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Research Highlights 

 Inlet air jet potentially characterizes the air flow pattern within most spray dryers 

 Increased production & dissipation of turbulence accurately captured low velocity jet 

shearing 

 k-ω SST turbulence model manipulation led to enhanced accuracy 

 Jet dissipation markedly affects the particle dispersion and hence drying history 

 

Abstract  

Accurate modeling of the flow field by means of capturing turbulence is crucial in CFD simulations. 

However, choosing the appropriate turbulence model remains quite challenging for simulating 

spray drying applications. Only a few studies have touched on this issue, although experimentally 

validated comparisons throughout the dryer are rare. This work aims to provide an assessment of 

five different turbulence models (RNG 𝑘 − 𝜀, standard, BSL and SST 𝑘 − 𝜔 as well as transition 

SST) in terms of the predicted flow field throughout a lab-scale counter-current spray dryer. None 

of the tested models could initially provide a satisfactory match with locally measured 

temperatures within the chamber. The popular choice RNG 𝑘 − 𝜀  model led to highest 

discrepancies, while the 𝑘 − 𝜔 variants performed only slightly better. All these models under-

predicted the dissipation of the central hot air jet. Modification to the 𝑘 − 𝜔 variant’s characteristic 

constant to allow increased production of turbulence led to satisfactory agreement between the 

measurements and simulation results. Extended analysis revealed that different turbulence 

models produced significantly different drying histories. Only the 𝑘 − 𝜔  SST variant with 

modified constant could provide predictions close to measured outlet particle moisture content 

and air conditions. The RNG model proved entirely unsuitable due to unrealistic results with 

particle injection as well. The differences in predictions among the models were attributed to 

different transient self-sustained air fluctuation behavior predicted within the chamber. This work 

will be useful in the selection of turbulence models which is fundamental to accurate CFD 

modeling of spray dryers. 

 

 

Abbreviation 

BSL BaSeLine 𝑘 − 𝜔 model 

CFD Computational Fluid Dynamics 

GAB Guggenheim-Anderson-de Boer (model) 

IDF International Dairy Federation 
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LES Large Eddy Simulation 

PRESTO PREssure STaggering Option 

PSD Particle Size Distribution 

RR Rosin-Rammler distribution 

RANS Reynolds-Averaged Naviere-Stokes 

REA Reaction Engineering Approach 

RNG ReNormalization Group 

RSM Reynolds Stress Model 

SAS Scale Adaptive Simulation 

SIMPLEC Semi-Implicit Method for Pressure-Linked Equations Consistent 

SST Shear Stress Transport model 

UDF User Defined Function  

 

 

Keywords: turbulence; CFD; modeling; spray drying; counter-current; flow field 

 

 

Nomenclature  

Latin letter 

𝑎, 𝑎1 turbulence model constant 

𝐶𝐷𝜔 cross diffusion term (kg m-3 s -2) 

𝑑ℎ,𝑖 hydraulic diameter of the inlet (m) 

𝑑𝐷 chamber diameter (kg m-3 s -2) 

𝐹(𝑀𝑡) compressibility function 

𝐹1 blending function 

𝐹2 turbulence model function  

𝑘 turbulent kinetic energy (m2s-2) 

𝐿𝐷 chamber length (m) 

𝑀𝑡0 turbulence model constant 

𝑃𝐾, �̃�𝐾 rate of production of 𝑘 (kg m-1 s-3) 

𝑅𝑘 , 𝑅𝜔 turbulence model constant 

𝑅𝑒 Reynolds number (-) 

𝑅𝑒𝑖 Reynolds number at the inlet (-) 

𝑅𝑒𝐷 Chamber Reynolds number (-) 

𝑅𝑒𝑡  turbulent Reynolds number (-) 

𝑆 invariant measure of strain rate (s-1) 

𝑡 time (s) 

𝑢 velocity (m s-1) 

𝑦 shortest distance from the nearest wall (m) 
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Greek letter 

𝛼, 𝛼0, 𝛼
∗, 𝛼∞, 𝛼∞

∗   turbulence model constant 

𝛽, 𝛽∗, 𝛽𝑖 , 𝛽𝑖
∗, 𝛽∞ turbulence model constant 

𝛾 turbulence model constant 

𝜀 turbulent dissipation rate (m2 s-3) 

𝜁∗ turbulence model constant 

𝜇 dynamic molecular viscosity (kg m-1 s-1) 

𝜇𝑇 eddy viscosity (kg m-1 s-1) 

𝜈𝑇 kinematic eddy viscosity (m2 s-1) 

𝜌 density (kg m-3) 

𝜎𝑘 turbulent Prandtl numbers for 𝑘 (-) 

𝜎𝜔 turbulent Prandtl numbers for 𝜔 (-) 

𝜏 shear stress (kg m-1 s-2) 

𝜔 specific turbulence dissipation rate (s-1) 

1 Introduction  

Spray drying has proven to be essential for efficient production in a wide range of industries 

manufacturing various products such as dairy and instant food, detergents, pharmaceuticals and 

agrochemicals. However, mathematically modeling this process is challenging because of its 

complexity, and requires interdisciplinary expertise. Moreover, obtaining detailed experimental 

data is difficult due to the limited accessibility to the internal of spray chambers as well as the 

moderately harsh conditions. Nonetheless, for such cases, Computational Fluid Dynamics (CFD) 

has progressively been establishing itself as the platform to simulate and better understand the 

phenomena involved. According to Norton and Sun (2006), CFD is employed as frequently as the 

traditional didactic methods of conducting experiments and mathematical modeling in solving 

problems involving fluid flow in both industry and science, especially because CFD offers the 

advantage of saving cost and time over experimentation and at the same time it is capable of 

overcoming the limitations of analytical solutions.  

In a CFD simulation of spray drying processes, it is paramount to first capture the characteristics 

of the flow field, because the discrete phase (sprayed droplets) and the continuous phase (hot air) 

are coupled therein and thus can influence each other during the simulation. For developing the 

flow field, turbulence must be accurately captured, because the turbulence alongside the velocity 

flow field significantly affects the dispersion of the discrete phase. Moreover, the drying process 

was found to be directly affected by turbulence and hence could be intensified by utilizing 

turbulence (Southwell et al., 1999). 

In the actual modeling of turbulence in spray drying simulations, various approaches have been 

reported. While the use of the Reynolds-averaged Navier-Stokes (RANS) framework, particularly 

the two-equation model closure and the Reynolds stress model (RSM) closure are most commonly 

employed, a trend is also observed that attempts to capture turbulence at a very fine scale, albeit 

the number of such works is fairly limited. For instance, there is only one report to date on the 

simulation of spray dryers using the Large Eddy Simulation (LES) approach (Jongsma et al., 2013) 

and one report using the scale adaptive simulation (SAS) approach (Fletcher and Langrish, 2009) 
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to turbulence modeling. It is noteworthy that both these reports were limited to air flow studies 

without the incorporation of sprayed droplets. 

Among the two-equation turbulence models, the 𝑘 − 𝜀  model is perhaps the most frequently 

employed one. This model was first proposed by Launder and Spalding (1972) and its use became 

prevalent due to its numerical robustness and reasonable accuracy at an acceptable demand for 

computational resources. In the last fifty years, the model has been used in predicting diverse 

engineering flows, some of which warranted adjustments or modifications leading to different 

formulations in addition to the standard 𝑘 − 𝜀 model, such as RNG 𝑘 − 𝜀 (Yakhot and Orszag, 

1986) and Realizable 𝑘 − 𝜀 (Shih et al., 1995).  

In contrast to the computationally economic nature of the 𝑘 − 𝜀 model, the RSM approach requires 

seven additional transport equations for 3D cases (Huang et al., 2004). While the two-equation 

based RANS approach was found to be capable of capturing the spray dryer flow field (Woo, 2016), 

RSM may provide a higher level of detail.  

