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EXPERIMENTAL VERIFICATION OF A 

SNUBBING GRIPPER DESIGN FOR FINE WIRE 

SPECIMENS IN TENSILE TESTING  

Sivasanghari Karunakaran 1,* and Dayang Laila Abang Abdul Majid 1 

1. Department of Aerospace Engineering, Faculty of Engineering, Universiti Putra Malaysia,                    

43400 Serdang, Selangor, Malaysia  

*Correspondence: sivasanghari24@gmail.com  

Abstract: The effects of stress concentration caused by grippers in a simple tensile testing of fine wire 
specimens might influence the reliable extraction of their mechanical properties. In line with this issue, 
the effectiveness of a snubbing gripper design for simple tensile test of fine wires was studied. Instron 
3366 Universal Testing Machine with 5 kN load cell was used to apply uni-axial tension to two types of 
fine wire specimens: copper wire with diameter of 0.51 mm and shape memory alloy (SMA) wire, which 
is nickel-titanium (NiTi) wire with diameter of 0.31 mm. The snubbing gripper was applied to securely 
grasp the fine wires and the specimens were loaded until they fractured. The corresponding stress versus 
strain diagram was developed using data obtained from the Instron software to determine the ultimate 
tensile strength, which was then compared with the theoretical values obtained from the literatures. In 
general, the findings indicated that no slippage occurred at the fastened part between the gripper and 
the wire specimen. In addition, there was also longitudinally uniform elongation throughout the wire 
specimens, which proved there was a uniform stress distribution throughout the wires. Differences of 
the ultimate tensile strength value for the copper and NiTi wires with those in literatures were found to 
be 0.15% and 0.59%, respectively. Overall, the good agreement between experimental and theoretical 
stress versus strain diagrams has verified the proficiency of the snubbing gripper in grasping fine wire 
specimens for simple tensile tests. 
 
Keywords: tensile testing; fine wire specimens; gripper; ultimate tensile stress; shape memory alloy  

1. Introduction 

Today, fine wires such as the carbon steel, copper, gold, aluminum, stainless steel, magnesium and 
nickel titanium shape memory alloy (SMA) wires are widely used in various fields including aerospace, 
robotics, automotive, medical devices, electrical devices, structures, civil and textile industries. The wires 
are progressively required to become much finer, approximately less than 1-mm diameter, mainly due 
to the reduction of weight, functionality and miniaturization of products that use them [1]. The progress 
of fine wires can be seen in the research work by Daitoh et al. [2] and Tarui et al. [3], in which they have 
developed steel wire with diameter of 0.02 mm and the tensile strength higher than 4 GPa. Furthermore, 
Britz et al. had succeeded in developing the nickel-titanium (NiTi) actuator wires with diameter between 
0.25 mm and 0.5 mm, and with tensile strength of 200 MPa [4]. 

Simple tensile test on fine wire specimens is very important since it is utilized to determine material 
properties of these wires, especially their strength [5]. In tensile testing, strength of wires (or also known 
as tensile property) refers to the ability of the wires to resist loads from any pulling or stretching forces 
without rupture [5]. However, the extraction of tensile properties in tensile test for fine wire specimens 
is very sensitive and complicated due to exertion of stress by the grippers of the tensile testing machine, 
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which could result in unreliable tensile test results [6]. Besides that, during the execution of tensile test, 
the fine wire specimen is in direct contact with the gripper and has the tendency to slip, thus affecting 
reliability of results from the tensile test [6]-[8]. To overcome the slippage issue of fine wire specimens, 
the most practical thing to do is to tighten the gripper such that the specimen is securely grasped by the 
gripper. However, care should be taken when tightening the fine wire specimen as over-tightening can 
lead to premature deformation of the specimen, which subsequently affects the validity of the extracted 
mechanical data from the conducted tensile test [6]-[8]. With this in mind, adaptive gripper design that 
is capable of preventing the slippage and has adjustable tightening level is considered in this study.  

 In reference to the current standards for tensile tests such as ASTM E8/E8M-13a [9], there is no 
specific requirement for tensile testing of wire specimens. The usage of direct gripper for tensile testing 
is inappropriate because the wire cannot be analysed due to slippage tendency. Therefore, to best meet 
the requirements of compliancy of a standard tensile test, a snubbing gripper with three parts (i.e. non-
contact, contact and fastened parts) is designed. This snubbing gripper is designed in accordance to the 
specifications stated in ASTME8/E8M in relation to typical wire type specimens. It should be noted 
that the existing gripper provides greater strength in grasping specimens with various sizes such as dog-
bone, bar, plate type, round and sheet type specimens that comes with large diameter [9]. However, this 
new snubbing gripper design is more proficient for use with small-diameter specimens, particularly fine 
wires with diameter of less than 1 mm. In this paper, the effectiveness of the snubbing gripper design 
is verified by assessing its performance in grasping through a simple tensile test of fine wire specimens. 
Two types of wire specimens applied in this study are the copper wire and the NiTi SMA wire. Stress-
strain diagram is developed from the tensile test results while the mechanical properties such as ultimate 
tensile strength (UTS) are extracted from the tensile test machine. The obtained data is assessed through 
comparison with the published theoretical data in literatures to indicate whether the tensile test results 
from using the snubbing gripper are acceptably good or not. 

2. Material and Methodology 

2.1. Fine wire specimens 

The materials used in this experimental work were round copper wire with diameter of 0.51 mm 
and round nickel titanium SMA wire with 0.31 mm in diameter. The length of both wire specimens is 
200 mm. Copper wire is metal alloy that has copper as a principal component whereas NiTi SMA wire 
is a unique memory metal that remember their original shape after deformation. It should be noted that 
the copper wire is supplied by Shengqi Technology Metal Division while the nickel titanium SMA wire 
is supplied by Dynalloy, Inc. The technical properties of the materials are tabulated in Table 1.  

Table 1: Technical Properties of Copper [10] and Nickel Titanium Wires [11] 

 Copper wires Nickel titanium wires 

Density 8.96 g/cm3 6.45 g/cm3  

Diameter 0.51 mm 0.31 mm 

Melting point 1085 °C 1300 °C 

Composition  99.9% copper 50% Ni, 50%Ti 

Ultimate tensile strength 200 MPa [12] 1000 MPa [13] 

2.2. Snubbing gripper design  

To meet the functional requirements as recommended in ASTM E8/E8M for the application of 
fine wires specimens in tensile test, a snubbing gripper is designed and fabricated as shown in Figure 1. 
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This gripper is designed with dual functions: one is the nut-bolt fastener and another is the dimensional 
clamping as indicated in Figure 1(c). During the experiment, the nut-bolt fastener is used to grasp the 
wire securely for the test. It should be noted that the gripper is fabricated using aluminium and stainless-
steel materials, and possesses the benefits of inherent compliancy as recommended in ASTM E8/E8M. 
This makes the gripper ideal to be used for securely grasping the fine wire foe tensile testing, particularly 
for wires with diameter of less than 1 mm.  

 
(a) 

 
 
 

 
 

 

(c) 

 
(b) 

Figure 1: Snubbing gripper design: (a) SOLIDWORKS drawing of gripper, (b) physical fabricated 
gripper, (c) types of fasteners in gripper 

2.3. Tensile testing  

Tensile test was performed using the Instron 3366 Universal Testing Machine with 5 kN load cell 
at ambient room temperature. As recommended in ASTM E8/E8M, the strain rate used for copper 
wires was 2 mm/min. On the other hand, the strain rate of 0.2 mm/min was used for nickel titanium 
SMA wire as recommended in ASTM F2516. The uniaxial loading was applied until the specimen fail. 
Figure 2 depicts the image of the snubbing gripper, which was employed with the tensile testing machine 
during the experimental test. Note that the experiment was repeated three times for each type of wire 
(i.e. 3 specimens for each type of wire).  

3. Results and Discussion 

The constructed stress-strain diagrams for the copper and NiTi wires, which were loaded in tension 
until they fractured, are shown in Figure 3 and Figure 4, respectively. Previously, common shortcoming 
of the tensile test for fine wire specimens is that the stress transformation is non-uniform and slippage 
occurrences can be observed throughout the length of wire [12]. However, the results of stress-strain 
experimental data obtained from the conducted simple tensile test indicate that the fine wire specimens 
grasped by the snubbing gripper had longitudinally uniform elongation throughout the wire specimens. 
This further verify that there is a uniform and simultaneous stress transformation throughout the length 
of wire. The smooth uniform transformation also verifies that no slippage occurred during the tensile 
test, thus alleviate the effect of the stress concentration on the gripper.   

Dimensional clamping 

Nut-bolt fastener 
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(a) 

 
(b) 

Figure 2: Use of the snubbing gripper with the tensile testing machine: (a) side view of gripper 
placement, (b) front view of gripper placement   

 

Figure 3: Stress-strain diagram of the copper wire loaded in tension until fracture 

 

Figure 4: Stress-strain diagram of the NiTi wire loaded in tension until fracture 
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Moreover, it can also be observed that the use of the designed snubbing gripper is able to produce 
experimental results with reasonable accuracy in comparison to the present theoretical values for copper 
wires and NiTi wires as tabulated in Table 2. Krisha et al [13] in his research work had verified the UTS 
for copper alloy is 200 MPa whereas Brown [14] technical support officer from Dynalloy company had 
stated that the UTS for Flexinol NiTi wire can exceed 1000 MPa without cycle for a simple tensile test.  

Table 2: Comparison of Experimental and Theoretical UTS for Copper Wires and NiTi Wires 

Properties  
UTS 1 

(MPa) 

UTS 2 

(MPa) 

UTS 3 

(MPa) 

Average UTS  

(MPa) 

Theoretical UTS 

(MPa) 

Copper Wires 200.7 198.6 201.7 200.3 200 [13] 

NiTi Wires 1009.9 1002.7 1005.1 1005.9 1000 [14] 

 

Table 3 presents the measurement error of UTS for both copper wires and NiTi wires between the 
values obtained from the conducted experimental testing and the theoretical values from the literatures. 
The errors for copper wire and NiTi wire are calculated to be 0.15% and 0.59%, respectively. It can be 
concluded that the measurement error is significantly smaller in this experimental work, hence helps to 
verify that the snubbing gripper designed is an ideal solution to securely grasp fine wire specimens in 
tensile test. This also suggests that mechanical properties extracted by employing this snubbing gripper 
during tensile tests of wire specimens are more accurate due to the loading results in a uniform stress 
distribution. Accordingly, it is reasonable that this snubbing gripper design not only alleviates the stress 
concentration exerted by gripper but also prevents slippage occurrences during the tensile test. 

