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Abstract: This paper is devoted to develop a multivariable model (MM) of an innovative hybrid solar-gas 

dryer issued from a CFD study. The proposed (MM) was explored to predict the drying chamber 

temperature in forced convection (0.025kg/s) in two main operating modes (solar mode and gas 

mode). There is an indirect heating of drying air instead of direct heating inside the drying 

chamber as it was reported in conventional hybrid solar-gas dryers. CFD technique was used to 

simulate the temperature and airflow distribution inside the drying chamber. However, CFD 

simulation requires huge capacity of the processor for calculating and takes significant simulation 

time. Therefore, the multivariable model was developed to predict the drying temperature 

instantly with a notable reduction in simulation time. Root Mean Square (RMSE) was used to 

measure the difference between the predicted values by CFD and (MM) model. It was found that 

the results shown fairly good agreement with an RMSE lower than 2.35 confirming the pertinence 

of the proposed model. The developed model led to a quick output parameters estimation related 

to each climatic condition. Thus, it is very useful for synthesizing a control system of the 

temperature as well as the optimization of gas consumption. 
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Nomenclature  

Tch Drying chamber temperature [°C] 

Ta Ambient temperature [°C] 

G Solar radiation [W/m2] 

Pg Gas power [W] 

�̇� Airflow [kg/s] 
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1. INTRODUCTION 

 

Application of solar energy has been old since the existence of human being. Therefore, in order to 

maintain a safe environment, considering alternate renewable energy sources has become an essential 

mission [1]. Along the time, drying process usually requires much energy, the uncontrolled conditions 

favor the loss of product quality and also require a continued supplying energy. Drying is also one of 

the major preservation methods, has been utilized for centuries for valorizing and preserving the product 

for a long time. It is one of the oldest techniques and important prerequisites utilized by humankind to 

reduce sufficiently the water activity of food commodities in order to prevent microbial growth [2]. 

Drying improves the product’s shelf life and storage durability, diminishes wastes and transportation 

costs [3]. Generally, drying occurs by mass transfer operation including the removal of water from a 

material by evaporation [4]. This latter, has several disadvantages associated with cost of equipment, 

the quantity and cost of consumed energy [5,6] and the unevenness drying of the products [7]. In 

addition, the process is slow and intermittent, highly labor intensive, time consuming, and requires large 

operational space. Therefore, considerable efforts have been done to look for a compromise for 

developing a vital solution for drying food commodities.  

Indirect solar drying represents a promising alternative that should replace sun drying to cover the 

increasing demand for healthy, low-cost natural food and the need for sustainable income [8]. Indirect 

solar drying prevents direct exposure of food products to solar rays and contamination [9]. 

Solar drying is extended by the presence of another source of energy to overcome the intermittency of 

solar energy. The second energy source leads also to extend the drying time and to control the drying 

parameters during the dehydration process. Various type of hybrid solar-gas dryers [10,11,12] have been 

designed and developed for fruits, vegetables and other agriculture product drying either at industrial 

scale or by small farmers. Unfortunately, most of these hybrid dryers burn the gas in the same place 

with the products where the dried product adsorbs the flue gases as shown in Figure 1. During the whole 

drying process, the surface of the dried product is subjected directly to the flue gases and to the emitted 

soot due to incomplete combustion. Hence the quality of end-dried products is degraded. The proposed 

hybrid dryer uses a solar-gas collector as it is shown in Figure. 2. In this new configuration, the gas 

burners are set up along the rare side of the solar collector. The absorber picks up heat from both sides: 

on its top side from solar radiation and on its rare side from gas burners. Thus, during daytime, the solar-

gas collector receives the solar radiation for direct heating of drying air. The gas heaters are utilized to 

maintain the drying process during off-shine hours. The burners are placed outside the drying chamber. 

They are set up in the solar collector (Figure. 2a), under the absorber. Hence, the flus gases exhausts 

outside the dryer and are not mixed with the drying air. This results, lead to enhance the quality of end-

dried products. 

 
Figure 1. Proposed hybrid solar-gas dryer by ref [11]. 
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The air temperature inside the drying chamber is the most important parameter that affects strongly the 

drying rate. Nevertheless, the fluctuating of weather conditions and the intermittency of solar energy 

highly affect the threshold of the drying air. Therefore, the quality of dried products can be strongly 

altered. 

