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1. Declaration of the objective 
 
The BALIS company in Germany, would like to study the possibility of concentrating one of their 
products: the " BALIS BASIL – BASIL GINGER DRINK" to reduce the shipping price for exporting to 
other countries. In addition, since 2021, this company announced proudly that every product 
from BALIS is climate neutral! They claimed that all CO2 emissions generated during regional 
production are compensated for all varieties and all sales sizes. For this purpose, they are also 
looking for an option in which they can concentrate their product by consuming less heat energy 
and therefore producing less CO2 for making that energy. In this experiment you are going to 
investigate one of these options, multi effect film evaporator, and demonstrate the benefit of 
this option by running a pilot evaporation experiment.  
 

2. Theoretical basis 
 

2.1 Introduction 

Heat transfer to a boiling liquid is often used in industries. This step is known as evaporation in 
general.  In evaporation, steam from a boiling liquid solution is removed and a more concentrated 
solution is obtained. In the majority of cases, the evaporation operation refers to the removal of 
water from an aqueous solution. 

The concentration of solutions of sugar, sodium chloride, sodium hydroxide, glycerol, glue, milk 
or orange juice are typical examples where evaporation is used industrially. In these cases, the 
concentrated solution is the desired product and the evaporated water is normally removed. In 
some cases, water containing a small amount of mineral salts is evaporated a second time to 
provide water free of solids. It is then used as a power supply for boilers, for chemical processes 
or for other uses. Seawater evaporation plants have also been developed and used to provide 
drinking water. In some cases, the main purpose of evaporation is to concentrate the solution in 
such a way that during cooling the crystals of salt are formed and separated. This special 
evaporation process is called crystallization. 

 
2.2 Important Process Factors 

The physical and chemical properties of the concentrated solution and the removed steam have 
a great effect on the type of evaporator used, and on process pressure and temperature. Some 
of these properties, which affect transformation processes, are as follows:   

1. Concentration of the liquid. Usually, the incoming flow of liquid into the evaporator is relatively 
diluted so that its viscosity is low, that is, similar to water. Thus, relatively high heat transfer 



coefficients are obtained. When evaporation takes place, the solution can become very 
concentrated and very viscous, causing a net drop in the heat transfer coefficient. Adequate 
circulation and/or turbulence must be present to maintain the coefficient at a sufficient value. 

2. Solubility.  As the solutions are heated and the concentration of solutes or salts increases, the 
solubility limit of the material in solution can be exceeded and crystals can form. This can limit 
the maximum concentration of solution that can be obtained by evaporation. In most cases, the 
solubility of the solute increases with temperature. This means that crystallization can occur 
when the hot concentrated solution from the evaporator is cooled to room temperature. 

3. Sensitivity of materials to temperature. Many products, including food and other biological 
materials, can be temperature sensitive and degrade at higher temperatures or after prolonged 
heating. These products are pharmaceuticals, food products such as milk, orange juice and plant 
extracts and organic chemicals. Degradation depends on the temperature and duration of 
evaporation. 

4. Foam formation. In some cases, materials contained in caustic solutions or food products such 
as skimmed milk and fatty acid solutions form a foam when boiling. This foam accompanies the 
steam coming out of the evaporator and induces losses.  

5. Pressure and temperature. The boiling point of the solution is related to the pressure of the 
system. The greater the operating pressure of the evaporator, the greater the boiling 
temperature will be. In addition, as the concentration of the solute increases by evaporation, the 
boiling temperature increases. This phenomenon is called an increase in boiling point or 
elevation. To maintain a low temperature in the case of heat-sensitive materials, it is often 
necessary to operate under a pressure of 1 atm, or vacuum. 

6. Deposit of tarter and scale. Some solutions deposit solids, called scale, on heating surfaces. 
These may be formed by decomposition or low solubility products.  The result is the decrease in 
the overall heat transfer coefficient and the evaporator may need to be cleaned. The building 
materials from which the evaporator is made are of paramount importance to minimize 
corrosion. 

2.3 Vertical-tubes evaporators 

During evaporation, heat is added to a solution to vaporize the solvent which is usually water. 
Heat is provided by the condensation of a vapor on one side of a metal surface in contact with 
the liquid to be evaporated. The type of equipment used depends mainly on the configuration of 
the heat transfer surface and the means used to provide agitation or circulation of the liquid. For 
this experiment we will use a vertical type evaporator. 



