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1 INTRODUCTION

Infrared refers broadly to that portion of the o._mo:‘oammsmmo spectrum
starting at the deep red (the point at which light just begins to become
visible, hence the name infrared) and extending to the microwave radar
region. As shown in Figure 1, the relative position of infrared region of
the electromagnetic spectrum is in the wavelength range of 0.75 to
1000 pm. Infrared waves are described as short, medium, or long wave.
Short infrared waves (or near infrared) are closest to visible light. Because
much of this energy is light, it is easily reflected. Short infrared waves occupy
the region of the electromagnetic spectrum in the wavelength between 0.75
and 3.0 pm. The long infrared (or far infrared) waves, spanning the wave-
length region of 25-1000 um, are readily absorbed by most materials as
heat. The medium waves (or middle infrared) occupy the region between
the short infrared and long infrared regions [1].
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Ficure 1 The electromagnetic spectrum.

When radiant electromagnetic energy impinges upon a food surface, it
may induce changes in the electronic, vibrational, or rotational states of
atoms and molecules [2]. The types of mechanisms for energy absorption
are determined by the wavelength range of the incident energy. Changes in
the electronic state correspond to wavelengths in the range between 0.2 and
0.7 pm (ultraviolet and visible rays); changes in the vibrational state corre-
spond to wavelengths in the range 2.5-100 pm (part of infrared region); and
changes in the rotational state correspond to wavelengths above 100 um
(microwaves). Infrared radiation causes molecular vibration changes;
hence, heating occurs when biological materials are exposed to infrared
radiation.

The fundamental relationships of infrared energy are established by
three basic laws [Egs. (1)=(3)] that determine the distribution and n:ms:?
of infrared energy. The laws are written for a blackbody, which assumes that
a surface will absorb all and reflect none of the radiation falling on it. An
ideal “blackbody” is a surface that absorbs and in turn radiates all the
energy incident upon it.

Stefan-Boltzmann Law

W =0Ty (M
Wien’s Displacement Law i
2897.6
Amax =~ : 2
N;»c

Planck’s Equation
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CiA 3)
exp(Cy/AT) -1
where the first (C;) and second (C,) radiation constants have values of
3.742 x 10 Wpum®*/m? and 1.469pumK, respectively. The mwavow are
defined in Section 6 nomenclature.
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Ficure 2  Spectral blackbody emissive power.

The Stefan—Boltzmann law and Planck’s equation provide the means
for determining the intensity and spectral distribution of the emission from a
radiator. The Stefan—Boltzmann law shows that the intensity of heat at the
surface of a body exposed to infrared radiation is proportional to the fourth
power of temperature. The Wein’s displacement law states that the peak
wavelength (A.,,x) varies inversely with the absolute temperature of the
radiating object. Figure 2 shows the emissive power curves of blackbody
radiation versus wavelengths at different temperatures. The hotter the
object, the shorter the wavelength of infrared radiation. The total emitted
energy is the integral or the area under the curve shown in Figure 2 and can
be calculated using the Stefan-Boltzmann relationship.

Because no object is a perfect emitter (i.e., a blackbody), real sub-
stances are characterized by an efficacy of radiant emission called emittance
or emissivity (¢). The radiant energy flux for real objects is then calculated
from

W= mo.w%c ’ e))

Emissivity varies with wavelength and temperature. The common
practice in engineering, however, is to represent the emissivity for the entire
band of the electromagnetic spectrum involved rather than for a particular
wavelength. Emissivity data for biological materials is scarce. Typical values
of emissivity for agricultural crops vary from 0.7 to 0.9 [3,4]. Where there
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are no data for a particular application, an emissivity value of 0.9 is often
used.

2 INFRARED HEAT GENERATION

Most generators of infrared energy are either electrically heated or gas fired.
The electrical generators of infrared radiation include quartz lamp, tungsten
arc lamp, xenon arc lamp, nonsheathed radiator, and resistance element
(Table 1). For electrically heated radiators, infrared radiation is obtained
by passing an electric current through an element [6]. Quartz, tungsten, and
xenon lamps generally have maximum radiation at wavelength less than
1.3pm. They are therefore referred to as light (short-wave) radiators.
These lamps emit at temperatures of 1773-2073 K [7]. Resistance elements
and gas-type generators are generally dark (long-wave) radiators because
they have maximum radiation in the invisible infrared rays (> 1.3 um). Gas-
fired generators are made of perforated plate (metal or refractory) that is
heated by gas flames in one of the surfaces, thereby causing the plate to rise
in temperature and emits radiant energy [8]. The characteristics of commer-
cially used infrared heat sources are compared in Table 1 [5].

3 APPLICATIONS TO BIOLOGICAL MATERIALS

Sun drying is the oldest method that has been used to dry agricultural
products. Because most of the radiant energy of the sun is in the infrared
region, infrared energy is indirectly the oldest and most traditional energy
source for agricultural applications. Despite the historical nature of infrared
energy in food preservation, the use of infrared radiation is mostly at
the industrial level, such as in drying of coatings (powders, paints, inks,
adhesives, films), in hazardous heating (space heating for oil and gas and
petrochemical industries) and in electronics and metal processing applica-
tions.

