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NACA ACR No. L4120 CONFIDENTTIAL
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE CCNFIDENTIAL RWPCRT

THE PROPELLER AND CoslING-AIR»FLOW CHARACTERISTICS
OF A TWIN-TNGINE AIRPLANE MCLEL FQUIPPED WITH
NACA Dg-TYPE COWLINGS AND WITH PROPELLERS
OF NACA 16-SERIES AIRFMCIL SECTIONS

By James G. McHugh and Edward Pepper
SUMMARY

An lnvestigation was corducied in the NACA 19-foot
pressure tunnel to determine the nacelle drag, the
cowling-air flow, and thLe propeller characteristics of
a model of a hign-perforrance military eirpiane. The
alrplane model, which s avproximately cne-quarter scale,
1s fitted with HACA Dg-type englne cowlings and with
prcpellers embedying NACA 16-series ailrfoll sections,
The characteristics of the propellers were determined
through a range of blade angles from 20° to 60°, and a
brief study was made of the effects of variations of
angle of attack and cowling-flep deflection or the
propeller characteristics. The varlations of nacelle
drag and internal air flow obtalned with varicus arrange-
ments of cowling fleps and variable-length cowling skirts,
a3 well as the effect of the operating propeller on the
internal-flow characteristics, were also cetermined.

The results of the investigation indicate thats
(1) the propulesive efficlency of the propeller tested
varied from 88 percent at a value of advance-diameter
ratio of C.8 to nearly 23 percent at a value of advence-
diameter ratio of 2.4 and graduwally cecreased to about
89 percent at a value of advance-diemeter ratic of Z.8;
{2) in the range of internal-flow rote attalneble with
a variable-length skirt, the parasite drag of the nacelle
when fitted with this arrangerment 1s moderate end 1=
about equal in magnitude to the parasite drag of the
naceclle when equipped with adjustable cowling flape;
(3) the parasite drag of nacclles, equipped with cowling
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2 CONFIDENTIAL  INACA ACR No. L4IZ20

flaps of approximately the =eme propnrtions as those
investigated, does not increese appreciably with
cowling-flap deflections of 12° or lees; (4) in order
to obtaln the pressure drop necessary to provide satis-
fectory engine cooling, well-designed cowling flaps may
be deflected to angles in excess of 120 at the expense
of rapidly increasing tke dreg; hence, the performance
of an airplane equipped with such an arrangement may in
certain instences be pernalized; (5) althourh cowling
flaps provide a powerful meons for obtalning adequate
cooling at the ground and for talic-off, such air flow
is not attainable for necelles equipped with variable=-
length cowling slkirts.

| INTRODUCTION

Informatiosn concerning the characteristics of
i propellers that embody the receutly developed NACA
high-speed ajrfoil sections operating in conjJunction
! with modern air-cooled radiel-engine cowlings is meager.
The literature that is available has been obtained from (

tests of 1snlated racelle=propeller combinations. No e
data has heretofore beern avallable concerning tie char-
acteristics of such arrangements cperating in conjunction N

with a complete alrplane.

Knowledge concerning the change in form drag of the
nacelle that accompaniee an increase in the rate of
cowling-air flow wken such incrsase 13 accomplished by
the use of adjusteble cowling flaps is also meager.
Tittle data exist on the relative merite of edjusteble
cowling flaps and adjustable-length cowling skirte as a
neans 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 meagurements of the lnternal flow to permit
accurate determination of elther the internal drag or
the average pressure drop through the cowling.

In order to provide additionzl informatlon on this
subject, the propeller and cooling characteristics of a ’
model of a high-performance twin-engine military air-
plane have bcen investigated. The airplane model 1=
approximately one-quarter =cale, is fitted with NACA

CONFIDLNTIAL




N&CA 4CR No. I4I20 CONFIDENTIAL 3

Dg-type englne covliugs, and 1s equipped with propellers
that embody KACA 16-serles alrfoll rectlone. Studies
were made to determine (1) the thrust, power, ani effil-
clency characteristices of the propellers; (2) the rela-
tive merits of cowling flaps e£nd variable-length cowling
skirts as a means of controlline the coolinc-alr flow;
and (3) the drag charactcristics of the nacelle.

SYMBCLS AND COEFFICIITNT

The symbole and coefficients involved are defined
as follows:

A covling-duct area
a engle of attask of thrust line |
A, necelle cross-sectional aree (0.0 sq ft for !
model) I
8 proneller blade angle et C,75 tip radius {
Sp drag coelficlent of airplane model (D/a%)
CDF ccefficlent of internsl drag of cne nacelle
Cn, total nacelle drag coefficlent (D,/a4n)
asel site-drag coeff =50
Cpno rniacelle parasite-drag coefficient (an DF)
Cy, 11ft coefficient (L/q%)
O thrust coefficient ( L5x22
pn D
Cp power coefficient (2/pn>DO)
D
Cq spe=d-power coefficient <§ 22?)
D drag of alrplanc madel (propeller off)
AD chance 1n verazite Arag o{ aelirplare model cue

