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NATTONAL ADVISQRY COMKITTIE FOR AERONAUTIOS

ADVANOCE BESTRICTED REPORT

' YIND-TUNNEL INVESTIGATION OF EEAR UNDERSLUYG
TUBBLAGE, DUOTS

By X. R. D:nrneoki and ¥. J. Nelson
SUMMARY

A general investigation of cooling ducts located at
varlious positions on a model of a typical pursuit-~air-
plane has been conducted in the NAOA full—ecale tunnel.
Results are given in the present report for a duct located
on the bottom of the fuselage with 1ts inlet dehind the
lecding edge of the wing, This installation is designated
a rear underslung fuselage duct.

Boecause of the thlck boundary lavors that exlsted at
the inlets of rear underslung fuselage ducts, serious
lossen in total pressure occurred ahead of the heat ex—
changer., In order to eliminate these lossss, tests were
nede with spoclal vane installations doesigned to avoild
boundary—-layer separation and with ducta to dypass the
boundary layer away from the main cooling duct.

Good pressuro roecoveries were obtained in the duocts
with the use of either the inlet guide—vane 1installation
or tho boundary-—layer bypass duct. Best efficiencles
woere megsured, however, with installations that had vanes
in the diffuser and in the duct éutlet. The ratio of
duct inlet veloclty to the stream veloclity was shown %o
be the moet important parameter affecting the dyct per—
formalnce; & value of this parameter of about 0.6 was
shown to be a good design value for the duct with or with—
out vanes and 0,356 was & -good value for the installation
with the boundary—layer bypass. At values somewhat below
0.6 and 0.35, ssparation ocourred ahead of the duct and,
at highor valuea. thero:was some tendency for tho duct
logsen’ to Inerease, ' ' -T bt e b oev
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INTRQDUOT ION -

An 1nveltigation has been conduoted in the NAOA
full—-scale tunnel of engine—charge—air and ocooling—air
duots located at several positions on the fuselage and
in the wing of a model of a pursult airplane. The re—
sults of the investigation relating to carburetor—air
ducts on the top of the fuselage and to cooling-alr ducts
in the wing have been reported in references 1l and 2,

In the present report, results are given for teets of a
cooling duct installed on the bottom of the fuselage
wlth the inlet behind the leading edge of the wing. This
instellation 1s deslignated a rear undersltng fuselage
duct, .

The tests were directed toward the development of a
duct having the following deesirable characteristics:

(1) ilaximum conversion of the total preassure ahead
of the.duct to total pressure ahead of the heat exchanger

(2) Satisfactory regulation of air—flow guantity
over the range of ailrplane flight conditilons

(3) Low duct drag, particularly in the high~speed
flight condition

(4) High oritical speed

A single baslc duct conflguration was tested with several
modifled inlets and outlete. In order to investigate
methods of preventing boundary—layer separation, vanes *.
were added in the diffuser and outlet sectlions of the
duct and a boundary—layer bypass duot was installed. The
rpsistance of an orifice plate simulating s heat exchang—
er vas varied over a wide range of values to represent
different types of cooler.

An investigation was made of the effects of inlet—
velocity ratio and airplare angle of attack on the duect
characteristics. In order to investigate the effects of
propeller slipstream on the flow into the duct, tests
wers made with the propeller removed and with the pro-—
peller operating at thrust coeffiocients sinulating high-—
speed and climbing flight. Critical epeeds for the
various duct installations were estimated for different
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rates of air flow through the duct inlet by means of
pressure—distribution measurements along the duct inlet
lips and the duct-fuunlage fillet.

SYIBOLS

0y, 11ft cosfficient
ACp increment of drag coefficlent due to duot

AQDi caloulated increment of internal—drag coefficlient

AOp g inorement of drag coefflicient due to external drag
(a0p — 40D, )

Cm pitohing-moment coefficient
To thrust coefficient (T/pV,*D?)
AD increment ofldrag due to duoct

pla, surface static—pressure coefficlent

AP/qa pressure—drop coefficlent

)] etatic pressure (referenced to atmospheric pressure)
q dynamic pressure

Ap pressure drop across orifice plate

H total pressure (referenced to atmospheric pressure)
AH loss in total pressure

Q quantity rate of flow

Q/Vo sair—flow parameter

_v,/v; inlet—velocity ratio

u lacal velocity

propeller thrust
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¥/aD advance-diatmater ratio’
n duect efficiency "(QAP/ADV,) ~

. angle of attack of thrust axis relative to free—
stream direction -

propeller bdlade setting at 0,75 radius
propeller diameter

duct arsea

wm e Y

wing area

Bubsoripts denote average conditians:

] in free stream

1 in duect inlet

2 et front face of orifice plate

3 in outlet of main duct .
4 In outlet of boundary—layer bypass ducé

5 below trailing edge of outlet gulde vane
APPARATUS AND TESYS

A deseription of the NACA full—ecale tunnel and the
equipment used for the tests 18 given in reference 3. The
model 1s shown mounted in the test sectlon in figures 1
and 2, and a three—view drawing 1s given in figure 3. The
model was equipped with a Curtise—~Wright controllable-
pltch propellor that was driven dy an electrioc motor. The
propeller had 614Ccl.5—24 blades, which were fitted with
the metal cuffs shown in figure 4.

The general arrangesment and the principal dimensions
of the baslc duct installation and the modifications are
shown in figures 5§ and 6. The duct varied in cross sec—
tion from a segment of a circle at the inlet tc¢ a cirele
at the orifice plate and to a crescent at the outlet. The
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veriation of the diffuser oross—sectional area with dis—
-¢ance from -the  inlet 18.shown An figure 7. The three
vane arrangements tested were:: . :

(1) A horizontal and a vertical vane in the inlet
that divided the duct at the orifice plate into quadrants

(2) A horiszontal outlet varne that extended from the
pear face of the orifice plate almost .to the outlet. -

(3) A combination of the lnlet and outlet vanes.

