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ABETRACT NOMENCLATURE
The Teasibility of naintaining cont inu d exponent ol boundary laver shear equa-
os non-powered Clight by utilizing a verti- tion; basced npon terrain considera-
citl wind velocity gradient is analyvoed, 1 Lions

is ovoncluded that wind velovity pradients
which have been observed in the upper atmos Al aspect ratio
phere are nol sallicient ly steep for this

purpose; but wind shears Tikely to be encoun- Dain drag coefficient at zero 110t
tered in the surtace boundary Taver should be '
adequate. Ly L1 coetficient
) Asultable light pattorn was deve loped
amed an cxperinental investieation was conduoe- i drag
ted utilizine i powered atrplane with the
power adjusted to similate existing awd nd- b cnergy
vanced saiiplanes . ZTero net loss ol albitude
wits not attained, bout it was concluded that ey aval lable wind cnerpy
Further investigation is warranted with par-
ticular attention divected towards precise Iy energy dissipated Lo drag

adherence to the prescribed {lieht poattern.
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INTRODUCT TON

, Ut
ht
without power, has been an intriguing concept

The possibility of dynamie sodaring
lization of wind shear to maintain flig
ever since 1L was observed that certain sea
Bivds, for cxample the albatross Siomedoon,
remalned abrborne with a mininum expenditure
af cneryy by [lying within the atmospheric
boundary laver and varyving altitude in a peri-
odic vyele.

The tfundamentals of the reguired analy-
sis were set forth by Ruyleigh in 1883, More

vefined analyses have appeared in the Iitera-
ture subscquently . There appears to be no
theoretical obstacle to achleving this mode
of [light dn o man-made vehiele.
Lxperimental dnvestipation of the poss
Bility of dynamic soaring in the atmospheric
houndary layer has been inhihited, however,
by o wvery practical consideration. L the

atmospheric boundary laver, as inoany bhoundary
laver, the steepest wind velocity wradicent
ovetirs near the surface.  Since Flight atili-
zing wind shear reguires o tairly high value
of the latter, an experimentsl investigation
of this phenomenon must bhe conducted close to
the surface.  lor obvious reasons, investi-
gitors appear reluctant to ablempt this In
alrcralt without power.

The investipgation reported in this paper
wias made close to the surface of the sea In a
powercd alrcraft. The velocity profile ol
the boundary laver was determined for each
flight by making observations of the wind
velocity at various altitudes. A flight pat-
tern was then set up within the region ot
preatest wind shear. [t consisted of a cir-
cular pattern of ascending flight upwind and
descending flight downwind. DPower scttings
were varied as necessary to simulate glide
ratios covering the range ol contemporary
sailplanes and possible l[uture developments.

ANALYS LS

The problem of wtilizing a vertical wind
velocity gradient to provide the enerpy re-
quired to malntain unpowered Flight coan best
be put into perspective by considering a very
simple case:  steady clinb or descent at con-
stant truce airspeed and pitch attitude through
d opositive velocity gradient .  The climb is
wade into the wind, To simplify the problem
further this will be assumed to be Iincar, as
shown .
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The Vorees acting on the light vehicle
in the clinb are shown in Figure 2.

L v

e

£

Summing forces hoerizontally and verti-
cally

b= Loecos vy =D sin v - W
sl = - Losin oy - D cos v
x

[T airspeed and pitch attitude are con-
stant, and il there 15 no vertical wind com-
ponent, the alrcraft is in a steady climb and
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the vertical acceleration is zero. lence

Locos v = W+ D sin oy

In the absence of o propulsive force,
the horizontal force summation is obviously
not zero,  The alrveratt will therelore be de-
celervated, with refercnce to the ground, in
the negative x-direction, as illustrated.

Consider now o balloon rising at o steody
rate through the wind shear represented by
Figure 1. bt will be accelerated in the di-
rection of increasing wind velocity. 16 the
balloon is rising at the rate

dh

dt

the mapnitude of the horizontal acceleration

will bhe

2 JdV
d7x “wodh
2odh dt
dr )
I the aireraft is  cliuwbing into the
wind, to mointain steady Clight its decelora-

tion must he preciscely equal to the accelerin-
tion ol the balloon. Then, from Newton's
Second Law

wo WY an

Losin A Cosy T SRR L
goodh dr

dv |
) W 1 ) .
the term 1 depends on the velocity
. L . E z X
profile of the wind. [t 1s constant Lor the

Lincar profile illustrated in Floure 1.

