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1. PURPOQOSE. This advisory circular (AC) is issued to dert pilots who are trandtioning from
arcraft with iess performance capability to complex, high-performance arcraft that are capable of
operating a high dtitudes and high airspeeds, of the need to be knowledgeable about the specid
physiologicd and aerodynamic condderations involved in these kinds of operations.

2. CANCELLATION. AC 61-107, Operations of Aircraft at Altitudes Above 25,000 Feet MSL
and/or Mach Numbers (Mmo) Greater Than .75, dated January 23, 1991, is cancelled.

3. DEFINITIONS.

a Agpect Ratio is the reationship between the wing chord and the wingspan. A short wingspan
and wide wing chord equa a low aspect rétio.

b. Aileron buzz is a very ragpid oscillation of an aleron, a certain criticd ar soeeds of some
arcraft, which does not usudly reach large magnitudes nor become dangerous. It is often caused by
shock-induced separation of the boundary layer.

¢. Drag Divergence is a phenomenon that occurs when an arfoil’s drag increases sharply and
requires substantial increases in power (thrust) to produce further increases in speed. This is not to
be confused with MACH crit. The drag increase is due to the ungtable formation of shock waves
that transform a large amount of energy into heat and into pressure pulses that act to consume a
magor portion of the avalable propulsve energy. Turbulent ar may produce a resultant increase in
the coefficient of drag.

d. Force is generdly defined as the cause for motion or of change or stoppage of motion. The
ocean of ar through which an arcraft must fly has both mass and inertia and, thus, is capable of
exerting tremendous forces on an arcraft moving through the atmosphere. When dl of the above
forces are equd, the arcraft is sad to be in a Sate of equilibrium. For instance, when an arcraft is
in level unaccderated 1 G flight, thrust and drag are equd, and lift and gravity (or weight plus
aerodynamic downloads on the aircraft) are equal. Forces that act on any arcraft as the result of air
resstance, friction, and other factors are:
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(1) Thrust. The force required to counteract the forces of drag in order to move an arcraft
in forward flight.

(2) Drag. The force which acts in oppogtion to thrud.
(3) Lift. The force which sudtains the arcraft during flight.
(4) Gravity. The force which acts in oppostion to lift.

e. MACH, named after Erngt Mach, a 19th century Audrian physicig, is the ratio of an
arcraft’s true speed as compared to the loca speed of sound at a given time or place.

f. MACH Buffet is the airflow separation behind a shock-wave pressure barrier caused by
arflow over flight surfaces exceeding the speed of sound.

g. MACH (or Aileron) Buzz is a term used to describe a shock-induced flow separation of the
boundary layer ar before reaching the ailerons.

h. MACH Meter is an ingrument desgned to indicate MACH number. MACH indicating
capability is incorporated into the airspeed indicator(s) of current generation turbine-powered
arcraft capable of MACH range speeds.

i. MACH number is a decima number (M) representing the true airspeed (TAS) rdationship to
the local speed of sound (e.g., TAS 75 percent (.75M) of the speed of sound where 100 percent of
the speed of sound is represented as MACH 1 (1 .OM)). The local speed of sound varies with
changes in temperature.

j. MACH number (Criticd) is the free sream MACH number a which locad sonic flow such as
buffet, airflow separation, and shock waves becomes evident. These phenomena occur above the
criticd MACH number, often referred to as MACH crit. These phenomena are listed as follows:

(1) SUBSONIC MACH Numbers below .75

(20 TRANSOMC MACH Numbers from .75 to 1.20
(3) SUPERSOMC MACH Numbers from 1.20 to 5.0
(4) HYPERSONIC MACH Numbers above 5.0

k. MACH Speed is the ratio or percentage of the TAS to the speed of sound (e.g., 1,120 feet per
second (660 Knots (Kts)) a mean sea level (MSL)). This may be represented by MACH number.

1. MACH Tuck is the result of an aftward shift in the center of lift causing a nose down pitching
moment.

m. Myo (MACH; maximum operation) is an arplane€s maximum certificaed MACH number.
Any excurson past Mye, Whether intentiona or accidental, may cause induced flow separation of
boundary layer ar over the alerons and eevators of an arplane and result in a loss of control
surface authority and/or control surface buzz or snatch.
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n. Q-Corner or Coffin Corner is a term used to describe operations a high dtitudes where low
indicated argpeeds yield high true airgpeeds (MACH number) a high angles of attack. The high
angle of atack results in flow separation which causes buffet. Turning maneuvers at these dtitudes
increase the angle of attack and result in dability deterioration with a decrease in control
effectiveness. The relationship of stdl speed to MACH crit narrows to a point where sudden
increases in angle of attack, roll rates, and/or disturbances (eg., clear air turbulence) cause the limits
of the airspeed envelope to be exceeded. Coffin Corner exids in the upper portion of the
maneuvering envelope for a given gross weight and G-force.

0. Vyo (Veocity maximum operdtion) is an arplane's indicated airspeed limit. Exceeding Vi,
may cause aerodynamic flutter and G-load limitations to become critica during dive recovery.
Structural design integrity is not predictable a velocities grester than V.

4. BACKGROUND. On September 17, 1982, the National Transportation Safety Board (NTSB)
issued a sies of safety recommendations which included, among other things, that a minimum
traning curriculum be established for use a pilot schools covering pilots initid transtion into
general aviation turbojet arplanes. Aerodynamics and physiological aspects of high-performance
arcraft operating at high dtitudes were among the subjects recommended for incluson in this
traning curriculum. These recommendations were the result of an NTSB review of a series of fata
accidents which were believed to involve a lack of flightcrew knowledge and proficiency in generd
avidion turbojet arplanes cgpable of operating in a high-dtitude environment. Although the near
tota destruction of physcd evidence and the absence of ingtdled flight recorders have inhibited
investigators  ahilities to pinpoint the circumstances which led to these accidents, the NTSB is
concerned that a lack of flightcrew knowledge and proficiency in the subject matter of this AC was
involved in ether the initid loss of control or the inability to regain control of the arcraft, or both.
A requirement has been added to Title 14 of the Code of Federal Regulations (14 CFR) part 61 for
high-dtitude training of pilots who trangtion to any pressurized arplane that has a service ceiling or
maximum operating dtitude, whichever is lower, aove 25,000 feet MSL. Recommended training
in high dtitude operations tha would meet the requirements of this regulation can be found in
chapter 1, Recommendetions for High-Altitude Training. On December 20, 2000, the NTSB issued
another series of safety recommendations in response to a Lear-jet 35 accident on October 25, 1999,
which occurred after a prolonged period of pilot incagpacitation. This AC is updated to address the
NTSB recommendation that the FAA revise exising guidance materia concerning time of useful
consciousness, hypoxia awareness training.

5. DISCUSSION.

a Title 14 CFR part 61 prescribes the knowledge and skill requirements for the various arman
certificates and ratings, including category, class, and type ratings authorized to be placed thereon.
The avil aircraft fleet condsts of numerous aircraft capable of high-altitude flight. Certain
knowledge dements pertaining to high-dtitude flight are essentid for the pilots of these arcraft.
Flots who fly in this redm of flight must recaeive training in the critical factors rdating to safe flight
operdions a high-dtitudes. These criticd factors include knowledge of the specid physologica
and/or aerodynamic condderations which should be given to high-performance arcraft operating in
the high-dtitude environment. High-dtitude flight has different effects on the human body than
those experienced in lower dtitude flight. The arcraft's aerodynamic characterigtics in high-dtitude
flight may differ ggnificantly from those in lower dtitude flight.
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b. PRlots who are not familiar with operations in the high dtitude and high-speed environment
are encouraged to obtain thorough and comprehensive training and a checkout in complex high-
performance arcraft before engaging in extendve high-gpeed flight in such arcraft, paticularly at
high dtitudes. The training should enable the pilot to become thoroughly familiar with arcraft
performance charts and arcraft sysems and procedures. The more criticd eements of high-dtitude
flight planning and operaions should aso be reviewed. The arcraft checkout should engble the
pilot to demongtrate a comprehensive knowledge of the arcraft performance charts, systems,
emergency procedures, and operdting limitations, dong with a high degree of proficiency in
performing dl flight maneuvers and inflight emergency procedures. By attaining such knowledge
and skill requirements of high-performance arcraft, the pilot's preparedness to trangtion to the
operation of arcraft in the high-gpeed environment and high-dtitude flight, should enhance ther
awareness on safe and efficient operation.

6. SUMMARY. It is beyond the scope of this AC to provide a more definitive treatment of this
subject. This AC sarves its purpose if it ads pilots in becoming familiar with the basic phenomena
asociated with high-dtitude and high-speed flight. Filots should recognize that greater knowledge
and kills are needed for the safe and efficient operation of dtate-of-the-art turbine-powered aircraft
a high dtitude. Rilots are strongly urged to pursue further study from the many excelent textbooks,
chats, and other technicd reference materids avallable through industry sources. From these
sources pilots will obtain a detailed understanding of both physiological and aerodynamic factors
which relate to the safe and efficient operation of the broad variety of high-dtitude arcraft available
today and envisoned for the future.

Wf

Jemes J. Bdlough
Dlrector Flight Standards Service
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CHAPTER 1. RECOMMENDATIONS FOR HIGH-ALTITUDE TRAINING

100. PURPOSE. This chepter presents an outline for recommended high-dtitude training that
meets the requirements of 14 CFR part 6 1, section 6 1.31(g). The actud traning, which may be
derived from this outling, should include both ground and flight training in high-dtitude operations.
Upon completion of the ground and flight training, the flight indructor who conducted the training
should provide an endorsement in the pilot’'s logbook or training record, certifying that training in
high-dtitude operations was given. A sample high-dtitude endorsement is avaldble in the most
recent verson of AC 6 1-65, Certification: Pilots and Flight and Ground Instructors.

a. Although 14 CFR section 6 1.3 1 (g) applies only to pilots who fly pressurized airplanes with a
savice caling or maximum operating dtitude above 25,000 feet MSL, whichever is lower, this
training is recommended for dl pilots who fly at dtitudes above 10,000 feet MSL.

(D) A svice celing is the maximum height adbove MSL a which an arplane can maintan a
rate of climb of 100 feet per minute under nor-mal conditions.

(2 All pressurized arcraft have a specified maximum operaing dtitude above which
operation is not permitted. This maximum operaing dtitude is determined by flight, Sructurd,
power-plant, functiond, or equipment characterigics. An arplane€s maximum operating dtitude is
limited to 25,000 feet or lower, unless certain arworthiness standards are met.

