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FLUID FLOW MEASUREMENT 

OBJECTIVE: 

To calculate the water flowrate using the Venturi meter and the pressure distribution along 

the meter.  

1.INTRODUCTION 

The transportation of fluids, (gas or liquid), from one point to another is usually 

accomplished through the use of conduits (pipes) which are constructed in various shapes of 

different type materials. These transportation grids are made up of sections of conduits with 

fittings, such as valves, connectors, and measuring devices through which the fluid is moved. 

The fluid movement requires energy input from pumps, fans, blowers or compressors to 

overcome pressure drop (energy losses) throughout the system. The measurement of 

pressure drop and fluid velocity is the key to optimize a chemical plant. Therefore, it must 

often be precisely measured and must usually’ be controlled. Because of the need for fluid 

flow measurement, much effort has gone into the development and design of fluid meters. 

The methods range from direct weighing or volume measurement to those generating an 

analog or digital signal.  

Various devices are used to measure the pressure drop and fluid flow. For pressure drop (ΔP) 

a simple device is a U-tube manometer. This device is a long cylindrical tube which is formed 

into the shape of a U and contains a fluid. When connected into a piping system, it allows 

the measurement of pressure difference (ΔP) between two points. 

There are several types of flow meters. They are venturimeter, orifice meter, rotameter. The 

venturimeter is a device for measuring discharge in a pipe. It consists of a rapidly converging 

section which increases the velocity of flow and hence reduces the pressure. It then returns 

to the original dimensions of the pipe by a gently diverging ‘diffuser’ section. By measuring 

the pressure differences the discharge can be calculated. This is a particularly accurate 

method of flow measurement as energy loss are very small. 
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Figure 1. Venturi Flow meter 

2. THEORICAL BASIS 

2.1. Bernoulli’s Equation 

Considering the flow in two different sections of a pipe, and applying the law of conservation 

of the energy, Bernoulli´s equation may be written as: 

 

where, in this equipment, z1=z2. ; and P=γ.h 

That is, we want to demonstrate with these practices that in one given pipe with two 

sections, 1 and 2, the energy between its sections is constant. The sum of the three previous 

terms is constant and so, Bernoulli’ theorem can be shown as: 

 

where :V2/2g= Kinetics height 

P/γ=h= piezometric height: It is the height of one water column associated with the pressure 

of the gravitation field. 
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In this theoretical basis, it is considered that the fluid is ideal, but the particles are grazing to 

each other. In this process, the velocity of the particles decrease and the energy of the 

system is transformed into heat. We consider that the ΔH is the pressure loss between both 

sections, so 

 

where, operating 

 

and ΔP is the potential loss. 

With this, we consider Bernoulli’s equation as: 

 

Where: 

V1 = V (Particles velocity), V2 = 0 
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3. EXPERIMENTAL 

3.1. Description of Apparatus 

 
Figure 2. General view of the equipment 

 

3.2. Experimental Procedure 

1. The pump is switched on.  

2. Open the appropriate valve to obtain water flow through the required test line.  

3. Set the volumetric flow rate  

4. Read the pressure difference between the measured points.  

5. Read the pressure differences at a number of different flow rates, altering the flow rates 

using the control valve on the apparatus.  

 

4.REPORT OBJECTIVES 

Ø Read the pressure difference between the measured points and save them. 

Ø Calculate the velocity (V) in venturi meter by using the pressure difference for each 

flow rate (Q). 

Ø  Calculate the area (A) in venturi meter by using the velocity and  flow rate. 

Ø  Calculate the mean area (<A>) 

Ø  Fill a graph at the end of the calculation. 
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Ø  Explain your conclusions  
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SOLID-LIQUID EXTRACTION BY SOXHLET APPARATUS  

 
OBJECTIVES 
 
The object of this experiment is to study the basic principles of solid-liquid extraction 

(leaching) and to perform mass balance to measure the moisture and oil content 

ofsubstancesby using soxhlet apparatus. 

 
1. INTRODUCTION  
 
Extraction is used to transfer a constituent of a liquid to another liquid (solvent). The 

term solid- liquid extraction is restricted to those situations in which a solid phase is 

present and includes those operations frequently referred to as leaching, lixiviation and 

washing [1]. 

