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ABSTRALT

Many proposed advanced aircraft - but espe-
cially tilt-nacelle, subsonic-cruise, V/STOL air-
craft - require nacelles that operate over a wide
range of aerodynamic conditions. The optimum
design of such nacelles and their inlets is de-
scribed, including how the inlet low-speed design
conditions are selected, the conditions for which
the various regions of the inlet are designed,
and appropriate criteria of merit. For low-speed
operation the optimum internal surface velocity
distributions and skin friction distributions are
described for three categories of inlets: those
without boundary-layer control (BLC), those with
BLC, and those with blow-in door slots and re-
tractable slats. Experimental results are pre-
sented that show the performance of the various
types of inlets. At cruise speed the effect of
factors that reduce the nacelle external surface
area and the local skin friction is illustrated.
These factors are cruise Mach number, inlet
throat size, fan-face Mach number, and nacelle
contour. The interrelation of these cruise-speed
factors with the design requirements for good
low-speed performance is discussed. Finaily an
inlet design without BLC and an optimized inlet
design with slots and slats are compared to
illustrate the possible reductions in nacelle
size.

INTRODUCTION

Many proposed advanced aircraft, especially
subsonic V/STOL aircraft, require propulsion sys-
tems that operate over a wide range of aero-
dynamic conditions (fig. 1). The engine nacelle,
and particularly the inlet, which must accommo-
date this wide range of conditions effectively
and efficiently, is the subject of this report.
The nacelle is more important for VIQL than for
(TOL aircraft because the nacelle is relatively
larger, because the engine thrust must be some-
what greater than the airplane weight, and be-
cause the range of required operating conditions
is extremely wide.

At low speeds the inlet lower lip sees- high
angles of attack that may be due to such factors
as a high airplane angle of attack, high wing
upwash due to a high wing 1ift coefficient, or
(for a tilt-nacelle airplane) a large nacelle
tilt angle. The side lip is subject to cross
winds from very large yaw angles. The top lip,
which is not taxed by these other operating con-
ditions, must still perform well at static condi-
tions, especially for a VIOL aircraft in the ver-
tical mode.

In the face of these adverse low-speed
operating conditions the iniet must provide air
to the engine at a high pressure recovery and low
distortion. That is, the inlet internal flow
should not separate.
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At cruise conditions a low drag is desir-
able. This suggests a nacelle with a small sur-
face area (i.e., a short, thin nacelle) and low
skin friction coefficients. The best overall
airplane performance will result for a light-
weight nacelle, or again, a short, thin nacelle.
The challenge then is to design a nacelle that
meets all the requirements and yields the best
possible airplane performance.

In recent years sever?] Y‘STOL inlets with-
out boundary-layer control 1,2) have been de-
signed, primarily to meet the low-speed require-
ments. In the same time period there have been
articles dealing with advanced concepts for in-
lets with good transonic maneuver capabi]itg(3)
and for wings at high Tift coefficients.(4,3)
Some of these concepts seem applicable to sub-
sonic inlets at high angles of attack.

Boles(6) presents some experimentally observed
diffusion flow limits for inlets. With these
limits as background, Luidens{/) presents an
approach to optimally designing an inlet without
boundary-layer control that meets the low-speed
requirements.

The present paper extends the approach to
optimum inlet design presented by Luidens{?) to
include the options for active and passive con-
trol of the boundary layer and expands the point
of view to include the complete nacelle and the
requirements for good cruise performance. The
paper presents the concepts for optimum nacellie
design and also some experimental results to sup-
port these ideas.

Finally, an example is given of the benefits
gained from a boundary-layer-controlled, opti-
mally designed nacelle. Although the present
paper is particularly pertinent to V/STOL air-
craft, which cruise at subsonic speeds, the over-
all approach to inlet and nacelle optimization is
generally applicable,

SYMBOLS

flow area

area defined by fan blade tip

Jlocal skin friction coefficient (shear
stress over local dynamic pressure)

contraction ratio, (rp/rg)

Mach number

radius

surface area

surface distance

velocity .

boundary-layer-control pump power

inlet flow angle of attack, deg

nacelle angle of attack, deg

boundary-layer thickness

circumferential position from windward
meridian, deg
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Figure 1. - Representative flight conditions for tilt-nacelle VTOL aircraft,

Subscripts:

bl at the boundary-layer-control location
de diffuser exit (fan face)
e edge of boundary layer

f fan

h highlight

J blowing jet

max max imum value on surface
mc main cowl

t at throat

te trailing edge of slat

0 free stream

DEFINITION OF PROBLEM

The general objective is to design a nacelle
that will result in an aircraft design that will
meet all the performance and mission reguirements
and yield an extremum in some aircraft criterion
of merit, such as minimum gross weight. For the
-nacelle this involves several steps: (1) deter-
mining the operating conditions that set the de-
sign of each region of the nacelle, (2) specify~
ing the constraints the nacelle design must meet,
(3) selecting the design operating conditions,
and (4) selecting a nacelle-related optimization
criterion for choosing the best nacelle design.
Each of these steps is discussed briefly.

