODUCTICN

Thermal-processing of fgods in flexible films was propeséd
as early as 1940 (Geisman, 1963), but actual commercial applicatien
did not follow im&ediately because the existing flexible films could
not withafand the stresses of ngfma; commercial processes. Since then
material developments resulted in. the preductien of various types
of laminated plastic films which possess higher resistance to mechani-
cel impact, pressure bwrsting, mass transfer, and chemical attacke
Peter and Robe (1963), Geisman et.al. (1963), Long (1962), Pflug et
als (1963) as well as others have reported that several commercially
available flexible films can withstand the commercial thermal pro-
cessing. Also production of laminated plastic films and laminated
foil has greatly increased the possibility eof utilizing flexible
£ilms for thermally processed foods.

If the flexible films which are suitable for peckaging
foods can withstandﬁghe stresses of commercial processing snd storage
as well as rigid containers, the advantages of these films over rigid
containers are numerous. The advantages includes

1+ GConsiderable weight reduction and cubic volume reduction
for same quantity of foods (Keller, 1959).

2. Small weight'and volume of the empty package which de-
creases costs of shipping; storage and disposal and increases con-
‘venience.

3« Greater esase of opening the flexible packages.



L. Less chence of corrosion of container made with Plexible
films because of relatively inert plgstic layers.

5« Adaptability of:p;ckage to product shape and quentity which
may decrease the number of varioﬁs’sizes of containers necessary for
packaging different sizes and quantities of foods.

6. Greater flexibility in use of sealing machines for different
sizes of containers.

7« Basier portion control for institutional feeding.

8. Possibility of reheating in the pouch and reheating
several different pouches in one heating vessel at the ssme time by
consumers.

9. Possibility of imprinting 1abéls in between lamination
and plastic coating therefore eliminating labeling cost as well as
labeling defects.

10. Use of more easily available raw meterials in the flexible
films compared with the raw material such as tin commonly used for rigid
cans.

11. BRasier removing of some viscous food materials from flexible .

packages due to their squeezability.

Because of those numerous distinct and significant advantages,
as flexible packages become more refined, it is only natural that they

would be used more for heat preserved foods. As yet no work has been

>done on the systematic analytical evaluation of thermal processing of

foods in flexible containerse.

Work done to date included only:

a) Sterilization test (Long, 1963).



b) Comparison of the process with that of rigid cens
(Keller, 1959). A

c) Héating characteristics\in limited mumber of food
(Pflug, 1963). .

d) Heat peﬁctraﬁion in bentonite clay (Suzuki, 1966).

Utilization of flexible packages for thermal processing of
foods, requires that the methods for calculating process time for a
given sterility be developed. In this study, the applicability of
the traditional method for detefmining thermal process for flexibly
packaged foods was examined and verified. The method and procedures
for prediction of the microbioclogical sterility of flexibly packaged
heat—procesaed foods were investigated for a characteristic conduc-
tion-type heating solid food, & convection~type heating liquid food,
and of a food containing solid pieces in & liquid substrate, The
slowest hesting points of these foods contained in flexible packages
were determined and heat penetration characteristics at these points
were determined, The thermal death times of Cl. sporogenes PA 3679
in pureed solid food, and in the liquid food were determined ex-
perimentally. The process lethalities were calculated using heat
penetration curves and the thermal desth times of Cl. sporogenes

PA 3679.
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II. LITEBATURE SURVEY

A. The:mnl Sterilization 2£ Foods:

1. Development of thermel sterilization

Long before history had ﬁny récord, it has been knowm that
foed subgténcng were subject to duterior;tiva and putrefactive change
with age. Until the middle of the nineteenth century, destructive
and objectionable changes in food meterial were ascribed to the
natural tendency of foods to decompose, and the probability of the
change being due te attack by living cells would have been ridiculed
tn&.uas not recognized as significant or perhaps even possible
(Prescott, 1932). |
‘ However, it has been observed that the foédrkept longer when
cooked, In 1809, Nicholas Appert applied this knéwledge end wes able
to preserve various kinds of foods in containers by heating in beil-
ing water., Interestingly, Appert thought the elimination of air from
the food froduets by heating was the reason for the preservative
effect, and concluded that air was the causative spoilage facter in
feéd materials, |

- Pasteur's discoveries of the activity of living orgsnisms in
fermentation, yutfefactian, and in causing dia;ases were the first
recognitien of the activities of liying cells in thosé systems,
Eventually; these discoveries led to Koch's postulates recogﬁizing
that a particular disease is caused b& the growth and activity of

& specific organism (Nickerson, 1962), Koch's postulates and Pasteur's

rcéognition of microorganisms as a causative agent to food spoilage



—

made pessible to find correlation between microbial population and
wholesemeness of foods (Goldblith et al., 1961), Fréﬁ.this it be-
came evident that the microorggnisms must be inactivated or prevented
from growth if any food material is to be preserved fer an extended

period of time,

2, Thermal inactivation of microorganisms

| One of the most important physical cenditions affecting
microorganisms is temperature, which therefors ﬁecumo the most im=
portant mn#ns of preservation of food. |

Following Russell's (1895) discovery of decrease in can
spoilage upon increase in proeessingjtegperaturo and time and isola~
tion of micreorganisme frem food by P:oacet£ and Underweod (1897 and
1898), more systematic studies on the behavier of micreergsnisms te
heat were carried out by several investigators.

‘Bigelew and Esty (1920) investigated the thermal death peint
of thermophilic orgsnisms., By thermal death peint they meant the
length of time at different temperatufes necessary to completely
destroy a definite concentration ef speres in a medium of kmewn
h&dregen ion concentration. Fer the presentatien of‘thermnl desth
point data, they reported both the longest heating time which result-
ed in grewth'gnd the shortest heating time s&fter which growth did net
 occurs They presented yha data as plots in Cartesiasn coerdinates, of

temperatﬁre versus heating time,

8o éggarithmic rate of microbial death

The recognition that generally the number of viable cells re-
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duces exponentially with time of exposure to a lethal teﬁéerature,
(Rahn, 1945; Chick, 1910; and Wetkin, 1932), led to the use of lega-
rithmic plots in which the log of the number surviving is plotted
against timz. This practice allows the calculation of single valus
parsmeters charictcrizing resistence and allows the cemparison ef re-
sistances of different organisms at a given temperature, It is ganeral‘
practice to designate the time required for 90% of destruction st e
given.temferature by Dy called decimal reduction time,

It is enly nstural that different microorganisms or the
ssme micreérganisms cultured in different menner or heated in difforantb
media exhibit varied decimal reductien time even et the same lethal

temperature,

b. Thermal death time of micreorganisms

In 1921, Bigeiow recognized the legarithmic nature of ther-
mal death time curves and reported that straight lines resulted when
logarithm of thermal death time was plotted against temperature,
These discoveries have atimnl#tod many workers in the field and re~
sulted in extemsive studies on the thermal death time at differenmt

conditions, of various ergenisms such as Bacillus coagulana‘(Amnhd

and Ordal, 1957; Reynéld et al,, 19523 and Stumbe et al,, 19%0),
putfefactivb anaerobe PA 3679 (Esselen and Pflug, 1956; Reyneold et al.,

1952, and Stumbe et al., 1950), Clostridium botulinum (Stumbe et al.,

1950; Sugiysma, 1951; and Est& and Hﬁyer, 1922) and many others.
Those studies showed that different types of microorgsnisms have dif-
ferent resistivity to temperature. Prescott (1952) found bacteria

" which survived 10 hours of boiling, and others showed highly heat re-



sistant endospores. Development of pure culture techniques for di:—
agnosis of food spoilége led to the discoveries of heat resistant
bacilli and micrococei by Prescott and Underwood (1898);‘mold, cocel

and bacilli which include the spores-formerss B. subtilis, B. mesen~

tericus, non-spore-formers similar to B, proteus vulgaris and Bact.

thermo, by Vaillard‘(1900), and Cl. botulinum which has already been
recognized es a poteﬁt ceusative Agent of fddd poisoning due to pro=~
cessed food by Dickson (1917).

althbﬁgh Eigeiow (%921) hes taken the arithmetic average of
the thermel death points of four different organisms, 4. alkaligenes,

Be coli, B, aserogemes, end B. proteus, and from these aierage values

constructed a thermal deeth time curve which he considered applicable
to all these four orgenisms, it became evident that different micro-
organisms have different resistivity to héat. Therefore it became
necessary to have some mesns of cdmparing the therﬁal resistivities
of different organisme és well ae'obtaining the knowledge of thermal
resistance of many orgenisms. Since the thermal death time eurv? re-
fleects the relative resistance of bacteria to different lethal tem~
peratures, the comparison of thermal death time curves of different
organisms gave a good indication of the relative heat resistance of
different organisms. Therefore, the use of the thermal death time
curve in thermobacteriblogy becape accepted and wide spread.

Thé thermal death time curves are constructed by plotting
the logarithm of time required to decrease a number -of organisms to:
avgiven fraction (ususlly to 10%) on the ordinate against the exposure
tempefature in the abscissa. _Iinialoften a prectice to report a

point, usually destruction time at 250°F refered as F° and the slope



of thermal death time curve. More often the term Z, which is the .
reciprocal of the slope of the curvé, numerically equal to ﬁhe'néﬁp
ber of degrees Pahrenheit required for the thermal déath time curve
teo travefse cnellog cycle of time is used in place of the slope as

the indication of the thermal resistivity of an organism.

¢o Devices for measuring the thermal resistance of bacteria
There are many devices developéd for measuring thermal re-
sistivity of bacteria. They belong to one of the following major

categories or their modifications.

1e "Thermal Death Time Tube‘umethod develéped by Bigelow
end Esty (1920). |

2. “Thermal Death Time Cen® methods developed by Americen
Can Compeny (1945),

3. "Tank" method developed by Uillian@et ale (1937).

4, %Plask' method developed by Lévine et al. (1927).

5 “Phermoresistometer® method developed by Stumbo (1948).

6 5Capillary Tube® method developed by Stern and Proctor
(1954).

Each of the above methods has its advantages and disadvan-
tages which #re discussed by Stumbo (1965), -Howéver, all of these
devices have N similar principle in that ihp ﬁicroarganiszw suspended
in media of interest is heat;d at various temperatures for various
time intervals and microbial counts are made to obtain emough datﬁ
to construét thermal death time curves. The methods vary in the

types. of vessels and heating methods used.,



de Treatment of thermal .reaistance-data

| aeeof&iﬁé to Stumbo (fééﬁ),ithere are two general methods
for treating thermal resistence dstas

1. Construction of Qurfivér curves, by plotting the logari-
thm of survivors against time at constant temperatures from which D
values may be taken directly. ‘

2e Lasamiﬁg the logarithmic order of déath, and calculating |
a D value from ‘initialf number and number surviving after some cne
heating time at each temperature studied.

For the first meﬁhod, it is necessary to obtain thermal re-
sistance data at severai different heating times for each temperature,
This method is satisfactory if the log of number surviving is linear
with time,

The second method needs-thermal.resistance determinations
cnly for two different heating times fér each teﬁperature. For the
purpose of thermal sterilization of foods, it is generally consider-
ed justifiable on the basis of available evidence to assume the logs-
rithmic order of death although some exceptions to this have been re-
portede Therefore, logarithmic death is assumed, and a straight line
is drawn between these two points.

.. ‘ To obtain initial counts for the second method, the spore
suspension'isldiluted and heated to result in less than one épore

per milliliter., This is to give assurance ﬁhat most of the colonies
developed in subculture are from & single surviving spore. The second
point is chosen at a heating time that will reduce the number of sur-
vivo:s to very low level compared with the number of spores initially

presents Stumbo et al. (1950) calculated most probabie number of sur-
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viving spores per milliliter by the equations

= l : /
. N v g q .

where,

=
"

most probable number of surviving spores per milli-
liter

v = volume of each hested sample in milliliter

8 = total number of replicete samples subject.to a
given time-temperature treatment

the number of whish-shéwe negative growth on sub~
culture emong the above n samples

N
L]

#ith the mest probable number of surviving spores for "ini-
tial® and “after heating for time t" obteined in the menner deseribed

abové, D may be calculated by:

t

(log &) = (log b)

Where,
a = initial number of organisms

b = number of organisms after heating for time t

Schmidt (1954) also used two point techmiques to determine D
values, He employéd prébability paper to determine the time at which
50% of the subculture tubes were sterile (Lnso). Therefore, he obtain-

ed D by the equation:

D = 50

(log;a) - (log b) -




It was reported (Schmidt, 1957) that the methods of Stumbo
et als (1950) and Schmidt (1954) gave good agreement.
" Other methods for caléulating D values have been suggested;
however,‘the present precision in thermal resistance determination
does not justify the increesed complexiiy in calculation of D to attain

improved precision.

3s Heat transfer through food material

In 1898, Prescott and Undéiwood first called attention to
the importance of the rate of heat penetration inte canmned food material
during processinge Pollowing that,undoubﬁedly manj have studied some
aspects of heat transfer in food preoducts becsuse of the wnavoidable
necessity in food industry, but no significent work was published un-
til Thompson (1919) published his worka

a., Time-temperature relationship

Thompson (1919) developed an equation for obtaining tempera~
ture at any point in a food product heated by conduction in a cylindri-

cal can:

o & ,2 2
T = C - (Ti-‘rr); m§1 4ne E;‘f?/‘*" ?"Jo()‘r) sin M (Z +R)

where,
T = temperature at any time t and in any point r and 2

(Tiwe-T;)- difference in initial temperature of can and bath

r & Z = cylindrical coordinate of a point in a can (at the

11
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center of the can, r = 0, 2 = 0)

A = balf length of the can

®

a root of~Jd(}La)

A = ul/2)

A constant depending on the initial temperature
AR distribution in & cans

4 (1 - cos m)
W(ke) I (ua)

cr = centigrade températﬁre of bath or retort
X diffusivity, conductivity
CP? o specific heat x density

For all practical purpose, the first term of the above equation is

adequate, This simplifies to:

| k2o
T O h(TT) e EFFW"'” Tolfyr) wank, (z +4)

These equations can also be applied for cooling if thé contents of
can were heaied to practically uniform temperature before cooiing
s£arted.

At the center of the can where r = 0 and Z = 0, Bessel func-

tion,

2" 476

p > 4 6

Tolmr) =



of zerolth order is J (,,r) “ J (0) = 1, and also,

=

sin A (2+f) =sin Ty =41

cos N\ Z = cos  (0) = 1

Therefore the equation expressing the temperature at the center of

the foods in a c¢ylindrical container becomes:

T = l(T-T)OET(Ia'*A2)t
‘ 2 2

Thompsen (1919) presented a table of 9“1 + )\1) for different
containers, a table of thermal diffusivities for some food products as
well as the chart of temperature versus time as (k/C P )(}',1 + A ) to
facilitate the calculations for obtaining hea’t. transfer inform.tiona.
Besides giving the methematical equations, charts and tables, he pre-
sented experimental temperature-time data of some food products in
rectangular coordinate paper, This gave an easy visible means of pre-
\Qicting time~temperature relationship of foéd products in containers
during the processing,

In 1920, Bigelow et al. studied heat penetration during pro-
cessing of canned foods. They observed that the fastest possible heat
penetration in canned foods is similar to that of water or slightly
less, This maximm heat penetration occurs when the food is in the
form of a dilute solution and heats by convection. They also noticed

thet the slowest heat penetration in canned foods is similar to the.



heat penetration in waté; due to conduction alenes This is common to
food materials which consists of many cells each containing cellular
vater and cell wells preventing-the formation of convection currents.
Good exsmples are fruits and vegetables. Bigelaw et als (1920) de-
veloped heat penetration data for many individual producté, agkwell
as conversion factors from one siée cans to the ether‘size cans to be
used for heat penetratiom calculaticns. HONeQer, perhaps the most
‘significant contribution in heat penetratian study was their presenQ
tation of time-~temperature date in semilog coordinate paper with tem=
perature in logarithmic scale, When the semilog paper was turned 180°
and the top line labeled one degree below retort temyerature; a
straight line has resulted.

Megoon and Culpepper (1921) showed heat penetration curves
of distilled water, brine, sugaf solution end starch solutions, as
well as several food products. They also (1922) étudied the relation
of inétial temperature to preséure; vacuum, and"temperature changes in
the container during camming operations,

In further heat penetration studies by Jackson and Olscn
(1940) the slowest heating point in the products which heat by con-
vection was found to be located on the cen axis at the point near the
56ttem of the container. Por No. 2 cans the point is about 3/4 inch
(19 mm) above the bottom and for No. 10 can, about 1% inches (38 mm)

above the bottom when the cans afe processed in an upright poéition.
| Lohgfbefore this, it was generally mccepted that the slowest heating
J ﬁcint in the conduction heating product was located at the geometric
center.

In & more recent study (Pflug et al., 1965), it was reported
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thet in general the slowest heating point is determined by the rela-
tive heat transferred by convection flow versus conduction. Lccdrding
to this study when conduction heat transfer dominates, the slowest
heating §oint is near the geometric center, as convective flow in-
creases, the point will move toward the botiom of the éontainar, and
tha displecement of the cold zone from the geometric center is propor-
tional to £he rate of convection heat transfer, However, the numerical
relationship between the distance of cold-point shifting and comvection

heet transfer was not established.v

bs Devices for—obteining heat penetration dsta

| It was not known who exactly‘was responsible in starting to
use Tell-Tale thermometer (e maximum thermometer) in the measurement
of.the temperature of food‘during pfoceasing: ne%ertheless, it appears
to be the first mechanism used for this purpose. The thérmameter was
placed in a metal frame that was adapted to the screw top of test can.
(Later, it was modified S0 that the thermemeter was sealed into en ar-
dinary can and fastened to & splinter of wood that fits the can dia-
gonally). |

 In 1912, Bitting used & chemical thermometer which is sealed

in a cen by mesns of a stuffing box soldere& to the tope

In 1919, Thompson, and Bovie and Bronfembrenner (1919) used
copper-constantan thermocouples to measure the tempersture of food
during processing. These were the first successful attempts to obtain
temperature history of food during process. Bigeiow et al. (1920) im~
proved the thermocouple system by attaching it to & can by mesns of &

- stuffing box thet is soldered to the top of the can, and using ice-
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water as a cold junction. They used a Leeds and Northup's potentio—
meter to measure the voltagé'which was converted £o température. This
mede it possible to record the temperature of canned foods during ac-
thaal coémgrcial processing conditions. The use of @ Bakelite tube
(Pord and oshorne; 1927) as & protective tubing for thermocouples eli-
minated one important source of error namely, the flow of heat along
the tube. A

Ecklund (1949) developed a thermocouple unit in which the
thermoéouplc is sealed to the receptacle and the receptacle to the
can by means of rubber gaskets. fhe heat penetratien thermocouple,
in addition to having the comnector feature, was so designed that the
thermocouple and the.recgptaele which holds it did not project from
the side of the cane. This permitted normal closure of the can on
commercial closing equipment. Now the complete specialized heat pene-
tration equipment which could be conveniently used was available to
any investigators.

Alstrand and Ecklund (1952) gave the equipment necessary
for hest penetration measurement as followss

1e Thermocouple capable of being mounted in a can in such
4 menner that the hot junction is 6@ the can axis.
| 2. Compensated lead wires made into a cable of several du-~
plex leads depending on the number of cans to be tested similtaneocus-
ly. | ‘

3« A stuffing box so that the lead cable can be brought
through the reiortbwall.

| 4, A selector switch.

5. Potentiometer for indication of the can temperature.



ce Treatment of hesi penétration,data

Depending on the sfthod of thermal process calculation (dise-
cussed in the section immediately following) to be employed, the heet
penetration data can bo‘treated as follows:

e Time-temperature data can be plotted in rectangular co-
ordinate papér if the lethality is later to be found from each corres-
ponding te@@eratﬁre and summed up graphically.

2o Time and the temperature correspomding to that heating
time can be left im a tabular form if lethality at each cérresponding
temperature for a given time interval is to b§ summed up to give a
total lethality of a specified processe

3« Time~temperature date can be plotted direetly om lethal~
rat§ paper to obtain = lethality curve the area benmsath which will be
proportional to the.l;thality of the process.

4, Finally, the difference between retort temperature and
food temperafure may be plotted on the log scale against time on the
linear scale on upside down semilog paper with the top line labeled
one degree below retort temperature for the heating curve. For the
cooling curve, the data also plotted on normal semileg paper; with the
bottom line labeled one degree above cooling water tempersture. This

is convenient when mathematical method is going to be used.

1}

4, Thermal process calculzations

The inadequacy of triui and error methods led to more systematic
study of the thermal processing. An obvious object of thermal processing
- as mentioned befors is insctivation of microorganisms which ceuse speilage
in canned food and more importantly of bacteria which cause diseazs. In or-

der to do this, it was necessary to have some microbiological standard, Since
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the beginning of the ninetqenth century, it wes known that Cl. botu-

linum caused food poisoning. It wes later found that this 6rganism

also is extremely heat reaistaﬁt; therefore Ql. botulinum wes consider-
ed to be the proper microbisl-standard for determining the degrée of
the sterility of processed foods.