For effective use of the hybrid dryer and in order to enhance the quality of the dried products, 

synthesizing a complete control system of the drying parameters is primordial. To achieve that, 

prediction model of the output parameters related to input conditions is necessary. Further, reduction in 

gas consumption can be expected by design optimization and by the operating parameters control of 

hybrid dryer.  

Several previous works employed CFD to simulate the temperature, air velocity and relative humidity 

at various locations inside the drying chamber [13,14,15,16]. However, due to the geometric complexity 

of the whole dryer, obtaining accurate results by CFD study requires a fairly tight mesh, a high storage 

capacity and a huge simulation time [17]. 

On the other hand, predicting output by Matlab software was developed in many previous works 

[18,19,20]. Authors in [18] developed a mathematical model based on mass and heat transfer to predict 

crops temperature, air temperature, the moisture evaporated and for predicting the thermal performances 

of a solar dryer. Tiwari et al [19] developed a mathematical model in Matlab based on energy and exergy 

analysis to estimate the temperature of a greenhouse for fish drying. The necessary input parameters 

were ambient temperature, solar radiation and ambient relative humidity. The obtained predicted values 

are closer than those experimentally revealed. The coefficient of correlation and Root mean square error 

percent deviation are 0.94-0.99 and 2.4-10%, respectively. In other works, EL Ferouali et al [21,22] 

developed a mathematical model based on energy balance for investigating the thermal performances 

of solar air heaters operated in natural and forced convection. The obtained results would be highly 

informative for designing suitable and performing solar air heaters used in indirect solar dryers. The 

proposed models were developed for a simple solar dryer but not for hybrid ones. 

The main objective of this paper is to simulate an innovative hybrid indirect solar-gas dryer where the 

operating parameters are easily controlled during whole drying process and for all weather conditions. 

CFD modeling of the hybrid dryer was preliminary used only in order to investigate its thermal 

performances in term of the threshold of drying temperature. However, a multivariable model issued 

from CFD simulation was developed based on nonlinear least squares methods using Matlab system 

identification (ident). The behavior of the hybrid dryer was modeled in two main operating modes (solar 

mode where the energy is only provided by solar radiation and gas mode where the energy is only 

provided by gas power). The innovative developed model based state space leads to predict the drying 

temperature inside the drying chamber instantly with a huge reduction in simulation time and leads also 

to easily synthesize a control system of the drying temperature. The model might be handled by a simple 

calculation support device which could be easily integrated into the hybrid solar-gas dryer. 

 

2. DESCRIPTION OF HYBRID SOLAR DRYER 

 

The hybrid solar-gas dryer was designed and simulated using SolidWorks Flow simulation developed 

by Dassault systems SolidWorks crops (Figure 2). The designed dryer consists of a drying chamber 

which is the seat of physical operation. The drying chamber contains many trays that will be filled with 

the products to dry. The drying chamber is linked to a solar-gas collector used to generate the hot 

airregularly. The collector is a simple pass-finned plate solar air heater. The top side of the absorber is 

painted with matt black glycerphtalic lacquer (absorptivity=0.95, emissivity=0.8). The collector is 

covered by a glass (transmissivity = 0.95) with a separation of 5cm with the absorber. The solar collector 



Journal of Energy Systems 

263 

is fitted with a heat exchanger (metallic sheet) placed under the absorber. The fresh air is heated when 

it came in contact with the absorber and the surface of heat exchanger plate. The auxiliary heating system 

is a set of nine tubular burners located under the heat exchanger and monitored by a proportional valve. 

A fan was mounted in the chimney of the drying chamber to remove water vapor, ensure a better hot air 

circulation and uniformity of temperature inside the drying chamber. The gas burners can be used to 

raise the temperature level to the desired threshold in the case where solar radiation is not sufficient or 

non-existent. The solar-gas collector is fitted with three apertures in the both sides allowing the entrance 

of the necessary air required for combustion and an aperture in the outlet of the collector for the exhaust 

of flue gases. 

 

Figure. 2. Synoptic of the hybrid solar-gas dryer: (a) hybrid solar-gas dryer, (b) solar-gas collector. 

