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Chapter one  

Introduction  

  

Sugar is a substance that belongs to a category of foods known as 

carbohydrate, the most famous of which is food sugar. It is the product of 

photosynthesis, which is the process of making food in plants, many of 

which are used in food. It is a carbohydrate, composed of carbon, 

hydrogen and oxygen. Sucrose is extracted from sugar beets, sugarcane, 

and is widely used as a local substance. 

 Sucrose, sugar cane or table sugar is a complex binary sugar, extracted in 

Europe from beet sugar while in the rest of the world is extracted from 

cane sugar. Often found in fruits and vegetables. Sucrose consists of a 

combination of two monocrystals, glucose and fructose. The association 

between carbon atom C1 in glucose and C2 in fructose is called 

glycosidic bond. [1] 

Polysaccharides are found in the tissues of most plants, but are present in 

sufficient concentration to be efficiently extracted only in sugarcane 

• Most sugars occur naturally in fruits and vegetables 

• Sugar is produced in 121 Countries and global production now 

exceeds 120 Million tons a year. Approximately 70% is produced from 

sugar cane, a very tall grass with big stems which is largely grown in the 

tropical countries. The remaining 30% is produced from sugar beet, a root 

crop resembling a large parsnip grown mostly in the temperate zones 

of the north. 

 

Sugar cane is one of the most famous plants, which is a source of natural 

sugar production. It is the home of sugar cane native in the southern 

regions and the southeastern regions of Asia. Later, sugar cane 
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cultivation was transferred through the Islamic conquests to the Arab 

world in particular. , Morocco and the Mediterranean region, and later the 

sugar cane cultivation was transferred to the European countries. 

At present, Brazil is the world's largest producer of sugar cane, followed 

by India and then China. Sugar extracted from sugar cane is the best and 

best sugar, and contains many nutrients, vitamins, minerals, and cane 

Sugar in the dark mud soil, which is heavy, and very rich in silt 

1.1) How sugar is formed 
• The process whereby plants make sugars is photosynthesis. The 

plant takes in carbon dioxide from the air through pores in its leaves and 

absorbs water through its roots. These are combined to make sugar using 

energy from the sun and with the help of a substance called chlorophyll. 

Chlorophyll is green which allows it to absorb the sun's energy more 

readily and which, of course, gives the plants' leaves their green colour. 

The reaction of photosynthesis can be written as the following chemical 

equation when sucrose is being made[3]: 

 12 CO2 + 11 H2 O =C12 H22 O11 + 12 O2 

• This shows that oxygen is given off during the process of 

photosynthesis 

 

 

 

Eugene, a biochemist, estimates that each year the green plants on the 

earth combine a total of 150 billion tons of carbon (from carbon dioxide) 

with 25 billion tons of hydrogen (from water) and liberate 400 billion 

tons of oxygen [2]. The plants of the forests and fields on land account 

for only 10 %, the 90% come from the one-celled plants and seaweeds in 

oceans.  
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1.2)  Sugar chemistry  
sugar, compound of carbon, hydrogen, and oxygen belonging to a class of 

substances called carbohydrates. Sugars fall into three groups: the 

monosaccharides, disaccharides, and trisaccharides. The monosaccharides 

are the simple sugars; they include fructose and glucose. The 

disaccharides are formed by the union of two monosaccharides with the 

loss of one molecule of water. Disaccharides include lactose, maltose, 

and sucrose  

    Less well known are the trisaccharides; raffinose is a trisaccharide 

present in cottonseed and in sugar beets. Sugars belong to two families 

denoted by the letter d- or l- written before the name of a sugar. The 

families are related to glyceraldehyde CH2OHCHOHCHO, which can 

exist in two three-dimensional forms that are mirror images of each other. 

The isomer of glyceraldehyde that rotates plane polarized light clockwise 

is labeled d-glyceraldehyde; all natural sugars can be derived from this 

substance and thus belong the the d family. Although l-sugars can be 

prepared in the laboratory, they cannot be utilized by animals.[2] 

 

 

• The change of location of 2 hydrogen atoms in the molecule 

glucose (formula = C6H12O6), can convert it into fructose (ALSO = 

C6H12O6), a different molecule.  

• Our taste-buds can distinguish between this change via the ligand  

receptor system.  
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Chemical formula :- 

 

 

 

1.3) Chemical and Physical Properties of Sugar 

 

Carbohydrates or sugar molecules are well known biological molecules 

which act as major source of energy in living bodies. They are widely 

distributed in plants and animals.  

Many sugar molecules important structural and metabolic roles in living 

systems. Glucose one of the most common monosaccharide is formed 

during photosynthesis process in plants.  

Carbon dioxide and water act as reactant in this chemical change and 

leads to the formation of oxygen gas with sugar molecules.  

The reaction occurs in the presence of sun light and chlorophyll (a 

pigment in plant’s leaves).  

Glucose is used in the formation of cellulose and also stored in the form 

of starch in plant tissues[4].  
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Animals can also synthesised carbohydrates and also use plant sources to 

get it.  

