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M. lnvdetl@ I& Of cowl-flap ad cm)l=dutlet.dosigxiBf’bYthe’
B~29-power-pl&t “Inetallatlonwas ocMubt@’ in the il.lk!k.C16V’’Mnd “
altItude’wind tunnel to detennlne the effects,:of “odwling~erfoim-
anoe’of’ohangeg in”hinged-flap deaiq ddtaile, he tie.of eltding.
flapaj and”the MO of fIxed top flapb In c~bttit Ion’with hliigti - ““”
flaps. .. .. -. ..: . ..

! “Thed~etributlon of pressure drop ‘~ouhd’the engl& wl~h.a
given defleotioriof the fixed top flaps was the sank for &.1 ~laps
teet6d~ I)efleotion of the ftied top flape gz%atiy”influenced the
distribution of pressure drop at low oool+-sii fiowe biitonly- ““

al Ightlj at large ooollng-alr flows, The mmbhm. average ~e&&b
drop-o~tained with the hinged flaps was Wt great~ qffect~ ~j :.“
the flap chord le~h, the Inteirnalcontour, or the hln$e position
within the range of coollng-alr flows inveetlgated. A sharp break
at the metering sectIon on the.Inner ,oontouq.ofa hinged 16-inoh-
ohord flap produoed large preekiurelosdds W “Wl flap deflec-
tions, T@ .maxlm~ air flow obtained wl$h @idlw flaps WS ,only
83 pergeritof tbqt obtain@ with the .hi.ng~flqps.~“hi~.cooligg=..
ai~“’f~ow~great6r than those obtainable-with ‘@q %lMii@ ,flaps)
the ~~ or thd Inetallatlon tis a Mmlx@ y~th’,a$odlfl*,”X6-; 1 ‘,.
Inoh-cihordflap. This flap had “a.amoo.ti..lnteimal..6&oq’ A a,,
hl+qjtipoint that W88 SO ~V~ -~lti ~Ut~ “:t+,~ w~~~”:~. .. ~~

w8; &deflected ita outer EI&fqoe.ma; ~of~aet+&at J~,Jn&a -fxx&:-~;

the nacelle afterbody.
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The most important yarlables in oowl-outlet desl~ are the
lon@tudln@. “locationof the”outlet on the nacellej the degree of
per@he&a~ “o&n@, and we ,de.e~ of the flap details’. A dlsous-
sion of cowl outlets &uI tW. &%&rative *oterigtlos of h~ed
flaps, slidlng flaps, and b~ttm opening doom IS given In refer-
ences 1 anl 2.

Ae.part of an exteii$iveinve8tigatlon to improw the ooollng
and reduce the ooollng dr?g of the B-29 pdiwr-pladt”lhstallation
requested by the Alr Te’clihioal Service Camand, Amy Air Forces,
tests were oonduoted In the NACA C.level&xlaltitude wlzd tunnel.
The reeults of an Inveetlgation of cowl Inlets for the B-29 air-
plane are given In referenoe 3.

This paper presents the effects of flap chord length, flap
Internal oontourj and offset of the flaps relative to the nacelJe
afterbody. Results of tests oonducted to determine the effects of
variations In the deflection of the ftied top flap:z tbe effeota
of the addition of a falrlng to the rear exhausti-col~dc~m rln&
and the ocmparatlve characterlatlca of slidlng and hhg”ed ?Lapa
are also presented.

. . ....

. .

Teata with the propeller operating and the propeller”removed
were oonducted with each ccwl-flap configuration for a ~e of
cowl-cutlet areaa to detemlne the avatlable engine coqling-alr
preaaure drcp, the dlatrlbution of cooling-air prbaaure dr~p.
around the engine, arklthe drag of the lnstaM.&tion. .A &hl-
preaaure survey waa taken to $etemlne the losses ooc~ing.be-
tween the engine sJ@ the 00W1 outlet..-#, . .

. .

