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Abstract: In this paper, an intensified spray-drying process in a novel Radial Multizone Dryer 
(RMD) is analyzed by means of CFD. A three-dimensional Eulerian–Lagrangian multiphase model 
is applied to investigate the effect of solids outlet location, relative hot/cold airflow ratio, and droplet 
size on heat and mass transfer characteristics, G-acceleration, residence time, and separation effi-
ciency of the product. The results indicate that the temperature pattern in the dryer is dependent on 
the solids outlet location. A stable, symmetric spray behavior with maximum evaporation in the hot 
zone is observed when the solids outlet is placed at the periphery of the vortex chamber. The max-
imum product separation efficiency (85 wt %) is obtained by applying high G-acceleration (at rela-
tive hot/cold ratio of 0.75) and narrow droplet size distribution (45–70 µm). The separation of dif-
ferent sized particles with distinct drying times is also observed. Smaller particles (<32 µm) leave 
the reactor via the gas outlet, while the majority of big particles leave it via the solids outlet, thus 
depicting in situ particle separation. The results revealed the feasibility and benefits of a multizone 
drying operation and that the RMD can be an attractive solution for spray drying technology. 

Keywords: spray drying; vortex chamber; process intensification; CFD; Radial Multizone Dryer; 
Eulerian–Lagrangian; high-G acceleration 
 

1. Introduction 
Spray drying is a process in which a concentrated liquid feed is atomized in the pres-

ence of a drying medium (usually hot air) to obtain a solid powder. It originates from the 
dairy industry [1]; nonetheless, today, process industries ranging from food, pharmaceu-
tical, chemical, ceramics, and cosmetics benefit from this process [2]. In conventional 
spray dryers, the contact between the droplets and air is done in either a co-current or 
counter-current manner. In a co-current configuration, both droplets and hot air enter the 
drying chamber from the same side. This configuration frequently is applied to dry heat-
sensitive materials such as food products, since the product temperature does not exceed 
100 °C [3]. In contrast, in the counter-current configuration, droplets are sprayed from the 
opposite side to the airflow. The relatively high slip velocities of particles result in high 
heat and mass transfer, and therefore, these dryers are considered to have higher through-
put and thermal efficiencies than co-current spray dryers [4,5]. This configuration is pri-
marily suitable for thermally stable materials such as detergents [5,6]. 

Conventional co-current spray dryers account for 27–55% of the total energy de-
mands in the dairy industry [7]. To avoid product degradation, the temperature inside 
the dryer is kept relatively low, which implies small drying rates [3]. To sufficiently dry 
the feed, particles have long residence times, leading to large equipment size and high 
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capital costs [8,9]. Furthermore, the terminal velocities of the particles result in small gas–
solid slip velocities, restricting the heat and mass transfer. 

In order to develop an alternative commercially viable and process-intensified spray-
drying technology, high drying rates in a small volume must be achieved, while the resi-
dence time of droplets/particles must be reduced to maintain product quality [8]. This can 
be done by operating the dryer as a multizone vortex chamber unit, which is the topic of 
this research. 

In a Vortex Chamber (VC), the rotational motion of the gas is achieved by the tan-
gential injection of gas through multiple inlet slots located in the periphery of the chamber 
[10,11]. Droplets/particles can be fed and removed via one of the end walls in the chamber, 
while the gas, after particle separation, leaves the chamber through a centrally positioned 
gas outlet chimney. An example configuration of a VC is presented in Figure 1. The cen-
trifugal forces in the VC can be much higher than the gravitational forces, resulting in high 
gas–solid slip velocities and the formation of a dense particle bed. These intensify the heat, 
mass, and momentum transfer [11–13]. 

 
Figure 1. Schematic representation of vortex chamber 

The process intensification in a gas–solid VC has been experimentally and/or numer-
ically demonstrated for many applications such as biomass gasification [14], biomass fast 
pyrolysis [15], fluid catalytic cracking [16], and drying [17–19]. The drying of polymer 
materials (polystyrene emulsion, sulfadiazine) for the removal of superficial moisture was 
experimentally demonstrated by Kochetov et al. [19,20]. Their study summarized optimal 
ratios for vortex chamber design. Lazar and Farkas [21] reviewed fluidized bed drying of 
food materials using a centrifugal field wherein the potential advantages and challenges 
were discussed. Eliaers and De Wilde [13] compared a conventional fluidized bed and a 
Rotating Fluidized Bed (RFB) for the drying of woody biomass particles. The authors 
showed the formation of a uniform and dense particle bed using high-G acceleration that 
gave substantial benefit, especially in the first drying stage. More recently, Eliaers et al. 
[22] studied the application of particle coating; their results suggested that VC allows for 
short contact time between particles and gas and promotes a small particle residence time 
in the reactor. Both are beneficial for process intensification. 

