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Abstract
A bird or insect sized flapping wing Micro Aerial Vehicle (MAV) whose wingspan is of the order of a few
centimeters cannot be physically built or flown today; they can be designed, tested, flown and studied on the
computer using numerical simulation technique. While finalizing a design is quite significant in case of MAV,
understanding the flow field environment in which MAVs fly is equally a requirement. The flow field
environments encountered by Micro Air Vehicles (MAVs) are fundamentally unsteady – whether for fixedwing, rotary-wing or flapping-wing configurations. High lift generation is typically a result of unsteady fluid
flow phenomena in flapping flight of small birds and insects. Along with a good understanding of flow field
environment of an MAV the insight into the aerodynamics characteristics of it calls for an investigation. These
characteristics greatly influence the design of a prototype of an MAV which can serve the purpose of a specific
application. As a first step towards exploring the flow environment and computing the aerodynamic
characteristics of a smaller MAV we have chosen a fixed wing MAV for which a study is attempted
considering a three dimensional flow field. In the present study, unsteady aerodynamic analysis of the MAV
has been done using commercial CFD solver ANSYS FLUENT. The analysis aim at predicting aerodynamic
characteristics such as lift coefficients drag coefficients, moment coefficients, pressure coefficients and flow
visualization. During the study it is observed that lift and drag are both compared and validated well for the
mid-range angle of attack from -10 to 20 degree AOA.
Keywords: Low Reynolds Number, Stability and Control, Small moments of inertia, Miniaturization,
Aerodynamic analysis, CFD.

1. Introduction
A bird or insect sized flapping wing Micro Aerial Vehicle (MAV) whose wingspan is of the order of a few
centimeters cannot be physically built or flown today; they can be designed, tested, flown and studied on the
computer using numerical simulation technique. While finalizing a design is quite significant in case of MAV,
understanding the flow field environment in which MAVs fly is equally a requirement. The flow field
environments encountered by Micro Air Vehicles (MAVs) are fundamentally unsteady – whether for fixed-
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wing, rotary-wing or flapping-wing configurations. High lift generation is typically a result of unsteady fluid
flow phenomena in flapping flight of small birds and insects. Micro air vehicles (MAVs) have attracted
significant attention since mid-1990 for both civilian and military applications. Micro Air Vehicle (MAV) is
defined here as a small, portable flying vehicle which is designed for performing useful work. The desire for
portable, low altitude aerial surveillance has driven the development of aircraft on the scale of small birds.
Vehicles in this class of small-scale aircraft are known as Micro Air Vehicles or MAVs, and have great potential
for applications in surveillance and monitoring tasks in areas either too remote or too dangerous to send human
agents. Equipped with small video cameras and transmitters, MAVs can image targets that would otherwise
remain inaccessible. MAVs are also capable of carrying an array of sensors to obtain additional information
including, for example, airborne chemical or radiation levels.
MAVs are by definition small aircrafts which fly at relatively low speeds. Such flight characteristics will result
in flow regimes with Reynolds numbers. Another aerodynamic signature of MAV is wings with small aspect
ratio; in most cases the chord is roughly equal to the wingspan. This combination of low Reynolds number
flight and low aspect ratio wings results in a flow regime totally alien to conventional aircraft. Although small
birds and insects have been flying under these conditions for quite some time, this is a new flight environment
for man-made aircraft. In order for required MAV capabilities to be realized, several areas will need more
focused attention. The absence of sophisticated computational analysis methods, lack of commercially
available micro electro-mechanical sensors, and the difficulties associated with accurate experimental work at
this scale has all restricted research. From a system and manufacturing standpoint, technological advances in
micro fabrication techniques and in the miniaturization of electronics in the last decade made mechanical
MAVs feasible. Key research challenges include: unsteady aerodynamics at low Reynolds number, low aspect
ratio wings, stability and control issues associated with low weight, small moments of inertia, Miniaturization,
Cooperative control and Micro sensors. Among these areas unsteady aerodynamics is an important area of
research.
Unsteady aerodynamics plays a significant role in MAV flight and stability. Unsteady phenomena may arise
due to natural time dependent changes in the flow itself or it may be created by changes in the position or
orientation of a body. In many unsteady flows of interest, the important unsteady aspects involve not only the
kinematic changes in boundary conditions caused by the motion of a body, but the influence of an unsteady
wake, and the changes in the pressure-velocity relationship associated with the unsteady form of Bernoulli's
equation.
Mechanisms such as rotational circulation, wake capture, and the unsteady leading edge vortex do seem to
properly account for the aerodynamics forces. Regarding forward flight, the unsteady leading edge vortex is
the only mechanism present to produce the necessary forces. The unsteady leading edge vortex involves
leading edge flow separation that reattaches to the wing and forms a separation bubble. The vortex increases
the circulation around the wing and creates much higher lift than the steady-state case. This vortex remains
stable due to its highly three-dimensional nature.
Low Reynolds numbers make the problem of airfoil design difficult because the boundary layer is much less
capable of handling an adverse pressure gradient without separation. Thus, very low Reynolds number designs
do not have severe pressure gradients and the maximum lift capability is restricted. At very low Reynolds
numbers, most or all of the boundary layer is laminar. Laminar separation bubbles are common and unless
properly stabilized can lead to excessive drag and low maximum lift. The above discussion on low Reynolds
number aerodynamics has generated lot of interest to investigate computationally the unsteady aerodynamic
phenomenon over a fixed wing of an MAV. The problem is to determine the Aerodynamic characteristic such
as Pressure distribution, Lift coefficient, Drag coefficient and Moment coefficient over the fixed wing MAV at
different flight conditions. While solving the above problem it is attempted to keep the fulfillment of the
following two key objectives.
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1.