DESCRIFTION”OF APPARATUS ““ “

The teats were conducted on a B-29 right inbdard”r.iioelle
mounted in the wind tunnel on the adJacent wing section,,as-shomwn
In figure 1, The installation waa equipped with an 18-cy$l~erj
double-row radial engine and a four-bladed propeller 16 feqt~7
Inches In diameters whioh rotated at 0.35 engine speed. -A .cut+rn
way drawing of the naoelle showing the location of.the e~i~,md.
accesaoriea la presented In figure ‘2.

.. ..”
.“

. IVmelle
. .

The Inveatlgatlon of the cowl flaps waa made simultaneously
with m Inveatlgatlon of oowl-tilet deaigna (reference 3) and
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oomequently all of the oowl-flap tests were not oonduoted on the
same naoelle oonfiguratlon. Two mwl ~nlets were used for the

. . . ..
- tests: A 38~- bY 35-inch oval‘oowl id et was installed for tests

of the original 16-Inoh-ohord hinged f1aps aud the simulated

slfdhg flaps ad a 43-inoh-diameter cowl iniet was used during
tests of the mod?.fiod 16-inch-ohofi flaps, M- inch-ohmd tips,
ard for additional tests of the origi@. 16-inch-ohord flaps.

The installation included 10 hingdl - 2 fIxed flaps,
located aa shown in fIgures 1 ad 3, which extedeil almost om-
pletely around the naoelle; no flaps were located at the bottom of
the naoslle beoauee of the installation of an air duct for oharge
air, inter-oooler air, ati oil-cooler air. (See Pig. 1.) The
deflection of the 10 hinged flaps was controlled by remotely
operated actuators. A rear VIOW of the flap section of the nacelle
showing the fixed and the bin@ original 16-inch-chord flaps 1s
presented in figure 3.

Cowl Flaps

Three types of hinged flap and a simulated sliding flap were
investigated during the tests, The prlnolpal design features of
the flaps are listed in the following table:

Shuwn Flap Fk~ _&iOSitiOD Contoln” of
Flap designation In length with respect to inner-flap

figure (in.) nacelle afterbody surface

Original 16-inoh 4 16 Elush Sharp break
ahofi at metering

section
1.3-inchohord 5 13 mush smooth
Modified 16-inch 6j 7 16 Offset Smooth
ohord

Simulated sliding 6J 9 V~lable l?lti Smooth

The original 16-lnoh-chord flap, whioh was the production
flap on the B-29 airplane at the time of the imvest~tlon, is
shown in figure 4. The minimum area of the exit passage was at
seotion A (fig. 4) because of the sharp break in the oontour of the
inner surfhoe of the flap at that point. moept for a emll alr
leakage} t~ flaps seal~, the outlet when unlefleoted.

The l%inoh-chord flap (fig. 5) was hinged at the same point
as the original 16-inoh-chord flap. As a result of the shortened
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length} the l%lnoh-ohord flap provided a gap of approxlmtely
0,75 Inoh at the oowl outlet when in the umlefleoted position and
thus produoed an equal outlet sxea with”less deflection than the -
longer flaps. The sharp break In the oontour of the inner surface
on the original 16-Inoh-ohord flap was eliminated In the desfgn of
the 13-inoh-chord flap with the result that metering of the
ooollng-alr flow occurred at the trailing edge of the shorter flap.

A sketch of the md ifled 16-inch-ohord flap 1s presented in
flgure 6. The struoture of the flap was similar to that of the
13-lnoh-ohord flap, exoept for the lengthened trailing skWt. The
hinge point for this flap was moved radially outward in order to

● hrlng the outer surfaoe of the unreflected flap about l; inches

outside of the original naoelle afterbody. (See fig. 6.] This
offset looatlon of the flap necessitated enlarging the cowl after-
bcxly. (See fig. 7.)

Slld~ flaps were simulated by the removable peripheral
strips shown In figures 8 @ 9. The several strips were bolted
together at the overlaps - sucoesslve rmoval of the strips
simulated retraction of slidIng flaps.

The rear exhauet-oollectorring wae looated near the oowl
outlets, as shown In fIgure 10. In an attempt to reduce the blook-
IU effect of the oolleotor rlngj a falrlng (fig. 10) was Installed
aroud the colleotor.

