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Summary:

Aircraft construction experts must not neglect the behavior of aircraft
in extreme or closely extreme flight conditions, such as flights at critical
angles of attack, where a normal flight can be easily converted into a stall.

This paper highlights the essential factors that influence the
behavior of aircraft in flight at critical angles of attack. Based on the
available experimental results and estimations, the performances of
airfoils were analysed depending on air flow conditions (categorized
according to Mach and Reynolds numbers), airfoil shapes, dynamics of
the transition of angles of attack, description of the flow around airfoils
with increasing the angle of attack upon reaching a critical value, and
the effect of roughness of airfoil surfaces at critical angles of attack.

The paper gives a physical interpretation of a lift decrease and a
stall. It minutely describes the origin of flow separation and categorizes
airfoil sections by type of separation and their behavior during the flow
at the critical angle of attack.

Based on modern aerodynamics, this paper aims to show and
explain the issues and the most important characteristics of the flow past
the body at critical angles of attack and give practical recommendations
for airfoil design. As such, it may be of interest to pilots and engineers as
well as to educational and research institutions.

Key words: aerodynamic, performance of airfoils, fluid dynamics, airfoil
shape, critical angles of attack.
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Introduction

A value of the lifting force of the wing (of a body in flow) obtained at
the moment when further increase of the angle of attack (a) does not
increase it any more is called the maximum lift force of the body for given
flow conditions (Gretchikhin, 2014). The angle of attack at which
separation of the laminar flow occurs on the curverepresents the point of
falling of the C,/a curve angle (chart C,/a Figure1).

Figure 1 — Change of the lift coefficient CL when increasing the angle of attack a
Puc. 1 — N3meHeHne koapduumeHTa nogbemHon cunel CL Npu yBenuyeHun yrna atakm o
Slika 1 — Promena koeficijenta uzgona C sa povec¢anjem napadnog ugla a

A value of the angle attack at which the lift coefficient has the
maximum value represents the angle of the maximum lift. A further
increase of the attack angle causes that the lift force decreases slowly in
the beginning, then more steeply. For certain values of the angle of
attack (ay,), the lift force is lost.

The maximum lift depends on various factors:

- Airfoil shape (of a body in flow);

- The flow conditions (modeled by Reynolds and Mach numbers);

- The shape of the wing (of a body in flow), slenderness, the position
of the wings in relation to the flow and the aircraft fuselage (the angle of
the arrow, curl wings);

- Aerodynamic additions to wings;

- The engine; and

- Flight dynamics of the body.
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The value of the maximum lift coefficientis a complex function that
depends on the geometric size of the airfoiland the Reynolds number;
therefore, it cannot be calculated analytically. The wind tunnel testing has
led to the empirical equations that apply to a specific area of the
Reynolds number, so that usual airfoils for approximate calculations can
be determined from the equation:

2
C. :1.73—2.4{1—14(%j +5o(%) }2(?)

The above formula applies to the value of Re=3-10° while for other
values of the Reynolds number it is necessary to make corrections.

An approximate value of the critical angle of attack is obtained from
the equation:

a, =(11+a)+50 L] +70[ €
- ! l max l max

As shown in Figure 2, C is from 1.5 to 1.6, i.e. less than 10% of the
theoretically possible values (Cone,1985).
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Figure 2 — Potential maximum lift force coefficient
Puc. 2 — lNoTeHumManbHoe MakcuMmarbHoe 3HavyeHne KoadpduumeHTa NogbLEMHON CUnbl
Slika 2 — Potencijalni maksimalni koeficijent uzgona

With aerodynamic accessories (slats and flaps) and an additional
impact of jet (engine), the values of about 30% of the theoretical value
are obtained.
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The physical interpretation of a stall

An increase in the angle of attack observed along the airfoil leads to
the following:

- Large vacuum near the leading edge;

- Strong positive pressure gradient between the negative peak and
the trailing edge;

- Increase of the boundary layer along the upper side of the airfoil.

An increase of the angle of attack of the flow at the airfoil cross-
section leads to two critical points in the stream where the separation of
flow can be expected:

1. At the leading edge, where a streamline must flow around the
attack “nose", which corresponds to a loss of momentum;

2. In the vicinity of the trailing edge, where there is a noticeable
increase in the thickness of the boundary layer.

The loss of lift due to the separation of flow occurs in one of these
points or at both points at the same time. In Figure 3, the CL-a diagram
(Kosti¢, 2010) shows three specific ways of flow separation.

aeponpodmi:

NACA 63-018(oasajamke 011 U3J1a3HE UBHUIIC )

NACA 63-012(oaBajamk€ HA HANAJAHOj UBUIIH)

0.2 NACA 63-009(xoMOMHOBaHHM O/IBajarb€ CTPpYyjamka)

cUMeTpHYaH KJIMH(OABAaja Ha HAIAIHOj UBUIIH,
Ayradak Mexyp)

(02
0 4 8 12 16 20
Figure 3 — Types of the separation flow of the A-profile, Re= 5.8 - 10°

Puc. 3 — Bugpl cpbiBa notoka Ha A-npodune,Re=5,8¢ 108
Slika 3 — Tipovi otcepljenja strujanja A-profila, Re=5,8-10°

The selection included the airfoils whose CL-o curve values coincide
up to a=60, after which there is a characteristic discrepancy.
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Separation from the leading edge - elongated
bubble shapes

Separation from the leading edge isgradually formed on thinner
airfoils with relatively sharp leading edges, as a form of an elongated
laminar separation bubble;

