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Abstract. The performance of briquette drying systems is strongly influenced 

by airflow distribution and thermal uniformity within the drying chamber, 

which are governed by outlet configuration and internal flow patterns. 

However, limited studies have systematically quantified the effect of exhaust 

outlet arrangements on the coupled heat transfer and fluid flow behavior in 

industrial-scale briquette ovens. This study aims to numerically investigate the 

influence of single-, double-, and four-outlet configurations on airflow 

characteristics, temperature distribution, and overall thermal performance of a 

briquette drying oven. A three-dimensional geometric model representing the 

combustion chamber, drying chamber, and briquette racks was developed and 

analyzed using Computational Fluid Dynamics (CFD). Steady-state 

simulations were performed in ANSYS Fluent employing the standard k–ε 

turbulence model, with air properties, inlet velocity (9.97 m/s), and thermal 

boundary conditions defined based on operational data. The results reveal that 

outlet configuration significantly affects flow recirculation intensity and 

temperature uniformity across the briquette racks. The four-outlet configuration 

produced the most homogeneous airflow distribution and reduced thermal 

gradients, thereby enhancing convective heat transfer effectiveness compared 

to single- and double-outlet designs. Conversely, the single-outlet case 

exhibited pronounced recirculation zones and localized temperature variations, 

potentially leading to uneven drying. These findings demonstrate that 

optimizing outlet arrangement is a critical design parameter for improving 

drying efficiency and energy utilization in briquette oven systems, providing a 

validated numerical framework for future thermal system optimization.  
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1. INTRODUCTION 

The drying process of briquettes represents a critical stage in biomass thermal processing[1]–[3], where moisture 

removal occurs through coupled heat and mass transfer mechanisms[4]–[7]. Proper drying significantly improves 

calorific value, mechanical integrity, storage stability, and combustion performance, thereby enhancing the 

viability of briquettes as a sustainable alternative energy source. Achieving uniform temperature distribution and 

efficient heat transfer within the drying chamber is essential to prevent uneven drying, cracking, or quality 

degradation of the final product[8]–[11]. 

Previous studies have investigated various drying technologies[3], [12]–[20], including solar-assisted and 

forced-convection systems, highlighting the importance of airflow management in improving drying efficiency. 

While these studies report improvements in thermal performance and moisture removal rates, limited attention has 

been given to the influence of exhaust outlet configuration on internal airflow structure and temperature 

uniformity. In forced-convection drying ovens, outlet placement plays a crucial role in controlling flow 
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recirculation patterns, pressure distribution, and convective heat transfer across product racks. However, 

systematic numerical investigations comparing different outlet arrangements under identical operating conditions 

remain scarce. 

Furthermore, experimental evaluation of airflow and temperature distribution inside industrial drying 

chambers is often challenging due to measurement limitations and spatial constraints. Computational Fluid 

Dynamics (CFD) offers a robust alternative by enabling detailed visualization of velocity fields, thermal gradients, 

and recirculation zones within complex geometries[1], [3], [4], [19], [20]. 

Therefore, this study aims to numerically investigate the influence of single-, double-, and four-outlet 

configurations on airflow characteristics and temperature distribution inside a briquette drying oven. By employing 

three-dimensional CFD simulations under steady-state forced convection conditions, this research provides a 

comparative assessment of outlet designs and identifies the configuration that ensures the most uniform thermal 

environment. The findings contribute to the optimization of drying chamber design and support the development 

of more efficient biomass drying systems. 

Although briquette drying is fundamentally governed by coupled heat and mass transfer processes, the 

present study focuses exclusively on the thermal-fluid behavior within the drying chamber. The primary objective 

is to investigate how different outlet configurations influence airflow distribution, temperature uniformity, and 

convective heat transfer characteristics. Moisture transport, evaporation mechanisms, and drying kinetics were not 

included in the present numerical model and are therefore beyond the scope of this investigation. Nevertheless, 

improving temperature uniformity is expected to provide favorable thermal conditions for subsequent moisture 

removal. Future work will incorporate coupled heat-and-mass transfer modeling to predict moisture distribution 

and drying kinetics more comprehensively. 

