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Abstract: Computer simulation is an effective technique for 

better understanding the physical phenomena of drying. 

Understanding and predicting the drying behavior before 

applying the material would increase the dryer efficiency by 

properly designing existing heat pump dryer systems. This study 

was done to simulate the airflow in a heat pump dryer chamber 

using Computational Fluid Dynamics (CFD). COMSOL 

Multiphysics software v5.4 has been used for simulation. Air 

velocity, temperature, and relative humidity distribution profile 

were achieved by solving the Naiver stoke fluid equation, Heat 

transfer equation, and Transport of diluted species equation 

(Fick’s law). The simulated data for nine different locations were 

verified using experimental results. The relative error and mean 

relative deviation for temperature profile were less than ±1.8% 

and 7.8%. It was recorded less than ±2.8% and 10.6% values for 

the relative error and mean relative deviation for relative 

humidity profiles. Therefore, this would be a suitable prediction 

method to understand the airflow pattern and conditions inside a 

chamber  
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I. INTRODUCTION  

ven though drying is very essential operation in food 

industries, it consumes large amounts of energy and time. 

Any improvement in the existing dryer design will reduce the 

cost and energy, improve the quality of dried products, and be 

beneficial for the industry. The development of a heat pump 

dryer is advantageous due to it provide huge savings for 

industry. Researchers have proven that compare to other 

drying methods, it facilitates higher energy efficiency, better 

product quality, the ability to operate independently of outside 

ambient weather conditions, environmentally friendly drying 

condition [7, 9, 15, 21, 24]. In the drying process, drying air 

temperature, humidity, and velocity are the main factors that 

affect the product's drying rate [8, 19].  

In deep bed dryers, heat and mass transfer phenomena involve 

over-drying in the lower zone and under-drying in the upper 

zone [22]. Therefore, in designing suitable geometric 

configurations of the drying chamber, predicting the airflow 

velocity, temperature, and relative humidity inside the dryer 

helps to optimize the design and improve the drying process 

before the actual dryer is built [19]. Mathematical modelling 

has been used to model the airflow behavior inside several 

kinds of dryers [4, 11, 16]. However, Mathematical modelling 

is complicated process and need a developed technology to 

solve the complex formulations.  

Computational Fluid Dynamics (CFD) modelling and 

simulation is a widely accepted technique for mathematical 

modelling. Woo has described that the CFD approach is the 

cost-effective innovative solution for design and development 

of drying equipment [25]. With the advancement of computer 

power and numerical methods, it can easily predict airflow 

behavior with the variables of velocity, temperature, moisture 

content, kinetic energy etc. [2-3, 5-6, 9, 14, 18, 22, 26]. Most 

of researchers have discussed several applications of CFD 

simulation in drying systems including with the different 

configurations, different drying conditions, for several drying 

materials etc. [10, 22-23]. Furthermore, they have discussed 

future improvements and needs of CFD modelling and 

simulation. 

Especially for large-scale dryers, measuring drying parameters 

are difficult since several sensors need to be place at various 

locations and directions. Due to it is a costly and time-

consuming operation CFD software may be used to predict. 

The simulation results need to be compared with actual drying 

results and when there is an agreement of accuracy, it may be 

applied for other drying systems and many researchers has 

been proved this method [2-3, 5, 10, 14, 18-19, 22-23].  

In this study, an industrial scale heat pump-based empty dryer 

was used for the experiment. COMSOL Multiphysics 

software was used for the simulation; Turbulent k-ɛ model, 

Heat transfer model and transport of diluted species in fluid 

model were used for simulation of velocity, temperature, and 

relative humidity profile, respectively. 3D geometry of the 

chamber and its physical properties, considered during the 

simulation, was taken from a specific experiment conducted 

in an industry. The performance of simulations was compared 

with experimental data. This study will develop a CFD 

simulation model for the airflow, temperature, and relative 

humidity distribution inside the heat pump-based drying 

chamber. 

