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Abstract 

A double-cyclone is used as a gas-solid separator in the fluid bed-drying process to prepare dry HDPE 

powder from a wet feed rate of 56000 kg/hr. Particles’ behavior and flow pattern in the dryer affect the 

cyclones as effective equipment. In evaluation of this system, the numerical simulation of the fluid flow field 

and particle dynamics, presented by CFD technique, characterize cyclone pressure drop and turbulence 

parameters. Navier-Stoke equations through the Euelerian-Lagrangian framework by RNG k-ɛ turbulence 

model are used as mathematical methods and the calculated results are in an acceptable agreement with 

industrial parameters. The obtained carrier gas flow rates of 14040, 14011 and 14000 m3hr-1 as thermal 

energy for PE100, BL3, and EX5 respectively cause excellent flow regime, desired final volatile of 0.04%, 

0.06% and 0.07% as well as high separation efficiency in different HDPE grades.  The created flow pattern 

in the dryer makes the efficient use of the immersed coils as another source of energy for drying the 

particles. Double-cyclones conduct the minimum escaped contents of 70.2, 75.8 and 76.2 for the distributor 

section and 69.3, 75.3, 75.9 gr in 1 hr for the scrubbing tower. These rates of dusts provide the optimized 

electrical energy consumptions with maximum saving value of 17%.  
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1. Introduction 
Drying in the fluidized bed process is ideal for the 

heat-sensitive products like HDPE. Uniform 

operational conditions are established using the 

controlled speed of the carrier gas passing through 

the layer of the materials inside the dryer; this 

situation creates the fluidized state [1]. In the fluid 

bed drying, heat is provided by the hot carrier gas 

stream with or without additional heat transfer 

provided by immersed heat exchangers in the bed. 

Fluid bed drying offers significant advantages over 

other methods of particulate drying [2]. Actually, this 

operation offers the fluidizing of particles, an easy 

transfer of materials, and a high change rate of energy 

with required thermal efficiency along with 

preventing the extreme heating of particles 

individually [3]. The fluidizing gas passes through 

the distributor plate, and it is uniformly distributed 

across the bed to form a two-phase flow pattern of 

gas-particles. Characterizing the hydrodynamic 

behavior in fluidized bed is very complex and must 

be understood in improving the fluidization [2-5]. 

Operating parameters such as nitrogen velocity and 

pressure drop are used to understand the behavior of 

a material while it is fluidized [6]. At low gas 

velocities, the bed of particles rests on a gas 

distributor plate which shows the loss of fluidizing 

gas (N2), and such loss results in collapse of the 

fluidized bed. Furthermore, illogical high velocity of 

nitrogen leads to generate phenomena such as 

‘elutriation’ and ‘carryover’. Accordingly, in a 

moving gas stream with a number of particles with a 

definite range of particle size, some particles may fall 

or rise depending on their size and positions. The best 

conditions will take place on the border between two 

phenomena of collapse and carryover, representing 

the proper hydrodynamic regime in the fluid bed 

system [3, 6-8]. Thus, the entrainment of particles in 

an upward-flowing gas stream is a complicated 

process. To achieve these optimal conditions, we 

need an efficient tool like the cyclone separators 

which are often used in the fluidized beds in order to 

separate entrained solids from the gas stream; they are 

installed within the fluidized bed vessel to show the 

behavior of flow field by the use of its pressure drop 

[3, 6]. Fluidized systems may have two or more stages 

of cyclone in series in order to improve separation 

efficiency as shown in Fig. 1 [6]. In the application of 

cyclones, tangential inlets are preferred due to  the 

separation of solid particles from gases [9, 10].  

On the other hand, in a novel design, David 

Winfield et al. [11] used triple inlet cyclone due to 

lower pressure drop with an approximately identical 

performance with the single inlet cyclone. A smaller 

inlet diameter leads to rotational flow velocities, 

reduced erosion rates in the cyclone body, and the 

maintenance of  a stable vortex gas core [11]. 

Particles in the gas are subjected to centrifugal forces 

which move them radially outward, against an inward 

flow of gas and toward the inside surface of the 

cyclone on which the solids become separated [9, 12, 

13]. It is obvious that the used force on the particles 

is a crucial factor determining the separation 

mechanism of a particle in the cyclone. Among 

several analyses of separation behaviors in the 

cyclones such as residence time [14], balanced orbital 

[15-17], and boundary layer theory [18, 19], the 

balanced orbital hypothesis is the most usable theory 

. Based on this theory, the force balance of a particle 

swirling on the interface between outer and inner 

vortices (as shown in Fig.2 [1]) plays a vital role.  

  

 
Fig. 1: Schematic of the fluidized bed drying system. 
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Theoretical studies do not completely explain the 

separation performance of cyclones; therefore, many 

experimental works and different ways have been 

investigated regarding this issue [20]. For instance, 

Ter Linden showed the complexity of separation 

mechanism through a spherical pitot tube [21]. 

Laser Doppler Anemometer (LDA) is also a 

developed method which revealed a rise in the 

velocity fluctuations caused by the contraction of 

the spigot [22]. The Precession Vortex Core (PVC), 

leading to undesired fluctuations in the internal 

swirl section, is an undesirable factor for the cyclone 

efficiency [23]. This impact as an unsteady-flow 

phenomenon essentially influences the movement of 

small particles like vortex core breakdown and 

natural turning length [24-26]. Accordingly, the 

behavior of the entrained particles is very important 

to characterize the separation process of cyclones. 

