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Abstract

A new rotary infrared dryer (R.I.D.) was manufactured to dry shrimp (Metapenaeus

affinis) at 60, 70, and 80�C. Also, mathematical modeling along with artificial neural

networks (ANNs) was used for data prediction. The results showed that the exponen-

tial proposed model and ANN could be applied to well-predict the moisture ratio of

shrimp. Besides, running R.I.D. at 80�C resulted in the highest reduction in moisture

content and saved about 42% of drying time. The thermal efficiency of the R.I.D. at a

temperature of 70�C ranged between 83 and 89%, which was about 15% higher than

the conventional dryer. The drying rate by both R.I.D. and conventional methods

consist of a falling rate period, ranging between 1.68 � 10�4 and 0.47 � 10�4

1/s. Furthermore, the mass transfer coefficient increased by about 104.6% when dry-

ing temperature increased from 60 to 80�C. The browning index increased with the

increase of drying temperature. Specific energy consumption, browning index, and

drying time of rotary infrared system were lower than those of conventional system

by 46.9, 33.3, and 34.7%, respectively. R.I.D. reduced energy consumption,

decreased the color changes, improved the rehydration ratio, and affected the chemi-

cal composition of dried shrimp as compared with the conventional process.

Practical Applications

A new rotary infrared dryer was designed and developed and its performance was

evaluated with the assistance of artificial neural networks. This system was shown to

be energy- and time-saving and capable of producing high-quality dry shrimp (Met-

apenaeus affinis). Also, the system is simple and affordable due to reducing energy

consumption and relatively low cost of components. Therefore, it has the potential

to be used in the industry after further economic and technical evaluation.

1 | INTRODUCTION

Shrimp is a rich source of calcium, vitamins, protein, extractable com-

pounds, vitamin B12, selenium, omega-3, highly unsaturated fatty

acids, and astaxanthin. Also, it has a natural flavor and is considered a

segment in the salad, pasta curry, soup, stir-fried dishes, but it has low

calories and saturated fat (Göko�glu, 2021). Drying is an effective and

cheap method of food preservation, in addition to the convenience of

preservation, and the flavor of dried shrimp is desirable (Guochen,

Arason, & Arnason, 2010) and reduces enzymes activity due to
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reducing water activity (Göko�glu, 2021). Besides, artificial neural net-

work (ANN) is a promising approach that effectively alleviates the

model mismatch problem to produce a suitable topology as a predic-

tive time-saving, and efficient methodology (Li & Chen, 2019).

The purpose of drying shrimp is to reduce the moisture content to a

minimum level and inhibit enzymes and other biological reactions. Also,

whole or powder-dried shrimp are used in soups and sauces as the pri-

mary protein source because of their delicious flavor (Akonor, Ofori,

Dziedzoave, & Kortei, 2016). Several methods have been used to dry

shrimp, such as heat pump drying (Shamsuddeen, Cha, Kim, &

Kim, 2020), freeze-drying (Dons et al., 2001), and hot air convection dry-

ing (Ersan & Tugrul, 2020). These drying methods need high energy and

operation cost (Aniesrani Delfiya, Murali, Alfiya, & Samuel, 2020; Murali

et al., 2021). In this regard, solar drying is eco-friendly, but it needs a long

time. At the same time, natural sun drying causes pollution for shrimp

such as dust, rains, microorganisms, and attacked by insects. Therefore,

bed infrared radiation shrimp drying (Delfiya et al., 2021) is used, but it

needs to flip the shrimp manually during drying to enhance heat and

mass transfer. This operation needs extra time to complete the drying

process. Silva, Nogueira, Duarte, and Barrozo (2021) utilized a roto-

aerated dryer for drying acerola and used infrared as a pre-drying system.

Infrared drying is one of the most promising methods and environmen-

tally friendly (Aboud, Altemimi, Al-HiIphy, Yi-Chen, & Cacciola, 2019).

Although several reports in the literature on drying shrimp, there

is no report on drying shrimp with an infrared rotary dryer. The pre-

sent study aims to design a rotary infrared dryer (R.I.D.) and study its

effect on dried shrimp's chemical and physical characteristics. In addi-

tion, the proposed exponential model and ANN model were applied

to predict moisture ratio.

2 | MATERIALS AND METHODS

2.1 | Sample preparation

Fresh white shrimp (Metapenaeus affinis) with 200–207 shrimp/kg, and

dimensions of shrimp are the length of 10 ± 0.23 cm, and diameter of

4.4 ± 0.16 cm. shrimp was purchased from a local seafood market

(Basrah, Iraq). About 4.5 kg of fresh shrimp was used in the present

study, divided into four groups. Each group was replicated three times.

The shrimp were thawed at 4�C for 24 hr then deshelled and washed.

The shrimp was immersed in salt solution (2% wt/vol) for 2 min for

reducing microorganisms (Hosseinpour et al., 2013). After that, the

samples were cooled by ambient air for 5 min and used in the drying

experiments. For moisture content of shrimp determination, 60.94 g of

raw shrimp was dried in an oven (Binder, ED23, GmbH, Germany) with

an accuracy of 0.5�C at 105�C till it reached the constant weight

(AOAC International, 2016). Average moisture content reached 81.1%.

2.2 | Rotary infrared dryer

R.I.D. (Figures 1 and 2) was designed and fabricated in the Food Engi-

neering Laboratory, University of Basrah, Iraq. It consists of an

infrared lamp (250 W, 6 μm wavelength, model PAR38, China), a

rotary operated cylinder with a length of 37 cm, and a diameter of

15 cm fixed into the dryer. The cylinder is connected with an electric

motor (Leison motor, Model No. KXTYZ-1, China) with 6 W power

and its speed of 2 rpm. The dryer contains a fan (50 W, 2,500 rpm,

model J238-11154, China) to move air and enhance forced convec-

tion heat transfer. The dryer was provided with a digital temperature

gauge to control the drying temperature (range temperature of the

thermostat (0–300�C) (labor, lab_3456760, India). The capacity of the

cylinder is 1 kg of raw food. The dryer body was made of wood cov-

ered with aluminum foil to reflect infrared radiation on the cylinder—

Table 1 summarized the R.I.D. design dimensions.