Table 3: Measurement error of UTS 

Properties 
Average UTS 

(MPa) 
Theoretical UTS 

(MPa) 
Error (%) 

Copper Wires 200.3 200 [13] 0.15 

NiTi Wires 1005.9 1000 [14] 0.59 

4. Conclusion 

In this paper, a simple tensile test of copper wire and NiTi wire specimens is conducted and studied. 
This research has verified that the snubbing gripper design is able to reliably grasp fine wire specimens 
securely and fulfill the requirements of the tensile test such as alleviating the stress concentration exerted 
by the gripper prior to the tensile test and preventing slippage caused by gripper during the tensile test. 
Furthermore, a good agreement is seen between the experimental and the theoretical stress versus strain 
diagram for the two types of wire specimens used in this study, thus further verifies the snubbing gripper 
is proficient in grasping fine wire specimens for simple tensile test. Future works includes testing the 
effectiveness of the snubbing gripper design to be used with decreasing diameter of wire specimens and 
also with different geometry shapes of wire specimens. 
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EFFECTS OF FLAPPING WING MICRO AIR 
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Abstract: The instability of flapping wing aircraft makes them difficult to control. As it is challenging 
to control and puts passengers at risk, it is not currently employed in modern aircraft technology. This 
study aims to analyze the aerodynamic coefficients of flapping wing aircraft at different flapping angles 
in order to understand their effects on the aircraft’s stability. XFLR5 software was used to calculate the 
aerodynamics coefficients and longitudinal derivatives in different range of flapping angles from 40° to 
-40°. This range of flapping angles has been selected for the purpose of this study based on the physical 
limitations of a mechanical vehicle. Theoretically, an aircraft without a tail is unstable because the main 
function of a tail is to produce a moment that counters the moment produced by the wings to balance 
the aircraft. In the presented research, a model has been designed with and without tail, and modeled 
using XFLR5 to produce the aerodynamics coefficients. Then, MATLAB software was used to develop 
the longitudinal flight dynamics for the model. The results show that the longitudinal motion is stable 
for the range of flapping angle between 40° to -40°. The natural frequency increases as flapping angle 
changes from 0° to 40° and from 0° to -40°. In the meantime, for the short period mode’s eigenvalue, 
the real part moves toward the origin as the flapping angle changes from 0° to 40° and from 0° to -40°. 
On the other hand, for the phugoid mode’s eigenvalue, the real part moves away from the origin to the 
left half plane as the flapping angle changes from 0° to 40° and from 0° to -40°. 
 
Keywords: flapping wing; MAV; aerodynamic coefficients; stability; flight dynamics  

1. Introduction 

In general, the aerospace industry is always evolving through implementation of new technologies 
into old and existing ones. It can be noted that the foundation of the industry is largely based on nature 
creatures such as birds, insects and others [1]. The flapping wing aircraft is an example of the earliest 
technologies that mankind has tried to make or replicate from nature. However, due to the complexities 
and challenges, flapping wing aircraft was not used and several other types of inventions such as fixed 
wing aircraft has been used instead because their efficiency [2]-[5]. Flapping wing aircraft is essentially 
difficult to develop because of inconsistency in terms of its stability. It is not implemented in today's 
aircraft technology due to limited understanding of its dynamics. With better understanding, an optimal 
controller can be developed to produce a safe flapping wing flight. To this effect, there are conducted 
researches that have demonstrated the benefits of using flapping wing, though implementation of such 
methods might be more suitable for the smaller-size micro air vehicles (MAVs) [6]-[11]. 

For flapping wing aircraft to find wider applications in the aerospace industry, such as for passenger 
transport missions, more studies are required to better understand its flight dynamics. With this notion, 
the research work presented in this paper is aimed to analyze the aerodynamic coefficients of flapping 
wing aircraft at different flapping angles. The knowledge gained from this study helps to establish their 
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influence on the aircraft’s stability and subsequently facilitates the design of a better controller for a safe 
flapping wing flight. 

2. Methodology 

In XFLR5 software, a flapping wing model was created based on the work by Bomphrey et al. [2]. 
The model was updated with Phoenix airfoil for the main wing section and NACA 0009 airfoil for the 
tail section. Once airfoils were specified and analyzed, the creation of the new plane model in XFLR5 
was completed. It should be noted that the NACA 0009 airfoil was chosen since it is symmetrical and 
commonly recommended for the aircraft’s tail section [12]. Figure 1 illustrates the isometric view of the 
designed plane model in XFRL5 and Table 1 lists the parameters of the model.  

 

Figure 1: Isometric view of the designed plane model in XFLR5 

Table 1: Parameters of model from XFLR5 

Parameter Value 

wingspan 1.56 m 

xyProj. Span 1.56 m 

Wing Area 0.39 m2 

xyProj. Area 0.39 m2 

Plane Mass 2.25 kg 

Wing Load 5766.048 g/m2 

Tail Volume 0.445 

Root Chord 0.18 m 

MAC 0.256 m 

Tip Twist 0 

Aspect Ratio 6.237 

Taper Ratio 1 

Root-Tip Sweep 0 

XNP = d(XCp.Cl)/dcl 0.112 m 

 

Firstly, using XFLR5 software, aerodynamics and stability analyses were done on the entire model 
to obtain its aerodynamics coefficients at Reynolds number of 6 x 106. Using the obtained aerodynamic 
coefficients and also previously estimated model parameters, the stability coefficients were computed. 
In this study, MATLAB software is applied in the calculation of the longitudinal and lateral coefficients 
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based on formulas from Nelson [13]. Next, the stability derivatives were calculated. Subsequently, the 
corresponding state matrix, natural frequency and damping ratio were derived. These parameters were 
then utilized to simulate the plane model. 

2.1. Equations of longitudinal motion  

A first-order vector differential equation known as the state equation describes the natural form of 
aircraft motion. It is a mathematical representation of the aircraft's stability and control. The following 
Equation 1 describes the current condition of a trimmed aircraft, where A is the state coefficient matrix, 

𝑥⃗ is the state vector, B is the driving matrix and 𝑢⃗⃗ is the control vector [13]. 

𝑥̇ = 𝐴𝑥⃗ + 𝐵𝑢⃗⃗ (1) 

Moreover, the longitudinal state equation is given by the following Equation 2. 

[

𝑢̇
𝑤̇
𝑞̇

𝜃̇

] = [

𝑋𝑢 𝑋𝑤 0 −𝑔
𝑍𝑢 𝑍𝑤 𝑈𝑜 0
𝑀𝑢 𝑀𝑤 𝑀𝑞 0

0 0 1 0

] [

𝑢
𝑤
𝑞
𝜃

] +

[
 
 
 
𝑋𝜂

𝑍𝜂

𝑀𝜂

0 ]
 
 
 
𝜂 (2) 

To use this state equation, the coefficients are first needed to find the longitudinal derivatives [12]. 
In general, the longitudinal derivatives can be attributed to changes in forward speed, pitching velocity 
and also time rate of change of angle of attack. Firstly, changes in the aircraft's forward speed will also 
alter its drag, lift and pitching moments. Plus, the aircraft's thrust is also a function of its forward speed. 
Meanwhile, the derivatives due to pitching velocity correspond to the change in the z-force and pitching 
moment coefficients caused by the pitching velocity, which is represented by stability coefficients, Czq 
and Cmq. The aircraft’s pitching motion affects the aerodynamic properties of both wing and horizontal 
tail. In most cases, the wing contribution pales in comparison to that of the tail. On the other hand, the 
derivatives due to time rate of change of angle of attack relate to the lag in wing’s downwash reaching 
the tail section and causing the stability coefficients below to increase. The circulation around the wing 
will change as its angle of attack varies. The downwash at the tail is altered by the change in circulation. 
However, the change takes a finite amount of time to occur. All in all, after calculating the coefficients, 
the longitudinal derivatives can be derived and the longitudinal state equation is obtained [13]. 

2.2. Validation study  

In order to show that the steps and process followed in this study were correct, an initial case study 
was conducted for validation purposes. This validation study was made based on the presented case of 
Cessna 172 aircraft wing that was published by Hidayat et al. [14]. The wing model, which has NACA 
2412 airfoil cross-sectional shape, was constructed in XFLR5 and it is as shown in Figure 2. The wing 
model was then analysed in XFLR5 under the same analysis settings as those specified in the reference 
literature. In this case, the Mach number was set to 0.19 and the range of Reynolds number was between 
6 x 106 to 6.5 x 106, with increment of 500,000.  

The analysis results from XFLR5 in the form of the plot of lift coefficient versus angle of attack is 
presented in Figure 3(a) while the one from the published reference is depicted in Figure 3(b). It can be 
observed that the two results are essentially consistent and greatly in line with each other, which is taken 
to validate the adequacy of steps and process used in this study. With this notion, the same methodology 
was applied in the analysis of the designed plane model that was the main focus of this study.  
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Figure 2: Constructed Cessna 172 aircraft wing model based on the study by Hidayat et al. [14] 

 
(a) 

 
(b) 

Figure 3: Plot of lift coefficient versus angle of attack from: (a) validation study in XFLR5,                             
(b) reference literature by Hidayat et al. [14]  

3. Results and Discussion 

Figure 4 shows the airfoil analysis results for both the Phoenix and NACA 0009 airfoils from the 
XFLR5 software. In this figure, the result for Phoenix airfoil is marked by red color whereas those for 
the NACA 0009 airfoil is indicated by blue color. Figure 4(a) depicts plot of lift coefficient, C1 versus 
angle of attack, . It essentially shows how these two airfoils behave in three main regions: linear, non-
linear and post stall regions. As can be observed, value of C1 initially increases linearly with increment 
in . However, at some point, C1 starts to decrease with further increase of  until it reaches the stall 
region, where the value of C1 decreases drastically. At this stall region, the wing has more pressure on 
its upper surface than its lower surface. For the Phoenix airfoil, it starts losing lift and enters stall region 
at  = 11°. At the same angle of attack, referring to Figure 4(b), it can be seen that the drag coefficient, 
Cd increases exponentially, which results in higher drag and decrease in the ratio of Cl/Cd as presented 
in Figure 4(c). Similar observations can be made with regard to the results for NACA 0009 airfoil, which 
appears to stall at lower angle of attack than that for the Phoenix airfoil. 
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(a) C1 versus  

 
(b) Cd versus  

 
(c) C1/Cd versus  

 
(d) Cm versus  

Figure 4: Airfoil analysis results for Phoenix airfoil (red) and NACA 0009 airfoil (blue)  

On the other hand, the analysis results from XFLR5 on the designed model are presented in Figure 
5. Of particular interest in terms of stability is the plot of the moment coefficient, CM versus  that is 
shown in Figure 5(d). It can be observed that the slope of this CM versus  plot is positive, which means 
that the plane model fulfills the longitudinal static stability criterion and can be trimmed. However, the 
plane cannot be trimmed at positive angles of attack and this condition is reflected by the negative value 
of angle of attack where the line plot intercepts the -axis. Meanwhile, looking at Figure 5(c) that depicts 
the plot of CL/CD versus , the value of CL/CD starts to decrease after  = 5° and this implies that plane 
is maybe close to entering its stall region where drag increases and lift decreases. Using the aerodynamics 
data obtained from XFRL5, the longitudinal coefficients were calculated using MATLAB. For flapping 
angle of 0°, the calculated values are tabulated in Table 2. These coefficients were then applied to obtain 
the dynamics model, natural frequency, damping ratio and eigenvalues. Finally, with this information, 
the stability of the model could be determined.  

