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4 STUDY OF THE FACTORS AFFECTING THE RANGE OF AIRPLANES

By David Biermann - | B . N

SUMMARY

A study has been made of the mast important facters
affecting the range of airplanes. 1In the first of three T T
parts of the paper the various factors.are individually =~ ~ = 7 7=
analyzed and evaludted relative to each other in order %o T e
establish a baegis for compromise in design. 1In the second
vart the effect of varying a number of the most important
Tactors is determined for a sample airplene. In the third o
part the problem of take-off is investigated for the mogdt .

-eritical design conditions encountered in part II and means T T

for improving the take-aff are analyzed. S & T e

The study, which is based upon certain reasonable 88~ _"‘?
sumptions, indicates the following generallties E I
(1) Changing the vrepeller pitch during flight was found o
to be of little value except for take-off and climb. Rt §
(2) It was found desirable to design the p¥opéller ta ab~ - e

=

sorb the power at a high value of engine torqué in order B
that the fuel consumption might remain low.. (%) A large - -
span isg desirable for obtalning the maximum range at%t low T
speeds; but less s6 .for flight at high spfeds. (4) It was B
found desirable, in certain instances, to sacrifice amers= = - - =
dynanmic cleanness in order to reduce weight becauss of _the :
evershadowing importance of weight for long~range air- T T
planes. (5) Flight at either congtant speed or comstant '
power was found prefergble to flight at coeXgtant /D, as~ ' o
suming certaln engine fuel consumption charaé¢teristics and

orovided that the average speed of flight is the same fof~

all conditions. (6) A gain in speed without saérificing _
range may be realized for any cruising value of angle of B
attack if the full-throttle engine power 1s reduced the L
desired amount by flying in the rarefied air at altitudes . o
instead of by throttling the engine at the carbureétor &t = - :
lewer altitude. (7) There was no advantage discoversd in B -

. increasing the size of unsupercharged engines in ordef to

fly at high altitudes unless it becamée nec¢sssary to im- _ -
preve the take—off thereby. (8) It appeared, howe¥er, that ' .
a large gain in speed with little loss in maximum T&BZS™ - s
could be obtained by supercharging to high altitudes, even -
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though the rslatively inefficient gear-driven cemtrifugal
supercharger was assumed., (9} It was found highly deslr-
able tp incresse the deslign span and parasite loadlngs bdy
increasing the gross woeight for a given geometrlc size to
the nighest poesidble value consistent with take-off limi-
tations., (10) Wing flaps were found tou be effective in
reducing the take—off run of heavily lcaded airplanes pro-
. vided that a certain mipnimum power was avallable, thereby
mekir.g possible take~offs with greater loads.

. INTROTUCTICK - .

The range of an airplane is not often of primary i
portance in design because the length of flight 1s gener~
ally limited by other copsiderations, PFor commercial sir-
planes the points at which stops are made are msually woll
within the ordinary operating radiuns. But as air lines
are eatablished over wide areas of land or great stretches
of waier, the range of airplanes takses on a new lmportance.

The baselc factors involved in the subject of range
are generally understood but the relative importance of
the numerous variables entering into these factors are
legs famillar. An examination of any of the various ex—
isting range formules reveals that mazimum range is de-
pendent only on a simple relationship between the aerody-
namic efficlency of the airplane and propeller; the ther-
mal, mechanical, and weight efficlencies of the power
plant; and the structural or weight efficiency of the air-
plane. To build an airplane of maximum possidble range,
one neéd only to build into a machine the characteristics
giving -the highest possible combination of these efficlen~
cies with the peaks occurring at one condition of flight+
A further study of the subject reveals that this condition
of flight for maximum range is necessarily et a2 relatively
low speed and altitvde and that the tske-off and climb

1}‘ .‘-'.

i

vi

TR

cnaracteristics of such an airplane are JBry poor. . ... ..  o——o—

In order to increase tne ttility of an airplane de—
slgned only for the maximum posgssible range it becomes nec-
esgsary to compromise on gome of the design features. It
is obviously desirable to increase the speed; this increase
may be accomplished by a number of methods, some of which
require a considerahle sacrifice of range. For most pur-—
poses, shere is usually an allowabls’ minimum limit for the
take~off run and rateof climb. These characteristics may

likewise Dbe improved in a number of waye. O T -a.

L

- . .
R
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An attempt has been made in thils study to analyze co-
ordinately the important factors affecting range; to eval-
uwate each factor, when possible, ia berrs of the others,
theredby establishing a basis for compromise in design; to
study various methods of improving the performance with
tholr rosulting offects on the range; %o furnish data and
meothods for conputations that might be ugsoful in design
work; and to dotermino, if possible, avenunes for futurec
rosoarch on tho prodlom of rango. s = —

The first part of the paper is a discussion of the
basic factors affecting range; the gsecond gives numerical
examples showing the effects of different variables on the
range of a two-engine airplane; and the third part is an
analysis of tho take~off problem of long-range airplancs.

I - THER BASIC FACTORS AFFECTING RANGE

Range Formulas

The basis for most of the formulas commonly used for
the determination of tho range of airplanes may bo ex-
presgod by the relation:

' - miles i oht
Range S Sound of fuol-d (fuel weight)

which takes the form, assuming flight at constantikL/b ‘

: Yo : ~
R %L y°ax T -
c D We W e -

where R is the range in miles ' o T o
m. ©Ppropulsive efficiency.

¢, mean specific fuel consumption, 1%./bd.hp.-hr.

L, 1lift-drag ratio of the airplane at anzle of
flight
Wo: welght of airplane at start of flighéﬂ

=}

and

e+ Welght of airplane at finish of flight
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Upon integraﬁing; the expression assumes the form of
the femiliar Bregust Tormula, : . - L -

- sazn L
R = 863 2'5 loglo _

The gyeatest source of error in the unse .of thie formula is
the srecific fuel consumption, which varies widely for dif- .
ferent sngines and for the same engine at different engilne-
control settings. In order to eliminate the error, Diehl
(referencde 1) has devised a method whereby reasonadbly accus=
rate estimations of the specific fuel consumption can be
made aiad has further modified the formula to give improved
resulte., Other modificationxs have been made for the pur-
pose of covering different flight cordititions (reference
2). The most accurate and also the most flexible method

1s the atep-by-step graphical integration method, wherein
instantaneous values of miles/pound of fuel are plotted

agalnst fuel weight and integrated graphically. This .
method -in an extended form was used in the computations '
made in this analysis and will be more fully digcussed . . -&
later. T : - T ' o
= Aerodynamic Considerations ] el L IA

The 1ift~drag ratic of the airplane.~ From the sgtand-
point of range alone the L/D is the only aerodynamic con-
sideration of importance, aside from the propeller charsc—
teristices. Flights that have for their purpose the attain-~
ment of maxinmum range will be at speeds for which the mile-
age per pound of fuel ig the greatest. Ordinarily these
speeds wWill nearly coincide with the speeds for (L/D). .-

Since flight at constant L/D also represents constant an- .
gle of attack, the true speed will vary with the weight R
and altisude thus: . : . -

Y /W >:L/a
Vo Wo O o i S
where V  is ‘'the true air_spe;d B ]
W, the weight of“thg airplane at any instant o ©
ps ‘the degsi&y of the air - T n;f
PPEVSR S §
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and the zero subscripts represent the initial conditions.
The indicated &dir speed, being proportional to the square
root of the density, will remain constant with increased
altitude for coanstant L/D.

Host of the computations made for this study were
baged on flight at constant L/D because of the genseral fa-
miliarity with that condition and also because of the labor
involved. Contrary to common understanding, however,
£light at constant L/D does not necessarily result in the
greatest range for & given average speed; a later analysis
will show that flight at either constant speed or éomnstant
power may be better, Since the results are given mostly
for comparative purposes, the assumed method of flight
does not change the relative values.

For long-range airplanes the fuel weight constitutes a
large proportion of the total weight. As the fuel is used
up, the speed of flight must be reduced accordingly if the
/D is to remain constant. If it be desired that the true
air speed remain constant also, 1t becomes necessary to
increase the height as the weight decreases thus:

Wo Po o T e -

In reference 3 Oswald derives some coanvenient equa-
tions for calculating L/D based upon the fundamental air-
plane parameters, T

o .l- _
D = 0.002558 — V2 + 124.4 -5 .
L _ oV _
P
where o = 5~, : the relative density
0
lp = %, _ parasite loading (1b./3q.ft.)
lg = glg s effective span loading (1b./sq.ftf)
e
v, air speed (miles/hour)
"o, equivalent parasite area (sg.ft.)

b = el/g(kbl). effective span (ft.)
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G

- e, airplane efficiency factor

k, 'hﬁnL's span factor

b1 largest 1ndividual span of the wxng

—cellule (ft.) _'_ o —- - c

~f thre performance characteristics of the airplane
under consideration are known, the value of £ can be
easily obtained from the following equation given in ref-
erence 4:

. - ZWB'
(b.hp X m - P - 349.5
° n'-l?'-x - TT_ p_'_be vma'x 807
P Vnax®

From reference 3,

T Z ..1v/2
- C%) = 0.886 (2)
_ : e : g/
( b5V Ly et a2 2)"4
v Yo L = 1TTes{ET = 14 28 A
i \D)max ~ N yrle, x‘_ sk
A éonvenient chart plotted from these two equations
ig given in figure 1 for obtaining ( - and the air
ﬁ/max .

