OPTIMUM RIDGE LIFT
A SCALED EXPERIMENTAL

INVESTIGATIOI

by Edward F. Crawley and Michael Schmanske, Cambridge, MA (USA)
Presented at the XXIIL OSTIV Congress, Borlinge, Sweden (1993)

Abstract

A series of scaled experiments were conducted te
determine the optimum region of ridge lift for soaring
flight. Tworidge models were placed in the MIT Wright
Brothers” Wind Tunnel and tested under simulated
atmospheric flow conditions, which included wvaria-
tions in incoming flow angle, ground roughness, and
earthboundary layer. A five-hole Pitot-static probe was
used to map the flow field to determine the region and
intensity of maximum lift. Experimental data are pre-
sented, and correlated with a simple pilot-usable model.
Introduction

Soaring pilots use many natural sources oflift to keep
their aircraft aloft, including mountain wave, thermal,
and ridge lift. When in ridge lift, a sailplane takes
advantage of the upward component of the air velocity
as it moves over the upstream face of a ridge. Unfortu-
nately for pilots, although long distance and competi-
tive ridge flying have given rise to some heuristic rules
concerning optimum flight zones, finding the maxi-
mum lift region is often a matter of an ed ucated guess
based solely on trial and error. This resembles the situ-
ation, before MacCready solved the optimum speed to
fly problem [Ref. 6], when pilotshad to estimate the best
mnter-thermal flight speed.

A simple and effective method for identifying the
best region of ridge lift would be highly desirable. The
objective of this work was to determine the location and
intensity of optimum ridge lift under varying atmo-
spheric and topological conditions, and to derive a
pilot-usable model for extrapolating these results.

There is little detailed information about flow over a
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ridge as it pertains to soaring. In contrast, the flow over
ground structures onridges is documented inanumber
of sources [Refs. 1, 7]. Yel, while such research has
produced numerousmathematicaland computersimu-
lations, little has been done to apply this knowledge for
the benefit of soaring.

The classical soaring textbook model of ridge lift is
highly simplified. It usually shows a sai]plané flving
upstream of a long straight semi-circular ridge with a
completely smooth laminar flow impinging normal to
the ridge |Ref. 5]. The motivation for this model is that
the location of maximum lift can be easily derived from
potential flow theory; itoccursalonga line at45 degrees
to the vertical, with increasing intensity as the surface is
approached. However, real ridges are not semi-circular
or straight. The earth boundary layer and local surface
roughness make naturally occurring a tmospheric flow
turbulent. And real flow is not necessarily normal to the
ridge. Where then is a pilot to fly?

Toaddress thisquestion, aseries ofexperimentswere
conducted on scaled models of straight and sinusoidal
ridges with simulated cross-sections and surface rough-
ness. Some tests were conducted with uniform inflow,
and others with a simulation of the atmosphericbound-
ary layer. The flow relative to the model could be
pitched downward (to simulate the downwash of an
upslreamridge orwave), and yawed sideways (tosimu-
late flow at an angle to the ridge).

In the discussion below, the experimental procedure
will first be outlined, followed by a presentation of the
experimental results and their interpretation. Finally, a
series of simple pilot-usable modelsare compared to the
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visualizationalso indicated 2-dimensional
flow for the cross-sections at which veloc-
ity profiles were measured.

Of the twomodels, the first wasa straight
ridge. Asshownin Table 1, this model was
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FIGURE 1. Experimental set-up.

used for all tests except those which exam-
b ined curvature in the ridge line. For that
~ non-ideal condition, asinusoidal ridge was
used, which possessed the same cross-sec-
tion as the straight ridge model. If viewed
from above, the amplitude of the sinusoi-
dalnature of the ridge was 12 inches; i.e. 24
inches from the apex to the bowl.