Esty and Neyer (1922) determined an ?idealf thermel death
time curve for spores of.él. botulinum in neutral phosphate buffer.
Phis curve was designated by the values F = 2,78 minutes and Z = 18°F.
Since then no one was able to 6bsérve higher thermal resistance for
Cle botulinum than the above value., Because of the lack of knowledge
concerning the‘types of bacteria occurring in'various‘foods prior to
their being precessed} concerﬁing-the concentration of the more resis-
tant types which might be encountered, and concerning thermal resis-
tance of bacteria es they occur in foods, the maximum reSiétance values
mentioned above for spores of Cl. botulinum have ﬁeen and still ere
used as the basis for establishing safe commercial processes throughe-
out the cenning industry. According to Stumbe (1965), in view of the
concept that bacteriai death is logarithmic in order, this procedure
is justifiable, and‘quita possibly imperative to the establishment of
egfe commercial processes, Consequently, processes having an Fb value
of at least 2.78 minutes have been considered absolutely neceséary
for all non-acid canned foods unless well-checked evidence indicates
that the chemical or biochemical nature of the product necessitates a
revisione

While in high acid foods, Cl. botulinum does not grow, there

are other high heat resistance organisms such ;slg. thermoacidurans,

Be stearothermophilus which cause apoilige of cenned foods,'and these




differentiated the equations, multiplied by lethality expressed in
terms of semilogarithmic straight line, and integrated between the

limits. QCombining these three resultant equations, he obtained,

. 33172
. g 80 g 3317
A = = el E%(E) -E ()] + e.jgsm
+300m 1
- P AP
m e? | i

or,

where,
A = total lethal value of the process

m = temperature difference in °p between the maximum
temperature reached at the center of the can and
cooling water

g = F below retort temperature of the maximum tempera-
ture reached by the center of the can

E, = universally convergent series

f = reciprocal of the slope of heat penetration curve,

h  or time required to traswerse one log cycle of tem=
perature, or time in minutes required for the straight
line heating curve to trasverse one log cycle



C = an arbitgary constant depending on m, g, and 2

From the heating curve, fh ean_be found, - A value of g corresponding
to a certain value of t (time in minutes) on the thermal death time
curve can be found and aﬂgiven value of C from the C versus g curves
published by Ball. This value of g, which satisfies the above equa-
tion when applied to the heating curve, gives the length of process.
The above equation can be‘solvad either entirely by graphs or by com=-
bination of eguations and graphs. (See Ball (1923) for detailed method
for obtaining solution). m m

Ball has preéented, in the same paper, series of tables and
graphs of C for different values of 2, g and meg to simplify the ecal-
culatiohs. |

Ball (1923) published simplifled equations for the process
calculation for the cese of straight semilogarithmic hoating curves.
From the heat penetration curve an equation for a straight line cen

be'written ass

TpTosn) L ., R %pin) Tp-%in)

B= fh log - : h -
(TR'T) (TR—Tih?gTR-T?
J.I
- £ log chh
[+

where,

B = process time, in minutes, when retort reached pro-
cessing temperaturo instantanecusly

J o, = bea ing leg factor, (TR Tpih?/gra ih)



\
:R = temperature of retort

Tih = injtial food temperature when heating is started

T = psende-1n1t1a1 food temperature when heating is

pih started, or the temperature indicated by the inter-
section of the extension of the straight-time pro-
tion of the heating curve and the vertical line re-

presenting beginning of heating

I = difference in degrees Fahrenheit, between retort
b temperature and initial food temperature, that iss

%'%Hh

g = difference in degrees Fahrenheit, between retort
temperature and maxisum temperature reached by the
food at the geometric center of the container

F_ = the equivalent of minutes at 250°F of all lethal
heat received by the geometrical cemter of a con=
tainer of food during process; the relatiomship eof
it to other parameters are given by:

U=F F

where,

U = number  of minutes required to destroy the organisms
at retort temperature _

Fi = log (250 - ?R)/Z

From published charts of fhéﬂl versgs g (Ball, 1923) and

the above equations, the processing time for a givén lethality or the

lethality for & given process can be found.

Ball (1923) experimentally determined thet about 42% of the
‘come-upf time should be caﬁsi&ered as process time at retort tem~-
ﬁoratura; Therefore, the process tichafter'the retort reaches the
processing temperature, P, becemes, P, =B~ 0.42 1 s where 1 = come

up time,

21
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¢. Nomographic method

'Ndmggrgphé'ﬁere constructed by Olson and Stevens (1939) to
provide graphical means of ca¥rying out the computation reqﬁired-in
the Eall‘s formula method.for specific a@plications. This nomograph
decreases the computation required for calculation of procesaing time
and makes possible for persons without mathematical knowledge to ob-
tain processing time, |
' | The nemograph incerporates the following variables: R.T.;
fh’ FG, j,'BT—IT snd B, In the same report, they give‘fh conversien

factérs for different cen sizes and correction factors for different

ReTe=C.¥W,

de Swmation of lethality throughout whole container

Stumbo (1948) considered the thermal processing based on
the lethality at the point of greatest temperature lag does not ne-
cessarily give the sufficient process for whole container, He showed _
the difference between the sctuslly obtained lethality by thermal pro-
cessing and the lethality required te reduce the probability ef sur=
vival to a desired level at eaca imaginary cylindrical layer inside
the container of food being processed. in some eases, especially in
convection heating product, the highest jrobability of survival occur~
red at locations definitely away from the center of the can‘and rather
more close to the side wall of the can. On this bases he claimed,
that the accurate evaluation of thermal process can be accomplished
| only if all points in the container are considered, since the steri-
1lity of the whole container is the sum of lethal effects at ell points

throughout the container,
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Later in another publicetion, Stumbo (1953) used the con-
cept of iso-F regions for the irkegral estimation of the lethal effect
in whole container. Normally these are identical with the iso-j, or
constant lag regions. He described iso-j regions by using Olson and

Jackson's (1942) concept:

=, J(R —-)cos’gf-
where,
j = lag factor at any designeted point in the container

j = j at the geometrical center of the container
J (X) = zero-order Besgel function of X
)
R, = the first pesitiwe root of J (X) = 0, or a constant

1 which is 2.4048

r = distance, along the container radius, of a designa=-
ted point from the vertical axis of container

2 = radius of the container
y = distance of the designated point above or below a
horizontal plane bisecting the container midway

between two ends

2] = container height or length

The volume of iso~j region is:

5 ma.x r dy from geometry

where,

y - = one-half length of the solid revolution
max



dy = infinitesimal element of y

r = radii of dy element

As already given earlier the bacterial death is described by:

t = D (log & - log b)

or,
F = D (loga - log b)
o ,r . .
or,
-F /D
b/a = 10 @ F
where,
t = time of heating

decimal reduction time

o
]

& = viable cell present in scme given volume

[= 2
L)

viable cell present in some given volume after
heating

F = lethal effect equivalent in minutes at 250°F
o :

D = decimel reduction time at retort temperature (or
T 250°F)
When the difference between the treatment received by any iso-j region,

EA , &nd the treatment received at the center of container, F_, was

c
plotted against fraction of total can volume enclosed by eany iso=-j
region, v, a straight line was obtained up to v = Oolte Therefofe
using the equation for straight line, F) =F, = mve

Above equations with some suﬁstitutions, rearrangements and

24
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sinplifications lead to:
Fs = Fc -Br{(log Dr + log v) ~|llog 2.303 4+ log (FA -Fc)]

giving the equivalent of all heat received by the entire contéiner,
Fs' By using v = 0419 for cenvenience, this equation is further sim-
plified tos |

| 084 fa e
Fs'Fc+Dr (10 + 103—-—5-;—-—)

Hicks (1951) and Gillespie (1951) suggested similar integral

approaches for the evalustion of thermalvpfocessing.

e. Selection of process calculation methed

The graphical method, while tedigus, is classical in the sense
that it coﬁld‘be used for any type of heating curve gﬁd does not require
mathematical menipulstion ner any infermation other than temperature at
the slowest heating point as a function of iimc,_and the heat resistance
of the orgenism. |

| ‘Some prodﬁcts show heating curves deviating from linearity.
One of the commen deviations is & "broken heating curve' in which two
stfaight line portions may be fitted to the datae For the preoducts ox~
hibiting such broken heating curves, processes can be most accurately
and easily evalusted by the graphicﬁl integratien procedure. Although
mathematical procedures were developed (Ball, 1928; Ball and Olsonm,

1957), they are rather timeécensuming, th accurate transformation of



data for process calculation\eay be difficult,

The graphical methed is also satisfactory for evaluating
processes for canvecticn;heating productss However, the formula
method is less timélconsuming for the same degree of accuracy in re=
sults.

Another peint of view, represented in particular by Stumbe
(1948) is that it is more desirable to integrate the lethal effects
at different positions in the container, especiglly when there exists

considerable gaps in leg times within the container,

B, Thermsl sterilizaticu.gg Foods In Flexible Packages

Successful application of flexible packages for dehydrated,
frozen, refrigerated, high sugar and high salt, and high acid products
stimlated the application of flexible packages further for the food

materials Lo be heat-sterilized.

1. Utilization of flexible packages for thermal sterilization

In 1956, Nelson et al. used mylar-polyester film and Trithene
£4lm in processing apple sauce and temato juice in boiling water and
potato-mest stew snd club steaks at 250°F, Their experiments indica=-
ted that these flexible filmg were not suiteble for the thermal-process-
ing because of the high incidence ef leakage, high wﬁter vapor permesbi-
lity and color changes of thé.prqducts upon storage.

Keller (1959) processed meat at 250°F, and peach slices in
beiling water in vinyl;foilnpolyester pouches.q According to the author,
his results demonstrated the gemeral feasibility of using foil-laminated

packﬁges for thermal processing.
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In 1962, Mayer and Robe reported that great numbers of foods
in féil-fiim-laminatéd ‘pouches were processed commercially with some
préducts having excellent shelf life. They claimed leak in?idence
and shipping damage were coemparable to or lower than cans. However,
products studied were 11mited.enly to those processed in an stmospheric
cooker.

In 1963, Geismen et ale processed snap beans, sweet corn and
tomato pra&ncts at 250°F under water for the purpose of investigating
the product quality. Their work was primerily concerned with the
effect of flexible packaging to quality of the food products rather
than the performnnce of packaging material itself,

In 1964, Lub snd co-workers processed tomato paste in mylar-

sarsn-polyethylene and saran-coated-cellophane—polyethylene-aluﬁinumn
polyethylene pouches at 208°F for 15 minutes. 4lthough this experi-
ment showed improved acceptability of the flexible pouches for thermal
processing, still shert storage life of the products was reported.
The incidence of leakage of the pouches was not mentiomed in their
worke Using the same packaging materials, Luh and Tsiang (1965) pro-
cessed tomato ketchup in & water bath at 200°F, Concluding that the
plastic laminate wes less desirable than aluminum-foil leminatien
pouches,‘they considered that moie work was needed to improve the pro-
perty of the aluminum-foil pouches, Same packaging materials were
again used in processing boysenberry puree by Dird jokusumo and Luh
(1965) in a water bath at 200°F, This work was also cemcerned ﬁainly
Qith ﬁuality factors. - ' |

More recently, Suzuki (1966) processed a curry product, soft

spaghetti, Subuta (Japsnese pork.dish), and Yakimeshi (fried rice) at
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e
120°¢, beef yamatoni (Japanese beef dish) at 113°C, rolled tangle

(Chinese food) at 110%. gis study was more diversified and included

some heat transfer studies as well as storage studies.

2. Requirement characteristics of the flexible packaging materials

for thermal processing of foods

The minimum requirements for materials for heat-processible
packageslcan be outlined as follows:

A. Low permeability to gases and vapors.

‘ Bs Adequate physical properties in the temperature ranges
-40 to 250°F. —
C. Heat-sealability at wide range of temperatures.
D. Chemical ihertnesss |
1e Lack of toxic extractables
2o Lack of off-flavor or odor problems

E. Resistance ﬁo fat, oil, or other food component pene-~

tration.

F. Resistance to stress cracking, and storage durability.

Of course, besides the above recuirements, it is necessary that the flexi-
ble packgge form a barrier for microbial penetration.

Data obtained by Proctor and Nickerson (1956-1958) indicated
that‘plastic films more than 1/2 mil thick, including pol&ethylene,
were not pefmeable to bacteria. |

'Ronsivalii et al., (1966) studied the bacterial‘permeability
of élastic films, Of 133 tests made, 15 showed.the pessible permeabi-~
lity to bacteria among which only five showed no visible material de-

fect of filme. They reported that plastic films appear to be imper-



: e
meable to bacteria, that nylon-11 and pelyethylene coated polyester

are 100% reliable, sarsn-coated nylen=11, polypropylene, and polyester
were more than 95%% reliable and nylon-6 and polyethylene were less re~
liable. '“

Some quantitative figures for the limitations are given by
Long (1962). He gives the permeability to 02 as less than 1 c¢/100 sq.
ine in 24 hours for onme atmosphere differentiel, and water vapor per-

meability less than 0,05 gm /100 sq. in. in 24 hours of packaging

materials for most application. For a flexible packaging material to

make a suecessful retortable packﬂge, he considered thet it must also be

‘aeanum&éhda;§ hydrophobic,.sinble with regard to dimension, sufficient-
ly strong to reeisi tearing, corrosion, pin-holing, fatigue, impact
and abrasion during production, preéeasing and distribution cycles,
It is also necessary for this material eapability.of being handled
on automatic fabricating‘and filling equipmént; and good printability
with inks that will withstand thermal procaésing.

Considering all these factors, Long (1962) concluded that
only alumimm-foil laminstion, but not yet the plastic lamimation,
was suitable for heat-processing purpose., Keller (1959) also reported
:the‘greatest potential of foil lamination and coating, and he went
| one step further by recommending non~oriented films or films not
subject to shrinkage (probably he meant expansion as well) for the
lamination or coating to coﬁtrol the delamination of the film. Se-
veral other workers (Mayer snd Robe, 1963); Luh and de la Hoz, 1964;
Luh and Tsiang, 19655, besides the above mentioned consider aluminum

lamination acceptablé or desirable on the basis of their experiment.
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on the other hand, meny workers agreed that plastic lamina-
tions are not acceptable for the'packaging of thermsl processed foods
on the basis of high meisture transmission across thé film (Keller,
1959; Nelson et al., 1956; Luh and de la Hoz, 1964; Suzuki,mi966;
Davis et al., 1962), high gas permeability (Nelson et al., 1956),
color change of the products (Geigmen et al., 1963; Luh and de la
Hoz, 1964; Luh and Tsiang, 1935; Davis.et al,., 1962); and off=flavor
of the products (Luh and de la hoz, 1964; Luh and Teiang, 1965;
Mannheim et al., 1957a and 1957b). “ '

Incorporation of aluminum between the plastic lamination
greatly decreases the moisture snd gas transmission and foil can also .
imprﬁve the appearance of the film. Polyethylene, vinyl, and pliofilm
are desirsble for the inner lamination. Polyethylene has good sealing
ability, and inertness which gives fregdom frqm.taste impartation and
of f-flavor. Vinyl also has good se#ling ability and it can be applied |
in & very thin layer. Pliofilm has good sealing ability, and ability
to withstand oil and fais. For the outer layer cellulose aceﬁnte an&
mylar were considered desirable, callﬁlose acetate has clarity, di-
mansional"staﬁility,'auperior printing surface and ability to withe
stand sealing temperature used to seal the inner ply. Mylar gives
strength, support and maximum protection of foil, clarity, and has an

ability to stand sealing temperature as well,

' 3. Sealing methods for flexible film

" ae Ulirasonic sealing

In this process, two pieces of plastic are sandwiched be~



tween a solid anvil and a continuwously hammering tool. According
to the manufacturer (Ultrasonic Seal, Incorporated, 1961), the
bammering tool, moving at the rate of 20,000 blows per second or
faster, produces a natural moleculaf bond without deforming, dig=
torting or changing the properties of the material. They eclaim
this inventien not only sesals, but welds quickly, economically and
permenently, tnd>hetter yet, right through contaminants such as

food. If this were true, it would be a desirable sealing process

for food packaging with flexible films; however, no additional litera-

ture or informetion wes available on this matter.

b. Heat sealing

This process involves fusion of thermo-plastic layers by
supplying the necessary hesate. The_methcda of heet application in-~
clude heated jaws, dialectric heating and impulse heating. Heating
can be accomplished either from both sides or from only one side.
The jaws or platens can be either flat or rounded. Christie (1961)
found that the rounded jaw heat sealer gave seal.efficiency of 80%
or better, in comparison with 50% or less for the flat-jaw sealer.
Many mechanical modifications of the basic reciprec#ting heat sealer
-~ have been developed to improve speed'and continuity of jngling.
Such examples are rotary and continuocus belt-~type saaleré used
commonly in industry. ‘

There are more than one set of‘aptimum conditions to be
used for heat~gealing a épecific film, beeauaé of the variability
depending on three variables (temperature, pressure and time) on

the sealing unit as well as the type of film teo be sealed. The
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optimum conditions have to be fequ by trial and error by using the parti-
cular sealer to be uSed for the experiment.
Modern Packaging Encyclopedia (1963) gives some informatien in

heat-sealing as follows:

Type of film Pressure Temperature Dwell Time
Polyethylene (H.D.) 20 fsi. . 300 - 1/2 see
Polyethylene (L.D.) 10 psi 300 1/2 sec
Polyproplene | 20 psi 350 1/2 sec
Cellulose acetate 50 psi 450 1/2 sec

From this table, it can be observed that the variasble which is
maintained constent is time, and this vafaible c§uld be different de-
pending on the investigator. The optimum sealing conditions fqund,
therefore, could differ greatly depending on the variasbles which inves~

tigators choose not to vary and of course depending on the machine used.

4, SOme‘thermal'processing'metheds for flexibly packaged foods

References concerning the therﬁal sterilization of flexibly
packaged foeds so far mentioned have experimented with one or more
of the many thermal processing methods yet developed for canned
fooés. Those include processing im boiling wéter, heating with
steam, stegm air mixture, and steam in water. However, for cocling,
generally water with over-riding air pressure is employed and con-
sidered most desirable for preventing bursting of the pouches caused by

pressure differential during cooling (Davis et al., 1960).

5e Devices for obtaining heat penetration data during the processing of

Plexibly packaged foods




The same thermocouples é;d tempersture recording devices
used for the measuring of the témperéture change of canned foods
during processing can be used also for flexibly ?ackﬁged foodse.
The protlem arises in employing in the flexible pouch the metal
thermocouple receptacles developed for measurement in cans. Be-
cause of the flexible nature of the flexible packaging meterial,
heavy receptacles can severely distort the natural shape of the
flexible packages, chenging the heat transfer characteristics of
the pouch, and giving meaningless heat transfer data.

Nevertheless, Nelson et al. (1956) used conventional
thermocouple receptacles generally used for measuring the center
temperature of food processed in a tin can. Keller (1959) used the
Armour-piercing thermometer which cannot be considered improvement.
over the above. Wornick et al. (1960) fitted thermocouple probe
through a slit in one heat-sealed edge, and clamped it in place
with two small circular rubber gaskets and a screw clamp, which
meintained the thermocouple at the center of the pouch. Gould
(1962) reportedly used a‘metal packing gland, a wax seal, and a
coiled duplex lead with the thermocouple on the inside of the coil.
. According to Pflug et ;1; (1963), this led to development of the
all-flexible-gusset and lead and positive metal packing-gland-type
thermocouple system,

In the above systéms, the thermocouple was stripped of all
insulation, cleaned with solvent, coated with 3-5 layers of & lac-

quer thet will heat-seal to the inside laminate of the pouch then

inserted through the seal of the pouch and heat-sealed to the inside
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lamination of the pouch. Pflug (1963) used V-shaped gusset heat-
sealed to the pouch to maintain the»thermocouple tip in desired
positione. When metal packing-gland was used for inserting the
-thermeccouple and when necessary, plastic saddle maintained the posi-
tion of the tip of the thermocouple.

Eckland-type metal glands specifically designed to be used
for heat-penetration experiment in flexible packages are commwercially
available from Continental Can Compsany, Chicago, Illinois. These

receptacles still have the disadvantages of the original receptacles.

6. Heat penetration and thermal sterilization studies in flexible

packages

The rete of heat penetration into a container may influence
the processing time required for sterilization of the product,.
Wornick et al. (196C) studied this aspect by investigating the rate
of heat conduction into flexible plasticvcontainers. The containers
used were made of 0,001 inch mylar polyester film, 0.001 inch,

0.002 inch and 0,003 inch high-density polyethylene and 0.00125

inch pelypropylene. The heating curves obtained for pouches made
from different films and containing same food product did not.differ
significantly. They concluded that the heating lag in the pouch
containing water was no larger than could be expected for water
alone. Plastic films used regardless of type or thickness (up to
0.003 inch) had a negligible heat resishancé compared with +that
offered by surface films, and these packaging meterials could be
interchanged without appreciably altering the heating time. A

table of heating times for various food items (water, corn, spinach,
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tomato puree, and cream of mushroom soup) in plastic film bags of
several sizes and film thicknesé*ﬁas preéented. They pointea out
that, in considering thg heating time of foods in flexiEle plastic
bags, the heating time would be more a function of the conductivity
of the food and the shape of the container, with the plastic film
offering little resistance.

Keller (1959) obtained heating curves for flexibly pack-
aged 5.5 ounce beef steak during steem process at 250°F, 2400F and
2§0°F followed by pressure cooling. Pressure cooling was emplcyed
to prevent expansion and possible bursting and to insure proper
heat transfer. The process time required to obtain F, value of 6
were 15 minﬁ‘t_.es, 5.5 minutes, and €0 minutes for 250°F, 24001?‘ and
230°p process respectively. He also showed that the heat penetraticn
into the flexibly packaged beef steak was considerably more rapid
than for an equivalent can, end anticipated siﬁilaf reduction in
process time for other productse. He ﬁséd the formuia method for
calculating the process time, found process time at 250°F for 5.5
ounce ofvbeef steak in a 300 x 200 can to be 55 minutes compared to
15 minuteg in the flexible package.

Pflug et ale (1963) calculated processing time to obtain
var&ous sterilizing values (Fo) for different thicknesses of con-
duction heating food having a ﬁhermal diffusivity of 0,014 sq. in.
per min. at condition of RT - IT = 100°F, RT - CW = 160°F, and j =
1e27. fhey showed the critical nature of pouch thickness on the
process time required to deliver several‘sterilizing (Fo) levels,

and the necessity of basing the sterilization-process design on the
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maximum thickness. The heatiné characteristics fh and j were de-
termined experimentally for toma%o puree, for water, for chicken a
la King, and for beef slices in barbecue sauce in mylar-foil-vinyl
fleiible packeages, Their dsta indicated a trend for the tomato puree
to heat fastest and the beef slices to heat the slowest. The ranges
in heating rates for each of the three products, however, overlapped.
the means for the other two products. Ranges of fh'values for tomato
puree were 8.0-1044, for water 1.,9-2.4, for chicken a la King 6.4
10.7, and for beef slices in barbecue sauce 8.9—11.5 minutes. There was
& close agreement between values calculated from therﬁnl diffusivities ~
of 0,014 sq, ine/mine as 04750 inch thick infinite plate and experi-
mental values of.fh. |

Suzukl (1966) obtained heat penetration curve for 22.5%
bentonite clay in a flexible package (thickness 1.2 inch) and found
£, to be 16 minutes cémpared with 28 minutes for a No. 6 can (74 x

h
549 can) when processed at 250°F.
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IIl. THECRY

A, Mechanisms of Heat Transfer In Thermal Sterilization:

1. General theory on heat transfer

Whenever temperature gradient exists, energy transmission
oceurs from higher temperature regio¢n to lower temperature region. The
eventual effect of energy- or hent-transfer is the equilization ef the
temperstures of all regions. The me§hanisms by which energy transfer
takes place can be divided genérnlly inté three groups, radistion, cen-
duction and convectien heat transfer.