Nacelle Regions »
Three distinct lTow-speed flow conditions
that control the design of three circumferential
regions of the nacelle inlet are shown in fig-
ure 2. The most severe combination of approach
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Figure 2 - Critical nacelle regions,

velocity and flow angle of attack occurs for the
bottom of the inlet. The flow angularity may be
generated by airplane angle of attack, wing up-
wash, or (for a tilt-nacelle airplane) by the
nacelle angle. For a tilt nacelle a typical
difficult flow condition is a 600 flow angle at
120 knots, The next most difficult aerodynamic
situation occurs on the side of the inlet, which
must tolerate crosswinds of 35 knots at any yaw
angle. The most difficult angle is about

1200, The top of the inlet is not a problem at
the previously mentioned conditions. The inlet
top is not subject to downward flow angularity,
but it still must perform well at static
conditions.



Cruise conditions influence the design of
the inlet and of the entire external nacelle sur-
face (fig. 2), particularly by the requirement of
low cruise drag.

In general, the design conditions are dif-
ferent for the top and the bottom of the inlet,
and so asymmetric designs can be anticipated.
Because the bottom of the inlet has the most
difficult requirements, the most attention will
be given to it.

Design Constraints

There are some engine performance require-
ments that have implications for the inlet, such
as (1) high engine thrust and efficiency; (2) low
blade stresses; and (3) smooth, continuous thrust
modulation. These constraints require high pres-
sure recovery and low distortion, which in turn
imply attached flow.

Initial Design-Point Selection

Proposed tilt-nacelle V/STOL aircraft con-
cepts have very severe inlet design conditions,
which will be used in the following discussions.
However, the procedures described are applicable
to other types of aircraft.

The wide range of flight conditions that can
be encountered by a tilt-nacelle aircraft is
illustrated in figure 1. Flight Mach number can
vary from about 0.8 at cruise to zero at land-
ing., Inlet angles of attack can be as high as
1200, and the range of engine throttle settings
results in a wide range of throat (or fan face)
Mach numbers. A combination of flight speed,
nacelle angle, and throat Mach number constitute
an inlet operating condition. 1t is not obvious
from figure 1 what the worst, or design, condi-
tion is. A rational approach for defining the
design condition is shown in figure 3.
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Figure 3. - Initial design-point selection,

Figure 3(a) considers the situation at a
flight Mach number of 0.18. The operating region
is between 00 and 600 angle of attack for engine
throttle settings that yield throat Mach numbers
between 0.7 (full throttle) and 0.35 (part
throttle). In this region, which is "blocked
out" in the figure, attached flow is required.
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An inlet design should satify the requirement for
attached flow in the operating region; a re-
presentative inlet separation bound is shown by
the upper curve. The flow is attached everywhere
below the curve. The point where the operating
region and the inlet separation bound meet is the
critical, or design, condition. In this case the
design condition is in the low subsonic region,
where compressibility effects are negligible.
Therefore velocity ratios can be used instead of
Mach numbers, as is done in figure 3(b).

Figure 3(b) now considers the situation aill
along the flight path in terms of angle of attack
as a function of throat-to-free-stream velocity
ratio vg/vg. The area labeled "operating
region” now encompasses areas such as those from
figure 3(a) for all free-stream Mach numbers.

The inlet separation characteristic for a given
subsonic inlet flow with My < 0.6 generally is
normalized by the parameters of figure 3(b). The
tangent point of the inlet operating region with
the inlet separation bound curve is again the
critical, or design, condition, but this time for
the whole flight path., The example shown is for
the case where the design point is the same point
in both figures 3(a) and (b).

The design process is actually an iterative
one. After an inlet is designed, it must be
determined if the design point has changed. This
process is discussed in the section Review of Inlet
Design-Point Selection.

Criteria of Merit

The general objective is to.achieve a low
airplane takeoff gross weight for a specified
mission. The criterion to meet this objective is
a lightweight and low-cruise-drag inlet, that is,
a thin, short inlet., Note that low cruise drag
means low friction drag, avoidance of external
shock losses, avoidance of external flow separa-
tion, and recovery of additive drag by inlet lip
thrust.

INLET OPTIMIZATION FOR LOW SPEEDS

This section discusses the optimum design of
three categories of inlets, namely, (1) those
without boundary-layer control (BLL), (2) those
with BLC, and (3) those with boundary-layer man-
agement (BLM). Then some experimental results
for these inlet categories are presented.

Designs Without Boundary-Layer Control

The discussion covers optimum flow distribu-
tions in inlets, empirical flow limits, and inlet
geometry.

Optimum Flow Distribution - Flow distribu-
tions, that is, surface velocities and-skin fric-
tion coefficients, for an_optimum inlet design
are described by Luidens( and are shown in
figure 4. The velocity (fig. 4(a)) increases
from zero at the stagnation point to a maximum
flat-top value on the lip and then decelerates in
the diffuser to the value required at the fan
face or the diffuser exit.