Vertical type evaporator with natural circulation. In this type of evaporator, vertical tubes are 
used. The liquid is inside the tubes and the steam condenses on the outside of the tubes. Due to 
boiling and decreasing density, the liquid rises into the tubes by natural circulation and flows 
downward through a large open space or central spillway. This natural circulation increases the 
heat transfer coefficient. It is not used in the case of viscous liquids. 

An evaporator with long vertical tube is shown in Fig. 1, the liquid is inside the tubes. 

Figure 1. 1A long vertical tube evaporator with the high quantities for heat and mass for a single 
effect evaporator. 



In industrial evaporators, the tubes are often 3 to 10 m long and the formation of steam bubbles 
in the tubes causes a pumping action giving very high flow speeds. In general, the liquid passes 
through the tubes only once and is not recirculated. Contact times can be very low in this type of 
evaporators. In some cases, such as when the ratio of the supply to the evaporation rate is low, 
the natural recirculation of the product through the evaporator is done by adding a large 
connection of tube between the output line of the concentrate and the supply duct. This is widely 
used for the production of condensed milk. 

The variables and quantities important for the heat and mass balance for a single-effect 
evaporator are shown in Figure 1. The flow of the solution enters at 𝑇𝑇𝐹𝐹[K or °C] and the saturated 
steam at enters the heat exchange section at 𝑇𝑇𝑆𝑆. The condensed vapor comes out in the form of 
condensate or drops of liquid water. As a first approximation, we can assume that the solution 
that takes out the evaporator is perfectly mixed. Then the concentrated product and steam are 
at temperature 𝑇𝑇1, which is the boiling point of the solution (at the pressure  𝑃𝑃1, which is the 
vapor pressure of the solution). 

The concept of an overall heat transfer coefficient is used in the calculation of the heat transfer 
rate in an evaporator. The equation for the vertical type evaporator (in the co-current 
configuration) shown in Figure 1 can be written as: 

𝑄𝑄 = 𝑈𝑈𝑈𝑈 ∆𝑇𝑇𝐿𝐿𝐿𝐿 = 𝑈𝑈𝑈𝑈 (T𝑆𝑆−T𝐹𝐹)− (T𝐶𝐶−T1)

ln�T𝑆𝑆−T𝐹𝐹T𝐶𝐶−T1
�

                                                                         (1) 

Where ∆𝑇𝑇𝐿𝐿𝐿𝐿[K] is the temperature difference (logarithmic mean) between the steam and the 
boiling liquid in the evaporator and UA is an overall thermal transfer coefficient multiplied by the 
exchange surface area 𝐴𝐴. In order to solve Eq. 1 the value of 𝑄𝑄 in [W] must be determined by 
making heat and mass balances. The solution mass flow rate entering the evaporator is 𝐹𝐹 [kg/h]. 
It has a solute fraction 𝑥𝑥𝐹𝐹 [kg/kg], temperature 𝑇𝑇𝐹𝐹 and enthalpy ℎ𝐹𝐹[J/kg]. The outflow, i.e. the 
concentrated liquid 𝐿𝐿[kg/h] with an enthalpy  ℎ𝐿𝐿  has a solute fraction of 𝑥𝑥𝐿𝐿 and is also at  𝑇𝑇1 . The 
vapour removed 𝑉𝑉 [kg/h] is produced as a pure solvent with a solute content of  𝑦𝑦𝑉𝑉 = 0,  
temperature,𝑇𝑇1   and enthalpy 𝐻𝐻𝑉𝑉. The steam flow for incoming heating is 𝑆𝑆 [kg/h] and has a 
temperature of 𝑇𝑇𝑆𝑆and enthalpy 𝐻𝐻𝑆𝑆. It is possible that the steam does not condense completely, 
but comes out of the evaporator in the form of a mixture of saturated water vapor (𝑆𝑆–𝐶𝐶,  [kg/h]) 
in equilibrium with the condense at (𝐶𝐶,  [kg/h]) at a temperature of 𝑇𝑇𝐶𝐶  and with enthalpies of  
𝐻𝐻𝐶𝐶  and ℎ𝐶𝐶 ,  respectively. 

