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“THE MUTUAL ACTIOJ OF AIRPLANE BODY AND POWER PLANT

By Hartln Schrenk

I, PROBLEM

In a vrevious Teport of this periocdical (reference 1)
the writer developed a general curve for the "power re-
guired for -level flight," which is 1nvar1ant*aga1nst
changes in airplane dimensions. It was felt that a sim-
ilar general curve for the "effective thrust horsepower",.
was needed, which then would encompass the complete flight
performance conditions, : :

Starting with the increase in r.p.m., a "mean thrust
horsepower!" curve is developed from propeller ‘test. data . .
and engine »nower curves, after waich this curve is then
brought into relationship with the curve. of the '"power re-
quired for level flight" by examination of throttle flight
‘conditions, The singilar mutual relationship is ‘manifest
from the behavior of the r,p.m, -This arrangement .inciden-
tally revealis a surprisingly simple relationship between
the airplaneé dimernsions primarily involved with.the pro-":
peller efficiency., Tne effect of altitude jof flight is
accounted for by scale correction,

This "gen eral power balance"‘of the : alrplane, ‘which.
embraces, besides the already known quantities, only one
new one, the Yexcess power factor," then affords the .de-~
sired comprehensive survey. The profound effect of the
excess power becomes evident, rate of climb, maxinmum speed,
angle of climb a2nd ceiling can be expressed in the excess
power figure, and the revolution speeds in climb by any
engine power law as well as other processes, not visible
otherwise, can be examined readily. - Extension to include
adjustable blade Dropellers presents no dlfflcultles.

*'Jeber das Zusammenwirken von Flugwerk tind Triebwerk,"
From Zeitschrift fur Flugtechnik und iotorluftschiffahrt,
December 14, 1931, pp. 695-702; and December 28, 1931,
PP, 721-727, e e e T e e .
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II, WOTATION

In connect1oa Wltn the previously cited report (ref-.

erence 1), the following symbols are used:

Airplane structure:

G gross weight,
‘b3 . .crinduced span (1.e.,:snan of equlvalent mononlane
. w1th elllptlc 11ft dlstrlbutlon),
Ty equlvnlent flat pl te area (W/q) chlefly, e
Frnse total .equ 1valent flat~nlate area (connected with ©
the dynamic pressure, hence the profile drag also) §
to be assumed constant by Darabollc polar and suit-
"able ch01ce of bl.
Power plant
N » engine bower,f.f‘
m eFflclency of propeller in alrplwne (w1th resnect to
: :glldlnb flight - poler with llVe a)’
Nﬂ"ﬂt}thrust norsepower (utlllzed by oropeller for propul—
sion of plane), : :
U -~ torque - . f‘énglﬁe'at prbﬁellérjéﬁafé.-.
w,nw- revolutlons S ‘ ‘ » S R
Propeller
u Ctip speed{
D Biameter, -
. ‘ . o
Fq . propeller disk: drea- /E%—\n'
’ \ /
A coefficient of advance <‘= %\,
/
R A T
kg .effective thrust [ = /el P
oo Coe e \ P/B'Fs us/ -,
k effective torque <== \9
d 4 p/Z Fs U./
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S

loading coefficient ( —————-———,—‘-—\
p/2 Fgqg v N/

Y R TG
performance coeff1c1ent ;(:*— - = —r3’

P/Z 1:‘s 'V'3 A3/

.. N kd\
power coefficient <= ——— = 5
p/z TV A
n- *oH
effectlve 1nterference “> s
, ) ﬂfree

Complete alrplane

t

et ,
ot ¥ o.

. . ‘ N .. . .
‘excess power factor,'i e,, the ratio of " eXCéSS

vower (WM)ypggp: - Mge" "to Ngg;** -the.pdwerre-
quired for level flight,

ratio of driving areas**,

ratio of interference areas, i.e., ratio of exposed
interfering equivalent flat-plate area Fyg to to-

tal equlvalent flat-plate area Fagr™® .

voe

Flight perfbrmances:

.wpower requlred for level f11ght
s = Fee T (v)x**,

.. path velocity,

“air density,

dynemic pressurs. ( °Ns

S , \2 v3/
rate of ¢limb; -

-sinking speed,

altltude of fllght

* See section IV. *#*Sge reference 1.
** See section V. ) '
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Hg  coiling (theorebical),

H. maximum altltude up. to which level .flight .with = ...
best L/D .ratio is possible,*

Subscrlpts

0 sea 1evel
€ attitude at bestz;L/D Tatio (v, Nge¢),
best "best"'operating-attitude_of propeller gnd engihey**

v . ‘critical altitude (i.e., that altitude up to which
"the compressor is.able to sunnly the engine with
" air at ground-level pressure)

III. REVOLUTIONS-PER-MINUTE PICK-UP

Sl Gharah%éf‘bf.Engine.éower Curve

In generaly the Eurve of the thrust horsepower ¥n
is calculated by disregarding the increase in T.PeMe, &S
if the engine operated always with constant r.p.m, and.
power in all flight attitudes., In thls case, obv1ously,
one single statement relative to these two quantltles“
suffices, But in order to follow up the effect of the va-
riations in r,p.m., the interdependence between engine power
and r,p.iz, must be known,

Being a purely empirical relation, one attempts to
express it by an appropriate simple mathemati¢al approx-
imation, that is, by power formulas,

The logarithmic plot (fig. 1) represents the full
load brake curves for a number of Gerian airc¢raft engines.,
They show totally different character, The tangents
drawn with 1l:1 and 1:2 slope, correspond to parabolas
of the first and second order. Where the 1:1 . tangent
_touches the curve, we have ' -

*See sectibﬁ Vf:‘“‘
**Seg section IV.
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N"““n: M = . constant - .. -~ (1a)

but;iﬁhere 1:2 slope xangents touch we'héﬁe" ‘
N o~ 0 2 o, i~ a2 e ).

" The principal running conditions of all engines are
within ambit of these two equations., [From the point of
view of engine technique, it -is noteworthy that radial en-
gines operate by almost constant torque, whereas the pri-
mary operatlng range of the 6 and 12 cyllnder in-line en-
Eines "is by markedly decreas1ng térque . * - Por -the- ‘purposes
of the present report, it amply suffices to uwse the two
formulas - (la) and (lb) - selectively -as ‘bagis, ' This al-
so ensures the inclusion of the intermediate parts of the
engine power, curves Wlth suff1c1ent accuracy.** .

2. Equatlon of r.p.m, Plc -Up

The starting point is ‘the law of dimensions for pro-
pellers:

H ~ kg P n3 135" R Ol

So long as N’ and n ‘are- con31dered constant 80
long thé eiI ctive torque Xy must remain ‘constant. also.
But this is not at all the case in reality.: In the: 111us-
tration (f1g. 2) k3 -generally evinces a slight -in-
crease at start, then in the range -of normal- f11ght atti=
tude, drops slowly at"first, then raD1d1y *%% ° Thus, "if “the
Dower dellvered by the engine ‘did remain’ constantin spite

‘the changed r.pe.m. (engine operates at maxlmum power),
equat;01“(°) Would afford k R

'—1/3

n ~ kg’ .(30)

*Apparently the filling in radial erngines. is essentially
better as a.result of the- uniform and short intake dis-
tances, Vibrations in the exhaust pipes may also be in-
volved. ‘Some radial éngines use 1nduct10n chambers, as
the "Hérnet,® for instances .