II. MODEL DEVELOPMENT 

A. Experimental setup  

The industrial-scale heat pump dryer was used in this study 

for the experiment at the Helabima Food Pvt (Ltd), 

Namalthenna, Kandy, Sri Lanka. As shown in Fig.1, the 

system consisted of two major parts: the heat pump unit and 

the drying chamber. It consisted of an evaporator, condenser, 

compressor, expansion valve, and blower to provide the 

required airflow to the drying system. The evaporator 
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absorbed heat from the ambient air and produce low moist, 

cold air. The evaporated moisture from the air is removed to 

the environment through the opening at the evaporator unit. 

At the condenser unit, the heat exchanger transferred the heat 

from the refrigerant into the air, and the blower will produce 

an airflow with a speed of 39.85 ms-1 into the drying chamber. 

The drying chamber was in cylindrical shape with a height of 

1.2 m, a diameter of 0.95 m, and made of stainless steel with a 

thickness of 0.002 m. The inlet diameter of the drying 

chamber was 0.13 m [13]. 

Fig. 1 Schematic diagram of Heat Pump dryer [13] 

 

The temperature and the relative humidity were measured 

using AM2302 (wired DHT22) sensors installed at inlet, 

outlet and nine locations (Fig. 2) in three different layer 

depths at the left side, assuming that values from other sides 

are the same. Sensors were installed form 15cm, 45cm and 

75cm depth layer below from top of the chamber. Inlet air 

velocity was measured using a portable velocity meter (KURZ 

instruments, 440 series, Chatsworth, California.). The outlet 

velocity was measured using a Davis vane anemometer (Davis 

Instruments, A/2-4 in. standard model, Davis Instrument Mfg. 

Co., Baltimore, Md.). 

Fig.2 Sensor positions in the drying chamber [13] 

 

 

 

B. CFD Simulation 

Governing equations of fluid flow and heat transfer were 

considered mathematical formulations of the conservation 

laws of fluid mechanics and are referred to as the Navier-

Stokes equations. In COMSOL Multiphysics, the resulting 

equations were written as below: 

1) Turbulent k-ɛ Model        (1) 

          (2) 

2) Heat Transfer in Fluid 

               (3) 

The second term (Eq. 4) of the right-hand side is the work 

done by pressure changes and results from heating under 

adiabatic compression and some thermoacoustic effects. It is 

generally small for low match number flows. 

                       (4) 

The third term (Eq. 5) represents viscous dissipation in the 

fluid. 

                                     (5) 

3) Diluted species transport in fluid  

This interface can be found under the chemical species 

transport branch used to calculate the concentration field of a 

diluted solvent. Transport and reaction of species in a gas, 

liquid, or solid can be handled. The main force for the 

transport phenomena is diffusion by Fick’s law. 

                                        (6) 

Mainly simulation was conducted based on the following two 

steps: stationary fluid flow study using single-phase turbulent 

k-ɛ model; Time-dependent study with fully coupled heat and 

moisture transfer model. The CFD simulation was carried out 

for half of the dryer, considering the axisymmetric chamber to 

save the computational time and avoid the complexity. The 

initial and boundary condition for simulation is shown in 

Table 1. Boundary surfaces were in Fig. 3. The time-

dependent Backward Differentiation Formula (BDF) solver 

was used with the Parallel Sparse Direct Solver (PARDISO) 

to solve the equations of the deep-bed model. The mesh was 

generated using the finite element models with the 38.30 s 

meshing time. User-controlled methods and coarse types of 

mesh were selected to avoid the complexity of the simulation. 

The maximum and minimum element sizes were 0.274 and 

0.0581, respectively. The maximum element growth rate was 

1.4. Curvature factor and resolution of narrow regions 1 and 

0.3, respectively. The absolute tolerance was 0.0001. 

