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Infrared Heating in Food Drying: An Overview

Muhmmed Hussain Riadh, Siti Anom Binti Ahmad, Mohd Hamiruce Marhaban, and

Azura Che Soh

Department of Electrical Engineering, University Putra Malaysia, Seri Kembangan, Malaysia

This article aims to review and analyze the aspects and charac-
teristics related to infrared food drying. Indeed, with a review of 100
relevant publications all dealing with infrared food drying, this arti-
cle notes that infrared drying has several advantages over other
common food drying methods. Shorter drying time, a better final
dried product quality, and more energy savings in the process are
revealed as the most important advantages of infrared drying over
convective heat drying. Infrared dryers can also be easily combined
with other drying methods such as hot air, microwave, vibration, and
vacuum. This article clearly shows that using infrared heating for
food drying purposes has become more popular in the last decade
and its application in the industrial drying of different foodstuffs
has been employed widely.

Keywords Drying quality; Drying time; Energy saving; Food
drying; Infrared radiation

INTRODUCTION

Deterioration is the main problem that limits the exten-
sion of shelf life for postharvested food materials. Other
postharvest challenges, in addition to the shelf life, include
the packing cost, shipping weights, the nutritional value,
and the appearance of the products. The drying of food-
stuffs is an appropriate solution for some of these posthar-
vest challenges. In the drying process, heat is transferred
from the heat source to the material, which causes the
evaporation of moisture. Elimination of the moisture con-
tent prevents the growth of microorganisms, which causes
a reduction in the moisture-mediated deterioration reac-
tions."! Consequently, this brings about a minimization
of the packing, storage, and shipping costs due to the
reduction in the weight and volume.

The quality of the final dried product is a significant fac-
tor to be studied in the drying industry. Loss of nutritious
substances (e.g., ascorbic acid),[z’sl loss of color,®”! and
deformation or internal structure®™ ' are some of the
negative effects of drying that should be minimized by opti-
mizing the process. Choosing the proper dryer for a parti-
cular material, drying within an appropriately limited time,

Correspondence: Muhmmed Hussain Riadh, Department of
Electrical Engineering, University Putra Malaysia, Seri Kembangan
43400, Malaysia; E-mail: 110mhra@gmail.com

and pretreatment of the material are factors that affect the
quality of dried products.

Gratifying the market and industrial demand creates the
need to design and develop efficient drying techniques in
order to reduce energy use and maintain product quality.
In addition, the use of smart drying has expanded, causing
the need for more drying methods that decrease the
amount of energy required. Thus, there is an urgent need
to design dryers with the correct management of energy
and high efficiency. The evaporation rate, surrounding heat
loss, thermal energy efficiency, and electric, gas, or steam
energy consumption are several factors that categorize
the energy management of the drying process.

Convection, conduction, and radiation are the main
methods of transferring heat energy. Several methods are
used in the drying industry, such as sun drying, hot air,
microwave, vacuum, and infrared radiation. Sun drying is
the most common method adopted for drying fruits and
vegetables, whereby the products are dried under the sun’s
radiation. Hot air dryers work easily by injecting hot air
into a chamber and evaporating the moisture content of
the material with conduction and convection. In the vac-
uum drying method, the pressure is reduced and thus the
boiling point of water becomes lower; that is, below
100°C. Alternatively, the material can be heated using very
high-frequency electromagnetic waves in microwave dryers.

By subjecting the material to infrared radiation, the
heating power generated can penetrate into the food mate-
rials. Infrared radiation has gained popularity because of
its superior thermal efficiency and fast response time/
drying rate compared to conventional heating. Infrared
radiation heating has been widely applied in recent years
to different thermal processing systems in the food indus-
try, such as pasteurization, drying, and frying.['"! The num-
ber of published articles related to infrared food drying has
increased in the last two decades as a consequence. Table 1
presents drying experiments carried out since 2008 that use
infrared radiation heating. However, there is a need for
more studies concerning infrared drying.

This article is organized as follows: Firstly, the classi-
fication of infrared radiation and its interaction with food
is presented. The contribution of the second part deals with
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TABLE 1
Summary of recent drying experiments since 2008 using infrared radiation heating

Material Method Reference
Soil Temperature-controlled infrared drying [17]

Freeze-drying process with infrared radiation heating [18]
Noodles Quick boiling by using infrared drying [19]
Olive Infrared heating [20]
Grape Infrared heating [21]
Wet olive husk Infrared heating [22]
Tiger prawn Infrared-assisted freeze drying of [23]
High-moisture paddy Vibration-assisted infrared (IR) drying [24]
Soybean grains Combined near-infrared radiation and fluidized-bed drying [25]
Sweet potato Infrared drying [26]

Combined convective and far-infrared drying [27]
Celery Infrared drying [28]
Ring-shaped pineapple Combined far-infrared radiation and hot air drying [29]
Carrot slices Infrared radiation [30]
Biological materials Convective drying in combination with microwave and IR drying [31]
Tomato [3]
Red pepper slices Infrared radiation [32]
Longan fruit Far-infrared radiation-assisted hot air drying [33]
Whole longan Combined infrared and hot air [34]
Rough rice Infrared radiation heating [35]
Banana Sequential infrared radiation heating and freeze drying [36]
Alumina-silicate mineral cake Infrared drying [37]
Ham Near-infrared spectroscopy [38]
Carrot Infrared radiation heating [9]
Blueberries Infrared radiation heating [39]
Banana slices Combined far-infrared and vacuum drying [40]
Red bell pepper Infrared radiation heating [10]
Mulberry leaves Combined far-infrared radiation and air convection [41]
Apple slices Infrared dry-blanching and dehydration with continuous heating [42]
Apple slices Infrared dry-blanching and dehydration with intermittent heating [43]

the motivation behind using infrared radiation in industrial
drying, including the process time, product quality, and
energy savings of the drying system. Thirdly, the article ana-
lyzes a number of experiments on different food materials
that have used infrared heating. Fourthly, the combination
of infrared radiation with other drying methods is introduced
and discussed with some examples. Finally, the modeling of
infrared radiation is reviewed briefly with some examples.
Overall, this article attempts to reveal the significance of
infrared drying in industrial food drying processes and
demonstrate the need for improvement for this method to
be more efficient. Additionally, this article aims to review
recent ideas and experiments concerning infrared drying.

