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PRELIMINARY MODEL TESTS OF A WING-DUCT COOLI¥G SYSTEHM
FOR RADIAL ENGINES

By David Biermann and E, Floyd Valentine
SULHARY

Wind-tunnel tests were conducted on a model wing-
nacelle combination to determine the practicability of
cooling radial engines by forcing the cooling air into
wing-duct entrances located in the propeller slipstream,
passing the air through the engine baffles from rear to
‘front, and ejecting the air through an annular slot near
the front of the nacelle, The tests, which were of a
preliminary nature, wore made on a 5-foot-chord wing and
a 20~inch-diameter nacelle, A 3-blade, 4-foot-diameter
propeller wasg used,

The tests indicated that this method of cooling and
cowling radial engines is entirely practicable providing
the wing of the prospective airplane is sufficiently thick
to accommodate efficisgnt entrance ducts., The drag of the
cowlings tested was definitely less than for the conven-
tional N,A.C.A, cowling, and the pressure available at low
air speed corresponding to operation on the ground and at
low flying speeds Was apparently sufficient for cooling
most present-day radial engines,

INTRODUCTION

The radial enszine was developed from considerations
of weight, simplicity, and cooling; but the large frontal
arca has always becn a disadvantage., The F.A,C.A, cowling
reduced this objection to a negligible amount for many
years, but with ever-increasing speedg attention is again
focused upon the drag of the engine nacelle, Also, the
power output of engines has been increased many times
while the projected area has remained substantially con-
stant, which has increased the problem of cooling, partic-
ularly on the ground and at low air speeds.



Attention hasgs been drawn recently to the effect of
cowlings upon the engine power developed. For many years
engineers have suspected that engine-propeller combina-
tions installed in airplanes did not produce the thrust
power that was produced when the engines and propellers
were tested separately, on the stands and in the wind tun-
nels, Until torque meters were installed on engines for
flight measurements, the power logs was generally charged
to the propellers; but MacClain and Buck in reference 1
show that tho engine does not produce the same power when
ingtalled on an airplane that it does on the test stand,
due presumably to different temperatures of the various
engine parts, With the conventional N.A,C,A, cowling the
accessory compartment, which houses the carburetor, super-
charger, and manifolds, is filled with relatively hot air;
gso it would not Dbe surprising if power were lost from thls

source. R

The present cooling-cowling system is intended to be
an improvement on the N,A,C.A, cowling from the stand-
points of drag, cooling at low air speeds, and better

cooling of the engine accessories, The drag of the N,A,C.A.

cowling can be reduced materially if the bluntness of the
nose is eliminated., Cooling at low air gpecds can bo im-
proved if the propeller slipstream is utilized to a better
advantage; the cooling air should be taken in at the point
of highest pressure, The ongine:accesgssories can be kept
cool if the air ig passed over them before entering the
engine cylinder baffle passages. These requirements de-
fine the wing-duct cooling system described,

The purpose of the present investigation ig to.deter-
mine the practicability of the wing-duct cooling system,
but not necessarily to formulate a bagis for all design
requirements,

APPARATUS AND KETHODS

The tests were conducted in the N.A,C,A.. 20-foot pro-
peller~regearch tunnel degcribed in reference 2, In view
of the preliminary nature of the tests, no new basic appa-
ratus was constructed except the cowlings and entrance.
ducts. The wing uscd is a relic of previous wing-nacelle
tests and not well suited owing to the high camber, A
photograph of the set-up is shoWn in flgure 1 and a draw-
ing is given in figure 2.



Wing.- The wing, described in reference 3, is of wood
construction having a span of 15 feet and a chord of 5
feet. The maximum thickness is 1 foot or 20 percent of
the chord, The section is a Fokker design with a flat
lower gurface, The camber is t herefore 10 percent, basged
on the lower surface chord line, or somewhat legs if based
on a chord line passing through the center of the leading-
edge radius, The aerodynamic characteristics of this wing
section differ considorably from sections now used, in
that zero lift occurs at -8° angle of attack whereas it
occurs at ~19 or -2° for the low-cambered sections now in
extensive use. The operating lift coefficient of this
wing for cruising speeds should not be congidered the game
ag for modern Wings becausc of this marked difference in
angle for zero 1ift, Thig wing ghould operate at a higher
1ift coefficient.

