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Abstract

This report studies the feasibility of inlet choking through the utilization of a fluid system installed
in the nacelle. The noise reduction achieved through intake choking is very significant and has
been widely studied. The analysis consisted on 2D axis-symmetric RANS simulations, being only a
preliminary stage and requiring further work. Firstly a simplified engine model was conceived and
validated. Then the influence of the main system parameters were evaluated in terms of their influence
in inlet choking and inlet performances. It was observed a duality in the behavior of the injection
which was a consequence of the intake geometry. It was either achieved a small recirculation zone
corresponding to a fast reattachment of the jet to the nacelle’s wall, with no significant changes in the
intake performance, or a wide recirculation with jet completely separated which significant increased
the inlet choking but with significant pressure loss and flow distortion. Although a sonic intake was
not achieved, significant Mach increases were found for some of the system’s configurations. However
such result was not found for all flight cases implying that some modifications have to be made in the
system’s concept. There is an evident need for experimental analysis or to understand correctly fan
behavior and to have a more correct assessment of the system’s behavior and influence on the engine
operation and performances.
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1. Introduction
Legislation concerning aircraft noise at airport re-
gions represents an huge constraint in aircraft con-
ception and particularly in the engine concep-
tion. Nowadays, commercial aircraft usually in-
clude acoustic liners which are efficient to a certain
extend in terms of noise reduction but produce some
additional intake pressure losses and drag.

On a different perspective, there’s a constant in-
terest in looking for solutions for decreasing the en-
gine’s mass. Moreover, considering the actual de-
velopment of aircraft technologies, there is a major
interest in optimizing the operation of planes in the
several flight phases. rather than just one. For com-
mercial aircrafts, the nacelle design is focused in the
cruise, flight at angle of attack and flight with side-
wind. The two last cases force the nacelle designers
to include thick lips in the intake which result in a
significant mass-increase.

The proposed system was idealized as fluidic de-
vice, using a jet to choke the intake. It is well
known that a choked section blocks the propagation
of sound and that the jet could also entrain the ex-
terior flow and consequently improve flow capture.

The main objectives defined are listed below:

• Fully conceive a simplified engine model with

focus in the air intake, the fan and the sec-
ondary nozzle.

• Identify and evaluate the effect of the main pa-
rameters characterizing the system.

• Determine the parameters needed for generat-
ing the sonic throat.

• Evaluate system feasibility and the related con-
sequences on engine performance.

2. State of the Art
2.1. Intake aerodynamics
For the introduction of any system in the intake it
is of utmost relevance that understand the particu-
larities of intake flow at different flight conditions.
Globally, the flow at a subsonic inlet can then be
subdivided in two categories according to the po-
sition of the stagnation point in either exterior or
interior part of the lip. Considering a streamtube of
unperturbed flow starting at ∞ until the intake lip
section c, the usual quantity used to describe this
position is the flow ratio, S∞/Sc, being it bigger
than the unity for a stagnation point in the exte-
rior part and smaller than the unity for the inner
part. Neglecting the effects of viscosity, S∞ corre-
sponds to the area of the flow tube at infinity that
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enters the engine through the area Sc. According to
the position of the stagnation, there might be sep-
aration in either the exterior or the interior flow.
Some key features are of note:

• S∞/Sc > 1 - corresponds to low aircraft air
speed and high engine flow requirement, as oc-
curs during the take-off and the climb phases.
The stagnation point being in the outer surface
the flow as to contour the nacelle’s lip which
may lead to extremely high local velocities and
low local pressure. This huge drop of pressure
leads to separation of the internal flow near
the lip which consequently leads to significant
drops of stagnation pressure, compromising the
performance of the inlet.

• S∞/Sc < 1 - corresponds to opposite condi-
tions, i.e., high aircraft speed and low engine
flow requirements as for instance during the
cruise and the descent phases. For low engine
flow requirements, the stagnation point is lo-
calized inside the nacelle which means that the
interior flow will slowly accelerate from this
point downstream. On the contrary, outside
flow will have to deal with all the lip curvature,
experiencing an high acceleration followed by
an high deceleration which may eventually lead
to separation of the outside flow.