. 1 2 3 5
The term e Lthe rate of clinh of the
abrcrafit. 1t Is related to the anple of ¢linh

relalive to the air as ol lows:

SR o

lh -
Sl oy sin i
dt
Cody
0 . . W I .
Then L sin v + I cos o Ty osin oy
v dh

ur

I I
dh VoW W otan vy

For small angles of climb, L = W and
tan v = v. Then

dv ~
i = E_i ] + _]_ o 3
dh ¥ (L/D)y (1)
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The importance ot o high LAD is readily
The minimem wind velocity pradient
to maintain o steady clinh i

dpparrent .

reguil red

proached as LD -+ o0 by the Timit,
dv
Wooow
dh v

For any reasonable value of ¥V, the reguired
w thus derived is two orders of mounitude

dh

larger thun anvthing obscerved in nature.
Thus, o steady clinb in o wind shear, without
power, appears to beounaot tainahle.

Lot us consider another case: A plide
downwind through the saue condition of wind
shewr.

Figure 3 shows the balance of forces now.

sl = Locos ¢y Dosin oy - W=

Sl = Losin oy - 1) ocos oy

[he aireralt is again decelerated.  As
before, the magnitude of this deceleration
will De

2 v
d™x L\'w dly
= — - and
dt
= : Vosin v

dh '

The horizontal force summation then be-
Ccones

AV
I sin y + D cos - - Vosi
= Loa T BLUERE N Soozm wimee i B Y
o dh
For small angles we may spain take L iy
and tan oy = v, The resulting expression s
the same as the previous one, bt may be re
arrvansed to vield
1
y o L (2]
3 W
1./ 18 | + L
i l_“E

It is evident that descending downwind
throngthe o positive wind velocity gradient in-
vroases the effective 1/D, or reduces the
plide angle.

Lot us pow Luen our attention to o [light
path copicd fron the albatross:
climbing into the wind, and descending down
Figure 4 b5 o view Drvom above.

clreling,

wind.

The ground speed, and acceleration, for
any point on thoe flight path, are given by

Vo= ¥ o+ ¥V ocos g 3]
8 W
dy : dV
[ v o w " s di
i dt ¥ ROE dt \'w cE AN T (4)

ent
o= f{h)
\w f{h
_d‘\:h f]_l\.ll\u_ L_lh_ =
du T T dd t5)




The resulting inertia force due to the
wind s
Iy Y I
- 4 i woih o
L e s e Y e g W [RL8]
2 " odh i g, PR Y :

When #20 the ailreraft is decelerating in
incrtiul space; thus the wind is supplying
cnerpy to 1t.  When F20 the airveraft is ac-
celerat tug, and cnerey must he supnlicd to it
hy leoss of altitude or by an cngine.

Lguation (6] has important conseguences
in cveryday Flight operaticens.

The sccond term in Bguation (67 15 nega-
tive when turning from downwind into the wind,

oo, Dope1807 . This occurs in the lunding

appraach when turning to the basce leg and

onto Final.  LBven in the absence of wind shear,

if there is a steady wind, a net gain o alti-
tude would he experienced, or a power reduc-
tion would be necessarv.  When turning trom
into the wind to downwind, i.c¢., T80 «p-0 ",

as after takeoff, this term is positive,
Thus=, to aveid o decrease in the clinb rate,
an increasce in power b5 reguired.

The first term 15 negative when climbing
into the wind or descending with the wind, it
the wind velocity increases with altitode, as
in the carth's houndary laver. Thus, when des-
cending on the final approach in strong winds,
the term is positive, and the descent rate
will increase unless additional power bs used.
This accounts for the well known dangers com-
monly associated with landing in the prescnce
of wind shear. Turning onto the hase leg and
onto inal approach, the pilet finds his rate

of descent is less than expected, so0 he re-

duces power to maintain it. ‘Then, when des-
cending on the final approach, the rate of

sink is increased above that cxpericnced in
still air.

On takecotff a siwilar problem 15 eon-
countered.  The initial climb rate through
the wind shear 1s greater than normal, but
this is tollowed by a sharp decrease when
turning out of the wind.

[t is apparent that power, the decelera-
tion force multiplied by the truce air speed,
cun be extracted from o wind shear by flving
in @ civcular pattern, c¢linbing into the wind
and descending downwind.  This is precisely
what the albatross does.

