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ABSTRACT

This study develops a contextual STEM mathematical modeling framework using a small-scale Savonius wind turbine as an
engineering context for public high school education. The framework structures the modeling process from a physical
renewable-energy phenomenon to technological context, engineering parameters, mathematical formulation, numerical
exploration, graphical representation, and contextual interpretation. A rotor diameter of 0.25 m and a height of 0.30 m were
used to define a projected swept area of 0.075 m2, while wind velocity was varied from 0.5 to 3.0 m/s. The resulting model,
P(V)=0.04594(V)3, illustrates how an engineering relationship can be transformed into a school-level cubic function and
explored through calculations, ratios, tables, and graphs. The calculated available wind power increased from 0.0057 to
1.2403 W across the modeled range, illustrating the nonlinear effect of wind velocity. The contribution of the study lies in
the structured integration of science, technology, engineering, and mathematics through a single modeling sequence rather
than in proposing a new wind-power equation. The calculated values represent theoretical free-stream wind power, not actual
turbine output, and the framework has not yet been evaluated through classroom intervention.
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ABSTRAK

Penelitian ini mengembangkan kerangka pemodelan matematis STEM kontekstual dengan menggunakan turbin angin
Savonius skala kecil sebagai konteks rekayasa untuk pendidikan sekolah menengah atas. Kerangka ini menyusun proses
pemodelan mulai dari fenomena fisik energi terbarukan, konteks teknologi, parameter rekayasa, formulasi matematis,
eksplorasi numerik, representasi grafik, hingga interpretasi kontekstual. Rotor berdiameter 0,25 m dan tinggi 0,30 m
digunakan untuk menentukan luas sapuan sebesar 0,075 m2, sedangkan kecepatan angin divariasikan dari 0,5 hingga 3,0 m/s.
Model yang dihasilkan, (P(V)=0,04594V3, menunjukkan bagaimana hubungan rekayasa dapat ditransformasikan menjadi
fungsi kubik pada tingkat sekolah dan dieksplorasi melalui perhitungan, rasio, tabel, dan grafik. Daya angin tersedia yang
dihitung meningkat dari 0,0057 menjadi 1,2403 W pada rentang pemodelan tersebut, yang menggambarkan pengaruh
nonlinier kecepatan angin. Kontribusi penelitian ini terletak pada integrasi terstruktur antara sains, teknologi, rekayasa, dan
matematika dalam satu rangkaian pemodelan, bukan pada pengusulan persamaan daya angin yang baru. Nilai yang dihitung
merepresentasikan daya angin bebas secara teoretis, bukan keluaran aktual turbin, dan kerangka ini belum diuji melalui
intervensi pembelajaran di kelas.

INTRODUCTION

Science, Technology, Engineering, and Mathematics (STEM) education integrates disciplinary knowledge through problems
connected to real phenomena and technological applications. Renewable energy is particularly suitable because it combines
scientific principles, engineering parameters, technology, and quantitative reasoning. In Indonesian senior high schools,
however, renewable energy learning is often conceptual or only partially integrated, while limitations in facilities,
instructional resources, teacher readiness, time, and assessment may restrict more complex STEM activities [14], [20], [23]-
[25].

Within integrated STEM, mathematics provides the quantitative language for translating physical phenomena into variables,
functions, tables, graphs, and models. Engineering contexts are useful because measurable parameters can be transformed
into mathematical representations without losing their physical meaning. This approach is consistent with contextual
mathematics and Engineering Design Process frameworks that connect mathematical reasoning with authentic technical
problems [15], [16], [21], [24], [25].