 

2. METHODS  

2.1 Geometrical Modeling and Configurations 

A three-dimensional model of the briquette drying oven was developed using Autodesk Inventor 2025 based on 

actual industrial dimensions. The system consists of a combustion chamber, a drying chamber, insulated steel 

walls, and multiple briquette holding racks. The oven has a total internal area of 6 m², as summarized in Table 1. 

To evaluate the effect of exhaust design,  

 

  

Figure 1. Temperature distribution on the YZ plane for: (a) single outlet, (b) double outlet and (c) four outlets 

 

As illustrated in Figure 1(a–c), the outlet positions were varied on the top surface while maintaining 

identical chamber geometry and inlet conditions. This approach ensured that performance differences were solely 

attributed to outlet arrangement. The CAD models were exported in STEP format and imported into ANSYS 

Workbench for Computational Fluid Dynamics (CFD) analysis. 

 

 

 

Figure 2. (a)Top View and (b) front view on four outlet oven 
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The technical drawing in Figure 2 provides the orthogonal views of a four-outlet industrial oven, detailing 

its top and front configurations alongside a 15 mm thick thermal wall insulation layer. The flow system consists 

of three parallel inlets with a diameter Ø75 mm on the left wall that feed into the heating chamber from combustion 

chamber, which then exhaust symmetrically via four 65 mm × 65 mm square outlets situated at the corners. 

Furthermore, the front view reveals that a 350 mm wide briquette rack is positioned at a height of 250 mm within 

the oven cavity, directly beneath the horizontally aligned inlet ports to intercept the incoming convective airflow. 

 

Table 1. Geometry Spesification 

 

 

Descriptions  

 

 

Value 

Oven length 7000 mm 

Width 3000 mm 

Height 6000 mm 

Wall Material  Coated Stell 

Inlet diameter 75 cm  

Outlet size 65 x 65 cm 

Insulation Glasswool thk. 1.5 mm 

Rack dimension 90 x 250 x 350 cm 

Capacity 5 Tons 

 

The data provided in Tabel 1. shows the structural and geometric specifications of an industrial oven with 

an overall capacity of 5 Tons. Constructed with coated steel walls, the primary dimensions of the oven cavity span 

a length of 7000 mm, a width of 3000 mm, and a height of 6000 mm, supplemented by a 1.5 mm thick glasswool 

insulation layer. The thermal processing chamber also features a 75 cm inlet diameter, 65 x 65 cm outlets, and 

houses an internal rack with dimensions of 90 x 250 x 350 cm. 

 

2.2. Governing Equations and Physical Modeling 

The airflow and heat transfer inside the drying chamber were modeled using the steady-state, three-dimensional 

Reynolds-Averaged Navier–Stokes (RANS) equations for incompressible flow[21]–[25]. The governing 

continuity equation is expressed as Eq. (1) 

 

 ∇⋅u=0       (1) 

 

ensuring mass conservation. The momentum equations are written as Eq. (2) 

 

𝜌(u ⋅ ∇)u = −∇𝑝 + ∇ ⋅ [(𝜇 + 𝜇𝑡)(∇u + ∇u𝑇)] + 𝜌g   (2) 

 

 where ρ is the fluid density, u is the velocity vector, p is the pressure, μ is the dynamic viscosity, and μ t is the 

turbulent (eddy) viscosity. Heat transfer is governed by the energy equation as Eq. (3) 

 

 𝜌𝑐𝑝(𝐮 ⋅ ∇)𝑇 = ∇ ⋅ [(𝑘+
𝜇𝑡𝑐𝑝

𝑃𝑟𝑡
)∇𝑇] + 𝑆𝑇    (3) 

 

where T is temperature, cp the specific heat capacity, k is the thermal conductivity, and Prt is the turbulent Prandtl 

number[26], [27]. Turbulence effects were represented using the standard kε model, in which the turbulent 

viscosity is defined as Eq. (4) 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
      (4) 

The transport equations for turbulent kinetic energy (k) and its dissipation rate (ε) are solved to close the RANS 

system, incorporating production and dissipation terms with the standard model constants 𝐶𝜇 = 0.09, 𝐶1𝜀 = 1.44, 

𝐶2𝜀 = 1.92, 𝜎𝑘 = 1.0, and 𝜎𝜀 = 1.3. This formulation ensures reliable prediction of internal forced convection 

and thermal distribution within the drying chamber[28]–[32]. 