The power thus supplied is

VI uy W

P o= = |cos § - — ~ ¥ @ gin &) (7
a i "odh o dt W s iy 5

(¥
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The Flight path described is a pendulun-
like oscillation combined with turning Ulight.
Altitude, true airspecd, mnd piteh attitude
vary sinusoidoally as Fol lows:

- Al .
I = h - wy shn g where [ 8)
&= h - h . and [
miLx ni 1
= + ho [10)
min
Vo= ¥ e U sin g where  {H1)
AV = ¥ -\ and (12
i X min
N % I (ality]
LIRS i
Vo= -y cos b (14}
HTHEN

Viy Will pencratly be the wmaximm de-
Siegn monenvering speed of the aireralt. Vgin
will be determined by the stalling speed.  Al-
titude, velocity, and pitch wvariations can be
determined as follows:

Fxcluding the enerey lost due to drog,
the change in kKinetic energy will be equal to
the change in potential cnergy:

3 o

“‘. —
A= Ml X

_min (1)

The relationship hetween the airspeed at
any time and rate of climb or glide way now
be determined.  The rate of cbimh or sink at
any time is

dh dh
RO e 08 ) 1¢
dit YAt max COs Y (10)
.L|.:§1
= e Hon sos g dt
i ['di"J max ©0° 7
But ¢ o= ut oand dyp = 8 dt 50
-1 dh
G s ~os b d
iy = it [dt'] mnux GOk il

Integrating over /2 a cycle frowm hy. .
9 h]zl]n

b - 2 dh

B i otdt max (17)
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Replacing b From Lguation (15) vields [t is now necessary Lo evaluate the
.(Ih 5 5 5 cnergy dissipated to the atwosphere duce to
" [V = AL and (18 drag. For one complete cvele this is
it du nLy AR z
ST P
Ry = fogar - o f 0T v dy (25
. . . d i WS 0 }Ll b3 bel &
dh =42 2 .
— - = iV - N C) oS ap [ 19)
dt Au il X min , . : ; ;
where Py is the power reqguirved to maimtain
j ; level flight 17V s the flight speed and I
Fguation [7) can now be rewritten as e ; | FRERM | i #
! L7 ; the total drag at that speed.
i Wi N o
P st BT P o= NI
a a d
[
b= SpvTCS
AV -1 d¥y,..2 2 2 < Y 3
+ = sin ¥ o Wy VT ) cosT b2
2 4p dh ( miLx mm} ' & =0 L
1 B AR
nin
-Voosin ¥ {20) Ly, = P
W L 7
—_;g.‘n\.- 3
S 1
The : 1O T Y S icd by Wi i 2 -
. [he 1‘tc;L.\a] r_..lu Ry upplicd by the wind in b= _l?[_l WIS F g I
one complete cvele 15 2 . s
L - min VTS R e
. - el :
o= e dt [ 1) e B .
i ! a0 il y ¢ In turning flight, L = nW
: : 7 - : M2
In order to pertorm the indicated inte- n = (= =+ 1
dv_ -
gration, it is necessary Lo evaluate -l'h\ aid
8

Vooas functions of b
Wl .- . . .

Wind velocity within the corth's boun-
dary Laver can be expressced os

or

M

[NA

where "K' is a strength factor and o' depends
on the nature of the surlace over which the
wind is hlowing. The velocity gradient 1s

dv 7
W e Ahy s a -1
s F ak (b = o= 51 )

Integration of equation (24) over one

. ; . 5 complete cycle yields
For small Ah, however, the wind velocity

and the velocity pradient can be taken as
constants ol their values at the mean alti- d
tude. In this case, Cauation (21) yields

i Vi dv . - _,'.
g oz W B L] 55, o (22) b
i L ¢ wadh W : A e [V

The energy gained per cycle may be eox-
pressed as an altitude pain by noting that

> 'HL‘:?[: :

Voo
max min

In level flight the minlmum power re-
quired, or the minimum rate of sink for an
unpowered alrcraft, occurs at a speed at
W which




. K (,]‘J
Do 3 aMle
min
If the minimum rate of sink, (R/S)yin.
and the speed at which that occurs, Vg, arc
known Equation (25} can be rewritten as

: 1) o f . an 3

Ld m (B/&) min { =3 3V | av _—
i B el (A= = (26)
W 8 3y ) £ 2 .

4]
/5] 3 (R/S) . WV
LRy j']mln \[J (R )Hllﬂ ]
R i L ]
2 o 12
& ¥ 29
max min =
. ; -
It will be recognized that “d Is the
W

total altitude lost during one cycle
Equation (26) is of the form
B

I
d = A
W i

The turniog rate for minimum altitude
loss is

2 h
A %
. (27)
3 3 _2 5 3
0° = g Ve 3 (\) S
S 12
3y 5

W VoL
0 max min

[t 1s noteworthy that the optimum turn-
ing rate is independent of the minimum rate
of sink and decreases as the speed for mini -
mum rate of sink increases.