Radiatian»heut transfer takes place when bodies with tempera-
ture gradients are separate in space. All Sédiou emit radiant heat
continuoualy,‘lnd the intensity ef the emission depends em the tempera-
ture and the nature of the surfuéo. Heat transfer by radiatien becomes
incressingly important as the temperature of an object increases. Iﬁ'
thé thermal processing of foed in retorts, the heat transfer by radia-
‘tion can be neglected since the contribution by this mechsnism is negli-
gible compared with that by conduction or convection. This ié mere so
in p?oceasing food under water as done in this study. |

Conduction is a process by which heat flows ffcm s regioen of
higher temperature to a region of lower temperature within a medium or
between different media in direet physical contacte In conduétion heat
flow, the energy is tirsnsmitted by direct molecular commnication with- °
out appreciable displscement of the molecules, The absolute temperature
of an element of matter is proportienal to the mean kinetic energy of

its constituent molecules., When molecules in one region acquire a mean
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kinetic energy greater than that 6fvmolecules in an ad jacent region,
the molecules with higher energy will transmit some of their emergy to
the other., Conduction is the only mechanism by which heat can flow in
opaque solids, and this is the major mechanism to be considered in the
thermal processing of solid food.

Convection is a process of energy transport by the combined
action of heat conduction, energy storage, and mixing motion. Convec-
tion is most important as the mechanism of energy transfer between a
solid surface and a liquid or a gase The transfer of emergy by con=-
vection from a surface whose tamperatute is above that of a surround-
ing fluid takes place in several steps. First, heat will flow by con-
duction from the surface to ad jacent particles of fluide The energy
thus transferred will serve to increase the temperature and the inter-
nal energy of these fluid particles. Then the fluid particles will
move to a region of lower temperature in the fluid where they will mix
with,'and transfer a part of their emergy to, other fluid particles.

A flow of fluid as well as energy flow will occure The energy is
actually stored in the fluid particles and is carried as a result of
their mess motione This mechanism does not depend for its operation

merely on an energy propagatiqn.but also meass motion, however, the
tra#sport of enmergy occurs in the direction of & temperature gradient
as in the other mechanisms. The convection heat transfer tekes place
within food materials in the thermal processing of liquid food or less
viscous food materials, also it is the principle mechanism of heat
trensfer from the heating medium, such as steam or water, of the re-
tort to the food container,

In most of the actual heat transfer processes, usually some



combination of these three mechanisms exists., However for engineering
purposes, often the consideration of only one dominent mechanism could
approximate numerical solution to the desired accuracy.

The beat transfer process is either steady, that is, rate of
heet flow does not change with time, or unsteady, that is, rate of heat
flow changes with time, The heat flow in a system is transient, or
unsteady, when the temperéture at various points in the system changes
with time, |

In thermal proceseing, foods to be processed are heated to
desired teﬁperature and héldbat that temperature. Therefore, the pro-

cess involved of major interest is unsteady or transient heat transfer,

2. Mechanisms of heat transfer to flexibly packaged foods

When s package of food is placed in & retort to which steam or
water of higher temperature is supplied, as a result of the temperature

difference there is a flow of heat from the heating medium to the food.

a. Heat transfer to the package wall ffﬂm.heatigg water

V rhalmajor mode of heat transfer from heating water to the
- outside wall of the package film is free-convection although conduction
hest transfer also takes place. As a result of heat tranafer, the tem-
perature of the fluid near the package changes toward the temperature
of the food in the package.‘ The chenge in temperaﬁure causes the change
in the density of fluid. This change in density in turn leads to the
mess downward flow of cooled-heavier fluid near to the packaga and up-
ward flow of hotter or lighter fluid. This body force responsible for

convection current is buoyancy. When the food is processed under water
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in a still retort, no external agency is used to induce mixing motion of
weter, the flow of steam used to heat the water causes only negligible
mixing, and the mixing motion takes élace merely or mostly as a result
of density differences of the fluid caused by temperature gradients,
Thereforg it is reascnable to consider that mainly free convection heat
transfer takes place, »

The instantaneous amoﬂni of heat transferred, dQ, by free
convection from the heating water to the outside wall of the package

can be expressed as
~&Q - houtd& (Ts - 29 )

where,

h u£ = convective heat transfer coefficient outside of the
° food package

dA = infinitesimal area

T = tempefature at surface of the package
8

T, = temperature of the bulk heating fluid

Infinitesimel area is used since heat transfer coefficient may not be
ﬁﬁifoﬁm throughout tﬁe surface areaes |

The-heat transfer coefficient, hout’ depends on the thickness
of the laminer layer at the boundary, thermal conductivity of the heat-
' ing medium and the rate of flow of convection current. The thickness
 of the laminar layer at the boundery is often the limiting factor in
convective heat transfer, since at the boundary layer the heat transfer

is mainly restricted to comduétiono



In order to derive the equations governing the f\Iow in the
boundary 1éyer, the forces acting an elementary volume of this layer

are considered.

P
v, A
AT
'FooJ T“r ,1“"‘& l
¢ 1}+ %(7;5)43'

“’m:f’% L, w

Forces Acting On A Volume Element of Heating-Water Near the Package

In Free Convection Flow

The forces acting on the volume element of heating-water near

the package, dx dy dz in the positive x direction ccmsist of

1. The force dus to the pressure gradient
oF
Pdydz - (P+ gx) dy dz = %"i (e a5 dz)

2¢ The bedy force

| f i— (dx dy dz?

'c .
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5« The frictional shearing forces due to the velocity

gradient

-T (dx dz) + (Tyx +a—-—( T )dy) dx dz

-2 (ny) (¢ oy dz)
oy :

In free convection, especially near the boundary the flow of
fluid by dénsity gradient is leminare. In leminar flow the shearing

force is expressed as

where,
//AL = absolute viscosity (16-m/sece-fte)

u = linear velocity in x direction (ft./sec.)

Therefore, net shearing force on the volume element becomes

-é-g—l’il (dx dy dz) /“ (3 u) (dx dy dZ)

Y

Considering an elementary control volume having the shape of a parallele-
piped with dimensions dx, dy, dz, fixed in the flow field and for the

case when the flow is two~dimensional, the fliuid is incompressible, the
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pressure is constant throughout the flow field, the flow is steady with
respect to time, and the mass of fluid entering the volume, dx.dy dz,
during a time interval dt must be oqnai tc‘tha mass leaving the system;
the mass of fluid entering through the face of the control volume during
dt is

(f.u) (dy) (dz) dt
The mass of fluid leaving through the botiom plane during this time is
(pu+ 3(pu) Jx) (dy) (dz) at
dx
The mass of fluid entering through the left face during dt is
(pv) (ax) (dz) at

and the mass of fluid leaving through the right face during dt is

(pv+ ALY ay) (ax) (da) dt
oy _ \
F:om the continuity or conservation of mags, the mass entering the sys-

tem must be equal to the mass leaving:the system. Therefors,

j;u dy dz + A dx dz = fu dy dz + Q%D_‘.‘l"dx dy dz..
. : X '

oy
&

+ pvdxdz + AP Y) 4y dx dz

oY

S8implification of the above equatlon yields the following -or the-g¢en=- -

tinuity equation:
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dx oy

According to Newton's second law, the summation of forces
acting on the control volume of the fluid is equal to the time rate of

change of its momentum or mass times velocity. In an equation form

sF - 1L 4a@v)
, g, dt
where,
F = force
mamass

V = linear velocity

The mass of the fluid particles entering through the top face
per unit time is u dy dze The velocity of these particle is u.

Therefore, the x momentum per unit time entering from the top is
();u dy dz) u = /pu2 dy dz

Fluid particles flow into the control volume through the
left face at the rate of/p v dx dz. Also these particles have a velo=
city component in the x direction, and their contribution to the x

momentum entering per unit time is

()avdxdz)u = Pvudxdz

The momentum per unit time leaving through the bottom face is
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pro R Reve

Carrying out the multiplication and discarding the higher order term

M -ja—udxzdydz
9x - Ox |
yields,
B;u + fu-ﬂﬁdx R u%.%{&ﬂ).dx]dydz

Similarly, the momentum per unit time leaving through the right face is

Efvu + fv---dy +* u-b—%?ldy dxdz-

The net increase of momentum per unit time of the fluid in the control
volume is the difference between the momentum leaving and the momentum

entering during that time, Therefore,

)')u-QE + Pv-z—‘-" + u[é_ﬁ,e_u_)_ + 2T dxdﬁrdz

- This should be equal to the summation of all the forces, body force,
gravity force and shearing force. But from the continuity or conser-

vation of mass:

u{iﬁﬁxﬁ + -Q-%ey—v)- dx dy dz = O



Therefore,

f)u—-—- + fv—-—) dxdydz = (-gcs.;-fg-r/t%—ay%)dxdydz'

Cancelling dx dy dz results

L du vy . . P_ d
(pudy + pr5Y - SRR

The heating fluid far away from food package is in hydrostatic equili=-

brium, or

-A s

where the subscript e denotes e@uilibrium conditionse At any elevation

the pressure is uniform therefore,

3 P,
dx

oF
9x

Substituting ﬁ g for - %.E gives

3%
/(u-g—; + V%—f—;) = Ffe"f?g +/14-5-—-§

- Assuming that the density of fluid depend only on the temperatures,

~ the hubya.nt term can be written

elp,-p) = g(ﬁ =P) = &pp- (T
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where,  is the coefficient of expansion of the heating fluid, and de-
fined as

B - 7/3__‘,

(T-T )

Substituting the buoyant term in the force balance equation yields

Ju u

/o(u-s-; + v--- = g/f (T-'l’ ) +/‘J2u

For all .free convection systems, the velocity of heating fluid
is both zero ‘at the surface and a distance far removed from the surface,
" therefore the boundary conditions are seme, In order to determine the
conditions for which the velocity field in oné free~convection sys’ﬁem
is similar to the velocity field in another,. consider a system A whegre
the above equation holds, |

The‘ system A is to be related to system B whose conditions

can be defined as
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The equation of motion for the system B is

c(r-1
" %)y

y 9% 3% . -
iRk Pl LR A RV L
: : B

This equation can be expressed in terms of the quantities pertaining

to system AQ that is

2 . :
C, C : .
4 '[f (U, 2 ‘A + v 20 ]
c, s éxA | IF,-

= % Ce S Cp [ﬁ; & Pa (T"T*)A]

c C‘ -2» I
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This equation of motion for syst.éni B, is identical to the equation of
motion of system A if the coefficients of each of the terms are iden~

tical, that is

Cp Cy Cm A g G Cy
= C Cp C C, =
c ) Y B 5
L - : C
, , L

Then the sclutions of the equations of motion for both systems A and B
(the boundary conditions being similar) will be the same and the systems
are dynemically similar., When V is the significent velocity and L is

the significant length the above equation becomes

2
/ﬁ VB /LB

. _. — _2_
/:VA/LA. /igA'BA@-?“’)A AWM

fo % st

Combining the first and the last term of the above equation yields

f B v‘B LB - f A VA LA.
B ' A
 which are Reynolds number having physical significance of the ratios of

inertial forces to frictional forces being identicals Combining the

' second and the third term of the same equation yields
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that is, the ratio of buoyant to frictional forces are equal. According

to the physical aspects of the problem, the velocity of the fluid is not

en independent quantity, but depends upon the buoyant forcee. Therefore,

eliminating ¥ from the above equation and substituting in terms of
/9 Le

2 2 ‘
/fBngB(T'?“?BI% Pai B ‘T'T-o)ﬁ‘i

2 2

e A

The above dimensions modulus is usually defined as Grashof number, G
and represents the ratio of bﬁoyant to viscous forces, |

When the buoysncy is thé only driving force, such as in free
convection, the fluid motion is governed entirely by the quantities
contained in the Grashof modulus and Reynold number becomes superficiale
rherefpre when Grashof numbers are equal, there are dynamic similarities
betﬁeen the system.

Considering the same control volume dx dy dz according to the
conservation of energy, the eﬁergy balance for the system can be ex-

pressed as

Influx of enthalpy rate of heat rate at which work is

and kinetic -+ inflow by + done by frictional
-energy : conduction shear on the fluid

in control volume



Efflux of enthalpy rate of heat rate at which work is
= and kinetic + outf'low by + done as a result of
energy conduction frictional shear by
the fluid in control
volume
or,
2 2
Pres®t Yyay 4 pv(ne¥ ¥ ax - k (A1) ax
, 2z J 2g J . .9x
c c
1{ du b
~| u i 9W gy QU dx) dy
J g, 9y /é£ oy

2 2
=/3u(h+.‘£..2_ff)dy +..'9_.[fu(h+3.__t.”_)dy] dx
chJ o x chJ

+/Dv(h+.‘."f_‘*._v.2_)dx + _L{})V(h+“2*"2) dx]dy

- kK (3I) ax .ﬁ_{}« LAE)&{] dy-
- YL . 9.

I\ & 3u
+ JEU/:: avy?

where J is a dimensional conversion factor defined as W = JQ, where W =
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work done by the system, Q = heat added to the system, and J = 778.161
fte~1b/BTU in the British Thermal Unit system. In the above energy
balance equation, the frictional work terms reérésent the work done by
shoaringrforces on the surface .of the control volume as faster fluid
particles slide over slower ones. At the lower surface, the fluid in-
side the control volume exerts a force on the fluid outside beceuse the
former moves faster. The force times distance pef mit time or velom
city u(/c/gc)( ou/d y) represents the rate at which work is deme by
the fluid in the comirol volume, Similarly, the last term in squnfe
brackets on the left hand side of the equation represents the rate at
which work is done on the fluid in the control volume.

‘Gpnductiqn;aleng the x directiqn has been neglected because
K %.E is insignificant compared to -K_%% and convection term in
the boundary layer,

For the fluid having constant specific heat, the term
h+ (¥ 4+ ,2)/2gc J can be written as GP T, Where T is the stagnation
température," In natural convection, the flow of fluld is usually slow
and kinetic emergy of the flow is negiigihle, therefore, Y = T o

Simplifying, rearranging and neglecting the higher order dif-
ﬂeren@ial terms of the energy equation yields

w3 9% . g% , 3 (us 3
chua.x + fcp'-ﬁ-— K?;; + aysuéﬁ)

. But the increase in internal energy due to friction is negligible,

therefare the energy equation‘réduces to
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u 'I'* ‘7.._2- _9_2.1:
fc | }m Faya

er simply

ui_,,a'r_ K 9%
oy J"c:P dy2

Therefore for the systems to be idenmtical, KJ,PGP of the systems also
must be identical. The velocities in these energy equations, u and v,
have the same values at any point (x,y) a8 in the dynamic equation.
In the case of forced convection when the kinematic visco-
sity, ¥ or /KCP is identical to the thermal diffusivity, the velo-
city distribution is same as temperature distribution of the system,
In other words, the momentum equation and energy equation in forced -
cnuvqctian ar; identical when 7;- x/j?cp. Therefore, for similarity
of temperature fields in forced convection, (:P M /K or Prendtl number
must be equale This is also true for free convection (Kreith, 1963).
Therefore, when Gr and Pr are equal at corresponding points, both the
#eloc;ty and temperature fields are same im free convection heating.
The definition of Nusselt number, h, L/Ks permit to express the fumc~

tional relationship in free convection heating as

b Yo

or when the velocities are sufficiently smell so that inertial forces

can be neglected:
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M= 4 (o P)

In agreement with the above approach, for the heat transfer calculation
in the natural convectiom to a vertical plate or cylinder, King (1932)

recommended the following dimensionless equation

n
he L = C (é)%gcﬁgs-a"))(cgg_)f

when X = 3.5 x 107 46 1012, G = 0,13 and 0 = 0.333

when X = 345 x 10% £0 107, C = 0,55 and n = 0,25

where,

heat transfer coefficient

fa
L}

length of plate or diameter of cylinder

|
H

o

density evaluated at temperature Tf

P e Tg + To
R
K = thermal conductivity at T

£ f

viscosity of fluid at Tf

% i



In many standerd hest transfer text books (Kreith, 1963;
McAdems, 1554), it is usual practice to present the graphs of h L /K
versus C /0 g P ATL 5//(1 K to facilitate calculations.

b Hoat transfer to the solid food in the flexible  packege

The rate of heat transfer to the food package is propor‘bional
to the driving forces, temperature gradient, heat transfer area, and |
overall heat transfer coefficient between the food and the heating

mediume.

¢ = 8 =« wm(ar)
dt

vhere,
Q = total amount of heat transferred
%t = time. | |
q = instantaneous fate of heat transfer dQ/dt
U = overall heat transfer coefficient |
A = area of heat transfer

A T = instantaneous mean temperature difference between
the heating medium and food

)

Overall heat transfer coefficient is reciprocal of sum of the all the
resistances,

In the case of heating the packaged solid food is




where,

A = heat transfer area of the package
i ' ~

h = heat transfer coefficient to the packege wall from
out  peating medium

X = thickness of the package film
P K

K = heat conductivity of the package film
P

hin = heat transfer coefficient inside of the package
1 between package inner wall and the inside space

hin = heat transfer cocefficient between the inner space
2 of the pouch and the solid object

x, = thickness of seolid object

As = area of heat transfer in solid food

The hest tramsfer in the space between the inside wall of the
package and the solid food can be eliminated from comnsideration when
the package is vacuum~sealed to allow the direct contact between the

inside wall and the solid foed and As = AP, therefore

U = 1
A ,
o2 4+ 2
h & KA KA
obp pp 88

- The order of magnitude of heat transfer coefficient of water heating is

300~ 9,000 Btu/hre-ft.2-F (McAdams, 1954) and 500-10,000 Btu/hr.~ft.2-°F

(Kreith, 1965) .
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In the case when heating medium is water at 250°F, tempera-

ture of the wall is 150°F and for the plate having 4.5 ineh length,

P = 1088

2/, 2 9 ,
gﬁf 2 = 111 x 10 /OF-Pt .0 (greith, 1963)

log,_ (s%ﬁ)(m r?) (E%A) - log (111 x 109)
x (100 (5_;2)5) (1.88)
2

log (1.1 x 1019 = 10.04

From this value and the extrapolation of the Nu versus (Gr) (Pr) graphs

for horizontal plate (Kreith, 1963, page 305) gives

log (hc Do

10 K

h = 5705’; = 370 92394 212 _ 389
¢ D 4.5

o1



For verticel plate, when

10

G, = (Gr) (Pr) -. 141 # 10

Nu = 2,7 x 10° from a similar greph (Kreith, 1963,
page 306)

therefore

h = 282

Therefore the experimental condition imposed in the thermal
processing of food gives the convective heat transfer coefficient in
the same order of mgﬁitude of lower velues (McAdsms, 1954; Kreith,
1963; Perry, 1950)s Therefore, ’

L 1 v L (35x107%)
h A 5004, A

out"p P P |
The flexible packaging film used in this experiment is a la-
mination of 0.5 mil mylar/Qe35 mil foil/3.0 mil H, D, polyethylene.

Therefore, the thermal resistance term for the packéging film can be
further expended to

X, X x X
P . mylar . folil + polyethylene
Kp‘p e larlmylar : Kfm'. lafoil ' Kpalyethy 1eneApolyethylene

but,
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A =
P .Lm}'lar eoi1 - Apts»lyoat.hyle\ne
X 1 x X x
-2 = ( myler . foil . polyet.hylane)
KA 4 K K K A
PP P mylar foil _polyethylene

Thermal conductivity of aluminum is given as
119 Btu/hre-fti-°F

at 212%, and |
117 Btu/hr.~ft="F

at 32°F- (Kreith, 1963).

Thermal éonductivity of H, Do polyethylene, K , is
' -4 polyethylene :

given a8 11 x 107 ' gm-cal/secwcm®-oC/cm (Modern Plastics Encyclepedia,
1963), or 04267 Btu/hre-fte-F., The thermel comductivities of the
ma jority of the polymer films range between 1,0 x 10'4 te 15 x 1&.‘1"4
cal/sec.-cm.-"y (nodern Plastics Encyclopedia, 1965) or 0.,0242 to 0,363
Btu/hxe=ft.=F. |

The thermal conductivity of mylar (polyester bolymﬂr of ethy-
lene glycol and teraphthalic gcid) is 3.63 xﬂw-& cale/36Ce=CRe="C
(Amborski and Flierl, 1953) or 0.0878 Btu/hre-ft.-°F, The resistant
‘term due to aluminum foil is negligiblb cémpared. with the plastic layers
- and cen be neglected. Thersfore, the combined resistant ef flexible

term becomes



x2 - 1__( xgglar . fpplyethzlens)
K& & K | 4 o .
‘PP P ‘mw;ar - polyethylene

] 1__( 0’5 + 5
A, (1000)(12)(8.78 x 107%) (1000)(12) (0.267)

(04475 x 1072 4+ 0.937 x 1072)

1. (1.400 x 107)
A :
P
In the case when the food to be processed is solid, if the con-
ductivity of the food material is assumed same as that of water, 0.364

Btu/hre=fto=F at 100°F and 0,394 Btu/hre=ft.-°F at 200°F, then the

overall heat transfer coefficient can be axpreséed as

: 1
A — Btu/hr-°F
P (343 x 102) 4 (1.4 x 1073) 4 (5.3 x 10~2)



when the thickness of solid food is 0.5 inch. The above equation 1ndi-
cates that the heat transfer &uripg the'thermal.processing of food is
limited by the heat flow within the solid food itself, and also for all
practieal purpeses the resistant £orma for the convection outside of
the package film can be neglected, leaving only the resistant term for
conduction through solid food material, Therefore, in processing solid
foed or conduction heating foed

A
Uz ﬁKB

X
8

Ce Heat tramsfer to the liquid food in the flexible package

For packaged liquid product, the liquid is mestly in direet con-
‘tact with the packaging £ilm, hence

where,

h = heat trensfer coefficient for liquid fooed inside
in1 the package :

The above argument shown numerically for solid food also applies

to liquid or conmvection-heating food and the term xp/kpAp can be neglected.
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However, in this case because of the similarities in the mechanism of
heat transfer outside end inside 'dfa_jthe Ppuch, if the physical properties
of the fluid foed do not differ greétly ffom that of heating medium such
as in the casge of this study, that 'is, chicken broth and water, heatr
convective transfer coefficients outside and inside of the pouch are
likely to be of the same order of magnitude, and one of the two resis-

tance terms cannot be easily neglected.