Interest in the use of infrared heating in food processing has increased
in the past few years due to recent developments in the design of infrared
heaters that offer rapid and economical methods for production of food
products with high organoleptic and nutritional value. The most significant
advantage of infrared drying when used for drying is the reduction in drying
time. Other advantages of infrared heating include the following [2,8]:

(a) High efficiency to convert electrical energy into heat when electric

heaters are used. .
(b) Efficient heat transfer to the food reduces processing time and

~energy costs.

Characteristics of Commercially Used Infrared Heat Sources

IR Heating of Biological Materials

TaBLE 1

Source temperature

Peak
wavelength

Power

Max

Usual range

(nm) (kw/m?)

(K)

(K)

Infrared source

Electrically heated radiators

Up to 80

1.65
1.2

2,200
3,600

1,750-1,800
2,300-2,800

Sylite

Nonsheated radiators

Up to 1200

Graphite

Metallic—filament

(1-1.4) x 10°
(1-2) x 10°
Up to 20

30-400

1.2
0.9
1.3
1.0

2,700
2,000

1,900-2,200
1,600-2,000
1,900-2,500
1,900-2,500

tungsten
Metallic-molybednum

Light bulbs

2,500

Sheathed radiators

2,800

Quarta lamp

4-14

4.0-9.0
0.8-1.1
0.72

1,200
10,000

700-1,200
5,000-10,000

3,200-4,000

Plate radiators

Up to 50

Xenon arc lamp

Up to 1400

7,000

Tungsten arc lamp

Gas-heated

Direct flame

Flame

(Bunsen, Teclu, or

Mecker burner)
Indirect flame—ceramic element

20-30

2.8-4.3
4.0
3.6

1,800
1,500
1,000

500-1,600
600-800

50-60

20-30

300-900

Indirect flame—metallic element

Heated porous plate with

Flameless

40-90

4.0

1,200

350-850

internal burning
Heated porous plate with

160-2400

1.5-2.0

2,000

1,000-1,700

external burning
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(c) The air surrounding the equipment is maintained at ambient
level.

(d) Infrared heaters are less expensive when compared to dielectric
and microwave sources and they have longer service life and low
maintenance.

(e) Surface irregularities on foods have insignificant effect on infra-
red heating—uniform heating of product is easily achieved.

Some of the disadvantages of infrared heating are (a) proper scaling up of
heaters from laboratory model to full-plant model, and (b) infrared heating is
cssentially a surface heating method and is thercfore best for thin matcrials.

Infrared heat is generally applied to biological materials in order to
achieve thermal effects such as controlling insect infestation in stored pro-
duct, inactivation of toxic and antimicrobial factors and degradative
enzymes, reduction of microbial counts, enhancement of the dehulling of
legume grains, and starch gelatinization in starch bearing materials [7,9-10].
The determination of appropriate equations to describe a process requires
an understanding of the physical, chemical, and microbiological changes
that occur when the process is applied to biological materials. In this sec-
tion, some of the applications of infrared heating in food and agricultural
industries are discussed. Examples of the various changes that occur in
infrared heated foods are also presented.

3.1 Applications Involving Insect Disinfestation

Kirkpatrick [11] showed a 99% death rate of Sitophilus oryzae and a 93%
death rate of Rhyzopertha dominica when insect-infested wheat samples were
exposed to infrared radiation. The temperature of the wheat samples
increased to 48.6°C. In another study, Kirkpatrick et al. [12] found that
the natural infestations of stored wheat by the weevil S. oryzae, the grain
borer R. dominica, Crypolestes pusillus Schonh, and Tribolinum castaneum
were controlled by raising sample temperature to 55°C. Despite these
encouraging results, there is no evidence that infrared heating is used com-
mercially to disinfect food and agricultural materials. This is probably due
to the limited use of infrared heating in the food industry at the time these
studies were conducted. Due to the energy crisis of the 1970s, it was less
expensive for food manufacturers then to use chemicals for food preserva-
tion.

3.2 >Uu:om~m01m Involving Legume and Qil-Bearing Materials

Most of the commercial use of infrared heat processing in the food industry
involves the inactivation of antinutritional factors in legume seeds (mostly
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soybeans) and enzymes that cause product degradation and development of
aS.om&Q. Several studies carried out by researchers at the Agricultural
University in Wageningen, the Netherlands [13-16], showed that infrared
heating can be used to improve the nutritive value of soybeans. The
researchers, in addition to results from other published studies [17-19],
found that infrared radiation can be used to inactivate lipoxygenase enzyme
Qrm: causes oxidative rancidity), reduce the trypsin inhibitor and other
antinutritional factor levels, and increase the binding, emulsion power,
water holding capacity, and shelf life of full-fat soybean flour. This has
generally led to a longer shelf life of the product. Perhaps the most impor-
tant conclusion made by the Wageningen rescarchers is that infrared treat-
ment ol soybeans offers the possibility for reducing energy requirements and
production costs in comparison to the conventional steam-heating method
used for soybean processing. The researchers showed that soybeans can be
infrared heated to surface temperatures of 125-133°C for 60 sec. Steam
heating is usually carried out at temperatures of 110-125°C for 20-30 min
[20-22]. In addition, steam-heated samples have to be dried after treatment
thus increasing processing cost.

