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1. Foundations of Chemical Kinetics & Rate Laws

Chemical reaction engineering addresses the optimization, design, and safe scale-up of chemical reactors
by blending chemical kinetics, thermodynamics, fluid mechanics, and transport phenomena.

At the core of reaction engineering is the reaction rate, -r_A, representing the moles of species A
disappearing per unit volume per unit time. The kinetic rate law dictates that rate is directly proportional to
a composition-dependent expression and a temperature-dependent rate constant, k.

For a simple homogeneous power-law expression: -r_A =k * C_A”"alpha * C_B”"beta, where alpha and
beta represent the empirical reaction orders with respect to reactants A and B respectively. The sum of
these individual exponents represents the global, overall order of the reaction.

The rate constant k depends explicitly on temperature, traditionally formalised via the Arrhenius equation:
k=A*exp(-E_a/ (R *T)), where A represents the pre-exponential frequency factor, E_a is the activation
energy boundary, R is the universal gas constant, and T is the thermodynamic temperature in Kelvin.

Understanding these fundamental parameters is critical when transitioning from microscale laboratory
experiments to heavy industrial chemical reactors.
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2. Mathematical Formulations of Microscopic Rates

To mathematically simulate chemical pathways, rate laws are cast into differential equations describing
species fluxes. Molecular collisions govern the kinetic parameters, where the frequency factor correlates
to collision frequency and spatial alignment.

Elementary reactions possess kinetic orders that match their stoichiometric coefficients exactly. For
non-elementary reactions, however, the macroscopically observed rate law emerges from a multi-step
sequence involving reactive chemical intermediates.

The Pseudo-Steady-State Hypothesis (PSSH) provides an analytical framework for simplifying
non-elementary networks. It asserts that the net generation rate of high-energy, unstable intermediate
species is effectively zero.

By setting d[l]/dt = O for an intermediate 'I', one can express its transient concentration explicitly in terms of
stable, measurable reactant and product concentrations, thereby deriving the overall macroscopic kinetic
expression.

This mathematical simplification allows complex mechanisms, such as free-radical polymerizations or
enzyme-catalyzed pathways, to be easily modeled inside industrial reactor design equations.
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3. Stoichiometry & Batch Reactor Idealization

Stoichiometry mathematically scales concentrations of all participating chemical species relative to a
limiting reactant, typically designated as species A.

We define fractional conversion (X) as the ratio of moles of reactant A consumed to the initial moles of
reactant A introduced into the system: X = (N_AO - N_A) / N_AO0.

A Batch Reactor is a closed system with no continuous mass inflow or outflow. The vessel is perfectly
mixed, which implies that concentration, temperature, and pressure are spatially uniform throughout the
volume at any given snapshot in time.

The general molar balance for any reactor type is formulated as: In - Out + Generation = Accumulation.
Applying this to a closed, batch system yields: 0-0 + (r_A* V) =dN_A/ dt.

Substituting N_A = N_AO0 * (1 - X) into the molar balance equation produces the classic batch reactor
design equation in differential form: N_AO * (dX / dt) = -r_A * V. Upon integration, this provides the precise
time required to achieve a targeted conversion level X.
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4. Continuous Stirred-Tank Reactors (CSTR)
Performance

The Continuous Stirred-Tank Reactor (CSTR) represents an ideal continuous flow vessel operating under
steady-state conditions, widely selected for liquid-phase reactions.

Crucially, perfect mixing is assumed throughout the continuous liquid volume. This implies that the fluid
properties (concentration, temperature, and reaction rate) are completely uniform across the entire tank.

Consequently, the exit stream possesses an identical composition and temperature to the fluid residing
within the reactor bulk itself. The rate of reaction throughout the reactor is evaluated precisely at the exit
concentration.

Applying the steady-state molar balance (Accumulation = 0) yields: F_A0 - F_A +r_A*V = 0. Introducing
conversion via F_A =F_A0 * (1 - X), the formulation rearranges to the algebraic CSTR performance
equation.

The algebraic design equation is explicitly: V.= F_A0 * X/ (-r_A). This relation allows straightforward
calculation of the required reactor volume given a target input feed rate and exit conversion.

