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SUMMARY

Operational data are those which are used in routine
flights to indicate the weight of payload and fuel that can
safély be carried., Therefore, operational data consist of
information on take-off, blimb, cruise, descent, and
landing.

Airplanes which meke the most use of this type of
information at present are long range, propeller driven
transports and bombers; the material presented on the
following pages is specificelly for use with this general
type of aircraft. -

Methods of reducing take-off tests, climb tests, and of
obtaining high speed cruise control are presented in the'body

of the thesis.



PART T

TAKE~-OFF GROUND RUN
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TAKE-OFF GROUND RUN

Introduction

Flight testing to determine the take-off ground run distance to
reach some airspeed involves making measurements, usually elapsed
time and distance, under a somewhat arbitrary set of test conditions,
These measurements are corrected, by means of readings of free air
temperature, BHP, wind velocity, etc., made during the run, and the
final result is the distance that would be measured under a desired
different set of conditions,

If it were possible to determine the correct airplane
acéeleration during the run, the problem would be relatively simple.
However, instrumentation to measure acceleration is, as yet
unperfected, and taking second derivatives of a time-distance curve
is laborious and of doubtful accuracy, even though a velocity-distance
curve is usually so obtained, and is considered sufficiently accurate
for use in reduction.

The method proposed here assumes that the airplane excess thrust
decreases with velocity squared, or

(4)  Tee= Doy, =~ B, V2
where T.,= excess thrust - 1lbs,.
Ten= excess thrust at V= 0 - 1lbs.
V= airplane speed - mph.
B,= a constant indicating the rate of thrust decrease

As will be shown later this type of equation is a good
approximation/for any normal zero-wind test conditions.

As a check of the validity of (A), the following airplane was

considered -



(W /BHP) = 10
(w/s) = L5
(To/BHP)= L
(T8),, = 950
Copyy = <060
Crppn = o
Mre = .05
where W = airplene weight - 1bs,

BHP= total airplane brake horsepower

S = wing area - fod

T,= total static thrust

(TS),°= propeller tip speed during T.0. - fps

Cpg,7drag coefficient during ground run, gear
down flaps extended

CLau= Lift coefficient during ground run,
considered constant for modern tricycle-
gear planes

Jyo= coefficient of rolling friction

The above values are teken as giving a good average for the type
of airplane to be considered.

During the ground run

(B) Te=pin W+ (Cp- /unc‘_){ﬁi\f}

391
where Ty is the thrust required to maintain the airplane,
unaccelerated, at velocity V. - 1lbs.

O~ is the density ratio
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{%ﬁ}’” {BH DLQ +HCopan C ){WMBHP} ggs

The value of (TS),= 950 is used to determine the airplene
speed in terms of the propeller advance ratio J,
J=V/206
Inserting the numerical values in (B), the following

relationship results,

€©) T/T.=.25+24()"
Most transport airplanes take-off at a J of about 0.6. The

results of combining equation (C) with thrust available curves from
references 1 and 2, from J=0 to J=.6 are shown on page 10lL.

The linear relationship between TQK and J* is valid between J= .3
and J= .6, which corresvonds to about 80% of the average ground
run.

As a further check on the accuracy of the thrust variatiqn
considered, the resulbts of zero-wind tests made on two widely
different transports in current use are shown together with the
distance-velocity relationships which would exist were the thrust
variation in accordance with equation (A). Pages 105 and 106
indicate that any errors resulting from that approximation are

negligible.
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Derivation

The approximation used states =

V = airplane speed - £ps.
M ‘r‘fT;*- BV* Tey = excess thrust corresponding
_E‘___mg_‘_\t/’ to V - 1bs. |
Te= excess thrust at V=0 = 1bs.
In general B, = a constant relating T and
V - lbs-sec® /ft}
aq%/ =V S—;-;l m = airplane mass - slugs
t = time - seconds
m\/dl/ = Tee— BV S = distance traversed when V
@ is reached - £ft.
dS = mvdV V,= ‘teke-off speed - fps.
" T - BV? S.= distance required to reach

speed V,

S= 0 f 4B/ VdV
E B. o ‘ - (B./-‘:'r)\/l

S.=-(m/2B)Loe (I- [B/T\,)
Letting -M/2B,= A" B/T,= F,
S=ALoc, (\-EV)  MER3026=L06,\0
"AM Loe, (\-EVH)

(® S=ALoc, (- FVY)

The above expression will be assumed to be valid for standard
conditions, i.e., zero wind, zero runway slope, standard weight,

density and power. Of the constants appearing in equation (2),
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A" will not be introduced into any of the correction formulae, and
need not be discussed here. The factor F, is a measure of the
decrease in eéxcess thrust of the airplane with increasing velocity
during the take-off run, and'will be celled the acceleratioh factor.,
This term will always be used in the form Fo Vs which is
dimensionless, and allows V, to be measured in any convenient units.
The logarithm to the base 10 is used in éalculations to facilitate
the work,

If V is taken as the ground speed during the take-off run, and

w 1is the headwind encountered, the acceleration of the airplane will

be

gi}! |- \l4~vv)
) EAFM

This is true because thrust available is a function only of
airspeed abt a given power and density, and since thrust required can

be expressed as

Ta= MW + (Co-uuC XSTV./301)

As shown in the preliminary discussion, excess thrust is a

function only of airspeed.
__ PAME NGV
ds. =R (V+w)

where S, is ﬁhe ground-run distance to reach airspeed V, with a

headwind w.

S =Ajv__&r-w ME VeV
; i b 1= Falv+w)*
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Vp-w
- -ER(V+w)dV , eEwdV
S AMﬂl—aww)‘ N n—t—:(ww)‘}

=ALog,[I- E(v+w)']

:ZX(F w)tLog, L* iEoewr A
N [ 10 ﬁ"‘ [F;(V*'W)z}v" ,

= Alos,=5%] “Loa, Lt (BV)" 1=
A 06 °§|_‘sz +A(F¢;\Nt) LOG\O (F; 1.)/‘ ‘_‘_(FWJT

, ] -
| (e - w3 E\ v (RWD)
) S"’=AL°G'°B-((F;W‘)4 \-\-EF;W’))/‘

Evaluation of the constants in the equation for S, is

accomplished by means of an airspeed V, at %S, 5 defined so-

-(RwH% w1+ (Faw?)™
- (FRV.Y +(RV.)
E S ALOG\g [ (E Wz) 1 { +_(F‘W1.)'4.] .

