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Abstract. Many studies of hydrocyclones have confirmed that increasing the feed-flow rate results 

in a higher separation efficiency. The purpose of this study was to investigate the separation 

efficiency for a 100 mm solid–liquid hydrocyclone with 1 and 2 wt% solid concentrations at feed-

flow rates of 2, 3, 4, 5 and 6 m
3
/hr. The solid concentration and particle size distribution were 

analysed using drying–weighing and a particle-size analyser (Mastersizer 2000), respectively. The 

experimental results indicated that an increase in feed-flow rate from 2 to 4 m
3
/hr produced 

decreased separation efficiency. However, when the feed-flow rates increased from 4 to 6 m
3
/hr, the 

separation efficiency increased. Furthermore, the higher the feed-flow rate, the smaller the cut size. 

A novel separation efficiency equation in terms of the concentration ratio and flow ratio is also 

proposed. 

Introduction 

A hydrocyclone is a device designed for separating solid, liquid or gas from liquid. It is widely 

used in various industrial processes, such as classification [1], de-watering [2] and clarification [3]. 

Moreover, it has been used for solid separation in the micron range [4, 5] and microbiology 

processes [6]. Based on the basic principle of separation, a hydrocyclone uses centrifugal 

sedimentation, i.e. the suspended particles are subjected to centrifugal acceleration, which makes 

them separate from the fluid. A hydrocyclone mainly consists of a cylindrical section joined with a 

conical section, as shown in Fig. 1. The suspension of particles in a liquid is injected tangentially 

through to the feed inlet, which is located in a part of the cylindrical section, and then a portion of 

the liquid containing the finer particles is discharged through the overflow (vortex finder), whereas 

the coarser particles leave through the underflow (spigot) [7, 8]. There are many types of flow 

patterns in a hydrocyclone, which can be divided into three principal components, tangential 

velocity, radial velocity and vertical velocity. The vertical velocity distribution is a strong 

downward flow along the outer walls of both cylindrical and conical sections, as shown in Fig. 2. 

This flow is essential for hydrocyclone operation because it removes particles being separated into 

the underflow. The downward flow is partially counterbalanced by an upward flow in the core 

region, depending on the flow ratio. There is a well-defined locus of zero vertical velocities 

(LZVV), which follows the profile of the hydrocyclone. 

Recently, enhancing the separation efficiency of hydrocyclones by considering the dimensional 

hydrocyclone variables and operating variables has been continuously studied. Romanus et al. [9] 

and Zhu and Lee [10] experimentally investigated the effect of feed-flow rate on separation 

efficiency. Bhaskar et al. [11] studied the effect of feed-flow rate on cut size. Moreover, Firth [12] 

studied not only the effect of feed-flow rate on cut size but also concentration ratio and flow ratio. 

Interestingly, determination of separation efficiency in forms of the mass-flow rate in the underflow 
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and feed had a limitation in use when the underflow rate is very close to the feed-flow rate. 

Therefore, the separation efficiency was transformed into forms of the concentration ratio and flow 

ratio. The objective of this work was to investigate the effect of various feed-flow rates on the 

performance of a solid–liquid hydrocyclone and to describe clearly the effects of concentration ratio 

and flow ratio on separation efficiency. 

 

 

 

 

             

 

 

 

 

 

 Fig. 1 Dimensions of the hydrocyclone Fig. 2 Vertical velocity distribution 

 inside the hydrocyclone 

Materials and Methods 

Separation efficiency, E, is defined as the ratio of the mass-flow rate of solid particles separated 

through the underflow to the mass-flow rate of solid particles injected via the feed inlet.
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Flow ratio, Rf, can be defined as follows: 
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Concentration ratio, C, is denoted by Eq. 6 
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From Eq. 5 and 6, Eq. 4 can be transformed into Eq. 7 
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In this study, a hydrocyclone was designed using proportions based on the research of 

Wongsarivej et al. [13]. Sieved soil was used as the test material. Suspension concentrations of 1 

and 2 wt% sieved soil in tap water were used in the experiments. The underflow diameters were 5, 

