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AY EXFERIMEINTAL INVESTIGATION OF KACA
SUBMERGED-DUCT ENTRANCES

By pPharles -W. Frick;.ﬁallace F, Davis,
+Lauwros M, Bandall, apd Emmet A, Mossman

The results of a prelimin=ry Investigation of sudmerged-—
duct sntrances aro presented. It is shown thet an entranco
of this typo posscsses dosiradble critical spord and prossuro-
rocovory characteristics when used on a fuselaege or nacells
in » region of low Incremcntal velocity and thin boundary
lnyer. The dz=ta obtained indicate that submerged entrances
sre most suitadle for use with ‘internal—flow systems which-
diffuse the n2ir only a small smount: for example, those used
with jJet moitours which have axisl-flow compressors. Where com--
plete diffusion of the alr is required, fuselage—nose or wing—
lezding—edg2 inlete may Prove 6 de supericr.

The results of the investigntion have been prepared in
such n form s to permit their use by n designer and the
applicrtion of these data to a specific design is discussed,

ISTRODUCT IOK
. . P Y

The use of the Jet—propulsion motor has greatly inten—
sificd the need for efficient air~induction systems for
high-speéd aircraft. Although the air guontities used by
such motors are not grestly in excess of the over—all air
requirerments of ccrventionnl mircraft engines of eguivalent
high—speed tnrust, tnc performance of 2 jet motor is

~affeszted to a much grester extent by pressure loscses in

the air-induction system rtesulting from poor design., At
high speed, an loss in tot~)l pressure of 1C percent of the
free-stream dynamié pressure for the air supplied to the
Jet motor of ‘a typical fighter alrecraft may result in a
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liss in thrust equivalent to about one—tenth of the zir—
ane dr~g. #hen 1t is realized thzt veryv few of the
afr—-irduction systems of existing jJet—propclled aircerafg
hdve total pressure recoveries of more than 65 percent of
the freo-strean dynzmic pressure, 1t becomes apparent that
there is » great necd for improved desigzns,

The Eational Advisory Committee for Aeron=utics, work—
ing closely with the Army and Navy, has been conducting
extensive resesrch on the probless of jet—motor air—
induction systems at its varicus 1?boratorles. Results
of tlLis research concerned with fuselage-nose inlets and
external scoops have been published im references 1 and 2.

As 2 part of this research program, the Ames Aeronauticr
Laboratory has undertaken the investigation of air inlets
submergea blow-the surface of the body into which.the
entrunce is placed. This type of 2ir inlet 16 not fiew,
k-7ving been tested Tiret during the dict-enttry research of
reference 3. 'Bubmerged ard semisubmergsd inleéts have also
received considerable attention from varisus airceraft :
manufacturers. It is the purnose of thé inveéstigation

,reported herein to provide more complete informetion on o
“entrances ©f this type so ns to define their relqtive
“herits conpared witn other types of inlets. )

A study of the’ peometric characteristics of submerged
air inlet= indicated the fol‘owing cossisle advantages.

1. Reduction of the length of- the interna‘ duecting and’

‘the elinination of Qucting bends with a saving in wéighb: ané
~reducilion in pressure losses compared to a wing—leading—edge

o~ fuselage-nose inlets

2. Reduction in external drag when compared with ex—
ternal fuselage scoors

'Sf-Easier'aﬁfﬁiﬁment'OT'high critle«l speed - at high~ ' :
speed attitude than for exterhnal fuselage scoops and. a wider
range of airplape attitude for high c¢ritical speed than for
a wing 1ead1n# edge or fuselrge—nose entrunce R A S

It was bel ia?ed that these 3dvart1ges would favor the -
us e of such entrances for certalin sir—induction systems, pro
vided that design mothods could be established to eliminate
the cuar%cterlstxc low nressure recoxery. S -
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A MODEL AXD AFFARATUS
L3
The- éeneral investigrtion of the subrerged entrances was ¥
mode in the A or 11— by 1.5%-foot wind channel shown in
figure 1. Tais wind channel is 5f the open—return type
and is powered with a high—capacity centrifugal blower
capable of producing a maximum -airspeed of 180 miles per
hour in the test section. The zir stream Iitself is very
smooth angd probadly of lew turbulence because of the con—
traction ratio of 13.0 to 1.0,

£

Leasurenments of the tunnel air stream 1ndicasted an
appreciably thick boundary on the wells of the test section,
In order to odtain the thinnest boundary layer possible, a
false wpll was built into the wind—tunnel test section so
tp~t the tunnel-wall boundary layer passed between the
felse and true walls of the tunnel. The model submerged
duct was placed in this false wall as shown in figure 1.

Air flow into the model duct entrance was controlled. throuzh
the use of a small centrifueal blower.,

The model of the submerged—duct entrance was ao designed
that the contours of the lip, the angle of the entrance
ranp {(fig. 1) »nd the divergence of the rsmp could be chnnged
without removing the other duct parts. The openings tested
were of 4-sgunre—~inch area, one of 4— by l—inch end the
other 2~ by 2-inch dimenciom. For all tests, the air drawn
into the entrnnce was erpanded to a very low velocity in an
8° corical diffuser of 13,0 to 1.0 area ratio. Figure 2
shows 2z view ol one of the entrances tested.

