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Rate of Heating and Location of the Slowest Heating

Zone in Sweet Fresh Cucumber Pickles
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Department of Food Science, Michigan State University, East Lansing, Michigan 48823

SUMMARY

Tewperatures were measured with
thermocouples and dial thermometers
in several locations in fresh cucumber
slices and spear pickle produets to de-
termine heating characteristics under
processing conditions. At the slowest
heating zone cucumber spears were
found to receive significantly lower
lethality values than slices; for the
same product the lethality was greater
when 30° Brix covering liquor was
used compared to 50° Brix. Redue-
tion in processing temperature (with
or without decreased Brix) and in-
creased liquor viscosities or holding
times both retarded convection and ap-
peared to affect f,, g,» and axial points
nearer the top and bottom more than
other characteristics or location. Bi-
metallic thermometers tended to sense
smaller j and F, but larger f and lower
temperature differences than did ther-
mocouples. An increase in fill ratio and
reduced volume-to-surface ratio eaused
nearly significant inereases in j, but
decreases in f. The slowest heating
zone was near the geometric center in
the case of the conduction heating
spears in 50° Brix but moved toward
the bottom of the jar for the spears
and slices in 30° Brix syrup or brine.
The greatest relative variability in
line packs was observed in zu, j, fa,
fs To, and T, in that order.

INTRODUCTION
The ohjective of this study was to

develop data for usé in designing and
monitoring heat processes for fresh
cucumber pickle products. Location
of slowest heating zone, effect of su-
crose concentration in covering liquor,
effeet of heating-medium temperature,
effect of fill ratio and comparison of
dial thermometer vs. thermocouple are
variables ineluded in this study and
are evaluated in terms of the heating
parameters f tnd j (Ball, 1923) and
process lethality Fiq.

EXPERIMENTAL

Materials and methods. Four-
inch-long spears were made by remov-
ing the ends from ecucumbers and
slicing the remaining portion length-
wise into four or five wedges, depend-
ing on the cucumber diameter. Slices
were made by cutting the eucumber
into 14-in. disks; ends were discarded.
Both the slices and spears at room
temperature were packed by weight
in 16-0z vegetable jars.

Two covering liquor compositions
were tested, 309, and 509% sucrose
by weight; these liquors also contained
2.89 acetic aecid and 4.09 salt, by
weight. The covering liquor was heated
to 130-135°F and then added to the
jars until the headspace was about
3/16 in. The jars were heated in an
agitated water bath (deseribed by

(1]

Pflug and Nicholas, 1960). The jars
were held for the time necessary to
fill all in each run, introduce the
thermocouples, and obtain an initial
temperature reading for each jar.
Single-point copper-constantan ther-
mocouple rods were inserted into jars
through stuffing boxes in the covers
as described in Pflug and Nicholas
(1960). Nine-thermocouple probes
were designed and constructed so a
nine-point temperature profile could
be obtained iun the same jar. The units
were constructed of a 14-in. OD Bake-
lite rod and 30-gage copper-constantan
thermoeouple wire. The individual
thermocouple junctions were 14 in,
apart with the first junction loecated
14 in. from the end of the rod. Small
holes were drilled in the rod where
the thermocouple wire was bronght
out and a small groove made around
the rod at this point; the thermo-
couple junetion wes made on the side
of the rod opposite the hole. This
allowed an isothermal length of wire
between the junetion and the point
where the wire entered the center of
the rod. Successive thermocouples
were on opposite sides of the rod.
The inside of the rod was filled and
the surface coated with epoxy resin
to finish the unit. A photograph of
a 9-thermocouple rod is shown in Fig.
1. Temperatures were measured and
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Fig. 1. Photograph of 9-thermocouple
rod.

recorded with a 12-point 5-second-
print 1°F-least-division recording po-
tentiometer. Bath temperature was re-
corded during each run. The average
temperature was used for calculations.