Air was defined as a Newtonian fluid with properties listed in Table 2. 
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Table 2. Data input for reference value 

 

 

Descriptions  

 

 

Value 

Area of Oven (A) 6 m2 

Dynamic Viscosity (μ) 1.7894 × 10⁻⁵ kg/(m·s) 

Temperature (T) 40,3 ℃ 

Velocity (v) 9,97 m/s 

Density (ρ) 1,225 Kg/m3 

 

The total heat transfer rate was evaluated using the surface integral function available in ANSYS Fluent. The 

calculation was performed by integrating the local wall heat flux over all heated internal surfaces of the drying 

chamber according to Eq. 5 below 

𝑄 = ∫ 𝑞′′
𝐴

 𝑑𝐴      (5) 

 
where Q is the total heat transfer rate (W), q'' is the local wall heat flux (W/m²), and A represents the heated wall 

surface area. 

 

The total heat transfer rate was extracted using the Reports then Surface Integrals then Total Heat Transfer 

Rate function in ANSYS Fluent after the numerical solution had reached convergence. The evaluated surfaces 

included the heated chamber walls and the combustion-side heat transfer surfaces that supplied thermal energy to 

the drying chamber. The reported values therefore represent the net convective heat transferred from the heated 

walls to the circulating air under steady-state operating conditions. 

Since the numerical simulations were conducted under steady-state conditions, the reported heat transfer rate 

corresponds to the converged solution rather than a transient time-dependent response. 

 

2.3. Mesh Generation  

The computational domain, shown schematically in Figure 2, includes the blower inlet, drying racks, and outlet 

ducts.  

 

(a)                                                                              (b) 

Figure 3. (a) Schematic and (b) CFD Model of the Forced-Convection Briquette Drying Chamber 

 

The figure 3 illustrates the geometric configuration and airflow characteristics of a forced-convection 

briquette drying chamber used for thermal performance evaluation. Figure 3.(a) presents the internal arrangement, 

including an 18-inch blower fan generating an inlet air velocity of approximately 10 m/s, vertically stacked 

briquettes, exhaust outlets positioned at the top surface, and insulated chamber walls to minimize heat loss. The 

airflow pattern indicates recirculation zones near the lower region and along the side walls, suggesting potential 

non-uniform temperature and velocity distributions within the drying space. The three-dimensional CFD model 

(right) represents the computational domain with defined inlet and outlet boundary conditions, enabling detailed 

simulation of internal flow structures and heat transfer mechanisms. Collectively, the model highlights the 

influence of chamber geometry, insulation, and forced airflow on convective heat transfer effectiveness and drying 

uniformity. 
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Table 3. Grid Indepedence 

 

Geometry Cells 

(million) 

Skewness 

Mesh 

THTR [W] Temperature 

Thermocouple 

℃ 

Error % 

Oven 4 Outlet Mesh 1 1.4 0.79889 932 78.5 0.64 
Oven 4 Outlet Mesh 2 1.5 0.81121 909 82 -3.66 
Oven 4 Outlet Mesh 3 2.1 0.79999 863 79.1 -0.13 
Oven 4 Outlet Mesh 4 2.5 0.82122 911 83 -4.82 

 

The data in Table 3. Grid Independence presents a mesh independence study evaluating four different 

computational grids (Mesh 1 to Mesh 4) for the four-outlet oven geometry based on cell count, skewness, total 

heat transfer rate (THTR), thermocouple temperature, and percentage error. Mesh 1 consists of 1.4 million cells 

with a mesh skewness of 0.79889, yielding a total heat transfer rate of 932 W and a thermocouple temperature of 

78.5°C, which results in a low relative error of 0.64%. Despite having the coarsest resolution among the tested 

configurations, Mesh 1 represents a highly favorable choice for the final simulation because it balances numerical 

accuracy with computational efficiency, providing reliable thermal prediction metrics while keeping 

computational resource demands to a minimum. 

