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ABSTRACT 

 

An experimental investigation was undertaken that involved the design, construction 

and operation of an evaporation unit which would concentrate dilute caustic soda from 

the mercerizing unit wastewater of a textile mill. The concentration of caustic soda in 

the wastewater was to be raised to 20 w/w % by evaporating the water from the dilute 

solution containing caustic soda 4 w/w % using waste heat from flue gases.  

 

The process unit designed for this purpose consists of an evaporator, flash chamber, 

preheater, natural gas fuelled furnace, feed tank, storage tank and circulating pump. 

Parameters such as the amount of water evaporated, volume of natural gas burnt, 

pressure drop, circulation rate and concentration change of caustic soda solution were 

measured. From these, the rate of evaporation, LMTD, total heat supplied, overall heat 

transfer coefficient etc. were determined.  

 

From the experiments, it was has been found that the rate of evaporation ranged from 

0.08 liters/hr to 19.00 liters/hr with an average of 6.91 liters/hr. Overall heat transfer 

coefficient in the evaporator varied from 20.70 W/m
2
 K to 52.58 W/m

2
 K. 

 

Cost analysis carried out showed the process is economically operable in a textile mill 

with mercerizing operation.  The experimental results suggest that this process can be 

implemented in the industry. 
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 1. INTRODUCTION 

 

Clothing is the second basic necessity for human beings after food. This has ultimately 

led to the development of textile industries that produce fibers and process them to 

produce cloth to meet the demands of the increasing population and the living standards 

of modern civilization.  

 

Bangladesh has been one of the leading exporters of finished garments products for 

quite some time now. Beside these garment factories, textile mills have developed side 

by side. According to the Bangladesh Textile Mills Association (BTMA), there are 

today 291 textile dyeing, printing and finishing units as its member processing about 

1000 million meters of fabrics annually [1]. 

 

In general, the textile processing starts with yarn formation followed by weaving and 

finally end with dyeing and finishing stages. Dyeing and finishing processes, termed as 

“wet processing” improve the quality of the fabric in terms of appearance, durability 

and luster. However, these processes are responsible for making the textile industry a 

highly water and chemical intensive industry. A typical textile facility uses 200-400 

liters of water to produce 1 kg of fabric [2]. Consequently, large quantities of 

wastewaters are also generated. The composition of the effluent of a typical textile wet 

processing industry in Bangladesh is given in Table 1.1. 

 

          Table 1.1: Characteristics of wastewater of a typical textile 

                 wet processing industry in Bangladesh. [3] 

    pH 8-14 

    TSS 200-500 ppm 

    TDS 3000-6000 ppm 

    BOD 400-600 ppm 

    COD 800-1200 ppm 

    Oil and grease 30-60 ppm 

    Color Dark Mixed 

    Temperature Up to 60º C 
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However, the chemical composition of textile mill effluents is changing rapidly as a 

result of shifting consumer preferences. Most significant is the current popularity of 

cotton fabrics and bright colors leading to the greater use of reactive and azo dyes 

respectively. As seen in Table 1.1, the effluent is alkaline and the usage of caustic soda 

in the treatment of the fabrics in a mercerizing process is one of the main contributors 

for this.  

 

Mercerization is one of the major finishing processes of cotton textile production where 

caustic soda (NaOH) is the main chemical used. During this process, cotton yarn or 

fabric (mainly woven fabric, but also knitted fabric) is treated in a solution of 

concentrated caustic soda, generally 200-300 g NaOH/l or 170-350 g NaOH/kg of 

textile substrate, for about 40 -50 seconds [4]. This process is generally applied to 

increase dye affinity, luster and strength of fiber. Wherever it is applied, mercerization 

process is followed by an intensive hot water rinsing or washing process to remove the 

excess caustic. As a result, a highly alkaline and relatively hot wastewater which 

includes various other organic and inorganic impurities is generated [5].  

 

The mercerizing process generates problems of wastewater with high alkaline content 

that leads to high amount of caustic soda losses for textile mills. The mill incurs cost 

arising from loss of valuable caustic soda that is not reused and also from having to 

neutralize this alkali with acid during waste treatment in order to meet the standards set 

by the government for disposal of wastewater [4]. However, there are methods by which 

this caustic soda can be recovered. One such method is by evaporation of water from the 

dilute wastewater to concentrate it so that it can be reused again in the mercerizing 

process [4].  

 

Evaporation is an accepted way of recovering caustic soda from wastewaters and has 

been applied in many textile mills since 1900. Generally multiple effect evaporation 

processes are used. Their performance has been satisfactory in concentrating dilute 

caustic solution to concentrated ones. However, this is an energy intensive process. 

Almost all industries use steam as the heating medium to drive away water from the 

dilute solution.  
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The present study focuses on the use of waste heat from boilers and gas engine 

generators as the heating medium to concentrate the solution. A process unit has been 

developed that can concentrate 4 w/w % caustic soda solution to approximately 20 w/w 

% with the capacity of evaporating water at an average rate of 6.91 liters/hr.  Overall 

heat transfer coefficient averages around 31.15 W/m
2
 K while the thermal load per 

square meter of evaporator is 19.00 kW/m
2
.
 

 

Such a unit, when scaled up  to a typical load of 1000 kg of water evaporated from 4% 

caustic soda solution, will save upto Tk. 750 per day, based on the cost of natural gas as 

fuel. This would lead to resource conservation as well as increased profitability.  
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2. LITERATURE REVIEW 

 

2.1 Textile Industry
 

 

Textile manufacturing begins with converting natural or synthetic fibers into yarn. This 

yarn is transformed into fabric or similar products which undergo further processing, 

such as dyeing and finishing to be converted into marketable textile products. Figure 2.1 

summarizes the typical textile production process [6]. 

 

 

Figure 2.1: Typical textile processing flow chart [6] 
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2.1.1 Yarn formation
 

 

Textile fibers are bound together by grouping and twisting operations to transform into 

yarn. Most textile fibers are processed by spinning processes. However, processes 

leading to spinning are depended on the type of fiber. Before yarn formation, fibers go 

through the processes of opening, blending, carding, combing and drafting [6, 7].  

 

2.1.2 Fabric formation 
 

 

Weaving and knitting are the two major processes of fabric manufacturing. By weaving, 

yarns are assembled together in a loom and a woven fabric is obtained.  By knitting, 

process yarns are knotted together with a series of needles [6, 7]. 

 

2.1.3 Wet processing 
 

 

Wet processing improves fabrics in terms of appearance, durability and serviceability. 

Wet processes mainly include four steps: fabric preparation, dyeing, printing and 

finishing [6, 7]. Figure 2.2 shows the steps. 

 

2.1.3.1 Fabric preparation
 
 

 

This is carried out to improve the wetting capacity and adsorption, dye take-up capacity, 

purity of the fabric, to lighten and for better material development [4]. Cotton 

preparation follows five steps: singeing, desizing, scouring, bleaching and mercerizing 

[6, 7]. 

 

Singeing is carried out to remove fiber ends protruding from the yarn or fabrics by 

passing them over flame or heated copper plates. Desizing is carried out to remove 

sizing materials which had been applied before weaving and knitting operations. These 

would otherwise adversely react with chemicals applied during further processing. 

Scouring is carried out to clean fabrics and yarns. Bleaching is carried out to remove 

matters that would adversely affect the whiteness of the fabric [6, 7]. 

 

Mercerization is an alkaline treatment applied to improve tensile strength, dimensional  
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Printing

Singeing

Desizing

Scouring

Bleaching

Mercerizing 

(optional)

100% Synthetics Cotton+Cotton 

Blends

PREPARATION

DYEING AND/OR 

PRINTING

FINISHING

Desizing

Scouring

Bulking

Dyeing

Heat set

(Synthetics and blends only)

(Optional)

Mechanical finishing

Chemical finishing

Finished Fabric

Unfinished fabric

 

Figure 2.2: Typical wet processing steps for fabrics [6] 

 

 

stability and luster of cotton. Moreover an improvement in dye uptake is obtained (a 

reduction of 30 - 50 % of dyestuff consumption can be achieved thanks to the increased 

level of exhaustion) [4].  

 

In the mercerization process, the fabric is treated with caustic soda (sodium hydroxide) 

solution. Mercerization can be of two types: with tension and without tension. The most 

common method involves application of 270-300 g/l caustic soda solution to the cotton 
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yarn under tension for less than 1 minute. Temperature is kept within 5-18 ºC since the 

process of caustic application itself is exothermic. The alternate method, where no 

tension is applied, involves application of 145-190 g/l caustic soda solution at 20-30 ºC. 

This latter process is also known as slack mercerization, causticizing or caustification. 

Another less common method is ammonia mercerization where cotton yarn or fabric is 

treated with anhydrous liquid ammonia [6, 7]. 

  

The most important parameter of mercerization is the concentration of caustic (other 

parameters include time of application, tension applied, machinery and ambient 

temperature etc.) [9].The correct amount of caustic must be applied to increase the 

efficiency of the dyeing process. However, too much of the caustic can lead to 

difficulties of washing it out in the later stages. So maintaining the proper concentration 

is crucial. Generally, it is preferred to keep the concentration at 210-220 g/l [6, 7] .  

 

2.1.3.2 Dyeing  

 

This involves coloring of the textile by either a batch process or a continuous one. In 

both processes, dye is applied to the textile and according to the type of fiber and 

affinity of the dye for the fiber, the dye molecules enter the fiber over a period of time. 

Auxiliary chemicals and operating conditions accelerate the process. At times, by 

application of heat, dye fixation is enhanced. Finally washing is carried out to remove 

the unfixed dye and chemicals from the textile [6, 7, 8].  

 

2.1.3.3 Printing 

 

Printing is similar to dyeing, but differs with its local coloring application. Four basic 

steps to textile printing are color paste preparation, dispersion of dye or pigment in a 

printing pasta (printing), application of dye or pigment to the textile (fixation), drying of 

fiber with steam or hot air followed by washing [4]. 

 

2.1.3.4 Finishing
 
 

 

This is the final step in the textile production and mechanical or chemical treatments are 

carried out depending on the end-use purpose of the textile. Physical treatments such as 
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brushing and ironing that help increase the luster and feel of textiles are called 

mechanical finishing. Chemical treatment brings in a variety of properties such as easy-

care, water-repellent, softening and flame retardant [4, 6].  

 

2.2 Textile Wastewaters  

 

The major pollutant parameters in textile wastewaters are solids, biological oxygen 

demand (BOD), chemical oxygen demand (COD), nitrogen and phosphate, temperature, 

toxic chemicals such as phenols, heavy metals, pH, alkalinity and acidity, oils and 

grease, sulphides and coliform bacteria [10].The general characteristics of textile 

effluents can be summarized as shown in Table 2.1 

 

Table 2.1:  General characteristics of textile effluents [11]
 

Processes Pollutants in waste water Nature of waste water 

Sizing starches, waxes, carboxymethyl 

cellulose, polyvinyl alcohol 

High in BOD and COD 

Desizing starch, glucose, polyvinyl alcohol, 

carboxymethylcellulose, fats and waxes 

 

high BOD, COD, 

suspended and dissolved 

solids 

Scouring caustic soda, waxes, grease, soda ash, 

sodium silicate, fibrers, surfactants, 

sodium phosphate 

 

dark colored, high pH, 

high COD, dissolved 

solids 

Bleaching hypochlorite, chlorine, caustic soda, 

hydrogen peroxide, acids, surfactants, 

sodium silicate, sodium phosphate 

alkaline, suspended 

solids 

 

Mercerizing caustic soda 

 

high pH, dissolved solids 

Dyeing various dyes, mordants, reducing agents, 

acetic acid, soap 

 

 

strongly colored, high 

COD, dissolved solids, 

heavy metals 

Printing pastes, starch, gums,oils, mordants, 

acids, soaps 

highly colored, high 

COD, oily appearance, 

suspended solids 

Finishing  inorganic salts, toxic compounds 

 

slightly alkaline 



 9

2.3 Textile Wastewater Treatment 
 

 

General approaches for the management of textile wastes can be grouped according to 

sources and production stages of wastes [11, 12]. These management approaches are 

• Substitution and minimization 

• Optimization of processes 

• Separation and recycling 

• Final treatment  

 

2.3.1 Substitution and minimization 
 

 

Replacement and minimal use of environmentally harmful chemicals is a primary 

treatment option for textile industries. Hazardous chemicals can be substituted by less 

hazardous ones. Minimization options not only reduce the chemical load but also reduce 

the waste water treatment required at later stages [4]. 

