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An Interactive Design Tool for Engine Sand
Separator System

Farooq Saeed

Abstract—This paper presents the details of development of an
efficient interactive design tool for aircraft engine sand separator
systems. The development of such a tool was felt necessary to
address the problem of sand ingestion in gas turbine engines; a
vital concern for the aviation and gas-turbine based electricity
generation industry communities operating in  desert
environments as it can seriously affect the operation, performance
and life cycle of a turbine engine. The design tool makes use of
state-of-the-art practical geometry design and analysis technique,
namely the inverse airfoil design method for the design of specific
profiles for engine air intakes. The sand separator design is
achieved by giving a specific contour to the intake profile, such as
a highly curved bend in the duct, so that the contaminants because
of their inertial momentum are forced away from the central flow.
Since the sand particles can rebound of the air intake walls and
enter the engine, the method takes into account sand particle
rebound or restitution characteristics in the design. The design is
accomplished with the aid of optimization techniques in both the
inverse aerodynamic design as well as in the sand separator
system design. In addition, to facilitate the analysis and design in
an interactive manner, a MATLAB GUI has been developed.
Details of the analysis and design tool are presented along with
simple but practical design examples to demonstrate the
usefulness and utility of the method and the interactive tool

Index Terms—Sand ingestion, inertial particle separator, inverse
airfoil design, potential flow, sand particle trajectory

I. INTRODUCTION

Areas surrounding the Arabian Gulf region are known for
their harsh desert-like environment where the air is usually
laden with sand and dust particles. Aircrafts operating under
such conditions for long periods are vulnerable to internal
engine damage. The region also generates its electricity
entirely from one of the largest fleet of gas turbine engines.
Sand ingestion is, therefore, a vital concern for the regional
aviation and power generation authorities. It is well known
that the operational life of a turbine engine operating in sandy
environments can be as short as 50 hours (Ref. 1, 2). Engine
damage can range from simple erosion in the engine blades,
to a completely inoperative engine with as little as half a
pound of sand (Ref. 3). In addition, the degradation in
performance and efficiency of the turbine engine leads to an
increases in fuel consumption and operational cost (Ref. 1).
Aramco Aviation, which provides major aerial transportation
support services to Saudi Aramco, the biggest oil company in
the world, operates both fixed and rotary-wing aircraft out of
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sand/desert strips in remote oil and gas fields spread all over
the region. Aramco Aviation experience in operating from
these remote areas has evidenced significant performance
degradation and lifetime reduction of its aircraft turbine
engines primarily due to sand erosion. Figures 1(a) and (b)
provided by Aramco Aviation (Ref. 4) reveal the harmful
effects of sand erosion on turbine vanes and blades,
respectively. They attribute this damage to the presence of
fine dust and sand together with high moisture content in the
region. Aramco Aviation also had to prematurely remove all
of the engines from its fleet of Dash-8 aircraft within the first
year of its service (about 1,000 hours) due to damage caused
by sand ingestion. In addition, aircraft air conditioning and
filtration systems were also amongst the major areas affected
by the sand particles which without adequate maintenance
specific to the regional environment were found to survive
only one-fifth of their expected life. In Fig. 1, a physical
examination of the effects of sand erosion reveals blunted
leading edges, sharpened trailing edges, reduced blade
chords, and increased pressure surface roughness. Studies
(Ref. 5, 6) have found erosion in turbo-machinery to be
principally related to the gas flow path and sand particle size,
and to a lesser degree to other factors such as the ingested
sand particle characteristics, blade geometry, internal engine
passages, environmental and operating conditions, and blade
material. It, therefore, becomes imperative that some form of
protective device, such as an Inertial Particle Separator (IPS)
system, must be employed in the air intake of turbine engines
operating in desert environment to prolong their operational
life and to provide sustained performance. Thus, the use of an
IPS system is a recommended practice in desert-like
environments. Currently there are two types of IPS systems
in use: the swirl and the vaneless type. In the swirl type, vanes
introduce a swirl to the contaminated inlet flow. The resulting
centrifugal force causes the heavier sand particles to move
over to the outer periphery and into a scavenge duct. The
vaneless type relies on the specific contour of the inner walls
of the inlet and the diffuser that direct the contaminants to the
scavenge duct. Figure 2 (Ref. 3), shows a sketch of a typical
IPS system installed on the engine inlets of helicopters (such
as Boeing CH-47D) which resembles an axisymmetric,
bifurcated duct. Contaminated air enters the device through
the inlet annulus on the left, and around a sharp bend, B. The
bend is designed in such a manner that the inertia of the
contaminants is sufficient to prevent them from following the
air around the bend. Thus a significant portion of
contaminants, such as sand, dust, etc., pass into a scavenge
passage, A, and the almost contaminant-free clean air passes
into the engine along the inner annulus. The IPS system does
a phenomenal job of keeping the engines clean and free from
damage due to sand particles and other foreign object
ingestion.
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Inertial particle separator systems (such as that shown in Fig.
2) are capable of moving large particles leaving the smaller
ones to be trapped by the filters which greatly enhanced the
life of the filter and offers maximum engine protection.
However, recent military operations in the Middle East have
raised the problem of inefficiency of existing IPS system
designs (Ref. 7) and suggest that the IPS system designs were
not specifically tailored to the local or regional
environmental conditions. A survey of existing design
techniques for IPS system reveals that these design
techniques are very costly since they make use of extensive
direct analysis techniques along with experimental validation
(Ref. 8-10) whereby the IPS system geometry is
continuously improved via numerous iterations, i.e., through
hit-and-trial.

