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Chevron Oil Field Research Co. (COFRC), La Habra 1978-1979, California. Research Engineer, Worked
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Abstract

Most freshmen engineering majors have very little or no background in programming. In the first
year of college, they learn the basics of programming, so they can apply their computing skills for
future engineering courses. Different schools use different programming languages, such as
MATLAB, Visual Basic, C++, and Python for their engineering curriculum. However, Python is
the only one that is open source. Additionally, the language versatility, online community of users,
and powerful analysis packages such as Numpy and Scipy have made this free utility one of the
most popular programming languages among engineers. Literature contains a vast number of
references for Python programming for beginners. However, most of these references are written
by practitioners in the field of computer science and focus on programming with Python, which
do not fit with a general engineering curriculum. Most engineers are problem-solvers and not
programmers. This article proposes “Python for Engineers” as a general course concentrated on
numerical methods (and not programming) for all engineering disciplines. The article starts by
stating the course contents. Then, the paper focuses on six case studies chosen from core
sophomore and junior courses in the civil, mechanical, chemical, electrical, petroleum, and
industrial engineering curricula to demonstrate how prior knowledge to a powerful and open
source computing software could improve the analytical thinking of all engineering students
nationally and abroad.

Keywords: Engineering, Education, Software, Python, Curriculum

1. Introduction

Engineers are not expected to write computer codes from scratch; they are more likely expected to
utilize built-in functions that have been already written. Therefore, programming by engineering
primarily means assembling existing bits of code into a coherent package that solves the problem.
The bit of code is a function that implements a specific task. The details of the code are not
important for the user. Instead, understanding the input and output of the code (interference)
matters the most .

Python is a high-level and general-purpose programming language that was first developed by
Guido Van Rossum in 1980 2. Python is an interpreted language, which enables the programmer



to divide the entire code into cells and execute each cell at a time while improving it. In the context
of teaching, Python provides four advantages over MATLAB: (1) Python is a free software that
can be used in all colleges worldwide. (2) Python has a clear and intuitive syntax. (3) Python is a
general-purpose and object-orientated programming language that supports different coding styles.
(4) Python has a small core of commands that makes it an easy programming language for
beginners. That is why Python is gaining popularity among engineers. It should be mentioned that
Python is an emerging language, which means that it is still being developed and refined *4.

The article proposes Python for Engineers as a general engineering course offered to all freshmen
engineering majors. Rather than programming, the course concentrates on the numerical
computation capability of Python. The article comes into two parts. In the first part, the contents
of the course are discussed. In the second part, six case studies are brought to demonstrate the
effectiveness of Python in the analysis of engineering problems.

It should be mentioned that many of the graduate students in the U.S. have completed their
undergraduate degrees overseas such as Middle East (including the authors), Africa, and Far East.
Education in those countries is usually subsidized by their governments and as a result, not all the
engineering colleges in those countries can afford the high cost of software license. Even
engineering students in the U.S. do not have easy access to the software that their colleges have
provided them. The students have to be in their campuses and use the computers that have the
software installed on them to do their homework or work on their course projects. This would be
a stumbling block for offering these courses online. However, Python is a free software that can
be easily applied in the developing countries at no cost, and can also be used for domestic
engineering students remotely. The case studies we will discuss in this article are global and are
not limited to any region or specific curriculum.

2. Course contents

The course material is divided into two sections as follows:

Part I-An Introduction to Basic Python Skills

In this course, students are expected to already know the basics of college algebra, trigonometry,
and statistics. This section:

1. Describes how Python is applied in different disciplines of engineering and a standard
problem-solving procedure is proposed.

2. Shows how to install Python from available platforms (i.e. Spyder IDE, Jupyter Notebook,
and online platforms).

3. Introduces the commonly used libraries of Python in engineering. This section also details
the wide variety of built-in functions that are available in each of these libraries.

4. Explains how to formulate problems using matrices in Python.

5. Demonstrates the two- and three-dimensional plotting techniques available in Python.



Part 1l-Basics of Python Programming
In this section students learn how to program in Python. This section:

1. Introduces the logical and control structures.

Discusses how to solve linear and nonlinear system of equations using matrix algebra.
Introduces data regression and curve fitting.

Explains symbolic mathematics packages for the analytical solution and function plotting.
Presents numerical differentiation and integration.

Describes how to solve ordinary differential equations.

ok wd

3. Commonly Used Standard Python Libraries in Engineering

In this section, we briefly discuss those libraries of Python that are widely used in engineering
disciplines °¢7.