A gpecific application of the results of .the general
investigation was tested on a2 0.25-scale nodel of a fighter—
tome airere’4 in the Ames T- Yy 10-foot wind tunnel No., 1. Views
of the submerged duct for this model ore shown in figures
5 {(a) and {b).

TEST3 AND TEST NETHODS

Measurements of the pressure losses of the air flowing
into the submerged duct for the teste in the Aurs 1- by l.5-foot
wind .channel wore mr~de both at the entrnnce and =t the end
of the diffuser. The placing of the toinl-pressure tubes
and the strtic~rrecsure tubes ir the entrance is shown

PURRREI.
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in figure 4. Pressure losses at the end of the diffuser
ﬁere rexsured with total—pressure ifubez, It :hcyld be

poted th=nt all peasurementes of the pressure recovery at
-fhe end of the diffuser were made while the pressure— =

mensuring rakes were located in the duct inlet, The
pressure losses resuliing frow the drag of these rakes are
of congsiderable magnitude snd the data obtained for the
diffuser are of comparative value only. This in no way
detrrcts from the value of these weasurements since they
are used for comparing the effects of various changes %io
the eatrance, Data useful to the designer were obtained
yith the rakes at the duct entrance by plotting comtours of
pressure 1ozs in the enitrance from the measured values

-obtrined with ithe pressure-measuring tubes of figure 4 and

integrnting these pressure losses to obtain the averaege’
loss. Llosses measured with these rakes represent the value
obtzined with 100-~percent diffuser efficiency. Data for
other diffuser efficiencies may be comnuted from these
measurements. For all tests, the inlet-<veiocity reatios arc
wmean vizlaes determined from air-—ouantity mesasurements made
with a cnlibrated venturi meter located in the air duct
leading to the centrifugal dblower.

Pressure—distribution tests were made over the 1ip and
the ranp of the entrance to permit an estimation of the-
criticnl apced, ¥Fressure data-obtained with flush orifices
were used with reference 4 to obtain values of the e¢ritical
Hach numbers for various onbrntine cond1t4ons.

The effects of removing the boundéry"layer of the
surface aheaa of the submerged duct. were determined by-
testing suctlion slots at various iocations ahead of the
duct entrance. 4 small centrifusel blower wrns used to
orovide suztion., Air aurntitices were me=asured with a cali-

~breted venturt, bLH-skxeteh of the boundpry—layer—cortrol

test duct is shown in Tigure 5,

ligearly =1l tests were made by holding the tunnel air-
speed constant and varying the alr guzntity flowing in the
duect to vAary the inlet~velccity ratio, A few tests were
mede a2t very hign inlst-velocity ratios by reducirg the
tarnel sirsypeed.

Teste of submerged-—duct entrances for the 0,25-scale
mcdel cf the Tighter nircraft were made try inducing air
flow irto the inletz %ith ar air pump connccted to a channe

in the sper of the tip—supported model The 1nlet—velocity
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ratic was held constant while the model angle of ntitack

was varied.? Fressure losses wero me=sured ot the simulated
entrance to—the Halford Jet meotor with a rake of 17 total-
pressure—mnedsuring tubes in each duct.

RESULTS AKRD LISCUSESION

General Investigation

The Iavestigntion of the subwerged-duct entrancee in the
gmall wind channel was divided into phuses, each concerned
with one particular design verizble, These variobles were
as Tollows: '

1., Ramp design

2. Lip design

3. Entrnnce shape and aspect ratio
4, Boandsry-layer thickness

The discussion deals with each of these varisbles separ—
~tely. FPortions of the discussion anre also devoted to the
few teste of boundary—liayer control and to the external—drang
characteristics. Figure 2 defines the various elements of
the submerged entrance. :

Braop design.— During the preliasinnry tests of the sub—
merged ent znces, the pressure recoverics obtained both at the
e;d of thae diffuser ard nt the duct entrance were disappoint—
ingly low. A maximum valuc of preseure recovery of about 57
percent was mensured after cozplete diffusion at sz inlet—
velocity ratio of 0,5, The pressure recovery decreased to
zero when the irlet—veloecity ratio wns increased to a value
cf 1.%. The gontrunce tested consisted of n 1— by 4—inch
opeuirg at the end of 8 7% ranp bounded by stralght parallel
Since at inlet—velocity ratios of less than 1.0, more
zir enters tne upstream end of the ramp thrn flows into the
entrance with resultant spillage over the sides and, since
the streamlines of the flow diverge ns the opening is
approsched, it wes suggested thest some improvenent might be

" obtainel by diverzing the walls of the ramp to.fit the

streanlines more closely. Tests of the first divergent walls
showed & surprising increcse in the pressure recovery of 8

to 10 percent at inlet—veiocity ratios of less than 1.0,

In prdsr to investigmte this further, tonts of various
straight divergent uplls snd onc curved divergent w21l as
shown in figurc 6 and table I'were made., The results
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of these tests are shown 1in figure 7. The best pressure -
recbveries were obtained with the curved divergence 4 which

Fgaqp_a-mnximum pressure recovery of 73 percent at an inlet—

velbeity ratio of 0,40, lmprovement was alse found at imflet—
velocity ratics greater then unity. It should be explained
thnt the pensure of dlvergence used in this investigation is
the ratio of the width of the enirance of the ramp to the
width of %tne submerged entrance, An examination of the
pressure—-loss data of figure 8(a) obtained in the duct
enbrance shows tihat the effect of the divergent walls 1s Vvo
rcauwce appreciably the losses suffered by the air entering
the duct, The dzsprovement of flow losses found at inlet—
velocity ratios of 1.0 or greater indicztes th=at fitting the
contour of the r-mp walls to the struemlincs does not give

a full explanction of the reduction of prissure losses. It
is surmised that the divergent wnlls of tha ramp esct to
reduce the amouut of boundary—~layer nir whick flows down

the rawp, thereby increasing the pressure recovery at all
iniet—velocity ratios.

