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ABSTRACT

Wear involves the losses of some material from the surface and leads to the
surface roughness. In the present work, the influence of surface roughness on the
dynamic stall of a rotary wing section in subsonic flow has been investigated with
different degree of surface roughness. The airfoil surface roughness was estimated
using arithmetic mean roughness value (1SO-4287/1). For this purpose an indicial
response method for unsteady, two dimensional flow is used to calculating the
unsteady lift and pitching moment of NACA 0012 airfoil undergoing a pitching
oscillation in the deep dynamic stall regime. Using the ANSYS-5.8 software as a
source for the preliminary static data that required by the indicial method. The
investigation is done through a number of test cases with different mean angles of
attack, amplitude and reduced frequencies for airfoil oscillating around its quarter
chord axis. The results include the time dependent behaviour and hysteresis loops of
the lift and pitching moment for the airfoil with different degree of surface roughness.
For rough airfoil an aerodynamic characteristic showed a reduction in the lift
coefficient, separation point moved forward to the leading edge, the boundary layer
reattachment take place at smaller angle of attack, the stall angle decrease and the
pitching moment coefficient decrease as compared with smoother airfoil. So the
periodic test must be done and re-coating the rotary wing if the surface roughness
increased.

KEYWORDS: dynamic stall, surface roughness, boundary layer

*University of Technology/Education Technology Dept.



SYMBOLS

c Airfoil chord (m). R Arithmetic mean roughness

CL Lift coefficient. value (um)

CL,  Static lift-curve slope. Re Reynolds number.

Cm Pitching moment coefficient. Sep  Static separation point.

Cmi Impulsive pitching moment due Sep” Dynamic separation point.

to a step change of incidence. t Time (sec).

Cmg  Impulsive pitching moment due Vo Free stream velocity(m/sec).

to a step change of pitch rate. X Chordwise coordinate (m).

Cn Normal force coefficient. o Angle of attack (deg).

Cni Impulsive normal force ag  Equivalent angle of attack(deg)
coefficient due to a step change of af  Effective angle of attack (deg)
incidence. 8  Amplitude (deg)

Cng  Impulsive normal force Aq  Step change in pitch rate (rad)
C(_)efflment due to a step change of At Time step (sec)

pltc_h rate. (0] Wanger function

Cnf  Instantaneous value of the N

ersatz lift ® Oscillation frequency (rad/sec).

Cp Pressure coefficient. Tv Vortex time (sec)

Cpv Center of pressure which is

varying with the position of vortex Sl'JBSCRIPTS

(m). f Effective

Cv Normal force coefficient due to n Tlme_sj[ep counter _
vortex lift. Sep  Condition of separation point

f frequency (Hertz).

Lm Evaluation length (m).

K Reduced frequency (rad).
M Mach number.

1. INTRODUCTION

Most airfoil surfaces are subjected to wear either in machinery or due to the
dusty weather. In many case the surfaces will have some degree of roughness that is
concomitant with its finishing process. The performance of the rotary wing section is
usually significantly affected by surface roughness. The rotary wing dynamic stall
phenomena may be occurring if the angle of attack oscillates around the static stall
angle [1]. These oscillations lead to relatively high dynamic pressures corresponding
to low angles of attack on the advancing side of the rotor disc, and relatively low
dynamic pressures at high angles of attack on the retreating side, figure (1) [2]. The
phenomenon of dynamic stall limits the flight envelope of a helicopter and reduces
the operation regime of wind energy converter [3].

Yousif A. H., et al. [4] had been investigated the influence of surface roughness
on the cascade blade performance characteristics, the results showed that the degree
and distribution of roughness eliminate the operating condition of the cascade blades,
which reduce the value of the stall and nominal deflection angles. Many investigators
using both experimental and theoretical techniques have studied the dynamic stall of



