.org/

/[/[www.1mavs

http

IMAV2011-19
https://lwww.imavs.org/pdf/imav.2011.19

Design Approach for Selection of Wing Airfoil with Regard to Micro-UAVs

Vladimir Brusov * and Vladimir Petruchik
Moscow Aviation Institute (MAL),
Flight Dynamics and Control Department,
Volokolamskoye Shosse 4, 125993,GSP-3, Moscow, Russia

ABSTRACT

A reasonable selection of wing airfoil is very important
part of aerodynamic design process for micro-UAVs. The
selected airfoil predetermines substantially performan-
ces of the designed UAV. This reason causes us to pay
attention to the problem of UAV wing airfoil selection
taking into account properties specific for micro-UAVSs.
A concept of multitask design is suggested to solve this
kind of problems. This concept is explained in regard to
selection process for micro-UAV airfoil. Presented
simulation results demonstrate that using of multitask
approach to aerodynamic design of micro-UAV enables
us to enhance UAV efficiency due to improvement of its
aerodynamic perfection.

1 INTRODUCTION

A class of very-small unmanned aerial vehicles (micro-
UAVS) includes UAVs with a mass in the range from
several dozen grams up to 1 kg or up to 5 kg according to
other appraisals. Micro-UAVs are equipped mostly with
electric propulsion system consists of rechargeable battery
and electric engine to drive propeller. There are many
papers related to reasonable selection of design parameters
for a micro-UAV including selection of its airfoil [1]-[8],
[10], and [14]. A reasonable selection of wing airfoil is very
important part of aerodynamic design process for any
micro-UAV. The selected airfoil predetermines substantially
lift to drag ratio, altitude-airspeed performance, stalling
performance as well as takeoff and landing performance for
the designed UAV. These reasons stimulate us to investigate
the problem of UAV wing airfoil selection taking into
account properties specific for micro-UAVSs.

2 AN INFLUENCE OF FLIGHT REGIMES ON SELECTION
OF WING AIRFOIL FOR MICRO-UAVS

The wing airfoil selection problem for micro-UAVs has
some peculiarities caused by reasons discussed below.

1. Low airspeeds and low Reylolds number values.
Airspeed values for typical micro-UAVs are usually in the
range from 8-10 m/sec to 25-30 m/sec. This range is
specified by requirements which are formulated usually to
the UAV. According to these requirements the UAV should
have capability to carry out flight tasks both during calm
and at strong enough wind. In combination with small UAV
dimensions it leads to a situation when UAV flies in about
critical Reynolds number values if it is near to the bottom of
the UAV airspeed range. It is important because of almost

L E-mail: vsh@mai.ru
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all aerodynamic characteristics change considerably for
critical Reynolds number values [1], [2], and [14].

Critical Reynolds number values are from 80000 to
140000 for various wing airfoils. A transition from
subcritical Reynolds number values to supercritical ones
causes essential enhancement of UAV aerodynamic
characteristics. For example UAV lift to drag ratio rises
approximately on 50% in this case.

For subcritical Reynolds number values, i.e. for low
airspeed, airfoils with small relative thickness (5-7%) and
with large relative concavity (even downstream airfoil face
is concave in this case) are preferable if we need to
maximize airfoil lift to drag ratio. These airfoils become
inefficient if airspeed increases because of enhancement for
airfoil profile drag.

For middle airspeed values (U=15-20 m/sec) airfoils with
relative thickness approximately 14-16% and with almost
flat or even convex downstream face are most preferable.

Finally, for large airspeeds (for micro-UAV airspeed
about U=25-30 wm/c is large enough) sufficiently thin airfoils
(8-12%) become preferable again but this time they need to
be close to symmetrical one with small relative concavity.
The fact is that we do not need high values of UAV lift
coefficient for these relatively large airspeeds but it is very
desirable to decrease airfoil profile drag.

Thus, the requirements claimed to airfoils in regard to
various flight regimes are obviously contradictory.

