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Abstract

Fig 1a-i. Canadian goose. [69]

A new explanation for the physics of how birds fly based on Newtonian
mechanics is straightforward: In flight during the downstroke, birds’ wings
pass through a mass of static air (m), which is accelerated (a) diagonally
downward and dightly backwards, to create a downward force (Force pown =
ma). The reaction generates an equa and opposite force diagonaly upward
(Forceup), which provides forward motion and vertica lift. See Fig. la-ii.

Simply put, the wings push air down and backwards, and the reaction pushes
the bird forwards and up. The lift generated is analysed according to
Newtonian mechanics based on: (i) the mass flow rate as (Lift = ma = m/dt *
dv) well as (ii) the change in momentum (Lift = ma = d(mv)/dt) of the air

displaced downwards. Both methods produce the same result.

Fig 1a-ii. Newtonian mechanics.

This Newtonian approach is significant asit challenges the prevailing view that fluid mechanics and/or vortices explain how
lift is generated by hirds. It provides new and useful insights into lift that can enable better drones to be built, and alow
biol ogists to better understand avian physiology. In addition, Newtonian mechanics offers a smple and easily understood
explanation of lift that is consistent with accepted physics and what is observed in practice.

1. INTRODUCTION

A. Why thisresearch and analyssis significant.

The physics of how birds generate lift is of fundamenta
importance and is still debated. Currently, there is no conclusive
experiment to prove any theory or equation for lift to be true.
This novel Newtonian approach presented below challenges the
prevailing theories of lift and provides:

A simple and easly understood explanation of lift and
flight that is consistent with accepted physics and what is
observed in practice.

A more accurate explanation of the physics of how birds
fly as compared to other theories of lift (e.g. fluid
mechanics, vortices, clap and fling, ...).

New insights to help biologists to better understand bird
behaviour, wing movements, and physiol ogy.

New insights to enable better drones (UAVs) to be built.
A better explanation of why hovering is inefficient.
Highlights theimportance of the Coanda effect on lift.

An explanation of the physics of the empiricd equations
for lift as well as the kinetic energy required for lift. In
turn, this alows the efficiency of lift generated by
different birds to be compared.

A universal theory of lift that appliesto all objectsthat fly
by pushing air down (airplanes, insects, ....).

It is possible to verify or refute the Newtonian approach
by experimentation by measuring the mass of air
accelerate downwards and its velocity, and therefore, the
lift generated by wings (Lift = ma).

In contradt, theories of lift based on fluid mechanics (e.g.
Navier-Stokes equations) and vortices do not accurately
calculate lift, which helps to explain why the theory of lift
is till unproven and debated.
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B. Lift = ma = m/dt * dv

A more accurately calculation of the lift generated by a bird in
astable hover or forward flight uses the mass flow rate (m/dt), as
explained bel ow.

Wings with a positive AOA, pass through a mass of air each
second (m/dt), which is accel erated to a vel ocity (dv) downwards,
to create adownward force (Forcepown = m/dt * dv).

The inertia of the air provides resistance to the downward
force, generating a reactive equal and opposite upward force. Lift
is the vertical component of the upward force, as shown by the
equation: See Fig. 1b-(i-iii).

m/dt * dv
Forceur (Lift)

Forcepown = ma

Fig. 1b-i. Newtonian forces acting on
a bird’s wing in forward flight.

Fig. 1b-ii. Newtonian forcesacting on
abluejay and hummingbird wings hovering.
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Fig. 1b-iii. Airflows generated by
abluejay and hummingbird hovering.

The wings can push air downwards by moving vertically up-
and-down like a blue-jay, or horizontally back-and-forth like a
hummingbird; aslong as a positive wing AOA is maintained.

To generate lift, momentum is transferred from the wings to
theair, by accel erating the air downwards.

C. New analysis— The constant lift curve.

It is possible to anayse different combinations of ‘m/dt’ and
‘dv’ that generate sufficient lift to fly graphically, dong a
constant lift curve. See Fig. 1c-i.

