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Optimization of Glides for Constant
Wind Fields and Course Headings

Scott A. Jenkins* and Joseph Wasylt
University of California at San Diego, La Jolla, California 92093

Theory and experiment are presented for optimal combinations of glide speeds and crab angles that minimize
the glide slope at any arbitrary angle to the wind along a constant course heading. The optlmlzatlon scheme is
formulated for constant wind speeds, wind dlrectlon, and air mass sink rates. An analytic solution is found in
the asymptotic limit of a small crosswind component A general solution is obtained by seeded lteratlons with
a Taylor series expansion about that limit. The solution was verified in test-flights with quartering tailwinds and
direct crosswinds at the 700, 500, and 300 mb levels. It was concluded that relatively small pilot-induced speed
errors result in significant glide slope degradations with unnecessary and potentially dangerous altitude losses.
Applications of the results are considered for wind fields that vary slowly in space, such as lee waves and Rossby

waves.

Nomenclature
A = wing area, ft?
A, B,
A’, B’, G = flight path way points

a, b, ¢ = glide polar coefficients at altitude

a, b, e = glide polar coefficients at sea level

Cp = quadratic drag coefficient

Cp,i = quadratic induced drag coefficient

Co,p = quadratic profile drag coefficient

C = quadratic lift coefficient -

d,, fn = resolvent cubic parameters for iterative
general solution

dy, fo = resolvent cubic parameters for weak crosswinds

K, = profile drag factor

K, = induced drag factor

K, = glide polar factor due to profile drag

K, = glide polar factor due to induced drag

L/D - = inverse glide slope

L/Dy,x = inverse glide slope due to speed to fly

L/Du= '

U + 8U) =inverse glide slope due to speed-to-fly errors

) = wing cord, n.mi.

m = gross weight, 1b

n = integral index number

Dn = second-order coefficient for general iterative case

Do = second-order coefficient for weak crosswinds

Gn = first-order coefficient for general iterative case

Go = first-arder coefficient for weak crosswinds

R = Rossby radius of deformation, n.mi.

I = zero-order coefficient for general iterative case

ro = zero-order coefficient for weak crosswinds

S = air mass sink rate, kt

U = speed-to-fly at altitude, kt

U = speed-to-fly at sea level in still air, kt

U; = indicated speed-to- fly, kt

U, = general speed-to-fly for nth wind increment, kt

Uy = speed to fly in weak crosswinds, kt
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u = horizontal component of ghde velocity relative
to air at altitude, kt

i = horizontal component of glide velocity
relative to air at sea level, kt

u, = stall speed, kt

v = wind speed, kt

Vo = weak wind speed, kt

w = vertical component of glide velocity relative to
air at altitude, relative sinking speed in knots

w = vertical component of glide velocity relative to
air at sea level, relative sinking speed in knots

X = position along flight path relative to any given
way point

o = wind angle relative to course line

B = crab angle relative to course line

¥ = profile drag exponent

U = speed-to-fly error, kt

v = wind speed increment, kt

7 = relative squared crosswind velocity
difference, kt? :

6 = minimum glide slope in still air at sea level

A = wave length, n.mi.

o = density at altitude, slug/ft?

p = density at sea level, slug/ ft?

