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Abstract: Energy consumption performance evaluation of an industrial grain dryer is an essential
step to check its current status and to put forward suggestions for more effective operation.
The present work proposed a combined IRCC dryer with drying capacity of 4.2 t/h that uses a
novel drying technology. Moreover, the existing energy–exergy methodology was applied to evaluate
the performance of the dryer on the basis of energy efficiency, heat loss characteristics, energy recovery,
exergy flow and exegetic efficiency. The results demonstrated that the average drying rate of the
present drying system was 1.1 gwater/gwet matter h. The energy efficiency of the whole drying system
varied from 2.16% to 35.21% during the drying process. The overall recovered radiant energy and the
average radiant exergy rate were 674,339.3 kJ and 3.54 kW, respectively. However, the average heat-loss
rate of 3145.26 MJ/h indicated that measures should be put in place to improve its performance.
Concerning the exergy aspect, the average exergy rate for dehydration was 462 kW and the exergy
efficiency of the whole drying system ranged from 5.16% to 38.21%. Additionally, the exergy analysis
of the components indicated that the combustion chamber should be primarily optimized among the
whole drying system. The main conclusions of the present work may provide theoretical basis for the
optimum design of the industrial drying process from the viewpoint of energetics.

Keywords: industrial grain dryer; exergy; energy; corn; dehydration

1. Introduction

Drying is a complicated thermodynamic process containing heat and mass transfer between
the external constraints and inherent properties, which leads to the decrease of the moisture content
of agricultural products or industrial material to a safe storage grade or to a grade appropriate for
commercial use [1–3]. Due to the negative conditions such as the high latent heat of water evaporation
and the relatively low efficiency of dryers, drying is a highly energy intensive operation that is an
unneglected factor raising environmental concerns [4]. According to Tohidi [5], drying operations
consumed about 10–15% of the total national industrial energy consumed in Canada, France and the
USA, and 20–25% in Germany and Denmark. Therefore, like other energy-intensive industries, it is of
great significance to search for energy-saving strategies and technologies to achieve the most effective
and economic modes for drying industry.

Corn drying is a high-energy-consumption process that is very susceptible to the quality of
processed corn. In recent years, investigators have conducted many studies of new drying equipment
and techniques for the purpose of decreasing the energy consumption of the process and improving
quality of product [6–10]. For example, Xie et al. [11] conducted in-depth explorations into the
application of radio frequency-hot air drying technology on corn kernels in 2020 and found that a

Appl. Sci. 2020, 10, 6289; doi:10.3390/app10186289 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
http://www.mdpi.com/2076-3417/10/18/6289?type=check_update&version=1
http://dx.doi.org/10.3390/app10186289
http://www.mdpi.com/journal/applsci


Appl. Sci. 2020, 10, 6289 2 of 21

reduced electrode gap can not only improve seed vigor, but also reduce specific energy consumption.
Faria et al. [12] used microwave radiation to assess effects on the physiological quality of the seeds
submitted to different drying conditions and indicated that drying with microwaves not only reduced
the drying time of corn kernels, but also increased the longevity and the water absorption capacity
of the seeds. Li et al. [13] developed an advanced hot air-drying method for corn kernels by using
a pretreatment of low-temperature plasma and results showed that the low-temperature plasma
pretreatment had a significant effect on drying kinetics. Although the new methods based on laboratory
experiments have been reported as efficient drying methods for quality corn, the study results are still
not suitable in industrial drying scale featuring a complex system composed of several parts. Moreover,
since energy is an inaccessible factor in the realization of human sustainable development, it is of great
significant to reveal the components and quantities of energy loss and exergy destruction in industrial
drying system [14].

Traditionally, energy–exergy methodology is a useful tool which reveals where and to what extent
more efficient drying systems can be designed by reducing the existing inefficiencies sources [15].
Energy analysis, which applies the first law of thermodynamics, has been commonly adopted in
engineering systems performance analysis from the principle of conservation of energy. However,
it gives no information about how to distinguish the quality of the energy [1,16]. Exergy refers
to the maximum work that can be obtained when the material flow, heat flow or work reaches to
equilibrium with the reference environment through a reversible process [17]. Since this is a method
to analyze, design and improve energy and other systems by using the principles of conservation of
mass and energy and the second law of thermodynamics, it is a more powerful tool for evaluating
the effective use of energy. Compared with other energy analysis, the view of this process is more
realistic [18]. Hence, based on the second law of thermodynamics and related theories, a large amount
of research has been committed to evaluations of energy and exergy in the drying process [19–23].
For instance, Delgado-Plaza et al. [24] developed a hybrid dryer that utilizes a combination of different
energy sources to optimize the drying process, while ensuring high-quality dried products. The result
indicated that the efficiency of the equipment was around 60%. Darvishi et al. [25] studied the influence
of relevant factors on the drying energy and exergy in the process of kiwifruit slices microwave drying
and found that with the increase of microwave power and the decrease of slice thickness, the energy
and exergy efficiency also increased. As far as we know, there is seldom articles published on energy
and exergy analysis for corn drying, especially in case of industrial drying system.

Based on the above considerations, the present work proposed a combined IRCC corn dryer
which adopts a novel drying technology. The existing energy–exergy methodology was applied to
assess the energetic and exergetic performance of the drying system based on the first and second
law of thermodynamics. The novel aspect of this study is, hence, providing the theoretical basis and
the technical support for optimum design of the industrial drying process from the view point of
energetics. The main conclusions may lay a foundation for developing the optimum controller of
industrial grain drying system to obtain higher quality corn at acceptable energy consumption.