While few of the CFD studies pertaining to spray drying resorted to RSM for more accurate 

predictions of the flow field (e.g. Ali, 2014; Ali et al., 2017; Ali et al., 2013; Bayly et al., 2004; 

Hernandez et al., 2018; Jaskulski et al., 2015, 2016; Wawrzyniak et al., 2017), most studies have 

preferred the two-equation approach, presumably due to the computational cost-performance 

ratio. Among the two equation models, 𝑘 − 𝜀  turbulence model has been widely used as the 

workhorse. For instance, it was shown in a  review (Kuriakose and Anandharamakrishnan, 2010) 

of 17 to date published research works pertaining to the air flow pattern inside a spray dryer that 

only 2 studies chose RSM model, while the rest utilized 𝑘 − 𝜀 model. There are significant efforts 

in the literature to evaluate various forms of the 𝑘 − 𝜀 model for spry dryer modeling as well. The 

concurrent spray drying experiments undertaken in Lodz University of Technology, Poland, 

described in a series of report (Zbicinski et al., 2002a; Zbicinski and Piatkowski, 2004; Zbicinski et 

al., 2002b) provided the basis for another CFD study (Li and Zbicinski, 2005) published later, which 

reported that the 𝑘 − 𝜀 turbulence model led to the best agreement, even compared to the RSM 

model. It is noteworthy that in more recent CFD works (Jaskulski et al., 2015, 2016; Wawrzyniak 

et al., 2017) published by the same group rather RSM model was employed. Kieviet (Kieviet and 

Kerkhof, 1997; Kieviet et al., 1997) also provided evidence on the applicability of the 𝑘 − 𝜀 model 

with detailed experimental data of a short form cylinder-on-cone spray dryer, albeit the simulation 

undertaken was an axisymmetric one. Huang et al. (2004) presented a comparative study of four 

different turbulence models, namely the standard 𝑘 − 𝜀, RNG 𝑘 − 𝜀, Realizable 𝑘 − 𝜀, and RSM. 

They found that the Realizable 𝑘 − 𝜀 model was not suitable for flows involving swirl. Among the 

other three, RNG 𝑘 − 𝜀 was identified as the optimum choice with reasonable computational time 

and sufficient accuracy, while the RSM could provide better accuracy at the expense of 

significantly higher computational time and the standard 𝑘 − 𝜀 is less accurate for flows involving 

swirl. It is noteworthy that there was no detailed experimental data included in that report. Several 

other works (e.g. Afshar et al., 2018b; Jaskulski et al., 2017; Mezhericher et al., 2015; Tran et al., 

2017; Woo et al., 2008; Woo et al., 2009b; Woo et al., 2011; Yang et al., 2015) can be found in the 

literature that utilized various forms of the 𝑘 − 𝜀  based two equation closures in order to 

investigate several different aspects of spray drying.   

In any event, the underlying assumption in all formulations of 𝑘 − 𝜀 turbulence models suggests 

that the flow is entirely turbulent and hence the effects of molecular viscosity can be neglected in 
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comparison with turbulent viscosity. As a result, these models have proven to be inaccurate in 

predicting low velocity flows particularly in the viscous sublayers closer to the wall, despite 

many ’low Re’ number corrections proposed to date (Menter, 2009). In general, as soon as the 

molecular viscosity becomes as, or more, significant than the turbulence viscosity, the predictions 

of 𝑘 − 𝜀 turbulence models start being inaccurate. Accurate prediction of such regions with low 

turbulence is important, particularly in the near-wall region, for instance to accurately describe the 

diffusion of particles in particle-wall interactions in spray dryers. 

The most commonly applied alternative to the 𝑘 − 𝜀 turbulence models is the 𝑘 − 𝜔 turbulence 

model, which was originally developed by Wilcox (Wilcox, 1988; Wilcox, 1993b). In addition to its 

simple but numerically stable nature, the 𝑘 − 𝜔  model was able to provide more accurate 

formulations of viscous sublayers in the immediate proximity of the wall (Menter, 1994; Wilcox, 

1988) as well as boundary layers in adverse pressure gradient (Wilcox, 1993a), when compared to 

𝑘 − 𝜀 models. On the other hand, the greatest weakness of this model was the severe freestream 

dependency i.e. the solution was found to be strongly dependent on the specified value of 𝜔, a 

limitation that was not observed with 𝑘 − 𝜀 models (Menter, 1992).  

Considering these mutually exclusive advantages as well as disadvantages of these 

aforementioned two-equation models, Menter (1994) took a pragmatic approach and proposed a 

new formulation – Baseline (BSL) – essentially consisting of both 𝑘 − 𝜀  and 𝑘 − 𝜔  models 

combined by means of a blending function. The blending function activates the 𝑘 − 𝜔 model in 

the viscous sublayers as well as in the logarithmic region of the boundary layer, whereas it 

activates 𝑘 − 𝜀 model in the free stream region, while the different elements of these two models 

are gradually blended together in the intermediate region. By replacing the weak element of each 

model by the superior alternative offered by its counterpart, Menter ensured the robustness and 

accuracy in the near wall region as well as the free stream independency in the wake region. 

Nevertheless, the BSL formulation still struggled to capture the onset and amount of flow 

separation at an adverse pressure gradient, as unlike the Reynolds Stress Model (RSM) it was 

unable to account for the transport of principal turbulent shear stress (Menter, 1994; Menter, 2009). 

In order to resolve this issue, Menter (1994), in a slightly modified version (SST) of his BSL 

formulation, utilized the idea originally presented by Johnson and King (1985), which was based 

on the assumption  that the shear stress was made directly proportional to the turbulent kinetic 

energy (Bradshaw, 1972). With the shear stress transport was incorporated, the research group of 

Menter targeted the modeling of the laminar-turbulent transition in boundary layers. As an 

outcome of their collective effort, the transition SST model was formulated and published (Langtry 

et al., 2004; Menter et al., 2006; Menter et al., 2004). This was built upon the basic of SST model, 

with two additional transport equations – the first for the intermittency and the second for the 

transition onset criteria – to be solved incorporating experimental correlations to trigger the onset 

criteria. The authors showed that this model could be applied to a wide variety of industrial 

simulation problems (Menter et al., 2006).  

Despite the progress made by Menter and his associates in turbulence modeling and the reported 

success of SST model, this model has rarely been used in simulations of spray drying. Even though 

the principal impetus for developing the SST model was to accurately predict boundary layers 

under adverse pressure gradients up to flow separation in aerodynamic simulations (Menter, 

2009), the model is pertinent in many industrial flows, particularly where significant share of 
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boundary layers can be non-turbulent. Only a few works (Gabites et al., 2010; Kota and Langrish, 

2007; Langrish et al., 2004; Malafronte et al., 2015; Ullum 2006; Ullum et al., 2010) utilizing SST 

models in spray dryer modeling can be found. These reports, however, were not accompanied 

with detailed flow field measurements to provide more evidence as the focus of the papers the 

development of other aspects of the CFD framework such as droplet drying, deposition modeling 

and protein denaturation modeling during spray drying. Although not specified, the work of 

Gabites et al. (2010) and the series of work by Ullum and co-workers involved industrial scale 

dryers, which might not have permitted detailed flow field measurements (not specifically 

mentioned in the papers). Only Langrish et al. (2004) mentioned that improved predictions of flow 

separation were obtained by the SST model over the basic 𝑘 − 𝜀 model. Naturally, the flow field 

in a spray drying chamber is a curiously diverse one, influenced by the inherent characteristics of 

its geometry, broad velocity spectrum depending on the scale and potential presence of sudden 

expansion, inlet swirl and free jet shear. These features of a spray drying chamber suggest that the 

assumption of a fully turbulent flow field in order to legitimize the use of the 𝑘 − 𝜀 model deserves 

further attention.  

