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INVESTIGATION OF A SYSTEMATIC GROUP OF

NACA 1-SERTES COWLINGS WITH
AND WITHCUT SPINNERS

By Mark R, Nichols and Arvid L., Keith, Jr.
SUMMARY

An investigetion has been conducted in the Langley propeller—research
tunnel to study cowling—spinner combinatlicns based on the NACA l-series
nose Inlets and to obtain systematlc design data for one family of approxi-
mately ellipsoidal spinners. In the main part of the investigation, 11 of
the related spinners were tested In various combloaticns with 9 NACA open—
nose cowlings, which were also tested wlthout spinners. The effects of
location and shape of the spinner, shape of the immer surface cf the
cowling lip, and opereticon of & propeller having approximately oval shenks
were investlgsted briefly., In additicn, a study was conducted to deter—
mine the correct proé¢edure for extrapolating design conditions determined
from the lcw—speed test data to the design condltions at the actual flight
Mach number,

The design conditions for the RACA l-sseriles cowlings and cowling—
spinner cambinations are presented in the form of cherts from whieh, for
wide ranges of spinmer proportions and rates of inbernal flow, cowlings
with near-maximum pressure recovery can be selected for critical Mach
numbers ranging fram 0.70 to about 0.85. In additicn, the chzracteristics
of the spimmers and the effects of the spinners and the propeller cn the
cowling design conditlons are presented separately to provide initial
quantitative data for use in a genersl deslign procedure through which
KACA l-series cowlings can be selected for use wiith splnners of other
shapes, By use of thls general design procedure, correlastion curves
ostablished from the test data, and derived compressible-—fliow equations
relating the inlet~velocity ratio to the surface pressures on ithe cowling
and spinner, KACL l—series cowlings and cowling-spinner combinations can
be designed for critical Mach numbers as high s 0.90.

INTRODUCTICH

The NACA l—series nose inlets are & systematic series of open-nose
cowlings, each having a near-maximum critlcal speed for its particular
values of length—dlameter and inlet—diameter ratios at the correct rate
of iInternal flow. Reference 1l reports the development of these cowlings,

l.’

i
UNCLASSIFIED



2 ) : NACA RM No. L8AL1S

presents & simple procedure for their selection, and demonstrates the
general applicebility of the ordinates used to the deslign of other high—
critical-speed inlet configurations such as wing inlets, air scoops, and
cowling—spinner combinations (D~type cowlings), Because of the great
importance of the latter type of inlet in the case of conventional-engine
and turbopropeller instellations, a tentative procedure for the design

of cowling—spinner combinations utilizing the NACA l-series nose inlets
as the basic camponent wes also presented in reference 1. The usefulness
of this procedure wes seriously limited, however, by the lack of informa-—
tion defining quantitatively the effects of the spinner and the propeller
on the performance of the cowling and on the characteristics of the
entering flow.

The present investigetion was undertaken in the Langley propeller—
research tunnel to make a detalled study of cowling—spinner cambinations
based on the NACA l-series nose inlets and to obtaln systematic design
date for one family of approximately ellipsoidal spinners., For the main
part of the investigation, in which 11 of the related splnners were
variously cambined with 9 NACA l—series open—nose cowlings, the maximum
diemeter of the spimmer wes located at the cowling inlet. EHowever, a
representative configuration was teeted with the spinner projected some—
what farther ahead of the inlet, as might be used for a duwal-rotating-
propeller installetion, and alsc withdrawn into the inlet, as 1s typilcal
in the case of rotating cowlings (E-type cowlings) and Jet—propulsion
nacelles, Additional testes were conducted tc study the characteristics
of a conical spinner, designed tc have a smaller pressure rise along 1ts
surface than that for the corresponding approximately ellipsoidal spinner,
and to study the characteristics of a revised cowling—inner—lip shape
using NACA l-seriles crdinates to eliminate the internal flow separation
which occure at the higher inlet—velocity ratlos 1n the case of the
standard NACA l-series cowlings. The nine NACA l~series cowlings were
also tested in the open—nose condlition’'to establish a base for determining
the effects of the spinners.

The effects of propeller operation on the aerodynamic characterilstilcs
of & typical cowling—spinner combination were studled using a propeller
with approximately oval shanks. Other propeller configurations were not
investigated. However, reference 2 provides same information relative
to the effects of propeller-—shank configuration, and a beginning to the
solution of the general propeller—cowling—interference problem 1s afforded
by reference 3 which presents & detalled study of the speeda and direc—
tions of the flow In the lmmediate fleld of seven of the cowling configu—
ratlions presently reported.

Inasmuch as the present tests were conducted at low airspeeds, the
Investigation necessarily included a study of ths procedure required to
determine the design opserating conditions at the deslign flight Mach number
from the low-speed test results. In this study, relations originally
derived by German investigators for open-nose cowlings (references 4 and 5)
were generallized to the case of the cowling—-splinner combination and extended
to obtaln & solution for campressible flow, The derived relations were
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then used to calculate the effect of Mach mumber on the design inlet—
veloclity ratlo and to establish a simple carrection procedure.

The method. of anelyzing the test data for use in the preparation of
design charts 1s described, and design charts are glven for the open—
nose cowlings and for these cowlings when used in carbination with each
spinner of the releted family. In addition, the characterlstics of the
spinners and the effects of the spinners and the propeller on the cowling
design conditlons sre presented separately to provide Inltlal quantitative
data for use in & general deslgn procedure through which NACA l—seriles
cowlings can be selected for use wilth spinners of other shapes.

SYMBOLS
A area of stream tube contalining internal flow
c e function of M, and V4[V (ses fig. 26)
d cowling inlet diameter
D meaximum dlameter of cowling
Dg meximum diameter of spinner
Dp propeller diameter
£ skin-friction drag
F maximum frontal area of cowling
H total pressure
AH total pressure loss between free stream and measurlng station
m mass rate of Internal air flow, slugs per second
M Mach number
n propeller rotational speed, revolutlons per second
P statlic pressure ‘
P static—pressure coefficient '(?4§;£2> )

o

q dynamic pressure
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propeller torque coefflcient Tirgl—)‘-g-
EQODP

radius from cowling center line unless otherwise specified

2

propeller thrust—disc-loading coefficlent Thrust
2q6Dp

. velocity

distance from inlet along cowllng axis

distence fram nose of spinner along cowling axis

length of cowling from inlet to maximuc dlameter station

length of cowling-inner—lip shape from nose to maximum thickness
station

length of spinner from nose to maximm diameter station

maximum ordinate of cowling measured perpendicular to reference
line at meximum dismeter station (see table I)

thickness of cowling <D - d)
2

meximun ordinate of cowling—inner=lip shape measured perpendicular
to reference line {see table V)

maximum radius of epinner (DS/E)

angle of attack of center line of model, degrees

ratio of specific heat at constant pressure to specific heat at
constant-volume (l.4 for air)

nominal boundary-layer thickness (defined as normal distance

BH—-p
from surface to point where S - 0.95)
q'0

propulsive efficlency > (HIT
= c P
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) mass density of air, slugs per cubic foot
General subscripts:
av average value welghted according to mase flow in caese of

internal flow and according to frontal area In cese of
flow along surface

c cowling

cr condition corresponding to predicted critical Mach number

i cowling inlet

o free stream

8 spinner

t condition corresponding to test Mach number

u coni;tion in propeller slipstream Jjust outside cowling boundary
yer

COWLING AND SPINNER CONFIGURATIONS

The NACA l—series nose—inlet ordinates (from reference 1) and rela—
tions for their application to the cowlings used in the present investli-
gatlon are given in table 1. As 1n reference 1, cowlings conformling ta
these ordinates are ldentified by & three—number designation; for example,
1~70~-150., The first number indicates that the NACA l—serles ordinates
are used; the second and third numbers give the inlet diameter and cowling
length, respectively, as percentages of the meximum cowling dliameter. The
cowling speclified, therefare, hes a l-serles profile with an inlet-dlameter
retio d/D of 0,70 and a length ratio X/D of 1,50. The aspproximately
ellipsoldal spinners of the family Investigated were arbiirarily designed
by revolving NACA l-series nose-—inlet ordinetes about their reference
line (table I) and are therefore ldentifled by similar designations. For

D
example, the NACA 1-40-060 spinner has a l-series profile with BE = 0.hO

xs
&nd S I 0.&).
D

The 9 NACA l—series cowlings and 11 NACA l-—serles spinners investi-—
gated are shown in table IT. Each cowling was tested 1n conjunction with
all spinners shown in the same horizontal row; in each case the meximum
diameter of the spinner was located at the cowling inlet unless otherwise
specified. The configurations tested to study the effects of varying the
longitudinal location of the spinner with respect to the inlel are shown
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in table III. Modificatlons to the spinner and cowling shapes tested iIn
attempte to obtain improved operaticnal characteristics are presented in
tables IV and V, respectively.

&

MODEL ARRANGEMENT AND TESTS

Views of the model installed in the lLangley prepeller-research tunnel
are shown in figure l. The internal-flow system (fig. 2) included an
axjal~flow fen which was necessary to obtain the higher inlet-velocity
ratios. The internal flow was controlled by varying the speed of the fan
motor and the positicn of the butterfly-type shutters, Flow guantities
wvere measured by means of the total— and static-pressure tubes at the
throat of the venturl and checked by a rake at the exit., A thermoccuple
attached to the exlit rake was used to measure the temperature rise through
the f&n.

Prior to the tunnel tests, the venturl in the tall of the modsl was
carefully calibrated to assure the accuracy of the internal-flow gquantlty
meagurements, It was found that accurate measurements could be cbtained
so long as the fan did not introduce appreciable rotation in the flow
through the throat of the venturi. It was also determined that such
rotation could be avolded for any desired flow quantity by simultaneous t
ad justment of the resistance of the system (by means of the shutters) and
the rotationszl speed of the fan, During the tumnel tests, uniform nonrota—
tional flow in the venturl throat was obtained for each test condition by
adjusting the shutter position and the fan speed until the static—pressure
distribution across the venturi throet was uniform., Visual observation
of a multitube mancameter was used to establish this uwniformity.

A three—blade 5.7-foot-diameter propeller (figs. 1(b), 1l(c), and 3)
driven by a variable—speed motor was used to investigate the effects of
propeller operation on the asaerodynamic characteristice of a typlcal
cowling—-spinner combination. The approximately oval shanks of this
propeller were similar to those In general use., The propeller blade

angle at the %-radius station was fixed at 32° throughout the tests as
this angle gave reascnable values of the thruast-torque relationship over

the test range of thrust coefficlents. The propeller operating condi-
tlons were as follows:

-

T, Qe VO/hDP 7

0.02 0.0058 1.46 0.81
.06 L0137 1.22 .86
A2 .0237 1.03 .83 -

)
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It is noted that the lowest test thrust—disk-loadlng cocefficlent, 0.02,
is typical Tar the high-speed flight condition of current alrplanss but
is probably an upper limit to the high—speed flight values for future
high—-speed aircraft.

Surface pressures were measured by means of 11 flush orificiles dis~
tributed along the top center line of each splinner and 22 orifices
installed in the top section of each cowling. With propeller removed,
pressure surveys at a station 0.75 inch inslde the inlet were made by
means of 10 total-pressure tubes extending across the annulus at the top
of the inlet and 3 total-pressure tubes located 0.12, 0.25, and 0,50 inch
from the cowling inner surface at the bottam of the inlet. For the
propeller—installed tests, this inlet Instrumentatlon was replsced by
rakes of shielded total—pressure tubes supplemented at each end by
boundary-layer rakea of four total—pressure tubes immediately adjacent
to the annular surfaces. (See fig. l(c).) Two rakes of shislded total—
pressure tubes at the top of the cowling (fig. 1(c)) also were used in
the propeller-instelled tests to measure the total pressure of the flow
in the vicinility of the surface orifices. All pressure measurements
obtained by such instrumentatlon were recorded by photographing & multi—
tubse mancmeter. Pressures msasured by the venturl instrumentation were
read visually from a second multitube mancmeter.