2. Materials and Methods

2.1. Materials

The fresh corn used in this project was a native variety named Changcheng 799#, as depicted in
Figure 1, which was obtained from Zhencheng Farm at Xinzhou Shanxi Province, China. The impurities
and broken seeds in the sample will be removed by the filter of the dryer before entering the dryer.
The average initial moisture content (MC) was 27.95% w.b. measured by standard oven method [26].
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novel drying technology. Figure 2 describes the scene graph of IRCC corn dryer. The system 
consists of three main parts: heating section, drying chamber and dedusting section. The heating 
section mainly consists of an economical, durable and efficient combustion chamber using coal as 
fuel. More details about the self-developed combustion chamber can be found in the patent 
(CN105757650B) [31]. The tube row of the heat exchanger is a cross-row type, and its main part is a 
heat exchange pipe, with 11 columns × 23 rows and a total of 253. There are two upper and lower 
diversion layers connected to the heat exchanger pipes. The size of the diversion layer is 2800 × 1800 
× 450 mm. There are two baffles inside to divide it into three small chambers to conduct heat flow, 
respectively. This arrangement can ensure that the fluid flows through the tube bundle and increase 
the disturbance to improve the heat-transfer coefficient. In drying chamber, corn flows through the 
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The grain discharging section is composed of a reciprocating grain discharging device [32], which 
ensuring the self-cleaning of grain and the reduction of damage in the process of discharging. The 
medium after being heated by heat exchanger (HE) flows into the drying chamber and contacts 
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discharged from combustion chamber (CC) passes through the IRD, and the waste heat is used to 
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Figure 1. Fresh corn sample for the experiment.

2.2. Principle and Process of Equipment

Given that corn is a heat-sensitive material, a reasonable drying mode for corn should be able to
dry quickly and timely under conditions close to the environment temperature [27]. From the point of
view of energy consumption of the structure of the corn drying process [10], the heat energy consumed
by the water evaporation process of corn in the drying system must be accompanied by a reduction of
its internal energy. The binding energy model constructed by Li [28] et al. indicates that in grains with
low moisture content, the binding energy between the grain and its moisture is significantly affected
by the drying temperature, while the water evaporation of grains with high moisture content is hardly
limited by the grain itself.

Infrared radiation (IR) drying is an advisable method due to the fact that corn temperature is
not restricted by the wet-bulb temperature of the medium [29]. Moreover, infrared heating has many
potential merits over traditional drying, such as fast drying rate, acceptable energy efficiency, uniform
product temperature and less dust-generation during drying process [30]. High grain temperatures can
be obtained in a short time for quick dehydration, which results in the availability of high-quality grain.

Based on the above, the present work proposes a combined IRCC corn dryer that adopts a novel
drying technology. Figure 2 describes the scene graph of IRCC corn dryer. The system consists of three
main parts: heating section, drying chamber and dedusting section. The heating section mainly consists
of an economical, durable and efficient combustion chamber using coal as fuel. More details about the
self-developed combustion chamber can be found in the patent (CN105757650B) [31]. The tube row of
the heat exchanger is a cross-row type, and its main part is a heat exchange pipe, with 11 columns
× 23 rows and a total of 253. There are two upper and lower diversion layers connected to the heat
exchanger pipes. The size of the diversion layer is 2800 × 1800 × 450 mm. There are two baffles inside
to divide it into three small chambers to conduct heat flow, respectively. This arrangement can ensure
that the fluid flows through the tube bundle and increase the disturbance to improve the heat-transfer
coefficient. In drying chamber, corn flows through the tempering section (TP), infrared radiation
drying section (IRD), counterflow drying chamber (DC) and the discharging section (DCS) from top to
bottom and then returns to the TP under the promotion of the hoist, which forms a grain circulation
circuit. The IRD is mainly composed of four tubular infrared radiators (RA) which are inserted in the
dryer and surrounded by flowing corn. The grain discharging section is composed of a reciprocating
grain discharging device [32], which ensuring the self-cleaning of grain and the reduction of damage
in the process of discharging. The medium after being heated by heat exchanger (HE) flows into the
drying chamber and contacts with the corn to absorb moisture, which forms a medium flow circuit.
The partial flue gas discharged from combustion chamber (CC) passes through the IRD, and the waste
heat is used to heat corn. The exhaust gas discharged from DC and the exhaust flue gas discharged
from IRD flow into the dust removal chamber under the promotion of the induced fan (Model 4-68,
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Tongda, Inc., Linyi, China). The period of a circulation is about 90 min with drying capacity of about
4.2 t/h. The developed IRCC corn dryer has been put into application in Zhencheng Farm at Xinzhou
Shanxi Province, China.
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2.3. Drying Procedure and Data Collection

A schematic diagram of the dryer is shown in Figure 3. As shown in the diagram, before drying,
the corn to be dried is lifted to the inlet of the dryer under the action of the hoist and drops into the
dryer cavity. After the dryer cavity is filled with corn, the drying officially begins as the induced
fan, hoist and discharging motor are turned on in sequence. The corn is constantly dehydrated in
the process of circulation flow. The temperature data used in the experiment including inlet air (Tai),
outlet air (Tao), outlet corn (Tg), ambient (T∞), radiator (Tr) temperature and humidity data including
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inlet air (Hai), outlet air (Hao), ambient (H∞) humidity were measured by the appropriate sensors,
which were linked with the self-developed data acquisition system, as shown in Figure 3. The MC
of the outlet corn were measured using the standard oven method [26]. According to the national
standard GB 1353-2018 [33], the safe storage moisture content of corn is about 14% w.b. Therefore,
when the detected moisture content of the outlet grain is about 14% w.b., the drying stopped and the
product began to be discharged through the grain discharging pipeline, as shown in Figure 2b. All the
experiment data were measured with a collection period of 30 min. The descriptions of the related
experimental instruments are listed in Table 1.
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Table 1. Descriptions of the related experimental instruments.