(3) Maximum operding dtitudes and service cellings are specified in the Aircraft Hight
Manud (AFM).

b. The training outlined in this chapter is designed primarily for single engine and light twin-
engine arplanes that fly at high dtitudes but do not require type raings. The training should,
however, be incorporated into type rating courses for arcraft that fly above 25,000 feet MSL if the
pilot has not dready recaved traning in high-dtitude flight. The training in this chapter does not
encompass high-speed flight factors such as accderation, G-forces, MACH, and turbine systems
that do not gpply to reciprocating engine and turboprop arcraft. Information on high-speed flight
can be found in chapter 2, MACH Hight a High Altitudes.

101. OUTLINE. Additiond information should be used to complement the training provided
herein. The training, which is outlined below and explaned in further detal throughout the
remainder of this chapter, covers the minimum information needed by pilots to operate safely at
high dtitudes

a. Ground Training.
(1) The High Altitude Flight Environment.
(@ Airspace.

(b) Title 14 CFR section 91.211, requirements for use of supplementa oxygen, and the
donning of oxygen masks.

(2) Westher.

(@ The amosphere.
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(b) Winds and clear air turbulence.
(¢) Clouds and thunderstorms.
(d) lcng.
(3 Hight Panning and Navigation.
(@ Hight planning.
(b) Weather charts.
(©) Navigetion.
(d) Navads.
(4) Physologicd Traning.

{2) Reaeniratinn
(2) xgsprration,

(b) Hypoxia
(o) Effects of prolonged oxygen use.
(d) Decompresson sickness.
(e Vison.
(f) Altitude chamber (optiond).
(5 High Altitude Systems and Components.
(@ Turbochargers.
(b) Oxygen and oxygen equipment.
(¢) Pressurizetion systems,
(d) High-dtitude components.
(6) Aerodynamics and Performance Factors.
(@ Accderation.
(b) G-Forces.
(c) MACH Tuck and MACH Critical.
(7) Emergencies.
(8 Decompressions.

(b) Donning of oxygen masks.

(c) Falure of a mask, or complete loss of oxygen supply/system.

Page 2
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(d) Turbocharger mafunction.
(© Inflignt fire
(f) Hight into severe turbulence or thunderstorms.
b. Flight Training.
(1) Preflight Brigfing.
(2 Preflight Planning.
(@ Wesether briefing and consderations.
(b) Course plotting.
{c) Aircraft Hight Manud review.
(d) Hight plan.
(3) Preflight Inspection.

(@ Functiond test of the oxygen system, including the verification of supply and
pressure, regulator operation, oxygen flow, mask fit, and cockpit and ar traffic control (ATC)
communication usng mask microphones.

(4) Runup, Tekeoff, and Initid Climb.

(5) Climb to High Altitude and Norma Cruise Operations While Operaing Above
25,000 Feet MSL.

(6) Emergencies.
(@ Smulated rapid decompresson, including the immediate donning of oxygen masks.
(b) Emergency descent.
(7) Planned Descents.
(8) Shutdown Procedures.
(99 Podflight Discussion.
102. GROUND TRAINING. Thorough ground training should cover dl aspects of high-dtitude
flight, induding the flight environment, wesether, flight planning and navigation, physiologica
agpects of high-dtitude flight, the need for the immediate donning of oxygen masks following
activation of cabin dtitude warning, sysems and equipment, aerodynamics and performance, and
high-dtitude emergencies. The ground training should include the hisory and causes of some past

accidents and incidents involving the topics included in paragraph 10 1 a Accident reports are
available from the NTSB and some aviation organizations.
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103. THE HIGH-ALTITUDE FLIGHT ENVIRONMENT. For the purposes of 14 CFR

section 6 1.3 1 (g), flight operations conducted above 25,000 feet are considered high dtitude.
However, the high-dtitude environment itsdf begins below 25,000 feet. For example, flight levels
(FL) are used at and above 18,000 feet (e.g., FL 1 SO) to indicate levels of constant atmospheric
pressure in relation to a reference datum of 29.92” Hg. Certain airspace designations and Federa
Aviation Adminigration (FAA) requirements become effective at different dtitudes. Rilots must be
familiar with these dements before operating in each redm of flight.

a. Airspace. PFilots of high-dtitude aircraft are subject to two principle types of arspace a
atitudes above 10,000 feet MSL. These are the Class E Airgpace which extends from the surface
up to FL. 180, and the Class A Airspace, which extends from FL 180 to FL 600.

b. Federal Aviation Regulations. In addition to the training required by 14 CFR
section 6 1.3 1 (g), pilots of high-dtitude arcraft should be familiar with 14 CFR section 91.2 11 that
aoplies sedificdly to flight & high dtitudes
{1) Tiile 14 CFR section S1.215 requires ihai ai arcraft operating within the continental
U.S. a and above 10,000 feet MSL be equipped with an operable transponder with Mode C
capability (unless operating a or below 2,500 feet above ground level (AGL).

(2) Title 14 CFR section 91.21 I(a) requires that the minimum flightcrew on U.S. registered
cvil arcraft be provided with, and use supplementd oxygen a cabin pressure dtitudes above
12,500 feet MSL up to and including 14,000 feet MSL for that portion of the flight thet is at those
dtitudes for more than 30 minutes. The required minimum flightcrew must be provided with and
use supplementa oxygen at dl times when operating an arcraft above 14,000 feet MSL. At cabin
pressure dtitudes above 15,000 feet MSL, al occupants of the aircraft must be provided with
supplemental oxygen.

(3) Title 14 CFR section 9 1.2 11 (b) requires pressurized arcraft to have a least a 1 O-minute
additiona supply of supplementa oxygen for each occupant a flight atitudes above FL 250 in the
event of a decompression. At flight atitudes above FL 350, one pilot a the controls of the arplane
must wear and use an oxygen mask that is secured and seded. The oxygen mask must supply
oxygen a dl times or must automaticaly supply oxygen when the cabin pressure dtitude of the
arplane exceeds 14,000 feet MSL. An exception to this regulaion exists for two-pilot crews that
operate a or below FL 410. One pilot does not need to wear and use an oxygen mask if both pilots
are a the controls and each pilot has a quick donning type of oxygen mask that can be placed on the
face with one hand from the ready postion and be properly secured, seded, and operaiond within
5 seconds. If one pilot of a two-pilot crew is away from the controls, then the pilot that is a the
controls must wear and use an oxygen mask that is secured and sealed.

(4) Title 14 CFR section 91. 1 21 requires that arcraft useg.alfizratze, SEting of 29.92" Hg
a dl times when operating at or above FL 180.

(5) Title 14 CFR section 91.135 requires that dl flights operating within Class A Airspace
be conducted under instrument flight rules (IFR) in an arcraft equipped for IFR and flown by a
pilot, who is rated for ingrument flight.
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(6) Title 14 CFR section 91.159 specifies cruisng dtitudes and flight levels for visud flight
rules (VFR) and IFR flights, respectively. For VFR flights between FL 180 to 290, except within
the Class A Airgpace where VFR flight is prohibited, odd flight levels plus 500 feet should be flown
if the magnetic course is 0" to 179°, and even flight levels plus 500 feet should be flown if the
magnetic course is 180" to 359”. VFR flights above FL 290 should be flown a 4,000 foot intervals
beginning a FL 300 if the magnetic course is 0" to 179" and FL 320 if the magnetic course is 180"
t0 359",

(7) Title 14 CFR section 91.179 specifies I[FR flights in uncontrolled airspace between
FL 180 and FL 290, odd flight levels should be flown if the magnetic course is 0" to 179°, and even
flight levels should be flown if the magnetic course is 180" to 359". IFR flights in uncontrolled
argpace a or above FL 290 should be flown a 4,000 foot intervals beginning at FL 290 if the
magnetic course is 0" to 179" and FL 3 10 if the magnetic course is 180° to 359". When flying in the
Class A Airgpace, flight levels assgned by air traffic control (ATC) should be maintained.

104. WEATHER. Pilots should be aware of and recognize the meteorologi cal phenomena
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a. The Atmosphere. The amosphere is a mixture of gases in congtant mation. It is composed
of approximately 78 percent nitrogen, 21 percent oxygen, and 1 percent other gases. Water vapor is
congtantly being absorbed and released in the atmosphere which causes changes in weether. The
three levels of the atmosphere where high-dtitude flight may occur are the troposphere, which can
extend from sea level to approximately FL 350 around the poles and up to FL 650 around the
equator; tropopause, a thin layer at the top of the troposphere that traps water vapor in the lower
level; and dratosphere, which extends from the tropopause to gpproximately 22 miles. The
sratosphere is characterized by lack of moisture and a congtant temperature of -55" C, while the
temperature in the troposphere decreases a a rate of 2° C per 1,000 feet. Condensation trails, or
contrails, are common in the upper levels of the troposphere and in the Sratosphere. These cloud-
like sreamers that are generated in the wake of arcraft flying in clear, cold, humid ar, form by
water vapor from arcraft exhaust gases being added to the atmosphere causing saturation or
supersaturation of the ar. Contrails can aso form aerodynamicaly by the pressure reduction around
arfoils, engine nacdles, and propdlers cooling the ar to saturation.

b. Atmospheric dendty in the troposphere decreases 50 percent a 18,000 feet. This means that
at FL 180, the arr contains only one-haf the oxygen molecules as a& sea leve. Because the human
body requires a certain amount of oxygen for surviva, arcraft that fly a high dtitudes must be
equipped with some means of creating an artificid amosphere, such as cabin pressurization.

c. Winds.

(1) The jet stream is a narrow band of high-dtitude winds, near or in the tropopause, that
results from large temperature contrasts over a short distance (typlcdly along fronts) cregting large
pressure gradients aoft. The jet stream usudly travels in an eagterly direction between 50 and
200 Kts. The speed of the jet stream is greater in the winter than in the summer months because of
greater temperature differences. It generdly drops more rapidly on the polar sde than on the
equatorid dde. In the mid-latitudes, the Polar Front Jet Stream is found in association with the
Polar Front. This jet sream has a variable path, sometimes flowing amost due North and South.
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(2) Because of its meandering path, the Polar Front Jet Stream is not found on most
circulation charts. One amogt permanent jet is a westerly jet found over the subtropics at
25° lditude about 8 miles (42,200 ft) above the surface. Low pressure systems usudly form to the
south of the jet stream and move northward until they become occluded lows which move north of
the jet stream. Horizontd windshear and turbulence are frequently found on the northern sde of the
jet stream.

d. Clear Air Turbulence (CAT). CAT is a meteorological phenomenon associated with high-
dtitude winds. This high-level turbulence occurs where no clouds are present and can take place at
any dtitude (normaly above 15,000 feet AGL), dthough it usudly develops in or near the jet
sream where there is a rgpid change in temperature. CAT is generdly sronger on the polar sde of
the jet and is greatest during the winter months. CAT can be caused by wind shear, convection
currents, mountain waves, strong low pressures aoft, or other obstructions to norma wind flow.
CAT is difficult to forecast because it gives no visud warning of its presence and winds can carry it
far from its point of origin.

woryd .y wamwm oy
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(1) Cirrus and cirriform clouds are high-dtitude clouds that are composed of ice crysas.
Cirrus clouds are found in stable air above 30,000 feet in patches or narrow bands.  Cirriform
clouds, such as the white clouds in long bands againg a blue background known as cirrostratus
clouds, generdly indicate some type of sysem below. Cirrostratus clouds form in stable air as a
result of shdlow convection currents and aso may produce light turbulence. Clouds with extensve
verticd deveopment (eg., towering cumulus and cumulonimbus clouds) indicate a deep layer of
ungtable air and contain moderate to heavy turbulence with icing. The bases of these clouds are
found at atitudes associated with low to middle clouds but their tops can extend up to 60,000 feet or
more.

