Dynamic Soaring Revisited

Ferdinand (Ferdi) Hendriks

Morgan Hill, CA



Overview

 History

* DS in wind shear
* DS in turbulence
» Conclusions

* Q&A



I premise that if we Rnow anything about mechanics it is certain that a bird without
working his wings cannot, either in still air or in a uniform horizontal wind, maintain
his level indefinitely. For a short time such maintenance is possible at the expense of
an initial relative velocity, but this must soon be exhausted. Whenever therefore a bird
pursues his course for some time without working his wings, we must conclude either

(1) That the course is not horizontal
(2) That the wind is not horizontal, or
(3) That the wind is not uniform

It is probable that the truth is usually represented by (1) or (2); but the question I
wish to raise is whether (3) may not sometimes come into operation.

-- Lord Raleigh, Nature, 27, April 5, 1883, pp534-5



History — Wasserkuppe, Germany 1920’s
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Pioneers: Klemperer, Hirth, von Karman and many others; John
Montgomery, Langley (“Internal Work of the Wind”)



History — Idrac on Thermals
Pierre Idrac “Etudes Experimentales sur le Vol a Voile,” 1931
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History — Applied Math/Zoology project
UCLA, 1971
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Attempts to demonstrate DS with an RC glider over flat terrain ...



DS in shear — modelling the glider
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DS in shear — modelling the wind

air density p

wind velocity vector
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DS in shear — “Wind-fixed” axes

Wind fixed

frame
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DS in shear — inertial eqgns of motion

Inertial frame:

mit)=L+D+mg

[ =2m/ pS

V=gl

characteristic speed

characteristic speed

characteristic time




DS in shear — “wind-fixed” egns of motion; linear shear

wind fixed equations

made non — dimensional using V, and t, P il
drag
-
- dUT. e
V= =V —sinycosycos f—c, V" —siny
dz
. dU . gravity
Vy = Vd—sm2 ycos B+c, V’cosy —cosy
z

(V cosy) VZ—Usinysin,B+cL V?siny
Z

x = Vcosycos f+U
y = Vcosysmf
z = Vsmy



DS in shear — Energy eqn
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DS in shear — Necessary Cond’n to stay aloft

From the energy equation, we want the rate of change of the
total energy to be greater or equal to zero, thus

—Vzd—Usin27/cos,B—cD V>>0

dz

- > CD V Wandering albatross:

dz

W/S=150N/m’

c, =1 c,=.1

In dimensional terms:

dU CD2 2 =9.81 m/sec’

> 2p
dz =& c, [/[7 p=125kg/m’
dim
S (dU/dz)> 108 sec”

High wing loading and laminar flow airfoils are favored.
Vertical wind shears exceeding .1 sec**-1 are common.



DS in shear — wind profiles over land
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DS in shear — trajectories observed by Idrac

Wandering albatross

Diomedea Exulans

\%ving span 3.5m (~ 12 ft) \
C“liord 22 m
wézgght 90 N (~20 Ibs)
Wil?g area 0.6 sq.m

Airspeed 20 m/sec (~ 45 mph)

horizon




DS in shear — phaseplane portraits

plots of the relative wind vector V
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DS in shear — piecing phaseplanes together, drag = 0
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DS in shear — Contensou’s approach

Assumptions:

Relaxed or “chatter”
control

e f=00rn (+,—sign)
e eliminate
* V = const

Recall first
Eqn. of motion




DS in shear — Perturbation approach

dU

v = const, — = 0(1)
Vi)y=V,t)+eV,(t)+...
v(t) = gy, (t)+...

p)=pfy(t)+e fi()+..

¢, =c, (O)+ec, (H)+...



DS in shear — O(1) motion (zero drag)

\ 4

A

To first order, the motion is a horizontal circle, flown at constant speed V,
Corresponding to some bank angle l//



DS in shear — Mathieu eqn.

At O(g) we obtain

. (2 24U ¢,
7\t —+ cosw,t |y, =—2c,+
Vo Vdz ¢,V
0
“pumping term” 4 /
control

Seek a non-sinking solution despite the term —2 ¢, on r.h.s.



DS in shear — Bank rule

The control ¢, (t) that achieves the goal is

1 .
¢, (1) = —5\/6 ¢, SN2, (t)
provided the angle of bank y satisfies

tgy =~2

or

v =55

This agrees with Idrac's observations!




DS in GUSTS, 2D

Vi =v,Ox"} . =@




DS in gusts — Non-dim. egns of motion
in wind-fixed frame
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DS in gusts — Solution outline

Expand in terms of & =(vg) IV, (weak gusts)

rm

V=V,+ &V +..

y = EY t...

u, = Eu

w, = EW

€, =C tEC, e control
c, = gcy,

Turbulent energy has the Kolmogorov form

E(k)= & k" .
Gusts appear more energetic to

c / Gliders with small char. length (short, fast phugoid)

dim
11/2

&= 3/2
e \Tu rbulent dissipation rate

Turbulence is " frozen" and gusts are sampled along a straight line
g p g g



DS in gusts — control

Try the feedback control
Cr, = AV, - By,
then,after eliminatingV, and using d/dt=V, d/dx

WXX

i tBy +K v, =——2_K*V,u_ (B acts as artificial damping)

0
where

K = VL{ZCLO +AVO}1/2 (n.d. waveno. of phugoid)

0

Solve for y, using Fourier transforms and use it in theO(gz) eqns

after much reduction we find the turbulence/drag balance DS rule:
satisfied for sustained horizontal flight I\:ft)u(;z:ezxf
damping of
i 4 < 2 the phugoid
B_[ k'W (k)dk +BK2.[ k“U(k)dk —cD2V02:O e phugo

_w(Kz—k2)+sz2 _w(KZ—k2)+sz2



DS in gusts — final turbulence/drag balance

U(k) and W (k) are the longitudinal and

lateral turbulence spectra

Both can be expressed in terms of the

turbulent dissipation rate &
For example, after (rather arbitrarily) choosing B=2K

we get
4
E7{\5&52/3]{1/3 _CDQI/OZ 0

Using realistic values that approximate a Frigate bird

flying at 30m altitude in turbulence we require & =.795m” / sec’



DS in gusts — Required turbulent dissipation
for given aerodynamic properties

010 |-
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Conclusions

DS in shear is feasible for RC gliders and birds in
naturally occurring wind gradients. High glide speeds
are required. Theoretical predictions are being confirmed
but not under controlled conditions.

A figure of merit was derived for shear-soaring gliders

A simple strategy for DS in (linear) shear is to
synchronize the turning motion with the phugoid
oscillation. This happens at a bank angle of 55 degrees.

DS in turbulence requires low speed. Theoretical
analyses with fewer restrictions must be done. Artificial
Damping of the phugoid motion appears to be a
promising control strategy.
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