. When cocoa beans were infrared heated prior to dehulling, there was a
significant improvement in winnowing performance during the separation of
nib or beans from the shell. The shells became lighter due to expansion and
are thus more effectively removed during air separation [20-22]. In addition,
bacteria and contamination levels were reduced by 95%. The effect of infra-
red heating on the microbial counts of cocoa nibs is shown in Table 2 [9].
Infrared heating of the nibs was carried out for 10 sec under a ceramic plate
heated to 970°C.

Cenkowski and Sosulski [23] investigated the effect of infrared heating
on the physical and cooking properties of lentils. They found that cooking
time was shortened from 30 mm for the controlled seeds to 15 mm for lentils
adjusted to 25.8% moisture content and infrared heated to 55°C. Infrared

TABLE 2 Effect of Infrared Treatment of Cocoa Nibs on Microbial Counts

Before infrared After infrared
treatment (counts/g) treatment (counts/g)
Total count 5x 10° 2x10°
Enterobacteria 104 10
Yeasts 8 x10* : <10?
Molds 6 x 10* <102

Source: Ref. 9.
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heating was effective in the gelatinization and solubilization of the starch.
When maize germ was infrared heated at different temperatures (98-118°C),
the degree of starch gelatinization and water absorption increased and the
protein dispersibility and enzyme activity decreased with higher infrared
temperatures [24]. The processed wheat germ samples were able to keep
for 12 months before any appreciable change in rancidity (free fatty
acid [FFA] and peroxide value) occurred.

Fasina et al. [25] investigated the effect of infrared heat treatment on
the physical, chemical, mechanical, and functional characteristics of five
legume seeds (kidney beans, green peas, black beans, lentil, and pinto
beans). Within a duration of 15 sec or less, the seeds were heated to a
surface temperature of 140°C. Significant changes (Table 3) in the properties
of the seeds in terms of increased volume, lower rupture point and tough-
ness, higher water uptake, and higher leaching losses (when seeds were
soaked in water) were obtained in comparison to unprocessed seeds. The
changes in the physical and mechanical properties of the seeds were attrib-
uted to seed cracking during infrared heating. The authors also found the
functionality of the flour (pasting characteristics and protein solubility)

TaBLE 3 Water Uptake and Loss of Solubles When Raw and Heated Legume
Seeds Were Soaked in Water

Absorbed moisture

Legume sample (g/100 g seed) - LL? (g/100g seed)
Kidney beans

Raw 133.6 1.1

Processed 1375 10.3
Green peas

Raw 119.8 5.5

Processed 118.2 11.0
Black beans

Raw 130.7 1.7

Processed 144.3 111
Lentil

Raw ’ 136.4 25

Processed 140.3 115
Pinto bean o

Raw 130.8 3.3

Processed 141.7 11.7

2 Leaching losses
Source: Ref. 25.
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TaBLE 4 Pasting Characteristics of Flours from Raw and Infrared-Heated
Legume Seeds

Peak height  95°C height 15 min height 50°C height

Legume sample (BU?) (BU) (BU) (BU)
Kidney bean

Raw 180 10 60 180

Processed 220 20 120 220
Green pea

Raw 30 10 20 30

Processed 120 10 100 120
Black bean

Raw 50 10 20 50

Processed 280 40 120 280
Lentil

Raw 540 200 360 520

Processed 420 300 410 420
Pinto bean

Raw 100 20 100 80

Processed 460 . 60 220 400

2 BU-Brabender unit.
Source: Ref. 25.

from infrared-heated seeds were superior to those of flour from unprocessed
seeds. Table 4 shows the improvement in pasting characteristics of flour
from infrared-heated legume seeds; Figure 3 shows the change in protein
solubility of the legume seeds due to infrared heating. .

3.3 Applications Involving Cereal Grains

The most common reason for applying infrared heating to cereal grains is to
gelatinize the starch in them [27-32]. The processed grains are often used in
the production of ready-to-eat breakfast cereals, as cereal adjunct in the
brewing industry, or as livestock feed. However, there is no substantial
evidence showing that significant improvement is obtained when infrared
heated cereal grains are fed to livestock [33-35]. Other changes that are
achieved when cereal grains are infrared heated include reduction in protein
solubility [26, 36], inactivation of peroxidase enzyme in oat flakes [37],
reduction of microbial counts on edible wheat bran [38], and reduction of
tannin content in sorghum [39]. Figures 4-7 and Tables 5-7 show the changes
in the physical and functional characteristics of hull-less and pearled barley
infrared heated at different temperatures and moisture content [32].
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Ficure 3 Protein insolubility(percent) of legume seeds infrared heated at 140°C
O: unprocessed; x: processed. (From Ref. 26.)

