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Thermal Engineering Analysis with Maple™

From refrigerators and air conditioners to waste
heat recovery systems and steam turbines, thermal
engineering has influenced every area of life.
Furthermore, growing environmental demands are
intensifying the focus on the core goal of thermal
engineering – that of energy modeling and efficiency.
Thermal engineering analysis is diverse. Typical
applications include:
• Modeling the heat flows across a vapor-compression
refrigeration cycle
• Simulating a lumped parameter model of a heat
exchanger
• Calculating the heat changes necessary to condition
air into the human comfort zone
• Finding the parameters that maximize the efficiency
of a regenerative Rankine cycle
• Investigating how different fluids and process
parameters affect the efficiency of an organic
Rankine cycle

• Fluid dynamics, such as
◦◦ Bernoulli’s Law
◦◦ Pump head and pipe friction
• Heat and mass transfer, such as
◦◦ Conservative laws
◦◦ Heat transfer coefficients
◦◦ Lumped parameter modeling
Additionally, thermal engineers often need to employ
practical tools from:
• Math, such as
◦◦ Optimization
◦◦ Root finding
◦◦ Interpolation and extrapolation
◦◦ Differential equation solving
• Computing, such as
◦◦ Programming and scripting
◦◦ Electronic ‘live’ documentation
◦◦ Visualization and charting
◦◦ Application development and deployment

To model these and other systems, thermal engineers
need to apply scientific concepts from:
• Thermodynamics, such as
◦◦ The fundamental laws of thermodynamics
◦◦ The concepts of enthalpy, entropy, and specific
heat capacity
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Maple provides a unified environment that enables
engineers to apply practical math and computing tools to
scientific concepts. Accordingly, this paper demonstrates
how Maple can be applied to thermal engineering
analysis.
This article starts by surveying the existing calculations
tools on the market with respect to their suitability for
thermal engineering. It then demonstrates how the
features in Maple support the analytical demands of
thermal engineering, and illustrates how Maple can
be used to deploy and document thermal engineering
calculations. It also explores thermodynamic visualization
with Maple.

Tool Survey
Analytical projects in thermal engineering require
software tools with a number of well-defined features,

Maple

including:
•
•
•
•
•

A fluid properties database
Mathematical functionality
Visualization tools
Units manipulation and tracking
Documentation

Moreover, once a calculation is prototyped, a live
deliverable often needs to be sent to a client or
demonstrated to a student.
Individual tools may have some or all of these features.
Table 1 surveys the existing tools typically used for
thermal engineering calculations.
As is clearly demonstrated, Maple has the greatest
support for thermal engineering analysis.

Fluid Properties

States

Documentation
Features

Math

Fluid Property
Visualizations

Units

Deployment

Built-in

Arbitrary

Full

Numeric &
symbolic

Built-in P-h and
psychrometric charts

Yes

Free to desktop
and web

Yes

Free to desktop

Yes

Free to desktop

No

Paid to desktop

Yes

Paid to web

No

Paid

Locally stored

Tools for custom charts
(e.g. T-s etc.)

Pure fluids and
mixtures
Mathematica®

Built-in but needs
internet access
Pure fluids only

EES
-Engineering
Equation Solver

Built in

MATLAB®

Via add-on

Mathcad®

Excel®

Temperature
and pressure
only

Full

Arbitrary

Partial

Locally stored

Numeric &
symbolic

No built in charts

Numeric only,
limited

Built-in T-S, T-v, P-v,
P-h, h-s, T-h charts
Limited tools for
custom charts

Pure fluids and
mixtures

Via add-on

Via add-on

Tools for customized
charts

Determined
by add-on

Partial

Determined
by add-on

Full

Determined
by add-on

Partial

Numeric, &
symbolic via an
add-on

No built-in plots

Numeric and
symbolic, both
limited

No built-in plots

Numeric only,
limited

No built-in plots

Tools for custom charts

Limited tools for
customized charts
Limited tools for
customized charts

Table 1. Survey of calculation tools used for thermal engineering calculations
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Analytical Demands of Thermal
Engineering

Units Support and Tracking

This section explores how the requirements in Table 1
are supported in Maple.

