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Abstract 
 
Bauxite ores which originated from separate mines are different in chemical compositions, 
mineralogical properties and other characteristics, i.e. each bauxite ore has its own individual 
specifications. Jajarm bauxite is of the diaspore-chamosite type and its alumina to silica mass ratio is 
lower than other diaspore ores. Diaspore bauxite digestion in comparison with other bauxite types has 
more complicated operational conditions and requires higher temperature, pressure and caustic 
concentration. 
 
The present study was thus performed on the above mentioned digestion process and include two 
parts. First, the behavior of some key parameters of the digestion unit was investigated. Different 
parameters, including temperature and pressure of bauxite slurry in various blocks and different 
points, were measured and collected in various periods over two years. A special focus has been on 
the energy balances. In the next step, a simulation model was developed to predict the performance of 
the process, particularly thermal energy consumption.  The Elec-NRTL property method was used to 
calculate thermodynamic properties of the slurry.  The Aspen Plus simulator has been utilized in order 
to simulate the process and solve the materials and energy balance equations. The model was 
validated with several sets of the industrial data and close agreement was found. 
 
The effect of various trends in pressure drops of the flash tanks on the preheater cold stream 
temperature were analyzed by using the simulation model. The results showed that the proposed 
pressure profile can lead to an increase in the fresh slurry temperature. On the other hand, it can lead 
to an appreciable decrease in the furnace fuel consumption, which is required for having the existing 
operating temperature. Each of the aforementioned alternatives would lead to a considerable frugality 
in thermal energy consumption of the digestion unit. 
 
The generated vapor due to pressure drop in different stages of the process was determined for the 
operating conditions. The results showed that a considerable amount of the generated water vapor and 
thermal energy were lost. Therefore, the model was further developed in order to study the effect of 
using a part of these vapors on heat recovery. An output of this work has led to the suggestion of a 
new design in order to increase the water and thermal energy recovery in the digestion process unit.  
 
The simulation results showed that in the new design, the pre-heater sections can gain 5.71GJ/h 
additional heat, and the fresh slurry temperature increases by 11°C. Therefore, the furnace required 
energy is reduced by 11.9%.  As a result, the new design was implemented in the refinery and the 
exhaust vapor from the last flash tank is currently directed to a new pre-heater section. Consequently, 
the fresh slurry temperature and the amount of steam recovery in the digestion unit have been 
increased. The industrial output has been confirmed by the energy department that has reduced the 
furnace fuel consumption by 8%, which is around 200kg of natural gas/h less than the earlier 
condition for every digestion line. There are additional benefits such as process stability and reduction 
of air pollution that have not been quantified in this work.  
 
The model has been utilized by the R&D department in order to test new process ideas, and predict 
the digestion process behavior at various operation conditions, without interrupting the real process. 
The model can also be used for training purposes. 
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Sammanfattning 
Bauxite från olika gruvor har olika kemisk sammansättning, mineralogiska egenskaper mm, dvs. varje 
källa har individuella egenskaper. Jajarm bauxite är av typen diaspore-chamosite vilket innebär att 
kvoten mellan aluminium och kisel (A/S) är lägre än i andra diaspor-mineral funna i andra länder. Det 
är därför mer komplicerat att lösa ut aluminium ur denna. För att få en hög effektivitet får man höja 
temperaturen, trycket och koncentrationen av soda. 
 
Den här studien har gjorts på den nämnda typen. Först har experiments gjorts i en verklig anläggning. 
Kopplat till denna studie har kopplats bakgrundmaterial om hur olika variabler påverkar 
processeffektiviteten. Det gäller främst temperatur och tryck i olika delar av en kedja av reaktorer, där 
värden har mätts och lagrats. Mätvärden har samlats in under olika kampanjer under två års tid. 
Speciellt energibalanserna har mätts. 
 
Efter detta har en simuleringmodell gjorts för att prediktera processeffektiviteten i tubreaktorn för 
denna typ av diaspore-bauxite. Elec-NRTL egenskapsmetoden användes för att beräkna 
termodynamiska egenskaper hos slurryn. ASPEN plus har sedan använts för att simulera hela 
processen för att lösa energi- och materialbalanserna under olika driftförhållanden. Simuleringarna 
inklusive de olika delmodellerna beskrivs. Modellen har sedan verifierats med de industriella 
experimenten som nämndes tidigare. Speciellt har temperaturen och trycket i en serie av flash-tankar i 
den verkliga anläggningen använts. Simuleringarna jämförs med experimentella data och en god 
överenstämmelse ses. 
 
Modellen har sedan använts för att undersöka hur nyckelvariabler påverkar speciellt förbrukningen av 
värme. Producerad ånga i flash-tankarna såväl som förbrukning av ånga och värme i reaktorerna har 
beräknats för olika driftfall. Olika tryckprofiler för de seriella flash-tankarna har undersökts och 
effekten på temperaturen hos den kallare strömmen har beräknats med simuleringsmodellen. Genom 
att optimeraq denna kan bränslekonsumtionen i pannan minimeras för en given ingångstemperatur. 
 
Förlusterna beräknades. En viss mängd värme förlorades i värmeväxlaren, men genom att modifiera 
själva processen kunde en större andel återvinnas. Resultatet från denna analys har lett till att en ny 
design har föreslagits. Med denna förväntas man spara 5.71 GJ/h. Genom modifieringen bör slurry 
temperaturen kunna höjas med 110C från pannan, vilket motsvarar en reducerad bränsleförbrukning i 
pannan på 11.9%. Den nya designen har även implementerats i anläggningen. Resultatet i 
verkligheten visar på en minskad bränsleförbrukning på 8%, eller 200 kg naturgas/timme. Detta 
innebär även reducerade miljöutsläpp.  
 
Modellen har tagits fram för att undersöka möjligheten att testa nya processlösningar på ett 
systematiskt sätt där en optimeringsmetod inkluderande en simuleringsmodell har provats. En viktig 
del har varit att kunna göra studien utan att störa själva produktionen, och att ta fram en bra procedur 
för hur man skall gå tillväga för att begränsa problemet på ett rimligt sätt. Modellen kan också 
användas för att träna operatörerna och ingenjörerna för att få en bättre känsla för sin process. 
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Q Volumetric flow rate 
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t Time 
                        Initial temperature of cold stream(fresh slurry) 
                                      Final temperature  of  cold stream (fresh slurry) 
Vn Flash tank number ―n‖ 
Subscripts  
(aq) Aqueous 
(l) Liquid 
(s) Solid 
  
Greeks  
α Crystalline structure for diaspore 
αc Caustic module; (Na2Oc (g/l)/Al2O3 (g/l)) 
 Crystalline structure for boehmite 
  
Abbreviations  
ASME American Society of Mechanical Engineers 
ASTM American Society for Testing and Materials 
CCR Central Control Room 
CFD Computational Fluid Dynamic 
Elec-NRTL Electrolyte Non-Random Two Liquids 
LCR Local Control Room 
LOI Loss Of Ignition 

pH 
Potential of  hydrogen, a measure of the acidity or basicity of an aqueous 
solution, negative decimal logarithm of hydrogen ion (h+) molar concentration 

Rem Remainder 
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1. Introduction 
Alumina digestion in the Bayer process, like other hydrometallurgical processes, is affected 
by various factors. Bauxite ore type, its mineralogical structure and properties, and the 
amount of impurities as well as digestion process type and technology are among the most 
important factors.   Diaspore bauxite digestion has more complicated operational conditions 
in comparison with other bauxite types. On the other hand, diaspore ores originated from 
distinct mines show different properties, i.e. each bauxite ore has its own individual 
specifications. Consequently, their digestion process conditions differ from each other. Thus 
separate investigations should be carried out, for dissimilar diaspore bauxites, in order to find 
the optimum conditions of the process [1, 2]. 
 
Jajarm bauxite is of diaspore-chamosite type and its alumina to silica mass ratio (hereafter 
referred to as A/S or silica ratio), is lower than other bauxite ores, originated from distinct 
mines of other countries [3-5].  It is well known that a lower amount of A/S results in more 
severe digestion process conditions [2, 6 and 7].  
 
Various factors influence the digestion process behavior and performance. In addition to the 
forgoing factors, feed particle size, lime and caustic soda specifications and percent, 
dissolution operation conditions, etc. have appreciable impacts. The effects of various 
influences have been discussed in different literatures, and partly in the next parts of this 
report. Due to the various limitations, i.e. economical, technical and other constraints, most of 
the optional amendments are not applicable to digestion process of various plants, including 
Iran alumina complex.  
  
Iran alumina complex (hereafter referred to as IAC) is fed by Jajarm bauxite reserves of 
diaspore type. Various technical problems have taken place in high-pressure tube digestion 
unit during the start-up period. As an example, the installed valves for controlling pressure of 
bauxite slurry inside flash tanks had not a reasonable functionality and they failed. Many 
efforts along with the aid of expert suppliers in order to modify the pressure valves were 
taken to overcome these problems, but they failed. Therefore, several modifications were 
made on various aspects of the digestion process [8, 9]. Replacing the pressure regulating 
valves of the flash tanks with orifices and adding digestion tanks to each digestion line were 
two of the mostly important changes. Consequently, changes have been made on several 
operational parameters; the digestion temperature, pressure and duration time were among the 
most extensively changed [10, 11].   
 
These alterations resulted in lack of detailed knowledge about the effect of various factors on 
the digestion process. Performance of the digestion unit has a great effect on the whole 
process. Thus, the prediction of its behavior under different factors is very important. Since 
experimental investigations are very expensive and time-consuming on industrial scale, 
simulation can be utilized as a proper approach to appropriately comprehend and predict the 
thermodynamic behavior of the process. Process simulation provides a possibility to analyze 
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different flows, investigate the impact of various factors and also enable studying the 
optimum conditions for obtaining the desired quality, reduce thermal energy as well as 
material consumption, or environmental impact.  
 
The present study was thus performed on the above mentioned digestion process and include 
two parts. First, the behavior of some key parameters of this digestion unit was 
experimentally investigated. In this step, previous related backgrounds were reviewed, and 
several parameters including temperature and pressure of slurry in various blocks and 
different points were measured and collected. Measurements were done in various periods 
during a period of two years. In the next step, modeling and simulation of the industrial 
digestion process of Jajarm diaspore ore was performed. Thus, process modeling and 
simulation steps of the digestion process using the Aspen plus software were explained. In 
this thesis we want to demonstrate how simulation can be utilized for process optimization as 
an interactive tool where process limitations are included. 
 
The model has been further developed in order to investigate the influence of key operation 
parameters on the process behavior, particularly heat consumption. In addition, the generated 
vapor by the flash tanks, with the aim of optimizing water and energy consumption in the 
digestion process unit, was investigated. The simulations have been performed after thorough 
discussions with the plant engineers to clarify limitations of the process. The optimization 
thus has been focused on energy issues, while some other variables just have been discussed 
generally. 

1.1. Background 

Bauxite exists in three main forms depending on its crystalline structure and physical as well 
as chemical properties. These three structural forms of bauxite are gibbsite, boehmite and 
diaspore. Most of the bauxite resources are of the gibsitic type. However, there are 
appreciable resources that contain boehmitic and diaspore bauxite. Alumina production from 
diaspore is more difficult to be processed compared with the other two types [2, 7 and 12].  
 
The world‘s production of bauxite and metallurgical alumina are more than 200 and 80 
million tons per year, respectively, in which gibbsite, boehmite and diaspore ores share 62%, 
22% and 16%, respectively (Table1). The main part of the world diaspore is available in 
China, Greece, Russia, Vietnam, Romania, Iran, Turkey and Yugoslavia [13-15].  
 
The annual Iranian bauxite production reached 400,000 tons up to the year 2000. It increased 
with a low growth rate to 600,000 tons in a period of 2000 to 2008. The average annual 
metallurgical alumina production of Iran from 2000 to 2008 was about 180,000 tons [16, 17]. 
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Table1: Global bauxite and metallurgical alumina production during recent years 

Region 
1999* 2008* Bauxite 

 type + Bx** Al** Bx** Al** 
Africa 15945 569 19000 595 B & G (10%) 

America 36300 16780 52000 21928 Gibbsite 
East Asia 9885 4175 32000 23030 Diaspore 
West Asia 11439 3473 26200 5200 All kinds 

West Europe 1883 5639 2360 6951 Diaspore 
East Europe 5260 4368 8600 5301 Boehmite 

Oceania 48416 14378 63000 19728 G & B (10%) 
*: Metric thousand tons, **: Al: Alumina, Bx: Bauxite, +: B: Boehmite and G: Gibbsite 

 
The main aluminous Jajarm mineral is diaspore, which contains 39% Al2O3 content of the 
bauxite ore.  It is accumulated with a large amount of different kinds of impurities.  The silica 
bearing minerals in bauxite causes an increase in the consumables amounts of the process and 
a decrease in the alumina hydroxide production rate and quality [18, 19]. It appears in 
different types, i.e. kaolinite, chamosite and quartz [2, 7].  Jajarm bauxite is of diaspore-
chamosite type, and it‘s mineralogical composition is shown in Table 5.   
 
