










Problem   2    (20   points)  
 
The   zeroth-order   reaction   A   ➝   2B   (reaction   1)   occurs   in   a   liquid   phase,   adiabatic,   and  
steady-state   reactor.   There   are   no   phase   transitions   in   any   of   the   temperature   ranges   relevant   to  
this   problem.   Express   all   your   answers   using   one   or   more   of   the   following   known   terms:  
 
F Ao ,   T o ,   C p,A ,   C p,B ,   T Ref ,   k 1 ,   𝜃 A ,   𝜃 B ,   V,   ΔH rxn,1 

o    (T Ref )   (with   units   of   kcal/mol   of   A),   𝜃 I ,   C p,I ,   k 2 ,  
ΔH rxn,2 

o    (T Ref )   (with   units   of   kcal/mol   of   A)  
 

a. (5   points)   Write   a   mole   balance   on   A   and   find   an   expression   for   the   conversion.   Solve   for  
conversion,   and   do   not   leave   an   implicit   equation.  

 dt
dNA = 0 = F A0 ­ F VA + rA    

,   divide   by   volume   (small   change   in   volume) dV
dF A = rA  

, ,   this   differential   is   for   a   general   flow   reactor X = F Ao
F ­FAo A    ­  F Ao dV

dX   = rA  

,   if   0th   order,   we   end   up   getting   something   similar   to X∫
 

 

dV
F Ao

= V
F Ao

=∫
 

 

dX
­rA

= 1
k1∫

 

 
d = X

k1
 

a   CSTR   design   equation  
X = F Ao

k V1  

b. (7   points)   What   is   the   operating   temperature?   Your   answer   should   be   an   explicit  
expression   for   the   temperature,   but   not   a   numeric   answer.   Use   any   answers   deemed  
relevant   from   part   (a)   in   order   to   solve   this   part   of   the   problem.   
Start   with   a   generic   energy   balance:  

C (T ) ΔH (T ) C (T )]F XQ ­W s ­ F Ao ∑
 

 
θi pi ­ T io ­ [

o
rxn R + Δ p ­ T R Ao A = ( )dt

dE
sys  

C (T ) ΔH (T ) C (T )]F X­ F Ao ∑
 

 
θi pi ­ T io ­ [

o
rxn R + Δ p ­ T R Ao A = 0  

­ C (T ) ΔH (T ) C (T )](­ V )0 = F Ao ∑
 

 
θi pi ­ T io ­ [

o
rxn R + Δ p ­ T R rA  

   T =
F C +ΔC (­r V )Ao ∑

 

 
θi pi p A

­F C (­T )­[ΔH (T )+ΔC (­T )](­r V )Ao ∑
 

 
θi pi io

o
rxn R p R A

 

­ .5k  1
rA = 2

­rB = 0 1  

T = F [θ C +θ C ]­(2C ­C )k VAo A p,A B p,B p,B p,A 1

­F (­T )[θ C +θ C ]­[ΔH (T )+(2C ­C )](­T )](k V )Ao o A p,A B p,B
o
rxn,1 Ref p,B p,A Ref 1  

 
c. (8   points)   It   was   discovered   that   during   operation,   A   reacts   on   its   own   to   form   a   side  

product,   U,   in   a   second,   separate   reaction   with   rate   constant   k 2    and   heat   of   reaction   ΔH rxn,2  



(units   of   kcal/mol   of   A):   2A   —>   U.   There   is   no   U   initially   in   the   feed.   Find   an   expression  
to   determine   the   operating   temperature.   You   do   not   have   to   solve   for   an   explicit  
expression   for   the   temperature   for   this   part,   as   long   as   every   other   term   in   the   equation   is  
in   terms   of   constants   that   are   known.   Do   not   use   conversion   (X),   but   rather   use   the  
overall   rate   of   reaction   for   a   given   reaction.  
The   term   accounting   for   the   heats   of   reactions   (generation).   