Figure 3 demonstrates how Maple can be used
to calculate the mass of a cube of water, given its
temperature and pressure. Note how units are carried
throughout the calculation.

Fluid Properties Database
Before the advent of software tools for computing fluid
properties, engineers traditionally employed charts or
lookup tables. Extracting data from charts or lookup
tables requires human effort, and the entire process is
inaccurate and prone to error.
Maple, however, provides a computable fluid properties
database. This database uses CoolProp as the source
of data, and is built directly into Maple. Thermophysical
data can be extracted with function calls; this is faster,
more accurate and less error prone than using charts or
property tables.
Figure 1 demonstrates how the density of R134a is
calculated in Maple, using temperature and pressure
as states.

Figure 1. Extracting the density of R134a

Maple supports the use of units in calculations.

Figure 3. Units tracking

Math
Simple Arithmetic Operations
Steady-state heat and mass balances are fundamental
concepts in thermal engineering, but typically only
involve simple arithmetic operations.
For example, consider a compressor with R134a as the
working fluid, and known input and output conditions, as
illustrated in Figure 4.

Maple will also calculate the properties of arbitrary fluid
mixtures. Figure 2, for example, gives the density of a
mixture of methane, ethane, n-butane and pentane.

Figure 2. Calculating fluid mixture properties
Figure 4. Compressor with known entry and
exit states

3

Assuming steady-state adiabatic operation, Figure 5
illustrates how the compressor work could be calculated
in Maple.

Figure 5. Maple calculation of the work done by
a compressor

Numeric Equation Solvers
Quantitative descriptions of thermodynamic systems
often result in sets of implicit equations; these need to
be solved numerically.
All tools have numerical solvers of varying efficacy;
Maple has particularly effective solvers. Figure 6
illustrates a Maple calculation where an implicit set of
equations is solved; these describe the flow of a fluid
through an adiabatic expansion valve with kinetic
energy effects.

Figure 6. Solving implicit equations in Maple

Symbolic Math
Heat and mass balances sometimes result in equations
that need to be rearranged. While hand manipulation
may be suitable for smaller sets of equations, larger
systems need computational support.
Two examples are now described.
Equation Manipulation
Consider the Rankine cycle with two-stage regeneration
in Figure 7.
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Figure 8. Heat Balance on Preheaters and Symbolic
Manipulation of Equations

Figure 7. Rankine Cycle with Two-Stage Regeneration

•

Enthalpy values can be determined

•

X1 and X2 can then be calculated

Equation Generation
A heat balance on the two pre-heaters H1 and H2 gives
these equations
h3 (1-X1-X2 )+h1 X1=h4 (1-X2 )
h5 (1-X2 )+X2 h2=h6
where X1 and X2 are the mass fractions of the working
fluid extracted in the high and low pressure turbines, and
hn is the specific enthalpy at points n = 1 .. 6.
Figure 8 illustrates how Maple is employed to rearrange
these equations to give X1 and X2. If two states at each
point 1-6 are known (e.g. temperature and pressure) then:

Many heat exchange processes are described by partial
differential equations. For example, Figure 9 gives
the PDEs (in a Maple worksheet) that describe the
temperature dynamics of a counter-current
heat exchanger.
These PDEs need to be discretized into ODES for
lumped parameter analysis.
One common method of discretizing the PDEs is via a
central difference approximation. This process can be
automated by Maple’s symbolic manipulation tools; a
sample of this process is also given in Figure 9.

Figure 9. Discretizing PDEs into ODEs with Maple
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Note that the discretized ODEs have an index variable
i. The ODEs can be swept along the index variable to
symbolically generate the entire set of ODEs.

More complex systems can also be optimized. Consider
the regenerative Rankine cycle in Figure 13.

The specific heat capacity and density of the tubeand shell-side fluids can be calculated as illustrated
in Figure 10, and substituted into the PDEs
before discretization.

Figure 10. Fluid properties as a function of temperature
for the countercurrent heat exchanger model

Optimizers
Process parameters often need to be optimized to drive
a system towards a point. Figure 11 demonstrates how
Maple can be employed to find the temperature at
which the density of water is at a maximum.