For the material balance, as we are in the steady state, the incoming mass flow is equal to the    
outflow. So, for a total balance sheet (on the side of the solution), 

𝐹𝐹 = 𝐿𝐿 + 𝑉𝑉                                                                               (2) 



For a balance on the solute (dissolved solid) alone, 

𝐹𝐹𝑥𝑥𝐹𝐹 = 𝐿𝐿𝑥𝑥𝐿𝐿                                                                               (3) 

For the heat balance: 

Total incoming heat = Total outgoing heat – Heat loss   (4) 

Then an overall balance can be easily written using the enthalpies and flow rates shown in Figure 
1. The latent heat of the steam at saturation temperatures can be obtained from the steam tables 
(see Annex). However, the enthalpies of the solutions are often not available. These enthalpy-
concentration data are available only for a small number of substances in solution. Therefore, 
some approximations are made in order to make the heat balance.  

 

2.4 Multiple effect evaporators 

A single-effect evaporator as discussed above and also as shown in Fig. 2 below is wasteful of 
energy since the latent heat of the vapor leaving is not used but is discarded.  

 

Figure 2. Simplified diagram of a single-effect evaporator.  

However, much of this latent heat can be recovered and reused by employing multiple-effect 
evaporators. A simplified diagram of a forward-feed triple-effect evaporation system is shown in 
Fig. 3. If the feed temperature TF to the first effect is near the boiling point at the pressure in the 
first effect (T1), 1 kg of steam will evaporate almost 1 kg of solvent in the first effect (if the solvent 
is water). The first effect operates at a high-enough temperature so that the evaporated solvent 
serves as the heating medium to the second effect. Here, again, almost another kg of solvent is 
evaporated, which can be used as the heating medium to the third effect. As a very rough 
approximation, almost 3 kg of solvent will be evaporated for 1 kg of steam for a three-effect 
evaporator (if the solvent is water and in the ideal case without too much heat loss). Hence, the 



steam economy, which is kg vapor evaporated / kg steam used, is increased. This also 
approximately holds for a number of effects over three. However, this increased steam economy 
of a multiple-effect evaporator is gained at the expense of the original first cost of these 
evaporators. 

In forward-feed operation as shown in Fig. 3, the fresh feed is added to the first effect and flows 
to the next in the same direction as the vapor flow. This method of operation is used when the 
feed is hot or when the final concentrated product might be damaged at high temperatures. Here 
the boiling temperatures decrease from effect to effect. This means that if the first effect is at P1 
1 atm abs pressure, the last effect will be under vacuum at a pressure P3. 

 

Figure 3. Simplified diagram of a triple-effect evaporator.  

 

3. Practical Laboratory Exercises 

3.1 Objectives 

• Find the relation between liquid color and concentration with UV-Vis spectrometer 
• Run the double effect evaporator at steady state 
• Make the mass and energy balances for each effect 
• Calculate the steam economy 

3.2 UV-Vis spectrometer 

Prepare standard solutions of the solute in water with different concentration, ranging from 25 
mg/L to 1 mg/L by diluting the most concentrated stock solution. Turn on the UV-Vis 
spectrometer and wait for 15 minutes to warm up. After recalibrating the system, open UV-Vis 



Analyst software. Place the reference sample (here distilled water) to scan the baseline. Next 
perform a wavelength scanning between 400 to 700 nm (visible range) to find the peak with 
maximum intensity for one of your samples. Then based on the measured wavelength, do a single 
wavelength photometric measurement for all of your samples and write down the observed 
intensity and calculate the calibration equation.  

Next prepare around 15 liters of the feed with concentration of about 2 mg/L.  

3.3 Evaporator set-up 

 

Startup & operation: 

Warning: Read these instructions carefully and follow exactly the procedure !  

1) Turn on the electrical control panel by rotating the switch and pressing the green lamp. Steam 
generator start-up: Check the inlet water valve is open and the outlet steam valve is closed. 
Press the "I/O" button on the steam unit to switch it on (the unit will be supplied with water 
automatically and heating will begin). The red lamps for water level should go on and the 
pump should whistle. After a few moments, the green lamp indicating the start of heating 
will go on. Wait until the pressure gauge indicates the operating pressure (8 bar) before 



opening the steam valve at the back of the generator (which will be performed by the 
assistant). 
 

