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CBE 142: Chemical Kinetics
& Reaction Engineering

Midterm #2
November 5" 2015

This exam is worth 160 points and 20% of your course grade. You have 80
minutes to complete this exam, so please manage time wisely. Please read through
the questions carefully before giving your response. Make sure to SHOW ALL
YOUR WORK and BOX your final answers! Answers without a clear and legible
thought process will receive no credit.

Name:

Student ID:

Section (Day/GSI) that you attend:

You are allowed one 8.5”’x11"’ sheet of paper (front and back) and a calculator for
this exam. Any additional paper you wish to be graded must have your NAME and
STUDENT ID written on each page.
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1.) [15 PTS TOTAL] Adiabatic, steady-state reactor operation

An adiabatic vessel of unknown reactor type and unknown volume is operating at steady state
and contains the following elementary gas phase decomposition reaction:.

k
A - 2B

You also know that there is no shaft work in the vessel. The reactor feed is pure A and the total
inlet molar flow rate is 10 mol/s with a volumetric flowrate of 100 liter/s and an inlet
temperature of T, = 300 K. Additionally, the following data is known:

AH’&(300 K) = -10000 cal / mol
E =10,000 cal / mol

k(300 K) = 0.6 liter /mol-s

Cpa =30 cal /mol K

Cis = 15 cal/mol-K

a.) [5 PTS] If the outlet temperature is measured at T = 500 K, what conversion have you
achieved in the vessel?
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b.) [5 PTS] Now imaginé placing a cooling unit around this vessel. What would be the total
heat load, Q, placed on the coolant in order to maintain isothermal reactor operation?
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c.) [5 PTS] Continuing from part (b), you now know that the coolant is available at To= 270K,
and the overall heat transfer coefficient from the reactor to the fluid is given by 2,000 cal/(s m’
K). How much surface area must your reactor have if the temperature rise is to be limited to 100
K above the inlet temperature? NOTE: If there is a piece of information missing that you need to
solve the problem, please tell us in one succinct sentence what is preventing you from obtaining
a numerical answer. ‘ P
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2.) [10 PTS TOTAL] PFR and CSTR comparison for adiabatic reactors

Suppose we have two steady-state reactors, a PFR and a CSTR, that both achieve xa = 0.7 for the
following elementary, irreversible, liquid-phase reaction:

k
A+B -C+D
Both reactors are adiabatic, and the AH,<< 0, i.e. it is strongly exothermic.
Given that the reaction has positive Qrdér kinetics, is it possible to have a scenario where the
volume of the aforementioned CSTR is less than the volume of the aforementioned PFR?

Respond no or yes and provide a justification for your answer in Jjust a few sentences or less.

This is a conceptual question only, no math required! Responses that guess the correct answer
but provide an incorrect justification will not receive credit.
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3)[40 POINTS TOTAL] Wall-cooled CSTR with Multiple Steady States

The elementary, reversible, liquid-phase reaction A<->B takes place in a steady-state, wall-
cooled CSTR. Pure A enters the reactor. Use the following data to answer the parts of this
problem:

V=10dm’

vo= 1 dm*/min

Fao=10 mol/min

UA= 3600 cal/(min-K)
Cpa= 40 J/mol/K

Cps= 40 J/mol/K

AH"= -80,000 cal/mol A
Kagox=100

k 400x = 1 min’
Feed temperature To=37°C

Ambient temperature Ta=37°C

The Temperature dependencies of the
rate and equilibrium constants are given
below by the Arrhenius and Vant Hoff
Equations Respectively:
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a) [10 pts] Derive the heat generated per mole of A reacted, G(T), as a function of
the reactor operating temperature (T), CSTR Residence time (+=V/vp) and
constants given in the data above. -
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b) [10 pts] The G(T) behavior you found from part (a) is shown on the graph on the
adjacent page. Now on the same graph, plot the heat removed per mole A fed,
R(T). Indicate on the plot the location of the three steady-state operating
temperatures and explain why each steady state is locally stable or not. Clearly

label and calculate T* as well as the relevant slope of R(T). ) caf = 41873 ( ;: f tﬁ—fd 4:‘(
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c) [5 pts] Assume that you are operating on the Ro(T) line and the G(T) curve below.
Suddenly T decreases and you are now operating on the R(T) line instead.
Clearly label the temperature, T, of the new steady state.
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d) [15 pts] Determine the heat exchanger product, UA, which gives the maximum |
conversion of the reactor for the T, and T, values given in part (a). Clearly show
all reasoning and work — answers without explanation receive zero credit.
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4.) [40 PTS] Adiabatic batch reactor