 

2.3.2 Optimization of processes 
 

 

General process optimization includes the following  

• Chemical system evaluations  

- Solution preparation system evaluations  

- Water pre-treatment studies  

• Auxiliary process optimization  

-  Heat exchanger temperature optimization  

- Hot water/steam system analysis  

- Compressed air analysis 

• Product flow optimization  

• Process simplification  

• Energy conservation audits 

- Thermal efficiency of process piping and vessels  

- Plant-wide energy use profiling  

- Water re-use studies [12] 
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2.3.3 Separation and recycling 
 

 

This is the final option before treatment application. A large amount of water and 

chemicals is consumed by textile mills (200-400 liters of water for 1 kg fabric) and 

consequently plant economy and environmental regulation necessitates separation and 

recycling of these resources wherever possible [11]. 

 

During the processing of textile, chemicals added at various stages to bring about 

desired changes are washed off, thereby generating large amount of textile wastes. 

These effluents can be collected, the pollutants can be removed and the clean water can 

be recycled for further use. Pollutants or chemicals removed can also be reused for 

greater economy. An example of separation and recycling forms the basis of this work: 

effluent from the mercerizing unit contains diluted caustic soda (about 4 w/w %) along 

with dissolved solids. This effluent can be collected, filtered and processed further to 

increase its caustic soda concentration to a level close to that which can be reused again 

in the mercerization process (about 20 w/w %). One option to remove the excess water 

present in the effluent is by evaporation [4, 6]. This method is discussed further in 

Section 2.4. 

 

2.3.4 Final treatment 
 

 

Whatever remaining wastewater is generated, it ultimately has to be discharged into a 

receiving body. This may be a natural water body such as a river or the municipal sewer 

line. In order to obey discharge limitations, the wastewater is given a final treatment. 

Biological treatment is mostly applied to treat the wastewaters. Physical and chemical 

treatment processes are also involved such as adjustment of pH, temperature, 

sedimentation and flocculation [10].  

 

2.4 Caustic Soda Recovery by Evaporation 

 

This section discusses the various topics related to evaporation and the parameters that 

control the process. 
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2.4.1 Heat transfer  

 

Heat transfer has been described as the study of the rates at which heat is exchanged 

between heat sources and receivers, usually treated independently [13, 14]. In a 

convective heat transfer process, Newton’s law of cooling gives the following equation 

[13] 

Q = hA (Tw - Tα) 

 

The term h has units of W/m
2
 K and is termed as the heat transfer coefficient. 

 

In heat exchanging equipment, the heat transfer coefficient that is mostly required and 

measured is the overall heat transfer coefficient. The relationship used is: 

 

Q = UA∆T 

 

where U is the overall heat transfer coefficient. Calculation of U can be done 

independently using individual film coefficients [5] neglecting fouling and metal 

resistance, using the following equation 

 

oio hhU

111
+=  

 

where hio is the value of the inside coefficient referred to the outside diameter and ho is 

the outside or annulus coefficient. When the heat transfer equipment has been in service 

for some time, dirt and scale may deposit on the inside and outside of the pipe, adding 

two more resistances which reduce the value of U and the required amount of heat is no 

longer transmitted by the area A. Equipment are thus designed by incorporating the 

resistance Rd called the dirt, scale or fouling factor or resistance. If UD is the design or 

dirty overall coefficient, and Uc is the clean overall coefficient, then the relationship 

between the two is given by 

 

d

CD

R
UU

+=
11
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2.4.2 Evaporation  

 

Evaporation is the process whereby a solution is concentrated by boiling away the 

solvent [14]. The goal of evaporation is to concentrate a target liquid, and this is widely 

practiced in process industries. 

 

2.4.3 Types of evaporators  

 

Various types of evaporators and their advantages and disadvantages are given in Table 

2.2. [5, 14, 15, 16] 

 

For evaporating water from caustic soda solution, the evaporation system used was the 

Long Tube Evaporator with Upward Flow (Climbing Film). This evaporation system 

was best suited for solutions that tend to foam and scale to a certain extent and this 

adapted well for handling caustic soda solution. The sudden drop in pressure that 

occurred when the boiling solution entered the Flash Chamber provided an added 

advantage of easily separating the water in form of vapor from the heated solution.  

However, in order to evaporate with a natural circulation, the circulation loop was at 

first established with the help of an external pump. In that context, the evaporation 

system represented that of a Forced Circulation Type. Once evaporation of the solution 

had started, the pump was disconnected and solution was allowed to flow through a 

bypass line to establish natural circulation. Hence the disadvantage of the Forced 

Circulation system was somewhat eliminated.  

 

2.4.4 Factors affecting the design and operation of an evaporator  

 

The wide variation in liquor characteristics takes the operation of an evaporator from 

simple heat transfer to a separate art. Some of the most important properties of 

evaporating liquids are as follows [17]: 

 

a. Concentration 

Dilute solutions may generally have liquid characteristics close to that of water, but as 

the amount of solids increases, the solution becomes more and more individualistic. The 

density  and  viscosity  will  increase  with the increase in solid content until the solution 
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 Table 2.2: Advantages and disadvantages of various industrial   evaporators. 

Types of Evaporator 

 

Advantage Disadvantage 

Equipment heated by 

direct fire 

 

High temperature obtained For very large scale 

operations 

Equipment with heating 

medium in jackets, 

double walls etc. 

Low cost Low heat transfer 

coefficients 

 

Vapor-heated evaporators with tubular heating surfaces: 

 

Horizontal Tube 

Evaporators 

Requires small headroom, 

inexpensive, easy to install, 

tube bundles can be arranged 

to remove air brought in by 

steam 

Requires long residence 

time. Least satisfactory 

for fluids that deposit 

scale on the outside of 

the tubes 

 

Vertical Tube Evaporators 

 

Standard/Calandria type Easy to clean Differential expansion 

between tubes and  steam 

chest causes problems 

 

Basket Vertical type Easy to clean, freely hanging 

tube bundle eliminates 

problem of differential 

expansion 

 

Not recommended for 

highly viscous liquid or 

those that have great 

rates of scaling 

Long Tube type 

 

Upward Flow (Climbing 

Film) 

Good for concentrating 

liquids that tend to foam. 

Natural circulation reduces 

pumping cost 

 

Natural circulation is 

limited by the viscosity 

of the fluid 

Downward Flow (Falling 

Film) 

Suitable for concentrating  

heat sensitive materials 

Dry spots may form on 

tube surfaces that reduce 

transfer of heat 

   

Forced Circulation type Suitable for solution with 

poor flow, scale and thermal 

characteristics. High heat 

transfer coefficient achieved 

High cost of operation. 

Corrosive or scaling 

liquids requires special 

pumps. 

   

 

Tubes bent into special 

shapes such as coils, 

hairpin tubes etc. 

 

Popular for preparation of 

distilled water for boiler feed 

 

Cannot be applied for 

liquids that tend to scale. 
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becomes too sluggish or saturated. In such cases, solids will deposit and more and 

more of the solvent is evaporated and it will require constant removal of solids to 

prevent clogging of pipes. Boiling point of solution may also increase with increase 

of solid contents and the boiling temperature of this solution may vary considerably 

from that of water at the same pressure. 

 

b. Foaming 

Solutions that tend to foam during evaporation need to be handled carefully. 

Formation of stable foam may cause the liquid to be carried over with the vapor 

leading to high entrainment losses. 

 

c. Temperature Sensitivity 

Certain solutions such as those of pharmaceuticals and food products may be 

sensitive or be damaged at high temperatures. Evaporation of solvent from such heat 

sensitive materials would require that their exposure to high heat be as minimal as 

possible, with evaporation occurring in the minimum amount of time. Specially 

designed evaporators are needed in such cases. 

 

d. Scale 

Some solutions deposit scale on heat transfer surfaces leading to rapidly diminishing 

values of overall heat transfer coefficients. These need to be cleaned from the tubes 

by shutting off the evaporator. If the scale is hard, cleaning becomes difficult and 

expensive. Some evaporators are designed to prevent scale formation or are 

designed so that the scales are easily removed. 

e. Materials of Construction 

Evaporators are mostly made out of steel but certain solutions may attack ferrous 

materials or contaminate them. Hence other materials such as copper, nickel, 

stainless steel, aluminium, lead etc. are used. Since these materials are expensive, 

high heat transfer rates become especially desirable to minimize the first cost of the 

equipment.  

 

Many other liquid characteristics may be considered also, such as specific heat, heat 

of concentration, freezing point, gas liberation on heating, toxicity, explosion 

hazards, radioactivity and the necessity for sterile operation. Because of the 



 15

variation in liquid characteristics many different evaporators have been designed. 

The choice depends primarily on the characteristics of the liquid. 

 

2.4.5 Multiple effect evaporation 
 

 

The vapor generated from the evaporation of a solution can be reused to act as a heating 

medium for another evaporator. Several evaporators (called effects) can be connected in 

series, so that vapor generated in each can be used to heat the solution in the next. Such 

a system is named multiple effect evaporators, and is effective in reducing total steam 

consumption for an evaporation process. Figure 2.3(a) and Figure 2.3(b) shows a triple-

effect evaporation system with forward and backward feed respectively. Vacuum is 

established in the last effect in the series and withdraws noncondensables from the 

system.  

 

In a forward feed, dilute solution enters the first effect where it is concentrated by raw 

steam. The solution then flows onto the next effect where it is heated up by steam 

coming from the vapor space of the first effect. The solution is thus concentrated further 

before it flows to the third effect and so on.  

 

In the backward feed system, the solution is fed to the last effect and flows in the 

reverse direction with the raw steam being fed to the first effect which now holds the 

most concentrated solution. The increase in latent heat with decreasing pressure and 

additional radiation losses however results in the steam economy (defined as mass of 

vapor produced per unit mass of steam consumed) being increasingly lower as the 

number of effect is increased [5, 17].  

 

2.4.6 Optimum number of effects  

 

The cost of each effect of an evaporator per square foot of surface is a function of its 

total area and decreases with area, approaching an asymptote for very large installations. 

Thus an investment required for N number of effects is equal to N times the cost of one 

effect. The optimum number of effects must be determined from an economical balance 

between the savings in steam obtained by increasing the number of effects and the 

added investment required [16, 17].  
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  Figure 2.3(a): Forward feed method in a triple effect evaporator system. [15] 

 

Figure 2.3(b): Backward feed method in a triple effect evaporator system. [15]                    

 

2.4.7 Choosing the optimum number of effects for a caustic recovery plant 
  

For a Caustic Recovery plant, apart from the water-evaporation rate, a textile mill’s total 

energy usage is reported to be the most important factor in choosing a suitable 

evaporation plant, as the number of effects, pre-heaters and additional heaters 

determines how much hot water is required. After the evaporation process its heat can 

be used to generate hot water. However, additional steam will not be needed when the 

evaporation plant operates within the mill’s hot-water requirements. To achieve this, the 

evaporation plant must be designed accordingly. 
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To have the correct number of effects, a complete cost calculation is needed, which 

should take into account the mill’s total heat usage and the actual evaporation plant 

itself. The necessary investment costs must be set against the savings for the mill’s total 

energy requirements, fresh lye, the reduced quantity of waste liquid and the expenditure 

for neutralizing agents. 

With a rising number of effects, the specifically required heating steam (kg/h heating 

steam per kg/h water evaporation) is reduced. Investment costs, however, increase with 

the rising number of effects; therefore it is usually not economical to have more than 

four effects. A water evaporation rate of 5,000 kg/h is believed to demand a two- or 

three-effect plant, with a water evaporation rate of 15,000 kg/h requiring a three- to 

four-effect plant [16, 17].  

