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In this paper, the aerodyn

flight near the ground are

amic characteristics of a rotor blade and its wake effect in hovering
analyzed. The two Methods of Vortex-Lattice (VLM) and Quasi-

Vortex-Lattice (QVLM) are employed to model the rotor blade and a free vortex sheet is used

to consider the effect of

the blade wake. The method of image is employed to predict the

ground effect on the aerodynamic characteristics and the wake geometry of a helicopter blade

without any restriction on
as long as stall does not o
and aerodynamic characte

vortices should be modeled

free vortices in the wake

planforms, angle of attack, variable pitch, dihedral angle and camber,
ccur. To compute a reasonable and accurate rotor blade wake shape
istics in the ground-effect, the effect of the tip and the inboard wake

precisely. To consider these effects accurately in the ground vicinity,
are clustered near the tip and trailing-edge, respectively. Also, by

reducing the number of turns in the wake from the tip to the root, the effect of the inboard

wake vortices will be incl

ided and the problem of convergency will be removed. Computed

aerodynamic characteristics and wake shape in free flight and in ground-effect compare very

well with those of previous

that these methods are in

numerical and experimental measured data. It should be mentioned
dependent of the initial wake shape, i.e., with any initial wake shape

d with Free Wake in Calculation of

(cylindrical, flat, ...), the problem converges to an identical solution.

INTRODUCTION

The most critical phases in a helicopter flight are

takeoff, landing and hovering, in t
ground. During takeoff, landing, and
ground, the aerodynamic and cont

he vicinity of the
hovering near the
rol characteristics

of a helicopter are influenced by the proximity of the

ground. The phenomenon is call

ed ground effect.

When a rotor hovers near the ground, the presence of

the ground has a considerable effec
velocity distribution over the rotor.
the downwash velocity in the wake is,
to zero and this effect is transferred u
through pressure changes in the wak
in a lower induced velocity for a give
Theoretical and experimental
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devoted to predict helicopter performance in ground
effect. Knight and Hefner [1] developed a theoretical
treatment to predict helicopter performance in ground
effect. They assumed that the circulation along the
blade is constant and then the helical tip vortices
form a uniform vortex cylinder reaching to the ground.
The ground plane is then represented by a reflection
of this system, of equal dimensions below the plane
but of opposite vorticity, ensuring zero normal velocity
at the surface. The work of Zbrozek [2] examined
experimental results from many tests and developed an
empirical method that was based on rotor height and
thrust coefficient. A useful expression emerges from an
analysis made by Cheeseman and Bennett [3]. They
modeled the rotor as a source and used the method
of image to model the ground surface. Hayden [4]
developed a simplified empirical model from a large set
of flight test data.

Flow visualization can be a very important tool in
understanding the physics of the flow field. Taylor [5]
examined the flow field of a hovering rotor in ground
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Figure 1. Typical modeling of a blade.

effect using balsa dust particles. Also, Light [6]
used the wide-field shadowgraph method to obtain
quantitative and qualitative information on the tip
vortex geometry of the hovering rotor. Free wake
models have been developed for many years which are
mainly used for out-of-ground effect [7]. Quackenbush
et al. developed the EHPIC (Evaluation of Hover
Performance using Influence Coefficient) code [8]. They
modeled the rotor blade by using a lifting surface
and used curved vortex elements to model the rotor
wake. Also, they used the method of imaging to
model the effect of the ground. The EHPIC code has
a problem of convergence; therefore, to improve the
rate of convergence, they fixed the location of inboard
vortices. By doing this, the recirculation in the inboard
region of the vortex wake in ground effect is not well
modeled.

In the present research, a free wake method is
used to calculate the wake geometry and performance
of an arbitrary blade in the vicinity of the ground. Two
methods of vortex lattice (VLM) [9] and quasi vortex
lattice (QVLM) [10] are employed to model the rotor
blade and a free vortex sheet is used to evaluate the
effect of the rotor blade wake (Figure 1). The method
of image was employed to predict the ground effect on
the aerodynamic characteristics and the wake geometry
of a helicopter rotor blade.

In what follows, the formulation of the problem
is presented followed by the introduction of the types
of boundary conditions and calculation of aerodynamic
characteristics. Finally, the results and conclusion are
presented.

POTENTIAL FLOW THEORY

As indicated earlier, the present potential low method
is based on the solution of the Prandtl Glauert equa-
tion [11]:

(1—M§0)912+@+§3?:0, (1)
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where ¢ is the perturbation velocity potential. The
solution is presented by vortex distribution and the thin
rotor blade approximation is used throughout.