Finally,
yq - (RW K11+ (RwW?) %
Lo ,rl-(!i\/.‘) 1+ (RV)*
) L= li-(Rw)* i+<EW‘)&

L F Vl)v, \-Ew)k |+ (F;\If)y" +RwW) ™
O {“‘Ww* } | Li"éa"w")”l

In order to facilitate the solution of these equations, two

limiting cases will be considered. First, when w= 0

_ - &V,
O Q []
(5 ) LOGNW



Rewriting equation (5),

HPRRN [-(Evne)
(t (ﬁw)}LOGm {g]-(q-‘qw‘)"‘][!—(_ﬁ\lf)v‘ﬁ

K IR AV I M
+D+(F“W ) }Loem{[‘_‘_(ﬁ;wl)'/z][‘ +(F;V:)'/z]} =0

BLOG:Q(Q"E;V.".)_ LOGIQ(\‘ EWZ)"' LOGN(‘" F;V:-)

- 0% [' -(E. Vf)lll] - -
(FwY* Loa, {[' TEW)A]- (F;V,z)‘/z]}

. % o [\"’(Fa\l-")‘l‘]z
+(Rw?) LOGNé, + (gw)"z][u(ﬁv:)"‘]}

Considering the case where Fqo— 0

wt

~ZRV Rwh RV (RWORI-ZEVY S (R (R

+(RwW)* [BRW™ - (W)™ (Ry™) ]

“ZV:‘Z%WI-@» V:t"' ZW\“““'\NI‘W\‘:* Z.WV,“"\N'L" WV—:'—’O
VAN NATA - V'YW (\N) \

) Y S5{==)- v Svil Rl Sl -t

(Re) + £ (00 2 (FIRE) - (%)-+ = ©

r A e
59 V' (W2 1) +)

1]
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Solutions of equations (5), (5a), and (5b) will give the term
Fa v: as a function of the dimensionless ratios Ve /V, and w/V, .
A ploﬁ of that relationship is given on page 112.

The limits given on page 112 are chosen so as to include the
range of conditions met in ordinary flight test work. The value of
w/V = .20 corresponds to a wind of about 25 mph for most modern
transports. Suitable flight test conditions (i.e., lack of gusts)
would seldom be found with winds in excess of this value. A value of
Fa V:== o7 corresponds to an excess thrust at the take-off point
equal to 30% of the static value, while F, Vo= O indicates
constant excess thrust. All modern conventional airplanes fall
somewhere between these extremes.

Letting P, be the ratio between taoke-off distance with a -
headwind w to zero wind teke-off distance, |

2yl =Raw3)” 2 ] 1+ (WD %
[n—(tav,)‘} {U_(F;\L_L_}
|- (Rw?)* |+ (RwH)*™

Loa, (1- RV}

@ = =%

A plot of this equation is given on page 113, Page 112 is
superimposed on this plot so as to reduce the steps required in the
reduction of a take-off test.

A test is corrected to zero wind in the following manner: -
V. (take-off airspeed) and V, (airspeed at one-half
observed take-off distance) are noted.
w (component of headwind parallel to take-off direction)
is noted.
~w/V, and V, /V, are used to obtain 'P,, and BV . So=P,S, .
If the take-off distance al headwind w' is desired, E; is

obtained at F, V; and w/V, . S'(at W)=5,(R./R,)
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Effect of Runway Slope

If the eguation for the take-off ground run corrected for wind
only is 7

@) S=ALoG(1- B V)

The acceleration is

dv. _1-gV*
dt~ 2AEM

where airspeed = ground speed= V.
If the test was made on a runway sloping downward abt an angle Y ,

the acceleration on a level rumway would be -

—_ 1+2AEMgY-EV?
CAEM

R z
I~ TeEAMgy ¥
2AEM
I+2fR Mgr

Letting
B/ +2AEMgY)=F

the acceleration factor for a level runway

CYRSE
dt Ao CARM

and,

(Ba) 5= ALoc,(1-EVD)

where S, 1is the distance to reach V, on a level runway.
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___ R
k= | +RARLMgY

where A= 5/Lo6, (\-FRV%)

R
F;‘: &+ l?.SquMQY
Lo, (1-FVE)

V2
Loe..(\-ﬁv:)(EMg)

Defining
8 Ce=SOY/N,

S5,= teke-off ground run corrected for wind - ft.

~— |87]

= I+ (S\‘;g

where
V.= zero wind take-off speed - mph
Y= runway slope during test {dc:wh taken as positive)-deg.
(8) Finally
E
= I+ C PROTREV:
S Loe (1-RV})
Qina

P= Los (-RV,) _ Se
ST Y o6e 0-RV) S

is the ground distance for zero slope.

where S,
- If the test data are taken at zero slope, and the ground run

distance at an angle Y, is desired, the acceleration at Y. will be

dat 2AE'™

is the value corresponding to zero slope.

(SL\!.) —_-:._L:_Ee:.\l_z + gY,
V.

where F,
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If F, is the accelerastion factor at slope Y, ,

E'I
F= |- C..2267 Fo'Vs
5loc, (\-FR'V,)

Therefore, for correcting from a slopeY to & zero slope,

Cs= S,Y/V:

And, for correcting from a zero slope to a slope Yi

Ci=-SNN?

If a taoke-off is made at an angle ¥ , and the distance for an

angle Y, is desired -

(10) S=(R,/P,)S!

o

where S, is the distance for the final slope Y, .
A chart for obtaining values of Py, and Fo V:' is included on

page 117.






Effect of Weight Variatbions

If the test is made at an airplane weight W, , the zero wind,

zero runway slope ground run acceleration is glven by

aV_ -1-E'v?
dt EAFM

If the test is to be corrected to a gross weight WL,

.- ) 5L )-of

dt /= \W.A 2AE'M 9“ H) W/s(/u/u‘)
where‘ﬁ4 is the coefficient of rolling friction, and gC.S is

the airplane lift. For usual reduction purposes, M=, =,

and,

oo - (B A‘E:'S%Bf*(w;‘)
@ 5B o B

){__ |- 2AE' Mau (\ - . /99,) — FL'V‘}

(¥

BARM

setting

E"Vvi=E'VY/[i- BAF;'MQ/*(“W*’/WH

IR A=

sebting
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=W, 2AR"MVAV

If the azirplsme is to be airborne at the same C, &t the two

weights, the take-off speed at W, will be VIW./W, = V,

. v, o R
S == Ty IR
o W' \__ Fnu\/l

= FepLoo, (- BRW)

(12) Sy.= ° > AL oG, (-8&"vH

In order to mzke these results more readily usable

(13) (M%':Xa- E)-c.

This factor is to be calculated from values known and observed
during the test. The magnitude of g is not measured directly, but
can be taken as .03 for hard surface runways.

And

e M BV
ROV W, I-2AR'MQ(1-W, /)

Wn P

2 Sw.fa V' M
% Vv Log, (1~ ngj‘ %>

i
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o2

RV
W, —
E »n V i - Y _ : F; vl M
. i CELoel o(l—-Fa‘ VI)B g
Letting

“CaFV: oug-
Dok 2 Me= Cn

V= X RV
(9 RV'= L e

& chart for obtaining Cx from Cw is included on page 121,

One other parameter Ky is defined as

(15) Ke = (W, /mM1+Cy) :
This value is calculated, knowing Cy and WL./W, .

