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Noodles are a product that has a large amount of consumption in Thailand. Therefore, it 
is important to extend the shelf life and increase the value of the noodles by drying. 
However, drying noodles has a relatively high energy consumption. For this reason, it is 
necessary to develop an energy-efficient drying process. Therefore, this research aims to 
study the drying of noodles using hot air combined with infrared stimulation. The drying 
performance was compared between the case with and without infrared stimulation. The 
experimental conditions were as follows: drying temperatures were 45, 50, and 55°C and 
hot air velocity were 1.0, 1.5, and 2.0 m/s. Criteria used to evaluate drying performance 
include drying rate and specific energy consumption. The study found that increasing in 
drying temperature and hot air velocity resulted in an increase in the drying rate and 
power of the dryer. Meanwhile, the specific energy consumption has decreased. It was 
also found that the drying efficiency of noodles using hot air combined with infrared 
stimulation was higher than the drying efficiency without infrared stimulation. 
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1. Introduction 
 

Noodles are one of the noodle products that are widely and in large quantities consumed. 
Noodles are commonly found in noodle shops throughout Thailand and are the second most popular 
food consumed by consumers after rice. This is because noodles provide relatively high energy and 
are not very expensive. Noodles can also be used to cook many other types of food, such as stir-fried 
noodles, stir-fried soy sauce, crispy noodles and noodles, etc. Noodles have a white strand 
appearance because the main ingredients are flour and water. As a result, microorganisms can grow 
well, causing the noodles to spoil quickly and can be stored for no more than 3 days. Therefore, it is 
necessary to have a process to reduce the moisture content of the noodles with a drying process in 
order to remove water from the noodles in order to inhibit the growth of microorganisms. Drying 
with a dryer is therefore a good way to solve this problem. There are many methods of drying with 
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dryers today, such as hot air drying from an electric heater, infrared drying, superheated steam 
drying, vacuum drying, heat pump drying and etc. It is well known that the drying process uses 
relatively high energy. However, there are researchers who have studied and tested drying 
techniques that have high energy efficiency along with obtaining quality products after drying as well, 
as detailed below. From previous research, related studies can be classified into 3 groups. The first 
group is that a single source of heat energy is studied for drying products consisting of A study of 
garlic drying with hot air studied its physical characteristics, hydration characteristics and the amount 
of allicin in garlic and drying rice noodles and noodles with a tunnel hot air dryer that has been 
developed to increase the length and dry the noodles in order to improve the quality to have good 
drying properties [1-3]. Moreover, there have also been studies on drying sweet potatoes, longan, 
and cantaloupe with hot air to study factors related to drying time and to be able to obtain quality 
dried products [4,5]. In addition, there are studies on various factors related to the drying process 
that correspond to the food quality of cooking, pressure or cooking time, etc [6]. There are also 
studies on the development of drying dynamics models, drying kinetics that can be used to predict 
drying behavior [7-9]. The development of hot air dryers for use in drying agricultural products for 
storage can produce different drying rates depending on the product [10,11]. Finally, infrared dryers 
are used for drying to focus on increasing energy efficiency [12,13]. 

The second group is a group of research that deals with the selection of two heat sources for 
drying, also known as hybrid drying. Researchers have studied the use of hot air and infrared, most 
of which are used together throughout the drying period and studied factors related to drying, such 
as drying temperature, hot air speed, and intensity of infrared radiation along with studying the 
physical properties of the product after drying as well [14-20]. In addition, there is a study of hot air 
drying combined with infrared in the periodic use of hot air and infrared and a comparison of the 
drying cases where hot air is used only, infrared alone is used and use together [21-23]. Furthermore, 
the drying kinetics of the product after drying using a hybrid dryer was analyzed [24,25]. The last 
group is the group that studies the use of more than two energy sources and compares the results. 
It was found that studies to compare several drying techniques including hot air drying, infrared 
drying, freeze drying, and high-voltage electric field drying (HVEF), microwave drying, vacuum drying 
and etc. Most of the produce used in drying is agricultural products such as ginger, nuts, cannabis, 
chives and brown rice with various factors varying in order to obtain quality products after drying 
[26-32]. Based on the results of the three groups, it can be concluded that the second and third 
groups had somewhat higher performance than the first group. But it is still possible to increase 
efficiency even more than at present by stimulating heat during the appropriate drying period. 

