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THE PROPELLER AND COOLING-AIR~-FLOW CEARACTERISTICS
OF A TWIN-ENGINE AIRPLANE MODEL EQUIPPED WITH
NACA Dg-TYPE COWLINGS AND WITH PROPEZLERS
OF NACA 16-SERIES AIRFOIL SECTIONS

By James G. McHugh and Edward Pepper
SUMMARY

. An investigation was conducted in the NACA 1S-foot
pressure tunnel to determine the nacelle drag, the
cowling-air flow, and the propeller characteristics of
a model of a high-performance military -airpiane. The
airplane model, which 1s approximately cne-quarter scale,
is fitted with NACA Dg-type engine cowlings and with
propellers embodying NACA 16-series airfoil sections.

The characteristics of the propellers were determined
‘through a range of blade angles from 20° to 80°, and a
brief study wes made of ths effects of variations of
angle of attack and cowling-flap deflection on the
propeller characteristics. The variations of nacelle
drag and internal air flow obtained with varicus arrange-
ments of cowling flaps and variable-length cowling skirts,
as well as the effect of the operating propeller on the
internal-flow characteristics, were also determined.

The results of the investigation indicate that:
(1) the propulsive efficiency of the propeller tested
varied from 88 percent at a value of advance-diameter
ratio of 0.8 to nearly 93 percent at a value of advance-
diameter ratio of 2.4 and gradually decreased to about
89 percent at a value of advance-diameter ratio of 2.8;
(2) in the range of internal-flow rate attainasble with
a variable-length skirt, the parasite drag of the nacelle
when fitted with this arrangement 1s moderate and is
about equal in magnitude to the parasite drag of the
nacelle when equipped with adjustable cowling flaps;
(3) the parasite drag of nacelles, equipped with cowling
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flaps of approximately the same proportions as those
investigated, does not increase appreciably with
cowling-flap deflections of 12° or less; (4) in order
to obtain the pressure drop necessary to provide satis-
factory engine cooling, well-designed cowling flaps may
se deflected to angles in excess of 129 at the expense
of rapidly increasing the drag; hence, the performance
of an airplane equipped with such an arrangement may in
certain instances be penalized; (&) although cowling
flaps provide a powerful means for obtaining adequate
cooling at the ground and for take-off, such air flow
is not attalnable for nacelles equipped with variable-
length cowling skirts. '

INTRODUCTION

Informaetion concerning the characteristics of
propellers that embody the recently developed NACA
high-speed airfoil sections opereting in conjunction
with modern air~cooled radial-engine cowlings is meager.
The literature that i1s available has been obtained from
tests of isolated nacelle-propeller combinations. No
data has heretofore been available concerning the char- ,
acteristics of such arrangements operating in conjunction
with a complete airplane.

Knowledge concerning the change in form drag of the
nacelle that accompanies an increase in the rate of
cowling~-air flow when such increase is accomplished by
thie use of adjustable cowling flaps 1s also meager.
Little data exist on the relative merits of adjustable
cowling flaps and adjustable-length cowling ckirts as a
means of controlling the rate of alir flow, although this
sub ject has been treated to some extent in reference 1.
The results presented, however, were obtained from tests
at relatively low Reynolds number of an isolated nacelle
fitted with an NACA C-type cowling and d4id not include
sufficient measurements of the internal flow to permit
accurate determination of either the internal drag or
the average pressure drop through the cowling.

In order to provide additional information on this
sub ject, the propeller and cooling characteristics of a
model of a high-performance twin-engine military air-
plane have been investigated. The airplane model 1is
approximately one-quarter scale, is fitted with NACA
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Dg-type engine cowlings, and is equipped with propellers
that embody WACA 168-series airfoil section Studies
were made to cdetermine (1) the thrust, power, and sffi-
cierncy characteristics of the prOﬁellcrq- ) the rela-
tive merits of cowling flaps end variable-length cowling
skirts as a means of controlling the coollr)-air flow;
and (3) the drag characteristics of the nacelle.

14V) k3 e

'.J/-\(D n
I!

¢

SYMBOLS'AND‘COEFﬁICIENTQ

The symbols and coeffic 1ents involved are defined
as follows:

A cowling-duct area
a angle of attack of thrust line
A, necelle cross-sectional area (0.99 sq ft for
model)

B propeller blade angle at 0.75 tip radius
Cp drag coefficient of airplane model {D/q%)
Cp., coefficient of internal drag of one nacelle
Cp,, total nacelle drag coefficient (Pp/a4p)
CDnO nacelle parasite-drag coefficient (CDn CDF)
Cr, 1ift coefficient (I,/qS)
Cr thrust coefficient { 5D

. . pn“’D"
Cp ~power coefficient (P/anDJ)

b
: Vv

C speed-power coefficient /E—r

S . .!Pn3
D drag of airplane model (propeller off)
AD change in parasite drag of aifplane model due

to glipstream of one propeller

D internal drag of cne nacells
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total Increment of drag.due to one nacelle
diameter of propeller (2.969 ft for model)

engine cross-sectional area (0.8479 =g ft
for model)

total pressure ' r— ~ j
!

5
_’-

cos . " Ap\2
conductivity of cowling |Q/FV =F
- ) -

cowling-exlt-ares ratio

( Cowling-exit area >
\Na ccelle cross-36ctional area

1ift
o Regultant tip “pped>
W, mher :
blade-tip Mach numbher Sonic velocity
propeller rotational speed
I/r'1 7

. . s s - AD) i

rropulsive efficiency Q¥i—~§-4

-power input to one pnropsller
N 1 &

static pressure

cowli ng-ﬁﬂcranoe total-pressure coefficient

[
(@]
O
¢/
Hy
h
[N
[¢]
}_l.
M
3
s

cowling-exit total-pregsure
pressure drop through cowling (Hl - Hg)
. 1 o
cynamic pressure ( aVve
quantlity rate of air flow through cowling
ir density .

wing area (30.49 g3 £t for model)

thrust of one propeller (tension in crank-
shaft)
q’\ - AT
thrust-locading ccoefficlent 2~?;%£> -
cVeD=~
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v oo velocity

4.

