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This study aimed to analyze the effect of inlet temperature and airflow direction variation 
of a spray dryer on the product’s water content and minimum droplet temperature using 
the means of computational fluid dynamics (CFD). The airflow direction types were mixed 
and co-current. To simulate the flow, the k-ω SST and standard k-ε models were utilized, 
and the Eulerian-Lagrangian approach was used to estimate particle motion. The 
simulation results showed that water content reduced as temperature climbed for both 
airflow directions and vice versa for the minimum droplet temperature. With droplets 
diameters of 10 μm and 30 μm and an inlet temperature of 180°C, both mixed flow and 
co-current flow spray dryer generated the lowest water content (0%) output. The lowest 
minimum droplet temperature (32.73°C) occurred in the mixed flow spray dryer with an 
inlet temperature of 100°C. 
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1. Introduction 
 

Spray drying is a product processing technique that involves converting liquid material into dry 
particles using a hot drying medium [1,2]. The drying rate and quality of the finished product are 
influenced by the spray dryer’s operating conditions and product composition [1]. A spray dryer uses 
controlled operating conditions to achieve high drying air temperatures and fast drying durations 
while maintaining a low droplet temperature. These advantages make spray drying suitable for drying 
products that are highly sensitive to heat and maintain product qualities such as color, taste, and 
nutrition [3,4]. The spray drying method is widely chosen commercially also due to its ability to 
achieve lower production costs and drying time and high humidity reduction rates [5-8]. 

Spray drying is a common drying process for a variety of foods and health items, including instant 
coffee, powdered milk, tea, and vitamins [9,10]. The beverage prepared from dried tea leaves 
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(Camellia sinensis) is one of Asia’s most popular beverages, with extensive studies of its benefits on 
human health. Tea leaves contain many beneficial ingredients, with bioactive compounds called 
polyphenols being one of the most critical groups, possessing rich antioxidant properties that can 
potentially prevent cancer and, more recently, an antiviral agent to treat COVID-19 [11-13]. 

The preservation of bioactive compounds in tea leaves is of utmost importance in the industry. 
Transforming tea leaves into powder form by spray drying technology proved beneficial, mainly in 
reducing product volume, prolonging shelf life, and retaining thermally sensitive compounds [14]. 
The use of the computational fluid dynamics (CFD) method to study the flow behavior throughout 
the drying process to optimize the design and minimize the cost of a spray dryer has become possible 
thanks to advances in computer technology. CFD method reduce time and cost compared to 
experimental method, while also give a more detailed and extensive fluid phenomenon compared to 
analytical observation [15]. Many experimental and numerical research have been conducted to 
investigate the properties of the spray drying process. CFD analyses showed good predictions of the 
temperature and velocity distributions in the spray dryer compared to the experimental approach 
[1,16-19]. 

Mainly, three basic types of air-droplets contact systems are applied in spray drying technology: 
co-current, countercurrent, and mixed [20]. The selection of contact systems of a spray dryer is 
crucial to avoid damage or loss of natural compounds that are thermolabile in the product. A co-
current spray dryer is the most widely used spray dryer than a countercurrent spray dryer, with a 
mixed flow spray dryer as a good option to dry thermostable products [21]. Thus, the variations of 
airflow direction in this study are mixed flow and co-current flow. Many parameters determine the 
drying performance of a spray dryer, some of them are: drying air flow rate, fluid flow characteristics, 
and the drying air temperature. 

Studies have shown the effect of drying air flow rate to the quality of the spray drying products. 
One study showed that increasing drying air flow rate would lead to effective drying of the particle 
and higher yield [22]. Another study confirmed this finding while also found that higher drying air 
flow rate caused an increase in outlet temperature, thus decreasing the moisture content of the dried 
product. Higher drying air flow rate results in a decrease in droplet diameters, creating a much more 
efficient spray drying conditions [23]. One study found that decreasing drying air flow rate results in 
higher energy efficiency, while increasing the drying air flow rate leads to higher energy savings. This 
is due to the fact that while energy supply to the spray dryer increases, the energy required for 
evaporation does not change. This causes more energy available in the exhaust air, allowing it to be 
recovered in an air-to-air heat exchanger [24]. 