2. Nonstationarity of aerodynamic characteristics for
micro-UAV with respect to Reynolds number and angle of
attack values. If micro-UAVs flied all the time on small
Reynolds numbers including subcritical ones then it would
leads only to some decreasing of their lift to drag ratio in
comparison with the flight within supercritical Reynolds
number region. However, micro-UAVs have very small
flight weight and small wing load values. Then micro-UAV
under a gust influence can transits very quickly (for few
seconds) from subcritical Reynolds numbers to supercritical
ones and back to subcritical Reynolds numbers. These
transitions cause significant changes in UAV aerodynamic
characteristics.

Micro-UAVs have small values for moments of inertia
about X, Y, and Z body axes. For this reason micro-UAVs
have large angular accelerations and large angular velocities
p, g, and r. Moreover, instantaneous center of rotation for
micro-UAV do not coincide as a rule with center of gravity
for the UAV. Quick changes in angle of attack and sideslip
values caused by the rotation lead to emergence of
additional aerodynamic moments which depend not only
from these angles but also from their rate of change as well
as from roll angular velocity. We can see in this case that

INTERNATIONAL MICRO AIR VEHICLE CONFERENCE AND FLIGHT COMPETITION IMAYV 2011

129


https://www.imavs.org/pdf/imav.2011.19

.org/

/[/[www.1mavs

http

IMAV2011-19
https://lwww.imavs.org/pdf/imav.2011.19

the transitions from subcritical Reynolds numbers to
supercritical ones and back to the subcritical Reynolds
numbers run in different ways. This phenomenon is named
as the aerodynamic hysteresis [14]. Almost all aerodynamic
characteristics of micro-UAV become highly nonstationary
and they depend also from dynamics of changes for
Reynolds number values. Moreover large UAV angular
velocities about Z axis can cause critical angle of attack
value and stalling of the UAV. Various airfoils have

different kinds of C_(«a) function with more steep or more

smooth function value changes for « > a, i.e. for angle of

attack values exceeded critical ones. As a rule airfoil with
relatively large radius of it forebody have more smooth stall
characteristics while airfoil with small forebody radius have
more steep characteristics.

We can see now that airfoil have an influence on non-
stationary aerodynamic characteristics of UAV because of
dependence between these characteristics and Reynolds
number.

Thus, the reasonable selection of airfoil for micro-UAV
must be some compromise between desired airfoil proper-
ties for each UAV flight regime and actual characteristics
for the selected airfoil.

The design philosophy suggested in our paper is based on
usage of some collection of alternative airfoils with known
aerodynamic characteristics to choose a reasonable
alternative contained in the collection. A synthesis of new
airfoils additional to the alternatives of the collection is a
separate problem which is not considered in this paper.

3 DESIGN PHILOSOPHY BASED ON MULTITASK
APPROACH FOR REASONABLE AIRFOIL SELECTION
IN REGARD TO MICRO-UAVS

Thus, as it was stated above, we need to solve the
problem of compromise airfoil selection for the wing of a
micro-UAV. It is necessary to make this selection for some
range of flight regimes which differ one from another with
airspeed values. Let us consider this selection problem in
wider statement. We will suppose that airspeed is only one
element from a set of flight tasks and application conditions
for designed micro-UAV.

A problem of adequate representation for the source set
of flight tasks and application conditions are very important
for the designed micro-UAV as well as for its components
especially for airfoil. This problem has great significance
for micro-UAVs both for their theoretical issues and
applications. A solution of this problem determines
immediately requirements specification for the designed
micro-UAV. In addition it predetermines optimization
approaches and techniques used for micro-UAV design.

Two different approaches are used in contemporary
design activity. First of them is based on replacement (by
means of aggregation technique) of source set X of flight
tasks and application conditions by another set X'. The X'
set has fewer elements than the X set. For marginal case of
the X'set it consists of only one element x* which is some
typical task named usually as “design task’ or ‘nominal task’
(see Figure 1).
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However this approach causes the problem of appropriate
selection for the design task x* to represent sufficiently the
source set X.

An alternative approach suggested and developed in the
USSR in the middle of 1960s is presented in [11], [12], and
[13].

This multitask approach takes into account the set of
flight tasks and application conditions through introducing
of the external set X. We choose values of design
parameters for UAV according to the multitask approach by
means of appropriate optimization problem solving.

o

2
1 —

Aggregation

Figure 1: Replacement of the external set X by the design task x:
1 —external set X; 2 — aggregated external set X" ; 3 — design task x"

This problem involves some unified operation criterion
[12], [13]

@ F[X yu(v)],

required to be minimized or maximized subject to UAV
design parameters; here y is vector of design parameters and
u(t) is vector of control law parameters for UAV.

