CP303 – Set #9 (January – May 2012)

Question Bank 3: 

Design of Reactors operated under Non-isothermal Conditions

Q1 (Q6-462/July 1997) The elementary irreversible liquid-phase reaction 
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 is carried out at steady state in an ideal CSTR. A feed stream having 0.1 kmol/m3 of A and 0.1 kmol/m3 of B enters the reactor at 270C at a volumetric flow rate of 0.002 m3/sec. The specific reaction rate k may be taken as 0.01 m3/kmol.sec at 300 K with a constant activation energy of E = 41,850 kJ/kmol. A constant heat of reaction ΔH = -25,000 kJ/kmol of A reacted may be assumed. The mean specific heats are given by 62.5, 62.5 and 125 kJ/kmol.K for the components A, B and C, respectively.

a) Determine the reactor volume required to achieve 85% conversion of A when the reaction is carried out adiabatically.

b) What should be the feed temperature if 85% conversion of A were to be achieved in a CSTR having a volume half the size of the one calculated in part (a)?

Q2 (Q5-462/Aug 1999) Consider the liquid–phase reaction 
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, which is first-order in A, and its specific reaction rate k is given by k = 1015  exp(-10,940/T) min-1. The given reaction is carried out in a steady state reaction system consisting of three plug flow reactors (PFRs) connected in series. Assume that the reactors behave ideally. The reactors are all the same size, each consisting of 0.1 m3 of reacting mixture. The feed stream flowing at a rate of 0.025 m3/min consists of A at a concentration of 1.5 kgmol/m3. There are no B and C present in the feed stream. Neglect any density changes that may be experienced by the liquid mixture flowing through the reactors.

a) If all three reactors are maintained at 300C, determine the overall conversion of A.

b) It the temperature of the first reactor is maintained at 300C, the second at 350C and the third at 400C, determine the overall conversion of A.

Q3 (Q6-462/Aug 1999) An adiabatic batch reactor is used to carry out the elementary, liquid-phase, exothermic reaction 
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, for which the specific reaction rate k varies with temperature T as tabulated below:

	 T (in K)
	300
	325
	350
	375
	400
	425
	450

	k, m6/(kgmol2.min) 
	5.8
	20.8
	62.5
	162.0
	372.7
	777.4
	1494.5


Initially the reacting mixture is at 300 K, and it contains 2 kgmol/m3 of A and 4 kgmol/m3 of B, only. 
a) As the given exothermic reaction proceeds, the temperature of the reacting mixture increases. Determine the equation relating the temperature of the reacting mixture to the conversion of A.

b) Obtain the expression for the time taken to achieve 75% conversion of A, and estimate, by using numerical methods or otherwise, its numerical value.

Additional data: Over the working temperature range, the heat of reaction ΔHR may be assumed to be a constant at –6000 kJ/kgmol of A reacted. The heat capacities of A, B, C and D may also be taken as constants at 15, 7.5, 15 and 15 kJ/kgmol K, respectively. 

Q4 (Q5-462/July 2000 modified) An exothermic liquid-phase elementary reaction
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is carried out in a continuous stirred tank reactor (CSTR) of space time 0.5 min operated at steady state. The rate constant for the reaction is k =1015 exp(-11,000/T) m3/kmol.min, where T is the temperature in K. The heat of reaction ΔH can be assumed to be a constant at –37,010 kJ/kmol of A reacted over the working temperature range. The feed contains equal moles of A and B with each having a concentration of 5 kmol/m3, and the feed temperature is 310 K. The density and the heat capacity of the solution are 900 kg/m3 and 4.5 kJ/kg K, respectively, and can be considered constants. The heat loss from the reactor is given by the expression, 
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 = 2 V (T - 300) kJ/min, where V is the reactor volume in m3. 
a) Write the mass balance for component A over the CSTR, and plot the corresponding conversion versus temperature profile. 

b) On the same graph, show the conversion versus temperature profile representing the energy balance over the CSTR.
c)  Hence, determine the steady state operating temperature and the corresponding conversion of A.

Q5 (Q6-462/May 2003 modified) The elementary, irreversible liquid-phase reaction
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is carried out in an ideal continuous stirred tank reactor (CSTR) operating at steady state under adiabatic conditions. Feed contains A, and the space time of the CSTR is 240 s.

a) Write the mass balance for component A over the CSTR, and plot the corresponding conversion versus temperature profile. The reaction rate constant k is tabulated below.

b) On the same plot, show the line representing the energy balance over the CSTR for an inlet temperature of 350 K. Hence, determine the steady state operating temperature and the corresponding conversion of A.

c) If the inlet temperature were 300 K, show that the system has multiple steady states? 

d) Plot the heat generated and heat removed curves on another graph with the exit temperature on the x-axis and discuss the stability of each steady-state solution of part (c). Identify the steady state at which you would choose to operate the CSTR.

Additional data:

- The reaction rate constant k (in s-1) as a function of temperature T (in K):
	T
	250
	300
	350
	375
	400
	450
	500
	550

	k
	4.47x10-6
	1.28x10-4
	1.41x10-3
	3.68x10-3
	8.52x10-3
	3.45x10-2
	1.06x10-1
	2.64x10-1


- Heat of reaction is ΔH = –6000 kcal/kmol of A reacted at 273 K. 