They store the excess of sugar in the form of glycogen molecules.  Most 

of the sugar molecules convert into glucose and absorbed by bloodstream. 

The conversion of sugar takes place in liver. It is major metabolic fuel of 

mammals and also acts as universal fuel of the fetus. It also involves in 

the synthesis of other sugar molecules during biological synthesis in 

living bodies. It stores in body in the different forms such as ribose, 

deoxy-ribose, galactose, and other forms.  

The improper metabolism of sugar molecules can result different diseases 

such as diabetes mellitus, glycogen storage diseases, galactosemia, and 

lactose intolerance. Some of oligosaccharides can combine with proteins 

at all cell membranes and act as receptors which are involved in 

molecular recognition[5-6].  

They also involve in the synthesis of antibodies and blood clotting 

factors. Some of sugar derivatives like heparin sulphate which is a 

glycoprotein take part in the adhesion of one neuron to the other.  

Almost all sugar molecules are soluble in water due to tendency of the 

formation of H-bonding with water. They are bulky molecules alcoholic 

and carbonyl functional group.  Two monomer units are associated with 

each other to form di-saccharide units.  

Here monomer units are bonded together with glycosidic linkage with a 

condensation reaction. Glucose is a simplest sugar which shows unique 

physical and chemical properties. It involves in the formation of 

glycosides in which a sugar molecule is attached with a non-sugar 

moiety.  

Here sugar part is known as glycone and the non-sugar part is called as 

aglycone.  

 

The hydroxyl group of anomeric carbon of sugar is bonded with the 

hydroxyl group of non sugars such as Amygdalin. Glucose can also form 

Osazone with phenylhydrazine. This is a yellowish, crystalline 

compound, which is formed by the sugar molecules. These sugar 
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molecules must contain a free carbonyl group (-CHO or >C=O). One 

molecule of glucose can react with three molecules of phenyl hydrazine 

to form glucosazone.  

On the contrary; sucrose cannot form same product due to absence of free 

carbonyl group in the molecule[7].  

The reduction of aldose or ketose sugar leads to the formation of poly-

hydroxy alcohols such as reduction of glucose results the formation of 

sorbitol while mannose forms mannitol and galactose reduces to dulcitol. 

Furctose reduces in to sorbitol and mannitol.  

The oxidation of sugar molecules leads to the formation of gluconic acid, 

glucuronic acid, or glucaric acid.  

The final product depends upon the presence of oxidising agent. 

 

 (1-3-1) Sugar properties  

 

 

 

 

 

 

 

 

  

 

 

Table 1-1 sugar properties  
 

Molecular formula C12H22O11 

Molecular weight 342.30 g/mol 

Density 1.587 g/cm3 
 

Melting point 186 Co 

Solubility in water 25 Co 2000g/L 

Appearance White solid 
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Types of cane sugar 1-4)  

   

Processed sugar comes in two forms: non-crystalline and crystalline of 

which there are two basic types; centrifuged and non-centrifuged.  The 

different forms of sugar are produced in many different countries and 

often have different names, therefore for clarity the different types are 

described as follows : 

  

Non-crystalline sugars  Syrups  A non-crystalline liquid of high viscosity 

(thickness) concentrated from whole cane juice.  It can vary from golden 

brown to dark brown and contains; up to 50% sucrose, high levels (up to 

20%) of invert sugars, up to 20% moisture and the remainder is made up 

of other insoluble matter (ash, proteins, bagasse etc. 

   

Crystalline sugars These can be divided into two types: non-centrifugal 

sugars and centrifugal sugars.  Noncentrifugal sugars are basic lump 

sugars where the molasses and crystals have not been separated.  

Centrifugal sugars are free flowing granular sugars where the molasses 

and crystals have been separated to some degree.[8]  

  

Non-centrifugal sugars  Lump sugars These sugars are a concentrated 

product of the cane juice and are produced in many countries for direct 

consumption. They vary from yellowish brown to dark brown (almost 

black sometimes) in colour and contain up to 80% sucrose with the 

remainder made up from moisture, invert sugars and other insoluble 

matter such as ash, proteins and bagasse fines in varying proportions . 

Centrifugal sugars Khandsari  A basic raw granular sugar, developed in 

India, that has been separated from most of the molasses. Khandsari 

varies in colour from golden yellow to brown and contains between 94 

and 98% sucrose . 
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White granular sugars Free flowing white granular sugars are often 

referred to as plantation white.  These sugars are traditionally produced in 

large-scale VP factories . 

 

Brown granular sugars There are two categories of granular brown sugar: 

those produced directly from the cane juice at the place of origin and 

those that are produced during the refining of raw sugar.  The first type 

includes demerara, muscovado and turbinado sugars.  The second types 

are coated brown or 'soft' sugars and manufactured demerara . 

  

Those produced directly from the cane juice at the place of origin can be 

made using mediumscale open pan production methods . 