The highly stable lattice of diaspore results in poor digestibility and a low Al2O3 equilibrium 
solubility during the Bayer process. Alumina dissolution must therefore be carried out under 
conditions, which are suitable for processing diaspore, which include high temperature, 
pressure, and specific caustic soda concentrations [7, 20 and 21]. 

Average energy consumption for each ton of metallurgical alumina production varies in 
different countries. The type of employed technology for the alumina production and of 
energy as well as consumed bauxite, are among factors that affect the amount of energy 
consumption. There is no accurate and adequate information about the consumed amount of 
energy, meanwhile, alumina producers in some countries do not report their energy 
consumption.  

Table2 shows the energy consumption in some areas of the world according to IAI report 
[14].  

Table2: Energy (MJ) used per metric ton of metallurgical alumina produced in 2009 

Africa1 and 
West Asia2 

North 
America3 

South 
America4 

East Asia5 and 
Oceania6 

Europe7 
Weighted 
average 

14768 11449 9319 11252 16842 11922 

1:Guinea, 2: Azerbaijan*, India, Iran*, Kazakhstan*, Turkey, 3: Canada, USA, 4:Brazil, Guyana*, 
Jamaica, Suriname, Venezuela,  5:China*, Japan, South Korea* 6:Australia , 7:France, Germany, Greece, 

Ireland, Italy, Spain Bosnia  and Herzegovina*, Hungary, Montenegro, Romania*, Russian Federation, 
Ukraine*: The alumina producers within that country did not report data to the IAI 

 

The energy consumption in IAC comprises of 567m3 of natural gas and 519 kWh of electrical 
power per one metric ton of alumina production. The high energy consumption in IAC has 
many reasons. Bauxite type and very low silica ratio of the local mineral ore (around 4.6) are 
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the main factors. Annual production less than the nominal capacity, multiple pauses in the 
dissolution process and in general, non-optimized digestion process conditions are mentioned 
among other factors that cause high energy consumption rates.  

Table3 shows the average consumption of some consumables for producing each ton of 
alumina [8, 9 and 11]. 

 Table3: Raw materials and fuel consumption per produced ton of alumina by IAC  

Year Bauxite (ton) Water (m3) Natural gas (m3) 
2007 3.12 11.1 — 
2008 3.11 10 569 
2009 3.02 10.1 592 
2010 3.06 10 567  

Average 3.07 10.3 576 
 
The main purpose of every alumina refining process is maximizing the efficiency, production 
rate of alumina and minimizing the required energy and consumables. For every ore type and 
production method, an optimum combination of process parameters would lead to the 
maximum efficiency of alumina production as well as minimum amount of energy and 
materials consumption. The digestion unit is one of the most important components in the 
refinery process because the bauxite disintegration and alumina dissolution reactions are 
taking place there. Therefore, problems related to the above mentioned unit are crucial and 
have a significant effect on the production rate and quality as well as the Bayer process [22].  
 
As mentioned earlier, the digestion process has been faced with various problems and 
different alterations were made during recent years. Thus, study the current process situation 
and prediction of its behavior under different conditions is very important. 
 

1.2 .Process description 

As seen in Figure. 1, alumina extraction is done at several stages by IAC. Crushed diaspore 
bauxite, with its chemical and mineral composition as illustrated in Table4 and Table5, is 
transferred from the mine site to the plant by trucks. It is completely mixed with burnt lime, 
CaO, and caustic soda solution, NaOH. It is being grinded by wet ball mills to a particle size 
less than 0.09 mm. This bauxite slurry then is pumped into the special tanks as the first stage 
of silica removal. 
 



 

5 
 

 Figure.1 Bayer process flow sheet of IAC 

During this period, some of the active silica in the bauxite slurry reacts with alkaline solution, 
and is converted in to an inactive compound. Different silica-bearing materials exist in the 
Jajarm bauxite. Clay mineral kaolinite (Al2O3.2SiO2.2H2O), chamosite (Fe2+

3Mg1.5AlFe3+ 

0.5Si3AlO12(OH)6) are the main components, while illite and quartz are the other components 
[3, 23]. Their amounts are stated in Table 5.  
 
Clay is the major silica-bearing mineral in bauxite which is most easily dissolved by a caustic 
and converted to sodium aluminosilicate hydrate, most of which enters into the red mud as an 
insoluble compound, and a little of which remains in the solution. Illite is decomposed at 
higher temperature, and like clay, enters the red mud. Quartz is only attacked at higher 
temperatures. Chamosite also reacts very slowly in disillusion liquor even at temperatures up 
to 280°C.  These two compounds are considered almost inert minerals under the common 
digestion conditions [2, 7 and 25]. The chemical reactions and complementary descriptions 
are presented in the next part of the thesis, like theoretical studies. According to the 
laboratory report, the amount of transformation of silica to the solid phase of IAC Bayer 
process is almost 80%.  
 
At the end of the desilication stage, the slurry is mixed with the recycled alkaline solution, 
and flows in to the digestion unit by high-pressure pumps. This unit uses tube digestion 
technology and its stages specification is explained later.  
 
Solid pieces that consist of several impurities are separated from the exhausted slurry from 
the digestion unit at the next step. The sodium aluminates liquor is then pumped in to the 
hydrate precipitation tanks where the fine seed hydrate suspension is added at the same time 
to come up with its agglomeration, which takes about three days. Produced hydrate is then 

NaOH & Lime 
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High pressure & 
Temperature 
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and Heating 

Separation 
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Washing of 
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Disposal Area 

Jajarm Diaspore Bauxite 
(By Truck) 

Expansion Dilution 

Heat  
Exchange 

Precipitation of 
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Al(OH)3 
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Al(OH)3 

Water 

Calcination Gas 

Sandy Metallurgical 
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NaOH solution return   

Recovered Steam 

 
Water 

Alumina 
Liquor 

Al(OH)3 
Feeding 



6 
 

filtered and separated from the liquor. After drying, it is transported to calcinations kiln 
where it is heated up to over 500ºC for dehydration. Finally, the product of these chain-
procedures is metallurgical sandy alumina grade.  

 
Table4: Average chemical composition of Jajarm bauxite 

 

 

 

 

 

 
During the digestion process, which is located inside a tetrahedral as shown in Figure.1, the 
pre-desilicated bauxite slurry enters the digestion unit at around 100 bars and about 100ºC. 
Then it passes through shell and tube pre-heaters, consisting of nine sections, where the slurry 
is heated by exit vapor from the flash tanks. The slurry is further heated in the digestion 
furnace to about 270ºC from where it flows through the tube reactor and digestion tanks to 
achieve sufficient retention time at the required temperature (Figure 2). 
 

Table5: Mineralogical composition of Jajarm bauxite  

Component Mass (%) 

Diaspore 45.7 

Kaolinite 5.9 

Hematite 16.7 

Anatase 5.2 

Rutile 1.5 

Calcite 0.7 

Chamosite 17.5 

Illite 3.5 

Cancrinite 0.8 

Gibbsite 1.4 

Boehmite 0.2 

Quartz 0.5 

 
During the dissolution stage, according to the laboratory‘s test results [3, 26], about 73 
percent by mass of the alumina (which is presented in bauxite slurry) is transformed to a 
soluble form as sodium aluminates. Thus, the amount of Al2O3 in the liquor increases from 
almost 80 g/l to 240 g/l. The other solid constituents remain insoluble. The rest of the alumina 
therefore remains in suspension as thin red mud consisting of silicate compounds, oxides of 
iron and titanium (Table 6). 

 
 

Component Mass% 

Al2O3 49.1 
SiO2 11.2 

Fe2O3 19.2 
TiO2 5.6 
LOI 11.6 

Others Rem. 
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Table6: Average chemical composition of the digestion unit’s input and output slurry 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
The mud-laden liquor leaving the digestion vessels is flash-cooled by directing it through 
expansion step, which consists of eleven slurry flash tanks, where the excess energy in the 
superheated liquid is flashed off as steam. The purpose of the flash line is to gradually reduce 
the pressure and temperature of the aluminate slurry, and to recover some of the slurry 
thermal energy and water. Pressure is reduced by the flash tanks, which have different sizes, 
and the pressure levels are set by orifices of different diameters at the inlet of each flash tank. 
See Figure 3.  
 
The generated vapor from the first nine flash tanks is used to heat the fresh bauxite slurry in 
nine shell and tube heat exchangers, where the vapor is condensed and gives off its liquefying 
latent heat to the passing slurry. The condensed exhaust vapor –water– of each heat 
exchanger then enters other type of flash vessel (called condensate drum), where its pressure 
is decreased equal to the next slurry flash tank pressure. Consequently, a part of the 
pressurized water is vaporized again and transferred to the next pre-heater section. The rest 
leaves the vessel as water. Finally aluminate slurry leaves the last flash tank at a temperature 
between 115ºC and 130ºC and a pressure of around 0.16 MPa and precipitates as alumina 
hydrate in subsequent units. 

 

  

                  Figure.2: Digestion tubes and tanks                                Figure.3: Flash tanks, input slurry distributor pipe and orifice 

Slurry 

component 

Liquid Part Solid Part, outlet 

red mud (Mass %) Inlet (g/l) Outlet  (g/l) 

Al2O3 84 240 17.9 

Na2OC 167 208 - 

Na2Ot 195 245 5.9 

Fe2O3 - - 27 

SiO2 - 0.88 14.8 

TiO2 - - 7.8 

CaO - - 15.2 
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1.3. Objectives of the thesis 

The objectives of this thesis are: 
 To theoretically identify and experimentally study the behavior of key parameters of 

energy consumption of the digestion process. 
 To study the alterations made on the digestion process in comparison with the initial 

design conditions and identify their effect on the process. 
 To develop a model of an industrial digestion process of a low A/S ratio diaspore.  

Various simulations will be further carried out in order to study the influence of key 
operation parameters on the process behavior, particularly thermal energy 
consumption.  This model can also be used for testing new process ideas, and training 
purposes as well.   

 To verify the results from the model comparing with the data of a real plant. 
 To investigate possibilities for increasing retrieval of thermal energy and water vapor 

in the digestion process unit. 

1.4. R&D challenges and limitations 
 

The research activities on dissolution process were carried out on an industrial plant as a test 
case. Thus, industrial scale data was utilized. The digestion line has been continuously 
working as a closed circuit under the high pressure and temperature. The bauxite slurry 
consists of corrosive and abrasive materials. Therefore, providing the necessary samples to 
determine the slurry specifications and properties was difficult to achieve. Consequently, 
chemical composition of the slurry at the digestion process output was not available. The 
alumina digestion yield of the refinery is about 72 percent, which is almost acceptable for the 
running conditions, and is at the present time convincing for the plant. Therefore, simulations 
were focused on the physical phenomena, i.e. thermodynamic behavior of the process at this 
stage.  
 
Some of desired measuring instruments, for this study, were not possible to install in the 
digestion line, due to harsh conditions. Therefore, some of the required data was not 
available. In addition, the plant‘s authority did not permit the publication of some technical 
and operational data. 
 
The missing data, in addition to abovementioned items, are generally pressures and 
temperatures of the slurry at the inlet and outlet of each pre-heater section and inlet of the 
furnace. Varying the operational parameters of the digestion process which is for evaluating 
their impact on the process behavior, like continues measurement of the yield was also 
impossible to achieve. Considerable amount of the wanted data, like pressures and 
temperatures, of water consumption as well as slurry load as the input flow to the digestion 
process of most of the operation units were obtained despite difficulties.   
 