2.3 | Conventional dryer

A natural convection binder drying oven (Binder, ED23, GmbH) was

used for drying shrimp samples at 80�C temperature. The oven pro-

vided with a digital temperature controller (temperature range: +5�C

above ambient temperature to +300�C), fan, port to output moist air,

2 chrome-plated racks, and electric heater (230 V 1–50/60 Hz). The

experiments were replicated three times.

2.4 | Drying process of shrimp

The initial weight of samples in each treatment was 375 g of fresh

shrimp. These batches were dried by the conventional oven and

R.I.D. The change of shrimp weight with drying time (the interval time

was 10 min) was recorded using a digital balance scale

(CGOLDENWALL, LST-JM-103), with an accuracy of 0.01 g the

change of moisture content during drying time was determined.

F IGURE 1 The layout of the rotary infrared dryer. 1. Cover,
2. thermostat, 3. electrical current source, 4 and 25. electrical wires,
outside body of dryer, 6. aluminum foil, 7 and 11. capillary pipe of
thermostat, 8. lamp base, 9. infrared lamp, 10. infrared radiation, 12.
rotary cylinder, 13 and 21. cylinder cover, 14 and 16. partitions, 15.
rotor shaft, 17. cylinder ports, 18. the sensor of the thermostat, 19.
supporting plate, 20. bearing of rotor shaft, 22. cover, 23. fan, 24.
electrical motor, 26. base, 27. electrical motor of the cylinder
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2.5 | Drying rate

Drying rate is the rate of the quantity of removed moisture from

shrimp with time during drying. The drying rate was calculated

according to Equation (1). As below (Doymaz, 2011):

DR¼Mtþdt�Mt

dt
ð1Þ

where DR is the drying rate (gwater/min), Mtþdt is the moisture content

(gwater/g dm) at t + dt after the time (t), Mt is the moisture content

(gwater/g dm) at t time (min).

2.6 | Thermal efficiency

Thermal efficiency is the ratio of required heat energy to evaporate

water from shrimp to the provided energy to the dryer. Thermal effi-

ciency is given in Equation (2) (Earle, 1983):

η¼ Td�To

Td�Ta
�100 ð2Þ

where η is the thermal efficiency (%), Td is the drying temperature

(�C), To is the outlet air temperature from the dryer, and Ta is the

ambient temperature (�C).

2.7 | Specific energy consumption

Specific energy consumption (S.E.C.) is the required energy to elimi-

nate 1 kg of water from raw shrimp. S.E.C. was calculated from the

following equation (Raso et al., 2016).

SEC¼VIt
m

ð3Þ

where S.E.C. is the specific energy consumption (kJ/kg), V is the volt-

age (V), I is the current (A), t is the time (s), m is the evaporated water

from shrimp during drying (kg). To convert unit of S.E.C. to kJ/kg, it

was divided on 1,000.

2.8 | Color measurement

Color is a very important parameter that a consumer uses to assess

food products' overall appearance and quality. Color is also highly reg-

arded by the processing industry due to its effect on food selects. The

image processing method was used to analyze the color characteris-

tics of the dried shrimp. Images of fresh and dried shrimp were taken

with a high-resolution digital camera (8 megapixels) (IP67 Endoscope,

Mileseey, China) under appropriate lighting as described in the litera-

ture (Al-Hilphy et al., 2021). ImageJ software was used to obtain the

picture color values (L, a, and b) and then corrected to L*, a*, and b*

according to Yam and Papadakis (2004).

F IGURE 2 Photograph of the rotary infrared dryer (a) before operation and (b) during operation

TABLE 1 Design specifications of the rotary infrared dryer

Component/specification Value/unit

Infrared lamp 250 W

Length of rotary operated cylinder 37 cm

Diameter of rotary operated cylinder 15 cm

Capacity of rotary operated cylinder 1 kg of raw food per batch

Electric motor 6 W

Rotation speed of electric motor 2 rpm

Fan 50 W

Rotation speed of fan 2,500 rpm

Thermostat 0–300�C

Body of dryer Wood covered by

aluminum foil
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The color change of dried shrimp was calculated from the follow-

ing equation (Gavahian, Chu, & Farahnaky, 2019):

ΔE¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Lo

� �L�ð Þ2þ ao� �a�ð Þ2þ bo
� �b�ð Þ2

q
ð4Þ

where ΔE is the color change, L� is the lightness, a� is the redness/

blueness, and b� is the yellowness/greenness, respectively, for fresh

shrimp. While L�, a�, and b� are used for dried shrimp.

Chroma (ΔC) was calculated from Equation (5) (Wrolstatad &

Smith, 2017):

ΔC¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ao� �a�ð Þ2þ bo

� �b�ð Þ2
q

ð5Þ

Hue angle was calculated according to Equation (6) (Wrolstatad &

Smith, 2017):

h¼ tan�1 b
�

a�
ð6Þ

where h is the hue angle (�) and L�, a�, and b� are the lightness, red-

ness/blueness, and yellowness/greenness, respectively.

2.9 | Browning index

Browning index (Bl), defined as brown purity, is one of the most com-

mon indicators of browning in sugar-containing food products. BI was

calculated by Equation (7) as follows (Mikulec, Kowalski, Makarewicz,

Skoczylas, & Tabaszewska, 2020):

BI¼ 100 X�0:31ð Þ½ �
0:172

ð7Þ

X¼ a� þ1:75L�ð Þ
5:645L� þa� �3:012b�ð Þ ð8Þ

where L�, a�, and b� are the lightness, redness/blueness, and yellow-

ness/greenness, respectively.