Renewable energy has been used in secondary STEM activities to support scientific creativity, multiliteracy, critical thinking,
collaboration, and problem solving [17]-[20], [22], [24]. In Indonesia, Jamaludin et al. reported a windmill based STEM
activity at SMA Negeri 57 Maluku Tengah [19]. These studies demonstrate the educational relevance of renewable energy,
but most emphasize instructional implementation, project development, or learning outcomes rather than the explicit
transformation of an engineering energy relationship into a structured mathematical modeling sequence.
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A small scale Savonius wind turbine provides a suitable engineering context for such modeling. The Savonius rotor is a drag
based vertical axis wind turbine with relatively simple geometry, and contemporary research has largely focused on
aerodynamic behavior, rotor geometry, numerical simulation, flow modification, and performance enhancement [1], [3]-[13].
For a rotor with diameter D and height H, the available wind power can be represented by P_wind = 1/2 pDHV?, where p is
air density and V is wind velocity [2], [12]. When geometry and air density are fixed, the relationship reduces to the cubic
form P(V) = kV3. This transformation provides a mathematically accessible representation of a real renewable energy system
without assuming measured turbine efficiency, torque, or rotational performance.

From an educational perspective, the value of the wind-power relationship is not limited to demonstrating that power varies
cubically with wind velocity. More importantly, the relationship provides a pathway for translating an engineering system
into a mathematical model. Rotor dimensions define the swept area, wind velocity becomes the independent variable, and
available wind power becomes the dependent variable. These quantities can then be transformed into equations, numerical
comparisons, ratios, tables, and graphs before being interpreted again within the original renewable-energy context.
Existing Savonius turbine studies primarily use mathematical and numerical models to investigate aerodynamic performance,
rotor geometry, flow behavior, and performance enhancement [1]-[13]. In contrast, STEM education studies commonly
employ renewable-energy contexts to support project-based learning, scientific creativity, multiliteracy, critical thinking, and
other learning outcomes [14]-[25]. However, the connection between these two perspectives remains insufficiently
articulated. In particular, limited attention has been given to explicitly structuring how measurable parameters of a real
renewable-energy system can be translated into mathematical representations and then interpreted again in their engineering
context at the public high school level.

Accordingly, this study develops a contextual STEM mathematical modeling framework using a small scale Savonius wind
turbine as an engineering context. A rotor diameter of 0.25 m and height of 0.30 m are used, and wind velocities from 0.5 to
3.0 m/s are evaluated to demonstrate the cubic relationship between wind velocity and available wind power. The study
focuses on mathematical formulation, numerical comparison, graphical interpretation, and STEM integration; it does not
evaluate turbine aerodynamic performance or student learning outcomes.

METHOD

Research Design
This study employed deterministic mathematical modeling within a contextual STEM framework using a small scale
Savonius wind turbine as the engineering context. The objective was to translate a fundamental wind energy relationship into
a structured mathematical sequence for public high school education rather than to evaluate turbine aerodynamic performance.
The procedure comprised four stages: definition of engineering parameters, formulation of the wind power model, numerical
and graphical exploration, and contextual STEM interpretation. No wind tunnel, torque, rotational, or classroom
measurements were conducted. Therefore, all calculated quantities are theoretical model based values.
Engineering Context and Model Parameters
The rotor was defined by diameter D = 0.25 m and height H = 0.30 m. Air density was assumed constant at 1.225 kg/m?,
while wind velocity was varied from 0.5 to 3.0 m/s in 0.5 m/s increments. This range was selected solely for mathematical
exploration and does not represent an experimentally validated operating or self-starting range of the Savonius turbine. Model
parameters are summarized in Table 1.

Table 1. Parameters used in the mathematical model

Parameter Symbol Value
Rotor height H 0.30m
Rotor diameter D 0.25m
Swept area A 0.075 m2
Air density p 1.225 kg/m?
Wind velocity \% 0.5t0 3.0 m/s
Velocity interval AV 0.5 m/s

Using the selected rotor dimensions, the projected swept area was calculated from
A=DH )

The model was formulated under several simplifying assumptions. Air density was held constant at 1.225 kg/m3, rotor
geometry was fixed at (D = 0.25) m and (H = 0.30) m, and wind velocity was treated as a prescribed free-stream input for
mathematical exploration. Aerodynamic efficiency, power coefficient, torque, rotational speed, and electrical conversion
were not included in the calculation. Consequently, the model estimates only the kinetic power available in the airflow across
the projected rotor area and should not be interpreted as the mechanical shaft power or electrical output of the Savonius
turbine.
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Mathematical Modeling and Analysis

The available free-stream wind power was calculated using Eq. (2), where P wing is the Kinetic power available in the airflow,
pis air density, Ais the projected rotor swept area, and yis wind velocity [2], [12]. The equation is used here because the
purpose of the model is to translate the Savonius rotor geometry and wind-energy relationship into an accessible mathematical
representation, rather than to predict aerodynamic turbine performance. Therefore, P wing represents the theoretical energy
available in the airflow and not the power actually extracted by the rotor. [2], [12].