Numpy and Scipy
Numpy is the core library for scientific computing in python. This package contains:

e An efficient multi-dimensional array object

e Sophisticated functions

e Tools for integrating with C/C++ and Fortran code
e Efficient linear and random number capabilities

Scipy is a complementary package that is built on Numpy, and contains modules for linear algebra,
interpolation, optimization and ordinary differential equation solvers.

Sympy

This is a Python library for symbolic computation. Sympy provides computer algebra capabilities
ranging from basic symbolic arithmetic to calculus, discrete mathematics and quantum physics.

Math

This module provides access to a wide range of mathematical functions defined by C standard. All
returns of the module are floating numbers, unless stated otherwise.

Matplotlib

Matplotlib is a plotting library that produces publication quality figures in different formats and
interactive environments. This package can generate scatterplots, histograms, bar charts, error
charts, power spectra, etc. with just a few lines of codes.

Scipy.optimize

This is a package that provides several commonly used optimization algorithms. It contains:



e Constrained and unconstrained minimization of multivariate scalar using a wide range of
algorithms

e Global optimization techniques

e Curve fitting and least-square minimization algorithms

¢ Root finders and scalar univariate function minimizers

e Multivariate equation system solvers using a wide range of algorithms.

Scipy.integrate

This sub-package provides several integration methods including an ordinary differential equation
(ODE) integrator.

The remainder of the paper focuses on how the skills learned in this course could be applied in
different disciplines of engineering.

4. Case Studies

4.1. Statistical Quality Assurance-Industrial Engineering Curriculum

Engineers frequently come across problems that they must decide between two competing
statements about the numerical value of a parameter. This decision-making process is called
hypothesis testing. All statistical hypotheses are claims about the population of interest. However,
in most practical conditions, the variation of the population (¢2) is unknown. On the other hand,
we do not know whether the Normal distribution can probably model the population. Based on the
Central Limit Theorem, if the sample size is sufficiently large (n > 40), substituting the variation
of the sample (52) for the variation of the population (¢2) results in little error in the test procedure,
regardless of the shape of the distribution of parameter.

However, if the sample size is not large enough (n < 40), then replacing the variation of the
population with variation of the sample would result in large error if the probability distribution of
the population in not Normal. In such cases, we can plot the Normal probability plot based on the
observations and perform the linear regression to fit the data. If the linear equation fits the data
well, then we can claim that the probability distribution of the population is Normal. Case study
below shows how Python could be effectively utilized for such hypothesis testing analysis.

Golf Club Design

“The increased availability of light materials with high strength has revolutionized the design and
manufacture of golf clubs, particularly drivers. Clubs with hollow heads and very thin faces can
result in much longer tee shots, especially for players of modest skills. This is due partly to the
“spring-like effect” that the thin face imparts to the ball. Firing a golf ball at the head of the club
and measuring the ratio of the outgoing velocity of the ball to the incoming velocity can quantify
this spring-like effect. The ratio of velocities is called the coefficient of restitution of the club. An
experiment was performed in which 15 drivers produced by a club maker were selected at random
and their coefficients of restitution measured. In the experiment the golf balls were fired from an
air cannon so that the incoming velocity and spin rate of the ball could be precisely controlled. It



is of interest to determine if there is evidence (with a = 0.05) to support a claim that the mean
coefficient of restitution exceeds 0.82. The observations follow 8.”

0.8411 0.8191 0.8182 0.8125 0.8750
0.8580 0.8532 0.8483 0.8276 0.7983
0.8042 0.8730 0.8282 0.8359 0.8660

In this example, the sample mean (x) and the sample variance (S2) can be calculated from the data.
However, the population variance (o2) is unknown, which does not allow us to find the standard
deviation of the probability distribution. Additionally, the sample size is less than 40, but if we
could prove that the probability distribution of the population is Normal, then the sample variance
could be used instead of the population variance to calculate the standard deviation in the test
procedure. To investigate whether the distribution of a parameter is Normal, we need to plot the
standardized normal scores (z —values) versus the observations and then do the linear regression
to measure the goodness of the fit.

Python poses a powerful statistical module, scipy. stats, which contains a growing library of
statistical functions and a large number of probability distributions. Norm. ppf is the standard
normal distribution function of this package, which by default uses the mean of zero and the
standard deviation of one. The function could be utilized to evaluate the z —values of a big set of
data. Moreover, the polyfit and polyval functions of the numpy library could be employed to
perform the linear regression for the graph of computed z —values versus the observations. Table
1 summarizes the calculated z-values. Error! Reference source not found. clearly demonstrates
that the probability distribution of the coefficient of restitution of data is approximately Normal.