The operating lift coefficient has an iumportant bear- .
ing on this analysis because the drag due to the entrance
ducts is sensitive to angle..chHange, particularly in the..
negative angle range, The ducts were located in a place
to give the highest pressure (stagnation point) when the
wing was at an angle of attack of 09, The angle of 0° was
'selected because it approximated the operating angle fer
' present-day wings, particularly for the portlons of the
wing within the slipstream,

Cowlings.~- The cowlings were formed from sgheet alumi-
num; An outline of the basic cowlings, differing only in
the shapes of the mosevieccs and locations of the exit
slots, is shown in figures 2 .and 3, Cowling 39 is intend-
ed to have a spinner nose attached to the propeller hubd,
but a spinner was not made because one was not considered
essential for the present tests,

The exit slot width was varied from O to 1-1/2 inches
by moving the 'nosepieces in a fore-and-aft direction,
The slot width was measured across the minimum distance,
rather than the fore-and-aft distance. In. general, the
basgic cowling lines formed a nearly continuous curve
across the exit slot except for cowlings 3B, 3D, and 3C,
which were of the overlapping type, Cowling flaps, as a
meang of opening the exit slot, were not tested,

Bntrance ducts.- The basic shapes of the wing-duct
entrances are ghown in figure 4, Three basic shapcs were
tested, all having an arca at the mouth of 25 square
inches for each entrance; a square onc extending sllghtly




in front of the wing, an elliptical onc of the extended
type, and a square one flush with the wing surface, . The
square extended one was modified by rounding the top sur-
face with plasticine, he extended elliptical one was
modified by moving it back 1 inch, The modifications to
the square flush entrance are shown in figure 5, consist-
ing essentially of increasing the 11D radii of the upper
and lower surfaces,

Two wing ducts were used, one on either side of the
nacelle 1ocated at about 0.71 of the propeller tip radius,
Subsequent tests on a full-scale propeller set-up indicat-
ed that higher pressures in the entrance could have been
realized for ground cooling had the openings been clogser
to the nacelle,

The size of the ducts was arbitrarily determined from
considerations of the dimensions of the wing and nacelle,
The question of gsize, from the standpoints of the drag and
the internal losses, is a subject needing amplification,

The internal-duct passages are 5 inches square in
crogs section at. the mouths and are rectangles, 6 inches
high and 7 inches wide, at the exits into the nacelle,
Bach passage makes one 90° turn., Four ecqually spaced
guide vanes were provided in each turn to conduct the air
around the corner without cxcessive losses, Other than
the expanding ducts and the guide vanes provided, no at-
tempt wag made to reduce the internal-duct losses, The
air passed from the ducts into each side of the large
space provided by the nacelle, and there was no attempt
to convert the kinetic energy in the streams into presg-
sure energy at those points, .

The reason no great pains were taken in the design of
internal-duct shape was because that phase of the subject
is better handled on a simplified set-up using a blower to
force air through the passages rather than the wiad tunnel,
This part of the program isg Dbeing contlnued and the re-
sults Wlll be avallable soon,

In;the present pgper the'reStrictions imposed by the
entrance,ducts and the engine registance are considered
as one value, the total internal restriction (except for
the exit slots). To use the data, the engine-baffle re-
striction must be separated from the entranceo~duct restric-
‘ tlon as will be brought out later, ‘



Bouivalent baffle regtrictiong.~ Erigines of differ-
-ent power output require different gquantitisg of cooling
‘air for a given air temperature rise, In order to cover
a wide range of engine sizes, removable orifice plates
were provided., The plates were located at the points in
the cooling-air circuit where the air passed from-the
ducts into the nacelle, These orifice plates simulated
the resigtances of engines ranging from about 300 horse-
power to about 1,500 horgepower, A few tests were made
with an orifice plato located in the usual place for a
radial engine,"

The quantity of air flowing was detcrmined from cal-
ibrations involving the precssure drops across the orifice
-plates. - The orifice plates were calibrated by drawing
air through the system and also through a calibrated ven-
turi tudbe by means of a Dlower,

Motor and propeller.~ The propeller wasg driven by a
2b-horsepower electric motor turning at various speeds up
to 3,600 r,p.m., The propeller used for most of the tesgts
ig a 4-foot model of the 5101 three-blade propeller, A
few tests were made with a 4-foot model of the 4412 two-
blade propeller, The throc-blade propeller was set at 20°
blade angle at the 0,75 radius for nearly all of the tegts
because this angle nearly represents that for the take-off
and climbing conditiouns of many present-day airplanes.