INFRARED RADIATION
Infrared radiation (IR) is a part of the electromagnetic
spectrum that is predominantly responsible for the heating

effect of the sun.'? IR is an electromagnetic wave that has
three categories based on its wavelength: the near-infrared
(NIR; 0.78-1.4 um), middle-infrared (MIR; 1.4-3 pm) and
far-infrared (FIR; 3-1,000 um) (Fig. 1).'3! The transition
of infrared radiation through water is at the NIR, which
has a short wavelength,'¥! whereas at the FIR (longer
wavelength) it is absorbed at the surface.!''! The drying
of thicker bodies seems to be more efficient using the
NIR region, whereas the drying of thin layers yields better
results at the FIR region.

Sakai and Hanzawal!''! indicated that there is greater
heat sink into food using the NIR compared to the FIR,
whereas the rate of color development is greater using
FIR heating. Shilton et al.'™! evaluated the efficiency of
cooking hamburger patties using MIR and FIR. They
observed a change in the core temperature and a change
in the surface temperature with the decrease of the drying
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time using MIR; however, with FIR the rate of increase of
the core temperature was influenced by the fat content.

In terms of the NIR, Nowak and Lewicki''® designed a
laboratory dryer that worked either with infrared energy or
with hot air in order to dry apple slices using NIR with a
wavelength of 1,200nm. Hashimoto et al.l”! also used
NIR to study and compare the infrared drying characteris-
tics of wet, porous (full of pores) material with convective
drying characteristics. FIR drying processes have also been
effectively utilized in recent years to dry vegetable and fruit
products, such as sweet potatoes,™¥! potatoes,!'*2%
onions,*'=*" apples,!'®2 and kiwifruit.?%

The penetration of NIR and FIR radiation into sweet
potato was studied by Hashimoto and Kameoka.?”! The
results demonstrated that FIR penetrates to a depth
between 0.26 and 0.36 mm into the material, and the corre-
sponding values for the NIR were 0.38 to 2.54 mm. Agree-
ing with Hashimoto et al’s®! study, Sakai and
Hanzawal'!! indicated that most of the FIR energy was
converted to heat at the surface of the material. The
penetration depth of the NIR radiation into some food
products is illustrated in Table 2.

As shown in Fig. 2, when subjecting the foodstuff to
infrared radiation, the latter is reflected, absorbed, or scat-
tered (no scattering or reflecting for black body). Table 3
shows the IR absorption group for pertinent foodstuff com-
ponents and chemical groups. In another study, Christina®”’
showed that less than 10% of the radiation is reflected back
with FIR, whereas it is approximately 50% with NIR.
Years earlier, Dagerskogl*!! claimed that the rest of the
reflection occurs when the radiation goes through the
material and scatters as well as produces different patterns
and colors. Before Dagerskog, the optical properties of

TABLE 2
Depth of penetration of NIR (0.75 to 1.4 pm) into food
products[32]
Depth of
Spectral penetration
Product peak (um) (um)
Dough, wheat 1.0 4t06
Bread, wheat 1.0 11 to 12
Bread, biscuit, dried 1.0 4
0.88 12
Grain, wheat 1.0 2
Carrots 1.0 1.5
Tomato paste, 70-85% water 1.0 1
Raw potatoes 1.0 6
Dry potatoes 0.88 15 to 18
Ram apples 1.16 4.1
1.65 59
2.36 7.4

dissimilar media were also hypothetically discussed by
Krust and Mcquistan.*?

APPLICATION OF INFRARED HEATING IN FOOD
DRYING

Among industrial dryers, infrared dryers are used very
frequently to handle the significant operation of drying in
chemical engineering. Infrared radiation has been deployed
in the food and other industries for a long time. Drying by
infrared radiation is energy proficient if the drying process
is efficiently tuned.

In recent years, infrared drying has become a significant
technique in the drying industry because of its numerous
advantages, such as the energy savings, lower drying time,
high-quality dried products, intermittent energy source,
easy control of the process parameters, uniform tempera-
ture distribution, and clean operational environment, as
well as space savings.!'"*73%! In addition to these benefits,

[rradiation Reflected radiation

Absorbed radiation

Transmitted radiation

FIG. 2. Extinction of radiation (absorption, reflection, and
transmission).¢
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TABLE 3
Infrared absorption bands for chemical groups and relevant food component!!*?

Chemical group Absorption wavelength (um) Relevant food component

Hydroxyl group (O-H)

Aliphatic carbon-hydrogen bond
Carbonyl group (C=0) (ester)
Carbonyl group (C=0) (amide)
Nitrogen—hydrogen group (-NH-)
Carbon-carbon double bond (C=C)

2.7to 3.3 Water, sugars
3.25 to 3.7 Lipids, sugars, proteins
5.71 to 5.76 Lipids
5.92 Proteins
2.83 to 3.33 Proteins
4.44 to 4.76 Unsaturated lipids

there are other advantages, such as the easy integration of
the IR with convective, conductive, vibration, freeze, vac-
uum, and microwave technologies; low capital cost and
the low cost of energy; the simplicity of the required equip-
ment; fast transient response; versatility; and easy instal-
lation of the infrared dryer, all of which means that the
infrared dryer has emerged as a popular dehydration
method [1:25:34.40.41]

Infrared Dryer

Infrared drying has become more popular in recent years
because of its advantages, such as its low drying time, the
reasonable quality of the final dried product, and its greater
energy savings capability, in addition to its lower price
compared to microwave and vacuum drying methods.
When IR is used to dry or heat a material, it is absorbed
by the solid material in its surface layer. Nevertheless, radi-
ation penetrates to some depth in moist, porous materials;
their ability to transmit depends on the moisture content.*?!

