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SECTION I

INTRQOUCTION

One of the better known sources for alrcraft performance estimates
is the text by Perkins and Hage, “Alrplane Performance Stability and
Control.," Since the introduction of thelr text in 1649 there have
appeared saeveral other publicaticns directed at predicring performance.
8y and large, these efforta were concerned wirth evaluating the perform-
ance characteri<t'~s of segments which, when added together, define an
alrcraft mission profile, These segments include takeoff, climb,
cruise, acceleration, deceleration, descent and glide; turning, and
land ing.

Today digital computer programs exist which analyze the segments
given the aircraft configuration definition. This definition consists
of the aerodynamlc and engine performance characteristics, the internal
and external fuel load, and the payload, The computer programs deter-
mine the fuel used, the time, and the distance covered in each segment
of the profile. If the alrcraft contfiguration or mission is changed,
then in general the program musi be Teiun £rom the 2tart in order w0
establish the different mission profile. Generally the time required
to do this is available. Unfortunately this is not always the case
and often {s not the economical approach, particularly if the change
is small, Thus it is desirable to have avallable techniques or data
which account for the changes in the profile or configuration.

This effort has as one of its objectives the derivation of

sensitivity analysls which predicts first order changes in performance

621 50 R 1-1 62269
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due to small changes in the configuration. Configuration changes could
be an aerodynamic change, such as the addition of external stores, or
a modified wing, or any other external modificaticn., Inlet modifica-
tions or engline changes represdent installed engine performance changes,
Welght changes result from the previous changes, different payloads,
and different fuel loads, Thus the ability to rapidly and accursately
account for small configuration changes seems to be a desirable goal,
‘ Unfortunately, techniques or data for accomplishing this are lackling.
Sensitivity results are an end product and are derived as follows,
Each segment of a mission profile, the climb, cruise, etc., is studied
i separately, The mathematical formulation of the segment is the first
step. This includes the definition and assumptions which are necesssry

tor tormuiating cthe problem, and is reierred tu as generaiized peridim=

WS .

ance. The second step is the derivation of approximate analytical

solutions. Differentiation of these analytical solutions determines

the sensitivity relations. Subscitution of the configuratiorn character-

PR A S W

i istics into the sensitivity relations then provides the desired sensi-

tivity results,

It should be clear at this point that we are talking primarily
? about pognt performance problemsg. In other words, we are discussing
the local properties of the trajectory for a given mission segment.
We may integrate over a glven segment with respect to time or some
other selected independent variable, but the result should not be

construed as an optimal solution between the initial and the final

» - - . - Ld P S S . S B e e e B o ml o
WLOBBLIUIL PrrriiLy, WE QLLGMIPL LW USLBLWIIE LS

sagment of a profile but clearly they are suboptimal for the reason

©2269%
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that the total mission may not be optimized. A global optimal solution
is thar suvlution which optimizes the performance function over the
whole miszion. Examples are the maximlzatlion of the total range for a
specified amount of available fuel or the minimization of the fuel re-
quired to fly between two specified points. These and similar problems
are beyond the scope of this effort,

Organization of this report i{s by section, takeoff, ciimb, cruise,
descent or glide, turning, and landing performance. In each section
generailzed performance is presented first. Next, approximate analy-
tical solutions are determined, Finally, sensitivity paramraters are
derived. Graphical solutions are presented for each problem studied.

The performance estimates in general are based upon a standard
day. Those non-standard day problems which are studled are identified
in the text. For the analytical results an exponential atmosphere is
often assumed. Thls corresponds to an exponential relation between
atmospheric density and altitude.

i In subsequent sectiona, reference will be made to the troposphere

and stratosphere., Both are atmospheric layers above the earth's
surface. The first layer is the troposphere. Across this layer the

! atmospheric temperature varies with altitude, Initially, in the socond
layer (the stratosphere) the temperature is constant. This layer
extends to approxlmatal§ 66,000 feet. The altitude at which the

b troposphere and stratosphere meet is called the tropopause and corres-

ponds approximately to 36,089 feet for a 1962 standard atmosphere.

Atmospheric data for a standard day are presented in the Appendix.
For performance analysis che primary atmospheric variables are the

621 008 1-3 -
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denslity and the speed of sound. For a non-standard day the correctlons
for these variables are as follows.
It will be assumed that the pressure altitude is the same for both
a standard and non-standard day. The temperature will be different, »
hovever; consequently both the density, O, and speed of sound, a, will
be different. Subscripts S anc U will denote a standard-day, and a

standard-day seg-level value, respectively. From the equation of state

LU < J (1-1)
Py Ps Tq

In terms of standard day sea level density Equation 1-1 can be

rewritten as

0
— . 5
pso pB DBO
= g /f(D) (1-2)
where
£(T) = T/T, (1-3)

In Equation 1-2, 0. is the standard day density ratio which can be
extracted directly from the tables in the Appendix. The non-
dimensional temperature ratio £(I) 18 presented in Figure l-1 a2:c a
function of alticude and AT, where AT is the difference in temperature
betweyn a standard and norestandard day. The interpolation is linear
for any value of AT. The speed of sound is proportional to the square

root of the absolute temperature, thus

1-4 ;
62269
621 008 220
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The standard day spaed of sound, a,, 15 obtained from the tables in the
Appendix. Thus the density and speed of sound for a non-standard day
can be derived from standard day atmospheric tables and the correction
£(T).

Numerical solutions to all problems except climb performance wers
derived by means of a sclentific calculator. Any electronic slide rule
capable of performing chain operations 1a adequate for deteraining the
numerical solutions.

The first section will address problems relative to the estima-

tion of takeoff performance.

621 008 1. 622695
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SECTION I1

TAKEQOFF PERFORMANCE

Problem Definition and Assumptions

In today's age of larger and larger military and commercial
alrcraft, the available takeoff flield length becomes one of the key
design rsquirements. For a given design mission the takeoff fleld
length requirement can directly impact the design of an aircraft.
This is particularly true for the bomber and cargo carrying alrcraft
where high payload and long range are major mission requirements, For
the smaller high thrust to weight ratio fighter and interceptor alr-
craft, the takeoff field length requirement does not usually impact
the design. The high thrust-to-welght ratio will produce relatively
short field lengths. However, In the preliminary design of any air-
craft the designers must first consider takeoff requirements for the
design mission.

An example of how the takeoff requirements can affect the design
of an alrcraft {s illustrated by today's military and commercial alr-

craftt. TIneir sopuisticatsd wing £ st

lap s¥s ere a resulr cf rhe

takeoff requirements (also landing requirements which will be covered
in Section VII). The engine is usually sized to meet field length
requirements for the large commarcial and military alrcraft. (Note:
This may not be true in the case of a supersonic bomber or fighter
where the engine s{ze may be determined by climb or crulse require-

ments.) This results in Jdesigning increased weight and couplexity

into the alrcraft to handle the first three to five minutes of the

2.1 2269
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mission. Certainly then, the takeoff requirements are a very critical
parametexr in mission plamning and preliminary design of an aircrafc:.
The purpose of this section is to provide information and back-
ground 80 that the preliminary design analyst can determine field
length capability of a glven configuration. The takcoff problem talked
about here wlll be the conventional ground run followed by transition
to a glven obstacle helght, The obstacle helght is 50 feet for mili-
tary alrcraft ard 35 feet for civilian aircraft. The taekeoff field
length for any aircraft is the sum of the ground roll distance to 1ift-
off and the transition distance to the obstacle height. This is
i1lustrated in Figure 2-1. Alrport and runway conditions which affect
the field length are temperature, altitude, wind, and runway slope.
For preliminary design work it is assumed there is no wind or runvay
slope. Runway slope and wind components are taken into consideration

for operational and flight handbooks.

Methodoloax

The ground run will be constdered first in the takeoff analysis

problem. This 1s the distance from alrcraft hrake release to lift-off

E—

speed. The lift-off speed is based on the attainable Cj (lift
coefficient) at rotation of the alrcraft. Determination of the C| at
lift-off will be discussed later in this section.

The derivatlon of the equatlions of motion for the ground roll
portion will now be made. Figure 2-2 {llustrates the external forces

actine on the aircraft during the ground roll. These forces are 1lift,

drag, thrust, welght, and ground friction.
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The velocity (V) and acceleration (a) at any given time is defined as:

=N
<

dS
V = 35 &8 = 3% (2-1)
d5 « V dt and dt = %? .
I Therefore
45 « v (2-2)
a
' where S is the dlstance traveled.
" Integrating Equation 2-2 gives
3 v
. Lo
) Sg = [ V-vpav (2-3)
Va a

vhere

SG » ground run distance

L = lift-off speea

TERW ¥ e
<

V s wind speed

The ground run distance can now be calculated by determining the
acceleration of the aircraft. This can be done by summing the forces

acting on the aircraft. The frictional force Fe¢ is

Fg » pN = p(W-l)

where |1 is the coefficlent of friction berween the runway surface and

the tlres. The external fo .e ¥, 1s

- ma - ! a (2-‘&)

®
(0]

Summing the (orces acting on the aircraft and substituting them in

Equation 2-4 gives
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" T~D-u(W-L) -Wsinfp =

o =
1)

i where a negative f# is a downhill slope and a positive H is an uphill
slope. We assumed earlier that the slope would be zero for preliminary

design, therefore,

Hslnﬂ e 0

W
TeD=-p(W-l) = Fi
Solving for the acceleration gives
a = Bl@-pw - @-u0)] (2-5)
The 1ift and drag fo.ces are defined ay follows
L =« C; 95 and D = Cy 9SS
Substituting the lift and drag into Equation 2.3 gives:
a = % L(T = pW) - (Cp - pCp) Sd] (2-6)
and svbstituting Equation 2~6 into Equation 2-3 gives:

v

1 99] .‘! (V-Vv) av
b4

L(T-uW) « (Cp=pCp)saj (2-7)

SG - j
vw

Ihis equation can now be integrated from the initial velocity (V) to
the lift-off spead (VLD) to give the ground roll distance. The lift-
off speed is determined from the following equation by knowing the

Mfr-off Cp.

2W
v - (2-8)
Lo J c S

,,,,,,,,,,,
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The lift-off C| can be derived from wind tunnel data, analytical pre-~
dictions, or flight test data, The angle of attack to produce the
l1ift-off Cp should be calculated with adequate ground clearance to
clear the talil and the landing gear struts in the static compressed
position. In determining the lift-off Cp a check must be made to
determine if the Cp falls within the required constraints, For
example, MIL-C-5011A states that the lift-off Cj must not be grearer
than that for 110% of power-off stall speed. It also states that
distances to clear the otstacle shall be based on 120% of the power-
off stall speed. In these two cases the appropriate lift coefficlents

are defineu as:

c -
Lirox VsTaLL 1.21

CL
X20% Va1, 1.46

Figure 2-3 tllustrates the rel«tionship of the ground run Cj, lifteoff

CL, CL limits, and the C) stali. If the geometry limited lift~off Cp

e'e ¢ EEEP .. N

falle below the Cp for 110 and 120X Vgrapy, it would be used for the

1ift-off Cy (as shown in Figure 2-3). Should the geometryv limited

- l1itt-off Cp tall above the C; for 110 and 120% Vgrapp the appropriate
CL for lift-off and transition to the obstacle neight must be used.

i It should be noted the wing in proximity to the ground has an

:; effect on the Cp vs. a curve as shown in Figure 2~3. This 1s commonly

; known as ground effect, If the analyst has good wind tunnel data

E avallable for ground effect they may want to include it in takeoff or

landing analyais,

246 _ 62 079
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Hovever, the ground effect is a function of the altitude of the wing
above the ground and previous analysis shows that this effect deterior-
ates very rapldly. For wing heights of one-half wing span the Cp vs, O
is very close to that of free air., For high wing alrcraft the ground

effect could be very small. For preliminary design the ground effect

is often ignored.

GROUND C

Fieure 2-3 Angle of Attack and C, Relation for
Ground Run and Lite-Uff

In genoral, it 1s necessary to solve 5; by numerical integration.
Howevaer, for the purposes of preliminary design an analytic expression
can be derived from Equation 2-7. By assuming that Cp « CDG, Cp = CLG'

and the thrust are all constant, Equation 2-7 may be written

2-7 62269 62 079
62-1.098
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Yo (V ~ v,) av

1
S = = [ 2 (2-9)
G g v 1- - SV C -
w v B QE;_ ( DG uCLG)
Yo (v - v,) av ,
«- A J 5 5
v, cé - v

where

g0S
A =« 1/ -i';—- (CDG u.CLG)

2 - T/w - 4

S
Q; (Cog = wlLy)

Revriting the integral in Equation 2-9 in partial fractions gives

v C -V, 1 CeV 1
Lo ¥ o, - L

e = AT T T o W (2-10)
W

Integrating Fquation 2-10 gives

C-v Cev
- A (c- A — -
5S¢ 5c (C-V,) fn "Vw’ ot (CeV,) 4n GV, (2-11)

By assuming the no wind condition, the ground roli distance reduces to
2
C
Sg = %[n—f———f (2-12)
C 'Vw

By using Equations 2-8 and the definitions for A and Cz, fquation 2-12
can be solved and presented In geneiciized cerma, Figures 2.4, 2.5,
and 2-6 present the 1ift-off speed (V1) and ground roll distance (Sg)

in terms of W/CLGS. altitude, w/S(CDC - pCLG), and 1/W. These data I

are for standard day conditions,

2-8 62269+~ 6210608
62079 9




et g ant ahe v ga st st oS RO iR RN A »A A ol USRS SR S R
- . R . caa Lol . = - - = &a ‘a R - - . -

ALTITUDE (1000 FT)

10

(W]

360
340 -
320

300

v
LO

(FT/SEC) .
280 | / .
. s/

260 |
" //

220

200 L
50 100 150

W/cL S (LB/SQ. FT)
LO

Flonre 2-4 Lifr-0ff Sneed

2-9 62269




-

T T e T A e

6005

00001

(14)
anililiv

0005

(Ld ds/a71)
COOY

uny punocly) 10j €13jdWBIBJ JIO-IHBL (-7 9andd

3 R

-9

000t

M

0002 06001 0

'n

T

] t

(0T X)

AN |

9 1

0°'¢

e O e~y

AoOHxv No

~3
o
o~

..............

2-10

PR
.........

621 008

L I

»

.« o-




20UB3ISIQ wny PpuUNL1 JJO-3eL PeZJ[BIAUIY  9-T aan34

Aooa X)) Nu (L4 000T) S

621008

06

001
0¢1
00¢
€T

00t

0stE

00%

62269

(23s/14)
o,_>

2-11

(0T X) V¥




£ o BRI

‘.-".- DR R PR

AW

Another spproach to determining the ground run {s based upon the
assumption of average acceleration, This lesds to a simple form for
the ground run. In Equation 2-6 we see that {f the aerodynamic
coeificients are constant and the thrust fairly ccnstant, the accelera-
tion varles as the speced squared. This is illustrated in Figure 2.7,
The average acceleration will be at (a; ¢ ap)/2. The velocity at this
point will then be the average velocity for the ground roll., Assuming
the no-wind condition (V. 0}, the velocity increment (AV) is then

equal te V;5. The average velocity squared is then
- 2 "

and solving for the average velocity gives

- ’sz 0 707

V = \J —2——- - . 107 Vw (2-13)
Knowing VLD' we can compute the ground run distance in one step by
using average values. Equation 2-3 can be integrated from V, « G to

VLO to give Equation 2-14,

1 2 P
SG - oy VLO \2'14)
2a
where,
a = g/w[(T-pw) - (Cp - uCy) Sa] (2-15)

and q is evaluated at V.,
Substitution of A and C? gives:

el

sc_e.;ML_
7 2y

2-12 -62269
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‘Ihe difference between this solution and Equation 2-12 increases as
Vio approaches C. For example, for an extreme case such as the KC-135,
which has a low thrust to welght ratio and high lift-off speed, the
difference ia less than one-half of one percent. The perameters T and
q are evaluated at V. The parameters S5, W, Cp, C1, and p are
characteristics of the alircrafc,
The transition from lift-off to obstacle height is the second
phase of the takeoff run and is included in the field length calcula-
“ion, This phase is basically a problem of determining the time required
to clear tha obatacle from the lift-off point. Because the obstacle
height is small, the tranaition times are very small (1 to 6 seconds
depending on climb capability), which allows it to be calculated very
easily in one step by assuming average values for speed and load factor,
The time and distance to clear the obgtacle can be determired by
examining the forces acting on the aircraft as illustrated in Figure

2-8, Summing the forces parallel to the flight path gives:
W
T-D-W g8in y » = ( ) - Q (2-16)

Summing the forces perpandicuiasr Lo the

( ) VeWcosy = 0 (2-17)

Solving Equations 2-16 and 2-17 for 9 and ; gives

. T DO

V-g(w-i-ainY) (2-18)
and,

y - % < % - cve ¥ J (2.19)

2-13
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where V and Y are a-t and % respectively. Assuming the speed ia

essentlially constant and vy is small, integrating Equation 2-19 gives
Y = 5 (n-1)t (2-20)

where n is defined &5 the load factor and is equal to L/W. For a

constant speed Equation 2-18 may be written

C = 8(%-3-.11\Y)

and solving for vy glves

This Y would be the maximum flight path angle attainable during the

trangsition with no speed loss and n = 1,0, Therefore,

-1 (I-D
Ym-sin ( v )

<1, I 1
Ymax = sin © ( W~ I5 ) (2-21)

vhere n = L/W =« 1,0, Referring to the inset of Figure 2-8, If the
obstacle 1s reachked tefore Ymax® vhich is usually the case, than

- -

1
Vsinydewe /| Vydt
(o] [+

for small Y's, Substituting Equatium 2-20 and integrating glves

hy = 1/2 g (el) t)° (2-22)
Tho distance covered is

©
8) » Sp = { " Vcosydt
o]

therefora,

62079 .
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The time to clear the obstacle 35 solved from Equation 2-22

- — 2-23
| \ gn-1) (2-23)

and the distance is

2Hgp
- 2«
SF v J 2 (n-1) (2+24)

for load factor of 1.0 ls reached bzafore the otstacle, Ypx

If YMAX
is flown from hl to HOB' Since

Hog = hy
tan Y -
MAX N
S 51
SF = s) + (Hgp - hl) cot Yyax (2-25)
where
YMAX ¥
t) = ———
g(n-1)

2
Sy, = th

and n is the load factor during the flare to YMAX'
The total fleld length can then be derived by summing the distances

calculated in Equations 2-24 or 2-25 with those in 2-12 or 2-14.

2-16 62 079 -
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Applications and Sensitivity Analysis

For prellminary design analysis it is convenient to have
generulized takeoff performance in the form of a chart or greph., This
offers the engineer an ald for visualizing senslitivity to parameters,
Takeoff fleld lengths can then be adjusted as the confliguration is
altared. This section will domonstrate by example graphs which proe-
vide the engineer with the capability to calculate takeoff field length.

i The graphs include multi-engine aircraft with critical field lengths
basec on an engine fallure.

In Equatlon 2-15 we see that the average acceleration is a func-

tion of T/W, S/W, q, Cp, Cp, And u. We can let T/W, S/¥W, and q be

Ve AR .

variables and we can then make assumptions about p, C;, and Cp vwhich
are representative of the amlrcraft conflguration under analysis.

l For example, a typlical configuration alght have the following
characteristics which would apply to many vaciaticns of that con-
tigurations (1) The ground run rolling i is widely accepted to be
0,025, wirich corresponds tc rubber tires on asphalt or concrete. For
other applications the rclling p for hard turf, short grass, long

grass, and soft ground are 0,04, 0,05, 0,10, and 0.10 to 0.30,

‘respectively. (2) The value for Cp ground run is usually very small
ji and can be assumed to be zero, (3) The ground run drag cc~fficient 1is
i; 300 counts (Cp, = 0.0300), which is typical for large aircraft, For
o data Jother than assumed here, reference should be made to Figures 2-5
?; and 2«6 to decermine fleld length variations.

5:
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With the above assumptions and Equation 214 we can construct a
chart (Figure 2-9) of ground roll distance as a function of T/W, S/\,
and V5. This chart 1is very accurate when used for preliminary design.
The parameter sensitivity represented in the chart can be appiled to
many configuration variations. The lift-off speed (Vig) 1s determined
from Equation 2-8 corrected to knots and the parameters YI/W and S/W
are charactaristics of the particular configuration. This information
used along with the chart will then provide all of the engins takeoff
ground run distance.

la tho case of large multi-engine alrcraft, r:ilitary and civilian
regulations raequire that critical field lengths be calculated to in-
clude arn engine failure. The engine failure point or critiral engine
speeu ls suchi thatl the T the =
equal to the distance to continue the takeoff with an engine out,

An engine failuro prior to the critical engine spsed would result in

&n aborted takeoff although an engine failure after the critical engine
speed (V;) has been reached would result in a committed takeoff,
Determination of the Vl apeed iz dons analytically and {2 an iterative
process. A V) speed is selected and the aircraft accelerated to that
speed. At this point an engine 18 cut and the takeoff run is continued
to the obstacle and the fleld length calculated., A second calculation
is made frum the V) speed (engine fallure paint) to determine the

dlstance required to make a maximum-effort stop. The two distances

are then compared and the Vi speed is adjusted until the distances

..... 108cnn Al
- as -

An englne fallure befors this V) speed will result in & shorter

2-18
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stopping distance and a failure at a higher speed will result in a

shorter “engine out go" distance, Figure 2-10 ghows thae relationship
of the speeds to distances for the takeoff run. The '"maximum-effort
stop" distance is a function of many variebles. Thaese include engine
spin down time, pilot reaction time, effactive braking coefficient,
and energy absorbing capabllity of the brakes. For preliminary design
it i usually &ssumad that the braking system will have the capability
to perform a maximum effort stop at maximum design gross welght, The
other variables are a function of the particular ground rules which
apply to the type of alrcraft being used and are later verified in
flight test,

Assuming the critical engine speed occurs at 75X lift-off speed,
wa can construct, for example, & chart ildentical to Figurs 2-9 that
reflacts an engine fallure at the critical engine speed. Figures 2-11
and ¢-12 then give ground roll distance for a 25 and 50X loss of powver,
respectively., To calculate the engine-out ground-roll distance for a
four-engine alrplane Figure 2~11 would be used, and Figure 2-12 for a
twvo-engine alrplane. The ongine-~out ground-roll distance for a three-
engine airplane would mean & 33-1/3X pover lcss for an engine failure.
Por this case it will be necessary to interpolate between Figurcs 2-11
and 2-12,

The determination of the transitlon distance for preliminary
design work can be made using Equation 2<24, A chart can be cone
structed 2f transition diatance va. speed for various load factora.

For most alrcraft a constant speed and load factor cen be assumed

2420 6s o7 g -
July 1976 3821008
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throughout the transition to the obstacle height. Flgure 2-13 gives
] the transition distance to clear a 50 foot obstacle which is the
obstacle helght for fleld length calculations for milltary alrcraft,

The flight path angle at the obstacle in Figure 2-13 is calculated

B - AL L L

from Equation 2«20, This flight path angle should be checked against
Filgure 2-14, derived from Equation 2-21, which presents the maximum

S flight path angle attainable for the configuration being analvzed,

i If the flight path angle at the obstacle is egual to or less than

the maximum flight path angle in Figure 2.14, then the transjition
distance in Figure 2-13 applies. Otherwise, Equation 2+25 will bdbe
used to calculate the transition distance,

The speed used in the trangition should reflect the applicable

grouwd rules., For example, HIL-C-S501lA requires that speed used to
calculate flare distance be at least 120% of the power-off stali
speed. This speed can be derived {rom the relationship

1/2
V =« (

For other ground rules it may be appiicable to use an average of

lift-off and obstacle speed or to assume lift-off speed throughout

the transition.

2-24
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Once the field length requiiemunt for a given configuration has
been established the variation of the ground roll to smail parameter
changes is of intereat. This is lmpourtant for first-order effe~sts in
preliminary design work. The analyst then has a good insight into the
sensitivity of various parameters. By considering Equation 2-14 for
this part of the analysis, the effect of the parameters T/W, w/sc;c,
w/s (CDG . pCLG), and altitude (h) can be determined. Logrithmic

differentiation of Equation 2-14 ylelds

asg _ dvie? _da (2-26)
Sg vie? @

From the definition of V5. Equation 2«3
2
dv du/sc
L. s . & @-21)
VLO V/SCLG 0]

For an exponential atmosphere, the density p is related to altitude in

the following epproximate way,

-gh
P~ Po o

where p, is the sea-level density and p is approximately 1/30,500.

Substitution of the expression for p into Equation 2-27 gives

dvy o2 aw/scC
LZ - LG * ﬁdh (2’28)
VLo W/SCL’_
S 62079 -
* . .
July 1976 269 62100 8
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Consequently, by increasing ”/SCLC or altitude the lift-off speed would

be increased. Differentiation of Equation 2-15 and the knowledge that

q=% pvz gives

2
- I g Yo
‘ @ = 8| YW * 4 WS(Cpgpery) O
2 2 2 ds(c 5 C; ) ]
.P V10 Yo .0 Vo DL
4 W/S(Cp ~uCL) Vio' & W/S(Cp_-u) W
i ¢ S(CDG.uCICS
(2-29)

Substitution of Equations 2-28 and 2-29 into Equation 2-~26 gives

daw/sc,
dsg s 4 T/¥ / _
- = \ W/sc

W
d_———
S(Cp.~uCy )
.S L DT 1¢” Sydh (2-30)
$(Cp =uCp ) W
c"lg S(Cp_-puCp )
c " lg

where ST/H’ etc. are sensitivity parameters defined in Table 2-1,
In the form presented in Equation 2-30, any change in %W/S, CDG’ Pclc
or CLG is accounted for, If the external configuration is fixed, the

aercdynamics should not change. In this event the appropriate form is

dSg a /W d w/s
o= - S S — — (2-31)
W ¢

2-27 _g92969% fco1 008
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TABLE 2-~1

GROUMND RUN SENSITIVITY PARAMETERS

. Parameter Sensitivity Parameter
y
g T
w - =3 -—
| v 3
2
A
1 Qﬁ LO
W/sC ) S B
4 - -
LC ry H/S(CDG uCLG)
I 2
‘ w/s(C Cr.) 1D VLO
: D™ 1g T4 3 WSE )
2
i 1 P8 Vio
" s lly 0= WG ucLC)]

Substitution of the average speed into Equatrion 2-15 gives

(CDG-u ch)

< CLpo

'd .r‘ (‘r. ’
> |
(]
iy
3
]
=
[}

| Vo

where V e \J—z—-

Consequently, Equation 2-31 can be written ,

d Sg

T & T/W d W/s
— . - E - ——-—/— ¢ pdh ¢ / {2-32)
Sg a w T/W w/s

An increase in T/W results in a decrease in SG. An increase in h or

W/S increases S;.

228 £292690™ 891 608
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Summary of the Takeoff Performance Problem

Methods vere derived to calculate the takeoff field length
including the transition to clear the obstacle. These methods include
tha capability of using variasble accelarations or assuming constant
accelerations. Applilication to representative configurations shows the
ground roll distance to be very sensitive to lift-off speed and thrust
to welght ratlo and less sensitive to wing loading. Transition aralysis
shows the distance to be sensitive to lift-to-drag ratio, thrust-to-
walight ratlo, and independent of rpeed for a given load factor.
Sensitivity paramaeters are provided for the ground roll to account for

configuration changes.

13
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SECTICN III

CLIMB PERFORMANCE

Problem Definition and Assumptions

For stavic climb performance the problemz of interest are the
maximum flight peth angle, maximum climb rate, and minimum fuel con-
sumption for & given altitude increase. From an integral performance
atandpoint, items of interest are those assoclated with minimum fuel
to ¢limb and 1ininum time to climb. These integral performance
probiams will be discusgsed in this section.

It will be assumed that the trajectory remains in the same
verticel plane; that 1s, there is no turning. The equations ¢ motion

and kir.ematic equations are

V e g( % - % - sin v) (3~1)
; - % ( % . % sin @ - cos Y) (3-2)
X = Vcosy (3-3)
R = Voainy (3-4)
W = -SFC * T (3-5)

where V 18 the speed, Y i8 thzs flight path angle, T is the englne
thrust, D 1s the drag, n is the load factor, SFC is the specific fuel
consumption, @ is the angle-of-~attack, and g 18 the acceleration of

gravity. The load factor 1s related to the 1ift L and T through

nm % * % sin @ {3-6)

3e1 -£}€%§3(5‘9
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E For high angles of attack and high thrust to weight ratios the second
: tere on the right can be significant. The drag is dependent upon the
E speed, altitude, welght, and the load factor, or aerodynamic angle of
l; attack.

- It will be convenient to treat the altitude as the independent

variable. Conseguently, time becomes a dependent variable, The first

step is the alimination of sin ¥. From Equations 3-1 and 13-4

dv g T_D
&, (X2
an " Veiny (W w o sinY)

Solving for sin Y glves

[
L 2

06 |«

g%

The transformations of Equations 3-3, 3-5, and 3-4 become

I.D0 |2
1 - W
lold—!
dxu g dh (-IQVdV)
dh I.D g dh 7
W oW
SFC-T
V (& <t
G )
10!9.‘.',
dc TS“"
dn VG-

62269
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Given the speed as a function of the altitude, the thrust, and the
aerodynamic dreg, it is straightiorward as far as determining the
numerical solutions for the distance, fuel, and time in climb,
Unfortunately, the prcblems of interest concern the derivation of the

speed schedule for optimizing distance, fuel, or time in climb. Thus,

T ST Y S | v v et v s

the spead schedule is unknown a priori, There are two ways for clr-
cumventing this difficulcy. The first is to formulate the problem as

a calculus of variations problen and determine the optimal climb

LR ek ey

schedule., The alternate approach is to make assumptions relative to

the c¢limb achedule and go from there. The latter will be the approach
taken here,

The first assumption 18 that the change in speed with altitude is

3)
(3]
199
Q
4]
(1]
1
(2
-
[
"
1am
o

.- % . . s . m e W .
suchi Lhiatl acceileratis

If the climb speed is constant, then this relaticn is certainly satie-
fled. Un the other hand, if the speed goes from 800 feet por second
at sea level to 100C teet per second at 30,000 feet, the accelerataion
correction is approximetely 0.2, Consequently, in some problams the
correction may be significant.

If the acceleration correction is negligible, then it followe that

siny = Iag (3-7)

n = cosy (3-8)
Recall that the drag 1s dependent upon the speed, altitude, weight,

and the load factor cor angle-of-attack. In general, an iterative

33 _62269
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approach is required for evaluating the performance since the drag \is

roalated to the load factor which is dependent upon the flight path
angle through Equation 3-8 and the flight path angle is related to the
drag through Equation 3-7.