5.5, 6 and 6.5 mm whereas the feed-flow rates were 2, 3, 4, 5 and 6 m
3
/hr, as shown in Table 1. The 

experiments were repeated a minimum of three times at the same conditions to confirm the data 

accurately. A schematic diagram of the experimental test rig is shown in Fig. 3. It consisted of a 

tank equipped with an impeller for uniform mixing at a constant speed of 250 rpm. Afterwards, the 

discharged suspensions in underflow and overflow were returned to the tank. A flow meter and 

pressure gauge were installed for measuring the flow rate and pressure drop. The suspension 

temperature in the tank was constantly controlled at 30 C using a cooler unit. A particle size 
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analyser, the Mastersizer 2000, was used to measure particle sizes of both underflow and overflow 

streams. The solid concentrations of both underflow and overflow samples were determined by 

evaporation and weighing. Svarovsky [7] recommended that the partial separation efficiency and 

the cut size, d50, were determined according to the procedure. The particle size distribution of sieved 

soil is shown in Fig. 4. The mean diameter and density of sieved soil were 12.01 mm and  

2.222 kg/m
3
, respectively. 

Table 1 Entire design configuration of the experiment 

Dc 

(mm) 

Di 

(mm) 

Do 

(mm) 

Du 

(mm) 

Qf 

(m
3
/hr) 

Cf 

(wt%) 

100 20 16 5, 5.5, 6, 6.5 2, 3, 4, 5, 6 1, 2 

 

 

 

 

  

 

 

 

 

Fig. 3 Schematic diagram of experimental Fig. 4 Particle size distribution of feed material 

    test rig 

Results and Discussion 

Effect of feed-flow rate on partition curve 

The partition curve (also called a performance curve, efficiency curve or tromp curve) is used to 

quantify the particle size of separation performance. It expresses the weight fraction (or percentage) 

of each particle size fraction in the feed reporting to the underflow product. Fig. 5 shows the size 

partition curves for feed-flow rates of 2, 3, 4, 5 and 6 m
3
/hr. Increasing the feed-flow rate led to 

shifting the partition curve gradually to the left-hand side of the graph. The sharpness of separation, 

S, is one of the variables relating to the partition curve. It is defined as the ratio of two particle sizes 

corresponding to two different percentages on the partition curve on either side of 50% partial 

separation efficiency, for example: 65356535 pp/ ddS  . As can be seen in Fig. 5, at the feed-flow 

rates of 2, 3, 4, 5 and 6 m
3
/hr, the sharpness of separation values were 0.25, 0.47, 0.58, 0.59 and 

0.64, respectively. The higher the feed-flow rate, the higher the sharpness of separation. These 

classification can be explain in term of inlet velocity increased, the LZVV boundary extends further 

outwards and downwards and increases the region of upward swirling flow. This also shortens the 

distance for the Görtler vortices to transport the fine particles back to the overflow stream. The 

preference for trapping smaller particles, the increase in the number of Görtler vortices found and 

the extension of the LZVV boundaries as the inlet velocity all contribute to the smaller cut-size and 

sharper separation, as reported by Zhu et al. [14]. For the separation or total solid recovery which 

related with mass flow rate of solid particles separated through underflow to feed inlet, has clearly 

described in “effect of feed-flow rate on separation efficiency” section. 

In addition, another variable is 50% cut size, it can be denoted as the size that has a 50% 

probability of reporting to the underflow and the overflow by separation, i.e. it was determined from 

the partition curve at 50% partial separation efficiency. The 50% cut size can be used to explain the 

phenomena of the particles either smaller or bigger than 50% cut size. The 50% cut sizes can be 

found from Fig. 5; however, to understand this clearly, the 50% cut sizes were plotted as shown in 
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Fig. 6. At a solid concentration of 1 wt% in Fig. 6, the feed-flow rates of 2, 3, 4, 5 and 6 m
3
/hr 

showed cut sizes of 25.9, 23.6, 21.7, 18.9 and 17.1 µm, respectively. The higher the feed-flow rate, 

the smaller the cut size. The effect of feed-flow rate on cut size can be explained in terms of the line 

that splits the upward and downward streams inside the hydrocyclone. This line is called the LZVV, 

as shown in Fig. 2 previously. The higher feed-flow rate resulted in increasing the number of small 

particles in the downward stream as underflow and moving through the spigot [15–17]. At any 

value of feed-flow rate, the low solid concentration of 1 wt% produced a higher separation 

efficiency than the high solid concentration of 2 wt%. This was because the viscosity of the 

suspension was increased by raising the cohesion and adhesion of suspension so that the flow rate 