2.2. Influence of the intake on the engine cycle
In this section, it is looked into the influence of
the intake in the engine cycle of a turbofan en-
gine and particularly into the influence of the in-
take throat section. It will be considered a classical
mono-dimensional approach of the compressible en-
gine aerodynamics. The intake flow can be consid-
ered as two flows: the primary and the secondary
flow. The following analysis focus on the behavior
of the secondary flow, and it can be shown that the
operating line can written in terms of the reduced
mass-flow at the entry of the fan, and the fan pres-
sure ratio.

In general it can be noted that the flow enter-
ing the fan depends only on the flight conditions,
p∞, T∞ and M∞, on the fan pressure ratio and the
nozzle exit section. This behavior is different when
the secondary nozzle is choked, which corresponds
to Wr3 constant. Consequently W2r becomes inde-
pendent of the M∞ and it can be characterized by
equation 1.
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Accordingly, even if only the secondary flow was
considered, it can be stated that in both cases the
intake throat section has no influence in neither the

mass-flow nor the fan operating line. It should
also be mentioned that, the equations presented
do not consider situations where the flow becomes
separated and can no longer be considered mono-
dimensional, which will be an important part of the
report’s analysis.

2.3. Intake flow distortion
The problem of distorted inlet condition has always
been a major concern in the field of axial-flow fan
design and maintenance. It is indispensable that,
throughout an aircraft flight envelope, the intake
flow be compatible with engine correct functioning.
Situations of engine malfunctioning, such as com-
pressor stall, are a consequence of an intake flow
which is far-off the ideal flow uniform in pressure
and temperature and uniformly axial in direction.
These instabilities can give rise to unsteady blade
force and vibration and then lead to catastrophic
damage to the entire machine. A nonuniform inci-
dent flow can manifest itself in either temperature
field, pressure field or both.

Some causes of inlet distortion are, for instance,
side-wind, incidence, atmospheric turbulence or
maneuvering. At no incidence and with an axisy-
metric intake, distortion is fundamentally radial.
However at incidence the circumferential symme-
try is disturbed and distortion at the engine face
is highly circumferential. Moreover, distortion may
be classified steady or time-variant, but in this re-
port the focus will be in the steady distortion due
to the nature of the system and especially due to
the nature of the numerical calculations carried.

The reduction of intake distortion is achieved by
mixing, which takes place in the subsonic diffuser
(subject to the condition that no flow separation
occurs). For a certain diffuser, distortion is sub-
stantially reduced if the diffuser is followed by a
constant area duct or even more so if followed by a
contracting section, which is generally the case due
to the presence of the fan hub. In some situations,
forced-mixing devices are used to reduce distortion
by redistributing the energy of the flow at the cost
of additional pressure losses.

2.4. Acoustics
Engine noise is one of the major contributors to
the overall sound levels as aircraft operate near
airports. Therefore noise limits in airports are a
significant constraint in engine design. Thus, im-
provements in engine’s acoustic behavior are highly
desirable, but they are often associated with re-
duction of engine’s performance. Several aircraft
noise limits and regulations have been imposed by
governmental agencies. These limits are very case-
dependent, varying greatly with factors such as the
aircraft type or airport characteristics. The main
concern in acoustics is to reduce noise during the
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take-off and approach phases of flight so that the
referred limits are respected.

As far as a turbofan engine is concerned, the ma-
jor two sources of noise are the externally generated
noise produced by the jet exhaust and the internally
generated noise due to the rotating turbomachinery
and combustion processes. However, for a turbo-
fan engine with high values of BPR, the EPNL is
mainly dominated by the discrete-frequency noise
radiated by the fan. Consequently, noise reduction
is mostly achieved with inlets and nozzles incorpo-
rating acoustically absorptive linings.

Basically fan noise is a function of the rotational
tip speed and of its pressure ratio. Reducing the
tip speed reduces both fan noise and also engine
thrust. Optimization studies demonstrate that the
best tip speed for take-off is just under Mach = 1
to avoid shock associated noise. The noise due to
the fan pressure ratio is related to the impact of
the rotor wakes in the stators which results in an
unsteady pressure field that become acoustic waves
propagating through the fan duct.

