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w}ltc ‘ .. SUMMARY

|

*Vscale conventional nacelle model were made by the United
"Alrcraft Corporation to determine and correlate the ef-'
. fects of many varianbles on coollng alr flow and nacelle
“.drag. The primary investigation was concerned with the
‘reaction of these factors to varying conditions ahead of,
across, and behind the cnginc. In the light of this in-
“vegtigation, comnon misconceptions and factors vhich are '
" frequently overlooked in the cooling and cowling of radi- -
al engines arc considercd in some detail. ' ;

ROV SV S-S U

o — Data are presented to support certain design recom-
' mendations and conclusions which should lcad toward the
- improvement of prescnt cngine installations. Several
charts are included to facilitate the estimation of cool-"
" ing drag, avallable cooling pressure, and cowl exit area.
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INTRODUCTION j

Improvements in the cowling and cooling of radial
alrcraft engincs have resulted from the ‘study of the fun-—
damentals of alr flow, thoir goncral application to the
' problems to be solved, and detailed wind-tunnel and flight = ‘

... tosting to dctermine optimum dosigns. In spito of tho Cfm..
" fort cxpcnded on cooling problems ovor tho past doecado, - . i
cooling difficultios still cxist. In somo cascs thoy aro '~ °
| duc to a failurc to grasp tho undorlying principlos; in PR
- othors thoy can bo traced to a lack of apprcciation of b
cooling work already accomplishod, and a failuro to apply
these rosults in practicc. Thc most inbortnnt causc is, . . {
. porhaps, that many guantitative cooling data arc still o ;
. wanting,

. This nccd for more quantitative information led Unitod
Aircrgft about 2 yoars ngo to continuc tho cowling and
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cooling investigation which had been begun several years
previously and which had resulted in the development of
pressure baffles and cowl flaps for radial alrcraft en-
~8ines, (See references 1 and 2.) Although the present
résearch can be consldered an extension of that previous-
ly conducted, it is basically new. Improved wind-tunnel
models have been .tested, and many drag and cooling varia-
bles have bYeen ilnvestigated in considerable dotail.

As in the casc of past wind-tunnel invostigations, 1t
was found convenient to establish o standard test nacclle,
80 thqt tho effoctivences of subsequent modifications in

" dasisn could bo. compared with the 'standard nacelle. (Seo
‘reforcncos 3, 4, 5, and 6.,) This basic nacelle was dovol-
'opcd from o stroamlino body (sco fig. 6), but was providod

with' an NACA nosc O cowl, which had proviously proved
(rofercnco ‘7) to bo oxcollent from the drag standpoint,

No attompt was made to invostigato the variables of cowl
nosc form, alr heating, or amount of cowl periphery flanped,
In addition, the nacelle was tested without n wing in order
to eliminnte other variables and because it wns felt that
wing-nacelle interference daota were being adequately sup-
plied by the NACA (rcferences 8, 9, aad 10).

With o body of constant cowl nose and aftecrbody form
- there seemed to be three major variables to be investi-
gateds

1. Shapec and size of the propeller hub and engine
reduction-gear housing, or fairings over thoem,
including spinners.

2+ DRestriction to cooling air flow offercd by the
engine, that is, congine conductivity; also the
restriction offered by the ontry to the ongine

and by the cnsgine accessory compartnment. Tho
l . term "conductivity“ 1s defined in references
2 and 7.) ‘

3., BSize and location of exit for cooling air.
i That item 1 affected the cooling air flow and drag
was.discovered by previous research, However, it was ‘then
believed that nose shape had little effect on either na-
celle drag or cooling. Since then it has gradually been
recognized that the shape of nosée configurations ahead of
the engine must have a profound ‘influence on the air-flow
direction and the amount of turbulence crcated, and thus

)
See rofermence 2,
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on tho preesure rocovery under the cowl, the cooling drag, ,

. and the form drag of the nacelle. (See reference 11,) .
; | This present paper attempts to point out the importance of
‘these features, and recommends how pressure recovery can
~ Dbe incereased and drag reduced by improving air-flow condi-
~tions., These data should provoe particularly useful in

design, ' '

R - | Item 2 was known to have an important offect on both

. nacelle drag and pressurc drop available, assuming any

i ‘ . glven flap length, dut oxtonsive quantitative data wore |
L

- not avallabdlo. Excopt in a very few cases several conduc- |
 tivities have not been investigated on any one model in
‘detail., Consequently, it was felt worth vhile to make ,
. tests using three conductivities, and in some cases five,
X x ' to cover the entire range of "orifice coefficients" that ’ ‘
L o might De expected with a radial engine., With this range
- ' of conductivities it would thus be possidble to obtain the
change in drag coefficiont, pressure recovery, or unss
- : ' flow for any modification in thoe »hysical arrangoment of .
‘ the nacclle at the cexact conductivity desired. 3But, most
‘ “important, it would be possiblc to comparc the effecct of :
. conductivity on drag coefficlent at the snme mngs flow so
" that the cooling drags obtained would be the same and any
i drag differences could be traced directly to o chonge in
| form drag. The restriction to cooling flow at the front
.of the engine has been herein considered on thc basis of
s 'pressure recovery, while tho additional restriction of-
! fered by the acecssory compartment has been considered in
i} . torms of its conduectivity.

D Considerable cf{fort has becn cxpended on item 3, par-
P - ticularly as to the best form of cxit control. Many ar-

‘ rangencnts werc tricd somec years ago by Unitod Aircraft i
and the results reported in recfercnce l. It is now almost i
; , ~universally agrced that cowl flaps are nuch better .than .

;i B . shortened skirts or any other flight-induced flow arrange-— .

: ., ment to obtaln the maximum mass alr flow or pressure drop g

T', E . across the engine. (See reforonce 12.) Tho commonly used -

- term ‘"shortened skirts," rcfors to tho succcssivoe shorton- -

4 .- ing of the trailing odge of the cowl at the air exit fronm .

' * the nacclle, in order to achiove incrcascd air flow through

; the engine. In this caso the authors woro intorcstod in

! the shortoncd~skirt data not only to comparc thom with the 1 !
cowleflap data but in order to obtain the same mass flow, ‘

: :when the conductlvity was changed at zero flap angle, as

) ‘discussed in the previous paragraph, ‘Although there are
3 some data available (reference 1) on the effect of. flap
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position on drag and maximum pressure drop obtalnabdle, 1t
wag thought worth while to invostigate three flap positlions
in more detail, The chord of all the flaps tosted in the

.two conventional poaitions was 1245 porcent of the engino

dianotor.

TUNNEI; SET-UP AND DESCRIPTION

© With tho test program formulatoed in this manner, tho

moaels woerec deslgnod for tosting in the Wright Brothors
wind tunnel, which has been well described in reference
13. In brilef, the variable-density M,I.T, Wright Brothers
wind tunnel is of the closed=-roturn, closed-throat types

a ‘7TE- by 10=foot elliptical scction forms the throat. For
normal runninb, as in these tests, tunnel dynanmic pressure
corresnonds to an airspeed of 150 miles per hour under

_standard atmospheric conditions at sea level, This speed

coarresponds to an effective Reynolds number of 3,000,000,
based on maximum body diameter. Although airspeeds up to

240 miles per hour are obtainable, thesc higher speceds are
iprimarily required for extrapolation of data to full«scale

Reynolﬂs nunbers,

..~ As shown in figures 1 and 2, models arc set up in the

;ﬁunnel,on a threc-support system which offers comparative-
1y 1itthke tare and interferenco drag. Actually, the total

taro, interference, and buoyancy cerrcction for low drag

"bodies is only about 40 porcont of the mecasurcd drag as

?simulatlng thoso of froc=-strcam flight than if the tunncl
,speed were measurcd well in front of the body, which meth-

soction of the hody. As far as the body is concorncd,

road from the balances, which .is a low figure for any
system.

Tunnol speed is reforred to four static oridices lo-
catod in the tunnecl wall in the planc of the maximum cros

thon, the test spocd occurs under conditions more ncarly.
od.requires the use of the ‘so-called "blocking effect“.
correction.

Assuming that the tare and interference effects: of the\f
support system can be quite accurately obtained by duplies,

cation of all the parts necessary, the remaining correc- S

tion is that offered by the losses in the tunnel throat,
which manifest themselves as a statlc-pressure drop along
its length., Suffice it to say that.thils static-pressure
gradient has been measnred nt frequent intervals and has

g e b s
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resulted in a buoyancy correctiom that has boen as accu-
fately determined as possidble. The importance of estabe
lishing all these correctlions cannot be overomphaslzed
whon small drag differonces, occurring from minor modol
changes, must bo accountoed for.

. As nmentioned proviously, if drag difforoncos of vari-
ous nacelle configurations are desired, the drags nust be

conpared at the same internal flow, Therefore the method.
of measuring the flow must be accurate and consistent. In

‘addition, care must be taken to allow for any seening
.change in engine conductivity that may occur fron changes
‘nadé in front of the engine., The apparent change in conw
W'ductivity is due to the inabllity of pressure-measuring de-

'vices to read consistently with variation in air-flow.di-

’rection. \

i , . |

Referehce to fighre 3, showing the basic nacelle in

‘cross gsection, will be of asvistance in descridbing the
qnodel 1tself and the nethods cnnloyed for mcasuring Flow.

‘fhe naccelle here shown rcprescnts nn approxmmatb hall-
gcalec nodcl of a Pratt & Wnitne:r R-1330 or 2-2800 installaw
tion, The front and rear scrcens by which thc deuble~row

.engine 1s sinulatecd arc locatod at »Hositions corrcsponding

'to plancs at the forward cdge of the froabt-row fins and

the rear cdge of the rear-~row fins. In this nanncr the

-eooling flow is at lcast subjeet to a cyclec of dccecleration

and acceleration in roughly the sane nanner as in AN actual

'raflal engine, although the tortuous path of flow existent

"in the engine is, of course, not present in the model, It

“was felt, however, that a bet¥er sinulation was achieved
than if a single perforated plate had been inserted at

gone arbiltrary location within the nacelle. . After a series
of extensive calibration tests in a duct using the ecxact

‘econflgurations to bo tested in the . tunnecl, screen coundlna=

tions were selected that gavo orifico coefficients, or one
’gine conductivities, covering a rango sufficlont to inhlude

“present-daj and future air—cooled ongincs. Zach of the .
‘gcreen conbinations was retestod for widely varying nacelle

““gconfigurations with and without propeller, to take into acw: ?
_‘count -any changes in conductivity. Actually, for.the“na-:''

" Jority of tests, the change in conducetivity for a given

. set of scrcens was so slight as to be negligible.

Several nethods of prossuro neasurenent were enployed.’

Four integrating total-pressure rakes were placed in front
of and four behind the "engine.," As can be seen in figure
3, each totalepressure rake consists of five forward-facing

' '
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E ”'  ‘,‘ tubes spaced radially and Jjoined to an-averaging.chanber,
: - fronm which a single tude is connected to a - manometer. The

1 . readlngs of a rake consisting of several individual Kiel
. . ..8hielded total-hecad tubes (rcference 14) of Boeing conpany
' design (fige 4) and were found to be accurate, even at ane-
;| glos of attack of the model other than zero. The excelw-
»lonht..agroenent betwodn tho rdadings of %the intogratlng
- and non- integrating total prossuro rakos is 1llustratod in
L figuro i7.

o .V In addition, a large plezometer ring, the dlaneter of
wh chﬂwas 0498 that of the "engine"™ diameter, was located
.in{§ront of and behind each set of screens. A shaller ple-
‘ ezoneter ring of 0,625 dianeter ratio was placed directly
E ahFad of the front screens and behind the rear screens.
Jf According to standard flight-test procedure, the'holes in
: the rings faced forward. Under certain conditions.of rc-
‘versé flow within the cowl, it 18 conceilvable that static
f“pressure night be neasured with such a device. Under nost
"conditions. however, thc ring would attenpt to nezsurc to-
aobal, ProssuUro, although the design is very uﬂua+1dJacto*
- wefsa bothdl-head tube. The neasurenents will be lelewdlhg,
{@Hnot only because ‘of this, buft because total-pressure dis-
tribution in front of a typical enbine~nacelle coubination
isjsguite likely to appear as shown in figure 5. It so
glaypens that front station 3 or rear utatlon 2, at which
. jthe total pressure is highest, 1s Jjust about where the
g',hoies in ' a piezoneter ring with o dianeter ratio of 0.6235
“V*, swould be located. Pressure head in front of an engine-cowl
' wunit neasured with such a ring would thén appear entirely
too.optinistic, as would the.cooling flow based on.that
'g, ‘measurenent. .