In some tests, surface roughness on the
upstream face was introduced. Soft rubber
door mats were used to simulate the pres-
ence of ground clutter rocks and trees).

data, and their uscfulness as flying aids demonstrated.
Experiment Description
Ridge Models

Two ridge models were tested. The cross-sections of
both were based on a north/south running ridge in the
Green Mountains of central Vermont, located justtothe
east of the Sugarbush Airport and known officially as
the Northfield Range. This ridge represents the extreme
northernend of the Appalachian Mountainsystemwhich
extends, with some interruptions, over 1200 miles from
Maine to Georgia.

Three representative cross-seclions were measured
from topographical survey maps [Ref. 8], then averaged
to create a representative section of the mountain ridge.
As indicated in Figure 1, only the top 1200 feet were
modeled, with a 1200:1 scale. This minimized wind
tunnel test sectionblockage while retaining a scale large
enough to allow accurate measurements in the critical
ﬂlght zone.

The ridge models were 12 inches high

Pliableenoughtolay smoothly on theridge
without affecting the surface shape, the
mats were also studded with nubs: cylindrical rubber
protrusions 0.3 inches high and shgh[l)- less than 0.1
inches in diameter. These nub measurements simulated
ground disturbancesa little over 30 feethighandslightly
less than 10 feet in diameter, each such “tree’ was spaced
0.25 inches (25 scale feet) from its nearest neighbor.
Inflow Conditions

The ridge models were placed on the floor turntable
in the 7 by 11 foot test section of the MIT Wright
Brothers” Wind Tunnel. In one test, 20 degrees of yaw
(horizontal inflow angle from perpendicular) was intro-
duced using the turntable. In another configuration, a
tiltable platform enabled variations in pitch (vertical
incidence angle) to simulate a 10 degree downward
flow component onto the ridge. Such downwash could
occur in the lee of another upstream ridge or mountain
wave,

Testing was conducted at nearly standard tempera-
ture and pressure, and at an upstream air speed of 30

and 48 inches long. The first 35 inches of

the models consisted of the smooth wind- Ridge - Il

ward upwards-sloping face. After the peak, TSR o L - e " .

the 1'id.\_§,e models cfmtiuurd for another 13 Test [Straight] Sine || Rough!|Nomell 20 o h;}?h |
inches, then dropped abruptly, leaving the yaw | down |
leeward side incomplete. Flow measure- 1 X X

ments were taken only on the windward 2 X X

side. [twasassumed thatbecause the down- 3 X X

wind slope was too steep to maintain at- p " z

tached flow, the effects of the abrupttermi- B - !

nation would be masked in the separated 5 X sl
flow region, and influence on the wind- fi ) X X X
ward flow would be negligible. Before test- 7 X X

ing, this assumption was verified using 5 X X

flow visualization. Separation of the flow -

occurred approximately 6 inches after the i . A X

ridge crest. This point was still 7 inches _

before the ridge dropped offabruptly. Flow [ TABLE1. Test Matrix
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The upstream velocity data were
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measured onagrid. The standard step
size in both the vertical and axial di-
rection was one inch. However, this
was cut to half an inch near where it
was believed maximum velocity
would most likely lie, thus allowing
both a larger scale view of the flow
and higher resolution in the area of
greatest interest.

A 5-hole Pitot-static tube was used
for data collection. This type of Pitot
tube measures both the vertical and
horizontal angle of air flow, as well as
the total and static pressure. Previous
calibration found the probe to be ac-
curate towithin+/-0.5degreeand 2%
of free stream velocity [Ref. 4]. Using
aScani-valve, the data from the Pitot-
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FIGURE 2. Velocity components for test #1, straight ridge.

a static tube were sampled at 500 points
over 5 seconds. Sampled data con-
tained 0.1% RMS, indicating smooth

miles per hour, producinga model Reynolds number of
onemillion. The leading edge of the model was approxi-
mately 16 feet from the entrance to the test section. The
nomnml tunnel boundary layer was eliminated by rais-
ing the test platform 6 inches above the tunnel floor,
placing the test section within near potential flow. No
attempt was made to eliminate the nominal test section
boundary layer, which had a thickness of .2 inches. In
several tests, the influence of the at-
mosphericboundary layer wasinves-

flow conditions.

