
Aspects of the design and use of sedimenting centrifuges. 

Page 1 of 12. 
 

G.C.Grimwood. 

Thomas Broadbent & Sons Ltd. 

www.broadbent.co.uk 

1. Abstract. 

The effects of bowl geometry on the liquor clarification and solids dewatering characteristics 

of sold bowl decanting centrifuges are discussed. The requirements for centrate clarity and 

throughput are contrasted with those required for dry decanter cakes and high solids 

capacity on the assumption that the solids in the decanter feed are crystalline and 

incompressible. The aim of the paper is to provide a basic understanding of some of the 

compromises necessary in the selection of decanter centrifuges. 

2. Introduction. 

Solid - liquid mixtures may be separated into their constituent solid and liquid phases by 

sedimentation where gravity forces cause the heavier, solid particles to settle out from the 

less dense liquid. The rate of sedimentation depends on the difference in densities between 

solids and liquid, the viscosity of the liquid, the size and shape of the solid particles, and the 

magnitude of gravitational acceleration (also known as ‘G’). The speed of the process can be 

greatly increased by carrying out the process in a rotating bowl where very high G is 

generated by centrifugal effects. A decanter centrifuge (figure 1) uses a combination of 

sedimentation and filtration drainage, enhanced by centrifugal G, to continuously separate 

solid – liquid mixtures into their component parts. 

 
Figure 1. Typical solid bowl decanter centrifuge. 

Referring to figure 1 the slurry is fed through a stationary pipe (1) into the interior of an 

imperforate bowl (2) that rotates at high speed. Centrifugal forces cause the solid particles 

to sediment through the liquid and settle on the inside surface of the bowl. A helical scroll 

conveyor (3) with blades (6) closely conforming to the inside of the bowl rotates at a 

differential speed to the bowl (typically a 0.5 – 5% differential) by means of a fixed ratio 

epicyclic gearbox or hydraulic motor (4). The slow differential rotation between the bowl (2) 

and conveyor (3) pushes the sedimented solids towards one end of the bowl while the 
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liquids can flow freely towards the opposite end through the open channel (5) created by 

the blades (6) forming the helical scroll (3). At the solids discharge end, the bowl and 

conveyor are conically tapered inwards (7) so that the conveyor ‘lifts’ the solids out of the 

pool of liquid and ejects them out of the bowl through discharge ports (8) while still 

retaining the liquid. The depth of the liquid (or pool) within the bowl is controlled by plates 

fitted into discharge ports at the liquids discharge end (9). 

The relative proportions of the decanter bowl overall length allocated to de-liquoring the 

solids (conical section) and clarification of the liquor (parallel section) has a significant effect 

of the overall performance of the decanter. Whilst adjustments can be made to an existing 

decanter to alter its process performance (e.g. bowl speed, differential speed, pool depth, 

feed rate etc) the overall diameter and length are fixed at manufacture. It is therefore 

important to understand the balance between allocating bowl volume to liquor clarification 

and solids de-liquoring. These two aspects are considered in more detail in the following 

sections.  

3. Liquor processing capacity. 

A significant amount of work has been published on the characteristics of liquor clarification 

within a solid bowl decanter centrifuge as shown in figure 1. Many comments below are 

based on the work of Madsen (Ref 1), Madsen (Ref 2) and Records & Sutherland (Ref 3). 

Figure 2 shown the parallel portion of the decanter; the key dimensions referred to in the 

text below are marked. Unless the decanter is being used in a classification application the 

goal is generally to remove as much of the solid matter from the liquor as possible to 

produce a clear liquid discharge or ‘centrate’ from the decanter. 

Figure 2. Parallel section of bowl showing liquor pool. 

One approach to analysing decanter clarification performance is to assume plug flow of the 

liquor down the channel formed by the conveyor blades. Stokes’ law is then used to 

calculate the smallest spherical particle that can settle through the pool depth in the time it 

takes the feed liquor to move from the point where it enters the bowl, round the helix 

formed by the conveyor to the liquor discharge ports. 
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For a particle of diameter d in a fluid of dynamic viscosity μ where the density difference is 

p the settling velocity in a uniform acceleration G is proportional to (Ref 6) 

𝑉 ∝
𝑑2∆𝜌𝐺

𝜇
           (1) 

If the feed particle size distribution is known then the decanter feed rate necessary to give a 

liquor residence time just sufficient for all particles above a specified size to settle to the 

bowl wall and be conveyed to the solids discharge can be calculated. In practice this 

procedure doesn’t work well. Madsen (Ref 2) reports that the separating capacity achieved 

is between 10 – 50% of the theoretical value. Likewise published test data from Ref 1 give a 

calculated maximum centrate particle size of 1.5μ against an actual result of 5μ.  

Another well-known approach originated by Ambler in 1952 (Ref 4) is the Sigma (Σ) theory. 

