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By TJue van Glahn 

An inveetigatfon wae mde CEP amular submerged Inlet8 designed 
to pzevent the entrance of water into a turbojet en,qLne in an icFzlg 
co?Jdition. The reeulta ishow that, in order to be effeotive in 
maintaining water-free induction air, the inlet gap must be e&rem&y 
8RlEll with a high inlet-VelOclity ratio; IXm+re88uZ% 1088eS -se- 
quently are high. For praoticf3lpurpo8e8, all ialet8 fnvestigated 
admitted moderate quantitiee of vsfer and a considerable amount of 
Cme88or-inlet 8OreeIl i0ing -8 obererved. lim rular inlets are also 
a-calls uasuitable because of the 8evere mace-flow ahifte 
ocourring in the inlet at angles of attack. 

. ILITRI~TIOH * 

. &I inhdi that preVeI&8 the entrance & water dropI& vhile 
111~intaining good aerodynamic oharacteristice canatltutea a funda- 
mental approach to the ioe proteotion of turbojet engines. A non- 
ranming inlet that may wevent the entrance of water into the engine . 
i8 the sutirged Or fluah inlet. Such inletsmuatmaintaingood 
ram -pre88urerecoveryandatthe 8ame time exclude Water. Recent 
research at Ames Aeronautical Iaboirstory on the Bubmerged side- 
inlet-type or flm ,h eide-inlet-type air intake ha8 shown that total- 
preeeure reooverlea & approrlmtely 92 peroent can be attained 
with a nomanning inlet and that the side Mets are xq8rativel.y 
unaffeoted by angle of attack. 

The aerodypBmfQ peOZf'Ol3mriCe of 8nnular eubmergedinleteie a 
funotion of the location of the inlet with respeot to the surface 
static-preesure gradient, the boundary layer ahead of and in the 
inlet, the inlet-velocity ratio, the ramp and diffusion anglee, and 
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the degree of surface fluehnese of the Inlet lip. A mall layer 
above a curved. 8urf&ce is free of water becatuxt of water deflection 
by the body (referenoe I). E the snail water-f'res layer is thick 
enough and additional eeperatioli is gained by a small inertia- 
separation effect at the inlet, the deeigrr of an ioe-frem inlet 
8houl.d be pO88ible. At a large angle of attaok, the bottom quarter 
of an annular inlet may be 8UbjeCt to dire& impingement of vater 
droplets. 

Aerodynamic and prelimlrary ioing studies were conduoted in 
the 6- by g-foot high-8ped. teet eection of the NACA Cleveland 
ioingreeearch tunnelonaone-hedf scalemodelofanannul8r sub- 
merged inlet for uee with an &al-flow turbojet engine. The 
re8ulte are presented in term8 of ram-preeeure recovery, radial 
velO0fty wi188, and icing oharaOteri8tiG8. The purpoee 09 thie 
inveetigation was to determine the general aerodynamfo performance 
d.BEWteZd.BtiC8 Of several aIlIUl~ eubmergea inlet8 under icing 
condition8 and to determine the extent to d&h water intake -into 
the engine could. be prevented by euitable inlet deeign. The aero- 
dymmic re8ulte' are ehown in the form & ram-preeeme recovery a8 
a function of d88igU inlet-velocity rstio, eurfaoe etatic-preeeure 
plot8 a?.'OUUd the inlet lip8 and E&UQ, and the l-&id profile8 of 
velooity at the compressor-inlet section. Typical XW8idU31iOing 
photogr8phs of the no88, inlet lips, and ocmpreeeor-inlet 8creen 
are al80 presented. 

H 

L 

2 

P 

PO 

Q 

The fOlw 83IUbolEl are USed in this report: 

total pressure tith reference to test chamber, pound8 per 
SqlWZ-0 fOOt 

maximum -88-8eCtiOIBl height of &I& at 8JIy 880tim, inchee 

dietame from outer duct wall to total-preeeure tubee, i.ncheE 

surface static pr888ure, pound8 per square foot 

free-stream 8tatic pre88ure with reference to test chamber, 
pound8 per square foot 

WiO Ip'eS8llL%, pOUZldS p?.? 8qUBZW fOOt 
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s pressure coefficient 1 - P-PO 
( > so 

V indicated airspeed, miles per hour 

a angle of attack, degree6 

q ram-presetme recovery l- Ho-92 
( ) so 

subscripts: 