Extraction always involves two steps: 
 
1. Contact of the solvent with the solid to be treated so as to transfer the soluble 

constituent (solute) to thesolvent; 

2. Separation or washing of the solution from the residualsolid. 
 
These two steps may be conducted in separate equipment or in the same piece of 
equipment [2]. 
 
1.1. Solid-liquidExtraction 
 
Solid–liquid (or liquid–solid) extraction, involves the removal of a soluble fraction (the 

solute or leachant) of a solid material by a liquid solvent. The solute diffuses from inside 

the solid into the surrounding solvent. Either the extracted solid fraction or the insoluble 

solids, or both, may be valuable products. Solid–liquid extraction is widely used in the 

metallurgical, natural product, and food industries. In metallurgy, leaching may involve 

oxidation or reduction reactions of the solid with the solvent. 

Solid–liquid extraction process can be considered in three parts: 

1. Diffusion of the solvent through the pores of thesolid 

2. The diffused solvent dissolves the solutes (i.e. transfer the solute to the liquidphase). 

3. Transfer of the solution from porous solid to the main bulk of thesolution [3,4]. 
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Leaching process divides the flow into two parts: overflow and underflow. Overflow 

consists of solvent and solute, whereas underflow contains solvent and inert. 

 
 
 
 

 
During the leaching process two material balances can be written. One is overall material 
balance; 
 

                                            (1) 
The other is the component balance; 

 

(2) 
The solid feed contains some moisture. Before the extraction process, the solid must be 

dry.  

Water content of the solid feed can be calculated as; 

(3) 

Leaching process can be evaluated with the calculations of solute recovery and yield. 

Solute recovery is the ratio of mass of extracted solute to the mass of total solute in the 

solid. Solute yield, on the other hand, is the ratio of mass of extracted solute to the 

mass of dry based solid. 

 

1.2.SoxhletApparatus 
 

Soxhletis a standard technique and the main reference for evaluating the performance 

of other solid–liquid extraction (or leaching) methods. In a conventional Soxhlet system 

as shown in Fig. 1, plant material is placed in a thimble-holder, and filled with 

condensed fresh solvent from a distillation flask. When the liquid reaches the overflow 

level, a siphon aspirates the solution of the thimble-holder and unloads it back into the 

distillation flask, carrying extracted solutes into the bulk liquid. In the solvent flask, 
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solute is separated from the solvent using distillation. Solute is left in the flask and 

fresh solvent passes back into the plant solid bed. The operation is repeated until 

complete extraction is achieved [4].In this apparatus, the low vapor pressure solvents 

such as methanol, acetone, hexane etc. are preferred to achieve a fast 

condensation[5]. 

 

This experiment aims to study the basic principles of leaching by extraction of oil from 

oil containingsubstances using hexane as a solvent. Soxhlet apparatus will be used to 

perform extraction; whereas distillation setup will be utilized to separate oil from 

hexane in Fig. 2. Mass balance will be done for moisture content, oil recovery and yield. 

 

 

 

 

2. EXPERIMENTAL PROCEDURE 
 

The experimental setup used in this experiment is shown in Figure 1 and 2. 
 
 
 
 
 
 

1. WaterOutlet 

2. WaterInlet 

3. Soxhletcondenser 

4. Soxhletextractor 

5. Round bottom flask 
 
 
 
 

 
 
 
 
 
 



9 
 

Figure 1. Soxhlet extraction apparatus. 
 

 

Figure 2. Simple distillation apparatus. 

 
 

 

 

1. Weigh a quantity of oil containing substances. 

2. Crush and dry them in an oven for 30 minutes at 105°C and determine the 
moisturecontent. 

3. Add the sample into the filterpaper. 

4. Pour 300 ml hexane into the round bottom flask as asolvent. 

5. Insert filter paper and sample into the extractor, assemble the Soxhlet apparatus 

and start leaching and continue the process up to the end of the fourth siphon. 

6. When the extraction time is complete, remove the filter paper and sample. Transfer 

it into an evaporating dish. Weigh the sample. Dry it in an oven. Weigh the sample 

the next dayagain. 

7. Weigh the round bottom flask with hexane and extracted oil beforedistillation. 

8. Assemble distillation apparatus and distill the extract in order to separate the oil 
andsolvent. 

9. Weigh the recoveredhexane. 
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10. Let the round bottom flask with recovered oil dry overnight in oven. Weigh the 

container the next dayagain. 