Following the aggregated approach [13] we take into
consideration tasks and application conditions as some
design task x*e X in a mathematical model of optimal
design. This design task x* is usually the main element of
requirements to the developed UAV and it is derived by
means of design task analysis as well as analysis of the
source set of flight tasks and conditions of their
accomplishment.

As an example of design task X for micro-UAV we can
specify a flight operation to search some small surface
object for prescribed search range D with predetermined
UAV payload. A design task in airfoil case can be stated as
a cruising flight with some prescribed airspeed U. The
influence of airspeed value on reasonable airfoil selection
for wing of micro-UAV was discussed above.

According to this approach the optimal design process
consists in selection of some alternative micro-UAV
version, which is most effective for the prescribed design
task. However in real flight conditions our micro-UAV has
to be capable to run not only this design task but a set of
other flight tasks. Therefore parameter values of the UAV
must ensure some design compromise to run efficiently
every flight task of the set although these values are not
possibly the best for any task.

On Figure 2 we can see how concepts introduced above
relate to such important micro-UAV design element as wing
airfoil. This example uses a one-dimensional continuous set

of tasks U = [U,,U, ] which is the range of UAV airspeeds.
Figure 2 shows us that the first airfoil version (Profile 1) is
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most efficient for the design task U:, but this airfoil has

large drag losses (they marked with hatching an Figure 2)
for off-nominal values of airspeed, therefore the Profile 2
airfoil is preferable in regard to discussed case.

There are no doubts that it is necessary to consider
quantitatively the whole set of flight tasks and application
conditions for the designed micro-UAV and its elements. If
we build the optimal design model taking into account the
diversity of prescribed tasks then we can avoid considerable
losses of effectiveness for developed UAV. This problem
can be solved using the concept of external set X and
appropriate optimization algorithms.

CDW

Profile 1

Profile 2

s

Uy Ui U URe

Figure 2: A drag losses for the Profile lairfoil due to off-nominal
values of airspeed

However such approach complicates obviously the
optimization model for micro-UAV design parameters as
well as it enhances efforts needed to solve optimal design
problem. The question is natural about reasonability of this
complication as compared with the conventional optimal
design problem. It was shown in [11], [12], and [13] as an
answer to this question that deriving of the design task x*
basing only on the information about external set X leads to
a considerable error in UAV effectiveness estimation.

4 PROBLEM OF MULTITASK OPTIMIZATION AND A WAY
TOSOLVEIT

Thus, we can see that a choice of optimal parameters can
be represented as an optimization problem for some simple
scalar multitask system with external set X, set of strategies
Y, and strategies A={y;eY}, i=1,....m.

An efficiency index for this multitask system can be
specified in two ways according to [12] as some efficiency
function in regard to the optimal design problem for a
system of UAV airfoils or wings.

First of all, the efficiency function in case of integrated
multitask system can be stated as

(2 FOXAEM) = [ px) G(x,y,) dx
or :

() F(X,AE(X) = f POOG(x, Y;) = G (x))dx

Variable F(X, A, E(x)) defined by Equation 2 corresponds
to the mean value of the functional G(x,y,). This value is
related to a single task from the external set X which is a
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region of flight tasks in the considered problem. The
optimization problem using this efficiency index is
equivalent to the well-knows unification problem [11], [12],
and [13]. Solving this problem it is possible to derive
optimal values for design parameters of the system of UAV
airfoils if we know the p(x) function.

Variable F(X, A, E(x)) defined by Equation 3 corresponds

to the value of absolute deviation of the functional G(x,y,)

from the value G (x) which this functional could possess

for the UAV wing optimized in regard to the flight regime
Xe X.