2.5 Previous Work: 

 

This section looks into the various work carried out previously on a laboratory scale as 

well as the successful installments on an industrial scale whereby economical recovery 

of caustic soda by evaporation has been achieved. 

 

2.5.1 Laboratory work: 
  

 

Attempts to set up a pilot plant whereby 4% caustic soda solution can be concentrated to 

20% solution have been made previously. Two such recent works are discussed below: 

 

• Rahman and Khan [18, 19] reported designing a evaporation unit that used 20 psig  

(1.4 kgf/cm
2
 g) steam as a heating medium, evaporating water at a rate of 

approximately 20 kg/hr. An average feed flow rate of 26 kg/hr of 4% solution was 

added to a circulating line coming from the bottom of a flash chamber. The mixture 

was passed through a heat exchanger that used the steam to heat up to a boiling 

point. The solution then entered a flash chamber where the vapor disengaged, 

raising the concentration of the solution to an average 20%. The vapor generated 

from the flash chamber was used to preheat the feed solution.  

 

The design  provided  an  evaporation  rate  of 5.7 kg/hr per square foot (61.35 kg/hr  
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m
2
) of heat transfer surface, with an overall heat transfer coefficient that varied from 

1700 to 2500 W/m
2
.K, whereby the 4% feed solution was ultimately converted to a 

15 to 23% concentrated solution. The process was found to be operable 

economically when installed in textile industries with a proper scale up. Their 

equipment was found to evaporate 0.8 kg of water for every kg of 20 psig steam 

consumed. With an assumption of 80% boiler efficiency, the investigators found 

that the total cost saved was Tk. 1030 per day for a typical load of 1000 kg water 

evaporated per day. 

 

• Shifa and Nayeema [20] designed an experiment that used flue gases from a burner 

to heat up the caustic soda solution in a horizontal evaporator body. The flue gas 

was passed through the tube side while the caustic soda solution remained in the 

shell side of the evaporator. The vapor generated from the evaporation was used to 

preheat the feed solution before it entered the evaporator. Shifa and Nayeema also 

reported a laboratory experiment whereby they found that the foaming characteristic 

of the sodium hydroxide solution required that the shell accommodating the hot 

solution be only half filled, to allow enough space for vapor separation and the foam 

formed.   

 

The investigators reported having evaporated approximately 19 kg/hr of water to 

obtain a product solution concentration of 20 to 21% with an average feed flow rate 

of 18 kg/hr of 4% solution. The evaporation rate per square foot of heat transfer 

surface was found to be 4.74 kg /hr with an overall heat transfer coefficient of 78.72 

W/m
2
 K and with natural gas consumption of 3.52 Nm

3
/hr. The process could be 

scaled up for industrial application that would save Tk. 250 per day for a typical 

load of 432 kg of 4% solution evaporated per day.  

 

Analysis of samples taken from the effluent streams of the various sections of the 

mercerizing unit at a local dyeing factory was carried out to determine the percentage 

weight of sodium hydroxide in the effluent streams. Table 2.2 shows the alkalinity in 

these streams. 
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Table 2.3: Typical analysis result of samples collected from different effluent  

       streams of a mercerizing unit at a local textile mill.  

Sample Name Strength (N) Wt % of NaOH Density (gm/cm
3
) 

Impregnation Bath 1 5.208 20.832 1.17996 

Impregnation Bath 2 5.088 20.352 1.1834 

PIT 1 0.6996 2.75 1.01868 

PIT 2 0.6744 2.6976 1.0182 

PIT 3 0.5832 2.3328 1.01386 

PIT 4 0.2316 0.9264 0.9990 

Washing Bath 1 0.7512 3.005 1.02198 

Washing Bath 2 0.3924 1.5696 1.00664 

Washing Bath 3 0.1392 0.5568 0.9969 

 

2.5.2 Industrial work 

 

• Recovery of caustic soda from textile effluent has been carried out since 1900 for 

both woven and non woven fabrics. Processes generally involve using multiple 

effect evaporators though modern technologies that make use of ultra filtration and 

nano filtration processes are emerging. Evaporation provides a complete recovery of 

the caustic in the wastewater. Its main disadvantage however lies in the operational 

difficulties that arise from the wide range of chemicals that are used during textile 

processing. For example, use of surfactants in the textile processing leads to high 

degree of foaming in tanks during the recovery of caustic soda. Alternatives include 

use of membrane technology but these neither provide a complete recovery of the 

caustic (and hence evaporators are needed after the ultra filtration and nano filtration 

steps) nor do they provide effective removal of colors/dyes [21, 22]. 

 

There are several suppliers of chemical recovery units who will set up evaporation 

systems to recover caustic soda from textile effluents. They claim their setup to be 

successful with payback periods generally ranging from 2 to 3 years. Such 

companies include UNITOP Aquacare [23] and Chem Process Systems [24]. 
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UNITOP Aquacare describes their process in the following manner: 

40-50 gm/l weak caustic lye is collected from the impregnation and washing 

chamber of the mercerizing unit and stored in a tank. It is then taken to a filtration 

unit to filter the suspended solids, fluff etc. The solution is then fed through a series 

of preheaters which preheats the wash liquor close to its boiling point using flash 

vapors, thus ensuring minimum steam usage. The liquor in the tubes then comes in 

contact with the steam in the shell side of the first heater and starts boiling. The 

vapor liquor mixture then enters a flash vessel through a tangential entry. The 

vapors get separated and enter the shell of the second stage. The boiling in the 

successive effect take place due to lower pressure created with the help of a water 

ring vacuum pump. Due to lower pressure the boiling point of the liquor is reduced. 

The concentrated liquor enters the second heater due to the pressure difference and 

comes in indirect contact with the generated vapors in the first effect. The same 

procedure is repeated in every effect. The concentrated product is removed from the 

last effect by a product pump. This is taken to a storage tank. The weak liquor is 

concentrated to 250-300 gm/l in case of dry mercerizer or 450-500 gm/l in case of 

wet mercerizer which can be reused with a minor topping up of caustic. 

 

Vapors generated at the last effect need to be condensed. This is done by either the 

‘hot water’ or an ‘adiabatic evaporator’ system. In case of a hot water system, water 

at room temperature is passed through tubes of an exchanger and it gets hot due to 

the vapors. This hot water is uncontaminated and hence can safely be used in the 

process or the boiler as per requirement. In some cases where the hot water 

generated cannot be effectively consumed the effluent is passed through the 

exchanger and sprayed in an Adiabatic Evaporator. Here the waste heat is lost in 

form of vapors and hence effective steam consumption is reduced. Also nuisance of 

excess hot water is eliminated. 

 

• There are numerous examples in literature of mills that have setup caustic recovery 

units effectively. A case study was carried out on a Textile and Dyeing Mill which 

uses a multiple effect evaporation system for effective recovery and reuse of caustic 

soda from its mercerizing unit. This is discussed below [25]: 
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The Yangzhou Dyeing and Printing Mill is located east of Yangzhou City. The mill 

is a medium-sized plant with annual production of 70 million cubic meters of dyed 

and printed cotton and synthetic fabric. Like other printing and dyeing operations, 

the Yangzhou plant is known to be very energy intensive. In 1991, the Yangzhou 

plant consumed 30,041 tons of coal and 2.5 million kwh of electricity. 

 

In this mill, concentrations of 320 gm/l of NaOH are used in the mercerizing range, 

with discharges of weak soda lye at 40-50 gm/l. Effluents from alkaline processing 

have a significant impact on water quality with pH levels at Yangzhou above 12.0 to 

as high as 13.7.  

 

The three-effect process technology converts weak soda to concentrated soda 

through a multiple stage evaporation process with exterior heat used to evaporate 

weak soda lye recovered from discharge waters. Secondary steam is captured and 

used as heat to evaporate the remaining soda lye in reverse order through the third, 

second, and first evaporating chambers. After the evaporation stages have been 

completed, concentrated NaOH at 330 gm/l is available. 

 

The installation cost of the soda recovery facility was 3.89 million RMB yuan (6.5 

RMB= 1 US$). Principal project costs were for the building and foundation (1.0 

million yuan). Before the setup the plant would purchase 7,760 tons of NaOH per 

year for fabric treatment. With the setup, the plant recovers 4,820 tons of NaOH and 

consumes the balance of 2,940 tons from external sources. The project had a three 

year payback period (two years after construction is completed). The internal rate of 

return decreased from 57.9 to 34.5 percent. 

• In Hannover, Germany, the company Körting Hannover uses a Caustic Soda 

Recovery System (CSR-System) for treating the mercerizing lye whereby the weak 

lye separates into strong lye and vapor condensate [26]. Steam is used as the heating 

medium. The strong lye, which is recovered, can then be reused for mercerizing. 

Körting describes that during textile finishing processes, especially the 

mercerization of cotton fabrics, a quantity of weak caustic lye (3 – 7 % NaOH) 

coming from the rinsing water leaves the stabilization part of the mercerizing 
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machine. Companies operating without lye recovery can re-use a small quantity of 

the weak lye (rinsing water enriched with NaOH) from the stabilization bath in other 

production departments, including boiling and pre-washing processes, but most of it 

is waste liquid which, Körting says, not only results in financial losses but also 

breaches laws governing the discharge of waste fluids. 

The degree of pollution depends on the condition of the materials during 

mercerization, influenced by the method of pretreatment of the fabric. It is claimed 

that a singed, desized and well-washed material will not contaminate the lye too 

much, while bleaching and rinsing before mercerization is also thought to be a good 

method to retain a clean lye cycle. But cleaning the strong lye by passing it through 

a sufficiently dimensioned strong-lye sedimentation tank, combined with a specially 

designed H2O2 cleaning system, has proved to be the best cleaning method within 

the recuperation process, according to Körting.  

With the Caustic Soda Recovery System requiring steam and cooling water, almost 

the same amount of steam used for the recovery of the mercerizing lye is saved in 

the hot-water generation, where cooling water is heated up to 60 – 80°C. The 

company claims the system is very energy efficient, especially when the hot-water 

generation is integrated into the central hot water system, but there is no direct 

contact between the heating steam and the lye, allowing the heating-steam 

condensate to be re-used as boiler feed water without additional treatment. 

In principle, Körting says it is better to generate a smaller quantity of hot water at 

85°C, for example, than a larger quantity at 60°C, which then needs to be heated up 

with direct steam just for the machines. If there is already a surplus of warm water in 

the factory, heating up the existing warm water via the evaporation plant will result 

in economical energy usage. 
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 3. STATEMENT OF THE OBJECTIVES 

 

The objective of this study is to evaluate the recovery of caustic soda from mercerizing 

wastewaters by evaporation of water from a dilute 4% caustic soda solution with the 

ultimate goal of producing a caustic stream at reusable concentrations of 20% caustic 

soda. The work involves design, construction and operation of an evaporation unit that 

would concentrate the dilute caustic soda using waste heat from flue gases.  

 

The flue gases are produced in a specially constructed gas furnace and the temperature 

of the flue gas temperature has been maintained close to those encountered in the flue 

gases from boilers and gas engine generators in the textile mills.  

 

This work will provide necessary design parameters such as overall heat transfer 

coefficient, pressure and temperature drops as well as difficulties encountered in the 

process. This is an inhouse capacity building project.  
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4. EXPERIMENTAL SETUP AND EXPERIMENTAL PROCEDURE  

 

4.1 Introduction 

 

This was an experimental investigation to study the evaporation of dilute solution of 

sodium hydroxide using an evaporation system which was designed, fabricated and 

installed for this purpose. A schematic diagram of the experimental evaporation system 

is shown in Figure 4.1. The experimental fluid was 4% by weight sodium hydroxide 

solution and it was concentrated upto 20% by weight sodium hydroxide solution. 

 

4.2 Description of the Process 

 

The description of the process refers to Figure 4.1 mentioned above. A 4% by weight 

caustic soda solution was kept in the feed tank. This solution was sent by gravity 

through the tube side of the Preheater and the preheated solution entered the Flash 

Chamber near the bottom of the conical section. The Flash Chamber was used to hold a 

large amount of a more concentrated caustic soda solution containing around 20% by 

weight caustic soda. 

