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Abstract

This study investigated the effects of infrared (IR) radiation combined with air blast thawing on the physical properties of
pork. Regardless of air velocity, increasing IR dosage produced an exponential increase in the thawing rate of pork. This rate
increased further when air blast velocity was increased. IR treatments showed significantly lower thawing loss than that of
0 Watt treatment, while increasing air velocity significantly increased thawing loss of pork (p<0.05). Increasing both IR
power and air velocity tended to decrease the cooking loss of pork. Moreover, increased IR power tended to decrease the
water holding capacity and shear force of pork. The shear force changes were not significant (p>0.05). Shear force also
increased with increasing air velocity. In addition, the higher the air velocity the higher the shear force of pork. In Commis-
sion Internationale de 1'Eclairage (CIE) colour determination, control of temperature prevented discolouration from over-
heating of sample surface. The results suggest that IR dosage combined with air blast has potential in thawed meat quality

aspects, and that humidity control could prevent surface drying.
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Introduction

Freezing has been identified as the most effective tool
for preservation. However, freezing can destroy some
destruction of food structure due to ice crystal formation.
Therefore, freezing of meat may lead to problems such as
drip loss during thawing, oxidation of muscle pigment,
and reduction in gel-forming ability of myofibrillar pro-
teins (Sakata et al., 1995). Because drip loss of meat dur-
ing thawing contributes to decreased quality parameters
including sensory properties, functionality, and weight,
studies have sought to reduce the influence of freezing on
drip loss upon thawing (Ngapo ef al., 1999). The amount
of drip generated during thawing is directly related to the
freezing rate, which, in turn, is related to the size and dis-
tribution of ice crystals in frozen meat (Hong et al.,
2005b). Until now, rapid freezing has been generally rec-
ommended to minimize the drip loss. In contrast to the
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extensive amount of literature concerning the effects of
freezing rate on meat quality, few reports concerning the
relationship of thawing rates with meat characteristics are
available. Ambrosiadis et al. (1994) and Deatherage and
Hamm (1960) noted that a faster thawing rate resulted in
a product with significantly less drip. Gonzalez-San-
guinetti ef al. (1985) reported that thawing drip increased
with increased thawing time up to about 60 min over a
temperature range from -5°C to -1°C, while at a thawing
time greater than 60 min thawing drip was independent of
the time. These results indicate that rapid thawing pro-
duces less drip loss.

A variety of thaw technologies exist, including high
pressure (Hong et al., 2007a; Ko et al., 2006), microwave
(Virtanen et al., 1997), ohmic heating (Hong et al.,
2007b), and ultrasound (Miles et al., 1999), and some
have been successfully applied in the meat industry.
These techniques are all based on heat generation during
processing. Infrared (IR) wavelengths, which lie between
the visible spectrum and the microwave region, have also
been used in cooking food. The thermal radiation that is
germane to food preparation extends in the electromag-
netic spectrum from wavelengths of 0.1-1000 um (IR
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radiation being 0.78-1000 um, with wavelengths <5.6 um
being used practically). These wavelengths are emitted,
transferred, and absorbed by the food, generating heat.
Near-IR radiation with a wavelength around 1 pm is the
most important in food applications (Lewicki, 2004).

As a cooking method, IR radiation has several advan-
tages that include high heat fluxes directed at the sample
surface and uniform heating over a broad surface area.
Despite the high thawing rate of heat-based thawing tech-
niques, radiation-based techniques including IR produce
some product deterioration due to overheating, oxidation,
surface drying, and impingement damage (Hong et al.,
2007b; Sheridan and Shilton, 1999).

To minimize these negative aspects, a combination of
thawing technologies such as air blast, humidity, and tem-
perature control are typically required. Currently, suffi-
cient information regarding the combinational use of IR
radiation is not available. This study evaluated the effect
of the combination of IR irradiation with air blast thawing
under controlled temperature environment on the physical
properties of pork.

