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A3STAACT
A STU2Y OF THZ VAARIARLES THAT AFFECT HEAT
PZNZT3ATION RAT=S IN GLAS3 JAdS

by Zdward D. Schmidt

Heating rate tests were conducted using 16, 26, 32, 48
and 64 ounce glass jars filled with water plus small (3/8"
dlameter), medium (1/2" dilameter) and large (3/4" diameter)
size marbles heated in water and in steam plus air mixtures
at heating medium temperatures of 165°F, 1800F and 195°7
(initial temperature 950F) to determine the effect of: Jjar
size, liquid vs. liquid plus solid particles, particle size,
heating medium temperature and heating medium on the heating
rate of the slowest heating zone in the contalner. Tenmnperatures
were measured using thermocouples located in the Jjars and
recorded using a temperature recording potentliometer. The
time vs. temperature data were plotted on semilog paper and
f and J values determined.

It was found that: (1) the heating rates were independent
of Jjar size and dependent upon the ratio of the surface area
of the Jjar to the volume of the jar, (2) there was no detect-
able difference in heating rate due to differences in marble
size, (3) the jars containing water plus marbles heated
faster than the jars of water, (4) the Jars heated faster as
the heating medium temperature increased, and (5) the Jjars
heated faster in the water bath at 165°F but faster in the

steam air mixtures at 1950F.
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INTIODUCTION

In the food industry the general practice when desiazn-
ing a heat process 1s to measure the rate of heatinz of the
product in the contalner under the actual commercial heat
processing conditions. The slowest heating contalner 1is
customarily used for the heat process design. While thils
method of measurinz and designing the thermal process 1is
ideal there are certain situations where this is not vpossible.
Under these conditions the data for a similar product, con-
tainer and heatinz conditions are used for process design.

Ihe precislon of the judgements depends on the general know-
ledge of the heating process, the more kXnowledge there is
avallable the better will be heat processing Judgement.

There is a great deal known about the heating of liguid
and solid type food products, however relatively little is
¥xnown about particulate foods. Thls study was directed toward
obtailning data relating thermal process variables of particu-
late foods in a model type study. The speciflc objlectives
were to determine the effect of three sizes of glass narbles
in a water marble system, in five slzes of glass contalners
when heated in a water bath and in steam=-air mlixtures at 1650,

180° and 195°F.



LITERATURE RIVIZW

3all and Olson (1957) outlined the procedure for making
heat penetration tests. A discussion of thelr recommenda-
tions follows. Thermocouples were recommended for measuring
temperatures, copper constantan being satisfactory for the
temperature range from 40 to 325°F. The optimun size thermo-
couple is 20 = 25 gage, a heavier wire will tend to conduct
heat from the hot Junction causing erroneous temperature
readings. Thermocouples should be held in cans b, receptacles
that do not project into the sides of the cans. Fror a glass
Jar, the jar cover is punctured in the center to receive the
thermocouvnle assembly. Thermocouples should be connected to
a potentlometer for nmeasuring temperatures obtalned. Enough
thermocouples should be used to provide a complete cycle of
readings every 2 or 3 minutes, depending upon the product
being tested.

That the data be collected and plotted on semi-logarithuic
paper and heat penetration data be evaluated using f and ]
factors was recommended by Ball and Olson (1957). The rate
of heat penetration is affected by the temperature gradlent
between contalner and heatling medium; the rate becomes slower
as the temperature difference Z2ecreases with the product
temperature asymptotically approaching the retort temperatures

(Hersom and Hulland, 1963).

[6V]
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The vicinity of the slowest heating point in jars was
located by Pflug and Nicholas (1961l) and was found to be 107
of the height of fill measuring from the bottom of the jars.
Pflug, Blaisdell and Nicholas (1965), working with 16 ounce
Jars packed with fresh cucumber pickles, found that the slowest
heating zone was near the geometric center in the case of
conduction heating spears in 50° Brix syrup but moved toward
the bottom of the jar for spears and slices in a 30° Brix
Syrupe.

The volure of headspace of a contalner is important and
some provision 1s usually made for positive control. (Joslyn
and Heid, 1963). The container fill requirement under the
Ue Se Food and Drug Act for products with Standard of Identity
and the general requirement by the U. 3. De Ae = Ae M. S
1s 90» of the total capacity.