Introduction

“HE first treatment of the problem of the optimal glide
speed that minimizes the glide slope in a moving atmo-
sphere was due to MacCready.!> The solutions have since
been referred to as ‘‘speed-to-fly.”’ MacCready’s original
work was valid only for a convective atmosphere in which
regions of rising or sinking air translate horizontally with the
wind. His speed-to-fly solutions were thus independent of the
wind speed and determined uniquely by the rate of vertical air
mass movement and the glide polar in still air at sea level.
Subsequently, Kuettner,? following arguments introduced
by Reichmann,* considered the effects on glide slope mini-
mization when regions of rising or sinking air do not translate
with the wind over the ground. Such a condition is typically
encountered in both hydrostatic and nonhydrostatic lee waves
(see Ref. 5). Kuettner considered only the cases of glides
directly with the wind. The solutions for speed-to-fly by both
Kuettner and Reichmann were graphical in nature, involving
tangent plotting for a few selected cases with no mathematics
as such presented. Even so, some striking departures from
MacCready’s original findings were uncovered by both au-
thors. Speed-to-fly was found to be dependent on the wind
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speed with the flattest glide slopes achieved for tailwirds at
speeds less than the MacCready speed-to-fly. Kuettner also
considered the degradation in glide slope at high altitudes with
a direct tailwind.. He concluded that the practice of ballasting
to high wing loadings is disadvantageous since the reduced air
density at high altitudes has already effectively raised the wing
loading considerably. The increase in relative sinking speeds at
these higher wing loadings cannot be compensated in down-
wind glides because slow speeds-to-fly are required.

In the present paper, the speed-to-fly problem is treated for
the general case of glides along constant course headings at an
arbitrary angle to the wind for any given altitude. Optimal
flight paths for crossing lee waves are shown to result from an
orthogonal series of constant course glides. The formuldtion
of the problem is based on a quadratic glide polar in a con-
stant wind field. The constant wind-field assumption provides
acceptable accuracy for treating glides in lee waves and Rossby
waves, which vary over geophysical length scales. The result-
ing speed-to-fly equation is, nonetheless, found to be tran-
scendental. An asymptotic analytic solution-is found in the
limit of small crosswind components. A general solution for
a‘rblttary crosswind components is then 'developed based on a
seeded iteration with a Taylor series expansion about the weak
crosswind solution. The results are compared with data from
skewed test glides performed between the 700- and 300-mb
levels. These comparisons show that speed-to-fly errors can
degrade the glide slope to such an extent that the performance
gains achieved by modern airfoils and composite construction
are lost.

Formulation

Consider glides performed at 1-g load factor across a field
of lee waves in such a manner that a constant course heading
is maintained between any two arbitrary points {(A,B) in an
Eulerian frame. Let the course heading connecting (A,B) be at
an angle « to the wind-whose speed is v as shown in Fig. 1, If
the horizontal component of the glide velocity relative to the
air is u, then it must be directed at some crab angle 8 in order
to maintain a constant course heading between (A,B). The
crab angle is thus given by:

8 =sin"![ - (v/u) sina} 1))

While traversing the lee wave field, regions of rising flow
(lift) will be encountered along the upwind faces of the lee
‘wave crests, and descending flow (sink) along the downwind
faces. Let the vertical velocity component of the air mass be S,
which shall be taken as positive in the downward direction in
an Eulerian frame. If the vertical component of the glide
velocity relative to the air is w (positive downward), then the
inverse glide slope (L /D) with respect to an Eulerian frame
such as the ground will be

v cosa + u cosB v cosa + Vu? — vZ sin’a
L/D = 2
w+S w+ S @
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Fig. 1 Schematic of constant course strategies with lee waves.
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Any optimal strategy for crossing a field of lee waves is
given by one or more glides along constant course headings.
This is because the lee wave field structures the air mass sink
rates in parallel bands having high cross-stream coherence.
Within the lee wave field, an orthogonal series of constant
course glides yields the optimum flight path between any two
points (A,B) that are separated by some streamwise excursion
(see Fig. 1). It is clear from inspection of Eq. (2) that straight
line glides with a direct tailwind, o =0, give the maximum
possible L/D when entering the lee waves along (A,B’) or
when traversing the lee wave field along (A’,B). These two
glides can be joined by a direct crosswind glide at constarit
course heading, (B’,A’), utilizing lee wave lift to achieve an
infinite L /D when S — — w. However, sufficiently long cross-
wind glides irf uninterrupted lift such as (B’,A”) are not always
possible. Variations in the alignment and width of wave gener-
ating mountains often destroy the necessary cross-stream co-
herence of the lee wave field. If the ultimate goal is signifi-
cantly far downwmd say point G in Fig. 1, then skewed,
constant course glides such as (B, Gy will become an inevitable
part of cross-Country strategy.