For some of the teste with vanes, the duct inlet was ex-
tended forward 6 inches and reduced in area from 1,10
square feet to 0,91 square foot, Figures 8 and 9 are
photograchs of the ducts insterlled on the model and dls—
assombled, Sectlions through the duct inlct lipe on the
center linc of tho dunct and through tho duct—fusclago
f11let at tho inlets are given in figurae 10,

For the tests in which the bypass was installed,
the upper surface of the duct was lowered 1% inchea at
the inlet and the contour of the outlet section was
modified. The sectlions of the bypass duoct were rectangu—
lar at the lnlet and approximately crescent shape above
the orifice plate; the area of the lnlet section was- ap—
proximately one—thlrd the area above the orifice plate.

An aluminum orifice plate with holes 3/4—inch in
dilameter (fig. 9(a)) was used to represent the heat ex—
changers. In order to simulete different types of heat
exchanger, the pressure. drop across the resistance plate
was varled by plugging some of the holes in accordance
with the technlique of reference 4.

KMeasurements of total pressure and velocity distri-’
bution wvere made 1 foot ahead of' the duct inlet and at
several statlons within the duot and within the boundary—
layer bypass to determine the thickness of the boundary
layer, the duot loeses, and the air—flow quantities,
8tatic~pressure measurements on the duct inlet 1lip and on

the duct—fuselage fillet were made to estimate the criti-
cal speed. ) ) T

Tests wlith propeller operating to simulate high—speed
and climbing flight were made to determine the effecte of
slipstream. The propeller blade angle at the 0.756 radius
By the advance-diameter ratio V/nD and the thrust coef—
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ficlent Tg, which vere estimated for an airplane

equipped with a 1600-horsaepover engine, were caloulatod
to be 60°, 2.96, and 0,02, respectively, at the high—
speed 11£t oooffioient of 0.1, In the climbing condi-
tion at a 1ift coefftcient of O, 5. the caloulated valunes
of P, V/aD, and My were 40°, 1.22, and 0.ll, respec—
tively. The test alrspeeds werc 863 miles per hour for
the high—speed condition and 46 miles per hour for theo
clinbding condition.

The effect of the various duct installations on the
drag, tho maximum 1ift, and the pitching moment of the
model was ascertalned by foroce tests, The drag of each
Guct 1nstallation was determined as the dlfference be—
tween the drag of the model without ducts (fig. 1) and
the Grag of the model with the various duct arrangements
installed. The drag tests wore made for values of the
1ift coefficient from —0.2 to 0.5 at a tunnel alrspood
of 100 niles per hour. The effects of the ducts. on the
maximum 1ift and the piltching moments were dotermined
from tests at a tunnel ailrspeod of 63 milos per hour.

RESULTS AND DISCUSSION

The roesults of the tests sare discussaed in slx sectlons,
The first two sectlions treat the Tactors that affect the
pressures aherd of and behind the heat exchanger. Inocluded
in these sections are discussioans of the alr—-flow charac—
terlistics, the duct configurations, and the hoat—exchanger
charactoristics. THhe pressures avallable for cooling, the
drag of tho ducting system, and tho duct efficilency, which
are tho parameters for ocxpressiang duct performance, are
discussed in the third and fourth sections. The effoects
of the various duct installations on maximum 1ift, pitch—
ing mozents, and critical speeds are disoussed in the
final scctions, .

Factors Affecting Pressures ahead of Hoat Exchanger

Valuos of tho total preeaure at the faco of the hoat
exchanger that are loss than the total prossurce of the
elr stream shead of the duct may bo attributed to losses
which occur ashead of the duct inlet ard in the duet dif—
fuser, JTor the type of fuselage duct tested in this in-
vestligation, the boundary layer on the fuselags ahead of the
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duct has.been shown to be the moat important fagtor de—
termining the 1ossen that occur ahpad .of the inlet and

in the diffuser.(referenceé 1). The. boundary, layer tends

to separate from the fuselage surface ahead.of.the duct
inlet; this tendency is greatly increased ' by the adverse
Pressure. gradient that.results from deceleration. of the

flow as, 1t approaches the duct inlet. 'The lower. the 'in-

let veloclty, the greater is’ the adverse. pressurp gradil—
ent and the stronger 18 the. ‘tendency. toward . separation.

As a corollary, the thicker and more depleted the boundary
layer,. the greater 18 the tendency toward separation under
8light adverse pressiure gradlients. The. "‘primary problenm

in obtaining high pressure recoveries at the face of the

‘heat- exchanger. therefore becomes the control of the flow

to avoid boundary-layer separation or the provision of-a
way to prevent the boundary layer from disturding the
flow in the eatire duct. Separation may usually be s
avoided by correct cholce of the 4uct. inlet valooity, al—

‘though gulde vanes or a boundary—layer bypass m

necessary for thick boundary 1ayers (reference 6

Aig_ilgx_inig_gngi - As previously discussed the
alr flow into a rear underslung fuselage duct 1s serious—
ly affected by the fuselage boundary layer ahead of the
duct. Ilieasurements of total and static pressures (fig.
11) showed that, for the propeller—removed condition at
a = 0.2°, the thickness of the -boundary layer was 1%
inches at the center line of the fuselage 1 foot ahead
of the inlet of the rear underslung fuselage duct and
decreased approximately 1/4 inch for each increase of 5
in angle of attaclk.

(o]

The eeparatibn-of the flow_at'the-duct inlet that-
results from the boundary layer 1s shown by the velocity
profiles of figure 13 for several values of V,/V,. At

the low inlst—velocity ratios, the-separation is accom—
Panled by flow reversals that are indicated by the nega—
tive values of velooity adjacent to the fuselage. The
existence of flow reversals was verified by tuft obaerva—
tionse. The extent of the area of flow separation was
reduced as the value of the inlet—veloclty ratio was in—
croased and, at V,/Vo = 0.61, -the flow entered the duct
inlet smoothly. ' '
- . . - _,," - - R . '..\._._.. ._', .. . ..
Increasing the angle of attack of the fuselage re—
sults in a similar improvement of the flow into the inlet.

