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LIST OF ABBRE\"IATIONS 

Nomenclature and units 

area of heat transfer surface in m
2 

weight fraction of alumina in ton/ton 
3 

concentrat~on of alumina in kp Al 2o3 /m 

caustic concentration in kp Na2o/m
3 

unit mass rate of steam ~~ ton/ton alumina 

hE.:at value per unit volume~ in MJ/m
3 

enthalpy of saturated water in MJ/ton 

enthalpy of saturated vapor in MJ/ton 

heat transfer coefficient in MJ/h,m
2

,
0
c 

unit mass of process fluid in ton/ton alumina 

unit quantity of heat in MJ/ton alumina 

specific heat capacity in MJ/ton,
0
c 

latent heat of vapor in MJ/ton 
0 

entropy of process fluid MJ/ton, K 

temperature in °c oi °K 

feed temperature of stream i in °c 
discharge temperature of stream i in °c 
unit volume in m3/ton alumina 

0 
unit water eq11.:: v::ilent Meal/ C, ton alumina 

unit water content in ton water/ton 

mass or volume fraction in ton/ton or m
3

/m
3 

p,f ficie~cy in % 

efficienGY of heat transfer ~n i 

Conversion of units 

= 1 ,055 KJ 

= 4,1868 MJ 

/°F-32/ 5 
= 9 
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XIV· 

EXECUTIVE SUMMARY 

0.1 EXPECTED DEVELOPMENT OF THE WORLD ALUMINIUM INDUSTRY 

The alllI'.inium industry's typical features are high 

energy co;.sumption and hlgh investment requirement. 

The demand for finished aluminium goods will rise by about 

4-5 % per annum over the next 20 years - from around 18 

million tons in 1980 to 38 million tons in 2000. 

The aluminium production in one of the most energy intensive 

technologies. The total energy requirement of the aluminium 

production can exceed 200 GJ/ton. 

Major trends of the further development are the transfer of 

alumina production from the developed-countries to the 

bauxite producers and the shift of smelting capacity to 

low-cost energy sources, particularly to hydropower. Hydro

power is videly distributed iL developing countries. The 

aluminium industry is already being shifted tc fa_vourable 

locations in developing countries, a world wide restructuring 

of this industry has already started. It is reasonable to 

generate one half /2400 Mtoe/yr/ of the "Lima energy gap" 

mainly from h7dropower and biomass in the developing 

countries. 

0.2 WORLD BAUXITE RESOURCES AND ENERGETIC ASPECTS OF THEIR 

UTILIZATION 

The world's bauxite resources are located mainly in 

the dcvclopin~ countries while the processing is concentra

ted in the developed ones. The explored bauxite deposits 

of the world are increasing faster than the rate of growth 

of production. The bauxite resources indcntified world wide 

l 
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plants will be able to compete with these only by a 

permanent modernisation of the technology. 

A general trend of the technological development is to 

produce sandy type alumina hydrate at higher caustic soda 
ccncentration. 

Main roads for saving energy in the bauxite processing 

are: 

- retrofitting existing alumina plants by additional or 

more efficient heat recovery equipment, 

converting energy supply from expensive oil or natural 

gas to lower cost co~l, 

developing process modifications in order to reduce 

energy consumption, 

- instrumentation and conputerized process control. 

The following technological possibilities can be preferred 

to save energy and raw materials: 

- flowsheet modifications, optimization of the concentration 
' - tube digestion 

- digestion with catalytic additives 

- two-stage digestion of diasporic bauxites 

- increasing of the liquor productivity in the prec1pitation 

/intensive purification of the circuit/ 

- reduction of the caustic soda losses by causticization 

- application of special chemicals /synthetic flocculants 
and dewatcring aids/ 

............ -- .. 
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ar~ estimated to be approx. 50 billion metric tons. 

The value of bauxite in Bayer recovery is basically deter

mined by the costs of re~lacing the cau~tic soda losses 

and by the amount of dry bauxite to be processed for 1 ton 

of alumina. 

90 per cent of the world's bauxite resourcE.s are of 1C1.te

ritic origin, mostly gibbsitic types and c~n be excavated 

by high productivity machinery by open pit mining. ThP. 

average specific energy consumption of the mining operations 

can vary between 0.2-0.5 GJ/t alumina and this value is 

relatively very low related to the energy co~sumption of 

a typical alumina plant /16-20 GJ/t/. The energy consumption 

of the transportation, however, is much higher and the 

bauxite shipment from Australia to an European alumina plant 

can require as much energy as the total energy consumption 

of the most up-to-date refinery /approximately 8 GJ/t 

alumina/. Consequently, the new alumina plants will be 

located most~.y near to the mining areas. 

0.3 MAIN TRENDS OF THE TECHNICAL DEVELOPMENT OF THE 

BAYER PROCESS 

Bauxite is the mai: raw material for the alumina 
' 

production and its ratio to the gross raw m3terial demand 

will not diminish below 85-90 % by the turn of millinary. 

Tte establishment of equipment of still increasing unit 

capacity, the increasing of capacity of the runni~g plants 

and the erection of new high-capacity alumina plants remain 

the trend of development. The trends of technical develop

ment and cconvmy, will be determined by the up-to-date, 

high-capacity alumina plants, whereas the smaller-capacity 

-1 
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XVII. 

o.4 OVSRALL ENERGY SURVEY OF THE BAYER PROCESS 

The main components of energy cons\lll\ption can be 

recognized as follows: 

External heat input at high temperature is required in 

the digestion step which would be proportional to the 

"water equivalen~of digestion slurry and the temperature 

gap to be covered by external heating • 

A low temperature heat input at the evaporation section 

must be provided to restore the wat~r balance. The 

required energy depends on the surplus of water 

accumulated in the cycle mainly due to wash water entry. 

- Potential areas for heat recovery do exist in the process 

cycle, and it may be assumed that effective heat exchange 

could strongly improve overall heat economy. 

0.5 THERMAL PROPERTIES OF PLANT FLUIDS 

It is necessary to compute material and heat balances 

of the whole circuit and the unit operations as well. The 

following thermal and chemical properties are discussed 

in details :or this purposes: 
\ 

- solubility of al\llllina in caustic liquors, 

- effects of bauxite composition, 

- volumA of liquor required for digestion, 

- density and specific heat of aluminate liquor, 

- calculations with solids and slurries, 

- boiling point elevation. 

I • 
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0.6 HEAT TRANSFER IN ALUMINA PLANTS 

Surface heat exchangers and flash type heat exchangers 

are widely used in the Bayer process to decrease the energy 

consumption. 

The methods to calculate heat transfer conditions are 

presented. 

0.7 ENBRGY AUDITS OF DIGESTION, CLARIFICA'rION AND 

PRECIPITATION 

Heat recovery in most digestion plant units ia performed 

by a multistep flash system. The heat recovery improves 

in consequence of increasing the number of flashing steps 

arid dividins the same heat transfer area accordingly into 

smaller u:iits. 

The average heat transfer coefficient determines the ef fi

ciency of heat recovery and, by that, the live steam 

consumption Qf digestion as well. Heat recovery is not the 

only benefit of flash cooling. The other important gain 

is water extraction. The total water separated is a 

substantial contribution to restore the water balance of 

the cycle. 

Primary aim of the clarification is to separate red mud 

from aluminate liquor. Red mud discharge for dumping should 

be made with least losses on solubles /caustic soda and 

alumina/, achieved by counter-current decantation. The heat 

content of th~ last stage underflow discharged to the mud 

dump constitutes a significant waste heat i tern of the plant. 

The radiation loss caused by free cooling of the aluminate 

liquor during the time of precipitation constitutes the 

- ---·-··- -· ----·····-------------····------- .. -. .. -·-------- __________ ,. ___ --·-· -
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most significant part of the total radiation loss of the 

cycle. Every modification in pr~cipitation technology 

resulting improved liquor productivity will reduce the unit 

volume of.aluminate liquor and its heat capacity as well. 

The unit rate of hydrate wash water should be kept as 

low as possible because it helps to reduce evaporation load. 

O. 8 EVAPOP.ATION 

Live steam conswnption in the evaporators is proportio

nal to the amount of water to be removed from the liquor 

cycle. 

co-current and counter-current evapor~tion stations, further

more flash evaporators and thermo-compression are discussed 

in details. 

The reject heat loss to the hot well /which can be one of 

the highest in the cycle process/ will be proportional 

to the total wat".:!r evaporated. 

The heat loss to the hot well cannot be eliminated as long 

as there is • need for special evapGration to restore the 

water balance in the cycle. 

Heat consumptions of di~estion and evaporation may substi

tute each other to some extent because evaporation reduces 

liquor quantity required in the digestion section and 

thereby cuts heat consumption of the digesters . 

0.9 CALCINATION 

In an alumina hydrate calciner plant, high temperature 

f luc gas is generated by the chemical reaction of fuel 

combustion. 

- '-· --- . -----·--... --- .. ----· ---·· - --· ----- .... --.- ~-· .. -
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it is worth to consider co-generation of electricity and 

heat, because this concept holds a significant potential 

to conserve primary energy. 

The primary heat equivalent of electricity generated by 

condensing turbines is around 12 MJ/kWh, which involves 

the losses of both the boiler and the condenser. In 

contrary, back pressure generated electricity needs a 

primary heat of about 6MJ/kWh. The overall primary energy 

.1ccdeu fo:- power generatior. can be decreased importantly 

/up tQ 20-30 %/ by the gradual incrl.!ase of the back-pressure 

portion related to the condensing turbines' generated 

portion. 

RECOMMENDATIONS 

This study ~es as a guide to determine and analyse the 

energy balance of a Bayer alumina plant and its different 

process stages. The theoretical background of the calcula

tions and the numerical examples presented on the important 

energy consuming operations can be adapted to other selected 
plant conditions as well. 

All topics of the technical-technological trends of 

development of the alumina production are focused on energy 
correlations, too. 

Consequently, it is reconunended to use the present study as 

<1 manual for "energy plannlng at plant level" of alwnina 
refineries. 

The authors hope that this work will help to select most 

economic ways /technological improvements and energy-saving 

~odif:cations, completion or substitution of equipment/ 

I 
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to realize energy conservation programmes. 

The present study can be treated as a part of UNIDOis 

comprehensive traini11g programme in industrial energy 
management, preferably for training of operatinq personnel 

at the enterprise level • 
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I~:TRODUCTION -
7hc main task of UNIDO is to accelerate the industrializa

tion of the developing countries as a contributlon to 

their social and economic welfare. 

In general UNIDO carries out energy - related activities, 

but this field became particularly important after the 'bil 

crisi~of 1973-1974. It is necessary to examine the energy/ 

industry interdepende~ce and the energy implications of 

the t3rget set 3t the Second UNIDO General Conference on 

Industrialization held in Lima, Peru in 1975. The Lima tar

get states that developing countries should produce 25 per 

cent of world industrial output by 2000. It follows that 

in terms of energy developing countries must increase their 

output from 1700 Mtoe/yr in 1980 to about 6500 Mtoe/yr in 

2000 /from about 34 Mboe/d to about 130 Mboe/d./. So an 

"energy gap" of about 4800 Mtoe/yr /or some 96 Mboe/d/ 

would exist between today and 2000. It is re3sonable that 

about one half of the "Lima energy gap" /some 2400 Mtoe/yr 

should come from NRSE /New Renewable Sources of Energy/, 

mainly hydropower and biomass, the other half: from ~etro

lewn, natural gas and coal. /"Energy Development anj 

Industrialization", UNIDO/OED. 135. 1982./ 

Industrial activity is directly or indirecLly responsible 

for the use of about 85 % of the total energy consumed in the 

world. Aluminium industry belongs to the energy intensive 

industrial sectors. 

The following basic questions or issues are to be conside

red when analyzing energy/industry interdependence: 

No. 1. Which energy sources have now or may have in the 

!uturc a significant potential for use in industrial 

production? 



2. 

Ne. 2. Which sectors, sub-sectors, branches or types of 

industries can be effectively developec on the 

basis of available energy resources? 

No. 3. What types of capital goods and industrial enginee

ring services will be required to meet the needs 

of the energy sector of the developing countries? 

No. 4. Wh~.ch 'Eriergy pro~essing" industrie;::; can and should 

be established to process primary iuels and special 

raw mnterials into higher grade or new fuels? 

No. 5. What can be done, in terms of "Emergy management" 

to expand the application and to increase the 

efficiency and effectiveness of energy use in 

industrial systems, plants, processes and products? 

The f.i.ve r~uestions or issues raised abovP. can be translated 

into the three main aspects and goals indicated below, 

which can be concisely identified as: "energy for industry", 

"industry for energy", and "industrial energy management". 

1. "Energ_L..!9E_j..!_1dust..E.Y" has to do with the development of 

industri1lization patterns appropriate to and consistent 

with the local patterns of energy availibility; it includes 

development or adaptation of energy-efficient and/or energy 

appropri?te processes and products, it will neccsseraly inclu

de non-conventional processes and products and it also 

comprises full use of comparative advantages, such as 

the use of abundan~ and cheap hydropower fo~roduction of 

aluminium. 

2. "Industry for energy" is concerned with industry as a 

supplier of inputs aDd services to the energy sector. The 

~--·---.~ ·-····-"':-·-- ·-------·----... --..,....... .. ---.-- ..... ··"------~- ... --.............. ·-· ·--·-

l 



I 
I 

~ • • 

• 

3. 

t~o main types of activities include the production of 

equipment an~ special mat~rials for the energy sector 

/energy rescurce development and utili~ation/ and the 

industrial processing of fuels i"energy processing 

industry"/. 

3, "~strial energy management" is concerned with the cre

ation of the capability to plan effectively energy produc

tion and use, from national level to plant level, in order 

to ensure maximum self-·reliance and efficiency of the local 

industry in so far as the energy input is concerned. 

The energy resources of developing countries are vast and 

diversified and they are by far more then adequate to ensure 

the energy inputs required for implementation of the Lima 

target. The good management required to ensure the transfor

mation of "potential" into "reality" is the critical factor. 

The industrial energy management consists of three main 

areas as fellows: 

a/ National industrial energy planning expresses the direct 

and inextricable connection and harmonizing between the 

national energy planning and industrial planning. For 

developing countries it is necessary to utilize effectively 

and to the maximum extent possible the locally available 

energy resources and this leads in many cases to the 

intensive use of NRSE. 

b/ Energy planning at plan~ level means to consider and 

manage the optimization, improvement and control of plant 

enc ray bali1 ~cc~ with special attention to: energy subs ti tu

~' for lower costs and/or to save foreign currency; 

"consctvation" or savings through increasing energy -
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efficiency of processes and equipment, with c~.ose energy -

monitoring and auditing /energy "accounting"/: preventive 

maintenance of energy producing equipment and accessories; 

recovery of waste heat; diversification of sources /to en

sure supply/; optimization of operating schedules /to take 

maximum advantage of "peak and trough" in supply, demand and 

costs/; etc. usually, it is possible to attain 20 % saving 

on energy consumed in industry. The first 10 % is normally 

achieved by simple changes and only the next 10 % requires 

some investment through changes in processes and equipment. 

cf Energy management: the "MEANS" Industrial energy n~~nage

ent must consider, analyse, plan and program actions related 

to the "MEANS" required, in developing countries, to enable 

the successful expeditions and effective implementation of 

the concurrent goals of energy development and utilization 

as well as those of industrialization. It is necessary to 

plan and implement actions to ensure "human-ware" and 

"soft ware" resources needed. 

These MEANS include: 

scientific and technological development 

- education and training 

- acequate financial machinery 

legislative,fiscal and promotional framework. 

To reach the Lima target it will be an imperative to train 

or recycle planners, managers and operators at all levels. 

The education and training include regular courses, specia

lized training and "re-cycling programmes". 

I 
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Recognizing the vital link between energy and industrial 

de•,.elopment, UNIOO has embarked upon an extensive progranune 

of assistance to the developing countries in the field 

of industr~al planning and management - and in the training 

of industrial personnel in appropriate principles and 

techniques. 

The UNIDO's "Energy Management" integrated modular training 

system consists of three training sections /7 rnodulesj based 

one upon the other, as follows: 

Section I: 

Fundamentals 

Section II: 

General aspects 

Section III: 

Specific application 

l. Fundamentals of terrnodynarnics 

2. Fundamentals of combustion 

engineering 

3. Fundamentals of electricity 

4. Fundamentals of control engineering 

5. Rational energy supply 

6. Rational energy use 

7. Power economy in various industries 

/E.g. Iron and steel 

Glass 

Cement 

Aluminium 

The main task of the training is to contribute to an actual 

energy sawing as soon and as quickly as possible. 

The subjects of modules 1 to 4 are only obligatory for par

ticipants who do not have the necessary training background. 

Modules 5 and 6 form the core of the modular system. All 

p~rticipants are required to attend lhc lectures held on 

the subject of these two modules, regardless of their know

ledge level and of the industry in which they work. The 
I 

I 
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subjects 0f module 7 are intended for participants from 

specific branches of industry. 

The present study is part of UNIDO's comprehensive training 

programme in industrial energy management, which includ~s 

inter alia training of operating peLsonnel at the 

enterprise level /where the savings ultimately must be 

realized/. 

The authors of this study considered the above mentioned 

points of view of UNIDO's pclicy options and training 

reconunend~tions as far as possible. 

The general trends of the development of the world alurnini~rn 

industry, the raw and auxiliary materials related questions 

of the bauxite processing and the main directions of the 

technical development in alumina production, all topics 

focused on energy correlations, are discussed in the first 

part of this study. The second part contains the detailed 

analysis of the energy balance of a Bayer alumina plant , 

discussing tt:e different process stages and completed by 

tne theoretical background and numerical examples of t"1e 

important energy consuming operations. 

l 
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1. Expected development of the world aluminium industry 

The aluminium industry's typical features are high energy 

consumption and high investment requirement. The times of 

!~expensive raw material and low energy prices are over. 

The trend of the world's primary aluminium production up to 

the midsixties was exponential /Fig.l./: the growth rate 

exceeded 10 per cent annually, whereas at present a 

linear growth rate is experienced, and a 5 per cent annual 

growth rate can be expected in the next 10-15 years. Fore

casts for the expected aluminium production at the turn of 

the century have some uncertainities: 30-36 million tons, 

and the maximum is estimated to be 43-53 million tons /1/. 

Million T /year 

40 6--+-5 
. 2 

30 --------~- -

20 I 
' 

10 
- --- - - -·2·--l-

1900 2000 year 

Fig.l. The expected primary aluminium production of the 

world in 2000. /after Kapolyi, Ref 1/. 

1 - production, 2 - fitted curve, 3 - extrapolated 

curve, 4 - unsaturated, 5 - linear increase, 6 -

ey~onential increase 
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According to Fitzgerald and Pollio /2/ the demand for 

finished aluminium goods will rise by about 4-5 % per 

annum over the next 2o years- from around 18 million tons 

in 1980 to 38 million tons in 2000. 

The geographic distribution of production in 1980. is 

summarized in Table 1. /2/ 

Table 1. Geographic Distribution of Production, 1980. 

/percentages of world total, /after Fitzgerald 

and Pollio, Ref. 2./ 

Area Bauxite Alumina Primary 
Aluminium 

Europe /ind USSR/ 20.9 32.6 44.2 

Africa 14.0 2.0 2.2 

North America 2.4 23.3 36.6 

South America 26.l 12.8 2.5 

Asia 5.8 7.6 11. 7 

Australia, Oceania 30.8 21. 7 2.8 

Demand forecasts for aluminium inputs are given in Table. 

h /2/ 

l 
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Demand Forecasts for Aluminium Inputs /million 

metric tons/ /after Fitzgerald and Pollio, 

Ref. 2. / 

1980. 2000. 

/estlination/ /forecast/ 

Primary aluminium 16.5 30.5 

!Secondary aluminium 2.5 7.5 

!Alumina 34.0 68.0 

Bauxite 91.5 187.0 

Major trends to note in the aluminium industry are the 

transfer of alumina production from the developed countries 

to the bauxite producers, the shift of.smelting capacity 

to low-cost energy sources, particularly t~ hydropower, 

and growing significance of Australia and Brazil in the 

world aluminium market . 

The required cafacity additions and their estimated capital 

costs are given in Table 3. /2/ where capital cost data 

are expressed in billions of 1980 dollars; aluminium 

demand is forecast to grow at 4.0 % per annum 1980-1985 , 

4.5 % 1986-1990 and 5.0 % 1991-2000. Replacement capacity 

is forecast as 1 % of 1980 installed capacity per yedr. 

Scrap production is forecast to rise from 16 % of final 

demand in 1980 to 20 % in 2000. 

I 
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Table 3. Capacity and Investment Predictions for Aluminium 

/after Fitzgerald and Pollio, Ref. 2./ 

Capital 
ditions cost 

1980-1985'billion 
illion of 1980 

Capacity 
j Additions 

1986-2000 
million 

tons 

Capital , 
cost bil- I 
lion of I 
1980 USD: 

rimary aluminium 

econdary aluminiu 

lumina 

auxite 

otal capital 

xpenditure 

tons USD 

4.5 14.0 

1.0 1.5 

9.5 9.0 
19.5 

24.5 

13.0 

5.0 

27.0 

73.5 

40.0 

6.5 

25.0 

71. 5 

Although the world aluminium production in 1982 reached 

only 14. 200 thousmds of short tons lagging behind the 

capacity of 19.600 tons as can be seen in Table 4. /3/, 

however, recently both the primary aluminium production and 

the metal price are increasing already. The secondary 

production, particularly from old scrap has contimed to 

increase and this tendency will remain unchanged in the 

next decade. / 4 / 

! 



r .-, 

tl 
>il
>f 
·-c
l.--

) 

·J 

:::i 

-r 

~ 

!-

11. 

Table 4. World Aluminium Production and capacity, 1982. 

thousands of short tons /by K.J. Brondyke, 

Ref. 3./ 

Production Year-end 
1982. Capacity 

/estimate/ 1982. 
/estimate/ 

United States 3.600 5.480 

canada 1.190 1.360 

France 420 490 

German Ted. Rep. 780 830 

Japan 400 1.180 

Norway 700 880 

China /Peaples Rep. Unavail 363 

Spain 400 440 

United Kingdom 250 310 

USSR 2.100 2. 400 

Other 4.360 5.837 

;;Jrld total 14.200 19.600 

I 

According to the present status of the alternative processes 

/5, 6/ the realization of these technologices can not be 

expected worldwide on plant scale until 2000. A special 

difficulty is that "while alternative routes such as the 

ALCOA-Alcl 3-smelting Process, show distinct potential for 

reducing elcr.trical energy requirements, the/ offer little 

chance of reducing overall energy requirements. Furthermore, 

because 0f more stringent purity requirements, any gains 

made may be at the expense of production costs" states K. 

Grjotheim and B. Welch /6/. 
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1. 2 

The aluminium production is on~ of the most energy intensive 

technologies. The production chain basically consists of 

the Bayer process and the Hall-Heroult electrolysis. An averag~ 

of 2.4 tons of bauxite is required to produce 1 ton of alu.~ina 

and 1.93 ton alumina to produce 1 ton of aluminium. 

The total energy requirement of the aluminium production is 

summarized in Table 5. adopted from the paper of T. Balabanov 

/7/. Considering average efficiency of thermal power stations 

/about Jo%/ the tota:. energy dem3nd of 57.78 GJ/ton will 

result in a primary energy consumption of 193 GJ/ton for 

electricity. 

Table 5. Energy cost per ton of aluminium /all energy units 

in GJ/ /by T. Balabanov, Ref. 7./ 

A/ Bauxite to Alumina Production 

Process Electrical Energy 

Bauxite mining and 
preparation 

Bauxite grinding 

Bauxite transportation 

Lime preparation from 
lines tone 

,Digestion and steam genera
tion 

Alumina calcination 
/direct heat/ 

Evaporation, pumping, etc. 