Using a suitable turbulence model in a spray dryer simulation influences the accuracy of the 
airflow characteristics in the drying chamber [25]. The drying air inlet of the mixed flow spray dryer, 
which is placed at the upper edge of the drying chamber, is modified in this study. This modification 
causes the drying air to enter tangentially, creating a tendency to form a swirl-like flow in a cyclone 
separator. The k-ω SST turbulence model provides more accurate rotating flow modelling results than 
the k-ε turbulence model [26,27]. However, the standard k-ε turbulence model can produce more 
accurate fluid flow characteristics at the spray dryer wall compared to realizable k-ε and RNG k-ε 
turbulence models [1,16,28,29]. It has also been shown that while Reynolds Stress Model (RSM) 
turbulence model can provide more accurate results, the k-ω SST and the standard k-ε has a much 
lower computational time [17,30,31]. As a result, the mixed and co-current flow spray dryers are 
modelled using the k-ω SST and standard k-ε turbulence models, respectively. 

The effect of temperature on the spray drying process has been studied extensively. High 
temperature drying air can result in lower water content and water activity in the product [32]. 
Several numerical and experimental studies have also shown that increasing the inlet temperature 
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of the drying air causes a rise in the outlet temperature, reducing the amount of water content within 
the product and shortening the drying time [33,34]. Droplet temperature can also provide vital 
information for the determination of drying kinetics, in which the increase of inlet temperature 
results in the increase of the minimum droplet temperature that exits the spray dryer [35,36]. 

Given the above descriptions, it has been shown that the spray dryer’s inlet temperature affects 
the water content and minimum droplet temperature of the dried product. Thus, it is crucial to gain 
a deeper understanding of the inlet temperature and airflow direction variation of a spray dryer on 
the product’s water content and minimum droplet temperature. This study aimed to do so utilizing 
the computational fluid dynamics (CFD) method. 
 
2. Methodology 
2.1 Governing Equation 
 

A three-phase flow solution using the Eulerian-Lagrangian approach was used to estimate particle 
tracking the spray dryer in this work. The continuous phase in this approach is air, while the discrete 
phase is particles [16]. The gas phase was analyzed using the Eulerian approach by solving the Navier-
Stokes equation, and the particle movement was simulated using Lagrangian path analysis. Drag and 
gravity are the forces that act on particles. Eq. (1) to Eq. (3) give the continuity, momentum, and 
energy equations for incompressible fluid flows. 
 
𝜌 + 𝜌(𝛻. �⃑�) = 0             (1) 
 

𝜌
𝐷�⃑⃑⃑�

𝐷𝑡
= −𝛻𝑝 + 𝜌�⃑� + 𝜇(𝛻2�⃑⃑�)            (2) 

 

𝜌. 𝑐𝑝𝑓. 𝑣. 𝛻𝑇 = 𝛻(𝜆𝑓 . 𝛻𝑇) + 𝜇𝜙           (3) 

 
Individual particles in the stream were tracked using the discrete phase model (DPM). The 

particles in this spray dryer simulation are assumed to be spherical and non-rotating, with negligible 
particle interaction and no effect on the fluid flow field (one-way coupling). Therefore, the particle’s 
motion equation can be written according to Eq. (4) and Eq. (5). 
 
𝑑𝑥𝑝

𝑑𝑡
= �⃑⃑�𝑝              (4) 

 
𝑑�⃑⃑⃑�𝑝

𝑑𝑡
= 𝐹𝑑(�⃑⃑� − �⃑⃑�𝑝) + �⃑�𝑥

(𝜌𝑝−𝜌)

𝜌𝑝
           (5) 

 

Fluid velocity is (�⃑⃑�), particle velocity is (�⃑⃑�𝑝), 𝑥𝑝 denotes particle position, �⃑�𝑥 is the gravitational 

force, 𝜌 is the fluid density, and 𝜌𝑝 denotes particle density. In Eq. (5), 𝐹𝑑(�⃑⃑� − �⃑⃑�𝑝) denotes drag per 

unit mass of particles, where 𝐹𝑑 can be calculated based on Eq. (6). 
 