2.10 | Rehydration ratio

The rehydration ratio is the ratio of the mass of the rehydrated,

drained-out shrimp to the mass of the original shrimp. According to

Doymaz and _Ismail's (2011) method, the dried shrimp meat was

rehydrated with some modifications. Then, 5 g of dried shrimp meat

was rehydrated in distilled water at room temperature using a sample

of water (1:40). At 5-min interval, the shrimp meat was removed, care-

fully dried with paper towels, weighed with an electronic scale (differ-

ent 5 g samples for every 5 min interval were used). Dried shrimps

were rehydrated over 85 min when the weight of the rehydrated

samples stabilized. Then, the rehydration ratio was calculated using

Equation (9) as follows (Lewicki, 1998):

Rr ¼ wr

wad
ð9Þ

where Rr is the rehydration ratio, wr is the mass of dried shrimp after

rehydration (g), and wad is the mass of dried shrimp after drying.

2.11 | Mathematical modeling

Many considerations must be taken while using mass transfer equa-

tions and mathematical modeling in food dryings, such as negligible

shrinkage and deformation during drying, the drying process isotherm,

and diffusion is used for mass transfer mechanism (Simal, Deya,

Frau, & Rossello, 1997). In the current study, thin-layer drying models

were associated with moisture ratio (dimensionless) on dry matter.

Mathematical models are used for exploring the relationship between

drying time and moisture ratio. Table 2 depicts the fits of 16 thin-layer

drying mathematical models on the moisture ratio versus drying time.

The constants of mathematical models are k, c, n, a, ko, k1, b, k2, g, k3,

and L, as shown in Table 2. RMSE and R2 were used to evaluate the

fitting model on the experimental data. The best fitting of the model

has a lower RMSE and higher R2. RMSE and R2 were given in Equa-

tions (10) and (11) as follows:

R2 ¼

PN
i¼1

MRpre:�MRpre:
� �2

Pn
i¼1

MRexp:�MRexp:
� �2 ð10Þ

RMSE¼

PN
i¼1

MRexp:�MRpre:ð Þ2

N

2
6664

3
7775

1=2

ð11Þ

where R2 is the correlation coefficient, MRpre: is the predicted mois-

ture ratio, MRexp: is the expected moisture ratio, MRpre: is the mean of

predicted moisture ratio, MRexp: is the mean of expected moisture

ratio, RMSE is the root mean square error, and N is the number of

observations.

2.12 | ANN modeling

A multiple layer forward back propagation neural network model was

utilized to predict moisture ratio. The input variable was drying time

(one neuron input layer), and the output variable was moisture ratio

(neuron output layer), as illustrated in Figure 3. A 75 and 25% of data

were used for training and testing, respectively, randomly selected.

S.P.S.S. ver. 21 was applied in the present study. ANN was trained

(Training aims to reduce the error function by looking for a set of
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connections weights and biases that make the ANN output equal or

close to the target data.) with the hyperbolic tangent function. The

hyperbolic tangent function was used as a transfer function in each

hidden layer (Hernandez-Perez, Garcıa-Alvarado, Trystram, &

Heyd, 2004), and the linear transfer function has been used in the

output layer. To minimize error, Levenberg–Marquardt algorithm was

used. Several hidden layers and neurons were varied from 5 to 6. The

network in the present study stopped at a minimum of the sum of

square error. The determination coefficient (R2) and mean square

error (MSE) utilized to minimize the error function (Momenzadeh,

Zomorodian, & Mowla, 2011):

MSE¼

PM
P¼1

PN
i¼1

SIP�TIPð Þ2

MN
ð12Þ

where N is the number of output layer neurons, SIP is the output ANN

of neuron i and pattern p, TIP is the output of goal in neuron i and pat-

tern p, and M is the number of test patterns.

2.13 | Mass transfer coefficient

Fick's second law-governed moisture diffusion process during drying.

Many assumptions for this process are finite as internal and external

resistance to moisture transfer through the sols, drying medium, and

thermophysical characteristics of the solid are constant. The moisture

loss is not affected by heat transfer, the moisture diffusion in one

direction, and the transient moisture diffusivity model in Cartesian

coordinates with dimensionless. According to Dincer and Hussain

(2002), the moisture ratio is given in Equation (13):

MR¼
X∞
n¼1

AnBn ð13Þ

Equation (13) can be simplified to Equation (14) (a first term only)

when the values of μ21Fo >1:2 are small and negligibly.

MR¼AnBn ð14Þ

where MR is the moisture ratio, An ¼A1 andBn ¼B1ð Þ:
Because the shape of shrimp is cylindrical, the following equation

can be used:

A1 ¼ exp:
0:5066Bi
17þBi

� �
ð15Þ

where Bi is the Biot number.

Equation (16) can be used for all objects as follows:

B1 ¼ exp: �μ21Fo
� � ð16Þ

where Fo is the Fourier number.

Moisture ratio can be calculated from Equation (17) (Dincer &

Dost, 1996):

MR¼Aexp �ktð Þ ð17Þ

TABLE 2 Mathematical models were applied in the drying curves of shrimp

Model name Model Reference

Lewis model MR¼ exp �ktð Þ Demir, Gunhan, and Yagcioglu (2007)

Al-Hilphy et al. MR¼ aþktð Þ�1=c Al-Hilphy et al. (2021)

Page model MR¼ exp �ktnð Þ Page (1949)

Modified page model MR¼ exp � ktð Þn� �
Menges and Ertekin (2006)

Henderson and Pabis MR¼ aexp �ktð Þ Hendorson and Pabis (1961)

Logarithmic model MR¼ expð�ktÞþc Yagcioglu et al. (1999)

Two-term model MR¼ exp �kotð Þþbexp �k1tð Þ Madamba, Driscoll, and Buckle (1996)

Approximation of diffusion MR¼ exp �ktð Þþ 1�að Þexp �kbtð Þ Yaldýz and Ertekýn (2001)

Wang and Singh MR¼1þatþbt2 Wang and Singh (1978)