'speed for ,<L~ .
max

Tigure 2 is a portion of the 8 ame clart with points
plotted from data for several relatively large alrplanes
and flying boats, representing the best examples of pres-

ent=day design.' IE may be noted taat the (D‘ is
/rax

fairly high for all of them. Considering the high speeds
of these airplanes, which range from 150 to 240 miles per

hour, the speed for (L is unfortunately very low.
ma

"Of courge, the speed for zL\ may be increased by
max

flying at high eltitudes, or by . 1ncreasing the dgﬂign

welghts ™ ’ _

" FPigure 3 shows the sffect of changing the loading of
a modern transport alrplane.  The loading may be consid-
ered as -being changed in eitlier of two ways: The airplane

€

——
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nay be designed for different gross welights with the geo-~
metrical dimensions held constant, or the -weight may be
held constant and the dimensions scaled up or down. For
the sample computations carried out later in this analy-
sis the airplane weight is held constant in order that the
specific cngine weight may also remain constant.

The effoct of decreasing the relative air density by
increasing tho altitude has csscntially the same effcct.
as changing tho loading, as may be.scen from figure 4. 1%
may be noted that flight at an altitude of about 22,000
fcet has the same effect on the air specd for a glvcn val-
uc of L/D as doubling the normal loadlng. -

Assuning other factors constant a decrease in span
loading will increase the <L> » and the speed for
- o D/hax

Q) will be slightly decreased. (See fig. 5.) If the
max )

airplane 1s to be flown at spesds substantlally above tle
spoed for (L> there is 1ittle advahtage in increoas-
max

ing the span except for take-off and climbd, If tho para-~
sitc arca is also increascd by so doing, a2s is almost in-
cevitablo, the resulting L/D at these higher spoeds may bc
actually reduccd. (Scc fig. 6.)

On the othor hand, if the airplane is to be flown at

approximately the specd for (%) ; increasing the span
max -

will be boneficial whother it be done by incrcasing the

aspect ratio without affocting the wing area or by increas-

ing the span and chord in proportion., Aside from L/D con-

siderations, increasing wing area results in beftter take-

off characteristics and decreased landing speeds, which

are of importance for long—~range airplanes.

Propeller considerations.— It can be shown that if the
airplane is flowa at a constant angle Of attack the propel-
ler will likewilse operate at a constant value of V/nD;
consequently, the propulsive efficiency will remain con=-
atant. This condition is fortunate for it is then not
necessary for flight at constant L/D to change the pltch
of the propeller during flight except for take—off.

Thero are three important considerations in selecting
propellers for long~rangc airplanes. First, tho propul-

1]
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sive efficiency at cruising speed should be as high as
rossible; second, the propeller should absord the power at
a high value of engine torgque in order to take advantage
of low specific fuel consumption; third, the propeller
should ‘be of the controllable type and be as large in di~
ameter as poseible consistent with officiency in order
that tlic take-~off thrust will be as high as possibdle.

The first two reguirements can be fulfilled fairly
well wlth a fixed-pitch propeller. It. should bs noted,
however, that as fuel is used up and the weight decreases
tiie engine torque decreases proportionately if the flight
is at counstant IL/D and V/nD. Decreasing the torque will
have the effect Qf increasing the specific fuel consump-
tion., It might be thought that a2 controllable propeller
conld be used to advantage in adjusting the pitch during
flight teo maintain constant torque. An investigation of
the operating characteristics for flight at constant /D
and also at constant torque reveals that the revolution
speed, neglecting changes in propulsgive efficiency, would
decreaﬁi rapidly with decrecasing Weight as:

N E_\?/a ]
Nq Wo/
P _ 1/2 : -
Furthermore, since Y. o= E—X
Vo Wo / i
LA
— oL diabs | W -
' nD /g
wnere ‘K 1is the engine revolution gpeed, The formula in~
dicates that for long-range airplanes the pitch would have
to be increased to_extremely high values in order that the
propeller absorb the power at the low engine speeds. The
actual pltch may be determined from torque or pOWer coef—
ficlent curves thus.
Cp ] c (No
: 'CPO k CQO N - B -
o - % g : -
because | -Gq —: 55 , o ) . ]
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Op Vo
and cPo = )

where Op 1is the power coefficient of the propeller and
GQ is the torque coeffilcient.

It can be seen that with the power coefficient in-
creasing at this rate the pitch would soon be increassd
beyond the point for maximum efficiency and even into the
range wacrein the blades would be  .stalled.

Tho ideal pitch 1s, of coursc, the one in which the
ratio of propulsive efficionecy to spccific fuol consump-
tion would be a maximun. It can be shown by a similar
analysis, however, that this optimum pitch remains sub-
stantially constant for all values of weight provided that
the airplane be flown at a constant 1/D. This condition
probably varies somewhat for different airplanes and fly-
ing conditions, but there is no evideincs to indicate that
any material gain can be had by changing the pitch during
£flight because the propulsive efficliency drops with in-
creased torque, in the uvsual case, about as fast as does
the specific fuel consumption.

Airplanes that are normally flown at high spoeds will
be nmatorially handicapped for long flights at reduced
speeds unless the propeller plitch and diameter are changed
to provide a reasonably high engine torque, 1in order that
the specific fuel consumption remain fairly low.

For the computations carried out in this paper the

propellers werc selected in accordance with the data fur-
nished in refercnces 5 and 6 for fusclage 6,

Power Plant Considerations

For flight at constant L/D and V/nD the following re-
lations noléd true:

&) - & e
Q-

L
Qo Wo
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. . R i — . L 4
_éL = constant, with changes in density
0 - - -
W, ) p ' i}
where P 1is the power and @, the engine torque. -

V- - T - . B b T - Tl
B A =

For flight at high altitudes the engine power must
necegsarily be greater than at sea Ievel because the speed
of flight at constamt IL/D will be higher. The greater
engine welght accompanying the greater power necessary for
altitude flying will, sssumling congstant gross welght, re-
sult 1n less fuel welght being carried; coangegquently, tae
range will be glightly less. On the other hand, the specd
of flight at altitudes will be much greater and the larger
engines required for altitude flight wlll enable the air-
plane to take off more readlly. The increased engine
weight necessitated by altitude flight will be more pro- 1
nounced for unsupercharged engines than for supercharged
engines, as will be bdbrought out later. The effect on the
talke~off will also .be more proncunced for the unsuper- L 4
charged engine. -

Specific fuel consumption.—~ The relationghip between
torgue and ocnglne speed is gulte important from consldera-
tions of specific fuel consumption. In figure 7 average
specific fuel-consumption curves for a number of unsupser-
charged engines have becen plotted. Engine tests ordinari-
ly include only a full—-throttle curve and a progeller—load
curve in which the torque is proportiomal to N-. . Since
it was desirable in this analysis to vary the engine torgquse
and speed a% will to cover a number of variables, it be-
came necessary to formulave a reasonable chart covering
the engine speed and torque range. The fuel-consumption
curveg for different values of torgue were assumed to be
parallel to the full-throttle curve, which ordinarily is
nearly constant over a wide range. Engine tests are being
made to substantiate this hypothesis. Bven if these curves
are not closely characteristic of the average engine curves,
the results of this study will not be seriously affected
for they are only relative.

LT

For all long—range fllghts tne fuel consumption has
been bthe gubject of deep concern because, except where
fuel—-Fflow or air~fuel neters have been ingtalled, 1t has o

1l
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been difficult to malke accurate checks on the fuel con-
sumption while in flight. Until the recent introduction
of automatic mixture ‘¢controls bench test conditions have
been different from those in flight with the result that
the flight fuel consumption usually has been higher than
anticipated. The effect of the fuel-air ratio on power
and economy is given in figure 8. -

If the fuel-gair ratio is malintained constant with in-
creased altitude and the torgue 1s also held constant bdy
opening the throttle, or by means.of a supercharger, the
fuel consumeéd per mile will also remain substantially con-
stant because the work done is independent of density.

If the engine is supercharged, the power regquired by the
supercharger must, of course, be added to the power re-
quired for flight, which will result in a higher fuel
consumption. ) T

Pilots are usually reluctant to lean the mixture any
great amount for fear of overheating the engine owing to
the slow cémbustion accompanying lean mixtures. TUntil the
recent introduction of a fuel-air indicator and automatic
mixture control, there was no satisfactory method of de-
termining the fusel-ailr ratio in flight. The usual proced-
ure was to lean the mixture until the engine speed started
to fall off or until it became rough owing to uneven fir-
ing., Tests in Great Britain (reference 8) have shown that
engines can be run on nmuch leaner nixzxtures than is comnon-
ly supposed without signs of damage to the engine. An
air~cooled engine was run at a fairly high value of torgque
and engine speed for 100 hours at a specific fuel consump-
tion of 0.48 without damage, and a water—cooled engine was
operated on a fuel consumption of 0.43 under similar con-
ditions. It was found possible to run on much leaner mix-
tures for throttled conditions than for full throttls.

Improvements, particularly in the cooling of late
types of American air-cooled engines, have enabled. the
fuel consumption to be reduced to about 0.42 and less.

In the British tests (reference 8) there was evident
a noticeable improvement in fuel economy by advancing the
ignition timing for lean mixtures (fig. 9).