Instruments Model Measurement Scope Accuracy

Temperature resistance PT100 −200–450 ◦C ±0.1 ◦C
Pyrometer couple WRN-130/230 0–1300 ◦C ±0.1 ◦C

Anemograph DT-8893 0.001–45 m/s 0.01 m/s
Temperature and humidity sensor AM2301 0–100%/−40–80 ◦C ±3%/±0.5 ◦C

Data-acquisition system Self-developed – –

2.4. Theoretical Principle Used for Energy and Exergy Analyses

The below hypotheses were completed for developing the solution scheme for the energy and
exergy analyses equations of the corn drying system:

• The initial total weight of the corn in the dryer was regarded as 50 t;
• All components of the dryer were assumed to be operating in a stable state;
• The moisture of corn diffuses to the drying medium in the form of gas;
• The temperature potential inside a single corn kernel was ignored;
• The loss of heat stemming from inertia, convection and radiation in the drying chamber

was ignored;
• The moisture (Mar), oxygen (Oar), ash (Aar) content and low heat value (LHV) of coal used in the

present project were assumed to be 8.0%, 3.19%, 19.02% and 28.073 MJ/kg, respectively [34].
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2.4.1. Energy Analysis

The energy balance equation on account of the first law of thermodynamics was express as
Equation (1) [35]: ∑ .

Ein =
∑ .

Eout (1)

The energy flow in the present hot air-drying system for corn is shown in Figure 4. According to
the Equation (1) and Figure 4, the following equation was obtained:

.
Q +

.
P =

.
W + Enevp +

∑ .
Eloss (2)

where
.

Q is the energy provided by the fuel,
.
P is the electrical energy provided by the power source,

and
.

W is the work done by the hoist.
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For the whole drying system, the total energy consuming element consists of
.

Q, the hoist (
.
Ph),

the discharging motor (
.
Pdm), the induced fan (

.
Pi f ) and the additional parts (

.
Pap), as shown in Figures 3

and 4. The power values of the primary equipment using in the current drying system are listed in
Table 2. The energy used for dehydration of corn (

.
Enevp) and the electrical energy for lifting the corn

(
.

Wh) are considered as the effective energy, which respectively calculated by Equations (3) and (4) [35]:

.
Enevp =

.
mevph f g (3)

.
Wh =

.
mh,cv2

2
+

.
mh,cgv (4)
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Table 2. Power parameters of the primary equipment.

Equipment Power

Hoist 5.5 kW
Discharging motor 3.75 kW

Induced fan 37 kW
Additional parts 1.5 kW

The average dehydrated moisture (mevp) from corn in any period (∆t) is calculated using Equation (5):

.
mevp =

md

(1−MCt)
−

md

(1−MCt+∆t)
(5)

The latent heat of vaporization hfg (J·kg−1) is calculated using Equations (6) and (7) [20]:

h f g = 2.503× 106
− 2.386× 103(Tg − 273.16)0.5 273.16 ≤ Tg ≤ 338.72 (6)

h f g = (7.33× 1012
− 1.6× 107T2

g)
0.5

338.72 ≤ Tg ≤ 553.16 (7)

In totally, the energy efficiency of the whole drying system can be obtained according to Equation (8)

ηenw =

.
Enevp +

.
Wh

.
Q +

.
Pi f +

.
Ph +

.
Pdm +

.
Pap

(8)

For the DC, the overall energy consuming element consist of the inlet air (
.
Enai), the

.
Pi f and the

infrared recover radiator (
.
En f ir). The effective energy is

.
Enevp. The energy efficiency of the DC was

obtained according to Equation (9):

ηenc =

.
Enevp

.
Enai +

.
Pi f +

.
E f ir

(9)

From the Wien displacement law, the
.
En f ir can be calculated using Equation (10) [36]:

.
En f ir = A f irσεrT4

r (10)

.
Enai is calculated using Equation (11) [28]:

.
Enai =

.
mai(hai − h∞) (11)

The mass flow rate of the inlet dry air (
.

mai) can be obtained according to Equation (12) [4]:

.
mai = ρdaVS (12)

where ρda is the density of the dry air (kg/m3), V and S are, respectively the velocity of the inlet air
(m/s) and the cross-sectional area of the inlet pipeline (m2).

The enthalpies of the inlet and the outlet drying air (ha) is calculated using Equation (13) [4]:

ha = (Ca +ωCv)(Ta − T∞) +ωh f g (13)
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For the DC, the total heat loss is chiefly consisted of the heat loss in outlet air (
.
Enao), the heat loss

in outlet corn kernels (
.
Enco) and the heat loss in chamber wall (

.
Enwall), which can be calculated using

Equation (14)–Equation (16) [28]:
.
Enao =

.
mao(hao − h∞) (14)

.
Enco = Cc

.
mp(Tpo − T∞) (15)

.
Enwall = 1.3As

Twall − T∞
σ
γ +

1
1.163(6+0.5v∞)

(16)

2.4.2. Exergy Analysis

The exergy balance equation on account of the second law of thermodynamics can be express as
Equation (17) [35], which was adopted to analyze the exergy rate of each of the components of the
drying system: ∑ .