‘A narrower reglon- of separation at angles of attack of
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4,8° -and "10.,4° (f4z: 13) reesults from the decrease in -
the boundary-layer thiockhess (Zig. l1) and from the
‘smaller adverse’ praslure gradient’ 1nmediately ahead - of"
the duct 1nlet.

The dependonco of the flov separation at the duct
inlet oh the repistance of the heat exchanger was in—
vestigated by varying thé pressure drop across the re—
sistsnce plate Ap/qQ from 4.0 to 46,8, The tests

wvere made with low inlet~velocity ratios, and flow sepa—
ratlon and reverlals occurred in all caees (fig. 14).

The elimination of separation ahead of the duct in-—
let not only reduces ths losses bdefore the cooling air
enters the duct .inlet but alaoc enadbles ‘the duct diffuser
to operate-at a higher efficiency. The improvement in
the flow condition at the inlet whioh ocourred when «
was 1nqreased from.0,2° to 10.4° (£f1g, 13), increased the
averago ‘total pressure at the face of the orifice plate
from 0,69g, to 0.84q, (fig. 16(a)), The average total

pressqre_of 0.69q, at the orifice plate for the low angle

of attack (a = 0.2°). is considerably lower than would be
calculated from the losses that occurred ahead of the
inlet '~ an indication that further flow breakdown and
energy dissipation odccurred in the dirfuser.

. The effects of varying the 1nlet—velocity ratio on
the total pressure at the face of the orifipce plate are
shown in figure 16 for tests with vanes installed in the
diffuser and with the propeller removed, A%t low angle
of attack, that 1s, at high—speed attitude, the pressure
- at the plate increases with the value of 7 1/Vo and a

maxinum is indicated above the highest test condition,
T,/Vy' = 0.61. At the high angles of attack, o = 4.8°

end 10.4°, the maximunm pressure recovery 1is realized at
lower values of T'/Vo and the losses in total pressure,

which ooour partioularly at low values of V,/V,, are

much smaller then for angles of attack less. than 4.8°,
Beyond an inlet—veloocity ratio of 0,60, the total pres—
sures at the plate below the horizontsl vane began to
deorease owing to inocrensed skin-friction losses.

_ The 4abta obtained with different pressure drops
across the orifice plate (figa. 16 and 17) show that the
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.. Presgure,.reocgovery is highest for the plates with the’

greatest .resistance; the rate of Indrease of pressure - :-
recaovery with 1noreal1ng 71/70, hovever, - is -about the
same 1n all cases,

Qgidg vanes.— In order to decrease the losses in thé

diffuser that result from the flow dreakdown which oc—-
curred with partly peparated .inlet flows, several gulde—
vane installations were investigated. The installation
of .vanes on the horizontal and the vertical cernter ‘lines
of the duct diffuser (fig. 6) increased the average total
pressure at the face of the orifice plate O, 09qq at

@ = 0,2° and 0.04g, at o = 10,4° (£ig; I8(D)):.. Vith

thie arrangement, the separated flow was confined to the
half of the diffuser above the horizontal vane and the
total pressure below the vane averaged about 0.95q_° for

all angles of attack. Above the vane, however, the total
pressure at the Plate varied with angle of attack from
about 0.61q, at a = 0. 2° to 0. ‘8lgq, at @ = 10.4°,

The same effect isa shown by the results of other teata in
flgure 18.. .

‘Because the statliec presssures dehind the upper and
the lower halves of the orifice plate are about the same,
the high total pressure in the lower Half of the plate
causedl a large frectlion of the alr to flow through this
area, This phenomenon had been observed -previously in
tests of ducts with inlet vanes and & method of over—
coming this difficulty was developed (reference 65).

Yanes were added in the duct outlet to restrioct the
flow of air -through the lower half of the duct and to
divert it through the upper half asdjacent to the fuselage.
The part of the flow that passed through the upper half
of the duct for various outlet—vane arrangements is shown
in figure 19. The flow may be evenly divided irn.the 4dilf-
fuser by ogrrect outlet—vane location, as in test 3.

The attainment of larger flovs through the upper
than through the lower half of the diffuser results in
increased total pressures at the face of the heat ex—
changer (fig, 20), TFor duot installations with inlet
and outlet vanes, the total pressure at low angles of. at—
tack was "about 13 percent higher ‘than for the duct with—
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out vanes and about 8 percent higher than for the duct
with only inlet vanew. ¥With orly an outlet vaie, the
flow in the upper and in the lower halves of the duct
could be regulated (test 7, fig. 19); however, the total
pressure at the face of the radiator was only 0.03q°
higher tian for the duct without vanes,

WYhen the inlet—veloclty ratio is low - for example,
when '¥;/T, ranges from 0.35 to 0.40 and when extensive

flow separation occurs at the duct inlet — full correpg—
tion of the duct flow by means of the outlet vane may
require considerable detall investigation, .4An example of
the effeat of incorrect outlet—vane setting on the divi-
8lon of ‘the flow in a duct of this type is shown in test
6 (fig. 19). Reducing the inlet area and increasing the
inlot—velocity ratio from 0.41 to 0.60 (test 6, fig. 19)
provided a much more uniform flow. A4 moethod of calcula—
ting outlet—~vane locations is outlined in reference 5.

Boundary—laver bypass.— As an alternate method of
eliminating the pressure losgses &ue to boundary—layer
separation, a separate duct was provided for bypassing
the fuselagze boundary layer around the heat exchanger
(fig. 6). ¥With this arrangement, the air entered the
cooling duct inlet at free—stream total pressure and the
flow reversals usually observed at low inlet velocities
did not occur. Because the difficulties with the flow
through the inlet were eliminated and no initial doundary
layer existed on the upper surface of the duct, the duot
diffuser performed efficlently and total pressures ds
high as 0.,97q, were measured at the face of the orifice

plate (figs. 31 and 22). The total-pressure recoveries
were dependent both on the location of the nose of the
dividing vane and on the divislion of flow between the
bypass and the main duct {tadble I).