to glipatream of one propeller

Dn, internal drag of one necelle

COKFIDENTIAL
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4
Dy total Increment of drag due to ons nacelle
D diameter of nropeller (2.969 £t for model)
F engine crosrs-sectional ares (0.0479 =23 ft
for mocdel)
" total pressure 1
K conductivity of cowling IQ/TVQ%%}I
{15 iy
Ko cowling-exit-ares ratio
Cowlinr-exit aren
Nacelle crose-sgectisnal area
L 117¢
a . ilesvltent tlp speed
Mip blade-tin Mach number ( Nonis vaIBgitg )
n propeller rotaticnal =peed
| T - ADIVY
n propuisive efficlency (14-?—EQL)
\ |
! P power Input to one propeller ]
p static prescure |
g Hy - ¥ {
) Tss) :
3 - cowling-entrence total-pressure coefficient
0
Ho - g 3 L
3 cowling-exit total-pressurse coefficient
o
ap presaure drecp throwsh cowling (H1 - Hz)
q dynamic preszure \%pvz)
Q quantity rate of alr flow tlrourl cowling
o eir denslty
3 wing area {3C.49 =29 £t for madel) ’
T thruet of one propeller (tension in crank-
shaft)
Tq thrust-1sading eccefficlent (ELJLJQ%> :
[ I o
DVL.DI.
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v velcelty

V/nD advance-dlaneter ratio of proreller
Subscripts:

fo] free stream

il cowling entrance

2 cowling exit

Pree-stream conditione are algo signifiecd I no sub-
scripte are ured.

APPARATUS AND MUWTHCOD®

The investigation was conducted in the NACA 19-fsot
pressure tunnel. The alrplene nmodel used 1in the inveas-
tigation (fig. 1) ie a 0.2375-scale model »f a high-
performance twin-engine militery alrplane., The engine
cowlings were of tke NACA D3 short-nose high-inlet-
velociiy type (reference 2) cesipned for the Pratt &
Whitrey R-2300 engirne.

The general arrancement of tlie nacelle with ccwling
1s shown in figure 2. Detaile of the nscelle sre pre-
sented in figure 3. The resistance of the engine to the
flow through the nacelle was simulated by a baffle inside
tiie cowling. The conductivity of the cowling was detor-
mired from measurements of tlie quantity of air flow and
of the pressure drop In the cowling. For thls Investi-
gation the haffle that simulated the engire waes adjusted
to provide a value of conductivity of the cowling K
of C0.125. 1In order to provide for varying the cowling-
exit area, thec skirt of the cowling was removaovle snd
could b2 replaced with alternate flared skirts to gimu-
late adjustable cowling flaps. Control of the cowling-
exit area was also obtained through the urce =of alternate
unflared cowling =skirts of various lengthe. W}ith tke
flared skirts, cowling-flep deflections of 0.5°, 5.5°,
11.0°%, 15.5°, 20.5°, and 25.5° were obtained and with
the unflared skirt, cowling-flap lengthes of 5.25, 2.75,
2.26, 1.78, and 1.25 inches were obtalned. The effect
of the various cowling {laps end variable-length cowling
ekirte on the ratlo of cowling-exit area {o nacelle
crose-aectional area 1s ehown in figure 4.

CONFIDENTTAL
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The cheracteristics of the air flow through the
cowling were determined from measurements of the pres-
sures acting on shielded total-pressurc tubes at the
cowling entrance (station 1) and on unshielded total=-
pressure tubes near the cowling exit (station 2) &s
shown in figure 3. The pressures acting on the tubes
were photographically recorded on a multiple~tube
manometer.

The three-blade mcdel propellers investigated were
2.969 feet in dlameter and were geometrically similar
to the full-scale 12.5-foo% diameter, Hamilton Standard
propeller 6457A-6. The blades (fig. 5) were of activity
factor 87.1 and incorporated NACA l6-serles sectlons
with shank fairings built as an integral part. The
] blade-form curves showlng the wildth, thickness, and
pltch distributlon are presented in flgure 6. Tach
propeller was driven by a water-cooled induction notor
capable of developing a maximum torque of 125 foot-
| pounds.

T33TS

The tests were conducted with the alr in the wind
tunnel compreseed to 35 pounds per square inch and at
alrspeeds ranging up to 160 mliles per hour.

for the tgsts with grope&lorsoopergtinr the blades
were set at 20°, xc°, 5, 40, 45°, 50°, 55°, and 60°

at 0.75 of the tip radius. The tests were also made at
several valuecs of angle of attack of the model and of the
several cowling-exlt configurations. The model motors
were controlled throusgh a speed range of approximately
1500 to 4000 rpm. The power delivered to each propeller
was obtained from a callbration involving torque, rota-
tional speed, and motor current. The thrust 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 measurements were
dctermined, were varled by maintaining censtant model
motor speed ln the proximity of maximum torque output

and by gradually increasing the wind-tunnel ailrspeed.
When maximum propulslve efficlency had been spproximately v
attalned, the alrspeed was hela constant and the pro-

peller rotational speed was decreased by predetermined

Increments until negative thrust was reached.