3.4 Other Applications

In the last decade, there has been increased diversity in the use of infrared
radiation in the food industry. Some of the studies that have been reported
in the literature include pasteurization of packaged foods [l], heating of
oysters and eggs [2], thawing of frozen foods [9], drying of various agricul-
tural materials [40,41], surface sterilization of vegetables [42], enhancement
of value of tofu and soy milk [43], and browning of foods [44]. Infrared
lamps are now integral parts of buffet tables and cafeteria lines because they
are used to keep food hot and to give food a rich red color while under the
lamps [28). Infrared lamps are also used in poultry barns as a heat source for
brooding chicks and turkey poults.

IR Heating of Biological Materials

m_“ocz.m 4 Scanning m_m.o:oz micrographs of cross sections of hull-less barley
showing kernel expansion due to micronization: (a) unprocessed:; (b) initial

moisture content of 13.3%, temperature of 150°C: (c) initial moi
, ; t
of 26.5%, temperature of 115°C. (From Ref. 32.) V e content
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Ficure 5 Scanning electron micrographs of cross sections of pearled barley .n_mcm.m 6 Scanning electron micrographs of cross sections of hull-less barley
showing kernel expansion due to micronization: (a) unprocessed; (b) initial showing changes in microstructure due to micronization: (a) unprocessed; (b)
moisture content of 12.2%, temperature of 150°C; (c) initial moisture content initial moisture content of 13.3%, temperature of 150°C; (c) initial moisture con-
of 25.9%, temperature of 115°C. (From Ref. 32.) tent of 26.5%, temperature of 115°C. (From Ref. 32.)
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TaBLE 5 Percent Amount of Starch Gelatinized? in Hull-less and Pearled
Barley Samples During Infrared Heating

i Hull-less Pearled

w Kernel
surface Initial m.c.” Gelatinized starch Initial m.c. Gelatinized starch
temp. (°C) (%, w.b.) (%) (%, w.b.) (%)
115 15 0.1
135 13.3¢ 1.2 12.24 29
150 47.4 14.0
105 14.3 1.9
115 19.2 34.3 19.3 20.5
135 85.3 44.8
105 26.5 84.1 25.9 26.5
115 93.8 . 67.3

!

¢ Maximum deviation of 0.8 from mean values.
% m.c. = moisture content.

¢ w.b. =wet

“Unconditioned.

Source: Ref. 32.

TABLE 6 Thermal Parameters for Infrared-Heated Hull-less and Pearled Barley
Flours Showing the Effect of Kernel Surface Temperature

Hull-less Pearled
Temp. (°C) 7, (°C) AH (J/9) 7, (°C) AH (J/9)
Raw 67.6 8.02 65.0 7.58
115 67.3 7.80 65.1 7.47
135 67.3 7.30 65.1 7.23
150 67.3 4.85 . 66.1 6.93

Note: Kernels had initial moisture contents of 12.2%.
Source: Ref. 25.

_w_mme 7 Scanning electron micrographs of QOm.m.m.mozo:m of pearled _uwzm<
showing changes in microstructure due to micronization: @v...h:vqoo.mmmmg (b)
initial moisture content of 12.2%, temperature of 150°C; (c) initial moisture con-
tent of 25.9%, temperature of 115°C. (From Ref. 32.)

Even though this is not the focus of this chapter, we should mention
that a major use of infrared radiation in the food industry is in the area of
analytical measurements. Modern analytical instrumentations that are
based on infrared energy measurements are being used for rapid and routine
analyses that are needed in the formulation, quality control and develop-
ment of food products.
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TaBLE 7 Water Hydration Capacities (WHC)? of Flours from Infrared-Heated
Hull-less and Pearled Barley

Hull-less Pearled

Kernel

surface Initial m.c.? WHC Initial m.c. <<oIO
temp. (wC) (%, w.b) (%) (%, w.b.) (%)
Unprocessed : 272.2 ) WM“ w
115 319.7 ; :
135 13.3¢ 326.8 12.2 300.8
150 429.3 288.8
105 330.8 276.4
115 19.2 347.9 19.3 329.4
135 : 642.4 . 434.9
105 26.5 760.1 259 356.1
115 857.1 497.6

2 Maximum deviation of 9.3 from mean values.
5 m.c. = moisture 8 content.

°w.b. =wet basis.

9 unconditioned.

Source: Ref. 32.

