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Abstract — The article presents a numerical analysis of the intake system of a turbine jet engine
in terms of parameter stability along its duct, following the occurrence of an intake vortex. This
type of intake system is characterized by high susceptibility to intake vortex. In extreme cases, this
type of phenomenon leads to the engine surge and even to the operation disruption (engine
stalling). The article presents a developed model of the front part of the aircraft with an intake
duct. The discretization process involved in the issue under consideration has been described. The
airflow parameters corresponding to the conditions in such cases have been adopted and
numerical calculations have been performed. The result is an intake vortex. Subsequently,
significant cross sections in the intake system have been separated, on which the impact pressure
distributions have been determined. The main part of the article is devoted to the analysis of
pressure distributions. They have been subjected to quantitative analysis using the proposed
pressure coefficient. The coefficient has provided quantitative information about the difference in
pressure distributions for selected sections. The results obtained have provided information about
mounting airflow instability in the flow duct caused by the intake vortex. Copyright © 2021 The

Authors.
Published by Praise Worthy Prize S.r.l.. This article is open access published under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Nomenclature T, Deviation of turbine outlet temperature
A Final cross-section of the engine intake duct vV S/h;r;?ﬁz
Ay Free cross-airflow section Py Thermal conductivity
A Dimensionless area in the ith area v Velocity
Cy Specific heat at constant volume * . .
Cont Intake drag coefficient Tl The |_ntake pressure ratio
DC(®) Distortion coefficient p Density
k Isentrope exponent Oyl Pressure loss coefficient
ARy Surge margin Pui Flow rate coefficient
Ma Mach number
n Number of separate pressure areas )
ng Deviation of engine rotor speed changes I Introduction
N, Deviation of the turbine power changes The basic task of a turbine jet engine is to ensure
p* Total pressure adequate thrust while meeting additional criteria related
P Average total pressure in the ith area to the entire engine as well as its components (inlet -
dn Surface density of the heat flux (e.g. Fourier compressor - c_ombustion chamber - turbine - exha_ust
law for heat conduction ¢, = AfigradT ) system). For FhIS reason, a number of works are carried

G Heat flux density related to the unit of mass of out to_optlmlze |pd|V|duaI _c_omponents, as well as to

m the fluid gjeterm_me the_ optimal conditions for t.helr cooperation,
q0) The relative airflow density mcludm_g the mIet-compress_or cooperation. -
R Gas constant The intake system _of a jet engine is often a cr!tlcal
S Area component of an engine's performance ar}d operational
¢ Time reliability. The correct operation of Fhe |_ntake syste_m
T Temperature also affects Fh_e performance of the entire aircraft, e.g. its
T* Total temperature maneuverability. In the area of work of the intake
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systems, the following problems can be distinguished:
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the boundary layer issues for various types of inlet
systems [1], [2] the influence of the jet engine inlet
operating conditions on the fan [3], [4] or the inlet vortex
problem [5]. In the case of the analysis of the problem of
the phenomenon of the inlet vortex itself, as in [5], the
mechanism of generating a ground vortex has been
analyzed at different variants of the gust (side wind and
head wind). The mechanisms of vortex formation for
different gust variants are also different. In [5], the
authors have created and verified a mathematical model
in order to predict the strength of a vortex on the ground
based on the aerodynamic similarity. Based on the built
model, the effect of ground clearance (inlet-ground) on
the vortex strength has been assessed. The problem of a
vortex initiated by crosswinds is particularly important,
since it can cause a strong disturbance of the flow
parameters at the inlet to the engine, which affects its
performance [6], [7]. In addition, it should be
remembered that the inlet vortex particularly affects the
operating range of the compressors and fans themselves,
but it should not be forgotten that other factors influence
their performance and installation life [8], [9]. In this
work, the subject of analysis is the fuselage intake
system of a multi-role aircraft propulsion unit. These
types of systems are characterized by high susceptibility
to intake vortex (Fig. 1). However, the basic task of the
intake system is to supply an adequate amount of
ambient air to the engine, with a homogeneous field of
parameters, with a simultaneous dynamic compression

process and as low pressure losses (1—6:\” ) as possible.

An important part of operational design of the intake
system is to determine the changes of cross-sectional
fields of the intake system, in order to ensure the stability
of the entire system (aircraft propulsion). In this area,
there are unconventional solutions aimed at improving
the operational properties of the engine intake system.