2.4.1 Noise reduction by inlet choking

A possible solution, vastly studied in the 60s and
70s for its huge potential in noise reduction, is the
implementation of a sonic inlet. These studies,
mainly carried out by Boeing and NASA, demon-
strate the effectiveness of this solution. The concept
of a choked intake consists in blocking the propaga-
tion of the sound waves originated by the fan and
compressor, therefore reducing the noise in front of
the engine. Particularly, KLUJBER [1] obtained
in his experiments a perceived noise reduction in
the range of 25 to 30 PNdb with minimal pressure
loss (less then 3% on approach and less than 1%
for cruise and take-off); the noise reduction could
achieve values as high as 40 PNdb but with in-
creased pressure losses as presented in figure 1.

Figure 1: PNL reduction in function of intake
throat Mach number [1]

These experiments analyzed several inlet con-
cepts, thought the inlet choking was always ob-
tained through the movement of solid walls. Spe-
cific attention was given to the attenuation of shock
waves and the multiple pure tones produced at su-
personic fan tip speeds. The report shows clearly
how the sonic inlet reduces the noise relatively to

the fan plan as it can be seen at figure 2. Particu-
larly the comparison of the spectrum in the different
planes indicate that the sonic inlet attenuate signif-
icantly all pure tones. It also found that the noise
was effectively reduced in all angles of the forward
arc.

Figure 2: Measured noise in different inlet sections

It was also measured the effect of the choked in-
take in the pressure losses and in flow distortion.
These results are presented in figure ?? and they
show clearly that as Mach number increases at the
throat, so do the pressure losses and the flow dis-
tortion becoming significant as the Mach tends to
1.

Figure 3: Intake performance with at take-off con-
figurations

The detrimental consequences to the engine per-
formances occur mostly if the engine exceeds the
velocity for which the throat is firstly choked.
CAWTHORN et al. [2] made several experiments
to study the behavior of a turbojet in this situa-
tion, which show clearly the implications of surpass-
ing the said engine speed in terms of total pressure
loss, specific consumption increase and thrust loss.
In fact, some engine performance losses incurred at
the lowest speed in which the intake was choked.
If the engine speed was increased above said value,
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the performance losses rapidly increased. They also
concluded that no increase in the engine vibration
was observed with inlet choking and no erratic be-
havior was noted when the inlet was rapidly un-
choked.

3. Numerical Apparatus
The numerical analysis will consist in a 2D axis-
symmetric steady RANS simulation of a simplified
version of an engine. It is noteworthy the axis-
symmetrical CFD calculations are only a first step
in inlet calculations given that the intake geometry
and flow are clearly 3D. The impact of this simpli-
fication should be surveyed in a further study. The
analysis was carried out with k − ω − SST viscos-
ity model solved with a implicit numerical scheme
with second order spatial discretization. The fol-
lowing sections describe thoroughly the numerical
apparatus, including the used methods as well as
the conceived engine model and the computation
cases and strategy. The CFD analysis was carried
out using ANSYS Fluent v.14.5.

3.1. Analysis Strategy
Firstly a simplified engine (high by-pass ratio tur-
bofan) model was conceived considering a simplified
fan modeled with two source terms (a source of en-
ergy and source of momentum to generate respec-
tively the increase in temperature and in pressure
at the fan). The engine primary flow is modeled as
an outlet condition in the high pressure compressor
face and a outlet at the exit of the low pressure tur-
bine. This model was then validated for the exper-
iment in several computations cases corresponding
to take-off and climb configurations (only the pri-
mary nozzle presented an error that was neglected
due to the little impact in the intake flow).

Secondly, the ejector system is studied in a sim-
plified version which aim evaluating the effect of
the main system parameters in the choking of the
intake.

The calculations were made in very different
flight conditions for each configuration so that the
the effects of changing the former are taken into ac-
count on the system evaluation. Four main cases
were chosen for an initial analysis which are repre-
sentative of take-off and beginning of climb config-
urations.

