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A B S T R A C T   

This paper presents an experimental study comprising two CMA solar collectors with parallel and 
series arrangements on a forced convection solar drying system. The parallel and series solar 
collectors were investigated to evaluate the arrangement type’s effect on the thermal perfor-
mance. The experiments were conducted using artificial solar radiation that varies from 300 to 
900W/m2 with the air velocity of 0.5–2 m/s. The arrangement’s efficiency was evaluated based 
on the drying chamber’s thermal delivery from the collectors, thermal gains, and drying effi-
ciencies, including air velocity effect and pressure drop. Results show that the solar collectors’ 
parallel arrangement leads to higher air temperature inside the drying chamber than the series by 
3.87 ◦C. The thermal efficiency of 33.89% is achieved for the parallel setup than the series of 
27.73%. The series arrangement is superior to the parallel in terms of the pressure drop across the 
solar drying system. Drying efficiency is observed at a higher air velocity of 2 m/s for both ar-
rangements than lower airflow of 0.5 and 1 m/s. Parallel configuration showed promising per-
formance in drying efficiency and low energy usage compared to the series arrangement in which 
the negative impact of higher pressure-drop was compensated.   

1. Introduction 

Solar energy, which is the most resourceful renewable energy, is an alternative to replace fossil fuel as fossil fuel demand increases day by 
day. The increase in energy price resulting from increasing energy shortage will eventually become a crisis, coupled with the long term energy 
use, which causes pollution [1]. Solar energy technology must be continuously developed to overcome the problem as its source is inex-
haustible. The use of solar energy will help reduce emissions of greenhouse gases that contribute to global warming. Efforts that have been 
done to increase the efficient use of energy and higher growth of renewable energy applications are beneficial to our community [2]. The 
transitions to renewable energy sources are innovatively developed by considering in both academic and business sectors in order to create a 
secular economy and targeted industrial pathway [3]. Solar energy is widely used in various activities, especially in the food industry [4], 
where air and water are heated to dry agricultural and marine products. 

Solar radiation comes in its primary source as heat. Different places will receive different rates of solar radiation since the Earth’s surface is 
not flat; different climatic conditions may also affect the solar radiation received at one particular place. For the equatorial region, the solar 
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radiation incident to the Earth’s surface is not consistent due to highly humid and hot climate, which will lead to cloud formation in the 
atmosphere. Most of the solar radiation will be reflected back to the outer space by the cloud cover, which comprises water vapour, air 
molecules and dust particles that further cause diffuse radiation. Hence, only a limited amount of solar radiation is received at the surface of 
the Earth [5]. 

Solar dryers have long been developed in two directions. First, a low-cost solar drying system which used to be a simple design with 
low power usage but will cause a short life and low efficiency. Second, a long life and high-efficiency system because of a more 
complicated design and higher power utilization (Sivakumar & Rajesh K, 2016). Efforts have been made to improve the efficiency of 
the solar drying system by analyzing the parameters namely the selection of materials for components in the system, loading and pre- 
treatments, drying temperature achieved in the drying chamber, the fluid velocity and relative humidity [6]. [7] studied on the 
configuration of double-pass photovoltaic-thermal hybrid solar collector embeddable in an indirect solar dryer system, and they found 
that the addition of a glass cover, metal plate and double-pass air flow passage have significantly increased the overall efficiency of the 
hybrid photovoltaic/thermal air collector. Other than that, improvising the collector design by adding fins can help to rise not only 
thermal performance but also electrical performance significantly [8]. 

Solar collectors are installed in a drying system to heat the fluid that passes through so that a variation of targeted temperature can 
be achieved depending upon the industrial purposes with consistent air temperature output. Drying with an optimum temperature can 
ensure higher product quality since it will not harm the nutritional value of the products like vegetables and fruits. It is recommended 
to install solar collectors in a drying system since it can help to achieve higher energy savings due to low maintenance cost [9], which is 
convenient to the industry. In Krasnodar Region (Russia), potential energy-saving in the food industry can be increased by 16%–17% of 
the total amount of produced thermal energy in that region annually when a solar collector is brought into production [10]. 