For longitudinal dynamics, the eigenvalues are found to be -5.5233 + 34.9633i, -5.5233 – 34.9633i, 
-0.0285 + 0.2335i, and -0.0285 – 0.2335i. It can be observed that the eigenvalues are complex and the 
real parts of the root are negative. This indicates that the system is dynamically stable, which means that 
if the system was given an initial disturbance, the motion would be sinusoidal but would not grow with 
time and therefore it is considered to be stable. The natural frequency for the short period and phugoid 
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mode were found to be 35.3969 and 0.2352, respectively. In the meantime, damping ratios for the short 
period and phugoid mode were found to be 0.1560 and 0.1210, respectively. 

 
(a) CL versus  

 
(b) CD_viscous versus  

 
(c) CL/CD versus  

 
(d) CM versus  

Figure 5: Aerodynamics analysis results of the designed plane model   

Table 2: Longitudinal coefficients at flapping angle of 0° as obtained from MATLAB  

Stability Coefficients Value 

𝐶𝑥𝑢
 -0.0540 

𝐶𝑋𝑎
 0.0543 

𝐶𝑧𝑢
 -0.1440 

𝐶Z𝛼
 -4.6680 

𝐶𝐙𝛼̇
 -1.3491 

𝐶𝑧𝑞
 -2.8437 

𝐶𝑍𝛿𝑒
 -0.2427 

𝐶𝑚𝑎
 -2.5456 

𝐶𝑚𝛼̇
 -3.1619 

𝐶𝑚𝑞
 -6.6650 

𝐶𝑚𝛿𝑒
 -0.5688 
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Moreover, Figure 6 presents the summary for the longitudinal motion at 0° pitching. The first plot 
in Figure 6(a) shows the behavior of forward speed, u versus time, t. It shows that the amplitude of u 
is decreasing as time increases. In this case, the amplitude decreases to -40 in 10 seconds, which might 
indicate that aircraft is not generally stable in terms of forward speed. This situation might be because 
the plane model does not have a propulsive system since it is a glider and changes in thrust is expected. 
Meanwhile Figure 6(b) shows the change of vertical speed, w with time, t. The plot indicates that the 
amplitude of w oscillates between 0 and -0.4 at the start for roughly less than 1 second before becoming 
stable with minimum change in amplitude. In the meantime, Figure 6(c) shows the plot of pitch change, 
q versus time, t. It can be observed from the plot that the amplitude of q becomes constant after nearly 
half a second. Its amplitude appears to oscillate between 2 to -6 at the beginning and then decease to 0. 
Lastly, the final plot in Figure 6(d) shows the change in pitch angle,  against time, t. It can be seen in 
the plot that the change in amplitude of  is very small, which ranges  between 0 to -0.4. Furthermore, 
the amplitude oscillates between -0.2 to -0.4 in about 8 seconds, which is considered very stable. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6: Longitudinal response for pitching angle of 0°   

The same analysis was repeated for other flapping angles from -40° to 40° and the comparison of 
obtained results in terms of the natural frequency in longitudinal long period mode is shown in Figure 
7. It can be observed that the highest frequency of about 35 rad/sec was recorded at 0° angle while the 
lowest frequency of 21 rad/sec was recorded at both 40° and -40° angles. In general, it can be seen that 
as the flapping angle increases, the natural frequency decreases. On the other hand, Figure 8 shows the 
comparison of natural frequency for short period mode at different flapping angles. In short, the angles 
of 0°, 10° and 20° appear to have the same frequency of 0.235 rad/sec while all other angles have higher 
frequency with maximum of 0.266 rad/sec for flapping angles of 40° and -40°. Subsequently, essentially 
similar observations for the comparison of damping ratios at different flapping angles were obtained as 
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illustrated by Figure 9 and Figure 10. Furthermore, Table 3 tabulates the corresponding longitudinal 
eigenvalues for long and short period modes. It can be seen that all of the eigenvalues have a positive 
real root, which indicates that the aircraft is stable. Additionally, as flapping angle moves further from 
0°, the eigenvalues come closer to the origin point, which is 0.   

 
Figure 7: Natural frequency comparison for longitudinal long period  

 
Figure 8: Natural frequency comparison for longitudinal short period  

 
Figure 9: Damping ratio comparison for longitudinal long period  
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Figure 10: Damping ratio comparison for longitudinal short period   

Table 3: Longitudinal eigenvalues for all considered flapping angles  

Angle (°) Mode Eigenvalues 

40 
Short period -3.7795 ± 25.1072i 

Phugoid -0.0363 ± 0.2635i 

30 
Short period 

-4.1378 ± 26.8753i 

Phugoid 
-0.0331 ± 0.252i 

20 
Short period -4.4718 ± 28.6654i 

Phugoid 
-0.0284 ± 0.2335i 

10 
Short period -4.7547 ± 30.1062i 

Phugoid -0.0284 ± 0.2335i 

0 
Short period -5.5233 ± 34.9633i 

Phugoid -0.0285 ± 0.2335i 

-10 
Short period -4.741 ± 30.0785i 

Phugoid -0.0284 ± 0.2335i 

-20 
Short period -4.5081 ± 28.8478i 

Phugoid -0.03 ± 0.2398i 

-30 
Short period -4.1629 ± 27.0252i 

Phugoid -0.0331 ± 0.0252i 

-40 
Short period -3.8021 ± 25.1573i 

Phugoid -0.0363 ± 0.2635i 

4. Conclusion 

In this study, a model of flapping wing plane has been constructed using Phoenix and NACA 0009 
airfoils as the cross-sectional shape of the main wing and tail sections, respectively. This flapping wing 
vehicle’s model requires the tail section to provide balance as the main function of this tail section is to 
produce a moment that counters the moment that is produced by the main wing section. Based on the 
conducted stability analysis, it was demonstrated that this model could perform well for flapping wing 
vehicles. The results show that the longitudinal motion is stable for the range of flapping angle between 
40° to -40°. The natural frequency is shown to increase as the flapping angle increases from 0° to 40° 
and -40°. For the short period mode’s eigenvalue, the real part moves towards the origin as the flapping 
angle increases from 0° to 40° and -40°. On the other hand, for the phugoid mode’s eigenvalue, the 
real part is shown to move away from the origin to the left half plane as the flapping angle is increased 
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from 0° to 40° and -40°. The subsequent future work can be done on evaluating the dynamics stability 
of the flapping wing model at a lower Reynolds number in the range of 104 to 105. The sizing and shape 
of the airfoils can also be explored to find the optimal design for use in MAVs at low Reynolds number. 
This will provide designers with more understanding and a range of suitable options in designing MAVs. 
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Abstract: In-flight comfort has become an important issue among aircraft passengers. Over the years, 
the seat pitch used in the passenger cabin has been gradually reduced, which is believed to be the main 
source of in-flight discomfort among the passengers. A sitting comfort experiment is conducted in this 
study using available aircraft cabin mock-up at the Aerospace Design Simulation Laboratory, Universiti 
Putra Malaysia, Malaysia. 30 volunteers participated in the experiment whereby they assigned their level 
of sitting comfort for five different seat pitch arrangements: 66.04 cm (26 in.), 73.66 cm (29 in.), 81.28 
cm (32 in.), 88.90 cm (35 in.) and also 96.52 cm (38 in.). Their sitting comfort rating is assigned using 
the standard 5-point Likert scale and the collected data is then statistically analyzed using the MINITAB 
software. From the conducted statistical analysis, it is concluded that the seat pitch setting has a very 
significant effect on the passengers’ in-flight sitting comfort.  
 
Keywords: seat pitch; flight comfort; statistical analysis; aircraft cabin; sitting comfort 

1. Introduction 

Air transportation industry is progressively growing worldwide over the years as more people are 
using aircraft as their selected travel option. This situation also increases the level of market competition 
between airlines since air travelers are now provided with plethora of air travel services to choose from. 
The quality of offered services by the airlines has been indicated as the key consideration by passengers 
in their travel selection, which ultimately becomes the critical competitive factor for the airlines [1]-[2]. 
In general, a good quality flight service is often taken as the one that fulfills the needs and/or expectancy 
of the passengers [3]. Among the factors that directly contribute towards passengers’ perception on the 
quality level of flight services provided by the airlines, in-flight comfort is one of the important criteria. 
As indicated in Ref. [4], in-flight sitting comfort is a key element for in-flight service quality. Therefore, 
it is imperative for airlines to ensure that their aircraft cabin is capable to provide adequate comfort for 
their passengers throughout the flight trip.         

In general, comfort is defined as the pleasant state or relaxed feeling of the human body in response 
to the surrounding physical environment while discomfort is the opposite unpleasant feeling [5]. It has 
also been argued that comfort and discomfort are separate sensations, which indicates that the absence 
of discomfort does not necessarily mean comfort [6]. To date, many complaints of in-flight discomforts 
by passengers can be attributed to limited legroom available at their seat, which is directly linked to the 
setting of the cabin seat pitch. From ergonomists’ point of view, seat pitch is a critical comfort element 
in aircraft cabin design as it influences the easiness of passengers adopting a comfortable sitting posture 
during flight [7]. As depicted in Figure 1, seat pitch is a measure of the distance between one point of 
the seat to the exact same point of the seat in front or behind it. These days, airlines usually reduce the 
cabin seat pitch of their aircraft to further accommodate more passengers inside the cabin per flight in 
order to maintain profitability amid rising flight operation costs. It can be observed that the aircraft seat 
pitch, particularly in the economy class seating arrangements, has been gradually reduced over the years. 
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For instance, the seat pitch for many American airlines used to be around 78.74 to 88.90 cm (31 to 35 
in.) in the 1970s and that has generally reduced to only 71.12 cm (28 in.) in most of these airlines today 
[8]. A smaller seat pitch subsequently means much lower legroom available for passengers at their seat, 
contributing to their discomfort feeling during flight.  

 
Figure 1: Seat pitch and legroom measurement [9] 

With increasing importance of passengers’ in-flight comfort toward the market competitiveness of 
offered flight services, it is thus necessary for airlines to strike a balance between operational profitability 
and perception of their service quality by their passengers. Among others, this means that the seat pitch 
in their passenger cabin seating arrangement has to be set by also considering the passengers’ comfort.   
In view of this, the study presented in this paper aims to assess the underlying relationship between in-
flight comfort and seat pitch, with a focus on Malaysian population. By understanding this relationship, 
airlines can better design their aircraft cabin arrangements such that their passengers are provided with 
adequate level of flight comfort. 