From past studies, it has been found that there is still little improvement in the use of stimulation 
techniques in the range of reduced drying rates. Therefore, the objective of this research is to study 
the drying performance of noodles with hot air combined with infrared stimulation during the falling 
rate period by comparing the performance of the dryer between hot air drying and infrared 
stimulation drying. 
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2. Methodology 
2.1 Experiment Setup 
 

Figure 1 shows a schematic diagram of the experimental equipment and the operation of the hot 
air dryer. The details of the components and working principles of the dryer can be described as 
follows. 
 

 
Fig. 1. Schematic diagram of the experimental equipment 

 
The hot air dryer consists of 6 sets of 1,000 W fin heaters, 4 sets of 0.7 kW infrared heaters, 0.37 

kW fan, 40 x 42 x 37 cm drying chamber, 4th of tray, load cell, data logger, measuring instrument and 
a set of equipment to control of the dryer. 

The operation of the hot air dryer starts with outside air being drawn in by a fan at the inlet 
position. The air then flows through the heater to be heated. Hot air flows into the drying chamber 
and exits from the drying chamber at the outlet position. Infrared stimulation by radiating heat to 
the product inside the drying chamber. The air then flows out of the drying chamber at the outlet 
position, resulting in a decrease in the drying moisture proportion throughout the drying period. 
Additionally, the temperature control of the drying chamber is controlled using magnets that work 
together with the drying room temperature sensor to control the operation automatically. That is, 
when the temperature in the drying chamber reaches the set value, the magnets will cut off the 
heater/infrared system. Then, when the temperature in the drying room is lower than the set value, 
the magnets will resume operation as usual. The operation of the hot air dryer will continue 
repeatedly until the drying process ends. 
 
2.2 Experimental Method 
 

The hot air dryer uses 2 systems of heat energy for drying: a heater system and an infrared 
system. Control the drying temperature by cutting off the heater's work with magnets and working 
together with the drying room temperature sensor. The experiment involved two drying systems: 
hot air drying and hot air drying and infrared stimulation techniques. Experiments were conducted 
at drying chamber temperature of 45, 50 and 55°C with hot air velocity in chamber of 1, 1.5 and 2 
m/s, respectively. An experiment was conducted on drying noodles with a thickness of approximately 
0.1 cm. and a length of approximately 27±2 cm. Noodle weight starts at 300 g per batch. Noodles had 
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an average initial moisture content of 75.0%d.b., Drying was carried out until the final moisture 
content remained approximately 11.0%d.b., which is the moisture content of the product available 
in the market. Moisture content of noodle products was determined using the moisture 
determination method according to AOAC standards [33]. During the experiment, various values 
were measured and recorded, including temperature of the inlet and outlet air, temperature of the 
drying chamber, the ambient temperature, weight of product that changed throughout the drying 
process and the electrical energy consumption. 

The experiment began with turning on the hot air dryer and adjusting the drying temperature 
and air velocity at the control unit according to the study conditions. Attach the thermocouple cable 
and load cell to the data logger and make adjustments to the measuring instruments. After that, run 
the hot air dryer until the system reaches steady state by considering the change in each variable 
specified. When the system reached steady state, the noodles were placed inside the drying chamber 
and the experiment was carried out until the noodles reached the final moisture content as specified, 
thus completing the experiment. 
 
2.3 Analysis 
 

Analysis of experimental results includes moisture content, moisture ratio, drying rate and 
specific energy consumption. The details of the analysis of the results are as follows. 