Before proceeding to optimize any of the constant course
glides set forth in Fig. 1, it is desirable to eliminate w from Eq.
(2) in order to save labor. The vertical and horizontal compo-
nents of the glide velocity relative to the air mass are related by
the glide polar at sea level in still air. This relation can be
posed from the usual assumption that the total drag is a linear
combination of profile drag and induced drag:

Cp=Cp,+Cp, 3)

Because of Reynoids number dependence, the profile drag
coefficient is not constant but will vary with the glide velocity
in still air at sea level & according to

Cp,p =Kiit™" O]

where K| is a factor that varies with the kinematic viscosity
and characteristic length scale and + will depend on the rela-
tive proportion of the total wetted surface area that is sub-
jected to laminar vs turbulent boundary layers. The induced
drag coefficient on the other hand may be inferred from lifting
line theory®’ as

Cp,i = K,C} &)

where the factor K, is a function of wing aspect ratio, twist,
taper, and aeroelasticity.

Based upon a drag formulation by Egs. (3-5), ihe gllde
polar at sea level may be written as

W= (Cp/Cy) it = Ksit® 7 + (K4/ 1) (6a)
K3 = (pAoK,)/(2m) (6b)
Ky = @2mK3)/ (Ao (6)

If we éxband Egs. (6) in a Taylor series about some optimal
speed-to-fly in still air, & = U, then the glide polar is quadratic
to second order according to

K3 =7 + (Ky/D)—ai? + biv + & )
where
a=03B -2 -y KU+ (2K,/T0?%
b=03-yKU0*7—(K,s/0)—-20a

=K, 0%+ (Ky/0) + aU? - bU
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Fig. 2 Quadratic approximation to glide polar data at sea level and
at altitude.

Here a, b, and ¢ are based on the air density at sea level. We
may then correct the quadratic glide polar in Eq. (7) to any
altitude where the air density is p by taking

w=aqul+bu+c (82)
a=ap/p) 1 (8b)
b=b (8¢)
c=2@/p)"? (8d)

A comparison is shown in Fig. 2 between the quadratic
approximation according to Eq. (7) and measured glide polar
data for the test aircraft, a Schempp-Hirth Nimbus IIb, taken
from Johnson® and corrected to sea level. The solid curve is a
least-squares best fit of a quadratic to the data. The values for
the sea level polar coefficients that result from this fit are

@ = 0.0012155 kt~! (9a)
b= —0.1106912 (9b)
&=3.564157 kt (9¢c)

Corrected glide polars for the 700-, 500-, and 300-mb altitudes
are also shown in Fig. 2 as dashed and dotted curves. Note
that the maximum inverse glide slope of 47.7 remains un-
changed with altitude for still air. The deformation of the
polar at altitude is equivalent to increasing the wing loading by
factors of 1.20, 1.42, and 1.84 for the 700-, 500-, and 300-mb
levels, respectively.

With Eq. (2) expressed in terms of Egs. (8), the inverse glide
slope is reduced to dependence on four variables, u, v, «, S.
Consequently, incremental changes in L/D are expressed as

a(L/D I(L/D dL/D
( )du+ ( )dv+ ( )dcx

d(L/D) =
( ) ou v o

AL /D)

s ds (10)

+

Now, each of the variables in Eq. (10) changes with incremen-
tal changes in position along the flight path dx according to
characteristic length scales. The air mass sink rates vary over
distances comparable to the wave length, O(\/27), of the lee
waves. The wind speed and direction vary over the lowest
mode length scales of the upper level storms, typically the
Rossby radius of deformation, O(R), as discussed in Ref. 5.
On the other hand, the horizontal component of the glide
velocity can vary over distances of only a few cord lengths,
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O(nl), where n ~ 5 according to Ref. 9. Therefore, the relative
sizes of the terms in Eq. (10) are:

Gt () e
D), DI, @(;1%) (11b)
HID) o, DIy @<dg> (110)
a(La;D) ds - a(l;,;D) % dy = @<2")\dx> (11d)

