A comparative study of baffle insert type with Stairmand gas solid cyclone separators through computational technique
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Abstract:
A gas-solid cyclone separator is used in a variety of lab-scale and industrial applications to separate the particles from the gas and increase the separator's efficiency. The CFD tool is used to determine the efficiency of the standard Stairmand cyclone and its modified design. Utilizing the turbulent module, i.e RNG k-ε model and DPM, one-way coupling is used to predict the pressure drop, velocity contour, and particle velocity. A three-dimensional numerical study is conducted, and using sawdust powder, a fixed inlet velocity of 11.5 m/s and particle sizes of 2 and 4 μm are taken into consideration. The simulation results were compared between the Stairmand stairmand and baffle types underneath the cyclone. The modified design collected 82–86% of the particles, and the velocity and pressure drop are lower when compared to the Stairmand cyclone.
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I INTRODUCTION
Cyclone separators are low-cost and efficient particle control devices that have been applied in a variety of sectors, including the chemical, power, biomass, and other manufacturing industries. A reliable prediction of the two swirling motions of the fluid flow field is managed by the cyclone function inside the cylindrical structure, and particle tracking results in an estimation of the collection efficiency. [1-3] The gas, which consists of solid particles, enters the cyclone tangentially, and the centrifugal force created by the circular flow propels the particulates toward the cyclone's wall, where they eventually fall into a collection bin at the bottom of the cyclone [4-5].
Since their development of cyclone separators, many investigations have been conducted to maximize the collection efficiency. Pandey s et al [6] estimated the performance of various cone shapes and heights and found that the concave profile had only slightly improved collection efficiency. According to E. Fatahian et al [7], they changed the shape of the conical to square and identified that the efficiency is much higher due to swirl flow. Zhang et al [8] discovered that hexagonal shaped cyclones have higher collection efficiency and lower pressure drop than conventional cyclones.
In the present work, the gas solid flow in a typical cyclone is investigated using the RNG k-ε model swirl dominated flow and discrete phase injection. The results are then measured and compared for both cyclone designs in terms of pressure drop, flow fields, particle flow pattern, and cyclone efficiency. The decision to use CFD analysis was made because of cost-effective.

II DESIGN MODIFICATION OF CYCLONE
From the past few decades many researchers used standard Stairmand design (1951) [9-11] is shown in figure 1-(i), which includes a high performance cyclone and low pressure drop based on geometrical parameter ratio, is the most widely used gas solid separator in the industry. The modified design is depicted on the conical surface of the above the dust collector is shown in figure 1(ii). Table 1 shows the dimensions of the cyclone for the Standard Stairmand & modified design, same will be used for numerical simulation. The addition of a baffle to the modified design, which is shown in figure 1-(ii), addresses the design observation that the flow is moving tangentially across the cyclone cylinder, conical, and exit barrel. In this case, it is expected to improve collection efficiency and speed of delivery of gas in the barrel, which can be analyzed in the current work.
Table 1: The geometrical dimensions for Stairmand & Modified design of the cyclone
 
	Parameters
	Dimensions
	Stairmand design 
	Modified Design

	Diameter of the cyclone body
	D
	290 mm
	290 mm

	Diameter of the vortex barrel
	D1
	140 mm
	140 mm

	Diameter of dust collector
	D2
	104 mm
	104 mm

	Height of cyclone body
	h1
	435 mm
	435 mm

	Height of conical Cyclone
	h2
	725 mm
	725 mm

	Height of the dust collector 
	h3
	100 mm
	100 mm

	Width of the inlet
	a
	58 mm
	58 mm

	Height of the inlet
	b
	105 mm
	105 mm

	Length of the inlet 
	c
	290 mm
	290 mm

	Width of the baffle
	-
	-
	25 mm

	Thickness of the baffle 
	-
	-
	10 mm

	Length of the baffle
	-
	-
	100 mm

	Baffle location from the bottom 
	-
	-
	192 mm
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Figure 1:(i) Stairmand-type cyclone (ii) Modified (Baffle type) cyclone


III NUMERICAL STUDY
The numerical study is carried out using the commercial finite volume code Ansys fluent 23.0. The flow with the domain of the cyclone is assumed to be three-dimensional, turbulent, isothermal, incompressible, and steady state. The following steps define the boundary conditions, grid generation, and governing equations used to simulate the fluid domain.