The input data for feeding the modeling and simulation of hydrometallurgical processes, 
particularly low A/S chamosite-diaspore ore is not that good in comparison with other 
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chemical processes such as petroleum. Some of the required chemical and thermodynamic 
properties of the diaspore bauxite slurry are not available in the technical references. These 
are some limitations. Similar data are available though, and to some extent, utilized for a 
qualitative understanding of impact of different process variables. 

1.5. Research methodology 

The work described by this thesis includes theoretical studies of the digestion process, review 
of previous related background, field study for data collections in the existing IAC plant, 
modeling and simulation of the digestion process, and to perform some applicable case 
studies, in particular, energy recovery optimization in the unit. The process model is validated 
with data of various running operating conditions of water consumption, and local slurry flow 
of the existing plant. 
 
The methodology applied in this study includes the following steps: 
Identification of the key problem and goal definition. 
Identification of the limitations and constraints in the study. Consequently, definition of the 
parameters that can be changed, for the time being, in order to study their effect on the 
problem.   
Formulation of the key problem within these limits and proposing a procedure for how to 
solve the problem. 
Execution and verification of the proposed solution  [27].  
 
Employing the abovementioned methodology in this particular study is explained in the 
following steps: 
The key problem is to reduce energy losses, while sustaining the plant yield.  
The limitations are that pressure valves cannot be applied, the reactor volume is fixed, and 
the reaction time is fixed. The chemical dosage is also fixed, and the particle size cannot be 
influenced for the time being.  
Considering the above limitations, the problems that are studied in this phase, have been 
reduced in order to find an optimal pressure/temperature profile in a series of flash tanks. 
This would lead to the reduction of energy losses as far as possible. 
The optimization is carried out by using a process simulation model.  
 
The complicated process in stand –alone plant is first simplified into separate intermediate or 
sub-processes.  
It is divided into separate functional units (blocks), physically linked by mass and energy 
streams. Then the functions of each unit are established. Complementary details are provided 
below. 
 
All the data collection is conducted by field studies at IAC in Jajarm. Two major types of 
data are collected. First type contains accessible data of water consumption, instead of 
bauxite slurry, as the input stream to the digestion unit. Second is data of operating conditions 
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of using the local diaspore slurry as input flow. The last part of the data is divided into two 
groups: 
The first group contains the results of measuring various parameters of current operating 
conditions. The measurements were performed three times with intervals of a two-month 
period, over two years.  
The other parts of data are collected from the plant with the help of the technical operators. 
Most of these data are obtained from process computers in central and local control rooms of 
the Bayer process units.  
 
A part of the data is used for setting the model, according to the next paragraphs descriptions. 
The other data is used to test the accuracy of the model. Moreover, various data and 
information are collected from documents center, and interviews with the production line 
experts especially the Research and Development department of the refinery. Most of these 
data is about the designer‘s process conditions, and modifications as well as changes 
previously made on the process. This sets the practical limitations in how the process unit can 
be operated and optimized. 
 
At the first step, a comprehensive field study on the current conditions of the digestion unit 
process is carried out by analyzing all types of the collected data and other accessible 
information and technical documents. The current operation conditions are further compared 
to the designer‘s information, and the main deviations are determined. 
 
The types of software, modeling steps and property methods would have a direct influence on 
the accuracy of the simulation model. Several simulation software programs are available for 
process simulation, including Aspen plus, Chemcad and Hysys [28, 29]. The simulation 
software must have powerful databank and the capabilities to handle various models that are 
required for simulating different solid, liquid and gas flows. Aspen plus has a large data bank, 
a variety of different standards, ideal process unit modules and various property methods. 
They are all applicable to chemical, thermal, electrolytic processes. Therefore, this simulator 
is utilized to simulate the process and solve the material and energy balance equations.  
 
Various methods can be used to simulate and study mineral processes including Bayer 
process. Applying each of these methods depends on the main purpose of the simulation and 
the depth of the investigation program. Thermodynamic simulation provides the ability to 
analyze and investigate different flows and predict the system behavior under the effect of 
various factors. In this method, each block is considered as an individual system that its inlet 
and outlet streams are in steady state conditions. The unit modules, operational blocks, are 
then combined consistent with the logical physical flow of the digestion process in order to 
form an intermediate or a complete process. Then each of the streams, reaction and other 
technical data are applied to the blocks and the final flow diagram is obtained. The resulted 
process flow diagram needs to be validated with the collected data from the existing digestion 
process unit of the plant.  
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Assessment and evaluation of the model is carried out by comparison between model 
predictions and the measured and collected data from the existing plant. Since the slurry flash 
tanks have a considerable effect on the system performance, the model‘s predicted 
temperatures, for the flash tanks, are compared to this kind of data.   This comparison is 
carried out in two steps. In the first step, the available experimental data of water 
consumption as the input stream to the digestion unit is carried out.  In the next step, the 
industrial data of running operating conditions of using the local diaspore slurry as input flow 
is carried out. 
 
The model is further developed to investigate the effect of key operation parameters on the 
process behavior, particularly the energy consumption. Regarding the role of the first flash 
tank and according to the request of the refinery, the effects of different factors on the 
performance of this flash tank are studied with the aid of simulation model.  
 
Finally, the thermal energy and the generated vapor by the flash tanks, with the aim of 
optimizing the energy consumption in the digestion process unit, are investigated. This is 
done by studying the effect of different pressure drop trends, in the flash tanks, on the 
generated vapor and accordingly, thermal energy retrieval in the process. It is performed in 
order to establish an optimum pressure profile, which leads to the highest temperature of the 
slurry at the furnace inlet, for the existing equipment and conditions. Moreover, the generated 
vapor due to pressure drop in different stages of the process is studied. Consequently, the 
model is developed and the effect of utilizing a part of the vapor, which is not recycled, in 
order to increase heat retrieval in the process is studied. 

1.6. Outlines of the thesis 

This thesis covers theoretical and to some extent experimental investigations of the key 
factors that affect the digestion process of IAC, and describes the consecutive steps of 
thermodynamic simulation of the process. An investigation of the effect of different factors 
on the process behavior, particularly the increase of the energy and steam recovery by using 
the developed model, is also described. 
 
This thesis contains the following: 
Chapter 1 Introduction: including background, process description, motivation, objectives, 
R&D challenges and limitations, research methodology, outlines of the thesis, literature 
review, and overview of the papers 
 
Chapter 2 Theoretical studies: definitions and expressions used in the thesis, and details of 
modeling and simulation procedures of the digestion process, together with process modeling 
steps and assumptions and also blocks; covering pre-heating, furnace, dissolution section, 
slurry flash tanks, condensate drum, chemical reactions and verification. 
 



12 
 

Chapter 3 Experimental studies: including types of measurements, instrumentations, data 
collection, measurements uncertainty, data selection procedure, and other necessary related 
points. 
 
Chapter 4 Results and discussions: experimental and simulation results, model assessment 
and validation procedures and details,  discussion about the results, some of the possible 
improvements of the process performance and the result of implementation of the proposed 
design on the digestion unit energy and water consumption.  
 
Chapter 5 Conclusions: including points of view and future recommendations. 
References 
Appendix 
 

1.7. Literature review 

Bauxite consists of different aluminum hydrate minerals which are gibbsite Al(OH)3, 
boehmite -AlOOH and diaspore α-AlOOH [30-32]. It is accumulated with a number of 
impurities that have direct effects on the Bayer and specially on the dissolution process [7, 20 
and 25].   
 
The type of silica-bearing minerals in bauxite is an important factor. It has been well 
established that the amount of alumina per silica (A/S) ratio of diaspore have major effect on 
the digestion process conditions. The lower ratio of A/S results in lower quality of bauxite, 
more severe digestion conditions and higher energy and consumables consumption [2, 7, 18 
and 33]. 
 
The behavior and properties of different types of silica-containing minerals during the 
digestion process were published in various literatures [24, 25, 34-36]. These publications 
discussed about the effect of some parameters, i.e. temperature, pH, and residence time, on 
the dissolution of silica-bearing materials in NaOH and sodium aluminate liquors. It was 
shown that silica-containing minerals cause the process chemical, e.g. alumina and NaOH 
losses and increase in process energy costs. This situation would cause a decrease in 
aluminum hydroxide production rate and quality [6, 37]. G. Songqing and Y. Zhonglin [25], 
and P. Smith [7] recently reviewed the properties and effects of almost all types of silica-
containing minerals, which exist in the bauxite ores, on the Bayer process performance. 
 
Behavior of kaolinite and illite in the Bayer digestion process of diaspore bauxite was studied 
by [18, 36]. The reaction rates of these different components for different conditions were 
discussed. It was shown that kaolinite can more easily react with the Bayer liquor at lower 
temperatures, 90°C, while illite reacts slowly at low temperatures. Chamosite and quartz react 
very slowly under the common digestion conditions.  
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Generally, two category methods are used to minimize the harmful effects of active silica in 
high silica bauxites on the Bayer process; 1) reduction of the reactive silica of the input feed 
to the process, 2) modification of the digestion process. Separation silica from bauxite by 
gravity, screening/washing, magnetic, flotation methods, and roast-leach process are 
belonged to the first set. Sinter processes, double digestion high pressure, hydro-process, and 
lime-Bayer process are among the second category [18, 19, 21, 33 and 35].  
 
There is no particular process that will be appropriate for all types of bauxites in general. 
Each of these methods has different benefactions and disadvantages. However, most of these 
procedures are complicated systems which need higher investment. Some of them have 
contaminants, or contain more energy consumption and alumina losses. Thus, in order to 
select an appropriate process for any particular diaspore bauxite, several parameters, i.e. 
diaspore properties, and various economical and technical parameters should be taken into 
account [7, 25 and 38]. Lime-Bayer process is mostly utilized to process high silica diaspore 
bauxites. 
 
Effect of lime additions on the performance of pre-desilication and digestion processes were 
investigated and reviewed in various literature studies.  The effect of different parameters, 
like temperature, residence time, lime concentrate, etc. on the abovementioned two 
processes‘ rates and efficiencies, soda and alumina consumptions, other impurities behavior, 
and resultant red mud properties were determined in various literatures [6, 19, 25 and 39]. 
Malts N.S. studied the lime utilization efficiency during digestion of different bauxites. 
According to this article, lime has a catalytic effect on alumina-containing minerals in sodium 
hydroxide liquors [39]. X. Pan et.al studied the effect of lime addition on the pre-desilication 
of a gibbsite bauxite type at different temperatures. Lime increases the desilication efficiency 
of bauxite.  It can also improve alumina digestion of gibbsite bauxites, however its 
corresponding mechanism are unknown [19].  
  
E. Lavalou showed that considering bauxite's properties, its origin, and economical 
parameters, a particular particle size is required to reach appropriate digestion yields [38]. G. 
Songqing and Y. Zhonglin [25], and J. Addai-mensah [40] expressed two different equations 
in order to represent the effect of bauxite particle size or its surface area, and some other 
parameters on the digestion rate of diaspore bauxite in caustic containing alumina liquors. 
Smaller particle size gives higher yield but also consumes more grinding energy.   
 
Previous studies showed that the basis of Bayer process is the variation in solubility of 
hydrated alumina in sodium aluminates solutions with changes of temperature and 
concentration of caustic soda [41, 42]. The different mineral compositions of three main 
aluminum hydroxide types have influenced the way they are processed. Generally, gibbsite 
thermodynamically has less stable lattice than boehmite and diaspore, and is easier to digest. 
Therefore, it is treated by Bayer process using less severe conditions of caustic concentration, 
temperature and holding time.  
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Boehmite dissolution begins with a temperature range between 160 and 180oC, depending on 
the ionic strength of the digestion liquor, and required longer residence time to be digested. 
Alumina production from diaspore bauxite is more difficult compared with two other types 
[1, 7 and 43]. Diaspore dissolution only occurs with higher temperatures, and high ionic 
strength of the digestion liquor. It was also shown that acceptable digestion yields require 
lime addition and up to one hour residence time at the digestion temperature [1, 20].  
 
Thermochemical properties of different mineral compositions of three main aluminum 
hydroxide types and the aluminate ion between 0°C and 350°C were presented in a report by 
JA. Apps et al. [44]. Aluminum-containing species transmission from solid phase to liquid 
phase according to the leaching process, and the chemical equations were also described. D. 
Panias et al. developed a model for solubility of boehmite in concentrated sodium hydroxide 
solutions [45]. 
 
