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ICE FROTECTION (OF TURBOJET ENGINES BY INERTIA
SEPARATION OF WATER
IIT - ANNULAR SUBMERGED INLETS
By Twe von Glabn

SUMMARY

An Investigation wae made of anmular submerged inlets designed
to prevent the entrance of water into a turbojet engline in an icing
condition. The results show that, in order to be effective 1in
maintaining water-free inductlon alr, the inlet gap must be extremely
amall with a high inlet-velocity ratlo; ram-pressure logsses conse-
quently are high. For practicel purposes, all lnlets investigated
admlitted moderate guantities of water and & considerable amount of
coampressor-1nlet screen icing was obgerved. Annunlar inlets are also
aerodynamlically unsuitable because of the severe mass-flow shlifts
occurring in the inlet at angles of attack.

INTRODUCTION

An inlet that prevents the emtrance of water droplets while
maintaining good serodynamic characteristics constlitutes a funda-
mental approach to the ice protection of turbojet engines. A non-
raming inlet that may prevent the entrance of water intoc the engine
1= the submerged or flush inlet. Such inlets must maintaln good
ram-pressure recovery and at the same time exclude water. Recent
research at Ames Aeronautical Leboratory on the submerged side-
inlet-type or flush slde-inlet-type alr lntake has shown that total-
pressure recoveries of approximately 92 percent can be attalned
with & nonramming inlet and that the side inlets are comparatively
unaffected by angle of atiack.

The aerodynamlc performence of annular submerged inlets is a
function of the locatlon of the inlet with respect to the swxrface
static-pressure gradient, the boundary layer shead of and in the
inlet, the inlet-veloclty ratio, the ramp and diffusion angles, and
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the degree of surface flushness of the inlet lip. A small layer
above & curved surface is free of water because of water deflection
by the body (reference 1). If the smwall water-free layer is thick
enough and additional seperation is gained by a small inertia-
separation effect at the inlet, the design of an ice-free inlet
should be possible. At a large angle of attack, the bottom quarter
of an annular inlet may be subject to direct impingement of water
droplets.

Aerodynamic snd preliminary icing studies were conducted in
the 6~ by 9-foot high-speed test section of the NACA Cleveland
icing research tunnel on a one-half scale model of an annular sub-
merged inlet for use with an axial-flow turbojJet engine. The
results are presented in terma of ram-pressure recovery, radlal
velocity profiles, and icing charascteristics. The purpose of this
investigation was to determine the general aerodynamic performance
characteristics of several annulaer submerged inlets under icing
conditions and to determine the extent to which water intake into
the engine could be prevented by sultable inlet design. The aero-
dynamic results are shown in the form of ram-pressure recovery as
a function of design inlet-velocity ratio, surface static-pressure
plots around the inlet lips and ramp, and the radial profiles of
veloclty at the compressor-inlet section. Typical residual icing
Photographa of the nose, inlet 1lips, and compressor-inlet screen
are also presented.

Symbols

The following symbols are used in this report:

H total pressure with reference to test chamber, pounds per
square foot

L maximum cross-sectlonal height of duct at any section, inches
4 distance from outer duct wall to total-pressure tubes, inches
P surface static pressure, pounds per square foot

Po free-stream static pressure with reference to test chamber,
pounds per square foot

g dynamlc pressure, pounds per square foot
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9%

v indicated alrspeed, mlles per hour

S  pressure coefficlent 1 - (-’-P—O-)

o angle of attack, degrees
1 ram-pressure recovery 1l - (&%{?ﬁ)

Subscripts:

o free stream

1 nacelle inlet

2 compressor inlet

av average

APPARATUS AND INSTRUMERTATION

The submerged-inlet nacelle investligated is shown in figures 1
and 2., All inlet models were mounted on the 2l-inch-diameter after-
body used 1n the investigation of half-scale water-inertlis separa-
tion inlets for an axial-flow turbojet englne developlng 4000 pounds
static thrust at sea level and having an ll-stage compressor, eight
cylindrical burners, and a single-stage turbine. Aft of the
compressor-inlet sectlon the models were the same as the intermal
water-inertis separation nacelle (reference 2). Ahead of the
compressor-inlet sectlion, a screen of concentrically mounted wilres
of 0.062-1inch diameter and 0.25-1nch gpacing was installed to serve
as an icing indicator.