The maximum velocity is as high as is allow-
able, The corresponding low static pressure act-
ing on the 1ip surface area provides the suction
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Figure 4. - Optimum flow distributions for
inlets without boundary-layer control.

force required to turn the high-angle-of-attack
flow into the inlet. The lower the surface pres-
sure, the shorter the Tip surface distance can
be. Both the flat top and the high level of
velocity contribute to a shorter surface distance
and hence a thinner lip. After the 1ip the
velocity decelerates in the manner prescribed for
a short, efficient diffuser.

The skin friction coefficient distribution
corresponding to the velocity distribution of
figure 4(a) is shown in figure 4(b). The bound-
ary layer is initially laminar (2), and it
transitions (tr) to turbulent fiow (t) by the end
of the flat-top region and before it is subject
to the rapid diffusion. Modifying the flat-top
velocity to a slightly decreasing velocity will
encourage the desired transition. In an ideal
optimum diffuser the skin friction coefficient
drops to zero to achieve the shortest, lowest
loss diffusion. In a practical optimum diffuser
a friction coefficient margin would be specified
at the end of the diffusion, and a negative
friction coefficient slope (fig. 4(b)? would be
specified to ensure that, if separation did in-
advertently occur, it would occur at the end of
the diffuser and not at the middle or beginning
of the diffuser.

Empirical Flow Limits - In general, a most
important factor in determining the inlet lip
thickness is the peak velocity allowable on the
lip. Two parameters that limit the maximum
allowable 1ip velocity are identified by
Boles.(6) Both parameters define the onset of
flow separation. They are called the Mach number
1imit and the diffusion limit. The Mach number
limit is associated with an extremely rapid init-
ial surface velocity deceleration or shock-
boundary-layer interaction which causes separa-
tion near the beginning of the diffuser. The
diffusion 1imit is related to the surface veloc-
ity deceleration from the peak velocity to the
diffuser exit velocity vgpax/vde. Separation
starts near the diffuser exit. If the separation
is unstable, it then travels immediately to the
Tip. These two limits were determined empiri-
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cally by plotting their experimental values just
before separation against the throat-to-free-
stream Mach number ratio, as shown in figure 5.
Data are shown for several inlets and a range of
operating conditions.

In figure 5(a) it can be seen that, as the
throat-to-free-stream Mach number ratio
Mg/Mp increases, the peak Mach number in-
creases and then levels off at about M = 1.5,
Thus M = 1.5 is taken as the Mach number Timit,
and flow separation can be expected for local
surface Mach numbers greater than 1.5.
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Figure 5. - Experimental separation data for inlets.
(From ref, 6.)

In figure 5(b) the same
by using the diffusion ratio
the ordinate. Now as My/Mg
diffusion ratio increases to a limit and then
decreases slightly. This limit is a function of
contraction ratio and Reynolds number but in gen-
eral falls in a band indicated as the diffusion
Timit in figure 5(b). For simplicity a constant
value of 2.5 will be taken as the diffusion
limit, and flow separation gan be expected for
higher values. Stratford(8) has predicted a
theoretical limiting diffusion ratio of about
3.2, which is. consistent with these experimental
results.

data are replotted

Vmax/Vde as
decreases, the

The values of Mpax = 1.5 and

Vmax/Vde = 2.5 will be used in the following
discussion. In a refined analysis the secondary
effects evident in the experimental data could be



accounted for in an iterative procedure starting
with values we have selected.

Inlet Geometry — The shortest, thinnest
inlet with attached inlet flow will result when
the inlet geometry is designed for the optimum
surface velocity and skin friction distributions
and designed to the flow limits of diffusion
velocity and Mach number just discussed. Appro-
priate allowances may be made for a safety margin
and separation stability.

The approach is then to find the 1ip shape
and thickness and the diffuser shape and length
that yield the required flow distributions and
limits. his can be done by systematic geometric
changes using the potential and vi?coys flow
calculational procedures of Stockman.{10

If each circumferential region of the inlet
is designed to meet only its requirement, then
because the requirements vary around the circum-
ference of the lip, the design will also vary
around the circumference. So, in general, asym-

metric geometries result., Figure 6 shows two
asymmetric inlet designs.

(a) THICK LOWER LIP.

{b) PROTRUDING LOWER LIP,

Flgure 6. - Low-speed, high-angle-of-attack inlets without
boundary-layer control,

Thick Lower Lip - The inlet shown in figure
6(a) is characterized by an inlet highlight plane
normal to the inlet axis. The inlet lip thick-
ness varies around the circumference in order to
satisfy the angle~of-attack requirement on the
bottom, the cross-wind requirement on the side,
and the static performance requirement on the
top. The relative difficulty of these require-
ments is reflected in the 1ip thickness. Clearly
the lower lip has the most difficult requirement.

Protruding Lower Lip — Another approach to
meeting the Tower [ip requirement, besides thick-
ening it, is to extend it as shown in figure
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6(b). At Tow speeds and zero angle of attack,
the protruding lower 1ip causes the inlet to draw
its air generally from above the inlet axis.
Compared with a conventional inlet this increases
the peak surface velocity on the upper lip and
reduces it on the lower lip. The effect of angle
of attack is to increase the peak surface veloc-
ity on the lower lip (and decrease it on the
upper 1ip). Because the lower 1ip velocity at
zero angle of attack is low, the inlet can go to
a high angle of attack before the peak lower lip
velocity causes the diffusion velocity ratio
limit to be exceeded.