3. RESULTS ANS DISCUSSION 
 

1. Perform the necessary mass balance for hexane in order to calculate the amount of 
losthexane. 

2. Perform overall mass balance considering input values are feed and solvent 

(hexane) and output values are overflow andunderflow. 

3. Calculate the moisture content, oil yield and percent oilrecovery. 

4. Prepare a triangular phase diagram to indicate mass compositions of eachstream. 
 
4. REFERENCES 
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3. Geankoplis, C. J., Transport Processes and Separation Process Principles, 4th edition, 
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DISTILLATION 
 
OBJECTIVES 
 
The aims of the experiment are to investigate the unit process distillation and compare the 
differences between tray types and packed column.  
 
1. INTRODUCTION 
 
Distillation may be defined as the separation of the components of a liquid feed mixture by a 
process involving partial vaporization through the application of heat. In general, the vapor 
evolved is recovered in liquid form by condensation. The more volatile (lighter) components 
of the liquid mixture are obtained in the vapor discharge at a higher concentration. 
 
Distillation columns are used throughout industry when mixtures (primarily in liquid form) 
must be separated. One such example is the petroleum industry. In such an application, 
crude oil is fed into a large distillation column and different fractions (oil mixtures of varying 
composition and volatility) are taken out at different heights in the column. Each fraction, 
such as jet fuel, home heating oil, gasoline, etc., is used by both industry and the consumer 
in a variety of ways. The separation achieved in a distillation column depends primarily on 
the relative volatilities of the components to be separated, the number of contacting trays 
(plates) or packing height, and the ratio of liquid and vapor flow rates. 
 
Distillation columns are rarely designed with packing in large scale production because of the 
liquid distribution problems that arise with large diameter units and the enormity of the 
height of many columns. However, where applicable, towers filled with packing are 
competitive in cost, and are particularly useful in cases where the pressure drop must be low 
and/or the liquid holdup must be small. Packed towers are occasionally used for bench-scale 
or pilot plant work. In contrast, use of trayed towers extends to many areas of the chemical 
industry. 

 
1.1. FLASH DISTILLATION 
 
The separation of a volatile component from 
a liquid process can be achieved by means of 
flash distillation. This operation is referred to 
as a “flash” since the more volatile 
component of a saturated liquid mixture 
rapidly vaporizes upon entering a tank or 
drum which is at a lower pressure and/or 
higher temperature than the incoming feed. 
If the feed is a sub-cooled liquid, a pump and 
heater may be required to elevate the 

pressure and temperature, respectively, to achieve an effective flash (see Fig. 1) 
Figure 1.  Flash distillation system. 
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As the feed enters the flash drum, it impinges against an internal deflector plate which 
promotes liquid–vapor separation of the feed mixture. The composition of the feed stream 
(F) is given by the mole fractions belonging to the set zi. Similarly, the compositions of the 
vapor and liquid product streams are given by yi and xi, respectively. An overall material 
balance can be written to describe the system illustrated in Fig. 1. 

                                                        F = L + V                                                                                  (1) 
 

                                                       Fzi = Lxi + Vyi(2) 
 
1.2. BATCH DISTILLATION 
 
Batch distillation is typically chosen when it is not possible to run a continuous process due 
to limiting process constraints, the need to distill other process streams, or because the low 
frequency use of distillation does not 
warrant a unit devoted solely to a 
specific product. 
 
A relatively efficient separation of two 
or more components may be 
accomplished through batch distillation 
in a pot or tank. Although the purity of 
the distilled product varies throughout 
the course of batch distillation, it still 
has its use in industry. 
         Figure 2.  Batch distillation diagram. 
 
As shown in Fig. 2, a feed is initially charged to a tank, and the vapor generated by boiling 
the liquid is withdrawn and enters a condenser. The condensed product  
is collected as distillate, D, with composition xD,                
and the liquid remaining in the pot, W, has  
composition xW. Total and componential material balances around a batch distillation unit 
are shown below:                                                  
                                                      F = W + D                                                                                    (3) 
 
                                                 FxF= WxW + DxD                                                                                                                    (4) 
 
Note that W, xW, D and xD all vary throughout the distillation. 
 