To predict the aerodynamic characteristics over the MAV by determining pressure distribution, lift
coefficient, drag coefficient and moment coefficient over the fixed wing MAV at different flight
conditions.

2.

To achieve at an optimum result against the experimental and existing literature results.

2. Methodology
The focus of the proposed study to determine the characteristics of unsteady aerodynamics of fixed wing MAV
at different angle of attack during operation and to achieve at an optimum result against the experimental and
existing literature results. The rigorous work involves the modeling & analysis of the entire fixed wing MAV
using CATIA, ANSYS FLUENT & ICEM-CFD. At various angle of attach MAV characteristics such as
pressure distribution, lift coefficient, drag coefficient and moment coefficient over the fixed wing MAV at
different flight conditions and fixed wing MAV analysis etc. will be studied and an optimum configuration will
be suggested for safe operations. The following governing equations are the prime drivers for the computation
of the aerodynamic characteristics.

3. Computational Fluid Dynamic Analysis
3.1 Parameters of MAV
Table 1: Properties with values considered for analysis. Ref [1]

3.2 Computational Domain
In this study MAV is considered while including the fuselage and wing. A schematic geometry of the MAV is
shown in Fig. 3.1.
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Figure 3.1: Geometric details of MAV model

Figure 3.2: Isometric views

The physical problem under consideration is the flow over an airfoil in a computational domain. MAV The
basic requirement of the MAV location is to make the outer boundaries sufficiently far away from the MAV so
that they do not have much impact on the computed results, the relative position of the MAV shown in Fig.
3.3.The computational model is created in ICEM-CFD as per the dimensions shown in Fig. 3.2. Later the
tetrahedral mesh with smooth transition grid is generated. The grid distribution around the MAV is shown in
Fig. 3.4. A 3D tetrahedral grid having approximately total elements: 1076128 have been generated using
ICEM-CFD. The quality of grid has been maintained as Min = 0.44339, max = 1 in terms of skewness.

Figure 3.3: Computational Domain

Figure 3.4: Grid distributions around the MAV

4. Results and Discussions
4.1 Validation of 3D Micro Air Vehicle
The below Table 2 to 4 gives the overall view of the study carried out in this work for 3D case, total 3 cases are
considered under this seven times run the program i.e. -10, -5, 0, 5, 10, 15, 20 angle of attack (α) i.e. -100
through +200 at 50 of intervals have been taken into consideration. ANSYS FLUENT and existing literature
results are tabulated below.
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Table 2: Laminar flow (Measured values)

Table 3: Inviside flow (Measured values)

Table 4: Turbulent flow (Measured Values)

