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THE PROPELLER AND COOLING-AIR--FLOW CHARACTERISTICS 

OF A TWIN-ENGINE AIRPLANE MODEL EQUIPPED WITH 

MACA DS-TYPE COWLINGS AND WITH PROPELLERS 

OF MACA 16-SERIES AIRFOIL SECTIONS 

By James G. McHugh and Edward Pepper 

SUMMARY 

An investigation was conducted in the NACA 19-foot 
pressure tunnel to determine the nacelle drag, the 
cowling-air flow, and the propeller characteristics of. 
a model of a high-performance militaryairplane. The 
airplane model, which is approximately one-quarter scale, 
is fitted with MACA Dg-type engine cowlings and with 
propellers embodying MACA 16-series airfoil sections. 
The characteristics of the propellers were determined 
through a range of blade angles from 200 to 600, and a 
brief study was made of the 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 various 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 3.8; 
(2) in the range of internal-flow rate attainable with 
a variable-length skirt, the parasite drag of the nacelle 
when fitted with this arrangement is 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 0 or less; (4) in order 
to obtain the pressure. drop necessary to provide satis-
factory engine cooling, well-designed cowling flaps may 
he deflected to angles in excess of 120 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; (5) although cowling 
flaps provide a powerful, means for obtaining adequate 
cooling at the ground and for take-off, such air flow 
is not attainable for nacelles equipped with variable-
length cowling skirts.

INTRODUCTION 

Information concerning the characteristics of 
propellers that embody the recently developed NACA 
high-speed airfoil sections operating in conjunction 
with modern air-cooled radial-engine cowlings is meager. 
The literature that is available has been obtained from 
tests of isolated nacelle-propeller combinations. No 
data has heretofore been available concerning the char-
acteristics of such arrangements operaIng 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 
the use of adjustable cowling flaps is also meager. 
Little data 'exist on 'the relative merits of adjustable 
cowling flaps and adjustable-length cowling skirts as a 
means of controlling the rate of air flow, although this 
subject 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 did 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 
subject, the propeller and cooling characteristics of a 
model of a high-performance twin-engine military air-
plane have been investigated. The airplane model is 
approximately one-quarter scale, is fitted with NACA 

CONFIDENTIAL



I\T CA ACH No. L4120	 CONFIDENTIAL 

D5-type engine cowlings, and is equipped with propellers 
that embody MACA 16-series airfoil sections. Studies 
were made to determine (1) the thrust, power, and effi-
ciency characteristics of the propellers; (2) the rela-
tive merits of cowling flap s and variable-len.rth cowling 
skirts as a means of controlling the coolingair flow; 
and (3) the drag characteristics of-the nacelle. 

SYMBOLS AND C OEFFIC IET S 

The symbols and coefficients involved are defined 
as follows:

A cowling-duct area 

a angle of attack of thrust line 

An nacelle cross-sectional area (0.99 so ft for 
model) 

propeller blade angle at 0.75 ti p radius 

drag coefficient of airplane model (D/qS) 

C 
T-1111

coefficient of internal drag of one nacelle 

CD total nacelle drag coefficient (r/qA) 

nacelle parasite-drag coefficient (C 	 - CDF) 110

C L lift coefficient (L/qS) 

CT thrust coefficient(pn) 

Cp power coefficient (P/pn3D5)

v5
C speed-power coefficient  

(5\_I.In2

 

D drag of airplane model (propeller off) 

AD change in parasite drag of airplane model due 
to slipstream of one propeller 

internal drag of one nacelle
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D11	 total increment of drag due to one nacelle 

D	 diameter of propeller (2.969 ft for model) 

F	 engine cross-sectionalarea (0.8479 sq ft 
for model) 

H	 total pressure	

r K	 conductivity of cowling 1Q/Fv(4) 

cowling- exit -area ratio 

Cowllneit area 
Nacelie cross-$ectional area, 

L	 lift

ñeultant tip speed blade-t	 Mach numoer 	 velocity -. 