Besides various methods applicable for improving diaspore quality, i.e. increasing silica ratio, 
mentioned earlier, generally two technologies are applicable for diaspore digestion [20, 38]: 
a) Digestion in autoclave systems  
b) Tube digestion technology 
In the first technology, slurry passes through autoclaves, while in the second it passes through 
multi-pass tubes in the digestion technology for performing dissolution treatment. The latter 
technology is recently used more widely for the diaspore bauxites. Compared with autoclave 
digesters, tube digesters have a better condition for dissolution of alumina. E. Singhoffer and 
J. Steiner [46] compared the performance of traditional autoclave with tubular digestion 
technologies. They showed that the latter technology is more energy recuperative. The 
digestion time is very limited with tube digestion technology, because of the small volume in 
the tubes. Consequently the digestion temperature should be raised to about 260-310oC in 
order to dissolve alumina in the shorter holding periods [20, 25, 46 and 47]. 
 
According to the literatures, there are good knowledge and experiences about digestion 
process of gibbsite and boehmite. However, many fundamental phenomena occurring in the 
diaspore digestion process are not very well understood yet [48, 49]. There are a variety of 
information about consumables and the energy consumption of different bauxite types, and 
various technologies of Bayer process [7, 14, 20]. However, there is not appropriate and 
reliable information about consumables and energy consumption of diaspore Bayer process, 
and particularly not on low A/S ratio and containing chamosite diaspore (like Jajarm) ores. 
 
Flash tanks‘ behaviors have a major impact on thermal energy and water recovery, stability 
and performance of the digestion process [50]. G. Guoyao and W. Longzhang reported some 
results about the influence of orifice diameters of the flash tanks on the stability of the 
pressure, temperature and behavior of the slurry in the digestion unit. They present an 
empirical diagram in order to indicate relationship between digestion feed flow rate and 
orifice diameter of the first flash tank [51]. E. Throp and C. Marsh investigated the effect of 
inlet geometry on the steam generation and slurry behavior inside a flash tank. Utilizing the 
CFD method analysis, they showed that this parameter affects the stability of slurry surface 
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condition inside the flash tank. More consistency and stability of the flow surface pattern 
increases the vapor separation and quality [52]. 
 
Modelings of different thermodynamic and chemical processes have been discussed in many 
books, papers and other references. A variety of equation of states, activity coefficient 
equations and other types of governing equations have been proposed for modeling of 
different kinds of processes. Chen et al. proposed Electrolyte-NRTL property method to 
represent the excess Gibbs free energy of aqueous electrolyte systems [53]. Other researchers 
employed the Elec-NRTL property method to model different aqueous electrolyte processes 
and reported appropriate results. Some of recent publication also discussed the application of 
this model for different electrolytic solutions with variant types of strong ions and solvents. 
The obtained results showed suitable agreement with the experimental data [50, 54 and 55]. 
 
J. L. Dewey modeled the effect of various ions on the boiling point rise of caustic-aluminate 
liquor in Bayer process [56]. Modeling of various chemical equilibriums and different 
thermodynamic procedures of electrolyte solutions are reviewed recently by [57, 58]. The 
application of different models for electrolyte solutions were compared and classified in a 
relevant manner. It showed that modeling of chemical reactions in ionic solution of industrial, 
i.e. hydrometallurgical processes, e.g. alumina digestion, is still associated with various 
hurdles [58]. Chemical composition and crystal structure of disparate bauxite ores are mostly 
important factors that affect the digestion process performance and consequently, the process 
modeling results. Thus, process investigation and modeling of dissimilar diaspore ores should 
be individually carried out [1]. 
 
Numerical methods have been used for analyzing the influence of various factors on different 
processes, including Bayer and digestion processes. S. Chehreh Chelgani and E. Jorjani 
recently studied the relationship between alumina leaching recovery of the digestion process 
to the chemical modules of Jajarm bauxite, using regression and artificial neural network 
(ANN) methods. They showed that the proposed method has acceptable results compared to 

the actual determined recovery [5]. A variety of computational fluid dynamics (CFD) and 
process simulation methods and softwares have been developed during last decades. Groups 
of research discussed on the simulation and modeling of blocks, procedures, intermediate or 
wholly different electrolytic process by using CFD, or dynamic and steady state process 
simulation methods [59-61]. A group of these softwares have suitable data banks and relevant 
property methods for modeling various processes, [29, 54]. As the focus of this study is to 
model the whole process, thus detailed CFD analysis has not been suitable in this phase, and 
Aspen plus has been used as a tool. 
 
Hydrometallurgical processes are often complex and contains various intermediate processes. 
Therefore, for simulation of the whole process, in various methods each of the last 
intermediate processes are considered as a module that its simulation is based on inlet and 
outlet streams conditions [58, 62]. Aspen plus is one of these kinds of software that is widely 
employed to simulate various process types. Simulation of four different ores by aspen plus 
was reviewed in [63].  
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Bayer and digestion process simulation with aspen plus background was presented in [64]. Y. 
Kumagae utilized Debye-Hückel and Elec-NRTL models to predict liquor‘s boiling point 
rise, and solubility of Al(OH)3 in the slurry throughout Bayer digestion process. Using Elec- 
NRTL property method, they simulated dissolution and evaporation stages of the digestion 
process in the Aspen plus software. The results demonstrate that the last model can be used to 
predict the phase equilibriums of digestion process appropriately [50]. Torres recently 
simulated the Bayer process for a gibbsite ore type in aspen plus. He applied another density 
equation (Russell) to build up the solution concentrations. His work showed low deviations of 
simulation prediction from reality when they were compared with the concentrations of 
caustic solution from the plant. The last works are mostly done on gibbsite and boehmite type 
bauxite ores. 
 
Chemical composition, mineralogical properties and other characteristics of diaspore ores 
that are originated from distinct mines are different from each other, i.e. each bauxite ore has 
its own individual specifications. Therefore, separate investigations should be done to 
determine the optimum necessary parameters and special processes to extract alumina from 
each specific ore [5, 7 and 23]. Successful hydrometallurgical process development and 
operation requires the ability to accurately predict process conditions. 
 
Former investigations on low A/S ratio diaspore ores are mainly about preliminary or 
subsidiary procedures that commonly affect the digestion process consumables or other 
resources consumption. Most of previous modeling and simulation works are about relatively 
medium or high A/S ratio or non-diaspore ores digestion process. Therefore, modeling and 
simulation a low A/S ratio chamosite-diaspore bauxite type of high-pressure tubular digestion 
process, in order to study the influence of key operation parameters on the process behavior, 
particularly thermal energy consumption are of most interest. 

1.8. Overview of the papers 
 
Paper 1: 

Thermodynamic Process Simulation of the Digestion Unit in Iran Alumina Refinery 
Iran alumina complex (IAC) is fed by Jajarm bauxite, which is a low silica ratio diaspore 
type. Digestion is one of the most important processes in the alumina refinery and has 
become the main bottleneck of IAC. Consequently, changes have been made on several 
operational parameters. These alterations resulted in lack of detailed knowledge about the 
effect of various factors on the digestion process. The digestion process of the plant and it‘s 
problems were studied.  
 
Process simulation provides a possibility to investigate the impact of various factors and 
study the optimum conditions for obtaining the desired product quality and reducing the 
energy consumption and environmental impact. A simulation model was developed for the 
digestion process. The Elec-NRTL property method was adopted for the global digestion 



 

17 
 

process and the steam table correlations was used for water/vapor streams. The Aspen plus 
software was used in order to simulate the process. Using the simulation program the effect 
of input slurry temperature to a flash tank (the first one) on the pre-heater cold stream 
temperature and energy consumption was discussed. 
 
Paper 2: 

Diaspore Bauxite Digestion Process Simulation 
Alumina digestion, in the Bayer process like other hydrometallurgical processes, is affected 
by various factors. Investigating the effect of different parameters on the behavior of the 
process, and particularly energy consumption are of major importance. In this paper, 
thermodynamic simulation of consecutive stages of the digestion process unit, were studied. 
Property methods that can be used to model and simulate the process as well as the evaluation 
and verification procedure of the simulation results against their accordance with the real 
conditions were studied. The results from the model were compared with several sets of the 
real data of the plant. Two major data sets were utilized, which include data of water 
consumption, and real slurry load as the input flows to the digestion unit, as the first and 
second sets respectively. The obtained results showed close agreement between the model‘s 
output and the real plant data.  
 
Using the model, the effect of some factors on the digestion process, was investigated. The 
relationship between the process input flow rate and furnace output temperature on the 
generated vapor by flash tanks and pre-heaters output flow temperature were studied. The 
generated vapor due to pressure drop in different stages has been determined and studied by 
the model for the operating conditions. These calculations showed that a considerable amount 
of thermal energy and water vapor were dissipated and wasted during the slurry transfer from 
the dissolution unit, the last flash tank, to the mixing unit. By using the generated vapor of the 
last flash tank, the efficiency of energy recycling in the digestion unit should increase; thus, 
the water waste and environmental pollution should also decrease considerably. 
 
Paper3: 

Modeling and Simulation of a Diaspore Tubular Digestion Process  
A simulation model is developed to predict the performance of a tubular digestion process of 
a low Alumina/Silica ratio diaspore bauxite type. The model was validated with several sets 
of the industrial data. The simulation model has been utilized by the R&D department to 
predict the digestion process behavior at various operation conditions.  
 
The generated vapor by the flash tanks, due to pressure drop in different stages was studied 
for the operating conditions by using the model. Therefore, the model was further developed 
in order to study the effect of using a part of the other vapors on heat recovery in the 
digestion unit. Consequently, a new pre-heater section was included in the model and the 
exhausted vapor from the last flash unit was sent to it. The simulation results showed that in 
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the new conditions the heat exchanger can gain 5.71GJ/h additional thermal energy, and 
accordingly slurry temperature at the furnace inlet increases by 11°C. 
 
The practical output of this work is suggestion for a new design to increase the vapor and 
thermal energy recovery in the digestion process unit.  This was implemented in the refinery 
and the generated vapor from the last flash tank is currently directed to a new pre-heater 
section. Consequently, the cold stream temperatures of the pre-heater sections and the amount 
of water recovery in the digestion unit have been increased. Thus, the digestion furnace fuel 
consumption, according to the taken measurements, dropped from 2500 to 2300 kg/h and 
became 200 kg/h less than the earlier condition for every digestion line, which was stated in a 
proven document by the energy department of the plant. 
 
As addition to these papers we also have added a discussion about the effect of different 
pressure drop trends in the flash tanks on the heat retrieval in the process, which will be 
included in a forth coming published paper.  
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2. Theoretical Studies 
Alumina extraction from bauxite composes of numerous stages and several processes. 
Among these, the digestion process plays main role and consists of different processes 
(Figure4). Diaspore bauxite, particularly low A/S, in comparison with other bauxite types 
disintegration, has more complicated operational conditions and requires higher temperature, 
pressure and caustic soda concentration [12, 38 and 49]. Subsidiary processes and factors like 
bauxite particle size, pre-desilication, lime percent, etc. have appreciably influence on the 
digestion performance. Most of these effects are discussed in the literature review part. 
 
Silicon-containing minerals have two undesirable effects on the Bayer process performance. 
They are decomposed by sodium hydroxide liquors and reacts with aluminate solution, 
forming sodium aluminosilicate hydrate, most of which enters into the red mud. Formation of 
these insolvable solids leads to waste of caustic soda and reduction of alumina recovery of 
the Bayer process. Thus, removing silica from bauxite, before converting it into alumina, 
leads to a decrease in NaOH consumption and an increase of alumina production yield. 
Therefore, desilication process is frequently performed on low silica ratio diaspore type 
before digestion process [18, 24 and 34] . As the focus of this work is to model and perform 
thermodynamic simulation of the digestion process, other processes like grinding, 
desilication, etc. hereinafter, were not considered in the thesis. 
 
In order to dissolve alumina, bauxite slurry enters the tubular digestion unit, generally after 
pre-desilication step. Then it is heated up to the required temperature and as a result, the 
disintegration of bauxite is done in the digestion unit during the required time. The process 
comprises of several process units which interact with mixed streams of dissolved and 
insoluble solids, liquor and water vapor.  The main function of the digestion unit is to 
dissolve the bauxite aluminum-containing species, using concentrated caustic soda liquor at 
high temperatures, and to precipitate out undesirable components such as silicates.  
 