Adouble-fold curve, characteristic for flow separation at the leading
edge in a shape ofelongated bubbles, ca be noticed. Lift rises, almost
linearly, then gently falls and remains constant for values o = 8.5-10°,
then the lift force continues to decline slightly, followed by an increase.

transition
_]_ turhulent wake
- .i_!"_"h’._'
il
/_’——— —_——
-
_— Ho=tIN
constant pressutre
& indicates the separation Sl
-l | ——— —_—
transition
0
ot CFOT Cd=007
Ch=0.25 et w20
+1
Ce
T

Figure 4 — Example of stalling a thin, sharp airfoil
Puc. 4 — MNMpuMep cBanuBaHns TOHKOTO CTPEIoBMAHOIoKpbIna
Slika 4 — Primer prevlacenja tankog, o$trog aeroprofila

The reason for this behavior of airfoils lies in the short distance
between the stagnation point (when o>0, it is located on the underside)
and the leading edge, so that the boundary layer in this zone is very thin.

The Reynolds number is low for the given case.We take into account
the existence of a strong negative pressure gradient between the stagnation
point (where Cp=+1) and the leading edge (where probably Cp=-10). The
airflow over the sharp leading edge is laminar in the boundary layer until
abrupt flow separation (McCullough, 1955). Namely, the usual transition to
turbulent flow inside the bubble is not typical for this case. After flow
separation, as shown in Figure 4, the boundary layer next to a newly formed
bubble becomes significant space created by mixing with the fluid within the
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separation bubble. The result of this mixing is the reduced thickness of the
separation bubble as the flow moves away from the leading edge to the
place where it again joins the boundary layer of the upper airfoil.

The presence of bubbles is recognized through pressure distribution
along the airfoil, Figure 4, presenting a constant area of the negative pressure
coefficient, where, if the bubble did not exist, there would occur a sudden
change in pressure (peak on the curve), which in this case does not exist.

1,0n

Cl

0,8

0,6

0,4

0,2

o Cds X/c
L | >
0 2 4 6 8 10 0 0.1 02 o 0.5 1.0
Figure 5 — Lift, drag and the separation bubble characteristic for the NACA 64A006 airfoil
a) Lift with discontinuity at C.=0.56
b) Section drag showing sudden increase at C.=0.56
c) Length of the separation bubble from the leading edge
Puc. 5 —NogbeMHas cuna, conpoTMBrneHne n obnactb oTpbIBa
a) PaspbIB HEMpepbIBHOCTM NogbeMHon cunbl npu C=0,56
b) Peskuin ckayok koadpduumeHTta conpotusnenHus npu C.=0,56
¢) [lnvHa oTpbIBHOMO Ny3bIps yrnepeaHen KpoMKu
Slika 5 — Uzgon, otpori, separacioni mehur za aeroprofil NACA 64A006
a) Diskontinuitet uzgona pri C.=0,56
b) Naglo povecanje koeficijenta otpora pri C.=0,56
c) Duzina mehura otcepljenja od napadne ivice

In the diagram CL-o,, CD, x/c (bubble) for the NACA 64A006 airfoil shown
in Figure 5, it can be noted that in the section ~6% x/c for CL=0.56 acurve
discontinuity appears, showing the moment of the creation of initial separation
and a bubble, which is reflected in a sudden increase of the drag coefficient.

With a further increase of the angle of attack, the area affected by the
separation bubble grows proportionally to a critical moment which
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corresponds to the maximum lift, after which it extends along the entire
length of the upper airfoil, followed by the reduction in lift and transit to a stall.
In the previous case, the separate bubble extends to 60% of the airfoil chord
(x/c), then the increasing of o leads to the 75% of the airfoil chord (x/c).

Separation from the leading edge - short
bubble shapes

Short bubble shapes occur as sudden separation when flow passes
airfoils with a sharp leading edge, or at flow past a low curved airfoil;

For airfoils characterized by an abrupt onset of a small flow bubble,
it is characteristic, as shown in the diagram for the NACA 63-012 airfoil
(Figure 3), that the lift force increases almost linearly up to the maximum
and then falls sharply.

Separation from the trailing edge

Separation from the trailing edge is characterized by slight gradual
separation. It starts from the trailing edge and moves towards the leading
edge, proportionally to the increase of the angle of attack. The NACA 63-018
airfiol, Figure 3, with a rounded leading edge, is a typical representative of the
airfoil group in which separation occurs at the trailing edge. It is characterized
by an almost linear increase of lift, then a gradual transition to lift loss and
complete flow separation. The length at which a separation bubble is formed
depends primarily on the airfoil shape. In the case of flow past the airfoil,
Figure 4, the length extends up to 60% of the airfoil chord, while with further
increase of the angle of attack separation occurs starting from the airfoil
trailing edge. A stall occurs after the moment when the separation begins from
the trailing edge and comes to a point of 25% of the leading edge.

For airfoils used for subsonic flows, the length of the separation
bubble varies from 15% to 25% of the length of the airfoil chord.

If a rounded leading edge is used, and the airfoil thickness and
curvature are increased, the risk of separation bubble formation on the
leading edge is eliminated.

The next critical zone for flow separation due to an increased angle
of attack is near the trailing edge.

Figure 6 (Pinkerton, 1996) introduces the distribution of pressure
along the airfoil at the time immediately prior to reaching the maximum
coefficient of lift (Cpx).

