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AN EXfERIMENTAL THVESTIGATION OF THE DESIGHN VARIARLES
FOR NAC/ SUBMERGED LACT EXNTRANCES

By Tmmot A. Moseman and Laurcs M. BRandell

~ SUMMARY

Information concerning the paramsters end design variablazs
affecting an NACA submergsd duct design is presented. The prin-
cipal varlables investigated include entrance width-to—depth ratio,
ramp-¥all divergence, ramp angle, and deflector size. Tssts wore
also made to show the effect of varlation of boundary-leyar thick-
ness &nd ragp-rloor contour,

Praasure racovery at the duct ¢ntrance and efter slight
diffuslon, presesure distribution over the lip and rawmp, and drag
are glven as Tunctions of the inlet veloclty ratio of ths entrance.
An evaluation of the HACA submerged entirios 1ndicates that satis—
factory duct characterlstics may be found for a rangs of the test
variaebles, It appears that an optimum NACA aubmrsaﬂ. Inlet design
ghould employ curved diverging ramp walls, & 5C to 7° zemp angle,
and & wldth-to-depth ratio of from 3 to 5. The boundary—layer
thickmess of the surface into which the Inlet is placed wag found
to have & large effect on the pressurs recovery.

Possible applications of thls type of inlet and' their
particular advantages are digcugsad.

INTROIUCTICON

For the develomssnt of & satisfactory sair-induction system of
ar alrcraft, soveral asrcdynamic criteria must bHe evaluated JIn con-
Junction with those involving structural design and ingtailation.
Aerodynomicelly, the systsm should not reduce the available energy
of the entering air, the drag of the body into which it is placed
should not be increassed, =nd the high-speed characteristics of the
body or aircraft should not deteriorate. Although, in practice, an
alir—induction system possibly does not meetl all these requirements,
the marits of a system can be determined by the degree to which its
characteristics apprcach the optimum,
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A previows lnvestigatlon of an alr inteke submerged beleow ithe
body surface (reference 1) was exploratory in nature and was meant
to Indicate the trend for futurs research of this typoe inmlet. This
present report glves the resulis of more extsnsive investigations of
HACA submerged duct entrsnces conducted at the Amss Asronsutical
Laboratory. The work includes further development of certain con—
figurations found to be desirable from preliminary tests and the
investigation of other design peramstera not previcusly considered.

SYMBOLS

a duct-entrance area, squars feot
B distance ramp ficor ie submarged below reference conbour

at station where entrance area is masaswred
Cpp duct drag coafficiant( i— )
D drag, pounds
d duct depth
B total pressurs, pownds por equare foot .
LH loss in total pressurs, pounds per sauare foot
M mach munber i
MoR criticel Mach mumber
P , pressuro coefficiant ( g—;‘;& )
D etetic pressurs, pounde psr squuve foob
g dynamic pressure (%pv") s pounds per sgusre foot
(1] veloclty outside boundery layer, fest psr second
u local veloclty in boundary laysr, feot per second
v velocity, feel por second
W duct width
P air density, sluge per cubic foot :
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Hz = 1y
UD)) diffuser efﬁciency( B ) X 100, percent
Hay =D
ME H-i HB M3

(L+9) 1+

% " %0 1600 ~ 80,000 °°°

H=1 a{ + 3), zam pressuve, pounds per squaro foob

raa recovery ratlo

V.V inlet~velocity ratio

Subscripts

o froe streanm

1 duct~entrance station
2 gtatlion after diffusion

MODEL AND ATPARATUS

Vericus models of submergsd—duct enitrances were tesied in the
Amsg 8- by 36-inch wind tunnel of the 7= by LO0~foot wind-~4umnel
section, which is shown schemntically on figure 1. Each entrance to
be investigated was placed in a removable portion of cme of the
36—inch walls of the test section, this wall thus simwlating the
fuselage skin for = typical sunbmsrged-inist applicetion. Alr was
drawn through the Inlet by a constant-speed centrifugal. pump, the
quantlty flow being messursd by = callbrated venturi and regulated
by a motor—controllsd plug~type valve located at the pump axit. The
tests vere made at tunnel epeeds ranging from 180 to 260 feat per
gecond.

All parts of the entrances for ths greater portion of the
Investigation wers flush with or below the surface of the tunmnel
wall., The avea of the various entrances was held constant at 16
squere inches zad the width~to-depth ratio varied from 1 (4 by U4—
inch) to 6 (9.81~ by l.64—inch). A meparate model was raguired to
test sach of the six width—to-depth ratios. (See fig. 2.)

For each model four ramp plan forms wers investigated (fig. 3).
Ramp angle cowld bs varied from 5% to 15°. Pigure I shows the
geometric changs of the rsmp with ramp angle for cne entrance con-
Plguration. Frovision wes also mede for testing a curved ramp floor
shape, with the w/d = b entrance for ramp lengths which correspcnded

CONPERRNSERAL..
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to the 5°, 79, 99, and 11.5° stralght ramp floora. Thig curved ramp
floor, shown on figure 5, represented the uppar-surface profile shaps
of the aft portion of & 65-series low-drag airfoll.

Deflectors, or small ridges salong the top edgs of the ramp wall
with heights of 0.25, 0.50, 0.75, and 1.00 inch and lengths of 25, 20,
75, and 100 percent of the ramp length were tested (fig. 6).

The basic lip shape (fig. T7) was the samo for all models, but
the dimensions of the lip varied directly as the depth of the duct
entrance. In every case the lip incidence could be varied through
an angle range of + 5°.

The models included a transltlion sectlion which simylated an
internal duct system with gradual diffusicn. This section started
8 inches aft of the 1ip leading edge and for each model transformed
from the rectengular cross section of the submerged duct inlet to a
c¢ircu.ar cross section 5.25 inches in diamster. The transition
section was 36 inches long with & 1.35 expansion in avea, constant
for all models.