 

3. SIMULATION APPROACH 

 

CFD was utilized to investigate the distribution of air temperature, relative humidity and airflow inside 

the drying chamber. Heat transfer in the drying chamber is accomplished by 3-dimentional governing 

equation (mass, momentum and energy equation) along with initial and boundary conditions under 

transient and turbulent flow assumptions. The flow was considered as incomprehensible. The stability 

and accuracy were obtained using 𝑘 − 𝜀turbulence model. The wall of the fins was considered quit thick 

so the internal conduction was assumed negligible. The transient term was implicit. The conservation 

lows for mass, momentum and energy equations in the Cartesian coordinate system could be written by 

[17]: 

Continuity equation: 

𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖) = 0 (1) 

Momentum equation: 

𝜕𝜌𝑢𝑖

𝜕𝑡
+

𝜕

𝜕𝑡
(𝜌𝑢𝑢𝑖) = −

𝜕𝑃

𝜕𝑡
+

𝜕𝜏̅𝑒𝑓𝑓

𝜕𝑡
+ 𝜌𝑔𝛽(�̅�0 − �̅�) (2) 
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Energy equation: 

𝜕(𝜌𝐸)

𝜕𝑡
+

𝜕

𝜕𝑡
(𝑢𝑖(𝜌𝐸 + 𝑃)) =

𝜕

𝜕𝑡
(𝛾𝑒𝑓𝑓

𝜕𝑇

𝜕𝑡
− ∑ 𝐻𝑛𝐽𝑛

𝑛

+ (𝜏̅𝑒𝑓𝑓 . 𝑢𝑖)) (3) 

Where 𝑢𝑖 is the mean velocity component vector (m/s), E is the specific energy of fluid (j/kg), 𝛾𝑒𝑓𝑓 is 

the effective thermal conductivity (W/m.K), 𝐻𝑛 is the enthalpy of species n (J/kg), 𝐽𝑛 is the diffusion 

flux of species n (kg/m2 s), t is the time (s), 𝜌 is the density (kg/m3), P is the pressure (N/m2), g is the 

gravitational acceleration vector (m/s2), 𝛽 is the thermal expansion coefficient, �̅�0 is the system 

surrounding temperature in the work (reference temperature, K), �̅� is the mean temperature and 𝜏̅𝑒𝑓𝑓 is 

the effective stress tensor as Equ [4]: 

𝜏̅𝑒𝑓𝑓 = 𝜇𝑒𝑓𝑓 [(
𝜕𝑢𝑖

𝜕𝑡
+

𝜕�̅�𝑖
𝑇

𝜕𝑡
)] −

2

3

𝜕�̅�𝑖𝐼

𝜕𝑡
 (4) 

Where 𝜇𝑒𝑓𝑓 is the effective viscosity (kg/m.s), �̅�𝑖
𝑇 is the transposed mean velocity (m/s), and 𝐼 is the 

unit tensor. 

 

3.1. Simulation Model 

Figure 3 shows the 3-D solar-gas hybrid dryer simulation model. Geometric parameters and the material 

properties of the prototype of solar-gas hybrid dryer are given in Table 1. This model used single 

component model with assumptions of incompressible and unsteady-state flow [15]. Due to the 

geometric complexity of the dryer, obtaining accurate results requires a fairly tight mesh, a high storage 

capacity and a huge simulation time. Simulations were conducted using a grid density of 1 906 000 

elements. This meshing method was set automatically because of the complexity in the drying chamber 

and the restrict resources. Hence, the number of nodes inside the heat exchanger is 247×247. The high 

grid density requires computational resources beyond the availability in the laboratory (Intel core-i7, 

3.4GHz, 24GB Ram, 1TB Hard disk). 

 

Figure 3. 3D model of hybrid solar-gas dryer: (a) Hybrid dryer; (b) Solar-gas collector. 

 

 

(a) (b) 
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Table. 1. Details of components, materials, sizes and material properties of the dryer 

Component Material Size 

Material property 

Thermal 

conductivity (W/m.K) 

Density 

(kg/m3) 

Specific heat 

(J/kg.K) 

Absorber Aluminum 2 m * 1 m 237 2700 897 

Glass cover Glass 2 m * 1 m 1.05 2500 670 

Heat exchanger Iron 2 m * 1 m 80.2 7870 447 

Gas burner Iron 1 m 80.2 7870 447 

Sides insolation Mineral fiber thickness 50 mm 0.035 20 1030 

Bottom insolation Mineral fiber thickness 50 mm 0.035 20 1030 

Fins Aluminum thickness 1 mm 237 2700 897 

Air aperture  diameter 5 cm    

Walls (Drying chamber) Mineral fiber thickness 50 mm 0.035 20 1030 

 