 

The circulation loop contained the Evaporator that received caustic soda solution on the 

tube side from the Flash Chamber. The solution passed vertically upward through the 

tubes while the hot flue gases coming from the Natural Gas Fuelled Furnace entered 

into the shell side of the Evaporator. The solution inside the tubes took heat from the 

flue gases on the shell side and began to boil. The boiling solution reentered the Flash 

Chamber in the vapor zone, thus completing the circulation loop. In the Flash Chamber, 

the boiling solution from the Evaporator flashed generating vapor and leaving a 

concentrated caustic soda solution in the lower section of the Chamber. A part of the 

vapor leaving the Flash Chamber was sent to the shell side of the Preheater and the rest 

was vented away.  

 

At the time of start-up, the Centrifugal Pump was used to circulate the solution around 

the loop. Once the evaporation had begun, the natural circulation was used to maintain 

the flow and the pump was then shut. 
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4.3 Experimental Equipment 

 

The set-up, shown schematically in Figure 4.1 and whose photograph is shown in 

Figure 4.2 consists of the following units: 

 

1. Evaporator 

2. Flash Chamber 

3. Preheater 

4. Natural Gas Fuelled Furnace 

5. Circulation Pump 

6. Blower 

7. Feed Tank 

8. Product Tank 

 

4.3.1 Evaporator 

 

This was a vertical shell and tube heat exchanger as shown in Figure 4.3. It consisted of 

5- 5' (1.5 m) long ½" (1.27 cm) OD 0.02" (0.05 cm) thick SS 304 tubes, contained in a 

4" (10.2 cm) OD carbon steel shell. The tube sheets were made out of ¼" (0.64 cm) 

thick SS 304 sheet. Total heat transfer area was 0.328 m
2
. The shell had two 2" (5.1 cm) 

OD carbon steel pipes to serve as inlet and outlet nozzles for hot and cold flue gases 

respectively. A ¼" (0.64cm) hole was drilled at the bottom of the shell, just above the 

flange to allow condensates from the flue gas to come out of the shell during operation. 

The two channels on either side of the shell were made out of 4.5" (11.4 cm) OD SS 304 

pipes enclosed with 6" (15.24 cm) diameter ¼" (0.64 cm) thick SS 304 sheet. The top 

channel had a 2'' (5.1 cm) OD SS 304 pipe inserted to serve as the outlet nozzles for the 

boiling caustic soda solution. The bottom channel had a ½" (1.27 cm) OD SS pipe to 

serve as the inlet nozzle for the cooler caustic soda solution. The exchanger was lagged 

with asbestos rope and tape. 

 

4.3.2 Flash Chamber 

 

This was a vertical cylinder with a conical bottom and a hemispherical top as shown in 

Figure 4.4. The Chamber had four nozzles: one for venting vapor through a 2" (5.1 cm) 
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OD pipe at the top, one for delivering hot fluid containing vapor into the Chamber 

coming from evaporator through a 2" (5.1 cm) OD pipe at the mid section, one for 

entering preheated feed through a ½" (1.27 cm) OD pipe near the bottom conical section 

from one side and one for discharging the concentrated solution through a ½" (1.27 cm) 

OD pipe at the bottom of the conical section. Provisions were made for attaching a level 

indicator at the bottom, a pressure gauge at the top and thermocouples at various 

sections of the flash chamber. Reinforcement rods were welded at two points inside the 

cylindrical portion of the Chamber to ensure strength. 

 

The major dimensions of the cylindrical section were: 1.25' (0.38 m) diameter and 

5'(1.52 m) length while those for the conical section were: 1.25' (0.38 m) diameter and 

1.5' (0.46 m) length. The Chamber was made of 2mm thick SS 304 sheet. The total 

volume of the Chamber, excluding the top hemispherical section was 6.96 ft
3
 (0.197 m

3
) 

(cylindrical section: 6.33 ft
3
 (0.179 m

3
) and conical section 0.63 ft

3
 (0.018 m

3
)
. 

The 

Flash Chamber was lagged with asbestos rope and tape. 

 

4.3.3 Preheater 

 

This was a horizontal shell and tube heat exchanger as shown in Figure 4.5. It consisted 

of 4- 2.5' (0.762 m) long ½" (1.27 cm) OD 0.02'' (0.05 cm) thick SS 304 tubes, 

contained in a 3" (7.62 cm) OD carbon steel shell. The tube sheets were made out of ¼" 

(0.64 cm) thick SS 304 sheet. Total heat transfer area was 0.0109 m
2
. The shell had two 

2" (5.1 cm) OD carbon steel pipes to serve as inlet and outlet nozzles for steam and 

condensate respectively. The two channels on either side of the shell were made of 3.5'' 

(8.9 cm) OD SS 304 pipes enclosed with 5" (12.7 cm) diameter ¼'' (0.64 cm) thick SS 

304 sheets. Both channels had ½'' (1.27 cm) OD SS pipes to serve as inlet and outlet 

nozzles for the caustic soda solution. The exchanger was lagged with asbestos rope and 

tape. 

 

4.3.4 Natural Gas Fuelled Furnace 

 

The Furnace was constructed with firebricks covered with fireclay, housing a burner 

fuelled by natural gas, Figure 4.6. The external dimensions of the Furnace were 4.75' × 

2.9'× 2.1' (1.45 m × 0.88 m× 0.64 m) and the wall thickness was 3'' (7.62 cm). The 
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burner was located outside the brick wall at one end of the Furnace and consisted of a 

blower that drew air from the surroundings and mixed it with natural gas drawn from 

the supply line. Once ignited, the burner burnt the natural gas inside the Furnace. The 

burner was provided with an electric spark type ignitor along with a flame detector. A 

4" (10.2 cm) CS pipe was inserted on the top surface near the opposite end of the 

burner. Flue gases produced by the combustion flew out of the Furnace through this 

pipe. The flow of natural gas was controlled using a valve.  

 

4.3.5 Circulation Pump 

 

This was a 0.5 hp SS Centrifugal Pump with inlet nozzle of ¾'' (1.9 cm) OD and outlet 

nozzle of ½'' (1.27 cm) OD. 

 

4.3.6 Blower 

 

This was a 2.5 hp, 2800 r.p.m. Centrifugal Blower with 2'' (5.1 cm) OD inlet nozzle and 

6'' (15.24 cm) OD outlet nozzle. 

 

4.3.7 Feed Tank 

 

This was a vertical cylinder with a hemispherical bottom, Figure 4.7. There was a 

smaller cylindrical section at the bottom of the hemispherical section. This cylindrical 

section had a 7.1" (18 cm) circular disc made of SS 304 attached to the bottom. The disc 

housed a ¾" (1.9 cm) OD outlet pipe.  All sections were made of SS 304.  The total 

volume of the Feed Tank was 3 ft
3
 (0.085 m

3
) excluding the hemispherical section 

(Larger cylindrical section: 2.99ft
3
 (0.085 m

3
), smaller cylindrical section: 0.01ft

3
 

(0.0003m
3
)). 

 

4.3.8 Product Tank 

 

This was a 19.7" (50cm) ID vertical cylinder of 29.5" (75 cm) height with a conical 

bottom as shown in Figure 4.8. The conical portion had a vertical height of 1.97" (5cm). 

There was a smaller cylindrical section at the bottom of the conical section with 

dimensions of 3.94" (10cm) diameter and 2.76" (7cm) height. This cylindrical section 
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had an 18 cm circular disc attached to the bottom. The disc housed a ½" (0.2 cm) OD 

outlet pipe.  A ½" (0.2 cm) OD overflow pipe is inserted on one side near the top. All 

sections were made of SS 304. The total volume of the Product Tank was 5.22 ft
3
 (0.148 

m
3
) excluding the hemispherical section (Larger cylindrical section: 5.21ft

3 
(0.1475 m

3
), 

smaller cylindrical section: 0.01ft
3
 (0.0003 m

3
)). 

 

Photographs of the experimental setup and the major components of the setup are 

shown in Figures 4.2 and 4.9 through 4.12. 
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Figure 4.1: Process Flow Diagram 
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Figure 4.2: Photograph of the experimental setup 
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Figure 4.3: Evaporator
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Figure 4.4: Flash Chamber 
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Figure 4.5: Preheater 
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Figure 4.6: Natural Gas Fuelled Furnace 
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Figure 4.7: Feed Tank 

 

 

 

Figure 4.8: Product Tank 
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Figure 4.9: Photograph of the Evaporator  
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Figure 4.10: Photograph of the Flash Chamber 
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Figure 4.11: Photograph of the Preheater 
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Figure 4.12: Photograph of the Natural Gas Fuelled Furnace 
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4.4 Experimental Procedure 

 

Test runs were initially carried out with water to establish the operability of the 

system and to validate the experimental procedure that would enable the experimental 

setup to produce accurate and reproducible data. Once satisfactory test runs were 

carried out, the setup was charged with the correct concentration of caustic soda 

solution and thereafter experiments were carried out.  The experimental procedure 

was as follows: 

 

4.4.1 Start up 

 

1. 20 w/w % caustic soda solution was fed to the feed tank. Valves were opened to 

allow the solution to flow to the Flash Chamber and the Vertical Evaporator. The 

Flash Chamber was filled with the caustic soda solution up to the desired level 

(the level where the Vertical Evaporator was connected to the Flash Chamber). 

 

2. The Pump connected to the bottom of the Flash Chamber was turned on to ensure 

that all pipelines were filled with the same solution.  

 

3. Once the Chamber had been filled, any excess amount of the 20 w/w % solution 

in the Feed Tank was then drained out by opening and closing valves. Feed lines 

were closed and the empty Feed Tank was now charged with 4.13% caustic soda 

solution.  

 

4. The following data were then collected: 

 

i. The level of solution in the Flash Chamber at the start and end of the 

run. 

ii. Temperatures in the system (with the help of thermocouples): 

a. Tube side inlet and outlet of Preheater 
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b. Shell side inlet and outlet of Preheater 

c. Tube side inlet and outlet of Evaporator 

d. Shell inlet and outlet of Evaporator  

e. At three different heights of Flash Chamber 

f. In the pipe coming out from the bottom of the Flash Chamber 

g. In the pipe at the flue gas outlet of the Furnace 

iii. The initial reading on the natural gas supply meter  

iv. The level of water inside the manometer tubes  

 

5. The valve leading from the top of the Flash Chamber to the vent was completely 

opened, while the one leading from the top of the Flash Chamber to the shell side 

of the Preheater was completely shut off. 

 

6. The Furnace, Blower and the Pump was turned on one by one. 

 

7. Next the experiment was conducted as follows:  

 

4.4.2 The experiment 

 

1. Once the Furnace had been turned on, 20% caustic soda solution from the bottom 

of the Flash Chamber was pumped through a rotameter, up through the tubes of 

the Evaporator and back to the Flash Chamber. The rate of circulation was 

controlled at the desired level by adjusting flow control valves. 

 

2. The flue gas from the Furnace was drawn in by the Blower and passed though the 

shell side of the Evaporator. The solution flowing though the tube side of the 

Evaporator was eventually heated to boiling. As this solution entered the Flash 

Chamber, the vapor separated and a more concentrated caustic soda solution 

remained in the Flash Chamber.  
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3. As the vapor separated and evaporation set in, steam was seen to come out of the 

vent. At this point,  temperature  readings,  the  reading  on  the natural gas supply 

 meter and the level of solution inside the Flash Chamber was noted.  

 

4. The Pump was switched off and its bypass line was opened to allow natural 

circulation to be established. At the same time, valves were adjusted to allow part 

of the generated steam to flow through the shell side of the Preheater.  

 

5. As condensate started to come out of the steam trap connected to the shell side of 

the Preheater, valves were partially opened to allow the 4% caustic soda solution 

to flow from the Feed Tank, through the tube side of the Preheater to the bottom 

of the Flash Tank. Change in level of solution in the Feed Tank was noted from 

time to time to determine the flow rate of the solution from the Feed Tank.  