Exi−
∑ .

Exo =
∑ .

Exdes (17)

The chemical exergy of the coal (
.
Ex fuel) used in present works is calculated using Equation (18) [37]:

.
Ex f uel =

.
m f uel[0.978 +

0.267Oar + 0.103Mar

100− (Aar + Mar)
] · LHV (18)

In this study, the exergy of the corn and air were calculated using Equations (19)–(21) [36]:

Ex = (h− h0) − T0(s− s0) (19)

h− h0 = cp(T − T0) (20)

s− s0 = cp ln(
T
T0

) −R ln(
P
P0

) (21)

The exergy rate of the drying medium entering and leaving the DC includes chemical exergy (ch)
and physical exergy (ph), which can be expressed to Equation (22) [38]:∑ .

x =
∑ .

xph
+

∑ .
xch (22)

According to the previous studies [4,16,35], the physical exergy of the inlet and the outlet corn
kernels (

.
Exc) is obtained using Equation (23):

E
.
xph

c = Cc
.

mc

[
(Tc − T∞) − T∞ ln(

Tc

T0
)

]
(23)

The physical exergy and chemical exergy rates of the drying medium was calculated using
Equations (24) and (25) [35]:

E
.
xph

a =
.

ma

{
(Ca +ωCv)(Ta − T∞) − T∞

[
(Ca +ωCv) ln(

Ta

T∞
) − (Ra +ωRv) ln(

Pa

P∞
)
]}

(24)

E
.
xch

a =
.

ma

{
T∞

[
(Ra +ωRv) ln(

1 + 1.6078ω0

1 + 1.6078ω
) + 1.6078ωRa ln(

ω
ω0

)

]}
(25)

The exergy used for the water evaporation in the drying process (
.
Exevp) is calculated using

Equation (26) [35]:
.
Exevp = (1−

T∞
Tc

)
.
Enevp (26)
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The recover radiant exergy (
.
Ex f ir) recovered by the radiators can be calculated using

Equation (27) [39]:
.
Ex f ir = A f irσεrT4

r (1−
T∞
Tr

) (27)

Hence, the exergy efficiency of the entire drying system was calculated using Equation (28):

ηexw =

.
Exevp

.
Exin

=

.
Exevp +

.
Wh

.
Ex f uel +

.
Pi f +

.
Wh +

.
Pdm +

.
Pap

(28)

Additionally, the thermodynamic constants and the related technical parameters used in the
present works are tabulated in Table 3.

Table 3. Some thermodynamic constants and the related technical parameters.

Parameter Value/Equation Unit Reference

Afir 16.6 m2 –
σ 5.67 × 10−8 W·m−2

·K−4 [27]
εr 0.9 – [39]
S 0.126 m2 –

As 8.3 m2 –
δ 0.05 m –
γ 1 W·m−1

·K−1 –
Cc 1.465 + 0.036 M kJ·kg−1

·K−1 [40]
Ca 1.004 kJ·kg−1

·K−1 [16]
Cv 1.872 kJ·kg−1

·K−1 [16]
Ra 0.287 kJ·kg−1

·K−1 [5]
Rv 0.462 kJ·mol−1

·K−1 [5]
.

mc 9.26 kg·s−1 –

2.5. Performance Indicators

In the present work, the drying rate (DR) in any period (∆t), which reflects the strength of drying
process, is calculated using Equation (29) [41]:

DR =
Mt+∆t −MCt

∆t
× 100% (29)

The energy efficiency (ηen) and the specific energy consumption (SEC) are utilized to assess the
energetic performance of the components and the whole system. The SEC is calculated according to
Equation (30) [42]:

SEC =

.
Q +

.
Pi f +

.
Ph +

.
Pdm +

.
Pap

.
mevp

(30)

The exergy efficiency (ηex), exergy destruction ratio (rd) [43] and stainability index (SI) [4] are
utilized to assess the exergetic performance of the components and the whole system. Generally,
the ηex is increased with the reducing exergy destruction. SI can reflect the impact of exergy efficiency
changes on sustainability while rd can reflect the contribution level of the exergy destruction related to
the component to the overall exergy destruction. All performance indicators are defined as follows:

rd =

.
Exdes,k
.
Exdes,tot

(31)

SI =
1

1− ηexdes
(32)



Appl. Sci. 2020, 10, 6289 10 of 21

2.6. Uncertainty Analysis

The experimental errors and uncertainties of the current work mainly come from the dryer,
instruments accuracy, environmental conditions and observation restrictions. The measurement
uncertainty is adopted to describe the accuracy of the experiments, as shown below [44]:

U = [(
∂F
∂z1

u1)
2
+ (

∂F
∂z2

u2)
2
+ ...... + (

∂F
∂zi

ui)
2
]

0.5

(33)

where U is the uncertainty in the outcome; u1, u2, . . . , ui are the uncertainty in the independent
variables; z1, z2, . . . , zi are the independent variables and F is the function of the independent variables.