({15) Sw. _(Wa/WIALOG (- RV )
Sw, = Alog, (1-R'%)
- Y, Loe (I-R"Y;)
W, L,ogﬁl—ﬁ'vlz)

R

Knowing Keg and Fa Vy ,(@&/®@)8can be read from the chart on
page 122, and Py is thereby obtained.
And

Sm:.= Pws .

where O, is the ground distance at W .
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Effect of Density Variations

A change in density causes variation both in the airplane 1ift
and drag, and, in general, in the thrust available. The first

variation will be considered heres the second under "Effects of

Powsr™,
Sy __ 1=R"V”
dt 2AR'™

Since both airplane 1ift and drag depend upon V; = VO 4 s and
if the test is made at a density ratio (J, and correction to O, is

desired.

sil) __ =RV
at /o, CAR"™M

The acceleration at Op will be

dVv) __ 1-(Ec)V s
) dt)o{” CAR"M

If the teke-off is made at V;= "\];O‘.l"’ s acceleration to the
same indicated airspeed at Op will be required in the final

corrected distance, or

11}

‘/2 \ ‘1
V, o =\, 0"

Se.= -G ALoc. (- £\ &)

o

:gL _ y 4%
- ALos. (=R

And
R =5, /9,)=0:/0:

Where S, is corrected for density.



It is to be noted that while the density correction does not

2

alter Fo V," , the actual take-off velocity if V. = V.\G/oc

at density GO, .



Effect of Thrust Variations

It hes been shown that the relationship

dV_ _1-EV*
dt 2AEM

holds to a very good approximation for various test conditions, and
it is' therefore a valid assumption that any variations in thrust
caused by density changes, lowered free air temperatures, etc.,
would result is an equally good assumption for acceleration.
If ATg is the increase in stabic thrust to be used in
correcting the test data, and

AT, is the increase at V,_' , both in lbs., and,

adV_ 1-R"V"

at BAETM is the aceceleration

corrected except for thrust, then

(QY) - (-2AR'M & of-[R- 2% Mo, - T\
" at ZAEM )

is the acceleration corrected for thrust differences &Tg and
I P

Letting

" EAE"N\Q{ B ‘r;i
o E™\= f B aviam ATer-A

-2 AR"M(ATs /W) g

z

A

21 = AMG Loe, (1-E™"V,*
@n 53 |- E%V;-z (ATST"ATz) ( )

where S, is corrected for thrust.



126,

L] Il

- S, _ "\LOG.Q(! B V)
R =2 = [I- ZENAAT, - aT.)) -

!o("— Fom 2

z

_loe(\-FE"Y, ) _2MgS (AT:w-AT,)
@) B oo, (-R"V) WV, Loe.-R"\Y)

(B S(aTr-aT) _ ¢
VAR

ana  2RYe Mg SOV =D
Loe,(1-R"V. ) VoW

F"v”‘+ Cs Vs Gy
Ew\/ ‘L AT;T Fun V M
—2ARME" 97 |- Wow = ﬁq—é-a g
(24)10 t'tn. 3 A‘_ET s !
etling \/.',_ = C_r11

2E V. Mg SAT}. =-C.
LOC-:.Q(‘ Fn V“) \/ w z

(E 5) F;uu\,zﬂ»: F“\f_g-rCT
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Cr, and Cy, can be obtained from the chart on pagé 128. Once

these two factors are obtained, F.' V.° is calculated.

md  P= MO AT ‘
Lo Log,, (1= F." Vi)

B is obtained from the values of Fy v," and F V. using

page 129,
It

v: (ATST”"AfT;_)

o - 4 ‘ < L N
is calculated, the same page can be used to obtain Py o

Knowing PBY and B ,

D s,/s,=p+R=p,

#nd  S3 is the distance corrected for thrust,



TR
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Discussion

A reduction method of the type outlined should be (1) accurate,
(2) simple, and (3) have a physically apparent continuity. An
attempt will be made here to evaluate this method in light of these
factars,

First, the method depends on actual test curves of velocity-
distance and calculated curves S = Alog(l - Fo V*) agreeing
closely. This has been shown to be true for two representative
airplanes. The weight correction depends upon a knowledge of M
which will have to be estimated. Howevengi is known for modern
rurways to lie between .02 and .05, and the difference in the
correction obtained using each extreme is very small. And, it is
assumed thalt if the thrust is altered in some manner from the test
values, the final acceleration will be of the same form as the
uncorrected variation. This is true for normal thrust corrections,
if the original variation is accurate, which it has been shown to be.
These are the primary assumptions made using this method.

The use of correction charts to reduce calculations has
simplified this method to a point where it is comparsble to other
simple reduction procedures in labor required. It is so seb up that
if some correction is not desired, a series of corresction steps is
eliminated without destroying the continuity. The fact that the
distance-velocity equation has the same form for any zero wind
condition makes this possible., Were this not so, an approximation
for some set of flight conditions would have to be assumed, and the
corrections made in a manner so this type of relation would be
obtained, each correction causing some necessary change in the

initial relationship.
&
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The term F, E: has an easily understood physical meaning,
and makes the effect of each correction readily understood. Two
parameters S and Fq Vi completely define a ground run, to a
good approximation, for a given V, , and give & good insight, for
example, into the effect of increasing the weight of two engine-
propeller combinations of the same airplane., If S is the same
for the original weight, the configuration with the least F, Ve
would require the lesser ground run for the increased weight. Certain
other of the parameters calculated have a not readily apparent
physical significance to the casual user of this method, but this
condition is found, as a rule to a grester degree, in similar methods.
Ind, these parameters indicate clearly what is important in any
cerrection,

In view of these facts, it is felt that the method described is

superior to others in common use.
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In order that this method can be more readily understood, a

calcvlation form, as would be used in flight test reduction, is

included here,

The ground run on page 106 is corrected so zs to

give the corresponding distance for W= 90,000 1bs@9\(3'= 1,
Y= 0, &, /engine 100 1bs., AT,/engine = 50 1lbs.,

w = 20 mph..

(1) he = L95 ft,

(2) F.o.T.= 58° F,

(3) w = 0 Observed data
(L) V, = 200 fps= 136.5 mph

(5) V,= 151 fps

(6) Sw = 2860

(7) W = 8L680 1bs.

(8) Y= ,63°

(o) W /=1.32 (L)/(5)

(10) w/V,= 0 (3)/(l) Correction to zero
(11) F.V'= .h70 Page 113 wind

(12) B, = 1.000 Page 113

(13) Se = 2860 Page 113

(lh)“ Cs = .0967 [(13)(8)1/(k) Correction to final
(15) B = 950 Page 117 slope

(16) F.vr  .L88 Page 117

(17) s/ = 3010 (13)/(15)

(18) ¥y'= 0

(19)  Csi= © (18)(17) /(L)

(20) B = 1.000 Page 117



(21) R W= ..88

(22) s,= 3010

(23) W= 90,000 1bs.
(2h) WW,/W, = 1.062
(25) 1 - /W= -.062
(26) M= 0L

(27) Cg= =.000L0
(28)  Cg= =.0090
(2%)  Kg= 1.071

(30) & /M@, )Px = .907
(31) BV = .520
(32) Sg = 3520

(33) Vo= 141 mph
ZBh) h, = 600 ft,
(33) o= .98

(36) ©,= 1.000
(37)  o./o.= 1.020
(38) Sz = 3L50

(39) ATse = 10O

(LO) AT,= 200

(L) .= ,000393
(412)  Cr,=  .000786
(L3) Gy = .008
(L) Cv,= 016
(L) BT = 520
(L6) K, = .00222

(L7) P = 1,000

(L8)  pY= .200

133,

Page 117
(17)/(20)

(23)/(7)

-[(2n) - 1]

[(26)(22) /(uy)25)
Page 121

(2h)/ {1+ (28)] weight
Page 122

Correction

to final

Page 122
(22)(2l)/(30)
(L)(2L)

From (1) and (2)

From (3L) Correction
to final

(36)/(35) density
(32)/(37)

[(39)-(L0)1(32)/(23)(33)"
(39)(32)/(23)(33)
Page 128

Correction
to final

Page 128 thrust
10+ (u30) /(L]

[(39)-(40)1 /(23)

Page 129

Page 129



(L)  Bp= 1,200
(50)  s3= 2880
(51)  V.'= 139.5
(52) w= 20

(53)  w/¥y'= 135
(5L)  Ry= .759
(55) 5= 2190 ft.