Moisture content, MC. Moisture content determination is carried out by preparing some 
products to dry in an electric oven at 103°C for 72 hours according to AOAC (2019) standards for use 
in determining dry weight. Then use the obtained values to calculate the moisture content at each 
time period as shown in Eq. (1) [2]. 
 

w d
MC

d

−
=               (1) 

 
where MC Dry basis moisture content at each time period (%d.b.) W Wet weight of product at each 
time period (g) d Dry weight of product at each time period (g). 

Moisture ratio, MR. Changing in moisture content and drying time can be seen in Eq. (2) [11,21]. 
 

t

in

M
MR

M
=               (2) 

 
where MR Moisture ratio (decimal) Mt moisture content at each time period (%d.b.) Min Initial 
moisture content (%d.b.). 

Drying rate, DR, is a variable indicating the amount of moisture that can evaporate per unit of 
time. The relationship is as shown in Eq. (3) [4,11]. 
 

w
DR

t


=


              (3) 

 

where DR Drying rate (g/h) w water evaporates (g) t Time (h). 
Specific energy consumption, SEC, is a value that represents the efficiency of energy use, which 

has a relationship as shown in Eq. (4) [5,24]. 
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3.6

i f

E

w w
SEC

−
=              (4) 

 
where SEC Specific energy consumption (MJ/kg) wi Initial weight of product before drying (kg) wf 
Final weight of dried product (kg) E Electrical power (MJ). 

Finding stimulation points using infrared starts with hot air drying, when the point of product 
moisture change is relatively small, the drying technique is changed from hot air to infrared drying. 
This will change the drying technique from considering the slope of the moisture change at any time 
compared to the difference in time as shown in Eq. (5). 
 

M
Slope

t


=


              (5) 

 

where Slope value M different moisture content at any time (d.b.) t Time difference over any 
moisture content range. This research time is equal to 1 minute. 
 
3. Results 
 

Drying noodles with a hot air dryer that uses heater and infrared stimulation. The experimental 
conditions are drying with only hot air and using hot air and infrared stimulation techniques. The 
experiments were conducted at drying temperatures of 45, 50, and 55 °C and air velocity of 1, 1.5, 
and 2 m/s, respectively. The symbols in all figures include T describing the drying chamber 
temperature followed by a number representing each drying temperature in degrees Celsius and V 
describing the speed of the drying chamber hot air followed by each number representing the speed 
in meters per minute. The results are as follows: 

Figure 2 shows the moisture content of the product in each experimental condition in the case of 
hot air drying. In all experimental conditions, the initial humidity of the noodles was equal to 75%d.b. 
It was found that the drying period starting from approximately 30-40 min in all experimental 
conditions had a constant moisture reduction rate proportional to time and a constant value as long 
as the movement of water to the surface of the noodles was balanced with moisture evaporates on 
the surface. This period is the constant rate period during which activated moisture is drawn from 
the noodles. Water moves from the inside to the surface of the noodles evenly, causing the surface 
to have a wet appearance. The temperature of the noodles is constant at the same temperature as 
the wet bulb temperature of the hot air. For moisture ratio in all experimental conditions, values 
ranged from 37-52 %d.b. This position is the end of the constant drying period and the beginning of 
the falling rate period. The drying period is a period in which the amount of water on the surface of 
the noodles decreases because the amount of water on the surface will evaporate. This is due to the 
movement of water from the inside to the surface being out of balance with water evaporate on 
surface and it is the period with the longest period of any drying period. From the above, the said 
point was chosen as the point of infrared stimulation. From the beginning of the drying period, hot 
air from an electric heater was used until the end of constant rate period. After the constant rate 
period ended, the use of infrared during the falling rate period until the drying process was 
completed without hot air being turned on. Therefore, it could be said that it is the point where the 
drying conditions are changed from hot air drying to infrared drying with the feature of infrared that 
can create molecular vibrations to generate heat and has a lower electrical power than an electric 
heater as well. 
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Fig. 2. Product moisture content in each condition of hot air drying 