The effect of blade angle was determined for one cowling
by operating the propeller at angles ranging from 159 to
350,

SY4BOLS
'Q, gquantity of coollng air, cu. ft., per sec.
A,, equivalent engine orifice area (orlflce coefficient
- =1,0), sq. ft, :

Ad’ Equivalent entrance duct orifice area, sq. ft.
A., projected area of the engine, sqg. ft,
Ky, conductivity of engine, A, /A.> % —~
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conductivity .of entrance duet, 4Aq/Ac,
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AC 0

total conductivity of entrance duct and engine,
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- = +
5 ) )
4 K
/gApt Kt Ye d
A
e

pressure drop across engine orifice, 1b, per sq, ft,
pressure drop across entrance .duct, lb, per sq. ft.

pregssure drop across tihe entrance duct and the en-
gine baffics.

drag added due to slowing doﬁn’tho c&oling air, 1b,
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Ad,

drag coefficient for cooling air drag,

APtQ Apt 3/2
AC - — = [———— 4
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. /a2 g
efficicency of the cooling system, <é§3ﬁ> e
t
interference drag due to air entering and leaving :

the cowling.
total drag added due to the cooling air, AD, + AD,.

A
2,

T

total nacelle drag including total cooling-air
drag (ADy) and the drag of the square en-
trance ducts (faired).



CD , total nacelle drag coefficient, = -~

P, mass densgity of the air, slugs per cu. ft,

V, velocity of the airplane,

Kp, pressure coefficient with propeller operating,
K = o4
P pn2D2

n, vrotational spsed of the propeller, rev, per sec,
D, propeller diameter, ft,

c drag coefficient of the wing with the nacelle,
1ift coefficient of the wing with the nacellse,

Pgs Ppressure in the mouth of the entrance ducts, 1b,
’ per sq. ft,

RESULTS AND DISCUSSION

~The success or failure of any radial-engine cowling
liss chiefly in the drag that it adds to the minimum air-
plane drag and the effectiveness with which the engine is
cooled under all operating conditions, The cooling prob-
lem is generally confined to the low-air-speed and high-
altitude conditions of flight because there is usually lit-
tle difficulty in cooling engines at cruising speeds,

Cooling an engine is essentially a problem of forcing
air through the baffle passages., If the guantity of air
necegsary to cool an engine is known and also the pressure
necessary to force that quantity through the baffles, the
problem may be resolved into one of simple fluid mechanics, .
The engine-haffle passage may be considered as an orifice
placed in a tube of diameter equal to the engine diamcter,
The guantity of air flowing through the equivalent engine
orifice, which is assumed to have a coefficient of unity,
is

B
i
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Ag/A. is then defined as the engine "conductivity,"
Ke. Theodorsen in reference 4 develops this formula in a
somewhat different manner,

In the wing-duct system there are two other restric-
tions in the flow passage, the entrance ducts and the exit
slot, Although each may be considered as an orifice, it
was found that only the entrance duct could conveniently
be treated as such, The exit can better be treated as a
slot of certain actual dimensions, rather than a ficti-
tious area, The effective conductivity of the engine baf-
fles and the entrance ductg, which are in series in the
flow passage, is given by the relation

The problem of testing and presenting the data for
the various modifications of each cowling is greatly sim-
plified by using Ky instead of Xg and Kgq separately,
The data are likewise more . useful in this form. The tun-
nel tosts were made with a wide range of Xy values,

The drag of a.cowling may be divided into three
parts: (a) basgic form drag of the nacelle or body, (b)
drag due to slowing down the mass of air which enters the
cowling to cool the eangine, and (c) drag due to the dis-
turbance of the flow over the cowling and wing ag a result
of the cooling air entering and.leaving the system, The
basic form drag is measured by closing the exit slot,
which reduces the cooling-air flow to zero. The drag add-
ed by slowing down the coollnﬂ air cannot bYe measured di-
rectly, but can be calculated from tne expres51on

A
ADa\ml_EEE

Jif it is assumed that the losgss of encr >y 1n the flow
through the exit slot is zero,

In coefficient form,
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_In computing the officiency of the system, that is,
the useful power for cooling divided by the power ocxpended,
only the energy lost through the engine bafflcs should be
considered, '

.V 7 S A,

The efficiency is not stressed in this paper because
the pressure drop across the engine is not separated from
the total pressure drop across the engine and entrance
ducts, and also because therc is some guestion as to what
should be the basis of computing the .drag increment, There
secms to be no Jjustification for using the no-flow drag of
each cowling as a basis because then the poorest cowlings
from the drag standpoint may have the highest efficiency,
an obviously misleading condition, Stress is placed rather
on tho toal drag for given pressures available, which
accomplighes the game purposec as the efficiency method,

The pregsure ayailable across the engine baffles and
entrance ducts with propeller running is given in coeffi-
cient form,

pnaD8
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This coefficient is the criterion of cooling effec-
tiveness because the propeller produces most of the pros-
sure available at the low air speocds.