2. Methodology 

An aircraft sitting comfort experiment is conducted using a cabin mock-up available in Aerospace 
Design and Simulation Laboratory, Universiti Putra Malaysia. The cabin mock-up is as shown in Figure 
2. Voluntary participants for the experiment are contacted through promotional ‘call for participants’ 
postings on several social media outlets such as WhatsApp and Facebook. The main selection criteria 
for the participants include that they must be Malaysian citizen and must have previous experiences in 
using commercial flight services prior to the experiment.  Overall, among all of the responses received, 
30 volunteers have been down selected and invited to participate in the experiment. 

For the comfort sitting experiment, the participants are asked to individually sit in the aircraft cabin 
mock-up, one at a time. Each participant sat through five different parts of the experiment where the 
seat pitch is adjusted at the end of each part, from 66.04 cm to 96.52 cm (26 in. to 38 in.) Assessment 
of their perceived comfort level in each part of the experiment, hence the comfort of sitting at several 
different seat pitch settings, is provided by participants at the end of each part. This assessment is done 
using a prepared comfort survey that is adopted from another study in Ref. [10]. However, considering 
the differences between how the sitting comfort experiment is conducted in this study and the reference 
study, only the elements tabulated in Table 1 are included into the comfort assessment survey. In the 
meantime, standard 5-point Likert scale rating shown in Table 2 is applied in the assessment. It is noted 
that comfort assessment is also often associated with activity-based evaluation. However, for this study, 
the aim is to mainly have a general comfort assessment and thus the participants are given the freedom 
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to conduct whatever activities that they wanted during the sitting experiment. This means that the rating 
that they provided is of general aspect in terms of their overall feeling and is not associated with any 
specific in-flight activities such as eating or using a laptop.   

 
Figure 2: Aircraft cabin mock-up used in this study 

Table 1: Assessment elements of in-flight sitting comfort (adopted from [10]) 

Comfort Assessment 
Categories 

Survey Elements 

Postural Sensation 

 I can easily adopt a comfortable sitting posture 

 I can easily change from one sitting posture to 
another 

Spatial Perception 

 I don’t feel restricted 

 I don’t feel restricted by the distance of the 
seating row 

 I don’t feel like sitting in front of a wall  

Privacy 
 I don’t feel lost because of the distance of the 

seating row 

Present Mood 
 I don’t feel stressed out because of the distance 

of the seating row 

Table 2: Likert scale for comfort assessment 

Rating Description 

1  I strongly disagree with the statement 

2  I disagree with the statement 

3  I feel neutral with the statement 

4  I agree with the statement 

5  I strongly agree with the statement 
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3. Results and Discussion 

Table 3 presents descriptive statistics of the obtained results from the sitting comfort experiment. 
In addition, using the collected experimental data, correlation analysis between seat pitch and comfort 
assessment criteria is conducted using statistical software, MINITAB. Correlation analysis is a standard 
statistical method that is used to study the strength of relationship between two variables or parameters 
[11]. In this study, it is of high interest to observe the strength of influence of seat pitch on the comfort 
of passengers, which is reflected by its relationship to the different aspects of comfort assessment. The 
results of correlation analysis are tabulated in Table 4, which shows the Pearson correlation coefficient 
that measures the strength of the linear relationship between the seat pitch and the comfort rating. 

Table 3: Average comfort ratings 

Comfort Assessment 

Categories 

Seat Pitch (in cm) 

66.04 73.66 81.28 88.90 96.52 

Postural Sensation 1.40 2.63 4.07 4.57 4.85 

Spatial Perception 1.27 2.30 3.20 4.09 4.24 

Privacy 4.43 4.03 3.73 2.97 2.80 

Present Mood 1.33 2.33 3.23 3.97 4.47 

Table 4: Correlation analysis between seat pitch and comfort assessment 

Comfort 
Assessment 
Categories 

Assessment Elements 
Correlation 

Coefficient with 
Seat Pitch  

Postural 
Sensation 

I can easily adopt a comfortable sitting posture 0.824 

I can easily change from one sitting posture to another 0.850 

Spatial 
Perception 

I don’t feel restricted 0.832 

I don’t feel restricted by distance of seating row 0.703 

I don’t feel like sitting in front of a wall 0.747 

Privacy I don’t feel lost with distance of seating row -0.476 

Present Mood I don’t feel stressed out with distance of seating row 0.802 

It can be seen from Table 3 that average comfort ratings for postural sensation, spatial perception 
and present mood appear to monotonously increase with increasing seat pitch. In contrast, for privacy, 
its comfort rating appears to decrease with the increasing seat pitch. As the seat pitch is increased, the 
available legroom has also increases. During the experiment, with increased legroom, it can be observed 
that the participants could easily adopt their own preferred sitting postures and this has made them felt 
more comfortable. Furthermore, as the distance between the rows becomes larger, the participants also 
felt more unrestricted by their limited seating space, particularly since the back of seat in front of them 
was not too close on their face. This situation apparently also helped to improve on their present mood 
as reflected by the trend of the assigned comfort rating with seat pitch for this assessment category. On 
contrary, having a small seat pitch seems to allow more privacy for the participants at their seat. As the 
distance between the rows becomes larger, the level of privacy also diminishes since there is now more 
available room or space at their seat. This allows a higher probability that other passengers can invade 
their personal space at their seat and also makes the passengers feel more exposed. All in all, based on 
the presented ratings in Table 3, it can be taken that the best compromise is probably at a seat pitch of 
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32 inches where all of the assigned ratings for each of the comfort assessment elements are all above 3, 
which is at acceptable or neutral level.   

From the resultant correlation coefficient tabulated in Table 4, it can be taken that the relationship 
of seat pitch and comfort is highly correlated. This means that the setting of the seat pitch can greatly 
influence the passengers’ comfort from several different aspects. The positive correlation coefficient is 
indicating that the relationship is in tandem or in the same direction, i.e. increasing seat pitch will also 
increase the level of comfort in that aspect. This situation is true for all elements of postural sensation, 
spatial perception and also present mood, which are in line with the observed trend of assigned comfort 
rating in Table 3. In the meantime, parallel to the opposite trend that is observed in Table 3 for privacy 
assessment, the correlation coefficient between seat pitch and privacy is negative. Furthermore, value 
of the coefficient is also relatively low, meaning that the assigned comfort rating by participants in this 
aspect at each seat pitch setting was rather inconsistent to each other. This can be taken to indicate that 
the participants may have fairly different ideas of privacy. While increasing seat pitch generally reduces 
their sense of privacy, the perceived effects on their sitting comfort were considerably at different levels. 
More discussion on the possibly subjective and personal nature of this passengers’ comfort assessment 
can also be found in Ref. [12].  

4. Conclusion 

Passengers’ comfort today has become a great competitive service factor between airlines and it is 
therefore important for airlines to be able to provide adequate comfort level to their passengers during 
flight. The findings in this study has shown that the setting of the cabin seat pitch has a great impact to 
the level of sitting comfort to the passengers, which is reflected by the high value correlation coefficient. 
A higher seat pitch will improve postural sensation, spatial perception and present mood of passengers, 
though it might also reduce their perception of privacy level. A compromise may need to be considered 
and in this study, the seat pitch of 81.28 cm (32 in.) could be taken to obtain a favorable comfort rating 
simultaneously for all assessment criteria. As an initial study to highlight the significant influence of seat 
pitch towards the aircraft passengers’ comfort, this objective has been successfully achieved. However, 
moving forward, more detailed study should be conducted to appropriately establish and estimate the 
effects of seat pitch on the passengers’ comfort level, especially by also including other comfort factors 
such as passengers’ anthropometric measures into account.   
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Abstract: The CyFlaP is a new invention that operates based on the principle of Magnus effect. It is 
essentially developed to be applied as unmanned aerial vehicle (UAV) and high altitude platform station 
(HAPS) for surveillance purposes that can fly in the stratosphere region. In previous study of CyFlaP, 
the presence of a moment force acting at the centre of its body is shown to affect its stability during 
flight. To address this problem, this study explores the placement of a ducted fan on both sides of the 
CyFlaP, which are intended to provide thrust and also help to stabilize it. For the latter purpose, a flat 
plate is installed at the back of the ducted fan such that the ejected flow behind it can be used to produce 
a lift force on the flat plate, which is then projected to counter existing pitching moment on the CyFlaP. 
Simulation analysis of the flow on the plate located behind the rotating ducted fan is conducted using 
computational fluid dynamics (CFD) software in ANSYS Workbench 2021. The simulation analysis is 
done with different rotational ducted fan speeds up to 5000 RPM for three cases of flat plate’s aspect 
ratio at different angles of attack ranging from 0° to 15° with fixed free stream velocity of 5 m/s. The 
results indicate that the increase in the aspect ratio of the flat plate will decrease the generated lift force. 
In contrast, the lift force is increased with higher rotational speed of the ducted fan and larger angle of 
attack of the plate. However, on the whole, it is found that implementing a flat plate behind the ducted 
fan is inadequate to oppose the existing acting moment force on the CyFlaP and hence the search for 
better design solution to resolve the issue is still ongoing. 
 
Keywords: ANSYS; aerodynamics analysis; pitching moment; ducted fan; high altitude platform station 

1. Introduction 

Back in 1961, stemming from curiosity of Isaac Newton about spinning tennis ball, the discovery 
of a new physics law known as Magnus effect was made. In general, Magnus effect theory is named 
after a German physicist and chemist, Gustav Magnus and it relates to the generation of lateral force 
on a spinning cylinder in fluid when the spinning body is in relative motion with the fluid [1]-[4]. This 
discovery led to many inventions and applications but not all of them were successful, which might be 
attributed to insufficient knowledge of this aerodynamic phenomenon and unsuitable use of material 
at that time. Nevertheless, the potential advantages of this principle in producing higher lift forces in 
comparison to airfoil-based lifting systems have continued to motivate its application in the creation of 
devices for various purposes including for harvesting wind energy, propelling and steering vessels, and 
also lifting an airplane [1].  
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Future unmanned aerial vehicle (UAV) technologies can take advantages of a high lift coefficient 
from the usage of the spinning cylinder, where the spinning cylinder can replace the airfoil as the wing. 
An exemplary invention that is designed with the Magnus effect concept is the cyclorotor, which has 
been shown to be able to provide hovering and also attain forward speed that is faster than the current 
helicopters [5]. In addition, another invention using this Magnus effect principle is known as D-Dalus, 
which is built around a four-cyclogyro rotor propulsion system combined with an aerodynamic winged 
body to add lift in forward flight. The D-Dalus design has been essentially demonstrated to be capable 
of vertical take-off and landing (VTOL), and hovering [6]. Furthermore, of particular interest in this 
study is the Cylinder-Flat Plate-Cylinder (CyFlaP). Based on Magnus effect principle, a double-rotating 
cylinder placed at both sides of the CyFlaP has demonstrated its capability to produce lift during flight. 
In general, CyFlaP is developed as one of the technologies for UAV and high altitude platform station 
(HAPS) for surveillance missions in aerospace applications. The previous computational fluid dynamics 
(CFD) study on CyFlaP found that it generates the most lift at 1000 RPM with clockwise-to-clockwise 
(CW-CW) rotational direction of the spinning cylinders [7]–[8]. In addition, lift generation capability of 
CyFlaP has also been demonstrated in an experimental study that is conducted in the wind tunnel [8]. 
However, it is also found that the generated lift force from the double-rotating cylinder creates moment 
force that is acting at the centre of the CyFlaP, which affects its stability and can cause undesired body 
rotations during flight [8]. This issue has to be resolved, especially if it is to be used as HAPS that should 
require low flight control measures as it is often intended for employment in remote areas for long time 
period.  