It was noticed, however, that while tiae pressvre losses
wcre much ipproved over the eniresnce as a whole, higher
losses than those obisained with no divergence were found
in a sm2ll region close to the sides in the upper half of
the ovening Just below the lip, This effect is shewn by
the data cf fisure 8(b) taken for the pressure rake mounted
orne—~half inch from the opoening.,. Flow studics indicated that
thesoe pressure losscs were originating in » short stzlled
regior along thne walls of ‘the rrmp. Attoapts nmade to ‘
isprove this condition by rouading the elizes of the walls
resulted in even grasnter losses., It wes found th=t dy
plocing sr2ll ridpges or dcoflectors of o waxicum height of
one—half inch along the top of the divergeut walls as shown
in figur< 9, an appre¢ciasble g2in could be obtaincd at inlet-
velocity ratios greater than 0.6, These dota nrre shown in
figure 10, The condbination of the curved élvergence azd -
deflectors incre=ses the maxipum presstre recovery after
diffusion from 57 percent (fig., 7) to 78 percent (fig. 10}
at an inlet—veloclity ratio of 0,4 and from 20 to 36 percent
=t 2 inlet—velocity ratiec of unity. The cffect of these
deflectors on the losses at the sides of the entrance 1s
shown in figure 11.

o The foregoirg results werc obtaincd with ~ ramp ongle of
7 . . 1%t wus necessary, therefore, to detersing the effect of
chenging the rawp angle on tue pressure losses and to find
out whetiner tie use ¢f diveérgerce wns as cfficnecious with
greater ronp angles as for 7%,  The results of figure 12
show that, with psrallel side walls, an appreciable

ST e
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for ramp angles up to,loo. the use of divergent walls
results in a reduction of the pressure losses. For 159,
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Jigproveneng in the pressure recovery is experienced with

increﬂwirg ‘ranp angle especinlly at the inlet—velocity ratios
greater thgn unity. The results of tests of various ramp
angles with divergent wzalls presented in figure 13 show that,

1

a lerge loss in pressure recovery wes experlernced. The
fesults of these tests indicate that, as a ramp angle 1 °
increases, the divergence used should decrease, Figure

14{2) shows the effect of ramp angle on the pressure
distribution along the rarp. Figure 14(b) shows the pressure
distributicn nlong the ramp as it varies with inlet—velccity
ratio.

Iip design.— In designing » satisfactory 1lip for the:::
submerged duct two requirenents must be satisfled, First
the lip must have a shape that wiil give a high critical
speed at the low iﬁlctuvelocity ratios used in high—speed
flight; and sacond, the lip shape must bde such tnat o
stz2lling of the 1nternal,flqw will occur at high 1nlet— )
velocity ratlos or even nt infinite inlet-velocity ratio
correspanding to the st=tic ground operation of the jet
motor., With these eriteris in mind, seven lip shapes
were tested, Lixe "drawines of these shapes -are given in
figure 15, and tadles I7Z(a) and II{®) give their ordipates.

"The results of tests 'of these 1ip sMaped are given in table

111, The first lip tested was pcor irn all respects,
especlally insofar as the stalling of the internpal flow

was concerned. Adéinz curvature to the inner surfnce (lip

3) improved these stalling tendencies, but the critical speed

‘wns still very poor. ' Adding curvature to the cuter surface
"{'11ip '3) did not-inmprove 'the critic~I speed and =m=ade the

fnternal—-flow lcsses much greater, Adding curvature to - both
the inside and outside surfeces (1i{p 4) incresse the critical
speed and eliminated stalling of the lip except at inT¥inite
inlet—velotity ratio. Changing the nosé .radius (1lip 5) did

" not improveE this condition, but ‘an’ ing¢rense in camber aznd an

inérease in nose rodius resulted in z2r-entirely. setisfactory
1ip {1ip 6). A further attempt to improve this lip vy -
ineressing the Iip radius resulted in d 's$311 further de—-f
erease in coritical speeds, It is ccencluded- that, for the
duct tested, lip 6 was entirely sntisfactory. Core
It was anticiprted that chenging the ramp of the sdbv
merged entr+nces might have en appreciable sffect on thé angle
of flow at the lip and thereby on~<the critical speed. Tests
of 1ip K with = ramp angle of 72 ghowed a décrease in the v
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0.92 to & value of M(

8¢ 0.83 at an inletrvelocitv ratio of 0.94 when dlvergence

It was surmised that

"the increased pressure recovery with the divergent wall wa:
increasing the angle of flow at the lip. ¥hile the value
1 L of 0.83 is quite high under normal conditions, the fac

i that thege eubmerged inlets probadbly will be used on surfarc
! over which the velocity i1s greater than frez-stream veloeif

makeg the attainment of the highest rossible critlecal speec
! for the lip necessary for a eatisfactory airplane installa-

. In order to counteract the inecreased angle of flow, t.
i 1ip of the duct wae given 3% of down incldence., The effect
Soa b of this change in incidence may be determined from a coumpm:
S son of- the pressure-~distribution data of flgures 16 and 17
' vhich show the lip pressure distribution with zero incidenr
and with 3° down incidence. The effect of the change on t!
criticel Mach nnuber {s shown in figure 18. The maximum
¢i1itical: speed #ith: 3° of down incidence is increased to a
value'of Mbrf of ouee at an;inlet-velocity ratio-of‘9385.

