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Flying Training
ATRCRAFT PERFORMANCE

This manual outlines required material for all phases of aircraft performance. It is a source document for
the basic flight engineer course. It directs new flight engineers in learning the technical language and
practical application related to flight. It furnishes the experienced flight engineers with background and
review information. The aircraft performance technology presented in this manual is not limited to one
specific airframe. For the most part, the technical language, performance charts, and procedures are com-
mon to all transport aircraft. There are two major factors that are responsible for the differences. These are
a specific aircraft’s design and the way different aircraft manufacturers construct performance charts and
procedures to support that design. These factors may make a given performance limitation critical for one
aircraft and insignificant for another. The material contained in this manual provides information relative
to the duties of the flight engineer, the atmosphere, aerodynamics, power plants, weight and balance, and
aireraft flight performance. It also includes guidelines for mission planning. This manual applies tothe Air
National Guard and the US Air Force Reserve units and members.
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Chapter 1
DUTIES OF THE FLIGHT ENGINEER

1-1. The Flight Engineer's Role and
Skill. The flight engineer is vital to the opera-
tion of the larger, more complicated aircraft.
The qualified flight engineer should have a wide
mechanical background to perform the duties
for this operation. The flight engineer must un-
derstand engines thoroughly, from both a theo-
retical and operational standpoint. The flight
engineer must understand how the instruments
and gauges of an aircraft work and know the
limitations. He or she must be familiar with
each of the complicated auxiliary systems and
know the limitation of each. Accordingly, this
manual addresses aircraft performance and
flight engineer duties.

1-2. Ground Duties:

a. The flight engineer’s ground duties are
many and varied due to rank and position as-
signment. Although squadron and command
level duties vary, it is a universal and continu-
ous requirement to stay current on directives,
technical orders, operational policies and proce-
dures. The qualified flight engineer must main-
tain proficiency in the aircraft simulator and at-
tend ground schools and refresher courses;
perform numerous ground duties before takeoff,
and continue these duties once the aircraft is
back on the ground.

b. The flight engineer’s ground.duties before
each mission begin with premission planning.
These duties consist of flight plan preparation
or computerized flight plan coordination, and
computing takeoff and emergency landing data.
The engineer coordinates with maintenance
personnel on aircraft status and with aircraft
loading personnel on load and center of gravity.
The engineer performs a power "on" and power
"off" preflight or thruflight.

¢. On the ground, the flight engineer’s main
responsibility is to check aircraft condition and
to perform systems operational checks. Also to
bring to the attention of maintenance personnel
any irregularities in systems operations for ad-
justment and repair. Negligence in performing
any of these very important duties could jeop-
ardize the mission and even result in the loss of
the aircraft and crew.

1-3. Flight Duties:

a. Flight duties are similar, or even the same
in some cases, to ground duties. But, ground
emergency procedures are generally different
from flight procedures. Flight duties begin once
the condition of the aircraft is determined and
the crew has accepted the aircraft. Normally,
and in most aircraft, the engineer position must
be occupied during all phases of ground and air
operations.

b. Crew coordination is always very impor-
tant. The engineer must be able to handle any
system malfunction and assist the pilot in mak-
ing any decision that could have an effect on the
accomplishment of the mission.

c. Before engine start, the engineer must cal-
culate and the pilot must check aircraft perfor-
mance data. Each crewmember must be in their
primary flight position. If there are two flight
engineers, one may be on the ground for engine
start and the other at the systems panel.

d. The pilot starts the engines in accordance
with flight manual (-1) procedures, and the en-
gineer observes each engine for irregularities.
Normally, as the last engine starts, the engi-
neer records this time and other information in
his or her command performance log. When
there are two engineers, the engineer on the
ground clears each engine for engine start and
checks to see that everything on the ground is
clear before boarding the aircraft.

e. Taxi and operating time before lineup on
the runway is critical. The engineers uses this
time to perform any last-minute operation or to
make any decision before takeoffroll.

f. The flight engineer must be extremely
alert during takeoff and must take appropriate
action should an emergency arise. With the
takeoff a success, the flight engineer will con-
tinue to monitor systems operation and engine
power, and update performance data through-
out the climb to the assigned cruise altitude.

g. The duties continue during cruise: updat-
ing performance data, logging data, monitoring
system operation, and before descent, comput-
ing landing data based on current conditions.
The landing conditions could be critical and of-
ten require extensive performance computa-
tions. The aircraft commander and crew will
base their decision to land or fly to their alter-
nate on the engineer’s computations.
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h. The flight engineer must perform exten-
sive flight duties in a professional manner.
These duties are not complete until the aircraft
is safely on the ground and maintenance person-
nel are briefed on the aircraft conditions and
any discrepancies.

1-4. Maintenance Knowledge:

a. The competent flight engineer has good
working knowledge of maintenance procedures.
This knowledge can save hours of maintenance
crews’ time by diagnosing trouble as it occurs
and reporting it to maintenance personnel on
landing. The engineer has a technical back-

ground which enables him or her to recognize -

the probable cause of trouble much more readily
than the pilot. The engineer can give a more de-
tailed report of the symptoms. At times, by
radioing this report ahead, parts will be ready,
and work can start immediately after the air-
craft lands.

b. The requirement to make inflight repairs
still exists, and sometimes an engineer can

7

make a temporary repair or isolate the malfune-
tion. The flight engineer does not perform ex-
tensive maintenance; that is for specialists.
Maintenance knowledge helps the flight engi-
neer coordinate with maintenance personnel
and in making emergency repairs.

c. The flight engineer uses maintenance and
system knowledge during ground and flight du-
ties. The safety and welfare of the aircraft and
the crew often depend directly on the engineer’s
knowledge, experience, and the skill with which
he or she discharges his or her duties.

1-5. Terminology. Since the flight engi-
neer records much of the flight data in the form
of symbols, abbreviations, formulas, and special
terms, he or she must master this terminology.
He or she must do so to thoroughly understand
the publications and reports about aircraft oper-
ations and maintenance. Attachment 1 contains
terminology, which is standard for most aircraft
and used throughout the remainder of this man-
ual.
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Chapter 2
FLIGHT ENGINEER MATHEMATICS

2-1. What This Chapter Covers. This
chapter covers only the areas of math a flight
engineer might use during daily duties. It gives
a brief explanation of each procedure accompa-
nied by a typical "word problem" and a lon-
ghand form for study.

2-2. Math and the Flight Engineer. Num-
bers play an important part in the everyday
duties of a flight engineer. Almost daily in a
flight engineer’s normal transactions and with-
out giving the matter much thought he or she
must add, subtract, multiply, divide, use de-
cimals, and percentages. And most often he or
she does it better than realized! Further, math
is important to the flight engineer because ever
since the beginning of "crew" flight, pilots have
been asking; how much, how many, how far,
how long, and so on. This required a flight en-
gineer to deal with numbers accurately and
quickly, in order to answer these questions
properly. To do so, many flight engineers em-
ploy the use of calculators, as they are very fast
and, if used correctly, very accurate. However,
their answers depend on two very important
points. The flight engineer must:

(1) "Plugin" the correct numbers.

(2) Mentally convert the results into a us-
able form. Both points require understanding of
the task, and this chapter will increase that un-
derstanding.

2-3. Working with Whole Numbers:

a. Very large numbers are not needed in our
daily work, but inflight performance manuals
we often find large numbers that should be easy
to read and understand. These numbers are in
Arabic Notation, which we use exclusively in
our calculations.

b. Arabic Notation involves the following ten
figures, digits, or symbols; whichever term you
may want to use torepresent their names:

0 1 2 3 4 5 6 7 8 9

or
zero one two three four five six seven eight nine

¢. One can use these ten digits in any com-
bination, using one or more at a time as may be
necessary torepresent a given number of items.
Express all numbers using the above ten digits,

including zero which has no "value" alone, but
merely fills vacant places within a number.

d. A digit has different values depending
upon the location or "place" it occupies in a
number. The word "place” in numbers has a spe-
cial meaning shown in figure 2-1, which gives
the names of the different places in numbers.

HUNDRED

TENS “MILLIONS" PERIOD
UNITS

HUNDRED

TENS *THOUSANDS" PERIOD
UNITS

HUNDRED

TENS "UNITS" PERIOD
UNITS

168 ¢ 922 ¢ b g

Figure 2-1. Working with Whole Numbers.

e. Infigure 2-1, each group of three figures is
called a "period” and each period is separated
from the other periods by a comma. This strue-
ture enables us to read very large numbers. The
number in figure 2-1 reads as follows: "five hun-
dred forty-nine million, two hundred seventy-
six thousand, eight hundred fifty-one." Careful-
ly review this so you understand it thoroughly.

f. In figure 2-1, the period at the right end
(851) is the "units period" while the second pe-
riod (276) is the "thousands period" and the
third period from the right (549) is the "millions
period." This figure does not show the higher
numbers because flight engineers rarely work
with numbers larger than millions,

g. It’s always helpful to read each figure ina
period according to its position within the
group, then look at the name of that "period” at
the end of the group. Period names indicate the
location of the digits in regard to the units place.
For instance, the number 125,000,001 reads,
"one hundred twenty-five million, one." Zeros
merely fill vacant spaces, but do locate the dig-
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its 125 in the million period. The following are
examples of numbers and how they are read:

1,003,500 = One million, three thousand, five hundred
800,010 = Eight hundred thousand, ten
87,109 = Eighty-seven thousand, one hundred nine
6,000 = Six thousand
4,120 = Four thousand, one hundred twenty

2-4. Addition:

a. Recall that uniting two or more numbers
to make one number is addition. The result ob-
tained by adding two or more numbers is the
"sum." The sign "+" (read "plus") shows addi-
tion.

b. Note that addition is the most common op-
eration in mathematics. Almost everyone
knows how to add money.

EXAMPLE: If you have $17 and earn $7
more, and add them together, you find the total
amount (sum) is $24.

¢. Only add quantities of the same kind. Do
not add dollars and gallons or automobiles and
airplanes together by simply adding the num-
bers. The addition of 205 dollars and 110 gallons
would give the sum of 315, but this would be nei-
ther dollars or gallons. The answer is a worth-
less sum that has noreal meaning.

d. To avoid making serious mistakes when
adding longhand, write the figures in straight,
vertical columns. Place all the units in each of
the numbers in the units column, all the tens in
the tens column, all the hundreds in the hun-
dreds column, and so on. This is one-time neat-
ness counts!

e. When adding real things, remember the
answer should contain the name of the things
added. Thus, 10 pounds + 8 pounds = 18
pounds (10 lbs +8 lbs = 18 lbs.); 7 miles + 5
miles = 12-miles (7 mi+5 mi = 12 mi). Follow
this rule to the letter to avoid errors in addition,
subtraction, multiplication, and division.

f. Learn tocheck answers to make sure your
problems are correct. This is important, espe-
cially in practical work. A good way to "prove"
an answer in addition is first add the numbers
upward and then recheck the sum by adding the
numbers downward. The work is probably cor-
rect if the two sums agree. Adding downward
simply changes the order of the digits. Any er-
ror in the first addition you would likely find in
the second.

g. Remember, it is not difficult to add when
you have the numbers. A flight engineer seldom
has this situation. Most of the time the problem
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is in the form of a question. This requires decid-
ing on the process to find the answer. Quite sim-
ply, solving "word problems" is the primary
mathematical task of the flight engineer.
EXAMPLE: How much will a 148,461 pound
aircraft weigh after being loaded with 77,500
pounds of fuel and 46,172 pounds of cargo?

(148,461+ 77,500 + 46,172 = ?)

OR: 148,461 pounds
77,500 pounds

+ 46,172 pounds

272,133 pounds

2-5. Subtraction. Subtraction is simply the
opposite of addition. Instead of combining num-
bers, we take one number away from another. If
we have $24 and spend $7, we have $17 left. This
is the process of subtraction. As in addition, the
quantities of the numbers being subtracted
must be of the same kind. Remember;

a. The number from which you subtract is
the "minuend".

b. The number being subtracted is the "sub-
trahend”.

¢. Theresult or the answer is the "difference"
or"remainder”.

d. The sign " - " (read "minus") shows sub-
traction,
EXAMPLE: An aircraft uses only 3,640 feet
of a 10,000-foot-long runway during take off
roll, How much runway was not needed?

(10,000 - 3,640 =7?)

OR: 10,000 feet
- 3,640 feet
6,360 feet

2-6. Adding and Subtracting Positive and
Negative Numbers:

a. Inafew instances the flight engineer must
deal with positive and negative numbers. The
more common situations are: when computing
the temperature deviation from standard day
and when computing the effects of negative field
elevation tototal distance to climb.

b. Numbers that have a value because of
their distance from a given starting point (usu-
ally "zero") are positive and negative numbers.
The Centigrade thermometer in figure 2-2 is an
excellent illustration of positive and negative
numbers. Those values above the "zero" point
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are positive and values below "zero" are nega-
tive.

o~
—|—+1so°c
-1+ 120
=414+ 110
~ WATER BEGINS BOILING | } | A5
STEAM BEGING s [ 9
CONDENSING ke
HH.

Figure 2-2. Celsius (Centigrade) Tempera-
ture Scale.

¢. The difference between a positive and neg-
ative value on the scale will'equal the total units
between them. To avoid having to graphically
find these differences, remember the following
procedural rules:

Rules for adding positive and negative
numbers are:

1. The sum of positive numbers is posi-
tive,

2. The sum of negative numbers is
negative.

3. Toadd a positive and negative num-
ber; find the difference in their actual values
and give the difference the sign (+ or -) of the
larger number.

d. The rule for subtracting a positive and
negative number is: Change the sign of the sub-
trahend (the number subtracted from another),
then proceed with the rules of addition.
EXAMPLE: The actual outside air tempera-
ture (OAT) is -40 degrees C (actual OAT: -40°C).
The International Civil Aviation Organization
(ICAO) chart shows -57° C as the standard day
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temperature for our altitude. What is the cur-
rent deviation from standard day temperature?
NOTE: In any temperature deviation math
problem, the standard day temperature is sub-
tracted from the outside air temperature.

FIRST:

(minuend) -40 Actual Outside Air Temperature
(subtrahend) (-) -57 Standard Day Temperature
THEN: -40

+ 57 (following subtraction rule)
+ 17 (following rule 3 of addition)

e. The amount the outside air temperature
varies from the standard day temperature (de-
viation) is + 17° C. In other words, it is 17 de-
grees "warmer" than it would be on a standard
day.

EXAMPLE: Field elevation is -980 feet Mean
Sea Level. After takeoff we are going to climb to
an altitude of 35,000 feet, what will be the total
distance we will climb?

NOTE: In climb distance problems field eleva-
tion is subtracted from the final altitude.

FIRST:
+ 35,000 feet
(-) -980 feet

THEN: + 35,000 feet
+ 980 feet
+ 35,980 feet

2-7. Multiplication:

a. Multiplication is nothing more than a
shortcut for addition. It is the process of adding
one number as many times as there are units in
the other number.

Multiplying 2 X 4 is the same as adding 2, 4
times(2+ 2+ 2+ 2 =8).

b. Terms used in multiplication are:

(1) The sign "X" (read "multiplied by")
shows multiplication.

(2) The number multiplied is the "multipli-
cand."

(3) The number you "multiplied by" is the
"multiplier."

(4) The result of the multiplication is the
"product."” '

¢. Normally, the larger of the two numbers
used in multiplication is the multiplicand and
the smaller the multiplier. This simplifies cal-
culations.
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d. When numbers in a multiplication prob-
lem accompany some unit of measurement such
as miles, pounds, inches, etc. the units of mea-
surement must be in the product of the problem.
For example, if the problem was 6 pounds X 4
pounds, then "pounds" must appear in the prod-
uct (24 pounds).

e. Ifthe unit of measurement associated with
the multiplicand and the multiplier are differ-
ent terms, Both measurements should appear
with the product separated by a "/"" mark. Nor-
mally, the measurement or term related to the
multiplicand would appear first.

EXAMPLE: 6 inches X 4 pounds =7

OR: 6 inches (multiplicand)
x 4 pounds (multiplier)
24 inches/pounds (product)

f. To check multiplication, use the multipli-
er as the multiplicand and the multiplicand as
the multiplier. In other words, swap the num-
ber’s position in the problem. The products
should be the same; if not, there is an error. For
example, 6 X 4 = 24, Swapping the numbers; 4
X 6 = 24. Both products agree so 24 is the cor-
rect answer.

EXAMPLE: An aircraft maintaining a speed
of 435 nautical miles per hour, how far will it
travel in 12 hours? (435X 12 = 7)

OR: 435 nautical miles per hour
x 12 hours
870
435
75,220 nautical miles

NOTE: Like terms appearing in both num-
bers of a problem are "understood"” in the prod-
uct, and the unlike term is set down with the an-
swer. Thus, "hours" in the above problem need
not appear, while "nautical miles" appears in
the final answer.

g. The multiplication process is simplified if
one of the factors is in even tens, hundreds, etc.
Use the factor containing the zeros as the multi-
plier, placing the zeros below and to the right of
the units place of the multiplicand. For exam-
ple, 100 X 12; use 100 as the multiplier and 12 as
the multiplicand, as shown here.

EXAMPLE1: (100X12=7)

OR: 12 (multiplicand)
x 100 (multiplier)
1200 (product)
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NOTE: The zeros were brought straight down
into the product, then proceeded by the product
of 12X 1or12.

EXAMPLE 2: If each engine of a four engine
aircraft is using 2,000 pounds of fuel per hour,
how many pounds of fuel per hour are all en-
gines using? (2,000 X4 =7)

OR: 4 number of engines
x 2,000 pounds of fuel for each engine
“8,000 pounds of fuel for all engines

2-8. Division:

a. Division is the process of finding how
many times one number contains another, the
reverse of multiplication. If 7 X 8 = 56, then 56
divided by 8 = 7 or 56 divided by 7 = 8.

b. Terms used indivision are as follows:

(1) Alinebetween numbers shows division.
6/2) -
(2) The number you divide is the "divi-
dend."”

(3) The number you "divide by" is the "di-
visor."

(4) The result or answer is the "quotient."

(5) The part left over when the quotient is
not exact is the "remainder."

c¢. The two methods of division, short and
long division, are not being discussed at great
length here since most of us use calculators. Fol-
lowing is one example of short division for
study.
EXAMPLE: Five crewmembers’ baggage
weigh a total of 721 pounds, If each individual’s
baggage weighs the same, how many pounds
does each have? (721/5=17)

OR: 144 r1/5 (quotient)
(divisor) 5)721 (dividend)
5
22
20
21
20
T is"r" (the remainder)

Each crew member had 144 and one-fifth
pounds of baggage.

d. When the divisor and dividend contain ze-
ros, a short cut is taken to solve the problem,
Simply drop as many zero places in the dividend
as we do in the divisor.
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EXAMPLE 1:

80 divided by 10: 8 divided by 1 (zeros dropped) =8
10,000 divided by 100: 100 divided by 1 = 100
30,000 divided by 1,000: 30 divided by 1 = 30

EXAMPLE 2:

An aircraft traveled 1,200 miles and used 1,000 pounds of
fuel. How many miles were traveled for each pound of fuel?

(1,200 divided by 1,000) : (12 divided by 10)

OR: 1 r2/10 OR.: We could say the
10) 12 correct answer is 1.2
10

2 isthe remainder

2-9. Fractions:

a. Earlier we mentioned whole numbers and
how you read them. Now we will go a step be-
yond that and discuss "parts" of whole numbers.
Numbers like 3, 5, 18, 25, etc. are whole num-
bers. If we talk about any amount less than a
whole number then we are using "fractions."

b. In explaining the meaning of the words
"parts or part" of a whole, the most clearly un-
derstood example is that of a whole, undivided
apple. If you cut the apple into 4 equal pieces, it
is no longer a whole apple and each of the pieces
become a "part" of the whole apple. Think of this
manual you are reading. The whole book con-
tains around 150 pages and each page is a part of
the whole. Each page would represent 1/150th of
the book. The "parts" we have been thinking
about are given names depending on the num-
ber of total parts.

c. To review, think of the apple we cut into 4
equal parts. Each of these 4 parts is one part of
the apple. Each of the parts is one-fourth of the
apple because there are 4 parts. Anything divid-
ed into a certain number of equal parts, we call
each part "one/(total number of parts)." The
word fraction itself means small or one of a
whole number. The apple we have been discus-
sing is a whole, just like 12 or 86 is a whole num-
ber.

d. When we divide the number 1 into any
number of equal parts, we cannot see those
parts as we could see the parts of the apple.
When we think of the number 1 being divided
into parts, we have to see these parts in our
minds. In an effort to imprint this visual mental
picture, let’s go through a clear illustration of
the division of the number 1, Figure 2-3 is a
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square we will let represent the whole number
1.

-t

Figure 2-3. Fractions--Square Represent-
ing 1 as the Whole Number.

e. Now we divide the same square into two
equal parts in figure 2-4 and each part is "half"
of the square so each part is "one-half."

S a—— s ——F

e

Figure 2-4. Fractions--Square Represent-
ing Two-Halfs.

f. Continuing with the same square, we di-
vide even further into four equal parts in figure
2-5 and each part is "one-fourth."

g. We could go on dividing the square into
more and more equal parts. This shows that the
number 1 or any whole number can be divided
into any number of equal parts. Each figure
shows that each part is a fraction of the whole
square, the square representing the number 1
or any whole number.
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Figure 2-5. Fractions--Square Represent-
ing Four-Fourths.

h. A much shorter and simpler way to write
these same fractions is to use only numbers. For
example: write "one-half" as 1/2 and "one-
fourth" as 1/4.

Each part of a fraction has a name. Study the
following illustration and remember their
names:

one-halfis the same as:
(numerator) 1/2 (denominator)

(numerator)
Or as more commonly used:
(denominator)

i. The portion above the line is the numera-
tor and represents the number of parts of the
whole being considered. The portion below the
line is the denominator and represents the total
number of divisions of the whole.

J- The flight engineer does not deal with frac-
tions a great deal, but understanding them
clearly, lays the groundwork for solving more
complex problems such as ratio and proportion.

2-10. Decimals:

a. The beginning of this chapter dealt with
whole numbers and the meaning of a figure due
to its location in the number. We saw that a fig-
ure in the tens place is just ten times the figure
in the units place. The figure in the hundreds
place is ten times the digit in the tens place, and
so on. A digit moved to the left, place by place,
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increased its value ten times for each place
moved.

b. A decimal point is placed or imagined to
the right of the units place of any whole number.
Any value to the right of the decimal place re-
presents a fraction of the single unit or value of
a whole number. If we move a digit to the right
of the decimal point, place by place, we "de-
crease" its value ten times for each place moved!
As an example, the number .6666 is the sum of
the following numbers:

.0006 six ten-thousandths

.006 six thousandths
.06 six hundredths
+ 6 six tenths
.6666 six thousand six hundred
sixty six ten-thousandths

c. A decimal, or decimal equivalent is a frac-
tion having either 10, 100, 1000, or any other
multiples of ten as a denominator. For example:

.5 means 5/10 which is read "five tenths"

.25 means 25/100 which is read "twenty-five
hundredths"

.765 means 755/1000 read "seven hundred fifty-
five thousandths"

d. When there is no whole number preceding
the decimal, as in the examples above, the quan-
tity is a "pure decimal." Where the decimal ac-
companies a whole number it is a "mixed deci-
mal." A number like 3.75 reads "three point
seven five" or "three and seventy-five hun-
dredths."

e. Probably the best illustration of the use of
decimals would -be the US monetary system.
The dollar is the basic whole unit of the system
and divides into 100 divisions called cents. Each
cent is one hundredth of the whole dollar or
$.01. Twenty-five cents is the decimal $.25 and
represents the fraction 25/100. If the fraction is
reduced to its lowest term, it would be 1/4 (one
quarter).

f. To convert any fraction to a decimal, one
would simply divide the numerator by the de-
nominator. For example, converting to a deci-
mal is 1divided by 4 = .25!

g. To add and subtract decimals, one would
place the decimal points in a column, add or sub-
tract as if it were whole numbers, place the deci-
mal point directly below the decimal column in
the answer.
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EXAMPLE: An aircraft climbs for .3 hours,
cruigsed for 6.7 hours and took .2 hours to de-
scend to landing. How long did the aircraft fly?
(3+67+.2=7)

OR: 6.7 hours
.2 hours
+ .3 hours
7.2 hours total
EXAMPLE: The leading edge of an aireraft
wing is 858.9 inches from the nose of the aircraft
and the center of gravity is 928.43 inches from
the aircraft nose. How far past the wing leading
edge does the center of gravity extend? (928.43 -
8589="7)

OR: 928.43 inches; center of gravity
- 858.90 inches; leading edge
69.53 inches past leading edge

h. Multiply decimals as you would whole
numbers. To locate the decimal in the answer,
begin at the right of the product and count off
toward the left the same number of decimal
places that are in the two numbers being multi-
plied,

EXAMPLE: An aircraft is covering a dis-
tance of .125 miles for each pound of fuel it
burns. How far will it go on 484.8 pounds of fuel?
(4848X.125=17)

OR: 484.8 (1 decimal place)
x.125 (3 decimal places)
24240
9696
4848
606000 (product) now mark off 4 decimal
places and the answer is 60.6000
(60.6) miles!

i. In division, we treat decimals as we do
whole numbers. To locate the decimal point in
the answer (quotient), raove the decimal place
in the divisor (the number we are dividing by)
all the way to the right, making it a whole num-
ber. Next, move the decimal place in the divi-
dend (the number being divided) the same num-
ber of places to the right as moved in the divisor.
The decimal in the answer is located directly
above the moved decimal place in the dividend.

EXAMPLE: An aircraft is covering a dis-
tance of .136 miles for each pound of fuel
burned. How much fuel do we need to cover a

AFM 51-9 7 September 1990
distance of 3,673.5 miles? (3,673.5/.136 = ?)

OR:
.136 ) 3673.500

THEN: by moving the decimal,
136 ) 3673500.00

The answer is 27,011.029 pounds of fuel.

NOTE: The extended, drawn out solution to
this problem is not depicted due to the simple
fact that an understanding of how to locate the
decimal place was the objective. Most of us use
calculators locating the decimal point in either
a multiplication or division problem.

2-11. Percentage:

a. Percentage is the name given to a group of
rules and methods used when computing in frac-
tional parts called "hundredths." The expres-
sion "percent" refers to the number of hun-
dredths. For example, if we think of 50 cents we
would say this represents 50% of the whole dol-
lar. Fifty parts of the whole 100 are being con-
sidered. The percentage symbol is " %. "

b. Equivalents are those values, a fraction,
decimal, etc. which represent equal amounts.
The process of converting numbers to percent-
ages is nothing more than depicting a value in
an equivalent "percentage" form. Review the
examples below, which represent the relation-
ship of equivalents.

1/2 = (1 divided by 2) = .50 = 50% = 50/100, etc.
1/4 = (1divided by 4) = .25 = 25% = 25/100, etc.

c. Toconvert a decimal to a percent, one sim-
ply moves the decimal point two (2) places to the
right. For example, .25 with the decimal moved
two places to the right would be 25. and repre-
sents 25% (.25 X 100) or 25/100.

d. To convert a percent to a decimal, one
moves the decimal point two (2) places to the
left. For example, 50% is understood to be 50.%,
80 moving the decimal place two places to the
left we have .50 % and once the decimal is moved
the percent sign is dropped giving us .50!

e. Many times the flight engineer deals with
percentages which are larger or smaller than
100. Values like 4%, 10%, 85%, etc., are less
than the whole, which in percentages is of
course 100%. As decimal equivalents they
would be .04, .10, .85, etc. being less than the
whole 100. Values above 100% represent more
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than 1 whole unit. Thus 104%, 110%, 150%, etc.,
mean 1 whole amount plus the shown amount of
another whole. Take the 104% for example, it
means 100% plus 4% more or 100/100 + 4/100.
Here we have 1 whole unit and a fractional part
of another. In writing 104% as a decimal, we
move the decimal place as mentioned earlier
giving us 1.04 (104 divided by 100).

f. To find the percent of any quantity, con-

vert the percent to a decimal and multiply the
two factors. Place the decimal in the product as
described in the discussion on multiplying de-
cimals.
EXAMPLE 1: A turbine engine is turning at
6,826.2 revolutions per minute (RPM) at 100%.
How many RPM will it be turning at 85%?
(6,826.2X.85="7)

OR: 6,826.2 RPM (100%)
x .85 (85%)
341310
546096
5,802.2- RPM (85%)
70
EXAMPLE 2: An aircraft’s total range is
5,782 miles. A higher altitude would increase
our range by 4%. What would be the range at the
higher altitude? (5,782X 1.04 =7)

OR: 5,782 Miles
x 1.04 (4% increase)
—23128
0000
5782
6,013.28 Miles/4% increase

2-12. Rounding Off. Ironically "rounding
off" is a much misunderstood process and, hope-
fully, this section will clear up the confusion. To
round off a number:

a. Select the digit to be retained (nearest
tenth, whole unit, hundredth, etc.) and if the
number to its right is 5 or more, increase the
value of the digit to be kept by 1, then drop all
remaining numbers to the right. If the number
to the right of the digit to be kept is 4 or less,
leave the digit "as is" and drop all the numbers
to theright.

EXAMPLE 1:

0.1414 rounded to the nearest thousandth is
0.141

475 rounded to the nearest hundred is 500

15
3.147 rounded to the nearest tenthis 3.1

b. Do not treat the rounding off process as a

"chain reaction!" Many people are under the
false conception that numbers are rounded by
starting at the right and rounding each number
off toward the left until the selected number is
reached. This is incorrect! For example, if this
incorrect method is used on the number 3.147,
shown in the example above, the result will be
3.2 not the correct value of 3.1.
EXAMPLE 2:Round off 5.547986 hours to the
nearest hundredth of an hour. The "7" occupies
the position immediately to the right of the hun-
dredth digit. Since it is more than 5, we increase
the value of the hundredth digit (4) by 1 and it
becomes "5," then drop all numbers to the right.
The correct answer would be 5.55 hours.

2-13. Ratio:

a. We are continually making comparisons
between things in our everyday life. Many of
these comparisons are in numerical terms, com-
paring one number to another. Some typical ex-
amples may be comparisons made between
automobile prices, time, ages, sizes, units of
measure, etc.

b. In order to make the principle of "ratio"
clear, suppose we are comparing the prices of
two different secondhand automobiles, One
priced at $2400 and the other at $800. There are
a couple of ways in which we could make the
comparison; we may say:

(1) Oneautois $1600 higher than the other,
or

(2) One auto is three times as high as the
other. The first comparison is made by subtrac-
tion ($2400 minus $800 is $1600) and the second
by division ($2400 divided by $800 is 3). When
comparing two values by division, use the "ra-
tio" comparison method.

c. Ratio is the relationship between two
quantities or numbers by division. The quantit-
ies or numbers found in a ratio are "terms" and
in all ratios must be of the same kind. Find the
ratio by dividing the "first term" by the "second
term" revealing a numerical relationship of
how much larger or smaller one term is to the
other. Once again, any two terms being com-
pared must be of the same kind. We cannot com-
pare pounds to minutes or inches to miles.

d. The two terms given in a ratio are "ratio
sets." Earlier we had two terms mentioned in
the secondhand auto example; $2400 and $800.
Since $2400 is first, it became the "first term"
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and $800 became the "second term" of the "ratio
set." Let’s "ratio" (compare) the numbers 2 and
8. The "first term" is 2 and the "second term" is
8. The "ratio set" is "2 to 8" or 2/8 (2 divided by 8)
which would equal .25 or 1/4 or any equivalent
amount.

e. The colon (:) is the symbol traditionally
used to replace "to" in the statement of a ratio
set. Instead of writing the ratio "15 to 5," we
place the symbol between the two terms for
brevity: 15:5. Normally, the flight engineer
writes aratio set in the form of a fraction.
EXAMPLE:

Ratioset 15: 5 can be written 15/5 or (15 divided
by5) =8o0r1/3
Any of the methods shown above mean exactly
the same thing.

2-14. Proportion:

a. A proportion is an expression of equality
between two different ratio sets. To illustrate
this, think of the two different ratio sets: 8/4 and

First Ratio Set
(first term) 8 now EXTREME

(second term) 4 now MEAN
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12/6. Both sets contain different numbers, but
both their ratios are 2 (8 divided by 4 equals 2,
and 12 divided by 6 equals 2). Since the ratio of
both ratio sets is the number 2, the ratio sets are
equal. To show that one ratio set equals another,
place the equal sign (=) between two ratio sets.
For example:

8/4 = 12/6reads: "8isto4as 12ist06."

Notice that since every proportion contains two
equivalent ratio sets there must be four terms in
any complete proportion.

b. As mentioned earlier, the numbers in ratio
sets were called first and second terms, but once
these sets are placed in a proportion the names
of these terms change. Let’s review these new
names and become familiar with them before we
begin to "solve" proportion problems. Review-
ing the preceding proportion, the new terminol-
ogy becomes:

Second Ratio Set
(first term) 12 now MEAN

(second term) 6 now EXTREME

The above diagram illustrates how the new
names "mean" and "extreme" apply to the ratio
set terms in a proportion. The first term of the
first ratio set and the second term of the second
ratio set are "extremes" in a proportion. The
second term of the first ratio set and the first
term of the second ratio set are "means" in a pro-
portion.

c. If we know the value of three of the four
terms in a proportion, the unknown or missing
fourth term is found by following three basic
rules.

RULE 1.The product of the "means" is equal to
the product of the "extremes."

d. In the proportion depicted above the prod-,

uct of the "means" is 4 X 12 = 48, and the prod-
uct of the "extremes," is 8 X 6 = 48. Since 48 =
48, rule 1 applies to our proportion.

RULE 2.The product of the known extreme di-
vided by the known mean gives the value of the
unknown mean.

e. Once again let’s take our sample propor-
tion (8/4 = 12/6) and imagine that the mean 12
is unknown or missing. It would be set down as
follows:

84 = 6

f. Using rule 2, we find the product of the two
known extremes: 8 X 6 = 48. Then we divide the
product of the two extremes by the known mean:
48/4 = 12. In our proportion the missing mean
would be the number 12. This can be double-
checked by using rule 1: 8 X 6 = 48 then 4 X 12
= 48. Since 48 = 48, the solution must be cor-
rect!

RULE 3.The product of the known means, divid-
ed by the known extreme gives the value of the
unknown extreme.
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g. Again, using our sample proportion (8/4 =
12/6) imagine the 6 as missing or unknown. Our
proportion would now appear as follows:

8/4 = 1217

h. In using rule 3 to solve for the unknown
extreme, we find the product of the two known
means: 4 X 12 = 48. Divide this product by the
known extreme, 48/8 = 6. Six is the unknown
extreme. Proof: 4 X 12 = 48,and 8 X 6 = 48, 48
= 48, Thus, the number 6 found by using rule 3,
satisfies the requirements of rule 1. Memorize
and fully understand these rules before solving
proportion problems.

EXAMPLE: An aircraft is flying at a speed of
435 miles per hour. How far will
it goin 24 minutes?

SOLUTION: A sound method of forming
"word problems" into a propor-
tion format is to place the two re-
lated known gquantities in the
first ratio set of the proportion.
In this situation the phrase
"miles per hour" provides us
with two known quantities:
"miles traveled"” and a unit of
time "1 hour." Another known
quantity found in the word prob-
lem is a unit of time stated "24
minutes." Now our three known
quantities are (1) 435 miles, (2)
1 hour, and (3) 24 minutes. The
fourth unknown value will be
miles (covered in 24 minutes).
We will set up our first ratio set
as a time comparison since we
have two known related values.
Before doing this, remember,
terms in a ratio set must be like
units! We must convert the
terms used in our time compari-
son to either minutes or hours.
Twenty-four minutes is one
known and 1 hour contains 60
minutes, so "60 minutes" now
becomes our new time compari-
son known,

24 minutes

60 minutes
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Notice: 60 represents the
"whole" number of units, while
24 is the "part" of the whole be-
ing considered. Refer to the dis-
cussion on fractions.

To construct the second ratio set, we begin by
asking ourselves a question. "The third known
quantity relates to which term in the first ratio
set?" Since 435 miles relates to the time of 60
minutes (distance covered in 1 hour), we place it
directly across from the 60 minutes found in the
first ratio set:

24 minutes ?

60 minutes 435 miles

To solve for the unknown mean, we apply rule 2.
Flight engineers over the years have started to
call the use of rules 1, 2, and 3 "cross multiply
and divide." Now we have 24 X 435 = 10,440
(cross multiplication of two knowns), then
10,440/60 = 174 (dividing the product by the
other known). One hundred seventy-four miles
is the unknown mean and shows the number of
miles flown in 24 minutes. For review:

24 minutes 174 miles

60 minutes 435 miles

Our proportion reads, "24 is to 60 as 174 is to
435" and the aircraft will travel 174 miles in 24
minutes at a speed of 435 miles per hour!

EXAMPLE:- A procedure states, "Take fuel
flow readings at 2/3 of the
climb." If we are climbing a dis-
tance of 37,500 feet, at what
height in the climb will we take
the fuel flow readings?

2 ?  feet
Set up proportion: — =
3 37,500 feet

Cross Multiply: 2 X 37,500 = 75,000
Divide: 75,000/3 = 25,000

Take a reading 25,000 feet into the climb.
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2-15. Denominate Numbers:

a. Numbers such as 2, 3, 4, 5, etc., combined
with a unit of measure are "denominate num-
bers"; values like 50 feet, 20 miles, 5 hours, etc.
Values containing more than one unit of mea-
sure are "compound" denominate numbers.
Numbers like 6 feet 8 inches, 2 hours and 40
minutes, etc. are examples of compound de-
nominate numbers.

b. Time is the most common compound de-
nominate number used by flight engineers and
is the one this manual will discuss in detail. Al-
though "time" is divided into many separate
units of measure, engineers use these units;

60 Seconds = 1 Minute
60 Minutes = 1 Hour
24 Hours = 1 Day

¢. One should use either of two methods for
adding and subtracting compound denominate
numbers (time):

METHOD 1. Reduce the numbers to their lowest
denomination, perform the required operation,
then convert the answer back to the various de-
nominations.

EXAMPLE: Subtract 2 hours and 40 minutes from 3
hours and 50 minutes.
3 hours 50 minutes = 230 minutes
(3X 60 + 50 = 230)
- 2 hours 40 minutes = 160 minutes
(2X 60 + 40 = 160)
70 minutes

Answer: 70 minutes converted back is 1 hour
and 10 minutes.

(70/60 = 1 with 10 minutes left over)

METHOD 2. The method most often used by

flight engineers is to perform the operation on

the numbers given, changing the denominations

as required.

EXAMPLE: Subtract 5hours and 55 minutes
from 7 hours and 30 minutes.

7 hours 30 minutes
- 5 hours 55 minutes

Always work from the right to the left in time
problems. Looking at the minutes column at the
right, we know we cannot subtract a larger
number from a smaller number, so we borrow
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an hour "unit" from the hour column, convert it
to minutes then add the 60 minutes to the top
figure in the minutes column giving us:

6 hours 90 minutes
- 5 hours 55 minutes
Answer: 1 hour 35 minutes

d. If you work and study the following exam-
ple you will have a good grasp of working with
denominate numbers.

EXAMPLE: An aircraft had a takeoff time of
1847 hours on the 16" and land-
ed at its destination at 0123 on
the 17",

What was the elapsed time for
the flight?