The above example is a typical statistical quality assurance problem that junior industrial engineers
would face in such a course.

Table 1. Calculations for construction of a normal probability plot.

i Observed values (x;) z;

1 0.7983 -1.833
2 0.8042 -1.281
3 0.8125 -0.967
4 0.8182 -0.727
5 0.8191 -0.524
6 0.8276 -0.340
7 0.8282 -0.167
8 0.8359 0

9 0.8411 0.167
10 0.8483 0.340
11 0.8532 0.524
12 0.8580 0.727

13 0.8660 0.967



14 0.8730 1.281
15 0.8750 1.833

@& Observations
2 4 = Linear fit

078  0.80 0.82 0.84 086  0.88 0.90
Coefficient of restitution

Figure 1. Normal probability plot of the coefficient of restitution data

4.2. Mechanics of Fluids-Civil Engineering Curriculum

Engineers are interested in measuring the resistance to flow in topics varying from nutrient
transmission through a plant’s vascular system to flow in blood vessels. Friction factor (f) is a
dimensionless number that measures the resistance of flow in such conduits. Literature contains
several empirical equations to compute the friction factor, which Colebrook equation is one of the
most widely used one:

1 € 2.51
— =—2.0 log (— + ) (1)

where € represents the roughness in (m), D is diameter (m), and Re is the Reynolds number:
_pVD
u

)

Re

where p is the fluid’s density (kg/m®), V is the fluid’s velocity (m/s), and y is the dynamic viscosity
(N.s/m?). It should be mentioned that Eq. (1) is valid only for Re > 4000, which serves as the



criterion for turbulent flow. This is an implicit equation for f, which means we cannot find f
directly from the equation. To compute f, the solver requires an appropriate initial guess to narrow
down the search process. One way of finding the initial guess is to rearrange Eq. (1) and re-write
itas F(f) = 0:

F(f) = — 4201 Qﬁ—+251> 3
A °6\37D Re JF ()

Then function F(f) versus fis plotted to determine the x-intercepts of the graph. Those
x —intercepts can serve as the initial guess. The case study below gives more details.

“Air flows through a smooth, thin tube whose e = 0.0015 mm. Other parameters for this problem
are pgir = 1.23 kg/m®, pgir = 1.79 x 1075 N.s/m?, D = 0.005 m, and V,; = 40 m/s. the
resistance of air through such a conduit is to be determined °.”

After making sure the criterion for turbulent floe is satisfied (Re > 4000), the function F(f)
versus fis plotted using the sympy. plotting library of Python, as shown in Figure 2. As can be
seen, the x-intercept is in the region of 0.03, so this value is chosen as the initial guess for the
solver. Subsequently, the fsolve function of the scipy. optimize library is applied to find the
exact value of f as:

f = [0.02896781]

The above example is a typical mechanics of fluids problem that sophomore civil engineers would
see in such a course.
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Figure 2. Graph of F(f) versus friction factor



4.3. Engineering Thermodynamics-Mechanical Engineering Curriculum

The first law of thermodynamics, also called energy balance, states that energy can neither be
created nor destroyed in a process. Thermodynamic processes involving control volumes are
divided into two groups: steady-flow and unsteady-flow (transient-flow) processes. During a
steady-flow process, there is no change within the control volume. However, many of the practical
engineering process are unsteady-state, which means changes within the control volume with time
occur. Therefore, the mass and energy contents of the control volume as well as the energy
interactions across the boundary should be considered in the analysis of transient-flow processes.
Writing the unsteady-state energy balance for a control volume results in an ordinary differential
equation (ODE), which could be easily solved by Python with a few lines of codes. Example below
illustrates a quantitative example of such a case.

“An insulated, electrically heated tank for hot water contains190 kg of liquid water at 60 °C when
a power outage occurs. If water is withdrawn from the tank at a steady rate of 0.2 kg/s, determine
the temperature of the water in the tank after three hours. Assume cold water enters the tank at 10
°C at the same rate it is withdrawn. Also assume heat capacity does not change with temperature
and perfect mixing of the water in the tank %°.”