V/nD advance-diameter ratio of propeller

Subscripts:

0 free stream
1 cowling entrance
2 cowling exit

Free-stream conditions are also signified if no sub-
scripts are used.

APPARATU® AND W””HODQ

The investigation waS'conducted in the NACA 19-foot
pressure tunnel. The airplane model uzed in the inves-
tigation (fig. 1) is a O. 2375-g5cale model of a high-
performance twin-engine mili tdry sirplane. The engine
cowlings were of Lke NACA Dg short-nose high-inlet-
velocity type (reference 2) designed for the Pratt &
Whitney R-2800 engine.

The general arrangement of the nacelle with cowling
is shown in figure 2. Details of the nacelle are pre-
sented in fwgure &. The resistance of the engine to the
flow through the nacelle was simulated by a baffle inside
the cowling. The conductivity of the corllag was deter-
mined from measurements of the quantity of air flow and
of the pressure drcp in the cowling. For this investi-
gation the haffle that simulated the engine was adjusted
to provide a value of conductivity of the cowling K
of 0.125. 1In order to provide for varying the cowling-
exit area, the skirt of the cowling was removable and
could be replaced with alternate flared skirtz to simu-
late adjustable cowling flapz, Control of the cowling-
exit area was also obtained through the use of alternate
unflared cowling skirts of various lengths With the
flared lertb, cow11ng-flap def*eﬂtions of O, 5.50,
11.0°%, 15.5%, 20.5°, and 25.5° were obtained and with
the unflered skirt , cowllng flap lengthe of 3.25, 2.75,
2.25, 1.75, and 1.25 inches were obtained. The effect
of the various cowling flaps and variable-length cowling
skirts on the ratio of cowling-exit area to nacelle

cross-sectional area 1s shown in figure 4.
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The characteristics of the air flow thirough the
cowling were determined from measurements of the pres-
sures acting on shielded total-pressure tubes at the
cowling entrance (station 1) and on.unshielded total-
pressure tubes near the cowling exit (station 2) as
shown in figure 3. The pressures acting on the tubes
were photographically recorded on a multiple-tube
manometer. '

The three-blade model propellers investigated were
2.969 feet in diameter and were geometrically -similar
to the full-scale 12.5-foot diameter, Hamilton Standard
prbpeller 6457A-6. The blades (fig. 5) were of activity
factor 87.1 and incorporated NACA 16-series sections
with shenk fairings bullt as an integral part. The
blade-form curves showling the width, thickness, and
pitch distribution are presented in figure 6. Tach
propeller was driven by a water-cooled induction motor
capable of developing a maximum torque of 125 foot-
pounds.

The tests were concducted with the air in the wind
tunnel compressed to 35 pounds per square inch and at
airspeeds ranging up to 160 miles per hour.

For the tests with gropellers operating the blades
were set at 20°, 30°, 35°, 20%, 45°, 50°, 55°, and 60°
at 0.75 of the tip radius. The tests were also made at
several values of angle of attack of the mndel and of the
several cowling-exit configurations. The model motors
were controlled through a speed range of approximately
1500 to 4000 rpm. The power delivered to each propeller
was obtained from a calibration involving torque, rota-
tional speed, and motor current. The thruszt produced by
the propellers was determined from differences in drag-
balance reading with and without the propellers operating.
The values of V/nD, at which these meassurements were
determined, were varied by meintaining constant model
motor speed in the proximity of maximum torque output
and by gradually increasing the wind-tunnel airspeed.
When maximum propulsive efficiency had been approximately
attained, the airspeed was held constant and the pro-
peller rotational speed was decreased by predetermined
increments until negative thrust was reached.
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The blade-tip Mach numbers obtained are presented
in figure 7 and range from approximately 0.25 for
B = 60° to 0.50 for @ = 209,  The average Reynolds
number for the tests was approximately 0.4 of the
Reynolds number for full-scale operation at sea level.

In addition to the measurements of the propeller
characteristics, the lnvestigation also included meas-
urements, both with and without the propellers operating,
of the effect of variation in the cowling-exit condition
on the drag and on the internal«flcw characteristics of
the cowling. 1In order to establish a reference base
from which to measuvre the drag increment chargeable to-
the nacelle, the 1ift and drag characteristics of the
airplane model with tlie nacelles removed were also
obtained, The scope of the tests with propellers
operating is given in table I and with propellers
removed in table IT.

METHOD OF ANALYSIS

The three primary concerns relative to a propeller-
nacelle combination are (1) the rate of internal flow
through the cowling and the cost of that flow in drag,
(2) the parasite drag of the nacelle, and (3) the pro-
pulsive efficiency of the combination. In this paper
each of these items will be considered in turn.

Internal flow.- The quantity of flow through the
cowling Ys defined in reference 3 as

Q= KV | (sp/a,) (1)

The drag chargeable to such flow may be evaluated from
considerations of the change in momentum of the air
flowing through the cowling. Thus,

Dp = poQ(vl - VW) A (2)

where Vi 1s the final wake velocity of the sir leaving
the cowling after its static pressure has returned to
that of the free stream. By applying Bernoulli's theorem
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and assuming that the static pressure of the air'passing
through the propeller has returned to the free-stream
value p, at the cowling entrance, it can be shown that,

when the propeller is operating in front of the cowling,
the drag contributed by the internal resistance of the

cowling may be expressed as
2
Hg—p /
)J o

By substitubting the value of Q defined in equation (1)
and introducing coefficients, the expression becomes

. y
. _ Dy _ /Ap 1/2 '/Hl D \1/2 ) _I_{_f_Z - b, 1/2 “
DF 92/2 _ .

7
qun qun \%o \‘pl/z /

\ 91/2

Dp = p,Q

At the values of pressure ancd velocity that existed
during the investigation, the density of the air in the
duct was nearly equal to that of the free stream.
Assuming Py = Po = P, and simplifying equation (4)

permits the coeffwclen+ of internal drag to be expressed
as

|

-~

At high-speed or high-altitude flight conditions, large
changes in density are likely to occur. In such cases
the simplifying assumption of constant density will
lead to large errors in‘calculating the internal drag.