CONFIDENTIAL
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The blade-tip Mach numbers obtained are presented
in fipure 7 and range from agpraximately 0.25 for
B = 60° to 0.50 for p = 20°, The average Reynolds
nurber 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 investigatlion also included meas~
urements, hoth with and without the propellers operating,
of the effect of variation in the cowling-exit condition
on the drag &nd on the internal=flow characterlstics of
the cowling. In order to establish a reference bass
from which to measvre the drag increment chargeable to
the nacelle, the 1ift and drag cheracteriastics of the
airplane model with the nacelles removed were also
obtalned, The scope of the tests with propellers
operating is gilven in table I and with propellers
renoved in table IJ.

METHOD OF ANALYSIS

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

Internal flow.- The quantlty of flow through the
cowling s del'lned in reference 3 as

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

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

Dp = o3V = Ty) (2)

where Vy 1= the final wake velocity of the air leaving
the cowling after its static pressure has returned to
that of the free stream. By epplylng Bermoulli's theorem

CCHFIDENTIAL
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and assuming that the static precsure of the air:passing
through the provcller has returned to the free-stream
value p, at the cowling entrasnce, it can be shown that,
wtien the propeller is operating in front of the cowling,
the drzg contributed by the internal resistence of the
cowllng may be expressed as

g \E/2 w paMa
R (‘{1 p) <q:,, p°> J an

By substituting the value of Q defined in equation (1)
and iIntroducing coefficients, the erxpreess=ion becomes

i Dg 5 poumio /_E /2 /Hl D 1/2 H2 Py 1/2 @
e gk qun \% \,"1/2

At the values of pressure ancd velocity that existed
during the investlgation, the density of the air in the
duct was nearly equal to that of the free strean.
Assuming py = pp = p, and simplifying equatlon (4)

rermits the coefficient of intermal drag to be expressed

as
1/°

2KF/AE 1/21 (‘11 - B

By - By 1/2)

At high-speed or high-altitude flight ccnditlons, large
changes in density are 1likely to occur. In such casesn
the simplifying assumption of constant density will
lead to large errors in calculating the internal drag.

It 1s 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 preduct of the entrance
area and velocity

1/2
Q= MV = mvo(gi’-)/

CONFIDENTIAL
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or

v ) /:
1o K (ap) V2 5
Vo A1 \G,

Nacelle drag.- The valuc cf the totel dragz of each
nacells LIs delerimined from the difference, at equal
values of 1ift coofficlent, between the aras ccofficlients
of the airplane model with and without nacellec azcording
to the following relation

I p
D, ® B&; “Dwith necolles ~ Daithout nacelles &)
|
| The coofficliont of parasite drag chargoable to each
nacelle 12 in turn determined from the difference betwoen
{ the totel nacelle drag und the drag chargeable to the
{ intornal air flow
cho = Cp, = Cop (8)
Propulsive efficloncy.- It 1s coaventional to
expreas the propulsive efficiency of an alrnlere
propellcr a=
(T - AT)V,
LRy aamed (9)

The exprecasion (T = AD) 12 tho propulsive thruct of the
propeller and may be cvaluated ac icllows:

(T - AD) =R + D (10)
whore R 1s the net force along the drag axie, odbtained

with the propellcr oprerating, and D 1s the drag with
the propeller removed.

CONFIDENTIAL
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When the propeller-nacclle combination 1s operating
in proxzimlty to a wing, the 1ift generated with the
propeller operating is likely to differ from that
generated at the same angle of attack with the propeller
rermoved and, taercfore, unless sultable precaution= are
taken in determining the propulsive thrust, an erroneous
value cf propulsive effliclency may be cbtalned. The
action of the propeller, in addition, may be such as to
alter the rate of internal air flow through ths cowling
and, unless the change in drag resulting from such modi-
fications to the flow 1= accounted for, this effect will
be rcflected either as gn increase or a decreasz in the
efflicilcncy credlted to the propeller.

Any charnge in the wing lift characteristice due to
the action of the propelier has been accounted for, in
working up the results of this investigation, by deter-
mining the valus of D (from equation (10)) at the
seme l1lI1ft coefficlient ar that at which the value of R
was mreasured.

Sultable corrections nave been made to the values
of the propulsive efficlency ard the thrust coefflclent
to bring them to the basis of equal cowling drag with
and without propellers operatingz. The increment of dreg
due to the action of the propeller on the flow through
the cowling !s

ADF = qOAn(CDF - CD!:\

) (11)
rropcller on “propcller removed

Accordingly, the propulsive thrust as defined by equa-
tion (1C) has been corrected as follows:

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

A1l results are prescnted in terma of standard
nondimensiosnal coefficlents and have hern corrected
for tare-interfer-nce effecta when such corrections were
applicable. Corrections have been applied for the
effects of Jet-boundary interference on the angle of

CONFIDENTIAL
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attack and on the drag coefficlients. No corrections
have been mado for the effect of tho jet boundary on
tho veloclty moasured with propeliers operating. In
view of the large ratio cf jot diemeter to propoller
dilamotor, however, the Jet-boundary offect is bolioved
to be quite small,

The propeller charactoristica for a range of blado
angloes are presonted and a brief discussion of the offects
of change in airpleno attitude and cowling-alr flow on
theso characteristicas is glven. Tho offects of varia-
tions in cowling exit on the rate of intornal flow for
conditicns with and without the propeller operating as
well as the offeocts of thoso variations on nacello drag
aro also discusased,