 

6. Rate of flow of generated steam through the Preheater was adjusted so that 

pressure rise in the Flash Chamber was minimal, which would otherwise have 

prevented flow of solution from the Feed Tank to the Flash Chamber. At the same 

time, the rate was kept high enough to sufficiently heat up the feed in the 

Preheater before it mixed with the hot water in the Flash Chamber. Rate of flow 

of solution from Feed Tank was also adjusted so that it was enough to preheat it to 

a desired level without unnecessarily cooling the contents in the Flash Chamber. 

This would otherwise disturb the established natural circulation.  

 

7. Temperature changes were noted periodically along with the reading on the 

natural gas supply meter, and the level of water in the Feed Tank.  

 

8. The experiment was conducted long after the temperature readings had reached a 

stable value.  

 

9. At the end of the experiment, the level of solution in the Flash Chamber was 

noted to determine the amount of solution remaining in the system. The amount of 
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natural gas supplied was noted and the temperature readings were taken again. A 

sample was taken from the bottom of the Flash Chamber to determine the 

concentration of the solution in the Flash Chamber. The valve connecting the 

Feed Tank and the Flash Chamber were closed and the Furnace and the Blower 

were then switched off. 

 

4.5 Problems encountered during operation 

 

• During test runs with water, it was noted that condensate was collecting at the 

bottom of the shell side of the Vertical Evaporator. The vapor in the flue gases 

flowing to the shell side of the Evaporator was found to condense and collect 

at the bottom and this greatly obstructed the heat transfer. In order to avoid 

this, a ¼" hole was drilled near the bottom of the shell of the Evaporator. Any 

condensate formed would drain out of this hole thus preventing accumulation 

of unwanted liquid. 

 

• At the beginning, it was expected that the flue gas would flow through the 

Vertical Evaporator neither with much hindrance nor with drastic temperature 

drop. However, while conducting the initial test runs it was observed that the 

flue gas temperature drop in the shell side of the Evaporator was excessive, 

and there was accumulation of condensed vapor within the shell of the 

Evaporator. In order to overcome this, a 2 hp Blower was installed at the end 

of the flue gas line. This drew the flue gas from the Furnace, through the 

evaporator and out through the vent. This removed the problem and 

satisfactory temperature was noted at the outlet of the shell side of the 

Evaporator. 

 

• During the test runs, it was also noted that there was a leakage on the tube side 

of the Preheater, probably a consequence of poor welding work. Water 

flowing from the Feed Tank leaked into the shell side of the preheater and 

came out through the steam trap.  Since the tube sheet was fixed to the shell, 
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there was no chance of fixing the leak. This tube had to be plugged. This was 

done by inserting a stainless steel pipe of sufficient size on either side of the 

tube and welding the ends to close of the tube permanently. Once this was 

done, the Preheater was installed again. Hence, instead of 4 tubes, the 

Preheater was made to operate with only 3 tubes. This reduced the heat 

transfer area from 1.576 m
2
 to 1.182 m

2
. 

 

• The Preheater functioned well during test runs with water. Steam generated in 

the Flash Chamber was sent to the shell side of the Preheater to heat the feed 

before it entered the Flash Chamber. However, during runs with caustic soda 

solution it was noted that as the concentration of the solution increased, it 

became more and more difficult to send steam through the Preheater. If done 

so, the level of solution in the Flash Chamber would fluctuate drastically, due 

to pressure buildup and excessive foaming which ultimately led to the solution 

spilling out through the level indicator of the Flash Chamber. Under such 

circumstances, the generated steam was totally vented out and the Preheater 

was not used. 
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5. EXPERIMENTAL RESULTS 

 

5.1 Test Runs 

 

Test runs were carried out with water, as mentioned in the previous chapter, to establish 

the validity of the experimental procedure and the ability of the experimental setup to 

produce accurate and reproducible data. The experimental data for these test runs are 

presented in Tables 5.1, 5.2 and 5.3.  

 

The data has been divided into two sets: one shows readings taken prior to the onset of 

evaporation and the other shows those taken after evaporation had been established, 

Tables 5.1 and 5.2. Onset of evaporation was ensured when steam was seen to come out 

of the vent from the Flash Chamber.  

 

Experiments were generally carried out with natural circulation once evaporation had 

been initiated. However, as can been seen from the circulation rate data in Table 5.2, 

observations 4 and 5 were carried out with forced circulation (without turning off the 

Circulation Pump) so that data for both types of circulation data were available for 

judgement. 

 

Table 5.3 shows the various temperature readings taken with the use of thermocouples 

located at various points of the experimental setup. Initial temperature, indicated by Ti, is 

the temperature of the water in the Flash Chamber taken prior to the start of the 

experiment. The Circulation Pump was first turned on to ensure even distribution of 

temperature throughout the setup and then the temperatures at the mid point and the 

bottom of the Flash Chamber (Tfm and Tfb ) were averaged to obtain Ti. The temperatures 

noted after the start of evaporation are those taken near the end of the operation, when a 

more or less steady reading was obtained. 
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Table 5.4 shows the calculated data for the test runs. The amount of water evaporated has 

been calculated from the change in the level of water in the Flash Chamber and the 

amount of water that had been added from the Feed Tank. The total heat supplied 

calculated includes the sensible heat supplied to bring the water to its boiling point and 

the heat supplied to evaporate the calculated amount of water.  Using this value, the 

calculated value of the LMTD in the evaporator and the area of heat transfer available 

within the Evaporator, the overall heat transfer coefficient have been calculated. 

 

Possible sources of error or problems associated with the experimental setup were 

detected and eliminated during these test runs. One problem was the accumulation of 

condensate from the flue gas in the shell side of the Evaporator which obstructed the heat 

transfer. There was a noted drastic drop of temperature of the flue gas also. These 

problems were detected by unexpected readings of temperatures at different point in the 

Evaporator. The problems were eliminated by drilling a hole in the bottom of the Vertical 

Evaporator shell and installing a blower to draw the flue gas from the Furnace through 

the Evaporator. The Blower thus worked as an induced draft fan for the flue gas loop. 

Similarly, temperature readings and the flow of water from the shell side of the Preheater 

indicated a leakage within the Preheater. Consequently, data taken during these runs 

fluctuated and were unacceptable. Such data were eliminated. The leakage was sealed 

before further data was collected. 
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 Table 5.1: Observed data for test runs with water showing various parameters measured 

 

Obs 

 No. 

PRIOR TO START OF EVAPORATION AFTER START OF EVAPORATION 

Initial Level 

of Water 

in Flash 

Chamber 

(cm) 

Final 

Level of 

Water  

in Flash 

Chamber 

(cm) 

Amount of Water 

added from Feed 

Tank during 

Operation 

(liters) 

Time of  

Operation 

(hr) 

Initial 

Level of 

Water 

in Flash 

Chamber 

(cm) 

Final 

Level of 

Water  

in Flash 

Chamber 

(cm) 

Amount of Water 

added from Feed 

Tank during 

Operation 

(liters) 

Time of  

Operation 

(hr) 

1 95.50 85.50 0.000 1.23 85.50 68.00 0.000 2.67 

2 84.70 80.60 0.000 1.45 80.60 62.50 21.152 2.20 

3 80.20 79.00 0.000 1.52 79.00 79.50 32.762 2.48 

4 80.80 78.80 0.000 2.27 78.80 89.00 28.627 1.55 

5 81.10 79.10 0.000 2.50 79.10 97.00 51.530 3.12 

6 81.10 80.50 0.000 1.63 80.50 81.40 14.950 1.43 
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 Table 5.2: Observed data for test runs with water showing various parameters measured 

 

Obs 

No. 

PRIOR TO START OF EVAPORATION AFTER START OF EVAPORATION 

Volume 

of NG 

Burnt 

(m
3
) 

Gauge 

Pressure in  

Flash 

Chamber 

during 

Evaporation 

(Pa) 

Pressure 

Drop in 

Flue Gas 

Line 

(mm of 

water) 

Circula-

tion 

Rate 

(l/hr) 

Water 

Evaporated 

per m
3
 of 

NG Burnt 

(liters/m
3
) 

Volume 

of NG 

Burnt 

(m
3
) 

Gauge 

Pressure in  

Flash 

Chamber 

during 

Evaporation 

(Pa) 

Pressure 

Drop in 

Flue Gas 

Line 

(mm of 

water) 

Circula-

tion 

Rate 

(l/hr) 

Water 

Evaporated 

per m
3
 of 

NG Burnt 

(liters/m
3
) 

1 4.480 0 20.20 600 2.55 9.023 0 20.20 240 2.21 

2 8.033 0 19.80 780 0.59 9.206 0 19.80 240 4.54 

3 5.421 0 20.20 810 0.25 8.614 2067 20.20 225 3.74 

4 7.900 0 20.00 900 0.29 5.690 2757 20.00 900 2.99 

5 7.143 0 20.00 900 0.32 13.741 1378 20.00 900 2.26 

6 6.014 0 20.20 900 0.11 5.090 1378 20.20 210 2.74 
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Table 5.3: Observed temperature readings at various points of the setup for test runs with water 

Obs 

No. 
 

Ti 

(ºC) 

Tefi 

(ºC) 

Tefo 

(ºC) 

Tesi 

(ºC) 

Teso 

(ºC) 

Tft 

(ºC) 

Tfm 

(ºC) 

Tfb 

(ºC) 

Tfbp 

(ºC) 

Tpsi 

(ºC) 

Tpli 

(ºC) 

Tplo 

(ºC) 

1 
Prior to start of evaporation 28.5 

 

572 313 84.2 96.3 96.5 94.8 93.5 94.6 100.1 33.3 32.3 

After start of evaporation 623 352 86.0 95.7 97.7 97.4 93.7 95.1 97.1 90.8 59.5 

2 
Prior to start of evaporation 32.2 

 

587 344 74.3 96.0 102.9 99.3 99.2 99.8 39.1 41.2 39.7 

After start of evaporation 612 345 56.3 87.9 96.1 84.2 80.5 82.7 90.2 32.2 67.9 

3 
Prior to start of evaporation 

32.2 
564 195 76.8 96.1 93.4 89.9 89.8 92.7 28.3 31.3 27.0 

After start of evaporation 622 216 65.8 99.9 96.3 95.6 93.3 93.7 31.6 32.2 66.1 

4 
Prior to start of evaporation 

27.8 
590 205 84.3 96.9 95.4 93.5 93.5 95.4 32.6 34.2 36.7 

After start of evaporation 614 206 79.0 97.0 92.0 91.0 89.6 91.6 94.1 27.8 51.5 

5 
Prior to start of evaporation 

31.0 
580 199.2 83.7 95.8 93.8 94.1 90.2 94.4 29.3 31.0 29.6 

After start of evaporation 656 221 87.1 99.7 96.4 96.0 95.7 97.7 99.9 31.0 61.5 

6 
Prior to start of evaporation 

29.3 
579 202 86.3 97.4 95.8 91.6 92.6 94.4 32.4 33.0 33.0 

After start of evaporation 613 211 82.6 98.4 95.7 94.0 93.3 92.7 98.9 30.9 56.0 

 

Ti          = Initial temperature of solution 

Tefi    = Temperature of flue gas at Evaporator inlet 

Tefo   = Temperature of flue gas at Evaporator outlet 

Tesi   = Temperature of solution at Evaporator inlet 

Teso  = Temperature of solution at Evaporator outlet 

Tft    = Temperature of top thermocouple of Flash Chamber 

Tfm   = Temperature of mid thermocouple of Flash Chamber 

Tfb   = Temperature at bottom thermocouple of Flash Chamber 

Tfbp  = Temperature at recirculation line from Flash Chamber’s bottom 

Tplo  = Temperature of solution entering the Evaporator from Feed Tank 
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Table 5.4: Calculated data for test runs with water 

Obs.

No. 