3.2. Initial and Boundary Conditions 

At the initial state, the temperature of the chamber walls, the surface of tubular burners and the air inside 

chamber were assumed to be at 25°C. Boundary conditions including inlet air velocity, temperature, 

humidity, and outlet pressure are given in Table 2. The inlet air velocity was calculated from the flow 

rate of the ventilating fan while the inlet temperature and relative humidity were assumed to be constant 

at 25°C and 50% respectively, which were typical average ambient temperature and relative humidity 

in Marrakesh city in Morocco. The emitted flames from burners are modeled as volume heat sources 

located under a metallic sheet. The diameter of the flames was considered 1cm and their number is 216 

(24 flame for each burner). Hence, the power of each flame is Pg/216, with Pg is the total gas power (W). 

Table. 2. Boundary conditions performed in simulation 

Parameter Value 

Inlet air velocity (kg/s) 0.025 

Inlet air temperature (°C) 25°C 

Outlet pressure (Pa) 101325Pa 

Inlet air humidity (%) 50 

 

4. MULTIVARIABLE MODELING 

 

The state space approach (proposed since 1960) was used for the first time to solve general linear 

multivariable modeling and control systems. This branch of automatic control has been very actively 

developed in the last three decades with many published papers in the topic. It is based on linearization 

of non-linear system around operating point and developing a linear model representing its behavior in 

a specific operating range. 

Process identification is the field of mathematical modeling using test data. System identification is 

defined by Zadeh (1962) as: the determination of the system’s model on the basis of input and output 

data. The input-output data are usually collected from an identification test or experiment that is 

designed to make the considered data maximally informative about the system properties [23,24]. A set 

of candidate models is obtained by specifying their common properties and finally a suitable model is 

searched for within this set [25]. 
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In this study, a hybrid solar-gas dryer investigated and designed. The experimental tests and the 

simulation performed highlight the nonlinear behavior of the multivariable system (dryer). However, 

the system can be linearized around many operating points. 

Solar radiation (𝐺), airflow (𝑚)̇  and gas power (𝑃𝑔) are considered as the main inputs of the dryer and 

the drying chamber temperature (𝑇𝑐ℎ) is considered as the output parameter. The humidity of air inside 

the chamber was considered the same as the ambient one (in the unload case) and the ambient 

temperature (𝑇𝑎) is considered as a perturbation measurement (Figure 4). 

 
Figure 4. Input/output of the dryer. 

 

4.1. Static Characteristics 

To get the static characteristics of the dryer, the output parameter (drying temperature) was measured 

on the basis of input parameters (solar radiation, gas power and airflow) during the steady state. 

Therefore, the static characteristics allow to figure out the dryer’s input/output relationship and then 

give a general idea about the linearity and non-linearity of the system behavior. And especially, 

identifying the linear zones and operating points. 

The average drying temperature (𝑇𝑐ℎ) was measured on the basis of solar radiation (𝐺), gas power (𝑃𝑔) 

and airflow (�̇�). The measurements were carried out in steady state which was reached after two hours 

in case of solar mode and one hour in case of gas mode. 

Figure 5 shows the variation of (Tch) on basis of (𝐺) varying in a range of 0-1200W/m2 while gas power 

and airflow are maintained constant at (𝑃𝑔 = 2𝑘𝑊) and (𝑚 =̇ 0.025𝑘𝑔/𝑠), respectively. 

 
Figure 5. Static characteristic of the dryer on the basis of solar radiation. 
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The static characteristic of (𝑇𝑐ℎ) on basis of (𝑃𝑔) was built varying the gas power in a range of (0-5 kW) 

while considering solar radiation and airflow constant (G = 700 W/m2 and�̇� = 025𝑘𝑔/𝑠) (Figure 6). 

 
Figure 6. Static characteristic of the dryer on the basis of gas power. 

The static characteristic of (𝑇𝑐ℎ) on basis of (�̇�) was built varying the airflow in a range of (0-0.07 kg/s) 

while considering solar radiation and gas power constant (G = 700 W/m2 and Pg= 3kW) (Figure 7). 

 
Figure 7. Static characteristic of the dryer on the basis of airflow. 