The distribution of the pressure coefficient depends on the shape of
the airfoil, Reynolds number, angle of attack, relative thickness, curvature
of the center line and the relative curvature of the leading airfoil edge.
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Figure 6 — Characteristics of the lift force of the NACA 4412 airfoil and the distribution of
C|_, CN, Cm
Puc. 6 — XapakTtepuctukm nogbemHon cunbl npoduns kpbina NACA 4412
n pacnpegenenune Ci, Cn, Cm
Slika 6 — Karakteristike uzgona aeroprofila NACA 4412 i raspodelaC.,Cn,Cm

Let us consider the values of the local maximum speed using the
equation:

WA =1+ 2t/c + 0.2 C./ () (3)

where r/t is the ratio of the radius of the leading edge and the airfoil
thickness (typically between 0.5 and 2.0 t/c). A possible maximum local
velocity w, the maximum dynamic pressure g and the minimum pressure
coefficient can be obtained from this equation.

Both parts of the right side of equation (3) produce a positive
pressure gradient while approaching the trailing edge of the airfoil. Under
the influence of this gradient, the boundary layer increases significantly
and the trailing edge has a total thickness of 3, which can be written as:

8c = 5C,+ k(Cy)"

where C;= 0.03 is the coefficient of friction resistance, n=2, the coefficient
k of the order of 10.
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After the boundary layer thickening, it reaches the critical moment
when its movement against pressure cannot continue and flow
separation occurs in the accumulated boundary layer. As a result, there
has been a cessation of circulation increase with the increase of the
angle of attack and the lift reaches its maximum.

Figure 6 shows the NACA 4412 airfoil in the C,,C,-axdiagram. Before
reaching its maximum, the lift coefficient diagram diverges from the
straight line, initiating flow separation from the trailing edge. An increase
of the angle of attack through Cy results in a gradual lift decrease,
without discontinuity, down to the angle of attack after which a complete
separation flow occurs, which corresponds to the scenario when the
separation from the trailing edge is extended to the leading edge.

Airfoils with circular sections

Let us consider the behavioral characteristics of the lift of the airfoil
section with a circular shape, with a curvature of 10%, for three values of
the Reynolds number, shown in Figure 7 (Kosti¢, 2010).

When the airfoil lower sideis flat, the degree of curvature is equal to
0.5 of the airfoil slenderness. The maximum thickness located at 50% of
the length of the chord gives airfoils with the prominent wedge-shaped
trailing edge at the site of potential vacum, which easily leads to initial
separation. Symmetric thickening with the maximum curvature in the
middle of the airfoil, combined on the side with lower pressure, increases
sensitivity towards separation flow while approaching the trailing edge.

It can be noticed that, under the sameflow conditions, the behavior
of the airfoil depends on the Reynolds number, therefore:

1. When the value of Re=10°, the laminar type of separation occurs.
The point with the minimum pressure corresponds to the half of the airfoil
tendon. Under these conditions, the minimum drag coefficient is 0.02,
which confirms the separation of flow.

2. When the value of Re=3-10°, at the angle of attack corresponding
to the lift coefficient of 0.575, which is identical to the theoretical
CLsym=0.115(f/c)%.

The value of the drag coefficient (Cps=0.008=min) clearly confirms
that this is a completely clean, pressed flow, which represents in this
case optimum.

Increasing the Reynolds number over Re=3-10° gradually reduces
the lift coefficient for a minimum resistance value and for Re=5-10° the lift
coefficient is C,0=0.46. In the separation layer, turbulent
flowappears.
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Figure 7 — Characteristics of lift and the mechanism of stalling
an airfoil with 10% of curvature

Puc. 7 — XapaKkTep1CTUKM NOABEMHON CUMbl U MeXaHn3m obTekaHus kpbina ¢ 10% -on

KpMBM3HOM npouns
Slika 7 — Karakteristike uzgona i mehanizam prevlacenja
aeroprofila sa 10% zakrivljenosti

For the observed cases, Figure 7, the graph of the lift coefficient
decreases in all three cases. The angle of zero lift at Re=10°h as a value
of -3% while an increase of the Reynolds number to Re=3-10° results in a
decrease of the angle of zero liftto the value of -6°. However, at the value
of Re=5-10°, the angle of zero lift increases to -5°.

This variation of the angle of zero lift value depends on the coefficient
of the resistance to friction from the lower value of 10° for laminar flow
separation, through the part with turbulent separation for which the
minimum drag coefficient (optimum) is valid, to the value where turbulent
separation is dominant, i.e. a value of 5-10°.
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The curvature of the leading edge of the observed airfoils is possible
to reduce the drag coefficient, so the curvature of r/c=1-2% gives a
reduction in the drag coefficient of Cps=0.038 atCps=0.017 for Re=4-10°.

N CI

0’8 Clopt
Clsim | —6-12)%

0,6

Clopt 3a A=5-6
0,4

02}

(le)%
| L

2 4 6 8 10

>

0

Figure 8 — Optimum lift coefficient as a function of the airfoil camber, t/c = 6-12%
Puc. 8 — OnTumMarnbHbIn KO3 MULMEHT NOABEMHONM CUMbl XOpAbl NPOdUIIA Kpbina,
t/c=6-12%

Slika 8 — Optimalni koeficijenti uzgona u funkciji srednje linije aeroprofila, t/c=6-12%

The diagram in Figure 8 shows the influence of the airfoil camberand
the position of the airfoil maximum thickness to the values of the lift
coefficient. The diagram is obtained using the equation C,,,=0.115(f/c)%
and compared with the graphs obtained by equations experiments, where
it can be concluded that the optimal position of the maximum thickness of
subsonic symmetric airfoils is between 30-40% of the mean airfoil chord.