Total 

0.09 

1.09 

0.08 

1. 98 

I 
I 

Fuel Energy ! 
/thermal/ 

4.2 

3.1 

26.3 

8.4 

3.7 

45.7 

. 
" " 
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B/ Alumina ~ to - Aluminium Production 

Process Electrical energy 

l , 1 electrolysis 55.8 rall-Herou t 
uxiliary use 

ode baking 

manufacture 

and holding furnace 

55.8 

57.78 

Fuel Energy 
/thermal/ 

13.0 

2.8 

1.05 

8.4 

5.3 

30.55 

76.25 

According to the cal~ulations of Bielfeldt and Winkhaus 

/8/ the absolutely lowest energy consumption for alumina 

plants processing boelunitic or diasporic bauxite should be 

7.9 GJ/t Al 2o3 for the Bayer cycle, power generation and 

hydroxide calcination. Many plants use 16-24 GJ today. This 

latter value has been taken irt.o account when calculating 

the figures of Table 5. /1.93 t alumina / t aluminium/. 

Cochran /9/ discussed the energy balance of aluminium from 

production to application on the example of material and 

energy flow diagram valid for U.S. production of aluminium 

cans. Energy savings in end uses are also demonstrated in 

this paper. 

Russel, A.S. /10/ reported already about some good results 

achieved in energy savings during the last years. The overall 

energy consumption for primary aluminium production has 

been decreased between 1972 and 1981 by 8 % in USA /jn the 

field of bauxite mining and shipping 13 %, in alumina pro

cessing and shipping 14 %, in Hall-H&rault smelting 6 % 

- -. -~ ..... __ --· .. - _ ...... - ·-•.-• ------·----··-----'· ______ .. ,...., ______ ..._ ____ ,_,_~-· ··--··---··-------··· 
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saving was realized/. 

The energy decrease in aluminium cans reached 45 \ in the 

same period in the USA with the following distribution: 

primary metal 5 %, fabrication 9 %, recycling 24 %, container 

weight 7 % /10/. 

In summary it can be concluded that the aluminium industry 

has quite favurable perspectives and the demand is expected 

to expand at a mo~e rapid rate than fer other basic metals 

/2/. 

Developing countries have abundant bauxite resources and 

95 % of the lowest processing cost category reserves are 

found in Jamaica, Guinea, Australia, Surinam and Greece. 

Brasil and Guinraare also very rich in such kinds of bauxite. 

The aim to build up own processing facilities in developing 

countries seems to be justified. 

The world primary aluminium producing capacity by type of 

power is presented in Fig. 2. 
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SOUTH AMERICA 

WORLD 

Fig. 2. The world primary aluminium producing capacity by 

type of power /after Laue, H.J. Ref. 11/ 

Th~ diagram indicates that more than 50 per cent of energy 

consumption by the world's aluminium industry is based on 

hydropower. This trend will become even more dominant in 

the future. New aluminium smelters will be based i;1 the 

future on hydroelectric power stations. 
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Hydropo~ /h~droelectric power ge~eration/ constitues 

an extraordinary energy opt~on for developing countries 

in view of the fact that their potential is o~ the order 

of 1.500-2.000 MKW of installed capacity /all developing 

countries, including centrally planned Asia/. This potential 

is widely distributed in developing countries and co uJd ge

nerate up to 8.600 billion kWh/yr. This energy would be 

equivalent to 2.800 Mtoe/yr or to 50 Mboe/d in terms of 
"effective energy". 

One can cx~ect an incre~sed share /possibly a major share/ 

of developing countries in certain energy intensive industriE 

taking advantage of low cost electricity from large hydro

po r,r-r facilities or from thermal ~.eneration with use of 

~heap local fissil or mineral fuels such as flared gas, 

natural gas, uranium, stc. Correspondingly the aluminium 

~ndustry is already being shifted to favourable locations 

in developing countries, a world wide restructuring of this 
industry has already started. 

The total and per capita energy CO[SUmption of the 

industrialized and developing countries between 1981 and 

2000 /Fig. 3. source: see ref 11. / shows that the rate 

of growth is required to be much higher for developing 
countries than for the developod ones. 

l 
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Fig. 3. The total and per capita energy conswnption of the 

industrialized and developing countries between 

1981 and 2000 

According to the Lima target developing countries should 

produce 25 per cent of world industrial output in 2000. 

To realizE; this aim i ~- is necessary to increase the energy 

input of the developing countries from 1700 Mtoe/yr in 

1980 to about 6500 ~toe/yr in 2000. This difference 

/4800 Mtoe/yr / is called ~'_!,ima~rgy gap. u It is reasonable 

to generate one half of the Lima energy gap /2400 Mto/yr/ 

from NRSE /new and renewable sources of energy, mainly 

hydropowcr and biomass/. The other half from petroleum, 

natural gas and coal. 

..... -···· ... ···--·-, -·- .. - ··-··---···--- ---··· - ·---· ·-- ·--·· ---- ., ... 

.-. l 
~I 

t 
·~ .. 

~ I 
.,, 
I 

I 
I 
I 



l 
I 
i 
~ 
' l 
l 
1 

I 

• 

• 

18. 

This availability of the relatively cheap energy in developing 

countries will accelerate the development of alurnini·..un 

industry, the setting up of new ahlltlina refincrles and alumi

nium smelters in these areas. 

2. World bauxite resources and energetic aspects of their 

utilization 

2.1 World bauxite resources 

The explored bauxite deposits of the world are increasing 

faster than the rate of growth of production, however, the 

distribution of the significant bauxite deposits is not 

hornogenous, their geographical allocation does not match 

the distribution of the energy-carrier reserves /1/. The 

specific costs of the ere can be increased ~ignificantly 

as a consequence of the poor infrastructure and the long 

transportation distance. 

The classification system for the world's bauxite resources 

according to Lotze /13/ is shown in Table 6 . 

The bauxite resources identified world wide are estimated 

to.be approx. 50 billion metric tons. Their classification 

by Lotze is given in !able 7. /14/. 
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Table 6. Classification system for bauxite resources 

/after J. !Dtze, Ref. 13./ 

Resources 

Developed 

Mineable 
Reserves 

Definitions: 

Potential 
Ores 

Undeveloped 

Reserves Potential 
Ores 

Resources: Concentration of bauxite in or on the Earth's 

~rust in such form that economic exploration is currently 

or potentially feasible. Resources = Reserves + Potential 

K>res. 

Developed Resources: Bauxite deposits/areas currently under 

exploitation. 

Undeveloped Resources: Known bauxite deposits/areas of 

bauxite, from which an economical exploitation can be 

expected in future. 

Reserves: That portion of resources from which bauxite is 

currently economically exploited under existing conditions, 

i~cluding cost, quality, geologic evidence and technology 

/category: Mineable Reserves of Developed Resources/ or 

economical exploitation will be expected in future /cate

gory: Reserve~ of Undeveloped Resources/. 

Potential Ores: That portion of resources in the continuity 

of known deposits which are insufficiently explored at this 

time and for which quantitative estimates are based largely 

on broad knowledge /category: Potential Ores of Developed 

Resources/ or that portion of suteconomic resour~es which 

may become reserves as a result of changes in economic 

~onditions or after fu:c.tber exploration /category: Potential 

~res of Undeveloped Resources/. 
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Table 7. World bauxite ~esources, classified according to their state of 

development /after Lotze, J. Ref. 14./ 

Identified Resources 

Country/contiment Developed Undeveloped 

~~-..a.-. 

• 

Undiscover<>d I 
resources 

ti cal 
Hypoth/7 

Mineable Potential Reserves Potential Total 

~ulat.Lve reserves ores ores 

:Australia 1,215 2,175 l,030 

Guinea 1,210 250 3,345 
Cameroon - - 680 
!°the:::- Africa 50 - 720 

I;, .rica J., 2 60 250 4,745 

:Brazil 620 - 850 
;Jamaica 1,800 - -
\Surinam 200 - 200 
;Guyana 90 250 -
ether Americb. 65 5 295 

2,775 255 1,345 ~erica 
dia 50 - 1,070 
donesia 40 40 500 

~t~er Asia 35 5 160 

Sl.a 125 45 1,730 

rurope 805 345 -
.'iester.n World 6,180 3.070 8,850 

State trade countr. not classified 

World Total r 

1,980 

13,990 
1,320 
1,885 

17,195 . 
3,030 

600 
1,570 

820 
2,325 

8,345 

1,495 
500 
790 

2,785 

325 

30,630 

6,'100 

18,795 
2,000 
2,655 

23,450 

4,500 
2,400 
1,970 
1,160 
2,690 

12,720 

2,615 
1,080 

990 

4,685 

1,475 

48,730 

1,960 

50,690 
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The identified world bauxite reserves increased from 8 

billion tons to about 50 billion tons during the last 10 

years. on the other hand the yearly bauxite production 

is approaching 100 million tons per year only. 

Consequently, the development of the alumina production 

will not be restricted by any shortage of bauxite raw ma

terial. 

The conunercial value of a bauxite can be determined on the 

basis of the costs required for the processing /15, 16/. 

Analyzing the bauxite quality related processing costs the 

value of bauxite is basically determined by the costs 

of replacing the caustid soda losses and by the amount of 

dry bauxite to be processed /15/ 

= 

where VB is the conunercial value of the bauxite 

CNa 0 
2 

is the cost of replacing the Na 2o losses for 
1 t of alumina produced and 

QB is the quantity of bauxite consumed, t/t alumina 

The bauxite contaminants can also influence considerably 

the real value of a bauxit /17/. 

The main steps 0f the bauxite mining activity are demonstra

ted in Fig. 4. 
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Fig. 4. Main phases of the bauxite mining from exploration 

to refinery's gate /after ALCOA of AUSTRALIA 

leaflet/ 

90 per cent of the world's bauxite resources are of lateri

tic origin and are covered only by a thin layer of soil 

which is to be removed and stockpiled prior to open pit 

mining. The thickness of the soil layer often does not 

exceed 1 meter. These are mostly gibbsitic type bauxites, 

excavated by high productivity machinery, which consume 

l or 2 per cent of the energy needed for alumina production. 

Open cut mining ·.s predominant in the bauxite supply of 

the world. The explOited areas have to be recultivated 

by the formerly removo.d overburden after finishing the 

mining activity. 
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Table 8. Unit energy rates in MJ per ton bauxite for open cut surface 

mining with different cover layer volumes at an output capacity 

of 400 ooo tpy. 

Remark: Higher unit rates apply for diesel engine powered shovel loading and 

Unit volume 

pf cover layer 
I 

! .., 
lo 5 m-cover laver 
I ' t bauxite 
I 
11,0 " 
I 
I 

I 
12, 0 " 

3 ,o " 

4 ,o " 

5,0 " 

trucking, with hydro-electric equipment lower unit energy rates can 

be achieved 

._...., 
Surface stoipping Open pit mining Ancilla- Total 

electr. diesel! total electr. I diesel total ries MJ/t baW1:ite 
electri- coal citv . - 11. 7 11.7 - 1-S-. 2 18.2 0.4 0.8 31.l /hiC:,'.h/ 

3.2 3.5 6.7 6.2 2.2 8.4 0.4 0.8 16. 3 /low J --
- 23.4 23.4 - 18.2 18.2 0.6 1.2 43.4 /high/ 

6.3 7.0 13.3 6.2 2.2 8.4 0.6 1.2 23.5 /lOWJ 

- 47.0 47.0 - 18.2 18.2 1.0 2.0 68.2 /high/ 
12.7 14.1 26.8 6.2 2.2 8.4 1.0 2.0 38.2 /lOWJ ' 

! - 70.4 70. 4 - 18.2 18.2 1.4 /.. 8 92.8 /high/ 
19.0 21.1 40.l 6.2 2.2 8.4 1.4 2.8 52.7 /low/ 

- 94. 0 94.0 - 18.2 18.2 1.8 3.6 117.6 /high/ 
25.3 28.2 53.5 6.2 2.2 8.4 1.8 3.6 67.3 /low/ 

131~6 117.4 117.4 - 18.2 18.2 2.2 4.4 J..42.2 /high/ 
35.2 I 66.8 6.2 2.2 8.4 2.2 4.4 81.8 /low/ 

'" .boo 

... -··--.. --:- . . . ·--· .. =--· .. =- .... _j ... 
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Load 

/m3 /min/ 
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I 
10 

80 

300 

• • --· _.,...... -· ~ 

Table 9. Unit energy rates in MJ per ton bauxite for underground 

Remark: 

mining in 200 metres depth and an output capacity of 500 000 tpy. 

High unit rates can be reduced to low ones by substituting 

compressed air and diesel engine driven drilling and shovel loading 

with hydro-electric equipment 

Diesel Oil Fuel Overall UnJ~ 
Electrical Energy Electrici- Oil coal Comsumptiori 

/M /ton bat:LXite/ ty 

Compressi- Drainage Main- Loading- Heat Transport 1ventilla-
· on ti on /Pumps/ tenance Trucking supply 

/Conveyors'lFans/ /Comp- /Repair 
ressors/ Shoo/ 

2·1.1 18.0 12.7 3.3 10.0 34.0 38.0 137.1 /high/ 

7.0 17 .o 11.6 3.3 23.5 20.0 40.0 122.4 /lo•..,/ 

I 21.l 18.0 12.7 33.0 10.0 34.0 38.0 166.8 /high/ 

I 7.0 17.0 11.6 33.0 23.5 20.0 40.0 152.l /low/ 

21.l 18.0 ~2.7 198.0 10.0 34.0 38.0 331.8 /high/ 

7.0 17.0 11.6 198.0 23.5 20.0 40.0 ' 317 .1 /low I 

21. l 18.0 

I 
12.7 990.0 10.0 34.0 38.0 1123.8 /high/ 

7.0 17.0 11. 6 990.0 23.5 20.0 40.0 1103.l /J.ow/ 

_ -----... ----·--------------.. ·-·----.,--·-·-·,··•·••• ..... -.....-..,,.... .. ...,......, ...... ._~,~~1• ... J>'\l.
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2.3 Utilization of the bauxite reserves ---- ------------
To utilize bauxite deposits infrastructure and transpor

tation facilities, like road, ropeline, railway, seaport 

are to be installed. InfrastruGture is necessary in the 

cuse of the local processing, too. Therefore high quality 

bauxite depositSwith developed infrastructure are especially 

preferred for bauxite mining and processing. 

The bauxite cost fob consists of the following elements 

/and their summarized energy input/: prospecting, exploration, 

mining, pretreatment, domestic transportation, loading /har

bour/, soc~;_al sector, fiscal burden. 

Bauxite cost cif alu.~ina refinery /e.g. in USA or ~urope/ 

includes the costs of shipment, unloading and inland trans

portation, supplementarily. 

Bauxite sluipment from Australia to Europe needs about 

67 kg fuel oil per ton of bauxite /154 kg fu~l oil/t alu1ni

~/. Inland transport for a distance of 500 km requires 

f4rther 40.5 k9 Diesel oil. The energy consumption of the 

transportation can be equal to the total energy consumption 

of the most up-to-date refinery /approximately 8 GJ/t alumina/. 

Consequently, although the existing alumina plants in 

industrializea countries need imported bauxite from the 

developing countries even in the future and the higher 

level of the bauxite price can be used for the accelerated 

industrialization iincluding aluminium industry/ of the 

bauxite producer developing countries, it is dear that alu

mina plants will be located most frequently in close 

proximity of mining areas. 

• • 
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Bauxite testing laboratories r.ave an important role in 

the economic utilization of the resources /19/. 

3. Main Trends of the Technical Develop..~ent of the Bayer 

Process 

At present more than 90 % of the world's alumina is produced 

by the Bayer process, providing a high purity final product. 

Alumina production is a beneficiation /refining/ process 

SE~arating the A1 2o3 content of bauxite from the other accom

panying oxides. This alurnira is suitable for electrolysis 

in a cryolite melt. 

The industrial practice of the Bayer technology is based 

on the following reversible reaction 

A 1/ OH / 
3 

+ Na OH 

solid gibbsite 

digestion 

:::>100° c 

< 100° c 
precipitation 

NaAl/OH/ 4 

dissolved in 
l~_quor 

The Bayer process consists essentically of digesting the 

crushed and ground bauxite with strong caustic soda solu

tion at temperatures above 100° c /for gibbsitic bauxites 

100-140° c, for boehmitic and diasporic bauxites 200-250° 

Cf .After separation from the residue /red mud/ and cooling 

the dissolved alumina is seeded with crystallites of 

trihydrate whereupon precipitation takes peace. The 

prccipi~ated trihydrate is filtered and calcined at about 

··-· --~------- ... --.,- ...... - .......... ---·· _ .. _ .. -·-. 
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0 1200 C.Fig. 5. shows the flow-chart of processing g~bbsitic 

bauxites. It can be seen that the Bayer process for 

extracting alumina from bauxite is a closed-loop process. 

Bou11lP 

Fig. 5. Block-diagram of the Bayer process using low-tempe

rature digestion /after ALCOA of Australia's 

leaflet/ 

The layout of the world's largest capacity alumina refinery 

at Gladstone, Australia /Fig. 6./ demonstrates the up-to

-date replacement of a giant alumina plant applying rnodul 

sy~tem and optimizing the length of the piping-lines, an<l 

network, saving investment costs and production costs 

/energy!/ as well . 
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Fig. 6. Layout of the Gladstone alumina plant 

/after a leaflet of Queensland Alumina/ 
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The trends of technical and technological development have 

to be determined by setting out from the increase of pro

duction. It became evident nowadays that a moderate rate, 

3 to 4 % yearly increase in production can be expected. 

Based on this optimistic forecast the ex!_:·ected world alumina 

production and bauxite demand can be seen in Fig. 7. 

•.r: 
0 
~ 

zc,x; years 

Fig. 7. Expected world production of bauxite and alumina 

As far as the quality of alumina to be produced is concerned, 

apart from the expectable increase in demand for the chemical 

purity it can be established unequivocally that the produc

tion of floury alumina keeps gradually diminishlng. The 

production of sandy alumina is performed not only ir1 the 

newly established plants, but switching over to this kir1d 

of product has started recently in some plants which produced 

previously fluory alumina although their position could be 

located on the descending branch of "lif~time".In connection 
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with this and in order to decrease energy consumption both 

~n Europe and overseas it is striven commonly for the 

EFoduction of sandy alumina hydrate by the use of higher 

caustic soda concentration which condition would permit 

very attractive expansion of capacity of the alumina plants 

using "American~ low caustic soda process /20/. Economic 

con~ider3tiors seem to motivate some allcwance on the expense 

of sandy-type grannlometry ar.d the production of a coarser 

int~::-mediate alumina in the fcture which would still meet 

the requirement of metallurgy and that of the dry gas scrubbing. 

Bauxite is the main raw materia~ for the alumina production 

at preser:t and its ratio to the gross raw material demand 

will not diminish below 85-90 % by the turn of millinary. 

The prospected bauxite reserves of the world come to about 

So.109 tons, the estimated resources are even larger, there

fore the bauxite raw material would be at disposal to satisfy 

the expected growth of alumina production for a long time. 

Industrial scale processing of indigenous non-bauxitic raw 

materials in individual countries can not be expected in the 

neRr future except for nepheline and alunite due to high 

energy consumption and investment costs /6/. 

Owing to the technological development, up-to-date alumina 

plants are less and less sensitive to the quality of bauxite. 

Mineralogical composition of some characteristic bauxite 

samples can be found in Table 1. It becomes evident from 

this that the quality of the European carstic bauxites is 

far more disadvantageous, their silic.:a content is about twice 

as high as that of lateritic bauxites dominating world pro

duction. The comparative advantages of domestic bauxite raw 

material in the European countries do not show up in general 

due to the high coEts cf underground mining s?metimes below 

the carstic water table. Thus the disadvantages resulting 

------ ..... -·--·-· - --···-- -- ... ----··~-·----~ _____ _._. ___ - ....... .,.-- .. ---··- ...... 
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from the lower-grade raw material have to be counterbalanced 

by the develcpment of technology. 90-YS % of the bauxite 

w~ 11 be most :Jrobably further on processed by the Bayer 

process therefore it is basically required to further de

velop both the procedures and equipment pertaining to the 

Bayer process. 

The distribution of total alumina producing capacity as a 

function of the capacity of the indtvidual plants corres

oondinq to the state of 1980 and that oredicted for 2000 

are shown in Fig. 8. 
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Capaoty of alumina plants 

Fig. 8. Total capacity in percent and specific investment 

cost as a function of the plant size 

The specific investrn·: 1t costs indicate that the smallest: 

economic new project ;s a 500.000-600.000 tpy capacity unit 

which is established by the so-called "line capacity" i.e. 

the capacity of certain production trains /digester se~ies, 
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::ct of red mud settlers and washers/. The establish."lent of 

equipment of still increasing unit capacity, the increasing 

of capacity of the running plants ar.d the erection of new 

hi9 h-capacity alumina plants re.~ain the trend of develop

~cnt. It ensues from the above mentioned that the trends 

of technical development of the alumina production and the 

economy, too, will be determined by the up-to-date, high

-capacity alumina plants, whereas the smaller-capacity 

plants will L~ able to compete with them merely by a per

manent modernisation of the technology. 

Table 10. Mineralogical composition of some characteristic 

bauxites 

Aus tr a- Guine- Jamai- Hung a-
· Component in mineral, % lian an can rian 

bx bx bx "Iszka" 
bx 

Al203 in Gibbsite 40.7 39.l 39 .0 12 .o 
Boeluni te 6.6 I 1.4 4.4 31. 9 
Dia spore 0.3 I o.a 0.2 -
Kaolinite 4.6 

I 
2.2 0.2 5.5 

Goethite 0.3 2.6 3.3 o. 6 
Hematite 0.1 I 0.2 0.2 o. 2 
Total 52.6 46.3 ' 47.3 50.2 

Fe2o
3 in Goethi te 2.5 I 9.1 I 11. 9 5 .o 

Hematite 10.8 12.1 7.9 15.2 
Total 13.3 21. 2 19.8 20.2 

I Si02 in Kaolinite 5. 0 2.6 0.2 6.1 
Quartz - - o. 4 -
Total 5. 0 2.6 0.6 6.1 

Tio
2 in Anatase 1. 9 1.1 2.1 2 .o 

Ru tile 0.7 1. 2 0.5 I o. 6 . Total 2.6 2.3 2.6 2.6 

L. 0. I. 24.5 25.7 26.l 19.2 

Cao 0.05 0.08 0.3 o.8 
Hgo 0.03 0.03 0.1 o. 4 

.--

··~ -- . --.- ........... _..... ______ - -·--------·· ... ·--~---- ~----~···-·--· .. . 
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Fig. 9. shows the characteristic cost estimate of the alu

mina production and the distribution of energy consumption 

for an European alumina plant • 

Alumina production 
costs 

Energy requirement 

Fig~ Structure of production costs and energy conSllTlption 

Though the distribution of production costs of the over

seas plants deviates to some extent, e.g. less costs for 

caustic soda due to less NaOH consumption, higher factory 

overhead due to interest rates, yet it is of universal 

validity that the cost for bauxite, energy and NaOH accounts 

'for 50-70 % of the total production cost. The most impor-

tant tasks of the technical development are therefore the 

following: greatest economy measures relative to the 

consumption of bauxite /maximum Al 2o3-recovery/, energy 

/application of energy-saving technology/ and NaOH /appli

cation of methods for the regeneration of caustic soda/. 

The energy structure shown in Fig. 9. is characteristic 

mainly for European alumina plants practicing high-tempe

ra ture digestion, however, the structure is applicable to 

all. For the reduction of energy consumption of North-
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American alumina plants producing sandy alumina and being 

erected before the energy crisis oonaldson /4/ pointed 

out the fo~lowing three directions: 

- retrofitting existing plants by additional or more effi

cient heat recovery equipment, 
- converting energy supply from expensive oil or natural 

gas to lower co~t coal, 
developing process modifications in order to reduce energy 

consumption. 

It is obvious that the development of up-to-date energy

saving equipment is a dir~ct method for decreasing the 

energ~' consumption at digestion, evaporation and calcination. 