n	 propeller rotational speed

- propu	 y ç lsive efficienc	
f(-T_ 

P	 power Input to one propeller 

p	 static pressure 

H1 - HO	
cowling- entrance total-pressure coefficient 

qo 
U	 TI 'o - 112	 -	 .J_ cowLing-exl tota	 - l-pressur coei. ficent 

C1 0 

AID	 pressure drop throi.,.,h cowling(1i 1 - £12) 

q	 dynamic pressure (v2) 

Q	 quantity rate of air flow through cowling 

P	 air density 

S	 wing area (30.49 sq ft for model) 

T	 thrust of one propeller (tension in crank- 
shaft) 

rn -	 7T-D thrust-1oadInc coefficient i	 - 
\pV2D2 
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V	 velocity 

V/nD	 advance-diameter ratio of propeller 

Subscripts 

o	 free stream 

1	 cowling entrance 

2	 cowling exit 

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

APPARATTJ AND 1\ETHODS 

The investigation was conducted in the NACA 19-foot 
pressure tunnel. The airplane model used in the inves-
tigation (fig. 1) is a 0.2375-scale model of a high- 
perforniance twin-engine military arpiané. The engine 
cowlings were of the NACA D 3 sho:t-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 figure 3. The resistance of the engine to the 
flow through the nacelle was siriu1ated by a baffle inside 
the cowling. The conductivity of the cowling was deter-
mined from measurements of the quantity of air flow and 
of the pressure drop in the cowling. For this investi-
gation the baffle that simulated the engine was adjusted 
to provide a value of conductivity of the cowling K 
of 0.125. In order to provide for varying the cowling-
exit area, the skirt of the cowling was removable and 
could be replaced with alternate flared skirts to sirnu-
late adjustable cowling flaps. Control of the cowling- 
exit area was also obtained through the use of alternate 
unflared cowling skirts of various lengths. With the 
flared skirts, cowling-flap deflections of 0.50, 5•50, 
11.0°, 15.5°, 20.5 , and 25.5 	 e °° were obtaind and with 
the unflared skirt, cowling-flap lengths 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 cowlin g-exit area to nacelle 
cross-sectional area is shown in figure 4. 
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The characteristics of the air flow through the 
cowling were determined from measurements of the pres-
sures acting on shielded total-pressure tubes at the 
cowling entrance (station 1) and on.inshielded 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 rriultiple-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 
propeller 6457A-6. The blades (fig. 5) were of activity 
factor 87.1 and incorporated NACA 16-series sections 
with shank fairings built as an integral part. The 
blade-form curves showing the width,, thickness, and 
pitch distribution are presented in figure 6. Each 
propeller was driven by a water-cooled induction motor 
capable. of developing a maximum torque of 125 foot-
pounds.

m'z'r1m C i_.)_. L 

The tests were conducted 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 propellers operating the blades 
were set at 200 , 3c0 35, 400, 45°, 500, 55°, and 600 
at 0.75 of the tip radius. The tests were also made at 
several values of angle of attack of the model 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 thrust produced by 
the propellers was determined from differences in drag-
b1ance reading with and without the propellers operating. 
The values of V/nD, at which these measurements were 
determined, were varied by maintaining 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 nuners obtained are presented 
in figure 7 and range from approximately 0.25 for 
= 600 to 0.50 for 0 = 200 . 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 investigation 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-flow characteristics of 
the cowling. In order to establish a reference base 
from which to measure the drag increment chargeable to 
the nacelle, the lift and drag characteristics of the 
airplane model with the nacelles removed were also 
obtained. The scope of thetests with propellers 
operating is given in table I and with propellers 
removed in table II. 