 

 

Muscovado  Also known as Barbados sugar, muscovado is the product of 

the third crystallisation.  It is dark brown in colour with small grains and 

sticky texture.muscovado tends to be produced as an alternative to white 

sugar if the standard is not very high.[9]. 
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Chapter two  

Sugar Production 

  

  

The industrial process for sugar manufacturing involves the 
application of several processes to transform sugarcane juice into 
crystals and clean them naturally from impurities that can harm the 
organism. The manufacturing process consists of the following 
sub-processes: a. Entrance b. Milling c. Clarification d. 
Evaporation e. Crystallization f. Separation g. Refining h. Drying i. 
Packing   
a. Entrance   
Starts by weighing the units on a scale that transports sugar cane in 
the mill and that are at the entrance of the industrial area. Also, this 
is where the quality of raw material is determined, taking samples 
that are analyzed continuously in the quality control lab.   
The sugarcane that arrives at the manufacturer is discharged on the 
feeding tables through sugarcane rotators with a capacity of 50 
MT. To have a cleaner process, in the sugarcane tables water is 
applied between 110 and 120°F for washing, removing solids or 
foreign matter like soil, salts, minerals, stones and others that are 
adhered to the same in the soil when lifted to the cages that 
transport the same to the manufacturer. Then, the sugarcane 
undergoes a preparation process that consists of braking and 
removing fiber from the stem cells through chippers, oscillating 
mincers and fiber removers to proceed with the juice extraction 
process.    
b. Milling   
This is a continuous process that is currently carried out in three 
mill tandems with a total daily milling capacity of 32.200 MT, 
distributed into tandem “A” (9,000 MT); tandem “B” (11,040 MT) 
and tandem “C” (11,960 MT).    
The prepared sugar cane is fed into those tandems, which 
undergoes a series of extractions using roll mills or mallets, and all 
the mills have four V-type striped mallets. To make the mill 
process more efficient, the poor juices of the subsequent millings 
are reprocessed (mashing process) and hot water is applied in the 
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last milling at a temperature between 155º and 179°F to increase 
the extraction.  
    
The bagasse is an industrial product that is transported toward the 
boiler system to use it in its biomass state as fuel. The remaining is 
used for the hydrolyzation and reserve to cover emergency stops. 
    
c. Clarification   
The juice derived from the mills goes through heaters that reach 
temperatures between 140º and 155°F. Then, it goes through the 
sulphation tower, decreasing the pH to produce only white sugar.  
In this phase, sulphur is used as a bleaching agent; then, by making 
a lime batch between 6 and 10 baume the juice is neutralized. The 
juice heating is carried out in three phases. The first one by vegetal 
vapor of 5.0 psi, reaching temperatures between 175º and 185°F; 
the second, by vapor of 5.0 psi, reaching temperatures between 
205º and 215°F and, the last, with vapor of 10 psi to verify the 
juice automatically.  With the previous process, when released at 
an atmospheric pressure, the juice might suffer a slight evaporation 
in the flash tank, avoiding the flake to fluctuate or decant slowly 
due to the presence of bubbles trapped inside.   The next step is to 
feed the juice into the clarifiers, slowly, to allow sludge 
concentration and extracting the same by gravity in a SRI clarifier 
and pumps in the Rapi Door 444. In the final phase of this process, 
vibrating sieves with a 110 mesh are used for the eradication of 
bagasse and avoid it falling into the final product. The head filters 
are indispensable for the process because without the same the 
sucrose loss in the filter cake would be significant[8-9].   
 
d. Evaporation   
The evaporation system operation in the plant is the fivefold effect, 
not only for the white line, but also for the raw line. The operation 
is quite simple because the entrance and exit conditions, level of 
each evaporator, and extraction of vegetative vapor toward the 
exterior are established[10].  
The evaporation is carried out in Roberts type evaporators in which 
the vapor and juice are found in separate chambers that flow in the 
same direction. The juice goes from one evaporator to another with 
pumps known as “of transfer”. The global control of an evaporator 
is executed through the stabilization of five very important factors: 
The concentration of the final product  The absolute pressure in 
the last body The vapor and juice feeding to the first evaporator  
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Removal of condensates and airborne gasification  The embedding 
control in each evaporator 
   
e. Crystallization   
   
The sucrose crystallization or growth that contains syrup is carried 
out in vacuum containers. This cooking, according to its purity, 
will produce raw sugar and white sugar. This is a delayed process 
that is accelerated industrially introducing a few microscopic 
grains of sugar, known as seeds, into the container. The operator’s 
experience should judge the exact cooking point to obtain a good 
product.    
f. Separation  
The sugar crystals are separated from the honey left in the 
centrifuges; cylindrical equipment that rotates at a high speed. The 
honey passes through the fabric; the crystals are trapped within the 
centrifuges and then washed with water. The honey is then returned 
to the containers or used as raw material for the production of 
alcohol in the distillery. The sugar is then transferred to the drying 
and cooling process[7-6].    
g. Refinement   
Regarding the production of refined white sugar, there is an 
additional process that uses standard white sugar or raw sugar as 
raw material.    
In this process, sugar at 60 brix degrees is dissolved. Then, 
activated charcoal and diatomaceous earth is added. This solution 
undergoes a first and second filtration in vertical filters until 
obtaining clear liquor. The liquor is evaporated and the 
crystallization of crystals is started.    
h. Drying  
In the centrifuge process, condensate water is used to wash sugar, 
which results in a humidity between 0.3% and 0.6%; therefore, it is 
necessary to pass it through the drying process to reach levels 
between 0.2% for raw sugar and 0.03% for white sugar.   
The color of the sugar is reduced to white by passing the raw sugar 
through activated carbon granules in a container made of carbon 
columns that remove dark brown. When the carbon finish is 
finished, it is stimulated again to activate it and remove brownish 
color.    
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Fig.2-1: process flow diagram 
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Chapter Three  