The effect of compression ratio on fuel consumption
is well known. Diehl reference 1) gives the relation
c = 0,75 - 0.4 C.R. for service engines of several years
ago.
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Tests on radial engines equipped with fuel~injection
systems (reference 9) have indicated a minimum specific
fuel c¢ongumption of the order of 0.42. The maximum power
was increased about 15 percent. 4An increase in power
should result in a lower specific weight, provided that
the injection system does not weigh apprecladbly mare than
the carburetor s¥stem, ) -

Altitude operation.- On account of the material gain
in speed of flight =t altitudes without an.appreciabdle
loss 1n range, the bBehavior of engines at altitudes war-
rants some discussion. The variation in engine power in
a standard atmosphere for unsupercharged engines 1s often
given by the .eXpression

- ksd
= = (&)

Tthe éxponent n hasg been given values ranging from
1.12 to 1,3 by different anthoritiss. PFor the purpose of
this paper the exponent 1 3 has been chogen. (See figu:e

- Fuke o P s o=

10 ) ol ' T __'5-_’_"_".t--1' v 2

Bngines are sometimes rated at powers higher than
those at 'which they may be safely operated; they must
therefore be throttled for sea-level operation for unsu-
percharged englnes or for operatlon at the critical slti-
tude for supercharged engines. 4s far as mean effectlve
pressure or torgque is concerned, the same effect may be
obtained by flying at a somewhat higher altitude than
that at which the engine is rated. The full-throttle
torque of an unsupercharged engine would be lowered to
82.5 percent of the value at—sea level for flight at 5,000
feet. —The propeller pitch must, of course, be adjusted at
that alititude to a value such that the full-throttle en-
gine gpeed does not exceed the allowadle cruising value.
Ordinarily, cruilsing power of 75 percent rated power is
considered reasonable with the engine speed held at 91
percent of the rated value. Throttling an unsupsrcharged
engine at sea level to 91 percent rated speed with a
fixed-pitch rropellsr will give approximately these con-
ditions. 1In view of this decrease in engine power with
altitude it may be desiradble to fly at such & height that
the full-throttle power will equal the desired cruilsing
power, TF &ccount of the resulting higher speeds withgub

- wm
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any loss in range, assumiag a congtant fuel-air ratilo.

For long-range airplanes the altitude may be in-
creased as the weight 1g decreased because less power ig
required. The offect of increasing the altitude with de~
creasing weight will result in flight st more nearly con-
stant speed for constant L/D, instead of a decreasing
speed for flight at the same altitude. The explanation 1is
shown by the following relations: ‘ '

P W Al.5 0;5 :
Q;—) = (;-) (EQ>- for constant L/D
"To o] P i
reg

and

= = <——) for unsupercharged engines .
\Po Po TR
avail

If the altitude is increased as the welight diminishes
in such a2 way that the power reguired equals the cruis1ng
power available, then . .

or

and

which shows that the true air speed will be nearly .con-

stant even though the welght decreases, as.cbntrasted with
the relation, o
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v jL)o's
Vo Wo

il

for flight at constant L/D and altitude. L

Assgume, for example, a long-range airplane carrying
50 percent of its weight in the form of fuel. If the al-~
titude were increased as the weight decreased according to
the foregoing assumptions the airplane would finish the
flight at @n galtitnude at which the relative density was
0.56, corregponding to about 18,700 feet: The velocity
would be 0.94 of the velocity at the start of the flight.
Had the flight been at sea level, the velocity would be
only 0.71 of the initial velocity.

The same system could be applied for supercharged en-
gines: the only difference would be that the ecritical al-
titude would be equivalent to sea level for the unsuper-
charged engines.

FPerhaps the best single method for increasing cruls-
ing sypeeds at the present time without materially decreas-
ing the range is by means of supercharging the engines for
feirly high-altitude flight. This method, however, is not
without ¢er¥tain disadvantages. The supercharger absorbs
g certain amount of the power developed, which affects
both the fuel consumption and the engine weight because
the engines must be larger to supply power for the super-
charger. As the fuel consumption is in proportion to the
total power developed, the net power applied at the pro-
peller @must be corrected for the power absorbed by the
super charger. Data taken from reference 10 have been
plotted (fig. 11) in the form of=a supercharger efficlency
factor A, which is the ratio of the power applied to the
propeller to the total power developed. The specific fuel
consumption can be corrected for this supercharger power
by dividing it by the efficiency factor. e

Because the supercharger absorbs a part of the engine
power, the engine must be increased in size and consequent-
ly in weight—in order that sufficient powsr may be devel-
oped for both the supercharger and propeller. For the
geared centrifugal supercharger the engine welght should
be increased about 8 percent for a critical altitude of
30,000 feet and less for lower altitudes (reference 10).

b

t
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For the turbocentrifugal supercharger the engine size need
not be increased at all because the increased power devel-
cped due to the decreased back presstire approxlmately
equals the power reguired to drive the supercharger.

Another important supercharger characteristic which
affects the performance of long-Tange airplanes depends on
the control at altitudes below the critical altitude. For
thie turbocentrifugal supercharger the control is almost
ideal; the exhaust gases are passed through the turbine
only to the extent that is needed to maintain the desired
power and ‘the take-off power is not decreased by the su-
percharger. e

For the geared types of supercharger, full-throttle
operation at sea level may increase the manifold pressute -
.to prohibitive values, necessitating part throttle opera—
tion and lower poWer outputs for take~off and climb, The
present tendency is, however, to allow the manifold pres-
sure to go "beyond the normal rating for short périods,
which results in a much higher power available for take—
off. : wesT R

With controllable propellers both the engine speed
and manifold pressure can be regulated to give thelr re-
spective desired values. The only loss, then, at low al- -
titudes is that due to the power required to drive the
supercharger, For the geared centrifugal type the power -
required to drive the supercharger 1s néarly constant up
to the critical altitude (reference 10) and amounts tg -
about 20 percent of the gross sea—-level power for the su=
percharged engine with a crltical altitude of 30,000 feet.

Enging weightg.- The relatlonship between englne sps—
cific weight' and horsepower 1is plotted in figure 12 for
a number of present-day engines., Bven though the plot
for the spark—-ignition engines includes all types therse
seems to be 1little dispersion. OFf course, the basic de-
sign characteristics ars about the same for all of the Yy
gines, except for the geometric lay-out of the cylinder
locations. In the case of the ligquild-cooled engines, addi-
tional weight must be added for the coollng systems. Air—

L —T

*This problem is belng solved howevery by several mé“ns." =
two—stage superchargers ‘having a clutch for one stagaei - :
two-speed gear trains with means for shifting gears; and
combinations of exhaust—-driven and géar~type centrifugal =
superchargers, the exhaust-driven type being used only at
high altitudes. e I S —
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plangg &f suffilcient size to utilize large engines of low
specific welght are bet{er adapted for long flights than
airpldnés using small engines because of the better dispo~ A
sition of the weights. : : -

Compregsion-ignition engineg.—~ There is a field for
compression-ignition engines for long-range airplanes be-
cause 0of their inherently high thermal efficiency. The
usual-relative minimum specific fuel consumption of spark-
and compregsion-ignition engines is of the .order of 0.49*
and 0.37, respectively, a reduction of 25 percent (fig.
13). TFurthermore, the fuel consumption does not increase
as rapidly with decreasing power for the compression~igni-
tion engine as it does for the spark-ignitiorn engine. The
power 1is redTiced, in the case of the compression-ignitlon
enging, by reducing the fuel~air ratio.

Compresgssion-ignition engines are inherently heavier
than spark-ignition engines. (See fig. 12,) The maximum
eylinder pressures are higher for the compression—ignition
engine, hecessTEéting heavier parts to withstand the loads;
the mean effectlive pressures are much lower, reguiring = .
larger displacement for the same power; and the running
gpeeds are, in .general, somewhat lower.

One p0331bility in connection with minimizlng the
differences in welghts of the two types of engines should
not be overlooked. Compression~ilgnition engines may be
operated two-stroke without materially sacrificing fuel
economy but spark-ignition englnes ordinarlly cannot be.
Air from a blower can be used for scavenging the two-stroke
compression—ignition engine; whereas, a mixture of air and
fuel is ordinarily reguired for the two-stroke spark-igni-
tion englne, There may be some loss in mean effective
pressure and in running speed when operating two-stroke;
but the increased number of firing strokes would much more
than malke wp for this loss. It appears possible, there-
fore, that with more development, two-stroke compression-
ignition englneg might he built for nearly the same weilght
as four-stroke spark—tgﬁition engines.

BEven though the weights of compression~ignition en-
gines areé greater than those of spark-ignlition engines the -
lower fuel consumption may more than balance the added
weight for relatively long flights. The range at which
compresstth-ignition and spark-igrition engines gre equal Pes

*Recent 1mprovements in spari- 1gnition engines together :
with the wde of higher octane fuels Have reduced this " C o ma
value coasiderably. _ : oo R
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in merit deponds upon their rolative weights and fucl con-
sumptions. Such a balance is made for the goncral casc in
figure 14, which was taken from reference 1l1l. Thesge curves
are mathematically derived with the Breguetl range formula
as a basis. The symbols used are consistent with those
used elsewhere in this paper with modifications to differ—
entiate between the two types of engine installatlons, as

cy» specific fuel consumption for fhe spark—ignitlon
engine.

c,» specific fuel consumption for thé-compression—
ignition engine. ) -

d;, specific engine weight for the spa£k~ignition
engine. - _ -

d2, specific ongine weight for the compr0551on—1gni~
tion engine.

%, specific tank weight, 1b./1b. fuel.