With propeller removed, vressure surveys of each configuration were
conducted for fram 1l to 18 values of inlet—velocity ratio at angles of
attack of 0°, 2°, 4%, and 6°; angles of attack of 8° and 12° were also
investlgated in two lnstances. With propeller linstalled, pressure surveys
woars conducted for simllar ranges of inlet—veloclty ratlo at angles of
attack of 0° and 6° for propeller thrust—disk-loading coefficlents
of 0.02, 0.06, and 0.12, A tunnel speed of 100 miles per hour, which

corresponds to a Mach number of 0.l3 and a Reynolds number of about 2)(106
based on the maximum cowling diameter, was used for the majority of the
teste for inlet-veloclty ratlos less than 1l.3. For the configurations
having very large Inlet areas, the tunnel speed was reduced to TO miles

per hour to obtain the higher inlet—velocity ratios with the limited
capacity of the fan. ’

RESULTS AND DISCUSSIOR

Flow over Splnners

Surface pressures on NACA l—serles splnners.— Statlc~pressure dis—

tributions representative of those messured along the tops of the

NACA l-series cowling-gpimmer combinations are presenied in figure kL.
Sharp negative—pressure peaks did not occur iIn the diswribuiions over
the splnners for any of the conditlons investigated, and the minimum
pressures on the spinners were rartly lsss than that of the free siresm
except for very high values of inlst-velocity ratio. For given values
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of inleit~veloclty ratlo, the peak velocities on the spinners, indlcated

by the minimum pressure coefficients as summarized in figure 5, generally
Increased with increases 1n spinner djameter and angle of-attack; except
for the very high inlet~veloclty ratios, increases in spinner length also
caused increases in these pesk velocities by moving the spinner nose
Tarther ahead of the retarded flow in the immediate vicinity of the inlets

The abrupt breaks which occurred in same of the spinner pressure
distributions in the vicinity of the inlet at the lower lunlet—veloclty
ratios (fig. 4#) were caused by boundary-layer separation. For given
values of inlet—velocity ratio and angle of attack, the shapes of the
pressure distributions for the NACA l-series spinners (see distributions
for NACA 1-40-060 spinner which wes typical) were changed somewhat by
variations in botk cowling length and cowling inlet diameter; however,
the over-all pressure rise fram the point of minimum pressure to the
inlet was essentially unaffected by these cowling variables, The phe~
nanenon of separation for these spinners, therefore, would be expected
to the first order to be & function only of the spinner proportions, the
inlet~velocity ratio, and the angle of attack so long as the inlet 1lip
is located at a reasoneble distance (0.075D or greeter) from the spinner
surface. This conclusion may not apply for other types of spinners ihat
might have, for example, more severe pressure gradlents,

Effect of spinner location.- In order to determine the effect of

spinner location, the FACA 1-40-Oh0 spinner was tested in several longi-—
tudinal positions relative to the NACA 1-~70-100 cowling. (See table III.)
The configurations with the nose of the spinner located near the inlet
are of interest for the case of the rctating (E~type) cowling, whereas
the configurations with the nose of the spinner located at 0,80 and 1.0D
resemble the deslign frequently proposed for dusl—rotating-propeller
installations.

Static—pressure distributions over the cowling-splnner cambinations
of table IIT &rs shown in figure 6. Insofer as the spinner was concerned
the most importent-effect of shifting its nose ahead of the Inlet in
successive increments was to increase successively the severity of the
minimum pressure peak on 1ts surface (fig. 7). Such increases, as shown
by the measurements of P, Ruden in the similar tests of reference k4,
would cause carresponding Iincreases in the pressure losses at tLhe inlet
at the lower inlet-~velocity ratlos and successive increases in the value
of the minimum inlet—~velocity retio required to avoild such losses.

A ccmparison of the date of figures 6 and 4 shows that the minimum
pressure peaks on the NACA 1-40-O40 spinner when its nose was located
at 0.6D and 0.8D ahead of the inlet were much more negative than those
for the normally located O.6D— and 0.8D-length spinners of the same or
larger maximum dismeter, Thus for dual-rotetlng-propeller installations,
the long normally located NACA l-series spinners are superlor to spinners
having cylindrical base sections Just ahead of the inlet with regard to
the minimum value of inlet-veloclity ratio which can be used without
incurring flow separation,
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Effect of conical spinner.- A study of the surface pressure distri-

butions over the NACA l-series apinners (fig. 4) showed that appreciable
pressure rises occurred ahead of the inlet at low values of inlet-
velocity ratio. A conical spinner (table IV) was tested in conjanction
with the NACA 1-70-075 cowling, therefore, to determine whether such a
modification to the spinner shape would reduce the velocities along the
spinner and thereby reduce the pressure rise acting on the spinner
boundary layer. A canparison of the surface pressure distributions over
the conical spinner with corresponding pressure distributions over

NACA l-series spinners of the same maximum dismeter (fig. 8) shows that
the desired result was obtained =t all test values of inlet—velocity
ratio. Such spinners are therefore superior to the NACA l-series
spimners with regardi to the minimum value of Inlet-—veloclty ratio for
which flow separation fram the spinner surface ls avoided and are worthy
of further research. Based on the present results, & more detalled
analysis of the use of conical spinners, particularly those with larger
cone angles, is being made at the Langley Laboratory.

Internal Fiow

Total—pressure distributions at inlet.— Tobal-pressurse distributions

across the annulus at the top of the inlet of a typical NACA l—series
cowling—spinner cambination with propellsr removed are shown 1n figure 9(a).
At an angle of attack of 09, a pressure—recovery coefficient of unity was
obtained over most of the Inlet at the higher iniet—veloclity ratlos. As
the test inlet-velocity ratlo was decreased below 0.5, however, ths
boundary layer on the spimmer thickened rapldly under the influence of
the increasingly severe adverase pressure rise and soon separated causing
large losses in totel pressure (fig. 10). The effect of increasing the
angle of attack was to increase the severity of the flow separatlon fram
the spinner at the lower Inliet—veloclity ratlos and to require the use of
a higher value of inlet—veloclty ratio to avoid such separation. It
should be noted that the losses In inlet total pressure caused by flow
separation from the spinners would become lncreasingly severe with
successive reductions In the width of the inlet annulus.

Propeller operation effected large changes in the shapes of the
total-pressure distributiocas at the top of the iniet (flgs. 9(b)
and 9{(c)). In general, the total pressures in the vicinity of the
cowling lip were increased, whereas thoss nesr the spinner were reduced.
This radial total—pressure gradient, which to a lesser extvent would be
present sven with thinner airfoll-type propeller shanke, would cause
incresses in pressure recovery with increases in the width of the inlet
ammulus and might be expectved to encourage separatiom from the splnmer
at the lower inlet~velocity ratios. Such separation was not observed,
howsver, and propeller operation eithsr had a negligible effect upon or
actually reduced the value of inlet—velocity ratio below which ths mean
inlet total pressure decreased rapidly. (See fig. 10.) It appears,
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therefore, that with a conventionsl propeller any destabilizing effects
of the propeller on the boundary layer are compensated for by additional <
effects possibly iIncluding: (1) the removal of. the spinner boundary
layer along the propeller blade surfaces, (2) the introduction of large—
scale turbulent mixing, and (3) the effect of the swirl introduced by
the propeller in reducing the pressure rise acting on the boundary layer.
Further research is necessary to establish the effectiveness of these
compensating effects for the case of a propeller with thin-alrfoll-type
propeller shanks, Since only one propeller blade angle was investigated,
tegte with propellers set a2t high blade angles such as will be used by
high—subsonic—speed turbine—powered aircraft are desirable.

Minimum inlet—velocity ratio for high pressure recovery.— Boundary-—

layer thiclkmesses at the top of the spinner of the typical configuration
being examined are presented in figure 1l as a function of inlet—velocity
ratio. The curves ars of the same general shape and the breaks in the
curves, which are indicative of the onset of separation, occur atnearly
the same inlet~veloclity ratio regardless of the definition of boundary-
layer thickness used. Hence, the boundary-layer thickness & has been
defined as the normal distance from the surface to the point where

E - p, :

In correspondence with the dlscussion in the preceding sectlon, it
is noted in figure 11 that propeller operation either did not affect or
actually reduced the separation value of inlet—velocity ratio. Propeller—
removed data for e high-criticel-speed fuselage scoop (reference 6) show
that such separation values of inlet—veloclty ratioc are essentially
unaffected by large changes in test Mach number and by reasocnable changss
in boundary-layer thickneas such as might be introduced by variations in
the transition point; considerable increase 1n Reynolds number, however,
may decrease the separatlon value of inlet—veloclity ratlio to somewhat
below the values observed 1n these tests., Inasmuch as a maximum pressure
recovery in the ducting is generally obtained at an inlet—velocity ratic
Just greater than the maximum value for which the Inlet flow 1s seperated,
the inlet=velocity ratio 0.0k greater than that corresponding to the
intersection of tangents to the lnclined and approximately horizontal
parts of the propeller—removed boundary-layer—thickness curve is therefore
considered to be the optimum design value for obteining a maximum pres—
sure reccvery.

g

Boundary-layer thicknesses on the tops of the splnners of representa-—
tive NACA l-series cowling—spinner combinations are shown in figure 12,
So long as the inlet lip was located at & reasonable distance (0.,075D or )
greater) from the spinner surface, the inlet~velocity ratios below which o
the boundary layers thlckened rapidly were essentially a function only
of the proportions of the spinner and the angle of attack as previously
deduced from the pressure distributions on the spinners. Hence, within
the useful range of Inlet annulus widths, 1t was poselble at each angle
of attack to determine a2 single minimum inlet=velocity ratio for which ~

-



¢

NACA RM No. L8Al5 1l

separation from each spinner was avolded regardiess of the proportions

of the cowling used. Such minimum values, which increase with incrsases
in spinner—diameter ratic, spinner—length ratio, and angle of attack, are
sumarized in figure 13.

It was not possible to determine single minimum values of inlet—
velocity ratio for avoiding flow separation fram the spimners where the
wldth of the 1lnlet annulus was less than 0.075D because the separation
inlet—velocity ratio then was no longer a function only of the proportions
of the spinner., No attempt was made to determine more accurate design
condltions for such configurations; they are seldon used because the
large thicknesa of the spinner boundary layer relative to the inlet
annulus results in & low pressure recovery.

The minimum inlet~velocity ratios necessary for avolding separation
from the NACA l—series spinners (fig. 13) were higher than generally
would be desirable for high pressure recovery, In reference 1, values
of 0.35 to 0.40 were indicated for the particular cowling-spinner combina-
tions considered. Further galns in internal pressure recovery appear
possible through the development of new familles of spinners with lower
separation inlet—velocity ratios. In this regard, the conical spinner
of table IV and figure 8 is of interest inasmuch as the previously noted
decreases in the severlty of the pressure rise ahead of the inlet,
obtained by substituting thls spinner for comparable NACA l-series
spinners, resulted (fig. 14) in reductions of 0,05 tc 0.1 in the minimum
usable value of Inlet~velocity ratio. Such reductions would cause
Important gains In the ultimate pressure recovery at the end of the
diffuser; where not limited by the geomeiry of the propeller hub, addi-—
tional gains could undoubtedly be obtained by increasing the cone angie.

Maximum Inlet—velocity ratio for aveolding separation from inslde of
lip.— At the higher inlet—veloclity ratios the outward displacement of the

stagnation point on the inlet 1lip (fig. 15) caused high local pressure
peaks at the inslde of the lip for both the open—mnose and spinner—instailed
configurations. These minimum pressure coefficients are swmarized in
figure 16. Although considerable scatter of the experimental data
occurred, presumably due to both the necessarily limited number of pres—
sure orifices In the lip raedil and the unsteady nature of the flow, a
definite effect of spinner slze is discernlble when, as shown, an attempt
is made to fair separate linss through the points for the different
spinner diameters., When the spinner diameter was small with respect to
the inlet dlameter, small varilatlons in spinner provoritions had little
effect on the velocities along ths inner—cowling-lip surface. When ths
spinner dlameter was increased to the polint vwhere the inlei ammulus
width was 0.C75D or less, however, these flow velocities Increased
markedly, possibly because of the effect of the spinner boundary layer
on the direction of the flow at the cowling lin. Fropseller operation
(fig. 17) alsc caused appreciable increases in the Tlow velocities along
this surface by distorting the radial total—pressure distributlon in the
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inlet (figs. 9(b) and 9(c))} and by reducing the effective angle of attack
of the cowling lip.