It is often of interest to know the ratio of the
veloclity of the air entering the cowling to the velocity
of the free stream. This ratio may be determined by ‘
making equation (1) equal to the product of the entrance
area and velocity »
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or

v, Al \9Q/ (6)

Nacelle drag.- The value cf the total drag of each
nacelle 1s determined from the difference, at equal
values of 1ift coefficlent, between the ora» coefficients
of the airplane model w1th and- without nace¢1eﬂ according
to the fellowing relation

. - C
°py * T, CDuitn necelles = PDwitnout nacelles (1)

The coefficient of paraalte drag chargeable to each
nacelle 1g in turn determined from the diffe srence tetween
the total nacelle drag and the drag chavg eable to the
internal air flow

CDnO = Cpy = COpp (8)

Propulsive efficiency.- It is conventional %o
express the propulsive efficiency of an airplare
propeller as

(T ~ AD)V,
mn= B . (9)

- . . D)
‘The expression (T - AD) is the propulsive thrust of the
propeller and may be evaluated as fcllows:

(P - AD) = R + D ' (10)
where R 1s the net force along the drar axis, obtained

with the propeller operating, and D is the drag with
the propeller removed.
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When the propeller-nacelle combination is operating
in proximity to a wing, the 1ift generated with the '
proveller operating is likely to differ from that
generated at the s=ame angle of attack with the propeller
removed and, therefore, unless suitable precautions are
taken in determining the propulsive thrust, an erroneous
value of propulsive efficiency may be cbtained. The
action of the propeller, in addition, may be such as to
alter the rate of internal air flow through the cowling
and, unless the change in drag resulting from such modi-
fications to the flow is accounted for, this effect will
be reflected either as an increase or a decrease in the
efficiency credited to the propeller.

Any change in the wing 11ft characteristics due to
the action of the propellier has been accounted for, in
working up the results of this investigation, by deter-
mining the value of D (from eguation (10)) at the
same 1ift coefficient ac that at which the value of R
was measured.

Suitable corrections have been made to the values
of the propulsive efficiency ard the thrust coefficient
to bring them to the basis of equal cowling drag with
and without propellers operating. The increment of drag
due to the action of the propeller on the flow through
the cowling 1s

ADF = qOAn(CDF - CD—: 11)

(
propeller on bpropeller removed) .

Accordingly, the propulsive thrust as defined by equa-
tion (10) has been corrected as follows:

(T - AD) = R + D - ADp (12)
RESULTS AND DISCUSSION

All results are presented in terms of standard
nondimensional coefficients and have heen corrected
for tare-interference effects when such corrections were
applicable. Corrections have been applied for the
effects of jet-boundary interference on the angle of
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attack and on the drag coefficlents, No corrections
have been made for the effect of the jet boundary on
the velocity msasured with propellers operating. In
view of the large ratio cf jet dlemeter to propeller
diasmeter, however, the jet-boundary effect is believed
to be guite small,

The propeller characteristice for a range of blade
angles are presented and a brief discussion of the effects
of change in airplane attitude and cowling-air flow on
these chearacteristics is glven. The effects of varia-
tions in cowling exit on the rate of internal flow for
conditions with and without the propeller operating as
well as the effects of these variations on nacelle drag
are also discussed.

Propeller Characteristics

* The propulsive efficiency, thrust, and power char=-
acteristics measured with the angie of attack of the
thrust iine at -1° and with the vewling flaps sct-at
0350 are presented for a range of Llade angles from 20°
to 60° in figures 8 to 10, '

T™e envelcpe propulsive efficiency (flg. 8) rises
from a value of approximately 88,5 percent at f = 20°
to a maximum value of nearly 9% percent at @ = L;5°, and
then gradually decreases to a value of about 88,5 percent
at B = 60° Such values of propulsive efficlency are
in excess of those normally experienced wifth more con-
ventional propeliers., These values are in good agrcement,
however; with the values obtained from tests in the NACA
8-foot high-speed tunnel cf other propellers incorporating
NACA 1lb-series alrfoil sections in the blade design..

The values of efficiency shown in figure 8 are high
in comparison with those valiues obtained from tests of
propeller-nacelle combinations, probably because of the
fact that: (1) the l6-series airfoil scctions, which
were incorporated in the design of the blade and which
extended well into the blade shank, produced low
profile-drag losses; (2) the aerodynamic design of
the propeller was such as to produce low axial- and
rotational-cnergy losses; and (3) the presence of the
wing in the slipstream reduced the rotational-cnergy
losses. '
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The breaks 1n the slopes of the curves of thrust and -
power against V/nD (flqs. 8 and 10) are of interest.
These phenomena occur slightly below the stall at all
blsde angles and become more pronounced at high blade
angles. The values of 1ift coefficient at which the
propeller blades operated in the vicinity of the breaks
have been determined by the method of reference b,
Comparison of those results with the two-dimensional
15ift characteristics of the NACA 16~709 airfoil section
(reference 9) revealsin both cases pronounced breaks in
the 1ift curves at comparable values of Mach number.
Although the breaks occur at a somewhat lower value of
1ift coefficient in the case of the propeller-blade 1lift
curves than in the case of the 1ift curve obtained from
the two-dimernsional airfoil tests, the phenomena are
believed to be related.

In order to facilitate the selection of a value of
propeller diameter for use in preliminary design calcu-
lations, a C, design chart, based on the reszults of

this investigation, 1s presentec in figure 11. The
effects of compressibility are nsglected in all design
chertes of this sort. In view cf the fact that these ,
effects are important desgign considerations, it is essen-
tial to take them into account in the selection of pro-
pellers fcr high-speed alirplanes.

The results of the propelle tests conducted with
the thrust line at 2° and at 5. 59 angle cf attack
and w1oh the cowling flaps set at 0.5°, 11.0°, 15.8°,
20.5°, and 25.5° showed no consistent Lrendt “either
with variation of the angle of attack or with
cowling-flao deflection. In general, however, the
variation in maximum e¢Flclency from that measured
with the thrust line at -1.0° angle of attack and
with the cowling flaps neutral; did not in any case
exceed m = +0.03.

