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Psge 65, figure 18, upper right plot: the inlet average total pressure

curve (solid-line curve) for the 2k4.percent-thick shank propeller with
ideal juncture et the climb blade angle (BF = 47.4°; BRr = b6.6) is
The necessary correction is made in the figure below.

in error.
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SUMMARY

An Investigation has been conducted at low speed in the Langley low-
turbulence tunnel to study the effects of variations in propeller-shank
geometry and propeller-splnner-Juncture configuration on the aercdynamic
cheracteristics of an NACA l-geries cowling-spinner combination equipped
with an elght-blade dual-rotation propeller. Several propellers, which
had maximum shank thicknesses varying from 12 to 100 percent (round shank)
of the blade chord, were investigated with "ideal" sealed and faired
propeller-spinner Junctures over ranges of blade angles and advance ratios
covering high-speed, crulsing, and climbing flight. A representative
propeller was investigated with several propeller-spinmer-juncture
arrangements that permlitted blade rotation. Blowlng and suction slots
on the spinner were investigated 1n attempts to reduce the Inlét-velocity
ratio required to avold flow geparation ahead of the inlet.

The addition of any of the propellers to the basic cowling-spinner
combination did not increase the minimim inlet-velocity ratio required
to avold boundery-layer seperation from the splnner surface and did not
decrease the predicted criticel Mach number of the cowling. Propeller
operation also delayed separation from the inner cowling-lip surface at
high inlet-velocity ratios.

At the simulated design-cruise condition, the propeller with
12-percent-thick shanks and "ideal" propeller-spinner Juncture produced
average total pressure coefficients at the cowling inlet and dlffuser
nearly egual to those obtalned with propeller removed., Increases in
propeller-shank thickness causes significant reductions in these coeffi-
clents; the round-shank propellers caused much greater losses than the
airfoil-shank propellers of the same thickness. The incorporation of
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propeller-spinner-Jjuncture arrangements that permitted blade rotation

- also reduced the total pressure coefficients as long as the juncture was
located inside the spinner boundsry layer. An alrfoill-land-type 'Juncture
which had the land-shank gap located well above the spinner surface gave
total pressure coefficients approximastely equal to those for the "ideal"
Juncture .in the simulated high-speed and crulse conditions and was
superior in the climb condition. Of the two boundary-layer-control
methods investigated only the suction scoop provided any improvement

over the basic configuration with propeller operating.

' INTRODUCTION

The power and economy of gas-turbine engines are markedly dependent
on the efficiency of the sir-induction system (reference 1). In the case
of the turbopropeller engine equipped with a conventional cowling-spinner
combinetion (D-type cowling), the problem of obtaining low intake losses
is complicated by the presence of an initial boundary layer on the
spinner sheed of the inlet-and by interference effects introduced by the
propeller.

General procedures and charts for the selection of high-critical
Mach number cowling-spinner combinations of high intake efficlency are
presented in reference 2. The application of these design procedures
and date for determining optimum cowling and spinner proportions for a
glven instsllation necessarily requires a knowledge of the effects of
propeller operation on the stability of the spinner boundary lsyer and
on the flow in the vicinity of the cowling. Reference 2 presented some
information on this subject for the case of the thick-shanked single-
rotation propeller and pointed out the need for similar information for
other types of propellers. In each case, informatlon is needed relative
to the loss characteristics and deslgn requirements of efficlent propeller-
splnner-juncture arrangements.

The present investigation was undertaken in the Langley low-
turbulence tunnel to study the effects of propeller-shank geometry and
propeller-spinner-Jjuncture shepe on the aerodynamic characteristics of ~
a cowling-spinner combination equipped with a high-solidity, high-sdvance-
ratio, dual-rotation propeller. This configuration is of great-interest.
at the present time for higH-subsonic-speed turbopropeller-powered air-
craft and presents a partlcularly difficult design problem, from the
viewpoint of obtalning low inteke losses, because of the large silze of
the spinner, the number of blades, the large size of the blade-root
sections, and the counter-rotation of the propeller elements. The
investigation is preliminary in the sense that it was conducted at low
speeds so that additional tests at high speeds are required to establish
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the effects of compressibilility. It wae bellieved tHat a preliminary
Investigation of this nature was Justifiable in order to determine whether
low losses are possible and to define the conflgurations of greatest
interest for the necessary future lnvestigation at high speeds.

For the main part of the investigation, the basic cowling-splnner
combinetion was tested with no-propeller and with five propeller config-
urations with varying shank shapes and thicknesses. Each of the
propellers was tested with an serodynamically "ideal" propeller-spinner
Juncture; that 1s, the shank was extended to the spinner surface and
sealed. Four Jjuncture configurations that permitted blade rotation were
tested with one of the sirfoil-shank propellers. Attempts to reduce
.‘the minimum inlet-velocity ratio for avoidance of spinner boundary-layer
separation by boundary-layer control were alsoc made by using a blowing
slot between spinner components and a suction scoop at various positions
ahead of the inlet. The internal- and externsl-flow characteristice of
the several configuretions were evaluated from total-pressure surveys
et the cowling lnlet, in the ducting, snd behind the propeller and static-
pressure surveys over the splnner and cowling surface.

F W d

SYMBOLS

A area
b blade chord
d inlet diameter

maximum diameter

frontal area of cowling

normal distance from central body
h' blade thickness
H total pressure
M Mach number

n - revolutions per second

s} static pressure

D - Dp,
P static pressure coefficient N
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q dynamic presgsure

Q volume rate of flow

r radius from cowling center line unless otherwise specified

R maximum redius measured from cowling center line

v veloclty

J propeller advance ratio (Vq/npé)

x dlstance from nose of cowling, basic spinner, open-nose
spinner, suction scoop, or propeller land

X meximum length of component

y ordinate measured from axis of rotation or cowling reference
line

Y meximum ordinate of component——

zZ land height above spinner surface normal to axis

x angle of attack of center line of model

B angle of attack of propeller blades from plane of rotation
(blade angle values given herein st (r/R)P = 0.75)

s nominel boundary-layer thickness (&efined as normsal distence

B - p,
from surfsce to point where —— = 0.95)
9,

Subscripts:

av average value weighted according to area at measuring station

b blowing slot or suction scoop

c cowling

cr critical

d . diffuser
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F front blade

i . inlet

(o} free stream

D propeller or condition in flow behind propeller
R rear blade

8 spinner

MODEL

An isometric sketch of the general model arrangement 1s presented
in figure 1 and photographs of the several test configurations are
presented in figure 2. The test model consisted of a 12-inch maximum-
diameter nacelle mounted in the midposition on & two-dimensional
NACA 653—018 wing. The NACA l-series nondimensional ordinates (refer-

ence 2) were used in the design of the cowlings and spinner of the present
Investigation. These ordinates are presented in tsable I.