2) Check the oil level of compressor and turn on the compressor to supply air for pneumatic 
control valve (EVP1). Check the cooling water of condensers are on (cooling water must be 
set at equal or more than 150 L/h otherwise the generated heat will be stopped automatically 
for safety reasons).  Write down the cooling water flow rate from rotameter.  

 
3) Open slowly the steam valve (the pipe may shake) and in line V2 valve. Check the steam 

pressure and adjust it if necessary using the regulator to about 1.2 bar via the PI1 manometer 
(the regulator is usually adjusted beforehand by the assistant). Open V21 and V22 and close 
V3.  

 
4) Set the opening of valve EVP1 to 50% in manual mode. Allow the steam to circulate in the 

system for 2 to 3 minutes while purging the system of primary steam. In this step you may 
see some brownish water comes out which is common.  Then set the EVP1 to 0% and close 
V22 so that the steam only passes through the steam trap. Now the steam is ready to use. 
Empty the brownish liquid from collector.  

 
5) Close V5, V6 and V7 and switch on the feed pump and set the flow rate of the pump to 7 L/h 

to fill the evaporator E1 and a portion of the separator S1. When S1 is filled to the desired 
amount (check with assistant), change the flow rate to the value given by the assistant 
(different flow rates will be used for each group).  Switch the control valve from manual to 
auto mode and set the temperature of the steam to 102°C. Check the alarm temperature to 
be at 120°C.  

 
6) Once TE3 reaches close to 100°C, open V5 a little bit to allow recirculation of liquid in E1.  

Wait until TE4 reaches close to 100°C. Then drain the steam collector by opening V3 and 
measure the amount of condensed steam. This amount represents the amount of heat 
necessary for starting up the system. Then open V6 slowly and a little bit. Try to adjust this 
valve so that the rising liquid speed in the 2nd column (E2) is half of the first column. Close V1 
and V9. Let the liquid fill half of E2.  

 
7) Check all venting valves are closed and turn on the vacuum. When the level of liquid in E1 

becomes low enough, open slightly V9. After film evaporation starts to occur open V1 slightly. 
Notice since you evaporate some portion of the feed, the exiting liquid from V1 must be less 
than the feed flow rate.  

 
8) Keep eye on the level of liquid in evaporators and separators.  By adjusting the 4 valves of V5, 

V6, V9 and V1 try to keep the level of liquid constant. As much as you can keep the system at 
steady state, steam economy will improve.  

 
9) Keep a record of the volume of vapor condensed in the 3 collectors versus time every 15 mins.  



 

Shut down:  
 
1) Turn off the steam, feed and vacuum. Slightly open the vent valve V19 to pressurize the 

system to atmospheric pressure.   
 
2) Empty all the collectors and the columns and measure the weight of liquid in each section. 

Measure the concentrations.  
 

3) Change the feed to distilled water and set the flow rate of the pump to 7 L/hr to wash the 
system.  

 
4) After washing the system, close the steam valve at the back of the steam generator and turn 

off the steam generator. Set the control valve to 50% for some minutes in manual mode to 
empty the remaining of steam in the lines.  

 
5) Turn off the compressor and after downloading your data, turn off the electrical panel and 

close only the main valve of cooling water.  
 
 

4. Report 

Present your calibration line.  
 
How do you determine that steady state is achieved in the system?  
 
Present mass & energy balance for each effect separately and overall with both graphical 
representation and mathematical calculations.  
 
Present the results obtained (final concentrations, steam economy, etc.) and explain how you 
could get better efficiency if you could have repeated this experiment once more.   
 
Based on given dimensions of evaporator column in the annex, calculate heat transfer coefficient 
(U, W/m2K) for both E1 and E2.  
 
Discuss and calculate, in the case of ideal operation (steam economy =2), and considering the 
same feed flow rate, and the same final concentration, what would be the flow rate of steam 
required?  
 
How do you think operational parameters like steam temperature, size of E1 & E2, feed flow rate, 
vacuum pressure can affect final concentration and steam economy? 
 



 

 

 



 

 



 



Glass shell dimensions:  

 

Interior metallic part dimensions: 

 