Mtrumentatlon

The oooling-alr prepsums at several stations throughout the
nacelle were measured by shielded total-pressure tubes installed
In front of all oylinder heads, static tubes along the rear ‘barrel-
baffle skirt of the rear-row cyltiers, and shielded total-pressure
tubes in rakes at the outlets of No. 1 outboard, No. 3 Inbcard and
outboard, and !fO. 5 tiboerd d outbmrd flaps, (See fig. 1 for
flap looatlone and figs. 3, U., ad 12 for tube looatlons.) Addi-
tional shielded total-pressure tubes were installed for one test
In a traverse from the rear of cylinder 5 to the CCW1 outlet behind
It In ordor to obtain specific data relating to the pressure gra-
dtent behti the e=lne. (See fig. 13.)

All pressures were measured on a multiple-tube mancmeter board
d were reoorded photographically. The dmg of the Installation
was measured on the w~-tunnel recording males. Brake horsepower
was dete?nnlnedby means of a torquemeter furnished with the engine.
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cmmratlve tests with the cliff erent

5

flaps were tie at an
linllikted”’&%&kd f- of- t-h model-of”190 mlletiper hour d
at a pressure altltde of 15s 000 feet. The tests to detezzainethe
losses between the engine ad the 00W1 outlet were made at a pres-
sure altitude of 28,500 feet EUM at an Iulioated airspeed of 180
miles per hour, All tests were omiluoted with an holination of
the thrust axis of -2°ad were nde by varying the oowl-outlet
areas while tunnel ~ operating ootiltions were held oonetant.

Ezhauet-shroul oovers were Installed for all of the tests
exoept those with the nuxlifled16-inch-ohofi flapb and the simu-
lated slldlng flaps. Propeller-operating tests were made at
normal orulslng power of 1350 broke horsepower at an engine speed
of 2100 rpm and normal rated power of 2000 brake horsepower at
2400 rpm.

Tests were tie with the oonflguraticme shown In the followlng
table:

cowl flap Propell@ Cowl inlet

Orlglnal 16-inoh Operating ad 32$ by 35-inoh
chord removed

—

Cowl dterbody

oval Orlglnal

Orl@nal 16-inoh Operating emd 43-inch diameter Orl@nal
ohord rwloved
13-lnoh ohord Removed 43-lnoh diameter Orlglml

Modified 16-lnoh Operating ad 43-lnoh diameter Enlarged
chord removed

Stiulated slld- Operatingti 38& by 35-lnoh oval Orlglnal
lng removes

Tests with aml wlthoti the rear exhaust-oolleotor fairing
were oonduoted with the propeller removed and with a configmtlon

oonslstlng of the 38:- by 35-lnoh oval 00W1 Inlet, the orlglnal

ooti afterbody, aml the orlglral 16-lnoh-ohmxl flaps,

=TS AIVDDISCWSIOH

Rwsentation of Data

Statio pressures are presented in the fozm (p - po)/qo d
total wmures tithe fonu (H ~ po)/qo, Whre p d H m
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the measured static and total pressures, respectivelyj

Impact pressure, and PO the ref’erenoestatio pressure

No. MK30a

~ Is the

measured

Just ahead of the Installation. The ooollng-air pressure drop
aoross the engine Ap/~ was obtained frcuuthe dlfference between

the averago of the total pressures in front of the engine and the

average of the statlo pressures at the reer of the engine. (See

fig. 14.)

Drag data from tho propullor-removed tests are presented in ‘
the form D/~ where D Is the total drag in pounds of the

entire installation as mmsured on the wind-tunnel ‘sc~es and
q. Is the dynamic pressure Just ahead of the installation. All
drag data were corrected to correspond to operation of the .Instal- “
latlon with the exhaust-ehroud covers ~talled.