T 1t was ant1cipated furtrﬂr that a change in- ramp angl:
might have an abprectable effect on the critical Mach numbd.
of the lip by ehahging the angle of flow.  Date obtalned f¢
11ip 6, chown in Tigures 168, 19, and 20,.-indicate a slzable
effect of ramp-angle thbnece on the pressure diatridutton
over the’lip.” Tt is noesidle to compensate for the chahee

-4n: ramu~adyle by  chanztheg the incidence of the lip.’ This
believed mote desirable than changing the cumnbet ofiihé‘lit

contours’ of the 11p- -

be thahget enough to! cause. stalling of the 1nternal flow a‘

IR

Tre orieinai lips used for the submerged ductsi ag’
. chown by ficure:15{(a}, protruded slightly above the gurface
. : This effect 16 not detrinmental, but is is somewhat! easier
' to fair the enfis’' of the 1lip and to:changé its incidence) .
{f 1+ 1s lowersd until its uvper surface bLetomes tangent -
to thé surfate into which thé éubmerged duct 18’ placéd,
as shown by figures 2 and 15(t). iTests of this arrange-
ns for the original

§0 viaced are-givén

“in tgble:II{b)t*-Th&fe‘iips.~when reluted Lo -the depth of-
X the model-duct enttante, are belleved to redresentithe :
upper‘limlt of:desirable 1ip size. Teets of sudbmérged
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Inlets des&gn=d for a specific alrplane discussed later
indicate that the ratio of lilp size to duct depth may be
reduced todwbout two—-thirds of that used for the lips of
tables Il(s ) and IIyb).

Entrenece rspect ratio, - A few tests were mads t9 deter—
minc the effect of entrence aspect ratio on the pressure—
recovery chavacteristics. Comparative results are shown in’
fizure 21 for the 1— by 4-inch opening {for which most of the
research was conducted) and a 2- by 2-inch opening. The
effectiveness of diverging the walls for the 2— by 2—-inch
spening is of comperadble magnitude to thnet found for the
1- by 4-inch cntry. The paximum pressure recovery which
may be realized for the P~ by Z—inch opening 1s slightly
less than for the rectuangular opening, The 2ata of figure
22 ipdicate th=t the lcss in pressure recovery resulting
from a thick boundary layer 1s somewhat less for the sauare
opering. :

sffect of boungesry—layer thicknegs. — All the tegsts dis—
cussed above were nnde with the normal boundary layer of the
feleae wnll of the wind c¢hannel noted as boundnry layer 1 in
figure 23, In order to ascertain the efrect of boundary-
layer thickness and to provide data a2pplicable to.subamerged—
duct installatlcns far aft on ‘the fuscloge of an 2irplone,
tests were alse zade with the two othey boundary—layer
thicknesses shown in figure 23, Results of thesp tests
are shown in figure 24, As expected, these thlcker boundary
layvers appreciably reluced the zprarent.pressure TCCOVETY
at the end of the diffuser,

In erder tc ascertain the effect of the deflectors on
the preéssure recovery, tosts were made with beth normml and’
oxtented dzflectors. (See fig. 310.) The results of these
tests arc shown in figure 25. It nay be seen that, for the’
thinnest dourdary layer, the normal deflcecctdrs showed an '
appreciable improvemant whille the extended deflectors im—
proved the proesaure recovery only for o small-range of low
inlet—vclocity ratics. With boundary layer 2, the usc of
extealed duflictors very mppreciably increused the pressure
recovery, aith boundsyry layer 3, the izmprovement resulting
from the use of urflegters. wns less. This decrerse In the
effectivenwss of the deflectors ie believed due to the fact
that the DPoundery lasyer wasg very, thicx,

4 will be shown later in this report, tests of a speci-
fic model with 2 boundeary layer thinner then any of these
mentioned in the preeedine paragrarh showed a decrease in
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pressurc rzeovery resuliting from the e¢xtension of the deflec—
tqf%. improvement resulted from the usec of normal deflectors
iysray therefore bde coneluded that, for all boundary—layer
thidkncsscs, thae nermal dcflectors should be used, but tlwat
he deflectors should bde externded only when the boundary -
ayer is as thick or thicker than boundary layer 2, In any
snec if1¢ appiication, the controlling paraaeter to be used

-+

W

in apply;ne the results of this invegtigation, inescfar as
] thhe thickness of boundary layer ig concerned, Is the ratio
i of voundary-—layer depth to the dopth of the submerged

"I' entrance,

¥ Bounlarv—1lnyer control., — Boundary—~layer—control tests
were made with a suction slot located at varicus positicns
siong the ranp, as shown i1n fizure 5, The effectiveness

of the bouniary—lsyer control was found to be best when the -
slot was located in the ramp - rear the 1inlet. The data
btained with the best slot {slot 4, fig. 5) are givgn in
figures 2% and 27. These data show that, if ths flow in