Propollor Characteristica

Tho propulsive officiency, thrust, and power ohapr=
acteriscics moasuged with the anglo of cttack of the
t st ilno at -1 and with tho uuwling flaps sot at
0.5° ere prosentod for a rango of Llado angles from 20°
to 60° in figurcs 8 to 10,

The onvolopo propulsivo officiensy (fig. 8) risos
from a valuo of apprcximately 85,5 percent at p = 20°
to a maximum velue of nearly 93 porcent at f = L5°, and
then gradually docreasss to a valuoe of about 83,5 percont
at p = 60°% Such values of propulsive officioncy aro
in excoss of thoso nomally oyporienced witihh more con-
ventional propollers. fhoso values aro in good agrecomont,
howover, with tho valuos obtained from toats in the NACA
8-foot high-speed tunncl cf other propellers incorporating
NACA 16-serios airfoil sections in tho blado design.

Tho values of officiency shown in figure 8 arc high
in comparison with thoso valucs obtained from toats of
propollor-nacollo combinations,; probably bocauso of the
fact that: (1) tho 1l6-sories airfoil suctions, which
woro incorporatod in tho doaign of ths blado and which
oxtendod woll into the bLlade shank, producod low
profile-drag lossos; (2) tho aorodynamic design of
tho propellen was such as to produce low axlal- and
rotetionrl~onergy losses; and (3) tho presonco of tho
wing in tho slipatroem roduced tho rotational-cnorgy
loasoa.

CONFIDENTIAL
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The breaks in the slopes of the curves of thrust and
power ageinet V/nC (fizs. © and 10) are of interest.
These phennsmena occur glightly below the stall at all
blade arngles and tecome more pronounced at high blade
anfles. The values of 1i1ft coefficlent at which the
propeller vlades operated in the vicinity of thc breaks
have been determined by the method of reference /.
Comparison of those results with thie two-dimensicnal
1ift characteristics of the NACA 16«709 alrfoll section
(refererce %) revealsir both cases pronounced breaks in
the 1ift curves at comparable values of Mach number.
Although the breaks occur at a somewhat lower value of

ift coefficlent in the case of the propeller-blace 1ift
curves than in the case of the lift curve obtained from
the two-dlimensionel airfoll tests, the phcnomena are
belleved to te related.

Ir crder to fecilitate the zelection of a value of
propeller dlameter for use in preliminary design calcu-
lations, a Cy design chart, based on the results of

this investigstion, 13 presented in flgure 11l. The
effects of compresslbllity are nsglected 1n all deslgn
cherts of this sort. In view cf the rect that these
effects are important design conaiderations, 1t 1s essen-
tial to take them into acecount in the selentlion of pro-
pellers for high-speed airplanes.

The results of the propeller tests conducted with
the thrust line at 2° and at 5.5° angle of attack
and with the cowling flaps set at 0.5°, 11.0°, 15.£°,
20,5°, and 25.5° showed no cornsistent trends, eithor
wilth varlation of the angle of atteck or with
cowling-flap deflectlon. In general, however, the
variation in maximwm efficlency, from that measured
with the thrust line at -1.0° angle of atteck and
with the cowling flaps neutral, did not in any case
exceed 1 = $0,03.

Drag and Cowlirg-Alr Flow with Propeller Removed

The effects, on the 11ft and drag coefficlents of
the alrplane model used in this 1investigation, of
controlling the Internal flow through the cowling by
cowling flaps and by variable=lengsth cowling skirts are
shown in flgures 12 end 1%, respectively. TFrom the data
presented 1n these flzures and from other data based on

CCUFIDENTIAL
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measurementz of the internal-flow charscteristics, the
recsults 1n figure 14 have been derived. In this figure,
corparisons kave bteen made, at values of 1ift cocffi-
clent of 0.1, 0.4, 0.8, and 1.0, of the relative effec-
tivenees of both arrangements as means cf controslling
the Internal flow through the cowling. The effccts of
cowling flaps and of variabie~length cowling sklrts on
the tntal nacelle drag coefficient, the drag coefficient
dve to interrnal flcw, and the narasitr-drap cocfficient
of the racelle are also compared in the same figure.

7t 1s of particulur interest to note from the
rcsults presented in figures 12 and 14 that the increment
of drag due to cowling-flap deflections of 25° 1s in
certain instences greater than the drag of the entire
airplane with cowlinz fleps retracted. When large
cowling-flup deflectlones are necoszsary to obtain the
pressure drop required for satislfactory engine cooling,
tlie excecsive drages due to thesa2 deflectliones will there-
fore peralize the eirplane performance.

Pressure drop through cowling.- From the results of
figure 14 the maximum value of cowlingz pressure coeffi-
clent produced oy the aéjustable cowling flaps 12 roted
to be arproximately 1.31; whereas the maximum value of
Ap/qa obtalned witkh the varisble-length ckirt waz of the
order of C.75., This differcnce 1s, in part, cue to the
fact that 1t was not practiceble with the particular
cowling arrangement investigated to obtain as great an
exit area with the varisble-lenzth skirtes as with the
cowling flaps and, in part, due to the i'act that the
variable-lencth-skirt arrancement does not prcduce the
low-pressure reglion at the cowling exit which 1¢
obtained by deflecting the covwling flaps.