Author: Belltes Khoza Page 6 of 20



Belltes Academy | Chemical Reaction Engineering

5. Plug Flow Reactors (PFR) Spatial Evolution

The Plug Flow Reactor (PFR), alternatively denoted as a tubular reactor, consists of a cylindrical pipe
where fluid moves as a cohesive series of plugs or disks.

The foundational modeling assumption is that fluid is completely mixed in the radial direction, but
undergoes absolutely no mixing or diffusion along the axial flow direction path.

As the fluid plug travels downstream along the reactor length, the reactants are progressively consumed,
creating a continuous concentration gradient along the axial position coordinate z.

To evaluate a system with spatially varying rates, a molar balance is applied across a microscopic
differential volume element dV: F_A|_v - F_A|_(v+dv) + r_A *dV = 0, which yields dF_A/dV =r1_A.

Expressing the balance via conversion gives the fundamental differential PFR design equation: F_AOQ *
(dX /dV) = -r_A. Integrating from 0 to V determines the total PFR volume required to reach conversion X.
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6. Comparative Analysis & Reactor Sizing Metrics

Reactor sizing metrics depend fundamentally on the mathematical functional form of the rate law, as
visualized through Levenspiel plot analysis.

A Levenspiel plot maps the parameter (F_AO / -r_A) along the vertical Y-axis against the fractional
conversion X along the horizontal X-axis.

For a CSTR, the required volume is a single rectangle equal to the product of the exit value of (F_AO0 /
-r_A) and the total conversion X. For a PFR, the volume represents the exact integral area under the
curve.

For standard positive-order reactions where the rate decreases monotonically as conversion increases,
the PFR volume is always strictly smaller than the corresponding CSTR volume for identical target
conversions.

This disparity widens significantly at very high conversion targets, because a CSTR is forced to operate
entirely at the lowest reactant concentration, which yields the slowest possible reaction rate.
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7. Reversible Reactions & Thermodynamic
Conversions

Reversible reactions are bound by fundamental thermodynamic equilibria, establishing an uncrossable
limit on the maximum attainable conversion for a given feed condition.

Consider the reversible pathway A <-> R. The net reaction rate must account for both forward and reverse
mechanisms: -r A=k f*C_A-k r*C_R.

At chemical equilibrium, the net rate of reaction drops to exactly zero (-r_A = 0). This allows the
equilibrium constant K_C to be expressed as the ratio of the forward and reverse rate constants: K_C =
k f/k r=C_Re/C_Ae.

Thermodynamics dictates that for exothermic reactions, K_C decreases as temperature increases,
thereby lowering the maximum achievable equilibrium conversion X_e.

Conversely, for endothermic reactions, K_C increases with rising temperature, shifting the equilibrium
conversion ceiling higher, which necessitates carefully designed thermal trajectories.
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8. Non-Isothermal Energy Balances & Temperature
Profiles

Industrial reactors rarely run under perfectly isothermal states, demanding simultaneous evaluation of
molar balances and energy balances to track coupled variations in conversion and temperature.

The comprehensive steady-state energy balance for a continuous flow reactor system can be derived from
the first law of thermodynamics.

The energy balance equation states: Q - W_s - F_A0 * SUM(Theta_i * Cp_i * (T - TO)) - [Delta_H_Rx(T) *
F_AO0 * X] =0, where Q is the heat input rate, W_s is shaft work, and Delta_H_Rx is the heat of reaction.

For an exothermic reaction, heat is continually liberated, causing the fluid temperature to rise along the
reactor path unless counteracted by strong external cooling loops.

This rising temperature rapidly accelerates the kinetic rate constant k, creating a non-linear feedback loop
that must be precisely controlled to avoid catastrophic runaway reactions.
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9. Adiabatic and Steady-State Heat Exchange
Operations

Under strictly adiabatic operational boundaries, no heat is exchanged across the reactor walls with the
external surroundings, meaning Q = 0.

Setting Q = 0 and neglecting shaft work allows the energy balance to be solved algebraically, revealing a
linear relationship between conversion and temperature: T = TO + [ (-Delta_ H_Rx) * X / SUM(Theta_i *

Cp_i) ].