BOUNDARY CONDITIONS
Rotor Blade

The boundary condition for the Prandtl Glauert equa-
tion on the rotor blade is that the velocity normal to
the blade should be zero. Assume the blade surface can
be described as [12]:

2= z(z,y), (2)

where z.(z,y) is the ordinate of camber surface.
The unit normal vector on the blade surface can
be written as:

(3)

The total velocity at each point based on the blade
surface can be defined as,

‘7 = [(Voo cosa+u)7 +y; + (Vo sina +w)k],
(4)

where u, v and w are the induced velocity components
and « is the angle of attack.
Thus, the flow tangency can be satisfied as:

- _, azc azc azc
Vin=0= - Voo COSQ(%) b U(—a—;) - I/(gg—’—)
+ Vosina+w =0. (5)

For describing the above equation in a simpler form,
there should be some coordinate transformation. The
original x —y—z system is rotated about x-axis through
an angle ¢ (dihedral angle), resulting in the z, — y; —
21 system and, then, is rotated through an angle oy,
(twist angle) about the y; axis to result in the zo —yy —
2 system. It is shown in [12] that &% and %ﬁy can be
written as:

Oz, — 8in gy + % COS gy (6)
9T (og ¢ (cos Otpy + ‘;—f; cos atw)
)

“c ~ tan o, (7)
Oy

where % is the camber slope related to its chord axis.
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Wake Shape

The vortex segments of the wake are to be aligned in
the direction of the local velocity vector calculated at
their mid points. However, for better| convergence and
to avoid numerical fluctuation, it i better that the
segments move just a percent of the previous iteration,
according to the velocity computed at| their mid points.
Consider the ith segment of a vortex element. The
coordinates of its end points are given by (x;,yi, %)
and (i1, Yit1s Zit1)-

Assume that the velocity at the/mid-point of this
segment at a given iterative step is given by,

—

U=(ui +vj +wk), (8)
then, it can be written,

Az = %As + (1 = w)(Tiy1 — Ti)olds

wv
Ay = —U—As + (1 — w)(Yit1 — Yi)old

Az = —y/As? — Ay? — Ax2, (9)

where w is the under relaxation factor, which is about
0.7,(Zis+1 — Z; )old 1s the z distance of a segment in the
previous iteration, and:

U=U|=vVu?2+v2+w?,

As = (Tip1 — 20)% + Yir1 — ¥i)2 + (zig1 — z)2

Then, the new location of the (i + 1)th end point
will be:

Titlnew = Ti + AT,
Yirlnew = ¥i + DY,

ZitINew = 2i T+ Az, (10)

VORTEX DISTRIBUTION

To satisfy the Prandtl-Glauert Equation 1 and bound-
ary conditions, surface vortex distributions on the rotor
blade and the wake are used. According to the Biot-

Savart law, the induced velocity at any point R in the
field is given by [10,13]
. 2 - _ — =
47T R%

$

ds, (11)

where:

ﬁ:x?-{—y}—i—z—lg,
B =1 -M2),

R% =(@ -2+ 8@y -n) + 8%z — 21),
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and 7{ is the vorticity vectorat Ry = z1 ¢ +4%1 J + 21 k.
Equation 11 is reduced to a finite sum through
the QVLM and VLM. The QVLM methodology was
developed to accurately account for mathematical sin-
gularities of the square-root type at the leading edges
and the Cauchy type in the chordwise integral [10].

GROUND EFFECT

To consider the effect of ground on the rotor blade and
wake vortices, the method of image is used. When a
rotor blade hovers near ground, the tip vortices do not
let the inboard vortices expand, so they come toward
the ground and fluctuate. For better convergence,
instead of fixing the location of the inboard vortices,
as in the EHPIC method, one should only reduce the
number of turns of the inboard vortices. By doing this,
the effect of the recirculation in the inboard region of
the vortex wake in ground effect is modeled. Also,
to capture the effect of tip vortices and inboard wake
vortices accurately, the free vortices in the wake are
clustered in the tip and trailing-edge of the rotor blade,
respectively.