D X
Spinners.- The NACA 1-46.5-085 spinner (D—S = 0.L465, 551 = 0.85)
c c
selected for the basic cowling-spinner combination was considered the
smallest-dlameter shortest-length NACA l-series spinner that would enclose
a blade-angle-change mechanism required for a large-dismeter elight-blade
dual-rotation propeller. The division between the front end rear spinner

halves occurred at station ;5 = 0.609; the gap between spinner components
8
was 0.03 inch.

Two attempts were made to reduce the value of inlet-veloclty ratio
required to avold flow separation shead of the cowling inlet by application
of boundary-layer control. In tke first case, the nose sectlion of the
basic spinner was removed (fig. 2(c)) and refalred as shown in table II.
Alr at free-stream total pressure was ducted through the hollow front
section and ejected into the spinner boundary layer through a slot formed
between the front- and rear-spinner halves. In the second case, an
annular suction scoop was installed at the base of the spinner in several
longitudinal positions, 3.00, 1.50, and O inches shead of the inlet
(table ITL). The scoop flow exited from the model nacelle through three
streamline tubes located 120° apart (table IIT and fig. 2(d)). The exits
were located in a low-pressure region on the cowling to induce the scoop
flow.
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Cowlings.- The NACA 1-62.8-070 cowling <Di = 0.628; ;% - 0.70) )
c c
was selected as the basic cowling. (See tables I, II and fig. 2.) An v

NACA l-series inner liner (Y = 0.01D.; X = 0.04D.} see table II) was

incorporated at the inner lip as recommended in reference 2 to delay

the formation of bubbles of separation from the lower inner-lip surface
to high values of inlet-velocity ratioc as required for the take-off and
climb conditions. The internal ducting included & 9° equivalent conicel

diffuser (area ratio, 1.82 to 1.0). The inlet-annulus area, = = 0.16L4,

for the basic cowling-spinner combinetion was considered sufficient for
the air-flow regqulrements of a high-powered fturbopropeller englne when
operating in the cruise condition at a Mach number of 0.8 and inlet-
velocity ratio of 0.5 at an altitude of 35,000 feét.

For the tests with the spinner boundary-layer suction scoops
instelled, the basic cowling was replaced by an NACA 1l-T0-OTO cowling
with 0.01D, innmer liner (tsble III and fig. 2(d)). The resulting inlet-

annulus area, %l = 0,222, for this cowling-scoop combination will intseke

the same mass flow of alr as the basic cowling at an inlet-velocity

ratio of 0.36 at the assumed operating conditions. The internal ducting .
for this configuration was slso changed to a 6,48° equivalent conical

diffuser (srea ratio, 1.40 to 1.0). The inlet and diffuser area ratios,

A .
;i and._Kg, for the combination of the NACA 1-70~070 cowling with an
1 _
NACA 1-46.5-085 spinner with scoop removed were 0.256 and 1.345,
respectively. ’

Propellers and propeller-spinner Junctures.- Plan-form and blade-form
curves of the several elght-blade dual-rotation propellers are presented
in figure 3. Each propeller was composed of NACA 16-series sections
and was designed to operate et an advance ratio of k.2 at-—the assumed
cruise condition. Three alrfoll-type shank propellers with root thick-
nesses of 12, 24, and 40 percent (figs. 3(a}, 3(b), and 3(c)) were designed
with the same section 1ift coefficients and blade twist distributions
and were ldentical in geometry with exception of the distribution of
section thickness inboard of the 55-percent-radius station. Two round-
shank propellers which had shank dlameters equal to the meximum thickness
of the 24- and 4O-percent alrfoll-type shank propellers were also
investigated (figs. 3(d) and 3(e)). These two round-shank propellers
also had the same section lift coefficlents and twist distributions e&s
the eirfoil shank propellers, but the distribution of blade-wildth ratio
and thickness retio differed inboard of the 25-percent- and 55-percent-
radius stations, respectively.

CormuuiiEN
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Each propeller was tested with an aerodynemically "ideal" propeller-
spinner juncture; that is, the propeller shank extended to the spinner
surface and was sealed. In sddition, the 2k-percent-thick shank
propeller was tested with four "practical” Juncture conflgurations with
which the propeller could be rotated through 120° of blade-angle change;
this chenge is representative of the range from full feather to reverse
thrust. For the first Juncture a sectlon of the blsde root just high
enough to allow this blade-angle change was removed (fig. 2(h) and
tegble IV). The second juncture consisted of a low airfoil-type land
which was installed under the front sections of the front and rear
propeller components and filled the minimum-height opening, except for
a gap large enough to allow blade-angle changes (fig. 2(1) and table IV).
A second airfoll-type land (fig. 2(3) and tsble IV) exterding farther
from the spinner surface wes also lnvestigeted. In thls case the land
height was selected such that the gap between the propeller blade and
the land would be out of the splnner boundary layer. The land shape and
angle for both these configurastions were the same as that for the
propeller-shank at compasrable radius stations; for propeller blade angles
other than the design value, the blade shank and land were no longer
alined (fig. 2(k)). The fourth juncture was a land designed to cover
the base of the blade for & blade-angle range from the assumed-climb

propeller-blade angle of 47.4° front and 45.6° rear (at I = 0. to the
R ™

assumed high-speed blade angle of 67.4° front and 66.6° rear (see
fig. 2(1) and table V). In each of the three land configurations tested,
the land-shenk gap was 0.010 inch.

