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Abstract

We identify, by computing turbulent solutions of the incarsgsible Navier-
Stokes equations with friction force boundary conditighs,physical mechanisms
generating lift and drag of a wing, which make it possible yonfith a lift/drag ra-
tio larger than 10. We discover mechanisms fundamentaffigréint from those of
the classical inviscid circulation theory by Kutta-Zhukay for lift and the lami-
nar viscous boundary layer theory by Prandtl for drag, whiabe dominated 20th
century flight mechanics. We find that substantial lift anegies from turbulent
low-pressure rolls of streamwise vorticity generated frothree-dimensional in-
stability mechanism at rear separation, while drag is keyatllkoecause of negative
drag from the leading edge. We show that computational gtiedi of flight char-
acteristics of an airplane is possible using millions of hpeénts without resolving
thin boundary layers, as compared with the imposssible rijliads required ac-
cording to state-of-the-art for boundary layer resolution

1 Introduction

The problem of explainingvhyit is possible to fly in the air using wings has haunted
scientists since the birth of mathematical sciences. Taflypward force on the wing,
referred to adift L, has to be generated from the flow of air around the wing, while
the air resistance to motion drag D, is not too big. The mystery isowa sufficiently
large ratio% can be created. In thgiding flightof birds and airplanes with fixed wings
at subsonic speed% is typically between 10 and 20, which means that a good glider
can glide up to 20 meters upon loosing 1 meter in altitudehat Charles Lindberg
could cross the Atlantic in 1927 at a speed of 50 m/s in his 2@08pirit of St Louis
at an effective engine thrust of 150 kp (wi%l = 2000/150 ~ 13) from 100 horse
powers.

By elementary Newtonian mechanics, lift must be accompuhimyelownwasiwith
the wing redirecting air downwards. The enigma of flight is thechanism generating
substantial downwash under small drag, which is also thgnemof sailing against the
wind with both sail and keel acting like wings creating lift.

Classical mathematical mechanics could not give an an®Nesvion computed the
lift of a tilted flat plate redirecting a horisontal streamflofid particles, but obtained a
disappointingly small value proportional to the squarehef tilting angle orangle of
attack The French mathematician d’Alembert followed up in 175&vai computation



based ompotential flow(inviscid incompressible irrotational steady flow), shogithat
both the drag and lift of a wing is zero, referred todd&lembert’'s paradoxsince it
contradicts observations and thus belongs to fiction. Tdagxflight d’Alembert’s
paradox had to be resolved.

It is natural to expect that today the mechanics of glidinghtlis well understood,
but surprisingly one finds that the authority NASA [17] pretsgthree incorrect mathe-
matical theories for lift and ends with the seemingly outezch:“To truly understand
the details of the generation of lift, one has to have a goorking knowledge of the
Euler Equations’ and the PlankPilot Magazine [18] has the same message. In short,
state-of-the-art literature [2, 8, 16, 20, 23] presentsetth for drag without liftin
viscous laminar flow [19] by Prandtl, called the father of raotfluid mechanics [21],
and a theory folift without dragat small angles of attack in inviscid potential flow by
the mathematicians Kutta and Zhukovsky, called the fatfi€ussian aviation, who
augumented inviscid zero-lift potential flow by a large saafculation of air around
the wing section causing the velocity to increase above acdedse below the wing,
thus generating lift proportional to the angle of attack, [28, 1] as illustrated in Fig.1.
Kutta-Zhukovsky thus showed that if there is circulatioarttihere is lift, which by a
scientific community in search for a theory of lift after thgffits by the Wright brothers
in 1903, was interpreted as an equivaleritiehe airfoil experiences lift, a circulation
must exist”([23], p.94). State-of-the-art is described in [2] &Bhe circulation theory
of lift is still alive... still evolving today, 90 years aftés introduction”. However,
there is no theory folift and dragin slightly viscous turbulent incompressitflew
such as the flow of air around a wing of a jumbojet at the clifitease of take-off at
large angle of attack (12 degrees) and subsonic speed (2ZHdun
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Figure 1: High (H) and low (L) pressure distributions of patal flow (left) past a wing

section with zero lift/drag modified by circulation aroutgtsection (middle) to give
Kutta-Zhukovsky flow (right) leaving the trailing edge sntloly with downwash/lift

and a so-called starting vortex behind.

