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Chemical engineering thermodynamics is the cornerstone of process engineering, providing the essential
framework for understanding how energy is converted, how substances behave under varying conditions, and how
equilibrium states dictate the limits of chemical reactions and phase separations. Within the academic and
professional sphere, courses such as 10.213 (Chemical Engineering Thermodynamics) serve as a rigorous
introduction to these principles, often utilizing seminal texts like Introduction to Chemical Engineering
Thermodynamicsby J.M. Smith, Van Ness, and Abbott. This article provides an in-depth technical analysis of the
core concepts, mathematical models, and practical applications that define this field.

The Theoretical Framework of Engineering Thermodynamics

At its core, thermodynamics is governed by the conservation of energy and the inevitable increase in entropy. In
chemical engineering, these laws are applied to open and closed systems to calculate work, heat, and internal
energy changes. The First Law of Thermodynamics, often expressed as dU = dQ - dW for a closed system,
establishes that energy cannot be created or destroyed. In steady-flow processes typical of industrial plants, this is
expanded into the Steady-State Open System Energy Balance, which accounts for enthalpy, kinetic energy, and
potential energy of flowing streams.

The Second Law introduces the concept of entropy (S), providing a directionality to processes. It dictates that for
any spontaneous process, the total entropy of the system and its surroundings must increase. For the chemical
engineer, this law is critical for determining the maximum attainable work (exergy) and identifying lost workdue
to irreversibilities such as friction, heat transfer across finite temperature differences, and chemical gradients.

Volumetric Properties of Pure Fluids and Equations of State

Predicting the P-V-T (Pressure-Volume-Temperature) behavior of fluids is essential for sizing equipment and
calculating thermodynamic property changes. While the Ideal Gas Law(PV=nRT) provides a simple
approximation, real industrial processes involve high pressures and low temperatures where molecular interactions
and finite molecular volumes cannot be ignored.

The Virial Equation of State

The Virial Equation is a mathematically rigorous expansion that expresses the compressibility factor (Z) as a
power series of pressure or inverse volume. As noted in technical assessments like the 10.213 mid-term tests, the
2nd-order Virial equation is frequently used for gases at moderate pressures:

Z=1+BP/RTorZ=1+B/V + C/V?

Here, B represents the second virial coefficient, accounting for interactions between pairs of molecules. This model
is particularly useful for substances like Oxygen or CF4 at specific temperature ranges, allowing engineers to
calculate molar volumes and fugacity with higher precision than the ideal gas law.



Cubic Equations of State (EOS)

For high-pressure applications and the liquid phase, Cubic Equations of State are the industry standard. These
equations are derived from the Van der Waals equation and have been refined into models such as the Soave-
Redlich-Kwong (SRK) and Peng-Robinson (PR)equations. These models are "cubic" because they can be
rearranged into a third-order polynomial of the molar volume, allowing for the prediction of both vapor and liquid
roots at sub-critical conditions.



Model Name Key Application Advantages Limitations

Ideal Gas Low pressure, high Simplicity in calculation Fails at high density
temperature
Van der Waals General conceptual study Accounts for molecular size Low accuracy for VLE
Redlich-Kwong Gas phase properties Improved over VdW Poor liquid density
prediction
Peng-Robinson Oil & Gas, Hydrocarbons Excellent VLE predictions Complex parameterization

Fundamental Property Relations and Fugacity

One of the more challenging aspects of Chemical Engineering Thermodynamics Il involves moving from
measurable properties (P, T, V) to abstract potentials like Chemical Potential (;And Fugacity (f). Fugacity acts as
a "corrected pressure," representing the chemical potential of a real gas in a way that parallels the pressure of an
ideal gas.

Calculating Fugacity from EOS

To determine the fugacity of a species in a mixture, engineers use the Fugacity Coefficient (sbdefined as < = f/P.
For a pure species, the relationship between fugacity and the compressibility factor is given by the integral:
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This integration is a standard procedure in advanced thermodynamic problems, such as those found in 10.213
problem sets, where students must derive the fugacity expression for a gas described by a specific Virial or Cubic
EOS. The Chemical Potential is then related to fugacity by the expression: ;A O u6—FV A2 T In(f/P_ref).

Phase Equilibria: Vapor-Liquid Equilibrium (VLE)

In processes like distillation and absorption, determining the distribution of components between vapor and liquid
phases is paramount. At equilibrium, the temperature, pressure, and chemical potential (or fugacity) of each
component must be equal in all phases:

f_irvapor = f_i*liquid

Raoult's Law vs. Activity Coefficient Models

For ideal solutions, Raoult's Law (y_i P = x_i P_sat) suffices. However, most chemical mixtures exhibit non-ideal
behavior due to molecular interactions. In these cases, engineers employ the Modified Raoult's Law:

y iP=xi56 +6@

Where ;50" ,, 7TF—f—G’ 66 Vff—6adints for liquid-phase non-ideality. Models such as NRTL, UNIQUAC, and
Wilsonare used to calculate these coefficients based on binary interaction parameters, which are often
determined experimentally or retrieved from databases like the Dortmund Data Bank.

Thermodynamics of Steam Expansion and Compression

A classic application in chemical engineering involves the expansion of high-pressure steam, a topic frequently



appearing in MIT 10.213 exams. For instance, consider high-pressure steam at 3.5 MPa and 350 °Cbeing
expanded through a turbine. To analyze this, engineers must:

Identify the initial state (superheated steam) using Steam Tables.