The static and cruise conditions require
special attention for this inlet.

Designs with Boundary-Layer Control

LOCAL-TO-DIFFUSER-EXIT VELOCITY

The optimum surface velocity distributions
and the experimentally observed flow limits with-
out boundary-layer control (BLC) have been dis-
cussed. Consider next the surface velocity dis~
tribution with BLC. The object of using BLC is
to achieve a thinner inlet for specified operat-
ing conditions by increasing the permissible max-
imum velocity.
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Figure 7. - Optimum inlet velocity distributions with boundary-
layer control.

Optimum Flow Distribution - Three velocity
distributions are presented in figure 7. Figure
7(a) is the optimum distribution without BLC, the
case previously discussed, and it has a maximum
velocity ratio Vpax/vde of 2.5. For the
selected design flow conditions this yields a
thick 1lip, as shown by the sketch under the
velocity profile. Figure 7(b) presents the
optimum velocity distribution for the opiimum
location of a point application of BLC. The max-
imum velocity ratio vpax/vde 1is now 6.25
(2.52), as explained later. The flow accel-
erates from the stagnation point, v = 0, to the
flat-top velocity ratio of 6.25. After the flat
top it decelerates through a velocity ratio
Vmax/vp1 of 2.5, that is, from vpax/vde =
6.§§ to Vpiivge = 2.5. Here, the boundary
layer is on the verge of separation. It is now
either completely removed or completely re-
energized so that it can just diffuse through the
remaining velocity ratio of vhj/vge = 2.5,
that is, to v/vge = 1.0 at the diffuser exit.




This high peak velocity results in a very thin
1ip, as shown by the sketch under this velocity
profile. The flow is on tpe verge of separation
at the BLC site and at the diffuser exit.

An intermediate case is shown in figure

7(c). The flat-top velocity ratio is taken as
Vmax/Vde = 9.0. Now there are two limiting
choices. The flow can be diffused from the peak

through a velocity ratio of 2.5 to point A, and
BLC applied. The remaining diffusion ratio is a
conservative value of 2.0. Or the flow can be
diffused from the peak through a conservative
velocity ratio of 2.0 to point B, and BLC ap-
plied. The remaining diffusion is now at the
limiting value of 2.5. Actually, the BLC can be
applied anywhere between points A and B and the
flow will be within the diffusion limit. The lip
thickness for this case is intermediate between
those of the two preceding cases.

If the design condition is inadvertently
exceeded and flow separation occurs, it would be
preferable for the separation to occur at the
diffuser exit rather than at the BLC site. From
this point of view a BLC site at B is preferable,
Thus far, the type of BLC has not been speci-
fied. Next, three kinds of BLL are considered:
suction, blowing, and self pumping.

Suction. - An idealized suction (also called
bleeding) BLC system together with its nomen-
clature is shown in figure 8(a). The figure
shows the boundary layer, the suction surface,
and the pumping system required to pump the bleed
air back to free-stream conditions,

bf, BEFORE MIXING bl, AFTER MIXING ~ de
"""""" Vde
J—n &=
POWER, W
{b) BLOWING.

Figure 8. - Powered boundary-layer-control syste "
exaggerated, ) ry-laye systems. (Boundary-layer heights

The inlet flow starts from the stagnation
point, first accelerating and then diffusing, and
before separation proceeds to a downstream point
b1, where the suction starts. The suction system
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removes the minimum possible amount of the bound-
ary layer consistent with keeping the flow at-
tached. Conceptually, the suction can be dis-
tributed downstream of station bl or concentrated
at that station. Of course, the diffusion con-
tinues from station bl to the diffuser exit,
station de.

There are two important streamlines: One is
through the edge of the boundary layer at station
bl. The other is the dividing streamiine,
labeled div, which divides the flow that is re-
moved from the rest of the flow., The flow not
removed must undergo the required diffusion from
Vpl to vde. The boundary layer removed is
assumed to be drawn into a plenum chamber whose
static pressure is equal to that at the beginning
of the suction region and to have no residual
velocity head. From there it is sent through a
pump to raise the pressure back to free-stream
total pressure and ducted overboard to ambient
pressure and in the downstream direction, re-
sulting in no thrust or drag.

The power to drive the pump, which is dis-
cussed shortly, is a function of the diffuser
exit Mach number, the diffusion velocity ratio
from the start of the suction to the diffuser
exit vpy/vde, and the boundary-layer profile.

Blowing. ~ An idealized blowing boundary-
layer-control system together with its nomen-
clature is shown in figure 8(b) and is quite
similar to the suction case just discussed (fig.
8(a)). Whereas in the suction case that portion
of the boundary-layer flow that does not have
sufficient momentum to negotiate the subsequent
diffusion is removed, in the blowing case it is
reenergized by the blowing jet. 1In this case the
dividing streamline divides the boundary-layer
flow that is reenergized from that which is not.
It is assumed that the blowing jet and that por-
tion of the boundary layer to be reenergized mix
immediately to produce a uniform velocity (sta-
tion bl after mixing) that is just sufficient to
diffuse to zero velocity at the diffuser exit
(station de).