SOLUTION: Avoid errors in time computa-
tions by following one very im-
portant point: always subtract
the takeoff (beginning) time
from the landing (ending) time,
disregarding which value is the
larger. Our problem should be
set down like this:

01 [23 Landing time (1hour + 23 minutes)
-18| 47 Takeoff time (18 hours + 47 minutes)

To avoid confusion, make the distinction be-
tween the units of time (hours and minutes) by
drawing a line between the two columns, show-
ing that separate operations are to be per-
formed. Once again we begin by working from
right to left. We can see that the upper number
is smaller than the lower one. Borrow an hour
(60 minutes) from the hour column to the left
and added to the upper number in the minutes
column. Now we complete the subtraction op-
eration for the minutes column:

00 83 (60 + 23 =83and01-1 = 00)
-18| 47
36

Now that the "minutes" column of the problem
is solved, we move to the left and subtract the
hours column. Again, since the lower number is
larger than the upper one, we have to borrow. To
do this we will take "24 hours" (1 day) from the
day column imagined to the left of the hour col-
umn. This is available since we flew into the
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next day. Expanded for clarification, the prob-
lem now looks like this:

days hrs min

days hrs min

01 |00 | 83
18 | 47 then borrowing...
36

Write the answer as "6:36" or "6 + 36" normally
preceded by the abbreviation "ET" which means
"Elapsed Time". (ET 6:36 or ET 6 + 36.)

e. In adding denominate numbers, the flight
engineer primarily uses the second method. The
following addition problem provides review of
the above method of dealing with denominate
numbers.

EXAMPLE:- An aircraft will takeoff at 2248
CUT (Coordinated Universal
Time) and is going to fly for 8
hours and 25 minutes. What
time (CUT) will it land at its
destination?

SOLUTION: In time prediction problems, re-
member to add the elapsed time
to takeoff time. This will help
keep "carrying" clear. We set
the problem down as follows:

hrs min
22| 48
+ 8125

Working from the right to the left, we add up the
columns as independent addition problems.

hrs min
22| 48
+ 825
73

We cannot show more than 24 hours in 1 day or
60 minutes in 1 hour. We need to convert our
answer into minutes less than 60 and hours less
than 24. Working from right to left, we convert
the minutes by dividing by 60 and carrying the
number of whole units to the left, added to the
upper hours figure.
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1
hrs min
22 | 48 Takeoff time
+ 8|25 KElapsed time
13 (73/60= 1 with 13 left over, the 1is
"carried" to hrs. column.)

Now, moving to the left, we add the hours col-
umn including the "carried" amount.

1
hrs min

22 | 48 Takeoff time
+ 8|25 Elapsed time

Following our conversion method for hours, we
divide the answer in the hours column by 24
(hours in a day), carry the whole number to the
left and retain the remainder in the hours col-
umn.

1
day hrs min
22| 48 Takeoff time
+ 25 Elapsed time
1 13 (31/24 = 1 with 7 left over,
carry the 1 to the days col-
umn.)

The answer is 1:07:13 and reads "Arrival will be
at 0713 onthe NEXT day."

2-16. Equations and Formulas:

a. An equation is a means of showing that
two numbers, or two "groups" of numbers are
equal to the same amount or a statement of
equality between two quantities. When using
the sign of equality (=), the quantities on one
side of the sign balance (equals) the quantities
on the other side of the sign.

b. If yourecall, in paragraph 2-13, a ratio set
on one side of the equality sign was equal to the
ratio set on the other side. For instance, in the
proportion 3/6 = 4/8, the ratio set "3 to 6" has
the same value as the ratio set "4 to 8." The re-
duction of both would make 1/2and 1/2 = 1/2in
a statement of equality.

c. To be sure of a visual understanding of
equality, we will review a very simple analogy.
Figure 2-6 is a rough drawing of a scale used to
weigh groceries.
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Ao Lo

Figure 2-6. Equations and Formulas.

d. Infigure 2-6, A and C represent the weigh-
ing pans, the balance arm at D, and the balance
point at B. In order for the arm D to be perfectly
horizontal, the weights in both pans (A and C)
must be equal. You may use this simple balance
principle toillustrate equations.

e. Ifweplace theratioset"3/6" inplan A, and
"4/8" in pan C, we can visualize the system be-
ing balanced. Remember: ALL EQUATIONS
MUST BALANCE. Multiplication tables illus-
trate simple equations, combinations such as 8
X7 =56,2X 2 = 4, etc. Other forms of simple
equation might be; 6 + 5 = 11,12-5 = 7, ete,,
even though numbers on either side of the equa-
tion are joined by signs, such as +, -, X, /, root,
powers, etc. they are equations.

f. In flight engineering we know that in ap-
plications of speed, time, and distance, the dis-
tance traveled by an aircraft equals the speed it
is traveling multiplied times the time flown.
This statement is actually a "rule" or "princi-
ple" since it always holds true. We can write
this rule in equation form as follows:

D=SXT
D = Distance
S = Speed
T = Time

This is an equation because it balances.

g. The primary difference between an equa-
tion and a formula is that in an equation the
numbers haven’t any particular meaning. By
inserting letters that represent something, such
astheD, S, and T above, it becomes a "formula."
A "formula" is a RULE! The formulaD = SXT
is a rule for finding distance when we already
know the speed and time; 7 + 2 = 4 + 5is an
equation because it balances and the numbers
have no particular meaning. Yet,D = SXTisa
formula since the letters mean definite things
and it is a rule for finding distance. Equations
and formulas are the same when concerning
methods of working and balance.

h. The distance an aircraft travels is equal to
the speed traveled times the length of time it
maintains that speed. This would be a long and
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time-taking rule to write each time we wanted
to show it, so in flight engineering we have giv-
en such names as Distance, Speed, and Time let-
ter symbols which we can substitute for their
terms in formulas. This allows us to write rules
as short and easily expressed formats called for-
mulas.

i. Express appropriate units of measure in
practical problems for D, S, and T. The measure
for D is nautical miles. The measure for S is
nautical miles per hour. The measure for T is
hours.

j. When we have formulas written in a sim-
ple form, we can substitute actual numerical
values for the symbols, and if one value is un-
known, "solve" the formula. In the formula D =
S X T, let's demonstrate "substitution"” of actual
values to illustrate the importance of balance in
a formula. Suppose we know that D = 2,175
nautical miles, S = 435 nautical miles per hour,
and T = 5 hours. The formula D = S X T be-
comes: 2,175 nautical miles = 435 nautical
miles per hour X 5 hours after the "substitu-
tion" process. Study figure 2-7.

2,175 NM 43 5NMPH S HRS.

p'=s x X

Figure 2-7. Distance, Speed, and Time.

k. Here we first wrote down the formula us-
ing symbols to state the rule and then crossed
out the D and replaced it with its value of 2,175
nautical miles. Continuing, 435 nautical miles
per hour replaces S and 5 hours replaces T. We
can quickly see that the formula balances math-
ematically because:

2,175 nmi = 435 nmi/h X 5 hrand 2,175 nmi = 2,175 nmi

Notice:nmi is the abbreviation for nautical
miles , h stands for hours and nmi/hr means
nautical miles per(/) hour. '

1. Now we come to the point where we can ex-
plain the real use of formulas. In actual prac-
tice, there are only two known values and the
value we need is unknown. We must find the
value of the unknown symbol by calculation.
For example, we may know that the speed is 435
nmi/h. and 5 hrs. have elapsed, but we do not
know what distance we have flown. Selecting
the rule or principle that applies, we set down
our formula:
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D=8XT
Then we substitute the known values:
D = 435nmi/h. X 5 hrs.

Now, the multiplication to the right of the =
sign is calculated:

D =2,175nmi

m. Flight engineers use, to a great extent, for-
mulas. Let’s study a simplified method of using
and rearranging formulas to make them easier
tosolve.

n. Working with equations or formulas re-
quires an in depth knowledge of over 13 "theo-
rems" and "postulates” of algebra, an exception-
al understanding of all the "rules" in formula,
and equation solution arrangement. However,
it is not within the scope of this section to pro-
vide you with the studies required to become a
mathematician. Instead, we will show you a
method of rearranging formulas, developed
over the years by flight engineers, which satis-
fies all the algebraic "rules" of the mathemati-
cians and is very easy to use!

0. A key problem when working with formu-
las is "isolating" the unknown value being
sought. In other words, rearranging the formula
s0 the unknown is on one side of the equal sign
and the substitutions are on the other side.
Looking back at our example of the D = SX T
formula, as long as we were looking for D (with
S and T’s values known), we were in pretty good
shape. This formula can be arranged as it needs
to be. Let’s look at a situation that is more com-
mon for the flight engineer:

Find SifD = 2,175 nmiand T = 5 hrs.

After making the substitutions, writing the for-
mula would look like this:

2,175 nmi = ? X 5 hrs.

To make this problem easier to work it is better
to have the unknown value (S) by itself or "iso-
lated" in some fashion. Let’s study an easy way
todo this!
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p. Inany "base" formula (no division indicat-
ed on either side of the equal signie., D =8X
T), simply draw a line above the symbols to the
right of the equals sign, then place the symbol to
the left of the equals sign above the line and
drop the equals sign. Study the process below:

EXAMPLE: Arrange D = S x T isolating all
the symbols.

q. Inthis more visual form of the formula, the
value of the symbols above the line are equal to
the value of the symbols below the line. Notice
how the line and the "X" (times sign) form sort
of a "T" shape when the symbols are missing.
Study the "T" shape of the formula and see if you
can see that it now represents all three formulas
listed below:

1. D=SxT
2. S=D/T
3. T=D/S

EXAMPLE: Solve for S,if D = 2,175nmiand
T = 5hrs.

Convert our formula toD/SXT
Substitute known values2175 nmi/Sx5

r. Since the line we drew also shows "divi-
sion,” after substitution, the formula is telling
us that S is equal to 2,175 nmi divided by 5 hrs.
which is 435 knots (nmi/h).

s. Remember: the value of the symbol re-
maining after substitution will be equal to the
computation shown by the numbers substituted.

t. Let’s work a couple of examples all the way
through for a thorough understanding.
EXAMPLE: How long will it take an aircraft
traveling at a speed of 435 knots to cover 2,175
nmi?

List known values with symbols
' S = 435 knots,
D = 2,175 nmi
T=2?

Convert D = SxTtoour "T" form D/SX T
Substitute known values in "T" form 435 knots

Symbol (T) equals computation, 2,175 divided
by 435 or 5; 5 hrs
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Proof: The value of symbols above the
line equal 2,175 and the value of
the symbols below the line (435
X 5) equal 2,175, so the formula
is "balanced" and correct.

u. The discussion up to this point has concen-
trated on the reformatting of formulas in their
"base" form, meaning no division indicated on
either side of the equals sign. Many times the
engineer has to use a formula with division in-
dicated. Don’t panic! Dealing with these formu-
las are as easy as the first demonstrations. You
may see any formula in one of its many forms
and our goal is to be able to convert any formula
into a more visual format.

v. A formula used by the engineer, not usu-
ally in it's base form, is the weight and balance
formula:

A=M/W Where: A = Arm
M=Moment
W=Weight

Right now we are not concerned with exactly
what the symbols mean, but arranging the for-
mula into our "T" form which will make it much
easier to work with! The key point now is to ar-
range any formula in any form it may appear
into our "T" format, even if we have no idea
what the symbols stand for.

w. Here is what we need to do in a formula
where .division is shown. Place the symbol
standing alone to the left of the equals sign into
the lower part of the division shown to the equal
signs right, followed by the "X" (times) sign,
then simply drop the equals sign. Study the fol-
lowing example to ensure you know how this is
done:

EXAMPLE: Convert the formula, A =M/W,
tothe "T" format.
Step 1.= M/AW Move symbol
Step2 = M/AxW Add "x"sign
Step3. M/AxW Drop"="sign.

X. Study the "T" form in step 3 and see if you
can readily see the three formulas it represents.
The remaining symbols and their position in the
format show the calculation required to find the
symbol. W e should see:

1M = AW
2.A =MW
3.W=MA

y. To reinforce what we have learned to this
point, let’s review a basic problem step by step:
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EXAMPLE: Use the formula M = A X W,
solving for Aif M = 30 and W = 5,

Convert toour "T" form M/A x W
Substitute known values30/A x 5

Calculate A’s value... A is equal to 30 divided by
5.

The value of A is 6!

z. On occasion, an engineer will have to deal
with a modified formula. This ensures the an-
swer will appear in the exact form required. In
place of the symbols found in a base formula, the
procedure or calculation required to find the
symbols’ value is shown. We must keep a couple
of things in mind while reformatting. We will
work one through step by step mentioning the
things to keep in mind as we go.

EXAMPLE: Formula: (AA - LEMAC) X 100
=C.G.%MAC X MAC

Knowns: AA =915
LEMAC = 850
MAC = 260
C.G.%MAC = ? (must find)

This might appear frightening at first, but don’t
panic. The only difference between this formula
and the one we just discussed is that instead of
the symbols (A, M, and W) appearing in the for-
mula, we enter the procedure or calculation to
find their values. The value obtained by sub-
tracting LEMAC from AA multiplied times 100
will be equal to the value obtained by multiply-
ing C.G.%MAC times MAC!

Step 1. Before we arrange this into our
"T" form, we should place a
"bracket" around each group of
functions to be sure we do not
&et confused during our proce-
dure. Like this...

[(AA-LEMAC) x 100 ] = [ C.G.%MAC 1 X [ MAC ]
Now we deal with the bracketed groups as we
would symbols in a base formula. Using the pro-

cedure we learned we now convert this to our
"T" form.

[(AA-LEMAC) X 100]

[C.G.%MAC ]X[MAC]
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Step 2. Now that the formula is in our "T" format,
we can drop the brackets and substitute the
knowns we have for their letters.

(915 - 850) X 100

C.G.% MACX 260

Before solving for C.G.%MAC in the formula we
need to simplify the process appearing above the
line. This brings us toan important rule: Always
perform the operation within parenthesis first!
So...

65X 100

C.G.% MAC X 260
Continuing our simplification of the process
abovetheline, we complete themultiplication.

6500

C.G.%MAC X 260

Step 3.Now that we have single value substitu-
tions placed in the formula, we can solve for the
unknown value; C.G.% MAC. The indicated op-
eration in our format is: the division of 6500 by
260 will give us the value of C.G.% MAC... 6500
divided by 260 is 25, so...The value of C.G.%
MACis250rC.G.% MAC = 25.

aa. Another common situation encountered by
the flight engineer is solving a formula in which
there are two unknowns. Since we cannot do this
we must solve one formula tofind the needed val-
ue toplug into the original formula we wanted to
solve. Explaining this process is best accom-
plished by simply working through an example
of thissituation step by step:

EXAMPLE:- After level off, the pilot asks,
. "Engineer, we have been asked if
we can make an alternate desti-
nation 1,950 miles from here.
Can we make it on the fuel we
have?" First, we jot down the in-
formation available to us from
where we sit and theformulas we
will use. OQur notes may look
something likethis...

Fuel onboard = 24,000 1lbs
(pounds)
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4 Engine Fuel Flow = 4,800 lbs/hr,
(pounds per hour)

True Airspeed (TASK) =435 KNOTS
Formulas:

1. Fuel/Pd (fuel for the period) = FF (fuel
flow) X Time.

2. Distance = TASK X Time

Since the pilot asked if we can make a given dis-
tance, we select the second formula for distance
to find how far we can go. After selecting the for-
mula we suspect will provide the ultimate an-
swer, we want to put it into our "T" shape, essen-
tially isolating thesymbols:

Distance

TASK XTime
Now, values are substituted in the formula:

Distance

4356 X Time
Notice that we can’t solve for "Distance"” because
we have no value to substitute for "Time"! We
must now look to the first formula tofind a value
for "Time" we can plug into the initial formula.
Once again, we configure it into our "T" format...

Fuel/Pd

FFXTime

Substituting our numbers in thisformula...

24,000 1bs

4,8001bs/h X Time

Time is equal to the computation; 24,000 divided
by 4,800 is 5 or 5 hrs. Now, we have a value to
substitute in the original formula for "Time." So,
returning tothatformula withthisvalue...

Distance
435X 5
Distance is equal to the computation; 435 times §

i8 2,175 or 2,175 hmi. We found through the solu-
tion of twodifferent formulas that we are capable
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of flying 2,175 nmi. Comparing this to the 1,950
nmi stated by the pilot, we see that making the
newdestinationshould represent noproblem.

ab. Theflight engineer needs tobe able to work
withmanyformulas quickly andaccurately inor-
der toobtaintheinformation neededby thepilots.
Review this section and become as proficient as
youcaninformulaprocedures. Inthenextsection
we will discuss even faster and easier ways tofind
the answers to extremely complex formulas, and
withoutusing mathematics.

2-17. Chartsand Graphs:

a. Aircraft performance charts are "graphed"
representations of aircraft performance formu-
las. Charts aid the flight engineer a great deal in
finding answers to aircraft performance prob-
lems. Their biggest advantagesare:

(1) Alotofinformation can quickly betaken
fromachart.

(2) Charts prevent the flight engineer from
solving complicated and lengthy performance
formulas.

(3) They replace reams of tabulated data.
One minor disadvantage of charts is the slight in-
accuracy that occurs during their construction.
This falls well within the tolerances necessary
forfindingsignificant performance answers.

b. Inthefollowing textwewill talk aboutchart
basics and go through the steps of constructing a
simple chart because understanding chart con-
struction is best accomplished by actually build-
ingone!

c. Before we begin, let’s review some basic
mathematical facts thatrelate tocharts. A pair of
numbers can determine a position on a surface;
one number as a horizontal distance and the oth-
er a distance measured vertically. Anyone who
has used graph paper, read a street map, or stud-
ied latitude andlongitudelines onanatlasshould
be familiar with thisidea. The concept of "graph-
ing numbers" is simply the crossing of lines at a
specific point. This "point" is an actual pictorial
representation ofa "pair ofnumbers."

d. Since formulas contain numbers, these
numbers represent a series of plotted points.
When connected they appear as straight or
curved lines. This system of plotting these points
by the crossing oftwostraight lines isthe "Carte-
sian Coordinates System." The vertical (up and
down) number line is the"Y" axis. The horizontal
(across) number line is the "X" axis. Where the
number lines cross is the numbered pair Y = 0,X
= 0. This is the "zero" point for both axes. Study
figure2-8.

»
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Figure 2-8. Chartsand Graphs.

e. We can find any positive or negative num-
ber on the "X" or "Y" axis and a point represent-
ing a combination of the two numbers. Studying
figure 2-9, let’s plot a "pair of numbers."” We will
plot the pair of numbers (point) representing "X"
= +2, and "Y" = +3. We find +2 on the "X"
number line and draw a line straight up. Then
find +3 on the "Y" number line and draw a line
straight across. Where the two drawn lines cross
isthepoint:"X" = +2,"Y" = +3.

oy

Npearean———

(o]
b S
.

Figure 2-9. Plotting a Point.

f. Graph paper is nothing more than a blank
sheet of paper with an entire network of vertical
and horizontal reference lines. We are going to
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add the numbers and axes during the construc-
tion of our chart. Most graph paper has every
fifth line, darker than the other lines to aid in
chart construction and reading. The heavy lines
are "major lines" and the lighter lines, "minor
lines."

g. Let's start building our chart. We take a
blank piece of graph paper and draw a very
heavy line in the center of the paper all the way
across the sheet from left to right. This divides
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the sheet in half vertically. We now do the same
thing to the sheet horizontally, drawing a line in
the center of the sheet from top to bottom. These
lines become our "X" and "Y" axis respectively.
Now the line running across the sheet is "X
Axig". The line we drew up and down is "Y
Axis". Both of our axis lines cross in the exact
center of the graph paper. This represents
"zero" for either axis or theplot; X = 0,Y = 0.
Study figure 2-10.
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h. We need to establish some values along
each axis. To avoid cluttering of the chart, we
label every other major line in increments of 20.
The second major line to the right of the zero
point along the "X" axis is "+20." The second
major line to the left of zero along the "X" axis is
".20." Remember, numbers to the right of the
zero point are positive numbers and those to the
left of zero are negative. Complete this through-
out the entire length of the "X" axis number
line. We now complete the same process along
the "Y" axis, labeling every other major line in
increments of 20. The second major line above
the zero point is "+20," the second major line
below this point is "-20," etc. Once again, con-
tinue this throughout the entire length of the
"Y" axis. Figure 2-11 illustrates the results of
our work:

i. We are now ready to construct a chart.
Let’s build one from a table of facts with which
we are familiar by converting Fahrenheit tem-
perature to a Centigrade temperature, Our ta-
ble of specific known facts could look something
like this: :

Centigrade Fahrenheit

Water freezes at 0 32
Both scales equal at —40 —40

j. Let’s call "degrees Centigrade" the "X"
axis and "degrees Fahrenheit" the "Y" axis.
This added labeling enables us to make two
statements, each of which will provide us with a
"pair of numbers:"

Statement 1.Water freezesat X =0, Y = 32 (first X, Y pair)
Siatement 2.Both scales equal at X = -40, Y = -40
(second X, Y pair)

k. With some values to work with, let’s plot a
point representing our first pair of numbers: X
= 0,Y = 32 (refer tofigure 2-12). The pointX =
0is right where the two axis cross. Youmay find
Y = 32 by moving straight up from the X value
of 0, along the Y axis to a value of 32. Since the
value of each block is 2 (found by dividing the
difference between two known values by the
number of blocks between them). We move upa
total of 16 blocks, Make a mark that indicates
the numbered pair: X = 0, Y = 32. Finding the
next pair of numbers, X = -40, Y = -40, is an
identical procedure. Starting at the zero point,
we move left along the X axis to a value of -40
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(20 blocks). This is the X = -40 point. From this
point we move straight down to a value of -40 (20
blocks). Remember, downward and parallel
with the Y axis gives us negative Y values! We
mark the plot which is the numbered pair, X =
-40,Y = -40.

1. Now that the two plots are made, we are
ready to add the most important part of our
chart, the "answer" line. Using a straight edge,
draw a line the entire distance that intercepts
the center of the two plots. Study figure 2-12.

m. In order to make our chart easy to use, a
couple of formating alterations are needed.
Since all the numbers on the axes of the chart
make it difficult to read, we move the "Y" axis
and all its values to the left border of the graph
sheet. Move the "X" axis and all its values to the
bottom border of the graph. This in no way al-
ters the mathematical relationships of the axes,
nor the positive and negative values depicted. It
simply clears the way for bionic chart readers to
find what they need! Study figure 2-13, which
illustrates our completed chart.

n. An actual chart of this type would need
larger parameters. It is possible that values of
up to 120 degrees fahrenheit (120°F) may be
needed in the operational environment while
temperatures below -50 degrees fahrenheit
(-50°F are unlikely. The chart is expanded up-
ward and reduced horizontally to meet these re-
quirements shown in the final form of the chart
infigure 2-14.

o. Let’s see if we can find the Centigrade tem-
perature if our Fahrenheit temperature is 50
degrees. Entering the chart on the left border (Y
axis; Fahrenheit scale) at +50 we proceed hori-
zontally to the center of the "answer"” line. We
then read downward to the values of degrees
Centigrade (X axis). Ten degrees Centigrade is
the number the exit point represents. We now
have a chart that will give us any value of de-
grees Centigrade for any known value of de-
grees Fahrenheit or vice-versa.

p. Though we plotted our pairs of numbers as
taken from a given table we actually made a
chart thatrepresents the formula:

Degrees C = (Degrees F - 32) 5/9

NOTES:

1. For every 5-degree change in Centigrade,
there is a 9-degree change in Fahrenheit.

2. To get degrees C and degrees F at the same
starting point, subtract 32 from the degrees F
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scale (Y axis - 32). Study figure 2-14 and see if
the answer line we plotted agrees with the notes
just mentioned about the temperature conver-
sion formula.

q. The temperature conversion chart we con-
structed is typical. One minor difference is this
particular chart is "straight line" while most
are "curved line." The answer line is straight on
our chart because there is a direct relationship
between values of X and Y. Most aircraft perfor-
mance formulas are not direct relationships.
Most values do not change by fixed or set rates.
The basic procedure for construction is the same
for either a straight line or curved line chart,
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r. Figure 2-15 is a good example of a curved
line chart depicting many different formulas.
The pairs of numbers were plotted then connect-
ed to form the various answer lines. This en-
ables us to predict aircraft performance without
lengthy computations. Onboard and hand-held
performance computers are increasing in popu-
larity and our dependency on them is increas-
ing. When the batteries go dead, the power feed
fails, and the lights go out we will need to read
the "old" charts quickly and accurately to get
where we are going.
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Chapter 3
PHYSICS

3-1. What This Chapter Covers. This chap-
ter includes a discussion of those terms and laws
of physics that pertain to the construction and
operation of mechanical devices. This chapter
provides the flight engineer with fundamental
information to help him or her better under-
stand the overall operation of his aircraft.

3-2. About Matter:

a. The universe is made up of matter. Matter
is anything that has weight and occupies space.
It may exist in the form of a solid, a liquid, or a
gas. Iron, copper, water, air, and oxygen are just
afew examples of matter.

b. Matter is composed of tiny particles known
as molecules. A molecule is the smallest parti-
cle of a substance (compound) which has all the
properties of that substance. For example, a
grain of salt may be theoretically broken into
two pieces, then four, and so on, down to the last
molecule which, when broken, loses its identity
as salt and returns to sodium and chlorine, the
two elements that form salt. The molecule no
longer exists after the loss of identity.

¢. Smaller particles called atoms make up a
molecule. A molecule of water (H;0) consists of
three atoms, two atoms of hydrogen and one
atom of oxygen. The atom is the smallest part of
an element which retains the property of the
element. Now, to review these relationships:

(1) The smallest unit of a compound is the
molecule.

(2) The smallest unit of an element is the
atom,

(3) All compounds are made up of one or
more of the elements.

3-3. Units and Symbols:

a. One of the essentials to understanding the
subject of physics is a knowledge of the units
and symbols used to measure and represent
quantities, such as mass, area, volume, speed,
etc. There are two primary systems in use: the
absolute and the gravitational. Table 3-1 shows
these systems,

b. The absolute system is based on the foot as
the unit of length, the pound as the unit of mass,
and the second as the unit of time. We know this
as the foot-pound-second (fps) system,

c. The gravitational system is based on the
same fundamental units (foot, pound, and sec-

ond) as is the absolute system, but force replaces
mass as a fundamental quantity.

(TARLE 31, UNITS AND SYMBOLS. |
ABSOLUTE GRAVITATIONAL
QUANTITY UNITS UNITS SYMBOLS
LENGTH ft. fr. 1
MASS Ibs. (not used)
FORCE {not usad) Ibs. F
TIME secor secor t
{3 preferred) (s preferred)
DERIVED
AREA f12 f2 A
VOLUME R 3 v
SPEED s s v
ACCELERATION fri ftis a
FORCE {not used) slug F
MASS poundat {not used) m
DENSITY Ibarft ‘slugt
ENERGY fpoundal fibs E
POWER fpoundal’s fribws P

d. The three fundamental quantities of the
absolute system are constant under all condi-
tions. All of the derived absolute quantities also
have constant values. In the gravitational sys-
tem, force is the force of gravity, which varies
with altitude and latitude. The derived gravita-
tional quantities that involve force are also
variables. Since the force of gravity varies so
slightly within the earth’s atmosphere, we use
the gravitational system in "everyday” calcula-
tions. When we require precise calculations,
such as those related to space travel, we use the
absolute system.

3-4. States of Energy. Energy is the ability
to do work and is of two general states: potential
and kinetic. These two states can be more spe-
cifically classified as types of energy, such as
mechanical energy, electrical energy, heat en-
ergy, and chemical energy.

a. Potential Energy:

(1) Potential energy is defined as stored en-
ergy which can be released. A substance pos-
sesses potential energy because of its position,
physical state, or chemical state. Water in an
elevated reservoir and the lifted weight of a pile
driver are examples of the first group. A
stretched rubber band or a compressed spring is
an example of the second group. The energy of
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coal, food, and a storage battery is an example of
the third group.

(2) The measure of potential energy of any
lifted body is equal to the work done in lifting
the body. Work done is the measure of energy
and expressed in foot-pounds (ft X Ibs).

b. Kinetic Energy. Kinetic energy is the en-
ergy that an object possesses because of its mo-
tion. The wind, flowing water, an aircraft in
flight, and an automobile skimming over the
highway all have kinetic energy, and the faster
they go, the more energy they have.

3-5. Conservation of Energy:

a. One of the many laws of physics is the Law
of Conservation of Energy, which states that en-
ergy can be neither created nor destroyed, but its
form may change.For instance, energy given up
by one body doing work is passed on to another
body on impact or divided between them with-
out loss. The amount of energy in the universe
remains unchanged and is only transformed
from one kind or another. When you ignite a
mixture of gasoline and air inside the combus-
tion chamber of an engine, the resulting com-
bustion process generates heat energy. The re-
maining gases in the chamber (principally
nitrogen) absorb the heat. As the temperature of
the gases increases, their pressure also in-
creases (Charles’ Law). This increased pressure
gives straight line motion in all directions to the
gases. The straight line motion of the gases con-
verts into rotary motion when directed through
a turbine wheel, We have just converted heat
energy into mechanical energy.

b. The mechanical energy of the rotation
shaft is further transformed into other types.
For example, the rotating shaft turns the pumps
and generators. The generator transforms me-
chanical energy into electrical energy. The elec-
trical energy is then used to operate motors that
convert the electrical energy back into me-
chanical energy. This is used for the operation
of such aircraft units as the retractable landing
gear and wing flaps. The generator also supplies
electrical energy for aircraft lighting systems,
radio operation, and recharging the aircraft
battery. When the battery is being charged,
electrical energy is being transformed into
chemical energy. When the battery is being dis-
charged, chemical energy is being transformed
back into electrical energy.

3-6. Heat Energy. Since theaircraft engine
uses heat energy, a further discussion of heat

35

energy is of importance. When compressing gas,
the gas becomes hot. Conversely, when a gas un-
der high pressure expands, the gas becomes
cool. In the first case, we converted work into
heat energy. In the second case, unexpanded
heat energy. Experimentation shows that the
work required to overcome and the amount of
heat produced by friction are proportional. So
heat is as a form of energy. According to this
theory of heat as a form of energy, the mole-
cules, atoms, and electrons in all bodies are in a
continuous state of motion. In a hot body, these
small particles possess relatively large
amounts of kinetic energy, while in cooler bod-
ies they have less. Because the small particles
are given motion, and hence, kinetic energy,
work must be done. Mechanical energy appar-
ently is transformed and what we know as heat
is really kinetic energy of the small molecular
subdivisions of matter. Unfortunately, no en-
gine is capable of transforming all of the avail-
able heat energy in the fuel it burns into me-
chanical energy. Heat losses and operational
friction waste a large portion of this energy.

3-7. Gravitation. From his experiments,
Sir Isaac Newton concluded that all bodies in
the universe attract each other. For example,
the earth attracts the moon and the moon at-
tracts the earth. This mutual attraction is
gravitation. More commonly, the term applies
to the attraction between the earth and all
things upon it. Because of the great mass of the
earth, the attraction in this case is in one direc-
tion--toward its center. This force is gravity,
which is the force that pulls an aireraft to earth
when its engines fail, that makes a kite drop
when the wind dies down, and that keeps us
from hurtling off the face of this rapidly spin-
ning sphere into space,

3-8. Weight and Mass:

a. The pull of gravity causes objects to have
weight. Weight is defined as a measurement of
the force of gravity acting on an object. Mass is
defined as the amount of matter in any object.
Since weight depends on gravity, the weight of
an object decreases with altitude (distance from
the center of the earth). The force of gravity de-
creases with altitude. An aircraft that weighs
100,000 pounds on the ground weighs a little
less at 50,000 feet. The mass of the aircraft has
not changed however, because mass, unlike
weight, is not dependent on gravity. The mass of
an object is the same throughout the universe,
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regardless of how far it is from a gravity source.
Within the earth’s atmosphere, the change in
the force of gravity of an object does not produce
any significant change in the weight of the ob-
ject. As aresult, in engineering calculations the
numerical value for the mass of an object is, for
all practical purposes, the same as the weight of
the object. The terms mass and weight are com-
monly used interchangeably. One must keep in
mind that technically the two are not the same.
Since weight is a force, pulling a body toward
the center of the earth, the units of measure-
ment which apply to force also apply to weight.
The gravitational system unit is the pound. The
absolute system unit is the poundal.

b. The poundal is the basic unit of force in the
absolute system. It is defined as the force that
will give a mass of one pound an acceleration of
1 foot per second per second. At 0 degrees lati-
tude (the equator) the force of gravity on a one
pound-mass is 32.08 poundals, and at the poles
it is 32.25 poundals. The average value is 32.16
poundals, figured at 45 degrees N latitude
(45N.), the value commonly used in engineering
calculations,

c. In the absolute system, pounds measures
mass. In the gravitational system slugs mea-
sure mass. The slug is an engineering unit of
mass and is defined as the mass that accelerates
one foot per second when acted upon by a one-
pound-mass force. Mathematically, one slug
has the same value as the acceleration of grav-
ity. The value commonly used is 32.16 pounds
and used to calculate air density.

3-9. Density. The density of a substance is
defined as the mass per unit volume. Mathemat-
ically, density is represented by the Greek letter
rho (p) and is calculated by dividing mass vol-
ume, or:

Mass M M
Rho = P= or
Volume A" PV

You may express the value of M in the formula
in pounds or slugs. Express P in pounds or slugs
per unit volume. When changing pounds per cu-
bic foot to slugs per cubic foot, divide by 32.16.
For example, the density of air at sea level and
15 degrees Centigrade, is .07651 pounds per cu-
bic foot (1bs/ft3). Dividing .07651 by 32.16 gives
0.002379 slugs/ft3. Sometimes we use the term
mass density for density to remind the reader
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that the mathematical value of M is in terms of
mass and not weight.

3-10. Specific Gravity. The definition of
specific gravity is the ratio of the density of a
substance to the density of water. For example,
aluminum has a specific gravity of 2.7. This
means that a cubic foot of aluminum weighs 2.7
times as much as a cubic foot of water. The rea-
son that lubricating oil floats on top of water is
because it is less dense than water. Oil has a
specific gravity of .90 t0 .93.

3-11. Force. Force is defined as a push or
pull. Force is any action that produces, retards,
modifies motion, or changes the shape of a body.
In the gravitational system, one of the ways to
measure force is in pounds. Since force is a vee-
tor quantity, you may represent it by a straight
line.

a. A force has three characteristics: magni-
tude, direction, and point of application. When
we consider a force acting on an object, we can-
not know its complete effect unless we know
these three things.

b. When several forces act upon a body, they
produce the equivalent of a single force, termed
the resultant force, equal to the individual
forces. As far as the effect of the individual
forces on the actual motion of the body, it is the
same as though only the resultant force was act-
ing on the object. To find the single force use the
rules of veétor calculation. The resultant force
is the vector sum of all the acting forces. Use
simpler methods if there are only two vectors or
if they are at right angles. In figure 3-1, two
forces of 100 pounds each are applied to an air-
craft, one is lift and one is thrust. What is the
resultant force on the aircraft?

First, we must solve the problem through
graphics by using the parallelogram. According
to the parallelogram law,the resultant of two
forces acting at a point is indicated by the diag-
onal of a parallelogram the two adjacent sides of
which represent the two forces in both direction
and magnitude. In our example, the two force
lines, A.T. and A.L., are each two miles long and
represent 100 pounds. The resultant force is the
diagonal, A.C., which measures 2.82 miles.
Since the 2 mile scale represents 100 pounds, by
the ratio and proportion method we can deter-
mine the resultant force:
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2miles = 1001bs R? = A? + B*
2.82 miles ? R? = 10,000 + 10,000
R = 141 pounds
We could solve the same problem by using the
Pythagorean theorem. This theorem states that (R = resultant force)
in a right-angle triangle, the square of the hypo-
thenuse equals the sum of the squares of the oth- Use this theorem only when the forces are at
er two sides. right angles to each other.
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Figure 3-1. Force Graph.
c. If the vector sum of all the forces such as acceleration in any direction. This condition of
lift, thrust, gravity, and drag on a body is zero; equilibrium is a balance between all forces so

the body is in equilibrium and there will be no there is a cancellation by oppositely directed
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forces. Mathematically, the rule for equilibrium
of several forces is that the algebraic sums of
their X and Y components must equal zero. If
any body remains at rest or moves at a constant
speed, the forces acting on it must be in equilib-
rium,

3-12. Pressure. Pressure is the push or pull
(forces) applied by its surface divided by its
area. Pressure is usually expressed in pounds

18,000 FT. A I SQ. IN.

10.1
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per square inch (lbs/in?). In equation form the
pressure relationship reads:

Force F F
Pressure = =P= or
Area A PxA

Figure 3-2 shows how the pressure of a column
of air using the above formula could be calcu-
lated.

200 MILES PLUS
L

10,000 FT. A 1 SQ. IN.

e

R ey

Figure 3-2. Pressure Graph.

3-13. Speed. The speed of a body in motion
is defined as the distance it travels per unit of
time. In equation form this relationship reads:

Distance | D D
Speed = orS = or
Time T SxT

The units in which speed is commonly expressed
are nautical miles per hour (nmi/h), (knots ab-
breviated K or kn), and feet per second (ft/s).
The symbol "nmi" is used in the term nautical
miles per pound (nmi/lb),

3-14. Velocity. Speed makes noreference to
the direction in which a body moves. Velocity
includes the use of direction. Velocity is speed in

a given direction. The units in which velocity is
expressed are the same as those for speed. The
symbol V represents velocity. To a flight engi-
neer, speed and velocity are terms that mean
the same thing, though they are technically dif-
ferent.

3-15. Acceleration:

a. Acceleration is the rate at which the veloc-
ity of an object changes. The definition is not
based on the distance traveled, but on the loss or
gain of velocity with time. The equation form is:

change of motion
Acceleration =

unit of time
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final velocity - original velocity

Time

Vi v

t

TIME O SEC 18EC
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Where V°is the original velocity, V'is the final
velocity, VI-V° is the change of velocity, and t is
the time interval during which this change oc-
curs,

b. Figure 3-3, shows the relationship of time,
acceleration, velocity, and distance.

SSEC 4 SEC 8 SEC

ACCELERATION qbﬁ’w | oeec® | ioveec® ||ﬂ!lil.l!'t!ﬁ§'

VELOCITY o'/8Ec

DISTANCE BFT

10788C 20/8EC BO/SEC 40/8EC so/eEcC

 4SFT.  0OFT. 128PT,

FIGURE B~3, RELATIONSHIP OF ACCELERATION,TIME, DISTANCE, AND VELOCITY

c. If velocity is measured in foot per second
(ft/s), then acceleration would be measured in
foot per second squared (ft/s?). The following ex-
ample explains this measurement:

EXAMPLE: An aircraft moves from point A
to point B. At point A, its veloc-
ity is 40 ft/s. At point B, its ve-
locity is 70 ft/s. The aircraft re-
quires ten seconds to travel
from point A to point B. Calcu-
late the average acceleration
per second. Substituting in the
formula above, we have:

70-40
a —
10

30
10

= 3ft/s’

d. Acceleration is any change in velocity
whether positive or negative. We use the term
deceleration to mean a decrease of velocity. If a
body starts from rest, V°is zero and the equation
can be written:

Vi
g =2 .6 ¥ = &
t
V = velocity in feet per second
a = acceleration in foot per second squared
t = time in seconds

e. Distance traveled is the product of the
average speed and the time, where the average
speed (in the case of a uniformly accelerated
body) is one-half the sum of the initial speed and
the final speed. Therefore, the average speed of
a uniformly accelerated body, starting from
rest, is equal to: one-half (1/2) V",

Vavg = 1/2 at.
Since the distance is equal to the average veloc-
ity for a certain length of time, this relationship
can be expressed by the equation, or:
d =1/2atXt, ord = 1/2at?

f. If one knows the acceleration and the time,
he or she can calculate the distance a body trav-
eled during that time. All over the surface of the
earth acceleration of freely falling bodies is
nearly the same, The symbol generally used for
the acceleration cause by the earth’s gravity is
"g" and its numerical value is approximately
32.2 ft/s. Using g instead of "a" in the equation,
we have the distance equation for freely falling
bodies starting from rest. Itisd = 1/2gt?.
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g. Youcan apply previous equations to exam-
ples of acceleration. Use equation V; = at in
problems of aircraft acceleration at takeoff or
aircraft braking at landing.

h. Anaircraft is decelerated at a rate of 8 ft/s.
How much runway will it need for stopping if it
comes in at a landing speed of 90 knots?

i. Using equation V' = at, solve for the time
in seconds needed to come to a stop. First,
change 90 knots to feet per second (132 ft/s) and
then substitute. Thus:

Vi=at

132 ft/sec=8 ft/s X t
132=8t
t=16.5 seconds
To determine distance:
d=(1/2 at?