Substituting the fixed values of air density and swept area gives the principal mathematical model in Eqg. (3).
P(V) =0.0459413 3)

Wind velocity was treated as the independent variable and available wind power as the dependent variable. Equation (3) was
evaluated for all six prescribed velocity conditions.

Because air density and swept area remain constant, the relative change in power between two wind velocity conditions can
be evaluated using Eq. (4).

The ratio demonstrates that doubling wind velocity increases available power by a factor of eight, whereas tripling wind
velocity increases it by a factor of 27.

PP = (Va/Vi ) (4)
Results were presented as numerical values, relative ratios, and a graph. Inferential statistical analysis was not applied because
all values were deterministically generated from the governing equations.

Contextual STEM Mathematical Modeling Framework

The mathematical model was mapped to the four STEM domains. Science was represented by wind Kinetic energy,
technology by the Savonius turbine, engineering by rotor dimensions and swept area, and mathematics by area calculation,
cubic functions, ratios, tables, and graphs [14]-[16]. The relationship among the modeling stages is summarized in Table 2.
The procedure followed five stages: identification of the physical phenomenon, introduction of the technological context,
definition of engineering parameters, formulation and exploration of the mathematical model, and interpretation of the result
within the original renewable energy context. The framework is intended as a mathematical modeling resource rather than a
complete Engineering Design Process or a classroom effectiveness test.

Table 2. Contextual STEM mathematical modeling framework

Modeling Stage STEM Domain Learning and Mathematical Activity
Identify wind as an energy source Science Identify wind velocity and available energy
Introduce the Savonius turbine Technology Connect the model with renewable energy technology
Define D and H; calculate A = DH Engineering and Mathematics ~ Apply geometry and numerical substitution
Formulate P_wind = 1/2 pAV? Science and Mathematics Translate a physical relationship into an equation
Derive P(V) = 0.04594V3 Mathematics Construct a cubic function
Calculate, compare, and plot Mathematics Evaluate values, ratios, and a nonlinear graph
Interpret the result Integrated STEM Relate mathematical behavior to renewable energy

The research procedure used to develop the contextual STEM mathematical modeling framework is illustrated in Fig. 1.

Renewable Energy Savonius Wind Turbine ) Calculate Swept Area Formulate
Context ™ as Engineering Context M Define D, H, p, and V A = DH Pwind = 1/2 pAV*
L 4
Derive |,| Numerical Calculation || Tabular and Graphical Contextual STEM STEM Mathematical
P(V) = 0.04594V? and Ratio Analysis Representation Interpretation Modeling Framework

Fig. 1. Contextual STEM mathematical modeling procedure using the Savonius wind turbine as an engineering context.

RESULTS AND DISCUSSION

Mathematical Characteristics of the Savonius Wind Energy Context
The model was evaluated at wind velocities from 0.5 to 3.0 m/s using a constant swept area of 0.075 m2 and air density of
1.225 kg/ms3. Table 3 presents the calculated available wind power and its relative value with respect to V = 1.0 m/s.
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Table 3. Mathematical relationship between wind velocity and available wind power

V (mfs) \%& P_wind (W) Relative power (P/PV=1))
0.5 0.125 0.0057 0.125
1.0 1.000 0.0459 1.000
15 3.375 0.1550 3.375
2.0 8.000 0.3675 8.000
25 15.625 0.7177 15.625
3.0 27.000 1.2403 27.000

Available wind power increased from 0.0057 W at 0.5 m/s to 1.2403 W at 3.0 m/s (Table 3). The nonlinear trend follows
directly from Eq. (3), in which wind velocity is raised to the third power.

