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Variable Geometry for Supersonic Mixed-Compression Inlets

Norman E.Sorensen, * Eldon A.Latham,} and Donald B. Smeltzert
NASA Ames Research Center, Moffett Field, Calif.

Study of two-dimensional and axisymmetric supersonic mixed-compression inlet systems has shown that the
geometry of both systems can be varied to provide adequate transonic airflow to satisfy the airflow demand of
most jet engines. Collapsing geometry systems for both types of inlet systems provide a generous amount of
transonic airflow for any design Mach number inlet system. However, the mechnaical practicality of collapsing
centerbodies for axisymmetric inlet systems is doubtful. Therefore, translating centerbody axisymmetric inlets
with auxiliary airflow systems to augment the transonic airflow capability are an attractive alternative. Estimates
show that the capture mass-flow ratio at Mach number 1.0 can be increased approximately 0.20 for a very short
axisymmetric inlet system designed for Mach number 2.37. With this increase in mass-flow ratio, even variable-
cycle engine transonic airflow demand can be matched without oversizing the inlet at the design Mach number.

Nomenclature
A, =capture area .
Ag =freestream tube area entering the inlet
D =inlet capture diameter
M, =design Mach number
M;  =local freestream Mach number
M,  =throat Mach number
my  =bleed mass flow
m,  =capture mass flow
D, =engine-face total pressure
b, .= area-weighted average engine-face total pressure
P., = freestream total pressure
Ap =engine-face total-pressure distortion,
. (Przmax —pfzm,-”/p’z
Subscripts
max =maximum
min  =minimum
Introduction

HE design of mixed-compression supersonic inlet

systems for long-range supersonic cruise aircraft has cen-
tered mainly about the design Mach number requirements.
Off-design requirements, generally, have taken secondary
roles in establishing final designs. As a result, the off-design
engine matching and performance requirements have been
satisfied by complex variable geometry systems, which, in
some cases, may not assure inlet-engine matching com-
patability. Moreover, innovative variable geometry alter-
natives that have less complex design features for mixed-
compression supersonic inlet systems have not been available,
especially for axisymmetric inlets. Consequently, the main ob-
jectives of this paper are to 1) describe the effects of new, as
well as established, variable geometry alternatives on inlet
design and complexity, and then 2) compare the estimated
engine matching characteristies of each alternative.

Collapsing Geometry Inlets

Both two-dimensional and axisymmetric inlet systems have
used collapsing geometry to attain needed off-design per-
formance and airflow to satisfy jet engine demands. Examples
of each type of inlet designed for Mach number 2.65 are
shown in Fig. 1; both inlets have been tested.!? The two-
dimensional inlet,! inlet 4, uses conventional collapsing
ramps. Even. though the ramp system is complex, the
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mechanical design allows little leakage or disturbance of the
local boundary layer, and the movable leaves that support the
ramps are suited for compartmentalizing the required
boundary-layer bleed regions (not shown) on the ramp. (It is
important to compartmentalize the bleed to prevent recir-
culation of bleed airflow and minimize the bleed drag.?).

The axisymmetric inlet,? inlet B, since it is circular in shape,
uses multiple, longitudinal centerbody segments that collapse
radially for off-design operation. This multiple-segmented
system in mechanically more complex than the two-
dimensional ramp system, and its design is such that prevent-
ing leakage and compartmentalizing the boundary-layer bleed
regions are more difficult. In fact, the limited practicality of
compartmentalizing for several bleed regions may, of itself,
restrict the usefulness of this concept to Mach numbers below
3.0. '

Both inlets A and B can provide high transonic airflow and
can match the airflow demand of most jet engines. Figure 2
shows the capture mass-flow ratio 4,/A4 . supplied by each
inlet and the capture mass-flow ratio demanded} by a typical
study engine, the P&W SA dry turbojet, as a function of the
local freestream Mach number M, up to the inlet starting§
Mach number, M; =1.6. With an assumed inlet throat Mach
number of 0.85, inlet A can supply Ay/A4,=0.686 at M,
=1.0, and inlet B can provide substantially more, 4,/A4,
=0.781. However, in principle, it is possible mechanically to
collapse the two-dimensional ramp system so that the tran-
sonic mass-flow ratio could be made approximately equal to
that of the axisymmetric inlet system. Still, both inlets easily
match the demand of the study engine.

Translating Centerbody Inlets

Since two-dimensional inlet systems are relatively easy to
adapt to collapsing geometry, consideration of other variable
geometry alternatives, such as translation, is academic for this
type of inlet. However, for axisymmetric inlets, translating
the centerbody for off-design operation has proven to be
aerodynamically efficient and mechanically practical. But
axisymmetric inlets with translating centerbodies suffer from
relatively low transonic airflow capability. One way to over-
come this transonic deficiency is to design an inlet system,
which, in the transonic geometry, has an upsteam throat (for-
med by the cowl and centerbody) that is greater than the

t In this paper, engine demand is calculated by using a typical
supersonic transport engine-face total-pressure recovery schedule.*
Data for the tested inlets!” show that the schedule can be ap-
proximated (at M; =1.0, p,/p, =0.94 to 0.98 and, at cruise,
P,/py, =090 to 0.94) with “acceptably low engine-face distortion
(tfansonically, Ap<0.15 and, at cruise, Ap <0.10) and reasonably low
boundary-layer bleed flow (transonically, my, /m, =0 t00.02 and, at
cruise, my;/me, =0.05 t0 0.07).