of the suspension was reduced [18]. The same conclusion can undoubtedly be justified through 

analogy; the centrifugal force acting on particles was gradually decreased by slowing down the 

swirling [19]. 
 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Size partition curves for various Fig. 6 Effect of feed-flow rates on 50% cut 

feed-flow rates                        sizes 

Effect of feed-flow rate on separation efficiency 
The plots of experimental results between separation efficiency and feed-flow rate at solid 

concentrations of 1 and 2 wt% are shown in Fig. 7. The experimental results indicate that an 

increase in feed-flow rate from 2 to 4 m
3
/hr decreased the separation efficiency. On the other hand, 

an increase in feed-flow rate from 4 to 6 m
3
/hr increased the separation efficiency. At any value of 

feed-flow rates, the solid concentration of 1 wt% produced a higher separation efficiency than the 

solid concentration of 2 wt% due to the lower solid concentration producing the higher 

concentration ratio [7, 8]. Changing the feed-flow rate from 2 to 4 m
3
/hr greatly decreased the flow 

ratio, resulting in a sharply decreased separation efficiency. Increasing the feed-flow rate from 4 to 

6 m
3
/hr gave a higher separation efficiency because the concentration ratio greatly increased 

whereas the flow ratio gradually decreased and became almost constant. The relationship of the 

concentration ratio and flow ratio on the separation efficiency can be explained by Eq. 1–7. The 

feed-flow rate influenced the flow ratio rather than the concentration ratio. The phenomenon of 

separation efficiency in Fig. 7 was clearly explained by the relationship either between feed-flow 

rate and concentration ratio (Fig. 8) or between feed-flow rate and flow ratio (Fig. 9). 

As can be seen from Fig. 8, it was found that increasing the feed-flow rate resulted in the 

concentration ratio increasing gradually because an increase of feed tangential velocity led to a 

decrease in the radius of the LZVV; hence, the solid concentration of the downward stream 

increased. When comparing the solid concentrations of 1 and 2 wt%, the lower solid concentration 

revealed the higher concentration ratio because the 1 wt% had a lower viscosity than 2 wt%, which 

contributed to the movement of particles. Fig. 9 shows the effect of feed-flow rate on flow ratio for 

solid concentrations of 1 and 2 wt%. It indicates that an increase in feed-flow rate resulted in an 

extreme decrease in flow ratio because the liquid was not capable of discharging through the 

underflow; therefore, it left through the overflow instead. As expected, the change in solid 

concentrations from 1 to 2 wt% did not significantly influence the flow ratio due to nearly the same 

viscosities of suspensions. 
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Fig. 7 Effect of feed-flow rates on separation  Fig. 8 Effect of feed-flow rates on concentration 

efficiency    ratio 

 

Fig. 9 Effect of feed-flow rates on flow ratio 

Conclusion 

The main conclusions of the effect of feed-flow rate on separation efficiency can be briefly 

summarized as follows, 1) an increase in the feed-flow rate gave a gradually increasing 

concentration ratio, 2) at constant underflow diameter, increasing the feed-flow rate sharply 

decreased the flow ratio until it reached a constant value, 3) the separation efficiency presented as a 

function of the concentration ratio and flow ratio, 4) the feed-flow rate influenced the flow ratio 

rather than the concentration ratio, 5) the lower solid concentration presented the higher separation 

efficiency and 6) solid concentrations did not significantly influence the flow ratio. Therefore, 

hydrocyclone operators should pay great attention to the operating condition of the feed-flow rate. 

Nomenclature 

 Partial separation efficiency, % 

C Concentration ratio, - 

Cf Solid concentration in feed, wt% 

Cu Solid concentration in underflow, wt% 

d50 Cut size, mm 

dp Particle size, mm 

Dc Hydrocyclone body diameter, mm 

Di Inlet diameter, mm 

Do Vortex finder diameter, mm 

Du Underflow diameter, mm 

E Separation efficiency, % 

l Vortex finder length, mm 

Key Engineering Materials Vol. 751 177



L Total hydrocyclone length, mm 

mf Mass flow rate of solid particles injected through feed inlet, kg/hr 

mu Mass flow rate of solid particles separated through spigot, kg/hr 

Qf Feed-flow rate, m
3
/hr 

Qu Underflow rate, m
3
/hr 

Rf Flow ratio, - 

S Sharpness of separation, - 
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