For exothermic reactions, a plot of conversion vs. temperature yields a straight line with a positive slope,
indicating that temperature rises proportionally with conversion.

When operating a PFR with co-current or counter-current heat jackets, the differential heat exchange
expression must be integrated: dQ /dV=U*a* (T_a - T), where U is the global heat transfer coefficient.

This differential heat term is then coupled with the PFR design equation to simulate the precise axial
temperature profile, preventing localized hot spots.
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10. Multiple Reactor Networks & Yield Optimization

Connecting multiple ideal reactors in series or parallel arrangements offers a powerful mechanism to
maximize chemical conversion and product yields.

When CSTRs are connected in a series configuration, the exit stream of the first reactor becomes the
immediate inlet feed stream for the second reactor vessel.

This series arrangement enables the system to approximate PFR behavior using distinct, easily
manageable mixed tanks, since each sequential tank operates at a progressively lower reactant
concentration.

For identical PFRs configured in parallel, the total volumetric feed stream must be split among the units
proportional to their volumes to ensure identical conversion levels across all exit streams.

Engineers utilize these modular network configurations to handle immense industrial flow volumes while
avoiding the physical constraints of manufacturing massive single vessels.
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11. Autocatalytic Systems & Recycle Reactor
Mechanics

In an autocatalytic reaction, one of the reaction products acts directly as a catalyst for the pathway: A + R
-> R + R. The rate law is typically writtenas -r A=k*C_A*C_R.

This unique kinetic structure means the reaction rate starts very slow (low product R), accelerates to a
maximum as product accumulates, and then drops back to zero as reactant A is depleted.

A Levenspiel plot for an autocatalytic reaction exhibits an asymmetric, parabolic, bowl-like curve that
passes through a distinct minimum value of (F_AQ / -r_A).

To optimize autocatalytic systems, a Recycle Reactor is often deployed, where a specific fraction of the
exit product stream is continually redirected back to blend with the fresh feed.

The optimal recycle ratio R_rec is precisely tuned so that the entering mixture achieves the concentration
corresponding exactly to the minimum point on the Levenspiel curve, minimizing total volume.

Author: Belltes Khoza Page 13 of 20



Belltes Academy | Chemical Reaction Engineering

12. Multiple Reaction Pathways & Selectivity
Dynamics

Most industrial processes involve complex parallel or series networks where reactants simultaneously
convert into a desired product (D) and an undesired byproduct (U).

Instantaneous selectivity S_DU is defined as the ratio of the generation rate of the desired product to the
generation rate of the undesired product: S_ DU=r_D/r_U.

Consider the parallel network: A->D (rater_D =k1*C_A”al)and A -> U (rate r_U = k2 * C_A"a2). The
selectivity expression becomes: S_DU = (k1 /k2) * C_A*(al - a2).

If al > a2, keeping the reactant concentration C_A as high as possible maximizes selectivity toward
product D, making a PFR or batch reactor the optimal equipment choice.

If a2 > al, keeping C_A low maximizes selectivity toward product D, which dictates that a CSTR should be
selected to deliberately dilute incoming reactants.
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13. Non-ldeal Flow Fields & Residence Time
Distribution (RTD)

Real industrial reactors always deviate from ideal CSTR and PFR fluid dynamics due to channeling,
recycling, stagnant zones, and molecular bypassing.

The Residence Time Distribution (RTD) is a statistical diagnostic framework that characterizes non-ideal
flow by tracking how long individual fluid elements reside inside the vessel.

Experimentally, RTD is measured by injecting an inert tracer into the inlet stream (via pulse or step inputs)
and recording the tracer concentration profile C(t) in the effluent over time.

The exit-age distribution function, E(t), is defined mathematically from the tracer response: E(t) = C(t) / |
INTEGRAL from 0 to infinity of C(t) dt ].

The fraction of fluid that has resided in the reactor for less than a specific time t is calculated by integrating
E(t) from O to t, providing a clear quantitative signature of the internal flow profile.
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14. Mathematical Dispersion & Segregation Models

To interpret non-ideal RTD data and predict actual conversion, mathematical flow models are applied to
bridge the gap between ideal states.