A uw

L e It is apparent from figurc 5 that only radial rakes
S, vill glve g truwo average of the pressurc in front of tho
’{:engino, while piozometer rings or othor devices that neas-

.l ure-onc radial prossurc will givo readings rcatly in are

'¢m‘ror. Tho tircunferential variation in pressure which, ge-
v<curs at anglos of attack or yaw, as shown in fi*urq 1.

eannot, .of coursc, bc indicatod dy a piczomector ring..wﬁ
Therefore, plezometer rings should not be uscd under:.those

. for preasure measurement,

Owing to the unroliability of the piezometer rings
1t was decided to rely on the integrating rakes, which
would "ive an averane reading across a plane directlJ in

! 1, . readings of these devices were checked by the. area-averaged’

g'ﬁ("“ L conditions, and it is recommended that they be discontinued{

—
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front of the cngine disk, Throughoub all the testing, howﬁ‘:’
ever, pressure measurements were also taken by the plezom-
eter rings, and check rung were later made with the shield-.

ed total~head tubes. In all cases the rings gave readings,
especlally at angles of aback, which were consideradly less

.conservative and less consistent than the readings obtalned
[bV'tno rakes. ‘

";«TRAE*SITION FROM STREAMLINE BODY TO WACELLE WITH AIR FLOV

: r,_ .
;
vt
e
oF
'

ofrfinoness ratio 3,25 was tested as a basls of comparlson

‘with the nacellc with alr flow. These results aroc given
‘fin figure 6. TFor further comparison with tho nacelle, a

.. .blunt stroamlinc body was testod, which ropresents a fair-
~dng of the nose O cowlod nacclle into a solid body. The

. drag coefflcient of 0,0354 for this blunt body nay vossibly
. be slightly high relative to the other bodies, since 1%
V'was found afterward that part of the nose contour was not
' properly falred,

{

: It igs desirable to have the drag coefficients obtained

- from vind~tunnel tests capable of bteing easily extrapolated
... %0 fullwscale Reynolds numbers. In flight at these high

.. Reynolds numbers, the transition from laminar %o turbulent

- flow occurs at, or nearly at, the voint of pezk negative

‘pressure on the body. Consequently, 1t is neccssary to

cause artificial transition to occur on the wind-tunnel

» models st the position of peak negative pressrro 1f
: -desired to extrapolate from model scale to full scals by

"the usual methods., Artificial transition can bec caucced

.. either Dby introducing turbulence into. the tunnel by a
.’gsercen or by using "trippers® (threads placed around the
_../periphery of the body at the position of the peak negative
,vfbressure) The tripper method was adopted for these tests,
.. and by the use of different size trippers 1t was possidle'! .
-,“wto determine the drag added by the tripper. This drag was ... |
wisubtracted from the gross drag of the body to find the efw Z
. "fect of the tripper on the net draz, which did not in- -
" 'clude the tripper drag. Although trippers were ‘dlso used; "
on the cowled nacelles, as well as on ‘the streamline ‘bod- "
ies, 1t was found that in the cowled naccllece the transie
tion point was always ahcad of or at the tripper, so that . @

ES
.

3 a
18

no correction to the drag coefficients had to bo made for
this factor. ~

fAswmentioned in a previous seot{on, ‘8. streamline uOdY o
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It 49 obvious from figuro & that considerablo 1mprove—\
mont can sti1ll be realizod in the drag cocfflclents of nae
collecs with alr flow whon compared with a good stroame -k

. linc body. Future rescarch will undoubtodly show how fur~

ther improvoncnts can be obtaincd. .

“EFFECT OF SEVERAL VARIABLES ON NACELLE DRAG COEFFICIZNT

Uass flow and cngino conductivity.- Flow through a na-
celle can be augmented by increasing the flap angle or

f“@uccessivaly shortening the cowl skirt to increass the -
“"exit. gape The volume flow Q 1is determined primarily by .

the pressure drop across the engine Ap and the engine

conductivity or "orifice coefficient" X_ . (The term ..

"cgnductivity“ 1s explained in detail in references 2 and
d Thus.

Q ='1cqs/§§g | | (1)
“ﬁhéfev
,"Q£ ‘ volume flow, cubic feet per sccond
=JK; nondiﬁensional engine conductivity based on
s “maximum nacelle cross~scctional arca
"fﬂs;fx'maximum nacelle cross—sectional area, squarc feot

.'Ap .pressurc.drop across ongine, pounds por squarc foob

p . air density, slugs por cubic foot

g
The authors of rcforcnce 2 proposod that the flow be shown ‘
in coefficient form written in terms of airplanc speed Vy

as follows.

Q

by
T
4

~ 1
.

K CQ SV.

(I

It 19 to be noted that all conductivities in the prese
ent paper are based on maxinun nacelle cross—sectionnl

Cq ég) (nondinen81ona1) o (3) f)f

b
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area, and not .on engine disk area, to elininate confusion

. between them, OConsequently, 1t is necessary to change

ki conductivities based on engino disk area downward by the

i ratio of the two areas, when use is nade of those figures |
or charts in this paper that have conductivity as one of
the paraneters. The authors have also preforred to. pre= .-
sent some of the data in torms of mass flow (strictly
.speaking, weight flow) rathor than volume flow, since it

‘48 nass flow that cools the engine, Consequently, ocqua-

“tion (1) can be rowritten in terms of mass flow, W:

= Qpg = qus / 2pLp .:Qé)q

: i wvhere _g is the acccloration of gravity, 32.2 foeet per : |
§ , socond®. In this paper, the nass flow W is given in ‘ :
8 R . - -pounds per hour, so that, on this basis, equation (4) ve- ;
‘ comcs. - -

| g ¥ (1b por nr) = 116,000 qu./apAp (s)

2T EBquation (5) states that nass flow is a direct funce
4 “tion of conductivity and the area on which that conduc-
| tivity is based and is also proportional to the squarc
root of the alr density and prossure drop across the ene
gine, PFrom this fact it might be concludod that it 1s

- nore inportant to change tho conductivity than the pros-—
1 sure dropj that 1s, it would scen inportant to keoep the

- cbnductivity-low. '

e A A ot s ek carers - =

That thc revorsc is actually thoe case, however, is
hllustratod in figurc 7 by a plot of nass flow against na-
coclle drag coofficicnt for sovoral‘conductivitleq, .where
for a given wass flow the highest conductivity producos

.tho lecast drag. As tho nass flow roquired incrcases, the
-‘high conductivitios show up nore and norec to advantago. . .
‘For instanco, if the conductivities shown are comparod at S
. 12,000 pounds por hour, tho incrcases in drag coofficient ‘
'=qvor the nacolle without air flow cxpressod in pcrccnt BT RPITI B
,aro quito astounding. . ek ey

i R 3t r oS gt

e

Incrcasec in drag

| L . coofficicnt ovor . S | "
. Conductivity ‘basic naccllo ' L Tl
S ) "without air flow, ' o
: porcent
o 0.315 27 .
L | .21 30

P | .12 48
S ' .07 317

«
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i bygased fin efflciency it will reduce the required flow,

| The penalty incurred by using low canductivities for large | |
mass flows therefore becomes clear., It 1s also at once o »
apparent that, conversely, the saving in cooling drag at a Wg {
given mass flow by increasing the conductivity is substan- 4 o o
%Kal. ‘The lower the ‘original conductivity the greater the'.

ultimate gaving in drage: -

w,J‘f\'; .
IR SRR

e

The subject of reducing cooling drag by changfng en- | j
; gine conductivity is very important and deserves at least JIU ' l
% B brief dlscussion here, With the possible-exception of = I ' |
ingreasing allowable cylinder temperatures, this factor is
'+ the most important to be reckoned with and investigated., {
) Ehe problem of decreasing cooling drag by increasing con- L '
1

i ugtivity is, qulte obviously, directly related to the = .

,4~aw and ‘the pressure drop required to cool,  Since a cor-

| ﬁain'mass of air must bo kept in contact with the fins to -
¢80l the engine at all timos, it follows that air is wast- ¢
ed 1if the baffles arc not kept as tight as possiblo. R
Pightening the baffles lowers the conductivity but still |
léaves the pressure drop required unchanged for a given
engine, although, of course, the over-all flow through the
|eng1ne is reduced. UNext, the optimum fin spacing is sought..
Por present-day cngines thls optimum spacing will serve to
fu ther reduce the conductivity. However, because of in-

and hence the corresponding pressure drop required is also
decreased, Thus far, reduction in coollng drag has been
'accomplished by decreasing both flow and Ppressure drop.
%is result has been achicved, however, only at the cx-
{  Dpense of lowering the conductivity. The conductivity can ‘
“g ‘now be lncreased by lengthening the fins. By so doing, T
the required flow and pressure drop are still further re-~ ‘
| duced. This accomplishment means that the nmininmum flow L
R and prossure drop required to cool arc being obtained as = |
" dfficiently as possible dragwise, that is, by the highost |
~ugeful conductivity that can be dbuilt into a radlal on= :
‘i gine of prescnt-day design, o ‘ ~ﬁf
mr/u ¢ *1
{,"“4? ‘Again, however, the dragfpicture does not tell the:
L whole story. Although it is important to increase: the
. conductivity under the conditions set forth, it is more
\important to have a low pressure drop. While the drag’
ﬁ varies directly as the pressure drop, the cooling powe:
\varies as the 3/2 powver of the pressure drop, but the £ ‘
‘drag and the cooling power both vary directly as the con- .'¢ ..
ductivity. In equation form, using the same symbols and
hnits as before, the horsepower due to cooling the engine 3 '
is »

-0 sl |
[ N e . .
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" Nave beon drawn-on figuro 7,
‘" have becen taken from roference 5,
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Ap Q
550

1

(hp),

550-(p/2)1/a

‘ﬂThe'expression for total coollng horsepowsy 6;>\to flow

1 tﬁrough the entire nacelle is also

= Q, but in this

‘.case Ap is the highor prossure drop across the nacello.
‘The cooling flow Q remains the same.
“illustrates the importance ¢f koceping tho pressurc drop

reqguired to cool the engine as low as possible in order to

rrattain minimum cooling horscpower.

Equation (8) thus

The advantages drag-—

vise of liquid~cooled radiators having conductivities
.about 0.45 and low pressurec drops requirocd becomo only too

- obvious and should serve as an inspiration to air-cooled

engine designcrs.

For purposes of conparison two other conductl 1t1

The data for
except that the drag CO~

- "efficlents have been reduced to allow for the difference’
" bPetween the baslc drag cocfficients

United Alrcraft models without
unpublished wind-tunnel data,

and the
air flow. From previously
obtained

a point for

ago by the former Chaunce Vought Division,
Kq = 0414 has been located on the plot.

ad justed, agree remarkably well with tho

"tunnel test data.

Tlhiese data
morc reccnt wind-

It should be pointed out that in figure 7 and all
sequent figures in which mass flows are guoted,
flows are based on an area of 3,14 square feet and a tunnel 'l
"dynamic pressure corresponding to an airspeed|of 150 miles
‘Per hour under standard atmospheric conditions at sea level.