In the atmosphere, R ~ O(100 n.mi.), whereas A ~ (10"
n.mi.) for hydrostatic lee waves or A\ ~ O(1 n.mi.) for non-
hydrostatic lee waves. These aré immense compared to the
wing cord. Therefore, changes in L/D with respect to wind
speed, direction, and air mass sink rate are negligible com-
pared to those with respect to changes in glide speed over any
incremental distance dx. Hence, the speed-to-fly U, which
maximizes the L/D over the ground, is given to OQxni/\)
accuracy by :

d L
——=0atu=U 12
% D at u (12)

Equation (12) yields the general speed-to-fly equation for
glides skewed relative to the wind, which may be written as

— aU? - 2avU cosavU? — v? sino
+(c + S + 2av? sin?a) U — vb cosavU? — v2 sina
+ v2b sin?a = 0 (13)
The transcendental nature of the general speed-to-fly equation
[Eq. (13)] follows from the fact that speed-to-fly is a function
of the crab angle by way of Egs. (2) and (12), and crab angle
is, in turn, a function of speed-to-fly as required by Eq. (1).
Analytic solutions to Eq. (13) arise in the asymptotic limit of
an indefinitely small crosswind component, U? > v? sin’a, for
which the speed-to-fly u = Uy is given by
Ug +poUg +qoUp+rg=0 (14)
where
Do = 2vy cosa
go=1—(c + S + 2av} sin®a — vpb cosa)/a]
ro = (v¢b sin’a/a)

v = v <V Uy/sin’

The speed-to-fly equation thus collapses to an ordinary cubic
equation for weak crosswinds, yielding the following solution:

dy [dg  f3 | do |di  f3|"?
Up=| -2y [l N
0 [ 2Nt t 2 st

2, cosa

3 15)

where
do = (1/27)2p3 — podo + 27r0)

Jo=(1/3)3g0— pd)



JULY 1990

The remaining two roots of Eq. (14) are less than zero (back-
wards flight) and are therefore not sensible. As a particular
case of Eq. (15), the speed-to-fly solution in a direct headwind
or tailwind (o = 0), which corresponds to the graphical result
by tangent plotting due to Kuettner,? is found to be

Uyl = 0) = (172a)[4a>v? + da(c + S — V)]V —v  (16)

For a general solution to Eq. (13), a seeded iteration is
begun from the weak crosswind solution U, for some small
wind speed v = v,. With each iterative step n thereafter, the
wind speed is stepped incrementally by #év. The numerical
computations for any given step n are based on a Taylor series
expansion of (U? — v2 sin?e)!/2 about the speed-to-fly solution
from the previous iteration, U = U,_,. By this numerical
scheme, the general speed-to-fly equation for the nth iteration
is

U} + paU} + q,Uy +1, =0 (172)
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metric function about zero wind speed and is slower than all
headwind cases and faster than all tailwind cases. All remain-
ing possible crosswind solutions are intermediate between
these two extremes, with small differences among skewed
glides into the wind, but significantly faster speeds-to-fly
for increasing crosswind components with the wind. When
0< <90 deg, the maximum inverse glide slopes apparently
result from keeping the crab angle small, 3<0(45 deg).
Hence, the speeds-to-fly during skewed glides with the wind
increase with increasing crosswind component in order to
maintain the course line without resorting to exceedingly large
crab angles.