Rakea of pressure tubes for measuring ram recovery were located
at two stations {fig. 2), one at the duct entrance and the other after
diffusicn in the 5.25--inch—diameter circular section. The rakes
located at the entrance contained 64 evenly spaced totai-pressure
tubes and 4 statlc-pressure tubes. These rakes were mounted slightly
behind the leading edge of the lip in each case «t a station where
the 1ip inner contour faired into = constant area section. The reke
aft of the diffuser section had 33 total pressure tubes and 4 static-
pressure tubes. The wind~tunnel alr downstream of the inlet was
surveyed by a series of Individual rakes, located 8 inches aft of the
lip station, which completely bracketed the wake caused by the
entrance. Each of the Individual rakes contained 15 tubes and were
located at 8 spanwise statiouns.

Pressure dlstributions were obitained from small flush static-
pressure orifices built into the submerged duct entrances along the
center lines of the lip end ramp and alsc along a section of the lip
1 inch from the side wall of the entrance.

TESTS

To aid in the snalysis of the dats it was necessary to evaluate
the existing testing conditions. The bommdary layer of the test
gsection tunnel wall, measured at the duct-entrance station, is given
on figure d. It should be noted thet this boundary layer is comsider—
ably thicker than would be normally experienced if a submerged
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entrance were located at or forvard of the wing on a gimilarly -
scaled fuselage. Efforts to reduce this netural bomdery-izyer
thickness did not prove successiul, dus mainly to the wind—tunnel
geometry. The ratio of total boundary-layer thickmess to duct depth
(w/d = 4) is 0,80 for these tests as comparsd to 0.3l for a typical
fighter installation (station 0, refersnce 2). From this 1t is
evident that the pressure recoveries prusented in this weport must
not be considered as the meximm values obtainable with XACA aub~-
morged duct entries. The lips of all mecdels of the submerged

entrance wers located at tho same position along the test section
wall.

To determine the dlffuser or interaal duct efificliencies, bench
tests of the six diffusers were made. A cons was attached to ‘the
entrance In place of the ramp and lip to assure eetisfactory flow
conditions. The pressure losses were measured aft of the diffusers
in the circular portion of the diffumer at the seme location and
with the same reke that was umed to determine the pressure recovery
aft of the diffusers In the wind~tunne) tests. Resulis of these

tests (fig. 9) show the efficlencies (np) of all zix diffusers to
b about 91 percent.

The princlpel peremators investigated In the wind tunnel were
ramp plan form, width-to-depth ratlc, ramp angle, and deflectora.
A limlted mumber of tests was made to show the effect of veriation of
ramp~floor contour and boundary-leyer thickness at the location of
the duct entrance. For evaluaticn of the relablve merits of the
various configurations measurements were teken to determine the
pressure recovery aft of the dlffuser section and g% the entrance,
presgurs digtribution on the lip end rsmp, and drag of the config-—
urations, through a renge of Inlet veloclty ratles from 0 to 1.5.

Tables I and II are indlces showing the range of mndificetions
to the submerged duct entxy.

RESULTS AND DISCUSSION

This investigation to oblein data for the develomment and
applicaticn of NACA submerged—duct entries was concerned with the
effect of various configuration changes upon the degree of fulfili-
ment of the crliterls set forth. The measuremsnts necessary for
evaluation, as mentloned previously, wers pressures recovery after
diffusion and at the entrence, pressure dlstribution, and drag.
Under these categories the Following parameters are discussed:

1. Ramp plen form
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2. Width~to-depth ratio

3. Remp angle

4, Ramp £loor shape

5. Boundary-=layer thickness

Because of the nature of the iInvestigation, the results and
discussion of deflectoras ars presented serarately from the cther
diviaions at the conclusion of this section.

A figure gulde is given in teble IIXI. Only the more parbinent
drag and pressure-distribution results are preaented, the grester
portion of the data belng given in terms of pressure recovery.

Presnurs Recovery

. On this type inlet the velocity distributicn is not uwnifom

over the entrance area, snd determining the entrance lomass

(Appendix A) becomes a difficuli process. Conseguently, a large
vortion of the date 1s evaluated from consideration of the pressure
recovery after diffusion. Since the dlifuser efficlencies from
bench tests are equel, a comparison, for two inlet configurations,

of the results after diffuslon 1 a direct mweswure of their relative
merite with respect to pressure recovery. This comperison, of courss,
includes the effect of the inlet on the diffuser efficlency. Entrance
Dressuye racovary wae cbiained only for the most lmportant values of
the design paramsters.

Pressure Recovery after Diffuslon.—

Ramp plan form.-- The results of previocus investigations (refexr—
ences 1 and 2) showed that the ram pressure recovery of the
svbmerged duct entrance could be apprsciebly increased by
diverging the walls of the ramp. The effect of ramp plan form
ig shown in figure 10, which gives the pressure recovery
messured after the diffuser section for two width—to-depth
ratios. In all cases the curved diverging ramp which weas
previously developed (reference 1) gave the highest ram pressuve
recovery for the low imlet-velocity-ratio range (V1/Vo 50.6).
However, the effect of ramp plan form is also a funcelon of
width~to-depth ratioc end ramp angle snd will be discussed in
later mectlons,

In the instances vhere the pressure recovery ls increased
by diverging the remp plan form, the mrocess is apparsntly one
-
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of dlverting the houndary layer outside the remp around the
entrance. Expsrimentsl deta show this possibly to be due %o
iwo causes, The first is indicated from 2 coamparison of the
ramp pressure distrlbutlon with that on the surface in the
Immediste proximity of the entrence, These pregsures indicate
that at veloclty ratios below 1.0 the boundery layer outslde
the ramp would have a tendency to flow awsy from the inlet.
Second, it has been found that if the top edge of the diverg—
ing ramp wells wers rounded, the effact of divergence would be
groatly reduced. It was surmpiged that some of the improvement
was caused by the resistance of the extermsl boundary-layer alr
to flow over the rather sharp edge of the ramp walls.

