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Thrust Generation by an Airfoil in Hovering Mode.

P. Freymuth. Visiting Professor at F. J. Seiler Research Laboratory,

USAF Academy, Colorado Springs.

(On sabbatical leave from University of Colorado, Boulder.)

Abstract

An airfoil is operated in combined plunging and pitching motion to

generate a thrusting jet in a still air environment. The device

serves as a simple, generic and two-dimensional model for hovering

flight of small birds and insects. When properly tuned the device

produces very large average thrust coefficients. The vortical

signature of the tuned jet is a vortex street with reverse sense of

rotation as the vortices of a Karman street.

Introduction

We found previously 1,2 that an airfoil which is exposed to a steady

wind and which executes pure plunging or pure pitching motions can

generate thrust similar to a flapping bird wing or a pitching fish

tail. The vortical signature of this thrust generation is a vortex E

street with vortex rotation reverse to a Karman street, i.e., a two-

dimensional jet. To obtain this thrust signature in a still air
'at-, , a. e

DYIG t ,- cta. r10 )

It4PFCTPF9



environment, i.e., during hovering flight, it has been stated 1 that a

combination of plunge and pitch motions of the airfoil would be

needed. In this paper we follow up on this concept by designing and

investigating a thin airfoil which executes the appropriate periodic

plunge-pitch motions in a still air environment.

Our apparatus is intended as a basic, two-dimensional generic model

of the unsteady hovering flight of small birds and insects. In

contrast, the mainstream literature 3-9 is very animal specific

(humming birds, dragon flies, chalcid wasps, etc.), and therefore,

very complex and hard to interpret from an aerodynamic point of

view. It is hoped that these simple and complex approaches are

synergistic.

Dimensional considerations and modes of hovering.

Consider a thin, flat plate airfoil with chord length c exposed to

still air and executing a translating (plunging) motion h in horizontal

direction:

h=ha sin 2TTft (1)

where ha is the amplitude of translation, f is the frequency of

oscillation and t is time. Consider the airfoil to simultaneously

execute a pitching motion around the half-chord axis:

o = oto +c(0.sin(2"Tft+4 ) (2)
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where o( is the angle of attack with respect to the horizontal line,

ot o is the average angie of attack,cd,, is the pitch amplitude and is

the phase difference between pitching and plunging. Our

experimental apparatus is designed to allow within some limits

combined plunging-pitching motions of the airfoil.

Appropriate dimensionless parameters of the system are:co,4 D,

the dimensionless plunge amplitude hc./c and a Reynolds number

a; = 2"TF h,. C 1.' based on maximum plunge speed and on c,

where ) -' is the kinematic viscosity.

The simplest modes of hovering identified and solely investigated in

this paper are: Mode 1 or "water treading mode" characterized by

0 o= "' and =T/2_ (900), as sketched in Fig. 1. In this mode

leading and trailing edges switch their role during one cycle of

oscillation. The resulting hover-jet as sketched is thrown upward,

with thrust on the airfoil pointing downward. Since the apparatus is

mounted on the ground and obstructs the view in downward

direction, we intentionally let the jet develop in upward direction,

in contrast to insect hovering. The other mode investigated is mode

2 or "degenerate figure eight mode" characterized by

As sketched in Fig. 2,in this mode leading and trailing edges do not

switch their role during one cycle.

Thrust coefficient of the hover-jet.
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jet

-.

Fig. 1 Sketch of combined translating-pitching motion of the

airfoil during one cycle for mode 1 hovering.

jet

IV~1\l

Fig. 2 Sketch of combined translating-pitching motion of the

airfoil during one cycle for mode 2 hovering.
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Detailed experimental results on the hover-jet will be shown later

on. Our concept of such a jet is best illustrated at this point by a

flow visualization example in Fig. 3. The hovering airfoil noar the,

bottom of the figure generates a vortex street which is marked by

smoke. The left column of vortices is staggered compared to the

right column and these vortices induce on each other an upward

motion. This upward moving somewhat turbulent hover jet

generates thrust on the airfoil in downward direction.

To characterize the time averaged thrust T on the airfoil, let us

define a thrust coefficient CT:

C-r (3)

where ? is the air density, V is the mean square speed of the

horizontal airfoil motion and C> c is the span of the airfoil. From

the kinematics of the translating motion

V- = 0 _- 
(4)

and from the momentum theorem

where VI is the mean square velocity in the jet at a sufficient

distance above the airfoil where the jet has acquired ambient

5



Fig. 3 Single photograph of a hover-jet for mode 1 hovering of the

airfoil, ha = 2.54cm, , a = 680, f = 1 Hz, ha/c 1, Rf = 230.
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pressure, x is the horizontal coordinate across the jet. The thrust

coefficient of the jet therefore is:

L7 =Z. (6)

Thrusting would of course be upward during actual hovering and the

jet directed downward. The thrust coefficient CT may therefore also

be considered a lift coefficient of the hovering airfoil.