airfoils McCroskey and his Co-workers, [5,6,7] studied experimentally the dynamic
stall and unsteady boundary-layer separation in incompressible flow at moderately
large Reynolds numbers. By varying the leading edge geometry of a NACA 0012
airfoil, three different types of stall were produced, and the vortex shedding
phenomenon was found to be the predominant feature of each. Vladislav Klein et al,
[8] present a wind tunnel experiment on the 10-percent-scale model of the F-16XL
aircraft included longitudinal static tests, oscillatory and ramp tests in pitch. Shida,
et al. [9] studied the dynamic stall of NACA-0012 airfoil oscillating in pitch and
having a maximum angle of attack greater than the static stall angle experiences
peculiar hysteresis in drag, lift and moment coefficients. Abu-Tabikh, M. 1., [10] has
been studied the phenomena of dynamic stall and gives a description of a method for
modeling of unsteady flow separation over two-dimensional airfoils. The vortex panel
method was combined with the discrete vortex method in which the unsteady motion
were considered, namely, pitching oscillation, heaving oscillation and sudden change
in incidence. Rae’d Abbas [11] study the effect of Nose-Drooping flap on the dynamic
stall of a rotary wing section, as one of a proposed dynamic stall control technique, on
the unsteady lift and pitching moment for the same airfoil. The results show that the
aerodynamic characteristic improved with the Nose-Drooping flap deflection.

In the present work the indicial response method will be used for the analysis.
The model must be capable of simulating the unsteady motion of the airfoil and
simulating the dynamic movement of the separation point. Although the present
indicial method follows the original indicial method by Beddos [12], this method
together with its later developments [13,14] is predominantly empirical method. In the
present model, the predominancy of empirical data is eliminated by using ANSYS-5.8
software as a source for the preliminary static data required by the indicial method.

The developed method is then used to study the effect of surface roughness, on
the unsteady aerodynamic characteristic of the NACA 0012 airfoil under dynamic
stall conditions.

2. MATHEMATICAL BACKGROUND

By definition, an indicial function is the response to a disturbance, which is
applied instantaneously at time zero and held constant thereafter [12]; that is a
disturbance given by a step function. For example, this may be step change in
incidence.

If the components of the indicial response are known, then the total response to
some arbitrary motion may be derived as follows [15,16]; consider some arbitrary
variation of angle of attack as a function of time, and suppose that the lift coefficient
response to change in angle of attack is given as shown in figure (2), in which two
separate approaches to the indicial lift response are used. One for the initial loading
which is impulsive in nature and decays rapidly with time, and another for the
circulatory loading which builds up quickly in the first few chord lengths of airfoil
travel and tends asymptotically to the appropriate steady state value. The increment in
circulatory normal lift response due to a step change in incidence (Ac), may be
written as [16]:

Cnct) = CLa @(1)-Aa=C ,.0g (1) (1)




Wagner [16,17] has obtained the indicial lift response of an airfoil operating in
incompressible flow for a step change in angle of attack. The Wagner function may be
approximated by the following exponential function:
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Where: Ay, Ay, Az and A, are the coefficients of indicial lift function, Leishman [18]
From equations (1 and 2), the equivalent angle of attack og(t) may be written as
the instantaneous value of incidence minus two exponentially decaying terms i.e.

ag(t) = [1—A1 exp[— t{Az(l— MZ)Z%D—A3 exp(— t[A4(l— Mz)z%m.m (3)

The response to a continuously varying incidence may be constructs from an
accumulating series of inputs. At time (t, ) the circulatory lift may be obtained with
the aid of Duhamnel's superposition principle [16] as follows:

Cnen =Crg (o =X, =Y,) (4)

The impulsive loadings comprise the initial loading on the airfoil in response to
an instantaneous change of incidence or pitch rate. It is composed of two perturbation
modes that:

One is due to a step change of angle of incidence (Aa) and another due to a step
change of pitch rate (Aq). For a step change in incidence (Aay,) the impulsive normal
lift force is:

4K, T ,
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Similar equations are used for the impulsive normal lift force due to a step
change in pitch rate. For the impulsive pitching moment:

C

Cmin = - zln (6)
Cn K2T ,

Cmqn{— 4“”}—( 3',\,|'J(an—an) (7)

Equations (1 to 7) form the basis of the attached flow portion of the indicial
method. Where (X, Yy, T, K;, Dan, DI, and Dq",) are estimated as in reference [13].

3. UNSTEADY SEPARATED FLOW
For a given airfoil at particular Reynolds number, the original indicial method

requires the following empirical input data [10,11].

1. The static lift-curve slope (CLo).

2. The ratio of the actual lift coefficient to that in attached potential flow, as a

function of separation point.
3. The static variation of separation point with the angle of attack.
4. Angle of attack corresponding to the break in the static pitching moment.