Midilli MR¼ aexp �k tnð Þþbtð Midilli, Kucuk, and Yapar (2002)

Two-term exponential MR¼ exp �ktð Þþ 1�að Þþexp �katð Þ Sharaf–Eldeen et al. (1980)

Verma et al. MR¼ aexp �ktð Þþ 1�að Þexp �gtð Þ Verma, Bucklin, Endan, and Wratten (1985)

Modified Henderson and Pabis MR¼ aexp �k1tð Þþbexp �k2tð Þþcexp �k3tð Þ Karathanos (1999)

Simplified Fick's diffusion MR¼ exp �c t=L2
	 
	 


Diamante and Munro (1993)

ANN — Proposed

Exponential MR¼ e aþ b
tþcð Þ Proposed

Abbreviation: AAN, artificial neural network.
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where A is the lag factor, k is the drying coefficient (1/s), and t is the

time (s).

Moisture ratio can be obtained from experimental moisture con-

tent data according to Equation (18):

MR¼ M�Me

Mi�Me
ð18Þ

where M is the moisture content at a specific time (g water/g dm), Me

is the equilibrium moisture content (g water/g dm), and Mi is the initial

moisture content (g water/g dm).

Moisture diffusivity is given by Equation (19) (Dincer &

Dost, 1996):

D¼ k L2

μ21
ð19Þ

where D is the moisture diffusivity (m2/s) and L is the radius of cylin-

drical (m).

μ is the root of solution to the moisture diffusivity, and it is calcu-

lated from Equation (20) (Dincer & Hussain, 2002):

μ1 ¼
3

4:188

� �
ln 6:796Biþ1ð Þ

� �1=1:4
ð20Þ

Biot number and Fourier number are defined as:

Bi¼ hmL
D

ð21Þ

Fo¼Dt

L2
ð22Þ

Bi, Fo, and hm are the Biot number, Fourier number, and mass transfer

coefficient, respectively.

2.14 | Chemical composition

The chemical composition of shrimp included moisture content, pro-

tein, fat, ash, and carbohydrate. It is very important, as it is possible,

to know the effect of the drying method on it. Chemical composition

was determined according to AOAC International (2016) as follows:

Moisture content was determined by using an oven (Binder, ED23,

GmbH) at 105�C for 3 hr for the shrimp samples. The percentage of

fat was estimated by the Soxhlet (Gerhardt, EV6 AIL/16, Germany).

Ash was estimated by burning samples in a Muffle Furnace (Carbolite-

S30.2AU, England) at 550�C for 16 hr. For protein determination, the

percentage of total nitrogen was estimated according to the Semi-

Micro Kjeldahl Nitrogen method for samples, then the value of the

total protein was calculated by multiplying the nitrogen value by a fac-

tor of 6.25. Carbohydrates were measured according to the following

equation:

Carbohydrates %ð Þ¼100� moisture%þash%þprotein%þ fat%½ �
ð23Þ

2.15 | Statistical analyses

A one-way experiment in complete randomized design (R.I.D. 60�C,

R.I.D. 70�C, R.I.D. 80�C, and conventional drying) was used to analyze

the influence of drying temperatures levels using R.I.D. (60, 70, and

80�C) and conventional dryer. Each treatment with three replicates

was excuted. The influence of each variable on the studied character-

istics (moisture content, drying rate, L*, a*, b*, ΔE, ΔC, h, S.E.C., BI,

F IGURE 3 Artificial neural network (ANN) structure for predicting
moisture ratio (MR) of dried shrimp. (a) 60, (b) 70, and (c) 80�C
temperatures

6 of 17 AL-HILPHY ET AL.



and chemical composition) was analyzed. The IBM-SPSS Statistics

(version 25) analyzed experimental data, and the means of the treat-

ments were compared by the revised least significant difference at

the significance level of 0.05.

3 | RESULTS AND DISCUSSION

3.1 | Moisture content

Figure 4 depicted that the MC was decreased as drying time increased

at all drying temperatures. When drying time increased from 0 to

200 min., the MC decreased from 2.33 to 0.167 gwater/g dm, respec-

tively, at the drying temperature of 80�C. The highest reduction in

MC was found to be at a temperature of 80�C. The required reach

equilibrium moisture content (final MC) was 270, 225, and 195 min.

At temperatures of 60, 70, and 80�C, respectively, as illustrated in

Figure 4. It was pointed out that the increasing drying temperature

from 60 to 80�C was saved 42.10% of drying time. Namsanguan, Tia,

Devahastin, and Soponronnarit (2004) stated that the required time

to reduce the MC of shrimp from 40 to 20% was 180 min.

The results illustrated that increasing drying temperature led to a

decrease in the MC of shrimp. This is because increasing osmotic

pressure of water. Murali et al. (2021) stated that the required time to

decrease the MC of shrimp from 76.71 to 15.38% was 6 hr. On the

other hand, the drying curve (Figure 4) showed that the conventional

drying of shrimp had a higher drying time (300 min) than the

R.I.D. due to the hardening surface, which late moisture exit from the

product quickly. In this study, the drying time of shrimp by R.I.D. was

lower than dried shrimp by solar and hot air dryer by Akonor

et al. (2016), who found the required time to dry shrimp was 16 and

20 hr, respectively.

3.2 | Thermal efficiency

Figure 5 illustrated that the highest thermal efficiency was 89.53%

using drying temperature of 70�C, and the lowest was 83.01% at

80�C drying temperature because of increase of heat loss with the

increase of drying temperature. In general, the thermal efficiency was

considered high, and this is because the three methods of heat trans-

fer, namely radiation, conduction, and convection, all participated

simultaneously in the drying process, in addition to the movement of

air in the dryer by the fan and rotation the drying cylinder which led

to the high values of efficiency. In the current study, the thermal effi-

ciency of R.I.D. was higher compared with other dryers.