The evolution of a VC is a Radial Multizone Dryer (RMD) [23–26]. In this configura-
tion, hot air enters axially into the central zone while the vortex is created via relatively 
cold airflow entering the RMD via the tangential channels; see Figure 2. The process in-
tensification is an outcome of both multizone drying operation with high and low tem-
perature air feeding zones and high-G acceleration. Consequently, the drying occurs in 
two steps: (i) the majority of drying takes place in the central hot zone where very small 
droplets/particles are exposed for few milliseconds to temperatures of 350–400 °C coming 
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from counter-flowing hot air and (ii) at the peripheries of the RMD, where the particles 
are exposed to strong centrifugal forces coming from the rotating air at a temperature of 
80–120 °C. By rapid evacuation of dried particles to a colder rotating environment, prod-
uct degradation due to high gas temperatures is avoided. This way, two drying zones are 
established: a fast drying zone in the radial center and a final slow drying zone in the 
periphery of the chamber. The former leads to enhanced drying rates, and the latter inten-
sifies air–droplet contact and air–solid separation. 

 
Figure 2. Computational domain of a Radial Multizone Dryer: (a) side view; (b) front view of a 
single wheel of the vortex chamber with 36 tangential inlets. 

In order to prevent particle overheating (during the 1st drying step in RMD) and to 
minimize product losses via the gas outlet, the separation of the dried particles from the 
central hot zone to the cold peripheral zone of VC is of prime importance. The centrifugal 
forces in the reactor are a function of chamber dimensions, air inlet slot size, operating 
conditions, and particle properties [11]. Trujillo and De Wilde [27] experimentally demon-
strated that particle losses via the central gas outlet could be significantly reduced by lo-
cating the solids outlet to an optimum position for a given particle type and size. Further-
more, with an increase of the injection velocity via the tangential inlets, higher centrifugal 
forces were observed in the chamber, improving particle retention. Weber et al. [28] con-
ducted experiments on a binary mixture of granular materials and showed the effects of 
separation and segregation due to their different sizes and density. The authors concluded 
that for a fixed gas flow rate, different particle types (size and density) experience different 
centrifugal forces on them. Once the centrifugal forces are less than the inward drag 
forces, the particles will leave the VC. De Wilde et al. [29] further showed the potential of 
high-G gas–solid contact, gas–solid separation, and particle segregation in a rotating flu-
idized bed. There, the particle losses via the gas outlet were reduced by increasing the gas 
flow rate. The large particles formed a dense uniform bed near the wall, whereas a less 
dense bed was seen for small particles. Thus, the high-G acceleration in the chamber could 
be varied by either increasing the gas flow rate or by adjusting the number or width of 
injection slots. Based on the above studies, an optimum design configuration of VC for a 
particular application, such as spray drying, requires a parametric investigation of the 
factors mentioned above [11,28]. 

Experiments involving multiphase flows and high-temperature gradients are very 
challenging and time-consuming. Furthermore, often, the process conditions and meas-
urement techniques are limited by the design of the experimental setup, as well as by the 
complexity and non-linearity of the process [30]. In recent years, Computational Fluid 
Dynamics (CFD) has proven to be an extremely useful tool in designing new dryers and 
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optimizing existing processes for the food industry [31–33]. Hence, in this study, we em-
ploy a CFD approach as well. 

Huang et al. [34,35] performed a comprehensive study of gas flow patterns, evapo-
ration zones, and droplet impact positions at different operating conditions and different 
co-current spray dryer geometries. A steady-state axisymmetric model with the k-epsilon 
approach for the gas phase turbulence was employed. For the droplet phase, the authors 
used properties of water with varying solid content, while the droplet size range of ap-
proximately 10–120 µm was prescribed. For model validation, the authors used the geom-
etry and boundary conditions from previous works [36,37].The results showed that drop-
lets have different trajectories and drying histories owing to the differences in the airflow 
dynamics and temperature patterns. Anandharamakrishnan et al. [38] performed three-
dimensional, steady-state simulations to compare the drying trajectories in a short form 
and tall form spray dryer. The feed properties were assumed to be of maltodextrin solu-
tion (42.5 wt %), assuming only surface moisture evaporation. The gas phase turbulence 
was resolved using the k-epsilon model. The model predictions corresponded well with 
the experimental measurements taken by Kievet [36]. The authors found short-form dry-
ers to be more suitable for heat-sensitive materials due to the shorter particle residence 
times. The advantages of using superheated steam as a drying medium were demon-
strated by Frydman et al. [39]. A 2D steady-state approach was employed while the tur-
bulence was accounted for by the k-epsilon model. Different droplet sizes (12–83 µm) 
were injected using a constant velocity at the nozzle orifice and assuming a flow with 
water properties. The model predictions matched well with the measured temperature 
data in the dryer. The model was extended further by Ducept et al. [33] to predict the 
Residence Time Distribution (RTD) of dry particles by including 10 wt % of dry matter 
(KCl solution) in the liquid droplet; however, the drying kinetics were not included. In 
this way, once all the water was evaporated, solid particles could leave the dryer after a 
certain residence time. The authors validated this approach by comparing the experi-
mental and numerical RTD with reasonable accuracy. The authors demonstrated the fea-
sibility of using superheated steam with the advantages of higher drying rates. 

Recently, Ali et al. [6] studied a counter-current spray-drying tower with an inlet 
swirl for detergent production. Comparing the model predictions with the experimental 
measurements at the exhaust location revealed underprediction of the heat transfer rate 
resulting in higher exhaust temperature and particle moisture content by the CFD model. 
The authors owed the discrepancies to the differences in the initial droplet size distribu-
tion and the underprediction of the particle residence times. 