There is another light pattern which
also mimies the albatross.  This is a coubi-
nation of straight climbs into the wind and
glides downwind, with a constant speed turn
at the cnd of the climb or pglide.

In the straight portions, the aircraflt
follows its natural Phupoid oscillation,
climbing upwind and descending downwind.

Let the Phugoid oscillation frequency be
t, and time zero occur when the atreraft is

at 1ts mean altitude heading downwind. Then
§ o= ft
. Ah
h = h 5 BINS
Vou M o s1in &
&
A A f 0TS
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The inertia force in a climb or glide duc
to wind shear is
dv |
W W dh

g dh dt

and the power supplied to the aircraft rela-
tive to the air is

) dv
= ANV BT w dh ;
P oo Vor =% g & EhE et [ 28
a ( R H )(g dh Jt) L8]

- dh 3
The rate of descent, —-, may be evalua-
ted similarly to the previous analysis,

dh dh _—
= = oS 6§
dt dtf
X
(dh) .
cos & dé
niax
iz i s
( %) Jc.o:% G dé

[I]L\ T

(dh
Ah o=

nax

I ; 2 2

((’}}2 ) 111_ k¥ max v min]
hax &

dh - { 2 ? e L]
dt I‘E Cv max \' min} = 8

The equation {16) becomes

it .[ dVL\' ,.2 ,2 ©
+ 5— sin & (v - V7 . ) cos &

4p dh nax min

The cenergy supplied by the wind during
the glide 1s then
1 L7
N L '"i"f Pd s
-2
As noted earlier, for swall Al the wind
velocity gradient can be taken as a constant.
Then

. 2w Wy a2
[+ S : V
a 2 dh N2 J
£

The energy supplied by the wind in a
climb is the same. The total energy supplied
in the straight portions of the cycle is then
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o AW dVy AV 2
Bs= 7 (E_)\

In a level turn the ground speed Vo= ¥
a

+ Vo cos .
W

Lf the flight speed and windspeed are
constant

whoere is the turning rate.
1 ) R i - = ™o 1
The power supplied {or cxtractedjby the

wind in the turn is then

I o
Po= -V - %osin ¥

\..' .
1 \
a gow

The energy gained in half a cycle is

[

B o= -V ¥ f sin ¥ dy
il Wb
Ty
E. . =2VV —
u W g

In the seccond hall of the cyuele

B o= gy
a - wWog

Thus, energy 1s cained 1in turning into
the wind, and lost turning downwind, as pre-
viously observed.

The flipght speed, V, is a maximm turn-
ing inte the wind, and a minimum when turning
downwind. The total energy gaincd or lost in
the complete turn is then

Thus, the total energy for onc complete

1 de =2
—— YT ¥ 29
g dh : \w (22)

The energy supplied is thus seen to be
more than that available in a circling orbit
by a factor of 4,

Ul

It is notable that the cnergy supplied
is independent of either the Phugoid frequency
or the turning rate in either case. It 1s
dependent only on maximum and minimum attain-
able flight speeds, the average wind velocity,
and the wind velocity gradient.

The total energy dissipated to the at-

cycle is

; Wl oAV
Fam g ( )

mosphere due to drag is of course not inde-
pendent of either the Phugold frequency or
the turning rate.

For the stralght portions of the flight

.
x; - 3 - _l o 1 o -
By --fid dt = [‘J'U P ds

B = SpBE. . s .

d 2 . U
min eV o SiAlte

Performing the indicated integrations
vields

d
VooV
Mmx min
in the turns ve 2 5
13 ? +1 | W
8 = -|’I =0 = =] S— —
}d = TS\ 50 +

Dmin %ﬂVSﬁ MNe

Integration over half a cycle gives the
energy lost in each turn as

ihae
1{“"\ suumml 22 ,} _12L

B 2 kaSn”Eﬁé-

5 3
psg ARe

This expression may be rewritten, as be-
fore, in terms of the minimum rate of sink.
Then for the straight portion of the flight

o x| W0 (s sufav]?)
R 2 |2 (30)
2V
0
SLRXBJmin vo
e e T B
2¢’V Vo
max min
And for the turns
Ba o | RS pinfy P3RS i (Vo
W oo 4 v 4 V
o)
[R/S}min VOV Y
e T [Seemgmeittea (31)
?2

In this expression, V = Vi, for the
turn at the high point of the orbit, and

Vo= Viggy for the turn at the bottom.
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Equation (31] 1is af the fornm

The minimum loss of altitude occurs when

af o B
: B
Then
]_:d

W fmin

The total altitude lost is the sum of
that given by Lquation (30), and Lquation
(32) evaluated for each of the twoe turns.