Effect of internal flow on drar.- For conveniencs
in studying the drag characteriastics of the two cowling
arrangements, valuce of the varatite-drag coefflclent
of the nacelle ch sbtained from the faired curves

1o

of figure 14 ere prerentcd 1n tho following tablet

CONFILENTTIAL
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Bxit control e
LAY conurs iB 4
device TR g iy L 0.50 | 0k = 0uBE
Vs Vo Vo
Varisble-lergth |0.1] 0.075 0.C75 0.075
alint 1 075 -067 .60
'3 .C90 .05 .085
1.0 ~107 2160 .093
Cowling flaps ]0.1| o0.075 0.¢71 0.067
o 073 072 .068
'3 .09 .0€0 .09
1.0 .115 L1 e B {4
[

At the greatest exit area ohtainatle with the
varlable-length slkirt, it was not rossible to obtain
valuer of the entrance-velocity ratio in evcess of 0.57,
which I8 apnroximutely equal to the value obtalned with
the cowling flaps deflected §°, From the preceding table
1t may te noted that, through the range of valnes of
Vl/Vq through which comparisons are possivle, the

values of CDno obtained wlth hoth tyres of control
device are nearly equal.

Tn reference 6, the magnitude of the nncells
parasite-drag coefficlent has been shown to be dependent
on the ratio of the nacelle diam=zter to the wing thiclke
ness. At a value of thiec ratio of 0.3, which existed
during the present investigation, figure 9 of refer-
ence 6 irdicates the nacelle arag ccefficlient CDno

to be 0,07, This value 1= in good agreement with the
values rhown for the low 1ift range in the precedirg
tatle.,

At rates of internal flow correcponding to values
of V1/Vs 1in exceaz of about 0.G65, the results of
figure 14 indicate that the profile drag of the nacelle
becores quite large. Such rates of flow required larce
values of exit area and vere obtainableo only with large
deflectlons of the cowling fleps, The variation of the
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nacelle parasite-drag asefficlent with cowling-exit area
are compered, at ceversl values of 1lift soefficient, In
figure 15. Correlstion of the resultz given in flgure 15
with the data of figure 4 indicate that flap deflectlons
ir excesc of about 12° cremte exorbltert !ncreases in
draz, It 1z posgible that in this reglon the cowling
flaps start to stell. If such ie the case, the high
values of drag may he nttributed to the resulting ponv
pressure recovery of the enerpgy in the wake. 7The values
of Cgr obtalned with the large cowling-flap deflec-
‘0
tions, however, are known to be too great by an indeter-
minate amount. Thkis fact 1= explained as followe:

At values of V/V, 1iv excess of C.85 the pressure

drop tkrough the particular cowling arrangerment tested
1s greater than the dynamlc precaure of the free rtream.
Some of the energy required to force the air through

the internal pacssege of the cowling conrequertly 1s
sbsorbed from the alr flowing over the outricde of the
necelle., TUnder =uch condlticns all the Qrac chargesble
to the internal flow through the rnacelle zarnot he
accounted for from consideration cf the logc ir romentum
of the alr flowirng throurh the cowling. The value of
CDF computed from equetion (5) 1s therefore too low by

en indetermlnate emount and, =irnce CDr 1s defined as
)
the difference bYetween ch and Op,., & low value.of
I i

CDF will be reflected as an Increase in the pararite-

drag coefficlient of the nacelle. Tor this reason the
dashed part of the curves of Op - against V1/V,
No

chown ir flgvre 14 and of CD1° azainst Ky iIn fig-

ure 1€ should be interpreted as showing the upper limit
of the paraslte-drag ccoefficlent of the nacelle rather
than 1ts true value,

Effect of Propeller on ¥low throrugh Cowling

The valves of cowling entrance and exit total-
pressure coefficlents, ohtalned at values of [ of
20°, 30°, and 4C° with various cowling-flap deflections,
ars shown &2 a function »f V/nD 1in figure 16. For
convenlence in making nowling=design estlmates, croaa
plotz showing the varlation of exlt total-pressure
coefficlient with the exit-ares coefficlent are precented

CCNYIDTHTIAL
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in figure 17. Because knowledge of the statlec prescure
at the cowling exit is often of interest, the exlt
static-preessure coefficlents for the same range of
values of [ and cowling-flap deflectlon ucsed in fig-
ure 16 are presented in figure 18.

The contribution of the propeller to the total
presanre at the cowling entrance was found to be essen-
tially independent of the cowlinpg-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 %s increassd. The effect diminishes
with increasing values of V/nD = that 1s, with decreasing
values of thrust loading. JTn general, with the particular
propeller-cowling arrangemcnt testecd, the effect of the
propeller appears to be negligible at valucs of the
thrust-loading coefficlent of 1less than about T, = O.1.

The distribution of the total pressure of the air

i entering the cowling 1= of concern in considerations
of engine-cooling characteristics., Because c¢f numerous
! pecularitics of the flow, this pressure is seldom uni-

_—— - —

{ form. It depends, among other things, on the operating
conditlion of the propeller and on the attitude of the
alrplane.