' In order to obtain mass flows for a nacelle of different

. cross=sectional area, the given mass flows must  be multie

these mass

plied by the ratio of the areas, as well os by the ratio of

the velocmties and densitics,

Plaps comparcd with shortoncd skirts.- The ordiﬂarv -

increase 'in pressure drop induced by f£laps is illustrated

in figurec 8,
25°

where an increasc in flap angle up to about
roesults in an increoasc in pressurc drop, and thus in
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mass flow. This rosult 1s truc at all threo conductivi- .
tios shown excopt, of coursoc, that tho lower the conduc—
tivity the higher tho pressurc drop.

Cowl flaps and shortoncd skirts can bo convoenloeontly
comparcd on the samc basis by using the nondimonsional =
quantity X,, which is takon as tho ratio of minimum na=
colle exit area to the maximum nacelle disk area. The
quantity K, 1is usually referred to as the "exit gill area
ratio." Tigure S shows that to obtain the same pressure
drop or mass flow 1%t 1s necessary to have a nuch greater
exit g4ll area for the shortened skirts than for .the cowl
flaps. This figure shows that much higher naxinum pres~
gure drops, or mass flows, are obtainable with cowl flaps.

Without air flow it would appear fronm figure 10 that

%ahortoned skirts are much to be preferred dragwise. This
*‘figure shows that with no flow the flaps arc nerely add-
ipng forn drag. It is well known, however, that shortened

skirts give approxinately the sanc nacelle drag cocffi-
cient as cowl flaps, for a given rass flow. (Sce refer-
enca 5.) This result is illustratced in figurce 1l. The
indication is that thorc is no increcasc in foru drag duce
to cowl flaps up to flap anglecs corrcsponding to the naxie

cnun exit zill arca ratio tested with shortencd skirts.

The subject of incrcasc in form drag as affcected by flap
angle 1s discussod in norc detail in the scetion - ESTIMA-

‘TION OF WACELLE COOLING DRAG FROI THEORY

In addition, figurc 11 includes the offcct of conduc—
tivity, denonstrating that the naxinun mass flow obtained
with cowl flaps is more nearly approached with shoritened
‘akirts at low than at high conductivities. It is also in-
dicated that as the conductivity increascs cowl flaps tend
to have nore drag than shortened skirts for a given flow,.
liore than 50 different configurations with both cowl flaps
and shortened skirts were conpared, and the results indie-

_cated that sortetines lower drags at a given nass flow were

shown by the cowl flaps and soumetines by the shortened
skirts. It nust be pointed out, however, that in about
two-thirds of the cases investi*ated for conduct1V1ties
around 0.12, cowl flaps showed only slightly hlgher drag
ctoefficients, Figure 11 is-typical of one of these cases,

Flap position.- Figure 12 illustrates the three flap
positions tested. The first, or forward, position corree~
sponds to one innediately to the rear of the cngine cylin-
ders; the second is sinilar to a filrs wall flap installa-

~
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tion; and the third, or tail exit typo, is of interest be-
cause it has so often been proposed to cxhaust the cool-
ing air at the tail of the nacelle.

It is shown in figure 13 that the naxinun prossure
drop available wltlh a given cowl oxit arca 1s progressivo=
1y reduccd as the flap is noved backward toward tho tail
of the nacelle., OConscquontly, 1t would sccn that the
-bost position from the point of view of maxinun flow ob-
tainable is innmecdiately to the rcar of the ongine. This
superiority of the forward flap position it also borne
out in figure 14, where it is shown that the highest mass
air flow is obtalned with flaps in this position. At a ‘

. given nass air flow the forward flaps need the snallest
a exit gill area ratio, ~hile the tail exlt flaps need the
largest area. The Tirowall flaps lie in between the two.

As far as drag coefficient is concerned, it is evident
- fron figure 15 that the order of excellence of the three
positions is not so clearly dofinable as in the case of
g - - nass flow obtainablec. At low pressurc drops therc is lit-
‘ tle choice Detween the forward position and the-firecwall-
flap location, but the firewall-flap location becoues ine
N ‘ . creasingly worse dragwisc as the flow increascs. As the
‘ ’ conductivity is increasced the forward flaps show to con-—
siderably more advantago. .

; _’ L The tail-exit flaps appcar to have the most drag at
very low pressure dronps, are superior to the others at
intermediate Tlows, but apparently bvecome inferior agnin
at the highest pressurce drops. TUnfortunately, tost data
are not availadle for comnarable configurations at the
higher conductivities, so that the effect of conductivity
cannot be determined for the taoll-exit type. In spite of
{ this slight variation in the order of merit, it can be
. : reasonatly concluded that, 'in general, the forward flaps
are to be preferred from the drag standpoint, as well as
from the point of view of maximum mass flow obtainable.

e o
-
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EFFECT OF AIR FLOW, AIRSPEEZD, AND ANGLE OF ATTACK

0¥ PRESSURE RECOVERY AEEAD OF EIGINE

4
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It is interesting to observe from figure 16(a), which *

is for four differcnt nose configurations at 150 miles per
hour, that there 1s a change in pressure recovery ahead of

*
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tho ongline with air flow. It 1s of particular interest
to note from the uppermost curve, which indicates the
iethod of obtaining points for all the curves saown, that
this change in recovery 1s independent of how the nass
alr flow 1s obtalned, whether by changing the cowl-skirt
length or flap angle or, most important, by changing tho
Qngino conductivity. -

A comparison of all four curves of figure 16(a) shows
that the nmaxinum recovery of each is not at the samne flow

or range of flow. The individual curves are Tor widely
differing configurations (one includes an operating pro-

peller) and, consequently, thore is considerabdle variation
in recovery. In other cascs tostcd and not shown in this
figurec, wvhore poor recovory oexists bocausce of too snall

“'an entrance arca, the curves have a much noro pronounced

peak, and maxinum recovery occurs over only 2 very narrov
range of flow. \

, Pigurc 16(a) docs not rive the conplete picturc, howe
over, since pressurc recovery anparontly changes with air-
spced. That this change exists is indicatced in figurec

'16(b) for three configurations wherc pressure recovery 1is

plotted against flow ratio Q/SV for three airspeeds.

The majority of configurations tested indicated a varia-
tion very similar to that shown for the uppermost config-
uration on this figure. Although the change in pressure
recovery is presented as due to a change in airspeed (tun~
nel,spced) it is undoubtedly a Reynolds number variation,
which is somewhat difficult to evaluate. Tor practical
purposes. the alrspeed change can be considered o Reynolds
number variation based on some dimension of the body, say,
the maximunr nacelle diamecter. The Roynolds number effoct
of speced oxn recovery is, of coursc, logarithmic - that is,
the change in rccovery becomes progressively smaller as the
spced, or Reynolds number, is increcascd, As a mattor of
intorcst, Reynolds numbors corrosnonding to the tost air-
speeds arc also given on figure 16(b).

~The curves in the lower portion of figure 16(b) for
two dwfforont configurations show that, in other cascs,
‘the change with airspcecd, or Reynolds number, is not a
simple once. The differences are, in gonoral, small. The

fact that these changes are related to tho diffuser oxpan—

sion ratio from tho cowl cntranco to tho cngino is dis-
cussad in a lator scction, Although in many rospocts this
infornmation 1s disquicting to thoe airplanc designor, at
lcast it 1s important to know the probablc magnitude of
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‘.thesé changes and to gain somo'insighé as to the number

of coolling factors that nmust bo taken into account.

The inmportant fact to koop in mind is that for any
given configuration, thoro is a flow, or range of flow,
‘which will give optimum rocovery. It is therofore vory
necessary to choose a design that will give high recovery‘
‘at the nass flow required to give adequate cooling. TFallw
ure to realize this fact has caused. considerabdle perplex~'
ity in the past, because arrangements shown to be desira-
ble in wind~tunnel tests often proved to be disapp01ntinr
'in fligzht tests. The proposed designs must therefore be

, tested at the cooling air flows and Reynolds numbers re-

lating to the critical cooling condition,

As the angle of attack of the nacelle ig changed, the

‘recovery ahead of tho engine is gencrally reduced., This

'rosult is due to the fact that the air flow bocomos asyn-
metrical within the cowl, creating turbulence and resulting
in flow broakaway. A comparison of figuros 16(b) and 16(c),

whieh are for 0° and 4° anglo of attack, respcctively,
-ghows that the rccovery is, as a rulce, rcducecd. Although
" the averagoe loss in rccovery is found to be small, the lo=

cal loss may bc considerable, This fact is illustratcd
in figure 17, vhich shows what occurs to the pressurcs as
. necasurcd by tho total~hecad rakcs locatcd at the top and

'bottom of the front scrcen simulating the cnginc resiste
rancoces Thec loss in pressurc of the top total rakes, cithor

of the integrating typc or of the individual shicldcd de-
sign, is grcatly in cxcecss of that of the botton rako,
‘indicating greater loss in prossurc rocovery, Thc los

ig prob 2bly duc to the blanketing cffect of the hub or
'spinner ahoag of the cowl. This fact cxplains why the top
‘engine cylinders arc generally morce difficult to cool in

cllnb.

PFLCT OF PRESSURE RECOVERY AHEAD OF THE ENGINE ON DRAG

The rather: startling effect of pressure recovery on .

‘ nqcelle drag is demonstrated in figure 18. The test

points on the curve were.obtained fron a successive im-
‘provement at the nose of the nacelle, while retaining the
same IACA nose 0 external cowl. The mcthods used to ob-

‘itain the inprovement will later be discussed but for the

noment suffice it to say that changes in the design of

" hubs, spinners, and rcduction—gcar housing fairings will

produce rcsults much the sane as shown horo. It should be

[ U —
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noted that the drag differences from one recovery to anw
other can be considerced due almost entirely to the change
in recovery and increase in form drag caused by hlgh flap
angles, since the mass flow is held constant. There is,
of course, some change in basic drag between model config-
urations, but it is a very small percentage of the total.
Obviously, in order to achieve a given flow, 2 configura-
" tion offering an inhorently poor rocovery will require a
highor flap angle than would be roquired dby a configura-
tion. offoring grcator prossurc hoad in front of thec on-
ginec. Tho curve shows that for the flow of 17,000 pounds .
per hour a roduction in pressurc rccovory from 100 to 55
poercent effocts a drag incrcasc of somo 210 pcrcont.
This incrocasc is cspecially significant in view of tho
. fact that recoverics shead of the engine in present-day
installations, are usually in the 60~ to 70-percent range,
if measured according to the method prescribed in this
" paper. In other words, at fairly high flows, over-all
nacelle drag reductions of the order of 66 percent are
posgible simply by increasing the available cooling head
to the freeestrecam value,

" At low flows, drap reductlons of the order of 35 per-
cent could be attainecd. This offeect is shown in figure
‘19, As the flow is incroascd, the progrossively detrimen-
tal offoct of poor rocovery is clcarly ovident, Furthere-
“morec, if the mass flow 1s hecld constant, as in figure 20,
poor recovery has an even more harmful offcct on drag as
"the engine conductivity is decreased and the pressure drop
through the engine is necessarily increased. It should be
noted that. the curves of figure 20 are plotted for 12,000
pounds per hour - a relatively low flow for this diametor
nacelle, At higher flows the situation would be corre-
spondingly detrimental to the low conductivity engine,

A false impression of the pressure-recovery effect on
drag can be all too easily gained by considering the change
in drag due to a change in recovery at the same flap angle,
without at the same time considering the change in flow.
Assuming, for example, that an engine of conductivity 0,12
will "Just _cool at the critical condition with the flaps
" set at 40 and that, for this condition, the recovery is
GO.perbent. i% is desired to know the decrease in nacelle
dras attalnable if the recovery could suddenly be boosted
to 100 percent. If the flow change 1s disregarded tho de-
crease in drag will be negligidle., If, however, the engine
will cool at the flow obtained with 60-percent recovery
and & 40° flap angle, it is found from the test data that
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for 100-percent recovery only a 10o flap angle 1s needed

to produce the same required cooling flow., The drag has
now been reduced almost 80 percent.

EFFECT O HOSE DESIGN ON PRESSURE RECOVERY AND DRAG .