As shown in Fig. 2, the curve becomes progressively steeper as wind velocity increases. This behavior is consistent with the
fundamental free stream wind power formulation used in Savonius turbine analysis [2], [12].
Available Wind Power as a Function of Wind Velocity
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Fig. 2. Available wind power as a function of wind velocity.
The ratio analysis illustrates the cubic response. Doubling wind velocity from 1.0 to 2.0 m/s increases available power from
0.0459 to 0.3675 W, corresponding to a factor of eight. Tripling wind velocity from 1.0 to 3.0 m/s increases available power
by a factor of 27. Across the complete modeled range, velocity increases by a factor of six while available power increases
by a factor of 216. These comparisons demonstrate the difference between linear and cubic reasoning.
[The calculated values in Table 3 and Fig. 2 should be interpreted strictly as theoretical free-stream wind power rather than
as Savonius turbine output. A real turbine extracts only part of the kinetic energy available in the airflow, and its mechanical
performance additionally depends on factors such as the power coefficient, aerodynamic torque, rotational speed, rotor
geometry, and operating conditions [12]. These performance parameters were neither measured nor modeled in the present
study because the objective is mathematical modeling for an educational context rather than aerodynamic performance
prediction. Accordingly, the calculated Pwina values should not be interpreted or directly compared as measured mechanical
or electrical turbine output.
Although the wind power equation is generally applicable to wind energy systems, the Savonius specific context is introduced
through its vertical axis rotor geometry, for which the projected swept area is represented by A = DH. The turbine is therefore
used as a geometric and technological context rather than an aerodynamic performance model.

Contextual STEM Mathematical Modeling Framework
The second outcome is the structured integration of the mathematical model with the four STEM domains. Science is
represented by wind kinetic energy, technology by the Savonius turbine, engineering by rotor geometry, and mathematics by

functions, ratios, tables, and graphs. The sequence therefore moves from a physical phenomenon to engineering parameters,
mathematical abstraction, and quantitative interpretation.
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This organization is consistent with STEM based mathematics research in which engineering phenomena are used to
understand equations and functions and to develop mathematical models [15]. It also aligns with engineering based STEM
approaches that connect scientific understanding with real world problem solving [16].

For public high school education, the framework provides an analytical activity that can begin from predefined physical
parameters without requiring immediate turbine construction or wind tunnel testing. Students can identify variables, calculate
swept area, evaluate a cubic function, compare ratios, construct a graph, and interpret the result within the energy context.
This responds to the need for explicit and realistic renewable energy STEM resources identified in Indonesian senior high
schools [14].

The framework should not be interpreted as a complete Engineering Design Process because it does not include prototype
construction, iterative testing, or optimization. Likewise, no classroom intervention was conducted, so the study does not
claim improvements in numeracy, critical thinking, or STEM competency.

The principal outcome is therefore a structured mathematical modeling framework that uses the Savonius wind turbine as an
authentic renewable energy context rather than a prediction of turbine performance.

CONCLUSION

This study developed a contextual STEM mathematical modeling framework using a small-scale Savonius wind turbine as
an engineering context for public high school education. The framework connects a physical renewable-energy phenomenon
with rotor geometry, mathematical formulation, numerical exploration, graphical representation, and contextual interpretation.
For the selected rotor dimensions, the available wind power followed the expected cubic relationship with wind velocity,
increasing from 0.0057 W at 0.5 m/s to 1.2403 W at 3.0 m/s. Doubling the wind velocity resulted in an eightfold increase in
available wind power, while tripling it increased the available power by a factor of 27. The principal contribution of the study
is therefore the structured translation of a renewable-energy system into an integrated STEM mathematical modeling
sequence rather than the introduction of a new wind-power relationship. The calculated values represent theoretical free-
stream wind power and should not be interpreted as actual turbine output. Because no classroom intervention was conducted,
the effectiveness of the proposed framework for improving student learning remains to be evaluated in future studies.
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