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Fig. 5 Effect of leading-edge roundness on the steady and unsteady
longitudinal aerodynamics of a 69.6-deg delta wing (e.g. at 75% chord).

Figures 3-5 demonstrate that the experimentally ob-
served,7"9 effects of wing thickness and leading-edge round-
ness on delta wing aerodynamics are well predicted. Inclusion
of the effect of the cross-sectional geometry in the rapid pre-
diction method developed earlier significantly improves the
agreement with experiment. The high-alpha steady and un-
steady aerodynamics of slender delta wing and wing-body
configurations10 are predicted with sufficient accuracy for pre-
liminary design, as long as vortex breakdown does not occur.
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Introduction

T HE problem of graphically determining the velocity for
the maximum gliding distance of an aircraft in a given

atmosphere has been addressed by several authors. 1 ~4 A com-
prehensive numerical analysis was performed by Jenkins and
Wasyl5 in which they presented solutions for the optimum
glide velocity and crab angle in a given wind and air mass
sink rate. For the particular case of a direct head wind or tail
wind and zero air mass sink rate, they found that the solution
for the optimal velocity could be expressed as

V = (l/2a)[4a2v2 + 4a(c - bv)]l/2 - v (1)

where Vis the optimal glide velocity, v is the wind speed (tail
wind is positive), and the coefficients a, b, and c are functions
of wing loading, aspect ratio, the slope of the profile drag vs
Reynolds number, and the best glide speed in zero-wind. This
equation gives a mathematical solution to what has tradition-
ally been shown by graphical analysis, that optimum glide
velocity increases in a head wind and decreases in a tail wind.

An alternative solution to this particular problem can be
found by assuming a parabolic drag polar for the glider and
making small angle approximations to the glide angle. The
optimum glide velocity is solved as an infinite power series
involving only the wind speed and zero-wind optimum glide
velocity, thus avoiding the requirement to find the coefficients
in the previous equation.

Discussion
The analysis is begun by looking at an aircraft in a constant

glide with velocity V and wind v (Fig. 1). The flight path angle
of the glider with respect to the ground yg can be written as

tan yg = (UVS) (2)

where h is the sink rate and Vg is the velocity of the glider
over the ground. By making the approximation that yg is
small, the flight path angle can be expressed as

•y. = [h/(V + V)] (3)

The sink rate can be eliminated by the relationship

h = (CJCD)V (4)

with CD and CL the aircraft coefficients of drag and lift, re-
spectively. The coefficient of drag can be expressed in the
form of a parabolic drag equation, where the first term is the
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Fig. 1 Geometry of gliding flight.

constant zero-lift drag coefficient, and the second term is
proportional to the square of the coefficient of lift,6 or

= CD KC2
L (5)

Substituting Eqs. (4) and (5) into Eq. (3) gives the final form
of the flight path angle as

KCj
CJ1 + (v/V)] (6)

In order to maximize the range, it is necessary to minimize
the flight path angle yg with respect to the aircraft velocity
V. This is done by taking the derivative of Eq. (6) with respect
to V, setting the resulting expression to zero, and solving for
V. Taking this derivative and recognizing that CL is also a
function of V results in the fifth-order polynomial

V5 + IvV4 - V - (0/2) = 0 (7)

where the nondimensional velocities V and v are defined as

V = (V/V0) v = (v/V0) (8)

and are the ratios of the velocities to VQ, the optimal glide
velocity of the aircraft in zero-wind conditions. VQ is found
as a function of altitude and wing loading for each aircraft
during initial certification and is thus a known quantity. The
solution to Eq. (7) will yield the optimum glide velocity ratio
V in terms of the wind velocity ratio v.

Solution
There is no general equation that will solve fifth-order or

greater polynomials.7 This does not mean, however, that a
solution does not exist. It just means that there is no easy
way to find it. In order to try and get an idea for the solution,
Eq. (7) was solved numerically using a Newton-Raphson it-
eration scheme. The results of this are shown in Fig. 2. As
has been previously stated, the solution shows that a head
wind requires a greater glide velocity, and a tail wind a lesser
velocity. The points on the graph were then fitted with a least-
squares curve fit, ranging sequentially from a second-order
polynomial to a fourth-order polynomial. When this was done,
an interesting phenomena occurred. Each successive curve-
fit kept the previous terms and added an additional term of
opposite sign. Thus, the three curve fits were

V = 0.9968 - 0.3354?) + 0.2611t)2 (9)

V = 0.9968 - 0.2547i> + 0.2611t)2 - 0.1416t)3 (10)

V = 0.9963 - 0.25470 + 0.223502

- 0.141633 + 0.003255t)4 (11)

This pattern of adding an additional term of alternating sign
and keeping the other terms essentially constant suggests that
the solution to Eq. (7) consists of an infinite series of the
form

V = 1 + v anvn (12)

