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From: "Stephen H. Schneider" <shs@stanford.edu>
Subject: Re: 1/14/08 CEC administrative proceeding re "need" for natural gas thermal
power plants/alternatives
Date: December 29, 2007 11:27:46 PM PST
To: Jewell Hargleroad <jewellhargleroad@mac.com>
Cc: Dan Kammen <kammen@berkeley.edu>

Hello and thanks for the request and thanks Dan for the suggestion--you might comment on
my suggestions below. Indeed, gas-fired power plants do generate the greenhouse gas CO2
(though only half that of banned-in-CA coal fired power) a greenhouse gas that the State of
California is legally committed to reduce by 80% relative to 1990 levels by 2050, and
construction of any more CO2-emitting ventures is a step in the wrong direction, given that not
nearly all efficiency and conservation measures that are cost effective have yet been
implemented, nor has the Pavley bill gotten its court victory over the EPA--soon | believe--nor
has the state committed enough resources for renewable energy like wind and solar thermal
power, rapidly becoming competitors tc fossil fueled plants.

Thus you could get witnesses to testify on any or all of these items.

On the conservation aspects Dr Jon Koomey at Lawrence Berkley National Lab would be
excellent or Ralph Cavanagh of NRDC on the overall energy picture with figures on the
various competitors for clean energy services or John O'Donnell of Ausra corporation--a
designer/builder of solar thermal power--or my fellow IPCC (which won Nobel Peace Prize
this year) author, Mike Mastrandrea at Stanford, who works with me on climate change and
avoiding "dangerous” climate-disturbing emissions.

| unfortunately have three appointments and student presentations to deal with on the 14th of
January and fly to DC the next day, so try some of these others--all would be effective in a
witness box and are certified experts. It is very last minute to expect to get top people still free
with only about 2 weeks notice, but hopefully some | named might be still available, or would
have other suggestions that might pan out for you.

Good luck in your efforts, Steve S.

Stephen H. Schneider

Melvin and Joan Lane Professor for Interdisciplinary Environmental Studies,
Professor, Department of Biological Sciences

371 Serra Mali

Gilbert Building

Stanford University

Stanford, CA 94305-5020 — T |
Also: Senior Fellow, Woods Institute for the Environment g o L b S
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Biography |

Stephen H. Schneider is a professor in the
Department of Biological Sciences, a Senior Fellow at the
Center for Environment Science and Policy of the
Institute for International Studies, and Professor by
Courtesy in the Department of Civil and Environmental
Engineering at Stanford University since September,
1992.

He was honored in 1992 with a MacArthur Fellowship
for his ability to integrate and interpret the results of
global climate research through public lectures, seminars,
classroom teaching, environmental assessment
committees, media appearances, Congressional
testimony, and research collaboration with colleagues. He
has served as a consultant to Federal Agencies and/or White House staff in the Nixon, Carter,
Reagan, Bush Sr., Clinton and Bush Jr. administrations. He also received, in 1991, the American
Association for the Advancement of Science/ Westinghouse Award for Public Understanding of
Science and Technology, for furthering public understanding of environmental science and its
implications for public policy. In 1998 he became a foreign member of the Academia Europaea,
Earth and Cosmic Sciences Section. He was elected Chair of the American Association for the
Advancement of Science’s Section on Atmospheric and Hydrospheric Sciences (1999-2001).
Schneider was elected to membership in the U.S. National Academy of Sciences in April 2002.

Schneider received his Ph.D. in Mechanical Engineering and Plasma Physics from Columbia
University in 1971. He studied the role of greenhouse gases and suspended particulate
material on climate as a postdoctoral fellow at NASA's Goddard Institute for Space Studies. He
was awarded a postdoctoral fellowship at the National Center for Atmospheric Research in
1972 and was a member of the scientific staff of NCAR from 1973 - 1996, where he co-
founded the Climate Project. In 1975, he founded the interdisciplinary journal, Climatic
Change, and continues to serve as its Editor. He is also the Editor-in-Chief of the Encyclopedia
of Climate and Weather and author of The Genesis Strategy: Climate and Global Survival; The
Coevolution of Climate and Life; Global Warming: Are We Entering the Greenhouse Century?
and Laboratory Earth: The Planetary Gamble We Can’t Afford to Lose, among others. He has
authored or co-authored over 450 scientific papers, proceedings, legislative testimonies,
edited books and book chapters; some 140 book reviews, editorials, published newspaper and
magazine interviews and popularizations. He is a frequent contributor to commercial and
noncommercial print and broadcast media on climate and environmental issues, e.g., NOVA,
Planet Earth, Nightline, Today Show, Tonight Show, Good Moming America, Dateline, Discovery
Channel, British, Canadian and Australian Broadcasting Corporations, among many others. At
Stanford University he teaches classes in a dozen different departments and courses in Earth
Systems, Civil and Environmental Engineering, Biological Sciences, Human Biology, the
Interdisclipinary Program in Environment and Resources, and a Senior Honors Seminar in
Environmental Science, Technology and Policy.