This follows a similar methodology to the settling of a spherical particle under Stokes’ law. 

There are many formulae based on Ambler’s initial work (Refs 6 & 7); one such expression is  

Σ =
2𝜋𝜔2𝐿𝑏
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Where g is the acceleration due to gravity, ω is the angular velocity of the bowl and Lb is the 

length of the bowl. Making the further simplification of replacing rb and rp  by the bowl 

diameter rb=D/2  and substituting G=Dω2/2g  the expression becomes 

Σ ∝ 𝐺𝐷𝐿𝑏       (3) 

where G  is the centrifugal acceleration. Sigma (Σ) is useful when scaling up from test 

machines to plant scale where liquor clarification is the important parameter. However it 

does not work well scaling between differing centrifuge types or between differing 

geometries within the same centrifuge type. To address these issues some centrifugal 

manufacturers have modified forms of the Σ theory, adjusted to fit extensive in-house test 

data, which can be applied more widely. See for example Ref 6. 

These approaches to understanding decanter clarification performance are deficient and the 

innovative work by Madsen and Madsen (Refs 1 & 2) goes a long way to explaining why.  

Implicit in the Stokes’ settling and the Σ approach is the assumption that the whole length of 

the clarification section of the decanter bowl (i.e. the parallel portion Lb in figure 1) is active 

in the sedimentation process. Investigations by Madsen (Ref 1) using a decanter bowl 

constructed in transparent material allowed the liquor flows within the decanter to be 

studied and showed that the sudden tangential acceleration of the feed material as it enters 

the pool produces high velocity gradients in the pool surface layers where the new feed 

material enters the decanter giving a flow profile very different from that assumed in plug-

flow. As the liquor flow proceeds towards the discharge the viscous damping effects 

eventually stabilise the flow into something closer to plug flow.  Only at this point, possibly 
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half way down the parallel portion of a typical decanter, do the assumptions used in Σ (Eqn 

2 & 3) or Stokes’ law (Eqn 1) start to apply. 

Figure 3, taken from Madsen’s paper (Ref 2), shows a qualitative view of the flow patterns 

seen in the transparent decanter. Note the high velocities at the surface of the pool which 

will tend to carry large particles to the liquor outlet, thereby reducing the decanter 

clarification performance. See Ref 1 for full details of the test-work. 

 

Figure 3. Taken from Madsen (Ref 2). Decanter bowl flow patterns. 

Based on this understanding of the conveyor liquor flows sections 3.1, 2 & 3 consider the 

effects of diameter, length and G on decanter clarification performance. The effects on 

solids drying performance are considered in section 4. 

3.1 Effect of parallel bowl length. 

Increasing the length of the parallel section of the bowl increases the value of Σ for the 

decanter - see Eqn (2) or (3); however the increase in Σ is non-linear. For example in a 

decanters with an overall length to diameter ratio (L:D) of 3:1 perhaps half the parallel 

length from the feed to the mid-point of the parallel section is taken up stabilising the flow 

to something approaching plug flow; the remaining half from the mid-point to the liquor 

discharge then contributes to the settling of the solids. If the decanter overall length to 

diameter ratio L:D is increased from 3:1 (comprising 2 parts parallel bowl + 1 part conical 

bowl : diameter) to 4:1 (3 parts parallel + 1 part conical : diameter) then Σ would increase by 

100% rather than by 50% as would be expected from Eqn (2) or (3). 

The resulting improvement in Σ can be used for increased capacity, or to capture a larger 

proportion of the fine solids in the feed. Increasing the parallel bowl length is also attractive 

from a manufacturing standpoint. Simply making the decanter longer generally involves the 

least modification to the design and has the lowest manufacturing cost increase. It is for 

these reasons that most modern decanters have a high L:D ratio of perhaps 4:1 or 4.5:1 

where centrate clarity and high liquid capacity are the important goals. 

For safe and reliable operation it is normal for the fundamental whirling natural frequencies 

of the decanter rotating components to be kept significantly above the running speed by a 
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margin of 25-30%. If the running speed is too close to the bowl or conveyor natural 

frequency then severe vibrations will occur in operation, which can lead to mechanical 

failure.  If the lengthening of the decanter reduces its lowest natural frequency (typically 

that of the conveyor) to the point where the running speed has to be reduced to maintain 

the margin of 25-30% then the benefit of the additional length is lost. See section 3.3 for 

further discussion on this point. 