(L7)+(L8)
(38)/(L9)
(33)/137)

(52)/(51)
Page 113
(50)(55)

13k,

Correction to

final wind

© 2190 ft. represents the ground run distance desired.
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INITIsL CLIMB AFTER TAKE-OFF
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INITTAL CLIMB AFTER TAKE-QOFF

Discussion

In order to complete the take-off reduction procedure, it is
necessary Lo prescribe some means of analysis for the distance from
the unstick point to the place where the airplane clears an obstacle
of prescribed height above the runway, usually taken as 50 ft...
Unlike the ground run, the initial climb does not lend itself readily
to rigorous reduction methods, the reasons being theses First,
pilot technique, which is a small factor in the ground run as a rule,
is a major factor once the airplane has left the ground; and second,
the problem is two dimensional.,

Reduction methods used for the take-off flare are almost
altogether empirical or semi-empirical. It has been a common
practice to approximate the distance by that measured in a climb
awegy from the ground corrected with an empirical safety factor.

The method presented on the following pages is based on the
assumption that the airplane 1ift coefficient will be the same at any
height above the runway regardless of airplane weight, air density,
ebc.., It is assumed that the airplane flight path distance is
approximately equal to the horizontal distance to the obstacle.

Since the ratio of horigontal distance to obstacle height is of the
order of 15:1, the error introduced can have a maximum magnitude of
1/16 or 6%, and is much less for any normal take-off.

The excess thrust during the test is represented by a mean thrust,
and corrections are made assuming wind and runway slope have no
effect on the mean thrust; and appropriate factors account for the
change in thrust with power, air density, and weight. Also, mean

values of airplane and wind velocity are used in meking the wind
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correction.*

It is felt that greater "rigor" would be unwarrented, as the
additional complexity of analysis necessary to obtain it would be
very great, In fact, rigor is hard to define in a matter such as
this, as the action of a pilot under a different set of circumstances
is difficult to predict. In operational data where a safety factor
is included in all results, it is felt that the reduction methods
presented are sufficiently accurate.

As further justification for the semi-rigorous approach used,
the flight distance to cover a fifty foot obstacle is about one-
fourth or one-third of the total take-off distance. An error in the
flare disbtance of 10% would introduce about a 3% error in the total

take-off distance.

#* The airplane velocity along the flight path and the horizontal
component are used inter-changeably in the following discussionj this
is possible hecause the cosine of the flight path angle is very close
to unity. Uost accurate methods of measuring take-off data give the
horizontal component directly.

The method assumes, for correction purposes, the gear has not
started to retract at the 50 ft. point. This will always be a

conservative assumption,
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Derivation
(1) Correction For Runway Slope

During the initial climb after tske-off -
s
ﬁ:ds =W {%gi‘-(v:—vfﬂ h}

where
F = the airplane excess thrust - 1lbs.
‘ H= a pred@temihed height above the runway - ft.
h = the height above the take-off point where the airplane
is a distance H above the rumway - It.
5= +the distance along the flight path corresponding to the
height h - ft.
W = the airplane weight - 1bs,
Ve = take-off speed (with respect to the ground) - mph.
V,= airplane speed abt height h (with respect to the ground) -
mph.
If the teke=off is made on a runway sloping downward at an

angle Y ,

Sv
() |FdS=<W {%gi (M= )+ Hceosy-x, SIMYCOSY}

where Xy is the horizontal distance corresponding to S,.

If the runway is level,

() f FdS =W {%Jgiw:-v:) - H}
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The approximation is made that

Sy S,
(3) deS =FX, deS=T—“xL

Dividing (1) by (2), and, since for all normal airports Y is

very small, -

Xy _,_ X (0/573)
Koo BRVE-NE)+H

101 6(Vi-V) +BT3H

For H =50 ft.

XV= - XYY
= x= 3831(aVv)V,, + E865

A\/ = \/H "Va
VAV = P? (VN+V2)

and,

x" = X‘*Y .
(40) Ky I+ 3831 (AN )V, + 286D

For usual teke-off procedures &V is positive and of the order
of 10 mph for zero wind and somewhat less as t he headwind increases,
Headwinds of the magnitude required to make AV€QO are larger than
those usually existing during test take-offs, If extremely high
headwinds are encountered, the flight path distance and the

horizontal distance cannot be equated, the method breaks down.
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(2) Correction For Wind

At any height h above the runway, the airspeed, and
consequently the excess thrust, is independent of wind conditions,
This means that the rate at which the sum of airplane potential and

kinetic energy increases is constant, or

) Easa—-— & m@h)’ =215 W\/Ma__hw(gh)

where
Va is the airplane velocity with respect to the
air - mph
w is the headwind velocity at height h - mph

d()Bt  is a time rate of change, ©* in seconds

The subscripts o and w refer to zero wind and wind

condition respectively.

{E 'St iﬁﬁ”}@") {2“5"‘{3}1 ey ’“"}(dt);

(4L (st {%_ (Sw/dMERI5Y) %
Adhi \dhl, L 2151 dV/danhi-gA

Since Yy = V.

1467 ﬂ—?%){v- W)dh=S,, =%y

1.467 fo("g}\)‘ydhf X
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y \ V- widtAAh), (dwd
B) X.=X-l467 { [\«J,(-‘%)gh +[Aw%)edn+ag\</gé+g/aﬁgy n d%

Where W, is the headwind at h= 0, and aw=w - w, at
height h.