. the boundary—-layer suciion slot is about Z0 percent -of the
fiow into the submerged inlet, the best Tesgsults are obtained,
Eowever, the improvemsnt obtained by use of toundary—layer -

v corntrol is no greater than 4s obtained by extending the
) . cdeflectors. It is belleved that the use of extended
B deflectors will show an over—all increas¢ in atrpiane
: perforsance greater than for beocundary-layer contrel. . 1t .
’ _ is expeuctod, however, that, if the walls of the ramp -have no

civergence, the cffectivensss of the boundary—loyer control
will De much groater,

drog. —~ No dreg meosuremcnts were made in the gsneral in-
vestigmtion in the Amnes 31— by l.5-foot winc channel. It is
impossiblc to distinguish between the external and internal.
drag of a subderged inlet in the same manncr as fer an inlet
_ ia the leoaling cdge of a wing or strezrline body., Nearly all
N : the alr which suffers a lass in‘mowertum fue to .the presencs
' of thyg subt@erged inlet flows into the entrsnce of the duct
£ : where that loss in wonmentuw .Aappears as 2a pressure loss, :
b S . For the¢ basic suboerged duct 1t might be snid that the .
) ' external drag is a negative ouantity since there prodadly .
is an inprovcaent of the ‘low bchind the inlet becauseo of.
the removal of the boundary 1av0r.

It is expretoi, however, .that the uss of deflectors will
regnlt in some szmall externsl drag; but in view of the large
inerecse in pressure recovery resulting from their use, 1t 1ir
telieve? they will resul? in a large net gain.,

“__
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‘frec— Application to & Specific Design
cctIrs. . M . _ : ’
thet As mcntioned previously, the results of the general :
Vo investisation were applied to a specific airplanc design and ;
any tested on a 0,250~scale model in the & .es 7— by 10-fcot wind
ced tunncl. The =zirplane used for this purpose is a high-—speed i
a8 fighter airpiane powcred with s Halford jet motor., Fron i
vio the results of the baslce research, twin submerged entrances '
were designet to supply alr to the Halford unii at an inlet—
velocity ratio of 0,70 . at an airspeed of 470 miles per -hour
at 15,000 fget altitude, The internal ducting was of .
ctsg constant area back to the twin entrances of tfe jet motor, :
ons . ‘Pressure losses In the dueting as determined from dbench
s testes were foundc to bde 10 percent of the iynamic pressure
the - of the alr flcwings in the duct, Views of the subuerged
inlet are sanown in figure 3, and 2 dimensional sketch 1s
in givep in figure 28,
! :
the - The results .of tests made for the basic submereged duct !
ained. ' and for the inlet with norma) deflectors eare shown in ’
vor - . figure 22, The use of the deflectors appreciadbly increased
e the ‘pressure recovery at the high inlet—velocity ratios.
T Extending the deflectors had a deleterious effect on the
: pressure recovery. Since the boundary layer was very thin,
1 ' these results substantiate the theeory that the extenied
ve no deflectors mny inprove the preasure racovery only if the
trol boundary laycr is thick.
Toe results of tests in which the angle of attack was
al in~ varied are shown in figure 30. It is. interesting to note
it t= that the varistion of pressure recovery with angle of attack
rnal . . is small. This represente a considerable inmprovement in \
inlet flow cheractcristics over those obtainel with an inlet in i
1y all the lcacing cdge of a wing or streamlinc body.
‘3encea '
uet ' The estimated varitation of critical Mach number with an
"4inlet—velocity ratioc based on measured pressures is given in
, figure 31. The decrease to a maximum M, of 0.79 at an
1y inlet—-velocity ratio of 0.95 from the value of 0,22 for the
of . . basic lip 6 represents the effect of the addition of the in-—-
. cremental velocity over the fuselage. fThe eritical speed of
. the submerged inlet is much greater than tnat of other basic
.-ﬂili parts of the sircraft. The Iip used was given approxinately
large 29 of .own inecidcence.

R A .
! .B It may be concluded that the applicztion of the results
of the generzl investigation to & specific design presents no
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,adaitIOAal preoblens, It is considered, however, that the
ude of deflectors on the submerged cuct for this dcsign was
maAe BYEnNR MOre necessary becuuae the duct was located inea
gurved s=surface. - I

Sastimatlon of Compressibility Effects
It is anticipatel that the pressure lossecs of the ailr
entering the subzsrged inlet will be appreciadly greater at
high-speed~flight Mach numpders than thoese measured for low
speeds ir the resexrch of this report, esrvecially at low inl
velocity ratios, " The effects of compressiblity, furthermore
will vary with the thickness of the bounlary layer of .the
surface into whigh the submarged ‘ihled is placed since the
pressurs -losses at the 4inlset are a function of both the
bondary-layer thickness 'and the pressure gradlent along’
the raup. At constan, inlet—velocity ratio, the effect of
copressibility -is to increase this praessure gradient. . In
lieu of hisgh~speed tests, it is porsible . to estimate the
Maech nurnber eiffects by considerins the incrernse in the ramp
pressure gradient :with Mach number equivalent to-the increas
in the ramp pressure 5rauient with decreasiqg &nletnvelocity
ratio.. . . Ce e P N

For a co;stant bouneary—leyer thzckress It is convenisn:

UG Wr_._..‘ . . R T Ry ) - _: ., .
> e S e, T (.,l*} oo
TN (SN ey
- IR 18 ;.f
and | - .