Thus, further simulation studies validated by comprehensive measurements focusing on the 

choice of turbulence models is needed. In this work, five different turbulence models (variants of 

the 𝑘 − 𝜀 and 𝑘 − 𝜔 models) were employed to predict the flow field inside of a lab scale counter-

current spray tower. The key flow characteristic in the tower investigated in this work is the 

dissipation of a central hot air jet into the drying chamber, which is ubiquitous in spray dryers. 

The models used were RNG 𝑘 − 𝜀 , standard, BSL and SST 𝑘 − 𝜔  as well as transition SST. 

Evaluation of the simulation results was carried out based on experimental observations and 

measurements within the chamber. The generic objective of this study is to improve the 

understanding of the effects of choosing different turbulence models for such CFD simulations. 

2 Material and Methods 

2.1 Description of the spray tower 

The counter-current tower developed at Monash University in the Department of Chemical 

Engineering (Shakiba et al., 2016) was adapted for this study. The tower is 4.0 m tall and possesses 

a diameter of 600 mm (see Figure 1). The falling particles were collected on a collection tray, as 

these were only driven by gravity. The liquid feed was atomized at 0.5 MPa pressure through a 

nozzle of 0.5 mm orifice (AmFog Nozzle Technologies Inc., USA). The effective drying air was a 

mixture of multiple streams. The hot air was supplied by an air heater (Techspan industrial hot air 

blower), which was mixed with compressed air at a plenum chamber below the dryer. As the air 

entered the tower through the inlet near the bottom, the ambient air was entrained through the 

open dryer bottom. The mixture of hot and ambient air then effectively flew upwards against the 

falling particles and finally left the dryer, as it was sucked out by an exhaust blower. The flow rate 

and temperature of the drying air were therefore varied by controlling the power of the heater and 

ratio of the hot air to the compressed air. Additionally, by increasing the exhaust fan vacuum, the 

flow rate of the entrained ambient air could be increased. The drying chamber as well as the hot 

air inlet were insulated with glass wool, in order to inhibit the heat loss to the environment.  

As expected in a counter-current spray dryer, the fine fraction of the produced powder was 

entrained by the ascending drying air and subsequently left the chamber through the air outlets. 
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This fraction was not recovered and hence was not included in our analysis specific to the powder 

samples. However, for thoroughness and for the readers’ information, the mass of entrained 

particle was estimated to be slightly above 80% of the initially injected solid mass (from 

simulations with the preferred model).  This could also be corroborated with the experimental 

observation. 

2.2 Measurements  

All the temperature measurements were performed by using K-type thermocouple probes 

(OMEGA Engineering inc., USA). The relative humidity was measured by means of capacitive 

sensors (E+E Elektronik Ges.m.b.H, Austria and Kimo Instruments, France). Pitot tubes (TSI Inc. 

USA) were employed to measure the air velocity and pressure. Internal temperatures were 

measured in ‘dry run’ conditions where the drying chamber was heated to steady state conditions 

prior to the spray of feed materials. Two sets of internal measurements were undertaken: Points 

1-10 were measurements at the axis of the chamber while points 2*-9* were measurements 0.15 m 

off the axis of the chamber (see Figure 1b). The main purpose of measurements at the axis and the 

offset location was to understand the mixing behavior of the relatively cooler air flow which was 

entrained into the chamber from the bottom outer annular inlet and the central hot air jet. 

The sprayed materials were distilled water and then commercial skim milk (supplier: Farmdale, 

ALDI Australia) having a solid content of approximately 10% for achieving the steady state with 

spray and the actual drying run respectively. The feed was directly transferred into the feed tank 

(1 L) and then kept under room temperature until the temperature of the prepared feed reached 

around 20°C. Then the spray was initiated. 

The powder collected at the bottom outlet was immediately transferred into an airtight container 

and taken to moisture content analysis. The moisture content of the powder samples was 

determined from weight loss after drying approximately 1 g of powder in an oven at 102°C for 6 

hours. The determined moisture content was cross-checked by adding some measurements 

obtained from a moisture analyzer (Ohaus Corporation, USA). The moisture content was 

confirmed by employing two methods, since due to the small amount of produced samples the 

prescribed amount of 3 g according to IDF Standard No.26-1964 (Pisecký, 1997) could not be 

maintained.  

The initial droplet size distribution was estimated by conducting image analysis (ImageJ) on 

backlit images of a water spray shot at identical conditions as inside the spray dryer, with Phantom 

VEO 410 L high speed camera (Vision Research Inc., USA) and a Micro-NIKKOR 105mm f/2.8 lens 

(Nikon Corporation, Japan). 

2.3 Model Description 

2.3.1 Geometry  

The unstructured mesh was created using the built-in meshing application in the ANSYS 

Workbench (Release 19.0). Few simplifications were made, while creating the 3D geometry used 

for CFD simulations. In the simplified geometry, the inserted lance (diameter 15.85 mm) for the 

liquid feed as well as the geometry of the nozzle were ignored eliminating such minute and fine 

geometries relative to the large scale of the system, to ensure numerical stability. The calculation 

domain was expanded 30 cm around the actual diameter towards the bottom opening of the dryer 
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to minimize the influence of set boundary conditions i.e. turbulence properties of the entrained air 

inlet on the simulation results in the actual domain. For the same reason, the hot air inlet was 

included along with the pipe extending up to 1 m downwards. This also helped develop reliable 

velocity, turbulence and temperature profiles at the actual inlet, in contrast to setting those 

conditions at the entrance into the chamber based on assumptions. The choice of this extension 

length relied upon a sensitivity analysis, which showed that at the chosen length the effect of 

moderate variation in set initial conditions on the predicted turbulence properties at the actual 

inlet was insignificant.  

Higher mesh density was enforced in the vicinity of the wall as well as in the central region, in 

order to better capture the boundary layers of the flow-field and the impact of the jet on the flow 

field. Figure 2 shows a simplified schematic of the calculation domain as well as a representative 

section of the mesh structure.  

The final mesh had 262231 elements and 65242 nodes in total. A further increase in number of the 

elements did not improve the results significantly. The mesh independence was ensured through 

a systematic test by monitoring axial velocity and temperature predictions at various locations 

along the height of the spray tower.  

2.3.2 Initial and Boundary Conditions 

The calculation domain consists of two inlets – a mass flow inlet for the hot drying air and a 

pressure inlet for the entrained air – and four pressure outlets at the top. The initial and boundary 

conditions used are summarized in   
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Table 1.  

2.3.3 Numerical solution 

The 3-D double precision solver in ANSYS FLUENT (Release 19.0) was utilized. The spatial 

discretization of transport equations were all carried out in second order upwind scheme, while 

for pressure “PRESTO!” was used. The temporal discretization was performed in the second order 

implicit scheme. The pressure-velocity coupling was undertaken by SIMPLEC scheme.  

The model is solved for steady state for approximately 1200 iterations until convergence was 

reached. Transient simulation was deemed unnecessary for flow field development, since there 

was no evidence suggesting any asymmetry or self-sustained oscillations in the predicted flow 

field (Woo, 2016). This was further verified by sequential monitoring of the velocity flow field 

during the steady state solution. In order to determine the convergence the reduced residual 

patterns (< 1 × 10−4 ) were observed alongside temperature and gas velocity magnitude at 

different locations distributed throughout the calculation domain. It was also ensured that the 

overall mass and energy balance was satisfied.  