In the above-presented studies, an Euler–Lagrangian multiphase model was em-
ployed with two-way coupling between the gas and droplet phase via the particle-source-
in-cell method of Crowe [40]. 

In the VC-related CFD research, Broqueville and De Wilde [41] investigated the gas–
solid heat transfer in a VC with an RFB and compared it to conventional fluidized beds 
using a 2D model. The presence of a uniform and dense bed as observed experimentally 
was confirmed via the CFD simulations. Furthermore, the results prove the heat and mass 
transfer intensification in a VC. Trujillo and De Wilde [16] applied 2D CFD simulations 
with reactions to demonstrate the use of RFB for the catalytic cracking of gas oil. Only 
qualitative validation was performed based on experimental observations. The authors 
reported significant process intensification (compared to conventional risers) despite uti-
lizing a non-optimized VC. A detailed study on the operating conditions and different 
designs was carried out by Dutta et al. [42] to study the hydrodynamics behavior of dif-
ferent Geldart group particles. Similar to previous authors, no direct validation was per-
formed; nevertheless, the model showed similar trends to experimental observations of 
De Wilde and Broqueville [10]. The authors displayed the advantages of CFD in evaluat-
ing different operating conditions and design scenarios of VC configuration. Niyogi et al. 
[43] performed 3D simulations of a vortex unit operating with a particle size of 0.5–2 mm. 
The authors examined the influence of gas flow rate, particle diameter, and solids density 
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on the hydrodynamics behavior, optimizing the configuration and conditions for a given 
application. 

In the VC studies mentioned above, the authors used the Eulerian–Eulerian multi-
phase model combined with the kinetic theory of granular flow (KTGF) for the solid phase 
equations. The gas phase turbulence was accounted for by using a k-epsilon-type ap-
proach with standard wall functions. The wall boundary conditions for the gas phase were 
prescribed as no-slip, whereas partial slip or free slip conditions were used for the solid 
phase. Recently, an Euler–Lagrangian-based Computational Particle Fluid Dynamic 
(CPFD) model was studied by Dutta et al. [44]. From the study, the authors found a strong 
effect of particle size, number of gas inlet slots, and their width on the gas-particle hydro-
dynamics in the VC. The predicted results showed similar trends with the reported exper-
imental data. 

In the present paper, the application of spray drying in a VC technology is numeri-
cally studied. The hypothesis, that high drying rates while maintaining small particle res-
idence times can be achieved using high air inlet temperature and high-G acceleration in 
a multizone VC geometry, is tested by assessing the separation efficiency of the product. 
The results of temperature and moisture fields, high-G acceleration, and droplet drying 
histories are presented. 

2. CFD Methodology 
In this work, a novel application of spray drying in a RMD with vortex chambers 

located downstream of the hot air inlet is studied; see Figure 2 for details of the geometry. 
To reduce the turbulences and maintain a plug flow, the hot air enters the dryer axi-

ally via a honeycomb. Furthermore, a secondary air with low temperature is supplied via 
air distribution jackets directly to the VC wheels. There are six VC wheels 
(A1/A3/A5/A7/A9/A11), each having 36 tangential inlets located along the periphery. The 
rotating cold air and the axial hot air exit via a centrally positioned gas outlet. The droplets 
are injected in a counter flow manner to the axial hot airflow, and after drying, the product 
is removed via the solids outlet located next to the gas outlet. 

The commercial CFD code FLUENT v14.5 is used to perform a three-dimensional 
steady-state simulation of the spray-drying behavior in a RMD. The multiphase CFD 
model accounting for two-way interaction between droplets/particles and the air is based 
on an Eulerian–Lagrangian approach. 

2.1. Gas Domain 
The gas flow is calculated using the Reynolds-averaged continuity and Navier–

Stokes equations. As a result of low Mach number flows, the hot gas is assumed to be 
incompressible [45]. The three-dimensional conservation equations of mass (1), momen-
tum (2), energy (3), and species (4) are given below [46]   𝜕ሺ𝜌𝑢௜ሻ𝜕𝑥௜ = 𝑆௠ (1)

where 𝜌 is the density of the gas, 𝑢௜ is the gas velocity vector components, and 𝑆௠ is the 
mass source term added to the gas phase due to the evaporation of moisture from the 
droplets. 

The momentum equation is given by:  డ൫ఘ௨೔௨ೕ൯డ௫೔ =  − డ௉డ௫೔ + డడ௫೔  ൤µ௘ ൬డ௨೔డ௫ೕ + డ௨ೕడ௫೔൰ − 𝜌𝑢ప́ 𝑢ఫ́തതതതതതത൨  + 𝜌𝑔௜ + 𝐹    (2)

where 𝑃 is the pressure of the fluid, µ௘  is the viscosity, 𝜌𝑢ప́ 𝑢ఫ́തതതതതതത is the turbulent shear 
stress, 𝑔௜ is the gravitational acceleration, and 𝐹 is the source term originating from the 
exchange of momentum between droplets/particles and gas. 