A large number of confiauratiohs was tested in the
tunnel to study the effect of nvse design on pressure rce-
covery and drag. Ilany of thoso tested wlthout propeller

are 1llustrated in the composite drawing (fig. 21), which
.shows cowl liners 1 and 2. These configurations include ,
-three lengths of cowl nose and various sizes and shapes of

spinners, hubs, liners, and reduction-gear housing fairings.

Onitting for the moment propeller considerations, let
it bPe assunmed that there is under consideration the probe-
len of designling a nose arranqiement for a typical nacelle
equlpped with an WACA nose 0 cowl that will give the high-

"est possible pressure recovery akead of the cngine and the
. lowest possible drag within a reasonabdle flow range, Lot

it .be further assumed that an cngine of conductivity 0,12
is already installed within the nacelle and that for use

-as 'a baslc configuration the reduction-gear housing has
+been removed, loaving only -the drive shaft protruding from

thoe cowl contrance. This condition is represcnted dy 4

of figure 22. At the spocifiod flow of 17,000 pounds per
hour, which 1In cach casc was obtalncd by varying the skirt
longth,. a rocovery of 97 percent rand a drag cocfficicnt of
0,120 was obtained. Tho c¢ffect of now adding tho reduction=-

- gear housing, as shown in 3B, leaves the situation un-

changed but, as soon as a simplified or idealized hub is

‘allowed to protrude fron the couvl (C), the entrance flow

has been altered and disturbed enough to decrease the re-
covery 16 percent, thus resulting in a drag increase of

- gome 33 percent. Installing a representation of a con-
ventional hub and dome (D) effected an additional loss in
recovery of 24 percent, resulting in a further drag ine-

crease of 31 percent, ZFrom the basic nacelle, then,zsime,‘

,"Ply by installing a conventional propeller-drive assembly

(less propeller, of course), the. available cooling head

“has suffered a 40-percent loss, which loss has resultod
'in a drag increasc of somec 75 percont.

Thesc arc serious offeocts, cspecianlly serlous because
the high output alreraft cniines of today demand all the
cooling flow that it is possible to supply. 4 large nun-

e
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G ber of winde-tunnel and flight tests might conceivadly prow
RE duce enough design information that the engine designer
R could always depend on the airplane and the propeller de-
N signer %o furnish him optimum recovery ahead of the enginec,
and thus ald in the solution of the engine—cooling problen,
‘Alt&ough this ideal might some day be achieved, at presont
it i1s only possible to mako cortain design reconnendations
baged on the data available. How then, for instance, can
a traoctor installation be improved to glve optimum recov-
ery and nininun drag? The first and porhaps the nost ob-
vious step would be to reducoe the size of the propollor
hub and ®one, thus increcasing the cowl ontrance area, but
there 1s involved hore a very dcfinite linit, whilch has,
in fact, already becn roached. Propeller hubs are of ne-
cessity: beconing larger, rather than snaller. The cowl
eatrance diancter itsclf can bPe incroased, but nany tests
. ‘ (rofercencos 3 and 7) have shown the drag ¢haractoristics
i o boconc sovere so rapldly that the change is not justificd.
‘ The renaining cholco is to dacrease the cowl entrance aren,
e nttonpting in this nanncr to approach o diffuscer design
il : within tho cowl, Thc natural odbjecection to this wothod is
' that tho conventional cowl offors very little room in which
b0 oxpnnd the entering air officiontly. The gfficiency of
the diffuser itself is, no douwdt, poor, but its over-anll
effectiveness as a recovery device is excellent. The use
and effectiveness of diffusers within the cowl 1z now De=
ing investigated in considerable detazl by the WACA. (See
, references 15, 16, and 17.)

Retaining tenporarily the conventional cowl-hub-donic

‘ . arrangenent (D of fig. 22) and introducing a cowl "liner®
4 of the forn shown dotted in the .same skotch results in an
© inprovenent in recovery of 16 percent and a drag reduction

of about 21 percent. DThec addition of a so-colled "dish-

pan," or rcduction-gear housing -fairing (E), effccts a

furthor recovery benefit of 9 pereent and a2 drag inprove-

nmont of 12 percont’s This rathoer arbitrary approach %o an

at bost incfficicnt diffusor has produccd .an improvencnt ; ,
. of .25 percont in rocovery and 31 porcent in drag, tho nass o
' flow being always held constant. , o

o If highor recoveries arc to be obtailned, tno usc of-

I . spinnors must be roesorted to. Starting as in 4 of figuro

23 with only a nosc spinner, the successive introduction

of’ the cowl lincr and rodvcection~gcar housing fairing (B)

has rosulted in the rcattainnent of alnost full rccovery,

a drag inproveoucnt of 25 pcrcent over A, and a drag incroasec
over the basic nacollco (224) of only 10 percent. If a larger

| S
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fairing ovor the rcduction-gocar housing is installcd (C of
fig, 23), the entrance area is reduced too extensively,
and the pressure recovery falls off., The drag has conse-.
quently increased. The same effects are denonstrated in

D through F of figure 23 for spinners which are too snall
or too large.

In clind attitudes the same relative differences ap-
ply to all of these nose arrangements, but the actual
values of recovery are less, as explained earlier by the
ald of figure 17.

The expansion ratios of the diffusers within the covl,
that is, the ratios of the annular entrance area at the '
front face of the engine to the minimum annular entrance
area near the cowl lip, were calculated for a number of
hud and spinner configurations which had a fairly consist-
ent variation in shape. Although no regular variation of
pressure recovery with cxpansion ratio could be found bDe-
cause of varying diffuscr longth, in 2ll cases thosec con-
figurations having expansion ratios of about 3 or less

were best, while those having oxpansion ratios over 4 wvere

deflnitely inferior. ZIZxpansion ratios as high as 3 werc
still effective cven when the diffuscr length ratio was
as low as 1l4.5. The diffuscr length ratio is defined aos
tho ratio of the diffuscr longth to height of throat as
vicwed in a cross scction through the diffuscr. It would
scem advisable then not to exccecd oxpansion ratios of 3,
or prefoerably 2.5, to obtain rcasonadly high pressurc rec-
coveries., Of course, the greater the diffuser length
ratio the better, but 1% must be borne in mind that it is

-not desirable to decrecase the entrance areca so nmuch that

the flow quantity is actually reduced below the value re-—
guired to cool the cngine, In this connecction two points
should be borne in mind, The test data definitely indi-

‘cated that the diffuser~throat velocity should be about

50 to 60 percent of the frece-stream velocity, where throat

“ ¥eloeclty is determincd from the required flow divided by

the throat arca. Furthermore, the diffuser in cross sece—
tion should, of course, be as symmotrical as possible.

It is, therefore, apparcnt that in many cases where

~design conditions permit, it would be of advantage to dow

velop a senistandardized installation for a given ongine -

~such that the cowl diameter, distanco of cowl leading

edge from the front of the eylinders, shape of cowl liner,
reduction~gear housing fairing, and so forth, would be
clearly specified so thnt optimnum recovery will be realized.
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It woula also appear beneficial to have the front of the
engline kzept clear of accessories, such as magnetos, dise
tributors, and propeller governors, unless the forward
location is absolutely necessary because of mechanical or
other important reasons, ‘
4 0f the cowl liners tested (lincrs 1 and 2 shown in
fig, 21), linor 1 was in all cases supcrior to liner 2,
slnply Dbccause the diffuser oxpansion ratios wore low
onough to warrant its uso, If attempts arc made to im-
prVO the reccovery of a given installation dy a cowl liner
and falring over thc rcductlon-goar housing, it is cntiro-

- ly . possiblo that a diffuscr of too small a longth ratio

or too large an expansion ratio will result. In casocs ;
like thesc, lincer 2 would probadly be more beneficial, ole
though a recdesign of the cowling 1tsclf in ordor to usc

.glinor 1 should producce better ultimatec results If o dif-
fusor is to bo uscd within a short=-nosc cowl, tho cowl

- lcading cdge should not, as in many cascs, bo unnocessari-

" 1y far back of the propollcr bPlades but should bo as closc

to theo propeller in the fully fecathored position as possie-
ble,

TITECT OF INCREASING COWL LIUGTE OF

PRESSURE RECOVERY AND DRAG

The assumption that a gain in pressurc rocovery is
attained by increasing the cowl lcngth alone is apt to Do
misloading (fig. 24), in that the recovery improvcnent nay
not be so nuch due to an increase in cowl length as to a
reduction in the anount of hubd and dome protrusion fron
the cowl entrance. It is evident from the sketches that
practlically full recovery can be obtained for any cowl
lengtn simply by avoiding any protrusion from the cowl en-—
trance, Ifurthermore, the drag of the short cowl is actu-

" ally less than the drag of the longest cowl at any speci-

ffied flow through the engine, elininating protrusion in

both cases. It seemg hardly necessary to voint out that

- these "long" cowls being referred to here are in actuality

"hollow spinners," the forward section of vwhich must rotate

"lwith the propeller or, if stationary, would necessitate an
extension drive shaft for the propeller. Serious problens

of dosign and maintenance nrc inevitablo with hollow spine
ners, but if a large. doecrcaso in rocovery and drag over a
large renge of flow were obtalnable, thelr use .would pro-
sumably be justifiecd, At the ardbitrary nnd average condi-
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tions of 150 milecs per hour flight spoed and 17,000 pounds
per hour cooling flow, the most cfficicnt long nose cowl,

or hollow spinner, tested yielded a 4-percent increase in

pressure recovery and a 5.5-percent decrease in drag over

the optimum short nose cowl (fig. 23, B).

EFFECT OF AN UNCUFFED TRACTOR PROPELLER
OX PRESSURE RECOVERY

Up to the present time, propeller considerations have
boen purposely omitted from this paper in an effort to
avold scemingly unnecessary complications. It should be
pointed out that no attempt has been made to lsolate pro=-
peller thrust and drag, the difficulties involved being
considered too severe to warrant the extra time required
for- the tests. The propellor blades used were scale rod-
clgs of the Hamilton Standard 6105-A design, although the
tips were cut off to avoid cxecessive intcecricrence cffects
with the tunneél wall, A typical sct-up in the tunnel is
saown in fizure 25.

Perhaps the bost way of visualizing propcller effoccts
at various flows obtained by cowl flaps 1s by refercnce to
Tfigure 26. Hore the loss in percentage rccovery realized
by the addition of a propcller is plottecd against ailr flow
for scveral configurations. The curves arc numbeorcd ac-

cecording‘to the sketches shown in figuro 27. It is ecvident

that the loss in rocovery duc to the proscnco of the proe
peller is dopondont on ailr flow for different configura-
tions, but one factor 1s csmecially noticeadlec., In cach
case where the cowl lincr was uscd, the decremcnt in re-
covery rcaches o peak ot a certain flow and then starts to
fall off toward zcro as thoe flow is increased, whilec for

‘the cascs In which no linor was omploycd, the decroment be-

comes larger at such a rapid rate as_the flow igs increased

that the chances of finally becoming smaller seem Vvery re=
~motes Several blade angles were tested, and the effects

of blade angle on internal flow were not noticeable in a ‘
range between 15° and 28°., This result is reasonable since

|

"the bplade shanks arc very nocarly round within the entrance

diameteor of the cowl. It 1s failrly cvident that at low
coollng flows, the propeller will account for about 10~
percent loss in recovery, that at medium flows the locs
may be as nuch as 15 percent, and that at high flows the
loss nmay be negligible, depending purcely on how favorable

[
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is. the entrance deslign of a particular installation. One

- thing, at lcast, is ccrtain - the ongine would prefor not ‘ .
" to have an uncuffed propecllor opecrating ahocad of it.