The data presented were not corrocted for the Jet-boundary
effecte of the wind tunnel, which hava not yet been definitely
established. Cowl-flap effectiveness, em indicated by the
cooling-air pressure drcp ob~ained for a given flap position} Is
lumwn to be greater in the wind tunnel than in flight owing to the
reduoed statlo pressure at the cowl outlets oaueed by conetrlotion
of the flow through the test section. Data on the average static
pressures measured at the rear of the top six oylhders (1, 2, 3,
16, 17, and 18) obtained fram fllght tests of the B-29 airplane
oonducted by the Boeing All”craftCcxpany and ocauparabl.edata from
the wind-tunnel tests are presentad in figure 14 to show the whd-
tunnel effect. Although the absolute values of the static pres-
sure obtained in the wind tunnel are not the same as those obtain-
ed In flight for comparable flap duflectione, the validity of
direct comparisons of wind-tunnel data Is not affected inasmuch
as all o-rative tests were madf3at the same tunnel operating
conditions.

Most of the data presenting cowl-flap position as an U9- “
pendent variable indioate the flap position in terms of tho total
area at the cowl outlots, rather than in terms of the angular de-
flection of the hinged flaps or the gap of the slidlng flaps.. In
this manner the effect of the fixed top 00W1 flaps may be aocount-
ed for and a basis for comparison of the hinged and sliding flaps
provided. A oalibratlon showing the total outlet area obtalnod at
different posltlons of tho various flaps is presented In flgurs 15. .

Available Pressure Drop” “

On the basis of performance, a go6d cowl installation may be
defined as one that provides adequate, propurly distributed

I
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oooll~-alr flow for all operattng o~itlons with a mlnimau
amount of drag. The effeotm of seveml varlableo in flap and out-
let dealgn of these perfommnoe Oharaoteristtomare presented In... . . ..
thG followlng ~m. - ‘- ‘--‘--‘ ‘-

For a given engine installation opemting at ocnxlitionsof
oonstsmt free-stream alr density, the mass of ooollng air flowing
through the OOWL, if oompressiblli.tyemd Reynolds nunibereffeots
are negleoted, Is proportional to the square root of the oooling-
alr pressure drop aoross the.engine. Ccmlparfsonsof the Oooling.
air mass flow obtainable with the various flaps may
approrlmated In tezms of the nlass-flowpammeter %&l&f”e be

Hfeot of flap and outlet design - The ooollng-air flow
through the different hln@ flaps f~ a range of outlet areas is
shown in figure 16 for the propeller-removed and the propeller-

.
Operating tests with the 43-irmh-diameter and the 38$- by 35-inoh

uval oowl Inlets. The maximum value of ~~~ obtafned =s not

m?eatly affeoted by ohanges of the flap ohord len@h, and the
Internal contour} or the hinge position In the mnge investigated.

Approxlnmtely 5 percent larger values of ~~~ were obtained
with the orlglnal 16-inch-ohordflaps for a given outlet area
than with either the U5-inch-ohofi or modified 16-lnoh-ohord
flaps. (See flg. 16(a).) A detailed discussion of the varioUS
factors that affect the mass alr flow through a oowl outlet is
given In referenoes 4 and 5.

The data presented In f-e 16(b) show the cauparative
oooling-alr flows obtained with hinged d alIdlng flaps ~ the

38& ~ 35-fich ~al oowl met. At the mexlmum outlet areas

Invest-ted dur~ tests with the propeller ramoved, only 63
peroeti of the alr obtained with the 16-lnoh-ohord hinged flaps
was obtained with the slldlng flaps, The greater alr flows through
the hl.ngedflaps wore provided by the lower statio pressure at the
outlets of the hinged fkps (fig. 17), whioh oocti as a result
of the deflection.

The data presented in f- 16 show that for the eeme outlet
areas the coollng.a~ flows obtained with the propeller operating
were slightly lees than those obtained with the propeller remsved#
The amller air flows obtalnml with the propeller operating are
attributed prlmar14 to the de~as@ total pressures at the faoe
Of the engine (flg. 17) ow~ to blooktng of the Inlet by the un-
bkded ~ of the propeller. w ~O~SW momentm Of the

ooollng alr having the engine as a reeult of the heat added
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rOwlta In a furthr dfnw- in ~ w-- ~m a-+ble for
inducing ooollng-alr flow acroes the engine and further amounts
for the smaller air flow obtatded with *IM propeller opemt hg.