Fig. 1ci. Lift composition — ‘m/dt” and ‘dv
compared graphically.

The Newtonian methodology can be used to compare how lift
is generated (Lift = /dt * dv) for different birds in forward
flapping flight. For example, for each 1 kg of body mass of an
albatross and hummingbird can be compared. See Fig. 1c-ii.

Fig. 1c-ii. Graph of lift generation by different birds,
in forward flapping flight.

D. New analysis— The energy-efficiency of lift.

The same factors of mass (m) and velocity (v) of the air
pushed downwards used to calculate lift (Lift = m/dt * dv), can
be used to calculate the kinetic energy used to generate lift (K.E.
= 0.5 mv?) for different birdsin flapping flight.

The energy-efficiency of lift of different birds can be
compared to their wing aspect reatio and the amount of mass
supported by each cm of wingspan. See Fig. 1d.

Fig. 1d. Graph of bird aspect ratio relative to
bird mass / wingspan.
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4. NEWTON EXPLAINS LIFT

A. Lift = m/dt * dv.

Newtonian mechanics based on the mass flow rate (Lift = nv/dt
* dv) and atransfer of momentum is used to explain how lift is
generated by a wing in passive soaring and active flight, using
actual airflow anaysis for birds.

The argument for Newtonian mechanics is presented bel ow
for each type of flight: SeeFig 4a

- Hovering.

- Normal flight.
- Gliding.

- Soaring.

Fig. 4a. Different methods of generating lift.

Simply put, in a hover, flight, or glide the wings actively
accelerate a mass of air each second (m/dt) to a velocity (dv)
downwards. This action creates a force (Force pown = ma = m/dt
* dv). The reaction causes the bird to be pushed upward.
Momentum is transferred from the bird to the air to generate the
force.

Soaring requires a different explanation. The wings passively
re-direct a headwind (relative airflow) to decelerate (dv) a mass
of ar each second (m/dt) backwards. This action creates
turbulence and a backwards force (Forcesack = ma = m/dt * dv).
The reaction creates forward thrust, similar to how a boat sails
into the wind. Momentum is transferred from the air to the bird to
generate the thrugt.

The wings can push air downwards by moving vertically up-
and-down, or horizontdly back-and-forth; as long as a positive
wing AOA is maintained.

Abbreviations used:
- m = Massof air flown through and pushed down.
- m/dt = Massper unit time. Massflow rate.
- dt = Changeintime (per second).
- dv = Changein vedocity (v) of the air displaced down.
- v = Veocity of theair displaced downwards.
- a = dv/dt = Acceleration.

Equations used:
- Force=ma = m* dv/dt

m/dt * dv [1]
d(mivyidt [1]

- Force=ma = m* dv/dt
- Momentum = mv [1]

B. Hovering.

Blue Jay Hummingbird
(wings flap downwards) (wings flop sideways

A r . i
i i '
! } Down
¥stroke
m/dt m/dt

dv dv
Force poun = m/dt x dv

Downward
direction of wing

Fig. 4b-ii. Airflows generated by a bluejay
and hummingbird hovering.

According to Newtonian mechanics, for a bird in a stable
hover, the wings with a positive AOA, pass through a mass of air
each second (m/dt), which is accelerated to a velocity (dv)
downwards, to create a downward force, as described by the
equation: See Fig. 4a-(i-ii).

Forcepown = ma = m/dt * dv Q)
The inertia of the air provides resistance to the downward

force. This dynamic allows for the generation of a reactive equa
and opposite upward force:

Forcepown = Forceup (Lift) @)
Lift is the vertical component of the upward force. Smply

put, the wings push air down, causing the bird to be pushed up. If
induced drag is negligible, then lift equals the upward force:

Forceur = Lift 3)

Then equations (1), (2), and (3) can be combined as follows:
Forcepown = Forceup = Lift = m/dt * dv 4
Or smply: Lift = m/dt * dv (5)
Units: N = kg/s * m/s
In each wing cycle, birds transfer momentum and kinetic

energy from their wings to the air by accelerating the air
downwards. SeeFig. 4b-iii.