Material balance 

 

Sugar cane consists of:-  

Fibre 14% 

Ash 3% 

Water 64% 

 sucrose 20% 

 

Capacity = 100 000  ton/year  

Operation Time = 300 day/year  

Total amount =13,888.8889  Kg/hr  

 

unit st1  

  

In=out  

Sugar cane 13,888.8889 Kg/hr  
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unit nd2 

0.5 L water/Kg sugarcane =6,544.445 L/hr 

2.5% caco3=347.222Kg/hr 

13,888.8889 Kg  Sugar cane  committee:- 

           2,777.78 kg 

          8,888.89 kg water 

          1,805.56 kg fiber 

          46.67 kg  ash 

 

 

 

           

 

 

 

 

  

  

  

  

  

  

  

  

  

Mixture tank   

 

Residue 

3,255.0602 kg  

            Mix  

17,155.5118 kg/hr 

Sugar cane 

13,888.8889 kg/hr 

Water 

 6,544.4445 l/hr 

Caco3 

347.222 kg/hr 
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unit  rd3 

 

 

 

           

 

 

  

  

  

  

  

 

  

 

unit 4th  

 

 

 

 

           

 

 

  

  

Filter           

 

20% water 

5% ash 

4,288.88 kg   

    75% juice  

   12,666.63 

17,155.5118 kg/hr 

50% water 

45% sucrose 

5% ash  

 

Evaporator  

 

 10% H2o 

1,266.6663 

11,399.9637 

30% water 

70% sucrose 

juice 

12,6666.63 

Water 40% 

60% sucrose 
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unit th5  

 

  

 

 

 

           

 

 

 

 

 

 

 

 

  

unit th6  

 

 

 

           

 

 

  

Crystallization  

 

5% water 

569.99kg 

10,629.9 kg/hr 

 

11,399.9637 

30% water 

70% sucrose  

 

Centrifuge 

 

Molasses 25% 

2,657.47  

7,972.43kg/ hr 

0.07% moistur 

10,629.9 

25% water 

75% sucrose 
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unitth 7  

  

 

 

 

           

 

 

  

  

  

  

 

  

 

8th unit  

 

 

 

 

           

 

 

Mixture tank 

 

8,530.49kg/hr 

7,972.43kg/ hr 

7% 

558.07  kg/hr  

Drying 

 

 3% moisture 

  255.91kg/hr 

8,274.57  kg/hr 

 

    8,530.49kg/hr 
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Chapter Four 

Energy balance  

 

The calculations will be based on the first law of thermodynamic  

(The total quantity of energy is constant .When energy disappear in one  

form, it appears in other forms). 

 [(H + (1/2* U^2) + Z*g) m] = Q - Ws    (for open system)  

Where  :  

Q = heat gained by system (positive)                                                                    

Ws = work done by system  

Assumptions   :  

1- Neglect kinetic and potential energy . 

H = Q -Ws  

2- For open system shaft work (Ws) =0  

3- For open system with physical operation    

H = Q  

  

4- For physical mixing processs we assume ideal solution therefore 

Hmixing  = 0 
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1.Evaporator 

 

Tin=25 CO  =298 KO 

Tr =25 CO=298 KO 

T out =100 CO =373 KO 

M total=12,666.63 Kg  

X water=0.10 

X sugar=0.9 

Cp water =4.19  KJ/Kg .KO 

CP SUGAR=1.244 KJ/Kg .KO 

 

��� = 0.9 1.24 + 0.1 4.19 

                                      =1.5386  KJ/Kg .KO 

H in=0 

H out=12,666.63 kg*1.5386  KJ/Kg .KO* 75 k0=1,461,665,77KJ 

Q=H out-H in=1,461,665,77 KJ 
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2.crystalaizor 

 

 

Q Jaket=H in-H out 

H(523Ko) - H (473 ko)=1555925 KJ/Kg-1359875 KJ/Kg = 196050 KJ/Kg 

M total =11,399.9637 

∑�� = 1.244 0.95 + 0.05 4.19 = 1.3913KJ/Kg .KO 

H in=0 

H out= Mt . cp .Δt  

=11,399.9637 *1.3913(75) =854,997.278 KJ 

Q mixtur= H out- H in  

=854,997.278 KJ 

M stream= Q mixture/Q  jaket 

=4.36111848 Kg  
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3.Dryer 

 