An example of this is the S-duct ridge inlet, which,
according to the authors of [2], is to ensure optimal
cooperation between the airframe system and the engine.

The authors of the publication have examined the
entire structural system of the aircraft in terms of its
aerodynamic characteristics, as well as parameters
obtained in the inlet flow channel, such as velocity or
pressure distributions.

Fig. 1. Aircraft engine intake vortex at F-16 aircraft [10]
The optimal design of the jet engine intake system is
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to ensure a uniform distribution of the air flow to the
engine with minimal pressure losses over a wide range of
operating conditions [11]. Such a possibility is provided
by the use of the equation of continuity. For example, by
analyzing the external section (free) of the airflow (H)
and the final section of the intake system (1), assuming
that there are no air bleeds, an equal mass flow rate is
obtained in relation (1):

@

):jﬁ

where j=f(k,R). In the analysis of intake systems,
equation (1) transforms frequently into a variable relative
value, which is cross-section A:

* A
oty A1) @
QO‘H )

Equation (2) applies to freely selected sections of the
intake airflow. The relationship shows that in the case of
an increase in the design flight Mach number May, its
consequence is an increase in airflow density q(A4) and
dynamic compression. This entails the reduction of the
required minimum intake section. However, the relative
actual minimum plane should be 5+15% larger than the
theoretical value owing to the problem of the wall layer
detachment.

The operation of the intake system is influenced by a
number of parameters, which at the same time affect the
homogeneity of the distribution of parameter fields at the
engine intake, which affects the correctness of engine
operation [12]. The nature of changes in the field and
parameters of the airflow section are subject to variations
depending on, among other things, the flight phase and
the operational range of the aircraft engine. The major
cases from the stable intake operation perspective
include:

- Ground operation;

- Start and take-off;

- Approach to landing;

- Crosswind;

- The range of unstable engine operation.

The operation of the intake system including its
operational stability is determined by the following
parameters and their changes:

- Intake pressure ratio 7, ;

*

- Pressure loss coefficient o, ;

- Flow rate coefficient ¢, ;

- Intake drag coefficient Cy wi;
- Surge margin AKy;;
- Distortion coefficient DC(®).

The intake vortex is an important reason in disturbing
the intake (Fig. 2) and compressor unit in actual ground
conditions. It leads to changes of parameters in the
peripheral as well as radial direction.
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Fig. 2. Simulation of the intake system of fuselage turbine engine on
the ground at a laboratory stand with visualization of the pathline
[Photo A. Kozakiewicz]

The consequence of this phenomenon is the impact on
the position of the surge line. This leads to a lowering of
the distorted surge line of the compressor [13]. In each
case, when the flow reaching the compressor or fan
shows large heterogeneity of parameters, it has a
detrimental effect on the efficiency of the engine [11].

A distorted field of parameters as temperature,
pressure, and speed accompanies the airflow through the
turbine engine intake system. The disturbance of the
parameter field applies to each intake type. The essence
of this problem is also strongly visible during changes of
engine parameters expressed as a function of time (Fig.
3). The consequence of this type of phenomena may be
engine stalling, which is visible for the interval t>190 s
[13], as a result of growing deviations of airflow
parameters. It is also worth paying attention to the fact
that the duration of disturbance of the flow parameters at
the engine inlet strongly influences the reaction of the fan
or the compressor. The above is due to the finite response
time of the compressor or fan. These devices need time
to adapt to unstable inlet conditions [15].

1
H ax

Fig. 3. Characteristics of changes in parameters
of turbine engine during surge [14]
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The disturbances in the engine inlet flow parameters,
caused by a number of aerodynamic aspects, may
consequently lead to large distortions of the total
pressure flow fields and vortex deformations, leading to a
stall on the first stages of the compressor or the fan.

Moreover, discrete distortion areas may have a strong
influence on the increase in blade loads, increase in
mechanical vibrations and decrease fatigue life [16].

Additionally, disturbing the flow in the form of an
inlet vortex may lead to damage to the fan or compressor
blades due to the suction of foreign bodies, e.g. from the
airport apron [17]. The article aims at presenting the
results of numerical analyses concerning the impact of
the vortex on distortion of the parameter field in the
intake system. This type of analysis allows visualizing
the flow phenomena occurring in the inlets of the jet
aircraft engines [11], [17] and analyzing their influence
on the uneven distribution of the flow parameters along
the engine inlet.