𝐹𝑑 =
1

𝜏𝑝

(𝐶𝑑−𝑅𝑒𝑝)

24
             (6) 

 

where (𝜏𝑝) is particle relaxation time, given by Eq. (7). 
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𝜏𝑝 =
𝜌𝑝𝑑𝑝

2

18𝜇
              (7) 

 
The drag coefficient (𝐶𝑑) is a function of the particle’s Reynolds number (𝑅𝑒𝑝). The value of the 

particle’s Reynolds number is determined by Eq. (8) [28]. 
 

𝑅𝑒𝑝 =𝜌𝑑𝑝
|�⃑⃑⃑�−�⃑⃑⃑�𝑝|

𝜇
             (8) 

 
For spherical particles, the drag coefficient is determined using Morsi and Alexander’s [37] 

correlation, with values of 𝑎1, 𝑎2, and 𝑎3 taken from the relative particle’s Reynolds number (𝑅𝑒𝑝), 

as given by Eq. (9). 
 

𝐶𝑑 = 𝑎1 +
𝑎2

𝑅𝑒𝑝
+

𝑎3

𝑅𝑒𝑝
             (9) 

 
The DPM uses the species transport model to forecast heat and mass transfer between drying air 

and particles during the drying process, as well as the temperature and water content of the dried 
product’s particles. Eq. (10) can be used to write the heat transfer equation 
 
𝑑

𝑑𝑡
(𝑚𝑝𝑐𝑝𝑇𝑝) = ℎ𝐴𝑝(𝑇𝑔 − 𝑇𝑝) +

𝑑𝑚𝑝

𝑑𝑡
ℎ𝑓𝑔                    (10) 

 
where 𝑚𝑝 denotes the mass of the particle, 𝑐𝑝 is particle specific heat, 𝑇𝑝 is the particle temperature, 

ℎ𝑓𝑔is the latent heat of vaporization, 𝐴𝑝 is particle surface area, and ℎ denotes the heat transfer 

coefficient. 
A mass transfer rate equation is needed to determine the rate of evaporation of the particles 

when the temperature of the particles approaches the evaporation and the boiling point 
temperature. Eq. (11) calculates the rate of mass transfer (evaporation) between gas and particles 
 
𝑑𝑚𝑝

𝑑𝑡
= −𝑘𝑐𝐴𝑝(𝑌𝑠

∗ − 𝑌𝑔)                      (11) 

 
where 𝑌𝑠

∗ denotes the saturation humidity, 𝑌𝑔 is gas humidity, and 𝑘𝑐 is the mass transfer coefficient. 

The vapor concentration on the particle surface is determined in a spray drying process by 
assuming that the partial vapor pressure on the particle surface is equal to the saturated vapor 
pressure at the particle temperature. Eq. (12) calculates the vapor concentration in the drying air [16] 
 

𝑌𝑔 = 𝑋𝑖
𝑃𝑜𝑝

𝑅𝑇∞
                        (12) 

 
where 𝑃𝑜𝑝 is the operating pressure during the drying process. The mass transfer coefficient 𝑘𝑐 in Eq. 