http:/ /stephenschneider.stanford.edu/Biography/BioFrameset.htm?http://stephenschneider.stanford.edu/Biography/Biography.htm| Page 1 of 2
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Schneider’s current global change research interests include: climatic change; global
warming; food/climate and other environmental/science public policy issues; ecological and
economic implications of climatic change; integrated assessment of global change; climatic
modeling of paleoclimates and of human impacts on climate, e.g., carbon dioxide "greenhouse
effect” or environmental consequences of nuclear war. He is also interested in advancing public
understanding of science and in improving formal environmental education in primary and
secondary schools. He was a Coordinating Lead Author in Working Group Il of the
Intergovernmental Panel on Climate Change (IPCC) (under the auspices of the World
Meteorological Organization and the United Nations Environment Program) from 1997-2001,
and was a Lead Author in Working Group | from 1994-1996. He was also a lead author of the
IPCC guidance paper on uncertainties. He is currently a co-anchor of the Key Vulnerabilities
(including Article 2) Cross-Cutting Theme for the Fourth Assessment Report (AR4) of the
IPCC.

Professor Schneider is Co-Director of the Center for Environmental Science and Policy
(CESP) and Co-Director of the Interdisciplinary Program in Environment and Resources (IPER).

See also:

Publications

Courses

Stanford University Department of Biological Sciences
Institute for International Studies

Stanford Civil and Environmental Engineering

Stanford University Earth Systems Program

Center for Environmental Science and Policy

Stanford Environmental Studies - Climate and Atmosphere
Stanford Environmental Studies - Env. Economics and Policy
Stanford University Interdisciplinary Graduate Program in Environment and Resources
@ National Academy of Sciences

@ Academia Europaea

@ Intergovernmental Panel on Climate Change

O8O NPHHNS

@ Terry L. Root
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Revised condition AQSC-8 MT\W\L S S W W

The applicant will model the impacts from the projects particulate matter
emissions. The applicant will use advanced street sweeping, school bus retrofits,
vehicle scrapage reductions, fireplace or wood buming stove retrofits, or any
other CEC approved emission reduction program in the modeled area of impact
with the highest impacted areas mitigated first. The applicant's liability will be
limited by the average cost in the BAAQMD for PM-10 ERC’s multiplied by the
projects Particulate matter emissions of 40.31 tons. The applicant will achieve
the reductions pursuant to the following time table

a. achieving 15% of the mitigation (3-1+ 6.0 tons per year) of PM10 within six (6)
months after start of construction,

b. achieving 30% of the mitigation (6-2 12.09tons per year) of PM10 within nine
(9) months after start of construction.

c. achieving 50% of the mitigation (182 20.16tons per year) of PM10 within
twelve (12) months after start of construction.

Sa,@\ruj(
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.San Francisco Redevelopment Agency: December 05, 2006 (Part 2) Page 5 of 21

implemented through the middle of October 2006. In each
case, Lennar ceased operations immediately upon receiving
air monitoring results that require shut down, in accordance
with BAAQMD standards. These shut downs therefore
provide additional protection against airborne asbestos
exposures in the neighborhood. In all cases, grading
operations resumed only when air-monitoring results for
asbestos reached levels deemed acceptable by BAAQMD.