Continuing on previous studies, the work in this paper explores the solution to stability problem 
of CyFlaP by incorporating a ducted fan and a flat plate. As shown in Figure 1, the ducted fan is placed 
on both sides of the CyFlaP. Apart from thrust provision, the ejected flow behind the ducted fan is also 
utilised to generate lift force on the flat plate located at the back of it. It is believed that the lift produced 
on the flat plate can counter back the undesired moment force that is acting on the CyFlaP. Under this 
notion, the objective of this study is to analyse the capability of this proposed mechanism to counter 
the existing pitching moment of the CyFlaP through computational fluid dynamics (CFD) simulation 
analysis. 

 

Figure 1: The proposed CyFlaP design  

2. Methodology 

The methodology used for this research work is described in the following sub-sections. This offers 

insight into the methods applied in this research. 
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2.1. Geometry design of CyFlaP modeling 

Computer-aided design (CAD) model for the proposed CyFlaP design is constructed as illustrated 
in Figure 2. On the other hand, the drawing for the ducted fan design model is depicted in Figure 3. It 
should be noted that the ducted fan model is based on the FMS 70-mm Ducted Fan Jet EDF design. 
In this study, the model is simplified to reduce computational time in getting the result and to increase 
the meshing quality. The ducted fan is modelled using SolidWorks according to the real dimensions of 
FMS 70-mm model. 

 
Figure 2: CAD drawing of the proposed 

CyFlaP design model 

 
Figure 3: CAD drawing of the FMS EDF 70-mm 

ducted fan model 
 

For CFD simulation analysis, the flow domain, flat plate and rotating zone are constructed using 
the design modeller. The stationary domain enclosing the ducted fan and the flat plate is illustrated in 
Figure 4. For this simulation, since the blades’ rotation is simulated using sliding mesh techniques, the 
rotating zone is modelled as a cylinder body that enclosed the blade as depicted in Figure 5. 

 
Figure 4: Stationary domain enclosing the 

ducted fan and flat plate  

 
Figure 5: Rotating domain enclosing the blade 
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Moreover, since this study is focused on the amount of generated pitching moment to counter the 
existing moment on the CyFlaP design, several parameters can be taken into consideration to increase 
its value, either from the aspects of the flat plate or the ducted fan. In this study, the attention is placed 
on the effects from the variation of aspect ratio of the flat plate, rotational speed of the ducted fan and 
also angle of attack of the CyFlaP on the generated pitching moment. The magnitude of the moment 
force is calculated by taking the lift force value from the simulation results and multiplying it with the 
distance between the centre of CyFlaP to the centre of pressure of the flat plate. In this case study, the 
different aspect ratios of the flat plate would give different positions of the centre of pressure, which is 
located at quarter chord of the flat plate [9]. Consequently, the moment calculated is multiplied by two 
as there are two ducted fans attached to the CyFlaP. It should be noted that the changes in aspect ratio 
of the flat plate in this study are accomplished by only changing the length of its chord. Meanwhile, the 
width of the flat plate is kept constant at 0.12 m and the distance of the ducted fan to the flat plate is 
also fixed at 0.009 m. Moreover, the standard sea level data property is fixed throughout the simulation 
process.  

2.2. Grid and mesh generation 

The grid generations refer to the methods of defining numerical mesh throughout the entire system 
that will be modelled. The grid used for the CFD simulations will also have an impact on the calculation 
time and the accuracy of the results. In this study, the simulation analysis is performed in the presence 
of a wind tunnel as the flow domain in order to mimic the experimental condition more accurately. The 
computational meshes are made up of unstructured meshes and inflation is added on the flat plate with 
the y-plus (y+) value being less than 1 as shown in Figure 6 and Figure 7. As for boundary conditions, 
the named selection settings are used to name every boundary: the inlet as ‘velocity-inlet’, the outlet as 
‘pressure-outlet’, the blade as ‘wall’, the flat plate as ‘wall’, the interior domain and the rotating body 
both as ‘interior’, and lastly the wall as ‘wall’.  

 

Figure 6: Unstructured mesh of fluid domain and model  

 

Figure 7: Mesh setup for: (a) ducted fan and flat plate model, (b) near wall surface of flat plate  
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Further details on the mesh and inflations settings are listed in Table 1. For this study, the skewness 
is characterized as the variation of the cell shape between the equilateral cell shape and the interpretation 
of the cell volume. Highly skewed cells might reduce the precision and make the solution unstable. On 
the other hand, orthogonality relates to vector mechanics and low orthogonality is not recommended 
in meshing processes. Based on Table 1, the skewness and orthogonal quality stated can be taken to lie 
within the generally acceptable value spectrum of mesh quality recommendations. 

Table 1: Meshing settings for this study 

Mesh Details 

Growth rate 1.2 

Defeature size 8.29e-04 m 

Curvature minimum size 1.66e-03 m 

Curvature normal angle 18.0 ° 

Capture Curvature Yes 

Capture Proximity Yes 

Smoothing High 

Skewness 0.82911 

Orthogonal quality 0.17089 

Inflations Details 

Inflation option First Layer Thickness 

Maximum layer 10 

Growth rate 1.05 

2.3. Solver settings 

After a good mesh quality is obtained, appropriate solver settings must be set up before calculating 
the solution in the CFD solver interface. The ideal configuration displayed in Table 2 is considered to 
scrutinize the numerical solution. There are five main settings in the setup process: general, model, cell 
zone condition, reference values and spatial discretization. In general setting, transient flow simulation 
is set due to occurrence of turbulent flow from the rotation of the fan’s blades. The reference value is 
based on the velocity inlet of 5 m/s wind speed condition at a sea level condition [9]. In addition, the 
sliding mesh method is selected to make a moving mesh of the rotating body region since this is known 
as the most accurate way of simulating flows in multiple moving frames due to the rotor interaction in 
an unsteady flow region. Furthermore, the spatial discretization uses second-order upwind method. In 
the meantime, the transient formulation term is discretized using second-order implicit format and the 
SIMPLE algorithm is used to solve the discrete algebraic equations [10]. 

K-ω model was applied in previous study that was conducted to analyse the characteristics of fluid 
flow around rotating configurations in the proposed Re regime [11]. The two-equation model with two 
additional transport equations describing the attributes of turbulent flows is used to approximate the 
Reynolds-averaged Navier–Stokes (RANS) equations. The first transported variable, K is for turbulent 
kinetic energy while the second transported variable, ω is for rate of specific dissipation. On the other 
hand, Shear Stress Transport (SST) K-ω turbulence model has been formulated, which combines the 
standard k-ω and k-ε turbulence models [12]-[16]. The boundary layer's wake region employs the normal 
k-ω turbulence model whereas the sublayer of the wall boundary layer employs k-ε turbulence model. 
Concurrently, in adverse pressure gradient flows, the SST model is typically used as it can demonstrate 
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accurate turbulence prediction and separating flows. Therefore, SST k-ω turbulence model is applied in 
this study to solve the governing equations while considering turbulent flow field in the rotating blade. 

Table 2: Solver settings for this study 

General 

Type Pressure-based 

Velocity formulation Absolute 

Time Transient 

Model 

Viscous SST K-omega (K-ω) 

Cell Zone Condition 

Rotating body Mesh motion 

References Value 

Density (kg/m3) 1.225 

Pressure (pascal) 101325 

Temperature (K) 228.16 

Velocity (m/s) 5 

Viscosity (kg/m-s) 1.789e-05 

Scheme SIMPLE 

Spatial Discretization 

Pressure Second Order 

Momentum Second Order Upwind 

Turbulent kinetic energy Second Order Upwind 

Specific dissipation rate Second Order Upwind 

Transient formulation Second Order Implicit 

2.4. Validation study 

A validation study on solver settings of the CFD analysis process is conducted before proceeding 
with the actual case study. An identical ducted fan is modelled according to the one used in Cho et al. 
[10] with similar computational domain and solver settings as stated in their paper. Following this, the 
analysis of its thrust performance is then compared with the validation model to validate the veracity 
of the solver setting that will be used for the real model, which is presented in Figure 8.  

 
Figure 8: Validation of ducted fan thrust as compared to experimental data from Cho et al. [10] 

As can be observed in Figure 8, the percentage error is below 25% owing to a slight contradiction 
in the undetailed dimension of the ducted fan region and blade angle from the paper by Cho et al. [10]. 
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In addition, computational meshes from Cho et al. [10] consist of 0.97 million unstructured tetra meshes 
and 0.98 million structured prism meshes for both the inner and outer cylinders of the domain body. 
Unfortunately, number of meshes used in this validation study could not resemble the specified meshes 
due to limitation of computer capability, which contributes to increasing distinction in the percentage 
error of thrust performance in conjunction with increasing RPM value. Nevertheless, similar trend of 
the results is observed and the solver settings used in this study can be considered as appropriate to be 
applied for the real simulation case study. 

3. Results and Discussion 

In short, this computational study involves three variables throughout the simulation analysis. The 
varying values are angle of attack, rotational speed of the ducted fan and aspect ratio of the flat plate. 
The angle of attack is varied at four different values: 0°, 5°, 10° and 15°. Meanwhile, three values of the 
rotational speed for the ducted fan are considered in this study, which are 1000 RPM, 3000 RPM and 
also 5000 RPM. Last but not least, aspect ratio of the flat plate is varied at three different values, which 
are 0.5, 1.0 and 1.5. As previously mentioned, the variation of the aspect ratio is made by changing the 
chord length of the flat plate while maintaining its width length. The obtained results are presented and 
discussed in following sub-sections. 