Optimizing the performance and efficiency of the solar collector must be prioritized by improving the design of the absorber and 
enhancing the absorber surface with the addition of heat loss reduction from the collector [11]. One can use cross-matrix (CMA) design 
since it offers the possibility to use multiple types of material for the thermal absorber which can give advantages through combining 
thermo-physical properties of materials to increase the performance of the absorber [12]. [13] studied four different geometries of 
CMA to evaluate their efficiency and the result obtained by Type 1 was the highest since it had the optimal solar radiation exposure 
compared to the other three designs. Further innovation had been done by Ref. [14] by utilizing paraffin as thermal energy storage 
material to the CMA. It was concluded that the highest mass flow rate of 0.01 kg/s passing through the absorber leads to the higher heat 
gain by the CMA, hence prolonged the cooling down/discharging period as shown by the result, where a case with maximum mass flow 
rate (0.01 kg/s) consistently contributed to the higher heat gain by the absorber. Heat storage material was also being applied by 
Ref. [15] where about 11.8% drying chamber efficiency was improved compared to without heat storage material. 

Solar air collectors have a lower investment cost than the solar water collectors due to their materials, which are cheaper and easy 
to fabricate and requiring low maintenance cost [12]. Since the solar air collectors have a lower chance to be exposed to corrosion and 
abrasion due to water, a more comprehensive range of materials can be used to construct the structure. However, the drying system for 
solar air collector is more significant in size compared to solar water collector as higher air mass flow is needed to remove heat 
compared to water-based collector since the specific heat capacity of air is approximately four times lower than water [16]. The design 
of the solar collector depends on the capital investment and also the temperature required to carry out the drying process. It can be 
low-cost air flat-plate collectors which suit any application of low temperature up to 100 ◦C to more complex design such as Fresnel 
collector or parabolic trough collectors that can produce heated air up to 400 ◦C [4]. 

Solar collectors play an important role in determining the performance of a solar drying system. The number of solar collectors in a 
drying system varies according to the design and heat requirement of the drying process. The collectors can be arranged either in series 
or parallel configuration depending on the desired temperature level [17]. An experimental study had been done to analyze the ef-
ficiency of evacuated tube solar thermal collector, and the result showed that with the use of same input flow rate to the single col-
lector, the parallel configuration achieved higher efficiency of 15% compared to the series configuration [18]. Meanwhile [19], 
validate optimum numbers of evacuated tubes that can be used in a solar system. The findings help the researchers and engineers who 
are working in the solar energy field to choose the best number of evacuated tubes together with their arrangement. 

Based on the conducted literature review, there are fewer studies signifies the importance of the difference between the perfor-
mance of parallel and series arrangement of solar air collector. Most of the previous papers focused on studying and improving the 
overall solar drying systems’ performance without emphasizing on the arrangement of collectors in order to achieve desired fluid 
temperature and flowrates. The primary purpose of this study is to determine the best collector configuration for the solar dryer, and 
the results will be crucial for the researcher or practitioner to decide which system they should adapt especially in the tropical weather 
country such as Malaysia, which the solar radiation is maximized at the mid-day. The augmentation of supplied thermal energy at the 
outlet of the system will improve the load quality and lead to the improvement of the application related to the solar air heating system 
such as drying application. Therefore, in this paper, the effect of using series and parallel arrangements of two solar collectors with 
cross-matrix absorbers are investigated. Thermal performance for both arrangements was observed and compared under several 
operating parameters, including mass flow rate and solar radiation. Finally, both system performances were evaluated based on the 
drying process of Kaffir leaves in order to determine the most efficient system configuration for the particular drying process. 

2. Methodology 

2.1. Solar thermal collectors configurations 

Designing thermal absorber and coatings selection are crucial steps to ensure the extraction of solar energy effectively [20]. Two 
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solar collectors with cross-matrix absorbers were fabricated using aluminium square hollow tubes as the material for the structure of 
the collectors and the absorbers. Each absorber comprises three sets of cross-matrix aluminium to enlarge the solar collection area, as 
shown in Fig. 1. The absorber was coated with flat black spray to allow maximum heat absorption and to avoid reflected heat to the 
surrounding (Braendly, 2010). 

The primary material for the structure of the solar collector was made of stainless steel. High corrosion resistance and its ability to 
stand on a high-temperature process make the stainless steel suitable for drying activity. The dimensions for each solar collector was 
1.22 m × 0.61 m. The absorber which was made of square hollow aluminium tube with a dimension of 1.17 m length x 0.59 m width x 
0.11 m depth was placed inside the collectors and 4-mm thickness of a transparent polycarbonate sheet acting as a top cover 
component of the collector. It is essential to maximize the absorber size since the potential heat losses are higher when the area for heat 
transfer is smaller than the area of the project to the absorber [21]. Four air control valves are used to allow the air to flow either in 
series or parallel mode, as shown in Fig. 2. 