(11) can be obtained with the Sherwood number given by Eq. (13) 
 

𝑆ℎ =
𝑘𝑐𝑑𝑑

𝐷𝑖,𝑚
= 2.0 + 0.6𝑅𝑒

1

2𝑆𝑐
1

3                     (13) 

 
where 𝑆ℎ is the Sherwood number, 𝑆𝑐 is the Schmidt number, 𝐷𝑖,𝑚 is the diffusion coefficient, 𝑑𝑑 is 
the diameter of the particle, and 𝑅𝑒 is the Reynolds number in Eq. (8). 
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After the particles dried with the spray dryer have reached their boiling point, the boiling rate of 
the model can be determined by Eq. (14) [38] 

 
𝑑𝑑𝑝

𝑑𝑡
=

4𝑘𝑡𝑎

𝜌𝑝𝑐𝑔𝑑𝑝
(1 + 0.23√𝑅𝑒 𝑙𝑛 [1 +

𝑐𝑔(𝑇𝑔−𝑇𝑝)

ℎ𝑓𝑔
])                   (14) 

 
where 𝑘𝑡𝑎 is the thermal conductivity of the gas, with 𝑐𝑔 being the specific heat capacity of the gas. 

 
2.2 CFD Model 
 

In this study, two spray dryer geometries were simulated, with differences in the direction of the 
air inlet of the dryer: the mixed flow spray dryer has the air inlet through the upper edge of the drying 
chamber, whereas the air inlet to a co-current flow spray dryer is in the direction of atomization. The 
governing equations were solved numerically using ANSYS Fluent. The SIMPLE scheme was utilized 
to obtain convergence in the pressure-velocity coupling. For pressure discretization, the second order 
scheme was adopted to accurately forecast the distribution of velocity and temperature under actual 
conditions. The momentum, dissipation rate, and kinetic energy discretization were all done using 
the first order upwind scheme. To reduce numerical instability and improve convergence, the first 
order upwind approach was employed to discretize the energy equation. All solution variables were 
subjected to 1x10-4 convergence requirements, while the energy equation was subjected to 1x10-6 
convergence criteria. 
 
2.2.1 Mixed flow spray dryer 
 

The geometry of the mixed flow spray dryer was created using SOLIDWORKS software. The shape 
and geometric dimensions of the spray dryer are shown in Figure 1 and Table 1. 
 

 
Fig. 1. Geometry of mixed flow spray dryer 
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Table 1 
Dimensions of mixed flow spray dryer 
Geometry Dimension (mm) 

Body diameter, D1 600 
Cylinder diameter, D2 50 
Nozzle diameter 1, Dn1 40 
Nozzle diameter 2, Dn2 20 
Pipe diameter 1, Dp1 26 
Pipe diameter 2, Dp2 24 
Inlet dimension, a×b 147×125 
Cylinder height, H1 900 
Cone height, H2 300 
Cylinder height, H3 480 
Nozzle height, Hn 20 
Pipe to cylinder distance, Hp 150 
Spray dryer length, L 1275 

 
2.2.2 Co-current flow spray dryer 
 

The co-current flow spray dryer design was based on the research of Anandharamakrishnan et 
al., [1]. The geometry of the spray dryer was made using SOLIDWORKS software. The shape and 
geometric dimensions of the spray dryer are shown in Figure 2 and Table 2. 
 

 
Fig. 2. Geometry of co-current flow spray dryer 
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Table 2 
Dimensions of co-current flow spray dryer 
Geometry Dimension (mm) 

Body diameter, D1 600 
Cylinder diameter, D2 50 
Nozzle diameter 1, Dn1 81 
Nozzle diameter 2, Dn2 55 
Nozzle diameter 3, Dn3 20 
Pipe diameter 1, Dp1 26 
Pipe diameter 2, Dp2 24 
Cylinder height, H1 900 
Cone height, H2 300 
Cylinder height, H3 480 
Nozzle height 1, Hn1 35 
Nozzle height 2, Hn2 15 
Pipe to cylinder distance, Hp 150 
Spray dryer length, L 1275 

 
2.3 Boundary Conditions 
 

The inlet velocity and outlet pressure were the inlet and outlet boundary conditions, respectively. 
The spray dryer surface boundary condition was set to wall condition with the following settings: 
“DPM escape” for the spray dryer surface and “reflect” for the pipe wall. The drying air intake speed 
was 8 m/s, the hydraulic diameter was 0.1351, the turbulence intensity was 3.94, the initial 
temperature is 100°C, 120°C, 140°C, 160°C, and 180°C, with the mass loading value of 0.0015 kg/s, 
particle density of 816.4 kg/m3, and the gas density of 1.225 kg/m3. 