Blaisdell (1963) used copper and aluminum cylinders as
transducers to determine the surface conductance coefficients
of water and steam plus air mixtures; the determinations of
the film coefficients (h) were made by relating the film
coefficlents to the basic conduction heat transfer equations.

Varyinz the heating medium temperatures, Pflug and
Nicholas (1961) found that the slope of the heatins curves
decreases with an increase in heating medium temperature.
Pflug and Elaisdell (1361) 1list the factors which may con=-
tribute to the increase rate of heating ass: (1) the increase
in thermal diffusity and decrease in viscosity of the water
with an increase in heating medium temperature, affecting

both the water inside and outside the jar, (2) the increase
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in the convective flow inside the Jjar produced by the initially
larger temperature difference and (3) an increase in the
convection heat transfer coefficlient with an increase 1in
steam alr temperature.

Pflug and Nicholas (1961) found that (1) a steam plus
alr mixture at zero velocity 1s a less efficlent heating
mediun than a water bath, water spray or saturated stean
when heating glass containers and (2) steam plus alr mixtures
vary in efficlency according to the percent of steam present,
increasing with increasing percentages of steam. Investigating
the effect of velocity of steam plus alr mixtures, Pflug and
Blaisdell (1961) found that with an increased velocity,
faster heating occurred.

Mixtures of steam plus alr have been used comrercially
in processing glass contalners in retorts, but during the
past twenty years thls has lost favor completely because of
its uncontrollability in retorts of commerclal size (Hersom
and Hulland, 1963).

The use of surface to volume ratlos to predict the f
parameter was suggested by Nicholas and Pflug (1961). An
increase in fill ratio (ratio of product weight to fluid
ounce capacity) and reduced surface to volume ratio caused
nearly significant increases in J, but decreases in f (Pflug,
Blaisdell and Nicholas, 1565).

Blalsdell (1963) listed the following causes for vari=-
ation in f and J. (1) the introduction of container capaci-
tance causing an increase in f and Jj, (2) an increase in

surface resistance producing an increase in f but reduction
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in J, and (3) an increase in f and decrease in J due to thermo=-
couple capacitance.

The heating characteristlcs of two different size and
shaped cucunber products, spears and slices, were studied by
Pflug, Blaisdell and Nicholas (1965) and they found that at
the slowest heating zone the cucumber received significantly
lower lethality values. Hersom and Hulland (1963) postulate
that any substance which retards convection currents decreases
heat transfer. In liquids, heat transfer takes place prima-
rily by convection. According to Hersom and Hulland (1963),
with solids packed in liquids, the ratio of solids to 1liquids
will effect the heating rate. The presence of channels which

permit convection currents facilitates the transfer of heat.,



S(PLaIMANTAL PaOCEDUHE

Contaliner Precaration

Flve sizes of glass contalners were evaluated in this
series of evperiments. These sizes selected are in common
use in the food industry and represent a rance of sizes that
must be dealt with in processing a number of different types
of food products.

Jar sgeciflcations are shown in Table 1. The data 1in
lable 1 includes specifications interpreted from the manu-
facturers code stamped on the bottoms of the jars.

To sirrulate the effect of particles on the rate of heat-
ing of water in zlass contalners, the flve sizes of Jjars in
lable 1 were filled with three sizes of marblesj small (3/9"
diameter), medium (1/2" diameter), and large size marbles
(3/4" Cianeter). In Ilable 2 are shown data for the weizht
of marvles and water in the different size Jjars; in Table
3 are shcown marble specifications and in Table 4 are shown
the nunbter of marbles per jar for each of the three sizes of

marbles.
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Large Marble
Medium Marble

Smeall Marble

JAR
16
2€

SIZE

0Z.

ocz.

\0

TABLE 3

Varble cSpecifications

Averace Max, Diam,

in.
723
.205
.388

om.,

18.36

12.83
9.86

TABLE 4

Aveg. Wt.

7.68 gms,
2.73 gme.,
1.18 gms.

Number of Marbles Per Jar

LARGE

74
128

151
235

%51

-

VEDIUM

Avg, Density
2.396 gm/cc
2.472 gm/ce

2,256 gm/cc

E')
X
-
-

5
9

10€8

W
wm

N
rn

1642

2293

The cata from the rarble flll tests were to be compared

with data collected where the Jars were filled with water

anéd heated.