The energy efficiency of infrared dryers relates directly to
the absorption characteristics of the material, which deter-
mines the economic feasibility of the dryer.*# Infrared dry-
ing is a dehydration method that has high energy efficiency.
This means that the energy savings with an IR dryer is
greater than that of convectional and other drying meth-
ods.I?! Considering the distance between the heating source
and the material, the air flow velocity and temperature, and
the velocity of the material sheet (if a continuous IR dryer)
can significantly influence the energy efficiency.!'®

In the transfer of heat with high efficiency, the absorp-
tion of the infrared radiation should be direct and total.
This concept will occur only when there is no absorbing
medium between the energy source and the product. The
transfer of IR energy is done without heating the surround-
ing air and no heating medium is needed between the
source of the energy and the material in IR dryers. There-
fore, because there is rapid and uniform heating and
because the IR radiation penetrates directly into the inner
layer of the material without heating the surrounding air,
the energy consumption of infrared drying is lower com-
pared to other techniques./2%:23:3

To summarize and analyze other researchers’ experi-
ments, it can be concluded that an increase in the infrared
power level leads to a reduction in the drying time, whereas
an increase in the air velocity causes an increase in the dry-
ing time and energy consumption. By increasing the air
velocity, the surface layer becomes cool and causes a longer
drying time. Thus, the air velocity should be adjusted to
ensure better results. The infrared power level should also
be adjusted because an increase in power may cause quality
losses. In addition, there other factors that have not been
addressed by researchers. Selective heating by infrared
radiation, the distribution of the infrared radiation and
its absorption by the material, the color of the inside of
the dryer chamber and the material’s initial color, the dis-
tance between the emitters and the material, and the num-
ber and size of the valves used for fresh air injection to the
dryer and wet air extraction from the chamber can also
influence the drying time, energy consumption, and quality
of the final dried product.

Drying Kinetics and Mathematical Modeling

The drying time depends on several factors; for example,
the water mass of the material, the total mass, and the ther-
mal characteristics of the material.®¥ One of the main
parameters that can improve the drying time is the ability
of infrared radiation to penetrate and directly transfer heat
to a certain depth of the materials.*?! The power density in
infrared drying can also be 6-10 times higher than in con-
vection drying.*3! Applying a high power density to the
material can significantly reduce the drying time.

The transfer of IR energy from the heating source to the
material surface is performed without heating the sur-
rounding air. The quantity of the heat that is delivered to
the material comprises almost all of the heat coming from
the source, resulting in less drying time.*?! On the other
hand, infrared emitters have low thermal inertia, meaning
that as soon as the power is turned on, the heat is delivered
without any delay and the heating stops immediately when
the power is turned off.2® In addition, the control of heat
delivery in IR dryers can be done either manually or elec-
tronically.?®! The on—off timing of the infrared lamps can
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also be controlled easily by the appropriate temperature
setting, which can reduce the drying time.*#

Nowak and Lewicki'® indicated that the drying time of
an infrared dryer is much faster than that of a hot air dryer
for apple slices. Doymaz**! observed that the drying time
decreases and the effective diffusivity increases with an
increase in the infrared power level. Nasiroglu and
Kocabiyik®! observed the same effect for red pepper
and they examined the air velocity to demonstrate its effect
on the drying time. It was revealed that the increase in the
infrared power and the decrease in the air velocity caused a
reduction in the thickness changes and drying time. Using
infrared radiation, the increase in the infrared power level
and the decrease in the air velocity are parameters that
have been mentioned by researchers to reduce the drying
time. The smart control of the off timing of IR lamps,
the adjustment of the distance between the heat source
and the material, and the temperature of the medium inside
the dryer can also be effective in decreasing the drying time
without major quality losses. Jezek et al.*” determined the
moisture content, dehydration rate, diffusion content, and
mass content of dry matter in celery. Carrot slices were
dried by Kocabiyik and Tezer™®®! using three levels of infra-
red power (300, 400, and 500 W) with velocities of 1.0, 1.5,
and 2.0 ms~'. They investigated the effect of process vari-
ables on the drying kinetics of carrots; for example, the spe-
cific energy consumption, drying time, and quality
parameters of dried carrot.

Modeling of the infrared heating of food products is a
significant approach in the drying industry due to its ability
to predict the infrared system performance.

To evaluate the performance of parameters in drying
models, nonlinear regression techniques were adopted by
several researchers.2>*=331' A model is considered to be
good and acceptable based on the following: the coefficient
of determination (R?), which should be near one; the mod-
eling efficiency, which should be higher; and the mean bias
error, root mean square error (RMSE), chi square (%), and
the sum of residuals, which should be lower.

A mathematical model of mass and heat transfer for
vacuum far-infrared drying of potato slices was introduced
by Yunhong et al.'?*! on the basis of energy and diffusion
equations. The finite difference method is used to math-
ematically simulate the sample temperature and moisture
content in different drying conditions. Comparison results
show that the model fits well the changes in sample tem-
perature and moisture content at different times of drying,
with the values of the coefficient of determination close to
1.0 and the relative error values less than 10%.

The Page model, a diffusion model based on spherical
grain shape, an exponential model, and an approximation
of the diffusion model are four mathematical drying mod-
els that were shown by Abe and Afzal®¥ to identify the
thin-layer infrared drying characteristics of rough rice.