B. Mechanisms of Thermal Inactivation of Microorganisms

1+ Rate constant of microbjal inmactivation

When ‘the logarithms of the experimentally obfained numbers of
microorgaﬁiams surviving are plotted against heating time at a constant
temperature, generally a straight line results. The equation for this
straight line is |

-InN = kit + constant

or, in differential form
g_H_- = =k N
dt

where
N = number of microerganisms surviving
k = proportionally constant or rate cemstent

t = time of heating
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But when t = O, the number of microorganisms surviving is same as the

initial number of organisms, 'Therqfore‘

In-2 = kt
N .
or
X }
1@3 —o = k t - - - - - - (1)
N 24303

These equations indicate that the rate of bacterial destruction
is directly proportional to the number of surviving microorgenisms. This
eéuatian is also similar to the mathematical description of an ﬁnimole-
cular or first-order bimolecular chemical reaction. In an unimelecular
reaction only one substance reacts, and its rate of decomposition is
directly proportional to its concentratione. In a first-order bimolecular
reaction one reactant 15 in great excess that variation im its concentra-
tion is negligible, and the rate of decomposition of the second reactant
is directly proportiomal omnly to its concentration. Although this equa-
tion with experimental data suggests first-order reaction, it is important
‘to realize that this does not necessarily support implied physical signi-
ficence., However, some physical significancea have béen-attempted to be
attached to this first=order reaction phenomensa. |

Rehn (1945b) explained this apparent unimoleculsr reactiom by
the loss of repfoductive power of a bacterial cell which is caused by the
denaturation of single molecule, Also, the denaturatiom of a particular.

single protein molecule and description of a single bond in genetic code
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has been suggested as the reascns for the apparent first-order reaction.
Rezction constant k can be correlated with Decimal radu;tion

time D, since

log—m = =—=— = = = - - = = (1)

therefore

D = 20303
k

2. Kinetics of microbial inactivation

According to Deindcerfer (1957), the velocity constant k for
the spores of a particular species at gifen media is function only of

temperature, and can be expressed by empirigal Arrhenius equation as

£
T
or

log k = (-E_/2.3 RT) + log A

. where
k = velocity constant

A = frequency factor
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Eg = activation energy for thermal destruction of spores

R = gas constent

T = absolute temperature

Arrhenius equation indicates that molecules must acquire a cer-
tain critical Ea before they can react, the Botzmamn factor eiﬂa/hT
being the fraction ef molecules that manages to obtain the necessary
energy (Moore, 1960). The analogy of bacterial inaciivatian.with the. A
kinetic effect iheory was presented (Charm, 1958), by explaining the frac-‘
tion of water molecules surrounding thevsensitivé-velume of the cell
gaining a certsin level of energy upon hesting and the energy Seing ime-
parted to the cell té cause the innctivation, however, this explanation
does not depemd on any actual physical basis and is considerod perhaps an
over~simplification of a complex biclogical raaction. The activation or
inactivation energy, E, obtained from the slope of log k versus 1/f

curve may be cempared with the activation energy of the various orgsnic

molecules if desired,

3 Correlation betwgen the heet trensfer and thermal inactivation

As it is shown experimentally and further by derivation of
Arrhenius equation, based on experimental data, the reaction rate con-
stant shows 1ogarithmic relationship with the reciprocal of the tempera-
‘ture, increasing logarithmically aé the reciprocal of temperature de-
creages. On the other hand, the temperature of the system depends on the
heating time, incragatng logarithmically. Therefore, the rate constant |
or the number of microorgenisms inactivated can be related to heating

time,.
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The equation showing the analytical relationship between the
number of Srganisms surviving and the time of heating can be derived
by essuming E, is independent of temperaturé, k depends only on the
temperature, and heat penetration curve is linear in semilogarithm

graphe From heat penetration curve

Rearranging equation (1)

N |
k = (log.8) 22303 - - - - - - (&
N- t

and substituting equations (3) and (4) into Arrhenius equation yields

Eﬂ.
| _%]
(1°giq_2) (2:203) « AOR&R-.{.TR-?Pi,)e |
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IV. EXPERIMENTAL PROCEDURE

A. Procedure For Heat Penetration Study

1. Preparation of sample food materials

8, Q@Ground beef

Ground beef was prepared by trimming off all excess fat from the eye
of the round and grinding the leen part to obtain ground beef with fairly
constant fat content (2.7 - 5.9% except in one case of 4.9%4) and moisture

content (71-754).

be Chicken broth

Chicken broth was prepéred by placing 5 commercial chicken bouillion
cubes per 1000 ml. distilled water and'disselving then by steaming in a re-

tort at atmospheric pressure,

¢. Carrot slices 13 chicken broth

Cerrots were sliced to a thickness of 1/6 - 1/8%, 50 gm. of sliced
carrots per 100 ml. of chicken broth were used for the food system having

the mixed physical cheracteristice of solid and liquid.

2. Preperation of pouches from flexible film

Pouchoé were prepared from an olive drab lamination of 0.5 mil
mylar/0435 mil £0il/3.0 mil H. D. polyethylene manufactured by Dow Chemical
Compény. All the pouchea were made to give a final inside dimension of
6425 X 3.75%. The sealing was accomplished with an air-cperated jew sealer

(roBoOT, Pack-Rite Machines) at 300°P, 40 psi and dwell time of 2 sec. This



sealing condition was experimentally determined to be optimum for this
lamination by trial and error.

The lamination was cut aﬁd sealed eh two adjacent sides for the
experimént with ground beef,

For chicken broth and carrot slices with chicken broth, the ther-
mocouplés were sealed in the mid-point of one of the 3.75" sides for rums
in vertical position. For rums in horizontal positions thermocouplea were
sealed to mid-point of two 3.34" sides of the pouch by extending polyester
tape containing the couples from one side of the pouch to the other, 1In
each case, three sides were sealed before filling. 50 gme of carrot slices
were placed when desired and the last side was partially sealed, leaving a
small space on the corner through which 100 ml. or 150 ml. of chicken broth

was poured into the pouche. Then the remaining part was sealed.

%e Placement of thermocouples

Thermocouples were made from precision fine copper-constantan wire
(Omega Engineering Company, Inc.) and were protected by a special polyester
film tape (Minnesota Mining and Menufacturing Company)s. The thermocouples
were connected through a standard comector to a junction allowing connec-
tion to recording devices.

Five and one-half ounces of ground beef were weighed into two equal
weight portions. Each portion was made into a 5.25?x 2.75" patty by form-
ing and pressing on the specielly made 5.25" x 2.75i rectahgular aluminum
plates. The thermocouple was placed in & géometric“center between these
two pattiéa and pressed to assure firm adherence of the two portions. These
beef patties were inserted into a pouch with two sealed sides, using ths two

aluminum plates as guides. After placing the patties in position, the alu-



minum plates were removed. Care was taken not to touch the inside of the
lamination on the two sides to be sealed later. The thermocouple in poly~
ester tepe between the mat patties was extended through the middle of the
unsealed 3,75" side. First this ;ide was sealed, next the last remeining
edge was sealed, and then finally the thermocouple containing edge was seal-
ed once more to reinforce it.

For the pouches containing fluids and to be processed in a vertical
position the tip of the thermocouple was placed at 1/8, 1/4, 3/8 or 1/2
length from the bottom of the 6.25% length of the empty pouch, and the top
side of the pouch was sealeds In the case of pouches containing chicken
broth or carrot slices with chicken broth, both to be processed in a hori-
zontal position, the polyester film used for protection of the thermocouple
was extended past the thermocouple tip to traverse the length of the pouch.
The total enclosed length of the thermocouple in the pouch.was 6" which was
the horizontal length of the pouch at the mid-plene of the pouch-after being
filled with chicken broth and carrot slices with chicken broth. The tip of
the thermocouple was placed'at 1/8, 1/4, 3/8 and 1/2 of the total length.
The positions of the thermocouples in the pouches containing liquid food
for the heat penetration study are illustrated in Figure 21 (Appendix E,
page 177).

The polyester tape-imbedded thermocouples were capable of forming
a part of the pouch heat seal under the sealing conditions used. In order
to give additional support at the point through which the thermocouple was
sealed into the package, a small piece of rubber was placed on each side of
the seal and a heavy spring clip Qas clamped on top of them, to give them
mechanical supporte.

Removal of air was accomplished prior to final sealing of the pouch

by one of the following methodss
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Ts Mechanically compressing the pouches. just prior to, and during,
sealing to assure a tight fii between the food and pouch interior surface.

2. Qonnecting the pouch interior through a tygon tube (clamped
securely to pouch) to a mechanical pump which maintained a vacuum prior to,
and during, the séaling_ operation.

In some cases the air was no@ removed from the pouch to obtain

high levels of residual air.

4, Processing methods

The pouches'wero placed in a speeifically constructed aluminum wire
rack to which the pouches were secured with adhesive tape, wooden clothes
pins and paper‘clips; This arrangement allowed the pouches to be process-
ed in the desired pesition (horizental or vertical) without changing the
free shape of the pouch and without introducing additional resistance to
heat transfer. The spaeing between pouches coul& also be controlled at
the desired level., The spacing between the packages was 1.5%, A preli~
minary<experimnnt‘showed that 1.5 spacing gave the best heat tramsfer to
the pouches under the conditions studied.

Ground beef, chicken broth, and carrct slices in chicken broth were
processed under water at 15 psi and 250°F and cooled with steady flow of
tap water at 15 psi of applied airvprossﬁre. The time required to reach
the desired process temperature within the retort was determined and found
1o be 4,5 minutes. This wes £he time measured from the moment samples were
placed in retort and: retort.closed: to’the:-time the-retort reached the pro-
. cessing tcmpefaturs. The temperature distribution in the different loca-
tions.in the retort was also checkeds The maximum temperature difference

between any two points during heating under water of 5.5°F occurred during
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the beginning of heating., During the beginning of the cooling, large
temperature differences (up'to‘86°E)'qxistcd between different points
because of the time raquircd to £ill the r‘tort with wager.

The temperature at the desired point was recorded by means of a
12 poinf Speedomax W recorder (Serial No. 65-33505~1-1, Leeds and Horthrup
Company). After prdcassing; the measurement of eir entréppod in esch
pouch wee done by & modification of the method of Luh and Chaudry (1961).
" In essence, the method consists of puncturing the ﬁouchns under water and
under an inverted fumnel capped with a gas-tight top. The air escaping.,»
from the pouch was trapped in the stem of the funnel, under the gas-tight
cap, and then withdrawn into a calibrated syringe and the volume of air
measured. |

The moisture and fat content of ground beef semples were datirmined
whenever possible,

The moisture content was determined by e vacuum oven method (ACAC,
1960), The oven temperature was 80°C and the absolute pressure less than
1* Hg. | |

The fat content was determined by anhydrous ether extraction of

the samples using a standerd procedure (ACAC, 1960).

B. Procedure For Microbiological Stu@y

1. Preparation of stock gporé culture

a. Preparation of medium

Pork Infusion Medium A portion of 2 lb. fresh pork shoulder

was trimmpd;'ground~and miicd with 2 liter of water and boiled for 1 hour.
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Tho-aaiid'ﬁnat'pieces wenp.ramcved'by straining through a doublejlaye:
of cheese cloth. The liquid was cooiedrénd the solidified fat was re-
moved by passing through a coarse filter paper under vacuum using a
Buchner funnel.

The following ingredients were added and the volume was made up

to 2 1i£ers:

peptone - 10,0 g
tryptone 5.0 g
dextrose 2.0 g
K,HPO, 2.5 g
Na thioglycollate 2.0 g

The pH was adjusted to 7.4 and the medium was tubed, 2 g of

cooked ground pork being added for every 10 ml, of solutioﬁ,

b. Propagation of spores

A culture of Glostridium sporogenes (PA 3679) was inoculated into
10 ml. of pork infusion medium, prepared as described before and heat
shocked at 85-9o°c for 15 miﬁnxes. It was cooled and stratified with
vaﬁpar and incubated at 37°C overnight. This was then added to 90 ml.
of preheated and cooled pork infusion medium, s£ratified and incubated
for 5‘hours. This was againltransferred to 400 ml, of medium and incu~
Sated forlh ﬁnﬁrs, then transférred once more to 500 ml. and incubated
for 3 days in ths same manner.

After incubastion, the cell suspénsiona in pork infusion medium
was asceptically filtered through a cheese cloth. The filtrate was
. then centrifuged in sterile cupse. The supernatant was examined micro-
scopically, placed in a stefi;e betﬁle_gontaining glass beads and stored

at refrigerated temperature.
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2. Spore counts

a. Preparation of medium

Liver thioglycollate agar

Liver broth o 250 g

ihe stock liver broth was made as follows:

liver (1b/liter) 500 g
peptone ) 10-g
K, HPO, . 1g

Gringd the liver and boil 1 hour in 1000 ml distilled
water. Press through cheese cloth to filter, bring
liquid up to 1000 ml again. Add other ingredients
and adjust pH 7.0 = 7.2 with 0.,5N NaOH.

Distilled water 800 ml
Agar : 16 g

Fluid thioglycollate 31 g
The above mixture was mixed and autoclaved at 15 lbs for 15 minutes.

29, agaf (stratifying layer)

agar 10 g
water 500 ml

The above mixture was autoclaved at 15 psi for 15 minutes.

Dilution Blanks

Phosphate buffer : stock

NaZHPOA_ 5068 g
KHBPGA 3463 &

distilled water 1 liter

1 ml. of above mixture was made to 500 ml. with distilled water to make



T4

the dilution blanks,

Peptone Dilution Blank

éep‘ﬁoﬁé C a | 5g
distilled water 1000 ml

99 ml, of above solution was placed in each dilution bottle and auto=

claved at 15 psi for 15 minutes.

bs Determination of number of spores

25 ml of 10% NaHCO,, 5.0 ml of 4% Na,C03, and 5.0 ml of 7%
ferric citréte, all sterile, were added to 250 ml of liver-thioglycolléte
medium at 50°C just prior to pouring into Miller-Prickett tubes contain-
ing 1 ml of various dilutions of the samples. The tubes were shaken
sufficiently to allow even mixing. About 0.75% layer of 2% agar was
- poured on the top of the ﬁzdium to excluda‘air;' The tubes were incubated
at §0°c for_#& hours and colonies were counted. The tubes were then
placed at room temperature for anethef day and the colenies wer; re-

counted, Each dilution of samples was counted in triplicate.

5« Determination of decimsl reduction time of clostridium'sporagpnes
 (PA 3679) - |

a. Preparation of samples

Beef puree Fresh lean eye of round beef after trimming off the

fat ﬁaS"twice.passed ﬁhrough an electrical meat grinder. 200 g of dis~
tilled weler was added to every 100 g of ground meat in & sterile blender

cupe This was mixed for 3 minutes (in the cold room), cooled for 10
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minutes, again-mixed’for 3 minutes end cooled for 10 minutes, etc., for

a total of 15 minutes mixing time, Mixing was carried out with a
Servallomni mixer»with the rheostéfaset at 45. The cup was placed in
crushed ice during cooling; The‘mixtﬁra was filtered through cheese cloth
in a Buchner funnel with appliedfpressuro. The filtered puree was ino~
culated with stock spore culture, and injected into the prepared capillary

tubes using modified Stern apparatus (Stern and Proctor, 1954).

Chicken Broth Chicken broth was prepared in the same manner

as described in heat penetration study, inoculated with stock culture

and filled into prepared capillary tubes in the manner described belowe.

bs Heating of thermal death time tubes

The eéuipment used for heating the spore suspension in capillary
tubes was originally designed by Stern and Proctor (1954). Basically,
this apparatus consists of a thermostatically controlled heating bath
(+ 0.5°C) with Nujol as the heating medium, and a cooling batﬁ of ice
water. The spore suspension is sealed within capillary tubes which are
held in place by a sample holder. An electronic device was used to tran-
sfer the tubes automatically and rapidly (0.4 sec) from the heating bath
to thé cecoling bath at the end of the prescribed heating time. The oil
bath was controlled to the desired temperature. The capillary tubes
were immersed in the oil bath for the desired length of time plus 10
ad&ition éecond to eliminate the effect of heating lag (See Appendix A,

page 170).

ce Preparation of capillary tubes

The melting point capillary tubes (Kimax) used were 100 mm long



76

and 1.5 = 2.0 mm outside diameter. Since there was some variability
in the diameters of the tubes, only those tubes with an internal dia-
meter in the range 1.2 - 1.4 mm were used. The tubes were screened for
size by rejecting those tubes that wqu}g accépt a2 1o4 mm diameter piano
wire, and also rejecting those tubes that would not éccept a 1.2 mm
diemeter piano wire (Licciardello, 1960).

Prior to use the aéceptable tubes were cleaned in chromic acid
cleaning solution, thoroughly rinsed with distilled water and dried.

A hook was made at one end of the tube by bending the glass in
a flame, This hook held the capillary tube in the sample holder. A
"glass bridge® (Farkes, 1955) was made at the mid-point of the tube by
fusing the glass in a flame. This bridge prevented the liquid column

from rising above the surface of the heating oil,

de Device for filling capillary tubes

The conventional method for filling the capillary tubes involved
the use of a 0.25 ml tuberculin syringe calibrated in 0,01 ml units.

For this investigation 0.025 ml quantities of suspension were to
be filled into the capillaries. Since the conventional method was not
likely to give the necessary accuracy, the method devised by Licciardello
(1960) for filling the capillary tube was used. This device consisted of
a modified Warburg-menometer calibrator (Micro-Meﬁric Instrument Company,
Cleveland) to deliver 0,025 ml with a gréater degree of accuracy than
the tuberéulinvsyringe. The calibrator basically is a micrometer filled
into & plastic adapter which connects the device to the Warburg manometer.
A glass adapter was made with a tapered ground glass joint at one end to

fit into the plastic adapter, and with a ground glass joint at the other
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end to accept a hypodermic needle; In operation, the hollow plastic
adapter was screwed into a thréaded collar attached to the micrometer.
About & ml of the spore suspension were pipetted into the chamber of
the plaétic adapter, and the glass adapter with its hypodermic needle
was connected to the plastic adapter, ‘OMQHIOVOIUtion of the micrometer
barrel caused the displacement of 0.050 ml of liquid from the chamber.
The micrometer barrel had 50 diQisions and this device was capable of
delivering 0,001 mle -

After being used, the £illing device was dismentled and sterilized
as followss the metal piston of the micrometer was flamed; the plastic
adapter was submerged for at least 1 hour in a solution of sodium hypo—
chlorite and then rinsed with hot tap water; and the glass adapter and
hypodermic needle were sterilized with dry heat.

The capillary tubes were sealed, after being filled, by wrapping
a short piece (1 x 1.,5") of wet papér towel around the tube (and cover-
ing the 1iquidvcolumn);'inserting the open end of the capillary about
1/8" into the flame of a micro burner and drawing out the molﬁen glass
with forceps. The wet paper towel was drawn along the tube toward the

sealed end to cool the glass.

e. Recovery and counting of spores from heated thermal death time tubes

After cooling the heated tubes, the outer surface was wiped withn
an absorbent "Wipette® tissue, and the tubes were then rinsed in petro-
leum ether an&“wip§d dry again.

 The capillaries were placed in cleaning solution (chromic acid)
for at least 2 minﬁtes and then rinsed with tap water and wiped dry.

The capillaries were broken off at the “glass bridge® and, in
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each case, the section containing the spores was dropped into the dilu-
tion blanks. The tuhes were then crushed with a sterile glass rod, The
dilution blank was thoroughly mixed and appropriate dilutions were made.

Spore counts were made in triplicate for each dilution,

C. BEvaluation of Thermal Sterilization Process In FPlexibly Packaged Foods

's Preparation of samples for thermal processing

@Ground beef

Ground beef was weighed into % :1/2 ounce portions and refriger#ted,
After the meat had been thoroughly cooled, it waes placed in a sterilized,
chilled mortar. The stock spore culture inoculum was added dropéwise
from a sterile pipette while mixing continuously with a sterile fork. This

wag made into patties and sealed in the pouches as described earlier.

. Chicken broth

Chicken broth was prepared in the usual manner, cocled, inoculated
with stock spore culture, and mixed thoroughly. A portion of 150 ml of

inoculated chicken broth was put into each pouch in the usual manner.,

2. Recovery and counting of spores from under processed samples

The héat processed pouch was cut open with a pair of scissors just
inside of the seams. The beef patties were dropped onto sterile aluminum
foil. The patties were sliced along the mid-plane and triplicate samﬁles
| of approximately 2 g were removed from the mid-plemne. The samples were

placed in sterilized pre-weighed aluminum moisture dish and weighed. Ap-



propriate dilutions were made and the serial dilutions were cultured an-

aerobically as described previously. .

Chicken broth

One corner of the heat processed pouch wes flamed and cut with a
peir of sterile scissors. Through this hole'a-sterile pipette was inser-
ted and 2 ml of chicken broth sample was withdrawn, placed in dilution

water, and counted as described above.

Control pouches

The pouches were prepared and spore counts were made in the same

manner as described for the under-processed samples.,

3s Microbial test for sterility

The samples were taken from the pouches and were processed to the
point of expected sterility, using the same procedure as the one used for

the under-processed samples, Duplicate samples of approximately 2 g in
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the case of ground beef, and 2 ml in the case of chicken broth, were placed

in the tubes containing liver broth. The tubes were stratified with vase-
line, incubated for 14 days at 30°C, and then were examined for growth and
gas. production. Samples were taken from the tubes which produced gas and

were examined microscopically,
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V. RESULTS. AND. DISCUSSICN

A. Heat Penetration Studies

1. Heat penetration into flexibly packaged ground beef

Bxperiments were undertaken in which ground beef was processed
under the conditions described previcusly. Seventeen runs were msde, in
_wﬁich the packages were positioned vortically~iq nine runs and horizental-
ly in eight runs.

The geometric center was assumed to be the slowest heating poi&t,
andvthe rates of hegt penetration at this point were studied. In.thoac
heat penetration studies, the effect of position of pouches during pro=-
cessing and the effect of residual air in the pouches were investigated.