Figure 11. Calculating the maximum density of water
Figure 12 demonstrates how Maple is used to find the
temperature at which the specific heat capacity of water
is at a minimum.

Figure 12. Calculating the minimum isobaric specific
heat capacity of water
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Figure 13. Regenerative Rankine cycle
The thermal efficiency is a function of the pump
extraction pressures at points 2 and 4. Maple can be
used to:
•

Define a program that calculates the thermal
efficiency of the system as a function of the pump
extraction pressures at points 2 and 4

•

Optimize the pump pressures that maximize
the efficiency

The program and optimization process is illustrated in
Figure 14.

Procedure to calculate the efficiency of a regenerative
Rankine cycle as a function of the pump extraction
pressures at points 2 and 4

Figure 15. Simulating a differential equation in Maple
with varying fluid properties
Lumped parameter models can result in large sets
of differential equations; this demands far stronger
numerical solvers.
Maximize the efficiency by optimizing the pump
extraction pressures

Figure 16 demonstrates Maple simulating a lumped
parameter model of the heat exchanger initially
described in Figure 9. Over 150 coupled ODEs are
solved, together with temperature-dependent
fluid properties.

Figure 14. Optimizing the efficiency of a regenerative
Rankine cycle by varying pump extraction pressures

Differential Equation Solvers
Transient models often result in differential equations.
For example, consider a mass of water being heated at
a constant rate; the resulting temperature dynamics are
described by a single ordinary differential equation.
Figure 15 demonstrates how this differential equation is
numerically solved in Maple.

Figure 16. Simulating a lumped parameter model of a heat
exchanger in Maple
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Numerical Integration
Consider a fluid that needs to be heated from one
temperature to another. The energy required (per unit mass)
can be calculated by numerically integrating the specific heat
capacity between the two temperature limits.

Figure 17 demonstrates how Maple can be used to calculate
the energy required to heat ethanol (per unit mass) from 290
K to 320 K.

Deploying and Documenting Thermal
Engineering Analysis
Maple offers a technical authoring environment –
applications can include rich documentation together with
live calculations.

Figure 17. Energy required to heat ethanol via
numerical integration of the specific heat capacity
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Figure 18 illustrates a typical example of documentation in
Maple. Note the use of diagrams, text and live math.

Figure 18. Documenting an analysis
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Maple applications can be deployed via a run-time
environment called the Maple Player™, or via a standard
web browser through the MapleCloud™. Access can be
restricted to members of a private group. Figure 19, for
example, illustrates the royalty-free deployment of an
application that explores a subcritical organic
Rankine cycle.

Thermodynamic Visualization
Mollier diagrams and other similar charts were a 19th
century invention for summarizing fluid properties.
While obsolete in their printed form, electronic versions
of these charts are useful for visualizing
thermodynamic cycles.

Figure 19. Deployment of an Organic Rankine Cycle application
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Maple offers built-in charts for visualizing thermodynamic
cycles for many fluids. These plots can be overlaid with
lines representing a thermodynamic cycle.
Figure 20 illustrates a pressure-enthalpy temperature
chart automatically generated by Maple.

Figure 21. Plot of the density of ethanol and methanol
over a temperature range

Figure 20. Pressure-enthalpy chart
Completely new plots can also be created. For example,
Figure 21 shows the Maple commands necessary to plot
the density of methanol and ethanol over a
temperature range.

Maple can also automatically generate Psychrometric
charts at arbitrary pressures. Figure 22 is an example
of a psychrometric chart together with a shaded area
representing the human comfort zone.
Figure 23 demonstrates a more complex Maple
visualization– a temperature-entropy plot of water
overlaid with a thermodynamic cycle.

Figure 22. Psychrometric chart with a cooling process and the human comfort zone
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Figure 23. Temperature-entropy chart of a thermodynamic cycle

Conclusion
Maple provides a comprehensive environment for thermal engineering analysis. It allows engineers to perform
mathematical computations and visualizations relying on thermodynamic properties, keep track of units automatically,
and develop scripts and programs for customized analysis. Maple can also be used to produce technical reports
containing both the computations and explanations needed to fully explain both problem and solution, and develop and
deploy interactive applications.
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