=(1/2)(8)(16.5%

= 1089 feet

3-16. Newton’s Laws of Motion. Sir Isaac
Newton developed three basic laws which relate
force to motion. These laws are: the law of iner-
tia, the law of acceleration, and the law of reac-
tion.

a. Newton’s first law, the law of inertia,
states, "A body at rest tends to remain at rest,
and a body in motion tends to stay in motion
with constant speed unless acted upon by an
outside force." The force portion of this law is
acceptable by a person’s own experiences. For
example, when a car starts suddenly, the occu-
pants are thrown backward, and likewise, if the
car stops suddenly, the occupants are thrown
forward. It is harder to accept the part that
states a body in motion tends to remain in mo-
tion. According to the law, if all friction could be
removed from a bearing, a wheel could coast for-
ever.

b. Newton’s second law, the law of accelera-
tion, states, "When force acts upon a body, it
changes the acceleration of that body." This
change of acceleration is proportional to the ap-
plied force and to the mass of the body giving the
body momentum. Momentum of a body is de-
fined as the product of its mass and its velocity.
Thus:

Momentum =mass X velocity
F=force on object
W= weight of object
a=acceleration of object
g=acceleration of gravity
A body that has great momentum has a strong
tendency to remain in motion and is therefore
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hard to stop. For example, a train moving at low
velocity is difficult to stop because of its large
mass. Likewise, the mass of a bullet is small,
but its penetrating power (momentum) is tre-
mendous because of its high velocity. Since we
cannot change the mass of a body, a force can
affect the acceleration (momentum) of a body
only by changing its velocity; that is, by accel-
erating it positively or negatively. The law of
acceleration states, that force always acceler-
ates the body upon which it acts, and that this
acceleration is proportional to the force causing
it. For example, if a 10-pound force gives a body
an acceleration of 10 ft/s% a force of 20 pounds
would give it twice the acceleration. It is conve-
nient to express this relationship by the follow-
ing formula:
F a

W 4
The following examples demonstrate the use of
the formula:

EXAMPLE 1: An aircraft weight 6,400 lbs.
How much force is needed to
give it an acceleration of 6 ft/s?

F a

w g

F 6

6,400 32
6,400 X 6

F= 32 = 1,200
W =6,400 lbs
a=6ft/s
g=32ft/s
F=?

A force of 1,200 pounds is needed.

EXAMPLE 2: A body that weighs 40 pounds
has a resultant force of 10
pounds acting on it. What is the

acceleration?
F a
w g
10 a
40 32
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10X 32
a= =8
40
The acceleration is 8 ft/s.
W =401bs
F=101lbs
g = 32ft/s
a="?

¢. The second law of motion also may be ex-
pressed by the following mathematical equa-
tion:

F=Ma

Where F is force, "a" is acceleration and M is
mass. You may obtain this condensed formula
by substituting mass (M) for weight (W) and
gravity (g).

d. Using the values for W and g as given in
example 1, we can find M as follows:

w

M=

g
6400

32
= 200
Then using the value 6 ft/s for "a" as given, we
have:
F=MA =200X6 =12001Ilbs

e. Newton’s third law, the law of reaction,
states, "For every action (force) there is an
equal and opposite reaction (force)." This means
that if we apply force to an object, the object pro-
vides an opposing force exactly equal to and in
the opposite direction to the force applied. It is
easy to see how this might apply to objects at
rest. For example, when you stand on the floor,
the floor exerts an upward force on your feet ex-
actly equal to your weight. This law also applies
when the force sets an object in motion. When a
force applied to an object is more than enough to
overcome friction, the excess force produces ac-
celeration. The inertia of the object causes a re-
sistive force such that the force opposing the mo-
tion equals the force producing the motion.
Inertia is that property of matter which caused
it either to remain at rest or to maintain uni-
form motion in a straight line unless acted upon
by an exterior force. This resistance to change
in velocity due to inertia is usually referred to
as internal force. When several forces act upon
an object to produce accelerated motion, the
sums of the external forces are in a state of un-
balance; however, the sums of the external and
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internal forces are always in a state of balance,
whether motion is being either sustained or pro-
duced. Forces always occur in pairs. The term
acting force means the force one body exerts ona
second body. The reacting force means the force
the second body exerts on the first. Two words
sum up this law: action and reaction. We fre-
quently demonstrate this law in everyday life.

(1) The recoil of a rifle demonstrates this
law of action and reaction. The percussion cap
ignites the gunpowder charge, combustion
takes place, and the bullet accelerates rapidly
from the rifle, As a result of this action, the rifle
accelerates rearward against the shoulder of
the rifleman. The recoil felt by the person firing
the rifle is the reaction of the action which eject-
ed the bullet,

(2) An aircraft propeller pushes a stream of
air backward with a force of 500 pounds. The air
pushes the blades forward with a force of 500
pounds, This forward force causes the aircraft to
move forward. In like manner the tremendous
rush of hot gases from the tailpipe of a jet air-
craft is the action which causes the aircraft to
move forward rapidly (reaction).

NOTE: The previously discussed, three laws
of motion in many cases, may be operating on a
body at the same time,

3-17. Centrifugal and Centripetal Force.
The discussion so far has centered around
straight-line motion and the forces involved.
Now let us consider circular motion and the two
forces involved; centrifugal and centripetal.
When an object is moving in a circular path,
centrifugal force is acting on the object to make
it break away and move outward in a straight
line. Opposing the centrifugal force is centripe-
tal force, which acts inward to hold the object on
its circular path. Both are equal and opposite.
For example, when a weight attached toa cord is
whirled, it is held in the circle by the tension of
the cord (centripetal force); at the same time
there is an outward pull by the weight against
the cord (centrifugal force). If the cord should
break, both forces would instantly disappear
and the body would continue in a straight line
because of inertia; in other words, the first law
of motion would be in effect.

3-18, Moments and Torque. If you mount
a body on a pivot or axis and apply force, there is
a tendency for rotation to take place. The fur-
ther the force is from the axis, the greater is the
tendency to rotate the body about its axis. You
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normally place your hand at the end of a wrench
when attempting to tighten or loosen a nut. This
tendency to produce rotation is a moment of
force, or torque. Torque is the product of a force
and the distance of the force from the axis. Thus,
we have the following equation:

Torque = force X distance (lever arm)

a. Do not confuse work with torque. Torque is
a measure of load in pound-feet or pound-inches.
For example, you must tighten a certain propel-
ler nut to a torque of 720 pound-feet. This job
requires a 180-pound force on a 4-foot bar or 120
pounds on a 6-foot bar.

b. When applying two forces in the same di-
rection but at different points on a body, refer to
the forces as parallel forces. For example, the
forces shown in figure 3-4 exert parallel forces
on the bar. The forces need not be equal to be
parallel forces. If force A were greater than
force B, the bar would turn about its pivot (ful-
crum) in a counterclockwise direction. If force B
were heavier than A, the bar would turn in a
clockwise direction (see figure 3-4). If the two
moments are equal, the bar is in balance, for un-
der these conditions the clockwise moments
equal the counterclockwise moments. Thus, us-
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ing the numbers shown in the illustration, we
get the following result:
5X50=5X50

¢. There are many practical applications of
the principle of moments. We use the principle
todetermine the balance of an aircraft in weight
and balance calculations. We also see this prin-
ciple in use in our everyday life. We employed
this principle when we moved a wheelbarrow
full of dirt or when we put the various weight
blocks on the balance scales.

EXAMPLE: Lets go to the wheelbarrow full
of dirt. How much force do you
need to lift the load? Let us as-
sume that the center of the load
was two feet from the fulerum
(wheel) and that we apply the
force six feet from it.

Clockwise moments = counterclockwise moments
6XF=2x300
6F =600
F=100 pounds

The wheelbarrow handles require 100 pounds to

balance (lift) the load of 300 pounds.

I——.." INCHES

f

S INCHES -—I

FORCE A

Figure 3-4. Parallel Forces.

FORCE B
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100
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EFFORT

Figure 3-5. Wheelbarrow Problems.

3-19. Work. Earlier in this chapter we de-
fined energy and force. Energy is the ability to
do work, and force is a push or pull. We accom-
plish work when using energy to produce a force
that moves an object. If there is no motion, there
is no work. If your car gets stuck in the mud and
you try to push it out, regardless of how hard
you push, you do no work unless you move the
car. It makes no difference how hard you push,
how long you push, or how tired you get, you
have done no work until the car moves. Math-
ematically,

Work =force X distance
W =fd

If you lift a 20-pound stone to a height of 3 feet,
how much work have you done? The amount of
work you did is the product of the force and the
distance.

Work = force X distance

W=20bX3ft

W =60ft1bs
In the previous section we explained that
torque, like work, is force times distance.
Torque is the result of force times distance in a
rotary direction, Work is the result of force
times distance in a straight line, as shown in fig-
ure 3-6. The unit of work, the foot-pound, is de-
fined as the work necessary to move one pound a
distance of one foot against the force of gravity.
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The work expended in raising a weight or push-
ing a cart is the same whether done in a minute
or in an hour because time has nothing to do
with the amount of work. Rather, time deter-
mines the rate of working which leads us to our
nexttopic-Power.

3-20. Power:

a. The term power is the rate of doing work.
The power rating of a gasoline engine tells us
how much work the machine can do per unit of
time. It can be expressed in two ways:

force X
distance
power= time
or
work
power= time

b. The commonly used unit of power is the
horsepower. Although horsepower actually has
nothing to do with the horse, the unit gets its
name from the amount of work a horse could
perform in a given amount of time. Figure 3-7,
shows that one horsepower is the power re-
quired to lift 550 pounds to a height of one foot in
one second. By increasing the time to 1 minute,
the amount of work is 60 times as much as for 1
second, or 60 X 550 foot-pounds (ft Ibs) or 33,000
foot-pounds (ft Ibs). One horsepower, then, is
550 ft 1bs/sec or 33,000 ft Ibs/min. The formula
for finding horsepower (hp) is:

P

hp = -
550
where P = power in foot-pounds per second.

WORK = FORCE X DISTANCE
= 55183, X 10 FT.

0 FT.
| RAISED |0 FEET

+ o

Figure 3-6. Work Equals Force X Distance.
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EXAMPLE: If a man weighing 150 pounds
runs upstairs to a vertical
height of 12 feet in 3 seconds,
how much horsepower does he
develop?

Work=12ft X 1501b = 1800ft1b

1800 ft 1bs
Power = = 600 ft Ib/sec
3s
600
hp= ——
550
hp= 1.09

The man develops about 1.1 horsepower.

3-21. Friction. Friction is the resistance to
the relative motion of one body sliding over an-
other. Friction is important in our everyday
lives. Without it we could have trouble walking.
It is the friction between our shoes and the earth
that keeps our feet from slipping out from under
us, which frequently happens when we try to
walk on ice. In most mechanical devices, fric-
tion is a liability rather than an asset. In order
for mechanisms to operate at maximum effi-
ciency, we must hold friction to a minimum. In
experiments relating to friction, measurement
of the applied forces reveals there are three
kinds of friction. You may start a body moving
with one force, but to keep the body moving at
constant speed requires another. Once a body is
in motion, it requires a definitely larger force to
keep it sliding than to keep it rolling. The three
kinds of friction are starting (static) friction,
sliding friction, and rolling friction.

N
ONE MINUTE H

r—=—" 7\
| | ONE
| rooT

l
l
I

Figure 3-7. Power.
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a. Static Friction. You must break an object
loose before attempting to slide it along a sur-
face. Once in motion, it slides more easily. The
breaking-loose force is proportional to the
weight of the body. Let us consider "F" as the
force necessary to start the body moving slowly
and "f* as normal force pressing the body
against the surface. We must consider the na-
ture of the surface rubbing against each other.
The letter "k" is the measure of starting fric-
tion. This measure is established for various
materials. When the load (weight of the object)

is known, starting friction can be calculated by .

the use of the equation:
F=kf

For example, if the measure of sliding friction of
a smooth iron block on a smooth, horizontal sur-
face is 0.3, the force required to start a 10-pound
block would be 3 pounds; a 40-pound block, 12
pounds. Starting friction for objects equipped
with wheels and roller bearings is much less
than that for sliding objects. A locomotive would
have difficulty getting a long train of cars in mo-
tion all at one time. There are a few inches of
play between the couplers on the cars. This is
intentional. When the engineer is about to start
the train, he pushes all the cars together by
backing the engine. Then, the engineer sets the
first car in motion with a quick start forward.
The engineer employs this technique to over-
come the static friction of each wheel (as well as
the inertia of each car), It would be impossible
for the engine to start all of the cars at the same
instant. The resistance to being set in motion
would be greater than the force exerted by the
engine. You greatly reduce static friction by
putting the cars in motion. To keep the train in
motion requires a smaller force than was neces-
sary tostart it.

b. Sliding Friction. Sliding friction is the re-
sistance to motion offered by an object sliding
over a surface after the object is in motion, It is
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always less than starting friction. The amount
of sliding resistance is dependent on the nature
of the surface of the object, the surface over
which it slides, and the normal force between
the object and the surface. This resistive force
may be computed by the formula:

F=p N.

"F" is the resistive force due to friction ex-
pressed in pounds; "N" is the force exerted on or
by the object perpendicular (normal) to the sur-
face over which it slides. The p (mu) is the mea-
sure or coefficient of sliding friction. On a hori-
zontal surface, "N" is equal to the weight of the
object in pounds. The area of the sliding object
exposed to the sliding surface has no effect on
the results. A block of wood will not slide any
easier on one of the broad sides than it will ona
narrow side (assuming all sides have the same
smoothness). Area does not enter into the equa-
tion above.

¢. Rolling Friction. Mounting an object on
wheels or rollers reduces its resistance to mo-
tion. The force of friction for objects mounted on
wheels or rollers is rolling friction. You may
compute this force by the same equation used in
computing sliding friction. The values of p will
be much smaller. For example, p for the rubber
tires on concrete or metal is about .02. The value
of u for roller bearings is very small, usually
ranging from .001 to .003 and is often disregar-
ded.

EXAMPLE: Towing an aircraft with a gross
weight of 318,000 lbs over a con-
crete ramp, what force must the
towing vehicle exert to keep the
aircraft rolling after it is in mo-

tion?

F =uN
=.02 X 318,000
=6,3601lbs
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Chapter 4
THE ATMOSPHERE

4-1. The Importance of the Atmosphere.
We, as humans, continue to think of ourselves
as self-sufficient beings, ruling the face of the
earth in spite of the accumulated knowledge of
the world. We never look upon ourselves as
creatures, dwelling like fish in this sea of air,
doomed and helpless without this life support-
ing environment in which we exist. Our exis-
tence in this "sea of air" is much like the life of
creatures from our ocean floors. When these
animals are lifted from their natural environ-
ment, the pressures acting on their bodies, in-
ner and outer, produce such changes as to cause
unconsciousness or death. The effects on our
bodies would produce the same results if we
were raised to the surface of our ocean of air. All
around earth, like a protecting blanket, lies the
earth’s atmosphere. Men and women have been
at work since the beginning of time trying to
find out more about it. Now, in the age of air
travel and atomic explosions, they must know
what air is made of, how it moves, and the forces
within it at work. Air is so important to our exis-
tence that, without it, we would have no plant or
animal life. Earth would be a dead planet. There
would be no trees, flowers, fruits, or vegetables.
No birds or other animals could live and the hu-
man race would not exist. An atmosphere sup-
ports such things as wind, rain, snow, clouds,
fire, and the transmission of sounds.

4-2. Composition. Our atmosphere, de-
scribed as an ocean of air, is much more vast
than any ocean of water men know about. Be-
cause it is so large, knowledge of it is important.
Discoveries about the atmosphere, have in-
creased the scope of air travel and made radio
and television possible. Some meteorologists
think the atmosphere is about 600 miles thick.
They know it has four properties that keep peo-
ple alive:

a. The power to protect the earth from dan-
gerous extremes of heat and cold.

b. The necessary gas for life--oxygen.

¢. The ability to screen out the deadly por-
tions of the sun’s rays.

d. The ability to store and carry moisture.
After just saying how vast this ocean of air is, it
is relatively small compared to the size of the
earth. Let’s take a look at the big picture. If the

earth was a baseball, the outer skin of that base-
ball would be its atmosphere. The atmosphere is
separate from the earth and rotates in relation
to the earth. This movement of the atmosphere
is circulation. The large difference between
tropical and polar temperatures primarily cre-
ates circulation. If the air stopped moving, no
wind would blow life-giving warm air into the
frigid regions, or bring life-saving cool air to the
unbearably hot tropical regions. There would be
no medium to carry moisture from the sea to the
thirsty land. The sun is the source of energy
that causes winds. Radiant energy from the sun
falls upon the earth. Some of the energy, while
passing through the air, turns into heat energy,
but most of it passes through the air to the earth.
The clouds and the earth reflect a small amount
of radiant energy which is lost in space. Un-
equal heating of the earth and water causes the
air to move in the form of wind from place to
place. The rotation of the earth influences the
wind’s direction. Land heats more rapidly than
water, and the air over land becomes warmer
than the air over water. The cooler air is more
dense and exerts greater pressure than the
warmer expanded air. The cooler air flows to-
ward the regions of warm air and forces the
warm air upward. This upward movement of air
is convection. Violent convection currents of
air, with downdrafts of cooler air cause thunder-
storms. The atmosphere consists of a mixture of
various gases. The composition of pure, dry air
is about 78 percent nitrogen, 21 percent oxygen,
and 1 percent of other gases, mostly argon (fig-
ure 4-1). Suspended in the air is water vapor,
which varies in amounts from 0 to 5 percent by
volume. The maximum amount of water vapor
the air can hold depends primarily on the tem-
perature of the air. The higher the temperature,
the more vapor it can hold. The water vapor will
remain suspended in air until, through conden-
sation, it grows to sufficient droplet or ice cry-
stal size to fall to the earth as precipitation. The
depth of the atmosphere is as much as 300,000
feet at points. Roughly half of it, by weight, lies
below 18,000 feet because of the gravitational
pull of the earth. This creates a blanket of dense
air at the earth’s surface upon which other
forces act.
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21% OXYGEN

78 % NITROGEN

Figure 4-1. Gasses in OQur Atmosphere.

4-3. Layers. The atmosphere is divided into
layers, or spheres, each having certain proper-
ties and characteristics. Since most weather oc-
curs in the troposphere and since most flying isin
the troposphere and stratosphere, we will spend
most of our time learning about these two layers
(figure 4-2).

a. Troposphere. The troposphere is the layer
adjacent to the earth. It varies in depth from an
average of 55,000 feet over the equator to 28,000
feet over the poles, with greater depthin summer
than in winter. It is characterized by a decrease
in temperature with height (figure 4-3). The top
of the troposphere is thetropopause which serves
as theboundary between the troposphere and the
stratosphere. The location of the tropopause is
usually characterized by a pronounced rate of
temperature change with altitude. The
tropopause acts like a "lid" in that it resists the
exchange of air between the troposphere and the
atmosphere above, This explains why almost all
water vapor is in the troposphere. Above the
tropopause are the stratosphere, the
mesosphere, and the thermosphere (figure 4-4).

b. Stratosphere. The atmospheric layer just
above the tropopause is the stratosphere. The
average altitude of the top of this layer is 22
miles. Characteristics of this layer are a slight
increase in temperature with weight (as opposed
to the decrease encountered in the troposphere)
and the near absence of water vapor and clouds.
Occasionally, a strong thunderstorm will break
through into the tropopause. Except for a sub-
stantial increase in the amount of ozone, the
composition of the stratosphere is the same as
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that of the troposphere. Ozone is important be-
cause it absorbs most of the deadly ultraviolet
raysfrom the sun. Ozone also has a corrosive ef-
fect on certain metals and has become increas-
ingly important as supersonic aircraft operatein
theregions of higher ozone concentration.

4-4. Aircrew Environment. Because the
atmosphere contains 21 percent oxygen, the
pressure oxygen exerts is about one-fifth of the
total air pressure at any one given level. This is
important to aircrews because the rate at which
the lungs absorb oxygen depends upon the oxy-
gen pressure. The average person is accustomed
to absorbing oxygen at a pressure of about 3
pounds per square inch (3 1bs/in? . Since air pres-
sure decreases with increasing altitude, oxygen
pressure also decreases. Prolonged high altitude
flight without supplemental oxygen will usually
produce a feeling of exhaustion, then an impair-
ment of vision, and finally unconsciousness-
-symptoms of hypoxia. Use auxiliary oxygen
during flights above 10,000 feet .

4-5. Fronts. Meteorologists recognize four
kinds of fronts--cold, warm, occluded, and sta-
tionary. Fronts are especially important to the
aircrew. Specific weather conditions precede
and follow a front as it moves through an area.
Weather associated with one section of a front is
frequently different from the weather in other
sections of the same front. Frontal weather var-
ies according tothe type of front formed. Most im-
portant, many weather hazards to aviation may
accompany afrontal system.

a. Cold Front. The leading edge of an advan-
cing cold air mass is a cold front. That is, the cold
air is overtaking and replacing warmer air.
Some of the hazards that may accompany a cold
front include turbulence (which may be ex-
treme), wind shear, thunderstorms, lightning,
heavy rain showers, hail, icing, and possibly tor-
nadoes. Another hazard is the strong, variable,
gusty low-level winds (wind shear) at the surface
and around and under the thunderstorms.

b. Warm Front. The edge of an advancing
warm air mass is a warm front. That is, warmer
air is overtaking and replacing colder air. Some
of the hazards accompanying a warm front in-
clude low ceilings and poor visibility; freezing
rain, ice, or both. Low level wind shear can be a
very significant problem and can last for hours at
alocation prior towarm frontal passage.
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Figure 4-2. Layers of Atmosphere.
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¢. Occluded Front. When a cold front over-
takes a warm front and lifts it completely from
the ground so the line of contact is aloft, an oc-
cluded front develops. This occurrence displays
characteristics of both warm and cold fronts.

d. Stationary Front. Sometimes a warm front
or cold front just does not move. When this hap-
pens. we call that a stationary front. Weather on
either side of this type front remains the same
until conditions change and the front moves on.

4-6. Winds: -

a. The most noticeable property of air is its
mobility. This mobility of the atmosphere man-
ifests itself both in flow of local winds and in a
vast, orderly system of air movements that ap-
pear to govern weather conditions around the
globe. We know the greater winds of the earth
are impelled by two great forces, the heat of the
sun and the rotation of the earth on its axis. In
this process, the sun is the real source that
drives the winds. The earth’s rotation is the
steering mechanism. If the sun alone worked on
the atmosphere and the earth did not rotate, all
large scale winds would blow to a point directly
under the sun and move radially in all direc-
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tions at some higher level. The earth’s rotation
directs air flow (see figure 4-5). Warm air from
the tropics continually mixes with the cool air
from the polar regions. This moderates the cli-
mate and adjusts temperature extremes around
most of the world. In each hemisphere, warm
and cool air masses form a large, shifting, and
unstable boundary which is both mobile and ir-
regular, Aloft, this area has deep folds which al-
ternately advance and retreat to the north and
south. They swirl in huge orbits around the
poles from the west to the east. This hurls great
waves of cold air toward the equator and draws
warm air back toward the poles. At the same
time, huge cells of high and low pressure areas
develop which relates to the wind systems at sea
level. In addition to these large pools of air, mi-
nor ones are caused by the effects of local earth
formation, such as oceans, continents, moun-
tain ranges, lakes, deserts, valleys, and even
large tracts of forest land. These local distur-
bances create updrafts, downdrafts, cold fronts,
and warm fronts. This creates or destroys cloud
patterns which, when carefully analyzed by pi-
lots and flight engineers, may help them arrive
at decisions relating to their missions.

3000~-7000 FEET THICK

00-400 MILES WIDE

1000~ 3000 MILES LONG

T wewrmwvrrocrss N

Figure 4-5. The Jet Stream.
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b. A jetstream, as illustrated in figure 4-5, is
anarrow, shallow band of strong westerly winds
of 50 knots or more which meanders vertically
and horizontally around the hemisphere in
wave-like patterns. Jet streams are character-
istic of both the Northern and Southern Hemi-
spheres. We will limit this discussion to the
northern hemisphere. Wind speeds in the jet
stream sometimes may reach 300 knots but gen-
erally are between 100 and 150 knots. Since the
jet stream is stronger at some places than at oth-
ers, it rarely encircles the entire hemisphere as
a continuous river of wind. More frequently it is
in segments from 1,000 to 3,000 miles in length,
100 to 400 miles in width, and 3,000 to 7,000 feet
in depth. The strength of the jet stream is great-
er in winter than in summer. The mean position
of the polar jet stream shifts south in winter and
north in summer with the seasonal migration of
the polar front. As the jet stream moves south-
ward, its core rises to a higher altitude and, on
the average, its speed increases. The core of
strongest winds is generally between 25,000
feet and 40,000 feet, depending on latitude and
season.

4-7. Kinetic-Molecular Theory:

a. Here is a term that is new for most of us.
Although different, this theory will give us a
foundation for dealing with the gas laws. We
base this theory on the motion of gas particles.
The assumptions of the theory are:

(1) Gases consist of tiny molecules. They
must be little; we can’t see them.

(2) The distance between the molecules is
large compared to the size of the molecules.
Each gas molecule is of a different size, but they
do not change in size as variables affect them.

(3) Molecules do not attract each other.
They are free tofloat on their own.

(4) Molecules move in straight lines in all
directions colliding with each other and with
the walls of the container.

(5) No energy is lost in the collisions. It is
almost like throwing rubber balls together, they
spring away from each other at almost the same
speed. (It would be the same speed if they were
perfectly elastic). Therefore, we will assume
molecules are perfectly elastic.

(6) The kinetic energy for molecules is the
same for all gases at the same temperature. (Re-
member, kinetic energy is the energy matter
possesses due to its motion). For example, when
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releasing water from behind a dam its potential
energy changes tokinetic energy.

b. Let’s take a look at how this applies to the
Gas Laws and the aircraft. We will put our
imagination to work and put a balloon over a
glass flask. Is the flask filled with gas? Yes, and
we can prove it. First we will warm the gas. As
the gas warms up, the molecules move faster
and that increases their kinetic energy. What
happens is the balloon inflates with the increase
in temperature. ]

¢. Now let’s take the balloon and squeeze it.
The gas that was in the balloon rushed back into
the glass jar. What happened? We increased the
pressure of the gas and the volume of gas de-
creased. How do we know? Release the balloon
and it will fill with air (gas) again, the pressure
decreased and the volume increased.

d. Let’s look at another example using an air-
craft portable oxygen bottle. If we look at the
pressure gauge, it reads 300 Ibs/in® at the top of
the bottle. What does it read on the side and bot-
tom of the bottle? It also reads 300 lbs/in® be-
cause a gas exerts equal amounts of pressure in
all directions.

e. And one last one, imagine being in a room
where someone has just opened a bottle of am-
monia. It seems that as soon as they take the cap
off you smell it, The reason for this is that as the
kinetic molecular theory states that molecules
are always moving and don’t attract each other.
Therefore, they automatically mix with the oxy-
gen, and they are always moving so the odor of
the ammonia reaches your nose quickly.

f. You may be wondering why you smell
some things quickly and others take a little
longer. Well the kinetic molecular theory says
all molecules move and that it is the size of the
molecule that establishes its speed.

g. The kinetic molecular theory does give us
a foundation for the gas laws. Now would prob-
ably be a good time to look at other factors that
affect the atmosphere.

h. Gases differ from liquids in two important
respects. First, they are compressible. Second,
they completely fill any closed vessel. In most
respects, however, gases act like liquids. Since
both are capable of flowing, they are commonly
referred to as fluids. Gases, like liquids, exert
pressure upon surfaces with which they are in
contact. Heat affects gases, expanding and con-
tracting as do liquids and solids.

i. Inanytemperature scale, it is necessary to
define at least two fixed points on the scale, then
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divide the space between the fixed points into
equal increments. The two fixed points com-
monly used are the temperature at which pure
ice melts, and the temperature at which pure
water boils under standard barometric pressure
(14.7 1bs/in?. On the two common thermom-
eters used today, the Fahrenheit and the Cel-
sius, these fixed points are 32 degrees and 212
degrees Fahrenheit, and 0 degrees and 100 de-
grees Celsius, respectively. On the two absolute
scales, the Rankine and the Kelvin, the scales
differ from the regular Fahrenheit and Celsius
scales only in position of the zero point, the di-
visions being the same as on each respective
scale.

J. The zero point on the Rankine and Kelvin
scales is equal to -459.4 degrees on the Fahren-
heit and -273 degrees on the Celsius scale. To
change Fahrenheit to Rankine temperature,

add 459.4 degrees to the Fahrenheit reading. To'

change Celsius to Kelvin, add 273 degrees to the
Celsius reading. To convert from Celsius to
Fahrenheit, or vice versa, use the following
equations:

F=1.8C+ 32,orF =9/5C + 32

F-32
C= or C =5/9(F-32)
1.8

Now that we have refreshed our memories on
the temperature scales, we can look at the gas
laws.

4-8. Gas Laws. If you had air or any other
gas enclosed in a chamber equipped with a mov-
able piston, you could study the behavior of the
gas under varying conditions. You could heat
the gas and let it expand and move the piston,
thus keeping the pressure constant. You could
increase the pressure and keep the temperature
constant to see how it affects the density. You
could vary the temperature and the density si-
multaneously to see how it affects the pressure.
The laws of Boyle, Charles, and the General Gas
Law show the relationship of density, pressure,
and temperature,

4-9. Boyle’s Law. Boyle’s Law states that if
the temperature remains constant, the density
of any gas is directly proportional to the pres-
sure, This relationship may be expressed math-
ematically as follows:
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D1 Pl

D2 P2

Where D1 and P1 represent one condition of
density and pressure. D2 and P2 represent an-
other condition of density and pressure of the
same sample of gas. In other words, if you dou-
ble the pressure you double the density.

EXAMPLE: The density of air is .00238
slugs/ft when the pressure is
14.69 1b/in* and the tempera-
ture is 15°C, If the temperature
remains constant, find the den-

gity if the pressure drops to
14.27 1b/in®.

Substituting in the equation, you obtain

.00238 14.69

D2 14.27
Therefore:

.00238 x 14.27

D2 =
14.69
.0339626
D2 = D200
14.69
D2 = 002312 slugs/ft

Notice that as the pressure dropped from 14.69
1b/in? to 14.27 1b/in?, the density decreased from
002378 slugs/ft to .002312 slugs/ft while the
temperature remained constant at 15°C. This
example illustrates that the density and pres-
sure of any gas are directly proportional when
the temperature remains constant.

4-10. Charles’ Law. Charles’ law states
that if the pressure remains constant, the den-
sity of a gas is inversely proportional to the ab-
solute temperature. This relationship is ex-
pressed by the mathematical proportion:

D1 T2

D2 T1
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EXAMPLE: Thedensity of the airis.001756
slugs/ft when the pressure is
9.90 1b/in? and the temperature
is -5°C. If the pressure remains
constant, find the density if the
temperature drops to -20 °C.
First convert the temperature
to Kelvin;

T1 = -bec,or T1 = -5¢ + 273
= 268°K

T2 = -20c, or T2 = -20c + 273
= 253°K

Substituting in the equation,
we obtain

001756 253

D2 268
Therefore,

.001756 x 268
D2 =
253

470608
D2 = e
253

D2 = .001860 slugs/ft

This example shows that the density of a gas is
inversely proportional to the absolute tempera-
ture when the pressure remains constant.

4-11. General Gas Laws. You may com-
bine Charles’s and Boyle’s Laws into a single re-
lationship which considers the variation of both
the temperature and the pressure. This combi-
nation is the General Gas Law. You may also
express it mathematically, but there is no need
to do so since it is no more than a combination of
the other two laws.

4-12. Moisture:

a. More than two-thirds of the earth’s surface
is water. Water from this extensive source is
continually evaporating into the atmosphere,
cooling by various processes, condensing, and
then falling to the earth again as precipitation.
This never ending process is the hydrologic cy-
cle. This cycle keeps the atmosphere supplied
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with moisture and aids in producing tempera-
ture and pressure changes.

b. Water in the atmosphere is in three states:
vapor, liquid, and solid. Water vapor is water in
the gaseous state and is not visible. As a liquid,
it is rain, drizzle, and the small water droplets
forming clouds and fog. As a solid, it takes the
form of snow, hail, ice pellets, ice crystal clouds,
and ice crystal fog. Water vapor is the most im-
portant single element in the production of
clouds and other visible weather phenomena.
However, it can create problems or hazards for
the flyer when it changes into the liquid or solid
state.

c. Most of the atmosphere’s moisture isin the
lower troposphere, and only rarely found in sig-
nificant amounts above the tropopause.

d. There is a limit to the amount of water va-
por that air, at a given temperature, can hold.
When reaching this limit, the air is saturated,
The warmer the air temperature, the more wa-
ter vapor the air can hold before reaching satu-
ration and condensation occurs. For approxi-
mately every 11°C increase in temperature, we
double the capacity of a volume of air to hold wa-
ter vapor. Unsaturated air containing a given
amount of water vapor will become saturated if
its temperature decreases sufficiently. Further
cooling forces some of the water vapor to con-
dense as fog, cloud, or precipitation,

e. Absolute humidity is the density of the wa-
ter vapor in the air. The amount of water vapor
that can be present in the air is almost entirely
dependent upon the temperature. The higher
the temperature, the more water vapor the air is
capable of holding. When the air has all the wa-
ter vapor it can hold, it is saturated.

f. Relative humidity is the ratio of the
amount of water vapor actually in the air to the
maximum amount the air can hold at that tem-
perature. When the air contains all of the water
vapor possible for it to hold at its temperature,
the relative humidity is 100 percent. A relative
humidity of 50 percent indicates that the air
contains half of the water vapor which it is ca-
pable of holding at its temperature.

g. The dew point is the temperature, at a giv-
en atmospheric pressure, to which air must be
cooled tobecome saturated. When this tempera-
ture is below freezing, it is the frost point. The
difference between the actual air temperature
and the dew point temperature is an indication
of how close the air is to saturation. This tem-
perature difference is the spread. Relative hu-
midity increases as the temperature spread de-

=
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creases and is 100% when the spread is 0
degrees. Aviation weather reports include the
dew point because it indicates the behavior of
water in the atmosphere.

h. Aircrews should be alert for the possibility
of fog or low cloud formation at any time when
the surface air temperature is within 4 degrees
F of the dew point. When the surface air tem-
perature is higher than the dew point tempera-
ture the spread is increasing. Any existing fog
and low clouds are likely to dissipate because
the air is becoming capable of holding more wa-
ter vapor. This is especially true in the morning
hours while air temperature near the ground is
increasing.

i. If we add moisture after saturation, con-
densation occurs. Condensation also occurs, if
cooling of the air reduces the temperature to the
saturation point. The most frequent cause of
condensation is cooling of the air and often re-
sults when air:

(1) Moves over a colder surface,

(2) Islifted (cooled by expansion), or

(3) Nears the ground cooling at night as a
result of radiational cooling.

j. The most common forms of condensation
and sublimation products are clouds and fog.
Clouds and fog form by very small droplets of
water collecting on water-absorbant particles of
solid matter in the air, Condensation generally
occurs as soon as the air becomes saturated.

k. Precipitation is liquid or solid moisture
that falls from the atmosphere in the form of
rain, drizzle, ice pellets, snow, or combinations
of them. The form of precipitation is largely de-
pendent upon temperature conditions and the
degree of turbulence present. Although there
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can be no precipitation without clouds, most
clouds do not precipitate.

1. During clear, still nights, aircraft surfaces
often cool by radiation to a temperature equal to
the dew point of the adjacent air. Moisture then
collects on the surface just as it does on a pitcher
of ice water in a warm room. The moisture
comes from the air in direct contact with the cool
surface. Often heavy dew forms on grass or
plants when there is none on the pavements or
on large, solid objects. Since large objects ab-
sorb so much heat during the day, their tem-
perature falls slowly. Their temperature may
not cool below the dew point of the surrounding
air during the night.

4-13. Standard Atmosphere Chart. We
have defined for purposes of all computations
which include meteorological parameters, a
standard atmosphere. We make three basic as-
sumptions based on observed data. They are a
sea level pressure (29.92" Hg), sea level tem-
perature (15 c), and a temperature decrease
with altitude of 6.5 c per kilometer up to the
tropopause. From these assumptions we math-
ematically define the pressure and temperature
at each height. The general gas law allows us to
calculate the density at each height. The Stan-
dard Atmosphere Chart shows the conditions
for each height. The chart (figure 4-6) is also the
Standard Day Chart and lists average values for
temperature, pressure, and density of the air at
various altitudes up to 50,000 feet. The purpose
of the chart is to provide constant values for
computation purposes. It is the basis for aircraft
performance charts and data. Above the
tropopause, approximately 36,000 feet, the tem-
perature remains constant.