The results of the experiments in which pouches were processed in
vertical positions are presented in Table 1. The time required for the
center to reach temperature of 240°F rangcdvfrom 18.5 to 28.5.minutea,'.
with an average of 22.3 minutes. The run averages of the time required
fqr the center to reach the temperature of 240°F are summarized in Table
3 Thoy rangsd from 19.7 to 27.2 minutes, having the average ef the run
averages of 22.9 minutes. The time required to reach 245°F ranged from
-2f.8 to 34,2 minutes, having an average of 27.2 minutes. The run averages
for this tqmpor#ture ranged between 23.3 to 32.8 minutes and the average
of ‘the:run avefag.s was 27.2 minutes. The time required to travérsn one
'log cycle of temperature, fy ranged from 11.2 to 20.3 minutes with an
average of 15,7 minutes. The run averages ranged from 12.8 to 18.5 minutes
,:and the average of the run averages was 15.9 minutes.

A typical heat panetraiion curve for the pouches processed in ver-



Table 1

RESULTS OF HEAT PENETRATION STUDIES
ON FLEXIBLY PACKAGED GROUND BEEF
(PROCESSED AT 250°F, 15 PSI UNDER WATER IN VERTICAL POSITION)

Time (min) Required

for Center to Reach

Temperature of

Residual Air

Run # Package # 240°p 245% fy (ec/pouch)
GB V"I 1 19.2 2502 15.2 -
Fat‘ 5 20.0 25 00 15 o5 -
bod 207% 4 21 .0, 2“"‘.7 1205 -
Moisture 5 18 o) 21.8 11,2 -~
L 720"% 6 2005 2402 1205 -
7 1943 2545 13.2 -
11 18.8 2247 1362 -
GB V~-II 1 20,2 24,3 14,3 24
2 21.7 26.6 16.5 1.4
3 2047 2542 1448 -
4 1940 23,3 13.5 B4
5 2043 24,8 14,5 -
é 2048 2543 14,7 8.6
7 24,5 295 16.5 8.0
8 24,3 293 16.7 10.0
g 23540 2748 16,0 Te2
10 217 26.3 15.5 -
GB V-III 1 19.0 2540 12,0 (not 15,9
5 25 08 28 2 14.5 112‘18“)604
4 19.8 23.8 13.5 -
5 22.7 2743 1548 -
6 2543 3040 164 540
7 20.8 2502 11‘14 -
8 20,8 2542 144 120
9 20.0 24,0 1442 -
10 20.0 24.0 11".2 -
11 20 .O 24-0 14.2 -
12 2040 24,0 14,2 el
GB V-IV 1 2548 313 19.0 -
2 27.0 32.8 195 5e6
3 2142 2545 1540 142
5 2043 24,6 14,0 -
6 2509 3142 1842 -
9 2343 28.6 18,3 1244
10 2540 3067 1845 -
11 2643 3143 16.0 1ok
12 2643 3142 1640 5e6
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Time (min) Required
" for Center to Resch
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GB Y-IX

, Temperature of £ Residual Air
Run # Package # 240°p 265%  ‘h (ee/pouch)
GB V-V 2 21 .O 26 05 15;6 6.8
3 22.7 293 166 7okt
4 2343 29.7 15.8 842
5 175 22.3 .. 12.6 2,6
6 190" 2543 14,5 17.4
9 205 245 14,2 0.5
10 21.0 275 16.5 2548
1 2545 29.5 16.0 6.8
GB V-VI 1 2345 2840 155 Sedt
. 2 252 28.0 16.2 548
3 21.4 2548 15,0 62
4 214 2548 1540 R
5 253 28,2 1643 Sekt
6 2443 29.0 153 -
9 2043 255 164 -
11 24'9 50-2 1705 -
12 26.6 3242 1842 -
GB V-VII 1 238 2943 . 1843 -
2 2340 28.5 1745 -
3 22.7 28,0 175 -
4 2h,7 - 3045 19.0 -
6 22.5 27.5 16‘8 -
7 2542 2943 1845 -
8 24,7 3046 19.2 -
10 21".1 29.6 1805 -
11 26,0 3242 20.3 -
12 22,2 275 16.5 -
GB V=VIII 1 20.8 2542 1445 842
_ 2 2640 3140 1745 740
3 19.8 23.8 1342 9.0
5 225 2645 133 348
8 1843 3442 195 5e2
10 1943 2342 14,0 Tkt
1 2742 328 18.5
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tical positiens (actual experimnhtal daﬁa from package # 2, Run GB_V#VI).
having the averago value for time required to reach 240°F and 24503 and
to traverse one log cycle of temperature is presented in Figure 1.

These results show no correlation between rate of heat penetra-
tion end amounts of residual air which ranges frem 0.5 - 26 cc per pouch.

The results of }unu conducted with packages placed in horizoental
positioné during the processing are presented in Table 2 end summerized
in Table 3. The time required for the center to reach a‘temperéture of
240°F ranged from 2143 to 29.4 minutes with an average of 26,5 minutes.
The run averages ranged from 26,5 to 29.8 minutes having an averaéq of
run averages of 26.8 minutes. The time required to reach 245°F_raﬁged
from 26.3 to 33.9 minutes with the average of 31.5 minutes. The run aver-
ages rangsd between 29.5 to 33.5 minutes having an average of run averages
of 31.8 minutes., The time required to traverse one log cycle of tempera-
ture ranged from 14.2 to 20.0 minutes with an average of 16.9 minutes, and
the run averages were between 15.9 to 17.7 minutes with the average of
the run averages 17.0 minutes,

A typical heat penetration curve with the average values of time-
temperature relationships for the pouches processed at horizontal posi-
tions, (actual experim@ntal'data from package # 5, Run GB H-III) is presen~
ted in Figure 2.

Again, as in the cass of runs conducted in vertical position,
there was no apparent correlation between the amount of residual air and
' the rate of heat penetration.

In Tableri, the summary of the heatvponetration data from both
vertical and horizontal runs are tabulated together for the ease of com~

parison between the two gasos; The greatest difference between the itwo
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Table 2.

RESULTS OF HEAT PENETRATION STUDIES ON
 FIEXIBLY PACKAGED GROUND BEEF
(PROCESSED AT 250°F, 15 PSI UNDER WATER IN HORIZONTAL POSITION)

Time (min) Required
for Center to Reach

Temperature of Residusl Air

Run # Package # 240°F - 245°F y (ec/pouch)

GB H-I 1 2646 31.7 1640 642
Fat 2 2648 3146 1545 544
bred 5.0% 3 27.0 51 08 15.4 . 5.6
Moisture 4 2749 3142 1545 -
= 740% 5 2649 317 1547 %48

3 2143 31,2 1644 548
7 26.3 ' 31.0 14,7 4obt
9 2647 314 152 8ok
10 274 327 173 548
11 2740 3240 1647 4.8
12 24,8 30,0 1649 5.6
GB H-II 1 28.4 55-6 1700 -
2 2646 3147 1740 6.0
3 2647 3148 170 4,2
4 2640 3047 1643 44
5 2645 3147 17.2 4,8
6 27«9 335 1845 -
7 2642 3163 173 -
.9 2548 317 18.8 -
10 2748 338 1945 -
1 2646 3148 17.4 -
12 277 337 20.0 646

GB H-III 1 24,6 3040 177 -

) Fﬂ.tv\ ) 5 28.1 53-7 18.2 6.4
= 5.5% }4' 25.7 50.5 1600 -
Moisture 5 26.7 51 o8 170 -
= 71 07% 6 2508 5007 1602 5.1"‘

7 25,8 30,6 1545 542
8 26,0 31,4 175 5e2
9 26,2 3042 1647 1.0
12 2549 3048 1644 )



Time (miﬁJ Required -
for Center to reach

Temperature of £ Residual Air
Run # Package # 240°p 245°F h " (ce/peuch):
GB H-IV 1 24,2 29.0 = 1740 6.3
.. . 2 21 .8 2605 16.0 et
3 2548 3047 16.2 -
4 2547 3047 . 1647 -
5 2442 2743 14,2 -
é 2501 29.7 1540 4,0
7 2548 30,8 17.0 3.4
9 2540 29.7 1542 548
10 2547 3048 17.0 -
GB' B-V 2 2542 3042 1645 -
3 2840 53,3 - 1648 -
4 2708 52.8 T TT8 -
5 2542 29.% 155 -
[ 2846 3562 1647 -
10 28.8 35 .8 ' 16'5 -
12 27.8 33.2 1740 -
GB H-VI 1 28.0 332 173 -
5 28.1 55.4 1707 -
4 272 . 3244 1746 -
1 2842 357 1802 -
10 2846 3349 1840 -
11 2745 32,8 1745 -
12 27.8 32,8 1763 -
2 24,0 . 28.8 154 946
b 2944 3042 1848 7.0
4 2445 29.6 1740 740
5 2942 34,8 1847 -
6 25.8 28.8 ' 1605 -
7 2548 3048 1646 -
10 2807 54;4 . 19.8 -
11 2943 34,2 1645 840
12 2590— 2707 ’ 15.7 806 '

GB H-VIII 1 2845 : 3545 177 -
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Table 3

SUMMARY OF THE RESULTS OF HEAT PENETRATION STUDIES
, ON FLEXIBLY PACKAGED GROUND BEEF .
(PROCESSED AT 250°F, 15 PSI UNDER WATER)

Run Average Time

Number (min) to Reach Run Minimum  Maximum
of Temperature of Average f,, for £y, for
Run # Packages 240°p 245°p fh the run the run

Samples Processed In Vertical Position

GB V-11 10 21.6 2642 153 14,3 16.7
GB V=-I1I 11 21.1 25.5 14,4 1240 164
GB V-1V 9 24,6 29.7 172 1440 1945
G’E V"VI 9 25.2 28.1 1601 15.0 1802
GB V-VII 10 257 2943 18.2 16.8 2043
GB V-VIII 7 2345 28.2 1548 13.2 1945
GB V=-IX 1 2742 328 18.2 1845 1845
Average of run averages 22,9 27«7 159
Samples Processed In Horizontal Position

GB H-I 1 26.3 315 1549 14,7 1743
GB H-II " 2649 3243 17.8 1643 20.0
GB H-III 9 2641 3141 16,8 1545 182
GB H-IV 10 29,8 2945 1641 1442 17.0
GB H-VI 7 2841 3342 177 173 1842
GB H=VII 11 2643 31.0 172 154 19.8
GB H-VIII 1 28.2 55.2 177 177 17.7

Averagé of run averages 26.8 3148 1740
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positions is in the time requirédvﬁoireach 240°F, There is a smaller
difference between the times required to reach 245°F. The difference in
fh values is much smaller than the differences in timés needed té reach
the specified temperatures.

The Student *t" test was used to determine whether the heating
characteristics varied significanmtly between the two positiens (vertical

versus horizontal). The values of t obtained in the test were as follows:

a) For the time to reach 240°F, t = 1135
b) For the time to reach 245°F, t = 9,75

¢) For the time to traverse one log cycls (fh), 1 = 3,97

In these tests the degrees of freedom ares 137, The critical values of t
for 137 degrees of freedom or infinite degrees of freedom is 2,576 at 1%
level (Youden, 1961; Mendenhall, 1964), Ths values obtained for t are

- greater than the critical value, therefore it can be concluded that the
flexibly packaged ground beef heat significantly faster when it is pro=-
cessed in vertical position compared with that procésaed in horizontal
position.

The heat penetration curves show that in vertical rums approxi-
mately 7 minutes is needed before the hesting curve becomes a straight
line, while in horizontal runs approximstely 14 minutes are needed.

In considering the reasons forthis difference one notes that the
natural convéctivo heat transfer coefficients differ for the vertical
veraua_horizéntal cases (Mcadams, 1954; Kreith, 1963), However the pre-
viously présented preliminary analysis of the various contributicns to
heat transfer resistance, would indicate that the ocutside film coefficient

for convective heat transfer should be bf relatively little importance com=~



pﬁred with the resistance of the béef inside the pouche This analysis,
was of course based on the assumption of a solid Block of ground beef
inside the packages The above results showing en effect of pouch posi-
tion on rate of heat transfer, as well as the observaetions noted below,
cast some doubt on the validity of this assun@tién‘

During the course of this experiment, it was observed that some
liquid came out from the ground beef upon thermal processing. The liquid
producod was approximately 1.8 oze or 50 ml. per pouch containing 5.5 oz
of ground beef. Since this liquid produced comes from the ground beef,
it inevitably causes shrinkage of ground beef. This shrinkage will pro-
duce small capillary channels within the ground beef, and the liquid'prou
duced will flow and drain through these channels,

If this model is valid, the faster heat penetration in vertically
" placed packages might be explained by the fact that the ligquid has a lon~-
ger path provided in this case for flow which aids in the heat transfer.
But for this medel to be considered, the relstive imporﬁanco of the re-
sistances has to be re-ova1uated. In this case, heat does not penetrate
through half thickness of the ground beef patty but rather through half
thickness of ground beef grains which are surrcunded by chamnels through
which liquid can form some convecticn currents.

‘ Although the thermal conductivity of water was used for the con-
ductivity of the solid food in earlier analysis, now the thermal conduc~
tivity of beef will be calculéted to improve accuracye. Thermal conduc-
tivity of a mixed system may be estimated by considering the system com-
~ posed of parallel layers of the different constituents ( Weng snd Kmucken,
1958)« When the parallel layers are perpendicular to heat flow, the

equation for estimating the conductivity is
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K = 1 = 1
j."_‘i.-i-s"—z- +Q23 —————— Qn
KK K )2 K

when the parallel layers are parallel to heat flow

K=)21K1A+ n2'K2+fL5K -uz

where K1, K.y K,y = Kn = thermal conductivities of each~§enstituqnt

2’ ™3

11.1,1E2,£15, f-lhh = volume fracﬁimq of each cqnstitugnt or

4 p2 /e f

where ¥ tnﬂq’) are weighx and density raspeetivqy, and 1 signifieﬂ the
total. The moisture and fat contents of the ground beef were determ;nsd
to be approximately 73% and 3%, and the rest of 247 can be considered
a8 protein, Densities of water, protein and fat are 1.0, 1.1, and 0.9

gm/am§ therefore the density of ground beef is mbout 1.02,gm/bm§ The
| eanductivities of water, protein and fa@ are 0.57, 5 and 0.12 Btu/hr
£1-°F (Charm, 1963; Hurwicz and Tiscgér, 1960), -

* When the parallel layers are'jorpqndiéular to heat flow the
calculaied conductivity of ground_beef»is 0.33 Biu/hr.-ft.—oF while it
0e37 Btu/hre—fte-"F when they are parallbi'to heat flow. The average

of these two values, 0,35 Btu/hre~fte= F is used s the conductivity of

ground beef in the following calculationse



22

The diameter of a ground beef grain was found to be approximstely
1/16%, The resistance through‘tﬁe g;éund beef grains, x/KA, now becomes
(7 x 10’5)/A BTU/br.-°F., This is of the same order of mngniiudo as the
resistance of the convective heat ﬁransfsr, actua;ly only two times lar-
gere Therefore, the resistences other than those located in the grains
themselves contribute approximately 30% eof the total resistance and the
heat transfer analysis based only on the resistance through solid layer |
becomes inadequates | |

Now, since it is evident that convective resistance contributes
significantly to the heat transfer in the groun beef system, it is #e—
cessary to evaluate the heat transfer coefficient proper to this systéma;

The average diameter of the grains of ground beef is approximately
1/16®. Since 5.5 oz of ground beef produced approximately 1.8 oz of
liquid, it is reasonable té‘assume that the ground beef graiﬁs are se-
parated by a path having a dismeter about a quarfer of that of the dia~
meter of grains or 1/6@'. 8o considered, th§ ground beef system has
characteristics similafnto that of a packed bed; and if the heating para-
meters are known the approximate calculations on heat transfer can be
performed.

MeAdams (1954) gives the relatiomship of the heating pirameters

ih a packed bed as:

L % = 1-06 'L'——o
cGel kx M
P £
o | [n G,
2 G‘ _L.__.
ho- 106 2O LT
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However, he specified that the anve equation is valid only for Reynolds
nuzber range from 60 to 4,000, | )

In the ground beef system, assuming that cooking or extrusion of
_1iquid cémyletes at about 10 minutes after the stgzting of the process,
and the physical properties of liquid similar as those of water at 200°F,

the Reynolds number of this system becomes:

Re = Dp Go . (1464 x 1/12)(1.8/16 x 6Qo)

P
e | 0,205 x 1072

= 1022 X 10-5

This isiwell below the lower limit of the above equation relating the
heating parameters in packed bed. As a matter of fact, usually it is

a general practice to perform heat transfer in a packed bed by turbulent
convection currents or at least by tranéient currents because of the
low heat transfer in a laminar flow, and any available relationship
between heating parameters under these conditions have lower limiting
conditions of Reynolds number at least 104 times higher than that cal-
culated for ground beef. Therefore numeri¢al analysis is not possible
by‘this approach. On the other hsnd, Reynolds number of this magnitude
indic;tos that flow of the liquid through channels between the groumd
beef grains is very slow. From the heat transfer cbnsideration the
liquid is almost like the stagnant layer and the resistance due to this
liquid la&er approaches that offered by a film with thickness equal to
. the radius of the chamnnels. The resistance is then equal to the radius
of the channel divided by the conductivity of the liquid.

The heat penetration calculations in such a system are shown



below.

First consider.what ié therorder of magnitude of thermal diffu~
sivities obtained from the experiments conducted in this étudy, if the
beef is considered to be a solid block.

The half thickness of the ground beef patty is 1/4 inche Con-
sider the case when the temperature at the center of the ground beef is
240°R. First in the'pouches processed in a vertical position the aver-
age time required to :each-2#0°E is 22 minutes or correcting for come up

time the time becomes 19.4 minutes. Unaccomplished temperiture change is

T-To . _10 . 0,058
T, - Te 190

The convective heat transfer coefficient calculsted in the same
manner as shown elsawhe;e.in this thesis at this tsm@erature is 94 BTU/hr-

fta-oF. Tha surface resistance ratio is therefores

.I_{_ e O°55 = 0'179
Lh 2,08 x 107 x ol

The relative time, c%B/L% is found from Hettel chart (Mcadams, 1954) at

this conditiom to be about 1.78« Therefore
ol = (1.78) (432 x 107%)(60) /22
ol = 210 x 1072 £t2/hr

For the horizontally processed pouch, the time required is 27 minutes, cor-

rection for come up time makes it 244 minutes, where h = 84 BTU/hr—fta-oF

o4
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and X/lh = 0,200, At this condition Hottel chart'givas

Therefore,
ol = (1.84)(H32 x 1074)(60) /244
ol = 1496 x 1070 £2/br

Thermal diffusivity for ground béef using the conductivity and
density éalculaﬁed above and assuming specific heat to be equal to 1.0 is
0.0053 ftz/hr. This agrees well with the litersture values (Hurwicz and
Tischer, 1960; Oharm, 1963) and the dctérminations from data obtained at
MeIoTe (20452 Labofatory Project Reports, 1965

The sbove thermal diffusivities calculated from hest transfer data,
1,96 x 1073 £t2/hr and 2410 x 105 ££2/hr, roughly one third of that cal-
culated from conductivity, density and heat capacity are obtained from
the literature. JIf one assumes the literasture values of thermal diffusi-

p

vity (0.0053 ftz/hr) apply, and calculates the time required to reach 240
fo£ the vertical and horizental cages, using the‘previously calculeted sur-
face resistance ratios, the following results are obtained:

le For the vertical case, 6 = 8.7 minutes (from the end of come-
up time), The mctual experimental value is 19.4 minutes.

 2. For the horizontal case, the calculated time is 9.0 minutes
compared with the experimental value of 24.4 minutes.
‘ It is_appareﬁt therefore that in this study the heat transfer is
slower than one would expect for & system with the thermal diffusivity of

beef, and the calculated values of heat transfer coefficient,
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In order to determine what order of magnitude of surface re-
sistance would be necessary to produce the slower heating rates, which
were actually observed, the calculation procseded: asifiollowss X =
0.0053 then for the vertical case, at 240°F, ddb/i? = 4434 end for the
horizontal case it is equal to 53« In order to satisfy these relative
times and the corresponding unaccompiished temperature ratios, the sur-~
face resistance ratip must be about 1.1 for the vertical and 1,45 for
the horizontal case.

In the calculations the following cases are considereds

Case 1 Using experimental data, and calculation for h,
obtain. ol

Case 2 Using literature value of ol= 0,0053 and calcu-
lated h, obtain time needed to reach specified
temperature

Oase 3 Using experimental date, and o= 0.0053 fta/hr

~obtain K/hl,
Tempe Position Experimental Case 1 Case 2 Case 3
°F) Time Required :
To Reach the X/hL X/hL 8 K/hL
Temperature 5
(min.) 43 /hi (min)
_ (x 107) . ,
150  vertical 3.4 0,072 3.1 04072 240 143
190 vertical 7‘4 0.075 2.5 09075 5.2 1.2
240  vertical 1944 0,179 2.1 04179 8,7 1.1
203 horizontal 12,4 O.111 17 0.111 4o o 1e7

240  horizomtel . 24,4 0,200 1,96 04200 9.0 1ok

In evaluating the reasons for the slower observed heating rates

the following factors may be considered.
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a) Surface resistance
If a solid block of meat with = 0.0053 ftg/hr is assumed, the
surface resistance raties corresponding to the experimental results range

from 141 to 1.7« Therefore, the total surface resistance would be

R, = % x LK = 141 (2,08 x 1072/0.35)
= 04064 hr-ft2-°F/BTU

8inee the total surface resistance is assumed to be equal to the sum of

the outside film resistance and the packaging material resistance:

R = 006k = 1/n4x /K = /b + Tk x 1070

8

1/h = 04063 hr-ft2-°F/BTU
h = 1542 BTU/hr-££2-OF

In the case when K/hL-= 1s7, heat transfer coefficient h becomes 10. There-
fore the heat transfer coefficient due to other than ground beef and packaging
material is bctwden'10-15 BTU/hr—ft2—9§. These seem improbably low coeffi-
~eientss These are about ome half to ene thifd of that obtained in indepen~
dent ealculations based on experimental data with chicken broth, which was
assumed to heat by conveetion which in turn was lower then the coefficient
.axpected from theoretical calculationge Sinéé a coefficient. of this order

of magnitude is unlikely for the'free convection heat transfer, consideration
should be given to the possibility thet there is a resistemt film on the
package surface, Since this surface is hydrophebiec, it is pessible that

gas bubbles are accumuleted at this surface end reéﬁlt in a gas film with

laﬁ conductivity, The‘resiétange due to air film, of course, can be of this
order of megnitudes

The lack of an effect of tqtai residual gas increase from about



Ce5 cc per pouch to 25 cc per pouch, may be due to the fact that additional
air does not increase the'enprapged air film thickness, but collegts;dn;gqc-
kets on the top of the pouch, Alsc the improved heat trensfer in the ver=-
ticgl-pouches mey be due te the effect of draining het liquid on heat re-
sistance in this air film, as well as on heat resistance in a similar film
surroundihg individual beef granules.