T’he highest pregsures were obtalned with the nose
of the dividing vane slightly behind the duct inlet .
(tests 10 to 13, figs. 21 and 22 and table I), although
good results were also obtained with the nose of the vane
in the plane of the inlat (tests 8 and 9, flg. 31 and
table I). "When the vane was extended 4 inches ahead of
the duct entrance, the.average total pressures.at the
Plate dsoreased about 0.06q, (tests 3 and 5, fig.-31 and
table I) although tke same flow through the boundary—
layer bypass was maintained.

-’
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" A value of Q/¥o, = 0.08 in the secondary passage

‘ was: sufficlent to-remove the boundary layver oomgletely

at V¥ /V = 0,3 for the entire Aduct entrance (teit 10,

£ig.: 21(6.) and table I)., It appears likely that a -
smailor bypass flow may have sufficed inasmuch as H_/q,

=.0.95 was meadured in test 8 {bable 1) with Q/Von 0.03

for ‘the bypass.

) Ezgngllg;_gng;ﬁj;gg - Thq effeotn of the propeller

Elipstream on the fuselage boundary—layer profiles and .on
the inlet veloocity distributions are shown in figurea.
11(v), 23, and 24, At T, = 0,3, propeller operation

had a negligible effect both on the boundary—layer charac—

| teristics (fig, 11(Db)) and on the inlet velocity distri-
“-bution (fig. 23)., 'Operation of the propeller in the-

- olinbing condition at Ty = 0,11, however, inoreased the
) thiokness of the boundary 1ayer about 3/8 inch (fig, 11(b)).

ds a result of the inereased total pressure in the

" slipstream, the average total pressures at the face of

the orifice plate inoreased both in the high—speod and in
the climbing conditions, as shown in figure 236 for the

‘arrangement with vanes in the diffuser. In the eclimbing

condltion and with flaps installed on the duct outlet,
the increases in total -pressure -due-to propeller opera—
tlon were about 0,30q, and average total preesures at

‘the orifice plate of about l.lﬁq; vere measured at inlet—

veloclity ratios ranging from 0.60 to 0,90. Below these
values of 7V, /V,, the pressures at the plate were lower

because of inlet losses, Average total pressures as
high as '1,30q, wers measured at the section of the plate

below, the .horizontal guide vane (figs. 26(c) and 26(d)).
Average total pressures of this magnitude may bde obtained
over the entire radiator by the 1nstallation of ‘& boundary—
layer ‘by:pnss. )

In simulated climdb, the propeller slipstream reduced
the symmetry of the pressyre patterns - at the face of 'the
orifice plate mbove the horizoatal vane (figa. 26( o) ana
36(d)). ' S1lightly Yower pressures were measured on the
right—hand then on the left—hand side of the plate owing
to asymmet:ieal slipstream effects. .
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Factors Affecting Pressures behind Heat BExchanger

The total pressure at the duct outlet is doependent
upon the total-pressure losses that oaccur sheéad 'of the
duct inlet, the losses that occur within the diffuser,
and the pressure drop that results from the alr flow
through tho heat oxchanger. The outlet static pressure-
is g function of the external static pressure near tho
outlet and of the shape of the outlet section of the
Guct. The external static pressure in the reglon of the
outlet opening is determined by outlet—~flap deflection,

. angle of attack of the model, and propeller—operating
conditions,

The shape of the outlet section of the . duct affects
the outlet static pressure through its influence on the
contraction of the exhausting air-stream and through its
effect on the angle at which the air is discharged into
the main stream. If the outlet section is too short and
the angle of convergence too high, the Jet of ailr leaving
the duot continues to contract in cross section and to -
increase in velocity focr some distance downstream and the
static pressure does not reach a value equal to that of
the-free stream untll some distance behind the outlet
opening. If the flow is discharged at an angle to the
external stream, an .effective.thickening of the body oc—
curs behing the outlet opening, The magnitude of this
thickening is dependent upon the angle—~of-flow discharge
with reference to the external. stream and upon the total
pressure at the outlet. As a result of this effective
thickening of the body, the velocity of the external
stream over this part of the body 1increases and ths ex—
ternal static pressure correspondingly decreases.

OQutlet configurgtion.— The outlet openings tested

(fig. 5) were representative of present design practice.
The larger exits B and C were formed from exit A by pro-
gressively cutting back the lower surface of the duct at
the outlet. DBecaunse no modifications were made in the
contours of the upper surface of the outlet section, this
cutting back of the lower surface caused the flow to dis-
charge from outlet C at a greater angle relative to the
external stream than from outlets A or 3B,

The results of the tests show that an approximately
linear relationship exists between the total and the
static pressure at the outlet (figs. 27 to 29). When no
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Ut 1WY TTuYe were' instakiedy~.the. statlo, preasures gt the

outlet opening were always poslitlve and increased linear—
1y wl&h the outlet tbteal pressurens., The rate of change
of outlet static pressure with outlat total yre!sure was

- greatest for the ‘largést exit 0.

A compariaon of the curves of Iigures a7 to 29
shows that the vanes and the ‘doundary—-layer bypass also
affect the outlet statisc presesures because of their in-
fluence on the characteristics of the flow in the outlet
sectlon of the duet. XNo rule for the prediction of any
of these effects could be established, however, because
of the many variables involved,

An example of .the effect of the flow through the
boundary—layer bypass on the veloclty distridbution at
the duct cutlet is.shown in figure 30. At the top of the
duct exlt, there 18 a reglon of low veloclty that re-
sulted from the bypass flow which 1s depleted in total

ressure. As the flow through the bypass is decreased
fig. 30) or as the angle of attack of the model is in—
creased (fig, 31), this area of low velocity becomes
emaller and finally dissppears. Figure 32, which shows
typical veloclty distributions observed in most cases,
18 included for comparison. The air quantities computed
from the outlet velocity diestributions are given in fig—
ures 33 end 34 and in tadle I.