In July 2005, before construction activities began,
Lennar began air monitoring for asbestos in ambient
air on Parcel A in order to provide a baseline level for
future sampling durW@w dated
August 22, ZOOQJ__e_rmar\salr monitoring contraét/rj

@M_ﬂﬂ'l informed Lennar that the contracter,

“could not verify the accuracy of thei Lechtéﬁ;}
results” through August 2, 2006. /CH2 /L-hnggplame )
that it had discovered poss1ble errors in the collecti
of the air samples, due to improper use and
maintenance of the air sampling equipment. Lennar
gave notice to DPH and BAAQMD of this sampling
failure and engaged Mactec Consultin
Engineering (“Mactec”) to conduct’peer review of -

,ﬁ"ﬂﬂ‘r’)%w monitoring activiti€s beginning in

mid-August. Proper air sampling began on August 3,
2006.

Lennar did not commence cutting into serpentinite
until May 23, 2006, and significant earthmoving
activities began on April 25, 2006. Consequently, the
potential for the release of airborne asbestos is
minimal through April 25, 2006 and potentially until
May 23, 2006. Due to the monitoring failures
described above, however, Lennar does not have data
for ambient levels of airborne asbestos on Parcel A,
nor can it confirm the levels of airborne asbestos
between April 2006 and August 2, 2006. Since
monitoring of the workers during this same period of
time demonstrated that standards were not
exceeded; therefore, it is highly unlikely that levels
of asbestos were unsafe.

p
/

/" On August 31, 2006, DPH staff Lennar and CH2M HILL

met with BAAQMD to discuss the actions taken by
Lennar and CH2M HILL to address air monitoring |
{ quality assurance/quality control problems. On |
{ September 6, 2006, BAAQMD issued a Notice of !
Violation (“NOV”’) to Lennar as a result of two issues: ]

‘\\ (1) the air monitoring problems by CHZM HILL; (2) and J
concerns regarding dust on tires leaving the /,/
- construction area. On September 18, 2006, Lennar_.—
N - PR o o ///

e T L e

I

http://www.sfgov.org/site/sfra_page.asp?id=50578 12/17/2007



San Francisco Redevelopment Agency: December 05, 2006 (Part 2) Page 6 of 21

responded to the BAAQMD NOV, clarifying CH2M
HILL’s activities, the period during which NOA may
have been disturbed and descnbmg ngp\?ajh
to 'a’ddressktrack out concerns. “Lennar terminate
~CHZM HILL’s contract effective September 22, 7666,

retalmng Mactec to conduct the air monitoring under
strict quality assurance/quality control protocols.

b.) Dust Monitoring

Significant earthmoving activities began on April 25,
2006. In association with this work, Lennar was
required to control dust, conduct visual monitoring
and install particulate dust monitors. As required in
the Dust Control Plan, Gordon Ball, Lennar’s grading
contractor, conducted dust control, and a second
Lennar contractor, Luster International, conducted
visual dust monitoring. The Dust Control Plan
required Lennar to install particulate dust monitors by
the date on which significant earthmoving activities
began - in this case, April 25, 2006. Lennar did not do
so until June 27, 2006. Therefore, as part of its
regulatory oversight, DPH cited Lennar for failing to
install particulate dust monitors when significant
earthmoving began.

From the beginning of earthmoving activities in April
2006, Lennar and DPH received complaints about dust
control issues at the site. Some complaints were
received directly by Lennar and its contractors
through a 24-hour telephone response line, 1-866-
5LENNAR, while others were reported directly to DPH.

On July 7, 2006, Amy Brownell from DPH conducted a
site inspection and issued a Notice of Violation
(“NOV”) due to Lennar’s failure to control the dust.
In response to the NOV, Lennar made improvements
to its dust control program including installation of a
sprinkler system on the haul road to supplement the
water spraying to control the dust on the haul road;
modification of sprayers on water trucks for more
efficient coverage; implementation of a weekly dust
control checklist; and more frequent reporting of
particulate data to DPH.

On August 9, 2006, DPH conducted another site
inspection and although improvements had been
made, DPH did not consider them adequate and
therefore issued another NOV for insufficient dust
control. In response to the second NOV, Lennar
made further improvements to its dust control and

htm /Iwww.sfgov. org/s1te/sfra page.asp?id=50578 12/17/2007
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432 Helicopter

itself by accelerating air downward at an angle to the
vertical. The helicopter is the most successful verti-
cal takeoff and landing (VTOL) aircraft developed, by
virtue of its relatively high efficiency in performing
hovering and low-speed flight missions.

