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1.  CSTR vs. Batch reactor  A—> M, exothermic reaction (55 points)


Consider a simple first order reaction of A—>M.  A batch reactor will be compared to a CSTR 
with the required conversion, fA = .95  (that is, the exit CA concentration/molar flow will be 5% 
of the feed, CA0.)  


Consider first the batch reactor.  Suppose that its volume of  V = 100 l is filled with reactant A 
that has a concentration, CA0 = 1 mole/l.  The heat capacity of the A and M are the same: CpA = 
CpM = 100 J/(mole  K).  The initial temperature is Tfeed = 300 K.  The reaction rate constant is k = 
1015 Exp[ -10000/T] (1/s) and the heat of reaction is ΔHr = - 5,000 J/mol. 


a. What batch time will be needed for the requisite conversation of 95% of the A into M if the 
temperature is kept at 300K?


b. What quantity of heat must be removed to keep the reactor at 300K?

c. If the reactor were operated adiabatically, what would the final temperature be? 

d. For an adiabatic reactor, the maximum reaction rate does not always occur at fA =0.  

Explain why this is so.

e. Sketch the reactor temperature as a function of time for the adiabatic case.

f. Under what conditions could the reactor temperature rise and then decrease during the 

course of a reaction?


Now, independently consider a CSRT with a feed stream of 1 l/s at 300K, where CA0 = 1 mol/l.  
The heat capacity of the A and M are the same: CpA = CpM = 100 J/(mole  K).  The reaction rate 
constant is k = 1015 Exp[ -10000/T] (1/s) and the heat of reaction is ΔHr = - 5,000 J/mol. 


g.  What reactor volume is needed to accomplish the requisite conversion of 95% of the A 

      into M if the temperature is kept at 300K?

h.  If the reactor is operating at 300K, what is the heat removal rate?

i. If an adiabatic CSTR is used to convert 95% of the 1 l/s A feed, what is the steady state 

temperature?

j.   For this case, what is the necessary residence time?


One additional question:


k.   If the batch reactor has a feed of 50% A and 50% inert (that both have the same heat 
capacity), so that only 50 moles of A are in the feed, what is the final temperature if the 95% 
conversion is accomplished adiabatically?
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2. Production of methanol from CO2 (20 points)


While we all like batteries, it is hard to find a system/process that has higher volumetric and 
mass energy densities for storage than organic liquids.  Aliphatic hydrocarbons may be best 
but methanol is a more accessible chemical synthesis pathway.  As will many of these “green” 
processes, the desire is to use CO2 as the carbon source (which was presumably scrubbed 
from some combustion process.)


In the publication above, the reaction


is studied using a novel catalyst that is a specific formulation of palladium (.3) and copper (.7).


The accompanying news article states a conversion of 24% is achieved at between 356 and 
482 F.  The pressure is not given in the news article but the publication shows a plot that could 
have been the source of the claims where the pressure is 5 MPa and the temperature is 523K.


a. Find the standard conditions equilibrium constant for the above reaction.

b. Find the equilibrium constant at 523K.

c. At 523K and 5 MPa, what is the equilibrium product mix if the gas phase were assumed to 

be ideal. 

d. If this is not close to 24%, what could be going wrong?  (Or should we believe press 

releases?)

e. What would the equilibrium conversion be if the reaction were conducted at 1 ATM and 298 

K?


component ΔHformation (kJ/mol) ΔGformation (kJ/mol) S0  (J/mol/K) standard 
entropy

H2 gas 0 0 130.5

CO gas -110.5 -137.3 197.9

CO2 gas -393.3 -394.6 213.8

H2O gas -241.8 -228.4 188.7

CH3OH (vapor) -201.3 -162.5 239.9

O2 gas 0 0 205

C (s) 0 0 5.7

2

CO2 + 3 H2 � CH3 OH + H2 O



extra credit:


f. The press release neglects to specify that CO is actually produced in greater amounts than 
methanol.  What equilibrium constant describes this reaction and what would the CO, CO2 
and H2 mix be at 523K and 5 MPa?


g. For the conditions of this reaction explain how to deal with non-idealities for the gas 
fugacity.
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3. Power expenditure by a flying insect. (20 points) 

The typical power consumption for a flying insect of the size of a “Yellowjacket” is about 1W/g, 
almost all of which is used for flying.   These creatures weigh about 0.1g.  


On October 10, during some serious halloween decorating, a wayward Yellowjacket managed 
to sting Professor McCready on the ear.  (Fortunately only part of a possible venom dose.) 