The main body of this paper is divided into four
sections. Section Il presents the design of the
computational model, prepared numerical grid and the
applied finite volume method. Section Il is the most
comprehensive section of the article. It contains an
analysis of the obtained results. The results are given in
the form of raster and bar charts. Particular attention has
been paid to the analysis of the influence of the inlet
vortex on the unevenness in the pressure distribution
along the engine inlet channel. The conclusions of the
research and the analyses are presented in Section IV.

For the purpose of performing numerical flow tests in
the F-16 aircraft duct, a numerical model of the front part
of its fuselage has been developed (Fig. 4). Then a virtual
model has been developed for the numerical simulation
process using the following steps:

- Import of a solid object from an external file exported
from Siemens NX software;

- Development  of  the
(computational domain);

- Assignment of appropriate boundary conditions;

- Discretization of the model and the computational
domain;

- Export of the discretized test object to the Ansys

Fluent solver.

Following the import of the model into the Design
Modeler software, the development of the computational
domain has been launched.

A cuboidal domain of 20 m x 10 m x 10 m has been
adopted. Afterwards, from this domain, a smaller
computational area has been separated, with the
dimensions of 7.16 m x 3.75 m x 4 m, for making a
denser numerical grid in the immediate vicinity of the
test object. This is a deliberate procedure to ensure
greater accuracy of calculations. Fig. 5 shows a
developed computational domain with a separate,
additional sub-area.

Design of the computational model

computational ~ area

International Review of Aerospace Engineering, Vol. 14, N. 4



A. Kozakiewicz, M. Frant, M. Majcher

Fig. 5. Names assigned to the planes
of the computational area and the fuselage

Once the computational domain has been developed,
efforts have been undertaken to define boundary
conditions. To the external surfaces of the computational
area, the pressure far field condition has been assigned. It
corresponds to the undisturbed flow condition. In the
compressor intake plane, a pressure outlet condition has
been adopted, which allows changing the vacuum at the
outlet from the computational domain, which
corresponds to natural operational conditions at the
compressor intake. A wall type condition has been
applied to the ground and fuselage surfaces. The
respective names assigned to the planes are shown in Fig.
5. The next phase has been discretization, which has been
carried out using the so-called hybrid grid. It is a
combination of structural and non-structural grids. The
structural grid has been built in the engine intake duct in
the area of the wall layer, while the non-structural grid
has been built in the remaining area. In the area of the
wall layer, five layers of prismatic elements have been
modelled, while the remaining volume of the
computational area has been discretized with
quadrilateral elements. The total number of grid elements
has been 5,681,608, including 325,945 prismatic
elements in the boundary layer area. The grid distribution
in the plane of symmetry of the front part of the aircraft
model is shown in Fig. 6, while the grid distribution in
the engine intake area with visible prismatic elements in
Fig. 7.

Copyright © 2021 The Authors. Published by Praise Worthy Prize S.r.l.

Fig. 7. The grid layout in the engine intake area

The development of the virtual model for the process
of numerical simulations has been completed by
exporting the discredited test object to the Ansys Fluent
computational solver. The commercial package Ansys
Fluent CFD software has been used for the calculation.

The package is based on the finite volume method. An
indisputable advantage of this method is that it provides
for  building  non-orthogonal and  non-uniform
computational grids, which is essential for computational
tasks involving objects of complex shapes. The method is
based on the direct discretization of the equations
expressing conservation laws in the physical space.

Therefore, the following conservation equations
represent the starting point:

- Mass conservation equation (continuity equation):

2 [[Tpav + [Jpvads =0 ©)
\% S
- Momentum conservation equation:
%( m devJ = jj p,dS + m pE. dV 4)
\Y S \Y
- Energy conservation equation:
i{ m,{cvmﬁ]w] ([ s+
dt| 7y 2 S

+ij pF, vV + fsj GodS + J [ dmpav

®)

In order to facilitate further transformations, the three
equations specified hereinabove can be saved as:
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L [ v+ [ros - ][ av ©)

where @, H, R are column vectors:

R= pF,, +divIT
PRV + Gy, + div(TIV ) + div(AgradT)

where TI is the surface stress tensor. A vector @ is a
vector of state, and its components include mass,
momentum and total energy of a unit of volume. These
are the basic values characterizing the physical state of
the fluid. The first expression of the left part of the
equation (6) determines the speed of change of this state
over time, caused by the action of external sources.