Maximum lift depending on the shape and Re

Changing the boundary layer and the drag coefficient is directly
dependent on the Reynolds number and roughness of the flowsurface.
The loss of lift of flow around the body directly depends on the body’s
shape. The transition from the laminar flow of the boundary layer into the
turbulent one can be caused by an external factor (turbulence of the flow
field, turbulence inside the wind tunnel, etc.) or by increased surface
roughness of the leading airfoiledge.
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C_.x as a function of the shape of the leading edge

Figure 9 shows the dependence of the maximum lift coefficient (C.y)
on the leading edge radius (r/c) of symmetric airfoils.
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Figure 9 — Maximum lift of symmetric profiles, depending on the leading edge radius r/c
Puc. 9 — MakcMmanbHas nogbemMHasi cuna CMMUTPUYHOro nNpoduns Kpbina B
3aBMCUMOCTM OT paauyca 3akpyrneHus ero nepegHein KpoMKur/c
Slika 9 — Maksimalni uzgon simetri¢cnog aerodinamickog profila, u zavisnosti od radijusa
napadne ivice r/c

The radius which produces the largest lift coefficient is between 1.5
and 2.0% of the tendon (r/c=1.5-2.0%) for the airfoils with t/c=6-18%.

For NACA 0012, NACA 0018 and NACA 63-012 airfoils shown in
Figure 10 (Hoerner, Borst, 1985), it is evident that, with an increase in the
r/c, the value of C,xgrows. From a value of r/c>1.6%, the gradient of the
curve decreases.

It should be considered that, as the curvature of the leading edge of
the airfoils increases, the drag coefficient also increases, as shown in
Figure 10 (Kosti¢, 2010), which displays the values of C, and C for the
airfoils of relative thickness of t/c=6% and r/c=0.81% and r/c=0.24%
depending on the change in the angle of attack. It is noticeable that the
drag coefficient increases as the angle of attack increases.

Airfoils with rounded leading edges have a greater coefficient of lift
and a lower drag coefficient at the same angles of attack, so it is only for
a=18° that the ratio is C,/ Cp<1.
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Figure 10 — Lift and drag t/c = 6% of airfoilswith different leading edges, Re =5 - 10°
Puc. 10 — NoabemHas cuna v conpoTueneHue t/c = 6% npoduns Kpbina ¢ pasnnyHbIMm
nepegHMMmM KpoMKamu, Re=5-10°
Slika 10 — Uzgon i otpor t/c=6% aeroprofila razli¢itih napadnih ivica, Re=5-10°

It is noticeable that the values of the Cp,..i, are of approximately same
values, and that flow separation at lower values of the angle of attack has
resulted in a rapid increase of the drag coefficient for the airfoil with a
sharper leading edge.

The mechanism of separation of flow around a thin airfoil can be
considered the same as the one in airfoils with sharp leading edges,
especially for the values of Re<10° (von Karman, 2001).

Figure 11 shows the dependence of the curvature of the leading
edge of the airfoil (r/c) and Re. It can be seen that the methods of flow
separation can be grouped depending on the values (r/c) and Re. For the
curvature of the leading edge from 0.25% to 1.60%, it can be concluded
that, at Re<10°, separation flow corresponds to the model of thin airfoil
separation, while for Re>2-10° separation flow corresponds to the model
of thin airfoil separation and trailing edge separation.
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Figure 11 — Stall domains due to the leading edge radius r/c and Re
Puc. 11 — Mopgenb cpbiBa NOTOKa B 3aBUCUMOCTM OT 3aKPYrfEeHHOCTN NepeaHen KPOMKU
r/c v 3HaveHus Re
Slika 11 — Model otcepljenja strujanja u zavisnosti od zaobljenosti napadne ivice r/c
i vrednosti Re

A typical example of application of sharp leading edges is seen when
creating ship propellers, where the value of the Reynolds number is below
the critical value of Re<10°.

The curvature of the airfoil leading edge sectors

Also, C.x is a function of the curvature of the airfoil leading edge
sector (camber line of the airfoil), f/c, and the shape of the leading edge,
i.e. r/c. Around the thin airfoil leading edge, a flat plate, flow bends from
the lower side through the leading edge to the upper side. At larger
Reynolds numbers, laminar separation and the bubble effect of the
boundary layer can be reduced.

Figure 12 shows the change in the lift coefficient of airfoils with
sharp leading edges for different values of the curvature of the center line
of the airfoil in the conditions of flow of similar Reynolds numbers.
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Figure 12 — The maximum lift coefficient of an airfoil with a sharp leading edge,
as a function of the degree of curvature of the camber line of the airfoil
Puc. 12 — MakcumanbHbI KO3PULMEHT NOABEMHON CUIbI KpbIfa ¢ OCTPON NepeaHen
KPOMKOW, KaK DYHKLMSA CTENEHN OKPYTMEHHOCTN CPeaHen NnHUM npoduns
Slika 12 — Maksimalni koeficijent uzgona aeroprofila oStre napadne ivice,
kao funkcija stepena zakrivljenosti srednje linije aeroprofila
It can be said that there is no difference in the examples shown in
terms of the location of the maximum curvature of the camber line of the
airfoil for the maximum lift between 30% and 50% of the chords of the
airfoil. This is illustrated by graphically presenting the C./(f/c) relations,
obtained by testing airfoils in the wind tunnel, (Doenhoff, 2015) Figure 13.
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Figure 13 — The maximum lift coefficient, relative maximum lift coeff|C|ent the relative
thickness of airfoil 6-9% and 12-24% for Re, f = 4 + 10°
Puc. 13 — MakcumanbHasi nogbeMHast cura, OTHOCUTENbHLIN MakCUMarbHbIN Koacpcbvlu,meHT
OTHOCUTENbLHOW TOMNLLMHBLI NPohuns6-9% n 12-24%, ona Re, f=4 » 10°
Slika 13 — Maksimalni koeficijent uzgona, relativni maksimalni koeflcuent uzgona,
relativne debljine aeroprofila 6-9% i 12-24%, za Re,f=4 10°
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After the adjustment to A = 5 in accordance with the equation
(Kosti¢, 2010):

