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The Cement Plant Operations Handbook is a concise, practical guide to cement manufacturing 
and is the standard reference used by plant operations personnel worldwide. 

Providing a comprehensive guide to the entire cement production process from raw material 
extraction to the finished product, the industry’s favourite technical reference book is now fully 
updated with new material and an extended chapter on alternative fuels. Key sections covering 
raw materials, burning, grinding and quality control are supported by a range of chapters 
addressing critial topics such as maintenance and plant reporting, alongside a detailed appendix 
with essential process calculations.
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6. Cement milling
Finish milling is the grinding together of clinker with some 3-5 per cent gypsum, 
natural or synthetic, for set control, and quite often other components: 
blastfurnace slag, pozzolan, silica fume, limestone or pulverised fuel ash (‘pfa’ 
–  also known as ‘fly ash’). The process and equipment circuits are similar to those 
mentioned in Chapter 3 for dry raw milling –  ball mills, vertical roller mills, roll 
presses, Horomill –  in combination with separators and other optional ancillaries. 
The finished product is collected by filters for transport to storage, prior to 
dispatch. 

6.1 Storage of clinker and other components

Clinker in transit to the finish mills should be cooler than 100˚C. It is, however, liable to be at a 
considerably higher temperature, at least intermittently, at the cooler discharge. The standard 
transport system is a steel deep-pan conveyor which can handle high-temperature clinker and elevate 
it at up to a 45˚ slope to the top of the clinker store without intermediate transfer. 

In combination with cement storage, there should be adequate storage capacity for clinker and other 
cement components to maintain deliveries during maintenance shutdowns and, if the market is 
cyclical, to bridge low and high shipping periods. Total clinker capacity should be equivalent to at least 
14 days of kiln production, with separate storage for different types of clinker (if produced) and for off-
specification clinker. Storage serves also to homogenise the material. 

Non-clinker mineral additions require separate installations for storage, pre-blending, crushing, drying 
and feeding. Materials such as granulated blastfurnace slag (GBS) with a high moisture content may 
require drying, preferably using waste heat. 

High free-lime clinker must be blended into mill feed with circumspection to ensure that the resulting 
cement is not expansive. A maximum composite free lime for the cement should be established and 
used for control. Where an autoclave expansion test is employed (ASTM C151), the control target will 
need to be reduced for clinker with above four per cent MgO. 

The need for large-capacity (up to 200,000t) stores results in a range of structures, including sheds, 
silos, conical buildings and domes of various shapes – either clad steel structures or concrete shells 
sprayed on inflatable forms. Peter (1999) reviews various designs. Such storage has cost as little as 
US$33/t (Conroy, 2006). Montoya (2004) reported a cost of US$50-60/t for silo construction, but costs 
are higher if foundations require the use of piling. Conical buildings with diameters of 80m or more are 
typical. Some installations suffer from an appreciable ‘dead’ volume. Flat-bottomed circular storage 
with gravity discharge may allow up to 80 per cent recovery without manual assistance, while mole 
reclaimers can recover 100 per cent. To avoid short-circuiting, stores should not be filled and discharged 
at the same time unless there are multiple extraction points. 

Cylindrical silos may be preferred where space is at a premium, despite a need for costly foundations 
on poor soils. For example, 46,000t of clinker could be stored in a silo of f25m x 85m height, fed by a 
sturdy inclined conveyor, whereas a corresponding conical store would be f75m x 26m high. Clinker 
should be extracted evenly from four silo quadrants so that the load does not bear unevenly on one 
section of the wall. 

There are obvious economies of scale for clinker storage and single silos of up to 150,000t capacity are 
available. Certain designs leave substantial quantities of dead material, and are better initially pre-
filled with limestone and run down to refusal to avoid a perpetual inventory of high-value clinker. It 
is inadvisable to habitually run clinker silos down to the steel cone as abrasion will eventually cause 
failure. Loading of hot (>150˚C) clinker to concrete silos should be avoided, as spalling and delamination 
will progressively weaken the walls. 

Flames and fuels

47

The Cement Plant Operations Handbook – Seventh Edition

46

Similar effects are observed with riser ducts where a sharp angle of entry from the kiln can give a highly 
asymmetric airflow, producing poor fuel/air mixing and an intense recirculation zone on one side, while 
in flash calciners the velocity profile of gases exiting the kiln can dominate the distribution of particles 
injected to the riser. 