Representative total-pressure—loss coefficlents measured by a total—
presgsure tube 0.12 inch from the inner surface of the bottam section of
the inlet lip (the section where the most severe- seperation losses are
likely to be initiated in the cruise and climb conditions) are presented
in figure 18 for an angle of attack of 6°, The formation of bubbles of
separatlon is indicated by the abrupt breaks in these curves beyond which
the losses increased rapidly until the local—total-pressure coefflclents
became approximately equal to the local-surface-pressure coefficienis.
These data, which are typical for &l11 cases investigated, show that the
inlet-veloclity ratios at which separation bubbles £irst occurred were
agein essentially a function only of the proportians of the spinner.

For a given spinner the locations of Lhe bresks in these curves were
v
shifted by &s much as 0.03 Fi from the mesn value by changes in
o
cowling proportions; however, no consistent—trends were observed.

The inlet—velocity ratios corresponding tc the points on ilhe
inclined portions of data plots of the type of figure 18 where the total-—
pressure—loss coefficient was 0.1l have been arbitrarily teken as the
maximum values for which appreclable separation bubbles did not occur.
These limiting values for high pressure recovery (fig. 19) increased
with increases in splnner dismeter and decreases in splnner length and
were undesirably low for the angles of attack encountered in low—speed
flight, As will be discussed later in the report, the effect of an
increase in flight Mach number at any fixed 1inlet—veloclity ratio less
than 1.C 1s to decrease the effectlve angle of sattack of the cowling lip
and, consequentily, to reduce these already low limiting values. However,
propeller operation, as shown in figure 20 by deta obtalned with shielded
total-pressures tubes, has an opposing favorable effect which, at the high
propeller thrust-disk-loading coefficients encountered in the low—speed
crulse and climb conditions, would more than counterbalance the growth
of the local pressure peaks with Increeses in Mach number. Furthermore,
the inlet total-pressure distributions of figures 9(b) and 9{(c) strongly
indicate that the Internel flow would separate from the inner surface of
the diffuser rather than from the cowling lip at reasonsbly high values
of inlet~veloclty ratios. It is concluded therefore thst [low separation
from the inner portion of the cowling lip, while of ms jor importance in
the case of the NACA open-nose inlets, is not of significant importance
in the case of the NACA l-series cowling-epinner combinetions except for
extremely severe cambinetions of high Inlet—veloclty retio and high angle
of attack such as are encounterec in the take—off conditiocn.

Becausge of the importance of aveiding separstion of the internsal
flow in low—speed flight, testis were conducted on two representative
cowlings tc determine whether the upper limit of the separation—free
operating renge of inlet-—velocity ratio (fig. 19) cou.d be raised by the
eddition of an Inner--lip fairing. The NACA l—serlies ordinstes Iinverted

xl

'
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with respect to the reference line through the cowling lip (table I) were
used in this fairing (table V) both because the general applicability of
these ordinztes to high—critical-speed configurations had slready been
established and because the use of these ordinstes would permit the
region of high curvature to be kept well forward. The addition of this
fairing caused large reductiions in the peak negative pressure coefficient
on this surface at the higher inlet~velocity ratios (fig. 21) and corre—
sponding large lncrezses in the limiting values of Inlet—velocity ratio
(fig. 22). A fairing of this type therefore is desirable for installations
in which separation of the internal flow frem the inlet lip is likely to
be encountered. 1In the case of cowling—spinner camblinations, it appears
that such a fairing need only be applied as a "glove™ in the bottam
quarter of the inlet.

External Flow over Cowling

Static pressure distributions over the external cowlling surfaces of
several of the test configurations are shown in figures 4, 6, and 8. The
phenamene shown are generally similar to those discussed in reference 1l.
At the lower inlet—velocity ratlos, high negative pressure peaks usually
occurred on the cowling lips due to their high effective angle of attack
and in the case of some of the sharper lipped cowlings initiated separation
of the external Fflow. As the inlet—veloclty ratio was increased, these
negative pressure peaks decreased progressgsively in severliiy until at
particular values, determined by the cowling and spinner shapes and the
angle of attack, the presaure distributions became essentially uniform.
The surface pressures decreased only slightly and the distributions of
these pressures were essentlially unaffected by large additional increases
in inlet—veloclty ratlo; thus, for each cowllng, the critical speed
increased only slightly and presumaebly the extermal friction drag
decreased only slightly over a wide range of Inlet-velocity ratio above
the value necessary to eliminate the pressure peak on the cowling lip.
The effect of increasing the angle of attack was to increase the smeverity
of the pressure peak on the top sectlon of the cowling lip at the lower
inlet~veloclty ratios and to increase the inlet—veloclity ratic reguired
to eliminate this peak.

Same effects of cowling and spinner geametry on the distribution
and magnitudes of the surface pressures on the cowling are shown in
figures L4, 6, and 8. The inlet—velocity ratio required to avoid a nega—
tive pressure peak on the cowling lip increased wlth increases in both
cowling length and cowling inlet dismeter; at Inlet—velocity ratlos above
the critical values, increases In these same variables decreased the
minimum surface pressure coefficients. In general, the addition of a
snmgall diameter spinner or a long spinner to the basic open-nose cowling
did not cause imporitant changes in the cowling pressure distributions.
However, the addltion of a spinner with & large rate of decrease of cross-—
sectional area Just ahead of the lnlet, such as a short large—diameter
spinner or & conlcal spinner, tended to cause the formation of & negative
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pressure peak on the cowling llp even at very high values of inlet—
veloclity ratio.

The inlet—velocity ratio for which the surface pressure distribu—
tion on the cowling first becomes essentially uniform is a function of
the free—stresam Mach number. A detailed discussion of the effects of
cowling and spinner proportlicns on this Important operating condition is
therefore delayed to the next two sections of the report following an
evaluation of the effect of Mach number.

Propeller operation effected increases In both the static and total
pressures in the vicinlity of the cowling surface. The increases in
static pressure (fig. 23) were large near the leading edge but were small
near the position of maximum diameter. The increases in total pressure
Just outside the cowling boundary layer (fig. 24) were approximately the
same at the fore and aft rake locations (fig. 1(b)) and were scmewhat
less than values calculated for the ideal case of uniform propeller-disk
loading., As the increases in total pressure were greater than the
increases in static pressure, except 1ln the region of the lip, there was
a net increase in the maximm flow velocliy along the surface which became
of important—magnitude at the higher propellier thrust-disk-lcading
coefficients.

Critical Mach Number Characteristics

The critical Mach number has Important design significance in that
it is the lower limit of the range of Mach number within which signifilcant
force changes due to shock can occur., Numerous tests of wings and bodles
have indicated that an appreciable margin may exist between the critical
Mach number and the force~break Mach number, especially when the critical
Mach number ls determined by pressures ahead of the maximum thiclmess
station; hence, the critical Mach number may be wnneceasarily conservative
for design purposes. The present discussion must be limited to the
critical Mach number, however, because of the lack of data defining the
mergin between the two Mach numbers,

Extrapolation of low-speed test data.—- In estimating the high—speed

operational characteristlics of a particular cowling fraom low—speed test
data, such as those of the present investigation, 1t 1s necessary to
consider the effect of increasing the free—stream Mach number on the
magnitude of the surface—pressure coefficilents and on the minimum value

of inlet—veloclty ratlio for which the surface pressure distribution is
essentially uniform. Previous discussion hag polnted out that the inlet=—"
velocity ratio reguired to avold flow separation fram the splinner need

not be considered as it is essentially unaffected by increases in the
free—stream Mach number,

The von Kermén method of extrapolating the measured surface—pressure
coefficients (reference 7) was shown in reference 1 to be valid for
cowling data obtalned at test Mach numbers as low as 0.3 so long as sharp
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forwardly located peaks 4id not occur in the measured pressure distribu—
tions. A comperison in figure 25(a) of the results predicted from the
present data with the higher speed results of reference 1 shows that the
von Kérmin method likewise is applicable, with the same reservation, to
the present data obtained at a test Mach number of 0.13; hence, this
method has been used to predict the critical Mach nmumbers for all test
configurations,

The date contained in figure 25(a) show the important influence that
the test Mach number hes on the minimum value of Inmlet—velocity ratic
for which the surface pressure distribution is essentlally uniform and
below which the predicted critical Mach number decreases rapidly dus to
the formetion of 2 negative pressure peak on the cowling lip. The decrease
with increasing Mach number shown was ignored in making the selection
charts of reference 1 because the shift was in a conservative directlon
and appeared small for those tests and because theoretical Justification
for a correction wag lacking. This shift, however, must be taken into
account in analyzing and applyling the low-gpeed date of the present
inveatigation,

The problem of estimating the magnliude of The inlet—veloclty—ratlo
shift Just dlscussed may he atiacked theoreticelly on the basis of an
extension of the work of Ruden (references i and 5). (See appendix A.)
By relating the pressure force on the cowling to the change in pressure
and rate of change of mamentum of the entering alr, he obtalned an
incompressible—flow expression for an open~nose cowling which can be
written in the form (equation (5), appendix A)

2
(_E
_\ Y/
v 2
- (3)
d

where PC&V is the average pressure coeff;cient on the external cowling

surface weighted with respect to frontal area., When compressible—flow
conditions are assumed this expression (as shown in appendix A, equa—
tion (10)) becanes

_ 2C
v 2
- (3)
d
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where C, a camplex function of the free-utream Mach number and the
inlet—velocity ratio, 1s given in figure 26, If it is assumed that the
low—speed surface pressure distributions can be extrapolated by the

von Kdrman equation to obitain possible surface pressure distributions at
higher Mach numbers, this expression can then be used to find the inlet—
velocity ratios required by these higher—speed pressure distributlons.
In the case of the NACA 1~70-050 open-nose cowling, for example, the
measured pressure distribution for which the predicted critical Mach
number is 0.715 may be extrapolated to obtain pressure distributions for
Mach numbers of 0,40 and 0,715, Then the inlet—velocity ratios for the
test Mach number (0.13) and these two higher Mach numbers can be calcu—
lated from equation (10) of appendix A after eacn vressure distribution
is mechanically integrated to obtain the welghted average surface pres—
sure coefficient., For this example case, the followling comparison with
the experimental results of figure 25(a) is obtained:

vi/vo
Mach number
Test Calculated
0.13 0.39 0.36
.L"O 032 .32
« 715 .22 .22

The calculated inlet—velocity ratios are shown to be in excellent agree—
ment with the values observed experimentally.

The foregoing results indicate that equation (10) of appendix A and
the similar cowmpressible—fiow relation for cowling-spinner cambinations
(equation (9) of appendix A) can be used to calculate the increments
of V4/Vs by which each point on the test curves of M, plotted

against vi/vo must be shifted to correct the low—speed test data,

(see fig. 25(a).) However, the amount of work required to make such
corrections 1s prohibitively large in the present case even if only the
pointe near the knees of the curves are conslidered; aleso, the results
for cowllng-—spinner combinations might—be subject to appreclable error
due to the fallure of the von Kdrmin relation to predict accurately the
varisation of large positive pressure coefficients with Mach number.
Hence, equations (9) and (10) of appendix A were exsmined in an attempt
to determine a simple factor which would accurately predict the shifts
of the lnees of the curves., As a result of this study, it was found
that the major parts of such shifts were caused by the change in inlet-—
denslity ratio Pi [Po which accampanies an increase in flight Mach

number, This result can be explained physically (fig. 27) by considsring
that for a constant inlet-velocity ratio a change in inlet—density ratio
requires a change ahead of the inlet in the area of the stream tube
containing the internal fiow and a corresponding change in the effective
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angle of attack of the cowling lip. At inlet~veloclity ratios less than
unity, the effective angle of attack ls decreased, whereas at inlet-
velocity ratios greater then unity the effective angle of attack is
increased., Thus, the minlmum value of Inlet—velocity ratio required to
obtain a uniform pressure distribution on the external surface {less than
unity) decreases regularly with increases in flight Mech number.