Drag and Cowling-Air Flow with Propeller Removed

The effects, on the 1ift and drag coefficlents of
the airplane model used in this 1nveQu1¢atlo" of
controlling the internal flow through the cowling by
cowling flaps and by variable-length cowling skirts are
shown in figures 12 and 13, respectively. From the data
presented in these figures and from other data based on
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measurements of the internal-flow characteristics, the
results in figure 14 have been derived. In this figure,
comparisons have been made, at values of 1ift coeffi-
cient of 0.1, 0.4, 0.8, and 1.0, of .the relative effec~
tiveness of both arrangements as means of controlling
the internal flow through the cowling. The effects of
cowling flaps and of varlabie -length cowling skirts on
the total nacelle drag coefficient, the drag coefficient
due to internal flow, and the parasite-drag ccefficilent
of the nacelle are also -compared in the same figure.

It is of particular interest to note from the
results presented in figures 12 and 14 that the increment
of drag due to cowling-flap deflections of 25° is in
certain instences greater than the . drag of the entire
airplane with cowling flaps retracted. When large
powllng—flap deflections are necessary to obtain the
pressure drop required for satisfactory engzine cooling,

he excesgsive drags due to these deflections will there-
fore penalize the sirplane performance.

Pressure drop through cowling.- From the results of
figure 14 the maximum value of cowling pressure coeffi-
cilent nroduced by the adjustable cowling flaps 1s noted
to be abprox1mat ¢y 1.31; whereas the maximum value of
Ap/qo obtained with the varisble-length skirt was of the
order of C.75. This difference is, in part, due to the
fact that it was not practicsble with the particular
cowling arrangement Iinvestigated to obtain as great an
exit area with the variable-length skirte as with the
cowling flaps and, in part, cdue to the fact that the
variable-length-skirt ¢ rrangemeqt does not produce the
low-pressure region at the cowling eéxit which is
ohtained by deflecting the cowling flaps.

Effect of internal flow on drag.- For convenience
in studying the drag characteristics of the two cowling
arrangements, values of the parasite-drag coefficient
of the nacelle CDp obtained from the faired curves

am

of figure 14 are presented in the following teble:
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CDno
Exit control ! '
. C Vv . i Vy v
device _ Ll _ 0,45' L= 0.50 i 0.55

Vo Vo Vo '
Veariable-length | C.1 0.078 0.075 0.075
skirt .4 075 067 .060
.3 .C90 .0€6 .C85
1.0 . 107 . 100 .098
Cowling flaps |0.1] 0.078 | 0.071 | 0.087
o4 078 072 068
.3 GO0 .0¢0 f .CO0
1.0 115 . 120 ! . 127

|

At the greatest exit area obtainable with the
variable-length skirt, it was not possible to obtain
valuea of the entrance-velocity ratio in excess of 0.87,
which is approximately equal to the value obtained with
the cowling flaps deflected 5°, From the preceding table
it may be noted that, through the range of values of
Ew/V through which comparisons are possible, the

values of Cp, obtained with both types of control
o

device are nearly equal.

In reference 6, the maghltudﬁ of the nacelle
parasite-drag coefficlent has been sho m to be dependent
on the ratio of the nacelle a* ameter to the wing thick-
ness. At a value of thie ratio of 0.3, which existed
during the present investigation, figure 9 of refer-
ence 6 indicates the nacelle drag ccefficient CDnb

to be 0.C7. This value is in good agreement with the
values shown for the low 1ift range in the preceding
table.

At rates of internal flow corresponding to values
of Vl/VO in excess of about 0.565, the results of
figure 14 indicate that ths profile drag of the nacelle
becomes quite large. Such rates of ‘flow required large
values of exit area and were obtainable only with large
deflections of the cowling flaps. The variation of the
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nacelle parasite~-drag coefficient with cowling-exit area
are comparec, at severel values of 1ift coefficient, in
figure 15. Correlation of the results glven in figure 19
with the data of figure 4 indicate that flap deflections
in excess of about 12° create exorbitant increases in
drag. It 1s possible that in this region the cowling
flaps start to stall. If such is the case, the high
values of drag may be attributed to the resulting poor
pressure recovery of the esnergy in the wake. The values
of CDn obtained with the large cowling-flap deflec-

o}
tions, however,

are known to be tco great by an indeter-
minate amount. This fect

8 expls ined as followsas

bote

At values of ¥4/V, in excess of 0.65 the pressure

drop through the particular cowling arrangement tested
is greater than the dynsamic pressure of the free stream.
Some of the energy requlred to force the alr through

the internal passage of the cowling consequently is
absorbed from the air flowing over the outside of the
nacelle. Under such cenditions all the drag chargeable
to the internal flow through the nacelle carnot be
accounted for from conslderation of the losg in momentum
of the air flowing through the cowling. The value of
CDw computed from equation (5) is therefore too low by

an indeterminate amount and, =ince CD is defined as
Lo :
the difference between Cp and Cpn_, a low value of
n g '
Cpp will be reflected as an increase in the parasite-

drag coefficient of the nacelle. For this reason the
dashed part of the curves of Cp ~ against Vi/V,

chown in figure 14 and of CDno against Ky 1n fig-

ure 15 should be interpreted as showing the uprer limit
of the parasite- drag ceefficient of the nacelle rqfn“r
than its true value,

Effect of Propeller on Flow through Cowling

The values of cowling entrance asrd sxit total=-
pressure coefficients, ohbtained at values of ¢ of
20°, 30°, and 40° with various cowling-flap deflections,
are Qhown agz & functicn of V/nD in figure 16, For
convenience in making cowling-design estimates, cross
plots showling the variation of exit total- -pressure
coefficient with the exit-area coefficient are presented
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in figure 17. Because knowledge of the statlc pressure
at the cowling exit is often of interest, the exit
static-pressure cecefficients for the same range of
values of (@ and cowling-flap deflection used in fig-
ure 16 are presented in figure 18.

The contribution of the propeller tc the total
pressure at the cowling entrance was found to be essen-
tially independent of the cowling-exit condition. With
the propeller operating at low values of V/nD - that
is, at high values of thrust loading - the pressure at
the cowling entrence is increased., The effect diminishes
with increasing values of . V/nD - that is, with decreasing
values of thrust loading. In general, with the particular
propeller-cowling arrangement tested, the effect of the
propeller appears to he negligible at values of the
thrust-loading ccefficient of less than about T, = 0.1.