Chin /22/ points out that it is decisively important to 

adjust the te~hnology to the energy supply, where according 

to the analysis of Lang and Veres /23/ that circuit promises 

basic energy economy which demands the least heat for diges

tion and the greatest one for evaporation. Bielfeldt and 

Winkhaus /8/ consider the reduction of energy costs the 

most important task in alumina production in the 80'-es. 

In their opinion the present energy consumption of 12-14 

GJ/t Al
2
o

3 
can be reduced to about 8 GJ by suitable measures. 

Decisive importance is asigned to liquor efficiency. 

Technological development may serve the reduction of energy 

consumption primarily by increasing the efficiency of the 

circuit, adjusting technology to the nature of raw material 

and by optimizing the concentration conditions. 

The bauxite requirement of the Bayer process is determined 

by the alumina yield whereas NaCH consumption basically 

depernJs on Na
2
o content bound in sodiwn-aluminium-hydrosi

licatcs due to the reactive silica content. The former may 

be characterised by the formuia below: 

----· ··-- ---·· ..... -· 
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where X = 20H , 2Alo;, co;-, so4 , 2Cl-, etc. anions. 

Certain caustic soda losses are due to the formation of 

sodium-titanates from the Ti02 content of bauxite. 

In Fig. 10. the expected alumina recovery, bauxite consump

tion and NaOH consumption appearing as wbound losses" 

are plotted for the caseof a bauxite with 50 % alumina 

and variable silica content. 
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Fig. 10. Alumina yield after digestion, silica related 

bound NaOH losses and specific bauxite consumption 

as function of the Sio2 content on processing a 

bauxite with 50 % P.1 2o3 . 
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Alumina recovery has been calculated from the following 

relation: 

, 

whereas the NaOH losses have been calculated as 0.9 times 

the Si02 content. 

It is clear from the figure that increasing the Sio2 content 

from 6 % to 10 % the specific bauxite consumption increases 

only about 10 i, however, bound NaOH losses increase almost 

100 %. When ~onsidering the fact that the prices of NaOH 

and alumina may be taken equal it is obvious that the 

applicability of the Bayer process to higher silica contai

ning bauxites is primarily limited by the extent of NaOH 

consumption. At the same time the Bayer technology permits 

to increase alumina recovery up to the elimination of 

undigested losses. Further increase of alumina recovery 

necessitates the application of a special technology /e.g. 

formation of iron-containing hydrogarnets /24/ or the 

complex processing of red mud. 

A review about the recent advances and prospects in alumina 

technology was published by Perry and Russel /25/. 

It is clear that all of lhe important technical-technolo

gical developments influence the energy consumption, too. 

Direct effects can be achieved by upgrading the heat 

recovery equipment, while technological improvement affects 

mostly via increasing the efficiency of the circuit. 

Sometimes technology and equipment form a complex unity, 

as e.g. in tube digestion. 
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The wide range of possibilities to save energy by techno

logical development will be discussed in the following 

sections. 

3.3 ~1£W~h~e! ~o~i~i£a!i£n~,_oEt!m!z~t!o~ £f_tge_ 
concentrat..i..on 

To characterize the alumina processing technology, to 

illustrate the changes in the sodium aluminate liquor 

concentrations and to demonstrate the efficiency of the 

process cycle the data of the Ajka plant /Hungary/ are 

shown in the Na
2
o-Al

2
o

3
-tt

2
o system in Fig. 11. for the 

1958 to 1980 period. 

Cl 

C'I 

~ 200 
~ 

150 

100 

so 

-AJKA-1. 195 8 

---AJKA-2 1980 2 

I 
I 

3.t.( 
I. 

5 

I 
I , 

I , , 

2 
A 

' I I 
I 

MOLA~ RATIO 

1958 1980 
0. STRONG LIQUOR 3.95 3.65 
1. TEST TANK LIQUOR 1..17 3.88 
2. LIQUID PHASE OF 

DIGESTER SLURRY 1.79 1.51 
3. HOT ALUMINATE LIQUOR 1.61. 
4. COOLfD ALUM!NATE LIQUOR 1.82 1.64 
5 SPENT LlQUOR 3.95 3.71 

150 200 

Fig. 11. Bayer cycle' in the Na 20-Al 2o3-H 2o system for the 

Ajka Alumina Plant, Hungary /after Toth, Voros 

and zamb6, Ref. 26/ 
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The decrease of the digestion concentration and Na 2o to 

A1
2
o

3 
molar ratio is striking, indicating a significant 

increase in the efficiency of the cycle, since essentially 

the same amount of Al 2o
3 

per cycle can be extracted by and 

separated from the same volume cf sodium aluminate liquor 

with much less ev~poration. 

The steam energy requirements of the alumina production 

broken down according to the main consumption purposes, 

the resources for their satisfaction, the enthalpy /I/ 

and t~e temperature /T/ of the consumed steam ~re shown 

in an I-T diagram. Fig. 12. shows the heat contents of the 

liquor circulated and the steam consumed for producing 

1 ton of alumina in Ajka in 1980 and 1959, respectively. 
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112.527MJ/t ofolumina , I 

I• I .J ---114 ! 

-1980 
Calculated heal c:onsur.1ption 
Recuperated heat 
Ac:tu 11 heat c.ons umpt1on 

-1959 
C.alc:ulat~d heat consumption 
Recuperated heat 

Eitc.ess heut 

Actual hNt c.onsumption 

~ 0 HEAT RECUPERATION 

l!l!'!a EXCESS HEAT 

12. 527 MJ/I 
4. 635 MJ/t 
7. 892 ~Jlt 

15. 9 84 MJ/t 
909 MJ/t 

406 MJ/t 

15.i.81 MJ/t 

t :15.984MJ/t of oll~--L.J 

' _____J_.__.·-----~------~----
5 10 15 

Quantity of heat, MJ/t of alumina 

Fig. 12. I-T Diagram fur the Bayer cycle of the Ajka 

Alumina Plant, Hungary /after Toth, Voros and 

Zambo, Ref. 2 6 / 
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Symbols applied in the said Figure: 

Rcq~irements:. 

ab 

cd 

ef 

heat demand of red mud wash water + slurry preheati.:-,~ 

heat demand of evaporation 

heat demand of digestion 

Resources: 

AB steam consumption at low pressure 

co steam consumption at high pressure 

A"B total calculated heat consumption at low pressure 

C"D total calculated heat consumption at high pressure 

Heat balance 

AA' heat balance surplus at low pressure 

cc' heat balanc~ surplus at high pressure 

A"A heat recuperation at low pressure 

C"C heat recuperation at high pressure 

Efficiency of heat recuperation at low pressure: 

A"A 

A"B 

Eff icicncy of heat recuperation at high pressure: 

C"C 

C"D 
100 I " ·' I \..AJ n 
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The data characterizing t'Pe Ajka Alumina Plant in 1980 

compared with those of 1959 in Fig. 12. show a ~ignificant 
decrease of the steam consuroption of evaporation with 

much increase of the digestion steam demand. 

J.4.1 Development and general characteri3tics of the tube 

digestion 

The tube reactor has been proposed first in 1927 by Milller 

and Hiller /27/ for tne digestion of diasporic bauxites, 

however the industrial realisation has been postponed. 

Renewed laboratory tests have been carried out only in 

tt;e 50' s and 60 1 s in Czechoslovakia, FRG and Hungary. The 

pioneer work of B.Lanyi /28/ related to the principal 

possibilities and kinetics should be mentioned here. The 

first operating plant was built by VAW in FRG and the 

extre;nP.ly good results were published by Bielfeldt cind 

his coworkers 1r. 1967-1968 f2C,, 30/. Tr.~ temperature of 

digestion could be increased up to 3oo° C using tube-in

-tube heat exchanger !tube digester/ and molten salt as 

a heat transfer medium. 

According tc the da~a pablished the rate of dissolution 

of Al
2
o

3 
from bauxite was increased ext~aordinarily 

/10 tiMes at least/ }:,~cause of the turbulent stream, 

ccmsequently, ti1e required. reactor volume could be 

decreased from 2 m3 /t Al
2
o

3
/day to O.l m

3
/t Al 2o3 /day. 

By increasing the temperature the amount of flashed water 

can be high enough that evaporation can be omitted. 

Owing to the piston like stream of the slurry in a tube 
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digester the uneven holding time /which is always disturbing 

the digestion in autoclave series/ can be avoided, 

consequently, the undigested losses of Al 2o3 can be minimi

zed. increasing the digestion temperature by io° C the 

volume of the slurry to be treated can be reduced by 5 %, 

what results in a cut back of energy consumption and a 
the efficiency of the circuit. proportional increase in 

Due. to the higher digestion temperature the settling proper

ties of the produced red mud improve because the minerals 

of the red mud are more regularly crystallized. Since the 

underflow concentration is higher the dissolved NaOH and 

alumina losses are srr.aller. The investment costs of a tube 

digester are only 60 to 80 % of an autoclave series of si

milar throughput. Fur.ther arguments for a tube digester 

are its flexibility and that it can be cleaned chemically 

and that the saving in energy co1:sumption is 20 to 40 % • 

Introducing the tube digestion the problem of a cheap diges

ter is reduced to the problem of a cheap heat-exchanger. 

3.4.2 Development and characteristics of the Hungarian 

tube digester 

After the laboratory experiments by B. Lanyi /28/ the 

industrial realization started in Hungary in 1966 at the 

Almasflizito Alumina Plant using plant scale heat-exchanger 

units. ALUTERV designed a pilot plant tube digester between 

1969 and 1971 and it was installed at the Mosonmagyar6var 

Alumina Plant /MOTIM/ in 1972-1973. It processed 50-60 
3 m /hour slurry, had been heated by steam and the maximum 

digestion temperature reached 260° c. This equipment was 

tested from 1974 to 1980 helping to design the final process 

technology and in 1980-1981 the old autoclave series could 

be replaced by a tube digester. 
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Multi-stream operation is the most important feature of the 

Hungarian tube digester, what means that in one tube several 

/at least 3/ tubes serve to heat up the slurry. This Hunga

rian version is patented /31/. A theoretical flo~-sheet 

of the equipment is presented is Fig. 13. 

slurr~. 8~· C 

)+--
?! 

st~om, 70 bcr 

I -
j 

r1·1J]-E · 

,.";:.·i:J l'nrf j ~ :JtJ ~nr· 
ii& I 
L_ ___, 

265°C 

Flash IQ:1kS 

Tube c!gestion system 

Fig. 13. Hungarian tube digester system /after Toth, Voros 

and Zfunb6, Ref. 26/ 

It is an essential feature of this technology that the 

pipes can transport either digester liquor or bauxite slurry, 

and thes~ flows can be interchanged cyclically, so, that 

the digester liquor cleans the scalings from the pipes 

continuously.At the final temperature of digestion the 

three flows join, thus the bauxite is digested by the full 

quantity of the liquor. This solution ensures a closer 

approach to the eyuilibr.ium A/C ratio which mean£ higher 
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Al 2o3 saturation and simultanously the digestion of Al 2o3 
minerals is more efficient, consequently the undigested 

losses are reduced. 

3.4.3 Experiences from pilot plant tests 

The mineralogical phase composition of the Halimba bauxite, 

which has been processed in the tube digester is given in 

Table 11. 

Table 11. Typical composition of the bauxite from Halimb2. 

processed by tube digestion 

Al 2o3 % in gibbsite 13.1 Fe2o3 % in goethite~ 
in boehmite 31. 9 ir1 hematite 20.3' 

in diaspore o.3 Total 22.9 

in kaolinite 5.0 Sio2 % in kaolinite 5.9 

in hematite 0.4 Ti02 % /anatase+rutile/2.7 

Total 50.7 L.O. I. % 15.3 

The raw material is a medium quality boehmitic-hematitic 

type ore. Fig. 14. shows the digestion kinet\cs of this 

boehmite expressed in Al 2o3 . 
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Fig. 14. Kinetics of boehmite dissolution in the Hungarian 

pilot tube dig~ster. 

'l'he di3.gram explains th,:it during the 5 minutes holding 

time between 210 and 260° C 70 % of the !:>oehmite w~s dis

solved in 1 minute, while 20 % at lower temperatures a.nd 

only about 10 % in the dwelling pipe. 

These data verify that the turbulent st~ea~ increases very 

much the rate of reaction. 
:~· In Fig. 15. the heat transfer coefficients of the tube 

digester and that of an up to date sys~em c0nsisting of 

preheaters and an autoclave line are compared. 
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'•-. •• ,Tub• d gf'Stl'f 

' ' ' ' ' ' ', 
' .............. ' 

Priffi'!OIUS Auloclnvf'S 

100 140 180 220 260 °C 

Fig. 15. Comparison of heat transfer coefficients measured 

in the Hungarian pilot tube digester and an up-to

date system consisting of preheaters plus autoclav~ 

line, respectively. 

On the basis of this diagram it is evident that the heat 

transfer coefficient of the tube digester is twice as large 

~s that of the traditional autoclaves even if the tubes 

a~e cleaned only after 30 days /by acid/. This diagram gives 

the reason why the energy consumption of the tube diges-

ter is 20-30 % lower than that of tre autocla7es. 

Also the scales were examined thoroughly, including 

their formation, composition and solubility. Fig. 16. 

gives a comparison b8t~een the Tio
2 

content of the 

scalings and the heat transfer coefficient before clean

ing the tube • 
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100 14G 180 

10 

220 260 °C 

~· • u ... .. 
~ 

.~ 

0 
,.:: 

Fig. 16. Relation between the heat transfer coefficients 

measured in the Hun~arian pilot tube digester 

after a cycle of 30 days and the Ti02 content 

of the scalings. 

It can be observed that the heat transfer coefficient is 

inversely proportional to the Ti02 content of the scaling. 

It should be mentioned here, that the scales contain Ca

and Mg-titanates /33/ which conduct heat very poorly and 

these compounds are formed at much lower temperatures 

'/140-170° C/ in a tube digester than in autoclaves. This 

fact proves that the turbulent stream helps to dissolve 

anatase and the formation of ~ndissoluble titanates. 

Fig. 17. illustrates the effect of acidic treatment. 

u 

1 6000 
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':< ~oco 1 
10 20 30 40 d:Jy 

Fig. 17. variatic~ of the heat transfer coefficient 

proving the effectiveness of the acid cleaning. 
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As seen in this figure, cleaning by a special acid mixture 

occuzred after each 24 days operation. A special acid 

mixture and an inhibitor ingradient has been established 

which removes the scales in 2-4 hours and the surf ace 

of the tube gets metal clean so it can be taken into opera

tion immediately, the original heat transfer coefficient 

being restored. 

3.4.4 Construction of the Hungarian tube digester and 

outlooks for the future 

'lhcadvantegous results of pilot plant tests were followed 

by the start up of the 10 t/h tube diqe~ter /also triple 

tube/ at MOTIM early May 1982. The digestion temperature 

is 260 ± s0 c, the holding time 12 minutes, the interval 

heated by living steam extends about 45° C only. The start 

up was trouble-free and the equipment runs at the designed 

parameters. The predicted average steam consumption is 

1.5 t/t alumina /1.38 - 1.62 t/t alumina/ at 260° C and 

hi~her digestion temperatures. 

According to our opinion tube digestion will become wides

pread among monohydrate bauxite digesters both when new 

installations will be erected, and at the replacement of 

physically and technically worn autoclave series. The ruisin~ 

of the digestion temperature over 260° C is not feasi~le 
but only by the application of tube reactors where the heat 

transferring medium can be organic or inorganic compound. 

The higher temperature region opens new potentials to develop 

further the Bayer technology. 

Recently th2 tube digester has been proved for processing 

diasporic bauxites in FRG /32/. 
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3.5.l Catalyzers and -their effects 

Beside tube digestion there ls an other succe3sf ul inven~ 

tion, namely the application of catalytic additives. This 

had been proved also on industrial scale. The process 

helps to realize the hydrothermal transfr.anation of goet

hite into hematite in the 220 to 250° c temperature range 

of digestion applied at presert. The worldwide patented 

processes /34/ of the Hungarian Aluminium corporation apply 

cao and different anions /Cl-, so~-/ or cao and different 
. I ++ F ++I . t . . h d t cations Mn , e or iron-con ain1ng y rogarne : 

A
3

B
2
iSi0

4 
/ 3_ [/OH/ 

4
]x, where A=Ca ++ and/or Mg++ and/or Mn++ 

+~ x +++ +~+ 
and/or Fe ; B = Al and/or Fe ; 

as additives to catalyze the process. 

The typical technological parameters and the success of this 

process were discussed in earlier publications /35, 36, 37/. 

The benefits of catalyzing additives over pure cao additive 

ere the following: the transformation of goethite into 

hematite occ~rs much faster, at about 20 to 30° C lower 

temperature and about 20-30 % lower cao addition and even 

in the case of the most stable goethite it can be achieved 

reliably at not higher than 240° C using the existing auto

clave lines. The application of iron-hydrogarnet catalyzer 

was proven to be the most economical solution, consequently, 

it has been introduced in the Hungarian alumina pl~nts. 

The preparation and dosage of the catalyzer is a know hew 

of the Hungartan Aluminium Corporation • 
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3.5.2 Typical results of catalyzed digestion in Hungarian 

alumina plants 

The catalyzed digestion technology has been applied since 

1979 in the Ajka Plant and since 1980 in the Almasfilzito 

Plant. The technological and economic benefits are conside

:;::able. 

Fig. 18. shows the increase in recovery /2.5 %/ and in A/C 

ratio attained by catalyzed digestion for a Hungarian 

goethitic bauxite. 

88 

87 

-.! 
-... 86 0 
N 

< 

""' 85 

1!79 

~ ! with hydrogornet 

!21.o:icj 

• 0 
Q. .. 
0 
6 
+ .. 
~I 

' .. 0 
\!) 

070 0.72 0 74 0.76 0.78 

A/C ratio 

Caustic sodn 342 gpl 

Fig. 18. Digestion of Hungarian goethitic bauxite without 

and with additive. 

In this instance 6 to 10 % higher amount of Al 2o3 can be 

dissolved by a u~it volume of liqu0r and this brings 

improvement in the circuit efficiency and reduces the steam 

consumption of the digestion proportionally. It is evident 

that the application of the hydrogarnet catalyzer reduces 

the bound NaOH losses similarly as does the Cao addition, 

but with a lower Cao consumption, because hy the incorpora-
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+++ 
tion of Fe into the hydrogarnet structure, its Sio

2 
content increases and its Al 2o3 content decreases. 

A considerable improvement can be observed in separability, 

filterability and settling capacity of red mud. This impro

vement is considerable even if the bauxite contains very 

little amount of goethite. As a consequence of the intro

duction of catalyzed digestion at the Ajka and Almasfuzit5 

Alumina Plants fine dispersed iron minerals, chiefly 

goethite and some hematite, were recrystallized and the 

Fe2o3 content of the alurainate liquor sank to 10 to 15 rng/l 

without control filtration - as it is shown in Fiq. 19. -

and as a result of that the Fe2o3 content of the alun1ina 

produced is constantly below 0.03 %. 
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Fig. 19. DP.crease of Fe 2o3 content in the aluminate liquor 

/without control filtration/ after introducing 

digestion with additives into the production of 

Hungarian alumina plants. 
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The increase of solid content in the underflow of the red 

mud washer~ allows to increase their capacity and reduce 

the dissolved caustic soda and alumina losses by 50 %. At 
the Almasfilzit5 Alumina Plant 10 kg/t alumina savings could 

be attained out of soluble NaOH losses. 

Fig. 20. illustrates the increase of the solid content in 

the underflow of the last washer after the introduction of 

catalyzed digestion. 
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Fig. 20. Increase of solid concentration in the cone of 

the last washer in Hungarian alumina plants as a 

consequence of applying digestion with catalytic 

additives. 

In Fig. 21. the decrease of free Na 2o content of the last 

washer is plotted versus time in the same period . 
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Decrease of fre~ Na 2o content in the last washer 

in Hungarian alumina plants as a consequence 

of applying catalytic additives during digestion. 

Fig. 21. shows thut the Na 2o content of the liquor wtich 

was disposed to the red mud pond, was reduced to the half 

in the period under survey. 

The amoun~ of settling aids could ba reduced by 30 to SO % 

owing to the favourable phase composition of the red mud. 

It must be unde~lined here that the goethite content of 

bauxite which is processed at the Ajka Alumina Plant corres

ponds only to about 1-2 % Fe 2o3 , however, the improvements 

are several times larger than was expected on the basis of 

the goethite-hematite ratio. The only disadvantage which 

was observed upon the realization of goethite-hematite 

conversion is the increase of Zn-content of the aluminate 

liquor. 
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The mineralogical and textural ccmposition of Jamaican 

goethitic bauxites is similar to that of the Hungarian 

ones so on the basis of model experiments and that of 

the results of the Hungarian plant operation it can be 

supposed with high confidence that the application of these 

processes to Jamaican bauxites could lead to similarly 

considerable advantages. 

3. 5. 3 Application field of the Hu11garian digestion 

technology with catalytic additives 

Relying on the results presented above and the laboratory 

and plant experiences it can be stated that these processes 

may be applied for any bauxite /even for those containing 

little or no goethite/ with high technical and economical 

efficiency. 

This statement was controlled by laboratory experiments 

with bauxite samples from Australia and Guinea. 

The phase compositions of the bauxite and the corresponding 

re~ mud gained without and with hydrogarnet cataly~cd 

digestion from an Australian sample are summarized in Table 

12. and those from a Guinean bauxite in Table 13. It can 

be read out of these data that even the very stable alurno

goethite of the Guinean bauxite could be converted into 

hematite and in this way the Al 2o3 content of red mud 

reduced from 15.8 % to 9.5 t and the alumina recovery 

of digestion ~ncreased by 5 %. 
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Table 13. Phase composition of a Guinean bauxite and the 

red muds gained therefrom at 235° C without 

additives and applying hydrogarnet catalyzer 

iNa2co3 caust. 360 gpl, A/C = o.7/ 

Red mud Red mud 
Component Bawcite without with 

additives catalyzer 

Al 2o3 % in gibbsite 39.l - -
boehmite 1.4 1.0 o. 4 
diaspore o.8 1.2 0.7 
kaolinite 2.2 - -
goethite 2.6 7.1 o. 3 
hematite 0.2 o. 5 o. 4 
Na-Al-hydrosilicates - 6.0 5.3 
Ca-Al-hydrosilicates - - 2.4 
Total 46 .-T· 15.8 9.5 

Fe2o3 % in goethite 9.1 24.7 2.3 
hematite 12.l 33.0 55.2 
Total 21.2 57.7 57. 5 

Sio2 % in kaolinite 2.6 - -
Na-Al-hydrosilicates - 7.1 6.2 
Ca-Al~hydrosilicates - - o. 9 
Total 2.6 7.1 7.1 

Ti02 % in anatase 1.9 - -
rutile o. 7 - -
Na-titanate - 7.1 -
Ca-titanate - - 6.5 
Total ,.6 7.1 6.5 

L. O. I. % 24.5 5.0 4.8 

cao % 0.05 0.2 8.6 

MgO % 0.03 0.1 0.1 

Na 2o % - 5.3 4.3 

Na 20/Si02 molar ratio in red mud o. 72 0.59 

Bound caustic soda losses, Na OH kg/t 
alumina 63 49 

cao consumption kg/t alumina - 74 

Al 2o3 recovery, % 87.5 92.4 

Bauxite consumption t/t alumina 2.47 2.34 
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The mineralogical composition of differently obtained red 

muds are shown in Fig. 22. 

Red muds from Guinean bauxite 
< 240•c; 

no addition 
· 7 t>, Al: O; 1n goe-th:le: 

Ci t.ormfu1 :!hoses 

with hydrogarnet 

(rl..:::·.', - 9<.S'le; ·5'•' 

~·j r~w phases 

Fig. 22. Comparison of the phase compositions of the res

pective red muds obtained from a Guinean bauxite 

sample without additives and using catalyzed 

digestion. 

The proportion of goethite and Na 2Ti03 which hinder the 

separability of the red mud extremely, could be reduced 

from 42 % to 2 % by application of catalyzed digestion. 