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 is defined in reference 3 as 

Q = icFv ( p/q0 )	 (1) 

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

Dp p0 Q.( Vi- V )	 (2) 

where ITA, is the final wake velocity of the air 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 p0 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

1/2 
DF =	

[(1Po)	

-	
S (3) 

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

	

DF	 p0V0 (P\/2[(Hl_PO/2 (L2 _p0/l 

q0A = q0 	 \q0 í	 L
It
 p1112 )	 -	 p2/2 j 

At the values of pressure and velocity that existed 
during the investigation, the density of the air in the 
duct, was nearly equal to that of the free stream. 
Assuming p1 = p2 = p0 and simplifying equation '(4) 

permits the coefficient of internal drag to be expressed 
as

- 21 (p \1/2 VH- pl/2. (H2 - 

	

D -
	 L\	 -	 q	 ) J	 (5) 

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 
velocity 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

A1V	 v0(R)h/'2 
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or

Vfl/2 

V0	 Al \qQJ1•	 (6) 

Nacelle dr.- The value of the total dra g of each 
nacelle isrmined from the difference, at equal 
values of lift coefficient, between the drag coefficients 
of the airplane model with and without nacelies according 
to the following relation 

CD	
(1 

CD	 naceile.s - 1 wthout nacelles 

The coefficient of parasite drag chargeable to each 
nacelle is in turn determined from the difference between 
the total nacelle drag and the drag chargeable to the 
internal air flow 

-	
CD	 = 0D1	 (6) 

Propulsive_efficien 0 - It is conventional to 
express the propulsive efficiency of an airplane 
propeller a

(T - AD)V0 
11 =—	 (9) 

The expression (T- AD) is the propulsive thrust of the 
propeller and may be evaluated as follows: 

(T - AD) = R + D	 (10) 

where R is the net force along the drag 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 lift generated with the 
propeller operating is likely to differ from that 
generated at the same 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 obtained. The 
action of the propeller, in addition, may be such as to 
alter the rate of internal air flQw 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 lift characteristics due to 
the action of the propeller has been accounted for, in 
working up the results of' this investigation, by deter-
mining the value of D (from equation (10)) at the 
same lift coefficient as that at which, the value of R 
was measured. 

Suitable corrections have been made to the values 
of the propulsive efficiency and 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 is 

DF = q0A(C	 - C	 \ (II) 
\ propeller on	 propeller removed 

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

(T - AD) = H + D -	 (12) 

RESULTS AND DISCUSSION 

All results are presented in terms of standard 
nondimensional coefficients and have been 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 coefficients No corrections 
have been made for the effect of the jet boundary on 
the velocity measured with propellers operating. In 
view of the large ratio of jet diameter to propeller 
diameter, however, the jet-boundary effect is believed 
to be quite small. 

The propeller characteristics for a range of blade 
angles are presented and a brief discussion of the effects 
of change in airplane attitude and cowling-air flo

-
w on 

these chaxacteristics is given 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-
aoteristcs measured with the anile of attack of the 
thrust line at _lO and with the ocvilin cr flaps sot at 050 are presented for a range of blade angles from 200 
to 600 in figures 8 to 10 

niie envelop e propulsive efficiency (figs 8) rl.ses 
from a value of appr-odmately 885 percent at	 = 20° 
to a maximum value of nearly 93 percent at 3 = L!. 5°, and 
then gradually decreases to a value of about 88,5 percent 
at p = 60 0 Such values of propulsive efficiency are 
in excess of those nonnally experienced with more con-
ventional propellers, Those values are in good agreement, 
however with the values obtained from tests in the NACA 
8-foot high-speed tunnel of other propellers incorporating 
NACA 16-series airfoil sections in the blade design. 