They indicated that the Page model was the most
acceptable for describing the thin-layer of rough rice under
infrared drying. Likewise, Das and Bal®>! also stated that
the Page model sufficiently fitted the drying characteristics
of high-moisture paddy. Togrul® studied the characteris-
tics of the infrared drying of apple in order to develop new
appropriate models. To clarify the behavior of apple dry-
ing, 10 different drying models (Page, Newton, modified
Page, Henderson and Pabis, Wang and Singh, diffusion
approach, logarithmic, modified Page equation-II, simpli-
fied Ficks diffusion equation, and Midilli equation) were
developed and validated. Variation of the moisture ratio
with time could be explained very well by the model
developed by Midilli and Yapar®! A set of
three-dimensional equations, moisture transfer, and heat
and pressure equations using infrared radiation was
developed by Ranjan et al.'2! to control the volume formu-
lation. Simulation showed that the three-dimensional
model can predict the moisture contents and temperature
better than the two-dimensional mass and heat transfer
model. The mathematical model describing drying of a
layer of seeds was presented by Rudobashta et al.'?! in
which the energy for water evaporation is supplied through
infrared irradiation in the oscillatory mode. The math-
ematical model comprising the analytical solution of the
problem of combined heat and mass transfer allows to ana-
lyze the dynamics of oscillating infrared heating of a plate
(a layer) under drying conditions.

Islam et alM% presented results of a simple
diffusion-based model to predict the drying performance
of a pilot-scale twin-drum dryer. Numerical results were
compared with experimental data obtained from biological
sludge. The agreement of model predictions with the
pilot-scale experimental data was satisfactory. The vali-
dated model was used to predict the performance of a drum
dryer subjected to heat input by convection and radiation
along with conduction through the drum wall. It was
shown that dryer output can be enhanced significantly by
increasing the film thickness and applying radiant heating
in the initial period of drying. Drum dryers are commonly
used for production of a flaky dry powder from thick sus-
pensions. In another study, Islam et al.'*! developed a
liquid diffusion model to quantitatively assess the influence
of various operating parameters of engineering interest in
drying of heat-sensitive materials. Heat of wetting, tem-
perature, and moisture-dependent effective diffusivity and
thermal conductivity; changes in product density; and
drying-induced ideal shrinkage of the product were con-
sidered in the model. Numerical results were reported on
drying of potato slices to demonstrate how the moisture
and temperature profiles as well as drying performance
were affected by multimode heat input. They stated that
drying time decreased with a decrease in product thickness
and relative humidity and an increase in drying air
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temperature and velocity. However, the effects of these
parameters became less significant if other modes of heat
input were combined with convection.

Linear, power, exponential, Arrhenius, and logarithmic
models are mathematical structures for the drying models
that describe the variation in the constant and coefficient
withtemperature.[22:2%:33:57)

The numerical methods used to solve the system of
equations are finite difference, finite element, and finite
volume or control volume method. It is often not easy to
choose which solution will give the best results and which
will need the least amount of time."228! However, Turner
and Perre™® proposed that if the solution area shows a
simple rectangular domain, then it is preferred to employ
the traditional finite difference method.

To model the moisture movement in the food material,
Fick’s second diffusion equation has been used widely by
researchers.*’=>"3 If the main mechanism is assumed as
diffusive in nature, this equation interprets the experi-
mental results. Using an Arrhenius-type equation can
express the values of the effective diffusivity determined
and the correlation between the drying conditions.

The transient temperature diffusion in a multilayer
composite, semitransparent or transparent, emitting and
absorbing area subjected to a thermal radiation heat flux
was investigated by Tsai and Nixon.®® The governing
condition with the initial and boundary conditions,
considering the effects of thermal conduction and radiation
inside each layer and convection on both external surfaces,
was solved by a hybrid numerical algorithm, employing
a fourth-order Runge-Kutta method and a finite difference
method for the time variable and space variable respect-
ively. Dagerskog*!! could successfully predict the tempera-
ture distribution of beef slices during infrared drying and
developed a model based on the combination of convection
heating and infrared radiation. Using the finite difference
method, the heat conduction equations were solved
numerically.

Several models have been described for mass transfer by
several researchers.H*3>6L921 The difference between the
partial pressure of the interface and the drying air medium
has been applied to express the mass transfer." Neglecting
the convective heat transfer between the elementary
surfaces during far-infrared drying, the radiation heat that
reaches the elementary surface is the sum of the main
radiation heat from the source and the radiation heat that
is reflected from the other surrounding elementary
surfaces." In the last two decades, a number of research-
ers have presented models for the heat transfer.*-71%:63l
The approximate differential equations for mass and heat
transfer have considerable similarities. Because Fourier’s
law for heat and Fick’s law for mass are both linear
approximations to transport conserved quantities in a flow
field, they are very similar./*¥

Diffusion traits in relation to the radiation intensity and
slab thickness were investigated by applying the finite element
method in order to highlight the transfer of heat into the food
system.2”! Because of the predominant energy absorption of
water, Sakai and Hanzawal'! supposed that the greatest
amount of radiation power would be absorbed at the
material surface. Based on this supposition, a governing
equation and boundary conditions to describe the heat trans-
fer derived from the energy balance in the system were solved
by employing Galerkin’s finite element method.

In order to determine the moisture ratio of the material
being dried, several researchers?>*°->?! used the moisture
ratio equation, which is the ratio of moisture content at
any given time (M,) over the initial moisture content
(M,). The value of the equilibrium moisture content (M,)
is very small compared to (M,) and (M,) and is numerically
set to zero. The view factor has been introduced in order
to compute the exchange of radiation between any two
surfaces.[*7]

Transport Properties in IR Food Drying

The principles of heat transfer concern many processes
and unit operations in the food industry: baking, drying,
freezing, and refrigeration all rely on at least one of three
heat transfer modes, which are convection, conduction,
and radiation.

