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Abstract: Inspired by insect flight, oscillatory motion with pitching and plunging has been 
studied, and tandem configurations have been explored to enhance propulsive efficiency. As a first 
step in analyzing an oscillating tandem airfoil configuration, tandem airfoils are modeled as 
stationary. The present study investigates the aerodynamic effects of pitching angles on a tandem 
airfoil system using two NACA airfoil profiles, NACA 0030 and NACA 4412. While numerical 
studies have examined wing profiles and pitching angles, experimental analyses are relatively scarce 
due to their cost and time intensiveness. This study aims to complement existing numerical data and 
provide new insights into the aerodynamic performance of tandem airfoils. Experimental 
investigations are conducted in a wind tunnel for pitching angle combinations of the front and rear 
airfoils of 5°-10°, 5°-15°, and 10°-15°. The findings indicate that increasing the pitching angle of the 
tandem foil oscillation system results in a higher drag coefficient (𝐶𝐶𝑑𝑑) and lift coefficient (𝐶𝐶𝑙𝑙). For 
the NACA 4412 profile, the maximum 𝐶𝐶𝑑𝑑 and 𝐶𝐶𝑙𝑙 values were obtained at a pitching angle of 10°-
15°, with 𝐶𝐶𝑑𝑑 = 1.553 and 𝐶𝐶𝑙𝑙 = 2.0565. The NACA 0030 profile exhibits a decreasing trend in 𝐶𝐶𝑑𝑑 with 
increasing pitching angle, reaching a maximum 𝐶𝐶𝑑𝑑  = 0.883 at 5°-10°, while 𝐶𝐶𝑙𝑙  increases with 
pitching angle, peaking at 𝐶𝐶𝑙𝑙 = 0.619.  

 
Keywords: Oscillating Tandem Airfoil; Experimental analyses; Wind tunnel; NACA 0030; 

NACA 4412 
 

1.  Introduction 
The maximum practical potential of tidal current that is 

obtained from the measurement of 13 straits in Indonesia 
is around 1,5 GW1). Among the straits, Larantuka Strait is 
planned to be the site for the first tidal current power plant 
with a capacity of 30 MW2). Larantuka Strait has a current 
velocity of 3-4 m/s and an average kinetic power density 
of around 10 kW/m2 3). Currently, the future of the project 
in Larantuka is unclear and Indonesia's tidal energy 
potential remains untapped. Intensive research is needed 
to develop a turbine to harvest the energy from Indonesia's 
tidal current. In general, hydrokinetic turbines can be 
categorized into three: horizontal-axis hydrokinetic 
turbines, vertical-axis hydrokinetic turbines, and 
hydrokinetic turbines with oscillatory motion. Among 
these turbines, this paper focuses on the relatively new and 

more innovative, hydrokinetic turbines with oscillatory 
motion. The oscillating/flapping turbines are inspired by 
the flapping flight of nature’s flyers like birds and insects. 

The mechanism of wing flapping/oscillation motion has 
been studied over the past two decades. Of the many 
researchers in insect flight, several have successfully 
uncovered fundamental phenomena such as leading-edge 
vortex (LEV), spanwise flow, wing-wake interaction, and 
rapid wing rotation4–8). Generally, the flapping/oscillatory 
motion is simplified into pitching, plunging, or combining 
both9,10). However, as a first stage, it is common to model 
the flapping or oscillating system as stationary to reduce 
the case's complexity and focus on the aerodynamic 
performance of the airfoils/wings.  

In addition to single wing/airfoil configuration, many 
insects have more than one pair of wings, for example 
dragonflies. This observation in nature has encouraged 
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researchers to study tandem wings10–12). One of the 
highlights of the tandem wing system is the number of 
wings that can be added into the tandem configuration can 
increase the propulsive efficiency of the system. 

Using different foil profiles in a tandem foil 
configuration can produce different aerodynamic effects. 
In addition, the variable that most affects the magnitude 
of the aerodynamic forces is the pitching angle of the 
wing/foil. Many numerical studies have discussed the 
effects of wing profile and pitching angle. However, there 
are fewer experimental analyses than numerical studies, 
possibly due to the analysis's more expensive and time-
consuming nature. Therefore, more experimental data are 
needed to complement the numerical studies or provide 
new insight. 