56 AFM 51-9 7 September 1990

PRESSURE | DENSITY 1 TEMPERATURE | SpeED OF |  pupuul. PRESSURE
ALTITUDE | RATIO - o SOUND - [ gams RATIO -
FET | P =0 DEGC | DEGF | KNOTS IN.Hg | P/p =4
0 1.0000 1.0000 15.000 59.0 &61.7 1013.2 29.92 1.0000
1,000 971 1.0148 13.01% 55.4 659.5 977.3 28,86 9644
2,000 .9428 1,0299 11,037 51.9 657.2 942, 1 27.82 .9298
3,000 L9151 1,0454 9.056 48.3 654.9 908.2 26,82 .8962
4,000 .8881 1.0611 7.075 44,7 652.6 875.0 25,84 .8637
5,000 L8617 1.0773 5.094 41,2 650.3 843.2 24.90 .8320
6,000 8359 1.0937 3.113 37.6 447.9 81z2,1 23.98 .B014
7,000 .B106 1.1107 1.132 34.0 645,56 781.9 23.09 716
8,000 .7860 1.1279 -.850 30.5 643.3 752.5 22.22 .7428
9,000 7620 1.1456 -2.831 26.9 640.9 724.3 21.39 .7148
10,000 .7385 1.1637 -4.812 23.3 638.6 696.9 20.58 .6877
11,000 7156 1.1822 -6.794 19.8 636.2 670.2 19.7¢9 L6614
12,000 6932 1.2011 -8.775 16.2 633.9 644, 4 19.03 .6360
13,000 6713 1.2204 -10.756 12,6 631.5 619.4 18.29 L6113
14,000 .6500 1.2404 =-12.737 9.1 629.1 595.3 17.58 .5874
15,000 .6292 1.2607 -14.718 5.5 626.7 572.,0 16.89 .5643
16,000 5090 1.2814 -16.700 1.9 624.3 549.3 16.22 .5420
17,000 .5892 1.3028 -18.681 =1.6 621.9 527.3 15.57 .5203
18,000 54699 1.3247 -20.662 -5.2 619.4 505.9 14,94 A994
19,000 551 1,3470 -22.643 -8.8 617.0 485.4 14.34 4791
20,000 .5328 1,3701 -24.624 -12.3 614.6 465.6 13.75 L4595
21,000 .5150 1.3935 -26.605 -15.9 6121 446.3 13.18 .4406
22,000 4976 1.4176 -28.587 -19.5 609,46 428.0 12.64 .4223
23,000 4806 1.4424 =30.568 -23.0 607,2 410,10 12,11 4046
24,000 A542 1.4678 -32.549 -26.6 ° 604,7 392.8 11.60 . 3876
25,000 L4481 1.4939 -34.530 -30.2 602,2 375.9 11,10 L3711
26,000 .4325 1.5207 -36.511 -33.7 599.7 360.0 10.63 .3552
27,000 4173 1.5480 -38.492 -37.3 597,2 3444 10.17 .3398
28,000 .4025 1.5763 -40.473 -40.9 594.7 329.2 9.72 . 3250
2%,000 .3881 1.6051 -42.455 -44.4 592.1 314.9 9.30 .3107
30, 000 .3741 1.6348 =44, 436 -48.0 589.5 301.1 8.89 2970
31,000 « 3605 1.6856 ~45,.417 =51.6 587.0 287.5 B.49 .2837
32,000 3473 1.696% -48.398 -55.1 584.4 274.6 8.1 .2709
33,000 «3345 1.7292 -50,380 -58.7 581.8 262.1 7.74 . 2586
34,000 .3220 1.7624 -52.361 -62.2 579.2 249.9 7.38 . 2467
35,000 099 1,7963 =54 ,342 -63.8 576.7 238.4 7.04 .2353
36,000 .2981 1.8315 -56.324 -69.4 574.0 227,2 6.71 2243
37,000 . 2844 1.8753 -56.500 -69.7 573.8 216.7 6.40 .2138
38,000 2710 1.9210 -56.500 -69.7 573.8 206.6 6.10 .2038
39,000 .2583 1.9677 -56.500 -69.7 573.8 196.7 5,81 . 1942
40,000 . 2462 2.0155 =56, 500 -49.7 573.8 187.6 3.54 . 1851
41,000 2344 2,0646 -56,500 -49.7 573.8 178.8 5.28 1764
42,000 .2236 2,1148 -56,500 -69.7 573.8 170.3 5.03 . 1681
43,000 .2131 2.1662 -56.500 -69.7 573.8 162.2 4,79 . 1602
44,000 .2031 2.218% -56,500 -59.7 573.8 150.8 4,57 . 1527
45,000 . 1936 2.272% -56,500 -69.7 573.8 147.3 4,35 . 1455
46,000 .1845 2.3282 -56.500 -69.7 573.8 140.5 4.15 . 1387
47,000 .1758 2.3848 -56.500 -69.7 573.8 134.1 3.96 1322
48,000 1676 2.4428 -56,500 -69.7 573.8 127.7 3.77 . 1260
49,000 . 1597 2,5022 -56.500 -69.7 573.8 121.6 3:59 L1201
50,000 . 1522 2.5631 ~56.500 -69.7 573.8 115.8 3.42 L1144
Standard Sea Level Air: P, = 14.70 Ib/sq in. = 29.921 in. of Hg 1in. Hg =70.727 Ib/sq ft = 0.49116 Ib/sq in,
T = 15°C (59°F) w =0.,07651 Ib/eu ft P, =0.002378 slugs/cu ft

Figure 4-6. ICAO Standard Atmosphere.
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4-14. Measuring Atmospheric Conditions.
Previously, we discussed the structure and be-
havior of the atmosphere. Now it becomes nec-
essary, as a requirement for precision flight en-
gineering, to measure the atmosphere when the
aircraft is in flight. This measurement involves
temperature, altitude, and airspeed. We will
first describe the instruments used to make
these measurements--the temperature gauge,
the altimeter, and the airspeed indicator.

a. There are several types of temperature
gauges in use in the Air Force. One of these, the
bimetallic thermometer, is a unit consisting of a
stainless steel stem which projects into the air-
stream and a head which contains the pointer
and scale. The bimetallic element consists of
two dissimilar metals fused together. Vari-
ations in heat cause the metals to expand and
contract, but the dissimilar metals expand and
contract at different rates and this difference
causes the element to actuate the pointer. The
scale is in degrees (C) (Celsius) and reads from
approximately -60°C to + 50°C in increments of
2 degrees.

b. Like other instruments, temperature

gauges are subject to error. One error, known as
scale error, is caused by slight errors in calibra-
tion. Another error is heat of compression error.
The element being immediately outside the fu-
selage in the airstream is rushing through the
air at the speed of the aircraft. This rapid move-
ment of air around the sensitive element pro-
duces compression and friction, this causes the
thermometer to indicate a temperature higher
than the actual temperature of the air. The heat
compression error depends on the true airspeed
of the aircraft. As airspeed increases, the error
increases.
NOTE: Extract from charts in the flight per-
formance section of the TO pertaining to your
aircraft the corrections for errors at different
airspeeds.

4-15. Altitude:

a. Altitude is the vertical distance above a
point or plane used as a reference. There may be
as many kinds of altitudes as there are refer-
ence planes from which to measure. These are
true altitude, absolute altitude, pressure alti-
tude, and density altitude.

b. True altitude is the height measured from
the terrain directly below the aircraft, and pres-
sure altitude is the height in a standard atmo-
sphere where the actual existing outside air
pressure should occur. Pressure altitude, as the
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name implies, is altitude measured by deter-
mining existing air pressure. The altitude-mea-
suring instrument is the altimeter, the internal
mechanism of which is an aneroid barometer
that responds to changes in air pressure. There
are two types of barometers used to measure air
pressure, the mercury and aneroid.

¢. Figure 4-7 shows the principle of the Mer-
cury Barometer. Under standard conditions at
sea level, the pressure of the air column raises
the column of mercury 29.92 inches. The pres-
sure at the bottom of an air column one-inch
square extending to the top of the atmosphere is
the same as that at the bottom of a column of
mercury one-inch square and 29.92 inches high.
Since one cubic inch of mercury weighs 0.491
pounds, 29.92 cubic inches weighs 14.69
pounds. Under standard conditions, at 40 de-
grees latitude at sea level with perfectly dry air,
the atmosphere has a pressure of 14.69 pounds
per square inch. This is a pressure of one atmo-
sphere.

d. The all-mechanical aneroid barometer
mechanism is more practical for use in aircraft
than the mercury type. The aneroid barometer,
is a sealed corrugated-metal unit with some of
the air pumped out. Atmospheric air enters the
case through the pressure entrance and sur-
rounds the aneroid. As the altitude increases
(lower air pressure), the aneroid expands, mov-
ing the pointer to a higher reading. As the al-
titude decreases (higher air pressure), the an-
eroid contracts moving the pointer to a lower
reading.

e. The two most common units of measure-
ment are inches of mercury (Hg) and millibars.
The Kollsman window of pressure altimeters in
US aircraft is in inches of mercury. The US
Military and civil weather agencies express al-
timeter settings in inches of mercury.

f. Inches of mercury do not directly express
pressure in terms of force-per-unit-area. A com-
mon unit of pressure that does is the millibar
(mb), a unit of measurement equal to a force of
1,000 dynes per square centimeter. Many for-
eign nations use the millibar for altimeter set-
tings. Crewmembers flying in these countries
can consult your TO or the appropriate En
Route Supplement, or the Flight Information
Publication (FLIP) for a conversion table of mil-
libars to inches of mercury. The standard atmo-
spheric pressure at sea level in millibars is
1013.2 which corresponds to 29.92 inches of
mercury.
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Figure 4-7. Atmospheric Pressure.

g. Pressure variations are continually occur-
ring at any given location with occasional
abrupt  changes due to thunderstorms and
fronts. Pressure varies most with altitude and
temperature of the air.

h. The biggest change in barometric pressure
comes with height in the lower few thousand
feet of the troposphere. Most of the atmosphere
concentrates, because of gravity in the lower
few thousand feet of the troposphere. The
change amounts roughly to 1 inch of mercury
for each 1,000 feet of altitude. An observer at a
station located 5,000 feet above sea level would
get areading of approximately 24.90 inches (fig-
ure 4-6).

i. Air expands as it becomes warmer and
contracts as it cools. Pressure is equal at the bot-
tom of each column and at the top of each col-
umn, Vertical expansion of the warm column
makes it higher than the cold column at stan-
dard temperature. Contraction of the cold col-
umn makes it shorter. Since pressure decrease
is the same in each column, the rate of decrease
of pressure with weight in warm air is less than
standard. The rate of decrease of pressure with
weight in cold air is greater than standard.

j. At and above the transition altitude
(18,000 feet MSL in the United States), you
must set aircraft altimeters to 29.92 inches Hg.
The pilot flying above the transition level must
adjust the altimeter to the current setting when
descending through the transition level. This
will provide proper air traffic and terrain sepa-
ration. When flying below the transition alti-
tude adjust the altimeter to the surface pressure
setting of the nearest ground reporting station.

k. Even when sea level pressure does not
change along a route of flight, incorrect altitude
indications may result from temperature
changes. If the air is colder than standard atmo-
sphere, the aircraft will be lower than the altim-
eter indicates; if the air is warmer, the aircraft
will be higher than the altimeter indicates. It is
important that crewmembers understand these
errors so that when flying in cold weather and
operating in mountainous regions at minimum
en route altitudes, they do not have difficulty
maintaining terrain clearance.

1. Density altitude is defined as the altitude
at which a given density is found in the standard
atmosphere. Since we rarely encounter stan-
dard atmospheric conditions, the density alti-
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tude for an airfield may vary several thousand
feet from the actual MSL elevation of the field.

m. The varying densities of the atmosphere
affect the efficiency of aircraft performance.
Low density altitude increases aircraft perfor-
mance. High density altitude decreases aircraft
performance. The density of the air through
which it moves affects the lift of the wing or
blade. Takeoff and landing rolls are lengthened,
and rates of climb and service ceiling are re-
duced.

4-16. Airspeeds. Speed istherate of motion
or, in other words, distance traveled per unit of
time. You measure airspeeds in nautical miles
per hour, or knots. Modern aircraft use the
pitot-static system to measure airspeed. It com-
bines sensing holes for static pressure and a
pitot tube to sense ram pressure. These are the
two pressures used for airspeed indications.
Now let’s take a look at the airspeeds we will be
dealing with.

a. Indicated Airspeed in Knots (IASK). You
read it directly from the airspeed indicator.

b. Calibrated Airspeed in Knots (CASK).
The pitot-static probe systems used to sense air-
speed are so accurate that only a small error oc-
curs in the static reading for changes in pitch
and yaw. After this static position error is cor-
rected, we get calibrated airspeed. Aircraft with
central air data computers (CADC) fly calibrat-
ed airspeed. The computer automatically ad-
justs IASK to CASK before displaying. Some
aircraft use a chart to find the calibrated air-
speed from indicated airspeed.
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c. Equivalent Airspeed in Knots (EASK).
Only one error remains. Ram compression
heats the pitot-static probe hanging in the air-
stream. Correcting CASK for this Ram com-
pression results in EASK. The lift of an airfoil
depends upon the kinetic energy of the air-
stream flowing over it. When more molecules of
air are moving faster, the result is more energy
for producing lift. EASK represents the actual
kinetic energy of the airstream, in knots. Or
EASK is the equivalent speed at sea level,
which would produce the same amount of air-
flow over the wings so that the lift would be
equal.

d. True Airspeed in Knots (TASK). EASK
corrected for variations in air density. Ground-
speed is speed in relation to the ground. Wind is
the link between TASK and groundspeed. By
subtracting headwinds from TASK and adding
tailwinds to TASK, one can find groundspeed.
Flight at high altitudes requires knowledge of
one other speed indication. Mach number is the
ratio of the aircraft’s speed to the speed of sound
for existing conditions. A decimal number ex-
presses Mach number and is another calculated
value.

NOTE: We did not design this chapter to make
us experts on the atmosphere, just to give us a
better understanding of what aircrafts fly
through. There are many excellent books avail-
able about the atmosphere, and if this chapter
really stirred your interest, visit your local li-

brary.
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Chapter 5
PRINCIPLES OF DYNAMICS, AERODYNAMICS, AND THEIR APPLICATIONS

5-1. Aerodynamics and Dynamics:

a. Fuel economy in engine operation is one of
the principal aims of flight engineering. By
proper choice of power settings, low specific fuel
consumption is attained. This is not entirely the
job of the pilot. It is up to you, the flight engi-
neer, to establish the power which will enable
the pilot to fly the aircraft most efficiently un-
der the prevailing conditions. You must under-
stand the relationship of the engine operation
and the relationship of aircraft aerodynamics to
efficient flying. This chapter introduces certain
principles of dynamics, aerodynamics, and their
applications.

b. Dynamics is the branch of physics which
deals with motion caused by forces and with
forces resulting from motion. Aerodynamics is
the special application of the branch of physics
to the medium air. Therefore, aerodynamics is
the special study of objects in motion through
the air.

il

Figure 5-1. Equal Forces Acting on an Ob-
ject.

5-2. Airflow:

a. An earlier chapter defined the term force
as any action which tends to produce, retard, or
modify motion, The "sea of air" through which
aircraft fly has mass and inertia and is capable
of exerting forces on any object moving through
it. There are numerous forces acting on all parts
of an aircraft. Consider an object moving
through the air at a certain speed. There are
four general forces present as shown in figure
5-1. One is the force the object exerts on the air
when moving forward (thrust). In opposition to

this is the force the air exerts on the object
(drag). Another force is the force of gravity pull-
ing the object toward the earth (weight). This
same object exerts a force in the opposite direc-
tion to keep itself aloft (lift).

(1) Figure 5-1 shows that an object will re-
main in the same condition (no acceleration)
when all the opposing forces are equal. The ob-
ject is in a state of equilibrium. When any of the
opposing forces acting on the object are not
equal acceleration results in the direction of the
greater force. In figure 5-2 you see another re-
presentation of forces acting on an object. The
lengths of the arrows represent the respective
magnitudes of the forces. The arrowheads point
in the direction of the forces. The illustration
shows that force A is equal to and in the opposite
direction to force B. Force C is equal to and op-
posite to force D. But force E is greater than its
opposing force F, and as indicated, the object
will move in the direction of force F.

N ee—
33v. DINECTION OF

, NoTION
FORCE AsD
FORCE C=D
FORGE E GREATRER

THAN F
D E

Figure 5-2. Unequal Forces Acting on an
Object.

(2) The preceding discussion is an example
of a vector representation of the forces acting on
an object. We may show any number of forces by
a vector representation. This chapter uses this
type of force diagrams.

b. Since air possesses mass and inertia, a
stream: of air moving at a certain velocity will
continue to move in the same direction at the
same velocity until some outside element exerts
force against it. If you hold a flat plate at a
90-degree angle against the airstream, the air
that strikes the plate must change both its im-
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mediate direction and velocity to pass around
the plate. The plate and the airstream exert the
same force against each other. We use this prin-
ciple to change the direction of an aircraft in
flight. The control surfaces of the aircraft apply
forces to the air mass, and the air mass, in turn,
applies equal and opposite forces tothe aircraft..

(1) When you hold a flat plate at an angle of
45 degrees to the airstream, as shown in figure
5-3, you turn the airstream downward. The po-
sition of the plate changes the direction of the
airstream and reduces its velocity. Hence, the
plate must apply a force on the air both down-
ward and forward. The reaction to the air must
be an equal pressure upward and backward as
shown by vector AR. The vectors AL and AD are
the vertical and horizontal components of the
airstream pressure against the plate. To main-
tain a balance of forces between the airstream
and the plate, there must be a downward force
(AL2) equal to that of the upward force (AL1),
and a forward force (AD2) equal to the backward
force (AD1) (see figure 5-3)

Fﬂll:l REQUIRED TO MANTAN RELATIVE
10M BETWEEN PLATE ANO AIR W A

mw SAHETR

Figure 5-3. Airflow About an Inclined Flat
Plate.

(2) When you hold a flat plate parallel to
the airstream, as shown in figure 5-4, the air-
stream lines separate at the leading edge, flow
smoothly over the upper and lower surfaces, and
reunite just back of the trailing edge. The little
resistance offered by the flat plate is largely
skin friction caused by the air tending to cling to
the surfaces. The small amount of drag that re-
sults from skin friction will vary with the
smoothness of the surfaces. When surface ir-
regularities such as rivet heads and lapped
joints exist, the drag from skin friction is much
greater, especially at high speed.

¢. We show the airflow over a sphere in fig-
ure 5-5. As the speed of the air increases, its mo-
mentum causes greater application of pressure
on the leading edge of the sphere. This increase
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in pressure distorts the lines of air so that they
are unable to push together promptly at therear
of the sphere, creating a low pressure area
there. This low pressure area causes burbling
airflow and increased resistance of the sphere to
the flow of air.

STREAM FLOW FLAT TE
T LEADING EDSE
— I/

TRAILING EDSE

AIR MOLECULES forurr
UNPING OVER
ROUSH SURPACE.

Figure 5-4. Airflow About a Thin Plate Held
Parallel to the Airstream.

(1) Figure 5-6 shows that the resistance is
reduced by filling in the burble space at the rear
of the sphere. As aresult, the air flows smoothly
over this additional surface.

—Z N——
——
S e

Figure 5-5. Airflow Over a Sphere.

(2) Our discussion has dealt with the force
and motion of air and its reaction to objects
placed in its path. It shows that the shape of the
object affects the flow of air.

5-3. Airfoils:

a. An airfoil is a surface designed to obtain a
desirable reaction from the air through which it
moves. Any part of the aircraft which converts
air resistance into a force useful for flight is an
airfoil. Propeller blades, wings, stationary and
movable control surfaces, and even the fuselage
are airfoils. The term airfoil is usually applied
to the wings of an aircraft. The profile of a con-
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ventional wing, shown in figure 5-7, is an excel-
lent example of an airfoil. Notice that the top
surface of the wing has greater curvature than
the lower surface.

|

8
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Figure 5-6. Airflow Over a Streamlined
Shape.

b. The difference in curvature of the upper
and lower surfaces of the wing creates lift as the
wing moves through the air. A basic physical
principle states that air flowing over the top
surface of the wing will reach the trailing edge
of the wing in the same amount of time as the air
flowing under the wing. To do this, the air pass-
ing over the top surface moves at a greater ve-
locity than the air passing below the wing be-
cause of the greater distance it must travel
along the top surface. This increased velocity
means a corresponding decrease in pressure on
the surface. This creates a pressure differential
between the upper and lower surfaces of the
wing, forcing the wing upward in the direction
of the lower pressure.

c. The Swiss scientist, Daniel Bernoulli
proved this principle. Bernoulli’s principle
states that in an ideal incompressible fluid, the
total energy of a particle in motion is constant at
all points on its path in steady flow. Simply stat-
ed, the Bernoulli principle is: as the velocity in-
creases, pressure decreases; and as velocity de-
creases, pressure increases.

(1) A distinguishing feature of subsonic
airflow (air moving at speeds below the speed of
sound) is that when changes in pressure and ve-
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locity occur, there are only small and negligible
changes in density. We can simplify the study of
subsonic airflow by assuming the flow to be in-
compressible. We must consider the flow as
compressible when it approaches the speed of
sound. At this point "compressibility effects"
are taken in account. If the flow through the
venturi remains below the speed of sound, the
density of the air is essentially constant at all
stations along the length of the tube.

(2) When the density of the airflow remains
constant, static pressure and velocity are the
variables. As the airflow approaches the throat
of a venturi (station two, figure 5-8), the velocity
must increase to maintain the same mass flow.
As the velocity increases, the static pressure de-
creases. This decrease in static pressure can be
verified in two ways:

(a) By Newton’s second law of motion,
which stated that an unbalanced force is re-
quired to produce an acceleration. If the airflow
increases in velocity while approaching the
throat of the venturi, there must be an unbal-
anced force to provide the acceleration. Since
there is only air within the tube, static pressure
in the larger portion of the venturi generates
the unbalanced force. This does not change the
total energy of the airflow in the tube. The en-
ergy of the airflow is in two forms. The airflow
may have potential energy, relating to the static
pressure, and kinetic energy by virtue of its
mass and motion. Since the total energy is un-
changed, an increase in velocity (kinetic ener-
gy) will be accompanied by a decrease in static
pressure (potential energy). This situation is
similar to that of a ball rolling down a hill in
that the potential energy converts into the ki-
netic of motion. If friction is negligible, the
change of potential energy would equal the
change in kinetic energy. This is also true for
the airflow within a venturi tube.

RELATIVEWIND

Figure. 5-7. Conventional Airfoil.
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(b) The relationship of static pressure
and velocity is maintained throughout the
length of the tube. As the air moves beyond the
throat and into the larger area of the exit (sta-
tion 3, figure 5-8), the velocity decreases and the
static pressure increases.

PRESSURE

RESTRICTED AREA

CONSTANT VOLUME FLOW OF AIR

Figure 5-8. Airflow Through a Venturi.

d. We can test Bernoulli’s principle by at-
taching manometers to a venturi tube, as shown
in figure 5-9. From the difference in heights of
the columns of mercury in the manometers, you
can see that the pressure is less at the throat of
the venturi than at the inlet.

—___\_,/_—

A 3 ——

Figure 5-9. Pressure Differences Along a
Venturi.

5-4. Airfoils and Bernoulli’s Principle:

a. If air were forced through a venturi of a
rectangular shape with a movable curved sur-
face, the streamline patterns would appear as
shown in figure 5-10. You will notice the par-
ticles of air are curved and crowded together in
the narrow portion of the tube. The particles
close to the curved surfaces are also curved and
have speeded up. Thus far, Bernoulli’s principle
has been applied to the airflow in a venturi, but
it is equally applicable to the airstream passing
over an airfoil.

b. Infigure 5-10 we have removed half of the
venturi. Notice that the streamlines adjacent to
the curved surface are still curved and crowded.

They are traveling at a greater velocity than -

those farther away from the curved surface.
There must be a region of lower pressure where
the velocity of the particles of air is greatest be-
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cause when the velocity is high, the pressure is
low.

T N

AIRPOIL SHAPE

Figure 5-10. A Venturi Tube Developed into
an Airfoil Section.

c. Figure 5-11 shows the airflow over an air-
foil. We determined the theoretical amount of
lift of the airfoil at the velocity of 100 knots by
sampling the pressure above and below the air-
foil. The pressure is 14.54 pounds per square
inch above the airfoil. Subtracting this pressure
from the pressure below the airfoil, 14.67, gives
a difference in pressure of 0.13 pounds per
square inch. Since there are 144 square inches
in a square foot, multiply 0.13 by 144 and you
will find that each square foot of this wing will
lift 18.72 pounds. From this you can see that a
small pressure differential across an airfoil sec-
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tion can produce a large lifting force. This lift-
ing force is induced lift and subsequent illustra-
tions shows a vector drawn perpendicular to the
relative airstream. We can increase lift by in-
creasing the angle of attack, the wing area, the
air stream velocity, the density of the air, or by
changing the shape of the airfoil.

5-5. Angle of Attack. Before beginning our
discussion on angle of attack and its effects on
airfoils, we must first consider the terms chord
and center of pressure.

a. The chord of an airfoil or wing section is an
imaginary straight line which passes through
the section from the leading edge to the trailing
edge. See figure 5-12. The chord line provides
one side of an angle which ultimately forms the
angle of attack. A line indicating the direction of
the relative airstream forms the other side of

100 KT8
.7 LB/IN

Figure 5-11. Airflow Over a Wing Section.

b. For small angles of attack, the resultant
force is comparatively small. Its direction is up-
ward and back from the vertical, and its center
of pressure is well back from the leading edge.
Note from the illustrations that the center of
pressure changes with the angle of attack and
the resultant force line has an upward and back-
ward direction. At positive angles of attack of
three or four degrees, the resultant force attains
its most nearly vertical direction. Either in-
creasing or decreasing the angle causes the di-
rection of the resultant force to be farther from
the vertical.

c. Although the following discussion deals
primarily with positive angles of attack, it be-
gins with the airfoil position called angle of zero
lift (angle of attack with zero lift). This angle is
normally a negative angle of attack. It is one
which places the chord line of the airfoil below
the line which represents the direction of the
relative wind. See figures 5-13 and 5-14. The
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the angle. The angle of attack is the angle be-
tween the chord line of the wing and the direc-
tion of the relative wind. Do not confuse this
with the angle of incidence which is the angle
between the chord line of the wing and the lon-
gitudinal axis of the aircraft. From our previous
discussion of airfoils, you should conclude that
on each minute part of an airfoil or wing sur-
face, a small force is present. This force is dif-
ferent in magnitude and direction from any
forces acting on other areas forward or rear-
ward from this point. It is possible to add all of
these small forces mathematically, and the sum
is resultant force. This resultant force has mag-
nitude, direction, and location, and represented
as a vector, as shown in figure 5-12. The point of
intersection of the resultant force line with the
chord line of the airfoil is the center of pressure.

e xre

1L

14.87 LB/IN

airfoil obtains an angle of zero lift when the re-
sultant force line is exactly parallel to the rela-
tive wind line. At this angle, the force acting on
the airfoil is entirely drag. We could show this
in a wind tunnel test by holding a wing section
at the angle of zero lift and suddenly releasing
it. Upon release of the wing section, it would
neither lift nor fall, but would move straight
rearward in the direction of the relative wind.
By gradually increasing the angle of attack, the
lift component increases rapidly up to a certain
point and suddenly begins to drop off. See figure
5-14. During this action, the drag component in-
creases slowly at first and then rapidly as lift
begins to drop off. When the angle of attack in-
creases to approximately 18 to 20 degrees (on
most airfoils), the air can no longer flow smooth-
ly over the top of the wing surface. This is be-
cause of the excessive change of direction re-
quired. See figure 5-14. This is the stalling
angle of attack, sometimes called the burble
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point. At this point, turbulent airflow, which ap-
pears in small amounts near the trailing edge of
the wing at lower angles of attack, suddenly
spreads forward over the entire upper wing sur-
face. The result is a sudden increase in pressure
above the wing accompanied by a sharp loss of
lift and a sudden increase in resistance or drag.
These events show that Bernoulli’s principle is
true only in streamline or smooth airflow and

not in turbulent airflow. The center of pressure.

at the point of stall is at its maximum forward
position, and as the wing stalls, the resultant
force tilts sharply backward.

LIFT RESULTANT LIFT

DRAG
RELATIVE WIND

CENTER OF
PRESSURE
Figure 5-12. Positive Angle of Attack.

5-6. Wing Area. We measure wing area in
square feet and includes the part blanked out by
the fuselage. Wing area is the shadow cast by
the wing at high noon. Tests show that lift and
drag forces acting on a wing are roughly propor-
tional to the wing area, This means if we double
the wing area, the lift and drag created by the
wing doubles.

REI;M’ IVE

= DRAG

Figure 5-13. Negative Angle of Attack.

5-7. Shape of the Airfoil:

a. The shape of the airfoil determines the
amount of turbulence or skin friction that it will
produce. The shape of a wing consequently af-
fects the efficiency of the wing.

b. The fineness ratio controls turbulence and
skin friction. This is the ratio of the chord of the
airfoil to its maximum thickness. If the wing
has a high fineness ratio, it is a very thin wing.
A thick wing has a low fineness ratio. A wing
with a high fineness ratio produces a large
amount of skin friction. A wing with a low fine-
ness ratio produces a large amount of turbu-
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lence. The best wing is a compromise between

‘these two extremes to hold both turbulence and

skin friction to a minimum.

ANBLE OF ATTACK 0°
RESULTANT  NEGATIVE PRESSURE
2 PATTERN

ANGLE OF ATTACK 18°
WING COMPLETELY
STALLED

Figure 5-14. Effect of Increasing Angle of
Attack.

c. The lift over drag (L/D) ratio measures the
efficiency of a wing. This ratio varies with the
angle of attack but reaches a definite maximum
efficiency. The shape of the airfoil is the factor
which determines the angle of attack at which
the wing is most efficient. It determines the de-
gree of efficiency. Research has shown that the
most, efficient airfoils for general use have the
maximum thickness occurring about one-third
of the way back from the leading edge of the
wing. .

d. The amount of lift produced by an airfoil
will increase with an increase in wing camber.
Camber refers to the curvature of an airfoil
above and below the chord line surface. Upper
camber refers to the upper surface, lower cam-
ber to the lower surface, and mean camber to the
average of the section. Camber is positive when
curvature from the chord line is outward, and
negative when it is inward. Thus, high lift
wings have a large positive camber on the upper
surface and a slight negative camber on the low-
er surface. Wing flaps and slats cause an ordi-
nary wing to approximate this condition by in-
creasing the upper camber and by creating a
negative lower camber.
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5-8. Velocity and Angle of Attack. The
shape of the airfoil or wing cannot be effective
unless it is continually attacking new air. When
computing the lift and drag of an aircraft, you
find that lift is proportional to the square of the
velocity. For example, an aircraft traveling at
200 knots has four times as much lift as one
traveling at 100 knots when the angle of attack
and the other factors remain the same. It is im-
possible to travel in level flight and maintain
the same angle of attack. When speed increases,
lift also increases and the aircraft climbs or will
carry a greater load without climbing. For each
angle of attack, an aircraft has a definite speed
at which it will fly straight and level.

5-9. Density of the Air. Lift and drag vary
directly with the density of the air. When the
density doubles, lift and drag doubles, and vice
versa. At an altitude of 18,000 feet, the density
of the air is only one-half as much as it is at sea
level. To maintain sea level lift and drag con-
ditions at this altitude, fly the aircraft at a
greater true airspeed for any given angle of at-
tack.

5-10. Lift and Drag Computations:

a. Devising a Formula for Computing Lift
and Drag Forces. To devise a formula for com-
puting lift and drag forces on an entire aircraft,
it is necessary to consider all of the following
factors that affect lift and drag. That:

(1) Lift and drag are directly proportional
to the density of the air.

(2) Lift is directly proportional to the area
of wing.

(3) Drag depends both upon wing area and
the size and shape of the fuselage, nacelles, and
empennage.

(4) Lift and drag are proportional to the
square of velocity of the air.

(5) Lift and drag build with increases in the
angle of attack. ( Lift increases only up to the
stalling angle of attack.)

(6) Lift and drag are dependent upon the
shape of the airfoil.

With these relationships, the equations for com-
puting lift and drag are:

Rho
Vs

LIFT L=C,
2
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Rho

DRAG D=C; VZs

2
where

L = islift in pounds

D = isdraginpounds

C, = is the coefficient of lift

Cp = is the coefficient of drag

Ry0 =is density of the air in slugs per cubic foot
V = is velocity (TAS) in feet per second

S = is wing area in square feet

(a) The coefficients of lift and drag are
dimensionless numbers determined from test
data for a particular aircraft. These coefficients
take into consideration wing shape as well as
the size and shape of the fuselage, empennage,
and nacelles. They also take into consideration
other factors, the discussion of which is beyond
the scope of this manual. The value of these co-
efficients varies with the angle of attack.

(b) By the use of models in a wind tunnel,
it is possible to determine values for CL and CD.
They plot these values against an angle of at-
tack on a graph. The results of such data, for a
representative aircraft, show on the lift and
drag characteristic curve (figure 5-15). The
main use of the characteristic curve is to find
either the coefficient of lift or the coefficient of
drag for a particular angle of attack.

b. Computing Lift and Drag (Simplified
Method). The basic formulas for lift and drag
contain the same expressions used in finding
dynamic pressure or kinetic energy. You may
substitute into the lift and drag formula a sim-
pler formula for determining dynamic pressure.
We already have discussed true airspeed
(TASK), density altitude (Hd), SMOE value and
equivalent airspeed (EASK). Using EASK rath-
er than TASK, the density factor and SMOE are
eliminated, since EASK is itself dependent
upon the density of the air (Rho). The simplified
formulas are:

CLxSxEASK? CpxSxEASK?
Lift = Drag = ————————
295 295

The constant 295 used in the formula is derived
by substituting EASK for TASK. By doing this
we are able to use EASK?295 in place of V (TAS
in feet per seconds).
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5-11. Propeller aerodynamics:

a. A propeller consists of two or more blades,
each having an airfoil cross section. The action
of these blades is much like that of a wing al-
though the motion of a propeller blade is more
complex. Air flows over a propeller blade, just as
it does a wing, and produces a differential pres-
sure between the front and rear surfaces. This
differential pressure causes a dynamic reaction
in such a direction as to push the aircraft for-
ward. Figure 5-16 illustrates the path of motion
or action of a propeller blade. The airfoil section
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shown is at some particular station along the
blade. The two vectors represent the forward
and rotational velocities of this section of the
blade. The resultant of these vectors indicates
the direction in which this section is moving.
The relative wind is parallel to the path of the
motion of the blade section. The angle of attack
is measured between the chord of the blade sec-
tion and the direction of motion. Before we can
talk about aerodynamics of a propeller and its
efficiency, we must understand the terms pro-
peller slip and blade angle.

FORWARD VELOCITY

CHORD OF SEC - i (R et ?
) \B;ADE PATH :',ROTATIONAL VELOCITY

De—Jl BLADE ANGLE
S” M"_ﬁ

Figure 5-16. Propeller Aerodynamics.

fe———— eEOMETRIC PITCH

p————— EFFECTIVE PITCH

SEOMETRIC
PITCH LINE

Figure 5-17. Propeller Pitch and Slip.

(1) Propeller slip is the difference between
the geometric pitch of the propeller and its effec-
tive pitch. See figure 5-17. Geometric pitch is

|
~ RELATIVE WIND
— PROPELLER BLADE

the distance a propeller would advance in one
revolution if it were moving in a solid medium.
Effective pitch is the distance it actually ad-
vances. We base geometric (theoretical) pitch
on no slippage, whereas effective (actual) pitch
recognizes the slippage of the propeller in the
air.

(2) Pitch is not the same as blade angle, but
we often interchange the two terms because
blade angle determines pitch. The blade angle is
the angle between the chord, at some station
along the blade, and the plane of the propeller’s
rotation.

b. Propeller efficiency has an important
bearing on economy in flight. The propellers are
responsible for absorbing power from the engine
and converting this energy into aircraft forward
motion. For any airfoil there is one angle of at-
tack at which it is more efficient than any other.
This is also true for a propeller blade which is an
airfoil. We must maintain this angle of attack
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down the entire length of the blades. To accom-
plish this we twist the blades in the manner
shown in figure 5-18. Near the hub, the rota-
tional velocity is small compared with forward
velocity. Consequently, the relative wind ap-
proaches from almost directly in front of the
blade. Near the blade tips, the rotational veloc-
ity is high compared with forward velocity. The
relative wind approaches from a direction near
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the plane of the propeller’s rotation. You should
see that twist is essential in order to obtain effi-
cient propeller operation. Constant speed
mechanisms are also an aid in obtaining high
propeller efficiency. In order for a propeller to
be efficient over a wide range of speeds, alti-
tudes, and gross weights, it must be capable of
changing its blade angle to adapt itself to vary-
ing flight conditions.

FORWARD VELOCITY

Figure 5-18. Propeller Efficiency.

¢. Aerodynamically, thrust is the result of
the shape and angle of the propeller blade, An-
other way to consider thrust is in terms of the
mass of air handled. In these terms, thrust is

ROTATIONAL VELOCITY

equal to the mass of air handled, times the
slipstream velocity, minus the velocity of the
aircraft. The power expended in producing
thrust depends on the mass of air moved per sec-



70

ond. On the average, thrust constitutes approxi-
mately 80 percent of the torque (total horsepow-
er absorbed by the propeller). We lose the other
20 percent in friction and slippage. For any
speed of rotation, the horsepower absorbed by
the propeller balances the horsepower delivered
by the engine. For any single revolution of the
propeller, the amount of air handled depends on
the blade angle (which determines how big a
"bite" of air the propeller takes). Adjusting
blade angle is a means of adjusting the load on
the propeller in order to control engine torque.

d. We rate the turboprop engine by the
amount of shaft horsepower (shp) it applies to
the propeller. Since the turbine harnesses most
of the energy, to turn the propeller, the mea-
surement of shaft horsepower provides a realis-
tic horsepower rating. The use of an extension
shaft between the engine power section and the
reduction gear assembly makes it practical to
measure the shaft horsepower with the torque-
meter system. The manufacturer of the engine
computed a constant (K) value, used to compute
engine power. The engine constant includes all
of the factors for converting torque to shaft
horsepower. The constant value for the T56-A-7
engine is 63,025. The shaft horsepower on an
engine is also directly dependent on engine rpm.
The turboprop engine is most efficient when op-
erating at 100 percent rpm. The T56-A-7 engine
turns 13,820 rpm at 100 percent. With the use of
torque (T), engine rpm, and engine constant,
use the following formula to find shaft horse-
power:

Txrpm
shp =
K

We can compute shaft horsepower by substitut-
ing known values. When the engine is run at
100 percent rpm, the rpm becomes a constant
13,820.

Tx13,820
shp = S
63,025
Using this formula, let us compute the shp de-
veloped by an engine indicating 15,500 inch-
pounds of torque.

15,500 x 13,820
shp= .
63,025
shp = 3,398.8
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5-12. High Speed Aerodynamics. In the
discussion of aerodynamics, you have been
studying the behavior of air at velocities less
than the speed of sound. When the movement of
an object, or of the air relative to the object, is
below the speed of sound, it is subsonic. We will
discuss how air behaves as the relative velocity
nears or goes beyond the speed of sound; that is,
when it becomes transonic or supersonic. The
primary difference between subsonic, trans-
onic, and supersonic air flow is one of compres-
sibility (density changes). At subsonic veloci-
ties, the density changes that take place are so
slight that they can generally be disregarded.
We can compare airflow at these low velocities
to the flow of liquids, "incompressible flow." At
high velocities, large pressure changes produce
significant changes in air density, We can no
longer ignore these density changes and we
must account for--"compressible flow." We can-
not use Bernoulli’s principle for incompressible
fluids to explain lift at transonic and supersonic
speeds. To understand the principles of high
speed flight, we must consider three phenom-
ena: the speed of sound, shock wave formation,
and mach number.

a. The Speed of Sound. The speed of sound is
of great importance in the study of high speed
airflow. At sea level on a standard day, the
speed of sound is 661.5 knots. Sound waves may
or may not be audible, hearing depends on the
frequency of the sound wave. Under normal con-
ditions, the velocity will always be the same. As
an object moves through a mass of air, velocity
and pressure changes occur that create pressure
disturbances in the airflow surrounding the ob-
ject. These pressure disturbances travel
through the air at the speed of sound. Airfoil
traveling through the air below the speed of
sound generates sound waves that affect the air
particles ahead of the airfoil. You could say that
the air ahead of the airfoil is "warned" that an
object is approaching. The air molecules adjust
themselves to accommodate the fast moving air-
foil. The distance ahead of an airfoil at which
sound waves can influence the behavior of the
airflow constantly decreases as flight speeds in-
crease. When reaching sonic speed, the influ-
ence of the sound wave has decreased to the
point where the air particles actually remain
undisturbed until violently pushed aside by the
oncoming airfoil.
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Figure 5-19. Shock Wave Formation.

b. Shock Wave Formation. The formation of
shock waves relates to the speed of sound. We
show the influence of sound waves on the behav-
ior of the air around a moving object by the use
of a single point in space sending out sound
waves. See figure 5-19. The stationary point of
disturbance radiates pressure waves at the
speed of sound in all directions. The point mov-
ing at half the speed of sound disturbs the air
around it so the center of each wave is further
along than the center of the preceding wave.
The point traveling at the speed of sound pre-
vents the pressure waves from moving ahead of
it because the velocity of the point and the ve-
locity of sound are the same. The waves now
superimpose themselves one upon another in a
narrow band that is about one ten-thousandths
of an inch thick. This narrow band of pressure is
a shock wave.