The purpose of our paper will be the experimental determination of

CT over a limited parameter range and the visualization of the

vortical signatures of the hover-jet.

Experimental apparatus and grocedures.

The experimt allows a small airfoil to execute combined plunging

and pitching motions and is sketched in Fig. 4. The planar airfoil has

a thickness of 1.6 mm with rounded edges, a chord c = 2.54 cm and a

span i = 30.5 cm. The airfoil is mounted on a slide frame which is

driven in nearly sinusoidal horizontal translation by means of a dc-

motor which is mounted oni the fixed main frame of the apparatus.

The motor rotates the drive wheel which connects to the slide frame

by means of a drive rod as shown. In order to generate the

simulantaneous pitching motion for the airfoil a "slave wheel" is

mounted on the slide frame and connects via another drive rod to the

7



fixed main frame. This arrangement forces the slave wheel to

execute the same rotation as the drive wheel. The drive rods are

elasticaliy anchored to avoid jamming of the drive mechanism. The

ax:! -1 the slave wheel also carries the pitch wheel which connects

via the pitch rod to the pitch lever of the airfoil.

The pitch wheel can be rotated against the slave wheel and the

amount of preset rotation determines the phase angle (in our

experiments , =t90'). The airfoil chord can be rotated against the

lever and this way c/0 can be adjusted (00 in mode 1, 900 in mode 2).

The pitch amplitude o,' can be adjusted to values 25', 330, 420, 500

and 680 by inserting the drive rod axis into holes of different radial

distance on the pitch wheel. The plunge amplitude hc.can be adjusted

to values 1.54 cm, 3.81 cm, 5.08 cm and 6.35 cm by linking both

drive rods to holes at these radial distances in the drive and slave

wheels. The rotation rate f of the dc-motor can be regulated

between 1 and 6 Hz and was measured by means of a reed switch

connected to an electronic counter.

A photograph of the apparatus is shown in Fig. 5 for additional

orientation. This photo also shows the Pitot tube above the

apparatus which was used in connection with a sensitive pressure

transducer to determine the dynamic pressure profile across the jet.

This allows, according to eq. 6, the determination of CT. The

p 'I,,,hW o I;l dn!;dIG wii conlected to a digital voltmeter with a

time constant of 20 sec. for avPra'ging purpose.
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drive wheel DC motor

< slave wheel

sliding frame
drive rod "'

pitch lever -

\-- main frame

Fig. 4 Sketch of experimental apparatus.

.- /

S7.L

Fig. 5 Photograph of experimental apparatus.
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Flow visualization is by means of the titanium-tetrachloride method

of vortex tagging1 O. A liquid film of Ti Cl4 is deposited on the

airfoil as a center strip using a brass pipette. The white fumes

which develop tag the vorticity generated in the boundary layer of

the airfoil and make separation and subsequent vortex developments

visible, when photographed in side view. The airfoil was floodlit

from above as well as below. Movies were taken with a Bolex 16mm

movie camera at a rate of 64 frames/sec.

Experimental results.

Velocities in the hover-jet were of order lm/sec at best taxing

somewhat the use of the Pitot tube for velocity profile

determination. Most measurements of CT were conducted at the

highest Reynolds number our apparatus allowed, i.e., Rf = 1700.

Dependence of airfoil forces on Reynolds number is usually weak1 1

Velocity profiles were measured 8 chord lengths above the airfoil

and a typical example is shown in Fig. 6. Squaring these profiles and

graphic integration yields thrust coefficients CT according to eq. 6.

In this way CT was determined for the limited parameter range of

ha/c and EK available to us both for mode 1 and mode 2 operation of

the airfoil. Fig. 7 summarizes the results obtained in mode 1

operation and Fig. 8 those in mode 2 operation. The most outstanding

features of these results are the extraordinarily high thrust

coefficients which can be reached, up to at least 12 in mode 1 and

7.4 in mode 2. If correct, thrust coefficients of 6 reported for

dragonflies by Norberg 5 would not seem out of line. Independent

10
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Fig. 6 Example of a velocity profile of the hover-jet measured

with Pitot tube 8 chord lengths above the airfoil.

ha = 3.81cm, 0 a = 680, f = 5Hz, mode I hovering.
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Fig. 7 Thrust coefficient CT versus h a/c and cO a for mode 1

hovering.
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Fig. 8 Thrust coefficient CT versus a,'c and a for mode 2

hovering.
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confirmation of high thrust coefficients found by us seems however

to be an urgent need.

It has been thought that large thrust coefficients found for some

insects could only be the result of special interactions of a pair of

wings, like proper phasing in dragonfly wing beats8.9 or the cla$p

and fling mechanism for the chalcid wasp. 3,4,6 It came as a surprise

that high thrust coefficients could be reached by our generic

hovering experiments with a single airfoil. According to Figs. 7 and

8 all that is required for large thrust coefficients are fairly small

plunge amplitudes of order of a chord length and angles of atta-k of

order of 600 reached at some point in the cycle. In other words

"tuning" of the hovering airfoil for high thrust coefficients is quite

simple.