Materials and Methods

Materials and Sample Preparation

Pork m. longissimus dorsi was randomly obtained at 24
h post-mortem from three carcasses. The meat was
trimmed of all visible fat and connective tissue, and cut
into a cylindrical form (8 ¢cm in diameter and 3 cm thick)
from the centre of the muscle parallel to their fibre direc-

tion. Two k-type thermocouples were inserted into the
geological centre and top surface of each sample, and the
temperature during freezing and thawing was monitored
using a model MV104 mobile recorder (Yokogawa Elec-
tric, Tokyo, Japan). All samples were frozen at -135°C in
a model CLN-2300CW deep freezer (Nihon Freezer,
Tokyo, Japan) until the temperature of the sample centre
reached -30°C. The sample was stored at -30°C in a
model NF-400SF deep freezer (Nihon Freezer) overnight
prior to use.

Thawing Procedure

Thawing was conducted using a thawing apparatus
shown in Fig. 1. A sample holder was placed on a drip
holder at a height of 10 cm. A model R125IRR IR lamp
(Royal Philips Electronics, Amsterdam, The Netherlands)
was hung at the top of thawing chamber 17 cm from the
sample top surface. A model NMB-MAT fan (Minebea-
Matsushita Motor Manufacturing, Tokyo, Japan) was
positioned at the front of the sample holder for air convec-
tion. The omni-directional inner wall of the thawing
chamber was coated using aluminium foil to maximize IR
efficiency. No IR radiation treatment (0 Watts; W) was
conducted at ambient temperature, while the chamber was
put into an -18°C freezer for IR treatments. The IR dose
intensity was controlled using 100, 130, 160, 190, and 220
V at a frequency of 60 Hz using a Slidacs HCS-2SD05
voltage controller (Hanchang, Busan, Korea). Calculated
wattages of the IR ramp were 47, 80, 121, 171, and 229
W. To determine the air velocity, the voltage for the work-
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Fig. 1. Schematic diagram of infrared radiation treatment combined with an air blast thawing apparatus.
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ing fan was changed from 140 to 220 V, and air velocity
at each voltage was measured (Fig. 2). The adopted air
velocities were 0, 3, and 6 m/s at controlled respective
voltages of 0, 183, and 198 V at 60 Hz. Temperatures of
the inner space of the chamber, and the top surface and
centre of the sample during thawing were monitored using
a model MV 104 mobile recorder (Yokogawa Electric). To
avoid sample overheating due to IR, the sample top sur-
face temperature was maintained at 10°C-30°C by an on-
off lamp (Fig. 3). Thawing was complete when the sam-
ple’s centre temperature reached at 1°C.

Thawing Rate

The thawing rate of pork was calculated for half sample
thickness as the time required to traverse the zone of
maximum ice crystal formation (from -5°C-0°C):
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Fig. 2. Changes in air velocity as a function of voltage levels.
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Fig. 3. Schematic time-temperature profiles of centre, top
surface, and inner chamber during treatment with
infrared radiation combined with air blast thawing.

where D and t are the mean sample thickness and time,
respectively.

Drip Loss

Each sample was weighed before packaging (m,) and
reweighed after thawing (m,). Thawing loss was deter-
mined from the difference in weights between the two
measurements (7, - m,) and expressed as a percentage of
the initial weight (m,). Cooking loss was determined by
assessing the exudation values after thermal treatment.
Three pork samples from each treatment were weighed
before and after cooking at 75°C for 30 min. The cooking
loss was expressed as a percentage of the initial weight.

Water Holding Capacity (WHC)

WHC was determined by the method of Hong et al.
(2005a). Approximately 1 g of meat (m,) was weighed
and placed into a centrifuge tube along with gauze as an
absorbent. The samples were centrifuged for 10 min at
3,000 rpm using a RC-3 automatic refrigerated centrifuge
(Sorvall, Asheville, NC, USA) maintained at 4°C. After
centrifuging, the meat was removed from the tube and the
weight of the centrifuge tubes before (m,) and after (m,)
drying was measured. WHC was expressed as a percent-
age of moisture remaining in the meat according to the
following equation:

WHC(%) = (1 —w) %100
my

Shear Force

After measurement of the cooking loss, strips 10 mm in
diameter and 35 mm in length were cut parallel to the
longitudinal orientation of the muscle fibres. Each strip
was sheared using a model DPS-20 digital gauge
(IMADA, Northbrook, IL, USA). The head speed was 60
mnymin and an average was calculated. Analysis was
determined from the means of 24 replicates.