 
Figure 3 shows the product moisture content in both the hot air drying and infrared stimulation 

drying at the drying temperature of 45°C in each experimental condition. From the data for the case 
of hot air drying, it was found that the shortest drying time was 140 minutes at an air velocity of 2 
m/s and longest drying time was 175 minutes under the condition of air velocity of 1 m/s. For the 
case of infrared stimulated, it was found that the shortest drying time was 90 minutes at air velocity 
of 2 m/s and the longest drying time was 105 minutes at air velocity of 1 m/s. It was found that the 
drying time decreased with infrared stimulation, the average of all experimental conditions at the 
drying temperature of 45°C was 61.70 minutes. Similarly, the drying temperature of 50°C is shown in 
Figure 4. It was found that in the case of hot air drying, the shortest and longest drying times were 
135 minutes and 160 minutes within the conditions of air velocity of 2 m/s and 1 m/s, respectively. 
In the case of infrared stimulation, the shortest and longest drying times were 80 minutes and 95 
minutes at air velocity of 2 m/s and 1 m/s, respectively [15]. It was found that the drying time 
decreased with infrared stimulation, the average of all experimental conditions at the drying 
temperature of 50°C was 61.70 minutes. Figure 5 is for the drying temperature of 55°C. It was found 
that in the case of hot air drying, the shortest and longest drying times were 120 minutes and 145 
minutes at air velocity of 2 m/s and 1 m/s, respectively. In the case of infrared stimulation, the 
shortest and longest drying times were 75 minutes and 85 minutes at air velocity of 2 m/s and 1 m/s, 
respectively. It was also found that the drying time decreased with infrared stimulation, the average 
of all experimental conditions at the drying temperature of 55°C was 51.70 minutes, which is 
consistent with [7,24]. 
 

0

10

20

30

40

50

60

70

80

0 20 40 60 80 100 120 140 160 180 200

M
o

is
tu

re
 c

o
n

te
n

t,
 %

d
.b

.

Drying time, min

T45-V1 T45-V1.5
T45-V2 T50-V1
T50-V1.5 T50-V2
T55-V1 T55-V1.5

Energy activation point



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 118, Issue 2 (2024) 47-61 

53 
 

 
Fig. 3. Product moisture content in hot air and infrared stimulation 
drying at drying temperature was 45 °C in each experimental condition 

 

 
Fig. 4. Product moisture content in hot air and infrared stimulation 
drying at drying temperature was 50°C in each experimental condition 
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Fig. 5. Product moisture content in hot air and infrared stimulation 
drying at drying temperature was 55 °C in each experimental condition 

 
Figure 6, Figure 7 and Figure 8 shown moisture ratios of the products in the hot air drying and 

infrared stimulation drying at drying temperature of 45, 50, and 55°C in each experimental condition, 
respectively. It was found that the moisture decreased rapidly during the first 40 minutes in the case 
of hot air drying and the first 35 minutes in the case of infrared-activated drying. Thereafter, the 
moisture ratio decreased slowly and similarly temperature of product increased with increasing 
drying time [17]. It was found that in the case of infrared stimulation, drying time was shorter than 
hot air drying with the same drying temperature and air velocity in all experimental conditions. 
Because infrared stimulation can penetrate through product surface layer, part of the radiation 
energy was absorbed by product and causes the product molecules to vibrate and convert into heat 
energy. Therefore, the water in the molecule will be heated and spread to the surface of the product, 
causing the moisture in the noodles to decrease more quickly than in the case of drying with hot air. 
It was also found that an increase in the drying temperature and air velocity resulted in a shortened 
drying time. It was found that in the case of increasing the drying temperature and hot air velocity, 
the temperature difference between product and hot air increased [20]. As a result, the heat transfer 
rate increases, causing the amount of moisture evaporation from the product to be increased. The 
same is true of hot air velocity, that is an increase in hot air velocity causes an increase in the 
convection coefficient. This causes the heat transfer value to increase as a result, the moisture ratio 
decreases in a faster drying time. Compare the moisture ratio in the case of hot air drying and infrared 
stimulation drying. It was found that the drying time to reach the final moisture content of the 
noodles at 11 %d.b. in the case of infrared stimulation drying was greater than hot air drying in all 
experimental conditions, with an average of 58.33 minutes. The percentage of drying time reduced 
compared to hot air drying in all experimental conditions was 39.93%. 
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Fig. 6. Moisture ratios of the products in the hot air drying and infrared 
stimulation drying at drying temperature of 45°C in each experimental 
condition 