In this article we present such a theory based on computirmifeent solutions
of the incompressible Navier-Stokes equations, whichaksvmechanisms of gliding
flight fundamentally different from those envisioned by ¥uZhukovsky and Prandtl.
In particular, we show that lift comes along with drag, in tadiction to a common
belief supported by Kutta-Zhukovsky thiat truly inviscid fluid would exert no drag”
[3]. The new theory of flight comes out ofreew resolutiorof d’Alembert’s paradox
[10, 11, 12], showing that zero-lift/drag potential flowusstableand in both com-
putation and reality is replaced by turbulent flow with tftAg. The new resolution



is fundamentally different from the classical official reg®n attributed to Prandtl
[20, 22, 16], which disqualifies potential flow because its$its aslip boundary con-
dition allowing fluid particles to glide along the boundaritveut friction force, and
does not satisfy ao-slipboundary condition requiring the fluid particles to stickhe
boundary with zero relative velocity and connect to the-Bream flow through a thin
boundary layeras demanded by Prandtl.

As an important practical consequence of the new theory,hegy ghat lift and
drag of an airplane at subsonic speeds can be accurateligtebtly computing tur-
bulent solutions of the incompressible Navier-Stokes ggna with millions of mesh
points using a slip (small friction force) boundary conaitias a model of the small
skin friction of a turbulent boundary layer of slightly viscous flow. Intstaf-the-art
dictated by Prandtl this is impossible, because resohitgrio-slip boundary layers
for slightly viscous flow requires impossible quadrilliosfanesh points [15]. State-of-
the-art is decribed in the sequencedAA Drag Prediction Work Shog6], focussing
on the simpler problem of transonic compressible flow at kargjles of attack (2 de-
grees) of relevance for crusing at high speed, leaving @utrtbre demanding problem
of subsonidncompressiblélow at low speed and large angles of attack at take-off and
landing, presumably because a workshop on this topic waatldmaw any participants.

The new theory is supported by computation using an adaptafgilized finite
element method with duality-based a posteriori error adnmiferred to asGeneral
Galerkinor G2 presented in detail in [10] and available in executable gmemce form
from [7]. The stabilization in G2 acts as an automatic tuebage model, and the only
input is the geometry of the wing. We find that lift is not contesl to circulation
in contradiction to Kutta-Zhukovsky’s theory and that these of Prandtl's laminar
boundary layer theory (also questioned in [4, 5, 24]) canitoeimvented. Altogether,
we show thatb initio computational fluid mechanics opens new possibilities ghfli
simulation ready to be explored.

2 The Secret of Flying

The new resolution of d’Alembert’s paradox [10, 11, 12] itiies a basic instabil-
ity mechanism of potential flow arising from retardation autelleration at separa-
tion, which generatesounter-rotating rollsor tubes ofstreamwise vorticitforming
a low-pressure wakeffectively generating drag. For a wing this is also an etsslen
mechanism for generating lift by depleting the high presdefore rear separation of
potential flow and thereby allowing downwash. This mechangsillustrated in Fig.2
showing a perturbation (middle) consisting of countegtiog rolls of low-pressure
streamwise vorticity developing at the separation of pimakfiow (left), which changes
potential flow into turbulent flow (right) with a different @ssure distribution at the
trailing edge generating lift. The rolls of counter-rotatistreamwise vorticity appear
along the entire trailing edge and have a different origamtthewing tip vortex which
adds drag but not lift, which is of minor importance for a lomigg [24].