 
1.3. CONTINUOUS DISTILLATION WITH REFLUX 
Equipment and operation 
 
For large-scale operations, continuous distillation is almost always more economical than 
batch, especially when a steady supply of feed is available. One of the disadvantages of both 
batch and flash distillation is the multiplicity of sequential distillations that are often 
necessary to achieve something approaching “complete” separation of the components. 
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Moreover, it is possible to produce a very pure product by batch distillation. However, in 
order to obtain a high recovery, the liquid residue must be redistilled multiple times. 
 
A continuous distillation column is analogous to several small flash units in series and 
effectively circumvents the need for multiple units. Indeed, unless a mixture contains an 
azeotrope, a product stream of any desired purity may be theoretically obtained. In reality, a 

massive number of trays or an extremely high reflux 
ratio would be required in the limit of a 100% pure 
product; these physical constraints on the system 
design limit the actual recovery possible. 
 
In a continuous distillation column, the mixture to be 
separated is fed into the column at some 
predetermined feed point between the top and 
bottom of the column. Vapor flows up the column and 
liquid flows countercurrently down the column. For the 
subsequent discussion regarding continuous 
distillation, a binary (2-component) feed will be 
assumed. In the case of a binary feed, the more volatile 
(lower boiling) component will be referred to as the 
light component, whereas the less volatile (higher 
boiling) component is referred to as the heavy 
component. As is standard practice in binary 
distillation, all mole fractions (i.e., xD, xB, xF) will be 
representative of the light component only. 

Figure 3.  Schematic of a trayed distillation column.           
 
Reflux and Boil-up 
 
The molar flow ratio of reflux returned to distillate product collected is defined as the reflux 
ratio, R. As the liquid/reflux stream descends, it is progressively stripped of the light 
constituent by the rising vapor. As a result of both heat and mass transfer effects, the vapor 
stream tends to vaporize the low-boiling constituent from the liquid and the liquid stream 
tends to condense the heavy constituent from the vapor. This liquid stream travels from the 
top tray to the bottom of the column, gradually increasing in the heavy component at each 
tray. The liquid is then collected by a pump at the bottom of the column, sent to a reboiler 
where it is partially vaporized (steam is usually employed as the heating medium) and 
returned to the column to provide an ascending vapor stream in the section of the column 
below the feedplate. The vapor generated by the reboiler is referred to as the boil-up. The 
other portion of the reboiler liquid is removed as the bottoms product. Analogous to the 
reflux ratio, the boil-up ratio, RB, is defined as the molar flow ratio of vapor generated by the 
reboiler to bottoms product. 
 
Tray designs 
 
Many tray designs are in use today, but one of the early favorites was the bubble-cap tray 
shown qualitatively in Fig. 4. The descending liquid stream arrives on the plate via the 
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downcomer which can be a short piece of pipe welded into position on the plate or simply a 
fraction of the plate which has been cut away. While several flow patterns are possible, the 
liquid generally is guided by the downcomer onto one 
side of the circular bubble-cap tray below, flows across 
the middle “capped” section of the tray and leaves by 
the next downcomer. This flow pattern is referred to as 
single crossflow; the details of various other flow 
patterns are available in the literature. 
 
The contacting device on a bubble-cap tray is the 
bubblecap, which consists of two parts—the riser and 
the cap. The riser is a short piece of pipe welded in 
place over a hole in the plate. The cap, which 
surrounds the riser, is a bell-shaped piece containing 
vertical slots around the lower periphery. The liquid 
level on the tray should be maintained so as to 
submerge each cap, which also ensures a vapor lock 
between trays. The vapor flows upward through the 
riser, makes a 180o turn, and is forced under the cap 
and through the slots to produce intimate contact with 
the liquid. In order for the vapor to ascend properly, 
the pressure drop over a given plate must be slightly 
greater than the head of liquid on said plate. 

Another type of tray is the sieve tray, which simply 
consists of a perforated metal plate that has about a 10–
15% portion of its cross sectional area removed in order 
to provide a downcomer (see Fig. 5). A short metal 
“dam” at the end of the tray acts as an overflow weir 
which maintains the liquid height and guides the flowing 
liquid off of the plate and into the downcomer. In this 
arrangement, the vapor rises from the tray below and 
passes up through small holes in the tray above. The 
down- coming liquid flows across this plate and is 
allowed to achieve intimate contact with the rising 
vapor. The vapor and liquid come together and are 
engaged vigorously to form froth. This contact allows for 
increased rates of mass transfer between phases. Once 
again, the vapor becomes enriched in the more volatile 
component while the liquid becomes enriched in the less 
volatile   component. 