APPARATUS AND TESTS

The model was mounted in the middle of the tunnel with the support
wing spanning the 3- by 7%—foot rectangular test section of the Langley

low-turbulence tunnel. Internal flow was induced and controlled by a
varigble-speed centrifugsl blower and the flow quantity was measured by

a calibrated orifice meter. The flow exited from the model diffuser

into a small plenum chember and then was conducted to the blower through
auxilisry ducts on the top and bottom of the support wing (fig. 1). The
eight-blade dusl-rotation propellers were driven by a 20-horsepower
varigble-speed electric motor through a 3 to 1 reduction, right-angle
gear drive; the driving motor and geaer drive were both mounted internally
in the support wing. Because of the limited power of the driving motor
and the small width of the tunnel test section, each propeller was cut
off at the 6k4.lL-percent-radius station (fig. 3) and the tips were rounded;
the advance ratios presented, however, are based on the full-model scale
diameter of 3.09 feet.
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Surface pressure distributions over the top of the spinner, top of
the cowling, and inslide lip of the cowling were measured by means of 5,
8, and 4 flush orifices, respectively. With propeller removed., pressure
surveys at a station 0.75 inch inside the inlet were made by using a rake
of eight totml-pressure tubes extending across the amnnulus at the top of
the inlet and two total-pressure tubes locasted 0.06 and 0.12 inch from
the cowlling inner surface at the bottom of the inlet. Pressure surveys
were also conducted at the end of the 1.82-ares-ratio diffuser of the
basic 0.628 a/D, cowling and at the end of the 1.40- and 1.345-area-

ratio diffusers of the 0.70 d/D, cowling by means of eleven total-

pressure tubes extending across the annulus at the top section. The
diffuser total-pressure rake was offset so as to be out of the wake of
the inlet rake. The splnner boundsry-layer thickness 5 was determined
from the inlet total pressure distributions.

With propeller installed, the total-pressure-tube instrumentation
was replaced by shlelded totsl-pressure tubes. A seven-tube rake of
shlelded totsl-pressure tubes was &lsoc installed Just behind the propeller
and extended from the cowling surface to the propeller tip (see fig. 2(b)).
The quantity flow through the open-nose-spinner configuration was deter-
mined for the propeller-removed case by means of measurements of a total-
end stetic-pressure tube locsted in each side of the exit in the
horizontal plane. Suctlon flows for the boundary-layer scoop configura-
tions were determined from measurements of a total- and static-pressure
tube in each of the three exits.

The pressure measurements of the model were recorded by photographing
a multitube manometer. Differentlal orifice meter pressures were read
visually from a second multltube manometer.

Total~ and static-pressure surveys were conducted for inlet-velocity
ratios ranging from 0.3 to 1.6 and angles of attack ranging from O to 10°
for both the propeller removed and inatalled conditiona. The assumed
propeller operating conditions are tgbulated below:

Blade angle | Advance

Flight Condition (deg) ra:;io,
Front| Rear
High-speed 67.4 | 66.6 5.25

- Cruise (design) | 63.1 | 62.3 L.20

Climb 1.4 | 6.6 1.56
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A range of advance ratio was investigated for each of the propeller
blade angles. All tests were conducted at a tunnel sirspeed of 100 miles
per hour which corresponds to a Mach number of 0.13 and a Reynolds

number of approximately 0.94 x 106 based on the 12-inch-maximum cowling
diameter of the model.

RESULTS AND DISCUSSION

Internal Flow

Basic cowling-spinner combinatlon, propeller removed.- Total pressure

distributions across the ammulus at the top of the inlet and diffuser

of the basic cowling-spinner combinastion are presented in figure k. At
the higher inlet-velocity ratios, total pressure coefficients neasr unity
were obtalned over a large part of the inlet and diffuser; the localized
losses which occurred in the inner and outer sections of the diffuser

at the highest inlet-velocity ratios were probebly due to increased skin
friction at the duct walls. As the inlet-velocity ratic was reduced
from the higher values, small total-pressure losses began to occur at

the inner section of the inlet annulus because of increases in boundary-
lgyer thickness over the splnner. With further reductions in inlet-
velocity ratio to values below 0.50, the spinner boundary leyer thickened
rapidly under the influence of the increasingly sdverse pressure rise
ahead of the inlet (fig. 5) and soon separated; this separation

caused significant losses in total pressure. Increases 1n angle of
ettack also increased the megnitude of the pressure rise ahead of the
inlet (fig. 5) and required higher values of inlet-velocity ratio to
avold the large losses due to separation. These effects sre clearly
shown in figure 6 which presents the boundary-layer thickness on top of
the spinner and 0.75 inch inside the inlet as & function of inlet-velocity
ratio and angle of attack) the spinner boundary-layer thickness &,
plotted in figure 6, has been arbitrarily defined as the distance normsl
from the central body to the point where the inlet total pressure coeffi-

clent Hi - Py equaled 0.95. The pronounced "knees" at the lower values

of inlet-velocity ratio are indicative of the onset of separstion. The
small "knees" occurring in the B curves of figure 6 at the higher inlet-
velocity ratios may be assoclated with a forward movement in trensition
from laminer to turbulent flow as the 1lnlet-veloclity ratio was decreased.

The effects of roughnessg end spinner rotation on the spinner boundary-

layer-thickness characteristics are presented in figures T and 8.
Installation of varying degrees of roughness around the splnner st

<o
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approximately the minimum-pressure station ()x?si = 0.5)4-) caused only
8

small increases in the boundary-layer thickmess (fig. 7) and did not
affect significantly the inlet-velocity ratlio st -which the boundary lsyer
began thickening repidly. Similarly, rotation of the spinner with
surfaces smooth both as a single- and a dual-rotation unit (fig. 8) did
not cause significant changes in the inlet-velocity ratio required to
avold the rapid lncrease in thickness characteristics of the onset of
gseparation. It 1s noted that the smell "knee" which occurred at the

high inlet-velocity ratios with the smooth nonrotating spipner was not
obteined with the largest roughness particles installed or with the dual-
rotation spinner. This result further points out the possibllity of the
"knee" being associated with a movement of transition.

In eddition to total-pressure losses caused by thickening and
separation of the splinner boundary layer at low inlet-veloclty ratilos,
losses might also be expected to,occur at the high-inlet-velocity ratio,
high-angle-of-attack flight-conditions (take-off and climb) because of
seperation from the inner surface of the 1lip at the bottam of the cowling.
Such indications were determined from measurements of total-pressure tubes
located 0.06 and 0.12 inch from the lower inner-lip surface of the
cowling 0.75 inch inside the inlet (fig. 9). ILow loss coefficients were
meintained to the highest test inlet-velocity ratio at angles of attack
up to 5° and also were maintained to an inlet-velocity ratic of about
1.0 at an esngle of attack of 10°. At this high angle of attack, the
losses measured by the tube nearest the surface (0.06 inch) increased
rapldly with increases 1n inlet-velocity ratios gbove 1.0; this increase
indicated the formation of bubbles of separation. These bubbles, however,
were confined to a region very near the inner surface} no losses were
indicated to occur at the tube 0.12 inch from the surface for any angle
of attack and inlet-velocity-ratlo condition. It appears, therefore,
from this date and that presented in reference 2, that 0.01D, helght

inner-1lip falring is probably sufficient to avoid signlificent losses over
a large part of the range of flight conditions. The effect of propeller
operation on the lower inner-l1ip separation cheracteristics wlll be
discussed 1n & later section.

