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ABSTRACT 

 Cyclone models have been used without relevant modifications for more than a century. Most attention has been 

focused on finding new methods to improve performance parameters. Recent studies concentrate on evaluating 

geometric effects in improving equipment performance .This work aims at optimizing the vortex finder configuration 

to reduce the pressure drop and denudation rate, for a given collection efficiency of the cyclone separator. Literature 

findings   suggest the dependence of pressure drop on the dimensions of the vortex finder. Our model suggests the 

introduction of REPDS in the vortex finder, as a means of reducing pressure drop. Six existing cyclone separator 

designs were chosen and the more efficient Coker model was used to find pressure drop in each case. Four different 

models, with 25%, 50%, 75% and 100% RPDS length were developed for each design and CFD analysis of the 

existing designs with and without the RPDS were done. A mass flow rate of 500 m 3/hr, an inlet flow velocity of 15 

m/s and the k-Ɛ turbulence model were chosen for flow simulation. By fixing constraints for pressure drop, denudation 

rate and collection efficiency, an optimum model was developed by the dynamic programming method of optimization. 

The 50% RPDS length model was found to be best suited for any CFBC cyclone separator. 
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INTRODUCTION 

CFBC Technology: The CFBC technology, has, in recent years revolutionized   coal combustion and hence power 

generation. In-situ pollution control of Sox (using limestone in bed material) and Nox (due to low bed temperatures of 

about 800-900°C, high heat transfer rates and simplified fuel handling (due to particle size flexibility), greater fuel 

flexibility etc. are some of its operational features which hold promise for low grade Indian coals.  A CFBC loop 

consists of  two sections, first section consists of  (a) furnace or fast fluidized bed, (b) gas-solid separator (Cyclone), (c) 

solid recycle device (loop seal or  L-valve), and (d) external heat exchanger (optional). The furnace enclosure of a 

CFBC boiler is generally made of water tubes as in pulverized coal-fired (PC) boilers. A fraction of generated heat is 

absorbed by these heat transferring tubes. The second section is the back pass, where the remaining heat from the flue 

gas is absorbed by the reheater, super heater, economizer, and air pre heater surfaces (as in conventional PC boiler). 

Cyclone Separator: Relatively coarse particle of sorbent (limestone) and unburnt char are captured in the cyclone and 

are recycled back near the base of the furnace. Finer solid residues (ash and spent sorbents) generated during 

combustion and desulphurization leave the furnace, escaping through the cyclones, but they are collected by a bag-

house or electrostatic precipitator locate further downstream. A cyclone is a simple device providing a high degree of 

separation for a minimum pressure drop (50 to 100 mm of water gauge). 99% of the solids are removed by a cyclone 

separator at designed flow rates. Cyclone Separators provide a method of removing particulate matter from air streams 

at low cost and low maintenance. In general, a cyclone consists of an upper cylindrical part referred to as the barrel and 

a lower conical part referred to as cone. The air stream enters tangentially at the top of the barrel and travels downward 

into the cone forming an outer vortex. Increasing air velocity in the outer vortex results in a centrifugal force on the 

particles, separating them from the air stream. When the air reaches the bottom of the cone, an inner vortex is created 

in the reverse direction and exits out of the top as clean air, while the particulates are collected at the bottom of the 

cyclone. The separation efficiency of gas–solid separators depends on the size of the particles separated. Fine particles 

are more difficult to separate, thus have characteristically lower separation efficiency, while coarser particles have 

higher separation efficiency. 

Denudation Rate: Denudation Rate is the average rate of thinning out of the CFBC cyclone separator surface. It is 

derived from the erosion rate of the CFBC cyclone separator, where erosion rate is defined as the rate of material 

removed from the CFBC cyclone separator measured in terms of mass of material removed per unit time. 

 The objective of Denudation Rate calculation is to convert mass of sediment discharged to the volume of 

material removed from CFBC cyclone separator by dividing by either density or specific weight of CFBC cyclone 

separator material. Volume divided by area gives the denudation rate.\ 
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Calculating Procedure of Denudation Rate: The unit erosion rate for CFBC cyclone separator is determined by 

dividing the sediment discharge of surface by area. 

r = Qs A⁄  

To compute Denudation Rate, the unit erosion rate is divided by the density of the CFBC cyclone separator 

material. 
Ls = r ρs⁄  

 

 
Figure.1.Schematic of a circulating fluidized bed boiler 

 

Optimization: Keeping in mind the objective of finding a design with reduced pressure drop and denudation rate, with 

minimum change in collection efficiency, dynamic programming method of optimization is used. Dynamic 

Programming is a method of optimization that is applicable either to process stages or to continuous functions that can 

be approximated by staged processes. The special feature of dynamic programming is in that; it arrives at an overall 

optimal plan for sub-sections of the problem. In succeeding evaluations, the optimal plans for subsections are used, and 

all non-optimal plans are ignored.  

 As a method of optimization, dynamic programming is not usually interchangeable with such other forms of 

optimization as Lagrange multipliers and linear and non-linear programming. Instead, it is related to the calculus of 

variations, whose result is an optimal function rather than an optimal state point. Dynamic programming handles the 

problem by dividing the total path into a number of segments and considering the continuous function as series of steps 

or stages. In such an application, the finite-step approach of dynamic programming is an approximation of the calculus-

of-variation method. 