3.3 | Drying rate

Figure 6 depicted the drying rate versus moisture content at different

drying temperatures. The results showed that the drying rate of dried

shrimp by R.I.D. consists of only a falling rate period at all drying tem-

peratures (60, 70, and 80�C) and no constant rate observed because

of high protein content in shrimp which leads to holding water

resulting reduce free water. This clarified that the transfer of moisture

in shrimp occurs by the process of diffusion. These results agreed with

Murali et al. (2021), who stated that only the falling rate period repre-

sented the drying process of shrimp dried by solar energy.

Moreover, moisture diffusion from the inner part of foods is

toward controlling the drying rate (Al-Hilphy et al., 2021). It can be

seen from Figure 6 that the drying rate consisted of three parts of the

falling rate period for all drying temperatures. That is, at 80�C, the first

part began from moisture content of 3.848–3.028 gwater/g dm, the

second part was noticed for the moisture content of 3.028–

2.534 gwater/g dm, and the third part was observed for the moisture

content of 2.534–0.204 gwater/g dm.

Figure 7 illustrates the effect of the drying temperature of shrimp

on the drying rate. The results showed that the drying rate signifi-

cantly (p < .05) increased as drying temperature increased because of

increasing evaporated water from shrimp to air drying with increasing

drying temperature. Al-Hilphy et al. (2021) stated that the drying tem-

perature significantly affects the drying rate. Murali et al. (2021) dried

shrimp by a solar dryer at 54�C, and it was found that the drying rate

reduced from 0.7 to 0.05 kg/kg dm. h with increasing time from

10:30 a.m. to 4:30 p.m., respectively. The relationship between drying

temperature and drying rate was a polynomial model (Equation (24),

F IGURE 4 Drying curves of shrimp dried by rotary infrared dyer
at temperatures of 60, 70, 80�C, and conventional

F IGURE 5 Drying time and efficiency of shrimp dried using a
rotary infrared dryer at different drying temperatures
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and the statistical parameters of the polynomial model extracted using

Microcal Origin software (mathematical modeling program) were

R = .99834, SD = 7.07107E-4, and p = 1.16857E-4.

DR¼0:03301�9:49692�10�4Tþ7:62005�10�6T2 ð24Þ

where DR is the drying temperature (gwater/g dm/min) and T is the

drying temperature (�C). The maximum drying rate of dried shrimp

using a conventional dryer was 0.0639 gwater/g dm, then reduced with

decreasing moisture content.

3.4 | Mathematical modeling

Table 3 illustrates the mathematical thin layer models and statistical

parameters of shrimp moisture ratio at drying temperatures of 60, 70,

and 80�C. The results depicted that the logarithmic model processes

and proposed model (exponential) were well fitted at a drying temper-

ature of 60�C according to the statistic parameters, which gave a

higher R2 (.996773 and .996723, respectively) and lower RMSE

(0.023803 and 0.024036, respectively) compared to the other models

at 60�C temperature. Moreover, Page model, Approximation of diffu-

sion, Wang and Singh, Midilli, ANN, Verma, Modified, and Henderson

can be used to fit experimental data because they have R2 and RMSE

ranging from 0.98857 to 0.99648, and 0.025677 to 0.04578, respec-

tively. Modified Henderson and Pabis model best fitted at 70 and

80�C temperatures (R2 = .996411 and .999272; RMSE = 0.024767

and 0.010548, respectively) compared to other models at these drying

temperatures. The results revealed that the ANN, proposed, Verma

et al., Midilli, Wang and Singh, Approximation of diffusion, Logarithmic

model have a good fitting at 70 and 80�C temperature because R2

and RMSE were ranged between .993446 and .996971 and 0.026236

and 0.03242, respectively, at 70�C temperature and ranged from

0.990927 to 0.995634 and 0.025805 to 0.045659, respectively.

In the present study, the models of Logarithmic, the proposed

model (exponential), Page, Approximation of diffusion, Wang and

Singh, Midilli, ANN, Verma, Modified, and Henderson were used to

predict the moisture ratio at drying temperature of 60, 79, and

80�C by a fitting curve as clarified in Figure 8. The curve fitting

between predicted and experimental data using Logarithmic, the

proposed model (exponential), Page, Approximation of diffusion,

Wang and Singh, Midilli, ANN, Verma, Modified, and Henderson at

temperatures of 60, 70, and 80�C were better than the other

models due to it has the highest values of R2 and lowest values of

RMSE. Figure 9 illustrated that experimental and predicted mois-

ture ratio according to the transient moisture diffusivity equation at

60, 70, and 80�C.

3.5 | Mass transfer coefficient

Table 4 shows the lag factor, drying coefficients (S and A), statistical

parameters, and mass transfer parameters (Bi, μ, D, and h) of shrimp

drying. The drying coefficient has a direct impact on moisture diffusiv-

ity. The highest drying coefficient was 1.68 � 10�4 1/s at a tempera-

ture of 80�C, and the lowest was 1.47 � 10�4 1/s at a temperature of

60�C, which means that drying temperature has a direct effect on the

drying kinetics. Costa, Silva, Silva, and Rodrigues (2018) reported that

the S value ranged between 1.43 and 2.76 1/s for drying shrimp using

convective tray dryer.

Dincer and Dost (1996) stated that the lag factor (A) is considered

an indicator of increasing internal resistance to transfer of moisture,

and it has a direct effect on the coefficient of moisture transfer. In

addition, Biot number (Bi) should be considered. The results in Table 4

illustrates that the Bi value ranged between 1.0040 and 1.0826, which

was the range in 0.1 < Bi < 10.0 at 60 and 70�C temperature, this

means that the internal and external resistance were present, but it

was lower than 0.1 at 70�C temperature (0.01359). Costa et al. (2018)

depicted that Bi for drying shrimp ranged between 0.1351 and

F IGURE 6 Drying rate versus moisture content at different
drying temperatures

F IGURE 7 Mean drying rate versus drying temperature (dm, dry
matter)

8 of 17 AL-HILPHY ET AL.