3.1 UTILIZATION OF ANSYS-5.8 SOFTWARE
In the present method, the above data required are estimated by means of

ANSYS-5.8 program and are then used in the indicial method. Thus, the
predominancy of empirical data is eliminated from the present indicial method. The
required static data for a given airfoil at a particular Reynolds number are calculated
by program ANSYS-5.8 in which the Navier-Stokes equations are solved by finite
element method to predict the static lift coefficient, static pitching moment coefficient
and drag coefficient as a function of angle of attack. Also the position of static
separation point for different angles of attack and surface roughness is calculated.
The total normal force at time (t,) is,

Cnin =Cncn +Cnin +Cngn (8)

At any instant of time, instantaneous value of the ersatz lift (CNfﬁ) may be

viewed as a value of Cyp, equation (8) minus two exponentially decaying terms. The
accumulated response to a series of inputs may be obtained via Duhamnel's
superposition principle.

Cnitn =Cnn — DI, —Dfp 9)
Where DI, and Df", are estimated as in reference [13].

An effective incidence, a¢y, , is calculated by [16]:

L= Cth 10
fh CLo, ( )
The effective incidence is less than the actual incidence during the upstroke of
airfoil motion. While during the down stroke is greater than the actual incidence. The
dynamic separation point is then obtained from the curve for the static case figure (3)
with the aid of cubic spline interpolation procedure.

3.2 UNSTEADY SEPARATION VORTEX EFFECTS

The dynamic stall vortex associated pressure disturbance will induce large
changes in the airfoil lift. The vortex lift may be modeled assuming the increment in
vortex lift is based on the difference between the instantaneous linear value of the
circulatory lift and the corresponding lift as given by an empirical equation
representing the non-linear part of the lift curve figure (4).

Cwn =CNCn(:l-_KNn) (11)
At the same time, the total vortex lift is allowed to decay exponentially with
time, but may also be updated by a new increment in lift i.e.:

1
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During the convection of the vortex across the surface of the airfoil, vortex lift is
accumulated via the above equations, but is terminated when the vortex reaches the
airfoil trailing edge i.e. after a suitable time delay. The center of pressure will vary
with the position of vortex [12]. This may be represented by the following equation:




Cp, = 0.25{1+sin7r[ " —o.5ﬂ (13)
V1

where 1, is denoted as vortex time, i.e. 17,=0 at the onset of separation, and

7= 1V1when the vortex reaches the trailing edge.

The increment in pitching moment due to the vortex lift is given by:

Cmvn =CPv-Crnwn (14)

During the vortex shedding process, the pressure changes occurring are
sufficient to accelerate the forward progression of the separation point. This may be
accomplished by halving the time constant associated with the boundary layer
response. Thus, the forward movement of the separation point is accelerated if
Sep’ < 0.7 or during the vortex shedding, that is when the vortex time is less than the

vortex time limit. Once the vortex passes the trailing edge the lift associated with it
decays more rapidly, and this may be modeled by halving the vortex lift time constant
Ty for the period TV, <1y, <2TV,.

As the incidence decreases, the reattachment process proceeds and loop is
repeated. The lift in steady flow may be approximated in terms of the separation
point (Sep/c=f) i.e [12].:

Cy ~C, =0.25C, [1++f f o (15)

Thus, if the separation point can be determined, the lift can be estimated [19].
From static test data, the center of pressure at any angle of incidence may be
determined from the ratio (C,/Cy) (allowing for the zero lift moment). The variation
can then be plotted versus the corresponding value of the applied separation point and
fitted to the form [12]:

C/Cn =K, + K (1—F)+ K, sin(rf?) (16)

4. SURFACE GEOMETRY

Most airfoil surfaces are subjected to wear either in machinery or due to the
dusty weather. In any case the surface will have some degree of roughness that is
concomitant with its finishing process. Failure from wear usually involves the loss of
some material from the surfaces of solid parts in the system. Wear is a serious cost to
the national economy. It only requires the loss of a very small volume of material to
render the entire system nonfunctional.