Figure 25(b) shows the grestly improved correlstion between the
critical Mach number results obtalned in the present tests and those of
reference 1 when the test lnlet-veloclity ratlos were multiplied by the
Inlet-density ratlo pi/po‘ Extensive analysis falled to uncover any

other simple factor which would more accurately predict the shift of the
knees of the curves., Therefore, in view of the previously discussed
difficulty of calculating these shifts, this approximate but always—
conservative correction factor was used; all critical Mach number results
of the present report are presented as functions of the mass—flow coef--
A A v
Z_=2.1 p 4 &L—j; or the Inlet~velocity ratio (g—l)

o F F PoVo o

ficlent

P

cr
which corresponds to this mass—flow coefficlent at the predicted critical
Mach number,

Inlet—veloclty ratios corresponding to the mass—flow coefficients
given in the present report may bes determined by use of an inlet—area
chart (fig. 28) and a conversion chart (fig. 29). As an illustration of
the use of these charts, suppose that a particular configuratlon with a
spinner—diameter ratio Dg/D of 0.30 and an inlet-diameter ratio 4/D

of 0.72 has a predicted critical Mach number of 0,65 at a mass—flow coef—
ficient of 0.165. The inlet-area ratio Aj/F 1is first determined to

be 0.425 by reference to figure 28. Then, by proceeding through figure 29
a8 indicated by the dotted line, the inlet—veloclity ratio corresponding
to this predicted critical Mach number and the test masa-flow coefficient
is found to be 0.325 as campared with the test value of 0.385.

NACA l—series cowlings and cowling—spinner cambinationas.— The pre—

dicted critical Mach number characteristlcs of the NACA l—series cowling-—
spinner combinations at angles of attack 02, 29, 4°, and 6° are presented
as a function of the mass—flow coefficlent and campared with the charac—
teristics of the basic open~-nose cowlings in figures 30 to 38. A key

to these data is given as table VI. The inlet—velocliy ratios located

by ticks on the curves are the minimum usable deslign values from the
viewpoint of avolding flow separation from the spimners (fig. 13) and

are therefore optimum with respect to obtaining minimum internal losses.
Except for the relatively thin-lipped cowlings, thsse inlet—velocity
ratios usuaslly occur above the knees of the curves and thus define the
"design points" for the high~speed condition. However, when these ticks
fall below the knees of the curves (fig. 35) or when no spinmer is used,
the most desirable rates of internal flow are determined by the locations
of the knees, where the pressure distributlion over the cowling firast
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becames essentially uniform. The method for determining the latter typs
of deslgn condition 1s outlined in a subsequent section of the report.

Changes in spinner diameter shifted the kmees of the curves of M,
plotted against m/poFV'o of figures 30 to 38 horizontally because of
resulting chenges in the inlet-area, The data for an angle of attack

'
of 0° were therefore replottsd in figure 39 as a function of (v—j:) - to

OCI‘

show the effect of spinner configuration on the aerodynamic phencmena.

D
In general, the addition of the amallest—dlameter spinners ( -D—g— = 0.2)

to the open-nose cowlings did not cause large changes In the critical

Mach number characteristics. Further increases in spinner diameter and
changes in the length of the larger-diamster spinners, however, frequently
caused important changes in the location of ths knees and in the critical
Mach numbers above these knees. The nature of such changes depended
primarily on the boundary-layer-separation characteristics of the spinners,

When the flow was separated from the spinner, successive increases
in either spinner dismeter or spinner length caused successive decreases
in the inlet=velocity ratio at which the knee of the critical Mach number
curve occurred. (See data in fig. 39 excepting that for the NACA 1-70-100
and 1-85-050 cowlings.) This trend 1s believed to have resulted from
growth of the separation reglon on the spimner, which caused the divergsnce
of the flow to take place farther ahead of the inlet. So long as the
spinner flow was separated at the knee of the curve, the magnitude of the
critical Mach number in the important design range above the knee was not
appreciably affected by changes lin spinner proportions,

When the flow was not separated from the spinner at the Inlet—
velocity ratio corresponding to the knee of the critical Mach number
curve for any particular open-nose cowling (for example, the NACA 1-70-100
and 1-85-050 cowlings, fig. 39), the phenamens were importantly different
from those Just discussed. Increasing the diameter of a given-length
spinner or decreasing the length of a glven~diamst{er spinner shifted the
knee to a higher inlet—velocity ratio because the flow angle at the
cowling lip increased in accordance with the change in slope of the
splnner surface Just shead of the inlet. The spinner-pressure distribu—
tions of figures 4(c) to b(f) indicate that 2 steepening of the adverss
pressure gradient Just ahead of the inlet was responsible for a large
part of such Increases in flow dlvergence at the cowling lip. Above the
knee of the curve, the flow divergence in the region of the cowling lip
was still affected by the presence of the spinner so that a change in
spinner proportions that shifted the knee to a higher inlet—velocity
ratio also caused decreases in the critical. Mach numbters above ihe knee.
As these decreases and the magnitude of the shift of the knee both became
important in the case of the largs—dismeter spivners, the desirability



NACA RM No. L8Al5 19

of conducting further research to develop spinner shapes with less severe
adverse pressure gradiente 1s agein indicated,

Except for these changes due tc the spinner, the effects of cowling
proportions on the critical Mach number characteristics of the NACA l—series
cowling—spinner combinations were generally similaxr to those for the
NACA l-series open—nose cowlings (fig. 39). As the trends shown have
already been extensively discussed 1n reference 1, further diacussion is
onitted herein, The effecis of cowling proportions on the deslgn condi—
tions are analyzed in detall, however, in a subsequent sectiion of the

v.
report entitled "Envelope Values of M., and (;\-ri) "
o
cr

Effect of spinner location.-— The effects of the longitudinal location

of the NACA 1-40-0OkO spinner on the critical Mach number characteristics

of the NACA 1~70-100 cowling are shown in Pigure 40. In order tc preserve
consistency with the rest of the report, the inlet area used in calculating
the inlet—veloclty ratio was always taken to be the unobstructed area in
the most forward plane at which the diameter of the ipner surface of the
cowling was a minimum,

With the nose of the spinner at the inlet, the influence of the
spinner on the flow fleld ahead of the inlet was small so that the
critical Mach number characteristics were very nearly the same as those
for the NACA 1~70--100 cowling. (Campare figs. 39 and 40.) This result
indicates that the design data for the NACA open-nose cowlings are
directly applicable tec the design of rotating cowlings regardless of
whether the propeller-hub fairing is located at or well inside the inlet.

When the nose of the spinner was located 0.15D ahead of the inlet
or in its normal position (% = o.ho), the knee of the critical Mach

number curve was shifted to the right of the knee of the curve for the
position %-= 0 (fig. 40) because of the previously discussed effect of

the splinner in increasing the flow angle at the cowling lip. Also, when
the nose of the spimner was moved to 0.80D and then farther forward tc
positions of interest for dusl-rotating-propeller installatlons, thus
decreasing the slope of the spinner surface Jjust ahead of the inlet, the
knee of the curve was shifted back to the left., This finding would appear
to indicate thet the spinner should be cylindrical for a short distance
ahead of the inlet to reduce the flow angle et the cowling lip and thereby
increase the critical Mach number at the lower inlet-velocily ratios. As
previously noted, however, the spinner flow became separated at the inlet—
velocity ratlo corresponding tc the knee of the curve for these forward
spinner locations., Such protruded spinners therefcore are inferior to the
corresponding normally located spinners of the same length, which have
approximately the same knee Inlet—velocity retio with unseparated spinner
flow. (See fig. 39(c).)
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Effect of conical spinner,.— The advantage of using a conical spinner

to reduce the separation value of Inlet—velocity ratio has previously
been pointed out in the section entitled "Flow over Spinners.™ If the
cowling used with & conical spinner of the type lnvesiigated (table IV)
has a relatively biunt 1lip so that the knee of its critical Mach number
curve occurs at a very low value of inlet—velocity ratio, the criticel
Mach number charascteristics should not differ aprreciably fram those fcr
the open—nose cowling. When such a spinner 1is used with a relatively
thin-lipped cowling, however, the lncrease in flow angle at the cowling
1ip causes a marked reduction in critical Mach number so thet the critical
Mach number characteristics are inferior to those for the cowling with a
comparable NACA l-series spinner (fig. 41); this decrease in Mach number
would be accentuated by an increase in cone angle., Further research
appears to be required, therefore, to determine if this undesirable char—
acteristlic of the conicel spinner can be overcame elther by xeeplng the
spinner cylindrical for a short distance ahead of the inlet or by
modifying the cowling-lip to allow for the change in the effective angle
of attack.

Effect of cowling—inner-lip shape.— The effectiveness of a revised

cowling—inner-liip shape incorporating the NACA l-serles ordinates of
table I has previously been shown in the section of the report entitled
"Internal Flow." Data presented in figure 42 show that installation of
the revised inner-lip shape did not appreciably affect the critical Mach
number characteristics of several widely different cowling configurations.
Hence, the design data for the standard NACA l-series cowlinge can be
used to design RACA l-series cowlings utilizing this revised shape pro—
vided that the chenge in inlet area is teken into account,

Effect of propeller operation.— Predicted critical Mach numbers for

the NACA l—-series cowling-spinner cambination tested with and without a
propeller are presented in figure 43. The critical Mach number character—
istics predicted for the propeller—installed condition from the pressure

P_Po

coefficlient P =

(fig. 43(a)) are obviously in error since it has
o .

been shown previously that propeller operation effects increases in the
meximum velocities along the cowling surface, However, reascnable values
of critical Mach numbers are obtained if fictitlous critical Mach numbers
are first predicted from pressure coefficlents based on the dynamic pres—

. P—-D
sure in the slipstream Jjust outside the cowling boundary layer (-————51:>

By -~ Po
and are then converted to values based on the free—stream velocity by
v q
multiplying the predicted values by [ —2 = \|m———— |, (See fig. 43(Db).)
Vu E, —= Do

Such values decrease regularly with increases in propeller thrust=disk—
loading coefficienl as required by the accampanying increases in velocity
along the cowlling surface.

4"
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v
The knees of the curves of M, plotted sgainst (Tr'i'> for the
O/¢cr

propeller—instelled conditlion always occurred at lower Inlet—veloclty
ratios than was the case for the propeller-removed condlition regardless
of the computation method used. (See fig. 43.) This shift is believed
%0 have been caused in part by the contraction of the slipstream, which
changed the flow direction in the vicinity of the inlet lip, and in part
by the astatic pressure gradient imposed by the slipstream. The inlet—
velocity ratios which correspond to the selection points for the propeller—
removed conditlons therefore appear to be aumply conservative for deslgn
purposes. A cross plot at the propeller-removed design value of inlet-—
velocity ratio (fig. #4) also indicates that within the high-speed range
of flight conditions the decrease in critical Msch number due to pro—
peller operation is negligible; thus, the propeller—removed critical
Mech number characterlsitics of the present report are directly applicable
for the purpose of design without correction., It is interesting to note
in figure Ll that the decrease in critical Mach number due to the pro—
peller was only sbout half as large when camputed fram the messured pres—

sure data as when camputed on the basis of uniform propeller—thrust disk
loading.

v

Envelope Values of Mcy and (Fi)
(o]

cr

Typical construction plots in which the critical Mach number char-
acterietics of cowling configurations with the same Inlet diameter and
spinner were grouped together for the purpose of determining envelope
curves of critical Mach number and inlet—veloclty ratio are shown in
Tigure 45, As discussed in reference 1, the envelope curve for each
such family of cowlings has important significance in that the cowling
whose critical Mach number curve 1s tangent to this curve at a given
point has the minimum Inlet—veloclty ratlo for which the critical Mach
number corresponding to the polnt of tangency can be cobtained by any
cowling of the family; with the given spinmmer, such & cowling is also
the shorteat cowling of any inlet diameter for which this eritical Mach
number can be cbtained at this inlet~velocity ratio. Therefore, when
the flow is not separated fram the spinner or when this consideration is
ignored, the design inlet—velocity ratic and the design critical Mach
number for & given cowling are considered to be the values corresponding
to the point of tengency of the critical Mach mumber curve for the cowling
with its respective envelope curve.