Effe~t Of f jxed top-f lap gap. - The influence Of the f tied

top cowl-fla~the mass-flow ~-ameter through the nacelle
Is shown In flgure 18 ior propeller-crperating teabe-withthe
original 16-Inch-ohofi fZaps. Increasing the “gapof the ftied
flaps frcan1.5 Inches to 3.5 Inches Increaeeg the mass-flow .
parameter 19 percent at 20 deflection of the motiableflaps but
only 2.2 peroent at 160 deflect~on of the movable flaps.

Coollng-Alr l%essure-Drop Distribution

Effect of flap-aid outlet des~q, - Providing a unifo~
cooling-air flow to a radial-engine installation does not ne”cea-
sarlly result In satisfactory operation because, In general,
satisfactory cooling requires adequate cooling of the hottest
cylltiers, the temperatures of whichmy vary considerably frcm
the average cylltier temperature due to the fuel-alrydlstributlon
ad other characteristics of the engine. The effect of flap
design on the coolhg-alr pressure-drop dlstrlbutlon was there-
fore evaluated by comparing the avemge pressure drop across all
cylinders with the average pressure drop across the SIX tOP
cyllnders (1, 2, 3, 16, 17, and 18), which were the most critical
for this engine for most opemating conditions.

Mta obtained fran propeUer-removed tests of the various .
flaps shown that the ooollng-alr flow distribution around the
engine wae negligibly affected by changes in design of the flaps.
The data show (fig. 19) that for a given average coolhg-air
pressure drop across all cylinders, the m.xhmam difference in
the ave~e press~ drop acroas the SIX top oylinders for the
different flap configurations was only about 0.03 qc.

Effect of fixed top-flap deflection. - As shown in reference
2 for a cowl equipped with bottm opening doors, more air flowed
across the cyllndere close to the door than across the more re- .
mote cyltiers. A similar effect was observed in the present
installation,as shown in figure 20. IncreaslM the gap of t~e
fixed top flaps frcm 1.5 to 3.S inches at a 20 deflection of the
movable flaps Increased the avemge pressure drop aoross the sti
top cylinders 0.15 qc as cmupared with an increase of average

pressure drop across all cylhders of only 0.12 qo.. At a 16°

deflection of the movkble flaps, the distribution of pressure.
drop was relatively.~fected by a dange of fikd flap de-”
fleotion. .. “ “

. .
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The reduced Influenoe on the air flow through the e~ine of
the fixed top-flap defleotlon with large movsble-f1ap deflections... . .
18 alitmn’”in f Igure 21..-AIBthe movable-flap deflection is Inoreaadi,
thus increasing the oowl outlet +ea lkom 1 to 4 square feet, the
portyon of the total air flow through the ftied top flaps deoreased
frcm about 35 peroent to 12 peroent in the range tested... ..

Installation Drag
I

The drag of the lnetallation obtained with the different flap
oonflgumtlons at an Idloated alrapegd of 190 milee per hour Isi
shown in figwe 22. The differences In drag as ocmrparedwith the
drag of the lnetallatIon with the original i6-inoh-ohord flaps are
appreciable when the data are translated into terms of engine horse-
power savings, as shown in ffgure 23 for an trdicated airspeed of
190 miles per hour at a denetty altitnde of 15,000 feet and a pro-
peller effIcienoy of 85 percent. For the range of average ocolhg-
alr pressure drops obtaimble with the simulated slidhg flaps,
the horsepower required by the installation with slidlng flaps was
from 62 to 80 horsepower less than that required with the lnetal-
lation of the original 16-inoh-cliordflap, At oool.lng-airpressure
drops greater than those obtainable with the slidlng flaps, the
installation of the modified 16-inch-chord flap pr~uoed the great-
est saving in drag, whloh 1s attributed primarily to the offset of
the flap.

The horsepower savings with the 13-lnoh-ohord flaps were great-
er at small cooling-air pressure drops than at large pressure drops
(f@. 23), whloh 1s attributed In part to the differences In flap
internal contour. The total-pressure losses from the rear of the
engine through the cowl outlet with the different flaps are shown
in ?Igure 24 for a range of coollng-alr pressure drops. The pres-
sure losses at a value of Ap/~ of about 0,3 with the 13-lnch-

ohord and the modified 16-lnoh.ohord flaps were small, whereas the
losses with the origi~l 16-lnoh-chord flap were about 0.20 qc.