EXPERIMENTAL RESULTS

The experimental investigation was con-
ducted in a Beecheraft Bonanza model F33-A
airplane.  This is a lfour-place low-wing
single-engine general aviation aircraft in
the Iight utility category, equipped with a
Continentul 10-520-BA reciprocating engine
developing a maximum of 285 hourscpower at
sea level, and a McCauley constant speed two-
blade propeller,

The airplane was equipped with a drift
sight located immediately behind the pilot's
seat. This made it possible to measure drift
angles on various headings and thus compute
wind speed and direction at f{light altitude.
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Figures 5 and ¢ present the results of
one set of suech observations wmade on March 24
1976 over the Chesapeake Bay. Figure 5
15 a plot of wind velocities below 1000 feet,
thie region which includes the atmospheric
boundary layer, and Fipure 6 shows the winds
alolt. The velocity profile within the boun-
dary layer agrees well with Davenport's power
equation. ‘The upper level wind velocity gra-
dient was also found to be within the range
ol previously observed wind shears, (See
Appendix 1, Types of Wind Shear).

The pain in altitude per eyvele due to
such wind shears by an alrcraft emulating an
albatross can be computed by reference to
Cgquation (22) or (29); and the altitude lost
due to drag [rom Equations (26) or (30) and
{32).

The pertinent characteristics of the
Beecheraft Bonanza airplane are summarized in
Table 1. The power-of [ minimum rate of sink,
and the speed at which this occurs, and stall
speed, were determined by flight test,

TABLE 1
Stall specd, power off T4 mph
Minimum R/S, power off 14,3 [t/sec
Speed for minimum R/S 88 mph
Design mancuvering speed 152 mph

l'or the computations, VHIX was taken at
150 mph, and Vi, at 80 mph.
i
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Table 2 presents the altitude which the
aireraft could be expected to gain in one
cycle from the wind conditions described
above; and Table 3 the altitude which the
Beecheraft Bonanza would lose per cyele due
to drag.

TASBLE 2

tlight Altitude dv /dh Altitude Gain
ft u ft
2500 0.00300 157 or 124
4500 0.00225 170 or 1353
5500 0.006355 222 or 174
S000-6000 0.00387 190 or 149

300 0.04833 468 or 368

TABLE 3
IFlight Pattern

Racetrack
1276 It

Circling

Altitude Lost 7095 Tt

It is cvident that for the Beecheraft
Bonunza the altitude lost due to drag 1s far
in excess of the gain due to wind shear. In
fact, the wind shear would need to be about
an order of magnitude greater for the gain to
be the same as the loss.

The performance characteristics ol the
Beecheraft Bonanza can be altered, however,
hy the use ot power. It can then be made to
simulate high performance sailplanes. A con-
venient way to express the power suppled is
as a percentage of the total thrust power
avallable from the engine. Table 4 presents
the equivalent performance parameters so oh-
tained.

TABLL

¥ 5ty 2
P {3’:\. cr (R r;} ‘L% 1} (L/M i
1t} 14,3 P57
15 9.8 15.28
20 8.0 1§.89
25 6.0 23.0606
30 4.5 3l.27
35 3.0 48,57
40 1.5 97.73

As a practical matter, it is more con-
venient simply to adjust the power as neces-
sary to achieve the desired minimum sink rate.
An advantage of this procedure is that it is
then unnecessary to make any corrections to
the test data Cor gross weight or a non-
standard atmosphere when comparing experi-
mental results with analytical predictions,
as the minimum rate of descent and the alti-
tude gained or lost are both determined for
the same gross weight in the same atmosphere.

Figure 7 is a plot of the altitude which
an aircralt may cxpect to gain as a function
of wind shear. ‘The latter is also expressed
in terms of wind velocity at the 300 foot
level, 1n eorder Lo give some feel lor the
wind velocities which might be required. The
functional relationship between wind velocity
and altitude was computed on the basis of
Davenport's power equation.
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ALTITVOE EAINED

Figure 8 is a plot of the altitude which
the Beechceraft Bonanza way be cxpected to
lose at various power settings. Two flight
test data points are included for purposes of
comparison. These were obtained under no-
wind conditions, utilizing the racetrack pat-
tern. It is evident that actual altitude lost
is somewhat in cxcess of the analytic predic-
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tion. ‘this is due in part to the necessity

for casing the angle of bank at the top of
the cycle, and in part to less than precisc
adherence to the flight pattern reqgui red.