**¥FTor. eXact, calculatlon, the- exponent in. (10) can be va—
ried as needed., . .

*x*The adount of thé rise is: uncertaln because the w1nd—.
tunnel. data on-propellers. in the proximity of zero. coef~

ficient of advance are no longer reliabdle. The propeller
then acts (in tunnels with return passage) as blower and

falsifies the results, (See reference 2.)
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As a matter of fact the engine power ‘increases with

.the r.p.m., hence.the propeller will speed up more than

(3c) indicates., The measure of the increase is found - by
writing. (1a) and (1b) for the course of ¥ = f(n) into
the fundamental _propeller equation (2) as - .

o1/ L ‘
e kg% (for W~ n) (3a)

—-1/2¢58

cand "n~kd °'% (for W~ '3 (2b)

Consequently, the reﬁblutions'change within the prac-

ut1ca1 operating 1limit as the 24 to uhe32;5-rootAof the-

ifective torque kg.
- IV. THE GENERAL USEFUL POWER (OF PROPEiBER) CURVE
1., The "Best" Operatlng Att1tude

In the precedlng report (re;erence 1) the curve of
the Mpower required for level flight" was:made invariant

.against dimensional changes. by the selection of a prede-
“termined point of operation  (that for best L/D ratlo) as

referénce point and basing the. whole curve unpon it, A

similar method is used for the propeller performance .
-cutrves, for no. insuperable obstacles intervene to find a
"suitable reference .point. But it appears a hopeless c¢ase

of deriving.the course of the N1 curve in a rational ™
way, perhaps by resorting to a satisfactory approximation
such as the parabolic polar portrays for the "power re-
guired 'in level flight." It lies in the character of the
complicated processes on the propeller: the theory admifs
of ‘a certain operating attitude with satisfactory approx-
imation and even gives the medium Tor the cursory pursus
ance of other operating attitudes, but it .is impossible

'to deduce therefrom a simple law for the behavior of the

efficiency throughout the different a@titudes.

Fortunately, there is one ‘helping circumstance which
already has quietly and unobservedly repaired untold er-
rors and inaccuracies of propeller designers, namely, the

» éqﬁalizing effect of the flow on the propeller, which:

strives toward the particular best attitude and largely
diminishes the effect of shaoe discrepancies on the effi-
ciency.
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Logically, the reference point is a point excellent
in its 1mportance ‘for-‘the’ operation of ‘the- propeller. Un-
fortunately, the point here-is not quite. as well defined
as on the airplane’ stracture.‘ One migat,; at fit8t thoughty
th1nh of the point of - ‘maXimum efficiencys (Reference 3.)
But a study of a seriés of ‘efficiency curves’ of ‘systemat~
ically varying oropellers (flg. 3) reveals forthwith that
the maxinum value -of the efficiency -of “the ‘single propel-
‘ler does -in no- way “Imply ‘the maximum effICIGnCJ which can
be obtained at this p01nt ‘Phis lies, rather, on the en<
veloplng curve, and it is ‘natural to6 seléct -that point
WQere the individual curve touches the enveloping curve as
-reference point. Ve- snall refiler to it 'as "besth- operat—f
ing point.* 3But propeller efficiencies can equally wéll-
be plotted -against parameters other than’the coefficient”
of advance. Whichever one chooses depends upon the pur-
poses in'view, - We have four’ 1nterdependent gquantitiesg**
eagine power ¥ (thrust S, resoectlvely), revolut1on n,
diameter "D, and flying’ speed v._ “One  of these ‘can’ ‘Te-
main free as dependent varlaole, ‘it'is more expedlent “to
use V- as -independent, -whereas the remalnlng two ‘must be
selected.  For 1llustrat10n, given - N-and n  (as is cus~
tomérY),'tne propeller values 'are plotted against the
'"geometrlcal 1gh speed " oor power coefflclent***

_kd_BNu)2 »',****
g = = =——z 1+ "
A P v

respectively, against the reciprocal value of ‘the 5th root
of “this figure, that is, ,h/de<5 (as Americains lately
prefer to express it). (Reference 4,) (Example, fig. 4,)
There is an enveloping curve ‘here also, on which the rel-
evant best propeller is to be found, although the points:
of contact of the individual curves are not the same op—
erating attitudes as-in Figure 3.' . . '

*The term "best" not. being without a certa1n arbitrari-
ness, we-use:the quotatlon marks,

*¥*Air den51ty P is dlsrerarded ?or the t1me belng.
x**%%The author suggests the term "Drehgrad“ in place of - the_
cumoersome'geometrlcel h1gh speed " based upon

.‘&d

- ) : ci == = performance coefflclent
ey = X% = loading coefficient

***x*¥In homogeneous units,
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‘One must therefore-decide on one deflnlte method of
plotting ‘based upon the actual: running conditions., The
_ch01ce falls upon represeutatlon against the coefficient
+6f "advance A, belng the 51mD1est and at the same time -
conformlng to the "actual running conditions, It signifies
. that“r.p. m. and diameter are correctly ‘selected and the
desired power absorption is: obtained only by changing the
shiape, This variation is readlly accomplished in thae JOd—
ern adjustable~ blade metal pronellers by minor changes in
pitch setting,  As a result theréof, we can also base tne
subsequent considerations upon: the conventional propeller
series, in whlch pltch is varied while retaining the blade
d1men51ons. (See reference 5, Where the principal oper- .
atlng attltudes are deflned by means of m= area. ) p

2; Mean fo1c1ency and E”fectlve Proneller 11orque Curves
Afber thls explenetlon in the precedlng sectlon,

there remains the- selectlon of the nronellers upon which’
to apnly the results. otwitnstandlng much ‘more recent
reports, the most’ rellable data on wood Dropellers anpear

to be those by Durand and Lesley (reference 6) at any
: rate,_they ‘afford the best ‘selection,” Our choice is a se-

ries of small-blade’ propellers with "suitable contour (se—
'ries S, F,, A,, P,, fig. 5), and specifically those
having higher pitch rates. —H/D: :

Propeller 7 3 82 113
B/p. =0T 0;9 1.1 1.3

The H/D ratlos loweT than that are’ dlscarded because of
their. poor eff101ency. Tne alrplane designer and the en-—
gine des1gner must work in cooperatlon to the end tnat.B the
propeller shaft r.p.m, permlt the use of tne prozitious
propellers of hlgher pltch '

Now the reference’ p01nts Tor tae reduction.oef the
teSu values are revealed in .Figure 3 as points of contact”
of the individual  curves with the enveloping curve, the-
"best" operating. p01nts. -The corresponding values.carry
- the subscript. "best." The m. and kg . values .rednced at
these points are glven in Figures 6 and 7, The more im-
portant m curve-and the plotted: extrapolatlon points ap=-
Fear to be in close accord whereas the agreement for the
kg curve is less satisfactory. .“here is.’a dlscrepancy,

but of minor importalce; because “kg is merely used to
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~follow up the“r.p.mx and appears, -there in the 0.4th and
.0.5th pbver, respectively.:;( quatwons (Sa) ‘and (Sb) )*
3. Vean Pr0peller Performance Curves and ean r.p. m. Cﬂrves
¥ow the respective mean Nm and n curve is readily

computed from the mean’ m and kd -values. - With (3a)
and (3b), we have: : - o

e
oL .n v K '
For N « n: n ==(" d \ 7
' Mbest . ¥d best
= o \
v = _n X 7\ . > B (48)
-Vbest  Pbest “‘best J,
N'n S .n_. M. R
(Nﬂ)best“ Nbest Mbegt |: - -
. k.' R
For N ~ n;/?: e S {;__i;;;N t"*l
: Dbest ¥4 vest/ . ,
= )
Vbest : Bbest xbest F
Nn =, 1B \1/.? £
(Nﬂ)best.‘@best / ﬂbest

The values computed herefrom are plotted in Figure 8.
The full lines represent N ~.n /2 whlch is prlwarily'im—
portant. Moreover, we added the case n = constant, in
correspondence with the simple calculatlon without r.p.m.
pick~up. Conspiculously, thls curve evinces practically’
"no. variation from.that.for ¥ ~ nllebeIOW;vbeSt,.thus
- apparently fully justifying.the customary omission of
r.p.m. pick-up in climbing calculations.: Above, -Vpggt, in
proximity- of the maximum speed; the matter Dec0mes, of
course, another question,.and we will find that here the
role of the r.p.m. p1ck~up has become of prlmary 1mpor—,
tance. -

*Extrapolatlon with another propeller berleo.(re;erence 7)
yielded practically the same result.. However, these pro-

pellers are, in part, markedly 1nfer10r at maximum, effi-

ciency, for undiscernible reasoans.
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- ‘Referring to ‘the .r.p.m, curves, we find that the pick-
up. keeps within moderate 1limits - (¥5 to 7 per cent) in the
practically important range (V/Voest = 0,7 to 1.2), but
" increases rapidly at. higher speed, " ‘ C

V. COMBINED PERFORMANCE GURVES: COLPLETE
PERFORMANCE DIAGRAN . -

1, Throttle“Flight,‘Throttle Parabolas

The mutual effedt of propeller and airplane body be-
comes apparent - for the present without mutual defini-
tion - by an examination:of the throttle flight. Figure
9 shows an arbitrary curve of "power required for level
flight" and an identical one for "propeller performance';
the latter to represent also the full-load curve. The
question is: How 'is it possible to derive ardbitrary
throttle curves herefrom?