Width—~to-depth ratio.~ The affect of varying the width-to-depth
ratio of a submerged entrance is glven In figure 11 for 2 con—
stant ramp angle of 7°, Figurs 11 shows that for the perallel
wall, nordiverging ramp changing from & w/d ratio of 6 to a

s W/d ratio of 1 increases the maximm pressure recovery after
diffusion from 70 +to 80 percent. This trend was expscted since
most of the boundary-layer sir in front of & nondiverging ranmp
flowas Into this typs of entrance. Consequently, for the despsr
and parrower entrances this low-energy air lg & smaller pasrcent-
age of the total quantlty admitted. Increasing the divergence
of the remp walls diminished this effect. This was antlcipated
gince, as menticned previously, with a diverging rasp muveh of
the boundary-isyer alr is dlverted around the entrance, thus
decressing the beneflcial effect of reducing the widih-to-depth
ratio found with a nondiverging ramp.

The width-to-depth ratio necessary for meximmn pragsurs
recovary slsc increased as the divergence increased. Thisg may
be better visualized by the following table:

Maxizum Pressurs w/d for ¥y /Vo for
Recovery (after  Maximum Maximm
Diffusion) Recovery Recovery
Paralisal walls 0.80 1 0.70
Straight diver—
geace No, 2 845 2 .55
Straight dlver~
gence No. 3 .860 3 A3

Curved diver—
gence 865 3 L0
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Since good pressure recovuries sre obtained for diverging

ramps over s wlde range of inlet veloclity ratlos, this type of
inlet showld not be limited to sysiems which have small intermal
diffusion, but mey Include thoses which diffuse the alr to a low
veloclty. It should be emphaslzed agein that these pressurs-—
recovery velues are not the moximum obtainable but represent
only those avallsble wlth the existing boundary-layer thickneas.

Bemp spgle.— The results of varying remp angle, given on figure
12, show thet in ell cases an increase in ramp angle was sccom—
renied by e decresse in pressuvre recovery. As the dlvergsnce of
the ramp plan form increased, this effect of the ramp angle
bacame mors pronounced.

An 1llustration of this, showing the pressure-racovery
decremsnt between ramp angles of 5° and 11.5° for w/a = 4, 1s
glven ag followa:

L]

TV, 0,k 0.8 1.2
Nondiverging 0.055 0.03 0.045
Divergence No. 2 O .13 .15
Curved divergence .12 .18 19

The general trend of a decrease in pressure recovery resulting
from an incresse in ramp angle is also aimilar for w/d ratios
of 2 and 6, the decrsase being slightly lese for w/d = 2 and
greater for w/d = 6. _

For entrances with ncndiverging ramp walls this decrease
in pressure recovery results from a tbickening of the boundary
layer due to = more adverse pressire gredient along the ramp.
For the divergent ramp the problem ls more complex for, insuead
of being relstively two—dimensional as it is for the nondiverg—
ing (parallel) walls, it assumss & three—dimensional aspect.

In this case it is believed that much of the loss accompenying
an increase in ramp angle is atiridbutable to the resultant
geometrical change in the ramp plan form. For a given divergent
ramp, increasing the ramp engle increases the angle between the
diverging walls, (See fig, 4.) This produces directly two
adverse effects. Filrat, increasing the angle hetween the ramp

competT,

L




FACA EM No. ATT30 CORET DN AT 9

valls increases the tendency toward separation. Second, in-
creasing this angle increases the oblliquity between the rxamp
walls and the fres-stream flow. This makes it more difficult
for the air flowing along the outside edge to follow the
divergent contour of the side walls, Conseguently, alr spills
over the edge of the ramp walls, admitting much of the

bouwadary layer and ceusing a cross flow between this air and the
air flowing down the remp., A comblnstion of these two adverse
conditlons causes large pressurs losses to occur lo the cormers
of the submerged ertrance when the ramp angle is increased.

Tnls is shown in figure 13, which gives the distribution of
Tresgure loss across the submerged entrance for several conflg—~
urations. From figure 12 it appears that for the larger rvemp
angles (above 10°) the optimum ramp plan form should have some~—
what less divergence than that employed for the lowsr ramp angles.

From the results of the investigation of ramp engle, a bhetter
comparison of the merits of various width-to-depth ratios can be
obtained. In most ceses the use of a given ramp engle ls dic—
tated by the lengith avallable shead of the duct entrance. For a
constant-ares duct entrance and a consbant remp sngle, the
requirsd ramp length is much larger for the deep and narrow
entrances. Thus for a T7° ramp angle, the ramp length for a
w/d ratio of 1 1s 2.45 times the ramp length of a w/d ratio of
6 entrance. Since ramp length uwsusily constitutes a design
limitaticn, a more usable comparison of the entrances of varlious
width—to-depth ratics can be obtained by comparing the pressure
rscoverles at a constant ramp length. To obtaln this comperiscn,
pressure-recovery data after diffusion were plotted against a
remp-length term. This ter was mede nondimesnsicnal by sguaring
the ramp length and dividing by the duct entrance area. The

2
n o [(ramp legsth)
crosa plots of pressure recovery as a functio entrance ares

ere given in flgure 1%. A comparison of these curves indicates
that for many design ccnditions width-to-iepth ratios of L to 6
will give the highest pressure recovery.

Ramp-floor shaps.— A comparison of the pressure recoveries for
the straight and curved remp floors is given in figure 15.