Reactions (1) to (4) are considered as the Bayer process major reactions, which happen from 
the beginning to the end of the digestion process.  Reactions (1) to (3) mostly take place in 
the earlier stages; milling and pre-desilication [24, 30 and 34]. Therefore, dissolution of 
alumina is the main reaction of the digestion process. 
NaOH Na+ + OH-                                                                     (1) 
CaO + H2O  Ca(OH)2                                                              (2) 
Al2Si2O5(OH)4 + 2NaOH   Na2O.Al2O3.2SiO2(s) + 3H2O       (3) 
2AlOOH(s) + 2NaOH  2NaAlO2(liq) + 2H2O                            (4) 

Aluminum ions are hydrolyzed in an aqueous environment forming various mononuclear and 
polynuclear hydroxo complex ions, but in concentrated alkaline sodium hydroxide solution 
with a pH higher than 10, the tetrahydroxo aluminate ion is the only aluminum bearing 
species in the solution. Thus, diaspore dissolution in the caustic soda solution is simplified 
according to the reaction (4) or following form [20, 44]: 
Al2O3. H2O(s) + 2H2O + 2NaOH    2AlNa(OH)4(liq)                         (5) 
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Figure.4: Digestion stage block diagram 

The slurry leaves the digestion unit at a temperature above its normal boiling point. In order 
to recover some of thermal energy and water, the slurry is cooled down by passing through 
an expansion step that includes a series of flash tanks, where the excess heat in the 
superheated liquid is flashed off as steam. Due to the effect of dissolved ions in the digestion 
liquor in raising the boiling point of water, the temperature of the vapor is higher than the 
boiling temperature of the pure water at the given pressure. Accordingly, the vapor exits from 
the flash units in the superheated state, and consequently, the vapor is condensed and partly 
recycled to the process. 
 
Inside each flash tank the pressure is suddenly decreased, and due to unstable thermodynamic 
conditions, some part of slurry‘s water is vaporized and transferred from liquid phase to gas 
phase. The mass amount of generated vapor, (   ̇ ) from jth flash tank is proportional to the 
slurry‘s pressure drop, and can be determined from thermodynamic tables, i.e. steam tables. 
Thus, different pressure levels of the flash tanks result in different pressure drops, which 
influence the generated vapor mass amount.  
 
Some part of produced vapor‘s thermal energy of the first nine flash units, that are named 
V06-V14, is used to heat up the fresh bauxite slurry in the pre-heater sections which causes 
an increase in the slurry‘s temperature,    , at any pre-heater section. Therefore, passing 
through nine sections of heat exchanger, the fresh slurry‘s temperature is raised form initial 
     to final    , as shown in eq. (6) 

         ∑   
 

   
 (6) 

The operational performance of the heat exchangers is closely related to the flash tanks‘ 
performance, since the generated vapor by the latter is fed to the pre-heaters, where it is 
utilized as the heating medium in order to raise the temperature of the slurry before being fed 
to the furnace. The latent heat of the water vapor inside each pre-heater section, due to 
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condensation, is transferred to the fresh slurry. The transferred thermal energy,     , can be 
expressed as: 
        ̇     (7) 

Where     is vapor to liquid latent heat of the incoming steam from jth flash tank. The 
transferred heat to the slurry at each section,     , can be determined according to: 
 

     ∫   ̇              (8) 

Where    ̇ ,      are mass flow and heat capacity of the passing slurry from pre-heater‘s ith 

section. Considering adiabatic conditions for the pre-heat sections,     would be negligible, 
eq.(9), and then the energy balance on a heat exchanger is performed as the following: 

     ∫   ̇        (9) 

          (10) 

∫   ̇           ̇     
(11) 

The latent heat of condensing generated vapors from the first nine flash tanks, eq. (12), are 
transferred to the fresh slurry-cold stream- in each preheater, and cause an increase in its 
temperature, eq. (13). Therefore, the transferred heat to the fresh slurry can be derived from 
the above equations as follows: 

    ∑   ̇
  

   
    (12) 

    ∑∫   ̇       
 

   
 (13) 

∑   ̇
  

   
    ∑∫   ̇       

 

   
 (14) 

 
Slurry mass flow rate,    ̇   remains constant until the first flash tank inlet. Then, 

∑   ̇
  

   
     ̇∑∫     

 

   
   (15) 

Therefore, according to the above equation, temperature rises at every pre-heater outlet,    , 
and consequently, temperature of the fresh slurry, which enters the furnace,    , can be 
determined.  
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The amount and temperature of the generated vapor from each flash tank, that is an indication 
of the energy dissipation at each stage of pressure reduction in each flash tank, is an 
important factor.  The generated vapors increase the slurry temperature from almost 100°C to 
195°C during the preheating procedure. Then passing through the furnace, slurry temperature 
increases to about 270°C, in order to carry out alumina dissolution reaction. Considering the 
   ̇      equation, slurry mass flow,  ̇  and it‘s heat capacity,     are almost constant.  
Thus, more than 50% of the required thermal energy for heating fresh slurry is obtained from 
the flash thanks‘ generated vapor. Therefore, proper analysis and study of the effect of 
various parameters, like flow rate, pressure of incoming slurry, and pressure drop trend of the 
flash tanks are of prime importance. In this case the residence time of the slurry and the 
grinding to a certain particle size are constant, namely suitable, and is not possible to be 
changed for the time being. 
 
The amount of pressure drop inside each flash tank is affected by different parameters, i.e. 
volume of vessel, etc. Slurry flow pattern inside each flash tank, its uniformity and 
consistency are important items, which have major effects on various parameters and flash 
tank‘s performance.  Improper flow patterns can cause some problems like; vibration and 
erosion of the vessel, trapped vapor in the exhaust slurry, and carrying tiny slurry droplets 
with the living vapor from the flash tank (entrainment) resulting in lower efficiency of vapor 
generation, equipment‘s durability, and preheaters fouling. Consequently, energy 
consumption of the Bayer process increases and the production rate decreases. CFD is a 
proper method to study and analyze the effect of different factors, like vessel volume, inlet 
and outlet condition and design, pressure drop, slurry properties, etc. on the flash tank‘s 
performance, and to investigate the necessary conditions for the proper and stable flow 
regime [46, 51].   Regarding the role of the flash tank performance on the energy, water 
consumption, blocks durability, production rate, digestion stability and performance, detailed 
CFD study will be performed in another phase, as a feature work. 
 
The digestion process consists of three phases of solid, liquid and vapor. Its inlet flow is an 
electrolytic solution in which water is the solvent, and composed of various ions, i.e. Na+, 
OH-, Al+3, Ca+2, etc., with solid components in the form of slurry. Processes such as water to 
vapor phase conversion and vice versa, heat exchange, pressure variation and chemical 
reactions take place throughout the digestion process [1, 50 and 65].  Therefore, two types of 
phenomena, i.e. physical and chemical, occur in the digestion process. 
 
The physical phenomenon includes slurry thermodynamics behavior, and the chemical 
phenomenon contains chemical reaction occurring inside the tubular digester.  Thus, suitable 
property methods that can be capable to describe these two phenomena should be included in 
the modeling of the digestion processes.   
 
Modeling methods, type of software and the simulation steps have direct effect on the 
accuracy of the obtained results and the amount of conformance with the real situations of the 
system [59, 60 and 64]. Various property methods can be used to model aqueous electrolytic 
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process; Pitzer and Elec-NRTL are among them [45, 54, 66 and 67].  Each property method 
is capable to handle fixed materials in a limited thermodynamic properties range [22, 67 and 
68]. Therefore, property methods that can be capable to simulate the digestion processes in 
the desired range of temperature, pressure and chemical composition are of great importance 
[67, 68]. Previous literatures showed that the Elec-NRTL that is first proposed by Chen et al. 
[53] can be used for aqueous electrolytic solutions in different concentrations and conditions.  
This property method was used by different researchers for modeling of hydrometallurgical 
processes such as dissolution of alumina and led to reasonable results [29, 50 and 55]. 
Moreover, experimental data of the steam tables property correlation can be used to predict 
interaction between different flows of water and vapor [69, 70]. 
 
A variety of simulation tools are employed for engineering design of new chemical processes 
or rebuilding of existing ones, including the Bayer process [71, 72]. The Aspen plus software 
almost contains the required conditions and therefore is appreciably used to simulate the 
hydrometallurgical processes including the alumina digestion. It contains required property 
methods for electrolyte systems, and the steam table property correlations. This software has 
the capability to apply different models and has a huge database of almost all the necessary 
thermodynamic data needed to simulate the process [50, 62 and 63]. 
 
An important step in simulating a process is the evaluation and verification of results against 
their accordance with real situations. During this step, the outputs of the simulation program 
are compared with measured data and necessary modifications will be carried out to reach the 
desired accordance between the simulation results and measured data. As formerly described, 
expansion stage has great effect on thermal energy and therefore the dissolution process 
performance. Thus, the model predictions are compared to slurry temperatures data of the 
flash tanks. Various data of different operation conditions of the digestion unit can be used to 
perform the model evaluation. Under these conditions, the program should be run several 
times and its output results should be compared to the experimental data.  
 

2.1. Modeling and Simulation Procedures 

In order to develop a predictive model, different phenomena that coexist in the digestion 
process should be integrated properly.  The Aspen plus simulator was used to simulate the 
process and solve the material and energy balance equations. This process simulator contains 
various ideal and standard process operation blocks that can be employed to define the 
digestion process in the simulation software [62] . Therefore, the built-in capabilities of the 
simulator were used in developing the model, i.e. at each section a proper standard block, unit 
module, was used to model the slurry flow behavior through the heating, digestion and 
expansion stages, respectively.  Then, after defining input streams and parameters of the unit 
modules, other entering and leaving streams of the blocks were sequentially calculated by the 
simulator. 
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In this study, several standard operational blocks were combined together in order to provide 
a model for the thermodynamic performance of the slurry in the digestion process.  The 
physical phenomenon consists of two major stages named heating and expansion.  Then for 
modeling of each stage, ideal operation blocks such as Heatx along with Furnace and Flash2 
were employed for heating and expansion stages respectively. The model was built on the 
basis of IAC digestion unit process, and composed of nine pre-heaters, a furnace, a 
stoichiometric reactor, eleven slurry flash tanks and nine condensate flash vessels. 
  
The process input flow contains an aqueous electrolytic solution containing different ions, 
together with solid particles, which were defined as two types of Mixed and Cisolid streams 
in the simulator, respectively. Then, the amounts of each ingredient were fixed, and various 
types of feed constituents, with respect to probable chemical compositions, were determined. 
Slurry preparation, milling and mixing, and desilication steps are performed prior to the 
digestion process. The related chemical reactions are taken place in the prior stages. Thus 
alumina dissolution, reaction no (5), was assumed as the digestion process chemical reaction. 
 
Each of the equipment was considered as an individual system that its inlet and outlet streams 
were in steady state conditions.  All the equipment and connecting tubes have suitable 
thermal insulation.  Therefore all blocks, except the furnace were considered adiabatic.  Other 
conditions, assumptions and simulation procedure of any step are as follows.  
 

Pre-heating 

Pre-heating of the slurry takes place in shell and tube type heat exchangers. A heat exchanger 
has two sets of inlets and outlets. One is for the hot stream and the other is for the cold 
stream. The cold and hot streams do not contact directly with each other. Therefore the 
amounts of hot and cold streams do not change at their outlets. At hot section, water vapor 
transfers its latent heat of condensation to the other side (cold section), where at the other side 
exchanges the heat with the slurry that exits from cold section without phase change and with 
an increase in its temperature. Heatx modules are employed to define each pre-heater section 
(Figure5). 

Heatx can model a wide variety of shell and tube heat exchanger types. Heatx can perform 
simplified shortcut rating calculations in order to perform heat and material balance 
calculations. The horizontal vectors in the Figure 5, represent cold stream- fresh bauxite 
slurry- and the verticals are utilized for hot stream, exhausted vapor from a flash tank. A 
steam trap is utilized to retain the live steam. Thus the entire vapor assumed to be condensed 
at the hot section. Another assumption is that no reaction takes place during heat exchange.  
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Figure.5: A Heatx module which was employed to define each pre-heater section 

Furnace 

The furnace is a kind of heat exchanger which is used to heat up the input stream, slurry, to a 
specified temperature. At one side, the temperature of the slurry is increased and exits the 
furnace without phase change, and at the other side thermal energy is transferred from flame 
and combustion gases to the other side. These two sides do not contact directly with each 
other. Therefore the amount of cold stream does not change at its outlet.  A Furnace module, 
which is a type of heat exchanger, is employed to define this block, wherein the pre-heated 
slurry inter the furnace and heated up to a predefined temperature (Figure6). This block 
determines phase conditions and the amount of transferred heat to inlet, slurry stream. It was 
assumed that no reaction takes place during heat up the slurry in the furnace.  Detailed 
analysis of combustion procedure conditions on heat transfer, which can be done by using 
CFD or other methods, was not of interest in this phase.   