Solero and Coghe [20] proved the importance of the 

gas drag force in the particle motion by the use of 

LDA., there are three methods to evaluate particles’ 

motions and their escape toward inner vortex. These 

ways are particle dynamic analyzer (PDA), positron-

emission particle-tracking technology, and fiber 

optic detection used by Su and Mao, Chan et al. and 

Li et al. respectively [27-29]. Thus, it is clear that, 

the imposed forces on the particles, the flow field, 

and the separation efficiency are very effective in 

the study the particle separation mechanism [20]. In 

fluidization system, the factors affecting the rate of 

entrainment of solids from a fluidized bed are 

particle size distribution (PSD), terminal velocity, 

superficial gas velocity, particle density, and gas 

properties and gas flow regime [3, 30, 31]. Hence, it 

is necessary to understand gas-particle flow and the 

separation characteristics of the cyclone as a 

complementary unit in the drying process [3, 6]. 

Interestingly, the performance of the cyclone is 

determined using its pressure drop between input 

and output [1, 32, 33]. 

Computational Fluid Dynamics (CFD) as an 

alternative can accurately describe the flow field of 

the cyclone by turbulence models such as the 

Reynolds Stresses Model (RSM), Standard k-ɛ and 

RNG k-ɛ [34-37]. Eulerian-Eulerian and Eulerian-

Lagrangian methods are two main approaches to 

simulate gas-solid flow [38]. In this regard, CFD 

method solves conservation equations of mass, 

momentum, and additional transport. In the 

turbulent flow, a set of nonlinear and partial 

differential equations like the continuity and Navier-

Stokes that describe the fluid flows mathematically 

are solved [38, 39]. 

 
Fig. 2: Schematic diagram of a reverse flow 

cyclone separator [1] 

 

Turbulence models based on statistical 

mechanics rather than continuum mechanics are 

mathematically simple. RNG-based k-ɛ model is 

derived using a statistical technique called 

renormalization group theory[40]. Substantially, the 

Lagrangian discrete phase is based partially on the 

physical properties of dust particles and partially on 

the mathematical modeling with certain reasonable 

assumptions which are considered to characterize 

the particles’ transport in a fluid medium [41]. It is 

known that the pressure drop over a cyclone 

separator is the difference of static pressure between 

inlet and outlet. The static pressure at inlet cross-

section is uniformly distributed because there is no 

swirling motion; hence, it can be easily measured 

with a pressure tapping on the wall [32]. In the past, 

Stairmand ignored the influence of the swirling 

flow; however, it was not precise. Shepherd and 

Lapple discharged the air directly from the cyclone 

to atmosphere, whereas the latter two ways have 

widely been used in experimental works and 

engineering fields [42, 43]. Essentially, the main 

part of the pressure drop about 80% is considered 

pressure losses inside the cyclone due to energy 

dissipation by the viscous stress of the turbulent 

rotational flow [44]. The remaining 20% of the 

pressure drop is caused by the contraction of the 
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fluid flow at the outlet and its expansion at the inlet 

as well as by fluid friction on the cyclone wall 

surface. Because of strong swirling flow at the 

outlet pipe, the static pressure measurement 

becomes complicated and difficult sinceit 

necessitates the utilization of CFD modeling of the 

cyclones [11, 20, 32, 45]. Accordingly, numerous 

CFD simulations have successfully been applied by 

employing different mathematic models to 

determine the features of gas-solid flow field for the 

cyclones [46-52]. Moreover, Houben et al. used 

RSM and k-ɛ model to simulate pressure drop and 

velocity field in a cyclone [53].  

To date, many investigations have mainly 

focused on the study of the cyclones as independent 

gas-solid separation units. However, this paper 

accurately presents an analysis of double-cyclones 

as a complementary section in the fluid bed drying 

process. Actually, as a novel idea, we consider this 

equipment as a section which reflects operating 

behaviors of the drying system through industrial-

CFD experiments. Required operating gas flow rate 

and proper cyclone pressure drop are calculated in 

various HDPE grades including PE100, BL3 and 

EX5. Furthermore, these obtained results are 

assessed by both evaluating energy consumption of 

all of the employed blowers and monitoring the dust 

content for the final destination of the cyclone gas 

outlet. Based on  previous experiments, it becomes 

clear that the short-circuit flow, the re-entrainment 

(including the reverse gas stream from the dust duct) 

and the drag force toward the inner vortex area 

affect the escape of the particles [54]. Hence, the 

CFD results combined with the electrical energy 

consumptions of blowers with respect to the 

captured dust contents helps improve the cyclone 

performance in various operating conditions.   

2. Industrial Experiments 

2.1. Experimental Material 

Normal hexane as the liquid content of the polymer; 

nitrogen (as dry gas carrier); water steam for heating 

the coils within the drying bed; and different grades 

of  high density polyethylene such as PE100, BL3 

and EX5 as bimodal polymers are the materials used 

in our research. Their details are reported in Tables 

1 and 2. 