16 oz., 2€¢ o0z.,, 48 0z., and €4 oz,

Preraring the Temperature fensing Elements

Four sizes of water fllled jars were heated:

Temperatures were measured by thermocouples made at the

end of duplex 24 gauge corper concstantan thermocouple wire
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introduced into the top of the Jjars through Ecklund packing
glands. A description of the assembly, designed to keep
leakage to a minimum and found in flgures . and ., "¢lloveg
(1) the thermocouple wire, inserted through a hollow fibter rod,
i1s split on the end and each half inserted into grooves of
a fiter rod, (2) the grooved fiber rod is secured inside the
hollow rod with epoxy resin (Epocast Rlo - F resin and 10 - 7
1951 hardener) and the thermocouple Junction is made at the
end of the grooved rod, (3) the grooved fiber rod is coated
with epoxy resin, (4) pressure fitting B 1s secured to the
lug 114 and to secure the rod to pressure fitting B, pressure
fitting A is screwed into fitting, expanding a washer. A
plece of rubther tublng ls fitted over the end of the hollow
rcd and sealed with epoxy resin. Thls plece of rubber tubing
keeps the flexing of the thermocouple wire at the end of the
rod to a minimum.

The fiber rod positioned the thermocouple at the cold
point wlthin the Jars. In this study the assumption 1is that
the cold point is 1/10 the height of fill measurinz from the
bottom of the Jars. This is the cold point location for
liquids in =lass jars found by Pflug and Nicholas (1961).

rron the Jars, the thermocouple wires were connected
to input of a Brown 1l2-point temperature recordinz potentio-
meter which printed the temperature‘every 1.33 minutes.,

o meke sure that the errors due to a faulty data collect=
ing system, were kept to a minimun, the temperatures belng

real from the thermocouple system were frequently checked
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Figure 1. Measuring the temperature at the cold point
of 16 oz. Jars.
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12

Figure 2. Setup for measuring temperatures in jars.



13
against tero»zratures being read from a mercury in =lass
thernometer. [he thermometer and thermocouple readinzs
being comparel were taken at the same locatlion and time withiln

the water Tatn,

Hegtin> Me~ict

Water --'ne. The Jjars were heated in hot water in a

—

rectan-ular, uainsulated steel tank, 24" x 48" x 18% (cee
Fige. 3). & water depth of at least 12 inches, which was 5
inches atove the tallest jar, was mailntalned. The tank was
heated Ly steam flowing through a pipe coil at the bottom of
the tank. The water bath temperature was maintalned by a
Taylor lModel &7 3 U 47 temperature controller modulating an
alr operated'(Fisher-Governor type 667 A) control valve. A
hand operated dilaphram type pressure reducing valve was used
to ad just the upstream steam pressure to allow the steam con-
trol valve to work in the optimum control range. Thrze
different bath temperatures were useds 1650?, lBOOF, and
195°F. The steam line, after leaving the tank, was normally
left open. owever it had to be throttled to ralse the
temperature of the bath to 195°F. At 195OF the temperature
cycled as much as pa 2% from the rean, which was greater than
found when majlntaining a temperature of 180o or l,;oF due
to the throttling of the line.

lach test consisted of heating two jarse. The two Jars
for all tests were located at the same positions in the water

bathhe The water bath was not agltated; the average temperature

between the two positions was 3°F.
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Steam plus Alr Mixture. The desired steam air mixture

was developed inside a laboratory retort (see Fig. 4) whose
pressure was maintalned at one atmosphere by means of a plpe
venting the system outside of the building and the 1id of
the retort not clamped closed but left open + inch.

The temperature in the retort was controlled by an air
operated valve., A steam line pressure reducing valve was
located upstream to the control valve to facilitate final
controle The baffles and arrangement of flow throuxh the
retort were designed to minimize the velocity effect and to
eliminate, as much as possible, alr pockets or steam pockets
within the retort. Alr flowed to the retort throush a rota-
meter, a hand valve belng used to control air flow to the
retort; the alr and steam line joined outside the retort.

The temperature within the retort was kert within pa 2°F of
the desired temperature.