After plotting the static characteristics of the dryer, linear zones were identified around many operating 

points. The linear zones in are identified taking into consideration the following assumptions: 

The dryer is operated in the neighborhood of a limited set of operating points. The dryer stays near 

certain working point for a long time compared to the largest drying time. At each operating point, the 

dryer dynamics are time invariant and the change is extremely slow. At each operating point, the dryer 

behavior can be accurately approximated by linear model. 

 

4.2. Input Signals 

The used input tests signal for modeling the dryer are Pseudo Random Binary Sequences (PRBS). The 

PRBS is a two state signal varying between the maximum and the minimum points of each linear zone. 

In addition, at least one of the PRSB pulses width should be greater than the system rise time [26]. A 
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transitory state simulation was carried out in order to calculate the rising time of the dryer applying step 

signals of solar radiation, gas power and airflow and the rising time for each response was noticed 

(trG=66min; trPg= 21min; trm =27min). Figure 8 depicts the generated input signals. 

 

 

Figure 8. PRBS input signals. 

 

4.3. Multivariable Model of the Hybrid Solar-gas Dryer 

The generated input signals are applied to the dryer simultaneously using (dependence) function in 

SolidWorks. The simulations were conducted in transitory state. The simulation time was set to 20 hours 

of operation. But only 15 hours were considered for modeling, during this period the dynamic response 

of the dryer was well described. Figure. 9 shows the variation of the average drying temperature inside 

the drying chamber. It can be noticed from the Figure 8 slight variations in of the temperature in the 

steady state. This is due to airflow variation for the increasing and decreasing of drying temperature. 

Other sequences of PRBS input signals were generated and used for modeling and the same results were 

obtained. The calculation time for every simulation was huge and estimated at 21 days. 
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Figure 9. Variation of drying chamber temperature. 

The obtained input/output data were loaded into the system identification Toolbox of Matlab 

environment using (Ident) in order to identify the linear model of the hybrid dryer. The system 

identification provided using Matlab allows building mathematical models of a dynamic system based 

on non-linear least squares estimation method. 

 
Figure 10. Simulated outputs of CFD and MM models. 

The simulation results of the identified linear multivariable model fitted the CFD ones with 90% of 

accuracy. Slight distortion of the MM response was appeared in the durations (3.5-4h) and (7.5-8h) as 

shown in Figure 10. This is due to the abrupt shifting of airflow in both durations while solar radiation 

and gas power were constant as mentioned in Figures .8. Taking into consideration the tolerable 

temperature range uncertainty for dying several products (+/-3) and for control purpose, this is an 

accurate model. 

The hybrid dryer state space multivariable model is represented by: 

𝐴 = [
−0.0030 −0.0202
−0.0141 −0.1701

] 𝐵 = [−0.0004579 6.879𝑒−6 4.959𝑒−6

−0.001803 2.66𝑒−5 −0.0003882
] 

𝐶 = [238.4 −0.5692] 
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Figure 11 shows the used Simulink blocks to represent the studied hybrid solar-gas dryer. 

 
Figure 11. Multivariable model of hybrid solar-gas dryer. 

The least squares method is a major tool models’ parameters estimation using input-output data. This 

method is represented as a mathematical procedure by which the unknown parameters of a mathematical 

model are chosen (estimated) such that the sum of the squares of some chosen error is minimized. The 

used mathematical equations for estimating the model parameters are the following [24]: 

𝑦(𝑡) = 𝐺(𝑡)𝜃1(𝑡) + 𝑃𝑔(𝑡)𝜃2(𝑡) + �̇�(𝑡)𝜃3(𝑡) (5) 

Where 𝑦(𝑡) is the output variable (Tch), {𝜃1, 𝜃2, 𝜃3} is a set of constant parameters, 𝐺(𝑡), 𝑃𝑒(𝑡), �̇�(𝑡)are 

input variables, the variable 𝑡 denotes time. 

Assuming that 𝑁 samples of measurements of 𝑦(𝑡) and 𝐺(𝑡), 𝑃𝑔(𝑡), �̇�(𝑡) are made at time 1,2, … , 𝑁. 

Filling the data samples into Equ [5], results in a set of linear equations. 