Table 1: Physical specifications of experimental materials 

Descriptions Values 

Nitrogen (N2)  

ρg (kg m-3) 1.251 

μg(kg m-1s-1) 2.07×10-5 

Normal hexane (HX)  

ρl(kg m-3) 659 

μl (kg m-1s-1) 3×10-4 

HDPE-PE100 (based on ZN -1)  

ρp(kg m-3) 948±0.002 

ρBp(kg m-3) 450 

HDPE-BL3 (based on ZN -2)  

ρp(kg m-3) 953±0.002 

ρBp(kg m-3) 392 

HDPE-EX5 (based on ZN -2)  

ρp(kg m-3) 948±0.002 

ρBp(kg m-3) 396 

 

Table 2: Particle size distribution for PE100, BL3 and EX5 

respectively as HDPE grades 

Size (µm) volume (%) volume (%) volume (%) 

450.00 2.92 0.68 0.28 

357.50 7.80 1.44 1.32 

282.50 6.56 0.04 0.76 

225.00 30.04 8.80 11.36 

180.00 24.36 28.00 25.64 

142.50 16.32 34.12 27.76 

94.00 5.32 24.92 29.28 

63.00 3.28 1.84 3.12 

2.2. Experimental Equipment 

Based on Fig.3, the experimental-industrial system 

includes drying duct with two beds, immersed coil 

bed, nitrogen heater, nitrogen distribution plate, gas 

blowers (BL-1,2), scrubbing tower, double-cyclone 

(CY-1,2), rotary valves (BW-1,2), pressure gauges 

(PI-1,2), differential pressure gauges (PDI-

1,2,3,4,5,6,7), temperature gauges (TI-

1,2,3,4,5,6,7,8,9,10,11,12,13), and flow meter (FI-

1,2) which all consist the investigated fluidized bed 

drying system. 

2.3. Experimental Method 

In this work, after ethylene polymerizing, HDPE as 

a suspension is received by a receiver tank which 

contained 1 ton of the polymeric powder per about 

4-5 m3 of hexane. This large quantity of diluents has 

to be removed before pelletizing the powder. 

Centrifugal step and fluid bed dryer will help 

separate solvent from the polymer, so hexane 

separation is commonly carried out using three 

centrifugal sections which are present to guarantee a 

total throughput of 40 t/h. In this system, 
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polyethylene-suspension will be pre-dried to 

approximately 20-30 % of residual hexane by 

centrifugal operation after receiver tank. The pre-

dried product reaches the second stage where final 

drying will be applied to the required hexane 

content of 0.1%. The hot exhaust gas of the second 

drying stage with a temperature of approximately 

78-80°C is de-dusted in CY-2 before being 

recompressed in BL-1 to be used to flash-dry the 

wet HDPE which comes in the first drying stage to 

about 1% hexane content (dry basis). Because of the 

high dust content of the drying gas, the gas 

distributor has a special slotted plate.  

 

 
Fig. 3. Schematic of the experimental-industrial system 

 

The nitrogen gas which is re-circulated from the 

second stage is simultaneously loaded with 

additional hexane which corresponds to about 35% 

relative humidity. The rich gas leaves the first 

drying stage at approximately 60°C to be de-dusted 

in CY-1; then, the gas must be regenerated by 

condensing the hexane that has been evaporated in 

the dryer using a scrubber tower. High dust loadings 

can be obtained through the process in which the 

double-cyclones help separate the entrained dried 

particles from the gas leaving the dryer [3, 10]. The 

performance of the system is indicated using the 

controlling devices installed on the feed flow rate, 

the volumetric gas flow rate, the pressure drop of 

the bed, and the cyclones and the amount of escaped 

particles from the cyclones. In addition,, the 

electrical energy consumptions and the monitoring 

of the dust content are evaluated by the 

aforementioned tests.  

Changing the operating parameters to understand 

HDPE fluidized bed-drying process will yields 

results which can be seen in Tables 3 to 7. We 

examine different nitrogen flow rates (leading to 

various tangential velocities toward the double-

cyclones) for powders with densities and PSDs 

shown in Tables 1 and 2. In the present experiments, 

due to the collapse and carry-over phenomena 

mentioned in the introduction section, we should 

strongly consider that the selected range of nitrogen 

(dry gas carrier) flow rates is not so vast. In the wet 

cake rate of 38000 kg hr -1 and various gas flow 

rates (FI-2) of 14040, 14011 and 14000 m3hr-1, the 

first bed pressure drops at stable values of 3.239, 

3.018, and 3.016 kpa which are resulted in PDI-2 for 

PE100, BL3 and EX5, respectively.  

For the assessment of the performance of the 

double-cyclones and of their role in controlling the 

fluid bed drying, the proper gas flow rates in the 

drying system are determined to achieve the 

operating parameters listed in Tables 3 to 5. 

Besides, for completing our experiments, energy 

consumptions and elutriated powders are reported in 

Table 6 at suitable operating nitrogen flow rates.   
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Table 3: Operating parameters obtained in FI-2 of 

14040 for PE100 grade 

Descriptions Values Descriptions Values 

FI-1(kg hr -1) 38000 TI-1(˚C) 32.00 

FI-2(m3hr -1) 14040 TI-2(˚C) 87.00 

PI-1(kpa) 19.65705 TI-3(˚C) 59.00 

PDI-1(kpa) 1.01987 TI-4(˚C) 62.20 

PDI-2(kpa) 3.23995 TI-5(˚C) 62.00 

PDI-3(kpa) 2.0375 TI-6(˚C) 63.20 

PI-2(kpa) 19.65705 TI-7(˚C) 60.00 

PDI-4(kpa) 1.12915 TI-8(˚C) 98.00 

PDI-5(kpa) 3.2424 TI-9(˚C) 86.80 

PDI-6(kpa) 1.2159 TI-10(˚C) 84.60 

PDI-7(kpa) 0.101325 TI-11(˚C) 87.00 

Volatile(%) 0.04 TI-12(˚C) 86.30 

  TI-13(˚C) 84.00 

 

In the tests, for the evaluation of the 

hydrodynamic behavior of the drying system and 

the double-cyclones performance through different 

nitrogen flow rates in three HDPE grades, energy 

consumption of blowers is represented by KWI-1/2 

and the captured particle contents in S.C-1/2  are 

shown in Table 7. In this paper, these listed values 

represent the influence of energy consumption 

methods and monitoring of the escaped particles. 