The Rosin-Rammler distribution, which assumes an exponential relationship between particle 
diameter and proportion of particles, was used to assess particle size distribution (PSD), as shown in 
Eq. (15) below 
 

𝑌𝑑 = 𝑒(
𝑑

�̄�
)
𝑛

                        (15) 
 

where 𝑑 is the particle size (mm), �̄� is the average diameter (mm), and 𝑛 is the dispersion diameter, 
calculated according to Eq. (16). 
 

𝑛 =
𝑙𝑛(−𝑙𝑛𝑦𝑑)

𝑙𝑛(𝑑/�̄�)
                        (16) 

 
In this study, the particle diameter ranged from 10 μm to 130 μm in an increment of 20 μm and 

�̄� of 50 μm. 
 
2.4 Numerical Grid and Grid Independence Analysis 
 

Mesh generation was performed based on the element size using ANSYS Mesh. Tetrahedral cell 
was chosen as the mesh type and the body sizing feature with the curvature size function was added 
to the meshing of the geometry, which in turn resulted in the adjustment of the element’s size 
according to the shape and size of the geometry. The mesh structure of both spray dryers is 
presented in Figure 3. 

The grid independence analysis was used to forecast the spray dryer’s outlet temperature using 
multiple grid sizes ranging from 0.015 m (coarse mesh) to 0.0135 m (fine mesh) with the same 
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boundary and operation conditions. Table 3 shows the calculated outlet temperature for different 
grid sizes. It could be shown that when the grid size was less than 0.0145 m (medium mesh), the 
simulation results no longer differ. As a result, for all following simulations, a grid size of 0.0145 m 
was chosen since it provided an acceptable level of grid independence while maintaining a 
reasonable processing time. 
 

  
Fig. 3. Mesh structure of (a) mixed flow spray dryer and (b) co-current flow 
spray dryer 

 
Table 3 
Grid independence test results 
Cell Size (m) Outlet Temperature (°C)  

0.0130 32.39 
0.0135 33.09 
0.0140 32.89 
0.0145 32.73 
0.0150 34.56 

 
2.5 Validation of the Numerical Model 
 

The validation of this study was conducted by comparing the simulation results with the 
experimental results of research by Habtegebriel et al., [16]. The comparison of outlet temperature 
and water content between the present model and the published work is presented in Figure 4. The 
current CFD results for outlet temperature and water content were found to be in good agreement 
with the reference, with the maximum error being 9.23%. Because the current solver computational 
settings accurately predicted the exit temperature and water content, the methodology was adopted 
for all subsequent simulations. 
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(a) (b) 

Fig. 4. Comparison of (a) outlet temperature and (b) water content between numerical and experimental 
results 

 

3. Result and Discussion 
3.1 The Effect of Inlet Temperature and Type of Drying Airflow on Water Content 
 

Water content is the water composition in food, with lower water content product is preferred 
as it is less likely to be contaminated by microbes, thus increasing the quality of the product [32]. 
Inlet temperature has a big influence on the water content of the dried product, with higher drying 
air temperature increases the energy of the drying medium. This allows for greater rate of 
evaporation or mass transfer between the air and the droplets during the drying process, therefore 
decreasing the water content of the droplets [5,16,32,39-42]. 