 
2.  Literature Review 

Indonesia is one of the countries with the largest 
population in the world. Therefore, energy requirements 
are getting higher. Energy sources in Indonesia are still 
dominated by fossil fuels at 87.8%13).  Renewable energy 
is the government's main focus for alternative energy 
sources that are environmentally friendly and 
sustainable14). Technology development from renewable 
energy sources has begun, for example, by utilizing 
solar15–18), water current19,20), wave21,22), tidal23,24), wind25–

28), biomass29–32), geothermal33,34), or a combination of the 
above35,36). 

Tidal energy is promising in its application because it 
provides a lot of energy due to tidal movements. The 
kinetic energy generated from tidal movements can be 
extracted through ocean currents. However, energy 
extraction requires an energy conversion machine to 
convert kinetic energy into electrical energy. Several 
types of water turbines can be generally divided into 
horizontal-axis hydrokinetic turbines, vertical-axis 
hydrokinetic turbines, and hydrokinetic turbines with 
oscillatory motion. The discussion of hydrokinetic 
turbines utilizing oscillatory motion is interesting because 
it can present a high energy extraction efficiency37). Apart 
from that, the advantage of this type of turbine is that it 
does not require deep water and strong currents38). 

Many turbines with oscillatory motion use the NACA 
wing profile type. NACA is a name created by NASA 
(National Advisory Committee for Aeronautics), which is 
a cross-sectional shape designed in such a way as to get a 
specific reaction of fluid movement around it. One of the 
series of NACA is the four-digit NACA foil. The first digit 
determines the maximum camber as a percentage of the 
chord. The second digit specifies the position of the 
maximum camber as one-tenth of the chord, measured 
from the airfoil's leading edge. The last two digits 
determine the maximum thickness of the foil as a 
percentage of the chord. 

The first discovery of a hydrokinetic turbine utilizing 
oscillatory motion was the study of the Wingmill by 
McKinney and DeLaurier in 198139). The study used a 

NACA 0014 foil with a chord length of 6.35 cm and a span 
of 34.29 cm. The resulting power extraction on the turbine 
is 16.8%, with a power of 90 W. Then, the Wingmill 
research was continued by Jones et al. in 2003 by applying 
a tandem configuration to the Wingmill turbine with a 
stagger/horizontal distance between foils of 2.54 cm40). 
The research was conducted numerically and 
experimentally. Through the numerical approach, this 
study concluded that using a tandem configuration can 
increase the turbine's efficiency. However, the 
experimental data were smaller than the numerical 
simulation results. 

In 2005, The Engineering Business Ltd. created a large 
project called Stingray41). Using one NACA 0012 foil with 
a chord length of 3 m, Stingray produced an average 
power of 100 kW with a power extraction efficiency of 
17.9%. Unfortunately, this research was discontinued due 
to funding issues. 

Thomas Kinsey and Guy Dumas researched a turbine 
utilizing foil oscillation motion with a tandem 
configuration37). The foil used is a NACA 0015 profile 
with a chord length (𝑐𝑐) of 0.24 m, a span of 1.68 m, and a 
stagger of 5.4- 𝑐𝑐 . The pitching motion of the foil is 
regulated through a chain and sprocket mechanism that is 
directly connected to the plunging movement of the foil. 
The resulting power extraction efficiency is 40%, with an 
average power of 1.29 kW. 

Research on hydrokinetic turbines with oscillatory 
motion is interesting because using a tandem 
configuration on the turbine can increase the power 
extraction efficiency of the turbine. The study by 
Koutsogiannakis E. P. et al. showed that a turbine with 
two foils resulted in an 11% increase in performance 
compared to an oscillating turbine with one foil; 
furthermore, the use of a three-foil configuration can 
produce a performance increase of 21%42). Wenhua Xu, 
et.al. shows that tandem hydrokinetic turbines can 
produce efficiencies of up to 36.3% at medium Strouhal 
numbers for good heaving and pitching movements43). 
Kinsey and Dumas also showed that the use of tandem 
hydrofoils has great potential because of their high 
efficiency, although the position of the two hydrofoils 
plays a high role in getting the maximum possible 
efficiency44). 