In the study of the shape of the duct entrances the
criterion of the begt entrance from the drag viewpoint is
the drag for a given 1lift of the wing, The criterion for
the effectiveness of the entrance in scooping in air is
the pressure available in the mouth of the entrance, Ps

and Pg/pn®D2®. (The latter form is preferred for low val-
ues of V/nD, propeller operating.)

Cowling Nose Results

Figures 6 to 22 give the test regults for the various
cowling nose shapes tested. The results are given in two
types of curves. The criterion of efficiency is given in
the form of Apy/q plotted against Cp for different

values of conductivity, Ki, and different exit slot open-

ings, (The exit-slot width was always measured as the min-
imom distance acrogss the cxit slot, in inches,. It should
be bormne in mind that these distances should be gcaled in
proportion to the cowling diameter for full-scale work,

Slot width for full-scale equals the

diameter of the full-gcale cowling in inches
20
.slot widths given in this paper.) ' The.criterion for pres-

vs?re avallable is gziven in the form of KD plotted against
V/nd B

times the

Drag comparison.-~ In figures 23 to 25, comparisons
are made of the various cowlings from the drag standpoint
for three flow quantities, or values of Ky. The most in-

teresting portion of the curves from the drag standpoint
is that for low values of Ap,/q, 0.2 to 0.5, because
these values correspond to the eruilsing or hizh-speed
flight conditions, The highest values of Apt/q obtain-

able correspond to the take-off and climb and are of some
interegt from the cooling standpoint, although the resgults
with propeller operating are more applicable,

Cowling 39 has the lowest drag for the hich-speed
range of the curves with cowling 3 or 3B taking second
place, Cowling 3B, which hag an overlapping exit slot,
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shows up well for high valuesg of Apt/q, even in the high-

speed range, - Small amounts of overlap of the exit geen
degsirable for large conductivities.

Cowlings 3C and 3D have an excessive amount of over-
lap, as may be seen from figure 24, Cutting off parts of
cowlings 3B and 3C, thereby locating the.exit slot on the
curved portions of the noses, had a detrimental effect,

The effect of t he blunt nose of cowling 1 ig apparent
since it has a high drag in the high-speed range, The
maximum pressure available is less than for other forms,
indicating the rear location of the exit slot is not con-
ducive to high pressgures, Cowling 5 is poor from both the
drag and pressure standpoints.

The one test of an W,A,C,A, cowling with the exit
slot clogsed indicates that it ig inferior to the other
cowlings tested, even though the wing-duct results include
the drag of the square extended entrances (faired). The
accuracy of the tests, however, was not such as to make
extremely fine comparisons because the cowlings constitut-
ed only about 5 percent of the total drag of the set-up,
One-half percent error in the total drag would mean 10-
percent error in the cowling drag.

Following is a table giving the efficiencies, to- .
gether with the values used in the computations, for cowl-
ing 39. The computations cover three valuecs of Ki, all
taken at a value of Ap,/q of 0,8, The duct conductivity,
Ky, is the one existing during the tunnel tests, although
this value need not apply to an airplane installation.
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K, 0.0489 0.0778 0.1178
Ky L1775 L1775 .1775
Kq .0487 , 0867 157
Apt/aq .8 .8 .8
Ape/a L 744 647 448
40p, .040 ,070 .108
% .78 .55 .44

It may be noted that the efficiency decreases ag the
quantity of air is increased, due primarily to the in-
creased losses in the entrance ducts. For example, nearly
half of the pressure available is losgst iIn the entrance
duct for the highest engine conductivity, Kg, While only
a few percent are logt for the lowest,

If perfect entrance ducts were possible, a condition
which can be approached for large sizes or ideal expanding
conditions, the above table could be modified as follows:

K, i5.0469 0.0778 0.1178
Ky & o o
X, . 0459 .0778 1178
tp,/a .8 .8 .8
Lpe/a .8 .8 .8
Ath . 040 ,070 .108
Tig .84 .79 .78
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These tables draw attention to the importance of ef-
ficient entrance ducts for high flow conditions, This
subject will be discussed more fully later,

'Cooling comparisgons.~- A comparison of the cowlings
from: the cooling standpoint is given in figures 26 to 28
for the condition of zero air speed

The results indicate that for ground cooling, wide
overlapping exit slots locatéd on or near the maximum
leading-edge curvature produce the greatest pressure., The
exit slot for cowling 5 is evidently too close to the pro-
peller axis (posltlve—pressure region) to produce a rea-
sonably high pressure drop.