The flow rate of the steam=-alr mixture throuch the
retort was the same at all three temperatures and was main-
tained in this dynamic system by varying the air flow settings
of the rotameter. The steam pressure varied with temverature,
and in order to keep the flow in the retort constant, the
alr flow was adjusted. Calculations used to determine water
pressures, alr pressures and alr flows were as fcllows:

Qe 1650? = 5335 psi - absolute pressure at saturation
b. 5,335 _ «36 or 36% stesm in mix
14.7 atmosphere pressure
100 = 36 = 64% air in mix
Ce 36 x 760 mnm Hg = 274 mm Hg water pressure

«O4 X 760 mm Hg - 486 mm Hg alr pressure
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de A total change flow of 20 cfm is adequate, allowing for
25 changes in the retort per minute. 20 x .64 = 12,830
cfm - rate of air flow.

ee 12,80 cfm x 1
1.235 (*X value) = 10.35 (rotameter reading)

where #K = temperature correction, the rotameter was
calibrated at 10°F and is belng used at room temperature.

l.ee K = The rotameter reading at room temperature
The assumed rotameter reading at T

(For detalls of the calculations involved see Coulson
and Zichardsen (1956)). Table 5 summarizes the pressures,

air flows and rotameter settings.

TABLE

Temperature 3Stean AlT Stean Alr K Rota=-

g (T) Press. Press plus Flow meter
mm Hge. mm Hge Alr Presse. cfm Feading

mm Hge at T

165°% 274 L86 760 12.80 1.27%7%  10.35
1807 383 372 760 9.80 1.26571  7.73
19505 538 222 760 5.83 1.2957%  L.us

Testing Procedure

Two Jjars contalning either water or water plus marbles
were equilibrated at 95°F, and at 0 time (the start of the
tests) were placed in the heating medium bath. The heating
tests were ended when the tenperatures in the jars were
within two degrees of the heating medium temperature. A
series of tests consisted of heeting from 6 - 12 jars.

In the first serles of tests, water alone was used in

the jars. At the end of these experiments, the tests were
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conducted usine water plus marbles to determine 1i1f rartlicle
size affects the heating rates inside Jars. A series of
tests were conducted filling the 16, 26, L8 and 64 ounce Jars
with first a small (3/8 in. diameter), then a mediun (1/2 in.
diameter) and then a larze (3/4% in. diameter slze marble fill,
and heating the jars in water.

The decision to conduct tests usinz 32 0z. jars came
during the later part of the testing period; therefore, the
abtove tests were repeated heating 32 ounce jars with just
two different size marble fills, small and large. To compare
neating marble filled jars in water and a steam ailr mixture,
the above tests were repeated heating 26 ounce jars, with the
three different size nmardble fills, and the 32 ounce Jjars,
with a small and large marble fill, in a steam and ailr mix-
ture. PFPrior to being heated, water was added to the marble
fi11l in the jars. The Jjars were filled until an alr space
equal to 10% of the total volume of the jars remained. The
114 was placed on the Jjars and the thermocouple positioned
by the rod secured to the 1lld. icach size Jar with each size
111 was heated while the temperature of the water and steam
alr mediums were maintailned at 165, 180, ard 195°F.

The rate of heating of containers is a function not only
of the fluid and particles in the container, but also of the
external heat transfer coefficlient. To measure the external
heat transfer coefficlent, the transducers develope=i xy
3laisdell (19%3) were used. The surface conductance coef=-
Tlzsients were determined the first time by using an aluminun

cylinder and as a check a second time, usinx a coprer cylinder
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(see Table 6), each cylinder beingz 3 inches in diameter and
4 1/2 inches long.

Duplex 24 gauge copper constantan thermocouple wires
were imbedded in the cylinders to measure heating rates.
(For a more detalled description of the construction cf the
cylinders see Blaisdell (19463)). Heatling rate of the cylinders
in each heating mediua and for each temperature ranze 95 = 1650,
95 = 1800, and 95 = 195°F were determined using the same pro-
cedures used to determine the f values for the jJars. Upon
counputing the f values, the surface conductances were deter-
nined from the transducer callivration curves developed by

Blaisdell (1963).

Lvaluation of Data

An f value for each Jar heated was obtained by plotting
the time temperature data on semi-logarithim paper and then
by determining the time in minutes required for the straight
line portion of the heating curve to cross one log cvcle on
the temperature scale (see Fige. 5). The data were taken off
the recorder charts and were plotted on semi-log paper as a
function of print cycle. The f value measured from the senl-
log plot was in terms of print cycles which was multivplied
by 1l.33 min. to convert from print cycles to minutes. The ]
factor for eacn size jar was calculated applylng the relation-

ship retort temp. = theoretical initial temp.
retort temp. = actual initlal temp. .