 

 
Fig. 7. Moisture ratios of the products in the hot air drying and infrared 
stimulation drying at drying temperature of 50°C in each experimental 
condition 
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Fig. 8. Moisture ratios of the products in the hot air drying and infrared 
stimulation drying at drying temperature of 55°C in each experimental 
condition 

 
Figure 9 shown the drying rate of the product in each experimental condition. It was found that 

the drying rate of noodles in the case of infrared stimulation drying was higher than hot air drying in 
all experimental conditions, with an average of 29.16 g/h or 64.50% of all experimental conditions in 
the case of hot air drying, which is consistent with [21]. It was also found that the highest drying rate 
occurred in the case of infrared stimulation drying at drying temperature of 55°C and a hot air velocity 
of 2 m/s was 88 g/h. The lowest drying rate occurred in the hot air drying at drying temperature of 
45°C and a hot air velocity of 1 m/s was 36.87 g/h. Adding infrared stimulation to the noodle drying 
process can increase the drying rate more than hot air drying. This can be explained by the same 
reason as Figure 3 to Figure 8 by the ability to stimulate water molecules to vibrate to generate heat 
and accelerate the evaporation of water from the product quickly [11,12]. As a result, the drying rate 
has clearly increased. 
 

 
Fig. 9. Drying rate in each experimental condition 
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Figure 10 shows the dryer power in each experimental condition. It was found that the electrical 
power of the dryer in the case of drying with infrared stimulation was higher than in the case of hot 
air drying in all experimental conditions, with an average of 1.55 kW or 21.10% of all experimental 
conditions in hot air drying. In addition, it was found that in the case of hot air drying, when 
considering the hot air velocity to be constant for every 10% increase in the average drying air 
temperature, the dryer power increased on average to 4.25 kW. Considering that the drying 
temperature remains constant for every 50% increase in hot air speed, the dryer power increases on 
average by 0.02%. For the case of drying with infrared stimulation, considering that the hot air 
velocity is constant for every 10% increase in the average drying temperature, the average dryer 
power increase is 3.09 kW. Considering that the drying temperature remains constant for every 50% 
increase in hot air speed, the dryer power increases on average by 0.01%. The above data shows that 
the dryer with infrared stimulation and the increase in the drying air temperature had a greater effect 
on power than the increase in the hot air velocity. 
 

 
Fig. 10. Electrical power at each experiment conditions 

 
Figure 11 shows the specific energy consumption in each experimental condition. The lower 

specific energy consumption indicates that the drying process with this dryer has a high level of 
energy efficiency. It was found that the lowest specific energy consumption occurred on infrared 
stimulation drying at drying air temperature of 55°C and a hot air velocity of 2 m/s, equal to 24.55 
MJ/kg. If we consider only the electrical power as shown in Figure 10, it would be found that in this 
condition the dryer has the highest power consumption. However, at this condition it was found that 
the shortest drying time was used. Considering the same water evaporation from the product, the 
short drying time condition results in the lowest specific energy consumption, which is consistent 
with [5,10,12]. Additionally, it was found that the specific energy consumption in hot air drying was 
between 31.42 - 46.87 MJ/kg and infrared stimulation drying was between 24.55 - 35.02 MJ/kg. In all 
experimental conditions, it was found that specific energy consumption of infrared stimulation drying 
was higher than hot air drying. 
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Fig. 11. Specific energy consumption at each experiment conditions 