Related Work 

      Experimental and theoretical studies on cyclone separators focus on enhancing the separation efficiency and 

reducing the pressure drop. This could either be done by optimizing the configuration of the cyclone separator or by 

adding additional parts to it.  Factors that influence the cyclone performance are Cyclone dimensions like Cyclone 

diameter, Inlet height, Inlet width, Vortex finder diameter, Vortex finder length, Cylinder height, Cyclone   total height, 

Cone tip diameter. Particle properties like, Density, Shape, Diameter and   distribution, Mass loading. Gas properties 

like, Velocity, Density, Viscosity, Temperature, and Pressure. Other factors are like, Wall roughness, Shape of vortex 

finder, Eccentricity of vortex finder 

                Of these, the vortex finder has a significant effect on the flow field, namely, the inner and outer spiral flow 

patterns. Studies on the influence of the vortex finder on the performance of a cyclone separator conclude that 

performance parameters like separation efficiency and pressure drop could be improved by optimizing the vortex finder 

geometry. Lim et al. examined the effect of vortex finder shape and dimensions with different geometries and 

concluded that cone shapes of vortex finder did not influence the particle collection efficiency.  Optimization studies of 

Elsayed and Lacor used mathematical models and CFD simulations to demonstrate the influence of inlet length and 

vortex finder diameter on the cyclone separator performance. Hsiao & Chen proved that an increase in vortex finder 

length increased the particle residence time due to additional turning of the upward vortex and created a bypass flow to 

the outlet. Chen et al. showed that a bottom contracted and edge- sloped vent- pipe configuration provided greater 

collection efficiencies than the traditional cyclone separator. Conrad et al. attempted to reduce pressure drop by using 

damping devices in vortex finders and found the configuration too complicated. However, most of the literature 
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findings reported that vortex configuration or size did not influence pressure drop. Although several vortex finder 

configurations have been proposed, the existing geometries do not meet the requirement that operation pressure should 

be less than 0.05MPa.  

 Chuah et al. compared   four empirical models for prediction of cyclone pressure drop, namely Shepherd and 

Lapple, Casal and Martinez, Dirgo and Coker (1993). The comparison was done for different velocities and 

temperatures in numerical simulation studies. Simulation results showed that the Coker’s model predicted cyclone 

pressure drop far better than the other three models in different operating temperature, while Shepherd and Lapple 

model showed a good pressure drop prediction with different inlet velocities Cyclone optimization based on a new 

empirical model of pressure drop was carried out by Ramachandran and Leith. They were able to predict an optimum 

design which gives lesser pressure drop for a given collection efficiency, by adjusting the cyclone height or cyclone 

diameter or outlet duct length (vortex finder). The concept of introducing REPDS (Reducing Pressure Drop by Stick) 

in a cyclone was attempted by Wang et al. When a stick is inserted within a cyclone a significant decrease in   pressure 

drop can be obtained for a given separation efficiency.  

Design Modifications 

 Any reduction in separation efficiency is well compensated by the pressure drop obtained. With no more than a 

5% reduction in efficiency, a pressure drop of more than 50% is achievable. So the pressure drop can be reduced by 

about 20% with the same separation efficiency. Another significant factor that decides the efficient performance and 

life of a cyclone separator is the denudation rate which directly measures the erosion rate and hence predicts the life of 

a cyclone separator. 

         The objective of the present work is to develop an optimum model with reduced pressure drop and denudation 

rate with minimum change in collection efficiency. To achieve the above, about 16 REPDS are attached 

circumferentially to the vortex finder. A reduction in the vortex finder length is compensated by adjusting the length of 

the REPDS. A comparative study is done for four different variations in the length of the vortex finder for 

corresponding changes in length of REPDS (25 %, 50%, 75% and 100%). Six existing cyclone designs are chosen and 

an appropriate pressure drop model is used to find the pressure drop. Expressions for calculating the denudation rate 

are incorporated in the model. For each of the 6 chosen designs, CFD (Computational Fluid Dynamics) comparative 

analysis is done between the existing design (without REPDS) and the design with four length modifications in 

REPDS. 

 
Figure 2: Cyclone separator Design modifications 

Validation of Software Using Coker Model:  A number of theoretical models have been developed by Shepherd 

and Lapple (1939), Stairmand (1949, 1951), First (1950) and Barth (1956) to determine pressure drops in a cyclone. 