Effect of excess air on fuel consumption 
Although the effect of excess air level on overall thermal efficiency has been understood for many 
years, it is often surprising how little attention it receives. As the oxygen level increases, more excess 
oxygen and nitrogen passes through the system and requires heating firstly to flame temperature and 
ultimately to exhaust gas temperature. 

In cement plants increased airflow through the cooler reduces secondary air temperature, and 
therefore, the flame temperature, thus requiring even more fuel to heat the charge to the required 
process temperature and the increase in fuel consumption is much greater than that needed just to 
heat the excess air to back-end temperature. Improved cooler designs and control tend to avoid such 
effects. 

If the excess air level in a flame is reduced below a certain level, incomplete carbon combustion 
produces carbon monoxide and fuel consumption increases (see Figure 4.7). The better the fuel/air 
mixing, the lower the excess air level at which these emissions occur.

Excess air also has a dramatic effect on flame length and on the heat profile in the kiln. Many operators 
tend to believe that flame length increases as the draught from the ID fan increases. The opposite is 
true. Figure 4.8 shows a typical relationship between flame length and excess air for an optimised kiln 
with good fuel/air mixing and for one with poor fuel/air mixing. A shorter flame, other things being 
equal, produces a more reactive clinker.

Figure 4.5 Physical model of secondary air 
pushing the flame to the top of the kiln

Figure 4.6 Same system as Figure 4.5 after 
inserting burner further into the kiln
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Figure 4.7 Effect of kiln oxygen on flue gas heat loss

Two important characteristics of Figure 4.8 are:  

1. flame length dependence upon excess air levels 
2. responsiveness of the flame to excess air levels. 

The optimised flame can have a length of 30m at 1.5 per cent excess oxygen, whereas the poor flame 
has the same length at 3.5 per cent excess oxygen. In addition, the responsiveness of the optimised 
flame allows the operator to fine-tune flame length with minor adjustments to the excess air level, 
whereas the poor flame requires a much broader range of adjustments.

4.4  Burner design 

The flame in a rotary cement kiln, riser or calciner is for the most part produced by a turbulent diffusion 
jet. Scientists have paid far less attention to diffusion flames than to premixed flames, despite the fact 
that most industrial flames involve the simultaneous mixing and combustion of separate streams of 
fuel and air. The problem with analysing diffusion flames is that there is no fundamental property, 
like flame speed, which can be measured and correlated, and even the mixture strength has no clear 
meaning. 

When any jet mixes into its surroundings, steep concentration gradients are set up near the orifice from 
which it emerges. Further downstream, turbulent mixing causes these gradients to become less severe, 
but then rapid and random oscillations and pulsations occur. Only after the jet has largely decayed is 
there any approximation to homogeneity. 

The particular fuel/air mixing pattern is determined by mechanical and diffusion fluxes. The rates of 
chemical reaction are of little importance except in the tail of the flame where residual chars can take 
a significant time to burn. 

4.5  Cement kiln burners 

Rotary kiln burners are different from most other industrial burners, in that only a proportion of the 
combustion air passes through the burner under the control of the burner designer. Most of the air 
comes from the clinker cooler and the aerodynamics of that flow depends upon other factors.  
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Figure 4.8 Flame length versus excess air
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A confined jet, however, as in a rotary kiln, is constrained in two ways. The quantity of surrounding fluid 
being fed to the kiln, ie secondary air, is controlled and limited. In addition, jet expansion is limited by 
the kiln shell. 

If the confined jet has momentum in excess of that required for complete entrainment of the secondary 
stream, jet recirculation occurs. The secondary air stream is initially pulled into the jet as described 
above, but a point is reached when all the available air has been entrained. At this stage, the jet pulls 
back exhaust gases from further up the kiln and draws them into the flame to overcome this excess 
momentum. This phenomenon, known as external recirculation, is illustrated in Figure 4.2. 

The role of primary air 
Primary air has two major roles in burners: 

1. controlling the rate of fuel/air mixing.
2. assisting with flame stability. 