With the installation of outlet flaps set at 48°
the 8tatlic pressures at the outlet openings .were de—
creased. to about —0. 30q; for outleb B and to —0,30q, for

outlet 0 and the dependency of the static pressure upon
the outlet total pressure was practically eliminated
(fig. 27). 1In figure -33, it is shown that the installa—
tion of a flap on outlet B increased the flow through

the duct by 0,20 % at Ap/q = 10.9, by 0.16 2 at
Vo 2 Yo
4p/q_ = 19.6, but by only o‘oaﬂ- at &p/q, = 46.5. 4

sample 'of -the velooity distribution at the duct outlet
with flaps inatalled is given in figure 35,

Rzgngllgz_gngzajign.— Operation of the propeller in
the high~speed condition had little effect on the average
outlet static pressure (fig, 27) and on the air—flcw quan—
tity (fig. 33). In the climbing condition, with flaps
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installed on outlet B, propeller oparnbipn decreased: the
average outlet atatic pressure by 0.10q, (£ig. 27) and

inoreased the flow through the duct by Q/V, = 0.09

(approx.) at pressure—drop coeffiocients of -10.,9 and 19,6.
Typical veloclty distributions odtainaed at outlet B with
the nropeller operating are .shown for the high-speed con—
dition in figure 36 and for the climbing condition 1n
figure 37. .

Pressures Avallable £op Cooling .

The pressure avallable for cooling 1s defined as the
difference between the total pressure at the face of the
heat exchanger H, and the static pressure at the duct

outlet p, and may be expressed nondimensionally as
Py .
aq, _
alr—flow characteristics on theee gquantities have been
discuesed in previous sections and the resulting cooling

preasures ars presented in figurea 38 and 39, and in
tatle I. ' :

. The effeot of changes in duct configuration and

Increases in pressure avallable for cooling were ob—
tained by increasing the pressure drop across the orifice
plate either by varying the resistance of the plate or by
.verying the air flow through the duct (fig. 38 At a
pressure—~drop coefficlent 10,9, average cooling pressures
of 1.01lq, at an angle of attack of O, 2° and 1. lig, at an

angle of attack of 10.4° were measured for the duct with
vanes in the diffuser and with flaps installed on outlet B.
The pressures availlable for cooling increased in all in-
stences with the angle of attack of the model.

In fizure 39 18 showrn the increase in average pres—
sure availadle for cooling, which resulted from the higher
fobal pressure obtained at the face of the oriflece plate
by the installation of guide vanes in the diffuser. The
addition of an outlet vane to the duct with outlet B had
no effect (fig. 39) because the small increase in total
pressure shead of the plate (fig, 20) was compensated for
by & corresponding increase in the outlet statla pressure.
¥ith the outlet area reduced from 0,91 to 0,50 square
foot (outlet B to oulst 4A), however. the addition of en
outlet vane increased the cooling Dreseures dy about
0.06q, (fige. 38 and 39).
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The highest pressures avallable for cooling were ob—
toined for the duct with -the boundary—layer bypass. At
inlet—veldolty rafios’ of 'about-0,33, cooling pressures as
high as O, saqo were measured for some of -the best bypass

arrangenents (table I) as compared with the highest value
of O, 59q obtained for the high—speed. condition by the

use of gui,ae vanes (fig. 39). , At an inlet~velocity ratilo
of about 0,50, the pressures avallabdble for coollng de—
creased slightly and were approximately equal to those
measured for the arrangement with guide vanes, When the
total pressure at the face of the orifice plate decreassed,
the cooling pressure also decreased and, for the case in
which there was no flow through the bypass and the total
pressure at the orifice plate was O, 71q, (test 2, table I),

the mensured cooling pressure was only 0 v48q,.

Operating the propeller incressed the pressures avall—
able for cooling about 0.02q, to 0.06q, in the high—speed

condition and about 0.40q, in the climbing condition with

outlet flape installed (fig. 38), ¥For the arrangement
wlth vanes in tho diffuser, maximum pressures avallable
for cooling that ranged from 1l.42q, to 1,61lq, were neas—

ured in tlhe climbing condition and were indicative of very
good outlet—flap effoctiveness,

Drag and Duct Efficliency

Zotal drag due to duct installation.— A summary of
the total drag of the various installations investigated
is presented in figure 40 and .in tables I and II, ‘The
ircroment of drag due to the duct system ACp 1s the

difference between the drag of the model without tha duct
and the drag of the model with the varilous duct arrange—
ments installed, The drag due to the intornal and the
external flow are inocluded in this increment.,

At AP/qa =.1°39-- at .Q/Vo = 0,51, and at Of=0.1,

the lncroement of total duct drag without vanes or boundary-
layor bynass was 0,0020, This value was not matoerially
changzed by the installation of inlet vanes (table II),

With Doth the inlet and the outlet vanes, the drag incre—
ment was 0,0016 at §/Vo = 0,64 and 0,002 at Q/V,= 0.37.

Tiese values were the lowest total—drag coefficlents meas—

urod for any of the duct installations, With vanes in
the diffuser, inoreasing the air~flow quantity or the pree—
sure—drop coefficlent inoreased the increment of total
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Those values were the lowest total—drag coefflioients meas—
ured for -any of the duct installations. Wlth vanes in the
diffuser, increasing the air—flow quantlty or the pressure-
drop coefficlent inoreased the inorement of totel dra .
(fiz, 40), For the range of values of Ap/q' and Q77°

tested, the increment of total—drag coefficlient varied
from 0.0018 at Ap/q, = 10.9 and Q/V, = 0.30 to

0,0024 at 4pfq, = 19.6 and Q/V, = 0.49. The drag of

the installation with the boundary-layer bypass generally
exceeded that of the optimum vane arrangement dy from 17
to 33 percent at Q/Ve = 0.36 (approx.) and by from 26 to
56 percent at Q/Vo = 0.56 (tables I and II),