The power to drive the blowing system pump
depends on the same parameters as the power for
the suction system, plus the additional parameter
of the jet-to-boundary-layer-edge velocity ratio
Vilvbl.

The relative power required by the pumps for
BLC is shown in figure 9 as a function of the
ratio of the velocity at the BLC site to that at
the diffuser exit vpi/vdge. This ratio de-
fines the location o? the BLC, with larger values
corresponding to more upstream locations. The
analysis is limited to, and the curves terminate
at, the diffusion limit, vpy/vge = 2.5. The
following conditions were speci?ied for figure
9: a diffuser exit Mach number Mge of 0.3
and a 1/7-power boundary-layer velocity profiie.

. For the present flow models, suction re-
quires more power than blowing., The reason for
this is associated with the loss of the boundary-
layer momentum removed through the suction sur-
face. In general, BLC requires the least power
if it is done at the lowest velocity vpy, that
is, for example, at point A in figure 7?c). The



SUCTION
&
2 | | oF
e B FIG. 7(c)
=
[F5)
=
—_
g BLOWING
|
10 L5 2.0 2.5

BLC-LOCATION-TO-DIFFUSER-EXIT
VELOCITY RATIO, vbllvde

Figure 9. - Pumping power reguirements for boundary-
layer control. Vp,ay/Vge <6.25; Mge = 0.3; vi/vy) =
2.0; 1/7-power boundary-layer velocity profile,

disadvantage of this location as suggested ear-
lier is that, should the design condition be in-
advertent 1y exceeded, separation will first occur
about midway up the diffuser at point A and this
results in an undesirable large separation region
ahead of the fan. A more tolerable location for
initial separation is near the diffuser exit.
This can be achieved by moving the BL( upstream
to point B, where vp] is higher. However,

now the pump power is also higher. In general, a
safety margin is achieved at the expense of power.

Self Pumping - The preceding analysis dealt
with a suction system for which the air removed
was pumped back up to free-stream total pressure
and then exhausted overboard. In that case the
power to drive the pump is significant and is a
measure of the penalty associated with the sys-
tem. The sketch in fig?re 10 shows a self-
pumping suction system.(1l),

d
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Figure 10. - Self-pumping boundary-layer-control system.
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Recall that separation occurs on the wind-
ward side of the inlet and usually in the dif-
fuser. The suction slot is located in this re-
gion and has, for example, a circumferential ex-
tent e of *450 about the windward, or 09,
meridian. The reinjection holes are located on
the lip and are displaced circumferentially from
the suction slot in order to avoid recirculation
of the boundary layer from the reinjection holes
to the suction slot. For example, the reinjec-
tion holes extend, on each side of the inlet,
between 459 and 60°. The suction slot and the
reinjection holes are connected by a circumferen-
tial plenum.

The locations of the suction slot and rein-
jection holes are based on the theoretical sur-
face static-pressure distribution shown in figure
10 for an inlet at high angle of attack. 'In gen-
eral, for a given value of e, the pressures are
Towest on the 1lip and increase through the dif-
fuser to the fan face. Also, for a given axial
location the pressures are lowest at a o of
00 and increase with increasing e. The large
pressure difference from the lip. to the diffuser
exit at 09 is, of course, what makes Q0
critical with respect to flow separation.
the boundary-layer-control slot is centered
about e = 00, For this bleed system to work,
the static pressure must be lower at the reinjec-
tion holes than at the suction slot. Thus it is
helpful to have the axial location of the suction
slot well into the diffusion region, where the
static pressures are higher. As mentioned pre-
viously, to avoid recirculation into the suction
slot, the reinjection holes must be displaced
circumferentially from the suction slot, for this

example at e > 450, To be at a lower surface
static pressure the reinjection holes must be
upstream of the suction slot. The circumferen-
tial extent of the reinjection holes is limited
by the increase in static pressure with increas-
ing e and the related reduction of the static-
pressure gradient between the suction slot and
the reinjection holes.

Thus

.

The minimum pressure at reinjection holes
below a e of Y00 decreases with increasing
angle of attack, and correspondingly the suction
at the suction slot increases. This tends to
make the system self-activating and controlling.
Miller(11) shows that this bleed system can
indeed be made to work. This system avoids the
need for an external source of power or air.

Designs with Boundary-Layer Management

The preceding section dealt with methods to
reenergize or remove a boundary layer-that is not
capable of further diffusion. Another way of
accomplishing the desired further diffusion is
starting a new boundary layer, for example, by
means of a slat. This starting of a new boundary
layer, called boundary-layer management (BLM), is
dicussed in this section.