 

 

 

Table 4. Operating parameters obtained in FI-2 of 

14011 for BL3 grade 

Descriptions Values Descriptions Values 

FI-1(kg hr -1) 38000 TI-1(˚C) 32.00 

FI-2(m3hr -1) 14011 TI-2(˚C) 83.00 

PI-1(kpa) 19.59711 TI-3(˚C) 58.00 

PDI-1(kpa) 1.03887 TI-4(˚C) 61.90 

PDI-2(kpa) 3.01812 TI-5(˚C) 62.00 

PDI-3(kpa) 2.0175 TI-6(˚C) 63.00 

PI-2(kpa) 19.61702 TI-7(˚C) 59.00 

PDI-4(kpa) 1.13815 TI-8(˚C) 98.00 

PDI-5(kpa) 3.1124 TI-9(˚C) 85.40 

PDI-6(kpa) 1.2149 TI-10(˚C) 83.90 

PDI-7(kpa) 0.101325 TI-11(˚C) 86.00 

Volatile(%) 0.06 TI-12(˚C) 85.10 

  TI-13(˚C) 80.00 

 

Table 5. Operating parameters obtained in FI-2 of 

14000 for EX5 grade 

Descriptions Values Descriptions Values 

FI-1 (kg hr -1) 38000 TI-1(˚C) 32.00 

FI-2 (m3hr -1) 14000 TI-2(˚C) 83.00 

PI-1(kpa) 19.59401 TI-3(˚C) 57.00 

PDI-1(kpa) 1.04981 TI-4(˚C) 61.40 

PDI-2(kpa) 3.01612 TI-5(˚C) 61.80 

PDI-3(kpa) 2.0045 TI-6(˚C) 62.80 

PI-2(kpa) 19.60522 TI-7(˚C) 59.00 

PDI-4(kpa) 1.14725 TI-8(˚C) 98.00 

PDI-5(kpa) 3.0154 TI-9(˚C) 85.00 

PDI-6(kpa) 1.2029 TI-10(˚C) 83.10 

PDI-7(kpa) 0.100895 TI-11(˚C) 86.00 

Volatile(%) 0.07 TI-12(˚C) 84.70 

  TI-13(˚C) 80.00 

 Table 6. Optimized energy consumption of the blowers and the escape content of the dust 

HDPE grade FI-2 (m3/hr) KWI-1 (kw) S.C-2 

(gr of dust at 1 hr) 

KWI-2 

(kw) 

S.C-1 

(gr of dust at 1 hr) 

PE100 14040 58.52 70.20 99.27 69.30 

BL3 14011 59.75 75.80 98.66 75.30 

EX5 14000 59.81 76.20 98.04 75.90 

 

 

Table 7. Energy consumption values of the blowers and the escape content of the dust 

HDPE 

 grade 

FI-2 

(m3/hr) 

KWI-1 

(kw) 

 S.C-2 

(gr of dust at 1 hr) 

KWI-2 

(kw) 

S.C-1 

(gr of dust at 1 hr) 

PE100 14070 59.75 75.50 99.89 70.90 

PE100 14100 64.63 84.40 100.50 74.30 

PE100 14130 68.28 90.60 101.12 75.90 

BL3 14041 61.73 82.20 99.36 78.90 

BL3 14071 66.96 91.30 100.10 84.30 

BL3 14101 69.98 97.30 100.91 87.20 

EX5 14030 61.62 82.30 98.74 79.00 

EX5 14060 66.98 91.50 99.48 84.90 

EX5 14090 68.75 96.80 100.31 86.70 
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3. Numerical Simulation Methods  

3.1. Grid Division 

The double-cyclones consist of a spiral hood, a 

cylinder body, and a cone and triangular dust 

hopper. At the bottom of the dust hopper, the rotary 

valves BW-1/2 prevent from the return of secondary 

gas streams from the pressurized dryer to the dust 

hopper. It, also, controls the dust flow rate from the 

hoppers to the dryer.  

The geometrical dimensions of the cyclone 

separator used for the simulation are depicted in 

Table 8. Solid Works is a solid modeling computer-

aided design (CAD) and a computer-aided 

engineering (CAE) program which is used as a 3D 

CAD software to quickly create and adjust 3D 

model geometry using direct model editing. This 

software is used in creating the sketch entities and 

geometry as a construction geometry of the cyclone 

that are ultimately incorporated into a section. 
 

Table 8: The dimensions of the industrial double- cyclone  

Geometric Data Values 

Cyclone diameter, D (mm) 1200 

Inlet hieght, a(mm) 701 

Inlet width, b(mm) 317 

Cylinder hieght, H(mm) 2100 

Cone hieght, h(mm) 1800 

Gas outlet diameter, De (mm) 707 

Dust outlet diameter, B (mm) 630 

Gas outlet duct lengths, S (mm) 900 
 

Figure 4 schematically illustrates the industrial 

double-cyclone geometry, dimensions, and grid 

arrangement. After importing previously generated 

CAD/CAE file into the meshable sections of Gambit 

software, the cyclone is meshed by tetra-hedral grids 

and divided by the coarse, moderate, and fine grids 

respectively. Based on the grid division, the final 

computational domain is divided finally by an 

unstructured grid, containing 370000 control mesh 

cells. Compared to the structured meshes, the 

storage requirements for an unstructured mesh can 

be substantially larger since the neighborhood 

connectivity must be explicitly stored. Meshing is 

an integral part of the CAE analysis process. 