Numerous models have been developed concerning
mass transfer. 143261621 The distinction between the inter-
face partial pressure and the drying air medium is deployed
by Nuthong et al.l'¥! to state the mass transfer. Ignoring
the convective heat transfer among the basic surfaces
throughout far-infrared drying, the radiation temperature
that achieves the basic surface is equal to the summation
of the major radiation temperature from the source
and the radiation temperature that is mirrored from other
adjacent basic surfaces."'” During the last few decades, and
especially the last two, many articles have shown transfer
models.P512:63:61 The approximate differential equations
for mass and heat transfer have substantial resemblances.
Due to the linearity approximations of Fourier’s law
for heat and Fick’s law for mass to transport conserved
quantities in a flow field, they are certainly extremely
comparable.[*4

Drying can be defined as a mass transfer operation
having a solid—gas interface. The largely general mass
transfer operations containing two phases (distillation,
gas absorption, and humidification) specify conditions
having interfaces such as variables in space and time.[*’-""
Garcia and Ragazzo”? developed a model of drying
comparable to most regular mass transfer operations. They
proposed a model that did not need to create suppositions
about the transfer mechanism and interfacial conditions.
However, the proposed model was restricted to stable
conditions and investigational validation.
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Water flux is one of the main input parameters that
affects the performance of the infrared drying system
dramatically. It has been applied in different forms by
different researchers.’”>-"71 Some of these forms are
dependent on temperature, moisture content, and moisture
diffusivity. Ratti and Mujumdar”3! developed another
form and stated that this equation is valid only for specific
products. Another form of water flux is a partial differen-
tial equation that is not easily substituted in the main
model; this form was presented by Crapiste et al.[®®!

In the infrared drying of food, the effective moisture dif-
fusion coefficient amplifies with temperature. Diffusion is a
feature performance of sluggish dry materials in which
water vapor drying transfer rates within the materials are
guided toward the external surface and with the aim of dif-
fusion. Next, the vapor concentration of the water on the
external material’s surface reaches equilibrium or
extremely near to equilibrium values. The increase in the
drying rate is a consequence of the water equilibrium con-
centration vapor on the material’s surface at high
heat.’®7! Ragab et al.®”) determined the moisture dif-
fusion coefficient of rough rice under an infrared heating
system followed by cooling. They investigated the effects
of initial moisture content, rice drying bed thickness, tem-
perature, and cooling methods on the moisture diffusion
coefficient and the moisture diffusivity. To describe the
moisture diffusivity, the unsteady diffusion equation based
on Fick’s law and slope methods were used. The results
indicated that rough rice moisture diffusivities under infra-
red heating and cooling were dramatically influenced by
rice temperature and tempering treatment, respectively.
The moisture diffusion coefficients during the heating and
cooling of infrared dried rice with tempering were much
higher than those of convective drying.

Quality of Food Products After IR Heating

For commercial success, it is critical to study the quality
and sensory changes occurring during IR heating. Regard-
ing this fact, several research studies have been performed
on the quality and sensory changes of foodstuff during
infrared heating.

Satisfying the market and industrial demand creates a
need to design and use dryers with a high drying rate and
good quality of dried products. IR drying is known as a
means of dehydration that allows a high rate of water evap-
oration without quality losses, like changes in color,
shrinkage, surface hardening, sample deformation, loss of
aroma, the gap between the surface and bottom moisture
content, and loss of ascorbic acid.

Food materials have low thermal conductivity in the
drying period; therefore, there is a heat transfer limitation
during conventional heating®”; in addition, the convective
drying of biological materials causes transfer of the inside
elements with the moisture from the depth of the material

to the surface, and the infrared radiation is able to
penetrate deep within moist materials and heat up trapped
water.*3l From another viewpoint, convection drying,
whereby hot air flows over a wet material surface, is
sometimes not able to supply enough heat to remove the
moisture from the solid.*3! As mentioned earlier, the power
density of IR drying can be 6-10 times higher than that
of convection drying; therefore, decreasing the drying
time leads to better quality.®” On the other hand, the
temperature is distributed uniformly in the IR drying
system, which can significantly maintain the quality of
the final dried product.!

In a study performed by Mongpraneet et al.*!! on the
drying of Welsh onion with far-infrared radiation under
vacuum conditions, the high temperature in the long
drying period reduces the rehydration rate. Alternatively,
Nathakaranakule et al.® combined far-infrared, hot air,
and a heat pump to dry fresh longan fruit and stated that
increasing the drying rate and creating a more porous struc-
ture led to less shrinkage and less hardness for the dried
longan. The influence of different intermittencies of infrared
radiation on the color change of the material was investi-
gated by Chua et al.*¥ They observed that by increasing
the drying time, the color of the material became darker.
An appropriate temperature setting to control the on—off
timing of the IR lamps decreases the degradation of the
material color. Different powers of infrared radiation were
used at the drying stage of noodle production by Basman
and Yalcin.® They indicated that using infrared for drying
noodles can decrease the cooking loss and total organic mat-
ter values as well as improve the quality. Xu et al.*2% ysed
infrared radiation to produce dried kelp and studied the
temperature and quality characteristics during drying. They
measured the rehydration ratio, color, and texture before
and after rehydration to evaluate the quality of dried kelp
products. Dielectric properties were also studied to observe
the characteristics of rehydrated dried products. The results
indicated that the total drying time required for infrared
drying products was approximately 120min, reduced by
56% compared to air drying (275 min).