 

Figure.6: A Furnace module which was employed to define the digestion furnace 

Dissolution section 

This section is the reaction container in which dissolution of alumina occurred in the slurry.  
Different reactor modules can be utilized for modeling reactions in the Aspen plus simulator. 
These standard blocks can be used to model different types of reactions, with regard to the 
type of reactor and accessible data. RStoic is utilized to model a reactor when stoichiometry 



26 
 

and the molar extent or conversion is known for the reaction. This block can model reactions 
that are occurring simultaneously or sequentially, and can perform heat and material balance 
calculations.   

 
Figuer.7: The RStoic module employed to define the chemical process 

As mentioned earlier, alumina leaching, reaction no (5), was assumed as the digestion process 
chemical reaction. According to the laboratory results, alumina dissolution yield is 73 percent 
by mass. Thus, a stoichiometric reactor module was utilized to carry out this chemical 
reaction. The RStoic module has at least one inlet and one outlet material stream (Figure7). 
The inlet vector is representing the flow rate, temperature, pressure and chemical composition 
of the slurry, which comes from the furnace. Multiplication of conversion ratio with the 
initial moles of the reactants gives the extent of that reaction. The outlet slurry is sent to the 
flash tanks to cool down to temperatures below its normal boiling point in order to form a 
supersaturated solution. 
 

Slurry flash tanks 

Flash tank is a kind of separator with a pressure reduction in the input stream. The liquor then 
becomes thermodynamically unstable, and consequently, some liquid evaporate from the 
slurry. This block performs vapor-liquid equilibrium calculations which is used to model 
flashes, evaporators, and other single stage separators. In alumina digestion process, flash 
tanks are used to separate water vapor, restore thermal energy, drop pressure and cool down 
the aluminate slurry. 

 

In IAC, the pregnant liquor coming from dissolution step is cooled by flashing through a set 
of eleven flash units. The output of each drum is sent to the next one, and finally, to a 
washing section. Steam produced in this procedure, to some extent, is used for heating the 
fresh slurry in the pre-heater sections. A Flash2 module is employed to define each flash tank 
(Figure8).  
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Figure.8: A Flash 2 module employed to define each flash tank   

A flash tank has a single inlet and two outlet streams. The horizontal streams were utilized 
for input, output slurry, and the vertical one for generated vapor stream. The slurry comes 
from dissolution step, and passes through different flash tanks, where it‘s pressure is 
successively decreased.  Pressure drop at each flash tank was set based on IAC conditions, 
which is considered equal to sum of pressure drops at the orifice, transmission tubes, exit 
nozzle and the pressure fall during the passing through separation vessel. The generated 
vapor considered to be pure and in thermal equilibrium with the slurry. The slurry and vapor 
flows inside each flash tank and its outlets were assumed isothermal and isobar.  

 

Condensate drum 

Condensate drum is a kind of flash tank that is used to separate vapor, the upper vertical 
outlet stream in Figure 9, from pressurized water, horizontal inlet stream, in order to recover 
heat and cool the liquor down. The condensed vapor –pressurized water– that leaves a pre-
heater section as hot stream output, is utilized as input stream to this kind of vessel. 
Consequently, pressure of the input flow is decreased and some vapor is generated and 
separated from the water stream. The generated vapor is send to the next pre-heater section. 
Therefore, the vessel pressure reduction is adjusted such that the pressure of output vapor 
from each condensate drum is equal to the pressure of produced vapor in the next slurry flash 
tank. A Flash2 module is employed to define each condensate drum.  

 
Figure.9: A Flash2 module which was employed to define each condensate drum 
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The model was set by the data given in Tables 9 and 12 (presented in pages 32 and 36 
respectively).  Upon the determination of thermodynamic parameters for the slurry streams, 
Aspen plus solved material and energy balance equations and predicted physical and 
thermodynamic properties. The constructed process flow diagram of the digestion process is 
attached to this report (see appendix). 
 
The evaluation and verification of the simulation model carried out by using two types of 
data and in two stages. In the first step, the simulation program was run using water as the 
input stream, when the water was the only input stream to the digestion unit, and the model 
predictions were compared to the measured temperatures of the flash tanks.  In the next stage, 
the simulation program was run using local slurry as the input stream, and the model 
predictions compared to the measured temperatures of the flash tanks of different running 
operating conditions of using local bauxite as input stream. The above operation repeated 
several times and under various conditions, to assure the relative accuracy of the results, and 
the necessary modifications were applied.  
 
Using the model, the effects of key operating parameters, e.g. slurry flow rate, temperature, 
pressure, etc. on various blocks and the process performance were studied. Moreover, the 
vapor generated by the flash tanks in different conditions with the purpose of optimizing the 
energy and water consumption in the digestion process unit, was investigated. The model was 
further developed to study the effect of key operating parameters, i.e. different pressure drop 
of the flash tanks, and addition of a pre-heater in order to use more generated vapor, on the 
process behavior.   
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3. Experimental Studies 
Various parameters, related to input and output slurry of the digestion unit, and the output 
streams from pre-heater stage, furnace, dissolution section as well as flash tanks, were 
measured. The measured items consisted of feed stream temperature, pressure and flow rate, 
temperatures of output streams from pre-heater stage and furnace, pressure of dissolution 
section, temperatures, pressures and slurry-levels of the flash tanks. All the measurements 
were done on the running process of the industrial tubular digestion unit. The digestion unit 
was feed by the local low A/S ratio diaspore slurry. The digestion line has been continuously 
working as a closed circuit under high pressure and temperature.  
 
Temperatures of the slurry streams, except pre-heater sections, were measured by special 
corrosion-erosion-resistance thermometers. These thermometers are 316-ss types from 
Rosemount Co., installed in the aforementioned sections. An infrared-contactless 
thermometer, from Raytek Co., was used to measure the temperature of pre-heater sections 
cold streams.  Measurement uncertainty of the installed and portable thermometers is ±1ºC 
and ±1%, respectively.   
 
Pressures of inlet and outlet slurry of digestion unit, leaving slurry from dissolution section 
and flash tanks were measured by the diaphragm type pressure indicators, from Rosemount 
Company.  Volumetric flow rate of the digestion unit inlet slurry was measured by the 
diaphragm type flow indicator, from E&H Company.  Measurement uncertainties of the 
pressure and flow rate gages are ±1%, respectively. The slurry level inside each flash thank is 
measured by gamma-ray indicator type, from Rosemount company.  
 
Prior to each measuring step, all the measuring tools accuracy were controlled and calibrated 
according to their standard procedures. The above mentioned parameters were mostly 
measured twelve times a day of three different two-month periods, over a total period of two 
years. The feed stream composition, leaching temperature and time were approximately fixed 
in the time periods allotted for collecting data for each dissolution line. 
 
Moreover, as formerly mentioned, some of the data were collected from various databases, 
including plant's central and digestion unit local control rooms. Measured parameters of using 
only water as input stream to the digestion unit, was also a part of this data.  
 
The reported values, of the pressure, temperature as well as the slurry level of the flash tanks 
show that these parameters sometimes vary slightly with the time. These variations occur 
around the main pressure or temperature of the flash tank by a certain amplitude. Thus, the 
mean values of the pressure or temperature of each flash tank are considered to be the main 
pressure or temperature of that flash tank.  
 
Process operation conditions, during the measurement periods, were studied and unreliable 
data were excluded.  This series of data include unstable operation conditions such as startup 
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and ending periods of every dissolution line operation period, and production interruption 
times due to various technical obstacles that cause pauses in the input slurry flow. Moreover, 
since solid particles precipitated layer (scale) inside the pipelines becomes very thick in the 
ending days of each line‘s operation period, this kind of data was ignored as well. Therefore, 
the measurements were mostly done between beginning and ending times of each line 
operation periods, as far as possible.  
 
Samples of digestion unit feed (bauxite), and solid part of its outlet stream (red mud), which 
is precipitated on the vacuum drum filter before being disposed of at the tailing dam, were 
taken daily.  Chemical compositions of the specimens were measured and presented by the 
refinery lab. They consisted of Al2O3, Fe2O3, TiO2, SiO2, MgO, CaO, LOI, and moisture in 
the feed, and Al2O3, Fe2O3, TiO2, SiO2, Na2O, CaO, and moisture in the red mud. The red 
mud samples were taken from the three separate digestion lines. The alumina digestion yield 
or leaching recovery (η) was determined using the following equation [3, 5 and 73]: 

     (   
                   
                   

)      (16) 

Where the          and           values are percentages or mass fractions in the feed, and 
          and            are percentages or mass fractions in the red mud. 

The obtained data was applied in different parts of the study in order to set or verify and 
validate the simulation model. In addition, the process operating data was utilized in order to 
compare to the designer‘s technical information and also determine the major deviations. 
Moreover, the data was used to study the behavior of some parameters of the digestion unit. 
Some parts of the data, like temperature, pressure and slurry level of the flash tanks, can be 
used for future studies, e.g. CFD investigation on the flash tanks performance. 
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4. Results and Discussions 

4.1. Experimental results 
 
The range of temperatures and pressures of 354 measurements, which were performed during 
one month in the digestion process of the plant (a part of the whole data) are shown in Table 
7. These data were obtained from running conditions of line C, where the flow rate and 
furnace temperature were set at almost 120 m3/h and 265°C respectively. The alumina 
digestion yield was calculated from the obtained data, by using eq. 16, which is about 73 
percent by mass. 

 
Table 7: The ranges of temperatures and pressures of the flash tanks, 354 measurements 

Block 
name 

Temperature (°C) Pressure (MPa) 
Min Max Mean Std. Dev. Min Max Mean Std. Dev. 

Digester - - - - 3.95 4.7 4.5 0.143 
V06 229 233 230.5 0.628 2.3 2.95 2.76 0.088 
V07 218 223 219.5 0.870 1.9 2.6 2.37 0.090 
V08 208 213 209.1 1.268 1.7 2.02 1.83 0.082 
V09 195 200 196.9 1.152 1.13 1.78 1.42 0.072 
V10 182 189 187 2.027 0.98 1.3 1.13 0.060 
V11 170 182 179.6 2.028 0.68 1.06 0.87 0.054 
V12 169 177 173.3 1.667 0.52 0.82 0.69 0.037 
V13 159 166 163.9 2.224 0.47 0.69 0.57 0.035 
V14 147 161 151.6 1.782 0.37 0.49 0.42 0.024 
V15 123 130 126.7 1.595 0.22 0.36 0.28 0.021 
V16 114 121 117.8 1.785 0.12 0.20 0.16 0.014 

 
As previously mentioned (see section 1), broad changes had been done in the digestion 
sections and their operational parameters during modification period which has contained 
considerable effects on the digestion process. Comparison among the designer's data and 
typical conditions of current state for some of the main process parameters are presented in 
Tables 8 and 9. 
 

Table8: Some of the main parameters of the Bayer process in IAC 

 
 
 
 
 
 

 
 

* Na2Oc: Caustic concentration as NaOH in solution, αc: Caustic module 
 
Compared to the designer‘s documents, flow rate and pressure of the digestion process inlet 
slurry were decreased. The pre-heaters and furnace exit slurry temperature had been 

Parameter Designer‘s 
documents 

Current 
state 

Digestion temperature 310 °C 255-275°C 

Digestion duration 5 min 45-50 min 

lime addition 4% 10-12% 

Caustic concentration Na2Oc 175 g/l 190 g/l 

αc of digested liquor 1.48 1.42 
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noticeably decreased, and the digestion duration has been increased from 5 to approximately 
45 minutes.  

Table9: Some of typical slurry properties in the digestion unit 
 
 
 
 
 
 
 
 
 
 
 
 
Decreasing the input slurry pressure is the major factor changed previously, which caused 
about 40°C decrease in the digestion process temperature, detailed in the following parts. It 
was arising from the impossibility to regulate and control the pressure of input slurry to the 
flash tanks, resulting from the breakage of pressure control valves under high pressure of the 
slurry, in particular the first one. Therefore, the pressure control valves of the flash vessels 
were replaced by orifices, which were accompanied by some limitations in applying the 
required pressure as well as the lack of proper pressure control, compared to the previous 
condition (pressure control valve).  