 

Figure 4.  Simplified bubble-cap 

Figure 5.  Sieve tray column                  (single crossflow). 
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Binary Distillation Design: McCabe–Thiele Graphical Method 
 
When designing a binary distillation column, laborious tray-by-tray thermodynamic 
calculations may be circumvented by utilizing the McCabe – Thiele graphical method. The 
major simplifying assumptions which are generally employed with the McCabe – Thiele 
method are: 

1) each tray, a partial condenser and/or partial reboiler all serve as theoretical stages, 
2) constant molal overflow applies, and 
3) Raoult’s law is valid. 

Calculation of Operating Lines in the graphical design of a staged column, it is necessary to 
develop an operating line which relates the passing liquid and vapor streams between each 
stage. In effect, it is the operating line that provides a mathematical relationship describing 
the operating conditions within the column. The following analysis will develop operating 
lines for both the rectification section and the stripping section. 
An overall material balance is written for envelope I in the rectification section as:  
 

                                                          V = L + D                                                                                 (5) 
 

This equation relates the vapor (V ) flowing up the column, the liquid reflux (L) flowing down 
the column, and the distillate (D) collected. A componential material balance for the light 
componen t, A, is written as:                                                      Vyn+1 = Lxn +DxD            (6) 
This can be rearranged to form the equation of a straight line, y = mx + b, 
 

 

Where L/V = the slope of the operating line 
[dimensionless]. The value L/V is defined as 
the internal reflux ratio, which is the ratio of 
the liquid reflux molar flow (returned to the 
top of the column) to the vapor molar flow 
(exiting the top of the column). By substituting 
Equation (5) into Equation (7), then dividing 
both the numerator and denominator of the 
terms on the right-hand side by the distillate 
flow, D, and finally substituting in the 
definition of the reflux ratio,   R = L/D, one 
obtains; 
 

 

 

Figure 6.  Material balances around a distillation column. 

(7) 

(8) 
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which is the final result for the operating line of the rectification section. The corresponding 
operating line for the stripping section may be developed in a similar manner. The overall 
material balance around envelope II in the stripping section is; 

 

 A componential balance on the lighter component in the stripping section may be rearranged to form an equation analogous to that of Equation (7). Note once again that the overbars are reminders that the flow is occurring in the stripping section: 
 
 
 
 By performing similar substitutions, and by utilizing the definition of the boil-up ratio, RB = V/B, an equation analogous to that of Equation (8) may be developed:  
 
 
 
 which is the final result for the operating line of the stripping section. 
 

Thermal Condition of the Feed (q-
factor) The thermal condition of the feed has a major impact on how a column operates. It has been found advantageous to represent the effect of the thermal condition of the feed graphically on a McCabe–Thiele diagram. If the feed is subcooled, it will condense some of the vapor rising through the stripping section; if it is superheated, it will evaporate some of the liquid cascading down the rectifying section. In most applications, the feed is either a saturated liquid, saturated vapor, or a saturated two-phase mixture. 
 
 

Figure 7.  Examples of q-lines 
 
 
 
 
 
 

(9) 

(10) 

(11) 
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Constructing a McCabe–Thiele Diagram 
 
A detailed step-by-step procedure for designing a binary (trayed) distillation column via the 
McCabe–Thiele graphical method is provided below. In order to construct a McCabe–Thiele 
diagram, certain simplifying assumptions are generally made: 

1) Each tray acts as an ideal stage, from which the exiting vapor and liquid are in 
thermodynamic vapor–liquid equilibrium. 

2) Constant molal overflow applies (to circumvent enthalpy balances and curved 
operating lines). 

3) Raoult’s law is valid (when the binary mixture is ideal). 
In order to apply the McCabe–Thiele graphical method, one must first construct a y vs x 
equilibrium plot. Once an x, y plot is constructed, one should follow these instructions: 

1) Plot the line y = x (the 45o line) and locate the exit composition points (xD, xD) and (xB, 
xB). 

This line is given by  2) Plot the q-line.    
 