The law of s1m111tude supplies here also-a simple
answer, We can plot.curves of -equal coefficient of ad-
vance. For A = constant, eguation (2) yields N ~n
since kg . then remains constant-also, and ’

"N ~v3® - (5)

since K~~.§ constant

Points of equal coefflcﬁent o* advance thus lie on-
parabolas of the .3d order, Throttle curves of the propel-
‘ler performance may forthwith be drdawn on these tarottle
'parabo‘as by plotting the fractions of the respective full
performance (with like cocfficient of advance/ correspond-
1ng to the throttle sett‘ng. SR e

» " This appLies, strictly speaking, to the simple calciu-
lation without r.p.m, pick-up. But it would still be val-
id with re.p.m. pick-up if the throttle nerformance curves
of the varticular englne likewise were sinmilar wi ith re-
spect to the N ~ n - parabolas, Unfortunately, not much
can be said about this because of. an almost complete lack
of information on throttle performance data.* 0Onm the other

'*Scattered exnerlments 1ndlcate tnot Drob1ems in carburetor
flow and vibratlons in intake and exhaust pripes are in-
volved, »
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.........

hand, the. TeDelle plck-up in. the primery operating range.
exerts but a minor .effect on the propeller perrormaAce
curve, accardlng to’ sectlon IV, Sg the error induced by
a slight change -in character of the engine power .curve
may. be dlsregarded )

2. Tne T, p m, P1ck~Up Deflnes Pos1t10n o
" of "Best" Operating Point

With the aid of this "throttle parabola® the relation
between propeller performance and power required for level
flight has now been established, There remains the selec-
tion. of .the location of the_"best" operatlng 901nt

.....

must not plck up so many revolutlons in level fllght tAat"
the englne exceeds its maxXimum permissidble r. Do, or . .
else max1mum speed would become 1mooss1ble without. damase
to the engine. On the other hand,. the englne is to be
utilized to its fullest. extent, . :

We consider the "best" operating attitude as the. nor-
mal load attitude of the engine. With a suitable propelf
ler, its rop.m, at full throttle are those determined by
type test, As a rule, this r.pem., is not its permissible
- maximum, although it very nearly approaches it, WNatur-
ally, the couditions differ for each case, particularly
on account of contingent critical r.p.m, But in general
it may be stated that a plck-up of more thaan 5-10 per ceéent
is not permitted as a rule.*

This assumptlon establlshes an 1nfer10r limit for the
‘"oest" operating attitude, Now, inasmuch as this approaches
Vmax qulte closely, it at the same time forms the superior

limit; for in view of the general airplane characteristics
our aim lies -in the best possibvle’ compromi.se between clinmd
and speed performance. The combination of r.,p.m. ‘curve.

(fig. 8) and ‘throttle diagranm (fig; 9) reveals that the -

*If more is’ allowed the engine" is con51dered as not being
put to full use, Even ‘the 5 to 10 per cent are- Derthted
only temporarily. : .

That far our parabolic approximation fBr.fhé.eng{he pb#er
curve is sufficiently accurate,
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e

above boundary of the r.p m, pick-up suggests a 1ocat10n
of "best" operatlng point in the nelghoorhood of the
throttle parabola, which passes tardugh v ,In order to

ake matters clear. (and in' v1ew of advantages discussed in
succeedlng sections) we now’ deflnltelJ place the "best"
operating point of the propeller performance curve on the
throttle parabola through v, the "best" throttle par-
abola, In this manner we obtain thé complete performance
diagram (fig. 10) with an unamblguous relatlonsnlp between
both perLormances.

3. nxcess Power, EXCes° Factor

Tnls-dlagram (flg. lO) §§ of universal aopllcablllty.
It contains only one new parametéer, the "excess factor":
Q, -which is defined herewith: By excess power we usual-
1y mean the dlfference between"” tne exce531ve and the min-
imum: power required, But this definltlon is’ 1naccurate
for it ?alls to state that the available power is a func-
tion of the flying speed, Wlth the throttle barabola, a
better definition is assured On tne latter we xnow the
,coefflclent of advance and tne exfect1Ve power of the pro-
peller arse constant "which simplifies matters considera~
bly, and above all, makes them legible,  In‘’ ‘our case ‘the
throttle parabola is convenient for the The'st operating
.attitude, on which the power at full throttle formed, as
we know, the startlng point of our wnole Dover ‘calcula-
tlon from the engine side, Obv1oasly, the gower reguire~
ment by best - L/D is not the lowest possible, but a glance
at Flgure 10 reveals immediately that the gain- ‘65111 ob-
talnable above that amounts to no tore than 2 to 4 per
cent, so that we may safely overlooL itox*

So we define the "excess factor" o as the ratio of
the excess power available in 'the "best! operating atti-=

*Here the r.pen..pick-up amounts to from 5 to 8 per cent
at maximum'speed, depending. on the ‘exXxcess powery
It'jdst‘came to my notice that I. B, Helmbold has like-

wise worked (since 1927) with the assumntlon that the best
L/D of the airplane body -and the principal propeller ef-
ficiency ‘are c¢oordinated to the flight at ceiling level
and the.attitude of endurance flight corresponding to it,
**The:slightest bump or minor coantrol errors are just as
costly, so that the "exact" calculation is.really no more
than self-delusion. . .
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tude of tne propeller to thwt requlred by the best L/Di

(\'ﬂ)best - Nsc (N”?)best Cetee e
a 1 (6)
Nse,j ER ‘\]S€ ..

This definition, valid for anyvaltftude of flight,
was-used for plotting‘thenpower curves in-Figure 10,

4 Ef 101ency and Alrnlane D1mens1ons

We stlll lac one 11nk in our cha1n tne absoTute
value of the "power requlred for level fllght" ”Nse is.

defined by the dlmen51ons of the alrp]ane body, that of
the propeller -performance by engiane power Npegqt and ef-
ficiency fMpeste The latter is adgain a.complicated math-
ematical experimental function with speed v occupying
the star role, As a result we would be forced to carry
through a complete power calculation with absolute valdes .
in order to determine the propeller performance, which

is the very thing we want to avoid, '

However, our assumption, which couples the "best®"
operating attitude of the propeller to the attitude by
best L/D presents a solution.:. - - ., . - .
_ The cosar I1c1ent of advance as Well as tqe efficiency
is constant aiong the throttle parabola' hence the knowl-
edge of the efficiency in level fllght by best L/D suf-
fices for ‘the '"best! operating attitude, and a reiation-
ship is readily ~stablished* with the airplane dimensions,
contalnlng oanly gﬁometrwcal quantltles but nelthe" speed
of fllght nor engine’ DOWer. -

”he ‘transition 1s completed by means of the loadlng
coefflclent
. | o _S"f“_/_'ks\f,"-A - .
.cs = e (= —‘,: . : o (7)
p/Z v2 Fs \ Kz/

tDz Tne loadlng coef~

«em-

wqere 'Fs propeller dlsk area’’

ficient ‘gives a theoretical’ upper 11m1t for the efficien—~
cy. of the.nqntw;sted_Jeﬁ Thp_praqt;cal llqytzlﬁ.a,qer-