The three terms on the left have readily apparent physical
significance, The first is the decrease in distance were there no
gradient, The second is the further decrease in distance because of
the airplane airspeed being less above the ground due to the wind
gradient., The third term appears because the increase in airplane
kinetic energy required to maintain a given airspeed is less than
with no wind gradient, and more energy is available to lift the
airplane, increasing the rate of climb,

Reference 7 indicates that the wind velocity w at a height h
from the ground is approximately relatea to a windspeed w,
measured at a height A above the ground by the relationship

W/W, = (R/N)"
which is vzlid in the range covered during the climb to 50 ft.. A
height & is defined as the distance from the ground to a point on
the airplane resting on the ground; this point is defined so that the
drag of the airplane would be the same with a wind gradient as it
would with no gradient were the wind velocity at the point A the
same, Obviously such a dimension will vary with wind gradient,; but
for purposes of analysis it will be assumed to be constent. With
gradients as described above, the variation will be small,

For modern low wing transports in take-off configuration, O

can be taken as the distance to the wing fuselage junction,



N=hs+a WAN, = [(h+a)/n] 7 W=W,

Rewriting equation (6) in terms of mean values -

(7)) Aw=X_-1467T, [Jé{(%\ej'k (%ﬂé)‘}w,

+.L{[(V*W)sa+(V-W).](W..- >H
2 ((V5o-Vo) + 1406/(Vso V)

where T, is the time required to reach the obstacle with no wind.
Since the time T,, , corresponding to T, with wind, is measured
in most take-off tests, this value will be used to determine T, .

For any normal take-off flare the average ground speed lies

between the take-off speed and the speed at the obstacle.

‘ 3
2= AW+ (v-w)] A=t
Xe_ A
7= A Ve VAl

It will be assumed A= A ,

To o E[ VetV
) Xo XK VoW o*(\/-wij

Finally,

(9) Zx=1-733 <%}{{(%)‘*(@£-§}Wr* N T ‘\1'3"89&"1‘1'%)"]

#* X, and T, are not corrected for runway slope.
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(3) Correction For Density

The density correction made here accounts only for the fact
that for a lower value of the density ratio, O , the airplane takes
off at a higher speed, and for the same C, , reaches a higher
speed at the 50 ft. point. Any variation in thrust due to density
(and/or temperature) at the same indicated airspeed is considered
under power,

If the test is made at O , and a correction to Us is

desired, using the relationships Vp Oy, = V,.05 and VyO;= stog s

(vv) + H
(V -V) o+

Xes — 89
e, Eas

Koy = j— (1-0e/%)
(10 Xeg 1= |+748/Nw AV

Vo and AV being zero wind values.
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(4) Correction For Weight

If, as assumed, the C_ at various points during the initial
cl:;unb does not vary with weight, a change in weight produces two
principle effects. First, the airplene increase in kinetic and
potential energy is changed, and second, the drag and thrust
available are different. The first effect is considered here, the
second is considered under power,

Letting W, and W, be the test and corrected weights

respectively

X - AR5V gIMEVE) + W)
Xo T WL o 15v2g) (V- /) + H}

where V, and V, are measured at W

Xz — &h N -WYWNR151/20)(\Mi- \1:1
X ¥ @.15/2Q)XW - Vo) + H

For H= 50 ft,

an xv_;\glh_ |- W/ }"
Xo o W' 1% T48/N, AV

_>_<;I= w'r ) E‘Wo/w.f -i
(1) < W,{_H 748 &V

when - Wo/W,
1 +748/ Ve ON «< |
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(5) Correction For Power

The correction noted here accounts for the following factors:
(1) In general the corrected take-off is at g different
airspeed, density and temperature than the test take-off. Also, if
engine performance is faulty during take-off, the final resulis must
be given in terms of what the airplane would do in normal opsration.
(2) Any changes in weight cause a change in drag if the C,
is held constant. |
In order to account for these factors, mean values will again be

considered,

Where the subscripts uw and o define values uncorrected and

corrected for power respectively.

S = wing area - £th

Cp = drag coefficient

R = air density - slugs/fﬁi

¥ = air speed - fps,

T = totel airplane thrust - 1lbs. This can be determined

using power charts and propeller curves with sufficilent
accuracy for this correction.

At any height, h, =

o= (L /N,

ECoVS «3CoWS (W, /W)



E X.= W,IR15v/egX V- V) + Hl=F X,

= (—E,— %CDFV:)ZS)XU

£CoNS=T- T {B8 (Wvi) )
[ Bl R
o {amsa(\/ V) +H}

(T i T {28! o)+ Hj|i- &

elid

)

T - W/ LV WL
W, R 1517290V - \F) + W] [7 X_JW'“]

©

x., = m. T/W i A"
( V6 TVavAY + 50)

Where X, 1s corrected for everything but power, and T ecan

be teken as the average of [ at V, and at V, o
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Sample Calculetion -

As an example of the use of this method, the following case will

be considered, *

(1) X = 800 ft. Observed

(2 V,= 120 mph Observed (V - w),) ground
(3) V= 125 mph Observed (V - w)“} speeds
(L) r=1° Observed

(%) w,= 10 mph Observed

(6) A= 25 ft, Observed

(1) &= 8 ft. Observed

(8) Q= .95 Observed

(9) Tw= L.L5 sec. Observed

(10) T, /W,=.71 Calculated

(11) aV= 5 mph (3) - (2)

(12)  Vu= 122.5 mph 1 [3) + (2)]

(13)  3.821(aV)%,= 2345 3.831(11)(12)

(1L)  X»/X,= 1.15L (1)(L)/1(13) + 2865)
(15) w,= 11.3 uph (5) o (/6"
() w, = 8,5 mph (5) [('r)/(é)}v7

(17) V= 136.3 mph (15)+ (3)

(18) V,= 128.5 mph (16) +(2)

(19) T /X,= .00556 (9)/(1)

(20)  Veo+ Vo= 26L1.8 (17)+(18)

(21) (V= w)yg+(V - w),= 2L5 (2)~(3)

(22) T,/%,=.00601 (19)(20)/(21)

% ¥
(23) Tla/NT+ (Fo+ Y/ N\ lw,=19.86  (15) +(16)
# Data will be corrected to zero runwzy slope, zero wind,O = 1,00,

and T/W and WARL:s indicated.



(2k)
(25)
(26)

(27)
(28)

Wv=w)ge + (V=w), ] (vigemw, ) _
(ﬂvsq"'ve ) +1lJ,90/(V5é-V= J

1= X, /%s=.312
X, /%o = .688

(29)
(30)
(31)
(32)

1 -0, /0Cs= -.052
l = (X‘*S/X5-° ) = "‘30256
Xog [Xqy = 1,026

(33)
(3L)
(35)
(36)

W/ = .9
1 -W./ %= -.052
(W) (X, /%, )-1= -.0256

(37)
(38)
- (39)
(40)

(L1)
(L42)

the derivation, -

To /M,= 200
Te /W, = .210

X-U(To/m-om TU/WU) = - 12
SOL6TVLAT T 50 13

X, /%, = 919

wu E'WT

This was done for additional clarification in the separate

213 e

(17) - (18)
(15) - (16)

(e1)(25)
(2L = 10967 (20)

.733(22)[(23) + (26}
1- (27)

given

1 -7(29)/(8)
(30)/{2+708/T(27)-(28 312 7)+(187}
1 - (31)

given

1 -1/(33)

(30)(314)/(31)

L+ (3501 (33)

(1)/(1h)(28)(32)(36)

{i%lculated from observed

and corrected data

(1 [38) = ()] |
e T o

(LO)+ 1/(33)
(37)/(L1)

It is noted that some duplication in nomenclature is present in

sections of the derivation, and will cause no confusion if the

above calculation form is used.
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CLIMB ANALYSIS

Discussion

The method of reducing climb data to standard conditions
presented here differs from commonly used reduction procedurss (See
references 3 and li.) in that it does not require é graphical
differentiation of the observed pressure altitude-time curve. Such
a difference is important for several reasons: First, & smoothly
faired pressure altitude-time curve is considered necessary to obtain
satisfactory results graphically, but such a fairing does not give
proper weight to short time variations such as the power fluctuations
often encountered. The method presented here is set up to account
for those factors. Second, obtaining data by graphical methods is a
job handled satisfactorily only by trained personnel; this method can
be handled by anyone capable of making standard calculations.
Furthermore, it is often desirable to make in-flight reductions of
flight test data, which would not be feasible if extensive graphicel
work were required, bub which can be handled using the numerical
analysis outlinesd here,

The analysis made here is peossible only because the pressure
albtitude-time variation occuring during any sabtisfactory climb test
will have a fairly smooth and continuous derivative. It is therefore
possible to represent segments of the variation by simple mathematical
expressions, and base reduction methods upon these.