Dial thermometers, range 0 to
220°F, with 6-in. stems were used.
The stem of the bimetallic thermome-
ters passed through # packing gland
(half a Z4-in. copper compression
coupling soldered to the can lid) and
extended slightly above the bath sur-
face so the dial could be read without
disturbing the jar.

Procedure. Tests were made of the
heating of spears and slices in 30°
and 50° Brix liquors using single-
point thermocouple rods. The thermo-
couple junctions were along the cen-
tral axis of the jars at fractional
distances of 0.0, 0.1, 0.2, 0.3, 0.5, and
0.9 from the bottom of the jar to the
top of the liquid level; the total height
of liquid in these jars, L, was about
414 in. Six replicate heat penetration
measurements were made for each
produet-liquor-position combination
(except the 0.9 loeation, which is near
the top of the jur, for which only 3
replications were made). A fill ratio
(ratio of product weight to the fluid
ounce capacity of the jar) of 0.63
was used in these experiments.

Tests using the 9-thermocouple rods,
were made on sweet spears at 180°F
for 50° Brix with a 3- and 6-min hold
before processing and at 195 for 30
and 50° Brix syrup with a 3-min hold.
A fill ratio of 0.62 was used. Tests
were replicated; the number of repli-
cations is shown in Table 2.

In the bimetallic dial-thermometer
vs. thermocouple studies the experi-
mental procedure for encumber spears
in 50° Brix (described above) was

repeated but with the center of the
sensing elements at about 0.1 and 0.5
L for fill ratios of 0.6 and 0.7 in each
of four replications. Six temperature
readings were made for each jar test.

Single-point thermocouple rods at
34 in. above the bottom of the jar
(a fractional height of 0.18) on sweet
spears (50° Brix) with an 18-sec hold
before processing were used to de-
termine the effect of 210.5 vs. 180°F
processing temperature.

Single-point thermocouple rods were
used to measure the f and j values
about 0.9 in. above the bottom of the
16-0z vegetable jars of line-packed
sweet cucumber spears heated in water
bath at 180 or 195°F. Temperatures
were also measured about 1 in. above
the bottom of 26-0z vegetable jars
containing line-packed dill speurs
heated in water bath at 180°F.

Analysis. The heating parameters,
f and j, were determined from plots
of the temperature below processing
temperature 7,. Final analysis of
these single-point data was based on
the calculated sterilizing value of the
process for each jar at the end of
45 min of processing time. Calcula-
tion of the sterilizing value, F;, dur-
ing the heating period was made with
the equation of Ball (1923) when the
curve could be represented by ome or
more straight lines on semi-logarithmic
coordinates, and with a modification
of the general method of Bigelow et
al. (1920) for other forms of the heat-
ing curve. In this study a z of 18°F
and a reference temperature, T, of

Table 1. Effect of product shape, covering liquor, and position on f and j for 0.63 fill ratio of eucumbers in 16-0z vegetable
jars beated at 180°F. Temperatures measured using single-point thermocouples.

Treatments Heating characteristics
%
Liquor Position T, f1 broken te Tor Pi%, (45 min)

Product ° Brix (X/L) °¥) i {min) heating (min) (°F) (min)
Spears 80° 0.0 102.3 1.12 24.3 87 84.6 28.3 10.84
0.1 101.6 1.28 84.0 67 41.6 27.8 5.84