0 

1 

2 

av 

free etresm 

nacelle inlet 

comp?eBsor inlet 

average 

APP-m mu 

The submerged-inlet nacelle investigated is shown in figures 1 
and 2. All inlet models were mounted on the 210inch-diameter aftem- 
body used in the investigation of half-soale water-3nertia separa- 
tion inlets for an axlebl-flow tmbojet e&Lne aev810ping 4000 pouade 
static thrust at sea level and hatin@; an ll-stage c-cqwemor, eight 
cylindrical burners, ad a single-stage turbine. tit of the 
compressor-inlet section the models were the same as the internal 
water-inertia separation nacelle (rderence 2). Ahead of the 
ccmpressor-inlet section, a 8creen of concentrically mauntea tires 
af 0.062-inch diameter and 0.25-inch apacing wa8 installed to serve 
as an icing LudMator. 

Aft of the ocmpreasor-inlet se&ion the same instrumentation 
was used as in reference 2 to measure m8s8 flow, velocity profiles, 
and ram-pressure recovery. Adsltional instrumentation for the aetup 
consisted of plastic preesure-belt installations on the top and the 
bottom of the nose section and lip at the Inlet. 

The large overhang of the model nose necessitated supporiing 
the nwe section from the walls of the tunnel (fig. 2) in order to 
maintain an equal oircrnnferentfal apacing of the Wet and ala0 to 
prevent excessive nose vibration. 
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DE%RIPrION QB c0xF1GURKc1Oxrs 

The two baa10 submerged-inlet configurations and modlfiuations 
to each are sho#n in figure 3. Coord,inates for the basic config- 
urations are given in table I. The external uontours of the basio 
d.esigns were based on the coordinates given in reference 4. !J!he 
following table presents the minimum inlet areas and inlet-velocity 
ratios of the configurations investigated: 

Configuration Inlet area Design inlet- 
(sq in.1 velocity ratio 

C-l 32.9 1.35 
c-2 57.7 .77 
D-l 51.5 .86 
D-2 65.7 .67 
D-3 90.5 .49 

The design inlet-velocity ratios were based an the minimum 
oross-sectional area at the inlet and determi~a for an airspeed of 
550 miles per hour ad an engine air flow of 19.6 pounds per seoond 
at a pressure altitude of 40,000 feet. 

The first oonfiguration C-l (fig. 3(a)) oonsisted of a submerged 
inlet located. in the naoelle nose just ahead. of the msximum diameter 
in Ord8r to take advantage of the favorable pressuxe gradient along 
the surface. The ramp angle was 17O and the lip was msde with a 
simple 3/S-inoh leading-edge radius. The ~g8rSmp8.D&8wSS 
chosen in order to reduce the diffuser length fram the inlet to the 
oampzessor-inlet section, although the large Uiffusion in such a 
short length was lmown to be detrimental to the aerodynamic charac- 
teristios. *The inlet gap or area was purposely made amall in order 
to provids high inlet-velocity and good water-inertia eepration 
&8racteristics at the inlet. 

A modification C-2 (fig. 3(b)) was m3de to oonfiguration C-l, 
which mndated in mating the whole forward body 1.5 Inches ahead, 
thus incXB88iUg the inlet area and in turn deCIW&SiIIg f&8 rate of 
diffusion. 

The S8COl.d. basic deSi@l D-l (fig. 3(o)) con&bed Of a Sub- 
merged inlet with the same outer oontours over the nose section as 
C-l, but with a stamp angle of *. The decrease in ramp angle 
required as. increased nacelle length,.whioh petitted 8 reduotion 
in the rate & diffusion. The inlet lip was redesigned to improve 
the flow into the inlet for a wider range of inlet-velooity ratioa. 
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Two modificati~ were made to the basic design D-l. The first 
modlfidia D-Z (fig. 3(a)) CW3iSt8d in moving the forward body 
ahead 1.5 inches as for C-2. The second mdification D-3 (fig. 3(e)) 
consisted in moving the forward body 4 inches ahead of the original 
location. Th8 inlet lip was unohangea for all the modifioations. 

METHODAW) ~IWJ!IONS 

he aerodynsmic investigations were conducted with a& without 
the C~SSSmi&t screen in place. Thebasic designs were aero- 
dynamically investigated over a range of angles of attack from 80 
to 8' 'whereas the modIfic.ations were investigated only at O" angle 
of attack. All configurations were investigated over a -8 of 
engine air flows at a free-stream velocity of 8ppmrLmately 260 miles 
per hour for both aerodpami c and icirg investigations. 

Prelimimryicing studiesweremade inamanner similar to 
those of reference 2 in which an effective droplet size of 12 to 
15 microns was used at free air-stream total temperatures of approx- 
imately 2Z" F. The icing periods were of lo-minute duration 8fter 
which photographs were taken of residual icing on the nose, inlet 
lip, and screen. 