The unsteady-state energy balance in terms of enthalpies, mass, mass flow rate, and internal energy
leads to:

dMu) .
dt = Miphin — Moyehoue (4)
d(Mu) ®)
dt = m(hin - hout)
du 6
ME = m(hin - hout) ( )

Water is an incompressible substance and the specific heat capacity at constant volume (C,,) and
specific heat capacity at constant pressure (C,,) for incompressible substances are the same. Thus,

changes in specific internal energy (u) and specific enthalpy (k) for incompressible substances can
be written as:

du = CdT @)

Ah = C(Tin — Tour) (8)
Substituting Egs. (7) and (8) into the Eq. (6) and applying the assumption of perfect mixing gives:
dT m

= (T.. — 9
=2 (T = T) 9)

where T is the temperature of water inside the tank, T;,, is the temperature of the incoming water,
m is the steady flow rate in and out of the tank, and M is the initial mass of water inside the tank.
The scipy. integrate has the odeint function that allows the programmer to easily solve any



ordinary differential equation (ODE) over any time interval. Figure 3 illustrates the temperature of
water in the tank for three hours.

The above example is a typical engineering thermodynamics problem that sophomore mechanical
engineers would come across in such a course.

ODE sclution of dTdt = (m_dot/M*(T_in-T)

& B S 8

Temperature, T, C
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=

0.0 05 10 15 20 25 30
Time, t. h

Figure 3. Temperature of water in the tank versus elapsed time.

4.4, Heat Transfer- Petroleum Engineering Curriculum

When electricity moves through any wire, they are being pulled along by an electric field and
transfer part of their kinetic energy to the neighboring atoms and raise their temperature. This
process is called Joule heating. Insulators are used in electrical equipment to transfer the heat
generated in wires to the surrounding air. There exists an optimum insulation thickness that would
minimize the temperature of wire. Knowing this optimum thickness is essential for the design of
wire insulation because any thickness greater than or smaller than this optimum value would result
in overheating. Example below demonstrates how Python could assist us in determining the
optimum thickness for a wire insulator.

“The steady-state heat flow in a cylindrical shell (Figure 4) is written to compute the steady-state
temperature of the wire:

q 1 (rw+ri> 1 1 ]
T=T. +—|[=1 . 10
alr+2n[k n Ty ++h (rw + 1) (10)




where q is the heat generation rate (W/m), r,,, is the wire radius (m), r; is the thickness of insulation
(m), k is the thermal conductivity of insulation W/(m.K), and h is convective heat transfer
coefficient (W/m2.K). For a wire with the following parameters, the optimum thickness of the
insulator that minimizes the wire’s temperature is to be determined *.”

q= 75WI/m, 7, =6mm, k =0.17 W/(m K), h = 12 W/(m? K), and T,;, = 293 K.
‘ir

\ \

T, "

. .u| |

/ fl

Figure 4. Cross-section of an insulated wire.
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The sympy. plotting package of Python is utilized to plot the wire’s temperature versus the
thickness of insulation. Figure 5 clearly shows that the temperature of wire is a parabola that has
an absolute minimum value. Using the fmin function of the scipy.optimize package, the
optimum insulation thickness that minimizes the wire’s temperature is 8.15 mm. The minimum

temperature of wire with this insulation thickness is 423.54 K. The solver successfully terminated
the optimization after 11 iterations.

Optimization terminated successfully.

Current function value:
423.539768

Iterations: 11

Function evaluations: 22
[8.15625]

The above example is a typical heat transfer problem that junior petroleum engineers would come
across in such a course.
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Figure 5. Plot of wire's temperature versus thickness of insulation.

4.5. Chemical Reaction Engineering-Chemical Engineering Curriculum

Chemical reactions are usually characterized by a chemical change, and they yield one or more

products. A constituent can be synthesized in a closed system through a sequence of two chemical
reactions:

2A+B2C
A+D2C

The equilibrium constant expression for each chemical reaction is written as:

CC
K. =
1 czcy (1)
K, = —< (12)
CaCqa

where c; designates the concentration of constituent i. If x; and x, represent the number of moles
of C that are generated in the first and second reactions, respectively, then the concentrations of
each constituent can be written in terms of x; and x, as:

Cq = Cgo — 2X1 — X3 (13)
Cb = Cb,O - xl (14)
Cc = Ceo t X1+ %, (15)
Cd = Cd,O - x2 (16)

where c; o represents the initial concentration of each constituent. Substituting these values into
Egs. (11) and (12) gives:



Ceo+ x4 +x

(Cco 1 _ 2) (17)
(Ca,o —2x; — x3) (Cb,o — X1)

(Ceo + %1 + x3) (18)

(Cqo — 2x1 — xz)(cd,o = X3)

K1:

K2=

This is a system of non-linear equations with two unknowns. The solution to this problem involves
finding the zeros of:

(Cc,o + x1 + x3)

- K 19
(Cqo — 2x1 — xz)z(cb,o — X1) ! (19)
(Ceo + %1+ x3) (20)

- K
(Cq0 — 2x1 — x2)(Cq0 — X2) 2

Fi(x1,%3) =

Fy(xq,%2) =

mol mol mol

“If a0 =50—,cpo =20—,c0 =5—=,cq0 = 10m0[ K, =4x10"*mb. mol 3K, =
3.7%x107%m .mol 1 then x, and x, are to be determined 12.”