For simulation with particle injection the solution mode was switched to transient (The 

justification is presented later in the discussion). The transient simulation was approached through 

a step-by-step procedure (Woo, 2016; Woo et al., 2009b) i.e. the developed flow field obtained from 

the steady state solution was taken as initial condition for the transient simulation. A time step of 

0.05 s was chosen to capture any oscillation that might occur with a frequency lower or equal to 

20 Hz. The transient solver was run initially for around 100 time steps (dry run) until no change 

in residuals as well as monitored quantities was observed. Only then the particles were injected 

and the actual spray drying simulation was started, while two-way turbulence coupling was 

enabled.  

Several user defined functions (UDF’s) were utilized to modify some of the default features in 

ANSYS FLUENT solver. As it was ascertained in a previous work (Jubaer et al., 2017) by the 

authors that modeling non-perfect shrinkage of particles during drying is indispensable in 

obtaining accurate predictions regarding drying history as well as particle trajectory, the particle 

diameter was modified in the same way as in the cited work i.e. as a function of the current 

moisture content indirectly by changing the density of the discrete phase. The UDF called 

“DEFINE_DPM_PROPERTY” was employed to achieve this goal. “DEFINE_DPM_TIMESTEP” was 

switched active for limiting the time step size of the discrete phase model to 1 × 10−4𝑠.  

In addition to capturing the shrinkage behavior the appropriate drying kinetics was accounted for 

by implementing the drying model Reaction Engineering Approach (REA) (Chen, 2008) through 

another UDF, which forced the kinetic to be accounted for during particle tracking by modifying 

the “vapor-particle-equilibrium”. The UDF is designated “DEFINE_DPM_VP_EQUILIB”.  

In order to obtain data associated with the discrete phase, the UDF named “DEFINE_DPM_OUTPUT” 

was employed. This enabled desired data to be obtained by discrete phase sampling at different 

locations of the chamber under the report option in FLUENT. The statistical method of data 

evaluation (Woo, 2016; Yang et al., 2015) yielded average moisture content, particle size 

distribution and residence time. More detailed account of the UDF implementation strategy was 

given in the supplementary information of the cited previous work. 
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2.3.4 Theoretical background 

Details on the RANS theoretical framework for capturing turbulent flow is established in the 

literature (e.g. Durbin and Reif, 2010) and is not included here for brevity. Similarly, the theoretical 

framework for the RNG 𝑘 − 𝜀 (Yakhot and Orszag, 1986), standard (Wilcox, 1993b), BSL (Menter, 

1994) 𝑘 − 𝜔 and transition SST (Menter et al., 2006) was not included here. Interested readers can 

refer to the cited literature sources. For the interest of the discussion in this manuscript, the 

theoretical framework for the SST 𝑘 − 𝜔 is provided in brief, as this will be analyzed in greater 

detail in latter section of this manuscript. It is noteworthy that this SST formulation of Menter is 

very close to the original BSL 𝑘 − 𝜔 model. 

In this formulation, the turbulent kinetic energy, 𝑘 and the specific dissipation rate 𝜔, which is 

defined by the ratio of 𝜀 to 𝑘 i.e. 𝜔 = 𝜀 𝑘⁄ , are described by the following transport equations: 

 
𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑘𝑢𝑖)

𝜕𝑥𝑖
= �̃�𝑘 − 𝛽∗ 𝜌𝑘𝜔 +

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)
𝜕𝑘

𝜕𝑥𝑗
] (1) 

𝜕(𝜌𝜔)

𝜕𝑡
+

𝜕(𝜌𝜔𝑢𝑖)

𝜕𝑥𝑖
= 𝛼

1

𝜈𝑡
�̃�𝑘 − 𝛽 𝜌𝜔2 +

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜔
)
𝜕𝜔

𝜕𝑥𝑗
] + 2(1 − 𝐹1)𝜌

1

𝜎𝜔,2𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
 (2) 

𝜎𝑘 and 𝜎𝜔 are the turbulent Prandtl numbers for 𝑘 and 𝜔 repectively and are calculated by using 

the blending function 𝐹1: 

 
1

𝜎𝑘
=

𝐹1

𝜎𝑘,1
+

1−𝐹1

𝜎𝑘,2 
 (3) 

 
1

𝜎𝜔
=

𝐹1

𝜎𝜔,1
+

1−𝐹1

𝜎𝜔,2 
 (4) 

The first term on the right hand side of the transport equations (1 & 2) �̃�𝑘 is related to the shear 

tress, 𝜏𝑖𝑗 = 𝜌𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅  as given below: 

 𝑃𝑘 = 𝜏𝑖𝑗
𝜕𝑢𝑖

𝜕𝑥𝑗
= 𝜇𝑡

𝜕𝑢𝑖

𝜕𝑥𝑗
(
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) (5) 

 �̃�𝑘 = min (𝑃𝑘 , 10 𝛽
∗ 𝜌𝑘𝜔) (6) 

Combining the idea based on Bradshaw’s assumption that the shear stress 𝜏  is directly 

proportional to the turbulent kinetic energy i.e. 𝜏 = 𝜌𝑎1𝑘 and the description of shear stress in two-

equation models i.e. 𝜏 = 𝜇𝑡
𝜕𝑢

𝜕𝑦
, the shear stress was defined in the following way for conventional 

two-equation models: 

 𝜏 = 𝜌 √
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑘

𝐷𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛𝑘
𝑎1𝑘  (7) 

To satisfy the relationship  𝜏 = 𝜌𝑎1𝑘 , within the framework of an eddy-viscosity model, the 

following limiter is added to the formulation of the turbulent viscosity: 

 𝜇𝑡 =
𝜌𝑘

𝜔

1

max(1/𝛼∗,𝑆𝐹2/𝑎1𝜔)
 (8) 

where, S is the invariant strain rate 
𝜕𝑢

𝜕𝑦
 and 𝐹2 is a function (see equation 10) having the value of 1 

for the boundary layers and 0 for free shear layers. In an adverse pressure gradient boundary layer, 

production of 𝑘  is larger than its dissipation leading to 𝑆/𝑎1𝜔 > 1/𝛼∗  and equation (8) hence 
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guarantees the implementation of Bradshaw’s assumption, while the original formulation 𝜇𝑡 =
𝛼∗𝜌𝑘

𝜔
 is applied for the rest of the flow.  

The blending function 𝐹1is defined by: 

 𝐹1 = tanh [{min {max (
√𝑘

𝛽∗ 𝜔𝑦
,
500𝜇

𝜌𝑦2𝜔
) ,

4𝜌𝑘

𝜎𝜔2𝐶𝐷𝑘𝜔𝑦
2}}

4

] (9) 

 𝐹2 = tanh [{max (
2√𝑘

𝛽∗ 𝜔𝑦
,
500𝜇

𝜌𝑦2𝜔
)
2

}] (10) 

with 

 𝐶𝐷𝑘𝜔 = max (2𝜌
1

𝜎𝜔,2𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
, 10−10) (11) 

The turbulent viscosity 𝜇𝑡 is calculated generally via the following correlation: 

 𝜇𝑡 = 𝛼∗
𝜌𝑘

𝜔
 (12) 

With density 𝜌, turbulent kinetic energy, 𝑘 and specific dissipation rate, 𝜔 and the constant 𝛼, 

which is given as a function of turbulent Reynolds number, 𝑅𝑒𝑡 =
𝜌𝑘

𝜇𝜔
 by: 

  𝛼∗ = 𝛼∞
∗ (

𝛼0
∗+𝑅𝑒𝑡/𝑅𝑘
1+𝑅𝑒𝑡/𝑅𝑘

) (13) 

with 𝛼0
∗ =

𝛽𝑖

3
. The coefficient 𝛼 present in the transport equation for the production of the specific 

dissipation rate 𝜔 is given by: 

 𝛼 =
𝛼∞
𝛼∗
(
𝛼0+𝑅𝑒𝑡/𝑅𝜔
1+𝑅𝑒𝑡/𝑅𝜔

) (14) 