The q-line is plotted by starting at the point (xF, xF) on the 45o line, and extending it until it 
touches the equilibrium curve. 
 3) Determine Rminby drawing a straight line between the point (xD, xD) and the point at 
which the q-line intersects the equilibrium curve. This represents the pinch point and also 
corresponds to the minimum reflux ratio at the given feed condition and desired distillate 
composition. At minimum reflux, the number of ideal trays approaches infinity. The value of 
Rminmay be determined by noting that the y intercept ( yint) of this line [given by Equation 
(8)] is,  
 
 
 
which may be rearranged to: 
 
 
 
 4) Having determined the optimum value of R, the rectification section operating line 
(ROL) may be drawn. The simplest way of graphing this line is to first calculate its y-intercept, 
given by 
 
 
 
 
A straight line is then drawn between this y-intercept and the point (xD, xD). 
5) The last portion of the diagram’s basic “frame” is the stripping section operating line 
(SOL). The simplest way to construct this line is to draw a straight line between (xB, xB) and 
the point where the ROL intersects the q-line.  

(12) 

(13) 

(14) 

(15) 
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6) The best course of action at this point is to erase/delete all lines and segments of lines 
which may be discarded. This includes the portions of the ROL and q-line which extend past 
the locus where the q-line, ROL, and SOL all intersect. One should also delete the minimum 
reflux operating line that intersects the q-line at the pinch point. 
7) With the basic outline prepared,it is simply a matter of drawing the rectification stages, 
starting at point (xD, xD) and continuing horizontally leftward, until the line reaches the 
equilibrium curve. At this point, the next line segment should continue straight down 
(perpendicular to the previous line segment, until it reaches the ROL). This first triangle 
represents one ideal stage in the binary distillation column. This procedure is repeated 
(creating a series of triangles between the equilibrium curve and the ROL), until the 
intersection point of the ROL, SOL, and q-line is reached. Once a tray crosses this locus, the 
first possible vertical line segment should be drawn down to the SOL line. The tray at which 
the line segments switch from ROL to SOL is designated as the feed tray. After this point, all 
subsequent trays are drawn between the SOL and the equilibrium curve. The last theoretical 
tray should be drawn such that it just passes the point (xB, xB) since it is a rare occurrence 
that the bottom tray will achieve the exact bottoms composition. 
8) Note that in the case of a partial reboiler, the last (bottommost) triangle is representative 
of the reboiler. Should a partial condenser be employed, the first (topmost) triangle is 
representative of the condenser. Should a total reboiler and/or total conden- ser be utilized, 
they are not counted as equilibrium stages, and the corresponding triangles are instead 
counted as theoretical trays. 
 
 

Packed distillation columns  

Packed columns are used for distillation, gas absorption and liquid-liquid extraction.  

The gas-liquid contact in a packed column is continuous, not stage-wise, as in a plate 
column. The liquid flows down in the column over a packing surface and the vapor (or the 
gas) moves counter-currently, up the column. The performance of a packed column is very 
dependent on the maintenance of good liquid and gas distribution through the packed bed, 
and this is an important consideration in packed column design. There are some advantages 
and disadvantages for the plate and the packed columns. 

 1. Plate columns can be designed to handle a wider range of liquid and gas flow rates than 
packed columns.  

2. Packed columns are not suitable for very low liquid flow rates. 

 3. The efficiency of a plate can be predicted more accurately than the equivalent terms of 
packings (HETP or HTU).  

4. For corrosive liquids a packed column will usually be cheaper than the equivalent plate 
column.  

5. The liquid hold-up is lower in a packed column than in a plate column. This can be 
important when the hold-up of toxic or flammable liquids must be kept as small as possible 
for safety reasons.  
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6. Packed columns are more suitable for handling foaming systems.  

7. The pressure drop can be lower in a packed column than the equivalent plate column. 

The design procedure of a packed column consists of the following steps: 
 
1. Select the type and size of packing. 
 2. Determine the column height required for the specified separation.  
3. Determine the column diameter (capacity), to handle the liquid and vapor flow rates.  
4. Select and design the column internal features: packing support, liquid distributor and 
redistributors.  
 
The packing types can be divided into two broad classes: structured and random packings. 
Earlier the random packings were more commonly used in the industry (Raschig-, Pall- and 
HyPack rings, and Berl- and Intallox saddles). 
 
