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Modeling the Dielectric Properties of Ham as
a Function of Temperature and Composition

0. SIPAHIOGLU, S.A. BARRINGER, 1. TAUB, AND A. PRAKASH

Introduction
AM IS A POPULAR MEAT PRODUCT THAT CAN BE THAWED, REHEAT-
d, or pasteurized using microwaves. During microwave heat-
ing, the heating rate and temperature distribution within the ham
are initially determined by the diclectric properties. Dielectric prop-
erties are a measure of how food interacts with electromagnetic en-
ergy during microwave processing. Complex relative permittivity is
defined as k" =k’ - jk”, where the real part is the dielectric constant,
and the imaginary part is the dielectric loss factor. The dielectric
constant k' is a measure of the ability of the material to store elec-
tromagnetic energy. The loss factor k" affects the ability of the food
to dissipate electromagnetic energy into heat (Mudgett 1995).
These 2 parameters are important in determining power absorp-
tion and penetration depth during microwave heating, which de-
termine the temperature profile within the sample as it heats. The
dielectric properties are strongly affected by the moisture, ash con-
tent, and temperature. Therefore, the dielectric properties of ham
need to be known as a function of the compeosition and tempera-
ture to accurately predict the heating pattern in the microwave
oven.

Dielectric constant and dielectric loss factor of ham are known to
increase with temperature (Bengtsson and Risman 1971; Ohlsson
and Bengtsson 1975). However, these studies did not test samples
with a wide range of ash or moisture contents to develop equations
to predict the effect of composition on the dielectric properties of
ham. Therefore, the results can only be useful for samples with the
same composition.

Several studies developed prediction equations for categories of
food items. Calay and others (1995) developed equations predict-
ing dielectric properties as a function of salt, moisture, fat content,
density, temperature, and {requency for different food groups. Sun
and others (1995) created equations for meats as a function of tem-
perature, ash, and moisture content. Since ham contains more salt
than meost meats, it is unknown how accurately equations derived
for meat will predict the dielectric properties of ham as a function
of compaosition.

The effect of composition on the dielectric properties is complex.
For example, the dielectric constant increases with moisture con-
tent for most foods {Calay and others 1995; Sun and others 1995;To
and others 1974). However, studies report different trends for the
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ABSTRACT: The dielectric properties of 19 different ham samples with different moisture (38.2% to 68.9%) and
ash contents {1.78% to 6.80%) were measured at -35 to 70 °C at 2450MHz. Equations were developed as a
function of temperature, moisture, and ash, and compared to literature equations. The dielectric constant de-
creased with ash content and increased with moisture content. It increased instead of decreasing with tempera-
ture. The dielectric loss factor increased with moisture content for moisture contents lower than 60.7%, then
. decreased for higher moisture contents. Ash content and temperature increased dielectric loss factor. Frozen
samples had low dielectric activity that was increased by ash content above -20 to ~10 °C.
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dielectric loss factor. It has been reported to increase {Bircan and
Barringer 1998; Nelson 1978; Nelson 1973; Van Dyke and others
1969; To and others 1974), be constant {Padua 1993; Roebuck and
others 1972) or peak at a certain moisture content (Padua 1993;
Roebuck and others 1972; Tulasidas and others 1995; Funebo and
Ohlsson 1999; Mudgett and others 1980), The dielectric properties
of ham need to be measured to be certain of the effect of composi-
tion and temperature on these values.

The dielectric properties of many foods have been reported for
a range of temperatures and frequencies including meats (To and
others 1974; Bengtsson and Risman 1971; Van Dyke and others
1969), fruits and vegetables (Nelson and others 1994; Funebo and
Ohlsson 1999), grains {Nelson 1981, 1987}, and dairy preducts
(Green 1997; Rzepecka and Pereira 1974). However, data measured
at frozen ternperatures are scarce. It is known that moisture con-
tents different by as little as 5% affect the dielectric properties of
frozen meat, and that the ash content is likely to be important as
well (Mudgett and others 1979; Bengtsson and others 1963).

The objective of this study is to determine the effect of moisture
and ash content on dielectric properties of ham at -35 to 70 °C.
Equations were generated to predict the dielectric constant and di-
electric loss factor as a function of temperature (0 to 70 °C), moisture,
and ash content at 2450 MHz.