3.1. Effects of angle of attack on the lift produced 

By observation of both Figure 9 and Figure 10, a steady increase of generated lift force by the flat 
plate can be generally seen as the angle of attack is increased. In Figure 9, with constant aspect ratio of 
flat plate of 0.5 and rotational speed of the ducted fan of 1000 RPM, the generated lift force at angle of 
attack of 5° is 0.037 N, which then increases up to 0.09 N at 10° and finally becomes 0.16 N at 15°. In 
fact, the magnitude of the generated lift is also increased with increasing angle of attack and rotational 
speed of the ducted fan when the aspect ratio of the flat plate is maintained at 0.5. Likewise, a similar 
trend of generated lift force with increasing angle of attack is displayed in Figure 10, where the rotational 
speed of the ducted fan is kept constant at 1000 RPM while the value of aspect ratio of the flat plate is 
varied. It can be noted from Figure 10 that, with higher aspect ratio of flat plate for the same rotational 
speed of the ducted fan, the magnitude of lift force is reduced at each angle of attack.  

 
Figure 9: Lift (in N) versus angle of attack (in °) for flat plate’s aspect ratio of 0.5 at various rotational 

speed of the ducted fan 

 
Figure 10: Lift (in N) versus angle of attack (in °) for rotational ducted fan speed of 1000 RPM at 

various aspect ratio of the flat plate 
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In general, this result correlates with the study of aerodynamic forces on a flat plate. Aerodynamic 
forces such as lift and drag will act on any objects moving through the airstream. For flat plates that are 
inclined to the direction of the airflow, pressure of the air above the plate decreases while the pressure 
beneath it increases. This results in net pressure experienced by the plate, attempting to force it upwards 
[17]. Thus, the larger the inclination angle, the higher the force acting on the plate, which is consistent 
with the trend observed in both previous Figure 9 and Figure 10. 

3.2. Effects of rotational speed of the ducted fan on the moment produced 

The net lift force generated by the flat plate in the simulation can be used to calculate the moment 
value at a specified distance with respect to its aspect ratio. It should be noted that the distance between 
the flat plate and the centre of CyFlaP includes the gap between the ducted fan and the plate, and also 
the distance from the centre of pressure of the plate. The distance of the centre of pressure is different 
according to the aspect ratio. Figure 11, Figure 12 and also Figure 13 illustrate the calculated moments 
at different rotational speeds from the two engines to counter the pitching moment of the CyFlaP. 

 
Figure 11: Moment (in Nm) versus angle of attack (in °) for flat plate’s aspect ratio of 0.5 at various 

rotational speed of the ducted fan  

 
Figure 12: Moment (in Nm) versus angle of attack (in °) for flat plate’s aspect ratio of 1.0 at various 

rotational speed of the ducted fan 

 
Figure 13: Moment (in Nm) versus angle of attack (in °) for flat plate’s aspect ratio of 1.5 at various 

rotational speed of the ducted fan 

From the previous figures, it is observed that there is a gradual increase in the calculated moment 
with increasing rotational speed of the ducted fan for a given flat plate’s aspect ratio and angle of attack. 
For instance, in Figure 11, at angle of attack of 15°, the moment calculated is 0.13 Nm for 1000 RPM, 
going up to 0.18 Nm for 3000 RPM and 0.28 Nm for 5000 RPM. A similar pattern is also observed in 
Figure 12 and Figure 13 in the generation of moments concerning rotational speed despite the different 
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aspect ratio of the flat plate. This finding is in line with the expectation as a higher rotational speed of 
the ducted fan will generate more thrust and cause a larger flow ejected behind it as well as increase the 
airspeed expelled onto the plate. Based on Bernoulli’s principle, the pressure is low in fast air while it is 
high in slow air. Therefore, when the ejected airspeed increases, the speed of air over the flat plate also 
increases, causing the pressure above the plate to decrease. The air is moving more slowly beneath the 
plate and therefore, high pressure is exerted onto the plate such that it is lifted upward. This situation 
increases the lift force. All in all, based on the findings presented in Figure 11 to Figure 13, increasing 
the rotational speed of the ducted fan will generally cause the moment to increase as well, regardless of 
the aspect ratio of the flat plate. 

3.3. Effects of aspect ratio of the flat plate on the moment produced 

In Figure 14, the moment at angle of attack of 15° and rotational ducted fan speed of 1000 RPM 
for aspect ratio of 0.5 is 0.03 Nm and it decreases by 26% to 0.02 Nm as the aspect ratio is increased 
to 1.0. Another 17% reduction in the moment force is calculated as the aspect ratio is further increased 
to 1.5. On the whole, a similar trend is observed in both Figure 15 and Figure 16, which indicates that 
for any given angle of attack and rotational speed of the ducted fan, the value of the moment force will 
decrease as the aspect ratio of the flat plate is increased. 

 
Figure 14: Moment (in Nm) versus angle of attack (in °) for rotational ducted fan speed of 1000 RPM 

at various aspect ratio of the flat plated  

 
Figure 15: Moment (in Nm) versus angle of attack (in °) for rotational ducted fan speed of 3000 RPM 

at various aspect ratio of the flat plated 

 
Figure 16: Moment (in Nm) versus angle of attack (in °) for rotational ducted fan speed of 5000 RPM 

at various aspect ratio of the flat plated 

In essence, this observed trend is consistent with findings from the study by Shademan et al. [18], 
which reported the smaller aspect ratio prevents the flow separation from the top and bottom edges of 
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the plate, leading to greater aerodynamic forces acting on the flat plate and may consequently cause the 
moment generated to become larger. Overall, regardless of the rotational speed of the ducted fan, the 
smallest aspect ratio of the flat plate will always give the highest moment force at any specified angle of 
attack. Moreover, the high moment force is also achieved when the angle of attack is higher.  

All things considered, for any given angle of attack, the highest generated moment obtained in this 
study is for flat plate’s aspect ratio of 0.5 and ducted fan’s rotational speed of 5000 RPM. On the other 
hand, the highest pitching moment value at airspeed of 5 m/s from previous experiment is found to be 

2.28 Nm when the CyFlaP is inclined at angle of attack of 20° while the lowest is 0.53 Nm at 5° angle 
of attack. In comparison, the highest moment value generated by the plate in this study is 0.276 Nm, 
which is comparatively way too low. This implies that the proposed CyFlaP design with the inclusion 
of the ducted fan and flat plate will not be able to resolve the longitudinal stability problem of CyFlaP. 
It can be deduced that the proposed use of the ducted fan and the flat plate to stabilize the CyFlaP has 
failed due to insufficient moment value produced. The search for better design solution to resolve the 
issue is therefore remains open. 

4. Conclusion 

In this research project, it is shown that the flow behind the ducted fan can facilitate the formation 
of lift force on the plate. The lift force generated by the plate becomes higher as the inclination angle 
of the plate increases from 0° to 15°. Moreover, modification on aspect ratio of the flat plate has shown 
that the smallest aspect ratio provides better value of moment force. Higher rotational ducted fan speed 
offers a greater discharged flow by the ducted fan, which consequently increases the airflow acting on 
the flat plate. Thus, greater aerodynamic forces are acting on the plate and hence bigger moments are 
produced. The maximum moment value based on the simulation result is calculated when the flat plate’s 

aspect ratio is 0.5, angle of attack is 15° and 5000 RPM of rotating ducted fan speed. Nonetheless, by 
comparing the simulation results with the experimental moment produced by the CyFlaP, the lift force 
obtained from the ducted fan and flat plate of this control approach is found to be relatively very small. 
Subsequently, it produces an insufficient moment to resist the existing pitching moment on the CyFlaP. 
Therefore, there remains a need to finding other effective solutions to the stability issue of the CyFlaP. 
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Abstract: This study is aimed to address the issue of dangerous emissions into the environment by the 
operation of large container lorries. These big vehicles use much of their engine power to overcome the 
aerodynamic drag due to their movement, which also means a lot of fuel is being burned in this process. 
To reduce the fuel consumption, hence the gas emissions, the aerodynamic efficiency of the vehicle can 
be improved through its design. Based on this notion, the main objective of this work is to analyse the 
impacts from the use of a rotating cylinder as a drag reducer for heavy-duty vehicles. The incorporation 
of the rotating cylinder is expected to be able to reduce the drag forces acting on the vehicles and also 
increase their design aerodynamic efficiency. For this study, a container lorry is modelled and analysed 
using the computational simulation software, ANSYS with several different placements of the rotating 
cylinder around the lorry as its drag reducers. The obtained results indicate that the use of the cylinder 
can reduce drag by as much as 36% in comparison to the baseline design of the container lorry without 
rotating cylinder. It is observed that the cylinder helps to lessen the airflow circulating at the back and 
top of the container lorry, subsequently lower its drag coefficient. All in all, the findings from this study 
demonstrate the potential of using rotating cylinders as drag reducers to solve the issue of gas emissions 
from container lorries. 
 
Keywords: ANSYS; aerodynamics analysis; bluff body; rotating cylinder; drag reducer 

1. Introduction 

Bluff bodies have been scientifically studied with regard to their aerodynamic characteristics and it 
is of particular interest to establish their drag performance with blunt bases. Designs of bluff bodies can 
be related to large road vehicles and their studies help to better understand the vehicles’ aerodynamics. 
For instance, for a typical Class 8 line-haul tractor-trailer vehicle running at highway speeds, its resultant 
aerodynamic drag will cause considerable parasitic loss. In fact, a typical heavy truck vehicle uses around 
65% of its entire energy at a speed of 70 mph to overcome aerodynamic drag [1]. Over the last decades, 
due in part by increase in fuel prices and also environmental concerns, researchers have made significant 
advancement in understanding the mechanisms for drag reduction with blunt-based bluff bodies [2]. In 
conjunction to this, aerodynamic performance has been considered in many road vehicle designs, which 
leads to mostly tapered design shapes to minimize the drag pressure. However, for heavy road vehicles 
such as container lorries, this entails significant design changes that could undesirably compromise their 
cargo capacity. Therefore, instead of changing the overall vehicle designs, it can be observed that some 
add-on features are applied to the existing heavy road vehicle designs to help improve their aerodynamic 
performance. In this case, aerodynamically-designed add-on parts are attached to the front as well as the 
other parts of the heavy road vehicle, which will adjust the effective form or shape of the vehicle to be 
more streamlined without altering its projected frontal area. Due to their exterior forms, sizes and also 
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positions, the external attachments can reduce the aerodynamic drag of the heavy road vehicles [3]. As 
a result, the reduced aerodynamic drag will improve the vehicle’s fuel economy and lower its greenhouse 
gas emissions [4]–[7].  