 
Table 10: Pressure reduction of the slurry flash tanks of the following two cases 

Flash tank No. 
Designer 

documents (MPa) 
Current state 

(MPa) 
Digester 8.5 4.0-4.7 [4.4] 

06 7.7 2.3-2.9 [2.7] 
07 6.8 2.0-2.5[2.4] 
08 5.5 1.7-2.2 [2.1] 
09 4.4 1.2-1.8 [1.7] 
10 3.0 1.0-1.5 [1.4] 
11 1.95 0.7-1.2 [1.1] 
12 1.1 0.6-1.0 [0.9] 
13 0.57 0.5-0.7[0.59] 
14 0.3 0.35-0.5 [0.46] 
15 0.22 0.25-0.35 [0.32] 
16 0.16 0.1-0.17 [0.14] 

*The bracketed values were used to set up the model 
 
The last conditions caused a reduction in inlet pressure of the digestion unit, and accordingly 
all the flash tanks, which resulted in decreasing the pressure drop in each of them (Table 9). 
Thus, the flows and temperatures of generated vapor in flash tanks, by the flashing method, 
have been decreased considerably. The vapor is used to pre-heat the slurry in the pre-heater 

Parameter 
Designer‘s 

documents 
Current state 

Entering slurry 
100°C 95-100°C 

14.5 MPa 9-10 MPa 

Slurry from furnace 310°C 260-275°C 

Slurry from digester 
310°C 255-270°C 

8.5 MPa 4.0-4.7MPa 

slurry from last flash tank 
106 °C 115-129°C 

0.16 MPa 0.1-0.17 MPa 
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sections. Thus, the reduction of produced vapor, or in other words the decrease in the heat 
that could be gained from flash tanks, caused in the less pre-heating of the slurry and 
therefore the slurry would enter the furnace by a lower temperature. Consequently, the 
temperature of exit slurry dropped considerably, despite of furnace operating with its 
maximum thermal load (Table 8). The decrease in the temperature of dissolution section 
leads to reducing the rate of alumina leaching process. This would result in an increase in the 
time of the dissolution reaction. These conditions lead to a decrease in the flow rate of the 
input slurry to the digestion unit and also the alumina production rate.  
 

 
Figure.10: Effect of pressure drop on slurry’s temperature  

Figure 10 shows the effect of pressure drop, at the flash tanks, on slurry‘s temperature 
reductions. Slurry‘s temperature is proportionally decreased along with the pressure drops of 
the flash tanks. Variations observed in the graph are mostly due to fluctuations of the flash 
tanks‘ pressures, measuring device error, and other reasons which partly discussed under the 
next figure. The data were taken from measurements which were done in two-hour periods 
for three days.  

 

 
Figure.11: Pressure variation of flash tank No. 15 during one month period 

Figure 11 shows pressure level variation with its daily mean values of one flash tank, no. 15 
as an example, measured in two-hour intervals during one month period. Pressure 
fluctuations, observed in the figure, are mostly due to lack of regulation valve at inlet of each 
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flash tanks, and measuring errors. It means that variations in the input slurry pressure and 
flow rate, and deviations or faults in operation of other flash tanks, pre-heater sections, etc. 
affect the pressure level at the flash tanks.  
 
The presented data in the former tables and figures were obtained at various time periods. 
Digestion feed composition is varied to some extents in different times. Moreover, the feed 
flow rate was gradually increased during the last few years, in order to increase the 
production rate. Therefore, the amount of some parameters was varied partly at different time 
periods. 
  
Some parts of foregoing data were utilized to set, and some other parts to validate the 
digestion process model. 
 

4.2. Simulation Results 

The digestion unit was modeled and simulated based on the data from IAC. The constructed 
process flow diagram of the digestion process, the simulation model, is indicated in the 
appendix. The necessary descriptions about the simulation model of digestion process were 
stated in part 2.1, "modeling and simulation procedures".  
 
The limitations in measuring some properties of the slurry and performing required 
experiments, as well as dealing with a large industrial scale digestion unit, necessitate some 
simplifications in the simulation of the process. Thus for reaching reasonable results, some 
simplifications and assumptions were considered, and addressed in previous parts and in 
paper no.2 (Modeling and simulation of a diaspore tubular digestion process). The 
comparison between model predictions and experimental data, and some results of the 
simulation model presented in this work are detailed as follow. 
 
As formerly stated, considering the sensitivity of performance of the slurry flash tanks and 
their considerable effect on the system performance, the model predicted temperatures of the 
flash tanks were compared to the experimental data. Therefore, in the first step, a simpler 
case was selected in order to reduce the effect of unwanted and other factors on the 
simulation process.  Thus, the accessible data of water consumption as the input stream to the 
digestion unit, which belongs to the process operating conditions of seven years before, was 
employed.   
 
A part of the collected data-the flash tanks measured temperatures-was used to be compared 
with the model predictions, and the rest were used to set the model conditions. Therefore, at 
this stage, the water flow rate and pressure at the digestion process inlet were set in the model 
at 130 m3/h and 9.63 MPa respectively.  Then the furnace temperature and digester pressure 
were considered 310°C and 5.54 MPa correspondingly.  The other operation conditions that 
were used to set the model and some of the corresponding results are shown in Table 11.  
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Table 11: Comparison between the model and measured values  
of flash tanks temperatures using water as input stream 

Flash 
Tank No. 

Pressure 
(MPa) 

Temperature(°C ) Error 
(°C ) measured Model 

6 4.4 252 256 4 
7 3.6 243 244 1 
8 3.3 241 240 -1 
9 2.6 228 227 -1 

10 2.0 215 213 -2 
11 1.5 201 198 -3 
12 1.1 189 183 -6 
13 0.7 167 162 -5 
14 0.4 146 140 -6 

 
As seen in Figure 12 and Table 11, the model satisfactorily fits the experimental data. The 
reasons of slight difference between measured and model predicted temperatures are 
discussed in the next part. Considering the obtained results for water as the input flow to the 
digestion unit, there was not encountered specific problem in the simulation of the dissolution 
process and the model could be considered valid at this stage. 
 

 
Figure.12: Comparison between experimental and calculated temperatures of flash tanks using water as input stream 

In the next step, the experimental data of running operating conditions of using the local 
diaspore slurry as input flow have been employed.  A part of this kind of data was utilized to 
set the model conditions, and the rest was used to be compared with the model predictions. 
Therefore, at this stage, the bauxite slurry flow rate at the digestion process inlet was set in 
the model at 120 m3/h.  The other parameters of the model were set, based on the data 
mentioned in Tables 10 and 12.  Since there is no specific difference between various 
operation periods, thus various sets of the experimental data were selected randomly from 
process operating conditions in different times as sample data to be compared with the model 
predictions (referred to as experiments no.1 to 6, in Figure 13).  
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Table12: Chemical composition of input slurry to the digestion unit which was used to set up the model  

Solid part  Liquid part 
MgO 0.0041 NaAl(OH)4 0.1885 
Al2O3 0.4375 Na2CO3 0.0255 
Fe2O3 0.2561 NaOH o.1443 
SiO2 0.1224 Water 0.6417 
CaO 0.1122   
TiO2 0.0676   

 
A comparison between the experimental data and the model‘s predictions of the flash tanks 
temperatures is shown in Figure 13 for the aforementioned sample data, which indicates a 
good agreement between the model predictions and the measured data. Although the 
experimental data and the constructed model differ slightly, the graphs confirm that the 
constructed model is sufficiently capable of predicting the thermodynamics behavior of the 
digestion process. Reasons for these slight differences between the model and the measured 
data can be as follows: 

 
 Errors within the parameters measurements 
 Errors due to modeling simplification and assumptions, addressed in paper 3 

(Modeling and simulation of a diaspore tubular digestion process) and ―experimental  
studies‖ part of this thesis  

 Errors due to disagreements among some of process operating conditions and some 
model‘s parameters setting 
 

Flash tank no. 06 has the highest input pressure as well as pressure drop in the slurry. Thus 
it‘s operating conditions and control has more sensitivity than the other flash tanks. The 
performance of pre-heater affects the amount of absorption and consumption of exit vapor 
from the flash tank too. The variation of the pressure, the temperature and the flow rate of 
input slurry to the flash tank also affects the operating pressure and pressure drop of the flash 
tank. Regarding the variation in the above parameters, the pressure drop of the slurry and the 
temperature of the exit slurry from this flash tank have a greater domain and frequency in 
comparison to the other flash tanks. Thus, the biggest differences between the model and the 
measured data of the first flash tank slurry temperature in Figure 13, is expected and would 
be acceptable.  
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Figure.13: Comparison between the experimental and model’s predicted results for alumina slurry temperatures of 

flash tanks 

Figure 14 shows the parity plot among the actual determined alumina slurry temperatures in 
the flash tanks, and the model predictions. The correlation coefficients for the data shown in 
this figure were calculated to be 0.987 for data of all the flash tanks, and 0.993 without 
considering data of the first flash tank (V06), respectively. Both results show a very good 
degree of agreement between the developed model predictions and the industrial data at 
various operating conditions in different times.  

 

  
Figure.14 Experimental data vs. predicted results of alumina slurry temperatures in the flash tanks 

The properties of various streams can therefore be studied, based on the developed model in 
this work. Table 13 presents the amount of generated vapor from each flash tank, and the cold 
stream temperatures of the pre-heater sections, calculated by the simulation model, as an 
example. The measured data, presented in the table below, were measured with a non-contact 
infrared thermometer on the outside wall of the pipelines which are containing the diaspore 
slurry. The reasons of slight difference between measured and calculated temperatures were 
discussed in the previous page. 
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Table 13: Flash tanks created vapor mass and cold streams temperature of the pre-heaters  

Flash tank 
No. 

Vapor created 
(kg/h) 

Pre-heater 
No. 

Cold stream temperature (°C) 
Calculated Measured 

V06 1899 1 184.7 188 
V07 2146 2 178 174 
V08 1567 3 169 167 
V09 2681 4 163 - 
V10 2352 5 152 - 
V11 1992 6 142 - 
V12 2055 7 133 - 
V13 3088 8 123 - 
V14 1595 9 108 - 

 
Effect of changes in some key parameters on the behavior of the digestion process was 
investigated based on the developed model.  The slurry pressure and flow rate at the digestion 
process inlet, furnace and digester outlet temperature, and the flash tanks pressure drop 
profile are some of these parameters. The effect of changes in temperature of the output 
slurry from the furnace, and the digestion unit incoming slurry flow rate on the amount of 
vapor produced by the flash tanks, and also the temperature of the outlet slurry from the pre-
heater sections are presented in the paper no. 2, "Diasporic bauxite digestion process 
simulation". Some other case studies are also discussed below. 
 
Figure 15 shows the influence of variation in the digester output temperature on the generated 
vapor by the first flash tank –number 06–, and the last pre-heater cold stream temperature.  
As it can be seen in the figure, the increase of the slurry temperature leads to an increase of 
created vapor by the flash tank. Consequently, it causes an increase in the last pre-heater cold 
stream–bauxite slurry– temperature, as shown in the figure.  Moreover, reducing the slurry 
temperature not only leads to more decrease in the flash tank generated vapor, but under a 
specific limit –250°C–, results in the elimination of flashing and vapor generation inside the 
first flash tank.  
 

    
Figure.15: The effect of incoming slurry temperature on the vapor generation by the first flash tank and the last pre-

heater cold stream temperature  
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4.3. Optimization of the pressure drop profile for the flash tanks  

Different trends of pressure drop in the flash tanks result in different pressure levels in each 
flash vessel, and accordingly, affect specifications of the generated vapors from every flash 
tank. The generated vapors of the first nine flash tanks are as described in part 1.2; process 
description; utilized in the pre-heater sections in order to heat up the fresh slurry. Some of the 
vapor that was generated by the last two flash tanks was consumed in the pre-desilication 
unit, and the rest was lost and was not reused in the pre-heaters. The preheated fresh slurry 
then enters the furnace in order to be heated up to the leaching demanded temperature. The 
amount of thermal energy which can be recovered from the vapors, and accordingly the 
slurry's temperature at the furnace inlet, Tcf, is depending on the specifications of generated 
vapor and it‘s recycling in the process. The amount of generated vapor (   ̇ ) is proportional 
to the slurry‘s pressure drop. Therefore, pressure drop trend in the first nine flash units can 
affect the slurry's temperature at the furnace inlet, Tcf, and consequently furnace energy 
consumption. 
  