Materials and Methods

INETEEN HAM SAMPLES WERE PREPARED BY THE COMBAT

Feeding Program {Natick, Mass., 11.5.A) at different moisture
(38.2% to 68.9%) and ash contents (1.78% to 6.80%) (Table 1). They
were prepared by Ist trimming all outside fat to expose the lean.
The semimembranosus, semitendinosus, and biceps fermaoris were
separated in order to remove intermuscular (seam) fat. The 3 mus-
cles were chunked by mechanicatly grinding once through a plate
with 64-mm openings using a 2 bladed knife. The chunked pork
pieces were then placed in a vacuum tumbler (66 cm-Hg) with brine
of the desired salt content and tumbled for 12 min. The tumbled
meat was placed in plastic bags and allowed 1o rest for 16 h. The pork
was placed into perforated collagen casings {64 mm in dia}, and
then cooked until a temperature probe recorded an internat tem-
perature of 69 °C. The cooking was done at 82°Cina conventional
oven (Hobart Corp., Troy, Ohio, UJ.5.A.) above a water bath to main-

© 2003 Institute of Food Technologists

Further reproduction prahibited without permission




Chafe

- and
Ethers
k and
1993;
o and
erties
posi-

ad for
o and
ithers
g and
ducts
sured
> con-
ties of 7%
ant as
I
isture
70 °C.
nd di-

isture,

IMBAT
isture
L They 3
glean. .=
swere
3 mus-
aplate =
d pork 5}
abrine
mbled
1€ pOl’k
3}, and
3l tem-
ntional -3
“1 main-

: slogists
:. emission

Modeling the dielectric properties of ham . ..

tain higher relative humidity in the oven. The process was assisted
by frequent spraying with water during heating. When the desired
internal temperature was reached the samples were held under a
cold shower until the internal meat temperature was 16 °C.

Hams at lower moisture contents were prepared by slicing the
ham, then partially drying the slices in a microwave freeze dryer
that was converted from a conventional freeze dryer. Harn samples
were [recze-dried in a Cober Electronics Model SF-3 Industrial Mi-
crowave Generator set at G00W, using a pressure of 0.1-mm Hg and
a platen temperature of 45 °C. Moisture and ash content were de-
termined by vacuum oven {National Appliance Co., Skokie, 111,
U.5.A.), using 16 h at 70 °C, 1-mm Hg vacuum pressure, and dry
ashing at 550 °C in a muffie oven (Thermolyne, Dubuque, lowa,
U.5.A) overnight (AOAC 1995). The samples were frozen and
shipped overnight te Ohio State Univ. for the measurement of di-
electric properties.

The dielectric constant and loss factor were measured using an
opén ended coaxial probe and a network analyzer (850708 and
8752C; Hewlett-Packard, Palo Alto, Calif., U.S.A.) interfaced with 2
computer. The probe lies facing upwards inside a cylindrical jack-
eted stainless steel sample holder, which is connected to an oil bath
(RTE 140, Neslab Co., Newington, N.H., U.S.A.) that adjusts the
temperature of the sample (Figure 1). The sample holder was
placed between 2 steel plates and sealed using bolts. O-rings were
placed between the sample holder and the plates to prevent mois-
ture loss. A temperature probe connected to a temperature acqui-
sition unit (HP 34970A; Hewlett-Packard) was fit permanently into

“the upper plate and reaches into the center of the sample. The sam-

ple holder was sealed to prevent any moisture loss as steam.

The sample (a cylinder 3 cm in height x 2.5 em in dia) bered from
the ham was initially cooled to the measurement temperature by
the jackeled sample holder (for instance, 35 °C). The 1st measure-
ment was made when the temperature reading was stable, The oil
bath: was then increased to 5 °C above the next temperature of
measurement. When the sample reachied the desired temperature,
the dielectric properties were measured, and the oil temperature
was increased another 5 °C. This continued until the final measure.-
ment temperature was reached (for instance, 70 °C). Thus, the tem-
perature gradient in the sample is from the stated temperature to
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Tabile 1—The moisture, ash content (wet basis), and tem-
perature of measurements of ham samples