It was not until the 1930s that helicopters be-
gan to demonstrate practical capabilities. In 1937
Heinrich Focke built in Germany a twin-rotor heli-
copter, which ultimately demonstrated meaningful
performance capabilities. In 1939 Igor Sikorsky built
a relatively simple and controllable single-rotor heli-
copter, which evolved into the modern standard con-
figuration. In 1946 a single-rotor machine developed
by Lawrence Bell received the world’s first commer-
cial helicopter license.

Dynamics. The key to understanding the operation
and control of a helicopter lies in a knowledge of the
forces and resultant motion of each rotor blade as mo-
mentum is imparted to the air. Unlike a fixed-wing
aircraft, which derives its lift from the translational
motion of the fuselage and airfoil-shaped wing rel-
ative to the air, the helicopter rotates its wings (or
rotor blades) about a vertical shaft and thus is able to
generate lift while the fuselage remains stationary.

The rotational motion of the rotor blades creates
additional forces that act on the blades as they re-
volve about the shaft. The principal additional force
is the centrifugal force that arises from the circular
motion of the blade mass. The centrifugal force cre-
ates an effective stiffening of the rotor blade so that a
relatively limber blade structure can carry the aero-
dynamic forces necessary to lLift the weight of the
helicopter, similar to the phenomenon of support-
ing a rock attached to the end of a string by whirling
it in the horizontal plane.

The major forces on an element of a rotor blade are
the lift, drag, weight, and centrifugal force (Fig. 1).
The forces of greatest interest are the lift, drag, and
centrifugal forces, since the blade weight is small
relative to the other forces. In order for the rotor to

axis of A lift
rotation }

centrifugal

~" weight force
drag

\B . flapping (coning) angle

blade
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Fig. 1. Forces acting on a helicopter rotor blade. 1 vy . FHRE
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lift the helicopter in hovering flight, the average 4.
tributed lift from all blades must equal the Weight
the helicopter. With these large lift forces diStribm:
along a blade, it will cone upward until there jg a .
ance of the moments created by the lift and cepyy
gal forces about the blade attachment point. oy
ering flight, both the lift and drag forces are Slead}:
and the blade cones to a constant, equilibriyg Posii
tion. In forward flight, these forces vary as the blade
rotates; consequently, the blade’s angular Positigy
relative to the hub, called the flapping angle (Fig, 1)
is a function of these oscillatory aerodynamic forcu'
In essence, the rotor-blade flapping motion maybé
considered as a dynamics problem analogous the
forced response of a simple spring-mass—damper s
tem, wherein the centrifugal force is equivaleg; to
the restoring spring and the aerodynamic force pro
vides both the damping and the forcing functiog for
the blade mass.

A unique characteristic of the blade dynamjc 575
tem just described is that the flapping natur] fre.
quency of the blade is approximately equal to the
rotational frequency of the rotor. Since the aerody-
namic forcing function is also proportional to the ro
tational frequency, the rotor blade represents one of
the few dynamic systems that is forced at its natugl
frequency or in resonance. This can be a catastrophic
occurrence for mechanical systems without damp
ing due to the large amplitudes of motjon that may
be generated. In the case of a rotor blade, howeve;,
the aerodynamic damping generated by the blade
flapping motion is so high that it limits the forced
response to acceptable amplitudes.

A major consequence of operating at flapping
resonance is the resulting relationship between the
maximum force on the blade and its maximum dis
placement. When a dynamic system is forced at ifs
natural frequency, there is a 90" phase lag between
the phase angle of the maximum force and the phas
angle at which the maximum amplitude of the f&
sponse occurs. Thus, when a rotor blade experiences
a change in the aerodynamic loading, the blade
sponds correspondingly one-quarter of a revolutiod
(that is, 90°) later. This behavior is important for coF
trolling the flight motion of the helicopter.

For example, to achieve forward flight, the rotof
must be tilted in the direction of the desired figh!
path. This is achieved by decreasing the lifton ﬂbl“fk
rotating toward the nose (advancing blade) and m
creasing the lift on a blade rotating toward the
of the helicopter (retreating blade) This differc”
in lift on the advancing and retreating blades, whi i
is maximum when the blades are arrayed 1ate ¥
will cause the advancing blade to flap to 2 lowe!
amplitude when it arrives over the nose while
retreating blade with more lift flaps to a highef m:
plitude when it arrives over the tail. thus creating
forward tilt of the rotor.