The manner in which the differences in top and
bottom cowling-entrance pressure, measured with the
propeller removed, are Influenced by angle of attack 1= U
shown in fipgure 19. At =mall deflections of the cowling
flap, the pressure at the top of the cowling decreases
rapldly with increase in ancle of attack, At very large
openinge of the cowling flap, the top and bottom pres-
sures tend to remaln more nearly uriform throughout the
angle-of-attack range. It is probsble that, at the low
rates of internal flow encourtered with small dcflec-
tions of the cowling fleps, considerable spillage
occurred at the cowlinrm entrance. The increased
entrance velocity obtalned by opening the cowling flaps
tended to create a more stable conditlion of flow and
thereby to promote a mere nearly uniform dlstribution
of pressure over the cowling entrancse,

The effect of the propeller on the front-pressure :
varlation may be obeerved from conparison of the results ?
in filgure 19 wlth the results presented in figure 20,

The propeller operating'in front of the cowling increased
the average pressure over the entire cowling entrance

CCNFIDENTIAL
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(fig. 16) ard, except at the smnllest deflection of the
cowling flaps at which the low entrance v~locity allows.
for unstable flow conditions, also tenced to equalize

the distribution of pressure over the cowling entrance.

The variation of the pressure at the cowling exit
with V/nD 1= dependent on the cowling-exit condition
(figs. 16, 17, and 18). With large deflections of the
cowlling flape, the low pressure coefflicients at the
cowling exit, obteined with the nropeller operating,
were aecentusted at low values of V/nD. As the values
of V/nD were increased, these pressure coefficients
tendad to approach those obtained with the propellers
removed., With small deflections cf 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 probebly due to the fact thkat, at smell flap deflec-
tions, tke 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 ths cowlirg entrance.

The effect of the propeller operaiing at low
valuss of V/nD In conjuncticn with large cowling-flap
deflecticns was such as to produce high rater of flow
throurh the nacelle., It is therefore indicated that a
powerful means will be provided for obtaining adequate
encine cooling for ground operation and take-off.

-

Influence of Cooling Réquirements on Airplane Performance

In the case of many conventional radial eir-cooled
engine installetions, 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 prodvced by such large flap deflections often
caures & substantial decréase in alrplane performance.

This considerution suggests the poacsibility of
achieving imprcved cirplene performance through the
adoption of a cooling arrangement that 1s not penalized
by the large momentur and pressure losses which are
inherent in the conventilonal ergine=coonling systen.

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

the blower wonld Jjust auffice to overcome the internal
losses of the system. With such a device the cooling-air

CONFIDENTIAL
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passages corld be arranged to allow the cooling alr to

be erxhausted at fres-stream velocity, thereby eliminating
the wake-.mmenbma losses, In addition, the detrimental
¢rag losses assoclated with large deflections of the

exit flap would be eliminated.

The advantupes attainable through the adoption of
the blcwer-cooling sysctem cited previously are best
1llustrated by comvaring the performances of an alrplene
that achleves engine cooling in one cese through the use
cf a conventlonal engine-cooling system and in another
case through the use of an suxilliary blower.

Conslder, for exsmple, the performance of a twin-
englne mllitary alrplane operating at an altitude of
14,000 feet and having %the following essumed charac-~
teristica: :

Engines, P. & W, R-2800 with slngle-stage two-speed
reared svpercharser
Fngine crulee rating . . 1200 brake horsepower at:210C rpm

Propeller diameter, feet « ¢« ¢« ¢ ¢ o o 00 ¢ o o o« 12.5
Bropeislipgn @i NRESO of v lis fo - fol romieh o s val o o @ ai e ve Rl
Vilng area, square feet + « o « o o o o0 @ 0 08 e 540
Grose welght, ponnds . o ciieite paf offe o o % i o s 126,000
Maximum cross-zectionsl area of nacelle,

SORNIEEMEE I RTUA Fele s | ol Tl ot sonies " amplamorsth 151 e ‘ol ve] o or) omaf PINT 01O
L o ol e s s B S B S Nl e e P e | 5(0/0.0)
Bueiisai plenal st for crulias. sl SRl St O At el o e D O
Meximum temperatvre, rear spark-plug gaske:, °F . . 400

From the data presented 1In figures 8 to 10, the ocperating
conditions of the propeller are read!ly dctermined.
Figure 21 chows the variation of V/uD, 7, and 3 with
ailrspeed. For cornvenience, calculations are presented
for a true airspeed of 260 niles per hour. Correlation
of the propcller-opzrating characteristics with tlre
engine-power rating and snced of flipght yleld the f7l-
lowing:

V/nD = 1.744
F4 45415

o

0.856

3
H

Forcepower availeble

nP
= 2054 horsepower (two engires)
CCNFIDENTIAL
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In dstermining the power required, it will be
agsuned that the geomctry of the example airplane is
aimilar to that of the modsl used in this investigatlon.
The 11ft and drap characteristics of figure 12 are
therefore applicable. These results, however, do not
include the drag effects chargeable to cuch items as
armament, o!l cooler, redio antenra, and manufacturing
irreguiarities. Tt will therefore be assumed thut an
Incremental drag coefficient of ACpH = 0.0035 will

account for these addftional drag items. On thls basls,
for a winzg loading of 46.3 pounds per =quare foot and
an airspeed of 280 miles per hour, the 1ift and drag
coefficlients of the alrplane without nacelles are

found to bc as follows:

CD' = C'r) + ACD
= 0.0191 + 0.0035

0.0226 (at Cp = 0.412)

The drag chargeable to the power-plant inetallation
consists of 1ts parasite drag plus the drag resulting
from the change in momentum of the air passirg through
the cooling system. In making precisc dezign calcula-
ticne of the namnitude of the drag due to momentum
chenges, it 1s important that heating ard comprecgsibility
effects be accounted for. These effects are discussed
in reference 7. In order to achieve simplicity in the
present exarmple, however, these effects will be ncglected.
The values derived in thke cnsuing calculations must
therefore be considered as merely indicative of the true
drag .

Bvaluation of the drag chargeable to the conventional
engine-cooling system will requlre different treatment
from that rcquired for the blower-cooling system. The
followlrg section will therefore deal separately with
the two cazes. In each case the cowling will be equipped
with fleps.

Case I - Conventional engine-coolings system.- By
correlation ol the assumed values for the airplane
characteristice with results of cooling teste of the
example engine, the varlation of the required total- to

CCHFIDZNTTIAL
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static-prasrurs drop across the engine AH with air-
speed has been dctermined and is shown in figure 22.
The static and total pressuresat the rear of the engine
are assumed to be equal. 'he total- to stetic-presaure
érop may therefore be treated as a change in total
pressure, lor un alirspeed of 26C wmiles per hour, it

1s fourd thet AH/qo is 0.919 with a corresponding

eir flow of £11.9 cuble feet per seczoré, which reraina
essentlally constant at airspeeds ranging from Z2C to
%20 miles per hovr. Tt 1s assumed that losses AN/q,
in the diffuser end in the exli are 0.15 and 0.0E,
respectively; thcrefoge, t%e loss of tctal prezsure

" - A
through the cowling "]E——g 1a 1.119. At the flight

N
condition under consideration (V/nD = 1.744, 3 = 45.1°,
and Cyp = 0.412}, the froatepressurs coefficient is

S
2 = -0.073. In

feund, from figure 16, to be 5
o

order to provide the required rcte of flow, the total-.

prressure coefficlent at the exit must be

o = Hs ™ Iy - Hy T - Hy

%o % %

1.119 = (=0.073)

1.192

Dy maXing the simplifying assumption Py = P = Po

and transforming the internal drag dofined in equa-
tion (3) to a eoefficient form, the increment of drag
coefficient due to the air flow through onc racclle nay
be expressed iIn terms of variables that arc now known
as

2Q |\/ Hy - Hy \/ Hy = Hp 3
Y e S T B, - s - ailer |
Dp ~ 8V, L 9 QA 2
= 220119 [T+ oo - VI-1] a2 y
540% 260 X o= oS

&0

3
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’ ’To = H?
The term V l - ~-~€--—4 doscrihes ths final wake veloclity

of the air paassing é%rou"h the cowling. For the particu=-
lar cace uncer consideration, this term doer not yiold

o real valuc. The calculation wmay therefore be completed
by assuming that the final wake velocitly is zero, end the
additiornal pcwer required for cooling wlill be charged to

the nuaracsite drag of tlhie nacelle., The increment cf drag

coefficien: then beccomes

EERLS T
o = X E1LE . VT + (=0.073)
F " £40 x 260 x 53

(4,

0.0076

It 12 now derirad to determine the effect of the
parasite reslestance of the nacelle. By interpolating
the results ¢f figure 17, it i3 found tkat, at thc
flight condttion urder consideration (V/nD = 1.744,

B8 = 45.1°9, and Cp = 0.412), a vslue of ex’t-arca-ratlo
coefficient of X, = 0.5%0 18 nccessary to produce the
e
requiied value of TR of 1,192, From figure 4 it
o
1z egeen that o cowling-flap deflection of 18° is needed.
(Fig. 3 shows the varictlion of cowling-flap deflection
with airspeed for the example airplane.) By applying
the results of figfure 15 and taking into account the
value of 11f%L coeificient at which the cirplane is
operating, the value of naceulle-parasite-drag coeffi-
cient is found to be CDno = 0.158. On the beeis cf

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

"Oby = 3 %0,

The total-drag coefficient for the complete air-
plane iz

CONFIDENTIAL
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Ch = Cp' + 20Cpy, + 24Cp
= 0.0226 + 0.0152 + 0,0102

= 0.04€0

The power requlred for level flight at V = 260 miles
Per nour 1s

i 88
CDqOSVD H 0.0480 X 112.,3 %X 540 X 260 x 0]

5H0 &50

= 2022 horsepowser

Cese TT - Blower-zeosling uystem.- It 1= assumed
that the energy added to the air by the blewer will
Just vulffice to overcome the internal lossses. In this
case, the power inpul to the blovier is represented by
the followlirg equation