We see that the difference between Kutta-Zhukovsky andéheaxplantion is the
nature of the modification/perturbation of zero-lift paiahflow: Kutta and Zhukovsky
claim that it consists of a global large scale two-dimenaiarculation around the



Figure 2: Stable physical 3d turbulent flow (right) with Aftag, generated from po-
tential flow (left) by a perturbation at separation conaigtof counter-rotating tubes of
streamwise vorticity (middle), which changes the presatithbe trailing edge generat-
ing downwash/lift and drag.

wing section, that igransversal vorticityorthogonal to the wing section (combined
with a transversal starting vortex), while we find that it iheee-dimensional local tur-
bulent phenomenon of counter-rotating rolls of streamwistcity at separation, with-
out starting vortex. Kutta-Zhukovsky thus claim that liftmmes from global transversal
vorticity without drag, while we give evidence that instddtlis generated by local
turbulent streamwise vorticity with drag.

We observe that the real turbulent flow like potential flow exdis to the upper
surface beyond the crest and thereby gets redirected, $etael real flow is close to
potential before separation, and potential flow can onlaesp at a point of stagnation
with opposing flows meeting in the rear, as shown in [11, 12} t@e other hand, a
flow with a viscous no-slip boundary layer will (correctlycaeding to Prandtl) separate
on the crest, because in a viscous boundary layer the peegeanient normal to the
boundary vanishes and thus cannot contribute the normeleaation required to keep
fluid particles following the curvature of the boundary aftee crest [13]. It is thus the
slip boundary condition modeling a turbulent boundary tageslightly viscous flow,
which forces the flow to suck to the upper surface and createndash, as analyzed
in detail in [13], and not any Coanda effect [1].

This explains why gliding flight is possible for airplanesidarger birds, because
the boundary layer is turbulent and acts like slip prevengéarly separation, but not
for insects because the boundary layer is laminar and &ets10-slip allowing early
separation. Th&®eynolds numbesf a jumbojet at take-off is abodd® with turbulent
skin friction coefficient< 0.005 contributing less thaf% to drag, while for an insect
with a Reynolds number afo? viscous laminar effects dominate.

3 Mechanismsof Lift and Drag

Based on computation and analysis we now identify the basihanisms for the gen-
eration of lift and drag in incompressible high Reynolds henflow around a wing at
different angles of attack. We find two regimes before stall at= 20 with different,
more or less linear growth ia of both lift and drag, a main phase< « < 16 with
the slope of the lift (coefficient) curve equal@®9 and of the drag curve equal 608
with L/D =~ 14, and a final phasé6 < a < 20 with increased slope of both lift
and drag. The main phase can be divided into an initial phasex < 4 — 6 and an



intermediate phasé— 6 < « < 16, with somewhat smaller slope of drag in the initial
phase. We illustrate below in a sequence of images of vg|qmiéssure and vorticity,
and plots of lift and drag distributions over the upper angldosurfaces of the wing
(allowing also pitching moment to be computed), with addfiéil information in the
supporting online material.

Figure 3: G2 computation of velocity magnitude (upper) sgtee (middle), and non-
transversal vorticity (lower), for angles of attack 4, 16dal 8 (from left to right).
Notice in particular the rolls of streamwise vorticity apseation.

Phase1: 0 < a < 4 — 6: At zero angle of attack with zero lift there is high pressure
at the leading edge and equal low pressures on the upperwaaddeests of the wing
because the flow is essentially potential and thus satisBesdsiilli’'s law of high/low
pressure where velocity is low/high. The drag is about 0rd r@sults from rolls of
low-pressure streamwise vorticity attaching to the tngjledge. Asy increases the low
pressure below gets depleted as the incoming flow becomalégb&r the lower surface



at the trailing edge forv = 6, while the low pressure above intenisfies and moves
towards the leading edge. The streamwise vortices at thiegradge essentially stay
constant in strength but gradually shift attachement tde/dine upper surface. The
high pressure at the leading edge moves somewhat down, buibedes little to lift.
Drag increases only slowly because of negative drag at Hukrlg edge.

