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TABLE ?-Average surface conductance of the transducers in the two heat
ing media at the three temperatures. (These data are the averages of 
surface conductances determined using the copper and the aluminum 
cvlinders in the heating medium at the respective temperatures; the 
heating curves were broken, the first f value {/1) and the second f value 
{/2) were treated separatelv to yield the respective h values.) 

Water bath Steam plus air 
Temperature 

oF. h1 for ft ho for fa ha for f t h. for f, 

165 lf7 128 56 66 
180 168 150 72 93 
195 189 167 143 192 

0.76 (143/ 189) and the h2 ratios are 0.52 (66/ 128) and 1.15 (192/ 167), 
respectively. This h ratio comparison would seem to explain the 
change in f ratio. This result suggests that the rate of heating of 
water in jars is more dependent on the heat transfer coefficient than the 
rate of heating of plus marbles; this is true even though the 
£-value of water plus marbles is smaller than the £-value of water. (The 
relative heat capacity of the jar of water is sufficiently larger than the 
heat capacity of the jar of water plus marbles to make this possible.) 
It follows that in jars of water plus marbles, flow resistance within the 
jar is probably the limiting factor as far as rate of heating is con
cerned. 

Results of these experiments appear to fit into the overall pattern of 
steam-air heating. P£lug and Nicholas (6), using a nonflow rela
tively quiescent steam-air heating system, found that steam-air mix
tures at very low velocity were not as efficient as a water bath in cases 
when the external film coefficient had a controlling influence. pflug 
and Blaisdell (5) established that the effectiveness of steam-air 
mixtures varies directly with velocity, that at the low velocities used 
by Pflug and Nicholas (6) steam-air mixtures can be very ineffective, 
but at higher velocities the differences between steam-air mixtures 
and water are small. 

The experiments in this project were carried out under controlled 
steam-air velocity conditions selected to approximate commercial flow 
conditions. Obviously under the steam-air flow conditions evaluated 
the steam-air was in general less effective than water at 165° and more 
effective than water at 195°F. 
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Water vs. Water Plus Marbles 

The effect of water vs. water plus marbles is shown graphically in 
Figs. 4 and 5 where regardless of heating medium or fill ratio the 
£-values are smaller for the water plus marbles than for the water. 
Rephrasing in terms of heating rates: the jars containing water plus 
marbles heat more rapidly than jars of water. 

In jars of water plus marbles the heat capacity of the system is 
smaller than for water alone due to the relative difference of density 
x specific heat of glass, (150 lb./ft.3 x 0.18 BTU/ lb. °F. = 27) compared 
with water, (62.4 lb./ft.3 x 1.0 BTU/lb. °F. = 62.4). The solid glass 
marble heats by conduction. Therefore not only is the final heat 
capacity of the system reduced 56.7 percent for that part of the volume 
replaced by glass, but the glass portion of the system will absorb heat 
at a lower rate than the water portion (the temperature of the glass 
will lag the temperature of the water). Since the surface area of the 
jar remains constant, we are theoretically increasing the surface-to-
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Fig. 4. The relation of £-value and 
surface-to-volume ratio for jars heated 
in steam-air mixtures. 
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Fig. 5. The relation of £-value and 
swface-to-volume ratio for jars heated 
in a non-agitated water bath. 
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volume ratio, which produces faster heating (smaller £-values). Ob
viously we are not reducing the £-value linearly as we theoretically 
increase the surface-to-liquid volume ratio. 

In the jar of water plus marbles, the water will be flowing through 
a series of small channels (spaces between the marbles). Therefore 
the resistance to flow will be higher than in jars of water. The velocity 
of the convection fluid flow will be a function of the flow resistance 
or friction drag; consequently heating should be faster in a water-filled 
jar than in a jar with water plus marbles. 

In the convection heating system, the convection flow driving 
force, temperature difference, which is a function of the heat transfer 
rate to the jar, is going to be about the same for jars 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 is probably that there is sufficiently more convective flow 
pressure in jars with water plus marbles to overcome the increased 
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friction. If the size of marble is reduced to a point where the friction 
becomes quite large the result would be slower heating. 

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 %- and %-inch diam
eter to a liquid system should not appreciably 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. For example, cucumber spears in brine in 26-oz. jars where 
the cut product surface is flat against the container wall we find aver
age £-values of 22.0 to 24.7 minutes (4). 