The following method will, in general, require more test data than
other methods. Additional accuracy in the reduction of test climbs
in the neighborhood of rapid changes or variations of rate of change
of such factors as velocity or power naturally requires more data in

that region. In spite of this fact, this method will require
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approximately the same amount of total time as the graphicsl method,
since satisfactory fairing and grephical differentiation require a
considerable amount of time.

An attempt is made to indicate the importance of various
corrections so that the reduction procedure used will conform to the
accuracy desired.

The final presentation of the climb data consists of a curve of
rate of c¢limb vs. Standard Altitude or some specified non-~Standard
pressure altitude. This curve will permit fairing out wild points
due to instrument lag, unusual atmospheric conditions, and other
factors not accounted for with ordinary flight test methods. Since
the slope of this final curve is usually unimportant, the fairing does
not require excessive care.

It is assumed that the reader is familiar with ordinary flight
test procedures and the presentation does not discuss elementary
problems of taking and reducing data.

This method does not consider the effect of wind gradients on
climb, It is felt that any satisfactorily conducted climb will be
made cross wind due to the inadequate winds-aloft data usually

available,



303.

Outline Of Method

The unreduced climb data consist of pressure altitude readings
vs. time, and corresponding values of engine RPM, manifold pressure,
outside air temperature, etc.. These values, corrected for
instrument errors and, when necessary, pitot errors, are used in the
following manner,

First, density altitudes are calculated abt each test point and
the desired I.A.S. at that altitude is teaken from the previously
determined f1ight plan. These values are used to correct the pressure
altitude readings for velocity variabions according to the following

equation -~

m sh.=-263 (%)AW* () oM
L\.hpr- difference in pressure altitude reading were AVi=0 -y,
V= flight plan I.A.S. corresponding to the density altitude
at the test point - mph.
£94=\ﬁ‘\4ﬁm“ mph.

The above relationship assumes that any difference betﬁeen
observed and flight plan airplane kinetic energy is manifested in an
equal potential energy difference. It assumes that Ah, =nhs Ahd;
since corrections are usually small, the error in these corrections
is less than the minimum readable altimeter differences, - five feet
or so. Also, the assumption is made that the planned true airspeed
at the observed altitude is not appreciably different from that at the
corrected altbtitude, which, since the corrections are small, is
Justified,

#(See reference 5.)
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A% Ry = 10,000 ft., 0= .738 ;3 for Vi=180 mph, AV, =5 mph,

and

=- 1 (180YR)=-
ahe 5.1 T%BXB) BOFT

which will indicate the order of magnitude to be expected.

The approximate relationship between pressure altitude and time.
used to determine dhf.kjt was chosen because it was accurate, did
not require an extremely large amount of test data to obtain this
accuracy, and did not require complicated mathematics for its use.

The relationship

where ?]P the pressure altitude at time ¥ - Ft,
N, the pressure altitude at time t=0 - Ft,
T  elapsed time - min.
would result in simple reduction methods, but would give
satisfactory indicated rates of climb between points hP and h?*'bhp
only if Ahp were very small.

The relationship

dhe o
dt - B ChP

would require, in general, less test points, since a linear or near
linear rate of climb variation with altitude exists for most
airplanes. However, the mathematics involved in the use of such a
relationship are cumbersome and do not provide a good reduction

procedure,
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The variation

he=h,+at + bt~

was chosen for the approximate relationship to be used because it
provided accuracy of results with a minimum of calculation.

The constants in this relationship are determined by considering
three test points at successive pressure altitudes, hy ; h, and h,

where t=0, t, and t,+ t, - If the approximate relationship is exact

at these points.

a= (h=hXE, +T) T2 (he-ho)
T rt)

b: — @\' th’tW‘t;) _tu(hz‘ ho)
Tr.lt+1,)

AT hp=h,,

dha) - A — (h-hJYtr-tX) +(h-h)t?
(Eﬁf);’c‘ 2bl= = N

IF ahs=h-h,
A hz= hz‘h|

(2) (d;br) _ Ah,(tg-tf‘;)+~(ah.+ah,)ti
dt/, Tt (kL)

- ah (. /t) +anAt./t)
(t,+t,)
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If the test program is set up so that the time intervals at
which data are read are held constant except in criticzl regions
where they can be halved, the above equation simplifies, and a large
reduction in calculation time is realized., If data are teken from
airplane instruments, an approximate knowledge of the airplane rates
of climb will permit determination of a suitable constant time interval,
If a photographic "automatic observer" is used to record data,
suitable time intervals can be determined upon completion of the test,

It will be necessary to plan the test so that knowledge of the
apparent rate of climb at the first test point is not required, as
this method does not provide for obtaining climbs at the end points.,

Once the rate of change of pressure altitude is known, the true
rate of climb can be obtained from the relationship

= ghe T
(3) R/C T T

where R/C is the true rate of climb abt hg - ft./min.
T is the absolute free air temperature at hp - °F.
T, is the absolute free air temperature at h, were the
atmosphere Standard - °F.
Derivation of the above relationship is found in reference U
and many others and will not be included here.
The following equation is bthe eguilibrium equation for an

airplane, and will be used in the subsequent discussion.

. CaSVY , WRE , | &, dV
(4) 7BHR =835 * 33000 375 9 'dt
where, for the airplane at the point considered,
n = propeller efficiency

BHE, = total brake horsepower available
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Cp= drag coefficient
q= dynamic pressure - 1b/ft>
S= wing area - ft2
V= airspeed - mph
Y = weight - lbs.
dV/dt = acceleration with respect to air - ft/sec.
Letting the subscript "T" refer to test conditions, and "O"

refer tc the conditions to which the test is to be corrected,

_W.RC._ '\ W\ dV'_ CnaSV_ CoaSV
@a)  RBHR-35505 575 0 Vat © Y5 - 375

= SNLRC. .\ W\, dV _ Coi, &SV
#BHR. - 35500 3755 Vat, 375

(5)  R/Co-R/C,={Er-fRic, + 33090 {81R - 2 BLR )

rerav{Fe Y- g )+ 0898Y (Go- G

| - QU w0
LeTTing Coi = TRE - Giot AR

(6) 88a5V{Gi-Co}= 88Y {(wew?)