(2) Cumulonimbus clouds are thunderstorm clouds that present a paticulaly severe hazard
to pilots and should be circumnavigated if possble. Hazards associated with cumulonimbus clouds
include embedded thunderstorms, severe or extreme turbulence, lightning, icing, and dangeroudy
srong winds and updrafts.

f. Icing. Icing a high dtitudes is not as common or exireme as it can be a low dtitudes When
it does occur, the rate of accumulation a high dtitudes is generdly dower than a low dtitudes.
Rime ice is generdly more common at high dtitudes than clear ice, dthough dear ice is possble.
Despite the compostion of cirrus clouds, severe icing is generaly not a problem dthough it can
occur in some detached cirrus. It is more common in tops of tal cumulus buildups, anvils, and over
mountainous regions. Many arplanes that operate above 25,000 feet are equipped with deice or
anti-ice systems, reducing even further the dangers of icing.

105. FLIGHT PLANNING AND NAVIGATION.
a. Flight Planning.

(1) Caeful flight planning is ariticd to safe high-dtitude flight. Consderation must be
given to power settings, particularly on takeoff, climb, and descent to assure operation in accordance
with the manufacturer's recommendations. Fud management, reporting points, weather briefings
(not only thunderstorms, the freezing level, and icing a dtitude but a al levels and dedtinations,
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incuding dternates, that may affect the flight), direction of flight, arplane performance charts, high
speed winds aoft, and oxygen duration charts must dso be considered. When possible, additiona

oxygen should be provided to dlow for emergency Stuations. Breathing rates increase under sress
and extra oxygen could be necessary.

(2 Hight planning should teke into consderation factors associated with dtitudes that will
be trandted while dimbing to or descending from the high dtitudes (e.g., arspeed limitations below
10,000 fet MSL, argpace, and minimum dtitudes). Westward flights should generdly be made
away from the jet stream to avoid the strong headwind, and eastward flights should be made in the
jet stream when possible to increase ground speed. Ground speed checks are particularly important
in high-dtitude flight. If fud runs low because of headwinds or poor flight planning, a decison to
fly to an dternate airport should be made as early as possible to dlow time to re-plan descents and
advise ATC.

b. Knowledge of Aircraft. Complete familiaity with the arcraft sysems and limitations is
extremely important. For example, many high-dtitude arplanes feed from only one fud tank a a
time Ifthis is the case/tdidnmnpdinatd W rRnowtad okt comsumpitonrtéic W ravw wWicu' wiliauge
tanks. This knowledge should be made part of the preflight planning and its accuracy confirmed
regulaly during the flight.

c. Gradual Descents. Gradud descents from high dtitudes should be planned in advance to
prevent excessve engine cooling and provide passenger comfort. The manufacturer’'s
recommendations found in the AFM should be complied with, especidly regarding descent power
Sttings to avoid dress on the engines.  Although most jets can descend rapidly at idle power, many
turboprop and light twin arplanes require some power to avoid excessve engine cooling, cold
shock, and meta fatigue. ATC does not dways take arcraft type into consderation when issuing
descent indructions. It is the pilot's respongbility to fly the arplane in the safest manner possible
Cabin rates of descent are particularly important and should generaly not exceed 500 or 600 feet per
minute. Before landing, cabin pressure should be equd to ambient pressure or inner ear injury can
result. If delays occur en route, descents should be adjusted accordingly.

d. Weather Charts. Before beginning a high-dtitude flight, dl weather charts should be
conaulted, including those designed for low levels. Although high-dtitude flight may dlow a pilot
to over-fly adverse wegther, low dtitudes must be transted on arriva, departure, and in an
emergency Stuation that may require landing a any point en route.

e. Types of Weather Charts. Westher charts that provide information on high-dtitude
weether include Congtant Pressure charts which provide information on pressure systems,
temperature, winds, and temperature/dewpoint spread at the 850 millibar (mb), 700 mb, 500 mb,
300 mb, and 200 mb levels (5 charts are issued every 12 hours). Prognostic Charts forecast winds,
temperature, and expected movement of weather over the 6-hour vdid time of the chart. Observed
Tropopause Charts provide jet stream, turbulence, and temperature-wind-pressure reports a the
tropopause over each dation. Tropopause Wind Prognostic Charts and Tropopause Height Vertica
Wind Shear Chats are hdpful in determining jet stream patterns and the presence of CAT and wind
shear.

f. Wind Shear. Wind shear is indicated by dashed lines on Tropopause Height Verticd Wind
shear Charts. Horizontal wind changes of 40 Kts within 150 NM, or verticd wind shear of 6 Kts or
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greater per 1,000 feet usually indicate moderate to severe turbulence and should be avoided. Filot
reports (PIREP) are one of the best methods of recelving timely and accurate reports on icing and
turbulence a high dtitudes.

0. Navigation. Specific charts have been designed for flight at FL 180 and above. En route
high-dtitude charts delineate the jet route system, which conssts of routes established from FL 180
up to and including FL 450. The VOR arways established below FL 180 found on low-dtitude
charts must not be used a FL 180 and above. High-dtitude jet routes are an independent matrix of
arways, and pilots must possess the gppropriate en route high-dtitude charts before trangtioning to
the flight leves

h. Jet Routes. Jet routes in the U.S. are predicated soldy on VOR or VORTAC navigation
facilities, except in Alaska where some are based on Low/Medium Frequency navigation aids. All
jet routes are identified by the letter "J" followed by the airway number.

I Reporting Points. Reporting points are d&signated for jet route systems and must be used by
conducted on a point-to-point basis, usng the facilities deplcted on the en route hlgh-dtltude chart
as navigationd guidance. Area Navigation (RNAV) routes, usng either random or fixed way
points, are aso used for direct navigation at high atitudes. These routes are based on area
navigation capability between way points defined in terms of latitude/longitude coordinates, degree-
distance fixes, or offsets from established routes or airways a a specified distance and direction.
Radar monitoring by ATC is required on dl random RNAV routes.

j» Navaids. VOR, DME, and TACAN depicted on high-dtitude charts are designated as
class H navads, sgnifying that their sandard service volume is from 1,000 feet AGL up to and
including 14,500 feet AGL at radia distances out to 40 NM; from 14,500 feet AGL up to and
including 60,000 feet AGL at radia distances out to 100 NM; and from 18,000 feet AGL up to and
including 45,000 feet AGL at radid distances out to 130 NM. Ranges of NDB sarvice volumes are
the same at dl dtitudes.

106. PHYSIOLOGICAL TRAINING. To ensure sdfe flights a high dtitudes pilots of high
dtitude arcraft must undersand the physologicd effects of high-dtitude flight and the effect of
hypoxia on an individud’s ability to perform complex tasks in a changing environment. Additiona
physologicad training information, including locations and gpplication procedures for atending an
dtitude chamber, can be found in paragrgph 107, Additiond Physologica Training. Although not
required, dtitude chamber training is highly recommended for dl pilots.

a. Respiration is the exchange of gases between the organism and its environment. In humans,
externd respiration is the intake of oxygen from the atmosphere by the lungs and the dimination of
some carbon dioxide from the body into the surrounding amosphere. Each breath intake is
comprised of approximately 2 1 percent oxygen, which is absorbed into the bloodstream and carried
by the blood throughout the body to burn food materia and to produce heat and kinetic energy. The
partia pressure of oxygen forces oxygen through air sacs (dveoli), located a the end of each of the
smaler tubes that branches out from the bronchid tubes and lungs, into the bloodstream. Other
gases contained in the lungs reduce the partid pressure of oxygen entering the air sacs to about
102 mm Hg at ground level, which is gpproximately 2 1 percent of the tota amospheric pressure.
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b. The human body functions normdly in the amospheric area extending from sea levd to
12,000 feet MSL. In this range, brain oxygen saturation is a a levd that dlows for norma
functioning. (Optima functioning is 96 percent saturation. At 12,000 feet, brain oxygen saturation
is approximately 87 percent which begins to gpproach a level that could affect human performance.
Although oxygen is not required below 12,500 feet MSL, its use is recommended when flying above
10,000 feet MSL during the day and above 5,000 feet MSL a night when the eyes become more
sendgtive to oxygen deprivation.)

c. Although minor physological problems, such as middle ear and sinus trapped gas
difficulties, can occur when flying below 12,000 feet, shortness of breath, dizziness, and headaches
will result when an individud ascends to an dtitude higher than that to which his or her body is
acclimated. From 12,000 to 50,000 feet MSL, atmospheric pressure drops by 396 mm Hg. This
area contains less partid pressure of oxygen which can result in problems such as trgpped or
evolved gases within the body. Flight at and above 50,000 feet MSL requires seded cabins or
pressure uits.

d. Hypoxia is a iack of sufficient oxygen in the body celis or tissues caused by an inadequate
supply of oxygen, inadequate transportation of oxygen, or inability of the body tissues to use
oxygen. A common misconception among many pilots who are inexperienced in high-dtitude flight
operations and who have not been exposed to physologicd training is that it is possible to recognize
the symptoms of hypoxia and to take corrective action before becoming serioudy impared. While
this concept may be appeding in theory, it is both mideading and dangerous for an untrained
crewmember.  Symptoms of hypoxia vary from pilot to pilot, but one of the earlies effects of
hypoxia is impairment of judgment. Other symptoms can include one or more of the following:

(1) Behaviord changes (eg., a sense of euphorid).

(2) Poor coordination.

(3) Discoloration a the fingernall beds (cyanoss).

(4) Swesting.

(5) Increased bresthing rate, headache, deepiness, or fatigue.
(6) Loss or deterioration of vison.