Duct internal—drag coefficient.— In addition to the
total drag, figure 40 and tables I and II show the incre—
ment of internal—drag coefficient calculated from the

expresslon .
| Aon. = 28 (452 - JE,
Di ® 57, /Hg -

which waa derived from the mohentum loass of an incompres—
8ible fluid flowing through the system. At A;p/q_B = 10,9,

at Q/V, = 0,51, and at Cr =-0.1, the internal-drag

coefficient was 0,0009 for the duct without vanes or dy—
pass (table II), The addition of vanes ia the diffuser
alone increased the internal—drag coefficient to 0.0011,
but the addition of inlet and outlet vanes together or
the addition of an outlet vane alone decreased the coef—
ficient to about 0,0008, although the flow was also de—
creasod by the addition of the outlet vane aloné. When
tho flow for the fully vanod installation was decreased
to Q/Vo = 0.37, the increment of internal—drag coeffi—
clent was roduced to 0,0002, An inorease in the alr—
flow quantity or in the pressure—drop coefficient rapldly
inoreased the internal—drag coefficlent (fig., 40).

Duct external—drag goefficlent~— The duct external—
drag coefflcient, which is equal to the difference be—
tween the total— and the internsl—drag coefficlents, was
0.0011 for the installation without vanes and varled be—
tween 0,0008 and 0.0010 for the duct with the various
vane arrangements at .Ap/qa = 10,9 and at Q/To = 0.50
(approx.) (table II), With vanes in the diffuser, the
external—drag coefficient varied from 0,0019 with the
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inlet and the outlet sealed to 0.0005 at Ap/q, = 19.8
and 10.9 and Q/V, = 0,49 and 0.59, respectively,’

" (£1g. 40)Y. The high external drag measured. with. small.

alr quantitles i1s attributed to flow separation at the
duct~fuselage fillet. The additlon of a bypass to the
inestallatlion without vanes resulted in external—drag
coefficlents that were 0. 0004 to 0.0010 higher than
those obtalned for the vaned installations at the same
values of Apfq, and QfTo (tables I and II). Tufts

indicated that the flow at the .duct fuselage fillet with
the bypass lnstalled generally was not smooth.

Duct efficiency.—~ The duct efficlency is defined as
the ratio of useful power expended in forciang alr through
the orificoe plate to the total power required to over—
come the drag Gue to the duct; that is,

n = AP

ADV,

In asccordance with this definltion, only the air flowing
through the reslstance plate was consilidered to do any
useful work for the tests with the boundary—iayer dypaso
installed.

For Ap/q, = 10.9 and Q/Vo = 0.51, the duct ef-

ficlency of the installation without vanes or bypass was
0.42 (tadle II). Owing to the poor flou distribution dbe—
tweon the upper and lower sections of the duct, the use
of" inlet vanes a2lone decreased the duct efficlency to
0.33. The use of both inlet and outlet vanes, however,
inoreased the efficlenoy to about 0.656 with both the
original and the modifled inlets. These asfficlencles
woere the highest megsured for any of the duot arrange—
ments, The relatively low duct efficiency of 0,38 ob—
tained for the fully vaned duct at V,/V, = 0.34 was

the result of high externel drag (table II), which usual—
ly occurs with lowv air flows (fig. 40)

For bhe duct with the vanes 1in the Aiffuser, the
duct efficlency incressed rapidly as either the alr—flovw
quantity or the pressure—drop coefficlent was inereased;
the lowest duct efficiency was about 0.10 for 4&p/q,
= 10,2 and §/Y¢ ® 0.30 and the highest were 0.56 and

0.57 at Ap/q, = 19.6 and 10,9 and Q/7, = 0.49 and
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0,69, respectively, (fig. 41). The efficlency of the duoct
with the boundary—layer hypasse ranged from 0,06 to 0,09
at Q/Vo = 0.35 (approx.) and from 0.09 to 0.13 at Q/V,

= 0,55 (table I), It 48 believed that higher efficien—
cles can be attained while high' preasure recoveries are
8till maintained by simultaneously decreasing the inlet
area of the boundary—layer bdypass and the air—~flow quan—
tity instead of by restricting the flow through the bdynass
alone,

Haximum Lift and Pitching Moments

The installation of the duct system had no effect on
the maximum 1ift but inoreased the negetive slope of the
pPltching—-moment curve. 4n analyeis of the results of
figure 42 indioantes that the increments of pitching-moment
coefficient due to tho duct are greater than can be esti-
mated from the drag of the duet alone.

Critical Speed

3y the method of reference 6, the critical speeds of
the duct inlet wore estimated from pressure—dietridbution
measuromonts on the surface of the inlet lip and the duot-
fuselage fillet at a tunnel airspoed of 63 miles per hour.
The maximun negative pressures wsere extrapolated to higher
Hjach numbers as in figure 43, and the oritical speeds were.
found from the intersection of the extrapolated pressure.
curves with the éurve of Hach nunber for the local speed
of sound.,

At the high—speed angle of attack of 0.2°, the high~—
est critical Mach numbers calculated for the duct inlet
1ip and for the dupgt—fuselage fillet vere 0.56 and 0.49,
respectively; these values correspond to sea—leval ecriti-
cal speeds of 420 and 374 miles per hour, These critical
speeds were undesiradly low and indlicated that modifica—
tions in the shape of the inlet 1lp end the fillet were
desirable, Ae shown in reference 1, these modifications
should include increases in the camber and the thickness
of the inlet lip and the duct—fuselage fillet to provide
e more uniform pressure distribution.