Cowling 39 wag not tested with the propeller operat-
ing owing to the fact that the nose part would have had
to be a spinner and this would have entailed a. certain de-
lay for the manufacture . It is believed that tHé cooling-
characteristics can be anproxlmated fairly closely, however,
from the other tests of cowlings having similar .exit slot
openings. For example, the cooling characteristics for
cowling 39 should approximate those for cowlings 1 and 3,
or coWling 3B if a small overlap were provided.

The pressure availablé in the take-off and clmmb is
always greater than that for the ground condition, depend—
ing, of coursge, on the air speed or V/nD No comparisons
are made for these conditions because the ground- -cooling
criteria are probably indicative of the relafive merits
of the cowlings for the take-off and climb alsa.

‘ Bffect of propeller-blade sefting and angle of atiack
'of the wing.- Most of the propeller tests were made at a
blade angle of 20° at 0.75 radius, because this represents
the blade angle for the take-off condition of most present-
day airplanes, In figure 29, the results from tests at
other blade settings are given for one cowling, Increasing
the blade angle increases the pressure available in a
nearly uniform manner except for the zero V/nD. condition.

Increasing the angle of attack of the wing from 0° to
10° increases the pressure sllghtly at low values of V/nD
‘and more so at hlgh values, kK

Entrance Ducts

 The desfgn of efficient entrance ducts is probabdly
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the most difficult part of the wing-duct cowling system,
The three ‘important elements to consider are:; (a) the
drag, (b) the pressure available in the entrance, and
(c) the loss in head through duct, The location, size,
and shape of the mouth affect the first two, while the
size and shape of the interior duct affect the third.

The study of entrance ducts herein reported is by no
means complete. Only one size and location of the en-
trance were investigated, altnouvh several basic shapes
of the mouths were tested,. The wing on which these tests
were made is poorly suited for maklnm a .comprehensgive
study of entrance shapes owing to the exitremely high cam-
ber, The present results, which are of a preliminary na-
ture only, should be considered as qualitative until a
more complete study can be made using a modern wing sec-
tion.

Location.- The wing-duct entrances snould be located
along the span in such a position ag to receive thé
greatest benefit from the propeller slipstream, especially
in the take-off and climbing conditions, The pressure
distribution in the slipstream of a propaller deépends upon
many factors, such as: blade angle, V/nD distance be-
hind the propeller disk, the pitch distribution, and the
plan form, ©No study of the problem is made here except
.to point out that the slipstream necks down considerabdbly
"behind the propeller for high disk loadln*s, gsuch ag are
present during tle take-off, PFigure 30 shows the radial
pressure distribution at 0,5 the diameter behind the pro-
peller for the static condition., The maximum pressure
occurred at 0,55 of the propeller radius for this condi-
tion, and decreased rapidly beyond the 0,6 radius. The
peaks of these curves will broaden rapidly: with 1ncreased
air speed.

The vertlcal location of the entrances was determlned
for these tests’ from pressure-distribution measurements
made with propeller oneratln&. The region of maximunm pres-
sure dlctated the location of the entrances althou@h the
one selected might not be the VYest from the drag stand-

point,

Drag of entranceg,- Polar curves for the entire set-
up are given in figures 31 to 34 comparing the various
entrance shapes, The entrances were located on the wing
for high-gpoed operation at an angle of attack of about
0°, irrespective of what the lift coefficient might be
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for this particular high-cambered wing. In this way, the
disturbancesg created by the entrances would approximate
those for a lower- cambered wing actually operating at
about 0°, The comparigons should be confined, therefore,
to the angle—of attack range above 09,

-Referring to figureg 31 and 32, it may be seen that
all the entrances have a slight drag at 09 angle of attack,
but therc is no measurable drag at about 3°, The extended
entrancesg both improve the CL ax' There seems to be lit-

tle choice in the different entrance shapes in the angle
range from 00 to 5°,

’Figure 33 indicates that fairing the tops of the
squarc. extended ducts reduced the drag in the climbing
range, but the effect was negligible at about 1°,

" Modifying the flush square ducts by increasing the
- radii at thoe top and bottom of the entrances reduced the
-draz to a negligible amount, particularly in the negative-
angle range, (See fig, %4, ) The thin lower lip of the
entrance accounts for the separation at the negative an-
gles., The duct cross-sectional area was decreaged by
this process, however, ,