TABLE 3 Mathematical models coefficients (constants) and statistic parameters of shrimp moisture ratio at deferent drying temperatures
using the rotary infrared dryer

Model Temperature Constants R2 RMSE

Lewis model 60 k 0.00832 .98012 0.07010

70 k 0.00803 .97220 0.07994

80 k 0.01003 .98464 0.04932

Al-Hilphy et al. 60 k 6.43E-06 .94528 0.14150

a 0.99999

c �0.00054

70 k 7.43E-06 .94165 0.15006

a 0.99999

c �0.0006

80 k 5.94E-06 .98470 0.04934

a 1.000

c 0.00059

Page model 60 k 0.0012 .98857 0.04579

n 1.39665

70 k 0.000697 .98353 0.05128

n 1.50531

80 k 0.00696 .985163 0.047827

n 1.078855

Modified page model 60 k 0.002584 .980133 0.071994

n 3.220748

70 k 0.002539 .972206 0.08214

n 3.164876

80 k 0.002837 .984649 0.049325

n 3.536879

Henderson and Pabis 60 k 0.008828 .977205484 0.068622

a 1.058939

70 k 0.008765 .972206 0.076300

a 1.004027

80 k 0.010081 .984528 0.049300

a 1.004027

Logarithmic model 60 a 1.976343 .996773 0.023803

k 0.002755

c �0.99867

70 a 8.495861 .995704 0.026367

k 0.00056

c �7.51175

80 a 1.448535 .991739 0.035463

k 0.00486

c �0.49647

Two-term model 60 a 1.056514 .978167 0.064608

b 0.000544

ko 0.008666

k1 0.008666

70 a 1.08214 .967786 0.074265

b 0.000544

ko 0.008766

k1 0.008766

(Continues)
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TABLE 3 (Continued)

Model Temperature Constants R2 RMSE

80 a 1.003488 .984529 0.0493

b 0.000538

ko 0.010081

k1 0.01007

Approximation of diffusion 60 a 2.256728 .996627 0.025677

b 0.188252

ko 0.002891

70 a 5.15446 .995611 0.027686

b 0

ko 0.000978

80 a 1.277064 .990928 0.038977

b 0

ko 0.006571

Wang and Singh 60 a �0.0056 .996748 0.025881

b 6.41E-06

70 a �0.00481 .995699 0.028431

b 1.1E-06

80 a �0.00721 .990195 0.045659

b 1.23E-05

Midilli 60 a 1.002051 .994763 0.031138

b �0.00374

n 0.027831

k 0.09916

70 a 1.001884 .995971 0.026236

b �0.00414

n 0.422518

k 0.009954

80 a 1.003258 .995634 0.025805

b �0.00278

n 0.490661

k 0.040076

Two-term exponential 60 a 1.002051 .980921 0.069695

k 0.008179

70 a 1.002051 .972206 0.08214

k 0.008035

80 a 1.002051 .984649 0.049325

k 0.010035

Verma et al. 60 a 2.453843 .996628 0.025679

k 0.002785

g 0.000687

70 a 5.162249 .995611 0.027686

k 0.000976

g 0

80 a 1.276908 .990927 0.038977

k 0.006572

g 0
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TABLE 3 (Continued)

Model Temperature Constants R2 RMSE

Modified Henderson and Pabis 60 a 0.474638 .996761 0.024499

k 0.003115

g �0.00045

b �0.70625

c 1.209839

h 0.003043

70 a �1.93184 .996411 0.024767

k �0.00229

g �0.00072

b 2.709267

c 0.231105

h 0.018625

80 a �0.23619 .999272 0.010548

k �0.01255

g �0.01021

b 0.364516

c 0.871885

h 0.013749

Simplified Fick's diffusion 60 a 1.057059 .978166 0.066379

c 0.004296

L 0.704119

70 a 1.082683 .967786 0.0763

c 0.004306

L 0.700893

80 a 1.004028 .984528 0.0493

c 0.004413

L 0.661633

ANN 60 a 0.952 .995508 0.028143

b1 �0.0033

b2 �2E-07

b3 1E-07

b4 �2E-10

70 a 0.9689 .99418 0.030794

b1 �0.0038

b2 �0.00001

b3 5E-08

b4 �3E-11

80 a 0.9506 .990939 0.037954

b1 �0.007

b2 0.00001

b3 4E-08

b4 �1E-10

The proposed model (exponential) 60 a 1.552005 .996723 0.024036

b 570.8102

c �357.073

(Continues)
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0.1430 due to use different pretreatments (boiling, salt solution, and

smoking) for shrimp before drying. In addition, μ depends on the Bi,

which is directly affected by Bi, as illustrated from results in

Table 4.

For moisture diffusivity (D), the results in Table 4 showed that

the D value was increased as drying temperature increased, and the

highest and lowest D value was 3.245 � 10�6 and 1.023 � 10�8 at

the temperature of 80 and 60�C, respectively. Costa et al. (2018)

found that the D value of dried shrimp using convective tray dryer

ranged between 1.01 � 10�8 and 2.05 � 10�8 m2/s. In this study,

the D value at 80�C was higher than in some literature. This variation

depends on the experimental procedure's types and conditions used

to determine the D, data treatment methods, structure complexity of

foods, drying temperature, physical or chemical pretreatment, and

moisture content (Shi, Zheng, & Zhao, 2013). As for moisture trans-

fer coefficient (h), the results clarified that the h was increased with

the increase of drying temperature, that is, h increased from

1.108 � 10�6 to 2.210 � 10�6 m/s when drying temperature

increased from 60 to 80�C, respectively. The value of h is critical in

assessing simultaneous heat and mass transfer processes (Costa

et al., 2018).