  

 

 



International Journal of Research and Innovation in Applied Science (IJRIAS) |Volume VII, Issue IX, September 2022|ISSN 2454-6194 

www.rsisinternational.org                                                                                                                                                    Page 78  

Table I. Initial and Boundary Conditions for Simulation 

 

Average inlet 

Airflow 
(m/s) 

Inlet 

Air Temperature 
(℃) 

Outlet 

Air Temperature 
(℃) 

Inlet Air 

Relative humidity 
(%) 

Outlet Air 

Relative humidity 
(%) 

Temperature of 

surrounding 
(℃) 

Initial 39.85 39.6 34 29.9 34.8 40.5 

Final  51 39.2 21.2 28.1 43.3 

 

 

Fig. 3 Selected boundary condition of chamber for the simulation [13] 

The performance of the simulation model was evaluated based 

on the relative error (RE) and mean relative deviation (MRD) 

based on the following equations [3]:  

                             (7) 

                    (8) 

Where and  indicate the jth experimental and predicted 

moisture content or temperature of air (dry basis), respectively, 

and n is the number of measurements in each experiment. 

III. RESULTS AND DISCUSSION 

In this simulation study, some major parameters of the drying 

air were analyzed within the chamber on the COMSOL 

Multiphysics interface. In addition, 3D CFD simulation was 

conducted to predict the airflow distribution because the result 

of a 2D simulation would not represent the real problem, as 

discussed by Misha [18]. The result is implemented at Intel® 

Core™ i3-3110M CPU @ 2.40GHz, 8.00 GB RAM, and 64-bit 

operating system.  

Experimental results are illustrated in Fig. 4. Temperature and 

relative humidity showed the same pattern of changes in each 

layer. Minimum and maximum temperatures were 33.4℃ and 

39.5℃. Even though relative humidity changed between 25% 

to 39%, the higher moisture concentration was observed near to 

the dryer wall. Overall, the drying chamber's mean temperature 

and relative humidity gradient were approximately 36.45 °C 

and 32%, which is a reasonable value for heat pump drying 

conditions. 

A. CFD simulation of velocity fields in the dryer. 

Fig. 5 below is displayed the velocity field inside a middle 

vertical plane (side view) in the dryer. The velocity decreases 

towards the exit section, the outlet. According to the simulation 

data, a stable air flow condition was achieved within 2 minutes.  

As shown in Fig. 5, the airflow velocity is unevenly distributed 

at the bottom of the chamber. When the air moves upward, 

velocity is evenly distributed in each direction. The color 

legend shows the magnitude of the velocity field. Even though 

the inlet velocity field was around 39.6 ms-1, the velocity at the 

top of the chamber was 1.0 ms-1.  

 

Fig. 5 Velocity distribution in a vertical cross section of chamber 

B. CFD simulation of temperature distribution in the drying 

chamber.  

The temperature profile's uniformity of hot air flow distribution 

in the drying chamber can be assessed from cross section of the 

drying chamber. Through the several plans, the closest plane of 

the outlet of the drying chamber presented a poor zone (Figure 

6(a)) compared to the bottom plan (Figure 6(c)) in terms of hot 

air distribution due to its location and the effect of the blower. 

The temperature contours of each layer in the dryer are 

presented in Fig. 6(a-c). 

Fig. 7 illustrates the distribution of temperatures inside the 

drying chamber. The vertical plane is homogeneous, except the 

bottom of the drying chamber (air inlet), and near the wall 

opposite the inlet, higher temperatures are obtained. The hot air 

temperature from the inlet was changed from 39.6°C to 51°C 

during the drying period. It was found that the average 

temperature at the three layers of simulation results was in the 

range of 34.85 °C to 39.85 °C.  

 

Fig. 6 Temperature distribution in a vertical cross section of chamber 
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Fig. 6 Temperature distribution of each layer in chamber 

 

Fig. 4 Experimental results of Temperature and Relative humidity profile in dryer for 20 min drying period 

(a). Experimental results in Temperature and relative humidity profile of 75 cm depth layer  

(b). Experimental results in Temperature and relative humidity profile of 45 cm depth layer  

(c). Experimental results in Temperature and relative humidity profile of 15 cm depth layer  
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C. CFD simulation of relative humidity distribution in the 

dryer. 

Fig. 8 shows the moisture content distribution with the 5 

minutes drying time interval and indicates amore significant 

moisture gradient mainly near the dryer wall. It could be a 

reason for achieving uneven drying conditions of a deep bed. 