It is also interesting to note from Figs. 3 and 4 that the
indicated speed to fly (based on pitot-static airspeed systems)
varies with altitude for any given wind speed and direction.
This effect was not considered by MacCready.!> Generally,
slower indicated airspeeds are required at higher altitudes
for any nonzero wind speed regardless of direction. Conse-
quently, the indicated speeds-to-fly and crab angles for 60-kt
winds at 700-mb are comparable to those required for 90-kt

where winds at the 300-mb level. The true speeds-to-fly increase with
_{=w cosa[(1/2)p~ 2 — (1/2)U2_ 19~¥3 ~ 2av cosa(U2 _ 1932} (17b)

i { —a —avcosa(y™"? = Uz_ =)
@ = {c + S + 2av? sin?a — vb cosal]_ n=32 = 2av cosaly? — (1/2)UL_ =2 — (1/2U) _ 1931} (170)

" { —a —av cosa(n~"2 — UZ_ n=¥%)}
. {v2b sin?a — vb cosalq!’? — (1/2)U?_ jq~ 2 — (1/2)U} _ 19~} (17d)

" { —a —av cosa(n~V2— U?2_ p~3%)

where n = 1,2,3...; 9 = U?_, — v3in%a; v = vy + név. Hence,

the general speed-to-fly solution for any given wind speed and
arbitrary « is given by

dy /d,% L d, /d,% fa |
Uy=| -2+ |[L+2% e e
" [ 2 Y] 2 42
2v cosa
- (18)
3
where d, = (1/21)20} — 9pugn + 27r4); fo = (1/3)3q, — P2);

n =1,2,3,.... Again, the two remaining roots to Eq. (17a) are
less than zero and consequently have no physical significance.

Numerical Results

The general speed-to-fly solutions for arbitrary wind speed
and direction were computed between the 700- and 300-mb
levels by seeded iterations using Eqs. (14-18). The computa-
tions were based on an unballasted Nimbus IIb glide polar
according to Eqgs. (8) and (9). The computational sweeps were
stepped in both the positive and negative wind directions using
increments of év = 1.0 kt. This procedure was selected in
preference to some general iterative search routine because the
speed-to-fly equation [Eq. (13)] has multiple roots and it was
desirable to find cause and effect relationships between speed-
to-fly, optimal crab angle, air mass movements, and altitude
effects on the glide polar.

The speed-to-fly and optimal crab angle dependence on the
wind speed and direction is computed in Fig. 3 for the 700-mb
level and in Fig. 4 for the 300-mb level. These computations
assume no net vertical motion in the atmosphere, S =0, as
would generally be the case during long glides in between wave
generating mountains. Negative wind speeds correspond to
headwinds, whereas positive values denote tailwinds. Positive
crab angles denote deviations from the course line in the same
sense as the wind vector (headwinds), whereas negative crab
angles deviate from the course line against the wind angle
(tailwinds). The fastest and slowest speeds-to-fly arise from
glides directly against and with the wind (o = 0), respectively.
The speed-to-fly in a direct crosswind (o = 90 deg) is a sym-

increasing altitudes but by less than a constant factor (5/p)'2.
This results from the fact that the higher effective wing load-
ing at altitude enables more efficient penetration into a head-
wind component but requires slower glides at a higher C; with
a tailwind component in order to minimize an already high
relative sinking speed.

In Fig. 5, a comparison is made of the maximum possible
inverse glide slopes between the 700- and 300-mb levels if exact
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Fig.3 Speed-to-fly and crab angle vs winds at 700 mb.
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Fig. 4 Speed-to-fly and crab angle vs winds at 300 mb.
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Fig. 5 Maximum inverse glide slopes vs winds at 700 and 300 mb.
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Fig. 6 Speed-to-fly and crab angle vs subsidence in quartering winds.

adherence to speed-to-fly and optimal crab angle is made
according to Figs. 3 and 4. A higher L/D is possible into the
wind at higher altitudes for any given headwind and direction.
Nonetheless, strong headwind conditions clearly should be
avoided, as the L /D falls catastrophically from 47.7 in still air
to less than 15. Conversely, flatter glide slopes are achieved
for any given tailwind and direction at lower altitudes. In a
direct crosswind, « = 90 deg, it is clearly advantageous to fly
at a higher altitude for any given wind speed. Again, the
inverse glide slopes for 60-kt winds at 700-mb are found to be
comparable to those in 90 kt of wind at the 300-mb level.
These features are consistent with the fact that a higher effec-
tive wing loading at higher altitudes is an advantage when
penetrating into the wind or in strong crosswinds but a disad-
vantage when gliding slowly at minimum relative sinking

speeds with the wind. Even so, a 90-kt direct tailwind at 300
mb will improve the L/D from 47.7 in still air to 92.7. This
value degrades to 65.0 if the 300-mb winds become quartering
tailwinds, o = 45 deg.