A higher A/C ratio, good clarity of the aluminate liquor 

without control filtration and better separability and 

washability of red mud, reduction of bound and dissolved 

losses of caustic soda and alumina can be achieved in 

all cases. 
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3.6.l Digestibility of diaspo~ic bauxites 

The diasporic bauxites are processed by the Bayer process, 

too. The process technology has to be modified in order to 

compensate the disadvantageous technological character of 

diasporic bauxites as compared to the boehmitic ones. 

These are the following: less favourable digestibility, 

lower equilibrium solubility, abrasive character. 

The digestion with lime addition has been developed to 

enhance the total dissolution of the diaspore content 

/38, 39, 40, 41, 42/. Referred to dry bauxite an amount 

of 3-4 % CaO is generally added. Though the process 

mechanism of Cao is not cleared so far, in most cases dias

p0re can be dissolved at 240-250° c. 

Tikhonov and Lapin /43/, as well as Mercier and Noble /44/ 

compared the main technological parameters of processing 

different quality bauxites. Tikhonov and co-workers /45/ 

determined the equilibrium solubility of diaspore of the 

bauxite from North-Ural. The dissolution from diaspore 

into the unit volume was found to be less by 15-20 % as 

compared to boehmite. In order to reduce this effect higher 

dig0stion temperature and higher caustic concentration is 

suggested. 

For the processing of diasporic bauxite abrasion resistant 

equipments and pipelines are required. 
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" 

In the following the technological peculiarities of 

diasporic bauxites co:mected with their indi-v·iuualisrn 

and heterotypisrn, moreover the new technological processes 

developed in ALUTERV-FKI /Hungary/ will be presP.nted. 

Technological studies were :::arried out on diaspori.c 

bauxites from Greece /Parnasse/ and Vietnam /Lang Son/. 

The results obtained were compared wi~h that of Beneslav

sky, Tikhonov and Jasunin /38/, as well as Tikhonov and 

co-workers /45/. Chemical composition of the bauxit.s 

samples are listed in Table 14. 

Table 14. Chemical compositions of bauxite samples 

!Component % No.l. No. 2. No.3. No.4. No.·s. J 

r,e
2
o

3 
Si0 2 
1\1203 
Ti02 
Cao 

L.O.I. 

No 1. 

No. 2. 

No. 3. 

No. 4. 

5. 

26.5 24.2 

2.3 l. 82 

54. 7 5~.6 

3.1 2.l 

1. 2 2.4 

13.0 12.8 

IIalirnba /Hung.:iry/ 

North-Ural /Soviet Union/ 

Bihar iRumania/ 

Parnasse /Greece/ 

20.l 21.0 25.6 

3.9 4.6 7.3 

59.9 56.0 50.3 

2.9 2.6 3.1 

0.15 1. 5 0.1 

11. 7 13.l 12. 5 

I N0. Lang Son /Vietnam/ _J 
----------

The digestibility of di:ferent diasporic bauxites is shown 

in Fig. 23. 
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1. Gupiansk, Chino 
2. North Ural, USSR 
3. Bihar, Rumonio 
4. Par nosse, Greece 
5. Long Son, Vietnam 

Na20c == 200 gplj 3 °loCoO addition; 
Digestion time 1.5 hrs 

Fig. 23. Digestibility of diasporic bauxites. 

It is obvious from the figure that the diaspore from 

Gupiansk and North-Ural deposits can be digested with 

lime already 

the Lang Sen 
0 even at 240 

0 at 220-240 c, however, the diaspore from 

deposit is very difficult to digest and 

C o.1ly 90-92 % can be dissolved. Medium 

digestibility is found with Rumania:-1 /Bihar I and GreEk 

/Parnasse/ bauYites. The diagram clearly shows the 

individualism o: the different diaspore minerals. The 

undigested Al
2
o

3 
content, however corresponds to the 
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-di~spore fraction with strong OH bond characteristic of 

the heterotypism of the given diaspore. It can be stated 

that though the solubility of individual diasporic bauxi

tes digested with Jine addition may approach the solubility 

of the boelunitic bauxites, the more perfectly crystallized 

diaspore would incompletely dissolve even at higher tem

peratures. 

In some bauxites the diaspore particles are covered with 

an iron layer consisting of goethite and/or hematite 

re<luc1ng the alumina yield. This phenomenon is characteristic 

for the bauxite particles from Vietnam /Lang Son/. For the 

digestion of such grains it is necessary to break /by 

grindingj or to dissolv~ the iron layer. 

Characteristic digestion curves of diasporic bauxites from 

Lang Son and Parnasse are compared in Fig. 24. 
,....... 

!..... 

0 
Q. 
Ul 
a 

1.3 1. 7 1. 9 

o-- -o- -.o Lang Son, Vietnam, 5 °/o Co 0 addition 

Parnosse, Greece, 4 °lo CaO addition 

No2 Oc = 200 gpl 
Fig. 24. Digestibility curves of diasporic bauxites 
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The digestion experiments were carried out at 240 and 260° 

c, with digestion liquor of 200 gpl Na 2o caustic con

centration and wii:h lime addition. 

According to the given data 5 % A1 2o3 /diaspore/ remained 

undigested in the red mud of the Vietnamese bauxite at 

26o0 c, moreover the d~gestion of the Greek bauxite could 

be realised with the same amount o= liquor and similar molar 

ratio, however, at a temperature lower by 20° c . 

The scanning electron micrographs of the Parnasse and Lang 

Son bauxites showed that while the first has a strongly 

dispersed structure, the second is composed of lamellar 

plane blocks. The difference in morphology highly affects 

the reactivity as shown in Fig. 24. 

In order to increase the digestibility of diasporic 

bauxites, as well as to decrease the molar ratio after 

dis2stion /i.e. increasing of the soluble alumina content 

in unit volume of liquor/ in Hungary the new method, 

using catalyst /34/, has been applied to diasporic bauxi

tes., too . 

Advantages of the process are shown in Fig. 25. using the 

example of Lang Son diasporic bauxite which is very diffi

cult to digest. D~c to the effect of the catalyst the alu

mina yield approached the theoretical limit - there is 

nearly no undissolved fraction - and at the same time the 

amount of the soluble diaspore in the unit volume of li~uor 

increased considerably. 
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The mineralogical compositions of bauxites from Lang Son 
and Parnasse, as well as the obtained red muds are given 

in Table 15. By the use of catalyst the dissolution of 

iron crust around the individual grains on one hand and 

the digestion of the crystalline diaspore on the orther 

hand can be achi3red. The similarity of technological 

behaviour of the goethite and diaspore minerals has been 

justified. 

1 
81 

M 85 
0 
..!: 
<t 

f:" 
d c 83 t---4-'-------.0.,----t 

E 260°C 
~ ~~--~-----d ,'1 245°C 
0 , i j;,-•-09 

:2 81 _, __ ; _______ ~~)-------
, I 

J 
15 1.6 l7 1.8 1.9 

molar ratio~ 

o-----~ 5% Cao addition 
0--0--0 with catalyzer 

No20c = 200 gpl 

Fig. 25. Digestibility curves of the Lang Son bauxite 
/Vietnam/ 
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Table 15. Mineralogical compositions of bauxites and their 

characteristic red muds 

I 

Component, % 

Al 2o3 in gibbsite 
boehmite 
diaspore 
corundum 
kaolinite 
chamosite 

I goethite 
NAS 

i CAS 

' Total 

lsio2 
in kaolinite 

I chamosite 
quartz 
NAS 
CAS 
Total 

jFe2o3 
in hem:itite 

I 
goethite 
maghemite 
chamosite 

I Total 

Bauxites 

Lang Son Parnasse 

2.5 
2.8 

38.2 
o. 3 
4.7 
1.2 
O.o 

50.3 

5.5 
1.1 
0.7 

7.3 

15.1 
7.6 
0.7 
2.2 

17.2 
35.0 

3.8 

56.0 

4.5 

0.1 

4.6 

18.5 
2.5 

Red muds 0ormed 
at 245 C 

Lang Son Parnasse 

o. 7 
0.3 

9.9 
2.1 

13.0 

11.6 
1.0 

12.6 

40.0 
~ .o 

1.1 
0.5 

5.3 
4. 3 

11. 2 

6.2 
3.4 
9.6 

46.6 

25.6 2i.o 44.0 46.6 
I 

ITi02 

~ ~~~------~--~---~-----~ 

in anatase 
rutil:::! 
CaTi0

3 Total 
I 

1cao in calcite 
CaTi03 I CAS 
Total 

NAS 

2.0 O.') I 

1.1 1.7 

3.1 

0.1 

O.l 

CAS 

2.6 
5.7 
5.7 

S.7 
5.7 -------1 

1.5 ~.o 
2_3 3.J . 

- 3 • 7 - 2:_l__ ~ 
1.5 6.v 17.7~ 

= Ca-Al-silic~tcs _j 

·~ 
I. 
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J.6.2 Equilibrium solubility of diasporic bauxites and 

two-stage digestion technology 

Because of the individualism of diasporic bauxites, they 

have not only highly different digestibility /Fig.23./, 

but a diversity in equilibrium solubility, too. 

In Fig. 26. the equilibrium ·solubilities of Lang Son and 

Parnasse banxites,as well as those of the diasporic N~rth

-ural /45/ and the boehmitic Haliraba, Hungary /46/ are 

compared. 

t 280 

~ 

·"" 240 0 

-0 

z. 200 -

1. 6oehmitic bauxite from 
Halimba. Hungary 

2. North Ural, USSR } Oiasporic 
3. Parna;se, Greece bauxites 
4. Lang Son, Vietnam 

>'-.it--x Equilibrium solubility 
x--"1-->C Solubility cci1ieved at plant cor ··~ions 

Fig. 2C. Eqvilibrium solubility of <liasporic bauxites 

compared to thit of a boehmitic one. 
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Using a liquor concentration of 200 gpl Na 2o the alumina 

content dissolved in unit volume is less by 38 gpl for 

the diaspore of the Parnasse bauxite and by 60 gpl for 

the diaspore of the Lang Son bauxite as compared to the 

data of the boehmitic Halimba bauxite. The low equilibrium 

solubility of the diaspore is one of the great~st techno

logical problems as compared to the boehmitic bauxites. 

This results in a significant decrease of the efficiency 

~ of the process circuit, as well as the increase of steam 

consumption and investment costs. In order to eliminate 

this disadvantage in ALUTERV-FKI /Hungary/ institute a 

two-stage technology has been developed. In this process 

• 

boehmitic bauxite is added to the slurry corninq from the 

digestion of diaspcric bauxite /47/. This slurry is sa

turated for diasporeJhoweve~ unsaturated for boehmite. 

By the addition of undigested boehrnite /in slurry/ the 

equilibrium solubility of boehrnite can be approached. 

The characteristic concentrations at 245° C are represented 

by the points A, B, C and Don Fig. 26. However, the 

equilibrium concentration cannot be achieved in practice. 

On~ has to calculate with the concentrations corresponding 

to points A' and D' respectively, taking into accQunt the 

accuracy of the actual control system and the shapP of 

the characteristic digestion curve. 

If the Vietnamese bauxite is digested with the technology 

using catalyst /Fig. 25./ the concentration corresponding 

to point D can be achieved in practice, too. Let us assume 

that as an example the diasporic Lang Son and the boehmitic 

Halimba bauxites in equal proportions are processed together. 

The principal scheme of the process is shown in Fig. 27. 
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I.a. Oiosporic 

74 m3 

Dig. liquor: 

200gpl Ntl20c 
92gpl At203 

I.b. 
B.1ehmitic 

26 m3 

Bauxite 

~sporic __ 
Boehmrri.:: 
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Dissolved Al2 03 % 

Stage I Stage II. Total 

50 0 - 50 
-26~ i r--216 so-

76.2 23 8 100 

Fig. 27. Two-stage digestion for processing diasporic 

and boehmitic bauxites. 

In the processing stage of the diasporic bauxite 74 % 

of the digesting liquor is used and 197-92 = 105 gpl 

Al 2o3 is dissolved. On digesting the boehmitic bauxite 

24/ - 92 = i.55 gpl alumina can be dissolved but almost 

half the aDount of boelunitic bauxite remains yet 

undigest8d ond gets into the second stage, and is 

1:nited with the diasporic stream. Here the liquor of 

the diasporic slu.rry is saturated with boehmite, and 

247 - 197 = 50 gpl Al 2o3 may be dissJlved. As a result 

th~ entire digestion can be realized under the techno

logical parameters characteristic for the boelunitic 

baexi~e. Minimum excess eqt:ipmcnt is required. 
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Instead of boehmitic bauxite one could also use 

advantageously fairly digestable diasporic bauxite, an 

ore with low diaspore content and even giobsitic bauxite, 

however, the technology must always be optimized according 

to the given bauxite supply. It frequently occurs that 

within a given bauxite deposit the boehmitic bauxite, the 

easily digestable diasporic bauxite and the more crystal

line diasporic ore can be found. In this case the selective: 

mining is the only solution to be taken . 

It is of high importance to protect the equipments against 

the abrasive effect of diasporic bauxites. The hardness 

varying in wide ranges is also due to their individualism. 

For that reason abrasion resistant digesters, pumps and 

pipelines are of primary importance. In favour of digesti

bility, expecially in the case o~ oolitic grains, due care 

should be taken of the proper grinding and th~ control of 

grain size distribution. In the course of the design work 

and running the Tulcea Alumina Plant ALUTERV-FKI had 

successfully solved those problems and acquired projecting, 

technological and manufacturing experiences on the basis 

of which the technological and mechanical solutions for the 

processing of any given diasporic bauxite can be provided. 

Recently tube digester can be recommended for processing 

di~sporic bauxites /3?: 48/. 

The results mentioned above are summarized regarding the 

tube digestion and digesting with catalytic additives in 

the paper of Solyrnar and Steiner /49/, for the processing 

diasporic bauxites in the paper of Solyma~ . nd Ferenczi 
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one of the most important fielcl>of the technological 

development is the precipitation. The main aim can be 

formulated to produce coarse, "sandy" alumina hydrate at 

as high caustic soda concentration as possible. An increase 

in alkali concentration from 170 to 250 gpl Na 2co3 would 

result in a 50 % decrease of liquor requirement for the 

same production. Increasing caustic soda concentration from 

180 to 230 gpl Na 2co3 the total energy consumption would 

be decreased by about 15 %. The liquor productivity reaches 

ahout 80 gpl in the European refineries while in the 

American onEtionly 40-50 gpl can be achieved. The quite big 

difference is due to the different caustic soda concentrations 

/250-260 gpl and 180 gpl, respectively/. Therefore the actual 

trends in the precipitation technology are: 

- to produce the same quality sandy type alumina at an 

elavated caustic soda concentcation in the American 

plants /increasing liquor productivity and saving energy/ 

to produce sandy alumina at the actual high caustic soda 

concentration without decreasing liquor productivity in 

European plants /fluory to sandy alumina conversion/. 

The conversion has been carried out in two plants already, 

namely at Tomakoma /Nippon Light Metals/ /51/ and at Gov1~ 

/Alusuisse/ /52, 53/. 

As a consequence of the conversicn !he ca.E..aciLy of th~ 

Gove plant increased by 10 %- 15 % at the forrne~ly used 

caustic soda concentrations of 250-260 gpl Na 2co~ /54/. 

The basis of the process is tD scpcrate t~e phase~ of 

agglomeration and growth. Fine seed is fed continu~usly 
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to an agglomeration stage operating at 6f!-11° C and at 

a rate which controls the supersaturation to seed surface 
2 area ratio in the range of 7-16 gm/m • Under these conditions 

aggl0meration is completed in 6 hours. The slurry is then 
0 0 cooled by 15 -20 C and fed to growth pre~ipitators to 

which coarse secondary seed is also added. Seed densities 

of 400 gpl are maina.ined in this stage and residence 

times range from 40-80 hours. Critical process condi t~.ons 

in the suppression of fines generation in the growth stage 

is the maintenance of high seed charges and ensuring that 

cooling steps do not exceed 15° c - 20° c. Alumina produced 

by this method has S % - 8 % minus 45 micrometer. 

Liquor productivity is affected by alumina solubility 

which is increasing in the presence of impurities. 

The solubility can be increased by 20 % compared to pure 

liquor. Intensive cleaning of the circuit could be a very 

effective means to improve the liquor productivity. The 

effect of the different contaminants is very variable. 

A small amount of some organic fractions can extremly 

inhibit precipitation.In this way one can understand 

the efforts being made to realize the intensive purif icat

ion of the liquor. 

The studied methods are the following /37, 55, Sn, 57, 58/: 

Precipitation of oxalate - organic mixtures in fluidized 

bed columns. 

Precipitation of oxalate in packed spray trickle columns. 

- Precipitation of oxalate from destabilised spent liquor. 

- Precipitation of Bayer organics from deeply evaporated 

spent liquor /with soda salt, and to be calcined/. 

·- Liquor calcination with added bauxite er alumina hydrate. 

- Liquor oxidation by air or oxygen. 
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- Liquor ozonation. 

- R~noval by barium salt precipitation. 

Renova! by magnezium-salts. 

There are different methods partially used in the plants, 

however, a definitive, cheap method is not available yet. 

It seems to be reasonable to combine the organics removal 

/e.g. wet air oxidation/ with an effective reduction of 

the sodium carbonate /37/. 

In the field of precipitation a very intensive, further 

R and D activity is required. 

3.8 Reduction of caustic soda losses ----------------

3.8.1 Distribution of the NaOH losses within the Bayer 

process 

Fig. 28. illustrates the distribution of NaOH losses 

characteristic for the Hungarian Bayer plants. 
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1. Bound lesses ~ 510: • r.c: ., 
2. No;C0 1 '. (.oCOi. CoM9::01l: FeCO!) 

J. Soluble losses 
'-. Loss in o!um•no 

S Mechan.c:il lc~ses 

c:J - No1CO, coustocizct·cn_ 

C:J- 019..-;toon with odd1\1ves 

h '· ·]- f\ed mud coustoc:z:itoon 

Fig. 28. Relative magnitude of the contributions to 

Naoa losses and their diminution. 

According to this 75 % of the total losses is due t~ the 

so called bound-loss. The second most imprtant seems to 

be the salt-loss which is a consequence of the decausti

cization effect of impurities, first of all of carbonates 

present in the bauxite. Certain Hungarian bauxites contain 

calcite, dolomite and siderite impurities in considerable 

percentages, therefore the monito:ing and ~ontrol of soda 

level as w£11 as the separation of soda salts is rath~r 

important /60/. 

The effects of measures carried out with the aim to diminish 

the various NaOH losses are also marked on Fig. 28. The 

soda is kept in equilibrium in the cycle by causticization 

at the washer line. Bo~nd Nao 2 is regenerated partly by 
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means of the digestion with additives and partly by 

causticizing the mud phase in course of the complex 

causticization. Losses in solution removed together with 

the red mud were also diminished by about SO % as a result 

of the digestion technology using additives and of the 

improved settling of the ~ud due to the goP.thite-hematite 

transformation. In order to achieve further decrease in 

the NaOH losses first of all the bound Nao2 content must 

be regained in higher proportion. 

It must be menticned, that the absclute magni~ude of NaOH 

losses and the relative importance of lo~s-sources depends 

on the quality of bawci te processed and en the technclogy 

applied in a particular plant. E.g. in the Gove alurr.ina 

plant the bound loss amounts orY.y to 54 % and the dissolved 
~ 

loss merely to 38 % /61/. The appropriate measures fer 

caustic soda regeneration must be determined in each case 

through the analysis of the distribution of losses. 

In what follows the methods will be described applicable 

to decrease the NaOH losses. 

·3.8.2 Digestion of bauxite using catalysing additives 

Addition of burn: lime was first carried out on commercial 

scale for the digestion of diasporic bauxite /40/. This 

has been followed recently by the digestion of gcethitic 

bauxite using additives in order to achieve hydrothermal 

trdnsformation of gocthile to hematite. 

tig. 29. shows the Na 20/Sio2 weight ratio and digestion 

yiel<l attainable in red mud by means of dige~tion using 

additives in dependence of the Cao content of the resulting 

red mud. 
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Fig. 29. Alumina yield, bounc Na 2o in red mud and the 

efficiency of gcethite-hernatite transformation 

in dependence f rorn che Cao content in the red 

mud during digestion using additives /There was 

5,5 % Fe 2o3 in the bauxite in the form of 

?Oethite/. 

It becomes ~lear tr.at the variation o~ the Na 2o/Sio
2 

ratio 

is dc£cribcd by 3 discontinuous function. When the Cao 

content of red mud reaches 7 % the goethlte-hcrnatitc crans-
3+ forrna tion becomes C(implcte and the released Fe ions 

forming iron-hydrogarnet reduce abruptly the bound Na
2
o 

loss. In the given example, with du0 regard to the Al
2
o
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yield the quantity of catalyzing additive. must be adjusted 

to provide for 8-9·% /7-10 %/Cao in the red mud. Thus 

digestion using additives, besides other important 

advantages, renders possible the regeneration of about 

15 % bound Na 2o from the red mud ~s well as the significant 

diminution of dissolved losses. 

3.8.3 Causticization of soda on the washer line 

Expecially when processing a bauxite with higher carbonate 

content / I it became a common practice in the Eurof2an 

alumina plants '.:o causticize the soda on the washer line 

/62, 63/. The regeneration of soda within the cycle, e.g. 

in the overflow of the 3~ ~asher requires theoretically 

0.7 kg CaO/kg NaOH and the burnt lime consumption does not 

exceed in practice the value of 1 kg/kg NaOH • 

In f~~ the efficiency of soda causticization and the 

magnitude of Al 2o3 loss are plotted as a function of the 

caustic Na 2o concentration in the liquor to be causticized. 
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The optimal range of concentration seems to be 30-40 gpl. 

Naturally, it is reasonable to carry out the soda causti

cization in such a way that the soda salt separated from 

the evaporated strong liquor shonld be dissolved also in 

the overflow to be causticized. 

3.8.4 Causticization of red mud 

Hung~rian alumina plants, because of the higher Sio2 of 

the bauxite processed, have applied the cansticization of 

red mud by means of burnt lime /54, 65/ even on plant scale 

in order to diminish the bound caustic soda losses. If good 

quality burnt lime or lime slurry are used and the 

causticized red mud is carefully filtered and washed the 

procedure provides for the regeneration of the major portion 

of bound Na 2o. 

The efficiency of red mud causticization, the percentage 

of regen9rated NaOH are plotted in Fig. 31. versus the 

temperature for the case of 3 mole Cao/mole NaOH addition. 

90 

60 

so 

Fig. 31. The efficiency of red mud causticization as a 

function of the temperature of tre~tment. 
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It can re seen that when the treatment is carried out under 

pressure, in autoclaves, the efficiency of caustic~2atl~n 

can be augmented up to 85 %. Recently the causticization of 

red mud was stopped in the Hungarian alumlna plants 

because of the lack of labour and the adaquate filtering 

capacity, respectively. In order to diminish significantly 

and economically the NaOH losses a new method had been 

developed with the essential feature that the causticization 

of red mud is not a separated operation but it is accomplis

r.ed within the Bayer circuit in integration with the soda 

regeneration. This procedure is known and patented under the 

term "complex caasticization" /No. 593/82 request for 

Hungarian patent, 1982. 02. 20/. 

3.8.5 Comp1ex causticization 

Complex causticization is based on the fact that in a 

certain concentration and temperature range not the hydro

garnet type 3Ca0.Al 2o3.ksio2 /6-2k/ H2o compound is formed 

from the sodium aluminate solution but a calcium aluminate 

without silica of the composition: 3CaO.Al 2o .8H?O. The 
3 -

latter is much more reactive and can be regenerated qua~ti-

tatively by Na 2co3 according to the following equation: 

In Fig. 32~ it can be seen clearly that the red mud pruduced 

in the course of digestion with an additive /"s~~ple a"/ 

contained relatively small amount of CAS. 
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Fig. 3~.Typical phase transformations occurring during 

complex causticization. 