The application of IR radiation in a stepwise mode by
slow power increase and short cooling among power levels
leads to less degradation of color than with alternate infra-
red heating.**! A decrease in the overall color changes of
37.6 and 18.1% was gained for potato and carrot, respect-
ively. Gabel et al.®3 stated that the color of onion may dar-
ken under long infrared heating treatments. Using infrared,
the heated onion pungency decreases with a reduction in
moisture. Increasing the infrared power causes the amount
of chlorophyll in dried onions to increase as well.®* The IR
drying of carrots caused less damage to the tissue than
blanching. In addition, the infrared heating of carrots
resulted in high tissue strength because it efficiently inacti-
vates the enzymes on the surface of the carrot.®3! The
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IR-assisted freeze drying of yam resulted in less color
change as well as faster drying compared to regular freeze
drying. Furthermore, a shorter drying time decreases
material shrinkage.®!

The appraisal of soybean flour treated with infrared
heating showed the same freshness as fresh flour after one
year.®®! Although there was no visible indication in lentils
treated by IR heating, lentils dried by IR radiation were
darker than raw lentils. In addition, the lentil’s cell walls
were less sensitive to breakage after infrared heating.®”! A
significant improvement in the head rice yield and whiteness
of rough rice was achieved using infrared radiation heat-
ing.®8 The protein solubility and bitterness of peas were
decreased by drying with infrared radiation. The dehulling
capacity of canola seeds was also revealed to be higher after
IR heat treatment.®?! Treatment of peas under infrared
heating at 50 to 60°C for 2h resulted in deterioration of
the quality of peas, which led to an unacceptable pro-
duct.”™ The jet impingement and infrared heating of bread
demonstrated quick drying and improved the color devel-
opment compared to conventional heating.”!!

The flavor, texture, juiciness, and overall acceptability of
ground beef patties were evaluated using infrared heat treat-
ment and gas broiling. The results showed no significant
difference between the two methods.?2! Nevertheless, the
appearance of the patties treated by gas broiling was rated
higher than those treated by infrared heating. The pro-
duction of beef under infrared drying and conventional heat-
ing gave similar quality as indicated by the taste tests and
surface appearance.”®! The roasted appearance and brown
color, in addition to the efficient pasteurization of the surface
of deli turkey, was provided using infrared heat treatment.*!
The interior temperature of strawberries was heated up by
infrared radiation, whereas the temperature of the surface
was sufficient to inactivate microorganisms. Consequently,
infrared radiation heating can be employed to pasteurize
pathogens on the surface without deteriorating the food-
stuff’s quality.”> Lin-lin et al.""*”! compared the drying char-
acteristics and quality of dried shiitake mushroom (Lentinus
edodes) cubes obtained by hot air drying, intermediate-
infrared drying, and vacuum-microwave spouted bed drying
(VMSD). Several quality parameters of the products includ-
ing color, texture, and rehydration capacity were investi-
gated. With similar rehydration capacity, the color of the
VMSD product was closest to the original material. In terms
of texture, total sugar content, and sensory evaluation, the
VMSD product has the best quality.

Hebbar and Ramesh® investigated the effect of ther-
mal processing on the compressive strength and kinetics
of color changes of cashew kernels during infrared drying
within 15 to 55min over a range of temperatures (55—
95°C). Response surface methodology and the peelability
factor were used to optimize the drying condition, which
showed that 55°C for 55min is the best for the drying of

cashew kernels. A sequential infrared radiation and
freeze-drying process was used by Pan et al.®” to study
the drying and quality characteristics of banana slices.
They treated the banana slices with a dipping solution con-
taining 10 g/L citric acid and 10 g/L ascorbic acid before
IR drying in order to improve the quality of banana chips.
Their experiment demonstrates that compared to non-
dipped samples, acid dipping improved the color of the
banana chips and decreased the freeze-drying time.

In order to control the quality of traditional Slovenian
dry-cured ham, Prevolnik et al.”®! examined the capability
of near-infrared spectroscopy. In another study, the color,
total phenols content, and global chemical composition of
four fresh varieties of olive leaves (Chemlali, Chemchali,
Zarrazi, and Chetoui) were determined using IR radi-
ation.”? Shi et al.l'" evaluated the infrared drying charac-
teristics and final product quality of fresh and
sugar-infused blueberries dried with a catalytic infrared
dryer. Wanyo et al.l'®l combined far-infrared radiation
with hot air convection drying in order to improve the anti-
oxidant and color properties of mulberry leaf tea. Using
the infrared dry-blanching process, Zhu et al.l'%! investi-
gated the effect of dipping treatments on the texture and
color stabilization of apple cubes. The effect of processing
parameters on the drying characteristics of apple slices
under simultaneous infrared dry-blanching and dehy-
dration with intermittent heating were investigated.'%¥! In
another published paper, they investigated the same para-
meters exposed to simultaneous infrared dry-blanching
and dehydration with continuous heating. " Nowak and
Lewicki™®! compared the quality of apple slices dried by
convection and NIR heating. Investigation of the drying
characteristics, effectiveness of disinfestations, and the
milling quality of rough rice have been investigated under
the conditions of infrared radiation heating.'®! High
moisture diffusivity, drying rate, good milling quality,
and effective disinfestations could be achieved by heating
rough rice to 60°C using infrared radiation heating fol-
lowed by tempering and natural cooling. Dondee et al.1%”
attempted to reduce the breakage and cracking of soybean
grains using NIR radiation combined with fluidized bed
drying. These researchers, in addition to Sharma et al.,*¥
claimed that the drying time, the temperature inside the
dryer, and the control of the on—off timing of IR lamps
affected the product quality.

The infrared radiation wavelength and the radiation
intensity of the material and heat source are two factors
that need to be considered in future experiments due to
their significant effects on the quality of the dried product.