The elementary reaction A>B occurs in a tall and thin adiabatic batch reactor, which has
no stirring, and as a result, no mixing in the axial direction and fast radial mixing.
Reactant A is fed to the reactor in such a way that its profile at time t = 0 as a function of

the axial Z direction is shown below and given by: C, =Cy (1 - Z/h). Assume liquid

phase and mercury as solvent in which A is very dilute. Due to the high thermal
conductivity of mercury, the temperature within the reactor is uniform everywhere.

fast radial mixing
in this direction

0 Using the data given below, detive an expression
for: (a) Reactor temperature at 90% conversion of
A and (b) Time it takes to reach 90% conversion

og of A. Your answer for part (a) should be a
Ié B number. Your answer for part (b) should be left as
=5 an expression that can be evaluated numerically
w8 involving either numerical integration and/or
2e

numerical evaluation of a nonlinear algebraic

equation. However, all terms in the equation

Y z=h should be clearly written out so as to enable
evaluation.

0 Co
Concentration profile
att=0forCp

Data of possible usefulness for parts (a) and (b) is below. Assume all heat capacities to
represent the temperature averaged heat capacity for the temperature window of interest
to this problem.

Ce Mercury Solvent = 28 J/ (mOIOC)

Cp Reactant o = 30 J/(mol°C)

Cp Product B = 30 J/(mol°C)

CMercury solvent = solvent concentration = 67 mol/L A

Co = scaling factor of initial concentration of A according to equation above = 3.35 mol/L
AHrxn=-62,220 J/(mol A reacted °C) = -62.220 kJ/(mol A reacted °C)

To = Tambient = initial reactor temperature = 20 °C

k= 0.1 * exp(-7000/T) min™ where T is the absolute temperature for elementary reaction
A->B

If you need something for solving this problem and do not have it, clearly define it ina

box and proceed with solution.




b.) [20 PTS] Derive an expression for the time it takes to reach 90% conversion of A.
Leave your answer as an expression that can be evaluated either by numerical integration
and/or numerical evaluation of a nonlinear algebraic equation. Does the time to achieve
this conversion vary spatially in the reactor? Explain why.
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a.) [20 PTS] Derive an expression for the reactor temperature at 90% conversion of A.
Evaluate this expression and give a number for your final answer.
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5.) [55 PTS TOTAL] Constant Pressure BSTR
The elementary gas-phase reaction:
A (gas) + B (gas) = C (liquid)

proceeds with rate constant . Non-volatile species C condenses immediately upon
formation, such that C occupies no volume in the gas phase, and it can be safely assumed
that the volume occupied by liquid C is also negligible.

You employ an isobaric non-isothermal BSTR with initial volume Vo, wherein the
reactor volume changes freely at constant pressure. You may assume that shaft work
contributes negligibly to the total energy of the system. The initial temperature of
reactants is Ty and temperature-averaged heat capacities of the species are such that Cp o
= Cpp = ¥%Cpc. The reactor is initially charged with equal number of moles No = Nzo.

(a) [10 pts] Derive an expression for the rate of change in conversion (dX4/dr) as a
function of conversion X4, temperature T, and given constants. HINT: You need only
consider a mole balance for part (a), and consider working with Na rather than Cy as your

variable.
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(b) [10 pts] Sketch the conversion as a function of time for AH,y, = 0,AHxn <
0,AH,.,, > 0 if the reactor is operated adiabatically. Label the numerical limits on your
plot. Clearly explain and justify any limiting behaviors. Answers without a concise and
logical explanation receive no credit.
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(¢) [10 pts] You perform an experiment in which the reactor from (a) is run adiabatically
and you measure the volume of the reactor as a function of time:
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(d) [5 pts] Now an extremely good controller is used such that T is constant throughout
the course of the reaction. What is the total gas-phase concentration in the system if the
conversion of A is equal to 0.5?
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() [20 pts] You now introduce a cooling coil with heat transfer coefficient U4 and

cooling fluid at 7. Derive an expression for the rate of change in temperature (d7/df) as a
function of conversion X, temperature T and given constants.
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