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Abstract

Non-uniform heating caused by the different orientations and locations of in-shell walnuts may be a major problem in
developing a large-scale radio frequency (RF) treatment for postharvest phytosanitary and quarantine regulations in international
trade. A mathematical model was developed based on normal distributions of walnut temperatures against frequency to study the
influence of the number of RF units and intermittent stirrings on heating uniformity. The model was validated by experiments
with a good accuracy. It was determined by experiments that the rise in standard deviation of walnut temperatures at any time
during RF heating increased linearly with the rise in mean temperature. The ratio, defined as uniformity index, depends upon the
design of a RF unit, and has a significant influence on the number of stirrings needed to achieve the desired insect mortality. For
a uniformity index value of 0.165, a minimum of two stirrings was needed to meet the different desired temperature distributions
for insect controls, such as the lowest temperature of 48◦C and mean temperature of 67◦C for a 99.9968% mortality or the
lowest temperature of 50◦C and mean temperature of 64◦C for a 99.9% mortality.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

A potential alternative disinfestation treatment in-
volves using radio frequency (RF) energy. RF energy
interacts directly with dielectric materials, such as wal-
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nuts, to generate heat by converting electromagnetic
energy into thermal energy, thus sharply reducing the
heating time (Tang et al., 2000). In hot air treatments
of in-shell walnuts, however, the low thermal conduc-
tivity of the porous walnut shell and voids within the
shell hinder the transfer of thermal energy from the hot
air outside of the shell (Tang et al., 2000; Wang et al.,
2001b). This results in long treatment times of up to
1–2 h and may cause severe quality loss due to lipid
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oxidation (Mate and Krochta, 1997). Based on studies
of the thermal death kinetics of targeted insects (Wang
et al., 2002a,b; Johnson et al., 2003), a pilot-scale
treatment protocol using RF energy has been devel-
oped for postharvest insect control in in-shell walnuts
without causing product losses (Wang et al., 2001a,
2002c). It is desirable however, to transfer this proto-
col from pilot-scale to large-scale industrial applica-
tions.

Many studies have been conducted to explore
the feasibility of using electromagnetic energies
to control insect pests in agricultural commodities
(Headlee and Burdette, 1929; Frings, 1952; Nelson
and Payne, 1982; Wang et al., 2002c). A complete
kill of tobacco moth larvae,Ephestia elutella(Hub-
ner) (Lepidoptera: Pyralidae), and cigarette beetles,
Lasioderma serricorne(F.) (Coleoptera: Anobiidae),
is achieved when heated by 2,450 MHz microwaves
to 55◦C for 30 s (Hirose et al., 1970a,b). A study
reported byAndreuccetti et al. (1994)demonstrates
the possibility of using 2,450 MHz microwaves to kill
woodworms by heating the larvae to 52–53◦C for less
than 3 min. Several comprehensive reviews provide
good sources of useful information about the sus-
ceptibility of various insect species to RF treatments
(Hallman and Sharp, 1994; Nelson, 1996). However,
previous studies focused only on small-scale RF
treatment protocol development using very limited
samples.

A major concern in developing a large-scale ther-
mal treatment based on RF energy is the heating uni-
formity in the treated products. The non-uniformity
problem has been found in small-scale RF treat-
ments, such as in 20 in-shell walnuts (52.2 ± 1.0 ◦C)
(Wang et al., 2003a) and in 8 oranges (51.6± 2.0 ◦C)
(Birla et al., 2004). The walnut temperature varia-
tions after RF heating may result from the different
properties and shapes of each individual walnut and
the different locations of walnuts in a non-uniform
electromagnetic field. Although it is impossible to
eliminate non-uniform heating caused by physical
differences among individual walnuts, we can min-
imise the position effects by stirring the walnuts
during RF treatments. A continuos RF treatment can
be designed using several RF units with stirrings
in between. It is desirable to determine the appro-
priate number of RF units and stirrings needed to
achieve the desired temperature distributions. This

information will directly influence the efficacy of
the treatment, capital cost and process time. An ac-
ceptable final temperature distribution is required
to provide desired efficacy of the treatments and
ensure minimum impact on the quality of in-shell
walnuts over the entire volume. Our earlier studies
have shown that the minimum exposures to achieve
probit 9 of fifth-instar navel orangeworm,Amyelois
transitella (Walker) (Lepidoptera: Pyralidae), re-
quire 151, 51, 17, 6 and 1 min at 46, 48, 50, 52 and
54◦C, respectively (Wang et al., 2002b), and that
walnut quality is not affected by treatments of up
to 60◦C for 10 min (Buranasompob et al., 2004) or
75◦C for 5 min (Mitcham et al., 2004). It is desir-
able to develop a large scale RF treatment process
that controls insect pests but does not cause degra-
dation of product quality. Up to now, there exist
no reported theoretical analyses and experimental
data to determine the number of stirrings needed
to meet the temperature requirements in large-scale
operations.