However, the equations are either empirical models or involve variables and dimensionless parameters which cannot be 

easily evaluated in practical applications.  It is known that cyclone pressure drop is dependent on the cyclone design 

and its operating parameters such as inlet velocity. The empirical models cannot be used for all the cyclone designs as 

new designs keep evolving .Further theoretical research is needed to scientifically evaluate the cyclone performance 

such as prediction of cyclone pressure drop. Models for the six existing designs have been obtained in solid works and 

a suitable model is chosen for the pressure drop between inlet and outlet of cyclone separator. As discussed earlier in 

literature findings, Coker model is best preferred for varying velocity and loading. This model defines pressure drop in 

a cyclone by the equation 

∆P = 0.003ρgvi
2Hv 

 Simulated values are obtained in the form of pressure contours, with inlet pressure being the input parameter of 

the model, and outlet velocity or outlet mass flow rate being the outlet parameter. All the six designs of cyclone are 

simulated for an   operating mass flow rate of 500 m3/hr and inlet velocity of 15m/s. Using these parameters, 

simulations are done and comparisons are made between theoretical Coker model and simulated results for each of the 

six designs, to ascertain the suitability of the Coker model for  study.  
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From the bar chart, it is evident that simulated results show only a 10% deviation from theoretical results. The 

suitability of the Coker model for simulation work is thus verified. 

 

 

Figure 3: Software Validation Bar Chart Figure 4: Mesh and Pressure Contour of various designs 

CFD Analysis: The flow analysis for the 6 cyclone designs is done for a mass flow rate value         Q = 500 m3/hr, and 

inlet velocity V = 15m/s. To model the swirling turbulence in a cyclone separator, the standard K-€ turbulence model is 

chosen. The grid used for analysis is only a square grid. In solid works, the flow volume requires 6 cells per X value, 

28 cells per Y value, 8 cells per Z value and it takes a minimum gap of 0.0707m. The grid is finer at the inlet and outlet 

and at other places the grid is very coarse. 

 From the   flow analysis, it is clear that in each design, the 75% REPDS and 100% REPDS, exhibit a short 

circuiting of cyclone separator, resulting in a loss of collection efficiency. Hence, 100%REPDS model and 75%REPDS 

model are not preferred in all designs.  

DPM optimization:  

 To begin with optimization, input values of denudation rate, pressure drop, and efficiency are given. These 

values are operated with the selected constraints, to obtain an optimum design for all the models. In each step, a 

constraint is selected and operated on the input data to obtain the optimum design for that given constraint. Mostly 

constraints are the limit or starting values of input data. The optimization constraints used in our case are: 

 Reduction in Pressure Drop should be more than 10% of that of the existing design pressure drop.∆𝑷 ≥
𝟏𝟎% 𝒐𝒇 𝑷𝒆 

 Reduction in Denudation Rate should be more than 10% of that of the existing design Denudation Rate.∆𝑫 ≥
𝟏𝟎% 𝒐𝒇 𝑫𝒆 

 Reduction in efficiency should be less than 10% of existing Design efficiency.    ∆𝜼 ≤ 𝟏𝟎% 𝒐𝒇 𝜼𝒆 

Step I: All the three input parameters for all models of cyclone separators are given. 

Step II: The first two constraints, namely, Reduction in Pressure Drop more than 10% and Reduction in Denudation 

Rate more than 10% are applied to the models. Results show that, for 3 lengths of the REPDS, the chosen models 

satisfy the constraints in all types of cyclone separator. 25%REPDS is not quite efficient in reducing the pressure drop 

and denudation rate and hence is out of design optimization. In two types of cyclone separators, the reduction in 

pressure drop and denudation rate also satisfies the constraints but the value is almost very small and near to constraint 

so it is neglected.  

Step III: In this stage last constraint is applied which is, “Reduction efficiency to be less than 10% “  

Step IV: The 50% REPDS design is found to be suitable for any type of CFBC Cyclone separator.  

DISCUSSION 

 Different types of configurations for vortex finder of cyclone separator were studied with the aim of getting 

reduced pressure drops and denudation rate with little variation in collection efficiency.  Four kinds of variations were 

introduced in vortex finder lengths using REPDS, and analyses were carried out for six chosen cyclone designs. The 

Coker model was used to find pressure drop in each case. Simulation was done using Solid Works, and the optimum 

design for the vortex finder was selected by the dynamic programming method. 

Simulated 

 

Coker model 
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Figure.6.Pressure Drop Comparison of various 

Designs with various REPDS height 

Figure.6.Denudation Rate Comparison of various 

Designs with various REPDS height 

CONCLUSION 

           Proper operation of the cyclone is critical for the desired gas–solid flow structure of a CFB riser. Such 

separators also allow easier scale-up of the designs. The absence of moving parts, simple construction, and high 

collection efficiency make a cyclone especially suitable for CFB boilers. Improved cyclone efficiency reduces 

limestone consumption,bed temperatures and hence lower NOx production.Besides, there is a reduced fouling or 

corrosion of back-pass tubes. Vortex finder length with 50% REPDS, was found to provide an optimum design for 

reduced pressure drop and denudation rate, without affecting the efficiency with the help of computational numerical 

investigation. 

Nomenclature: 

Qs = Quantity of surface material of CFBC cyclone separator (𝑲𝒈
𝒚𝒆𝒂𝒓⁄ ) 

ρs = Density of surface material of CFBC cyclone separator (𝑲𝒈
𝒎𝟑⁄ ) 

A = Area of CFBC cyclone separator (m2) 

∆P = Pressure Drop, Pa 

Hv = Pressure Drop in terms of head,  

ρg = Density of gas, kg/m3 

Vs = inlet gas velocity, m/s. 
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