(7) Light-headedness or dizzy sensations and listlessness.
(8) Tingling or warm sensdions.

e. Whiie other ggnificant effects of hypoxia usuaiiy do not occur in a heathy piiot in an
unpressurized aircraft below 12,000 feet, there is no assurance that this will aways be the case.
The onsat of hypoxic symptoms may serioudy affect the safety of flight and may well occur even in
short periods of exposure to dtitudes from 12,000 to 15,000 feet. The ability to take corrective
measures may be totaly lost in 5 minutes at 22,000 feet. However, that time would be reduced to
only 7 to 10 seconds a 40,000 feet and the crewmember may suffer total loss of consciousness soon

thereafter. A description of the four mgor hypoxia groups and the recommended methods to
combat each follows.
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(1) Hypoxic (Altitude) Hypoxia. Altitude hypoxia poses the grestest potentia
physologicd hezard to a flignt crewmember while flying in the high-dtitude environment. This
type of hypoxia is caused by an insufficient partid pressure of oxygen in the inhded ar resulting
from reduced oxygen pressure in the atmosphere a dtitude. If a person is able to recognize the
onsgt of hypoxic symptoms, immediate use of supplementa oxygen will combat hypoxic hypoxia
within seconds. Oxygen systems should be checked periodicaly to ensure that there is an adequate
supply of oxygen and tha the system is functioning properly. This check should be performed
frequently with increasing dtitude. If supplementd oxygen is not avalable, an emergency descent
to an dtitude beow 10,000 feet should be initiated.

(2) Histotoxic Hypoxia. This is the inability of the body cells to use oxygen because of
impaired cdlular respiration. This type of hypoxia, caused by acohol or drug use, cannot be
corrected by using supplemental oxygen because the uptake of oxygen is impaired at the tissue
levd. The only method of avoiding this type of hypoxia is to ddgan, before flight, from dcohol or
drugs that are not approved by a flight surgeon or an aviatiion medica examiner.

(3) Hypemic (Anemic) Hypoxia. Thistype of hypoxiais defined as a reduction in the
oxygen-carrying capacity of the blood. Hypemic hypoxia is caused by a reduction in circulaing red
blood cdls (hemoglobin) or contamination of blood with gases other than oxygen as a result of
anemia, carbon monoxide poisoning, or excessve smoking. Rlots should take into consderation
the effect of smoking on dtitude tolerance when determining appropriate cabin pressures. If heavy
smokers are among the crew or passengers, a lower cabin dtitude should be set because gpparent
dtitudes for samokers are generally much higher than actua dtitudes. For example, a smoker's
goparent dtitude at sea leve is gpproximately 7,000 feet. Twenty thousand feet actud dtitude for a
nonsmoker would be equivalent to an apparent dtitude of 22,000 feet for a smoker. The smoker is
thus more susceptible to hypoxia a lower dtitudes than the nonsmoker. Hypemic hypoxia is
corrected by locating and diminating the source of the contaminating geses. A careful preflight of
heeting sysems and exhaust manifold equipment is mandatory. Also, cutting down on smoking
would minimize the onset of this type of hypoxia If symptoms are recognized, initiate use of
supplemental oxygen and/or descend to an dtitude below 10,000 feet. If symptoms perss, ventilate
the cabin and land as soon as possible because the symptoms may be indicative of carbon monoxide
poisoning and medicd atention should be sought.

(4) Stagnant Hypoxia. This is an oxygen deficiency in the body resulting from poor
circulation of the blood because of a falure of the circulatory system to pump blood (and oxygen) to
the tissues. Evidence of coronary artery disease is grounds for immediate denid or revocation of a
medical cetificate. In flight, this type of hypoxia can sometimes be caused by postive pressure
breathing for long periods of time or excessve G-forces.

f. Effective Performance Time (EPT) or Time of Useful Consciousness (TUC) is the amount of
time in which a person is ddle to effect ively or adequately perform flight duties with an insufficient
supply of oxygen. EPT decreases with dtitude, until eventualy coinciding with the time it takes for
blood to circulate from the lungs to the head usudly a an dtitude above 35,000 feet. Table I-I
shows the TUC (shown as average TUC) at various dtitudes. The rate of ascent directly affects
TUC. Fagter rates of ascent result in shorter TUC.
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TABLE I-l. TIMES OF USEFUL CONSCIOUSNESS AT VARIOUS ALTITUDES

Standard Ascent Rate After Rapid Decompression
Altitude (Fet) Time Time
18,000 20 to 30 minutes 10 to 15 minutes
22,000 10 minutes 5 minutes
25,000 3 to 5 minutes 1.5 to 3.5 minutes
28,000 2.5 to 3 minutes 1.25 to 1.5 minutes
30,000 1 to 2 minutes 30 to 60 seconds
35,000 30 to 60 seconds 15 to 30 seconds
40,000 15 to 20 seconds 7 to 10 seconds
43,000 9 to 12 seconds 5 seconds
50,000 9 to 12 seconds 5 seconds

-

g. Other fuciors that determine EPT are physical activities (exercise decreases kv 1'9), and day-
to-day factors such as phydscd fitness, diet, rest, prescription drugs, smoking, and illness. Altitude
chamber experiments found a dgnificantly longer TUC for nonsmoker pilots who exercise and
watch ther diet than for pilots who smoke and are not physicdly fit.

h. Prolonged oxygen use can adso be harmful to human hedth. One hundred percent aviation
oxygen can produce toxic symptoms if used for extended periods of time. The symptoms can
congst of bronchia cough, fever, vomiting, nervousness, irregular heart beet, and lowered energy.
These symptoms gppeared on the second day of breathing 90 percent oxygen during controlled
experiments. It is unlikely that oxygen would be used long enough to produce the most severe of
these symptoms in any aviation incidence. However, prolonged flights a high dtitudes usng a high
concentration of oxygen can produce some symptoms of oxygen poisoning such as infection or
bronchia irritation. The sudden supply of pure oxygen following a decompresson can often
aggravate the symptoms of hypoxia Therefore, oxygen should be taken gradualy, particularly
when the body is dready suffering from lack of oxygen, to build up the supply in samdl doses. |f
symptoms of oxygen poisoning develop, high concentrations of oxygen should be avoided until the

symptoms completely  disappear.

i. When nitrogen is inhded, it dilutes the ar we breathe. While mogt nitrogen is exhded from
the lungs dong with carbon dioxide, some nitrogen is absorbed by the body. The nitrogen absorbed
into the body tissues does not normaly present any problem because it is caried in a liquid date. If
the ambient surrounding atmospheric pressure lowers dragticdly, this nitrogen could change from a
liquid and return to its gaseous dtate in the form of bubbles. These evolving and expanding gases in
the body are known as decompression sickness and are divided into two groups.

(1) Trapped Gas. Expanding or contracting gas in certain body cavities during dtitude
changes can result in abdomina pain, toothache, or pain in ears and snuses if the person is unable
to equdize the pressure changes. Above 25,000 feet, distention can produce particularly severe
gadtrointegtind  pain.

(2) Evolved Gas. When the pressure on the body drops sufficiently, nitrogen comes out of
solution and forms bubbles which can have adverse effects on some body tissues. Fatty tissue
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contains more nitrogen than other tissug thus making overweight people more susceptible to
evolved gas decompresson scknesses.

(& SCUBA diving will compound this problem because of the compressed ar used in
the breathing tanks. After SCUBA diving, a person who flies in an arcraft to a pressure dtitude of
8,000 feet would experience the same effects as a non-diver flying a 40,000 feet un-pressurized.
The recommended waiting period before going to flight dtitudes of 8,000 feet is at least 12 hours
after non-decompresson stop diving (diving which does not require a controlled ascent), and
24 hours after decompresson stop diving (diving which requires a controlled ascent). For flight
atitudes above 8,000 feet, the recommended waiting time is at least 24 hours after any SCUBA
diving. (See arman’s Information Manua (AIM) paragraph 8-1 -2 (d) (2).)

(b) The bends, dso known as caisson disease, is one type of evolved gas decompression
gckness and is characterized by pain in and around the joints. The pain gradudly becomes more
severe, can eventualy become temporarily incapacitating, and can result in collgpse. The chokes
refers to a decompresson sickness that manifests itsdf through chest pains and burning sensations,
a desire io cough, possibie Ccyanosis, a sensation of suffocation, progressively shaiiower breething
and, if a descent is not made immediately, collgpse and unconsciousness. Paresthesia is a third type
of decompression sckness, characterized by tingling, itching, a red rash, and cold and warm
sensations, probably resulting from bubbles in the centrd nervous sysem (CNS). CNS disturbances
can result in visud deficiencies such as illusonary lines or spots, or a blurred fidd of vison. Some
other effects of CNS disturbances are temporary partial parayss, sensory disorders, surred speech,
and seizures.

j« Shock can often result fi-om decompression sicknesses as a form of body protest to disrupted
circulation. Shock can cause nauses, fainting, dizziness, sweeting, and/or loss of consciousness.
The best trestment for decompression sckness is descent to a lower dtitude and landing. | f
conditions persst after landing, recompresson chambers can be located through an aviation medica
examiner.

k. Vison has a tendency to deteriorate with dtitude. A reversal of light distribution at high
dtitudes (bright clouds below the airplane and darker, blue sky above) can cause a glare indgde the
cockpit. Glare effects and deteriorated vison are enhanced at night when the body becomes more
susceptible to hypoxia and can occur at dtitudes as low as 5,000 feet. In addition, the empty visud
fidd caused by cloudless, blue skies during the day can cause inaccuracies when judging the speed,
gze, and distance of other arcraft. Sunglasses are recommended to minimize the intengty of the
un’'s ultraviolet rays a high dtitudes.

107. ADDITIONAL PHYSIOLOGICAL TRAINING. There ae no specific requirements in
14 CFR pat 91 or 125 for physologica training. However, in addition to the high-dtitude training
required by 14 CFR section 6 1.3 1 (g), which should incdlude the physiologica training outlined in
this chapter, 14 CFR parts 12 1 and 135 require flight crewmembers that serve in operations above
25,000 feet to receive training in specified subjects of aviation physology. None of the
requirements includes dtitude chamber training. The U.S. military services require its flight
crewmembers to complete both initid and refresher physologicd traning, incuding indruction in
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basic aviation physology and dtitude chamber traning. Other U.S. Government agencies, such as
the Nationa Aeronautics and Space Adminigration and FAA, adso require ther flight personne
who operate pressurized arcraft in the high-dtitude flight environment to complete Smilar training.
Although mogt of the subject materid normaly covered in physologica training concerns problems
asociated with reduced amospheric pressure a high-flight atitudes, other equaly important
subjects are covered as well. Such subjects of aviation physology as vison, disorientation, physica
fitness, dress, and survivad affect flight safety and are normaly presented in a good training
program. The FAA Civil Aerogpace Medica Inditute (CAMI) offers a one-day aviation physology
course for FAA flightcrews, civil avidion pilots, and FAA aviation medicad examings (AME). In
addition to the basc academic contents, this course offers practicd demondrations of rapid
decompression (8 to 18,000 feet) and hypoxia (25,000 feet) in a hypobaric chamber, as well as a
practical demondtration of spetia disorientation in a Vertigon or the new Genera Aviation Spatid
Disorientation Demongrator  (Gyro-l).

a. Physiologica training programs are offered a locations across the U.S. (table 1-2) for civil
pilots & U.S. Air Force physology training units under the USAF/FAA physiciogical Traning
Agreement. Trainees who attend these programs will recelve classroom lectures and learn to
recognize and overcome vertigo, hypoxia, hyperventilation, etc.,, during flight, and a high-atitude
flight in an dtitude chamber. The U.S. Army and the FM are currently working on the
devdlopment of a Imilar joint training program.

b. Persons who wish to take this training must be at least 18 years of age, hold a current FAA
Airman Medica Cetificate, and must not have a cold or any other sgnificant hedth problem when
enralling for the course

NOTE: Anyone can attend the training regardless of whether they are a pilot or
not. However, they are ill required to obtain a minimum of a class |11 medical
certificate in order to participate in the altitude chamber training.

c. Scheduling. CAMI’s Airman Educaion Programs obtains a ligt of training dates from each
base that are avallable to anyone interested in the training. These dates can be accessed by caling
405-954-4837. To schedule a training dot the following information will be required for each
student:

(1) Pilot certificate number or socid security number
(2 Lagt name

(3) Frg name

(4 Midde initid

(5) Date of birth

(6) Mailing address

(7) Daytime phone number

(8) Date of FAA medicd

(9) The class of the medicd the day it was issued.
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d. Submitting an Application. Once you have been assgned a training date, CAMI will mall
an gpplication and a natification letter to you. The goplication must be completed and mailed to the
address provided within 30 days of the scheduled training, dong with the fee, made payable to the
FAA. The applicant should take the notification letter, dong with a current medica certificate, to
the base, the day of the training. Effective August 13, 2001, the course fee of $50.00 is non-
refundable and not transferable.