Another possibility is that the gas film exists inside the three
layer sandwich of the lamination, which shows a tendency toward delamina-
tion at high process temperatures. Even a very thin film of gases evolved
from the polyethylene, or from adhesives used et the mylar-aluminum inter-
face, or entrapped in these materiéls would increase the surface resistance
to the observed value., This effect wauid be independent of the amount of
residual air in the pouchs Whether vertical versus horizontal positions
would have an effect on thisAhypothetical film depends on whether there are
pockets inside the lamination in which the gas could collect when placed in
vertical position.

The hypothesis of a ges film inside the lemination is further sup-
ported by the following considerationss

i) The components of the lamination are lmown to show a tendency
to separaﬁe,‘as evidenced by ebgervatisns of the pouches after heat process-
ing.

ii) The methods used in fabricating laminations are not adequate
to assure éomplete‘adhereﬁce between component films over the entire area,

iii) fThe differences in the coefficients of thermal expansion of
the 1amina£i0n'cempenents would also tend te cause the separation of layers.

On the other hand very limited data obtained by Wernick (1959) on

single films indicate that the heat transfer resistance wag of the same order
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of magnitude as that cbtained in the present study with chicken broth. How=-
ever, the conditions under which Wernick obtained:his resulis are:not adequate
to place significant confidence in the data to eliminate the lamination gas

£ilm hypothesis.

b) Assuming that the surface resistance is indeed low, the conclusion reach-
ed would be that the observed thermal diffusivity is indeed correct. The
only phenomena which could account for this low diffusivity which is 32% to
60% of the literaturs values are those which would result in a high apparent
specific heat, since demsity or conductivity changes of this magnitude are
not likely. A high apparent specific heat will result from either heat being
consumed in = phase transition, or in a chemical change. There is a possi-
bility for both.

The thermal diffusivity of fet decreases with increasing temperature
due to the increase in the apparent specific heat caused by the melting of
fat, and according to Riedel (1955) this increase can be as high as three
timess But even such high inecresse in apparent specific heat of fal cannot
explain the low thermal diffusivity obtained for ground‘beef since 1t con-
tains only 3% of fat,

The more likely reason is that the apparent specific heat of protein
should be also very high at this temperature range since densturation takes
place during the processing. There is a lack of literature data on the
contribution of heat of reaction on the total heat required for food pro-
cessinges A rough estimate using as an assumption protein of molecular
weight of 50,000 and a heat of reaction of 100 Keal/mole, would indicate
the specific heat could not sccount for all the observed change in diffusi-

Vityt
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¢) If the model of beef granules surrounéed by liquid is assumed (packed
béd)'the heating should always be either faster or the same as in the case
of a solid block, even if the liquid velocity in the capillaries is zero.
This is because thermal conductivity of the ligquid is about the same as
that for the beefs

However if the cepillaries are partially Pilled with geases evolved
during cooking from the beef and then trapped at the surface of the granules
then the heat transfer could indeed be greatly impeded. Unfortunetely, neo
experimental parsmeters are avilable to measure or calculate the contribu-
‘tion of this mechanism to this case.

0of the three possibilities discussed ebove, the thin gas filﬁ hypo-
thesis, either at the internel surface of the pouch or in the pouch lamine-
tion itself seem to contribute to the increase in the resistance, efpecially
in view of th; fact that both chicken broth and ground beef show greater
than expected overall surface resistances. This is, as mentioned earlier,
substantiated by the high incidenée of delaminated pouches observed in pro-
cessinge

| The higher incresse in resistance in ground beef may be due to the

fact that uneveﬁness,of the surface can cause increase in the gas film
‘thickness and the gas evolved from the ground beef and entrapped within -

the capillaries can contribute to the additional resistances.

2« Healt penetration into the flexibly packaged chicken broth

Studies in which thefmocouples were placed in different locations
within pouches containing chicken broth showed that the slowest heating

point in flexibly packaged chicken broth during processing in vertical posi-
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tions is at a point located at 1/8 of the pouch length (Appendix B, Table
24) measuriﬁg the length from the ﬁottpm of the pouche. This corresponds
to a location of thermocouple at 25/32‘ from the bottom ofvthe.pouch, es
measured prior to fillings This is not very different from the slowest

- heating point found in noe 2 cans by Jacksom and Olson (1940).

The maximum lag to reach a given temperature betwéen'the-different
locations in the pouch was appréximately 2 minﬁtas or the maximum tempera-
ture difference after heating 8 minutes, was 2°F,

The results obtained with chicken broth processed in vertical
position are presented in Table 4 and are summarized in Table 6, The time
required for the slowest heating point to reach a temperature of 240°F.
ranged from 5.8 to 6;4 minutes. The run averageé ranged from 6.0 to 6.1
minutess The average for all samples was 6.1 minutes, and the same value
was obtained also by aversging run avereges. The time required to reach
a temperature of 245°F ranged from 6.8 to 7.9 minutes, and run averages
ranged from 7.2 to 7.4 minutes. The average for all samples and the
average of the run averages was 7.5 minutes. There was a definite break
in the heat penetration curve at 4.5 minutes after processing started,
corresponding to a temperature of 225 to 230°F. The aferago time required
to traverse one log cycle of temperature was 5.4 minutes before the bresk
and 5;6:minutes after the break, and ranged from 4,7 to 5.7 minutes and
345 to 347 minutes respectively. The run averages were between 5.2 to
545 and the average of the run averages was 5.4. A typical heat pene-
tration cﬁrve having the average time required to reach 240°F, to reach

245°F and t§ traverse one log cycle of temperature is shown in Figure 3.
The data indicate that there was no one point where the heat

penetration is definitely slowest in the pouches processed in a horizon-



Table 4

RESULTS OF HEAT PENETRATION STUDIES ON

FLEXIBLY PACKAGED CHICKEN BROTH
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(PROCESSED AT 250°F, 15 PSI UNDER WATER IN VERTICAL POSITION)

Time

to Reach Tempersjure

(min) Required

of * Residual Air
Run # Package # 240°F 245°F fy (ce/pouch)
CB V-I 1 640 740 5065345 142
5 6l Te3 S5el,33e7 12
9 6e3 Ted 517,345 046
CB V-1I 2 548 648 4,7,3.6 -
5 508 705 409,5 05 -
4 640 7e2 500537 -
5 6.5 709 504,506 -
9 Golt 7.6 5;6,5 o6 -
11 641 748 S5el33e7 =
12 Gl T¢5 Selty3e7 -
CB V-III 1 6.0 743 505537
2 640 Te3 5e5,3e7 -

*Eeat penetration curve showed different slopes for first and second

part of heating.

the heat penetration.

The first number given is for the first part of
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tal positionse The variations between the temperature at a given time
at the same location in the different pouches was greater than that be-
tween the different locations in the pouch. There is no bfeak in the
heat penetration curve, which may be considered linear, as may be seen
in Figuré 4 which shows a typical heat penetration curve for chicken
broth processed under water in a horizontal position.

The results of heat penetration tests for flexibly packaged
chicken broth processed in horizontal position are shown in Table 5
and are summerized in Table 6, The time required to reach a temperature
of 240°F ranged from 5.8 to 6.5 minutes. The averages of the runs‘ranged
from 5.8 to 6.1 minutes. The average for all samples as well as the
average of the run averagesjﬁare 6.0 minutess The time required to
reach a temperature of 245°F ranged from 6.9 to 7.9 minutes, end run
averages ranged from 6.9 to 7.5 minutes. The averages'for all samples
was 7.5 minutes and the average of the run averages was 7.2 minutes. The
~ average timg required to.traverse one log cycle of temperature was 4.7
minutes and it ranged from 4.4 to 5.5 minutes. The run averages were
between 443 to 51 minutes, and the average of them was 4.7 minutes.

To determine the statistical éignificance of the difference
between heating times needed to reach specified temperature in the
vertically processed and horizontally processed pouches, the data were
subjected to the students "* test, The results of this test for times
required to reach temparatﬁrés of 240°F and of 245°F gave values of ¢t =
0,687 and t = 04705 which are léss than the critical values at 50% and
40 respectively when the degree of freedom is 18 (Youden, 1961;

Mendenhall, 1964), Therefore, there is no significent difference in the



Table 5

RESULTS OF HEAT PENETRATION STUDIES ON

FIEXIBLY PACKAGED CHICKEN BRCTH
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(PROCESSED AT 250°F, 15 PSI UNDER WATER IN HORIZONTAL POSITICN)

Time (min) Required
to Reach Temperature

of

Residual Air

Run # Package #  240°F 245°F fy (ce/pouch)
CB H-I 4 58 7.0 4e7 1.2
7 642 Te7 540 162
12 6e2 7.9 5¢5 1.0
CB H=-II 1 5.8 7.1 4.5 -
2 508 7.1 405 -
5 645 TeT 447 -
6 5.7 7.0 404 bt
7 5.9 6.9 4,5 b
8 603 705 408 -
CB H-III 1 548 6e9 4o3 -
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Table 6

SUMMARY OF THE RESULTS OF HEAT PENETRATICN STUDIES
ON. FLEXIBLY PAGKAGED CHICKEN BROTH
(PROCESSED AT 250 F, 15 PSI UNDER WATER)_

: Run Average Time
Number (min) to Reach

Run Minimum .

106

Maximam
of Temperature of Average £ for f for
Run # Packages  240°F 245°F £ thB run  thB rmn
Samples Processed In Vertical Position

CB V-I 5 601 7-2 505,506" 5.1 ,5.5* 501 ’5.7*
OB V-II 7 6l Tedt 542,306 h4a7,345 546,347
CB V-III 2 60 T3 5533eT 555307 5455347
Average of run averagesf.1 73 Selts3e6

Samples Processed In Horizontal Position
CB H-I 3 61 Te5 Sel 4,7 540
CB H‘II 6 6.0 7.2 4.6 !"'04 4.8
CB E-III 1 58 649 4.3 43 4.3
Aversge of run averages6.0 742 447

.Heat penetration curve'showed'different slopes for first and second
part of the heating, The first number given is for the first part

of the heat penetration.
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time required to reach these temperatures whether packages are placed ver-
tically or horizontally in the retort for processing. Although basically
a differénce exists in the manner of convection in two cases which is in-
dicated by the different heat transfer coefficients and different shapes
of the heaﬁ penetration curves, the heat penetration is too fast in theseb
cases to show significantly different times. |

In order to analyze the éharacteristica of ihe heatiﬁg curves for
the positions in which the pouches were processed, the known correlation
of the heat transfer parameters in a system showing natural convection
was studied. |

In such a system, the plot of the log of Nusselt number, hL/K,
versus the product of the following two dimensionless numbers: Grashof
number, (JPZ g )B(T - T ) Ljé/gz )s and Prandtl number, (CB/LL/K), is
a broken straight line forvvérticalwplates and cylinders (Kreith, 1963).
The breek occurs because of the transition of the fluid flow from la-
minar to turbulent. The flow is laminar up to a Grashof number of about
‘108, a transition takes place between 108 and 1010, and the flow becomes
fully turbulent at the product of Grashof number and Prandtl number
above 1010. This type of behavior is considered typical of free con-
vection on vertical surfaces.

In the chicken broth processed vertically at 250°F, the break
of the curve occurs at the temperature around 228°F. At this instant,
the mean temperature is 259°F, the temperesture difference between the
retort and chicken broth is 22°F, and assuming the physical properties

. of the chicken broth to be similar to those of water; it is found that



P = (C K) = i;
( r.)259°F ( p/‘/_ ) ”

fg/ftJD ?C/;?? = 1.92 x 109/9# (greith,'19é§)

Since the length of the pouch is 6.25 inches, the Grashof number is

calculated ass

Gr) = (ep PY/8) (1-1a) P

= (1.92 x 10°) (22) (0.143)

= 6405 x 100

(er)(Pr) = 9.3 x 107

The product of Grashof number and Prandtl number calculated for the
temperatures at which the heating curves for chicken broth processed
in a vertical position show a break is 9.3 x 107 as shown above. Since
this value fails in the range of transition from turbulent to laminar
- flow, it is reasonable to assume that the observed break is due %o a
change in the convective current flow pattern.

- For the horizontal position, the log plot of Nusselt number

 versus Grashof number and Prandtl number is a smooth curve deviating

108
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from linearity. The curve reported in the literature is shown with the
upper limit only up to (Gr)(Pr) equal to 109, and the curve assumes
linearity starting at (Gr)(?r)"equal to 10° (Kreith, 1963).

For the experiment with chicken broth processed in a horizontal
pcsition; the products of Grashof number and Prandtl number which were
calculated as shown above, have the following values: when:the prediwet
témperature is 100°F; 3.87x 10’ and at the end of the process (249°F)
0.0k x 1010 (Appendix C, Table 25, page 175). Therefors the data obtained
for horizontally processed pouches of chicken broth, which fall in the
(Pr)(Gr) range of 4.0 x 10° to 5447 x 109 ral2 partly in the linear
range and partly beyond the range reported in literature., Assuming that
the curve continues to be linear above values of 109, the data seem to be
in general agreement with a heating pattern reported for horizontal plates,
in showing no breaks.

The above convective heat transfer parameters and convective heat
transfer coefficients for vertical plate and herizontal plates are calcu~
lated for several temperatures and tabulated in Appendix C, Table 25, page
175.

A different analysis of heat transfer in a natural convection
system is given by McAdams (1954), He presents semilog straight line
equations

hi/K = 0.14 [ﬁGr)(Pr)} 1/2

for heated plates facing upward, or cooled plates facing downwarde
These equations hold for the turbulent range with (Gr)(Pr) ranging

from 2 x 107 to 3 x 1010. The equation:

LK = 0427 [(ar)(pr)] ofzs
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is expected to hold for heated plates facing:downuard, or cooled plated
facing upward in the laminar range with (Gr)(Pr) of 3 x 107 to 3 x
10'°, - |

For the case of pouches with chicken broth placed in the retort
horizontally, half the heated faces face upward and htlf_of‘tham-faeo
downward, therefore the heat transfer involved here is prbbabl& govern~
ed by some combination of both equatiecns above, |

In either case there is no abrupt discontinuity in the:rélation-
ship between the heating parameters which is also indicated in the heat
penetration curve of the horizontally processed chicken brothe.

The experimﬁnﬁal heating curve may be used to calculate the

overall heat transfer coefficient U, The equation used is:

v = [owme Y50

vhere,
U = overall hest transfer coefficlient
A = area of the heat transfer, and for this case is
0.326 £t2

C = specific heat = ‘1 BTU/1b.=°F
W = weight of the product, and for this case 033 1b

£ = negative reciproeal slope of the heating curve

h
With this relatiomship, when the overall heat transfer coefficients
were calculated for the vertically processed chicken broth. They were
268 BTU/ftz-hr-°F~before the break in the heating curve and 38.8

BTU/ftz—hr-oF afté: the break. The overall heat transfer coefficient
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for the.horizontally processed chicken broth was 29.6 BTU/ftz-hr~oF. on

the other hand, the overall heat transfer coefficients calculated frdm the
given heating parameters given in the litérature for plates heating by ne-
tural convection (Kreith, 1963) at the various product temperature are-shown
below. They are one and half times to tem times higher than ﬁhose calcula~"

ted from our expefimental heat transfer data,

Convective Hest Transfef Coefficient

Temperature Vertical Position Herizental Position -

60°p 49 49
100F 295 186
150°F 279 184
200 150 144
208% 119 126
240°F ok 84
245° 84 8k
2497 57 55

When the instantaneous overall heat transfer coefficients were cal~

culated using instantaneous retort temperature and the.equationz
GPW(T-Ti) = UA(TB-T)JO

the instantaneéus overall heat transfer coefficients ranged between 45 to
25 BTU/hr-ft2-°F (See Appendix D, page 176).

It is iﬁtéresting to note that in the case of chicken broth processed
in laminated pouches, the overall resistance fo heat transfer (1/U) is of

the same order of magnitude as that calculated for the surface resistence
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(Bs) for the case of ground beef, wﬁen the thermal diffusivity of beef was
based on its known thermal properties. 8pecifically, it is about 2-5 times
smaller than that in the case of apparent surface resistance for ground
beef, but still one and half to ten times larger than that expected from
theory, It appears therefore, that when the need‘for'conduption‘of heat in
solids within the pouch is eliminated, as is the case in chicken, the over-
all resistance still comes to a limiting values of about 1/39 - 1/26 (hr-
£t2.% (BTU)~"), The similarity of this limiting value between two different
typesvof foods seems to -indicate that at least a part of the increased re-
sistance is due to.a factor common to bothe. The first possibility, that it
is due to a.liquid film on the outside of the pouch (1/h°) is unlikelyvbe-
cause the theoretical values for the resistance of this fypc of a film are
much sﬁallor than the experimental values. Gas films on the inside of the
pouch, on the outside of the pouch, or within the lamination sandwich it-
self, ﬁre likely to be the mejor causes of this limiting resistance. More
detailed analysis on this point was presented in the discussion of the ex-

periment with the ground beef,

Je Heat penetration into the flexibly packaged carrot slices in chicken

bfpth

Pouches containing carrot slices in chicken broth were processed
under water at 250°F, 15 psi in vertical and horizontal positions, and
' were cooled under continuously rumning tap water under 15 psi.

The results are shown in Tables 7 and 8, typical heat penetration
curves are shown in Pigures 5 and 6, and the results are summarized.in

Table Q.
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The product showed typical conveétion.heating behavior chsrac-
ierized by rapid attainment of proeess temperﬁturés. |

In the carrot slices in chicken broth processed in a verti§a1
position; the aversge time required to reach temperature of 240°E at
the locatiom 1/8th from the bottom was 7.0 minutes, ‘Itvranged from
66 minutes to 77 minutess The time required to reach 245°F at. the
same location ranged frem &.6‘minutes to 945 minutes having the average
value of;&;é'minuies. The time required to traverse one log cycle of
temperature ranged from 4.7 minutes to 6.0 minutes, with an average of
5¢2 minutes. |

For the horizontally processed pouches, the time required to
reach 240°F renged frdm 5¢8 minutes to 6.8 minutes with an average of
6.2 minutes. The time required to reach 245°F ranged from 6.5 minutes
to 93 minutes with an average of 8.0 mimites. The time roquired to
traverse one log cycle of temperature rsnged from 4,0 minutes to 5.7
minutes with an average of 5.2 minutes,

There seemed to be no one point where heat penetration is slowest
either in vertical or horizontal position. The result of ®F® test performed
on the time required to reach 240°F at the different locations in the pouch,
1)8th,~1/hth and 3/8th from the bottom of the pouch, processed at vertical
position gave an F value of‘1.255. The same test for same position for
time required to reach 245°F gawe F value of 04755 and that for £ was
0.098. Thé critical value for F at 5% level in these cases is .74 .(Youden,

;1961). Therefore, statistically there is no significant difference in
heating time required to reach specified temperatures at the different

positions in the pouch. This may be due to the effect of carrot slices
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“Table 7

RESULTS OF HEAT PENETRATION STUDIES ON FLEXIBLY
 PACKAGED CABROT SLICES IN CHICKEN BROTH
(PROCESSED AT 250°F, 15 PSI UNDER WATER IN A VERTICAL POSITION)

Thermocouple o
Location Time Required to Reach
(Praction of . Specified Temperature
Length from min)
Run # Package # _ Bottom) 250%F T 2B%F fy
cs v-I 1 1/8 646 8.0 4.7
7 1/8 67 842 50
10 1/8 T3 10,0 Sed
3 1/4 648 _ 845 5ett
6 1/4 648 845 5okt
9 1/4 648 84 5e1
12 1/4 645 8.0 5e2
2 3/8 548 72 4.6
5 3/8 6ot 8.0 4,5
11

3/8 740 8.7 545
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i’ab le 8

RESULTS OF HEAT PENETRATION STUDIES ON FLEXIBLY
~ PACKAGED CARROT SLICES IN CHICKEN BROTH
(PROCESSED AT 250°F, 15 PSI UNDER WATER IN A HORIZONTAL POSITION)

Thermocouple .
~ Location Time Required to Reach
(Fraction of Specified Tempersature
~ Package (min)
Run # Package # Length) 2400p . 2B%F 1
CS H=-1 3 1/8 548 T3 448
6 1/8 6e7 93 De3
8 1/8 6.3 848 55
2 1/4 5¢6 843 546
10 1/4 643 Te7 52
11 1/4 549 643 450
1 3/8" 643 8.0 S5l
9 3/8 So1 747 542
5 1/2 Eolt 749 50

12 1/2 648 8okt 55
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Table O

SUMMARY OF THE RESULTS OF HEAT PENETRATION STUDIES
ON FLEXIBLY PACKAGED CARROT SLICES IN CHICKEN BROTH
(PROCESSED AT 250°F, 15 PSI UNDER WATER)

Thermocouple Average Time (min)

~ Leocation - Required to
(Fraction of Reach Specified
Kumber of _Length from Temperature of Average
Run # Pouches . Bottom) 240 245°F £y
Samples Processed In Vertical Position
s V-1 3 1/8 7.0 846 53
4 | 1/4 6.7 83 5e3
3 3/8 6okt 8.0 4.9
Semples Processed In Horizontal Position
CS H-I 3 1/8 6e2 845 53
3 1/4 6e3 Toh 51
2 5/8 643 749 5ok
2 1/2 6.6 8e2 53
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acting as baffles and contributing to bette: mixing at least in the ver-
ﬁical case.