The distribution of the total pressure of the air
entering the cowling 1s of concern in considerations
of engine-cooling characteristics. Because of numerous
pecularities of the flow, this pressure is seldom uni-
form. It depends, among other things, on the operating
condition of the propeller and on the attitude of the
airplane.

The manner in which the differences in top and
bottom cowling-entrance pressure, measured with the
propeller removed, are influenced by angle of attack is
shown in figure 19. At small deflections of the cowling
flap, the pressure at the top of the cowling decreases
rapidly with increase ir -angle of attack. At very large
openings of the cowling flap, the top and bottom pres-
sures tend to remain more nearly uniform throughout the
angle-of-attack range. It is probable that, at the low
rates of internal flow encountered with small deflec-
tions of the cowling flaps, considerable spillage
occurred at the cowling entrance. The increased
entrance velocity obtained by opening the cowling flaps
tended to create a more stable condition of flow and
thereby to promote a more nearly uniform distribution
of pressure over the cowling entrance.

The effect of the propeller on the front-pressure
variation may be observed from compariscn of the results
in figure 19 with the results presented in figure 20.
The propeller operating in front of the cowling increased
the average pressure over the entire cowling entrance

CONFIDENTIAL
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(fig. 16) and, except at the smallest deflection of the
cowling flaps at which the low entrance veloci®ty allows:
for unstable flow conditions, also tended to equalize

the distribution of pressure over the cowling entrance.

The variation of the pressure at the cowling exit -
with V/nD is dependent on the cowling-exit condition
(figs. 16, 17, and 18). With large deflections of the
‘cowling flaps, the low pressure coefficients at the
cowling exit, obtained with the propeller operating,
were accentuated at low values of V/nD. As the values
of V/nD were increased, these pressure coefficients
tended to approach those obtained with the propellers
removed. Witn small deflections ¢f the cowling flaps,
the exit prsssure tended to vecome greater than that of
the free stream at low values of V/nD. This effect
is probably due to the fact that, at small flap deflec-
tions, the exit area was reduced to such extent that the
air inside the cowling was compressed by the action of
the propeller on the flow at the cowling entrance.

The effect of the propeller operating at low
values of V/nD in conjunction with large cowling-flap
deflections was such ag to produce high rates of flow
thrcugh the nacelie. It-1s therefore indicated that a

powerful meane will be provided for obtaining adsquate
engine cooling for ground operation and take-off.

L4

Influence of Cooling Requirements on Airplane Performance

In the case of many conventional radial air-cooled
engine installations, the pressure drop required to '
produce sufficient cooling-air flow can be obtained only
when the cowling flaps are extended to large deflections.
The drag produced by such large flap deflections often
causes a substantial decrease in airplane performance.

This consideration suggests the possibility of
achieving improved cirplane performance through the
adoption of a cooling arrangement that is not penalized
by the large momentum and pressure losses which are
inherent in the conventional engine-cooling system.

One such plan, which has frequently been propcsed, would
incorporate in the cooling system a blower of such
capacity that the energy added to the cooling air by

the blower would just suffice to overcome the internal
losses of the system. With such a device the cooling-air

CONFIDENTIAL
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passages could be arranged to allow the cooling air to

be exhsusted at free-stream velocity, thereby eliminating
the wake-momentun losses. 1In addition, the detrimental
drag losses associated with large deflections of the

exit flap would be eliminated. .

The advantages attainable through the adontion of
the blower-cooling system cited previously are best
illustrated by comparing the performances of an airplane
that achleves engine cooling in one case through the use
of a conventional engine-cooling system and in another
case through the use of an auxiliary blower.

Congider, for exemple, the perfcrmance of a twin-
engine military airplene operating at an altitude of
14,000 feet and having the following assumed charac-
teristics: ‘

Engines, P, & W, R-2800 with single-stege two-speed
geared supercharger ‘
Fngine cruise rating . . 1200 brake horsepower at 210C rpm

Propeller dlameter, feet . o o« & o o ¢ v v o o o « . 12.5
Propeller gear 7atio « ¢ v ¢« o o o o o v o o« v o . . 2:1
Wing area, square feet . . o o o o o « + o « o + W . 540

Gross weight, povnds . . ¢ v o ¢« o o 4 v . . . . . 25,000
Maximum cross-sectional area of nacelle,

square feet . . . ¢ . . . e s e 6 e e e e 4 4 o . 17.5
Altitude, feet . . . . . . ¢ ¢« ¢ ¢« ¢+ « + 4 .« . . 14,000
Fuel-air ratio for cruise .+ « o & ¢ v ¢« ¢« v « + « . 0.07
Maximum temperature, rear spark-plug gaske:t, °F . . 400

From the data presented in figures 8 to 10, the cperating
conditions of the propeller are readily determined.
Figure 21 shows the variation of V/uD, 71, and B with
airspeed. For convenience, calculations are presented
for a true airspeed of 260 miles per hour. Correlation
of the propeller-operating characteristics with the
engine-power rating and speed of flight yield the fol-
lowing:

V/nD = 1.744
B = 45.1°

1 = 0.856

Horsepower availlable nP ‘
= 2054 horsepower {two engines)

CONPIDENTIAL
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In determining the power required, it will be
agsumed that the geometry of ‘the example airplane is
similar to that of the model used in this investigation
The 1ift and drag characteristics of figure 12 are
therefore applicable. These results, however, do not
include the cdrag effects chargeable to such items as
armament, oil cooler, radio antenna, and manufacturing
irregularities. It will therefore be as Qumed that an
incremental drag coefficient of ACH = 0.003 will

account for these additional drag items. On this basis,
for a wing 1oadiﬂ0 of 486.32 pounds per =zgquare foot and
an airspeed of 60 miles phr hour, the 1ift and drag
coefficients of the airplane wi hout nacelles are

found to be as follows:.

!