The energy equation can be written as: 
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𝜕ሺ𝜌𝑢௜ℎሻ𝜕𝑥௜ =  𝜕𝜕𝑥௜  ൤µ௘𝜎௛ 𝜕ℎ𝜕𝑥௜൨ + 𝑆௛ (3)

where ℎ is the specific enthalpy, and 𝑆௛ is the energy source term added to the dispersed 
phase (droplets/particles). 

The species conservation equation is given by: 𝜕ሺ𝜌𝑢௜𝑌௩ሻ𝜕𝑥௜ =  𝜕𝜕𝑥௜  ൤µ௘𝜎௒ 𝜕𝑌௩𝜕𝑥௜൨ + 𝑆௦ (4)

where 𝑌௩ is the mass fraction of vapor in humid gas and 𝑆௦ is the species source term. 
Due to the high gas velocities investigated here, the flow is expected to be turbulent, 

and therefore, the Reynolds-average approach is employed. Based on the literature re-
view, see Section 1, the classic two-equation k-epsilon turbulence model with standard 
wall functions is used to account for the gas phase turbulence [43–45]. The well-known 
transport equations for the standard k-ε model, along with the transport equation for 
kinetic energy, dissipation rate, and turbulence viscosity can be found in [46,47]. The re-
quired model constant values for 𝐶ଵఌ, 𝐶ଶఌ, 𝐶µ, 𝜎௞, and 𝜎ఌ are set to default values of 1.44, 
1.92, 0.09, 1.0, and 1.3, respectively [45,47]. 

2.2. Droplets/Particle Domain 
The droplet/particle trajectories are computed in a Lagrangian domain, while the in-

teraction of droplets/particles with the continuous gas phase is coupled two ways through 
the droplet’s source terms of heat, mass, and momentum. Since the volume fraction of the 
dispersed phase is in the range of 10−3–10−5, the particle–particle interactions are neglected 
[48]. The trajectories of the particles are calculated by solving Newton’s second law of 
motion for each droplet/particle (see Equation (5)). 𝑑𝑢௣ሬሬሬሬ⃗𝑑𝑡 =  𝐹ௗሬሬሬሬ⃗ ൫𝑈ሬሬ⃗ −  𝑢௣ሬሬሬሬ⃗ ൯ + 𝑔⃗ ൫𝜌௣ − 𝜌௚൯ (5)

Here, 𝑈ሬሬ⃗  is the instantaneous gas velocity. The first term on the right-hand side is the 
drag force per unit mass, and the second term represents gravity and buoyancy force per 
unit mass. The drag force is given by: 𝐹ௗሬሬሬሬ⃗ =  18 µ 𝜌௣𝑑௣ଶ 𝐶஽𝑅𝑒24  (6)

where 𝑅𝑒 is the particle Reynolds number defined as: 𝑅𝑒 =  ఘௗ೛ห௨೛ሬሬሬሬሬ⃗ ି ௨ሬሬ⃗ หµ . (7)

The heat transfer between the droplet and the hot gas is computed according to the 
heat balance equation given as: 𝑚௣𝑐௣ ௗ ೛்ௗ௧ = ℎ𝐴௣൫𝑇ஶ −  𝑇௣൯ + ௗ௠೛ௗ௧ ℎ௙௚. (8)

In order to calculate the heat transfer coefficient (ℎ), the correlation of Ranz and Mar-
shall [49] as given in Equation (9) is used. 𝑁𝑢 = ௛ௗ೛௞ಮ = 2.0 + 0.6 𝑅𝑒ௗଵ ଶൗ 𝑃𝑟ଵ ଷൗ   (9)

The mass transfer between the gas and the droplets is assumed to be governed by 
gradient diffusion, and it is calculated according to the following equation: ௗ௠೛ௗ௧ = − 𝑘௖𝐴௣ሺ 𝐶௦ − 𝐶ஶሻ  (10)
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where 𝐶௦ is the vapor concentration at the droplet surface,  𝐶ஶ is the vapor concentration 
in the bulk phase (air), and kc is the mass transfer coefficient, which is calculated from the 
Sherwood number correlation [49]. 𝑆ℎ஺஻ = ௞೎ௗ೛஽೔,೘ = 2.0 + 0.6 𝑅𝑒ௗଵ ଶൗ 𝑆𝑐ଵ ଷൗ   (11)

In order to reduce the complexity of the problem, only the first drying stage with 
surface moisture evaporation is considered [33,38,50]. Furthermore, a milk surrogate 
droplet with 40 wt % solid content (core) and 60 wt % moisture content (surface moisture) 
are used in the drying process. The solid core density is equal to the density of milk pow-
der particles [51], while all the remaining material is water. Hence, after all the moisture 
has evaporated, a solid particle circulates in the chamber, leaving the dryer finally via 
either the gas or solids outlet. The further assumptions are (i) the droplets/particles are 
spherical, (ii) no concentration gradient exists within the droplet/particle (droplets are 
very small, in the range 20–95 µm), (iii) intraparticle temperature variations are neglected 
(Biot number is smaller than 0.1), and (iv) processes related to particle stickiness (e.g., wall 
deposition, coalescence, and agglomeration) are not taken into account. 