The critioal speeds of the duet inlet decreased with
the inlet~-velocity ratio, The reductions in aritical
speed are 1ndicated in figures 44 and 45 by the inocreased
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maximum negabive pressures at the lov values of T, /700

- Fox-the duct—-fuselage fillet, the peak negative pressurs
inoreased from —~1,78q, to —3.34q, for a variation in the

-1nlé#—velo¢1ty ratio from 0,53 to 0,37; thie result corre—
-apondd. to a decreasd® in oritical Mach number from O, 49 to
0.44,

The pressure distributions varied with changes in
angle of attaok of the modeél (figs. 46 to 48); reductions
in peak nogative pressures of 0.656qqy to 0.80q, on the

inlet lip and of 0,35q, to 0.80q, on the duct—fuselage

filllet were meaeured when the angle of attnck was increased
from 0.,2° $0°10,4°, These reductions in peak negative __
pressures with increases in angle of attack are attributed
principally to the fact that the duct inlet is located

on $H8 lower surface of the wing. 4&e the angle of attack
of the airplane is increased, the static pressure beneath
the wing 18 inocreased and, for the same mass flow of alr
through the duet inlet, the air enters the duoct at a
higher veloclity relative to the flow in the region of the
Quot inlet. The angles of attack of the ianlet lip and of
the duct—fuselage fillet, which ars determined by the
inlet—veloolty ratio (reference 1), are decreased and the
induced velocitles over the surfaces are redunced. A%t an
inlet—velocity ratio of 0,40, an increase in the angle

of attack from 0,2° to 10,4° increased the seca—level
oriltiocal speed of the duot—fuselage flllet from 350 to

374 miles per hour and the oriticdal speed of the inlet:

lip from 412 to 496 miles per hour,

Operatlion of the propeller 'in the high—speed condi-
tion had little effect on the inlet—lip pressures dut
inocreased the negative pressures at the filleét about 0.,40q,

at an inlet velocity ratlio of 0,36 and 0.30q, at an inlet—
velocity ratio of 0,44 (fig., 49). As in the propeller—

reamoved tests, separation was present at the Guct—fuselage
fillet at low inlet—velocity ratios (fig. 650).

SUMHARY OF RESULTS

The results of the general investigation of rear
underslung fuaelage ducts reported herein are summarizxzed
as follows:
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1. The ratio of the duct inlet veldcity to the strean
veloclty was the most important parameter affecting the
perfornmance of rear underslung fuselage ducts. An inlet—
veloclty ratio of about 0.6 was found to be a good desiga
value for such an installation with or without vanes and
a valuwe of 0.35 was permissible for the duct with the
boundary—layer bypass.

‘2. Because of the thickness of the boundary layer at
the inlet of rear underslung fuselage ducts, serious
losses in total pressure ahead of the heat exchanger oc—
curred when no vanes nor boundary—layer bypass was used.

3. Lowest drags and highest duct efficiencies in
combination with good pressure recoveries ashead of the
heat exchanger were measured for the rear underslung fuse—
lage duct with bath inlet and outlet vanes., The use of ,
either inlet or outlet vanes alone did not greatly improve
the over—all duct performance, : )

4, Best total pressure recoveries, but generally
higher drag and lower duct efficiencies, were measured
for the duct arrangement with the boundary—layer bypass.

5. Propeller operation increased the total pressures
at the face of the heat exchanger. In the high—speed
condition (at a thrust coefficient T, of 0,02), the in-
creases in total pressure ahead of the heat exchangor
were small; whereas, in the climbing condition (at Te
= 0,11), average increases of about 0.30q, (where 4, is

the free—stream dynanmic pressurs) wverc measured,

6. The static pressures at the duct outlet were
positive for the installations without outlet flaps. The
addition of outlet flaps reduced the static pressures to
as low as —0.30g, with the propeller removed and o0 as

low as ~O.40qo with the propeller operating in the climb—

ing condition,

7. The positive wvalues of the outlet static pres—
sures werce reduced by discharging the cooling air paral—
lel to the external strcam and by decreasing the angle
of convergence of the outlet section cf the duct.

8. Owing to the insufficient amount of camber and
thickness at the duct—fuselage fillet and at the inlet
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1lip, the critical speed of the duct installation was undesirably

‘low. The value of the criticel speed increased with increases in

the inlet-velocity ratio and in the angle of attack of the model.

Langley Memorial Asronautical Lﬁboratory,

1

National Advisory Committee for Asronautics,
Langley Fisld, Va.
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TABLE I

SUMMARY OF DATA FOR DUCT
INSTALLATION WITH BOUNDARY-LAYER BYPASS
[Nominal pressure-drop coefficient = 10,

Q/V, Increment of drag coeffilcient
§ Configuration o [Entire CoolingEvl/Vo Hp He-P3 at Op = 0.1 . n
& set-up {duct sngﬂg do de | Q0Cp AGD1 ACDQ
1 O 3 2 . 2 b 2iand b At 0. 71 - ——— —an - - —
bgl == | - | - |19} - | - -- - -
0.2 0.27} 0.27} 0.25} .71 fo.ug| -- 0.0006 - -
2 va| .30] 30| 27| .77] 53] -- - - —
0.2| 0.35| 0.25| o0.32[0.88|0.62] -- 0.0002 -— -—
3 .8l .36 .23] .33| .89 .63] -- - _— -
0.2} 0.,34| o0.23} 0.35]0.89} 0.62 - 0.0002 - -
I
A=O.96 Sq ft .
. 0.2} 0.35| 0.25| 0.32]0.90{ 0,59} o0.0016 | 0.0001 0.0015 | 0.06
5 i 0 e 1 I BE 1 4 e ) -- i Rt
10,4 .36 .22 331 .9 .65 - == - -
A=1.10 8q Tt _ 7
| ol 0.2} 0.35] o0.27| 0.32[0.95|0.68] 0.,0014% | 0,0002 0.0012 | 0.09-
u‘.S o}? '25 .3“‘ .97 068 —— - L -
j%,%% 0.2 0.3%| 0.29] 0.33]0.87| 0.59} -- 0.0002 - -
7L —> et .35 .29 .34 .92] .69 -- - - -
A=0.39 sq £t~