The effect of primary air on fuel/air mixing 
The primary air itself mixes very rapidly with fuel at the nozzle, but the remaining air (secondary air) must 
be entrained into the primary air/fuel jet as described above. The rate of entrainment is dependent on 
the ratio of the momentum of the primary air to that of the secondary air. Thus, the higher the primary 
air flow-rate and velocity, the more rapid the fuel/air mixing. The flame characteristics are determined 
by this momentum ratio, and combustion modelling can be used to design burners with specific flame 
characteristics. 

The presence or absence of recirculation has a great effect on flame characteristics. A moderate degree 
of recirculation is a positive indication that fuel/air mixing is complete, whilst its absence is a clear 
indication that not all of the secondary air has been entrained. In this case, significant levels of carbon 
monoxide are normally produced. 

Furthermore, in the absence of recirculation there is a tendency for the flame to expand until it impinges 
on the brickwork. Hot reducing gases will then make contact with refractory bricks, tending to wash 
them away and causing subsequent failure. The recirculating gases from a flame with high momentum 
ratio, however, provide a ‘cushion’ of cooler neutral gas which prevents impingement. 

A high-momentum recirculatory burner jet will also produce a more responsive and stable flame that 
is more controllable, making plant operation easier. The characteristics of kiln flames with and without 
external recirculation are summarised in Table 4.3. 

Secondary air

Primary air

Secondary air

Recirculated combustion gases

Figure 4.2 Idealised recirculation

Table 4.3    Characteristics of flames with and without external recirculation

Flame with recirculation Flame without recirculation

Fuel/air mixing Good Poor

Reducing/oxidising 
conditions

Oxidising conditions exist 
throughout the flame. Oxidising 
conditions exist elsewhere

Strongly reducing conditions occur in 
fuel-rich parts of the flame

Flame impingement None. Recirculating gases protect 
bricks and clinker from flame 
impingement

Flame impingement ocurs on the 
brickwork/clinker at the point where 
the jet expands to hit the kiln (11°). 
Impingement is severe where a low 
primary air/secondary air ratio occurs

Carbon monoxide level CO only produced at levels of 
oxygen below 0.5 per cent

CO produced at levels of oxygen as high as 
2-4 per cent

Heat release pattern Rapid mixing gives high flame 
temperature near the nozzle and a 
short burning zone

Poor mixing gives gradual heat release 
with long flame

Flame stability Good flame shape with stable heat 
release pattern

Heat release pattern considerably 
effected by changes in secondary air 
temperature, excess air, fuel quality, etc

Secondary air aerodynamics 
Since secondary air has to be entrained in the fuel/primary air jet, its aerodynamics can have a huge 
effect on fuel/air mixing, and its flow patterns are considerably determined by cooler uptake and hood 
system design – or, for planetary coolers, by the satellite throats. To obtain the optimum potential 
performance from any kiln, it is absolutely essential that its aerodynamic characteristics are taken 
fully into account when designing the burner. For complete combustion and uniform heat transfer, an 
even distribution of fuel throughout the cross-section of a kiln is essential. Modelling techniques are 
an important tool for process optimisation. Extensive tests of kiln aerodynamics have been conducted 
by using water/bead model tests, computational fluid dynamics (CFD) and full size investigations. 
One example of the aerodynamics for a grate cooler kiln is illustrated in Figures 4.3 and 4.4, where 
asymmetry in the airflow pattern is clearly evident. 

Burner design cannot overcome certain airflow patterns and modification to the equipment geometry 
is necessary. For example, in Figures 4.3. and 4.4 the tertiary air off-take on the rear of the hood has 
been relocated to eliminate poor aerodynamics. 

However, in some cases, the solution may be as simple as changing the location of the burner tip as 
shown in Figures 4.5 and 4.6.  

Figure 4.3 Typical aerodynamics from a  
grate cooler

Figure 4.4 Close-up of aerodynamics in the 
burning zone
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3. Raw milling and blending
Raw milling must produce sufficient feed to sustain the required kiln production, 
meeting targets for fineness, chemical composition and moisture. With multiple 
tasks to accomplish, process flow and control become quite complex. Operators 
need a clear understanding of both basic principles and interrelationships to get 
the best results. 

3.1 Raw milling

Usually each raw component is stored and fed separately to the mill, from which product is sampled 
and chemically analysed to determine adjustment of feed proportions by addition of corrective 
components to maintain the target clinker composition. Older mills may have silos for raw material 
storage, but the occurrence of feed problems with moist material has led to a preference for hoppers. 