The 5-hole probe was suspended
from behind by along steel rod attached to anelectronic
traverse mechanism. The probe was tilted slightly down
in pitch to allow measurements closer to the ridge and
insure the body of the probe was more closely aligned
with the mean flow in the measurement region.

Probe output measurements were converted into
pressure coefficients. Alpha (vertical flow angle, pitch),
beta (horizontal flow angle, yaw) and relative velocity

tigated. Boundary layer spires were

ueed to simulate a 1:1200 scale one 1/
6th power law boundary layer, typi- 16
cal of a fully developed turbulent
boundary layer which evolves in a
rural environment [Refs. 2, 3]. The 21
inch high spires were placed at the
entrance to the test section, partially
blocking the flow near the floor. Flow
visualization confirmed that the flow
had properly mixed when it reached
the testing area, creating a smooth
total pressure deficit resembling the
deep atmospheric boundary layer.
Data Collection
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All the data points for each test il
were taken at a fixed characteristic
cross-section; for the tests on the 0.4}

straight ridge, this was the center of

Il — 1 I I

the model. For the sinusoidal ridge, >
data were taken at the maximum
(apex), the minimum (bowl), and ata
midpoint between the two.

FIGURE 3, Velocity components for test #2, incoming flow 10 degree down pitch.
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in classical soaring texts. The compo-
nents of the axial and vertical flow are
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shown separately, and are normal-
- ized by the far upstream inflow veloc-
ity. The axial component of the flow
and the total velocity accelerate uni-
formly from the leading edge of the
ridge to the peak. This is consistent
with a venturri-like acceleration due
to the local potential contraction of the
streamlines. The vertical component
of the flow (the one of primary interest
to soaring pilots) is indicated by the
contours drawn on Figures 2-7. The
maximum vertical velocity component
occurs well before the peak, and hasa
value of 0.26. For reference, an
unaccelerated flow turning parallel to
a grade of 12/35 would develop a

1 ' 1.5 2 25
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FIGURE 4. Velocity components for test #6, 20 degree yaw.

vertical component of 0.32. Clearly,
some combinationofincomplete turn-
ingand flow decelerationin thebound-

were then calculated. After correcting alpha by the
probe inclination, the vertical and horizontal velocities
werecomputed, and are shown on the figures of the next
section.
Experimental Results
Test Matrix

With four possible measurement sections (one on the
straight ridge, and three on the sinusoidal ridge), two
vaw angle, two pitch angles, local surface roughness

and carth boundary layer options, 64

ary layer prevents this value from be-
ing attained.

Itis interesting to note that the maximum total veloc-
ity and the maximum vertical velocity do not occur at
the same point. The total velocity of the flow increases as
it progresses toward the peak, due to potential flow
contraction. Close to the model, the angle of the flow
approaches the angle of the ridge surface. From these
two observations, it can be inferred that the maximum
vertical velocity component occurs ata point possessing
the greatest product of the ridge slope and the total

tests could have been conducted. The
nine tests in Table 1 were selected to

cut across the principal axes of this
test matrix. As testing progressed, a
smaller area was scanned to locate
and document the optimum condi-
tions. 1.4
Straight Ridge !

The velocity profiles for the straight
ridge tests are shown in Figures 2-7,
first for the baseline test (Figure 2),
then for the changes in inflow angle
(Figures 3 and 4), and finally for the
variations in inflow boundary layer
profile (Figures 5-7).

The results of the baseline test (Fig-
ure 2)show how the flow would accel-
erateup a ridge in the case of a normal
flow and a very thin earth boundary
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layer(recall that the test sectionbound-
ary layer was not removed). This is !
the closestapproximationin these tests
to the simple ridge flow model found

FIGURE 5. Velocity components for test #3, surface roughness.
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to the line of the ridge changes the
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contours more dramatically, as seen
in Figure 4. Compared to the baseline
of Higure 2, the region of maximum
vertical velocity has enlarged and ex-
b tended downhill. The maximum mea-
sured vertical velocity is now 0.28,
Two factors are at work here. From
5 the perspective of the potential flow,
only the component normal to the
ridge will be affected. However, with
only 20 degrees of yaw in the inflow,
] this change is not sufficient to explain
the differences between Figures 2 and
4. From the perspective of the viscous
effects, the flow traverses the ridge a
longer distance, allowing thickening
_ of theboundary layer compared to the
normal flow. Both potential and vis-

1 1.5 2 25
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FIGURE 6. Velocity components for test #4, boundary layer.