Adding to this mud /to the cone of a member of the washer 

line/ Ca/OH/ 2 it reacts witl. the Al 2o
3 

of the solution 

according to the above reaction, the excess Ca/OH/
2 

causticizates the Na 2co3 component of the solution following 
the well known 

caco3 + 2NaOH 

equation, while the Ca/OH/ 2 added in further excess 
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transforms the sodium-aluminiurn-hyarosilicate present in 

the red mud into hy~rogarnet /CAS/ where the value of K 

is approximately 1.5. In the red mud treated in this 

manner /"sample b"/ high amounts of 3Cao.A1 2o3 .BH2o and 

CAS can be detected as illustrated by F'ig. 32. The A1 2o3 
content of the CAS is recovered by the soda salt separated 

~t an other point of the circuit /at the evaporation of 

liquor/ and at the same time NaOH forms from the soda. 

The corresponding red mud /"sample c" in Fig. 32./ does 

not contain any CAS but a considerable amount of Caco3 can 

be detected. 

A simplified flow sheet of complex causticization is rep

roduced in Fig. 33. 

rf-C' ,,..1.JC ~. _,-r \ 

Fig_:_ 3J. Flow sheet of the complex causticization. 
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The procedure is executed between two units of the washer 

line, reasonably by treating the cone mud of the 3-rd or 

4th washer /in fact a fraction of the mud/. The lime slurry 

is added to tank Tl, in tank T2 the prelimin~rily 

precipitated Al 2o3 will be regenerated by means of soda 

solution, in tank T3 the soda eventually in excess is 

causticizated by Ca/OH/ 2 and then the slurry fed into 

the next washer. It is advantageous to use a longer tank 

series, composed from several reactors. 

Fig. 34. demonstrates the commercial results gained by 

complex causticization. 

" ·, 
4 - th WOShf'r 

........ 

' ~-rd was.~'-. 

'· ' 

4 6 8 10 12 14 16 18 20 

CoO •., 111.red mud 

Fig. 34. The change of Na 2o/Sio2 ratio in red mud versus 

Cao content during complex causticizaticn. 
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The Na 20/Sio2 weight ratlo of the red mud is plotted in 

dependence from the Cao content in the treated material. 

It can be seen that the procedure p~oviues for the 

regeneration of 30-40 % Na 2o bound in the red mud. The 

consumption of burnt lime amounts to about 2 kg CaO/kg 

regenerated NaOH. Table 16. offers plant data for the 

phase composition of the processed bauxite and the red mud 

produced therenf. 

The benefits of the procedure can be assured even in the 

case of red mud washer lines terminated by filters and if 

necessary the soda can be supplied from external sources. 

3.8.6 Comparison of the methods for regenerating NaOH 

Fig. 35. gives the specific Cao demand of the different 

procedures for regenerating NaOH. 
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Fiy_:_ 3 5. Spec if ic Cao consumption in vario s tr ea tmcnts 

for the regeneration of NclOH. 
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Table 16. Phase composition of bauxite and of its 

characterist.ic red mud 

B<'uxite 

~203 % in 
gibbsite 
boehmite 
diaspore 
goethite 
hematite 
kaolinite 
sodalite 
cancrinite 
CAS 
Total 

Sio
2 

t in 
kaolinite 
sodalite 
cancrinite 
CAS 
Total 

Fe 2o
3 

% in hematite 
goethite 
Total 

Ti0
2 

% in anatase 
rutile 

Ca-titanates 
Na-titanates 

Ca/Mq;Al/titanates 
Total 

Cao % in dolomite 
calcite 
Ca-titanates 
CAS 

Ca/Mg;Al/titanates 
Total 

MgO % 
Na 2o % 
Na 2o/Sio2 molar r. 
Loss on ignition 

17.2 
27.0 
0.5 
0.4 
0.2 
5.0 

50.3 

5.9 

5.9 

16.7 
5.5 

22.2 

1. 7 
0.8 

2.5 

o. 4 
0.4 

0.8 

o. 4 

17.0 

Mud 1. Mud 2. 
/without /with 
additi- additi

ves/ ves/ 

0.5 
o. 6 
0.8 
0.4 

5.5 
7.3 

15.1 

5.5 
7.3 

12.8 

36.2 
12.l 
48.3 

2.0 
2.5 
o. 7 
5.2 

0.4 

3.8 
6.9 
2.2 

13.3 

4.2 
€.9 
1.0 

12.l 

44~2 
l. 3 

45.5 

4.4 

0.7 
5.1 

Mud 3. 
/after 
causti
cization 

0.4 

2.2 
1.8 
7.6 

12.0 

2.2 
::. • 8 
6.0 

10.0 

35.5 
1.1 

36.6 

3.5 

o. 6 
4.1 

Mud 4. 
/las~ 
wasner/ 

0.4 

3.4 
5.8 
3.4 

13.0 

3.4 
5.8 
2.5 

11. 7 

42.4 
1. 3 

43.7 

4.2 

0.7 
4.9 

~~~~~~--~~~~~----t 

5.1 1.5 
1.4 ~.1 2.5 3.0 

4.0 11.6 5.2 
0.3 0.4 0.4 0.4 
1.7 7.5 19.6 10.l 
~~~~~~~--~~~~~~ 

0.8 0.7 0.6 0.7 
8.9 7.3 3.3 6.5 
0.68 0.59 0.33 0.54 
7.0 6.5 12.5 7.7 

Causticized red mud /Sample No3/ 20 % of the total red mud. 
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For comparison the curves represent.ing the price equivalent 

of li~e and NaOH, respectively, /8 kg CaO = 1 kg NaOH/, 

~s well as the energy equivalent for these two raw materials 

/5.5 kg cao = 1 kg NaOH/ are plotted, too. The latter repre

sent the very amount of products for which the same quantity 

of p~irnary energy is needed in productioP /taking into 

account the efficiency of electrical energy production and 

the 3:1 share of costs in NaCl electrolysis between NaOH 

and c1 2/. 

According to this figure even the independent causticization 

of red mud £eems to be justified /3-4 kg CaO/kg regenerated 

NaOH/, however, complex causticization seems to be 

prominently economic because it appears between the fields 

"A" and "B" /1-3 kg CaO/kg regenerated NaOH/ and the coupled 

investrn-nt and operation costs are very low. 

The enhanced regeneration of NaOH can be identif iec 3S an 

extrernly important development target in order to 
diminish production costs and indirectly energy consumption 

in alumina pl~nts. 

Soda causticization on the washer line is without doubts 

economic and essentially importa~t to maintain equilibrium 

in the circuit. In particular cases the causticization of 

red mud can be justifiea, too. 

The complex causticization procesB developed recently in 

Hungary permits to decrease bound NaOH losse.::; by 20-40 % 

very economically and using low investments. 
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3.9 ~n~r~y_c2n~lJ!!!P!i2n_of !h~ ~i~f~ren! ~t~g~s_cf ~h~ 
_!!ax_e! £t"2C~s~ 

A medium level alumina plant consumes about 16 GJ energy 

per ton of alumina produce~. The distribution of the 

energy consumption among the main pro~ess stages is rep-· 
resented in the Fig. 36. 

•lUHIN• 

!UUXIT£ 

Colcrnotlon 

\. 

5.07 GJtT 
31 2 •i. 

Prrparotron 

L
O 37 GJ'T 

2 l ''• 
-----

( 

019f'SliOn 

479 GJ/T 
29 5 '4 

Evoporotrun 

4 30 GJ/T 

26 5 ·~ 

Srltlin9 
wash1n9 

0 65 GJiT 
'0 •1. 

Total •nrr9y input 16. 24 GJ• T, 100 'I. 

Pr~iprlation 

/,,,, 
lri_·"__J 

Fig. 36. Distribution of energy consumption in a medium 

level alumina plant among the process stages. 
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A very important part of the total anergy imput is 

required nowadays to compensate radiation and waste heat 

losses of hydrate cycle. The distribution of these losses 

i8 demonstrated in Fig. 37. 

HTC:U! lo1o GJ T' 
t ., , 1. ·c .> 

PrH1p1to•··m 

L•Qu:>r 
cool1n; 

--~ 

i ZO GJ :r .\ 
14 I '. .· 

11J GJ •T ) 
12 9 '. 

p,ep:Hat1cl'I ;:. ~o. ~: ' ... > 
... a. ' . 

•R;.Jd1oticl'I 

:Wo>ll' '1£a1 

·Hect lcss~s 

's:;.i·rJ 
4 0 GJ T ; 

8 S GJ T ; 

L. i 

r·----~ 

·r·..--' ·co "J T\ :.:..._..:..., I ~ 

. I~ 7 '. ! 

-----
,~~~.:..:. Z 90 GJ. r\. 
. : J4 1 '" ./ 

Evopc,ration 

Hydrate 
cycie 

Fig. 37. Radiation and ':aste heat losses of the alumina 

hydrate manufacturing. 

In the former sections of this study some technological 

possibilities were discussed resulting in energy saving 

in the process. As further significant means are to be 

mentioned the uppl ication of special chen1icals /floccul.:ints 
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.. 

and clewatering aids/ /59/ and the computer iz~ process 

control /66/. 

A quite large amount of the wash water can be saved 

applying effective ~ynthetic f locculants in the red mud 

settling and washing line, which decreases the quantity 

of water to be evaporated. The use of dewatering aids 

in hydrate filtration drops the moisture content of the 

hydrate before the calcination by 2-3 %. It is a practical 

experience that for each percent moisture in the hydrate 

about 45 HJ/ton if; required for evap:lrating and superheating 

of t;1e vapour to the stack temperature /67/. 

The computerized process control enables to approach very 

closely the optimum parameters avoiding cverconsumption 

of energy due to oversized material flow-rates. 

In Fig. 38. the total energy consumption of the Bayer alumina 

plants is given for different stages of development /8/. 

The theoretical rinimum /curve 1./ c~~ be found 1uite far 

from the actual plant values, even in the case of an up-to

-date refinery /curve 2./. If can be mentioned as well, 

that sometimes the bauxite transportation /e.g. from 

Australia to Mid-Europe/ needs as high energy consumption 

as the total demand of the whole circuit under optimal 

conditions. 

The diagram justifies the actuality and possibility of 

the energy saving actions. 
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Fig. 38. Energy consumption of the Bayer alumina plant 

/after Bielfeldt, Ref. 8./ 

In the seccnd p~rt /following sections/ of this study 

those methods will be discussed in details which can 

be used to determine energy balance of the different 
process stages 'and the ways for saving energy will be 

showed. 
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4. Overall energy survey of the Bayer process 

The energy demand in the alumina plant may be investigated 

in three main areas: heat used in the Baver cycle for alu

mina hydrate production; heat enerqy needed to calcine alu

mina; and electrical ener~y to drive pumps, agitators and 

other processes equipment. 

The fuel fired calciner kiln is a well known equipment in 

other industries than alumina production too, so calcina

tion of alumina is a unit operation without ma'lv very spe

cial features. The application of electrical enersy for 

providing shaft power and the energy ~fficiency of pumps, 

fans, compressors and even tank mixers or ball mills are 

more or less well underttood and qenerally belong to prac

tical areas in the chemical and metallurgical industries. 

Production of alumina hydrate, on the other hand, has many 

special features and should be discussed in s~me depth to 

get a thorough understanding of the material and energy 

flow rates involved. 

The Bay~r process is of cyclic nature that sho1 

scribed shortly: A continuously circulating 

.., de

e soda 

solution di.:;solves alumina from bauxite wbi le _,_ng he3.tc.-O 

- /digestion/ - and after solid residues, called red mud, 

have been removed - /clarification/ - alumina precipita

tes on cooling - /preciptation_I - . The li1JUor is ciilu ted 

in the course of this process by water associated with the 

bauxite, and water us~d to recover chemicals by washing 

of red mud and alumina hydratc,whilc water contained in 

the discharged red mud and alumina hydrate leaves the cycle. 
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The net amount of water addec to the process liquor must 

be removed by evaporation, and the fresh liquor starts anew 

going round the cycle. Fig. 39. illustrates the simplified 

process description: 

Digestion BAUXITE 

WATER 

WATER 

Clarification Evaporation 

RED MUD Precipitation HYDRA TE 

Fig. 39. The Bayer cycle /by Donaldson, Ref. 20/ 

In order to show the process cycle from an engineering 

point of view Fig. 40. may prove useful. The T-Q diagram 

shows the heat flow rates involved to produce a quantity 

of .alumina hydrate adequate for one ton of calcined alumi

na, and the changing temperatures of the process fluids 

during one full cycle. 

While followiDg the course of changes within the process 

cycle, some characteristics of the T-Q diagram rr~v be 

mentioned. 
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T Temperature of process fluid in °C 

250 
i - a heating of digestion slurry 

h -i bauxite feed 

g -h water evaporation 

200 f - g heating of spent liquor 

150 

100 

50 
f e 

a - b cooling of digested slurry 

b - C dilution by wash water 

C -d red mud discharge 

d -e cooling of aluminate liquor 

e - f product hydrate ~1scharge 

Unit heat content in MJ It alumina Q 

y1g. 40. T-Q diagram of the process 

Point "att represents the condition of the process fluid 

at the end of digestion, having reached the highest tem

perature of the cycle. Cooling proceeds from "a" to "b~ 
/along a straight line with a temperature drop Ta-Tb and/ 
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along a straight line with a temperature drop Ta-Tb and 

an associated heat loss ot: 6Qa ,b = 4. 1868 x Wa/Tb -'ra/ 

MJ/t. W is a process variable expressing the heat a,b 
capacity of the fluid in terms of "water equivalent", 

which is to say that the process fluid of known unit mass 

Ma/t/t/ and specific heat qa/MJ/t, 0 c; has the same heat 

capacity as W tons of water,as <iw = 4.1868 /MJ/t, 0 c;, so 

It may be noted that since the final temperature Tb of 

the cooling process is smaller than the initial tempera

ture T I 6Q b will be a negative value, so line a-b goes . a a, 
to the left, indicating a diminishing heat content. 

At point "b" diluting water is added. Line b-c goes to 

the right indicating an increase in heat content of 

6Qb = 4.1868 x W /T -T /,where W and T are the water ,c w w 0 w w 
equivalent of the diluting liquid and its temperature, 

while T
0 

i~ the temperature o!: environment. The tempera

ture in point "c" can be determined by applying the mixing 

rule: 

wb x Tb + w x T = /Wb + W /T w w w c 

wb x Tb + w x T 
where from T w w 

= x c c wb + WW 

The change c-d comes from red mud discharge, and the 

associated loss on heat content is 

6Qd = 4.1868 x w /T -TI ,c rm c o /MJ/t/ 

Alumina liquor cooling is illustrated by line d-c, its 

Glope is less than that of line a-b. The tangent of the 
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slope is smaller because the heat capacity of aluminate 
- . ! • • 

liquor Wa is larger than that of digested slurry Wd. For 
T - T aluminate liquor cooling: e d 1 tana = = --~~~~ 
6Qd 4.1868 x Wd ,e 

because 

The heat content reduction caused by product hydrate 

discharge at 50 °c is shown by line e-f • 

Heating of spent liquor starts at "f" and terminates at 

"g". The heat content of the liquor is increased as the 

final temperature Tg at point "g" is higher than the ini

tial ~emperature Tf. 

0 Water evaporation at Tg = 80 c means a loss of ~eat con-

tent of 6Qh = 4.1868 x W /T -Th/' where W is the unit ev o ev 
rate of water evaporated in t/t, and T is the temperature 

0 
of the environment. 

Bauxit~ feed causes a change in temperature and heat content 

shown a~ line h-i, which can be computed by the same logic 

as in case of adding wash water, whown by line b-c. 

The heating of digestion slurry is represented by line i-a. 

Theoretically, the line should run parallel to line a-b 

because the same heat capdcities are involved both in heat

ing and in cool~ng of digestion slurry. 

When, however, radiation losses are taken into account, 

any slope would become flatter that the one computed from 

the heat capacity of the process fluid alone. It looks as 
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if the heat capacity would be greater than it really is. 

An examination of the Bayer cycle in the C-T dfagram reveals 

two potential areas for heat recovery. The cooling line 

a-b could be coupled in heat exchange to the heating line 

starting from point "i" towards point •a•. Jt appears that 

heating from "i" to "a" requires more heat than can be 

gained from cooling between "a" and "b": 

ll.Q. > llQab ia 

Con~equently, to reach the final digestion temperature Ta 

an external heat supply is required. 

The second potential situation for heat recovery is be

tween alumina coolinq d-e and spent liquor heating f-g. 

Unfortunately, the heat eitracted by cooling can only partly 

be used to spent liquor heating because of the need for a 

temperature difference in heat exchange. So only one por

tion "x" of Qde the total depletion in h~at content of 

aluminate liquor could be utilized to the end of heating 

up spent liquor by a heat amoGnt Qfg = x Ode' while the 

remaining /1-x/Qde wouli be lost to the environment by 

free cooling. 

The main components of energy consumption can be recognized 

from the qualitative survey of the process: 

1/ External heat input at high temperature is required 

in the digestion step which would be proportional to the 

"water equivalent" of digestion slurry and the temperature 

gap to be cov~red by external heating. 

2/ A low temperature heat input at the evaporation sec

tion must be provided to restore the water balance. Tho 

required energy depends on the surplus of water gathered 
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in the cycle mainly due to wash water entry. 

3/ Potential areas for heat recovery do exi~~ in the proc

ess cycle! and it may be assumed that effective heat ex

change could strongly improve overall heat economy. 

Special attention will be paid to the points mentioned 

above in a detailed survey, in the course of which every 

major unit operation of the process will be dealt with to 

some depth • 

Before dealing with the characteristic unit opP.rations, 

the chemistry of bauxite digestion and heat transfer 

fundamentals and specialities are investigated in order 

to build a solid basis for calculations that are used in 

energy accounts of the alumina plant. 

These general sections are regarded to be important prac

tical guides to deal with a variety of individual problems 

unique for each given plant and process flow sheet, raw 

material composition, etc. Case examples involving 

numerical computations are presented to serve as a guide 

for action in other applications of the method and pro-

cedure. 

5. Thermal properties of plant fluids 

A thorousr. understanding of what happens in the process 

of bauxite digestion is necessary to compute material 

and heat balances of the operation. 
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Extraction of alumina from bauxite is governed by the 

solubility in caustic soda solutions. The limit of alu

mina solubility is expressed by its saturation concentra

tion which depends essentially on the temperature and on 

the prevailing caustic soda concentration in the digester 

unit, as expressed by the relation: 

CN = kp/m3 
3.903 + 0.0000316T2 - 0.019271T - 0.243.CN 

T - 52 

where: 

CA is the saturation concentration in kp Al
2

o
3

/m3 

CN is the caustic soda concentration in kp Na
2

o;m3 

/expressed as Na 2o; 

T is the temperature of digestion in oc 

The relation may be used for monohydrate extraction in the 160 to 

280 °c temperature range. Table 17 gives CA/CN limits for 

different caustic concentrations and extraction tempera-

tures as computed from the above equation. 

Table 17. Saturation CA/CN ratios 

kp Na
2

o;rn3 140 160 180 200 220 

180 oc o. 85 0.87 o. 90 0.93 0.97 

200 oc o. 93 0.15 0.99 1.02 1.05 

222 oc 1.01 1.04 1.08 1.11 1 . 15 

240 oc 1.09 1. 12 1.15 1.19 1. 22 

260 oc 1.15 1. 19 1. 22 1. 25 1.30 

280 oc 1. 20 1. 23 1. 27 1.30 1. 33 
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The silica content in the bauxite also dissolves in caustic 

liquors and reacts with alumina and with caustic soda to 

form a sodiur.i-aluminium-hydrosilicate which precipitates 

and reports to the red mud. This procedure must also be 

taken into account in order to get the actually requiren 

liquor volumes for bauxite digestion. 

unfortunately, no universally applicable relation can be 

formulated. Bauxite and red mud compositions are decisive 

in deriving a useful relation applicable for the given 

circumstances. A case example might serve well for better 

understanding. 

The average bauxite composition /by weight per cent/ used 

during the period under investigation must be known. In 

the numerical example to be presented, bauxite composition 

was as shown in Table 18. 

Table 18. Average bauxite composition 

Al 2o3 content 50.0 weight per cent 

Si0
2 

content 5.0 weight per cent 

Fe 2o3 content 24 .o weight per cent 

Ti0
2 

content 2.5 weight per cent 

cao content 0.5 weight per cent 

Other clcr:icnts 0.5 weight per cent 

Loss 0::1 i<]nition 17. 5 weight per cent 

Dry bauxite 100.0 weight per cent 

Moisture 17 .0 weight per cent 

Wet bauxite 117 .0 weight per cent 
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A second important information comes from the analysis of 

red mud. Ag~in, the average composition of red mud deter

mined over the period under examination will serve as an 

example in Table 19. 

Table 19. Average red mud composition 

Al 2o3 content 11. 6 weight per cent 

Si02 content 11.0 weight per cent 

Fe2o
3 

content 52.8 weight per cent 

Ti02 content 5.5 weight per cent 

Cao content 1. 1 weight per cent 

Na 2o cont2nt 8.1 weight per cent 

Other elements 1.1 weight per cent 

Loss on ignition 8.8 weight per cent 

Dry red mud 100.0 weight per cent 

From Tables 18 and 19 the weight ratios of dry solids of --
red mud and bauxite can be derived on the assumptio".1 

iron did not react in the digestior. process. 

M 
· red mud - = 

Fe 2o
3 

% in bauxite 

Fe 2o
3 

% in red mud 
= 

24 .O = o. 4545 
52.9 Mb "t auxi e 

that 

Another important result of the bauxite and red mud analysis 

is the formulation of the sodalitc structure. In the in-

vestigated case the insolutle portion of alumina in bauxite 

and the soda losses due to Ti02 reaction were also taken 

into account, and so a sodalite composition of 

1.33 . Na 2o . Al 2o
3 

. 2Si02 is assumed for further 

calculations. The molecular weights involved are: 62 for 

Na 2o, 102 for Al 2o
3

, and 60.1 for Si0
2

. So each ton of 

. ..__ ··-- ··~·· . ~ - - . 
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Si02 will capture 

102/120.0 = 0.85 tons of ~1 20 3 and 

1.33 x 62/120.2 = 0.69 tons of Na
2
o in tht sodalite 

compound. 

Now the extractable alumina f~om one ton of dry bauxite 

can be expressed: 

XAl extr.= XAl total - XAl insol. -
102 

120.2 XSi0
2 

= 

= 0.50 - 0.01 - 0.85 x 0.05 = 0.448 t/t bauxite. 

Soda losses by Si02 and Tio
2 

reaction per ton of dry 

bauxite: 

Nl oss = = 

= 0.686 x 0.05 + 0.1 x 0.025 ~ 0.0368 t/t /ex

pressed as Na
2
o;. 

All these <letai:s were only to show the effec~s of the 

bauxite composition, and the individual method followed 

to deal with any special case of given bauxite and red 

mud. 

The digestion process should be run to get a final CA/CN 

ratio in the <ligestcr discharge that is close to the 

saturution CA/CN ratio for given digestion temperature 

and caustic concentration of the extraction liquor . 
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Close to saturation CA/CN means, in good plant practice, 

that actual CA/CN ratios of the dig~ster blow-off are 

about 92-96 per cent of the saturation ratio for given 

conditions. Overcharge of liquor feed will lower the 

final extraction CA/CN ratio resulting in higher heat con

sumption. 

The volume of digestion liquor can be expressed as required 

to produce one ton of alumina: 

~ + 
CA 

x N 
VEL MB 

extr. CN loss 
/m3/t/ 

= 

CA 
CNL + C~L CN 

where: 

M
8 

is the unit mass of dry bauxite 

CNL is the caustic soda concentration ·of the liquor 

/in Na 2o/ 

CAL is the alumina concentration of the l~quor 

~ In order to give a case example, the above variables will 

be quantified. At an energy audit the unit mass of dry 

bauxite was M
8 

= 2.306 t/t. The extractable alumina was 

determined to be X = 0.448 t/t bauxite, so tl1e AL extr. 
actually extracted mass rate of alumina is 

Aextr. =MB XAL extr. = 2.306 x 0.448 - 1.033 t. 