To evaluate the impact of the different system
configurations four parameters were taken into ac-
count:

1. Intake choking Mach number, M1∗ - this pa-
rameter corresponds to the value of the ”mach
barrier” and evaluate the acoustic performance

2. Mass-flow at the fan inlet non-dimensionallized
by the reference value, W2/W2ref , and flow dis-
tortion - these parameters globally shows how

the the configuration impacts the fan inflow
and consequently the fan performance.

3. Intake pressure losses, ∆Pi/Pi0 - This param-
eter quantifies the effect of the device in the
intake performance.

4. Fan inflow max temperature, Ti2max - the tem-
perature at the fan face has to be evaluated if
the material temperature limitations are to be
respected.

3.2. Reference Engine Model
The engine used in this investigation is a high by-
pass-ratio turbofan with a relatively short intake.
The section used for the 2D model corresponds to
the horizontal section of the engine due to the fact
that it is the only plane with real symmetry in re-
lation to the axis. Being that the 2D analysis does
not consider the pylon, the 2D geometry has to be
changed at the secondary nozzle to ensure that the
exit section A18 area is correct.

Considering the system to model, it is of foremost
relevance to have a solid reference engine model,
which, even thought the approximations, allows to
take correct assessments as far as engine cycle and
performances are concerned. On the other hand,
at an initial phase, it is important to have a fairly
simple model in terms of computational cost. Con-
sequently the first analysis will be made with a 2D
Axisymetric model.

The air intake being a non-axisymetric 3D com-
ponent, this approximation will be relevant for a
posterior analysis. Moreover, the model does not
enable the study of flight with an angle of incidence
or side-wind, which are significant for a complete
review of the proposed system.

3.3. Meshing Strategy
The different meshes were created with ANSYS
Icem using a structured approach. This approach
was chosen due to its space efficiency and to the
fact that structured grids present better conver-
gence that non-structured grids.

The mesh was developed with a mixed topology
consisting of C blocks and H blocks. C blocks were
used to mesh the profile shapes corresponding to
the Nacelle and to the Inner Fixed Structure (IFS).
The rest of the grids have a H-shaped topology.
Globally the mesh is coarsen in the regions further
way from the engine to reduce computational costs
in the zones with fairly constant flow conditions.
Finer mesh is used next to the engine, particularly
near to the walls so that a condition of y+ ≈ 30 be
respected. For the simplified system configuration
the grid is highly refined in its area of the intake
near the system implementation so that the high
gradients present in this area may be correctly cal-
culated.
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4. Results
4.1. Reference and model validation
As the core of the model is the fan model, the cor-
rect operation of the latter is the main focus of
the validation. Firstly the source terms were de-
termined, with the correction factor to assure the
correct total mass-flow. Is is promptly seen that the
proposed equations estimate correctly the source
terms. For the source of momentum it is seen that
a correction factor is needed to achieve the correct
mass-flow. However the error that appears in the
fan exit pressure is acceptable. Relatively to the
energy source momentum, the results are extremely
satisfactory since there is no need to apply a cor-
rection to achieve small errors.

The source term model leads to uniform pressure
and temperature ratios along the fan and does not
consider radial differences. It seems therefore rea-
sonable to state that the model is only compatible
with uniform flows at the fan entry. The results
at the fan and at secondary nozzle in cases of high
distorted fan inflow have to be carefully evaluated.

The validity of the engine model was evaluated
in the exit section of both nozzles. In terms of the
secondary nozzle it was obtained a relatively small
error due to an higher pressure in the exit at the
calculations than in the reference. In the primary
nozzle, the results do not seem to be valid due to
the errors calculated. The source of the difference is
again, but at an higher magnitude, the fact of the
calculated pressure at the exit being much higher
that the atmospheric pressure. The reason for the
error was not fully understood and should be object
of further analysis. Nevertheless it was noticed that
the primary flow had little impact in the secondary
flow or in the intake flow and therefore was kept in
spite of the error for comparative purposes.