(t/0)%=(1.4+0.2)C,=1.6%C,

the characteristics of thin airfoils, with t/c=6 and 9%, are shown in Figure
13, which shows that, for the degree of curvature of the camber line of
the airfoil between -1% and +1, the maximum lift coefficient corresponds
to the critical angle of attack of separation flow (of 30°).

Practical use of thin airfoils and the curvature of sections in aviation
is limited by structural conditions (providing the necessary wing capacity
for the required airfoil thickness), but they are applicable in the
construction of turbine blades and fan blades.

The coefficients of the maximum lift decrease with the increase of
the maximum relative thickness of airfoils of 12% or more are shown in
Figure 13. The maximum lift coefficients grow as a function of a relative
airfoil curvature, to the airfoils with the highest tested curvatures, those
of 10%.

The curvature of the nose
(leading sections of airfoils)

The study of the NACA 63012 airfoil, Figure 14, at Re=5(10)° and
M=0.18, leads to the conclusion that at C,, = 1.36 separation flow occurs
suddenly, with strong shocks and shaking for angles corresponding to the
values immediately prior to the occurrence of separation. This can also be
anticipated by observing the diagram in Figure 8.

Increasing the radius of the leading edge nose of 1.1% to 2% of the
length of the camber aerodynamic chord, makes C,grow to a value of
1.50, while a sudden stall is still present.

To avoid a sudden stall, the airfoil leading section was folded, Figure
14. The values of C,, grow again, but a sudden stall is still present.
Separation occurs following the model of a thin airfoil with a separation
bubble which does not change from the initial shape to the moment when
it suddenly increases and extends towards the trailing edge. The
distribution of the pressure coefficient shows that separation occurs at
Comin=-10.
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2R basic MACA §3-012 Ck=136

modification of leading edge, Clx=1 35

109E:

Che=1.71

35E

folded dowen leading edge

Figure 14 — Modifications to the leading edge, NACA 63-012, Re =4.9 » 10°
Puc. 14 — Mogudpumkaums nepegHen kpomkn, NACA 63-012, Re=4,9 « 108
Slika 14 — Modifikacije napadne ivice, NACA 63-012, Re=4,9 « 108

Changing the curvature and the radius of the airfoil leading edge
increases the value of the maximum lift approximately, but it does not
change the separation mechanism. As a sudden entry intoa stall is
unfavorable, it is recommended that a combination of the relative
thickness and the airfoil curvature is used to transfer the mechanism of
sudden separation occurrence in the attack sector to gradual separation
which is a characteristic of the separation from the trailing edge.

The critical Reynolds number

When choosing airfoils (any aerodynamic form), it is important to
know the values of the Reynolds number for which they can be used. The
critical Reynolds number at which turbulent flow occurs in the boundary
flow field of the upper wing surface for thin airfoils is Re=10°, Figure 15
(Kosti¢, 2010). It is noticeable that airfoils with a smaller curvature have
higher values of the critical Rewith an increase in C,y.
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Figure 15 — Maximum lift of rectangular Figure 16 — Critical Re as a function of the
wings as a function of Re, t/c = 8-10% radius at the leading edge of the airfoil
Puc. 15 — MakcumaneHas nogbemHas cuna  Puc. 16 — Kputnyecknii Re, kak doyHKLMSA
NpaBOYrofibHOro Kpbina kak dyHkums Re, paauyca 3akpyrneHus nepeaHei KpoMKm
t/c = 8-10% Slika 16 — Kriti¢ni Re, kao funkcija
Slika 15 — Maksimalni uzgon pravougaonih radijusa napadne ivice
krila kao funkcija Re,
t/c = 8-10%

Airfoils such as the NACA 0009 have the same critical way of
changing the image of the flow at higher values of Re. The transition from
laminar to turbulent flow occurs at ten times higher values of Re than in
airfoils with higher relative thickness and the radius of the leading edge.

The radius of the leading edge with the increase decreases the
values of the critical Re, as shown in Figure 16 (von Karman, 2001).
Airfoils with smaller curvature have a higher value ofthe critical Re with an
increase in C.x. For larger Reynolds numbers (10° to 107), they represent
aircraft at low speed during landing and takeoff. TheC,x values are shown
in the diagrams above.

The characteristics of airfoils for Reynolds numbers in this range are:

- Flat planes and airfoils with thickness up to 3% have the same
approximate maximum lift coefficient, with separation characteristic for thin
airfoils;

- Thin airfoils (£/c=5-10%) are characterized by increasing C,x as their
camber line curvature increases from 0% to 2% (Figure 16). Loss of lift
varies from sudden to gradual, depending on the shape and dimensions of
the airfoil and on flow past an airfoil conditions;
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As it can be seen in Figures 16 and 17, airfoils with a relative thickness
between 8 and 12% and the curvature of the camber line between 0% and
2% have a strong tendency towards increasing the maximum lift. Increasing
the angle of attack leads to the characteristic flow around the leading edge
and to a gentle transition from laminar to turbulent flow.