- The specific heats (in kcal/kmol.K) are CpA = 35, CpB  = 20 and CpC = 15.

Q6 (Q7-462/Feb 2005) Consider the following reversible, first-order, liquid-phase reaction taking place in a CSTR:

The forward reaction rate constant k1 and the backward reaction rate constant k2 are tabulated against temperature T in the table below:

	T (in K)
	350
	400
	450
	500

	k1 (in min-1)
	0.0330
	0.0674
	0.1170
	0.1830

	k2 (in min-1)
	0.000287
	0.00245
	0.0130
	0.0492


The feed stream contains A and no B. The space-time of the CSTR is to be maintained at 120 min. The reactor is operated at steady state under adiabatic conditions. The density of the mixture may be taken as 1000 kg/m3, and the average specific heat of the mixture may be taken as 4.2 kJ/kg.K.

a)
Obtain an expression for the conversion of A in the exit stream (which is xAf) as function of k1, k2 and the space-time.

b)
Sketch xAf versus T on a graph sheet in the range of T = 350 K to 500 K. 

c)
What is the maximum possible conversion of A that could be reached with the given system? (An approximate answer would be sufficient.)

d)
What should the temperature of the exit stream be to ensure the maximum possible conversion of A is reached? (An approximate answer would be sufficient.)

e)
Describe briefly how you would calculate the temperature of feed stream required to maintain the temperature of the exit stream determine in part (d). State what other data you would require to find the numerical value of the feed temperature.

Q7 (Q6-462/Nov 2001 modified) A CSTR is used to carry out the following elementary, liquid phase, exothermic reaction:


The feed stream to the reactor contains equal number of moles of A and B and has no C or D in it.

a)
Make a plot of equilibrium conversion of A as a function of temperature.

b)

Determine the adiabatic equilibrium temperature and the corresponding conversion with the feed to the CSTR at a temperature of 300 K. What is the space-time required?

Additional data:

- Equilibrium constant Keqm ( = k1 / k2) varies with temperature T as tabulated below:

	T (in K)
	300
	350
	400
	450
	500

	Keqm
	79837.47
	661.62
	18.17
	1.11
	0.12


- Heat of reaction is assumed to be a constant at –20,000 kcal/kmol of A reacted. 

- Specific heats of A, B, C and D are all assumed to be constants at 50 kcal/kmol.K.

Q8 An exothermic liquid-phase elementary reaction 

is carried out in a CSTR operated at steady state. The rate constants are given as k1 =1011 exp(-12,000/T) min-1 and k2 = 8x1014 exp(-17,000/T) min-1, where T is the temperature in K. Feed contains A at a concentration of 5 kmol/m3 and no B. 

a) Plot the equilibrium conversion versus temperature profile. 

b) Plot the conversion versus temperature profiles at the reaction rates of 0.1, 1, 10, 100 and 1000 kmol/m3.min.

c) Plot the optimum conversion versus temperature profile along which the space-time of the CSTR is minimized. How does this profile relate to the profiles of part (b)? 

Q9 (Q6-462/Aug 1998 modified) The reversible first order liquid–phase reaction


is carried out in a CSTR operated at steady state. Feed contains A at a concentration of 1.8 kgmol/m3 and no B. The rate constants are given as k1 = 105 exp(-6000/T) s-1 and k2 = 1017 exp(-16000/ T) s-1 with T in K. Assume that the density of the liquid mixture remains a constant at 1000 kg/m3 and the average specific heat of the mixture is 4.2 kJ/kg.K. Universal gas constant R = 8.314 kJ/kgmol.K.

a) Plot the maximum possible conversion versus temperature profile and the optimum conversion versus temperature profile on the same graph.
b) Plot separately the rate of reaction versus temperature profile and the space-time versus temperature profile corresponding to the optimum operating conditions.

c) Determine the optimum temperature of the exit stream and the space-time of the CSTR required to reach 85% conversion of A in the exit stream. Determine also the corresponding inlet temperature at adiabatic conditions. 

Q10 (Q6-462/Aug 1998 modified) A CSTR is used to carry out the following elementary, liquid phase, exothermic reaction:

The feed stream to the reactor contains 5 kmol/m3 of A and no B. The rate constants are given as k1 = 105 exp(-6000/T) s-1 and k2 = 1017 exp(-16000/ T) s-1 with T in K. Assume that the density of the liquid mixture remains a constant at 1000 kg/m3, the average specific heat of the mixture is 4.2 kJ/kg.K. Universal gas constant R = 8.314 kJ/kmol.K.

a)
Make a plot of optimum conversion of A as a function of temperature. Determine the adiabatic temperature and the corresponding optimum conversion with the feed to the CSTR at a temperature of 300 K. What is the space-time required?

c)

It is known that much higher conversions than the above conversion cannot be achieved in a CSTR operated adiabatically under the given conditions. However, it is possible to overcome such limitations placed by the adiabatic operation of a CSTR by connecting several adiabatic CSTRs in series with inter-stage cooling. Calculate the number of reactors required with their sizes estimated to reach above 85% conversion of A of with the inter-stage cooling down to 320 K. 
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