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The results of an investigation of ·submerged-duct 

entrances are presented. It is shown that this type of 

entrance possesses the following characteristics: 

1. Very high-critical-compressibility speeds throughout 
------~•'•N•:,::,,;.-:~.:.~x.~~A 

the range of high-speed inflet-velocity ratios 

2. Very low pressure l0sses for the air entering the 

duct at all inlet-velocity ratios 

3. Low external drag 

These cha:racteristics are obtained by the pr·oper shaping of 

the contour of the upstream approach to the submerged inlets 

and by proper alinement of the duct lip. Design data are 

presented and the application of these data to a specific 

high-speed fighter-airplane design is discussed. 

INTRODUCTION 

The use of the jet-propulsion motor has greatly 
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intensified the,need for efficient air-induction systems for 

high-speed aircraft. Although the air quantities used by such 

motors are not greatly in excess ,:,f the over-all air require­

ments of conventional aircraft ,engines of equivalent high­

speed thrust~ the performance of a jet motor is affected to a 

much greater extent by pressure losses in the air-induction 

system resulting from poor design. At high speed, a loss in 

total pressure of 10 percent of the free-stream dynamic pres­

sure for the air supplied t-:> the Jet m'ltor of a typical 

fighter airer.aft may result in a loss in thrust equivalent 

to about ona-t~nth of the airplane drag. When it is realized 

that ver;1 few of the air-induction systems of existing jet-­

propelled aircraft have total pressure recoveries of more than 

65 percent of th~ free-stream.dynamic pressure, it becomes 

apparent that there is~ great need for improved designs • 

. The problem of obtaining low pressure losses for the air 

supplied to the jet motor is made more_ difficult by the 

necessity of obtaining these low losses without impairing 

the c·ritical-compressibility speed or exces~ively increasing 

the drag of the basic airplane by prot11be~A?11~(Ss or changes 

in the basic contour. It is quite.possible through the use 

of large external scoops to obtain very satisfactory internal­

air-flow charact~ristics, b-µt the gain -- in jet-motor- performance 

/maybe offset by the high drag resulting from the formation 

of local shock waves or by the excessive drag of the air 

scoops themselves. 
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(~ons1derat1on of the problem has indicated tha,'the use 

of air inlets submerged below the basic.contour ()f the air­

craft would eliminate the large drag of external air scoops. 

These submerged openings would also render the attainment of 

high-critical speed for the air inlets'easier. It was. 

anticipated that it would be difficult t~ obtain low internal­

flow losses for the submerged scoop because of the necessity 
I 

of diverting the air from its path~ along the surface into the 

submerged entrance. It was expected, also, that the existence 

of a boundary layer· of low energy air along the surface into 

which the entrance was placed would make it difficult .to 

attain low pressure losses. Th(_;.:;i)inVestigation Of 

reference 1 confirmed this conc1~·s1on. It was believed, 

_however, that through a prope·r selection of the contours of 

the surface upstreara from the opening, the flow character­

istics· ?f the submerged opening -could be improved to an 

extent which would permit an over-all increase in airplane 

performance. An experimental investigation was therefore 

HODEL AND APPARATUS 

The general investigations of the submerged entrances 

weEe.··imade in the 1- by 1.5-foot wind channel shown in figure 1. 

This wind channel is of the open-return type and is powered 

with a high-capacity centft4lug&r-~er capable of producing 

a maximum airspeed of 1eo miles per hour in the test section. 

-
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The air stream itself is very smooth and probably of low 

turbulence because of the C'Jntraction ratio ,,f 13.0 te> 1.0. 

Measurements of the tunnel air stream indicated an 

appreciably thick boundary on.the walls pf the test section. 

In order to obtain the thinnest b0undary layer possible, a 

false wall was built into the winct-tunnel test section so 

that the tunnel-wall boundary layer pass-ed between the false 

and true walls of the tunnel. The model submerged duct was 

placed in this false wall as sh')~m in figure 1. Air flow 

into the model duct entrance was controlled through the use 

of a small centrifugal blower. 

The model of the submerged duct entrance was so designed 

that the contows df the lip, the angle of the entrance ramp 

(fig. 1), and the divergence of the rar.1p could. be changed 
--- ' .. ~ . ,.,_-. ·.', , .. ,;,. 

-: , yri:thout removing the other duct parts. The openings tested 

were of 4-... square-incharea, one of 4- by 1-inch and the other 

2- by 2-inch dimension .. For all tests the air drawn into 

the entrance was expanded to a very low velocity in an s0 

I-........... . 
~ l 

conical diffuser of 13,0 to 1.0 area ratio. \.Sketches WO 

of the entries tested are shown in figure 2. 

A specific application of the results Qf the general 

investigation was tested on a 0"25-scale :tnoa.el of a fighter, 
.. 

type aircraft in the 7- by 10-fo'):t wind tunnel. \Views 
I .. 

the submerged duct for tr..is model are sho1·m in figures 

and (b). 

l:, 
#'h"«"·='z';,w=~c:::=i ·:··w,:;;;...;_ '~ 
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lIB. No. A5E23 -TESTS AND TEST HETH ODS 

Measuremepts of the pressure losses of the air flowing 

into the submerged duct for the tests in the 1- by 1.5-f'.)ot 

wind channel were made both at the entrance and at the end 

of the diffusero The placing of the total-pressure 

5 

tubes and the static-pressure tubes in the entrance is sho~m 

in figure~. Pressure losses at the end 0f the diffuser were 

measured with total-pressure tubeso It should be noted that 

all measurements of the pressure recovery at the end of the 

diffuser were made while the pressure-measuring tubes were 

located in the duct inlet? The pressure losses resulting 

from the drag of these rakes are of considerable magnitude 

and the data obtained for the diffuser are of comparative 

value only~ This in no way detracts from the value of these 

measurements since they are used for comparing the eff~cts 

:: s :::::u:e:~::::i::/:: t:n:::n:::e s D: :at:: e ::: t t :n :::n~e.] .. 
Losses measured with these rakes represent the values obtained 

with 1OO-percent diffuser efficiency. Data for other 

diffuser efficiencies may be computed from these measurements. 