(a) Boundary condition
The table 2 represents the various boundary conditions are being initiated, for single phase solution, air enters the inlet region with a uniform velocity. No slip boundary conditions are applied for walls. At the outlet of the vortex finder a zero gradient boundary condition is assumed, and gauge pressure is set to zero. 
Table 2: boundary Conditions used for both design for CFD analysis
	Parameter
	Conditions 

	Inlet
	Velocity Inlet (DPM-escape)

	Oulet-1
	Pressure outlet (DPM-escape)

	Outlet-2
	Pressure outlet (DPM-trap)

	Wall
	No slip (DPM-reflect) 


(b) Grid Generation 
Three-dimensional structure is used with hex dominate mesh method. A fine mesh has been generated across the entire fluid domain. Figure 2b depicts the structure mesh model for the Stairmand design; the total element number is 0.14 million, and the element or orthogonal quality is 0.65 for both designs. 
(a)
(b)
















Figure 2:(a) Boundary Condition (b) Structured mesh


(c ) Fluent Setup
The density and viscosity of gas state were 1.225 kg/m3, and 1.7894 X10-5 Pa-s. The discrete phase has been initiated with a spherical particle with a density of 2650 kg/m3. For Fluid domain setup has been made, the Standard SIMPLE algorithm was used in pressure velocity coupling, the least squares cell based method and Quick algorithm was used for gradient evaluation & momentum respectively. Second order upwind scheme were used for pressure term, the complete setup is shown in the table-3








Table-3 Solver setting
	Parameter 
	Type

	Steady State
	Time Constant 

	Energy 
	Temperature Constant

	Turbulence model 
	k-ε (2 eq) RNGswirl dominated flow

	Discrete Phase model
	Injection

	Solver
	SIMPLE

	Momentum, Turbulent KE & dissipation rate
	Second-Order Upwind Scheme








(d) Governing Equations 
Cyclone separator for both Stairmand & modified design, which consists of common main parts are inlet, cyclone body (separator), and vortex barrel, with addition of baffle at the bottom of conical section. The flow is considered as tangential inlet for both the designs which shown in figure 1, The above details provide the use of governing equations are same for both design, such as continuity, momentum & Re-Normalized Group k-ε (2 equation) model (Swirl dominated method) with DPM injection.

 	Continuity
----------(1)
Momentum 
  -----(2)
RNG k-epsilon model


Particle motion


IV RESULT AND DISCUSSION
(a) Collection Efficiency:
The efficiency of the cyclone is primarily determined by tiny particles diameter and density; in CFD, efficiency is measured by the number of particles trapped, injected, and incomplete. The same ambient conditions were considered in the study for both cyclone design simulation Figure - shows the collection efficiency It is observed that the modified design improves collection efficiency as the dimeter of the tiny particle increases, i.e. 84.0% & 86.0% for 2μm & 4 μm, respectively. A comparison of Stairmand cyclones yielded an overall collection efficiency of 27%.
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Figure 3: Collection efficiency

(b) Pressure Drop:
The pressure drop contour is chosen after a series of iterations that provide complete flow variation inside the cyclone. The pressure drop between the inlet and outlet is considered. Figures 4(a),4(b), and 4(c) show the pressure comparison of designs, as well as the pressure drop for the Stairmand cyclone and modified design at 4m particle diameter. The pressure drop in the modified design is drastically reduced, indicating that not much energy is required to make fluid flow in the domain [6]. The pressure near the wall is high for both designs, and the pressure level in the center (core) zone is very low in the Stairmand cyclone, indicating that the minimum flow exists when compared to the modified design. For both designs, the pressure drop is 140 and 80 Pa respectively.

(a)
(b)
(c)











Figure 4: (a) Comparison of pressure drop (b) Pressure drop contour for Stairmand cyclone (4 micron) (c) Pressure drop for modified design (4 micron)

(c) Velocity Contour:
The figures 5(a), 5(b), and 5(c) show a comparison of velocity impression, velocity in Stairmand, and modified cyclone. The velocity profile is influenced by the Stairmand cyclone, which affects particle collection [13]; the maximum velocity that occurs is 58.83 m/s. The modified cyclone's velocity is not greatly affected, so particle collection is rapid; the maximum velocity that occurs is 13.62 m/s. The velocity is high in the zone of baffle addition (fig 5c), indicating that the flow is restricted and collection is increasing.
(a)
(b)
(c)

















Figure 5: (a) Comparison of velocity impression (b) velocity in Stairmand cyclone
(c) velocity in Modified cyclone



(d) Particle motion contour:
Figures 6(a) and 6(b) shows the particle trajectory for a particle diameter of 4μm. The particle is observed to be tracking and moving in a swirling position, which is similar to air movement in tangential flow. The particle is directly collected on the bottom surface of the Stairmand cyclone design, In the modified design, the baffle plate reduces the kinetic energy of the particle, and due to an increase in particle potential energy, the particle accumulates quickly in the dust collector.
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Figure 6: (a) Stairmand Model (b) Modified design

V CONCLUSION
Using the RNG k-model and the discrete phase model, the Stairmand and modified baffle type cyclones are being valid using CFD tool.  The main findings for the models tested at two particle diameters and constant inlet velocity are as follows:
i. The cyclone collection efficiency of the modified baffle type performs better than the standard cyclone. 
ii. The new cyclone design has a lower pressure drop, which suggests that more energy is not required to supply fluid inside the fluid domain.
iii. As a result of the restriction on particle velocity at the baffle zone, the separation process will be hampered and particles will collect underneath of the cone.
iv. The particle trajectory near the cone's underneath suggests that the particle is being dragged or has begun to accumulate rapidly in the dust collector. 
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