Temperature Temperature
% Moisture % Ash range (°C) intervals (°C)
68.9 4.17 ~35 to 70 10
68.6 2147 -35to 70 10
68.0 6.07 0to 70 5
68.0 a.21 Oto 70 5
68.0 1.78 Oto 70 S
67.0 1.82 -351to 70 10
66.4 3.30 0 to 70 5
65.3 2.87 Qto 70 5
63.9 6.80 Otogs 5
63.4 2.15 0to 70 5
62.9 4.90 Gio 70 5
58.0 3.21 Oto 70 10
55.0 4,65 0to 65 5
52.0 2.83 Oto 70 5
48.7 1.78 070 5
45.0 4.64 Oto 70 5
43.0 1.78 0to 70 5
41.4 3.21 0to 70 5
38.2 2,83 0to 70 5

5 °C warmer. Temperature range and intervals changed from sam-
ple to sample and are presented in Table 1. All reported measure-
ments are at 2450MHz. Sixty-five percent of the data were collect-
ed in duplicates, the rest of it being in triplicates or more.

Calibration was performed using a short, air, and water before
every test. The sample holder was stabilized so that the probe
could not be moved after calibration. The dielectric constant and
loss factor were calculated from the phase shift and the magnitude
of the reflected signal by the software.

The response variables, dieleetric constant, and loss factor, were
fit by using multiple regression from combinations of temperature,
moisture content, and wet basis ash. The fitting principle was least
squares, which is the most appropriate method to employ when the §
data are expected to exhibit significant random errors (Calay and
others 1995). The models and all predictors included in the models
had a significance of < 0.001. Quality of fit was assessed from adjust-
ed coefficient of determination {R2,4)) of the equation. A total 5 599
data points were used (o create the equations. The data were ana-
lyzed using FMPin software {(SAS Inst. inc., Cary, N.C, U.S.AL).

Results and Discussion

Dielectric constant

Increasing moisture increased the dielectric constant of ham
samples (Figure 2, Eq. 1)

K'=-2549+1.063 s M- 1.041 v A+ 0.03452 « T
(T=01t070°C) R2,4=0.817 (1
where M is percentage of moisture, A is percentage ash, and T is
temperature in °C. Water is a dipofar compound that couples elec-
tromagnetic energy at microwave frequencies more efficiently than
most other components of foods; therefore, increasing moisture
should increase the dielectric constant (Ryynanen 1995). Dielectric
canstant of both pork and ham inereases with moisture content
(Bengtsson and Risman 1971). Most other foads behave the same
way, except low moisture foods (< 10%) for which the dielectric con-
stant does not change much due to low dielectric activity {Mudgett
and others 1980).
There is a large increase in dielectric constant values between

Vol. 88, Nr. 3, 2003--JOURNAL OF FOOD SCIENCE 905




Modeling the dielectric properties of ham . . .

approximnately 48% and 55% moisture. Outside this range, the di-
eleciric constant increases an average of 0.7% moisture. In this
range, the increase is 2% moisture. For potato starch, a large in-
crease in dielectric constant is seen from 20% to 40% moisture (Roe-
buck and others 1972, Nelson and others 1991), while for reconsti-
iuted beef it is from 20% to 45% moisture {Van Dyke and others
1969). This is likely due to an increase in the amount of free water
or transition from multilayer to free water, High moisture samples
contain a higher ratio of free water 10 bound water (Karel 1973).
Free water i8 more dielectrically active than bound water at micro-
wave frequencies (De Loor and Meijhoom 1966).

[ncreasing ash content decreased the diclectric constant {Eq- 1)
by binding water and restricting its freedom to rotate in response
to the changing field polarity (Hasted and others 1948). Salting a
product reduces the free water content and depresses the dielec-
trj: constant (Calay and others 1995), This decrease can be seen by
comparing 2 samples with the same moisture content, 68.0%, but
different ash contents {Figure 2). However, most samples are differ-
ent in both moisture and ash content, When both change, the mois-
cure content is the dominant effect.

Increasing temperature (-35 to 70 °C) increased the dielectric
constant (Figure 2, Eq. 1) This is in disagreement with most of the
literature for food samples, which indicates that dielectric constant
decreases with temperature (Bircan and Barringer 2002; Ohlsson

and others 1974; Ohlsson and Bengtsson 1975). However, these
studies measured samples with high amounts of free water, As the
ratio of bound water to free water increases, the response of dielec-
tric constand to temperature reverses {Calay and others 1995). For
example, the dielectric constant of whey protein solutions decreases
with temperature for samples with 30% to 40% whey protein con-
centrate; however, as the concentration of whey protein increases
10 50% to 60%, the dielectric constant does not change with temper-
ature (Barringer and others 1995). Other researchers measured
ham, finding its dieleclric constant increases with temperature
{Ohlsson and Bengtsson 1975; Bengtsson and Risman 1971). Other
systems where the dielectric constant increases with temperature