3. Results and Discussions

3.1. Drying Kinetics of the IRCC Corn Dryer

The ambient and medium conditions during drying process are depicted in Figure 5. In the
current work, the drying kinetics was used to evaluate the dryer performance; the MC and DR curves
are depicted in Figure 6. The ambient temperature on the test day was relatively low, with an average
of 8.83 ◦C. The average temperature of inlet air was 107.06 ◦C. The humidity of inlet air was affected by
the real-time environment, with a fluctuation range of 3.71–4.02 g/kg and an average value of 3.83 g/kg.Appl. Sci. 2020, 10, x FOR PEER REVIEW 11 of 21 

 

Figure 5. Ambient and medium conditions during drying process. 

 

Figure 6. Kinetics curves of the corn drying process. 

In warming up period (0–90 min), the moisture in corn with high moisture content is mainly 
free water, including water flowing in the capillary and adhering to the kernel [45]. Since the binding 
effect between free water and absolute dry matter is relatively tightly, the dehydration in this stage 
can be regarded as the evaporation process of free water. Hence, the partial pressure of water vapor 
on the corn surface increases gradually in the process that the corn temperature rises to the wet bulb 
temperature of drying medium [40], which results in the increasing drying rate. After the large 
number of free water is rapidly removed in warming up period, the moisture in corn is mainly 
physicochemical binding water [45], at this time, the drying process begins to go through the falling 
period Ⅰ (90–330 min). In this period, water evaporation is limited by grain itself, and the corn 

Figure 5. Ambient and medium conditions during drying process.



Appl. Sci. 2020, 10, 6289 11 of 21

Appl. Sci. 2020, 10, x FOR PEER REVIEW 11 of 21 

 

Figure 5. Ambient and medium conditions during drying process. 

 

Figure 6. Kinetics curves of the corn drying process. 

In warming up period (0–90 min), the moisture in corn with high moisture content is mainly 
free water, including water flowing in the capillary and adhering to the kernel [45]. Since the binding 
effect between free water and absolute dry matter is relatively tightly, the dehydration in this stage 
can be regarded as the evaporation process of free water. Hence, the partial pressure of water vapor 
on the corn surface increases gradually in the process that the corn temperature rises to the wet bulb 
temperature of drying medium [40], which results in the increasing drying rate. After the large 
number of free water is rapidly removed in warming up period, the moisture in corn is mainly 
physicochemical binding water [45], at this time, the drying process begins to go through the falling 
period Ⅰ (90–330 min). In this period, water evaporation is limited by grain itself, and the corn 

Figure 6. Kinetics curves of the corn drying process.

The results show that the corn moisture content decreased from the initial value (27.95% w.b.)
to the safe value (14.2% w.b.). The whole drying process lasted for 12 h (eight circulations) with the
drying capacity of 4.2 t/h. The relationship between MC and t was simulated by the experimental
data, which can be described as MC = 26.708 exp(−0.001t) (R2 = 0.9984). In the initial stage of drying
operation, the drying rate primarily increased rapidly and then decreased gradually with the advancing
of drying process. The maximum and the final drying rate were, respectively 2.91 gwater/gwet matter h
and 0.34 gwater/gwet matter h, and the average drying rate of corn drying system is 1.1 gwater/gwet matter h.
Additionally, according to the drying rate, the corn drying process can be divided into three stages:
warming up period, falling period I and falling period II. The amount of dehydration of drying process
in four stages was 2056.162 kg, 3556.209 kg and 2044.45 kg, accounting for 25.66%, 44.38% and 29.96%,
respectively, as depicted in the pie chart. The corn drying process of the developed dryer in this paper
presents different characteristics in different stages as described below.

In warming up period (0–90 min), the moisture in corn with high moisture content is mainly free
water, including water flowing in the capillary and adhering to the kernel [45]. Since the binding effect
between free water and absolute dry matter is relatively tightly, the dehydration in this stage can be
regarded as the evaporation process of free water. Hence, the partial pressure of water vapor on the corn
surface increases gradually in the process that the corn temperature rises to the wet bulb temperature of
drying medium [40], which results in the increasing drying rate. After the large number of free water
is rapidly removed in warming up period, the moisture in corn is mainly physicochemical binding
water [45], at this time, the drying process begins to go through the falling period I (90–330 min). In this
period, water evaporation is limited by grain itself, and the corn drying process is the result of both
surface evaporation and internal diffusion. The rate of surface evaporation depends on the size of
evaporation area, and the internal water evaporation rate depends on the water diffusion of corn itself.
In order to accelerate the water diffusion of grain itself, abundant energy is required to offset the binding
energy between the water molecules and the attachment points while little energy is utilized to evaporate
water [19], which results the reduced drying rate in this stage. With the continuous decrease of corn
moisture content, the drying will experience the falling period II (after 330 min). In this period, corn is
in the low-moisture region and the binding energy increases significantly with the drying process [28].
The drying rate will decrease with the decreasing partial pressure of water vapor around the grain surface.
Similar results have also been found in the research to wheat [46], paddy [47] and corn [48].
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3.2. Energy Analysis of Corn Drying with the IRCC Corn Dryer