The straight floor is seen to be superior for the configurations
tested, but the difference in pressure recovery 1s small,
usually lesa ‘than 2 percent for the more optimum conflgurations.
The present experimental results indicate this parameter to be
of gecopdary importance in obtaining high-pressure recovery.
Therefora, small changes in the contour of the floor that may
be reguired to obtain a smooth jJunction between the ramp floor
and fuselage skin ghould not noticesbly affect the praessure

CUMPITENREAT =,
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racovery of the installatlon.

Effact of boundepy--laver ithlckoess.— A comparison of the natural
and thickened boundary layers ls given in Piguve 16. Figure 17
shows ‘that, as expected, increasing the boundery-layer thickosss
decreased the ram recovery. This decresse was practlcally the
game for all conflgurations tested and was approximately equal
to 0.12 ram recovery ratlo. These tests clesrly indicate that
diverging the ramp walls keeps only a portion of the boundary-
layer air from entering the duct, and conseguently strasses the
Importence of locating the entrance In & region of thin bowmdary
layer for maximm recovery.

An attempt was made to correlate the change in ram recovery
with the change in boundary lsyer. Various boundary-lsyer para—
moters were considered (boundary leyer, displacement, end
momentum thicknesses, etc.) and the factor h was selected as
being most pertinent in estimeting the pressure recovery for
this type of submerged inlet. The term h I1s defined ae a
helght which containg an amount of free—stream ram pressure
sguivalent to ‘the total pressure lost within the boundary layern,
and may be eveluated from the following eguations

e)
A S
Lt o

.whers

e total boundery-layer thickness

As a first approximation, the change in ram due to thicken-—
ing the boundary layer or changing the duct depth and holding
w/d constant, may be estimated from the following eguation:

w2 )-(522 ) -(E22) - (2). (D)

whers the subscripis = and b refer to different config-
urations. Obviously, this 1s not a rigorous relatlon, but it
shonld give an indication of the change In ram which would be
expacted if the boundery-lsyer conditlons of a given entrance
were alterad, or the slze of the inlet changed (all dimen—
sions remsining gecmetrically similar)}. The values of h for
the natural boundary layer end the thickened boundary layer

"’.
CORFIDENTILL
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- ars 0.227 and 0.530 inch, respsctlively., & comparison of the
estimated change in pressure racovery celculated by this
equation with the measurad change for the two boumdary-layer
conditions of theze tests 15 given in the following table. Thle
teble 1s for ramps with curved divergence and a T° ramp angle.

Calculated Values , Heasurad Valuss

B - E =py

g = o of & o= Po)
v
7 7= 2.0 2. Lol % 6.0 !&‘5 2.0| ¥= b0 idi = 6,0
0.4 0,072 0.101 0.123 0.095 0.220 0.112
0.8 071 101 .123 «105 110 2113
102 .071 -101. -123 C°95 .095 '105

The use of the h factor resultsd in a much closor ajrroxi-
mation then any of the other houndary-~laysr paramaters considerad.

Entrance Prassurs Rscovary.-— OF primary intsrest in the design
of & ducting syetem is the entrance pressurs rscovery, Lol which the
lomsges chargesble 4o the dAiffuser ars escluded, The method of com-

putation used In determining this entrance rrassurd racovery is givea
in Appendix A.

The effects of ramg plan form,Tanp angle and widtheto-depth zratio,
are shown in Pigures 18(e), (b), and (¢). Comparison of these
curves of entrance preéssurs recovery with corresponding curves for
rocovery after diffusion (figs. 10, 11, 12) shov that the rssults
follow the gpame tremnds. In general, the pravious analysis accounting
for the differences batweon various configurations is applicsble.

The slight discrspancies found In the analysis between data for
entrance pressure recovery and pressure racovery after diffusion
(figs. 11 and 12) can probably be atitributed to changes in diffuser
efficlency with changing entrance condlitlons. The losses &t the
entrance together with the lossaes after diffusion ensble an evale
uation to be made of the change in diffusger efficlency for any con-
figuration. (See refersnce 2.) Using these losses, diffuser
officiencies for two entrance configurations have been czlcwlated

CONPIRREHIEAY
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and are cempared In figure 19 with those cbiained from bench tests.
The differsnce bsiwsen the two sets of curves rapresents the effect
of the inlet on the diffuser efficlencies.

Prasoure Distribution and Critical Mach Nunber

In this part of the Investigation estimations of the critical—
syeed characteristics of the eubmsrged duct entrances wers made from
an analysie of the pressurs distributions over the llp and rawmp.

The critical Msch numbers were estimaied frcm the psak low-spoed
progswre coefficients by the Edrmdn-Talen method (reference 3). This
method does not apply to three-dimsnsional flow (reference 4). dJust
what correctlons shonld bs used for the flow sround & aubmerged
inlet is not knewm, but it 1s believed the results gilven by the
mothod of rafersnce 3 will hse conservativae.

Llp.— The criticel=-gpasd characterigtics of the lip ars depend—
oent upon the Inclination of the flow approsching the lip. A decrease
in the inclination of the flow is defined as an anguier change of
the flow which ceuses the stagnation point to move toward the outside
surface of the lip, Thus, adecrsage in the flow inclination decreases
the incresmental velocity over the outslde surface of the lip, and
vice verss for the inside surface.

The pressurs distpibution over the lip is given in figure 20.
Heors is shown the chsnge in the stagmation polnt with Inlet veloslity
ratio and the effect of this change on the pesk nesgative Iresaure
coafficlents. Incremsing the inlet veloclty ratio always decrenses
the inclinntion of the flow.