Fig. 4b-iii. Momentum transferred
totheair in ahover.
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Thereisno net gain or loss of momentum, energy and mass in
this process of generating lift. In flight, wings transfer
momentum and kinetic energy from the bird to the air, by
accelerating the air flown through downwards to generate lift.
The transfer of momentum and kinetic energy are expressed by
the equations: SeeFig. 4b-ii.

Forcepown = ma = d(mv)/dt (6)

K.E.= 0.5 mV

Combining eguations (2), (3) and (6) alows lift to be
expressed as the change in momentum of the air:

Forcepown = Forceur = Lift = d(mv)/dt @)

Or smply: Lift = d(mv/)dt ®)

Two Newtonian approachesto explain lift.

The analysis above provides two Newtonian methods and
equationsto calcul ate the lift generated by awing:

Lift = ma = m/dt * dv (mass flow rate) (5)

Lift = ma d(mv)/dt (momentum theory) (8)
Both lift equations (5) and (8) are based on Newtons 2" Law
of Motion (Force = ma). Both are correct and produce the same

values, but express the same thing slightly differently.

Evidence of downwash — Wind tunnel experiments.

Evidence that birds push air down to fly is provided by wind
tunnel experiments. For example, smoke blown over a
hummingbird hovering in a wind tunnel show air being pushed
downwards with each wing beat. Turbulent airflow arises behind
the hummingbird, on the leeward side. See Fig. 4b-iv.

Fig. 4b-iv. Hummingbird hovering
inawind tunnel. [61][65]

Evidence of downwash — Other research

Various research supports the assertion that birds and other
animals push air downwardsin flight to create downwash:

- The wake structure measured below the birds’
(flycatchers) resultsin arelatively high downwash behind
the body. Analysis of birds flying in wind tunnel s showed
uniformly distributed spanwise downwash. [84]

- Hummingbird wings generated a mean downward
velocity of 1.1 m/s. [83]

- “We show how the air behind the body of a long-eared
bat accelerates downwards, ......” [82]

However, the research did not directly attribute downwash to
thelift generated, based on Newtonian mechanics. Often research
correlates downwash with wingtip vortices.

Factorsthat affect ‘m/dt’ and ‘dv’

‘dv’ depends primarily on aircraft momentum (airspeed and
mass), wing AOA, and wing depth (chord).

‘m/dt’ depends on the volume of ar flown through and air
density. The volume of air flown through depends on wing cycle
frequency, and the volume of air displaced on each wing best. In
turn, the volume of air displaced on each wing beat depends on
wing shape, wingspan, wing depth (chord) and vertical wing
reach (distance). SeeFig. 4b-(v-vi).

Wing beat Wingspan Air
frequency - Density
pown | 0 N -0 |
Reach
Stroke m/df i | T s
. H i ' 77 “Wing depth

¥ \:, i M H (chord)

Force nown = m/dt x dv

Fig. 4b-v. Factors that affect ‘m/dt’ and ‘dv’,
for a bird flapping itswingsin the vertical direction.

Wing beat Sideways wing-stroke

frequency Wingspan De?\!ﬁy
Hummingbird Wing
m/dt j Reach
E'Af\ng depth
(chord)
dv Force = m/dt x dv

Fig. 4b-vi. Factors that affect ‘m/dt’ and ‘dv’,
for abird flapping its wings sideways.

Changein time (dt)

The thin layer of air flown through by the wings is time-
dependent, and therefore, is expressed as the mass flow rate
‘m/dt’, and not just ‘m’. i.e. The mass of air displaced by the
wing increases with airspeed or wing beat frequency; which are
time-dependent.

The change in velocity of the air flown through and pushed
downward is expressed as ‘dv’. It is not expressed as acceleration
‘dv/dt’, because this action is due to a one-off force (impulse)
from the wings againgt the air. This force is not continuously
applied to the same mass of ar (eg. air molecules), and
therefore, it is not time-dependent.