Phase2: 4 — 6 < a < 16: The low pressure on top of the leading edge intensifies to
create a normal gradient preventing separation, and tieases lift by suction peaking
on top of the leading edge. The slip boundary condition pres/geparation and down-
wash is created with the help of the low-pressure wake oasivése vorticity at rear
separation. The high pressure at the leading edge movéefuldwn and the pressure
below increases slowly, contributing to the main lift cognfinom suction above. The
net drag from the upper surface is close to zero because ofdtyative drag at the
leading edge, while the drag from the lower surface increéseearly) with the angle
of the incoming flow, with somewhat increased but still srdadlg slope. This explains
why the line to a flying kite can be almost vertical even insgravind, and that a thick
wing can have less drag than a thin.

Phase3: 16 < o < 20: Thisis the phase creating maximal lift just before stalimtich
the wing partly acts as a bluff body with a turbulent low-m@® wake attaching at the
rear upper surface, which contributes extra drag and lifisbding the slope of the lift
curve to give maximal life 2.5 at = 20 with rapid loss of lift after stall.

We understand that this scenario of the action of a wing fleidint angles of
attack is fundamentally different from that of Kutta-Zhwky, although for lift there
is a superficial similarity because both scenarios involeglifired potential flow. The
slope of the lift curve according to Kutta-Zhukovsky2is? /180 ~ 0.10 as compared
to the computed.09.

The lift generation in Phase 1 and 3 can rather easily beienéd, while both the
lift and drag in Phase 2 results from a (fortunate) intridaterplay of stability and
instability of potential flow: The main lift comes from uppsurface suction arising
from a turbulent boundary layer with small skin friction cbimed with rear separation
instability generating low-pressure streamwise vostjoithile the drag is kept small
by negative drag from the leading edge. We conclude thatepténg transition to
turbulence at the leading edge can lead to both decreasaddifincreased drag.

4 Comparing Computation with Experiment

Comparing G2 computations with about 150 000 mesh pointsexperiments [9, 14],
we find good agreement with the main difference that the bafdbe lift coefficientin
phase 3 is lacking in experiments. This is probably an etiestaller Reynolds num-
bers in experiments, with a separation bubble forming ongtheing edge reducing lift
at high angles of attack. The oil-film pictures in [9] showfage vorticity generating
streamwise vorticity at separation as observed also inl3p,

A jumbojet can only be tested in a wind tunnel as a smalleestaldel, and upscal-
ing test results is cumbersome because boundary layerstdoale. This means that



Figure 4: G2 computation of normalized local lift force (@ppand drag force (lower)
contributions acting along the lower and upper parts of timgyfor angles of attack O,
2,4 ,10 and 18 each curve translated 0.2 to the right and 1.0 up, with the foece
level indicated for each curve.



Figure 5: G2 computation of lift coefficieldf;, and circulation (upper), and drag coef-
ficientCp (lower), as functions of the angle of attack.



computations can be closer to reality than wind tunnel érpents. Of particular im-
portance is the maximal lift coefficient, which cannot bedicted by Kutta-Zhukovsky
nor in model experiments, which for Boeing 737 is reportebad.73 in landing in
correspondence with the computation. In take-off the makxilift is reported to be
1.75, reflected by the rapidly increasing drag beyand 16 in computation.

5 Kutta-Zhukovsky’sLift Theory is Non-Physical

Fig.5 shows that the circulation is small without any inseap tox = 10, which gives
evidence that Kutta-Zhukovsky's circulation theory canglift to circulation does not
describe real flow. Apparently Kutta-Zhukovsky manage fitege some physics using
fully incorrect physics, which is not science.

Kutta-Zhukovsky’s explanation of lift is analogous to artdated explanation of
the Robin-Magnus effect causing a top-spin tennis ball tveewlown as an effect
of circulation, which in modern fluid mechanics is insteadienstood as an effect of
non-symmetric different separation in laminar and turbtbundary layers [13]. Our
results show that Kutta-Zhukovsky's lift theory for a winig@needs to be replaced.

References

[1] How Airplanes Fly: A Physical Description of Lift, httgwww.allstar.fiu.edu/
aero/airflylvi3.htm.