Colour

Colour measurements were taken with a CR-10 colour
reader (Konica Minolta Sensing, Tokyo, Japan) calibrated
with a white standard plate (L* = +97.83, a* = -0.43, b*
= +1.98, as indicators of lightness, redness, and yellow-
ness, respectively). Commission Internationale de 'Eclai-
rage (CIE) L*, a*, and b*-values were determined. Six
measurements were taken from each sample surface.

Statistical Analysis
Completely randomized design was adopted in design-
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ing the experiment. Six IR powers (0, 47, 80, 121, 171,
and 229 W) x three air velocities (0, 3, and 6 m/s) were
analyzed by one way ANOVA using SAS software Ver.
9.1 (SAS Institute, Cary, NC, USA) and differences
among the means were compared using Duncan’s Multi-
ple Range test at a 0.05 level of significance. The rela-
tionship between independent variables and correspond-
ing responses were analysed by Pearson's correlation
coefficients.

Results and Discussion

Thawing Profile

In natural convection treatment (0 W and 0 m/s), the
thawing time (the time to traverse from -5°C-0°C) was
approximately 150 min, compared to 46 and 35 min at 3
and 6 m/s of forced air convection (air blast), respec-
tively. Thawing time also decreased with increasing IR
dose intensity, and was reduced by about 50% when air
blast was combined with IR. The calculated thawing rate
at various IR intensities and air blast velocities are given
in Fig. 4. Regardless of air velocity, increasing IR inten-
sity produced an exponential increase in the thawing rate
of pork. However, combination of air blast with IR fur-
ther increased the speed of thawing. As expected, the
thawing rate was dependant on the air flow velocity, con-
sistent with an increased heat transfer coefficient (Hong
et al., 2005b). Contrary to the latter study, however, it
was observed that increasing air velocity did not produce
a linear increase in the thawing rate. This may have been
due to temperature control during thawing. The pulsed IR
power during thawing was not consistent in all treat-
ments; some of samples were thawed with two cycles
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Fig. 4. Change in thawing rate of pork under various air
velocities as a function of infrared power levels. Solid,
dashed, and dotted lines represent regression line at 0 m/s
(R* = 0.74), 3 m/s (R* = 0.91), and 6 m/s (R® = 0.94) of
air velocity, respectively.

while others involved three cycles. IR also had an effect
both on the incremental increase in chamber temperature
and on heat transmittance through the sample. IR was
both a heat source and also penetrates into the meat by
virtue of its relatively long wavelength. Thus, IR radia-
tion represents an efficient heating system (Sheridan and
Shilton, 1999). According to our preliminary study (data
not shown), IR radiation can increase the chamber tem-
perature up to 120°C even at 50 W of power, necessitat-
ing temperature control in the present study to avoid
surface overheating of the sample. Although the actual
wavelength emitted from the IR lamp could not be mea-
sured in the current study, the wavelength from commer-
cial IR lamps tends to be in the near-IR range (0.75-1.4
im). Since water has a high emissivity, foods containing
water have a significant ability to absorb IR energy
according to Kirchhoff's law; water absorbs IR energy
maximally at a wavelength of 1.4 um (Lewicki, 2004).
Ice has a higher emissivity than water (Fellows, 1988),
making IR applicable for the rapid thawing of meat.
When combined with air blast, thawing of pork was
enhanced.