The iterative approach is as follows. For a given throttle set-
ting, the thiust 1s known in terms of the speed and altitude., First
assume that the flight path angle is approximately zero. Then from
Equation 3-8 the load factor is approximately one. For a given aiti-
tude and speed the drag is computed and the flight path angle recon-
puted from Equation 3-7. A new load factur is recomputed and the
process iepeated until the change in Y is nogligible. When this occurs
the flight path angle 1s computed from Equation 3-7 and the rate of
climb, R/C, ia determined from Squation 3-4

R/C = ﬁ o Vseiny e !—S%ZQL (3-9)

The fuel consumption per unit altitude change, dW/dh, is determined

from Equations 3-4, 3-5, and 3-7

ay SFC-T SPCeTeW

dh Vssiny v(T-D)

(3-10)

From Equations 37, 3-7, and 3-10 the maximum flight path angle,
max imum rate of climb, and minimum fuel consuaption per unit altitude

increasze can be determined,

The flight patn angle for a glven throttle setting and weight is

determined from data like that in Fizure 3-1, wherc the excess thrust

per unit welght Eﬁg i1s plotted versus spued and altitude,

4 62269 -
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Figure 3-1 Excess Thrust and Maximum Flight Path Angle
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The maximum flight path angle et a given altitude is determined from

the maximim value of I%Q

. Consequently, the speed is identified as
a function of altitude for the steepeat climb path,

Maximum rate of climb 15 determined from excess power V(T-D)/W.
Rate of climb at a given altitude is presented in Figure 3-2, In
addition to determining maximum rate of climb at a specified altitude,

maximum flight path angle can also be determined from Figure 3-2.

A line through the origin has slope

R/C

v

But this is sin Y; therefore the tangent through the crigin tc a rate
of climb curve at a given altitude dstermines the maximum flight path
angle. Also, Figure 3-2 provides both the fastest climb and the
maximum fiight path angle.

Fuel consumption per unit aititude increase ls presented in
Figure 3-3. The locus of points through the minimum values of Hf/(R/C)

at each altitude defines the climb schedule for minimum fuel,.

Approximate Climb Solutions

Undor suitable assumptions, sapproximate analytic solutions can bLe
derived for the time, fuel, and distance covered in climb. The time,
to» and fuel to climb, Wey Detween altitudes h, and hf are obtained
from the followlng integrals

he
te = § & (3-11)

he h

3-6
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@ e < MAX FLIGHT PATH ANGLE
v
Figure 3-2 Rate of Climb
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: We = = -E-dh (3-12)
- h

12

wiere h and W are defined by Equaticas 3-4 and 3-5, In light of

Equations 3-1 and 3-2 the solution for minimum time and minimum fuel is .
l & calculus of variations problem. If, however, assumptions about \.I and

§ are introduced, then the problems reduce to ordinary calculus

protlems. The first assumption is that y is small, hence Equation 3-2
I gives

n = 1

If the speed change is negligible, then V is approximately zero and

Equation 3-1 reduces to
Siny = In (2-12)
Thus Equation 3-4 becomes

h - %(T-D) (3-14)

bt T i A0k BN NS
L e e
SO

;-:' Equations 3-11 and 3~12 bscome
b
'
b hf
N . o -3 dh 3.15
o
hg
; WeSFC-
w - dh 3" 6
c Jh 7—-Iv ) (3~10)
)

if no other constraints hold, then minimization of t. and W rasults i¢

—_. = 0
av V(T-D)

38 62269
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9_ W-SFC-T _ o
v V(T-D;

Assuming that T and SFC change negligibly with speed and the change in

the weight is aleo negligibla, then the neceasary condition is

:‘;;JLV(T-D)] - 0 (3-17)

It should be noted that even though the necessary condition for cime
and fuel to climb are the same, the two solutions for the optimal
spead may be different if different throttle settings are employed.
From an optima! throttle control standpcint the settings would be
different. For the problems here, the throttle control is assumed to
be specified.

Expansion of Equation 3-17 gives

T-Dovg-v(T-D) - O

For a parabolic drag polar with constant aerodynamic coefficlents,
this becomes
2Kw? GKW2

2 .
T - % pSvecp - =— V(=pSVC
PV, = v * (-p Do * Jsv

or

2

3 2 2KW
T 2 pSY CDo * 5;;5 = 0

The golution for the best climb speed 1s therefore

-

(w1 J 1 3 (¥
v 2305%0L A i (L/D)pypx Jj (3-18)
1.9 V2269
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Substitution of the best c¢liwmb speed into EQuations 3-15 and 3=16,

after rearranging, gives

- o ——— 3-19 LY
te (w/scpo) Ih 7 " G-19)
o
. h X
T o G ‘ho R L (-20
where
T T2, 3 ¥
R - (2, J(w)¢(w)§“] (3-21)
2 -2
z = 2 42 S \l!({;-:» > —2 2 (5-22)
(/D) (L/D)
MAX MAX

and 0 is tha density ratio. The horizontal range X is obtained from

Equations 3-3, 3-4, and 3-14

hf hf
- —9gh - | dh
X I- ain v I I D
Ro ' o W W
hf 2
-« § g—dh (3-23)
hO

The solution of Equations 3-19, 3-20, and 3-23 are limited by

he < Hyy

where HMAX is the altitude where the thrust and drag are equal.

3.10 &9
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Substitution of Equation 3~18 into T » D ylelds

= 2 & -1 3- I
- v 5 (3-26)
i It will be assumed that T/W varies according to the density ratio in
D the following way
I . 21 y -
m (H)oo (3-25)

where (T/W), is the sea level thrust to weight ratio, The exponent y
is an empirical constant which varies between 0.8 and 1.0 in the
troposphere and is approximately 1.0 above the tropopause. Hersafter
y is taken to be one. Substritution of Equation 3-25 into Equation

3424 and solving for g gives

g = (3-26)
1 L
( . PR ¢ 5 )

) MAX

The solution of Equation 3-26 i{dentifies the maximum altitude, EHAX'
Numerical integration is required to determine the solutions for

* . .

Y L . ~ P - -
Ceos wclw, and A, Let functicns )’\(1) and

<

{(2) be dafined ar follows

he

(1) = (390)Lj 1077

Ro % ‘
= ¢

(-]

. 5 -6 (' T oM
X(@2) « (3p)°10 jo 7 dn

The powers of ten are introduced to normalize X(1) and X(2) to the

order of one. Clearly X(1) and X(2) are functions of T/W, (L/D)wax,

THO SRS 69 008




and h. The solutiens for t. and Wc/W are therefore

X(1)10°
(w/cuos)g

Yoo | ox@uot Sre
v (W/Cp )

The solutionsfor X(1) and t. are presanted in Figures 3-4 and 3-5,

In Figure 3-5, the time to climb is from sea level. In Figurcs 3-6
and 3-7 are presented X(2) and W./W. Figure 3-8 presents the distance
covered in c¢limb.

From Equations 3-18 and 3-21, it follows that

wvhere

X(3) and the best climb speed are presented in FPlgures 3-9 aad 3-10,
As an example consider the F4C with the following characteristics

climbing from sea level to 30,000 feet.

W « 50,000 pounds
S = 530 square feet
Cy =~ 0.0125
MAX L/D = 11,56
T, = 38,000 pounds (maximum powsr)

SFC = 2.43 pounds/hour/pound

-2 62269
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Figure 3-5 Time o Climb from Sea Level
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The approximate solutions are

‘¢ = 85 saeconds

We = 1260 pounds

X « 17 nautical miles
The F4C performance substantiaticn data glves approximately

te = 72 seconds

W, = 1290 pounds

X « 12 nautical miles
The errors are 18% in time w0 climb, 2% in fuel to climb, and 42% in
the range. The differences in the time and range are significant.
From a total mission standpoint, however, the differences will be
small. As an example, for an F4C combat alr patrol mission, the total
missicn time and radius are 1,39 houre snd 250 nautical miles. Based

upon these numbers the errors are negligible.

Acceleration Correction

The approximate climb solutions were based u; m the assumption

that the acceleration, V, was zero. Based upon the best climb speed

echedulies deplcted In Figures 3=-9 and 3-10; this assumption requires

further examination. From Equations 3-1 and 3.4

dh Vsiny W W

Solving for sin y glves

=3
'
x|o

siny = (3-27)

)
.
0 |<
812
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Lquations 3-1}1, 3-12, and 3-23 become, upon substitutici of Equation 3-27/,

v dv
h (1 ¢ & &) @dn
g o oh
te = 4 T D
Ro VOG-
T . « v av
he L+ sFc - (10 L9y 4n
We £\ ( & dah
o WoOW
v dv
1 ¢ Y4y ap
he ﬁdh)
X .J T D
ho ¥ oW

We can check §if this 18 the case for ine apesd definsd in Eguatiom
3-18. If we ass:ma an exponential atwosphare, l.e., the density varies

exponentially with altitxde, then
¢ = ggeP” (5~28)

where 4, &nd o ar - coefilclients delin.d as follows

Ataozuheric Layer dy p (Feet'l)
Traposphiere 1.0 1/30500Q
Stratnspherc 1.712 1/20600

320 OL269M

€21 000 62 07¢




Substitution of Equation 3-28 into Equation 3-18 and differentiating

E gives
. W
8 3"
- yav | d (5-29)
- 8 dh 2 To.2 2 '
. L o 3
. 2 (= (e
' (D) 8°°‘l(“)°°-ﬂ_57—(0:‘

N

Based upon the maximum altitude defined by Equation 3-26

The error is largest at the maximum altitude. For the F4C data

examined earlier, the right side of relaticn (3~3C) ylelds

H/CDOS and maxirum L/D. If maximum L/D is greater than 15, then

the error is less than 0.1.
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Sensitivity Analysis

The sensitivicy of time to climb, fuel to rlimb, and distance

covered in ~limb have the following form

dW/Cp,S) 4 {L/D)yax
carm i ———— L
w/0p S Bmax WD) yux

4 - SH/CDOS

S a(1/ w)g
*Sams T,

vhere 4 18 the change in a performancd variable, namely dt./t.,

AW /We, or aX/X. Sw/CDOS’ S(L/D)HAX. and S(T/H)o are the
sensitivity parameters. These parameters are defined in Table 3-1,
Fuel to climb is directly proportional ts changes in SFC.

The sensitivity parameters tor (L/U)yax and (1/w), are aii
negative. Consequently, an increase in elther or both results in a
deccoase in t., W., and X. In addition, the change in any variable
is more sensitive to changes in (T/W), rather than (L/D)MAX' The
biggest impact in a chsengs in (L/D)MAX 15 in the mavimum altitude
Hyax. In lable 3-2, the gensitivity paramoters S(L/D)MAX and S(T!H)O
are presanted for selected values of (L/D)HAX' (T/W)o, and the

altitude. The data show that a&s the product (%) (%) increases,
o]

MAX
the sensitivity parameters increase (decrease in absolute magnitude).
The sensitivity parameter S(T/w)o asynptotically approaches -1.5,
-0.5, and -1.0 for increasing values of (L/D)pux (T/W),. S(L/D)HAX

asymptorically approaches zero.

3-32 v 4y D

Aplinit & il it bl afv e td Rt T YT, TN T S Y YT UYL

£88 9 €2 (14 9 -

July 197¢ €2-1+-998



TSRS,

TABLE 3-1

SENSITIVITY PARAMETERS FOR CLIMB PERFORMANCE

S S s
Variable H/CDQS (L/D)HAX (T/w)o

te -1/2 (L/DDyax  ax(1) T,/M ax(1)
X(1) 3 (L/D)max X(1) 3(To/W)

We -1/2 (L/Dduax X (2) To/W  9X(2)
XQ2)  o(L/D)yux X(2) Aa{T,/W)

: oxX oX
' ° P o (/D) 0x To/¥ 0 (Tg/W)

333 ORREY
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(L/D)Max

15

15

25

25

TABLE 3-2

SENSITIVITY PARAMETERS

(T/W)o

- —

0.5
1.0
0.5
1.0

0.5

(/W)

—————

0.5

1.0

Altitude

25,000
40,000
25,000
40,000
25,000

49,000

Altitude

25,000
40,000
25,600

40 _0G0

25,000

40,000

,,,,,,,,,,,

Variable - S(T/W)o

Le Ye 2
4,37 =-2.96 =4,12
-2.74 -1.4C =2.41
-1.61 -0.60 1,15
~1.57 -0.55 -1.09
«1,54 -0,54 -1.05
-1.52 -0,52 1,03

Varlablis - S(LID)HAI

e Yo X
-2.86 «2.46 -3.11
-1,24 -0.90 1,41
-0,11 -0.10 -0,15
-0.07 -0,05 -0.09
=0,04 -0.04 «0,05
~0.02 -0,02 -0,05
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Summary of the Climb Performance Problems

Approximate time, fuel, and range solutions were derived f{or
trajectories where the acceleration was negligible, Sensitivivy
analysle demoistrated that changes in sea level thrust to weight ratio
resulted in bigger changes in performance relative to the changes in

naximun lift-to-drag ratio.
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CRUISE PERFORMANCE
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SECTION 1V

CRUISE PERFORMANCE

Problem Definition and Assuggtions

In general, crulse performance is characterized by flight in the
vertical plane at small flight path angles with small changes in the
speed and altituds. Typical truise performance problems involve the
derivation of the solutiuns for maximum range, maximum endurance, and
level flight trajectories. The solution to theae problems defines
the necessary conditions for the aerodynamic and engine controls. The
definition of the controls provides the information for integrating
the diffarential equations of motion and kinematic relations,

Small changes in the speed imply negligible longitudinal accelera-
tion. This assumption elong with small changes in the fiight path

angl2 results in the thrust, T, equalling the drag, D.

T -~ D (4-1)

throttle setting, N, The drag is a function of Mach number, altitude,
and aerodynamic 1lif( coefflclent or angle-of~attack. Por the probiems
to be addressed here, the lift coefficient wiil be the aerodynamic

control. The time-rate-ovf-change of the range, X, is

X &« V cosy

which, for small flight path angles, may be approximated by

X « V (&-2)
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The time-rate-of-change of the altitude, h, satisfies
ﬁ = Vainy
which can be epproximated by
h vy (4=3)

The assumption of small flight path angles implies negligible nommal
acceleration, Thus, for trajectories in the vertical plane, the

velght, W, and aerodynamic lift, L, are equal or
L o« U (4-4)

The aerodynamic 1lift is a function of Mach number, altitude, and 1lift
cverficient. Tne finai diifereniial equailon ia the time-rats-of-

change of the weight,
W = =T * SFC (4=5)

vwhere SFC ls the specific fual consumption, The aerodynamic drag and

11ft are defined by
D « % psvicy (4-6)
L « & psvic (4-7)

where C,, is rhe aerodynamic drag coefficlent, ¢ 1s the atmospheric
density, and S 18 the reference area for tha asrodynamic coefficlents.

The aerodynamic drag coefflicient 18 a function of Cp and Mach nuaber, M,

w2 62269
621008
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The thrust and specific fuel consumption are functions of Mach number,

altitude, and throttle setting, N,
T « f(M,h,N) (4=9)
SFC = f3(M,h,N) (4=10)

Equations 4-1 through 4-10 provide the reiations necessary for
determining crulse performance subject to specified trajectory
characteristics, such as test cruise, best endurance, or constant
altitude-constant speed trajaectories.

As an example, if altitude and welght are specifled, then Cy can
be determined from Equations 4-4 and 4-7 as a function of V, h, and W,

From Equation 4-8. Cp is computed as a function of V, h, and W, Next,

D 18 computed from Equation 4-6 &3 a function of V, h, and W. Equations
4-1 and 4-9 establish the engine control, From Equations 4-1C and 4-5,

SFC and W are computed as functions of V, h, and W, The flight path

angle can be determined from Fquation 4~3 If h is specified as a

a function of time.

| It i3 convenient at this polnt to introduce a transformation
whereby the weight is treated as the independent variable. Conse~
quently, the time becomes a dependent variable. Dividing Equations

4-2 and 4=3 by Equation 4-9 gives

av -sFC
an . VY
av T-SFc

July 1976




Substituting Equation 4-1 ylalds

ax v

a— - - (“"ll)
dw D-SFC
d_h - -—.._V-Y—. (4'12)
dw D*SFC

Tte transfcrmation of Equation 4-5 i
de | L1
dw TS5

which becomes upon substitution of Equation 4-1
ae 14 (4-13)
dw D-SFC

Equacions 4-11 through 4-13, 4-4, and 4-6 through 4-10 constitute the
foimulation of the cruise performance problem, We now tum our
attention to four specific problems, namely best cru‘se performance,
best endurance, constant speed, and constant altitude trojectories.
The constant altitude-constant speed case !s represantative of z low
altituce bomber penetration. The constant speed trajectory is repre-
santative of a supersonic cruise like the B?0 or Supersonic Transport.
fhe constant altitude case is representative of the control maintained
by the Fedural Aviacion Agency during peacetime operations. Each of

these examples will be studied in detail and approprlate approximations

introduced vhenever possible in order to achleve analytical results,
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Bast Cruise Performance

In general, the goal for this problem is to determine the speed,
altitude, and the azrodynamic and engine control for maximum range
coverad for given fuel available for crulse. Thus, the welght is the
appropriate independent variable. If Equation 4-11 is maximized at
each polnt on the trajectory, then the integration of Equation &4-~11
yields the maximum range. The resulting trajectory is valid if the
aerodynamic and englne controls can be realized along the trajectory.

Rewriting Equation 4-11 and substituting Equation 4-4 gives

(4-14)

=%
-
"
]
2]
x jr-

Ry = YAL/0) (4-15)

SFC

Maximum range, therefore, corresponds to maximum range factor. The
general technique for solving the maximuwm range factor is as follows.
For a given weiglhit and aitituds, Cj az a function of V_ h, and W is
determined from Equations &4-4 and &-7, Cp as a function of V, h, and

W is determine< from Equation 4-8. 1This gives L/D since according to

EqQuations 4-6 and 4-7

L Cp
2 - == (L4~16)
D Cp

L/U versuas ¥ {ui Jixed valuss of W and h Yz dieplevad in Floure bel,

e
-

For fixed V and W, L/U versus h Jooks like that ia Figurg &4-2.

45
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For a given speed and welght, L/C increases with increasing altitude
until the altitude for maximum L/O is reached. At hlgher altituaes
than this altitude, L/D then continuously decreases.
Since Cp has Leen determined, then D is determined from tquation

4-6 which identifies T from Equation 4«1, From Equation 4-9 N is
detecrmined and SFC is then obtained from Equation 4-10., SFC versus V
for fixed W and h is presented in Figure 4-3. The comblnation of
Figures 4-1 and 4-3 along with the definiticn of the range factor as
defined by Equation 4-15 gives Ry as a functien of V, h, and W as

| demonstrated in Figure 4-4, From datra like that in Figure 4-4, best
cruise speed, best cruise altitude, and Ry are determined for the
given weight W, If the process is repeated for different weights,

i then Rp as a function of W looks like that in Figure 4-5, In Figure

4-5, Wy and We are the initial and final welghts during cruise.

Conseguently, the cruise range as a function of W; and Wg is determined

MY . e e,

from Figure 4«5 and Equation &4-14
- We \
- X o= - a2 (4-17)
b Wy
’
1f Ry is approximately constant, then Equation 4-17 reduces to
. V(L/D) Wy
- In o=
b SFC £
N
: ¥y
N = Rp In i-f. (4-18)
La7

3296 9m 62 079

621068



....................................

Waconstant

v

Figure 4-3 SFC Versus V

W=constant

Figure 4-4 R_ Versus V
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The a.orementioned technique is clearly a numerical approach to
solving the best cruise performance. An analyrical solution is
desirable §f it can be detormined and if it is sufficiently accurate,
For certain assumptions an analytical solution can be determined. The

assumprions which result in an analytical solution are as follows:

. 2
1. C; - CDMIN &+ K\LL - CL') (:0-19)

This assumption corresponds to a parabolic drag polar shifted by
CL', the Cy for minimum drag coefficlent (CD“IN). A parabolic polar
is a fairly good approximation over a limited range of Cp values for
most drag polarg., The cocefficlients CDb and K are Mach number

dependent.
C & £(M) (£-20)

This approximation assumes that the SFC 18 independent of
altitude, Furthermore, it ls assumed that the value of SFC is the
minimum value. The rationale for this assumption {s that if the air-
craft aerodynamics and «ngine gre properly matched, then the throttle
Setting for cruise should be in the neighborhood of minimum SFC,
Also, from Equation 4-14, minimum SFC {8 desired for best cruisea.

If this asasumption holida, then the engine throttle setting, N, 15 a
varisble which dces not need to be determined,

The analytical approach will be to determine the crulse speed
and altitude which maximizes range factor for a given weight, Hence .
the optimal soluzion is the solution ¢f

HAX ——tee (4-21)
h,

<

4-10
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In light of the assumption that the aerodynamic coefficients and SFC
are functions of Mach number only, we willl treat the Mach numbeyxr and
the density rat{o as the independant variablea. The Mach number, M,

is defined by
M =» ! (4“22)
a

where a is the speed of sound. The speed of sound is relatea to

absolute temperature, T, in the following way

a s ﬁ (6-23)

where C is a constant proportionality factor. From the gas equation,

Ps» O» and T are relarved by

F e OpRT (4~24)

where R is the gas constant., From Figure 4«6, P can be approximately

related to p according to

o el
]
[+}]
~
!

- BJ* (4-25)

where subscript o implies sea level values and ¢ = p/po is the density

ratio. For a standard day, from Figure 4-6, A and B are as follows

ATMOSPHERIC LAYER A B

——

Troposphere 1.235 1.0

Stratosphere
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Figure 4~6 Pressure katio Versus Density Ratio for a
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Substitution of Equations &4=-24 and &4=25 into Equation 4-23 gives

ah (4-26)

o
]
]
D

%
-

»

C PP A (%~27)

ST

'|
It
’J
s
L

where A is a constant defined as

1 2
A = pCPPB = 8" o B (4-28)

The equation for the drag can now be formulated as a function of M and

g, Subsriruting Equations 4<19. 4«4, and 4-7 into Equation 46 3 ves

mz oA s (Cpy, * (6=29)

w vl

We can now determine the vptimal cruise Mach number and density ratio

10l MAXIMIZING CThe range iacivi.

4-13 63 079
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The necessary conditions for maximum range facior are

e Ma
‘ 30 ( DSFC ) (4-30)
' . (-M_Hy . o0 4-31)
_. an \ DSFC ) (
Substituting Equacion 4-26 into 4-30 gives
‘ 3 M %(A~1) e o
- 30 DSPC
;z Expanding this equation ylelds
' 1 a-1)1.138 . o 4-32
. 2 ) ¢ Dao ( )
0
;. From Equation 4-29
b 13D ALK (_ 2y (_2¥ )
-— e - ~— - - C ) -
Bas " o Cp ufoMls | aMloAs - (@-33)

Substitution into Equation 4-32 gives

Avrl 2w 2w '
&= Cp - 24K ( ) ( =CL) = 0
2 AM2gAs AMoAs

Substituting Cp and

- - ! 2
CDO CDHIN + K(-L

gives

. Vi 2 -
(Ae1)Cp o%A o & [(1-34) (2E-)" o 20 (2L ) ¢l0r] - 0
° AM2s AMZS

" 4elb 62 079
:_‘lul 8s 6.2_1 M~8




]
|

This equation can be solved for o as a function of M; the result

is

i 1/a
- z [« (A=1)KCy ¢ (A-l)zlzc'z + (Ael) (3A-1)KC }
o G, e+ v o

(4-34)

Rewriting gives

L_ 1 = [ o(Aa ' . 7’2 (V4 .
- eLAMSC + [-(A-1DKC], + J A1l v () GA-1KCp ]

Substituting Equations 4=25 and 4-28 gives

H L]
§ = TAPDpao M sCp - (A-1)KCy + U ADIEC? o (ar)) GA-1)KC, ]

where § is the atmospheric pressure ratio P/P,. Consequently, W/ is

constant if K, C;, N, and CD° are constant,

Substituting Equation 4-34 into Equetion 4-29 and expanding gives

2002 L , 02 L
D _ 4A (A-1)K°C{" @ (A*1)KCp - KCp L(A-l)zk o+ (Avi)(.’i;‘v—l)KCDo}
W Arl

-(a-nxef « [A-12Ec]? o (A+1) (3A-1)KCp )

The reciprocal is the cruise lift to drag ratio

L ael -(A-DKCL' + [(a-D)2K%ci? + wl)(u-l)xcoo]l‘

D 4A T (a-DK2)? « eb)Kep, - Koy '[ (A-1)2KEC? o (.1»1)(3/\.-1)1«:,)"3ix

(4-35)

4~15
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It 15 easily shown that the maximum L/D for Equation 4-19 is

L 1
-—) -
Daax 2/ Xcp, - Kcp)

(4-36)

There are two spaeclel cases of interest for Equation 4-35. The firsc

is A = 1; gubstitution gives

2./ KCp,

2 2xep, - 2xc J KCp,

ol
]
-

1

2V xep - ke

This is identical to Equatlon 4-36, thus cruise is at maximum L/D in

the stratosphere. If Cj = 0, Equation 4-35 reduces to

Lo el v (A1) GA-1)KCp
b 4a (A+1)KCp,

i (A*1) (34-1)
* 4A KCDO

Substituting Equation 4-36 gives

P - @ & WDGED
T (B)rux 7o M GA (4=37)
L=16 62079
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L3
b

1f + = 1,235, Equatiai 4-37 becomes

% - 0.996 (%)
MAX
1t Cl'_ = 0, then cruise in the troposphere is approximately at maximum r

L/D. It Ci‘ is not zero, the conclusion is still the same. Substitu-
tion of the aerodynamics into Equation 4-35 and A = 1,235 ghows that
the cruise L/D is within one percent of maximum L/D at least for
systems like the F4C and KC135.

Best cruise Mach number, M*, is Jdetermined from optimization of

the range factor

o Ma(L/D)Max
SFC

The necessary condition is therefore

Pap = Lo 1 dL/Dhwax 1 gsrc _ (4e35)
)7 MY Wihax ~ M SFC ~dM el

The range factor becomas

v(L/D)
R o (4=
. L (4=39)
Y RPN
anDs
- SOPMUWUWIMAX 44 the stratosphere (Ael,B=0,752)
SFC

62 079
4a17
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A+l A-l Al
R, = —alB Aty O oAy Koy A
¥ Al 4 Al “Cp,
(1.689) A AQo) 2A
1 A=l 3A-1
(Mag)® (!)_ﬁ 0 (A=1)Kcy' 2A
SFC S J'(3A-1)(A+1)xcpo
M‘

KCpy = KCL') in the troposphere Ae1.235,

Oy a0
Bel.0

Substitution into Equation 4-17 and integrating gives optimal cruise

range

X = Rg In w; in the stratosphere (4-40)

2A
yoxy F‘ L1~ (-') ] in the troposphere

Nota that in the stratosphere Sy is constant wvhereas it varies with W
in the troposphere. Consequently for the latter caze RFI tn Figure
4=9 s the initial value of the range factor,

The approach for determining best crulse performance via the
approximate analytical approach is as follows!

1. Fit parabolic polar to aerodynamic data according to

Equation 4-19. Expansion gives
] '2
CD - CDO - ZKCLCL * KCL

One way of determining the coefficients CDo' K, and CL is to selact a
given number of data points Cp and Cp and then minimize the sum of the

diffarences betweaen the theoretical and experimental values,
4-18 6 20 79
July 1976 (. 1 «0-0_8




T T . ¥ st WM e m.wm e . -

Assume N values of Cp are selected, Cy(1). Then CDo' K, and Cp are

determined from the simultaneocuz solution of the following equations

; N . N N 2 N
. v - < { -
S Cp, & 1+2kCp S C (1) + K T ¢~ (1) T Cp, 1)
I 1=1 I=l L=l =l
N . N 2 N 3 N
Cp L CL(i) - ZKCL z CL 1) + K & CL (1) = L cC (l)CL(i)
° Lai Lel L=l a1 e
r
3
N 2 , K 3 N 4 N 2
CDO ~£ ('L (‘) - .kCL & CL (1) ¢ K S‘ CL (i) L] z CD (i)CL (1)
iml L=l =i =l
N Maximum L/D {s then determined ag a function of Mach number from
Equation 4«36,
z, From engine perivimairce detormine =inimum SFC a2y 2 funection
I of Mach numbar,
3. Substitute maximum L/D, SFC, and M into Equation 4-33. The
alternative is to compute and plot Ry as a function of Mach number.
B b, Subatitute M* and the corresponding values for cDo’ K, and

Ci into Equation 4-34 and solve for ¢ as & function of W,
gﬂ S. From atmospheric tables determine best cruise altitude as a
function of the weight.

0. Deteimine the crulse range from Equation 4-40,
For maxi{mum range, the cruise altitude, range factor, and cruise range
can easily be obtalined from Figuras 4-7 through 4-9 once M* g

dete¢imined.
As an example, imagine that 2 certain aircraft ylalds M* = 0,8 ar
the sojuvtion to Equation 4-37. The parabolic rit to the drag poler

gives foer M e 0.8, CDo - 0,015, Ci = 0, and K « 0,107, The ving

loading is ¥'© - 60 pounds per square foot, The apecific fuel

LalY
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conswsption 1g SFC = 1.2 pounds per hour psr pound and Wi/We = 1,5,
These data then lead to (L/D)yax = 12.5 and H/CDOS = 4000, From Figure
4«7, M* v 0.8, (LJD)HAx « 12,5, and H/CDOS = 4000 gives approximately
42,000 feet for the bast cruise altlitude. In the stratoaphere M* = 0.8
gives V » 460 knots, From Figure 4-8, V = 460 knots, (L/D)ysx = 12.5,
and SFC e 1,2 gives Rp = 4800 neutical miles. From Figure 49, the
cruise range is X e 1940 nautical miles.

We next turn cur attention to the senaitivity of the cruise alti-
tude and range factor to changes in the aerodynamic and engine per-

formance characteriscics,

Best Crujse Performance Sensitivity Analvais

L IR
Hhen

iting Equation 4-34 in logarithmic form and then forming the

total differential gives approximately

o _ L& _ 1
] K

dcp
04 1 dM/S) _ 2 gM
A Y (4=41)

2A CDO A W/S M

How 0 18 related appraximately to the altitude in the fellowing way

=8h

0 = OR ] (a.‘z)

vhere oy and f§ are defined as follows:

SPHERIC LAYER oR g (Feet~l)
Troposphere 1,0 1/30500
tratosphere 1,712 1/20600

Differentiating Equetion 4«42 and combining with Equation 4-41 glves

dh o = A%
B

g
dC
dK Do W/s dM
= Sk g *Sep, oo, t WS Wl MY (4-43)
4-23 62 079
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where Sy, SCD » and Sy are samsitivity parameters., Note that an
0
increase in K glves a decrease in h whereas an increase in cDo glves
au increase in h, The solution for Cp at max L/D 18
r
K

Algso, from L = W

W
Cp =
I sV’
Asgsume W and V are constant. Than an increase in CD° gives an
increase in Cj, which requires a decrease n p, which results in an
l increase in k. An increase ir K gives a decrease in Cy, which re-

quires an increase in p, whi... corresponds to a decrease in h,

. Expanding Equation 4«39 in logarithmic form and differentiating

l gives approximately
: dR a
_ dRe _ M _ gsgc | 4U/D)
g Rp M SFC (L/D)yax
o dc dCy
M, .. 9SEC Do o <L
- SM T * SsvCc Sgpe * -°'cD0 o, +S e Scy &7 (6-44)

I TR

Equations 4=43 and 4-44 form the basis for the sensitivity analysis,
-; There are at least two ways to examin: the sensitivity equations.
i The first is to vary one parameter at a time while holding all other
! parameters constant, This is like a design change. The other way is

to vary the parameters simultaneously like Cp , K, Ci, and SFC as

functions of My This could represeant an operational change,

R
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Table 4-] presents the "senslitivity parameters to one parameter'

variations, The way that Tabla 4-1 is used is as follows, Aasume
stratospheric £flight, A= 1 and § = 1/20,600. For a 10X increase

' in Cp  alone, the change in cruise altitude !s

dh = 29,600 (g1
2(1)

= 1,030 feet
An increase in 10% in K gives a decreasa of 1,030 feet. Assume

that the aerodynamic coefficlents are

'] K = 0.2
- 0.0
CDO 0
CL; e« 0,05

The senaitivity coefficients are =0,406, =0,594, and 0,188 for K, cDo’

and CL' respectively, The biggest improvement in Ry results from an

I decrease in cDo'
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when CDo’ K, and SFC are functions of M, Equation 4«43 becomes

: iCp
Mok, L Tl s, a1
I_ = 748 Ckam* Ty M TM) MT A WS (4-43)

dM ggw(sz
- SH M * SH/S W/S

Equation 4«44 becomes

: Re o @ _ L oSFC 1 9 (L/D)wax
I _R; M~ SFC oM ¢ (L/D)ppx oM a
e [1- L g3FC oiL/D) ] M (4=46)
_ SFC aM ~ (L/D)yux oM M
A "
: = SM Ty

The multiplier for dM/M in the latter equation is a factor in
s, Equation 4-38, Thus, when Equation 4-38 is satisfied, Sy = 0 in

dRp/Rp. Table 4=2 contains the sensitivity paraneters.