P,: total brake horscpower availlable. ' S

Wfl, weight of the fuel for the spark—ignitlon enginc.
Of tho three parameters in the chart ca/c1 is a function
. d, - 4
of relative fuel consumption, 7 ——= ~— - 1s a function
2 + %
Py, (1 ) .
of ‘the.relative ongine weight, and Wg, /W is a function

of the range. It may be readily =ccn that for any ratio
of fuocl consumption there will be a definite range at '
which the offect of the differences in the weights of the
two engines will be zero.

Structural Weight

In any airplane design the economics involved in bal-
ancing weight against drag is of the first order of impor-
taunce. Since range is, in a sehse, a criterion of over—
all efficiency the problem becomes acute for long-range
ailrplanes. Certain types of design lend themselves to low
structural weight but relatively high drag, ‘and vice ¥otsa.
Furthermore, although small airplenos nmay be built eff1~
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ir

ciently when designed in =z certain manner, & large one
built similarly might be relatively inefficient. The
problem therefore becomes one involving both the type of
structure and the size.

In figure 15 a balance is made between the We/Wo
and L/D for two airplanes of equal range : P

where =~ :i:- WO " is the gross weight ' _ L=

Vo the gross welght less fuel . ) . .-

——— - =
J—— - ol . -

T1e subscrlpts a and b denote the two different
alrplanes of equal range. . ) N

Bxample: When comparing a cantlilever monoplane and a
braced mon0p1ane the following conditions might be foumnd -

to exist. From wind-tunnel tests the Cg) of the braced
‘8 - x

monoplane is found to be 12 and that for the cantilever
(59 is 15. If (W \ for the braced monoplane can be .

designed for a wvalue of 0.5, then the value for the canti-
lever need Dbe 0.575 for egual range. If the cantilever
value turns out t¢ be greater than this amount, the ad-
vantags lies with the braced monoplane. If it be found
that ta2e cantilever monoplane weight is 0.65, the ratios

of the values dfié_é) would be 1.61 for the sams range.:-

Or, the (%) of the cantilever would have tv be 1.61 X

12, or-19.3, in order that the two airplanes be of egual

2)
(D b of only

15, thé s range wouf& be 'iéég, or 0.78 of_Epe"rangg_gf_ibﬁ_,w_"______

range. -ﬂut, aince the cantilever has an

braced monopIane._

The chart of figure 15 affords & simple method of
comparing airplanes of different types with respect to
range, if the weights and 1lift-drag ratlos are known. I%
also illustrates the relativesimportance of weight and
drag. From the example given above an increase in we/wo
from 0.5 to 0.575 amounts to 15 percent increase in welght
(less fuel); this increase must be balanced by an increase
in L/D from 12 to 15, which amounts to 20 percent reductlon
in drag. TFrom this result it appears that the weight (1ess

!l
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fuel) is a more important consideration than drag. The
magnitude of relative importance of these gquantities will
depend upon the partlcular airplane under consideration.

An analysis of the range possibilities of several
airplanes is made in the tabdle (p. 2@). Although the val-
ues may be found useful a=d interesting, the airplanes
listed are not closely comparable because of the different
weights and purposes for which they were designed. In ad-
dition, the values are subject to a certain amount of
error because of the uncertainty of the performance fig-
ures and because of the assumptiorn necessary for computing
the effectlve span.

The gross welghts of the airplanes listed range from
5,250 to 51,000 pounds. It is interesting to unote that
the ratio of the weight empty to gross welght is not great-
17 different for these two extrsmes. The (_ is sur-—

me. X
prisingly high for most of the alrplenes. Several of thne
values were checked with wind-tunnel tests andg the agree-
meunt was found to be good, The speed for = aver-

D/max ’
ages about 100 niles per hour for all %ho airplanes, which
is relatively low considering their crulsing spesds. The
potential range factor RP igs a measure of the relative

ranges of the various airplanes based on the data given
and is defined as: "

X == .
(D/max max IOglo WQ

One of the large conmmercial flying boats (airplane
18) has a longer potential range than one of the specilally
designed long-range alrplanes (airplane 22). The advan-
tage of the flying boat lies mostly in its very 1light

structural weight, for the (L is somewhat lower.
D /pax

The indications are that, since the largest airplane (or
flying boat) listed is also about the most economical
structurally, the large sizes may lend themselves to more
efficient design. There is probadbly a 1limit to which the
size may be increased without increasing ths weight pro~
portionately, but that Limit is not evident at present.



K.4.0.A. Technical Note FKo. 383 20

POTERTIAL RANGE OHARAUTERISTIOS FOR SEVIRAL AIRPLANES

Gross ™. ig lp ' w/m ¥ fo. Porsible ’
Airplane '{%f“ g G 1b./8q.f%. | 1b./8q.fh. L—“ ingnzm oy pot ekial
b range factor

Low-wing cantllever monoplane, single-~engine trans:po:t_'t

1 8,500 . o.g% ' k.10 1,1 iL.g 122 0.8 2.6ﬁ
2 5, 200 57 ;.53 & 14.0 111 .si 2.2
E 71000 58 . 3, 13.0 105 £ 2,61
7,000 Eo 3.@ 3 12.6 10 13 3.26

2 {20 A7 ; 261 1 2 1 &6 3.78
+ 500 62 36 77 12, 103 .85 2,18

Low-wing oantilever monoplane, two—engine transport

13,650 0.66 2. 641 13.5 0.8 2.18

J 31130 61 3.? asl 1&.2 125 .si 2.66
9 17,500 .66 2.69 784 15.1 io1 - 2.32

Low-wing cantilever monoplane, two-engine bomber ) -
10 ‘12,530 I 0.60 1 2.87 ] 592 ] 12.7 l 5 } 0.86 1 2,42

Low-wing breced monoplane, three-engine transport

&

11 [ 870 | o065 | 20 | w0 | na | | oss | 183

High-wing cantilever monoplane, two-engine transport

12 J 19, 840 [ ©.0.61 2,72 l 5712 J 12.8 93 ‘ 0.84% l 2.3
High~wing breced monoplane, single-engine trmspori
1 ,600 0.69 2.2 g 12, 3 0.86 i.
1 12, o 2,46 gsg - 128 9% .82 3.ﬁ§
15 13,000 . . 2,05 27 22,8 81 .83 2.6
High-wing braced moncplane, two-engine hombex )
16 T16,330 | 0.0 | 3.2 | 558 | 120 [ o5 | o5 | 3.0
Higl_:-wins braced monopla.ne! four-engine flying boat
1 I 3,000 0. 2" 3,21 69 -12.9 102 0.8 12
i %11000 RE 3.35 733 134 105 ,5? 3
Biplane, four—engine flying boat
19a it, 800 0.39 2. L 10.0 8; . t 0.50 ( 1.
. . 10.0 ! . B
119%2 PR .ug : Eg 4§_g 30:0 37 ) Jgg : 2&“!3‘
Biplane, two-engine tramsport ’ ]
20 j 16,800 l 0.67 r 2,32 ] 517 1 13.2 J L. 0.83 l 1.89
Bpeclsl long~range racing monoplane, two enginss
21 J 5,850 ' 0.5% 3.39 [ 1,255 |0 27.0 [ 120 0.8 [ 3.77

Speclal long-range osntilever monoplene, one engine

22 17,000 0. 2.8 s 15.5 | 10b 0.86 .
23 1;,196 % 2.2 1,0?3 J 12.% 105 .55 i.g?
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II -~ THE EFFECT OF DIFFERENT VARIABLES ON
THE RANGE OF A SAMPLE AIRPLANE

In the procecding scctions an attompt was made to ana-
lyzec the various factors affcecting rango and to evaluate
thom rolatively. As tho probleom not only includes the in-

dividual factors but all of thom taken collectively., it
bccomes necegsary to determine their mutual relationships
when emnbodied in an airplane. It is not always possible
to cvaluaote the relative importance of the different vari-
ables for the general case when taken collectively becguse
oT their interacting relationships., In order to illua-~
trate the effuets, it ther becomes necessary toc assume a
special case and systomatically to change the variablos.
The results aro, in goneral, qualitative, being strictly
quantitative only for airplanes similar to the ono assumed.

Assumptions and Methods

In order that the assumptions be reasonabdble, the air-
plane assumed was patterned after an existing type with
possibilities for long range. With this airplane as a
basis the variables have beon changed as desired in order’
to illustrato the effoct on the sirplane as a whole. Tho

normal airplane assumed has the following basic character-
istics:

Gross weight, W,

it

17,500 1D.

2.6%2.

1

Span loading,  1g

Parasito ‘loading, 1, = 784
The power loading was determined by the requirements
of flight for each example. .

The airplane has two engines, the weights of which
were detornined from figurc 12.

‘The specific fuel consumption was detormined from
figure 7 or 13.

The propellers are two~blade, direct-drive, and qefe
selected to give the highest efficiency at the de-
signed cruising speed, except for the cases noted.
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The L/D curves of the airplane are given in figures 3, 4,
5, and 6 for various flight conditions and loadings.

The method employed for computing the range is dased
on the graphle integration of the basic range formula.,
The following table shows sample computations for deter~
@mining mlles per pound of fuel for different periods of
the flight or for different fuel welghts carried.