: cous factorscontributetoalarger, less
intense zone of ridge lift.

The inclusion of forest-like surface
roughness (Figure 5) tends toraise the

velocily.

Sucharegion occurs well before and below the ridge
peak. However, it is lower, further from the peak, and
more compact than would be inferred from common
ridge soaring practice. The line along which a novice
ridge pilot might fly, running at 45 degrees from the
peak, passes through areas of significantly weaker lift.
In fact, while flying along this line, soaring conditions
do notuniformly strengthen as the pilotapproaches the
ridge. This explains in part why supe-

area of maximum vertical velocity
upward away from the ridge. A local boundary layer
forms due to the roughness, which slows the flow close
to the ridge. Since total velocity in general decreases
with distance from the model, this lowers the value of
the maximum vertical velocity to 0.21.
The test with an earth atmospheric boundary layer
(Figure 6)indicates a general slowingof the flow through-
out the ridge soaring area. While thm reduces the verti-

cal velocity maximum to 0.17 (or 65% of the value in the

rior ridge pilots are often observed

“down low on the trees.”
Changes in pitch and yaw inflow

angles modify these observations 1o
slightly. Downflow onto the ridge,
which mightbe thoughttoharmridge 1.4-

flying, actually helps. The approxi-
mate shapes of the vertical velocity
contours in Figure 3 are much the
sameasinFigure2. However, thearea
of high vertical velocity is larger, and
the peak measured vertical velocity is
actually 0.32. The presence of the
downflow has thinned the boundary
layer, allowing a more potential-like
flow closer to the surface. This would
suggest that it is not regions of "
downwash from preceding ridges
which should be feared by the ridge

Nommalized Heigth
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o
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B
’.
A

pilot, but perhaps regions of upwash,
which would tend to lift and thicken
the earth boundary layer.

The introduction of inflow yawed

FIGURE7. Velocity components for test #5, surface roughness and boundary layer.
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would be expected for a symmet-
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. ric blunt protrusion into the flow.
The vertical velocity values for
] the cross-section taken at a mid-
point between the apex and the
bowl were also quite comparable
to a straight ridge (Figure 9), al-

- - though the zone of maximum lift

had been extended slightly up the
ridge. The actual maximum value
of vertical velocity remained 0.26.
The transverse flow measurements
taken at this pointindicated asmall
but measurable channeling of the
flow toward thebowl of the ridge.

Thebowl (or valley) of the ridge
exhibited the mostinteresting ver-
tical velocity distribution. The
lower side of the maximum verti-
cal velocity zone beganatapproxi-

1 15 2 2.5
Mommalized Position

FIGURE 8. Velocity components for test #7, sinusoidal ridge, apex.

3 mately the samelevel as the previ-
ous tests. However, the size of the
zone had “stretched” up the ridge
much fartherthan in the other tests,

baseline test of Figure 2), it had little effect on the
location of the maximum or on the distribution of verti-
cal velocity in the ridge soaring area. These changes are
due to the fact that the earth boundary layer has a scale
height comparable to the ridge. In effect, in this test the
ridge operates within the earth boundary layer in nor-
mal conditions.
The mostrealistic case isshown

so that the uphill contour was
nearer the peak. There was one measured point of
vertical velocity of 0.29, but the next highest two points
were .25 and 0.24, indicating that on average the effect
of the bowl was not to intensify the vertical velocity, but
to raise the location of the maximum closer to the top of
the ridge.
The result of this shift was that the lift along the 45