Aft of the compressor-inlet section the same lnstrumentation
was usged as in reference 2 tc measure mass flow, velocity profiles,
and ram-pressure recovery. Additional instrumentation for the aetup
consisted of plastic pressure-belt installations on the top and the
bottom of the nose sechtion and 1lip at the inlet.

The large overhang of the model nose necessltated supporting
the nuse seotlon from the walls of the tunmel (fig. 2) in order to
maintain an equal circumferential aspacing of the iniet and also to
prevent excessive nose vibratlon.
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DESCRIPTION OF CONFIGURATIONS

The two baslc submerged-~inlet configurations and modifications
to each are shown in figure 3. Coordinates for the basic config-
wations are glven in teble I. The external contours of the basic
deglgns were based on the coordinates given ln reference 4. The
following table presents the minimum inlet areas and Inlet-velocity
ratios of the configurations investigated:

Configuration | Inlet arez | Design inlet- -
{sq in.) velocity ratio
C-1 32.89 1.35
Cc-2 57.7 <77
D-1 5l.5 .86
D-2 65.7 .87
D-3 80.5 <49

The design Iinlet~veloclty ratlos were based on the minimum
crogs-gectional area at the Inlet and determined for en alrspeed of
550 miles per hour and an engine alr flow of 19.6 pounds per second
at a pressure altitude of 40,000 feet,

The firet configuration C-1 (fig. 3(a)) consisted of a submerged
inlet located in the nacelle nose Just ahead of the meximum diameter
in order to take advantage of the favorable pressure gradient along
the aurface, The ramp angle was 17° and the lip was mede with 2
simple S/B-mch leading-edge radius. The large ramp angle was
chosen in order to reduce the dlffuser length from the inlet to the
compressor-inlet section, although the large diffusion in such a
short length was known to be detrimental to the aerodynamic charac-
texrlstlics. A The inlet gap or area was purposely made amall in order
to provide high inlet-velocity and good water-inertia separation
charecteristics at the inlet.

A modification C-2 (fig. 3(b)) was made to configuration C-1,
which consisted in moving the whole forward body 1.5 inches ahead,
thus increaging the inlet area and ln turn decreasing the rate of
diffusion.

The second basic design D-1 (fig. 3(c)) consisted of a sub-
merged inlet with the same outer contours over the nose sectlon as
C-1, but with a ramp angle of 9°., The decrease in ramp angle
required an lncreased nacelle length,.which permitted a reduction
in the rate of diffusion. The inlet lip was redesigned to improve
the flow into the inlet for a wlder range of inlet-veloclity ratios.

202
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Two modifications were made to the basic design D-1l. The firast
modification D-2 (fig. 3(d)) consisted in moving the forward body
ahead 1.5 inches as for C-2. The second modification D-3 (fig. 3(e))
consisted 1n moving the forward body 4 inches shead of the criginal
location. The inlet lip was unchanged for all the modifications.

METHOD AND INVESTIGATIONS

The aerodynamlic investlgations were conducted with and without
the compressor-inlet screen in place. The basic designs were aero-
dynamically investlgated over a range of angles of attack from O°
to 8° whereas the modifications were investigated only at 0° angle
of attack., All conflgurations were investligated over a range of
engine air flows at a free-stream veloclty of approximately 260 miles
per hour for both aerodynamic and icing investlgations.

Preliminary lcing studles were made in a manner similar to
those of reference 2 in which an effectlive droplet size of 12 to
15 microns was used at free alr-stream total temperatures of approx-
imetely 22° F. The icing periocds were of 1lO-minute duration after
which photographe were taken of residual icing on the nose, inlet
lip, and screen.

RESULTS AND DISCUSSION

Aerodynamic

In general, the asrodynamic characteristlcs of the submerged
inlets investigated were wmsatisfactory. The high ram-pressure
recovery previously reported for submerged inlets in fuselage sldes
we.s not realized. Rough modsel surfaces and the supporting wires
for the nose sectlon may have contributed to excessive boundary-
layer development at the inlet and this boundary 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
attained with a submerged inlet.