The current research aims at developing a tandem 
flapping/oscillating hydrokinetic turbine with a capacity 
of 1.2 kW. The turbine’s purpose is to supply electricity 
for residential use in remote areas in Indonesia. Our 
previous works were mainly numerical studies, 
investigating various parameters such as pitching angle, 
stagger or horizontal distance between the front airfoil 
pivot and the rear airfoil pivot, and airfoil profile. The 
current research provides the experimental results. The 
development of the oscillating turbine is still in its early 
stages. However, this turbine will be among the first 
flapping/oscillating hydrokinetic turbines developed in 
Indonesia. 
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3.  Research Objectives 

The primary objective of this study is to experimentally 
investigate the effects of pitching angle on a stationary 
tandem airfoil configuration and to analyze the impact of 
using various NACA profiles. This study aims to provide 
information to help designers and engineers select the 
airfoil profile and the pitching angle combination of the 
tandem airfoils by analyzing the drag and lift forces of the 
system. This paper focuses on the Reynolds number (𝑅𝑅𝑅𝑅) 
of 55.000, a stagger of 1- 𝑐𝑐  (one chord-length), two 
airfoils: NACA 0030 and NACA 4412, and three 
combinations of pitching angle of the front and rear 
airfoils of 5°-10°, 5°-15°, and 10°-15°. 

 
4.  Materials and Methods 

This research is conducted experimentally using a wind 
tunnel to study the effect of airfoil and pitching angle on 
tandem airfoils under stationary conditions. Wind tunnel 
experiments are conducted on two airfoils, NACA 0030 
and NACA 4412, with a Reynolds number (𝑅𝑅𝑅𝑅)  of 
55,000. The length of the airfoil chord (c) is 0.2 m, with 
the pivot located at 25% of the chord, measured from the 
leading edge (LE). The stagger or horizontal distance 
between the front airfoil pivot and the rear airfoil pivot 
used is 1-𝑐𝑐, and the combinations of pitching angle used 
are 5°-10°, 5°-15°, and 10°-15° for front and rear foils, 
respectively.  

The x- and y-axis forces (𝐹𝐹𝑥𝑥  and 𝐹𝐹𝑦𝑦 ) were measured 
using two sunrise instrument (SRI) loadcell units 
connected to a data acquisition system (DA) and then 
processed using APROPOS, a data processing software. 
In the APROPOS process, only the zero-drift correction 
of the instrumentation system is used, otherwise known as 
the First and Second Zero Correction. Aerodynamic 
forces of 2D tandem foils in 𝑡𝑡ℎ𝑒𝑒 𝑥𝑥-axis direction represent 
the drag (𝐹𝐹𝑥𝑥), and the 𝑦𝑦-axis direction represents the lift 
(𝐹𝐹𝑦𝑦). 

As the first step in conducting the present research, a 
test model is designed and shown in Fig. 1. In Fig. 1, 
number 1 is the tandem airfoil, number 2 is the support 
structure of the airfoil, and number 3 is the test section in 
Educational Low-Speed Wind Tunnel (ELST) at Pusat 
Penelitian Ilmu Pengetahuan dan Teknologi (Puspiptek) 
Badan Riset dan Inovasi Nasional in Serpong. 

 

 
Fig. 1: Design of tandem foil test rig45) 

After installing the structure support and loadcell, some 
special preparations are needed, namely the following two 
pre-test stages. First, calibration of the loadcell, known as 
check load, to ensure that the loadcell is working 
accurately on the measured force components (𝐹𝐹𝑥𝑥 and 𝐹𝐹𝑦𝑦) 
and to verify the calibration matrix of each loadcell. The 
calibration is carried out in 2 stages by checking the data 
measured on the loadcell, namely calibration on each 
loadcell (one by one) and calibration with loadcell units 
connected, where a shaft connects the loadcells. 

 
Table 1: Standard deviation on each foil45). 

Airfoil Type 
Aerodynamic 

Force 
Standard Deviation 

NACA 0030 
Drag Force 0.120 N 0.015 % 

Lift Force 0.790 N 0.099 % 

NACA 4412 
Drag Force 0.128 N 0.016 % 

Lift Force 0.426 N 0.053 % 

 

 
 (a) 

(b)  
Fig. 2: Check load results on the (a) 𝑦𝑦-axis; (b) 𝑥𝑥-axis45) 

 
Based on Table 1 and Fig. 2, it is known that the 

maximum standard deviation of the measurement results 
is smaller than the limit of the hysteresis and linearity 
repeatability criteria of the measuring instrument, which 
is 0.5% or 4 N for 𝐹𝐹𝑥𝑥 and 𝐹𝐹𝑦𝑦 of the full scale; therefore, 
this calibration process can be declared as valid. 