G - P ()
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The above form is acceptable for flight test calculations even
though it contains the airplane efficiency factor e which cannot be
determined satisfactorily from a test of this type. For airplanes
with a laminar flow wing e=1.0; for airplanes with other type airfoils
e= ,85; these values will beyacceptable if more accurate knowledge of
e is not available,

One of ﬁhe reasons that an approximate value of e can be used is
that the above correction term is small =

As an illustration,

V;= 180
0 %=.8
WL/ W A=,02
(W+w,¥5=100
AR= 10

e = .8

3442@9{%_ }{ }

=34400 __
= 086X 8) mhore)-02XI00) =19 FT/MIN.

or, if e were actually 1.0 rather than 0.8, the error in the
correction would be about L £t/min..

Another reason that the accuracy with which e is determined is
not too important is that for most test work TI!}/EE; will be very
clese to one. If the power during a climb varies within a few
percent, as a rule the resulting fuel required to reach a given
height does not change appreciably., An increase in power will

increase the ratio of excess thruét to thrust required, but will
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increase the s.f.c., and these two factors tend to compensate for
each other,
Also, as a first approximation, the term

®a) 274V {%ﬁ’;— gt\{ }i 40& {ad%/: ad_é g =0

for a climbing speed of 180 mph indicated,
dV/dt. = .100 ft/sec? at 10,000 ft.
at a rate of climb of 1250 ft/min..
If atmospheric conditions are such that the test height climbed |

between two density altitudes is .95 the actual height,

adv/dt.=.10%5 FT/SEC?

and,

dyv_ gVl 180 ¢ ho-
274V {d T gt }~ 402 359 (005

" =3 ft/min,

So, for a good first approximation,

(7) R/C-R/C.= ig%O—Q(QDHPA.— %bl—\&,}

and weight corrections can be neglected.,

Once the approximate rates of climb, neglecting the effect of |
weilght and acceleration variations, are determined, a more accurate
determination of the climb picture is immediately possible. Weight
effects are important if the density altitudes at take-off for test
and corrected conditions are apéreciably different, and if much
variation between actual climb height and the change in density

altitude exists.
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If times to climb are determined using the correction of
equation (7), fuel consumptions for climb power are taken either from
flight test or engine‘manufacturers data, and a good approximation of
the fuel consumed and the height attained in reaching é stabilized
climb is available, the following calculation procedure is
recommended which gives readily a first and second approximation of

the correct rates of climb.
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Observed test data corrected for instrument and pitot error

Observed test data corrected for instrument error and

adiababic rise

 Observed test data corrected for instrument and pitot error

' Observed data

| From , @, and the flight plan using equation (1)

®+ @

From ..,, the time difference between two successive

altitude readings

From = the altitude difference between two successive

readings

From using the form of equation (2)

@
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From using the form of equation (2)

From s s s and@ using equation (2)

Standard F.A.T. at @

From @, @ and using equation(3)

Observed data

Calculated using test conditions

Standard values from corrected test data or power charts

Observed data from displacement tank readings, flowmeter,

etc,, knowing take-off weight

R/Cs

First approximation for corrected rate of climb, using 5

» 9 , , and equation (7)




The reduction outlined on the previous pages can be used to
obtain a final result, or as a first step in obtaining a more
accurate result, dependiﬁg upon the accuracy desired. For most test
conditions the first result will be sufficient.,

For additional accuracy, the fuel used to reach a stabilized
climb must be calculated. The point of stability is generally a few
hundred feet above the take-off height, and the fuel used includes
taxi, warm-up, take-off, and initial climb.. Above this point a
stabilized climb is assumed to exist, and using the rate of climb
data caleulated on the previous pages, extrapolated, if necessary,
to reach the density altitude for initial stability, and the fuel
flow characteristics of engine, a second approximation of weight vs,
altitude will be obtained. 4 similar consideration will result in
a relabionship between altitude and time to climb used in getting
FAN VIR

The correction of (6a) is approximated by assuming that test
and Standard day accelerations at the same density altitude are
equal to the mean accelerations, based on the test points
immediately above and below the point considered. Or, if the three
tesﬁ points considered are h,, h,s; h,3 bthe corresponding true
velocities are Vi, V, , , 3 and the test time between h, and h, is
T, , the approximate climb time is To , at point (1)dAVAt=(\o-VoV/T; ,
and dVBLE(V-V,)/T. o 4s long as the distance climbed between
readings is not too great, (ssy, less than 1000 ft.) this is a

- satisfactory approximation.
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oy

Calculeted using and fuel flow data

®

-«

~a

®/@

@) Hlr

*

-=1

@

5
5

>
g

£

| From g (usually sufficiently accurate to say =@ )

®9®

>
X

£

| Induced drag correction using , , @ s @,

and correct I.4.S. in equation (6)

A3

®

>
&

From altitude vs. time to climb curve

Ol

From and

From @ and ‘

3@ 72| =@ <Q

&

From @, , @, and @ using equation (6a)

®

O

o

®+ @-a- 4+ @ + = final corrected rate of

climb




vt e-fac.

| An/c,==3%,%?9{?z BHP%-QBHQ,\J

ARC,= %%% TAe {‘% - '}{'E'stm}

AR/ 402 TS - 5%/}
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No proof of the fact that this method converges is given, but
it is obvious that it will do so. As a rule, any correction beyond
the second step indicated on the preceding page will giveiresults
more accurate than the airplane instruments.

The term flight-plan I.A.S., spoken of in the preceding analysis,
is that speed variation which is most suitable for operational work.
The speed is faster than the speed for best rate of climb because
the airplane flies better at faster speeds, cooling is better, and
more horizontal distance can be covered in reaching altitude, an
importent point in operational flying. Uost operational climb plans
specify a constant I.A.S. up to some altitude, (say 9500 ft.) , a
decrease in speed to a higher point, (say 10500 ft.), and constant
I.A.5. above that, repeating the process if necessary at higher
altitudes. This flight plan, though not as "rigorous" as a
continuously varying climb speed, is much easier for the pilot to
fly.,

This climb speed is somewhat arbitrary and not the result of
extensive sawtooths, eﬁc., as would be used in engineering flight
test. Consequently, the question might arise as to why accurate
reduction procedures are necessary. inhe answer is that when using
such a plan the pilot must know accurately the fuel required for
climb if he is to carry a maximum payload, even though the flight
plan is not rigorously determined.