1

Cp' = Cp + ACh

0.0191 + 0.0035

0.0226 (at Cr, = 0.41%)

. The drag chargeable to the power-plant installation
consists of its parasite drag plus the drag resulting
from the change in momentum of the air passing through
the cocling system. In making preclise design calcula-
ticns of the magnitude of the drag due to momentum
changes, it is important that heating and compressibility
effects be accounted for. These effecte are discuzsed

in reference 7. In order to achieve simplicity in the
pregent exanp]u, however, these effects will be neglected.
The values derived in fhe ensuing calculations must
therefore be considered as merely indicative of the true
drag.

BEvaluation of the drag chargeable to the conventionsal
engine-ceooling system will require different treatment
from that required for the blower-cooling system. The
following section will therefore deal separately with
the two cases. In each case the cowling willl be equipped
with flaps.

Case I - Conventional engine-coonling system.- By
correlation of the assumed values for the alrplane
characteristice with résults of cooling tests of the
example engine, the variation of the requlred total- to

CCHFIDERTIAL .
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static-pressure drop across the engine AH with air-
speed has been determined and is shown in figure 22.
The static and total pressuresat the rear of the engine -
are assumed to he equal. The total- to static-pressure
drop may therefore be treated as a change in total
pressure. For an airspeed of 260 mlles per hour, it

is found thet 4F/q, 1s 0.919 with a corresponding

air flow of €11.9 cubic feet per second, which remains
essentially constant at airspeeds ranging from 220 to
320 miles per hour. It is assumed that losses AE/q,
in the diffuser and in the exit are 0.15 and 0.05,
respectively; therefo;e, the loss of teotal pressure

Hy - H
through the cowling ~lE 2 is 1.,119. At the flight
o)
condition under consideration (V/nD = 1.744, 3 = 45.1°,
and Crp = 0.412), the front-pressure coefficient is
g, - 1
found, from figure 16, to be -=

O

= _00075' In

99
order to provide the required rate of flow, the total-.
pressure coefficient at the exit must be

H, - Hp Hy = Hy Hy - Hy

1.119 - (~0.073)

1.192

H

By making the simplifying assumptioh Po = P71 = Pg

and -transforming the internal drag defined in equa-
tion (3) to a coefficient form, the increment of drag
coefficient due to the air flow through one nacelle may
be expressed in terms of variables that are now known
as

: 29 / - Hy - Hy / Ho - Hp
MCpn = o |\1+ 220 1 -2 "2
Dr ™ 57, |\ 0 \ a5
= R B L1+ (0.073) - V1 - 1.1002) (13)
540% 260 x S8 -

60
" CONFTDENTTAL
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' My - 1
The term J].- ngj;—ug- describes the final wake velocity

of the air passing g%rough the cowling. For the particu-
lar case under consideration, this term does not yield

"a real value. The calculation may therefore be completed
by assuming that the final wake welocity is zero, and the
additional power required for cooling will be charged to

the parasiite drag of tlhie nacelle., The increment of drag

coefficlent then becomes

Q »'811
AOpy, = —= BB T (20.073)
540 x 260 x 23

= 0.0076

It is now derired to determine the effect of the
parasite reslistance of the nacelle., By interpolating
the results of figure 17, it is found that, at the
flight condition urder consideration (V/nD = 1.744,

B'= 45.1°, and Cy = 0.412), a value of exit-area-ratio
coefficient of K, = 0.390 1is nccessary to produce the
H, - H :
required value of _ﬁ%;_.fl of 1.1¢2. From figure 4 it
o :
is seen that a cowling-flap deflection of 18° is needed,
(Fig. 23 shows the varistion of cowling-flap deflection
with airspeed for the example airplane.) By applying
the results of figure 15 and taking intc account the
-valve of 1ift coefficlent at which the airplane is
operating, the value of nacelle-parasite-drag coeffi-
cient is found to be CDro = 0.158. On the basis cf

wing area, the increment of parasite-drag coefficient
chargeable to one nacelle 1isg

1

ACDn

The total-drag coefficient for the complete air-
plane 1ig

CONFIDENTIAL
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CD = CD' + ZACDF + BACDD

i

0.0226 + 0.,0152 + 0.0102

~

0.0480

The power required for level flight at V = 260 miles
per hour is

Cpa,SV, 0.0480 X 112,3 x 540 x 260 x 88

60
550 550

= 2022 horsepower

Csse T - Blower-cooling system.- It is assumed
that the energy &dded to the air by the blower will
Just suffice to overcome the Internal lcsses. In this
case, the power inpult to the blower is represented by
the following eauation

QHy - Hp)

| icwer peower =
; n
: ‘B

where Mg Is the blower efficiency and will be assumed
to have the value of 0.80 for this example.

The energy supplied to the blower may be expressed
in terms of equivalent increment of airplane-drag coef-
ficient

811.,9 x 1,119
0.80 x 260 x 52 x 540
60

ACpy

1

0.0054

When the velocity of the air at the cowling exit
is equal to that of the free stream, the cowling-exit-
area ratio is S
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Q .
Ko = =3
2 T LV,

_ 811.9

- ' 88

17.5 X 260 X 0
= 0.122

From figure 15 the corresponding value of Cp is -

. . o
0.079 for a value of (1, = 0.412. The increment of drag
coefficient chargeable to the parasite resistance of the
nacelle is

AC% - \JDno -"é_'

17.5
= . X e———
0.0780 540

= 0,0025

The total-drag coefficient of the complete air-
rlane is

Cn Cp' + 2ACDB + 2ACD5

= 0.0226 + 0,0108 + 0.0050

= 0.0384 -

The power required for level flight at
V = 260 miles per hour is

: . 83

03 X 243 X 540 X x 29

CquSVo _ 0.0384 11 40 260 5
55C N . 550

1613 horsepower

H
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By similar calculations, the performance character-
istics for cther speeds may be determined. The results
of such calculations are shown in figure 24. These
results indicate that the exampnle airplane can cruise at
approximately 311 miles per hour with the blower-cooling

system; whereas the maximum level-flight cruising speed
attaineble with the conventional engine-cooling system
is approximately 289 miles per hour. By adoption of the
blower-cooling system, designed to emit the cooling air
at free-stream velocity, an increase in cruising speed
of about 22 miles per hour can therefore be obtained
over that attalned with the conventional engine-cooling
system. The values cited sre optimistic because some

of the gain would be offset by the weight and complexity
of the blower installation.