Accordingly, the applied mesh influences the 

accuracy, convergence, and t speed of the solution, 

and the created geometry can be fitted with the 

unstructured tetra-hedral elements [55, 56].  
 

 

 

 
Fig. 4: a) Geometry of industrial cyclone b) Dimensions of 

the cyclone c) Computational grid used in the simulation 

3.2. Modeling of the Fluid Flow 

Based on the recent progress of computational power 

and numerical techniques, CFD has widely been 

applied in the industrial flow problems in the 

cyclone. The cyclone performance parameters such 

as pressure field, pressure drop, and turbulence 

parameters are governed by many operational 

parameters (e.g., the gas flow rate and particle 

properties) and geometrical parameters. This study 

focuses on the performance of the double-cyclone 

separator using ANSYS Fluent 15.0 with commercial 

finite volume solver by windows 7, 64 bit OS, 8 

calculating core and 16 GB Ram. Usually, the fluid 

flows are mathematically described by a set of 

nonlinear and partial differential equations named 
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continuity and the Reynolds-averaged Navier-Stokes 

(RANS), which for the steady and incompressible 

fluid flow in the double-cyclone [57], the equations 

can be expressed as:  
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Where u, p, ρ, and µ represent fluid velocity, 

pressure, density, and viscosity respectively. And is 

defined as the Reynolds stress tensor, which 

represents the effects of turbulent fluctuations on the 

fluid flow in the cyclone. 
���

���
= 0 (3) 

 

Is the continuity equation for the mean motion. 

However, the turbulence model should be used to 

determine the Reynolds stress tensor in the above 

equations. Moreover, in the modeling of the 

confined swirling flow, it is necessary to describe 

the turbulent behavior of the flow accurately. In this 

study, the RNG k-ε model is derived using a 

statistical technique named renormalization group 

theory, which is selected for calculating the flow 

field in the cyclone [34, 58, 59]. Transport equations 

for turbulent kinetic energy (k) and dissipation 

rate(ε) in the model, which are derived from Navier-

Stokes equations using the renormalization group 

theory [60], can be presented as:  
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In these equations, Gk represents the generation of 

turbulence kinetic energy due to the mean velocity 

gradients, the constants C1ε and C2ε are assumed to be 

1.42 and 1.68 respectively, and αk and αɛ are the 

inverse effective Prandtl numbers for k and ε, 

respectively. Unlike k-ε standard model, this model 

includes an additional term (R) in its ε equation, which 

includes the effect of swirl on turbulence and an 

analytical formula for turbulent Prandtl number. 

Based on the assumptions of governing 

equations, the transport equations of RSM can be 

written as following: 
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(6) 

The effective viscosity, µeff , is defined by: 
���� = � + ��																									 (7) 
 

Where μ�	is the turbulent viscosity as mentioned 

earlier. In the high-Reynolds number, Eq. (8) can be 

written as: 

�� = ���
��

�
					 (8) 

 

With Cµ=0.0845, it is derived using RNG theory. It 

is notable that the value of Cµ is very close to the 

empirically-determined value of 0.09 has been used 

in the standard k-ε model. 

3.3. Modeling for the Particle Dynamics 

In the fundamental mathematical modeling of two-

phase flow, Lagrangian trajectory approach is 

widely used for simulating the particle flow in the 

cyclone. The Lagrangian method without 

consideration of the particle interactions, which is 

also called discrete phase model (DPM), is used to 

track individual particles through the continuum 

fluid [61]. The particle tracking method is used to 

model the dynamics of the particle which may be 

treated individually in the double-cyclone. One of 

the advantages of using the Lagrangian approach is 

the capability to easily alter the physical properties 

of individual particles such as diameter, density, 

etc.. Thus, based on Table1 and 2, this method will 

be proper for a double-cyclone simulation in 

different PSDs and densities of particles. 

Furthermore, local physical phenomena related to 

the particle flow behaviors can be easily probed. 

Accordingly, the Lagrangian model can also be used 

for the validation, testing, and development of 

continuum models [34, 50]. CFD method predicts 

the trajectory of a discrete phase particle by 

integrating the force balance on the particle written 

in a Lagrangian frame and the particle force balance 

relations in x, y and z directions respectively. This 

can be written as [59, 60]: 
���

��
= ���� − ��� +

��
�

��
								 (9) 
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��
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����

��
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��
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Where 
��
�

��
 and 

����

��
 represent centrifugal and coriolis 

components of particle acceleration, respectively. In 
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above equations, F�(u − u�) is the drag force per 

unit particle mass, and FD can be expressed as: 

�� =
18�

����
� 	
����

24
	 (12) 

 

Where u is the fluid phase velocity; up is the particle 

velocity; µ is the molecular viscosity of the fluid; ρ 

is the fluid density; ρp is the density of the particle, 

and dp is the particle diameter. Re is the relative 

Reynolds number, which is defined as 

�� =
������ − ��

�
					 (13) 

 

The drag coefficient can be calculated as: 

�� = �� +
��

��
+

��

���
									 (14) 

 

Where a1, a2, and a3 are the constants that are applied 

to smooth spherical particles over several ranges of 

Re as given by Morsi and Alexander [61]. 

3.4. Solution Algorithm 

Pressure-velocity coupling is achieved via the 

Pressure-Implicit with Splitting of Operators (PISO) 

method, which is used as a solution technique in the 

cyclone CFD simulation. PISO scheme, as a part of 

the SIMPLE algorithms subcategory, is based on the 

approximate relation between the corrections of 

pressure and velocity. After the pressure correction 

equation is solved, new velocities and 

corresponding fluxes will not satisfy the momentum 

balance. Therefore, because of these limitations in 

the SIMPLE and SIMPLEC schemes, the PISO 

algorithm performs two additional corrections: a 

neighbor correction and a skewness correction for 

improving the efficiency of numerical simulation by 

repeating the calculation until the balance is 

satisfied [38, 39, 62, 63]. 