In the second case which is guaranteed multitask system
one, the efficiency function for UAV system of

airfoils/wings A ={y },i =1,...,m can be stated as

(4) F(X,AE(X)) =maxp(x,y,),

xeX
where E(X) is a distribution function, which connects airfoil
alternatives with their reasonable usage regions for the
predetermined external set X.
Here we introduce the functions

G(x,
) plxy) =)
G (x)
or
G(x,y)-G
5b) p(x.y,) =S
G (%)

which define the nonoptimality degree of arbitrary UAV
airfoil y; for a flight regime (flight task)x € X in
comparison with the airfoil optimized for the same regime
Xe X.

Then efficiency function defined by Equation 4 is
maximal nonoptimality degree for the UAV airfoil y; in
regard to the whole region of tasks X.

We can formulate now a general optimization problem
named also as strategy optimization problem for described
system of airfoils treated as multitask system.

The system of airfoils A={y,},i =1,...m is optimal for
the set X of flight regimes x € X if:
1) the collection of airfoils A ={y,},i =1,..,mprovides

maintenance of the UAV for all flight regimes of X;

2) the efficiency function value is maximal (see Eq. 6) or
minimal (see Eq. 7) for this collection, i.e.

6) FOGCAEM) = min [ p(x) G(x,y,) dx

ACY E(x
(SO0

(7) F(X,A,E(x))= min j p(x) (G(x,y,) - G(x)) dx
AcY E(X)
X
or the value of maximal nonoptimality degree is minimal for
this system of airfoils
(8) F(X,AE(x))= min maxp(x,y,)
AcY ,E(x) xeX
Let us notice that we can write expressions according to
[12]
F(X,A,E(0) = min [ p(x) min G(x,y,) dx

AcY i=1,..,m
X

INTERNATIONAL MICRO AIR VEHICLE CONFERENCE AND FLIGHT COMPETITION IMAV 2011

131


https://www.imavs.org/pdf/imav.2011.19

.org/

/[/[www.1mavs

http

IMAV2011-19
https://lwww.imavs.org/pdf/imav.2011.19

SEPTEMBER 12-15, 2011, °

F(X, A, E(x)) =minmax min p(x,y,)
AcY xeX i=l...m

due to specific nature of relationships described by
Equations 2, 3, and 4.

We need to specify realization rate function p(x) for all
flight regimes x € X to determine indices (6) and (7).

However, the efficiency index specified by Equation 8
allows us to derive optimal design parameters of the airfoil

system A={y}i=1..,mwithout information about

distribution of flight tasks in the region X. It is very
convenient on early stages of UAV design process when it
is especially important to take into account expected region
of flight tasks. Optimization according to this efficiency
index provides UAV maintenance for each flight regime of
the region X. This approach ensures that nonoptimality
degree described by Equation 5 do not exceed some limiting
value obtained from solution of the problem defined by
Equation 8.

The suggested optimality criteria is coincide with
conventional minimality conditions if the external set X is
reduced to one flight task, i.e. the UAV will operate only in
one flight regime.

5  SOLUTION EXAMPLE OF MULTITASK OPTIMIZATION
PROBLEM FOR MICRO-UAV

We will discuss in this section a solution example for
multitask micro-UAV optimization problem. Our goal is to
select the most reasonable airfoil from the predetermined
collection of airfoils with known aerodynamic characteris-

tics. Lift to drag ratio K =C, /Cy is used here as an effi-
ciency function G(x) together with AK as a value of relative
loss for a wing with arbitrary airfoil y, € {y },i=1,...,m

as applies to a flight regime x e X in comparison with the
airfoil optimized for the same regime x € X .

| —
Airfoil 1
Eppler 61
h
Airfoil 2
ot Eppler 193
Airfoil 3
FS 60100
AE—
Airfoil 4 Gottingen 495

Table 1: Dominance of low speed flights (U = 8-12 m/sec)

T HARDE, THE NETHERLANDS

Airfoil 1 | GS3T—
Airfoil 2
Airfoil 3 | CNACATSI==.
Airfoil 4 | CNACATIZo=—

Table 2: Dominance of middle speed flights (U = 15-20 m/sec)

Airfoil 1 <NACA 7=
Airfoil 2 < NACA 20—
Airfoil 3
Airfoil 4

Table 3: Dominance of large speed flights (U = 25-30 m/sec)

Example. A rational choice of the most suitable airfoil
from the predetermined collection.