Pressure-distribution tests were made over the lip and the 

r~mp of the entrance to permit an estimation of the critical 

speed. Pressure data obtained with flush orifices were used 

with reference 2 to obtain values of. the cri_tical Hach numbers 

for various operating conditions. 

The effects of rem0ving the boundary layer of the 

-

.--,.;. 
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surface ahead of the submerged duct were determined~y testing 

suction slots at various locations ahead of the duct entrance. 

A small centrifugal bl".:lwer was used to provide sucti..,n. Air 

quantities were measured vrith a calibrated vrenturi. A sketch 

of the boundary-layer-control test duct is shown in figure 5. 

Nearly all tests were made by holding the tunnel airspeed 

constant and varying the air quantity flowing in the duct to 

vary the inlet-velocity ratio.· A few tests were made at very 

high inlet-velocity rati0s by reducing the tunnel airspeed. 

Tests of submerged-duct entrances for the O.25-scale , 

model of the fighter aircraft were made by drawing the air \ .. 

~l?;;;~- ihto th~ c1u9t s tF;tough a ctL~11ne i in.·;;~~"'~;;;· ~f . ~~e \ ,: 

tip-supported model. The inlet-velocity ratio was held con­

stant while the model angle of attack was varied. Pressure 

losses were measured at the simulated entrance to the Halford 

jet motor with a rake of 17 total-pressure-measuring tubes 

in each duct. 

RESULTS AJ.~D DISCUSSION 

General Investigation 

The investigation of the submerged-duct entrances in the 

small wind channel was divided int-:, phases,. each concerned 

with one particulc-,r desigD variable. These variables were 

as follows: 

1. Ramp design 

2. Lip design 
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3. Entrance shape and aspect ratio 

4. Boundary-layer thickness 
_,;_.,_ 

5. Boundary-layer control 

60 Drag 

The discussion deals with each of these variables separately. 

The symbols used throughout this report are . defined.. .. __ ~n the 
,··· ' 

appendix. 
: ,.-,_·i__,/, 1. I ·-;_,,_) _-, ,· .• ., ,, ! / ~,,i,-{'.!_ ! i• ( ;. 1--
. _.,.\;-,_... /W '• 

Ramp aesign.- During the preliminary t~sts of the sub­

merged entrances, the pressure recoveries obt~ined both at 

the end ~f the diffuser and at the duct entrance were dis­

appointingly low. A maximum value of pressure recovery of 

ab0ut 57 percent was measured after complete diffusion at an 

inlet-velocity ratio of 0.5. The pressure rec0very decreased 

t'o zero when the inlet-velocity ratio was increased t0 a 

value of 1.3. The entrance tested consisted of a 1- by 4-:th9l1 · _. 
0 opening at the end of a 7 ramp bouna_ed by straight non-

divergent walls. Since, at inlet-velocity ratios of less than 

1.0, more air enters the upstream end of the ramp than flows 

into the entrance with resultant $pillage over the sides 

and, since the streamlines of the flow diverge as the opening 

is approached, it was suggested that some- improvement might 
-~ 

be obtained by diverging the walls of _the ramp t0 fit the 

streamlines more closely. Tests of the first divergent walls 

showed a surprising increase in the pressure recovery of g 

to 10 percent at inlet-velocity ratios of less than 1.0. To 

investigate this further, tests 0f vari')US straight divergent 
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walls and one curved divergent wall as shown in figure 6 and 

table I were made. The results of these tests are shm-m in 

figure 7. The best pressure rec0veries were obtained with 

the·curved divergence 4 which gave a maximum pressure recovery 

of 73 percent at an inlet-velocity ratio of o.4o. A small 

improvement was found at inlet-velocity ratios greater than 
) 

unity. 

Examination of the 

f ),_;. .. ( .. (.,. .f,; '· ,,;-

pressure-lo s ~ data ~ig. g} obte.ined 

in the duct entrance shows that the effect 0f the divergent 

walls is to reduce appreciably the losses suffered by the air 

entering the duct. It was n-:>ticed, however, that while the 

pressure losses were much improved '.1ver the entrance as a 

whole, higher l'lsses than those '.1btained witJ?:no divergence 
·~--.-l:{ ri 1 ·" , , , / 1_ •. i -4,,1,.,..g,. 

were found close t'J the .ends in the upper half of the opening. 

This is shown by the data of figure 9 taken for the pressure 

rake mounted one-half inch from the end of the ?pening. Fl0w 

studies indicated that these pressure losses were origins.ting 

in a short stalled region along the walls 0f the ramp. Attempts 

made to improve this by rounding the edges of the walls resulted 

in even greater l'lsses. It was found that by placing small 
\ 

ridges or deflectors of a maximum.height of~ I 
along the top of the divergent walls 1 as sho~m in figure 10 ,t 

an appreciable gain in pressure recovery could be realized. 

When these were extended forward along the top of the wall 

to near the entrance to the ramp further improvement was 

realized at inlet-velocity ratios of less than o.6. These 
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data are shown in figure 11. The combine.ti -:>n of a curved 

divergence and the deflect0rs increased the maximum pressure 

recovery from 57 percent (fig. 7) to 7g percent (fig. 11) 

9 

at an inlet-velocity ratio of o.4- and from 20 percent til 36 } 
\"--/ percent at an inlet-velocity ratio of unity. 