3.5. Boundary and Convergence Conditions 

In the CFD investigation of double-cyclone, it is 

necessary to specify the boundary conditions at the 

inlet, outlet, and at the walls. Thus, pressure inlet 

boundary condition is applied at inlet; pressure 

outlet at gas outlet; and also wall (no-slip) boundary 

condition is used at all other boundaries. Moreover, 

in the particle phase conditions, in order to calculate 

the trajectories of the particles, it is necessary to 

provide required information regarding the starting 

position and the physical state of the particle. The 

physical state of t particles includes normally 

starting velocity, density, and size. Particle size 

distribution (PSD) can be defined by the Rosin-

Rammler equation [33, 38]. The Rosin-Rammler 

distribution function is based on an assumption that 

an exponential relationship exists between the 

particle diameter (d) and the mass fraction of 

particles with diameter greater than d (Yd) :  
 

�� = ��(�/��)�													 (15) 
 

CFD way refers to the quantity of d in Equation (15) 

as the mean diameter and to n as the spread 

parameter. These parameters have been created to 

define the Rosin-Rammler size distribution. Hence, 

the present experimental particle size distribution of 

HDPE, as shown in Table 2, is fitted in the Rosin-

Rammler exponential equation. Finally, run 

calculation accomplished by the time stepping 

method, which is adjusted in the fixed stages with 

step size of 0.005 s and number of time step of 

1200. 

3.6. Simulated Results 

3.6.1 Pressure Field in the Double-cyclone 

Fig. 5 demonstrates a3D map that is a predicted 

static pressure profile of three polymer grades with 

different dry gas carrier (N2) flows, densities, and 

particle size distributions. Nitrogen flow rate affect 

the pressure field in which the lowest pressure is 

located at the axis. Previous experiments have 

showed that the inlet flow rate is an effective 

parameter on the vortices in the cyclones, and 

unsuitable rate of it causes a negative pressure field. 

However, the present CFD results without a 

negative pressure field refer to 14040, 14011, and 

14000 m3hr-1 as fit values for PE100, BL3 and EX5 

respectively. Moreover, a better symmetry and 

coincidence for the pressure field and the proper 

pressure gradient along radial direction are occurred 

in the double-cyclone through these defined 

operating parameters. 
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Fig. 5. Contours of static pressure (Pa) at PE100, BL3 and EX5 in a, b and c 3D maps respectively 

 

3.6.2 Pressure Drop in the Double-cyclone 

The pressure drops are calculated by CFD 

simulations in the applied carrier gas flow rates for 

three polymeric grades. Comparison between the 

experimental and the simulated results are shown in 

Fig. 6. However, this comparison reflects the effect 

of using the RNG k-ε as a turbulence model to 

simulate the considered double-cyclones.    

3.6.3 Turbulence Parameters in the Double-cyclone 

Figs. 7 and 8 show a 3D plot of the predicted 

turbulent dissipation rate and turbulent kinetic 

energy profiles of the tested gas flow rates. In the 

model, based on operating conditions and particle 

specifications, various applied flow rates create 

turbulence eddy dissipation and turbulence energy 

for the double-cyclone in various polymeric grades; 

this indicates the effects of turbulent flow on the 

particles. A growth in the turbulence kinetic energy 

happens at the bottom of the cyclone where inner 

vortex is started. Turbulence energy is higher in 

PE100 particles, which have greater value in 

nitrogen flow rate. These results indicate a direct 

correlation between the nitrogen flow and the 

turbulence parameters in which the rise of them can 

lead to the escape of particles to inner vortex and the 

reduction of the efficiency of cyclone separation. 

 
Fig. 6: Pressure drop 2D maps at various HDPE grades 

of EX5, BL3 and PE100 by operating N2 flow rates 
 

 
 

 
Fig. 7: Contours of turbulence eddy dissipation (m2s-3) at PE100, BL3 and EX5 in a, b and c 3D maps, respectively 
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Fig. 8: Contours of turbulence kinetic energy (J kg-1) at PE100, BL3 and EX5 in a, b and c 3D maps, respectively 

 

4. Results and Discussion 

The industrial-CFD investigation of the double-

cyclone as a complementary unit in the HDPE fluid 

bed drying confirms that three HDPE grades 

(PE100, BL3 and EX5) with different densities and 

PSDs require various nitrogen flow rates to create 

an appropriate hydrodynamic behavior in the bed. 

Obtained pressure drops as stable values in PDI-2 

show a decrease in these variables for PE100, BL3, 

and EX5 respectively. PSD curves of HDPE grades, 

according to Table 2,  is shown in Fig. 9. As it can 

be seen, PE100 particles are coarse powders among 

the rest of the employed grades like BL3 and EX5. 

PE100 grades with larger diameters have a greater 

terminal velocity leading to accumulation of these 

particles in the bed. Consequently, by checking the 

PDI-2, it is revealed that PE100 as bigger particles 

make higher pressure drop in the bed of the dryer. 

The most important role of the HDPE fluid bed 

dryer is drying the wet powders to decline the 

moisture content to 0.1%.  Tables 3 to 5 show the 

volatile contents of three mentioned grades as 

0.04%, 0.06%, and 0.07% respectively. it is shown 

that it is lower than the required value of 0.1% for 

the final moisture content in the product. These 

conditions reveal the positive effect of the carrier 

gas flow rate, which has been adjusted for preparing 

the dry powders with an acceptable quality.  