In general, selection of the optimum cooling system
for an aircraft power-plant installa+ion involves
numerous congiderations. The specific design of any
ingtallation must be determined from considerations of
the special Dvnblems that each perticular airplane
presents. An engine for which the cooling system 1s
designed for low-altitude operation may not be able to
cool at high altitudes without. the penalty of greatly
increacsed drag power losses brought about by the 1a“re

cowling-flap deflections required. In some cases con-
siderable reduction of the drag power losses can be
realized through the use of a blower in the cooling
syetem. Such drag reduction may be reflected in either
greater crulsing speed, improved performance in climb,
increased range, or in high-altitude operation.

CONCLUSTIONS

1. The maximum values of propulsive efficiency
measured in thi 1nveqt1gatlon varied from 88 percent
at a value of V/nD of 0.8 to nearly 93 percent at a
value of V/nD of 2.4 and then gradually decreased to
about 89 percent at a value of V/nD of %.8.

2. In the range of flow attainable with a variable-
length cowling skirt, the paraslite drag of the nacelle,
when equipped with this arrangement, was approximately
the same as when it was fitted with adjustable cowling
flaps and in either case was not excessive,

CCNFIDENTTAL
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3. The parasite é@rag of nacelles equipped with
cowling flaps of approximately the same proportions of
those investigated is moderate and does not increase
appreclably with cowling-flap deflections of 120 or less,
Values of pressure drop required for satisfactory engine
cooling may be obtained by deflecting the cowling flaps
to angles.in excess of 12° at the expense of rapidly
increasing the drag. This increase of drag may reach
such magnitude as to double the drag of the entire air-
plane. - : ' - S :

4. For ground cooling and take-off, it is indicated
that well-designed cowling flaps, extended to large
deflections, provide 2 powerful means for obtaining
adequate air flow for engine cooling.: Such air flow is
not attainable from nacelles equipped with variable-
length cowling skirts. S : ‘

Langley Memorial Aeronautical ILaboratory
- National ‘Advisory Committee for Aeronautics
.Langley Field, Va. . ' g
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TABLE I.~ TESTS WITH PROPELLER OPERATING

[A11 angles given in deg]

) ingle of attack
™. Cov/ ﬁn} o7 lep ‘
~angleg 0.5 5.5 | 11.C | 15.5 | 20.5 | 25.5
@ et e
(1 | -1 -1 -1 -1 -1
20 <2 2 2 2 2 2
L 5.5 cmmme] mmmmee 5.5 | 5.5 |- 5.5-
25 5, R (RIS (U PUTSI UG [R
{11 -1 -1 -1 1. ] =1
30 9 2 2 2 2 2 2
L 5.5 5.5 5.5 5.5 5.5 5.5
35 5% NN (PURGREDER (R PUVC R S, (. --
. (-1 -1 -1 S I PSPV [P
40 { 2 2 2 > N [ —
L 5.5 mmmmmef mmmemm 5.5 |mmwoanfann .-
45 0 TR (SRS (VPR UG IS ORI IO S
50 ‘L% | oI Iy
E5 S5, Y PUPUYUNpU |V PSS UN U -
60 S5, T PUVRUPON (UPUCT Y U S (IR (U

TABLE II.- TESTS WITH PRCPELLTR REMOVED

@ll angles given in deg; lengths given in ina
a Cowling arrangement
-1 to 8|Cowling-flap angles of 0.5, 5.5, 11.0, 15.5,
20.5, 25.5
~1 to 8{Cowling-flap lengths of 3.25, 2.75, 2.25,
1.75, 1.25
| =1 to 8jNacelles removed

NATIONAL ADVI?ORY:COMMITTEE FOR AFRONAUTICS

VTS TSI A
R S A I



Fig.

L4120

NACA ACR No.

*Teuuny aanssaad 100J-67

8€9~1

VOVN

ut Topow auerdITe JO UOTIRI[®ISU] -°T aandty

“
4
a—

990vE
IV
VOyN



L=638

NACA ACR

No. L4120

NACA
LMAL

34068

Figure 2.-

General arrangement of

nacelle.

Fig. 2



Fig.

*9)JoDU JO SJ101E(] ~E unbLy

SOLLNYNOU3Y Y04 I3LLINNOI

L4120

NACA ACR No.

rw 3 AYOSIAQY TYNOILYN
S 1500
L UOD, /
¥-¥ voyoie k TQW %NQ\\ﬁN\\u doyy /Mo
L
|||||||||||||||| -
\ N,
. Y )
- - E=- - - ¥ duij JShdt/ - -
4 ) ouil jSnay
- o4 [8//0/
£0NP S0 onamwww% J /1910
SOLBINQU,
$EINQIQ) 70401
! I 4
V a0/ MuyN
BOUDLS I .
woryo,
g ~g Voo . %ML _
| 9066 —— 2]

(2404

8£9-1 _ . .



Fig.

1111111111111 T -
H
55
H
4
T
p H HHEHH =
: SRS
: i
3
:
3 tH i 322
: HE £ i B
- T 1
..... +
o
I um H ...i_ .
i et A H 4
i iF 2zibaiLs
t s T i
s h
ot sozrsain TPISfiEasass._ssumssmamriassris

L4120

NACA ACR No.

|EQ=T

rer




Fig.

L4120

NACA ACR No.

+aperq Jarredoad Tepow 9-yLG¥9 PIBpPUBIS UORTTUEH

S3IHONI

‘ 8€9~1 _ ﬁ

Jo sTTRI9Q -°G 9andTy



Fig.

L4120

NACA ACR No.

891

]

S
E

it
HE
i

ﬁ@w
R

.




L4120

NACA ACR No.

1| L
mmu. L s
s 5 5
Lt eses
3 i i
5y £ LT
iw Ry . s
i £
] i1
T Sge|
[
cE ¥
iR
IRERSIERE
I i
Jiinyies:
e
+
o H 3
1 T 54
T T - A |
I ¥ |
= S
_ {5 o | 1) i
: 5 B ’ i H ,
7 ¥ s
i £
2 : s - :
B i ] THT T
i ] i Hi :
oa 2 : H FT ¥ of
£ : e
3 :
I » s fAga
g E _ s 3 ‘ Friv i S
T ns L ¢ ey frgag
£ E i N SHHHE R
] SN ® Ty ol Eey
Ieeestise) BeREgsar L N i 14 ot |3 b
5 1 Sa: I ,_ t{miae) it trt L EEFE R
H T : B ; 5 F u
8£9-1 ’
r - . . .