This is an acceptable figure because the 3.3 per cent 

surplus of extracted alumina would cover losses in the 

course of further processing. Computing now the actual 

liquor volume needed for that bauxite gives: 

j 
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0.448 + 1.134 x 0.0368 m3/t v - 2 306 = 8.195 EL - • 1.134 x 0.200 0.089 

The extraction liquor concentrations in this case were: 

CNL = 0.200 kp/m3 and CAL= 0.089 kp/m3 • 

The CA/CN ratio in blow-off was CA/CN = 1.134. Since the 

digestion temperature was 240 °c, this CA/CN ratio is 

rou~hly 90 per cent of the satur~tion CA/CN, as may be 

~necked in Table 17. 

By relying on the equation f vr alumina saturation concentra

tion, the unit rate of extraction liquor volume may be 

calculated for a given bauxite quality /composition/ and 

for different conditions of extraction temperature and 

caustic concentration/. The remarkable outcome of such 

calculations referring to the bauxite quality of the case 

example are shown in Table 20. 

Table 20. Unit extraction liquor volumes /m3/t/ 

kp Na 2o;m 3 140 160 180 200 220 

180 oc 19.49 16.28 13.55 11.46 9.66 

200 oc 16.38 13.78 11 • 34 9.74 8.43 

220 oc 1 4. 14 11. 78 9.84 8.48 7.29 

240 oc 12.47 10.45 8.91 7.61 6.67 

260 oc 11 . 46 9. 51 8.15 7.08 6.08 

280 oc 10.74 9.06 7.68 6.69 5.89 

. ---- ........ - ...... ·- -- .. -- -- ---·-·~--·-,,,,.,,,,_ .. __ ----...... - -....,...-----·-·-- .. ----·· --..... __ .. _..,._ .... ..-

I 
. ' 



t 

t 
t 
t 
t 

f 

t . 
I 

' ) 
t 

• 

- 101 -

When the unit volume of 7.61 m3/t for 200 kp Na2o;m3 ex-
traction liquor concentratio•1 and 0 c digestion 240 tern-
perature is compared to 8.195 rn3/t as found in the case 
example, a liquor overcharge of 8 per cent occurs. 

Concentration readings of process liquors constitute a 

large portion of usef~l data available in the plant. Many 

calculations of the energy audit are based on concentra

tion data. Volume rates can mostly be derived from them. 

The energy scrutiny aims at establishing heat flow rates 

of process liquors where to specific weights and heats 

of fluids are required. Based on various plant and labo

ratory measurements, equations are used expressing the 

dependance of weight and heat capacity on caustic soda 

and alumina concentrations. For any liquor of known volume 

/VL/ and composition /CNL' CAL/ the weight is: 

~ = VL + 0.0011355 x CN~ + 0.0009395 x CAL /t/ 

When using unit rate of liquor volume 111 3/t and substitut

ing caustic concentration CNL and alumina runcentratian CAL in kp/m3, 

the resulting t-1, is the unit mass rat.e in t/t. 

The heat capacity is expressed by the so-called water 

equivalent. The water equivalent W cau be used in thermal 

calculations as if dealing with as many tons of water. 

WL = ML - 0.000645 x CNL - 0.000667 x CAL' 

or -4 -4 = VL + 4.905 x 10 x CNL + 2.725 x 10 x CAL" 

··--.........._.. ----.... -,-~-~· --·· ... _ ·-----·-- ···-· --· - . -·---·· - ,.. -- ·- ... ··~-.-, ... -·-·-· ........ _. __ ··-· ..... 
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Since the specific heat of water is q w 
0 = 4.1868 MJ/t, C, 

the required heat input for raising the temperature of a 

liquor of known volume VL and concentration CNL an CAL 

from an initial temperature TL1 up to TL2 will be in MJ: 

-4 -4 Or,= 4.1868/VL + 4.905 x 10 x cm.+ 2. 725 x 10 x ~/./TL2-TLl/ 

5.5 Calculations with solids and slurries -------- ---------
All dry solids occurring in the mass and energy balances 

/like dry bauxite, red mud, alumina hydrate and alumina/ 

are considered to have the same specific weight and heat 

capacity. 

With a specific weight c = 3 t/m
3

, the relationship s 
between unit mass and volume of solids is 

M = C x V = 3 x Vs s s s 

M /3 s 

t/t or 

3 m /t. 

The water equivalent of these solids is computed by 

Ws = 0.2 x Ms t/t, a statement expressing that 

the heat capacity of the solid is equal to that of a water 

quantity 20 per cent of the solids weight. 

When dealing with slurries, weights and heat capacities 

of the participating liquids and solids are added to 

attain the totol weight and heat capacities. 
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The boiling point elevation is also an occurance experienced 

with caustic soda liquors which has mostly detrimental ef

fect on heat transfer processes. 

The boiling point elevation is the tem~rature difference 

between the boiling temperatures of caustic solution and 

that of water under the same pressure. Independent of the 

alumina content, it is a function only of the caustic soda 

concentration and the boiling temperature /or pressure/: 

T cm_. CNL 2 
+ 100 1.266 100 - 0.204 100 + 

CW, 2 ~ 
+ 1.092 100 + o. 798 100 

. 0 
At an extraction temperature of T = 240 C and a caustic 

soda concentration of CNL = 200 kp/m3 the boiling point 

elevation is: 

Tbl = 2.94 + 4.12 + 4.37 + 1.60 = 13.03 °c 

The vapour flashed from expanding caustic liquors will at 

first be superheated by ~Tb' but condensing at a heat ex

changer surface at its saturation temperature will be that 

less than the temperature of the expanded liquor. This 

portion of the overall temperature difference between the 

cooling flashed liquor and the liquid on the heated side 

of a surface heat exchanger will be lost for cf f~ctivc 

heat transfer . 

-·---··----· -
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6. Heat transfer in alumina plants 

Surf ace heat exchange plays an important role in the heat 

economy of the Bayer process. 

Looking at the lower part of Fig. 41 it becomes clear that 

the amount of heat lost by the cooling liquid stream w1 
is equal to that gained by the heating liquid w2 : 

Q = w /T ' - T ' I I = w /T I I - T ' I 1 1 1 2 2 2 

where w
1 

and w
2 

are water equivalents of the flow rates 

of the two participating liquids. 

T' 1 

T,, T I 2 
T" 1 
T' 2 

dA 

Fig. 41. Surface heat exchangers 
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With an cverall heat transfer coefficient "k" the basic 

equation of heat transmission through a differential part 

dA of the wall surf ace A
0 

separating the cooling and heat-

ing fluid streams is 

Where /T
1 

- T
2

/ is the local temperature difference at 

the surfac~ section dA. The differential equations for 

both the cooling stream /W1 , T1/ and the heating stream 

;w
2

, T2/ are 

or, rearranged: 

kA x T 1 
kA dT

1 0 and - - x T - dA = 
w, w, 2 

kA x T 1 
kA dT2 0 - - x T - dA = 

w2 w2 2 

The intearation of the above system of differential 

equations with the boundary conditions 

T - T' and T
2 

= T2
11 at A= A0 1 - 1 

results in 

T I I 

2 
T I 

1 

- T I 
2 

- T ,· 
2 

1 -
-/1-w1;w2/ kA ;w1 c 0 

= 

- c 

--~-- -· - ·-·- ................ ·~---------··- ---~--.......... ----·-· - ·-·~-·- .. -~ - ····-~· ··-· -- .. 
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an expression for the efficiency of counter-current heat 

exchange. Mostly denoted by ~: 

~ = 
T"-T' 

2 . 2 
T I - T I 

1 2 
it expresses percentage of final 

temperature ripproach of heating stream to the highest 

Lernperature of the cooling medium. /Would be 100 per 

cent when T2
11 = T,'/ 

The efficiency of counter current surface heat exchange 

depends on two process variables. One of them is the 

ratio of the heat capacities of the participating liquids 

expressed as the ratio of their water equivalents: 

w
2

/w
1 

i.e. ratio of heating to cooling heat capacities. 

The seco~d is the specific heat transmission capacity of 

the cooling stream: kA
0

/W
1

• High heat transfer coeffi

cient k and large heat exchange surfaces A will improve 
0 

efficiency • 

Fig. 42 gives a quantitative information about results 

of relevant calculations. 

1.0 
0.9 
0.8 

~1 
0.7 
0.6 

OS 
0.4 

0.3 
0.2 
0.1 

so 20 

0 1 2 4 6 8 10 12 14 16 18 2 0 

--- kAo 
Fig. 42. Heat transfer efficiency w, 
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For the unique case of w1/w2 = 1 the efficiency is 

1 

1 + 

which might be used to advantage for approximate plant 

calculations with w1/w2 close to one. 

Flash-type heat exchange is used extensively in alumina 

plants, mostly in a series of flashing steps and heat 

exchanger sections, as shown in Fig. 43. 

Fig. 43. F.lash.-type heat exchange . 
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On the shell side of any exchanger section, vapour con

densation will occur at the saturation-temperature deter

mined by the vapour pressure of that section. In any sec

tion, of the heat exchanger the conditions will be similar 

to those shown in f!9~· 

T" T' 
2 2 

T" 1 

T' 1 

Q 

Fig. 44. Q-T diagram of heat transmission 

The heat rate transmitted through the heating surface is 

raising the temperature of the passing liquid stream: 

T"-T 1 

1 1 
Q = k x A 

ln 
T"-T 1 

2 1 

T 11 - T I 

2 1 

rearrang~ent leads to 

T"-T 1 

2 1 kA = w, ln or 
T 11 -T" 

2 1 

By introducing 

= w /T I I - T I I 
1 1 1 

T 11 

2 

T I I 

2 

- T I 

1 

- T I I 

1 

= e kA/W1 

T ' 1 
- T 11 = /T ' 1 

- T '/ -/T ' 1 
- T '/and rearranging: 2 1 2 1 1 1 

t ... 
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/T2 
I I - T '/ - Tl 

I I 

1 1 
= kA/W1 T2 

I I - .., I 

e ... 1 

T2 
I I - Tl • 

1 1 = - = 
T2 

I I - T2 
I 

The efficiency turns out to be 

1 
~ = 1 - kA/W 

e 1 

- T I I 
1 

1 -
~ 

and the heat transfer coefficient: 

K = W ln ~ 
A ¢-1 

= 

So there are very convenient expressions to calculate 

heat transfer conditions in a shell-and-tube heat ex

changer used to condense flashed vapours. 

The condensation temperature T2
1 = T2

11 will of course 

be lower than the t~mperature of the liquor the vapour 

has been flashed out from. The difference is the elev~

tion of boiling point due to the caustic soda content of 

the liquor. 

Heat recovery in most digestion plant units is performed 

by a multistcp flash system. Heat capa~ities of process 

streams flash-cooled on the one side and heated on the 
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other are equal, when condensed vapours 

to the process slurry, as mostly dcne. 

slopes of cooling and heating lines in 

run parallel to each other as shown in 

are flashed parallel 

When w1 = w2 the 

n 

Ti - T 2 = T 1' - T 1 = L ( A Ti ) 
i = 1 

w, 

a Q/T-diagram will 

Fig. 45. 

~Tb 

·--1----1 ~ r, 
bT1 

r· 2 

T" 
1 

tg _f = 6 T = 1 Q W T (}\. , r::,,, = fl, 
6Q w 
n n 

QR= L ( 6 Qi ) = w I ( 6 Ti ) . 
i =1 i = 1 

Fig. 45. Q/T diagram of flash heat recovery 

A dotted line running at a distance of 6Tb under the line 

of cooling slurry w
2 

is the temperature available for heat 

.transfer, much like as if water would be flashed from a 

temperature T-2 ' - · ATb down t.o T 2 '' - ATb. 

The temperature drop in one flashing step is 

6T = 1 

The approach temperature gap in each stage can be calcu

lated as 

= 
6T. 

1 

ekA/w_ 1 

I 

i 
I 
l 

I 

t 
~ ·-



f 

f 

' t 

I 
I 
I 

' ~ 
' 

- 111 -

It becomes obvious that the number of flashing steps "n" 

and the specific heat transfer capacity "kA/W" will defi

nitely influe~ce the final approach temperature difference 

as expressed in the equation 

1 
1 + ----.,----kA/W 

e -1 
T I - T I I = AT +/T '-T '··AT I 

2 1 b 2 1 b 1 
n_ + kA/W 

e -1 

The number of applied flashing steps will strongly in

fluence heat recovery even with the same W, k, and total 

A engaged. 

A case example may best illustrate how heat recovery 

improves in consequence of increasing the number of flash

ing steps and dividing the same heat transfer area accord

ingly into smaller units. 

The data used i~ t~~ calculations are: 

0 0 0 
T1

1 = 95 C, T2
1 = 230 C, ATb = 12 C 

WI 
0 2 0 

= 244 MJ/h, C, k = 6.28 MJ/m ,h, C 

- 2 Atotal - 146.7 m 

The results are given in Table ~1 • 

.. ,_..... .... _ ... - .... - ··----· ·-····- -·····------_. . ...,.. .... ----·-·T""'•-.-r--..-.---·--··----· ...... -.... ---
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Table 21. Number of flashing steps and heat recovery 

Variables 8 16 32 64 Units 

A. 18.34 9. 17 4.58 2.29 m2 
1 

kA./W 0.47 0.24 0.12 0.06 
1 

kAi/W l 0.603 0.266 0.125 0.06 
e -
T I '-T I I 45.8 41.6 33.9 36.3 oc 

2 1 
T1 

I I 184.2 188.4 196.1 203.7 oc 

~ 0.661 0.692 0.749 0.805 

n 8 16 32 64 

7. Energy audits of digestion, clarification and pre

cipitation 

The basic information for the mass balance of digestion 

comes from the cor,centration readings of the digestion 

liquor /C~EL' CAEL/' from the CA/CN ratio in digester 

blow-off and from bauxita and red mud composition as 

detailed earlier. 

The unir volume of digestion liquor can be calculated as 

VEL = 

CA 
X + ~ x N 

Al extr. CN loss 

and the unit mass rate and water equivalent 

MEL= VEL/1 + 0.0011355 x CNEL + 0.0009395 CJ\EL/ ~t/t 
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' WEl· = MEL /1 - 0.000645 x CNEL + 0.000667 4< CAEL/ Mcal/h,oC 

' The unit mass flow and water equivalent of the bauxite feed 
is 

' 

' I 
t 

~ 
t 
t 
j 

I 
I 

/t/t./ 

/Mcal/t, 0 c; 

where MBW and MB stand for wet and dry bauxites. 

The unit heat capacity of the extraction slurry feed will 
be: 

/Mcal/t, 0 c; 

The resulting mass of preguar.t liquor can be computed from 

th? mass balance of the extraction step: 

/t/t/. 

wherein the unit mass of red mud is calculated from the 

iron content of bauxite and red mud: 

M = M rm B 

Fe bx 
Fe rm 

/t/t/ 

The term "pregnant l~quor" denotes here the liquid phase 

of the extracted slurry at the end of digestion and before 
flashing. 

The alumina content brought into the process by the diges

tion liquor would be replenished by the alumina extracted 

from bauxite, whereas the caustic soda content carried by 

...__. ______ ·--·- .............. . 
. . ., .•. - .... ,_. - ....... ___ -··· ... 

l 



I • ;I 
! 
,j 
ii 

ii 
;I 
H 
:1 

,j 

:I 
I 

I 

j 
l • I 

t 
t 

I 

ij 
:f 
il 
·' , 

I 

; 

- 114 -

the digestion liquor would be diminished due to the sodalite 

reaction: 

N = VEL x ~EL - MB x Nloss t/t 

The liquid of the original digestion liquor would be diluted 

by the water entering from bauxite moisture and, from the 

difference of H2o bound i~ bauxite and red mud crystal 

lattices respectively: 

Mw DIG = WxMB+/X. 1 bx ign. oss 
Fe bx 
Fe x Xign.loss rm/xMB 

rm 

On the other hand, a considerable amount of water would 

leave the digested slurry by the flash cooling. 

The water vapour flashed in any step is.directly proportio

nal to the water equivalent of flashing s~urry WE. to 
J. I 

its temperature drop in the expansion /TEi - TE/i+ 11;, and 

inversely proportional to the latent heat 

/hE'';i+1/ - hE,/i+1// at a saturation temperature of 

TE/i+1/-h.Tb~ 

ME/i+1/ 
= WEi/TEi - TE/i+1/ 

hE
11

/i+1/-hE
1

/i+1/ 

The situation mostly experienced is shown in Fig. 46, where 

condensed vapour ME 1 through ME? are flashed in parallel 

lines with the expanding slurry, so that the full amount 

of flashing fluid does not change. The vapours that left 

the flashing slurry stream in the course of repeated ex-

• 
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' t Msr·h' Msr. h" 

T1 =TH ti T2 =Ti +.6Tb 

' 
ME1 

TE1 

ii» TH7 
M 2 

TE2 ' t 
I 

TH6 
ME3 

TE3 

t 
THS 

ME4 
TE4 

f 
TH4 M 

TES 

I TH3 
ME6 ; 

TE6 

• TH2 
M E7 '·t TE7 

TH1 
ME a 

TEB 

To T3=TEa•6Tb 

Wom L(MEi) WoIG-[(MEi) 

Fig. 46. Flow sheet of digestion 
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pansions are conducted to the heat exchangers and continue 

to expand as proceeding to ever lower pressures. So the 

vapours missing from the slurry side are accumulating in 

the parallel condensate stream. The heat balance of the 

whole heat recovery section can be ~et up then according 

to Fig. 47. 

Heat delivered by flash cooling: 

Heat gained in the heating line: 

/MJ/t/ 

The difference between the two gives the radiatidn loss 

of the heat recovery section /QLR/. 

When analysing this heat loss in the T-Q diagram, the 

slope of the heating line T
0 

- T
1 

appears to be flatter 

than that of the cooling line T
2 

- T
3 

as shows in Fig. 47 • 

T oc 

T2 ------

T1 - --
, I , I . I , 

=---~mGJ!z-T1) ~---i-9-Ls 

_L_M_s~r_(_h_".-_ h_'_) _ _j 
I I 

I 

---1 
.. Q 

MJ/t 
Fig. 47. T-Q diagram of digestion 
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In the section heated by live stream, the temperature of 

the digestion slurry reaches its final T2 temperature. 

The main part of alumina is thought to get dissolved here, 

a reaction absorbing energy, and further heat loss by radia

tion must be reckoned with in this section, too. 

So the heat delivered by the condensing live stream 

QST = MST/h'' - h'/ in /MJ/t/ will always be more 

than required for raising the temperature of the process 

fluid from T
1 

to T
2

• The difference may be accounted for 

reaction heat and reaction loss which flattens the heating 

line as compared to the ideal slope expressed by 

1 = 
4. 1868 x WDIG 

T = tana. 
Q 

In Fig. 47 this part of heat loss is given as QLS" The 

heat supply of live steam has to compensate for all heat 

losses as shown in the graph. From temperature measure

ments of flashing vapours /Tv 1 through Tv
8

/ and correspond

ing slurry temperature readings of heating slurry strea~ 

between T
0 

and T
1 

the mean logarithmic temperature dif-

~ ference can be computed as described earlier. By taking 

the heat flow rates ;w01G/ and the corresponding heat 

transfer areas /Ar/ the heat transfer coefficient for each · 

stage can be ~stablished. 

A term for average heat rransfer coefficient of the entire 

heat recovery section may be calculated according to 

I /Ai. . Ki/ 

L /Ai/ 
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The average heat transfer coefficient is an important 

result of the energy audit, because it determines the 

efficiency of heat recovery and, by that, the live 

steam consumption of digestion as well. 

Heat re~overy is but one benefit of flash cooling. 

The other important g~in is water extraction. The total 

water separated rJMEi/ is_ a substantial contribution to 

restore the water balance of the cycle. 

7.2 Clarification 

Primary aim of this operation is to separcte red mud from 

aluminate liquor. Red mud discharge for dumping should 

be made with least losses on solubles /caustic soda and 

alumina/, achieved by counter-current decantation. 

Sedimentation in thickeners is mostly applied. Fig. 48 

shows a series consisting of one thickeuer and five wash 

settle:rs: a frequent arrangement used in alumina plants • 

The digested and flash-cooled s~urry enters as feed VF and 

mixes with overflow· of the first washer /stage 2/ V02 • 

Diluted aluminate liquor leaves as thickener overflow v01 • 

At the other end of the wash~r series, wash water Vw enters 

the last washer /stage 6/ wherefrorn vu6 discharges to red 

mud dumping. 

The energy balance concentrates on unit heat flow rates 

which come into and go out from the process unit. The dif

ference between the two appears as heat loss radiated to 

the environment. The heat content of the last stage under-
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flow discharged to the mud dump constitutes a significant 

waste heat item of the plant. 

To quantify the heat balance, a mass balance is set up 

first. Readings of solids concentrations /Cs/ may be used 

to calculate unit underflow volumes /V /. u 

Any volume of slurry consists of a liquid and a solid 

portion: 

with the mass /Ms/ and the specific weight /~s/ of the 

solids content known: Vs= M ;, /, and solids concentration s s 

expressed by 

M M 
c = 

s s = + M /<;;. s VL + v VL s s s 
/t/m3/ 

or rearranged: 

Ms 
VL 

c = 1-Cs/<;;.s 
. s 

/t/ 

and VT 
1-Cs/<;;.s 

M 
•-' cs s 

The last expression is very helpful to calculate the under

flow volumes of the setters. The unit mass of solids 

moving down through every settler is the red mud calculated 

to be: 

·---..-·-- ... --. ____ ... ,.--~-·--·· ---·-· -- .. --~~-----~,.,..,...~·~-~ ____ ... _. _,.... 

·I 
,I 
:1 

I 

" Ii 

f 
;r 
i' 
!' 
I· 
1: 

j'. 

j 
I 

I 



' I 

l 

l 
f 

Je 
1 , 
I .. 
t 

i . . ; 

1 

~ 
I ,, 
' 

i 
' ' i 
i 

·; ' 
' !! .. 

'i 

I 

c ..... ca. r' 

nr "'' 

- 120 -

Stage 1 
THICKENER 

Vo1 
C1 
T1 

VU1'CS1 

@)o9-----

Stage 2 
1st WA SHER 

f V 01+ ,__ _ ___.__ _ __, 
Stage 4 

C4 3rd WASHER 
T4 

Vu4 , C S4 

r-----·n~ 

Stage 5 Vos 
4th WASHER Cs 

Ts 

Vus • Css ..,. Vw, Tw 
'Y 

Cw 

Vu6 ,Cs6 
Fig. 48. Flow sheet of settl;_ng-washing 
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Feb Y. 

~ 
taking the data used earlier 

rm 

in the case example this would result in: 

Ms= Mrm = 2,306 • 0,4545 = 1,048 t/t 

In this way the readings of solids concer,tration /C I s 
could directly be used to calculate corresponding liquid 

volumes of the underflow, as shown in Table below. 

3 
The specific weight of solids was taken as ~s = 3 t/m . 

Table 22. Solids concentrations and liquic volumes in under

flow 

0. 200 o.3oo 0.400 0.500 0.600 o. 700 

4.891 3.144 2.271 1.747 1.397 1. 148 

Referring to Fig. 48 the underflow volurr.es can be computed 

from solids concentrations: 

= M rm 

= Mrm 

1-C 
1 

/r;,. s s 

cs1 

1-C 6/c s s 

The balance of caustic soda can be written for any stage. 