Thawing Loss

Fig. 5 depict the thawing loss of pork at each air veloc-
ity as a function of IR power level. Regardless of air
velocity, IR treatments produced significantly lower
thawing loss than 0 W treatment (p<0.05). For natural
convection (0 m/s), increasing IR power tended to
decrease the thawing loss of pork; however, no significant
differences among IR treatments were evident (>0.05).
Significantly low thawing loss was found at IR and air
velocity conditions of 229 W and 3 m/s, and 171 W and
6 m/s. Meanwhile, increasing air velocity under constant
IR power level tended to increase the thawing loss of
pork. In general, the content of thawing drip is related to

a E0wm/s
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Fig. 5. Change in thawing loss of pork under various air
velocities as a function of infrared power levels.
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the rate of freezing, which, in turn, is related to the size
and location of ice crystals in the frozen meat (Ngapo et
al., 1999). Drip loss at a high freezing rate is decreased
by an increasing thawing rate, in contrast with low freez-
ing rate, emphasizing the importance of the thaw rate as
well as the freezing rate (Hamm ef al., 1982). In the cur-
rent study, rapid freezing was conducted using a -135°C
deep freezer to reduce thawing drip. Both IR power and
air velocity increased the thawing rate of pork, with thaw-
ing loss decreasing as the IR power increased. However,
air velocity positively correlated with thawing loss
(p<0.01). This was mainly attributed to sample surface
drying. IR radiation is a kind of surface process, which is
effective to a depth of approximately 1 um (Lewicki,
2004). Increasing IR dose intensity increases surface tem-
perature, and, hence, surface evaporation. This surface
acts as a boundary between the heat source and the por-
tion of the sample below the impermeable surface, and
facilitates convective transport of energy and water
vapour. Liquid water transported to the surface from the
interior is evaporated and then convected away (Datta
and Ni, 2002). Thus, IR dose is the major influence on
surface drying. However, when the power is off at a rela-
tively low temperature (30°C) discontinuation of IR
energy can cause a rapid temperature depression in the
thawing chamber, which may presently have contributed
in a minor way to moisture loss. On the other hand, con-
tinuous air convection with a simultaneous temperature
fluctuation during the thawing can manifest as a signifi-
cant surface drying.

Water Binding Properties

Table 1 summarizes the water binding properties of
pork at each air velocity as a function of IR power. The
unfrozen control showed 28.3% of mean cooking loss.
Increasing both IR power and air velocity tended to
decrease the cooking loss of pork. Significantly lower
cooking loss of pork than control was shown at 171, 80,
and 47 W of IR radiation, which corresponded to 0, 3,
and 6 m/s of air velocity, respectively (p<0.05). Regard-
ing air velocity, the 6 m/s condition produced the lowest
cooking loss (p<0.05), while the differences between the
0 m/s and 3 m/s treatments were not significant (p>0.05).
Cooking loss had a significant negative correlation with
both air velocity (p<0.01) and IR power (p<0.001) (Table
4). This result could be explained by rapid thawing. In the
current study, the decision to cool to 4°C before subse-
quently freezing to -30°C was based on previous observa-
tions that cooling a material very slowly to the point

Table 1. Changes in water binding properties of pork under
various air velocities as a function of infrared (IR)
power levels

IR power Air velocity (m/s)
(W) 0 3 6
Cooking loss (%)
CV 27.5£1.415%%2 28.6+0.17%%  28.1£0.26**
0 28.8+0.31%  282+0.59*  27.9+0.50%%
47 28.1+0.30%8Y  28.0+1.36%  26.2+0.35%
80 27.8+0.15%8Y  28.9+0.42%%  26.5+0.60%
121 26.6£0.17%  28.0+0.13%  26.320.51%
171 27.4£0.23%  26.2+0.12%  25.9+0.24%
229 253+0.49P*  255+0.67%*  24.8+0.25%
Water holding capacity (%)
C 86.2+1.05%  87.1£0.74%  86.4x1.16"*
0 84.5£0.39%%Y  84.7:0.89%  86.5:£0.43"*
47 82.2+1.025%  83.041.24%%  86.7+2.26*
80 83.8+1.3925C*  83.8+0.57%%  83.0+4.744B%
121 83.1+1.515%  83.0£0.505%*  82.442 52ABx
171 82242255 82242258 82312 58ABx
229 81.4+0.84  81.0+1.94%  80.9+1.18%

U C, Control.

? Means+SD from three replicate determinations.

ACMeans with different superscript within same column are sig-
nificantly different (p<0.05).