𝛼∞ is calculated by means of the blending function: 

 𝛼∞ = 𝐹1𝛼∞,1 + (1 − 𝐹1)𝛼∞,2 (15) 

 𝛼∞,1 =
𝛽𝑖,1

𝛽∞
∗ −

0.412

𝜎𝜔,1√𝛽∞
∗
 (16) 

 𝛼∞,2 =
𝛽𝑖,2

𝛽∞
∗ −

0.412

𝜎𝜔,2√𝛽∞
∗
 (17) 

The dissipation of turbulent kinetic energy in the transport equation (1) contains the coefficient 

𝛽∗, which is defined in the following manner: 

 𝛽∗ = 𝛽𝑖
∗[1 + 𝜁∗𝐹(𝑀𝑡)] (18) 

 𝛽𝑖
∗ = 𝛽∞ (

4/15+(𝑅𝑒𝑡 𝑅𝛽⁄ )
4

1+(𝑅𝑒𝑡 𝑅𝛽⁄ )
4 ) (19) 

The dissipation of specific dissipation rate 𝜔 in the transport equation (2) contains the coefficient 

𝛽, which is defined in the following manner: 

 𝛽 = 𝛽𝑖 [1 −
𝛽𝑖
∗

𝛽𝑖
𝜁∗𝐹(𝑀𝑡)] (20) 
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In lieu of a constant 𝛽𝑖 value, the blending function is used to calculate it: 

 𝛽𝑖 = 𝐹1𝛽𝑖,1 + (1 − 𝐹1)𝛽𝑖,2 (21) 

The compressibility function 𝐹(𝑀𝑡) is defined as: 

 𝐹(𝑀𝑡) = {
0 𝑀𝑡 ≤ 𝑀𝑡0

𝑀𝑡
2 −𝑀𝑡0

2 𝑀𝑡 > 𝑀𝑡0
 (22) 

With 𝑀𝑡
2 =

2𝑘

𝑎2
 and 𝑎 = √𝛾𝑅𝑇 . The default model constants are defined to be 𝑎1 = 0.31, 𝛼∞

∗ =

1, 𝛼∞ = 0.52, 𝛼0 =
1

9
, 𝛽∞

∗ = 0.09, 𝛽𝑖 = 0.072, 𝛽𝑖,1 = 0.075, 𝛽𝑖,2 = 0.0828,𝑅𝛽 = 8,𝑅𝐾 = 6,𝑅𝜔 =

2.95, 𝜁∗ = 1.5,𝑀𝑡0 = 0.25 , 𝜎𝑘,1 = 1.176, 𝜎𝑘,2 = 1.0, 𝜎𝜔,1 = 2.0, 𝜎𝜔,2 = 1.168.  

In addition to the turbulence model, in order to capture the accurate drying kinetics the Reaction 

Engineering Approach (REA) model (Chen, 2008) was employed, the detailed outline of which is 

not being included in this paper wither for brevity. The required parameters for 10% skim milk 

were taken from literature (Fu et al., 2011). The equilibrium moisture content was estimated by 

modeling the sorption isotherm of skim milk with Guggenheim-Anderson-de Boer (GAB) model 

with parameters reported by Lin et al. (2005).  

3 Results and Discussion 

3.1 Flow-field inside the chamber 

A review of previous works led to the initial choice of RNG 𝑘 − 𝜀 model for predicting turbulence 

properties. Due to unavailability of appropriate equipment for accurately measuring low range 

velocities, the indirect method of validating the flow field by means of temperature profile was 

chosen. However, the predicted flow field was not in agreement with the measurements, as can 

clearly be seen from Figure 3. Particularly near the hot air inlet, where the jet is just introduced 

into the dryer, the temperatures were overpredicted in the center, whereas 150 mm away from the 

center temperatures were underpredicted. This clearly indicates an inadequate mixing of hot and 

cold air and thus a sustained partially unmixed flow up to 1 m above the inlet. The measurements 

on the other hand showed that the mixing occurred already within 0.5 m distance from the hot air 

inlet. Consequently, the hot and cold streams were completely mixed at a distance between 1 to 

1.5 m. Similar behavior of the air flow pattern and same discrepancies between the measurements 

and predictions by CFD model utilizing 𝑘 − 𝜀 approach were observed and reported by Kieviet 

and Kerkhof (1997). They clearly stated that the CFD model predicted less mixing than the 

measurements, which made the core flatten out more rapidly in measurements as compared to the 

model predictions.  

   

The reason behind the poor performance of 𝑘 − 𝜀 models, of which RNG is a variant, could be its 

well known inability to provide reliable predictions for flow field mostly governed by low 

Reynolds number i.e. not fully turbulent. As can be seen from the velocity flow field displayed in 

Figure 4 the most of the regions in the chamber has a velocity magnitude between 0.3-1 m/s, it 

can be safely assumed that the flow field is mostly governed by low Reynolds number. In contrast, 

the studies reported in literature, in which RNG model proved to be effective, the flow field might 

have been considerably more turbulent dominated by swirls. The other weakness of the model, 
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which does not consider the transport of shear stress also contributed considerably to the 

deviations observed. It is expected that the impact of the shear stress transport around the free 

sheer flow of the hot air inlet jet on the development of the flow field would be significant.  

In contrast, the predicted temperature with the 𝑘 − 𝜔  variants except for the standard one 

provided slight improvements, however the central jet was predicted to be too long, as compared 

to the measured values. The largest discrepancies in case of the standard variant of the 𝑘 − 𝜔 

model was expected, because, as already discussed in the introduction, unlike the other variants 

this does not include the modifications developed by Menter to improve its performance away 

from the wall. Figure 3 shows that the temperature predicted by simulations using the transition 

SST model was the closest to the measured values, albeit the deviation was still too significant to 

be ignored. Furthermore, the trends were similar among the 𝑘 − 𝜔 variants.  

Figure 4 shows the contour plots of the predicted velocities. From the velocity contour plots the 

slow decay of the inlet jet also becomes evident. Due to this slow decay, the entrained air and the 

central hot air remained separated and thus significantly higher temperatures were predicted in 

the central region of the tower, whereas in the near wall region the predicted temperature was 

markedly lower. It appeared, the jet dissipated much quicker in reality. The contour plots of 

temperature shown in Figure 5 corroborate the identified issue.  

In order to resolve this issue, further investigations into the SST-turbulence model was deemed 

necessary. Since the transition SST model could not provide any significant improvement over 𝑘 −

𝜔 SST, this model was not chosen considering the additional computational resources required.  

Since the default versions of the available models did not provide a good agreement with the 

measured values, as a viable alternative modifying the model constants was considered. A 

systematic sensitivity analysis buttressed by the study into the theoretical background of the 

model, revealed that, among the various model constants, 𝛼∞
∗  provided the most significant 

improvement in predicted results. The detailed theoretical correlations can be found in the cited 

sources of literature (Menter, 1994; Menter, 2009).  

In the default version of the model in ANSYS Fluent the prescribed value for 𝛼∞
∗ is 1 (ANSYS® 

FLUENT, 2018). This value was elevated to 1.45 in this study. The rationale was to increase the 

turbulent viscosity, which would lead to an increased turbulent kinetic energy. Moreover, the 

shear stress is also proportional to the turbulent kinetic energy. The combined effect would lead 

to a higher turbulence at the hot air inlet among others. This would cause a faster dissipation of 

the jet and thus facilitate an enhanced mixing of the cold and hot stream. Figure 6 presents the 

comparison among the turbulent kinetic energy profiles predicted by different turbulence model. 

It is clear how significantly higher the 𝑘 values are for the 𝑘 − 𝜔 SST model with modified constant. 