The effects of ramp plan form on the critical-speed character—
istics of the lip are given in figurs 21(a). With a nondivergent
ranp thers is no appreciable change In the flow inclination across
the entrance. For the lip ascilon, 1 inch from the edge of the
entrance, diverging the ramp also cauged practically no varistion
from the data obtained with nondiverging walls. For the center-
line section of the lip, however, dlverging the ramp caused the
stagnation point to move toward the outelde and conseguently Iin—
creased the critical Mach mumber for the flow over the outside
gurface (fig. 21(a))., This cozparison chowe that with a divergent
remp there is a disiinct variation ecross the entrance of the angle
of flow approaching the 1ip. The flow neer the edge of the entrance
hee e more positive inclination and produces the largest incremental
velocltiea over the outside surface.

The effect of ramp angle on the critical Mach nuuwber for tlie
1ip is shown in figure 21(b). As would be anticipated, increasing

R il
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the ramp engle deacreased the flow inclinstion. The data verify that
for the ramp angles tested there is a variation of the flow inclina-—
tion acroass the antrance when g dlverging ramp is nzsd.

To corract for an undesirable angle of the flow approaching the
1lip, the incidence of the lip mey be varled. The offect on critical
Mach muber of changing the 1ip incidence from -5° to +5° is shown on
figure 22 for three width-to-depth—ratlo entrances with curved diver-
gence. From an analysis of these date, 1t appsava that Lfor many
configurations the criticel-spead characterlstics of the lip will be
improved by glving the lip & negative {down) incidence. The wde—
girable chenge In flow angle across the inlet, present with a
divergent ramp, may elso be compenseted by glving the lip a mors
negative lncidence near the edge of the entrance. Whelther or not
the 11p incidence or carber should be varisd acroas the entrance will
depsnd on tha critical speed of the alrplane., It should be noted
that it is undesirable to give the 1ip & more negative incldence then
is required. Although the critical-speed chmracteristics may he
improved at the lower Inlet veloclity rutlos, the flow may separate
from the inside surface at higher inlet welocity ratios, causing an
added lcess In pressure recovery.

Ramp,— The pregsure—distribution data obtained along the ramp
indicate that the Inlet velocity ratic of the entrance doss not
affect the velocity from 40 percent of the ramp length to the start

of the ramp (O-percent station, fig. 23(a)). The pesk negative
pressure coefficlent occurs Porward of the LO—percent station for
inlet velocity ratios below 1.0, and, consequently, the critical—
speed cheracteristics of the ramp appear to he independent of the
inlet velocity ratic. The pressure distribution forward of the 4O~
parcent station was found to be a function of the plan form of the
remp ¥alls and the profile of the ramp flcor.

The presaure distribution along the ramp is given in figure
23(b) for three ramp plan forms. The effect of width—to—depth
ratio of the entrance and of ramp angle 15 given in figures 23(c)
and 23{d), respectively. The criticasl Mach number for the ramp, as
estimated from the pressure distribution, will be ebove 0.8 if the
ramp angle does not exceed 9°.

The ramp floors for the aforementioned tests were all styaight
inclined surfaces, A comparison between the pressure distribuitions
of the straight ramp floor and a curved ramp floor is gliven on
Pigure 24. The pressure gradient over the straight ramp appears to
be more favorable for both parallel and curved divergent ramp walls,
The reduction in pressure recoveyy which accompanied the nore adverse
prassure gradient of the curved ramp floor has heen mentloned
previously. It may also be seen that the giraight remp floor glvea
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lower peerk incremental velociiies over the ramp than the curved ramp
Ploor when divergent walls are used. The studles of rump floor con-
tour In the prement inveatigation were limited in scops. A more
fundamental study of the effect of the ramp pressure gradient on
critical speed and pressure rscovery should bs made. The ramp floor
should probably be designed so that the pressure gradient will have
the least slops at the design inlet velocliy ratlo.

Drag

Drag of the submarged entrances was dstermined by swveying the
rortion of the alr gtream contalning the wake due to the inlet, and
is egual to the differemce In momentum of the alr stream, with and
without ths duct installed. The method of calculeting the dreg is
given in Appendix B. The drag coefficients based on duct-entrgnce
aree are presented im figure 25 for the various configurations, while

fTigure 26 shovs the distribution of the momentim loss aft of the
entrance, :

In 21l czass, the drag decreases as the inlet veloclty ratio 1s
increased. Figure 25(s) shows that the dreg increases as the diver—
gence 1s Increased. This was expected, since a nondliverging ramp
permite a larger portion of the boundary-leyer alr to flow into the
inlet. In general, it appears that configurations which resuli in
higher ram recovery have larger attendant drags. The negative values
of drag result from the fact that the loss in momsntum downstresm of
the entrance was leas than the loss due to the boundary layer that
previously exlsted. Tais cen he seen on figure 26,

For the curved dlvergent ramp, the dvag for most usable conf'ig-
urgtions ghould be guite low for the high-epeed and clinmk f1ight range.
Agpuming a wing-area-to-duct-entrance-area ratio of 150, a typlcal
Cp due to a submerged duct in the high-speed attitude wounld be
approximately from 0,0003 to 0.0006., It should be remembsred that
the effect of the duct wake along the fuselage aft of the entrance
18 not included.

Deflectors

Deflectors, or rldges along the divergent contour of the
entrance, have been shown to incrasase the ram recovery when used
with certain inlet configurations and conditions., This serles of
toats wes performed to £ind the effect of deflector slze, and to
evalnate the ugse of deflectors for various inlet configurations.
The criteria uzed for evalustion were the same as those for the
principel Investigation.

CORE TAL
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It was found that incraasing the deflactor length £rom 25 to
50 percent of the ramp length caussd the most pronounced increasos
in pressure recovery (fig. 27(a)), except for ihe 0.25~inch-high
deflactora. Further increases to 100 parcent of the ramp length
cansed Incrsases in the ram recovery only at inlet velocity ratlos
below sbout 0.8. Migures 27{b) also gives the premsure recoverlies for

deflector helghts of 0,25, 0.50, 0.75, and 1.00 inch when tested at
various lengths.