Envelope values of critical Mach number and iniet-~veloclty ratio for
the several NACA l-series cowlings investigated are presented in filgure 46
as a function of spinner proportions., The addition of spinners to the
open—nose cowlings had an almost négligible effect on the envelope critical
Mach numbers in most cases, However, in accordance with the previous
discussion of the effect of spinners on the locations of the knees of the
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critical Mach number curves, the envelope inlet—velocity ratios for the
cowling-spinner cambinations were usually less than those for the open-— -
nose cowlings when the flow was separated fram the spinners and were

usually higher than those for the open-nose cowlings when the flow was

not separated from the spilnners.

The envelope critical Mach numbers for the NACA l-series cowling
configurations investigated are shown in figure L7 as a function of an

| 4
empirically determined parameter (};—) (%—). All the open-nose cowling

data exhibitsd an excellent degree of correlation on the basis of this
parameter and were in good agreement with the higher Mach number date of
reference 1. As would be expected on the basis of figure 46, the data

for the several cowling-spinner combinations also correlated to an
acceptable degree on the same line ag the data for the open—nose cowlings.
On the basis of the varlation shown, it is evident that within the usual
range of inlet—diameter ratlos the envelope critical Mach number increases
with increase in elther cowling length or cowling inlet dlameter. Usually
increasing the cowling length is the more powerful means for obtaining a
required increase in criticel Mach number,

The surface pressure distributions over the NACA l-series cowlings
ars not absolutely uniform at their envelope selecticon conditions., As &

result, the envelope inlet—~velocity ratios for these cowlings are some- b
what higher than values calculasted, by means of equation (10) of

appendix A, for cowlings having the same critical Mach number and the

gsame inlet dlameter, but having sharp inlet lips and absolutely uniform N

surface—pressure distributions (fig. 48). As shown in figure 48, however,
a fixed relatlonship exlsts between the two sets of inlet—velocity ratios.
The inlet—velocity ratio for any given NACA l-serlies open-nose cowling
therefore may be estimated with acceptable accuracy by first calculating
the Inlet~velocity ratio required by the surface pressures on the corre—
sponding theoretical open~nose cowling (by use of egquation (10) of
appendix A) and then correcting the value obtalned by reference to

figure 48,

The insertion of an NACA l-serises spinner can be assumed to have a
negligible effect on the envelope value of critical Mach number for any
particular NACA l-series open-nose cowling., (See figs. 46 and 47.) Also,
the precedlng paragraph has pointed out a means for calculatlng the
envelope inlet—veloclity ratios for the open-nose cowlings. It is only
necessary to establish the effect of spinner proportions on the required
value of inlet=veloclty ratio, therefore, in order toc utilize the
available NACA l-series open-nose—cowling data in the design of
NACA l~series cowling-sepinner combinations outelde the range of cowling
proportions Investigated, As an approach to the problem of determining -
this effect of spinner proportions, an attempt was made to compute (by
means of eguation (4) of appendix A, neglecting the skin-friction drag
of the spinner) the inlet—velocity ratio required at the test Mach number %
to obtain a predicted critical Mach number for each cowling—spinner
combination with unseparated epinner flow equal to the envelope critical
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Mach number for the open~nose cowling used as 1ts basic component. When
the actual pressure distributions on the cowling—spinner comblnations
were used in the calculations, the calculeted and experimental values of
required inlet—velocity ratio (fig. 49) were generally In good agreement
at small values of spinner—dilemeter ratio. Appreciable discrepancies
existed in some cases at large values of splnner—dlameter ratio, however,
probably because the minimum pressure pesks on the Inner surface of the
cowling, which contributed greatly t¢ the thrust force on the cowling at
the higher inlet~velocity ratlos, were very sensitive to small changes

in 1ip contour such as may have exlisted at sections of the inlet 1lip
outeide the immedlate reglon of the measuring station. When the measured
pressures on the spinners were used in the calculations 1n conjunction
with the average surface—pressure coefficients for the basic open—nose
cowlings, the agreement between the calculated and experimental values

of required inlet—veloclty ratio agailn was generally satisfactory at
small values of spinner-diemeter ratlo where the Insertion of the spinner
would be expected to have only a small effect on the pressure distribu—
tion over the open~nose cowling. Thus, 1f the spinner diameter is small
wlth respect to the inlet dlameter of the proposed cowling and if pres—
sure distributions over the spinner when inserted in & cowling of approxi-—
mately the inlet diameter consldered are exlstent, a rough estimate of
the Inlet—velocity ratlo required by the proposed cowling—splnner combina-
tion (a2t the Mach number for which the test data are avallable) may be
obtalined as follows:

(1) Calculate Pg,. for the cowling at its envelope value of VifVg.

(2) Calculate Pg,, for the spinner at a Vi[V, Just greater than
the envelope value for the cowling,

(3) Using Pegy from step (1) and Pggy from step (2}, calcu~

late V3/V, for the cowling—spinner cambination from equation (%) of
appendix A,

(4) Compare the calculated value of V[V, of step (3) with the
value assumed Iin step (2). If the two values differ appreciably, assume
a nevw spinner pressure distribution corresponding to the V[V, obtained
in step (3) and repeat steps (2) and (3).

{5) Repeat step (4) until the assumed and calculated values of Vi/Vo
agree. The V4V, finally obtained Is the required valus.

Inasmuch as equation (4) of appendix A predicts the effect of spinner
proportions on the requlired inlet—veloclity ratlo for a given cowling with
reasonable accuracy (fig. 49), eguations (9) a2nd (10) of appendix A can
be used to study the effect of Mach number on the increments by which the
envelope inlet—velocity ratios for the NACA l-serles open-nose cowlipgs
must be increased to allow Tor the insertion of NACA l-sseries spinners.
Consider, for instance, the NACA 1-70—-100 open-nose cowling and the
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NACA 1-70-100 cowling with the NACA 1-40-060 and 1~-60-060 spinners
installed, If for these canfigurations the measured pressure distribu-
tions used in calculating the dot—dash curve of figure 49 are extra—
polated by use of the von Kirmén relation to the predicted critical Mach
number for the open~nose cowling (0.822) and the corresponding inltet~
velocity ratios are calculated by use of equations (9) and (10) of
appendix A, the following comparison with the low—speed values of

figure 49 i1s obtained:

vifvo

Spinner Test, Calculated
My = 0.13 Mo = 0.13 M, = 0.822

None 0.67 0.67 0.57
1-40-060 .72 T4 .67
1-60-060 1.03 1.0k 1.08

These results indicate that the change In required Inlet—veloclty ratio
caused by the addition of & spinner is substantlally the same at high
speeds as at low speeds., The experimentally determined inlet—velocity
ratio increments of figures 46 and 49 therefore appear to be directly
applicable to the extrapolstion problem discussed in the preceding

paragreph.

Development of Selectlion Charts

The method used for selecting the design conditlons for the
NACA l-—series cowling-spinner combinations 1is illustrated in figure 50.
The envelope values of critical Mach number and inlet-velocity ratio,
labeled (1), were always used unless they fell to the left of the
vertical dot—dash line which identifies the minimm inlet-velocltiy ratio
for which flow seperatiom from the spinner was avoided (fig. 13). When
the knee of the curve for a given cowling fell to the left of this
vertical line, the deslign conditions corresponding to the points of
Intersection of the critical Mach muber curves with this vertical line,
labeled (2), were selected. The cowling—spinner cambination with its
knee curve tangent to the envelope curve at point (3) has the highest
critical Mach mumber that can be obtained at the specified lower limiting
value of inlet—velocity ratio by any cowling-—spinner combination of the
family; following the concepte of reference 1, such a configuration
is hereafter referred to as an "optimum combination.”

The separation-—iree design conditions for the NACA l-series cowling-—

spinner combinations obtained as Just discussed are presented in figure 51

as a function of splnner proportions. The sliightly irreguler variations
in the deslgn inlet—velocity ratios for several of the thinner-lipped

¢



NACA RM No. L8Al15 - 25

cowlings resulted from the changes In spinner proportions causing changes
In the flow phenomena on the spinner and therefore requiring changes in
the selection method. It should again be noted that the values of inlet-
velocity ratic and mass~flow coefficlent specified in this figure are
high enough to avoid appreciable negative pressure pesaks on the cowling
lips; further lncreases in the rate of internal flow willl therefore
increase the critical Mach number only a small amount.

Cowling selection charts bassed on the data of figure 51 are presented
in figure 52. The dashed lines which divide the cowling-spinner charts
into two parts define the optimum combinations having the maximum critical
Mach number obtainable at the minimum inlet—velocity ratio for unseparated
spinner flow. Above these llines, where the deslign conditions were deter—

mined by the locations of the imees of the M., versus (:—T}) curves,
©/er
the variations were established by cross-—plotting the envelope data of
figure 46 (extrapolated a reasonable amount) as = funcilon of the cowling-—
inlet dismeter and cowling-length ratios. Below the dashed lines, where
the design conditions were determined by the consideration of avoliding
flow separation from the spinners, the variatlons were obtained by
similarly cross—plotting &l11 the data in figure 51 for wnich the design
Inlet—velocity ratios were those defined in figure 13. The large areas
below the dashed lines again point out the desirability of developing
new familiea of sapinners which can be used at lower valuss of inlet—
velocity ratlo than those of the NACA l-series spinners without incurring
flow separatlion ahead "of the inlet.

The large breaks in the critical Mach number contours of figure 52
may be explalned by reference to figure 50. So long as the design inlet—
velocity ratios fell to the right of the vertical doi—dash line, the
design critical Mach numbers followed the envelope curve with decreases
in cowling length. When the cowling length decreased beyond that for
the optimum cambination (point (3)), however, the design critical Mach
numbers dropped below the envelope curve along the vertical dot—dash line
so that the critical Mach numbers changed less rapidly with further
decreases in cowling length than would be the case if the design condi-
tions were assumed to occur along the envelope curve. In other words,
when the required inlet—velocity ratioc was higher then that corresponding

v
to the knee of the curve of M., plotted against (-—i-> as is the case
Oler
below the dashed lines of figure 52, the design critical Mach number was
somewhat greater than thet corresponding to the knee of the curve. The
corresponding small breaks in the curves of m/deVo of filgure 52 may

be explained in a similer manner.
Design data for the NACA l-series open-nose cowlings obtained in the

present investigation are presented in figure 52 in the same form as the
design data for the NACA l-serles cowling-spinner cambinations. These
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deta are also replotted in figure 53 with the parameter m/p FV, replaced

v
by the parameter ({ré') to facllitate the use of these data in the
o

cr

general design procedure outlined in the next section of the report. The
values of critical Mach number and inlet—veloclty ratio for particular
cowlings given 1n figure 53 are approximately the same @8 those specified
in the selection charts of reference 1l; some differences exist, however,
because of differences in the methods used to extrapolate the test data,

Cowling Selsction

The optlimum cowling-spinner combination for & given airplane 1s
consldered to be the one for which the operating inlet—velocity retlos
are a minimum and for which, under all important flight conditions, the
flow is unseparated fraom the spinner and the critical Mach number 1is
equal to or greater than the free-stream Mach number. In the present
section of the report, a procedure for the selection of the optlimum
NACA l-serles cowling—spinner cambination ls first presented. A
generalized procedure permitting selection of NACA l-series cowlings for
use with any spinner-propeller configuration for which certain application
data are avallable 1s then developed and illustrated. Finally, a method
is outlined for extrapolating the present cowling-spluner design data
through the use of figure 47, figure 48, and equaetion (10) of appendix A
in conjunction with the general design procedure.