Determine the entropy (s1) and enthalpy (h1) of the inlet stream.

Assume an Isentropic Expansion for an ideal turbine (s2 = s1) to find the theoretical exit enthalpy.

Apply the Isentropic Efficiency (;r' FO f—-aeB FTR 7GV A Pxit enthalpy: h2_actual = hl - ;rtf O f%6-FV A'a
Calculate the power output or work produced: W = m(h1 - h2_actual).
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This systematic approach is essential for designing power cycles and refrigeration systems (like the CF4 stream
example mentioned in search data), where maintaining specific temperatures and pressures is critical for
operational safety and efficiency.

Chemical Reaction Equilibrium and Gibbs Energy

Thermodynamics also dictates the maximum conversion achievable in a chemical reactor. The Gibbs Energy
Change (9Dis the driving force for chemical reactions. At equilibrium, the total Gibbs energy of the system is at a
minimum, leading to the definition of the Equilibrium Constant (K):

9D{ O O T In(K)

The constant K is a function of temperature only and is related to the activities of the reactants and products. For
gas-phase reactions, this is further refined using fugacity coefficients to account for high-pressure effects on the
equilibrium position. Understanding how the equilibrium constant shifts with temperature (via the Van 't Hoff
Equation) allows engineers to optimize reactor temperatures for maximum yield or selectivity.

Example: Change in Gibbs Energy and Fugacity

In complex systems, the change in Gibbs energy for a species 'i' is often calculated by integrating the partial molar
volume over pressure. This is vital when dealing with supercritical fluids or high-density gases where the ideal gas
assumption would lead to catastrophic design failures. The relationship dG = VdP - SdT serves as the starting point
for these calculations, emphasizing the interplay between volumetric data and energy potentials.

Technical Comparison: Ideal vs. Non-Ideal Systems

Understanding when to use specific thermodynamic models is a hallmark of a senior engineer. The following table
highlights the criteria for model selection based on system complexity.



System Type Phase(s) Recommended Model Critical Parameters

Pure Gas (Low P) Vapor Ideal Gas Law TP

Hydrocarbon Mixtures VLE (High P) Peng-Robinson EOS Acentric factor (<"A Tc, Pc
Polar Solvents (Alcohol/ VLE (Low P) NRTL or Wilson Binary interaction params
Water) (u_ij)

Steam Power Plants Vapor/Liquid IAPWS-95 (Steam Tables) Saturation tables

Practical Implementation and Field Guide

Implementing these theories in a professional setting typically involves Process Simulation Softwaresuch as
Aspen Plus, HYSYS, or PRO/II. However, the software is only as good as the thermodynamic property package
selected by the user.

Step-by-Step Procedure for Property Package Selection:

e Step 1: Identify Components. Determine if the components are polar, non-polar, electrolytes, or polymers.

» Step 2: Define Operating Range. Identify the maximum and minimum pressures and temperatures the
process will encounter.

e Step 3: Check for Phase Complexity. Determine if the system is Vapor-Liquid (VLE), Liquid-Liquid (LLE), or
Vapor-Liquid-Liquid (VLLE).

e Step 4: Select the EOS or Activity Model. For non-polar hydrocarbons at high pressure, select an EOS like
Peng-Robinson. For polar mixtures at low pressure, select an activity coefficient model.

» Step 5: Validate with Experimental Data. Always compare the model's predictions with experimental VLE data
points (e.g., T-x-y diagrams) before finalizing the design.

Case Study: Troubleshooting a CF4 Refrigeration Cycle

In a technical scenario involving CF4 streamsat 10 psia, an engineer must calculate the heat duty required to cool
a stream from 310 °F to -20 °F. Using the principles of thermodynamics, the calculation follows these steps:

1. Enthalpy Calculation: Determine the enthalpy change (9D, “or CF4. Since 10 psia is a relatively low pressure,
the ideal gas heat capacity (Cp) can be integrated over the temperature range: 9D, O "2 7 E@.

2. Phase Change Check: Ensure that at -20 °F and 10 psia, CF4 remains in the gaseous state or identify the
latent heat if condensation occurs.

3. Energy Balance: Apply the first law for a steady-flow heat exchanger: Q =m * 9D,a

4. Entropy Generation: To evaluate efficiency, calculate the entropy change: 92 0 "2,7 6B’EB O " /E4... "6 "aA
large entropy increase would indicate an inefficient, highly irreversible cooling process.

Synthesis of Thermodynamic Principles

Chemical engineering thermodynamics is far more than a collection of formulas; it is a holistic way of viewing the
physical world through the lens of energy and equilibrium. From the microscopic interactions described by the Virial
coefficients to the macroscopic energy balances of a high-pressure steam turbine, these principles ensure that
chemical processes are not only possible but also efficient and safe.

The transition from fundamental laws to complex property models like the Peng-Robinson EOS or NRTL activity



coefficients represents the evolution of the field in response to industrial needs. As computational power increases,
the ability to model molecular-level interactions (via molecular dynamics or COSMO-RS) continues to refine our
thermodynamic toolkit. However, the underlying logic taught in 10.213remains the bedrock. Engineers must remain
vigilant in selecting the appropriate models, understanding their mathematical origins, and always respecting the
limits imposed by the Second Law of Thermodynamics. Whether designing a sustainable carbon capture system or
a high-efficiency power plant, the rigorous application of thermodynamics is what makes modern chemical
engineering possible.
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