3.2.1. General View of Energy Structure

Figure 7 describes the overall energy consumption proportions which demonstrate the whole dryer
and the DC. The overall energy consumption of the whole dryer is primarily composed of five aspects
including the coal, induced fan, discharging motor, hoist and the additional parts, which accounts for
97.57%, 1.88%, 0.19%, 0.28% and 0.08% of the total, respectively. The thermal energy given by fuel
for heating drying medium accounts for most of the total energy consumption compared with the
electrical energy given by power source for the other components. For the DC, the energy consumption
in the inlet air, the induced fan and the recover radiant energy were studied, and the results indicated
that the energy consumption in Eai, Eif and Efir, respectively, account for 91.66%, 5.86% and 2.47% of
the total in the DC. Specific energy consumption is a commonly adopted index to evaluate the energy
consumption in grain drying process which refers to the energy input to the drying system when 1 kg
water is evaporated. It can be seen from Figure 8 that the SEC of both whole dryer and drying chamber
increases continuously with drying process. Moreover, due to the binding energy as described in
Section 3.1, the phenomenon that SEC of the whole dryer increases rapidly (19,844.52–42,425.59 kJ/kg)
after 540 min was found obviously. Similar phenomenon has also been found in the research of a
novel industrial multifield synergistic paddy dryer conducted by Li [22]. The technology of variable
temperature subsection drying technology proposed by some researcher [49] may solve this problem.
In the present work, the overall energy input to the whole dryer of drying process was 84,874.8 MJ,
and the average SEC was 10.592 MJ/kg. The experiment of combined hot air-infrared thin layer
drying of paddy studied by Zare in 2015 [50] showed that the SEC of paddy drying varied from 9.4 to
50.3 MJ/kg, which indicating that the IRCC dryer of the present work has an acceptable level of energy
utilization. For the drying chamber, the total energy consumption was 27,263.962 MJ while the average
SEC is 3.402 MJ/kg. Figure 9 shows that the overall energy efficiency of the entire drying system and
DC respectively ranges from 2.16% to 35.21% and 4.2% to 62.11%—which is higher than some previous
findings, such as the paddy-fluidized bed drying with an energy efficiency of 5.24% to 13.92% [51] or
potato-slices drying with an energy efficiency of 15.13% to 37% [21].
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3.2.2. Radiant Energy Recovery

In preheating section, due to the fact that the radiator was inserted in the far infrared section and
surrounded by the loose corn, the total radiation angle coefficient of the device to the corn is equivalent
to 1, this means, the radiation energy caused on the outer surface of the far-infrared generation device
will be totally absorbed by the corn. According to the previous research results, grains tend to acquire
relatively high absorptivity at near 9-µm far-infrared wavelength [52]. The far-infrared wavelength
was calculated according to the Wien displacement law [36]. In the present work, the wavelength
of the radiator varies from 7.68 µm to 8.3 µm, as shown in Figure 10. Moreover, during the whole
drying process, the recovered radiant energy rate is between 15.578 kW and 17.2 kW, and the overall
recovered radiant energy is 674,339.3 kJ, which can be utilized to dehydrate about 270.14 kg at the
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present ambient temperature. The drying method proposed in this paper can not only recover the
radiation energy to strengthen the drying process, but also improve the drying quality of corn.
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3.2.3. Heat Loss Characteristics

Heat loss is the primary cause of high-energy consumption and low efficiency in the grain drying
process [53,54]. Hence, it is necessary to investigate the heat loss characteristics of drying process to
propose scientific drying parameters and effective measures for the purpose of high-efficiency and
energy savings. In the present work, heat loss characteristics—including heat loss in the outlet air,
heat loss in the outlet corn and heat loss to the chamber wall—are depicted in Figure 11. The results
indicated that the above three types of heat loss were calculated to be 20,045.23 MJ, 12,547.16 MJ and
5151.52 MJ, accounting for 53.11%, 33.24% and 13.65% of total, respectively, and the average heat-loss
rate was learned to be 3145.26 MJ/h. The heat-loss rate in outlet air and outlet corn increased with the
drying process and tended to be a constant after reaching the maximum. During the drying process,
the grain flow speed and moisture content gradually decrease, which leads to small gaps among
particles [55]. As a result, the effective evaporation area coefficient of the drying phase interface was
reduced, and the strength of heat and mass transfer between corn and drying medium were weakened.
Additionally, the heat in the drying medium is hardly fully utilized, resulting in an increasing heat-loss
rate of exhaust gas. Finally, during the period of 500–600 min, the heat-loss rate in outlet air fluctuated
slightly, which may result from the impact that ambient on the drying process. During the whole
drying process, especially in the later stage, heat-loss rate in outlet air showed an increasing trend.
Therefore, it is of great significance to design a recovery device to reuse the waste heat in the outlet
air for the motivation of reducing the exhaust heat loss and energy-consumption costs. Li [56] found
a similar result in his research on the characteristic analysis of heat loss in a multistage counterflow
paddy dryer and pointed out that a corresponding waste heat recovery device should be designed for
the problem of high-exhaust heat loss.



Appl. Sci. 2020, 10, 6289 15 of 21

Appl. Sci. 2020, 10, x FOR PEER REVIEW 15 of 21 

corresponding waste heat recovery device should be designed for the problem of high-exhaust heat 
loss. 

At the beginning of drying process, a great deal of heat will be taken out from the DC by the 
heated grains due to the relatively low ambient temperature, which caused the increase of grain 
temperature and heat-loss rate in outlet corn. Then, the heat-loss rate of outlet corn was stable as the 
grain temperature tends to a constant. The water-vapor pressure on the surface of corn with high 
moisture content is large, and the internal binding energy and resistance to dehydration are 
relatively small at the early stage. Hence, in order to reduce the heat loss of the outlet corn at this 
stage, a drying medium with low temperature and low humidity should be utilized. Moreover, in 
this way, a portion of the moisture in the grains can also be removed with a relatively low 
energy-consumption cost. At the end of the drying process (after 600 min), the moisture content of 
grain gradually decreases, which demonstrates that the binding energy of the grain is relatively 
small. The decrease of binding energy means that under the condition of the same energy input, 
increasing the internal energy of grains with low moisture content requires more energy. Therefore, 
the heat loss in outlet corn increased significantly. Ma’s research [57] on the energy efficiency 
evaluation and experiments on grain counterflow drying systems based on exergy analysis found a 
similar result. 