The above results were obtained with a ramp angle Of 
0 7. It was necessary,therefore, to determine the effect of 

changing the ramp angle on the.pressure losses and to find 

out whether the use '>f divergence was as efficaci0us with 
0 

greater ramp arig~es, ,a,s for 7 • · The results of figure 12 show 
.·, . -, ,;:-~. .- -: < ::.: ~-:; ..... r~'af l 1.. 0- t j o;:: .. 

that,without diverging walls, an appreciable improvement in 

the pressure recovery is experienced with increasing ramp 

angle especially at the ihlet-velocity ratios greater than 

unity. The results of tests of various ramp angles with 

divergent walls presented in figure 13 show the effective­

ness of the divergence in increasing the ramp angle up to 10°. 

For 15°, a large loss in pressure recovery was experienced. r It should be explained that the me a sure 0f diver gene e used ]', Aii'~.i;,,. 

tr in this investigation is the ratio 0f the width 'lf the 
t:...-

. 0 

entrance of the ramp t0 the width of the submerged entrance. 
·=· 

From the results of the-tests, this appears to be a more 
,. 

important parameter than the angle of the walls. From the\ 

foregoing, it may be c0ncluded that ramp angles up to 10° J' 
may be used without incurring excessive losses. The effective­

ness of a.i verging the walls is the same for all ramp angles 
0 

up to 10, even though the pressure gradient along the ramp 

··"'tc ' {· r> 

f () 
',.; 

/ ·., C, ¼ 
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floor increases slightly with the ramp angle (fig. 14). 

LiE design.- In designing a satisfactory lip for the 

submerged duct two reouirements must be satisfied. First, 

the lip must have a shape such as to give a high-critical 

speed at low inlet-velocity ratios as are used in high-speed 

flight; and second, the lip shape must be such that no 

stalling of the internal flow will occur at high inlet­

velocity ratios or even at infinite inlet-velocity ratio 

corresponding to the static ground operation of the jat 

motor. With these criteria in mind, seven lip shapes were 

tested. Line drawings of these shapes are given in fig-
r•..-•• ,..,. 

ure 15 and tables II(a) and II(b) give their ordinates. 

The results of tests of these lip shapes are given in table 

III. The first lip tested was poor in all respects, espe­

cially insofar as the stalling of the internal flow was 

concerned. Adding curvature to the inner surface (lip 2) 

improved these stalling tendencies, but the critical speed 

was still very poor. Adding curva~ure to the outer sur-

face (lip 3) did not improve the critical speed and made the 

internal-flow losses much greater. Adding curvature to both 

the inside and outside surface (lip 4) increased the critical 

speed and eliminated stalling of the lip except at infinite 

inlet-velocity ratio. Changing the nose radius (lip 5) did 

no't·improve this condition,but an increase in camber and 

an increase in nose radius resulted in an entirely satis­

factory lip (lip 6). A further attempt to improve this lip 

~ 
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- by increasing the lip radius still further resulted in 

decreased critical speeds. It is concluded that, for the due~ 

tested, lip 6 was entirely satisfactory. 

It was ·anticipated that changing the ramp of the submerged 

entrances might have an appreciable effect on the angle of 

flow at the lip and thereby on the critical speed. Tests of 

lip 6 with a ramp angle of 7° and divergence~ showed a 

decrease in the maximum critical speed from 0.92 to a value 

of Mer. of 0.$3 at an inlet-velocity ratio of 0.9~. It was 

surmisei the. t tbe increased ;-res sure recovery with the divergent 

wall was increasing the angle of flow at the lip. While the 

value of M
0

r of 0.83 is quite high under normal conditions, 

the fact that these submerged inlets probably will be used 

on surfaces over which the velocity is greater than free­

strea~ velocity makes the attainment of the highest possible 

critical speed for the lip necessary for a satisfactory 

airplane installation. 

To counteract the increased angle of flow, the lip of 
0 

the duct was given 3 of down incidence. The effect of this 

change in incidence may be determined from a comparison of 
- .. ,.·.--,'N.,,-,,-~.-.-...-,.-r.•~~···NF_,,,.;.·/" 

the pressure-distribution data of figures 16,·;;~d-17 which show 

the lip pressure with zero incidence and with 3° down incidence. 

The effect of the change on th-e critical Hach number is sh0wn 

in figure H'5. The maximum critical speed with 3° of a.oV'm 

incidence is increased to a value of 

inlet-velocity ratio of o.s5. 
M er ':>f 0.92 at an 

' ' 
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It was anticipated further that a change in ramp angle 

might have an appreciable effect on the critical Hach number 

of the lip by changing the angle ')f flow. Data obtained for 

lip 6 shown in figures 16, 19, and 20 incl.icate a sizeable 

effect of ramp-angle change on the pressure distribution over 

the lip. It is possible to compensate for the change in ramp 

angle by changing the incidence of the lip. This is believed 

more desirable than changing the camber of the lip itself 

since it is possible that the contours of the lip may be changed 

enough t0 cause stalling of the internal fl-:>w at infinite 

inlet-velocity ratio. 

The original lips used for the submerged ducts, as shown 

by figure 15(a), protruded slightly above the surface. This 

effect is not dE?trimental but it is somewhat easier to fair 

the ends of the lip an,l to change its incidence if it is lowered 

until its upper surface becomes tangent to the surface into 

which the submerged duct ts placed, as sho'!Jlm by figures 2 

and 15 (b). Tests of this arrangement sho·wed the same character­

istics as for the original lip location. Ordinates for the 

lip so placed are given in table I (b). 