Deslgn procedure for NACA l-series combinations.—~ NACA l-series

cowling—spinner cambinations within the range of proportions investigated
may be selected by the use of figure 52 provided that the propeller-—shank
configuration 1s similar to the one investigated., For example, assume
that 1t 1s desired to design a cowling-spimner cambination for a
3000-horsepover gas—turbine unit to be mounted in a L4O-inch-diameter
nacelle (frontel area, F = 8.73 sq ft). Also, assume that the effective
angle of attack of the cowling axis and the engine alr-—flow requirements
are known for all flight conditions. The required design procedure is
then as follows:

(1) Select for consideration the following high-speed operating
condition which appears to offer the most severe cambination of high
flight Mach number and low inlet—velocity ratios

Operatingal‘bitude,feet........--..-..-.... 35,000
Air density at altitude, p,, slug per cubic foot « . . . . . 0.000736

Flight speed, V., feet per second (538 mph) + » « « « o« o « « « o 790
Effective angle of attack of cowling center line, o, degree . . . . O
Flight Mach number; Mg . @ 4o 4 4 o o ¢ o o s ¢ s a o o ¢« o s « » 0.8
Total combustion and cooling elr flow, m, glug per second - . 0.762
Mass-flow coefficient, m/pFVy o & o ¢ o s o o o o s s s ¢ o o« « 0.15
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(2) From a layout of the propeller hub and the engine instellation,
determine that the NACA 1-45-050 spinner is the smellest spinner which
will enclose the propellier hub and falr smoothly to the fixed ducting of
the engine. The date of figure 13 show that this minimun—size spinner
should be used as it has a lower separation value of inlet—velocity ratio
than that of longer or larger diameter NACA l-series spinners.

(3) Having « = 0%, M, = 0.81, 'and

= 0.15, select in

PofVo .
figure 52 the following optimumm cowling proportions for spinners bracketing
the NACA 1-45-050 spinner:

Cowling proportions
Spinner
a/D X/
1-%0-040 0.641 0,932
1-h0-060 626 508
1-50-040 677 1.023
1-~50--060 .689 <929

(%) Determine by cross interpolation that the NACA 1-66-095 cowling
is optimum for the designh conditions considered.

(5) Construct curves of M_. plotted against m fp ¥V, for the

NACA 1-66-095 cowling with the 1-45-050 spinner (for eangles of attack of 0°,
20, 49, 6°) by interpclation of the date presented in figures 30 to 38

(6) Check all known operating conditions against the curves of step (5).
If, in any important flight conditlion, the critical Mach number 1s less
than the flight Mach mumber or the mass—flow coefficient is lower than
the minimum value for avoiding flow separation from the spinner, repeat

steps (3)to (6)(using the more critical design conditions so determined)
1o select & new cowling,

Additional considerations may necessliate the choice of a different
cowling. For instance, if the inner-lip falring of teble V is to be
applied to a large percentage of the Inner—cowling-lip surface to reduce
the likelihood of flow separation, 1t is deslirable, where the design
inlet velocity is determined by the consideration of flow separdtion from
the spinner, to use a slightly larger inlet-diameter cowling in order to
ellow for the inlet area dlocked by the revised fairing. Also, it may
be found that the exterior lines of the cowling initlally selected do not
clear the engine installation. In such a case 1t ls necessary to start
with a larger dlameter spinner and thereby choose a cowling with a larger
inlet diameter; I1f this process leads to the use of an excessively high
inlet~velocity ratio, it may also be desirable to increase the maximum
diemeter of the nacelle,
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General deslign procedure.~ A number of design considerations are

autamatically teken into account in the preceding cowling-selection
method. A more fundamental design procedure utilizing figures 28, 29,
end 53 or the camparable design charts of reference 1 will now be pre—
sented to explsln these considerations. This procedure, which treats
the individual effects of the spinner and the propeller on the perform-—
ance of the open-nose cowling separately, 1s essentislly that presented
in reference 1 with the addition of the following gquantitative applica-—
tion data for the particular family of spinmers and propellers tested:

(1) The minimum inlet-velocity ratio for unseparated inlet flow
(fig. 13).

(2) The effect of the spinner on the envelope critical Mach number
of the cowling (figs. 40O and 46).

(3) The effect of the spinner on the eunvelope inlet—velocity ratio
of the cowling (figs. 40 and 146).

(%) The effect of the propeller om steps (1), (2), and (3), figures 11
and 43(b).

Ag pointed out in the preceding discussion, some application data for
hemispherical-nose spinners are given in reference i, data on the par—
ticular conical spinner of the present investlgation are presented in
figures 8, 1%, and L1, and data presented in references 2 and 3 afford
a beginning to the solution of the propeller—cowling interference problem.
The method considered therefore has immedlate application to the deslign
of NACA l-series cowlings for use with hemispherical-nose splnners and
conical spinners similar to the cne investigated. When the existing
application dete are supplemented by the recammended spinner—shaspe and
propeller—interference research, this method then cen be used In the
design of NACA l-serles cowling configurations incorporating desirable
changes in spinner and propeller geametry.

The proposed general design method assumes thaet inlet—flow stability
determines the minimum inlet—velocity ratio, Thue, after due allowance
is made for the ususlly small effects of the spinner and propeller on
the selection value of critical Mach number, an NACA l-series cowling is
gelected for the inlet-diameter ratio corresponding to this critical value
of inlet~velocity ratio. Then the envelope inlet-velocity ratlio for the
cowling so selected 1s corrected for the presence of the spinner and the
resulting value campared with the separation inlet—velocity ratlo. If
the envelope Inlet—velocity ratio for the cowling-spinner combinatlon is
lower than the separation-inlet-—velocity ratlo, the selected cowling is
the one required. However, if the envelope inlet—velocity ratlo exceeds
the separation inlet—veloclty ratic, the selectiom procedure must be
repeated, using intermediate values of 1nlst—veloclty ratio, until both
design criterion are satisfled at the design masss—flow coefficient. As
an illustration of this deeign method, assume that the spinner considered



NACA RM No. L8AlS 29

has the same maximum dlemeter ratio and design characterisiics as the
NACA 1-40-060 spinner and that the propeller is similar to the one
investigated. Also, assume that the design critical Mech number is 0.82,
the design mass—Fflow ccefficient is 0.23, and the design angle of attack
is 0°, The selection procedure is then as followss

s Y
(1) Fram figure 13 or equivalent, determine (;_-j—') for unseparated
©/min
inlet flow to be 0,51,

(2) Having Gri) » Mg, end mjp ¥V, determine (A4/F) to
/min

be 0.36 fram figure 29.
(3) Read (%) = 0.72 fram figure 28.

(1) From unseparated-~spinner—flow date of Iigure 46(a) or eguivalent,
determine that for open—nose cowlings with %u 0.7 and M..=% 0.8,

addition of the spinmer considered does not change M,,. (as is typical
for spinners which are essentially cylindrical for a short distance ahead

Vi

of the inlet) but increases 7 by 0.0k,
[o]

cr

(5) From figure 43(b) or equivalent, determine that propeller opera—

v
tion also does not change M., but decreases <?2'-) by 0.07.
O/cr

(6) From steps (4) and (5) determine that addition of the spinner

v
causes & AM,. of zero and a A(-i) = =0.03.
v
o]
cr

(7) From £ =0.72 and Mg + MMy, = 0.82, select the -

v .
1-72-094,5 cowling with open-nose ( \—ri) = 0,57 from figure 53. The
S/cr

v v
covwling—spinner—~cambination (;ri) is 0.57 + A(Fi) = 0.54, a
O/cr C/er
value greater than the assumed value of 0.51 which corresponds to the
design m/poFVo. Thus, a second selection must be made.
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-
(8) For the second selection start with <-—j-'-) = 221 ; 0.5% | 0.525
O/cr

and repeat-steps (2) and (3) to obtain % = 0.712, ‘Then from figure 53

. v
select the 1-71.2-096 cowling with open nose (Vi) = 0.555. As
O/cr

v v
the ('\Ti') for the cowling-spimner combination 0,555 +4 (\%) = 0.525
° cr o cr

1s equal to the assumed value, this cowling satisfles the deslgn conditions.

Extrapolation of cowling-selection datsa.— When the design critical

Mach number appreclably exceeds the range covered in figure 53, figures 26,
47, 48, and 49 and equation (10) of appendix A may be used to extrapolate
the experimental design data to obtain longer or larger—inlet—dlameter
cowlings. As an 1llustration of the proposed extrapolation procedurs,

take all the conditions of the preceding example except the critical Mach
number and assume & new required critical Mach number of 0.%0. Then
proceed as follows:

(1) From top part of figure 47, determine required X/D for each
of several values of d/D (for example, %-:- 1.87 for M, = 0.9

and % - o.'ro).

(2) From figure 26 and equation (10) of appendix A, calculate

v
required values of (\-fj—.) for theoretical open-nose cowlings with
cr

o
sharp inlet lips, uniform surface pressure distributlions corresponding

to local M =1 at My = 0.90, and the same values of d4/D as the

cowlings selected in step (1) <ror example, <;i-) = 0.51 for % a 0.70).
cr

o
Vi
(3) Determine R values for the NACA l-series open-nose
O/cr
v
cowlings which correspond to (‘\71;) values of step (2) by reference to
o
: cr

v VA
figure 48 (for example, = = 0.66 for 4. 0.70, where 1 = 0.51
Vo D Vo
cr cr
for the theoretical cowling of this inlet—diameter ratio).
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v
(4) In order to allow for effect of the spinner on (El) , add an
O/cr
Vi .
increment of T = 0.04 to values obtained in step (3) after refer—
o
cr

ence to application data such as those of figure 49. Thus, for the

v
NACA l-serles cowling-spinner cambinatlon with = 0.70, (%) & 0.70.
O/cr

Do

A A
(5) Determine values of fi from figure 28 (for exampls, fi = 0.33

d Dg
for = =0.7 and — = o.ho).
D D

(€) Determine design values of mass—flow coefficient from figure 29

(for example,

A
-i = 0033)-

Vi
= 0.28 for = = 0.70, M,. =0.90, and
cr

o Q

F

(7) Cross—fair the assumed values of d/D and the corresponding .
values of X/D from step (1) a2z a function of the mass—flow coefficients
determined in step (6).

(8) At the required mass—flow coefficient of 0.23, determine from
the cross fairing of step (7) that the NACA 1-66,5-198 cowling is the one
required.

v
(9) Fram figure 29, determine that (?i) = 0.65 for the cowling—
cr

o
spinner combination of step (8). Then note fram figure 13 or equivalent
that thils value exceeds that necessary for avolding separation from the
gpinner.

SUMMARY OF RESULTS

An investligation has been conducted iIn the Lengley propeller-research
tunnel to study cowling—spinner combinations based cn the NACA l—series
nose inlets and to obtain systematic design data for one family of
approximately ellipsoidal spinners. The more important conclusions of
the investigation are summarized as follows:
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l. For each spinner there is a single minimum inlet—velocity ratio
below which boundary-layer separation from the splnner occurs at or ahead
of the inlet. In the case of the NACA l-series spinners, this inlet—
velocity ratioc is often higher than that necessary to cbtain an essentlally
uniform pressure distribution on the cowling and thus determines the high—
speed design conditlons. ) .

2. Short conical splmmers are superior to comparable NACA l—series
spinners with regard to the minimum inlet-—velocity ratio far which flow
geparation 1s avolded.

3. Separation bubbles occur on the lnner-lip surface of the

NACA l—seriss cowlings at high inlst—velocity ratios and, in the case of
the open-nose cowllngs, inltiate Important separation of the internal
flow. Im the case of the cowling—spinner cambinations, propeller opera—
tion causes a strong outwardly increasing total—pressure gradleunt ia the
inlet which delays and tends to eliminate such separation. A revised
inner-lip shape of the type investligated can be used to delay the forma-
tion of such separation bubbles to considerably higher inlet—velocity
ratios.