¢. Mach Number. A mach number is the ratio
of speed of flight to speed of sound. This is
named in honor of the Austrian scientist, Ernst
Mach. If an aircraft is flying at twice the speed
of sound, it is flying at Mach 2. If it is flying at
half the speed of sound, then its mach number is
0.5. As the flight engineer of a high speed air-
craft, you must know the ratio of your flight
speed to the speed of sound, because as an air-
craft approaches the speed of sound, it may be-
come uncontrollable or even disintegrate as a
result of the stress imposed on it. We describe
high speed flight in terms of two speed ranges:
transonic and supersonic.

(1) We know that any airfoil must have an
aerodynamic shape, and the velocity of the air
passing over an airfoil will always be higher
than the actual speed of flight. When the speed
of flight is less than the speed of sound but of
high enough velocity to induce supersonic air-
flow over some part of the aircraft structure, the
aircraft is in the transonic speed range.
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(2) As flight speed increases further, we
reach a point where the airflow over all parts of
the aircraft is supersonic, or above the speed of
sound. When this happens, the aircraft is in the
supersonic speed range. The following, in terms
of their mach number, are the speed ranges
which were referred to earlier:

(a) Subsonic - Mach numbers below 0.75.

(b) Transonic - Mach numbers from 0.75
tol.2.

(¢) Supersonic - Mach numbers from 1.2
10 5.0.

5-13. Transonic Aerodynamics:

a. The beginning of the transonic speed of
range for a particular aircraft is the flight speed
at which the airflow over a part of the wing be-
comes supersonic. As the airflow becomes su-
personic, a normal shock wave always forms on
top of the wing as shown in figure 5-20. A "nor-
mal" shock wave is one that forms at 90 degrees
to the airflow and mixes the airflow--part of it
moving at subsonic speeds, part of it moving at
supersonic speeds. Supersonic airflow will al-
ways decrease to subsonic speed after passing
through a normal shock wave. Both the shock
wave and the mixed airflow present serious
aerodynamic problems. The flight speed at
which this occurs is the critical mach number.
We reach this mach number when 1.0 occurs
somewhere on the wing. Figure 5-21 shows the
airflow moving over an airfoil as speed in-
creases from the subsonic through the transonic
ranges. The representative aircraft reaches the
critical mach number of 0.72. Since no shock
wave forms, there are no adverse aerodynamic
forces. As we exceed the critical mach number,
Mach 0.77, a shock wave develops on top of the
wing. The velocity ahead of the shock wave be-
comes supersonic, but slows down to subsonic
velocity as the air particles pass through the
shock wave. Energy is dissipated in the form of
heat, and static pressure and density increase
behind the shock wave. There may also be some
separation of the boundary layer. Note that at
Mach 0.82 there is a strong shock wave on top of
the wing which moves further to the rear. There
is also the beginning of a shock wave on the bot-
tom of the wing. In this case, separation takes
place because the boundary layer does not have
enough kinetic energy to withstand the large
adverse pressure gradient. Since the area of the
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supersonic flow is greater, the shock waves are
nearer the trailing edge of the wing at Mach
0.95. The boundary layer may remain separat-
ed, or it may attach itself again to the airfoil,
depending on the airfoil shape and the angle of
attack. At a flight speed of Mach 1.05, the air
ahead of the leading edge has no warning of the
approach of the airfoil. The airfoil suddenly
pushes the air out of the way. The shock wave
formed at the leading edge is a bow wave. In-
creasing the flight speed to a still higher mach
number, the bow wave will move closer to the
leading edge, and the oblique angle it forms
with the line of flight will incline more.

NORMAL SHOCK
WAVE

SUBSONIC  SUPERSONIC SUBSONIC

e

—

Figure 5-20. Formation of a Normal Shock
Wave.

b. A shock wave loses energy in the form of
heat. This loss of energy results in a sudden in-
crease in total drag called wave drag. At tran-
sonic speeds, wave drag accounts for a large per-
centage of total drag. We can illustrate this by
plotting the drag coefficient against mach num-
ber for a constant coefficient of lift. At approxi-
mately five to ten percent above the critical
mach number, a sharp rise in drag will be noted.
There will also be a loss of lift due to the shock
wave because the pressure and density of the air
behind the shock wave will increase greatly. If
the loss of lift is severe enough, the aircraft will
stall. Separated, turbulent airflow behind the
shock wave affects the control surfaces in two
ways. First, because of separation and turbu-
lence, the air loses its kinetic energy and be-
comes aerodynamically dead. Deflection of the
control surfaces will have no effect, and the pilot
will have no means of controlling the attitude of
the aircraft. Second, conventional control sur-
faces, subjected to high frequency buffeting due
to turbulent airflow, may flutter. If buffeting is
severe and prolonged, structural damage may
result.

c. The loss of lift due to shock wave formation
can have a serious effect on stability. If the
shock wave does not occur on both wings at the
same place and at the same time, the lift of the
two wings will not be equal and the aircraft will
roll or suffer "wing drop." On the other hand, if
shock wave induced separation occurs symmet-
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rically near the wing roots, a decrease in down-
wash on the horizontal stabilizer will create a
diving moment and the aircraft will drop its
nose at its critical mach number. If these con-
ditions occur on a swept wing aircraft, shock
wave formation at the wingtips will move the
center of pressure forward, resulting in a "pitch-
up" attitude.

MAXIMUM LOCAL VELOCITY I3 LESS
THAN SONIC

=0.50 MAXIMUM LOCAL VELOCITY EQUAL
. TO SONIC

M=z0.T2
{critlcol mach number)
SUPERSONIC ~,
FLOW A

A

NORMAL SHOCK WAVE

M=0.77 POSSIBLE SEPARATION

NORMAL SHOCK
SUPERSONIC  __,

M=0.82

M=1.03
BOW SUBSONIC
WA/E AIRFLOW

Figure 5-21. Behavior of Airflow as Speed
Increases.

d. Regardless of the amount of thrust avail-
able, the critical mach number limits the maxi-
mum speed of today’s transport aircraft. For ex-
ample, if an aircraft has a critical mach number
of 0.70, its top speed at sea level would be ap-
proximately 530 mph. If certain design changes
were made, then we would raise the critical
mach number to Mach 0.85. This permits a top
speed of approximately 650 mph--a gain of 120
mph. See figure 5-22.

e. A high speed airfoil differs in shape from a
low speed, high lift airfoil. The shape of a low
speed airfoil must provide sufficient thickness
to generate lift at relatively low speeds. The dif-
ference in the profiles of high speed and low
speed airfoils is in figure 5-22.
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Figure 5-22. High vs Low Speed Airfoils.
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(1) An ideal wing for high speed aircraft is
one which the airflow will rémain subsonic until
we reach Mach 1.0. In other words, an ideal
wing eliminates the transonic speed range en-
tirely. However, such an airfoil would not have
enough strength to support a load, and takeoff
and landing speeds would be impossibly high.

(2) The airfoils (wings) used on our trans-
port aircraft are of sufficient thickness for
structural purposes and allow for the provision
of high lift devices (flaps and slats) that are nec-
essary for reasonable takeoff and landing
speeds.
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Chapter 6
JET AIRCRAFT ENGINES

6-1. Powerplant History:

a. The steady progress of powered flight has
closely followed the development of suitable air-
craft power plants. The first airplanes were
powered by piston engines that turned a propel-
ler. This was the only means known at the time
which could propel a heavier-than-air machine
in continuous flight. From Kittyhawk until the
latter part of World War II, aircraft and recipro-
cating engines where continually refined and
improved. Larger and more efficient engines led
to larger, faster, and higher flying aircraft.
Aerodynamically clean monoplanes replaced
the biplane with all its struts and wires. Yet, the
basic means of propulsion remained the recipro-
cating engine which was limiting aeronautical
progress because of its increasing weight and
size.

b. The development that dramatically ad-
vanced the progress of aeronautical science was
the successful evolution of the jet engine. With
this lightweight yet tremendously powerful en-
gine, we could nowdeliver thrust thateliminates
past problems and limits. The possibility of go-
ing faster than the speed of sound becomes a re-
ality.

6-2. JetEngine Development:

a. Serious development of jet engines began
in the early 1930s when two individuals, work-
ing along similar lines, each developed a reac-
tion engine that could produce thrust by com-
pressing air, burning fuel with air, and expelling
the hot gases at a high velocity. One of the en-
gines employed a centrifugal compressor while
the other engine used a more efficient axial flow
compressor. Boththeengines were used to power
aircraft by the end of World War II. During the
post war years, jet powered aircraft proved to be
vastly superior toconventional aircraft in speed,
power, and simplicity of design. Their ability to
fly higher, faster, and further on almost any type
of fuel basically led to the end of the reciprocat-
ing engine. In the United States military goals
directed most of the development of jet propul-
sion. Fighter aircraft led the way, then strategic
aircraft, and, finally, cargo aircraft until almost
all military aircraft were powered by some type
ofjetengine.

b. The development of the jet engine also cre-
ated arelatively new and strange field of aircraft

propulsion. Anyone who operates an engine
knows that understanding how and why an en-
gine operates is very important. To attain an
adequate understanding of jet engine operation,
one must first become familiar with its theories
and terms.

6-3. dJetPropulsion:

a. Jetpropulsion is a method to drive aircraft
through the skies. To understand jet propulsion,
imagine the firing of a gun. The action may refer
to the motion of the bullet, the reaction being the
motion of the gun itself. You feel the reaction of
the gun as a "kick” against the shoulder. A jet
engine drives forward by using a similar reac-
tion. The engine takes the place of the gun. The
Jjet exhaust takes the place of the bullet. When
the jet exhaust shoots into space, the reaction to
it drives the engine forward. For this reason, jet
engines are reaction-type engines. Turbojet, tur-
bofan, and turboprop jets are all members of the
reaction family.

b. Many persons believe thatjet propulsion is
caused by the exhaust gases "pushing” against
the outside air. This is not so. In fact, jet propul-
sion will work just as well in a vacuum as long as
we provide oxygen to burn the engine’s fuel. The
scientist, Sir Isaac Newton, stated the principles
used by jet propulsion engines in his laws of mo-
tion (chapter 3). One of the easiest ways tounder-
stand these laws to develop thrust is to observe
theeffects onatoyballoon.

Figure 6-1. Using a Balloon To Illustrate
Newton’s Principle.

(1) First, blow up the balloon and pinch the
stem so the air cannot escape (Figure 6-1). The
air pressure in the balloon is equal in all direc-
tions. There are no unbalanced forces in it that
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can propel the balloon, This is a sample of New-
ton’s first law that states a body at rest will re-
main at rest unless it is acted upon by an outside
force.

(2) Now, let go of the stem and the balloon
will zip away (figure 6-2). Escaping air, like a jet
exhaust, releases the pressure near the stem.
The unbalanced pressure on the opposite side
pushes the balloon forward. This is a simplified
view of Newton’s second law that states force is
proportional to the product of mass and velocity.
The faster the air escapes, the greater the force
produced. Therefore, this action not only devel-
ops a force, it also determines the amount of force
developed.

Figure6-2. Reaction = Action.

¢. Newton’s third law states thatfor every ac-
tion there is always an equal and opposite reac-
tion. After a jet engine builds upinside pressure,
it expels burned gases from the tailpipe in a
stream called the jet exhaust. The reaction in-
side the engine to this jet exhaust drives the en-
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gine forward. This is jet propulsion and is basi-
cally how reaction engines develop thrust. The
ACTION and REACTION forces described by
Sir Isaac Newton occur inside the engine in the
same manner as they did inside the balloon. A
great force is exerted to accelerate the burned
gases through the engine’s nozzle. It is the reac-
tion to this force that thrusts the aircraft for-
ward.

6-4. Basic Operation. Most ofthelarge sub-
sonic aircraft in the Air Force inventory are now
powered by turbojet, turboprop, or turbofan en-
gines. Although their looks vary greatly, a gas
turbine engine generates their thrust. By defini-
tion, a gas turbine engine is a machine that pro-
duces high velocity air at thejet nozzle. This hap-
pens by compressing the air, adding fuel, then
burning thefuel-air mixture as it passes through
the engine. Itis the most versatile of the reaction
engine family; however, it is also the most com-
plex. It is fairly easy to understand how and why
a gas turbine engine develops thrust. It would be
difficult to understand the many principles of
aerodynamics, thermodynamics, pneumatics,
and gas law physics, which we must consider to
learn exactly what occurs at each point within
the engine. Fortunately, those who deal with jet
aircraft need tounderstand only thebasic princi-
ples of the engine’s operation. Most of these be-
come apparent when we examine the basic op-
eration ofthe gas turbine.

ENGINE TAIL PIPE &

INTAKE COMPRESSION

Figure 6-3. Turbo-Jet Operating Cycle (Continuous).

COMBUSTION EXHAUST

JET NOZILE
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a. The gas turbine engine develops thrust by
burning a combustible fuel-air mixture and
changing the energy of the expanding gases into
a propulsive force. Though they differ quite a bit
from the reciprocating engine, gas turbine en-
gines use the same basic continuous four cycle
process of intake, compression, combustion, and
exhaust. This is done by the taking in of an air
mass, compressing it, adding fuel and burning
the mixture, and expelling the air/gas mass
through a nozzle. When the engine is operating
on its own, this process is continuous as long as
fuelis available for combustion.

b. The simplest gas turbine engine for air-
craft is the basic turbojet engine. A tubelike con-
tainer open at both ends makes up the engines
case. Figure 6-3 illustrates the four normally
distinguishable sections contained within the
tube (engine) and their relationship to each of
the turbojet’s four continuously operating cy-
cles. Normally, the engine air inlet duct (intake)
is part of the airframe and not a section of the
engine. The front section contains a rotating
compressor (compression). The burner section
(combustion) follows. Then comes a set of driving
turbines. We mount the turbines and the com-
pressor on one shaft and operate as a single unit.
The aft section is the engine tailpipe or exhaust
cone (exhaust). The opening at the rear of the en-
gineis thenozzle.

¢. When the turbgjet is operating, a continu-
ous amount of air passes through it. When this
air enters the compressor section, it is com-
pressed and accelerated by the rotating compres-
sor and then forced into the burner section.
There, fuel sprays into a portion of the air mass.
The resulting mixture burns to produce hot, ex-
panding gases which further increases the pres-
sure and velocity of the air mass. After combus-
tion, these gases, plus the high velocity air not
used for combustion, rush through the turbine
section rotating the turbine wheels. This, in
turn, drives the compressor. After the gases pass
through the turbine section, they exit out of the
exhaust section through a nozzle designed to
give the gases additional acceleration. Since the
compressor connects directly to the turbine
wheels, the air mass compression cycle is con-
tinuous as long as there is sufficient energy to
rotate the turbine wheels. The turbines turning
the compressor consumes roughly 70 percent of
thetotal energy developed within theengine. Air
compression uses most of the energy. The re-
maining energy expels the air mass through the
jetnozzle. According to Newton’s third law of mo-
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tion, the reaction (thrust) to this force is what
drives theengine (and aircraft) forward.

6-5. Gas Turbine Components. The types
of compressors used determine the two basic
types of gas turbine engines. Seefigure 6-4.

E)'(l'IAUS'I'x

CENTRIFUGAL COMPRESSOR

CO&PRESSOR

COMBUSTION
\ r r r -y |

'\
....I-Lcl-n

TURBINE

AXIAL FLOW COMPRESSOR

Figure 6-4. Gas Turbine Engine Compres-
sors.

a. Centrigugal Flow Engines. In centrifugal
flow engines, the direction of the airflow from the
compressor is vertical. This happens by the tak-
ing in of air at the center of the compression ro-
tor, spinning at a high speed. Centrifugal force
throws the air to the outer edge of theimpeller. It
then expands slowly in a chamber around the
compressor while throwing more air into the
chamber to increase compression. The centrifu-
gal compressor is not very efficient. The maxi-
mum compression ratio may be only 4 or 5to 1,
whereas axial compressors may have a ratio of
upto20tol.Forthisreason, itis more efficient.

b. Axial Flow Engines. In axial flow engines,
the direction of airflow from the compressor is
horizontal. The term axial flow comes from the
air flowing parallel to theshaft of axis of the com-
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pressor. The axial flow compressor with the
same size intake as the centrifugal compressor
can also produce more thrust. Manufacturers
build engines with several sections. These con-
sist of an air inlet section, a compressor section, a
combustion section.

(1) Inlet Section. The air inlet duct is nor-
mally an airframe part butis so important to en-
gine performance, we take it into consideration
in any discussion of a complete engine. The air
inletduct serves tofurnish therequired air tothe
front of the compressor. A uniform and steady
airflow is necessary to avoid compressors stalls
which initiate heat buildup at the turbine. The
inlet has two functions. First, it recovers as
much total pressure as possible and delivers it to
the front of the engine. Second, it delivers air to
the compressor inlet with a minimum of turbu-
lence and pressure variation. The duct usually
has a diffusion area which changes ram air ve-
locity into a higher static pressure at the face of
the engine. This is called ram recovery and is
possible because of the shape of the inlet duct.
There are basically two types of inlet ducts, the
single and divided entrance. The single entrance
duct is the most common and most effective since
its location is directly in front of the engine so it
scoops undisturbed air from in front of the air-
craft. Also, it is short which minimizes pressure
loss. The configuration of the duct depends on its
location on the aircraft and the airspeed, alti-
tude, and the design of the aircraft. It also avoids
inlet air distortion when the aircraft is flying at
low airspeeds and steep climb angles, For these
reasons, the single entrance duct is standard for
all subsonic multiengine aircraft. Inlet ducts for
turboprop engines require a different configura-
tion. The relatively large reduction gear section
limits the quantity of air to the engine and dis-
torts the airflow. We minimize these problems
by offsetting the nose section from the main axis
of the engine and using an underscoop type of in-
let duct. Around the perimeter of the single en-
trance inlet duct is a series of ports that deliver
more air to the face of the engine during high
thrust, low speed operations, which normally oc-
cur during takeoff. The ports are covered with
hinged, spring-loaded doors which open auto-
matically to permit more air toenter theduct. As
the airspeed increases, ram pressure will close
the doors to their normal flight configuration.
The air inlet section consists of a welded steel
ring with a number of struts positioned within
the ring-like spokes on a wheel. The struts are
inlet guide vanes and have an airfoil cross sec-
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tion. They serve to direct the air from the inlet
duct to the face of the compressor. On larger en-
gines, the inlet guide vanes are hollow through
which engine bleed air circulates to prevent ice
build up on the surface of the vanes, Several of
the vanes will accommodate oil lines for lubrica-
tionoftheengines’ front main bearings.

(2) The Compressor Section. The axial flow
compressor compresses the air and forces it
through a series of rotating rotor blades and sta-
tionary stator blades which are in line with the
axis of rotation. Manufacturers mount the rotor
blades on a rotating compressor drum. The
blades pick up the air and force it rearward, with
a slight deflection in direction, to a set of stator
blades. Stators are also airfoil shaped and serve
tostraighten and direct the air into another set of
rotor blades. The pressure of the air increases
each time it passes through a set of rotors and
stators (one stage of compression). As the pres-
sure builds up by successive sets of rotors and
stators, the volume is gradually decreases and
the air is increasingly compressed. A single axi-
al flow compressor could consist of as many
stages as necessary to produce a required com-
pression ratio. However, high compression ra-
tios are possible only at one specific compressor
speed. At any other speed, the rearmost stages of
compression would be inefficient and the front
stages would be overloaded. Such a condition
produces compressor stall. To compensate for
these conditions and still obtain high compres-
sion ratios, the compressors on most gas turbine
engines are split into two mechanically indepen-
dent rotor systems. Each turbine section drives
its compressor section at its best speed. See fig-
ure 6-5. With both compressors working togeth-
er instead of against one another, compression
ratios increase without decreasing efficiency. In
addition, dual compressor engines are able to
maintain high compression ratios at high alti-
tudes where the ram air is less dense. Since thin-
ner air offers less resistance, the free turning,
low pressure compressor rotates ata higherrpm,
permitting it to deliver air to the high pressure
compressor atanearly constant pressure,

(a) Compressor Stalls. It is a coramon
characteristic of all gas turbine compressors to
stall under certain operating conditions. The
stall characteristic is most noticeable in high
compression ratio, axial flow compressors. They
occur in varied forms and under many different
conditions. Compressor stall is neither easy to
describe nor understandable since notwoengine
designs will havethesame stall characteristics.
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Figure 6-5. Dual Axial Flow Gas Turbine Engine.

Stalls result from an unstable air condition with-
in the compressor which is usually caused by air
piling up in the rear stages of compression. Inits
milder form, compressor stall makes a "choo-
choo" sound, we occasionally encounter this dur-
ing low thrust operation. Severe compressor
stalls resulting from quick throttle movements
when flying in turbulent air or when anything
upsets the air flow at the engine inlet, may cause
loud bangs and engine vibration. In most cases,
compressor stall is of short duration. Itis correct-
ed by bringing the throttle back to idle and ad-
vancing it again, slowly. One way toreduce com-
pressor stalls is to "unload" the compressor
during certain operating conditions.

(b) Values. By fitting compressors with
automatic dump valve ports which openduringa
specific range of engine rpm we unload the com-
pressor. The rpm at which the air bleed valves
open or close is a function of compressor inlet
temperature, pressure, or pressure ratio. When
open, the air bleed valves remove excess airflow
through the low pressure compressor, thus re-
moving the prime cause of stall. The air bleed
valves automatically close during high thrust
operations. Many large, high compression ratio
engines use several stages of variable angle sta-
tor blades as a method toavoid compressor stalls.
The angle of attack of these stator vanes (called
variable vanes) changes automatically to pre-
vent choking of the downstream compressor
stages as engine operation conditions vary. Ac-
tuators installed in the first stages of the low

speed compressor position automatically the
variable stators. They provide sufficient stall
margins within the compressor during engine
starting, acceleration, and partial thrust opera-
tion.

(3) Combustion Section. The air leaving the
compressor passes through a diffuser section
which has an expanding internal diameter and
serves to decrease the velocity and increase the
pressure of the air. This prepares the air for en-
try into the combustion chamber at alow velocity
which permits proper mixing with fuel. Manu-
facturers build ports into the diffuser case which
bleeds air from the engine for aircraft environ-
mental service functions. This high pressure hot
air is available any time the engine is operating.
The penalty for taking air from the engine, be-
fore it goes to the burners, is a loss of thrust and
anincrease infuel consumption. The compressor
forces air into the combustion section where it
mixes with fuel and then burns. This combustion
must add enough heat energy to the air to accel-
erate its mass enough to produce the desired
thrust output and power to turn the compressors.
The design of the combustion chamber is impor-
tant because the flame is centered so it never
comes in contact with the chamber’s metal walls.
Combustion must be complete so the flame will
not leave the chamber and come in contact with
the turbine wheel. Combustion uses less thana
third of the air entering the chamber. The rest of
the air shapes the flame pattern, cools theburner
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surfaces, and mixes withthe burned gases before
they enter the turbine section.

(4) The Turbine Section. Swirl nozzles eject
fuel into the airstream at the front of the burner
cans. The nozzles employ a pressure atomizing
principle to ensure the uniform distribution of
fuel mist throughout the range of fuel flows en-
countered during engine operation. During en-
gine start, igniter plugs ignite the fuel-air mix-
ture. The flame quickly spreads to each of the
other burner cans by crossover tubes. The ig-
niter plugs are deenergized once the engine is
running because the burning process within the
combustion chamber then becomes continuous,
The energy of combustion takes the form of hot,
high velocity gases directed to the turbine sec-
tion. The turbines of all gas turbine engines are
of axial flow design. They consist of one or more
stages located immediately totherear of the bur-
ner section. The turbines extract energy from
the expanding gases and convert it into shaft
horsepower todrive the compressors and engine
accessories. Turbines may be either single stage
or multistage. When the turbine has more than
onestage, aset of stationary vanescalled turbine
nozzle vanes are installed between each turbine
wheel to direct the gases onto the blades of the
turbine rotors. On engines equipped with dual
compressors, the turbines are also dual or split.
In the arrangement, the forward turbine, which
drives the high pressure compressor, can be sin-
gle stage since it receives gases of higher energy
than the turbines of the low pressure compres-
sor. To maintain the energy balance, a multi-
stage turbine drives the low pressure compres-
sor. Turbines incur high speeds, high
temperatures, and high centrifugal forces. To
obtain efficiency, turbines operate very close to
limiting temperatures which, if exceeded, dis-
torts the turbine blades and shortens the en-
gine’s useful life. When subjected to extremely
high temperatures at high speeds, a condition
known as creep tends to stretch or elongate the
blades of the turbine wheel. Since the rate of
creep is cumulative and reduces the engine’s life
expectancy, aircrews should respect all tem-
perature limitations when operating the engine.

(56) ExhaustSection. Air leavingtheturbine
section flows through the exhaust duct and ¢jects
through thejet nozzle. The term exhaust duct ap-
plies to the engine exhaust pipe or tailpipe which
connects the turbine outlet to the jet nozzle. The
exhaust duct collects and straightens the gas
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flow from the turbine and, through convergence,
increases the velocity of the gases before dis-
charging through the nozzle at the rear of the
duct. The exhaust duct contains an engine tail
cone and exhaust struts which serve to strength-
en theduct and todirect and smooth the gas flow.
The exhaust section is instrumented for exhaust
gas, turbine inlet, or tailpipe temperatures. We
may sense turbine discharge pressures as a
means of determining the thrust output. The
rear opening of the exhaust duct is the jet nozzle.
The nozzle acts as an orifice, which determines
the density and velocity of the gases exiting the
engine.

(6) Bypass Ratio. On turbofan engines, the
fan section lies totherear of the air inlet section.
The fan section and fan are part of the compres-
sor section because thefan is the outer part of the
front stage of the low pressure compressors. The
fan permits use of a conventional air inlet duct,
resulting in low inlet duct loss, and reduces en-
gine damage from ingested debris by throwing
debris outward. This debris usually passes
through the fan instead of the main part of the
engine. The fan consists of one or more stages of
rotating blades and stationary vanes that are
somewhat larger than the forward stages of the
compressor. The air passing through the fan ex-
hausts to the outside air through ducts just aft of
the fan. However, some turbofan engines have a
cylindrical-shaped duct around the case of the
basic engine. The duct carries the fan discharge
air all the way to the rear of the engine where it
may or may not mix with the gases coming from
the basic engine. The air which passes through
the basic engine is the primary air stream, and
the air which bypasses the basic engine and
passes only through the fan is the secondary air-
stream. The ratio of secondary air toprimary air,
by weight, is the engine bypass ratio. Bypass ra-
tio for most turbofan engines range from 1:1 and
up. Several of the more modern engines have a
bypassratio of 10:1.

6-6. Thrust Generation Factors:

a. Changes in pressure, temperature, and ve-
locity take place as the air mass moves through
the engine. Of these factors, the velocity directly
produces thrust. Temperature and pressure
changes generate the velocity. Figure 6-6 illus-
trates the changes that take place when a sta-
tionary engine is operating atfull throttle.
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Figure 6-6. Velocity, Temperature and Pressure Relationships.

b. As the air enters the engine, there is a
slight drop in pressure due to inlet turbulence.
Pressure rises rapidly as the air mass passes
through the compressor. The pressure gradually
drops in the combustion chamber when the rap-
idly expanding burned gases increase in veloc-
ity. A rapid pressure drop occurs as the air mass
passes through the turbine wheels. Then an-
other gradual drop takes place as the mass
passes through the tailpipe. The pressure of the
air mass leaving the jet nozzle is roughly twice
thatoftheinlet air.

¢. The temperature of the air mass increases
as it passes through the compressor section. A
sharp rise in temperature occurs in the combus-
tion chamber as the fuel-air mixture burns.
Temperature drops rapidly as the burned gases
mix with the cooling air. The temperature of the
air mass drops considerably as it passes through
thejetnozzle.

d. The velocity of the air mass increases in
proportion to the temperature and pressure

changes of the air mass untilit enters the turbine
section. Here, the velocity drops gradually as it
expends energy torotate the turbine wheels. The
air thenleaves the nozzle at a high velocity dueto
thetailpipe’s construction.

e. The air mass was accelerated as it passed
through the engine. This acceleration is pro-
duced entirely within the engine. According to
Newton's second law of motion, this produces a
force equal to the weight of the air mass times its
rateof acceleration.

f. If gas turbine engines were always operat-
ed under standard conditions, the thrust would
always be the same. When installed on an air-
craft, these engines operate under varying atmo-
spheric conditions, airspeeds, and altitudes.
These conditions affect the pressure and tem-
perature of the air entering the engine. This, in
turn, affects the amount of air flowing through
the engine and the velocity at the jet nozzle. Be-
cause these things change the amount of the air-
flow through the engine, we use different values
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to compute the actual thrust produced. The en-
gine’s fuel control compensates for some of the
changes, Variable factors such as temperature,
pressure, altitude, and airspeed affect the en-
gine’s thrust output directly. Together they de-
termine the density (weight) of the air mass en-
tering the engine. The movement of an aircraft
through the air plays a part in engine accelera-
tion. When the velocity of the air between the in-
let and exhaust section decreases, the engine
thrust decreases. At full throttle, the engine
sucks in a tremendous amount of air to produce
its flat-rated thrust. As the aircraft begins to
move, the velocity of the air at the inlet in-
creases. Atacertain speed, the engineis nolong-
er required to suck air. From this point, the in-
creasing speed of the aircraft forces enough air
into the inlet duct, which proportionately in-
creases the pressure of the air in the inlet duct
area. Increasing the pressure will increase the
density of the airflow to the engine which, in-
creases the thrust output. The increase in air
pressure caused by motion is ram effect. What
actually occurs is shown in figure 6-7. The A
curve represents the thrust lost due to the for-
ward speed of the aircraft. Remember, until you
reach the predetermined speed (differs witheach
aircraft), the engine sucks air resulting in the
loss of thrust. The B curve represents the thrust
generated by the ram effect. As speed increases,
thedensity of the inlet air increases; consequent-
ly, thrust increases. The result of these two
curves is in curve C. Note the loss of thrust from
forward speed is overcome by the increase in
thrust from ram effect at point X. This point is
called the thrust recovery point. When the air-
speed becomes high enough, the ram effect pro-
duces a significant increase in thrust. Ram effect
compensates for some of the thrust lost due tothe
low density of high altitudes. This is most notice-
able in jet powered aircraft during cruise condi-
tions.

6-7. Types of Jet Engines. We have just
looked at the basic gas turbine engine. Now let's
apply it to the engines we use; the turbajet, tur-
boprop, and turbofan engines. Although their
basic power generation is the same, each differ-
ent engine develops its power in a different man-
ner. Each engine also has its own limits, advan-
tages, and disadvantages, which relegates the
aircraft tospecific mission operations.

a. Turbojet Engine. A turbojet engine is a
straight gas turbine engine that gets its thrust
by accelerating a mass of air through the engine.

81

To maintain high speed air at the exhaust nozzle,
theturbine takes only enoughenergy todrive the
compressor and accessories. All thrust produced
by a turbojet occurs within the engine. Large,
high performance turbojets require single or
dual axial flow compressors to obtain the greater
efficiency of high compression ratios. An engine
with a dual compressor is a dual spool engine.
Compared with turboprop or turbofan, their fuel
consumption is high, although it decreases with
altitude and airspeed. To be at their best, tur-
bojets need the ram air pressure at their inlet
that comes with high forward speeds. They can-
not produce exceptionally high thrust at low al-
titudes and airspeeds. They need long runways
for takeoff and their climbout capabilities are
poor.

b. Turboprop Engine. Turboprop propulsion
combines the thrust developed by the propeller
and the thrust produced by the exhaust gases at
the exhaust nozzle. The turboprop turbines take
the maximum possible gas energy from the gas
stream. The power produced converts to shaft
horsepower driving the propeller reduction
gears and accessories. The remaining energy,
approximately 10 percent, produces jet thrust as
the gases exit out of the exhaust nozzle. The tur-
boprop engine unitesthe gas turbine engine with
the efficient low speed characteristics of a pro-
peller. Turboprops develop high thrust at low al-
titudes. Because of the propeller’s ability to ac-
celerate alarge mass of air while theaircraft isat
relatively low ground and flight speeds. This
makes turboprops ideal for lifting heavy loads off
short or medium length runways. Propeller effi-
ciency drops off as airspeed and altitudes in-
crease. Despite their low fuel consumption, spec-
tacular takeoff, and climbout performance
turboprops are best suited for airspeeds under
400 knots and altitudes below 31,000 feet. The
engine consists of an axial flow gas turbine unit
and a reduction gear which join together by a ex-
tension assembly. We use the reduction gear as-
sembly to reduce the high rotation speed of the
turbines to a suitable propeller shaft speed.
Changes in power of the turboprop engine do not
relate to engine speed. Power relates to turbine
inlet temperature. The propeller maintains a
constant engine speed known as the 100 percent
rated speed of the engine. The design speed ob-
tains the most power and best overall efficiency.
Since the rpm remains constant, an increase in
fuel flow causes an increase in energy available
at the turbines. The turbines absorb this energy
andtransmitittothepropeller in the form of
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torque, The propeller then, in order to absorb the
increased torque, increases the propeller blade
angle, thus maintaining constant engine rpm.

c¢. Turbofan Engine. The turbofan engine is
similar to the turboprop except that an enclosed
axial flow fan replaces the geared propeller. The
fan consists of one or more stages of extra rotor
blades which are considerably larger than the
rotors of an axial flow compressor. The fan
makes a substantial contribution to the total
thrust by accelerating the air passing through it
in a manner similar to that of the propeller on a
turboprop engine. The fans produce between 30
and 85 percent of the total thrust, the actual
amount depending upon the ratio of secondary
airflow to the primary airflow through the basic
engine. The fan air exhausts into the outside air
through a fan discharge nozzle or an annular fan
discharge duct. The turbofan combines the good
operating efficiency and high thrust capability
of the turboprop with the high speed, high alti-
tude capability of the turbojet. The turbofan en-
gine eliminates the weight of propeller reduction
gearing and the intricate propeller governing

system. The airflow throughthe fan is controlled
by the design of the air inlet duct so that the ve-
locity of the air through the fan blades is not
greatly affected by aircraft speed. This means
the loss of propulsive efficiency with speed is not
a significant problem for the turbofan engine.
When compared to a turbojet of equal thrust, the
turbofan has the advantage of higher and more
efficient cruise thrust and lower fuel consump-
tion. Compared to the turboprop, it has other de-
sirable features such as less weight, increased
ground clearance, and higher and more economi-
cal flight speeds. The turbofan has the advan-
tage of making less noise at high thrust settings.
The turbofan engine is the most nearly ideal
powerplant for all large conventional military
aireraft.

6-8. Engine Ratings. Engine ratings re-
present the thrust that an engine develops dur-
ing various operating conditions such as take-
off, climb, cruise, or for continuous operation
under certain circumstances. An understand-
ing of these ratings is necessary if one is to use
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the engine performance charts in the aireraft
performance manual. The manufacturer of the
engine establishes these ratings in terms of
pounds of thrust, adding a time limit for the spe-
cific rating.

a. Most turbojet and turbofan engines are
flat-rated according to their designed thrust
output. The term flat-rated refers to the ability
of the engine to produce a constant maximum
thrust over a wide temperature range. The
thrust, in pounds, which the engine develops for
takeoff is the engine’s flat-rated thrust. We in-
terpret this rating in terms of engine pressure
ratio, fan speed, torque, or turbine inlet tem-
perature. We must use curves or charts to deter-
mine the value which will represent the desired
engine rating for the current temperature and
barometric conditions. Almost all the propul-
sive force from a turboprop engine comes from
the propeller. The engine performs most of its
work driving a shaft which turns a propeller.
We measure the power supplied as shaft horse-
power (SHP). We rate turboprop engines in
terms of equivalent shaft horsepower (ESHP).
Inch-pounds of torque represent this engine rat-
ing. Torque meters mounted on the extension
shaft measure this torque. The torque meter
senses the small amount of twisting on the
torque shaft that occurs between the engine and
reduction gear. We use performance charts and
curves to determine torque and turbine inlet
temperature.

b. On all flat-rated engines, takeoff power
will normally be attained at a throttle position
below its full forward position. Its position re-
presents instrumented flat-rated parameters of
engine rpm, temperatures, fuel flows, and pres-
sures which vary somewhat by ambient tem-
peratures and barometric pressures. We base
engine ratings below takeoff-rated power on al-
lowable, but not instrumented, turbine inlet
temperatures for either a specific time period or
continuous operation, as the case may be. These
ratings and their time limits are expansively
defined by your own Dash-1 and 1-1.

c. We obtain all engine ratings by adjusting
the throttle to the position at which the fuel con-
trol will produce the desired EPR, torque, fan
speed, or limiting turbine inlet temperature.
Once we set the throttle for a given level of
thrust, the engine fuel control meters fuel to the
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engine with automatic compensation for com-
pressor rpm, compressor inlet temperature
and/or inlet pressure, and internal burner pres-
sure.

d. Inthe interest of conserving the useful life
of the engine the manufacturer establishes the
length of time we may operate an engine at each
of the various engine ratings. By not following
these standards, the engine could literally wear
out in a very few hours of flying. Continued
abuse of the specified time limits can lead only
to early engine difficulties.

e. There is no operational technique which
can reverse the effect of working an engine too
hard for too long. The real purpose of limiting
the engine operating time at high thrust ratings
is to provide a suitable lag in the deterioration
rate of the engine’s internal parts throughout
its normal life. There is no hard and fast rule for
reducing the throttle setting for any specific
length of time before using the higher thrust
rating again. It is a very good practice to operate
an engine at a reduced thrust for the same
amount of time the engine was operated at a
high thrust setting,

f. The more conservative the engine opera-

tion, the longer the turbine blades will last, the
longer the engine’s useful life. There are just so
many operating hours at high thrust settings in
every engine. Whether we use the operating
hours up quickly or spread them evenly
throughout a normal, calculated period of time,
in large measure, depends upon how well we ob-
serve the time limits. )
6-9. Jet Engine Operation. Aircraft en-
gines have some operational characteristics and
features peculiar only to themselves. Those who
operate jet engines need to know these charac-
teristics if they are to obtain the most from their
engines, and if they are to understand why their
particular engine behaves as it does. After look-
ing at how and why jet engines were designed,
we briefly looked at how Sir Isaac Newton’s
laws fit into the big picture. We looked at the
basic operation of the gas turbine engine, its
components, and how they work. Granted, we
could not cover all of the aspects of jet engines in
this chapter, but the intent was to cover the ba-
sic principles that affect each and every one of
us thatfly.
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Chapter 7
WEIGHT AND BALANCE

7-1. What This Chapter Covers. This
chapter discusses the basic principles of weight
and balance,

a. There are many factors which are essen-
tial to the safe and efficient operation of an air-
craft. One of these is the balance of the aircraft.
The balance of an aircraft refers to a condition of
stability that exists when all weights and forces
are acting in a way as to prevent rotation on any
axis. Accordingly, aircrew personnel must dis-
tribute the weight of the aircraft so the center of
gravity falls within specified limits. Maintain-
ing the balance of a small aircraft, such as fight-
er, is comparatively simple because most of the
weight is fixed. With transport aircraft, the pay-
load, fuel location, number of crewmembers,
and weight of equipment vary greatly. Main-
taining the balance of the aircraft involves pre-
cise mathematical calculations and careful at-
tention to detail.

b. An unbalanced aircraft produces several
unsafe conditions. These are:;

(1) Longitudinal instability, in the form of
light or reversed control column forces.