Table 5: Literature values. Ref [2]

In this section, the computed results are compared with reference values for different AOA. Fig. 4.1 shows the
plot of the coefficient of lift vs. angle of attack for the MAV and the plot show very good co-relation between
the three different models results as well as the experimental data obtained from the Ref [2]. The plot shows
that the results obtained from the three different models results the CL maximum varied negligible percentage
of error. The solution difference as compared to the experimental data the CL maximum varied 56% at higher
AOA. Ref [2]
In this case the experimental data obtained from the Ref [2] is different configuration from the present work
but it is almost very close to the present work, so due to this reason the amount of percentage variation as show
in the Fig. 4.1 is high at higher AOA. The coefficient of lift is continuously increasing linearly as increasing
the AOA, the coefficient of lift will going to be reach the stall condition somewhere at an a higher AOA due to
the continuous circulation of the air around the MAV as per the lifting-line theory.
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Figure 4.1: CL vs. α Plot
Fig. 4.2 shows the plot of the coefficient of drag vs. angle of attack for the MAV and the plot show very good
co-relation between the three different models results as well as the experimental data obtained from the Ref
[2]. The plot shows that the results obtained from the three different models results the CD maximum varied
3%. The solution difference as compared to the experimental data the CD maximum varied 19% at higher
AOA. In this case the experimental data obtained from the Ref [2] is different configuration from the present
work but it is almost very close to my present work, so due to this reason the amount of percentage variation as
show in the Fig. 4.2 is high at higher AOA.

Figure 4.2: CD vs. α Plot
Fig. 4.3 shows the plot of the coefficient of drag vs. coefficient of lift for the MAV and the plot show very
good co-relation between the three different models results as well as the experimental data obtained from the
Ref [2]. The plot shows that the results obtained from the three different models results the CD maximum
varied 3%. The solution difference as compared to the experimental data the CD maximum varied 19% at
higher AOA.
In this case we can study the amount of coefficient of drag variation for each model such as inviscid flow
model: In this case the absence of viscous force i.e. skin friction drag, we can predict only pressure drag, and
the coefficient of drag variation is much lesser as compared to the Laminar and turbulent models.
In Laminar Flow Model the presence of both pressure drag as well as skin friction drag the coefficient of
Drag variation is high as compared to the inviscid flow model. In Turbulent Flow Model we can predict the
exact skin friction Drag as well as pressure drag as compared to the laminar and inviscid flow models, so that
the drag is more as shown in Figure 4.3 as compared to the other two models.
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Figure 4.3: CD vs. CL Plot
Fig. 4.4 shows the plot of the Lift/Drag vs. angle of attack for the MAV and the plot show very good corelation between the three different models results as well as the experimental data obtained from the Ref [2].
The plot shows that the results obtained from the three different models results the L/D is Maximum at 00 AOA
in inviscid flow condition as compared to the other two models. The solution difference as compared to the
experimental data the L/D variation is high as compared to the present values at higher AOA.

Figure 4.4: L/D vs. α Plot
After the validation of 3D fixed wing MAV aerodynamic parameters with the existing literature and
experimental data the same model was taken to study the behaviours of different coefficients with respect to
the representative and key AOA mentioned above.
4.2 Variation of Non-dimensional Coefficients with AOA for Laminar Flow Model
In this section, the force coefficients are computed for the MAV for different AOA at 11.5 m/s speed using
fluent software for the below conditions. Figure 4.5 shows the variation of the non-dimensional CL vs. AOA
for all the test cases. Fig. 4.6 shows the variation of the non-dimensional CD vs. AOA for all the test cases. At
an AOA, α=50, the reported value of is CL=0.15164 caused by the low pressure region on the upper surface. As
the AOA is increased, the low pressure region on the upper wing surface increases. The coefficient of lift is
almost linear with the AOA up to 200. Boundary layer separation occurs at a higher AOA, which introduces
unsteadiness to the aerodynamic performance. As AOA is increased excess of 200, the lift increases and drag is
also increases as seen in the Fig. 4.6 It also indicates of constant increase in the drag from 50 until it reaches its
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maximum value. From the results, at α=200, the value of CL and CD are 0.30884 and 0.13359 respectively and
their ratio is 2.3118.
Flow conditions: P∞=1.01325 * 105 N/m2, ρ∞=1.225 Kg/m3, µ ∞=1.789 * 10-5 Kg/m-s, Re=0.087 * 106, V=11.5
m/s, α=-100 to 150.