The fill data presented in lfable 2 were obtained by
subtracting the welghts of the jars when empty from the Jars

when full with either marbles, marbles and water, or water,
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Surfsce to volume ratios, Table 10, were calculated from the
Jar volures, water fl1ll data, and jar surface areas evaluated.
The number of marbles per jar, Table 4, were estimated by
dividing the average marble weight into the marble fill weight.
Analysis of varience tests, t and F tests, were used when

determining the effect of marble size on heating rates,.



IZSULTS

The overall effect of Jar size, heating medium, and the
presence or absence of marbles in the jJars are summarized in
Tables 6 and ?. 1In Tables 6 and 7, average values for the
heating rare of the three sizes of marbles are given. The
effects of narble size on the heating rate at the different
tenperatures for the different size contalners in the two
different heat transfer media are sumnarized in Table 8. The
surface coniuctance of the two heating media as measured by
the copper and aluminum transducers is given in Table 9.

The heatiny data for the three sizes of marbles were analyzed
statistically and the results of the statistical analysis are
tabulated in Table 10, The average Jj=value for all tests was

1.3¢6.

Discussion of Results

The results were analyzed and will be discussed in terms
of heating rate or f-values The j=-values were measured but
the meanin:fulness of the j=value in convection heating 1s
not fully %nown. Since the significance of the f=value is
understood and is in general independent of J, it wilil be
used in the analysis. .

Zifect of Heatlng Medium and Heating lMtedium Temperature.

An analysis of the heating medium data in Table 6 shows that

A
L
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in all instances as the heating medium temperature increased,
the f=value decreased. Tests conducted by Pflug and Nicholas
(1961) showed this same relationship between f=-value and
heating medium temperature. Frflug and Nicholas considered
the possibllity that the larger temperature differentials
accompanying the higher processing temperatures produced
stronger convection currents which were responsible for the
difference in the rate of heating. The data developed in
this study verify this observation.

The f value ratlos, f in steam-alr/f in water in Table
11 and Figures 6, 7, and 8 were prepared to aid in the com-
paring the relative heating rates of water and steam-alr
mixtures. In general, differences are small and onlv trends
can be pointed out.

The effect of heating medlum temperature on the f value
for 16 oz jars is shown in figure 6; 26 oz jars, figure 7,
and for 48 and 64 oz jars figure 8. In these figures the
relative change in f value with heating medium tyve and
tenmperature is evident. The f value of jars heated in steanm-
alr decreases more with the increase in temperature then the
f value for Jars heated in water baths. Probably, there 1is
significance in the fact that the 16 oz jar of marbles, the
stallest Jar with the lowest heat capacity and the 48 and 64
oz. Jars of water, the largest jars with the greatest heat
capaecity behave differently then the rest of the group.

The results of surface conductance measurements {(data
in Table 9) reflect the data in FPigures 6, 7 and 8 that at

195°F there should be essentlally no difference in heating
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Rearrangement of the f-value data to make possible
comparison of the f-values for the three sizes of

marbles,

vater bath
medium

16 oz. Jars

26 oz, Jars

32 oz. Jars

48 oz. jars

64 oz, jars

Steam plus
Alr Medium

26 oz. Jars

32 oz. Jars

165°F
1800F
1950F

165°F
180°F
1950F

1659F
180°F
19590F

165°F
180°F
1950F

165°F
180°F
195°F

165°F
1800F
1950F

165°F
180°F
195°F

Small

min.

10.45
9.31
8.72

13.37
11.74
10.74

14,05
12,24
11.31

18.00
16.34
15.74

18.22
16,45
15.87

#No.

Small
min,

13.48
11.35
9.92

14,05
12,22
10.19

Marble size

No.#*

11
12
12

12
12
12

ARNE OO OVOVON

Medium
f
min.

10.53
9.39
8.80

12.89
11.33
10.94

18.02
16.25
15.54

18.49
16.40
15.74

No.*

10
12
12

11
12
12

A U OO

Large
t
min,

10.67
9.64
9.24

13.49
11.57
11.17

13.94
11.79
11.22

17.88
16.41
15.47

18.09
16.54
15.85

No.#*

e

ANy ol OOl ONOH OOV

= Number of tests conducted

Marble Size

No.

ooy Mo~

Medium
f
min.