(2) Lateral instability, one wing appears
heavier than the other.

(3) Increased takeoff distance.

(4) Increased stalling speeds.

(5) Decreased rates of climb.

(6) Decreased range.

(7) Decreased structural safety factors.

c. Weight and balance is not new. Commer-
cial airlines have been exercising strict weight
and balance control ever since the beginning of
international operations to increase the effi-
ciency and safety of the aircraft. The standard-
ized weight and balance control system used by
the Air Force makes it possible for the pilot or
flight engineer to check the balance of the air-
craft before takeoff and to determine proper
load distribution. By making a few simple cal-
culations, flight engineers determine the fol-
lowing essential information:

(1) Takeoff center of gravity.

(2) Zerofuel weight center of gravity.

(3) Probable landing weight.

(4) Center of gravity limitations for takeoff
and landing,

(5) Center of gravity position prior to dis-
position of the load (fuel, bombs, cargo, etc.).

(6) Allowable cabin load.
(7) Center of gravity position after disposi-
tion of the load.

7-2. Weight and Balance Terms. As with
other technical subjects, weight and balance
has a definite language all its own. We use the
terms defined here in the practical applications
of weight and balance control.

a. Center of Gravity. The center of gravity
(CQG) is the point about which an aircraft would
balance if suspended free in the air.

b. Reference Datum Line (RDL). The refer-
ence datum line is an imaginary vertical plane
which is the beginning point for all hogizontal
weight and balance measurements made. It is
perpendicular to the longitudinal aircraft axis
and appears as a line when the aircraft is view-
ed from the side. For each aircraft type and
model, all locations of stations (station num-
bers) are listed as being so many inches from the
RDL. In most cases the reference datum line is
located at a point some distance forward of the
nose. However, it is possible that modification
of an aircraft could cause the RDL to be at or
behind the nose.

¢. Arm. An arm is the horizontal distance, in
inches, from the reference datum line to the cen-
ter of gravity (CG) of a mass.

d. Torque. Torque is the physics term for the
twisting effect when a force causes motion about
a point. It is the result of a force acting at the end
of anarm.

e. Moment. The moment (MOM) is the
weight of an item in pounds, multiplied by the
arm in inches. It is the torque the aircraft
weight would produce relative to the RDL. The
unit of measure is the inch-pound: The moment
divided by a constant is used to simplify balance
calculations by reducing the number of digits.
The simplified moment is obtained by dividing
the true moment by 1,000, 10,000, or 100,000
and rounding off the result to the nearest whole
number.

f. Balance Arm (commonly called the Aver-
age Arm). This is the average length of all arms
as measured from the RDL to each object in a
group. It can be obtained by adding the weights
of several objects, adding up the moments of the
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objects, and dividing the total moments by the
total weight,

g. Mean Aerodynamic Chord. The mean
aerodynamic chord (MAC) is the average chord
(width) of the wing.

h. Center of Lift. The center of lift is the theo-
retical point at which the total lift of the airfoil
is concentrated. It is usually equal to one-third
of the mean aerodynamic chord and is located
aft of the leading edge of the mean aerodynamic
chord. The relationship between the center of
the lift and the CG determines the balance of the
aircraft.

i. Centroid. A centroid is the average arm or
CG of a compartment, fuel tank, piece of equip-
ment, cargo, etc.

j. CG Limits. CG limits specify the range of
movement of the CG without making the air-
craft unsafe to fly. The CG of the loaded aircraft
must be within these limits. Takeoff and land-
ing limits are also specified.

k. Basic Weight. The basic weight of an air-
craft is its weight as it is equipped to fly before
adding crew, fuel, and other items of variable
load. The basic weight may vary from time to
time due to equipment and structural changes.
The basic weight is recorded on the Chart C (DD
Form 365-3, Chart C - Basic Weight and Bal-
ance Record).

1. Basic Moment. The basic moment is the
sum of the moments of all items making up the
basic weight of the aircraft is recorded on the
Chart C (DD Form 365-3).

m. Operating Weight. Operating weight is a
term used for cargo aircraft which includes ba-
sic weight, crew, crew baggage, mission re-
quired and emergency equipment. This is the
weight required to operate the aircraft before
fuel and payload are added.

n. Zero Fuel Weight. The weight of a fully
loaded aircraft without its fuel load. It includes
cargo, passengers, and crew. All other weight
must be usable fuel.

o. Allowable Gross Weight. Allowable gross
weight is the maximum gross weight with
which the aircraft may takeoff under any given
set of runway and atmospheric conditions. This
weight must never exceed the published maxi-
mum allowable gross weight except in an ex-
treme emergency. It can be less than the pub-
lished maximum allowable gross weight for
takeoff because of runway length, performance
of engines, field elevation, climatic conditions,
and fuel load.
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p. Takeoff Gross Weight. Takeoff gross
weight is the gross weight at which the aircraft
lifts off the runway. It is based on the fact that
this is the point at which an aircraft actually be-
gins to fly and inflight CG limits apply.

q. Takeoff Fuel Weight. Takeoff fuel weight
is the weight of fuel aboard at takeoff. This does
not include the fuel used during taxi.

r. Total Aircraft and Fuel Weight. Total air-
craft and fuel weight is the operating weight
plus takeoff fuel load.

s. Estimated Landing Gross Weight. The es-
timated landing gross weight is the weight of
the aircraft minus the fuel to be used and other
expendable weights.

t. Floor Load. Floor load is the weight of a
load in pounds divided by the area of the floor
upon which it is placed. Technical data usually
specifies the floor loading limits and the limits
for various compartment loadings.

u. Overloading. If the aircraft gross weight
exceeds the limit determined by cargo, fuel, per-
formance or basic structure, it is overloaded. It
is important to determine which factor usually
sets the normal weight limit. Note that most
aircraft have emergency war planning (EWP)
weight limits that allow the aircraft to be loaded
above the normal maximums when authorized.

7-3. Principles of Weight and Balance.
Aircraft balance deals with the longitudinal
and lateral axes of the aircraft. Because vertical
imbalance inside the fuselage has only a small
effect on performance, they are often neglected.

= A 4

Figure 7-1. Balance Beam.

a. The pilot uses aileron trim to correct small
amounts of lateral imbalance during flight. Pi-
lots use elevator or horizontal stabilizer trim to
raise or lower the tail section. This forces the
aircraft tofly at the proper attitude even though
its weight is not perfectly balanced. Trim can-
not compensate for loads that are out of balance
to any large extent, only small imbalances.
Even then, the use of trim adds drag to the air-
craft, increases fuel consumption, and -de-
creases overall performance. One cannot de-
pend on trim to compensate for an improperly
balanced aircraft. Instead, one must apply the
principles of balance to the loading of aircraft
using basic laws of physics and the law of the
lever.
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To illustrate this law, let’s place a beam on a ful-

crum or pivot point (as shown in figure 7-1). If

we place equal weights an equal distance on ei-

IQ0 LBS
10 INCHES
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ther side of the fulecrum, the beam will still bal-

ance (as shown in figure 7-2).

100 LBS
10 INCHES

[ eeam

A

FULCRUM

Figure 7-2. Balance Beam With Weight.

b. Inorder tocompute the balance for all con-
ditions, we must know the distance of the
weights from the fulcrum. The lever law says
the product of one weight (W1) multiplied by its
distance (D1) from the fulcrum is equal to the
product of the other weight (W2) multiplied by
its distance (D2) from the fulerum (figure 7-3).
Each side of the beam acts as a lever, producing
torque about the fulerum equal to the other.

Since both torques are equal, the beam balances
and does not move. This holds true even when
using different weights. For example, to bal-
ance the beam (shown in figure 7-4), a 6-pound
weight has been placed 5 inches from the ful-
crum, and a 3-pound weight, 10 inches from the
fulerum. Now, if the law of the lever is applied,
we have:

=i

Weight, X Distance; =

Figure 7-3. Lever Law.,

W1D1= WQD2
6lbx5in=3lbx10in
30in/Ib = 30in/lb

Weight 5

X Distance 2

Since the same torque--30 inch pounds--applies

toeach side of the beam, the beam balances.
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Figure 7-4. Balance Beam with Varied Weights.

c. Let’s use the law of the lever to solve the
problem shown below. If we place an 8-pound
weight 3 inches from the fulerum, how far from
the fulerum must you place a 6-pound weight to
balance the beam? Here's how the problem is
solved:

W.D, = W,D,
81bX3in=61bXD,
24in/lb =61bXD,
24 in/lb
_________ =D,
61b
D, =4in

Thus,the 6-pound weight placed 4 inches from
the fulcrum balances an 8-pound weight placed
3inches from the fulcrum.

d. From the examples above, we can see that
any system of weights has a balance point which
we can calculate. This balance point is very im-
portant because it is the location of the apparent
center of all the weights. The center of weights
in a balance situation is the center of gravity
(CG). We can describe it several ways, but air-
craft use inches from the reference datum line
(RDL).

e. We can calculate the center of gravity with
relative ease. We can picture an aircraft in
flight as an airframe suspended by a steel cable
attached at the center of lift. It is easy to see that
the CG must be fairly close to the center of lift,

m\»mme aircraft
. SO e e center of lift is fixed,
alrcraft balance work consists of moving the CG
about to keep it near the center of lift.
f. We can calculate weight and balance cal-
culations using moment, weight, and arm.
. From chapter two, the reader should recognize
the remaining two forms of the moment equa-
tion:

Weight x arm = moment

—Moment
weight = arm
Moment
arm = weight

The triangle form (figure 7-5) represents all
three formulas in a simplified form. The hori-
zontal line represents division and the vertical
line represents multiplication. To use the trian-
gle one needs only to cover the unknown quan-
tity and multiply or divide as indicated. Using
an aircraft as an example (figure 7-6), we can
use the triangle to find the arm:

Moment 980,000
Weight 10,000

By covering "arm” we find that we must divide
moment by weight which yields an answer of 98
inches.

Figure 7-5. Balance Triangle.
7-4. Load Factor:

a. A load factor is the ratio of the force im-
posed on a particular object to the weight of that
object. We express load factor in terms of g’s,
1.0g being one time the weight of the object. The
letter g stands for gravity, the accelerating pull
the earth exerts on all objects. Since gravity is
an acceleration, it is easy to understand that
other types of acceleration also can produce load
factors such as turns, pull ups, and touchdowns.
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1

Figure 7-6. Aircraft Balance.

Because the aircraft structure (particularly the
wings) can only withstand certain maximum
forces, we must limit the number of g’s (the load
factor).

b. A load factor in excess of these safety lim-
its may result in structural damage to the air-
craft. The aircraft manufacturer specifies the
maximum load that we can exert on a particular
type of aircraft. The limitations section of your
aircraft’s -1 TO specifies the load factor for your
aircraft.

c. Anaircraft flying straight and level in still
air has a load factor of 1.0. If it were to fly into an
updraft, its mass would experience stress in-
creased in proportion to the violence of the up-
draft. If its stress at the time of entry into the
updraft were to double, its load factor might be
zero (0.0) or even negative. The landing maneu-
ver has a pronounced effect on the load factor.
This is especially true at the moment the wheels
touch the ground,when the load factor may be as
high as 3.0. For this reason, there is a limit on
the landing weight of an aircraft. Since the
wings support the fuselage and the weight of all
its contents, it is apparent that the critical
strain will be on the wings, and specifically, on
the wing roots. An empty aircraft will naturally
have less strain on the wings during flight and
will be able to withstand a load factor in excess
of that specified. An overloaded aircraft, how-
ever, may have such a strain on the wing roots
that the maximum load factor would damage
the wing structure.

d. Any fuel contained within the fuselage
contributes to the strain on the wings. We dis-
tribute fuel to tanks located throughout the
wings for this reason, We can see this condition

Arm

980,000
10,000

clearly in the illustration which shows the air-
craft supported from two points representing
center of lift of each wing, Supported in this
manner,the aircraft has a vertical stress on the
wings identical to the stress encountered in
straight and level flight in still air. Weights
near the tips represent the fuel load. This place-
ment of fuel does not strengthen the wing struc-
ture, but it reduces the strain at the wing roots
and spreads the stress throughout the length of
the wings (figure 7-7).

CRITICAL STRAIN

HYPOTHETICAL
CENTER OF LIFT

Figure 7-7. Center of Lift,

7-5. Weight Conversions. When comput-
ing weight and balance, it is often necessary to
convert measurements of capacity to measure-
ments of weight. Following are some of the con-
versions most often made;
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JP-4 Fuel: 6.5 1b per gallon
(the weight of fuel
will vary with the
temperature but is
usually 6.5 1b per
gallon).

Qil: 7.51b per gallon.
Water: 8.31b per gallon.

Your particular aircraft -5 TO has the volume to
weight conversion tables.

7-6. Center of Gravity Calculations:

a. The basic CG represents the point of
weight concentration of the basic aircraft before
loading variables such as fuel, crew, equipment,
and cargo. As we load these variables and later
remove them from the aircraft, the CG will
move. Uncontrolled, this movement could cause
severe imbalances. Consequently, we establish
fore and aft center of gravity limits. CG calcula-
tions thus form a definite part of the flight plan-
ning for cargo aircraft. These calculations en-
sure that the loading of aircraft is correctly
accomplished to maintain proper balance dur-
ing takeoff, flight and landing. We need torecal-
culate the center of gravity when the balance of
an aircraft changes by the addition, removal, or
shifting of weight. Normally, variable loads
cause such calculations. Occasionally, however,

REFERENCE DATUM

% ARM
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the basic CG must be recomputed, which in-
volves weighing the aircraft.

b. There are several methods of calculating
the CG position: longhand, CG graph with fuel
overlay, Chart E (TO 1X-XXX-5), and the load
adjuster. The longhand method takes additional
time, but is more accurate. It is actually the ba-
sis for the other methods. We use the following
formulas in making longhand weight and bal-
ance calculations:

EXAMPLE 1: The basic formula:

Weight (Ib) x arm (in) = moment (in Ib)
We find moments by multiplying the weight of
the object by its arm (distance from the RD).

EXAMPLE 2: The formula that computes the
balance arm is:
Total moment
----------------- = balance arm = distance from

Total weight RDto CG

In this formula, the total moment is the sum of
the aircraft basic moment and the moments of
items loaded in the aircraft. The total weight is
the sum of the aircraft basic weight and the total
weight of the loaded items. When dividing total
moments by the total weight, the result is the
distance in inches of the CG from the RD, it is
also the length of the balance arm (figure 7-8).

Figure 7-8. Weight and Balance.

¢. The center of gravity on an operational

aircraft is not a fixed point. The points shift

when adding such items as fuel, passengers,

crew, and cargo. The main shift in CG is along
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the longitudinal axis, but excessive lateral CG
shift can occur with improper fuel usage. Such a
CG shift leaves one wing heavy. Since CG loca-
tion varies, we use a method for computing the
location of CG (balance arm).

REFERENCE DATUM

ARM x WEIGHT = MOMENT

R R e T
! ',-fc"éu.\ru‘.
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d. Figure 7-9 shows how to locate the balance
arm, or CG. Since the moments are in inch-
pounds and the weight in pounds, the balance

arm is in inches from the RD.

, TOTAL MOMENT

AVG ARM
€82 £ 8000+ 3410000 In/ibs TOTAL WEIGHT
075 x 800058600000 in/ibe T

BO0O 12010000 In/Ibs Ave Anm » 00D In/lbe

AV@ ARM = 923.8 inches

Flgure 7-9. Computing Average Arm.

We use the following formulas for computing new CG locations as a result of adding, removing, or shifting
weight. The term original refers to the aircraft condition just prior toa change in load:

(Adding Weight):

Original moment + added moment

Original weight + added weight
(Removing Weight):

Original moment - moment removed

Original weight - weight removed
(Shifting Weight):

Original moment * moment change

Original weight

newCG

newCG

newCG
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We compute moment change by multiplying a
weight by the distance it is moved. If the weight
moves forward, we subtract the moment change
from the original moment to determine the new
CG. If the weight moves aft, we add the moment
change to the original moment to find the new
CG. We use this formula to obtain the amount of
CG change which must be added to or subtracted
from theold CG:

Changeinmoment

= CGchange
Total weight

e. After the cargo has been loaded and deter-
mined to be within limits for the mission using
the Chart E and math, the zero-fuel gross weight
and zero-fuel CG are plotted on a graph repre-
senting theentire gross weightrange and limita-
tions of the aircraft. Transparent plastic over-
lays representing each fuel tank are then applied
to the graph. These overlays have vectors which
represent the weight and moments of the fuel in

8
Figure 7-10. Mean Aerodynamic Chord.

g. We achieve balance in flight in most air-
craft with the CG forward of the center of lift be-
cause of the combination of the forces of lift,
weight, thrust, and drag action on the aircraft in

1328.5
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that tank. When all wing and body tank fuel vec-
tors are in place, the flight engineer has an ac-
curate "visual” picture of CG situation. He or she
then can divert his or her full attention'to the on-
loading, offloading, and transferring of fuel to
meet mission requirements without exceeding
limitations or lengthy calculations.

f. Simplified moments are the basis for most
Chart E’s foundin the-5 TO for each aircraft. The
Chart E is a list of weights, arms, and moments
by compartment and/or station number. We use
it to compute the CG of your aircraft. The load
balance computer or load adjuster, like the
Chart E, is another method used to save time
when making weight and balance computations.
The load adjuster is similar in appearance to a
mathematical slide rule. We use the load adjust-
er to add and subtract moments, which werecord
as indexes on DD Form 365-4, Weight and Bal-
ance Clearance Form F - Transport/Tactical.
The index number is a value expressing the com-
bined effect of weight and moment.

:

233

S Chords = 1328.5 in.

s = 265.7 inches (MAC)

flight. We express CG in terms of Mean Aerody-
namic Chord (MAC). A chord is an imaginary
straight line parallel to the axis of the airfoil
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through the leading and trailing edges of the
wingsection as shown in Figure 7-10.

h. Figure 7-10 presents an understandable
method of computing the MAC. We measure a
specific number of chord lengths. To find the
average length, total the chord lengths and di-
vide this number by the number of chords mea-
sured. The result is the MAC. We usually place
the aircraft CG at a specified percent of MAC to
obtain the desired stability. Because of the rela-
tionship between the CG location and the mo-
ments produced by aerodynamic forces, the
greatest of which is lift, we express the CG loca-
tion withrespect tothe wing.

i. An aircraft in flight has certain limits be-
tween which it is permissible to locate the CG or
balance point. We should always load an aircraft
so that any shift of crew members or use of fuel
will result in a CG within these limits. Exceed-
ingthese limits will seriously degrade the safety
margins normally maintained. The forward CG
limit may vary with the gross weight of the air-
craft and is often further restricted so as to con-
trol certain landing conditions. In such cases, it
may be possible for the aircraft to maintain sta-
ble and safe flight with the CG ahead of the for-
ward limit as prescribed by landing conditions.
Since the landing condition is the most critical
operation, werestrict the forward CGtopreserve
the aircraft structure when landing and to en-
sure that sufficient elevator influence is avail-
able to control the pitch axis at minimum air-
speed for landing. The Chart E specifies the
center of gravity limits for takeoff, during flight,
andthelanding condition.

J. To express the CG in percent of MAC in-
stead ofinches from the RD line, it is necessary to
knowthelengthininches of MAC, thedistance to
the leading edge of MAC (LEMAC), and the bal-
ance arm. This is illustrated by the following for-
mulas:

Balance Arm

-LEMAC
CG (% of =wmmereaeees
MAC) e <
100
MAC

Using the balance arm from figure 7-9, and
LEMAC fromaC-141:

923.8-858.9
CG(%of =-emmmeemmecaeene
MAC) --x100
265.7
64.9
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100 = 24.4% .
265.7
k. We can find the percent of MAC by using a
conversion table found in the aircraft ChartE as
shown in figure 7-11. The conversion chart in-
dicates the CG in percent of MAC when we know
theaverage arm.

7-7. Handbook of Weight and Balance.
There are two parts to the weight and balance
problem. First, one must have correct informa-
tion as to the weight and balance moment. Sec-
ond, the gross weight and balance must fall with-
in weight and CG limits, Charts A and C control
the first part. DD Form 365-4 controls the second
part. The Weight and Balance Data (TO 1-1B-40,
50) lists and explains these forms and charts:

a. DD Form 365, Record of Weight and Bal-
ance Personnel. Each aircraft must have a per-
petualweight and balancerecord.

b. DD Form 365-1, Chart A, Basic Weight
Checklist Record. Chart A is a list of fixed and
operating equipment that is or may be installed
in the aircraft or for which provisions for stow-
age have been made. It is initiated by the manu-
facturer before delivery. The equipment is item-
ized by compartment number, name, weight,
arm, and moment of each item. These items are
inventoried before delivery and checked off in
the delivery column if installed. When check-
marks are entered in the "In Airplane” column,
they serve as theinventory or equipmentin basic
weight. Periodically, Inventories should be
made, butarerequired when:

(1) Theaircraftisreceived atanewbase.

(2) The aircraft has major overhaul or is re-
paired.

(3) Changes in equipment are made for dif-
ferent types of operation or mission.

(4) Theaircraft is weighed.

(5) The pilot reports unsatisfactory flight
characteristics.

c. DD Form 365-2, Form B, Aircraft Weigh-
ing Chart. Form B is the record of the actual
weighing oftheaircraft.

d. DD Form 365-3, Chart C, Basic Weight and
Balance Record. Chart C is a continuous history
of changes in structure or equipment changes af-
fecting weight and balance. The main purpose of
the basic aircraft bookkeeping system is to keep
this historical information up to date. When
weight changes occur, they are immediately re-
corded on the Chart C and the original basic
weight and moment corrected to include the
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change. The latest basic weight and moment are
used for loading calculations.

e. (TO 1X-XXX-5), Chart E, Loading Data
Charts and Graphs. Chart E, consisting of sev-
eral graphs, tables, or both, is intended to pro-
vide the information necessary towork aloading
problem for the aircraft. Most ofthe Chart E data
for cargo aircraft are provided in tabular form.
Chart E consists of:

(1) Airplane Diagram.

(2) WingDiagram.

(3) Centerof Gravity Limits Diagram.
(4) Centerof Gravity Tables.

(5) Fuel MomentTables.

(6) Fuel Arm Table.

(7) OilTable.

(8) Crew MomentTable.

(9) TroopMovementTable.

(10) Troop Configuration.

(11) Paratroop Configuration.

(12) Passenger Configuration.

(13) Litter Configuration.

(14) Fuel Pallet Configuration and Restraint
Rail Lock Locations.

(15) Pallet and Platform Capacities.

(16) Compartment MomentTable.

(17) StationMoment Table.

(18) Compartment Capacity Table.
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(19) Cargo Tiedown Data.

(20) ZeroFuel Envelope.

f. DD Form 365-4, Weight and Balance
Clearance Form F - Transport/Tactical. Form F
is a summary of the actual weight and disposi-
tion of the load in the aircraft, Itis used to record
the balance status of the aircraft step by step. It
serves as a worksheet on which the responsible
individual records the data, calculations, and
any corrections made to ensure that the aircraft
is within weight and CG limits before takeoff. A
Form F must be completed before flight when an
aircraft hasbeenloaded ina manner for which no
previous, valid Form F is available. We must
complete the Form F according to TO 1-1B-40.
The Air Force provides two versions of the form,
one for transport and the other for tactical mis-
sions. Although the forms differ somewhat in de-
tail, their general use and the end result are the
same. Figure 7-12 shows the transport form. The
Form F comes in expendable pads or as separate
sheets. Normally, the loadmaster , but some-
times the engineer, prepare these forms in the
original and a carbon copy for each loading. We
use the original, which has a signature of respon-
sibility, to serve as a certificate of proper weight
and balance. The duplicate remains with the air-
craft for theduration of the mission.

|
903 16.6 ' iy e
i s | 227 | 22.. 171
23.0 | 23.0 | 231 «.
021 23.4 | 23.4 | 234 23.5
922 |l 237 | 23.8 | 23.8| 23.9
023 || 241 | 24.2 | 24.2 | 24.2
024 || 24.5 | 245 | 24.6| 24.6
025 || 24.0 | 24.9 | 25.0/ 25.0
026 || 25.3 | 25.3 | 25.3| 25.4
627 || 25.6 | 25.1 | 25.7| 25.7
028 ||.26.0 | 26.0 | 26.1| 26.1
020 || 26.4 | 26.4 | 26.5| 26.5
030 || 26.8 | 26.8 | 26.8| 26.9

16.7
17.1
17.5
17.9

23.»
24.3
24.7
25.0
25.4
25.8
28.2
28.5
28.9

-ﬂ.z

168 | 16,8 | 169 | *- R
i:g i;g 177 2.9 | 23.0
e 2.3 | 233 | 23.3
18,2 .08 | 23.6| 23.7 | 23.7
.1 240 | 24.0| 240 | 24.1
243 | 24.4 | 244 | 244 | 24.5
247 | 247 | 24.8| 24.8 | 24.8
25.0 | 25.1 | 25.1( 25.2 | 25.2
25.4 | 25.5 | 25.5| 25.6 | 25.8
258 | 25.9 | 25.9| 25.9 | 26.0
28.2 | 26.2 | 26.3] 26.3 | 26.3
26.6 | 26.6 | 26.6| 28.7 | 26.7
289 | 270 | 27.0| 271 | 271

Figure 7-11. CG Conversion Table.
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Chapter 8
TAKEOFF PERFORMANCE

8-1. What This Chapter Covers. The pre-
ceding chapters presented background informa-
tion concerning the factors governing aircraft
and engine performance. Inthis and the remain-
ing chapters, we will discuss the application of
these factors and how they relate to aircraft per-
formance. Takeoff performance data is critical
because the aircraft is transitioning between the
ground, and the atmosphere. Performance com-
putations include every known factor that af-
fects aircraft performance.

8-2. Variable Factors Affecting Takeoff,
Each aircraft may have different procedures for
takeoff, but there are common factors or condi-
tions thataffect all aircraft.

a. Friction. The effectiveness of nose wheel
steering during takeoff or landing is dependent
on friction. Friction plays a part in determining
maximum crosswind values for takeoff or land-
ing. When the aircraft accelerates for takeoff,
rolling friction is overcome by thrust. Rolling
friction determines the effectiveness of the
wheel brakes used to decelerate the aircraft on
landing roll. Its effect is a variable speed used in
the construction of any performance chart which
deals withacceleration or deceleration,

b. Aerodynamic Drag and Lift: Aerodynamic
drag is the resistance created by a moving air-
foil. This drag increases as airspeed increases.
Its effect is also a variable used in the construc-
tion on any performance chart dealing with ac-
celeration and deceleration. A moving airfoil de-
velops aerodynamic lift. Like drag, lift also
increases as airspeed increases. An increase in
lift causes a decrease in rolling friction. This fac-
toris another variable used in the construction of
takeoff performance charts.

¢. Thrust. Thrust is the force needed to over-
come rolling friction and aerodynamic drag. An
aircraft’s rate of acceleration depends on how
much the thrust force exceeds the two retarding
forces. The forward velocity induced by thrust
moves an aircraft through the air mass. Move-
ment through the air mass allows the airfoil and
dynamic pressure tocreate lift. We use these fac-
tors in the construction of any performance chart
whichdeals withacceleration.

d. Wing Flaps and Slats. The primary pur-
pose of wing flaps and wing slats is to allow the
aircraft totakeoff and land at low airspeeds. Ata

given airspeed, extended flaps and slats increase
both lift and drag. As speed rises, flaps and slats
become more of a liability because drag in-
creases faster than the amount of induced lift. In
the takeoff and climb profile, flaps and slats are
usually, but not always, retracted as soon as the
aircraft accelerates to a safe retraction speed.
Wing flap and settings are still another variable
used in the construction of the appropriate take-
offand landing performance charts,

8-3. Environmental Factors Affecting
Takeoff and Landing:

a. Higher temperatures decrease air density,
reduce thrust, require higher airspeeds and
longer takeoff and landing distances. So, make
sure you obtain the predicted runway tempera-
ture for your scheduled takeoff or landing time
from the base or airport weather forecaster.

b. Pressure altitude is the ICAO altitude
equivalent to the pressure observed or forecast
for the airfield at your scheduled takeoff or land-
ing time. You may obtain pressure altitude from
a base or airport weather forecaster. You may
also obtain pressure altitude by reading an al-
timeter with a setting of 29.92 inches of mercury.
Air density is inversely proportional to pressure
altitude. Higher pressure altitudes reduce
thrust, require higher takeoff speeds, and in-
crease takeoff and landing distances. The prima-
ry function of pressure altitude and ambient
temperature is to define the density altitude and
its effect on takeoff performance.

c. Normally, the weather forecaster gives
winds in terms of magnetic direction, steady ve-
locity, and gust velocity. Itis important to obtain
wind information from the base or airfield
weather forecaster, predicted for your scheduled
takeoff or landing time. During takeoff and land-
ing, therelationship of the wind to the runway is
the basis for wind computation. The effect of a
headwind on an aircraft during takeoff or land-
ing is to shorten the takeoff ground run or land-
ing ground roll. Conversely, a tailwind leng-
thens the takeoff ground run or landing ground
roll. The possibility exists that wind direction
and velocity may vary over several portions of
the runway. Likewise, wind shear may result
with heading changes during climbout or for
landings. Within instrument limitations, winds
are usually valid only at the point of measure-
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ment. Therefore, a conservative practice istouse
50 percent of a headwind component or 150 per-
cent of a tailwind component as the effective
wind in planning takeoff and landing perfor-
mance. When computing ground run, maximum
braking, tire limit, and acceleration check
speeds, apply 100 percent of the headwind or tail-
wind component.

d. Performance charts provide grids to ac-
count for wind effects. We should accept head-
wind benefits as a safety margin and apply them
only when mission requirements warrant their
use. The erratic characteristics of gusts, as to
magnitude and direction of the wind, may result
in relative high airspeed instrument readings.
This could result in a dangerous situation, if the
wind should change direction or decay. During
gusty conditions, increase the rotation, takeoff,
approach, threshold, and touchdown speeds by
thefull gustincrement nottoexceed ten knots.

e. The effect of a crosswind on an aircraft is
most important during takeoff ground run. The
force of a crosswind has the effect of moving the
aircraft toward the side of the runway. The wind
condition of therunway drastically affects the pi-
lot’s ability to control the direction of the air-
craft. On most aircraft, nose wheel steering con-
trols the direction when the aircraft is below a
speed where the rudder and ailerons are effec-
tive. Aircraft using a crosswind landing gear
system can position the aircraft’s fuselage into
the wind reducing the effect of the crosswinds.
We must consider the effect of a crosswind when
computing minimum ground control speed.

84. Runway Conditions Affecting Take-
off:
a. RunwayCondition Reading (RCR):

(1) We obtain RCR from base operations for
takeoff and landing. RCR is a measurement of
friction between the aircraft tires and the run-
way. This reading is an average of the total run-
way length within 20 feet of the runway center-
line. RCR relates the average braking
effectiveness of the runway surface to the brak-
ing capability of the aircraft. It becomes a factor
in determining any performance that involves
rolling friction and braking. For example: we
correct for RCR values in critical field length, re-
fusal speed, critical engine failure speed, ground
minimum control speed, and landing distance.

(2) Grooved or porous runways improve
braking coefficient and reduce hydroplaning
speed by giving water a path through which it
squeezes from under the tire. Some command op-
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erating procedures allow a more liberal use of
RCR values ongrooved runways:.

b. Runway surface condition (RSC). We ob-
tain RSC from base operations. It is the average
depth and type of runway surface covering tothe
nearest one-tenth inch. The depth of this cover-
ing can cause a significant increase in takeoff
distances and time. This is due to the retarding
effect on the tires displacing the covering. The
retarding effect increases with speed until
hydroplaning occurs.

c. Slope. Slope is a percent of gradient to the
nearest one-tenth of one percent. We obtain slope
from base operations, approach plates, or depar-
ture plates. The slope is measured in percent, be-
tween two ends or points on a runway. Uphill
slope degrades acceleration and improves decel-
eration. Downhill slope has the opposite effect.
We correct for anegative effect and accept a posi-
tive effect as a margin of safety. Some foreign
airfields predict slope in percentage of displace-
ment. For example, for a reported 30 percent
downbhill slope runway displacement factor, you
would increase your charted landing distance by
30percent.

8-5. Maximum Takeoff Power:

a. Takeoff Rated Thrust (TRT). TRT is an ex-
tremely high thrust setting within the design
limits of a turbofan or turbojet engine. It pro-
duces close to the maximum thrust of which an
engine is capable, but compromises some
amount of thrust in the interest of extending en-
gine life. Turbine blade stretch is high at the re-
sulting rpm and operating temperatures. The
operating time allowed at this maximum power
setting is limited. Inthe interest of extending en-
gine life, we limit the operating time allowed at
this maximum power setting. We express TRT in
terms of engine pressure ratio (EPR) or fan speed
(N1). Therelationship between thrust developed
and observed thrust developed is not constant.
However a particular EPR or N1 value repre-
sents a predictable amount of thrust when we
know pressure altitude, temperature, and air-
speed (for ram effect). The engine does not use all
of the potential thrust developed to propel the
aircraft. We extract compressed air for pressur-
ization, air conditioning, wing anti-ice, engine
anti-ice, and engine cooling. Some of these sys-
tems are automatic and we cannot control them.
We normally control large extractions and select
as necessary. TRT with the unnecessary bleed
systems turned off will provide the maximum
thrust for takeoff. Takeoffs with bleed air off are
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either mandated under prescribed conditions or
left tothediseretion of the aircraft commander.

b. Torque and Turbine Inlet Temperature
(TIT):

(1) Temperature and pressure altitude in-
fluence a turboprop engine as they would affect
any jet engine and act on the propeller as they
would any airfoil. Less mass produces less ener-
gy at the turbine. Ram effect is positive for an
engine, butthe propeller loses efficiency withac-
celeration. Additionally, as air becomes less
dense, the propeller must take a larger bite to
continue producing the same torque. Like any
airfoil, the propeller has an optimum angle of at-
tack for a given speed (rpm) and air density. Pro-
peller efficiency decreases as air density de-
creases. TIT, torque, engine rpm, and blade
angleall work together to produce optimum pow-
er for takeoff.

(2) Inch-pounds of torque is the primary in-
dication of power available on turboprop en-
gines. Torque is dependent on air density, TIT,
and engine efficiency. Because the turbines of
turboprop engines extract so much power we
must account for the required efficiency ratings
established by the major commands when com-
puting aircraft performance. Bleed air extrac-
tion reduces torque. When takeoff performance
is critical, all bleed air systems should be off and
the takeoff should not be attempted at less than
predicted torque.

8-6. Reduced Takeoff Power:

a. Traditionally, takeoffs were made using
maximum thrust. This practice is no longer nec-
essary. Under ideal conditions, particularly at
low gross weights, today’s aircraft do not need
maximum thrust to make a safe takeoff. Reduc-
ing thrust saves wear and tear on engines and
reduces some airframe stress caused by rapid ac-
celeration. Most flight manuals either suggest
or mandate reduced power takeoffs when perfor-
mance is not critical. The procedures will vary
slightly between aircraft types. We:

(1) Reduce the power setting from maxi-
mum takeoff power until some factors become
limiting or until we reach a minimum EPR,
torque, or maximum assumed temperature.

(2) Plan reduced thrust takeoffs, like maxi-
mum thrust takeoffs, to allow either a safe take-
off or abort with adequate stopping distance in
case of engine failure. Some flight manualsallow
an increase of inboard engine power after engine
failure; others donot.
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(3) Should not increase outboard engine
thrust engine failure. Increased thrust will nul-
lify computations based on differential thrust,
such as air or ground minimum control speeds.

b. When making a reduced power takeoff, one
must consider these factors:

(1) Reduced power for runway available.
When runway available (length) exceeds critical
field length (CFL), itis possible to extend CFL by
reducing thrust until runway available and CFL
are equal. This will establish a reduced takeoff
power setting that will allow either a safe takeoff
or abort with adequate stopping distance.

(2) Reduced power for climb gradient. An
aircraft must be capable of maintaining a mini-
mum climb gradient or rate of climb at liftoff.
These limitations are not the same for all air-
craft, and they are usually a limiting factor when
using maximum power for takeoff. The reduced
power computed for this limitation is the mini-
mum thrust which will allow the aircraft to
climb at a specified gradient orrate of climb.

(3) Reduced power for obstacle clearance.
This is the minimum thrust which will allow an
aircraft to clear with all engines operating,
and/or one engine out depending on command
criteria.

(4) Minimum reduced power. We do not
base this thrust setting on any limiting consider-
ation. It is either TRT reduced by a specific
amount (turbofan engines), or it is maximum
continuous TIT (turboprop engines) and its ap-
proximated climb power.

8-7. Performance Factors (Numbers).
Performance factors are reference numbers
used in performance charts to replace altitude
and temperature grids. They account for vari-
ations in takeoff thrust due to changes in EPR,
N1lortorque.

a. A thrust factor (TF) combines the EPR or
N1, which will vary with temperature at a given
altitude, with the actual altitude to produce a
statement of thrust. A given thrust factor pro-
vides the same thrust output even though we
may obtain it with various combinations of EPR
or N1, altitude, and temperature.

b. Air performance number (APN) uses an
EPR or N1 and pressure altitude to arrive ata
reference number that is similar to a thrust fac-
tor. A given APN represents a specific amount of
thrust we may obtain with various combinations
of EPR or N1, temperature, and pressure alti-
tude.
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c. Takeoff factor (TOF) adds the effect of den-
sity altitude on the airframe to the thrust of the
engines. This is true for both turbofan and tur-
boprop aircraft.

d. Ground performance number (GPN) com-
bines static EPR or N1, temperature, and pres-
sure altitude to arrive at a reference number
which also incorporates the effect of density al-
titude on the airframe. GPNs and their use are
similar totakeofffactors.

e. Climbout factor (COF) combines the thrust
developed by the engines with the aircraft gross
weight toarrive at a reference number which ex-
presses the aircraft weight to power ratio. This
climbout factor is directly proportional to the
climb capability of the aircraft.