Average total pressure coefflclents at the top of the inlet of the
basic cowling-splnner comblnation weighted with respect to area are
presented in figure 10. For the inlet-velocity-ratio range of 0.45 and
greater, the coefficients closely approached unity for the case for an
angle of attack of 0°. Below this value of inlet-velocity ratio, the
total pressure decreased rapidly because of the thickening end subsequent
separation of the splnrner boundary layer ahead of the inlet. For angles
of attack grester than O°, the inlet-velocity ratioc required to avold
spinner separation and the attendling large losses 1n total pressure at
the top of the inlet was increased conslderably. It should be noted,
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however, that the entering flow would be assymmetrical at angles of
attack greater than 0° and that the spinner boundary layer would have
the most detrimental effects on the average total pressures in the Top
section of the inlet. The total pressure coefficients of figure 10
(except for o = 09), therefore, are consldered conservative as average
values for the entire inlet. The curves do indicate, however, that the
assumed design inlet-velocity ratio of 0.50, which was obtained from
reference 2, is sufficiently high to insure high inlet total pressures
in the low angle-of-attack range likely to be encountered in the design
cruise condition.

The average total pressure coefficlents at the end of the 1.82-area-
ratio diffuser are compared with those at the inlet in figure 11. At
an angle of attack of 0°, the total-pressure losses between the inlet
and diffuser remained neaxrly constand;(about O.OEqO) from the minimum

test inlet-veloclty ratio to a value of sbout 0.80. For the inlet-
velocity-ratio range above 0.80, the diffuser losses graduelly increased
t0 0.08q, at ‘Vr—i = 1.60. Exsmination of these data in terms of the

o
pominal inlet dynamic pressure show thet the losses first decreased
continuously for the inlet-velocity-ratio range 0.3 to 0.80 (%% from 0.28

to 0.05) and then remained approximately constant to the highest test
inlet-velocity ratio. This result indicates that the separation had

Vv
moved completely through the diffuser at 5; = 0.80 &nd the diffuser
o

losses for the range of inlet-velocity ratio 0.80 and sbove were due
simply to skin friction. At an angle of attack of 5°, average total
pressure coefficlents at the top of the diffuser station were consid-
erebly greater than those measured at the inlet for the range of inlet-
velocity ratio below 0.80. It is apparent from these measuremente that
the assymetrical flow existing at the lnlet for angles of attack other
than zero was further distorted in the internal ducting so that total
pressure coefficients determined from a single position in the diffuser
cannot be considered as average values. Average total pressure coeffi-
cients in the internsl ducting, therefore, will be dlscussed hereafter
only at O° angle of attack.

Basic cowling-spinner combination with "ideal” propeller-spinner
juncture.- Total pressure distributions at the top of the inlet and
diffuser with the propellers operating at the cruise conditlon are ’
presented in figure 12. Comparison of these results shows that increases
in thickness of the propeller shanks brought about reductions in total
pressure at both the inlet and diffuser. The reductions in total pressure
at the inner section of the inlet annulus might bhe expected to encourage
boundary-layer separation at the low inlet-velocity ratios. Separation,
however, dld not occur gbove the propeller removed value of inlet-velocity

CoE .
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ratio except in the case of the thin (12 percent thick) shank propeller
and, in this case, the separstion inlet-velocity ratio was still below
the design value of 0.50.

The effect of reducing the advance ratlo was to lncrease the total
pressures at the inlet and diffuser for each propeller configuration at
inlet-velocity ratios high enough to avoid separation. (For example,
see figs. 13(a) and 13(b)). Increases in angle of attack caused consid-
erable increases in boundary-layer thickness on top of the spinner
(compare figs. 13(a) and 13(c)) and, as in the propeller-removed case,
required higher values of inlet-velocity ratio to avold flow separation
ahead of the inletw These effects were generally the same over the
entire range of propeller conditions lnvestigated.

For the propeller-removed case, the formation of bubbles of separa-
tion from the lower cowling inner 1lip was indicated to occur at an inlet-
velocity ratio Just over 1.0 for high angles of attack (see fig. 9).
With propeller 1nstalled, no such separation was observed. For the
simulated cruise {low positive thrust) condition (fig. 14), loss coeffi-
cients measured by the reference total-pressure tube nesr the inner-
cowling surface (0.06 inch) were small over the entire test range of
inlet-velocity ratio and angle of attack. The effect of reducing the
propeller-blade angle and advance ratio (simulating the climb condition)
was to further reduce the already low loss coefficients. It appears,
therefore, that, as indicated 1n reference 2, separation from the lower
cowling inner llp is not likely to occur for the full range of flight
conditions with the 0.01D.-helght inner-lip fairing installed.

Average total pressure coefflclients at the top of the inlet and
diffuser with no propeller and with the several propellers operating at
the design cruise condition (BF = 63.1%; Br = 62.3%; and J = h.e) are

compared in the following table at 09 angle of attack and the design
inlet-velocity ratio of 0.50:

i Type of B, - P, Hy - %

propeller %% do
av av

No propeller 0.96 0.94
12.percent-thick shank .95 <30
24 _percent-thick shank .93 87
L4o-percent=thick shank .88 .84

! Small round shank .78 .72
Large round shank 65 .55
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These results demonstrate the superiority of the thin (12 percent thick)
shank propeller for the selected design crulse condltion and show that

the coefficients obtained with the thin propeller were nearly equal to
those for the propeller-removed case. Comparlisons of the total pressure
coefficients obtained with the 24- and L4O-percent-thick airfoil-shank
propellers with those for the small round and large round shank propellers
which had the same maximum thickness, 0.022Dyp and O.O35DP, respectively,

also show that substantial gains are obtained through use of airfoll-
type shanks. It is noted that the thin-shank propeller may have a much
greater margln of superiority at the actual crulse Mach number than
indlicated previously, inasmuch as the thicker shank sections of the other
propellers would operaste at supercritical speeds so that shock-boundary-
layer interaction effects could reduce the total pressure coefficients
obtained with these propellers substantially below the low-speed values.