External sources also cause the change of momentum
and energy. The surface integral in Eq. (6) is a
convection element and determines the flows of these
quantities through the external surface. The expression
on the right is the source element and contains diffusion
element under the divergence sign. Then the above
equations are averaged in accordance with the formulas
referred to in [18], [19] thus obtaining the equations
known as Reynolds equations. These equations have
been used to address the issue. It should be noted that the
effect of the above-mentioned equation averaging
operation is that the previously closed system of
equations becomes an open system, because six
complementary relations, defining components of the
turbulent stress tensor, are missing. Hence, the
application of turbulence models is needed.

I11. Analysis of the Results

The issue of intake system operation analysis is
presented in [20]-[24]. The authors of this paper have not
encounter such an approach to the problem concerning
the impact of the intake vortex on the stability of this
type of actual intake. The analysis of the supersonic
aircraft's intake system, in a fuselage structural system,
has been intended to provide new information about the
disturbed distribution of the total pressure field along the
duct in case of an existing intake vortex. The problem of
intake vortex formation itself has been previously
examined by the authors and discussed in [10], [25]-[27].

The case of the intake system with an intake vortex,
caused by a crosswind, at an angle of 45°, has been
adopted in order to investigate this problem. The selected
angle and Mach number of the gust Ma=0.0075 has
ensured the creation of a vortex in numerical analyses
[25]. At the same time, the gust has not stalled the
vortex. As a result of the simulations carried out, the

Copyright © 2021 The Authors. Published by Praise Worthy Prize S.r.l.

pressure variations have been distributed along the duct
(Fig. 9). The analysis of pressure changes in the
longitudinal section has provided information only about
the range of total pressure changes in the intake duct,
which has ranged from p*=2.01x10* Pa to p*=1.07x10°
Pa.

This analysis does not produce unambiguous data on
distorted pressure distribution in the cross sections,
which have a significant impact on the operational
stability of the compressor. For this purpose, four zones
have been adopted for analysis (Fig. 10). They have
included the intake section A (4.5 m from the nose of the
aircraft fuselage), section D, connecting the intake with
the aircraft engine, (6.0 m from the nose) and two
intermediate sections have been selected (B - 5.0 m and
C - 5.5 m from the nose).

ANSYS

R16.2

836601 _

5570404

2.78e+01
0.00e+00

Fig. 8. Front view of current lines

R16.2

Academic

Fig. 10. View of intake system cross-section planes
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The obtained results are presented in Figs. 11-14.
Pressure scale is identical with the scale in Fig. 9.
Analyzing the results obtained in the following
sections, in terms of quality the following enlargement of
the field of disturbance and an increase in the value of
the distribution of the impact pressure field have been
noticed. The disturbance zones are enlarged from the side
parts of the intake duct in parallel to the development of
lower zone. The lowest pressure with the value of
p*=2.01x10* has been obtained in section A. From these
zones, the main areas of reduced impact pressure develop
in the flow duct. The lowest can be found in section D
and equals 5x10* Pa. In addition to the qualitative
analysis, a qualitative analysis has been conducted. The
pressure area in the sections A, B, C, D has been divided
into five compartments:
- Series 1: (8.75x10* +1.07x10°) Pa;
- Series 2: (7.79x10" +8.75x10") Pa;
- Series 3: (5.86x10 +7.79x10") Pa;
- Series 4: (4.42x10" +5.86x10") Pa;
- Series 5: (2.01x10* +4.42x10") Pa.