Figs. 9 and 10 show single photographs of well tuned hover-jets in

mode 1 and mode 2 operations. Both cases show almost identical

vortex features, i.e., alternate vortices forming a simple vortex

street indicative of a jet. In contrast, Fig. 11 shows a hover-jet
"out of tune," i.e., far from maximum thrust coefficient. In this case

a complex and pretty vortex tapestry 12 develops which should

however be quite inefficient in creating a highly directed jet.

Fig. 12 shows a sequence of an entire cycle of airfoil oscillation, in

mode 1 operation with D(. = 680 and ha/c = 1.5, for which a large CT

is obtained. Frames are ordered into columns from top to bottom,

columns are ordered from left to right. Time between consecutive

14



Fig. 9 &Sngle photograph of well-tuned mode 1 hover-,jet.

r1.5 V a = 6 8 , f =1 Hz 3.1



Fig. 10 Single photograph of well-tuned mode 2 hover-jet.

haIc =l , oa339' f =1.3 Hz, R = 300.
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Fig. 11 Single photograph of mode 1 hover-jet far from optimum

thrust. ha/c =1.5, o(a = 250, f - 1 Hz, Rf - 340.
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Fig. 1 2 Sequerv.& ci rmcd,, 1 hover-jet. ha/c.I., . 68

1~~ ~ ~~ =-i H? 24,A /16 Sec.



frames is At" = 1/16 sec. Frame 1 shows the airfoil in its farthest

right position. From there to the bottom of column 2 the airfoil

moves to its farthest left position and in the process creates a

clockwise rotating vortex. The last 2 columns show the airfoil

moving to the right again creating in the process a counterclockwise

rotating vortex to the left and below the previously generated

clockwise vortex. This process repeats during each cycle and the

result is a vortex street or hover-jet.

The vortex generation near the airfoil is quite complicated as a

closeup sequence, taken slightly from the left, reveals in Fig. 13. In

this case the first frame shows the airfoil passing through the h=O

position from left to right, where the airfoil reaches its maximum

angle of attack. This way we focus on the development of the

dynamic stall vortex in the first column. In the second column this

vortex partly rolls over the left edge of the airfoil and gets severed

during the leftward motion of the airfoil in column 2. The severed

parts of the vortex then amalgamate with the vorticity which is

generated and shed from the right edge of the airfoil and form a

single clockwise vortex by the end of column 2. An analogous

process creates the counterclockwise vortex but would need

observation slightly from the right.

The process of vortex severing is shown even more pristinely in Fig.

14 which represents only part of a sequence but at a time resolution

4t'= 1/64 sec. Vortex severing has been previously discovered by

Ziada and Rockwell 13 in a different context.
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Fig. 13 ClosOLup s<r-eof mode 1 hover-let.

ha/C 1.,I '3 . f :=1.2 Hz, Rf = 400, At 1/16 sec.

20



Fig. i 4 P'11! C' a ofu. :n' u Ocde 1 hover-jet with increased

time rfnso!K. Iior h Hz, Rf = 340, i i ,' 64 sec.



Amalgamation of vortices of the same sense of rotation but without

prior severing were also observed if the airfoil was operated in

mode 2 and tuned for high thrust coefficients. A sequence is shown

in Fig. 15. It should be mentioned that because of the limited

parameter range of ha/c and 0( a available to us the question what the

absolute maxima of CT in modes 1 and 2 will be remains open.

It should be mentioned that flow visualizations shown are at fairly

low Reynolds numbers where flow visualization is mostly laminar.

At the higher Reynolds numbers where thrust coefficients were

measured, the hover-jet assumes a more turbulent appearance

characterized by diffusenes of smoke visualization. Nevertheless,

basic large scale features seem to be the same as at lower Reynolds

numbers. The sequences of tuned mode 1 and mode 2 jets shown in

Figs. 16 and 17 may serve to support this statement.

Conclusion and outlook.

It has been shown that an airfoil executing appropriate combined

plunging and pitching motions can acquire very large thrust

coefficients in a still air environment. There exists an urgent need

for independent corroboration of these results. An extension of the

parameter range t) be investigated would also be helpful. The

vortical signature of high thrust is a simple vortex street with the

character of a jet stream. It is hoped that the experiments reported

here will also advance the understanding of the more complex
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Fig. 16 1e. nc ~d oyer-jet at higher ryooids number.

8-&, f =4 Hz, Rf = 1400, Ai.:V164 sec.
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Fig. 17 Sequence of mode 2 hover-jet at higher Reynolds number.

ha/C= 1, f 4 Hz, FRf = 900, At = 1/64 sec.
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hovering flight of small birds and insects. Since the model is two-

dimensielonal, computer modelling is a distinct possibility to further

advance understanding.
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