4.2. Parametric analysis
The following analysis consists of a classical para-
metric analysis which consists in systematically
change the value of a conception variable, keeping, if
possible, all others constant. The results presented
focus in qualifying the impact of a parameter in the
efficiency of the system and impact on global engine
performance (particularly the fan and the intake).

The objective of the following analysis is finding
the most favorable system configuration considering
the purpose at hand. Globally two kind of charac-
teristic results appear which are a consequence of
the intake geometry and that can be triggered by
several of the analysis parameters:

• Case I - A small recirculation zone is formed
and the jet penetrates the crossflow poorly.
This effect is justified by the fact that the jet
penetrates the crossflow only in the convergent
section of the intake. The negative pressure

gradient in this region leads to the reattach-
ment of the boundary layer. This type of ejec-
tor placement as consequently no influence on
the choked mach number, M1∗.

• Case II - A wide recirculation zone is formed
with reversed flow near the aspiration area.
This region, which may extend to the fan re-
gion, provoke significant distortion at the fan
inlet and may even result in reversed fan flow.
In this second case, it is the divergent section
of the intake that justifies the described behav-
ior. The jet penetrates the crossflow enough to
achieve the diffuser region without being at-
tached to the wall. Then the positive pressure
gradient favors separation so the flow tends to
remain separated. This phenomena tends to
facilitate the intake choking but at the same
time leads to intake flow distortion and losses.

4.3. Consequence of the system on the fan and
model

When the device was integrated in the engine
model, the fan model seemed to produce non physi-
cal results and so the absolute results of this model
are not totally reliable. The model main malfunc-
tions identified are presented below:

• The presence of the jet, even if inclined towards
the fan, seemed to cause, besides some excep-
tions, a lost in the fan inflow. On the one hand,
considering the cases where the jet reattaches
to the wall, an increase of fan inflow was ex-
pected. What is more the jet should entrain
the outside flow creating a small increase of the
inflow. On the other hand in the situations of
highly separated flow several effects are worth
noticing:

– A local reversed flow in the fan is not ac-
ceptable. Reversed flow appears when the
fan stalls and would lead to more signifi-
cant losses in the intake.

– The model does not consider the effects of
the low mach inflow at the fan tip which
leads to high angles of attack in the blades
flow. This effect would have a deep im-
pact in the fan performance.

– The fan massflow at the separated zone
has to be analyzed experimentally since it
is impossible to predict the behavior of the
flow with a real fan based on the model
used.

• As the jet separates from the wall a significant
temperature rise is found at the fan tip. This
seems to be a consequence of the energy source
term definition. Consequently it seems difficult
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to conclude if certain configurations would im-
pose a temperature too high for the fan mate-
rials.

Nevertheless these results are interesting for the
comparative investigation of the influence on the
system of the study parameters and give a first view
to the feasibility of the system.

5. Conclusions

With the current concept and considering the tech-
nology limitations, it was impossible to achieve a
sonic throat at the intake. Significant increases of
Mach values were found for some injector configu-
rations at reasonable injected massflow but with a
very significant impact on the fan. However such re-
sult was not found for all flight cases implying that
some modifications have to be made in the system’s
concept.

The inclusion of the system resulted in a duality
of results consequence of the nacelle’s geometry:

• If the jet would penetrate only in the con-
vergent region before the intake’s geometric
throat, it would reattach to the nacelle’s wall,
generating a small recirculation zone with neg-
ligible influence in the overall flow behavior.

• If the jet penetrates into the diffuser zone with-
out being reattached, it remains separated cre-
ating a wide recirculation zone which increases
significantly the choking mach number but also
causes significant pressure losses, flow distor-
tion and reduces the fan inflow.

The boundary between the two cases is highly
sensitive to changes in the system parameters. As
the fan model was extremely simplified, there is
an evident need for experimental analysis to under-
stand correctly the fan behavior and the behavior of
the flow. Moreover it would permit to have a more
correct assessment of the system’s influence on the
engine operation and performances.

A continuation of this project requires some
changes in the concept. These can be changes in
the intake geometry through for instance movement
of the fan hub or changing the intake length or the
application of different systems and technology.
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