13.43
11.37
10.17

No.,

SO0

Large
min.

13.20
11.50
9.87

12.97
12.08
9.82

No.

OOy OO\
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TABLE 9. Average surface conductance of the transducers in
the two heating mediums at the three temperatures,
(These data are the averages of surface conductances
determined using the copper and the aluminum
cylinders ln the heating mediums at the respective
temperatures; the curves were broken, the first
f value (fy) and the second f value (f2) were
treated separately.

The Surface Conductance i1n the Two Heating Mediums

Water Bath Steam Plus Alr
h for h for h for h for

fq fs fl )
165 deg. F. 147.24 127.50 56.25 65.75
180 deg. F. 168.33 150.33 71.80 93,00

195 deg. F. 189.17 167.00 143,25 192,50



TA3LZ 10. Aesults of the statistical analysis of the f=value
data for jars coantaining nmarbles.

Slgnificance of Marble 111 Data vWhen Heatins
the Jars 1n a Water Zath

Jar size Heating tenperature F-value Level of
ranse ciaxnificance

1. 16 oz. 95-165° 7 1.229 “one
2. 16 oz. 95-130° 3,092 Tone
3. 16 oz. 95=195° # 19.992 35

be 26 0z, 95-165° =2 7,214 9%

5. 26 0z 95-130° 7 6,247 50,

6. 26 07 95-195° 2 14.591 995

7. 43 oz. 95-165° # .113 Jone
3. 43 oz. 95-180° 7 .336 Nane
9. 43 o0z, 95-135° F .693 lone
10. 64 oz. 95-165° 7 2.05%6 Fone
11. &4 oz. . 95-150° = W11 - one
12, 64 oz. 95-195° w .254 None

P-value

13. 32 oz. 95-165° =7 .982 Yone
14, 132 oz. 95-130° 7 3.221 None
15. 32 oz. 95-1950 F «934 none

Significance of marble fill data when heatinz Jjars in steanm
and air

Jar size Heating temperature P value Level of
range cl.riflcance
l. 26 oz. 95-1650 R « 358 Ine
2. 25 oz. G5=150° @ « 359 Vone
3. 26 0z. 95-195° r <940 lione
T value
L, 32 oz. G5-15659 7 84200 99,5
5- 32 QZ . 95"1300 VI" 10129 Jone
6s 32 0z 0521957 ¢ 1.001 None



Calculated ratios, f-value (steam plus ailr) / f value (water)
and ratios of surface area / volume for the five jar sirzes

Water fill f value (steam plus air)/
f value (water)
Jar size Surface to 165° 2 180° = 195° #
volume ratio
16 oz. »1027 1.091 «3€E9 923
26 0z 0967 1.032 918 915
32 oz. 0¥56 0 meeea ———— -———
L3 oz 0761 « 969 933 «370
64 oz. 0764 <953 .965 «843
Water plus marble fill
15 oz. 01027 1.102 1.049 1.025
26 oz. .0947 1.009 .GR8 Q14
32 oz. 0956 968 1.011 587
L3 oz. .07€1 1.060 J9EL «360

64 0z 0076}4’ 10036 1.010 0908
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rate between water bath and stean-alr mixture with some
difference expected at 16505 and 130°F. In gencral the results
confirm this; the trend in Iable 11 is for the steam-air to
becomne more effective as the heating medlum temperature goes
from 165° to 180° to 19505.

The f=values ratios for the two heating medliums appear
rougnly to zroup themselves with jar surface to volume ratios;
at lower surface to volume ratios, 0.076 comparei to 0.096
or 0.103 the f-value heating medium ratio for water in jars
appear to be smaller, wnereas for water plus martles the
difference 1s less pronounced or there 1s no difference. For
toth water and water plus marbles there appears to be a
decrease in the f-value ratio as temperature increases which
suggests that the relatlive effect of the surface fili of
vater vse. steam »nlus alr, changes with heating medium tenper=-
ature. 3Steam plus alr becomes relatively more effective, f
is smaller, as we go from 165 to 195°F. Comparing the h values

at 165° and 195°F we find that the h, ratios are 55/147 and

1

143/139 and the h, ratlos are £€5/127 and 192/167 resrectively.