0.2 106.4 1.55 29.2 87 46.5 37.8 5.23

0.8 108.7 1.43 29.0 100 49.6 38.2 4.23

0.5 104.6 1.27 35.0 87 46.8 27.8 5.15

0.9 94.8 59 26.8 100 43.8 7.8 15.68

60° 0.0 105.5 1.04 416 0 L e 5.51

0.1 106.2 1.41 458 0 L 2.72

0.2 105.0 1.52 77 0 L 1.95

0.3 101.0 1.47 484 0 . L 1.61

0.5 104.2 1.84 529 0 L. 1.48

0.9 97.5 .63 30.6 10 81.0 13.6 11.44

Slices 30* 0.0 97.1 1.08 25.3 ] 28.4 12.60
0.1 96.0 1.40 8.0 0 L 5.90

0.2 99.6 1.33 8o 0 .. 6.85

0.3 99.7 1.256 3885 0 L 4.65

0.5 98.5 1.26 33.0 50 18.6 6.45

0.9 94.8 9 26.5 100 18.2 18.80

50° 0.0 9.7 97 29.2 38 29.6 10.38

i 0.1 917.2 1.23 36.4 33 . 5.26

0.2 98.7 1.41 38.8 3.88

0.3 99.3 1.51 40.1 8.03

0.5 100.3 1.45 41.3 e 8.14

0.8 95.2 .98 30.9 33 174 9.20

:[V'l
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Table 2. Effect of bath temperature, covering liquor, holding time, and axial position on sweet spears, 0.62 fill ratio, 9-
thermocouple rods. ’

Position above bottom of jar® (X/L)

T, Hold Heating
°F) °Brix (min) characteristics 0.03 0.15 0.26 0.38 0.50 0.62 0.74 0.85 0.97
180 50 3 T, (°F) 104.0 103.4 101.1 99.0 97.6 97.1 97.2 96.0 97.0
i .98 1.47 1.66 1.50 1.43 1.46 1.43 1.20 64
f (min) 25.5 34.6 36.8 42.4 43.0 36,6 80.9 28.0 23.9
f» (min) 37.0 45.5 47.0 48.2 51.6 52.4 56.8 59.5 58.7
goa (°F) 14.1 23.9 29.5 26.0 28.0 33.5 29.6 21.8 10.3
No. broken (of 4) 4 4 4 3 3 4 4 4 4
6 T, (°F) 100.2 101.0 97.9 95.7 94.8 96.9 98.0 99.9 97.0
i 94 1.48 1.71 1.65 1.54 1,47 1.37 1.03 71
1 (min) 33.2 40.7 41.1 47.9 41.4 36.9 32.1 23.0 15.3
fa (min) 42.5 46.8 47.9 52.2 48.4 57.0 60.4 59.8 51.7
or (°F) 25.4 40.5 40.5 32.0 81.8 30.4 23.3 13.2 15.0
No. broken (of 4) 4 3 2 1 3 4 4 4 4
195 30 3 Ty (°F) 102.8 100.5 96.2 85.3 B7.5 94.7 102.9 105 102.8
i 1.21 1.62 1.43 1.54 1.38 1.73 1.59 1.2 .60
# (min) 21.4 21.8 21.7 23,2 23.6 19.6 13.9 14.2 14.5
f2 (min) 36.7 86.8 40.3 37.6 38.2 39.2 44.2 45.0 444
ar (°F) 14.5 42.0 34.5 32.5 29.5 26.3 20.5 175 7.6
No. broken (of 2) 2 2 2 2 2 2 2 2 2
50 3 T, (°F) 101.7 99.0 98.1 93.8 95.6 98,7 106.3 107.5 101.3
i .95 1.98 1.80 1.65 1.44 1.55 1.52 1.32 75
7, (min) 27.0 26.2 33.2 87.7 85.5 25.6 22.4 17.8 12.4
f2 (min) 36.3 89.8 475 46.9 42.0 42.4 55.9 61,7 57.4
o CF) 23.8 26.7 19.6 13.8 15.4 48.5 30.0 19.7 13.6
No. broken (of 8) 3 3 3 2 2 8 3 3 3

» 1t -inch and sucecessive % -inch intervals sbove jar bottom.

180°F was used. Forty-five minutes

was chosen as the time for ecomputing

the sterilizing value so the processing

results would correspond generally

with the recommended heat for pas- ] e A e e e e e e ey

teurization of Esselen et al. (1951). /
SPEARS . SLICES

RESULTS AND DISCUSSION [ 30°BRIX T 30 °BRIX

Heat penetration and lethality data
for two covering liquors and several
locations in jars of cucumber spears
and slices using single-point thermo-
couples are shown in Table 1; data
for cucumbers spears gathered using
9-point rods are shown in Table 2.