Effect of Jar Size 

In Figs. 4 and 5 the £-value data from Table 4 are shown as a 
function of the surface-to-volume ratios. The rate of heating increased 
consistently (£-value decreased) as the surface-to-volume ratio in
creased. Nicholas and Pflug (3) showed that correlation of heating 
rates with surface-to-volume ratios are more meaningful than correla
tion of heating rates with jar capacity. The rather good agreement of 
different sized containers with similar surface-to-volume ratios in Figs. 
4 and 5 (for example, the 48- and 64-oz. jars have similar surface-to
volume ratios, 0.49, and have similar £-: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 Qf Marble Size 

The effect of marble size is shown in Table 6. A statistical analysis 
was made to determine if the differences in Table 6 were significant; 
the results of the statistical analysis are shown in Table 8. It was found 
that the £-value deviation of replicate runs was greater than the dif
ference in £-value due to marble size variation for 16 of the 21 com
parisons. 

It can be shown that %-inch marbles heat about lf4 as fast as %-inch 
marbles. Therefore jars of water plus the %-inch marbles should heat 
faster because the rate of heat removal is smaller plus the fact that 
the How path in the %-inch marbles should have a higher resistance. 
Since in these experiments there appear to be no major differences 
in the rate of heating of the jars with either large (%-inch) or small 
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TABLE 8-Results of the statistical analvsis of the !-value data for jars 
containing marbles 

Jar capacity Heating tempera- F-value Level of 
ture range eF.} signifltanc:e 

16 95-165 1.289 None 
16 95-180 3.092 None 
16 95-195 19.992 99% 
26 95-165 7.214 99% 
26 95-180 6.247 99% 
26 95-195 14.591 99% 
48 95-165 . 118 None 

Water bath 48 95-180 . 336 None 
48 05-195 . 693 None 
64 95-165 2.056 None 
64 95-180 .119 None 
64 05-1!15 .254 None 
32 95-165 .982(a} None 
32 95-180 3.221(a} None 
32 95-195 .934(a) None 

26 95-165 .358 None 
26 95-180 .369 None 
26 95-195 .940 None 

Steam-air 32 95-165 8.200(a) 99% 
32 95-180 1.129(a) None 
32 95-195 l.001(a) None 

(a)t·YU... 

(%-inch) marbles, it must be concluded that neither of these effects 
are significant in this range of conditions. Decreasing the size of 
marbles to ¥•- or %6-inch might change the results dramatically. 

TABLE 9-Calculated ratios.f-value (steam jllus air) I !-value (water}, and 
ratios of surface area to volume for the five jar sizes 

Jar capacity Surface-to- f value (steam plua alr)/f value (water) 
oz. volume ratio 

c:m-• 165"F. 180"F. 195"F. 

16 .66 1.091 .069 . 928 
26 .62 1.032 .018 .915 

·water 32 .62 ..... ... . . .... 
48 .49 .969 .933 • 870 
64 .49 .958 . 965 .868 

16 .66 1.102 1.040 1.025 
26 .62 1.009 . 988 .914 

Water plua 32 . 62 .066 1.011 .887 
marbles 48 .49 1.060 .984 .860 

64 .49 1.036 1 .010 .908 

. -------~-
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It can be concluded that the effect of the size of particle over the 
range tested in tlils experiment does not produce significant change in 
f. These data should not be extrapolated to smaller sizes or other 
shapes because there is certainly a critical particle size that has a 
significant effect on heating rate. 

CONCLUSIONS 

The following conclusions can be drawn with respect to heating 
16- to 64-oz. jars in a water or steam-air from 95 to 165°, 95 to 180°, 
or 95 to l95°F. 

1. The £-values correlate well with surface-to-volume ratios rather 
than jar size; the £-values decrease with increasing surface-to
volume ratio. 

2. As the heating medium temperature increases, the £-value de
creases. 

3. No difference in the £-value was detected due to differences in 
the size of the marbles. 

4. Jars with water plus marbles heat faster than jars of water, 
(smaller £-values). 

5. Water was in general more efficient at 165° F. with steam-air 
being more more efficient at 195° F. at the flow rates studied. 
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