SOLUTION PROCEDURE

The problem is nonlinear because the location of the
wake and strength of bound vortices are unknown,
a priori. To solve the problem, the blade and its
image have been segmented into small panels and on
each panel a horseshoe vortex and a control point are
arranged. Then, the vortex sheet in the wake and its
image are discretized. By applying the flow tangency
condition on the rotor blade surface, the horseshoe
vortex strength is calculated. By satisfying the force
free condition on the wake vortex filament, the new
location of the vortex sheet is, thus, determined. The
above process will be iterated until a converged wake
shape and aerodynamic characteristics are obtained. In
the following, a brief step by step solution procedure is
given [14]:

a) Prescribe the vortex lattice for the blade surface and
the initial location of the free elements in the wake;

b) By satisfying the blade boundary condition, obtain
the bound vortex density of the blade and the
strength of the free elements;

¢) Calculate all the aerodynamic characteristics;

d) Adjust the free elements in the wake by satisfying
the force free condition;

e) Repeat Steps b through e until a converged solution
is obtained.
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CALCULATION OF AERODYNAMIC
CHARACTERISTICS

The pressure distribution on a rotor blade is calculated
by applying the Kutta-Joukowski theorem. There
are two types of contribution to the lifting pressure
coefficient; one is from the bound vortex filaments and
the other from chordwise vortex elements. The AC,,
from the bounded element, can be written as [15,16]:

(AC,)5 = 2(u - vtan )y, (12)

where u and v are the total z and y velocity compo-
nents, 1 is the sweep angle and = is the strength of the
bound vortex. The lifting pressure coefficient from a
chordwise vortex filament has the following form [15]:

(AC,)r =2Tw. (13)

Note that the sidewash “v” is mainly produced
by the free vortex filaments. The calculated AC, is
interpolated, if necessary, to obtain AC, at integration
stations. The calculated pressure force is assumed to
be acting normal to the camber surface. This pressure
force is then resolved and integrated to obtain the
following sectional characteristics [15]:

ITE

-/
C = —
C

AC,,[% sin o + ¢os a]
172
2 2
L+ (5) + (%)

dz, (14)

TEAC, [—%zj cos & + sin a]

1
Cq = Z . 1/2 dm, (15)
2 2
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where a is [Nthe angle of attack. The total force
coefficient is calculated by a spanwise integration of
the sectional force coeflicient as:

R

Cr = %/clcdy, (16)
0
R

Cp= %/cdcdy. (17)
0

In hovering flight, the lift and thrust are similar (T =
L) and the thrust coefficient can be obtained by:

T

Or= R

(18)

RESULTS AND DISCUSSIONS

To justify the present developed code, first the aerody-
namic characteristics of a rotor blade, with the follow-
ing configuration and flight conditions, are computed
in free flight [17].

This untwisted blade has a radius of 1.14 m and
constant chord of 0.19 m, with a root cut-out of 0.188
m at an 8° pitch angle but at different rotating speeds.
The first rotor is at 1250 rpm (the tip Mach number
as 0.439) and the second at 2050 rpm (the tip Mach
number as 0.727). The calculated results are compared
with the experimental data of [18] and the boundary
integral equation method of [19] in Figures 2 and
3. As is apparent from the figures, the QVLM will
show better agreement with the experimental data
than the others. There are two reasons for this.
One is the elimination of the square root and cauchy
type singularities in the leading and trailing edges,
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Figure 2. Sectional lift coefficient versus dimensionless radius.
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respectively, in the formulation of
other is the clustery of the trailing 1
region. Also, Figure 4 shows the fir
the free flight for one of the rotor bla

In the ground effect, computati
for the different rotor blade configur
flight. The following results are focus
a rectangular blade and considered
geometry and operational paramete

us dimensionless

the QVLM. The
vortices in the tip
1al wake shape in
ades.

ons are performed
ations in hovering
ed on a rotor with
at the following
rs as in {6]. This

untwisted blade has a constant chord of 0.18 m with

a radius of 1.105 m, root cut-out
a rotating speed of 1645 rpm (the
as 0.56).

The VLM and QVLM, with a
were used to predict the performanc

of 0.425 m with
tip Mach number

free wake model,
e and wake shape

of the rotor blade in hovering flight, in ground effect.