The effects of variations in blade angle and advance ratioc on the
average total pressure coefficients at the inlet and diffuser for the
design inlet-velocity ratlo are presented in figure 15. These results
show that, over the range of advance ratio amd B covering propeller
operation from high speed to climb, the relative merits of the different
propellers were essentially the same as that indicated for the design
cruise condition in the preceding table.

Average total pressure coefficients at the inlet and diffuser are
shown in figure 16 as a function of inlet-velocity ratio for several
blade angle and values of advance ratioj; the three blade angles and
sdvance ratios which correspond spproximately to the high-speed, cruise,
and climb conditions are 1lndicated on the figure. These results show
that changes in lnlet veloclty above the design value of 0.50 also do
not affect the order of merit of the severel propeliers. It is noted
that total pressure coefficients substantially greater than those for
the propeller-removed case were obtained with the thin shank propeller
when operated at low advance retio. The low total pressure coeffilclents
obtained with the alrfoil-shsnk propellers at the climb blade angle

Bp = L7.40; Br = hs. 6?) and advance ratio of 2.5 are attributed to

reverse thrust.

Basic cowling-spinner combination with "practical" propeller-spinner
Junctures.- Average total pressure coefficients cobtalned with the several
Yoractical" propeller-spinner junctures tested in conjunction with the
2h-percent-thick shank propeller sre presented in figures 17 and 18.

The configuration with the gap under the forward part of the blades Just
large enough to permit adequate spinner clearance for the propeller
through 120° of blade-angle change (table IV and fig. 2(h), low land
removed) gave total pressure coefficlents from 0.02 to 0.12 less than
those for the "ideal" Juncture over the test range of inlet-velocity
ratio and propeller operating conditlons. The greatest losses occurred
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in the low inlet-velocity range for each propeller condition and are
attributed to earlier sepaerastion of the spinner houndary layer. This
earller separation 1s belleved to have been ceused by losses due to

flow through the gap between blade and spinner crosswise to the direction
of the undlsturbed stream; this flow was initiated by rotation and by
differences in pressure on the thrust and suction faces of the propeller
blades. .

Installation of the low ailrfoil lands under the front sections of
the propeller blades (see table IV and fig. 2(1)) caused significant
reductions in the crosswise spinner flow and consequently effected
reductione in the minlmum Iinlet~veloclty ratio required to avoid splnner
separation. Substantisl Improvements in the average total presasure
coefficients at the inlet and diffuser were obtalpned at low inlet-velocilty
ratlios with this land compared to those for the case with the low land
removed (figs. 17 and 18). At the crulse blade angle the coefficients
were only 0.02 to 0.05 less than for the "ideal" juncture over the test
ranges of inlet=velocity retio and advance retio. Increases in total
pressure compared to the land-removed case were also realized at the
simulated high-speed and climb blade angles and advance ratios. For
these blade angles, the land was not alined with the blade root becausg
the land angle was fixed at the design crulise bhlade angle.

The configuration with the broad land (20° land), which allowed =
constant land-blade gap for the range of propeller blade angles simulaeting
climb to high speed (see table V and fig. 2(1)), provided small
increases in total pressure coefficient when compered to the low-alrtoil
lend for both the climb and high-speed blade angles in the low inlet-
velocity-ratio range (figs. 17 and 18). For the larger part of the inlet-
veloclty-ratio range, however, the totsl pressures for the high-speed
blede angle as well as the cruise were from 0.02qy to 0.05qy less than
those. obtained with the low land (fig. 17) possibly because of the
greater land drag.

It was believed that the internsl flow characteristics of the
configurations discussed were inferior to those for the "ideal" Juncture
configuration because of the detrimental effects of the Jjuncture on the
spinner boundary-lasyer characteristics. A second airfoll-type land,
therefore, was Ilnvestigated which had the opening between the land and
tue propeller blade end located high enough sbove the spinner surface to

This land has been designated the "high-airfoll land".

Installation of the high land effected substantial increases in the
average total pressure coefficients at the inlet and diffuser compared
to the other "practical" Jjuncture configurations (figs. 17 and 18). At
the design cruise blade angle, the total pressures were everywhere
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within O'quo of those for the "ideal" juncture over the test range of

Inlet-velocity ratio and advance ratio and indicated that flow through
the clearance gap between the land and the propeller blade end had no
significant effects. When the blade angle was increased to the high-
speed value(BF = 67.4%; By = 66.60), small reductions in total pressure

occurred compared to the "ideal" propeller for corresponding inlet-
veloclty ratios and advance ratios. It will be noted, however, that the
reductions were substantially lese than for the other "practical” juncture
configurations in the low inlet-velocity-ratio range.

Operation of the high land at the simulated climb blade angle
produced greater totsl pressure coefficients than any other propeller
conflguration over the test range of inlet-velocity ratio and advance
ratio, including that for the "ideal"™ juncture. In the low range of
inlet-velocity ratio where splnner boundary-layer separation occurred
with the "ideal" juncture, the high land effected small reductions in
the minimum inlet-velocity ratio for which such separation was avoided.
These Increases in total pressure coefficient and reductions in minimum
inlet-veloclty ratio are believed to be caused by the combination of the
effects of a greater angle of attack of the land (see fig. 2(k)), which
produced greater thrust at the inboard sections of the propeller, and
a vortex type of flow (such as described in reference 3) generated at the
gap between the propeller blade end and the land. Such a vortex type of
flow, originating hecause of the pressure differences on the thrust and
suction faces of the blade and high land, would tend to sweep the spinner
boundary layer from the spinner surface into the stream; thereby,
separation at lower inlet-velocity ratios would be delayed. A gimilar
vortex type of flow is also thought to have existed in the case of the
low alrfoil land for the off design propeller. conditions; the vortex
strength, however, probably was insufficient to sweep the boundary layer
into the higher-energy stream. Reference 3 points out that the vortex-
generator height must be greater than the boundery-lsyer thickness in
order to retard separsation.