Engine critical altitudes and best altitudes for blower change
can be approximated from power chart data, and checked against the
torquemeter readings made during the flight (corrected for non

Standard conditions) and final corrections made accordingly.
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HIGH SPEED CRUISE CONTROL

Introduction

The term Ycruise control! refers to data which, for a particular
airplane, indicates the power sebttings giving a maximum value of
ground miles traveled per pound of fuel consumed for any flight plan.
Methods of determining cruise control data for airplanes which fly
under conditions whére the effects of compressibility are unimportant
are covered in standard references; (See, for example, references l
and 5.) the methods indicated here are specificelly for use with
airplanes where compressibility effects are important.,

The method presented is based on the principal of correcting
test data to non-test conditions holding temperature constant and
correcting for pressure variations; (See reference 6.) this type of
data reduction requires no Mach Number cofrections.' Thelbasic

equations used are

BUR _ P
- AJLANY- R
(@ EE= B

W, . R.
© - 3

where F%j= Absolute Atmospheric Pressure - in. Hg.
BHD=Brake Horsepower
W = Gross Weight - lbs,

Fan=HMQifold Pressure - in. Hg.
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and the subscripts t and s refer to test and corrected conditions
respectively. The above relationships hold if test and corrected
free air temperature are the same,

The temperature altitude method has two drawbacks, First,
according to equation (b), the reduced weight may differ appreciably
from the test weight; however, cereful flight planning should reduce

“this difficulty to a minimum. Second, the method permits data to be
reduced to standard oniy if the free air temperature lies between 59°
and -67° F3 the fact that most operational flying is done below 30,000
ft. tends to make this restriction unimportant, and the test data can
be extrapolated to give results not directly obtainable.

In addition, use is made of the fact that altitude has a negligi-
ble effect on the specific fuel consumption of an engine at constant
RPM, power, and blower ratio,.

The test program outlined requires an accurate knowledge of free
air temperature; it is recomménded that a shielded thermocouple
giving very close to a full adiabatic temperabture rise be used. In
addition a positive displacement tank to measure fuel flow is
recommended, and a knowledge of the altimeter pitol error is
desirable in addition to the more common instrument corrections.
Torquemeters are also required for accurate testing,

The method presented does not reduce airplane performance
directly to such basic dabta as speed power curves and specific fuel
consumpbions, but gives cruise data directly. The importance of this
fact depends upon the overall airplane test program, of which cruise
data may or may not be a major factbor, and modifications of the
proprosed program may be desirable to permit two purpose testing and
consequent reduced overall flight time.

The problem of high speed cruise control, at present, is not
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too important. However, fubture airplanes will cruise at higher Mach
Numbers, compressibility effects will have to be considered, and
methods of data reduction similar to that outlined here will have %o be
used. In general, the consideration of an additional parameter

Mach Number) will require increased test time, and greater care in
setting up a test program; this fact is evident in the following
discussion. A test program such as this should be used only if
preliminary data indicate the effect of compressibility cannot be

neglected.
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Calculations and Testing Procgdure

The engine power chart and an approximate knowledge of the
airplane speed-power relationship for the btest weight range are
desirable in sebting up the test pfegram. Several test temperature
altitudes are selected in accordance with the engine installation
used, test time available, accuracy desired, etc.. At each altitude
several powers are selected in constant increments; at least four or
five between maximum BMEP or open throttle and the maximum RPM
condition, and a similar range of HPM's is selected. The powers
chosen are reduced powers; test'pcwers are chosen using equation (a)
to give the desired reduced power at standard conditions.,

The tests are conducted in the following manner: First, at a
given free air temperature, a power is set at the lowest obtainable
(or permissable) RPM, fuel flow and airspeed are read, and air miles
per pound of fuel calculated. This procedure is repeated at the same
power for at least two more RPM's. The purpose is to find a maximum
value of miles per pound for that power; this maximum will occur at or
nesr the minimum RFM. If that maximum occurs at full throttle, it is
desirable to take test points at higher RPlM's since some operators
prefer not to fly at full throttle even though some economy is
sacrificed. This desire arises because momentary increases in power
are desirable, for example, in rough weather, and such increases can
be obtained most easily if some throttle play is available. And,
variations in engine characteristics make some leeway desirable,

The variation of weight during the testing at each power is
neglected; it is usually very small., Since the fuel flow can be
determined during the test, it is possible to keep a running record

of the weight, which is therefore known at each test point. A
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thermometer in the displacement tank can be used to determine the fuel
density; one relationship between temperature and weight will usually
be adequate for a series of tests if occasional checks are made,

The resulting curves will look like the sketch -

W= (REDUCED)

EAT=
(1 BHP= (REDUCED)
hp=
AlIR
MI/LB

RPM

Also, curves of specific fuel consumption vs, power are drawn
from the same data, and allow determination of curves (1) for various

temperatures.

RPM=
2)

SFC.

BHP (REDUCED)
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Similar tests are made at several weights, and the following

cross plots are obtained.

FAT =
BHP=
\ h&P:
(3)
OPTIMUM
SFC:
W
Vi
OR \/- |
.Y

In addition, if RPM varies with weight, a plot of RPM vs. weight

will be desired; this is usually not necessary.
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Curves (3) and (L) for various powers are used to obtain the

following type of curve for desired weights.

FAT=

(5)

AIR MIAB

Points A and B are obviously flight conditions for maximum
range, il.€.

dMI/LB) - o _ dl(MI/HRYLB/HRT
d Vi dw

The maximum mi/lb for various headwinds can be obtained using

curves (5) in the following mammer. For a headwind w mph -

(mi/Lp), =( Mi/LD)w=o yj%\—,;;w—, =it/ D), {l - %}

For a maximm (MI/LB)w %"%‘r&g& ::‘()

| {gﬂw/w)v* }{g— W } -(Ms/LB*)w; %\/} {;\{%

@) W/Vr = D eh, v/ OB}
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Slopes taken from curves (5) will give values of wind vs. Vi ,

and values of Vi at the desired headwinds can be obtained.

W-
FAT-
he=
(6)
w

M

The aforementioned type of testing will be completed at several

altitudes, and the following type of curve is drawn for each

temperature variation with altitude desired. (i.e. Standard F.4.T.+

- 20° F,)
g’&HBGH BLOWER
FAT=Sto.+aT | OPTIMUM BLOWER
B CHANGE
W = I
M | "< —) ow BLOWER
Ne
MI/LB

Once the best altitude for blower change is determined, curves of
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opbimum engine RFM, manifold pressure, power, fuel flow, and I.A.S.
vs. altitude are.obbained for each weight., These data are presented

in a manner similar to this -

W,Tto W, - AW W,- AW 1o W,-2AW, ETC
s & Z2 0 %l n, rAT |
> ‘
I <2t & %5 :jt IP ! X&L:MAngUM TO WT.
| | E’Uf I |
i g i | “j l he MEASURED 1IN 1000 FT
! E I | l ! " INCREMENTS
ﬁ |
|1 | | |
|

One of the above charts is drawn up for each of a range of
temperature variations from Standard and for each of a range of
headwinds. AW is usually teken as about 5% of the take-of f
weight. Data for each weight range is taken for the middle of the
range, consequently V; will vary slightly through the range. The
use of these charts is familiar to anyone with flight test eXperiénce,
and will not be discussed here.

Another useful set of curves which can be obtained from the data
taken are power charts for the various temperature conditions
considered; they are obtained using corrections (a) and (b), and
standard power chart methods. These charts are particularly useful
because they are valid for the engine installation tested, and are
helpful in making up cruise charts,

Differences in airplanes, time from last engine overhaul, etc.
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will cause the operating characteristics of airplanes to vary.
However, cruise conbrol will still indicate best flying conditions,

and give a good indication of the fuel consumed.
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