 M total= 8,530.49 

¥=2260 

Q =Mt . cp .Δt 

 

��� = 0.97 1.244 + 0.03 4.19 

=1.33238 KJ/Kg .KO 

 

Q=8,530.49 *1.33238 (75)=852,439.07 KJ 

m w=0.03*8,530.49 =255.9147 

m s=0.97*8,530.49 =8,274.57 

Q =(m . cp .Δt)T +m w ¥+ (m . cp .Δt)sugar 

8,530.49*1.33238*75+255.9147*2260+8,274.57*1.244*75 

1,441,099.835 KJ 
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Chapter Five 

Equipment design [11],[12] 

Evaporator : 

we select forced circulation evaporator it consist of heat exchanger 
&condenser & drum as shown in fig.5.1 

 

 
 

 

 

 

 

 

Fig.(5.1): circulation magma evaporator 
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Qsteam=msteam steam 

Ts=150 C    T=100 C 

From steam table steam at TS=2113.181kJ/kg  

From steam table H2O at T =2308.8kJ/kg  

  

msteam = Qevp / steam 

msteam=1,461,665,77/ 2113.18 

msteam =  691.7kg/hr 

physical properties for the materials in the evaporator& heat exchanger 

Table 5-1 physical properties for the materials 
 

Material Property of material  Inlet stream at 

25 C 

Outlet stream 

at 75 Co 

 

   H2O 

Specific heat KJ/kg.K 4.182 4.2155 

Density Kg/m3 988 966.65 

Thermal conductivity W/m.K 0.642 0.687 

 

sugar 

Specific heat  KJ/kg.K 1.244  1.501 

Density   Kg/m3 1587  1033.7 

Thermal conductivity W/m.K 0.175 0.179 

 Viscosity m pa.s 1.393 0.253 
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Table 5-2  physical properties for steam 
 

Properties   Saturated Steam at 150C Saturated liquid  at 150C 

Specific heat  KJ/kg.K 2.017 4.32 

Density   Kg/m3 2.548 918 

Thermal conductivity W/m.K 0.764 0.685 

ViscosityN/m2.S 0.000185 0.00011 
 

At  T=25 C 

Density (mean)=∑Xiρi 

Density(ρmean)=Xρsugar+Xρwater 

(ρmean)=(0.75*1587)+(0.25*1000) 

(ρmean)=1440.25 kg/m3 

viscosity (µmean)=∑Xiµi 

viscosity(µmean)=0.75*1.393+0.25*1 

viscosity(µmean)=1.29 

Specific heat (cpmean)=∑Xicpi 

(cpmean) =Cpmean =Xsugar*Cpsugar + Xwater *Cpwater 

Cpmean=(1.244*0.75)+(0.25*1.244) 

 =1.244/Kg.K 

(cpmean)=  3.7498 KJ/Kg.K 

Thermal conductivity (Kmean)=∑Xiki 
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(kmean)=Xsugar *K sugar + X H2O *K H2O 

(kmean) = 0.75*0.175+0.25*0.642 

(kmean)=0.29175 w/m. K 

 

 

 

At T=75 C 

Density (mean)=∑Xiρi 

ρ mean =X sugar*ρ sugar + X H2O *ρ H2O 

= 0.9*1033.7+0.1*966.65 

 = 1,026.995 

Liquid phase 

Density (ρmean)L= X H2O *ρ H2O 

(ρmean)L=0.1*966.65 

 

(ρmean)L=96.6665kg/m3 

gas phase 

(ρmean)gas=Xwρw 

(ρmean)g= 38.67 kg/m3 

 (ρmixture) =xgas*(ρmean)g+(1-xgas)liquid*(ρmean)L 
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(ρmixture)=0.8*38.67 +(1-0.8)* 96.665 

(ρmixture)=50.27kg/m3 

viscosity (µ mean)=∑Xiµi 

viscosity (µ mean)L=   X H2O *µ H2O 

 

 (µmean)=  0.1 *1*10-3
 

 (µmean) L =0.0001N.s/m2 

 ( µ )g    = 0.0004N.s/m2 

(µmean)g=Xwµ w 

(µmixture)=xgas*(µmean)gas+(1-xgas)liquid*(µmean)L 

(µmixture)= 0.8(0.0004)+(1-0.8)*0.0001 

           = 0.00034 

Specific heat (cpmean)=∑Xicpi 

(cpmean)=Cp mean  = Xsuger*Cp+ X H2O *Cp H2O 

=  0.9*1.501+0.1*4.2155 

 =1.7725   KJ/Kg.K 

 (cpmean) L = X H2O *Cp H2O 

               = 0.1*4.2155 

                = 0.42  KJ/Kg.K 

(cp mean)g=Xwcp w 
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(cp mean)g=0.42 

 (cpmixture)=xgas*(cpmean)g+(1-xgas)liquid*(cpmean)L 

(cpmixture)= 0.8*(4.2155)+(1-0.8)*0.42 

(cpmixture)= 3.46 

Thermal conductivity (Kmean)=∑Xiki 

(kmean)L=(kmean)=(kmean)= Xsuger*Ks+   X H2O *K H2O 

(kmean) = 0.9*0.175+ 0.1*(0.687)  