The objectives of this research were: (1) to develop
a mathematical model that determines the number of
stirrings needed for a given walnut temperature dis-
tribution in RF systems; (2) to validate the model by
measuring walnut temperature distributions in a RF
system; (3) to study the influence of important param-
eters on the desired number of RF units with stirring
for insect control.

2. Materials and methods

2.1. Model development

2.1.1. Assumptions
The assumptions used in the model development

were as follows: (1) a RF treatment consisted of
n + 1 number of RF units withn number of stir-
rings in between; (2) there was no stirring in each
RF unit; (3) the rise in mean and standard devia-
tion in walnut temperatures increased linearly with
RF heating time; (4) walnut temperature after RF
heating followed a normal distribution; (5) the up-
per limit temperatures were not considered for insect
control; (6) heat transfer during walnut stirring be-
tween two RF units was negligible, and the stirring
of walnuts only randomly changed their positions
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in the container without reducing their tempera-
ture.

2.1.2. Models to predict the mean temperature and
standard deviation without stirring

Let X0 represent the initial walnut temperature dis-
tribution with a mean ofµ0 and a standard deviation
of σ0. Let Xt represent a normal distribution in wal-
nut temperatures after RF heating fort minutes, with
�µ and�σ representing the rise in mean and stan-
dard deviation, respectively. Since the rise in mean and
standard deviation of walnut temperatures is attributed
entirely to RF heating, the temperature distribution af-
ter RF heating without stirring,X, is a summation of
X0 and Xt . The rise in mean and standard deviation
bears the following relationships (Neter et al., 1996):

�µ = µ − µ0 (1)

�σ =
√

σ2 − σ2
0 (2)

whereµ andσ represent the mean and the standard
deviation of distributionX.

Based on the first set of experiments that we will
discuss later, the predicted rise in mean and standard
deviation of temperature was linearly related to the
heating time. That is:

�µ = a1t (3)

�σ = b1t (4)

where a1 and b1 are constants. The mean and the stan-
dard deviation of temperature by heatingt minutes are:

µ = µ0 + a1t (5)

σ =
√

σ2
0 + (b1t)2 (6)

CombiningEqs. (3) and (4)gives:

�σ = λ�µ (7)

whereλ is defined as the uniformity index (b1/a1),
which is a parameter that reflects the heating unifor-
mity in a RF unit, and is dependent on the design of
the unit and interactions between the unit and a spe-
cific product in a fixed configuration. By definition,
when the rise in mean increases one degree by RF
heating, the rise in standard deviation will increase by
λ degrees. If the value ofλ is small, the RF system

is well-designed because the rise in mean leads to a
slower rise in standard deviation. Otherwise, the RF
system causes large temperature variations. The value
of λ for a new system can be determined by experi-
ments.

Assuming that it takestT minutes for the mean tem-
perature to increase from the initial meanµ0 to a de-
sired meanµT , from Eq. (5)we have:

tT = µT − µ0

a1
(8)

In the mean time, the standard deviation will increase
from σ0 to σT , when there is no stirring. Combining
Eqs. (6) and (8)yields:

σT =
√

σ2
0 + [λ(µT − µ0)]2 (9)

2.1.3. Model to select the number of stirrings for a
required temperature distribution

The most cost-effective way of stirring is adminis-
tered between only two subsequent RF units heating
for an equal duration. We further assume a thorough
stirring between the two RF units. In total, the wal-
nuts are heatedn + 1 times inn + 1 RF units and
stirred n times. After heating fortr minutes in each
RF unit, the rise in temperature follows a normal dis-
tribution of�Xr, with the rise in mean of�µr and the
rise in standard deviation of�σr. According to sta-
tistical property theory (Meyer, 1970), the variance of
the sum of independent random variables is the sum
of variances of these variables. The final temperature
distribution X is thus the sum of the initial temper-
ature distributionX0 andn + 1 of �Xr distributions
(Meyer, 1970), that is:

X = X0 +
n+1∑
i=1

(�Xr)i (10)

FromEqs. (3) and (4), the value of�µr and�σr are
�µr = a1tr and�σr = b1tr. Furthermore, the mean
µ and the standard deviationσ of the final temperature
distributionX is:

µ = µ0 + (n + 1)�µr = µ0 + (n + 1)a1tr (11)

σ =
√

σ2
0 + (n + 1)�σ2

r =
√

σ2
0 + (n + 1)(b1tr)2

(12)
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Since the satisfaction of the mean temperature ofX
would achieve the desired valueµT , the heating time
for each RF unit is:

tr = (µT − µ0)

(n + 1)a1
(13)

CombiningEqs. (7), (12) and (13)yields the standard
deviation for the final product temperature distribu-
tion:

σ =
√

σ2
0 + (µT − µ0)2λ2

n + 1
(14)

According toEq. (14), when the number of stirrings
increases, the standard deviation will decrease.

To determine the minimum number of stirrings
needed, we assume that the mean temperature isµT ,
the low limit temperature is selected to beL, and the
desired probability for walnut temperature less than
L is P. We can determine the normal scorezP asso-
ciated with probabilityP by settingP = probability
of (z ≤ zP ) in the standard normal distribution. After
n stirrings with the standard deviationσ in Eq. (14),
the zP value needed to meet the desiredP of the left
tail in the normal distribution is:

zP = L − µT

σ
= L − µT√

σ0
2 + (((µT − µ0)2λ2)/(n + 1))

(15)

The minimum number of stirrings then is:

n = (µT − µ0)
2λ2

((L − µT )/zP)2 − σ2
0

− 1 (16)

In the above formula,P, µT and L are selected
for a specific treatment. Normal scorezP is deter-
mined byP from a normal distribution table.Table 1
presents the typical normal scores as a function of
the desired probability from a statistical handbook
(Neter et al., 1996). The values of the uniformity in-
dex λ, initial meanµ0, and initial standard deviation
σ0 can be obtained by experiments and are related
to RF system design, sample weight, and container
size. Once we have all these parameters, the min-
imum number of stirrings can be calculated using
Eq. (16).

Table 1
Typical normal scores as a function of the desired probability
(Neter et al., 1996)

Desired left tail probability,P Normal score,zP

0.05 −1.645
0.025 −1.957
0.01 −2.326
0.008 −2.409
0.005 −2.574
0.001 −3.090
0.000032 −4.000

2.2. Model validation

To validate the above mathematical models, a
12 kW, 27 MHz pilot-scale RF system (Strayfield
Fastran with E-200, Strayfield International Limited,
Wokingham, UK) was used to heat in-shell walnuts
to determine temperature distribution versus heating
time. A plastic container (40 cm× 27 cm× 12 cm)
was placed between two parallel plate electrodes
(104 cm× 80 cm), in which 4.5 kg of in-shell wal-
nuts were heated. The gap between the electrodes
was adjusted to have a suitable heating rate of about
10◦C/min with a RF power of 4 kW. A detailed de-
scription of the RF heating system can be found in
Wang et al. (2002c). After a predetermined heating
time, the container was immediately taken out of the
RF system for temperature measurement. For stirring
tests, the RF-treated walnuts were placed in a large
container (55 cm× 40 cm× 14 cm) and stirred man-
ually for 20 s. After the stirring was complete, the
walnuts were placed back in the treatment container.
The surface walnut temperature in the container was
measured by an infrared camera (Thermal CAMTM

SC-3000, N. Billerica, MA) having an accuracy of
±2◦C. Each measurement took about 3 s and the
sample was then placed back into the RF cavity for
further heating under the same conditions. Two dif-
ferent sets of experiments were conducted: (1) to
determine the rise in mean and standard deviation
of in-shell walnut temperature without stirring after
heating for 0, 0.5, 1, 1.5, 2, 2.5 and 3 min, and (2)
to determine the walnut temperature distribution after
3 min RF heating with two intermittent stirrings. In
each of the thermal images, 45,056 individual tem-
perature data were collected over the container and
used for statistical analyses.
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3. Results and analyses