 

 

Fig. 8 Relative humidity distribution in a vertical cross section of chamber with the 5 min time interval 

D. Results of CFD simulation  

Table II. The Results of Validation Test for Predictions of Air Temperature 

and Air Relative Humidity. 

 Air Temperature (℃) Air Relative Humidity (%) 

 
Relative 

error (%) 

Mean 

relative 
deviation 

(%) 

Relative 
error (%) 

Mean 

relative 
deviation 

(%) 

A2 -0.192 0.447 6.286 8.93 

A3 -0.611 0.717 -4.713 8.15 

A4 -0.272 0.463 -6.507 9.59 

A5 -1.840 1.904 -7.868 10.68 

A6 -1.371 1.453 -0.203 6.65 

A7 -0.623 0.772 -4.019 7.83 

A8 -1.678 1.764 -5.021 8.82 

A9 -1.047 1.156 6.662 8.67 

A1

0 
-2.857 2.879 -4.648 8.26 

In this experiment, inlet, air temperature, and relative 

humidity were changed range from 39.6℃ - 51 ℃ and 29.9% 

- 21 %, respectively, while the air velocity in inlet was 

constant at the speed of 39.85 ms-1. Table 2 shows the results 

of validation tests for predictions of air temperature and air 

relative humidity. Compared with experimental data, the mean 

relative deviation (MRD) values for predicting drying air 

temperature and relative humidity were less than 2.8 % and 

10.68%, respectively. Previous researchers have accepted 

their models with a less than 15% error as an appropriate 

degree of agreement between simulation and experimental 

data [1, 12, 17, 20, 23]. The lowest and the highest values for 

MRD are 0.447% and 10.68%, respectively, whereas the 

minimum and maximum obtained values for RE are -0.192% 

and 6.662%, respectively Therefore, the results showed that 

the model could predict drying air temperature and humidity 

with reasonable accuracy.  

The errors of predicting drying parameters could be due to 

making the assumptions, actual performance of the dryer, 

errors when selecting the initial parameters of the simulation.    

This study has potential limitations. At this point we only 

considered the temperature, relative humidity and stable 

velocity field for the input airflow, future research work 

should be done for different drying conditions to find the 

optimization of the process. Moreover, we could not consider 

the airflow density changes during the time due to complexity 

of research.  

IV. CONCLUSION 

In this article, the commercial CFD software COMSOL 

Multiphysics was expanded to simulate the heat pump dryer. 

The simulation results were compared with some 

experimental data of drying. The obtained values of mean 

relative deviation (MRD), relative error (RE) for air 

temperature prediction, and humidity were less than 7.8%., 

±1.8% and 10.6%., ±2.8%., respectively. The results revealed 

that the CFD model had a good performance for predicting air 

temperature and moisture content and it visualize the 

0 

min 

20 min 15 min 

10 min 

minmin 

5 min 
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temperature and moisture profile throughout the drying period. 

It could be used to decide when optimizing the drying system. 

Further work is needed to equip commercial CFD software 

with the different air velocities, different levels of the inlet air 

mass, and temperature. 

V. NOMENCLATURE 

T Air temperature (K) 

CFD Computational Fluid Dynamic 

MRD Mean relative deviation (%) 

RE Relative error (%) 

RH Relative humidity (%) 

Q Heat Energy (W/m3) 

I Fluid enthalpy (J/kg) 

P Pressure (Pa) 

U Velocity vector (m/s) 

F Volume force vector (N/m3) 

D Diffusion coefficient 

X Position in the chamber (m) 

C Vapor concentration (mol/m3) 

Qp Work done by pressure changes (W) 

Qvd Viscous dissipation in the fluid (W/m3) 

μ Dynamic viscosity (Pa.s) 

t Time (s) 

cp 
Specific heat capacity in a constant 

pressure (J/Kg.K) 

Qbr Mass sink source (kg/m3. s) 

 
Greek letters 

 

ρ Density of fluid (kg/m3) 

τ Viscos stress tensor (Pa) 

αp Coefficient of thermal expansion (1/K) 

q Heat flux by conduction (W/m2) 

p Density (kg/m3) 

u Inflow velocity vector (m/s) 
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