Additionally, the contour plots also indicate the dissipation of this high turbulence was relatively 

more intense than in other model cases. Figure 6 also reveals that the predicted low and longer 

sustaining 𝑘 values in case of 𝑘 − 𝜀 turbulence failed to provide satisfactory results.  

The temperature profile obtained from simulations performed by using 𝑘 − 𝜔 SST model with 

abovementioned modified constant closely matched the measurements (see Figure 3). The 

agreement was ensured not only in the central region, but also away from the jet and across the 

entire height of the spray tower. As a result, this variant of the turbulence model was deemed most 

suitable for developing an accurate flow field.  
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It should be noted that our aim was to find an appropriate turbulence model without increasing 

the computational requirement, and hence we excluded RSM from our investigation. Nonetheless, 

on this note, it must be mentioned here that several studies were found in the literature that 

observed and reported discrepancies akin to our observation despite their use of RSM model. For 

instance, comparison between the simulation results and detailed experimental data reported by 

Bayly et al. (2004) revealed disagreement in the central axis. In a recent study, Hernandez et al. 

(2018) employed RSM model to predict the flow pattern inside of a countercurrent spray dryer 

experimentally investigated by Francia et al. (2015) and reported significant lack of accuracy in the 

central axis as well, interestingly resembling our observation for all default turbulence models. A 

previous validation report of simulation results for the same spray tower conceded that the RSM 

model along with the realizable 𝑅 − 𝜀 model were only able to qualitatively predict the shape of 

the measured velocity profiles (Ali, 2014).  

On a separate note, by making comparison with an arbitrary simulation with thermally insulated 

wall boundaries, the heat loss from the chamber was estimated to be approximately 1.01 kW. If 

divided by the corresponding surface area for the heat transfer, this value is in the same order of 

magnitude as the 1.53 kW of total heat loss found for another spray tower of 6 m height and 0.4 m 

diameter as reported by Jaskulski et al. (2017). Although direct comparison cannot be made with 

other dryers due to significant differences in size, geometry as well as insulation setup, the heat 

loss in the current tower was found to be lower than some of the reported values in the literature 

(e.g. total heat loss of 88 kW, 21.435 kW and a range between approximately 3.5-6 kW were 

reported by Harvie et al. (2002)  Ali et al. (2014) and Jaskulski et al. (2015) respectively for their 

investigated spray towers). The relatively low heat loss in our case could be attributed to the 

quickly achieved mixing of the entrained and hot air, which reduced the temperature of the drying 

air within a short distance from the inlet, leading to a lower driving force available for heat loss to 

the environment for a significant portion of the drying chamber. 

3.2 Drying history of particles 

The discussion above clearly shows how the prediction of the flow field can significantly vary 

from the reality for different turbulence models. Of course, it is crucial to understand how the 

predicted drying of particles is affected, if these developed flow fields were used to continue the 

spray drying simulation. In order to investigate this issue, skim milk particles were injected in the 

developed flow field and the simulation was continued in a transient mode.  

At this stage of the work, steady state simulations could not be continued further with particle 

injection, because the monitored quantities such as the velocities and temperatures at different 

locations started to show significant fluctuations. A similar case was reported in a previous work 

by the authors (Jubaer et al., 2017), where self-sustained fluctuations were instigated by the 

injection of the discrete phase into a precariously steady flow field. Similar to that case, there was 

no sign of fluctuations during the flow development without the discrete phase suggesting the 

suitability of a steady state solution method. However, injection of particles readily rendered the 

flow field into an asymmetric transient one. Figure 7 depicts these fluctuations. It is noteworthy 

that all turbulence models, with the initiation of particles injection, led to the transient features. 

This eliminates any of the models to be the source of these disturbances. Figure 7a shows the 

fluctuations observed in velocity magnitudes at a location 3.5 m away from the inlet and Figure 
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7b presents the erratic oscillations in outlet temperature values. It was found that the asymmetry 

in flow field and fluctuations were more pronounced in the vicinity of the atomizer irrespective of 

the applied turbulence model. At positions away from the atomizer, the fluctuations were fairly 

negligible to non-existent. The velocity vectors as well as temperature contour shown in Figure 8 

clearly depicts the asymmetry present near the outlet, while the jet as well as the flow around the 

air inlet (bottom if the dryer) remains unaffected. A discussion specifically pertaining to the source 

of such transient features in an initially predicted steady flow field was recently presented 

elsewhere (Afshar et al., 2018a). By eliminating the possible influence of the physical geometry, 

meshing and mathematical model in the discussion, the seed for or the instigation of ‘numerical’ 

self-sustained fluctuation was attributed to numerical imbalance during the solution of the flow 

field. Such numerical imbalance may indeed propagate into imbalances predicted in the physical 

flow field, building up the potential for self-sustained fluctuations. Perhaps the numerical 

coupling with particles introduced into the simulation as well indeed contribute to such instability, 

as observed here or elsewhere (Jubaer et al., 2017). Whether or not such imbalances propagate into 

self-sustained flow behaviour certainly depends on the propensity of the spray drying chamber 

for ‘dampening’ such physical or numerical imbalances. At any rate, it must be noted here that the 

understanding on the numerical source of self-sustained fluctuation is extremely important in 

guiding the numerical approach employed in the CFD simulation of spray dryers.  

Furthermore, from Figure 7 it becomes very evident that the velocity and temperature predicted 

by 𝑘 − 𝜀 RNG was fairly erratic. In order to understand this discrepancy we have to refer to the 

flow behaviour ascertained in the earlier discussion regarding the sustained incoming jet for a 

longer length scale and the lack of shear stress transport. Figure 9 also provides some more insight. 

It can be seen that the cold patch due to evaporation turned to one side practically building a 

channel for the hot air to escape without having proper contact with the particles. The particles 

were more likely to take the path away from hot air stream. In the course of the simulation, this 

cold patch moved around from one extreme to the other (an example is shown in Figure 9a right 

next to the 50s snapshot and a solution animation video can be found online, see Video 1). This 

phenomenon can be attributed to the longer central jet, which was practically influencing and 

forcing the spray to move away from the centre to either of the sides. At any rate, this introduced 

considerable amount of fluctuations, ultimately leading to near divergence. The divergence might 

be avoided by choosing a very fine time step, however significantly erratic predictions (as 

compared and shown in Figure 7) proved fairly unrealistic, since they were never encountered 

during the measurements. This observed failure of 𝑘 − 𝜀 RNG model in providing reliable results 

indicated that this model is not suitable for application in this case.  

Investigations into the drying behaviour of the particle with respect to different turbulence models 

revealed that the drying history and hence the predicted final moisture content was significantly 

affected by the flow field predicted by different turbulence models. From   ACCEPTED M
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Table 2, it can be clearly seen that the mass average moisture contents differ markedly. The closest 

agreement with measured data was found with the previously chosen 𝑘 − 𝜔 SST with modified 

constants. The default 𝑘 − 𝜔 SST model performs relatively better than the 𝑘 − 𝜀  RNG model. 