Aerodynamic 

In general, the aerodynamic characteristics of the submerged 
inlets investigated were unsatisfactory. The high ram-pressure 
recovery previously reported for submerged inlets in fuselage sides 
was not realized. Rough model surfaces and the supporting wires 
for the nose section may have contributed to excessive boundary- 
layer development at the inlet and this bouniinry layer may have 
affected the ram-pressure recovery. The ram-pressure recoveries of 
this investigation should not be taken as the best that can be 
attdIi8d with a submerged inlet. 

surface static-preasure distribution. -Typicalprressure dis- 
tributions in terms of the pressure coefficient S along the forward 
nacellebodyfn&aoe titipaheadof the fnletopeaing-andaround 
the leading edge of the inlet lip for oonfigurations C-l and D-1 are 
showninfigure4. The high-press- ooefficients around the inlet 
lip of design C-l (fig. 4(a)) indicate extmely high velocities end 
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a low critical I&oh number. The nacelle-surfsue pressures indicate 
the usual Increase in local velocity over a body of revolution as 
the maximum diameter is approached. The pressure coefficients then 
decrease to a free-stream value at the start of the Inlet ramp. At 
the inlet lip, the pressure coefficient again increa sea as the high 
inlet-velocity field is approached. 

The inlet Up for design D-l is of much better design than 
design C-l, as shown in figure 4(b), because the surface pressure 
coefficients are not as high as for design C-l; hence,'the critical 
-oh number for this inlet is considerably increased. The nacelle- 
suxfaoe and ramp-pressure distributions of designs C-land D-1 are 
slslilar. 

Ram-pressure recovery. - The ram-pressure recovery rj was 

calculated as 1 
- (",E2~ 

where the total-pressure difY?erence is 

the integratedaverage rsm-pressurerecoveryof all the aemdynamio- 
rake stations in the compressor section. Ram-pressure-recovery 
values for all comfIgurations as a function of design inlet-velocity 
ratio at an angle of-attack of O" are 
table: 

pL?888nt8d in <he following - 

Configuration Design inlet- 
velocity ratio 

VlbO 

Ram-pressure recovery 
rl 

With 
I 

Without 
screen screazl 

The difference inram-pressure recoveryfor configurations C-2 
and D-l was caused by the smaller ramp angle and the better inlet- 
lip design Orp D-l. 

Velocity distributions. - Typical ra&al profiles of velocity 
with and without the cmpressor-inlet screens are shown in figure 5. 
With the screen in place, the velocity profile for C-l at an angle 
of attack of 0' becomes more curved indicating increased pressure 
losses due to flow sepmaticm on the inlet ramp. Little change is 
rioted st the same condition for conf+Quration D-1. Increasing the 

H 
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inlet area has a pronounced t&ncy to straighten out the velocity 
profile, as shown by configurations D-1, D-2, and D-3. At an angle 
of attack of 8O, the radial profiles of velocity at the sides and 
the bottom quarters afthe nacelle became more uniform because of 
more direct entrance of the air. 

A rapid decrease in mass flow through the top quarter of' the 
model ooourred at small angles of attack. At an angle of attack of 
8O, no air entered the top quarter of the inlet and the resulting 
mass-flow shift would be detrimental to engine performance. 

IOiIlg 

In general, all the configurations iced in a similar manner. 
At an angle of attack of 0 O, the nose section iced heavily to about 
5 inches mm-ward from the stagnation point and light ice formations 
continued aft 3 inches more. 

Configuration C-l, which had the saallsst inlet gap and the 
highest inlet velocity, had the least screen icing. The rate of 
icing was considerably less than for a direct-ram type of inlet. 
The screen ice was most noticeable on the screen brackets and near 
the nacelle wall of the inlet duct where the duct velocity was 
high8St. When the forward body of the inlet was moved ahead for 
configuration C-2, external icing occurred similar to that for con- 
figuration C-l; heavier screen icing, however, was observed. 