For the deflactor heights tested it may be sald, In gunerel,that
Incressing ‘the heolght incrsased the prassure racovery, peviiculariy
at inlet valocliy ratlios sbove 0.5. Howsver, changing the helght
from 0.75 to 1.00 inch Improved the racovery oniy at iInlet welocity
ratios above 1.0. As s result of thess tests on deflector slze, &
sories of deflectors wms gelectad for furiher investigation.
Daflactor helghts ranging from 0.25 to 0.75 inch extending 50 and
100 percent of the ramp length ware chosen because 1t was thought
that this renge was niost practlcable.

Ths change in ram reccyary produced by deflectors for thres
width-to~-depth retios can be cbisined from figure 28. The data -
shov that using deflactors with the more shallow entrances {w/d
ratios of 4.0 ani 6.0) adds a larger increment to the pressurs
recovery. This can be bettor visualized by the following table
which lists the Increass In pressure recovery after diffusicn
rosulting from the use of deflectors. The data are for a T° curved
divergent ramp and the deflectors ars 0.75 Inchk high and 100 percent
of the ramp length.

LAY W

- TE e . 60

T, 3 2.0 4,0 0

0.5 0.019 0.045 0.076
T 084 203 «J20

1.0 .088 .123 .135

Figure 28 also showe that changing the deflector length from 50— to
100-parcont ramp length causes little effect on the ram recovery of
the entrance with w/d = 2.

Figure 29(a) shows the difference in ram recovsry for various
ranp plan forms with and without deflectors. It is appavent that

CONPIFIRNTIN.
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deflectora are not squally bansficial for all ramps., The increment
of ram racovery due to deflectors incremsed wlth increzsing divergence.
With nondivergent (parallel) walls the improvement was negligible.

The results of tests to find the effect of deflectors on ramp
engle ave shown in figure 29(b). When these data are compaved with
those for similar configuraticns without deflsctors (fig. 12) it can
bo sesn that deflectors are beneficial, from the standpoint of ram
recovery, for all installations. A nore comprehensive comparison of
the thrae w/d ratiocs teated can be obtained from the cross plots of
these data, given iIn figure 30. Here ls shown the pressure recovery
as a function of the ramp-length term previously dexrived.

Preasure recovery at the duct entrance is given In figure 31
for several deflector-sntrancse configuratlons. The trends shown by
these data are in good sgreement wilth the analyals alvesdy discuseed.

Deflectors apparontly Ilncrease the pressure recovery by asgist—
ing the alr flowling outslde the ramp to follow the dlverging contour
of the side walls, This prevents mmch of the cross flow of alr over
the top edge of the ramp walls and also helps to divert more of the
boundary layer around the entrance. With regard to the selsction of
& deflector to glve best recovery, it should be noted that results of
other investigations {refersnce 2) clearly indicated that the require—
menis for deflectors are dependent upon the location of tie entrance.
It vas found thet when the entrance was placed in & region of thin
boundary layer, Increasing the deflector length from 50— to 100-
porcent ramp lengih caused a definiie decroase of jressurs recovery.
It la probable that deflectors which extend the full length of the
rexp should be used only for thick boundary-Jlayer conditicns,

Although the use of deflectors rseulis in higher prassure
racovery, 1t was found that their offect was scmavhnt deteriorating
to drag charactsristics of the entrance. Figure 32 glives the drag
for meveral iInlet configurations with deflactors. Comparing these
data with drag for similar configurations without deflectors {fig.
25) shows that deflactors incronsed the drag for all configurations
tented when the air enters the inlet at & velocity ratio above 0.6,
This comperison also Indicates the deflectors caused the largest
drag for shallow entrances (¥/d = 4.0 and 6,0) and stesp ramp angles
wvhere the gain in pressure recovery was ithe greatest. As would he
expected, figurs 32(c) also shows that increasing the deflector size,
both length and belght, increased the drag.

The pressure dlstributlon over the ramp when deflectors are used
is given in figurs 33. Comperison of thesge deata with figure 23
Indicates that deflectors cause some addition to the incremental
velocities over the ramp, The critical-speed characteristics of the
1ip for the curved diverging ramp, with aid without deflectors,

.',..-"”?
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are given in figurs 3. This comparison shows that deflectors
incrense the critical Mach number for the fiow over the outside
surface at the cenber section of the entrance while decreasing the
MoR for this flow near the edge of the entrance. A larger flow-
angle variation across tho entrance is therofore indicatad when
deflectors ars ussd.

POSSIDLE APFLICATIONS FOR NACA SUBMERGED INLETS

It ghould not be maintained that the svbmerged entrance is
applicable as an Iniet for all ducting installations, bubt 1t does
have certain characteristics in additlion to thoss presented which
make 1t particularly sulted for spscific ducting aprlications. The
use of FACA submergsd inlets could, In scme ceses, vesult in greater
aerodynanical cleannass by effeching more favorable fuselage contour
lines and perhaps raducing the fusslage frontal area. The structural
complexity of tho ducting system should be diminished and larger
space provided for intsrnal components. This type of duct should
also raduce considerably the ingostlon of forsign material by in-
ortla saparation.

A possible Jot=angine insitallation utilizing RNACA submerged
ducts is ehown In figure 35. In this illustration the submerged—
duct deslgn ig centered around a single Jet ergine located iIn the
fuselage aft of the »llot's enclosurs., Flacement of the twin entries
ghead of the wing minimized the Influence of the wings pressure fleld
and situated the entry in a reglon of thin boundery layer {reference
2). A w/d ratio of about I gesmed sdvisable from intemmal space
limitations, and a ramp using curved divergence together with a ramp
angle between 5° or 7° was selected. This installation should givs
optinum prsasure recovery, low ovar-all drag snd an efficlent
internal-flow system, since the necesglty for sharp bends and rapld
expensaione have heen eliminated. Relerence 2 discusses a duct—flow
ingtability that could cccur with thie type of installation.