¥Asg Droved by the author in ; Julyv i9é9ﬁ:ini£ﬁ'ﬁn§ﬁglishéﬁ
report, : TR :
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~

tain. dlstance -away fron it, which under ordinary condi- -
tions, expériences about’ 11 12 per cent a2dditional loss-
es through twist, finite blade number and profile drag.
This practicalAlimitlis_illusﬁ:eted in Figure 11,.*

For level flight by best L/D, the corresponding
alrplane drag then is: , : C ‘ S

o .. P_1/=2 ‘ A
We = sns = 1.13 e (8)

_ i . '

Herein ns is tnev"effectlve interference!;** it em-~
braces all Jet ezfects on the airplane and vice versa

(see elsewhere) The correspOndlng flight speed 1s
' /2 '
A - G NG L
Ve = 1 06 p 1/2(-_——“ 1/2 } ’ T ’ (9)
: . bl Fws / N
ThesethO'quantities;‘insertedﬁfo?~'o§' in (7) yield:
_ o ws s ol T . . .
Cse T fig Fg - cs best (10a)

Thig ewores51on is exceedlngly ln ormatlve., It shows
that the loading coefficient and the efficiency of the
free rotatlng propeller defined therefrom is, in "best"
operating attitude, neither dependent upon the power nor
the flight speed, but almost exclus1vgly on the "driviag
area ratiof =S~} *x*x The greater -8_, .the nigher the

Fws fws - T
attalnaole best efficiency., This gives us some very fun-
damental knowledge for the design of airplanes: Waen. =
"total equivalent flat~plate area" and propeller disk area
are’ known,,lt already has set-a superior limit ;or tbe
efficiency which cannot be exceeded'

_ *Madelung's flgures from reference 8, extrapolated from

c; to cg.

**QOtherwise called "jet efficiency," which, however, leads
to confusion with "axial efficiency" (Hoff!s suggestion.)’
Helmbold (see footnote, page 15) calls -it "1nsta11atﬂon
efficiency." :

*x*So named because the surfaces com01neo 1nto thls ratlo
are respoasible for the advance (Fg) and retardatlon (*Ws)
It supersedes Madelung's (Luftfahrtxorschung, Vol, II,'no,
5) "disk area ratio," which presupposes the erroneouis as—
sumption of constant structural drag coefficient. See
Helmbold (reference 9.)



NoA.C.A,.Technical Memorandum Ho. 665 15

-But the effective .interference:: My.. is likewise un-
der the influence of the "dr1v1ng area ratlo," as readily
proved by means of the well—LnoWn elementary approximate
.derivation for mg. Herein it is assumed that the axial
incremental velocity is ‘evenly graded over the propeller
disk area, and specifically, over three~fourths of the
disk.area.* - Then, accordlng to. the elementary Jjet theo-
ry,.tae ratlo .of dynamic pressure in. tne jet to. tne 1n—
premental velocity, w ,1s

R e L (v FwR s

. — Tt
. z & %s

If parts of the. airplane with the effective "inter-
fering equivalent flat-plate area" Fig are exposed to
the jet, tnelr add1t10na1 drag w111 amopnt to

- ) ...1"_5
T =T (g q>‘ S Fg
This yields theA(aDparent)‘decfease'in efficiency of

the free-rotating propeller as. "interference efficiency"

or "effective interference": T )

s

'kﬁ—
@

: [ AT (11a)
: = e = el a
- 3. Fg .
- Conseguently, Mg 1is dependent.only upon the ratio
1 ;
F . .t ope S
FWS. "This ratio can also be expressed in the "driving
‘area ratio ;§+, by wrltlng
T fws
. ‘ - .
Egg.:; Fas Fs .
Fe Py Fus

Vs, ‘the "rutlo of 1nter;ere ce’ arean, réveéls‘what[part

" of tne total, eoulvalent flet—plate erea is struck by the

*Tris assumoption originated with hadelung (Luftfanrtforsch—
ung, Vol. II, Wo., 5). and has proved useful. According to
more recent. Enallsh Tesearches, néf’iv frequently less
evén tlhan assumed here, . Ebert (?llght Tests for Reading
Airplane Polars, ectec., to e pudlished in a Tuture D.V.L.
"repdrt) arrives at a similar conclusion, See Helmbold
(reference 10).
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jet; W1tn ‘the conventlonal tractor tvpe propellers it.
ranges oetween 1/3 and 3/4 How (11a) bvecomes

Mt e e

wqerefrom the 1nt1mate relat10nsh1p between "ratlo of
driving areas" and "effective interference" becomes man-
ifest, Now the "interference area ratio' can bve discard-
ed from (10a) so that .the loading efficiency in the "best!
operating attitude becomes

2

c (101)
Fws . 3 Fys -

. - s .. ' ' D .
Since the = — ratio is always greater than 3 in
‘ws'. ) ,
comparatively good airplanes, it predominates in (10D)
also and so cdefines substantially, as already stated, tue
attainable best efficiency. '

5. Enlargement to'Var;able Altitude of Flight

The result of the dlscusalons up to now is a simple
"set of curves, on which, on-a general curve of "power re-
quired for level flight," which is independent of the air-
Plane dimensions, a group of propeller performance curves
with parameter o was plotted against the excess power.
factor, (Fig. 10.)

.
This representation with variablés g% and 32: is
valid for any flight a2ltitude because P . does not appear
in the derivations. Thus, our object would have been
. reached dut for one thing: The amount of the reference
guantities varies with the altitude, so that at each alti-
tude the axes correspond to other absolute values (*elﬂ—
tive to the critical values), As a result of which, ev-
ery perception for the altitude effect is los?t, aside from
the fact that the computation has to be rebeated for each

altitude stage,

To remedy'this we simply determine the reference
quantities v¢ and Nge¢ for one certain altitude, say, .
.at sea level, in all fllght altltudes.~ Then v/vOC and
K/Nsoe would be on.the axcs, but by doing so- the simplic-
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ity of Figure 10 would be destroyed; in place of the one
carve for the power required for level flight, we would
rave a whole group with altitude of flight as parameter
and the propeller performance curves would become alto-
gether obscured. TFor this reason we gquickly make this
step retrogressive again by multiplying the variables
with the inversion factor ;f thelr corresponding altitude
1“uxlctlon, namely, (P/P ); . THe only change occurs on

tgo axes, where We wrlte ‘ .

T ) . S T 1/2
,__,z_./f_\,, amg E BN

Yoe \po/-.b~ _'ﬂ Hsoe \Po

' Tﬁé-tafoﬁtle'paréﬁolas themselves retain their valid-

ity, &s becomes readily apparent. Because for A\ = con-
stant: )
, N~ P vl

This equation postulates, in fact, that the points of
egual coefficient of &advance in our dlegram are still on
para oolas of "the 3d order.:.o,*

However, in ‘order to forego the extrapolatlon of the
axes for the uleerent altitudes and to ‘bring out the
processes for varg}ng altitiude of f1light, the multlpllca—f
tion with (P/Pg) can be avoided by plotting the scales
calculated with (P/Po‘)l/2 for suitable altitude stages,
(Fig. 12.) TFor easier reading of these scales, we pre-
ferred the harp-like represcntation, By approprlate selec-
tion of the distances the connectiang lines can become -
stralgnt lines, which makes the traclng very 31mple.

Now the. sense of. thls 1ast dlsca331on is 31mp1y this:
It pertains to a2 transformation of: the whole exhibit into
gnother scale defiued by the.air densiiy, This transfor-
mation eXtends the validity of the one uystem of  curves-
to any air density wherein, however, the effect of the-
flight, altitude is readlly ascertained by the changed
scale., .

““However, we feel that an. ékagple would aid consider-
ably in grasping.t@ig method o;_renresentation.

An alrplane wifh normal engxne, whose power drops
somewhat qulcker with alultude tnan the air density, has
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at ground71eve1}the_exceeshfeetor
o (oM vest. 4
ter C Ay T n”gﬂlégﬁi - 1.