­ C (T ) [ΔH (T ) C (T )](­ )0 = F Ao ∑
 

 
θi pi ­ T o ­ V ∑

 

 
i
o

Ref + Δ p ­ T Ref ri  

 2
rA = 1

­rU = ­ k2  
­ (θ C C C )(T ) [k (ΔH (T ) 2C )(T ))  0 = F Ao A p,A + θB p,B + θU p,U ­ T o ­ V 1

o
1 R + ( p,B ­ Cp,A ­ T Ref +  

(ΔH (T ) C C )(T ))]  2k2
o
2 Ref + ( p,U ­ 2 p,A ­ T R  

Don’t   need   to   include   theta   U   since   there   is   no   initial   U  
 
 
  



Problem 3 (30 points) 

 

Consider the following reversible, ideal gas-phase reaction: 

 

A(g) + B(g) ↔ C(g) + 3D(g) 

 

The reaction is carried out adiabatically at steady state in an isobaric PFR with an inlet pressure 

of 5 bar, inlet temperature of 1100 K, and inlet volumetric flow rate of 500 L/h, with a molar 

ratio of 3:1 B:A. The rate constant, k, at 648 K is 1.842 ×10-9 (kmol)/(kgcat*hr*bar2), the heat of 

reaction at 648 K is 200 kJ/mol, the activation energy is 240.1 kJ/mol, and the rate law (in terms 

of partial pressures) is: 

𝑟 = 𝑘 (𝑃𝐴𝑃𝐵 −
𝑃𝐶𝑃𝐷

3

𝐾𝑝
) 

The molar heat capacities for A, B, C, and D are 60, 60, 60, and 20 J/(mol*K), respectively, and 

are independent of temperature (note that Δ𝐶𝑝 of reaction is 0). The ideal gas constant is 

8.314*10-2 (L*bar)/(K*mol). Note that there are no phase transitions involving any of the 

chemical species in the temperature ranges relevant to the problem. 

 

You would like to design a three-stage PFR system, with interstage cooling or heating (your 

choice) to maximize overall conversion. In other words, your process contains three reactors and 

two coolers/heaters as shown in the following diagram. 

 

 

 

 

 

a) (5 points) For this reaction:  

i) (3 points) Should you use coolers or heaters between the PFRs to maximize 

conversion? You must justify your answer to receive credit.  

 

 

 

 

 

 

 

 

  

PFR 1 Cooler/Heater 1 PFR 3 PFR 2 Cooler/Heater 2 



 

 

i) (2 points) Which of the following equilibrium conversion curves is a correct 

representation of the reaction defined above? Circle A or B and justify your 

answer to receive credit. You may refer to your explanation in (i) to justify your 

answer, but answers without justification receive no credit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note that receiving points for (ii) hinged on your explanation in (i).  
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b) (12 points) Write all of the equations that would need to be solved to determine the 

reactor volume needed to achieve a specified conversion in any one of the PFRs. Your 

equations should be symbolic and in terms of all or some of the following: CP,A, CP,B, 

CP,C, CP,D, Δ𝐻𝑟𝑥𝑛(𝑇𝑟𝑒𝑓), X, V, FA0, T, T0, k’, Ea, R, 𝜈, 𝜈0, PA, PB, PC, PD, Θ𝐴, Θ𝐵, Θ𝐶, Θ𝐷, 

r’, rA. 

  

 

 

 

  



 

 

Additional space for (b) if needed 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

c) (8 points) Determine the maximum final outlet conversion resulting from the process 

shown in the diagram above if the following is known:  
i) 99.9% of the equilibrium conversion of A is reached in each reactor. 

ii) You are able to heat or cool the feed to the second and third reactors back to the inlet 

temperature of 1100 K rather than leaving the feed at the previous reactor’s outlet 

temperature. 

Hint: You will need to use one of the curves in (a) to answer this question, so they are 

conveniently reproduced for you below. Use the one you chose in (a). And be sure to use a ruler 

or your Cal1 card to produce straight lines.  
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d) (2 points) Estimate the temperature of the contents exiting the second PFR in your 

optimized process from (c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

e) (3 points) Estimate the molar flow rate of D at the outlet of the third PFR in your 

optimized process from (c). 

 

 

 