§¢“Starting’’ refers to the process by which the internal flow in the
supersonic diffuser is changed from subsonic to supersonic.
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Fig. 2 Transonic engine matching for collapsing geometry inlets,
M ges =2.65.
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Fig.3 Translating centerbody inlets, My, = 2.65.

—-2.220

downstream throat (formed by the cowl and the centerbody
support tube). The downstream throat then is enlarged by
using cowl doors. A tested inlet that uses cowl doors,
designated Boeing Ns*3 is shown in Fig. 3. The throat doors
(hinged upstream in the supersonic diffuser) extend down-
stream just ahead of the engine face, and open outwardly to
create a downstream throat area that is greater than the up-
stream throat area (near the cowl lip). This system is not only
complex but accounts for approximately 23% of the inlet
weight.? A further complexity is added to this system in the
form of a traveling bleed system. The multiple compartments
of the traveling bleed system are required to maintain throat
bleed opposite the stationary cowl bleed—an inherent
requirement for axisymmetric inlets with relatively small-
diameter translating centerbodies. If cowl doors are
eliminated, somewhat less transonic airflow must be accepted,
since now the centerbody diameter must be increased just
enough to avoid a downstream throat. The tested NASA P
inlet3%7 shown in Fig. 3 is such an inlet. For this inlet system
the complexity of the traveling bleed system must be retained
if a reasonably low rate of subsonic diffusion is to be main-
tained with the centerbody at the design Mach number
position. If it becomes possible to control boundary-layer
separation in a very rapidly expanding subsonic diffuser, an
inlet such as the NASA P’ would be practical. Although this
inlet (Fig.3) has the same supersonic diffuser as the NASA P
inlet, it has a much more rapidly expanding subsonic diffuser.
The throat now remains fixed on the centerbody instead of on
the cowl, thereby eliminating the need for a traveling cen-
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Fig. 4 Transonic engine matching for translating centerbody inlets,
M g5 =2.65.
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Fig.5 Auxiliary airflow inlets with translating centerbodies.

terbody bleed system. This shortens, by 47%, the inlet from
2.22D to 1.18D. However, the transonic airflow capability
remains the same as for the NASA P inlet.

The transonic matching characteristics of the three inlets
are shown in Fig. 4. Once again, capture mass-flow ratio 4,/
A. is plotted as a function of local Mach number M, . The
Boeing N inlet just can match the GE4-J5P afterburning tur-
bojet, whereas the NASA P and P’ inlets show a deficit, up to
M, =1.43, where the inlet presssure recovery is reduced
enough (because of normal shock losses) to reduce the engine
demand to equal the inlet supply. To supply the engine
demand (plus minimum cooling air), the NASA P and P’
inlets would have to be oversized by 7% at cruise,* thereby
creating an undesirable increase in inlet drag and weight.
However, oversizing may not be necessary for a dry turbojet
if the engine rotational speed, at the transonic Mach number,
can be reduced enough to lower the engine demand to match
the inlet supply.

Auxiliary Airflow Inlets

A new but untested alternative to using throat doors (for in-
creasing transonic airflow of axisymmetric inlets) is that of
using a centerbody auxiliary airflow system. Such systems are
shown in Fig. 5 for inlet systems that are designed for Mach
numbers 2.65 (NASA P,) and 2.16 (NASA Q). In these
systems, the forward section of the centerbody cone is trans-
lated aft, creating an annular auxiliary opening whose area is
approximately 11% of the capture area.§ In this con-
figuration, the auxiliary airflow can pass through the cen-
terbody and mix with the main duct airflow on its way aft to
the engine face. The inlet systems shown do not require cen-
terbody traveling bleed systems, because the centerbody
maximum diameter is large enough to maintain the throat on
the centerbody as the centerbody translates for off-design
operation. In fact, the centerbody maximum diameter of the
NASA P, inlet? is larger than the NASA P inlet, and, con-
sequently, the main-duct transonic mass-flow ratio is 0.066
lower. An auxiliary airflow system is required if the transonic
mass-flow ratios of these two systems are to be comparable.

¥Since all supersonic mixed-compression inlet systems require
boundary-layer bleed systems (not shown) to prevent boundary-layer
separation in the supersonic diffuser during started operation, a rather
complex cross-passageway system is required between the auxiliary
airflow passageway and the bleed airflow passageway. This com-
plexity limits the auxiliary airflow area to a maximum of ap-
proximately 10 to 12% of the capture area.
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Fig. 7 Variable-cycle engine matching for centerbody auxiliary air-
flow, My, =2.37.

But since the NASA P, inlet does not need a traveling bleed
system, the centerbody support struts can penetrate the aft
skirt of the centerbody subsonic diffuser, allowing a short-
ening of the inlet length, as measured from the cowl lip to the
engine face, by approximately 27% (2.22D to 1.63D) of the
NASA P inlet. The NASA Q inlet is even shorter —only 1.45D
long.