PRIOR TO START OF EVAPORATION AFTER START OF EVAPORATION 

Operating 

Time 

 (hr) 

Water 

Evapo-

rated  (l) 

LMTD  

(º C) 

Evapo-

ration 

Rate  

(l/hr) 

Total 

Heat 

Supplied  

(kJ) 

Overall U  

(W/m
2
K) 

Operating 

Time 

 (hr) 

Water 

Evapo-

rated  

(l) 

LMTD  

(º C) 

Evapo-

ration 

Rate  

(l/hr) 

Total 

Heat 

Supplied  

(kJ) 

Overall U  

(W/m
2
K) 

1 1.23 11.40 337.3 9.27 57382 64.73 2.67 19.95 381.9 7.47 45055 21.82 

2 1.45 4.67 369.4 3.22 37036 33.67 2.20 41.79 394.8 19.00 96130 55.42 

3 1.52 1.37 254.2 0.90 46413 29.85 2.48 32.19 298.5 12.98 77323 46.20 

4 2.27 2.28 264.6 1.00 32543 22.58 1.55 17.00 277.8 10.97 43830 43.48 

5 2.50 2.28 257.3 0.91 30931 19.76 3.12 31.12 296.6 9.97 78507 37.41 

6 1.63 0.68 256.6 0.42 28584 28.04 1.43 13.92 278.2 9.74 34093 36.63 
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5.2 Runs with Caustic Soda Solution 

 

Once successful test runs were carried out with water, the system was emptied and then 

filled with caustic soda solution. Tables 5.5, 5.6 and 5.7 show the observed data for runs 

with caustic soda solution and are similar to those shown for water; in addition, Table 5.5 

shows the initial and final concentration of the caustic soda solution taken from the Flash 

Chamber.  

 

Initially, the setup was filled with 4.13 w/w % caustic soda solution and two runs 

(observation no. 7 and 8) were carried out. Once it was noted that the concentration of the 

solution in the Flash Chamber was rising, the system (excluding the Feed Tank) was 

emptied and filled with 21.73 w/w % caustic soda solution. 

 

In Runs 9 and 10, it can be seen from Table 5.5 that the concentration of the solution in 

the Flash Chamber decreased by the end of the operation due to the addition of excess 

amount of dilute feed. To raise the concentration of the solution in the Flash Chamber 

and also to note how the system operated if only evaporation was carried out without 

addition of dilute caustic soda solution, no feed was given in Run No. 11. Feed was not 

added in Run 8 as well. For these runs the Preheater had no function. Consequently, as in 

Table 5.7, no data were taken for the inlet of steam and feed solution to the Preheater 

(Tpsi and Tpli respectively). Preheater outlet temperature was noted (Tplo) to determine the 

temperature with which the feed entered the evaporation system. 

 

It should be noted that in Runs 9, 10 and 12, the steam inlet temperatures (Tpsi) are quite 

low (steam temperature should near 100º C) and the degree of heating in the Preheater is 

not satisfactory. Attempts to send steam through the shell side of the Preheater resulted in 

pressure buildup within the Flash Chamber which caused the level of solution in the 

Flash Chamber to rise up and fluctuate sharply. Some solution even spilled out of the 

Flash Chamber through the top of the level indicator attached to its side in Run 10 ( the 

overall heat transfer coefficient for Run 10 is very low for this reason). Under the 

circumstances, all the steam had to be vented out and the Preheater was no longer used. 
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As can be seen in Table 5.7 for the other runs, temperatures for the inlet of steam and 

feed solution to the Preheater (Tpsi and Tpli) were no longer noted, since the Preheater did 

not function any more. 

 

There was a long gap (6 months) between runs 15 and 16. During this time, caustic soda 

solution was removed and the system was filled with water to prevent fouling. However, 

since tap water was used, a certain degree of scaling did occur as can be seen from the 

low heat transfer coefficient obtained in Run 16. A blank runs were given, once with 

water and another with caustic soda solution, to overcome this problem 

  

The calculated data for runs with caustic soda solution are the same as those for water; in 

addition, the feed flow rate is shown in Table 5.8. For calculation, data of density and 

heat capacity of caustic soda solution at various concentrations has been taken from 

literature [27]. The calculated data includes: heat load, LMTD, overall heat transfer 

coefficient, feed flow rate, evaporation rate etc. 
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 Table 5.5: Observed data for runs with caustic soda solution  

 

Obs  

No. 

PRIOR TO START OF EVAPORATION AFTER START OF EVAPORATION 
 

Initial 

Concen-

tration in 

Flash 

Chamber 

(w/w %) 

 

Final 

Concen-

tration  

in Flash 

Chamber 

(w/w %) 

Initial 

Level  

in Flash 

Chamber 

(cm) 

Final 

Level  

in Flash 

Chamber 

(cm) 

Amount 

added  

from Feed 

Tank 

 (liters) 

Operating 

Time (hr) 

Initial 

Level  

in Flash 

Chamber 

(cm) 

Final 

Level in 

Flash 

Chamber  

(cm) 

Amount 

added  

from Feed 

Tank 

(liters) 

Operating 

Time 

(hr) 

7 80.40 80.00 0 1.70 80.00 87.00 24.650 2.35 4.13 4.53 

8 82.50 82.00 0 1.83 82.00 60.50 0.000 2.88 4.53 6.15 

9 78.50 77.40 0 1.97 77.40 98.50 28.628 2.65 21.73 21.65 

10 94.70 93.20 0 2.35 83.20 110.20 32.126 2.48 21.65 20.15 

11 107.00 106.60 0 1.78 106.60 91.00 0.000 2.30 20.15 21.81 

12 87.50 87.40 0 2.08 87.40 97.50 32.285 3.50 21.81 22.36 

13 95.80 95.60 0 1.97 95.60 104.30 25.61 2.45 22.36 23.91 

14 84.90 81.60 0 2.00 81.60 97.50 30.06 2.12 23.91 20.07 

15 85.6 83.4 0 1.88 83.4 103.0 39.92 2.88 20.07 18.76 

16 79.60 70.70 0 2.30 70.70 101.20 34.99 2.58 19.06 16.10 

17 84.50 84.20 0 1.98 84.20 105.10 30.54 2.42 16.10 14.80 

18 70.50 69.80 0 1.50 69.80 76.50 43.27 3.43 14.80 18.00 

19 84.30 83.10 0 1.95 83.10 87.10 31.17 2.47 18.00 20.68 

20 80.80 79.30 0 1.90 79.30 88.60 34.35 2.60 20.68 23.24 

21 83.80 82.40 0 2.00 82.40 81.50 29.1 3.23 23.24 26.68 

22 80.60 79.50 0 1.62 79.50 86.00 33.88 3.00 26.68 28.56 

23 83.80 82.50 0 1.77 82.50 72.20 30.85 2.58 28.56 33.64 
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Table 5.6: Observed data for runs with caustic soda solution 

 

Obs 

No. 

PRIOR TO START OF EVAPORATION AFTER START OF EVAPORATION 

Volume 

of NG 

Burnt 

(m
3
) 

Gauge Pressure 

in Flash 

Chamber 

during  

Evaporation 

(Pa) 

Pressure 

Drop in 

Flue Gas 

Line 

(mm of 

water) 

Circu-

lation 

Rate 

(l/hr) 

Water 

Evaporated 

per m
3
 of 

NG Burnt 

(liters/m
3
) 

Volume 

of NG 

Burnt 

(m
3
) 

Gauge Pressure 

in Flash  

Chamber 

during  

Evaporation 

(Pa) 

Pressure 

Drop in 

Flue Gas 

Line 

(mm of 

water) 

Circu-

lation 

Rate 

(l/hr) 

Water 

Evaporated 

per m
3
 of NG 

Burnt 

(liters/m
3
) 

7 6.009 0 19.0 900 0.076 8.415 1378 19.0 150 1.980 

8 6.356 0 19.0 900 0.090 10.520 0 19.0 210 2.330 

9 7.363 0 19.0 900 0.170 9.970 1378 19.0 240 0.458 

10 8.100 0 18.0 900 0.211 10.386 0 18.0 225 0.129 

11 6.9 0 17.8 900 0.066 9.18 0 17.8 240 1.937 

12 7.165 0 17.4 900 0.016 12.156 1378 17.4 240 1.709 

13 7.03 0 17.4 900 0.032 9.88 0 17.4 240 1.588 

14 7.452 0 17.5 900 0.505 7.8 0 17.5 225 1.530 

15 6.71 0 17.5 900 0.374 11.58 0 17.5 225 1.517 

16 7.828 0 17.5 900 1.296 10.89 0 17.5 225 0.020 

17 6.937 0 17.4 900 0.049 9.628 0 17.4 240 0.697 

18 5.58 0 17.8 900 0.143 14.55 0 17.8 240 2.449 

19 6.95 0 17.8 900 0.197 9.8 0 17.8 240 2.715 

20 6.656 0 18.0 900 0.257 10.44 0 18.0 225 2.274 

21 7.36 0 18.0 900 0.217 12.88 0 18.0 225 2.339 

22 6.23 0 17.8 900 0.201 11.75 0 17.8 240 2.253 

23 6.55 0 17.8 900 0.226 10.5 0 17.8 240 1.981 
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 Table 5.7: Observed temperature readings at various points of the setup for runs with caustic soda solution 

Obs 

No. 
 

Ti 

(ºC) 

Tefi 

(ºC) 

Tefo 

(ºC) 

Tesi 

(ºC) 

Teso 

(ºC) 

Tft 

(ºC) 

Tfm 

(ºC) 

Tfb 

(ºC) 

Tfbp 

(ºC) 

Tpsi 

(ºC) 

Tpli 

(ºC) 

Tplo 

(ºC) 

 

7 

Prior to start of evaporation 31.6 569 198 70.0 97.7 94 92.1 91.8 95.5 31.3 32.5 31.6 

After start of evaporation - 621 208 59.8 101.1 96 98.1 96.2 91.7 98.3 35.9 55.0 

 

8 

Prior to start of evaporation 29.7 575 197.2 63.3 98.0 91.8 91.5 91.1 93.7 - - - 

After start of evaporation - 630 214 59.6 99.6 95.1 92.4 90.5 93.1 - - - 

 

9 

Prior to start of evaporation 28.7 601 196 68.0 105.4 95.7 96.3 102 103.2 31.7 30.8 30.8 

After start of evaporation - 648 207 68.1 107.3 91 100.4 100.4 99.5 50.4 31.8 32.8 

 

10 

Prior to start of evaporation 28.9 610 202 69.4 104.6 97.3 102.9 100.5 102.5 36.4 32.9 32.5 

After start of evaporation - 659 224 67.3 108.0 98.4 102.3 102.9 103.8 75.2 34.2 34.4 

 

11 

Prior to start of evaporation 44.8 619 209 69.4 106.0 91.5 97.2 101.6 105.3 - - - 

After start of evaporation - 666 226 71.4 111.3 98.9 104.6 104.5 106.6 - - - 

 

12 

Prior to start of evaporation 31.4 571 210 63.7 105.0 94.4 91.5 98.3 101.2 29.2 29.5 35.5 

After start of evaporation - 619 228 65.1 107.1 94.9 100.5 99.3 101.1 46.1 30.2 35.5 

 

13 

Prior to start of evaporation 31.6 607 222 66.2 106.6 96.2 101.8 101.6 104.6 - - 31.1 

After start of evaporation - 657 241 65.9 106.9 95.5 98.5 100 101.8 - - 32.0 

 

14 

Prior to start of evaporation 38.3 595 214 64.9 104.1 93.3 91.1 97.7 100.7 - - 29.1 

After start of evaporation - 638 225 65.5 107.4 95.3 100.1 99.5 102.1 - - 30.9 

 

15 

Prior to start of evaporation 38.3 600 219 66.4 101.4 89.7 91.6 96.6 98.8 - - 29.1 

After start of evaporation - 658 238 67.5 104.9 93.2 96 98.5 99.5 - - 29.4 
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 Table 5.7: Observed temperature readings at various points of the setup for runs with caustic soda solution (Continued) 

Obs 

No. 
 