SANPLE COMPUTATIONS SHOWING THE METHOD EMPLOYED FOR
DETERMIFING RANGE FOR DIFFZSRENT FUEL LQADS_

(Initisl speed of flight, 100 m.p.h.; Flight at constant

L/D of 15.1; initial engine powsr, 0.75 rated power, pro-
oulsive’ efficlency, 0,78) _ ) o —
¢ meer | o | o [T L [une [3e
To | timea [trated [Fraved|comsump- | dras | g7z jinyltnte-
Poﬁ?dg - i;?fg:; Pounds Kiles
1.0/ ~ ©0/0.825| 0.910 0.486 1,160| 0.518 0
.9l 1,780 .7az| .es2| .497 1,044 . 564 950
.31 3,500 . 860 .814 .512 929 .614 1,985
.7{ 5,250 | .578| .760| .545 813 .660 |3,090
.6| 7,000 .a95) .705| .s81 696 .723 4,280
5| 8,750 | .413| .643| .628 580 .800 [5,600
.4{10,500 | .330| .576| .690 463 .911 | 75070

In figure 16 sample differential curves are shown for
different flying speeds. In figure 17 the fuel load re~
gquired for different flight distances was plotted for dif-
ferent values of flying speed. .It may be noted that since
the compubtations were generslly made for flights at con~-
stant L/D the speed diminished as the fuel decreased and
only the spesd for the beginning of the flight is given.
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The weights of the enginss, the o0ll, and the tanks
are important variables in an analysis of this type and
must be taken into account when determining the amount of
fuel that can be carrisd. Thoe weight allotted for esngines,
fuel, oil, and tanks was fixed for any airplane. Tho on~-
gine woight was determined by the maximum power reguired;
the weights of the o0il and tanks were determined by the
guant ity of fuel carried, which was in turn determined by
the amount of remaining weight available, The procedure
followod in determining the fuel available, and conse-
quently the range, was one in which varlous weights were
systematically afdded or subitracted. The following table
illustratees this proccdure.

SANPLE COMPUTATION ILLUSTRATING TER KETHOD EWPLOYED
FOR DETERMINING FUEL AVAILABLE FOR DIFFERENT
VALUZS OF ¢

»

(Initial speed of flight, 100 me.p.h.)

Fuol =
A-(B+C+D+E - ( B+D+

f (B+C+D+E) o A~ (B+D+E) | B+D+E 0.9(BLD4E)
Pounds Pounds Pounds Pounds Pounds
0.9 15,750 1,180 16,930 570 513
.8 14,000 1,180 15,180 2,220 2,000
o7 12,250 1,180 13,430 4,070 3,660
6 10 , 500 1,180 11,680 5,820 | 5,240
.5 8,750 1,180 9,930 7,570 6,820
LA 7,000 1,180 8,180 9,320 8,390

where £ is defined as

it - A-(B+ 0+ D+ E)
T L

in which . A is gross welght : -

B, weight of fuel - o e

¢, weight of the engines
D, welght of the tanks
E, welght of the oil
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The term £ is a structural cfficiency factor bBecause
the numerator is nocarly all. structural weight, or struc—
tural weight and cargo., The swaller the structural welght,
the greoater the cargo for a given valuc of £. For simpli-
fled purposes of illustrution, it might be assumed that the
numcrator is always nothing more than structural woight.

Yor givon values of £ the structural and cargo
weights were fized, leaving a definite residuwal weight for
the engines, tanks, oil, and fuel. The engine weights
were then added to the structural and cargo weights. Af-
ter subtracting these values from the gross weight-thero
renained available welght for fuel, oil, and tanks. The
fuel weight available was assumed to be egual to 0.90 of
the weight availabdle for the fuel, o0il, and tanks. Theo
valve 0,90 is fairly representative for the average condi-
tion.

The range was determined for different values of
(fig. 18) by taking different valucs of fuel available
from the fuel-required curves. The method employed for
determining the time reguired for flight was about the
same as that for range. Figure 19 shows sample graphic:
integration curves; figure 20 shows sample timo~required
curves. - ' _ e .-

Dosign and flight conditions:
Sufficient poweor to fly at about 200 miles per hour.

Wormal span_and parasite loadings.

Filght at comstant L/D at sea lovol.

It was assvmed thaet the airplano was intonded for
high~speed flight and that the power available was greatly
in excess of the requirements for flying at the speed for
maximum range with the result that the large engine weights
reduced the weight availlabdle for fuel. In figure 21 the
range at different speeds of flight and different values
of § is plotted for different fixed-pitch propeller de-
signs. It may be noted that there is a marked improvenent
in range at low spoceds when the hizh-speed propellers are
replaced by those waich absorbd the power at higher torque
values bccause the spécific fuel consumption is reduced,
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The propulsive efficiency 1s 1little affected. With the
high-torque propeller it will not be possible, of courss,
to fly at 200 miles per hour. Controllable propellers
designed for high speeds could not be used for "the purpose
of increasing the torque at greatly reduced speeds unless
means were incorporated to change the gear Tratio also.

BExample 2, Comparison between Flight at Constant L/D,
Speed, and Power e

Design and flight conditions:

Sufficlent power %o cruise at 0.75 rated power at the
initial part of the flight. S e

Hormal span and parasite loadings.

Flight at sea level.,

In the first pert of this paper it was pointed out
that £light at constant L/D does not necessarily result
in the greatest range for a given average speed but that
flight at either constant speed or power may be better.
In figure 22 a comparison of range is made between these
three flight methods on the basis of the designed initial
speed of flight, It may be noted that the curves peak at
about the game value of rapge but that the peaks qeogur af
different designed initlal flighh speeds, espogiglly for
the lopgep range copditiong, If it be rg@?gbepqé‘ihat
the gpeed diminishes as tha fygl is ﬁ?e% yp for f%;.%@ 2%
gopstapt §/D, that the speed ig congtant for I‘_l_is}}i Bl
Gopstant speed, and thaf thg speed %agrgﬁseg for faight
at constant power, 3}t ¢am bp geen that the gupyesgps - - - -
digplaced fnom what they wepld be had the avepage gpesfd
bean uged as a basig fer apmparisep. Fof eXample, If ¢
comparigop is nmade ¢n the bagis of averaga §pesd, §hg
cupves for fiight a% gopsgiant gpesd would yemain flgedy
vhegzga§ the gurves for flight at consiant }/D wp?li'gﬁ
g¢isplaped 4o ogrrgepond to the lawer values of aysraas
spsegd and the gurves for flight at constant power wguld
Pe digplaced %o covregpond to the higher aveprage spgédp,

It was found copvenient in makin% this goryection
for the differepces in average spesed to plet range againgt
elapsed time of flight (fig. 23). Thesg surves indicafe
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that, for any given elapsed tzme._ ‘greater ‘maximum range
can be obtained by flylng at constant power than for ei-
ther constant speed or constant L/D, except for’ the extreome
condition where a slight advantage lies with flight at con-
stant_speed. It should be noted that in ordor to dccom=-
plish this gain in range for a given olapsod timo the ini~
tial specod must bo lower for tho conditions of flight at
cither constant spoed or powor than for constant L/D.

Tho advantage of flying at oither constant spood cr
power is furthor illustrated in figuro 24, which is a com-
parison bascd on thoe avoerage rathor than on the initial
speod. It probadbly would be found, in practico, that
flight at constant spced is preferable to -oither of tho
othor two methods because.of the greater -convenience.
Flight——swt constant L/D necessitates docreasing thoe specd,
whlle flight at constant. power ncoessitates incrcasing the
spcod and at the samo time increasing tho propellcr pitch
to nmalntalin constant cngino operabting conditvions. Al-
though controllable propellers would be necessary for
£light at constant power, this feature 4did not account for
. 211 the gain for it can be seen that the conditlon for R
flight at constdant speed, which might be made with fixed-
pitch propellers, is nearly as geods The advantago of the
conditions of flight at constant speed or comnstant power
over that for constant.L/D may boe oxplalnced on tho basls
of gpocific fuel consumption and IL/D. PFrom figure 25 it
can be seen that, for an average speed of flight of 140
miles per hour, the specific  fuel consumption increases as
the weight diminishes for flight at: constant L/D but re=-
mains nearly constant for the othar two conditions. On
the other hand, the L/D docroases as the wolght decroasos
for flight at-eithor. constant. spced or power dbut, sinco .
the averaego. spoed is the same for all conditions, tho ave-
erage valuc of L/D is noarly tho samc. Tho propuleivo
cfficicncy romains about’ the same for all conditions and
it is theorecfore ovidont. that tho lower avorago aspecific
fucl consumption accounts for nocarly all the gain duc to
flying at cither constant spced or powor, If engimes woro
usod in which the specific fuel congumption did not in-
croasc o8 rapidly with docreasing power as was assumod for
these o:amplos, the differenecs in range vould not bo as
greot as indicatod herojand the order of merit night even
be clhianged. . . . R .
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Example 3, ¥Flight at Altitudes
Design and flight conditions:

Sufficient power to cruise at 0.75 rated power at the
‘initial part of flight.

Yormal spén and parasite 1oa§ings.
Flight at constant L/D.

Unsupercharged engines.—~ In order to fly at altitudes
with unsupercharged engines, the engine size rmust be in-
creased to offset the loss &n power due to the decreased
density. If it is intended that the engines cruise at a
fraction of their rated sea-level power, any desired amount
‘'of effective throttling may be accomplished by cruising at
an altitude such that full-throttle power equals the de-
sired cruiging value, PFor example, flight at 5,000 feet
will reduce the full-throttle torgume to about 0.825 of its
sea—level value (fig. 10) and, if the engine speed is held
to 0.91 of its rated value by means of adjusting the pro—
peller piteh, the power will be 0.75 of its-rated value.
If it were desirable to fly at constant L/D and also con-
stant power output, it would be neceéssary to increase the
altitude as the weight decreases in order that the required
power equal the full-throttle power available.  This pro-
cedure would a2lso result in flight at nearly constant
speed. It has besen shown, however, that flight at either
constant speed or power might result in greater range for
most speeds without the added inconvenience of changing
the altitude.