(kmean)= 0.226 w/m. K 

(kmean)L= X H2O *K H2O 

 (kmean)L= 0.1*(0.687) 

            = 0.0687 w/m. K 

(k mean)g=Xwk w 

 (k mean)g=0.27 w/m. K 

 (kmixture)=xgas*(kmean)g+(1-xgas)liquid*(kmean)L 

(kmixture)=0.8(0.27)+(1-0.8)*(0.0687) 

(kmixture)=0.23w/m. K 

(ρaverage)=(ρmean at 25 C+ρmean at 70 C)/2 

=1440.25 +1,026.995/2=1233.6225kg/m3 

(µaverage)=(µmean at 25 C+µmean at 70 C)/2=1.29 +0.00034/2= 0.65 

(cpaverage)=(cpmean at 25 C+cpmean at 70 C)/2=3.7498+3.46/2=3.6 
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(kaverage)=(kmean at 25 C+kmean at 60 C)/2     =0.29175 +0.23/2= 0.26 

we  will use the shell&tube heat exchanger type in this process 

Calculate temperature mean 

T1=temperature of hot fluid (steam) inlet 

t1=temperature of cold fluid (in) 

T2=temperature of hot fluid (steam) outlet 

t2=temperature of cold fluid (stream out) 

Tlm= [(T1-t2)-(T2-t1)]/ln[(T1-t2)/ (T2-t1)] 
 

Tlm= [(150-75)-(150-50)]/ln[(150-75)/ (150-50)] 

Tlm=86.90 C 

We don’t need correction factor because the heat exchanger is vertical 

&the pipes &the cover is contain  one pass & we could not use more one 

pass because we have a solution of a mixture(slurry). 

From table 12.1 volume 6 the overall coefficient for 

(vaporizer)Steam&light organics solution(1000-1500) so we take 

U=1500W/m2. C 

U =1500w/m2. C 

QH=UA  Tm  

A  =( 7,155,932.438  *103J/3600s)/(1500W/m2. C*86.9 C) 

A  =15.25m2 

Using a split-ring   floating head exchanger for efficiency and ease of 

cleaning. 
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fluid is corrosive, and the operating pressure is not high, so a plain 

stainless  steel 

can be used for the shell and tubes. 

The mixture is contain solid material &corrosive so we put it in the tubes 

and the 

steam in the shell. 

Use 25 mm outside diameter, 21 mm inside diameter, 2 m Long tubes 

(a popular size) on a triangular pitch 

pitch/outside tube diameter= 1.25 

pitch=1.25*0.025=31.25m 

Area of one tube (neglecting thickness of tube sheets)= *d*L 

Area of one tube = *0.025*2 

Area of one tube =0.1571 m2 

Number of tubes = 15.25m2/0.1571 m2=97.07tubes 

For 4 pass  Number of tubes=97.07/4= 24.28 tubes per pass 

Check the tube-side velocity at this stage to see if it looks reasonable. 

Tube cross-sectional area(Ac)=( /4)*d2 

                                         (Ac)=( /4)*(0.021)2 

                                        (Ac) = 0.0003461 m2 

area per pass = 24.24* 0.0003461=0.01m2 

Volumetric flow(Vt) =m/(3600*ρaverage)      
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Volumetric flow(Vt) =62012.5kg/(3600s*1233.6225kg/m3) 

(Vt) =0.014m3/s 

Tube-side velocity, ut= Vt / area per pass 

ut= 0.014m3/s /0.01m2 

ut=1.4m/s 

The velocity  is satisfactory  

From Table 12.4, for 4 tube passes, K1 =0.175, n1 = 2.285, 

Bundle diameter Db= do(Nt/k1) (1/n1) 

Db=0.025(97.07/0.175)(1/2.285) 

Db =0.4m 

 
 
 

Fig.(5.2):Shell bundle clearance 
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For a split-ring floating head exchanger the typical shell clearance from 
Figure5.2=57mm=0.057m 
the shell inside .diameter Ds=Db +shell clearance 
Ds=0.4+0.057=0.47m 
Tube-side heat transfer coefficient(in our case we have two phase)  
Re=ρ*ut*di/µ 
Re=1233.6225*1.4*0.021/ 0.0057 
Re= 6362.77 

Pr=µ*cp/k 
Pr= 0.0057*3.6*103/0.26 
Pr=78.9 
L/di=2000mm/0.021mm=95.24 

 
 
 
 
From Figure (   5.3  )jh=0.003 
Nu =hi*di/kfL=jh*ReL*prL0.33*(µ/µw)0.14 
µ=fluid viscosity at the bulk fluid temperature Ns/m 
µw=fluid viscosity at the wall temperature Ns/m 
hfc=the forced convection coefficient 
ReL=ρL*ut*di/µL 
Re=96.6665*1.4*0.021/0.0047 
Re=604.67 
Prl=µL*cpL/kL  
Pr=0.0001*3.6583*103/0.26 
Pr=1.38 