"HE EFFECT OF PROPELLER CUFFS ON PRESSURE RECOVERY

Owing to unavoidablc limitations in test data up to ,
t!.o prosent, no attoempt will Do made to goneralize on the
cffocts of propelleor cuffs on prossurc rocovery. Scoveral
rather spocifiec results were obtaincd, however, and from
figuroc 27 the indications arc that under cortain flow con-
ditions the cuffs emplorcd on a threc=blado propeller op-

erating at a blade angle of 25° at 0.75R and a V/nD of

0.95 aro quitc beneficial for nosc asscemblics using con=-
ventional hubs and domes. The recovery with propeller and
cuffg for tho configuration cmploying & hud, dome, cowl

liner, and dishpan (B of fig. 27) is actually higher than .
for the casc when no propeller was presont, This result
reproscents a considerable goin over the recoverics reallzed

with an uncuffed propcllcer,

Wiaen a cuffed proncllecr was tricd on thc optimum short-

- noso cowl arrangemont which had attaincd necarly 100 percoent

recovery without n propeller, the valuc dropped %o 83 per-
cent - o 6,5-percent logss from the case with an uncuffed
propeller, This result perhaps indicntes that for this
particulaor set of conditions the cuffs werc stalled. It
seens rcasonable to sunpose that with redesigned cuffs the
recovery could be at least as good, if not beter, than the
value obtained with the uncuffed wnropeller.

Ycsy 100-percent »nressurce head in front of the eagine,
or nearly that, should be mossible Lfor tractor ingtallae—
tions utilizing cither long-nosec or short-nose cowls, dbut
it will probadbly bo attaincd only under cortain conditions
of cooling flow, airplanc speod, and attitudo of flight,

for which conditions the spinners, cowl lincrs, and
reductionw—gear fairings must be carefully dcsigned to give
the proper entrance velocity and diffuser expansion ratilo.
Considering all the difficulbties of achieving and maintain-
ing full recovery for tractor installations under varying ‘
flight conditions, in the long run the simplest solution
nay be wvhat seems at the noment to be the most drastic

and, verhaps to gome, more or -less defeatist — and that is
to renove the source of the trouble itself., Artificial
inprovement can be employed, but the solution is still far

[
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short of the ideal. On thc vasis of thesec tosts it has
been demonstrated that full recovery can be obtained un-
der practically all conditions of flight 1f the cowl on-
trance is clear of encumbering assemblies. If nacelles
are of the pusher type, the nose of the cowl can be nmade
‘as léng as dasired for optimum diffuser efficiency and,
noreover, the cowl will, of course, be stationary. Full
recovery should be achieved under all flight conditions,
and 1f fane or blowers are roquired, they could prosumadly
be nounted within the diffuser to give good operating of-
ficlicnecys The added weight and tho now design problom o
is a consideration to be reclkonod with, but at least the
engine-is being placed in a location. favorable for maxi-
munm pressure recovery and low drag,

4¥720T OF INTAKE AND EXHAUST PIPES AND ACCESSORIES AT

REAR OF IUGINE OF COOLING FLOV

Strictly specaling, as has been pointed out so often
before by other writecrs, therce arc other M"conductivitics"
to be considered besides cngince conductivity when the cne
ginc is installed within a cowl. There aro two other uajor
sources of prossurc loss: the cowl cntrance and the ac-
cossory soctlon from the rcar of the cangino to the cowl
cxit gill, Thc cowl cntrance has alrcady becen discusscd

in some detall, in tcrms of pressurc rccovery ahcad of the
cngino, which is considercd thc nost coanvenicnt nethod of
proscntations However, if for the moment the pressurc loss
ahcad of the cngine is assuméd as correcsponding to sonc
conductivity an and the loss to the rcar of thc caginc

corrcsponding to a conductivity qu, the two together

with engine conductivity Kq nay be expressed .in the
‘equation: : - ' : o

3".(7)

1 S S S
(th> (gqa> : (Kq> (ﬁqr>

- where X is the total conductivity of the cowl inétalarf

9t
lation, It is ob*ious that it is desirable to keep the
pressurc losses ahead of and to the rcar of the engine as
lov as possible, which mecans that an and qu must be

kept high, The desirable ideal is; of course, that Kq
a

[0 S S
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and qu equal infinity, inaicatipg 100 percent recovory

ahoad of the cngine and no losses to the rear of the en=-
gin@. '

In actual practice this ideal can 'be morec closcly ate—
tained ahoad of the engine than at the rear because twoe
row engines require in the accessory section so many in-
take and exuaust pipes, wires, ducts, control rods and
mechanlsmnsy, along with the other necessary paraphernalin
whieh may include the carburetor, olectrical cquipnent,
and accessory drives, A rough approxination of this condi-
tion was made in the United Aircraft nncelle nodel, by in-
cluding in it Adummy intake and exhaust pipcs which, along
with pressure tubing that of nccessity had to pass through
the "accecssory section," offercd some restriction to air .
flows - The set-up with this oquipment installed is illuse
tratod in figure 28. It is to bo notcd that this arranges
inent was greatly sinplificd over an nctual cigine instal-
lntion,

.. As shown in figurc 29, therc wos n grenter totale
pressure loss from tlhie rear of the enmine to the exit gill
with the dumny pipes in place., 3Bagsed on the naxinunm nae-

celle area, the rear conductivisy qu was found to be of

the order of 0.4 (fig. 30). It is highly possidle that
some 1nstallations night. kive values as low as 0.2. It is
obvlous that such installations have a very detrinental
effect on cooling flow for a given covl exit gap.

DHT USE AND ADVANTAGE OF FANS

If cowl flaps in conjunction with the best possidle
nacelle entrance and c¢xit conditions will not supply the
pressure drop and flow reguired for cooling, the use of
fans, or blowers, nust be resorted to. Not only will fans
provide an. increase in flow, Dut by their use the exit ve-
“locity can be made to equal the freo-strean velocity. In
this case the cooling drag has been reduced to zero, since
there hag been no loss in nonentun through the nacclle,
Quite naturally, if the fan produccs an exit wvelocity in
cxcess of the frec-strcam value, a beneficial thrust will
result. -

The fans, or blowers, tested during this progran were
placed behind the "engine" (fig. 31) and, although the ac-
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tual testing vas very gencral and limitoed in scope, a fow”
rathor intorcsting results wero brought to 1light. In theo
first place, 1t was demonstratcd very conclusivoly that
fans arc a more "officiont" moans of inducing cooling flow
than flaps at high angles. "Efficiency," as uscd here,
simply refers to the fact that the horscpower put inte a

.fan to achiovo a given flow 1s loss than tho horsopowor

(manifesting itsclf as drag) roquircd whon the cowl flaps
arc opcncd to obtain the samec given flow without a fan.
The better officicncy is most noticeable under conditions
wheroe high flap anglecs would bo roquirocd without a fan.
Undor theso conditions the saving in drag by uso of a fan
i1s roally comsiderablo (fig. 32). The curvos in tho fige

ure arc for tho thrce difforont configurations testod, A%
- low values of {p/q obtained by low flap angles, tho fan

is legs cefficicnt - as is shown by the ncgative valucs of
drag coofficiont, At the higher prossurc drops, corrc-—
sponding to high flap anglecs, the saving in drag by using

~a fan is ropresentced by positive valuecs of drag cocffi-

cient., In other uordu, any radial onginc which requirces

a flap anglc above 12° for cooling undcr the critical cone
dition might profit by utilizing a fan instcad of cowl
flaps - or, in conjunction with cowl flaps, should they
st11ll bec nccessary for cooling requircmeants in climdb at
altitudc.. But at lcast the roquircd flap anglec to obtain
the flow neccssary in climdb will e leoss than if a fan
worc not prescnt, and thus considerable saving in drag
should be rcalized. Tho high-spcod condition would pro-
sumnably be uwnaffcctod, with perhaps a slight loss realized
due to the added installation weight of the blower, but
climb performance should be materially improved, perticu-

" larly single~engine climb.

‘Ideally, of caurse, if thé fan is designedto omecrate
at peak efficilency at high speed and if the exit for cool-
ing'flow is a reasonable jet, the power input to the fan
can be largely regained in thrust. With a very ineffi-
cient design of fan, propulsive efficiencies of morc than,

60 percent were obtaincd ant the limiting flap angle of 12 .
Above this angle, the thrust and the propulsive efficiency _‘f
foll off rapidly and, while increased cooling flow can L

still Tbe obtaineéd, it is only at greant cost in power input
to the fan.
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EFFECT OF SEVERAL VARIABLES ON NACELLE CRITICAL MACH NUMBER

It i1g¢ nore or less obvious that it might be possidle
to obtain o cowled nacelle which would be entirely sotise
factory from all points of view as previously discussed
but which would have high drag at high speeds because of
the onset of compressibility effects. The fact that there
is o rapld increase in cowl drag with speed, when thls crite-
ical condition is reached, is no doubt familiar at all but,
if. ' not, typlcal curves are included in reference 7. ‘

: " As 1p well known, it 1s possible to estimatoe critical
wspeeds of cowled nacclles from low-speol pressure-distri-
“bution datn obtained from wind-tunnel tests. Using the
"nmininum pressurce obtained along the body, tho critical
spood can be determined by a method proposed by Jacobs
(refercenco 18), which is recasonabdbly accurate. This deotor-
mination has been made for scoveral of the basic bodics,
an@d tho results arc given in figurcs 33 and 34. 3Zoth the
eritical spceds at 30,000 fecet and the corrcsponding critw-
ical Hach numbors arc given, Ori%ical Mach number is dow
fined ns the dimensionless ratio of the veloclty at which
compressitility takes effect Vc to the speed of sound

in ailr ¢, Dboth taken at o given altitude. That is,

g V. {mph) .
M. = 7? = c - (8)

¢ 53,5 /460 + %

o . 0
where t 15 the temperature in "F at the altitude under
'consideration,

It is t0 be noted from Tipmure 55 thot the best strenn-—

line Dbody has the kighest critical snced, while the plain
TACA cowled nacoclle wlthout air flow has tle lowest. By
the nddition of a spinner fto the HACA cowled nacelle the
critical spcced oxr Mach number has been improved almost bto
that of the blunt streanlinc body. Although prcssuron-
distribution mcasurements were not made on the long-nose
cowls, it is probable that their critical speeds would be
higher than that of the short-nose cowl.

Figure 34 shows that the addition of air Tlow rosults
'in o change in critical speed, with the hlgheot conductive
ity or mass air flow gsiving the highest speed. Although
the eritical lineh nunber anperrs to voary with conductivity,
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the real critcerion appears to be mass flow through the
cowl, If tlc nmass flow is held constant and the conductive
ity varied, within the limits of the data obtained, there
is negligible change in Ili, unless tho cowl flaps have to
be opcnced to obtain the specificd flows A4s can be seen in
figure 35, the opening of the cowl flaps morc than-a fow
degrces begins to have a substantial cffect on the eritical
spced, since the slopc of tho curve is fairly stecep, This
figurc nlso shows that ans tlhec naceclle anglo of attack is
incrcascd the critical Mach number is progressively de-
crensed The chonge in critical speed at 30,000 feet from
0O to 6 1is from 397 to 335 miles per hour. It is impor-
tant to bear this fact in mind, especially in connection
with high-altitudo airplanes which must, of ncecessity, fly