The Dispersion Model superimposes an axial Fickian-like diffusion process onto a standard plug flow
velocity field: dC/dt = D_a * (d"2C / dz*2) - u * (dC / dz).

The dimensionless Vessel Peclet Number, Pe =u * L / D_a, characterizes the relative importance of
advective transport to axial dispersion. As Pe approaches infinity, flow becomes perfectly ideal PFR.

The Segregation Model, conversely, treats the fluid as a collection of non-coalescing globules that travel
through the reactor independently, each acting as a miniature batch reactor.

The mean conversion is calculated by averaging individual batch conversions weighted by the residence
time distribution: X_mean = INTEGRAL from 0 to infinity of X_batch(t) * E(t) dt.
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15. Heterogeneous Catalysis & Interfacial Mass
Transport

Heterogeneous catalytic systems involve reactions occurring at the boundary interface between a fluid
phase and a solid catalyst surface.

The global process involves seven sequential transport and kinetic steps: external mass transfer, pore
diffusion, adsorption, surface reaction, desorption, internal counter-diffusion, and external
counter-transport.

The external mass transfer rate of reactant from the bulk fluid to the outer catalyst pellet surface is
modeled as: r=k_c*a_m * (C_b - C_s), where k_c is the mass transfer coefficient.

Adsorption and surface reaction steps are commonly simulated using the Langmuir-Hinshelwood
mechanistic framework, which explicitly accounts for site blocking and surface saturation.

Identifying the single slowest step in this sequence—the rate-limiting step—is vital, as optimizing any other
step yields zero improvement in the global reaction rate.
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16. Internal Pore Diffusion & Thiele Modulus
Analysis

When porous catalyst pellets are utilized, reactants must physically diffuse deep into the internal pore
network to access active catalytic sites.

This coupling of internal Fickian diffusion and chemical reaction establishes a concentration gradient
within the pellet, where concentration drops from the exterior surface toward the core.

The dimensionless Thiele Modulus, Phi, scales the relative rate of chemical reaction to the rate of internal
pore diffusion: Phi=R_p * SQRT(k* C_s”(n-1) / D_e ), where D_e is effective diffusivity.

A large Thiele modulus (Phi > 5) indicates that internal diffusion is highly restrictive; the reactant is
completely consumed near the outer surface, leaving the inner core unutilized.

To quantify this inefficiency, we define the Internal Effectiveness Factor, eta, as the ratio of the actual
overall reaction rate to the ideal rate if the entire pellet interior were at surface conditions.
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17. Gas-Liquid Fluidised Systems & Global Rate
Kinetics

Multi-phase gas-liquid-solid reactions require specialized fluidised beds or slurry reactors to maximize
interfacial contact area and transport rates.

In gas-liquid reactions, such as oxidations or hydrogenations, mass transfer across the gas-liquid interface
is mathematically modeled via Whitman's Two-Film Theory.

The flux of gas species A into the liquid phase is governed by: N_ A=K L *(C_Ai- C_AL), where K_L
represents the overall liquid-phase mass transfer coefficient.

If the liquid-phase chemical reaction is extremely rapid, it occurs entirely within the narrow liquid boundary
film, dramatically accelerating mass transfer via an enhancement factor, E_inf.

Fluidised bed design must balance gas velocity to achieve uniform solids suspension without causing
structural catalyst attrition or excessive gas bypassing.
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18. Advanced Reactor Synthesis & Industrial
Paradigm Shifts

Modern chemical reaction engineering increasingly focuses on process intensification, safety,
sustainability, and ultra-high selectivity.

Membrane Reactors elegantly combine chemical reaction and selective product separation into a single
unit, shifting reversible equilibria far past thermodynamic limits by continuously removing products.

Microreactors utilize channels with sub-millimeter scales, providing exceptionally high
surface-area-to-volume ratios that enable near-instantaneous heat and mass transfer.

These advanced continuous flow architectures eliminate thermal gradients entirely, allowing highly
exothermic reactions to proceed under optimal, safe, inherently runaway-proof conditions.

Through rigorous mathematical modeling of coupled kinetic and transport phenomena, engineers continue
to transform heavy chemical synthesis into clean, highly optimized processes.
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