For airfoils with larger curvature and with aprominently rounded
leading edge, flow continues around the leading edge, while the maximum
lift coefficient is in a function of the angle of attack at which the laminar
boundary layer extends towards the trailing edge. C,x depends on the
coefficient of friction along the profile of the upper side of the airfoil. For
Reynolds numbers whose value exceeds 10°, the drag coefficient
increases as a result of an increase in the thickness of the boundary layer.

It is noticeable that, depending on the tendencies of C,x change,
different types of separation flow occur:

— Airfoils with separation flow of the thin airfoil type are characterized
by a fairly constant value of the maximum lift coefficient;

— Airfoils with rapid separation flow tend to increase C,x with an
increase of the Reynolds number;

— Airfoils in which the separation bubble is formed towards the airfoil
trailing edge with increasing Re grows slowly, so that the maximum lift
coefficient decreases for cases with larger curvature of the camber line.

Theoretical analysis

In the early theoretical studies of the boundary layer around the
leading edge of the airfoil, the maximum lift was analyzed as a function of
the Reynolds number and turbulence flow for thin and curved airfoils.The
theory was applicable for Reynolds numbers at which there occurs
separation flow characteristic for separation in the leading edge
characterized by a laminar separation bubble.

For the case where separation is in relation to the trailing edge, the
maximum lift coefficient is the result of the balance between kinetic and
pressure forces. Potential energy is represented by an increase in
pressure between the point of minimum pressure and the trailing edge.
For sections with a pronounced curvature and a rounded leading edge,
separation can be determined as a function of the kinetic energy inside
the boundary layer. Therefore, while the kinetic energy inside the
boundary layer is a function of the Reynolds number and grows in line
with the decline in the value of the frictional drag, it can be said that:

C.x =1/,JC, R ~R/

where n=0.5(1/6)=1/12 and 1/6 is the equivalent ratio during turbulent
flow. On the basis of the aforementioned, the above equation can be
applied to the value of R,<10’.
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The relative thickness of airfoils

For Reynolds numbers of 4(10)°,Figure 17 shows the dependence of
the maximum lift coefficient and the relative thickness of the airfoil.

zA Clx

RAF-89 (25/1,96) F=2, A=6
AVA 0025-40, =1, A=5 Re

>

10° 106 107

Figure 17 — Airfoil maximum lift, as a function of t/c, at Re =4 » 108
Puc. 17 — MakcumanbHasa nogbemHas cuna Kpbina, kak dyHkums t/c, npy Re = 4 « 10°
Slika 17 — Maksimalni uzgon aeroprofila, kao funkcija t/c, priRe = 4 » 10°

The maximum lift coefficient is rising sharply in line with the relative
curvature of the camber line of the airfoil between 0% and 2%, and for
the relative thickness of t/c=5-8%. For values of t/cover 8% and f/cover
4%, the airfoilis characterized by stalling as in thin airfoil. The peaks of
the curves can be obtained for values t/c=10%. The source in literature
stated that during the experiment, for the values of t/c=12%, airfoils
showed more efficiency, especially at high subsonic speeds.

Airfoils with /c=(0 no 10)% are most common, and thus most tested,
representing a compromise between the aerodynamic and structural
demands of an object in an air stream.

Depending on structural needs, the relative thickness of airfoils
increases; consequently, the value of t/c=18% is characteristic for the
root of the wing of subsonic aircraft. Over the value of t/c=18%, the
maximum lift coefficient gradually declines; therefore, a stall is gradual
and predictable.
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Figure 18 — Maximum lift of airfoils of series 63 and 64, Re =6 106,
as a function of the relative thickness and curvature of the airfoil, for A = 5-6
Puc. 18 — MakcmanbHas nogbeMHas cuna kpbina cepumn 63 1 64, Re =6 « 106,
KaK OYHKLMS TOMNLWMUHBLI a3poAvHaMNYECKOro NPOdUnsa U KpMBM3HBI Xopabl, Ana A= 5-6
Slika 18 — Maksimalni uzgon aeroprofila serija 63 164, Re =6 * 10°, kao funkcija relativne
debljine aeroprofila i zakrivljenosti srednje aerodinamicke tetive, za A=5-6

High-speed airfoils

Increasing the relative thickness of the airfoil and increasing the
camber line lead to the increase of the torque of the resulting
aerodynamic forces; therefore,a special attention is given to airfoil
sections exposed to high speeds.

The position of the maximum camber is not that important for the
maximum lift value, it is important that it is between 0.30 and 0.50 of the
aerodynamic chord. On the other hand, the position of the maximum
thickness has a significant impact, especially if the radius of the leading
edge changes at the same time.

Figure 18 indicates the relation between the maximum lift coefficient
and the relative thickness of the airfoils of the NACA airfoil series 63 and
64 and Re=6(10)°.
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The influence of surface roughness

In theoretical studies of aerodynamic characteristics of an object in an
air stream, the object surface is taken to be absolutely smooth. However,
in real conditions, there is not an absolutely smooth surface. The following
examples will show how uneven airfoil skin influences the occurrence of
separation flow, i.e. the value of the maximum lift.

Increasing the roughness of the upper side leads to increased lift for a
given angle of attack. On the other hand, increasing the roughness of the
lower side reduces the lift for a given angle of attack. The increase of
roughness directly affects the thickness of the boundary layer, as well as
the flow in it.