TABLE 3 (Continued)

Model Temperature Constants R2 RMSE

70 a 1.13876 .993446 0.03282

b 349.379

c �296.999

80 a 3.428432 .988994 0.041027

b 1,691.032

c �486.32

Note: a, b, c, b1, b2, b3, b4, L, h, g, k, n, k1, and ko are constants, R2, determination coefficient.
Abbreviations: AAN, artificial neural network; RMSE, root mean square error.

F IGURE 8 Experimental and predicted moisture ratio according
to deferent models at temperatures of 60 (a), 70 (b), and 80�C (c)

F IGURE 9 Experimental and predicted moisture ratio according
to transient moisture diffusivity equation at temperatures of 60, 70,
and 80�C

12 of 17 AL-HILPHY ET AL.



3.6 | Specific energy consumption

Figure 10 shows S.E.C. of drying shrimp using the R.I.D. The results

showed that the S.E.C. was decreased as drying temperature

increased. This is due to a decrease in the required time for drying

with increasing drying temperature. The maximum and minimum

S.E.C. were 72,626.58 and 52,587.15 kJ/kg at drying temperatures of

60 and 80�C, respectively. Khan, Moradipour, Obeidullah, and

Quader (2020) depicted that S.E.C. freshwater fishes processed by

forced convective air dryer were increased with increasing drying

time. S.E.C. of drying shrimp using conventional dryer was higher than

the R.I.D. by 46.42%. This is because of the increase in the energy

requirements and increased drying time.

3.7 | Color characteristics of dried shrimp

Table 5 illustrates the effect of drying temperature on color character-

istics of dried shrimp by the R.I.D. The results showed that the drying

temperature had a significant effect (p < .05) on the qualities of the

color of L*, a*, b*, ΔE, ΔC, and h of shrimp, and they were greater at a

temperature of 70�C compared with the temperature of 60 and 80�C

as it reached 77.74, where the color became lighter than the fresh

shrimp, but at 80�C, gave a slightly darker color than the fresh shrimp,

due to the high temperature of the shrimp. The color of the dried

shrimp at 60�C was darker due to the long drying time and a long time

of exposure to infrared radiation.

The results also showed that b* was significantly (p < .05) affected

by temperature, as it increased to 50.82 at 60�C temperature com-

pared to fresh shrimp, while it decreased significantly (p < .05) at

70 and 80�C, and the reason for this difference may be because of

temperature that increased L* and inclined a* and b*.

Niamnuy, Devahastin, Soponronnarit, and Raghavan (2008) stated

that the astaxanthin, a carotenoid, in dried shrimp increased with tem-

perature. The researchers found that Astaxanthin was higher at tem-

peratures of 100 and 120�C compared with 80�C because the

required time for drying is lower at a higher temperature. Astaxanthin

is sensitive to oxidation due to its highly unsaturated structures. In

shrimp oil, oxygen availability, light, air, and temperature affect

astaxanthin degradation and lipid oxidation (Takeungwongtrakul &

Benjakul, 2016). The isomerization of natural astaxanthin to [Z]-

isomeric forms, especially to 9-[Z] and 13-[Z] isomers. [Z]-isomers are

characterized by lower bioavailability and stability, especially in the

presence of light, oxygen, or high temperature (Stachowiak &

Szulc, 2021). Therefore, such a phenomenon might be involved during

shrimp drying and color changes that were observed in the present

study.

The total change of color (ΔE) was highest at 70�C, then 60�C,

followed by 80�C. Chroma (ΔC) was higher at a temperature of 60�C.

The ΔE and ΔC increased significantly (p < .05) with the increase in

the drying temperature from 70 to 80�C due to the nonenzymatic

reactions resulting from the temperature increase. The hue angle (h)

was decreased significantly (p < .05) with the increase in the drying

temperature, because of exposure to infrared radiation, which raised

the surface temperature of the food (increased a* value) and led to its

color change. At a temperature of 70�C, the h increased significantly

(p < .05). The dried shrimp by conventional dryer gave a lower L*, a*,

and b* values, and higher values of ΔE, ΔC, and h compared to the

R.I.D. because the heat transfer from the surface toward the inner of

shrimp, which led to overheating on the surface of shrimp.

3.8 | Browning index

Figure 11 shows the effect of the drying temperature on the BI of the

dried shrimp by the R.I.D. The results showed that the BI significantly

(p < .05) increased with the increase of the drying temperature. When

the drying temperature was 60, 70, and 80�C, the BI reached 66.82,

65.13, and 100.48, respectively. This is due to the intensity of the

infrared ray, which led to an increased BI as a result of the

TABLE 4 Lag factor, drying coefficient (A and S), statistical parameters, and mass transfer parameters (Bi, μ, D, and h) of shrimp drying

Drying method S (1/s) A R2 X2 Bi μ D h

60 R.I.D. 1.47E-04 1.0589 .9772 0.00470 0.21666 0.7583 1.023E-07 1.108E-06

70 R.I.D. 1.48E-04 1.0526 .9677 0.00582 0.19171 0.7153 1.157E-07 1.109E-06

80 R.I.D. 1.68E-04 1.0040 .9845 0.00243 0.01359 0.1439 3.245E-06 2.210E-06

Note: S: drying coefficient, A: lag factor, R2: determination coefficient, χ2: chi-square, Bi: Biot number, μ: dimensionless, D: moisture diffusion and

h: moisture transfer coefficient.

Abbreviation: R.I.D., rotary infrared dryer.

F IGURE 10 Specific energy consumption (S.E.C.) of drying
shrimp using the rotary infrared dryer and conventional dryer versus
drying temperature
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concentration of rays on the surface of the food, which led to a rise in

food surface temperature more than inside food led to the formation

nonenzymatic that increased BI. In order to understand the effect of

temperature more accurately, Equation (25) shows the possibility of

predicting a BI (BIshÞ at any drying temperature (TÞ.

BIsh ¼0:1853T2�24:256Tþ855:18; R2 ¼ :999 ð25Þ

The results showed that the BI of dried shrimp using a conventional

dryer was higher by 43.99% than the R.I.D. This is because of the

longtime of drying shrimp by the conventional dryer.