TABLE 42

SENSITIVITY TO MACH NUMBER VARIATIONS

Variable Sﬁ SH[S

aCp

M i 4. 0 -
h 2»3("1(%%’0% w ) :;'4‘
. 1 b(L/D)MAX}
: (L/D)pax IM
62 079
4026
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Sy in Equation 4-46 is illustrated in Figure 4-10. In Flgur

e 4-10

when M = M*, Sy = O, Below M*, dM < 0 and 35y > 0, thus dRf < O,

Above M¥, dM > 0 and Sy < O, thus dRp < O. Consequently, Rp decreases

as the Mach numver moves away from M*,

S
M
Mk
v . .
M
Figure 4-10 Seusitivity of Range Factor to Variastions in Mach Number

We next turn our attention to an application of the analytical

results derived thus far.
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lication of th lytic t Solu

The aircraft vhich will be considered is tine F4C, Two configura~
tions will be considered. 7ihe first comfiguration carries external
stores and the second configuration is clean., These configurations .
are representative of an outbound and returm leg of a military missiom,

The first step is to fit parabolic polars to the aerodynamic data,
This 18 illustrated in Figure 4<11 for M= 0,8, This should be done
for all Mach numbers of interest., In Figure &4-11, the higher drag
configuration is the stores configuration. The theoretical polars vere
derived from the minimization of the sum of the errors between the
experimental data and a thecoretical parabolic form. For this example
CL' was not zero, consequently Chypy and CD° were not the same,

SFC versus fraction of military thrust is presented in Figure
4-12 for three different Mach numbers and altitudes. As can be
observed from these data, SFC is relatively ingsensitive to altitude
changes, hence the assumption that SFC is a function of Mach number
alone 1s satisfactory.

For this example. maximum Ry is solved for best cruise Mach
numbar. The res.ults of the best crulise performance are sumarized
in Table 4-3. The outbound crulse leg corresponds to the stores
configuration, The return leg corresponds to the clean configuration.
Tvo assumptions were examined, namely A « 1 which is representative of
a stratospheric atmosphere and A = 1,235 which corresponds to a

tropospheric atmosphere,

4=28
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TABLE 4-3

COMPARISON OF THE ANALYTICAL AND F4C CRUISE PERFORMANCE

Qutbound Cruise l¢g Estimated GCeperalired Exror (X)
Wi (pounds) 4177y L1179 0

We (pounds) 46878 46878 0

My w Mg 0,85 0.86 1,2
hy (A= 1.235) (feot) 31000 31300 1.0
hy (A= 1,0) (faet) 31900 31300 1.9
he (A= 1.235) (feet) 31400 31600 0.6
h¢ (A= 1.0) (feer) 32400 31600 2.5
Average V/TISFC (n.miles/pound) 0,0792 0,0810 2.2
¥ (naurical miles) 71 73 2.7

Return Cruise leg

Wi (pounds) 37406 37406 0
W¢ (pounds) 33888 33888 0
My = Mg 0.85 0.87 2.3
hy (A= 1.235) (feet) 34500 36600 5.7
: hy (A= 1,0) (feet) 36200 36600 1.1
' h¢ (A= 1,235) (feet) 36500 38800 5.9
bt (A= 1,0) (feet) 38200 38800 1.6
I Average V/TSFC (n.miles/pound) 0.1131 0.1131 0
- X (nautical miles) 398 398 0
:
; 4-31 62079
; July 1976
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For the outbound leg the cruise was in the troposphere, The
ﬁ solution for best cruise altitude was in bost agreement with the
f' generalired data for A = 1,235 which corresponds to the tropospheres.
;; Best cruise Mach mumber was determined from the maximization of
. M(L/D)yax. The errors in cruise range and specific range factor

V/¥Wg were less three percent,

; For the return leg the begimning of the crulse was in the
troposphere and the end wa&s in the stratosphere. Tho stratospheric
atmosphere gave the best results for best crulse altitude., The

errors in crulse range and specific range factor were negligible.

The sensitivity parameter Sy in the dRp equation is presented

2 in Figure 4«13 for the clean configuration and A= 1,0, The sensi-
& tivity parameter 15 nearly linear with Mach nuaber, The range factor
i' variation with respact to Mach number is nonlinear, however. For

example, a 1X change in Mach number gives a =0.12% decrease in Rp.

A 5% change in M results in appraximately a 3% decrease in Rp.
The next problem to be addressed is the determination of the

haet altitnde and gpead for maximm andurance.

Best Endurance Perfo c

The difference between this problem and the previous one is that
Equation 4-=13 rather than Equation 4«11 i8 to be optimired. Examina-
tion of Equations 4«1 and 4-13 shows that saximization of endurance

time corresponds to minimization of fuel flow rate. The graphical

4=32
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method for determining best endurance is strslghtforwari. For a
selected weight, both altitude and spesd are varied until the minieum

fuel flow condition {s met. This approach is illustrated in Figure

4-14,

W=constant

[
4\
o

«

For each altitude there is a speod which ylelds minimum fusl flow
rate. The plot of minimum Wp and the corresponding best cruize speed
for each altitude then identifies best cruise speed and altitude for

wrrimum endurance and the minimum fuel flow rate. 7This situation 1s

presented in Figure 4-15.

4-34
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In Figure 4-15, h* and M* are the cruise altitude and Mach number
for maximum endurance. For each weight, minimum Wp is therefore
easily determined, the result being like that in Figure 4-16.

‘The best endurance solutlion is obtained by integration of the

i raclprocal of the TSFC, that is
We

- t = = f dw
| o

Under certain assumptions an approximate gsemi~gnalytic solution
can be determined for the best endurance trajectory. We now turn our

attention to this problem.

TNy

An Approximate Solution to the Maximum Endurance Problem

Three assumptions are introduced, one ¢f which is the samms as

the previous problem. The assumptions are as follows.

- e et ml'

1. The aerody ~siv drag polar can be approximated by a parz-

bollc polar, t.ec.,
C e Ch =+ KC 2
D D, i

2. The relationship between Wp and thrust is linear. (This

does not lmply that SFC is constant.) Thus
Wp = ale b

wher2 a and b are constants, Since thrust and drag are equal,

minimun TSFC corresponds to minimum drag.
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3. The aerodynamlc coefficlents CDo and K are constant. The

| Justification for tihls is that analyses of maximum endurance for
existing alrcraft have occurred at speeds where the aerodynamic

coefficlients were conetant. .

o U B R DA

In light of these assumptions, maximum endurance corresponds to
minimum drag and consequently max L/D. Since 1ift and weight are

equal, the speed and altitude are these values which minimige the drag.

I Since
D = lpsvicy o 2
2 o pSV2
! mintmization with respect to V gives the necessary condition
pSVCp - awl | (6~67)
i ° psv3

Minimization with respect to the density gives

S e e
. Vet T

3 svicp - %ﬂ; - 0 (4-48)
psv

Equations 4-47 and &4-48 are not independent, hence a dilemma reaults;

At MR RPARARS

two unknowns and one independent ejuation exist.

’

The begt that can be done under these circunstances 1s to let

oy .

PA R B

either altitude or speed ba an inderendent variable anc the other be
a depundent variabie. Let h or  ne the independent variable and V
the dependent varlable. From either Equation 4-47 or 4-48, best

crulse speed V* is
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Clearly V" increases with increasing altitude. For a given weight,
Equation 4-49 defines the relation between V* and altitude. The
final step 15 to substitute h and V* into the actual engine per-
formance and calculate TSFC, The optimum altitude, h*; 13 that alti-
twle which minimizes TSPC. This then identifies the altitude and
speed for maximun endurarnce.

I Substitution of Equation 4-49 into the drag relation gives

D - 2\4 JECDO

i Thus, in light of the second assumption
S -1 S
. daw TSPFC
é .
- aDeb
- - 1 “"50)

This equation is analytically integrable, thus the endurance,t, is

3 n ZaH,JECDO * b

1

2aJEEB; 2awaiCDo b

t (4-51)

Equation 4-51 thei defines the approximate semi-analytical solutior

for maXimun endurance. We nexrt turn our attention to the sensitivity

parameters relative to endurance,
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Sensitivity Parameters for the Endurance Froblem

In iight of Equation 4-50, the only parameters which can change

. SN .

the endurance time are K and CDO since W is the {ndependent variable.
Endurance is sensitive to changes in the fuel flow rate, Wg.

Differentiating

KB PR

Wg - 2aW /KCp_ ¢ b

glves

avg aw kG ak 4G

-~ -

¥F 2aw ./ECDO eb ¥ CDo

dK dCD.:>
- Sy X SCDO TD:

The sensitivity parameters are therefore

aw "/ECDO
- — (4-52)
2aw fKCp_ + b

Sp = SCDO

RS
R
o
N
P
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Application of the Maximum Endurance Solution

Again the F4C will be studied. Only the clean configuration will
be considered this time. The reiation between Wg/2 and Fy/2 (the '
McDonnell data is for single engine performance) 1s presented in

Figure 4~17., Fy is the net installed thrust, and W¢ is the fuel flow

rate., The upper and lower bounds represent the difference in the data

g at Mach numbers of 0,6 and 0,7 and altitudes of 25,000, 30,000 and

4-60 - 62269
) 621008
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35,000 feet, The linear fit through the average values gives
HF - 673.5 L 4 0.983FN

Below M @ 0,7 the aerodynamic coefficients are constant. Assume

W « 30,000 pownds. The solution of Equation 4-49 is presented n ’
Figure 4-.8, The agreement with the MAC data was very good ~ the

biggest error was 2.6% at sea level. Given the speed and altitude,

as in Figure 4-18, then the drag can be computed as a function of

altitude. Using the MAC engine performance then determines Wg¢, which

is presented in Figure 4-19, The altitude for maximum endurance at

W « 30,000 pounds is approximately 30,000 feet. The MAC result was

32,800 faet, which repregsents an 8.5% error.

The sensitivity parameters for W =« 30,000 pounds are
S o § o« 0,428
K CDO

Consequernitly, a 1% change in elther CDo or X results in a 0,428%
change in Wg.

The next problem to be studied is the constant-aititude trajeciory.

Constant Altitude Crulse Trajectory

The objective here is the evaluation of the beat cruise speed
and the penalties assoc.ated with cruising at speeds otner than the .
speed and altitude for maximum crulse range. As in the problem for
best crulse range performance, the objective is to maximize .-he range
factor. The difference here is that only the speed is tree. 1ne

general approach for determining best Rp is to determine L/D as in

4el2

62269

— 621aa§
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Figure 4-1 for the given waight and altitude, SFC as in Figure 6-3,
and then Rp as in Figure 4-4.

The analytical work was accomplished earlier. The necessary
condition is Equation 4-31. Expanding glives Equation 4-38,
Substituting the parabolic polar then gives the necessary condition

for the crulse Mach number, namely

M_ gSFC _ XS#OACDO 1 __H__ GCDO
SFC oM 2D Cp, oM
(4-53)
o 2L 5 MK
ASM2GAD K oM

The solution of Equation 4-53 yields best cruise Mach number for the
specified altitude and weight, From this the speed and drag can be

computed and then Rp determined. The details are as follows. From

Equation 4-29

2w
D = X kSMzaA'CD9 * I;;;;Z

Since L - W and YV = Ma, the range factor is

Maw
Rp = , (4=54)
SEc (sMiohcp + 2KW_ )

’

ASMigA

Note that Equation 4-53 gives best cruise Mach number, M*, as a

£l Al A% ot aanl b L WU N . 3N
Lunttaon Of Lhe woignv, JuTthcrmeres, &2 the welight dooressss, M

also decreases. The rationale for this conclusion is as follows.

445 ’62269
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. 3.MgK M QSEC
B(M) 3 KdM SFC oM

The necessary condition for best cruise speed is
A(M*) = B(M*)

In Figure 4-20, A(M) and B(M) are illustrated for Jifferent welights

W) and W, where W, is greater than ¥;. It can be seen that Hz* > Nl*.

A(M)
P

e
— A

///
”j;i///// P | \\\‘\~\ B(M)
2 | |

/

L]

Figure 4-20 Best Cruise Mach Number as a Function oi Weight




Stnce the solution of Equation 4-53 ylelds M* as a function of
welght, integration of Py/W in Equation 4-17 can be accomplished only
by nimerical integration. 1f, however, the change In M* with W is
small then Equation 4~17 can be analytically integrated. Based upon

this assumption, Equatlions 4-54 and 4-17 glve

Ma -1 2Kwy -1 2KWg
X =™ ( tan — - tan PSSy ) ({.-SS)
s¥C JRCp_ AsMiaAcp AstiaAcp

We niext adcaress the sensitivity of the range factor to changes

in the parameters,

Sensitivity Parameters for the Constant Altituwie Problem

The generel form for the total differentlal of Ry is

dRp dM dCp, dK dSFC d(W/s
—_— = Sy =+ S —r S 2 e ==
Rp M 7w " Cno Tep, T K FC “src /S s
i If the parametcrs Cp, and K and the variable M are treated as
. inaependent, then the sensitivity parameters are as follows,
; Sy = 1 (SR Lyg2h, )
ASMZgA
5 S ASMZOACDO
K A - P EE————
i LDo zh
. P 1
- K ASH2GAD

bl

Sspg = -1

R R A Sl it 4n A v Dt i

—



Sus = b o asohe, -

1f, on the othar hand, Cuo. K, and SFC are functions of M, then the

sensitivity parameter is Sy where

M_ oSFC _ ¢
SFC oM 20 Cp, oM

AsMaAc M aC
SM - - Do {1l oe Do

(4~5€)

. ._35!1. (3 - MoK
ASH20AD K oM
Sy 1s the left side of Equation 4-53. Thus Sy = 0 at the optimal
cruise speed. Furthermore, Sy as a function of speed looks like that

{llustrated in Figure 4-21,

%)
=X

M

Figure 4-21 Range Facto~ Sen3aitivity to Variations
in Mach Number

448 "022 6‘9—5




T T TN N TR Y TN Y OV VTR T Y Y Y e, St et e - N

In Figure 4-21, M* is the best cruise Mach number. Cruise at sneeds

other than at M* results in a decrease in kg since Sy dM/M ts negative

on either side of M*,

2N A ']

I ' Application of the Constant Altitude Cruise Solution
The F4C, clean configuration, will be considered again, Asswae
that the cruise altitude is 36,000 feet. This altitude falls between
- the initial and final crulse altitudes of the return leg defined in
the problem on optimal crulse range performance. The scolutions for

N M* according to Equation 4-53, L/D, and R are as followss

F heconst Best Cruise Climb
. W _M* L/D Re Rp
33, 000 0,861 3.55 4010 4052

38,000 0.87¢€ 8.77 4043 4052

Consequeatly, the range factor variatton for constant altitude cruise

AR NLER .. (Rt RN

relative to best crulse climb is 0,2 to 1,0%. In addition, tha change
in Rp due to changes in W 1s negligible; therefore, Ry for the F4C at
36,000 feet aliltude Can be taken a& coust
For the sensitivity parametor Sy, when SFC, cDo’ and K are
functions of M, Flgure 4-22 shows that Sy varies linsarly with M,
The sensitivity of the range f£actor toe changes In the weight is

negligible. For a 1% change in cruise Mach numver, the range factor

decraeases by approximately 0.2X. For a 5% change in the cruise Mach

number, the range factor changes by approximately 4.0 .

it oR269

€21 608
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Congtant Speed Crulse Performance

Given tha cruise speed or Mach number, the problem is tc determine
the crulse aititude for a given welght which maximizes the range factor.
The general approach is to first deterrine L/D as in Figure 4-2 for the
given welight and cruise speed, SFC 1s determined from data as in
Figure 4-3 and finally Ry is determined from Figure 4-4,

The analytical approach fecllows. The necessary condition for

best cruise altitude is defined by Equation 4-30.

2 3 , Maw
LR - LMYy Lo 4-30
20 F 56 ¢ D-sFc (4-30)

There axists & constraint which musat be considered in order to ohtain
a valid solution. 1l 1s necessary that the solution of Equation 4-30
result in the drag equal to or less than the maximum thrust available.

For a parabolic polar, expansion of Equation 4-30 gives

ga . lgb . _L 3sFc _ o
o0 D 90 SFC a0

o s

La-n) 1o A (L,ew . 2w ]
7 (A1) = - B (2 asmiahep, ASMZOA) (4-57)

L esre _
SFC 4g
Equation 4-57 is the general relationshlp which must be solved for a.
The solution for ¢ gubstituted into Equation 4-29 gives the drag.

This must then be compared with the maximum available thrust. If the

4-51

~62.26-9

6219008
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drag exceeds the maximum thrust, then the correct solution for 0 is
determined from the equality of the drag and maximum thrust.

There is a special case for which an analytical solution for ¢
can be determined. If cruise is in the stratosphere, A e 1, If in
addition SFC is a function of Mach number alone, then Equation &4-57

has for the solution

g = 24 K (4-58)
asMZ Y €Do

which agrees with Equation 4=34 when A = 1. The solution of Equetion

4-58 corresponds to maximum L/D ratio for the specified cruise Mach

ELquation 4-58 when substituted into Equation 4-29 gives
D = 2W.JKCp, (4=59)

If thie value exceeds maximum thrust, then the solutlion must be

modified. In the stratosphers it can generally be assumed that

MAX 1
g

w constant

Equating maximum thrust and dzag glves

MAX T _ 1 (X% AsMea Cp, ¢ 2Kk’ ) (4~-60) )
a ] ASM20

The ealurion for a3 is tharefore

b2 X -%
- i—’éﬁ;) ( -"%I - %:\SHZCDO ) (4-61)

452 \6%26'9 -
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Substitution of 3 into D glves

-y
W MAXT 2K MAXT 1 Vi

- 3 (MANT ,—- Maxi 1 4-62

° M () (ks (o R\ (4-62) {
Cruise L/D is therefore R
; . X

L . M AS ( MAXT | 1, o2
D M b (S 3 ASMCp, )] (4-63)

G:;-)
Thus, when the drag corresponding to MAX L/D exceeds the max thrust
avallable, the altitude is determined from Equation 4-6l and the
cruise L/D 1s defined by Equation 4«63, Note that L/D is constant
unless the aerodvnamic coefficients or max T/g changes with altitude. K

The range factor reduces to, for copnstant speed, SFC(M), and

stratospheric cruise,

V(L/D)Max W _
Rp = SFC LE MAXT 2 Wy (L/D)
. 1.
M Aé MAXT 1 - 2
- MAXT . L 2K ( o - 2 ksl‘l‘CDo) ] (&-6&)
( «-5—- )+SFC

W
if MAXT < MAX(L/D)

Conslder the sensitivity of altitude and range factor to aero-

dynamic parameters and engine performance.

14]
-

anciriviry Paramatare far the lnnetant Snead Tralactorv

There are two situations which must be considered, thrust greater

than or equal to the drag, and thrust less than the drag. 1f the

4-53
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thrust is greater, then Equations 4-58 and 4-39 hold whon 1t is
assumad that SFC is independent of altitude ard crise is in the

stratosphere. The total differentials of Equations 4-57 and 4-42

give
dh o« 1o ‘.1.5.[‘2-2.‘5)
28 Cuo K
I (4-65)
dCDo d
K
= 0o, Tp, * %k K

An Increase in Cp (K) gives an increase (decrease) in h. The explana-
) tion for this was presented in the sensitivity analysis of the first

” problem on best cruise nerformance, If the maximum thrust is less than

the drag corresponding to maximum L/D, then Equations 4-42 and 4-61
glve
MAXT 1
ak 1 9 (_o ) zxsnzcho
k' T. 1,
—_—— - = Cc
2 AS B,

(o4

L RS
Q

: ac o (DX,
l" D a

y - s K 45 4s

i KX Cp, 7C T/g

;! o Cp, l'gw&

Chut B 24
oo

—

-
‘

-
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The total differential of Rp tor constant V and W becomes

dRe 1, ak _ 9CD, dSFC W
Rp 2 (% Cp, ) SFC = MAX(L/D)

W

K dcp, . da ( MAXT )
- —— ———— - ~Sh—y *
K " ¥ SCp, Tp, * OSFC Tsr¢ * 10 Ty
g

The sensitivity parameters are tabulated in Table 4-4,

An Application of the Constant Speed Cruise Solution

We will consider the supersonic crulse performance of the Super-
sonic Transport (SST). The crulse is in an atmospheric enviromment
which 1s 8° above that for a standard day at the same pressure altitude.
As a consequence, In the stratosphere the density-pressure relation

must be adjusted to the following

%_ - 0.75420 Po = Non standard sea level density
[}

Tre cruise Mach number is 2,62, A parabolic approximation to the drag
polar at M = 2,62 gives CDo » 60,0084 and K = 0,497, The reference

area is 7700 square feet. Minimum SFC shows negligible variation with

G=53 3’-2"’2'6'9”‘ 3 2 0 v 9
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TABLE 44

SENSITIVITY PARAMETERS FOR CONSTANT SPLEL CRUISE PERFORMANCE

Variable

Variable

-1/28

-1/2

-1/28

-1/2

5
Co,
1/28
-1/2
W
MAXT < (Y
Se
Coq
- L asécy
g °
ug—x‘z - % )\SM2CD

SsFC Sip
0 0
-1 0
SsFc St
1 MAXT
0 23 J
MAXT _ 1
- 5 ASM2Cp
1 MAXT
2 fal
MAXT _ 1 \sM2C
a 2 Do




altitude between 55,000 and 65,800 feet. The ratio of maximum thrust

to density ratio shows nggligible variation with altitude and is taken

as
%&’51 - 880,000
The maximum L/D solution for speci{.ed weights follows:
] — b ~Dlg k(D
644,370 0.0839 62,200 992,000 7.74
467,880 0.0609 68,500 992,000 1.74

Since D/0 exceeds MAXT/o, cruise can not be at maximum L/D. The

solution for equal drag and maximum available thrust is required and

iss
. R —h _Dlg_ L/D
664,370 0.0954 59,600 880,000 7.68
467,880 06,0704 66,000 880,000 7.55

The range factor is 7555 nautical miles using an averags SFC of 1,527,
The comparison of the predicted resultrs and the Boeing data are pre-
sented in Table 4-5,

Relative to the sansitivity anaiysis, a 10X increase in K gives
an altitude decrease of 99C feet (1/8 = 19,842 fset), A 10X increase
in Cp, gives an altitude decrease of 1170 feet. A 107% increass in

MAYT/3 rasulta in an altitude increase of 2160 feat. Relative to

620'2'9'1
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range factor, a 10X increase in K, Cp , and MAXT/0 results in & 5X

decrease, 5.9% decrease, and a 10,9X increase, raspectivaly.

TAILE 45
SUMMARY OF CONSTANT SPELD CRUISE PERFCRMANCE '
Estimated Boaing Expor(R)
¥y (pounds) 644,370 644,370 0
Mj = Mg 2,62 2,62 0
hy (feet) 59,600 59,500 0.2
L/Dy 7.58 7.58 1.3
Rf, (nautical miles) 7,705 7,586 1.6
We (pounds) 467,880 467,880 4]
he (feet) 66,000 65,600 0.6
L/D¢ 7.58 7.43 1.6
Rpf (nautical miles) 7,555 7,398 2.1
X (nautical mjles) 2,642 2,414 1,2
4=58
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S vf the C ge Perfo Prob
Four problems were studied in this chapter: optimal cruise
performance, best cruise altitude for a specified spsed, best cruise

speed for a specified altitude, and meximum endurance., In addition

to presenting the general approach for determining the graphical
solution to cruise performance problems, approximate analytical sclu-
tions were developed. In general, the difference between the ansly=
tical and generalised results was less than 3%, The bjiggest error
was in the estimation of the cruise altitude for the F4C assuming

the cruise was in the troposphere. When tha pressure/density rela-

tion for the sitratosphere was employed, the error was significantly

- ad.omad
[ vy vy}

Sensitivity parameters were derived for the four problems. The
utility of thase parameters is that first-order variations in the
asrodynamic and engine performance characteristics were identified and

their effect on cruise performance wvas assessed,

4=59 62 ()] 4 9
621008
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SECTION V
DESCENT AND GLIDE PERFORMANCE
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; SECTION V

s DESCENT AND GLIDE PERFORMANCE

E Problem Defiri:ion and Assumptions

i There are several problems of interest relative to descenv and
glide performance. The distinction between descent and glide is that
the former may have engine power-or, whereas the lat«er corresponde

E gtrictly to engine power-off. Specific problems considered in this

section are maximunm glide flight path engle, minimum glide sinking
speed, maxinun raunge for specified altitude drop, maximum endurance for
specified speed change, constant angle-of-attack, and constant L/D
glide trajectories. It will be assumed throughout this section that

the flight path angle 18 small. Since

x = V cos vy

h = V gin y
the approximate equations are

x =V (5-1)

h =V (5-2)
ft will also be assumed that

L = W (5-3
‘fhe change in the weight will assumed to be negligible, thus

W = C
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The accelaratlon is

Ve B(r-n) - gy (5-6)
For constant speed, Equation 5-4 can be solved fer v, i.e.,
1
Yy = §(I-D) (5-5)

A further assumption is that the asrodynamic polar can be approximated

by a parabollc polar
Cp = Cp, n:cl_2 (5-6)

Equation 5-6 will be employed in the analytical analysis but it {s
unnecessary to the general approach for solving the descent and glide
performance problems.

The previous equations form the set 5f equations to be used In
solving the descent and glide performance problems. Fach problem will
be studied separately and additional assumpptions Antroduced whenever

necessary.

Maximm Glide Path Angle

The thrust is zero for this problem. For a given speed and
waight, the approach for determining the maximun glide path angle is
stralghtfurvarc. Refer to Figure 5-1. The spead V¥ for maxizum
glide flight path angle corredponds to maximum -D or equivalentiy,
pinimum U. Thls, substituted into Equstion 5-5, glives the maximum
glide flight path angle. Thus the solution can easily be obtalned
by plott} 5 <D versus V, selecting maximum -D {or minimum D), and

substituting into Equation 5-5 to detecmine maximunm Y.




i P T

igure 5~1 -D Versus V

An approximate anulytical solution can aleo be obtained, It will

be assumed that the speed is constant as ar:- the aerodvnamic co-

| efficients in Equation 5-6, Prom Equation 5-5 for T = 0
. - - 2 (8.7)
Y ™ =7
f thus maximum Y corresporvls to minimum drag. Substlitution of EqQuations
5<% and 5-6 into the drag equation gives
- 2 2K’
D =~ kpsvicp, » osvZ (5-8)

The maximum gllide £1light path angle correasponds to the speed for
- ninimum drag. Differentliating Equation 3«5 witn ruspecL tv v amnd

solving for the best glide speed V* for maximum Yy glves




Y - SRS NN

kv x
VFr e ( -5 )
p“s°Cp,

(5-9)

Consequently, for maximum glide path angle, the trajectory corresponds

to constant dynamic pressure, G, defined by

Substitution of Equation 5-9 into Equation 5-8 gives

D = 2W./KCp,

Substitution into Equation 5-7 gives the maximuun glide path angle Y*

Y* = MAXY = - 2./¥Cp (5-10)
Since
1
(3) -
MAX 2 ./ %S,

Equation 5-10 becomes

1

Y* = -Wm&' (5-11)

Thus maximum glide path angle requires maximum L/D flight.

The solutlon for the Mach number for maximum glide path angle is
presented in Figure 5-2, Maximum flight path angle is presented in
figure >-3, AS an exampie, asyume

W/CJOS = 6000 pounds per square foot

h e 20,000 fest
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Fros Figwre 5.2

M* w 0.542
From Pigure 5-3
y* « +3.8°

Relative to the sensitivity analysis, the signiflcant psrameters
are CDo' K, and W/S. The variation of V* to changes In these

paraneters is

avr 1 (eX | 4Cig y o L dQ/s
%
| v & K Cpy T 2 WIS
: )
: - 5, %, 5 oo . o agu/s)
. X K ‘Do cDo WS s

where

Sg/s =

o Jou

Consequently, V* {8 twice as sensitiv. to changes in W/S as it is

to changes in K and Cp . Furthermore, an increase in K or ¥/sS
i: rcsults in an increase in V* while an increase in Cp, decreases V¥,
jﬂ The sensitivity of maximuwn flight path angle to variationa in
]

the parameter is




Substituting maximum L/D glves

d
91:"1'(%"015)
Y z Cp, 1 4

Thus, the change in Y* i{s the same for both K and CDo and is pro- _Y:
portional to y*,
As an example of the application of the maximum glide path angle
golution, consider the F4C without external stores and sngine power-
off. Neglecting the difference in the drag due to the engine-off

condition gives

Cp, = 0.0157

5-4. The maximum glide path angle 1is
Y* » <5.,5 degrees

A 10% increase in elther Cp or K raesults in a change in y* of
dY* e =0.275 degrees

which is equivalent to & 5K change in Yy*.

The next problem to be addressed §s the trajectory for minimum

glide sinking speed.

K = 0,145
The variation of hest glide Mach numter, M*, is presented in Figure
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Figure 5-4 F4C Mach Number for Maximum Glide Angle
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Minimum Glide Sinking Speod Trajectory

Sinking speed Vg is the negative of ﬁ. Hence, minimum sinking

speed i3 the same as maXimum h. From Equations 5-2, 5-5, and Vg = -ﬁ
D
V‘ - V ﬁ (5-12)

In Figure 5-35, Vg as a function of V is presented.