4 MODELING THE INFRARED HEATING OF BIOLOGICAL
MATERIALS

4.1 Model Development

As mentioned in the previous sections, E?Nnn.a heating is becoming an
important source of heat treatment in the food Ea:&nw because .“.:. m.a<m=-
tages such as simplicity of equipment, mmmﬁ. transient response, mam.s_momsh
energy savings, and easy accommodation with convective, o.osaco:<9 an

microwave heating [1]. Factors such as type of raw Emﬁ.:m_ Ao.m... cereal
grain, oil seed, legume), infrared burner SBRB».EP rn_mvﬁ of infrared
burner from the grain bed, residency time of grain under infrared heat,
and the initial moisture content of the sample will mﬂooﬁ.vmnm_ product tem-
perature and moisture content. The optimum combination of these factors
can be obtained by complete experimentation or d« the use of computer
modeling and simulation with subsequent verification of the B.oao_m by
experimental results. The latter is preferable based on cost and time con-

i i 45].

w_annmm”“mwho ﬁ_rn wide application of infrared heating in the food and moma
industries, few studies have been reported on transfer of heat and mass in

o
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agricultural naovm subjected to this heating method. Zuilichem et al. [9]
presented the following set of heat transfer equations to describe the infra-
red heating of agricultural seeds:

3 %ﬂwmﬂ _
Pear = Am|m ﬂ%v. ©)

Equation (5) was solved by applying the Fourier integral and Fourier series
to obtain

o0
r-T.= Euﬂb M exp(—aa?)
h=1
A%l + (4h — 1)
a2[A%a2 + Ah(4h — 1))

where a,(n = 1,2, 3,...) are the roots of the equation

X

sin Aa, sin ra, (6)

Aa, cotg (Aa,) + (Ah— 1) =0 )
_oF(T; - Ty)
"=TkT-T) ®
oT,
T, =T+ 3&\ )]

In developing Egs. (5)—(9), the authors neglected mass transfer and convec-
tion of applied heat to the ambient air surroundings. Parameter F in Eq. (8)
was defined as the configuration factor. If this is the case, the calculation of
the radiation constant /1 will be in error because the emissivity of the product
is not included in the equation. The appropriate equation to use in the
calculation of & (the radiative heat transfer coefficient) will be presented
later in this section. Unfortunately, the predictions the authors obtained
from these Eqs. (5)~(8) were not validated with experimental results.
There is substantial evidence in the literature indicating that agricul-
tural products experience an increase in temperature and lose moisture when
exposed to infrared radiation. Zheng et al. [26] showed that unconditioned
legume seeds (initial moisture content 9.5-10%) lose about 2 percentage
point of moisture when infrared-heated to a surface temperature of
115°C. When lentil seeds with initial moisture contents of 22.5%, 25.8%,
and 38.6% were infrared-heated, the measured final seed temperature
were inversely related to initial moisture content [23]. After about 60 sec
of infrared heating, the moisture contents of the seeds were respectively
reduced to 11%, 13%, and 28%. The corresponding final seed temperature
were measured to be 110°C, 125°C, and 130°C. Stephenson and McKee [46]
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investigated the possibility of using infrared heating for the accelerated
drying of oats and barley. The moisture content of oats and barley when
infrared-heated to surface temperatures of 100°C and 110°C reduced from
20% to 12.1% for oats and from 17.2% to 11.8% for barley.

As mentioned in Section 1, when an infrared wave impinges on
a surface, the molecules at the product surface vibrate at a frequency
of 8.8 x 107 to 1.7 x 108 MHz (corresponding to wavelength of 1.8-3.4 pm
that is typically used in the food industry). The friction of the intermolecular
structure of the product will cause a temperature rise, hence the heating and
moisture loss at the surface [47]. Heat passes into the food by conduction
and moisture migration to the product surface occurs. Kuang et al. [48]
studied the transfer of heat and mass during the use of infrared heating to
dry paper. The set of equations used for mass transfer were based on capil-
lary moisture movement. Ratti and Mujumdar [7] presented a set of equa-
tions to describe the infrared drying of foodstuff. A lumped moisture model
(i.e., no resistance to internal moisture movement) was used to describe the
mass transfer component. Numerous studies have shown that the transfer of
mass in agricultural crops is mainly a diffusion process [49-51]. In diffusion
processes, the mass transfer models take into account the internal and
external resistances of the single grain particle to moisture movement [52].

Irudayaraj et al. [53] modeled the drying of cereal grains using two
models. The first model assumed that diffusion of moisture occur through
vapor and liquid phases within the grain kernel. Luikov’s coupled system of
partial differential equations [54] for heat and mass transfer in porous media
was used to describe the diffusion process. The second model used by the
authors assumed that moisture diffuses to the outer boundaries of the kernel
in liquid form and that evaporation takes place only at the surface of the
grain (conduction model). Simulation results showed that temperature pre-
dictions by the Luikov’s model approached the equilibrium temperature
faster than the conduction model. The author, however, found that the
overall grain kernel temperature and moisture predictions from the conduc-
tion model were better than that of the model.