Denoting the caustic soda concentration by the subscript 

number indicating the stage to whici1 it belongs, the over

flow volume can be evaluated: 

/1/ 
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CF - c 
V02 VF 

1 = 
c, - c 2 

/2/ 

c, - c 
V03 VU1 

2 = 
c2 - c 3 

/3/ 

c2 - c 
V04 VU2 

3 = 
CJ - c 

4 
/4/ 

c3 - c 
vos VU3 

4 = c4 - c 5 
/5/ 

c4 - c 
V06 VU4 

5 = cs - c 
6 

/6/ 

cs - c 
vw vus 

6 = 
c6 - c w 

~--

/7/ 

Equation /1/ comes from the overall volume balance of the 

whole settling-washing operation. 

Equation /7/ is important because it determines the red 

r.ud wash water which is the largest item in the water 

balance of the plant. 

Mass flow rates /M/ and heat capacities /W = water equ:i.vd-· 

lents/ can be calculated as shown previously. The overall 

heat balance will be: 

1. Unit heat rates in: 
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.. 

2. Unit heat rates out: 

2. 1 001 c W01 x T 1 

2.2 OU6 = w - x .,, 
U6 .. 6 

2.3 OAAD loss = OF + Ow - 001 - 0u6 

Remark: OU6 is regarded as waste heat discharged. 

Precipitation of alumina hydrate crystals from super

saturated liquor gradually changes its composition. First 

of all the alwnina concentration will fall. With concentra

tion readings before and after precipitation for example 

of 

- 3 3 ~Al - 135.5 kp/m CAl = 65.7 kp/m 

the difference between the two is cA1-cA2 = 69.8 kp/m
3

• 

S~nce the molecular weights of Al2o3 and Al 2o3 .3H 2o are 

102 and 156, 69.8 kp Al
2
o

3 
means 106.8 kp Al 203"3H 2o, so 

that 106.8-69~8 = 37 kp e
2
o are also taken out of each 

rn3 of initial liquor volume. Consequently, the initial 

caustic soda consentration ;~ 1 / of 140 kp/m
3 

in the case 

investigated will increase to: 

CNl x 1.000 

1.000 - 0.037 
= 

140 
0. 963 = 

3 
145.5 kp/rn 

So the alumina precipitated from one cubicmeter of 

liquor 

• ·-· ••·-·~···-··--··-·-·-- -----·· .-.-.- .,. .... ,-.r. -r-· __ ,. __ ..,.... .•,.4 ·- ,. -
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1 :~:~- I= 1s.1 

3 kp Al20 3/m 

With, for instance, VAL= 13.7 m
3

/'.:., the alumina output 

would be 13.7 x 75.1 = 1029 kp Al2o3/t, that is, 2.9 per 

cent more than theoretically required • 

The precipitation secti0n consists of diverse functional 

parts, and a flow sheet as shown in Fig. 49 will be help

ful for further considerations. 

r-- ---------·-
! 
I 

! ORY HYDRATE ORY 
Prod. 

1 MOISTURE filter 
No 11. 

Wwo ,Two 

--· ----·-r2 --- -· -· -· 1 
C 

VAL1CA ,CN1 
HYDRATE p d A21( N2 

. ro · Precipit · 1 
X. V filter s entli uor ation 1 

No I. 

Seed 
filter 

Vw1 C NW1 
CNw1 

I (1-X) Vsp,Tsp .. 

v • 

L-·--·--·--·---·--·--·--·-- --·· 
_ _J 

Fig. 49. Functional flow sheet of ~recipitation 
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The energy balance of precipitation consists of incoming 

heat flow rates, the energy generated by the crystalliza

tion reaction on the one side, and outgoing heat flow rates 

and radiation losses on the other side of the balance. 

The recycling seed flow must not be considered because it 

is fully confined within the balance bouwlary. 

The unit heat of aluminate liquor feed is 

QAL = 4.1868 x WAL x TAL1 
MJ/t, where 

and 

VAL being the unit volume rate of aluminate liquor; 

. cN
1 

its caustic soda-, cA
1 

its alumina concentration. 

The product hydrate discharged to calcination consists of 

the dry material Al
2
o

3
.3H

2
o which was found to have the 

unit mass rate 

MHD = 1.029 t/t, and the moisture represented in 

weight per cent would typically be about W = 12 per cent, 

so the total wet hydrate weight is 

MHW = /1 + W/MHD = 1.12 x 1.029 = 1.15 t/t 
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The unit heat flow rate of hydrate discharge 

/MJ/t/ 

where TH is the temperature of product hydrate. 

The unit mass of spent liquor can be calculated from the 

precipitation balance 

t/t and 

VSP = MSP - 0.0011355 x CN2 - 0.0009396 cA2 

The wash water intake and outlet may be computed by using 

concentration readings in the washing process. The 

required information is gained by stepwise calculations. 

The portion of spent liquor washed out in the produc-

tion filter No.I: 

whic!l in unit mass rate is: 

XMSP = X VSP/1+0.0011355 x CN 2 + 0.0009395 CA2 / t/t 

Mass balances around the production filters No.I and No.II: 

t/t 

t/t which converts into 

VW
2 

= ?\J
2
-0.0011355 x CNW 2 - 0.0009395 x CAW2 
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The remaining portion of spent liquor computes to 

The concent~~ations, mass and volume rates of all streams 

have been found. 1bere is no difficulty in setting up the 
associated unit heat flow rates. 

:!eat balance of precipitation: 

1. Unit heat rates in: 

1.1 Aluminate liquor QAL = 4.1868 x WAL x T
1 

1.2 Wash water in Qwo = 4.1868 x WAL x Two 

2. Unit heat rates out: 

2. 1 Product hydrate QHW = 4.1868/0.2~0+1.0/MHW-MHD//TH 
2.2 Spent liquor QSP = 4.1868/1-x/WSP x TSP 
2.3 Wash water out QW2 = 4.1868 x WW

2 x TW2 

2.4 Radiation loss QRL = QAL + 0wo - /QHW + 0sP + 0w2I 

Discussion of results: 

The radiation loss caused by free cooling of the aluminate 

liquor during the time of precipitation constitutes the 

most significant part of the total radiation loss of 

the cycle. Every modification in precipitation technology 
resulting in inproved liquor utility, expressed by 
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kp Al2o3 prP~ipitated 

m3 alurninate liquor 

· will reduce the unit volume of aluminate liquor by 

1000 
VAL= a /m3/t/, and its heat capacity to 

, 

1000 -4 -4 
WAL= -a-+ 4.905x10 XSl1+2.725x10 xCA1 t/t. 

The unit rate of hydrate wash water VWO should be kept 

as low as possible because it helps to reduce evapora

tion load. Live steam consumption in the evaporators 

is proportional to the amount of water to be removed 

from the liquor cycle. 

_ ____. .... 

8. Evaporation 

In an ideal evaporator without any heat loss and with 

negligible temperature difference between the heating steam 

and the heated water, any ton of steam would evaporate one 

ton of vapour from the water which would be at the same 

pressure and temperature as that of the steam. 

The condensate of the heating steam would also have the 

same temperature as the boiling water • 

With any temperature difference between the heating steam 

and the evaporating water, the vapour pressure and tempe

rature would be lower than that of the heating steam, 

although there would be no significant difference between 

their respective enthalpies. 
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The vapour of the first evaporator could be utilized in 

the second evaporator, with a boiling point below that 

of the saturation ·temperature of the first vapour. This 

way of thinking led to the concept of double- and multi

effect evaporation, where a series of evaporators are 

linked by heating vapours of gradually decreasing pressure. 

The steam consumptioh rate per unit of evaporated water 

decreases with the number of effects /n/ applied; steam 

economy will be better for liquids of lower boiling point 

elevation, and deteriorate with higher rise of boiling 

points. Table 23. below gives approximate data. 

Table 23. Stearn consumption rate per unit of evaporated 

water 

nurrber of steps 

steam runsuned 

water eva[X)rated 

lON 

high 

1 2 3 4 5 6 

1.1 0.57 0.40 0.30 0.24 0.21 

1.3 0.65 0.48 0.36 0.28 0.24 

In the flow sheets of Figures 50 and 51 roman numbers 

denote the sequence of evaporator stages along diminish

ing vapour pressures. The arabic numbers attached to 

each roman number indicate the sequence of liquor flow 

through the individual evaporators. 

The cocurrent flow evaporator in Fi9. 50 features evapora

tion stages with both roman and arabic numbers increasing 

~-.----·-·-·----· . -... ---
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in the same direction. Liquor enters stage I/1 at high 

temperature and is heated by live steam. Liquor boils 

down in succession over II/2, III/3 to IV/t at ever 

decreasing temperatures, heated by constantly falling 

temperature vapour. One cf the most useful features of 

cocurrent flow evaporators is the spent liquor preheater 

series heated by vapours extracted from appropriate eva-

porator stages, also shown in Fig. 50. 

1/1 11I2 lll/3 

LiVE 

STEAM 

Fig. SO. Cocurrent-flow evaporator 

SPEN_T LIQUOR IN. 

HOT 
WELL 

STRONG 

LIQUOR 

Preheating could at best bring liquor temperature close to 

the first vapour temperature which would still be lower 

than the liquor temperature in the first evaporator vess~l 
/at least by the difference of boiling point elevation/. 

Anyway, the steam economy of the evaporator plant will be 

the better the more the final preheat temperature will ap

proximate the boiling temperature in the final vessel. 

With a GL fraction of the total live steam consumption 

required to bring the liquor to boiling, only the remain-

ing part GE would vapourize the liquor. 
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The multiple use of steam will apply only for that portion 

of heating steam which is actually engaged in vaporization • 

Similarly, each portion of vapour extracted from any stage 

will not precipitate in evaporating in the remai.ni.nc; effects. 

Spent liquor enters evaporator IV/1 cf the counter current 

flow evaporation scheme in Fig. 51, number IV indicating 

the vessel with the lowest vapour pressure. So spent liquor 

feed temperature will be close to the boiling point in the 

vessel and there is no sense in liquor preheating as practiced 

in co-current flow evaporation. 

Instead, the high temperature liquor discharge from stage 

I/4 heated by live steam is flashed through a sequence of 

expanders EI, EII, EIII, EIV, the roman numbers indicating 

the vapour pressures of the comparative evaporator stages. 

LIVE 

STEAM 

EI 

Fig~--~· Counter c~rr~nt evaporator 

HOT 
WELL 

~ LIQUOR 

EIV 

STRONG 

LIQGOR 
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Additional evaporation takes place in the flashing stages 

and flashed vapours are fed back to appropriate evaporator 

stages, contributing effectively to reduction of live 

steam requirement. Temperatures of both spent liquor feed 

and slurry liquor discharge will be close to each other. 

The advantage of using vapours extracted from the evapora

·tor stages for heating purposes may be elucidated by 

quantifying live steam requirements of two different solu

tions serving the same purpose, namely to evaporate WE tons 

of water and additionally raise the temperature of a process 

liq1.iid WL .by a temperature difference of /T 2-T1 /. ---~ 

In one case the problem is solvec - as shown in Fig. 52 -

by using a five-stage multiple effect evaporator with the 

..,'!j_L i_T 2_--1J _________ -I 1--_w_L .. 1J_1 _ 

. 9 

Fig. 52. Case solution No.1 
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capacity to evaporate a total of WE tons of water i:1 fh·e 

equal parts, and a separate heat exchanger, to raise the 

temperature of the process liquid Wr. by /T 2-T1/ centigrades. 

Total live stedm required in case 1: 

Another answer to the questio.' is shown on the flow sheet 

in Fig. 53. 

_ _... GH 
4 

Fig. 53. Case solution No.2 

Because total evaporation in 

WE WE 
I 4GH 

5 5 = 5 C" + -4- + 
J 

WE 
I 10 GH 

= 5 + --4--5 

WE 
I 

WE 
5 5 

1 () 
Gil -5-- = 5 4 

both 

3GH 
+ 4 

G 
E 

GH 
4 

cases is 

2GH GH 
-4- + -4 

the ref ore 

so 

= 
\•! ' e 

5 

equal 

= 

l 
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substituting into equation above 

G 
H 

Total live stew-n required in case 2 is: 

So the diffcrcnc2 in total live stream requirements between 

the cases is G1-G2 = t GH i.e. half of the stenm required 

for ~reheating the liquid WL from T
1 

to T
2 

is 3aved by 

using extracted steam. 

Healing with live steilm can fully b~ realized in liquor 

heaters, so the heat transf2r takes place always between 

condensing vapours on the shell side and the process liquor 

flo~in~ through the tubes of the heat Pxchanger. /In 

multiple effect evaporators the condensing vapours heat 

a boiling liquid./ 

The flash evaporation is similar to digestion with flash 

type heat recovery. To get the required quantity of water 

out of the liquor, either a wide temperature range of 

flashing, or large volum~ rates forced through the flash

ing process is needed. 

To increase flashing volume rates, one portion of liquor 

discharge is recirculated for repeated flashing. Its 
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use is limited to low caustic concentration types of Bayer 

cycles where large volumes and small concentration dif

ference between spent and strong liquors are available. 

LIVE 

STEAM 

STRONG LIQUOR 

Fig. 54. Flash type evaporator 

The steam economy depends mainly on the number of flashing 

stages applied, and is of similar magnitude to that of the 

comparable mulcieffect evaporators • 

Another way of improving steam economy is to rise the 

vapour pressure by compression to the level of the heating 

steam. Again, the live steam consumption can be cut 

sharply. This concept is called thermo-compression. It 

requires only a single evaporator stage. No hot well loss 

occurcs but additional shaft power is needed to drive the 

co~pressor. A small amount of live steam is required to 

compensate for heat losses. 
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Vapor 

Strong liquor out 

Spent liquor in 

Fig. 55. Therrnocornpression type evaporator 

The overall economy of the thermocornpression and the 

multistage evaporation depends on the local cost ratio 

of steam and electricity. 

Case example as given in Table 24 may serve as guideline 

for making the choice under the prevailing local price 

conditions: 

Evaporation W = 50 t/h 

Eoiling point elevation Tb = 10 °c 
Total temperature difference of heat 

transfer T = 20 °c 
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Table 24. Economy of thermocompression 

/after Kondorossy, Ref. 69/ 

emsumpticn 

Thenro- 5-stage 
caTipression Multieffect 

Live steam 0.3 t/h 12.5 t/h 

Electricity - 900 m3/h 

EnP_rgy costs 959, 100 ~ 1,287,0X> ~ 

per annum 
in case r. Difference=+ 1,269,450 $ 

Energy costs 585,C(X) i 1,854,450 ~ 

per annum 
in case II. Difference::+ 1,269,450 $ 

Ener9Y prices 

Case I. Case II. 

10 1>/t 30 ~/t 

0.025 ~/m3 0.05 ~/m3 

__ ,... 
Remarks: 1 / The installation cost of the thermocorr.pressor 

unit will be $ 500,000 more than that of the 

5-stage multieffect evaporator unit. 

2/ The annual energy costs have been calculated 

on a basis of 7800 hours per year operation. 

The probable choice will be thermocornpression in regions 

with abundant and cheap hydropowcr, or with costly fuel 

resources /natural gas, fuel oil/ for steam generation. 

When the generation of electricity in a region is based 

on thermal power stations, the most economical solution 

will very likely be the application of rnultief f ect or 

flash type evaporation. 
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The energy audit concentrates upon the heat balance which 

in turn is footed on the mass balance. They again strongly 

depend on the process flow sheet of the evaporation section. 

The procedure can therefore best be shown by taking the 

existing plant flow sheet /in the case to be discussed, 

this is a co-current type 4-stage evaporator with feed 

liquor preheat by extracted vapours from three stages -

as given in Fig. 56. - to avoid lengthy generalizations. 

Gtt 

G.T.p GE 
Steam 

VF 

CNF I 
I 
I G, TK 
L------• 

Steam condensate 

Fig. 56. Evaporation flow sheet 

Hl 

.__.._, 

I 
I 
I 
I 
~ 

Liquor feed 

Coo tin 
water 

-1r] v, : I 
~.;...;,l...L....;.~~:;.:... 

C N i'v discharge 
' 

ti~~ W,~'!f ru h T_y~ .. 
Vapor condensate 

The unit mass flow rate of the liquor feed and its com

position can be calculated by known unit volume rates of 

spent liquor and hydrate wash to be calculated and their 

respective alwnina and soda concentrations: 
' 
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-3 -3 
~ = /VSPL + VHW/ + 1.1355x10 x NF+0.9395x10 xAF /t/t/ 

The water equivalent /expressing specific heat capacity in 
0 -

Mcal/t, C/ of liquor feed 

WF = ~ - 0.000645 x NF - 0.000667 x ~ /Mcal/t,
0 c/, 

and the heat flow or evaporation liquor feed: 

QF = WF x TF which boils down to 

/Mcal/t/ 

The uni t"--volume rate of strong liquor discharge can be 

derived from its measured CNST caustic soda concentra

tion: 

/m3/t/, its unit mass rate: 

/t/t/, 

wherein: 

NST = VST x CNST /kp/m
3

/ and 

AST = VSTx CNST 
AF 

/kp/m
3
/, assuming that 

NF 

the CA/CN ratio remains unchanged during evaporation • 

.. 
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' The heat flow by strong liquor discharge 

-4 -4 
QST = /V5T+4.905x10 xN5T+2.725x10 xAST/TD /Mcal/t/. 

Unit mass of total water evaporated l 

/t/t/ 

The unit water masses evaporated in any stage ;w
1

, w
11

, 

w111 and w1vl can be derived by similar procedure. 

The heat content of live steam and vapours can be taken 

from steam tables by their pressure and temperature 

readings. With hsT'', h 1 '', h11 ••, h
111

•• and hrv'~ denot

ing heat contents of live steam and vapours from stage 

I to IV and condensate heat contents hsT'' h
1
', h11 ', 

h111 ', and h1v' the overall energy balance will be: 

1. Unit heat rates in: 

-4 -4 
1.1 Liquor feed QF = 4,1868/VF+4.905x10 xNF+2.725x10 xA.rlTF 

1.2 Live steam QST = G x h5T'' 

2. Unit heat rates out: 

. 
-4 . -4 

2. 1 Liquor discharge o0=4, 1868/Vsr+4.90?x10 xNsr+2. 725x10 As-!To 

2.2 Vapour to hotwell QH = WIV x hIV 
I I 

?.3 Vapour condensate 0vc = /WI + WII + WIII/hIII ' 
2.4 Steam condensate 0sc = G x hST ' 
2.5 Radiation loss QRL = /QF+QST/-/QD+QH+Qvc+0scl 
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An overall survey would furnish the information as given 

in the energy balance above. 

The heat balances of individual evaporator vessels and 

attached heat exchangers can be calculated /I/1 + H4/, 

/H/2 + H3/, /III/3 + H2/ and /IV/4 + H1/, for an elaborate 
, . 

ana~ysis. 

Upon evaluating the information gained by detailed heat 

balance calculations, the magnitude of losses should be 

dealt with. The reject heat loss to the hot well /which 

can be one of the highest in the cycle process/ will be 

proportional to the total water evaporated. 

The heat loss to the hot well cannot be eliminated as long 

as there is a need for special evaporation to restore the 

water balance in the cycle. 

Heat consumptions of digestion and evaporation may to some 

extent substitute each other because evaporation reduces 

liquor quantity required in the digestion section and 

thereby cuts heat consumption of the digester. 

A case example mukes the point clear: 
') 

With 15 m~/t unit liquor rate in digestion, 11.5 GJ/t 

high temperatJre heat is needed there. Making higher 

liquor concentration of C.ic_;estion by a unit evaporation 

rate of 4 m3/t, the heat consumption of the digester drops 
3 to 8.7 GJ/t. On the other hand, 4 m water evaporation 

requires about 4.5 GJ/t low pressure steam. The total heat 

consumed in the latter case 8.7 + 4.5 = 13.2 GJ/t is higher 

than 11.5 GJ/t of the low concentration extraction case. 

' ' ' \1:: f 1' <-- ,,. I ' 
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hben a back pressure turbine operatP.s in the plant, the 

merits of low cost cogenerated electricity may again tilt 

the balance in favour of increased evaporation. 

Performance of the evaporation plant can be quantified by 

relating steam consumption to the evaporated water: 

live steam G G 
= = 

Unit heat rates as computed can easily be converted into 

heat rates per hour when multiplying by the average alu

mina output of the plant during the period of auditing. 

These data combined with more temperature readings and 

the heat transfer areas involved, allow the calculation 

~£ heat transfer coefficiP-nts and heat transfer efficiency 

in the heat exchangers and evaporators. 

9. Calcination 

In a calciner plant, high temperature flue gas.is generated 

by the chemical reaction of fuel combustion. The heat 

content of the fuel gas ls gradually dissipated by radia

tion and convection, with a simultaneous steady decrease 

of flue gas t'emperature. Finally, it leaves the calciner 

at stack temperature. 

At the other end, a wet filter cake is fed into the kiln 

and is heated in counter current heat exchange by cooling 

flue gases. First the adhesive moisture is vapourized and I 
f 
f 
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superheated. This drying process takes place in contanct 

with flue gas in the 200-600 °c temperature range. At 

about 900 °c a reaction takes place which absorbs energy: 

the alurninahydrate crystal structure is split and released 

water molecules are evaporated. On further heating to 

about 1200 °c a crystal modification of alumina is taking 

place, which is important for its use in the smelter. 

The process is essentially a counter current heat exchange 

procedure ~s illustrated in the functional flow sheet of 

Fig. 57. 

Fuel 
I Flue gas 

Ai.- I Air 
gas .. 

:: 'Air heater Calciner 
Ory_ Dryer 

I Flue 

Wet 
rAlUMINA COOLEI Alumina 

hydrat~ - - ' 

' 

C oo Ii n g ~ate r out 

Alumina cooler Cooling water in 

ALUMINA 

Fig. 57. Functional flJw sheet of calcination 

There are three bas~c types of calciner kilns in use: 

the conventional rotary kiln 

the fluid flash calciner 

intermediate types and retrofits. 
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Characteristic features are shown in the Figures 58 and 

59 below. 

To stack 

Hydrate 

To stack 

ESP 

Hydrate 

Air 
==:> r.---~ 

Long rotary klin 

Flash 
dryer 
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Fluid-bed 
cooler 

Cooling water 

Air 

=:::> 
Short rotary cooler 

Cooling water 

Fig. 58. Re~r0fitting of rotary kiln with GSC /gas sus

pension calciner/ 
/after Ra.JhaCXJe, Ref. 6 7 I 
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160° c 

Cooling water 

Fig. 59. Fluid flash calciner 
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Typical unit heat consumptions and main items of energy 

balances are given in Tabl~ 25. 

Table 25. Energy balances of calciners 

Main items of Type of calciner kiln 
heat balance Fluid flash Rotary kiln Fetrofit 

Water evaporation 560 600 600 

Reaction heat 2020 2025 2025 

Stack loss 270 500 290 

Water cooling 250 300 250 

Radiation loss 100 1075 635 . --
Heat consumption 3200 4500 3800 

It appears that the bad energy efficiency of conventional 

rotary kilns is mainly due to the large radiation loss. 

Stack losses may be heavier in older kilns. The remedy 

may be the addition of a multicyclone type heat exchanger 

for hydrate drying. 

In additi~n, the heat wasted to cooling water is often large 

enough to justify the installation of a retrofit of another 
• 

multicyclone type air preheate1.··· 

9.1 Alumina and water balance 

Aluminatrihydrate /Al
2
o

3 
• 3tt2o; is converted into alumina 

during the calcination process. This reaction absorbes 

energy. The released water of the crystal structure and 

the moisture of the filler cake vapourizes and leaves the 

process at stack temperature. Alumina is fed to the proc-

t 
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ess at filter cake temperature and discharged at increased 

temperature. 

The weight ratios can be quantified using molar weights 

of alumina and aluminatrihydrate_: 

so ~~; = 1.53 tons of dry trihydrate make up for 1 ton 

of calcined alumina. 

Moisture of the filter cake is mostly given in weight per 

cent /W/, so the unit feed rate of filter cake amounts to 

1.53 + W tons. The total water feed will be: 

1.53 + w - 1 = 0.53 + w. 