2.3. Test Cases 
For all investigated cases, a hollow cone spray pattern with an angle of 20° (as given 

by the nozzle manufacturer) is used. Atomization is modeled starting from the location of 
primary spray break up. The Sauter Mean Diameter (SMD) of the droplets is in the range 
of 30 to 85 µm and prescribed using Rosin–Rammler distribution with a spread parameter 
of 2.05. The values are obtained based on empirical correlation derived by Klaassen [52] 
and are in agreement with data reported by Kievet for similar pressure nozzles [36]. The 
injection velocity for all droplets is constant and equal to 70 m/s. The dispersion of drop-
lets/particles caused by the turbulence is taken into account using the discrete random 
walk model [53]. No heat losses from the walls are considered, since the VC wheels are 
surrounded by air distribution jackets, and the hot cylinder is well insulated. The droplet–
wall interaction is modeled using normal and tangential restitution coefficients, both 
equal to 0.2, except for the hot cylinder walls, where droplets can leave the domain. This 
is done to account for the stickiness of the wet droplets to the hot walls. 

The boundary conditions applied for the simulation cases are summarized in Table 
1. To find the optimum operational window of the RMD, we investigate different process 
conditions and geometrical changes. For cases “A–C”, the flow conditions are kept con-
stant, while solids outlet location is varied. In case “B” and “C”, the distance of solids 
outlet from the gas outlet is twice of that in case “A”. This positioning is based on the 
hypothesis that placing the solids outlet away from the spray injection zone and gas outlet 
promotes symmetry of the spray pattern and minimizes product losses. Then, the best-
performing case is investigated further by varying the relative hot/cold air ratio from 1.25 
(experimental conditions) to 1.0 and 0.75, cases “C–E,” respectively. The mass flow rates 
and temperatures from the VC wheels and hot air are adjusted such that the overall energy 
input to the chamber remains constant. In the last sensitivity study, the optimized case 
from the second parametric research is evaluated by varying the minimum and maximum 
droplet size with constant SMD. For case “E”, the droplet size range is 30–85 µm, for the 
case “F”, it is 20–95 µm, and for the case “G”, it is 45–70 µm. 

Table 1. Boundary conditions for all simulation cases. 

Boundary Conditions Case A–C Case D Case E–G 
Hot air mass flow rate (kg/h) 690 690 670 

Hot air temperature (°C) 345 350 350 
Cold air via A1 and A3 (kg/h) 151 180 306 
A1–A3 air temperature (°C) 125 130 110 
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Cold air via A5 and A7 (kg/h) 181 252 324 
A5–A7 air temperature (°C) 128 140 110 

Cold air via A9 and A11 (kg/h) 192 216 270 
A9–A11 air temperature (°C) 145 130 105 

Absolute humidity (kg H2O/kg dry air) 0.009 0.009 0.009 
Liquid feed rate (kg/h) 56 56 56 

2.4. Mesh and Solver 
The conservation equations for the continuous and discrete phases are solved for a 

three-dimensional steady-state CFD model using a commercial CFD package ANSYS Flu-
ent version 14.5 [45]. For the pressure–velocity coupling, a SIMPLE (Semi-Implicit Method 
for Pressure Linked Equations) scheme [54] is employed in combination with a PRESTO! 
scheme [54] for pressure interpolation, as recommended for swirling flows [45]. A second-
order upwind scheme is applied for the discretization of the convection terms [54]. 

An unstructured tetrahedral mesh is used to discretize the geometry. In order to solve 
the flow field correctly near the small tangential inlets in VC, mesh refinement is done 
there. A grid-independent solution is verified by applying meshes with a resolution of 
3M, 6M, and 9M elements and examination of three radial temperature profiles. The over-
all discrepancy between the solutions was found to be in the range of 1%; thus, for further 
research, a grid of 3M elements is used. The final mesh is presented in Figure 3. 

 
Figure 3. Computational mesh: (left) cross-sectional view in the X-Z plane, and (right) cross-sec-
tional view in X-Y. 

3. Results 
In order to assess the performance of the model, first, a validation study is performed. 

The numerical results are compared with the temperature profiles of experiments con-
ducted without and with droplet spray, see Figure 4 (left) and Figure 4 (right), respec-
tively. The thermocouples V12 and V13 are located in the central core region of VC, and 
they measure the temperature at each VC wheel in the axial direction. 

The results show that the numerical temperature profile for only-gas flow corre-
sponds well with the experimental measurements. The average error is equal to 1% for 
V12 and 4% for the V13 probe. The slight overprediction in temperature is attributed to 
the assumption of adiabatic walls, whereas some heat losses are expected during the ex-
periment. 

The experimental data with water spray show a strong asymmetry between results 
from probes V12 and V13. This trend is not well pronounced in the numerical data; how-
ever, the overall error is in the range of 4% and 8% for probes V12 and V13, respectively. 
It should be noted here that drying experiments with the utilization of spray are typically 
burdened with higher measurement error compared to gas-flow-only experiments. This 



Energies 2021, 14, 1233 9 of 20 
 

 

is due to the possible wetting of the thermocouples and non-uniformity in the spray pat-
tern. 

In conclusion, the predicted numerical results correspond sufficiently well with tem-
perature measurements. A detailed discussion regarding the validation results is given in 
our former paper [23]. 