It is known that the bubbling fluidized bed like 

our drying system includes two sections, namely a 

dense phase and a lean one. The dry gas enters the 

lean phase as a freeboard section after passing 

through the powders bed. It carries fine particles 

with a terminal velocity which is lower than the 

operating gas velocity. This represents the 

elutriation as a common phenomenon [3, 6-8]. 

Therefore, the gas stream of the system is the carrier 

of the dispersed HDPE particles due to the 

elutriation phenomenon. Particles, which are 

elutriated by the fluidized gas stream are known as 

fine particles [7, 8]. The double-cyclones as gas-

cleaning systems are used to separate fine particles 

(dusts) from the exit gas stream prior to discharging 

in various areas such as distributor plates and the 

scrubbing tower [3, 6].  

Hence, the suitable performance of the cyclone 

in the drying system affects the de-dusting process. 

According to Tables 6 and 7, dust content 

measurements and energy consumption rates show 

the differences between the proper and unacceptable 

conditions through the comparison of their values as 

seen in Figs. 10 and 11. 
 

 
Fig. 9: Compared PSDs of three HDPE grades of 

PE100, BL3, and EX5 respectively 
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Fig. 10: HDPE dust contents in S.C-2 versus the gas 

flow rates for three grades of PE100, BL3 and EX5 
 

 
Fig. 11: Energy consumption values versus the gas 

flow rates for three grades of PE100, BL3 and EX5 
 

Clearly, the appropriate gas flow rates, with the 

resulted cyclone pressure drops of 2.037, 2.017 and 

2.004 kpa in PDI-3, as listed in Tables 3 to 5, create 

the minimum escaping rate of entrained particles 

from the cyclones, as shown in Table 6. These low 

rates of escape affect the electrical energy 

consumptions and yield an optimized consumption 

in the blowers after the cyclones. Comparison of 

Figs. 10 and 11 shows that finer particles like BL3 

and EX5 have higher rate of escaped powders and 

higher energy consumption in the blowers.  

According to the Fig. 2, particles enter the 

tangential inlet in the pattern of the outer vortex. 

The principle of the separation is the drag force, and 

the centrifugal forces mainly affect particle motion 

[20]. Thus, the present CFD model is accurate to 

predict the trajectory in a discrete phase particle by 

integrating the force balance on the particle written 

in a Lagrangian frame. The centrifugal force FC at 

radius r is equal to mUθ
2/rgc, where m is the mass of 

the particle and Uθ is its tangential term [6, 32, 64]. 

According to both centrifugal concept and obtained 

relations in this paper (Eq. 9 and 12), the inward 

drag force pushes the particles toward the axial 

section and balances the outward centrifugal force 

on the particles in the radial direction. Accordingly, 

the particles are distributed from the wall toward the 

axial area of the cyclone by decreasing the particle 

size. Despite fine particles, the drag force in large 

particles is clearly less than the centrifugal force, 

and these particles are pushed to the cyclone wall 

and are collected. Interestingly, based on the 

definition of the centrifugal force exerted on the 

HDPE particles, a large-diameter cyclone has a 

much lower separation factor at the same velocity. 

Therefore, the cyclones in a double-shape geometry 

with a smaller diameter in this work, compared with 

the single-cyclones with a large-diameter, have an 

appropriate separation efficiency, which affects 

HDPE drying performance.   

As stated before, the main contribution to about 

80% of the pressure drop is considered to be 

pressure loss inside the cyclone due to energy 

dissipation by the viscous stress of the turbulent 

rotational flow [41]. The remaining 20% of pressure 

drop is caused by the contraction of the fluid flow at 

the outlet, by the expansion at the inlet, and by the 

fluid friction on the cyclone wall surface. The 

general performance of the equipment is calculated 

through the static pressure drop between input and 

output using the following efficiency expression 

[33, 35, 61, 65, 66]: 

∆P� = 	ξ�
ρ�V�

�

2
 (16) 

 

The cyclone pressure drop (ΔPC) is proportional 

to square of the velocity (Vi
2), resistance coefficient 

(ξc), and gas density (ρg). Euler number (Eu) for the 

cyclone is defined according to Eq. (17) [67]: 

E� = 	
∆P�

1
2
ρ�V�

�
							 (17) 

 

By using the operational parameters in the CFD 

simulation, the calculated values of pressure drop 

are close to the industrial results, as shown in Fig. 6. 

Accordingly, the RNG k-ɛ turbulence model yields 

a reasonably accurate prediction. Hence, due to 
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memory and CPU limitations, this model is 

preferred, as the RNG k-ɛ model is developed from 

the Standard k-ɛ model for vortex flows [46, 64]. 

Because of these advantages, pressure field, 

pressure drop, and turbulence parameters, as CFD 

results, will be able to represent the performance of 

the double-cyclone in the drying system clearly. 