Fig.( 5.3): tube side  heat transfer factor 
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(µ/µw)0.14this term is neglect because it is small 
hi=0.003*4325.7*(1.38)0.33*0.5332/0.021 
hi=hfc =1038.8W/m2. K 

 
 
1/Xtt=[0.8/(1-0.8)]0.9*[96.6665/0.425]0.5*[0.386*10-3/0.0001]0.1 

1/Xtt=130.6206 
 
 
 
 

 
 
 
 
 
 
From figure (5.4 )fc=70 

h′fc=the convection boiling coefficient  
h′nb=the nucleate boiling coefficient 
hcb=the  effective heat transfer coefficient 

Fig.( 5.4 ):convective boiling enhancement factor 
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fc=the convective boiling coefficient factor 
h′fc=hfc*fc 

h′fc=1038.8*70=  72716W/m2. K 
from volume 1 the the nucleate boiling coefficient  h′nbis 20 percent from 
the  effective heat transfer coefficient hcb 

The contribution from nucleate boiling is lower than that from convection 
through the liquid film .It may be assumed to be 20% of the total heat 
transfer.(12) 

 
hcb=  72716+0.2hcb 
0.8hcb =  72716 
hcb =  72716/0.8=90895w/m2. K 
 
 
 
Shell-side heat transfer coefficient 
In our case we have condensation of steam 
 
As a first trial take the baffle spacing= Ds/2=0.49/2=0.245m  
This spacing should givegood heat transfer without too high a pressure 
drop. 
As=(pt-do)DsLB/pt 
As=(31.25-25)*0.49*0.245*/25 
As =0.03m2 

 
de=1.1/25*(31.25^2-0.917*25^2) 
de=17.75mm 
Volumetric flow of shell side (Vs) =msteam/(3600s*ρ) 
                                                (Vs) =6201.25kg /(3600s*2.548) 
                                                 (Vs)= 0.68m3/s 
Shell side velocity ut=(Vs) /As   = 0.68/0.03=22.53m/s 
Re=ρ*ut*de/µ 
Re=2.548* 1.4 *0.01775/0.000185 
Re =268.9173 

Pr=µ*cp/k 
Pr=0.000185*2.017*1000/0.764 
Pr =0.488 
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Ӷv=4368.3/(3600*115.66* *0.025) 
Ӷv = 0.1336kg/m.s 
Rec=4* 0.1336/0.00011 =  4858.2 

Pr=µL*cpL/kL 

Pr=0.00011*4.32*103/0.685=0.6937 

 

 

 

 

 

from fig.( 5.5) 

 
 
0.18 
 
 

hc=0.18*0.685[(0.00011)2/{918*(918-2.548)*9.81}]-1/3 

hc=10849.6824w/m2.K 
from table 12.2 fouling factor hod=7500w/m2.C ,hid=5000w/m2.C 
thermal conductivity for stainless steel=16.269w/m. C 

Fig.( 5.5): Condensation coefficient for vertical tubes 
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Uo=the overall coefficient based on the outside area of the tube W/m2.C 
ho =outside fluid film coefficient W/m2.C 
hi =inside fluid film coefficient  W/m2.C 
hod =outside dirt coefficient (fouling factor) W/m2.C 
hid=inside dirt coefficient W/m2.C 
kw =thermal conductivity of the tube wall material W/m2.C 
di =tube inside diameter  m 
do =tube outside diameter  m. 
1/Uo=  (1/10849.6824)+ (1/7500)+[0.025*ln(25/21)/(2*16.269)] 
+[25/(5000*21)] +[25/(21*1038.8W)] 
Uo=1150.33W/m2. C 
Tube side pressure drop 

 
(µ/µw=neglect  this term is small) 

 
 
 
From fig.(5.6) jf=0.006 
ΔPt=4*[8*0.006*(2000/21)+2.5]*96.665*[(1.1)2 /2] 
ΔPt=10800N/m2 

ΔPtotal for  tubes=ΔPt*fc= 10800*70=756000N/m2 

Fig.( 5.6): tube side friction factor 
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shell side pressure drop 
Δp=Np[8jf(Ds/De)(ρus2/2)*µ/µw] 
Np=4 ,Re=268.9173 ,us=15.8733m /s  ,ρ=2.548kg/m3 ,Ds=0.49m  
,de=0.01775m            (µ/µw=neglect  this term is small) 

 
 
 
From fig.( 5.7) jf=0.07 
ΔPs=4[8*0.07*(0.49/0.01775)*2.548]*[(15.8733m)2/2] 
ΔPs=19850N/m2 
 

  

  

  

  

  

Fig.( 5.7 ):shell side friction factor, segmental baffles 
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Chapter Six  

Cost Estimation   

 
 
 
Fixed capital investment for cost index (2004) = 444.2  

Cost index for ( 2017 )=567.6 

Therefore present fixed capital investment 
Present cost = original cost (  index value at present time/ index value at 
time original cost was obtained) 
 
280*(567.6/444.2)=357.78 
 
Estimation of total investment cost: 