Even an apparently smooth surface will have microscopic irregularities. These
can be measured by any of several methods. A number of statistical measures may
calculate and I1SO defines at least 19. The most commonly used is Arithmetic mean
roughness value (ISO-4287/1). The arithmetic average value of filtered roughness
profile shown in figure (5) is determined from deviations about the center line within
the evaluation length [20].

17
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5. COMPUTATIONAL ALGORITHM
The method of analysis in its form as a computer algorithm has to be simple to
both use and understand. The computer programs that satisfy the present method of
analysis is written in Fortran 90 language and is given the name SRDTALL. The
outline of the computational procedure is:
1. Integrate equation (17) Using Simpson rule numerical integral to compute a
hypothetical airfoil surface roughness.
2. Utilization of ANSYS-5.8 software to construct the preliminary static data for the
given airfoil at the particular Reynolds and Mach number.
. Computation of Circulatory lift using equation (4).
. Computation of Impulsive lift using equation (5).
. Computation of Impulsive pitching moment using equations (6) and (7).
. The total normal force and the effective total normal force are computed by
equations (8) and (9) respectively.
. The effective incidence is computed by using equation (10).
8. The unsteady separation vortex effects on the lift, position of center of pressure,
and the pitching moment are computed by equations (12), (13) and (14).
9. Procedures (2-7) are repeated for a new time step.
10. Computations are terminated when the last time step is reached.
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6. IMPLEMENTATION & DISCUSSION

The aerodynamic computational solution of the Navier Stokes equations was
done using finite element method with help of ANSYS-5.8 to predict the static lift
coefficient, pitching moment coefficient and the separation point for different angles
of attack and surface roughness of NACA 0012 airfoil as shown in figures (6 to 8). To
maintain the airfoil symmetric, the roughness of the upper and lower surface make
with the same degree and position. The airfoil geometry with hypothetical surface
roughness was drawn and translates the coordinate of each point into the ANSYS-5.8
computer software and applies the flow boundary conditions on the airfoil geometry.

Figure (6) shows the static lift coefficient curves of airfoil NACA 0012 at
different surface roughness, the maximum lift coefficient will decreased with the
airfoil surface roughness increase and also the stall angle decreased due to pressure
loss, in which the stalling angle at (R~0) is 18.2° while at (R=150um) is 16.2°. The
static lift curve slope (Cy,,) is decreased slightly with the surface roughness increased.
Figure (7) shows the static pitching moment coefficient curves of airfoil NACA 0012
at different surface roughness. The angle of attack corresponding to break in the static
pitching moment is decreased with surface roughness. At (R=~0) the break in the
pitching moment occurs at about (a=16°) while at (R=150um) it occurs at about
(a=14°). Figure (8) illustrates the separation point curves of NACA 0012 airfoil for
different surface roughness. As shown the separation will be moved toward the
leading edge as the surface roughness increased. At 17° angle of attack for example
the separation takes place at (0.348C) for smooth airfoil (R=0) while at (R=150um)
the separation takes place at (0.281C).

The influence of the surface roughness on the dynamic stall will be discussed in
three cases as shown in figures (9, 10 and 11).



CASE-1: NACA 0012 AIRFOIL (a=12+8.5sinat, K=0.1)

The calculated lift and pitching moment hysteresis loops at (M=0.3 and
Re=2.4x10°) of airfoil NACA 0012 with different surface roughness are presented in
figure (9). In figure (9a), the upstroke region shows a similar behaviour with different
surface roughness. The attached flow range between point (1-2), point 2 refers to the
static stall angle. Above the static stall angle, the reversed flow developed, but the lift
continuous to increase. At point 3 the reverse flow reaches the leading edge. At this
point the moment stall begins as shown in figure (9b), but the lift is still increasing as
a result of the separation vortex. At point 4 the maximum lift and moment occurred.

The maximum lift coefficient is 1.92 at 20° angle of attack for (R~0), but it
reachs to 1.67 with (R=150um) surface roughness. This reduction in lift coefficient
with increasing surface roughness is due to the dynamic stall vortex. The fully
separated flow at point 5 occurs at about 19° for (R=0) and at 17.5° for (R=150um)
surface roughness. Within the rang (5-6) the angle of attack decreases, with large
hysteresis a boundary layer reattachment and a return to fully attached flow. For
(R=0°) the boundary layer reattachment occur at about 11° while at (R=150um)
surface roughness the boundary layer reattachment take place at about 9° as shown in
figure (9a). The behaviour of the pitching moment coefficient for different surface
roughness is presented in figure (9b). The moment stalls at point 3 about (-0.03) at 17°
angle of attack for all, also for point 4 there is a reduction in maximum moment
coefficient with increasing surface roughness.