Mill product is monitored either by continuous online analysis or by laboratory analysis of hourly grab 
or composite samples. Computer control effects feed corrections and maintains the desired optimum 
average composition.

Powder samples can be acquired more or less continuously by devices exposed to downward material 
flow, while rock samples require grinding and blending. Sample extraction, preparation and transport 
to a central laboratory mean that corrective steps are delayed. Modern online techniques, outlined 
in Section 2.2, allow rapid correction and greatly reduced variation of mill product chemistry. Any 
continuous analysis system requires reliable and uninterrupted material transport and feeding, which 
can be a serious challenge. 

Operation of the various types of mill and separators is described in more detail under cement milling 
(Section 6.2). Grinding aids are rarely employed because savings via decreased power consumption 
are not cost effective. However, Whitehead and Kaya (2018) point out that in some circumstances 
the amounts of coarse quartz and calcite can be reduced, and improve kiln output rate and fuel 
consumption due to enhanced combinability of the kiln feed. 

The main difference to cement mill operation is the need to dry raw feed and assure transport of 
slightly moist material within a mill. Also, many raw materials are softer than clinker, and operations 
must avoid coarse residues in kiln feed that are difficult to combine in the kiln and would result in high 
clinker free-lime, and/or excessive fuel consumption. Optimum kiln feed fineness must be determined 
empirically and should be as coarse as the kiln will tolerate.   

Table 3.1   Recommended coarse particle limits for kiln feed (% by weight greater than specified size)

Silica  >200µm Below 0.5

90-200µm Below 1.0

>45µm Below 2.0

Calcite >125µm Below 5.0

A narrow size distribution is optimal because fines tend to increase dust loss by entrainment in 
exhaust gas. The use of larger residues may be acceptable when they arise from natural rocks but 
requires checking by laboratory combinability tests. Lörke et al (20131-2) describe a plant trial using 
an extremely-coarse raw mix, following laboratory tests in which calcareous raw material was ground 
more coarsely. A major gain in mill output was achieved, with no detrimental effect upon cement 
quality.  

Materials are dried in the raw mill whenever possible, because: 

n	 Less equipment is needed. 
n	 Waste heat from preheater exhaust is used effectively. 
n	 SO2 from preheater exhaust is scrubbed. 

Dynamic classifiers, used integrally with a roller mill (see Figure 6.10), involve the upward flow of dust-
entrained air into a segregating area above the grinding table. There, with decreasing air velocity, 
coarse particles fall back to the table while fines leave with the exhaust for external collection. Design 
developments have yielded a progressively steeper Rosin-Rammler distributions of mill product and 
an increasingly coarse reject fraction returned to the table, providing a more stable grinding bed. Rosin-
Rammler slopes are summarised as follows: 

n  High-efficiency classifiers  yield Rosin-Rammler slopes of  0.95-1.20 
n  Dynamic classifiers   0.80-0.85 
n  Static classifiers   0.65-0.75 

Increasing classifier efficiency has been particularly effective in raising the production capacity of raw 
mills and the LV classifier (see above) has also achieved significant pressure drop reduction, system 
power reduction and increased throughput on roller mills. 

Complete mill circuits can be quite complex and when comparing mill efficiencies, it is particularly 
important to include power consumption by the separator, fan(s) and and other equipment as well 
as that of the grinding unit alone. In some cases this additional consumption can even negate the 
expected saving over the level for an efficient ball mill circuit. For example, a VRM producing 150tph 
at 3200Blaine might have an apparent advantage of almost 10kWh/t over a ball mill, but be associated 
with ancillaries that consume over 5kWh/t more than those in the ball mill circuit.

Possible mill circuits are legion, from a single open-circuit mill to a combination of mills and separators 
(Onuma and Ito, 1994). The situation is rendered particularly interesting when increased performance 
is required from existing equipment and new units are combined with old. The only generalisation that 
can be made is the obvious caution that balance and control are essential, and the observation that 
new installations prefer more simple circuits. 

6.4  Ball mill circuit control 

Comminution and classification should be considered as two separate but interconnected unit 
operations. Optimum grinding conditions depend upon mill feed rate, net power drawn, airflow and 
mill internal temperature. Classification depends upon classifier feed rate, airflow and either rotor 
speed or vane/diaphragm setting. Rule-based controllers operate on well over 500 mills, with FLSmidth 
and ABB taking the lion’s share. MPC systems control about 40 more (Haspel, 2009). 