Entrance aspect ratio.- A few tests were made to determine 

the effect of entrance aspect ratio on the pressure-recovery 

cJ:.Jaracteristics. Compare.tive results are shown 1n figure 21 

for the 1- by 4-inch opening (for which m?st 0f the research 

was conducted). and a 2- by 2-inch opening. The effectiveness 

of diverging the walls for the 2- by 2-inch opening is of 

-

) 
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comparable magniture to that found for the 1- by 4-inch entry.· 

The maximum pressure recovery which may be realized for the 

2- by 2-inch 0pening is slightly less than for the rectangalar 

opening. The data of figure 22 indicate that the loss in 

pressure recovery resulting from a thick boundary layer is 

somewhat less for the square opening. 

Effect of boundary-layer thickness.- All of the tests 

discussed ab0ve were made with the normal boundary layer of 

\1 ... · the false wall of the wind channel noted as boundary layer 1 \ 

in figure 23. In ore.er to ascertain the effect of boundary­

layer thickness and to provia.e data applicable to subr,1erged­

a.uct installations· far ar.t on the fuselage of an airplane, 

tests were also made with the t1/lro ·other bou..'l"ld.:ary-layer 

thicknesses shown in figure 23. Results 0f these tests are 

shevm in figure 24. As expected, these thicker boundary 

layers appreciably reduced the apparent pressure recovery a.t · 

the end 0f the diffuser. 

In order to ascertain the effect of the deflectors on 

the pressure recovery, tests were maa.e with b0th normal and 

extended deflectors. (See fig. 10.) The results of these 

tests are shown in figure 25. It may be seen that for the 

thinnest boundary layer, the n0rmal deflectors showed an 

appreciable improvement while the extended deflect0rs improved 
,, 

the pressure recovery only f0r a smal_l range 0f low inlet­

velocity ratios. With boundary layer 2, the use of extended 

deflectors very appreciably increased the pressure.recovery. 
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\ W~th boundary layer 3 the improvement resulting from the use 

1 of deflectors was less, due t0 the fact that the boundary 
'l j layer was very thick. 

As will be shown later in this report, tests of a specific 

model with a boundary layer thinner than any of those mentioned 

in the preceding paragraph showed a decrease in pressure 

'-,, rec0very resulting fr".>m the extension of the deflectors. 

Improvement resulted fr,:,m the use of normal deflectors. It 

may be concluded,therefore,that for all boundary-layer 

thicknesses, tr.i.e normal deflectors should be used but that the 

def lee tors should be extena.ed only when the boundary layer 

is as thick or thicker than boundary layer 2. In any specific 

- "', application the controlling parameter to be us._ed in applying 

, the results of this investigation, insofar as the thickness 

of boundary layer is concerned, is the ratio of boundary­

layer depth to the depth of the submerged entrance. 

Boundary-layer control.- BOU17.(:'tary-layer-control tests 

were made with a suction slot located at various positions 

along the ramp as shown in figure 5. The effectiveness of 

the boundary-layer control was found to be best when the 

slot was located in the ramp ne-ar the inlet. The data 

obtained with the best slot (slot 4, fig. 5) are given in 

figures 26 and 27. These data show that,if the flow in the 

· boundary-layer suction slot is about 20 percent of the flow 

into the submerged inlet, the best results a~e obtained. 

However, the improvement obtained by use of boundary-layer 

--
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/ control is no greater than is 'Jbtaine·d by extending the 

deflectors. It is believed that the use of extended deflectors 

will show an. over-all increase in airplane performance greater 

than for boundary-layer contr'Jl. I.t is .e~pected., however, ,-,xm<\ 
. . . - . i <::,. 

that if. the walls of the ramp have 

ness of the boundary-la,yer control 

no div~~gence the effective-\ \ I , ... ,,, 
J ?; 

will be IQuch ·greater. /ff- . r ~.z: 
Drag.- No drag measurements were made in the general ··~\ 

investigation in the sm~J-1 1-- by 1.5-foot wind channel. It 

is impossible to distinguish between the ex.t.ernal. and internal 

drag of a submerged inlet in the same manner as for an inlet 

in the leading edge of a wing or streamline body. Nearly all 
' of the air which suffers a loss in momentum a.ue to the 

preB"ence of the submerged inlet flows into the entrance of 

the duct where that loss in momentum appears as a pressure 

loss. For the basic submerged duct it might be said t.hat-

the external drag is a negative quantity; since there probabiy 

i~ an improvement of the flow behind the inlet b.ecause of the 

removal of the boundary layer. 

It is expected, however, that the use of deflectors will 

result in some ·small external drag, ·but ·in view of the .1arge 

inc'rease in pre.sswe recovery resulting ·from their use, it 

is believed they will result in a large· net gain. 
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Application to a Specific Design 

As mentioned previously, the results of the general in­

vestigation were applied to a specific airplane design and 

tested on a 0.25-scale model in the 7- by 10-foot wind tunnel. 

The airplane used for this purpose is a high-speed fighter air­

plane powered with a Halford jet motor, From the results of 

the basic research, twin submerged entrances were designed to 

supply air to the Halford unit at an inlet-velocity ratio of 

0.70 at an airspeed of 475 miles per hour at 15,000 feet alti­

tude. The internal ducting was of constant area back to the 

twin entrances of the jet motor. Pressure losses in the duct­

ing as determined from bench tests were found to be 10 percent 

of the dynamic pressure of the air flowing in the duct. Views 

of the submerged inlet are shown in figure 3, and a dimensioned 

sketc~ is given in figure 28. 

The results of tests made for the basic submerged duct and 

for the inlet with normal deflectors are shown in figure 29. · 

The use of the deflectors appreciably increased the pressure 

recovery at the high inlet-velocity ratios. Extending the 

deflectors had a a.eleterious effect on the pressure recovery• 

Since the boundary layer was very thin, these results substan­

tiate the theory that the extencled deflectors improve the 

pressure recovery only if the boundary layer is thick. 