in Figure 7, which includes both
surface roughness and atmo-

spheric boundary layer. By com-
parison with Figures 5 and 6, the 1.6F
additive effects of the lifting of the
localboundary layerand weaken-
ing due to the atmosphericbound-
ary layers are both apparent. Un-
fortunately, the peak vertical ve-
locity has diminished to0.14. Fora
fixed inflow velocity, increasing
realism leads to weaker ridge lift.
Sinusoidal Ridge -
Measurements were taken at
three positions on the sinusoidal
ridge: the apex, midpoint, and
bowlof theridge. The flow behav-
ior observed at the apex of the
ridge (Figure 8) was nearly identi- 0.4
cal to the baseline straight ridge

Nomalized Heiglh
L ha

=
=
T

0.6r

(Figure 2). The maximum vertical
velocity was .26, identical to that
of the straight ridge. The trans-
verse flow was extremely small, as

1.5

FIGURE 9. Velocity components for test #8, sinusoidal ridge, midpoint.
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Normalized Position
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matches the angle of the surface of
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the cylinder, starting at a maxi-
mum at the base of the ridge,” and
reaching zero at the peak. The
maximum vertical velocity occurs
1 atapointwhere the productof the
total velocity (increasing with
7 height) and the slope (decreasing
with height) is a maximum. For a
simple inviscid semi-circle, this is
at 45 degrees, or exactly midway
between the base and the pf_'ak
This physical insight (that the
maximum vertical velocity occurs
at the point where the product of
_ slope and total velocity is a maxi-
mum) is used to fita mathematical
model to the experimental results.

To derive a quantitative com-
parison, a ‘flying height’ is de-

Nommalized Position
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FIGURE 10. Velocity components for test #9, sinusoidal ridge, minimum.

3 fined at 150 scale feet (1.5 inches)
above the ridge. While this is
higher than many glider pilots fly,
it is the lowest altitude for which

degreeline from the peak (the line which mightbe flown
by anovice) had strengthened significantly. Comparing
Figure2 for the straightridge and Figure 10 for the bowl
of the ridge, the apparent maximum vertical velocity
along this line increased by a factor of two. This can be
perceived asastrengthening of the ridgeliftin the bowl,
even though it was not the magni-

tude but the location of the maxi-

there are consistent data available

from all tests. As an example, the measured vertical

velocity at this flying height as a function of distance

from the leading edge of the ridge is shown in Figure 11
for the baseline straight ridge test.

Several models are correlated with the data. All in-

volve a product of the local slope with an estimated

mum lift which had changed. Fur-

ther, the ridge lift would uniformly 83

increase with decreased altitude,
allowing the pilot to feel more com-
fortable flying close to the ridge.

—&— Measured Vertical Velocity
——— Freestream Veloelty * Sin (a)
~ = =Flow Contraction Yelocity ® Sin {a}

(1L}
Model Correlation

The objective of model correla-
tion is to create a simple, physi-

cally-based model which can be 02
correlated with the data and used
by a pilot in flight. The problem

with the traditional semi-circular

ridge model is that it yields the
guidance to fly at 45 degrees up-
stream of the hill, but with no un-
derlying physical insightas tohow

Vertical Velocity (@flight zone)

to approach a real 1‘[dge‘
For the half-cylinder in poten-
tial flow, two effects are at work.

e

The total velocity increases with 0.05
height on the surface, due to ;
streamline contraction, and
reaches a maximum at the peak.
Near to the ‘ridge,” the flow angle

FIGURE11. Vertical velocity analytical predictions.

1.5 2 5 3 33

Normalized Ridge Location
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FIGURE 12. Flow contraction around a semi-circular ridge in two-dimensional potential flow.

relocity. The simplest model, shown by the solid linein

W

Figure 11, forms the product of the free-stream velocity
(as measured by a single upstream Pitot-static tube)
times the sine of the ridge angle at the pointin question.
This model accurately predicts the location of the maxi-
mum at the horizontal coordinate of 2.6, but does not
accurately predict the magnitude of the velocity. Obvi-
ously, this model does not capture the contraction-
induced acceleration of the flow over the ridge.