An Advantech ADAM® data acquisition system (DAQ) equipped with 52 channels and ADAMView® V4.30 software was utilized 
throughout the experiment to collect and store data for the assigned parameters, namely temperature, solar radiation intensity and 
ambient temperature. Each experiment was held for 1 h to observe the temperature changes in the system and the effect of series and 
parallel arrangements of the solar collector was analyzed. 

Choosing the best material for absorber and structure for a collector can result in higher efficiency. Table 1 shows the common 
materials used to fabricate the absorber. Four materials were compared based on their thermo-physical properties [22]. had done a 
study on thermal conductivity of absorber plate, and the results showed that copper as thermal absorber has 3% improvement on 
performance compared to aluminium. Copper has higher thermal conductivity compared to stainless steel, low carbon steel and 

Fig. 1. Measurement for a cross-matrix absorber.  

Fig. 2. Solar collectors in series and parallel configurations.  
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aluminium. However, due to the potential of corrosion, copper is not suitable to be used in drying application related to food. Besides, 
the cost of copper is high and will cause a more extended payback period. Aluminium can be used as an alternative material for solar 
thermal absorber due to its comparable performance as copper [23] with a lower cost factor. Aluminium is more preferred for the 
drying process since it is more economical and has acceptable performances. 

Even though copper exhibits the highest diffusivity and highest effusivity, which allows it to become susceptible to temperature 
change, aluminium is more preferred due to its corrosion resistance and low-cost factor. Besides, aluminium generally requires no 
additional metal treatment and coating to inhibit corrosion as compared to mild steel [16]. Aluminium is convenient in terms of 
workability. Due to its high strength to weight ratio, aluminium can be easily cut and formed during the fabrication process rather than 
stainless steel. Besides, aluminium has higher thermal conductivity and has a lower cost factor compared to stainless steel. 

2.2. Experimental setup and procedure 

A hybrid-active solar dryer, as shown in Fig. 3, was developed in the Laboratory of Engineering Technology, Universiti Malaysia 
Pahang, Malaysia. The solar dryer consists of several components, namely two solar collectors, a mixing chamber, an auxiliary heater 
and a drying chamber, as shown in Fig. 3. The system can be operated in three different modes, as presented in Table 2. 

Mode 1 was used for the whole experiment for this paper. The experiment was carried out with indoor conditions. Eighteen units of 
300W halogens lamps were integrated and used as a solar simulator. The solar simulator was installed with a voltage regulator to 
control the light intensity. The radiation was measured by using a pyrometer, and the ambient temperature monitored so that it could 
be controlled with minimal fluctuation. The output measured from the solar simulator ranged from 300 W/m2 to 900 W/m2, and the 
temperature in the drying system was recorded and analyzed. The temperature in the drying system was measured and recorded for 1 h 
to analyze the effect of using different intensity of artificial solar radiation on the drying. Four 12V DC with 0.55A ventilation fans were 
used in the solar drying system located at Collector 2, inlet of mixing chamber, outlet of mixing chamber and at the outlet of drying 
chamber, to control the air velocity and to ensure even distribution of air throughout the system. Besides, fans were used to evacuate 
humidity released by the products during the drying process. The design detail of the solar drying system is illustrated in Table 3. 

Total of twenty-three thermocouples was used in the experiment to record air and absorber temperature. The positioning of the 
thermocouple in the experimental setup is described further in Table 4, and the location of each thermocouple was presented in Fig. 4 
and Fig. 5. 

Table 1 
Thermo-physical properties of absorber material.  

Material Thermo-physical Properties 

Density: ρ (kg/ 
m3) 

Specific heat: cp 

(J/kg K) 
Thermal conductivity at 100 ◦C: 
λ (W/mK) 

Thermal diffusivity at 
27 ◦C: (m/s2) 

Thermal effusivity 
(Ws1/2/m2K) 

Stainless steel (304) 8000.0 500.0 16.2 4.2 × 10− 6 22045.4 
Aluminium (6063) 2700.0 900.0 200.0 6.4 × 10− 5 8049.8 
Copper (1050) 8890.0 385.0 401.0 1.11 × 10− 4 47992.5 
Low Carbon Steel (AISI 