The method for achieving the desired CORY
the rotor tilt is to vary the angle of the blade (plt,

) i Leed DY
as the rotor rotates. This variation is aclne‘fd 3
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device called a swash plate, which, when
ill cycle the blade pitch angle in a sinusoidal
gaaner SO that blade lift is alternately increased and
dcch”ed once every rotor revolution. As discussed
helo%: this cyclic control is also required to accom-
godate the lift variations encountered when the
jolor s in forward flight. See AERODYNAMIC FORCE.

perodynamics. The basic physics of rotor aerody-
QAmics, particularly the aerodynamic relationships
fora rotor i1 hover or vertical climb, closely paral-
els the physics of a propeller. In a climb, for exam-
ple, the air flows through the rotor perpendicular
1o the rotor disk plane in the same manner that air
flows into a propeller disk as it translates horizon-
wly. Thus, the rotor or propeller blades experience
the same aerodynamic environment as they rotate.
§e¢ PROPELLER (AIRCRAFT).

As the helicopter translates into forward flight, sig-
pificant differences occur. Because the rotor blades
are mounted on a vertical axis and rotate in a hor-
izontal plane, the translational velocity of the he-
licopter significantly alters the relative airspeed of
1 rotor blade element as the rotor blade revolves
(Fig. 2). The blade moving in the direction of flight
(advancing blade) encounters a relative airflow ve-
locty which is equal to the vector sum of the heli-
copter’s flight velocity V and the blade’s rotational
velocity. The rotational velocity is proportional to
the radial distance along the blade, and at the tip is
equal to the tip speed R, where Q is the angular
vebcity of the rotor and R is the radial distance to
theblade tip. On the retreating side of the disk, the
blade experiences a relative airflow velocity equal to
thedifferenice between the two velocities. When the
bldes are positioned fore and aft, the flight velocity
does not contribute substantially to the relative air-
flow velocity across the blade.

This changing airflow velocity as the blades rotate
produces a sinusoidal lift variation if the blade pitch
angle is held constant. Since lift is proportional to the
velocity squared, an advancing blade with its higher
velocity will generate more lift than a retreating
blade. Recalling the dynamic response characteris-
lics of the blades discussed above, the blade with
Braater lift flaps to a larger angle than the blade with
less life, causing the rotor to tilt in a direction op-
Posite to the direction of flight. To counter the dif-
ference in 1ift berween the advancing and retreating
blades, cyclic pitch control is again introduced to
lower the pitch. and consequently the lift of the ad-
vancing blacles, while increasing the pitch and lift of
leretreating blades. thus maintaining the desired
tltof the rotor

This difference in velocity between advancing and
“ftrtat‘mg blades is the principal reason that heli-
Co.pters have a lower speed capability than a fixed-
wf"g aircraft. Since helicopters generally operate
Yith 2 (ip speed 2R in the range of 600-800 ft/s
E;ﬁg(‘féorm/s), it does npt require much forward
: etore the advancing blade is moving rela-
five to the air at a speed approaching that Of;OLllld

control
gleed, W'

advancing

e
bladg direction of rotation

qxo‘g, -

,/’

direction
of flight

2
g
=
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retreating
blade

Fig. 2. Variations of relative airflow velocity of rotor blades in forward flight.

(1117 fi/s or 340 m/s). At these speeds, the airfoil
sections of the blade experience compressible flow
effects which drastically increase the blade drag and
hence the power required. On the retreating blade,
the situation is just the opposite. As the helicopter
goes faster, the retreating blade experiences a rela-
tive airflow that is diminished by the forward veloc-
ity. Under these conditions, the blade tip would have
no movement relative to the air if the forward veloc-
ity were equal to the tip speed of the rotor. Even at
forward velocities much less than the tip speed of the
rotor, there are regions where the forward velocity
equals or exceeds the local velocity due to rotation.
The diminishing velocity on the retreating blades is
compensated for by increasing the blade pitch and
thus the angle of attack of the blades’ airfoil. How-
ever, an airfoil has a limiting angle that, if exceeded,
will result in flow separation (stall). When stall oc-
curs, there is an increase in drag and decrease in
lift capability of the airfoil, which again causes an in-
crease in the power required. These conditions make
the design of a helicopter a compromise between
compressibility effects on the advancing blades and
retreating blade stall. See AERODYNAMICS: AIRFOIL.
Performance. Helicopter performance is deter
mined by the power required to achieve the desired
flight condition. There are four primary functions
associated with helicopter flight that require power:
the power required to turn the rotor (profile power),
the power required to lift the helicopter (induced
power), the power required to propel the helicopter
in forward flight (parasite power). and the power re-
quired to climb or descend (climb power). Each of
these elements contributes in a different manner to
the total power required as the flight speed varies.
Profile power. The profile power has a moderate
value in hover that is a function of the area of the
blades being turned. the drag characteristics of the
airfoil sections of the blades. and the cube of the ef-
fective speed of the rotor. In hovering flight, the
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intermeshing {synchronous)
main rotors