4, Within the usual range of proportions, the addition of
NACA l~series spinners to NACA l-series cowlings does not change the.
design critical Mach numbers for the cowlings appreciadbly, but frequently
causes large changes 1in the inlet-velocity ratios required to obtain
easentially uniform pressure distributlons on the cowlings. Where the
design conditions are not determined by the flow-separation character—
istics of the splnner, the design inlet—velocity ratio increases rapidly
wlth Iincreases in the slope of the splinner surface Just ahead of the
inlet; Important lincreases may be obtained when short conical spinners
are substituted for conventional spinners of the same over—all proportions.

5, With a propeller having approximately oval shanks, propeller
operation retards flow separation from the spinner and inner cowling-llp
surface and, within the usual range of high—speed operating conditions,
does not reduce the design critlical Mach number.

6. Increases in flight Mach number reduce tha effective angle of
attack of the cowling lip for given values of inlet-velociiy ratio less
than unlty and thus reduce the minimum value of inlet—velocity ratio for
which a near—uniform surface pressure distribution on the cowling is
obvalned and tend to make the inner cowling-—lip surface more susceptlble
to flow separatlon,

Inasmuch as the present tests were conducted at low test airspeeds,
the investigation necessarily included a study of ithe procedure required
to determine the design operating conditions at the deslign flight Mach
nuntber from the low—speed test resulis. In this study, existing rela-
tione for open—nose cowlings were generallzed to the case of the cowling--
spinner combination and extended to ths case of compreasible flow. The
derlved relations were then used to calculate the effect of Mach number
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on the design inlet—velocliy ratio and to establish a simple correction
procedure.

The design conditions for the NACA l-series cowlings and cowling—
splnner cambinations are presented in the form of charts from which, for
wide ranges of spinner proportions and rates of internal flow, cowlings
with nesr-maximum pressure recovery can be selected for critical Mach
numbers ranging from 0.70 to ebout 0.85. In addition, the characteristics
of the splmners and the effects of the spinners and the propellier on the
covwling design conditions ere presented separately to provide initial
quantitative data for use in a general deslign procedure through which
NACA l~series cowlings can be selected for use wlth spinners of other
shapes. By use of this general design procedure, ccorrelation curves
established fram the test data, and the equations of appendlx A,

NACA l—series cowlinge and cowling—spinner caombinatlons can be designed
for critical Mach numbers as high as 0.90.

ILangley Memorial Aeronautical Laboratory
National Advisory Comittee for Aeronaubtics
Langley Fleld, Va.
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APPENDIX A

EQUATIONS RELATING INLETAVELOCITY RATIO WITH
SURFACE PRESSURES AND FRONTAL AREAS OF
COWLING AND SPIRNER

P. Ruden in references 4 and 5 presents incompressible~flow equa—
tions relating the inlet—velocity ratio, lnlet-area ratlo, and surface-
velocity ratios for a nose inlet. Because of thelr importance to the
present investigation, these equations are herewlth gensralized to cover
the case of the cowllng—splnner combination, The scheme used in the
basic derivations is also used to obtain similar campressible~flow rela—
tlons for both open~nose cowlings and cowling-spinner combinations.

Consider in figure 54 the volume of reference which encloses the
cowling for a distance aft of the maximum-dlameter staetion great enough
to allow the external veloclties to retwrn to the free—stream value and
is so large that the pressures on its boundarles outside of the cowling
are everywhere equal to the free—stream pressure., In steady flight, this
volume must be in equlilibrium; hence, the difference between axial forces
on the ends of this volums must equal the rate of change of momentum of
the included flow, On the external surface of the cowling, the skin
friction corresponds approximately to the momentum loss in the boundary
layer so that both may be neglected in setting up the force equation.
Thus, the axial pressure force on the splnner plus the pressure force on
the Inlet area plus the axial pressure force on the cowling minus the
product of the free-stream pressure and the cowllng frontal area plus
the skin-friction drag of the spinner must equal the rate of change of
manentum of the internal flow. If forces which tend to push the refer—
ence volume in the thrust direction are deflned as positive, this rela—
tion can be expressed algebraically as follows:

Dy /2 a/2
25 PgT ar + 2= pyr dr
o Dg/2
D/2
+ 2% I dr — pF + £y = °1A1V1(Vo - Vi) . (1)

a/2



NACA RM No. L8Al5 35

If the free—stream pressure is taken as the reference pressure, and all

terms are divided by Qs the following expression in terms of the pres—
gure coefficlent ls obtained:

Dg/2 | a/2 p/2
£
2x Pgr ar + 2x Pyr dr + 2« Pcrdr+-c-l-s-
Q
o Dg/2 df2

2 2
, 2 -22) (ﬁ)(‘i&)(‘_’i _ ) o (2)
2 po VO VO

Then, if the ldcal pressure coefficients in the three terms on the left
are replaced by average pressure coefficlents welghted with respect to

. 2
frontal area, and 2ll terms are then divided by F = EE—, equation (2)
becomes

(39) ey |8 - e« - &)
+ 2[(%)2 ] P1 ( )(-— - 1) (3)

Incompressible~flow case.— If the flow 1ls incampressible so that

v.\2
Py = Py Py =1 _'(Gi) « Thersfore, the second and fourth terms can be
(o)

combined and the following general Incompressible—flow expression for

the average surface preasure coefficlent on a cowlliug—spinner combination
obtained:



36 NACA RM No. L8Al5

(%)

where the term fs/qu can be neglected unless the splnner diameter
1s very large with respect to the maximum dlameter of the cowling., It

2

v

will be noted that the inlet—velocity ratic occurs only as (' "fi)
o

so that a given set of pressures would appear to carrespond to two dif-—

ferent inlet-velocity retios, one greater than unity and one less than

unity.

Equation (&) can be used to compute the average surface-—pressure
coefficient on one component of the cowling—spinner combination if the
surface pressure distributione on the other component, the inlet-velocity
ratio, and the frontal dimensions of the inlet are known. Similarly,
with the surface pressures and frontal dimensions of one component known,
the required frontal area of the other component for stipulated average
surface pressure coefficients cen be calculated for arbitrary values of
inlet~veloclity ratio. Also, as In the present report, this relation can
be used to compute the inlet—velocity ratio from the frontal proportions
of the installation and the surface pressure distributions.

In the case of the open-nose cowling, the spinner diameter ratio
goes to zerc so that equation (4) for this special ocase becomes

(5)

This equation can be transformed directly into the forms given in refer—
ences 4 and 5,

Compressible~flow cese.— An examination of equations (2) and (3)

shows that all terms of these general relations are affected by a depar—
ture from the sssumption of incompreassible flow, However, it is possible
to calculate the effects of campressibility on the Inlet-statlc-—pressure
coefficient Py and on the inlet—-density ratio pi/po as a functlion

of inlet=velocity ratio. Therefore, the same method of analysis can be

-
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used to obtain ccumpresslible—~flow expressions relating the inlet-—velocity
ratio to the surface pressure coefficients and frontal areas of the
spinner and cowling.

Consider the energy eguation,
702 S P3

P
2 7-lp° 2 7—lp‘i

2 2
23_13=7-1("° J’i)

1353 P 7

i
P31\’

Since Py = Pg (P—o-) for isentropic flow,

i fa} 1 r 2 2
P’
P v
Then, since -o- = —— and -°- = M 2,
TPo a2 a2 °
o o

—_— —_— - I—= v
p17 -1, 7 =L._1.M2p°7 [__j.-.):l

Whence

— = — 2
'MO MO ( ) + 1 (6)
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Then, since f-;-‘! = 2 =
(o] mo
Py — P
Q9
_____ ) . . 7
1 1 A5 7=t
iR Lt S S u°2<-‘,r-i—) +1 -2 (7)
7MO 2. (o]
. iy
Py sV
Also, from equation (6) since == = for isentropic flow,
o] o
L
2 r=1
o} - - v
P_lz=1y2_7 1:402(_1) ‘1 (8)
Po 2 2 Yo

Having expressions (7) and (8), the second and fourth terms of
equation (3), as in the incompressible-flow case, again can be combined
into a single term

. -ZE
2 D \2 _ T2 7=
IDRE) Ea (ISR
D D 7M02 2 2 Yo
L

2 2 y—1
vy Villy=-1,2 y=1_,2/(71
o+ —— — a— MO -— MO — + L
Vo Vo 2 T2 Vo

If a symbol C is assligned to the quantity within the large parentheses,
the following compressible—~flow expression for the average surface pres-—
sure coefficient on the cowling of a cowling—spinner cambination can be
obtained from equetion (3):
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(2 n, o= [0 -] 2

6 -

where, it is again noted, that the term fs/qu can be neglected -

unless the spinner diameter 1s very large wlth respect to the maximum
diameter of the cowling. The corresponding expression for the open-nose
cowling 1s then

Cavy

Pegy (10)

As an aid to the solution of these equatloms, factor C 1is presented in
Pigure 26 as a function of the free—stream Msch number and the inlet—
velocity ratio.

Equations (9) and (10) when used with figure 26 have approximately
the same Tield of application as incampressible—flow equations (k)
and (5). Also, as develcoped In the text, it is possible by use of these
equations to determine the approximate high—speed inlet—velocity ratio
fram low—speed test data by extrapglating the measured surface-pressure
coefficiegtslby means of the von Karmdn relation, However, inasmuch as
the von Karman relation does not accurately predict the wvariation of
large positive pressure ccefficiente with Mach number, the latter applica-
tion can glve reasonably accurate results only s8¢ long as the region of
large positive pressure on the cowling and spinner are small with respect
to the reglon of negative pressure on the cowling,
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TABLE I

¥ACA l-SERiEs ORDINATES A8 APPLIED TO COWLINGS AMD SPINNERS

- b 4
cugh * [
Ref line thr X
c':n.t':;n:; nose radius (»} _/__,[—-—4[;"’[ Y
< 3,
[ Xg F [~ T T T T T T T -
“ Y,
Ts L d
- - g
0.147D —»] I-_
—0.110D B.
LT 777 7 s
yayvarrs

Y5 — =

2 2
D(J.-E)
Ded D
=

= - =
For 0025t X .05 205
[Grd.imt&n in percent, reference 1
x/X or| ¥/Y or|| x/X or| ¥/¥ or || x/X or| ¥/¥ or| x/Xx or| y/Y or
/%y | Yu/ty || Xa/%g | TalMa || Xa/Fg | ¥alYg || %a/%a | ¥u/Ya
o o] 13.0 | 4l.94 54.0 | 69.08 60.0 |..89.11
2 4.80 14.0 | 43.86 35.0 | 70.08 62.0 | 90.20
-t 6.63 15.0 | 45.30 56.0 | 71.06 64.0 | 91,25
«6 8.12 16.0 | 46.88 37,0 | 72.00 68.0 | 9R.20
8 0.83 17.0 | 48.40 38.0 | 72.94 68.0 | 93,11
1.0 | 10.38 18.0 | 49.88 539.0 | 75.85 T0.0 | 95.95
1.5 | 12.72 19.0 | 5l.81 40.0 | T4.75 72.0 | 94.75
2.0 | lda.72 20,0 | 52.70 41.C | 75.83 74.0 | 95.48
245 | 16.57 R1.0 | 54.06 42,0 | 76.48 76.0 | 86,18
3.0 184351 22.0 56.37 43.0 T7.52 780 96,79
3.5 19,94 23.0 56.86 44.0 78.18 800 97.36
4.0 | 2l.48 24.0 | 57.92 45,0 | 78.95 82.0 | 97187
4.5 22.96 25.0 59.16 46,0 79.74 84.0 098,33
5.0 | 24.36 26,0 | 80.35 47.0 | 80.%0 86.0 | 98,74
8.0 27.01 27.0 €l.52 48.0 8l.26 88.0 99.09
7.0 | 20.47 28.0 | 62.67 49.0 | 81.99 90.0 | 99.40
8.0 | 31.81 29,0 | 63.79 50.0 | 82.69 9240 | 99.65
9.0 34.05 S0.0 64.89 52, 0 84.10 94.0 £8.85
10.0 36.13 31.0 85.97 54.0 85.46 86.0 99,95
11.0 | 38.156 2.0 | 67.08 5€.0 | 86.73 98.0 | 99.98
12,0 40.00 33.0 €8.07 58.0 87.96 1000 [100.00
Cowling nose rgdlius: 0.026Y
HOTE: Dotted linea show particular internal configuration

used in present testa.