However, it is noteworthy that both of the models overpredicts the final moisture content. This 

can be explained by the flow field described earlier (shown in Figure 4 thru Figure 6). Since only 

in the 𝑘 − 𝜔 SST model with modified constant, the hot and cold air streams were mixed very early 

leading to a homogeneously distributed higher temperature sustaining in most part of the dryer 

as compared to the field predicted by the other default two-equation models, the effective driving 

force for transferring heat and mass was higher for the particles. This ultimately led to enhanced 

drying. In contrast, unmixed air streams exposed a fraction of the injected particles to a higher 

driving force for a shorter period of time, while leaving the rest falling through a cooler ambient 

causing poor drying. The distributions of moisture content in particles sampled at the outlet, 

which was shown in Figure 10, also corroborate this theory. All of the models predicted the highest 

percentage of particles under 5% rest moisture content, while the chosen 𝑘 − 𝜔 SST with modified 

constants predicted these to be over 90%. The rank of predicted percentages of particles at higher 

moisture contents than the average was reversed for the models, which in effect caused the average 

moisture content to soar for other two default models. The presence of poorly dried large and 

heavy particles actually increases the mass-weighted average moisture content, whereas the effect 

of higher mass would be ignored in simple number based average. The failure to predict realistic 

results by 𝑘 − 𝜀 RNG can be explained by the observation described above in association with 

Figure 9. The resulting poor contact time with hot air and channel flow due to the distinctive flow 

field resulted in poor heat and mass transfer. Consequently, the particles, particularly the heavier 

ones retained moisture quite markedly (see green and red particles in Figure 9 closer to the powder 

outlet).   

Furthermore, the increased production of turbulent kinetic energy as well as enhanced dissipation 

in case of the best performing 𝑘 − 𝜔 SST with modified constants must have contributed to the 

increased drying, as Southwell et al. (1999) showed that turbulence intensifies the drying process.  

Comparing with the measured values for average moisture content and outlet air conditions 

(shown in   
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Table 2) showed again that 𝑘 − 𝜔 SST with modified constants could provide predictions closest 

to the experimentally determined values. The default 𝑘 − 𝜔 SST again performed better than the 

𝑘 − 𝜀 RNG model, however it could not agree as well as that with modified constant.  

It is noteworthy that this effect of choosing the turbulence models on the predicted drying became 

evident because of the operating parameters applied here. It is obvious that a lower rate of 

atomization or higher inlet air temperature or longer height leading to higher residence time of 

the particles would help disguise this effect, if only the outlet conditions were analysed. The 

residence time and operating temperature at the employed counter-current spray dryer unravelled 

this very important phenomenon, which may occur in every spray dryer. The implication of 

overpredicting the moisture content in particles by simulation as a result of choosing the wrong 

turbulence model could lead to poor design decisions or flawed changes in operation leading to 

inefficient drying. 

3.3 Comparison with other studies 

Before concluding this work, to put this work into perspective it is of interest to compare the 

investigated spray dryer in this work with some other simulated dryers in the literature so that a 

possible correlation can be pursued. In   
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Table 3 such a comparison is presented. Since dryer geometry and operating conditions are fairly 

different each case, it is challenging to find a common platform to compare the results. Therefore, 

we calculated some dimensionless quantities to serve this purpose. Alongside the aspect ratio 

(chamber length to diameter) and expansion ratio (chamber diameter to inlet hydraulic diameter), 

the average global Reynolds number with respect to the chamber and the Reynolds number at the 

inlet are calculated.  

At first by examining alone the average Reynolds number with respect to the chamber it can be 

said that no trend can be recognized. However this combined with the Reynolds number at the 

inlet (since the area closer to the inlet proved to be the most difficult to predict), it can be 

ascertained that our investigated spray dryer is among the ones exhibiting relatively low Reynolds 

number. This was mentioned earlier in the discussion to refer to one of the reasons behind the poor 

performance of 𝑘 − 𝜀  turbulence model. In addition, the similar order of magnitudes of the 

calculated Reynolds number indicates that this study is comparable to other studies reported in 

the literature and hence the findings can be utilized for a broad spectrum of spray dryers. 

However, considering the highest discrepancies particularly closer to the central axis and the inlet 

air jet, when we turned to the expansion ratios of the investigated dryers, we can see that the only 

study that exhibited accurate prediction with 𝑘 − 𝜀  model, did not have any incoming air jet 

dissipating into the larger chamber. The studies having relatively high expansion ratio either 

resorted to other turbulence models such as RSM and 𝑘 − 𝜔  SST or accepted the resulting 

deviations (reviewed in detail in the Introduction). Therefore, from the comparison it may be 

concluded that spray dryers with inlet jets, which dissipate in the expanded chamber are more 

demanding for 𝑘 − 𝜀 model to predict accurately. This is expected, since it is well known that 𝑘 −

𝜀 model does not account for the transport of shear stress. The highest deviation occurs at the 

locations closer to the jet, whereas the locations away from it as well as outlet conditions may be 

well predicted. While RSM or 𝑘 − 𝜔  SST models appear to perform better in that regard, 

manipulating the model constants may lead to enhanced accuracy, as shown in this work.   

One significant difference between the investigated spray dryer and the reported spray dryers in 

the literature, specially discussed in   
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Table 3, is the presence of the entrained ambient air, which mixed with the supplied hot drying 

air. The air entrainment ratio i.e. the ratio of the mass flow rate of entrained air to that of the total 

drying air was calculated to be approximately 65%. The entrained air provided us with the 

opportunity to investigate the effect of the chosen turbulence model on the mixing of these two 

different air streams. While other dryers may not have this exact configuration, the fundamental 

fluid flow phenomenon here, which is the shearing and mixing of the central air jet, can be applied 

to other spray drying operation. 

4 Conclusions  

In this work, five different turbulence models were assessed in CFD simulations of a lab scale 

counter-current spray drying process. Steady state simulation results were first compared with 

experimental data. Initially no satisfactory agreement could be achieved with the default versions 

of these models. It was also ascertained that using the RNG 𝑘 − 𝜀  model led to the highest 

deviations from the measured values. The 𝑘 − 𝜔 variants performed slightly better, but still made 

unsatisfactory predictions. Therefore, the model constants needed minor modifications. This 

finally led to a more satisfactory agreement between the measurements and simulation results. 

From this work, it can be concluded that the tested turbulence models with default settings are 

unlikely to provide a good agreement between the simulation and measured data, particularly for 

a lab scale dryer, where the flow field might not be entirely turbulent, despite the available low 

Reynold number corrections. Contrary to common practice, 𝑘 − 𝜀  models might not be 

appropriate for simulations involving such dryers. As alternative, 𝑘 − 𝜔 variants of turbulence 

models, especially the SST model, perform slightly better. It is noteworthy that the detailed flow 

field behavior such as local temperature, pressure and velocity are most likely to deviate 

significantly from the reality, particularly at the vicinity of any source of turbulence e.g. inlet jets, 

even though the overall conditions may match with experimental data. Furthermore, this work 

demonstrated the relationship between the production of turbulent kinetic energy and the jet 

behavior. It was ascertained that if an incoming jet is observed to dissipate very quickly in a short 

length scale facilitating enhanced mixing of two disparate flow streams, the default turbulence 

model has to be modified to produce an elevated turbulent kinetic energy as well as diffusivity.  

Investigations into the effect of different turbulence models on the predictions of drying 

performance showed that predicted flow field considerably influences the particle drying history, 

as expected. The 𝑘 − 𝜔 SST model with modified constant, which could match the experimental 

flow field the best, predicted the final moisture content of the particles as well as outlet air 

conditions providing the best agreement with experimental results, while the default 𝑘 − 𝜔 SST 

and 𝑘 − 𝜀 RNG models markedly overpredicted the moisture content. The overprediction can be 

attributed to the unmixed cold streams and the hot free shear jet, which expose the particles to 

different driving force for heat and mass transfer. This ultimately leaves some large poorly dried 

particles that drive the average moisture high. Again in terms of predicting the drying history, 

among the tested models the 𝑘 − 𝜀 RNG model performed the worst and proved to be unsuitable 

for application for similar flow field. Additionally, it was observed during the simulations with 

the RNG model that the longer sustaining jet can ultimately force the spray to sway from side to 

side and thus cause flow field instability. This may also lead to poor heat and mass transfer 

between the drying air and the particles.  
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The work also supported the observation made by the authors elsewhere that the injection of 

particles into a barely steady flow field can result in transient features i.e. self-sustained 

oscillations requiring transient simulations in lieu of steady state ones. This observation is 

extremely important, because according to common practice, the decision of choosing between the 

steady and the transient method of simulation usually relies upon the initial simulation results for 

flow field development excluding the discrete phase, if at all.  