Wwconstent
'\'S ~, // L
f"‘:ifﬁL;:;:;;m
/ Drag
417/////// i
0 V* \

Figure 5-5 Vs Versus V
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The minimum sinking speed is read directly from plots like that in
the previous figure. Figure 5-5 can also be used to determine the
maximum flight path which was studied earlier. A line drawn tangent

to the Vg curve and through the origin defines the maximum glide path

angle, Since

Vg D
v—' - -i - -Y

maximum Y corresponds to minimum Vg /V which ls the tangent to the
curve. Consequently, Vg versus V has more utility than 0 versus V
since the former gives solutions for both minimum sinking speed and
maximum glide patli angle.

&n epprovimate analvtical solution can be determined for minimum

sinking speed trajectory. For constant W, the necessary condition

for minimum Yg in Equation 5-12 is

q. -
v (VD) 0

As in the previous problem, assume a parabolic drag polar. Substi-
tuting the polar into the drag equation and then differentiating
Equation 5-12 gives the solution for the speed V* for minimum sinking

speed

V¥ =

k
(Ll

") (5-13)
3p°s Cp,

Thus, the trajectory corresponds to constant dynamic pressure defined
by
ku? M

- ¥ov¢ - (
) ° 3s%¢p,, 62 079

3-11
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The speed defined by Equation 5-13 is less than the speed for minimun

drag. Thus the flight is at a speed which 18 on the back side of the
drag curve. Thls is an unstable situation since a disturbance in the
speed will result in the speed dlvarging from V* if no aerodynamic
corrections are applied.

Substitution of V* into D glves

D = 4w ( % KCp, )%

L. y[3 7 o JL3¢L)
D 4 \| KCp,, 2 D MAX

Relative to the previous problem for maximum flight path angle, the

Thus

minimum sinking speed trajectory is slower by 24% and the dynamic
pressure is lower by 73%. Glide L/D is 42X of maximum L/D. Substi-

tution of V¥ into Equation 5-12 gives the minlmum sinking speed

2 1 W
V¥ = (5~14)
(27)E (L/D)zzz pSCp,

The relationship for best Mach number, M*, and minimum sinking speed
is presented in Figures 5-6 and 5-7 as functions of the parameters in

the problem. As an example, assume

h = 20,000 feet
H/CDOS e 6000 pounds/square foot

Figure 5-% glves approximately

M* e 0.412
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From Figure 5-7

Vg = 32 feet/second.

The sensitivity of V* te changes in the parameters is

av* _ ldq/s) , 1k _ 1 2%,
vE T 2 Ta KT W o

dCp
* SCp —2 Su/s
o Cp,

d (/s
w/s

where

) 1
Swls = 3

which is the same as for the maxXimumr flight path angle, The sensi-

tivity of minimum sinking speed to varlations in the parameters ls

Vg 1a@s) 1% 3K
Vg* 2 W/s 4 Cp, & K
d(4/S) Do :
-~ s ~ Qr.
= dy/s v S " ¥ Sk ¢
W/s o CDO
where ‘
1
Suis = 7
1
S - =
S 3
K -z

For «qual changes in the parameters, K produces the largeset change

ih ‘5*'
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Let us consider agaln the F4C for application of the previous
results, The aerodynamic characteristics and the welght are the same
as those In the previous problem. The Mach number for minimum ginking
speed, M*  ard minimum ginking speed V.* are presented in Figure 5-8.
A 10% change in K, Cp,, or W/S results in a 2.5X increase, a 2.5%
decrease, and a 5% increase in V¥, respectiveiy. The correspording

changes in Vg* are 7.5% increase, 2,57 increase, and 5,0% increase.

Meximum Range for Specified Altitude Drop

For problems relative to a specified altitude drop it is con-

venlent to treat rhe altitude h as the independent variable rather than

time, Combining Equations 5-1 and 5-2 gives
d—lx.. —10
dh Y {5-15)

Equation 5-4 transforms to

vy . 2

an W (i=D) ~ g (5-16)

If the change in V is neglizgible, Equation 5-16 reduces to

y « 12 (5-17)

Substitutiun inte Equation 5-15 gives

dX W
—_— - ——— (5-18)
dh T-D

If Fquation 5218 iz aptimal svoervuhare aleng the trajactory. then ite

integral ylelds the maximum range for a speciflied aititude drop,

269 -
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For negligible change in the welghl anu chrust, maximuu range results
from minimum drag. C(une approach to solving for the speed is the same
as that used for determining mpaximum flight path angle. Another

approach is {llustrated in Flgure 5-9.

1Optimal Descent
' Speed

/

N

)
<

=|

Figure 5-9 (T-D)/W Versus V

For selaected altitudes, (T-D)/W is determined as a function of V.

The optimal descent schedule is the locus of speeds corresponding

to the maximum value of (T-D)/W. Substitution of maximum (T-D)/W

into Equatlion 5-18 and integrating glves the maximim range.

18 67269
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An approximate analytical solution can be derived for this

problem. For a parabolic drag polar

-I-z Kc Ic_-—_—
Y ] Do W L/D)Max

Substitution into Equation 5-15 gives

2}
bl
—

l

o
r

-\‘7 B (L;D)w

Integrating gives the maximum range solution X*

- I 1 '1
X* e (hg = hy) [ - m] (5-19)

where h¢ and hy ars the final and initial aititudes, The speed for
maximun range is presented in Figure 5-2. This follovs from the
observation that the speed for maximum flight parh angle and maximum
range are the same - namely, tha speed corresponding to minimum drag.
The solution for maximum range is presented in Figure 5-10., As an

exanpple assume

15

(L/D)yax
/W = 0,02

Flgure 5-10 gives

X* & 17,6 nautical miles

€226 9--
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The sensitivity of the best descent speed to changes in the
parameters is the same as that tor the maximum flight path angle,
The sensitivity of maximum X, X*, to variations in the aerodynamic

and engline performance characteristics is derived from Equation 5-19

%* dgp
% - -E%-ZJKCDO:][CK(%‘)'JKCDO(-EE‘iOdK)J

i3

STW ST Y SR g ¢ S, oy,

where
I
W
St/w % 1
W~ (WD
1
2 (L/D)MAX
Sk = SCDO - T T
W ODMax

For descending flight the previous analysls 1s restricted to slitua-

tions where

1
(LDhax

I
W

It follows that

Sk = SCDo < 0

; Consequently, an increase in thrust gives an increase in X*. An

increase in K or CDO results in a decrease in X*,

21 62 IE -
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As an axample, consider an F4C alrcraft operating at idle engine
power, starting at 20,000 feet, and ending at 10,000 feet. The weight
i{s 30,000 pounds. The aerodynamic coefficients are the same as the
previous F4 problems, Idle engine power thrust is 500 pounds, The

maximum range is
X* & 20.9 nautical miles
The sensitivity parameters for range variations are

SI/V - 0.537

Sk = SCDO - -« 0,768

Cp, or K produces a bigger change in X* than the change produced by

d (T/W).

Maximum Endurance for a Specifiod Altitude Drop

As In the jrevious problem, it is convenlent to treat altitude

1
dh vy (5-20)

If Equation 5-20 is cptimal everywhere along the trajectory, then
integration gives maximum endurance. If the change in the speed is

negliglible, then ¥ is defined by Equation 5-17, Substitution into

at W
dh ~  v(T-D) (5-21)

522 ~62269
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Por negligible changes in the weight and thrust, maximun endurance

corresponds to minimum VD, This is the same as the minimum sinking
speed trajectory. The general approach is like that depicted in
Pigure 5-5 for determining the best spaed V*. Substituting V* into
Equation 5-21 and integrating gives maximum endurance.

An analytical solution can be derived when the assumption of
constant speed, thrust, and veight, and a parabolic aerodynamic polar
drag with constvant coefficients is introduced. It was derivea for

the minimum sinking speed trajectory that

Ay )]‘ (5-13)
3cp p’s?

V¥ =

Substitution into D gives

D = 4w '-}xcpo

which {s independent of tha altitude., Substituting D and V* into

Equation 5-21 glves

an 2 k
( JbDo..a )
ar | e ¥
an P (5-22)

The density is related to the altitude by the following approximate

equarion (Equation 4-42 in Section IV)




Substituting Equation 5-23 {nto Equation 5-22 and integrating gives

max imum endurance, t¥

2 X
3Cp_S .
o« ":23
2 X
e '5(01%°0f) e :
i {Te
(]
2, 1 1 I 2 -1
- S (== (5-24)
ASTC = R ,/3(1./0)“]

The solution for best Mach number is presented in Figure 5-6, Maximum
endurance is obtained from Figure 5-11. In Pigure 5-11, v is defined

as

i 2 ]-1
¥ 3 (L/D)yux

t o [0 )

T o - a-%[ (5-25)
Due to the presence of g in Equation 5-25, two different tropopauses
are identified in Figure 5-11. The curve which ylelds the higher value
of T corresponds to the top of the troposphere, where¢as the other is
the bottom of the stratosphere. For trajectories which cross the
tropopause, the endurance time t* is made up of the time to reach the
tropopause (lower curve) plus the increment from the higher curve to
the final altitude. As an example, assume that the index number ias

6, hy = 50,000 feet, and hy » 30,000 feet., From Equations 5-24 and

3+25, it follows that the maximum endurance solution is

th . Te - Ty
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From Flgure 5-11, the time to descend from 30,000 feet to the tropo-

pause is
670 - 480 = 190 seconds
The time to descend from the tropopause to 30,000 fagt is
112C - 990 @ 130 seconda :
The endurence is therefore
190 ¢ 130 « 320 geconds
As an «xample of the application of Figure 3-11, consider the following

characteristics

W/Cp S 4000 pounds/square foot
T/W = 0.02

(LDl = 10
hy = 20,000 feet

he = 10,000 tost
The following results are obtained from Figure 5-11

. » 1560 seconds
T¢ = 1760 seconds

t* = 260 seconds

Equation 5-25 gives
Ty = 1495 seconds
Tg = 1761 seconds .

t* w 266 seconds

5-26 ]
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The sensitivity of the change in the endurance to variations in

the parameters can be determined from Equation 5-25, Differentiating

g this equation gives
. . T _av T/W . a(r/v

T Voot 2 T/

L] J 3 (L/D)ax
(5-26)

. 1 dC
o * T 2 ( CDO L 4 QE' )
: 3 (L/D)m [ ; = — ] Do
L. S« 3 (L/D)m

Por descending flight the denominator 1is

- 2 < 0
S 3 (L/D)w

E ]

dence, any spead other than V* reduces the endurance time. An increase
(decrease) in T/W incroases (decreases) endurance. An increase
(decrease) in either Cp, ©r K decreases (increases) endurance. Substi-

tution of V¥ from Equation 5-13 into Equation 5-26 glves

aT T/W d{T/w
T T "I, 2 T/W
"V Widx
(5-27)
. ) i 1 dCDo
S oy L1 - 2 1 “{ %o
ﬁ (L/D)W -
. g ! el ( dk
Zﬁ(uo)mtg- 2 ] 4( K

5227
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3
i Por the application consider the F4C, the characteristics for
2 which were defined earlier. Assume that
A hy = 20,000 feet
i hg = 10,000 feet
The solutions for the endurance and the sensitivity parameters are
Vi* e 396.4 feet/second
A Ve* = 336.5 feet/second
t* = 292 seconds
St/w = 0.178
P» SCDO - 0,839

Sy = -0.339

The biggest luprovement in endurance is by a decrease in CDc'

BF . ChRSET

Maximuy dar go for Spacified Spewd Change

" -

)

. T VT w
. e
N B

This prebiem differc from one of the previous problems, in chat
the speed rather than the altitude is specified. Problems that fall
into chis category are supersonic deceleraticns. Assuming that the
flight path sngle is approximately rero leads to the following com-

bination or Equations 5-1 and $-4

ax vV
v | R (528}
5 {T-D)

The indaper~ent vuriable is VY. The problem is the determination of
the Yest altitude as & function of spwed. If Equation 5-28 is optimal
everywhere along the best trajectory, then integzration gives maximum

range,

5-28
egeed

€21 008




In general both T and D are functions of altitude, For descending
flight,

- T-D<O

Since V decreasas with increasing time, it 1s convenient to introduce

the following linear tranaformation

u - Vi -V
"
-
Now u > 0, thus Equation 5-28 transforms to
Y (5-29)
.. du -
L] 7 ©-7)
Congequantly, for maximum range, the altitude as a function of V or u
is evaliaated such that Equation 5-29 is maximwa. This corresponde o
~ winlmas {S-T)/V. The gensral approach o to determine the eneed for

jj a given altritude, waight, and engine throttle setting which minimizes

7
;
2

(D-T)/V. The sltuation is deplcted in Figure 5-12, The optimal speeu
V* for decelerating fiight is obtained by draving a line through the

origin and tangunt to the (D-T) curve. The relationship between

altitude and speel 1g obtained by varying the altitude and applying
Pigure 5-12.
A, approximate analytical solution con be obtained as folilows,

=

Neglecting changes in 7, W, and the aerddynamic cosfficlients gives

the necessary condition for Vv

3-29
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Figure 5-12 Optimal 3peed for Maximum Range

substitution of a paraboilc polar gives

D = of 3 W

Cp SV (L/Dhax

Substitution into the drag equacion ylelds

PO sronizaraely H7t Af mavimum 1{fra

oo R S P
LAIUD (SR -4 t-.'.ﬂ“"- k\‘k’

to-dray ratic. It uss showr eg&vlier that thls alse corresponds to

the trajectary tor wminimaw gllide sinving speec.

530 B2 ReY
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Equation 528 becomes, for maxiaum range,

dX v
T
&( o

2
J“—i (L/D)Max

Using average values of T and (L/D)HAX over the speed range from Vy

to Vg glves the following solution for maximum range

X¥ «

2g ( == L
~ 3 (L/b)m

T
- )

Vy and V¢ are the initial and final speecs, respectively. The solu-

tion for X(V), defined by

V2

X(V) = (5-30)
P

/3 (L/D)pax

I
m )

"

is presenved in Pigure 5~13. The optimal deceleration range, X*, is

obtained frowm
X* @ Z(vy) = X{Vyg)

As an axazple, conslder the follow!ng characteristics
T/ = 0,05

(L/D)pyx = 8

Vi « 2000 feet per secord
Vi = 1000 f2er ner eacond
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From Figure 5-13
X(Vy) = 109 nautical miles
X{(Vs) = 28 nautical miles
Therefore

I X* e 81 nautical miles
The gsenaitivity of the maximum range to chang:s in the parameters
I is

_ d¢p

axr 1 ) 1 4K oy . Td(T/v

T 3 -;r_[ J'i(l.ln)m("’ cno)‘w T
I3 Wy ¥

o .

o 4T/

—————

. d¥ -
TR P o T TR TN

BY LT .,

where Sy, SCD y and St/y are the sensitivity parameters. For the
o]

E previcus example, the sensitivity parassters are

Sk = SCDO o 0,765

Sq/d = 0.530

Consequently, & docrease of 1X in K or CD° resuits in & bigger
isprovement in X than a 1% increases in T/W would achieve.

The aignificant point about this problem is that the descent anc
deceleration should follow a trajectory close to B7%X of maximuam lift-

to-drag ratio,

5-33
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Constant Angle-of-Attack Endurance Performance

T ¢ problem of interest in this section is the decalarating

performance of a supersonic glider. It no longer suffices to assume
that the chanygs in the speed is negligible. Tha purpose is to de-
velop an approximate relationship between endurance and the parameters
in the problem.

The general approach invelves the integration of the longitudinal
and normel accelerations and the differential! equation for the time-
rate~of-change of altitude. Given the inicial conditions and the
controls, it is then straightforvaid as far as determining a trajec-
tory. The sensitivity of the trajectory characteristics to changes
in the parameters can be determined by rerunning a trajectory computer
program, Unfortunately, it may be difficult to determine a rslation-
ship between a trajectory performance variable and the aircraft
characteriscics, Thus an approximate formulation {8 sought if it can
lead to the desired but unknown relationship. We turn our attention
to such a derivation,

The governing equaction is

V - -g D/W (5-31)
Engine power-off is certainiy appropriate here. The assumption of
regligible Y relative co D/W does not ygenerslly hnld everywhere

aleng the trajectory. Thus the following analysis is restricted to

portions of a trajectory where D/W is much greater than Y.
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The specific problem to be addressed here s the evaluation of
the endurance at or shove a given speed where the aerodynamic control
correspoends to a constant angle-of-attack. It will be assumed that
the aerodynamic drag polar is parabolic and the 1lift coefficlent variles
linearly with angle-of-attack., For constant weight, Equatlon 5-31

becomes

2
gl - - QE-S-L N C 2 2 5‘32
: = (Cp, * Kerga?) (5-32)

where CH} is the 1ift curve 3lope and a is the aerodynamic angle-of-
attack. Since V is the independent variable and t the dependent
variable, Equation 5-32 becomes

dt 2W
at o . . (5=33)
av pesvZ (CD, * xcl_é a2’

If the density is known in terms of V and likewise the aerodynamic
coefficlents, then Equation 3-33 can at least be integrated numerically,
To derive an analytic solution for endurance, it will be assumed that
average values can be selected for p, CDo’ K, and Cp. It should be
clear that care must be exercised whenever this is done. Equaiion

3-33 13 integrable, the solutlion for the waximum endurance abave a

specified speed V¢ is t*

2w (L2
Ve Yy
t* - (5-34)
pgs (CD0 e K CL; az)

where a bar over a parameter Or vartable Cenorss average value and

' Vi i3 the initial speed.

5-35 ,6225 9=
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Revriting Equation 334 givaes

1 1
2( o= = )
e N () (5-35)

Y
08 Cps

tf -

wvhere
r r ==2 2
('D - CD° e« K Clh a
Equation 5-35 shows that for congstant angle-of-attack t is linear with

respact to ving loading W/S. Consequently, the variation in endurance

time is equal to the change in wing loading. Let

” v
tiV) & <= (=)
Vpg CpS

Maxiaum endurance is therefore

t* e rVe) - t(vy)
The solutlon for t(V) is presented in Figure 5-14. HRuie that the
scale on t(V) is logarithmic.

As an example, the endurance according to Equation $-35 wvas com-
pared with the result obtained from the integration of the differentlal
equations of motion. The initial Mach number was 4.4 and the final
Mach number was 3.0, The altitude varied between 97,C00 and 108,000
feet, The angle-of-attack was 12 degrees. The density corresponding
to the average of these two altitudes was used, The average values

for CDo' K, and Ckz were 0.034, 1,164, and 0.015, respectively.

336
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The wing lcading was 20 pounds per square foot. Equation 35-35

resulted i{n an endurance of 96 seconds, vhereas the integration of
the equations of motion gave 85 seconds. Thus, Equation 5-35 gives
a representative answer for endurance.

The sensitivity of the endurance to variations in the parameters

is

acw a(w/s) dED
* W —
| o 75 CD

Consequently, the endurance changes in direct proportion to the
increase in W/S (Eb).
For the last problem, the glide is at constant L/D rather than

constant angle-of~attack.

Constant L/D Endurance Performance

The problem here is the asame as the previous problem except that
the aerodynamic control corresponds to constant L/D ratio rather than
aerodynamic angle of attack. The ganeral approach is the sama as
before, the exception being in the control.

For the approximate formulation, Equation 5-31 holds, For

constant L/D and L « 4, Equation 5-31 becomes

ala
i<
]
9
o
gl [~

or
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Integrating gives endurance

(Vq - V¢) (5-36)

-~
[ ]

0Q Qe

Ol

Equation 5-36 shows that endurance varies linsarly with L/D. Thus the
change in endurance i{s equal to the change in L/D.

For an example, ths characteristics of the previous probiem result
in a L/D ratio of 2.51. The endurance at or ahove & Mach number equal
to 3.0 is 108 seconds. It should be pointed out that a comparison with
85 seconds (the integration of the equations of motton) does not apply

since this solution corresponded to a constant angla-of-attack control.

Summa of the De 1ide Performance Probleme

Seven problems were studied in this section. Approximate analyti-
cal solutions were derived for all of the problems. For thoge problems
where the aerodynamic control was free, it was establishad that the
optimal trajectories correspond to either maximum lift-to-drag ratio
or the aerodynamic control which corresponds to mirnimum sinking speaed,
In addition, the sensitivity of the performance was Jdetermined in terus

of changes in the aircraft parameters.
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SECTION VI

TURNING PERFORMANCE

Problem Definition and Assumptioirs

Although turning performance is general.y studied in a horizontal
plane, it is of equal importance for both ascending amd descending
flight. For example, heading changes after takeoff are representative
of ascending turns. Altitude changes during holding patterns above
alrports involve descerding turns, In addition, heading changes for
final approsch to landings are descending tums.

For a point mass assumption, i{.e., the mass Is concentrated at the
center of mass, six differential equations held., These equationg in-~
volve the speed V, the flight path angle Yy, the heading angle u, and
three position coordinates. The six state variables are presented in

Figure 6-1 where polnt P is the centaer of mass.

—

z
v
P('
<V oy
yra
/
S ,"
-
e |
+— !

Figure 6-1 State Variables
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The differential equations

Y T
V = g (i
- L
g = % ( ;
Y- gL«

X = V cos

.

V cos

“
»

V sin

are as followss

D
-V sin Y)

q%sina)ﬁe—g

% . 5 sing ) cos P - cos y ]
Y cos @

Y sin g

Y

The load factor n is defined as

L4

o
]
= [t

=in

sin a

Suustitution Into EQuations 6«2 and 6-3 glves

g =« Zn.sin 4
V cos ¥

Y = % (n cos P - cos Y)

An addjitional variable of interest 1s the radius of turn.

horizontal plane the radius of turn is Rg where

|
|<

%o |

Ce

and |6| 1s the absolute value of ¢ .

of cusa is RY where

6-2

62TET

(6-1)

(6-2)

(6-3)

(6-3)

(6-5)

(6-6)

(6-7)

(6-8)

(6-9)

In the vertical plane the radius

621003
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Vv
] — (6'10)
~ M

and l?' is the absolute value of ?.

It i3 easily shown that at the same speed and maximum allowable
load factor & faster turning rate can be achieved in the vertical
plane than in the horizontal plane. As a consequence, BU is greater
than Ry. In the vertical plane if f = 7 the 1ift and weight component

are additive, hence
l;l - & + cos Y)
MAK VvV VY HAL

In the horizontal plane

Y «Y = 0 (6-11)
and it follows that ﬁ
cos § = 1/ny,y (6-12)

Substitution into Equation 6-7 gives

| g8 M2 1 (6-13)

Since

max * €08 Y 2 myy > |[njy - 1
it follows that at the same speed

vl > tal
1 | MAX t I MAR

Therefore from Equations 6-9 and 6-1C
RU > RY
ST
~ 621 9938
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Optimal Turning in the Horlzontal Plane

Turning capability is constrained by the maximum allowable load

factor., Maximum load factor es a function of Mach number is

illustrated in Figure 6-2,

STRUCTURAL LIMIT

AERODYNAMIC /1|
u LIMI \/
max

14

l
l
I
1

M M
c

. N
PR AR

Figure 6-2 Maximum Allowable Load Factor

@ . ’ .
M Iy L.
.'.l"l"\.'.

M. corresponds to the cerner speed and ias defined as the intersection
batween the aerodynamic limit and the structural limit, For level
flight performance, M. and the structural load factor limit yleld
winimum Rc’ max {mun !5|. and maximum bank angle. For level flight
turning performance Equations 6-11 through 6«13 hold. Thus, above N.

the radicel «n equailon 6-13 is constant but V incireases; thus

“¢ 622897
621 008




maximun |G| decreases along the structural 1limit, Along the aerody-

namic limit nyay is related to maximum lift coefficient Clyax Y

svec
Max = ‘.)___ﬁ‘& (6-14)

2W

Substitution into Equation 6-13 gives

] psvic 2

lolyy = & (—lwax, (6-15)
v 2w

Clearly nyax must be greater than or equal to oné¢ fnr rezl g .

Consequently, along the aerodynamic limit |6|HAX increases with

increasing V and the naximum value occurs at the cormer speed, Thus,

|6| is maximum at the corner speed. From Equations 6-9 and 6«13

Ry i (6-16)
- 6-16
. g 2 -1
! Along the structural limit RU is minimum at the corner speed. Along
. the aerodynaric iimit Equations 6-14 and 6-16 give
’ ve

Rb - (6-17)

2 2
sv°C
S\J ( 9—-—55!62 ) -1

5

. Along the aerodynamic limit R; decreases with increasing V, hence the
\»

{ corner speed yields minimun R,. Finally maximum bank angle. 9, oc:zurs
.J A d

é along the structural limit. This conclusion follows directly from

:t Equation 6-12.

o~

A

D\ -
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The next four problems concern sustained level flight turming
performance., This infers that the speed, the flight path angle, and
the turmning performance variables « n, RU' $, and 6 do not change with
time. The engine throttle setting ls also fixed. First, the zeneral
case will be considered and then the special case of a parabolic drag
polar will be addressed. Since the speed Is constant and Y = O,

Equation 6-1 requires that
T = D (6-18)
Equation 6-3 requires that

cos p = 1/n (6-19)

M
<]
c
»
cr
-
=
=

6-2 bacomes upon substitutlion of Equatlon 6-19

: g = % 4’ n2_1 (6-20)

R = b“! (6-21)

The drag is defined as

1 2
2 D - 7psvicy (6-22)
ﬁ The drag coefficlent Cp is a function of altitude, Mach number, and 4
’

; 1ift coefficient, C;. The lift coefficient is related to n through

¥
-
-
»e
-
s
b

2
av-(C
n = EFL (6-23)

6-6 62269
21009
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Given the speed and altitude, Cp is obtained from Equations 6-18 and

€-22. Cp is determined from the relation between CL' CD’ M, and
altitude. Finally, n is derived from Equation 6-23, Thus n as a
function of V for T w D is like that ifllustrated in Figure 6-3,

Superimposed on Figure 6-3 cre the aerodynamic and structural limits,

<l— — — —

n*

Figure 6-3 Sustained Level Flight Load Factor

Data like that in Figure 6«3 identifies n* and the speed for optimal

n, v Maximum bank angle £* is obtained from Equation 6-19

n*:
-1
P - cos (1l/n*)

Relative to turning rate, substitution of the relation between n
and V into Equation 6-20 glves 6 as a function of V. The result is

presented in Flgure 6-4.

67 023269
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Figure 6-4 Sustained Level Flight Turning Rate

The global maximum sustained value for the turning rate, 6', and the
corresponding optimal speed V&*' are indicated., This solution s
correct if the value of n corresponding to 5* is interior. If not,
e

¢~ 1is constrained by the maximum allowable load factor,

Substitution of Equation 6-20 into Equation 6-21 gives

<
~
ey

(6-24)

The relation betweern n and V when substituted into Equation 6-24 gives
data like that in Figure 6«3, As before, the value of n corresponding
to miniaum RU must be compared with the constraints on maximum allow-
able load factor. Presentations like the data in Figures $-3 through

6-5 along with the maximum allowable load tactor identify optimal

values for the load factor, bank angle, turning rate, and turning radius.

0o 6-8
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Tigure 0-3 Sustained Level Flight Turning Radius

We now turn our attention to the special case of a parabolic

asrodynamic¢ polar. The aercdynamic relation is
c ¢ 2
D * DQ’KCL

-~

where CDO and K are assumed 10 be constant. Subsciluting Equatrions

6-18 and 6-23 gives

IR LR R e
n ™ sz (T 5 PSV CDo) (6-25)

Substitution into fquation 6-20 gives




. ..""'l.'v‘

The relation for R is shown in Equation 6-21, and can he rewritten

a thus

[ o2
2/ | 0S8V 21 2 - -

Equations 625 through 6-~27 and
cos £ =« 1/n

define the relatlonships between the turning performance variablez, the
speed, the altitude, and the aircraft characteristics. Hereafter, it
will be assumed that the aerodynamic coefficients and the thrust are

independent of speed. The problems wnich will be addresssd are the

Qe
|

derivetion of the cnoede vhich maximize n and and minimize R

ok

It is easily shown that the speed whirh maximizes n, Vn*, is

T
n
pSCp,

The global maximum value of n, n*, is

n* = % (

Ol

) (6-29)
MAX

Whether or not this is a feasible solution i3 dependent upon whether
or not V . and n* are interior to the aerodynamic and structural limits.
t shoild be pointad out that there is an alternate way for derlving

Equarton 6-29, From tho definition of n and T« D, it follows that

L
n = - o
W

O~
E A [ ]

610 6226 9m
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Thus the maximum value of n {9

it
-
~

n* e« MAX (
v

which reduces to Equation 6-29 {f the thrust is independent of speed.
The relation between n*, L/D, and T/W is presented in Flgure 6-6,

Maximum bank angle is determined directly from

cos D* - 1/n*
N\
and s presented in Flgure 6-7.

The speed which maximiges 5. Vét is

Ve, = (__A.E.H.Z_ \k (6-30,
Q Ozscho

which is recognized as the speed for maximum L/D. Substitution into

Equation 6-26 gives the global maximum value for 6, o*

PSCp }
(5.4
e x2="2¢Ly [ (k) I.1] (6-11)
¥ MAX ¥ MAX T At
Maximum sustalned turning rate 1s presented in Figure 6-8,
For minimum R, R;, the optimal speed, VR* is
Q9
K
VRe T M GST (6-32)
Thar caltlartinn fae D* o rharvafara
&ss - mes ey was - w - - N a w w
* . L T L2
Ry = w/g pCDOS ( > )HAX J_( r DI ¢ D )HAX 1 (6-33)

Minimua radius of turn is presented in Figure 6-9,

6-11 &Hm
HL8R6 621 008
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Relative to the cptimal speeds derived previously, it can be

easlly shown that at the same altitude

Vn* - Vn* z V6* ?- V%* (6"3“)
The equality follows from

cos Pp* = 1/n*

From Bquations 6-23 and 6-30

( vn* 2 T/pSCDo
Yo w [X
PS N Cp,
- L (L
v D )w

From Equation 6-29 and n* > 1 for level flight turning, it follows

that
v.> V

ny¥ = G*

From Equations 6-30 and 6-32

2 24 K

Veu oS \ Cng T, L

o* ) 2 ¥Bo | X (%, > 1

VRO* (.uz,..l.‘_ W D Max

pST *
Therefore

V.. > V. .
g% T RgT

In Equation 6-34 strict equality holds if n* = L. This corresponds to

the subsonic celling.

616 ~ S -
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Sensitivity Analysis

The sensitivity of the tuming performance variables to changes

in the aircraft characteristics is presented in Table 6-1 where

du/Gp S
. a1/ dL/D dh Do
4 STt Swp Lo Sh R * SH/CDOS ¥/Cp S

and J i1s the relative change {n the turning performance variable
(e.g., dn*/n*). The sensitivity parameters Sy/y and Sy/p for the bank
angle, turning rate, and radius of turn are presented in Figures 6-10
through 6=12. The conclusion to be drawn from these data {s that an

increase in L/D relative to an equal increase in T/W reaults in an

equal change In n* or f*, an increase in 5*, and a decrease in RU*.
Thus, for gustained level flight turning performance tne biggest

improvements result from an increase in maximum L/D ratio,

Level Flight Accelepating and Decelerating Turning Performance

We present here only the gsneral theory of nonsteady state level

flight turning performance. The anaiytical derivation of the trajec-
tory is beyond the scope of this effort and will be presented in
Volume II, Refer to Figure 6-13 which is the same as Figure 6-3,
Interior to the maxjmum allowable load factor are the two regions
T<Dand T> D. The curve T = D wvas exa~ined esarlier and is the

constant speed situation,

There are three situations which require examination, They all
depend upon the initial speed, load factor, and bank angle. From

Equations 6-1 and 6-3 for level flight




TABLE 6-1

SUSTAINED LEVEL FLIGHT TUPNING PERFORMANCZI SENSITIVITY FARAMETERS

Variable S};[H SL[D h )
n* 1 1 0 0 )
p* 1/4 n*z-l sec™lpw ST/w 0 0
. n* 2n*-1} 1
o* S EE—— = = gh - =
2(n*-1) Z(n*-1) 2 8 2
#? >

* -n 2n™ -1
- el gh 1

% n*z-l n*z.l

°1f 62269
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V = g ( (6-35)

A ]
'
=IO
~

ncos f = 1 (6-36)

s ‘.