Heat loss to the chamber wall mainly occurred at the connection between the heat exchanger 
and the dryer. At the beginning of drying process, the heat-loss rate of the chamber wall increased 
with the increasing temperature of the chamber wall—and then tended to be constant. Due to the 
fact that the temperature of inlet air was relatively stable, the heat-loss rate of the chamber wall 
varied only slightly (116.58–133.4 kW). 

 

Figure 11. Variations of the heat-loss rate of the DC. 

3.3. Exergy Analysis of Corn Drying with the IRCC Corn Dryer 

3.3.1. General View of Exergy Structure 

The same amount of energy may have different effects in different systems [58]. In this section, 
Table 4 lists the exergetic performance of each component in the entire drying system during the 
corn drying process. Results showed that the SI of RA (1.11) and DC (1.86) have low values, while 
those of CC (2.40) and HE (5.64) are higher than 2 [4]. Lower SI means that the RA and DC are 
supposed to be ameliorated by adopting some measures. For CC and HE, HE shows good exergetic 

Figure 11. Variations of the heat-loss rate of the DC.

At the beginning of drying process, a great deal of heat will be taken out from the DC by the
heated grains due to the relatively low ambient temperature, which caused the increase of grain
temperature and heat-loss rate in outlet corn. Then, the heat-loss rate of outlet corn was stable as the
grain temperature tends to a constant. The water-vapor pressure on the surface of corn with high
moisture content is large, and the internal binding energy and resistance to dehydration are relatively
small at the early stage. Hence, in order to reduce the heat loss of the outlet corn at this stage, a drying
medium with low temperature and low humidity should be utilized. Moreover, in this way, a portion
of the moisture in the grains can also be removed with a relatively low energy-consumption cost.
At the end of the drying process (after 600 min), the moisture content of grain gradually decreases,
which demonstrates that the binding energy of the grain is relatively small. The decrease of binding
energy means that under the condition of the same energy input, increasing the internal energy
of grains with low moisture content requires more energy. Therefore, the heat loss in outlet corn
increased significantly. Ma’s research [57] on the energy efficiency evaluation and experiments on
grain counterflow drying systems based on exergy analysis found a similar result.

Heat loss to the chamber wall mainly occurred at the connection between the heat exchanger and
the dryer. At the beginning of drying process, the heat-loss rate of the chamber wall increased with the
increasing temperature of the chamber wall—and then tended to be constant. Due to the fact that the
temperature of inlet air was relatively stable, the heat-loss rate of the chamber wall varied only slightly
(116.58–133.4 kW).

3.3. Exergy Analysis of Corn Drying with the IRCC Corn Dryer

3.3.1. General View of Exergy Structure

The same amount of energy may have different effects in different systems [58]. In this section,
Table 4 lists the exergetic performance of each component in the entire drying system during the corn
drying process. Results showed that the SI of RA (1.11) and DC (1.86) have low values, while those of
CC (2.40) and HE (5.64) are higher than 2 [4]. Lower SI means that the RA and DC are supposed to be
ameliorated by adopting some measures. For CC and HE, HE shows good exergetic performance in
exergy efficiency (82.28%), and due to the largest rd, CC has substantial improvement potential. The rd
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of RA was lowest (1.23%) among the all components. In the current work, since the main component
of recovering the waste energy in fuel gas is RA, moreover, rd analysis indicated that the contribution
rates to the overall exergy destruction are as below (in ascending sequence of significance): RA, HE,
DC and CC. Hence, the further optimization of CC as the focus of effort is of practical significance.

Table 4. Exergetic performance of the components for the whole dryer.

Components Exin
(kW)

Exout
(kW)

Exdes
(kW) ηex (%) SI rd (%) Improvement

Priority

CC 2077.65 1213.38 864.27 58.40 2.40 56.11 1
HE 1213.38 1034.72 178.66 82.28 5.64 11.60 3
RA 36.34 17.39 18.95 9.74 1.11 1.23 4
DC 1001.92 523.56 478.36 46.11 1.86 31.06 2

Figure 12 presents a Sankey diagram for the exergy analyses among the four main components of
the dryer. In this study, based on the relevant theory of energy–exergy methodology, the exergy brought
by the reference state ( 2O fresh air flow) was supposed as zero, which claims a starting point for the later
analysis. According to this diagram, exergy rate about 2077.65 kW carried by the coal ( 1O) was input
into the CC. However, the high exergy destruction rate (864.27 kW) indicates that the CC should be
vastly ameliorated by taking some measures like changing the fuel type, adding a heat-insulating layer
to the CC wall and optimizing the physical architecture of the DC. For the HE, only 178.66 kW exergy
is destroyed, accounting for 14.72% of the total. Moreover, the energy recovery by the far-infrared
section further improves the exergy efficiency. The above discussions indicate that the HE has excellent
performance in aspect of exergy. Li [59] conducted a more detailed description of the self-developed
heat exchanger used in the present project. For the RA, a 3.54-kW exergy rate was recovered by
the radiators ( 6O), accounting for 0.17% of the overall exergy input rate. Although this amount is
quite small compared to the overall input exergy, the influence of infrared radiation has a significant
performance on improving the quality of the maize kernels, as discussed in Section 3.2.2. For the DC,
the average exergy rate for evaporating water was ascertained to be 462 kW ( 8O), which accounts for
46.27% of the overall exergy rate inputting into the drying chamber ( 7O). Furthermore, a high exergy
destruction rate (478.36 kW) was found clearly in the DC, indicating the exergy performance of drying
chamber can be vastly optimized.
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3.3.2. Exergetic Performance