The conduction model was used by Fasina et al. [55] to model tem-
perature changes and moisture loss in barley grains subjected to infrared
heating. The equations which take into account the internal and external
resistances to transport processes are given by the following:

Mass transfer

M _ 123 M (10)
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Heat transfer

T 19, ,dT

e R a o (1
The initial and boundary conditions to Egs. (10) and (11) are given as

M = M; att=0,0<r<R (12)
T=T; att=0,0<r<R (13)

D aM
=Dy ) =h, (M, — M) atr>0, r=R (14)

aT

- \m\mw.mlx . =4 +bﬂ.\mwA% =Ty
oM .

+b~\$mﬂ att>0, r=R (15)

It is assumed that (a) agricultural materials are opaque to radiation
and, H.:mnomoa, impinged radiation is converted to heat at the surface of the
:.EE:m_ [7], (b) the flow of material in infrared equipment is in a thin or
single-kernel layer, and (c) the kernel is spherical in shape.

. The variable g, in Eq. 15 is the heat radiated to the kernel from (a) the
infrared heater directly above the grain bed and (b) the two side plates that
enclose the space between the infrared heater and the grain bed. Equations
(16) and (17) describe the contribution of each radiative term to the kernel
heat and mass transfer phenomena are given below [56,57]; they state that
the total resistance to radiation exchange between a surface (emitter or side
plate) and the barley grain is comprised of the two surface resistances [the

first and third terms of the denominator in Eqgs. (16) and (17)] and the
geometrical resistance (Fye)-

For the infrared heater,

ﬁﬂkﬂklﬁuﬁg |~.. = i
In=0 wA P v &g +M.mn+m«mkm\\nwv QQV

For the two side plates,

= 204,(T* - T* A_I;w 1, 1=5 v-_
qr2 wA P v £ +H.mv +M§A\A3\k%v G‘Nv
Fg and Fg, are the view or configuration factors between the grain and
the heater and plate surfaces, respectively, and were obtained from the
following relation for a small sphere (barley) and a rectangular plane
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(infrared emitter) [58]: )
. 6
T x(y — cos 6) V+S=|_A X Cos v
Fp o1 Fge =120 A,\m+x~+e~|~w8m$ Ja+x/
(13)
where x = b/c and y = a/c. The constants a and b are the width and length

of the rectangular plane, respectively. The constant ¢ is the distance from the
sphere to the rectangular plane. :

4.2 Numerical Simulation
4.21 Mass Transfer

The mass transfer equation [Eq. (10)] can be rewritten as

M _p wﬁm 18 +A§v~% : (19)
"\ |

ror or ) aM

Using the central finite difference scheme (nomenclature given in Figure 8),

surface

Ficure 8 Nomenclature used for finite-difference formulation in spherical geo-
metry.

e o
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we obtain,

M =M+ ?T An + wv + b\i : (20)
where

M, —2M"+ M"
n M

b= I{ (22)

and
, oD

When r =0, Eq. (19) has a term with zero denominator. This makes the
term (1/r)(dM /dr) indeterminate. With the assumption that 9M/dr is a con-
tinuous function, I'Hospital’s rule was therefore applied to obtain

1M M

o T |, 24)
Substituting Eq. (24) into Eq. (19) with M /dr = 0 at the center yields

aM *M :

b= (23)
At the center, M;,, = M;_, and Eq. (25) takes the form

M3 — M
§+_ = 6AtD %I (26)

Simpsons’s rule was used to obtain the average moisture concentration (M,,)
using the relation

1

May = 55 10 = DMy +4G = 1M+ M)

mon\.HN.A.o......le.a 27

A time step of 0.5 s mma a size increase equal to one-tenth of the radius of the

barley grain were used as step increase in the simulation program.

4.2.2 Heat Transfer

The heat transfer equation [Eq. (11)] was solved using the thermal resistance
concept [59,60]. For a node d contained by the volume element AV,, the
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steady-state energy balance equation can be written as

=ﬁ.|§l &N. Nw
\M_Jﬂlb@D“\a T Av

The net heat flow to a point d from its surrounding nodes (denoted by j) is

equal to the change in internal energy of the mass associated with the point.
Applying Eq. (28) to any node j to j — 1 gives

G Ty e
where

Biovi = Gar w‘?\s“» - Aa.N?c_l 1.2)% (30)

Bie1i =4 BW‘QNVN» - Aa.w?cw 1/2)%k S
and

AV, =4n(jar}ar (32)
.m:cﬂ::mnm mpw. Qorumv into Eq. (29), we obtain the following:

(1= wPTiy = 20T) + (1 + W)’ Ty = (T} = T) (33)
where

L

2
v=1+ % ,
o = Pea(an®
kAt

At the grain mcn.mwoo. the heat required to evaporate moisture from the sur-
face is subtracted from the total heat flow into the surface node J. Applying
Eq. (28) to Eq. (15) we obtain