The 9-thermocouple rods were de-
veloped after the data in Table 1
using single-peint rods had been ob-
tained. Since there is large jar-to-jar
variation in cucumber produets, the

measurement of 9 points in one jar |_-|00' —— !/!
yields more usable data than 9 single- v 2+ i
point rods in 9 jars. = | gZE‘%%ISX i glo—IEBE}%X

Lethality data were analyzed by /
analysis of variance. The heat pene- 5 / T

tration data converted to composite

heat penetration curves for tests in

Table 1 are shown in Fig. 2. From 10

these curves were constructed the ver-

tieal temperature profiles shown in 20

Fig. 3. Temperature profiles for the

Table 2 tests are shown in Fig. 4.
In Table 1 the F valunes at the 50

slowest heating zone are significantly

lower (P = 0.02) for spears than for =

slices. An increase in Brix of the

covering liquor reduced the F much

N
\

i

|

L 1 | | 1

0O 0 20 30 40 50 O 10 20 30 40 50 60

more for spears than for slices (P < TIME, MIN.
0.1); for both spears and slices, n- Fig. 2. Composite heat penetration curves for various axial positions in 16-0z jars
ereasing the sugar concentration in containing slices or spears in 30 or 50° Brix syrup.

[3]
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Fig. 3. Axial temperature profiles at
gelected times for data in Table 1 and
Fig. 2.

the syrup increased the f value at the
slowest heating zone; however, the j
value increased in slices but decreased
in spears.

Inereases in liquor Brix of test data
in Table 2 produced changes in heat-
ing characteristics analogous to those
from data in Table 1. In Table 2, how-
ever, j values are larger, f, and f.
values :re smaller than before, and
broken heating—with f, values indica-
tive of convection—is now evident for
50° Brix.

The results in Table 1 as shown
graphically in Fig. 3 indicate that the
lethality at 0.3 L was generally least
for slices. The coldest zone was in the
vieinity of 0.2-0.5 L for spears snd
0.3-0.5 L for slices. The results in
Table 2 as shown graphically in Fig,
4 indicate that for sweet spears with
50° Brix syrup the slowest heating
zone is at a height of 0.38-050 L;
these results are in agreement with

the results in Table 1 for single-point
rods,

Axial temperature profiles shown in
Fig. 3 and 4 permit direet examina-
tion of the relative temperature driv-
ing force vs. position at selected time
intervals, the relative change of these
driving forces with time, and of
changes in the slow-point location.
The precision of these profiles de-
creases rapidly as (7, — I') decreases
or when, as in cucumber slices, ther-
moeouple rods are forced through the
product and hence may retard floating
and at the same time form a new fluid
channel. Increasing the Brix increased
f values throughout and not only in-
creased j at the slow point but tended
to shift the distribution of j and F
in addition to the shift due to differ-
ences in produet. A significant inter-
action between sucrose concentration
and location appeared as decreased
lethality at 0.2, 0.3, and 0.5 L but
decreased less murkedly at 0.0, 0.1,
and 0.9 L. These locations are nearer
the source of both conduction and
convection transport. Interaction ef-
feets were more pronounced (P =
0.16) for spears than for slices, and
the characteristic that the temperature
above the produet center is hotter
(greater lethality) than symmetrically
below appears more pronounced for
spears than for slices. These data
were analyzed assuming that the treat-
ment levels themselves are subject to
sampling error; assuming them fixed
inereases the product (P), sugar (8),
location (L), PS, PL, and SL proba-
bility levels to 0.08, 0.05, 0.01, 0,10,
0.25, and 0.40, respectively, hut PSL
is unaffected.

The temperature throughout the jar
is more nearly uniform for rapid eon-
vection—such as in slices or spears
in 30° Brix syrup or brine thun in
the slow conveetion observed for
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Fig, 4, Axial temperature profiles at

selected times for data of Table 2
(spears).