From these tests it appesars that if the wing is thick
in proportion to the entrance openings, flush ducts with
well-rounded entrance lips will have no appreciable drag,.
If the wing is thin in proportion to the size of the en-
trance openings, extended scoops will probadbly be prefer-
able because it is possible to incorporate well-rounded
leading edges in the extended types, whereas this is not
possible in the flush types without reducing the duct
area, It ig imperative that separatlon at the upper and
lower lips be avoided even though the cross-sectional arca
of the ducts be decreased by so doing., PFurther work on
this subject of entrance ducts is contemplated,

Pressure available in the entrance mouth,~ It is
obviously important that the eontrance ducts be so shaped
and located in such places that the maximum pressure can
be obtained, particularly with the propeller runaing,

From figures 35 and 36, it appears that the extended en-
trances provide the highest pressures within the angle
rangc between -5° and 10° without the propeller operating,
The flush entrances are equal only in the range of a few
degrees near 0° angle of attack.
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It may be surpriging that pressures exceeding g are
recorded, This can be accounted for by the fact that the
static pressure in the tunnel jet at the model entrance
ducts is higher than the average static presgsure in the
test chamber, The total head in the mouth of the entrance
ducts referred to the average static pressure is therefore
slightly in error by the amount noted (2 or 3 percent) .,

Referring to figure 37, it can be seen that modifying
the flush entrances made the pressure more sensitive to,
angle-of-attack changes.

In figure 38 the basic ducts are compared with pro-
peller operating, In the low V/nD range, corresponding
to the take-off and climb, the square extendcd ducts are
generally superior and the flush ducts are equally good
over parts of the range, In general, there probably is
not enough difference in all the ducts to warrant gelect-
ing one over the other ‘on the basis of pressures available
alone, The drag is of much more importance,

" Internal properties of ducts.~- The passagos extending
from the mouths of the entrance ducts to the engine com~
partment should convey the air with as little logs in
energy as possible, There are two sources of energy loss:
(a) friction or turbulence within the wing ducts, and
(b) loss of kinetic energy in the stream at the point of
"dumping" the air into the engine accessory compartment,
It can be . scen from Bernoulll's equation, qtotal =

Hstatic + 5 pvduct , that both losses can be minimized

if the velocity in the ducts is kept to a small figure.
or if the air is expanded officieatly upon entering the
acceggory compartment, Some interesting results taken
from reference 5 on the officiency of diffusers ars given
in figure 39, Tne sntrance~duct conductivity, Xg; isg a
mecasure of the over-all efficiency of the ducts. If the
losses are zero, the conductivity is infinite,

Figure'40.shows the loss in tbtal head across the
entrance ducts for the test condltlons and for improved
ducts. ' : - :

Curves showing the relationship between XKy and XK,
are given in figure 41 for two values of Kj. The tun-
‘nel test results can readlly be translated into valuesg of
Ké and Apg for the two entrance-duct COﬁdnct1v1tles,

Kg = 0,1775 and Kg = 0,25,
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If the duct-pressure losses are to be kept to a cer-
tain fraction of the ,total pressure available, the en-
trance conductivity must bear a certain relation to the-
total conductivity or engine conductivity. Following is
a table of relative conductivities for various pressure
ratios, e : :

Apé/épt Kq /Ky Ky /Ke
1.0 ® &

.9 3.18 2,98

.8 2.24 2,00

.7 1.88 1,58

.6 1.58 1,22

.0 1.41 1.00

In equation form,

Ky :

APg
APy

and

Kd_’ Kd Apa

Ke _’ Kt N Apt .

I
it

Ffom the above values or equations.the sizeé of the
entrance ducts can easily be computed knowing: K., . Apg,
Apt’ and Kyz. The value of K4 mpst be gotten fronm
tegts of ducts of given sizes, For example, if the pres-
sure across the engine, A4p,, must be at least 0.8 the
total pressure available, O4p;, the entrance-duct con- -
ductivity must be at least 2,0 times the engine conductiv-
ity. - If the relationship between the entrance size and

its conductivity is known (from test results), the actual
size can be determined directly.
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The wing ducts for the test set-up were square in
‘¢ross section and made one 900 turn, The area of each
duct increased soumewhat during the turn, No attempt was
made to extend the duct into the nacelle proper,  Guide
vanes in the 90° turn increased the conductivity from-
about C.12 to 0,1775., Other than this single test with
guide vanes, no attempt was made to increase the conduc-
tivity of the wing ducts while the set-up was in the
tunnel., Regearch is being continued, however, with a
simplified set-up using a blower to draw air through var-
ious types of ducts. The results of thig work will be
given when completed.,

Ugse of Data

It gshould be recognized that the present testg are
of a preliminary nature and are lacking, therefore, in
completeness and refinement, ' The results are not without
congiderable value, however, and should prove to be of
aid in developing or designing cowlings of this type.