This work will prove extremely useful in simulating spray drying applications in lab scale as well 

as industrial spray dryers, since the choice of an appropriate turbulence model can considerably 

improve the accuracy of the prediction. This will also be crucial in the application of CFD 

simulations in designing a new spray dryer or making changes in operations for existing spray 

dryers. Future work should include similar investigations into different scales and geometries of 

spray dryers. The comparison should consider more advanced and detailed methods such as scale 

adaptive simulation (SAS), large eddy simulation (LES) with the perspective of weighing the level 

of accuracy and need for computational resources. This will enable the suitability of existing 

turbulence models to be better understood and perhaps a novel and more accurate turbulence 

model to be developed for generic cases or at least particularly for spray drying applications.  
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Figure 1: (a) Schematic illustration of the counter-current spray dryer developed at Monash University. 

(b) conducted measurements during spray drying run and their corresponding positions 

marked on the schematic drawing of the dryer.  
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Figure 2: Cross-sectional view of the mesh used (rotated 90° anti-clockwise) in the simulations with 

all relevant boundaries 

 

 

Figure 3: Comparison of measured and predicted temperature profile at the centre axis (x=0, solid 

lines) and at 150 mm away from the centre axis (x=150 mm, dotted lines) along the height 

of the counter-current spray tower 
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Figure 4: Contour plots of velocity magnitude (in m/s) predicted by CFD simulations of the lab-scale 

counter-current dryer with different turbulence models 

 

 

 

Figure 5: Contour plots of static temperature (in K) predicted by CFD simulations of the lab-scale 

counter-current dryer with different turbulence models 
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Figure 6: Contour plots of static temperature (in K) predicted by CFD simulations of the lab-scale 

counter-current dryer with different turbulence models 

 

 

 

Figure 7: Fluctuations observed in flow field variables following the particle injection (recorded values 

shown between the flow time 30 s and 50 s); (a) velocity magnitude of a point monitor 

located at 3.5 m above the hot air inlet, (b) the air outlet temperature.  
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Figure 8: Snapshot of the transient flow field after a flow time of 50 s with particle injection. Velocity 

vectors (on the left) and contour plots of temperature (right) shown on the plane z=0 were 

both predicted with k-ω SST turbulence models with modified constant.  

 

 

Figure 9: Snapshot of the transient flow field after a flow time of 50 s with particle injection.  

(a) Temperature contour plot at 50s (left) and another snapshot of the other extreme position 

(a) (b) (c)
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(right) at a different flow time, (b) velocity vectors and (c) tracked particles colored by their 

moisture content shown on the plane z=0 were predicted with k-ε RNG turbulence model.  

 

 

 

Figure 10: Comparison of mass-weighted moisture content distribution in particles sampled at the 

bottom outlet of the chamber during the flow time 30 s and 50 s predicted by different 

turbulence models. 
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Table 1: Initial and boundary conditions used for the simulations 

Mass inlet for  Hot drying air 

Temperature (K) 478 

Mass flow rate (kg/s) 0.03 

Turbulent Intensity (%) 5 

Hydraulic Diameter (m) 0.075 

Mass fraction of H2O (-) 0.007 

Pressure inlet for Entrained air 

Gauge total pressure (Pa) 0 

Turbulent kinetic energy (m2s-2) 1 

Specific dissipation rate (1/s) 1 

Mass fraction of H2O (-) 0.007 

Pressure outlet for air 

Vacuum gauge pressure (Pa) -5  

Wall (all) 

Convective heat transfer coefficient (Wm-2K-1 ) 2.5 

Free stream temperature (K) 300 

Discrete phase (Injection properties) 

Total mass flow rate (kg/s) 0.00083 

Temperature (K) 293.15  

Rosin-Rammler (RR) Diameter range (µm) 10 – 190 

RR- Mean Diameter (µm) 78.5  

Spread Parameter (-) 1.33 

Number of [diameters, streams] (-) [10, 20] 

Injection type cone with an angle of 70° and an outer radius 
of 0.0005 m 

Material & Composition Multicomponent, 10% (by weight) skim milk 
(not-vaporizing) in water 
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Table 2: Comparison of predicted and measured average moisture content (water mass fraction in 

particle) of the skim milk powder collected at the bottom of the chamber as well as outlet air 

conditions 

Quantity  

Simulation results with turbulence model 

Measured kε-RNG kω-SST 
kω-SST with 
modified constants 

Mass weighted average water mass 
fraction in particle* (%) 47.9 8.13 4.67 5.65 ± 0.12 

Humidity ratio of outlet air (wet 
basis) (g/kg) 17.4 ± 1.2 16.9 ± 0.2 17.2 ± 0.3 18.9 ± 2.7 

Outlet temperature (°C) 63.6 ± 2.5 59.6 ± 0.50 58.6 ± 0.44 56.8 ± 1.4 

* The equilibrium moisture content of the particle computed from the sorption isotherm using the 

ambient air conditions was 6.59%.  Therefore, this was a clear indication that the particles, which 

would have experienced hotter air conditions (potentially lower particle equilibrium moisture 

content) throughout the drying process within the tower, was not in equilibrium with the cooler 

entrained ambient air, when leaving the bottom outlet of the tower.  
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Table 3: Comparison of the dryer geometry (aspect ratio, expansion ratio) and the Reynolds number 

among some reported studies in the literature* 

Reported in 

Inlet 
hydraulic 
diameter,  

𝑑ℎ,𝑖 

(m) 

Diameter 
ratio 
chamber:inle
t 
= 𝑑𝐷/𝑑ℎ,𝑖 

 
(-) 

Chamber 
length: 
diameter 
ratio  
= 𝐿𝐷/𝑑𝐷 

(-) 

Chamber 
Reynolds 
number, 
𝑅𝑒𝐷 

(-) 

Inlet 
Reynolds 
Number,  

𝑅𝑒𝑖 

(-) 

Turbulenc
e model 
used 

Ullum (2006) 0.013 122.1 1.3 5423 1.66×104 k-ω SST 

Jaskulski et al. 
(2015) 

0.018 27.9 14.0 10664 7.35×103 RSM 

Woo et al. (2009a); 
Woo et al. (2008) 

0.040 25.0 1.7 1830 6.35×103 k-ε 

Bayly et al. (2004) 
0.050 24.4 (base) 

2.3 34087 
1.12×105 

RSM 
0.102 12.0 (main) 1.63×105 

Huang et al. 
(2004) 

0.048 20.8 1.5 1423 6.84×103 k-ε, RSM 

Jaskulski et al. 
(2016); 
Wawrzyniak et al. 
(2017) 

0.433 13.9 4.7 166894 1.12×105 RSM 

Ullum et al. (2010) 0.200 13.4 1.5 10084 6.25×104 k-ω SST 

Langrish et al. 
(2004) 

0.070 11.4 2.0 3007 3.78×104 k-ω SST 

Current case 

0.075 8.0 (hot air) 

6.7 7804 

1.98×104 
k-ε, k-ω 
SST 0.525 

1.1 
(entrained) 

5.41×103 

Jaskulski et al. 
(2017) 

0.400 1.0 15.0 257 2.57×102 k-ε 

Li and Zbicinski 
(2005) 

0.500 1.0 12.0 23855 2.39×104 k-ε, RSM 

*Since all the minute details pertaining to the dryer system were not always specified explicitly, 

some missing information to calculate the parameters presented in the table was extracted from 

the respective publication by means of estimation and was not confirmed by the corresponding 

authors.  
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