Figure 6 shows computations of speed-to-fly and optimal
crab angles for the case of quartering headwinds and tailwinds
at the 500-mb level when vertical air mass movements are
encountered. Contour plots are shown for particular air mass
sink rates of — 1.0 < S =< 8.0 kt, as would be typically encoun-
tered while traversing mountains in fields of lee waves.
Computations for an air mass rising faster than the aircraft’s
minimum relative sinking speed are not possible because a
state of perpetual motion is achieved at the start of the seeded
iteration, v = v, for which the problem has not been correctly
posed by Eq. (12). The problem in this case becomes one of
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Fig. 7 Speed-to-fly and crab angle vs subsidence in direct crosswinds.

maximizing climb rate for which the speed to fly is U —u,.
Otherwise, the speed-to-fly solutions in Fig. 6 require one to
speed up in sinking air and to slow down in rising air, similar
to MacCready.!"? However, unlike MacCready’s original re-
sult, the speeds-to-fly for any given air mass sink rate are
dependent upon the wind speed, requiring faster glides for a
headwind component and slower glides with a tailwind com-
ponent. Regardless of the air mass sink rate, speeds-to-fly in
strong quartering tailwinds tend to increase slightly with in-
creasing wind speed in order to prevent glide slope degrada-
tion resulting from large crab angles, 8> 0(45 deg). This result
is a modification to Kuettner’s original downwind strategy
(see Ref. 3). In strong quartering headwinds with a rapidly
sinking air mass, one finds in Figs. 6 that rather large speeds
to fly, ©(200 kt), are required that exceed the structural load
limits of the test aircraft. In 1-kt rising air with a quartering
tailwind, the speed-to-fly is less than the best L/D speed for
still air.

Figure 7 shows the effect of vertical air mass movements
on speeds-to-fly and optimal crab angles in direct crosswinds
at the 500-mb level. In strong wind with rapidly sinking air,
the speeds-to-fly are significantly less than the corresponding
quartering headwind cases in Fig. 6 but also significantly
greater than the corresponding tailwind cases. For weak direct
crosswinds (v <30 kt) there is little change in speed to fly with
increasing or decreasing wind speed since most of the compen-
sation is done with the crab angle. Unlike all other cases
considered, the optimal crab angle for strong direct cross-
winds (v > 60 kt) does indeed exceed 45 deg in nonsinking air.

Figure 8 shows the maximum obtainable inverse glide slopes
with vertical air mass motion in quartering headwinds and
tailwinds and in direct crosswinds at the 500-mb level. The
computations are based on exact adherence to speed to fly and
optimal crab angle according to Figs. 6 and 7. One finds that
slowly rising air, S = — 1.0 kt, yields impressive L /D for both
strong quartering tailwinds (L /D = 190) as well as weak cross-
winds (L/D = 140). However, strong quartering headwinds
degrade the L/D to <10 regardless of the vertical air mass
motions. In fact, the inverse glide slope in this case is almost
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as bad for 8 kt of air mass sink as it would be for nonsinking
air. The degradation in L/D for strong direct crosswinds is
only slightly less. For weak quartering headwinds/tailwinds
and direct crosswinds, any rate of sinking of the air mass
exerts a pronounced reduction in L /D compared to the case
S = 0. Most of this performance loss occurs during the first
few knots of air mass sink. Very little additional loss occurs
for S = 4.0 kt.