0

spears in 50° Brix syrup. It is more
difficult to make precise studies of
cold-point location when axial tem-
peratures are nearly uniform; how-
ever, the error in f and j values is
reduced when a zone apart from the
true cold zone is used. In general,
the slow-point location is determined
by the relative heat transferred by
convective flow vs. conduction. When
conduction heat transfer dominates, the
slow point will be near the geometrie
center; however, as convective flow
increases, the eold point, during heat-
ing, will move toward the bottom of
the container, the displacement of the
ecold zone from the geometric center
being proportional to the rate of con-
veetion heat transfer.

Table 3. The heat-penetration parameters and variability encountered in line-packed eucumber spears in syrup and in brine
in 16-0z vegetable jars processed in a water bath with industrial controls.

Heating characteristics

Treatments Ty (°F) T, (°F) i 1 (min)
T, Replications —_ — B —
Product °F) n Ty 2 T, s j s F 8
Sweet xpears 180° 10 97.7 41 1791 1.2 149 20 166 3.7
(50° Brix) 10 98.0 4.7 180.2 ki 1.63 .25 466 57
10 101.1 6.2 179.5 8 1.68 .15 45.8 3.8
19 93.0 71 179.1 1.48 26 42.0 77
Av. 96.8 5.8 179.8 9 1.54 22 44.7 5.7
195° 10(8)* 88.3 8.7 195.7 1.4 1.56 21 36.2 420
9 87.7 4.0 195.7 1.1 1.64 14 32.2 1.9
10 91.9 6.6 196.2 1.5 1.56 43 38.8 5.8
Av. 89.4 5.8 195.9 1.3 1.58 .23 36.1 4.4
Dill spears 180° 10 98.7 3.8 180.7 .1 1.16 BE] 23.0 1.9
(brine) 10 94.5 35 1799 1.2 115 .08 22.4 2.2
10 94.6 3.9 178.8 L3 1.09 R 23.4 3.0
Av. 9.3 37 179.8 .9 1.18 10 22.9 2.4

dfa= 150, 8pe=3.97 T=236.2. 5, =T.1.
[

(4]
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Table 4. Effect of location, sensing element, and fill ratio on sweet spears, 50° Brix, in 16-0z vegetable jars.

Treatment Mean heating characteristics
Sensing Fill Element Ty h % broken fa on P35, (46 min)
element ratio location (°F) i (min) heating (min) (°F) (min)
Thermocouple 0.8 0.1 104.6 1.29 45.2 [+ RO 2.90
0.5 107.8 1.25 40.8 50 52.7 17.3 4.836
0.7 0.1 99.0 1.62 41.3 o . 2.51
0.5 101 1.59 36.0 75 56.5 22.7 3.48
LP 0.1 98.7 1.87 42.2 o .. .
0.5 99.1 1.61 35.8 13 63.4 24
Bimetallic 0.6 0.1 107.0 1.25 47.2 o . e 2.86
0.6 106.5 1.80 45.4 25 68.2 17.8 2.82
0.7 0.1 96.5 1.51 45.2 o L 1.74
0.5 29.7 1.37 36.7 75 58.8 25.4 3.21
LP 0.1 97.6 1.62 44.8 0
0.5 90.7 1.61 43.6 0

The heating medinm temperature
has an effect on the heating charac-
teristics—higher heating-medium tem-
peratures produce smaller f values, as
shown by the results in Tables 2 and 3
where an inerease in 7, markedly re-
duced f values but did not significantly
affect j. In a heating-medium-tem-
perature study of sweet spears where
180°F was compared with 210.5°F
the f values were smaller (highly sig-
nificant) for 210.5°F than for 180°F;
444 vs. 53.10; j values were somewhat
larger (P =~ .25), 1.69 vs. 1.30, at an
axial position of 0.25 L for the seven
replication tests.