Determination of the column height  
The theoretical stage method 
If at a point of the distillation column the concentration of the liquid flow is x, and the 
concentration of the counter-current vapor flow at the same point is y, then there is a height 
above this point where the concentration of the vapor flow (y*) is in equilibrium with x. 
 This section is the Height Equivalent a Theoretical Plate (HETP). 
The height of the packing is calculated by Eq. 1.  
H = HETP ⋅ n           (1)  
where n number of theoretical stages (determined by the McCabe-Thiele method)  
HETP Height Equivalent a Theoretical Plate [m]  
H height of the packing [m] T 
he value of the HETP can be determined by the modified Granville1 equation (Eq. 2). 

(2)  
where  dp diameter of the packing [m]  
ma average slope of the equilibrium curve [-]  
V molar vapor flow rate [kmol/h] 
 L molar liquid flow rate [kmol/h]  
The value of ma can be determined by the following method: 
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where mi local slope of the equilibrium curve at theoretical plate i 
 
 
The transfer unit method  
The transfer unit is a part of column height where the change in vapor concentration equals 
to the average driving force. The driving force is the difference between the equilibrium (y*) 
and the actual (y) vapor concentration. The column height can be computed by Eq. 4.  
H = HTU ⋅ NTU (4)  
where HTU Height of a Transfer Unit [m]  
NTU Number of Transfer Units [-] 
 
NTU can be determined by Eq. 5. 

      (5)  
where yD vapor concentration at the top of the column  
yB vapor concentration at the bottom of the column   
The relation between the equilibrium concentrations (y*) and the actual concentrations (y) is 
shown in Figure  2. 
 NTU can be determined by graphical integration, as it can be seen in Figure 3. 
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There is no entirely satisfactory method for predicting the height of a transfer unit. In 
practice the value for a particular packing will depend not only on the physical properties 
and flow rates of the vapor and liquid, but also on the uniformity of the liquid distribution 
throughout the column, which depends on the height and diameter of the column. 
Experimental values for several systems are given by Eckert and Cornell et al. 
 
 
2. EXPERIMENTAL             
 
2.1 Description of  experimental aparatus  
 
The distillation system is given in Figure 8. 

 
Figure 8. Experimental distillation system 

 
• In this system it can be investigated the principles that rule the mass and energy 

transference, as well as determine the optimal operation point to carry out a big 
quantity of separations. 
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• Distillation system is basically composed by a boiler on which two types of 
interchangeable columns can be adapted (plate columns and Raschig Rings column), a 
reflux system and a tank for the distillation. 

• The steam that goes to the head of the column is sent to a total condenser.  
• The cooling water flow that crosses the condenser is regulated and indicated in a flow 

meter. 
• The pressure loss in the column can be measured with a manometer.  
• The temperatures of the system are measured by temperature sensors placed in 

strategic positions. 
 

2.2. Experimental procedure 

 
• Fill the tank with ethanol water mixture. 
• Turn on the heater and let the mixture boil. 
• Arrange the cooling water flow rate. 
• Change the reflux ratio. 
• Analyze the concentration of distillate and rafinate. 

 
3. REPORT OBJECTIVES 

• Determine the composition of the ethanol in vapor and liquid phase by measuring the 
refractive index of the mixture. Calculate the theoretical tray number by the 
equations given in Introduction section (McCabe–Thiele Method)(5 or 10 minutes 
interval). 

• Investigate effect of reflux ratio on final product composition. 
• Investigate the effect of changing flow rates of the cooling wateron final 

productcomposition. 
• Compare the differences between column types.  
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 INVESTIGATION OF REACTION KINETICS OF SAPONIFICATION REACTION IN PLUG FLOW 
REACTOR (PFR) 

 

OBJECTIVES 

The main subject of this experiment is to determine the rate constant (k) of a saponification 
reaction; between ethyl acetate and sodium hydroxide by using PFR.  

1.INTRODUCTION 

Chemical reactions pertaining to the chemical, petrochemical and oil industries are 
performed in special apparatus called reactors. There are distinct types of reactors intended 
to face extremely varied operating conditions, both in terms of the nature of the chemical 
species involved (reactants and products of the reaction) and of the physical conditions 
under which they operate. Plug flow reactors are used very commonly in industrial 
processes. The feed enters at one end of a cylindrical tube and the product stream leaves at 
the other end. The long tube and the lack of provision for stirring prevent complete mixing 
of the fluid in the tube. 