Owing to the shortcomings of the current design techniques,
the current study presents a novel and more efficient design
tool as well as a method for the design of an IPS system in
that the design is accomplished in a single step not via direct
geometry specification but through specification of the
design requirements (engine mass flow rate, flight
conditions, etc.) and constraints on the geometry (gas flow
path, sand particle size, nacelle size, etc.) in an inverse
fashion as opposed to the direct hit-and-trial technique.
Moreover, to facilitate the design, a MATLAB GUI tool has
been developed. A partial implementation of this idea has
also resulted in a US Patent No. 7922784 (Ref. 11) and
related publications (Ref. 12 & 13).

A recent study (Ref. 14) has shown that solid particle erosion
in turbines can be reduced by using suitable nozzle passage
design to control the particle impacting velocity and
impacting angle. In an inverse geometry design (Ref. 15-18)
particle impact characteristics can be used as a constraint on
the design resulting in a geometry that is safe from erosion.
Another important and unique advantage and strength of the
inverse design technique is in its multi-point design
capability in which multiple design requirements can be met
simultaneously and, hence, the designed geometry performs
equally well under “on- or off-design” conditions.
Furthermore, the design method fully incorporates sand
particle rebound characteristics derived from experiments in
the design making it a very reliable tool for trade-off and
practical design studies.

In the sections that follow, a brief description of the IPS
analysis and design tool and its various functions is presented
along with the design methodology and its implementation.
The paper then presents a few design examples to illustrate
the utility and strengths of the tool. Finally, the paper ends
with some main conclusions

Il. IPSDESIGN AND ANALYSIS TOOL

This section presents the details of the IPS analysis and
design tool and the design methodology developed in this
investigation. Figure 3 represents an example of a typical IPS
system, modeled after a typical axisymmetric helicopter
engine particle separator shown in Fig. 2, represented as a
five-element airfoil configuration. The individual airfoil
elements are numbered 1 through 5 such that they represent
the central hub (element 1), the engine housing (elements 2 &
3), and the outer engine cowling (elements 4 & 5). Taking
advantage of symmetry about the engine centerline, only
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elements 1, 2 and 4 need to be designed since elements 3 and
5 are mirror images of elements 2 and 4, respectively. A
careful examination of Fig. 3 suggests that the path of sand
particles can be controlled by an appropriate channeling of
their flow paths which can be achieved by giving a specific
contour to the surface areas where the particles impact as
well as positioning of airfoil elements 1 through 5. Since
particle paths are to a great degree influenced by the rebound
characteristics, these characteristics could be used to
determine the appropriate surface curvature. Thus, the new
design method makes use of both the particle inertia as well
as rebound characteristics as a means to direct particle paths
towards scavenge areas. Since particle flow path as well as
rebound characteristics depend on the IPS system geometry,
the inverse airfoil design methodology (Ref. 15-18) is
employed to obtain the desired geometry through
specification of the required flow and rebound
characteristics.