L)
)
a

Consider first the situation whera the initlal point corresponds

i. to point A in Figure 6-13,

- T>D T=D

Figure 6-13 Accelerating and Decelerzating Turning Performance

Since T < D, V<o from Equation 6-35. Consequently, the speed

decreases until the curve T » D is reached at point A', Point A' is .
a stable point in that a perturbation in the speesd will result in

the speed returning to the point A'. Also, along A - A' n and #

—_— L - o
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If point B represents the initial state, then T > D and V>0,
g Therefore, the speed increases until the curve T = D is reached. The
; peint B' 1s also stable. The load factor and bank angle are¢ constant
i along B - B',

When point C represents the initial state, the trajectory corres-
ponds to the path C - C' - C". Since T < D at point C, V < 0 and the

speed decreases at constant P and n until point C' is reached. Since

point C' 1s on the aerodynamic limit and T < D, the speed decreases

along the aerodynamic limit untii point C" 1s reached. On the aero-

- Y v e

dynamic limit both P and n decrease as V decreases, Point C" is
unstable since a perturbation in the speed causes the spaed to move
away from C", 1If the perturbation is positive, 1 > D and the speed
increases until the curve T = D is reached., If the perturbation is
negative the speed decreases with a stall occurring.

Thug, Figure 6-13 {llustrates the sequence of events for level

flight turning mansuvers.

Turning Performance for Constant Speed and Flight Path

The analysis here has application to both ascending and descemding
flight., Since the speed and flight path angle are constant, Equations

6-1 and 6-3 give
T « Do Wsiny (6-37)

ncos P = cos Yy (6-38)

factor and bank angle maintain constant flight path angle. The thrust

R 6-23

6219008
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for ascending and descending flight 1s different due to the difference
I in the sign for the flight path angle.

Since the flight path angle and speed are constant, from Equaticns

6-2 and 6-37 the heading angular rate is also constant .
G - 8nsinp (6-39)
\) cos Y

Consequently, Equations 6-39, 6-4, 6-5, and 6-0 are integrable

v cos Y

X = X o-\;’-cosy(sma-sinoo)
g

Yy = yo ; cos Y (cos gy ~ cos G)
g
T ~ oz, Vt sin ¥y

vhere subscript zero implies initial value, Clearly, the trajectory

is a helix, The radius of the trace of the trajectory ln the x-y

plane, RU’ is
v
RU - g cos Y

This reluces to the radjus of turn Equation 6-9 for horizontal turns.
By eliminating the load factor by means of Equation 6-38, the

following equations result

cos Y
cos P

v2
@ ~—cos Y cot P
ks s Y

624 “‘Q??%G 9'.
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At = % & cot P

Ah = At ¢ V siny

' where At, o, Oh are the changes in the time, heading angle, and
altitude during the turn. The varlables are presented in Figures 6-14
through 6-17., In Figure 6-17, the sign for Y and 0h is negative for

= descending tumns.

The sensitivity of the turning performance varlables to changes

in y, P, and V are presented in Table 6-2 where

‘ . dv d{Ad)
- A-sdeospdposv-;osm-E—

and /i is the change in a performance variable (eq. dn/n).

5 TABLE 6-2

- ASCENDING AND DESCENDING TURNING FERPORMANCE SENSITIVITY PARAMETERS

Variable Sy Sp Sy Sho
n -tan Y tan P 0 O
Ry -tan Y -csc?p 2 0
Ot 0 -csczb 1 1
; 2
Ah cot Yy -csc’ P 2 1

6-2% <
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Summary of the Turning Performance Problems

Analytical solutions were derived for constant speed and sonstant
flight path angle trajectories. 1In addition, sensitivity parameters
were determined for these problems, The situation wherein acceleration .

or deceleration occurs during a horizontal turn was discussed but no

solution vas derived.

N 6-30
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SECTION VII

LANDING PERFORMANCL

Froblem Derinjition and Assumptions

As was the case with takeoff performance, the design of an air-
craft can be influenced greatly by the requirement to land the aircraft
in a given distance. In many of the alrcraft today the fieid length
required to land the aircraft appreoaches the field length required for
takeoff, The two main factors which influence the landing field length
are the speed at which the aircraft approaches and the braking capa-
bility of the aircraft once it is on the ground, The lower che
approach speed and the higher the retarding force on the ground tChe
snorcer wiil be the

2 .98 Vo L ™
ield lsngth requicsd This hee 124 to the larger

and faster alrcraft being designed with sophisticated flap and spoiller
systems.

The determination of the landing field length is handled in much
the same way as the takeoff. The landing i1s made in two phases - the
approach over the obstacle with a flare to touchdown and tne¢ ground
roll to a full stop. The field length is defined as the distance from
the obstacle height to a full stop on the runway. Figure 7-1 illus-
trates the definition of the landing field length.

The calculation of the landing flare and ground roll is made with
the assumption that there is no wind and tha aircraft is in a steady
state approach toward the obstacle, Military and civilian ground rules

-

- a8 _ _ & _ "2 % mamead cmmmn o e camesal Ta.
LVYL douv g L;GA\-I length reguirs=santes uauslly =52

b)
"
e

lated fleld length be increased by a constant percuntage to account for

7-1 6226¢
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FlrLD LENGTH = A+B=C

‘-(— A —>fe ————— B
OBSTACLL v
HETGHT l D STPP

=y

Y 1

Fipure 7-1 Definition of Landing Field Length

variations in runway conditions, aircraft braking, efficlency, and
pilot technique. For axample, the Faderal Aviaticn Agency landing

fleld length requirement is defined as the calculated landing distance

to a full stop over a 50-foct obstacle multiplied by the constant
1.667. In determining landing fleld length requirements the engineer

nust be knowledgeable of the appropriate regulations which apply to

his aircraft.

Methodology N
The calculation of the landing distc-~<+s vil] oe handled 1.. Lwo
phases. The phases are the distance for the apprcsch over tha obstacle

with the flare and the ground roll distunce,.

7.2 62269




The approach and flare will be the first to be considered. The
distance covered In this portion 1s the distance from the given
obstacle helght to the point of touchdown. The approach is made at
a steadv state glide slope at an approach speed determined by the

approach C;. The equation for approach speed is:

lzw/s
V - (?‘1)
APP QCLAPP

The approach Cp, is determined fram aeroiynamic characteristics of the

aircraft in the landing configuration and established under military
or civilian ground rules. For example, MIL-C-5011A speciflies that
the approach spasd shall be at least 170K of che power~uii aiall spssd
for the landing configuration, For this case the approach C; would be
“LstaL

“Lapp = T (1-2)
The alrcrafc attitude during approach should be such that the maln gear
will be the first point of contact with the runway, If the angle of
attack at the approach Cp is such that the aircraft tail will strike
the ground, then the C] should be reduced to allow ground clearance.
To be conservative the ground clearance is usually checked with the
struts compressed,

Equation 7-1 would then give the speed at the obstacle height to

algulacion of tha Alstanca to touchdown. This distance can be
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Fipure 7-2 Approach and Flare Distaunce for Landing

The distance (S,) from the obstacle to touchdown is defined as:

Hop

A " tany

¢ R tan Y/2 (7-3)

The glide path angle (y) is usualiy very small, Therefore, we can say
that the tan Y s sin Y~ Y radians. The distance from the obstacle to

touchdown is8 then

SA = 2B 4Ry (7-4)

Y

If we assume an obstacle height of 50 feet which is standard for mili-
tary and civilian ground rules, we can write Equation 7«4 to be

SA - S-YQ +« R Y/2 (7.5)

RV e e Mt
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i To solve Zquation 7«5 we must determine expressions for Y and R in

terms of known aircraft parameters and forces.

s To 0
WFalal e

For the steady state approach the sum of the forces parallel to

the flignt path is
:i D = TeWsiny (7-6)
and the sum of the forces perpendicular to the flight path is
L « Wcosy (77)

Solving Equation 7-6 for sin Yy and Equation 7-7 for cos Y and dividing

glves

sin y - D-T
cos Y L

= tan Y (7-8)

For small angles and steady state conditions tan Y s Y radians and

L = W, therefore
1
Y - 5" /v (7-9)

The acceleration normal to the flight path needed to flare is attained
by rotating the aircraft to a slightly higher Cj defined as Cj. The

ity torce is then
L' = CL' 2— DV~S (7-10)

The force normal to the flight path is

Fy = L' ~Wecosy « L' =W (7-11)

1-5
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During the staady state approach and glide the lift force is
1,2
L =« C ves 7-12
Lapp Z P (7-12)

and can be assumed equal to the welght. If we set Equation 7«12 equal .

to the weight and divide Equation 7-10 by 7-12 the result is

1 Cy,
“ [#) .(‘T;._-
‘APP
or f_
o E
L e ey (7-13)
CLAPP

This essumes that tne velocity (V) 1s essentizlly constant, Substi-

tuting Equaticn 7-13 in%o Equaticn 711 the result is

¢ c
R e W(gE—-1
Larp Larp

but
n = L'/i = CL'/CL

where n is defined as the load tactor, Therefore,

The acceleration normal to the flight path Jor the flare is

ay = :'YE (7-15)
- 7=6
: . 62269
: 621008




and from the relation of angular velocity to the corresponding linear

velocity
dy
V - R—-
dt
therefore,
& ¥
dt R (7-16)
Substituting Equation 7-1% into 7-15 gives
173
n = R (7-17)
The normal force to tha flight path is
EN s A = %IN (7'18)
Substituting Equation 7-14 and 7-17 into Equation 7-18 gives
W v2
W(n-l) = g &
Solving for R glves
R —vin_
g (n-1) (7-19)
From Equation 7-10
L}
S pCL
and
L' =« nW
7-7 )
Q269 621 008




Therefore,

R oo —20M
pscL's (n-1) (7-20)

Subatituting Equation 7-20 and 7-9 into Equation 7-5 gilves

T
( -=)
0, ;fn ¥, ___20¥
2

pscL'g (m-1)

SA. 1

05 -

==

but,

*
CL - n CLAPP

Therefore, the distance to clear a 50-foot obatacle in terms of air-

craft parameters and approach conditions is

1. .1
50 ,’s"‘m w)

1.1 A
(U-D-'a) OCLAPPg(nl)

”~
~i
]
[
ot
p -4

The stopping distance after touchdown (S;) can be determined in
the same way as the takeoff in Section II. To be conservative we can
assume that the touchdown speed is equal to the approach speed and that
the derotation 1s instantaneous. The velocity (V) and acceleration (a)

at any time are defined as

ds av
v H and A ® ac
or
45 « Vdt and 4t w ‘:—V
Therefore,
45 = v %1 (7-22)

8 62269
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Assuming the no-wind conditien, the ground stopping distance is defined

as

S¢ = yady (1-23)

where VID « touchdown speed.
Figure 7-3 showa the forces acting on the vehicle during the

braking portion of the ground roll,

—

™\
Fa D \§>§ T
P T B
-— %‘?@e——ﬁ ’\?E>

oy

W

Figure 7-3 Forces Acting on the Aircraft for the CGround
Roll

i To solve Equation 7-23 an expression for acceleration (a) in terms of
aircraft parameters must be determined, The stopping frictional force

(F¢) between the runway and the tires is defined as

1
Ff = uN = p (W=-L) (7-24)

- 7-9 e —

; 92 zZbv
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The external force acting on the vehicle is

(7=-25)

"y
-
L}
5
[
omjx
»

The remaining forces are 1ift (L), drag (D), thrust (T), and weight (W).
By summing the forces acting on the alrcraft parallel to the direction

of motion the result is

r-n-p(u-n).§,
Solving for (a) gives

- I- - 2-- E

a 8[(\, )= (3 “w)]

Substituting tie definition for 1lift (L) and drag (D) which are
L = CpaqS and D = Cj,qS

the expression for (a) decomes

a = g[ ( % -p)-gq % Cp - u ) ] (7-26)

Substituting Equation 7-26 into 7-23 gives the expression for the |

ground roll distance (Sg).

Sg =~ — V‘“’S (7-21)
Vo & [( woB) -aT(-pcy ]

Equation 7-27 can now be solved by numerical integration to give

round-roll Qdistenca, Howaver. for the nurnosas of nreliminarv

design, assumptions can be made to give an analytic espression for

T & N v,

0 622604
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the grand roll distance. These essucptions are that Cp = Cp.,

-~

v = CLG' and the thrust &re all conztant.

Substituting the expression for q, Equation 7-27 may be written

o
vdyv
S¢g = Iv T ey (7-28)
™ g[(y-u - ¢ -ucy ]
fquation 7-28 can then be reduced to the fora
o
Sc = AJ —Tu—‘-z’- (7-29)
Vo -B~ -V
where B ard A arc defined as
T
h L
B 5 L] - -c? (7-30)
= (¢, -ucC
7w Cog = 8 Cug)
A = 1 (7-31)
€3 ¢ c
v Cog - i)
¢? is the parameter used in the takeoff calculation,
Equation 7-29 can be written
v
S r o vdyVv
o B¢ « V2
and integrating gives the analytical expression
2 2
B & V¥
A gy -
Sg = 5 1n " (7=32)
7-11
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Assuning that \I.ID - VAP’ Equations 7-), 7-30, and 7-31 can be substi-
tuted into £quaticn 7-32 to give a generalized solution fcr the ground
roll. The results of this procedure are presented in Figures 7-4, 7-5,
and 7-6. Pigure 7-4 presents the approach speed as a function of known '
alrcraft parameters and altitude. Flgures 7-5 and 7-6 give the ground
roll in terms of known aircraft parameters and altitude. In Plgure 7-6
Vip is equal to Vp.

Another approach for determining the ground roll is based upon the
assuaption of average scceleration. This leads to a simple form for
the ground roll that can be solved very quickly. In Equation 7-26 we
can see that if the aerodynamic coefficients, thrust, and p are

fairly constant, the acceleration will vary with the spued squared.

Tnis is illustrated in Flgure 7-7.
The average acceleration (a) will then ba (a; ¢ a3)/2 and the
average speed squared is defined as teing at this point. Writing this

term in equation form we ge®
2

2 2

Solving for v gives

-
- ’ Voo
V = 2— e 0,707 Vm (7-33)

Equation 7-26 can then be writ-en as an average constant acceleration

an
A - [-4
~

—

[l

(3o -aq2

wvhere q and T are evaluated at V,
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Figpure 7-7 Acceleration Vs. Velocity Squared

With a constant acceleration Equation 7-23 can be integrated and

written

1 2
Sg ®» = =1V (7-35)
G 2z D
Weltten in terms of 8% and &, a5 dsfincd in Equations 7-30 and

7-31, respectively, Equation 7-35 would be

A - sz

- (7-36)
2 (82 + Vpl/2)

Sg

The results obtained in Equations 7-35 and 7-36 are in excellemt

agreement with those obtained in Bquation 7-32,

7-16




Situations where drag devices, such as drag chutes, flaps,

spoilers, and thrust reversers are employed can also be handled using
Figure 7-6. These problems are handled as follows. If drag chutes
are ugsed, they are released at some time after touchdown. Assuming

average accelerations gives the following equation

Ve o
S¢ =~ 2oy W
Vo 8 Ven =,

where :l’ a, are average accelerations over each interval and V., is
the spsed at which the chute is deployed. Chute deployment ig assumsd

to be instantaneocus. The speeds at which :1 and ;é are evaluated are

[ 2 2
Vl - VIE * VCH
2
2
V. o || len
2 2
Integrating gives
2 2 2
so » L T ). 1 o
G - -
a 2 a) 2

Subatituting A and B, appropriately defined over each interval, and

rearranging the resulting equation gives

A Vi ¢ VeR ac Az vl
SG ™ T‘- ( - ) L ] (7'37)
2 2 2 2 7 2
p2 o Yen * Ym 22 o Ve * Vo Bl o JCH
2 2 2
7-17
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For titls example B; and B would be the same. A; and A; differ by the
increase in the chute drag. Comparison shows that the first and third
terms are like Equation 7-36. Consequantiy, Figure 7-6 can be used

directly where *

Vg = 42 v; = 4 Vcﬁ * VI% for the first part
Vg o= V2V, = vy for the third part

The second term is different from Equation 7-36 since Vqp does not
appear in the numerator. But fcr practical problems Vi can be dropped
from the second term since its contribution is negligible. Thus the
second term is similar to Equation 7-3€¢ except for the factor two. The
contribution from this term to S; cen be obtained from Figure 7-0 with

Vg » Vo but it must be multiplied by two. As an example, assume the

following values

B2 = B = 2.1x 106
A) = 1.2 x 10°

A = 0.36 x 10°

Vp = 300 feet/second

Vi = 250 feet/second

Let subscripts 1, 2, 3 refer to the first, second, and third parts

in Sg. Now

Vg = VFI.SZS x 165 for the first part

VR e 250 for the second and third parts

7-18 6226y
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From Figure 7-6
SGl = 4200 feet
852 e« 1700 feet

SG3 o 500 foet

Substitution into Equation 7-37 gives

Sg = 4200 - 2(1700) ¢ 500

= 1300 foet

With no drag chute, the ground run would be based upon Vg » 300, The
ground run for this case is 2300 feet.

For thrust reversers the situation is different from the previous
case, As an example, the thrust reverser is engaged after touchdown
at speed VCH1 and disengaged at speed VCH2 before zero speed is

reactked., This is to prevent forelgn injectlion into the inlet. The

relation for ground run is as follows!

VeHy Vel o
Sg = J ., g vdv 4 vdv
Vm a) VCH1 ajz VCH2 ;3
Integrating, as before, givaes
2 7.2 2 2 2
1, Yeiiy - Yo 1 Veip - Vol Vchy
S¢ = —( Jo = ( ) «
ay 2 ap 2 2a3

where aj. &;, aj are also computed in the same way as in the previous

exsnple.

7-19 62269




Substituting A and B gives

2 2 2 2
A Ym - Vew, A Vorp T Vew, .
SG - -i- ( ) L J T % 2 )
v v v )
1 L J 2 » -"—"-"———2
2
A3 Ven,
. —2-( > )
Veh
532 * 2
2
Rearranging gives
2 2 2
A ( Ym *Ven, 2Ven, ,
% = 7 V2 ev2 v2 e v.2
2 CHy ™ 92 CHy ™
bi L 2 bl * )
v 2 * V 2 2v 2
LA cH, * Veu, _ CHy ,
2 , Ve, ¢ Vch, . Vchy + Vch,
- 32 »
2 2
2
TP
* Ty 5
Veu
B, » 2
375

For thrust reversers, Al’ AZ’ and AS are the same, Figure 7-6 can be

used to determine an approximate solution for S;. Breaking Sg into

£ 8 _a_ —_—— A - -~ A PUpES R PR S £
LAYVE pGLLO @GN GpPAYLLIE It &




4 ! B, Veu, Sg,

5 A3 B3 VCHZ SG

and then combining the results gives Sg

Sec w Sp. = 25- 4 S = 2S5~ 4 S
G G G Gy G, T 76

As an example, assume the following values

5
Al-AQ.AB-I.ZXIO

B, e 4.0x 106 (approximately T/wW = -« 0.3)
Vip = 300 feet/second
VCH1 = 200 feet/second

V»HZ = 100 feet/second

11 62269



From Figure 7-06

SGl = 4200 feet
SG2 = 1700 feet
SG3 = 1000 feet
SGA = 350 feet
565 = 100 feet
The ground roll 1s therefore

Sg = 4200 - 2(1700) + 1000 = 2(50) ¢ 100 = 1800 feet

Application and Sensitivity Analysis

In preliminary deaign work it is desirable to have a generalised
chart avatlagble which will predict landing characteristics. This
chart 18 usually tailored to a specific set of ground rules and some

knowledge of the configuration. For example, MIL-C-5011A states that

landing dlstances to clesr a 50«footr nhatacle are hased on speeds that

are at least 120X of the power-off stall speed, and that ground-roll
distances shall be for hard-surface runvays having a braking
coefficlient q;) of 0.30. This defines the basic ground rules fer the
calculation of the landing requirement. Additional assumptions, such
as selecting standard-~day sea-level conditions and & nominal load

; factor (r.) of 1.10 for the flare, will give the neceasary information

- to caiculate landing distance.

7-22 02265
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The approach and flare distance is determined from Equation 7-21.
This equation can bc written as a function of approach flight path
angle (y) by substitution of Equation 7-9 into Equation 7-21, The
rasult would be
50 sV
Y 0 CLAPPg(n—l)

(7-38)

A genaralized chart can then be constructed as a function of ¥y, W/S,
and CLAPP for a given density (p) and load factor (n) conditlon.
Figure 7-8 gives the results for a sea level standard day and a load
factor of 1,10, Knowing the CLAPP and the desired approach glide
slope, the distance te clear a 50-foot obstacle can then be determined.
This flgure also shows the sensitivity to wing loading (W/S), glide —1
slope (Y), and approach { for the given conditions.
The ground-roll distance can be determined from Figures 7-5 and
7-6 or a generalized chart can be constructed using the average acceler-
ation method and Equatlions 7-34 and 7-35. The results of the average
method are shown in Figure 7-9 for a braking coefficient of 0.3, a
CDG of 0.03, and a CLG of 0,0, This figure glives the engineer the
visibility for variations in approach speed and ground thrust-to-welight
ratio. As was the case for takeoff, the ground-roll distance is less
sensitive to wing loading. The summation of the results derived from
Figures 7-8 and 7-9 will give the landing field length requirements
with no tolerance applied. The appropriate tolerance would then be
applied, depending on the regulations under which the alrcraft is being

designed.
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Summary of land Performance Problem

Methods were derived to solve landing-field-length distances
including approach to ¢lear an obstacle, flare, and zround-roll
stopping distance. These methods rr:’lde the engineer the means to .
quickly evaluate the landing requirement based on design parameters.
Sensitivity to pavameter varlations is quickly visualized with the

development of appropriate charts.
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AN EXAMPLX

As an example of the utility of the methods derived herein, an
P4C combat air patrol (CAP) misgion will be examiued. The mission is
defined in Figure 8.1, The segments which can be handled are segments
B, C, H, and I, Segments A, E, and ¥ are configuracion dependent ard
generally are not suaitable for evaiuation by gencrralized handbook
techniQues., Segment G involves only a w2ight change. Endurance,
segment D, car be handled if the altituda or speed are specified,

Three distinct external configurations muet be considered. PFor
Segment B and part of C, the P4 is eaquipped with missiles and two
different types of external fuel tanks. During these portioas of the
mission, fuel 18 used trom one of Lhe tanke - whesn empty ths tank is
dropped, During the remainder of segment C the fuel i3 used from the
other tank. For the return cruise, segment H, the configurerion is
clean - thera are no external fuel zanks cr missiles,.

The first step 1s the evaluation of the trajectory along segment
B which is the climb portion. The starting aititude and weight are
known. The end weigint and sltitude are unknown and will be determined
in conjunction with the initial cruise solution. The bear climb speed

is deternined from Equation 3-18,

{ 2 %
V e f LIS g § I 3 (3~18)
BN vl G ooy J}

1 6Z269
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A. Wwarm-up, take-off and accelerate: 5 min. with normal power plus 1 min.
with afterburner.

C. Cruilse out at ootimum cruise altitude and speed for long range.

D. Patrol at speed and altitude for maximum endurance.

E. Climb to acceleration altitude with maximum power.

F. Accelerate with maximum power at acceleration altitude from cruise
speed to M = 1.5 and remain at this speed and altitude for 2 min.
at maximum power.

G. Expend missiles.

H. Crulse in at optimum cruise altitude and speed for long range.

1. Reserves: 20 mirn. at speed for maximum endurance at sea level
(2 engines operating) plus 5% of the initial fuel load.

Figure 8-1

F-4C
COMBAT AIRXR PATROL MISSION DEFINITION

82 62260




Unfortunately, both sides of Equation 3-18 are functions of Mach

numbar, Therefore, an iterative approach is required. Ths substitu.
tion of Cp , (L/D)ypx» and sea level military thrust as functions of
Mach number into Equation 3=18 gives approximstely M= 0,6 at sea
lavel. This yields (L/D)qax equal to 8,87 and To/Ww equal to 0,357,
This combination of (L/D)ysx and To/W ylelds a maximum altitude, Hy,y,
of approximately 35,000 feat., At this altitude, Equation 3-18 givea M
egual to 0.83, To coampensate for the variation in Mach number with
altitude, ve select the average of the Mach numbers at sea level and
Hyax. A8 a consequence, the gea leval thrust-to-wveight ratio becaomes
0.365, This represents a 2.2% change in T,/W. SFC, Cp,, and (L/D)yyx
are 1.12 pounds/hour/pound, 0.0227, and 8.87, respectively. The
solutions for time, (ts), fuel (W.), and range (X) in ciimdb are pre=
sented in Figure 8.2, The data were obtained from Flgures 3«4 through
3-8, The end-of-climb waeight will be determined vhen the initial cruise
trajectory ls obtainad,

For the crulag trajectory, the first step ia the solution for the
t crulee Mach numher. This can be accomplished by substituting
(L/D)yax &nd minimum SFC into Equaicion 4-38. Since SFC is nearly
congtant for the F4C during crulse, tha approach will be to maximize

M(L/D)ypx. Thus best cruise Mach number is the aolution of
MAX M - (L/D)y,x (8-1)

Best crulse Mach number for the three configurations is approximately

0.85, Tha beust fit of a parabolic polar form to the oxperimental

83
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Figure 8-2 F4C Climb Performance
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data gives the following theoretical serodynamic coefficients:

Contiguration oo K LU /oy
A ,0250 «231 . 056 7.92
B .0232 .231 .056 8.28
C 0204 .231 . 056 8.97

The reasan for no change in K and CL' is that the experimental data
for configurations A and B wero cbtained by the &ddition of comstant
drag increments to the data for the clean configuration.

The cruise segments requizre iteration asince either er both final

and initial weiglits are unknown., For the initial cruise segmenti,
M » 0,85 and the aerodynamic data are substituted inte Equation 4e34,
The resulting solution for cruise weight as & function of altitude is
presented in Figure 8«4, The intersection of the initial climb and
cruise trajectorias defines the initial cruise weight, 49,750 pounds.
The final welght for the tirst outbound luy, 5,947 pounds, occura
when the firat external fuel tank is empty. The SFC is 1,08 pounds/
hour/pound. The initial range factor from Equation 4-39 1s 3636
nautical miles. The cruise rangs from Equation 4-40 is 56.1 nautical
miles. Tho celculations ars based upon A= 1,235,

At this point ve can make & comparison between the predictions
and the generalized P4C data for the initial climb and cruise

segmants,

62 079
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CONFIGURATION DESCRIPTION
A First outbound cruise
B Second outbound cruise
C Return cruise
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CONFIGURATION DESCRIPTION

A First outbound cruise
B Second outbound cruise
C Return Cruise
7.8 T T
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Figure 8-5 1Initial Climb and Cruise Trajectories

58 62269

6

2079 -

14
.ELJB—lr—()*3*43'




\!, ST e T '-!-I\I-:..E-»‘ RO AAR Nt e Sl A Aot Sl S i S e S o/ S M St d- e diennde alRA SIEE SRR S

Estimated F4C_Data

i Initial Climbs

: Initial/Final Weights 51,500/49,750 51,500/49,757
Final altitude 30,400 30,400

I Time (hour) 0,150 0,123

g Distance (nautical miles) 67 58

First Outboumd Cruise leg:

i Initial/Final Weights 49,750/48,987 49,757/48,987

N Initial/Final Altitudes 30,500/30,900 30,400/30,700

) Crulse Mach number 0.850 0.859

ﬁ Distance 36 55

’ Time 0.112 0.110

38
[

FLC cruise data are based upon the larger of the Spaeds for 99X ot
max imum nautical mile per pound, A factor of 5X is also includued in
the S¥FC,

The initial welght for the second outbound leg is 48,307 pounds,
The final weight is obtalned from the F4C dats and is 46,569 pounds.
Pest crulss Mach number e 0 RS Maximm L/D is 8.28 and the SFC is

1.08, The crulse performance is obtained in the same way as before,

The camparison of the predictions and the F4C data follovs,

8-9
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stimate F4C Data
Second Outbound Lleg:

Initial/Final Weights  48,307/46,569 %8,357/46,569

Initial/Final Altitudes 30,450/31,200 30,700/32,000 .
Cruise Mach number 0.85 0.86 )
Distance 139 136

Time 0,280 0.271

For the return crulse, the injitial and final weights are ottained
from the F4C data., Best crulse Mach number from Figure 8-4 is 0,85,
Maximum L/D is 8.97 and SFC is 1.08, A is one. The comparison be-

tvean the estimated predictions and the F4C data are as follows,

Estimated F4C_Data
Final Crulse leg:
Initial/Final Weights 34,320/32,193 34,320/32,193
Initial/Final Altitudes 38,000/39,300 38,000,35,750
Cruise Mach number UL (, 8u
Digtance 25¢ 2590
Time 0.533 0,498

In addition to tne ciimo and cruisa portions, the available dste
can also pruwvide an estimate of the endurance at a given altitudes.
“herefore, we will consider segmant I of the CAP micsion. Five parcent
of the initial fuel is 1,076 pounds, The empty weight plus this
raserve \s 30,597, Fran Equation 4«49 the Mach number for best

endurance is (0,30, The thrust required is derived from

T = —H . o« 2,985 pounds
(o AR
8010 2079 2
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From the engine performance data, TSFC is 462C pounds/hour. Thus,

for 20 minuces' operation, the fuel allowance is 1540 pounds. The

F4C gives 1595 pounds.