 
Table 1 presents an overview of the dryer performance analysis in the case of hot air drying. The 

average from the beginning of the experiment until the end of the experiment was found to be at a 
temperature of 55°C and an air velocity of 2 m/s the drying rate was 55 g/h. It is also the condition 
that gives the lowest specific energy consumption. Table 2 presents an overview of the dryer 
performance analysis in the case of drying with infrared stimulation. The average from the beginning 
of the experiment until the end of the experiment was found to be at a temperature of 55°C and an 
air velocity of 2 m/s the drying rate was 88 g/h. It is also the condition that gives the lowest specific 
energy consumption. When comparing the overall data of the dryer performance analysis in the case 
of hot air drying with infrared stimulation, it was found that the drying with infrared stimulation had 
a performance higher than hot air drying. It has a higher drying rate and lower specific energy 
consumption. 
 

Table 1 
Performance analysis in the case of drying with hot air 
Description Conditions 

T45 
V1 

T45 
V1.5 

T45 
V2 

T50 
V1 

T50 
V1.5 

T50 
V2 

T55 
V1 

T55 
V1.5 

T55 
V2 

Initial weight, g 300 300 300 300 300 300 300 300 300 
Initial moisture content, 
%d.b. 

75 75 75 75 75 75 75 75 75 

Final moisture content, 
%d.b. 

11 11 11 11 11 11 11 11 11 

Drying time, h 2.98 2.67 2.40 2.73 2.50 2.32 2.42 2.17 2.00 
Drying rate, g/h 36.87 41.25 45.83 40.24 44.00 47.48 45.52 50.77 55.00 
Energy consumption, 
kWh 

1.43 1.28 1.15 1.31 1.20 1.11 1.16 1.04 0.96 

Specific energy 
consumption, MJ/kg 

46.87 41.89 37.70 42.94 39.27 36.39 37.96 34.04 31.42 
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Table 2 
Performance analysis in the case of drying with infrared stimulation 
Description Conditions 

T45 
V1 

T45 
V1.5 

T45 
V2 

T50 
V1 

T50 
V1.5 

T50 
V2 

T55 
V1 

T55 
V1.5 

T55 
V2 

Initial weight, g 300 300 300 300 300 300 300 300 300 
Initial moisture content, 
%d.b. 

75 75 75 75 75 75 75 75 75 

Final moisture content, 
%d.b. 

11 11 11 11 11 11 11 11 11 

Drying time, h 1.78 1.65 1.52 1.58 1.48 1.40 1.45 1.33 1.25 
Drying rate, g/h 61.68 66.67 72.53 69.47 74.16 78.57 75.86 82.50 88.00 
Energy consumption, 
kWh 

1.07 0.99 0.91 0.95 0.89 0.84 0.87 0.80 0.75 

Specific energy 
consumption, MJ/kg 

35.02 32.40 29.78 31.09 29.13 27.49 28.47 26.18 24.55 

 
4. Conclusions 
 

This research studied the enhancement of the drying performance of noodles with hot air 
combined with infrared stimulation by comparing the dryer performance between the drying with 
hot air and the drying with hot air combined with infrared stimulation. Noodles were the test sample. 
It was found that drying with infrared stimulation increases the drying rate. The drying rate of noodles 
in the case of drying with infrared stimulation was higher than in the case of hot air drying in all 
experimental conditions, with an average of 29.16 g/h or accounting for 64.50% of all experimental 
conditions. The reduces the specific energy consumption more than drying with hot air. It was also 
found that increasing the drying temperature and hot air velocity had the same effect on the drying 
rate and specific energy consumption. 
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