Figure 9 combines the data from Figures
7 and 8 and includes data for the Schweizer
1-26 sailplane. Some noteworthy conclusions
may be drawn from this plot.

First, the magnitude of the wind vele-
city gradient required for a net zero loss of
altitude is significantly lower for the cir-
cular pattern than it is [or the racetrack
pattern. Thus, pilot skill is an important
factoxr:

Sccond, the wind shear required to
achieve this balance is quite nodest in the
case ol the Schweizer 1-26 sallplane, being
on the order of 0.01 feet per second per foot.
Reference to Table 2 shows that a preater
wind shear than this was found to exist with-
in the earth's boundary layver at 300 feet al-
titude. In fact, the wind velocity pradient
was sufficiently steep so that the racetrack
pattern would have served the 1-20 also.

It should be noted that the required
angle of bank at the bottom of the cycle is
quite steep, on the order of 759. This should
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Shear reqiza

/%7.7

HET LT ITUNE 28050 ety

present no difficulty, however, since the
load factor well below the limit load lac-
tar. At the top of the cycle the required
bank angle is 559, This is well below that
possible for the minimum speed selected, 40
mph, and the level flight stalling speed.
Although Figure 9 shows that the Beech-

craft Bonanza should be able to maintain con-
tinuous flight within a typical boundary
laver wind shear when simulating a sailplane
with a minimum rate of sink of one and a half
feet per second, successful demonstration ol
this was not acihieved. This was probably due
to two factors the mean altitude was pene-

1

1

15

rally too high, taking the flight pattern out
of the steep part of the velocity gradient;
and the [light precision required was not
achiecved.

FLICGHT TECHNTQUES

Although the racetrack flight pattern
cxtracts more encrgy from the wind than docs
the circling pattern, 4s previously noted and
as i1llustrated in Figure 7, Figure 8 shows
that it is less cfficient with respect to al-
titude lost due to drag. The circling pat-
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tern, however, is much more difficult to {1y
precisely.

In thecircling pattern 1t 1is necessary
to cnsure that flight speed is precisely at
the required maximum when heading eross-wind
at the minimum altitude, and at the required
minimum when on the opposite heading at the
top of the cycle. It must be the mean of
these two values when heading directly down-
wind or upwind, at which time the angle of
c¢limh or descent must bhe a maximum. The turn-
ing rate must be kept constant at the compu-
ted optimum value, which means that the angle
of bank must be varied continuously as flight
speed changes.

The racetrack pattern is much less de-
manding of pilot skill. The technique which
was developed 1s the following. Ingine power
is set for the desired rate of sink and the
airplane is trimmed to Fly hands-off at the
mean flight speed, heading downwind, Speed
is then reduced to the ninimum without re-
trimming and the controls are released. The
nose will drop and speed will increase. When
the speed is at trim speed the angle of dive
will be a maximum. Speed will continue to
increasc the nosc comes and it will be
a maximum when the aircraft in a level at-
titude. Thereafter the nose will continue to
rise as the speed falls, again attaining trim
speed when the clinb angle is a maximum.  As
specd continues to fall the nose will also,
witil level flight at minimum speed 15 once
more established. 'The resulting Ihugoid os-
cillation is timed, and maximum dive angle
and speed are noted. If the maximum speed is
below that desired, eclevator control 1s used
in the next oscillation to increase the maxi-
mum dive angle. The dive angle needed to
achieve the required maximum speed is noted.

On the next oscillation, when maximum
speed is reached and the aircraft is heading
downwind at the boettom of the cycle, it is
put inte a turn at the pre-computed bank
angle, while the clevator control is used to
maintain speed. After completing the turn
into the wind, wings are leveled and the cle-
vator centrol is released. At the top of the
cvele elevator control is again used to main-
tain minimum speed while the aircraft 1s
turncd downwind, when wings arc again leveled
and the eclevator control is released. Eleva-
tor control is once more used to push the nose
down a bit more if the maximunm value required,
as earlier determined, i1s not attained, Thus,
flight speed 15 automatically varied in
accordance with the normal Phugoid mode of

a5 Uy,
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the aircratt, with a little help [(rom the pi-
lot once each cyele to compensate for the nor-
mal damping of this mode.

This pattern
4 minimum of

can be flown quite precisely

with practice.

Table 5 gives the Clight parameters com-
puted tor the Beechcraft Bonanza for the circ-
ling and racetrack patterns.