Figure 5 compares the water content in the final dried product between the mixed and co-current 
flow spray dryer. The droplet diameter of 50 µm is given the emphasize as it is the average droplet 
diameter in this study that can be useful to compare the performance of both spray dryers. Both 
mixed and co-current flow spray dryers produced droplets with the lowest water content (0%) at an 
inlet temperature of 180°C and droplet diameters of 10 μm and 30 μm. The highest water content 
occurred on droplet diameter of 130 μm with an inlet temperature of 100°C for both mixed flow 
(58.15%) and co-current flow (59.32%) spray dryers. This trend is in agreement with the result of 
Obón et al.,’s [21] study where the researchers found the water content of particle decreases with 
inlet temperature of 120°C to 200°C, from 2.9 ± 0.4 % to 2.1 ± 0.2 % for the co-current flow spray 
dryer and 1.9 ± 0.3 % to 1.6 ± 0.3 % for the mixed flow spray dryer. 
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(a) (b) 

Fig. 5. Comparison of water content in droplets in the drying chamber of (a) mixed flow and (b) co-current 
flow spray dryers 

 
Both spray dryers showed a linear correlation of droplet diameter and water content in the dried 

product. Droplets with larger diameters had higher water content than droplets with smaller 
diameters. This is because droplet diameter significantly influences the rate of mass transfer [1]. The 
increase in the size of the droplets creates a larger mass and surface area of the particles. This droplet 
size increase decreases the evaporation rate, thus reducing the mass flow rate between droplets and 
drying air, resulting in wetter particles [43]. 

It can be concluded that mixed flow spray dryer produced higher mass flow change than co-
current flow dryer, as clearly shown by the lower water content of particles with an average diameter 
of 50 μm in Figure 5. However, it should be noted that lower water content in powders creates a 
tendency for the particles to absorb ambient moisture in the storage environment, thereby impairing 
the stability of the powder in later storage [14]. Careful selection of inlet temperature becomes 
crucial for the whole production process to ensure the quality of the dried product. 
 
3.2 The Effect of Inlet Temperature and Type of Drying Airflow on Minimum Droplet Temperature 
 

 The minimum temperature of particles that exit the spray dryer affects the product quality and 
post-drying processes. The increase in inlet temperature can increase the minimum temperature of 
particles that exit the spray dryer [35]. A comparison of minimum droplet temperature produced by 
both spray dryers is shown in Figure 6. The lowest minimum droplet temperature (32.73°C) was 
produced by mixed flow spray dryer at an inlet temperature of 100°C. In comparison, the highest one 
(62.85°C) was produced by co-current flow spray dryer at an inlet temperature of 180°C. This finding 
is in line with the study of Habtegebriel et al., [16] where moisture content of milk powder decreases 
dramatically when inlet temperature is raised from 413K to 473K. 
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Fig. 6. Comparison of minimum droplet temperature 
in the drying chamber of mixed flow and co-current 
flow spray dryer 

 
Overall, it can be seen that mixed flow spray dryer produced droplets with lower minimum 

droplet temperature compared to co-current flow spray dryer at all inlet temperature variations. 
Figure 6 that shows the difference in temperature contour and distribution along the radial direction 
at several elevations for both spray dryers with the highest inlet temperature (180°C). The co-current 
flow spray dryer produces high-temperature airflow concentrated in the centre of the drying 
chamber that pushes the droplets directly to the outlet [16]. This phenomenon can be seen in red-
boxed area in Figure 7. It is crucial to note that the high minimum droplet temperature produced by 
high inlet temperature can affect the bioactive compounds on the drying product, in this case, the 
tea particles. Too high of a drying temperature can result in the loss of polyphenol compounds 
present in tea particles, which are caused by heat-induced oxidation [14]. 
 

  
(a) (b) 

Fig. 7. Temperature contour and distribution at an inlet temperature of 180°C of (a) mixed 
flow and (b) co-current flow spray dryers 
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4. Conclusion  
 

This paper presents a study of water content and minimum droplet temperature analysis of spray 
drying process with inlet temperature and airflow direction variations. From this work, it can be 
concluded that inlet temperature plays a significant role in water content and minimum droplet 
temperature of spray drying products. With higher mass flow change, the mixed flow spray dryer 
produced lower water content and minimum droplet temperature compared to the co-current flow 
spray dryer. The simulation results have been linked to the importance of preservation of polyphenol 
compounds in tea leaves and its post-drying processes. Future studies could continue to assess the 
parameters in choosing the proper inlet temperature for the drying process of tea leaves. 
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