coaxial {counterrotating)

single main lifting rotor
lifting rotors

with antitorque tail rotor

tandem (counterrotating)
lifting rotors

quadruple lifting rotors

Fig. 3. Principal helicopter {rotor) configurations.

effective speed of the rotor is only a function of
the tip speed at which the rotor operates. As the
helicopter moves into forward flight, the effective
speed of the rotor blades increases with a corre-
sponding increase in profile power. For the exam-
ple illustrated, the drag characteristics of the airfoil
section are assumed to be constant. If the rotor en-
counters stall or compressibility effects, the drag
characteristics will increase and, correspondingly,
the profile power required will increase more dra-
matically with airspeed.

Induced power. The induced power has just the op-
posite trend, as shown by the decrease in induced
power as airspeed is increased. Since induced power
is associated with the generation of lift, increasing
or decreasing the weight of a given helicopter will
cause a corresponding change in induced power.

/
L/ ®
flapping
pitch and pitch
/ b/ change change axis \’_/< .
flapping } <\ axis y W
axism | AL ) ‘ ! ~
@ < \\
{a) rotation (b) rotation

| .

\7“, f \:\/’vl/ead-lag axes ~ flapping and

3\(4/ pitch  — < pitch change

’ \(‘V change ~ «é B flexture
N

axis pitch
o i

/| T~ B —:_G._/'/change
/V/ X s IS axis
o?t“non ' \ ' \\\ﬂapping
{

flapping axis ' o angle, p
(c) (d)

Fig. 4. Principal types of rotor hubs. (a} Teetering (semirigid) rotar head. (b) Gimbaled rigid
rotor. (c) Fully articulated rotor head. (d) Hingeless rotor.

The size of the rotor also plays a major role ing
termining the induced power. A rotor generateg o
by accelerating air downward or, in effect, i“Creas
ing the momentum of the downward flow. The lar,
the rotor diameter, the greater the air mass it Will 3¢
on, and the lower the velocity change requireq 1,
produce a given lift. Induced power is dircctly pro.
portional to this induced velocity, which, in turg
is related to the disk loading of the rotor, thyt i
the ratio of the lift generated to the area of the p,
nar disk described by the blade radius. Helicoptey
with their large-diameter rotors, are low disk'IOadiné
aircraft, which accounts for their relatively goog eff.
ciency in hovering flight compared to other meay of
achieving powered vertical lift. Even so, the Power
required is still sizable, which explains the difficy
ties encountered by the pioneers in providing an ey,
gine light enough and powerful enough to achieye
vertical flight.

In forward flight, the mass flow of air through the
rotor is increased: consequently, the blades do g
have to induce as much velocity change to this higher
mass flow in order to produce a given lift. This fe.
duction in induced velocity decreases the induced
power required as speed is increased.

Parasite power. The power required to propel the he.
licopter in forward flight (parasite power) is predom-
inantly a function of the drag characteristics of the
fuselage and rotor hub and the cube of the flight ve-
locity. Therefore, the parasite power is zero in hover-
ing flight but rises rapidly as airspeed is increased. At
high speeds, the parasite power is the predominant
cause of power expenditure, illustrating the need for
fuselages and rotor hubs that possess very low dtag
characteristics.