.“‘f“

i sof

L In cllmolng ”11ght let ‘us say, by conetant L/D
(€ ~ Emlr) _tne speed and tae power requirement of the

_elrjl 1e body increases at the rate ‘conformadbly to the re-
spective altitude. First, we compute the engine power in
accordance with the given. altitude performance equation,*
Since, however, the curve of the "power required for lev-
2l -flignt" becones 1ndependent of the height, becausc of
our tr nsfornetion, the engine powver dependent on Ngge
must agaln be reduced, -that is, by (P/p )1 ®. Tais is

accompllshed w1thout celculatlon, simpry by transfer %o
the ordinatce scale for the corroesponding height, This, of
course, is preceded by the multiplication of the altitude.
performance of tiae engine with mMypyggt. With this value
(Egst

we taen set up the power ratio and use the cor-

so¢€
reeaondlng sccle in . 1gure 10 Wnefe a parallel line
through the abscissa at the 1ntersect10n with the "best" -
throttle parabola yields the excéess factor a for the
corresponding alfitude. Now 211 flight attitudes in this
height can. be followed up on the respectlve ‘scales along
curyve a'=;constant ’ A

VI, APPLICAlzors'
'1 Tne Ex cess Power actor Governs All Flight Performances

The nractch1 ae*onautlcal engineecr is well aware of
‘the significance of thé excess power on the performance of
“‘the airplane, 3But tais is the very first instance. that .
*oruulas revealing this preeminent effect in actual. fig-
ures Juve been set Up.

The foundatlon is the general performance diagran
(fig, 10 or 12), from which the respective rates of climbd
w/wge as function of the respective path velocity _v/ve
with parameter «a, the excess factor, are taken and plot-
ted in Figure 13, The first apparent result is the in-
crease in '‘patih velocity for fastest climb with the excess
power, Even oetween a.= 1 and a —2 1t already lies in

*Fer'ekplanatron’ see sectlon VI, 4 Page 4.



F.A.C.A, Technical iomorandum No. 685 19

.tae v1c1n1ty of the hest glldlng speed Wafon”iurthEr cen-
firms ‘our method of maKlng our - cllmb celculatlons ;o" best
/D “ingtéad of the c,ttltude of m1n1mum ‘Dower reoulred
Another fact is that it "i's 16§s ‘sensible to fly ‘at abnor~
mally large angles of attack for the purpo se of rapid
climb, the greater the_excess power is at which the flight
is made. For very steeép climb it .is a.different natter,
There it calls for pushing:the elevator up to the utmost*
in order to command theé best value. (But herein also lies
the danger.. of thls attltude Wnen startlng 1n T'estrlcted
places') DI

Now the 1nd1v1dual performances can be found in F1g~

tlve bas1c value.

The best rate of climb (fig. 14) follows the excess
facter in an almost straight line, and:can be expressed
in Lhe s1nk1ng speed by the approx1matlon formula:

Tnax ,':,fm 8 A Wge . (13).
The best angle of cllmb (fig. 15) is 51m11ar1y ex-

pressed by the best angle of glide'-
tan Ppax & 085 Q. €yin - . Co (%)

The maXimum level fliéﬁt Afig. 16) passes parabola-
like over a. -A practlcal and very exact mathematical.
aporox1matlon is : Con :

Dee ‘oi‘e""' SO
Tmax © (.5 a 1) v . . ~<1;-

. The respective fundamental values by best. L/D,
€min’.vo€n.and Hgge -are readily taken from the ‘nomograph.
(Fig. 18.)*% i

' Lastly, the celllng 1s ¥:¥ pure Ffunction of the excess
pewer, and may be computed along the lines laid down bty

. P
Tne measure depends °n~u°ae,‘ C max:*-*“e course of t;e

polar above being uncertain, the Quryes_be1ow “v6q3

Che
are shown as dotted.llnes,“mu“ e
**Tor .extension -of ‘plot, “see..reference 1, -Figure: 6. - .~
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tie writer in an earlier report. (Reference 11.) . There
(equation. (24))* we-established a .relation for the ceiling
by ‘-means of approximation formulas in power serles for en-—
gine powar and air dens1ty w1th altltude'

m
Vho ﬁg
(Hg =11 log o= e
w
. so min

(_1?@)

The numerator Tho %ﬁ denotes the vert1ca1 sneed of

ascent’ at ground level with the efficiency of the celllng,
or; 4in.-other Words,.our "bestﬂ_vertlcal speed of ascent,**
The quotient in (16a) now simply is a function of the ex-
cess power, and accordlng to our definition this equation
now becomes : .

Two remarks are in.order here. TFirst, the "celllng
at best L/D He * is not the "theoretlcaP'00111ng H,

althouﬁh the practiceal discrepancy is sllght (Reference
1,) A general rule is to figure with 100 meters loss in

‘altltude for every 2 per cent loss of power,

Now, accordlng to sectlon Vv, at spoeds below v,
with our propellers, no more than 2-~4 per ceant power can.
be attained, thus the difference Dpetwcen Hg and H
amounts to no more than 100-200 meters, So H.~ comes"
closer to the practical ceiling than Hg, and becomes"
about equivalent in aerodynamwcally poor alirplanes (Wse'

and €qin grec«t)

Be31des, formula (16) is built upon a parébollc ap-
proximation for tqe engine power (decrease in r,p,m, in-
clusive)

N PNt : (
—— =0 [ e 17a
No" (po/: R . R )

_This is very convenient for the calculation, but
does not satisfy the physical processes, as is readily ap-
preciated, because the effective performance here does not

*Nuﬁériéai:factof'lb;9 was later corrected-to 11,0.
**That is, the one to be found on the "best" throttle par-
abola,
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disappear until P = 0, which is impossible on account

of the friction.* °~ The drop in performance’is at first as-
sumed too unfavorablc, and at higher altitude, too faver-
able. : ' ' W

The 0ld Adlershof formula conforms dpotter to actual
conditions: .

N L p

oz (o m (1= m ) - (171
No . ﬂm \po : Mm / )

Even this‘rectlllnear law is valid only so long as
the correct carburetion control is assured. (which is un-
derstood in a modern engine).** Besides this .drop in per-
formance there is'yet another due to the drop in. r p.m.,
which with fair approximation can be expressed by a minor
impairment of my in (17b). As far as it is possidle to
conclude from the scarcity of data avallable, we.maJ,Just—
ly figure with  mp = 0.80 (in 17b) as satisfactory aver-
age.*** 5o . o -and H. were defined according to this
law and likewise included in Figure 17, Both curves meot
at 8 km altitude; below are discrepancies up to 0.5 km, in
favor of :the rectlllnear law, . : .

‘26 ‘Excess Facmm and Englne Sav1ng~

The efforts to 1ncrease safety in fllgnt and to ma1n~
tain flight schedules, and in view of the still unsatis-
factory operating safety of airplane engines at full throt—A
tle, have. within the past few years led more and more to
the -opinion that pronounced throttling is imperative.
(Reference 13,) In conformity with the prevalent idea,
this interprets as throttling, 50 to 60 per cent full power
in cruising flight, And so the gquestion arises, just how
much the airplane loses hereby with respect to its maximum
speed,

*Conmpare Figure 3 of reference 11,

**Unpubl1sned tests of the D.,V.L. in 1925, on a BMV-IV
engine conformed to this assumption.  “According 'to an eval-
uwation of the writer, the rectilinear law is passably cor-
rect, that is, with 1y = 0,83 at n = 1500 r,p.m, at from
O to 6 km altitude, The loss due to drop in the r p M, is
to be added to this,

*kx¥The dmscuss1on, of course, applies only to englnes w1tn~
out altitude equipmeént (supercharging, etc.).
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‘Disregarding the induced ‘drag, the 3d root of :the en-~

‘gine power yields a superior limit for the .drop in speed,:

which, translt¥ated for 50 per cent throttle,: éorrespondgﬁ
to about 0,80 vpayx, and for 80 per cent throttle, to
about 0,85 vpsx. Now, the smaller the eXcess power, thae
greater the increase in induced drag effect, which adnwt—
tedly increases as the reciprocal value of tne dynauic
pressure, Examining these conditions in the light of
Figure 12-or 16, we obtain Figure 19, from which we can
predict to what extent the cruising speed by varying ex-
cess power,vlags‘behind the theoretical limit.