Fig. 13. Total pressure in section C (5.0 m from the nose)

e

Fig. 14. Total pressure in section D (6.0 m from the nose)
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Results are presented in Fig. 15. The graphs show the
percentage change of main pressure zones. The
percentage share of main pressure zone (Series 1)
decreases from 78.9% to 52.1%. There is a zone increase
(series) in 2, 3 and 4. With regard to zone 2, the change
is from 6.0% to 15.9%, in zone 3 it is from 4.5% to
15.8% and in zone 4 it is from 3.5% to 10.2%. The
relative total change of the pressure field outside the
main pressure zone (series 1) is shown on Fig. 16. While
in section A (4.5 m) and B (5.0 m) the total area of zones
(2+5) is the same, occupying about 17-18% of the area,
in zone C (5.5 m), it reaches 34.9%, and in zone D (6.0
m) it is 41.9%. Along the intake duct, the field of
disturbed impact pressure increases. Non-dimensional
parameters are used for the analysis of uneven
distribution of parameters, including total pressure. They
represent a combination of a given parameter and surface
area, which can be expressed by angular values for
axially symmetrical systems [13]. In this paper, since the
duct layout is not axially symmetrical, it is proposed to
use the surface field in a dimensionless form A;. The
product of pressure p; and surface area coefficient A; is
introduced, which, in relation to the total value of these
figures, gives a dimensionless pressure coefficient (7):

Iep—_" @
e PeA
80%
70%
60%
- 50%
a%  Aw
) 30%
B 20%
= | P - 10%
. - . o 0%
Seriel r f [ ) ‘45
- Serie3 . ' 5,0
s W s I[m]

Fig. 15. Analysis of the distribution of changes in pressure fields in the
flow duct, where L is the distance from the aircraft nose, A, is the
relative cross-sectional area of a given pressure, total pressures

A

45%

4,5 5,0 5,5 60 L Iml
Fig. 16. Analysis of the distribution of changes in pressure fields
in the flow duct, where L is the distance from the aircraft nose,
A is the relative increase of the total pressure area outside the
main zone, A,B,C,D are the indexes of intake duct cross-sections
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Fig. 17. Analysis of the distribution of pressure coefficient
changes in the flow duct, where L is the distance from the
aircraft nose, Apy, is the dimensionless pressure coefficient

The analysis of the pressure distribution on the cross-
sectional areas of the fuselage intake duct has provided
information about the increasing intensity of the
disturbed flow field.

The main field (series 1) declines, which is manifested
by the falling value of the coefficient Ap,,; from 0.88 to
0.56. This has happened in favour of other zones (series
2 + 4), including in particular series 2 value increase
Apy,; from 0.05 to 0.14 and series 3 value increase from
0.03t0 0.11:

Apy (L)= Y1 Ap,,y (®)

For the analysis of the whole section, it has been
proposed to use the resultant coefficient presented by the
dependence (8).

This total pressure coefficient can be used very well in
order to test the homogeneity of the flow field. In the
analyzed system, the decrease of this parameter (Fig. 18)
illustrates accurately the growing heterogeneity of the
parameter field (intensity of changes) in consecutive
sections. The highest coefficient value Apy,(L) has been
recorded for the B section (L=5.0), which gives the
lowest intensity of changes in the airflow field in the
intake duct. For C section, its value falls to
Apy(L)=0.9362, and for D section to Ap,(L)=0.8795. In
section B, numerical analyses have showed the lowest
intensity of flow disturbances. Therefore, this cross-
section has been adopted as a reference cross-section. In
the intake duct, heading for the engine, there is an
increasing intensity of flow field disturbance, whereas in
the C-section it is higher by 7.26% and in D-section by
12.88%. The above analysis of the obtained results
provides information about the increasing unevenness of
the pressure distribution along the channel. The
increasing unevenness in the pressure distribution is
dangerous from the engine operating point of view and
the possibility of the engine stalling if the compressor
has surged [13].
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Fig. 18. Distribution of pressure coefficient changes along the engine
intake duct, where L is the distance from the aircraft nose,
A, B, C, D are the indexes of intake duct cross-sections
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IVV. Conclusion

The analysis has provided interesting results on the
impact of the vortex on the stability of the intake system,
which has been the objective of this paper. The study has
focused on the problems of vortex and a risk of sucking
in foreign objects (FOD) from the airfield surface. The
results obtained and the introduced coefficients have
provided information about the growing disturbance
along the duct, which is dangerous from the engine
operation perspective and a risk of engine stalling, if the
compressor has surged. This information is also
important for the programming of a control system that
should protect the engine during the control process
during operation in transient ranges. It can be considered
that the proposed dimensionless pressure coefficient
meets the expectations for the assessment of airflow
heterogeneity. The research team is going to use it in the
follow-up analyses concerning the analysis of the flow
field in the intake system under evolving conditions of
vortex formation, due to the importance of this issue in
terms of operational safety of the turbine jet engine.
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