TABLE [-2. TRAINING LOCATIONS

Andrews AFB, MD Fort Rucker (Army), AL Offut AFB, NE
Beale AFB, CA Holloman AFB, NM Peterson AFB, CO
Brooks AFB, TX Langey AFB, VA Randolph AFB, TX
Columbus AFB, MS Laughlin AFB, TX Shaw AFB, SC
Fairchild AFB, WA Little Rock AFB, AR Vance AFB, OK

108. HIGH-ALTITUDE SYSTEMS ANT) EQUIPMENT. Several systems and equipment are
unique to arcraft that fly a high dtitudes, and pilots should be familiar with their operation before
usng them. Before any flight, a pilot should be familiar with dl the sysems on the arcraft to be
flown.

a. Turbochargers. Mogt light piston engine arplanes that fly above 25,000 feet MSL are
turbocharged. Turbochargers compress ar in the carburetor or cylinder intake by usng exhaust
gases from an engine-driven turbine whed. The increased air dendity provides grester power and
improved performance. Light aircraft use one of two types of turbocharge systems.

() The firg is the normdized sysem, which dlows the engine to develop sea level pressure
from gpproximately 29 inches of manifold pressure up to a critica dtitude (generdly between
14,000 to 16,000 feet MSL).

(2) The second is the supercharger system, which is a more powerful sysem that dlows the
engine to develop higher than sea level pressure (up to 60 inches of manifold pressure) up to a
criticd dtitude. To prevent overboogting at dtitudes below the critical dtitude, a waste gate is
ingtaled in the turbocompressor system to release unnecessary gases. The wadste gate is a damper-
like device that controls the amount of exhaust that strikes the turbine rotor. As the waste gate
closes with dtitude, it sends more gases through the turbine compressor causing the rotor to spin
faster. This alows the engine to function as if it were maintaining sea leve or, in the case of a
supercharger, above sea levd manifold pressure. The three principle types of waste gate operations
are manud, fixed, and automatic.

() Manual Waste Gate. Manua wadte gate systems are common in older aizesaft but
have been discontinued due to the additional burden on the piiot. -Waste gates were often feft closed
on takeoff, resulting in an overboost that could ham the engine.

(b) Fixed Waste Gate. Fixed waste gates pose less of a burden on the pilot, but the
pilot must ill be careful not to overboost the engine, especidly on takeoff, initid climb, and on
cold days when the ar is especidly dense. This type of waste gate remains in the same position
during al engine operations, but it splits the exhaust flow alowing only partia exhaust access to
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the turbine. The pilot smply controls manifold pressure with smooth, dow gpplication of the
throttle to control againgt overboost. If overboost does occur, a rdief vave on the intake manifold
protects the engine from damage. This is not a favorable sysem due to fluctuations in manifold
pressure and limited additiona power from the redricted control over the exhaust flow. In addition,
the compressor can produce excessve pressure and cause overhesting.

(o) Automatic Waste Gate. Automatic waste gates operate on interna pressure. When
interna pressure builds towards an overboost, the waste gate opens to relieve pressure, keeping the
engine within norma operating limits regardless of the ar dengty.

1 The pressurereference automatic waste gate system maintains the manifold
pressure st by the throttle. Engine oil pressure moves the waste gate to maintain the appropriate
manifold pressure, thus reducing the pilot’'s workload and eiminating the posshility of overboost.
If the arplane engine is started up and followed by an immediate takeoff, cold oil may cause a
higher than intended manifold pressure. Allow the oil to warm up and circulate throughout the
sysem before takeoff.

2 The dengty-reference waste gate system is controlled by compressor discharge air.
A dengty controller holds a given dengty of air by automaticaly adjusting manifold pressure as
arspeed, ambient pressure, temperature, dtitude, and other variables change.

b. Turbocharged engines are paticulaly temperature sensitive. Manufacturers often
recommend increesing the fud flow during climbs to prevent overheating. It is aso important to
cool the engine after landing. Allowing the engine to idle for gpproximately one minute before
dhutting it down permits engine ail to flow through the system, cooling the engine while
smultaneoudy cooling and lubricating the turbocharger.

¢. Mogt high-dtitude arplanes come equipped with some type of fixed oxygen inddlation. If
the arplane does not have a fixed ingalation, portable oxygen equipment must be readily accessble
during flight. The portable equipment usudly consists of a container, regulator, mask outlet, and
pressure gauge. A typica 22 cubic-foot portable container will dlow four people enough oxygen to
last approximately 1.5 hours at 18,000 fest MSL. Aircraft oxygen is usudly stored in high-pressure
system containers of 1,800-2,200 pounds per square inch (PSl). The container should be fastened
securdy in the arcreft before flight. When the ambient temperature surrounding an oxygen cylinder
decreases, pressure within that cylinder will decrease because pressure varies directly with
temperature if the volume of a gas remains condant. Therefore, if a drop in indicated pressure on a
supplementa oxygen cylinder is noted, there is no reason to suspect depletion of the oxygen supply,
which has smply been compacted due to storage of the containers in an unhested area of the
arcraft. High pressure oxygen containers should be marked with the PSl tolerance (i.e., 1,800 PSl)
before filling the container to that pressure. The containers should be supplied with aviation oxygen
only, which is 100 percent pure oxygen. Industria oxygen is not intended for bresthing and may
contain impurities, and medicd oxygen contains water vapor that can freeze in the regulator when
exposed to cold temperatures. To assure safety, oxygen system periodic ingpection and servicing
should be done a FAA certificated stations found at some fixed base operations and termina
complexes.

d. Regulators and masks work on continuous flow, diluter demand, or on pressure demand
sysems. The continuous flow system supplies oxygen a a rae that may ether be controlled by the
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user or controlled automaticaly on some regulators. The mask is designed so the oxygen can be
diluted with ambient ar by dlowing the user to exhde around the face piece, and comes with a
rebregther bag which dlows the individud to reuse pat of the exnded oxygen. PRilot masks
sometimes dlow greater oxygen flow than passengers masks, 0 it is important that pilots use the
masks that are indicated for them. Although certificated up to 41,000 feet, very careful attention to
system capabilities is required when using continuous flow oxygen systems above 25,000 fedt.

e. Diluter demand and pressure demand systems supply oxygen only when the user inhdes
through the mask. An automix lever dlows the regulators to automaticaly mix cabin ar and
oxygen or supply 100 percent oxygen, depending on the dtitude. The demand mask provides a tight
sedl over the face to prevent dilution with outsde air and can be used safely up to 40,000 fedt.

Rilots who fly a those dtitudes should not have beards and moustaches because air can easly seep
in through the border of the mask. Pressure demand regulators aso create artight and oxygen-tight
sedls but they dso provide a postive pressure application of oxygen to the mask face-piece which
dlows the user’s lungs to be pressurized with oxygen. This feature makes pressure demand
regulators safe a dtitudes above 40,000 fest.

f. Rlots should be aware of the danger of fire when usng oxygen. Maerids that are nearly
firgproof in ordinary ar may be susceptible to burning in oxygen. Qils and greases may catch fire if
exposed to oxygen and, therefore, cannot be used for seding the valves and fittings of oxygen
equipment. Smoking during any kind of oxygen equipment use must dso be drictly forbidden.

0. Surplus oxygen equipment must be inspected and approved by a certified FAA ingpection
dation before use. Before each flight, the pilot should thoroughly ingpect and test dl oxygen
equipment. The ingpection should be accomplished with clean hands and should include a visud
ingpection of the mask and tubing for tears, cracks, or deterioration; the regulator for valve and lever
condition and postions, oxygen quantity; and the location and functioning of oxygen pressure
gauges, flow indicators, and connections. The mask should be donned and the system should be
tested. After any oxygen use, verify that dl components and vaves are shut off.

h. Cabin pressurization is the compresson of ar in the arcraft cabin in order to maintain a
cabin dtitude lower than the actud flight dtitude. Because of the ever-present possbility of
decompression, supplementd oxygen is 4ill required. Pressurized arcraft meeting specific
requirements of 14 CFR pat 23 or 25 have cabin dtitude warning systems which are activated a
10,000 feet. Pressurized aircraft meeting the gill more stringent requirements of 14 CFR pat 25
have automatic passenger oxygen mask dispensng devices which activate before exceeding
15,000 feet cabin dtitude.

i. Pressurization in mogt light arcraft is sent to the cabin from the turbocharger’s compressor or
from an engine-driven pneumatic pump. The flow of compressed air into the cabin is regulated by
an outflow vave which keeps the pressure congtant by releasing excess pressure into the
amosphere.  The cabin dtitude can be manudly sdected and is monitored by a gauge which
indicates the pressure difference between the cabin and ambient dtitudes. The rate of change
between these two pressures is automaticaly controlled with a manua backup contral.
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j. Each pressurized arcraft has a determined maximum pressure differentid, which is the
maximum differentid between cabin and ambient dtitudes that the pressurized section of the
arcraft can support, The pilot must be familiar with these limitations, as well as the manifold
pressure settings recommended for various pressure differentids. Some arcraft have a negative
pressure relief vave to equdize pressure in the event of a sudden decompression or ragpid descent to
prevent the cabin pressure from becoming higher than the ambient pressure.

k. Reducing exposure to low barometric pressure lowers the occurrence of decompression
sickness and the need for an oxygen mask is diminated as a full-time oxygen source above certan
dtitudes. Many arplanes are equipped with automatic visud and aurd warning systems that
indicate an unintentiona loss of pressure.