**Means with different superscript within same row are signifi-
cantly different (p<0.05).

where crystal formation is initiated, followed by rapid
freezing, can produce a frozen material with smaller ice
crystals than if the material is rapidly cooled throughout
the whole process (Reid, 1999; Farouk et al., 2003). The
precooling temperature of 4°C and subsequent rapid
thawing rate are considered to give a stable yield during
the thawing process, resulting in an improved cooking
yield at higher IR power and air velocity (Hong et al.,
2005b).

Increasing IR power level tended to decrease the WHC
of pork. Significant decreases in WHC were apparent at
47 W of IR power for O m/s and 3 m/s, and 229 W for 6
m/s of air velocity (p<0.05), compared to control. As a
consequence of the irregular temperature fluctuation dur-
ing thawing, WHC did not presently show any ordered
tendency, with a high standard deviation being evident. In
general, WHC of frozen meat is related to the state of
myofibrillar protein (Hong et al., 2005b). Petrovie et al.
(1993) noted that slowly frozen beef has lower protein
solubility than quickly frozen beef. Wagner and Afién
(1985) reported greater protein denaturation in slowly
frozen myofibrillar protein, and attributed the difference
to the partial unfolding of the protein molecules with
exposure of their constituent hydrophobic groups. How-



Thaw-related Physical Properties of Pork 307

ever, the thawing process probably does greater damage
to meat than freezing, because thawing occurs more
slowly than freezing (Forrest et al., 1975). Protein dena-
turation during thawing results from recrystallization
(Hong et al., 2005b). However, WHC of frozen meat may
be influenced by the fat content due to the ratio of mois-
ture to protein (Dawood, 1995). Hong er al. (2005b) also
reported no significant difference in WHC between fresh
and thawed pork loin. Therefore, significantly low WHC
presently found can be mainly attributed to the IR dosage
as revealed by the correlation coefficient (p<0.001).

Shear Force

Table 2 presents the effects of IR power levels and air
velocities on shear force of pork. Non-irradiated pork dis-
played a significantly higher shear force than that of fresh
control (p<0.05), ranging from 10.5-11.2 N. However,
increasing IR power tended to decrease the shear force of

Table 2. Changes in shear force of pork under various air
velocities as a function of infrared (IR} power levels

Alr velocity (m/s)
IR power (W)
3 6
Shear force (N)
ch 912057 10.0£1.62°7% 9541208
0 10.6+£0.92%  11.2+1.27%  11.2+0.97™
47 9.9+0.97%  10.4+0.82%*  10.1£1.25%
80 9.7+0.718  11.221.15% 9.9+0.87%
121 9.7+0.71%  10.9£1.29%%  10.0+1.21%
171 92+0.54%  10.320.875  9.9+1.18%
229 9.5£0.33%  9.5+0.77™ 9.7+0.91%
¢, Control.

» Means+SD from three replicate determinations.

ACMeans with different superseript within same column are sig-
nificantly different (p<0.05).

**Means with different superscript within same row are signifi-
cantly different (p<0.05).

pork, although the differences were not significant
{p>0.05). In addition, shear force increased with increas-
ing air velocity. As shown by cormelation coefficient
determinations, both IR power (p<0.01) and air velocity
(p<0.001) had a significant effect on shear value. High
shear values of frozen meat are mainly due to the genera-
tion of thawing drip, as well as protein aggregation from
cold denaturation (Hong ef al., 2007a; Smeller, 2002). In
the current study, increasing IR power accelerated thaw-
ing velocity, resulting in low thawing loss. This phenom-
enon effectively retards toughness in the meat product
(Hong et al., 2007b). Moreover, temperature control
might positive affect shear force. In reality, continuous IR
radiation may not be suitable for thawing, given our
present observations that IR irradiated meat had a surface
that was overcooked and dried (Fig. 6). However, avoid-
ing a severe temperature rise from a subzero temperature
could prevent excessive thawing loss originating from
surface drying. Accordingly, IR radiation combined with
air blast thawing has a potential advantage in maintaining
meat quality after thawing, and control of temperature
can extend the applicability of IR radiation from cooking
to thawing.