Two airflows

There are two airflows in passive and active force generation.
The underside of the wings physically push or re-direct the air
under the wing. A vacuum of low air pressure on the topside of
the wing pulls (sucks) or re-directs the air above it downwards,
hel ped by the Coanda effect.
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7. WING AIRFLOWS

A. Two wing airflows.

In flight, there are two separate airflows evident on the wings:

(i) The underside of the bird’s wing directly pushes air down.
This causes high air pressure under the wing; due to the force
applied directly by the wing (i.e. Pressure = Force / Area).

(ii) The curved topside of the bird’s wing pulls air downwards
due to a vacuum (low air pressure) created above the wing, asthe
wing moves downwards. The Coanda effect can sgnificantly
enhance the mass of air displaced down. See the explanation of
the Coanda effect in the next section. See Fig. 7a-(i-ii).

Upper airflow PULLED down
and backwards. A
\\\\ \\\\ \* -~
Direction “sa = ekl -~ o
. ~> Effect
of flight
’
Direction /
) !
of wings ¢

Fig. 7ai. The bird’s wings push and pull air down.

Fig. 7a-ii. Wing cross-section on the downstroke.

Birds flying head-on into the wind have ardatively low AOA.
This provides minimum resistance to the direction of flight. The
wings move and change shape during the wing cycle. Therefore,
thewing AOA varies during thewing cycle. See Fig. 7aiii.

W/f!_(] hec;d:m
Y Wing
Direction 04
of flight

Fig. 7a-iii. Wing angle of attack (AOA).
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B. The Coanda effect and laminar airflows.

Fluid flow naturally follows a curved surface due to the
Coanda effect.

For example, water faling from a tap is passively re-directed
to the right (and dightly up) by the curved side of a spoon due to
the Coanda effect. According to Newtonian mechanics, this
action crestes a small turning force, due to the change in
momentum of the water flow. The reactive equal and opposite
force pushes the spoon sideways to the left (and slightly
downwards). SeeFig. 7b-i.

Fig. 7b-i. Spoon experiment
demonstrating the Coanda effect.

Wind tunnd experiments

Wind tunnel experiments demonstrate airflows arisng due to
the Coanda effect on the topside of a curved airplane wing, as
well as the turbulence that arises on aflat wing. See Fig. 7b-ii.

Fig. 7b-ii. Airflow on curved
and flat wings. [79][81]

In general, wings produce a stronger Coanda effect with
laminar (smooth / non-turbulent) airflow a alower AOA, higher
airspeed, and where the wings are deepest (largest chord, such as
near the fuselage). Conversely, the Coanda effect is weakest at
high AOA, slower airspeeds, and where the wings are narrow
(smdl chord, such as at the wing tips). The flat undersides of
wings are typically designed to push air down without inducing
any Coanda effect. See Fig. 7b-iii.

> ———— 2 ————= No Coanda
> - . < = effect

Fig. 7b-iii. Smooth vs. turbulent
airflows on awing. [80]
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C. Addendum: Airplane wings’ actual wing airflows.

Airplane wings are used as a proxy to demonstrate analysis of
the actual wing arflows that actively generate a force, as
described below. This approach differs to andysis of relative
wing arflows that passively generate aforce.

The topside and underside of a wing with a positive AOA,
accelerates the static air flown through downwards and slightly
forwards, creating two separate airflows. See Fig. 7c-(i-ii).

1) The underside of the wing directly exerts a force against
the air flown through that pushes the air downward.

2)  Low pressure on the topside of the wing indirectly pulls air
down, helped by the Coanda effect and gravity.

Upper air mass PULLED down

. /// \////
10y

Lower air mass PUSHED down

Fig. 7c-i. Two actua airflows
on awing.

Upper air mass

Direction PULLED down

L of flignt WP / Lo Low
N = '**/”*/’:/} pressure
K5~ h -7

m/dt /,,\/ _______ N

e Tl N !