2
This h ratio comparison would seem to explain the chanse in

f ratio. Thils result sugzests that the rate of heatinx of
water in jars 1s more dependent on heat transfer coefficient
than the rate of heating of water plus marbles; this is true
even thousgh the f-value of water plus marbles is smaller

than the f value of water. (lThe relative heat capacity of the
Jar of water 1s sufficlently larger than the heat capacity of
the Jar of water plus marbles to make this poscsible) It

follows that in jars of water plus marocles, flow resistance



25
1s probably the limiting factor as far as rate of heatinz
is concerned.

The razsults of these experiments appear to fit into the
overall pattern of steam-air heating. Fflug and Nicholas
(1961) using a non flow steam=-alr heatins system found that
stean-air mixtures at very low velocity were not as efficlent
as a water bath in cases when the external fi1lm coefficlent
had a controlling influsnce. Fflug and Blailsiell (1961)
established that the effectiveness of steam=-air mixtures varies
directly with velocity, that at the low velocities used by
Pflug and Nicholas (1961) steam-alr mixtures can be very baid
but at nizgher velocitles the differences between stean-alr
mixtures and water are small. Thne experiments in thls thesis
project were carried out under controlled steam-alr velocity
condltions selected to approxirate commercial flow conditions.
Cbviously under the steam-alr flow conditlons evaluated the
stean-glr was in general less efficient than water at 165
and rmore effective than water at 195°.

Water vs. water plus merbles, The effect of water vs.

water plus marbles 1s shown graphically in Ffigures 9 and 10
where rezardless of heatins medium or fill ratio the f-values
are smaller for the water plus marbles than for the water.
Hephrasing in terms of heating rates: the jars containing
water plus marbles heat more rapidly than jars of water.

In Jjars of water plus marbles the heat capaclty.of the
system 1s smaller than for water alone due to the relative

difference of density x specific heat of glass, 150 1b/ft2
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x 0.13 BIU/1b °F = 27, coupared with water, 62.4 lb/ft3 X

1.0 BIU/1b OQ = 62.4. The solid glass nmarble heats bv con-
duction, therefore not only 1s the final heat capaclty of the
systen reduced 56.7#% for that part of the volume rerlaced by
gzlass, but the glass portion of the system will absorb heat
at a lower rate than tre water portion (the temperature of
the glass will lag the temperature of the water). CSince the
surface area of the jar remains constant we are theoretically
increasing the surface to volume ratio which produces faster
heating (smnaller f-values). Obviously we are not reducing
the f-value linearly as we theoretically increase the surface
to liquid volume ratio.

In the jar of water plus marbles the water wlll be flow-
ing through a serles of small channels (spaces between the
marbles) therefore the resistance to flow will be higher than
in jJars of water. The velocity of the convection fluid flow
will be a function of the flow resistance or frictlon dracs
consequently heating should be faster in a water filled jar
than in a Jjar with water plus marbles.

In the convection heating system the convection flow
c¢riving force, temperature difference, which i1s a function of
the heat transfer rate to the Jar is golng to be about the
samne for Jjars of water plus marbles as for jars of water since
water contact surface area will be only slightly reduced by
the point contact of the marbles with the jar. The result 1is
rrobably that there 1s sufficiently more convective flow
pressure in jars with water plus martles to overcome the

increased friction. If the size of marble is reduced to a
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point where the friction becomes quite large the result would
be slower heatlng.

It can be concluded that since spherical particles do
not block the flow when heating the liquid mass and since they
make only point contact, the addition of particles in the
range of 3/8 to 3/4 inch diameter to a liquid system should
not appreclably affect the rate of heating. If the particles
are large and have flat sides that can prevent liquid wall
contact in a significant surface area the heating rate will
be reduced.

Effect of jar size. 1In figures 9 and 10 the f-value data

from Table 6 are shown as a function of the surface to volume
ratlios. The rate of heating increased consistantly (f-value
decreased) as_the surface to volume ratio increased. Nicholas
and Pflug (1961) showed that correlation of heating rates

with surface to volume ratios are more meaningful than correla-
tion of heating rates with Jjar capacity. The rather good
agreement of different .sized containers with similar surface

to volume ratios in Figure 7 (for example, the 48 and 64 oz.
Jars have similar surface to volume ratios, 0.0761 and 0.0764,
and have similar f-values when the type of fill and heating
medium are the same) suggest that the heating rates of water or
water plus marbles in jars with other surface to volume ratios
can be predicted if in the same overall range of conditions.