Figure 4.5: CL vs. α Plot

Figure 4.6: CD vs. α Plot

4.3 Variation of Non-dimensional coefficients with AOA for Inviside Flow Model
In this section, the force coefficients are computed for the MAV for different AOA at 11.5 m/s speed using
Fluent software for the below conditions. Figure 4.7 shows the variation of the non-dimensional CL vs. AOA
for all the test cases. Figure 4.8 shows the variation of the non-dimensional CD vs. AOA for all the test cases.
At an AOA, α=50, the reported value of is CL=0.15756 caused by the low pressure region on the upper surface.
As the AOA is increased, the low pressure region on the upper wing surface increases. The coefficient of lift is
almost linear with the AOA up to 200. Boundary layer separation occurs at a higher AOA, which introduces
unsteadiness to the aerodynamic performance. As AOA is increased excess of 200, the lift increases and drag is
also increases as seen in the Figure 4.8. It also indicates of constant increase in the drag from 50 until it reaches
its maximum value. From the results, at α=200, the value of CL and CD are 0.32340 and 0.32340 respectively
and their ratio is 2.72704.
Flow conditions: P∞=1.01325 * 105 N/m2, ρ∞=1.225 Kg/m3, µ ∞=1.789 * 10-5 Kg/m-s, Re=0.087 * 106 V=11.5
m/s, α=-100 to 150.

Figure 4.7: CL vs. α Plot
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4.4 Variation of Non-dimensional coefficients with AOA for Turbulent Flow Model
In this section, the force coefficients are computed for the wing for different AOA at 11.5 m/s speed using
fluent software for the below conditions. The Table IX below shows the lift and drag coefficients for the wing
at different AOA. Fig. 4.9 shows the variation of the non-dimensional Cl vs. AOA for all the test cases. Fig.
4.10 shows the variation of the non-dimensional Cd vs. AOA for all the test cases. At an AOA, α=50, the
reported value of is CL=0.14916 caused by the low pressure region on the upper surface. As the AOA is
increased, the low pressure region on the upper wing surface increases. The coefficient of lift is almost linear
with the AOA up to 200. Boundary layer separation occurs at a higher AOA, which introduces unsteadiness to
the aerodynamic performance. As AOA is increased excess of 200, the lift increases and drag is also increases
as seen in the Fig. 4.10. It also indicates of constant increase in the drag from 50 until it reaches its maximum
value.

Figure 4.9: CL vs. α Plot

Figure 4.10: CD vs. α Plot

0

From the results, at α=20 , the value of CL and CD are 0.30453 and 0.14069 respectively and their ratio is
2.16456.Flow conditions: P∞=1.01325 * 105 N/m2, ρ∞=1.225 Kg/m3, µ ∞=1.789 * 10-5 Kg/m-s, Re=0.087 * 106,
V=11.5 m/s, α=-100 to 150
4.5 Contours of Pressure Coefficient
Fig. 4.11 (a) – (f) shows 3D contour of pressure coefficient plotted for various AOA conditions i.e. -100
through + 150 of AOA. The dark red colour contour indicates the maximum pressure location over the MAV
geometry, whereas dark blue contour indicates minimum pressure location.

Figure 4.11 (a): AOA -10°
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Figure 4.11 (c): AOA 0°

Figure 4.11 (d): AOA 5°

Figure 4.11 (e): AOA 10°

Figure 4.11 (f): AOA 15°
0

Figure 4.11 (a) – (f): Contours of pressure coefficient -10 through + 150 of AOA

5. Conclusions
The stall angle of attack is much higher that what the MAV is computed at since the lift curve slope is a
straight line. Higher angles of attack were not computed due limitations of the balance. CFD predicted values
very much at lower and higher angles of attack but conform to the experimental values at the mid-range of
angle of attack. The L/D ratio for the MAV is highest between 5 to 10 degrees of angle of attack and the MAV
should be flown at those angles of attack for best results.
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