Optimum Gliding Velocity vs Wind Velocity
Velocities Normalized by Zero-Wind Optimum Velocity

1.6

1.4

1.3

1.2

1.1

1.0

0.9

0.8
-1.0 -0.5 0.0

Wind Ratio v/ V .
0.5 1.0

Fig. 2 Optimum velocity ratio.

with the limitation

v< (13)

since Eq. (6) and its derivatives are not analytic at v = — 1.
Substituting Eq. (12) into Eq. (7) and summing the like pow-
ers of v to zero permits the sequential solution of the coef-
ficients an, with the first five terms found to be

(14)

al = v

a2 = -

The optimum glide velocity ratio can then be expressed as

V= 1 - (t)/4)(l - lv + it)2 - ffit)3 4- At)4 - • • •) (15)

This closed-form solution shows clearly the effect of the wind
on the optimum glide velocity ratio. For very small values of
i), the optimum velocity should be reduced by approximately
I of the tail wind or increased by I of the head wind. The
correction is not symmetrical, however, for larger values of
v. For negative values of v (a head wind), all of the terms in
the series are positive, with the result that the velocity cor-
rection for a head wind is larger than that for a tail wind.

A rule-of-thumb widely used in the glider community is to
add i of the wind speed to the zero-wind optimum glide ve-
locity when gliding in a head wind.8 Equation (15) and Fig.
2, however, show that this rule gives too high an optimum
velocity at head winds up to approximately 0.7V0, and too
low a velocity at higher head wind speeds. The rule-of-thumb
does not address tail winds, but the graph and equation in-
dicate that the velocity correction as a percentage of the tail
wind decreases with increasing tail wind. As the tail wind
becomes infinitely large, the optimum airspeed will approach
the minimum sinking speed of the glider. For a glider with a
parabolic drag polar, this will result in an optimum velocity
of 0.76V0-9

Jenkins et al.10 have shown that certain types of aircraft,
even though physically different, have nearly identical opti-
mum glide speeds over all geophysically realizable head winds
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and tail winds. They argued that these differences could be
explained by wing loading per aspect ratio and wing root
thickness. The series solution shows that the optimum glide
velocity in a head wind or tail wind depends only on the wind
velocity and the zero-wind optimum glide velocity. Therefore,
gliders with parabolic drag polars having identical zero-wind
optimum glide velocities will have identical optimum veloci-
ties in a head wind or tail wind, despite having different geo-
metric shapes and wing loading.

Conclusion
An alternative solution of the optimum gliding speed in a

steady head wind or tail wind has been found. This equation
solves the gliding velocity in terms of the zero-wind glide
velocity and the wind velocity, and it clearly shows that the
optimum glide velocity is solely determined by these two vari-
ables. The solution is valid for wind speeds up to the zero-
wind optimum glide velocity and requires no curve fitting or
coefficient calculations. The solution also demonstrates math-
ematically why a head wind will always require a greater
velocity correction than a tail wind for optimum gliding flight.
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Introduction

S OME recent papers1"3 have investigated the flowfield past
a blunt trailing-edge airfoil. We show here that the stand-

ard ARC2D4 code (Baldwin-Lomax) can be used for blunt
trailing-edge airfoils with the computational domain con-
figured as an O-grid, rather than using a complex C-H-grid,1
requiring higher order turbulence models for convergence.
See Ref. 5 for details.

Four airfoils 1) RAE2822 (1.12%), 2) FIN5LLT1 (0.7%),
3) FINLLT2 (1.49%), and 4) WTEA (0.5%) were inves-
tigated. The percentages in brackets refer to the trailing-
edge thickness with respect to the chord. The O-grids around
the airfoils were generated using an algebraic generator
ALGGRID.5 A typical O-grid around a blunt trailing-edge
airfoil is shown in Fig. 1.

Results and Discussion
Figures 2 and 3 show the pressure coefficient comparisons

with measured data for cases 1 and 2 for the RAE2822 airfoil.
The agreement between the measured data (taken directly
from Ref. 1) and computations for case 2 is quite good. For
case 1, except for a small portion close to the leading edge
on the upper surface, the pressures are well matched. The
agreement for the lower surface, however, is not as good,
especially in the forward regions.

The comparison of the coefficient of pressure with meas-
ured data, in the range 0.86 < x/c < 1.0, for cases 1 and 2
are shown in Figs. 4 and 5, respectively. In this particular
exercise the Navier-Stokes code was run with both the Bald-
win-Lomax model as well as a mixing length turbulence model.
The other results shown in the figures (taken from Ref. 1),

Fig. 1 Structured
FIN5LLT2.

'O" grid around the blunt trailing-edge airfoil
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Fig. 2 Comparison of computed and measured data on blunt
RAE2822 airfoil for case 1, Mx = 0.676, a = 2.45, Re = 5.4 x 106.
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