 
Figure 4. Comparison of predicted temperature profiles against the experimental temperature 
measurements (left) without spray and (right) with spray. 

3.1. Effect of Solids Outlet 
The influence of the location of solids outlet on the performance of RMD is investi-

gated for three cases “A–C”. In case “A”, the solids outlet is located close to the gas outlet, 
whereas in cases “B–C”, it is moved radially outwards, at the front and back wall, respec-
tively; see Figure 5. Detailed boundary conditions are presented in Table 1. 

The predicted temperature and moisture fraction profiles of air are presented in Fig-
ures 5 and 6. The temperature of the gas decreases along the chamber length due to the 
heat exchange between hot air coming from the inlet and counter-flowing evaporating 
spray. In general, the temperature profile for all three cases is similar. The same is true for 
the moisture profile. The maximum evaporation occurs in the hot zone, resulting in the 
most pronounced temperature drop. The temperature and moisture fraction values are 
fairly uniform in the radial peripheries of the VC, implying that almost no evaporation 
takes place in this zone. This behavior suggests that droplets upon reaching the VC are 
already dried. 

 
Figure 5. Gas temperature distribution with droplet injection at the Y-Z plane. 
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All droplets are injected with a constant velocity. However, due to different diame-
ters and mass, they exert different momentum on the counter-flowing hot gas. Thus, as a 
result, the penetration depth and stagnation point of the droplets in the hot zone vary 
significantly. Heavy droplets penetrate further into the hot cylinder compared to small 
droplets, whereas the small and light droplets are quickly deflected and move toward the 
radial peripheries of the VC. This way, RMD offers a unique feature wherein heavy drop-
lets (least dry) meet the gas at the high temperature (approximately 350 °C) and fine drop-
lets are exposed to the relatively low gas temperature (approximately 215 °C). 

 
Figure 6. Moisture fraction distribution at the Y-Z plane (to provide better insight into the evapo-
ration process, the maximum value of moisture fraction has been restricted to 0.06). 

Although the general profiles of the investigated cases are similar, a detailed view on 
the temperature and air humidity profiles, see Figures 7 and 8, respectively, reveals dif-
ferences in the drying behavior of the droplets. 
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Figure 7. Radial temperature (a,c) and moisture (b,d) distribution at z/Z = 0.75 for centerlines of X-
Z (a,b) and Y-Z (c,d) planes. 

 
Figure 8. Radial temperature (a,c) and moisture (b,d) distribution at location z/Z = 0.55 for center-
lines of X-Z (a,b) and Y-Z (c,d) planes. 

From Figure 7, it is possible to note an asymmetric behavior of the spray, i.e., the 
penetration depth, and thus also the temperature and moisture profiles are different at the 
presented cross-sections. For case “A”, the droplets cannot penetrate further into the hot 
zone; thus, the temperature and moisture fraction profiles are relatively uniform with mi-
nor heat and mass exchange (seen clearly in Figure 7c,d). The temperature and moisture 
fraction profiles for cases “B” and “C” show a temperature drop from 350 °C to approxi-
mately 120–130 °C and maximum moisture fraction values of about 0.095 kg/kg. 

The plots also show a uniform distribution of temperature and humidity in the cen-
tral region. This is due to the hollow cone spray pattern that creates a low-pressure region, 
forcing hot air to pass through. The hot air, due to the momentum transfer between air 
and droplet/particles, is forced radially toward the walls. Therefore, high temperatures 
are seen at and next to the walls with a gradual radial temperature drop as a result of heat 
transfer from the droplets. A maximum temperature drop and consequently the highest 
moisture fraction values are observed for the case “C”. This implies that the droplet pen-
etration is maximum in case “C”. The lowest temperature drop and thus lowest air mois-
ture fraction values are seen for case “A”. 

Figure 8 presents the radial gas temperature and moisture fractions profiles at the 
axial location z/Z = 0.55. Comparing the cases, the plot in Figure 8 depicts similar trends 
as shown earlier with hot air penetrating through the central low-pressure region of a 
hollow cone, therefore resulting in higher temperatures in the centerline of the chamber 
with a sharp decrease in temperatures in the outward radial direction, owing to the in-
tense heat and mass transfer around the spray region. The peaks at r/R ≈0.3 and r/R ≈0.7 
are mainly due to momentum exerted by the spray on the hot air, forcing hot air to go 
around the hollow cone spray. The temperature of the air in the VC and near the walls is 
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mainly uniform, revealing that no evaporation takes place in the VC region. The expan-
sion of the hot zone for the case “B” (near the walls) arises due to the bending movement 
of the hot air toward the solids outlet located on the front end wall. Such high tempera-
tures close to the product outlet can lead to product burning and should be avoided. The 
moisture fraction plots in Figure 8 show opposite behavior to the temperature fields with 
hot dry air passing through the centerline of the VC and a sharp increase in moisture 
fraction observed radially outward around the spray nozzle. This is mainly due to the 
evaporation of smaller/fine droplets that results in high heat and mass exchange, showing 
peaks of moisture fraction and low gas temperature. Finally, it can be seen that the peaks 
of water mass fraction in case “C” show the highest values. This depicts efficient evapo-
ration in the central fast drying zone. 