Surface statlc-pressure distribution. - Typlcal pressure dis-
tributions in terms of the pressure coefficient S along the forward
nacelle body surface snd ramp ahead of the inlet opening and around
the leading edge of the inlet 1lip for configwratlons C-1 and D-1 are
shown in figure 4. The high-pressure coefficients around the inlet
1ip of design C-1 (fig. 4(a)) indicate extremely high velocities and
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a low critical Mach number. The nacelle-surface pressures indlcate
the usual Increase ln local veloclity over & body of revolutlon as
the maximum dlameter ls approached. The pressure coefficlents then
decrease to a free-stream value at the start of the inlet ramp. Ab
the inlet 1ip, the pressure coefficient again increases as the high
inlet-velocity fleld 1s approached.

The lnlet lip for deslgn D-1 1s of much better design than
design C-1, as shown in figure 4(b), because the surface pressure
coeffliclents are not as high as for design C-1; hence, the critical
Mach number for this inlet 1s considerably increased., The mnacelle~
suwrface and ramp-pressure distributions of designs C-1 and D-1 are
similar,

Ram-pressure recovery. - The ram-pressure recovery 1 Wwasg

calculated ag 1 - (HO ) where the total-pressure dlfference is

the integrated average ram-pressure recovery of all the aerodynamic-
reke statlions in the compressor section. Ram-pressure-recovery
values for all configurations as a functlon of design inlet-velocity
ratlio at an angle of attack of 0° are presented in the following
table:

Configuration { Design inlet- Ram-pressure recovery
veloclty ratio 1
vy Vo With Without
screen | screen
C-1 1,35 0.48 0.52
0-2 . 77 ---------- - 42
b-1 .86 .63 .65
D-2 .67 55 |mmmmmcanaa=
D-5 (] 49 ) - 58 -----------

The difference in ram-pressure recovery for configurations C-2
and D-1 was caused by the emaller ramp angle and the better inlet-
1lip design of D-1.

Velocity distributions. - Typical radial profiles of veloclty
with and without the compressor-inlet screens are gshown in figure 5,
With the screen in place, the velocity profile for C-1 at an angle
of attack of 0° becomes more curved indicating increased pressure
losgses due to flow separation on the inlet ramp. Little change 1s
noted at the same condition for configuration D-1. Increasing the

902
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inlet area has a pronounced tendency to strailghten out the velocity
profile, as shown by configuratlons D-1, D-2, and D-3. At an angle
of attack of 89, the radial profiles of velocity at the sides and
the bottom guarters of the 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 occurred at small angles of atteck. At an angle of attack of
89, no air entered the top quarter of the inlet and the resuliting
mags-flow shift would be detrimental to engine performance.

Icing

In general, all the configuratlons iced in a similsr manner.
At an angle of attack of 0°, the nose section iced heavily to about
5 inches rearward from the stagnation point and light ice formatlions
continued aft 3 inches more.

Configuration C-1, which had the smallest inlet gap and the
highest inlet velocity, had the least screen lcing. The rate of
icing was considerably less than for & direct-ram type of inlet.
The screen ice was most noticeable on the screen brackets and near
the nacelle well of the inlet duct where the duct velocity was
highest. When the forward body of the inlet was moved ahead for
configuration C-2, external icing occurred simlilar %o that for con-
figuration C-1; heavier screen icing, however, was observed.

Typical icing photographs of configuration D-1 are shown in
figure 6 at an angle of attack of 0°. Configuration D-1 iced in a
manner similar to design C-1l. The more uniform air flow in the
P-1 inlet caused the screen to ice more uniformly in a radlal sense
than the G-1 screen. Configurations D-2 and D-3 showed the same
general extermal lcing characteristics as D-1. As the inlet area
was increased, the screen lcing became more severe. Typical screen
icing observed on configuration D-3 is ghown in figure 7.

SUMMARY OF RESULTS

The results of the investigation of annular submerged 1inlets
indicate that the inlets are partly successful in separating the
water droplets from the air. Unless extremely high inlet-velocity
ratios and smell inlet gaps are used, the inlet admits moderate
guantities of water; hence the engine inlet wlll be subJect to scme
impact icing, but the rate of icing will be considerably less than
for a direct-ram type inlet.
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The highest ram-pressure recovery attained for any configura-
tion investigated was 65 percent at a design inlet-velocity ratio
of 0.86 and an angle of attack of 0°, At angles of attack of 8°,
no alr entered the top guarter of the lnlet and the resulting mass-
flow shift would be detrimental to engine performance.