Anaccurate model of the flow acceleration would of
course require a potential solution of the outer inviscid
semi-infinite flow field, useful in experimental data
correlation, but meaningless as a pilot-usable model in
the cockpit.

As motivation for a simpler contraction model, con-
sider once again the simple serni-circular ridge. For
such a case, the flow velocity at the top of the half-
cylinderequals twice the free-stream velocity. The flow
acceleration in the vicinity of the ridge can be closely
approximated by imagining the ridge and its reflection
about an image line to form a channel or nozzle, as
shown in Figure 12. By placing an image plane at twice
the heightof theridge, the solution that the total v elocity
at the top of the cylinder equals twice the freestream
velocity entering the 'nozzle’ is recovered.

To apply this model to flow over the ridge, one
imagines an image plane or ‘invisible ceiling” placed at
some heightabove the top of the ridge. By changing the
height of this ‘ceiling” one can change the ratio by which
the free-stream velocity entering the ridge mozzle’ is

VOLUME XVIII, NO. 4

multiplied. Figure 11 shows the correlation of this model
with the measured data for the straight ridge, assuming
animage plane 30 inches above the r1dge top. Note that
now both the magnitude and location of the zone of
maximum vertical velocity are predicted accurately.
To use this model while piloting a sailplane, one
would firstimagine the airflow over theridge as incom-
pressible flow in a channel with a half-height of 3.5 to 4
times the ridge height. Then one would estimate the
flow acceleration in this hypothetical channel and as-
sume local flow is approximately parallel to the slope of
the ridge. By taking the product of the estimated flow
velocity and the local slope, one can determine the most
likely area of maximum lift.
Conclusions

Based on the experimental data, the following obser-
vations can be made regarding the flow over smoothly
contoured straight ridges:

The total velocity increases towards the peak due to
potential flow contraction and is tangent to the
surface near the ridge. As a result, the maximum

total velocity and vertical velocity do not occur at

the same point.
The maximumvertical velocity occurswhen the prod-
uct of the slope times total velocity is greatest. For

a smooth ridge, this is well below and before the

peak. This implies optimal ridge soaring occurs at

alocation quite different than suggested by classi-
cal texts.
Downwash on a ridge due to upstream hills can
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intensify the ridge lift by thinning the boundary
layerand therefore creating a higher localupward
vertical velocity.

Small amounts of cross flow, due to the wind striking
theridgeatasmall angle, do notappear toweaken
the ridge lift, and may slightly enlarge the region
of optimum flying.

The presence of surface roughnessin the formof trees
orrough terrain thickens thelocalboundary layer,
and tends to slightly weaken the lift and to raise
the region of maximum lift up off of the surface of
the ridge.

The presence of a well developed earth boundary
layer whose scale heightis equal to or greater than
the height of the ridge weakens the lift consider-
ably, butdoesnotchange thelocation of theregion
of maximum lift.

The following observations can be made regarding

the flow over smoothly contoured curved ridges:

The vertical velocity distribution at the apex of the
ridge is very similar to that for a straight ridge.

The maximum vertical velocity in the bowl is Onl\
slightly larger than at the apex. The primary effect
of the bowl] is not to straighten the lilt, but to raise
the area of maximum lift up towards the peak.

A pilot-usable model correlates well with the data
and predicts the location and strength of the maximum
lift. To use this model, the pilot estimates the flow
acceleration, and flies where the product of flow accel-
eration and slopeis greatest. This will almost alwaysbe
well below and in front of the peak. For significant
surface roughness, the estimate of the optimumealtitude
should be adjusted upward.

The overall conclusion of thiswork is that the world’s
bestridge pilots have, by trial and error, discovered and
internalized the models for locating maximum ridge
lift. These observations are now placed on a firmer
theoretical basis. This approach to guidance is quite
different from that found in basic texts on soaring, and
is now available for all to investigate in their own full-
scale experiments.
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