& chrome plated and polizhed
"I C1 =zurface area
1+
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Figure 19 — Airfoillift, A=6, R=6* 108 for smooth and rough surfaces
Puc. 19 — NogbeMHas cuna kpbina, A=6,R=6+ 106nn9| rnagkon
1 LLEPOXOBATONMNOBEPXHOCTUKPbLINA
Slika 19 — Uzgon aeroprofila, A=6, R=6* 10°za glatke i hrapave povrSine

K]

Figure 19 shows an C,/a diagram of the airfoil observed under the
same conditions, but with a different state of skin. It is clear that, with
increasing roughness of the skin, the maximum value of the lift coefficient
reduces together with a slight decrease of the lift gradient. It is noticeable
that in this case airfoils behave similary after the decline of lift.

In real conditions, roughness is caused by aircraft production
technologies and as such can be controlled and avoided on desired
surfaces. During flight, there is damage to aerodynamic surfaces (to a
lesser extent due to sand or insects and to a a greater extentdue to
impacts of birds, which can lead to significant changes in the airfolil
geometry).
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A special case is the appearance of ice on leading edges, as a result
of specific meteorological conditions of flight. Figure 20 shows the results
of flow past the NACA 2212 airfoil, at Re=4(10)*, with and without the
effect of ice (Kosti¢, 2010).
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Figure 20 — C,, Cp with and without simulation of ice on the leading edge of the NACA
2212 airfoil
Puc. 20— C,Cp ¢ u 6e3 cumynsayuu nnb0a Ha nepedHel kpomke kpbina NACA 2212
Slika 20 — C,, Cp sa i bez simulacije leda na napadnoj ivici za aeroprofil NACA 2212

Ice on the leading edge of the airfoil significantly reduces the value
Cimax from 1.3 to 1.0; it increases the coefficient of resistance due to the
increased turbulence of the boundary layer and increases the frictional drag.

In addition to the changes of the final values of the C, and Cp, there
are changes of their functions as well. TheC,/C,?ratio is affected, causing
directly a change in the position of the aerodynamic center forward, which
in flight requires an additional deflection of the rudder height, and thus a
change of the angle of attack, which further complicates the problem of the
spread of ice-affected areas.

The aerodynamic characteristics
of the airfoil after stalling

Reaching the maximum lift with a further increase in the angle of
attack leads to a faster or slower lift decline (depending on the observed
flow past airfoils and its conditions). When the pitch-stall, or when a
propeller pitch is increased, and also when there is a need for a reversible
propeller pitch, the angle of attack increases.

In Figure 21, the behavior of the airfoil for given conditions of a=0° up
to a=180°is shown (Critzos, 1985).
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Figure 21 — Variations of the lift coefficient for a = 0°-180°
Puc. 21 — Bapuauum 3HaueHnii koapmumerTa nogbemHon cunbl npm 6=0°-180°
Slika 21 — Varijacije koeficijenta uzgona za a=0°-180°

The value of the airfoil lift coefficient is similar, but it can be seen
that:

- After separation, the resultant force is approximately perpendicular
to the chord;

- Lift force reaches the second maximum at a=45° ( Cp=1.0) so that
the normal force is Cp=+'2=1.43.

- When a=90° , C;=0 and Cp=1.8, which is close to the value of the
drag for a flat plate of the same angle of attack (Cp=1.95);

- For the value of the angle of attack between 90° and 180° it is
characteristic that the sharp trailing edge has become a leading one, and
the rounded leading edge has become a trailing edge, which is
characterized by increased lift and reduced drag, but with different values
and similar behavior.

Influence of the dynamics of the stall

In the previous analyzes of a stall, we started from the assumption
that the change of the angle of attackis is gradual, so that we have
considered stationary flow. But in real conditions of exploitation, changes
of the angle of attack do not correspond to this assumption, especially if
working conditions of helicopter rotors are taken into account, or parts of
wing machinery during sudden maneuvers.

Figure 22 illustrates the changes in the lift coefficientat gradual and
sudden changes in the angle of attack (Kosti¢, 2010).
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Figure 22 — Dynamic effects of changes in CL-a(t)
Puc. 22 — AnHamu4deckune adpdekTbl nameHeHnn CL-a(t)
Slika 22 — Dinamicki efekat promena CL-a(t)

It is noticeable that a sudden increase in the angle of attack leads to
a short-term lift increase. Keeping the angle of attack leads to a uniform
flow past the airfoil, which leads to a stall.

A sudden increase in the angle of attack followed by return to its
initial value shows that the value of the lift coefficient reduces compared
to the stationary change of the angle of attack.

The diagram CL-a depends on the mode of airfoil entry into a stall.
The cases of separation characteristic for the trailing edge have a more
rounded shape of the curve than separation cases that occur at the
leading edge.

The reduced frequency of changes of the angle of attack is
k=cw/V, where c is the chord line, w is frequency of changes of the
angle of attack, and V represents velocity.

This equation is valid for non-compressible flow. For compressible
flow, it is written as:k=cw/Vy(1-M)"*.

Conclusion

The selection of an aerodynamic shape of an object in an air stream
is a complex task. It is in relation to the conditions and purpose of flow
past an objectas the starting factors. One of the limiting factors in
exploitation is turbulence.
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The analysis of experimental aerodynamic characteristics of different
types of airfoils at different flow conditions categorized according to the
Reynolds number has led us to a physical interpretation of the formation
of laminar and turbulent flow separation.

We can conclude that the behavior of the airfoil at critical angles of
attack:

- directly depends on the type of the airfoil and the local
characteristics for the defined conditions of the flow;

- depends on the dynamics of the angle of attack increment at its
critical values.