1010) 
7870.0 448 51.9 1.88 × 10− 5 13921.5  

Fig. 3. Setup for a solar drying system.  
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2.3. Thermal analysis 

The thermal power gained in this section was analyzed based on the first law of thermodynamics. The energy rate balance during 
the experiment was presented in Equation (1): 

Q̇A = Q̇u + Q̇loss (1)  

where Q̇A, Q̇u and Q̇loss were the energy absorbed, useful and loss. 
The Q̇A which the power gained by the collector can be express in Equation (2) below: 

Q̇A =AcG (2) 

The thermal power gain in the system involves the mass flow rate of air, the specific heat capacity of the air and also temperature 
difference between inlet and outlet of the solar collector. The air passing through each collector undergoes convection with the 
absorber to produce heat that is transferred into the drying chamber. The energy rate balance can be presented by the following 
Equation: 

Q̇u = ṁaCpa(To − Ti) (3) 

The mass flow rate was calculated by measuring the velocity of the air across the collector and using the following expression (4): 

ṁa = ρaAva (4) 

The thermal power gain is proportional to the temperature difference between the inlet and outlet of the collector. The density of 
air, ρa , assumed to be constant at 1.1 kg/m3, and specific heat capacity of air, Cpa, which is 1007 J/kg⋅K, respectively (Cengel & Boles, 

Table 3 
Design detail of the solar dryer.  

Number of collectors 2 

Absorber material Aluminium hollow square tube 
Absorber dimension 1.12 m × 0.59 m 
Area of aperture 1.219m2 

Working fluid Air 
Insulation material Insulfex® closed-cell elastomeric nitrile rubber foam 
Cover plate material Polycarbonate 
Number of ventilation fan 4 
Ventilation fan specifications 12V DC, 0.55A 
Drying chamber material Stainless steel 
Drying chamber dimension 0.5 m (diameter), 0.5 (height)  

Table 4 
Position of thermocouple in the drying system.  

Thermocouple Position 

T1 Inlet of solar collector 
T2, T3, T4 Absorber Collector 1 
T5, T6, T7 Air in Collector 1 
T8, T9, T10 Absorber Collector 2 
T11, T12, T13 Air in Collector 2 
T14 Outlet Collector 1 
T15 Outlet Collector 2 
T16 Inlet Collector 2 
T17 Inlet mixing chamber 
T18 Outlet mixing chamber 
T19 Inlet drying chamber 
T20, T21, T22 Drying chamber 
T23 Outlet drying chamber  

Table 2 
Modes in the solar drying system.  

Mode Heat source 

1 Collector 
2 Auxiliary Heater 
3 Hybrid (Collector + Auxiliary Heater)  
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2002). Note that Equation (3) is at a low air temperature range between 40 and 60 ◦C at a pressure of 1 atm. 
The thermal energy of the thermal absorber is related to the temperature difference between the initial and final temperature of the 

cross-matrix absorber, as shown in Equation (5) below: 

Qabs =mabs Cp,abs
(
Tabs, initial − Tabs, final

)
(5) 

The fluid flow in the drying system is made possible if the pressure losses are offset by the pumps or fans. The pressure drop in the 

Fig. 5. Schematic diagram of the solar drying system with thermocouple location.  

Fig. 4. Schematic diagram for the solar collector with thermocouple location.  
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system was calculated using Bernoulli’s principle. The pressure drop between two points, i.e. inlet and outlet, for fluid flow in a pipe is 
presented by the following Equation (6): 

Pfo − Pfi =
1
2
ρf

(
v2

f 0 − v2
fi

)
(6)  

where Pfo, Pfi, ρf, Vfo and Vfi are the pressure of the fluid at the outlet (Pa), the pressure of the fluid at the inlet (Pa), the density of heat 
transfer fluid (kg/m3), the velocity of fluid the outlet (m/s) and velocity at the inlet (m/s), respectively. 

The efficiency of each of the component of the system was calculated from the ratio of the output of each component to its input. 
The efficiency of the collector was determined from the ratio of energy extracted by the heated air through the collector to the total 
energy gain from the artificial solar radiation by the solar collector. The Equation is written: 

ηc =
Q̇a

G Ac
=

V̇ρaΔTCpa

G Ac
(7) 

The following Equation shows the efficiency of the drying chamber: 

ηd =
Pr hfg

(G Ac + W)t
(8) 

The overall efficiency of the system can be determined by multiplying the efficiencies of each component in the system, as shown 
below: 

ηoverall = ηc* ηd (9) 

Table 5 
Measuring instruments accuracy.  