The results of tests in which the angle of attack was 

varied are shown in figure 30. It is interesting to note that 

the variation of pressure recovery with angle of attack is 
lllllalt ,,tf;: 
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small. This represents a considerable improvement in flotrr 

characteristics over those obtained with an inlet in the 

leaa.ing edge of a ·wing or streamline body. 

'rhe estimated variation of critical Ma.oh number with an 

inlet-velocity ratio based on measured pressures is given in 

figure 31. The decrease to a maximum Ucr of 0.79 at an 

·inlet-velocity ratio of 0:95 from the value of 0.92 for the· 

basic lip 6 represents the effect of the addition of the 

incremental velocity over the fuselage. The critical speed 

of the submerged inlet is much greater than· that of other 

basic parts of the.aircraft. The lip used was given approxi­

mately 2° of down incidence, 

It may be concluded that the application of the results 

of the general investigation to a specific design presents 

no additional problems. It is considered, however, that the 

use of deflectors on the submerged duct for this design was 

made even more necessary because the duct was located in a 

curved surface. The negative incidence of the lip necessary 

for the at tainm·ent of high-critical speed was greater than 

for the lips test·ed in the general research because the su,r­

face in which.the submerged duct was placed had apprcciab1e 

curvature in the stream direction. 

Data for Use by a Designer 

From the preceding discussion of the research the follow­

ing summary may be given: ----:rt 
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1. Ramp design 

2. 

(a) i:;:'he use of c.ivergent 1-,.ralls for the ramp improves 

the pressure recovery to such magnitude as to 

make thorn mandatory for all installations. 

The curved divergence ~1ows the best charac­

teristics. 

(b) 
. 0 

The ramp angle may be varied up to 10. For a 

loo ..... 1 , · ht-ramp v:io pressure ossos are s..1.1g,. J.Y 

greater than for lesser ramp angles. If a 
0 • 

10 ramp is used, a losser divergence should 

be used than for lesser ramp angles. 

Lip design 

(a) Lip shape 6 is entirely satisfactory from the 
€,!~~.,_,,u,.;,;,.;,;·~~--... -.....: •• • .. ~-.:,; -

starnipoint of critical-speed and internal-flow 

.losses. 

(b) The effect of increasing the divergence is to 

increase the angle of attack of the lip at any 

given inlet-velocity ratio, m, • .• 
.J.."."118 l S 

believed due to increased divergence of the 

streamlines at the entrance resulting from 

increased pressure recovery • . 
(c) 7he effect of increasing the ramp angle is to 

decrease the angle of attack of the lip. 

(d) For any ramp angle selected, similar critical­

speed characteristics may be obtained by 

selecting the proper lip incidence • ..-.,_,, 
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(e) The use of a lip submerged bel-:>w the 

into which the entrance is placed so that 

the lip contour becl')tnes tangent to the 

,surrace,- at its maximum thickness -appears 

·. to be most satisfactory.-

3,. tntraric-e ·aspe·ct ratio 

19-··. 

- (a) ·use· of a ·square entrance in place of a rec- .,.,."} 

! \ . ta.1;.gular one of aspect ratio 4.0 shows i .~iA 
i dt, 

slightly greater -pressure .losses. It i~ j \ tj~ · 
more desirable t·o use an aspect ratio. of 

about 4.o for the entrance.· / 

4. Boundary-layer thickness 

(a)· increasing the boundary-layer thickness 

appreelably reduces the pressure recovery. 

-This loss may be ·reduced by increasing the· 

length of the· deflectors along the top of · 

the ramp walls. 

5. Boundary-layer control 

·· (a) The use of boundary-layer c0ntr,'.)l does n0t appear· 

practicable in view of the improvement in 

pressure recovery resulting from the use of 

divergent walls and deflectors .. ; 

In order to make the results of the research available .. .;t.' 
~1,.,.,"~ . 

in a more convenient form the following a_esigri data have ~~ t 

been prepared for the entrance 0f f'igure 32, o-f aspect ratio 

4.o with 7° ramp, divergence l.J. and lip 6: 

-
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1. Data showing the expected pressure recovery as a 

function of inlet-velocity ratio for any diffuser efficiency 

are presented in figure 33. Figure 34 presents similar data 

for the same entrance with normal deflectors. These data 

are for boundary layer 1. For boundary layers 2 and 3, data 

are presentea. for the basic ramp with extended deflect':)rs ·. 

in figures 35 and 36. These data may be c0nsidered to closely 
') 

appr0ximate the losses for ramp angles up to 10. 

2. Data showing the necessary alignment of .the lip for ' 
0 0 ' 

ramp angles between 5 .and 10 are shown in figure 37 together 

with the basic critical speed of the lip. 

besi~n procedure.- The procedure necessary to estimate 

the characteristics of a submerged entrance designed for the 

aircraft of figure 3S is outlined below. This airplane is 

power~d with a 3OOO-pound-thrust jet motor requiring 31 pounds 

of air per second at an airspeed of 550 miles per hour at 

25,000 feet altitude. The air enters the jet motor at a 

"lelo.a1ty of 3S5 feet per second. 

1. The selectibn of the inlet position ahead 0f the wing 

was made because .of the thin b0undary layer that exists 0n the 

fuselage and because the entrance is ou~;of the velocity field 
•. '.b -~« •. _.,,..,..,--,,,. ,c,--e•~,,·••'·'·~--•• .~ ,, .• ...,.., ..... 0,, ' •'-""•"""" 

of the wing. In general, it is believed good practice to 
~-,·,, .... "·-·-··· 

locate submerged inlets in a region of relatively l0w velocity. 