‘ o / S

‘ -

' HIGH” L /. / /
ower air mass

pressure PUSHED down

Fig. 7c-ii. 2D diagram of actud wing airflows.

The wing airflows generated can be illustrated by the path of
air molecules above and below thewing. See Fig. 7c-iii.

Static Air molecules ® @ @ Start

@ Wing direction (-!--.---'
[o]e) o\ o )
Static Air molecules © © © Wing in flight

¥ Intended Direction of the air molecules

w ves
Wing moves . g ?
forwards & €---=-=== Low air pressure above the

wing pulls the air down,

Wing hits the air molecules, O/ ° helped by the Coanda effect

. . ;O
accelerating them downward. ¥

o/0

Direction b':o

Fig. 7c-iii. Actua path of air molecules
as the wing moves forwardsin flight.
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The two wing airflows are described in more detail below:

1

2

The underside of the wing directly pushes air down. See
Fig. 7c-iv.

The force exerted by the wing on the ar creates high
pressure on the underside surface of the wing, as described
by the equation for pressure (Pressure = Force /Area).

Direction
<
HIGH pressure --

on wing surface .

Fig. 7c-iv. Theundersde of thewing
directly pushes air down.

The forward movement of the wing creates a zone of low
pressure (vacuum) behind it on the topside of the wing.
SeeFig. 7¢c-v.

The low pressure zone indirectly pulls air above the wing
downwards, helped by:
- Anywing curvature due to the Coanda effect.

- The weight of the atmosphere (i.e. gravity) pulls the
air above the wing downwards, into the area of low
pressure on top of the wing created by the forward
movement of the wing.

Air PULLED down

Direction l l I
of flight <™~ % J /.y
Low v\l {l

air pressure zone”

Fig. 7c-v. Thetopside of thewing
indirectly pullsair down.

Additiona considerationsinclude:

The leading edge of the wing initialy pushes the air up and
forwards, creating upwash.

If the air above the wing pulled down does not reach the
trailing edge of the wing by the time that the wing has moved
forwards. Then turbulence can arise, triggering airflow
separation and a stall. This dynamic explains why stall arise
at the trailing edge of the wing.

After the wing has passed forwards, the lower and upper air
masses accelerated by the wing continue to descend due to
the momentum gained.

The generation of lift produces a pressur e difference on the
wing; Low pressure on the topside of the wing and high
pressure on the underside of the wing.

Contrary to the prevailing view, this paper argues that wing
the pressure patterns observed are a consequence of the
airflows and resultant process that generates lift, and not a
direct cause of lift.

As the airflows have been accelerated, they both have low
internal air pressure.
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18. DISCUSSION OF RESULTS

The Newtonian approach is significant as it provides new and
useful insight, which are not available from other theories of lift
and flight, including fluid mechanics.

This analysis helps to resolve the debate regarding the physics
of lift between Newtonian and fluid mechanics.

- It should not be surprising that Newtons Laws of Motion
can explain the physics of how lift is generated. It would
be more surprising to claim the reverse, that Newtonian
mechanics cannot explain lift (as claimed by advocates of
fluid mechanics).

- It should be possible to perform cal culations that confirm
or refute whether Newtonian physics explains how birds
fly; And whether birds hovering to displace a mass of air
downwards each second, equal to its mass, to achieve
buoyancy.

- Furthermore, it is puzzling that this Newtonian approach
has not been proposed previously.

- The analysis in this paper is smilar to that provided in
the paper ‘Newtons laws explain insect flight.” [15]

Newtonian physics provides a method to resolve the debate for
how birdsfly in flapping flight.

19. CONCLUSIONS

Newtonian mechanics based on the mass flow rate explains
how birds generate lift (Lift = m/dt * dv). SeeFig. 18a

Force yp (Lift)
¥

w) Downstroke

Force pown
= m/dt x dv

Fig. 18a. Newtonian forces
acting on abird in flight.

Newtonian mechanics provides a smple explanation for lift
consistent with what is observed in practice and accepted
physics. As a wing circulates the air in flight, momentum is
transferred from the wings to the air.
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