CASE-2: NACA 0012 AIRFOIL (a=10+10sinat, K=0.1)

Figure (10) represents the results at M=0.3 and Re=4x10°. The general trend
of the lift and moment hysteresis loops is predicted. Point 2 refers to the static stall
angle at 14° with (R~0) and at 13.3° for (R=150um) surface roughness. At point 3 the
lift stall takes place at 17.2 ° incidences, point 4 refers to the stall at about 18.6° for
(R=0) and at 17.3° for (R=150um). This is due to the pressure loss. Figure (10b)
represents the behaviour of the pitching moment for this case. At point 4 there is a
reduction in maximum pitching moment coefficient value with increasing surface
roughness in which the absolute maximum difference is 0.15.

CASE-3: NACA 0012 AIRFOIL (a=15+10sinat, K=0.15)

Figure (11) illustrate the calculated results at (M=0.3 and Re=3.5x10°) of the
lift and pitching moment coefficients loop. Figure (11a) represents the relationship
between the lift coefficient and angle of attack for different surface roughness. The
maximum lift coefficient is (2.4) at about (22.5°) angle of attack for (R~0) and
reaches to (1.7) at (R=150um). This reduction in lift coefficient is due to the dynamic
stall vortex. The behaviour of the relations is smooth during down stroke.

Figure (11b) represents the behaviour of the pitching moment coefficient with
the angle of attack at different surface roughness. The pitching moment stall angle is
about (20°) angle of attack for (R~0) while the stall angle reach to (18°) at
(R=150um) surface roughness.

As the losses of some material from the airfoil surface leads to the surface
roughness increased and then a reduction in the airfoil aerodynamic characteristics



take place, therefore a periodic test must be done on the airfoil surface and re-coating
the surface if needed to avoid the reduction in the aerodynamic characteristics.

7. CONCLUSIONS
The effect of the airfoil surface roughness on dynamic stall of a rotary wing sections
(NACA 0012) was studied using indicial method in which the static aerodynamic
characteristics predicted numerically with help of ANSYS-5.8 software. The
following conclusions are drawn:
The dynamic boundary layer reattachment takes place at smaller angle of attack
than that smoother airfoil.
2. The maximum dynamic lift coefficient decreased when the airfoil surface roughness
increases.
The dynamic stall angle decreases with an increase in airfoil surface roughness.
. The maximum dynamic pitching moment coefficient decreases with an increase in
airfoil surface roughness.
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Figure (5): Arithmetic mean roughness value [20].
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Figure (6): Static lift curve of airfoil NACA 0012 at different
surface roughness.
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Figure (7): Static pitching moment curve of airfoil NACA 0012
at different surface roughness.
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Figure (8): Separation point curve of airfoil NACA 0012 at
different surface roughness.
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—+ R=~0[14]
—s— R=30 pm
—-A R=150pm

b. Pitching moment hysteresis loop

1 -Boundary layer flow reverses.
2 -Formation of separation vortex.
3 -Maximum normal force.
4 -Maximum negative moment.
5 -Fully separated flow.
6 —Boundary layer reattaches front to rear.

Figure (9): Effect of surface roughness on Unsteady lift and pitching moment coefficients for
the NACA 0012 airfoil in the dynamic stall regime (a=12+8.5sinmt, K=0.1,
Xo/c=0.25).
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—+ R=0[14]
—s% R=30 um
—-A R=150pm

b. Pitching moment hysteresis loop
Figure (10): Effect of surface roughness on Unsteady lift and pitching moment coefficients

for the NACA 0012 airfoil in the dynamic stall regime (a=10+10sinmt,
K=0.1, X,/c=0.25).
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—+ R=0[14]
—s% R=30 um
—-A R=150pm

b. Pitching moment hysteresis loop
Figure (11): Effect of surface roughness on Unsteady lift and pitching moment coefficients

for the NACA 0012 airfoil in the dynamic stall regime (a=15+10sinmt,
K=0.15, X,/c=0.25).
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