The attainment of high-critic.al speed is .made easier since the 

incremental velocities are small and the initial velocity of 

the air, which is slm·rnd dmm on entering the duct, is less, 
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resulting in a less severe pressure gradient and a higher 

pressure recovery. 

2. Twin ducts were used because of the large entrance 

area required which prohibited the use of a single inlet 

unless it was placed on the underside of the fuselage. It 

should be noted that for a twin-duct installation there is 
) 

danger of flow instability occurring with cQnsequent duct 

21 

rumble if the inlet-velocity ratio in any flight condition 

falls below the value for maximum pressure recovery. This 

~light condition is found usually either in gliding flight 

with tne·motor throttled 0r off. This instability and con­

sequent rumble may be eliminated by cl~sing 0ff one entrance 

for these flight conditions 0r by providing spoilers in the 

internal duct ahead 0f the juncture of the twin inlet ducting 

which are actuatetl when the throttle is ClQsed. It may, also, 

" 

be eliminated by providing air bleed in these flight conditions. 

The instability is found only for twin-duct installations 

and is entirely a functi0n ':>f the p':>sitive variation of pres­

sure recovery with inlet-velocity ratio. 

3. The boundary-layer thickness was calculated by the 

method of reference 3 and was found to be less in terms of 

the duct depth than the thinnest boundary layer tested. 

4-. It was d.ecided. that the entrance should have a 7° 

ramp. Curved divergence 4- and lip 6 with normal deflect')rs 

were used. Lip 6 was given 3° of down incidence. 

5. An inlet-velocity rati0 of o. 70 we.s selected to give 
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a critical speed of o.g5 for the basic lip. 

6. This inlet-velocity ratio fixed the diffuser expansion 

'·- at 1. 9- to 1.0. The estimated diffuser efficiency was g5 percent. 

7. The pressure recovery as a function of inlet-velocity 

ratio was estimated_ from figure 34. These data together with 

an estimate of the critical compressibility speed are given 

in figure 39. 
It should be noted that, if a low inlet-velocity ratio 

(e.g., 0.5) is selected, there.is a possibility that the pres­

sure gradient ahead of the duct entrance may become so seve~e 

at high Mach numbers as to cause separation of the flow from 

the surface similar to that which occurs at low speed at 

inlet-velocity ratios less than o.4. This will result in 

lower pressure recoveries than estimated. The use of fairly 

high inlet-velocity ratios is an essential cha~acteristic of 

these submerged entrances. This, of course, intensifies the 

problem of diffuser design and makes essential the elimination 

of all bends and rapid expansions in the internal ducting. 

Fortunately, the submerged inlets may be so placed as to make 

this problem easier of solution than that for inlets in the 

leading edge of a wing or a streamline bo~y. 

CONCLUSIONS 

As a result of the research conducted on the submerged 

air inlets the following conclusions may be drawn: 

1. High-pressure recovery at the entrance at inlet-velocity 

...... * l\ 
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~ ' . -··-~ ·-.-,,..,...,.._c-.,. 

ratios less than unity'. of the duct)may be obtained by:-d.i:v.ergip.g · 
\"··---~ ··:·;'···;::;:····-""·' 

the walls of the ramp approaching the submerged entrance. 

2. The pressure recovery at high inlet-velocity ratios 

is imf)roved further by adding small deflectors t".> the top of 

the ramp walls. 

3. Ramp angles up to 10° may be used without incurring 
i . 

excessive, .Pr~-~su~e losses. :·;;. i)Ji\L/r {t~,l f,l; ,'ftMP, 
/.·· '. •,\. .. . . 

4-( :-~~r.,,,J}igh-critical.-.compressibi·lity speed·: may 
·, ,i,, ..... __. ...... :,,,..,~· 

obtained ·hy., use of proper lip shape and incidence. 

·5. The existence of a thick boundary layer on the 

surface into which the inlet is placed will appreaiably 

reduce the pressure recovery in terms of free-stream dyn:amic ._· · 

pressure. This loss may be eliminated to some extent by · 

extending the deflectors forward to the leading edge ?f the · 

entrance ramp. 

6. The use of boundary-layer control is not as effective 

as the use of extended deflectors. 

7. The variation of pressure rec0very with angle 0f 

attacl( for a complete model is small, a chc=i.racteristiq which 

makes submerged inlets more desirable than wing leading-edge 

inlets. 

$, Submerged inlets are well suited for use in supplying 

air to jet motors especially for those with axial flow 

compressors which use air at high velocity._ 
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APPENDIX 

Coefficients ancl. Symbols 

H total pressure, pounds per square foot 

p static pressure, pounds per square foot 

V velocity, feet per second 

p air density, slugs per cubic foot 

q dynamic pressure {½pV 2
), pounds per square foot 

p 

~H 

pressure coefficient (PLq: Po) 

loss in total pressure (HL - Ho), pounds per 

square foot 

diffuser efficiency factor ( 1 _ 6HD) 
qA 

Mer critical Hach number 

a angle of attack of model ~~ng, degrees 

Subscripts 

A station at the duct entrance 

L station at wb.ich the prei3sure measurements were made 

o free stream 

av average over duct section 

D diffuser 

25 
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~ Y,/B 
Divergence x;t; . , 

0 o.5o 

.5 .50 

.10 .so 

.20 .50 

.30 .so 

.40 .so 

.so .50 

.so .so 
• 70 .50 

.ao .so 

.90 .so 

1.00 .50 

TABLE I.- ORDINATES FOR DIVERGENT RAMP WALLS 
\ 

0 Divergence 1 Divergence 2 Divergence 3 

o.soo 0.500 o.sooo 

.500 .500 .5000 

.soo .500 .5000 

.470 .458 .4470 

.4~2 .415 .4000 

.418 .373 .3500 

.390 .333 ' .3050 

.363 .290 .2550 

.335 .250 .2080 

.308 .205 .1580 

.280 .165 .1100 

.250 .125 .0625 --
Note: Reference axes are shovm on figure 6. 