Comparing the separation efficiency for cases “A–C”, see Figure 9, it can be seen that 
the highest weight percentage of the product recovered at solids outlet is for the case “C”. 
This is 42 wt %. Around 40 wt % is evacuated via gas outlet, and the remaining mass is 
lost via the boundary walls; see previous sections for details. For case “A”, the majority of 
the product is leaving via the gas outlet, which is highly undesirable. This is mainly a 
consequence of a low-pressure region created by the gas and solids outlet being next to 
each other. This also compromises the separation of bigger and smaller particles from each 
other. We observe similar behavior for case “B” when the solids outlet is located at the 
front wall. The reason for that is partly due to the fact that the gas flows via the VC air 
inlets are not optimized and drive the particles toward the front wall. Here, also, about 17 
wt % of the particles impinge the cylinder walls. Since these are still wet particles, they 
are removed from the domain. 

 
Figure 9. Comparison of weight percentage (%) of product recovered at the outlets for cases A-C. 

Based on the above-presented analysis, case “C” offers the most desired behavior, 
and hence, it is used for further investigations. 

3.2. Effect of Relative Hot/Cold Air Ratio 
An analysis of separation efficiency, see the previous section, revealed that approxi-

mately 40 wt % of the product is lost via the gas outlet. Previously, it has been studied 
experimentally that the particle losses, via the central exhaust chimney, can be signifi-
cantly reduced provided that the centrifugal forces in the VC are higher than the gas–solid 
radial drag forces [29,45]. Here, the average relative centrifugal force 𝐹௥௘௟,௖  is used to 
quantify the magnitude of the rotational motion of gas. It is expressed as a multiple of the 
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gravitational force and is helpful in comparing different conditions [42]. The centrifugal 
acceleration is calculated from: 𝐹௥௘௟,௖ =  𝑉௧ଶ𝑔. 𝑟 (12)

where 𝑉௧ is the tangential velocity (m/s) in the chamber, r is the radius of the chamber, 
and g is the acceleration due to gravity. From Equation (1), it is evident that the G–accel-
eration in VC is a function of the gas tangential velocity, which is dependent on either the 
gas volumetric flow rate or the number of gas inlet slots and/or slot width. Thus, to change 
the G-acceleration for a fixed design, the gas flow rates via the VC tangential inlets need 
to be adjusted. This is studied in terms of relative hot/cold airflow ratio of 1.25, 1.0, and 
0.75; case “C”, “D”, and “E”, respectively (see Table 1). 

Figure 10 presents the G-acceleration as a function of the radial distance. The corre-
sponding average centrifugal force for cases “C”, “D”, and “E” is 81, 133, and 240 g, re-
spectively. The centrifugal force is highest for the case “E” due to major airflow via the 
tangential inlets of the VC, resulting in high tangential velocities. This leads to a significant 
volume fraction of particles being radially pushed outwards to the periphery of the VC, 
causing high momentum transfer between the gas phase and particles, as presented in 
Figure 11, depicting the iso-surfaces of volume fraction at a value of 5 × 10−4. Here, the 
particles are instantly separated from the central axial hot airflow and entrained into the 
VC to form a rotating particle bed. In case “E”, the peripheries of the VC are almost com-
pletely occupied with the particles, while in case “C” and “D”, the G-acceleration is not 
sufficient to separate the particles efficiently. Therefore, the particles tend to move axially 
toward either of the end walls—front or back. Consequently, in case “C” and “D”, parti-
cles rotate adjacent to the back wall. In case “E”, it can be seen that a relatively large 
amount of particles are separated and rotate in the center of the chamber. This is because 
the tangential velocities are maximal in the central two wheels. 

 
Figure 10. Comparison of average relative centrifugal forces along the chamber radius for cases C–
E in the presence of droplets/particles at z/Z = 0.5. Here, r/R = 0 represents the centerline of VC 
(where spray nozzle is located), and r/R = 1 represents the wall of VC. 

The findings of the above-presented discussion have confirmation in the separation 
efficiency where case “E” outperforms the other two cases with a total separation effi-
ciency of 60 wt %; see Figure 12. From the figure 12, also a correlation between the average 
relative centrifugal forces in the VC and product obtained at the solids outlet is evident. 
A similar trend was also observed by other authors [44]. The reason, as explained in the 
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preceding discussion, owes to the centrifugal forces being greater than the drag forces 
acting inwards and forcing the particles to leave axially via the gas outlet. 

 
Figure 11. Iso-surfaces of discrete volume fraction: (left) isometric view, (right) front view. 
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Figure 12. Comparison of weight percentage (%) of product recovered at the outlets for cases C–E. 

3.3. Effect of Droplet Size Distribution 
Three simulation cases, with SMD kept constant at 52 µm, are presented here. Case 

“E” is the one discussed in the previous section with a droplet size distribution between 
30 and 85 µm, case “F” has a droplet size distribution between 20 and 95 µm, and case 
“G” has a droplet size distribution between 45 and 70 µm. 