The results in Table 3 where cu-
cumber spears in 50° Brix syrup proe-
essed at 180 and 195°F are compared
with spears in a non-sugar brine proc-
essed at 180°F show that a higher
processing temperature and a lower
liguid viscosity have a significant ef-
feet on f. The processing temperature
did not appear to affect j; however,
the decreased liquid viscosity of the
non-sugar vs. the sugar pack which
produces a higher effective thermal
diffusivity and conductivity affected
the lag factor j.

The data in Table 3 indicate that
the greatest relative variability in line
packs of these products are in =,
Js [y f2 To, and T, in that order. The
values of =, variability are due to
the combined effects of (7, — T,), j,
and f. Although the variability of 7'
is relatively large, the relative variance
of the initial conveetive driving force
(7 — T,)" is only about 1.79%, hence
it is very likely not the major eontri-
bution to variance in f, or j. The
variation reported here is in the range
of 10-15% of Jackson and Olson’s
(1940) data but much less than that
found in cuenmber produects by Esselen
et al. (1951).

The results of tests comparing tem-
peratures measured using a dial-type
thermometer vs. a single-point thermo-
couple are shown in Table 4. In pickle

plants, temperatures in the containers
are usually measured with dial ther-
mometers whose sensing element is
more than an inch long whereas the
temperature measurements made with
thermocouples are essentially for a
point. Differences between these tem-
peratures measured by these two sys-
tems are important in relating the
results of experimental studies with
commercial pickle pasteurization. The
bimetallie thermometers sense tempera-
tures over a wider region; therefore
they may sense the start of conveetion
earlier than the thermocouple; they
have more lag and are more sensitive
to conduction loss or gain along the
stem. In general the dial thermometer
data have smaller j (P =~ 0.27), larger
f (P=011), lower F (P ==0.10),
and lower temperatures at moderate
times than the thermocouples. The re-
duction in j appears less than for a
large-diameter metallic thermocouple
in a conduction heating product with
f and F values increasing rather than
decreasing, as reported by Ecklund

44 r T T Y
42| .
g SPEARS A
£ 40| A 4
[
% sl !
~ Ve
g /
36+
= v
K osal e 1
N [
X
321 9 SLICES 1
()
30 1 1 1 1
€0. 65, T0. 75. 80. 85,

FiLL, %.

(1956) and Cowell et al. (1959).

An inerease in fill of product in-
creased the j value (P == 0.01), de-
creased f (P = 0.11), and decreased
the lethality (P =~ 0.18). Fig. 5 com-
bines the data from these experiments
with data from Pflug and  Nicholas
(1960) and Nicholas and Pflug (1961
a,b) to show the effect of fill ratio
on f for sweet spears. A variation of
fill ratio of from 0.12 to 0.28 could
produce a large fraction of the vari-
ance in f and j. The j-value could
be expected to be sensitive to varia-
tions in the initial temperature dis-
tribution, which is not known to af-
feet f at long times.

SYMBOLS

F Equivalent minutes at a specified
reference temperature and de-
struetion rate 2z of a thermal
process (z = °F for 90% change
in lethal rate)

f Time required (in min) for the
asymptote of the heating or eool-
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Fig. 5. Effect of fill ratio on f and j, after published and unpublished data of

Nicholas and Pflug.
[5]
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ing curve to cross one log cycle,
ie., the time required for a 90%
change in temperature on the
linear portion of the curve. Sub-
seripts are used to denote sue-
cessive values if more than one
linear portion is used to describe
a heating or cooling curve

g Temperature (°F) below T, at
time of change in slope of heat
penetration curve

h Surface heat-transfer coefficient,
Btu/hr-ft*-°F

L Height of fluid in container

P Probability that chance variation
hag eaused the difference obgerved

s Standard deviation

T Temperature; T, initial tempera-
ture of product; I, temperature
of external heating or cooling
media; 7, apparent initial tem-
perature as defined by the linear
portion of the heating or cooling
curve, ie., the ordinate value of
the origin of the asymptote to
the enrve

t Time, minutes

X Axial height above bottom of jar
Zy Time at which broken heating
oceurs, min
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