‘at o congiderable anglo of nttack of the wing and thus of

tho naceclle,

The effoct of the propeller on critical llach number
could not be isolated by the small numbcr of tests con-
ducted on this Dhasc of the problem, Soveral runs that
were nade with operating propellcer on two dlfforcnt con-
figurations indicentced thnt the neak negative pressuros on
the nacelles were definitely reduccd, Tor o typical cosc
with o conductivity of 0,12 nnd - mass flow of 10,700
pounds por hour, the penk nug atlvo precesurc copr1c1ont
was decroascd from obout =0, to =0,69, VWhether this ro-
sult indicatcs an increasc in I, over the no-propeller
casc is difficult to detormine, since therc is undoubtedly
o pressurc risc through the propcller, which cifect is
superinposcd on the pressurc ficld of the body. Eowever,
since it wons found that the pressurc risc alone cannot ace
count for such a large change in pealr acgntive pressurc,
the romainder may be attriduted to n clange in nir-7Tlow
dircction, With uncuffcd propcller the round shanks uny
account for somec ncitunl slowing down of the nir over the
cowl nosc, Vhile with cuffed propcllers the reversc may
be true., In cither casc the propeller-operating condi-
tions n~nrc nccossarily important. At high spoecd, whero

liy is of primary importanco, the average slipstream volocs-
ity is.only slightly higher than the flight velocity, fron

vhich 1t nay be deduced that for a first approximation the

" eritical linch number for a comparable configuration withe

out propeller may Dbe close enough to the actual casc with
propeller, Although it may be argued that the passage of
tge propeller blade gives a momentary increase in velocie-
ty over the cowl, which is much higher than the average
slipstrean velocity, this factor is probably negligidble at
high speed,
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ESTIIATIOI OF ITACELLE COOLING DRAG FRON THEORY

Over-all nacelle, or fuselage, drag can be broken
down into three parts, which in coefficient form are as
followss

(1) Op the form drasn coefficient of the body with no
0 cooling flow ‘

;(2) CDC the coollngs drag coefficient due to flow througsh

the nacolle

'(3) AOCp  the additional form drag coefficient vhich under

certain conditions manifests itself when coolw
ing flow existsg
CDo can be estimated from known values and is, of
course, ({ependent on body characteristics such as fineness
ratio and type of cowling.
ch’ the internal drag cocfficlent, con be calculat-

ed in a number of ways, but it has.boon found by compari-
'son with innumerable wind—~tunnel test datn that the follow-

ciing equation will yiceld the rnost nccurate and consistent

resultss . .
- -
g ! k2 7 9 VI
Cnh =2 =il - /== - §"?”F“> | (9)
C. S‘v{ q =~q 'l
. whero
Kq engine conductiviiy bascd on nacelle froﬁtal’area
Q volume flow throupgh the engine, cublc feet per second
§  frontal area of nncelle, square feet
Vv . flight speed, feet per second
%§: total pressure ahead of engine’referred to free-stream

GCynanic pressurc

The Zderivation of cquation (9) from moncntun considere
S

ations is included in an anpendix to this papor.
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ACﬁ the increaso in form drag, has been found to

be, for 111 intentq and purposcs, negligidble up to flap
angles of about 12° Boyond this valuc the lncrease in
form drag 1s not only vory abrupt and sovero bdut apparent~
ly totally unpredictable from thooretical considorations.

- At theso high flap anglos, AGD is known to be a funce

tion of the change in pressure drag when cooling flow oxw—
1sts, tho change in skin frictilon back of the cowl flaps,
and the drag of the flaps themselves, Thesc arc complie-

cated cffeets and in an offort to find if 40p , tho

change in form drag, was a function of any nondimensional
paramctor, it was plottcd against quantitios which rcprow-
scnteds

1+ Tho flow of air through the nacelle

2¢ The veloclty of flow at the gill exit

3. The momentum of the air escaping through the gill

44 The kinetic encrgy of the air cscaping through
the gill

. 5s. The pressure at the rear of the engine

6., The square of thec total pressure drop through
the engine

7. An empirical formula modifying the above

Y 8., The change in prccosurc inmucciatoly bpeaind the
sLan flap with the flap scalcd and then open

9, The¢ pressurc drop from tho accessory compartment
: to tho rogion 1mmod1atcly bchind tho cowl flap

10, The precssurc drop from the nccossory compartmont
to tho reglon immediatoly ahcad of the cowl
flap

11, A gombihation of 9 and 10

It was concludod that-tho inerogsoe in form drag which =

oceurs above flap angslog of about 12 is not a simple funece
tion of any onc of the procoding quantitics,
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Returning once again to oquation (9), it will bo noted
. a .
that the cxpression %?—<§—§LE—> s appearing under the
8 |

square root sign, 1s merely a convenlent way of represent-
ing the total pressure at the rear of the engine referred
to free-~stream dynamic pressure, It will be noted further
that real theoretical values of cooling drag coefficient
are possible only when the expression has positive values
or is zero., In other words, when the pressure at the roar
of the engine becomes negative (the condition realizod at
high flap anglcs), the thoorotical cooling drags become
Imaginary. It has often boen suggosted that in cases liko
these, the nogative sign be disrogarded and that the square
Toot of tho oxprossion thon bec gdded instcad of subtracted
from unity. In figurec 36 cooling drag cocfficients have
boon calculated from cquation (9) by assuming different
=
q S v Kq

cooling drag coofficicnt arc indieated by the broken pore-
tion of the curves which, duc to thelr form, makes it al-
most ncedlcoss to state that these valucs arc inaginary in
fact as well as in thcory. Thoe solid portions of the
curves can presumably be used as a convenlent chart for
the caleculation of cooling drag cocfficicnts, although
thorc. is somec crror involved, as mentioncd later. "The as-
sumption that there is no increasc in form drag duc to
cooling flow for positive valucs of pressurc at the roar

. a N f
va}ues of é% and > e Imaginary valuos of

of the engine can be easily checked by the use of the wind-

tunnel test results, If the basic drng of the body be sube
tracted from the mensured drag as corrected for tare and
Interference effects, the difference should be the cooling
drnge In figure 37 the test points obtained in this way
have been located on the plot appearing at the left. The
curves have been replotted from figure 36. It should be
Pointed out that the tost data are for cowled nacelles of
two differcnt fineness nntios. Although there 1s some
scatter of the data, falrly good agrccment is evident,

. No correlation between theory and test can be ex-
pected for negative valucs of pressure at the rear of the
enginc, since the differcnce in basic and model drag mene
tioned is no longer solely cooling drag, dbut a combinae—
tion of cooling and form drag, neither of which is casily
cstimated at high flap angles. As a matter of intorcst
only, test points for this combination drag cocfficiont
have been located for soveral values of Q/SV  in figurc
37, It is possiblc that the slopes of the curves sorve as
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'a folr indication of how form and cooling drag vary with
negative precssures at the roar of tho engine, but it is
sucgested that extreme cautlon be exercised if attempts
are nnde to estimate drags of other bodles from the right-
hand group of curves,

CHARTS FOR TEE ESTIMATION OF COWL EBXIT GAP REQUIRED

From the mass of test dnta obtained, charts were de~
veloped which should ald in the determination of cowl exit .

gaps for varylng flight conditions, or converscly, which

ghould assist in estimating the flow obtainadle wlth a
given exit gap. The charts are presented in figures 38(a)
through 42, ,

Figure 38(n) sives the prossure recovery to be oxe
pected from the use of various_configurations with pro-
poller, Figure 38(a) is for 0° n~ngle of nttack, whilc
figure 38(Db) indicatos the pressurc recovery for the same
confizurations nt 6 .angle of attnecke Both conventional
and optimum confisurations arc included, the desipgns of
which can be seen by refercnce to the figure number given
in tao table on cnclh fipurc., The valucs for prossurc ro-
covery should be Inercnsed or reducced by an amount do-
pending on the variation in design (diffuscr cxpansion and
longth ratio) or opernting conditions (airplanc spcod, an-
£le of attack) from the confisuration uader consideration,
The chenge duwo to different operating conditions will be
slight in nost cnses nnd can be estinnted from figures
16(n), 16(c), and 38(ov). If the diffuser is within the
design 1inits prescribed in an earlicr section of this
paper, the effect on pressure recovery will also be slight,

It should be noted that in figures 33(a) and 38(b)
the square root of the pressure recovery is plotted agoinst
the flow ratio, Q/S5V, This method has been used to dbe ir

kecping with the design parameters oppearing in the working

chartse From the flow ratio, the exit gap for maximunm
speed can be deternined once the product of conductivit
and squarc root of pressure recovery nrc lknown (fig. 39).
Thetquantity ch is not the ensine conductivity but is

the combined conductivity of the engine and the accesso-
ries from the rear of the enpgineo to the oxit gape ch

iélobtaincd from tho relation

A«
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- "
Foo) (%) (%)
whero
Kq cngine conductivity (quotcd by manufacturcr but
basod on maxinum nacelle crosswscetional arcea,
not ongine disk arca)
Kq.. rear compartment conduetivity (bascd on maxinun
r nacclle cross—scetionnl area)
qu has previously been nmentioned as being of the order of

Oe4y in the section ~ EFFECT OF INTAKE AID EXHAUST
PIPES A¥D ACCESSORIES AT REAR OF ENGINE ON COOLING FLOW.

The inclusion of both »ressure recovery and the accessory-
conpartnent conductivity in the prelinminary calculations

is essential in the practical use of the charts for design
works, Attention is cnllcd to the fact that the product of
ch %; represcnts the conductivity o the entire nncelle,

/BR

qu (equation (7)), since J corrcsponds to the conduc—
tivity chead of the cninec. It is th which deternines
the cooling flow that 15 to be attained for ony niven coxit
gape Although it is sufficioently ncecurante for practiceal

‘ 3 PR
purposcs to congidor kqt ns egunl to ch T
ly spenklng, the actucl rolntionship is ns follows:

strict-

-~ //EE - Pex;t
X i * ; /4 1 (11)
18 = L = X
t te 1 - B2 e / 1 - Fexit H
1+ LI v a

(Q/svz:qc)3

s the pressure at the-cowl exit zill, The
vercentase error involved in deternining X5 Dy using the
less rigorous and Tar sinmpler expression for th should

rot exceed 5 percent within n pressure recovery range of
55 to 1C0 percent,




RN

~be used. The bdroken curve in onch chdrt is for shorteoncd :

N A o eMan A A

33

Assuning, “hon, that the highespood cxit gap has beon
obtained fron figuro 39, the low spced (or any intornedie . ;
ate specd) oxit pap can be rendily determined from figurc

40, Hcrc the paranctor ch‘//%?~ deternines the chart to f

skirts rad thus represcents zoro flap rle oxit paps for

tho high-spccd condition, (Sce fig. 89 ) At any point on
the curve, then, thero is an additionnal curve for flop one-—
#lcs which bogins with that point as tho origin, (See ,
fige 9.) Several of these cowl flap curves (solid lines) ' : f
nre included in each chart for speclfic values of zero

‘flnp angle exit grps to facilitate interpolation, The in- ‘ f \
tersection of the value of flow ratio Q/SV with the solid ;

curve corregpondinf to the hiph-~speed exit pfap anlrendy cole }
culnted (from fir. 39), sives the Kz for the low-speed |
case, dLnowing the flap length ond shoulder shape, it is f
then ~ sinple natter to calculate the flap nnple corresponde

ing to that Ky, ‘

Intunucn as the linit of tho induced flow ratio Q/SV
.y h PR
is deterﬂinou solely by for cowled nacelles with
-continuous flaps, a Hlot of tﬁlu liniting value is includ-—

ed (fic. 41) . All valueces falling below this curve may bde
obtninecd by flight-induced flow, dut those above the curve
requlre Forced Tlow by thic usce of blowers or other auxile
i~rry ncens.

Ac nn exanple of how the charts nrc uscd, assullec thot
s Cesired to find the exit ~sap for tae follo ving con-

Lirplane naxzinun speed (true air

specd) = 350 nph A
ifzcelle (or fuseclage) frontal aren =16 sq ft ;
Oper 1ting altitude = 20,000 f% | 3l

glne conductivity (based on na- i C
cel1e frontal area) =0,108 ;
T1low required to cool (fron engine - , .
ianufacturer) =500 cu ft per sec -

The olrplane hins o conventional nose assenbly consiste-.

ing of an JACA nose € cowl, hydronatie hub, and dornes The . . -

first step is the deternination of the flow ratio,

A . 500 = 0,0609

ST 16 x 350 x 1.467
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The squnre root of the'pressure recovery can then be eotie

PR
nated from curve 3 of fipgure 38, The valuec afv/'a“ at

/150 niles per hour for o Q/SV  of 0,061 is 0,775, TFor =
',pocd of 350 niles per hour little incroase can be ehpoctcd,

ns soan fron .figure 16(b) (at botton), Hence, the sane valuo

of / .- will be used at 350 niles per hour. Assunings the

rear co‘partlent conductlvitv Kqp o bo 0.4, 'Kqé is dee

‘ternined from equation (10).