Divergence 4 

0.5000 

.4930 

.4670 

.3870 

.3100 

.2420 

.1950 

.1550 

.1200 

.0750 

.0575 

.0440 



Sta- Lip l 
tion 

Upper Lower 

0 -0.125 -0.125 

.25 0 -.265 

.50 0 -.296 

• 75 0 -.336 

1.00 0 -.367 

1.50 0 -.428 

2.00 0 -.488 

2.50 0 .... 550 

3.00 0 -.611 

3.50 0 - .. 673 

4.00 0 -. 734 

4.50 0 -.795 

L.E. radius; 
0.125 

TABLE II(a) .- LIP ORDINATES GIVEN IN INCHES • 
-
Lip 2 Lip 3 Lip 4 Lip 5 

Uppe:r Lower Upper LOU',er Upper Lower Upper Lower ~-.-.. --. 
-0.125 -0.125 -0.220 -0.220 -0.125 -0.125 -0.125 ... Q.125 

0 -.320 -.030 -.360 .065 - .. 310 ,.065 -.280 

0 -.380 0 -.390 .ll5 -~370 ,.115 -.350 

0 -.415 0 -.421 .125 -,.410 .125 -.395 

0 -.440 0 -.,451 .120 -8440 .120 -,.440 

0 -.501 0 -.512 .110 -.,500 ... no -.501 

0 -.563 0 -.574 .100 - .. 560 .100 -.562 

0 -.624 0 -.635 .085 -.622 .085 -.,623 

0 -.685 0 -.696 .060 -,.683 .060 -.685 

0 -.746 0 -.757 .030 -.745 .030 - .. 746 

0 -.807 0 - .. 818 0 -.806 0 -.808 

0 -.869 0 ' -.880 0 - .. 867 0 -.869 

L.E. radius: L.E. radius: L.E .. radius: L.E. radius: 
0.125 0.125 0.125 0.075 

--· 
Note: For location of reference line, see figure 15(b). 

Lip 6 

Upper Lower 

-0.063 -Ou063 

.100 -.275 

.150 •0350 

.175 - .. 410 

.,187 -~440 

.187 - .. 505 

.175 -.,570 

;,150 -.631 

.. 120 -.,692 

.085 -.,753 

.055 - .. 815 

0 -,,877 

L .E • radius : 
0.125 

Lip 7 

Upper Lower 

... o.063 -0.063 

.160 -.280 

.210 -.360 

.230 -.410 

.250 -.440 

.240 -.505 

.220 -.570 

.180 -.631 

.150 -.693 

.110 -.754 

.060 -.815 

0 -.877 

L.E. radius: 
0.1875 

z 
0 
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TABLE II(b) .- ORDINATES FOR SUBMERGED 
LIP 6 IN INCHES 

outer Inner 
Station / surface surf ace 

.. 
0 -0.24-o -0.240 

.25 -.os7 -.462 

.50 -.037 --537 

.75 -.012 -.597 
1.00 0 -.627 
1.50 0 -.692 
2.00 0 -.757 
2.50 0 -.819 
3.00 0 - .879 .. 
a-50 0 -.940 

.oo 0 -1.002 
4.50 0 -1.064 

Leading-edge radius = 0.125 -

Note: For location of reference line, 
see figure 15(b). 



,. 

TABLE I:J.I.- CRITICAL HACH NUirnERS AND AVERAGE DUCrr·-ENTRANCE LOSSES FOR ' 
VARIOUS LIP PRO?ILES THROUGHOUT THE INLET-VELOCITY-RATIO RANGE 

··---~·-

I Lip 1 Lip 2 Lip 3 Lip 4 Lip 5 Lip 6 

VA/Vo 11cr ~HAav 11cr 
bHA Her 

6HAav Her 
tHA 11 oHAav '·/i 6HAav av --- 8.V er 11cr. 

qA qA qA qA qA qA 

0 ----- 0.54 ----- 0.57 ----- 0.56 ----- 0.53 ----- o. 63 -----
'• 5 o.420 . 64 0.542 .73 o.444 .71 0.505 . 69 0.650 _go 0.425 
.7 0 • 161 . 69 .127 • 6S .117 .77 .131 .77 .13~ .89 .113 
.3 \..0 .086 . 62 .079 . 69 .o64 .80 .075 .so .07 .93 . 063 . 1.0,& 0 .04$ .45 .048 ·al .032 . 62 .03g .72 .043 .71 . 036 

1. 2 .. .028 .40 .024 . 4 .021 .50 02-· -~g .Olb -~7 .020 ,:;; .. j 
1.5 0 .069 ---- .015 ---- .os7 .36 .009 • 8 .012 . 5 .01~ r-1 2.0 (1) ---- .007 ---- .190 ---- .007 ---- .006 ---- .oo 
2.5 r,Q td .005 -~12 .oo4 .oo~ .oo4 Cl> ---- ---- ---- ---- ----
~-0 

r-1 ---- .002 ---- . 33 ---- .002 ---- .oo ---- .003 r-1 .o C'iJ ---- .002 ---- .4:;iQ ,.... ___ .001 ---- .po3 ---- .002 
+.:> .452 .464 .425 Ji+4o .ooo 0) ti'.) ---- ---- ---- ---- ----t-' 

Lip 7 
Mer tiHAav 

qA 

0.54 -----
. 63 0 .. 692 
• 69 .150 
.72 .085 
.75 .040 
. 61 .02~ 
,50 ,01 

---- .. 007 
.006 ----

---- .005 
----1 .005 ---.-1 .. 000 
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FIGURE LEGENDS 

Figure 1.- The 1- by l½-foot wind channel as arranged for sub­
merged-duct-entrance tests. 