T, —T. oM dT.
IV heAg(y — T + 4y + pVhig 7= AVipc 1% (34)

Bj_14
Substituting for B;_; s, 4, V,and AV}, Eq. (34) becomes

K
gl +8T +8 = Mﬁwi_ - T7) (33)
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where
1\2
&1 = A_ I.ul&.V.
(h,—h.
g =8 - D‘AAIV

h, h.
g = D\A..\Mv N..n. - D%AI\MV N..h + W&\:w

_ 4r

bw B \.ANANM. - N‘av
_J(@an’p oM

8 =3

At the center where r = 0 and applying Eq. (28) yields
6(T5 — T{) = k(T{*' = T7) (36)

The nodal temperatures required for numerical solution at time steps and
n+ 1 are therefore given by Egs. (33), (35), and (36). The Crank—Nicolson
method was used to numerically solve the equations. This method is a
modification of the implicit method of the finite-difference solution in that
stable solutions are obtained even though there are no restrictions on the
time step used in the numerical algorithm [61]. Applying this method to Egs.
(33), (35) and (36) yields the following:

(1 =T = 20T + (1L + P TR + (1 - u? T, — 2uT}

+ (14 uf Ty = 2T} = T) 37
g ﬁ:l.f__ +N~d~+_ + Tl +8T) +28 = ‘AN‘\E_ - TP (38)
O R Lt R 1) 69)

Rearranging Eqs (37)-(39) to bring all the times for time n+ 1 to the left-
hand side and those for time n to the right hand side, we obtain

_|N _N
AA Nﬁv VNW‘I.T__uTA'C'KvN..\:.T_uTAA Mtv v \ﬁ—

.IN
= Alﬁvdﬁ_ + -7 + Alﬁlw.mwv 1 (40)
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-k —Kk\
(=3 - +313" = (=3 - )T} - 3T 42)
Equations (40)—(42) can be written in a matrix form as follows:
[ANTY"™! = [BHTY" +(C) 3)

[4] and [B] are square banded matrices whose elements are the constants
of Eqgs. (40)—(42). The Gauss elimination procedure can be used to solve
Eq. (43) to obtain a new set of temperature vector at any time step £.

4.3 Simulation Results

Figures 9 and 10 show the closeness of predicted to experimental data for
the surface temperature and average moisture content of barley kernels
subjected to infrared heating. Predicted temperature and moisture at the

160

Temperature (C)

0 4 8 12 16
Time (s)
Ficure 9 Comparison of predicted and experimental surface temperatures of

infrared; heated hull-less barley at different initial moisture contents. (From Ref.
53.)
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25

o
i

S
;

Molsture content (%)

/
.
12.2%

13.5%
17.0%
20.0%
. 23.2%
—— predicted

b X 0o0Oe

12 16

0 : +
0 4

8
Time (s)
Ficure 10 Comparison of predicted and experimental average moisture con-
tents of infrared-heated hull-less barley at different initial moisture contents.
(From Ref. 53.)

grain surface and center as affected by the initial moisture content are given
in Figures 11 and 12. Exposure to infrared heat resulted in an immediate
increase in kernel surface temperature. Surface and center temperatures
were inversely related to moisture cqntent due to the evaporative cooling
effect. The difference in HanmBEB between the surface and center of the
kernels varied between 20°C and 45°C during the 15 sec of infrared expo-
sure, supporting the applicability of infrared radiation to applications such
as microbial decontamination and dehulling, which involves thermal and
moisture treatment. .

In order to compare the efficiency of heating of barley grains with
infrared heating in comparison with hot-air (conventional) heating, we
eliminated the radiative heat term (g,) from Eq (15) and used hot-air tem-
perature (6) of 180°C. The value of the convective heat transfer coefficient
was initially set at 30 W/m? K because this is numerically equal to the value
of the radiative heat transfer coefficient that was calculated from Eq. (35)
Figures 13 and 14 show +that the time required for the grains to attain a
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© eeee-217.00%
———1350%
. 12.20%
N &
0 + + +
0 4 8 12 16
surface Time ()
140
120 4
100 4
5]
o 8ot
=]
B
4
3 60 1 — = 23.17%
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Ficure 11 Effect of initial moisture content on
temperatures of hull-less barley. (From Ref. 53.)

predicted surface and center
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Ficure 12 Effect of initial moisture content on predicted surface and center
moisture contents of hull-less barley (From Ref. 53.)
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18

—&—infrared heating

" 0~ convertional heating (h=30W/m? K)
—4— conventional heating (h=60W/m? K)
12 —6— conventional heating (h=150W/m? K)
—¥%— convertional heating (h=400W/m? K)

moisture content (%)
d

0 T T T T T T
0 ) 50 75 100 125 150 175

heating time (s)

Ficure 13 ><m._‘mmm moisture content in barley grains when infrared heated
(using emitter temperature of 850°C) in comparison with conventional heated
grains using air temperature of 180°C.