The rotor blade is modeled using th

ree chordwise and

eight spanwise panels, while the wake is represented
by three turns in the tip and reduced continuously to

one turn in the root section, accor
radius of the blade.
characteristics are computed at var

ding to the local

The rotor blade aerodynamic

ious heights from

the ground plane (H/R, H is the distance of the leading

edge from the ground and R is the r

adius of the rotor

blade). The QVLM and VLM calculated ratio of the

thrust in ground effect to its value in

free flight, versus

the height of the blade from the ground are compared
with the experimental EHPIC code and the Cheeseman
and Bennett relation in Figure 5. Also, it should be

noted that in free flight, the value
present method, the experimental

of Cr/o of the
and EHPIC code

are in the range of 0.0155 to 0.019, where ¢ is the
solidity factor. Figure 5 shows that both the VLM and
the QVLM have a good agreement with experimental
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Figure 4. Converged free wake shape with initial
cylindrical wake after 15 iterations (QVLM).

data. It is apparent that the correlation of Cheeseman
and Bennett [3] over-predicts the results at small
heights from the ground plane. This discrepancy
was acknowledged in the original development of the
method. This method is limited, since it does not take
into account the real geometry of the rotor blade (i.e.
twist, planform) or operating conditions. The EHPIC
method under-predicts the increase in thrust ratio in
respect to the experimental measured results. One
possible explanation for this, as indicated earlier, may
lie in the treatment of the inboard vortex that is not
modeled well in their analysis. Also, it is seen that the
EHPIC method is restricted to H/R = 0.4. In the
present method, because of the different treatment of
the inboard wake vortices, the increase in the thrust
ratios is in good agreement with the experimental
data (the number of turns of the outboard wake
vortices reduced toward the inboard ones). Also, the
present method is able to compute the aerodynamic



Aerodynamic Characteristics of a Rotor Blade

1.40
1
1.30 ] !
1+ N
] \ | Exp. [6]
b ) - QVLM
=2 b . —5— VLM
U 3 \ --- EHPIC [8
g 1204
o 1 ' —— Cheeseman (3]
& h
>~ ]
= ]
2 1.10]
&
1.00 =gy
1
0.90 }rrryg R e —
0.00 1.00 2.00 3.00 4.00

Figure 5. Comparison between VLM, QVLM, EHPIC
and Chesseman methods.

(a) Cylindrical (b) Flat

Figure 6. Typical initial free wake shape.

(a) VLM, after 10 iterations

(b) QVLM, after 10 iterations

Figure 7. Converged wake shape with initial cylindrical
wake (H/R = 0.8).

characteristics of the blade rotor closer to the ground
(i.e., H/R = 0.23). In the experiment, because of the
unsteady nature of the flow field and the possibility
of vortex breakdown, the measured data showed some
fluctuation for H/R < 0.3.

In Figure 6, a typical initial free wake (cylindrical
and flat) is shown. Figures 7 and 8 compared the
converged wake shape of the VLM with QVLM at
two different heights from the ground plane (H/R = 0.8
and H/R = 0.3). It is apparent that in the QVLM,
the tip vortices have a better expansion and, also, are
similar to the shadowgraph results of [6] (Figure 10
in {6]).

89

(a) VLM

(b) QVLM

Figure 8. Converged wake shape with initial cylinduical
wake after 20 iterations (H/R = 0.3).

(a) With initial flat wake

(b) With initial cylindrical wake

Figure 9. Converged wake shape after 20 iterations with
QVLM (H/R = 04).

0.0800 ~ (a) With initial flat free wake
(b} With initial cylindrical
free wake
0.0750 4
——a
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Figure 10. Total lift coefficient versus H/R.

To present the independency of the final wake
shape to the initial wake shape, the code is run with an
initial flat and cylindrical wake shape in H/R = 0.4.
Figure 9 shows the final wake shapes with a different
initial wake geometry. As evident, the final results are
the same. Also, Figures 10 and 11 present the total
lift coeflicient versus H/R and sectional lift coefficient
versus dimensionless radius (r/R) at H/R = 0.4. The
figures show that for each of the initial wake shapes,
there is no difference between the obtained results.

CONCLUSION

Analysis of rotor blades in a hovering motion in the
vicinity of the ground has been carried out by QVLM
and VLM with a free wake model. The results showed
that by reducing the number of turns in the wake from
the tip to the root section, the effect of the circulation
of the inboard wake vortices would be included. By
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Figure 11. Sectional lift coefficient versus dimensionless

radius (H/R = 0.4).

clustering the free wake vortices at the tip and trailing-

edge of the rotor blade, respectively,

the effects of the

tip vortices are well modeled. Therefore, the overall

aerodynamic characteristics of the r
predicted within a good accuracy.

otor blade will be
Also, QVLM will

give much better representation of the tip vortices.
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