Mill feed control maintains the quantity of fresh feed and the proportions of individual components. 
The feed rate determines the ratio of feed to grinding media in the mill, the optimum steel to clinker 
mass ratio is typically 8-12. 

Mill power control depends upon the weight of grinding media. Periodically, make-up charge is added 
to maintain maximum power draw. 

Drive

Roller mill

Rotor

collection and fan

Gas discharge with fine
dust entrained to dust

Figure 6.10 Vertical roller mill classifier
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the main fan blades. These determine the material load in the separating zone of the classifier and 
are critical to separation efficiency. The main fan blades establish the airflow, while the dispersion 
plate effects the distribution of material into the rising airflow. The height from the return vanes to the 
dispersion plate defines the classifying zone. For good operation, the optimum mass flow of material 
per unit volume of air (kg feed/m3 air) ought to be established for each product fineness. 

High-efficiency cyclone separators were introduced to improve on the mechanical separator’s low 
efficiency regarding fines recovery. A simplified process flow for the O-Sepa (see Figure 6.9) is as follows. 
Material fed on to a rotating dispersion plate is dispersed into the classifying air stream which is sucked 
from tangential inlet ducts through fixed guide vanes. Separator loading is up to about 2.5kg feed/m3 
airflow. The rotor forms a horizontal vortex which classifies particles between centrifugal force and the 
inward airflow. The fine fraction exits upwards with the exhaust for subsequent collection as product, 
while the coarse fraction falls and is discharged from the bottom of the vessel. Fineness is controlled 
solely by rotor speed: increasing speed increases fineness. Airflow is separately controlled by the 
separator ID fan, effective material dispersion is assured by buffer plates around the periphery of the 
dispersion table, and a uniform distribution of incoming air is assured by design of the incoming air 
ducts and guide vanes. The height/diameter ratio of the rotor controls retention time in the separating 
zone. Later developments of the O-Sepa have reduced airflow rates by around 30 per cent without 
changing efficiency (Ito et al, 2007).  

Drive

Feed

Fines
Rejects

Dispersion plate

Main fan

Control valve

Return vanes

Auxiliary fan

Figure 6.8 Mechanical separator

collection and fan

Dust-laden
gas in

Drive

Feed

Dust-laden

Dispersion plate

Guide vanes
Rotor
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Gas discharge with fine
dust entrained to dust

gas in

Figure 6.9 O-Sepa separator
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Managers Supervisors and
professional

Hourly

Plant manager 1

Secretary 1

Administration manager 1

Secretary/receptionist 1

Accountant 1

Clerical (purchasing, HR, accounting) 3

Mining manager 1

Foreman 1

Drill/blast operators 2

Mobile equipment operators 10

Crusher operators 2

Helpers 2

Garage foreman 1

Mechanics 6

Production manager 1

Process engineer 1

Automation engineer 1

Shift supervisor 4

Operators 4

Helpers 4

Labourers 12

Packhouse manager 1

Operators 4

Helpers 6

Maintenance manager 1

Mechanical engineer 1

Electrical engineer 1

Supervisors 4

Maintenance clerk 1

Warehouse clerks 2

Mechanics 15

Electricians 6

Instrument technicians 4

QC manager 1

Technicians 7

Environment, health and safety manager 1

Helpers 2

Subtotal 8 15 94

Total 117
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11.8 Typical equipment downtime report

Kiln DT (No) DT (h) Share of DT 
(%)

% h

Month Month Year

Voluntary – inventory control

Involuntary – no kiln feed

Misc operating

Feed system

SP plug

Kiln mechanical

Power off

Control system

Dust collector

Refractories

Cooler mech

Cooler elec

Fuel system

ID fan

Scheduled

Subtotal

Total
Note: kiln downtime is usually counted when feed is off for more than one minute.
Similar tabulations can be made for other major process equipment

11.9 Plant manning

There is a wide range of plant manning depending upon social conditions, education levels, labour 
cost, plant complexity, availability of contract services, etc. Following is a suggested staffing for a 
modern, automated, single-line plant that is part of a multi-plant company with central administrative, 
marketing and engineering services. Assume quarry operates two shifts x five days/week and bagging 
operates one shift x five days/week. Assume 80 per cent bulk shipping with automated truck load-out. 
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