Q(Hl - Hp
ilower powsp = —=—= .
"3
whereo g 18 the blower efficiency and will be cssumed
te have the velue of 0,80 for this example.
The cenergy cupplied to the blower may be expressed

in terms of equivalent increment of alrplanc-drag coef=-
ficient

811,96 x 1,119

ACpH. =
DB = .80 x 260 x 82 x 540

0.0054

When the velocity of the alr at the covling exit
i3 equal to that of the free stream, the cowling-exit- .
area ratio 1ic
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[ o]
(9]

= NG

Ko = y
cikigs 173
L 811.9
17.5 x 260 x gg
= 0.122
From figure 15 the corresponding value of Cp is

A’lo
0.079 for a value of CL = 0,412, 1Tphe increment of drag
coefiicient chargeaple o the parasite resistance of the
nacelle {«

~
~

2 An
B0 e

17.5
0.C780 x S0

(e

0.0025

The total-drag coeflicient of the complete gip-
Plane is

CD = Cp' + 2ACDB + 2Acgn

0.0226 + 0,0108 + 0.060s80

0.02g4

The power required fop level flight at
V = 260 mlles ber hour 1g

CpaoSV,  0.0384 x 112.3 x 540 » 260 x 2
5§50 550

]

1613 horzepower
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By similar calculatlons, the performance character-
letics for other speeds may be determined. The results
of such calculations are =hown in figure 24. These
results indicate that the erample alrplanc cen crulse at
approzimately 31l mlles per hour with the blower-cooling
systen; whereas the maximum level-flight crulsing speed
attalnable with the conventional engine-cooling system
ie approximately 289 miles per hour. Py adoptlon of the
blower-cooting system, designed to emit the coolling alr
at frec-stream velocity, an increasc in crulsing speed
of about 2C miles per hLour can therefore be ohLtalned
over that attained with the conventional engine-cooling
system, The valucs cited are optimlstic because some
of the galn would be offset by the welght and complexity
of the blower installatilon.

In general, selectlon of the optimum cooling system
for an aircraft power-plant inastallation involves
numerous conclderations. The speciflc deslgn of any
installation must be determined from considerations of
the special problems that each perticular alrplane
presents., An cngine for which tl2 cooling system is
deslgned for low-altitude operation may not be able to
cool at high altitudes without the peralty of greatly
increased drag power losses brought about by the large
cowlirg-flap derflectlions required.s In some cases con-
elderable reductlion of the dras power losses can be
realized throush the use of a blower in the cooling
system., Such drag rcductlion may be reflected in elther
greater crulsing speed, 1mproved performance in ¢limb,
increased range, or in high-altitude operation.

CONCLUSIONS

1. The maxzimum velues of propulsive efficlercy
measured in thls lnvestigatlion varied from £8 percent
at a value of V/nD of 0.8 to nearly $3 percent at a
value of V/nD of 2.4 and then gradually decreased to
sbout 89 percent at a value of V/nD of 2.8,

2. In the renge of flow attalnable with d variable-
length cowling ekirt, the parasite drag of the nacelle,
when equlipped with thle arrangement, was approximately
the same an when 1t was fitted with ad justable cowling
flaps and in elther case was not exceseive.

CCNFIDENTIAL
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3. The paracite Crag of nacellen equipped with
ccwling flape of cpproximately the same nroportions of
those investigated 1= moderete and does not 1ncgcann
appreciably with cowling-flap deflections of 127 or less.
Values of pressure drop required for rsatisfactory engine
cooling may be ottained by deflecting the cowling flaps
to anrles in excess of 120 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, 2t ie Indicated
that well-dezigned cowling flaps, eéxtended to lorge
deflectione, provide a powerful means for cbtaining
adejquate air flow for encine cooling. Such alr flow is
not attainable from nacelies equipred with variable-
length cowling skirts, i

Langley Memorlal Aeronautical Labtoratory
Natlonal Advisory Commitiee for Aeronautlce
Langley Fleld, Va.
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TABLY, I.- TESTS WITH PROPFLLER OPERATING
[A11 angles given in deg]

2 l Angle of attack
\’:0‘ ‘vvli}r-_flcp
~angley, 0.5 5.5 | 11.0¢ | 15.5 | 20.5 | 25.5
@ S
(—1 5 1 &1 ] i
20 d 2 2 2 2 2 2
L §.5| cucacc|carnen 5.5 5.5 |- H.5-
25 el e SRt ] e B R s el [, o
a1 of wl &) gl o |
20 +2-1 % 2 2 2 2
5.5 5.5 5.5 5.8 5.5 5.5
| 25 Sl Do S P I e PR R e
,"-1 Sl | -1 crennel|onmmnm |
! 40 4z 2 2 8 panawmwlsud s '
. { 515} ==<oiaf commna 8.8 |sesace]cnccns '
{ 45 =l | eceree| e foccen e cn—ama hem———- {
: P {-1 ------ TR (ot PRI (F SSsyiaby | o
o S A A0 R St R R | B0
N £5 St s g e Rl e e S S
€0 SlehiEs e R R e B B St | A e

TABLE II.- TESTS WITH PROPELLTR REMOVED
E&ll ansles glven in deg; lengths given in 1n£|

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,
- FL 75,1528

-1 to 8|¥Wacelles removed
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Fig. 2

Figure 2.- General arrangement of nacelle,
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