Instruments Quantity Accuracy 

K-type thermocouple 23 − 1.5 ◦C to +1.5 ◦C 
Pyranometer 1 0.1 W/m2  

Table 6 
Parameters uncertainty.  

Description Unit Uncertainty Relative uncertainty (%) 

Outer temperature ◦C ±0.10 0.48 
Internal temperature ◦C ±0.10 0.72 
Ambient temperature ◦C ±0.10 0.48 
Solar radiation W/m2 ±12 2.04  

Fig. 6. Temperature in the drying chamber of series and parallel solar collectors’ arrangement.  
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2.4. Uncertainty analysis 

The measurements done were subjected to uncertainties, and they were elaborated in this section. The accuracy of each used 
instrument was determined and presented in Table 5 while the parameters that are studied in this paper involves uncertainty were 
shown in Table 6 based on the previous study by Refs. [24–26]. 

Every xn, number of measurement that had been made have the measurement tolerance of σn, and the uncertainty of the mea-
surement parameters, UR, can be calculated by using Equation (10) [26]: 

UR =

{(
UR

dx1
.σ1

)2

+

(
UR

dx2
.σ2

)2

+

(
UR

dx3
.σ3

)2

+ …
(

UR

dxn
.σn

)2}1
2

(10) 

Based on Equation (10), the uncertainty of the thermal power gained by the system was 257.09 ± 6.29W for series and 314.14 ±
7.68W for parallel with relative uncertainty 2.45% respectively for both modes. 

Fig. 7. aTemperature in the drying chamber for different artificial solar radiation of series collector arrangement. 
Fig. 7b: Temperature in the drying chamber for different artificial solar radiation of parallel collector arrangement. 
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3. Results and discussion 

Fig. 6 presents the variation of drying chamber temperature of series and parallel configurations of a set of cross-matrix solar 
collectors. 

The result shows that parallel configuration of solar collectors for this system is better since it yields higher maximum air tem-
perature inside the drying chamber which is 51.87 ◦C compared to the series configuration which produces maximum air drying 
temperature of 48 ◦C. Even though series configuration produces higher air temperature at the outlet of the solar collectors compared 
to parallel, higher heat is lost to the surrounding due to the extended air pathway entering the drying chamber. 

For series solar collector arrangement, the airflow at the inlet of the second collector corresponds to the airflow of the outlet of the 
first collector. Higher output air temperature is produced by series configuration compared to parallel since the airflow is divided at the 
entrance of each of solar collectors for parallel configuration, making the air outlet temperature similar [27]. The air temperature 
flowing from the collectors to the drying chamber corresponds to the air temperature at the outlet of the solar collectors. 

However, higher air temperature produced by the collectors leads to higher thermal losses. Especially for the collectors in a series 
arrangement, the heated air needs to travel a longer path, thus causing more friction losses. The moving air particles tend to collide 
with the ducting surface, causing heat conduction at the impact area [28]. Hence, the thermal energy and air temperature decrease as it 
travels along with the ducting until it enters the drying chamber. In contrast, a parallel arrangement solar collector is more efficient 
compared to series due to shorter air path and lesser collision between the air and pipe surface, which leads to lower thermal losses and 
resulting in higher air temperature inside the drying chamber. 

In a drying process, the temperature is an essential parameter where it influences the drying rate and the final product’s quality. By 
providing higher air temperature inside a drying chamber, the drying process can be shortened due to high drying rate, when the initial 
moisture content inside the product is high. 

The effect of variations of artificial solar radiation on the air temperature in the drying chamber for this solar drying system for both 
series and parallel collectors’ arrangement is shown in Fig. 7a and Fig. 7b. The experiment was conducted indoor with ambient 
temperature varying from 30 ◦C to 33 ◦C. The solar simulator used in the experiment to represent solar radiation was set to range 
between 300W/m2 to 900W/m2. As expected, after 1 h, it was observed artificial solar radiation of 900W/m2 produced highest heated 
air temperature in the drying chamber for both series and parallel collector configurations, namely 47.53 ◦C and 49.87 ◦C. Meanwhile, 
other artificial solar radiation values like 300W/m2, 500W/m2 and 700 W/m2 produced lower air temperature inside drying chamber, 
namely 39.57 ◦C, 41.80 ◦C and 45.53 ◦C for series and 41.97 ◦C, 45.73 ◦C and 47.07 ◦C for parallel configurations. It is due to more 
radiation converted into heat energy that causes the molecules of the absorber to vibrate. The vibration increases the temperature of 
the material as the temperature is proportional to the kinetic energy [29]. The heat is extracted by the air that passes through the 
absorber due to better heat removal factor possessed by square tube thermal absorbers. Higher radiation will produce more consid-
erable heat energy into the drying chamber and hence accelerate the drying process. In a solar drying system, the intensity of solar 
radiation is essential since it determines the efficiency of the system [30]. 