The estimated engine matching characteristics of these two
inlets up to the design Mach numbers are shown in Fig. 6. The
NASA P, inlet centerbody auxiliary airflow now can match**
the transonic demand of the GE4-J5P engine. However, there
is a slight inlet airflow deficit at the starting Mach number of
1.6. This can be overcome easily by starting the inlet at a
slightly higher Mach number (M, =1.75). For the lower
design Mach number NASA Q inlet, the transonic mass-flow
ratio is considerably higher than for the NASA P, inlet,
because of the larger main-duct throat area (lower contraction
ratio) that is required for the lower design Mach number. The
NASA Q inlet just can match the demand of a typical study
engine, the P&W 10A dry turbojet, up to the starting Mach
number. However, a large deficit beyond a Mach number of
1.6 is shown. Therefore, starting should be delayed to Mach
number 1.9 for this inlet system.

Variable-Cycle Engine Matching

With the advent of variable-cycle engines (VCE), whicH
promise greater efficiency and range for supersonic cruise
vehicles,® new inlet-engine matching problems arise. Figure 7
shows the engine demand curve of a typical VCE and the inlet
supply curve for an inlet that has a centerbody auxiliary air-
flow system that is similar to those shown in Fig. 5 but that is
designed for Mach number 2.37. The VCE at Mach number
0.9 cruise operates as a high airflow-demand turbofan engine.
Once acceleration to supersonic speeds is initiated, the cycle
can be varied to the low-demand turbojet mode. In the tur-

**For the untested auxiliary airflow inlets, the transonic per-
formance with M, =0.85 will probably be lower than that of the
tested inlets, *® because of the more complex passageways that the
auxiliary airflow must navigate. However, with the greater flow area
available, transonic engine matching may be possible with lower M,
resulting in lower losses in the airflow passageways and thus allowing
performance levels comparable to the tested inlets. At cruise, engine-
face performance should be comparable’ to the tested inlets,>®
because the supersonic diffusers are similar and the subsonic diffusion
rates are about the same. '
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Fig. 9 Transonic airflow characteristics.

bojet mode, the inlet supply can be reduced to match the
engine demand by partially or completely closing the auxiliary
airflow system. But in the turbofan mode, even with an
auxiliary centerbody airflow system, there is a deficit. The
deficit may be overcome simply 1) by increasing the size of the
inlet, thereby oversizing the inlet at the design Mach number,
with the attendent weight and drag penalties for bypassing the
extra airflow around the engine, or 2) by high-flowing the
engine (i.e., increasing the rotational speed of the compressor)
to accept the higher inlet airflow. Another new but untested
alternative to oversizing the inlet is to admit additional
auxiliary airflow through the cowl; as shown in Fig. 8. In this
example, outside cowl doors are opened to allow transonic
ram airflow to diffuse through the bypass takeoff screens to
the engine face. In this design, a subsonic diffuser is used to
prevent sudden expansion total-pressure losses in the bypass
plenum chamber which would tend to prevent induction of the
cowl airflow into the high-pressure main-duct engine-face air-
flow.

Transonic Airflow Characteristics

Only the transonic airflow characteristics of selected inlets
up to Mach number 2.65 have been presented. To provide a
greater perspective, the transonic airflow prospects for inlets
designed for high Mach numbers are shown in Fig. 9. The
estimated trend of the maximum capture mass-flow ratio at
Mach number 1.0 for the types of inlets discussed is plotted as
a function of design Mach number. The maximum capture
mass-flow ratio for each of the inlets discussed also is shown.
The trend for axisymmetric inlets is the theoretical maxi-
mum’ without auxiliary airflow systems. Although the two-
dimensional inlet A shows only 0.685 mass-flow ratio,
whereas the axisymmetric inlet B showns a considerably
higher mass-flow ratio of 0.780, the collapsing ramp and cen-
terbody systems, as mentioned before, still can offer com-
parable airflow capability. Furthermore, high mass-flow ratio
throughout the design Mach number range shown is a charac-
teristic of collapsing systems.

~ For axisymmetric inlets with translating centerbodies, cap-
ture mass-flow ratio tends to decrease with increasing design
Mach number. However, this characteristic is not necessarily
a detriment to engine matching, since inlet capture areas tend
to become larger in diameter than the engine-face diameter,
and the transonic engine demand decreases in terms of cap-
ture mass-flow ratio, partially or entirely compensating for
the relatively low transonic mass-flow capability of axisym-
metric inlet systems.
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Concluding Remarks

We have seen that two-dimensional and axisymmetric inlet
systems with collapsing .geometry can match the transonic
demands of most jet engines. However, the practicality of
collapsing geometry for axisymmetric inlets is presently
doubtful. Therefore, translating centerbody axisymmetric
inlet systems with auxiliary airflow systems may be considered
as likely alternatives if high transonic airflow capability is
required. Both centerbody and cowl auxiliary airflow systems
seem to be reasonable means for increasing transonic airflow,
and both means may be needed for matching variable-cycle jet
engines. .
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