Airplanes Wthh greatly throttled are to maintain .
satlsfactory cruising speed, must have greﬁt excess power,
For'instance, when comparing two otgerW1se identical air-,
planes of different span, it may well happen that the. one
with smaller span has the greater speed bLecause of its
lower proflle drag, whereas, in cruising with 1dentlc°l
throttle setting the one. having the larger span may be
faster because of 1ts greater 6Xcess . .

"3, Drop in'r.p.m. During‘Climb (Unsupercpéfgéd) 

In the discussbdon on the ceiling in a preceding sec-
t1on, we anticipated a result which concerns the effect
. the drop in r.p.n, Oon the engine power durln clind,
and whlch is now examined in detall

) As before, we revert to the law of dﬂmen51ons (eoaa~
tion (2)), and consider first the most elementary casei

engine power unaffected Py TeDe m._and kg = cqnstant;

.Then (2) ylelds' : 4 S :
N ~ P n3 o o (18)

KR o . s ‘ o

or . . n N(N\ ' (190)

‘Accordingly, the arop.iu‘r.p;ma-iS'forthwith émenae'
ble to solution, with the cited customary simplifications,
Since“% = constant, whon ¥ ~ P (indicated power), the

drop is mérély contingent upon~t1e relative amount at
which the effective power lags behind the indicated power,

.that is, of mp according to altitude power. ormula

(171).)
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This simple, but special 1nterdependence can nov be.
amgllfled and supplemented, To begin Wlth " kg = con-

stant no longer holds, because during cllmb the speed

and the Te,peh, vary according to different laws., But if’
we ratain the sane. throttle parabola durlng climb, then
A= constant " hence, kg = constant also. Obv1ous1y,
this appllos to the condltlons on the "best" throttle par-
abola, the startlng p01nt ‘of ‘our power calculatlon.-

‘Conformably to (1a) and (lb), the engine power drops
with the 1lst and 0,5th power of the r.p.m¢ Conseguently,
the drop in r.p.m. eXceeds that of (19a). Now we obtain
the henceforth valid functions from (18) by division with
n. and nf-5, respectively, thus reestablishing constan-
cy at the left sides : ' . C

n o~ {Exl/z ‘ f(for.'N.;-n) T (19a)

\F/ . ' .

n o~ <%\1/2'5 (for N ~ n®°Ss) (19b)
/ . . :

With these formulas the drop in r.p.m, with altitude
can be defined for any altitude power law,* For example,
we apply the law (17b)+ and the convertional.value of
Ny = 0.85. The results are shown in Figire 20, The in-
fluence of the altitude is. greater than the effect of dif-
ferent r.p.m. dependency of the engine.pover.

To combine (19) with (17b) now would clothe the de-
crease in power in quite cumbersome. formulas, and so we
attenpted to express this power decrease including the de-~
crease in the r.pem, by the rectilinear law, The altitude
power curve computed with my = 0,85 was reduced propor-
tional to "n and mno-5, respectively, and plotted in
Figure 20, 1In fact, the obtained curves are straights
with very close.approximation; Prolongation to the ab-

*The law of decreaae used in N.A. C A. Technical iemorandum
No. 456 (reference 11) and . extrapolated from Amerlcan test
fllghts

. O-
‘an iz

o (tnere equatlon (21))
is subtracted -here. - It was : :

' N ~ plwe8 (thers equation (19))
Consequently,"% ~ PO°28 and n ~ po-i4 - respectlvely,

~ P¢"11  hence in close accord with 9 12,
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scissa axis ylelds the corresponding apparent efflclency
Tm = 0,83 'and 0,80,%

It W=s Yacitly assumed hereby, that the englne power
curved” remaln similar with respect to the r.p.m, during
altitude changes, that is, that the power maximum lies
consistently at the same r.p.m., for cxample, . The few
data** available on this phase of the subject appear to
JustlfJ this aosumptlon, at lcast for altitudo up to 5-6 .
kllonetors. : C :

4, The r.p.m, in an Altitude Zngino’

Elenentary formulas no loanger hold for supercharged
engines with arbitrary altitude power course. It is true
that, after o has been predetermined, the requisite
"best" r.pems is readily ascertained by the aid of the
"best" throttle parabola  (Apggt = constant):

okk

\ - ' es ‘
‘Moost = Mo best T p.1y - (20)

. But the calculation of o presents the real obsta-
¢cle, for without knowing the r.p.m., the engine power at

the respective altitude cannot be determined from the ass
sumedly given power curve; aad the re.p.a, is found only
through «o,. Trial is the only remedy here, but after a
ittle practice, results are quickly obtainabdle,

However, one.special and quite frequently occurring
case yields to direct treatment: that is, the climb with
constant torque. This is the case whén the supercharger.
supplies constant pressure up to "ecritical altitude® and

*This much more unfavorable M, 1is woll borne out in
practice, TFrom this point of view, engines with markédly
decreasing torque in the principal operating attitude are
rreferable, because of their inferior decrease in r.p.m.
and power with altitude, This reflection leads to engino-
with medium power to piston displacement ratio.

‘**%*For exXample: the previously mentioned D.V,L, tests or
the construction data on the Fiat engines A 20, A 22, A 25
(450, 650 and 1000 hp water-cooled l2~cylinder engines).
**¥*With a suitavle formula the r,p.m, in throttle flight
can likewise be followed up,
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when "'iIts power absorption s rapproximately like the excess
engine. power during ‘¢limb;* iso -that tne effective full
englne power:remains falrly constant .

" For ¢limb Wlth Q7 'fconstant and flxed blade propel_
19?, .Wwe- have, in this. case,. o ; . - :

A = constant

Moreover, it follows from. q = oonstant (v/v€ = constant),
according to Flgure.lO that -

“a .=:‘constant,
Consequently,,with X?i'consﬁant,

. i/2-
n~V~P.. A

These formulas are applicable** in first approxinma-
tion up to a critical altitudoe-of at least 10 km to most
supercharged engines, and materially higher than that even-
wnen drlven by exhaust gas turblnc._

Beginning with the cr1tlca1 altltude the calculation
can proceed as with the unsupercharged engine, at least,
so long as there are no furtner detalls known about it.

5. Verlflcatlon of Power Data #***

Tne deductlons heretofore were prlmarlly 1ntended
for predicting flight performances., But the relations
upon waich Figurcs 14-17 and formulas (13) to (15) are
based can also be used to check the "effective!" aserodynam-
ic quantities -b; . and Fyg as well as the .propeller ef-
ficiency m <from flown performances, :

A saliont feature is that one climb and one level
-flight suffice for computing b; and PFyg, wheroas the
knowledge.of the engine power is not nccessary.. This was

*Engine power increases through pressure difference be-
tween intake and exhaust side; e.2., seo reference 13, '
*¥Additional.power and blower power.requirement remaln'

about equally balanced up t6 this altitude,
*%*%In this section I had H, B. Helmbold's data and sugges-
.tions placed at my disposal,



26 N.A.,C.,A., Technical Memorandum No., 665

made possible by the introduction of the excess factor 'a
‘as a'puré function of -the ceiling., (Fig, 17.) With «
the sinking speed and the path velocity by best L/D can
be derived from Figurés 14 and 16 in terms of rate of
climb and maximum speed. The quotlent of both is the best
L/D "The nomograph (fig. 18) then yields by the agency. of
Gy Vocs and epiy the values for by and PFyg in one

, reading,

As to.the commensurate accuracy of the data, .the fol-
lowing should be noted: quantity b3 which is decisive =
wanen predicting ‘the climbing performence, must be proof
against inaccuracies in a recheck, whereas Fyg with its

‘minor effect on the cllmbing performances, is rather very
much dependent upon the critical values and assumptlons.
It may be likeuned to a gear which. speedb up in one direc-
tion and slows down in the other,

} ST TABLE I
| ] ' ) T T -
: H . ! w v ' P
| Ny | a i so¢ o€ €min bs (m ws
; m | (a/) | (em/n) L)
| N~n®* S| 0,83 2,0 | 3,2 | 115 0.100 13,6 | 1.42
| Fon | 0,80 2,1 | 3.2 | 112 0.103 | 13,7 | 1,55
1 Source| From Fron From| From Nomograph
| Fig. Fig, Fig., | Fig, 346 Wgqc Fig.
1 20 17 0 14 | 16 | —pos 18
| - supplemented - o¢ |
| for - . for | for oo
| o S MNp=0.+83 N~m N~n g

, . T | . ! . .