Ti 

(ºC) 

Tefi 

(ºC) 

Tefo 

(ºC) 

Tesi 

(ºC) 

Teso 

(ºC) 

Tft 

(ºC) 

Tfm 

(ºC) 

Tfb 

(ºC) 

Tfbp 

(ºC) 

Tpsi 

(ºC) 

Tpli 

(ºC) 

Tplo 

(ºC) 

16 
Prior to start of evaporation 26 629 219.0 102.3 105.8 95.7 96.8 98.9 97.7 - - 33.6 

After start of evaporation - 681 262 102.1 107.5 99.7 102.3 100.1 102.2 - - 34.4 

 

17 

Prior to start of evaporation 26 608 199 96.5 98.7 88.5 91 92.2 90.8 - - 19.0 

After start of evaporation - 666 217 98.9 101.5 93.9 94.8 94.2 93.1 - - 26.1 

 

18 

Prior to start of evaporation 35.1 608 153 97.2 98.4 89.6 90.6 92.5 90.8 - - 23.5 

After start of evaporation - 685 175 97 104.2 93 98.5 95 92.6 - - 31.8 

 

19 

Prior to start of evaporation 23 623 210 97.4 99.6 93.6 92.6 92.6 94.1 - - 23.4 

After start of evaporation - 679 227 100.4 105.3 97.5 100.4 99.3 97.2 - - 26.1 

 

20 

Prior to start of evaporation 40 626 184 99.7 103.8 97.5 96.6 98.7 98.8 - - 30.3 

After start of evaporation - 684 207 101.8 108.3 98.9 101.1 99.6 98 - - 28.8 

 

21 

Prior to start of evaporation 22.9 621 184 98.3 100.8 93.5 92.8 96.3 94.5 - - 25.5 

After start of evaporation - 693 211 104.2 96.3 95 96.7 93.6 94 - - 29.9 

 

22 

Prior to start of evaporation 34.2 621 179 100.1 103.5 93.9 95.4 96.8 95.9 - - 27.6 

After start of evaporation - 690 198 99.5 104.3 96.9 100.9 99.5 99.4 - - 32.5 

 

23 

Prior to start of evaporation 35.1 629 171 97 101.2 93.9 95 94.9 93.3 - - 26.7 

After start of evaporation - 690 173 95 102.7 94.5 97.4 93.6 93.6 - - 26.0 
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 Table 5.8: Calculated data for runs with caustic soda solution 

Obs. 

No. 

PRIOR TO START OF EVAPORATION AFTER START OF EVAPORATION 

Feed 

Flow 

Rate 

(l/hr) 

Opera-

ting 

Time 

(hr) 

Water 

Evap-

orated  

(l) 

LMTD  

(ºC) 

Evap-

oration 

Rate  

(l/hr) 

Total 

Heat 

Supplied  

(kJ) 

Overall U  

(W/m
2
K) 

Opera-

ting 

Time 

(hr) 

Water 

Evapo-

rated  

(l) 

LMTD  

(ºC) 

Evap-

oration 

Rate  

(l/hr) 

Total 

Heat 

Supplied  

(kJ) 

Overall 

U  

(W/m
2
K) 

7 1.70 0.46 263.4 0.27 30317 28.16 2.35 16.67 296.2 7.09 41460 26.25 10.49 

8 1.83 0.57 270.1 0.31 32437 27.64 2.88 24.52 304.7 8.51 53333 27.15 0.00 

9 1.97 1.25 271.5 0.64 41888 33.07 2.65 4.57 295.6 1.72 21711 12.20 10.80 

10 2.35 1.71 278.6 0.73 50072 32.71 2.48 1.34 313.6 0.54 15999 9.31 12.95 

11 1.78 0.46 286.9 0.26 42698 36.28 2.30 17.79 313.2 7.73 38343 24.09 0.00 

12 2.08 0.11 276.0 0.05 42050 31.19 3.50 20.77 304.8 5.93 57742 24.18 9.22 

13 1.97 0.23 295.3 0.12 47250 35.79 2.45 15.69 327.6 6.40 44678 25.71 10.45 

14 2.00 3.76 286.8 1.88 45137 34.14 2.12 11.93 308.7 5.63 38801 26.64 14.18 

15 1.88 2.51 292.2 1.33 40016 31.89 2.88 17.57 325.1 6.10 52289 25.71 13.86 

16 2.30 10.15 270.9 4.41 62365 42.22 2.58 0.21 323.8 0.08 13298 7.31 13.56 

17 1.98 0.34 253.7 0.17 38698 31.42 2.42 6.71 285.3 2.78 26725 16.78 12.64 

18 1.50 0.80 205.2 0.53 29126 34.39 3.43 35.63 250.4 10.38 93509 44.07 12.60 

19 1.95 1.37 267.4 0.70 43558 35.01 2.47 26.61 295.9 10.77 70800 42.67 12.62 

20 1.90 1.71 240.1 0.90 36915 32.07 2.60 23.75 276.8 9.13 66337 39.30 13.21 

21 2.00 1.60 240.9 0.80 46413 38.24 3.23 30.13 284.7 9.33 76191 35.82 9.01 

22 1.62 1.25 233.2 0.77 40575 41.90 3.00 26.47 273.3 8.82 71286 36.84 11.29 

23 1.77 1.48 273.3 0.84 41299 36.25 2.58 42.59 273.3 16.49 106221 63.75 12.60 
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6. DISCUSSION 

 

An experimental investigation was carried out to study the evaporation of water from a 

dilute 4% caustic soda solution to concentrate it to a 20% caustic soda solution. The work 

involved designing, fabricating and operating an evaporation unit that could concentrate 

the dilute caustic soda using waste heat from flue gases. Data obtained were analyzed to 

determine the various parameters necessary for industrial scale application of the process. 

 

6.1 Experimental Difficulties 

 

From the results it can be seen that there are variations in values between runs. However, 

most of the differences are explainable either by limitations within the process setup and 

conditions or by experimental errors made during the experiment. One great difficulty 

with the process was that it was inherently unsteady. The concentration of the solution, 

along with the density and temperatures, varied considerably during a single run and from 

one run to another, and it caused differences in various data. Also, using differences in 

level of solution in the Flash Chamber was a simple way of measuring the amount of 

water that had been evaporated. This was because the density changed constantly and 

significantly during the course of the experiment (due to changes in concentration) and 

measuring the amount of solution in the Flash Chamber was not exact since level 

differences only indicated volume changes. Approximate densities were used which were 

taken to be reasonably correct and gave an idea of the evaporation rate.  

 

Several difficulties were faced while setting up and running the experiments. Most of 

them were eliminated, excepting a few. Major setbacks and errors in the design, 

fabrication and installation stage are mentioned hereunder. 

 

The initial problem faced was understanding the behavior of the system in operation. 

Runs carried out with water and with concentrated caustic soda solution varied 

significantly. With caustic soda solution, the system would vibrate due to foaming and 
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pressure buildup. Adjusting to this change took time. This is probably one reason why 

results obtained in Observation 9 is not satisfactory. 

 

One of the major setbacks in the design of the setup was the sizing of the Flash Chamber. 

The vapor space in this Chamber should have been designed with larger capacity. The 

outlet of the Vertical Evaporator was connected to almost the mid portion of the Flash 

Chamber; and to ensure that the tubes in the Evaporator always contained solution, the 

amount of solution in the Flash Chamber was maintained above this level all through the 

operation. Consequently, more than half of the Flash Chamber was always filled with 

solution. This large amount of solution imposed a problem when evaporation began and 

the concentration of the caustic soda solution began to increase. Steam produced by 

evaporation was designed to be sent through the Preheater. However, the small vapor 

space in the Flash Chamber, along with the large pressure drop required to flow through 

the shell side of the Preheater, caused the pressure inside the Chamber to rise quickly. An 

increase in pressure as well as concentration of the caustic soda solution with evaporation 

caused a large degree of foaming and fluctuation in the level. The whole system was 

found to shake during evaporation. There was an occasion when the solution level rose 

up enough to spill through the level indicator (Observation No 10). Under such 

circumstances, the valve to the vent had to be opened to allow the steam to flow out 

freely from the vapor space of the Flash Chamber, instead of going through the shell side 

of the Preheater. When this was done, the Preheater could no longer be used to preheat 

the cold dilute caustic soda solution entering the Flash Chamber. If the vapor space in the 

Flash Chamber had been kept larger, this problem would not have occurred.  

 

A major difficulty during operation was leakage of caustic soda solution through various 

joints in the system. This happened particularly at points where the thermocouples were 

inserted. The thermocouples inserted at the solution outlet of the Preheater and solution 

inlet of the Evaporator leaked severely, damaging the thermocouple itself which had to be 

replaced then.  

 

There was a large  interruption (6 months)  between Observation No. 15 and Observation  
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No. 16. During this time, caustic soda solution was removed and the system was filled 

with tap water. However, there had been a certain degree of scaling within this time and 

although blank runs were given to remove the dirt, results obtained in Observation No. 16 

were not quite satisfactory. 

 

The absence of a flow measuring device in the feed line was another difficulty faced 

during operation. Initially, the system was designed to accommodate a rotameter; but 

design changes during installation and the fact that pressure drop in the rotameter itself 

hindered the flow from feed tank by gravity forced its removal from the system. The flow 

rate was calculated by measuring the amount of feed given over a known period of time 

at certain intervals. The flow rate was then adjusted to the desired level by adjusting the 

valve. Since adjusting the valve was totally manual, at times the valve would be opened 

too much and excess feed solution would flow into the Flash Chamber that cooled down 

the system below the boiling point. This happened particularly during Observation No. 

17.  Large amount of cold feed solution was added in a short span of time which 

disturbed the evaporation process. Consequently, data obtained during this run was 

doubtful. 

 

6.2 Results 

 

The average rate of water evaporation was 6.91 liters/hour. The overall heat transfer 

coefficient in the evaporator ranged from 7.31- 63.75 W/m
2
 K during evaporation, with 

an average of 28.69 W/m
2
 K, whereas for the overall operation, it ranged from 20.50- 

52.58 W/m
2
 K with an average of 31.15 W/m

2
 K. The values were affected by the feed 

flow rate, the initial and final concentration of the caustic soda solution,  LMTD, the 

amount of natural gas burnt and the degree of scaling. These factors varied significantly 

throughout the experiments which led to the variations in results between runs as can be 

seen in Table 5.8. Also, these values would have been obtained with smaller variations if 

certain data had been eliminated. These would include Observation No. 9 (adjusting to a 

new system), Observation No. 10 (some solution spilled from level indicator in Flash 

Chamber), Observation No. 16 (System had been sitting idle for a long period of time) 
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and Observation No. 17 (Large amount of cold feed was added in a very short span). Had 

these data been neglected, the results obtained would have been reasonable. 

 

6.3 Selection of the Type of Operation 

 

Most of the experimental runs were carried out with natural circulation of solution 

between the Flash Chamber and the Evaporator once evaporation has been established in 

the system. During this kind of operation, solution passed through the Evaporator at 

around 225 liters/hour. Prior to onset of evaporation, a Circulating Pump was used to 

force circulate the solution at around 900 liters/hour. Operating the system with natural 

circulation had advantages over forced circulation. Forced circulation required the use of 

a pump; in this case a stainless steel Pump that could withstand the corrosive nature of 

caustic soda solution. Also, leakage through various joints was greater during forced 

circulation. Hence it was preferable to use natural circulation when evaporation had set 

in, and the evaporation of water in the Flash Chamber caused enough drop in pressure to 

allow the circulation to occur by itself. This elongated the life of the pump. However, it 

should be noted that in order to initiate natural circulation, the pump had to be used to 

circulate the solution through the Evaporator tubes till its temperature had risen to its 

boiling point.  From an economic point of view, energy savings occurred when natural 

circulation was used, since the pump was no longer being run continuously. 

 

6.4 Economics of the System 

 

A motive behind carrying out this study was to develop a system for the recovery of 

caustic soda from mercerizing wastewater in textile mills. From the experiments 

performed, a general idea can be obtained that this process, if implemented, can be used 

to concentrate caustic soda solution from wastewaters. Table 6.1 shows the economic 

aspect of the process if 1000 kg of a 4% feed solution is to be processed. It should be 

noted that from the cost saved, the cost of labor, depreciation and overhead must be 

deducted to obtain the true saving in operating cost per day. Here the mean value of the 

volume of water evaporated for every m
3
 of natural gas burnt has been used to determine 
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the cost of natural gas that would be required. To obtain this value, certain doubtful data 

mentioned in Sections 6.1 and 6.2 have been neglected. This table leaves out the benefit 

the textile mill will have from a reduced cost of neutralizing the wastewater. A reduction 

in caustic soda in the effluent will definitely reduce the degree of pollution and this 

process unit can have a positive impact on the environment. 