Optimum Flow Distribution - The inlet geome-
try, surface velocity distributions, and
boundary-layer velocity profiles for this case
are shown in figure 1l1. The basic geometry con-
sists of a main cowl and a slat that can be
formed by the translation forward of a portion of
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Figure 11. - Optimum inet velocity distribution with

boundary-layer management, (Boundary-layer heights
exaggerated. )

the main cowl or by blow-in doors that open a
passage (called a slot) between the slat and the
main cowl. The goal is to achieve a very high
flat-top velocity distribution (e.g., a diffusion
ratio of 6.25) and to avoid separation. This is
accomplished by designing for a diffusion ratio
of 2.5 on the slat and then another diffusion
ratio of 2.5 on the main cowl (6.25 = 2.52),

In this type of design three types of flow break-
down must be avoided: (1) separation of the
boundary layer on the slat, (2) flow reversal in
the slat wake downstream of the slat, and (3)
separation of the main-cowl boundary layer.
of these is considered in this section.

Each

A high flat-top velocity profile on the slat
at the design flow conditions can be achieved by
proper contouring of the slat. A value of
Vmax/Vde = 6.25 is illustrated on the upper
part of figure 11, Since a diffusion velocity
ratio of 2.5 is the maximum tolerable value, the
slat terminates when vpax/vte = 2.5. The
diffusion velocity ratio remaining, vp./vde,
is also 2.5. The velocity ratio of
Vmc/Vde = 2.5 at the trailing edge of the
slat 1s achieved by proper contouring of the main
cowl as well as by the contouring of the siat.
Thus the slat is performing at its limit with
separation just avoided.

At the trailing edge of the slat the upper
and lower surface boundary layers merge to form a
wake. The flow in this low-energy wake could
reverse (or separate within itself) if it is sub-
ject to too steep an adverse pressure gradient.
To allow distance for the wake to mix with the
surrounding high-energy air before it is dif-
fused, a constant-velocity (and hence a constant
static pressure) run is designed to occur down-

stream of the siat trailing edge, as illustrated
in figure 11, The constant-velocity run is
ach1eved by appropriate local contouring of the
main cowl. The flow is, by definition, optimally
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mixed when it can just withstand the remaining
diffusion (i.e., when vyc/vge = 2.5).

Like the slat wake the "new" boundary layer
on the main cowl entering through the slot is
also. subject to the maximum tolerable diffusion
ratio of Vpc/vge = 2.5.

Two other general rules should be applied to
the slat:

(1) The gap should be large enough so that
the slat and main-cowl boundary layers do not
merge.

(2) The slot passage should converge to the
slat trailing edge (i.e., the passage minimum
area should occur at the slat trailing edge).

The preceding discussion has dealt with a
diffusion-lTimited design, that is, Mye < 0.24
for vpax/vde = 6.25. If Mge is greater
than O.gé, Mmax will be greater than the Timit
of 1.5 and the flow on the slat will separate
from compressibility effects. To avoid this type
of separation, vpax on the slat must be
lowered to achieve an Mpax of 1.5. Thus for
Mde > 0.24, the slat is Mach number limited and
the main cowl is still diffusion limited.

If the diffusion exit Mach number Mge
exceeds 0.6, the maximum Mach number on the main
cowl will also exceed 1.5 for wvpc/vge = 2.5,
and the main cowl will also become Mach number
limited. The surface Mach number distribution
for }his last case is shown by the inset in fig-
ure 11.

The application of boundary-layer management
is illustrated for two inlets in figure 12.
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Figure 12. - Inlets with boundary-layer management.

Retractable Slat - The retractable-slat ap-
proach to an inTet design is shown in figure
12(a). The basic inlet is taken to be axisymme-
tric., The.desired slat is achieved by moving a
1200 segment of the windward 1ip forward ‘and
down, as illustrated. This has a number of bene-
ficial aerodynamic effects, some of which are
(1) that it provides the boundary-layer-
management function just described, (2) that it
increases the frontal area or contraction ratio
of the critical lower lip, and (3) that it




creates some lower lip protrusion. The increase
in frontal area is especially important for in-

lets that are on the verge of separation because
of the Mach number 1imit.

This slat requires mechanical actuation and
is analogous to a wing leading-edge flap.

Slotted Inlet - The slotted-inlet approach
is shown in figure 12(b). The basic inlet is
again axisymmetric. In this case the slat is
fixed relative to the main cowl and encompasses
the entire circumference. The desired gap (slot)
is formed when the blow-in doors (dashed lines),
which are hinged at their downstream edge, move
inward. This arrangement yields two aerodynamic
benefits: (1) it provides the boundary layer
management, and (2) it increases the inflow
area. The aerodynamic forces on the inlet are
such that the blow-in doors open automatically at
low forward speeds and close automatically at
high speeds.

Experimental Results

Most of the inlet concepts discussed herein
have been tested, and the test results are sum-
marized in figure 13, The angle of attack at
which the inlet flow first separates is plotted
against inlet Tip contraction ratio CR, or lip
thickness. In this coordinate system the most
desirable characteristics are the lowest contrac-
tion ratio and the highest separation angle,. that
is, the upper left corner of the figure.
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Figure 13. - Summary of experimental results for high-angle-
of-attack inlets, Mg =0.13; M; = 0.45.

Consider first the inlet without boundary-
layer control. The solid line shows that in-
creasing the 1ip thickness does indeed jncrease
the angle of attack for lip separation,(12,13)
sketch A, However, this increased 1ip thickness
is moving away from the stated goal of short,
thin inlets. Protruding the lower lip of a
modest-contraction-ratio 11? is far more effec-
tive than thickening it,( sketch B. The
protruding-1ip inlet has static and cruise char-
acteristics that need further study.