1. Technology is continuoudy improving flight a high dtitudes through the development of
new devices and the improvement of exising sysems. One such example is the pressurized
magneto. Thin air a high dtitudes makes the unpressurized magneto susceptible to crossfiring.
The high tenson pressurized system is composed of seded caps and plugs that keep the eectrodes
contained within the body. A pressure iine extends directly from the turbodischarger to the
magneto. Pressurized magnetos perform better a high dtitudes where low pressure and cold
amosphere have a detrimenta effect on dectrical conductivity. Hight above 14,000 feet with an
unpressurized magneto should be avoided because of its higher susceptibility to arcing.

m. Ancther arplane component recommended for flight a high dtitudes is the dry vacuum
pump. Engine-driven wet vacuum pumps cannot create a sufficient vacuum to drive the gyros in the
low ar dengty found a high dtitudes. Furthermore, gyros and rubber deicing boots can be ruined
by oil contaminaion from the wet pump system, which uses engine oil for lubrication and cooling.
Dry vacuum pumps ae lightweight, sdf-lubricating sysems that diminate oil contamination and
cooling problems. These pumps can power either a vacuum or pressure pneumatic system, alowing
them to drive the gyros, deice boots, and pressurize the door sedls.

109. AERODYNAMICS AND PERFORMANCE FACTORS. Thinner ar a high dtitudes hes
a dgnificant impact on an arplanes flying characteristics because surface control effects, lift,
thrugt, drag, and horsepower are al functions of ar densty.

a The reduced weight of ar moving over control surfaces a high dtitudes decreases thelr
effectiveness. As the arplane approaches its absolute dtitude, the controls become duggish,
making dtitude and heading difficult to maintain. For this reason, mogt arplanes that fly a above
25,000 feet are equipped with an autopilot.

b. A determined weight of ar is used by the engine for producing an identified amount of
horsepower through internd combustion. For a given decrease of air density, horsepower decreases
a a higher rate which is approximately 1.3 times that of the corresponding decresse in ar densty.

¢. For an arplane to maintan leve flight, drag and thrus must be equa. Because densty is
aways greatest a sea leve, the velocity at dtitude given the same angle of attack will be greater
than a sea leve, dthough the indicated air speed (IAS) will not change. Therefore, an arplane's
TAS increases with dtitude while its IAS remains congant. In addition, an arplan€'s rate of climb
will decresse with dtitude.
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110. EMERGENCIES AND IRREGULARITIES AT HIGH ALTITUDES. All emergency
procedures in the AFM should be reviewed before flying any airplane, and be readily accessble
during every flight. A description of some of the most ggnificant high-dtitude emergencies and
remedid action for each follows

a Decompresson is defined as the inability of the arcraft's pressurizetion system to mantan
its desgned pressure schedule. Decompression can be caused by a mdfunction of the system itsdf
or by dructurd damage to the arcraft. A decompresson will often result in cabin fog because of
the rapid drop in temperaure and the change in reative humidity. A decompresson will dso affect
the human body. Air will escape from the lungs through the nose and mouth because of a sudden
lower pressure outsde of the lungs. Differentia air pressure on ether sde of the eardrum should
cler automdicdly. Exposure to wind blast and extremely cold temperatures are other hazards the
human body may face with decompression.

b. Decompresson of a smal cabin volume pressurized arcraft is more critical than a large one,
given the same dze hole or conditions, primarily because of the difference in cabin volumes.
Tabie i -3 is a comparison of cabin voiume ratios between severa iarge trangport arpianes and some
of the more popular generd aviaion turbojet arplanes in current use. Table |-3 shows that, under
the same conditions, a typical smal pressurized arcraft can be expected to decompress on the order
of 10 to 200 times faster than large arcraft. The B-747/Learjet comparison is an extreme example
in that the human response, TUC, and the protective equipment necessary are the same. Actud
decompresson times are difficult to cdculate due to many variables involved (eg., the type of
falure, differentiad pressure, cabin volume, etc.). However, it is more probable that the crew of the
andl arcraft will have less time in which to take lifesaving actions

TABLE 1-3. AIRCRAFT CABIN VOLUME RATIOS

Aircraft Type Cabin Volumes in Cubic Feet Ratio
DC-9 vs CE-650 5,840 vs 576 10:1
B-737 vs LR-55 8,010 vs 502 16:1
B-727 vs NA-265 9,045 vs 430 21:1
L-101 1 vs G-l 159 35,000 vs 1,850 19:1
B-747 vs Learjet 59,000 vs 265 223:1

Data Source: Physiological Considerations and Limitations in the High-altitude Operation of SmallVolume Pressurized Aircraft. E.
B. McFadden and D. de Steigner, Federal Aviation Administration (FAA) Civil Aeromedical Institute (CAMI).

(1) An explosive decompression is a change in cabin pressure faster than the lungs can
decompress. Mogt authorities consder any decompression which occurs in less than 0.5 seconds as
explosve and potentidly dangerous. This type of decompresson is more likely to occur in smal
volume pressurized arcraft than in large pressurized aircraft and often results in lung damage. To
avoid potentidly dangerous flying debris in the event of an explosive decompression, all loose items
such as baggage and oxygen cylinders should be properly secured.

(2) A rapid decompression is a change in cabin pressure where the lungs can decompress
fader than the cabin. The risk of lung damage is Sgnificantly reduced in this decompression as
compared with an explosve decompression.
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(3) Gradua or dow decompresson is dangerous because it may not be detected. Automatic
visud and aurd warning sysems generdly provide an indication of a dow decompresson.

(4) Recovery from al types of decompresson is smilar. Oxygen masks should be donned,
and a rapid descent initiated as soon as possible to avoid the onset of hypoxia  Although top priority
in such a dtuation is reaching a safe dtitude, pilots should be aware that cold-shock in piston
engines can result from a high-atitude rapid descent, causng cracked cylinders or other engine
damage. The time alowed to make a recovery to a safe dtitude before loss of useful consciousness
is, of course, much less with an explosve decompresson than with a graduad decompression.

C. Increased oil temperature, decreased oil pressure, and a drop in manifold pressure could
indicate a turbocharger madfunction or a partia or complete turbocharger fallure. The consequences
of such a mdfunction or falure are twofold. The arplane would not be capable of sustaining
dtitude without the additional power supplied by the turbocharged sysem. The loss in dtitude in
itsedf would not creste a dsgnificant problem, weether and terrain permitting, but ATC must be
notified of the descent. A more serious problem associated with a failed turbocharger would be loss
of cabin pressurization if the pressurization system is dependent on the turbocharger compressor.
Careful monitoring of pressurization levels is essentid during the descent to avoid the onset of
hypoxia from a dow decompresson.

d. Another potentid problem associated with turbochargers is fud vaporization. Engine-driven
pumps that pull fud into the intake manifold are susceptible to vapor lock a high dtitudes Most
high-atitude arcraft are equipped with tank-mounted boost pumps to feed fud to the engine-driven
pump under postive pressure. These pumps should be turned on if fud darvation occurs as a result
of vapor lock.

e. Because of the highly combustible compostion of oxygen, an immediate descent to an
dtitude where oxygen is not required should be initiated if a fire bresks out during a flight a high
dtitude. The procedures in the AFM should be followed.

f. Hight through thundersorm ectivity or known severe turbulence should be avoided, if
possble When flight through severe turbulence is anticipated and/or unavoidable, the following
procedures are highly recommended:

(1) Airspeed is criticd for any type of turbulent air penetration. Use the AFM
recommended turbulence penetration target speed or, if unknown, an arspeed below maneuvering
gpeed. Use of high argpeeds can result in structurd damage and injury to passengers and
crewmembers. Severe gusts may cause large and rapid variaions in indicated airspeed. Do not
chase airspeed.

(2) Penetration should be at an. dtitude that provides adequate maneuvering margins in case
severe turbulence is encountered to avoid the potentid for catastrophic upset.

(3) If severe turbulence is penetrated with the autopilot on, the dtitude hold mode should be
off. If the autopilot has an attitude hold mode, it should be engaged. The autopilot atitude hold
mode can usudly maintain atitude more successfully than a pilot under dress. With the autopilot
off, the yaw damper should be engaged. Controllability of the arcraft in turbulence becomes more
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difficult with the yav damper off. Rudder controls should be centered before engaging the yaw
damper.

(4) When flight through a thunderstorm cannot be avoided, turn up the intensty of pand
and cabin lights so lightening does not cause temporary blindness. White lighting in the cockpit is
better than red lighting during thunderstorms.

(5 Keep wings levd and maintain the desred pitch atitude and approximate heading. Do
not attempt to turn around and fly out of the storm because the speed associated with thunderstorms
usualy makes such atempts unsuccessful. Use smooth, moderate control movements to resst
changes in attitude. If large attitude changes occur, avoid abrupt or large control inputs. Avoid, as
much as possble, use of the dabilizer trim in controlling pitch attitudes. Do not chase dtitude.

111. FLIGHT TRAINING. Hight training required to comply with 14 CFR section 61.31(f) may
be conducted in a high-dtitude airplane or a smulator that meets the requirements of 14 CFR
section 121.407. The amulator should be representative of an arplane that has a service celing or
maximum operating dtitude, whichever is lower, aove 25000 feet MSL. The traning should
congst of as many flights as necessary to cover the following procedures and maneuvers. If an
arplane is being used, each flight should consg of a preflight briefing, flight planning, a preflight
ingpection, demondrations by the ingtructor of certain maneuvers or procedures when necessary,
and a podflight briefing and discusson.

a. Preflight Briefing. The ingructor should verbaly cover the materid that will be introduced
during the flight. If more than one flight is required, previous flights should be reviewed a this
time. The preflight briefing is a good time to go over any questions the trainee may have regarding
operations a high dtitudes or about the arcraft. Questions by the trainee should be encouraged
during dl portions of the flight training.

b. Preflight Planning. A thorough flight plan should be completed for a predetermined route.
The flight plan should include a complete weather briefing. If possible, a trip to a Hight Service
Station (FSS) is encouraged rather than a telephone briefing so the trainee can use actual westher
charts. Winds, pilot reports, the freezing level and other meteorological information obtained from
the briefing should be used to determine the best dtitude for the flight. The information should be
retaned for future cdculations.

(1) The course should be plotted on high-dtitude navigation chart noting the gppropriate jet
routes and required reporting points on a navigation log. Low-dtitude charts should be available for
planning departures and arivas to domply with airgpace and airgpeed requirements. Alternate
arports should aso be identified and noted.