The temperature was 74F.  Most likely the offending insect flew approximately 2 meters from 
the nest in the ground to the ear.


Such an event could almost certainly not have occurred the previous week when the 
temperature was 58 F.  Explain quantitatively.
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4.  Analysis of a sequential reaction (30 points) 

Consider a reaction scheme we have seen before for A-> M using a catalyst on a surface.


It is not too hard to show that the rate of this reaction sequence is 





where


A. For which values of which parameters could the initial adsorption step be close to 
equilibrium?


B. If this is not the case, could the A* concentration be approximated as being at a steady 
state concentration?  Explain.


C. Adsorption experiments have provided a value of 10 l/mol for Kads, also kdes =0.1/s.  Use 
these rate data to “estimate” k2 and [*]0.    


D.  Suppose that an inert, B, is present that can also reversibly adsorb on the surface as


, 


Explain why this inert will affect the observed reaction rate of A->M.


E.  What you would have to know to quantify this effect?


[A] (mol/l) r  mol/(l-s)

2 2

1 1.9

0.01 0.1
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A + *
kdes

kads A * k2 M + *

r =
k2 Kads [ A] [ * ]0

1 + k2
kdes

+ Kads[A]
,

Kads �
kads
kdes

B + *
kBdes

kBads B * KBads �
kBads
kBdes



5. Designing a packed bed reactor.  (60 points) 

For all of the reasons, it has been a grueling semester, so let’s make this last problem as 
straight forward as possible.  


You wish to design a tubular reactor that is packed with spherical catalyst pellets.  Even though 
the reaction mechanism is complex, the high catalyst loading and excess (let’s say H2) allows 
the A->M  (obviously a hydrogenation) to be modeled as being first order.  


The heat capacity of the A and M are the same: CpA = CpM = 100 J/(mole  K).  The initial 
temperature is Tfeed = 300 K.  The reaction rate constant is k = 1015 Exp[ -15000/T] (1/s) and the 
heat of reaction is ΔHr = - 125,000 J/mol.


The reactor must convert 90% of the A to M.


A.  If this reaction were operated in an adiabatic reactor, what would the exit temperature be?


B.   Why is adiabatic operation not a reasonable strategy?


If the reactor is processing many kilomoles/hour, presumably, it would not be possible to use 
just one large tube filled with catalyst.  So a bank of tubes will be needed.


The thermal conductivity for the A and M is about 0.06 W/(K-m) (and is not a significant 
function of pressure).  The conductivity of the packing is about 1 W/(K-m).  The heat capacity 
of the packing is 700 J/K-kg and its density is 300 kg/m3.  For a flow in a packed bed the 
convective effects are strong giving an effective dispersion coefficient of 0.001 m2/s.   


C.  Provide an estimate of the maximum tube size.  


D.  If sufficient cooling exists, to keep the temperature to 400K, what is the maximum catalyst 
radius (= 3 Lp) that allows the effectiveness to be at least 0.76 (= Tanh[1.]).  Note that the 
effective diffusivity (D TAe ) inside the pellet is .001 cm2/s.  


As always, the void fraction, ε=0.37, the density of the gases are 10 kg/m3 and the viscosity of 
the gas mixture is 4X10-5 kg/(m-s).


E.  If you pick as an initial value of the superficial velocity, “U”, 1 m/s, is the pressure drop an 
acceptable value?


F.  What tradeoffs could you make to get reasonable fluid mechanics while effectively using the 
catalyst and processing the requisite amount of material. 


G.  Estimate the necessary length of this reactor.


6



7

FLOWIWPACKED.BE#
FROM

DENN :

•

process

viscous FLUID

DO MECHANICS
"

✓ INERTIAL
DOMINATED

( "

''5.7..

fp EE ff÷) ft = §÷{I

( ftp., = [1.75+1504%1]
Re -- deff

Rap ± DPI
C-E) Mf



Correlation for mass transfer in a packed bed :


Biot number:    
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Test 3 additions 


Exit time distribution:


   


Energy balance a batch reactor;  


Energy balance for a plug flow reactor:





rl V =
Fl0 dfl
-�l
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Energy balance for a CSTR:   
 rl V =
Fl0 flf

-�l
, fl0 = 0
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Test 2 additions to the formula sheet
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Potentially useful formulae:
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V d Ci
dt

= qi Ci0 - q Ci + �i r V
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