" Climb power. The climb power is proportional to the
weight of the helicopter and its velocity of climb or
descent. When a helicopter is climbing, more power
is required; however, when it is descending, the hel
copter requires less power than it does in level flight
If the rate of descent is high enough, the helicopter
can achieve a condition called autorotation wherein
no engine power is required. Autorotation for a hel
copter is similar to the glide capability of fixed-wil2
aircraft. The helicopter, however, has a distinct ﬂ‘.}
vantage over an airplane in this regard since 2 el
copter can autorotate at much lower airspeeds than
the glide speed of an airplane. By using the enefsf
derived from the descent, the helicopter cai P“}.
duce the energy needed to generate the necesst)
lift and to maintain the desired rotational speed ®
the rotor. As the helicopter nears the ground, the
pilot executes a maneuver, called a flare, which 4
rests any forward velocity, and the aircraft ¢
landed in a very small landing site.

Rotor configurations. Many different rotor arranf i
ments have been used (Fig. 3). and most of thef‘: :
attempts at vertical flight were made with machif®
having multiple or coaxial counterrotating rotof;
Most modern helicopters emplov the single 01"
the tandem rotor configurations.
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R i
: Functions of helicopter flight controls.

e

addition to the selection of the number and
rion of the lifting rotors, designers have devel-
4 varied methods for attaching the blades to the
hub. Very early experiments conducted with
he blades rigidly attached to the hub were unsatis-
ry because of the excessive moments applied
o the rotor MAsL. The first satisfactory solution to

ope
jotor

fiCto

(his pmblcnl was applied by Juan de la Cierva in his
gvelopment of the autogiro. Cierva incorporated
,hingcd blade attachment to allow the blades to
fap frecly and to relieve the undesired moments. See
AUTOGIRO.

Teetering rotors. Based on the success achieved by
fhe introduction of hinged attachments for the rotor
pades, several configurations have been successfully
mnufactured (Fig. 4). The teetering rotor used on
wobladed configurations has one central hinge that
Jows the blades to move in unison (one up, one
down) like a seesaw (Fig. 4a). Each blade also has
pitch-change bearings to allow the blade pitch angle
wobe varied as required. The gimbaled rotor (Fig. 40)
is essentially equivalent to the teetering rotor and
tus been used on rotors with three or more blades.
ltallows the rotor disk to flap as a unit. In both the
etering and gimbaled arrangements, moments are
mcted between the blades and are not transferred
into the shaft.

Articulated rotor. The articulated rotor (Fig. 4¢) has
ach blade attached to the hub by its own flapping
hinge. In addition, a hinge is introduced to allow in-
pane or lead-lag motion of the blade in order to re-
leve in-plane bending moments at the root end of the
bade. The articulated rotor differs somewhat from

Mder pedals provide |
Y controf through |
Yarying the pitch
N tail rotor blades

~ o

the two preceding configurations in that the flapping
hinge for each blade is offset from the center of ro-
tation. This offset allows moments to be applied to
the shaft and, by selection of a specific hinge offset,
the magnitude of the moment is controlled, and is
an aid in the control of the helicopter.

(__Hingeless ’r;gtgr. he bearingless or hingeless rotor
(Fig. 3(7)7{5 receiving renewed attention in research
and development efforts. These efforts represent a
closing of the loop in rotor development in that
the earliest rotors were basically hingeless designs.
There is, however, a major difference in the newer
designs which makes them feasible. The early ro-
tors were designed with relatively rigid blade attach-
ments and, given the construction materials of the
time, the only way to successfully deal with the large
moments was to introduce hinges. With the availabil-
ity of improved materials, current designs tailor the
structural stiffness to allow flexing to take place with-
out having a hinge. This concept provides a lower-
weight rotor system and retains the ability to develop
h.,l_l,llmOnglt,,s,fgr control,

Flight control. In order to utilize fully the capabili-

"~ ties of a helicopter in hover, vertical, sideward, rear-

ward, and forward flight, the flight controls are of
necessity complex (Fig. 5).

Cyclic pitch control. The primary control, called cyclic
pitch control, is introduced by a control stick located
between the pilot’s knees. Through a series of con-
trol linkages the motion of the stick is transferred
to tilt the swash plate either longitudinally or later-
ally so that blade pitch is cyclically varied in a pre-
scribed manner. The cyclic pitch control directs the

longitudinal and lateral

control by sinusoidally
varying the pitch

of lifting rotor blades
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throttle control collective pitch stick pro-
for power vides vertical flight control
regulation through simultaneous varia-
tions of lifting rotor blade
pitch

Helicopter 435
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