Thus far, the aerodynamic effects of many existing models of aerodynamic fairings (front and side) 
and their configurations have not been thoroughly researched or documented. Base drag is one of the 
key contributions to aerodynamic drag, which is the factor that determines fuel consumption. According 
to prior research, the base drag occurs in the back end of the vehicle. For the heavy road vehicles such 
as the container lorries, this is where the cargo area is located. A bluff body vehicle traveling at constant 
speed on a flat level road will spend up to 40% of its fuel energy to counteract its aerodynamic drag and 
45% to overcome its rolling resistance, leaving just 15% to drive the gear and losses [8]. Several methods 
have been applied to improve the aerodynamics of the vehicles including passive and active flow control 
methods. From previous conducted study, 4% improvement has been achieved by curving the back of 
the vehicle, 3% improvement with nose cone and 7% improvement with chassis skirt [9]. Furthermore, 
for commercial vehicles, the coefficient of drag, Cd falls as the windshield attack angle is increased [9]. 
In the meantime, a device has been patented for vehicles as illustrated in Figure 1, which features resilient 
prongs along the rear edge of the vehicle body, extending beyond the edge in a flow-wise direction [10]. 
The function of this device is to improve the aerodynamic performance by reducing the drag caused by 
airflow over the vehicle's rear edge. Each prong is separated from the next, and flexible enough to deflect 
above and below the first plane defined by the vehicle's surface under the impact of the airflow over the 
vehicle at a certain speed. The prongs may have a composite structure or incorporate a vulcanized rubber 
substance, with uniform or tapering cross-section and radial corners. These prongs can be repositioned 
from a deployed position to a retracted position, either manually or by attaching the device to a rotating 
frame member that can be rotated between the two positions. On the other hand, conducted study on 
a 1/6 model truck and trailer has shown improved aerodynamics by 12.5% and 28% through installation 
of vertical and horizontal spoilers on the vehicle's front, respectively [11]. Moreover, other exemplary 
improvement methods include the use of redirector plates [12] and flow deflectors [13]. However, it can 
be deduced that most of these body alterations are rather substantial and therefore rather unsuitable for 
the current container lorry designs as their cargo capacity may need to be sacrificed. 

 
Figure 1: Aerodynamic drag reduction device [10] 

Alternatively, it is believed that rotating cylinders have a good potential to be used as drag reducers 
for heavy road vehicles including container lorries. According to a conducted study, such devices could 
help to disrupt the airflow over and around the moving vehicle when they are installed on the front and 
back of the container or vehicle [14]. The rear spoiler is usually used to distribute the air, which lessens 
the turbulence that the moving vehicle creates, and subsequently aids in reducing air drag and turbulent 
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flow. On the other hand, a wind tunnel test for installation of rotating cylinder on a container lorry has 
been conducted and the obtained results indicate promising improvement in drag reduction [15]. Based 
on this notion, this study is aimed to investigate the aerodynamic effects from use of rotating cylinders 
as drag reducers for a container lorry that is considered as bluff body using computational fluid dynamics 
(CFD) method. The CFD simulation analysis in this study is done with ANSYS software tool.  

2. Methodology 

2.1. Pre-processing 

ANSYS is a widely used CFD tool for simulating and analysing fluid flow and related phenomena. 
It utilises finite volume method (FVM) to discretise the governing equations, allowing for visualization 
and post-processing tasks. Known for its accuracy and user-friendliness, ANSYS is a widely applied tool 
for designing and optimising products and processes in various industries like aerospace, automotive, 
chemical and civil engineering. A mathematical model, consisting of equations and boundary conditions, 
is necessary for the numerical approach. FVM and k-epsilon model are used to solve the Navier-Stokes 
equations for two-dimensional Cartesian coordinates. The pre-processor, which essentially serves as the 
link between the user and the solver, provides a user-friendly interface and converts input for the solver. 

For this study, the design of the 2D model of the container lorry is set with the dimension as listed 
in Table 1. In the previous conducted experimental work [15], the rotating cylinder is placed at the front 
of the container as indicated in Figure 2. The first placement of the cylinder is initially positioned at 215 
mm as measured from the bottom of the container. On the other hand, the second and third considered 
placements of the cylinder are positioned at 16 mm and 32 mm below the first placement, respectively. 
As also illustrated in Figure 2, the computational analysis in this study also considers three new potential 
placements of the rotating cylinder at the back of the container. The first new placement is at the top 
back of the container. The second new considered placement is at the back rear corner of the container, 
which is 215 mm as measured from the bottom of the container. Last but not least, the third positioning 
of the rotating cylinder is at the rear top of the container, which is 50 mm higher than the new second 
positioning and 50 mm aft at the same height of the first new position. 

As for the computational domain, a fluid volume of air has been created surrounding the vehicle in 
order to simulate the air movement around it. It should be noted that the dimensions of the domain are 
set to 3 m × 1.5 m (length × height) to match the average size of the wind tunnel used in the previous 
experimental setup. This will enable a direct validation study to be conducted through the comparison 
of results from the CFD simulation and the previous experimental work for the three initial positioning 
considered for the rotating cylinders on the container lorry. Figure 3 depicts the geometric modeling of 
the container lorry (clean design without the rotating cylinder) and the domain after their construction. 

Table 1: Parameters of the container lorry model 

Parameter Value 

Container’s Height 0.240 m 

Trailer’s Height 0.180 m 

Total Length  0.890 m 

Container’s Length 0.600 m 

Trailer’s Length 0.200 m 

Cylinder’s Radius 0.022 m 
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Figure 2: Illustration of the container lorry with 

considered positioning of rotating cylinder 

 
Figure 3: Computational analysis model of the 

container lorry with no rotating cylinder 

Furthermore, grid generation is a crucial part of the CFD simulation process since it influences not 
only the simulation duration but also the accuracy of the results. In short, this refers to the creation of 
a mesh or grid that is associated with a domain and its boundaries. Edge sizing is used for the setting of 
the model where all of the meshes use 200 divisions on every edge. To achieve satisfactory results, it is 
recommended that the inflation parameters of a maximum of 10 layers and a growth rate of 1.2 are set 
on the surfaces of each model [16]-[18]. It should be noted that it has been discovered that the accuracy 
of computational results can be improved by using a small number of mesh elements [19]. The inflation 
layer is one of the important factors that affect the accuracy of CFD simulations. If the number of layers 
is insufficient, the simulation results will not be accurate. Meanwhile, when it is too large, the simulation 
time will increase. This supports the importance of selecting appropriate inflation parameters to achieve 
satisfactory CFD simulation results.  

The detailed information on mesh settings and boundary conditions for this study are tabulated in 
Table 2 and the generated grid around the container lorry model is illustrated in Figure 4. As observed 
in Figure 4, named selection setting is used to name every boundary: inlet as ‘velocity-inlet’ ranging from 
0 m/s to 32 m/s, road as ‘ground’, top wall as ‘symmetry’, whole container lorry as ‘body’, cylinder as 
‘cylinder’ with ‘no slip’ condition and ‘rotational’ moving wall, and the outlet as ‘pressure-outlet’ where 
its pressure is set to constant and equals to the atmospheric pressure. 

Table 2: The mesh setting for this study 

Mesh Specification 

Growth Rate 1.2 

De-feature Size 3.5e-004 m 

Curvature Minimum Size 7.0e-004 m 

Curvature Normal Angle 18.0 ° 

Smoothing High 

Skewness 0.18227 

Orthogonal Quality 0.95941 

Inflation Specification 

Smoothing High 

Inflation Option First Layer Thickness 

First Layer Height 0.1 mm 

Maximum Layers 10 

Growth Rate 1.2 
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Figure 4: Finished meshed model 

In the meantime, the essential mesh metrics with regards to its skewness and orthogonal quality are 
tabulated in Table 3. The average skewness quality of the mesh metrics is found as 0.18227 whereas the 
average orthogonal quality is 0.95941. In general, highly skewed cells might make the solution unstable 
and impede the accuracy of the results. On the whole, these metrics for the skewness and orthogonal 
quality obtained can be taken to be excellent as indicated by the standard quality spectrum in Ref. [20]. 

 
Table 3: Skewness and orthogonal quality mesh metrics   

Mesh Metrics Skewness Orthogonal Quality 

Minimum 0.00106 0.42732 

Maximum 0.68227 1.00000 

Average 0.18227 0.95941 

Standard Deviation 0.10919 0.04560 

2.2. Solver 

Before conducting the computational analysis, the capability of the CFD solver must be equipped 
with the pertinent settings for the desired condition. In this case of a rotating cylinder, the velocity and 
also the position of the cylinder change over time, so a transient analysis is needed to accurately capture 
the behaviour of the system. With this in mind, a pressure-based transient-state solution is applied for 
this analysis. The time step size should be small enough to capture the rapid changes in the system but 
not too small such that the simulation becomes computationally expensive or numerically unstable. The 
required number of time steps depends on the duration of the simulation and the size of the time step. 
Table 4 shows the list of the problem-solving techniques and input data.  

Calculations are performed on computers utilizing an iterative process where the precision of the 
result increases with each iteration. In general, k-epsilon (k-ε) model is one of the most common mean 
flow characteristics for turbulent flow conditions in ANSYS computation, which belongs to Reynolds 
Averaged Navier-Stokes (RANS) family of turbulence models. The model solves two equations: one for 
the turbulent kinetic energy, k and another for the rate of dissipation of turbulence, ε. These equations 
allow for the prediction of turbulence characteristics of the flow field. In this two-equation model, the 
turbulent characteristics of the flow are represented by two additional transport equations. As a result, 
a two-equation model may take historical influences like convection and turbulent energy diffusion into 
consideration. Several previous studies have used k-ε model to simulate the aerodynamics of heavy road 
vehicles similar to the container lorry in this study. For example, k-ε model was used in a study to analyse 
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aerodynamic characteristics of a heavy-duty truck [14]. In that study, it has been found that the primary 
methods for enhancing aerodynamic properties of heavy-duty commercial trucks are by using k-ε model 
and reducing the vortex at the cab and container as well as at the container's end and bottom. 

Table 4: The solver setting for this study 

General 

Type Pressure Based 

Velocity Formation Absolute 

Time Transient 

2D Space Planar 

Time Step Size 0.01 

Number of Time Steps 100 

Model 

Viscous Realizable k-ε 

Wall Functions Non-equilibrium 

Reference Values 

Velocity 0 – 32 m/s 

Cylinder Rotation 1) 0 RPM (static) 
2) 3000 RPM or 314.159265 rad/s (rotating) 

Reference Area 0.24 m × 0.89 m = 0.214 m2 

2D Space Planar 

There are three versions of the k-ε model, which are the standard, Re-Normalisation Group (RNG) 
and realizable k-ε models. The turbulence kinetic energy and dissipation rate equation for these standard, 
RNG and realizable k-ε models are presented by the following equations. Firstly, both Equation 1 and 
Equation 2 are the transport equations for the standard k-ε model. 

𝜕

𝜕𝑡
(𝜌𝑘) +
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𝜖
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On the other hand, both Equation 3 and Equation 4 are the transport equations for the RNG k-ε model. 
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Finally, both Equation 5 and Equation 6 are the transport equations for the realizable k-ε model. 
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In the above equations, Gk stands for the creation of turbulence kinetic energy owing to the mean 
velocity gradients while Gb is the generation of turbulence kinetic energy due to buoyancy. Furthermore,  

YM is the variable dilatation in compressible turbulence's contribution to total dissipation rate, k is the 

inverse effective Prandtl number for k, ε is the inverse effective Prandtl number for ε, k is turbulent 

Prandtl value for k, ε is turbulent Prandtl value for ε, ρ is fluid density, u is fluid velocity, xi and 

xj are the Cartesian coordinate direction, ε is turbulence dissipation rate,  is the fluid dynamic viscosity, 

and t is the turbulent viscosity. Last but not the least, C1ε, C2, C2ε and C3ε are constants while Sk and Sε 
are user-defined source terms.       