. . S .‘r‘ i "y - .. - - .
vhare the subscripis indicatn the pararetor held constant.

Dierefere D e
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?heﬁe concevts of effective vpressure loss and effective
inlgt~velocity ratio vermit the uge of meapured lowe-spsed
pressure losses in estirating higch-speed pressure losses »
for similar eubmerged-duct deslegns. The measured 1ow-

epeed losses are considered to be effective values, If, for
the Anet design considered, the variation of Mach numnber with
alrspeed and the variation of true inlet-velocity ratic with
airspeed are known, use of these data will give an egtimate
of the variation of the pressure lcsses at the inlet with
airepeed.,

Figure ¢ shows the 6izective intet-veglogiIty Tarlio a8 a
function of Mach number for various values of true inlet—
velocity ratio. These data indicate the necessity of
keeping the high-speed inlet—velocity ratioc at a rether high

/ value 82 that the effective inlet—velocity ratio dces not
become too small.

Sstimation of Total Pressure Losses

* : In erder to estimate the total pressure losses up to
the face of the Jet-motor compressor, the following ex—.
pression may be used: : _ L

-GN Yy (® Vi N2 2
Looa A (1em) .(.-‘3-) {1 ~ ¢.ou® [(—-) - 1]1
1, 9 7 v, J

: Values of g may be obtaired from bench tests of model
i ducts or mav be estimated from existing data., It should
be noted that, if the internal ducting consists of a
" giffuser of large expansion ratio, the effect of tre
- ‘ boundary layer along the ramp wall will be to decrease the
diffuser efficiency below the value ohtsined for the idealize
entrance coenditions, -

e

«B

Data for Use by a Designer

Fron the Drecéding ¢iseugsion of the reseat;h the fol-
lowing summary may be given:

1, Razp design

-

{a) The use of divergent walle for the ramp improves
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the pressure recovery to such magnitude as |
3 to ma¥e them maniatory for all fgstallations.
The curved divergence shows the best chayrao—

.
T teristics.

(b} The ramp angle may be varied up t0.109 without

incurring serious pressure losses. For a
10°% pramp, the pressure lusses are slightly
creater than for lesser ranmp angles. If
a 10° ramp is used, a lesser divergence should
te used ikan for smaller ramp angles.
Lip cesign .
(a) Lip shape 6 is satisfactory from the standpoint
T critical speed and internsl—flow losses.
{b) The effect of $ncreasing the divergence is to
Increase the angle of attack of tne Iip at
a given inlet—velocity ratio. IThis effect is
believed due to increazel divergence of the
streamlines at the entrarnce resuiting from
increased pressure recovory. B

{c) The effect of increasing the razp angle is to
decrease the angle of attack of the lip,

(a) For any ramp angle selected, sirilar critical—
speed characteristics may be cbtained by
selecting the proper llp incldenco,

{2} The use of a lip submerged below the surface in-

: to wvhich the entrance is pluced so¢ that the
lip contour becomes tangent to the surface at
its maximum thickness is believed to be more
satisfzetory than the protruiing lip. Further
investigation of this point is needed,

Entrance aspect Tatio

{a) Use of = square entrance in the place of a rec—
tangular one of aspsct ratio 4.0 shows slightly
greater pressure losses, The datm covering
aspect r2tio effecis are meager and further
research is negecded for determining optimunm
aspect ratioe,

o+
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4.ABouniary-1arer thicknees

. v{a) Increasing the boundary—layer thickness appresciably

i -3 reduces the pressure recovery. This loss may =
be reduced by increasing the length of the
deflectors along the top of the ranp walls.

5. Boundary-layer control

(a} The uss of boundary—layer control needs further
investigation, For ithin bourdary lavers the
use of deflectors is belleved sufficient to
insure good pressure recovery.

-

€. Estinated Hach number cffects
{a) A rough approximation of Mach number effects
sufficiently accurate for fdeslign purposss may
be made by using the low-speed pressure—loss
L. characteristics as effeciive vAlues which are
" corrected for Yach nuzber effecis.

:
L]

In order to make .the results of this research availsble
in a corvenient form, the followirs design data have been
_ prepareé fron rysults obtained by measuresents of pressure
R i lossas at the duct entrance whicn may bYe uscd to estimate
} pressure losscs 2t the cntrance for submersed entrances with
o ramp ansles vp to 10% with diverzent ramp walls ecuivalent

to thosc of dfivergences & and 4 of th:s roport,. The losses

x vere measured . with 1ip 6 tut mav be used with any lip design
thet Goes nnt cause stulling of the internal flow from the
inner surface of the upper lip. . S '

LR

-

Druasurs-wloss data for the air e“.erﬁqa the stbhmer zed
inlet are given in figure 42 for the Pasic sudzerged irlet
without dellectors for the thinnest boundary layer whichk had
a total depth of C,8 of the duct depth.

e

;. | Figure &4 presents data for the basic duct entrance with
S worzal deflectors with t he sane boananry layer 28 for figure
L e

Figurs 35 preseats data for the basic subsmerged entrance
with extended deflectors Tor a boundury— 1avcr thickness to
dvct~degpth tio of 1,2,

Figure S6 presents dats for the basic subaerged entrance
with extended deflectors for a boundarv—lq"er tnickness to
duct~denth ratio of 1.8,
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These data are valuee determined by integratiocr of con-—
tours of préscure lcss in the entrance for ¢he average inlet—
velocity'ra&io of the entrance,

i

C*zt*cal—sneed characieristicg of the lip are given in

figurs 37 for the lip—azngle relation with ramp angle skown.