1 - . L + 1

(X, Y2 (o.108)° (0.4)°
Cc

L. = : S
g, = ©+104

Then X PR _ 0,104 x 0.775 = 0,081
| , e a

A high-speed exit gmp‘rdtio of 0,12 cnon row be found
directly from fisure 59 as indicnted by the brolken line.

The highespced cuit gap having been -deternined, it is
desired to know the gap rcquired for clind at sca level

- for the gane airplance, ~ssuning thoat:

140 nph

sen Jlevel

290 cu Tt mer sec,
50 B

Clindbing speed
Altitude

"Flow required %o cool
Angle of attacl

mu

i

then

S - 290 = 0,0835
SY 16 X 140 X 1,467

. Fron figures 38(b), 16(1), and 16(c), the «//%§' is

estinnted to be about 0,77, giving a ch «/ﬁf of 0,080,

Checking fron figure 41 to find if o blower ig necessary

for -these volues of QST and I ER, 'i4 is seon-that
e

flaps will Jjust »provide the necessary flov. Turning to
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chart B of figure 40(a), the brokon line for Q/SV of ‘
0,0885 can bo followed across to point 2 and then down ver-

tically, giving an oxit gi11l area ratio of 0.33 for a nax-
inun speed exit gap of 0.12.

The lowespced exanple just conpleted was chosen bo=
causc 1t brings up scveral inportant points in connoo-
tion with tho usc of the charts in figure 40, First, whon
Q/SV 1ig near the liniting valuo obtainable by cowl flaps

for a given valuec of K J 23, use of the charts to do-
. de q ;

tornine K5 1s actuwally, of course, unnecessary, since an

. arbitrary flap angle between 25° and 40° can be selected
accordinsg to the discretion of the user. If the charte are

ugsed in a case like this, it should be renenbered that a
large increase in exit glll area ratio, or flap angle,

‘'produces littlc or no gain in flow dut does produce high
" drage Therofore, if the calculated value of Q/SV is

near the liniting value, the intersection of the calculat-
ed valuc with the flap curve for a naxinun speed valuc of
Ky oqual to 0.05 will Dbe conservative in dotcrnining the
exlt gap requirod, This intersection is labeled point 1
on chart B, the vertical projoction of which point will
glve a Kz of 0.22. TFor riost purposes, however, the
charts shown in fisjurec 40 will be nost valuable in esti-

‘nating exit gill arca ratios other than tlosc recguired for

naxinun spcod and critical clinb conditions, for cxanplc,
tho cruising condition. Filiure 39 will be uscd for naxe—
inun specd, while figurc 41 will be uscd for the clind
condition, ’

Tlhie second point to bear in nind is that for a given

- Q/SV  the exit gill area ratio found fronm the charts nust

be naintained remardless of the percentage of the cowl
periphery that 1s flapped. A cowl whose periphery is only
80 percent flapped requires at least the sane Kz to ob-
tain a given Q/SV  as o 100-percent flapped cowl. The

difference will only appear in the flap angles regquired to

naintain the sanme K3 and thus the sane flow. Since the
test data, fron which the charts were drawn, were based on

‘a cowl whose periphery was 100 perceat flapped, discretion

should Dbeo used vhon estinating exit gill area ratios for
covls whiell have a considerably lower porcentage of poriph-
cry fleppede. It should be remenbered that the lower the
flap angle for a given flow tho lowor. will be the drag.
Thereofore, it follows that continuwous cowl flaps arc beste
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Obviously, if an engine of a given diameter is housed
in an exceptidnally large-diamcter cowl, the values of Kj
taken from the charts may be misleading. The charts are
based on the minimum ratio of cowl to engine diameter that
can be maintained in an actual installation. If large ra-
tios of cowl to engine diameter are to be used, it 1Is sug-

‘.gested that all chart parameters be based on engine disk

area, not nacelle area. This method will tend to kecp val-
uwes of pressure recovery more nearly in line,

In order to avoid confusion in the calculation of the
fow beslc flow parameters and their usc in estimating coolw
ing drag cocfficlents and exit gill aroca ratios, everything
in thle paper relating thereto has been based on maximunm
nacelle crossesectional area., It is recommended that this
procedure be followed, However, with proper care, flow.
parameters and cooling drag coefficients can be based on
engine disk area.

Although the charts given here should be of assist-

cance in the estimation of pressurc rccovery and cowl oxit

gaps, they are still only approximatc, and require their
user to enploy a great deal of Jjudgment bascd on an under—
standing of the limitations of the charts. When addition-
al tcsts arce made and further iaformation is availadle,

it will undoubtedly be found beneficial to revise and cx-

tend these charts,

COMPARISON OF DATA ESTIMATED FROM WORKIIUG CHARTS

WITH PLIGET?-TEST RESULTS

In spite of the fact that figures 38 to 41 are Ddased
on wind-tunnel test data for a nacelle without a wing and
have certain other previousgly mentioned limitations, it
was thought desirable to determine how close one could
come to the actual cooling flows and cowl exit gaps re-
quired by comparing the data estimated from working charts
with flight-test results. The test points in figure 42
vere obtained from six different flight-test runs on a .
multiengine airplane having noncontinuous cowl flaps dbut a
more or lcess conventional nacelle installation with a
hydromatic propeller and no ‘internal cowl fairings. Tho
flight-tcst data are fairly consistent at low exit gill

- arca ratlios. At high flap angles, anglcs above 20°, there

was some scatter, which may have been due to 2 number of

e~
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reasons, including the inadility of the particular pressure-
measuring devices to meansure the pressure accurately. It

is belioved, however, that the solid line repregents a

~falr average of the data.

The broken line of figurec 42 was detormined from the
1orling charts in this paper, using the known conductivity
of the engine, the estimated pressure recovery ahead of
the cngine, and the cstimatod conductivity of tho nccessory
section, Although good agrcement with flight-test. data. ox—
ists at the high flow ratios, tho agrcoment is only fair
at the lower ratios. This lack of agroemont can bo explained
to a large degrec by thoe fact that the onginos installed in
this particular airnlanc wore casily cooled under practicale~
ly 21l flight conditionu, thus indicating that tho high-
speed oxit gap was too large, In other words, tho onglncs
could have been cooled at a lower mass air flow. In spite
‘of come discrepancy between the curves, it ig felt that
they check reasonably well.

COWCLUSIONS

1, A typlcal cowled nacelle, without air flow, has a drag
coefficient about 5C percent higher thon that of a com-
parable streamline bod; .

2o Tor a given quantity of cooling flow, the higher the
conductivity the lower the drage. &s a corollary to this
conclusion, the pressuro drop required to cool should Dve
kept os low as possidlo,

3. The optimum location of cowl flaps appcars to be Iinio-
liately behind the cagine, bdoth from the uta.ndpoint of lov
drag and maxinun obtninabdle flowe

4. Test resulte show conclusively that piegzometor rings

‘should be discontinued for pressurc noasurcmont. All flow -
ncasurements through the cngine installation rcocquire the

use of total-head rekes for accurate and consistont rosults,
fhose rakes may be of the radial intograting or nonintc~
grating type but should preferably be shielded.

o Tor o glven installation the pressure rccovery ahecad of
the engine, referred to free-stream dynamic pressure, i
dependent solely on quantity of flow and a Reynolds number
effect of flight speed. The pressure recovery is indopead~
ent of the various conductivitics and pressurc drops which
may detcrnine the flow,
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6o For a given installation therc is a range of flow which

will give optimum prossurec recoveory ahcad of .the enginec.

7. The use of a cowl linor and roduction-gecar housing

falring to simulate a diffuscr is essontial for the attalne

mont of wigh rocoverics. This fact, combinecd with conclu-
sion 6, mcane that tho diffugor must be dosigned for the
critical cooling condition.

8s TFor good rocovery, the dlffuscr oxnansion ratio must
o0 kopt bolow 3.0 and proferadly below 2,5. The veloclty
at tho difrfuscr throat should bo betwoen 50 and 60 percent
of the frcoestrocan valuo,. |

'9.’.Incrcaso in anglo of attack gonprally has an adverso
effcet on avalladle cooling head, The loss is more pro-
nounced for top cnglne cylinders than for bobttom cylinders,

10, Tor 2o given cooling flow, poor reccovery has a large

detrinental effect on racelle drag, csnecially at high Tlap

angles, ,

11, If there arc no objecets protruding forwverd fron the
cowl entrance, opitinum rocovery can be attained under all

conditions of flow, flight speed, and attitude of the nacelle.

12, The use of an uacuffed propeller nayr result in a loss
of 'as nuch as 15 percent in nressurc recovery from that at-
talnavleo without a propeller. Tac addition of properly
deslgned cuffs may consideradbly inprove the rccovery of
poor installations,

13+ The accessory conpartnent prossurc losses, Guc %o the
presenco of intake and coxhiaaust pipes, cowl-flap mechanilsn,
and so forth, arc of consideradble magnitude and nust be ac-
counted for in deternining cowl exit rcquircnonts for a
specilificd flow,

14, Provided the prossurc at the rear of the engine ronmains

. positive, therec is no apparent incrcasc in nacolle form drag
‘wlth cooling flow and the cooling drag can be caleulatoed ‘
reazsonadbly well fron thecory. Dopending on conductivity, the.

ligiting flap angle for zero incrcasc in form drag is abdbout
127,

!
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The cooling-drag cquation, glvon as cquation (9) in
thoe toxt, can be casily dcrived from moncntun considorae
tions, Only two sinplifyling assumptions arc nocessarys

(1) The donsity within thc cowl is ocqual to froce
stroan density, ' ’

(2) The static pressurc at tho oxit glll is cqual to
the free-strean static pressure.

The nunerical subscfipts given in the equations below re-
fer to the stations indicated in figure 43.

Beginning with the monmentum eauation:

et drag = H(V, - V)
- p ATy - Ty) (1)
~;
3ut, fron assumption 2, V, = Vg
thus, net drag = p Q(V, - Vé) (2)

The losses from (1) to (2) and from (2) to (3) may Ve
expressed by Bernoullian equations as follows:

2 2 -
% VvV, + P, = % Vs~ + Py + losses (3)
Py ? 4P, =2 Y2 4+ P & losses (4)
2 2 2 - 2 3 5 OJUJ 5—3 £
Subtracting equation (4) .from equation (3) givos:
Pow2_Py2 : ' A
5 v, = 5 V. + P, - P, - losseg_p - 105305_3 (5)
CAssuning no losses from (3) to (4), in figuro 43:
P 2 P o 2
-5' Va + P3 == P'i “+ -é- v4 (6) ,

]

solving cquation (6) for ¥ after substituting for

h 4
(fron equation (3)),

Wiy
2
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Py - P, - 6505, _»~ — lOsses 2
v, =/1 4 = 10980512 Al T R (7)

p/2

Since P, = P, Dby assunption:

<: V// loss es, 2+1osscs," o \)
pQ v]' V — s = Ve
p/2 S

cht drag =
(1ouges +losses )
- a
losses1 5 . .
3ut 1l - ——E g tJO front total-head reading, and

q
lossos represcnt the total losscs across

] enl
is, the total-head presgure drop. EBguation (8) can now be

written as

Tet drag = pQV1 (l - J/ %? - AE«L%EQL {(9)

. PR, ; ~ ey .
wviere ET is the pressurce rcecovery ahcad of the engine

referred to frec—strean dynanic pressurc. It is of intore

cst to point out that caunation (9) is of tho caue Foruw oc
that siven by Bllis in refercnce 11,

1
2 APN\E
Substituting (’gv%a) for AP/q, SV<T> for Q,

and dividing equation (9) by §q +to change from drag to
drag coefficient, uhere is obtained cooling-drag coeffi-

e o, G (32 /% G
crents. Cog a1y ( U - /% SVE;

2q /- R N
5 Kl /’o— svx> (10)

!
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-] FLOW RATIO — Y4y
=1
v
v
W
- 4
a
v 100
3
<
Z
>
2 90 —
ALL SPEEDS
3
a
1) SEE D OF FIG.23 (WITH LINER)
a _
7]
o
'8
70
[
z SEE D OF FIG.22 /J
5
< \‘ pasens
w 80 200 M -
a F C -
150 MPH &
! 700 MPH (C) .
50 | | o
.03 .08 07 08 09 10 a 12 3o
I6b, ¢ FLOW RATIO — Y4v o
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Figurc 17

Figo

COMPARISON OF PRWSSURE RECOVERY IN FRONT OF TOP AND BOTTOM
CYLINDERS WITH A CHANGE IN ANGLE OF ATTACK
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HACA Fig. 18
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Pig. 19

NACA

Figure 19

i RECOV™RY ON NACELLE

THE FFIFCT OF PRESSURY

DRAG AT VARIOUS AIRFLOWS
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Figure 20
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NACA —Fig 21

FIGURE 2!