Figure 26 illustrates the effect of designing for
flight at altitudes with unsupercharged engines. It may
be noted that the gain in spsed for a given range ils lim-

muast be increased for higher altitudes. At altitudes abdove
5,000 feet the gain due to the lower drag for a given speed
is more than offset by the added weight of the engines and
the lower specific fuel consumption except for high-speed
conditions where the factors nearly balance.

If it were necessary to increase the engine size in
order .to improve the take-off, little if any range would
be sacrificed theredby when the engines were effectively
throttled the desired amount by flying at the appropriate
altitude. (See fig. 26.)
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Superchargéd enginesg.~ In figure 27 the range 1s
given for various speeds and altitudes for the alirplane
equipped with supercharged engines. The superchargers
were assumed to be of the gsared centrifugal type capabdle
of compressing the air to sea~level pressurc at the alti-
tude of flight, The. fupl consumption was correctsd for

hic power absorbed by the superchargcer by the factor givon
in figure 11. Engine-weilght correction factors (talken
from Fig. 4 of referenco 10) werec applied to account for
the incrcased enginc size noccssary to opecrate the supor-
charzor. ¥o account was taken of- the suporcharger woight
becansgo of its Intanglble naturo. This type of supor~
charger 1s ordinarily dbuilt into the oengine and acts as a
rotary distributor for radial engines. Unless air inter-
coolers are employed the engine welght is ordinarily not
greatly increased, For other types of engines, the super-
charger wduld probably add weight equal to the weight of
the isolated supercharger.

It may be noted from figure 27 that the maximum pos—~
3ible range at low speecd is somewhat reduced with increas-
ing aljsitudes but that the range at hligher speeds is in-
creassd by increasing the altitude of fllght., PFor any de-
sired cruising speed there appcars to be an optimum alti-
tude at which the range is a meximum and this altitude in-
creases with speed. The maxXimum optimum altitude, or the
greatest altitude at which any increased range could be
realized, 1s not reached on the chart even though the al-
titndes extend to 40,000 feet, The gain 1s decreased,
however, as the altitudes increase to the oxtrome valucs
given and, if the mechanical difficulties which would be
lncurred by reaching those altitudes were considered, the
highest practicable altitude would probadbly be somewhat
less than 40 ,000 feet. 1In this analysis no account is
thken 6of the weight of high~altitude eguipment that would
be necessary for altitudes above 15,000 or 20,000 feet,
nor of the fuel wssd to climb. The oanly energy lost in
the climd would be that required to 1ift the fuel tw the
cruising height, for the energy cxpendecd to raisc the air=
planc proper gnd the cargo would be substantially roegalnod
upon dcgcending to the ground.

It should be pointed out that, if a more efficlent
supercharger had been assumed, less range would have been
sacrificed at all altitudes above ssa level. A turbocen-
trifugal supercharger ig more efficient for high altitudes
but its welght and air resistance is ordinarily a definite
handicap, - Geared coentrifugal superchargers have been gen-
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erally limitod to low altitudes Dbcecause of mochanlcal come~
plications.

Figure 28 illustrates the saving in power accom-
plished by flying at various optimum altitudes correspond-
ing to different speeds of flight. This saving in power
due to the lower drag at reduced air density accounts for
most of the increase in range at relatively high sPeeds.
Both the fuel consumption and engine weights are less for -’
the altitude conditions than for the sea-level condition,
even thotgh additional power is required to drive the su-
percharger. Tk sesis evident that if operating costs were
considored therc would be a material saving by flying at =~
high altitudes. Considering thé cost, the maximum optimum
altitude may be different from that indicated for range.

Example 4, Variations Made in Span and Parasite Loadings

D351gn and flight conditions'

Sufficient power to cruise at 0.75 rated power at the
initial part of flight. ' T

Flight at constant L/D at sea level.

-

L decrease in equivalent span loading by means of in-
creasing the span without affecting the paragite area ma~
terially benefits the maximum possible range of the air-
plane. (See fig. 29.,) The benefit Adiminishes, however,
to almost a negligible amount for speeds considerably
above the speed for maximum range. The almost ocbvious
reason for this decrease is that the inducsd drag, the el-
cment affected by the span loadlyg., comstltutes about 5O
percent of the total drag at. %ﬁ) but at higher spceds

ma X -L
the percentage is much less, The speed for <- » of
D /maz

course, changes with span loading. (See fig. 1.)

As might have been expected, increasing the parasite
loadlng by decreasing the parasite drag increases the
range nearly uniformly for all speeds of flight. (See fig.
30.) .

It can he seen that a rather complex situatlion arises
in proportioning wing dimensions for the best range condi-
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tion, "If the wing constitutes the entire airplane, in-
creasling the effective span by increasing the wing area
while retaining the same aspect rgatio would not affect
the L/D., As the wing ordinarily constitutes only a part
of the total airplane drag, increasing the wing area
would increase the span et a faster rate than the tectal

: ' L
parasite area, With a higher resulting (5) . At speeds
o .. o - MY max
somewhat higher than the speed for (%) + 1increasing
. : : L - ‘max

the wing area may affeci—the I/D adversely because- the in-
crease 1ln pargsite drag may be greater than the decreagsse
in induced drage

Incfeasing'the span without increasing the chord or
thickn=gs would materially increase dhe maximum renge bdbut
would not greatly affect the range.at relatively high
speeds.

Flgure 31 shows the effect of increasing both the
span and paragsite loadings in fthe game ratio. For this
analyesis it was assumed that the designed weight of the
alrplane remained constant while the size was decreased in
steps to _half its original value,. The principal effect of
such a procedure is an almogt uniform increase in designed
speed fo?f a given range, while the maximum possible range
was little affected, If all the factors involved remainsd
constant—sxcept the logding, 1t would be expected that the
normal loading curve would be displaced proportivnally to

the—relaﬁioﬁf"€£ = §£¢ Actunally, the curve is displaced
Vo a . - B S .
more than this amount because both the propulsive effi-
clency and the relative engine welghts changed, The chilef
disadvant~ge of ingreasing the loading is the 1ncreased
take~off run and landing speed. The take—off run for this

condition will be discussed more fully.

Example 5, Compoeite Condition

Design and flight conditions:

Sufficient power to c¢ruise at 0.75 rated power at the
inttial part of the flight,

Engines supercharged t6.15,050'?5e# critib@I ;;Eitud§."
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1.6 normal span .-and parasite loadings.

Flight at constant IL/D a%t 19,500 feet altitude.

In the preceding examples some of the important fac-
tors affecting the range were individually analyzed. he
question naturally arises as to whether the effects are
cumulative or whether certain factors cancel when several
variables are changed at once. Figure 232 illustrates the
effect of incorporating the most ovvious methods for im-
proving tho designed speod of fliight for the airplane,

Thoe conditions assumed are all within reach of the design-
er and operator at the present time., Flight =t 19,500
foet wowld, of courso, be uncomfortable for passengers and
erow unless spocial procautions were %takon to compress the
air in the cabdbin or to supply oxygen. Operation at an al-
titude of 19,500 foet reopresenis full~throttle operation
‘at 0.75 power for the engine rated at a ceritical altituide
of 15,000 feet. Only 4,500 additional feet were necesgsary
2% this altitude to reduce the torque the regquired amount
as compared with an altitude of 5,C00 feet for unsuper-
charged engines. ’

Figure 32 illustrates the marked improvement in the
designed speed gained without a large sacrifice in range.
For the conditions assumed it can hardly be said that the~
effects wero directly cumulative for it appears that the
factors reactod favorably together to produce higher )
spoeds than wore oxpectcd,

The conditions assumcd for this example are purcly
arbitrary. They were chosen with the idea of obtaining
the greatest gain in operating speed with the least loss
in raange. Operation at higher altitudes with supercharg-
ers of higher-altitude capacity and with airplanes of
higher designed loadings would accentuate the effects il-
lustrated, to a certain extent, dut weunld be more diffi-
cult to accomplish. The chief difficultics with opoerating
at higher altitudes arc those of supplying oxygen or com-
prossod alr to the passongors and dcveloping a supercharg-
er of uvnusually high-altitude capacity. Both of thess
factors are in the experimental stage at the present time,
There probably is an economic limitation in going to high-
er altitudes, as far as range is concerned, although this
example does not necessarily represent the limit.

if, as in this exanmple, an airplane is designed to
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operate at a certaln gltitude and at a certain speed, the
important performance characteristics at lower altitudes
should bYe investigated tov be certain that the airplane
could reach the operating altitude in a reasonable length
of time., In figure 33 the power curves for sea-level op-
eration are given for geveral designed epeeds of flight at
altitvde for this example. The assumption was made that
the power availahle at—sea level was the same as that for
critical sltitude. The curves indicate that for such con-
ditdions as wére gesumed it is desirablé to design for rel-
atively high speeds because of the improvement in take~
off and climb poseible with the greater power avallable.
The take-off will. later be more fully dlscussed.

Example 6, Comparison between Compression-Ignition and

Spark-Igniftion Engines Mounted in the Same Alrplane

Design and flight conditions:

Sufficlent power to cruise at 0.75 rated power at the
initizl part of- the flight. :

Normal span and parasite loadings.