41



Toble IT. - MACA I -Series (owlings cnd Spinners Tes7ed.

T i -z /5550 ﬂ—f’w—j
—~— '<___ 'g} 1 O-
e |
/-20-060
\ /-20~040
L 7 - :}5 _ _ /-60-100 /60075
\\\‘ . —— - &J
Q_\‘—‘——"
+50-060
\ -50-(40 39959 e =
i s Y ve T \_ _ /-70-/00 /-70-07%5
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COnJUnction with all spipners
an same horizonial 1ine.
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TABLE III.- TEST CONFIGURATIONS WITH LONGITUDINALLY
DISPLACED SPINNER.

NACA 1-70«100 cowling

NACA 1-40-040 spinner

—

///,r”” ~ T D
- ,’

AN

[
N

'\\\ ‘—___\

—

<0 ¢ 15D

TABLE IV.- TEST CONFIGURATION WITH CONICAL SPINNER.

T
Dia. = 0.48D g

NACA 1-50-060 spinner————\\\v N R = 0.17D
Conical spinner R -

£ 19° _
- o k0.06D l
- ]
R, i

N

o
(4]
o

NACA 1-70-075 cowling —/
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TABLE V.- MODIFIED INRER-LIP S8HAPE
TESTED ON TWO BASIC COWLINGS.

Original
NACA 1-60-075 cowling
JYr = 0.01D
TNTTTTTTT T Reference 11ne—/
Xt = 0. D

Modified shape utilizing NACA l-serles ordinates

NACA 1-85-050 cowling

1l inch

Reference line
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TABLE VI.- XKEY TO BASIC CRITICAL MACH NUMBER DATA
FOR NACA 1-SERIES COWLING CONFIGURATIONS
Flgure Cowling Spinner
Xg De
D D
(a)
30(a) 1-55~150 0.40 0.20, 0.30, 0.40
30(b) doe. . 80 doe
50(0) do. 80 0.40
31(a) 1-565-100 «40 0.20, 0.30, 0.40
51(b) dos «80 doe
31(c) doo «80 0.40
52(&) 1-55"050 _-40 0.20’ 0.50’ 0.‘0
32(b) do. «60 ' do.
32(0) doe. «80 0.40
33(a) 1-60-100 "«40 0.20, 0.30, 0.40, 0.50
33(b) do. «60Q doe
33(c) do. +80 0.40
34(a) 1-60-075 «40 0.20, 0.30, 0.40, 0.50
34(b) do. « 60 doo
34(c) do. «80 0.40
35(&) 1'70"100 .40 0-20. 0-30, 0040, 0050
35(v) dos «60° 0.20, 0.30, 0.40, 0.50, 0.60
35(c) do. .80 | 0.40, 0.60
36(a) 1-70-075 «40 0.20, 0.30, 0.40, 0.50
36(b) doe «60 0.20, 0.30, 0.40, 0.50, 0.80
36(0) do. 80 0'40, 0.60
37{a) 1-70-080 «40 0.20, 0.30, 0.40, 0.50
37(b) doe +80 0.20, 0,30, 0.40, 0.50, 0.80
37(c) do. 80 0.40, 0.60
38(a), (b) 1-85-050 «40 0.40, 0.50
38(0), (d) do. 60 0.40, 0.50, 0.60
38(e), (f) do, «80 0.40, 0.680

2 pata for open-nose condition are presented in each figure for

~SE

purpose of comparison.







(a) NACA 1-55-100 cowling with 1-40-080 spinner installed,

Figure 1.- Views of model installed in Langley propeller-research tunnel.
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(b) Propeller installed; NACA 1-70-075 cowling with 1-40-080 spinner.

Figure 1.~ Continued.
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(c) Detail view of inlet showing propeller and instrumentation; NACA

1-70-075 cowling with 1-40-060 spinner,
Figure 1.- Concluded.
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Fressure measuring  yacA [-70-075 cowling

Station in mnfel

/30 HP a-c. motor
Air-flow contro/
| shutters, open basition
370 F dia 3- !
bloded propaller 25 HPaw
NACA F40-060 spinner .
o ;
< g ~— = ]
I ——
22 Air seafs
L . Moge! support sfruts
Y2725 Dra cylindrical section
Station Mo 5 2044

Note : All dimensions are 1n wches

Figure 2,- General arrangement and principal dimensions of model.
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447

NACA /—40-.J60

spianer

| >
| ' l Deve/oped/
planform
NACA 1-70-075 couring
h b
b Dp. \
1O — /O N 70
5 \\ \\
L 08 -
7 IENEZERN AN
B \ \ b
6 - 06 T}K \\\e : 70 6, oeg
N
2 |- o4 J 40
B / 1\ g \\\ \
- N
.2 . : 08 \\\ ' % 30

0= O 5~ 3 6 & 7o
' rirR

jgure 3.- Plan~form and blade-form curves for the Curtiss 88980
propeller. R, radius to tip; Dp, diameter; r, station radius;

h, section thickness; b, section chord; B, section pitch angle.



o wtl "

~i5 1T 11
=12 -2
-8 Symbol! W/l - -3 —1
P Lo oI 0—-—:H P -
-# ¥ an -4
0 L L g W
y 1 ¢ ’
g
s 11 i 117
- ondtt - i
~46] -]
Sonnar Cowling Sosnner g Cowling
- A&
P ) P .
e 4 o)
& *
0 o -
. y
""G
4 : #
f L% [ ~NACA " ]
d aﬁ ﬁ"
w . & LII | - [ 1.1 IT
¢ & 4., 4 DO 2 4_,6 A a 0 2 & .,6 &2 MWO B &£_,6 O 0
5 ” g "y, *

(2) NACA 1-55-100 cowling with 1-40-060 spinner,

Figure 4.~ Statlc-pressure distributions over top of representative cowlings and cowling-spinner
combinations, propeller removed, M, = 0.13.
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(b) NACA 1-70-100 cowling.

Figure 4. -

Continued.
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(¢c) NACA 1-70-100 cowling with 1-20-060 spinner.

TFigure 4.- Continued,
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(d) NACA 1-70-100 cowling with 1-40-040 spinner.

Figure 4.- Continued.
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(e) NACA 1-70-100 cowling with 1-40-060 spinner.

I'igure 4.- Continued.
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(f) NACA 1-70-100 cowling with 1-40-080 spinner.

Figure 4.- Continued,
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(g) NACA 1-70-100 cowling with 1-80-060 spinner.

Figure 4,- Continued.
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(h) NACA 1-70-050 cowling with 1-40-080 spinner.
Figure 4.- Concluded.
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Figure 5.~ Minimum pressure coefficients for top of spinners of representative NACA 1-series
cowling-spinner combinations; propeller removed, Mt = 0.13.
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Figure 7.- Variation of minimum static pressure coefficient for the
NACA 1-40-040 spinner with inlet-velocity ratio for several
spinner positions. NACA 1-70-100 cowling, @ = 0°, M, = 0.13.
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(a) Propeller removed.

Figure 9.~ Total pressure distributions at station 0.75 at top of intet,
NACA 1-70-075 cowling with 1-40-060 spinner.
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Figure 11.- Effect of inlet-velocity ratio and propeller cperation on boundary-layer thickness on
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Figure 13.- Minimum inlet-velocity ratios for which unseparated boundary layers were obtained
at station 0,75 on top of NACA 1-series spinners, Propeller removed,
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Figure 14.- Effect of spinner shape on boundary-layer thickness on
spinner at station 0.75 at top of inlet; NACA 1-70-075 cowling,

propeller removed.
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(2) No spinner.

Figure 15.- Static pressure distributions around nosé sections of
representative NACA 1-series cowlings; propeller removed,
a = 0°, M, = 0.13.
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Figure 15.- Concluded.
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Figure 16.- Minimum static-pressure coefficients for inner lip surfaces of typical NACA 1-series
cowlings and cowling-spinner combinations, Propeller removed, @& = 0°, M = 0.13.
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Figure 18,- Total-pressure-loss coefficients at reference tube 0,12 inch from inner surface
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Figure 20.- Effect of propeller operation on total-pressure-loss coefficient at station 0.75
at bottom of inlet. NACA 1-70-075 cowling with 1-40-060 spinner.
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(b) NACA 1-85-050 cowling with 1-60-080 spinner.

Figure 21.- Effect of inner lip shape on static-pressure distribution around cowling nose,
propeller removed, @ =0° M, =0.13.
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Figure 22.- Effect of inner lip shape on total-pressure-loss coefficient at reference tube 0.12 inch
from inner surface of cowling at station 0.5 at top of inlet, propeller removed, @ = 0°,
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Figure 24,- Effect of propeller operation on average total-pressure coefficient for flow just
outside boundary layer of cowling. NACA 1-70-075 cowling with 1-40-080 spinner;

M; =0.13.
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Figure 28.- Factor C in equations (9) and (10) of appendix A as a
function of inlet-velocity ratio and free-stream Mach number,
(Symbols are used only for purpose of identification.)



92 NACA RM No. L8A15

Wi <100

Figure 27.- Schematic diagram illustrating effect of compressibility
on the stream tube containing the internal flow at a constant
inlet-velocity ratio.
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Figure 31.~ Predicted critical Mach numbers for the NACA 1-55-100 cowling, (Ticks locate
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Figure 33.- Predicted critical Mach numbers for the NACA 1-60-100 cowling, (Ticks locate
minimum design values of Vi/V determined by separation from spinners.) Propeller
removed.
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Figure 34,- Predicted critical Mach numbers for the NACA 1-80-075 cowling. (Ticks locate
minimum design values of Vi/V o determined by separation from spinners.) Propeller
removed.
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Figure 36.- Predicted critical Mach numbers for the NACA 1-70-100 cowling, (Ticks locate
minimum design values of Vi/Vo determined by separation from spinners.) Propeller
removed,
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Figure 37.- Predicted critical Mach numbers for the NACA 1-70-050 cowling. (Ticks locate
minimum design values of Vi/V0 determined by separation from spinners.) Propeller
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Figure 40.- Effect of spinner location on the predicted critical Mach number for the NACA
1-70-100 cowling with the 1-40-040 spinner, propeller removed.
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(b) Cowling-spinner combinations, 1-30-040 spinner.

Figure 456.- Continued.
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Figure 48,~ Comparison of envelope values of (Vi / Vc) for NACA 1-series open-nose cowlings
cr

%1

with values calculated for equal critical Mach number cowlings having same inlet diameters,
sharp inlet lips, and absclutely uniform surface pressure distributions; a = 0°,




Figure 49,- Experimental and calculated effects of spinner proportions on inlet-velocity ratio required

to obtain a critical Mach number equal to the design value for the open-nose cowling; flow over
spinners not separated, @ = 00,
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Figure 50.- Illustration of method used for selecting design points. NACA 1-40-060 spinner,
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Figure 51.- Design conditions for NACA 1-series cowling-spinner combinations as a function of
spinner proportions, propeller removed.
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() a=0".

Figure 52.- Selectlon charts for NACA l-series cowling configurations.
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(b} a = 0° (Continued).

Figure 52.- Continued.
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Figure 52.- Continued.
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Figure 52.- Continued.
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(f) e = 2° (Concluded).

Figure 52.- Concluded.
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Figure 53.- Design values of critical Mach number and inlet-velocity ratlo for NACA 1-series
open-nose cowlings.[
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Figure 54.~ Schematic diagram defining quantities considered in theoretical calculations of
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