COMBINATION OF INFRARED RADIATION HEATING
WITH OTHER DRYING METHODS

Although infrared heating is known to be a promising
new method, it is not applicable and fit for all drying
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systems and there is a limitation in its penetrating
power 171981 Ag g result, the combination of electromag-
netic radiation and other dying methods, depending on
the specific process, can be more efficient and useful as this
provides synergistic results.

Hot Air

Hebbar et al.’%! combined hot air and infrared heating
to dry potato and carrot. The sample was dried in three
modes: hot air, infrared, and a combination of the two.
They stated that compared to the hot air mode, the drying
time was reduced in infrared and its combination with hot
air, where the drying time was reduced by approximately
48% . In addition, the energy consumed for water evapor-
ation was lower in these two modes (about 63%). There
heat utilization efficiency for potato and carrot was 38.5
and 38.9%, respectively. The authors combined hot air
and infrared energy and conducted their experiment
again,”? but in the new work, the local (Bellary) variety
of onion was tested by drying temperatures of 60, 70,
and 80°C, inlet air temperatures of 30, 40, and 50°C, and
air velocities of 0.8, 1.4, and 2.0m/s. There were higher
coefficient of regression values (R?) in the Page and modi-
fied Page models in comparison to the Fick’s and exponen-
tial models, which were 0.990-0.995 and 0.767-0.933,
respectively. They also indicated that the air temperature
should be optimized because the temperature of the surface
will reduce with the cold air and a higher temperature may
cause the surface to harden.

The fresh longan fruit of the variety E-dor was dried by
Nuthong et al.™ using a combination of hot air and infra-
red drying. Infrared powers of 300, 500, and 700 W, air
velocities of 0.5, 1.0, and 1.5m/s, and air temperatures of
40, 60, and 80°C were used. They observed an increase in
the radiation heating air temperature and infrared power
with a decrease in air velocity, which led to an increase in
the drying rate. By increasing the air velocity, the cooling
effect was accelerated and this caused a reduction in the tem-
perature of the material. »®! In another study, the relation of
the heat and mass transfer coefficient for the drying process
of longan fruit leather under a combination of convective
and far-infrared drying was studied by Jaturonglumlert
and Kiatsiriroat.!® They tested the ratio of the heat and
mass transfer coefficient on two modes of drying: the hot
air method and a combination of hot air and infrared. In
the first mode, they observed an increase in the ratio of
the heat and mass transfer coefficient with an increase
in the hot air temperature, and this decreased slightly with
an increase in inlet air velocity. In the second mode with a
constant rate period, this ratio was lower than that gained
from hot air drying; this means that the combined technique
has higher heat and mass transfer rates.

The effect of drying process conditions on onion slices
was explored under the combination of infrared and hot

air drying by Kumar et al.™!! Greater flavor and color
were retained for onion slices of 2 mm at a low temperature
of 60°C with a moderate air velocity of 2m/s and air tem-
perature of 40°C. To correlate the drying process variables
and the onion slice moisture with drying time, an empirical
equation was developed that provided a good fit of
R?=0.92). To correlate the drying process variables and
drying time with the pyruvic acid content, similar equa-
tions were used that provided an excellent fit (R*=0.96),
and for the total change in the color of the onion slices,
the equation fits were satisfactory (R*=0.86).

Afzal and Hikida™?# showed that in the combination of
convective and IR drying of barley, the total energy needed
was shortened by about 156, 238, and 245% compared to
convection drying alone at 40, 55, or 70°C, respectively.
On the other hand, Bekki''*! used FIR heating immedi-
ately after hot air drying (at approximately 40°C) for the
drying of paddy. The results showed a better quality for
the final dried product compared to convective or FIR
methods in separate conditions. Gabel et al.®¥! also evalu-
ated the quality and drying characteristics of onions dehy-
drated with forced air convection heating and catalytic
infrared heating. The catalytic infrared method (both with
and without recirculation of air) required a shorter drying
time and showed greater drying performance than the
forced air convection method at a moisture content of
more than 50% (db). Effects of infrared drying and/or con-
vective drying on the drying kinetics of wine grape pomace
were examined by Yingiang et al.'2®! Infrared drying had
the highest drying rate, which reduced the drying time by
more than 47.3% compared with other methods. Sequential
infrared and convective drying had a faster drying rate
than convective drying.

Microwave

The combination of infrared radiation, hot air, and
microwave was developed by Ragab et al.®” in order to
examine the drying time and quality of beetroot. The para-
meter settings for all modes were 1.2 and 0.1 m/s for the air
flow velocity, 55°C for the temperature of the drying cham-
ber, and 100 and 250 W for microwave-emitted and
infrared-emitted power, respectively. They claimed that
the application of microwave power should be in the first
stage of drying, when the sample has substantial moisture
content, because it has the ability to heat the whole sample
volume, because the IR warms the surface and accelerates
the evaporation of the moisture on the surface. The appli-
cation of combined microwave, infrared, and hot air heat-
ing for foodstuffs was also discussed by Datta and Ni.l''>!

The combination of microwave and infrared heating
was studied by Wang and Sheng!' ' to dry slices of peach.
They stated their observations in four results: (1) the energy
consumption decreased and the dehydration rate increased
with an increase in microwave and infrared power; (2) for
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both infrared and microwave drying, there were two falling
rates; (3) the interaction effects of infrared power and
exchanging moisture content affected both the energy con-
sumption and the sensory quality; and (4) the sensory qual-
ity and energy consumption decreased linearly with an
increase in the exchange of moisture content and micro-
wave power, respectively. Other researchers also used
infrared-assisted microwave drying to determine the drying
conditions in a halogen lamp-microwave combined with an
oven for the production of bread crumbs.!"'”! They used
conventional, microwave, infrared, and infrared-assisted
microwave drying separately and in combination to dry
the breadcrumb dough from about 40.9 to 8% moisture
content. The total color difference and the effect of power
on the color changes were studied in all conditions; the
values of the total color differences were higher in infrared
drying and lower in microwave drying, though there was
no observed effect of power on color changes.