For alrplanes employing two Jet engines the necessity of using
wing nacelles could often be eliminated by housing the engines silde
by slde In the fuselags. The NACA submerged inlet appears to he
very adaptable to such an Instalistion, The use of sipngle ducts
Jeading to each jet engine would be similar in design and location
to that shown In the previous illustration. With s gingle duct
leading to one Jot engine, the flow Instabillty previously mentioned
conld not occur. The short Intermal ducting of such an Inatalletlon
should result In minlmum losses, especially for engines with sxial-
{type compressors.

Cortain types of mimsliles, which are povered by Jot enginmes in
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the fuselege and have ne provision for landinog gesr, ave ldeslly
adeptabls for an NACA submarged-duct system. The single inlet could
bo placed on the underside of the fuselage and the Instslliation would
have the deslgn &nd asrodynamic advantage mentionsd rrevisusly.

Other applicaticns could include gome ducting systems involving
cooling and carburetor air. I this typs of entrance could be sub—
stituted for the protruding scoop-typs of inlet, the aercdynamic
neatness of the alrcraft would be greatly enhanced.

CONCTUSIONS

From investigaticns that have besn made of the configuration

changes snd pavamoters affecting tho design of HACA submerged-duct
installations it was concluded thab:

1. ‘The boundary layer at ths location of the sulmerged entrance
wlll infiuence the ram recovery. Dus to the relatively thick turmsel
boundery layer Into which the entrance was placed, 1t ia belleved
thet the pressure recoveries prasented in this report are lower than
could be expacted for most airplane installetions but that the com-—
parison between configurations is walid.

2. Significant gains In pressurs recovery for & wide range of
configuraticns zesilted from the ume of the curved dlvergent ramp.
This is especially true in the low inlet-velocity-ratio range,

..%.3- < 0.9, whers high pressure recovery is most necessary.
o

3. The effsct of width~to-depth ratio was greatest for the
nondivergent {parallel) ramp walls, The best recovery for this
configuration ccourred Por a w/d ratio = 1 {square) entrance. 4&s
the raxn-wall divargence Iincreasss w/d. ratio hes lese effect, and
the squnre entyy is Inferior to most vectangular entries. With
curvsd dlvsrgence the ram yscovary increment due to change in w/d
ratio 1s xbhout hxlf that with peinllel walle.,

b, ZRamp angle or, in soma cases, ramp length, had an ocutsian
ing offact on ram recovery. The detrimental effect of lncreasing
ramp angle became greaber es the divergence was increased.

5. 1In general,it appears that an inlet with curved diverxgencs,
e 5° or 7° ramp angls, and & w/d ratio of from3and 5 offers optimm
characterisiics.

6. Good critical-spesd characteristics can be obitzined with
propor lip design. Thera ie & spanvise change in angle of attack of
the 11p when e diverging ramy is used, and 1t may be nscessary to

com';ﬁfm
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twist the 1llp, depending on the pressurs field Into which the
entrance la placed.

T. For most design conditions the drag was found to be smnll.
However, In the selection of an optimum configuration, the drag and
xem recovery should be welghed. In ihils respsct, the use of
deflactors may not always prove advantagaous.

Arss Aeronautical Leboratory,
Netional Advisory Committse for Aeromautics,
Mof'fett Field, Calif.

AFFENDIX A
METHOD OF (BTATNING DUCT LOSSES AT THE ENTRANCE
AND AFT OF THE DIFFUSER SECTION
If, ag in ths most general case, the stresm Iilaments for a
steady Iflow ars not assumsd to have the sams flow ensrgy, then the

total pressure for a glven weight of fluid pessing a given gection is
(roferonce 5)

i
Pmean’meand

B =

f HBiocel Plccal Vlecar A (A1)

Usvally, it is not necessary to apply thls exact method, but 1t may
be raguisite if the total pressures distribution at the measuring
station has local regionz of high loss. Such was thes cese at the
submerged-duct entrance for inlet relocity ratios batween O and 0.5.
In computing the losses for this rangs, sguation (1) wes modified to
reduce the computational work:

3 n=%
B = ————a—— bynonVnan (a2)
v n;
vhers
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h local total head
P local denslty
a locel area
. v local veloclty
1 number of equal aress (equals number of tubes)

asouming

Pmean = Pp = PP, = otc.

8, =85 = &g
A=ax1l
Then
&=t T V. v
1 1 2 M
E = - h- Sver—— v} ha —— aaas ('&3)
i 1 Vaean Vmean i Vmpan

Ii=

For this application subscripts 1, 2, eic., dencte iocal areas
consldered,

The difference between the lommes computed In the preceding
menner and those cbtained from an intergrating mancmeier wers found
to be negliglble at the entrence for the remeinder of the Inlet—~
velocity-retio range, V,/V,'s from 0.8 to l.k. Such was the case
algo for the entirs inlet-velocity-ratic renge at the measuring
atation after diffusior.

COREEDENTIAL
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APEENDIX B
METHOD OF CBTAINING DRAG OF THE SUBMERGED ENTRANCES

If the momsntum change hetwesn two stations along a siream tube
is meezured, the resulting dreg force may be compubted:

D=f{ﬂ—u)dn (B1)

oy

D==pfu(U°-«-u) aa (52)

where ons station is In the free stream.