TABLE 5
Pattern
Circling Racctrack

Maximum speed 150 mph

80 mph

150 mph

Minimum speed 80 mph

Maximun load factor 2.d2 2.14
Miniuum lead factor 1.41 1.49
Bank angle & Viax 620 620
Bank angle @ V .. 150 489
Maximun dive angle 269 179

The maximum load factor presents no prob-
lem, since the design load fuctor for the
Beecheraft at maxinmum gross weight is 4.4,

The minimum load facter and the minimum speed
are incompatible, however, because under thesc
circumstances the stall angle of attack is ex-
ceeded. The problem can be solved by increas-
ing the minimum speed or reducing the angle of
bank. EGquations (22) and (29) show that the
energy valned from the wind is directly pro-
portional to the diifference hetween maximum
and minimum speecd; increasing the minimum
speed would reduce the energy gain signifi-
cantly. A reduction in angle of bank, how-
ever, increuases the energy loss due to drag
far less. For example, a ten mile per hour
increase in the minimum speed results in a

7% reductien in energy gained from the wind;
whereas reducing the angle of bank from 48%
to 309 produces a 5% increase in the altitude
lost to drag,

Accordingly, the top turn was generally
made at 80 mph, and the angle of bank was
ased as necessary to avoid stall.

CONCLUS LOXS

1. There appears to be no theoretical bar to
utilizing a vertical wind velocity gradient
for obtaining continuous non-powered flight
in existing sailplanes,




2. Wind velocity gradients which have been
observed 1n the upper atmosphere are not sul-
ficiently steep for this purpose. This may
not be the case in the vicinity of a jet
stream.

3. Wind velocity gradients within the boun-
dary layer can provide the energy required
for sustained non-powered flight in existing
sailplanes. Surface winds of the order of 30
knots should be sufficient for this purpose.

4. Either a circular or a racetrack flight
pattern may be utilized. The latter is more
efficient in extracting energy from wind
shear; the drag penalty, however, 1s greater.
Overall, the circular pattern is nore effi-
clent but requires greater pilot skill.

5. Precision in following the prescribed
flight pattern is of utmest importance. The
circular pattern is most demanding in this
respect. In the racetrack pattern, in the
turmns angle of bank must be held constant; in
the turn at the top airspeed must not be al-
lowed to increase, nor must it be allowed to
decrease in the bottom turn. There is a
strong urge Lo do both; in the onec casec to
avold stall, and in the other due to a rapid
rate of descent close to the ground. Since
the energy lost to drag is a function of the
pattern period, the time in a turn nust not
be increased by reducing the bank angle. 'The
energy gained from wind shear depends on the
magnitude of difference between maximum and
minimum flight speed; it is therefore impor-
tant not to decrecase the former or increase
the latter.

APPENDIX I
TYPES OF WIND SHEAR

Introduction

Numerous articles have been written deal-
ing with the meteorological phenomenon known
as wind shear. Wind shear is a velocity gra-
dient with increasing altitude, a wind profile
which must exist in order to account for the
di fference between relatively large upper at-
mosphere winds and the air at the earth's sur-
face which is essentially at rest.

Such a wind differential has become an
important design consideration of modern sky-
scrapers. Structural allowances must be made
for the increased wind loading experienced by
tall buildings (Ref. 1}). Recently studies
concerning the cffects of velocity gradients
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upon landing aircraflt have been undertoken.
The National Aeronautics and Space Adminis-
tration sponsored an investigation into such
cflfects [Ref. 2). Analytic studies utilizing
a digital computer simulation show that wind
shear produces a significant deviation in the
touchdown point of a landing aircraft as con-
parced to the same aircraft landing under ex-
actly the same conditions except for the ab-
sence of shear (Ref. 3). Additionally, the
National Transportation Safety Board acknow-
ledged wind sheur as a primary contributor to
the crash of an Iberia alrliner on Deccumber
17, 1973 (Ref. 4). Theretore the existence
of velocity gradients has emerged in recent
vears as an important engincering considera-
tion.

Types of Wind Shear

Cvidence suggests that there exist two
characteristic types of wind shear. The first
is found near the earth's surface and closely
resenbles the shape of a typical viscous flow

boundary layver. Beyond the well-defined
boundary layer, however, is a morc subtle,
gradually increasing velocity gradient. 'This

gradient has been referred to as upper level
shear.

Boundary Layer Shear

A great deal of research has been done
on the subject ol the earth's boundary layver
shear. This is probably due to the previously
mentioned importance of boundary layer shear
in recent engineering considerations and its
relative ease of measurcment duc to its close
proximity to the ground.