Des;gn considerntions for jei—-provelled aireraft, — The
design of submerged entries for the airplans of f: gure 38 is
digcusged to illusiratc the consideraticns believed neces—
sary Tor a successful subdnerged—inlet design. This air—
piane is powered with a 3000—pound static—thrust jet motor
requiring 60,1 pounds of air per second at an aircpeed of
'BEC ziles per hour at 25,000 feet aliitude., The air enters
the jet motor at a velocity of 385 feet per second.

The location of the entrance ahead of the wing on the
fint side of the fugselasge is desirable because of the thin
boundary layer that exista ir this region and because tho
influcence of the velscity field of the wing is minimized.

In general, it is believed good practice to locate submerged—
air inlets in a region of relatively low velocity. The
attainment of & high eritical speed for the lip is made easier
cince the incrementgl velocities are smaller and the.
initial velocity of the air, which is slowed down on entering
the duct, 1s less than for a high-velocity region, resulting

in a less severe pressure gradient and a higkher pressure

recovery .

. The selection of twin entrances located on the sides of
the fuselage is dictated by space considerations, It 18
possible thaut a single entrance could be placed in the
bottom of the fuselage though this is obwectzonahle becaus e
stones or céebris may be thrown into the entrance by the
nose wheel, It should be noted that, for a ifwmin=duct
ipstallation, tacre 1s danger of flow instability odourring
with comssguent duct rumble if the inlet—velocity ratio in
any flisht condition £nlls below the value for maximun
pressure roacovery. *This condition, when it exists, is
usuglly found in gliding or diving flight with the anotor
throttled or off, The instability, which consists of flow
into ore antrance and out of the other, may ve eliminnted
by closing off one enirznce in these flight conditiens or
by making the raups of the entrances movatle so that the
entrasrce ares Lay be reduced and the inlet—velozity ratio
increased., The instabili%ty may also be removed by providing
snall suoilers iz each duet -which are actuated when the

throttle is closed or by providing air blsed in the eritical
fiight. conditions. .
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Th4s~1nstability of flow has been found for only twip—
ducl installations and is » function of the rositive
variation of pressure recovery with inlet-velocity ratio.
Similar instebility consisting o¢f flow inte one side of the
entrance and out of the other, of course, may ozcur with a
single entrarce if the totml-head pressure distribution
across the entrance varies greatly at any iniet—-velocity
ratic., Such a cordition may be eliminanted by the proper
eelection of the entrance loecatiion.

The entrance selected for the airplnne of figure 358
consgists offa-?o'ramp vith curved divergent walis similer
to divergence’' 4. Lip 6 was vsed and was given 39 of down
incidence, A high-spsed inlet-velocity ratio of 0.7 was
sclected Yo give high critical speed with good pressure—
reeovery characteristics. This selection fizxed the diffuser
expansion 2t 1.3 to 1,0, Since the boundzry-layer thickness
caleulatcecd by the methods of refcerence © was fourd $to dbe
less than the thipnest boundary tested in the resea;ch
ccvered by this report, the data of figure 34 were used to
estimate the varistion of pressure recovery with inlet—
velocity ratio, ' '

Figure 3% shows the variation of the inlet-velocity
ratioc with sirspeed at 25,000 feet altitude, The effective
inlet—velocity rotio and t?e Mach pumber variation with atr—
speed also are given.

Figure 40 shows both the sstimated prescure losses ab
the duect euntrancz for this condition ard tre total losses to
the entrance.of the Jjeot motor for an assumed efficlency of
tre internsl ‘ducting of 85 percent, o

-

ie;d of Use fer Subﬁerged inlets

- The rPSthq just discussed give some indication of the-
usefulness of submerged inlets relative to other 1nlet
tvpes. The submerged inlet is essentially a high inled-
velocity~ratio type in contrast to wing-leading—edge
and fuselage—-noge inlets. This characteristic limits fhe
zost efficient use of submergeéd inlets to Iinternal flow
systems which require only a small amount of diffusicn,
such 2s the internsl duciing for jet motsrs of the arial—
fiow type. : '

Submerged inlets do not appear to have degiradle pressure—
reccvery charac¢teristics fer use in supplyring - azir to eoil
coolere, radiators, or carturctors of conveniional recipro-
cating cnginss. The reguired diffucsion of the air and the

o
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range of inlet—velocity ratlos 1s too great to give desir- I

. able charadberistics at all flight conditlons., It should

. be noted adso thet for Jet motors whiech consume air at iow
velocity f£rom a2 plenum chamber, fuselage-nose inlets may -
prove t0o be supericr to submerged inlets insofar as

pressure losses are concerned,

1
i
!