L4120

NACA ACR No.

|EQ™T




1=~0250

NACA ACR No.

L4120




11

Fig.

L4120

NACA ACR No.

R B L SO W SOY S PO WY Y - O X O 2

8€9-1




12

Fig.

L4120

NACA ACR No.

L

T
TRl

7

1
tired

Hiry
)

T
£23;

o ITE. b
e
ealfodal zaagaly!
T [

e
e

i

fies
T In

TN

i
gl

e L
T

i

£
/i
£l

A

;
=
i

H B 3 bs HHN RIGH = NI

| i : i N S R oo B il i i o i

: 5 pHEHIE E : i ﬁmﬂ.?. f m.m

i Hil G I D D RS et e e 7 il
i : g FH R R > S 3 SR GE HE R fSad it
el i Hi i i G e i

5 SHIRH I il s, il & i

[ i Hiil U e R e i R eSS el i i

AT

Al

g

£l

i

HIEY
I

g
A S e P e e i s =
R : e e e i
e N e P R e e e e i ! i G
. EREE i i ST E iy
e e e e Rt RS s e NG
m A e e e
e e e e A e e
A e R e e e R R e e e e
e e e B e e e o e e e e B P e
] o e e A
i e e e e S
: IcHE :

gl

Br R ki o)

it} .

[ RO A N HE U [ L P il R : G (i N
{realHH N T | BN R N 3 ] AL (e e R L | T L L PEEE| Gl | SN
: e e e e e e e S E e e 5
R ER ] En R %ﬁufwmﬁﬁgatﬁh%.yﬂh::wh, FE N i3
i G B R e S (Gl e E

ThalE e e e e

13 $ai 5
pasby JiE 1 rw._m...:i

O o T



13

Fig.

NACA ACR No. .L4120

i
i

]

1

i

i

i

o

il

i

EE
i
e
+,

i H ; -
gl e e I EE it aifeae I e e H
i RS I i e Al
H i S IR
HE R R
i i i Er i ] [ e
£ : | it ] e e i ) BRI
HisE i HERH ; R BRER S A S R e B R R e e el
i H fs g A 5SS ot e ] o O e (e
i i i T T B R R e R L Ll T e ez PO et A
1 I i T 3] Em HHE e s i :
B i i : ; f ! BRI 3 I e g e e 1 e
e i i [ R e e e b b
i it : i : i HHEH R PR i 1, |« R R T
; HEHE i tHi i i | e
AR hn R iEHIER IR MY
N N
Wil AP

=
T
H

SIS

i
L
FIEE

e
i
5

EH
i

]
2 e
gi.
I
L
pﬁ} 7
i

S

o

i
bl o

N ; e
i N e
e e e
i _ e
e R R

i2h SE EEEON N R s

e
A

b
i
i
fi
i

HEd]
Bk
i

Bl
i

=
B
H
BEl
i
ERE
i
-
fERIE
R

H

IRt

B
e

ERTIEY(D
e S e Ak

i
o
i

Gt
1

Cel

1)
B
HE
5
i
it
T
5
i

=

S
“[E IR

e e R
e

Bl
ERihe
.ﬁ
B
i
17 % E’Eg
S
'%E
e
G
-
I
fs
G

T

il

FElou!

: i :
R e ; 15

< e b RN

A R e e N X

e e e R e e R 9
N R Wf@%w“ i VTR
i 3 i e 3 e Al i i SN
Sl R A

Al i R

'
1
1
F
.

8€9=T



1-638

NACA ACR No.

L4120

Fig.

l4a



14b

Fig.

L4120

NACA ACR No.

8€9-1




L-6138

NACA ACR No.

L4120

Fig.

14c




14d

Fig.

L4120

NACA ACR No.

8t9~1



15

Fig.

L4120

NACA ACR No.

¥
43 ',
! ot
in
S
3
Y
b
tf
tt
HE
Ta
H
" i
.y
=%
1 T
T
i
£ Y
T
i3
H &
Hat
3
H
e
23
T
o T
i g
+ ¥
+ t N
T T 1
Tt T g 1
¥ o8 < ¥
it =s 3. 1 B
3 as. B
} e
T q
3
i
¢
3 is
T
b
T
: i
H il
. 28
T
H
¥
H s 3
A
F
Tt i 1
+ .
T
3 17
H s H
T

-

8€9-1




\»
L.638

.

NACA ACR No.

L4120




-~

L-638

NACA

"ACR No.

L4120




‘.

Le=035

4

ACR No.

L4120




1-638

NACA ACR No.

L4120




17b

ig.

F

L4120

NACA ACR No.




1-638

‘NACA ACR No.

L4120




1=-b38

NACA ACR No. L4120

F

ig.

18a



NACA ‘ACR No. L4120

Fig. 18b



L-638

NACA ACR No.

L4120

Fig.

18¢



1.638

NACA ACR No. L4120

Fig.

19

it

K

s i =
i
TEEIFRR
o+
i i
i i

= H
< 5
T
s
!: s
1 HE
£ H
r a1 L
3




L-638

NACA ACR No. L4120 ' -

|

i !
i
i
g ailf:
+ , & S
i il Lenliim
i D i i G
S il 4
f i i
et
i3 3] 81y 4
i i %
= +] 0‘."‘
: g 1 4
: & g i
e A ; '
G i
H £ N i ¥ B
N :
s n s HHH EREEEEHEE i
i e R Gl e HiHH : Bl
Ganima i His e ]
i BiHE T
: S Hn e R )
: i o
i R T :
i i
i

1

1 H

T

Ere

",_ Bl
i3 o
7] i} it 13
i
o
-+ | il A i i 1 i i

e e Ll Lo b




8€0-l

NACA ACR No.

fHH
1o
i
i1

it

i

=
i

i

eraka

R

.

e

Emy

L4120




NACA ACR No. L4I20 Fig. 21
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Fig.
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