Flight Propuleion Research Laboratory,
National Advisory Commititee for Aeronautics,
Cleveland, Ohio.
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TABLE I ~ NACELEE— AND SPINNER-CONTOUR GOORDINATES WITH REFERERCE
TO THE NACELLE LEADING EDGE AND CENTER LINE FOR BASIC
CONFIGURATIONS C—1 AND D—1,

E, inside contour and o, outside contour; 2ll values in mchea

X
—x
—§—
Forward body, C—-1 design;
leading-edge 'radlus, 1,75
X Y X Y X Y X Y
(o} o 7.82 | 6,37 15.82 8.59 23.82 8,44
1,82 2,93 9.82 7.03 17.82 9.00 | 26,32 8.85
3.82 4.40 11,82 | 7,62 19.82 Ce34 37.82 5.00
5,82 5,50 13.82 8,15 21.82 9.56
Inlet lip, C~1 deslign;
leading-edge radius, 0.37
X ¥y Y, X ¥y Yo X Yy ¥,
26,81 | 9.82 9.82 ) 30,18 -~ - 10.31 | 38,31 7.81 10,50
27.18 9445 - - 132,18 - - 10,44
2s,18| &~ - | 10,22 | 34.18| - 10,50
Forward body, D—-1 deaignj;
leading-edge radius, 1,75
X Y X Y X Y X Y
0 0 g.82 7.03 19,82 9.34 24.82 | 9.25
1.82 2,93 11.82 7.62 20.82 9450 48,51 | 5,06
.82 4,40 15.82 8.15 21.82 9.53 49,51 | 5.00
5.82 5,50 15.82 8.59 | 22.82 2.50
7.82 6,37 17.82 9.00 23.82 9.41
Inlet 1lip, D~1 designj
lesding-edge radius, 0.19 Q;:E§§§:?’
X Yy Y, X Y Y, X X, Y,
28,44 9.69 9,69 | 32.44 | 9,09 10,25 | 37.44 — — ] 10447
29,94 F.44 9,97 | 33.44 | .00 10.34 | 38,44 - - 10.50
30.44 9.36 10,04 | 34,44 | 8,90 10,37 [ 49.51 7.88 | 10,50
30,94 9,28 10,10 { 35,44 | 8,81 10.41
31.44 9.22 10.16 [36.44 | - - 10.44



http://www.abbottaerospace.com/technical-library

0 3 6

TNORES  ~RACA

A Racelle and tuonel center line D Ramp G Alr-flow control plug
B Forward body E Compressor-inlet screen
C Inlet lip F Compressor-geotion instru-

nentation plane

Figure 1. - Schemtic sketch of ammlar submerged-inlet getup showing configuration D-1.
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Figure 2. - Instellation of typical amnuler submerged inlet in icing reseerch tunnel.
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(a} Configuration C-l.

INCHES

S ‘ggoT~g0g

(b) Configuretion C-2.

Figuare 3. - Cross section of snmilar submerged inlets.
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{c) Configuration D-1.

(d) Configuretion D-2.

o ‘¢ f390T-908

(e) Configuretion D-3. T
Figure 3. - Concluded. Cross section of annular submerged inlets.
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(a) Configuration C-1 with inlet-velocity
ratio ¥;/Vy of 2.04.

Figure 4.- Typical surface pressure distribution around inlet
lip and ramp. Airspeed Vg, 260 miles per hour; angle of
attack da, 0°; maximum engine air flow.
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(b} Configuration D-1 with inlet-velocity -

ratio Vl/Vo of 0.9.

Figure 4.- Concluded. Typical surface pressure distribution around
inlet lip and .ramp. Airspeed Vg, 260 miles per hour; angle of
attack d, 0°; maximum engine air flow.
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(b) Without compressor-inlet screens.

Figure 5.~ Typlcal radial proflles of veloclty at compressor—
Inlet sectlon for design inlet-velocity ratio. Alr speed
Vos 260 miles per hour; angle of attack,0°.
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(2) Ice formetions on nose.

Flgure 6. - Typlcal Ice
temperature,

(b) Imlet-lip icing.

Pormations on configursation D-1.

Alrspeed V,, 260 miles per hour;

22° F; engle of attack o, 0°; icing period, 10 mimutes.
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~. NACA,

e
C-20431
1. 19.48

Figure 7. - Typical soreen lcing of configuratlon D-3. Airspeed V5, 260 mIles per hour;
temperature, 22° P; angle of atieck «, 0%; loing period, 10 mimmtes.
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