Assuming the densities at U, and u are egual,
D u u
om =2k [ 8 (285 ) (3

l(l’cm, a.aa)mning thet free—stream static ypressurs exists 1n the wake
D= Do

Then
Cpp -%\LT / 1-% (1—/ 1—%)@&: (B4)

or

=

-2 _EY _2 2 [I" o8
Cop Aﬁ (l 3, ) W= Aﬂ' dydx + ¢ chﬁ’(‘%)

2
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Expanding the flrat pavt of this equation in a binomial expansion and
conbining with the remainder glves

Cop, nkﬂ%wm—ﬁxﬂ<%)a dyax ... (E6)

It was found that there were sufficlient tubes in the memsuring rake

go that 2 value of _ﬁ_ﬁ ocbteinsd gith the eid of an integrating

]
mancester and substituted in place of the integrals in equation (B6)
gave very satisfactory correlation wlth the point-by~point
integration of eguatlica (B4).

To indicate how the submerged-ducit-drag determination was made,
it might be best to consider a comparison between the dreg of a noase
inlet and of a submerged inlet as determined by momsntwn surveys.
This comperison showld lnclude the air flow through the entrance to
corrsgponding stations at the Jet-sngine compressor. Whati happens
after this mection is a function of the Jat~englne chmracterlistics
and doss not enter this dlscumsion. To almulate the preceding
condition, consider that the air after entering the duct ia removed
et right angles to the alr stream sc that thers is no momentum of
the exit alr in the drag direction. Then

Losa In momen-—

tum of the Momentum of Loss in momsnium
Drag of inlet = entering air at <+ entering air + behind the duct
the duct entrance  (vam dreg) (zrofile drag)

" For the noge inlet
D= 0 + Mot Vo + f By 14 (Vo Vapt)daary

For the su‘bmargm inlet

D a/ man{Vo— Vent) dAent + f Dant Vent dAentt f RaPt(Vo— Vaft)dhars

vhere m 1g the mass flowing through each unit area.

COHF’]%TIAL
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Usually, for the noge~typs inlet, the moamenituwn of the entering ailr

1z taken Into account as part of the intermal drag and subtracted
cut. To meke a fair comparisen bsiwaen tho nose and asubmerged inlets,
for a given gquantity of flow, the same ram drag should he accounted
for in each case, Howevsery for this conditlon, the ram dyag of the
submerged entrance is less than that for the nose inlet since air is
inducted which has already racelved & logs of momentum, this loss
being equal to the gecond texm of the previous eguation. If 1t 1s
aosumad thet the momentwm of the entering air is (m,:V,) for both

installations and is subtracted from each cagse, the drag bacomes:
For the noge Inleti

b= f Bapi(Vom Tary) diary

Tor the submerged inlet

D= f By pp Vo~ Tary) Ahgry

In an actusl duct appllcation, the air flow ovar the body with the
duct entrance removad must bs considered, so thet another term ls

necessary. The final form of the equation used to evaluate the drag
then becomes:

D= f m&f’t( Vo~ Vartuet m) gy, "'f maft( Vo~ Vartduet out)daﬂft

Co TAL
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TARIR I

Indez of the Submsrged-Duct-Entry Modifications
Dafiectors
Parallel wells
Ranmp Straight divergence ¥o. 2
plan form | Straight divergencs No. 3 4, 6 7 Straight Fotural Hons
Curved divergsnce
. Parallel walls
Straight divergence No. 211, 2, 3, (e] o
w/a Stralght divergence No. 3 | &, S5, 6 7 Straigb Hatural ¥one
Curvad divergence
Parallel walls 850, 7%
Ramp angle | Straight divergence Ho. 2 {2, &, 6 |9%, 11.5°, Straight Hatural Hons
Curved divergence 15°
Ramp floor | Parallel walls e50, 72 go '
shaype Curved divergence b 21,59 97 Curved Hatural Hene
Boundaxy Y
thickness | Corved divexgence 2, k, 6 7° Streizht | Thickensd Nons
3| faraliel walls 5%, 79, ¢° Height = 1/% in,,
Deflectors | Straight divergence No. 2 | 2,4, 6 11.50. 150 Straight Faturel {1/2 in.,3/5 n.,1 in.
Gurved divergence 25 15 Langth = 25%, SOZ,
R, 2507
&. Only with w/a = & «nd 6.
b. Ondy with vfd = 2, NATIONAL ADVISORY
C. Angle defined by a straight line connecting baginning and end of rsmp. Colw TTEE FOR AMOHIUTICS

d. Sss table IT for combinztions testad.

OEILY °*OR 19T VOVH

Ge



26 CQUESTERTIAL NACA R No. ATI30
TPABLE IX
RANGE OF DEFLECTOR TESTS
Helght
Length /4 inch | 1/2 inch | 3/ inch 1 inch
. wjé L - L -
25% o
Ramp angle 7° - T -
w/d L L i L
507
Ramp angle§y T° 7° i 7
u/a b L i L
(2t o] o !
Ramp angle ( 7 ; 7° T°
w/d 2, k, 6 I 2, 4, 6 L
1007 Ranp angle 70 7° 503 79,99, 7°
i ,;‘ | 11.5°,715°

NATIONAL ADVISORY
CORHITTEE FOR AERONAUTICS
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TABLE IYT

FIGURE GUIDE TO RESULTS

27.

29, 30, 3%

Modd? " Pressure Fressure D
oaifieatlion racovery distribution e
Remp plan form | Figs. 10, 18 | Figa. 21, 23 | Figs. 25, 26
w/a Figa. 11, 18 | Pigs. 22, 23 | Figs. 25, 26
Ramp angle ¥Figs. 12, 13, | Figs. 21, 23 | Figs. 25, 26

14, 18
Ramp floor Fig. 15 Fig. 2k Hone
she,pe
Boundary-leyer Fig. 17 Rone Hene
thicknosa
Deflectors Figs. 27, 28, | Figs. 33, 3% Flg. 32

HATIONAL ADYISURY

CORMITTEE FOR AEROMAUTICS
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Figure 1.— Schematic view of the 8- by 36-inch wind tunnel.
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Figure 35.— A proposed inatallation for a single—engine jet—propelled
airplane using NACA submerged air intakes.
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