Based on previous studies, the performance of the 

single cyclone can be reported through the pressure 

drop and cut point diameter (corresponding to 

separation efficiency of 50% in a partition curve) 

[68]. For instance, Safikhani et al. showed the 

reduction of the cut point by increasing the pressure 

drop in their experiments [69]. Furthermore, 

Elsayed et al. investigated the effect of geometrical 

parameters on single cyclone performance in the 

optimization of cyclone geometry. They proved a 

superior performance of their new design compared 

with Stairmand’s design [70]. In this research, in 

addition to considering the suitable design of the 

cyclones (double-cyclone) and the role of the 

pressure drop in the separation of the dusts, our 

innovations include the analysis of energy 

consumption to improve the performance of the 

double-cyclone and drying process. Secondly, this 

work shows the improved performance of HDPE 

drying process and cyclones by reasonable 

correlations between the carrier gas flow rates, 

HDPE types (with different PSDs and densities), the 

pressure drops of the fluid bed, and the pressure 

drops of the double-cyclone which is confirmed 

through industrial-CFD results and optimized 

energy consumption in the system. In energy 

analysis, as shown in Figs. 10 and 11, it is obvious 

that the increment of gas flow rates boosts particles 

escaping from the gas outlet of the cyclone toward 

distributor plates and scrubbing tower, which 

increases electrical energy and affects scrubbing 

tower trays and distributor orifices at the bottom of 

dryer. Accordingly, Fig. 12 represents the saving 

content of the energies consumed by the industrial 

blowers as a result of controlling the proper carrier 

gas flow rates. 

 
Fig. 12. The values of the energy consumption 

saving for three grades of PE100, BL3 and EX5 
 

These experiments proved that the fluid bed 

drying require a certain degree of de-dusting 

(removal of undesirable fine particles), an operating 

gas flow rate and an efficient performance in the 

cyclones. The optimized gas flow rates create low 

turbulence eddy dissipation and turbulence kinetic 

energy for the double-cyclone as shown in Figs. 7 

and 8 for various grades of PE100, BL3, and EX5. 

These results indicate that the motion of the fine 

particles completely depends on the movement of 

gases. Accordingly, based on the calculated CFD 

contours in Figs. 7, 8 and the experimental results in 

Table 6, all particulate escape phenomena such as 

the short-circuit flow, the re-entrainment, and the 

drag force towards the inner vortex section, which 

are caused by the turbulent flow, are relatively 

weak. 

5. Conclusions 

In HDPE fluidized bed drying, the performance of 

the dryer system mainly depends on the particles’ 

behaviors and flow patterns in the dryer, which 

affect double-cyclones as effective equipment. 

Navier-Stokes equations with ANSYS Fluent 15.0 

in the Euelerian-Lagrangian framework by RNG k-ɛ 

turbulence model are used as a mathematical 

method in CFD simulation. CFD model is applied to 

characterize cyclone pressure field, pressure drop, 

and turbulence parameters which helped evaluate 

the industrial data. Industrial-CFD results show the 

optimized carrier gas flow rates of 14040, 14011 

and 14000 m3hr-1 for PE100, BL3, and EX5 

respectively. These nitrogen flow rates create an 
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optimal hydrodynamic regime without collapse and 

carryover phenomena in the fluid bed system. In the 

cyclones, low turbulence eddy dissipation and 

turbulence kinetic energy provide the minimum rate 

of the elutriated particles toward the gas outlet. 

Accordingly, the controlled nitrogen consumptions 

are obtained as a source of thermal energy in the 

process. Additionally, resulted regime in the dryer 

affects the efficient use of the immersed heat 

exchangers as th other source of energy for drying 

wet particles. Dry HDPE powders with 0.04%, 

0.06% and 0.07% moisture, as the best final quality, 

were obtained. The de-dusting process is efficiently 

accomplished as a result of an improved 

performance of the cyclones. The double-cyclones 

in this experiment create the minimum escaped 

contents of 70.2, 75.8 and 76.2 gr in 1 hr for the 

distributor section and 69.3, 75.3, 75.9 gr in 1 hr for 

the scrubbing tower. These rates of escape in the 

HDPE dusts provide an optimized electrical energy 

consumption including 58.52, 59.75 and 59.81 kw 

in the first blower and 99.27, 98.66 and 98.04 in the 

second blower after the cyclones. 
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Nomenclatures 
BL gas blower 

BL3 HDPE blow molding grade 

BW rotary valve 

CFD computational fluid dynamic 

CD drag coefficient 

CY cyclone 

d particle diameter (m) 

d�  mean diameter (m) 

EX5 HDPE blown films grade 

Eu Euler number 

ΔPC pressure drop of  cyclone (Pa) 

FC centrifugal force (N) 

FD total drag force (N) 

FI flow rate indicator (m3.hr-1) 

Gk generation of turbulent kinetic energy 

g gravity acceleration (m.s-2) 

HDPE high-density polyethylene 

HX normal hexane 

k turbulent kinetic energy ( m2.s-2) 

n spread parameter 

PDI pressure differential indicator (Pa) 

PE100 HDPE pipes grade 

PI pressure indicator (Pa) 

PSD particle size distribution 

p fluid pressure (Pa) 

R effect of swirl 

Re Reynolds number 

r radius of cyclone body (m) 

TI temperature indicator (˚C) 

t time (s) 

Uθ tangential velocity (m.s-1) 

u fluid velocity (m.s-1) 

up,vp,wp particle velocity (m.s-1) 

Vi inlet velocity of cyclone (m.s-1) 

x coordinate system 

Yd mass fraction of particles 

ZN Ziegler-Natta catalyst 

Greek symbol 

ɛ 
dissipation rate of turbulent kinetic energy (m2s-

3) 

μ fluid viscosity (Pa.s) 

μeff effective viscosity (Pa.s) 

μg gas viscosity (Pa.s) 

μl liquid viscosity (Pa.s) 

μt turbulent viscosity (Pa.s) 

ξc resistance coefficient 

ρ fluid density (kg.m-3) 

ρBp particle bulk density (kg.m-3) 

ρg gas density (kg.m-3) 

ρl hexane density (kg.m-3) 

ρp dry particle density (kg.m-3) 

τ Reynolds stress tensor (N.m-2) 

Subscript 
i,j,k components in the Cartesian coordinate system 
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