 

 

 

 

 

 

 

Figure 4. Grid Independence Index 

The figure 4 presents the grid independence analysis showing the variation of total heat transfer rate with 

increasing mesh cell numbers. As the mesh is refined beyond approximately 2.1 × 10⁶ cells, the predicted heat 

transfer rate stabilizes with minimal deviation, indicating that the solution has reached grid-independent behavior. 

Special attention was given to boundary layer resolution to capture velocity and thermal gradients. 

   

 

(a)                                                              (b) 

Figure 5. Experimental Briquette Drying Oven Used for CFD Validation (a) oven front view and (b) blower 

 

The figure 5. presents the actual forced-convection briquette drying oven employed for experimental 

validation of the CFD simulation results. Figure 5. (a) shows the internal drying chamber equipped with multi-

level trays for briquette placement, allowing evaluation of temperature and airflow distribution across different 
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vertical positions. Figure 5(b) illustrates the axial blower fan installed to generate forced air circulation within the 

chamber. This experimental setup was used to measure airflow temperature profiles, providing validation data for 

comparison with numerical predictions and ensuring the reliability and accuracy of the thermal-fluid simulation 

model.  

 

3. RESULTS AND DISCUSSION 

 

 

 

 

 

 

(a)                                                        (b)                                                      (c) 

Figure 6. Temperature distribution YZ plane on (a) 1 outlet, (b) 2 outlets and (c) 4 outlets. 

Figure 6 compares the static temperature distribution inside the drying chamber for three exhaust configurations: 

(a) single exhaust, (b) dual exhausts, and (c) four exhausts. In the single-exhaust configuration as figure 6.(a) 

pronounced thermal gradient is observed, with significant temperature accumulation in the upper region and non-

uniform heat penetration toward the briquette layers. This indicates limited air circulation and localized heat 

stagnation. When two exhausts are applied as figure 6.(b), the temperature field becomes more evenly distributed, 

although moderate stratification remains near the central upper zone, suggesting partial improvement in convective 

heat removal. In contrast, the four-exhaust configuration as figure 6.(c) demonstrates the most uniform temperature 

distribution, characterized by reduced hot spots near the ceiling and more homogeneous heat diffusion around the 

briquette stacks. The enhanced uniformity indicates improved airflow circulation and more effective convective 

heat transfer, leading to better thermal balance within the chamber. Overall, increasing the number of exhaust 

outlets significantly mitigates thermal stratification and promotes more consistent drying conditions. 

 

 

 

 

 

 

 

 
(a)                                                    (b)                               (c) 

 

Figure 7. Temperature distribution plane XZ on (a) 1 outlet, (b) 2 outlets and (c) 4 outlets. 

 

Figure 7 presents the temperature distribution on the XZ plane for configurations with (a) 1 exhaust, (b) 2 

exhausts, and (c) 4 exhausts inside the drying chamber. In the single-exhaust configuration, the heat distribution 

appears less uniform, with high-temperature regions concentrated in specific areas, whereas increasing the number 

of exhausts to two and four improves temperature uniformity around the drying racks. The four-exhaust 

configuration demonstrates the most homogeneous thermal distribution and reduces extreme temperature 

gradients, indicating its potential to enhance drying uniformity and overall thermal performance.  
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(a)                                                   (b)                           (c) 

Figure 8. Velocity vector on ZX plane in (a) 1 outlet, (b) 2 outlets and (c) 4 outlets. 