Flight at constant L/D at sea level.

The merit of compression-ignition engines in length-
ening the range has already been discussed 1in some detail.
In order t¢ illustrate more fully the effect of replacing
spark-ignition with compression-ignition engines, an exam-
ple is presented. In figure 34 the range at different de~
sign speells is given for both types of engines having dif-
ferent assumed weights and fuel consumptions. It may be
noted that in this example for relatively short flights
the advantage lies with the spark-ignition engine; for
long flights the reverse is true. This comparison i1lluas-
trates the relative importance of gspecific fuel consump-
tion and engine weights for conditions of differing amounts
of—fnel carrled. Figure 34 further brings out the fact
that the possibility of improving the range by means of
compression-ignition installations diminishes with in-
creased designed gpeed of flight because the larger engines
reguired for higher speeds affect the weilght of the com-
pressicr~ignition engines to a greater extent than it does
that-of the spark-ignition engines.

JJ
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It should be emphasized that the actual range at’
which the two types of engines are equal depends upon
thelr relative specific weights and fuel consumptlons.
With improvements in compression-ignition engides the
difference in specific weights may be lessened; in this
case the range at winich the types of engines are equal in
merit will be lowered and the advantage of the compres-
gion-ignition engine for long ranges will be increased.

On the other hand, recent reports on both cardureted
and fuel-injection engines indicate that the specific fu-
el consumption and the welght of spark-ignition engines
may be substantially reduced below the value used for thais
example. These reductions have the effect of increasing
the range in which the two types of engine are equal and
making it more difficult to bring the compression igni-
tion to a parity with the spark-ignition for short ‘ranges.

Little 1s known of the operating characteristics of
compression~ignition engines at altitudes, but the indi-
cations are that the power does not decrease with de-
creased density as fast as it does for spark—lgnltion en—
gines.

IiI - TAXE-OFF FPROBLEM OF LONG-RANGE AIRPLANES

In the preceding portion of this paper several exam-
ples were given to illustrate the effects of certain vari-
ables on range and the speed of flight. 1In the examples
consideration was given only to these characteristics, and
none to the very important problem of take-off. Unfor-
tunately, some of the characteristics making for long
range also increase tane difficulties of getting off the
ground. It 1s therefore necessary to invegtigate the
take-off runs of the most critical examples and devise
methods, if possible, for improving them,

Assumptions and Hethods -

The following assumptions were made:

Controllable propellers that provided constant brake
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horseﬁewer during take-off. . o . RS

Por supercharged engines the power available for talke-

off was equal to.the rated power at the critical altitude.“

The attitude of the airplane during takemoff was euch
as to .give the least air and ground resistance.

Ground-rolling r631stance-coefficient no= O 05.

In order to tako into account the increascd drag dur-
ing take~off due to tho retractablc landing gear assumecd,
tho minimum drag coefficiont of the airnlano we s incroascd

-

25 pergont.,._, e R N e
he speed for take-off was equal to the speed corre-—
spondiang to 0.8 CL <’ vhere CL = 1,35, Thid assunp-

-tion applied for the condition of mo flaps. When flaps
were employed, the speed was such that a roserve thrust of
500 pounds existcd bsyond the requiremept-for level flight,

A form of graphie' integration was employed for de-
termining the length of take-off, In this method V/a
was plctted against velocity, wherein

A
e 2
- m-[p,rf+9-l (p, = w Cp )]
where v - is the air speed, f.D.s.
a, acceleration; ft.‘/see.z _
-3 ecceleretion due te g;avity; ft.[eec.z
T, propeller thrust, lb..
i;u. coefficient of rolling friction = 0,0b.

S, wing area, sqg.ft.
CD1’ drag coefficient in take~off attitude.

oL, » 11ft coefficlent in take-off attitudae.

i

imal
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The thrust at take-off may be computed Dy any of
several methods. Since controlladle propellers were as-—_
suncd, it was found convenient to obtain the thrust for
different volocities By asding 4data given in reference
6+ Theo method employed is illus.ratod in the following
table. .

SAHPLE COMPUTATION-ILLUSTRATIRG METHOD EMPLOYED

FOR DETERUMIWING PROPELLER THRUST

(Controllable propeller. Diameter = 10.0 ft,
500 hp. at 1,950 r.p.m. Cp =-0,0337)

C |

sgiZa. T Pitch G " Thrust

f.DeSa : Degreecs Pounds
20 0.082 15.0/ 0,085 2,130
40 .123 .14.8 .081 ' 2,030
60 «185 14.7 .076 1,905
30 «314 14.6 _ .070 1,755
100 «308 14.7 065 1,630

130 . 389 14,9 059 1,490.
140 <431 15,3 .655 1,380
150 492 . 15,9 .0B1 1,280
The power coefficient ¢ renaiﬁing constéﬁt;.tge

pitch was determined for different values of V/nD corre-
sponding to the velocity. The tarust coefficlent Cp and

the tnrust were then obtained. In figure 35 examples of
thruet curves for different take-off speeds are given.

Gencral Take~0ff Curves

Ia ?igure 36 general takeQOff curves are glven for
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the alrplane assumed for this analysis. This figure 1l-
lustrates the importance of propeller diamcter and wing
and power loadings for take—~off conslderations. It is un—
fortunate that such a simple relationshlp cannot be mado
to apply to all sizee¢ and types of airplancs., A gencral
relationship would require, at least, the addition of fhe
inmportant parameters ~ cengine speed, welght, and parasite
loading - and would be difficult—to establish im e simple
manner,

Talte-0ff Runs for Different Loading Conditions
Agsumed in Example 4 .

Without flaps.~ The only condition to be considered
with respect to take~off is that in which both the span
and parasgite loadings are changed proportilonately by alter-
ing the eirplane dimengions. In this assumed method of al-
tering the span loadlng, the wing loading changes propor-
tionately and the comparison for take—off rung can be put
on a wing-loading rather than a span-loadlng basis since
take-off run is more nearly a function of wing loading. .

In figure 37 the take—off runs are given for differ—
ent designed speeds .of flight and different loading con-
ditions, It may be noted that the take—~off run was con-
fined to reasonable values for .the moderate loadings by
Incorporating sufficient power to enable the airplane to
cruise at fairly high spesds. Extreme take~off r wore
inovitable for designed conditions of flight at z 3

In figure 38 the talke—off runs corregponding to dif~
ferent designed conditions affecting range have been plot~
ted. 1If, for example, the take~off run had Deen limited
to 3,000 feet, it would have been necessary to provide
sufficiant power to fly at 126 miles per hour for the nor-
mal loading or 189 miles per hour foxr—the 1.6 normal load-
ing. If the alrplane were flown at theo designed speeds,
the maximum range would have been reduccd about 9 perccnt
for the normal _loading or about 27 percent for 1.6 normal
loading. ZFrom these results it- appears that a large part
of the advantage of speed and range gained by resorting to
high loadings ;s lost by the restrictionsg imposed by the
take-offs - - . -

Another method of attaéking-the problem is that of
adding sufficient power for the desired take~off but fly—
ing at only the desired speed, instcead of at the speed
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corresnonding to 75 percent rated power at the initial
part of the flight. By this method range is Bacrificed
nostly by virtue of the increased engine weight and sllght—
ly Dy increascd fuel consumption. In figure 39 the power -
reguired curves for ccrtain designcd range conditions aro
given togother with curves of powor required for a talo- ~
off run of 2,500 fect, which has bocn assumed to be thc
maximum &1lowable run. The values indicate that the addi-~
tional power rcquired for taleo-off incroascd rapidly with
loading. In figure 40 the effect on range of adding power
for take—off is indicated. For the lower loadings the
added engine weight does not decrease the range greatly,ﬂ
but for the higher loadings the effect is more pronounced.
Effect of flaps.~ In view of the higher 1ift coeffli
cients and correspondinély lower wWinimum speeds possible
with flaps it appears that they might be beneficial in de~
creasing the take-off run for heavily loaded airplancs.
A study of the subject (reference 12) indicatos that the
Fowler flap ranks among the best of the types having pos~
sibilities for improving tho take-~off. It therofore ap-
pearcd desirable to determine the merits of such flaps
for airplancs designecd for long range. -Full-span flaps
with a chord equal to 30 poredut of the main wing chord
deprossed 30° wero assumed.

=.ITot Do L gt Pt ey

In figure 41 drag curves for tho airplanc arc given
for the conditions of flaps up and down. Thrust curves
are also includod for scvoral onginc-propoller combino-—
tions It may be noted that if sufficiont thrust were
available the take~off could be accomplighed at a much
lower speed with the flap than without., ~0On the other
hand, if ounly a small thrust wers availaﬁle take-off could
not be accomplished with the flaps bdut could be without '
them as indicated by the thrust curve for 300 horsepower.
Inasmuch as the speed for take-off isg more inportant than
drag, it appoars that, for the ¢onditiors wherein flaps = °
can be used, thore will DPe o definite benefit. In figure
42 the effect of flaps on take~off run is illustratod for
a condition wherein there is sufficient thrust for o com-
fortable margin for taking off with tho flaps down. Thils
dlagraL gshows that, oven though thoe addcd drag dueé to the

flops accounts for pooror acceleration, the tako~-off runm -
is greatly rcduced.bocausoc of the lower speed for tako=
off. Figure 43 further shows tlat tho tako~off rum cobld
bo greatly roduccd with flaps if sufficiont power wéroc
aveilablo but, for tho exTrome low-vower conditlon, that
the flaps would have been a disadvantage. “Comparative
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take—off runs are g1ven for differently designed speeds of
flight and loadings in figure 44. TFor the lower loadings
the flaps were beneficilal only for the relatively high de-
signed speeds but, for the highest loadings, the flaps

were henef1cial for all designed speeds investigated. Thils
effect is brought out more fully in figure .45 wherein take-
off ruvns are plotted for different conditions of range and
gpeed of flight. A comparison with figure 38 indicates
that flaps are beneficial only for high loadings and hilgh
designed speeds.