The previous example denonstrates that the methods developed here
can provide a near accurate estimate of specific segments of a misgion

profile.
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APPENDIX
1962 STAKDARD ATMOSPHERE

Reference Sea Level Values:

Density (RHO) = 0.0023769 elugs/cubic foct

Pressure = 2116.2 pounds/square foot
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W 137427400
11733434
137345 ¢30
197332 +04
« 1172554300
e13722E4+ 00
«10713E¢04
«107165¢C0
«12710E4CH
w1I70HE+CY
107025 ¢34
«136987 ¢4
+13694Z¢ 04
«13692E+14
~136RHT 4+
«196A82E 400
s 1YIATAE# G
SAIETLERDL
«131672E+0h
«11565I+00%
«11662E404
126880 +50
136545404
«LI65IE+ 3L
c1364LKE+0L
135425400
+11H30E+ 0L
«12634C #0004
13RI T 4004
+ 116235 ¢ 04
136225 ¢00
«106125+04
136147 40L
W13R15E+QL
«11606E+iH
«105C2E+08
«1)598E+04
«1359LE+ 04
«10590E+00
«13585E+T4
«115R2E ¢ 04
«11S78E+CH
195745 ¢0%

SOUND

Reproduced from :
bef! available copy. X

62269 .-




3IIS3URE
(<7)
15102,
15207,
15392,
15623,
15533,
15633,
1572312,
15843,
1590:<.
1h307,
15132,
15030,
19427,
LBudia
1550,
16-:'00-
L6730,
L6AJ..
i699c.
17.0:a
1710 .
17283,
172032
AP
L7%0.
L7635
L7270
178200
179¢C.
182J:2.
1R19.0,
18227,
1AZG. .
18udC.
18560
185023,
1873¢.
18R3%.,
18939,
19583,
13106,
19200,
19342,
19403,
195313,
19nJcC.
1973512,
1383L.

19907«

2Ci83.

aLT

4327 UeSe 3TANIAR) ATYOGPHERE

TZHPIATURD

(0Z5.37NTIGRA:

-, 14QJ6T 22
“e151327+32
-.t3305z¢02
~¢13493F¢02
“e13h352¢02
-ei3R34Z 032
~el5u3LE¢D2
-4132892¢32
e 1541752
“e130935432
-e158877432
-0 170317¢352
-a1?2735¢32
- l7L755432
‘01767'45“32
o 178725402
“o18(732¢32
--182375*32
=a134557T432
- 145337402
-.,188517+C2
-.a1403124#22
- 1NEYHI LR
“,t363uT 2
~e1463254]2
EPRRY L E - o
- 20 T RIS
- 20249533402
-l TSk £ 4
~s256012432
-.21R332402
-,0if33T#22
-.212340¢02
-.210L322402
~.2163CE¥(2
~.2182724]2
-e.22025€E4%32
~-e222233432
~,224212¢02
~.226332¢02
-.228155432
=.2301uE+)2
-.232122402
~e23410E402
~e236375¢02
~a.238)524#22
=.24C335 402
-e242715 %02
-, 2u33 0002

45337402

1)

5I5M8

L RA3/3.L.R4DY

e H27HLEXDD
«325377401)
«323335E+53
528355403
«31327c+05
«51723E¢07)
«515232¢82
«313222+¢C1
«311215400
«3072L54C10
30721400
¢ 50322%4+0)
50323502
o3GL25E480
«399275#C 3
«37735E¢20
«539533E#03
+33337£4913
5316124065
e589452¢L]
J5875LE409
«583572¢#03
«3835335¢03
.58177€4C7
5373772403
«3773554+C3
«37533E+L 0
W57422€+48)
e372115400
«37J2L5403
«36331E+01]
5664254013
«56453S+00
«56255E+09
«SHITTEG]
+55883E+02
«35752E43)
«553L532¢0J
«5533:E+3)
3510W3E+50
W3LISEEH]T
SL7755402
«3U4391E+])
«Sul7E+0N
U220 401
34420400
«338535+C)
W,5Zp742+00
«S34I7EHDG
«533L5540)

ITLTA

++552322+00
.563052+CC
«53578LZ+00
555562430
«553322+00
5516326102
+54%RR7Z¢90
e5456352¢38
+ShbuHhIvGD
«342242¢)0
«543052¢01
+537833+3¢
,53563Z+017
.533512+0¢C
«33130Ie10
«5231493+00
,527C032+00
«324332¢°0
522752¢C7
«523522¢3L
+«319502+38
«015332+32
HLu27z+38
J512472420
«5110724117
5329342490
«5353224183
.523822+90
5017532430
J43273324019
«%37552+080
«L3563I+C0
+6935324+0°
+%#3L532¢070
JURIGIZHAG
JL37332407
J483472400
S483453400
JBLH3IEND
eu73u7Z40C
JL7?7LITHIL
WW75512¢G0
«#73532¢60
JHPL57Ir0C
«45351324720
AN T A
W B5712¢00
LU4B2772¢00
Lu518L42¢00
«453312+¢00

(PRESS/3 .5 .P2ISS)

SPEE) OF

{(°T/SEC)
W13I570E+C
«115655+04
.13561E+04
«10557E+04
«135532+ 04
+10549E+ 0L
<11545E+ 04
+13541E+00
.11637E+ 2%
.1353354+0C4
.1152IE+04
.11525€+54
L1)5ZLE+TL
JIIGLTESDL
L105132 400
W105535 400
<1I5C5E 400
LS04
«17496% 464
«176025 4Gl
C1ILB3T 400U
136867+ 20
C1IUBOT 30
CAILTHT 40
CLIWTESTL
CLUETT S
CLILELE #I0
SAIHECIHTY
e 1ILTHE+TL
PRI IAN
C1ILL7T 40
LA24L63T 400
L13L39T+00
«11435E+00
L1043LE+CH
«10L27E+C4
+13423E+00
«13413E 404
«1IG1SE 04
L10L10E+0
L10626E404
+104C2E+0Y
+1)39RE+0b
«13394E+4 04
«13390€+04
+1)3B5E404
L1)382E+04
«11379C+ 0
« 173735404
«1336IE+04

SOUND




LW W B & LT

PRISSURET
(RS
22234,
25238,
203400,
KEH TP
20525,
20632,
20738,
23430,
209U
21832
211l
21235,
21303,
21435,
24525,
21430,
21735
21837%.
219457,

ALT

1352 U.Ss STANIARD ATYOSPHERE

TEMDFIATHAE

(0S5 JENTIGRA,

~e 247943420
=s2L3322432
-e 234935422
-a253472402
~e275355 432
~e237322432
—e254833452
-.231782¢32
=e253757 402
-.25%73£+32
-e257712#32

«.250532432

“e 27137542
e 2745432
~e275522402
~e 577555422

= P95 7582

~euB2552452
-.233335402
-e2365522432
-e2%74537422
230457 ¢+32
=~ 23wuT eI
~e 223312422
=.2765332432
a2V I3TENS2
~e 22132402

= 323330422
“e3IN27T832°

-e3272352422

=.317135¢32
~3L9117%02
-.321532+2¢2
-e32335T¢22
“e325)424+32
=.327322432
~e328332432
-e3372272432
“e3¥23352402
=+ 330432R 72
~«330352802
-+338337+72
“e34035 2402
~e3L2332¢02
~e 3441 +D2

3I5MA

(RHO/S.L,2HO}

+53135C5+03
2329535403
«32775540°
0325932402
524 13E+DD
23224104010
«323A4EFD)]
«31887E+00
317LCE 2N
«3153%E¢03
«31359C¢01
«31293543)
«31333E4C0
«30334%E4+20
#306332407
304372403
«30314E+5]
«50162E+0)
+499722+00
«42739240)
«435272+400
IN5724073
49248524010
«03117:4+99
2983472 +03
+#8773%43)
+4BHLIESDS
s 4864425409
«48275E¢0)
JHBL5AEC)
037'3'&13"(}0
JWT7755403
24702054 0)
s47u%4E407
72732409
7115240
4633505402
4678724010
365207403
e40402%+00
f4HTIEHLD
461335403
877G
»W5315€E4+00
455558 +00
4547355407
4333524070
HSLTAE L]
e95.132¢53
HLASIERLL

DILTA

{PRESS/5 L «PRESS)

457992402
«435508Z4+00
W U5%1TIH03
432272400
«43339240¢0
AL R
UU56LZ¢00
dLHu76Z¢00
sUL2A7Z4070
sGUICLZHGY
2633152402
«L37302¢0°
«43565I+30
«433622400
«431732¢03
429372400
S423152+72
«425342+30
JL24542+30
422742433
282342400
413152¢00
417382400
415632400
413832403
412072400
«L17322400
409572400
WUC582I¢97
«4C5032409
803352400
471632403
«39331I400
« 338132400
+3954%32+023
«394733+00¢
«333032+019
«3314%024+03
«38372Z+00
«353062400
«38R3724+040
¢ 3847524+20
+3830LZ2+939
«331382+00
«373732400
2379932+00
«375432+09
2374822+00
«373252403
371582400

SPFIN OF SOUND

(FT/SEC)
«11365E4+34
«1336LE+00
113575+ 04

"o 13349404

1036452+,
+1334L5F+CG
« 112355404
« 103325+ G0
«1332%54+14
¢ L2324E + 0L
+11327E¢CH
«103316C+04
«13311E 434
+ 123072404
1N 3NJEFTL
«1)293E 0L
«1J295E4 04
«11221E 404
« 1320855 +0
«11282E 404
21027%E4004
«1)274LE+ 06
«112705+04
132665450
210220 ¢4
«1)P57E+ 00
«102532 ¢G4
132435434
«13245E+004L
«13241E 400
~10236E+(4
»11232F #04
«13228E+04
«1J224E 04
«13225E404
«10215E¢04
«11211E+04
«102C7E 40
«1J2C3E+0%
«17199E+ 04
«1J195E+CH
«13190E+0%
«13185E¢004
«13L82E 4004
«10178E400
«1J174E+DL
S1Y1E9E 0L
151655404
e 10 164E+ Y

621 90056

T TN ALN

[ RUIBR Y




dI53Y9T ALY
=7
25153
25235,
2634u"%.
25405,
25500,
25633,
2%57)¢C.
253131,
25943,

27412,
279%¢.
4 I I
231328,
2823035
28330,
28677,
285373,
28003,
2873,
280)..
28915,
29€C33.
28129,
282437,
29133r.,
29403,
29530,
295433,
2975,
234012,
2""']:.
3co)c.

1252 U.S. STANNAD ATHOSPMERE

TEMOERAT IR

(OT3SENTINRA )

ae U732
“. 3Ry 3T 432
. I3CTUT L2
=a352712432
-e35L535¢5
~e356572122
~s IGHAUT T2
-, 350527+
~a302532422
-e350L5724+232
-~e336555402
“e33852¢02
~e3703537°+02
“e37C48T 422
- 374902
- 376432+02
~oW7RYCTHIE
-, 380337432
~e 3723032402
- 3306352¢)2
~e 14038422
- JAB212 4352

-a230252%02

~e392204Z 402
-e3L2LT432
=e33R13IT402
~e338L27¢22
L 3 I R XTs
~e42L35492
B LGIAT €2
e L6742
—edcBo 402
o1l 22432
-es1200T#22
~.413372+02
~.415355402
~e 17325432
~.619327432
~sl21372+92
“e423352452
~e 42533437
-os427397002
~s429737¢72
- 431752422
~o43373E432
~e 436712422
o3 7H4T#2
ce433n3T 452
o a1 3T+32
“aGh331T 452

SI5HA

(4975, L.H0)
LLEA S Rp]

C4h3LUELIC
s BOL38T7IHOD
Wl2332400
T RNATR B
+#3713E 400
437535407
«43h31537¢01
«L3454E+00
43305 ¢0)
s4314957400
«429733E¢09
eh284354¢02
«%25832403
«42573E4+00
«W233%2¢01
«422337¢M)
«42L327 400
«419322401
«41742E40)
«01632¢¢(00
e4l832¢0)0
«41335E2400
«LilHHE40D
e315330+0¢
JHIALTHOD
WAC7465540)
«4C5375+00
20431540
WWG3IT3CHDS
«H0LHIESDY
403135470
«32370Ce0 2
e 327255+070
+»33532E+09
«3943JE¢0C
+39295E+07
«331532+406
»390142+0C
«3849632¢31)
«3872454+9)
«38537Z+03
« 3BLLOEHDS
«39335E£4¢9]
+38L65E407
«3R8227Z#12
«3743%35402
377435403
W 3701174+090
374735400

OELTA

(PREST/S L. PRESS)

+359952+00
«339352+0°0
+ 366752400
«355152¢00
0353562400
»351989:+00
«3504G2409
«358822+00
« 357252400
«35563:2+00
356132400
+352582+00

© +351032¢00

«34L32400
e J479524+00

W3W3h2240¢

3443+ 0
«363382407
«341852400
«342352¢02
«338852¢00
3373524080
«335862+01
+336372¢0C
+332832+019
e331422+0G3
¢+ 323352320
«328482+00
«327022¢0C
+325502+030
«324112409%
«322672+00
«321232%20
«313822+00
«2183732403
«31534Z¢00C
+3L5523+40¢
«316112+09
«312722+0°C

. «311352¢08

309322400
+308512+00
307122400
«305742400
306362400
+302932400
301622400
300253400
+293923+00
1297542400

SPEZD OF SOUND

(=1/SEC)
«10157E+ 0L
«+13153E+30
#1314324+30
e1J1LLE+CH
«1J16G2E+04
«1)135E+006
«131327¢04
«13127E Q0
»1J123F 404
«10142E ¢+ 00
«10115E+34
«1J110E+ 0%
+1J108E+00
«121C2E+ 04
«130948E + 00
«100693E+34
«10289E+ 0%
«13CBHT+0L
«13081C#04
«11377E4OL
«1)I72F ¢ 00
+»10763E+34
«13264UE ¢+ 3G
«1J062E+CL
«1105ZE+ (Y
«1J751E+ 4
+2)74L7E+DY
»40°63T¢08
«132382#04
«13C3uc+0b
W1ICILE S0
«10328240Y

Te13021E¢30

«1232175+04
+10012E+34
«100CSE+G4
+10004LE+TY
»93999E+03
«99955E+C3
«393916E+CT
EELYSR R
«93828E+(3
«997855+03
«93I7L2EA3
+»93593E4+03
«93657E+53
+ 9362142403
«93571E+03
«3352R8E+03
«994455¢03

621 908

M6 62694 .




e ——

1952 UsS. STANDARD ATHOSPHERE

PIISSURI ALT TEV2rATURE SI5HA JZLTA SPESD 0OF SOUND
(FT} (DE3.SEUTIGRADTY  (RMI/S.LaR40)  (PRESS/SeL.PRESS) (F7/3EC)
3C138. - 445592402 $3733524+C20 +235202400 ¢« 934425403
3020¢%. ~eb4733E402 »371335+00 «294852¢00 «99333E+03
32302, ~el33537402 «37TUHL1ES]E 233522400 +93355€+03
30432, -.431512¢32 + 369255400 ¢ 232132420 «9I3L3IE 4T3
(38502 e 339974102 «367332¢08 _e2392852+C0 «93279E+03
JJ6dJ. = 45EWHRTHIZ «36554E+02 »2B89532+08 «93227E+03
30724, = f537432492 «365192400 .288212+00 «39484C4+03
33821, ~ H30%LZ02 «35638%2+0) «285902¢+00 +33141ESD3
35230, ~e0513)7¢32 e 3R233E+04 «285532¢00 «33MQRE 4T3
31004, ~s 4L, 3352402 «361L55+00 «28423Z+00 «93155E403
- 311Ge. -elab34It32 3599312400 +2823324019 «93711F+03
312073 —euh73LT432 235443240 «28170Z+00 «9396354°03
31337, ~e%3929T 472 . «35713E+03D +289L12+00 «93925E4+03
Jiudd, “e471252¢42 «35533C¢0C +27712240°C «988825+03
3153%,. “eb732L3432 +3545LE#D0 T L2778LI+00 «984933F+03
Y163z ~a 75283452 #353L3E400 W27557246GC «98795E+03
38737 ~e77132¢02 «351R7E¢23 «275302¢0¢C 2937522433
3i8ude ~a701AT¢32 «35255E€403 «2764032+00 «SG87(3F+03
11932, Telu3lLuieg? «349258¢03 272772470 +336E5E+C3
32003, 832432 34735540 «271522+040 0986222 +03
32132, ~e439.324572 «3LH655407 «272252400 «34573€+°3
312223, ~elbM7I57¢32 «34535E+43) 2252722409 « 335355421
322334 - 4gluTey2 e34i 272407 « 257782400 +NBLY2E4DT
32400, -ebLriLI+L2 «34273S+03 +2555uZ+010 «9844LIEHDT
32535 - LAITIITHT2 364250240 «25531#0C «934055403
32vd2l, ~ebILIZILG2 34 222E+CC ¢2542824¢00 «98362E 403
327725, ~ef1367%Z¢32 «33R94E+L2 «252R852¢0€0 «98T43E+C3
32433, ~aINILTH2 L 3375724019 «2ALBHI+0D «93275E41033
32349, ~e22477432 «335u2EHTS «25042Z¢00 «23222E+353
3733¢, S =e5i2952422 «335132+22) «2532124C¢ «9818324+23
32150 ~e 3T 034d4)2 ¢33337E+02 T 254012400 «99145E+93
3Ll ~e350H81Z¢02 «33261E402 «255812+00" «9%81C012+03
33102, ~+528732¢02 +33133E+030 «253517+00 29805374033
336400, “e516752402 +330212¢0) «254422¢0°0 +33714F ¢33
33537, ~e512724+)2 «323%5F40) 0253232400 .97971E+03
33640, ~.5106715+02 327512401 +252032400 «97927E+03
33760, -¢516537¢j2 .32A37E+0) «253872423 «97823E 403
33%)%. -«518552452 «325L4E402 243703400 G784 75463
J3433. =e52(50242 «3233724+03 «2b3532+0C «37795E+03
Judiso. -.52251%¢32 . «322572+¢0) 24737400 «ITTSELLT
341080 ~e52L53z¢]2 «32143E403 « 245212470 «977C9E+03
4203, ~.52€55E432 +»32)23E+00 « 24530532402 «I766SE+03
36339, ~e52854E+02 +31951E+00 «24335:2400 «376215¢(3
3u40%. -«5306512402 «31773E+00 «242752400 . «J7577E+L3
Ju513. -«532432402 «31R51E¢0D 241612400 «97534uE£303
3ue:dd =635 +D2 «314537E+065 «2%3%72¢080 97492503
Jurl, ~.53h% 32402 e JLLL7ESLCT «2333632400 «37445E+C3
3u3g.. ~.53R4LE+Y2 + 312977402 2238212+010 «97LGRE+03
3L, =5H2387402 «311775400 «237082+00 «3I73IG8E D3
356ad. ~e542353+92 3103532820 «235952¢30 ¢ 973145433

A=7

621008




— A
1362 U.Se 3TANDARD AT4ISPHERE
PTSTURI ALT TS4372ATUE SISMA ISLTA SPEED OF SOUND
(<T1) (DE5NENTIGRAUE)  (MI/3.L.AHA)Y  (PRESS/3.L.PRESS) (T/3EC)
315803, “a52u332¢)2 «309332¢0¢C 234852400 «37270E403
35200, “e535312422 «308223+03 .233732+00 *87227€4+33
35333, ~e5LA282402 .30792E+00 0232532430 «37183E4+03
35<3J. e G3L2AE +02 «3058%E+0) .231523+00 «97133E+403
35530, -¢53522T4C2 +«3CUB5E403 «239422+0C .97 095E¢C3
35635 -~ GTu21E4J2 «303WIEHSD 223333400 «07051E+03
357¢.. - 556192432 . 302325+ J228243+02 .97007€403
3543% ~e53BL55¢22 « 301155407 227453405 +95963E+03
35303 -~ 55032432 «299335¢0) 225373436 +95913£+03
15232, —e352477432 «2383354+03 .222922+1910 .95R735+03
36137, ~e55363324(2 « 237575400 «223322+09 +35R3ICE+Q3
30284 ~.5551 354352 .295323493 + 222853407 «35A08E433
55407, “a5521554)32 229437C79 « 221783430 +O3AIRE +23
k YO RO -eBAC13I492 029357240 $221722¢90 «9538G3E+33
31463, “e535513174)2 22921554030 < 219673420 «954CBE+03
Taulle " 4353135 43¢ 293775400 .218522¢32 .358CAF+03
315753, -eB5513T 432 »28333E+0) L217572+0¢C «958032403
315335 “e335135 402 «2B733E+CD 2216532+ 00 .95378E+03
35930, - 555132432 2 28652E4+39 215522430 «35808E+93
3755 3565107432 .2832352+00 214472400 «953C8E+03
37133, - 3551082432 «28383E¢0) 2134L340C + 958035 ¢33
37257, -.550132+32 .28253E402 212423430 «953C8C+03
3777, ~eBHHLIINS2 231185409 211413400 2 95AGRE+]3
37455 -e35%1514)2 2279892469 $21C0423400 »2358035+23
3750 -.535133¢72 W278335400 .209332¢490 .95802E+03
37530, 0367107432 C2T727E4CS ©233332403 2359685463
37703, “e555133472 2275845407 2207602400 +3I58087+03
3745<. ~e535136+32 «27453E+0° 205613400 «958C3E+53
37952, -e55351232432 273225409 «205323+¢2) «I5ACBE#]Y
IBLUL. 555137492 £27431247) «2744453¢30 «958C8E+93
191):, ~.550172+32 273515420 e TATL52+00 «958C8E¢L3
Ineal, - E55157472 e2519322¢3) «20283Z+0C +353(3F+]3
32335, - 358102432 « 268335402 +201523403 +95808E+453
38431, “535123+22 L26R7?5E469 . 200552499 «93RLE+03
38635, 356615722 2265495405 133533499 «95809C¢03
3RE10. ~e255105412 S 2B421S403 «133552+00 «I3RCBE+03
In70, -.55351 15492 0252335409 W1377CZ+00 «938035+03
38332, ~¢3553131+32 «26153E+0) .125753+00 +958085403
32902, -~ 655613422 «25J45%5¢33 «135822+9) L958CA5+03
33035, B ASA T ER 3 «2592074G) «133842+0) .358085+23
3913u, ~e565172+32 2257335430 193952498 «339C08E+C3
39233, -.555172402 W25673E405 «133022+09 4953586463
34330 “e555130432 «25559E433 13213400 «95808E+93
3943¢, 5661274352 L254235¢03 231133409 «95338E403
3951C. 55513242 $2531554¢0) 135273400 «958C8E4+03
3963G. “¢5B510E +32 251955402 .183353+32 «3580954+103
127)¢, -.355153¢02 v 2553585 « 1884532408 . 338695403
194380, ~.55513I 432 $243495E420 187552400 «35803F 403
339,73, “4535L35¢32 L2UR25T+0Y 185653401 «35803E+C3
4038%. ~e535172¢32 W247332+¢8) < 185772400 «959.8E+13

621008
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1342 U«S. STANDARD ATYNSPHERE

DITSSURE ALT TIMPEIATURE ' SI>MA JSLTA . SPEED OF SOUND
(FT) (DG CENTIGRANL) (HO/5.L.HO) (PRESS/7S«L+PRESS) (T/3EGC)
23102, =-,55851c+02 «24537%¢07 «18488%+00 «958{AE+03
“wl230. ~e555120Z¢02 240725402 «18%05z¢00 «I58CBE+53
L3356, ~s5585102¢02 «24353554+07 +18312:¢09 »35808€+03
H4CLOJ. “e330105432 22642337421 « 182252400 . «95308E+03
$05%J3). 556137 +)2 2241235403 «13137:2+09 «93530%E+03
40632, -s35510E¢22 «24J02354013 «189542+0C +35808E+¢(03
s070. -.55510222 «233335¢0] «173552+20 « 358085403
s083_, =e5351324¢32 $237727458 «L7873Z400 +338CRE+03
LVEE I *e555107+52 «23633E¢(0) 217793+0° + 9353035 +03
$i.22. 555102432 «235532+219 447708z +30 «I53C9C 03
21l =-35551L5Z+032 «234L2E+D0 1752+ 08 «95B0RE+03
D223 -+555132+32 «23323¢02 A75402+07 «I38L8E+33
wi133), ~eH565132¢)2 e23217542) «175502¢0C «9539C8E+023
Wit} 6. 56513352 «231C3E+07 «17373Z¢00 «9359CBE+C3
41937, =¢555102+32 «22325E+0¢0 «17230Z¢02 «35803F+03
41020, =s55810524+32 «22833E+02 017208724+ 2 «358C3E+03
d17340. =,25512)7¢12 2 22773E+00 «1712524+03 «95808€+03
+19317, -e955132¢02 +226335¢00 «170%32+420 +358CH4E+C3
+133545. =«5551224¢92 022553E+C0 e16362:2+02 «e938N%E 403
42332 -e85551.2432 02245284017 .. «15881:+0¢C +958G3E+03
42310, =~a3AT1IGT ]2 «22345E¢00 «153072¢00 «95804E+03
3228, ~eH0%LIe22. «222335+00 + 15720427 «935R8.8E433
423)). LRI ER 2 ] e22132%4+33 «13540Z¢00 « 35808703
92430, =s555197 402 e22025E+02 «16561Z+00 «35808F+0%
42501, =uH00135+0%2 0219215409 1568124010 +ISRVBE+DT
4233, 4585132432 1248155403 e15%032¢012 «35803E+03
4277°, ~s565135¢)2 «21712E+00 «1832L4Z+00 +9A580%E+D3
42873, =~a55510Z4+)2 2216292401 . «132453+00 +9580%E+C3
4230, ~e535157¢92 «21533%+( «15163240C +95AC8E+03
3352, =~e20T71224312 «22432E+CT e15)82z4+02 +958(B8E+03
$312). ~+5051935 402 «213005+00 +1353152+00 +33808c+03
$323.. ~+5551024+32 «21133¢c¢01 2315933Z¢00 +35808E+03
43353, ~«505132¢)2 212373402 «15852240) «958CRE®D3
+343%. “e5551324J2 «20335Z+019 «1578724+390 «3I5808€+03
$35230. -.5a5L0¢)2 2039355 #0" C «i571L2¢00 «958C08E+03
+3602. =+558510=¢72 «207I5E+02 « 155352400 +35803E£403
93730 -e535513Z+02 «206H972+C8 ¢155512+00 +33BC8E+03
+383%. -e555125+92 «2053%3240335 «159872¢0C «958C8F+¢03
+39d2. ~e30516G0I+)2 «20515E+072 «154132+30 «95808€403
4ulQl. ~s5651324)2 e20w22F+0 7 «13345Z+0¢Q «3380854+03
th1d2. =+56513Z+02 «23313E40% «152662+09 «95808E 423
h4203. ~+555105+22 «20233E+07 +151333+09 +358N8E403
443070, ~+«5651215402 «20111E+023 2151212400 «93808C+03
[ -+5655427402 «20015E+0) +133643z+4080 «93808Z+¢03
LW533, =«5085107+92 «19320E+09 s1U377:400 2 95R0RE+33
+4b03,. =.555137+22 «19826F+00 «iLI0SZ400 +33808E+03
G703, -e5551)JC¢02 «13730E4+0C «148342+00. «358085403
448172, ~e5551)Z¢902 «137333E4010 «147632#0°C «I3RCRE+ (3
w30, =~e9B65435 492 «103542C400 «145932400 +95803E+03
45232, -e355127¢)2 «2344354+0) «145232403 «35858E+03
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1352 U.S. 3TANIARD ATMOSPHERT

23:§$URI ALT  TEMPERATURE ST3MA DILTA SPEED 0F SOUND
(c1) (DE3.3ENTIGRADE)  (RHO/S.L.IHO) (PRESS/S.L.PRESS) - {T/SEC)
45230, -¢355192+92 +19355E400 L 145535+00 <95R08E+03
45203 -4 55519E402 <13233E+03 «164833400 +958C8E+33
#5375, -.55510E+32 <19171E+09 c1LL1LIE00 <95RC8E +03
45402, -4355132+32 <193RIE+DN c163u53408 <95808E403
$553), ~e555105+02 +189895400 <L42772400 +95808E+03
45630, -¢555137492 188335400 . 142033400 <958035403
45750, "=.565105432 <18818E40) 161613400 «95808E+03
45439, -.53651JE+32 C1B713E+01 «163743400 +95803E+403
45906, - 565106432 S18623E400 140053400 .95818£+93
4631, -.56519€+32 «1B54)E+0) +133393403 +938CBE+L3
46133, -.55513T 432 <18451F 430 138732400 +958GBE+03
462351, ~.333135¢32 <183532+0) +1382732+09 «95AC8E+03
©633%. -.565105 452 V182755402 (137613402 «95808€+03
wbeld. - 565105432 (181397483 <135732402 +95808€403
46504, -.35519E 402 J181326+409 +135102+00 «338C8E+03
45530, -.555132432 S1RG13T45) «135452400 <95R03E+33
46731, -.355102432 17923E+9) 133852400 +95ACBE+03
NYTER -.355132402 CL7BULEHGT «134163403 <958E3E403
46930, -.55515T452 JA7753E430 «133522+00 958085403
Y7035, -, 5585128432 C1757%5403 (132882+€) <359035403
w715, -.65851234)2 175335403 +132252400 958035403
Y7231 -.555152402 175035429 (131623400 +358083E+03
27330, - 365135432 L174222407 +131932+0¢0 358085403
% DET - T55100)2 (173335432 «131352+03 958302453
6?51 .. -0555117432 e17255E+03 123742403 <93803E+03
2TRIC. - 5351342 A7L73ECS +12312540¢ +358C8E+33
“773.. - RELGE TR V172315408 <12351240¢ +95ACAE+03
NETEN -.35812€402 Ci70LZE+0D «127832+00 <95808E403
27935, = 565L57¢12 (1692IE+05 127293404 +35878E+C3
44323, - 365135402 «1RA43E+T] .126675+00 +95809E+03
48124, - 555108 402 (15758E+05 <126072+0¢C «358C3E+03
N RLLR -.555172¢02 CLEORTED) «125672¢02 «953035+03
b332., - GR51IE+]2 <16623E+70 124972406 «I58C8E 483
WBUGS. -.6535125 402 <16523E+03 4124273403 <958(3E+03
48532, 0555112432 +1545IC+C0 +123582+073 +9I58L8E 403
4853, -.555188 402 16371E+0) ¢123333400 <758C8E+03
197375, -\ TBRIIE N2 (152370485 122502400 +35809E+03
48322, - 353105432 «152132+403 121323409 <358085403
T -.355127422 <15133E+3D $121362¢09 +35808E¢03
42550, S 5RLLIED2 <16JB1ECLD (123753400 <35808€+03
49130 = 55510E+32 (1599€+400 127193400 «95803E403
432004 -¢555102+32 139732480 <113512+408 <36RC8EHD3
49390, - BABLHED2 +15332840) <113363401 <958C3E 03
Y94, 4583136432 <15735E400 ‘118672400 +958CBE+03
495493, =4555125+32 V15R3LEHDD 117952400 958035 +C3
42037, 4565135432 +15623E+00 c117342+00 «93803E4+03
$3735, =e550L 1T k22 (15532E+09 L115782400 +95808T+03
43430, - 555115402 (15453240) <1152224240 <958L1E ¢33
X PO - 5ATLIIEI2 C15334240] 113573400 <95803E403
50830, -.35213722 C153L1T00 C115123+58 «35803E+03
A-10 ‘
S o
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1762 U.S. STANDARD ATMOSPHERE