Second, calibration of the wind tunnel to ensure that the 
wind speed experienced by the model is the expected 
speed, which is determined by extrapolating the wind 
speed measurement at the contraction section (nozzle) of 
the wind tunnel. Two correction methods are used in this 
calibration: First Zero and Second Zero. First Zero is the 
initial condition of the Data Acquisition system before the 
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test model is given a wind load so that when 
measurements are taken, the loadcell reads the actual 
aerodynamic forces and moments. The Second Zero is the 
final condition of the Data Acquisition system when the 
test is completed, and the wind load that hits the model is 
no longer present. 

Second, calibration of the wind tunnel to ensure that the 
wind speed experienced by the model is the expected 
speed, which is determined by extrapolating the wind 
speed measurement at the contraction section (nozzle) of 
the wind tunnel. Two correction methods are used in this 
calibration: First Zero and Second Zero. First Zero is the 
initial condition of the Data Acquisition system before the 
test model is given a wind load so that when 
measurements are taken, the loadcell reads the actual 
aerodynamic forces and moments. The Second Zero is the 
final condition of the Data Acquisition system when the 
test is completed, and the wind load that hits the model is 
no longer present. 

 
5.  Results 

This experimental study investigates the influence of 
pitching angle on tandem NACA 0030 and NACA 4412 
airfoils, where the aerodynamic forces in this study are 
considered two-dimensional. With the current Reynolds 
number ( Re ) regime (55,000), the external flow is 
assumed to be laminar. The fluid flow used has a density 
(𝜌𝜌) of 1.225 kg m3⁄ , dynamic viscosity (𝜇𝜇) of 1.07894 × 
10–5 kg ms⁄ , velocity (𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟) 4.07 m s⁄ , the foil’s chord 
length (𝑐𝑐) is 0.2 m, and the swept area of the foil (𝑆𝑆) is 0.1 
𝑚𝑚2. The equation for the Reynolds number can be seen in 
Eq. 1. 

Re =  
𝜌𝜌𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟𝑐𝑐
𝜇𝜇

 (1) 

 
The results of this study are presented as a data set in 

tabular form of two variables: drag force and lift 
coefficients. The drag and lift coefficients presented here 
are the total amount of the front and the rear airfoils. From 
the force data that has been measured, it is necessary to 
process the data so that the data are obtained in the form 
of coefficient of drag (𝐶𝐶𝑑𝑑) and coefficient of lift (𝐶𝐶𝑙𝑙) for 
relevant comparison with other published data. 

 
Fig. 3: Coefficient of lift and drag with different pitching 

angle combinations on NACA 4412. 

Fig. 4: Coefficient of lift and drag with different pitch angle 
combinations on NACA 0030. 

 
6.  Discussion of Results 

From the results that have been produced, it can be seen 
that the 𝐶𝐶𝑑𝑑 and 𝐶𝐶𝑙𝑙 trends of NACA 4412 are similar to the 
results of experimental and theoretical studies conducted 
by Osama E. A. and Ahmed F. A. G. (2000) at the 
Reynolds number of 220.00046). In general, there is an 
increase in 𝐶𝐶𝑑𝑑 and 𝐶𝐶𝑙𝑙 as the pitching angle increases. Both 
studies were conducted on NACA 4412 with 1-𝑐𝑐 stagger 
and pitching angle variations from 5° to 15° degrees. The 
study of Osama and Ahmed only uses the same angle for 
the front and rear foils. For example, both front and rear 
foils are set at 5° or 10°, unlike the current study. These 
differences in Reynolds number and pitching angle 
variations make the 𝐶𝐶𝑑𝑑  and 𝐶𝐶𝑙𝑙  values different from the 
two studies. Despite the difference in Reynolds number 
and pitching angle variations, this earlier study provides 
valuable information on the effects of pitching angle on 
the lift and drag of tandem foils with 1-𝑐𝑐 stagger. 
The results of the study can be seen in Fig. 3 and Fig. 4. 

Each graph represents the drag and lift coefficients of each 
NACA profile at different pitching angles (5°-10°, 5°-15°, 
and 10°-15°). Figure 3 is the result of the test using NACA 
4412. It can be seen that 𝐶𝐶𝑑𝑑  and 𝐶𝐶𝑙𝑙  will continue to 
increase as the pitching angle of the front and rear airfoils 
increases. The minimum 𝐶𝐶𝑑𝑑 and 𝐶𝐶𝑙𝑙  are 0.347 and 1.175, 
respectively. They produce the maximum 𝐶𝐶𝑑𝑑  and 𝐶𝐶𝑙𝑙  at 
1.553 and 2.0565. 