8-8. Takeoff and Landing Speeds and Dis-
tances:

a. Air Minimum Control Speed. Air mini-
mum control speed (VMCA) is the speed at which
an aircraft can experience an outboard (or criti-
cal) engine failure and still maintain directional
control using full rudder deflection and not more
thanfive degrees of bank with the remaining en-
gines at takeoff or go-around thrust. VMCA is
critical during takeoff or landing. Safety orient-
ed takeoffs require that VMCA be attained be-
fore rotation or liftoff assuring we maintain di-
rectional control with one or more engines out.
We must maintain VMCA until the landing s as-
sured.

b. Ground Minimum Control Speed. Ground
minimum control speed (VMCQ) is the mini-
mum speed required to maintain directional con-
trol with an outboard (or critical) engine inoper-
ative and the remaining engines at takeoff
thrust, using full rudder deflection and nose
wheelsteering.

c. Critical Field Length. Critical field
length(CFL) is the minimum length of runway
required to accelerate on all engines to critical
engine failure speed (VCEF), experience an en-
gine failure at VCEF, and either continue the
takeoff or abort the takeoff within the computed
distance.

d. Critical Engine Failure Speed. Critical en-
gine failure (VCEF) speed is the speed to which
an aircraft can accelerate on all engines, exper-
ience an enginefailure, and either (a) stop within
theremaining CFL, or (b) continue the takeoffon
the remaining engines, and liftoff at the end of
CFL.

e. Refusal speed. Refusal speed (VR) is the
maximum speed an aircraft can accelerate, us-

AFM51-9 7 September 1990

ing takeoff power (either maximum or reduced)
and stop within the remaining runway avail-
able. Do not confuse VR with critical engine fail-
ure speed (VCEF). Refusal and critical engine
failure speeds are only equal when CFL and run-
way available are equal. VR does not necessarily
assure one engine out acceleration distance to
liftoff. We base VR solely on acceleration and
stopping distance. Refusal speed will assure one
engine out acceleration distance only if runway
available is equal to or greater than CFL. All
safety oriented takeoff criteria require that run-
way available be equal toor greater than CFL.

f. Rotation and Takeoff Speeds (VROT and
VTO). Rotation is the speed, reached during the
takeoff run, at which the aircraft transitions
from a three-point attitude to the takeoff atti-
tude (nose gear leaves theground). Wereach this
speed prior to takeoff speed. Takeoff speed is the
speed the aircraft must accelerate before liftoff
occurs (main gear leaves the ground). Rotation
speed is always above stall speed and normally
greater than air minimum control speed. Rota-
tionspeed must never exceed tire limit speed.

g. Tire Placard Speed (TPS) and Tire Limit
Speed (TLS):

(1) Tire placard speed is the maximum
ground speed that a tire can structurally with-
stand during takeoff or landing. This base speed
varies among aircraft and the manufacturer des-
ignates. This numerical value has no practical
application except as a base from which to com-
pute tire limit speed. This is true because our
transport aircraft do not use ground speed as a
basis for takeoff and landing speeds. They all use
calibrated airspeed in knots (KCAS) or indicated
airspeed inknots (KIAS).

(2) Tire limit speed istire placard speed cor-
rected to either KCAS or KIAS using standard
conversion factors: position correction, SMOE,
and headwind or tailwind, as appropriate. Most
aircraft flight manuals require an individual
speed comparison between TLS and VROT or
VTO; andbetween TLS and touchdown speed.

h. Maximum Braking Speed. Maximum
braking speed (VBMAX or VB) is the highest
speed theaircraft can stop without exceeding the
maximum energy absorption capability of the
brakes. Execution of an abort or landing (apply-
ing maximum braking) above this speed will
cause brake failure.

i. Takeoff Ground Run. Takeoff groundrunis
the distance required to accelerate to takeoff
speed. We base ground run on variables which
affect acceleration: gross weight, thrust, density
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altitude, aircraft configuration, slope, wind, and
RSC.

j. Acceleration Check Speed. Acceleration
check speed allows for the comparison of aircraft
takeoff acceleration versus time and/or distance
using charted performance values. We use run-
way markers to check speed versus distance.
Time versus speed checks compare acceleration
against elapsed time, In either case, the aircraft
canbe aborted at a predetermined point if perfor-
mance issubstandard.

k. Minimum Climbout (VMCO) and Mini-
mum Flap Retraction Speeds (VMFR). Wing
flaps allow the aircraft to takeoff and land at
slower speeds. However, they do not provide the
best configuration. We base minimum climbout
speed on a safe margin above stall speed for the
takeoff or go-around at a specific flap setting.
Normal takeoff procedures require that the air-
craft accelerates from takeoff speed to minimum
climbout speed and then climb at minimum clim-
bout until a safe distance from the ground. If we
must clear obstacles, we must maintain VMCO
and takeoff power until we clear. The aircraft
will stall at a higher speed when we retract the
flaps. Therefore, we must accelerate to a VMFR
before retracting theflaps.

1. Horizontal Stabilizer Trim Settings. Hori-
zontal stabilizer trim settings for takeoff are de-
signed for specific aircraft configurations during
climbout. We determine the required stabilizer
setting by the aircraft takeoff gross weight and
center of gravity. This setting compensates for
differences between the center of gravity and the
center of lift.

m. Approach (VAPP), Reference (VREF),
Threshold, and Touchdown Speeds. We fly seg-
ments of the approach to landing at approach
and/or reference speed plus incremented air-
speed increase (5, 10, 20 knots) depending on the
type of aircraft, configuration, and position in
the approach. Threshold speed is universally the
airspeed at which we cross the runway threshold
(normally at a height of 50 feet). Touchdown
speed for most aircraft is 10 knots below thresh-
old speed, however, other aircraft use a comput-
ed touchdown speed.

n. LandingDistance. Landing distance isnor-
mally based on the aircraft crossing the runway
threshold at a height of 50 feet at threshold
speed. Itis further based on the normal approach
angle, landing technique, and procedures for the
specific aircraft concerned,

o. Landing Ground Roll, Landing Ground
Roll is the distance required after touchdown to
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stop the aircraft. This distance will vary with
specific aircraft configuration.

p. Hydroplaning Speed. Wet or slippery run-
ways can lead toa situation called hydroplaning.
In this situation, the aircraft rides on a film of
water and the tires have little or no contact with
the runway surface. The hydrodynamic lift force
supports the aircraft much like a water skier
supported on gkis. There is a minimum speed at
which hydroplaning will occur. Below this speed
the aircraft tires will make contact with the run-
way. The velocity at which total hydroplaning
occurs equals 9 times the square root of the tire
inflation pressure (P). Partial hydroplaning may
occur at even slower speeds. You as a flight en-
gineer should be aware of this and carefully in-
spect the aircraft tires during preflight toensure
proper inflation. An under inflated tire can hy-
droplane ataslower speed.

8-9. Limiting Takeoff Performance Gross
Weights:

a. Gross Weight Limits. In addition to the
maximum ramp, maximum brake release, and
maximum landing gross weights an aircraft has
limiting performance gross weights, which have
nothing to do with structural capacity limits of
an aircraft, These are gross weight limited by
critical field length, gross weight limited by en-
gine out climb gradient or rate-of-climb, and
gross weight limited by obstacle clearance. The
major factors used in determining the gross
weights are air density, the resulting thrust or
power, the runway length, the flap setting, and
the height and distance of the obstacle. For air-
craft with fixed (or standard) flap settings, the
limiting takeoff gross weight will be the lower of
thesethree computations.

b. Effect of Variable or Multiple Flap Settings
on Takeoff Performance. As discussed earlier,
flaps increase the wing’s ability to produce lift.
The greater the flap setting, the lower the rota-
tion speed will be, and therefore, the shorter the
takeoff ground run. However, once airborne, this
high flap setting becomes a liability rather than
an advantage. We obtain greater climb gradi-
ents with lower flap settings and the associated
higher climb speeds. An aircraft with the capa-
bility to vary this flap setting to match the run-
way and obstacle clearance requirements can
use this to its advantage. Specific procedures
will vary with each aircraft, but in general, we
manipulate the flap position until we find the op-
timum balance between maximum gross weight
limited by critical field length and maximum
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gross weight limited by engine-out climb gradi-
ent or obstacle clearance. This is the "optimum
flap setting."

¢. Gross Weight Limited by CFL. Gross
weight limited by CFL is computed by first as-
suming that the entire runway length (runway
available) is the critical field length and then
working backwards through the CFL chart cor-
rection grids to compute a maximum gross
weight. NOTE: If we know the takeoff gross
weight and the computed CFL (based on the giv-
en weight) is less than runway length (avail-
able), it is not necessary to compute a gross
weightlimited by CFL.

d. Gross Weight Limited by Three-Engine
Climb. Most flight manuals require a minimum
rate-of-climb at liftoff on three engines. This al-
lows theaircraft a reasonably safe climb capabil-
ity. An established minimum rate-of-climb or
climb gradient in conjunction with a predeter-
mined airspeed also assures obstacle clearance
for those not depicted on Standard Instrument
Departure (SID) plates. We base climb gradient
charts on temperature, pressure altitude,
thrust, and gross weight. Minimum required
gradients vary according to aircraft design.
Some aircraft use rate-of-climb capability as op-
posed to gradient. Since gross weight is one of the
determinants of either climb gradient or rate-of-
climb, it is possible to reduce the aircraft gross
weight to obtain the required gradient or rate-
of-climb.

e. Gross Weight Limited by Obstacle Clear-
ance;

(1) For safety of flight, the aircraft must
never exceed a weight which will allow the air-
craft to clear all obstructions in the climbout
flight path. Though it is imperative that flight
crews possess a thorough understanding of ob-
stacle clearance procedures, the methods used to
compute obstacle clearance data vary greatly be-
tween the types of aircraft concerned. For this
reason, we will only discuss general obstacle
clearance procedures thatapply tomost aircraft.

(2) The easiest and most popular method of
determining if an obstacle exists in the climbout
flight path is to consult the SID plate for your de-
parture. We obtain SIDs from base operations for
the airfield concerned. Normally, a SID does not
depict all obstructions, only the controlling or
most restrictive ones. SIDs depict both the obsta-
cle height and distance. The SID shows the
height in feet above mean sea level (MSL) and
the distance in either feet or nautical miles (to
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the nearest tenth) as measured from the depar-
tureend oftherunway.

(3) Regardless of the aircraft you fly, when
determining obstacle clearance capability, you
must consider the aircraft weight to power ratio
(climb capability), the flight distance to the ob-
stacle, and the effective height of the obstacle. In
most cases, youwill be computing obstacle clear-
ance based on (1) an engine failure after go or de-
cision speed, (2) continuing the takeoff regard-
less, and (3) lifting off or rotating at the critical
field length point.

(4) The flight path charts used to compute
obstacle clearance data are based on a dry, level
runway. If you have other than a dry level run-
way, you must make adjustments tothe obstacle
distance. The three considerations for making
these adjustments are runway slope, runway
surface condition (RSC), and runway condition
reading (RCR).

f. Downhill Slopes. A downhill slope aids in
Acceleration. It shortens the takeoff ground run
and the critical field length. Therefore, it effec-
tively moves the obstacle farther from the liftoff
point (CFL) and is not normally accounted for,
but accepted as a safety margin when making ob-
stacle distance corrections. An uphill slope in-
creases the takeoff ground run and the critical
field length distance. This effectively moves the
obstacle closer to our latest possible liftoff point
(CFL). To account for this, you must subtract the
difference between the uncorrected CFL and
CFL corrected for uphill slope from the obstacle
distance.

g. Runway Surface Covering. Any runway
surface covering such as snow, slush, or water
will retard acceleration. This increases the take-
off ground run and critical field length, decreas-
ing the flight distance tothe obstacle. To account
for this decreased flight distance, you must sub-
tract the difference between uncorrected CFL
and CFL corrected for RSC from the obstacle dis-
tance.

h. RCR Affects. RCR does not affect accelera-
tion. Itdoes not affect the takeoff ground run and
we do not need to consider it in computing obsta-
cle distance with all engines operating. Howev-
er, when computing obstacle distance with an in-
operative engine, we must consider the effect of
RCRoncritical field length. ARCR other than 23
(dry runway) affects stopping distance and in-
creases critical field length. Therefore, when
computing engine out obstacle clearance, reduce
the distance to the obstacle by the difference be-
tween uncorrected critical field length and criti-
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cal field length corrected for RCR.
NOTE: Not all aircraft flight manuals require
RCR corrections.

i. The SID. The SID displays obstacle height
in feet MSL. Field elevation is also given in feet
MSL, and is the highest point on the airfield. To
find out the height of the obstacle above field ele-
vation, you subtract field elevation from the ob-
stacle height. The result is the geographic obsta-
cle height. After determining the geographic
obstacle height, you must compute any correc-
tions for runway slope or delayed gear retraction
and add them tothe geographic obstacle height.

j. Uphill Slope. Figure 8-1 shows an aircraft
departing a runway with an uphill slope. As pre-

Figure 8-1. Uphill Slope.

k. Downhill Slope. Figure 8-2 shows an air-
craft departing on a runway with downhill slope.
Since field elevation is the highest point on the
airfield (measured at the approach end in qur il-
lustration), we will liftoff below field elevation
and have toclimb some additional heighttoclear

Figure 8-2. Downhill Slope.
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viously stated, the aircraft should always be air-
borne by the critical field length point. Field ele-
vation, as shown, is the highest point on the
airfield. By studying figure 8-1, you will notice
that since the aircraft will liftoff at critical field
length rather than at the departure end of the
runway, it will have to climb some additional
heighttoclear the obstacle. We use the following
formula tofind the additional heighttoclimb:
(RA - CFL) x slope % = Height
subtracting numbers:;
(12,000’ - 7,000") x .6% = 30

You would add 30 feet tothe geographic obstacle
heighttoobtaintheeffective obstacle height.

o

the obstacle. We use the following formula to
find theadditional heighttoclimb:
CFL x slope % = Height
substituting numbers:
7,000’ x .6% = 42’
You would add 42 feet to the geographic obstacle
height tofind the effective obstacle height.
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l. Delayed Gear Retraction. Some aircraft
have provisions for considering the effect of de-
layed gear retraction on the climbout flight path.
The delayed gear retraction could result from
mechanical problems, extreme cold weather, or
takeoff from slush or water covered runway. Re-
gardless of the reason for the delayed gear re-
traction, you must consider its effect on aircraft
performance, Most aircraft flight manuals pro-
vide either correction grids or separate flight
path charts which increase the effective obstacle
height to account for this situation. Once we
make all the corrections, we use theclimbout fac-
tor and climbout flight path charts to determine
if wecan clear the obstacle.

8-10. Takeoff Performance Concepts. The
number of clear-cut performance concepts is a
matter of individual perception. However, for
the purposes of this text, we will identify two
broad classes:

a. Normal Takeoff. Normal takeoffis the type
most commonly used with a particular aircraft.
For smoothness, we usually bring up power slow-
ly allowing some roll before setting takeoff pow-
er. There are basically two types of normal take-
off for all aircraft, full power and reduced power
takeoffs.

(1) A full power takeoff is accomplished at
maximum takeoff power with required bleed air
systems turned on. Normally, it is used when a
reduced power takeoff cannot be made. Full pow-
er allows takeoff distances to be shortened and
takeoff time to be reduced while retaining all
normal safety margins.

(2) Areduced power takeoffis accomplished
atareduced power setting with all normal safety
margins retained. Since it minimizes stress on
engines and airframe, it is the preferred type of
takeoff. Most of an aircraft’s performance man-
ual is devoted to normal takeoffs. Normal take-
offs are subject to many variations, depending
upon the situation--atmospheric conditions,
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type aircraft, and cargo. They involve the use of
critical field length, refusal speed, and/or deci-
sion speed, plus several other speeds which de-
pend onthe typeofairplane.

b. Abnormal takeoffis reserved for situations
that require that one or more of the usual safety
margins are disregarded

(1) Usually, some safety factor limits the
gross weight or in some way restricts takeoff per-
formance. Since aircraft manuals are pretty
much patterned on civilian aviation procedures,
theydon’taddress abnormal procedures in much
detail. Unfortunately, military aircrew mem-
bers live with the small but real possibility of ac-
complishing a takeoff under hostile fire or to
avoid a deadly storm.

(2) When mission requirements dictate a
departure, we may sacrifice some of the normal
safety margins. We will plan a mission accom-
plishment takeoff. We only give up only enough
safety margin to make the takeoff with bleed air
systems turned off. We determine takeoffdata by
using calculated wind components and no head-
wind for obstacle clearance.

(3) Maximum effort meansjust whatitsays,
we pull out all stops. The only limitation is the
aircraft’s ability to execute a takeoff. We use this
type of takeoff when nothing else will save life,
property, or mission objective. We use the follow-
ing guidelines for a maximum effort takeoff:

(a) All bleed air systems off unless re-
quired (i.e., anti-ice in winter).

(b) One hundred percent of reported wind
component.

(c) An obstacle will be just cleared on all
engines,

(d) GO or DECISION speed will be RE-
FUSAL speed based on all-engine operating
groundrun.

(e) Critical field length will not be appli-
cable.

(f) Takeoff power will be set prior to
brake release.
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Chapter 9
CLIMB PERFORMANCE

9-1. Climb Predications and Charts. After
takeoff, the next condition of flight is the climb.
As a flight engineer, you must compute climb
performance. The climb prediction charts you
will use vary from one aircraft to another, but
some of the information you can determine are
engine power, time, speed, distance, fuel used
during a climb, and the altitude you can climb to
based on the atmospheric conditions. Use your
climb performance charts in both the mission
planning phase and the actual flight phase toen-
sure optimum climb flight efficiency.

9-2. Basic Principles:

a. The forces of lift, thrust, weight, and drag
are equal when the aircraft is flying in straight,
level, unaccelerated flight. Airspeed is enough
tomaintain lift equal toweight and engine power
is enough to maintain a thrust equal todrag con-
dition. If we increase engine power and hold the
angle of attack constant, the aircraft will begin
to increase in speed because the power will be
greater than the drag. The aircraft will start to
climb due to the increase of air across the wings
producing more lift. If we nose the aircraft up to
increase our angle of attack, then our drag in-
creases. It is possible to increase our power and
angle of attack to climb without increasing air-
speed. This is the principle we consider for com-
putingclimb performance.

b. The power output of the engines limits the
power available for climb. Most aircraft use
their maximum continuous power setting. De-
pending on the aircraft, this power setting is,
Normal Power, Normal Rated Thrust, or even
Mazx Continuous Power. Your performance man-
ual will identify what you call your climb power.
Once we identify how much power we will have,
we need to find the speed that we climb out with.
On some aircraft this is a charted speed based on
the conditions for the day. Most of the larger
transport type aircraft use a climb speed sched-
ule.

¢. Climb performance is dependent on the
power output of the engines and the airspeed
used in the climb. If we use a higher airspeed,
then more of the power being produced would
maintain that speed. Using a low airspeed re-
quires less power to maintain the speed. This al-
lows more power to overcome the increase of
drag caused by a higher angle of attack, givingus

more lift. It is desirable to use as low an airspeed
as possible, yet high enough to maintain proper
stability. As the climb progresses, the percent-
age of power required to maintain anairspeed in-
creases as the altitude increases. Not only does
the amount of power we have for the climb de-
crease, but our lift will decrease because the air
isless dense ataltitude. These twofactors are the
major reasons why, as our aircraft climbs, our
rate-of-climb will decrease. Rate-of-climb is
nothing more than vertical velocity measured in
feet per minute. The aircraft will continue to
climb, if allowed, until we use all the power being
produced tomaintain theairspeed.

(1) ABSOLUTE CEILING is the point all
the forces, weight, lift, thrust, and drag will be
equal. It is not a very good idea to fly at an al-
titude using all the power available just to main-
tain an airspeed. Why? Let’s look at this for a
minute. What will happen if we lose an engine?
The power available will be reduced and we may
not have enough power tomaintain the airspeed.
If we try to make a turn, then our drag will in-
crease and we could find ourselves in a danger-
oussituation.

(2) PERFORMANCE CEILINGS are noth-
ing more than limiting altitudes based on the
day’s conditions that keep some of our engine’s
power inreserve for emergency use. There arean
unlimited number of performance ceilings, but
we will limit our discussion tothe ones that have
a name for them. In c above, we stated that as the
aircraft climbs in altitude, the rate-of-climb de-
creases. Well, this rate of climb is how we iden-
tify the performance ceiling.

(a) The first one is the SERVICE PER-
FORMANCE CEILING. At this ceiling, based
on the day’s condition, if we set our climb power
and held our climb speed, then we will have a
rate-of-climb of 100 feet per minute.

(b) The second performance ceiling is the
CRUISE PERFORMANCE CEILING. At this
ceiling if we try to climb, our rate-of-climb would
be 300 feet per minute.

(¢} The third performance ceiling is the
PERFORMANCE PERFORMANCE CEILING.
At this altitude we will be able to start our climb
with a 400-foot per minute rate-of-climb.

(3) The fourth and last performance ceiling
isthe COMBAT PERFORMANCE CEILING. At
this altitude we would be able to start our climb
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with a 500-foot per minute rate-of-climb. Your
performance manual will tell you which of these
ceilings you will use.

These performance ceilings change continuous-
ly from day today and throughoutaflight. Thisis
because weight of the aircraft has a direct effect
on the altitude the aircraft is capable of climbing
to. The heavier the aircraft, the lower the alti-
tude. Weight is not the only factor that affects
this altitude. Temperature plays an important
part. Remember, the hotter the day, the less
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dense the air, lowering our power and lift being
produced. This will also lower the altitude we
can obtain.

d. There are many other factors associated
with climb performance, but we cover them in
detail in the next chapter. Following aircraft
climb procedures is the single most important
factor when predicting climb performance. Qur
predictions will be wrong if we do not keep the
climb power set, or we do not climb at the proper
speed. Crew effort ensures that our predictions
arevalid.
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Chapter 10
CRUISE PERFORMANCE

10-1. The Cruise Phase. Once we accom-
plish takeoff and we comp'ete our climb to cruise
altitude, we can begin the process of computing
cruise performance. Cruise is the most impor-
tant phase of any mission in terms of time and
fuel economy. If an emergency occurs and fuel
becomes critical, you must be aware of profiles
and procedures to conserve fuel. This awareness
is also necessary during missions where time is
the primary concern. To accomplish these mis-
sions, you must possess a knowledge of the fac-
tors involved with predicting cruise perfor-
mance for various profiles and procedures and an
ability to read and interpret performance charts
with speed and accuracy. The cruise phase, like
the climb phase of flight, is dependent on many
factors which affect an aircraft’s performance.
Predicting cruise performance becomes an in-
volved process. Although we chart some factors,
they are constantly changing due totherelation-
ships between atmospheric conditions, engine
power, and the use of different profiles and proce-
dures. The first thing a person needs tobe able to
do is identify the profile and procedure the air-
craftis goingtofly.

10-2. Basic Profiles. There are three basic
profiles: Constant Altitude, Cruise Climb
Cruise, and Optimum Step Climb. A profile is
nothing more than how the aircraft flies through
theair mass, aside view, if you will.

a. Constant Altitude. The first profile, Con-
stant Altitude, means exactly whatthe nameim-
plies. It consists of an aircraft climbing to a
cruise altitude and remaining there until we ini-
tiate descent as shown infigure 10-1. This profile
is the simplest to fly and the easiest for Air Traf-
fic Control (ATC). Ofthethree profiles, Constant
Altitude is the worst for gas mileage, Air Nau-
tical Miles per Pound (ANMPP). This is because
as the aircraft gets lighter during the cruise we
DO NOT take advantage of climbing to a higher
more efficient altitude.

b. Cruise Climb Cruise. The second profile is
a Cruise Climb Cruise. It consists of an aircraft
climbing to its optimum altitude, starting a
cruise and as the aircraft gets lighter from fuel
burn off, we allow the aircraft to climb. Doing

this, we allow the aircraft to stay at or near its
optimum altitude for the entire flight as shown
infigure 10-2.

(1) To understand this profile you must un-
derstand optimum altitude. Optimum altitudeis
the altitude, based on aircraft gross weight and
temperature at altitude, that gives the greatest
number of nautical miles per pound of fuel.

(2) Of the profiles, Cruise Climb Cruise ob-
tains the best gas mileage (ANMPP), butitis the
hardest to fly due to the constant increase in al-
titude. Air Traffic Control also limits its use for
thesamereason.

c. Optimum Step Climb. An Optimum Step
Climb Profile is the compromise between the
Constant Altitude and Cruise Climb Cruise Pro-
files. It consists of climbing to a performance
ceiling, entering a level cruise, and staying at
this altitude until the performance ceiling has
increased either 2,000 or 4,000 feet, depending
on the aircraft, certain conditions, or both. Your
Performance Manual identifies the climb incre-
mentthatyour aireraft uses (see figure 10-3).

(1) Mostaircraft use the 300 foot per minute
Cruise Performance Ceiling when using the
4,000 foot increment step climb. Normally, the
aircraft’s Optimum Altitude is about 2,000 feet
below its 300’ Cruise Performance Ceiling (see
figure 10-4).

(2) Notice how, by climbing to our perfor-
mance ceiling, we start cruise #1 about 2,000
feet above our Optimum Altitude, and we end
cruise #1 about 2,000 feet below our Optimum
Altitude. We can now say we averaged our Opti-
mum Altitude during cruise #1. Qur perfor-
mance during the cruise wasroughly thesame as
if we did fly on our Optimum Altitude. This type
of profile is better for ANMPP than Constant Al-
titude but not quite as good as the Cruise Climb
Cruise Profile. The reason we don’t get as gooda
performance as the Cruise Climb Cruise is be-
cause we set climb power to make our 4,000 foot
climb. This profile also satisfies ATC'’s need for
controlling theairways.

NOTE: Individual aircraft may modify a pro-
file, but engineers will use one of the three pro-
files for time and range predictions.
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Figure 10-3. Optimum Step Climb Profile.
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Figure 10-4. Cruise #1, Optimum Step Climb.

10-3. Basic Procedures. Now thatwe have
identified the basic profiles, we must cover the
basic procedures. Remember profiles are a side
view of how our aircraft fly through the air; a pro-
cedure is how fast we go. There are five basic pro-
cedures: Constant Power, Constant Speed,
Maximum Range, Long Range, and Endurance.

a. Constant Power. A Constant Power proce-
dure is very seldom used on large aircraft. Asthe
name implies, once we set our cruise power, we
leave it alone. As the aircraft burns fuel and de-
creases its gross weight, we either increase our
speed or altitude. Since this procedure is worst
for gas mileage and structural limits normally
stop us from constantly increasing our speed, we
seldom use this type of procedure with large
transport type aircraft.

b. Constant Speed. We use the second proce-
dure, Constant Speed, quite often. Once we es-
tablish our cruise speed, the pilot will maintain
it throughout the flight. The lighter the aircraft,
the less power it takes to maintain the same air-
speed. An engineer needs to understand why a
lighter aircraft takes less power to fly a steady
speed. Remember back to Aerodynamics we
talked aboutthe four general forces acting on the
aircraft: thrust, drag, weight, and lift. As the air-
craft gets lighter, the amount of lift needed de-
creases. We lower the lift by lowering our angle
of attack. This will reduce the amount of induced
drag. With less drag we need less power to main-
tain a constant speed. See how Aerodynamics
tiesin with cruise performance.

¢. Maximum Range. The next procedure,
Maximum Range, gives us the best gas mileage
for the conditions of the day. This procedure is a

little harder to fly than a Constant Speed since
we have tokeepslowing down as our aircraft gets
lighter. To understand why we must slow down,
we must understand what gives us our maxi-
mum range airspeed. Let’s first talk about jet
aircraft, for they have two basic considerations
in finding the maximum range airspeed, Lift
over Drag (L/D) and Specific Fuel Consumption
(SFC).

(1) The aircraft’s gross weight governs Lift
over Drag (L/D). For any given gross weight, a
specific angle of attack with a specific airspeed
will produce the necessary lift with the least
amount of induced drag. As the aircraft gets
lighter, we attempt to keep the same angle of at-
tack, so we have to lower our airspeed to reduce
our lift in direct proportion to our decrease in
weight. Our L/D maximum speed is the main
reason why our maximum range airspeed de-
creases as our aircraft gets lighter, L/D speed is
nothing more than the airspeed at which the
AIRFRAME performs best.

(2) Now let’s try our Specific Fuel Consump-
tion (SFC). Simply stated, SFC is the amount of
thrust (power) produced by the engine on one
pound of fuel. A certain power setting, based on
atmospheric conditions, gives us the most thrust
for one pound of fuel. This power setting is the
SFC minimum value. The SFC minimum value
will achieve the airspeed at which the ENGINES
perform best. To find a jet aircraft’s maximum
range airspeed, we have to consider both L/D
maximum and SFC minimum value airspeed.
Our maximum range airspeed will fall in be-
tween the two airspeeds, giving our AIRCRAFT
the best airspeed combining power and angle of
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attack. On turboprop aircraft there is one more
factor to consider. This is propeller/engine effi-
ciency. We want to convert as much shaft horse-
power (SHP) to thrust horsepower (THP) as pos-
sible. The amount of SHP converted to THP is
dependent on propeller efficiency (ETA). At a
particular airspeed the percentage of SHP to
THP is the highest. On turboprop aircraft, maxi-
mum range airspeed is a compromise of L/D
maximum, SFC minimum value, and propeller
efficiency. Using the Maximum Range Proce-
dure will give us the best gas mileage for the pro-
cedures but it has one major drawback, slow air-
speeds. Slow airspeeds result in long crew duty
days and contribute tocrew fatigue.

d. Long Range. The Long Range procedure is
where we sacrifice a little range for an increase
inairspeed. Flight testreveal, inmost cases, that
by sacrificing one percent of our range, we real-
ized an increase of aboutfive percent in airspeed.
Since this procedure actually gets 99% of what
Maximum Range Procedure attains, some air-
craft call this 99% Max Range Procedure.

e. Endurance. Endurance is the last proce-
dure we need to cover. Endurance is flying at the
airspeed that will give us our lowest fuel flow
Endurance is staying in the air for the longest
amount of time with little concern for range, We
use this procedure for search and rescue, hold-
ing, and orbit missions. Because we use this type
of procedure on such special conditions, we have
identified twobasic types of endurance, Best En-
durance and Maximum Endurance.

(1) Best Endurance. Best Endurance gives
the greatest amount of time when flying a con-
stant altitude. This is the type of endurance most
of us are familiar with, We normally use it when
holding or for search and rescue.

(2) Maximum Endurance. We obtain maxi-
mum endurance by flying our endurance air-
speed while maintaining our optimum altitude.
We may use this type of endurance on an orbit
mission. Normally, ATC restricts its use due to
controlling thetraffic ontheairways.

10-4. Factors Affecting Flight. Now let’s
go into factors that affect our cruise perfor-
mance. The primary factors are gross weight, al-
titude, temperature, winds, bleed air extraction,
and aircraft trim, Performance correction fac-
tors adjust for differences between actual and
charted performance. We will discuss each one
separately.

a. Gross Weight. An aircraft's gross weight
has significant effect on cruise performance.
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Heavier aircraft require more lift to remain air-
borne. For a certain airspeed, this means we
havetoincrease our angle of attack. This will re-
quire more thrust to overcome the increased in-
duced drag. Gross weight also affects the alti-
tude the aireraft is capable of flying. The higher
we go, the less dense the air. This requires more
speed or greater angle of attack to produce the
amount of lift required to offset the heavy gross
weight. As a result of this factor, the heavier an
aircraft, the worse it performs. Because of the
large amount of fuel used during flight, our gross
weight changes drastically throughout a long
cruise. If we use our beginning of the cruise gross
weighttobase our time and range prediction, our
predictions will be wrong because our perfor-
mance will improve as we use the fuel. To ac-
count for this steady performance improvement,
we use an average gross weight for time and
range predictions. We find this average gross
weight by subtracting our fuel on board from
what we weigh, giving us a Zero Fuel Weight.
Now we add back 1/2 of the fuel to our Zero Fuel
Weight, giving us an "average gross weight" for
thecruise. See Example.

EXAMPLE:
BEGINNING OF THE CRUISE
GROSSWEIGHT 280,000 lbs
FUELONBOARD - 80,000 lbs
ZEROFUEL WEIGHT 200,000 1bs
1/2FUEL ONBOARD +40,000 1bs
AVERAGE GROSS WEIGHT 240,000 1bs

Remember, we base time and range predictions
on using all the fuel in the tanks. By using our
average gross weight in our charts, we find aver-
age performance numbers to base our time and
range on.

b. Altitude. Altitude is another factor that
has a direct bearing on our cruise performance.
As discussed earlier, normally the higher we fly
the better our cruise performance. Performance
charts always consider these two factors, gross
weight and altitude, for time and range predic-
tions. Depending on the type of performance
charts that were designed for your aircraft, the
other factors may be part of the charts, or you
may have to apply a math correction to account
for them.

c. Temperature. Temperature ataltitude has
adirect effect on our cruise performance. Hotter
than standard temperature will result in a de-

[ .
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crease in air density. This decrease of air density
would cause our engines to produce less thrust
due to the compressor getting fewer air mole-
cules to compress. However, the jet engine fuel
control senses air density and automatically in-
creases our fuel flow. This increase in RPM al-
lows our compressor to gather enough air mol-
ecules to maintain our cruise. If we burn more
fuel every hour, the amount of time we are ca-
pable of flying will decrease. If the density only
affected our engine’s performance, then our
range would also decrease, but the density af-
fects our aircraft’s ability to fly through the air.
With the less dense air, our true airspeed will in-
crease because less drag is being created. When
flying on speed and on altitude, hotter than stan-
dard temperatures will increase both fuel flow
and true airspeed. Because of our fuel flow in-
creases with an increase in true airspeed, our
range remains relatively unchanged. This state-
ment is only true if we remain on altitude. Let’s
go back to Chapter 9, Climb Performance for a
minute. The Performance Ceiling section
showed us how temperature affects the altitude
our aircraft is capable of flying. Hotter than
standard day actually lowered our Performance
Ceiling. If we fly at a lower altitude because of a
hotter temperature, then both our time and
range will decrease. Colder than standard tem-
peratures, work injust the opposite manner.

d. Winds. Winds at altitude is another atmo-
spheric variable we must consider when comput-
ing performance. Our aircraft requires so much
power to fly a set speed through an air mass. It
does not require more or less thrust, depending
on winds, because the speed is in relation to the
surrounding air mass. Our endurance time we
canremain in the air stays thesame if we fly aset
airspeed. Our range will change in direct propor-
tion to the winds. If, for example, we are on an
aircraft flying a true airspeed of 425 knots witha
50-knot headwind, in 1 hour’s time we have had
enough air pass us by to cover 425 nautical air
miles. Now we need to change this air mileage
into how many miles we covered across the
ground. If we covered 425 nautical air miles in 1
hour, but 50 air nautical miles were due to the
headwind, then we would have covered 375 nau-
tical miles across the ground. Tailwinds work ex-
actly opposite. If we had a 50-knot tailwind in the
previous problem, then the ground distance
traveled in 1 hour will be 475 ground nautical
miles. If, for some reason, we have tobe at a spe-
cific place at a certain time, then we must try to
hold a set ground speed. Flying into a headwind,
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we will have tofly a faster airspeed. This will re-
quire a higher setting, increasing our fuel flow.
Both our endurance time and range would de-
crease in this case. Once again, the exact oppo-
site is true for tailwind. At a constant airspeed
winds affect our range but not our endurance
time, at a constant ground speed winds affect
bothourtimeandrange.

e. Bleed Air Extraction. Bleed air extraction
is another factor we need to consider. Bleed air
extractions reduce engine efficiency by divert-
ing air for other uses: i.e., air conditioning and
pressurization. Most cruise performance charts
take this extraction into consideration. Adjust-
ments to cruise performance charts will be nee-
essary when we use other systems requiring
bleed air. Examples of these systems are engine
anti-ice, pylon anti-ice, wing anti-ice, and rain
removal. If any of these systems are operating,
then we decrease both our time and range. We
make corrections for these factors by either a
standard correction factor or a separate correc-
tion chart. Your aircraft’s Performance Manual
willidentify which method you will use.

f. Aircraft Trim. Now we can consider air-
craft trim. Aircraft are designed to fly straight
and level. If for any reason the aircraft is not
flying straight and level then we have increased
the amount of drag our airframe is producing.
This extra drag is overcome by extra thrust,
meaning fuel flow will increase, reducing our
time and range. One of the factors that cargo air-
craft have tokeepinmind is thecenter of gravity.
This will normally change with every mission
due to the aircraft configuration and the cargo
we carry. The center of gravity also changes dur-
ing flight due to fuel usage. Most aircraft Perfor-
mance Manuals have a center of gravity correc-
tion chart that gives you some form of correction
factor toapply to time and range computations.

g. Performance Correction Factors. Perfor-
mance correction factors are the last area we
have tocover. We construct Cruise Performance
charts using a standard external configuration
as a basis. Any change in the external structure
causes a change in total drag. This change in
drag produces a change in aircraft performance.
Often, an aircraft does not perform as predicted.
In other words, the aircraft seems to"fly heavy."
This could be the result of variables such as im-
proper cargo weight, bent or warped cowlings or
panels, or any other factors in which a drag or
weight change occurs. We must take these
changes in performance into account when pre-
dicting cruise performance. We use two basic
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procedures to correct for weight or drag increase
- ordecrease, weight correction factor anddrag in-
dexcorrection factor.

(1) Weight Correction Factor. A weight cor-
rection factor is the difference between actual
weight of the aircraft and its performance
weight. For example, if an aircraft weighs
450,000 pounds but it is performing as if it
weighed 458,000 pounds, there will be a weight
correction factor of 8,000 pounds. Weight correc-
tion factors are either a plus (+) or a minus (-)
correction. In the example above, the perfor-
mance weight is 8,000 pounds heavier than ac-
tual weight. In this case, the weight correction
factor is a plus and we add it to the actual gross
weight for making performance computations.
When actual performance is better than predict-
ed, the correction is a minus and we subtract it
from the actual gross weight. One method we can
use to find our performance weight is to take the
true airspeed we are flying and divide it by our
present fuel flow. This will give us our current
air nautical miles per pound. We find this formu-
la in attachment 1 under General Fuel Formu-
las.

TASK
ANMPP=
FF

Now we can enter our performance charts with
our current ANMPP and find the gross weight at
which our aircraft is performing.

(2) Drag Index Correction Factor. Drag In-
dex Correction Factor is the other method that
the aircraft may use. The Performance Manual
lists these factors and includes structural
changes that affect the configuration of the air-
craft. For example, if the aircraft is normally
equipped with external fuel tanks and we re-
move them, the aircraft has less drag and per-
forms better than the charts indicate. The drag
index will correct for the improved performance.
If we add equipment, the drag will increase and
performance will be worse thancharted.

h. Summary, We finally made it! We have the
principles we need to make accurate time and
range predictions from our Performance Man-
uals. They are profiles, procedures, aircraft
gross weight, altitude, temperature, winds,
bleed air extractions, aircraft trim, and perfor-
mance correction factors. Even though we dis-
cussed each one as an individual element, they
areallinterrelated. A change in one may require
us to change another such as, a change in tem-
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perature may force us to change our altitude.
The ability to understand these relationships
and use them in making our predictions is the
heart and soul of why we have performance en-
gineers onour aircraft.

10-5. Performance Analysis:

a. The many variables affecting aircraft and
engine performance make it necessary for you to
compare the actual performance of the aircraft to
the charted performance of the aircraft. Analyz-
ing the various conditions during flight enables
you todetermine how much, if at all, aircraft and
engine performance varies from the charted val-
ues. When a variation exists, comparing and
analyzing the results usually discloses the cause
ofthevariation.

b. There are numerous methods used to ana-
lyze aircraft performance. The following para-
graphs describe representative procedures that
may or may not be applicable to your particular
aireraft.