The values of efficiency shown in figure '8 are high 
in comparison with those values obtained from tests of 
propeller-nacelle combinations probably because of the 
fact that: (1) the 16-series airfoil sections, 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 propellen was such as to produce low axial- and 
rotational-energy losses; and (3) the oresonco of the 
wing in the slipstream reduced the rotational-energy 
losses.
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The breaks in the slopes of the curves of thrust and 
power against V/nD (figs. 9 and 10) are of interest. 
These phenomena occur slightly below, the stall at all 
blade angles and become mo±e pronounced at high blade 
angles. The values of lift coefficient at which the 
propeller blades operated in the vicinity of the breaks 
have been determined by the method of reference )... 
Comparison of those results with the two-dimensional 
lift characteristics of the NACA 16-709 airfoil section 
(reference 5) revealsin both cases pronounced breaks in 
the lift curves at comparable values of Mach number. 
Although the breaks occur at a somewhat lower value of 
lift coefficient in the case of the propeller-blade lift 
curves than in the case of the lift curve obtained from 
the two-dimensional airfoil tests, the phenomena are 
believed to be related. 

In order to facilitate the selection of a value of 
prop e ller diameter for use in preliminary design calcu-
lations, a C. desi gn. chart, based on the results of 

this investigation, is presented in figure 11. The 
effects of compressibility are ns&iected in all design 
charts of this sort. In view cf the fact that these 
effects are important design considerations, it is essen-
tial to take them into account in the selection of pro-
pellers Icr high-speed airplanes. 

The results of the propeller tests conducted with 
the thrust line at 2 0 and at 5,5 0 angle of attack 
and with the cowling flaps set at 0.5 0 , 11.0°, 15.5 0 , 
20.50 , and 25.50 showed no consistent trends, either 
with variation of the angle of attack or with 
cowling-flap deflection. In general, however, the 
variation in maximum efficiency, from that measured 
with the thrust line at -100 angle of attack and 
with the cowling flaps neutral, did not in any case 
exceed r = ±0.03, 

Drag and Cowling-Air Flow with Propeller Removed 

The effects, on the lift and drag coefficients of 
the airplane model used in this investigation, 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 lift 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 variable-length cowling skirts on 
the total nacelle drag coefficient, the drag coefficient 
due to internal flow, and the parasite-drag coefficient 
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 oT 250 is in 
certain instances, greater than the drag of the-entire 
airplane with cowling flaps retracted. When large 
cowling-flap deflections are necessary to obtain the 
pressure drop required for satisfactory engine cooling, 
the excessive drags due to these deflections will there-
fore penalize the airplane performance. 

Pressure drop through cowling,0- From the results of 
figure 14 the maximum value of cowling pressure coeffi-
cient produced by the adjustable cowling flaps is noted 
to be approximately 1.31; whereas the maximum value of 
p/qf) obtained with the variable-length skirt was of the 
order of 0.75. This difference is, in part, due to the. 
fact that it was not practicable with the particular 
cowling arrangement investigated to obtain as great an 
exit area with the variable-length skirts as with the 
cowling flaps and, in part, due to the fact that the 
variable-length-skirt arrangement does not produce the 
low-pressure region at the cowling exit which is 
obtained 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 CT	 obtained, from the faired curves 

of figure 14 are presented in the following table: 
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CDno 

Exi e rol	 CL V1
=0.45	 0.50	 = 0.55 

Variable-length 0.1 0.075 0.075 0.075 
skirt .4 .075 .067 .060 

.8 .090 .086 .085 
1.0 .107 .100 .098 

Cowling flaps 0.1 0.075 0.071 0.067 
.4 .078 .072 .068 
.8 .090 .090 .090 

1.0 .115 .120 .127

At the greatest exit area obtainable with the 
variable-length skirt, it was not possible to obtain 
values of the entrance-velocity ratio in excess of 0.57, 

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 
V] /V0 through which comparisons are possible, the 

values of CD	 obtained with both types of control 

device are nearly equal. 

In reference 6, the magnitude of the nacelle 
parasite-drag coefficient has been shown to be dependent 
on the ratio of the nacelle diameter to the wing thick-
ness. At a value of this ratio of 0.3, which existed 
during the present investigation, figure 9 of refer-
ence b Indicates the nacelle drag coefficient 

to be 0.07. This value is in good agreement with the 
values shown for the low lift range in the preceding 
table. 