 

Table 6.1 Cost savings for a typical textile factory processing 1000 kg of dilute  

      caustic soda solution leaving the mercerizing unit per day. 

 Quantity Cost, Tk 

Feed Solution (4%) 1000 kg  

Sodium Hydroxide saved 40 kg  

Market Price of sodium hydroxide Tk. 72/kg  

Cost of Sodium Hydroxide saved  Tk. 2880.00 

Water Evaporated 800 kg  

NG Consumed (Water Evaporated to NG 

Consumed Ratio = 2.20 liters/m
3
) 

363.64 m
3
  

Price of NG (source: www.titasgas.org.bd) Tk. 165.91/1000SCF  

Cost of NG  Tk 2130.50 

Cost Saved  Tk. 749.50 

 

Since the industry would use flue gases of the engine generators combined with required 

fuel, the savings would be greater. 

 

6.5 Limitations of the Experiment 

 

The maximum heat load taken by the system was 41123 kJ/hr, corresponding to a heat 

supply of 106221 kJ in 1.77 hours and a feed flow rate of 12.60 kg/hr which gave an 

overall heat transfer coefficient of 63.75 W/m
2
 K during evaporation (Run 23, Table 5.8). 

For this run, the maximum water evaporation rate of water of 16.49 liter/hr was obtained, 

with an LMTD of 273.3º C. The maximum LMTD that could be attained in the 

evaporator during the experiments was 327.6º C (Run 13, Table 5.8).  
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There was a limitation to the rate of feed flow that could be applied. Feed flow rate was 

varied from 9.01 – 14.18 liters/hour. It can be noted from Tables 5.5 and 5.8 that keeping 

a feed flow rate above 13.56 liters/hour generally led to a decrease in concentration of 

caustic soda solution because of the addition of excess amount of a dilute solution within 

a short interval of time. Similarly, a feed flow rate below 13.21 liters/hour generally led 

to an increase in the concentration of the caustic soda solution, since the flow rate was 

low enough to allow enough water to be evaporated to allow an increase in concentration 

in the Flash Chamber. Hence using a feed flow rate in between these two values would 

have allowed the concentration in the Flash Chamber to be maintained at a constant 

value. (Runs 9, 10, 16 and 17 can be considered not representative).  

 

6.6 Achievements 

 

Through this experiment, the design, fabrication, installation and operation of a process 

unit has been learnt. A hands–on experience was gained whereby the difficulties faced 

during implementation of a project were realized. Similar studies had been carried out in 

the past and the present study was a modification of those works. Studies of past 

experiments were carried out and redesigning and modifying past setups were performed.  

This was basically an exercise to learn the insight of such system in operation for likely 

implementation in the textile industries of Bangladesh for resource conservation and 

enhanced profitability. 
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7. CONCLUSIONS 

 

The following conclusions are drawn: 

 

a. The process unit could evaporate water at a rate ranging between 0.08-16.49 

liters/hr with an approximate average of 6.91 liters/hr. 

 

b. Overall heat transfer coefficient varied from 20.50-52.58 W/m
2
 K with an average 

of 31.15 W/m
2
 K. 

 

c. Ratio of water evaporated to NG consumed ranged from 0.019-4.05 liters/m
3 

 

 

d. Evaporation rate per square meter of heat transfer area was on average 21.07 

liters/m
2
 hr.  

 

e. The thermal load per square meter of evaporator is 17.63 kW/m
2
. 

 

f. The process is operable and can be installed in any textile dyeing and finishing 

plant requiring the stated amount of evaporation rate. It can also be scaled up 

according to the need of a textile mill. 

 

g. The total cost saved is Tk.750/day (excluding labor cost, depreciation and 

overhead costs) for a typical load of 1000 kg of water evaporated per day from 

4% caustic soda solution to concentrate it to 20% caustic soda solution, based on 

the cost of natural gas as fuel.  
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8. SUGGESTIONS FOR FUTURE WORK 

 

Certain modifications can be made to the existing system for improving its operation: 

 

1. A Flash Chamber with a larger vapor space can be installed or the connection 

between the Evaporator top and the Flash Chamber can be made at a lower level 

so that less liquid hold-up is required. This will avoid unnecessary pressure build-

up in the Flash Chamber which prevented the use of the steam generated for 

preheating the feed solution.  

 

2. The Preheater can be redesigned and repositioned (to reduce pipe friction) so that 

it provides less resistance to the flow of steam from the Flash Chamber. 

 

3. A different Evaporator with a greater heat transfer area can be used. 

 

Future studies may include the following: 

 

1. Further experimental investigations need to be carried out whereby the actual 

alkali effluent from a textile mill can be brought in and filtered and then used in 

the system to confirm the result and find other difficulties. 

 

2. Another Evaporator can be installed and the observation of values for a double 

effect evaporation system can be studied. 

 

3. Possibility of using a feed back control loop for the process unit can be studied.  

This would help in automation of the process. 
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SAMPLE CALCULATION  

for Observation No. 21 

 

Table A1: Observed data for observation no. 21 

  

Prior to 

evaporation 

After start of 

evaporation 

Total  

operation 

Initial Level in Flash Chamber (cm) 83.80 82.40 83.80 

Final Level in Flash Chamber (cm) 82.40 81.50 81.50 

Amount of water added from Feed Tank during 

Operation (litres) 
0 29.1 29.1 

Time of Operation (hr) 2.00 3.23 5.23 

Volume of NG Burnt (m3) 7.36 12.88 20.24 

Gauge Pressure in Flash Chamber during  

Evaporation (Pa) 
  0 

Pressure drop in Flue Gas Line (mm of water)   17.5 

Circulation rate (l/hr) 900 225  

Initial Concentration in Flash Chamber (w/w%)   23.24 

Final Concentration in Flash Chamber (w/w%)   26.68 

Feed Concentration (w/w%)   4.13 

Tefi (Flue Gas at Evaporator Inlet) 621 693 693 

Tefo (Flue Gas at Evaporator Outlet) 184 211 211 

Tesi (Solution at Evaporator Inlet) 98.3 104.2 104.2 

Teso (Solution at Evaporator Outlet) 100.8 96.3 96.3 

Tft (Top thermocouple of Flash Chamber) 93.5 95 95 

Tfm (Mid Thermocouple of Flash Chamber) 92.8 96.7 96.7 

Tfb (Bottom Thermocouple of Flash Chamber) 96.3 93.6 93.6 

Tfbp (Thermocouple at Recirculation Line from 

Flash Chamber’s bottom) 
94.5 94 94 

Tplo (Solution entering the evaporator from Feed 

Tank) 
25.5 29.9 29.9 
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• Initial temperature of solution =22.9 ºC 

• Diameter of the cylindrical portion of Flash Chamber = 38.1 cm  

• Volume of the conical portion of the Flash Chamber =17375 cm
3
  

• Bottom of cylindrical portion of Flash Chamber corresponds to 13 cm mark on the 

level indicator. 

• Heat transfer area in the Evaporator= 0.328 m
2
 

 

CALCULATIONS: 

PRIOR TO EVAPORATION: 

 

• Initial volume of solution present in the flash tank  

= Volume of the bottom conical section of flash tank + Volume of solution in the 

cylindrical portion of the tank 

= 1000/)
4

)138.83(1.38
17375( 3

2
3

cmcm
−××

+
π

 

=98.104 litres 

 

• Final volume of solution present in the flash tank 

Initial volume of solution present in the tank  

= Volume of the bottom conical section of Flash Tank + Volume of solution in the 

cylindrical portion  

= 1000/)
4

)134.82(1.38
17375( 3

2
3

cmcm
−××

+
π

 

=96.508 litres 

 

• Amount of feed solution added during operation = 0 

 

• Amount of water evaporated  

= Amount of feed added – (Final amount in flash tank –Initial amount in flash tank ) 

= 0-(96.508-98.104) litres 

= 1.596 litres 
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• Rate of Evaporation  

= Amount of water evaporated ÷ Time of Operation 

= 1.596 litres ÷ 2 hrs 

= 0.798 l/hr 

 

• LMTD = 

)(

)(
ln

)()(

esiefo

esoefi

esiefoesoefi

tT

tT

tTtT

−

−

−−−

 ºC  

      = 

)3.98184(

)8.100621(
ln

)3.98184()8.100621(

−

−

−−−
 ºC  

      =240.94ºC 

 

• Sensible Heat supplied= m×Cp×∆T 

=98.104 litres × 1.2497 kg/litres × 4.496 kJ/kg.K × (98.3-22.9)K 

=42941 kJ. 

 

• Latent Heat Supplied = m×λ = mass of water evaporated × 2257.9 kJ/kg 

     = 1.596 litres× 0.9632 kg/litres × 2257.9 kJ/kg 

    = 3472 kJ 

 

• Total Enthalpy Supplied = Sensible Heat Supplied + Latent Heat Supplied 

                                             = 46413 kJ 

• Rate of Enthalpy Supply for water evaporation (kJ/hr)  

= Total Enthalpy Supplied ÷ Time of Operation 

= 46413 kJ ÷ 2 hrs 

= 23206 kJ /hr 

 

• Heat Transfer Area = 0.328 m
2
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• Overall Heat Transfer Coefficient U 

=Rate of Enthalpy Supply/ Heat Transfer Area × LMTD 

=
Km

sJ

W

kJ

J

s

hr

hr

kJ

)94.240273(328.0

/1

1

1

1000

3600

1
23206

2
+×

×××

 

=38.24 W/m
2
.K 

 

• Similar calculations were performed for the time after which the steam came out and 

for the overall operation. The following table shows the calculated data for 

Observation No. 21: 

 

Table A2: Calculated data for observation no. 21 

  

Prior to 

Evaporation 

After Start of 

Evaporation 

Total  

Operation 

Initial amount of water in Flash Chamber (litres) 98.104 96.508 98.104 

Final amount of water in Flash Chamber (litres) 96.508 95.481 95.481 

Amount of water evaporated (litres) 1.596 30.126 31.723 

LMTD (º C) 240.9 284.7 284.7 

Flow rate from Feed Tank (l/hr) 0.00 9.01 5.56 

Rate of Evaporation (l/hr) 0.798 9.327 6.065 

Sensible heat supplied (kJ) 42941 10857 53798 

Latent heat (kJ) 3472 65334 68796 

Total Enthalpy supplied (kJ)  46413 76191 122594 

Rate of Enthalpy Supply Evaporation (kJ/hr) 23206 23589 23440 

Overall Heat Transfer Coefficient (W/m
2
 K)) 38.24 35.82 35.59 
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MATERIAL BALANCE for Observation No. 21: 

  

• Initial amount of NaOH present in the flash tank 

= Initial Concentration of solution × Initial amount of solution in the tank 

= litres
litres

kg
104.98

100

24.23
× = 22.8 kg 

  

• Amount of NaOH added with feed  

= Amount of feed fed× Feed Concentration 

= 29.1 litres × 4 kg/100 litres 

= 1.2 kg 

 

• Thus, expected final amount of NaOH in the flash tank = 22.8 kg + 1.2 kg = 24.0 kg 

 

• Final amount of NaOH actually present in the flash tank  

= Final amount of solution in the tank × Final concentration of the solution 

= litres
litres

kg
481.95

100

68.26
× = 25.47kg 

 

• Difference in the final amount of NaOH = 25.47 kg – 24.0 kg = 1.47 kg 

• % Error = %125.6
0.24

%10047.1
=

×
 

 

ENERGY BALANCE for Observation No. 21: 

 

• Volume of Natural Gas burnt = 20.24 m
3
 = 714.7 ft

3
 

Thus, energy generated by combustion of the natural gas = 714742 btu = 753471 kJ 

 

• Amount of energy used for evaporation of water = 143312 kJ 

So percentage of heat of combustion used = 19 % 
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