Active boundary-layer control achieved by
blowing near the throa? gf.the inlet also gives
excellent performance, 15,16) sketch C. The
data point shown was obtained with a blowing
pressure ratioc of 1.4, Additional performance
gains are possibie at higher blowing pressure
ratios.

Three boundary-layer-management inlets were
tested. A 1200 lower lip slat was added to an
inlet with a modest contraction ratio, and a
marked increase in separation angle was obtained,
sketch D. Next a very short inlet with a low
contraction ratio but with a 3600 slot was
tested. It gave the performance shown at sketch
E. Finally the slat used with configuration D
was combined with configuration £ to give the
results at sketch F. This is the shortest,
thinnest inlet with high-angie-of-attack capabil-
ity thus far obtained.

In general, applying advanced design fea-
tures can markedly improve inlet low-speed per-
formance. These changes will also affect the
inlet separation bound and may consequently af-
fect the initial inlet design condition. There-
fore inlet design-point selection will be re-
viewed in the next section.

Review of Inlet Design-Point_Selection

Recall that the initial process of selecting
an inlet design point (fig. 3) depended on know-
ing or estimating an inlet separation curve. The
design point was found to be a low subsonic inlet
flow condition. The preceding analysis and data
showed that boundary-layer control or management
schemes have a very strong effect on reducing the
inlet lip thickness required to avoid flow sepa-
ration, resulting in different separation bounds.

o HIGH CONTRACTION RATIO
M ="~~~ WITHOUT BLC (FIG. 3)

'ﬁé s ~DESIGN POINT

= /'TK LOW CONTRACTION RATIO
al 7 | WITH RETRACTABLE SLAT
27 | oPerATING

5 | REGION ! "\ LOW CONTRACTION RATIO
2 : WITH SLOT

- |

THROAT MACH NUMBER, M
Figure 14. - Review of inlet design-point selection.

The overall design process is an iterative
one, requiring that the new separation bounds be
compared with inlet operating requirements to
determine if the inlet design point has changed.

This process is illustrated in figure 14, which
is a reproduction of figure 3, the dashed lines,
but with new separation characteristic curves,
the solid lines, added. The lower solid line is
for a slotted inlet with a low contraction ratio
(fig. 13). 1t meets the requirements of the
initial design point, point A in figure 14. How-
ever, the separation characteristic is not sat-
isfactory at the higher operating throat Mach
number, point B. This is because for low-
contraction-ratio (e.g., CR < 1.3) inlets, the



Tocal surface Mach number rises to very high
values (i.e., greater than 1.5) as the throat
Mach number increases from point A. Thus point
B becomes the new design point because it is
the most difficult operating condition to meet.

As shown in the following section, achieving
a low contraction ratio, like 1.2, at cruise is
very desirable. However, design point B requires
a larger contraction ratio. These conflicting
requirements can be met by adding a retractable
slat (fig. 13) to the Tow-CR slotted inlet. This
slat is extended at low speeds but retracted at
cruise speeds. A retractable slat that yields an
effective lower 1ip contraction ratio of about
1.5 will satisfy the entire operating requirement
and yield a low contraction ratio at cruise.

NACELLE OPTIMIZATION FOR CRUISE

In this section the effect of cruise condi-
tions on the nacelle length and diameter is dis-
cussed. The factors to be considered are the
free-stream (cruise) Mach number, the inlet
throat size, the fan-face Mach number, and the
nacelle external profile.

Cruise Mach Number - Figure 15 shows three
nacelles designed by consistent rules and drawn
to scale. The left two nacelles illustrate the
effect of cruise Mach number. A characteristic
feature of cruise is that the capture stream tube
is smaller than the fan. The higher the cruise
Mach number, the smaller the capture stream
tube. Compare the upper figure for Mg = 0.9
with the lower one for Mg = 0.75.

A key design constraint is that the maximum
local surface Mach number on the outside of the
nacelle not exceed about 1.4 to avoid wave drag.
This constraint is important for the following
reason: The integral of the static pressures
{actually p - pg) on the outside of the capture
stream tube up to the stagnation point produces a
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torce in the free-stream direction termed the
"additive drag." For a low nacelle drag this
drag must be exactly offset by a "leading-edge
suction” that results from lower than ambient
pressures on the external lip. The minimum 1ip
static pressure is set by Myax, which is why
this constraint is important,

By decreasing the highlight area Ap] we
can reduce the projected frontal area of the ex—
ternal surface of the capture stream tube that is
generating the additive drag and increase the lip
frontal area that generates the leading-edge suc-
tion. The penalty for decreasing the highlight
area {and consequently decreasing throat -area for
a given contraction ratio) is an increase in in-
let length for a given limit on the diffuser
maximum wall angle and the diffuser wall shape.
The nacelle design for My = 0.9 that accounts
for all these factors has an external-surface-
to-fan-face frontal area ratio Sy/Af of 10.