At rates of Internal flow corresponding to values 
of v1/v0 in excess of about 0.65, the results of 
figure 14 indicate that the 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-di	 coefficient with cowling-exit area 
are compared, at several values of lift coefficient, in 
figure 15. Correlation of the results given in figure. 15 
with the data of figure 4 indicate that flap deflections 
In excess of about 120 create exorbitant Increases in 
drag. It is possible that in this region the cowling 
flaps start to stall. If such is the case, the high 
values of drag may he rttributed to the resulting poor 
pressure recovery of the energy jfl the wake. The values 
of Cr

n0 
obtained with the large cowling-flap def1ec- 

tions, however, are. knor:n to be too great by an indeter-
minate amount. This fact is explained as follows:. 

At values of	 ii excess of 0.65 the pressure 
drop through the particular cowling arrangement tested 
is greater than the dynaimic piressure of the free stream. 
Some of the energy required to force the air through 
the internal passage of the cowlin g consequently is 
absorbed from the air flowing over the outside of the 
nacelle. Under such conditions all the drag charrieable 
to the internal flow through the nacelle cannot be 
accounted for from consideration of the loss in momentum 
of the air flowing through the cowling. The value of 

computed from equation (5) is therefore too low by 

an indeterminate amount and, since CDno is defined as 

the difference between , CD and CD 	 low value of n 
CD, will be reflected as an increase in the parasite-

drag coefficient of the nacelle. For this reason the 
dashed part of the curves of CDn against v1/v0 

shown in figure 14 and of CDno against K2 in fig-

ure 15 should be Interpreted as showing the upper limit 
of the parasite-drag coefficient of the nacelle rather 
than its true value. 

Effect of Propeller on Flow through Cowling 

The values of cowling entrance and exit total-
pressure coefficients, obtained at values of ç of 
200 0 . 30 0 , and 406 with various cowling-flap deflections, 
are shown as a function of V/nD in fi gure 16. For 
convenience In making cowling-design estimates, cross 
plots showing 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 static pressure 
at the cowling exit is often of interest, the exit 
static-pressure coefficients 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 to 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 entrance 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 coef.ficient.of less than. about T 0 = 0.1. 

The distribution of the total pressure of the air 
entering the cowling is 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 in ang,le 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 comparison 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 
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(fig. 16) and, except at the smallest deflection of the 
cowling flaps at which the low entrance velocity 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. With small deflections of the cowling flaps, 
the exit pressure tended to become 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 as to produce high rates of flow 
through the nacelle. It' is therefore indicated that a 
powerful means will be provided for obtaining adequate 
engine cooling for ground operation and take-off. 

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 proposed, 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 
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passages could be arranged to allow the coolin g air to CD 

be exhausted. at free-stream velocity, thereby eliminating 
the wake-momentum losses. In addition, the detrimental 
drag losses associated with large deflections of the 
exit flap would be eliminated. 

The advantages attainable through the ado ption of 
the blower-cooling. system cited previously are best 
illustrated by comparing the performances of an airplane 
that achIeves 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. 

Consider, for example, the performance of a twin-
engine military airplane operating at an altitude of 
14,000 feet and having the following assumed charac-
teristics: 

Engines, P. & Al . R-2800 with single-stage two-speed 
geared supercharger 

Engine cruise rating . . 1200 brake horsepower at 2100 rpm 
Propeller diameter ., feet .	 ...........	 12.5 
Propeller gear ratio . . . .	 ..........	 2:1. 
Wing area, square feet 	 ... ........	 540 
Gross weight, poi.mds . . . 	 .	 ......... s,000
Maximum cross-sectional area of nacelle, 

square feet .......	 .........	 17.5
Altitude, feet ...................14,000 
Fuel-air ratio for cruise .	 .......... 0.07 
Maximum temperature, rearspark-plug gasket, OF . .	 400 

From the data presented in figures 8 to 10, the operating 
conditions of the propeller are readily determined.. 
Figure 21 shows the variation of V/iiD, i, and P 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 