The following procedure ig suggested,

Selecting entrance ducts.- The conductivity of the
entrance ducts must be first established., The shape and
gsize will depend upon the airplane in question, The
larger the ducts the legs will be the internal logses and
the greater will be the pressure available across the en-
gine, Unless the wing is very thick, large entrances may
prove too expensive from the drag standpoint, The pres-
ent ducte are 5 inchesg in height and the maximum wing
thicknegs is 12 inches, The height probably should not
exceed 0,5 the wing thickness, but the width could be
greater, The entrance duct conductivity should be at
least twice that of the engine, If little expansion in
the ducts is possible, from the entrance to the engine
compartment, the area of each entrance should then be
about equal to tae equivalent engine orifice area, The
duet losses constitute tben only 20 percent of the inter-
nal energy or pressure.

The success or. fajlure of thig type of cowling de-
pends upon ‘the wing ducts, Unless the wing is suffi-
ciently .thick to accommodate the required ducts, or unless
it is possible to expand the air efficiently, this type
of cowling may not prove to e enough better than other
types to warrant the extra cost and CQmpllcatlons.
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Selecting a cowling nose ghape.~ The shape of the
nose will depend primarily upon whether or not a spinner .
ig to be used, The widtld and shape of the exit slot will
depend upon the cooling requirements for the various
flight conditions, It is obviously necessary to control
the slot width to obtain the best performance at all
speeds., A fore-and-aft method of opening the slot was
uged in the tests because good results were obtained -and
the drag was undoubtedly less than it would have been had
flaps been used,

With the engine and entrance conductivities known,
the drag results may be referred to in order to select
the best cowling for the conditions, and the pressures
for cooling can be obtained from the pressurc-coefficient
curves with propeller running, o

Chart for converting Kp into pressure.,- It can be
seen from the equation

2.2
pressure = Kppn°D

that the pressure igs proportional to a constant times the
propeller tip speed squared for standard atmosphere, As
the tip speed is usually known, the pressure can be read
from a chart directly in terms of water head. (See fig.
42,) This type of chart is convenient for making rapid
calculations in preliminary work,

Example design.~ Given

Ap, = 6 inches H0
Ke = 0.10
Propeller tip speed for climb = 900 ft,/sec.
Propeller tip speed for take-off = 950 ft./sec.
High speed .V/nD ='i.5
Wing thickness sufficient to‘provide entrance ducts
having Kg = 0.25 )
Ap

Then | Ky = 0,0927 and —= = 0.862.
P
t
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To design a suitable cowling: .

PN

Cowling 39 is selected, .Ag a bropeller was not tested

with this nose shape, the Kp must be cstimated from tests
of cowlings 1 and- 3. ) :
-Ground-cooling.—.From figures8 and 12, Kp = 0,178 for
1.5~inch exit opening. o
From figure 42,
Apt = 7.5 inches H;0
Ap, = 7.5 X 0.862 = 6.45 inches H,0
Take-off.- Assume take-off spoéd = 0.4 high speed,
00
-_.>. : = 1,56 X 0.4 X 220 0,568
2D /take-off S 950 . ..
Kp = 0.28
: 0.28
Ap = X 6.45 = 10,15 inches H,0
¢ o.178

' Climb.- Assume climbing speed = 0.6 high speed

v

, = 0.9
2D (01imp)
Kp = 0,44
0.44 :
Apgy = X 6,45 X /299 \8 = 14,2 iaches H,0
0.178 \N950 /

High speed.- The oxit slot width would be reduced
to obtain 6 inches Hy0,

In thig example the ground cooling is considered
gsatisfactory and that for take-off and climb wmore than
satisfactory. If the ground cooling is not considered
important, the entrance ducts could possibly be reduced
in sizge if desired. The internal losses would ‘increase,
however, :
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CONCLUSIONS

The results of thegse preliminary modsl tests shbw
that:

1, The wing-duct cowlings tested had appreciadbly
legss drag than a conventional ¥,A,C.A, cowling.

2. The pressures available for engine cooling at
low air speeds rangod from 4 to more than 10 inches of
water, depending chiefly upon the propeller tip speed,
V/nD, cowling shape, and the flow restrictions imposed
by the engine baffle and wing-duct passages.

3. The success of this type of cowling from either
the cooling or drag standpoint depends upon whether the
wing of the airplane. in question is sufficiently thick to
accommodate efficient ducts.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Asronautics,
Langley Field, Va.,, January 7, 1939,
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Figure l,- Wing-duct cooling set-up.