3.2 Effect of diameter. 

Eqns 2 & 3 show that increasing the diameter of the bowl D should have a similar effect as 

increasing the length Lb, it also allows the same G to be achieved with a lower rotational 

speed; however it is generally more effective to increase the length rather than the 

diameter to obtain additional liquor clarification capacity through reduced turbulence (see 

3.1 and Madsen Ref 2). Increasing the bowl diameter tends to increase turbulence; for 

example consider a decanter feed zone where the pool depth is set to be a constant fraction 

k of the bowl radius rb. To increase its velocity to (rb – krb)ω to match that of the pool 

surface the feed must have its kinetic energy increased by E where, 

𝐸 =
1

2
𝑚𝑟𝑏

2𝜔2(1 − 𝑘)2          (4) 

In providing this, a further amount of energy equivalent to (4) is lost in viscous drag and 

turbulence in the pool surface layers. It is this energy loss that causes much of the 

turbulence referred to in 3.1 above. As G=rb ω2 the total energy requirement for feeding 

becomes mrbG(1-k)2, so for a constant G the energy (and therefore power) requirement 

increases with bowl radius as does the associated turbulence. 

3.3 Effect of bowl G. 

Eqns 2 & 3 indicate that the higher the product GLb the better the clarification of the liquor. 

The strength of the materials used to construct the bowl and conveyor set an upper limit for 

the maximum G for a given bowl diameter for decanters with a low L:D ratio. As the L:D 

ratio increases a second constraint comes into play that limits the maximum rotational 

speed (RPM) and therefore the G.  

The maximum safe decanter speed is highly dependent on the length of the conveyor which 

is typically constructed from a thin walled tube to which are attached the conveyor blades; 

the natural frequency of such a tube length L is inversely proportional to L2. As an example 

consider a decanter running at its maximum allowable speed (25% below the conveyor 

natural frequency). If the conveyor is lengthened by 10% then the natural frequency 

reduces to 1 / 1.12 = 0.826 of its original frequency, so the rotational speed (RPM) must also 

be reduced to 0.826 to maintain the safety margin; centrifugal G=2πrbRPM2/60  so the G 

reduces to 0.8262 or 68.3% of its original value. This is a very large reduction in G for a small 

increase in length, leading to reduced process performance – see Eqns 2 & 3. 
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For applications with low feed solids content requiring the highest centrate clarity several 

techniques exist to allow decanters with L:D up to 5:1 to operate at high G, see for example 

Madsen Ref 2. 

Based on the simple analysis outlined in 3.1, 3.2 & 3.3 the best centrate clarity and 

throughput and lowest energy demand will be achieved with high G, small bowl diameters 

and a deep pool. Note that the de-liquoring of solids present in the feed has not been 

considered. Section 4 looks at the effects of G, diameter and length on the processing of 

crystalline solids. 

4. Solids processing capacity. 

Decanters are used to separate a variety of solids from liquids. The properties of the solids 

have a significant bearing on the optimum design of the conical section of the decanter. This 

section considers some important aspects for processing fine incompressible crystalline 

solids such as CaSO4, FeSO4, coal, PVC where the feed material contains 20-35% w/w solids. 

The de-liquoring of a filter cake against time is shown diagrammatically in figure 4 as three 

phases. Phase I shows the solids after initial sedimentation with the liquor surface above the 

cake. In Phase II the liquor has receded below the cake surface, and in Phase III the liquid 

adhering to the particles and at the contact points between particles by surface tension is 

removed. 

 

Figure 4. Typical de-liquoring curve showing basic filtration phases. 

The initial sedimentation of the solids and their transport up the portion of the conical 

section below the pool can be thought of as Phase I of the de-liquoring process. Phase II, 
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where the liquor level recedes within the cake pile (generally triangular in cross section for 

crystalline cakes in a decanter – see figure 5), occurs during the transport up the ‘dry’ 

portion of the conical section. Typically the time to reach the limiting dryness shown in 

figure 4 is several minutes for fine particles of 100μ or below. As the solids residence time in 

a typical decanter is short (perhaps 2-15 seconds) the filtration taking place on the dry 

beach is predominantly that of Phase II. Little Phase III drainage occurs within a decanter 

unless the solids throughputs are low or the particle size is large. 

 

 

Figure 5. View of solids on conical section. 

A basic theoretical analysis of the drainage of a uniform incompressible cake in a centrifugal 

field G shows that the average flow velocity through the cake in Phase II is constant 

regardless of the liquid level within the cake (Ref 5). This can be used as the basis for a 

simple scale up model for decanter cakes. Tests indicate that to a reasonable approximation 

the parameter 

𝑆 =
𝐺𝑡

√ℎ𝑝

         (5) 

varies linearly with liquid content of the cake discharged from the decanter. Figure 6 shows 

the result from a variety of tests where G, dry beach time t and pile height hp (see figure 5) 

were varied and the resulting S plotted against cake moisture. Note that this approximate 

empirical relationship only applies when: 

i. Cake de-liquoring is of the type Phase II only. 

ii. The solids are crystalline and incompressible. It does not apply to sludges and pastes. 

iii. Moisture is surface moisture, inherent moisture is excluded. 