 

Figure 8 shows that the highest velocity regions are concentrated near the inlet duct and exhaust outlets, 

indicated by the red–orange vectors, where the airflow is directly driven by the blower and extracted through the 

vents. In contrast, low-velocity zones (blue regions) are observed inside the chamber, particularly around the lower 

racks and corner areas, where recirculation and flow stagnation occur. As the number of exhausts increases from 

one to four, the high-velocity jet becomes more distributed along the upper section, while low-velocity regions 

inside the chamber are reduced, resulting in more uniform airflow circulation. 
To complement the qualitative interpretation of the temperature contours, the thermal performance of each outlet 

configuration was quantitatively evaluated using four representative parameters: maximum temperature, minimum 

temperature, average temperature, and total heat transfer rate. These parameters provide an objective assessment 

of the influence of outlet arrangement on heat distribution and convective heat transfer inside the briquette drying 

chamber. 

Tabel 4. Quantitative thermal performance comparison for different outlet configurations. 

 

Parameter 1 Outlet 2 Outlets 4 Outlets 

Maximum Temperature (°C) 79.0 79.1 77.0 
Minimum Temperature (°C) 35.0 37.0 57.0 
Average Temperature (°C) 39.0 41.0 42.0 
Total Heat Transfer Rate (W) 3322 4720 4754 

 

The quantitative results presented in Table 4 demonstrate that the outlet configuration significantly 

influences the thermal performance of the drying chamber. The maximum temperature remains relatively constant, 

ranging from 77.0°C to 79.1°C, indicating that the heat source supplies nearly the same thermal energy in all 

configurations. Therefore, the primary effect of increasing the number of outlets is not to increase the peak 

temperature, but rather to improve the distribution of heat within the drying chamber. 

A more pronounced difference is observed in the minimum temperature. The minimum temperature increases from 

35.0°C in the single-outlet configuration to 37.0°C in the double-outlet configuration and reaches 57.0°C in the 

four-outlet configuration. Compared with the single-outlet design, the four-outlet configuration increases the 

minimum temperature by approximately 62.9%, indicating that cold regions are substantially reduced. This result 

suggests a significant improvement in temperature uniformity throughout the chamber, which is beneficial for 

achieving more consistent drying conditions. 

The average chamber temperature also increases from 39.0°C for the single outlet to 41.0°C and 42.0°C for 

the double- and four-outlet configurations, respectively. Although the increase in average temperature is relatively 

modest, it indicates that thermal energy is distributed more effectively throughout the drying chamber. The higher 

average temperature, together with the increased minimum temperature, demonstrates that the additional outlets 

improve thermal utilization without substantially increasing the peak temperature. 

The influence of outlet configuration is further confirmed by the total heat transfer rate. The single-outlet 

configuration produces a total heat transfer rate of 3322 W, whereas the double- and four-outlet configurations 

achieve 4720 W and 4754 W, respectively. Relative to the single-outlet configuration, the total heat transfer rate 

increases by approximately 42.1% for the double-outlet configuration and 43.1% for the four-outlet configuration. 

Although the difference between the double- and four-outlet configurations is relatively small (approximately 

0.7%), the four-outlet configuration consistently exhibits the highest heat transfer rate while simultaneously 

providing the highest minimum temperature and the most uniform thermal field. These results indicate that 
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increasing the number of outlets improves convective heat transfer efficiency and promotes a more homogeneous 

thermal environment inside the drying chamber. 

 
Figure 9. location that take temperature to compare with actual condition 

 

Figure 9 illustrates the static temperature contour on the YZ mid-plane of the oven chamber equipped with 

four exhaust outlets. This sectional visualization provides insight into the internal thermal field and reveals the 

spatial temperature gradient along the vertical (Y) and transverse (Z) directions. The distribution demonstrates a 

relatively uniform thermal region in the core zone, with mild gradients observed near the exhaust boundaries, 

indicating the influence of convective heat removal on local temperature stratification. 