(2 The AFM should be reviewed with particular attention to weight and baance,
performance charts, and emergency procedures. Oxygen requirements, airspeeds, groundspeeds,
time en route, and fud bum should be cadculated usng the AFM and weather data, when applicable.
Fud management and descents should also be planned at this time. The AFM should be reedily
accessble in the cabin in the event of an emergency.

(3) A flight plan should be completed using appropriate jet routes from the en route high-
dtitude chart. The flight plan should be filed with the nearest Hight Service Station or ATC facility

as appropriate.
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c. Preflight Ingpection. The arcraft checklis should be followed carefully. Particular
attention should be given to the arcraft's fusdage, windshidds, window pands, and canopies to
identify any cracks or damage that could rupture under the stress of cabin pressurization. The
ingoection should dso include a thorough examinaion of the arcraft oxygen equipment, including
available supply, an operationad check of the system, and assurance that supplementa oxygen is in a
reedily accessble location.

(1) Preflighting the oxygen equipment so tha the system is reedy for use as soon as the
mask is donned.

(2) Including a requirement to demondrate that the crew can establish communications

using the oxygen equipment, both between crevmembers, if more than one required pilot, and with
ATC.

d. Runup, Takeoff, and Initial Climb. Procedures in the AFM should be followed,
particularly the manufacturer's recommended power settings and airspeeds to avoid overboosting
the cngine. Standard call-oui procedures are highly recommended and shouid be used for each
phase of flight where the arplane crew conssts of more than one crewmember.

e. Climb to High Altitude and Normal Cruise Operations While Operating Above
25,000 feet MSL. Thetrangtion from low to high atitude should be performed repesatedly to assure
familiarity with appropriate procedures. Specific oxygen requirements should be met when
climbing above 12,500 feet and pressurization should be adjusted with dtitude. When passing
through FL 180, the dtimeter should be set to 29.92" Hg and left untouched until descending below
that dtitude. Reporting points should be complied with, as should appropriate dtitude sdection for
direction of flight. Throughout the entire climb and cruise above 25,000 feet, emphass should be
given to monitoring cabin pressurization.

f. Smulated Emergencies. Traning should include a least one smulated repid
decompression and emergency descent. Do not actudly depressurize the arplane for this or any
other training. Actud decompression of an arplane can be extremely dangerous and should never
be done intentiondly for training purposes. The decompression should be smulated by donning the
oxygen masks, turning on the oxygen controls, configuring the arplane for an emergency descent,
and performing the emergency descent as soon as possble. This maneuver can be practiced a any
dtitude.

g. Descents. Gradua descents from dtitude should be practiced to provide passenger comfort
and compliance with procedures for trangtioning out of the high-dtitude redm of flight. The
arplane manufacturer’s recommendations should be followed with regard to descent power settings
to avoid dress on the engine and excessve cooling. Particular emphasis should be given to cabin
pressurizaetion and procedures for equdizing cabin and ambient pressures before landing. Emphasis
should dso be given to changing to low-dtitude charts when trangtioning through FL 180,
obtaining dtimeter settings below FL 180, and complying with argpace and arspeed redtrictions at
appropriate atitudes.

h. Engine Shutdown. Allow the turbocharged engine to cool for a least one minute and assure
that al shutdown procedures in the AFM are followed. Before exiting the arplane, aways check
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that al oxygen equipment and oxygen vaves have been tumed off or placed in the postion
recommended by the manufacturer.

i. Postflight Discussion. The ingructor should review the flight and answer any questions the
trainee may have. If additional flights are necessary to ensure thorough understanding of high-

dtitude operations, the materid for the next flight should be previewed during the posiflight
discusson.

112. - 199. RESERVED.
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CHAPTER 2. MACH FLIGHT AT HIGH ALTITUDES

200. PURPOSE. To present certain factors involved in the high-speed flight environment a high
dtitudes. It is the lack of understanding of many of these factors involving the laws of
aerodynamics, performance, and MACH speeds that has produced a somewhat higher accident rate
in some types of turbojet arcraft

201. CRITICAL ASPECTS OF MACH FLIGHT. In recent years, a number of corporate jet
arplanes have been involved in catagtrophic loss of control during high-dtitude/high-spoeed flight.
A dggnificant causa factor in these accidents may well have been a lack of knowledge by the pilot
regarding critical aspects of high-dtitude, MACH flight.

a Maximum operating dtitudes of general aviation turbojet arplanes now reach 5 1,000 feet. It
is, therefore, logica to expect these types of accidents to continue unless pilots learn to respect the
more criticad agpects of high-dtitude, high-speed flight and gain as much knowledge as possible
about the specific make and modd of arcraft to be flown and its unique limitations.

b. From the pilot's viewpoint, MACH is the ratio of the aircraft's true airspeed to the loca
speed of sound. At sea level, on a stlandard day (59" F/15° C) the speed of sound equas
approximately 660 Kts or 1,120 feet per second. MACH 0.75 at sea level is equivadent to a TAS of
approximately 498 Kts (0.75 x 660 Kts) or 840 feet per second. The temperature of the atmosphere
normaly decreases with an increese in dtitude. The speed of sound is directly related only to
temperature. The result is a decrease in the speed of sound up to about 36,000 fest.

c. The deek desgn of some turbojet arplanes has caused some operators to ignore critical
argpeed and MACH limitations. There are known cases in which corporate turbojet airplanes have
been modified by disabling the airgpeed and MACH warning systems to permit intentiond
excursons beyond the FAA cetificated Vyuo/Mumo limit for the specific arplane. Such action may
citicaly jeopardize the safety of the arplane by setting the stage for potentidly hazardous
OCCUrrences.

d. The compulson to go faster may result in the onsat of aerodynamic flutter, which in itsdf
can be disastrous, excessive G-loading in maneuvering, and induced flow separation over the
alerons and eevators. This may be closdy followed by the physical loss of a control surface, an
aleron buzz or snatch, coupled with yet another dangerous phenomenon cadled MACH tuck, leading
to catastrophic loss of the arplane and the persons onboard.

e. MACH-tuck is caused principaly by two basic factors:

(1) Shock wave-induced flow separation, which normaly begins near the wing root, causes
a decrease in the down wash veocity over the devator and produces a tendency for the arcraft to
nose down.

(2) Aftward movement of the center of pressure, which tends to unbalance the equilibrium
of the arcraft in relation to its center of gravity (CG) in subsonic flight.

f. The arplanes CG is now father ahead of the arcraft's aerodynamic center than it was in
dower flight. This dramaticdly increases the tendency of the arplane to pitch more nose down.
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g. Pressure disturbances in the ar caused by an arfoil in high-dtitude/high-speed flight result
from molecular collisons These molecular collisons are the result of ar that moves over an airfoil
fagter than the air it is overtaking can disspate. When the disturbance reaches a point & which its
propagation achieves the loca speed of sound, MACH 1 is attained. One hundred percent (100%)
of the speed of sound at MSL with a temperature of 15° C is 760 statute or 660 NM per hour. This
goeed is affected by temperature of the amosphere a dtitude. Thus, optimum thrust fud, and range
condderations are dgnificant factors in the design of most generd aviaion turbine powered
arplanes which cruise a some percentage of MACH 1.

h. Because of the critical aspects of high-dtitude’high-MACH flight, most turbojet arplanes
cgpable of operating in the MACH speed ranges are designed with some form of trim and autopilot
MACH compensating device (stick puller) to dert the pilot to inadvertent excursons beyond its
certificaled Mwo. This gstick puller should never be disabled during norma flight operations in the
arcraft.

i. If for any reason there is a mafunction that requires di%bling he ick puller, the arcraft
must be sperzied at speeds well kelow Muo as prescribed in the applicable AT proccdurces for dlv
arcraft.

J. An arplan€s IAS decreases in reation to TAS as dtitude increases. As the TAS decreases
with dtitude, it progressvely merges with the low-speed buffet boundary where prestal buffet
occurs for the airplane at a load factor of 1.0 G. The point where high-speed MACH, IAS, and low-
speed buffet boundary TAS merge is the arplane's absolute or aerodynamic celling. Once an arcraft
has reached its aerodynamic celing, which is higher than the dtitude limit dipulated in the AFM,
the arcraft can neither be made to go faster without activating the design gtick puller a8 MACH
limit nor can it be made to go dower without activating the stick shaker or pusher. This critica area
of the arcraft’'s flight envelope is known as coffin comer.

k. MACH buffet occurs as a result of supersonic arflow on the wing. Stal buffet occurs at
angles of attack that produce airflow disturbances (burbling) over the upper surface of the wing
which decreases lift. As dendity dtitude increases, the angle of attack that is required to produce an
arflow disturbance over the top of the wing is reduced until a dengty dtitude is reached where
MACH buffet and sl buffet converge (described in paragraph 5n as coffin comer). When this
phenomenon is encountered, serious consequences may result causing loss of control of the arcraft.

1. Increasng ether gross weight or load factor (G factor) will increase the low-speed buffet and
decrease MACH buffet speeds. A typicd turbojet airplane flying at 5 1,000 feet dtitudeat 1 .0 G
may encounter MACH buffet dightly above the arplanés My, (0.82 MACH) and low speed buffet
a 0.60 MACH. However, only 1.4 G (an increase of only 0.4 G) may bring on buffet at the
optimum speed of 0.73 MACH and any change in airspeed, bank angle, or gust loading may reduce
this draight and ével flight 1.4 G protection to no protection. Consequently, a maximum cruising
flight dtitude mugt be sdected which will dlow sufficient buffee margin for the maneuvering
necessary and for gust conditions likely to be encountered. Therefore, it is important for pilots to be
familiar with the use of chats showing cruise maneuvering and buffet limits Hightcrews operating
arplanes a high speeds must be adequately trained to operate them safely. This training cannot be
complete until pilots are thoroughly educated in the critic aspect of aerodynamic factors described
herein petinent to MACH flight a high dtitudes.
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202. AIRCRAFT AERODYNAMICS AND PERFORMANCE. Pilots who operate arcraft at

high speeds and high dtitudes are concerned with the forces affecting arcraft performance caused

by the interaction of ar on the arcraft. With an underdanding of these forces, the pilot will have a
sound basis for predicting how the arcraft will respond to control inputs. The importance of these
aerodynamic forces and their direct gpplication to peformance and execution of aircraft maneuvers
and procedures a dtitude will be evident. The basic aerodynamics definitions that apply to high-

dtitude flight are contained in paragrgph 3, Definitions.

a. Wing Design.

(1) The wing of an arplane is an arfoil or arcraft surface desgned to obtain the desired
reaction from the ar through which it moves. The profile of an arcraft wing is an excelent
example of an efficient arfoil. The difference in curvature between the upper and lower surfaces of
the wing generates a lifting force. Air passng over the upper wing surface moves a a higher
velocity than the air passng beneath the wing because of the greater distance it must travel over the
upper surface. This increased velocity results in a decrease in pressure on the upper surface. The
pressure differeniial created between the upper and iower surfaces of the wing lifts the wing upward
in the direction of the lowered pressure. This lifting force is known as induced lift. Induced lift
may be increased, within limits, by:

(@ Increasing the angle of attack of the wing or changing the shape of the arfail,
changing the geometry, eg., aspect ratio.