Theee high 10SS8B occurred largely through the metering section
(fig. 4), as ehown by the data In figure 25. At a 2° flap deflec-
tlon, the losses through this portion of the flap, as tiioated by
the dlfferenoe In total pressures between tube 9 (fig. 25) d the
oowl-outlet rake, constituted two-thlmls of the total losses behind
the enghe. At a 160 flap defleothn, only about 10 percent of the
losses ooourred through this section.

&etallation of the falrlng arcnd the rear exhaust mlleotm “
dl.dnot appreoiabl.yaffect the drag of the Installation. (See
fig. 26.)
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SUMMARYm RESULTS

The followlng results were obtained frm an altltude-wind-
tunnel ~nvestztlon of mwl-flap and cowl-outlet designs for the
B-29 power-plant installation:

1. The maximum pressure drop obtained with the different hing-
ed flaps was not greatly affected by the flap chord length, the
internal contour, or the hinge position in the range of cotiitione
Investigated.

2. The -imum oooling-alr flow obtained with simulated slid-
ing flaps was 83 peroent of that obtainsd with the hinged flaps.

3. The distribution of the cooling-air pressure drop was not
affected by ohanges in oowl-flap design.

4. The deflection of the fixed top flaps had a large tiluenoe
on the distribution of the cooling-air pressure drop at emaJ.1de-
flections of the movable flaps but had little Influence at large
deflections.

5. Within the range of cooling-air pressure drops obtained
with sliding flaps, the installation drag with tha sliding flaps
was muoh less than with the original 16-inch-cLcrd flaps. A
saving of 62 to 80 horsepower wae effected at a density altitude
of 15,000 feet and an ~ndicated airspeed of 1%1 miles per hour.

6. At oooling-air preesure drops greater than those obtained
with the sliding flaps, the lowest drag was obtained with a mcdi-
fied 16-inch-chord flap with a smooth internal contour and havi~

the outer surface offset 1* inchee from the naoelle afterbody when

the flap is unreflected.

7. A sharp break at the metering section on the inner contour
of the hinged l&inch-chord flap produced large pressure losses at
small flap defZectlons.

8. The addition of a fairing around the rear exhaust collector
did not appreciably affect the drag of the installation.

Aircraft Engine Research Laboratory,
National Advisory Ccnnmitteefor Aeronautics,

Cleveland, Ohio.



NACA MR No. E!iE30a 11

“REFERENCE

1. MdJ.oy, Richard C., and Brewster, James H., III,: New Reeeamh
on the Cowl- and Cooling of Radial Hnglnes. NACA ARR, “
~ 1942.

2. MoHu@, Jsmes & : Comparison of Three Exit-Area Control Devices
on an NACA Cowlin& HACA ACR, ~ 1940.

3. Monroe, Louis L., ~ 8aarl, ~ln J.: An Investigation of
Cowl Inlets for the B-29 Power-Plant -tallatlon. NACA
MR NO. E5K30, 1946.

4. Katzoff, Samuel: Hl@-Altltwle Cooling. V - Cowling -
Ductillg. HACA ARR MO. L4111d, 1944.

5, Czarneckl, K. R., and Neleon, W. J.: Wldl-Tunnel Jnvestlga-
tion of Rear Underslung Fusel~e Ducts. NACA ARR No. 3121,
1943.



Figure 1. - Front view of power-plant installation in altitude wind tunnel.
Production configuration.

I
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Figure Z, - Cutaway drawing of right inboard nacelle,
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Figure 3. - Rear view of power-plant installation showing
fixed and hinged original 16-inch-chord flaps.
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lure 60 - Installation of modified 16-inch-chord flap.
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Figure 25. - Total pressures between engine and cowl outlet, Engine speed, 2100 rprn;

brake horsepower, 1350; pressure altitude, 28,500 feet; indicated airspeed, 180 miles
per hour: original 16-inch-chord flaps.
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