𝑦(𝑡) = 𝐺(𝑡)𝜃1(𝑡) + 𝑃𝑔(𝑡)𝜃2(𝑡)�̇�(𝑡)𝜃3(𝑡)    𝑡 = 1,2, … , 𝑁 (6) 

This can be arranged in a simple matrix form: 

𝑦 = ∅𝜃 (7) 

Where 

𝑦 = [
𝑦(1)

⋮
𝑦(𝑁)

],   ∅ = [

𝐺(1) 𝑃𝑔(1) �̇� (1)

⋮ ⋮ ⋮
𝐺(𝑁) 𝑃𝑔(𝑁) �̇� (𝑁)̇

],                    𝜃 = [

𝜃1

𝜃2

𝜃3

] 

For 𝑁 = 𝑛 = 3, we have a unique solution 

�̂� = ∅1𝑦 (8) 

Provided ∅1, the inverse of square matrix , exists. 𝜃 denotes the estimate of 𝜃. 

Introduce a residual error, and then: 

𝜀(𝑡) = 𝑦(𝑡) − �̂�(𝑡) = 𝑦(𝑡) − 𝜑(𝑡)𝜃 (9) 

𝜃is chosen such that the criterion: 
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𝑉𝐿𝑆 =
1

𝑁
∑ 𝜀(𝑡)2

𝑁

𝑡=1

=
1

𝑁
∑[𝑦(𝑡) − 𝜑(𝑡)𝜃]𝜀2 =

1

𝑁
𝜀𝑇

𝑁

𝑡=1

𝜀 (10) 

is minimized. Here: 

𝜀 = [

𝜀(1)
𝜀(2)

⋮
𝜀(𝑁)

] 

To carry out the minimization, we express: 

𝑉𝐿𝑆(𝜃) =
1

𝑁
(𝑦 − ∅𝜃)𝑇(𝑦 − ∅𝜃) =

1

𝑁
[𝑦𝑇𝑦 − 𝜃𝑇∅𝑇𝑦 − 𝑦𝑇∅𝜃 − 𝜃𝑇∅𝑇∅𝜃] (11) 

Taking the first derivative of 𝑉𝐿𝑆(𝜃) with respect to 𝜃 and equating the result to zero, we have: 

𝜕𝑉𝐿𝑆(𝜃)

𝜕𝜃
=

1

𝑁
[−2∅𝑇𝑦 + 2∅𝑇∅�̂�] (12) 

Hence the solution is given by the Equ [13]. 

∅𝑇∅�̂� = ∅𝑇𝑦 (13) 

Or: 

�̂� = [∅𝑇∅]−1∅𝑇𝑦 (14) 

𝜃 is least-squares estimator of 𝜃. 

 

5. RESULTS AND DISCUSSIONS 

 

5.1. CFD Simulation of the Temperature and Airflow Distribution Inside the Hybrid Solar-gas 

Dryer. 

The temperature profiles inside the drying chamber at two operating modes of the hybrid solar-gas dryer 

(solar mode and gas mode) are shown in Figures (12-13), respectively. 

 

5.2. Solar Mode 

In the case of solar mode, the simulations were established in clear whole day of operation. The reached 

average drying chamber temperature is 45°C at an average solar radiation of 914.2W/m2 with an air 

flow of 0.025 kg/s. The drying temperature profile during a whole day of operation is shown in (Figure. 

12).  
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Figure 12. Temperature profile inside the drying chamber. 

The used solar radiations in simulations were measured experimentally using Keep and Zonen 

pyranometer. The solar radiations and ambient temperatures during the experiments are shown in Table 

3. 

Table 3. Solar radiation during experiments carried on December 16, 2016. 

Time Solar radiation (W/m2) Ambient temperature (°C) 

8h 360 21.3 

9h 610 23.5 

10h 720 24.3 

11h 844 25.8 

12h 920 26.6 

1h 928 27.5 

2h 947 28.3 

3h 873 28.9 

4h 747 27.4 

5h 504 26.3 

6h 181 24.7 

 

5.3. Gas Mode 

In the case of intermittency of solar radiation at night or during inclement weather, the auxiliary gas 

heating system turns on. The average chamber temperature was investigated at different gas powers. It 

is observed that the average drying temperature inside the drying chamber are 33.6°C, 53.7°C and 

70.2°C for gas powers of 1kW, 3kW and 4kW, respectively, as shown in Figure 13. The steady state 

was reached quickly after approximately 16 min comparing with the solar mode (66 min) which confirm 

the effectiveness of the hybridization of the dryer using gas power. In addition, the ranges of the reached 

temperatures are suitable for drying a wide variety of agriculture products. 
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Figure 13. Temperature profile inside the drying chamber in a gas mode: a) Drying temperature, b) airflow path 

lines. 