3.1. Model validation

3.1.1. Validation ofEqs. (3), (4) and (9)
Fig. 1 shows a typical walnut surface temperature

distribution obtained by thermal imaging after a RF
treatment for 3 min without stirring. There were some
hot spots (∼69◦C) and cold spots (∼37◦C) within the
area of thermal measurement. The measured cold spot
temperatures using the infrared imaging system might
be lower than the real minimum product temperature.
Mitcham et al. (2004)randomly measured eight ker-
nel temperatures using fibre-optic temperature sensors
among 500 walnuts in a sample during each RF treat-
ment that brought the sample average temperature to
55◦C, and observed a maximum temperature differ-
ence of less than 15◦C. It was evident fromFig. 1
that the cold spots were observed only between in-
dividual walnuts. Voids among in-shell walnuts trap
infrared radiation, a phenomena commonly referred
to as the “black hole effect” (Incropera and DeWitt,

Fig. 1. Temperature distributions of in-shell walnuts obtained by thermal imaging within the boundary field used for statistical analyses
after 3 min of RF heating without stirring.

1996). This under-estimated the true void tempera-
tures, a reality accepted by researchers using infrared
temperature measurement methods.

As a typical example, the corresponding experimen-
tal frequency distribution versus temperature shown
in Fig. 1 was presented together with a normal dis-
tribution (Fig. 2). The measured temperature distribu-
tion matched the normal distribution reasonably well,
except that the experimental distribution after heat-
ing skewed slightly to the right (right side with heavy
tail). This represents a conservative pest control sce-
nario where the true probability of the left tail of the
measured temperature distribution was not larger than
that in the normal distribution with the same mean and
standard deviation. Whenever the left tail distribution
in the normal distribution satisfies the desired level of
temperature control, the predicted true left tail distri-
bution will also satisfy this level.

Table 2lists the measured mean and standard devi-
ation and the predicted standard deviation of walnut
temperatures as a function of heating time in RF sys-
tems. The initial mean temperature (µ0) and standard



102 S. Wang et al. / Postharvest Biology and Technology 35 (2005) 97–107

Table 2
Mean and standard deviation of walnut temperatures as a function of heating time in RF systems without stirrings

Temperature (◦C) Heating time (min)

0 0.5 1 1.5 2 2.5 3

Measured mean,µ 18.5 24.3 29.4 34.6 39.0 42.8 47.6
Measured standard deviation,σ 0.4 1.1 1.8 2.7 3.5 4.0 4.8
Predicted standard deviation,σT 0.4 1.0 1.9 2.7 3.4 4.0 4.8

deviation (σ0) were 18.5 and 0.4◦C, respectively.
When running the regression of�µ = â0 + â1t, we
had the estimated intercept ofâ0 = 0.896 with aP
value of 0.12. Since theP value was larger than the
critical value of 0.05, we could not reject the null
hypothesis ofa0 = 0. Similarly, from the regression
of �σ = b̂0 + b̂1t, the estimate of the intercept
was b̂0 = 0.170, with aP value of 0.149. We could
not reject the null hypothesis ofb0 = 0. That is,
Eqs. (3) and (4)are valid based on the experimental
data.

Now that both intercepts were determined to be
zero, we ran the regression with zero constant to de-
termine the slopes. For�µ = â1t, the estimated slope
was â1 = 9.978. The correspondingR2 was 0.994,
very close to 1, suggesting that the normal probabil-
ity plot was linear and the regression was acceptable.
For �σ = b̂1t, the estimate slope waŝb1 = 1.649.
The correspondingR2 was 0.990, also close to 1, once
again, suggesting that the normal probability plot was
linear. Since the intercept was determined to be zero

Fig. 2. Distribution comparisons of probability density frequency
(PDF) of walnut temperatures between normal (Norm.) and ex-
perimental (Exp.) distributions after 3 min of RF heating without
stirring.

for both Eqs. (3) and (4), we ran the regression with
a zero intercept to determine the slope between the
rise in standard deviation and the rise in mean temper-
ature, which helped us determine the uniformity in-
dex for the above mentioned test condition. As shown
in Fig. 3, the estimate slope waŝλ = 0.165 with R2

= 0.999. From our experiments, the rise in mean was
9.978◦C per minute and the rise in standard deviation
was 1.649◦C per minute.

As also shown inTable 2, the predicted standard
deviation byEq. (9) was in a good agreement with
the measured value at each heating time. The relative
error was less than 4%.