The fact that total pressure coefflcients obtained with the high
lend were greater than with the "ideal" Juncture for the climb case also
indicates that some increases in the total pressure of the internal flow
may be possible with amall incresses in the propeller-shank twist
dlstribution as suggested in reference L. The effect of the greater
inboard loading on the propeller efficiency, however, must be considered.
It will be noted that the high-land conflguration would not be expected
t0o cause any important changes in the external drag relative to the drag
with the "ideal” juncture instslled because all or most of the flow
passing over the land entered the inlet.
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Open-nose spinner.- The effects of installetion of the open-nose
boundary-~layer control spinner on the internal flow characteristics of
the model are presented in figures 19 and 20. The propeller-removed
results will be discussed in this parsgraph and compared with the results
for the baslic spinner. At an angle of attack of 0°, the inlet-velocity
ratio of the open-nose spinner was sbout 0.63, which corresponds to
approximately 8 percent of the cowling inlet flow at—the design inlet-
velocity ratio of 0.50, and the total pressure at the slot exit was
gbout 0.85q0. In the low inlet-velocity-ratio range, where separation

occurred with the basic spinner installed, injection of this high-

energy flow into the spinner boundary layer through the annular exit
between spinner components (see table II) caused substantial reductions

in the boundary-lasyer thicknesa messured st the top of the inlet for the
seversal test angles of attack and reduced the minimum inlet-velocity
ratio for avoiding flow separation (fig. 19). As shown in figure 20,

the minimum inlet=velocity ratio was reduced by about 0.08 and the average
total pressure coefficient at the lowest—test inlet-veloclty ratio was
increased by about 0.20. Gains in totel pressure were also realized in
the internal ducting at the lowest flow rates. These gains, however, were
somewhat less than at the inlet becsuse of the more extensive separation
in the diffuser and, for the range of lnlet=velo¢lty ratlo above approx-
imately 0.43, the average total pressure after diffusion was lower than
that obtained with the basic spinner. The average total pressure at

the end of the diffuser was only O.82q_o compared to 0.92q° for the basic

spinner at the highest-test inlet-velocity ratio.

Installation of the propeller caused large reductlons in the boundary-
layer-control effectiveness of the open-nose spinner. In fact, with
the 24-percent-thick shank propeller operating at the cruise condition,
the total pressures measured at the lnlet and diffuser never exceeded
those obtained with the basic epinner over the entire test range of inlet-
velocity ratio (fig. 20). The reasons for. the loss of the effectiveness
of the open-nose splnner with propellers installed are not readily
apparent. Results from test with the open-nose spinner rotating alone
{no propeller) have indicated, however, that -the reduction in effec-
tiveness of the open-nose splnner was not caused by any increase in
spinner ducting loss due to rotation. It may be possible, therefore,
to avold the adverse-effects of the propeller and at the same time to
improve the boundary-lsyer-control effectlveness of this arrangement by
relocating and redesigning the exit. :

Suction-scoop conflgurations.-~ Boundary-layer thickness at the inlet
of the NACA 1-70-070 cowling with the several boundary-layer suctions
scoops installed at the base of the spinner, propeller removed, are
compered with those for the combination of the basic spinner with an
NACA 1-70-070 cowling in figure 21. The suction quantity for each scoop




NACA RM L51F26 =] 1T

was approximately constant over the test range of inlet-velocity ratio

and equal to sbout 9 percenmt of the cowling inlet flow at %{i = 0.50.

o
When the scoop was located 3 inches shead of the cowling inlet (see
table IIT), suction did not reduce the minimum inlet-velocity ratio
required to avoid separation with the basic spinner and did not reduce
the boundary-layer thickness for the entire test range of inlet-velocity
ratio. When the scoop was installed st positions 1.5 inches shead of
the inlet and flush with the 1nlet, however, reductions of approxi-
mately 0.10 in minimum inlet-veloclty ratio were obtained. For the case
where the scoop was located at the inlet the boundary-layer thickness was
reduced below that of the basic spinner over the entire test range of
inlet-veloclty ratio.

Average totel pressure coefficients at the inlet and diffuser of
the NACA 1-T0-070 cowling with the suction scoop located at the inlet,
the more practicel case for a propeller directly ahead of the cowling
inlet, are compared in figure 22 with those obtalned with the basic
spinner. The effect of suction, propeller removed, was to reduce the
minimum inlet-velocity ratio for avoidence of high losses from sbout 0.45
to 0.35 and to increase substantlally the totsl pressures everywhere in
the low inlet-veloclty-ratio ranges; st the minimum test inlet-velocity
ratio of 0.30, the minimum totel pressure cbtalned was 0.92q, at the

diffuser statlon compared to 0.70q, for the baslc spinner. Small
increases in total pressure also were obtalned in the higher range of
inlet-velocity ratio.

As In the case of the basic configuration, the effect of lnstallation
of the 24-percent-thick shank propeller was to reduce the inlet and
diffuser total pressure coefficients over most of the test inlet-velocity-
ratio range. The maximum reduction at the cruise propeller condition
was 0.09 and occurred at an inlet-velocity ratio of 0.35 (fig. 22). The
coefficients obtained, however, were 0.02 to 0.05 higher in the low inlet-
velocity-ratio range than those obtailned without suction (compare figs. 16
and 22). Reductions in minimum inlet-velocity ratio to obtain equal
coefficlents was from 0.06 to 0.10 at the inlet and 0.12 to 0.25 at the
diffuser. Some gains, therefore, appear possible through the use of
boundary-layer control by suction. The significance of the gains, with
regard to over-all sasirplane performance must, of course, include consid-
eration of the suction-pumping-power requirements.

External Flow

Pressure distributlions over cowling.- Static pressure distributions
over the top surface of the basic NACA 1-62.8-070 cowling are presented
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in figure 23. The phencomena (propeller removed) were generally similar
to those for the NACA l-series inlets dilscussed 1in reference 2. At an
angle of attack of 0°, no sharp negative pressure peaks occurred in the
distributions even at the lowest—test inlet-~velocity ratio of 0.28. The
effect of increasing the inlet-veloclty ratio was to increase the pres-
sures in the vicinity of the nose because of the outward displacement of
the stagnation region; the distribution over the rear section of the
cowling and the minlmum pressures, however, were essentially unaffected
by inlet-velocity-ratio variations. As the angle of attack was increased,
small localized negative pressure peaks occurred over the nose section

at the lower inlet-veloclty retlos, and increases in inlet-velocity ratio
were required to produce peak-free distributions. Angle of attack
incresses also caused smell reductlions in the pressures over the rear
gection of the cowling.