Tthe fsolve function of the scipy. optimize package could be employed to solve this system of
non-linear equations. Python returns x; and x, as:

[3. 33660129 2.67718089]

The above example is a typical chemical reaction engineering problem that junior chemical
engineers would come across in such a course.

4.6. Electronic Circuits-Electrical Engineering Curriculum

The current in an AC circuit is usually in the form of a sinusoid wave function because it results
in efficient energy transmission:

[ = lpeqk Sin(wt) (21)
" = 2n (22)
T

where i is the current (A), iyeqx is the peak current (A), w is the angular frequency (radians.s™),
and t is time (s). Integration is needed to determine the average current over one period:

1

T

- . . k

[ = —f ipeak Sin(wt)dt = pea
0

T —— (—cos(2m) + cos(0))) =0 (23)

The integration leads to zero, which ignores the fact that such a current generates power. To
address this issue, electrical engineers determine the root-mean-square current i,.,,<(A) as:



. LT, V2
lrms = \/Tf lgeak sin?(wt)dt = TLpeak (24)
0

The above equation shows that i, is approximately 70% of the peak current for sinusoidal wave
function. However, in practical electrical engineering problems, more complicated wave functions
(i.e. triangular or square waves) are observed, which makes the analytical integration cumbersome.
In such cases, numerical integration methods should be applied to evaluate i,,;.

“If the integral that must be evaluated to determine the root-mean-square current of a non-
sinusoidal function is *3”

1
2

P2, = f (10e~t sin 27t)? dt (25)
0

Then the analytical integration would be a very difficult task. However, the quad function of
scipy. integrate library of can be employed to evaluate the integration as:

(15.412608048101674, 1.711143232452547e-13)

The return value is a tuple, with the first element being the estimated value of the integration and
the second element being the upper bound on the error to sixteen significant figures.

To better understand the physical meaning of the estimated i,.,,,5, recall that Ohm’s law states that
voltage is directly proportional to current:

V=iR (26)
where R is the resistance (). Moreover, Joule's law states that instantaneous power absorbed by
a circuit element is the product of the current through it and the voltage across it:

P=1iV (27)
where P is power (W), and V is voltage (V). Substituting Eq. (26) into Eq. (27) gives:

P =i%R (28)
Then, the average power can be computed by integrating Eq. (28) over one cycle with the result:

P =i2,.R (29)
This is equivalent to the power generated in a DC circuit with a constant current of i,.,,.

The above example is a typical electronic circuit’s problem that sophomore electrical engineers
would see in such a course.



5. Recommendation

The most obvious extension of this work would be to apply the “Python for Engineers” course in
the freshmen-engineering curriculum both in the U.S. and abroad, and analyze the data on how the
introduction of this new course affected the critical thinking of the engineering students. The most
striking advantage of Python over MATLAB and Excel is that it is open source and free. Although
almost all engineering colleges in the U.S. are equipped with MATLAB, their students need to be
present in their campuses to have access to this software. Note that many engineering colleges in
the developing countries cannot even afford Microsoft Office, and therefore they do not have
access to Excel. However, these colleges can use Python at no cost.

6. Conclusion

Python is a general-purpose language that is gaining popularity among engineers as well as in the
learning environment because:

1. Python is open-source. This is of immense importance in academia because many
universities in the developing countries cannot afford the high license fees of other
mainstream languages.

2. Python is versatile. Python codes can be written on all major operating systems (i.e.
Windows, Mac, OS, Linux, and Unix), and no modifications for the codes are needed to
run them in other operating systems.

3. Python is user-friendly and is easy to learn.

4. Python takes advantage of powerful computational packages such as Numpy and Scipy that
facilitate the problem-solving process.

The article proposes Python for Engineering as a general engineering course that concentrates on
the numerical computation rather than programming itself. The article also contains six case
studies chosen from six engineering disciplines to show the impact of Python as a free and
powerful computation utility on improving the critical thinking of engineering students nationally
and abroad.
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