 

5.4. Comparison Between CFD and Multivariable Modeling 

To check the effectiveness of the proposed multivariable model, the temperature delivered by CFD 

simulation is investigated with regard to the temperature predicted by multivariable model at two 

operating modes (solar mode and gas mode). CFD and MM simulation results are plotted against clock 

time as shown in Figs. (14a-14b). it is clearly shown that the simulation results of the drying temperature 

obtained from CFD slightly over-estimate the temperature predicted by (MM). The error estimation is 

slightly high in the transitory state while it tends to decrease in steady state. This is due the errors of 

linearization. 

 
Figure 14. Comparison between the simulated CFD and MM output; (a) solar mode (c) gas mode. 

The variation effect of solar radiation, gas power and airflow on the MM simulation results is also 

investigated and compared with the CFD simulations and the results are summarized in Table 4. The 

CFD simulations were established in steady state. 

 

 

(a) (b) 
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Table 4. Effect of solar radiation, gas power and airflow on the CFD and MM simulation results 

Solar radiation (W/m2) CFD simulation MM simulation Relative error (%) 

100 51.68°C 52.1°C 0.8 

200 52.79°C 53.7°C 1.7 

300 54.04°C 55.44°C 2.5 

400 57.25°C 56.78°C 0.8 

500 57.84°C 58.11°c 0.4 

600 58.96°C 59.46°C 0.8 

700 60.69°C 60.76°C 0.1 

800 63.12°C 62.56°C 0.88 

900 64.69°C 63.8°C 1.3 

1000 65.81°C 65.1°C 0.07 

Gas power (kW)    

0.5 30.24°C 29.6°C 2.1 

1 33.95°C 33.09°C 2.5 

1.5 38.99°C 37.68°C 3.35 

2 43.38°C 42.27°C 2.5 

2.5 47.38°C 46.86°C 1.09 

3 52.33°C 51.56°C 1.4 

3.5 55.19°C 56.04°C 1.5 

4 61.4°C 60.63°C 1.2 

5 67.27°C 68.4°C 1.6 

Airflow (kg/s)    

0.0072 64.12°C 62.8°C 2.05 

0.025 60.07°C 60.35°C 0.4 

0.047 58.71°C 59.4°C 1.17 

0.062 56.18°C 58.6°C 4.3 

The temperature profile of CFD simulation is almost similar to MM temperature profile. The root main 

square error RMSE is used for validation of CFD simulation results against MM ones and given in Table 

5. 

Table 5. Statistically validation of simulation results  

Operating mode Root mean square of percent deviation 

Solar mode 2.60 

Gas mode 2.11 

Irradiance variation 0.71 

Gas variation 0.91 

Airflow variation 1.42 

The higher difference between the MM and CFD results is 2.3°C. The relative error remains under 

3.35% and the RMSE varies from 0.71 to 2.60 which shows the good strength of the modeling method 

and the closeness of the CFD simulation results with MM ones. A notable reduction in simulation time 

was also noticed. The simulation time is reduced from several hours to less than one second. 

 

6. CONCLUSIONS 

 

The solar dryer operates under unstable and random input parameters (solar radiation, ambient 

temperature and ambient relative humidity). Controlling such device requires developing an accurate 

model to predict instantly the output parameters (drying air temperature). The threshold of drying 

temperature has been investigated using CFD model in three operating modes of the dryer (solar mode, 

gas mode and hybrid mode) and the range of the reached temperatures are suitable for drying a wide 

variety of products. The present model will be beneficial to design solar-gas hybrid dryer for drying 
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products without incurring any damages or alteration of their quality by flues gases. Nevertheless, the 

CFD simulation time for each weather condition is so important which hinders any control of the dryer. 

Thus, a multivariable model of the hybrid dryer for predicting the drying temperature was developed 

based on nonlinear least squares methods taking into account solar radiation, gas power and airflow as 

the main input parameters. The predicted temperatures by multivariable model were compared with the 

CFD ones based on mean root square error (RMSE) and relative error. From the values of RMSE (0.71-

2.60) and relative error (under 3.35%), it is inferred that the predicted values by MM are in harmony 

with the observed values by CFD in two operating modes. The multivariable model leads to predict the 

temperature instantly with a remarkable reduction in simulation time.  
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