%o, %M S, YoM Yo, Yol G, %M
—+—¢8, 178 —-§34,245 ~#°59,273 U414 321
g9, 417 68 608 —h—a45 465 ~—W-382,283 -

Dielectric constant (K

Temperature{C}

Figure 2—The etfect of ash conceg tration and moisture
on dielectric constant of ham sa oy at 2450MHz
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include: milk and whey powders {Rzepecka and Pereira 1974), po-
tato starch and carboxymeﬂlycellulose powder (Nelson and otherg
1991), and yelow-dent field corn (10.5% to 18.9% moisture) (Nelson
1994). The comman feature of these systems where the dielectric
constant increases with temperature is that water is bound strongly,
whether by salt and meat proteins for the ham or by the carbohy-
drate matrix for the powders and coin.

In this study, we observed the beginnings of a reversal in tem-
perature respense. The dielectric constant of samples with low
moisture and high ash contents (for example, 45.0% moisture,
4.65% ash) increased with temperature (Figure 2). These samples
contained more bound water than samples with high moisture and
low salt. The samples with more free water (for example, 58.1%
moisture, 1.78% ash) did not change with temperature. Based on
these trends, if the moisture content were increased further, the
dielectric constant should decrease with temperature.

Our data were fil into literature equations to see how closely they
predicted dielectric properties of ham (Figure 3). In general, Sun
and others {1995} predicted the diefectric constant of ham higher
than measured. They predicted that dielectric constant wouid de-
crease with temperature even with samples that have low moisture
and high ash content, that is, water is strongly bound. This may be
because the data that they used (0 produce their equations include
meat juice in addition to data obtained measuring meat. Water is
not bound strongly in meat juice. Average error of prediction was
181.3%. The predictions by Calay and others (1995) were more suc-
cessful in predicting all samples, especially those with high mois-
ture and low salt content. However, they still did not reflect the in-
creasing trend of dielectric constant with temperature for the low
moisture, high ash samples. The average error was 34.4%. The av-
erage error of prediction for Eq. 1 was 16.3%.

Dielectric loss factor

Increasing moisture content increased the dielectric loss factor
of ham for moisture contents under 60.7%, while above this mois-
ture content the dielectric loss factor decreased with moisture con-

tent (Eq. 2%

gtz ~150.2 + 5243 ¢ M+ 6220 A~ 0.2845T -
004322 « M2 - 04732 ¢ AZ + 0002245 « T2 + 0.1090 AT

P (T=01070°C) RZ,q; = 0.852 ]

*'The moisture-dielectric loss factor relationship of food samples
is complex. If ash is present with abundant free water, increasing
moisture increases dielectric loss factor (Bircan and Barringer 1985;
Nelson 1978; Nelson 1973; Van Dyke and others 1963; To and others
1974), This is because as the amount of moisture increases, bound
salts are jonized and ions can migrate mote easily with the changing
electromagnetic field direction {Mudgett and others 1980).

In samples that contain no ash but abundant free water, the
dielectric loss factor either stays constant or decreases with mois-
{ure content. For example, the dielectric loss factor of starch suspen-
siong'_deé:eases with moisture {Padua 1993; Roebuck and others
19725:. Th_}g oceurs because these samples o not contain ions that
would tak'l_a advantage of the presence of more water as the mois-
ture i“ncreé:%i_:s.'lfr_{ addition, dielectric loss Factor is composed of 2
companenis; dipole Joss and ionic tass. Dipole loss is from the mo-
tion of the water dipoles. fonic Joss is from migration of ions. In ash-

free samples, the only contributor to the dielectric loss factor is the
dipole loss component. The dipole loss decreases with tempesaturé
while the fonic loss component increases with temperatuzre.

ash, the di- .