TABLE I (cont'd)

| : o L (¥m) iz, -
| | Msoe (8D) | Woe (30) | Myggy| ~—ROFife | ml, (m?)
5 . . . N . . ~£Wws
Neono0+'s - T o111 0.685 167 1,42
N~n _ 75 107 | 0.71 |- 1e7 1,47
Source |  Gwge | |. Ny 1w, Ref. 11 | 346 _
22 - gst 80¢ s T+ TNoest
. 75 ,f .a T Toc zlgﬁ.7 167
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The propeller eff1c1enCJ is expressed as tne quotlent
of power required for level flight oy best L/D

G w

- soe\ and the to- be—absorbed englne power (I
75 ; o¢

Ny best\

at 1 4
tioned. cond1t1ons thelr inherent sources of error are ob:-
viously transferred to' i'n .also., A certain- control check
is, aIforded by, d1rect calculatlon of Fws/n from maximumnm-

sneed and respectlve englne power. (Reference 11 )

(I\Tsoe

Slnce L a and W aTe subJect to the aforemen—

e Tnese arguments are to be 111ustrated on a two—seat
sport blblane. Carefully determlned and reduced to inter-
national’ standard,altltude, it exhiblts the follow1ng
ctharacteristics:

Hg = 6, 05 km" (Hg = 5,85 Km)
T e m/s’:
: "'**;;{;-5;;‘”“='£i"“20-5-.km/h»: ; “
“'ﬁeulipﬂe§“5ééf££5kéﬁ{£5f;“' ,
s 346 np’ (Level flightfé;_.
& =msxg

:The.requisite engine power in:"best" operating.atti-
tude for calculatlng Mbest - is obtalned by estimating: the
effect of the T'ePsm, from Flgure 12- :with+a temporarily-as-
‘sumed . @.=:2. .ab - Npegt = 333 hp,‘further calculation is
eontalned in. Pable I, The r,p.m, dependence ' of the engine
power -and .through it it&.altitude dependence:were varied
so.as . to bring out the effect of these assumptlons on tue
evaluation, : : . S . : : .

As expected, the value of Fyg fluctuates consider-
ably with theengine ‘power law, .wheréas - bsj, -the quantity
controlling the climb, remains fairly constant., Compari-
son with Fyg- deflned dlrectly from level .flight reveals
the correctnessiof the order of ‘maghitude- -and the true val-
ue ‘orobably bétween 142" and ‘1, 47.~ If-thid- comparlson,.on
the . other hand; resulted in widely- disparate values,.it
would bé :suggéstive 6f unsatisfactory climbing:flight,
wrong evaluation of engine power, or some other.error,
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For a speﬁuof 12,6 m, Prandtl's biplene factor kK with
by = 13,6 m, . amounts to -

2
k= 2= (222) = 0,85
g \13.6/

. The theory would yield kK = 0,78; the figure 0,85
‘contains, besides the other induced losses, the presuma-

Jble 1ncrement of . cwp Aand..cwr with Cphs which, accord-

.1ng to our method, isucounted in with the induced losses.

qutly, in accord with section V, '4; the efficiency
can be divided into its elements Mfree and mng, as car-

ried -out for the values computed in the first line (at

SN~ n°'5) - With a. propeller disk area of 7, o_mzt we have:
TABLE II
Fgo/Fys - cg best Nfree MNs Tus'/Fye
Source - For From :
P! o . n
S = 0,5 | Pig. 11 _best From (11b)
Fws o Nfree :
from (10Db)

_The interference area ratio TFyg'/Fyg is plausible

in its amount, Obviously, it is quite sensitive against
minor errors in ﬂs, so that in this case also any accu-
rate determination is contingent upon.the execution of
different test series, unrelated to one another, and com-
parison of the results. It was not the aim in this sec--
tion to go into details regarding it, but merely to illus-
trate the multiple applicability of our method on an ac-
tual example.

5., Adjustable Blade Propeller anﬁ Unsupercharged Engine

This repért would not be complete without including
the adjustable blade propeller., It is. true, that the
structural problem has not been satisfactorily solved as
yet in spite of many attempts. We still await a perfect-
1y rellable, un1versally appllcable adgustable blade pPro-

IO T
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peller; wihich i1s 51mnle to: malntaln, of 11ght welgnt and
reasonable’ in price. On the other. hand there has- never-
been- a’ time whepn urgent demand did not sooner or later
bring forth a ‘solution, Experlments relatlve to the advan-
tages-of. such propellers may. prowlde a stlmulus, whereas
the ‘lack of space restricts our dlscus51on to a brﬁef ex—
'DlanatLon and a few examplesu

A”?ln we proceed from model tests.- rlgure 21 repre~
sents one: of the latest American teést series on an adJust—
able blade oropeller, (Relerence 14, ) The seéparate’ effi-
ciency curves. carry as parameteg tae angle ‘of - setting at
50 per cent tip radius; at 20.4 ‘setting the propeller -
shows..a constant geometric pitch of 0,7 D. .It is seen
that “the: redlelly increasing pltch at 1ﬂrge blade angles
affeets the maximun- efflclency very little notw1thstand~

1ng tne merxed varlatlon from the. theorctlcal course.

The essent1ul feature of the. adJustable blade- propel-
“ier is the freedom in-the selection of the T.pems, 0b=
tained independent .of the coefficient ol:advance (withs

in cerfain- llmlts) and. from the degree._ of throttllng. The
r.pe.m, depends on the effective torque kd. This i's’ shown
in*Figure 22, not. as.dependent variable but as parameter
of a group of curves whose individual points 1ie on the

flclency ourve.- .

The r.p T, belng free, the calculatlon of the propel—
“ ler performance .curve makes necessary.an assumpt1on as- to
-the gourse of the r.p.m. The s1mplest and at the same=
time, most.fundamental premise .is: constant T.PeMs over
‘tihe entire speed range,  For the calculatlon we 'simply se-
lect a suitable k3, after which .the Ikg,\ curve forth-
~with reveals the power course against the speed, whereby

k3 = constant is-obtained by .adjusting .the pitch to con~
stant r.p.m., Figure 23 shows the gain attainable in climb-
ing flight, which here amounts to about”l/B'on account of
the increase in the r.pu.iley in.accord with the assumed en-
gine power law (N ~ nl/2); 2/3 are due to the better
curve of the m values at low ). .  (Compare figs. 3 and
.21, ) But at high speed the adgustable blade type appears
“to be percept1bly inferior., :

*The propeller has ‘the same maximum efficiency as afore-
mentioned series of N.,A:.C.A. Technical Report No., 141 (ref-
erence 5). Obviously, being a small-blade metal propeller,
it might come slightly higher under otherwise identical
conditions,
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,0f-.course, this comparison is not-conclusive. That
is attrloutaole to the definition of "best" .operating at-
titude, which was temporarily. retalned to facilitate a
transfer of the power curve. onto tqe plot, (Flg. 12.) .
But in reality this concept no. 1onber holds true because
of the freedom of the pick-up in. r.p. m.,,for that reason
a power comparison is Dbetter compared to like power at
high speecd, that is, to a 5- 10 per cent super r.p.ul, with
respect to the systematically defined r,p.,m. In this
casce the adjustable blade. propeller presents even oetter
advantages. Figure 23 affords an example for n =
1,08 npggts which is equivalent to. the r.p.m. of a fixed
blade prooeller in level fllght Wltn a & 4. s