Generally, the k-ε turbulence model might not be effective in predicting turbulence flow in certain 
situations, particularly when there are unfavourable pressure gradients present. This is mainly because 
the k-ε model assumes that the turbulent stresses are proportional to the mean flow gradient, which may 
not be accurate in cases where the pressure gradient is high [21]. Researchers have shown that in cases 
of strong adverse pressure gradients, k-ε model can lead to erroneous predictions and may not accurately 
capture the flow behaviour [22]. It can be noted that the RNG k-ε model is the modified version of the 
standard k-ε model, which includes added model constants and terms to further improve the accuracy 
of the predictions. Meanwhile, the k equation for the realizable k-ε model is similar to the standard k-ε 
model with the added constants but the ε equation is notably different between the two k-ε models. As 
can be observed in Equation 6, it is interesting to note that it does not have the same Gk term as other 
k-ε models as it does not involve the production of k. In essence, this current form is thought to depict 
the transmission of spectral energy more accurately. The destruction term, which is the last term on the 
right side of Equation 6, does not have any singularities and this indicates that even if k disappears or 
shrinks to zero, its denominator will never do. This is a much desirable feature and stands in contrast 
to conventional k-ε models, which exhibit a singularity because k is present in the denominator. Due to 
this feature, realizable k-ε model is used to overcome the well-known shortcomings of the conventional 
k-ε model. With the use of this model, it is feasible to obtain satisfactory results for integral values such 
as the drag coefficient that are more accurate, converge rapidly and quite stable. 

2.3. Validation study for solver accuracy 

To evaluate the accuracy of the findings produced by using the aforementioned solver parameters, 
initial test case of the baseline container lorry design model without any rotating cylinder is conducted. 
The simulated relative inlet airspeed for this test case is between 0 m/s to 31.5 m/s. The results obtained 
from the simulation analysis are compared with the published experimental results in Ref. [15], which is 
shown in Figure 5. It can be observed that the drag coefficient, Cd obtained from the simulation analysis 
is closely similar to the one obtained from the wind tunnel experiment. The value difference is less than 
10%, which is taken to be within acceptable range of accuracy for Reynolds number, Re ranging between 
0 to 600,000. All in all, the solver parameters are taken to be appropriate to be for this analysis study. 

 
Figure 5: Cd vs Re obtained from the validation study  
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3. Results and Discussion 

There are three control variables that are varied in the CFD simulation analysis for this study. The 
first one is the velocity of the air entering the inlet, which is varied between 0 m/s to 32 m/s to control 
and manipulate Re around the airflow of the truck. The second variable is the rotation of the cylinder, 
where is set for two conditions: static and moving (rotating). The rotational speed of the cylinders is set 
to 3000 RPM for the simulated moving condition. Finally, the last variable is the position of the cylinder 
as indicated in previous Figure 2.  

3.1. Comparison with experimental results for three initial positions of the cylinder  

The results of previous validation study in Figure 5 are taken as the baseline reference. To compare 
with the previous experimental results as published in Ref. [15], the simulation analysis is conducted for 
the three initial positions of the rotating cylinder as illustrated in previous Figure 2. Figure 6 shows the 
previous experimental results while Figure 7 depicts the results of CFD simulation analysis in this study.  

 
Figure 6: Experimental results of Cd vs Re for three initial positioning  

 
Figure 7: Simulation results of Cd vs Re for three initial positioning 

For the first positioning of rotating cylinder, it can be observed that simulation result is more stable 
and steadier with increasing Re in comparison to experimental data where it fluctuates back and forth 
in the first few takes before becoming more stable toward higher Re. Average differences of 7.05% and 
7.85% are respectively recorded between the results of the simulation and the experiment for static and 
moving conditions at this first initial position. It can be observed that the static cylinder performed more 
efficiently as compared to the moving cylinder, which is reflected by the lower average Cd for the static 
cylinder than that of the moving cylinder. Nonetheless, note that this difference is just significant at low 
Re and as Re increases, the values of Cd converges to around the same values for both static and moving 
cylinder conditions. This observation trend is true for both simulation and experimental results. Similar 
observation can also be seen for the second initial positioning of the cylinders. In this case, the average 
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differences between the simulation and the experimental results are 9.70% and 9.89% for the static and 
moving configurations of the cylinders, respectively. The results from simulation analysis are more stable 
and steadier. Moreover, at this positioning, the static cylinder has again performed more effectively than 
the moving cylinder. The noted differences between them are significantly visible at low Re but diminish 
as Re increases. On the other hand, for the third considered initial positioning of the cylinder, average 
differences between simulation and experimental results for both static and moving configurations of 
the cylinders are 9.68% and 6.70%, respectively. Based on previous Figure 6 and Figure 7, it is noticeable 
that values of Cd for both static and moving cylinder configurations increase at low Re up until it reaches 
200,000 where it began to slowly decrease. For Re higher than 200,000, Cd has minor fluctuations and 
inconsistencies, and shows a visible trend between the static and moving cylinder configurations. Static 
cylinder configuration is shown to achieve a much better drag reduction than the moving configuration. 
This could be attributed to the RPM incompatibility with relative free stream velocity that has caused 
more turbulence in the air and affected the drag of the container lorry. 

Overall, for these three initial considered positioning of the rotating cylinder, both simulation and 
experimental results show that the static second position corresponds to the lowest value of Cd, which 
is about 25.50% reduction compared to the other considered configurations. It is also good to note that 
the moving cylinder configuration at each position has higher drag compared to the static configuration. 
This could be because the chosen RPM is not optimal for velocity of free stream air and positioning of 
the cylinder used in this study. Nonetheless, the moving cylinder configurations still perform better than 
the baseline container lorry model 

3.2. Simulation results for three new positions of the cylinder  

Figure 8 shows the simulation results for the first new considered positioning of rotating cylinder 
on the container lorry model. It can be observed, unlike the result for previous initial positioning of the 
cylinder, the trend of Cd appears to bend downward. As Re increases, the value of Cd for both static and 
moving cylinder configurations significantly reduces up until Re of 300,000. Although the static cylinder 
configuration initially performs better than the moving cylinder configuration, its corresponding value 
of Cd starts to increase and ultimately converge with that of the moving cylinder configuration when Re 
is above 300,000. All in all, implementation of the static and moving rotating cylinder is shown to reduce 
the Cd of the container lorry by averagely 18.74% and 18.5%, respectively.  

 

Figure 8: Simulation results of Cd vs Re for first new position 

A similar trend is also essentially observed for the second new positioning of the rotating cylinder 
as depicted in Figure 9. Values of Cd for both static and moving cylinder configurations decrease with 
increasing Re up until about 300,000. After that point, values of Cd seem to have converged and maintain 
at the same value with increasing Re. In similar fashion, despite drag performance of the static cylinder 
configuration is better at lower Re, the values of Cd for both static and moving cylinder configurations 
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ultimately converge to a similar value at high Re. In terms of comparison with the drag performance for 
the baseline container lorry, implementing the static and moving cylinder configurations can reduce the 
value of Cd by 36.0% and 35.8% on average, respectively. As presented in Figure 10, an essentially similar 
trend to Figure 9 is observed for the drag performance of the static and moving cylinder configurations 
at the third new positioning. At this considered new third position, average drag reduction of 26.2% and 
25.7% has been obtained by implementing the static and moving cylinder configurations, respectively, 
as compared to that for the baseline container lorry design model.  

 

Figure 9: Simulation results of Cd vs Re for second new position 

 

Figure 10: Simulation results of Cd vs Re for third new position 

On the whole, it is clearly seen from the obtained simulation results that the new second positioning 
of the rotating cylinder has the best drag performance. This can be contributed to the reduction of the 
drag on the container lorry as it helps to diminish the turbulence that is created when the vehicle moves. 
At the rear of the container lorry, with this placement of the rotating cylinder, it will disrupt and disperse 
the air around it, which reduces the created air turbulence and subsequently lessens the drag. Figure 11 
illustrates the velocity streamlines where recirculation or swirling of airflow at the rear of the container 
lorry by placing the rotating cylinder at the considered new second position. It should also be noted that 
this positioning of rotating cylinder on the container lorry performs much better than any of the three 
initial positions discussed in previous section. 

Moreover, the observed independence of Cd towards Re beyond the certain limit is believed to be 
likely due to the formation of a fully turbulent boundary layer over the surface of the object, which leads 
to relatively constant level of skin friction drag. This notion is supported by several previous researches. 
For instance, a study found that Cd of a sphere became independent of Re when it reached the critical 
Re value of 3.5 x 105, which corresponds to the condition for the onset of fully turbulent boundary layer 
flow [23]. In this case, the transition from laminar to turbulent in the boundary layer around the sphere 
is what causes the higher momentum at the boundary and the delay in the flow separation [24]. It should 
be noted that the value of Re at which the Cd becomes independent may depend on various factors such 
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as the shape and surface roughness of the object, as well as the flow conditions. Further research needs 
to be conducted to investigate the exact mechanism behind this phenomenon and determine the specific 
conditions in which it will occur for different objects. 

 
(a) Static cylinder configuration 

 
(b) Moving cylinder configuration 

Figure 11: Velocity streamlines of container lorry with new second positioning of rotating cylinder 

4. Conclusion 

This research work explores the possible effects of using rotating cylinder as drag reducers on the 
container lorry design. In total, six different positions of the rotating cylinder on the container lorry are 
considered, with two modes of static and moving configurations at each position. The CFD simulation 
analysis is carried out for this study using the ANSYS software. All in all, based on the results, it can be 
concluded that the use of rotating cylinder has a good potential to reduce the drag on the container lorry 
when it moves on the road. Of all the six considered positioning, the new second position of the rotating 
cylinder is shown to have the best drag performance, which corresponds to about 36.0% reduction in 
drag compared to that of the clean baseline design of the container lorry without any rotating cylinder. 
In addition, the static cylinder configuration outperforms the moving cylinder configuration at each of 
the considered positions. This situation can be contributed to the less than ideal setting of the RPM for 
the moving cylinder with respect to the settings of free-stream air velocity and cylinder location. For the 
future work, the design of the rotating cylinder can be enhanced. In this simulation study, the cylinder 
is designed as a plain cylinder shape. Various other cylinder designs can be explored to study the effects 
of its shape on the drag performance of the heavy road vehicles. Furthermore, the analysis on the cost-
efficiency of implementing this drag reducing mechanism can also be done. 
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