SPEED OF SOUND

PISSUT ALT TEMIFEIATURE SISMA DILTA
(FT) (DE5.SFNTIGRA0D) {RHO/3.L. 2340 (PRESS/S...PRESS) teT/5EC)
3132, -.585102¢)2 «15239E+06 «1145724+00 «338L8E+03
53233, -.53H5132¢32 «15155E+31 «114022+00 +95808E+03
5033:. =553172¢42 «152332407 «113432+09 +«33808E+03
50432, ~«365135+32 «15921240) «112932+20 +958C8E+]3
53937, -¢55513°¢¥02 «167%32¢3) «112432400 «93808E+03
526132, “=e555152+32 10A73547) +111852+00 +958C8E+D3
59712, =e355122¢22 «LLBITEMC? «111332+0C0 «958C038€+33
5030:, -.555102#22 «AL735540) 113732400 «35BC3E+03
339135, ~e355133422 WLLB33Z¢0Y 115272400 «95808E403
33002, =e565132¢12 14593502 «133742+020 «958(9E+(3
51135 *.5651J2402 »145255¢03 » 1393222422 +358CHE+C3
51230, -+5A5L02402 elUt5754+09 «19853Z+C0 -358C8E+03
51304 “«556510E+32 +163832¢03 «103182+C5 " «958CAE+33
514122, ~.5651)5+4(02 #14313E+QD «10766Z+0°0 «93B08E+03
515212, ~.55510E+4032 16251543) «107¢52+C0 «958CRE+03
3iudz. -.5B85102402 «141832+3) «105532+00 «95RC35433
51730, 555132 ¢32 141152402 «1051324+033 «358082+33
3LAL0 -¢555102402 dWIu3E+CD «125622¢030 «958L8E4+1D3
519117, =e335132402 +133415+00 «105122400 «959C3E+03
32832, ~¢585102+4352 «1394%E 00 104612409 +35809E+33
32127, =e55513E+)2 «13843E+0D 2341232400 «358C3E+03
52232, ~+55519E+)2 «13782E+3 ) 103622400 «938082+903
523393, =29551024+22 13715805 «203122+CC «958(RE+03
32402, ~s508510E¢)2 «1365)E+00 «10263Z¢093 «95808€+93
525304 ~e¢358102492 «13535E8+00 «102242+00 «95RLAT+03
526035, ~e565105+02 ¢135275+03 «131652¢13°C +958L3E403
32732 -e355L3E402 «13455E+00 101172400 +95809C+03
524313, -s5551C02 432 «13332E+0) «10159z+00 «958CRE+03
32905, ~e25010432 «13325E+079 «102212+00 «35803%+(3
33C00. =«5356L0T402 2132645400 e937232-21 »35823E433
3313%. 357032822 4132312402 +332532-3514 +33RC324723
23232, ~e355312C 4% «13133E+02 «9%7802-01 «35R08E£+03
53032, =e935312¢22 «13375E+070 «98363z-212 «9583CRE+CT
5342 0. ~eB85132#22 «13513E¢L) 297440201 «954C03E+C3
33937, -«586125 32 «12931E+00 «I737%82-C8 «358C3F+03
33n)2. ~e9535152¢32 «128%3E¢00 «357092-01 «93R8(03E4+03
337350, -e50851724¢02 +12323E¢0) «05%L52-01 «93208E+03
53205, =.5851124+]2 «12755E+33 «.935385I~01 +33RLBE+03
33233, -.55351J32+32 127352433 «3552%82-01 «3580RZ+03
EL A -.56510c+02 126435540 +350722-901 «95R(¥E4D]
36102, ~.585138+%32 +12535E43) «965132~02 +358082403
34230 -e5551354+02 +12525E47) »341592-01 +95808E4+(3
564333, ~«565135402 +12453E+0) »93718:-014 «95808€¢03
EL LI ~a5551352432 «L264355+01 «33271:2-01 «938C8E+L3
34502, -+5551)5402 «123u5E+00 «928273-01 «938C8E+03
5LE00, “«55510E+22 «12287E+02 «223842~C4 «35808E+03
36757, -e56C195402 +42223€4+0) «9174332-11 +95808E403

50900,

SHh3l. -

-J';’J:’.'n

~e555L0E*G2
-.H851054+62

-e556102432

21217324010
121127407
123552402

«315052-01
«3165682~C1
«935342-01

«J3R0R2+353
+338(93E4+03
«958C8E+03
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A,PQ S3JR
s ‘rri

1358587

352613,
35313
55433,
5131,
35600,
353733
35833,
359213,
356537,
36122,
IDI I
3i53)0.
36435,
56757

37.0%.
EXLN
37307,
AT BD
37590,
374530
37732
373853
57907.
38500

73. :uo
732\0»;0
58‘33\).
3834335,
585432,
38AGC0.
33732,
58815,
32900
29C35.
39135,
39203
58232,
5960
39%37.
3950335,
33703).
531332,
39330,

52502,

1752 J.S. STANDARD ATVOSPHERE

Pera e eyt — R

Z ALY TEMIERATRE SI34A JzLTA SPEED OF SOUND
(0Z3,2FNT1GRAN) {(HI/3.L.40) (PRESS/S..PRESS) (FT/3EQY

T =e355132422 «11337E+37 - +Q02642-91 «958C8E+03
=e308132402 e119425403 LR9771Z-01 +95808E+03
~evB313742 «1184932+00 +833432-01 «338C8E+03
~a9h5152¢32 «11325E+¢C7 «883172-012 «I5AGRE+Q3
~e335122432 T el1773E40) «884332-21 +35R08E 403
-~ 5551284)2 117106E400 «882713-01 «9580RE+C3
~«555157¢32 116332400 «87551:-01 «IIACBETS
=~ BN LT #]2 «11552E¢30 «R7233Z-01 «33BL3E+03
~e33310wI¢l2 «11567E40) +868172-01 «35BC3E+03
=e5065137402 «l1432E¢07 «854232-01 «9580Aa0+03
--5651350!2 eL1437243) «833312-01 «95BL8E+03
T13THG2 1134284 C 3 . L ETAE «958C8E4+03
-.333‘3-?3’ «11323E492 «85172:2~01 «3385R5403
~e5H51 12432 «112742¢02 «ALTHSE-C1 «I5ACAE+03
-.555025¢)2 «11223E435) «Bu3R2I-31 +35A0RE+LC3
=e332127402 «11L137E400 «8335G2-01 «356858E+03
=eBHL1lT22 CLALLWERDS «835532-01 + 3580 3F+L1
~e95411E 492 ¢ 11301540 eB3161:-01 «9580A5+C3
“4355103¢02 .11%d3£#0i «R2TAHMI-CL «95REAE 40T
“e5H%L02¢32 W 303837480 «823632-01 +93A73Z¢03
-en54172472 «153132431 «AL1IT7T7Z-01 +95R08E+(3
~eHB516T#+12 «10A5LE+S) «813852-01 «958C0E+403
=eH3513Z¢32 «10733T402 «8119372-01 «A58C3E+C3
-+355138¢72 s L07L3ZG) +308032=012 «358C8E+I3
~4350132432 «1663754+0) WRI6242I-01 «95A0%E+D3
~e335102¢+)2 «10HU5E+DD «800412-C1 «3580BT+353
“e565112 4792 +10595E+C3 «795532-51 «95808E403
~sHBbELCERI2 «1054%32¢02 «7932732-61 «JI5828E+413
=.350L0E¢32 «104%3%E+29 «783012-01 «9358C8E+03
=+3h517C¢02 s LOLLYESD) «785252-01 «35863E+03
~e505102¢)2 «10334E+00 -7815Cc=-01 «958CHE 493
~e335108¢32 «20345E+00 «77773:2-01 «35808E+33
~«.56540E+02 -1C235 +C Y e7THCT7E~C1 295808E+03
~e35005132492 «20245E+32 «77333:-C1 +«358035+03
=+555192402 01[197‘.*0'} -755705’01 0958C8E’03
~«50510E+32 104935430 75513301 «93B8(3E+03
-«56513E+32 +LCGLI0E+D) NETARL RS +958GBE+D3
-.550102¢432 «1CI352E+D) 75573301 +95808E+03
=45551054+32 «L0374E+00 L752433I-01 «958(8E+123
=+335132¢)2 +333552-51 «7T4367I-01 «95R0AE+03
~565152+)2 +393315-31 76503201 «95R8C8E+13
=e5535132 432 +385132-31 «7414%82-01 «35808E+03
=+50851324¢32 »I931U3E-T1L «737342-01 «95808E+33
~e255132432 «376482F-01 «736423-01 95808503
=.h5510T+d2 « 72155201 +73092:2-01 +35809€+03
=+5085132+02 «33751E-01 $7274452-D1 «93428E403
=+50%10E4¢92 «352328-71 W 723972-061 «JI3RL3EHE3
=e535172402 +I5ATLE-GL .720522-01 +95808E+03
=e5H5102+04 eI6374E-21 «717C82-C1 «358L8E+03

-eB55122¢02

LRI AN

71367301

+935803E+03

621008
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621008

1952 U.S. STANDARD ATMOSPHERE
PRISSURT ALT TEMPERATURE SISHA pzLTA SPEED OF SQUND
(FT) (DE5.SENTIGRADE)  (R40/S.L.3M0)  (PRESS/S.LPRESS) (F1/75EC)
3213, =.565175+02 «Ibba7z-21 «713252-01 «35803E+03
332340, =+555.J)2¢02 e ULL5E-0L «T0589%32-01 «J35858E+03
33392, -«58510T7¢02 «+335683C=-01 «703512~01 «935AC8E+03
53431, ««555135¢32 «338122E-01 «700152-01 . «93809E+C03
605031, =45605135402 .32673E-1L «53582E-301 «95RC8E+]3
5Cel. =«50513Z¢02 «322356-C1 +533432-01 «93BL8E+D3
80733, ~e5551024+32 «3171372-01L «59243:-014 +958C08F+ (3
5385 =¢555132+02 *+31353E-C1 «5859CZ-01 +958C8E+103
5393, =¢558192402 o «803924E-31 «5R352I-01 +95ACAE+G3
51C32. ~e355102+02 - «3C4IJE-CL «5833352-01 «95BG8E+03
51135z, 45551524932 +30333E-C2 «B7712Z-04 +958C8E+03
31230, =e5085132¢32 +39323E~-01 +5373832-31 +9580RE+)3
31302, ~+335103+]2 «38202E-01 «573582~-01 +35803E+03
314046, -¢555L32+12 «387772-351 «H5B743ZI-01 +35RCBE+D3
513035 ~e555158+32 «3835%E=-31 +534302~-01 «95A08E+13
31535, -4555128432 «87333E-31 «351142-C1 «9580°%E+33
51792, ~5HHLII¢)2 #3755 L%E-01 #5537932-01 «935308E 403
217353, =+565132¢352 .. «873358-01 +354852+34 «338C3E+03
P -e5551 0T 402 «36691E-01 «651732-81 «958CR8E+03
32333 ~4355108402 «B52549E€=014 «5L3625-01 «958C9E+C3
52152, -e365132¢)2 +85357E-01 +5U5532=01 +95A28E4+03
32200, ~e555132402 «A5443E-TY WBU2452-G1L +358C3E+03
2233C. ~«55651712¢32 «35)43E-0L1 «539332~04¢ +95808%+03
22403, =«585132+)2 «B4535E-01 +536342-01 «938038E403
52593 =e«B55LJ7 432 34232531 «633312-01 «938235+C3
320 33, =¢535%1%5422 «838355-01 ¢530292-01 " «3L8CBE+03
327¢C1. ~e365132192 33431 6-2¢ «62723Z-01 «95003E+23
928005 =e 550055432 »83332E-01 «524332-01 «953085+01
2239C. ~s535102¢+02 $82537E-01 «52132:2~04 +«358C8E+03
53802, “e 365003452 2322L3E-01 1 a518352-01 +95RCBE+D3
33192. ~e555L3F 42 «8235LE=-01 ‘e515L12-91 «95%00E 403
33235, -«C50LLEHI2 +3146L2-31 “ +512482~01 «958085+03
33330, ~e 556401402 «813735=01 +503562-01 «93808E4+33
33433, ~e555177#)2 «30337z-01¢ «305652-101 +JISRCIECO3
535132, “e56%L0Z#+I2 «8403)2F=01 «503762-01 «95R808E+03
53h3J. ~¢335510%432 © o 79J13E-0L «503833I-04 +I5RL8E+(C3
537730, ~eH085102¢32 «79533€-01 «508332:-01 ~95R0BE+(3
33832, ~.555032432 «78153E-71 «595172-31 .. +358CBE+03
53950, =e3531524]2 «78782E-01: «522342-01 «95808E+733
56C35. =a5H5152¢2 «TBULTE-DL «583512-01 «958C3E+23
56130 ~.558133)32 «780335-312 +585702-01 +35808E403
H423%,. =e330L0E 082 W 776615-01¢ +583312-01 +958C3E+0}
343930, =.556155432 T721E-01L «381135-91 +95808E+23
56400, “s5H5L10%4)2 W 759Y23E-31 257935501 «I5ACAE+03
66505, =s555155¢)2 «76335e=01 «3756802-01 «95808E+03
ELL TV ~«555105¢+22 76132801 «572853=01 » ISR0AE LT
54702, =+56517E+32 o75R20E-04 «573132-01 ¢ 35RC3E+03
541113, ~a5B5102402 TBLBTE-CL +5670412-01 «958CAE+0
34993, ~¢55510£+02 «T5107E=01 v 58474501 «358C0AE+03
362104, «“e555102 432 TU750I-0L +502022-04 +9580NE+ (3
A-13
63269 "




™ LA LAy a2t e

1162 UeSs STANIARD ATMOSPHERE

SPEEY 0F SOUND

PRITSURT ALT TEIMPERATYRE SI3MA JELTA
tFT) (DS53.SENTIGRADE)  (RHO/3.LeRHD) (PRESS/S5.L.PRESS) (FT/SEC)
55100, «e5585402¢22 74333801 «5533432~01 «95808E+C3
5203, 565122432 741332-01 " 4556572-01 +35RC3E+03
5533, =.5651)2432 W 73685E-1 «554022-31 «958GBE+D3
554J0. =«555102402 o73333E-01 «551382-014 «35808E+03
65537 =.565132¢02° +72985E-01 54375201 «95808E+03
35600, ~+5551)E432 «72633E-21 W54HL4Z-01 «938CBE+03
35702, =e335102+02 72232801 T e5343543I-01 " «95808C¢03
3558340, ~e555132¢22 71347531 «560052-014 «95838E403
5393u. ~e 354377402 «71397€=31 «53837:-04 «93R813E403
38333 =e35L372¢32 «71243E=21 «535302-31 «35813E+03
5613cC. “e5HL27T+52 «7G8353E-31 +53325:2-01 «33825F %353
5620, ~e5527152¢32 «7TC54IE-D1 «530712=21 «33833E403
55333 ~.333553¢3]2 «70232E-01 «529182-01 «95860E£+03
566133, ~e553353 402 +598335-31 +525672-01 «9684TEH(C3
65533, -e553,52¢02 «59317E-012 52317z-31 «95853E403
L1100 PR “ B3E737 4792 «59175E=01 +523533-01 +95860E+03
5570), ~e3572953¢)2 058877201 +519202-01 «3586TE+(3
56833, ~e55CLuC 52 «58532E-21 +515732-01. «95R74E+03
55932 =e351047+22 «38165E~01 «313232=01 «958RLEMCT
370303 =e531542¢92 e373831E-31 S «3108432-01 +I3BB75423
37335 =e35820LT¢752 +57493E-G1 ¢50841Z-01 «958Q4E+G03
07231, -e25L0432#02 #5715JE-01 «50593:-01 «953C01E403
53733%. =e551537472 +H58340E-01 4503532-01¢ «J3907E+03
57435, =435.332¢352 «065138-31 «501132-04 «3I5914EHL3
57532 ~e550022¢)2 «5514495-31 © o 493812-01 2 93921F+03
3763%. -e333727¢32 «55853%E-01 bI5W4Z-01 +335923£+(3
577C 2. “e339u22452 «053425=31 eB3%03Z-C1L +933TUE+D3
37732 -s539127 32 «55221E-04 $631732-01 «959L1E+23
37904, “e52841E472 «5L3032-01 483802 -01 «959LBE+(3
383352, ~.538517402 «B6USB5E-CL S 4870372-04 «3A353E+L3
5a113€C, ~¢558213#)2 «24270€-31 wLB3762-01 «95961t¢C3
59103, ~45357321¢32 «33355E=-01 «3832452-04 +35968E+03
58230, =e55730%432 «5364L3E-01 48247201 «98975E+C3
39n32. ~«5537332¢32 «33332E~C 1 su?77833-01 «93982E+03
58537, “e557332402 «33,23E=01 475622 -01 +95988E+(3
38000, ~¢555532+32 +52713E-01 47335201 +«93993E+03
58700, -.55633Z+02 «62433E=-01 H7112:2-01 «970G2E#03
3850, 556035432 0221332~C1 JH58HRZI-01 «97C8CIE+03
58300, =~s55573E+02 «51421%-31 «45365Z-01 «97243E+03
330 %5 =+535%AC 02 «3143)E-0L DLBLLLEI-OL «37022E4+03
39230 ~e555192432 «311932-01 «45224Z-01 «970823E+03
51735 ~eH3L8R2¢02 +5J90C0E-01 J655052~C1 $9T038E+03
333240 ~s55457C+32 BC3313E=01L W37872-31 Q70 2E40Y
39404, =e 556272402 +50339€-01 «485702-014 +97069F 03
H933,. ~e53337E422 «30013E-01 U53543-01 «97055E+03
596005, =¢53365€402 «59721E-01 s43133E-01 «97063F+03
65975, ~e533352¢32 «5943CE~DL hb3252-C1 +37069F 03
33407, «0533)52+02 53149801 JHH7422-01 +97075E¢03
13102, ~e532752¢02 «58352€-01 euh3012-01 «97983E+01
Te30. -.56524%52¢02 «58565E-71 Hh62322-04 +97933E4¢03
e

621 908

=
N
i




o o Ww-n_ - oy —
1982 UsS. STANDAD ATHOSPHERE
pRESSURE ALT  TEMPIRATURE ST344 3TLTA SPEED OF SOUND
F D) (DE3.SENTIG2A0E)  (3HO/5.L.HO)  (PRESS/S.L.PESS) (FT/SEC)
70100, S\ 532132432 ,582795-01 L 4183231 <97095C +03
73232, «. 551832432 .37933E-01 LL38713-01 ,97T103E+03
703030, cu531553 432 L37713E=01 L 43656I-C1 LOTL10€+03
70433, - 531262+02 L57432€-01 L439572-31  LOTL17E+D3
73531, “0535343402 L57152E501 L432513-01 \9T123E+03
70695, al 637547422 L5B37%E-01 433473-01 L97137E403
707335, <. 530330¢92 55597801 J423432-01 L97137E403
79835, = 330537432 36321E-01 L426402-01 LOTL4AESC3
7594, - 5339732432 56347591 L425333-01 La7150E403
71337, -5 0n 3T )2 .3577%5-01 L 422382-01 LI7.1572¢03
7113.. e 5%GL2T 432 .55532-01 .427382-01 L37164E+C3
71223, —.548470 422 55233501 T413402-31 L97171E+33
71333, < RAN3 25422 L34933E=01 1582201 La7177E¢03
71422 - 548225402 54537511 LLL14u5I-01 LO7LA4E+03
7153.. —5N7ILIN2 Lsuu3E=I1 T412832-G1 ~97191F¢03
71335, S SNTHLITES? 54163501 L411563-91 .97193E+03
71731, c 5473LE402 . 339332-31 L403512-C1 S37204E+G3
7e43n. - 547335402 . 53541E-01 42568501 L97211E+03
71450 - Sub7)I422 L53380E-C1 Tb1976I-01 L37218E4+03
72093, “ 4B 0E+02 53121501 L502843-01 L97224E403
732105, - B4LLIZEI2 .52353€-01 L400943-91 L972231F+13
72237, <. 545732402 52535001 ,332853-04 .97238E+03
72330 S 545w 35402 .523575-01 L337172-01 1373455 +03
7203". ~V 545l 42 \32135e-01 33523201 L97251F ¢33
72030, - 5aLYIEHD2 L31843E-01 .333432-C1 L977C3E +C3
72057, . 54638E402 \31531E-01 .331572-01 LQ7263E403
72730, - A4E23T 632 S51341T-04 L38972:-01 L3727254C3
72504, -.5%3932402 531112801 "38783I-01 L97273F +03
72935, - 543573232 JSHALAE=CL . 385752-01 Q7785E +03
73207, - 543373432 50537501 L333243-01 972925 +23
7319:. -, 543172492 33352E-01 33263201 L97299E+03
73263, “542775492 L30107E-31 .383627-01 <97305E463
73307, - 542452402 L50364E-01 . 37383201 L37312F +03
73431, - 54215Ie02 \436222-01 L377042-01 .97319E+03
7353°. EISTEEISE: L,9332E-3¢ 37327201 .97325E+403
73536, - 541353432 L391427-01 ,373503-01 .97332E403
73730, c 541233402 38294E-01 L37L7hI-01 .37339F+03
73333, ce54r 33T 422 L4AS5L7E-0L .359932-01 . 973465 +03
71935, eV 3%i53n 402 L hBw3i-31 .358232-01 L97352€+93
Thciis - 5%I335432 81375-01 . 36552I-01  .97353E 433
76123, NIt IT L 47963601 0 359735-C1 LO7I66E+03
74233, - 53976432 La7731E-01 . 353072-01 L97373E4+03
74339, IR PIOIEE: 47501201 .351362-91 ~97373E403
74632, - 513135632 472732-01 .357662-01 <ITIBHEC3
76505, -.538935472 HTONLE-0L .337973-01 L973G2E403
76500, -,538532+402 J46813E-01 .355232-01 .373935+¢53
75730, -.530232402 46597E-01 L 354613-01 \3T6G5FE+01
Thniee -.537322492 J4B35LE=C1L .332953-01 JQ7413F+03
74130, - 537525402 C6LITE=DL .331233-01 LO7LZ0E+0Y
7523 ~453732E432 WEILAE=L . 343632-11 LOTH2HED3
'.’—..h.‘.“~ :
A=13 6 2.‘—2'6’9 e
B21008 -




3ITSUR:E
(FT)
75132
75233,
75303,
’5“0']'
7550,
75609,
75702,
75833
7533,
75504»
75127,
76207
76333,
T6LJJa
763531,
760030
75707,
7583%.
769010,
77332
77132,
772063
Tr35.
77L00G,
77535«
77534,
T773).
773232.
77332,
78333,
7R12%.
7R3
73530,
TRudoe
784530
78c3..
78713,
78400,
78930,
73005,
7313,
7321,
793372,
796103,
798530,
730632,
7a75v.
79435,
79130

Jildae

ALT

1351

TEMP¢RATURE

{0E3.3ANTTIGRANC)

=s537023¢02
~«536712¢02
~«53641E4+32
“y53R1L1Z¢02
“¢3358124+32
6330352472
~e9352)752
‘05“‘332‘:'2
-e53u575412¢
~eH3L2732 432
~e53733€#22
“e533532¢02
~+333332+52
-e5230954)2
~e532732412
~e532% 7432
- C321354+32
=e33137%¢)2
-e5315724¢02
=e331272432
~e331352¢)2
~e533552¢92
-a3.053%332402
=e%300524+352
=.529755 32
-«BZ79%5E4 32
-.529130+92
~e32R3534)2
=s3205u7472
~e72424T402
~a527303432
=eS527581402
-.527332¢02
=e527231¢02
=e32077T422
e D260 3I 432
~e52n123¢22
-.225327+02
-.525328¢]2
~.520522E402
~e62L715 402
~eH2L51Z 402
~.526312402
“e 524312002
~s5237024+02
~e52363E402
=.523L35¢52
~e522932002
=eR22W)E+D2
=e527192 402

UsSe

SI5Ma

{IHO/ S L. KO

2%5591E=21
«#5uT75E-51
52518 -01
e45052E-01
ehbgLyE~l1
W44 337E-31L
slL3328-01
HLin?TE-3
«43364€=-01
3742701
e%35358~01
e4332:E-01
oW3LLLE-DL
«42303E-01
v42535e-01
«42285E=-01

«42981E-CL"

31873871
einhTHE-DL
WHLLT5E-CY
012752-34
«#1)73E=-01
«WCR77E-21
+40682E-N1
s0B3%E-CL
43293521
«403352-0

«399328-01
«39713:-01

«335138-64

«333723EC-91
«33133€-01
«33355€-51
«I9753E-DL
«38575%=-01
+38391E-01
»382J5E=-31
+38322€E-01
«378335-01
v37657E-01
o 3T4L75E-01L
« 37295E-)1
JITLLTE-DL
«36973E-01L
«36761E-01L
136584 5-01
230433801
¢ 36234E-01
v36255c-C1

STANDAD ATYNSPHERE

JILTA

(PRESS/S.L.PRESS)

+247932-01
+«346362-01
e 364732-01
«343112-01

W3W130E-01

«338302-01
«335712-04
«33513:2-01
«333553-71
«+331993=-01
«331432-01
«328882-01
«327342-01
+325862-31
«326282-01
«322752-31
«321242-04
$313742-01
.3132h£-ﬂ1
+31675:-C1L
«315252-01
»31378:2-01
«312312-01
«313852-01
«333402-012
«307352-01¢
«3053512-31
«30507:-01
«3035%:-01
»302222-01

. «30781z-91

«293402-01
«293C5I~C1
0235512-34
«235222-04
+2939%32-01
«2320L72-01
«231122-01
«2837%2-01
«284332-51
«287042-01
+2%3702-01
e 284362401
+283032-01
«281742-0%
28040204
+273032-01
«277732-02
«27503E-01

SPEED OF SOUND

(T/SEC)
+97633E+03
«ITUUOESGS
+O7LLEE+D3
«97453E+03
$ITLEIEH]3
«976BTED3
«97673E+03
SI7LACEI3
.376K7E+03
«27L937+03
.97503€4+33
C97507E+03
LA7514E403
«9752GE+L3
«97527E+9%
«N7534E+33
<A754L3E+33
«97SLTE#I3
«97554E €13
«97561£+033
«97567I+03
«97574E+I3
J97SRLE+D3
¢I7SRTELLS
+97594E+03
«976085433
«97627E+03
«976IHE+D3
«376215403
«O76282+03
«Q763UEFTS
«I764LE+G3
«ITEUBE+Q3
+I7654E+C3
+37661E+03
+976HARE+03
¢376745403
«ITHRLEHOS
«37683E¢03
«37695E+03
WQT751E403
«977C08E+03
+937715E4+03
+97721E+03
«I7T28E+03
«37735E403
«IPTLLE D3
<774 BE Q3
«3T7S3E+03
+37762E4C3

621008

A-16
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1952 U.S. STANDARD ATMOISPHERE

SPEED OF SOUND

BISSURT ALT TEMPZATURE ST5MA DILTA
tF 7 (DEG.SENTIG2A0E)  (RHO/S.LeRHOY (PRESS/S«L.PRESS) (3T/73ECH
3J10). -.521833¢02 235887301 .273202-01 ¢ 7763403
30203, -.521532+22 W 36714201 27392:2-71 LATT75E+103
30305, 521235412 «35543E-01 L2725043-91 +97782E423
3t4a2, -a525997402 e353725-01 W271372-01 +97788E+03
305313, « 577337432 .352.,28-01 L27040Z-01 «97793E 403
80523, - 52{ 3315422 +35)34E-01 «253842-01 Q78025433
93733 4520172432 W36355E-01 «257532=01 .97 8GRE+D3
85830, -e5157724102 S34539E=01 225534501 «978.55403
86975, “.519473+72 «36332E-34 $255402-901 «97822F 443
3133z, ~a5401724322 «34355E-01 +263873-21 .Q7828E433
31130, -e518355432 342015-01 25254301 .378355423
31283, -s518332+22 S343375-01 25141351 97T RLR2E+D3
31322, ~e518255 02 «33379E-91 25020331 .I78LRAE+]T
ILLyl. ~.51735%+32 «33712E-01 «25R933-01 .978558403
BL330e -e5175333452 .33353E-01 257733014 »97862E+C3
3i6dia “ 517352402 .333312-31 $255543-01 978623403
817132 =5173554+)2 «33272E-31. «255383-94 ,97875E+¢03
81825, “ 51675374352 «33372E=21 $254193-11 «97882E473
319363 =, 5Lhe3THI2 «32912E-31 L253015-01 .97 8893E+53
32:12. - 5131LZ4+32 «3275455=21 $231832-01 «97895E+03
32115, 515398402 »325383E-21 «25765%-21 979026403
3223.. “e515543+32 «32442E-01 24350331 +979353E+03
42332, -d515265 432 «32295E8=01 L 2683u2-01 +97915€4+93
324035, 514332422 «321322-01 f247132-C1 «37922E+63
3255 “.5L45 32422 +31373E8-01 24503301 .97923E+03
32625 —e5L43754]2 $313258-01 24489321 237925403
42732 “.51473234)2 31673701 «24375:-01 .97947€ 403
82435, “513722¢22 315283314 e242622-31 4972495403
82333, -, 51 3u2E 2 W31374E-01 «241492-01 #«97953E+G3
3331%, -.513123¢)2 P 31221E8-31 243373201 +97962E+03
531:1'10 '.’51?’*?5032 c31]71=."91 0233255‘01 097969E+U3
3320, ~eS5L251E 432 2 3093238-21 L,23%143-01 »97975E+23
43394, -.5122132432 J307756-01 «23703:~01 +97982E+03
33435, “511315¢+02 «33623%-21 . 235332-214 «I7983E+03
93572 ~ 51154542 L3093LE=-014 «234B43~01 «97995E 423
83nGL. ~.5113334+02 «3CL335E-01L «233752-01 +930C2E+03
33799, ~.5113334+32 «301318-01 v 232663~01 +980G3E+0%3
33432, ~e5LL7I2 42 «3CIL7E-01 W 231582-01 +93015E403
8343%, LTS ER Y «2949236-01 «233542-01 «98022E+ 03
34¢03. ~.5101924)2 $23753E-01 C 22344301 . «98C23F+ 03
SL132 ~.52973T492 «29619E=01 22838201 +«98235E+03
4260 -e510433432 $23477Z-0Y .22732z-01 +INL2EDI
246332, 50913432 «29335E-01L +226253-01 «980LIE+D3
YO, “.528832432 $294352-01 $225215-01 _+98053E*03
L6530 - 528542492 «29737E-CY 224172-04 «98062E+03
34ET. -.53829E452 +28918E-01L «2231432-01 +980693E403
ALTDS. 507392402 0 287ADE-JL + 222106301 +93CT5E+IT:
1613, , 517545492 2 2BB43C=T1 «221072-01 +330B2E+03
L7, 57372402 «285375-01 «223042-01 +98089E+03
95595, -0537375432 28371201 «213022-214 43909535423
A=17