The CFD simulation predicts a representative mid-plane temperature of 78.5°C, whereas experimental 

measurements obtained under identical operating conditions indicate a temperature of 79°C. The relative deviation 

between numerical and experimental results was quantified using: 

Error (%) =
𝑇oven − 𝑇simulation

𝑇simulation

× 100 

 

Substitution of the measured values yields: 

Error (%) =
79 − 78.5

78.5
× 100 = 0.63% 

 

A discrepancy of only 0.63% confirms a high level of agreement between simulation and experimental 

data. In heat transfer validation studies, an error below 5% is generally considered acceptable for engineering 

applications; therefore, the present deviation indicates excellent predictive accuracy of the numerical model. 

The minor difference can be attributed to unavoidable experimental uncertainties (thermocouple accuracy and 

positioning sensitivity), assumptions of uniform material properties, idealized boundary conditions, and potential 

simplifications in turbulence modeling. Nevertheless, the close correlation suggests that the governing equations 

for coupled momentum and energy transport were properly resolved and that the mesh and numerical schemes 

were sufficiently refined to capture the dominant convective heat transfer mechanisms within the drying chamber. 

Furthermore, the observed temperature uniformity in the mid-plane implies that the four-exhaust configuration 

effectively enhances air circulation and reduces localized thermal accumulation. This finding supports the 

suitability of the current exhaust design for achieving homogeneous drying conditions, which is critical for 

maintaining briquette quality and minimizing moisture gradients. 

Overall, the strong agreement between numerical prediction and experimental measurement validates the 

robustness of the CFD model and establishes a reliable foundation for subsequent parametric optimization studies 

involving exhaust arrangement, airflow rate, and thermal efficiency enhancement. 

4.  CONCLUSION  

This study systematically evaluated the influence of exhaust outlet configuration on airflow behavior and thermal 

performance in a forced-convection briquette drying oven using three-dimensional Computational Fluid Dynamics 

(CFD) simulations supported by experimental validation. A grid independence study ensured numerical stability, 

and comparison with measured mid-plane temperatures yielded a relative deviation of only 0.63%, confirming 

high predictive accuracy of the model. The results demonstrate that outlet configuration significantly affects 
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internal flow topology and temperature uniformity. The single-exhaust design produced strong thermal 

stratification and localized recirculation zones, leading to uneven heat distribution across briquette layers. The 

dual-exhaust configuration improved airflow symmetry but still exhibited moderate temperature accumulation 

near the upper chamber. In contrast, the four-exhaust configuration achieved the most uniform thermal field, 

minimized stagnant regions, and enhanced convective heat transfer stability during both transient and steady 

regimes. These findings indicate that exhaust arrangement is a critical design parameter that directly governs 

convective circulation and drying uniformity rather than serving merely as a structural feature. The validated 

numerical framework developed in this study provides a practical basis for optimizing industrial biomass drying 

chambers to improve thermal efficiency and product quality, with future work should incorporate coupled heat-

and-mass transfer, moisture diffusion, and drying kinetics to provide a more comprehensive prediction of briquette 

drying performance. Integrating moisture transport with CFD simulations would enable direct evaluation of drying 

rate, moisture distribution, and overall thermal efficiency, thereby extending the applicability of the present 

numerical framework to practical industrial drying processes.  
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  𝜌 ( u ⋅ ∇ ) u = − ∇ p + ∇ ⋅  [ ( 𝜇 +   𝜇  t ) ( ∇ u + ∇  u  T ) ] + 𝜌 g


  𝜌   c  p ( 𝐮 ⋅ ∇ ) T = ∇ ⋅  [  (  k +      𝜇  t   c  p  P   r  t ) ∇ T ] +   S  T


    𝜇  t = 𝜌   C  𝜇     k 2  𝜀


    C  𝜇 = 0 . 09


    C  1 𝜀 = 1 . 44


    C  2 𝜀 = 1 . 92


    𝜎  k = 1 . 0


    𝜎  𝜀 = 1 . 3


  Q =   ∫  A    q  ′ ′   d A


  Error (%) =     T  oven −   T  simulation    T  simulation × 100


  Error (%) =   79 − 78 . 5  78 . 5 × 100 = 0 . 63 %