Experiment

To ascertain the accuracy of the speed-to-fly and optimal
crab angle computations, a series of test flights were con-
ducted with an unballasted Nimbus ITb. The test flights were
performed using the active lee wave generating topography of
the Laguna Mountains in Southern California. Wave entry
was accomplished by aerotow to a point in the neighborhood
of the Julian VORTAC. Upon release, climb was initiated to
the 500-mb level according to visual flight rules, with addi-
tional climbs to the 300-mb level upon receipt of clearance
from the Los Angeles Center. After reaching maximum per-
missible altitude, the test aircraft departed the wave generating
region for a series of way points whose exact position was
known. The altitude lost in gliding between the way points was
recorded by means of a precision barograph and used together
with the known distances between way points to calculate the
inverse glide slope with respect to the ground. Passage over
each way point was determined by visual recognition and
annotated on the barograph by executing a rapid dive and
recovery maneuver to produce a mark on the trace known as
a ‘‘notch.”

Wind data for the tests were derived from National Weather
Service soundings at San Diego, California, and Blythe, Ari-
zona. Test flights were conducted about the 700- , 500- , and
300-mb levels for which sounding data and forecast charts
were available. Way points were selected with separations
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Fig. 9 Effects of speed-to-fly errors in quartering tailwinds and di-
rect crosswinds.

ranging from 11.4 to 37.8 statute miles so that the maximum
altitude variance about any one of these levels did not exceed
=+ 2000 ft. Since the test aircraft lacked accurate positioning
equipment, no attempt was made to test speed-to-fly theories
within the variable vertical velocities of the lee wave field.
Instead, the way points were selected upwind of the wave
generating topography to test the direct crosswind calculations
and a considerable distance downwind of the wave generating
topography for quartering tailwind tests. This arrangement
was aided by the fact that the lee waves were generated over a
broad tilted plateau and were, therefore, essentially hydro-
static in nature with vertically upward propagation and no
secondary or tertiary phases downwind (see Ref. 5).

Figure 9 shows the results of these tests during which known
speed-to-fly errors 8U were flown to yield measured inverse
glide slopes L/D(u = U + 6U). The speed-to-fly errors are
corrected for the airspeed system errors measured by John-
son.® In every case for which a nonzero speed-to-fly error was
flown, the resulting inverse glide slopes are found to be less
than the theoretical maximum L /D,,, when exact adherence
to speed-to-fly and optimal crab angle is maintained. The
curves in Fig. 9 are generated by a numerical search about
either side of the speed-to-fly solutions computed from Eqgs.
(14-18) for the respective altitudes and winds. The particular
wind speeds for those computations are selected in between
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the San Diego and Blythe soundings based on a minimization
of the variance between the data and resulting theory curves.
A check of the L/D,,, values is provided by the data points
gathered for zero speed-to-fly errors. The loss in L /D due to
any given speed-to-fly error is greater at lower altitudes for
both quartering tailwinds and direct crosswinds. Furthermore,
flying too slowly produces a greater degradation in L /D than
flying too fast. Speed-to-fly errors have a greater adverse
impact in quartering tailwinds than in direct crosswinds. How-
ever, in either case, the speed-to-fly errors resulting from
flying too slowly can diminish the L/D by 15 points or more.
This is equivalent to turning the clock on aerodynamic design
back by as much as 50 years. In other words, pilotage must be
considered a leading-order process.

Conclusions

1) Speed-to-fly during glides skewed relative to the wind by
less than 90 deg requires flying faster through sinking air or
into a headwind component and flying slower through rising
air or with a tailwind component such that the crab angle does
not become excessively large, 8 < O(45 deg).

2) Speed-to-fly in direct crosswinds requires flying faster
through sinking air or with increasing wind speed and flying
slower through rising air or with decreasing wind speed, using
crab angles that may exceed 45 deg for the case of strong
winds in a nonsinking air mass.

3) Maximum L /D with any given tailwind component is
achieved at lower altitudes.

4) Maximum L /D with any given headwind component or
any given direct crosswind is achieved at higher altitudes.

5) Speed-to-fly errors resulting from flying too slowly yield
the greatest losses in L/D.

6) Losses in L/D for any given speed-to-fly error are
greater at lower altitudes.
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