621 008




621 008

1352 UeS. STANIARD ATMOSPHERE
# 2IS5uURT ALY TEM?IRATURE SIiMA JILTA SPFEN 07 SOUND
tr 1N (DE3SENTIGRADIY  (RHD/S.L.HO)  (PRESS/S..ePRESS) {FT/S3EC)
331133, =e536772432 +28233€-21 «243042-01 «98102E403
35233, ~e535647Z¢32 «28131€=-01 «2170CZ-C1 +IBLCIEHTII
35304, “e5151524]2 «273372-01 «213992-01 «93115E+03
3S5L24. -e535%535402 «27ATHNE-JL «21433z-C1 v98122E+03
15530, =«3355352¢02 027701501 v2140C2-C1 «98423F 403
a564d.. =e555252 432 e27563E=)1 e213312-01 «99L35€403
337431, -+5143554)2 «27433E=)1 «212222-01 0991428403
858032, =e5JUbd35+32 «27337E-01 «211042-01 «29443E+4C3
85932, “.5J4352432 «27177E-03 «213052-01 «93155E+03
85633, -a534232402 e273432-01 «203092-21 «98162E+33
3511). - -.393752432 ¢25313%-01 «203132-01 «93163E+403
35207, -«55343E 402 «2679.E-01 «207162-01 «93475E433
38330, =e533106E¢32 +25h53E-31 «205212-01 «981R82F+03
356L 1T, =e522842402 «26535E-01 »203252-01 +98189E+403
9552). =e53254E4)]2 e264132-01 e204301-04 «98195E4+03
96690, -,532232¢02 ce25283C=31 »233362-01 +932027+03
35730, =+521337802 «2H1AJE~DL 20202201 " «9B2(IE+ET
8584GC, =¢301532¢32 0253352-31 s201082-01 «932L3E+C3
3640, =e501332492 «25711E-01 +203552-01 «99222E+03
17833, =«531132452 25733C-01 +19363:-01 «382235+03
371230, =.500722¢22 +25533E=-11 +193703-014 342338403
872335, =ea5Lu2I4(02 «25544%5-31 «19773:z-01 « 32420403
373133, -e320120472 e254222-01 «196473-01 «9932L3IE+]3
374355, -.4393224)2 «255312=-C14 «1933397:2-01 +99255€+03
37565, =o439517¢32 +25134E-C1 «135052-01 «982625¢33
37537, =.438213432 «253328-01 «19%152-01 +382635433
B773dce “eW1531C+352 «24943E-01 «133252-01 «98275E403
8743z, -«h3IBILE+I2 2UA24E-GL «13237:z-31 «332R2E+03
87323, ~aH 20315432 «247152-01 «19183Z2-018 «98288°+03
831.0". =.4938122+02 «2L5338-01 «13956CZ-21 «98295E+403
8813, ~eI77TT 452 024472001 e18372:z-31 «993C2E+03
897355, =e 37322432 2u3552-C1 ¢183852=91 «33303C+03
LLERBRN ~«4I71L35402 26241531 «18733:2-01 +33315€¢01
38u4dn. “eLIGTAT D2 s24123E-01 «187112-01 ¢ 993222 +33
38503, ~e4I6WITH02 24711551 «186252-31 «33323E+03
tL UV -e4I6192402 «23437S-01 +195332-01 «98335F+03
397313, ~el435332+32 «2378%E-01 «1845%2-01 «933L2E+G3
384835, ~e435332 752 23671821 +133632-01 «3RTLBEH]T
43303, ~e k35287454 ¢235332=-)1 «1823432-01 «88355€E+03
9935JC. =.4343354+02 «23L4LT7E~]L «1820C2-01 «38362F+03
3913¢. *I45324)2 0233352-31 «18116Z-01 «93363€£+03
49233, “etJU3ITHJ2 «23225F«01 «180332-01 +98375F+03
39337, ~«bIui?7t 432 $23115E-01 1734%32-01 «283R2E+03
194353, = WIITTZ]2 »239.52-014 «178H75-0L +938388E4+03
99503 ~ebISHTEHIL 022437E-01L i77853-0Y « 933958433
39693, “eLIILTESD2 - «22783E-01 «177032-32 «984028 403
3373C, “,43287E+02 «22631E=-01 17521201 «98408E+CT
39433, = 432552432 «22573E-01L 175402-02 +93431SE+D3
39713, =e432255402 022:465€-01 «i7up02-314 « 9584210+ 03
3G, ~s43135E92 «22360€-01 «173732-014 +9ML23F 403
A-18 ~




oo rpp——T———y—pre e -
1362 U.Se STANIARD ATVOSPHERE
PIISSURD ALY TEMPTATURE ST3MA DILTA SPEED OF SOUND
(FT) (0S5 .3ENTIGRADE)  (RHO/S.LeH0)  (PRESS/3.L.PRESS) (*T/5EC)
35103, ~e43LBHT+]2 02225%E-01 +17299Z~04 «986435E403
3204, -, 431358+32 «22143E-01 «172202-01 +984LLLE+D3
IT333. =bALITT 2 «22)43€-01 «171413-01 «I3LLHEH]3
IA4ide =s433757 454 «2174JE-04 «171522-01 . «930655€4903
3CSICs =30 33e02 21835201 «153433-C1 + 9846124023
3613, ~ew3T132422 £247332-01 #153952-01 «93463E+073
39793, “.43934%2+32 «21833E-31 «158328=-01 +Q8L75E423
33825, -ef33543T 32 «21523E-11 «157502-31 «984BLEFD3 |
J39035. - 992483402 21425501 «15573:-01 +93483E+33 ¥
31230, ~ehBuIuI 0L 21325E-01 «10337:2-901¢ «934L945+03 i
313432, -.uBY3 3702 $2122%E-01 «105212-01 «935CLEHD 4
31232, “eLARIIZe2 «2112%E-31 +134062-31 +93503ERD3 i
313350, =~ Aui3IT T2 +21224%E-31 «153632-01 +99514E¢03 5
316357, ~euf 773202 20324201 «152942-01 «98521€E+03 1
315335. “JBAT7LITe52 $20825€E=014 +15212:~014 «98628E4353 i
3160, = 47123422 $207272-91 »151452-31 «9I35TIHE+C3 §
L7 =~ h %0928 +)2 20 5238-01 ©e150712-04 + 985415403 %
31303, - 486322432 20532601 ¢15337:2-014 +9AGLAF+T3 3
31432, ~s36222432 220435201 +13324Z01¢ «33554E+03 :
32032, -~ LATI2L 42 2»203322-01 «153512-01 »93561E+03 %
32132, =~ %5312 402 «2G243E-014 15773:-0G1 «3856724+03 ¥
322¢:2. = 4253LE422 W20 LW7E-01 o157052-012 «93574F+03 :
323460, - 483315 ¢]2 «202526-01 «1353432-014 »93384E+03 A
32430, = %8L7 17402 ¢19938E-31 «1550602:2-01 +«98GAT7E+GT :
32513L, -~ bBLYIEH]2 «19853E=01 +1549L2-01 « 335945453 ;
3263C, P AL TR B o137702-31 «163202-312 +3°6CLE+03 5
32703, ~et3T3JI 402 «13675E-01 «153349Z~01 «J36C7E4+03 ¢
3243¢. ~, 837515432 "e19584E-31 »152732-04 «396145¢0%
3293.. ~et33232¢)2 «19491E-C1L 15203201 «93520%+03
231237, -~ 2337402 +1940CE-0L «131332-01 «33627C+0C3
33132, ~u8C2532¢02 19339001 «133732-01 +335343¢73
33292, ~h32232432 «18217E=51 »153012-91 «9354JE+03
33301, -.48133E 402 +19127E-C1L «143322-01 + 8347403
BRLIT -.491532402 «195372-01 «143542-01 «33E5%E 03
1153, “ 48133402 «1B3u7E=-01 «1497952-01 «+938663E+D3
33607, -.4R1037+02 «1B8853E=-01 eit?723:2-C1 «99667E+03
33703, ~ W3C78E]2 2»18783Z2-01 108511018 «98673E+C3
33501, - 4ATWSESI2 1853 E-31L «145942-01 «99580E03
3393373, -o4B83132 432 «18533€-51 e145272-01 «3B6BTE+LT
LG99, =L7I37E#32 . »185)3E-01 s1L4B12-01 +93A93E 03"
JuiGl, = 47957402 «1B418E~GL «143952-01 «937C0E+D3
36222, =el7927E4)2 «lR33LE-D1L e143232-04 +937075403
I63%. ~ 478372432 +18245E-01 »14%2632-08 « 937132433
IbLc. - 4TB57Z4]2 «18133E-~014 e10419832-01 +I372JEHDT
6532, ~47833E¢32 W13974E~01 «141333-01¢ «997258 403
35302, ~s478)3E4)2 «L73932~014 +14%0532-01 +IB733E+03
LY A ~oUT7775E¢)2 17304E-01 +1063042-01 +I376TEC3
Jul97. XL IAAT 1R LKA «17TAZIE-DL «133402-012 «937L6E4D3
ELEFRN = 7715432 17735E-01 13877301 «93753E+03
35C22,. ~ 47H352¢G02 17053601 +133413:2-01 987538 +03




621 008

$352°U.S. 3TANDARI ATHOSPHERE
| |
; SAISIURT ALY TEM2AE2ATURE SI3MA 9ZLTA SPEED 0 SouMD
(F7) (OE3SENTINNY (RHO/ZS.LRHO) {PUWS3/5.L.PRESS) (FT/SEC)
35134, “u?75532+32 «17570E-11 «13750I-01 +98765E+03
35233, - bb76232452 17497E2-01 «135872-01 «93773E+C3
353935, - 475%3324)2 w17835E-01 «135252-01 «98773E+03
3I54L33%. ~e47353C432 1732L2-01 «135622-012 «9878585+03
3553., - 753062402 o17262E-21 «13504:-01 +93793E+(C3
35533, SR L YART S o «17151E8-01 «1364332-01 »98794E+03
3I570C. cJL7u7LZH]I2 017391E-01 «13378:2-01 «98305E403
35820, o uZ7UWyIe]2 «17331E-312 133172-091 +93812F+C2
9530, ~oW7u132432 e167212-01 e132562-71 «93819E+03
IbuT e ~ L7331 3:0432 AEdWIE-OY «134952-01 «998z25E403
956132, - 72532432 W16792E-01 W 131362-31 «938327¢353
36284 =eb?73237422 «16094E-01 «131762-31 «99%39F 03
153535, ~eua723% 402 «1B51I53E=01. «133152-01 «98R45E+03
36633, =oh?725377432 «165292=-01 #12357:-01 «398825 4573
3In332. - /23224502 16450 0=01 «12%9392-01 +39353E+C3
15007, ~et?72527402 «1b3735-01 «42833z2-01 « 738637402
35745, “ L7172 52 «15235E=-31 «127812-N1 +93872E+03
35830, /1w 7492 «15220E-C1 Ce12722:2-01 «+38878E+(3
3595.. “ 47112432 slbLU%E=CL »12664%2-01 «988R5E 433
3763%,. = a7 LE4)2 «16363E-21 +125072-01 «98R92E+03
37100, 70512432 «15333E-014 «1235492-31 «9R893E+03
372131, = 475212422 «137313Z2-31 «124322-32 «932(3E+03
3733%. “ 53312432 W1534635-01 ,124%352-01 «35373125+13
J7609. =.459333432 15753E-01 «12373:2-91 «989137¢(3
3753, - l53332492 $236957-31 e12322:2-01 «33925E+353
376CC. - 433908402 15522031 «122562-01 «93931E+03
97702, -~ 45873E4+32 «15543E=-31 122112401 «99933£¢(C3
37833, ~el43BUIZ 52 «15475E-C1 «12:552+01 «9389457+03
37N “s4HRLIZH]2 +15433E-31 «121302-01 +93951E+C3
38007, =4B?73£4+32 153315-01 «123452-01 +93958£+03
IRL3C, “al574320 352 W45 26JE-C1 «1133C02-G01 «99964E+13
23233, “ L37L324]2 «15189€E=-01 «113362-C1 «98971E4+03
39332, ~+45R3324]2 «15117E-31 " «113812-01 «930978E+03
384323, ~ 4HE39T¢02 «150652-01 «113275-21 «FI9B4E+D3
389305 “e%4356232+432 WlL375E-]1 e117763-01 +99991E 433
ELL IV -.435335¢32 «143)5E-C4 «117232-01 «98997E+03
38790z, ~al35537#)2 14835501 «115572-04- «930CHE+D3
39805, ~a35332¢72 PiW757E-21 e11H6142-08 «933L5E+03
24923, “ 55007 42 el4993E-01 2115612-01 +33017E+03
394135, ~edLTT7ZeIL «lU027E=-01 ¢145032-01 +930242403
331213, “addLWTI T2 14551501 e 114562-01 +9303JE+03
392487, ~obBLI7T402 elin33Z-01 elttibz-01 «9303TE+C3
39333, “s 453372432 ib425E-01 «113532-01 «93CLIESD3
39405, ~. 463576 ¢352 e14339E-01 «143C012-212 «93052E+ 03
3G%013. ~sb8325E¢)2 «LU291E=31 «112502-712 «93057E+G3
23630, ~s 052357432 «14220E-31 «111992-01 «93063E+23
19730 “e52532 402 «14153E-01 «112692-31 +33073E403
IN8I2. “s45233F¢]2 1L JI2E-JL 11397201 +99076E+°03
399017, “ b52)52402 W14323E-01 +117472-01 «93283E+07
130u3de - 43752402 13353701 «133972-314 «93392E+23
A-20
~-62.26-9 G




33ISSURE

S UFD
1034063,
138232,
136333,
159430,
123504,
1126358,
132737,
133835,
130997,
131332,
131103,
131232,
1‘1J.‘v‘
111439,
1315352,
131632,
1317170,
1318C2.
131934,
192523,
152497
13223¢,
132392,
13240¢C,
32502,
132632,
112702,
RELEE
L1235,

123230,

133135¢,
£133232.
153330,
103432,
15322,
153204,
1.3713:.
L23332,
173333,
1560352,
1J6100.
1.6230.
1446300,
LTLugl.
126504,
Linbsl,
Liu?s.,
Litall,
l;"”d;'c

1),

aLy

1952 UeS. STAYNDARD ATYOSPHERE

TEMIEATURL

(O*a.uE‘lYI"Q“D_)

- b514352432

-“3’13‘ 12

- 4352852+)2

“sh30555422
~ 450257432
=e459342402
"ab"."‘?':‘oi'"}??
= 59382
“sh4395062¢732
=s4587242¢)2
~2458%32#9)2
= 458132¢02
-~a45733T¢22
~e37532402
= 457232422
~e45b322¢22
~el36325+02
~a4563224¢02
- 35525422
- 658722432
~ 554224+932
~ 45518402
~eh36312432
‘o“;“;LE’SZ
-e45u212432
-« L5331E¢02
- 45330E4+92
-~ s 45330E4+72
=.0437332002

- 4327352402
-h352%02432
~e52122#02
= 3173C 402
~el51%37¢02
~s451132422
-.450832+]2

=.b3:592402

“et5(23c#32
~s49IAELD2
-eb%4 9582432
~eb%9332¢52
~eul39C432
= h3742402
~o %847z ¢32
=W PL7E 402
=4 7375432
~s L4 757E402
= 7272692
~osbhIAELL2
a4 650402

SI5MA

(QHD/S L. 140)

«138350=01
+13832E-31
«13765E-31L
137J2E~-01
#1363%2-01
«135745-61

a1l ;Jl-~"“.‘ A
el3usdi~t1
. 3335E8-00
.133’3“ -31
oLs’O 31
.13133—-01
«1313%E-D1

«13375Z-01

.13:15‘-Jl'

0529 c'bl
«123353E-31
v12335%-01
J127758=31
«12712E=-01
«12h53E=31
«125372-31

2533z-C1
«1243LE-C1
012'023E'51
«12365E-01
«12337E-31
122528301
+12132€-21
«12.37E-01
+1259%7E-312
s12324E-J1L
«119358%2-C01
«11913£-21¢
«11857E-01
«11822E-01
e11707E-01
«11€633E-01

J11R3IE-0L"

«115%5€=-01
J11531E-21
11477€-01
e11624E-01
#11371E-01
«11313E-01
«112650-04
«11214E=-DL
«111h2E-)1
11117604
f11350E-T1

JTLTA

(PESS/5...PRESS)

«103933:2-01

104433514
«107399Z-04
#1075CZ~-C1
s107012-08

LJANANTIT N

»10503:z~01
«10%6H1Z-014
«10414Z~01
«12357z~01
«10320:z-012
»132732~01
«3122272-C4
«10184:-01

«101342~01L

«102892-014
21000632-061
«993752-32
«935282-92
«233752-32
«983272-02
«281822-02
«977332-07
«372972-92
+9564572=-02
«354202-02
«95385:z-02
.953513-22
»951202-02
«3459132-22

I42642-02
«334382=-02
«83u16Z-02
+3239342-02
«92574%2-02
»32157:2-02
JIL7422-02
11328202
«333162-02
090;675-02

20099:-€2
«89593:2-02
«.89283:-~02
«38387Z-02
«AY4R7Z-02
+AR0B892-02
«875322-22

SPEED OF

(FT/550)
+33095€+02

- «931C3IE+A3

«931292+733
«93115E4+03
2931230423
«931249F %03
<9313 3F0”$
«DILH2THL

-9?1&?5*?3
.99t53E+03
«39162€+23
«331€7E+03
«93175F+023
»931822+403
«991835+23
2931835E+¢23
«93202E403
+93203E4C3
+932485€+23
«93221E+33
«33228E+¢53
«93234E403
«932L1C4073
932435453
«II254F + 053
«97261E+03
+332672+03
«J3274E 403
+9328°E403
992875403
+932QL45 437
«933036+33
«93307E+03
«93313€+23
«33320E+03
+83327E4+073
+3333%€ 03
«993405¢03
«93345E+(03
+933530+03
«99353E+03
«33%65£+03
«93373E+02
«9373E+03
«33TR3E+D3
+133392€+-2072
2 933990°F .07

ER B LTSRN

« 9361204+ 33
9INLRE T

621 093

A-21

62969

SOUND




gy

1332 UsS. STAJ0ARD ATHOSPHERE

el Ty

PRISSUT ALT TEMOBFIATURE SI5MA JILTA

SPEE] OF SOUND
t 1 (D56« SINTTIGRANEY (RHI/3.L.3H4Q)  (PRESS/S..4PRESS) (°T/SEC)
13519, =e45153402 »LL507E-GY +87297%-02 «9IL25E+]3
135230 2448337402 «10955E-01 «883C043I-02 «33432€ 403
1355342, “euC757¢02 «10355F=02 «A5513z-02 +33438E+03
13565, —abaZenIeg? «LC833E-I1L «A3L2WE-C2 «334L5%+03
135532, e 445157452 »103825¢8-01 «A57353-02 «9345LF ¢33
139613, —eliletinlIele 11753801 «85353:I-02 «33468E+03
L3973, ~e4433532432 «10731%-31 +B8LJB7E-02 «9IILAKESG3
125892, —e44272:402 «L0h43T-01L «845852-C2 9335045 4+03

15922,

~ekh1377402

«105372-21

WRL2052-02

+935230+03

1ls:32. ~elWll3T+52 «10545E-01 «83127:z-32 «936LIE+03
135137, ek 137432 »1049YE-01 «33450z~-02 «93559F+03
Llﬁid:. -.b;ﬁ?hE‘JS »1l443FC +83J)752-C2 «33573E¢03
130332, ~e438%AT422 1L 392E-01L «82723:-C2 +93505E+03
1384540 “el375524)2 «10342E-C1 «A23325-02 «03I6LLE+DT
225550, ~e4 36335632 #«1C0232E-21 «813632-02 «92533E403
in?S’. ~et39357¢52 . +1G242E-01 «815952-02 «33651E 403
36730, =eu35118432 «101322-01 «B81231z-02 +13IRRIE+DT
1lor3.. ~e 3627752 «10143E-018 «A03672-02 « 336880 +53
12£322, ~e33637432 «10330E-01 «BR5032-02 «937C50+03
;g;i?i. -.bi:;%?*gs «1Cdu32-501 «80145z-02 «93724E4+L03
3l ~eb3L74E 452 «33354%2-02 2 79785:-02 ¢+33743E+L3
127232, “e 30332672 «JI481E-02 »734302-C2 «I3761T433
L1773, ~e3{I5T 402 «39300E-02 «733752=-02 « 937735403
L3763, =. 29257412 «348%222-22 »787212-02 +93799E+(3
12753, ~e 4243574752 «IBGU58-32 «78370z-02 +933%15E+33
11733, =elb275.04032 «373722-(2 « 78025202 +93R3ILE+D3
1377335, = b26H572422 «37101E-02 775722-02 «9335354G3
117331, “eb2532I422 «36533E-02 «77325Z-02 2387124133
L1770, =elh26IuT 402 +3BL57E-02 +753813Z-02 +99889E+ 03
11843¢C. “aW2L135402 «357C3E=-02 «7653382-02 «93907€+03
138132, e 232754352 2+ 33202E-52 L 76296202 «3992h2+53
138233, = L2ZLHIHI2 «36783E-22 «733552-02 «330L4WE#N3
13830¢. ~e?2152Z452 e3L3252-92 +7351R2-02 «93962£+03
138435, ~el27524)2 933722-2¢ «732922-02 +93981€+33
1038532, “.b19Q31E472 +334235-32 «TWIWTZ=02 +33993E+63
16860, “.lLl2I7Zel2 «329712=-22 +7WB13Z-02 «100C2E+04
138733, ~.4iR225 432 «J25245=22 «7TW282Z-02 +10CCUE+DG
133637, =L173312432 «32i735-02 «733522-02 «13335E+04
138912, ~elb162424)2 +3LH37E-02 +7T3323E-02 «19007€E+04
133537, ~. 4165532402 0311723202 «7329h2-02 «100C3E+CY
139142, ~oleiBLTHT2 T e9C753E-22 «722712-02 +1301LE+04
L3924, = blu4GJze02 «30323E-32 «T26472-C2 «10Ci3E+00
13333, =s41315E402 +39RRIE-(? +723252-02 10C10E+CH
139631, ~eb]12313432 089458E-02 «720042-02 «13316E+004
134%0°. ~el11357432 «89J23E-02 «716852-02 +13719E 404
129024, ~a.l10322¢02 «88503E-02 «71367z-02 + 10020404
Lintgl. =~k 2974222 «38179E-]2 «710512-02 +10022E+CH
L1143, =.4383354)2 +B77535E-02 «70737E-02 «13024F ¢ 204
i 093. “e380392¢722 87335622 70k24Z-02 «13325€¢ 0
112327 ~a4272UN 402 +86918E~-02 2701122-02 J10227F 404

621008

A=22




13562 U.S. STANDARD ATHOSPHERE o

TEMOEIATURF SI3MA ‘ JZLTA SPEED 07 SOUND

PAISSURL ALT

. (FT) (DESSENTIGRADZ)  (RHO/S.L.RHO)  (PRESS/S.L.PRESS) (FT/SEC)

~180136. | C =elibBYQE+D2 «86532E-02 +6593022-92 «10029E+00
112233, ». 4153552432 v86383E-02" “e534832-02 «1303iE+0L
113322, =elJL7124D2 «35677E-22 «591802-02 v13033E404
1124l =eh1335E¢22 «85257£-02 «589812-32 +10035E+0Y%
116504, =.40352E¢92 +BUARDE~T2 +5R5772-32 «12035E+04
115625, ~e4J2172+02 eJU455E=-32 «232742-92 «19038€+G0
110707, =e 431335422 «B34352E=-32 $577732-92 s 10ULOE+QL
1128133, =4 3CWI2432 «8355L8-02 «A7573z-02 « 1J04L2E+ Y
113932, =¢33954E+)2 «332522-C2 «573742-02 «1J04UE+QL
111cd2. =¢338322412 «B82%55E-32 «573772-02 «100L5E+TY
111100, =e33735%+32 «82450E8~-02 «357822-32 130672400
111233, ~e337412#72 «32367E-02 «B54882-02 «10004L9E+04
111324, -+33625E¢32 «81675E-02 +9551952-02 «10051E+04
112403, =e335422 442 «812375-92 «333042-02 «19052E+04
11159, =¢3345375¢02 ¢809005-22 »5551kI-022 «100555 404
111602, -+ 333732422 e8G513E-32 «55325:2-32 2137585404
111703, =e332933402 »301327-02 +b653332-02 « 133585 +04
114822, “e 332142432 «TI75LE-C2 «BU7T522-02 «1JNBJESLY
114933, -eX3127324)2 «793735-07 PALYHAT-02 «13262Z+04
11253z, “e330352402 +78935%-02 «34185Z-02 «i26LEXCY
112100, =a389312472 «7BB225-02 +933032-02 «13165E 404
112242, -+ 381855422 $7E2478-32 ¢535223-92 «L)fe7E400
112334, = 2073224322 «7TT7T873E-02 «533u3z-C2 11063400
112602, =e33633T47%2 «773258-92 «533632-02 «13072S824
11250)« ~e 3961402 o 77133%-02 +62783z-32 «1JL73E494
1126134, =.3362324352 «757723E-02 +525142-02 «13I74E 05
112709, ~e 33U 45 r)2 ook ICZ-02 «3224032-92 « 132757400
1123d.. ~.333508+72 «7BIWRE-22 #513582-02 +1J07HE+CH
112333, ~e38275F ¢332 e THRJRE-T2 +5153952-02 «13QRSC40n
11350). =e33121Z¢02 «75323E-D2 «314272-02 130825+ 30
113202, ~«331272+32 «THI73E-)2 +311582-09 137 8uc42L
113202, -¢380223#02 «TWHRLS8E-02 «50391(2-02 «130852+04
1133090, =+¢37933%402 TU2535-02 v 53524232 130875404
113435 ~«378332422 o739L5E8-32 «503622-32 132895404
113550, =e377532402 73555532 #593352-02 «13091€+C4
113630, ~e376534E¢32 «73218E-02 ¢593342-02 «10093E+0%
113733, =e37403%¢G02 o728722=02 «535773-02 «10Ca4T#04
113902, ~e 370163402 +»72523E-)2 «333132-02 «1ITUhE+IY
113932, ~e37L3LT 402 «72195E-02 «327542=32 «139983E+ 0%
1143232, “a 3772572422 o7L345E=02 +587372-22 «131ICE (Y
116200, =e372525¢02 o 74537€-02 +5954032-02 « 131025406
116281, “e371792422 o71170E-02 «582962-02 «131G3E+04
116303, ~e3703u5¢32 270833202 «530323-22 1T1(5E+ L
11646215, “a37003%¢)2 «70592E-02 377733-02 «10107E+08
116533, ~0359252+)2 «70170%-02 «575282-02 +10109E+04
116634, =+358402+92 «598%0€E-932 «372771=02 «13121E% 004
11730, =¢387552¢)2 69311 E-02 «571282=02 «10112E4+ ¢
L1449., SRR LYSRN DY 0391442 «5578)2-02 131146400
114737, ~e35537: 02 588538« + 55634202 «13116C+04
1152, “e305235 492 eOH335E-52 «552892-02 «10118E 400

621008

A-23

62389

o




e ————
£33 U.%, 3TANDARD ATYNSPHERE

LiHT750.
tiad23,.
L1623).
$1753).
1178455,
117243).
1473351,
L 740,
117533
117530
1477335,
1173JdC.
147930
118307,
1191907,
1182Q0v.
1133319,
1184313,
1483537,
118620,
1187137,
11843,
118340,
1132C..
119403,
119232,
1:933¢.
L1960 ..
A RO Y

L?Ghn
Li376.e.
1L28G2,

-.335535402
-a3493334352
- 34RYII 52

- 348133 +02

-e3W733T4+)2

“e3LhdT 32
~e345312402
--3&&77{032
-. 243331432
-e 30T 402
—e3u2243T 43
—e3nlgNE32
=a3WI5524)°
~e3397124)2

-«3349307492
~e33HU22¢52
“«337132+32
= 336337 43

~a 33593732
“e 33U +d2
~e 337335422
=.352333¢)2
- 332113432
~e332272002
-e33L42E4]2
~e329342432
=.3287%3¢22
~.327332¢02
~s327%52432
~+ 3206212432
=¢32535E422
~e 3206527402
~«32337F 402
“-.322310402

e33273E=02

3

e 329R4E=52
«325320=22
803175 -02
«H2L33E=22
«H1817E-32
eH1523C=-02
«51242E=02
WH0Y57E-32
«HUNTIE-J2
030 33LE-02
«al0LI0E=D2
«399312-02
»39%535=-32
«3Q273%E-22
«330ilZ=-02
«587272-32
«H8455E=-22
«3BLY3E~-D2
e 379L4E=02
«57343E=02
«37373E=02
e37112E~02
.568%35'02
«536545E-02
«56323E=02
+36)528=02
«35%33E=-02
+35%U45E=)?
«35289E-02
«35933E-22
54773E-02
1534525E-02
«SHh274E=32

+5322852-C2
520612-32
«513362-02
0315125-02
«513902-02
$511532-07
.503u83-92
«507232-02
 503112-02
«502232-02

50377z-32
+1498622-02
WIBETI-02
«L4FL3IHI-N2
+W3222z-32
$437192-02
48800202
LLB5331I-02
«3382z-02
«H4B8175Z=-02
47363502
477563202
47553202
C473553-02
47452202
V45351302
45750252
C4B3505-02
45351302
45153202
453357402
«43753Z-02
45565302
43370702

DRITSURE ALT TEMPEATURS SI3MA JELTA SPEED OF SOUND
(=N (0'3-1' NTIGRA0T) (RAS/R.LeH0)  {PRESS/S34L.PRESS) (FT/SEC)
L1320 356443032 ¢38214E-02 e5504L42-02 »10120€+C0
116233 -.!a?!k'*l’ «573932=32 333082027 212128E+00
145333 -e332872¢32 «B75755=-02 «555582-02 «13123E+00b
143438, ~e33135%¢562 «372539F-92 _«53318:Z-02 «13125E¢CY
129534 ~e 3398124352 «35342E=02 «552732=-22 «131272+00
Li3nlla =e33025T#32 35523622 «549332-02 «13123E+00
11573 =.339122¢732 «HEL3L3E-2 $343012-02 «10131E+2%
1ib3use ~.35R27:452 «H531252-32 «543hR52-22 «10132F +04
1139332, ~eX374474)2 «55933E8-22 «541302-22 «1J134E+ Q0
16, ~e356592¢172 +35333%-32 «538352~C2 «13135E¢004
115227, =¢355742¢32 ¢35385%2=32 ¢3355%22-72 «1313835+04
H N I ~e 354323452 84778532 «534322-22 «1J245E4CH
115357 ~e354C057¢)2 -5%»?%--02 «531922-02 +1014L1E+Gh
11663, -e353212+352 e3417087-02 .52353:z-C2 «13LL3T ¢34
11695212, -e35237:¢32 -53%7+--;2 W 327412-22 e1J 1455400
1358 3., =.351522+)2 «H3375%7-32 «523132-02 WLSLLTE+CY

SYRLRLE I
«131507¢3%
«121522400
«1315%F ¢00
131560400
121525434
«10159E 4004
«10161Z+24
«131532+04
« 1116554004
cLILERERTL
«111E9E+]y
«1J470E4+Ch
13172500
W 13474E+T0
«1J175E+0b
«1317TE+ Y
+13179E+04
«1318LE+ D0
«13181354004
«1718LESCY
«11185E+004
«11188E+0Y
«1219JE+CH
«1J192E+00
«1J493E+CU
«10195E404
«1J497E+L
+13193E+04
«102C1E4 (b
132026404
«132CHE+ 00
»13226F + 04
«132080 ¢ 0%

621 0608

A=24

62269