From this experiment, for both series and parallel configurations, it can be analyzed that maximum temperature inside the drying 
chamber can be reached after 50 min of exposure to artificial solar radiation. After this period, the temperature in the drying chamber 
is maintained until the end of the experiment. This shows that the air in the drying chamber has reached the terminal temperature of 
equilibrium of the drying air. 

Total thermal power gain is obtained by relating the mass flow rate with specific heat capacity and the temperature difference 

Fig. 8. Thermal power gain for series and parallel configurations at 60 ◦C.  
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between the beginning and end of the experiment. From Fig. 8, it is observed that the mass flow rate at a constant drying chamber 
temperature of 60 ◦C influences the power gain in the system. Higher air mass flow rate leads to higher power gain in the drying 
chamber due to the increment of heat removal factor at the solar air collector section. Higher air mass flow rate achieved using higher 
air velocity will increase the heat transfer coefficient between the moving air and the thermal absorber, which enhanced the heat 
transfer rate between the two. This event subsequently increases the air temperature in the drying chamber, triggering the air molecule 
to increase their average speed and resulting in more substantial kinetic energy. Hence, the increase in airflow rate has an essential and 
favorable effect on the overall energetic performance of the solar collectors [31]. 

Fig. 9a–b shows the thermal power gain in the drying chamber after 1 h for series solar collector arrangement. The power achieved 
for series arrangement was 25.48W, 103.44W and 257.09W for air velocity of 0.5 m/s, 1 m/s and 2 m/s, respectively. Meanwhile, the 
power gain for parallel arrangement after 1 h was 38.79W, 120.59W and 314.14W, respectively. It is since higher air velocity increases 
the heat removal factor for the flowing air across the thermal absorber. By comparing the two collector arrangements, it can be seen 
that the parallel collector arrangement produces more power than the series arrangement. The average temperatures in the drying 
chamber for series and parallel collector arrangements are 48 ◦C and 49.87 ◦C, respectively. Even though the temperature difference is 
just 1.87 ◦C, there is a significant difference in the power gain, which is 57.09W. In terms of power gain, it is, therefore, preferable to 
use the parallel collector arrangement since it provides a shorter airflow path, simultaneously reducing more heat losses to the sur-
rounding. The power losses from the system are shown in Fig. 10, where the series collector arrangement with 0.5 m/s air velocity 

Fig. 9. aThermal power gained in 1 h (series configuration). 
Fig. 9bThermal power gain in 1 h (parallel configuration). 
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experienced the highest losses compared to parallel modes and higher air velocity. 
The pressure differential between two points is essential to keep the fluid flowing in a system. It will be produced when fluid is 

flowing through ducts with obstacles that result in resistance for the fluid to flow. In this solar dryer system, the resistance occurs at the 
collector inlet-outlet, pipe joints, change in elevation of the fluid and also due to ventilation fans. Different pressure drop regions are 
presented in Table 7. 

Fig. 11a and Fig. 11b present the recorded total pressure drop values at inlet and outlet of each component of the drying system for 
both series and parallel solar collectors arrangement. From the obtained results, it is observed that the pressure drop throughout each 
component in the system fluctuates according to resistances and usage of ventilation fans that control the airflow. Higher air velocity 
results in a significant pressure drop following Equation (4) where pressure drop is proportional to the difference between the squared 
value of the outlet and inlet fluid velocity of each component. The pressure drop at air velocity of 2 m/s for series and parallel collector 
arrangement at Point 5 are 1.4 kPa and 3.6 kPa, while for 1 m/s are 0.35 kPa and 0.9 kPa, and for 0.5 m/s are 0.088 kPa and 0.23 kPa. 