As shown in the lower left sketch in figure
15, if we reduce the cruise Mach number from 0.9
to 0.75, the capture stream tube is larger. The
inlet length, as determined by the diffuser wall
angle limit, is reduced. With the same nacelle
design rules the external surface area can be
reduced to an S,/Af of 6.7. Thus reducing
the cruise Mach number reduces the nacelle size.

_Inlet Throat Size - Another approach to de-
signing @ My = 0.75 nacelle is shown in the
lower right sketch in figure 15. The throat area
of the nacelle is increased to equal the fan
area, so the diffuser is eliminated. This short-
ens the inlet. The spillage frontal area, which
generates the additive drag, has now increased.
To compensate for this, the nacelle maximum
diameter may be increased (while still maintain-
ing a peak surface Mach number of l.4), so the
frontal area for leading-edge suction is also
increased. Also, to mitigate the effect of in-
creasing the throat area, the inlet contraction
ratio Ap/A; 1is reduced to 1.2. For this

INCREASING THROAT SIZE

Figure 15. - Effect of free-stream Mach number.and inlet throat size on nacelle

wetted area.



reduced contraction to be satisfactory at low
speeds, a slot and a slat (previously discussed)
must be used. At cruise speeds the slot is
closed and the slat is retracted. For this de-
sign Sy/At = 5.3, and it is the most attrac-
tive design from a surface-area point of view.

Fan-face Mach Number - A1l the designs shown
in figure I5 have a design fan-face Mach number
of 0.6. If this value must be reduced, such as
by engine throttle reduction, to match the engine
thrust to airplane drag at cruise, the inlet de-
sign problem becomes more difficult. Three fac-
tors can contribute to a higher cruise fan-face
Mach number:

(1) A low design value for the fan pressure
ratio tends to give a match between takeoff and
cruise thrust requirements at a high fan-face
Mach number.

(2) The cruise altitude can be sele ted to
give an airplane-drag-to-engine-thrust m-tch at a
high cruise fan-face Mach number.

(3) If the fan is designed with variable-
pitch fan blades or with variable inlet guide
vanes, as may be desirable for rapid thrust modu-
lation for control during vertical takeoff and
landing, these same variable devices can also be
used to modulate the thrust at cruise to achieve
the desired thrust at a high fan-face Mach number.

In general, by the appropriate selection of
cruise Mach number, throat-to-fan area ratio, and
fan-face Mach number a nacelle with a minimum (or
low) surface area can be designed.

Nacelle Contour - The nacelle friction drag
is a Tunction of surface area and the friction
forces per unit surface area. Reductions in
surface area were just discussed. The local
friction forces per unit area can be reduced by
the choice of the nacelle contour. The solid
lines of figure 16 show a conventional nacelle
and the corresponding surface Mach number dis-
tribution and local skin friction coefficients.
There is an early boundary-layer transition from
laminar to turbulent flow with correspondingly
high turbulent friction coefficients. The dashed
lTines are for a nacelle contour with a Mach num-
ber distribution that was selected to maintain a
tonger laminar run and to give a more rapid dif-
fusion in the turbulent region so as to reduce
the turbulent skin friction coefficients. The
modified contour gives a lower friction drag but
has a lower contraction ratio. This lower con-
traction ratio is acceptable if the BLC or BLM
schemes discussed earlier are applied in order to
improve the internal flow at Tow speeds.

CONCLUDING REMARKS

The consequences of the present analysis, in
terms of yielding shorter, thinner nacelles, are
summarized in figure 17. The nacelle of figure
17(a) was designed without boundary-layer control
or lip devices. To meet the high-angle-of-
attack, low-speed requirements, the lower lip is
very thick, a contraction ratio of 1.7. The
upper lip was designed for good static perfor-
mance with a contraction ratio of 1.3; the side
1ip. has a contraction ratio of 1.5 to meet the
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Figure 16. - Nacelle profile for low drag.

crosswind requirements.

The nacelle of figure 17(b) meets the static
and crosswind requirements with a lower contrac-
tion ratio, CR = 1.2, by using a lip slat. The
high-angle-of-attack requirements on the.lower.
1ip are met with a retractable slat. This satis-
fies the conflicting requirements for a large lip
frontal area at low speeds and a small frontal

area at cruise.

(b) BOUNDARY-LAYER-MANAGED OPTIMUM,

Figure 17. - Comparison of subsonic high-angle-of-attack
nacelles,



The shorter diffuser is associated with the
cruise design. The reduced length is possible
because of the larger throat area and lower lip
contraction ratio. The highlight areas of the
two designs are essentially the same, so the
additive drags are the same. The external
frontal area of both nacelles was designed to
generate the required leading-edge thrust.

In general, significant reductions in
nacelle size can be achieved by optimum boundary-
layer-managed or boundary-layer-controlied
nacelle designs. The smaller nacelle because of
its lower weight, the reduced bending moment on
the engine frame, and the reduced cruise drag
will increase the payload of V/STOL aircraft.

A further consequence of these smaller nacelles
i§ that the optimum fan pressure ratio for V/STOL
Aircraft will tend to be lower, yielding further
improvements in airplane performance.
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