1- Direct cost: 

a- Purchased equipment cost: 

(15 - 40% of FCI ) Assume      %     of    FCI 

= FCI * 20  % 

=71.556% 

 

b- Installation cost: 

(35 - 45% of   PEC) Assume %     ,where PEC , Purchased equipment 

cost 

= PEC  * 40 % 

=28.6% 

c- Instrument and control installed:(6 -30% of PEC) Assume    % of  PEC 

=  PEC  *15  % 

=10.73% 

d- Piping installation cost:(10 -80% of  PEC) Assume    % 

=  PEC  * 65 % 

=46.5114% 

e- Electrical installation cost:(10 - 40% of  PEC) Assume % of   PEC  

=  PEC  * 30 % 

=21.4668% 
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f- Building process and auxiliary (10-70% of PEC) Assume    % 

=  PEC  * 55 % 

=39.3558% 

 

g- Service facilities:(30-80% 0f PEC) Assume    % 

=  PEC  *60  % 

=42.93% 

h-  Yard improvement:(10-15% of PEC)  Assume     % 

 

=  PEC  *12  % 

=8.58% 

i-  Land:( 4-8% of PEC) Assume    % 

=  PEC  * 5 % 

  =3.577% 

 

 

Therefore direct cost = a + b + c + d + e + f + g + h + i 

                                    =273.5488 

                              

 

 

 

 

 

 

 



 

 
39 

 

 

Indirect cost:  

Expenses which are not directly involved with material and labour of actual 

installation or complete facility 

a- Engineering and supervision(5-30% of DC) Assume   %  

=  DC  *25  % 

=68.38% 

b- Construction expenses: (10% of DC) 

=  DC  *10% 

=27.35% 

c- Contractors fee(2-7% 0f DC) Assume    %   

=  DC  * 5 % 

=13.677% 

 

d- Contingency: (8-20% of DC) Assume   % 

=  DC  *18  % 

=49.23% 

Therefore total indirect cost = a + b + c + d 

                                              =158.64 
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Fixed capital investment 

 
Fixed capital investment(FCI) = DC+IC 

158.64     +    273.5488  =        432.188 

Working capital investment: 10 -20% of FCI  Assume 15% 

= FCI * 15% 

=64.828% 

  2-   Total capital investment 

Estimation of total product cost(TPC):  

Fixed charges: 

a- Depreciation: (10% of FCI for machinery) 

= FCI  *   10% 

=6.48% 

b-Local taxes: (3-4% of TPC= FCI) Assume %   

= (TPC= FCI) *3.5 % 

=15.126% 

c- Insurances(0.4-1% of FCI) Assume   %   

 = FCI  *0.6   % 

=2.59% 

d-Rent: (8-12% of FCI) Assume  % 

= FCI  *10   % 

43.2188% 

Therefore total fixed charges =  a + b + c + d =  67.4                                         

But, Fixed charges = (10-20% of TPC) Assume 20%  

Therefore Total product cost =  total fixed charges / 0.2  

 or *100/20 
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67.4*  100/20   =    337.039 

 

Direct production: 

a- Raw material: (10-50% 0f TPC) Assume % 

30%*337.039=101.11 

b- Operating labor(OL): (10-20% of TPC) Assume % 

TPC* 15%=50.55 

c- Direct supervisory and electric labor (10-25% of OL)  Assume  % 

OL*20%=10.`1 

d- Utilities  (10-20% of TPC) Assume %  

 TPC*15%50.55 

e- Maintenance (2-10% of FCI) Assume % 

FCI*7%=30.25% 

f- Operating supplies (OS): (10-20% of maintenance) Assume  % 

OS: 30.25*20%=6.05% 

g- Laboratory charges (10-20% of OL) Assume % 

OL*12%=6.066% 

h- Patent and royalties (2-6% of TPC) Assume % 

   

TPC*4%=13.48% 

Plant overhead cost: 50-70% of (OL+OS+M) Assume % 

60%*(50.55+6.05+30.25)% 

=52.11% 
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General expenses: 

a- Administration cost: (40-60% of OL)  ASSUME  % 

50%* OL=52.275% 

b- Distribution and selling price (2-30% of TPC) Assume % 

TPC* 10%=33.70% 

  c- Research and development cost: (3% of TPC) 

=10.11% 

Therefore general expenses(GE) = A + B +  C 

                                          =96.085 

Therefore manufacturing cost(MC) = Product cost +fixed charges +Plant 
overhead expenses 

MC=456.55 

Total production cost: 

Total production cost= MC + GE 

                                 =552.634  
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Gross earnings and rate of return: 

The plant is working for say 300 days a 

year Selling price =1500 

Total income =produce day rate * number production days(in year) *price    
per unit 

=57,921.99*1500_=86,882.9 

Gross income =Total income - total product 

_=86,882.9-552.634=86,330.266 

 

Tax =50% 

=43,165.133 

Net profit= Gross income – (Gross income * 50%) 

=43,165.133 

Rate of return =net profit/total capital investmen 

                         =43,165.133/ =    337.039 

                 =128.07 
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