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NON-IDEAL REACTORS 

Ideal reactor response to pulse tracer: 

CSTR PULSE RESPONSE 

 

 

 

 

 

PLUG FLOW REACTOR PULSE RESPONSE 
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Flow characteristics contributing to non-ideal behavior: 

 Short circuiting 

 Dead spot 

 Non-ideal inlet/outlet conditions 

 Diffusion from concentration gradient 

 Dispersion from turbulent transport 

 

METHODS OF ANALYSIS TO PREDICT NON-IDEAL REACTOR 

PERFORMANCE 

1. Plug flow with dispersion 

2. Residence time distribution (RTD) 

3. Ideal reactor network special case: CSTR cascade 

Why is CSTR cascade analysis useful? 

Dispersed plug flow (“advection-dispersion”) model must be solved numerically 

for rate models typical of biological reactions. 

RTD analysis also requires numerical solutions and is not strictly applicable for 

non-linear reaction rates (i.e., okay for 1
st
-order reactions, but not good for zero- or 

mixed-order) 

Advantages of CSTR cascade is enabling mass balance analysis of reactors with 

complex rate models, flexibility in simulating a variety of mixing (dispersion) 

conditions, and translates readily into simulation models accommodating multiple 

coupled reactions. 

CSTR Cascade schematic: 

 

 

 

Cascade is comprised of n ideal CSTR’s of equal volume in series. 

1 2 3 n 
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Analysis of response to pulse input of conservative tracer, C, where 

V = volume of single CSTR, constant 

n = number of CSTR’s in cascade 

nV = total cascade volume, increases as n increases 

Q = volumetric flowrate, constant 

 = single CSTR detention time = V/Q is constant 

n  = cascade total detention time = n(V/Q) increases as n increases 

t = time and t/  = dimensionless time. 

 

Simulate pulse by assuming first tank is filled with tracer, and downstream tanks 

contain water with no tracer. At t = 0 start clean water influent with no tracer, that 

is, Ci(0) = 0. 

 

 

 

Tank 1 mass balance for tracer concentration in influent = Ci(0) = 0 and 

effluent/tank tracer concentration= C1: 

 

Solve for tank boundary conditions Ct = C1 and C1(0) = CO 

 

 

Tank 2 mass balance:  

 

1 2 3 n 
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Solve for boundary conditions Ct = C2  and C2(0) = 0 

 

 

Tank 3 mass balance: 

 

 

Solve for boundary conditions Ct = C3  and C3(0) = 0 

 

Continuing to n
th

 tank… 

Tank n mass balance: 

 

Solve for boundary conditions: Ct = Cn  and Cn(0) = 0 

 

For any tank n ≥ 1, can get peak effluent/tank tracer concentration and time of peak 

from: 
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(One-tank CSTR does not have true “peak” but does have maximum at t = 0 

 

And  

 

 

A modification results in a cascade where nV = total cascade volume is constant 

(n  = total cascade detention time also is constant) allows visualization of 

increasing dispersion in a single non-ideal reactor. So as n increases, V (single 

CSTR volume) decreases to keep nV constant. As n  ∞, V  0 and cascade 

behavior approaches ideal plug flow. 
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CASCADE SIMULATION OF NON-IDEAL REACTOR WITH REACTION 

For reaction A  B, let rA = -kCA (1
st
 order reaction).  

Steady state mass balance with influent = CA,O 

Tank 1: 

QCA,O  - VkCA,1  =  QCA,1 

CA,O  - k CA,1  =  CA,1 

 

Tank 2: 

QCA,1  - VkCA,2  =  QCA,2 

CA,1  - k CA,2  =  CA,2 

 

 

Tank 3: 

QCA,2  - VkCA,3  =  QCA,3 

CA,2  - k CA,3  =  CA,3 
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Tank n: 

 

Rearranging, 

 

Solving for single CSTR), given a level of fraction of A remaining in effluent, 

number of tanks, n, and rate constant k: 

 

And volume of entire reactor simulated by cascade required for conversion, nV, 

given the fraction of A remaining, number of CSTRs in series, and rate constant, k, 

where  nV = n Q: 

 

Note that for a non-ideal reactor with a 1
st
-order reaction, simulated by the 

CSTR cascade model, the fraction of reactant, A, remaining is a function of n, 

as is the total reactor volume required for a given level of performance, nV. 

 

Cascade simulation with zero-order kinetics: rA = -k 

Tank 1: 

QCA,O  - Vk =  QCA,1 
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CA,1 =  CA,O  - k

 

Tank 2: 

CA,2 =  CA,1  - k  = CA,O  - k  - k   

CA,2 = CA,O  - 2k  

Tank n: 

 

Note that the fraction of A remaining in the effluent,  , is a function of the 

influent concentration, unlike the first-order reaction behavior. 

 

Solving for system volume, nV, required to achieve conversion (CA,O – CA,n), given 

k: 

 

For a non-ideal reactor with a zero-order reaction, note that the total reactor 

volume required for a given amount of conversion of reactant A IS NOT a 

function of n.  

 

Cascade performance simulation for non-ideal reactors with more complex 

reaction rate models can be solved numerically as is done in wastewater 

process analysis software packages such as BioWin. 



CASCADE SIMULATION OF NON-IDEAL REACTOR

First-order reaction

Showing effect of number of CSTRs in series and removal of reactant A

CONDITION: (Q/k) = 1

V = ((CA,n/CA,O)^(-1/n)-1)

nV = n*((CA,n/CA,O)^(-1/n)-1)

% A consumed

fraction A remaining 

(CA,n/CA,O) V, given n = 1, 2, 4, or 8

1 2 4 8

99 0.01 99 9.0 2.2 0.78

90 0.10 9 2.2 0.8 0.33

50 0.50 1 0.4 0.2 0.09

% A consumed

fraction A remaining 

(CA,n/CA,O) nV, given n = 1, 2, 4, or 8

1 2 4 8

99 0.01 99 18.0 8.6 6.23

90 0.10 9 4.3 3.1 2.67

50 0.50 1 0.8 0.8 0.72
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