Propeller operation at the design crulse condition <BF = 63.1%
BR = 62.3%; J = h.é) caused only small changes in the distribution and

in the magnitude of the pressures over the cowling (fig. 23{(b)). The
total pressure Just outside the cowling boundary layer was also reduced
below the stream value for this condition (see fig. 24). Hence, there
was no net increase in flow velocity over the cowlling surface. As the
propeller advance ratio was reduced, small increases occurred in both
the total and static pressures in the region of the cowling surface
(figs. 23(b) and 24). The increases in static pressure were greatest
near the nose. Because the increases in totsl pressure were slightly
greater than the statlc pressure Ilncreases, s small pet lncrease occurred
in the flow velocity over the surface compared to the propeller-removed
and low-positive-thrust cases.

The total-pressure surveys behind the 24-percent-thick shank
propeller, which was representative of all propellers at sections out-
board of the cowling inlet, showed that a radial total-pressure gradient
existed behind the propeller (fig. 24). The magnitude of this gradient
increased with reductions in both blade angle and advance ratioc. The
maximum total-pressure rise for the range of propeller test conditions
occurred at the outboard sections and was of the order of O.h’?q_o ( compare

the advance ratio for the highest blade angle with the advance ratio for
the lowest blade angle); whereas the maximum rise in the inboard sectlions
(et the plane of the cowling inlet) never exceeded 0.18qD for any

propeller. This faect again illustrates the possibility of obtaining
higher inlet totel pressures through slight increases in the inboard
propeller twist distribution. As noted previously, however, the effect
of additionsl inboard loading on the propeller efficiency must be
considered.
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Predicted critical Msch number.- Critical Mach numbers predicted
from low-speed pressure coefficlents by the von Kdrmén extrapolation
(reference 5) have been shown in previous papers (for example, reference 2)
16 be valid for test Mach numbers as low as 0.13 provided shsrp negstive
pressure peaks dc not occur in the pressure distributions. Mach numbers
thus obtalned, however, are unnecessarily conservative for design purposes
inasmuch gs they defline only the lower limiting Mach number range within
which force changes due to shock can occur. Reference 6 indicates that
g margin of from 0.05 to 0.075 may exist between the criticel and force-
break Mach numbers. In the selection of the baslic cowling-spinner design
from the charts of reference 2, therefore, the critical Mach nmumber for
the present design was taken to be 0.05 less than the design cruilse
Mach number of 0.80 in order to obtain the shortest posaible cowling.

Predicted criticel Mach numbers for the combination of the basic
NACA 1-62.8-070 cowling with the NACA 1-46.5-085 spinner (propeller
removed) are presented in figure 25 as a function of inlet-velocity ratio.
At an angle of attack of 0° and for the design inlet-velocity ratio
of 0.50 the critical Mach number was 0.75, the value given for this
cowling in the selection charts of reference 2. The effect of increasing
the angle of attack was to reduce eslightly the criticel Mach numbers in
the higher range of inlet-velocity ratios; in the lower range, where
sharp local negative pressure peaks occurred in the surface pressure
distributions, the critical Mach number decreased rapldly. The "knees"
of the curves for sngles of attack up to 5°, however, always occurred
at inlet-veloclty ratios below the design value of 0.50.

T

It has been shown previcusly that propeller operation did not produce
increases in the flow velocity over the cowling (just outside the cowling
. boundary lsyer) at the higher values of advance ratio which correspond
to high-speed flight. It 1s evident, therefore, that operation of
propellers of the type investigated did not decrezse the critical Mach
number of the installation below the propeller-removed value. It is
poesible, of course, that some incresse in flow velocity might be obtalned
if the propeller shanks were retwisted to lncrease the lnboard loading.
Only @ small increase in loading 18 possible, however, so that any adverse
effect of the propeller on the critical Mach number of the imstallstion
would be small enough to neglect in the design process.,

SUMMARY OF RESULTS

The more important conclusions from an investigation of propeller-
shank effects on the internal flow characteristics of a cowling-spinmner
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combinetion equlpped with an elght-blade duel-rotation propeller are
sumarized as folldws: - ' :

l. The addition of any of the propellers studied to the basic
cowling-spinner combination did not increase the minimum inlet-veloclty
ratio required to avoid boundary-layer separation from the spinner «
surface and did not decrease the predicted critical Mach number of the
cowling. Propeller operation elsoc delayed separsation from the inner-
cowling~lip surface at high inlet-veloclty ratios.

2. The propeller with 12-percent-thick shanks and with "ldeal"
sealed and falred propeller-spinner Junctures produced total pressure
coefficients at the cowling inlet and diffuser nearly equal to those
with propeller removed at the deslgn cruise operating condition. Total
pressure coefficients substantlaelly greater than those for the propeller-
removed case were obtalined at the propeller operating conditlon
corresponding to climbing flight.

3. Increases in propeller-shank thickness caused significant
reductions in the total pressure coefficlents at-the inlet and dlffuser;
coefficients for the round-shank propeller were as much as 0.30 less
than those of the compareble-thickness alrfoil-shank propeller.

k. The incorporation of propeller-spinner-juncture arrangements
that permitted blade rotation reduced the total pressure coefficients
at the inlet and diffuser as long as the Juncture was located "inside
the splnner boundary layer.

5. An airfoil-land-type Juncture which had the land-shank gap
located well sbove the spinner surface gave total pressure coefficlents
nearly equal to those for the "ideal" juncture in the simulated high-
speed and crulse conditions and was superlior in the climb condition.

6. Of the two boundary-layer control methods investligated only the
suction scoop provided any improvement over the basic configuration
with propellers operating.

*

Langley Aeronautical Laboratory
Nationael Advisory Committee for Aeronautics
Langley Field, Va.
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TABLE I

HACA 1-SERIES NOSE-IFLET ORDINATES AS AFPLIED TO COWLINGS AND SPINNERS
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TABLE II.~ OPEN-NO3E-SPINNER CONFIGURATION
[211 dimensions are in inches]

NAGA 1~62.8-070 oowling

0.047
%f) , HCOL‘DQ o
= x | —e- 0,030 2.790 J
;_r L. 0.513
10.200 -
Open-Nose Spinner ) Rear Saction of Open~Nose Spinner
x Router [Rinner || x Router . X R x R
0 1.000( 1.000 || 1.972 | 1.9%2 : 0 1.980 | 1.00 |2,
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8coop flueh with inlet

Booop 1.50% shead of inlet
Scoop 3,00* ahead of inlet

RACA 1-li6.5~085 gpinner

TABLE IIT.~ SUCTION SCOOP CONFIGURATIONS

’ ]

]

[A11 aimensions are in incheg
HAGA 1~T0=070 cowling

- 0.030 2790
R ‘4+ —— _—_—
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. 2.91 | 3.00 2.97 |9.80 |3,00 ¢¥lindric
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TABLE IV.~ HIGE AND LOW AIRFOIL TYPE LANDS
Llirroil land ordinates same &s 2lj~percent~thick propeller shank crdinates.
Blads root lund gap 1s 0.010. All dlmensions are in Inches,]

T~
T
N R

Front Land Hear Land
Station; x |Land Helght; z Statlon; x Land Helght; =

0 . .