Colour

Table 3 summarizes the effects of various air velocities
and IR powers on CIE colour of pork. All thawing treat-
ments produced a significantly lower L*-value than that
of control (p<0.05). For thawing treatments, no effect of
IR power on L*-value was generally found, although
some significant differences were evident (p<0.05). Air
velocity also had no effect on L*-value of pork (p>0.05),
with the exception of the O W treatment (p<0.05). Signif-
icantly lower a*-value of pork was found at air velocities
up to 3 m/s (p<0.05) compared to control. However, no

Fig. 6. Photographs of infrared irradiated pork (171 W) with 6 m/s of air velocity in the absence (a) and presence (b} of tempera-

ture fluctuation control.
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Table 3. Change in CIE colour of pork under various air
velocities as a function of infrared (IR) power levels

IR power Air velocity (m/s)
(W) 0 3 6
L* value
CP 48.621.74%Y  500+1.12%*  49.8+0.74™
0 46.1x2.018®  433+2.59%> 48842 324Ba
47 45.4+1.96% 47633148 44.442 20%
80 45.6£1.79%  49.442.56*%  452+1.65%
121 453£1.78%  46.022.82C*  46.3+3.178¢%
171 4532208 46.8£2.81%%  46.0+£1.73%*

229 45.1£1.00% 46.8+:2.38%B% 46,341,925

a* value
C 10.4£0.80%  10.1+0.74* 7.9+1.034°
0 6.7+0.46%° 8.3+1.165 6.1+0.36®
47 6.7+0.59% 6.9£1.19% 7.0+0.725¢
80 6.1+0.595° 7.320.738¢*  7.34(.437B2
121 6.2+0.345¢ 8.0£0.305C*  7.5+0.447BY
171 6.2+£1.265 7.2+0.67% 6.7+£0.558¢
229 6.5+0.915 7.01.32 7.3+0.69482
b* value
C 12.5£0.86%%®  12.8+1.03%  11.3+1.15%
0 10.7£0.50%  10.6+1.20%* 8.940.25
47 10.5£0.46%  11.0£1.108*  10.4£0.6048%
80 10.2+0.58%®  10.9+0.56% 9.9+0.83B¢®
121 9.8+0.50%°  11.2+0.625*  10.9£0.78482
171 10.5+1.01%®  10.8£0.67% 9.620.33¢P®
229 10.0£1.16%  10.7¢0.99%  10.3£1.01B¢

V' ¢, Control.

? Means=SD from three replicate determinations.

A€ Means with different superscript within same column are sig-
nificantly different (p<0.05).

**Means with different superscript within same row are signifi-
cantly different (p<0.05).

Table 4. Correlation coefficients between independent vari-
ables and dependent responses

Air velocity Infrared power

Thawing rate 0.46* 0.83%**
Thawing loss 0.37%* -0.67%x*
Cooking loss -0.43%* -0.77H%*
Water holding capacity 0.14 -0.58**
Shear force 0.29%** -0.30%*
L* value 0.11 0.01

a* value 0.03 -0.34%x*
b* value -0.15% -0.25%*

* Significant at 0.05 levels.
** Significant at 0.01 levels.
*** Significant at 0.001 levels.

significant differences in a*-value were evident above 80
W of IR power with 6 m/s of air velocity (p>0.05). No air
velocity treatment was significantly different (p>0.05),
however, an air velocity of 6 m/s best maintained the red-

ness of pork samples, when compared to the a*-value of
control. The b*-value results were similar to the a*-value
results. In general, the absence of any trends in CIE
colour could be due to temperature fluctuation during
thawing. However, it is conceivable that temperature con-
trol prevented discolouration from overheating of the
sample surface. As shown in Fig. 6, in the absence of
temperature control, severe overheating at the surface
was apparent, while no overheated region was apparent
when the temperature was controlled.

In agreement, a study by Hong et al., (2007b) also
showed that IR radiation combined with air blast confers
a potential advantage in rapid thawing of pork, and that
the excessive overheating found in thermal processing
can be effectively avoided by simultaneously applied
temperature control.
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