Boundary layer shear is a relatively com-
mon occurrence because of 1ts dependence upon
surface friction effects rather than prevail-
ing weather conditions. The single major ex-
ception to this generalization is pointed out
by Mr. Davenport in his initial study of boun-
dary layer shear. Ile tound that in severe
thunderstorms or squalls the boundary layer
breaks down. Under such violent frontal cen-
ditions the atmospherc directly above the
earth is highly turbulent and unstable, the
result being that a distindt, gradient style
increase in velocity with altitude is greatly
reduced (Ref. 5).

The boundary layver may usually be expec-
ted to be somewhat turbulent. Obstructions
such as buildings, hills and trees give rise
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to gyrating vorticies and vertical thermal
currents further add to the instability of
the boundary laver.

Various Tormulas have been suggested to
describe the wind profile in the boundary
layer but the most popular is the power cqua-
tion;

Ll a

V(z) = k

where V(z) is the wind velocity at altitude
z, k 1s a strength coefficient which must be
determined experimentally, and
upon the terrain (i.e. surface
Based upon extensive worldwide rescarch Mr.
Davenport offers the following pguidelines for
assigning o value to a (Ref. 5):

a is dependent
roughness) .

1. Open country, Ilat lands, grassland, large

bodies ol water and tundra; a=7

2. Wooded countryside, rough coastal belt,

outskirts of a city; a=3.5

3. Center ol a large city; a=2.5

600

gradient wind 100

500

400 rradient wind 100

300
gradiend wind 100

Heipght above ground {m)

Fipure 1. Wind profiles described by
Davenport's power equatlion para-

meters over various terrain.

Upper Level Shear

Analytic research concerning upper level
shear has been nmuch less extensive than for
boundary laver shear. UHigh altitude shear re-
quires much more sophisticated measuring sys-
tems and is of less direct engineering tmpor-
tunce due to its relative weakness its
distance from the carth's surface.

Actual meteorological data confirms the
existence of upper level wind shear. [Iigure
2 displays a veloecity gradient which occurred
over Umaha in Januavy, 1974, The strength of
the gradient was 0005 ft/scc .« It [Ref. G).
Two important characteristics may be noted
about the non-boundary laver shear described
in Figure 2. TFirst, as mentioened previously,

T

and

ur FRCT

the gradient
.05 ft/sec in every 100 feet.

is quite weak, increasing only
this Fact alone
that detection and accurate measure-
ment ol upper level shear would demand pain-
staking care. GSecondly, the velocity gradient
above the boundary laver may reasonably he
represented by a straight line lunction,

In order to achleve maximum cllicicncy
from flying time for this report it was neces-
sary to Jdetermine exactly whuat type of weather
conditions would prove most advantageous [or
detecting and measuring the velocity gradient.
[n particular, a forecast outline for wind
shear was needed for the Virginia and Maryland
arcd where data flights were to be made.
jonner discusscd the characteris-

suggests

M. W.
tics of low Jlevel wind maxima in an article
written Lor Mo 2p Sopien, Though

the thrust ol the article was aimed at com-
menting on characteristics of the boundary
layer particular to the Midwest, the author
made valuable comments concerning what might
he expected of a velocity gradient on the
Fastern secaboard. Also, it is reasonable to
assume that where and when a pronounced boun-
dary layer shear exists, a corresponding upper
level gradient may appear. Therefore Mr.
Bonner's analvsis ol weather conditions creat-
ing low level shear may also be applied to
predicting upper level shear. ills study was
based on data taken [rom forty-seven weather
stations [including several in the Maryland,
Virginia and Delaware areas) during a two
vear tilme span at a rate of two observations
per day.

In general, the velocity pradients were
more frequently observed in the morning hours.




Midwest there a definite
level shear during the sumner
months, no such precisec generalization could
he made concerning the Last Actually, the
velocity gradient seemed to e more abundant
in the Annapolis areca between the months of
October and March., In addition, such a ve-
Ipcity gradient was usually from the north
northwest (Ref. 7).

An independent U.S5. Arwmy
report supports Mr. Bonner's observations. It
shaows an increase in the strength of the sheuar
in the vicinity of Annapolis' longitude during
the fall and winter months (Ref. 8). Figure
3 is a graphical display of some of the re-
sults of this report,

Though in the
increase in low
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Figure 3.

Time scction of wind shear
(mfsec'km) near longitude 809,
Annapoelis longitude is approxi-
mately 76930'W
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"A Revicw of the Theory of Dynamic
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Soaring”
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