1.1. The General Material Balance  

Material balances are important first step when designing a new process or analyzing an  
existing one. They are almost always prerequisite to all other calculations in the solution of 
process engineering problems.To perform a mole balance on any system, the system 
boundaries must first be specified.Read the following sections in the book by Fogler et al.: 1 
1.2,1.4. 

1.2. Plug Flow Reactors 

In the tubular reactor, the reactants are continually consumed as they flow down the length 
of the reactor. In modeliny the tubular reactor. We assume that the concentration varies 
continuously in the axial direction through the reactor. Consequently the e reaction rate, 
which is a function of concentration for all but zero-order reactions, will also vary axially. For 
the purposes of the material presented here. we consider systems in which the flow field 
may be modeled by that of a plug flow [1,2]. 

 

Figure 1. Plug flow Reactor 
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In the ideal tubular reactor, which is called the “plug flow” reactor, specific assumptions are 
madeabout the extent of mixing: 

1. no mixing in the axial direction, i.e., the direction of flow 

2. complete mixing in the radial direction 

3. a uniform velocity profile across the radius. 

The validity of the assumptions will depend on the geometry of the reactor and the flow 
conditions. 

Deviations, which are frequent but not always important, are of two kinds: 

- mixing in longitudinal direction due to vortices and turbulence 

- incomplete mixing in radial direction in laminar flow conditions 

 

Figure 2. Small size PFR in laboratuary uses. 

1.3. Mass Balance 

For a time element Δt and a volume element ΔV, the mass balance for species ‘i’ is given by 
the following equation: 

 

 

 

(Eq. t) 
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where QA : volumetric flow rate of reactant A to the reactor, L/s 

CA : concentration of reactant A, mol/L 

rA : rate of disappearance of reactant A, mol/L•s 

The conversion, X; 

X = (initial concentration - final concentration) / (initial concentration) 

Since the system is at steady state, the accumulation term in Equation (t) is zero. 

Equation (t) can be written as: 

-QA ΔCA - rAΔV = 0 

Dividing by ΔV and taking limit as ΔV → 0  

dCA/dV = -rA/QA 

This is the relationship between concentration and size of reactor for the plug flow reactor. 
Here rate is a variable, but varies with longitudinal position  

Integrating,            Hence we get that eq.             -dV/ QA = dCA/rA 

Enterence conditions; 

V = 0 

CA = CA0 

Exit conditions ; 

V = VR (total reactor volume) 

CA = CA (exit conversion)   

And here it is,  

 

1.4. Rate of reaction:The Reaction Rate for a given chemical reaction is the measure of the 
change in concentration of the reactants or the change in concentration of the products per 
unit time. Read the following sections in the book by Fogler et al.: 1.1,3.1,3.2,3.3,3.4,3.5,3.6. 
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1.5. Saponification Reaction 

 

The reaction can be considered equimolar and first order with respect to both sodium 
hydroxide and ethyl acetate i.e. second order overall, within the limits of concentration (0-
0.1M) and temperature (20- 400C) studied. 

2. EXPERIMENTAL 

First, prepare 0.1 M ethyl acetate  and 0.1 M sodium hydroxide solutions. Then feed the 
tanks of PFR with the reactants. Second, start up the pumps and feed the reactants tothe 
PFR at room temperature. When you feed the reactants tothe PFR don’t forget to start the 
system. Take 10 ml of samples from reaction mediumfor certain periods and pour the 
sample into the flask which contains 0.1 M HCL. 2 or 4 samples are sufficient for determing 
the rate. At last titrate the samples with 0.1 M NaOH solution in the presence of fenolftalein 
indicator. 

 

 

Figure 3. Experimental set-up 
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3. RESULTS and DISCUSSION 

Plot  t(min.) versus C(mol/L)  where, 

t(min.) = Sampling time,  (5 min, 10 min, etc.) 

C(mol/L)  = Concentration of the sample which is determined by titration 

 
Asumme that the reaction rate  

    (think that and discuss why ??? ) 
 

a) Calculate the reaction rate constant (k) by using differantial method, 
b) Calculate the reaction rate constant (k) again integration method ( assume that total 

reaction order’s n= 0, 1 and 2)  
c) Compare and discuss the k values which are calculated from a and b.  
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Let’s make  some soap ! 
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