3.9 | Rehydration

Figure 12 depicts the rehydration of dried shrimp by the R.I.D. The

rehydration increased with the increase of rehydration time, and the

dried shrimp required more time at temperatures 80�C compared to

60 and 70�C. For example, at temperatures 60, 70, and 80�C, the

rehydration time for dried shrimp was 35, 40, and 55 min, respec-

tively. This is due to the surface hardening of the dried shrimp at

80�C, which impeded the absorption of water. The rehydration was

1.88, 2.08, and 2.20 when using temperatures 60, 70, and 80�C,

respectively. This relative increase in the rehydration was due to the

prolonged stay of the dried product in water. Namsanguan et al. (2004)

reported that the rehydration of dried shrimp by the superheated

steam dryer and heat pump dryer increased, and rehydration

increased as rehydration time increased. The rehydration ratio of

shrimp dried by a conventional dryer was lower than that of the

R.I.D. The rehydration of dried shrimp in this study was higher than

the earlier studies, that is, Akonor et al. (2016) reported that the rehy-

dration ratio of dried shrimp reached 1.90, 1.88 for air oven and solar

dryers, respectively.

3.10 | Chemical composition

Regarding the chemical composition, Table 6 shows the chemical

characteristics of the R.I.D. and the conventional dried samples, where

the results showed significant differences (p < .05) between R.I.D. and

the conventional. That is, the moisture content and protein of shrimp

dried by R.I.D. were higher compared with the conventional dryer,

which reached 18 and 15% moisture content, and 56.65 and 51.56%,

respectively. On the other hand, ash, fat, and carbohydrate were

lower than the conventional dryer and reached 1.29, 1.31, and

17.88%, respectively, using R.I.D., and reached 6.8, 1.6, and 22.1%,

respectively, using the conventional dryer. This is because the mois-

ture content and protein of dried shrimp by R.I.D. were higher than

the conventional. The moisture content and protein of dried shrimp

were lower than the R.I.D in the conventional drying. On the other

hand, ash, fat, and carbohydrate content increased. This could be

related to differences in the final moisture content values of samples

as well as possibility of different patterns of thermal degradations

TABLE 5 Color characteristics of dried shrimp by the rotary infrared dryer and conventional

Dying temperature L* a* b* ΔE ΔC h

Fresh 66.86 ± 2.10b 16.94 ± 0.98c 36.71 ± 1.23b — — 65.26 ± 2.78 a

R.I.D. 60 59.411 ± 1.56d 19.76 ± 0.87d 50.82 ± 2.23a 16.20 ± 2.12a 14.39 ± 1.23a 68.78 ± 3.01c

R.I.D. 70 77.84 ± 2.44a 24.00 ± 1.02b 27.29 ± 2.33d 29.33 ± 1.78b 11.76 ± 0.78c 48.72 ± 2.87 b

R.I.D. 80 63.73 ± 1.98c 30.12 ± 1.11a 31.53 ± 1.98c 14.21 ± 0.98c 14.16 ± 097b 46.43 ± 1.98b

Conventional dryer 41.37 ± 2.05e 15.52 ± 0.99e 30.11 ± 1.01c 29.63 ± 0.99b 15.12 ± 1.03d 62.75 ± 2.06a

Note: The different letters in the same column refer to significant differences at .05 level.

Abbreviations: h, hue angle; R.I.D., rotary infrared dryer.

F IGURE 11 Browning index of dried shrimp by a rotary infrared
dryer (R.I.D.) and conventional dryer versus drying time

F IGURE 12 Rehydration of dried shrimp using the rotary infrared
dryer (R.I.D.) and conventional versus time
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during different thermal drying conditions. Costa et al. (2018) found

that the moisture, fat, protein, and ash content of fresh shrimp 73.4,

2.3, 22.7, and 1.6, respectively, and dried shrimp by convection tray

dryer 15.92, 10.34, 0.96, and 51.07%, respectively. These results com-

pare well with 86.21%, 10, and 10% moisture content of fresh shrimp,

air ovendried, and solar dried, respectively, reported in the previous

study (Akonor et al., 2016). In addition, Ajifolokun, Basson,

Osunsanmi, and Zharare (2018) reported that the moisture, ash, pro-

tein, fat, and carbohydrate of dried shrimp by sun-drying reached

13.7, 6.77, 58.4, 1.98, and 18.41%, respectively.

3.11 | The operating cost of the R.I.D. for shrimp
drying

The power of R.I.D. and conventional dryer in this study were esti-

mated to be 0.25 and 0.8 kW, respectively. The saved power by

R.I.D. is then about 0.55 kW. It can be assumed that the annual saving

cost ($/year) = total power saving (kW) � annual hours (hr/year) �
cost (0.067 $/kWh) = 114.41 $/year. According to the above-

mentioned assumption, the annual cost of R.I.D. and the conventional

dryer are expected to be 52 and 166.43 $/year, respectively. This

means that the R.I.D. can probably reduce the cost by about 61.9%.

4 | CONCLUSIONS

The thermal efficiency of the infrared dryer was decreased as drying

temperature increased, and it was higher than the conventional dryer.

The drying rate of dried shrimp by R.I.D. consists of only a falling rate

at all drying temperatures. The models of logarithmic, the proposed

model (exponential), Page, Approximation of diffusion, Wang and

Singh, Midilli, ANN, Verma, Modified, and Henderson were used to

predict the moisture ratio at drying temperature of 60, 70, and 80�C.

Mass transfer coefficient was increased with the increase of drying

temperature. S.E.C. was decreased as drying temperature increased.

The color components were changed with changing temperature and

drying method. The BI of dried shrimp using a R.I.D. was lower com-

pared to the conventional dryer. The rehydration of dried shrimp by

R.I.D. required added time at 80�C compared to 60 and 70�C with a

higher rehydration ratio than the conventional dryer.
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