Student's ¥t¥ tests were applied to the time required to reeach
240°F, 245°F and the time required to traverse one log cycle betwsen the
vertical and horizontal runs. The results obtained were t = 1422, t =
1,39 and t = 0.187 respectively, and they werevnqt significently differ-
ent at 25¢, 20% and 50% levels respectively. o

Both in the vertiecal and horizontal casés, the straight line
heat penetration curve changed to a convex éurva aroundb245°F or about
7 minutes after processing had starteds This curve connected the first
part of the heating curve to a nearly horizontal straight line in hori-
zontal case. The séme was not quite evident in vertical case due to
the earlier starting of the cooling process. The second straight line
sfarted around 11 minutes efter the proeessingQ It may have some signi-
ficance that the second straightlline is around the temperature region
of 244°F to 245°F in the horizontal case while the region indieated in
vertical case is around 247°F although additional data would be required
to confirm this difference in the temperature range in the position of the
second portien straight line. This break in the heating curve may be
caused by supplying.ofAcoeking energy to carrot slices,

While thers were minor differences in heat penetration curves be-
tween chicken broth alone, and chicken broth containing carrot slices,
the orders of magnitude of the overall heat transfer coefficients were the
same as in both cases. Again the experim&ntal heat penetration data show
greater resistance as compared with the expected as was the case in the
proceésing of chicken.broth..

It appears therefore that the heating characteristics of this sys-
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tems could be approximated well by chicken broth alone, and discussion
given for the results obtained with chiscken broth applies to the present

system.
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Bs Thermal resistance of Clostridium sporogenes (PA 3679)

The heat resistance of a test organism, Clostridium sporogenes
(PA 3679) was determined in two different medis, beef puree and chicken

broth at several different temperatures using the procedures duscribed.

1. Thermal resistance of Clostridium sporogenes (PA 3679)'15‘§eef puree

The thermal resistance of Clostridium sporogenes (PA 3679) in

beef puiee was determined for the purpose of using‘it'as a basis for the
thermal process calculations for ground beef, The beof‘puroe wes used in
place of ground beef since with ground beef it was not technically possi-
ble to £ill the capillary tubes employed in thermal death time measure-
ment apparstus used in. this experiment, |

The thermal inactivatiom data for Clostridium sporogenss in beef ‘

puree at 2259, 230°, 235°, 257°, 240° and 250°F are presented in Figures
7s 85 95 10, 11 and 12 respectively, The drawing of the lines end de-

. termination of the decimal reduction times are based on regressien ana-
lysis of all the data pointse The data are presented in Table 10.

The decimal reduction times obtained in the above ﬁ#nnpr-for each
témperature are employed to construct the D.,R.T. curve for Clostridium
;poroéenga (PA 3679) in beef puree and presented in Figure 13, The
drawing of ﬁhe line and the determination of the negative reciprocal of
the temperature to traverse one log cycle of time, Z, are bgth based on
the regreﬁsicnv&nalysis. The Z value thus determined is 18.9‘ﬁinut°8'
and the decimal reduction time at 250°F, D250’ is 1,16 minutes or appro=-
ximately 1.2 minutes. These values lie within the range of data reported

for semi-acid foods (Stumbo et al., 1950; Schmidt, 1957; Stmmbo, 1965).
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PUREE AT VARIOUS

TEMPERATURES
225°F 230°F 235°p
Time of Average Time of 4verage Time of = Average
Heating No. of Heating No. of Heating Noe. of
(min.) Surviwers (mine) Survivers

(mins) Survivers

0,00 1031 x 102

10,00 4,67 x 104
20,00 1474 x 10

30,00 1417 x 10%
40,00 4430 x 107
50,00 2450 x 107

DeReTs = 5004 mine

0,00  1.34 x 107
3,00  7.67 x 10

6,00 4417 x 10%
9,00  2.10 x 10%
12,00  1.42 x 104
18,00 2.44 x 103

DeReTe = 1006 mine

000 7028 X 101+
2450 3452 x 104
5400  1.h0 x 10%
10,00 3439 x 10°
15,00  7.08 x 10°

DeReTs = Te5 min.

237°F 240 250°F
Time of Average Time of = Aversage Time of Average
Heating No. of Heating No. of Heating No., of
(min.) Surviveis (mine) Survivors (mine) Survivers
0400 1,30 x 107 0,00 0.00  5.20 x 10

3,00 2.9 x 104
6,00  1.00 x 10%
9,00 2453 x 109
12,00 8,10 x 102
15,00 2450 x 10°

DoR.?o = 507 mine

100 1.1"8 X 104
2.00 5497 x 102
3,00 3450 x 109
1,00 1.38 x 107
5.00 780 x 10°

DoRoTo = 209 min.

0050 4008 X 104
1,10 1.04 x 104
1.67 5435 x 102
2.20 1482 x 107
2,77 4,35 x 102

DeReTe = 105 min.

DeR4T.'s presented above are determined by regression analysis. The
negative reciprocal of the thermal death time curve, Z, determined
with these D,R.T.'s by regression analysis is 18.9.
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sporogenes (PA 3679) in Beef Puree At 240°F
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Figure 12 Thermal Resistance of
Clostridium sporogenes (PA 3679) in
Beef Puree At 250°F
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2. Thermal resistance of Clostridium sporogenes (PA 3679) in chicken

broth

The thermal inactivation data for Clostridium sporogenes (PA 3679)

in chicken broth at 230.0°, 255.0°, 257.5°, 240.0°, 242,5° and 245°F are
presented in Figures 14, 15; 16, 17, 18 and 19 respectively. All the
lines and the decimal reduction times were determined by regression sna-
lysis of all the data points. The date are presented in Table 1t.

The decimal reduction times obtained above for each temperature

are used to construct the D.R.T. curve for Clostridium sporogenes (PA

3679) in chicken broth and the D.R.T. curve is presented in Figure 20.
The determination of the slope 6f the line and the base point are also
based on the regression eanalysis. The Z value determined in this case
is 1847 minutes with D250 of about 0.7 minutes., These values also lie

well within the range of literature value (Stumbo, 1965).

35« Effect of media on thermal resistance of Clostridium sporogenes

(PA 3679)

It is of interest to note that although D250 values differed, the
slope of the thermal death time curves are quité similar either in
chickén‘broth or beef puree, This is reasonable because the micro-
organisms used in both tests are from the same stock and since generally
Z value depends more on the nature of the test organism while D value
depends more on the nature of the suspending medium. The pH of both
beef puree aﬁd chicken broth are the seme and are 5.5,ltherefore the
apparent difference in D values for the two media is not due to the effect

of pH but some other factor.
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SURVIVAL OF Clostridium sporogenes IN CHICKEN BROTH AT VARIOUS

230,0°F

Time of Average

Heating No. of
(min.) - Survives
0,00  1.57 x 107
3,00  7.50 x 10%
6400 4,57 x 10%
9.00 1463 x 10%
12,00 9458 x 107

DeReTe = 97 mine

240.,0°F

Tim§ of ‘.Average

Heating Nos of
(min,) Survivers
1,00  2.95 x 102
2,00 1,70 x 10
3,00 8,70 x 107
4,00 2,70 x 107
5000  1.07 x 103

DeReTo = 247 mine

TEMPERATURES .
23540°F 237.5°F
Time of Average Time of Averags
Heating No. of Heating Hos of
) (min.) SusiV.ﬁ-l (min.) suﬂiVﬂﬁ.ﬂ
0400  2.67 x 102 0,00  1.65 x 10
2.50 4433 x 107 1425 4426 x 10
5,00 1,20 x 10% 2450  1.40 x 104
7650  3.50 x 103 3,60 6463 x 109
10,00 3,00 x 102 S5¢42 1433 x 107
12,50 3475 x 102 7620 2,55 x 102

DoRcTa Lod 401 minc

DOR.T' = 207 min.

242.,5°F 245,,0°F

Time of Average Time of Average

Heating No. of Heating No,. of
(mine) Surviveis (min.) Survivets
0,00  7.80 x 104 0.00  5.97 x 102

0,92 4460 x 102 0s66 2475 x 10
2,75 3463 x 107 1,35 7,08 x 107
3467  Te40 x 102 2,00  2.40-x:107
4,58 2450 x 102 2,67 6400 x 102
3035 2402 x 102

DeReTs = 2'51 mine

DeReTe = 105 mine

| D.R.To's .Vbrescn‘be‘d above are determined by fégfaséion analysis f:h» ne=-
gative reciprocal of the thermal death time curve, Z, degermined
with these D.R.T.'s by regression snalysis is 18.7
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Figure 19 Thermal Resistance of Clostridium
-sporogenes (PA 3¢79) in Chicken Broth at 245°F
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Thermal death data were not obtained for the third system,

carrots ;uspended in chicken broth, because of the time limitations.
Considering the similarities in pH snd the preponderance of chicken
broth in the carrot-broth system, it was considered that the Z and D
values obtained with chicken broth could also be used in the carrot-broth

system,

Ce Evaluation of thermsl processing

1¢ Bvaluation of calculated process time

Packages containing the two test products were processed to give
a csrtain.survival.of organisms inoculated into the product. The calcu~
lation of the predicted number of organisms surviving is made as follows:

1+ The temperature at the slowest heating point is predicted
from the typical heat transfer curve (Figuresil ~ 4) obtained for the same
product under similar process conditions.

2. The decimal reduction time for the temperature at each 1 or
1/2 minute intervals (based on average temperature during that time in-
terval) is obtained from the D.R.T. versus temperature curve (Figures 13
and 14). | |

3¢ The ratios of time interval to D.R.T. for the temperature
corresponding to each time interval are summed to give the total lethal
effact (number §f D.R.T.'s) of the process.

4, fThe expected number of survivors is calculated by using the
following equation:

N = (N;)(1O-T°ta1 lethality of the process)
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or,

N = (Ho) (10—n.R.T.§s of the process)

where,
N = expected number of surviving organisms/gm

K = initial inoculum count/gm

e Ground beef

The results of the microbiological determination on ground beef
processed according to the process calculation in vertical position
under water are presented in Table 12. The calculation of predicted
survivors was based 6n the typical heat feﬁetration curve shown in
Figure 1. The D,R.T, values and the lethal effects at‘correspnnding
£emperatureé at each time intervel are tabulated in Table 13.

The predicted number of survivors based oﬁ number inoculated is

4415 x 10%

orgenisms/g. When the prediction is based on the count from
an unprocessed control it is 5.60 x 104 organisms/g. The actudl survi-
vors obtainc& after the processing were less by a factor of about 20 -
300, They are 0.19 x 107, 1,35 x 107 and 24,14 x 107 and the average
is 1425 x 100 organisms/ge

The experimental results and the prediction of survival from
procass‘ealculations in a horizontal position are shown in Tabides 14,
The process calculation is baéod on the typical heat pehétrition shown
in Figure 2 and presented in Table 15. The D.,R.T. values and the lethal
effects at corresponding temperatures at each time interval are tabu~

lated in Table 15. The predicted number of survivors is 5e87:x’ 110

crganiams/g based on the mumber of inoculum stock culture of 8.47 x 104



Table 12

RESULTS OF BACTERIOLCGICAL TEST FOR THE EFFECTIVENESS OF THERMAL
_PROCESSING OF FLEXIBLY.PACKAGED GROUND BEEF*

(PRCCESSED AT 250°F, 15 PSI UNDER WATER IN VERTICAL PCSITION)

Package # . Semple Average Survivors Found (org/g)
Weight No. of Individual Average for
(g) Colenies _Samples the package
1 -2 2400 55 1438 x 102
b 2400 54 1,38 x 107 1435 x 107
c 2,00 53 132 x 102
2 -a 2401 76 1.89 x 107
2.14 x 102
b 2,02 96 2.38 x 107
3 -2 1499 9 2.26 x 10% )
1.88 x 10
b 2401 6 1449 x 10°

*In all tests, the predicted survivors (org/g) were 4el5 x 10* when
calc}ilated with inoculum coumts from the stock culture end 5.@
x 107 when calculated with the number of spores recovered from
contrel package.

140
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Table 13

CALCULATIONS FOR THE PREDICTION OF THE EFFECTIVENESS OF
'THERMAL PROCESSING OF FIEXIBLY PACKAGED GROUND BEEF
(PRCCESSED AT 250°F, 15 PSI.UNDER WATER IN VERTICAL PCSITION)

CALCULATIONS BASED CON THE TYPICAL HEAT TRANSFER DATA
(PACKAGE # 2 RUN GB V-VI).

Time Temperature DJR.Te Lethal Effect
(min,) - (°m) L ~ (1/D.R.T.)
1 197.0 690 04001
12 204,0 295 0.004
13 210.0 143 03007
14 215.0 68.5 0.015
15 219.0 47.0 0.021
16 223.0 2845 0.035
17 227 .0 175 0.057
18 ' 230.0 12.0 0,083
19 232,6 8470 0.115
20 234,7 6.98 04143
21 236.8 5450 0.181
22 23746 5410 04196
23 23640 5480 0.172
24 226.0 19.8 0.051
25 212.0 111 0009

Total Lethal Effect: 1.090

Cooling was started 20 min. after processing started.



Table 14

RESULTS OF BACTERIOLOGICAL TEST FOR THE EFFECTIVENESS COF THERMAL
PROCESSING OF FLEXIBLY PACKAGED GROUND BEEF*
(PROCESSED AT 250°P, 15 PS1 UNDER WATER IN HORIZONTAL PCSITION)

Package # Sample Average Survivors Found (or@
Weight No. of Individual = = Average For
(g) Colonies Samples the package
1-a 3,08 8 6.7 x 104 |
b 2.34 23 4,65 x 10% . 5,00 x 10%
c 2.95 26 . 4,12 x 104
2-4a 2479 25 hA7 x 104 A
b 3459 15 2,08 x 104 3,40 x 10
c 4,78 35 3.65 x 10% ~
3.4 2.93 29 heo3 x 10% 4
b 2,43 25 4,03 x 10% 5.92 x 10
e 3420 s 7.78 x 10‘*

’In all tests, the predicted survivors (org/g) were 5.87 x 10”' when
calenlated with inoculum counts from the stock culture and 8.47
x 10" when calculated with the number of spores recovered from
control package.
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Table 15 -

- CALCULATIONS FOR THE PREDICTION. OF THE EFFECTIVENESS COF
THERMAL PROCESSING OF FIEXIBLY PACKAGED GROUND BEEF ’
(PROCESSED AT 250°F, 15 PSI UNDER WATER IN HORIZONTAL POSITION)

CALCULATIONS BASED ON THE TYPICAL EEAT TRANSFER DATA
(PACKAGE # 5 RUN GB H=-II) ‘

Time ‘Temperature ' D.R.T. ~ Lethal Effect
(min.) (°r) ' . (1/DWReTS)
14 19540 885 - 0,001
15 200.0 483 0.002
16 2070 205 - 04005
17 212.8 100 0,010
18 . 2172 5847 04017
19 22145 3k4y5 04029
20 . 2250 22,5 04044
21 - 22840 16,2 0,062
22 230.2 11,5, 04087
2 25542 | 6465 04150
25 4 ' 25605 ' ' 5070 : 00175
27 1229,0 14,3 0,070
29 , 2100 ‘ © 14240 - 04007
30 196.0 . 1% - 04001

Total Lethal Effect: 0,940

Cooling was started 24.5 min., after processing started.
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organisms/g based on the recovery from the control pouches, The'survi-.
ving microorganisms recovered from the pouch after processing are 3,40
x'104 organisms/g, 5,00 x 10# organisms/g and 5.92 x 104 orgenisms/g,

4 orgenisme/g, The number cf’thn predicted

with the average of 4,77 x 10
-survivofs.are of same order of magnitude as the actual recoveryy there-
fore the predicted efficiency of thermal process agrees with £he'§xperi-
mental one. »

The gensrally lower recovery of the spores from the processed |
pouch cbhpared with predicted calculations may be due to the fact that
the calculetions are based on the slowest heating point and most of the
pouch contents receive more severe heat ireatment than the geometric cen-
ter. Although an-attempt was ma&e to take the sample as close to the
geometric center as possible, impossibility of obtaining a finite sample
from a geometrical point resulted in inclusion of some periphery and
might have caused the lower recovery than preéictad. However, the much
lower recovery in the vertically processed packages suggeste that the
lower counts may be caused by other factors than this, This is most
likely caused by the washing out of ﬁhe spores adhered to ground beef by
the liéuid produced from ground beef during the processing. Of course,
this effect is greater in the packages placed in the vertical position
because of the increased vertical length which provide longer path for
the liquid to drain end wash out the spores from ground beef, Once the
liquid is drained, ﬁhe liquid would be hsatéd by convection and spores

would be inactivated very rapidly.

bes Chicken broth

Similar tests weré conducted on chicken bfoth processed under
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water in vertical and in horizomtal positions. Tables 1€ and 17 show
the resulis and predicted calculations for pouches containing chicken
broth processed in vertical position. The predicted survival was 50,7

x 10°

and 48.0 x 10° organisms/g; the actual survival was less by a
factor of about 20, being 2.5 x 102, 2.7 x 102 and 3eb x 102 organisms
per gnm with the average of 2.9 x 102 organisms/g.

In the case of pouches processed in a horizontal position (Tables
18 and 19) the veriation between the experimental and predicted values
are greater in this case than in vertical position. 3043 x 107 survivors
per gram and 25.5 x 100 survivors/g are predicted and 0.16 x 105, 034
X 105, 1440 x 105 survivors/g are actuzlly observed. The average of the
survivors observed is 0,63 x 102 organisus/g. The difference is by a
factor of between 20 to 200, The smallest and the largest number of sur-
vivors actually observed in this case differ by a factor of tem. This is
because the cooling water is introduced from the bottom of the retort and
therefore reaches faster to the packages placed at the lower level in
the retort (packages # 3 and 4) compared to the packages at the higher
positiom (packages # 9 and 10)., In the processing of the convection-
heating foods which heat fast and when the duration of the process is
very short, such ag in this case, some lag in the beginning of the cool-
ing can contribute significant portion of the lethal effect of total pro-
cesse

It may be concluded that the calculation of survivors results in
prcdictiohs which are on the safe side as might be expected from the use

of slowest heating points for calculation for both products.

2o Evaluation of sterility of the thermal processing

In addition to tests described above, which were calculated to give



Table 16

RESULTS OF BACTERIOLOGICAL TEST FOR THE EFFECTIVENESS OF THERMAL

PROCESSING.

OF FLEXIBLY PACKAGED CHICKEN BROTH

(pgmm AT 25@°F, 15 PSI UNDER WATER Iy mrmz. posmcm)

Predicted Survivors (or

" From gontrei

Survivors Found (or

Padkage<# From Stock Average jAverage For

_ Culture Pouch No. of the Package
Colonies :

4 50,7 x 102 48,0 x 10 27 2.7 x 102

7 50.7 x 102 48,0 x 10% 34 3.4 x 102

10 50.7 x 102 48,0 x 102 25 2.5 x 102

146
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Table 17

CALCULATIONS FOR THE PREDICTION OF THE EFFECTIVENESS CF
THERMAL PROCESSING COF FLEXIBLY PACKAGED CHICKEN BROTH
(P’ROCESSED AT 250°F: 15 PSI UNDER WATER IN VERTICAL POSITION)

CALCULATICNS BASED ON THE TYPICAL HEAT TRANSFER DATA
| ~ (PACKAGE # 12 RUN CB V-1I)

Time Temperature D.R.T. Lethal Effect

(min.) - (°F) o (0+5/D.R.T.)
3.5 206.0 142 0,004
4.0 214,0 5942 0.008
4,5 1220.0 27.8 0.018
540 227.0 117 0.043
55 23340 5462 0.089
640 237.0 3,43 0,146
65 241,0 2.12 0,236
7.0 243,0 1.66 0.301
75 245,2 1,25 0,400
8.0 246 4 1,12 | 0,446
845 241,0 2.12 0.236
9.0 230,0 8.15 0.061
945 213.0 6741 0.007

Total Lethal Effect: 1,995

Cooling was started at 8 min. after processing started.
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RESULTS OF BACTERIOLOGICAL TEST FOR THE EFFECTIVEKESS OF THERMAL
. PROCESSING OF FLEXIBLY PACKAGED CHICKEN BROTH
(PBOGESSED AT 250°F, 15, pPsl. UHDEE _WATER IN. HORIZQBTLL POSITION)

Predicted Survivors (or

Survivors Pound (or

Package # From stock  From Qontro] Average . Average For
_.Culture Pouch - No. of ‘the. Package
' Colonies :
3005 x 100 25,5 x 100 16 0416 x 105
4 30,3 x 100 25.5 x 107 34 0434 x 109
9 30,3 x 107 25,5 x 100 14 1,40 x 107
10 30,3 x 100 25.5 x 107 12 1,20 x 107




149

Table 19

CALCULATICNS FOR THE PREDICTICN OF THE EFFECTIVENESS CF
THERMAL PROCESSING OF FIEXIBLY PACKAGED CHICKEN BROTH.

(PROCESSED AT 250°F, 15 PSI UNDER WATER IN HORIZONTAL POSITION)

CALCULATION BASED ON THE TYPICAL HEAT TRANSFER DATA
(PACKAGE. # 5 RUN CB. H-II)

Time Temperature DJR.Ts Lethal Effect

(Min.) (°P) » (0e5/DuRWT)
340 20340 1235 0,002
345 213.0 67.5 0.007
4,0 221.0 24,7 0.020
45 227.0 1147 0.043
540 23240 ‘ 6438 0.078
5.5 23640 3,89 04129
640 238 .8 3,10 0.161
645 241,3 2,00 0250
7.0 243,2 1465 04303
T+5 44,7 138 0.362
840 2385 2.86 04175
845 22440 1641 0,031

Total Lethal Effect: 1.561

Cooling was started at 7.5 min. after processing started.
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substantial survival, some tests were conducted in which the lethal
effect of the process was adequate to give only minimum sterility in

the samples processed.