Effect of marble size. The effect of marble size is shown

in Table 8., A statistical analysis was made to determine if
the differences in Table 8 were significant; the results of

the statistical analysis are shown in Table 10. It was found
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the f-value deviation of replicate runs was greater than
the difference in f-value due to marble size variation for
16 of the 21 comparisons.

A 0.75 marble should heat at a rate 25% as fast as a
0.375 marble therefore jJars of water plus the 0.75 marbles
should heat faster because the rate of heat removal 1s smaller
plus the fact that the flow path in the 0.375 marbles should
have a higher resistance which would slow the rate of heating.
Since 1n these experiments there appear to be no major differ-
ences in the rate of heating of the Jjars with either large
or small marbles, it must be concluded that neither of these
effects are significant in this range of conditions. Decreas-
ing the size of marbles to 0.25 or .1875 inch may change the
results dramatically.

It can be concluded that the effect of the size of
particle over the range tested in this experiment do not pro-
duce significant effects as a function of particle size.

These data ~annot be extrapolated since there 1s certainly a
critical particle size that has a significant effect on heatinsz

rate.



SULTIARY

A stucy was made of the heating characteristics of water
and water plus marvles in five sizes of glass containers in
water and steam air mixtures at 165, 190 and 195°2.

Glass Jjars in cormmon use in the food sclence industry
having 16, 246, 32, b% and 64 fluid oz capaclity were stuiied
filled with water, water plus 3/2 in. dlameter, water olus
1/2 in. dianeter and water plus 3/4 in. diameter =lass marbles
to determine the effect of the particulate objects o1 the
heatins rate. The Jars were heated in a water tath an? in
steam - air mixtures at 165, 130 ani 195°F. The terverature -
time reatin: characteristics were determined by thermccouples
located at tne slowest heating zone in the container. Ihe
temperature-time data were plotted and the resultinz curves
analyzed for f and } values. The effect of Jar si-e, water
vs. nmartles, marble size, water tath vs stean-alr, anil heatinsz
medium temverature were cdetermined as a function of the heat-
ing rate.

Trie reslts of the stuldy showed a rood correlation
between the surface to volume ratio of the contalner ani the
heating rave. Thne rate of heating of the Jjar increased (f
value decreased) as the surface to volune ratlo 1ncreased.

I'here was no detectable difference in the rate of heating
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size marbles. Jars with the water plus narcles

heated {zst:sr than jars of water,
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heated faster with increasing heatince mediur
temperature. Greater changes in heating rate were observed
in stean-alir rixtures then in a water bath. The difference
tetween water bath and steam-alr mixtures was srall 3uz to
tne relatively hign flow rate of the steam-air mixtures; how-

ever, the water bath was more effective at 165° £ with the

stean alr more effective at 1950 e



CONCLUSIONS

Thie following conclusions can be drawn with respect to

heating 16 to 64 oz. jars in a water or steam alr medium from

95-165°F, 95-180°F, or 95-195°F.

1.

As the heating medium temperature increases the f value
decreases,

In these tests water was in general more efficlent at
165°F with steam plus air being more efficient at 195°F.
The f values correlate well with surface to volume ratios
rather than jar size, the f value decreases with an
1ncreasing surface to volume ratio.

Jars with water plus marbles heat faster than Jjars of
water.

No difference in the rate of heatlng was detected due

to differences in the three sizes, 3/8", 1/2", or 3/4"

of martles.
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AFPENDIX

Nomenclature
1s the time required to produce a given sterlization

erfect at 250 de-rees F.

Pl -7
is the lox factor computed from

Tl-I‘

a
o]

is neating mediun temperature in dexrees F.

is the initial temperature in dezrees F.

1s the tenperature at t, = O; the intercept value of the
stral.nt line asyuptote in degrees F.

indicates neatin< time, the time the contalner 1s subject
to a xiven heatinig medium temperature.

1s the time requlired, in minutes, for the asymptote of
tne heatin,g or coolinz curve to cross one log cyclé,
l.e., tne time required for a 90x change in temperature
on the linezr portion of the curve. 3Subscripts are use’
to denote successive values if more trnamn one linear
portion 1s used to descrive a heating or coolins curve.

is tne surface heat transfer coefficient in 27U/hr. (ft.

Z O .
)

«
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