Figure 13 shows the weight percentage of the product recovered at the outlet. As the 
droplet size range is narrowed down to 45–70 µm (case “G”), the separation efficiency 
increases to about 85 wt %. In contrast, the separation efficiency considerably drops down 
to approximately 26 wt % when a wider droplet size range is specified; see case “F”. Such 
behavior has an origin in the size of the biggest and smallest droplets and the paths they 
follow. The big droplets can travel deep toward the hot air inlet, whereas the small ones 
are instantaneously deflected back to the gas outlet. Thus, a narrow size distribution of 
the droplets is beneficial for good product separation. 

 
Figure 13. Comparison of weight percentage (%) of product recovered at the outlets for cases E–G. 

This has further confirmation in Particle Size Distribution (PSD); see Figure 14a, as 
discussed for the case “F”. Here, more than 90% of the mass is carried out by product 
particles smaller than 32 µm (corresponding to initial “wet” particle size of 47 µm). Only 
about 10 wt % of the particles come from big droplets. In contrast, at the solids outlet 
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(Figure 14b), approximately 85 wt % of the product particles are equal to or bigger than 
32 µm. 

 
Figure 14. Particle Size Distribution (PSD) of particles leaving the dryer in case “F”: (a) via gas 
outlet; (b) solids outlet. 

Figure 15a,b show the predicted RTD as a function of mass flow at the gas outlet and 
solids outlet, respectively. The mean residence time of the particles at the gas outlet is 
equal to 0.04 s, and at the solids outlet, it is equal to 0.67 s. Small droplets with small initial 
masses quickly dry and shrink in size. They have short relaxation times (low Stokes num-
ber < 0.1), causing the particles to act as tracers in the central axial flow and leave via the 
gas outlet. Furthermore, due to the relatively smaller centrifugal forces acting on these 
fine particles, they are not separated, resulting in particle losses via the gas outlet and 
correspondingly short residence times. 

 
Figure 15. Residence Time Distribution (RTD) of particles leaving the dryer in case “F”: (a) via gas 
outlet; (b) solids outlet. 

The longer residence times of the big particles owe to their large inertia so they can 
penetrate deeper into the counter flowing hot air. After losing sufficient momentum, the 
particles, due to centrifugal forces, are separated radially outward to the periphery of the 
VC, where as a result of tangential momentum exchange, they start rotating and finally 
leave the reactor via the solids outlet; see also Figure 16. This analysis shows a key feature 
of spray drying in an RMD, i.e., the separation of bigger and smaller particles and hence, 
different drying histories for different droplet sizes. 
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Figure 16. Droplet trajectories for case “F:” (a) initial droplet sizes < 30 µm; (b) 30–45 µm; (c) 45–60 
µm; (d) 60–75 µm; and (e) >75 µm. 

4. Conclusions 
Three-dimensional multiphase CFD simulations of counter-current spray drying 

process in a novel lab-scale RMD have been carried out. For modeling, a two-way coupled 
heat, mass, and momentum exchange between the discrete and gas phase (Euler–Lagran-
gian approach) were used. The detailed information on temperature and moisture profile, 
G-acceleration, droplet/particle trajectory, drying history, particle residence time, and sep-
aration efficiency were obtained. 

The results showed that it is possible to establish two separate and distinct tempera-
ture zones within RMD: (i) a very hot, quick drying central zone in its center and (ii) a 
cold rotating zone, i.e., the final drying zone in the periphery of VC. The parametric study 
revealed a strong influence of solids outlet position, G-acceleration, and initial droplet size 
distribution on the separation efficiency of the product. The location of the solids outlet at 
the periphery of VC on the back wall gave the most promising results in terms of heat and 
mass transfer characteristics and separation efficiency, whereas its placement next to the 
gas outlet resulted in asymmetric spray behavior with minimal evaporation in the hot 
zone and compromised separation efficiency. Similarly, a direct correlation was noted be-
tween separation efficiency and G-acceleration. A relative hot/cold airflow ratio of 0.75 
corresponding to average G-acceleration in the VC of about 250 g was found to be optimal. 
The separation of the product at the solids outlet was enhanced from 42 wt % to 60 wt %. 
In contrast, at higher relative hot/cold airflow ratios and consequently smaller G-acceler-
ation, considerable particle losses occur via the gas outlet. This is due to smaller centrifu-
gal forces in the VC. Finally, the influence of droplet size distribution was investigated. 
When a wide droplet size distribution (20–95 µm) is applied, a significant decrease in sep-
aration efficiency is observed (26 wt %). Bigger particles (>75 µm) impinge the hot air inlet, 
whereas the smallest particles instantly leave the reactor via the gas outlet. By narrowing 
the droplet size distribution (45–70 µm), the total separation efficiency was increased to 
85 wt %; thus, depicting the strong correlation between the particle size and separation 
efficiency. Furthermore, results also revealed that the in situ separation of bigger and 
smaller particles leads to distinct drying histories. The majority of the bigger particles (>32 
µm) leave via the solids outlet and have a mean residence time of 0.67 s, whereas particles 
leaving via the gas outlet are mostly smaller particles (<32 µm) having a short residence 
time of 0.04 s. The results of this study confirm the hypothesis that by combining high air 
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inlet temperatures and efficient particle separation using high-G acceleration, an intensi-
fied spray-drying process with high drying rates and small particle residence times can 
be achieved in an RMD. 
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