surface temperature of about 170°C with hot-air heating is about 10 times
of that required when the grains were infrared heated (30 sec). Similarly,
the grains have to be hot-air heated for 150 sec before the average
moisture content can be reduced to about 5 percentage points in com-
parison to 30 s required for infrared heating. Increasing the values of
the convective heat transfer coefficient reduces the time required to attain
the desired surface temperature of 170°C average moisture content of
5%. The value of the convective heat transfer coefficient required to achieve
the desired temperature and moisture content was of 400 W/m? K. This is
much higher than the h, range of 50-200 W/m? K that is typically used
in hot-air application [62]. This supports the claim of infrared heater
manufacturers that energy is transferred much faster by infrared radiation.
Dostile et al. [63] compared the an infrared dryer to that of convection
dryer used for the drying of sheating panels and acoustic tiles. The hot air
used for drying in the convection dryer was at a temperature of 170°C.
Experimental results showed that it took 20 min to remove about 4 kg/m?
of moisture from sheating panels using an infrared dryer in comparison to
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200

180 -

160

140 1

120 {

100
—&—infrared heating

—— conventional heating (h=30W/m? K)

surface temperature (oC)
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—6— conventional heating (h=150W/m? K)
=¥ conventtional heating (h=400 W/m? K)

0 50 100 150 200 250 300 350
heating time (s)

Ficure 14 Surface temperature of barley grains when infrared heated (using
emitter temperature of 850°C) in comparison with conventional heated grains
using an air temperature of 180"C.

about 55min for the conventional dryer. The difference in time required
to remove Skg/m’ of moisture from the acoustic tiles was also about
35min (60 min for the infrared dryer and the 95min for the convectional
dryer). :

Figures 15 and 16 show the sensitivity of the infrared system to initial
grain moisture content, infrared burner distance from grain bed, and infra-
red heater temperature. It can be summarized as follows.

1. Surface temperatures of grain were significantly increased with
increases in burner temperature and with decreases in burner
height.

2. At the end of 15 sec of exposure, kernel surface and center tem-
peratures were respectively increased by approximately 115% and
110% for every 50°C increase in burner temperature and for every
0.04-m decrease in burner height from the grain bed.

3. The burner temperature and burner height did not significantly
affect the rate and quantity of moisture change in barley subjected
to infrared heating.
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Ficure 15 Effect of burner height on Bmmmﬂc._‘m” content and temperature of Ficure 16  Effect of burner temperature on moisture content and temperature of
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wet basis (wb) (From Ref. 53.) (From Ref. 53.)
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5 CLOSING REMARKS

In this chapter, we have shown the possibilities for the use of infrared
heating in the processing of biological materials. In addition to using infra-
red heating as a means of moisture removal, the method can be used to alter
the functional, chemical, and physical properties of cereal grains, legumes,
and oilseeds, to reduce microbial load on surfaces of any material, and for
rapid and routine determination of composition of food products. Even
though the rapid rise in surface temperature has limited the possible appli-
cation of infrared heating in the meat, milk, fruit, and vegetables industries,
there is still room for the unique/novel use of this method in these industries
such as in the drying/preservation of meat and fish especially due to its high
heating rate in comparison to the conventional method of using hot air.

With increasing emphasis on . biotechnology and production of
transgenic seeds, infrared heating may be an alternative and quick way to
conventional drying in order to achieve the purposes mentioned in the pre-
vious paragraph. However, further research is needed on the penetration of
infrared radiation into biological material and the possible influence of
infrared heating on the thermophysical properties of biological materials.
The possibility of incorporating a heat-source term into Eq. (4) due to
infrared penetration in biological materials should also be investigated. In
addition, the models presented in this chapter need to be verified for other
biological materials and for various configurations of infrared heating
systems.

NOMENCLATURE

Surface area (m?)
Specific heat (J/kg K)
ot Moisture diffusivity (m?/sec)
Radiant energy emitted per unit area per unit wavelength A::n?m_
(W/m?pm)
Configuration factor
Convective heat transfer coefficient A<<\B~ K)
. Latent heat of vaporization (J/kg)
Mass transfer coefficient (m/sec)
Thermal conductivity (W/m K)
Moisture concentration (%, dry basis)
Radiative heat component (W)
Particle distance (m)
Radial distance (m)
Temperature (K)

s mODo R

o

=5
[

~N xR g?rst-
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t Time (sec)
14 Volume (m®)
w Radiant energy emitted per unit area AQ\BNV

Greek Letters

Density (kg/m*)

Stephan—Boltzman constant (5.6697 x 1078 ¢<\B~ WJ
Emissivity )
Change in parameter

Wavelength for peak emission intensity (um)

Emitter temperature (K)

>® Qv

o >
3
IS
>

Subscripts

Infrared emitter
Equilibrium
Grain

Initial

Side plate
Surface

© ~ [¢)
= OQ-DN
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