= 45.10 

Tj = 0.856 

Horsepower available = 

= 2054 horsepower (two engines) 
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It determining the power required, it will he 
assumed that the geometry of the example airplane is 
similar to that of the model used in this investigation. 
The lift and drag characteristics of figure 12 are 
therefore applicable. These results, however, do not 
include the drag effects chargeable to such items as 
armament, oil cooler, radio antenna, and manufacturing 
irregularities. It will therefore be assumed that an 
incremental drag coefficient of 	 0.0035 will 

account for these additional drag items. On this basis, 
for a wing loading of 46.3 pounds per square foot and 
an airspeed of 200 miles per hour, the lift and drag 
coefficients of the airplane without nacelles are 
found to be as follows:. 

CD I = CD + 

= 0.0191 + 00035 

= 0.0226 (at CL = 0.412) 

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 pasing through 
the cooling system. in making precise design 3alcu1a 
tions of the magnitude of the drag due to momentum 
changes, it is important that heating and compressibility 
effects be accounted for. These effects are discussed 
in reference 7 . In order to achieve simplicity in the 
present example, however, these effects will be neglected. 
The values derived in the ensuing calculations must 
therefore he considered as merely indicative of the true 
drag.

Evaluation of the drag chargeable to the conventional 
engine-cooling 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 will be equipped 
with flops. 

Case I - Cohventional engine-cooling system.- By 
correlation of the assumed valu.es for the airplane 
characteristics with results of cooling tests of the 
example engine, the variation of the required total- to 
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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 miles per hour, it 
is found that tH/q 0 is 0.919 with a corresponding 

air flow of 811.9 cubic feet per second, which remains 
essentially constant at airspeeds ranging from 220 to 
320 miles per hour. It Is assumed that losses 
in the diffuser and in the exit are 0.15 and 0.05, 
respectively; therefore, the loss of total pressure 

rI -H2 
through the cowling ----is 1.119. At the flight 

q0 

condition under consideration (V/nD = 1.744, 	 45.19,
and C r = 0.412). the front-pressure coefficient is 

H, - ii 
found, from figure 16, to be -•	 °	 -0.073. In 

q0 

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

tT	 'tT 
- £ 2	 £11 

q0	 q0	 -	 q0 

= 1.119 - (-0.073) 

1.192 

By making the simplifying assumption p0 p1 = p2 
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 

CDF	
o [\
	

Hiq H0 - \/l - HOq	
2i 

=	 2 x 811.9	
[ tji + ( -0.073) -	 l - 1.192	 (1)

540X'26Ox
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/	 11 
The term	 1 - 11
	 2 
----- describes the final wake velocity

qo 
of the air passing through 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 velocity is zero, and the 
additional power required for cooling will be charged to 
the parasite drag of the nacelle. The increment of drag 
coefficient then becomes 

	

AC	
2 XSi1.9	

/l ± (-0.073) 
F	 54Ox26Ox 

= 0.0076 

It is now desired to determine the effect of the 
parasite resistance of the nacelle. By interpolating 
the results of figure 17, it is fouid that, at the 
flight condition under consideration (V/'nD	 1.7441 
(3 = 45.1°, and	 = 0.412), a value of exit-area-ratio 

coefficient of K2 = 0.390 is necessary to produce the 

required value of —s---- of 1.192. From figure 4 it 
q0 

is seen that a cowling-flap deflection of 18° is needed. 
(Fig. 23 shows the variation of cowling-flap deflection 
with airspeed for the example airplane.) By applying 
the results of figure 15 and taking into account the 
value of lift coefficient at which the airplane is 
operating, the value of nacelle-parasite-drag coeffi-
cient is found to be CDno = 0.158, On the basis of 

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

AC	
An 

=-xO,158 

= 0.0051 

The total--drag coefficient for the complete air-
plane is
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C D = C D' + 2LC, + 