We have some predetermined collection of airfoils with
known aerodynamic characteristics (see Tables 1, 2, and 3)
as well as three versions of the weight function p(x) which
is interpreted here as a quantity N of flights carried out with
different airspeeds (see Figures 3, 4, and 5).

=

[
(=%

[
(3]

S

Quantity of flight operations
@

10 14 18 22 26 30
Airspeed Uymis

Figure 3
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Airspeed Um/s
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Figure 5

Aerodynamic characteristics for airfoils presented in
Table 4 allow us to make up some preliminary conclusions
about preferable regions of airspeed values for each subset
of the airfoil collection.

o Maximal relative Reasonable
Airfoil losses AK_, % airfoil

Eppler 61 96.6
Eppler 193 36.8
FS 60100 54.0
Gottingen 495 82.8
G 532 96.6
N-81 30.0
NACA 4512 94.3
NACA 4212 77.0

NACA 19 19,5 NACA 19
NACA 20 82.8
NACA 15 36.8
NACA 17 97.7

Integrated relative L/D losses
for micro-UAV wing, AK %
Airfoil Weight Weight Weight
function, function, function,
Figure 3 Figure 4 Figure 5
Eppler 61 42.15 54.51 68.19
Eppler 193 42.85 13.17 16.55
FS 60100 9.41 6.61 18.81
Gottingen 495 37.6 42.74 49.62
G 532 63.89 74.96 78.50
N-81 68.73 82.54 80.93
NACA 4512 14.27 5.99 2,58
NACA 4212 13.33 11.96 11.28
NACA 19 12.97 12.74 18.14
NACA 20 42.81 52.65 56.24
NACA 15 8.09 10.04 28.39
NACA 17 74.84 76.34 74.82

Table 4: Computational experiment results for collection of
alternative micro-UAV airfoils with regard to the integrated
approach

We can use the integrated approach (see Eq. 7) with
weight functions p(x) defined with Figures 3, 4, and 5 to
choose more precisely the most reasonable wing airfoil for
micro-UAV. Appropriate simulation results are presented in
Table 4.

As we can see the NACA 15 airfoil is preferable for the
region with dominance of low speed flights (see Figure 3).
This airfoil has minimal integrated relative L/D loss which
equals to AK =8.09%. As regards to the dominance of
middle speed and large speed flights the NACA 4512 airfoil
is preferable. It has AK =599% and AK =258%
integrated relative L/D losses, respectively (see Figures 4
and 5).
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Table 5: Collection of alternative airfoils for micro-UAV

We can apply also the guaranteed approach (see Eq. 8),
which does not require weight functions p(x). An estimation
of relative L/D losses in this case is carried out for the whole
region of airspeed values from 8 m/sec to 28 m/sec. Only

maximal values of the losses AK, are essential for each
airfoil in the guaranteed case. Simulation results to obtain
AK, maximal values are presented in Table 5.

As we can see from Table 5 the smallest maximal relative
L/D loss equals to AK; =19.5%. This value belongs to the

NACA 19 airfoil which is the most reasonable choice
according to the guaranteed approach. This airfoil is not the
best design alternative according to the integrated approach,
however its relative losses are rather small. The losses
values make up 12.97 %, 12.74 %, and 18.14 % for the
weight functions presented on Figures 3, 4, and 5
respectively.

6 CONCLUSION

The problem of most reasonable selection for airfoil was
stated and solved in this paper to ensure UAV efficiency for
some range of its flight regimes, for example for some range
of the micro-UAV airspeed values. The selection is carried
out from predetermined collection of airfoils with known
aerodynamic characteristics. Appropriate methodology was
suggested to solve this kind of design problems using
multitask approach.

The multitask approach is based on a set-theoretic
statement of design optimization problem which allows to
take into account diversity and uncertainty of UAV flight
regimes as well as a set of effectiveness criteria.

We can apply the integrated multitask approach to select
the most reasonable alternative airfoil if we have
information about realization rate function p(x) for all flight
regimes. Otherwise we can use the guaranteed approach,
which does not require information about p(x) function.

Simulation results show us that suggested multitask
approach to select reasonable airfoil enables us to enhance
UAV efficiency due to improvement of its aerodynamic
perfection.
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