Based on the systematically presented results, it is possible to
optimize the airfoil selection and reduce the number of iterations in the
process, thus reducing the time and cost of design.
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Pestome:

lNpu paspabomke nemamersibHbIX arrapamos Hecrnedyem rpeHe-
bpezamb ¢haKmMopoM 803HUKHOBEHUST Ype3abidalHbIX cumyayul, a mak-
XKe  ycrosusMu 6rIU3KUMU KpUMUYECKUM, mak Kak rpu Kpumu4yeCcKoM
yare amaku, 06bI4HbIU 1os1em Moxem rnepelimu 8 agapuliHbIl PEXXUM.

B daHHol pabome ripusedeHbl 8axHble ¢hakmopbl, erusrouue Ha co-
CMOsIHUE Kpblfia 8 meveHue rosiema rpu Kpumu4yeckoM yane amaku. Ha
OCHO8aHUU OOCMYrHbBIX UCTbIMamesibHbIX Pe3ysibmamos U pac4yemos,
npoussedeH aHasiu3 rnoeedeHus1 Kpbliia 8 3agucumMocmu om ycriosutl ob-
mekaHusi (8 coomeemcmeuu ¢ Kraccugbukayuel qucen Maxa u PeliHosmb0-
ca), chopmbl Kpbinia, QUHaMUKU yerna amaku. B pabome makke ornucaHo
obmekaHue Kpblina rpu KpUumu4YyecKoM y8esludeHuUU yana amaku, U ernus-
Hue HeposHocmel Ha r08ePXHOCMU Kpbiria 8 MoO0OHbIX YCII08USIX.

B daHHol pabome maioke ripedcmaerneHb! (husudeckue rnapamempsl
KpUumu4yeckoeo pexuma rosiema, 8 m.4. CHUXeHUs MoObeMHOU curbl U
cearnusaHusi. [1oOpobHO ornucaH MPoUecc 0bmeKaHus Kpbiria ¢ 0OmpbI8OM
romokKa U 8bIrnosIHeHa Kriaccugbukayusi muros npogbesiell ¢ y4emom cpbi-
8a cmpyu U 1osedeHUs] Kpbisia 8 KpUMUYECKOM pexuMe rosema.

Llens pabomsi 3aknodaemcs 8 8bisisrieHuu Haubornee 3Ha4YuMbIX
Xapakmepucmuk obmekaHusi Kpbifia fpu KpUmu4YyecKoM yere amaku u
aHariuse, npoeedeHHO20 Ha OCHOBaxX COBPEMEHHOU aspOoduHaMUKU, & pe-
3yribmame KomopbIx rfpednazaemcs npakmuyeckass peKomeHOayusi
0r151 8bibopa aspoduHamuyeckoeo rpoghurisi. Pe3ynbmamei daHHOU pabo-
mbl Mo2ym ripedcmassnisimb UHMEPEC Kak Ofisl JIEMYUKO8 U UH)XEHEPOS,
mak u 015 obpasosameribHbIX U UccriedosameribCKUX y4pexoeHud.

KntoueBble croBa: aspoduHamuka, ¢hopma u eud Kpbina, OuHaMuKka
¢priroudos, npou3eoduMeNbLHOCMb Kpbliia, Kpumu4ecKul y20s1 amaku.

AERODINAMICKE KARAKTERISTIKE AEROPROFILA
PRI KRITICNIM NAPADNIM UGLOVIMA

Cedomir Lj. Kosti¢®, Bosko P. Rasuo®
@ Generalstab Vojske Srbije, RViPVO, 204. vbr, Batajnica, Republika Srbija,
® Univerzitet u Beogradu, Masinski fakultet, Beograd, Republika Srbija

OBLAST; masinstvo
VRSTA CLANKA: pregledni Clanak
JEZIK CLANKA: engleski

Sazetak:

Prilikom konstrukcije vazduhoplova ne sme se zanematriti ponaSanje
letelice u ekstremnim, odnosno blisko ekstremnim uslovima leta, kakav je
let pri kriti€nim napadnim uglovima, gde se normalan let moZe lako
preobratiti u prevucen let.
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U ovom radu naglaseni su bitni Cinioci koji utiCu na ponaSanje
aeroprofila u letu pri kritiénim napadnim uglovima. Na osnovu dostupnih
eksperimentalnih rezultata i proracuna izvrSena je analiza ponaSanja
aeroprofila u zavisnosti od uslova strujanja (kategorisanih prema
Mahovom i Rejnoldsovom broju), oblika aeroprofila, dinamike prirastaja
napadnog ugla, opstrujavanja aeroprofila sa povec¢anjem napadnog ugla
nakon dostizanja kriticne vrednosti, kao i uticaja povrSinskih neravnina
aeroprofila pri kriticnim napadnim uglovima. Prikazano je i fizicko
tumacenje pada uzgona i pojave prevucenog leta. Detaljno je opisan
nastanak oftcepljenja strujanja oko aeroprofila i izvrSena kategorizacija
aeroprofila prema tipu otceplienja i njegovom ponaSanju pri kriti¢nim
napadnim uglovima opstrujavanja.

Cili ovog rada jeste da na savremenim osnovama aerodinamike
prikaZe i obrazloZi problematiku i najznacajnije osobenosti opstrujavanja
aeroprofila pri kriticnim napadnim uglovima, da da prakticne preporuke
prilikom izbora aeroprofila, a moZe biti koristan i pilotima, inZenjerima i
istraZivacima.

Kljune redi: aerodinamika, performanse aeroprofila, dinamika fluida,
oblik aeroprofila, kriti¢ni napadni ugao.
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