COMPOSITE DRAWING OF

CONFIGURATIONS TESTED




NACA Figs. 22,23

MEANS OF IMPROVING PRESSURE RECOVERY AND DRAG
—PROPEL.LER HUBS —

A (‘ C
1
-- o
[~
PRESSURE RECOVERY (7 q) 970 970 810
NACELLE DRAG COEFF. (o) 0420 0420 aleo

WITHOUT LINER | WITH LINER WITHOUT LINER | WITH LINER
PRESSURE RECOVERY (7 q) 570 73.0 6565 820
NACELLE DRAG COEFF (Co) a2i0 oies FIGURE 22 a220 0l4s
ALL DRAG COEFFICIENTS AND PERCENT FREE —~STREAM DYNAMIC PRESSURES QUOTED AT FOLLOWING CONDITIONS:
ENGINE CONDUCTIVITY = O.I2 TUNNEL SPEED = 150 M PH
ANGLE OF ATTACK = 0 DEC FLAP ANCLE == 0 DEG
AR FLOW = 1700018 /HR (FLAP SKIRT LENGTH VARIED

MEANS OF IMPROVING PRESSURE RECOVERY AND DRAG
—PROPELLER SPINNERS —

Bk

WITHOUT LINER | WITH LINER  WITHOUT LINER WITH LINER WITHOUT LINER WITH LINER

PRESSURE RECOVERY(%.q) 8lo 910 010 950 —_— 080
NACELLE DRAG COEFF. (C,)  0J80 0138 0139 o134 _— 0130

iy
all

WITHOUT LINER WITH LINER WITHOUT LINER WITH LINER  WITHOUT LINER WITH LINER

/

PRESSURE RECOVERY (L q) 840 860 8%0 010 54.5 720
NACELLE DRAG COEFF. (C,)  OI50 al40 0435 0137 0350 0100
FIGURE 23



T o

NACA THE EFFECT OF OBUECTS PROTRUDING FROM THE COWL ENTRANCE on | 195+ 24,27
PRESSURE RECOVERY AND DRAG COEFFICIENT

A

PRESSURE RECOVERY({q) 970 520
NACELLE DRAG COEFE(Co) 0.120 0.210

PRESSURE RECOVERY (4 q) 900

940
NACELLE DRAG COEFE(Cy) 0145 0145
TEST NDITI
FlG. 24 ENGINE CONDUCTIVITY = oO.l12 TUNNEL SPEED = |30 MPH
ANGLE OF ATTACK = O DEG. FLAP ANGLE = O DEG
AIR FLOW = 17000 LB /HR (FLAP SKIRT LENGTH VARIED)

EFFECT OF FROPELLER AND PROPELLER CUFFS ON PRESSURE RECOVERY
= HYDROMATIC HUBS AND SPINNERS—

A B
PRESSURE RECOVERY(Zq) PR q
WITHOUT LINER| WITH UINER WITHOUT LINER WITH LINER
NO PROPELLER 570 730 65.5 820
PROPELLER (1% 4 650 600 755
PROPELLER WITH CUFFS — 78.0 — 845
(s

! /
[} -
]

roae =0 DNG AR FLOWS | LB /HR
SKRT LENGTH



NACA

Fig. 25, 31

Figure 31.- Fan installation with front screens removed.



NACA

%aq

n pressure recovery

Change 1

in pressure recovery — %Q

FPigurs 26

CHANGE IIf PRESSURE RECOVFRRY AHEAD OF ENGINE CHARGEABLE
TO PROPELLER

Engine conductivit

= 0.12

Fig. 26

Flap anglc varied

o4 (2) Without cowl liner
0] e S
.R\\\\Elf‘%\\\\xwtf Hydromhtic hub
B B . anl dome
\‘\\_ (see A] of Fig.
-4 \\\\\\ \\\\ 27)
‘\“\,[\ \
\\\
\ N
-8 o N
Spinner
see C of\\
| Tig. 27) \\\
-12 i - J
4 8 12 16 20 24 728 32
lMass flow — pounds/hour x 107°
0 (b) With cowl liner
—
/
T /
—4 e T \\\-‘ — — //
\“\\\\. ce B of Hig. 271/,‘//'
\__,_-__.—//
8 \\\“\“nh\\ Scg C of Fig, 27 ,,/’/// //
~ /
-12 ~ /,/
T oo D of Jle. 20 A
-16 ke N .
10 12 14 16 18 20 22 24

Mass flow —— pounds/hour x 10-3



Figure 28.- Simulated intake and exhaust pipes, showing a

pitot-static rake at cowl exit.
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( NACA

CRITICAL SPEEDS OF VARIOUS BODIES

WITHOUT AIRFLOW

BASIC STREAMLINE BODY

BLUNT STREAMLINE BODY

NACA NOSE C COWL
WITH SPINNER

NACA NOSE C COWL
WITH HYDROMATIC HUB

EFFECT OF AIRFLOW ON CRITICAL SPEEDS

OF NACELLES

. CONDYCTIVITY
: “a
] .
BASKC NACELLE o
U o7
12
2
1
_._F==1 | easic NnaceLLE
: ] WITH SPINNER 0‘;
4 J2
' »-——J 21
: L L]
: |
) BASIC NACELLE
- WITH HYDROMATIC HUB 09,
‘ T T s 2
Ty — .21
; ' FIGURE 34

Figs. 33,34

P CRITICAL
MACH NO
MPH M,
538 790
445 654
397 .585
435 640
428 630
FIGURE 33
MASS FLOW CRITICAL CRITICAL
LB /HR.  SPEED AT MACH_NQ
30,000 FT-MPH M.
0 307 .585
10,700 398 .587
12,800 401 .590
13,470 404 596
0 435 .640
8,530 ag7 .585
10,180 415 810
9.680 427 .628
0 428 630
7,730 435 640
9,180 440 .647
8.880 445 852
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COOLING DRAG COEFFICIENT —— Cgo,

COOLING DRAG COEFFICIENT AS DETERMINED
FROM THEORY AND TEST

&)

TEST DATA ARE FOR ‘LEGEND '
ISOLATED NACELLES OF | TESTPOINT FLOW RATIO
FINENESS RATIO 3.25 SYMBOL Q/sy
| AND 4.5 . .04 — e
) .06
A .08
g 10
FLOW X 12 — 5
RATIO v 14
\ %Y, NOTE: LEGEND REFERS TO BOTH
\ PLOTS ON THIS FIGURE
18 CURVES BASED ON COOLING 4

N

DRAG EQUATIOE:
PR

>

RN
R

(]

e AN
SRS

Y

COOLING AND INCREASED FORM DRAG COEFFICIENT — CotACy

(5 \ TOTAL PRESSURE AT REAR OF ENGINE

o

FIGURE 37

TYPICAL VARIATION OF COMBINED
COOLING AND FORM DRAG FOR

VOVN

NEGATIVE VALUES OF PRESSURE
AT REAR OF ENGINE

o] \
1
A
\\ &
x\i"’\
NN
(b)

L1

Q"
vx;) =TOTAL PRESSURE AT REAR OF ENGINE &3



VA

LREISURE. RECOYERY AHEAD OF ENGINE
1/ FREE STREAM DYNAMIC PRESSURE

CHART FOR THE ESTIMATION OF PRESSURE RECOVERY
FOR VARIOUS INSTALLATIONS WITH PROPELLERS

ANGLE OF ATTACK = O DEGREES

CURVE | ENTRANCE AREA| DIFFUSER EX-| DIFFUSER | REFER TO
NO. %X MAXNACELLE 0| PANSION RATIO LENGTH RATIO! FIG. | SKETCH
! 7 3.48 23s 27 )
2 17. 348 2.58 27 B
3 38.3 — — 27 A
4 21.0 2.82 2.38 27 [3
s 29.2 2.48 1.52 27 c
[} 29.2 — - 27 c
100
00 WITH LINER _AND CUFFS$
e
) B vy
WITH LINER F——l_
T
.80 ‘
/ NO LINER OR CUFFS \\
-] | \3
10
HYBS
.80
02 .04 08 o8 10 12 14 18 18
FLOW RATIO — Y5y
1.00
WITH LINER
e
"] WITH LINER
.90 . e e ;
=" NO LINER \\ .
\5
8o s
70
SPINNERS (a\
/
80
02 o4 .08 08 10 12 14 18 18
FLow RATIO — Y%y
FIGURE

L’qﬁ.

RESSURE RECOVERY AHEAD OF ENGINE
FREE STREAM DYNAMIC PRESSURE

‘/’P

CHART FOR THE ESTIMATION OF PRESSURE RECOVERY

FOR VARIOUS INSTALLATIONS WITH PROPELLERS

P T EOUNER

ANGLE OF ATTACK = 6 DEGREES
CURVE | ENTRANCE AREA| DIFFUSER EX-] DIFFUSER | REFER TO
NO. |ZMAXNACELLE D.| PANSION RATIO|LENGTH RATIO| F1 G. | SKETCH
1 174 3.48 255 27 B
2 17.1 348 258 27 B
3 3e.3 —_ _ 27 A
4 21.0 2.82 2.38 27 E
s 29.2 246 .52 27 c
[ 29.2 —_— —_ 27 c
100
ITH LINER AN
90 w LINER_AND CUFFS .
] |
WITH LINER T2
I
80 —: l
NO LINER OR CUFFS X
{ | |
.70 T [ % \‘3
| ! i
i HUBS } i
% L
80 ;
02 04 oe 08 10 12 14 18 18
fFLOW RATIO — 3%y
.00 T I ; I
o
WITH LINER ! :
— | ! e
% —— WITH; LINER ! ‘\<~ 4
— NO LINER |  r———]
. i \5
80
[
70
SPINNERS (b)
80
02 o4 o8 o8 10 12 14 18 18

]
@

FLOW RATIO — Ysv

VIVN

ge B4



Fig. 39

WACA

Tigure 39
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CHART FOR ESTIMATING GILL AREA RATIO FOR CONTINUOUS COWL
REAR OF

ENGINE

VALUES OF K‘GVBR/Q FROM 008 TO OI2

NACA
FLAPS DIRECTLY TO
Fig.40a
»
A
J0
o ©2
UPPER LIMIT FOR
) FLAP ANGLES Y,
o 03
~ 06 ﬁ:—.‘--__  Ep
s /- \LOWER LIMIT FOR
MAX, SPEED EXIT
E 3 Ad GAPS
l‘ .
7 Ke YPRA =008
oz
¢
)
s
o
0 .08 6 24 32 40 48
EXIT GILL AREA RATIO - K,
14
c l
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> ) E P
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NACA Figs. 42,43

COMPARISON OF DATA ESTIMATED FROM CHARTS
WITH FLIGHT TEST DATA
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Fig.-43 Sketch to show stations used in derivation
of equation (9).
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