The primary use for (5) is scale-up however it is also useful when optimising decanter solids 

de-liquoring performance. The sections below consider some elements of solids 

optimisation of a 1000mm diameter decanter, with a cone half angle of 100 running at 

1400prm with a fixed gearbox ratio processing 100 tonnes per hour of feed containing 20% 

solids. 
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Figure 6. Variation of cake moisture with S for Gypsum, D50 30μ. 

Data points show relationship between 𝑆 = 𝐺𝑡/√ℎ𝑝 and moisture 

for variation in G of 3.4, Dry beach time of 4.5 & Pile height of 2. 
 

4.1 Effect of conical bowl length. 

Figure 7 shows the effect on mean G, pile height and dry beach time of changing the length 

of the conical section of the decanter. The diameter of the bowl and the solids discharge are 

taken as fixed and the cone angle changed to alter the cone length. The x axis of figure 7 

shows both the cone angle (60 – 120) and the resulting cone length (930 – 465mm). 

The length of the conical section has no effect on G, the longer cone increases the solids 

residence time and the steeper cone angle slightly increases the pile heights for a given 

solids loading. The net effect is for S to increase with bowl length due primarily to the longer 

drying time provided by the longer conical section. 
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Figure 7. Effect of parallel bowl length. 

4.2 Effect of diameter. 

As with the conical bowl length, changing the bowl diameter has significant effects on the 

internal geometry of the decanter, however it also increases the G for a given bowl RPM. In 

order to investigate the effects of bowl diameter on S the bowl RPM is adjusted to maintain 

the same mean G over the conical bowl section. The pool depth and the solids discharge 

diameter are also scaled by the change in bowl diameter. Figure 8 shows G remaining 

constant, with the pile height reducing and the drying time increasing as the bowl diameter 

is increased, both of which contribute to increasing S. 

 

Figure 8. Effect of bowl diameter. 
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4.3 Effect of bowl G. 

For a given bowl diameter higher G is produced by increasing the rotational speed, and as 

expected from S it will produce dryer solids. For a decanter with a fixed ratio gearbox a 

faster rotational speed will produce a faster conveyor differential and reduce the solids 

residence time; also for a given solids throughput the pile height of the solids transported by 

the conveyor blades will reduce. Changing the rotational speed therefore changes all three 

terms in S. Figure 9 shows the variation of the three parameters with bowl RPM. The G 

increases whereas the pile height and dry beach time reduce with increasing RPM; the net 

effect is to increase S, but not as sharply as might be expected from G alone.  

 

Figure 9. Effect of G. 

5. Discussion. 

Figure 10 brings together the effects on S outlined in figures 7, 8 & 9. The changes to bowl 

speed, length and diameter have been chosen to give similar ranges in S (approx 180 – 450). 

In the real world the normal operating value for this example application (incompressible 

crystalline solids) is around 270. 

Figure 10 shows that, within the limits of the assumptions in this simple analysis, increasing 

the bowl G from 900 to 1800 increases S from 250 to 400, as does increasing the bowl 

diameter from 950 to 1300mm (at constant G) or reducing the conical bowl half angle from 

110 to 70 (length from 510 to 800mm). 

From section 3 it is clear that increasing the cone length may mean reducing the parallel 

bowl length thereby reducing liquor clarification performance. Likewise increasing the 

diameter increases the power requirement for accelerating the feed liquor and creates 

additional turbulence within the feed zone which is detrimental to clarification 

performance. Reducing the turbulence and feed liquor power requirements by increasing 
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the pond depth as discussed in section 3.2 is generally not an option for applications with a 

high incompressible solids loading as the deeper pool significantly reduces the dry beach 

length and therefore the dry beach time. 

 

Figure 10. Variation of S with G, bowl diameter & length. 

Increasing the G is a benefit to both solids dryness and centrate clarification however the 

same restrictions on pool depth mentioned above apply. Reducing the diameter and 

increasing the G (as favoured for best centrate clarification) also has limits as sufficient 

volume must be provided for the solids at the discharge end of the conical section or there 

is a danger of the solid pile filling the available volume and jamming the conveyor. For 

applications where the solids are sludges or pastes (i.e. not incompressible crystalline solids) 

filling the available volume can be an advantage as the solids are compressed and further 

dried as they approach the solids discharge area; prior to being extruded out of the 

decanter. 

For abrasive crystalline material, such as minerals, higher G increases the contact forces 

between the solids and the feed openings in the conveyor, the conveyor blades and the 

solids discharge openings in the decanter bowl – all of which can lead to accelerated wear 

and additional conveyor drive torque to overcome friction. 

As might be expected the requirements of good solids drying compete with those of 

centrate clarity and the best combination of G, diameter and length depend on the 

application specifics. 

Finally, a more complete study would also include aspects such as gearbox ratio, conveyor 

design and power consumption, and consider solids other than incompressible crystalline 

materials. 
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