For ‘engines with constant torque (¥ ~ ), the ad-
Justable blade propeller appears to be even more advan-.
tageous, because here the decrease in r.p.m, of fixed

blade propellers is greater and its effect on the engine

oover, ‘in addltlon, mnore sensitive., Referring to FTigures
8 and 23, it may be stated that the gain in .thrust horse-
power during climb, attainable on these premises, exceeds
25 per cent under certain circumstances; this means an
increase in rate of climb of at least 30 per cent,

7 Adjustable Blade Propeller aﬁdJSupencharged‘Engine.

Here is where the gain promises to be greatest.
Whereas, with the fixed blade propeller the r.p.a, in
climbing flight iacreases with P~1/2, o that a-propel-
ler correctly dimensioned for the operatlng altitude sup-

plies only a fraction of the full r.p.m. of the engine at

ground level,* here the r.p.ms can be kept constant, ir-
respective of the flight altitude, thus assuring tne use
of the full engine power at any altitude. '

The assumption n = constant, according to (2) leads
to the condition , S :

kg ~ 1/ . . (21)

Besides, N ~ VvV, hence.

A o 0712 (22)

*It also denotes an extremely unfavorable Worklng condl—
tion for the’ englne.
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‘Phrus, given ‘the total. kg - range of zn.adjustabdle’
blade propeller from model experiments (fig. 22)4 one can
according to (21) and (22) define the A- for each altitude
stage and. the respective “kg and plot them into the G.ym)
diagram, TFigure 24. shows the coefficients of advance  and’
tine efficiencieg with altitude for our. .example wita a:
eritical altitude of L2 km, At low altitude .the proreller
obviously, does not operate in its best range; the operat-
ing curve, however, apprdaches .the enveloping curve more -
and more .as -the altitude increases,: In.accordance with .
that the propeller performance curve in Figure 25 . 1s ‘in~"
comparably more favorable than the fixed blade propeller.
The. gain in rate ‘of ‘¢climd -at low -altitude is very consid-
erable., In our example, which represents average condi~
tions, it amounts to 140 per cent, The time-of climb to
eritical ‘altitude is lowered by 45 per. centll .- .-

- Dhere .4re two other ‘advantages of the .adjustable ,
blade propeller, namely, the possibility of markedly im- -
proving the angle of glide by adjusting the blades to the
direction of the wind; conversely, it can be considera-
bly lowered for landing ‘and taxying in restricted space -
by resetting to negative blade angle dnd for negative
thrust, The engine, which otherwise represents only dead
weight at landing, 'thus betomes an extremely effecthive
means 6f déceleration, ' ' - . o i oo R

Vili, SUMMARY

.
'

-+ -The 'Pressnt réport treats of the development of gén-—
ersl propeller performance .and r.p.m. curves which, com-"
bined with the general curve .of the powér required ‘for .-
level flight, presents:a complete picture of tle. perform-
ance, Lt should prove very convenient for answering many
difficult problems of the.airplane désigner; quickly and
legiblys © .~ - - Leom Dl . T . VAR
«:v. It is in the nature of such discoveries not:to bevap-
plicable to allimaginable cases. . THus, :as our curve “6f
the power reguired for level flight is oanly aa appreximé-
tion for constant profile drag coefficient, heunce not
ferthwith suitable ‘to .unconventisnal .wing séctions,; so the
propeller performance curvé must.alss be handléd with a’-
certain cadticn inicasdés of .propsllers of -abrorumal”dlade
forms or pitch ratiosv @For checking. the.pérformance of -
already designed airplanes the methodical way nay occa-

]



ference, We1ght span, engine power aAd speed ars 1g-

32 ' N.A, C A Tecn 1ca1 uemo*ﬁndud hO. 665

sionally JlelQ more accurate resulis in so far as the aero-
dynamlc and. englne data are sufflclently relieble

Bat in- any. other case, artlcularly for Drogect or
design purposes or for" evaluatlon of ‘aircraft, the .method
propounded here will .prove perfectly accurate. Moreover,
t.00. much refinement serves: no useful purpose,  Its 1moor—e
tance lies in making’ separate calculations superfluous. .
and: -supplying the design engineer 'a survey on what may. be.
obtalned and, which he cannot obtaln as qulckly 'in any
other way. . _ )

’: Tae sallent features and conclusuons are briefly re—
peated as follows' .

1. The 1ncrease 1n T.Pem, is of secondary 1mportance
in flight performance calculations,  Nevertheless, there
are perceptibdble dlfferences accordlng to the character of
the- englne Dower CuUrve ., : A

2.- The 1ncrease in r.,p.m. at max cimum speeL predom1~
nates the .selection of the propeller, so far as it does.
not concern purely "startlng" and "cllmolng" provellers.‘

3. On a'%hrottle parabold’coeff101ent of advance
and eff1c1ency are consftant,; thus the r.p.n. proportlon—
ate to the flight speed, qu thrust horsepower curves
are built up on the throttle parabolas,

4, The "best" operathg point of the "compromise
propeller" shall coincide in level flight with the point

for best L/D Then the "best" throttle parabola passes

through the point of best IL/D. On this lie the "best®
operatlng points of  the thrust horsepower curves; they
are .the backbone of tne whole’ system oI curves, .

5a - The "best ! eff101ency of the: free prope11er is

entlrely dependent upon the ratio of the dr1v1ng areas:

nd (subordlnately) the ratio of the 1nterfercnce qreas,
mnese two ‘quantities likewise define the ef ective inter~
1

nored

8% The excess power is measured on the-  "best" throts
tle- parabola and expressed in exce3° power factor, It
governs all flight performances, Slmple appreximation
formulas fa0111tate d631gn and check : :
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7« The path velocity.for.fastest climd increases
with the eXcess power; undér ordinary conditions it ranges
at or above the best gliding speed.

8. Imnrovement in aerodynamlc quallty (expressed by
gmin) by constant excess power 1mna1rs angle and rate of
c11mb Tnls abulles, in partlcular, to startlng.

9.. The greater the excess factor the smaller the
loss in:.speed during "cruising by prescrlbed throttle set-
ting,. -

. 10, - In the unsupercharged engines the eXxcess power
determines the ceiling. ~The effect of the altitude per-
formance law decreases (by carburetion control) and its
s1gn1flcance is conflned to ‘high- celllng. -

11.. The drop in r.p.m, in the cllmblng fllgnt with an
unsupercharged engine 1s a measure of the lag of the ef-
fectlve power benind the (tneoretlcal) indicated power,
Its effect .can be expressed by rectilinear law as a re-—
-duction of from 2-5.per cent in ‘mechanical efficiency, de-
pending. upon the character of the. engine-power curve.,

12, - The adjustable blade propeller presents a per-
"cepulble gain-in climbing power for unsupercharged en-
. gines, and 'distinct superiority in cllmolng for -super-
cnarged englnes.

mesnslation by J. Vanier,
Yatiomal Advisory: COmmlttee;~
for Aeronautics, .
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Fig.20 Drop in r.p.m. with altitude and its effect on the drop in
power.
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Fig.21 Efficiency curve of an adjustable blade propeller accord-
ing to N.A.C.A. Technical Hote ¥o.333.
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Fig. 22 Effective torgue curwes for the same .
adjustable blade propeller. This represen-

tation eliminates the measured propeller settings

and permits calculation of the r.p.m. conditions.
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Fig. 23 Performance and r.p.m. of adjustable blade
oropeller compared to fixed tlade propeller.
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Fig. 24 Efficiencies during climb with constant

power and r.p.m. By bonstant power and
r.p.m, the effective terque is converse to the
alr density.
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