. If sufficient power were added to accomplish a tmke~
off within 2,500 feet, the range would be decreased less
with flaps then without, as can be seen by comparing fig-
ure 46. with figure 39 and figure 47 with figure 40. Thess
figures show that the additional power required for the
assumed take-off run was much less with flaps than without,
egpecially for the high loading conditions. The resulting
lower angine welghts with flaps resulted in greater maxi-
mum raiage. (See fig. 47.) _ o e o

I# therefore appears that the range limiftstiions im-
posed By the effect of high loadings on take-off is slight
if oversize engines and flaps are employed, less than if
flaps were not employed. Had account been taken of the
weight of the flaps, the results of the analyses would
have been slightly modified.

ra e

Take—Cff Runs for Airplanes Deéigned for-Alt;tuie_Flight

Unsunercharged engines.~ The degign conditions that
affect the thrust power. available at take-off or the speed
for take-off will affect the take~off run. For the condi-
tions whereln oversize engines are installed for the pur-
pose of -flying unsupercharged at altitudes or for flying
at high speeds, the take-off run will be materlally reduced.

Supercharged encgines.- If supercharged engines are
employed for altitude flight, the power available for
talkke-off may be assumed to be equal to the power at criti-
cal altltude, provided that controllable propellers are
uvsed and that the engine does not detonate. If the air-
plane ig designed to fly at the same L/D at altitude as at
sea level, the power required wilill be greater for altltude
flight because of the higher speed., Conseguently, the
take-off run would be less for airplanes desgigned to oper-

pi
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ate at altitudes with a supercharger than for airplanes
designed to operate at the same L/D at sea level and the
range will not be limited Dy v1rtuﬂ of the high altitude
design foature. - -

Take-~0ff Runs for Airplano Designed for
Composite Condition

A take—~off curve for the composite condition illus~-
trated in example 5 is given in figure 48. It would havs
been necessary to design for a crulsing speed of at least
222 miles per hour in order that the take-off could have
been accomplished in 2,500 feet. A glance at figure 32
shows that with this spced the maximum rangé waw reduced™
about 14 percent by the take~off limitations. It has beon
siown that flaps would materially aid in the tako-off for
the lower spceds, as was illustrated in figure 44 for tho
high loading condition. It may be necessary, also, to add
power for the lower deslgned speeds, which would sllghtly
decrease tho range. -

Aids for Talke-0ff Independent of the Airplane Dgsign

In nearly all long-~range flights the actual range 1is
determined to a large extent by the amount of fuel that
can be lifted off the ground within the space availabdle,
A numnber of schemes have been prorosed to oveércomé this
handicap; for example, fueling from another airplane after
take~off has been tried with varied success. A4 certain
amount of danger and trouble involved limits the applica-
tion. Another method recently advocated abreoad is one in
which the long-~range airplane is Podily carried. aloft by
means 0f a larger airplane and lauvnched at & relatively
high speed. This scheme also entails a'certain amount of
danger and complication.

It is obviously. desirable that the airplane make a
normal take~off with full load without =zdding complica-
tions,. If take~offs were made only when a strong .wind
were blowing the probdblem would be lessened, for wind has
about the same effect as decreasing the wing loading. It
can be seen from the illustration in figure 49 that the
reason wind is so beneficial is that it eliminates the ne-
cessity for accelerating up to the ground speed for take-
off im still air. As the acceleration at the latter Ppart
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of the take-off is relatively slow, because of the small
excess thrust, the actual ground run saved by a wind 1is

rolatively large. Of course, wind increasesg the drag and
decresases the propeller thrust and theredby docreases the
acceleration somewhat for the first part of the take-off,

Unfortunately, wind cannot be relied upon except for
shipboard take-off wherein a relative wind is present be-
cause of the movement of the ship. For ground take-offs
certain suxiliary means could be devised that would aug-—
meat the accelerating thrust during take-off. An auxili~
- ary thrust could be produged by any of several methods.
For oxeamwnle, an incline of moderate. slopc will matorially
docrecasoe the take-off run of heavily loadod a%rplancs.

For tho illustrating eXample of figure 50 a 3~ incline re-
duces the run by nearly one half., It is important that .
the inclline extend through the latter part of the take-off
run because it is there that the gregtest benefit 1le to be
nad. Short inclines at the initial part of the take-~off
are of little valwue, as can be secn from any of tho take-
off diagrams, such as figure 49, '

Axrotner method, which would act iIn the same manncr,
is by.moang of a low—-accoeleration catapult. A winch-
drawn aw cable cxtonding across the field to the alrplane
would probably be satisfactory. The cabdle would be re-
leased at the alrplane scon after take-off, In figure 50,
the catapult thrust required for various runs is given, A
thrust of 1,000 pounds, equivaleant to 218 horsepower at
talte-off speed, was required tv roduce the run to about
one half tho original length. This method appears to have
the grestegt possibilities of any mothod suggestod to date
for shortening the take-off run of long~range airplanes.

CONCLUDING EREMARKS

This study, which is based upon certailn reasonable as-
sunmptions, indicates the following general conclusions:

' .

1. A large span is desirable for airplanes intended.

for. flight at speeds approximating the speed for (%

o T L o o max
but less so for a2irplanes cruleing at high speeds, because
the probable added accompanying parasite area may more

3,

th offget the 11 effect of the 1 e n at hi _
P 8¢ T S'-;GB; 6 c_ O e_ fig —Sga _E:_I:J_E‘g;‘__:;g‘:—‘—‘-:;ig

speed. .
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2. Controllable propellers are desirable because of
the improvement in take~off and climbd up to the cruising
altitude but, apart from this flight condition, thnere is
little advantage. There may be a slight advantage in
changing the pitch during cruising flight in order to main-
tain the maximum value of propulsive-efficiency/fuel-con-
sumption ratio. For cruising, the propeller should be se~
lected to absorb the power at the highest allowabdle value
of enzine torque for continuous operation in order that
the specific fuel consumption remain low.

3. Broadly speaking, the alirplane weight, less fuel
welght, is more important than drag. Hence, it may be ad-
vantageous to add parasgite drag in some cases if the weight
is substantially reduced thereby. Some of the largest air-

planes buillt today are also the most efficient structurally,

which suggests that large airplanes are better suited for
long flights than are the small ones. The economic limit
in size is not evident at the present stage of developnent.

4, Contrary to usmunal belief, neglecting teke~off

run, flight at either constant speed or constant power may

result in longer range for a given average speed than
flight at constant L/D, provided that the designed initial
speed of flight is somewhat less than for flight at con-
stant I/D. '

5. It is desirable, bscause of the increased cruis-
ing speed, to fly at such an altitude that the decreased
air density reduces the engine poéwer to the desired cruis-~
ing value. TFor flight at either constant speed or con~ ~
stant power the cruising altitude wourld remain nearly con-~
stant, but for flight at constant L/D the cruising alti-
tude should be increased as the fuel diminishes in order
to get the greatest benefit.

8. Neglecting talte-off considerations, there is no
advantage from the standpoint of range in increasing the
8lze of unsupercharged engines in order to fly at higher
altitudes. If the engines must bDe increased in size in
order to improve the take~off, 1little iIf any range will be
sacrificed theredby if the engines arse effectively throt-
tled the desired amount by flying at the appropriate alti-
tude.

7« Cruilsing speeds may be greatly increased by f£fly-
ing at altitudes with supercharged engines, incurring oa=
ly small losses in maximum rangs. . -
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8., It 1s highly desirable from both the standpeints
of speed and maximum range to increase the design loading
(or gross wéight for a given size airplane) to the highest
possiblé value consistent with take-off limitations. In-
creasihg the loading soon increases the take-off run to
prohibitive values. If sufficient engine power is incor-
porated to enable reasonable take~off runs (2,500 feet),

the maximum range will be decreased slightly with 1ncreased

loadings, by virtue of the larger engines.

9., (Certain types of flap will materially reduce fthe
take-off rum for relatively high loading conditions pro-
vided that sufficient power is available and to a less ex~
tent for relatively low loadings. ILess range is sacri-~
ficed by adding power to secure reasonable take—off runs
with flaps than without. S ) _ :

10, "Airplanes intended to fly with supercharged en-
gines at altitudes should have no greater difficulty ia
taking off than airplanes designed to £fly at the garme L/D
at sea level provided that the engine-power output is not
limited too much at sea level because of th@_guqufhapggr.

1ll. Moderately inclined runways greatly aild the take-
off particularly if they extend over the last part of the
run. Ferhaps an easier means of obtalnlng the same ef-
fect—wculd be by providing a winch~drawn tow cable to aug-

ment tle propeller thrust for the duration of the take-off.

Langley Memorial Aeronautical Labdoratory,
Watlonal Advisory Committee for Aeronautics,
Langley Field, Vaj, July 26, 19385.
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N.A.C.A. Fig. 38
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N.A.C.A, Fig. 39
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N.A.C.A. Fig. 45
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