[2] J. D. AndersonA History of Aerodynami¢c€ambridge Aerospace Series 8, Cam-
bridge University Press, 1997.

[3] H. Ashley, Engineering Analysis of Flight Vehiclesddison-Wesley Aerospace
Series, Addison-Wesley, Reading, Mass., 1974, Sect 4.3.4.

[4] G. Birkhoff, HydrodynamicsPrinceton University Press, 1950.

[5] S. Cowley, Laminar boundary layer theory: A 20th centpayadox?, Proceedings
of ICTAM 2000, eds. H. Aref and J.W. Phillips, 389-411, Kluw2001).

[6] 3rd CFD AIAA Drag Prediction Workshop, aaac.larc.ngsa/tfcab/cfdlarc/aiaa-
dpw.

[7] Unicorn, FENICS, www.fenics.org.

[8] S. Goldstein, Fluid mechanics in the first half of this ey, in Annual Review of
Fluid Mechanics, Vol 1, ed. W. R. Sears and M. Van Dyke, pp 1P280 Alto, CA:
Annuak Reviews Inc.

[9] N. Gregory and C.L. O’Reilly, Low-Speed Aerodynamic Caeteristics of NACA
0012 Aerofoil Section, including the Effects of Upper-Swoé¢ Roughness Sim-
ulating Hoar Frost, Aeronautical Research Council Repartd Memoranda,
http://aerade.cranfield.ac.uk/ara/arc/rm/3726.pdf.



[10] J. Hoffman and C. JohnsorGomputational Turbulent Incompressible Flow
Springer, 2007, www.bodysoulmath.org/books.

[11] J. Hoffman and C. Johnson, Resolution of d’Alemberéisguiox, Jornal of Math-
ematical Fluid Mechanics, Online First, Nov ??, 2008.

[12] J. Hoffman and C. Johnson, Blowup of incompressiblesEgblutions, BIT Nu-
merical Mathematics, Vol 48, 2, June 2008, pp 285-307.

[13] J. Hoffman and C. Johnson, Separation in slightly visctiow, to be submitted
to Physics of Fluids.

[14] W. J. McCroskey, A Critical Assessment of Wind TunnekRks for the NACA
0012 Airfoil, NASA Technical Memorandum 10001, Technicag®rt 87-A-5,
Aeroflightdynamics Directorate, U.S. Army Aviation Resgaiand Technology
Activity, Ames Research Center, Moffett Field, California

[15] P. Moin and J. Kim, Tackling Turbulence with Supercortgrg, Scientific Amer-
ican Magazine, 1997.

[16] R. von Mises, Theory of Flight, McGraw-Hill, 1945.
[17] http://www.grc.nasa.gov/WWW/K-12/airplane/liftitml

[18] http://www.planeandpilotmag.com/aircraft/spezations/diamond/2007-
diamond-star-da40-x1/289.html

[19] L. Prandtl, On Motion of Fluids with Very Little, in Vedndlungen des drit-
ten internationalen Mathematiker-Kongresses in Heidglk®04, A. Krazer, ed.,
Teubner, Leipzig, Germany (1905), p. 484. English trang&any Developments
of Modern Aerodynamics, J. A. K. Ack- royd, B.P. Axcell, ARuban, eds.,
Butterworth-Heinemann, Oxford, UK (2001), p. 77.

[20] L. Prandtl and O Tietjen@pplied Hydro- and Aeromechanic934.

[21] Prandtl: Father of Modern Fluid Mechanics, http://wwng.vt.edu/fluids/msc/
prandtl.htm.

[22] H. Schlichting, Boundary Layer Theory, McGraw-Hill9719.

[23] B. Thwaites (ed)Incompressible Aerodynamijc&n Account of the Theory and
Observation of the Steady Flow of Incompressible Fluid pasofoils, Wings and
other Bodies, Fluid Motions Memoirs, Clarendon Press, @ki®60, Dover 1987.

[24] F. W. LanchesteAerodynamics1907.

10