 
Figure.16: Some of the studied pressure drop profiles of the flash tanks  

Using the simulation model, the effect of various trends of pressure drop in the flash tanks on 
the recovery of thermal energy in the digestion unit was investigated. This was achieved by 
finding a better pressure profile (pressure matrix) which leads to a higher enthalpy and 
accordingly, a higher temperature of the slurry at the furnace inlet. Therefore, starting with a 
relatively coarse distribution of profiles (cases which previously were proposed by the 
designer, a consultant, and similar items addressed in literatures [50, 51]), and then closing in 
on those giving best results, to find the optimum.  
 
Following the above procedure, and by performing many runs (only some examples are 
shown in tables 14 and 15), the influence of different pressure matrices on the thermal energy 
and final cold stream temperature Tcf, were studied.  
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Pressure variations in the model were carried out within the allowable limits, and the required 
range for flashing to take place inside each flash tank. Therefore, pressure profiles were 
selected regarding the existing equipment‘s configuration, operating conditions and 
constraints, e.g. safety requirements. In addition, the recoverable heat from each flash tank 
should be enough to provide an acceptable difference between cold and hot streams 
temperatures, and consequently prevent occurrence of temperature cross over error in the pre-
heater. Considering the abovementioned circumstances, the upper and the lower pressure 
limits of every flash vessel (dashed curves), the current pressure profile (no. 1), and some of 
the studied profiles, as examples, are shown in Fig. 16. 
 

    
Figure.17: Effect of different pressure drop profiles on the preheaters output temperatures and recovered heat 

The variations in final cold stream temperature Tcf, resulted from applying some of the 
foregoing pressure drop trends (no. 2 and 3 as examples) and the current pressure profile, 
were predicted by the simulation model and are indicated in Table 15. The estimated 
recovered steam and heat are also stated in the table. The difference among fresh slurry 
temperature, Tcf, of the dissimilar profiles is clearly stated. The effect of these profiles on the 
cold stream temperature in various preheater sections, and the total recovered heat are 
compared to the currently used trend, no.1, and are shown in Figure 17. The flash tanks 
pressure drops and ratios of fore mentioned profiles are presented in Figure 16 and Table 14, 
respectively. 

Table 14: Pressure drop ratios of flash tanks for some of different studied pressure profiles 

Profile 
number 

Flash tank number 
7 8 9 10 11 12 13 14 15 16 

1 0.85 0.91 0.75 0.80 0.83 0.77 0.74 0.77 0.61 0.55 
2 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.61 0.55 
3 0.95 0.88 0.89 0.79 0.77 0.65 0.74 0.77 0.61 0.57 

proposed 0.80 0.75 0.75 0.70 0.85 0.86 0.87 0.85 0.61 0.55 

 
The obtained results revealed that, with respect to the above-mentioned (governing) 
circumstances, the maximum pre-heating temperature, Tcf, that can be gained by the fresh 
slurry is around 205°C. Thus, based on different pressure profiles which were studied, a new 
pressure trend is proposed for the flash tanks. The proposed pressure trend would lead to a 
higher thermal energy gained by the fresh slurry and accordingly, a higher temperature of the 

90

110

130

150

170

190

210

1 2 3 4 5 6 7 8 9

Sl
ur

ry
 te

m
pe

ra
tu

re
 (°

C
) 

Pre-heater section number 

1 2 3

42

44

46

48

50

52

1 2 3 Proposed

Th
er

m
al

 e
ne

rg
y 

(G
J/

h)
 

Different pressure trends  

1 2 3 Proposed



 

41 
 

last heat exchanger cold stream, Tcf, i.e. increases the temperature to almost 205°C at the 
furnace inlet. Consequently, the furnace outgoing slurry temperature should be increased, 
proportionally.  Alternatively, it can lead to an appreciable decrease in the furnace fuel 
consumption which is required for having the existing operating temperature. It may be 
noticed that there is also the requirement to achieve the wanted yield in the digester, which 
has been fulfilled for all cases. 

 
Table 15: Effect of various pressure profiles on the furnace input temperature, recovered steam and heat   

Profile No. Furnace input (°C) Recovered steam(kg/h) Recovered heat (GJ/h) 

1 195 21878 45.62 

2 204 24336 51.07 

3 200 22567 48.74 

proposed 205 24358 51.38 

 
The vapor which is generated from the slurry due to pressure and temperature drop in 
different stages was determined by the model, and presented in Table 16. As mentioned in the 
process description part, the alumina slurry leaves the flash tanks at average temperature of 
122°C and then enters the mixing stage where temperature drops to about 105°C.  Table 16 
shows that, from a total of 25233 kg/h generated vapor, only the thermal energy of 19930 
kg/h vapor was utilized by the pre-heater sections. The thermal energy of generated vapor 
from flash tank 15 (2755 kg/h) is utilized in the pre-desilication unit. Thus, a considerable 
amount of produced vapor from the last flash tank (10.1%) as well as in the path of the way 
out slurry from flash tank 16 to the mixing stage had been lost and  was not  reused in the 
pre-heater. A part of these vapors can be utilized as a new heat source in order to more heat 
up the fresh slurry, i.e. more heat recovery, and less fuel consumption.  

 
Table 16: Vapor generated from the slurry due to pressure drop in different stages  

Slurry location 
Pressure drop 

(MPa) 
Temperature 

drop (°C ) 
Vapor created 

(kg/h) 
Flash tanks  

06 to 14 
3.6 94 19930 

Flash tanks  
15 and 16 

0.29 36 5303 

From flash tank 16 to 
the ″mixing″ stage 

0.05 17 1815 

 
The model was further developed to study the effect of using a part of the other vapors on 
heat recovery in the digestion unit. Therefore, a new pre-heater section was included in the 
model and the generated vapor from flash unit no.16 was sent to it. As indicated in Table 17, 
the simulation results showed that in the new design the pre-heater sections can gain 
5.71GJ/h additional thermal energy, and accordingly slurry temperature at the furnace inlet 
increases by 11°C. Therefore, the furnace required energy is reduced and become almost 
11.9% less than the operating condition which is required to heat up the slurry to the 
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predefined temperature. On the other hand, considering a certain power for the furnace, 
higher temperature of the fresh slurry results in higher temperature at the furnace outlet and 
accordingly in the dissolution reactor. 
 
This condition would lead to higher alumina dissolution rate, lower residence time, and 
finally higher process efficiency and production rate. Each of the afore-mentioned 
alternatives would lead to a considerable frugality in thermal energy consumption of the 
digestion unit. 

 
 Table 17: Influence of utilization V16 generated vapor in the digestion until  

Operating conditions 

 
Recovered heat 

(GJ/h) 
Recovered steam 

(kg/h) 
Measured fuel* 

consumption(kg/h) 

Previous 40.82 19930 2500 

Proposed 46.53 22480 2300 
*: Natural gas, mainly CH4 

 
The new design was implemented in the refinery and the generated vapor from the last flash 
tank –number 16–is currently directed to a new pre-heater section. Consequently, the cold 
stream temperatures of the pre-heater sections and the amount of water recovery in the 
digestion unit have been increased. Thus, the digestion furnace fuel consumption dropped 
from 2500 to 2300 kg/h and became 200 kg/h less than the earlier condition for every 
digestion line, which was stated in a proven document by the energy department of the plant. 
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5. Conclusions 
A thermodynamic process model was developed to predict the performance of an industrial 
tubular digestion process of a low A/S ratio diaspore (Jajarm) bauxite type.  The model 
consists of several standard operational blocks, which are combined in an appropriate 
manner. The Elec-NRTL property method was used to calculate the thermodynamic 
properties of the slurry.  The Aspen Plus simulator was used to simulate the process and solve 
the material and energy balance equations.  Validation and verification the results from the 
model were performed in a real plant. Therefore the model prediction was compared to 
different sets of the industrial data in terms of the flash tanks temperatures.  The correlation 
coefficients for the prior data sets were calculated to be 0.987 or more, which display close 
agreement between the developed model predictions and the industrial data at various 
operating conditions of different times.  
 
The model has been further utilized to predict and analyze the influence of key operating 
parameters on the process behavior at various operation conditions.  The effect of incoming 
slurry temperature on vapor generation by the first flash tank, as an example, was studied 
with the aid of the developed model. The obtained results showed that reducing the slurry 
temperature would, first lead to further decrease in the generated vapor of the flash tank, 
second, under a specific limit (250°C), would result in the elimination of flashing and vapor 
generation inside the first flash tank. 
 
The generated vapor by the flash tanks, in order to optimize the thermal energy consumption 
in the digestion process unit was also investigated. Thus, the effects of various trends in 
pressure drops in the slurry flash tanks on variation of the pre-heater cold stream 
temperatures were analyzed by using the simulation model. This study showed that pressure 
drop trend in the flash tanks influence thermal energy and water vapor recovery in the 
digestion process unit. Therefore studying the pressure trends in similar plants can lead to 
more vapor generation by the flash tanks and consequently, more energy and water vapor 
retrieval in the process. For the studied digestion process unit, based on various pressure 
trends that have been studied, a new pressure profile was proposed for the flash tanks. 
According to the simulations, the proposed pressure profile would lead to a higher thermal 
energy gained by the fresh slurry and accordingly, an increase in the pre-heater cold stream 
temperature. Therefore, the furnace output slurry temperature should be increased, 
proportionally.  Alternatively, it can lead to an appreciable decrease in the furnace fuel 
consumption which is required for having the existing operating temperature. 
 
The generated vapor due to pressure drop in different stages was studied for the operating 
conditions by using the model. The result showed that a considerable amount of the generated 
vapor and thermal energy were lost and were not reused in the heat exchanger. Therefore, the 
model was further developed to study the effect of using a part of the other vapors on heat 
retrieval in the digestion unit. Consequently, a new pre-heater section was included in the 
model and the exhausted vapor from the last flash unit was sent to it. 
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The simulation results showed that in the new conditions the heat exchanger can gain 
5.71GJ/h additional thermal energy, and accordingly slurry temperature at the furnace inlet 
increases by 11°C. An output of this work has led to the suggestion of a new design in order 
to increase restorable thermal energy and the water vapor of the digestion process unit. This 
was implemented in the refinery and as an industrial output of this study, leads to an 
appreciable frugality in thermal energy consumption of the digestion unit, which was 
described in the results section. There are additional benefits such as process stability and 
reduction of air pollution that have not been quantified in this work. 
 
Each of the two abovementioned obtained results should cause higher temperature at the 
furnace outlet as well as in the dissolution reactor. Therefore it would lead to higher alumina 
dissolution rate, lower residence time, and finally higher process efficiency and production 
rate.   
 
The model has been utilized by the R&D department to test new process ideas, and predict 
the digestion process behavior at various operation, without interrupting the real process. The 
model can also be used for training purposes.   
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6. Future work 
Control and consistence of the flash tanks pressure levels influence their performance. Thus, 
investigating the reasons which led to dysfunction of the pressure regulating valves is 
recommended. 
 
The effect of other parameters, especially bauxite particle size, which has a considerable 
effect on the energy consumption, digestion rate and performance, etc., is considered as a 
further supplementary investigation. 
 
Regarding the role of the flash tank performance on the energy, water consumption, blocks 
durability, production rate, digestion stability and performance, detailed CFD study is 
considered as a future study. Computational fluid dynamics can be used for analyzing and 
precisely determining the influence of key operation parameters including slurry properties, 
the orifice diameter, design, and position of the inlet and outlets of each flash tank on the 
performance of the flash tanks.  The effect of various operation conditions on the liquor and 
vapor phases flow patterns inside the flash tank can be predicted too.  Moreover, the required 
optimum conditions for a stable flow regime inside the flash tank are to be investigated and 
established. 
 
Study on the recovery of thermal energy and water vapor, which are lost during the slurry 
transfer from the dissolution unit to the mixing unit, is recommended as another 
complementary work task. 
 
The bauxite ore and the resulting red mud contain valuable amounts of titanium oxide, more 
than 5 and 7 percent, respectively. Investigation on extraction of this compound is 
recommended. 
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