3.1.2. Validation ofEqs. (11) and (14)
In our RF heating experiments with stirring, thetr

for each heating interval was 1 min (3 min/(2+ 1)).
The measured experimental data after stirring indi-
cated that the left tail of the temperature distribution
was below that of the normal distribution and the
right tail of the experimental distribution was shifted
close to the mean temperature when compared to tests
without stirring (Fig. 4). The experimental results in
Table 3indicated that the left side probabilities from
the experimental distribution were always less than
that in the normal distribution with the same mean
and standard deviation. As described earlier from
the RF heating tests, the rise in mean for each RF
heating period (1 min) was 9.978tr ◦C. The predicted
mean and standard deviation ofX for a total heating
period of 3 min with two intermittent stirrings were
48.43 and 2.88◦C, according toEqs. (11) and (14),
respectively. Our experiment results inFig. 4 showed
that both the left and right tails of the walnut temper-
ature distribution after two intermittent stirrings were
significantly reduced as compared to that without
stirrings. This resulted in a smaller standard devia-
tion of 3.0◦C after the stirrings as compared with
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Fig. 3. Relationship between the rise in standard deviation and the rise in mean of walnut temperatures (the slope defined as a uniformity
index λ was 0.165 withR2 = 0.999).

4.8◦C without stirring. The observed mean value of
45.6◦C was slightly smaller than the predicted value,
but the difference was insignificant. This reduction
in the mean temperature was probably caused by
heat losses during stirring. In practical treatments,
efforts can be made to minimise the amount of heat
loss during stirring by applying hot air. Further-
more, the standard deviation from the experiment
was 3.0◦C, which was very close to the theoreti-
cal value of 2.88◦C. Therefore, the mean tempera-
ture and standard deviation predicted byEqs. (11)
and (14) were validated against the experimental
values, and can be used to select the appropriate
number of stirrings needed in industrial applica-
tions.

Table 3
Comparing left tail probabilities of the two and three standard deviations (S.D.) between experimental distributions and normal distributions

Heating time (min) Normal distribution

No stirring 2 stirrings

0.5 1 1.5 2 2.5 3 3

Left 2 S.D. (%) 1.28 1.55 1.08 1.62 1.17 0.59 0.63 2.28
Left 3 S.D. (%) 0 0 0 0.07 0.02 0 0.01 0.14

3.2. Model application

3.2.1. Influence of operational parameters on
heating uniformity

The validatedEq. (9)was further used to predict the
standard deviation so that the practical targeted wal-
nut temperature of 55◦C could be reached for insect
control in the treatment protocol (Wang et al., 2002c).
The heating time needed to raise the mean tempera-
ture to the given value ofµT = 55◦C was 3.66 min
from Eq. (8)and the standard deviationσT increased
to 6.05◦C based onEq. (9) for RF heating without
stirring.

For industrial implementations, the non-uniform
heating of walnuts with different positions and
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Fig. 4. Distribution comparisons of probability density frequency (PDF) of walnut temperatures between using 2 intermittent stirrings and
no stirring after 3 min of RF heating.

Fig. 5. Minimum number of stirrings predicted by the mathematical model as a function of the mean temperature with different probability
levels (P) for walnut temperatures below the low limit temperature (L).
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Fig. 6. Minimum number of stirrings predicted by the mathematical model under desired security levels (Ps) of 0.000032 and 0.0001,
three lowest temperatures (L) and the mean temperature for the natural infestation level (Pn) of 0.5%.

orientations always exists in large-scale RF systems
even after sorting. To kill hidden insect pests and
meet the quality standard, it is imperative to maintain
effective temperature control throughout the process.
Given a selected value of the left-tail probability
level (P), the lowest temperature (L) and the mean
temperature, the minimum number of stirrings can
be predicted byEq. (16). To demonstrate how to use
the modelEq. (16) for the selection of ann value,
we considered the cases of three different low limit
temperatures (48, 50 and 52◦C). These temperatures
correspond to a holding time of less than 20 min
for insect control in possible industrial applications
(Wang et al., 2002b). Fig. 5 illustrates the predicted
number of stirrings as a function of the mean walnut
temperatures between 54 and 70◦C for several possi-
ble combinations ofP andL. In general, the number
of stirrings increased with decreasingP and increas-
ing L. For example, if the desired treatment requires
that less than 1% (P = 0.01) of the walnuts be under
48◦C, we may design a treatment to obtain a mean
temperature of 66◦C without using any stirring. With

two RF units and one intermittent stirring, the mean
temperature can be reduced to 60◦C. A three-step
RF heating with two intermittent stirrings would fur-
ther reduce the required mean product temperature to
57◦C. It is clear from this example that increasing the
number of stirrings reduces the use of RF energy and
may reduce adverse thermal impact on product qual-
ity. But as shown inFig. 5, the advantage of stirring
diminishes as the number of the stirrings increases.
A balance needs to be determined between capi-
tal investment of RF units, energy use and product
quality.