0.0226 + 0.0152 + 0.0102 

= 00480 

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

Cpq0sv0 - 00480 x 112.3X 540 x 260 x 

550	 -	 550 

= 2022 horsepower 

Case IT -. Blower-cooling system.- It is assumed 
that the energy added to the air by the blower will 
Just suffice to overcome the internal losses. In this 
case s the power inut to the blower is represented by 
the following  equation

Q(H1 - H2) 
Blower power =	 - 

where	 B 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

81109 X 1.119 
CD -	 00 B	 0.80 x 260 x	 x 540 

60 

= 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
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- Q 
K2-

-	 8lL9 

- 17.5 x 260 x 

0.122 

From figure 15 the corresponding value of CD 
no 

0.079 for a value of CL = 0.412. The increment of drag 
coefficient chargeable to the parasite resistance of the 
nacelle is

AC An 
- 'D 

0.0780 x
540 

- t r',mr 
- L1.L)Li, 

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

	

C	 C I +2LC	 +2txO D	 D	 DE 

= 0.0226 + 0.0108 + 0.0050 

= 0.0384 

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

	

CVIVO 	 0.0384 x• 112.3 X 540 X 260 x 
  60 

550	 -	 550 

1613 horsepower 

CONFIDENTIAL



24	 CONFIDENTIAL NACA ACR No. L4120 

By similar calculations, the performance character-
istics for other speeds may be determined. The results 
of such calculations are shown in figure Q. These 
results indicate that the example atrplane can cruise at 
approx5mately 311 miles per hour with the blower-cooling 
system; whereas the maximum level-flight cruising speed 
attainable 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 attained with the conventional engine-cooling 
system. The values cited are 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 installation involves 
numerous considerations. The specific design of any 
installation must be determined from considerations of 
the special problems that each particular airplane 
presents. An engine for which the cooling system is 
designed for low-altitue operation may not be able to 
cool at high altitudes without.the penalty of greatly 
increased drag power losses brought about by the large 
cowlingf1ap deflections required0 in some cases con-
siderable reduction of the drag power losses can be 
realized through the use of a blower in the cooling 
system. such drag reduction may be reflected in either 
greater cruising speed, improved performance in climb, 
increased range, or in high-altitude operation. 

CONCLUSIONS 

1. The maximum values of propulsive efficiency 
measured in this investigation varied from 88 percent 
at a value of V/n.D 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/nfl of 3.8. 

2. In the range of flow attainable with a variable-
length cowling skirt, the parasite 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. 
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3. The parasite drag of nacelles equipped with 
cowling, flaps of approximately the same pro portions of 
those investigated is moderate and does not increase 
appreciably with cowling-flap deflections of 12 0 or less. 
Values of pressure drop required for satisfactory engine 
cooling may be obtained by deflecting the cowling flaps 
to anglesin 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.  

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

Langley Memorial Aeroi.auica3. Laboratory. 
National 'Advisory Committee for Aeronautics 

Langley Field, Va.  
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TABLE I.- TESTS WITH PROPELLER OPERATING 

[All angles given in deg] 

Angle of attack 

0.5 5.5 11.0 15.5 20.5 25.5 

-1  
20 2 2 2 2 2 2 

L 5s- ------ -5.5 .5.5 -	 5.5.-. 

25 -1

------- --

 

i.l -1 -i _i -1. -1 
30 2 2 2 2 2 2 

L551 5.5 5.5 5.5 5.5 5.5 

L)O

-
40 2 2 2 2

-------------
- 

I ------------ ---'-.•

------- 

45

L	 -- 

-1 

f - i. -- - 
L2

---------

55 -1 

60 -1 --------I -------

TABLE II.- TESTS WITH PROPELLTR REMOVED

1]. angles given in deg; lengths given in in 

a Cowling arrangement 

-1	 10 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 Tacelles  removed

NATIONAL ADVISORY COMMITTEE  FOR AERONAUTICS 
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Fig. 2 

Figure 2.- General arrangement of nacelle.
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