To facilitate analysis and design, a MATLAB GUI
(Graphical User Interface) was developed to carryout
analysis or design in an interactive manner. The GUI, shown
in Fig. 4, performs four major tasks or functions, namely: (1)
Initialization, (2) Analysis, (3) Inverse design, and (4)
Optimization. Details of these functions are as follows:

A. Initialization Function

The initialization function defines an initial configuration of
a multi-element airfoil based IPS system. This is achieved by
generating multiple airfoil geometries and positioning them
subject to a set of geometric constraints such as size of the
engine and inlet in terms of maximum diameter and length of
each airfoil element. The first step in this process is to design
individual airfoil geometries that will represent the central
hub (element 1), the engine housing (elements 2 & 3), and the
outer engine cowling (elements 4 & 5). The design of these
individual airfoils is accomplished with the help of
PROFOIL, the multipoint inverse airfoil design code (Ref.
15-18). The inverse design methodology implemented in
PROFOIL is presented later in this paper. The GUI is used to
define initial airfoil geometries and load them into the design
space, each airfoil element at a time, by altering the
PROFOIL input script to generate the IPS airfoil elements.
The GUI can also be used to interactively scale, rotate or
position individual airfoil geometries to generate the
multi-element IPS configuration. A user-defined design box
function is also provided to restrict the elements inside the
box, were the width and height of the box can be specified by
the designer.

B. Analysis Function

Once the geometry has been defined, the second step is the
flow and trajectory analysis of a multi-element airfoil
configuration. The flow analysis function employs the panel
method of Hess and Smith (Ref. 19) which is an inviscid flow
analysis method that has been modified for analysis of for
multi-element airfoil configurations. This method determines
the velocity potential field around multi-element airfoil
configurations which is used to simulate particle trajectories
through the IPS system.
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To determine the sand particle trajectory, a force/momentum
balance is applied on a particle moving through air. Similar
studies related to sand and water droplet impingement and ice
accretion on aircraft and engine inlet surfaces are available in
literature (Ref. 20-23). The same approach has been used in
this study. The resulting momentum equation in 2D is:
d’r,  C,Redry
dt*> 24K, dt
In the above equation, Ky and Ka are the non-dimensional
particle bouyancy and inertia paramemters, respectively,
while Re is the Reynolds number based on droplet
equivolumetric diameter Deg, and Cq is the particle drag
coefficient. These parameters are defined as:
(0, - Pa)9 p,D, U
Py H,

=K_(singi—cos@j)+ S, Re\z
g 20K,
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Where r—p and \Tp represent particle position and velocity

vectors with respect to the particle-fixed reference frame,
V, =u,i+v, ] is the free stream velocity, § is the

V-V
particle relative velocity, o, and pa are the particle and air
densities, g is the viscosity of air, and g is the gravitational
acceleration.

Equation (1) is a second-order non-linear differential
equation because of the term ¢ ge/ 24k ), Which depends on

1
P

the particle position and velocity. The difficulty to determine
the term c, Re/(24K ) suggests that a numerical technique

must be employed to integrate the momentum equation. The
well-known fourth-order Runge-Kutta method (Ref. 24) is
used to integrate the momentum equation. The particle
trajectories are initiated at a distance of about five chord
lengths (of the middle airfoil representing the engine
centerline) and are calculated by numerically integrating Eq.
(1) until the particle crosses a pre-selected location along the
axial direction, typically past the entrance to the engine core
flow which in the present investigation is fixed at the trailing
edge location of the outer elements 4 and 5. Greater details of
the method can be found in Ref. 20.
The particle, as it moves through the IPS system may or may
not impact the different elements. The particle collision with
the surface could be treated as elastic or inelastic, however,
inelastic collisions have been found to give more accurate
scavenge efficiencies. In literature (Ref. 25-28), the inelastic
impacts are characterized by restitution coefficients that are
ratios relating the incident and rebound angles (/. /) and
velocities (V1, V2) and its components before and after the
impact (see Fig. 5). These restitution coefficients are
obtained from experiments and are expressed as
fourth-degree polynomials that are a function of the particle
incident angle fi.. In the present investigation, the restitution
coefficients reported by Tabakoff and Hamed (Ref. 29) for
their aluminum target surface have been used and are given
by:
\\;72 =1-2.033,+3.3282 —2.248° +0.4723!

