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 AIM: To study the residence time distribution (RTD) in a plug flow reactor (PFR) and analyse the data. Introduce students to the idea of thinking beyond the textbook, while dealing with real experiments. 
Chemicals and Resources:

1. Concentration of tracers: acid (CH3COOH, usually 1 N in water) and/or salt (NaCl, usually 1 M in water). Increase concentration if titration values, pH readings and/or conductivity calibration require you to. Pay attention to the pKa of the acid and solubility of the salt.
2. Concentration of titrant: NaOH (usually 0.01 N for acids, may require 0.05N).

3. Flow rate of water in liters/min.

4. Sampling intervals in seconds using stopwatch

5. Electronic stirrers

6. Three or more tubes (19.7mm, 12mm and 6.7 mm as inner diameter of Perspex or other transparent plastic) 
7. Storage tanks, valves, pump

8. Extension board, Test tubes, Beakers, Syringe, tissue paper, conductivity meter(s) and pH meter(s).
Procedure:
Titration method for acids
1. Start the pump for the flow through tubes set-up

2. Set the flow rate with a rotameter and wait till flow steadies.
3. Inject 2 ml of tracer (acid) with a syringe into the tank of interest as fast as possible. Start the stop watch as soon as all the tracer in the syringe is injected.
4. Collect sample from the outlet of the tank(s) at short intervals (say 5 seconds) for the first 60 seconds and longer intervals as time proceeds.

5. Titrate the samples with NaOH. Estimate concentration of acid.
6. Repeat the above procedure 3 times and check data against ideal RTD curves with the collected data.
pH method for acids

1. Calibrate pH meter with standards in the acid range. Make sure you use the same water solution, as the experiment. This is to ensure tap water (which contains protons and some pH) is also accounted in the experiment.
2. Start the pump for the flow through tubes set-up

3. Set the flow rate with a rotameter and wait till flow steadies.
4. Inject 2 ml of tracer (acid) with a syringe into the tank of interest as fast as possible. Start the stop watch as soon as all the tracer in the syringe is injected.

5. Measure pH at the outlet of each tank(s) at short intervals (say 5 seconds) for the first 60 seconds and longer intervals as time proceeds. Convert pH to concentration of acid.
6. Repeat the above procedure 3 times and check data against ideal RTD curves with the collected data.
7. We also suggest repeating 1 through 6 for 3 different initial concentrations.

8. Check if the pH method or conductivity works better.

Conductivity method for acids

1. Calibrate conductivity meter. Pay attention to the manual for the meter, which suggests that the concentration be normalized to one for any value of the initial concentration of the acid.  Make sure you use the same water solution, as the experiment. This is to ensure tap water (which contains ions and some conductivity)  is also accounted in the experiment.
2. Start the pump for the flow through tubes set-up

3. Set the flow rate with a rotameter and wait till flow steadies.

4. Inject 2 ml of tracer (acid) with a syringe into the tank of interest as fast as possible. Start the stop watch as soon as all the tracer in the syringe is injected.

5. Measure conductivity at the outlet of each tank(s) at short intervals (say 5 seconds) for the first 60 seconds and longer intervals as time proceeds. Convert conductivity to concentration based on calibration.
6. Repeat the above procedure 3 times and check data against ideal RTD curves with the collected data.
7. We also suggest repeating 1 through 6 for 3 different initial concentrations.

8. Check if the pH method or titration works better.

Conductivity method for salts
1. Start the pump for the flow through tubes set-up

2. Set the flow rate with the rotameter and wait till flow steadies.

3. Inject 2 ml of tracer (salts) with a syringe into the tank of interest as fast as possible. Start the stop watch as soon as all the tracer in the syringe is injected.

4. Calibrate conductivity meter. Pay attention to the manual for the meter, which suggests that the concentration be normalized to one for any value of the initial concentration of the acid.  Make sure you use the same water solution, as the experiment. This is to ensure tap water (which contains ions and some conductivity) is also accounted in the experiment.
5. Measure conductivity at the outlet of each tank(s) at short intervals (say 5 seconds) for the first 60 seconds and longer intervals as time proceeds. Convert conductivity to concentration based on calibration.
6. Repeat the above procedure 3 times and check data against ideal RTD curves with the collected data.
7. We also suggest repeating 1 through 6 for 3 different initial concentrations.

Titration method for salts – We do not recommend usage due to high cost of AgNO3
Precaution:
1. Injection of tracer should be done very quickly to maintain the characteristic of pulse tracer.

2. The flow rate must be verified by collecting water at the outlet and measuring time using a stop watch.
3. While switching ‘on’ the pump make sure that both the bypass valve and the tube valves are ‘on’. The bypass valve (blue valve) needs to be ‘on’ at all times. 

4. The red valve is used to supply water from the main line into the supply tank. There needs to be a continuous supply of water into the tank while running the pump and flow through the tubes.
5. The overflow of water in the tank takes place when the inlet flow rate to the tank is much less than the flow rate through the tubes. To prevent this overflow, the red valve should be turned off when the water in the tank starts overflowing or is an inch from the top of the tank.

6. The wire corresponding to the power connection of the pump has been tied to the stand using a rope to prevent any electrical hazards that might occur due to the contact of electric wire with water.
7. The valves should be turned off after switching off the pump.

Sources of Error:

1. Sampling time may not exact. Samples in shorter intervals maybe difficult.
2. Time taken to extract a sample is finite. This maybe important.
3. Steady flow from pump and rotameter.
Discussion

The objective of the table (below) is to document the experimental data points in concentration, in terms of a distribution and compare to a theoretical estimate, called residence time distribution (RTD), taught in class [1]. An additional plot maybe helpful. Students will find that there is deviation from textbook information. The instructor(s) can then point out sources of error and introduce them to non-ideal flows and methods of dealing with the same.
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 Table: Data Points for one tube (modelled as PFR) for titration method for acids. Collect data at each tube. 

	Time (s)
	Vol. of NaOH (mL)
	Conc. Of Acetic Acid (mol/L)
	E(t)

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	


Table: Data Points for one tube (modelled as PFR) for conductivity method/pH for acids. Collect data at each tube. 

	Time (s)
	Conductivity (normalized) or pH
	Conc. Of Acetic Acid (mol/L)
	E(t)

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	


Table: Data Points for one tube (modelled as PFR) for conductivity method for salts. Collect data at each tube. 

	Time (s)
	Conductivity (normalized) 
	Conc. Of Salt (mol/L)
	E(t)

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	