Since the stagger between the two airfoils is 1-𝑐𝑐, the 
rear airfoil experiences a significant effect due to the wake 
of the front airfoil. The thickness and camber of the foil 
might cause beneficial effects, such as the high 𝐶𝐶𝑙𝑙  of 
NACA 4412 compared to NACA 0030. However, the test 
using NACA 0030 gives a different trend. The 𝐶𝐶𝑑𝑑 
decreases as the pitching angle increases, with a maximum 
value of 0.883 and a maximum value of 0.793. As 
mentioned in Osama and Ahmed’s study46), the decrease 
in 𝐶𝐶𝑑𝑑  value with increased pitching angles can occur 
because the rear airfoil experiences negative drag (thrust) 
due to vortex shedding behind the front airfoil. At the 
same time, the 𝐶𝐶𝑙𝑙 value increases from the pitching angle 
5°-10° (𝐶𝐶𝑙𝑙 = 0.067) to 5°-15° (𝐶𝐶𝑙𝑙 = 0.591) and then rises 
slightly to 𝐶𝐶𝑙𝑙 = 0.619 at 10°-15°. 
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If we compare the combined effect between NACA 

0030 and 4412 profiles, we can see that NACA 4412 
experiences a generally more significant 𝐶𝐶𝑙𝑙  effect than 
NACA 0030 at any pitching angle combination. NACA 
0030 produces more 𝐶𝐶𝑑𝑑  than 𝐶𝐶𝑙𝑙 , unlike NACA 4412, 
which is the opposite. However, NACA 4412 provides a 
larger 𝐶𝐶𝑑𝑑 value than NACA 0030 in the 10°-15° pitching 
angle configuration. 

These findings indicate that for a tandem airfoil with a 
stagger of 1-𝑐𝑐 at the Re of 55.000, NACA 4412 is the 
superior airfoil. For a high lift coefficient, NACA 4412 
excels by generating lift, at minimum, 2.6 times the 
NACA 0030 at 5°-15°. Based on the lift-to-drag ratio 
(𝐶𝐶𝑙𝑙 𝐶𝐶𝑑𝑑⁄ ), NACA 4412 also performs better than NACA 
0030, which has a lift-to-drag ratio of less than one 
because the 𝐶𝐶𝑙𝑙 is always less than 𝐶𝐶𝑑𝑑. 

 
7.  Conclusion 

In general, the greater the pitching angle of the tandem 
airfoil configuration can produce higher 𝐶𝐶𝑑𝑑  and 𝐶𝐶𝑙𝑙  with 
increasing pitching angle of the front and rear airfoils of 
NACA 4412 with a maximum value of 𝐶𝐶𝑑𝑑 = 1.553 and 𝐶𝐶𝑙𝑙 
= 2.0565 at the combination of pitching angle 10°-15°. 
Meanwhile, the 𝐶𝐶𝑑𝑑  values of NACA 0030 are inversely 
proportional to the pitching angle, with a maximum of 𝐶𝐶𝑑𝑑 
= 0.883 at the pitching angle of 5°-10° and a 𝐶𝐶𝑙𝑙 value that 
increases with increasing pitching angle with a maximum 
of 𝐶𝐶𝑙𝑙 = 0.619 at 10°-15°.  
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Nomenclature 

𝑐𝑐 Chord Length (m) 
𝐶𝐶𝑙𝑙  Coefficient of Lift 
𝐶𝐶𝑑𝑑  Coefficient of Drag 
ELST Educational Low-Speed Wind Tunnel 
𝐹𝐹𝑥𝑥  Force in the x-axis direction (drag) (N) 
𝐹𝐹𝑦𝑦  Force in the y-axis direction (lift) (N) 
LE Leading Edge 
LEV Leading Edge Vortex 
NACA National Advisory Committee for 

Aeronautics 
Re Reynolds Number 
Uref Reference velocity 

 
Greek symbols 
𝜇𝜇  Dynamic Viscosity (kg ms⁄ ) 
𝜌𝜌  Density (kg m3⁄ ) 
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