It is also observed that fluid temperature influences the value of the total pressure drop. This relation can be analyzed by comparing 
Point 2 in the graph for series and parallel collector arrangements with constant air velocity. For air velocity of 0.5 m/s, 1 m/s and 2 m/ 
s, the pressure drop values for series arrangement are -0.08 kPa, -0.33 kPa and -1.3 kPa. The negative values indicate the air flowing 
from high to low-pressure regions. Meanwhile, for the parallel arrangement, the pressure drop values are 0.1 kPa, 0.4 kPa and 1.6 kPa. 
From the result, it is shown that the values of total pressure drop for series collector arrangement are lower than the parallel 
arrangement. This is due to higher air temperature produced at the outlet for series arrangement compared to parallel. The increase of 
fluid temperature will lead to a decrease in the fluid density, which will cause declination to the total pressure drop value. 

The use of ventilator fan is essential, especially in solar drying system to provide the required airflow, reduce the drying time and as 
well act as a fluid flow booster to reduce friction flow in the system. The ventilator function is to assist the airflow from the solar 
collector into the drying chamber. It can reduce potential heat losses carried by air during the heat transportation to the drying 
chamber. It increases the air pressure to keep the airflow from higher to a lower air pressure area. 

It can be observed that between Points 2 and 3 as well as between Points 4 and 5 in both configurations, there is a sudden increased 
in pressure drop. In parallel collector arrangement, at an air velocity of 2 m/s, the pressure drop value increase from 1.6 kPa to 2.8 kPa 
from point 2 to 3, and there is also a sudden increase of pressure drop values from -6kPa to 3.6 kPa from point 4 to 5, but at 0.5 m/s of 
air velocity, the pressure drop value increase from 0.1 kPa to 0.18 kPa from point 2 to 3, and there is also a sudden increase of pressure 
drop values from -0.38 kPa to 0.23 kPa from point 4 to 5. 

Fig. 10. Power loss for series and parallel configuration.  

Table 7 
Pressure drop points description.  

Point Region 

1 Inlet collector – Surrounding 
2 Outlet collector – Inlet Collector 
3 Inlet mixing chamber – Outlet collector 
4 Outlet mixing chamber – Inlet mixing chamber 
5 Inlet Drying Chamber – Outlet mixing chamber 
6 Outlet Drying Chamber – Inlet Drying Chamber  
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Fig. 11. aPressure drop in solar drying system of series collector arrangement. 
Fig. 11bPressure drop in solar drying system of parallel collector arrangement. 

Table 8 
Pressure drop values at each point.  

Pressure drop point (kPa) V= 0.5 m/s V= 1 m/s V= 2 m/s 

ΔPseries ΔPparallel |ΔPseries-parallel| ΔPseries ΔPparallel |ΔPseries-parallel| ΔPseries ΔPparallel |ΔPseries-parallel|

1 0.01 0.13 0.11 0.05 0.50 0.45 0.20 2.00 1.80 
2 − 0.08 0.10 0.18 − 0.33 0.40 0.08 − 1.30 1.60 2.90 
3 − 0.04 0.18 0.21 − 0.15 0.70 0.85 − 0.60 2.80 3.40 
4 − 0.16 − 0.38 0.21 − 0.65 − 1.50 0.85 − 2.60 − 6.00 3.40 
5 0.09 0.23 0.14 0.35 0.90 0.55 1.40 3.60 2.20 
6 0.01 0.03 0.02 0.03 0.10 0.08 0.10 0.40 0.30  
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This increase implies the higher the velocity of air across the system; the higher will be the mass flow rate, and consequently, the 
pressure drop will also increase [13]. At Point 3, there was a ventilation fan placed at the inlet of the mixing chamber. The fan provided 
suction condition to accelerate the heat transferring process from the collector to the mixing chamber. At Point 4, the pressure drop 
value decreases drastically, due to the design of the mixing chamber itself. This is because of the outlet channel above the inlet channel 
of the mixing chamber causing higher air pressure required to push the air. A ventilation fan was installed at the outlet of the mixing 
chamber to create negative pressure leading to low-pressure losses in the system. The negative pressure created will allow the air to 
flow to a lower pressure different region [16]. 

From Table 8, lower pressure drops are recorded for series collector arrangement compared to parallel; lower differential signifies a 
lower power consumption and vice versa. Despite the favorable of a low-pressure drop in solar dryer application, however, it does not 
have a significant impact for this solar dryer. The ventilation fans helped the system to increase the air velocity, which reduced po-
tential heat losses that result in more heat can be transferred into the drying chamber. Besides, design for parallel collector 
arrangement that shortens the air path can ensure higher efficiency compared to series arrangement even though the pressure drop 
values are higher. Hence, the pressure drop issue causes a smaller impact on this solar dryer performance. 