10-8. Analyzing Actual and Chartied
NMPP Values. A very effective method of
evaluating aircraft performance is to compare
actual air or ground nautical miles per pound of
fuel (NMPP) values with the charted NMPP of
fuel values.

a. Using the data recorded on your aircraft
performance log, find the actual air NMPP by
first computing an actual true air speed in knots
(TASK) using the following formula;

TASK = Mach X speed of sound

Then use the actual TASK and known recorded
fuel to compute an actual NMPP using the fol-
lowing formula:

TASK
NMPP =
FF

b. To find the charted NMPP, compute an
average gross weight for the condition being con-
sidered (usually a cruise as recorded on a perfor-
mance log). Dothis by subtracting one-half of the
total fuel burnoff of the cruise being analyzed
from the beginning gross weight of that particu-
lar cruise. Once you find an average gross
weight, compute the charted NMPP from the ap-
propriate specific range performance chart us-
ing the known or recorded (on your performance
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log) true mach, or calibrated airspeed and the
average gross weight for the condition.

¢, Now, compare the actual and charted
NMPP values. If the charted NMPP value is
larger than the actual NMPP value, aircraft and
engine performance is not as good as charted. On
the other hand, if charted performance is lower
thantheactual value, aircraft and engine perfor-
mance is better thancharted.

10-7. Analyzing Actual and Charted
NMPP Values (Turboprop). Let's usconsid-
er an analysis that applies principally to tur-
bopropeller engine aircraft operation. The many
variables affecting aircraft and engine perfor-
mance make it necessary for you to compare the
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actual performance of the aircraft tothe charted
(standard) performance of the aircraft. A very ef-
fective method of evaluating turboprop aircraft
performance is also to compare the known or
logged air or ground nautical miles per pound of
fuel with the charted nautical miles per pound of
fuel. When we know the actual NMPP, TASK
and fuel flow, engine and aircraft performance
can by analyzed by comparing this performance
with the charted NMPP. If the charted NMPP
value exceeds the actual value, performance is
not as good as charted. On the other hand, if
charted performance is lower than the actual
value, performance is better than charted.

a. To find charted NMPP, establish the
charted TASK with the following formula:

logged TASK for cruise

Charted TASK =

X SMOE (from the closest 5000 ft

gpecific range chart)

SMOE for cruise altitude

NOTE: Since the manufacturer bases specific range charts on standard day conditions, density and pres-

sure altitude are equal.

b. Establish the average gross weight for the
condition analyzed by subtracting one-half of the
total fuel burnoff for the condition from the be-
ginning gross weight of the condition as follows:

c. Finally, enter the NMPP (specific range)
chart, nearest your cruising pressure or density
altitude, with the average gross weight and
charted TASK. Where these two values inter-
sect, you will find: (1) the charted NMPP value,
and (2) thecharted fuel flow. Compare the actual
NMPP value and fuel flow with those known val-
ues, or those recorded for this condition, on your
flight log. The difference, plus or minus, between
the charted and actual computations is the
amount of correction required for subsequent
performance computations throughout the re-
mainder of the flight.

10-8. Analyzing Air and Ground NMPP
Values:

a. Air NMPP. Air nautical miles per pound of
fuel represents the performance of the aircraft
and engines compared to air miles covered. We
normally compute air NMPP using the specific
range charts in your performance manual. How-
ever, it can also be found by using the logged data
and thefollowing formula:

TASK
Air NMPP =
FF

b. Ground NMPP. Ground nautical miles per
pound of fuel represents the performance of the
aircraft and engines, including the effects of
winds, compared to ground miles covered.
Ground NMPP can be computed using known or
logged conditions and thefollowing formula:

TASK + wind
Ground NMPP =
FF

A comparison of the air NMPP with the ground
NMPP indicates the loss or gainin NMPP caused
by winds.

10-8. Computing Weight Correction Fac-
tors. Performance weights are one of the indi-
cations as to how the aircraft is flying. We use
actual inflight data to find a performance
weight. There are several methods and combina-
tions of data that can compute this weight. The
following paragraphs describe two methods used
tocompute a performance weight.
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a. Using EPR and CASK or MACH. We will
use two known or logged factors to obtain this
performance weight: EPR and CASK or Mach.
The first step is tocompute and average EPR. We
do this by adding the individual EPRs together
anddividing by the number of engines operating.
Next, using the known CASK or Mach and the
average EPR, compute a gross weight using the
specific range charts. This is the gross weight at
which the aircraft is performing or its perfor-
mance weight. Ifthe performance weightis high-
er than the actual gross weight of the aircraft (at
the time the EPRs and CASK or Mach were re-
corded), the aircraft is flying heavy or, in other
words, the aircraft flies as if it weighs more than
itactually does. If the performance weightis low-
er than the actual aircraft gross weight, the air-
craft is performing better thannormal (charted).
The difference between the performance weight
and the actual aircraft gross weight is the weight
correction factor. Whenthe aircraft is flying as if

FF

SMOE for
cruise altitude

We refer to this as taking it "to the chart." After
making the conversion, interpolate an average
performance gross weight (pounds) at the inter-
section of charted F/F and the CASK line on the
appropriate specific range chart. The difference
between the average performance weight and
the average actual weight is the weight correc-
tion factor. In other words, the aircraft flies as if
it weighs more thanitactually does thenweusea
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it weighs more than it actually does (flying
heavy), then we use a plus (+) correction factor.
The opposite is true when the aircraft is flying as
if it weighs less than it actually does, then we use
a minus (-) correction factor. To apply a weight
correction factor, add a plus (+) correction or
subtract a minus (-) correction from the actual
average gross weight. We normally accept mi-
nuscorrection factors as an added safety margin.
b. Using CASK and Fuel Flow. Another
method used (turboprop aircraft) tocompute per-
formance factors or weights, is to again use two
known or logged factors, this time CASK and
fuel flow, to obtain this correction factor or per-
formance weight. To use the specific range chart,
you must first convert theknown or logged fuel to
a charted fuel flow. This is accomplished by di-
viding the known or logged fuel flow by the
SMOE for the altitude you are flying and then
multiplying by the charted SMOE as follows:

X SMOE (from the closest 5,000 ft specific range chart)

plus correction factor. If the aircraft flies less
than it actually weighs then we use a minus cor-
rection factor. Remember a correction factor
may change during flight because of such things
as leaks, engine exhaust deposits on the aircraft,
and changes in CG position. For these reasons,
you should recompute correction factors fre-
quently.
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Chapter 11
DESCENT, LANDING AND GO-AROUND PERFORMANCE

11-1. Descent Defined. A descent is an in-
tegral part of a mission and we plan it according-
ly. We make descents for a variety of reasons,
such as, descending to a lower altitude to take
advantage of reduced headwinds, descending for
a rendezvous with a tanker, or just descending
for an approach and landing. During descent, we
must control the aircraft within the framework
of mission and aircraft requirements. The type of
descent selected will accomplish one of three ob-
jectives: maintain a particular (dictated) rate of
descent, accomplish the altitude change in a giv-
enelapsed time, or cover a given distance during
thealtitude change.

11-2, Factors Affecting Descent Perfor-
mance:

a. Power, Power required for descent is much
less than that required for a cruise at the same
gross weight and speed. An aircraft, because of
its weight, possesses a certain amount of poten-
tial energy. Inflight, if we reduce to where thrust
develops less lift than the gross weight of the air-
craft, the aircraft will descend. The potential en-
ergy the aircraft possessed in flight is now trans-
formed into kinetic energy. The descent is now
regulated by controlling the kinetic energy the
aircraft is expending. We accomplish this by us-
ing engine power variations, adjusting airspeed,
and using additional drag producing devices
{wing flaps, landing gear, thrust reversers, and
spoilers) to control the descent rate. When ac-
complishing descents at cruise airspeeds, the
most efficient angle of attack and lift drag ratio
obtains a high air NMPP value. Power required
to maintain these airspeeds decreases with in-
creases in descent rate. Because of this reduced
power requirement, fuel flow is lower which re-
sults in additional range being available. The
most economical descent is one we make at
cruise airspeeds and at arate of descent which is
high enough to permit a minimum drag configu-
ration. Itis not so high as to require undesirable
power settings. In general, there is no best tech-
nique to use for descent. Operational restric-
tions, the nature of the mission, the surface ter-
rain, or the controlling agency dictate the
technique andrate of decent.

b. Configuration. Like the cruise phase of
flight, the external configuration of the aircraft
directly affects the descent performance. The

use of wing flaps, spoilers (speed brakes), thrust
reversers, or an extended landing gear induces
large amounts of drag that drastically alter the
aircraft’s performance characteristics. By ex-
tending the wing flaps and landing gear; and de-
ploying the spoilers and thrust reversers we ob-
tainthe highestrate of decent.

NOTE: Different aircraft use various
combinations.

We refer to these configurations as "dirty." In
most cases, we reduce airspeed to the maximum
placard speed for a specific external configura-
tion of the aircraft concerned. The highestrate of
descent allows a change of altitude in the shor-
test length of time. The aircraft obtains the long-
est horizontal distance with all of the external
drag devices retracted or closed. We call thiscon-
figuration "clean.” Inthis case, we increased air-
speed to the maximum placard speed for a clean
configuration descent. For some aircraft, above
standard temperatures increase the rate of de-
scent and decrease descent time and fuel by as
much as two percent for each ten degree incre- -
ment above the standard. The opposite is true if
the temperature is below standard. On these air-
craft, temperature has little or no effect on range
or distance during descent. For most aircraft,
variations from standard day temperatures
have little effect on descent performance be-
cause the time intervals involved are relatively
short. For this reason temperature variations
are generally notconsidered onmost aircraft.

11-3. Types of Descents. There are several
types of descent in use today. Descent types and
descent procedures vary from oneaircraft typeto
another because of mission requirements and in-
dividual aircraft characteristics. We will limit
our discussion to three descent types which are
common among the aircraft concerned. Keep in
mind that the procedures used in accomplishing
these descents may vary between aircraft.

a. Rapid Descents. Rapid descents obtain a
very high rate of descent when air traffic control
or mission requirements dictate. This high rate
of descent is derived from the combination of
gross weight versus power and the external con-
figuration of the aircraft. There are variations of
the amount of drag required and the maximum
placard speed for the particular type of descent.
We consider rapid descents as emergency type
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descents on some aircraft. A rapid descent is a
constantspeed variable rate type descent.

b. Penetration Descents. Penetration de-
scents are made when the need for a faster than
normal change in altitude exists. A penetration,
like a rapid descent, is a constant speed variable
rate type descent. We control it by bringing the
engine power to idle, either extending the flaps
or deploying the spoilers, and, on some aircraft,
placing two engine thrust reversers in reverse
idle.

¢. En Route Descent. En Route descents are
the most commonly used type. Fuel economy and
passenger or crew comfort are the outstanding
qualities which make this type of descent most
practical. We initiate en route descents as much
as one hundred miles from the destination. We
accomplish this type of descent using arelatively
small variable rate of descent at a constant cruis-
ing airspeed. As the descent progresses, we re-
duce the power requirements resulting in lower
fuel flow and additional range. We accomplish
aircraft pressurization changes at a comfortable
rate. This reduces the chances of passengers or
crewmembers experiencing ear blockage. Once
the aircraft reaches the lower altitudes, we ad-
just the speeds easily to keep within the restric-
tions dictated by air traffic control agencies and
still maintain the enroute profile.

11-4. Computing Descent Data. There are
several methods used to compute descent data.
The computation method depends upon the air-
craft concerned and the type of information de-
sired. During a mission, it may become neces-
sary to descend to a lower altitude andtobe ata
certain point when we reach this lower altitude.
We can do this by controlling the rate of descent
and speed. We control the speed (within the
structural limits of the aircraft) so that we reach
the lower altitude and the predetermined point
at the same time. The time required to fly this
distance can be computed by using the known
distance and speed to be flown in the following
formula:

Distance x 60

Time(min) =
TASK

We use the elapsed time (computed above or a
known time) and the amount of altitude change
(beginning PA minus level-off PA) to establish
therate of descent. We must maintain thisrate of
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decent in order toreach the predetermined point
attheprescribed altitude.

Altitude change

Rate of Descent (ft/min) =
Time (min)

If we use a desired or required constant rate of
descent, then time is the unknown factor. We use
thefollowing formula:

Altitude change

Time (min) =
Rate of descent (ft/min)

Most aircraft performance manuals provide de-
scent charts to compute data for variable rate
constant speed type descents. We find the speed
schedule, rate of descent, elapsed time, distance
covered, and fuel consumed by using these
charts.

11-5. Energy Management During Land-
ing. The energy management concept is a
proven procedure for coping with wind shear
during final approach. It resulted from an in-
tense analysis of adverse weather airflows, mo-
tivated by the loss of several aircraft, and made
possible by current weather technology. As you
may know, an aircraft’s ability to maintain lift is
dependent on aerodynamic flow, airspeed, and
movement within an air mass, Jet streams, in-
dependent air mass movement, and airflow in
and around thunderstorms provide an environ-
ment where an aircraft can almost instanta-
neously transition from one air mass to another.
This is wind shear. The effect of wind shear is
similar tothe effect of wind gusts, except it can be
much more severe. It can increase or decrease
airspeed until engine thrust has no opportunity
toreestablish the proper airspeed within the new
air mass, Further, it can increase or decrease
airspeed by the difference in velocity between
the two air masses. At high speeds, the aircraft
could exceed its maximum design airspeed limit,
oratlow speeds it could stall.

a. Let’s assume thatan aircraft is on final ap-
proach at a safe margin above stall speed. Fur-
ther assume that we have a 50-knot headwind on
this approach and that the aircraft is flying with-
in this air mass at 125 knots indicated airspeed.
If this aircraft transits a wind shear into another
air mass that suddenly gives up the 50-knot
headwind, the indicated airspeed instantly
would drop from 125 knots to 76 knots and the
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aireraft will stall. In preparation for transiting
this wind shear, we increase approach speed by
the amount of the predicted loss. After penetrat-
ing the shear, airspeed will immediately reduce
to the approach speed. We predict this airspeed
loss by making a comparison between the refer-
ence groundspeed and the actual approach
groundspeed. We compute reference ground-
speed by applying 100 percent of the reported
runway winds to the approach true airspeed. We
compute an approach groundspeed by applying
100 percent of the actual winds (at approach al-
titude) to the approach true airspeed. Any sig-
nificant difference between these two ground-
speeds is reason to expect a wind shear. For
example: assume you have a 10-knot headwind
on the runway and a 50-knot headwind at ap-
proach altitude. Obviously, the headwind must
decrease by 40 knots by the time the aircraft
reaches the runway. This can happen gradually
or in a matter of seconds. If the pilot maintains
approach speed plus the groundspeed difference
(40 knots in this case), transiting the wind shear
will reduce airspeed by 40 knots to the desired
approach airspeed.

b. The conversion of approach indicated or
calibrated airspeeds totrue airspeed is standard
as previously explained in this manual. We con-
vert true airspeed to groundspeed by adding 100
percent of a tailwind or subtracting 100 percent
of a headwind. The inertial navigation systems
(INS) or other sophisticated navigation systems
installed on most aircraft will provide the ap-
proach winds and approach groundspeeds. The
flight engineer should compute and provide the
other comparison factor and groundspeed, as dis-
cussed inthepreceding paragraph.

11-6. Go-Around Performance:

a. Go-around in the event of arefused landing
may be limited by performance, especially if one
engine ig inoperative. Generally, performance
does notlimit a go-around on normal engine pow-
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er unless the aircraft is at a low speed and near-
ing touchdown. Before beginning an approach,
give careful consideration tothe situation and to
the point where we will initiate a go-around.
Speed, altitude, existence of obstacles, weather
and atmospheric conditions, gross weight, and
expected power available are factors you must
consider when determining the point at which
we initiate the go-around. The following are gen-
eral procedures for a go-around:

(1) As soon as the go-around decision is
made, apply thedictated power.

(2) Establish and maintain the minimum
airspeed and altitude required for a successful
go-around.

(3) As soon as practicable, retract wing
flaps and landing gear and set controls for mini-
mumdrag.

(4) Considering terrain clearance, estab-
lish and maintain the dictated climb attitude
andclimbrate.

(5) Complete the appropriate checklist and
"clean up" the aircraft before initiating another
approach.

b. In computing go-around data, we use one
engine out data to provide the necessary safety
factors, Two computations are needed: the best
speed for go-around and best rate of climb. This
may require the use of go-around data charts or
may be standard sets by your performance man-
ual.

11-7. Transitional Flight Performance.
Transition flight is flying that allows our air-
crew practice at different types of landings or
landing at different airfields . We accomplish
this by flying approaches and making a series of
"touch and go" landings. This requires a special
awareness because historically takeoffs and
landings are the most critical phase of flying.
Your performance manual identifies data re-
quired for this type of training.
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CHAPTER 12
MISSION PLANNING

12-1. What This Chapter Covers. Mission
planning involves many people in many jobs.
However, in this chapter we limit the scope of
discussion to those considerations of aircraft
performance and associated planning proce-
dures thatare specific tomost flight engineers.

12-2. Premission Planning:

a. Premission planning begins with the air-
craft commander’s briefing designed to provide
the flight crew with all significant information
applicable to the mission. After the briefing,
premission planning proceeds in a logical se-
quence to specify all events and procedures ac-
complished by crewmembers for a safe flight.

b. The purpose of premission planning is to:

(1) Determine in advance the initial, inter-
mediate, and thefinal airspeed.

(2) Establish altitudes, headings, elapsed
time, distance for takeoff, climbs, cruises, de-
scent, and landing.

(3) Determine the maximum payload that
can be delivered to a given point and the maxi-
mumrange of the aircraft.

(4) Determine the fuel necessary to safely
accomplish a mission when cargo and distance
areknown.

(5) Fuel Reserve. Fuel Reserve is the
amount of usable fuel that we must carry on each
aircraft, beyond that required to complete the
flight. MAJCOMs set these requirements for
aircraft in their commands. If the command has
not established reserves, we must carry enough
usable fuel on each flight to increase the total
planned flight time between refueling points by
10 percent or 20 minutes, whichever is greater.

(6) Weather Forecast and Fuel Require-
ments:

(a) Weather Forecast. Before your mis-
sion planning, you should get a weather forecast.
This will helpin your fuel planning, since a head-
wind will increase both fuel consumption and
time airborne, and a tailwind will decrease your
time and fuel consumption. From this you can
see if you have a headwind and don’t allow for the
extra burnoff, you may not make your destina-
tion.

(b) Fuel Requirements. As a flight engi-
neer, your primary concern will be the fuel re-
quired for your mission. The fuel requirements

are found in the applicable aircraft, or
MAJCOM-series regulations. You must have
enough usable fuel aboard the aircraft before
takeoff, or immediately after inflight refueling,
to complete the flight to a final landing, either at
the destination or alternate airdrome. The fol-
lowing table (figure 12-1) will give you anidea of
what you can expect to find in applicable aircraft
MACR 55-XXX series. It will give you expected
fuel burnoff for different phases of flight and
some definitions,

12-3. Mission Planning. Once briefed by
the aircraft commander on mission require-
ments, we must figure out how much fuel is re-
quired to complete this mission. Normally, we
can get our required fuel from the computer
flight plan or use the fuel planning charts
(65-XX series for specific aircraft). Sometimes
these documents are not available to the flight
engineer and he or she must use his or her air-
craft 1-1. Aircraft 1-1's have a mission planning
section inthem and are quite accurate whenused
properly. One method of fuel planning with the
1-11is to begin at the end of the mission with zero
fuel and work toward the departure, building
fuel with each segment of flight (figure 12-2).
Starting on the runway at our alternate using
aircraft zero fuel weight, we add the fuel it takes
our aircraft to make an approach and landing.
This fuel is a known value and is not found in a
chart. We add this figure to our zero fuel weight.
From here we must use the charts available in
our aircraft 1-1’s. The charts we will use are;

(1) Endurance.

(2) ShortDistance Cruise.

(3) Constant Altitude Time or Range.

(4) Additional Fuel Required (Climb vs.
Cruise).

a. Figuring Holding Fuel. Using our zero fuel
weight plus our approach and landing fuel, we
are ready to find holding fuel for our aircraft. To
do this, we use the endurance chart. Normally,
we use this chart with an average weight, but for
mission planning purposes we will use zero fuel
weight plus approach and landing fuel weight,
entering on the maximum endurance line. This
will give us fuel flow for 1 hour. By ratio and pro-
portioning, we can find our fuel for 45 minutes
holding.
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¥
START, TAXI, RUNUP, APU
AND TAKEOFF (LBS) 1,900 LBS.
R Fuel for flight time from overhead to overhead
E F ENROUTE destination at cruise altitude or initial penetration
Q L tix/altitude.
uijl
I |G
RIH 10% of flight time fuel over a Category | route/route
E T ENROUTE segment, not to exceed 1+00 fuel at normal cruise.
D
RESERVE
| P
RJL
AlA |R TGS 7R || 4000 LBs.
MI|N E
P Q Fuel for flight time from overhead destination or initial
pentration fix to aiternate, or to the most distant
F ALTERNATE alternate when two are required, at the speed and
FlU |F altitude for max fuel economy.
UJE U
E L |E
L L
L
010
L AV 0+45 fuel computed from the endurance or holding
o D b4 HOLDING charts. When an alternate is unavallable or is located in
A D Alaska, Aleutian Islands, or at latitudes greater than 59°
D north/south, use 1+15. Determine G. W. by adding ZFW
to approach and landing fuel, then(enter)the charts.
APPROACH AND
LANDING (LBS) || 2500 LBS.
Know holding delays
. Performance fuel for fly heavy aircraft (10%)
“ IDENTIFIED EXTRA lcing (LB/HR)1,100LBS.
insufficient, unreliable navaids 2,500(LB/HR)
I Off course maneuvering (LBS/Min) 300

Figure 12-1. Fuel Table.

Adding this weight to our accumulated aircraft
weight, we are ready tofind thefuel it will take to
make a missed approach and fly to the alternate.
We'll use the short distance cruise chart or al-
ternate airport chart whichever is available.
Read the notes on charts. Some charts include

the missed approach, others have estimated fuel
values for the missed approach. These charts in-
clude climb to optimum altitude and cruise at 99
percent max range to the alternate. To enter this
chart, we must know the distance to the alter-
nate, and we’ll use our zero fuel weight plus accu-
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mulated fuel for diversion gross weight. Adding
fuel to the alternate weight to our accumulated
weight gives us a new aircraft weight and is the
gross weight overhead destination (figure 12-3).
Arriving overhead, our destination with this
amount of fuel allows us to make a missed ap-
proach, climb to optimum altitude, cruise at 99
percent maximum range to the alternate, hold
for 45 minutes, and make an approach and land-
ingatthealternate airport.

b. Figuring En Route Fuel. Now we are ready
to figure the en route fuel. To do this we need a
time en route or a distance. We use the Constant
Altitude Time or Range charts. Enter on the
chart the gross weight over destination to cruise
altitude, and apply the temperature deviation.
This will give you a reference time. Now we will
subtract time en route from this time. With the
new reference time enter the chart backwards.
This will give you areference gross weight (if you
are working range, apply it the same way except
you will use the range charts). Subtract gross
weight over destination from reference gross
weight. The difference is en route fuel. To figure
en route reserve fuel, check your appropriate
command directives. (Normally, 10 percent of en
route time or 20 minutes, whichever is greater.)
Adding en route fuel and en route fuel reserve to

our accumulated aircraft weight will give us our .

weight at the top of the climb. We know it takes
more fuel to climb than it does to cruise, but we
figured en route fuel from overhead departure to
overhead destination so we cannot use our en
route climb chart to find climb fuel. Instead, we
" use the mission planning chart, Climb Fuel vs.
Cruise Fuel. Using our last known weight, we’ll
enter this chart. This will give us our gross
weight at the start of the climb. At this time we
can add in any identified extra fuel that may be
needed for our mission. The next item we need to
take into consideration is taxi, run-up, and take-
off fuel. This is from command directives. Add-
ing all these weights together will give us re-
quired ramp gross weight. Subtract zero fuel

AFM 51-9 7 September 1990

weight from this and we have required fuel for
the mission.

12-4. Air Refueling. Our air refueling mis-
sion will look similar to figure 12-4. We will be-
gin planning fuel from the alternate, working
back to the Air Refueling Exit Point. This por-
tion of our fuel planning is the same as the pre-
vious mission planning example, except we
won't need warm-up, taxi, and takeoff fuel. The
fuel we have at the exit point is the fuel required
tocomplete the mission after leaving the tanker.
To find the amount of fuel we must receive from
the tanker, we will start with takeoff gross
weight and work forward. Takeoff gross weight
will depend on payload and mission require-
ments. We will use the same charts and direc-
tives. Working forward with takeoff gross
weight, we’ll enter the additional fuel required
(Climb vs. Cruise) chart and find the fuel used to
altitude. Subtracting this fuel from takeoff
weight will give us our gross weight at the top of
the climb. To figure cruise or en route fuel, we’ll
use the Constant Altitude Time chart. Entering
the chart with gross weight at the top of the
climb, we will exit the chart with a reference
time. Since we are working forward, we will add
enroute time to ARCP to our reference time and
enter the chart backwards with this new time.
This will give us an aircraft gross weight. The
difference between gross weight at the top of the
climb and the gross weight off the chart will be en
route fuel. This new weight will also be the
weight of our aircraft at the ARCP. While our
aircraft is refueling, it is burning fuel. This is a
set amount depending on the type of aircraft.
Subtracting this from our weight at the ARCP
will give us predicted gross weight at the exit
point. Now we subtract our predicted gross
weight at the exit point from required gross
weight at the exit point and this will give us the
amount of fuel needed from the tanker to com-
plete the mission.
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12-5. TOLD Card. The first action required
after mission briefings and planning is the prep-
aration of the takeoff and landing data (TOLD)
card. Actual conditions are the basis for the in-
formation entered on this card. When computing
performance data we carefully consider the type
of mission flown and existing conditions on and
around the airfield. We designed the TOLD card
to organize performance data in a logical se-
quence in order to lesson the possibility of over-
looking an area that will jeopardize flight safety.
The TOLD card has a section for takeoff, emer-
gency return, and destination landing data.
Once we prepare the TOLD card it must be
checked for discrepancies. The pilot or other en-
gineer checks the TOLD card for discrepancies
either by comparing the card with tabulated
data, FSAS, electronic computer, or another
TOLD card. This requirement exists in order to
ensure that we have taken all precautions to pre-
vent an unsafe takeoff. The flight manual appli-

BY ORDER OF THE SECRETARY OF THE AIRFORCE

OFFICIAL

EDWARD A. PARDINI, Colonel, USAF
Director of Information Management

cable to your aircraft includes explanations of
performance data requirements for different
types of takeoff conditions. The safety of the air-
craft and crew depends on the flight engineer’s
ability to compute and apply performance data
for any type of condition.

12-6. Aircraft PerformanceLog. After de-
signing an aircraft, we cannot change its perfor-
mance characteristics. However, by studying
and analyzing these characteristics, we candoa
lottoobtain safe, reliable, and economical opera-
tion. This process requires precise records of
your aircraft’s performance during all phases of
flight. It is the responsibility of the flight engi-
neer to obtain and record the actual inflight at-
mospheric conditions, fuel consumption, gross
weight, and engine performance data. From this
data, the flight engineer can analyze the air-
craft’s performance and make decisions for suc-
cessful completion of the mission.

MICHAEL J. DUGAN General, USAF
Chief of Staff



AFM 51-9 7 September 1990 121
SUMMARY OF CHANGES

This revision reorganizes the entire manual to effect required changes; provides guidance in solving math-
ematical problems (chap 2); separates physics for the flight engineer from aerodynamics (chap 3); deletes
weather hazards (chap 4); adds transonic aerodynamics (chap 5); deletes reciprocating engine material (chap
6); adds load factor and center of gravity calculations (chap 7); expands factors effecting takeoff and adds
reduced takeoff power (chap 8); discusses climb performance (chap 9); adds basic cruise profiles and proce-
dures and factors effecting cruise (chap 10); adds energy management and transitional flight performance
(chap 11); and adds air refueling and deletes preflight inspection. '
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ABBREVIATIONS AND FORMULAS

l. GREEK LETTER ABBREVIATIONS:

a (Alpha)

B (Beta)

8 (Delta)

n (Eta)

Yy (Gamma)
p (mu)

n (Pi)

p (Rho)
o(Sigma)
6 (Theta)

Angle of attack in degrees
Blade angle of propeller in degrees
Increment of change in weight, drag, airspeed, etc.

Propeller efficiency in percent

* Ratio of specific heats of gas at constant pressure and volume

CoefTicient of friction

3.1416

Air density at some specific altitude
Air density ratio

Relatively absolute temperature

Il. GENERAL ABBREVIATIONS:

A

a
ACN
Acft

AGL

ANMPP
APN
BASK
BTU

CADC
CALC
CASK

Area or Arm

Acceleration

Aircraft classification number
Aircraft

Above ground level

Altitude

Air nautical miles per pound
Air performance number
Basic airspeed in knots
British thermal unit
Degrees Centigrade (Celsius)
Central air data computer
Calculated

Calibrated airspeed in knots

7 September 1990
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CBR
Co
CFL
CG
Co
COF
Cond

CUT

Deg
Dev
EASK
EDP
EGT
Eng
EPR
ESHP
ETP
EWP
°F

Fig
FF
FL
Flt
FPA
F/Pd

Attachment1 7 September 1990

California bearing ratio
Coefficient of drag

Critical field length

Center of gravity

Coefficient of lift

Climbout factor

Condition

Coordinated universal time
Drag

Distance

Degrees

Deviation

Equivalent airspeed in knots
Equal/distance point
Exhaust gas temperature
Engine

Engine pressure ratio
Equivalent shaft horsepower
Equal/time point
Emergency war planning

Degrees Fahrenheit

Friction, force, or change in flat plate area

Figure

Fuel flow

Flight level

Flight

Field pressure altitude

Fuel for a given period or distance

123
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Fpm

fwd

Gal
GNMPP
GPN

GS

GW

IAS
ISA
IASK
ICAO
IFF
I0AT
IM

In

°’K

korkt

AFR 51-9
Feet per minute
Feet
Forward
Acceleration of gravity
Gallon
Ground nautical miles per pound

Ground performance number

~ Ground speed

Gross weight

Absolute altitude (tapeline)

Height

Density altitude

Inches of mercury

Optimum altitude

Pressure altitude

Horsepower

Hour

Indicated airspeed in miles per hour
International Standard Atmosphere
Indicated airspeed in knots
International Civil Aviation Organization
Identification friend or foe
Indicated outside air temperature
Indicated mach

Inches

Constant

Degrees Kelvin

Knot

Attachment 1

7 September 1990



AFR51-9 ° Attachment1 7 September 1990 125

KCAS Calibrated airspeed in knots
. KIAS Indicated airspeed in knots

KTAS True airspeed in knots

KE Kinetic energy

L Lift

1 Length

Ib Pound

1b/gal Pounds per gallon

Ib/min Pounds per minute

L/D Lift-drag ratio

LEMAC Leading edge mean aerodynamic chord

LSA Load shift arm

LSW Load shift weight

M Mach number (also moment)
= m Mass

MAC Mean aerodynamic chord

Max Maximum

Mb Milibars

Min Minutes or minimum

mph Miles per hour

MRT Military rated thrust

MSL Mean Sea Level

N, Low pressure compressor rpm

N, High pressure compressor rpm

No Number

NM Nautical mile

NMPP Nautical miles per pound

NRT Normal rated thrust
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NTS
OAT

PA

Pax

Pd
PGW
psi
psia
psig

pt

RSC
S,

AFR 51-9
Negative torque system
Outside air temperature
Ounce
Pressure or power
Pressure altitude
Passengers
Pavement Classification Number
Period (unit of time)
Performance gross weight
Pounds per square inch
Absolute pressure, pounds per square inch
Gauge pressure, pounds per square inch
Pint
Dynamic pressure
Altimeter setting
Quart
Radius or rate
Number of engines
Degrees Rankine
Runway available
Runway condition reading
Rate of descent (feet per minute)
Reference datum (line)
Reference
Runway length
Revolutions per minute
Runway surface covering

Area of wing in square feet

Attachment 1

7 September 1990
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SAT
Sec
SFC
shp
SID
SL
Slug
SM
SMOE
Spec H
Std

S,

TACAN

TAS
TASK
TAT
Temp
TF
thp
TIT
™
TMS
TOF
TOLD

TOP

Attachment 1

Static air temperature

Sections

Specific fuel consumption
Shaft horsepower

Standard instrument departure
Sea Level

Unit of measurement of mass

Statute mile

Reciprocal of the square root of density ratio (sigma)

Specific humidity
Standard

Decision speed
Temperature or thrust
Tactical air navigation
Time

True airspeed in miles per hour
True airspeed in knots
Total air temperature
Temperature

Thrust factor

Thrust horsepower
Turbine inlet temperature
True mach

Type, model, series
Takeoff factor

Takeoff and landing data
Torquemeter oil pressure

Torque pressure

7 September 1990
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TPSI
TRT

-
Vave
Vimao
Veer
VFR
Vi
Von
Voo
VHF

Vica
Vcer
Vaco
Vmce
Vg
Vs
Vier
Vo
VOR
VORTAC
Vi
Veer
Vror
Vs
Vsuo

AFR 51-9
Torque pressure in pounds per square inch
Takeoff rated thrust
Velocity or volume
Approach speed
Average speed
Maximum braking speed
Critical engine failure speed
Visual flight rules
Final velocity
Go around speed (KCAS)
Go speed
Very high frequency
Structurally listed maximum speed
Air minimum contrel speed |
Max critical engine failure speed
Minimum climbout speed
Ground minimum control speed
Minimum flap retraction speed
Minimum spoiler speed
Noncritical engine failure speed
Original velocity
nmi directional range
Combination of VOR and TACAN
Refusal speed
Reference speed
Rotation speed
Stall speed

Shaker onset speed

Attachment 1

7 September 1990
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Vo Tire limit speed
Vro Takeoff speed

Ve Tire placard speed
Vw Wind velocity

A Decision speed

V. Takeoff safety speed
W Weight in pounds
w Width

WR Wind reserve
X-wind Crosswind

yd Yard

lil. TIME, SPEED AND DISTANCE FORMULAS:

1. Distance = Speed x Time (min)

2. Speed = Distance x 60
ime (min



130 AFR51-9 Attachment 1 7 September 1990

3. Time (min) = Distance x 60
ee

a. Distance = status miles or nautical miles.

b. Speed = miles per hour (mph), knots (TASK), or GS.

¢. Time = total minutes (divided by 60 = hours and tenths).
4. TAS = TASKx 1.152

1
6. SM = NMx 1.152
7. NM = _SM
1.152

5. TASK = TAS
152

8 M= TASK
peed o und

9. TASK = M x Speed of Sound
10. Speed of Sound = TASK

M
11. TASK = EASK x SMOE

12. EASK = TASK
SMOE

IV. GENERAL FUEL FORMULAS:
1. Pounds = Gallons x Fuel Density

2. Gallons = Pounds
Fuel Density

3. F/Pd = FF x Time [minutesg

4. FF = F/Pd x 60
Time (minutes)

5. Time {min) = F/Pd x 60
-
6.d = NMPP x F/Pd

7. NMPP = d
8. NM/1,000 = d x 1‘300
9. FIPrd = d

NMPP
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10. TASK = NMPP x FF
11. FF = TASK
NMPP

12. F/Pd = FF x Distance
TASK

13. ANMPP = TASK
“FF

14. GMNPP = TASK + Wind
A0

15. Charted TASK = Logged TASK X SMOE (from closest 5,000 ft specific
SMOE for cruise altitude range chart)
16. Charted FF = FF X SMOE (from closest 5,000 ft specific
"SMOE for cruise altitude range chart

V. GENERAL PHYSICS FORMULAS:
1. °F = 1.8°C + 32 0r9/5°C + 32

2. °C = °F-320r5/9 (°F- 32)
18

3. Work = Force x Distance
4. Pressure = Force
Area
5. Speed = Distance
ime
6. Power = Work
ime

7. Torque = Force x Distance (at right angles)

8. Force = Mass x Acceleration

9. Acceleration = Final Velocity - Initial Velocit
Time

10. Energy = Force x Distance

11. Kinetic Energy = Mass x Velocity?

12. Momentum = Mass x Velocity
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13. Friction = uxN. Nis the force exerted on or by the objecgperpendicufar
(normal) to the surface over which it slides, an (u) is the
coefficient of sliding friction. (On a horizontal surface, N is equal
to the weight of the object in pounds.)

VI. GENERAL AERODYNAMIC FORMULAS:
1. TASK = EASK x SMOE

Beb

. EASK = TASK
SMOFE

3.9 =RhoxV2
XY=

4. L =CLx Rho xv2xSorCLxSxEASK?2

(Y]

.D= Cszm xV2xSorCDxSxEASK2
6. shp = Txrom

Vil. GENERAL WEIGHT AND BALANCE FORMULAS:
1. Arm = Moments
eignt

2. Moments = Arm x Weight

3. Weight = Moments
Arm

4. Average arm = Total Moment
Total Weight

5. CG (% of MAC) = Av Arm - LEMAC
“MACT

6. New CG (adding weight) = On‘giina! Moment + Added Moment
Original Weight + ed Weight




AFR 61-9  Attachment 1 7 September 1980

7. New CG (removing weight) = Original Moment - Moment Removed

Original Weight - Weight Removed

8. New CG (shifting weight) = Original Moment + Moment Change
riginal Weight

Viil. MISCELLANEOUS FORMULAS:

1. Vhydroplane = 9Vv9

2. RD = Altitude Change
Time (min)
3. Time = Altitude Change

4. Uphill Slope Height Correction
Height = (RA - CFL) x Slope (%)

5. Downhill Slope Height Correction
Height = CFL x Slope (%)

133
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SYSTEMS OF MEASUREMENT, WEIGHT CONVERSION,
AND TABLE OF EQUIVALENTS

I. SYSTEMS OF MEASUREMENT

Metric English Equivalent

Length:

Centimeter Foot

1 centimeter = 10 millimeters 1foot = 12inches 1in = 2.54cm

1 decimeter = 10 centimeters 1yard = 3 feet 1ft = 30.5cm
1 meter = 100 centimeters 1 mile = 5,280 feet 1 meter = 39.37 in
1 kilometer = 1,000 meters 1km = 0.62 miles
Weight:

'9 Gram Pound

1gram = 1,000 milligrams 1pound = 16ounces 1lb = 453.6¢gr
1 kilogram = 1,000 grams 1ton = 2,000 pounds 1kg = 2.21b

Il. WEIGHT CONVERSIONS 1NM = 1.152 statue mile OR 6,080 feet
Fuel: Gasoline = 6.01b per 1 mph = 1.467 ft/sec
gallon

JP-4 = 6.51b per gallon 1 Knot = 1.688 ft/sec
1 Atmosphere =,14.7 psi 29.92" Hg

1" Hg = 0.491 psi = 33.8 millibars
Standard sea level temperature = 15Cor59F

Qil: 7.5 b per gallon Standard sea level pressure = 14.7psi = 29.92" Hg
Water: 8.31b pergallon Standard gravity (g) = 32.167 ft/sec2
Alcohol: 6.8 b per gallon 1 Horsepower = 33,000 ft*lb/min =
: 550 ft:lb/sec
Pressure lapse rate = 0.934" Hg/1,000 ft
alt (approx)

lll. TABLE OF EQUIVALENTS

1SM = 5,280 Feet Temperature lapse rate = 3.57 F (2 C)/1,000 ft
alt (approx)
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