1f the water is mostly bound, either with or without
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tric loss factor 1st increases with the moisture content and then
as in sucrose solutions {Padua 1993), glycerol and eth-
anol solutions {Roebuck and others 1972}, dried grapes and sugar
solutions (Tulasidas and others 1995), dried fruits and vegetables
(Funffbo and Ohlsson 1999), and dehydrated potatoes (Mudgett
and others 1980). At low moisture, water and salts are tightly
pound, resulting in low dielectric activity. As the moisture content
increases, the dielectric loss factor increases rapidly with the mois-
ture content due to increased ionization of bound ions by the free
water. Howeven further availability of water dilutes dissolved salts
and decreases the dielectric loss factor (Mudgett and others 1880).
gince samples with no ash, such as carbohydrate solutions, also
show this behavior there must be more {o this explanation. it was
theorized that water binding stabilizes the hydrogen-bonded struc-
rure of the water (Padua 1993). The stabilized structure more ef-
fectively dissipates electromagnetic energy than pure water. How-
ever, as the concentration of water binders increases, they associate
witkrwater molecules by making more than one hydrogen bond that
hinders rotational freedom, decreasing the dielectric loss factor.
pased on the dielectric constant, ham behaves as if the water is

elec
decreases,

mostly bound. For the dielectric loss factor, our samples also fall
into this category, and the loss factor increases then decreases with
moisture content.

Ash increased the dielectric loss factor of ham (Figure 4, Eq 2).
The ionic component of the dielectric loss factor increases as the
concentration of disassociated ions increases (Mudgett 1995), thus
this was expected. Dielectric loss factor also increased with temper-
ature (Figure 4, Eq. 2). Dielectric loss factor of samples with higher
ash increased more with temperature in general (Figure 4}. The
more dissolved ions, the greater the ionic loss component of the di-
electric loss factor, and the greater the increase since the ionic loss
increases with temperature (Mudgett 1995).

The loss factor was predicted with an average error of 22.5%. Lit-
erature indicates that it is more difficult to predict loss factor than
dielectric constant {Sun and others 1995, Calay and others 1995).
The data for dielectric loss factor were compared to equations in the
literature. Equations by Sun and others (1995) produced very high
diglectric loss values for high moisture, low ash samples, and neg-
ative results for low-moisture and high ash samples (Figure 3). The
average error of prediction was 334%. These negative values were

high moisture (68.1%)
low ash {1.78%)\.
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not included in the figure since they are physically impossible.
Equations of Calay and others (1995) predicted our data with an
average error of 38:2%. Their predictions were higher than the
measured values for high moisture, low ash samples and did not
increases enough for the low moisture, high ash samples.

Dielectric properties at subzero temperatures

The dielectric properties of ham were very low up uniil melting
started at -20 to -10 °C {Figure 5}. Dielectric constant was 4 to 5,
and dielectric loss factor was around 0.5. These are very close to the
dielectric properties of frozen beef, pork, and chicken (Mudgett
and others 1979). This temperature range was not included in re-
gression equations because ash and moisture content had very little
effect on dielectric constant and dielectric loss factor, except to
determine the melting temperature. The sample with the highest
amh (4.17%) melted at a lower temperature than the other samples.
A difference in moisture content, on the order of 5%, is known to
affect the dielectric properties of frozen samples (Bengtsson and
others 1963). The differences between the moisture contents of our
frozen samples were smaller than 5%. Therefore, this was not ob-
served with our samples. The ash contents covered a wide range,
1.82% to 4.17%, but no effect was seen on the dielectric properties
until mehing oecurred.

Conclusions
DIELEC’TR]C CONSTANT OF HAM INCREASED WITH MOISTURE AND
temperature and decreased with ash content. Increase of di-
electric constant with temperature was a result of high amounts of
bound water.

Dielectric loss factor increased with temperature and ash con-
tent. Itincreased with moisture content for moisture contents lower
than 60.7%, and decreased for moisture content above 60.7%. The
increase was caused by increased mobility of ions due to increased

M%) A(%)
—*— (8.0 608 ~®59.0
-0 689 417 ~*+ 680

M) A%) M%) A% M%) A%
293 ~&-63.4 215 —©—414 32
178 —&~450 465 —R-382 2.83

60

o /

30 o

20

Dielectric loss factor (K"}

10 M o =

0 10 20 30 40 50 &0 70

Temperature {C)

Figure 4—The effect of moisture and ash concentration
on dielectric loss factor of ham samples at 2450MMz
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moisture content, and the decrease was caused by dilution of ions
due to further addition of water. Equations were developed to pre-
dict the dielectric properties as a functjon of temperature and com-
position, and the results compared to equations in literature.

The dielectric properties of frozen ham are very low. Ash content
affects dielectric properties of frozen ham by decreasing the melt-
ing temperature.
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