Typical icing photographs c& configuration D-lare shown in 
figure 6 at an angle of attack of O". Configuration D-l iced in a 
msnner similar to design C-l. The more uniform air flow in the 
D-l inlet caused the screen to ice more uniformly in a radial sense 
than the C-l screen. Configurations D-2 and D-3 showed the same 
general external icing characteristics as D-l, As the inlet area 
was increased, the soFeen icing became more severe. Typical screen 
icing observed on configuration D-3 is shown in figure 7. 

suMMARYoFREisTErs 

The results of the investigation of annular submerged inlets 
lndicXt8 that the inlets are part- 8uCCeSsfti in separating the 
water droplets from the air. Wess extremely hzgh Met-velocity 
ratios and small inlet gaps are used, the inlet admits moderate 
quantities of water; hence the engiae inlet will b8 subject to sme 
impact icing, but the rate of IcFng ~511 be oonsid8rabl.y less than 
for a direct-ram type inlet. 
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The highest ram-pressure recovery attained for any confYgura- 
tion investigated was 65 percent at a design inlet-velocity ratio 
of 0.86 and an angle of attack of O". At angles of 8tt8Ck of 8O, 
nc air entered the top quarter cf the inlet and the resulting mass- 
flowshiftwouldbe detrimentalto engine performance. 

Flight Propulsion Research Laboratory, 
National Advisory Committee for Aerona Utica, 

Cleveland, Ohio. 
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TABLSI- lWXiLB- m  SPIKNER-CONTOUR COORDINATES WITH FBF'BREHCE 

TO THE NACELLE LEADING ED% AND CENTZR LINE FOR BASIC 

CONFIGIlRATIONS C-l AND D-l. 

c 1, inside oontour and Q, o\ltslde oontotnr) all valuaa In Inches 3 

Foruard body, C-l design; 
leadLng-edge'radiua, 1.75 - - 

X Y X Y X Y X Y 

0 0 7.82 6.37 15.82 8.59 23.82 1.82 2.93 9.82 7.03 17.82 9.00 26.32 2% 
3.62 4.40 11.82 7.62 19.82 9.34 37.82 5:oo 
5.82 5.50 13.82 8.15 21.82 9.56 

Inlet lip, C-l design; 
leading-edge rrdiua, 0.37 

X *i YO X Yi %  X R YO 

26.81 9.82 9.82 30.18 - - 10.31 38.31 7.81 10.50 
27.18 -- 32.1R - - 10.44 
28.18 

245 
- 10.22 34.18 - - 10.50 

Foruard body, D-1 design: 
leading-edge radius, 1.75 

Y I X Y X P 

ii 93 
4:40 
5.50 
6.37 

9.82 7.03 19.82 9.34 
11.82 7.62 20.82 9.50 
13.82 8.15 21.82 9.53 
15.82 8.59 22.82 9.50 
17.82 9.00 23.82 9.41 

Inlet lip, D-1 design) 
leading-edge radius, 0.19 

28.44 9.69 9.69 

29.94 9.44 30.44 9.q5 1x 
30*94 9.28 10:10 
31.44 9.22 10.16 

x 

9 
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Figure 2. - In8tallatioIl of typical arlnuhr submerged inlet inicingmeearch tunnel. 
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(4 Cmfigurati0n c-l. 
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0 3 6 

(0) '%i3fi@u'atim D-l. 

I 
(a) ConfQurehlon D-2. 

(e) Conf&uration D-3. I 

Figure 3. - Conoluded. Cross section of annular submerged irikts. 

. 
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(a) Configuration C-l with inlet-velocity 
ratio Vl/Vo of 2.04. 

Figure 4.- Typical surface pressure distribution around inlet 
lip and ranp. 
attack a, 0’; 

Airspeed Vo, 250 miles per hour; angle of 
maximum engine air flow. 
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(b) Configuration D-l with inlet-velocity T - 
ratio Yl/VO of 0.9. 

Figure 4. - Concluded. Typical surface pressure distribution around 
inlet lip and .r&mp. 
attack &, O”; 

Airspeed VO, 260 miles per hour; angle of 
maximum engine air flow. 

. 
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ConfQuration . 

(a) YYith compressor-inlet screena. 

0 .2 .4 .6 .8 1.0 

2/L 

(b) Without compressor-inlet screens. 

Figure 5.- Typical radial profiles of velocity at compressor- 
inlet section for design inlet-velocity ratio. Air speed 
Vo, 260 miles pbr hours angle of attack,OO. 



. 



NACA RM No. E8A29 19 

Figure 6. -Typical ice formations oncanfQu~=+d~D-l. ALPBpe~Vo, 26Omllea per ha 
temperature, 22' F; angle of attack CC, 0'; icing period, 10 minutes. 

r; 

(b) Inlet-lip icing. 
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FIgwe 7. -Typicalsareenioing of configaratlonD-3. AlrspeedVo, 2fX mile8 per hour; 
temperature, 22O P; angle of attack a, O"; doing period, 10 minutee. 
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