Fig. 12 presents the results of the efficiency of the collector, which varies with solar collectors’ arrangement and the air velocity. 
The efficiency of parallel arrangement is higher compared to series, namely 4.14%, 13% and 33.98% at an air velocity of 0.5 m/s, 1 m/ 
s and 2 m/s, respectively. Meanwhile, the efficiency for the series collector is 2.75%, 11.16% and 27.73% at similar air velocities. This 
is related to parallel arrangement producing a higher ratio of output energy to total heat that had been taken in compared to the series 
collector arrangement. There is also a significant difference between the efficiencies achieved with that of different air velocities. 
Higher air velocity produces higher efficiency since lesser heat is lost to the surrounding during the test, leading to higher energy gain 
in the drying chamber. 

Two drying tests of kaffir lime leaves were conducted using series and parallel collector arrangements. The drying process pa-
rameters were set at 900W/m2 of artificial solar radiation and air velocity of 2.0 m/s. A total of 40g of kaffir lime leaves was placed on 
four layers of trays, and they were dried until they reached their equilibrium mass of 16 g. 

Fig. 13a and b shows the results of the drying activities. It can be deduced that the drying period using parallel collector 
arrangement can be reduced by about 17.65% compared to series collector arrangement since the time taken for parallel collector 
arrangement was 7.0 h. In contrast, for the series arrangement, the time taken was 8.5 h. It is due to different heated air temperature 
achieved inside the drying chamber when using both arrangements. The average air temperature for the parallel arrangement was 
49.98 ◦C, while for the series arrangement, it was 47.02 ◦C. The trend shows that drying time is inversely proportional to air tem-
perature. With the increase in air temperature, the time required to reduce the kaffir lime leaves mass decreases. Higher air tem-
perature can lead to higher energy availability to remove moisture from the kaffir lime leaves, hence resulting in a higher drying rate 
for the process. The efficiency of the drying system using parallel configuration is 31.82%. In contrast, lower efficiency is produced by 
series configuration, which is 22.41%, as shown in Fig. 14. From the presented results, it can be seen that the increase of solar dryer 
thermal performance resulting from the higher thermal gain by the parallel solar collector arrangement than the series configuration. 

Fig. 12. Comparison of collectors’ efficiency between series and parallel collector’s arrangement.  
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Fig. 13. aDrying of kaffir lime leaves using series configuration. 
Fig. 13bDrying of kaffir lime leaves using parallel configuration. 
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4. Conclusion 

The arrangement of solar collectors either in series or in parallel affects the performance of a solar drying system. Parallel collector 
arrangement has higher efficiency than the series regarding the air temperature value in the drying chamber, energy consumption, and 
thermal efficiency due to the shorter air path between the collector and drying chamber. The maximum air temperature achieved 
inside the drying chamber for the parallel arrangement was 4 ◦C higher than the series arrangement when the air velocity was 
increased to 2 m/s. Parallel collector arrangement leads to higher pressure drop values rather than series. The values are proportional 
to the square value of the difference between air velocity at the outlet and inlet of each component. The use of ventilation fans created 
higher air pressure to allow airflow to a lower air pressure region. There was a difference of 3.38 kJ of thermal energy gain using 2 m/s 
of air velocity between collector arrangements, namely 18.59 kJ for parallel and 15.21 kJ for series configuration, which leads to a 
drying efficiency of 33.89% for parallel compared to 27.72% for series configurations. 
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Nomenclature 

A area (m2) 
Cp specific heat capacity (kJ/kg K) 
G solar irradiance (W/m2) 
hfg latent heat of evaporation (J/kg) 
ṁ mass flow rate (kg/s) 
P pressure (Pa) 

Fig. 14. Drying system efficiency of the solar dryer for series and parallel collector arrangement.  
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Pr productivity of the system (kg) 
Q̇ thermal power gain (W) 
T temperature (0C) 
t time (s) 
UR uncertainty 
V̇ volume flow rate (m3/s) 
v velocity (m/s) 
W auxiliary heater power (W) 
ρ density (kg/m3) 
η efficiency 
ΔT temperature difference (0C) 
σ tolerance  

Subscript 
a air 
c collector 
d drying chamber 
f fluid 
o outlet 
i inlet 
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