In cenclusion, it should be stated that sudbmerged en-
! trances have a definite mdvantage over other inlet tyves
for certain inlet ard air-flow requirem=nts. The design
of such inlets ig more criticel than that of cther types
because of the effcets of boundary—layer thickness a2nd local
i velocity fields, The deslgn data presernted may be used 1o
f give an accurate estimste of the characteristics of a
i subnerged—duczt entrance vhich does not depart greatly from
. ' those studied herein, provided {1) that the boundary-layer
' thickness is considered 3in terms of the duct—entrance depth,
and {2) that the inlet—velocity ratlio used in estimatihg
characteristics is based on the locsl velocity over the
. i surface into which the entrance is placed.

ol

. COXCLUS IONS

- ‘ The results of the investigation of submerged air inlets
show that

! 1. digh pressure recovery at the submerged entrance may
o be obtrined at inlcot—velocity raotios less than urnity UQ/VOHOJU
for thin boundary layers.

y 2. The reduction of pressure recovery resulting from
/ thick boundsasry layers may be minimized by use of deflectors,

_ 3. High criticel compressiblity speeds (M., ~ 0.8)
» Bay be oltained without sacrificing Iaternal~—flow character—
¢ istdics at high inlet—velocity ratios,

4, The variation of pressure recovery and critical speed
with angle of attack at constant inlet-velocity ratios for
fuselage side entrances is small, a charncteristic which
- nakes submerged entrances more desirable than wing~leading-
edge inlets for maneuvering aircraft,

re— Ames Anrcanutical ZaToaratory,
“Tational Advisory Committea for Aeclonnutics,
Hoffaett Field, Calif,
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APPERD IX 5
) GDEFfICIENTS ABD SYIMBOLS
x distance along ramp
H total pressure, lb/aq ft
p static pressure, 1b/sq £t
velocity, ft/sec
p air density, sliugs/cu ft
a dynamic pressure (1/29?3), 1b/sq ft
P pressure coefficient (py = pola,
0 loss in total pressure (Hy —-H,), 6 1b/sq &t
n ducting efficiency
np diffuser efficiency factory 1 - (bHD/qA)
¥ Mach number i
M.r critical Mach numbder !
@ angle of attack of model wing, deg
Subacripts
A station at the duct entrance
L station at which the pressure measurements were made
o free atrean
ay average over duct section
D diffuser
¢ compressidle
i incompressible
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TABIE II(b).- ORDINATES FCR SUBMERGED
"LIP 6 IN INCHES

Jvuter inner

Station surface surface

o -0, 240 ~0,240

.25 -, 087 - 462

50 -.037 -.537

75 -~,012 -.597

1.00 0 -.627

1.50 0 ~.692

2.00 o] -. 757

2.50 0 ~.819

2.00 C -. 879

2.50 o ~.940

b e .00 0 -1.002

‘\$ j : k.50 0 -1.06
- ‘ Leading-edge radius = 0,125

Note: For location of reference line,
see figure 15(b).
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¥ACA ACR No. 5120 ‘Fig. 3

{b) View without deflectors.

Figure 3.- Submerged-duct installation on & 0.35-scale model
of & fighter airplane.
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flactor configurations. Submerged.duct inetallation on & .25-pcals. aodel of &
fighter airplane, Pressurs tubes mousted in sntrance for comparieots purposes only.
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! Filgure 30.- Dynemic-prespure recovery of the .25-scale model of a fighter airplane .
mith submergsd-duct eptriea. L
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BACA ACHR ~o 5130 Fige. 31,32
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L Figure 3l.- Yaristion of critica’ Mach number with inlet-velocity ratic for the submerged-duet
. inatailation on the .Z5-scale wodel of g fighter airplane; matched operating

conditions.
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figure 33.~ Yariatlon of effective entrance-dynamtc-pressurs losses with effsctive inlet-
velocity ratio; no deflectors,
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Figure 34.- Variation of effective entrance-dynasic-preossure losess with effestive inlet-
velocity ratio; normal defiectors.
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§ BACA ACR No. 5120 Fige. 35,3
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Figure 15.- Varistion of effective entrance-dynamic-preesurs losees with sffeottive iniet-
valocity retlo; sxtended deflectors; boundary layer 3.
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NACA ACR No. 5120 | Fig. 37
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Figure 37.- The variation of the angle cf lip 6 with ramp angle
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Figure 39.- Variation of inlet-velocity ratic and free-strsam Kach numbesr with velogcity
0T a figoter-type elrcrafit opersting at 25,000 fset; duct entrance aress =

1.389 soubre

feat.

RATIONAL ADVIEORY COMMITTEE
FOR AERDNAUTICE

—— — Loeses at duct entrance, AHa/qp

il

/]
2

Total losssn at entrance to jet motor, AR/qo

/)
%

1.2

&

L

<

~{-Horzal defiectors

ABata, and SH/qg
. w

L
/f”’ - [~No defisctors \
P iy

!

4 AJ”J - 1
. /A/M . -_____L___ — )
e, L-_- T —\i‘ I
\.._d_ . —1
4] -4 - 1.z 1.6 2.0 2.4 2.8 3.2

Inlet-velocity ratic, V. /V,

Figure 40.~ Varistion of estimated duct pressure losses with tnlet-velocity ratio for e

figuter-tyoe aircraft operating at 25,000 feet; ducting efficlency, .85,

"y

SO ST