Figure 13 shows the variation of ηex and SI with drying process for the purpose of comprehensively
determining the energy performance of DC and the entire drying system during the complete drying
process. The result indicates that ηex and SI of the whole drying system decrease with the advancing
of drying process and vary from 5.16% to 38.21% and 1.05 to 1.61, respectively. These results are
close to those in similar agricultural product industrial dryers, such as an industrial tray dryer for
cassava-starch drying (16.04% ≤ ηex ≤ 30.65%; 1.19 ≤ SI ≤ 1.44) [1] and a convective dryer for rough
rice drying (5.1% ≤ ηex ≤ 29.4%; 1.05 ≤ SI ≤ 1.42) [4]. Compared with the entire drying system at a
time, the values of ηex and SI of DC are correspondingly higher. In terms of the heat loss characteristics
investigated in Section 3.2.3, in the initial stages of the drying process, the heat loss of DC is relatively
low; hence, ηex reaches a maximum in this period, due to the fact that the decrease of heat loss means
an increase of both energy and exergy efficiency. After 9 h, the relatively low ηex (less than 20%) of DC
indicates that measures should be applied to strengthen the drying kinetic. Low-temperature drying
may be a feasible method to solve the problem of low-exergy efficiency in the latter stage of drying [51].
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4. Conclusions

This research describes a detailed study undertaken to investigate the energy and exergy
performance of a combined IRCC corn dryer. The key findings according to the results of the
research can be summarized as below:

(1) The average drying rate of corn drying system in the current dryer was 1.1 gwater/gwet matter h.
According to the drying rate, the drying process of corn can be divided into three stages;
he dehydration of each stage accounts for 25.66%, 44.38% and 29.96% of total, respectively;

(2) The energy efficiency of the entire drying system ranged from 2.16% to 35.21%. Additionally, the SEC
of the whole drying system increases rapidly (19,844.52–42,425.59 kJ/kg) due to the effect of the
binding energy after 540 min, indicating that energy efficiency ought to be optimized in this period;

(3) The overall recovered radiant energy and the average radiant exergy rate were 674,339.3 kJ and
3.54 kW, respectively. Moreover, the wavelength range of the radiator with slight fluctuation
(between 7.68 µm and 8.3 µm) indicated that the corn quality has been improved correspondingly
under the suitable far-infrared radiation absorption rate;

(4) Heat loss in the outlet air, the corn kernels and to the chamber wall were found to be 20,045.23 MJ,
12,547.16 MJ and 5151.52 MJ, accounting for 53.11%, 33.24% and 13.65% of the total, respectively.
It is of great significance to design a waste-heat recovery device in view of reducing exhaust
heat-loss and energy-consumption costs—especially in the later stages of the drying process.
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(5) The average exergy rate for dehydration was 462 kW; the exergy efficiency of the whole drying
system varied from 5.16% to 38.21%, indicating that the IRCC corn dryer had a productive
exergy performance;

(6) Measures should primarily be put in place to optimize the CC, below by the DC, HE and RA
according to the contribution level to the total exergy destruction.

The present work revealed the performance evaluation of the IRCC corn dryer regarding energy
consumption. The main conclusions of the present work may help to better understand the energy
system of the drying system and scientifically guiding the design of the drying equipment. Further
research is recommended to develop the optimum controller of industrial grain drying system based
on the theoretical basis provided by the present work to obtain the higher quality corn at acceptable
energy consumption.
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Nomenclature

c specific heat (J·kg−1
·K−1)

.
ω humidity ratio of air (kg water vapor/kg dry air)
.

m mass flow rate (kg·s−1)
.
En energy rate (kW)
.
Ex exergy rate (kW)
.

Q heat transfer rate (kW)
.
P power rate (kW)

.
W work rate (kW)
R gas constant (kJ·kg−1

·K−1)
Afir cross-sectional area of the drying chamber (m2)
v velocity (m·s−1)
g gravity acceleration (m·s−2)
hfg latent heat (kJ·kg−1)
T temperature (K or ◦C)
m mass (kg)
md dry weight (kg)
pi pressure (Pa)
.
h specific enthalpy (kJ·kg−1)

Abbreviations

IRCC infrared radiation–counterflow circulation
IR infrared radiation
TP tempering section
IRD infrared radiation section
DC drying chamber
DCS discharging section
HE heat exchanger
CC combustion chamber
MC moisture content
RA Radiators
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Greek Symbols

ε emissivity
ρ density (kg·m3)
µ dynamic viscosity (kg·m−1

·s−1)
γ thermal conductivity (W·m−1

·K−1)
δ thickness (m)
λ wavelength (um)

Subscripts

a air
g corn kernels
in inlet
out outlet
v vapor
c chamber
∞ ambient
r radiator
wall dryer wall
h hoist
dm discharging motor
if induced fan
ap additional parts
evap evaporation
(∆t) time
da dry air
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