Figure 2.- Sketches of submerged duct entrances. 

Figure 3.- Submerged-duct installation on a 0.25-scale model 
of a fighter airplane. (a) View with normal deflectors. 
(b) View without deflectors. . 

Figure 4.- The location of the pressure-survey tubes in the 
entrance of the submerged duct entry. 

Figure 5.- Sectional view of submerged duct entry showing 
boundary-layer-control slots tested. 

Figure 6.- The divergent ramp walls tested with various ramp 
angles. 

Figure 7.- The variation of dynamic-pressure recovery after 
diffusion with inlet-velocity ratio for diverging ramp walls~ 

Figure g __ Pressure losses at the center of the submerged a_uct 
entra..~ce with various diverging ramp walls. 

Figure 9.- Pressure losses at the sides .of the submerged duct 
entrance with. various diverging ramp walls. 

Figure 10~- Deflectors tested with submerged duct~ 

Figure 11.-~he variation of dynamic-pressure recovery after 
diffusion with inlet-velocity ratio for various deflectors. 

Figure 12.- The variation of dynamic-pressure recovery after 
diffusion with inlet-velocity ratio for various ramp angles 
and no divergence. 

Figure 13.- The variation of dynamic-pressure recovery after 
diffusion with.inlet-velocity ratio for various ramp angles 
and diverging walls. 

Figure 11+ .... The pressure gradle_nt along the ramp floor for 
various ramp angles. 

Figure 15.- Lip shapes tested with-the submerged duct. (a) 
Normal lips. 

Figure 15.- Lip shapes tested with the submerged duct. (b) 
Submerged lip. ~ 
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Figure 16.- Pressure-coefficient distribution for various 
inlet-velocity ratios with lip 6 at zero incidence for a 
7° ramp angle ., · · · · · · · · 

Figure 170- Pressure-coefficient distribution for various 
inlet-velo~ity ratios with lip 6 at -3~ incidence. 

Figure l~o-· 'rhe varj.£..tion -of critical M,:.;i.ch nnr;iber' with· 
inlet--vel '.)City rati:) for lip 6 a:~ c 0 ancl ··)0 incidence e 

Figure 19 o- Preesu!'e--coetficient distrioutl0n :tcr -.r&rio-:.1.s 
inlet· -velocity ratio3 11i th lip 6 at z~;ro · :i.ncidence f"Jr 
a 50 ramp angle c 

Figure 20.- Pressure-·C')efficient distribution for various 
inlet-velocity ratios with lip 6 at zero incj.dence for 
a 10° ramp angle., 

Figure 21.,- Tl1s ·variati0n of dynamic-pressure recovery after 
diffusion with inlet-velocity ratio for two entrance 
sbapeso 

Figure 22 .. -· Variation of dynamic-pressure recovery after 
diffusion with inlet-,velocity ratio f·)r '.:;wo sub:nerged­
duct-entrance shapes for boundary lay~r 2o 

Figure 23.- Boundary layers for which submerged-duct tests 
were made. 

ii'igure 24.- The variation of dynamic-pressure recovery afteY­
diffusion with inlet-velocity ratio for three boundary­
layer thicknessesa 

Figura 25.,- The variation of dynamic"·pressure recovery P.f'ter 
diffusion with inlet-velocity ratio for various boundary 
layers and deflectorso 

Figure 26.: .. The vL~riation of dynamic,-pressure recovery After 
diffusion with quantity of flow through the boundary, ,::i.ayer 
slot fo:r various inlet~.velocity ratios and boundary layerso 

Figure 27 o·~ The variation of d:ynamic-pressure recovery after 
diffusion with inlet-velocity·ratio for 20 percent of the 
intake air drawn into the boundary layer~ 

Figure 2$., •. Sketc.l1. of the submerged-duct entrance installed 
on the O., 2~---scale :r.:odeJ. of a fight er airplane. No 
deflector;.:;., 
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Figure 29.- Variation of dynamic-pressure recovery with inlet­
velocity ratio for various deflector configurations, 
Submerged-duct insta.llation on a 0.25-scale model of a 
fighter airplane. 

Figure 30.- Dynamic-pressure recovery of the 0.25-scale model 
of a fighter airplane with submerged-duct entries. 

Figure 31.- Variation of critical Mach number with inlet­
velocity ratio for the submerged-duct installation on the 
0.25-scale model of a fighter airplane. Matched operating 
conditions. 

Figure 32e- Sketch of submerged-duct entry for which design 
data are given. 

Figure 33.- The variation of dynamic-pressure recovery after 
diffusion with inlet-velocity ratio for various diffuser 
efficiency factors. No deflectors. 

Figure 3~e- The variation of dynamic-pressure recovery after 
diffusion with inlet-velocity ratio for various diffuser 
efficiency factors. Normal deflectors. 

Figure 35.- The variation of dynamic-pressure recovery after 
diffusion with inlet-velocity ratio for various diffuser 
efficiency factors. Extended deflectors and boundary lay.er 2" 

Figure 36.- The variation of dynamic-pressure recovery after 
diffusion with inlet-velocity ratio for various diffuser 
efficiency factors. Extended deflectors and boundary 
layer 3. 

Figure 37.- The variation of the angle of lip 6 with ramp angle 
for high-critical speeds. 

Figure 3S.- Three-view drawing of a high-speed jet fighter 
design. 

Figure 39.- The variation of dynamic-pressure recovery after 
diffusion and critical Mach number ·with inlet-velocity ratio 
for a submerged. duct entrance on a typical fighter airplane. 

e I a 
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