-4

YOvH
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TABIE I (Continued)
I t of & f
. - N Enu:ﬁvgoolin V1/V, o |Homp ncremegt COI‘L =r:g]coefficient n
on ratitlion a — .
& & set-up|duct ghg;iﬂg qg ‘a;"l ACp ZSCDi Z&Cgﬂ
=0 Tt
o Flush
&l 0.210.35 ] 0.32 {0.33 {0.93] 0.63 - 0.,0002 - -
4=1.10 5q ft_oQutlet o | *8| 36| .30 | 3k | .95 .66} - - - ==
5=0.56 80 Tt
Z-f“’”’ / 0.2] 0,36 | 0,27 10.32 |0.95| 0,65 == 0.0001 - —
9 4.8 037 026 .33 .95 069 - - — b
" ZSH%%ééiééﬁé:fEféggffp( 0.2 0.36 | 0.2 l0.31 [0.96| 0.68] 0.0016 0.0001 o.o¢15 0.10
4.8 371 .25 | .32 | .97] .69 - - - -
L | = 0.210.55 | 0.32 }0.50 [0.97] 0,59 0.0020 0.0008 0.0012 | =
= 1 b8! 561 .30 | 51| .96| .63 - - - -
Qutlet B o
Pz'éﬁgzzéfé:féférfésgiiféi 0.2| 0,56 | 0.38 |0.51 |0.97| 0.64 0.0025 ! 0,0007 0.0018 [0.13
| — : o
=0.33 dg rt| M8| .55 .35 | .50 | 97| .63 -- i - -~ |-
: 0.2 =-- - - 10.9%| --| 0.0023 | - - -
{ .
L3 7 A 48| -- -- — 95| =) - L - - -
A=0,23 8q ft -
.y : 0.2]0.52 1 0.37 |0.47 {0.89 | 0.5&| 0.0022 0.0009 0,0013 |0,13
i » L.g1 .51 .32 A6 | .87 .56 - - - -
A=0.33 8q £t
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TABLE IT
SUMMARY OF DRAS DATA

FOR VARIOUS GUIDE-VANE ARRANGEMENTS
[Nominal pressure-drop coeffiolent = 10.9]
Alr-flow Inlet- Increment of drag coefficient,
» velocit 61, = 0.1 Duoct
2 Conflguration parameter, ratio,y L efficiency,
& 0 V1 /¥ ACp Alp, 4Cp, n
A=1.10 sq—fy
1 |keoossis" 0.51 0.46 0.0020 0.0009 0.0011 o.42
Outlet B
A7 Q2 .0021 .0011 .0010 .33
.53 L8 - . 0007 - -
54 49 .0016 . 0008 . 0008 .65
5 -4~ .37 34 .0012 . 0002 .0010 .28
Sl .60 .0016 . 0007 . 0009 .66
'49 °u5 - .OOOS - -

e

YOVK
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1.- Model in basic condition as mounted in the NACA full-scale tunnel.
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view of model as mounted in
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the NACA full-scale tunnel.
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NACA I Fig. 3
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— ’ s.ao'-l-z.té-—-
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‘ Wing area=170 sq ft

— —5° DIHEDRAL

\0.

Figure 3.- General arrangement of model.
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' e S 4" OUTLET FLAPS, ,

// SET AT 45° AND EXTENDING
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INLET GUIDE VANES
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YT o 8 SURFACE-PRESSURE ~TUBE
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FIGURE 5&.-

REAR UNDERSLUNG FUSELAGE
DUCT ON WIND-TUNNEL MODEL.
ALL DIMENSIONS IN INCHES.
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———— THRUST ¢ - e

BOUNDARY-LAYER BYPASS DUCT

DIAM. =24
ORIFICE PLATE

F" - 1415 S e

DUCT SECTION ON ¢ OF AIRPLANE
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AREATT - 0.23 SQ FT ARFA TV = 0.47 S® FT
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FIGURE 6.- REAR UNDERSLUNG INSTALLATION WITH

BOUNDARY-LAYER BYPASS. ALL DIMENSIONS
IN INCHES.
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Pigure 7.~ Variation of diffuser cross-sectional
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(a) As installed on model.

(b) Outlet . (c) Original inlet.
Figure 8.- General and detail views of rear underslung fuselage duct.
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(a)

Internal duct system and orifice plate (b) Inlet seal.

/NACA 2523/

(c) Outlet A. (d) Flap on outiet C.

Figure 9.- Typical details of duct installation.
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R +Y
6
X
(parallel to
tube 1 ship center
N.ne
Station Ordinate, y, in.
X, A B c
ia. Upper| Lowen Upper| Lower| Upper|Lower|
0 0.37 FO.46 | 0.37 | ~0.80[ 0,37 |-0.55
1025 | W45 |=,61 | 4O -1 08| 37 | =.79
.50 .48 -072 .""2 E 032 "095
.75 | .50 |-.84 | . 1. 71 .26 |-1.08
1.00 .50 -093 lu'l' "'1 61 020 -1021
1.25 | .50 +1.01 45 1,72 14 |-1.34
1.50 | .50 F1.09 42 -1,81 'oZ -1.45
1.75 | .50 +1.16 | .44 |-1.90 . ~1.55
26 00 . 50 -1, 2 o -1, 95 -.01 |~1, o4
2.50 50 "103 -2.04 -.10 -1082
3.00 .50 bloq'} -2.12 -018 -1098
3.50 "1051 -2.18 -025 -2312
4.00 "'1057 -2023 -|32 -2.2
4,50 L1,62 -2.29] =37 | -2,
5.00 1,66 2,35 = 43 | =2.,43
6.00 "1071 -2.4‘2 -051 "2.59
7.00 -1075 "2.52 -058 -2.71
8.00 -1020 "2.61 -obq’ -2029
9.00 "1. 2 "'2.69 -070 -2 7
100 00 "'1. 8”‘ -2-7&] “e 7‘lL -2 9)"'
12.00 "1084 -2.91 -3004
14,00 L1, 82 -3,05 ~3,11
16,00 1,80 | -3.21 -3.14
RL, in. 0057 0. 37 0057
9, deg| 20 : 30 —_—

(See figure 5 for position of sections)

A. Original inletdip.

Be Original left fillet.

C.

Modified iniet.lip.

Figure 10.- Sections through inlet lips
on center line of duct and
through duct-fuselage fillet.
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