(b) Incressing the wing area
(©) Increesng the free-dream veocity.
(d) A change in ar dengty.

(2) The pilot may have only varying degrees of control over these factors. Thus, the pilot
must keep firmly in mind that an arcraft will obey the laws of physics just as precisdy & its high-
gpeed limits as it does during a dower routine flight, and that regardless of wing shagpe or design,
MACH range flight requires precise control of a high volume of potentid energy without exceeding
the criticd MACH number or MACH crit.

(3) MACH crit is important to high-gpeed aerodynamics because it is the speed a which the
flow of ar over a specific arfoil desgn reaches MACH 1, but the most important effect is
formation of a shock wave and drag divergence.

(4) Sweeping the wings of an arplane is one method used by arcraft designers to delay the
adverse effects of high MACH flight and bring about economical cruise with an increase in the
criticd MACH number. Swveep dlows a faster airfoil speed before criticd MACH is reached when
compared to an equa draight wing. This occurs because the airflow now travels over a different
cross section (camber) of the arfoil. This new cross section has less effective camber which results
in a reduced accderation of arflow over the wing, thus dlowing a higher speed before critica
MACH is reached. Sweep may be designed ether forward or rearward; the overal effect is the
same. However, rearward sweep appears to be somewhat more desirable, since it has rapidly
presented fewer problems to manufacturers of models of generd aviaion arcraft in terms of
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unwanted desgn Sde effects. In effect, the wing is flying dower than the airspeed indicator
indicates and, smilaly, it is developing less drag than the airspeed indicator would suggest. Since
less drag is being developed for a given indicated airpeed, less thrugt is required to sustain the
arcreft a cruise flight.

(5) There is a pendty, however, on the low-speed end of the spectrum. Sweeping the wings
of an arcraft increases the landing/stdl peed which, in turn, means higher touchdown speed, with
proportionaly longer runway requirements and more tire and brake wear as opposed to a straight-
wing design. A well-gtabilized gpproach with precise control of critical "V" speeds is necessary. In
other words, to achieve a safe margin airgpeed on the wing that will not result in a staled condition
with the wingtips gdling prior to the rest of the wing and possbly rolling uncontrollably to the right
or |eft, the swept-wing arcraft must be flown a a higher actud arspeed than a sraight wing
arcraft.

(6) Drag curves are gpproximately the reverse of the lift curves, in that a rapid increase in
drag component may be expected with an increase of angle of attack with the swept wing; the
ainouri belng direcily relaied o ihe degree of sweep or reduction of aspect rétio.

(7) The extenson of traling edge flaps and leading edge devices may, in effect, further
reduce the aspect ratio of the swept wing by increesng the wing chord. This interplay of forces
should be well understood by the pilot of the swept-wing arcraft, since rasing the nose of the
arcraft to compensate for a mild undershoot during a landing approach a norma approach speeds
will produce little lift, but may instead lead to a rgpid decay in arspeed, thus criticaly
compromisng the margin of safety

(8) Another method of increasing the criticd MACH number of an aircraft wing is through
the use of a high-gpeed laminar arflow arfoil in which a smdl leading edge radius is combined
with a reduced thickness ratio. This type of wing desgn is more tgpered with its maximum
thickness further aft, thus digtributing pressures and boundary layer ar more evenly dong the chord
of the wing. This tends to reduce the locd flow veocities a high MACH numbers and improve
arcraft control qudities.

(9) Severd modem draight-wing, turbojet aircraft make use of the desgn method described
in subparagraph (4). To delay the onset of MACH buzz and obtain a higher M,,,, these aircraft
designs may incorporate the use of both vortex generators and smal triangular upper wing gtrips as
boundary layer energizers. Both sysems seem to work equaly wdl, dthough the boundary layer
energizers generdly produce less drag. Vortex generators are smal vanes affixed to the upper wing
surface, extending approximately 1 to 2 inches in height. This arrangement permits these vanes to
protrude through the boundary layer ar. The vortex generators deflect the higher energy arstream
downward over the trailing edge of the wing and accelerate the boundary layer aft of the shock
wave. This tends to delay shock-induced flow separation of the boundary layet «n which causes
aleron buzz, and thus permits a higher My,. The lift characteridtics of straght-wing and swept-
wing arplanes related to changes in angle of atack are more favorable for swept-wing arplanes.

An increase in the angle of atack of the draight-wing arplane produces a substantid and congtantly
increesng lift vector up to its maximum coefficient of lift and, soon theresfter, flow separation
(stdl) occurs with a rapid deterioration of lift.
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(10) By contradt, the swept wing produces a much more gradud buildup of lift with no well-
defined maximum coefficient, the ability to fly wel beyond this point, and no pronounced sl
bresk. The lift curve of the short, low-aspect ratio (short span, long chord) wing used on present-
day military fighter arcraft compares favorably with that of the swept wing, and that of other wing
designs which may be even more shdlow and gentle in profile.

(11) Regardiess of the method used to increase the criticd MACH number, arflow over the
wing is normaly smooth. However, as arspeed incresses, the smooth flow becomes disturbed. The
speed a which this disturbance is usualy encountered is determined by the shape of the wing and
the degree of sweep.

(12) When the aircraft accelerates, the arflow over the surface of the wing also accelerates
until, at some point on the wing, it becomes sonic. The indicated airspeed a which this occurs is
the criticdl MACH number (MACH crit) for that wing.

b. Jet Engine Efficiency,

(1) The efficiency of the jet engine & high dtitudes is the primary reason for operaing in
the high-dtitude environment. The specific fud consumption of jet engines decreases as the outsde
ar temperature decreases for congant revolutions per minute (RPM) and TAS. Thus by flying a a
high dtitude, the pilot is adle to operate at flight levels where fud economy is best and with the
most advantageous cruise speed. For efficiency, jet arcraft are typicaly operated at high atitudes
where cruise is usudly very close to RPM or exhaust gas temperature limits. At high dtitudes, little
excess thrust may be avaladble for maneuvering. Therefore, it is often impossble for the jet arcraft
to dimb and turn dmultaneoudy, and al maneuvering must be accomplished within the limits of
avalable thrus and without sacrificing gability and controllability.

(2) Compressbility dso is a dgnificat factor in high-dtitude flight. The low temperatures
that make jet engines more efficient at high dtitudes aso decrease the speed of sound. Thus, for a
given TAS, the MACH number will be sgnificantly higher a high dtitude than a sea levd. This
compressibility effect due to supersonic arflow will be encountered at dower speeds a high dtitude
than a low dtitude.

c. Controllability Factors.

(1) Static dability is the inherent flight characterigic of an arcraft to return to equilibrium
after being disturbed by an unbalanced force or movement.

(2) Controllability is the ability of an arcraft to respond postively to control surface
displacement, and to achieve the desred condition of flight.

(3) At high-flight dtitudes, arcraft gability and control may be greatly reduced. Thus,
while high-dtitude flight may result in high TAS and high MACH numbers cdibrated airgoeed is
much dower because of reduced ar dengty. This reduction in dendty means that the angle of
attack must be increased to maintain the same coefficient of lift with increased dtitude.
Consequently, jet arcraft operating a high dtitudes and high MACH numbers may smultaneoudy
experience problems associated with dow-speed flight such as Dutch roll, adverse yaw, and dadl. In
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addition, the reduced air dendty reduces aerodynamic damping, overdl dability, and control of the
arcreft in flight.

(@ Dutch rall is a coupled oscillation in roll and yaw that becomes objectionable when
roll, or laterd sability is reduced in comparison with yaw or directiond sability. A Sability
augmentation system is required to be inddled on the aircraft to dampen the Dutch roll tendency
when it is determined to be objectionable, or when it adversdy affects control sability requirements
for cetificaion. The yaw damper is a gyro-operated autocontrol system ingtalled to provide rudder
input and ad in canceling out yaw tendencies such as those in Dutch rall.

(b) Adverse yaw is a phenomenon in which the arplane heading changes in a direction
opposite to that commanded by a roll control input. It is the result of unegud lift and drag
characterigtics of the down-going and up-going wings. The phenomena are dleviated by tailoring
the control design by use of spoilers, yaw dampers, and interconnected rudder and aileron systems.

(4) Supersonic flow over the wing is respongble for:
(@ The formation of shock waves on the wing which result in drag rise.

(b) An &t ghift in the center of lift resulting in a nosedown pitching moment caled
MACH tuck.

(o) Airflow separation behind the shock waves resulting in MACH buffet.

(5) Swept wing and airfoil desgn done, with boundary layer energizers such as the vortex
generators described earlier, has reduced the hazardous effect of the problems described above.
However, these problems are still encountered to some extent by the modem turbojet arplane in
high-dtitude  flight.

(6) In generd, this discusson has been confined to norma level, unaccderated 1.0 G-light,
when turning or maneuvering about the pitch axis, however, accderation of G-forces can occur
while maintaining a constant airgpeed. As G-forces increase, both the arcraft's aerodynamic weight
and angle of attack increase. The margin over low-speed stdl buffet decreases, as well as the
margin bdlow MACW buffet, because of the increased velocity of the air over the wing resulting
from the higher angle of atack. This, in effect, could lower the aerodynamic ceiling for a given
grossweight. Increased G-loading can dso occur in non-maneuvering flight because of
amospheric turbulence or the lack of finetouch skill by the pilot. Rilots flying a high dtitudes in
areas where turbulence may be expected must carefully consder acceptable safety margins
necessary to accommodate the sudden and unexpected vertical accelerations which may be
encountered with little or no warning. How wide is the safety margin between low-speed and high-
gpeed buffet boundaries for an dtitude and weight in a 30" bank? The answer may be easly
determined by reference to the Cruise Maneuver/Buffet Limit Chart for a particular arcraft. For
example, in atypica jet arcraft, the 1.0 G buffet-free margin a FL 350 is 135 Kts, a FL 450 this
speed is reduced to a mere 26 Kts. Thus, the safety margin in airgpeed spread diminishes rapidly as
the arcraft climbs and leaves little room for safety in the event of an ar turbulence encounter or
accidenta thunderstorm penetration.
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(7) If a thundersorm cannot be avoided, follow high-dtitude thunderstorm penetration
procedures and avoid over-action of thrust levers. When excessve arspeed buildup occurs, pilots
may wish to use speed brakes. The use of aerodynamic speed brakes, when they are part of the
laterd control system, may change the roll rate any time there is a laterd control input.

(8) For detalled information concerning the operation of specific turbojet arcraft, refer to
the arcraft's AFM.

203. « 299. RESERVED.
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