Figure 2.~ Outlines of wing-nacelle set-up with cowling 39,
Figure 3,~- Jasgic cowliﬁg shapes, |

Figure 4.~ Basic entrance shapes;

Figure 5,- Modificatioﬁs fo the équére flush entraﬁce.

Figure 6.~ Presgsure available agalnst drag for cowllng 1
Square extended entrance, no propeller.

Figure 7.~ Pressures available for cowllng 1,
3/4-inch exit slot, propeller set 20

Figure 8,~ Pressures available for cowling 1,
- : 1l-inch exit slot, propeller set 200

Figure 9,.,- Pressures available for cowllng 1,
K, =0.0778, propeller set 20° )

Figure 10,.- Pregsure available against drag for cowling 3.
Sgquare extended entrance, no propeller,

Figure 11l,- Pressures available for cowling 3,
3/4~-inch exit slot, propeller set 20°.

Figure 12,~ Pressures available for cowling 3,
lm—lnch exit slot, propeller set 20°,

Figure 13,- Pressura available against drag for cowling
3B and 3B with 1% inches cut off, Square
‘extended entrance, no propeller,

Figure 14,- Pressures available for cowling 33.
3/8-inch exit slot, propeller set 20°,

Figure 15,- Pressures available for cowling 33.
3/4-inch exit slot propeller set 20°,

Figure 16.~ Pressures available for cowling 33,
1- 1/4— nch exit slot propeller set 20°,

Figure 17,- Pressures available for cowling 33 with 1%
inghes cut off, KXi ="0.0778, propeller set
20
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Pregsure available against drag for cowling 3C
and 3C with 1-1/4 inches cut-off., Square
cut~off, Square extended entrance, no pro-
peller, Kt = 0,0778,

Pressures available for cowling 3C,

Ky = 0,0778, propeller set 20°,

Pregsure available against drag for cowling 5,
Square extended ‘entrance, no propeller,
Ky = 0,0778.

Pressures availéble for cowling 5,
kK, = 0,0778, propeller set 20°,

Pressure available against drag for cowiling 39.
Square extended entrance, no propeller,
*Increased drag due to cooling air,

Apt z/2
.......) K, -
q

A3p, =

Pressure avalilable againgt drag for different
cowlings, Sguare oxtended entrance, no pro-
peller, K; = 0,0469,

Pressure available against drag for different
cowlings, Square extended entrance, no pro-
peller, Kt = 00,0778,

Pressure available against drag for different
cowlings., Square extended entrance, no pro-
peller, Kt = 0.1178.

. v

Pregsure available at zero - for different

nD
cowlings. Propeller set 209, K, = 0,0469,

Pressure‘available at zero 1; for different

e . nD
. cowlings. Propeller set 20°, K, = 0,0778,
Pressure available at zero jL for different
’ . "nD

cowlings, Propeller set 20°, K, = 0,1178,

Effect of various propeller blade-angle set-
tings on K,. Cowling 3, 3/4-inch exit slot,

K, = 0,0778,
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Figure

Figure
Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

311"‘

32.~

34a"

35, -

37 ¢ -

38.-~

390"‘

40, -

41, -

420"‘

Radial pressure distribution in the slipstream
at 0,5 propeller diameter behind the propel-
ler disk, Three-blade propeller 5868-9 op-

v
erating at zero —-, From full-gscale tests
S o nD »

with a liquid-cooled engine nacelle,

Comparison of various entrance shapes.
No air flow, cowling 3, l-inch exit slot.

Comparison of various éntrance shapes.
Ky = 0,0778, cowlingd, 1-inch exit slot,

Effect of fairing the top of the extended square
duct, UWo air flow, cowling 3, l-inch exit
slot,

Effect of modifying the square flush entrance,
o air flow, cowling 3, l-inch exit slot,

Pressure available within differently shaped en-
trance ducts, No propeller, no .air flow,
cowling 3, l-inch exit slot,

Pressure available within differently shaped
entrance ducts. No propeller, Kt = 00,0778,
cowling 3, l-inch exit slot.

Pressure available within various flush ontrance
ducts. No propeller, no air flow, cowling 3,
l-inch exit slot.

Pressure available within differently shaped en-
trance ducts, Propeller operating, 2-blade
4412 propeller set 13°, K, = 0,0778.

Efficiency of diffusers from reference 5),

A, area, n=3 %ﬁ*ﬂ pi =
2Pt ( =7

Pressure across the engine in terms of total
presgure available for different total con-
ductivities,

Engine conductivities for different total and
entrance conductivities,

Chart for converting pressure coefficient into
pressure for different propeller tip speeds,
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