B |2 [la | B

. 75§ . sg e :agé
1.2,3 530 3.26 . i
2,255 245

2
Reference J N'T
) N

1.630\_../ LE R

——
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TABLE V.~ LOW LAND WHICH COVERS BASE OF BLADE THROUGH 20° BLADE-

ANGLE CHANGE

[Blade root-land gap = 0.0l0.

Hemiespherical
S8urface

All dimensions are in inches]

Hemlspherical
Burface

8.20 >
Front Land Hear lLand
S8tation; x | Upper; y, | Lower; y; Upper; y, | Lower; y;

o] o (o] +080 -080
.gel‘_g Oggg ‘02""0 .228 .835
<060 L1310 -:i;g “Hho =203
.100 01"['5 -0260 L] 60 -.0;0
«200 «190 =650 «b95 -el g
-300 023 -06 g [ 20 -018
Py 00 .2 -06 -gzo -.250
R e | S
1.630 230 2R Zusg -ZE
2.2 0 .220 -.gg% og b g%
2.500 - 0 -e L] 0 -066
2.800 3620 -.210 - -.660
3.000 - 00 -.1 5 ] 6 -.6?0
3.160 0560 —.0 0 -06 5
.220 -350 -.030 -.o -.1120
g.250 --08 -.080




20 HP a.c. motor

3 tol- gear reduction drive

Pressure measuring
station in diffuser

blade dual-rotation

Inlet air to crifice meter propeller

and blower

NECA

NACA- 1-46.5-085 Spinner
NACA- 1-62.8-070 Cowling

Figure l.- General arrangement of model.

92ATCT WY VOVN



r
4

726

28 GOEREN NACA RM L

\n1
ol
S

(a)} Basic cowllng-spinner combination, NACA 1-62.8-0T70 cowling with
1-46,.5-085 spinner, plan view.

Figure 2.- Views of model.



(b) Basic cowling-spinner combination, three-quarter front view,

Figure 2.~ Continned.
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(c) Open-nose boundary-layer-control spinner.

Figure 2.- Continued.
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(d) Configuration with boundary-leyer suction scoop at base of spinmer,
NACA 1-70-070 cowling with 1-46.5-085 spinner,

Flgure 2.- Continued.
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(e) l2-percent-thick shank propellexr, idesl juncture, basic cowling-
epiaoner combination.

Flgure 2.~ Continued.
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(£) 24-percent-thick shank propeller, ideal Jjuncture, basic cowling-
spinner combination.

Figure 2.~ Continued.
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(g) Bmall round-shank propeller, ideal juncture,
combination,

Figure 2.- Continued.

hesic cowling-gpinner
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() 2h-percent-thick shank propeller with minimum clearsnce gap to allow
'120° blade rotation, basilc cowling-spinner combination.

Figure 2.- Continued.
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(1) 2h-percent-thick shank propeller with low airfoil-land juncture,
basic cowling-spinner combination.

Flgure 2.- Continued,
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(J) 2b-percent-thick shenk propeller with high-land juncture, crulse
blade angle, basic cowling-spinner cambination,

L

Figure 2,- Continuned.




(k) 24-percent-thick shank propeller with high-land juncture, climb
blade angle, basic cowling-splnner combination,

Figure 2.- Continued.
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NACA RM L51F26

(1) 24-percent-thick shank propeller with land designed to cover bease
for 20° blade-angle change, climb blade angle.

Figure 2.- Concluded.
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Figure 3.~ Plan-form and blade-form curves for the l6-series, eight-blade,
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Figure 3.- Continued.
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Inner cowling
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Figure 4.- Total-pressure dlstribution at inlet and diffuser measuring
stations, propeller removed.
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Figure k- Concluded.
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Figure 5.- Static-pressure distribution over top of basic spinner,

propeller removed.
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Figure 6.~ Effect of inlet-velocity ratio and angle of attack on sppinner
boundary-layer thickness at top of inlet, propeller removed.
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Figure T7.- Effect of roughnese on spinner bound.ary—layer thickness at top
of inlet, propeller removed; a = 0°.
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(a) Single-rotstlion spinner.

Figure 8.~ Effect of spinner rotation on boundery-layer thickness at top

of inlet, propeller removed.
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(b) Dual-rotation spinner.

Figure 8.- Concluded,
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Flgure 9.~ Effect of lnlet-velocity ratlo on total-pressure loss
coefficlent meagured by reference tubes 0.06 inch and 0.12 inch
from lower inner cowling surface at inlet measuring stationm,
propeller removed.
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Figure 10.- Effect of lnlet-veloclty ratio end engle of attack on the
average totel pressure coefflclent at top of inlet, propeller removed.
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Figure 11.- Camparison of average totel pressure coefficient at top of
inlet and diffuser, propeller removed.
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NACA RM L51F26
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Figure 13.- Effect of operation of the 2i~percent-thick shank propeller
on the total pressure distribution at top of the inlet and diffuser;
ideal shenk-spinner juncture; fy = 63.1°%; Br = 62.3°.
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Inner ocowling surtaoe;

NACA RM L51F26
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Figure 13.~ Concluded.
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Figure 14%.- Bffect of inlet-velocity ratio and propeller operetion om

total-pressure loss coefficlent measured by a reference tube
0.06 inch from lower-inner cowling surface at inlet meaguring
station. 2i-percent-thick shank propeller; By = 63.1; By = 62.3.
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gplnner junctures on average total pressure coefficient at the inlet

and. diffuser.
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1-62.8-070 cowling, WACA 1-46,5~085 spinner.
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Figure 25,~ Predicted critical Mach numbers for top surface of NACA
1-62.8-070 cowling with NACA 1-46.5-085 splnner installed, propeller
removed.
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