2. QGround beef

In the case of ground beef the calculations of the D,R.T.'s of
the processes are shown in Tables 20 and 21. These processes are 7.31
DeReT.'s for the vertical and 7.04 for the horizontal and expected to
result in a reduction of the count from the initial 104 organisms/g to
approximately 1077 and 2 x ‘IO-5 organisms/g respectively., In actual
experiments, 10 pouches each were processed in horizontal or vertical
positions., From eéch pouch 2 tubes each containing 2 gm of sample were
incubated as described before. In the case of pouches processed in a
vertical position one tube out of twenty showed growth; in the case of
the pouches processed in horizontal pesitions, three tubes showed growth.
The growth was indicated by turbidity and the gas formation. The organ-—
isms from the positive tubes were examined microscopically. They were

bacilli with subterminal spores indicative of Clostridium sporogenes, and

upon incubation they produced a characteristic putrefactive odor,

The number of positive tubes was thus much greater than expected.
The probability of getting such results are 2 x 1072 and 1.1 x 10-9 res—
pectively (Weintraub, 1963), and such low probabilities are not very
likely to occur. Considering the fact that in all other tests the re-
coveries of microorganisms from the processed pouch were always lower
than predicted, the reasons for the high recovery only in this case may
be considered other than a failure in the prediction of the sterility of

the process. It is possible that re-contamination took place after the



Table 20

CALCULATIONS FCR THE PREDICTICK OF THE EFFECTIVENESS CF

STERILITY OF FLEXIBLY PACKAGED GROUND BEEF
(PROCESSED AT 250°F, 15 PSI UNDER WATER IN VERTICAL PCSITION)

CALCULATION BASED CN. THE TYPICAL HEAT TRANSFER DATA

(PACKAGE # 2 RUN GB V-VI)

Time Temperature D.R.T. Lethal Effect
(min,) (°F) (1/DeRaT.)
11 1970 690 0,001
12 20440 295 0.004
13 21040 143 04007
14 21540 6845 0,015
15 219,0 47.0 0.021
16 22%,0 2845 0,035
17 22740 1745 0.057
18 23040 12.0 0.083
19 232,6 8.70 0.115
20 2347 6498 Ol143
21 23647 530 0,189
22 23845 4,15 0241
23 240,0 %53 04263
24 241,3 3403 04330
25 242,.5 2462 04382
26 24345 2432 0,431
27 2443 211 O U474
28 24540 2,00 04500
29 2h5.7 1.85 04541
30 24643 1.63 0.613
31 24646 155 0.645
32 246 o4 1457 0.637
33 24544 1.82 0549
3h 243,40 247 0,405
35 23648 5428 0,189
36 23646 5431 0,188
37 23640 5480 0.172
38 22640 1948 0.051
39 21240 111 04009

Total Lethal Effect: 7,315

Gooling was started 31,0 min. after processing started.
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Table 21

CALCULATIONS FOR THE PREDICTICN OF THE EFFECTIVENESS CF
. .STERILITY OF FLEXIBLY PACKAGED GROWSD BEEF
(PROCESSED AT 250°F, 15 PSI UNDER WATER IN HORIZONTAL POSITION)

CALCULATIONS BASED OF THE TYPICAL HEAT TRANSFER DATA
(PACKAGE # 5 RUN GB H-II)

 Time Temperature D.R.T. Lethal Effect

14 19540 885 0,001
15 20040 483 0.002
16 20740 205 0.005
17 212.8 100 0.010
18 2172 587 0.017
20 22540 2245 0.044
21 228.0 16.2 0.062
22 23048 111 5 0.087
25 23342 8445 Q.1 18
24 23542 665 0.150
25 2570 : 5e42 0.185
26 23848 4440 0,227
27 240 .4 %455 0.282
28 24145 3015 0.317
29 242,.6 2.68 04375
: 23 2 B
52 aﬁgh 2.07 0.i¢3
33 28547 195 )

34 24643 178 04562
35 24647 1.72 04581
36 24645 1475 0.571
37 _ 24543 2.05 0.488
39 24046 3450 04286
40 23645 ‘ 590 04169
41 23445 750 0135
42 229,0 1443 04070
43 221.0 37«2 0,027
44 21040 142 0,007
45 1960 750 0001

Total Lethal Effect: [e 042

Cooling was started 3540 mine after processing started.
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processing during the microbial analysis. However, even these impro-
bably high recoveries still fell well within the deviation covered by

safe faetérs normally applied in commercial practice.

be Chicken breth

Similar tests were carried out'for chicken btrothe The pouches
processed in vertical position were given a process equivalentito 5;19
D.R.T.'s (Table 22), pouches in & horizontal position were given 3.56
D.R.T.!s (Tahle 25). The initial inoculum number was 107 organisms. per
mle The recovery of the spores from the control pouch was 27 x 105
organisms per ml of chicken broth,

The predicted survival for pouches processed in vertieal posi-
tion was 6445 x 10'2, organisms/ml on the basis of the inoéulum, or 1,75

X ‘10"'1

organismg/ml on the basis of the recovery from the control pouches.
No growth was found in sny of the ‘Ewenty test tubes incubated as was ex-
pected.
In the case of pouches processed in a horizontal position 2,1
x 1077 orgenisms/ml were predicted on the basis of the inociilum count,
-~ and 5.62 organisms/ml on ﬁhe basis of the recovery from the control .
pouchess No growth was found in an'y. of the twenty test tubes incubated.
This agrees reaamébly well with the prediction which indicate
8 low probability of»vposi'l'.ive tubes when inoculum counts are used as &
basis for prediction. The consistently higher microbial coumts in the
control pouches compered with inoéulum is probably caused by the growth

of the orgenisms during the time between the prepsration of the semple

and starting of the bacterial analysis..



Table 22

CALCULATIONS FORTHE PREDICTION OF THE EFFECTIVENESS OF
STERILITY OF FLEXIBLY PACKAGED CHICKEN BROTH
(PROCESSED AT 250°F, 15 PSI UNDER WATER IN VERTICAL POSITION)

CALCULATION BASED ON THE TYPICAL HEAT TRANSFER DATA
(PACKAGE # 12 RUN OB V-VII)

Time Temperature D.R.T. Lothal Effect
(min.) (°F) (0+5/D.R.T.)
3¢5 206,40 142 04004
4,0 214,0 595 0,008
4.5 ~220.0 2748 0.018
540 22740 1.7 0.043
55 23540 5662 0.089
640 23740 3443 0.146
6e5 241,0 2.12 04236
740 243,0 1466 0.501
Te5 245,.2 1.25 0.400
8.0 246 44 1.12 0.446
845 24743 0.981 0.510
9.0 : 248,0 0.500 04556
945 248.,5 0.840 04595
10.0 248.9 0.805 0.621
105 247.9 0.910 0.549
5 e 2138 0:206
12.0 228,45 9480 0.051
1245 215.0 5145 0,010

B e

Total Lethal Effect: 5.191

cooling started 10.0 min, after processing started,
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Table 25

CALCULATICNS FOR THE PREDICTION OF THE EFFECTIVENESS OF
STERILITY OF FLEXIBLY PACKAGED CHICKEN BROTH
(PROCESSED AT 250°F, 15 PSI UNDER WATER IN HORIZONTAL PCSITION)

CALCULATION BASED ON THE TYPICAL HEAT TRANSFER DATA
(PACKAGE # 5 RUN CB H-II)

Time Temperature DJ.R.T. Lethal Effect
3,5 213,0 6745 0,007
4,0 221.0 24,7 0.020
4.5 227.0 11.7 0.043
50 252.0 6438 0.078
55 236,0 | 3489 04129
640 238,8 | 3,10 04161
645 - 21,3 2400 04250
7 o0 21'1'5 2 1 o65 ’ 30503
745 24k,7 1438 04362
8 ‘5 246 04 1.08 0 .465
G0 247.3 0,980 0.510
95 2424 1.80 0.278

10.0 2300 8410 0,617

Total Lethal Effects 34647

Cooling was started 9.0 min, after processing started.
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VI. CONCLUSIQNS

A, Heat Penetration Studies

The following conclusions were made from heat penetration studies:

1s Ground beef

a) Heat penetration data plotted in the usual manner, as pléta of
degroés below retort temperature on inverted 1ogarithmic:ccordinatos‘ver-
sus time on linear coorﬁinates résultéd in straight lines, preceded by a
lag period.

b) The pouches processed in vertical position heated significantly

faster than that processed at horizontal position as tabulated below:

Time Required Time Required
Positien ~ To Reach 240°F To Reach 245°F £
Vertical 223 minutes 27.2 minutes 15¢9 minutes
Horizontal 2645 minutes 31+5 minutes 17.0 minutes

c) Total amount of residual air in the pouches was varied from 0.5
to 26 cc/pouch. Within this range there was no affect of the amount of

residual air on the rate of heat penetratiom.

d) Thé rate of heat penetration was significantly slower than ex-
pectad on the bagis of & simple model. The model considered ihe beef
as a solid block with known thermal diffusivipy in perfect comtact with
the intermal pouch surface, and the surface resistance was computed from
known thermal properties of packaging material and from published data
on convective heaﬁ transfer,

Several reasons for the slower heating were considered, and the
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most likely of these appears to be existence of air film outside or with-
in the packsging film. In ground beef, additional air film :Permed. at the
uneven surface and the capillaries formed may have contributed to increased

regsistance.

2« Chicken broth

a) Heat penetration curves were broken straight lines, when plotted
in the manner described above, for runs in which the pouches were pro-
cessed in a vertical positione The break occurred at the temperature
around 228°F, Pouéhes processed in a horizontal position showed no breaks
in the straight lines.

b) The slowest heating point in the pouches processed in vertical
position was at 1/8 th of the length or 25/32% from the bottom of the
empty pouch, or at approximately the same location as that found in No. 2
cans.

In pouches processed in a horizontal position all points studied
heated at approximately the same rate,.

¢) There was no significant difference in heat penetration between

processing in vertical or horizontal positions shown below:

‘ Time Required Time Required
Position To Reach 240°F To Reach 245°F fh
Vertical 6.1 minutes 7+3 minutes 5e4 minutes
Horizontal 6.0 minutes 7.3 minutes 4.7 minutes

d) The resistance to heat flow was much higher than expected on the
basis of a simple model, which considered convective transfer both out-
side and inside the pouch. The actual resistance found in this case

was less than that in the case of ground beef after accounting for the



158

rasistance. through: selid leyer..:. ' [ ..
The possibility of existence of an air film cutside or within
the packaging film was considered to be a likely reason for slower heat

transfer also in this case,

e) It is concluded that the actual resistance to heat flow of la-
minated packaging materials should be investigated in heat-process de-
sign, under use conditioms, sinéo their resistance may be greatnri@hin
expected solely by summing the resistances of the individuel lsminatien

layers.

3. Carrot slices in chicken broth

a) The general heating characteristics, and in particular the meg-
nitude of the overall heat transfer coefficient were the seme as in the

case of chicken broth without the carrots, with the following exceptions:

i) There was no clearly definable slowest heating point possibly
because the slices acted as baffles. |

ii) There seemed to be a tendeney for the temperature to level
off a few degrees below retort temperature. Whether this was a transient

effect due to cooking of the carrcts was not investigated further.

b) There was no significant difference in heat penetration between

the péuches processed in vertical or horizeontal position as shown below:

' Time Required Time Required
Position To Reach 240°F To Reach 245°P fh
Vertical 740 minutes 846 minutes 5e2 minutes

'Horizontal 6e2 minutes 840 minutes 5.2 minutes
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B. Thermal Resistivity of Clostridium sporogenes (PA 3679)

. The following data on thermal resistivity of the test organisms

under the test conditions were obtained:

1. The decimal reduction time of Clostridium sporogenes (PA 3679)
in ground beef puree at 250°F was 1.2 minutes and the Z value was 18.2

minutes.

2. The decimal reduction time of Clostridium sporogenes (PA 3679)

in chicken broth at 250°F was 0.7 minutes and the Z value was 18.7

minutes.

Ce Bvaluation of Thermal Processing

1. Evaluation of calculated process time

The survival of Clestridium sporogenes (PA 3679) inoceculated into

the sample product was predicted by summing up the lethalities of the pPro=-
cesses and comparing them with the actual recovery from the processed sam-

ple. The following conclusiens were reached:

In the experiment performed with the pouches processed in a verti-
cal posiﬁion,-the predicted number of survivors were about twenty to forty
times higher than actual recoveries.

In the pouches processed in a horizontal position, the actual
survivors were less only by a factor of less than two, showing better
agreenment,

The generally lower recoveries were considered to be caused from
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basing the process calculetions on slowest heating point and washing
effect of the liquid produced from the ground beef during the processing.
The lower recoveries in vertically processed pouches indicate that the

washing effect of the liquid may be the more likely effect.

b) Chicken broth

In the experiment performed with the pouches placed in a vertical
position, the predicted survivors were about twenty times higher than
actual recovery,

In the pouches processed in a horizontal position the predicted
survivors were greater than the recovery by the factor of twenty to two
hundred times.

Again, the number of survivor predicted based on the slowest
heating point may contribute to some of the lower recoveries. The much
lower recoveries in some of the horizontally processed pouch are due to

longer times required for the cooling water to reach the pouches.

The actual survivors were less than‘predicted in all cases. Con-
sidering that and all the variables involved, the agreement between the
predicted and experimental survivor may be considered satisfactory, and
therefpre, one may conclude that the method used for the prediction of
survivors in this study, summation of the lethalities at the slowest
heating point of the process, is appliceble for the prediction of the

lethality of the process for flexibly packaged foods,

2e Bvaluation of sterility of the thermal processing

The following conclusions were made from the results of the tests
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conducted in which the lethal effect of the process was adequate to give

only winimum sterility.
a) Ground beef

Ground beef processed in a_vertical position and in a horizontal
position both gave improbably high survivorse Since higher than predict-
ed survivors occurred only in this.case, this may not be considered a
failure in the prediction of the lethality of the process, but rathér is
due to contamination. Additional experimsnts are necessary to demonstrate

better agreement between the predicted and recovered survivors.

- b) Chicken broth

Chicken broth processed in a vertical position and in a horizon-

tal position resulted in more efficient sterilization than predicted.

Although additional experiments are needed to show better agres-
men£ in predicted and experimentally obtained sterility in the ground
beef, the deviation still fell within the deviation covered by safe fac-
tors normally appliéd in commercial practices Therefore, it may bé con-
~cluded thﬁt the method used for the prediction of survival in this study,
summation of the lethalities at the slowest heating point of the process,
is applicable for predicting the sterility'of the process for flexibly

packaged foods.
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VII. SUGGESTIONS FCR FUTURE STUDY

During the course of thié study it was felt that the present study
conducted on model systems would contribute more to the understanding of
the mechanism of'the heat transfer processes. Meny factors and variablé#
that can affect to the process can be studied inéependently under more
controlled conditions in model systems. The variables which are recommend-

ed for study are:

1+ Liquid systems with different thermal conductivities, heat
capacities, viscosities and densities,

2+ Solids with different thermal conductivities, heat capacities
and densities.

5¢ Suspended systems with different sizes and weight ratios of

the suspension in the liqﬁids with different physical characteristics.

The most important reasen for higher than expected resistance to
heat flow was postulated to be caused by a gas film enieither.side.ér wlth-
in-the-pasicdge: lamination.

In order to validate and clarify this consideration, the heat pene-
tration studies can be carried out at different pressures to see if the
;esiséance to heat flow can be decreased with increased pressure.

In o:der to test the existence of gas film outside of the packaging

material, the following experiments can be performed.

1. After determining the surface characteristics (wettability) of a single
packaging film, meke heat penetration studies in the food material con-

tained in the pouches made from those materials and determine relationship
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between the wettability of the film and everall heat transfer coefficient

in these systems,

2« Alter the surface active forces by adding surface active agent to in-
vestigate if lowering the surface tension can increase the rate of heat

penetration.

The following experiments can be carried out in order to Vali&até

the existence of gas film within the packaging material.

1s Heat penetration studies should be carried out with single films similar
to the inside and outside componehts of the lamination used. Faster heat
penetration in this‘case-compared with the lamination would indicate the

presence of gas films within the lamination.

2. Heat penetration studies can be repeated with the systems already under
went thermal processing. BSince these systems have been degassed by the
processing, if the resistance to heat transfer is still high, this will

indicate the existence of gas films within the laminatione.

3, It is also recommended that steady-state thermal conductivity measure-
ments be made on various laminations, and that these studies include con-
ditions under which the laminations show a tendency to layer separation,

as was the case in heat processing especially under water.
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AFPENDIX A

Determinstion of hesting lag in capillary tubes

Stern (1953) determined that at a bath temperature of about 115°0 L
the time roquii-ed for a point along the central axis of a capillary tube
1o reach 0,1°C below bath temperature was 6 seconds.

Since the heating temperatures for this investigation were to
be from sbout 90-110°C, it was desirable to determine what the lag time
would be.

Olson and Sehultz (1942) present a numerical solution for cal-
culating this lag tiﬁo. They state that the temperature &t a point en

the axis of an infinite cylindor at any time t is given by the equation:

kt
U = 0 (—=2_
( > )
.
md, )
T, - T
U= L
=T
where,

k = thermal diffusivity of the object

t = time (see) |

r = radius of the infinite cylinder (zam)
T = temperature (°C) at time t ‘
S temperature KOC‘) of heating medium

T = initial temperature (°C)
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U = temperature on *theocretical® scale, related to T
by U= (2 - 1)/(T, - 1)

The value of k for the infinitelcylindgr was calculated by the

equation of Olson andAJackﬁon (1942) whereby
L o 0398 2
f

Farkas (1955) has determined oxperimzﬁially the value of f
(reciproéal of ﬁha:eiope of the heating curve) and found it to be 3.25
seconds. The average radius.of the capillary'tubes to be used was 0485
mme Frem ﬁhis data k wes calculated to be 0.,0885. (This k is actually
an overall value of k for glass and water). '

Licciardello (1960) gives an example of how this method is
applied in practice. ‘Sﬁpposo it is the object to det@rminc what the
temperature would be at the center of the capillary columm after 10
seconds heating in a bath at 10000 when initial temperature of capillary

column = 20°C.

v = o (-
2
-

)

U. = 0(1.23)

let U= C@) and in this problem@ becomes equal to 1.23.

Solve for C @ according to the relationships

CE = 1.60197 anti-log (-2:51161€))
and .

¢ = 0,013 = U
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but
U' = (T1 - T?/$?1h- TO?
therefore,

0,0013 = (100 - T)/(100 = 20)
T = 99.89%

This means that after 10 seconds heating at 100°C the tempera~ 1 .
ture at the center of the capillary is 99.89°C or 0.1°C below bath '
temperature.

In the same manner, Liceiardello (1960) found that with a bath
temperatﬁre of 90°c,>aftor 10 seconds of heating, the temperature at
“the center of the capillary would be 89,91°C, and for a bath temperature
of 110°C the tegperature at the center of the capillary af'ter 10 seconds
would be 109.88°C.

Later on in the course of Liceiardellols investigation, a Leeds
and Northup *Spéedomax' becsme aveilable and he determined the 1ag.tima
oxperimentaliy. A copper—constantan-thermocouplo was commected to the
Speedomsax and the thermocouple ﬁﬂnbtion was inserted in a capillary
tube which contained waters The capillary was inserted into a beaker
of water, the tempsrature of which was measured with a calibrated ther-
mometer. This served to establish the base line on the graph traced by
the recorders. The'capillary was plunged into a thermostatically con-
trolled oil bath maintained at 100°C. When the contents of ‘the capillary
tube reached bath temperature, as indicated by a plateau on the graph,
the capillary was plunged into chilled water (12-1400) and the cooling
rate was rgcorded.‘ J "

Licciardello estimated graphically that about 12 seconds were
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required for the temperature at the center of the capillary to go‘from
20°¢ to within 0.1°C of bath tempera‘t}ure? and about 4,5 seconds were ne-
cessary to cool the capillary from 100% to 20%.

In a similar menmer, Licciardello determined the lag time for a
capillary tube containing ham puree and it was found to be 14.5 seconds.
5 seconds were required to cool from 100% to 20°%.

The lag times calculated sbove are for the conditions not equal
to that used in this experiment. However, in the view of the errors in-
volved in the lag time determimation and the relatively long heating time
used in this experiment, the lag time was not determined experimentally
but assumed to be 10 seconds for this experiment. To eliminate this effect
“of the heating lag in these tubes, all capillary tubes were heated for an
edditional 10 seconds. The control tubes, which represented zerc heating

time, were given a 10 second heat treatment.



RESULTS OF HEAT PENETRATION STUDIES ON FLEXIBLY PACKAGED IN
CHICEEN BROTH

AFPPENDIX B

Table 24

(PROCESSED AT 250°F, 15 psi UNDER WATER IN A VERTICAL POSITICN)

Package # Thermocouple Loeatien Time Required to Reach
‘ _(Fraction of Length _Specified Temperature
from Bottom) :

] 240°F 2L59F
1 1/8 768 89
9 1/8 78 849
10 1/8 748 849
2 1/4 648 7.8
é 1/4 648 748
12 1/4 6.8 78
) 3/8 55 740
7 3/8 Sed 740
4 1/2 5e2 6.2
8 1/2 5e2 6.2
12 1/2 648 840

T
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Table 25

The Relationship Between Heat Transfer Parameters In Convection Heating

175

Temperature  Retort  Pr %fgggf I’ar  Gr  GrPr Nu
of the Temp.
Px(‘ggl)act (°F) (x109) (x{d“q) (x15!9)
Vertical
60 200.0 3,45  0,00316 29.82 0,00942 0,00335 70
100 2050 2,70 0452375 22,36 1.7 3417 380
150 217.0 2,16  0.88890 14,30  1.27 2,75 280
200 23642 1,72 1,48 7e7 1414 1496 200
228 25040 154 1,92 34,13 0,60 0493 150
240 25060 1.49 2,04 1,42 0429 0.43 123
245 250 .0 1.47  2.09 0.71  0.15 0.22 110
249 25040 145 2,14 0.14  0.03 0,04 75
Horizontal
60 200.0 345 0400316 29,82 0.00942 0400335  €9.2
100 205.0 2.70 0452375  22.36 1.17 317 251
150 215.5 2418 0.87296 13,95 1.27 2465 245
200 23245 174 1442 6492 0,982 1,72 190
228 250,0 154 1,92 3413 0460 0493 166
240 25040 1,49 2,04 1.42 0,29 0.43 129
245 25040 1447 2409 0.71 0415 0.22 110
249 250.0 1.45 2.14 0.14 0403 0,04 72
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APPENDIX D

Table 26

INSTANTANECUS OVERALL HEAT TRANSFER CCEFFICIENTS FOR CHICKEN BROTH

Vertical Horizontal
Heating Retort Product U Product U
Time Tewp s Tempe. Temp o
X o ) BTU 0 BTU
(ein) ! F hr-rt2-°p d hr-£42-p
0 200 60 60
05 20545 100 40 100 Lo
10 21043 125 52 130 39
145 217.0 150 40 156 42
2.0 222.8 172 45 176 45
340 25540 198 36 203 42
4,0 247.0 21645 33 221 33
540 250,0 2275 25 233 | 34

6.0 250.0 238 37 240 32
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APPENDIX E

FPigure 21 Schematic Diagrams of Thermocouples Placed
in the Pouches Containing Fluid System
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