The choice ofP value significantly influences the
required number of stirrings. For example, if we in-
crease theP value to 0.0032% (P = 0.000032), four
stirrings are needed for the temperature combinations
of L = 48◦C with a mean temperature of 61◦C, while
five stirrings are needed for a mean temperature of
57◦C (Fig. 5). The selection of theL value also sig-
nificantly influences the number of stirrings needed
to reach a certain mean temperature as shown in
Fig. 5.
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3.2.2. Selecting P value for treatment development
In developing a treatment to provide a desired secu-

rity level (Ps) against a target insect pest, we need to
have knowledge of the natural infestation level (Pn).
The left-tail probability levelP in Eq. (16)can be es-
timated by the following relationship:

P = Ps

Pn
(17)

For example, if the natural infestation level of the
codling moth in walnuts is 0.5% (Pn = 0.005) (Vail
et al., 1993), the probability levelP is calculated from
Eq. (17)to be 0.0064 for a probit 9 quarantine treat-
ment (Ps = 0.000032). That is, the treatment should
leave less than 0.64% walnuts below a lethal tempera-
ture level (e.g. 48◦C). For a phytosanitory treatment,
the value ofPs, can be much larger. We may setPs at
0.0001 (equivalent to 0.01% survival or 99.99% mor-
tality). Then fromEq. (17), P will be 0.02 for the same
natural infestation level of 0.5% (i.e.Ps = 0.005).

Fig. 6 demonstrates the influence of the above two
levels of security (i.e.P = 0.02 and 0.0064) on the
required number of stirrings. For the above men-
tioned phytosanitory treatment and a selectedL value
of 48◦C, the treatment can be designed to achieve
a mean product temperature of 63◦C without using
any stirring. With two RF units and one intermittent
stirring, however the mean temperature can be re-
duced to 58◦C. If we reduce theP value to 0.64% (P
= 0.0064) for quarantine purposes, three stirrings are
needed for the temperature combinations ofL = 48
or 50◦C and the mean temperatures of 56 or 59◦C,
respectively (Fig. 6).

For laboratory work with an artificial infestation
level Pn = 1, that isP = Ps, the chart presented in
Fig. 5 can be used to estimate the number of stirrings
needed.

3.2.3. Influences of the uniformity index (λ) on the
number of stirrings (n)

The uniformity indexλ, is a parameter unique to
a specific RF unit and the treated commodity in a
fixed configuration in industrial applications. Before
the mathematical model is used, experiments must be
conducted to determine the relationship between the
rise in standard deviation and the rise in mean walnut
temperature and then to determine the corresponding
value of λ. The RF system should be maintained in

an optimised condition as designed during the instal-
lation and the operation to maintain a low value ofλ.
The number of stirrings is very sensitive toλ because
n is proportional toλ2, according toEq. (16). That
is, reducingλ by 50% would result in a four-time de-
crease inn. Therefore, it is critical to reduce the value
of λ in designing a RF based treatment. Means to re-
duceλ values include designing a RF cavity with the
best possible RF field distribution, using hot air during
stirring, and tumbling walnuts during RF heating.

4. Discussion

Although, the mathematical models expressed by
Eqs. (14) and (16)have been developed for RF heat-
ing of in-shell walnuts, these models are applicable
to general RF and microwave heating as long as two
fundamental assumptions are met: (1) a linear rela-
tionship between the rise in standard deviation and the
rise in mean temperature and, (2) a normal distribution
of the product temperatures. From a dielectric heating
engineering point of view, the first assumption can be
readily met for materials with a dielectric loss factor
that does not increase sharply with temperature. Dry
nuts and fruits generally satisfy this condition in both
RF (10–100 MHz) and microwave (300–2450 MHz)
ranges (Wang et al., 2003b). The second assumption
can be mostly met by designing RF and microwave
applicators.

The above discussion regarding the use of product
temperature information to predict insect pest control
does not take into consideration the possible differ-
ential heating of insects in walnuts reported byWang
et al. (2003a). The selections of the related design and
operation parameters based onEq. (16)are conserva-
tive, therefore, and should provide an extra margin of
security.
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