Calculated from the balance of the Bayer cycle and derived 

from hydrate feed measurements an excess will re$ult over 

the actual calcined alumina prod11ct measurement discharged 

from the calciner and shipped to buyers. The difference 

is the alumina loss discharged in form of dust into the 

environment. The per cent of lost alumina /a/ can be 

quantified: 

102 
MFC /1 - W/ 156 /1 - a/ = 1 

In heat balance calculation aluminahydrate feed may be 

regarded to consist of alumina and water. The specific 

heat of alumina is about 1.64 MJ/t,
0 c, for water 

4.2 MJ/t, 0 c can b~ used. 

So the heat content of filter cake fedd will be: 

QFC = 1.64 +/0.53 + W/ 4.2 TFC 
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The heat content of alumina at any staqe /before air cooler, 

aft~r air or water cooler/ may be calculated by multiplying 

the specific heat of 1.64 .MJit,
0 c by the appropriate tem-

perature readings. 

The unit reaction energy needed to split the hydrate struc

ture and evaporate the crystal water is about 2020 MJ/t, and 

the unit energy required to evaporate 1 per cent of filter 

cake moisture is about 45 MJ/t. So the heat absorbed for 

reaction and moisture evaporation i.s 

Q = 2020 MJ/t 
Reaction 

Ow evap. = w x 45 MJ/t 

So far the product side of the heat exchange proce~s has 

been discussed. For other ite~s of the heat balance, a 

detailed investigation of the combustion process with dif

ferent fuels and varying conditions is essential. The 

pract]cal outcome will be unit heat rate calculations linked 

to flue gas and air flews, like st~ck loss and air preheat-

ing. 

In any fuel there are three elements which generate heat 

by oxidation, namely carbon, hydrogen and sulphur. 

By knowing the molec~lar weights of the clement~ involvPd 

and the reaction heats released, the iundamental corr~ustiun 

equations can be formulated and heat values, oxigen and 

air quantities required, flue gas quantities and composi

tions can be derived, as shown in Tables 26 and 27. 
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Table 26. Combustion equations 

Combustion equation Reaction heat 
Molecular weights KJ/kmole I KJ/kg 

~ + o
1 

= co
2 399,000 33,222 

12 + 32 = ·H kp 

H 1 
H.,O 241,322 120 I 161 + 2 °2 = 2 

' 2 + 16 = 18 kp 

s + 02 = 502 298,230 9,630 
32 + 32 = 64 kp 

: 

Table 27. Gas volumes and compositions 

~-

Oxigen Air Flue gas 
Quantity Quantity QuanJ:ity Volume per cent 

3 3 
rn 3/kg (l) H20 N

2 I /SO I m /kp m /kp 
/SO~/ 2 

c 1,865 8,924 8,924 20.9 - 79.1 
H 5.555 26.58 32.13 - J4.6E i s 0.699 3.342 3.342 20.9 - 79.1 ' L __ 

--

9.3 Practical caJculations or. combustion - - -- - - - -· - - - - - - -- - - - ._ 

Practical combustion calculations should be based on the 

heat value of the actual fuel, rather than on its composi

tion. A seri~s o~ tables presented in the followings will 
make calculations convenicr.t. 
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Table 28 gives data and formula for volume of air, flue 

gas and its compositions. Any volume can be computed by 

multiplying either by the net heat value of the fuel in

volved to gee the corresponding data related to the combus

tion of one unit quantity of that fuel - or by multiplying 

by the heat generated for any purpose /for example the 

fuel heat to calcine one ton of alumina/, to arrive at the 

related volumes. 

Table 29 is a guide to compute excess air ratios from 

co
2 

or o
2 

readings in flue gases of different fuels. For 

the calciner operation where a considerable amount of water 

is vapourized from the hydrate, it is better to go in for 

dry flue gas analyses. ---
Tables 30 and 31 are given for convenience to check up 

specific air and flue gas volumes. 

The spccif ic heat ~ontent important to determine actual 

heat ratios referred to air or flue gas f:ow rates is 

given in Table 32 • 

The information provided in these tables may also be used 

for combustion calc•..llations of st.earn boilPrs: therefore, 

data on coal firing have ~een included as well. 

f 

' 
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Table £8. Oxigen and air requirements and resulting flue gas volumes and compositions 

• 
Denomination Units Natura~ g1s Fuel oil Coal --I 

Oxigcn oideal m 3 /MJ 0.0555 0.0528 0.0554 n 

Air A=4.76 x o.d 
1 

x n 
l. ea m 3/MJ n 0.2644 0.2515xn 0.2603xn 

Dry flue gas VFGV m 3/MJ n 0.2386+/n-1/0.2644 0.2372+/n-1/0.2515 0.2527+/n-1/0.2603 

Wet flue gas VFGW m 3/MJ 0.2938+/n-1/0.2644 0.2680+/n-1/0.2515 0.2740+/n-1/0.2603 n 

I co2 in flue gas mn3/MJ 0.0285 0.0381 0.0461 

H2o in flue gas m 3 /MJ n 0.0545 0.0308 0.0213 

o2 in flue gas m 3/MJ n 0.0555 /n-1/ 0.0528 /n-1/ 0.0554 /n-'I I 

. 
- I 

~ 

U1 
...... 

Remarks: 1 / The characteristic combustible elements of fuels will detennine their heat values aexx>rd.ing to 

their share in the composition of the fuels. The data given in the table rep-

resent excellent approximations for natural gas and fuel oil, and fairly good ones 

for coal as compared to detailed calculations based on the actual composition of 
the fuel. 

2/ The volume rates of the table are normal cubic meters for each MJ of heat released 
by burning the fuel in question. 

__j 
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Table 29. Flue gas compositions for different fuels and excess air conditions 

-
Flue gas components Units Natural gas Fuel oil Coal 

--
Dry flue gas co2 11 '9 1 6 ' 1 18,5 

Composition 02 vol % - - -
at n=1.0 N2 88,1 83,9 81,5 

Dry flue gas co2 
0,0283.100 0!0381.100 0,0461 .100 

o,2386+/n-1/0,2644 0 I 2.37&!-/n-1/0,251 S 0,2527+/n-1/0,2603 

Composition 02 vol % , o,o5sSLn-1L100 o,os2sLn-1L100 0 1 osS4Ln-1L100 
0,2386+/n-1/0,2644 0,2372+/n-1/0,2515 0,2527+/n-1/0,2603 

at n>1 .o N2 100-/C02+o2 / 100-;co2+o2; 100-/C02+o2 / 

I Wet flue gas co2 9,7 14,2 17,0 

Composition H2o vol % 18,5 1 1 I 5 I, 7 

at n=1 .0 N2 71 , 8 74,3 75,3 

Wet flue qas co2 
0,0285.100 0,0381.100 0,0461.100 

0,2938+/n-1/0,2644 0,2680+/n-1/0,2515 0,2740+/n-1/0,2603 

Composition H20 vol % 0' 054 5. 100 0,0308.100 0,0213.100 __ 
0,2938+/n-1/0,2644 0.2680+/n-1/0,2515 0,2740+/n-1/0,2603 

I at n>1 .0 02 
o,osssLn-1[19.Q___ o,os2aln-1;100 0,055!L_n-1/1CO 

0,2938+/n-1/0,2644 0,2680+/n-1/0,2515 0,2740+/n-1/0,2603 
I I 

i N2 100-/C02+H 2o+o
2

/ 100-/C02+H 2o+o2/ 100-/C0
2

+H
2
o+c

2
/ 

Remark: Excess air coefficient /n = 1.0/ means ideal amount of air required for complete 

combustion of fuel. 

-------·-· ._....._~ . .............._ __ , _......,. - ·--.. -.. - ... 
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Table 30. Specific combustion air volumes /VAir/ for dif

ferent exce~s air ratios /n/ and fuels 

n Units I Natura.! gas Fuel oil Coal 

1.0 m
3 /MJ ·o. 264 0.252 0.260 

1. 1 m3 /MJ 0.291 0.277 0.286 

1. 2 rn3/MJ 0.317 o. 302 0.312 

1.3 rn3/MJ 0.344 o. 327 0.338 
1. 4 3 rn /MJ 0.37'J 0.352 0.364 

1. 5 rn3/MJ 0.397 0.377 I 0.391 

1. 6 3 0.423 o. 402 I 0.417 rn /MJ 

1. 7 rn 3/MJ 0.450 0.428 I 0.443 

rn3/MJ o. 453 
I 

0.469 1. 8 0.476 I 

1. 9 rn3/MJ 0.502 0.478 o. 495 

2.0 rn3/MJ 0. 529 0.503 0.521 

Table 31. Specific wet flue gas volumes /VFGW/ for dif

feren~ excess air ratios /n/ and fuels 

Units Natural gas Fuel oil co~l 

1.0 m3/MJ 0.294 0.268 o. 274 
1.1 rn 3/MJ 0.320 0.293 o. 300 

1. 2 m3/MJ 0.347 0.318 0.326 
1. 3 m3/MJ 0.373 0.343 0.352 
1. 4 rn3/MJ o. 400 0.369 o. 378 
1. 5 rn 3/MJ o. 426 0.394 o. 404 
1. 6 m3/MJ 0.45~ o.419 o. 430 
1. 7 m3/MJ 0.479 0.444 0.456 
1. 8 m3/MJ 0.505 0.469 0.482 
1. 9 m3/MJ 0.5)2 0.494 0. 508 
2.0 m3/MJ 

I o. 558 0.519 0.534 
I 

i 
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Table 32. Specific heat content ot flue gases /qFG/ and 

air /qAir/ at different temperatures 

Temperature Flue gases at n = 1.0 Air 
oc Natural gas Fuel oil Coal 

100 138.2 138.6 139 .o 130.6 

200 279.3 280. 5 281. 8 262.5 

300 422.9 425.4 427.9 396.0 

400 570.2 574.8 578.2 532.6 

500 723.1 729.8 733.9 672.8 

600 87~.4 886.3 892.6 816.0 

700 1040.0 1050.0 1057.6 963.8 

800 1202.9 1214.6 1223.4 1112 .o 
900 1369. 1 I 1382. 1 1392.5 1263.2 

1000 1538.6 1553.3 1564.6 !1416.0 

1100 1711.1 1727. 1 1739.6 I I 1570. 9 

1200 1886.2 1903.3 1916.7 11728.3 

1300 ~060.7 2078.7 2093 .o 1884.5 

1400 223G.6 2255.4 2270. 1 2041.1 

1500 2417.9 2436.7 2452.6 2202.7 

1600 2600.4 2620. 1 2636.8 2364.7 

1700 271B.O 2803.5 2818.6 2527.6 

1800 2967.2 2987.3 3005.3 2690.4 

1900 3151.0 3171.5 3189.9 2853.3 

2000 3336.0 3356.1 3374.6 3016.2 

2100 3523.2 3542.5 3561.7 3161.1 

2200 3710.3 3729.6 3748.0 3345.3 

2300 3900.0 3919.3 3940.6 3512.7 

2400 4090.5 4108.9 4132.8 3679.8 

l 
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The procedure of making an energy balance cf the calcina

tion section is shown by a practic~l case: 

~ 

The operating rotary kiln is fired by natural gas and 

comprises a planetary alumina cooler /or air preheater/ 

and a multic~·c:lone type hydrate dryer section as shown 

in Fig. 60. 

Flow rates of both fuel gas and hydrate feed can be meaaured, 

although the latter is used only to check the alumina losses. 

An alumir.a feed and discharge of unit amount is taken le

cause the balance is set up for unit rate of alumina out

put. 

The heat balance around the planetary cooler is only ap

proximative since the temperature of air discharge cannot 

be measured accurately. The same difficulty arises from 

the product aspect: temperatures of alumina entering and 

leaving the cooler cannot be taken precisely. Fortunately, 

this will not influence the accuracy of the overall heat 

balance because this portion of heat is recycling. 

Ttie real heat losses are actually the waste heat to the 

water cooler and that rejected to the atmosphere by radia

tion. 
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Hydrate feed -t 

Secondary 
air 

Cooling water 

Alumina discharge. 

Flue gas 

~ Fig. 60. Calcination flow sheet 

Unit heat rate from natural gas combustion: 

/MJ/t/ 

where VNG is the mea.sured unit volume /m3/t/ of natural 

gas fired, and 

HNG is its heat value /MJ/m
3
/. 

From co
2 

or o
2 

rea1ings the excess air ratio can be computed 

using the equations as given in !_able 30. 
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The unit heat input by preheated air becomes: 

/MJ/t/, wherein 

the specific heat content qA. /T/ ar€ taken from Tables 28 
ir 

and 32, corresponding to increased stack gas temperature: 

The energy balance of the calciner: 

1. Unit heat rates in: 

1.1 Fuel Q~'G = VNG ;.: HNG l• 

1. 2 Air QAir= QNG x VAir x q/WT/ 

1. 3 Hydrate QFC = [ 1.64 x /0.53+W/. x 4.21 TFC J 
---~ 

Total I /QNG + QAir + QFC/ 

?. Unit heat rates out 

2~1 Water evaporation 

2.2 Reaction heat 

2.3 Stack loss 

2.4 Air cooler 

2.5 Water cooler 

Subtotal 

2.6 Radiation loss 

/or 

QWE 

ORE 

QST 

absorbed/: 

= 45 x w 

= 2020 

== QWG{l VFGW -/n-1 /V . l Air 

+In - 1 /VA . • qA . J' 1r i.r 

.I 

x qFC + 

QA11 = 1.64 /Ta 1-TR2/ = QAi~ 

QA12 .. 1 • 64 /Ta2-Ta3/ 

l/QWE + QRE + QST + QAir + Q1 2/ 

QRL = Total - Subtotal 
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10. Electrical energy 

In an energy audit of an alumina plant the distribution of 

the total unit energy consumption of 340 kWh/tonne was 

found to break up into the portions as given in Table 33. 

Table 33. Break up of electrical energy consumption 

Plant units % Equiprr.~r.t % 

Preparation 8.0 Piston pumps 7 

Digestion 11. 5 Compressors 10 

Settling-washing 21.0 Vacuum pumps 9 

Precipitation 30.5 Centrifugal pumps -----52 

Evaporation 11. 8 Tank agitators 12 

Calcination 17.2 Fans, others 10 

Total 100.0 Total 100 

The break up is fairly representative f~r medium size alu

mlna plants. Centrifugal pumps are the largest consumers 

among any ~ther group of equipment, and deserve examina

tion. 

In an alumina plant there are about 200-250 pumps, and 

it is best to check the efficiency of the larger types 

at first. 

When grouping all the pumps according to their power 

requi~ement it turns out, that it is enough to check the 

30-40 largest pumps, which may cover about 67 per cent of 

the total power requireJ by all the pumps in the plant. 
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The efficiency is determined by measuring the head /H/ by 

a manometer and the volume rate /V/ by a flow meter /for 

liquors and slurries with a magnetic flow meter/ or by tank 

level gaging. The measurement of the electrical current 

to calculate power consumption will not present any problem. 

The calculated efficiency might be as low as 10-30 % in 

many cases, and this fact would be a good occasion to 

start action for energy conservation. 

~ The causes mostly responsible for poor pump efficiencies 

might be: 

a/ pump is oversized for the actual job 

b/ wide internal running clearances allow high back flow 

c/ period between overhauls is too long 

d/ pumps designed for water are engaged in liquor and 

slurry service 

---
Fig. 61. Shows typical performance of the same pump when 

used to transport water or alumina plant slurry. 
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One of the promising actions to conserve energy is to 

substitute pumps designed for water service ~y special 

designs capable of pumping slurries with similar effici

encies as water. The proper manufacturer has to be found. 

Another general cause for poor performance was found to 

be the pressure loss at the throttle valve used mostly to 

set the flow rate delivered by the pump. 

A control valve can only become effective if an adequate· 

pressure difference exists across the valve. The trottl

ing curves /h 1 , h 2 , h 3/ must therefor run higher then 

the resistance curve of the pipe /h / as shown in Fig. 62. 
0 

The throttling curves cut the head curve /h I in points 
0 ,,. 

M1, M2, M3 , which set the various volume rates v
1

,--v
2

, v
3 

as required. 

[m] H 

v1 , v2 ,v3 . throttle curves 
n1, n2,n 3: motive speeds -

-L-~~~~-1-~+---1--~-Q~--~ 
Head- capacity curves 

Fig. 62. Head-capacity curves 
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In order to eliminate this throttle loss variable speed 

drives can be used instead of control valves. Head curves 

for speeds n 1 , n2 , n 3 are also shown in Fiq. 25. which cut 

the resistance curve of the pipe line in points o
1

, o
2

, o
3 

• 

The same volume rates v1-v2-v3 can be adjusted by speed 

variations n 1-n2-n3 as well as by valve throttling h
1
-h

2
-h

3
, 

but with an average of about 20 per cent less energy con

sumed. 

In alumina plants both the hydraulic couplings and the 

variable frequency drives were applied to advantage. 

Hydraulic couplings are rugged, cheap but their efficiency 

deteriorates with increasing slip at low volume rates. 

Another disadvantage is that separate coupling3 are to be 

used between every pump and motor. 

Fig. 63. shows the efficiencies of the ~oth the variable 

frequency drive and the hydrodynamic coupling. 
,.--· 
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Fig. 63. Variable speed crive efficiencies 
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In case of variable frequency drives one control device 

can be applied for a pair of pump motors, where one is 

operated et a time with the other one as stand-by unit. 

Even so it is costlier than the simple coupling, but vari

able frequency speed controls have higher efficiencies in 

the lower flow rate range. 

Pay-out for boti1 speed controls lies within 3 years. Costs 

for maintenance of pumps are markedly lower, life of the 

impellers doubles in the average. Generally 20 per cent 

of electrical energy can b~ saved by elimination of control 

valve throttle losses. 

11. Cogeneration of __ ele=ctricity and heat 

Electricity belongs to ~he group of secondary energy sources, 

because it is generated by energy conversion from primary 

rel;;0'1rces /fossil fuels, nuclear fuels, hydropower, solar 

energy/, which can directly be taken form nature. 

Whenever the electricity used in alumina processing is 

derived form fossil fuel fired thermal power stations it 

is always worth to consider cogeneration of electricity 

and heat, because th~s concept hold3 a significant poten

tial to conserve primary energy. 

The process •f energy conversion in a thermal power station 

is shown in the .two parts of Fig. 64. In the lower portion 

the main equipment components participating in electricity 

generation can be seen. FossiL fuel fired with combustion 

air rele•ses a high temperature flue gas, which is cooled 

down to stack temperature jn the process of heat transfer 

to the water-vapor system • 
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Fig. 64. Thermal power station 

The area h-i-j-k represents the heat transferred from flue 

gases in the boiler to preheat condensate /a-b/, ;aporize 

/b-c/ and superheat it /c-d/. The total heat absorbed by 

the area a-b-c-d-f-g-a, which is equal to the area 

h-k-j-i-h delivered by the flue gas side. 
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The energy converted to shaft power in the turbine is indi

cated by the area d-e-a-b-c-d, and the heat carried off by 

the C?oling water from the condenser is shown as the area 

e-f-g-a-e. 

Only one portion of the total heat is converted in the 

turbine to mechanical energy, a substantial portion is 

lost in the condenser to he~t the cooling water stream. 

The prima~y heat equivalent of electricity ge~eYated by' 

condensing turbines is around 12 MJ/kWh, which involves 

the losses of both the boiler and the consenser. 
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In an industrial power station as shown in Fig. ~~ the 

part converted to mechanical power is less then in the 

condensing turbine /the area a-b-c-d-e-a in Fig. 65 is 

narrower than the corresponding area in Fig. 64/, but the 

heat content of the back pressure steam is utilized in 

the heat exchanger. The heat transferred to the process 

fluid is represented by the area o-p-r-s-o, being equal 

to area e-a-g-f-e, the heat delivered by the back pressure 

steam. 

So the whole heat content of the steam raised in the boiler 

/area a-b-c-d-f-g-a/ is fully used, partly for conversion 

to shaft power in a back-pressure turbine, and partly for 

process heat supply in heat exchangers. 

Back pressure generated electricity needs a primary heat 

expense of about 6 MJ/kWh. 

The ratio of shaft to heat output of a back-pressure turbine 

depends on the steam pressure and temperature before and 

after expansion. With steam enthalpies hpl and hp 2 at 

turbine inlet and outlet, the latent heat of steam ~t 

back-pressure rp2 and a turbine nozzle efficiency '12_ t the 

shaft to heat ratio can be calculated as 

= 
h 1 - h 2 p p 

rp2 
• Tl_ t H 

Back-pressure power generation entirely depends on low 

temperature heat requirement of the plant. In one alumina 

plant audited the back-pressure heat required was QB = 4500 

MJ/tonne alumina and the shaft to heat ratio S/H = 0.13, 
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so the unit rate of self generated electricity was 

S OB 
NB= H . 3,G = 0,13 

4500 
J;6 = 162 kWh/t, 

because 3,6 MJ = 1 kWh. 

The amount of back-pressure power /NB/ will depend upon 

the back-pressure heat demand /08 / of the plant. Becau~e 

total electricity consumption /NT/ remains the same, the 

difference must be taken from the utility grid, which might 

well be a thermal power station having co~densing turbines: 

Table 34 shows the effect of back pressure heat demand 

changes upon the primary heat equivalent /QN/ of the tutal 

electrical energy consumption NT' calculated with primary 

heat equivalents of 5,7 MJ/kWh and 12,9 MJ/kWh for the 

back pressure and the condensing tubines respectively. 

T•ble 34. Primary heat equivalents 

~QB NB N QN c 
I MJ/t kWh/t kWh/t MJ/t 

- - 340 4386 

1000 36 304 4130 

2000 72 268 3879 

g 108 232 3628 

00 144 196 337ti 

00 181 159 3118 
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The advantage of back-pressure power generation can be 

seen in the decrease of overall primary energy needed 

/ON/ for the same 340 kWh/t unit rate of electricity con

sumption; by the gradual increase of the back-pressure 

portion NB. 

This advantage vanishes when the process cycle is modified 

to reduce or to eliminate the operation of the evaporation 

plant. This must be borne in mind whenever such a 

modification is considered • 

I~ 
I: 
i; 

l !t 

ll 
i: 
'! 







II JQ_ 
l/ 11111~~ 
;•, -

1111120 
11111 . 

11.1 
l!lllJ·8 

!!!!ll.25
- 111111.

4 - 11111_1.
6_ 

M11:H111.rir•·{ Hf ,11111r11iN Tl',! 1,ill\fil 

f J ; ' I I r I r J ;, ' r '· I I I I i I\ I J r ~ :, r J r I ... ; I ' ' 

r ;, ~ • ' '" ~ ' ' \ I f J f I I ~ r j , I • <' ;, I r ~ I I ;, ' ' ! 

/orJ .I I i I '( 1l,",i1• 'j 



• 

• 

- 168 -

Nomenclature and units 

A area of heat transfer surf dce in m2 

a weight fraction of alumina in ton/ton 

CA concentration of alumina. in kp Al
2
o

3
;m3 

~ caustic concentration in kp Na 2o/m3 

G unit mass rate of steam in ton/ton ~lumina 

H heat value per unit volume in MJ/m3 

h' enthalpy of saturateG water in MJ/ton 

h'' enthalpy of saturated vapor in MJ/ton 

K heat transfer coefficient in MJ/h,m2
,

0 c 
M 

Q 

q 

r 

s 
T 

T I 

i 
T. II 

l. 

v 
w 

unit mass of process fluid in ton/ton alumina 

unit quantity of heat in MJ/ton alumina 

specific heat capacity in MJ/ton, 0 c 
latent heat of vapor in MJ/ton 

entropy of process fluid MJ/ton, °K 

temperature in °c or 0 x 
feed temperature of .stream i in °c 
discharge temperature of stream i in °c 
unit volume in m3 /ton alumina 

unit water equivalent Mcal/0 c, ton alumina 

w unit water content in ton water/ton 

x 

BTU 

Meal 
oc 

= 
= 
= 

mass or volwne fraction in ton/ton or m3;m3 

efficiency in % 

efficiency of heat transfer in % 

Conversion of units 

i ,055 KJ 

4,1868 MJ 
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