Roknul et al."?! presented experimental results and
analysis of four drying methods, viz. hot air drying, hot
air-assisted radio frequency drying (ARFD), infrared dry-
ing, and microwave-assisted hot air drying on the color,
microstructure, density, rehydration capacity, and texture
after rehydration of stem lettuce slices (Lactuca sativa
L.). The results showed that the drying time required for
stem lettuce slices using ARFD was the shortest
(120 min), followed by microwave-assisted hot air drying
(140 min) and infrared drying (180min); hot air drying
required the longest time (360min). Notably, ARFD
yielded uniform drying and the quality of the dried samples
using ARFD was also the best among these four drying
methods.

Freeze Drying

A comparison of the drying times of sweet potato under
three drying methods—that is, air drying, freeze drying,
and freeze drying with far-infrared radiation—has been
carried out.!"'® This study indicated that freeze drying with
far-infrared radiation was able to decrease the drying time.
In order to describe the drying characteristics of sweet
potato during this method, four mathematic models were
employed (Page, approximate diffusion, exponential, and
diffusion models) in which the lowest residual as well as
the RMSE were identified for the Page model.

Chakraborty et al.™! estimated the quality attributes of
the infrared-assisted freeze drying of prawns in terms of the
rehydration ratio, final product temperature, and final
moisture content. In terms of developing multivariate
regression models to evaluate the influence of process para-
meters on the quality of the freeze-dried prawn, they
employed a response surface methodology using a
three-parameter and three-level face-centered central com-
posite design. An IR temperature of 65°C, sample thick-
ness of 10mm with 60 mm distance from the IR heater,

and freeze drying time of 6.37h have been reported as
the optimal drying condition. In another work, Burgheimer
and Nelson™? investigated the effect of NIR radiation on
lowering the freeze-drying time of beef. Infrared heating
decreased the drying time from 11 to 7h.

Vibration

The effective moisture diffusivity of paddy during dry-
ing under the combination of infrared heating and
vibration has been evaluated™?”; there were five levels of
radiation intensity (1,509, 2,529, 3,510, 4,520, and
5,514 W/mz) and four levels of grain bed depths (single
kernel thickness of 3, 6, 12, and 25mm). The range of
20-22 Hz and 8-9 mm were identified as the optimum fre-
quency and amplitude of the vibration, respectively, for
all grain bed depths; in addition, the values of the average
effective moisture diffusivity ranged between 0.778 x 10~'°
and 3.884 x 107 '°m?/s. They indicated that the value of
diffusivity (Degr) increases with a decrease in moisture con-
tent, an increase in radiation intensity, and a reduction in
bed depth. They also stated that compared to other models,
the Page model reflected lower RMSE values, which made
it the best fit to the experimental drying data. In a previous
work, Das and Bal®>! studied the drying characteristics
of three varieties of high-moisture paddy (slenderness,
Shankar, and basmati) using a batch-type, vibration-aided
infrared dryer with radiation intensities of 3,100 and
4,290 W/rn2 and grain bed depths of 12 and 16 mm. They
discovered that the drying rate was dependent on the levels
of radiation intensity and the drying occurred in the falling
rate period.

Nimmol et al.*2! combined FIR radiation with the con-
cept of low-pressure superheated steam drying (LPSSD)
for banana and compared its behavior combination to
the far-infrared radiation and vacuum drying method (vac-
uum-FIR) using LPSSD. The results reflected that the dry-
ing time was shorter in LPSSD-FIR and vacuum-FIR
compared to LPSSD. On the other hand, the energy con-
sumptions of LPSSD-FIR and vacuum-FIR were lower
than that of LPSSD for all drying conditions. In another
experiment, Nimmol et al.l'*! found that LPSSD-FIR
has a longer drying time than vacuum-FIR under almost
all drying conditions except the highest drying temperature
of 90°C, which causes a change in the lightness and redness
(darker color) of banana. The drying of Welsh onion was
also studied by Mongpreneet and Tsurusakil'**! using the
combination of high vacuum and ceramic-coated radiators.

CONCLUSIONS

The idea of this article was first to study the drying of
food using infrared radiation and then to review several
aspects and features related to this drying method. Indeed,
even if the use of other drying means—Iike hot air and
direct sun—are still popular in some countries, infrared
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drying has several advantages over these older dehydration
methods. The motivation for using infrared radiation as a
new drying technology becomes more obvious when we
compare it with other drying techniques. It is clear that
time is one of the most significant factors in all industrial
applications; in industrial food drying especially, the drying
time has been one of the main factors to improve the sys-
tem, and this can be decreased by using infrared radiation
instead of hot air. The quality of the final dried product
and the energy used in the process are also vital factors that
should be considered by the dryer designers. Several
researchers stated that using infrared radiation in the dry-
ing of food results in a better quality of the final dried
material and more energy savings. By understanding the
advantages of infrared technology in drying processes, it
is likely that an advanced jump in the foodstuff-processing
sector will be taken by using infrared heating.

Because the penetration of the infrared radiation power
to the depth of the material is limited, it is essential to com-
bine infrared heating with hot air, microwave, vacuum, and
other common convective and conductive modes of heating
in order to obtain optimum energy efficiency. The ability of
combining infrared radiation with other drying techniques
is considered one of its advantages.

To dry food, one needs an appropriate model that is
different for each specific material depending on its specifi-
cation. Here we have reviewed some examples of modeling
for infrared radiation in food drying, including moisture
ratio, statistical analysis, general mathematic modeling
forms, diffusion equation, mass transfer, heat transfer, etc.
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