1

&:1+0.409/3172.52ﬁf +2.194° -0.5314, (3)
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The new particle location is determined after impact and
rebound from where once again the particle momentum
equation is used to track particle after impact. This step is
repeated after each impact till the particle crosses the trailing
edge location of the outer elements 4 and 5. The entire
trajectory, impact and rebound procedure is repeated for each
sand particle released in the flow fromy glifferent upstream
locations (yo) along the y-axis while keeping a constant
upstream distance of five chord lengths (xo = —5c).

Another important requirement for an efficient design of an
IPS system is the knowledge of sand particle characteristics
which may be specific to the region. Sand in nature is
composed of fine rock and mineral particles that have been
altered by chemical and environmental conditions, and
affected by processes such as weatherinrg; r erosion. With all
the diversity in soil, sand grains are typically made up of
silica or its polymorphs such as quartz. In geology, sand is
categorized as a soil grain with a predefined particle size and
range without consideration of the type of grain material.
Many soil grain size distribution standards exist in geology
and engineering. Typically, sand grain is classified as fine
sand in the 0.06 — 0.425 mm (60 — 425 microns) range,
medium between 0.425 — 2.0 mm and coarse between 2.0 —
4.75 mm. Figure 6 is a map of soil grain sizes in the Middle
East (Ref. 7).

The knowledge of sand gain size and shape are important
since they are directly related to the lift and drag of the sand
particles. Studies indicate that there is no lift if the particle
does not have a rotational movement and keeps an
axisymmetric shape relative to the flow, and if the flow is
irrotational. On the basis of this assumption, the lift force can
be treated as zero and thus only the drag force needs to be
considered. Moreover, because the small size of the particles
is in the range where shear forces cannot be neglected, the
drag force evaluation needs to consider both pressure and
shear forces. Since, such a calculation can be very
demanding, a more convenient and commonly used method
in studies related to sand particles is to use some form of
empirical correlation for the drag coefficient of particle. In
the sphere drag measurement experiments, the terminal
velocity of falling spheres in stagnant medium (air or fluid)
was measured. For this terminal velocity, the drag force is
equal to the weight force less the buoyancy force. With this
data, it is easy to determine the drag coefficient Cq for various
Reynolds numbers. Figure 7 shows a comparison of sphere
drag coefficient empirical correlations proposed by various
authors (Ref. 30-38). As evident from the figure, all of the
correlations agree upto a Re = 1000.

Brown and Lawler (Ref. 38) recently re-evaluated the
experimental sphere drag data available in literature to
account for the effect of walls since much of the data was
measured in small diameter cylindrical vessels. They
proposed new correlations for the drag coefficient based on
corrected experimental data. In the current project, the new
sphere drag coefficient correlation based on Eq. (19) of Ref.
38 has been considered since it provides the best fit to the
existing experimental data for the entire range of Reynolds
number (10 < Re <3.5x10°) considered . The correlation is
given by the relation:

Published By:

Blue Eyes Intelligence Engineering
and Sciences Publication (BEIESP)
© Copyright: All rights reserved.

Exploring Innovation


https://www.openaccess.nl/en/open-publications
http://www.ijitee.org/

An Interactive Design Tool for Engine Sand Separator System

o oser),_0:407
Co=re 1+ 0.150Re" ™)+ ==
1+—

Re

Since sand particles are non-spherical, drag coefficient
correlations for non-spherical particles were also compared
for error and range of applicability. Chhabra et al. (Ref. 25)
have critically evaluated the widely-used drag correlations
from 19 studies with a resulting data base of 1900 data points
for a range of Reynolds number (10 < Re < 5x10°%). One of
the methods investigated by Chhabra et al. was the Haider
and Levenspiel’s non-spherical correlation (Ref. 35); valid
for the particle Reynolds number less than 2.5x10° The
maximum particle Reynolds number observed in this study
(for very fine to coarse size particles and a velocity of 40 m/s)
was of the order of 100 to 1500, respectively. Haider and
Levenspiel relate the shape of a non-spherical particle by a
shape factor ¢ which is defined as the ratio of the surface area
of a sphere having the same volume as the particle to the
actual surface area of the particle. Thus for non-spherical
particles: 0 < ¢ < 1. The sand particle shape factor can vary
from 0.3 to as high as 0.9. The drag coefficient correlation of
Haider and Levenspiel (Ref. 35) for non-spherical particles
with a shape factor ¢ is given by:

C, = ﬁ(l_,_ b, Re® )_,_M
Re b, +Re
where

b, = exp(2.3288 — 6.4581¢ + 2.448642)

b, =0.0964 +1.55654

b, = exp(4.905 —13.8944¢ + 18.42224° —10.25994°)
b, = exp(1.4681 +12.258¢ — 20.7322¢> +15.88554°)

The results of Chhabra et al. (Ref. 25) indicate that Haider
and Levenspiel correlation satisfactorily predicts drag for
particle with values of ¢> 0.67. Figure 8 shows a comparison
of the Haider and Levenspiel correlation (for non-spherical
particles) prediction with other methods. It is evident from
the figure that for small values of shape factor (elongated
shape), a significant increase in drag results, e.g. for ¢ < 0.5,
the non-spherical particle drag can be as high as 6-7 times. In
the current study, a shape factor of ¢ =1 has been considered
along with the drag coefficient correlation of Brown and
Lawler, Eq. (5) above. In addition, a sand particle density pp
= 1422 kg/m? has been used.

C. Inverse Design Function

The inverse design function is used for interactive design of
the individual airfoil geometries once the particle trajectory
and impact characteristics have been determined. The inverse
airfoil design approach is an attractive alternative to the
existing IPS system design methods employing the direct
design approach through hit-and-trial (Fig. 9). In an inverse
design method, the design is accomplished in a single step
not via direct geometry specification but through
specification of the design requirements such as lift or
geometrical constraints, or desired velocity distribution(s)
(Fig. 9) subject to certain constraints. A recent study (Ref.
14) has shown that solid particle erosion in turbines can be
reduced by using suitable nozzle passage design to control
the particle impacting velocity and impacting angle. Thus, in
an inverse design, geometrical constraints on the geometry
such as the gas flow path, particle impact characteristics,
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engine mass flow rate, sand particle siZ@)and/or nacelle size
for reduced drag can be used as a constraint on the design
resulting in a geometry that is safe from erosion. Another
important and unique advantage and strength of the inverse
design technique is in its multi-point design capability (Ref.
15-18) in which multiple design requirements can be met
simultaneously and, hence, the designed geometry performs
equally well under “on- or off-design” conditions. The
inverse design function is based on PROFOIL, the multipoint
inverse airfoil design code (Ref. 16). Important details of the
inversed design methodology are presented next.

The inverse airfoil design technique is based on conformal
mapping of flow around a circle (known) to that around the
airfoil (desired) through conformal transformation. The
method was first proposed by Eppler (Ref. 15) and later
extended to include multi-point design by Selig and
Maughmer (Ref. 16), and further by Saeed and Selig (Ref.
17) to include design of slot-suction airfoils. The basis of the
inverse airfoil design technique stems from the fact that the
flow around an arbitrary airfoil may be mapped to the flow
about a circle. Since the flow about the circle is easily
determined, it remains only to find the transformation or the
mapping. Moreover, since the mapping follows the flow or
more specifically the velocity distribution, the objective in an
inverse design problem is to determine 2% mapping from the
specified airfoil velocity distribution and not from the airfoil
shape. Furthermore, since the mapping derivative directly
relates to the velocity distribution, it is more convenient to
find the mapping derivative instead of the mapping itself.
Once the mapping derivative is known, the airfoil shape is
then easily determined.

Consider the flow about the unit circle centered at the origin
in the ¢-plane that is mapped to the flow around an arbitrary
airfoil in the z-plane via z = z(¢) as shown in Fig. 10. The
complex velocity for uniform flow of unit velocity at an
angle of attack « about on the unit circle in the ¢-plane can be
written as:

aFl (¢ [ Si(g-ni2-7"(9) (6)
dggzem 4sm(2)cos[2 a(¢))e

where
ﬁ*(@:{o, os¢§7z+2a*(¢) @
7, w+2a (P)<¢p<2r

Here o'(¢) is the design angle of attack with respect to
zero-lift line for a single-point design. Since the velocity
distribution corresponds to the lift coefficient which in turn
depends on the angle of attack, the velocity distribution along
different airfoil segments can be related to different angle of
attack conditions, i.e., o'(#). The resulting airfoil will,
therefore, exhibit the design characteristics, i.e. the velocity
distribution v*(¢) when operated at the corresponding «"(¢).
Let the complex velocity on the surface of an arbitrary airfoil
in the z-plane be:

dF =V (g)e @ (8)

dz

z
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where v*(¢) and &'(¢) are the desired velocity and surface

slope distributions, respectively. The complex velocity in the

z-plane can then be mapped to the complex velocity in the

¢~plane via the transformation:

daF [dFj (dgj ©)

dz|, \dg ) _\dz)

where the derivative of the mapping function on the unit

circle is assumed to be of the form

(dzj =(a, +ib )elfe eP@)+iQ(9)

dg - m m

which must satisfy three conditions: the airfoil trailing-edge

angle must be finite, the flow at infinity must be unaltered,

and the airfoil contour must close. These conditions on the

mapping lead to the integral constraints (Ref. 15, 16) that

must be satisfied for to yield an airfoil with a finite trailing

edge angle & To relate v'(¢) and &(¢) to the series coefficient

of the mapping derivative, substitute Egs. (6), (8) and (9) into

Eg. (10) and taking the natural logarithm of the resulting

equation yields the following results

o) ——In{ (25in¢12)*v"(9)
2Jcos(¢/2-a' (¢)

(10)

}; QW) =0 (W) +7 (P +e(nl2-¢12)

(1)
where 0 < ¢ < 277 Thus, the specification of velocity v'(¢)

and the angle of attack o'(¢) uniquely determines P(d).
Alternatively, specifying the airfoil flow direction g'(¢) and
7' (4), uniquely determines Q(g). Since P(g) and Q(¢) are
conjugate harmonic functions, then from either one the
corresponding harmonic function is determined through the
Poisson's integral formula exterior to the circle. Once P(¢)
and Q(¢) are known, the airfoil coordinates x(¢) and y(¢) are
then obtained through quadrature.
The function P(¢#) depends only on ¢ and is defined by
specifying velocity distribution v*(¢) and the angle of attack
distribution «o'(¢), termed as the design velocity and the
corresponding design angle of attack distributions,
respectively. Since it is only necessary that P(¢) be
continuous, a discontinuity in any one or a combination of
the design variables, i.e., V(¢) and o'(4), must be
compensated by a corresponding discontinuity in any one or
a combination of the remaining design variables. This is the
most important point of the theory, and it is on this basis that
the multipoint design is accomplished. Thus, the airfoil can
be divided into a number of segments along which the design
velocity distribution along with the design values for «’(4)
are specified. It is helpful for design purposes to let o(¢) be
constant over any given segment; whereas, v*(¢#) should be
allowed to vary in order to obtain some desired velocity
distribution. Then, in order to ensure continuity between
segments, the following condition must be satisfied.
P.(4)=P.(4)
(12)
or from Eq. (11),
v(g) _ v.(4)
lcos(# 12-a’(4,)]  |cos(d 12— (4)

where ¢ is the arc limit between segments i and i + 1. For a
four-segment airfoil, shown in Fig. 11, Eq. (13) will result
into three relations that are commonly referred to as
continuity constraints. The continuity constraints must be

(13)
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satisfied at the junction of the segments except at the trailing
edge. Thus, different design parameters [e.g., angle of attack
distribution «"(¢)] may be specified with respect to different
segments on the circle yielding a multipoint design.
Typically, good performance is required over a range of
angles of attack. For example, high-lift (high angle of attack)
performance may be required as well as low-lift (low angle of
attack). Thus, for instance, upper surface velocity
distribution can be prescribed for a high angle of attack while
simultaneously lower surface velocity distribution can be
prescribed for a low angle of attack. This multi-point inverse
design process is illustrated in Fig. 11 where A, B and C
correspond to multiple design requirements based on, for
example, the different flight segments of an aircraft.

As mentioned earlier, the specification of the velocity is not
completely arbitrary and must satisfy certain integral
constraints that arise due to the conditions on the mapping.
These constraints come from the requirement on the mapping
that the airfoil trailing edge must be closed and the velocity in
the far-field must approach the free stream value. These
conditions are commonly referred to as integral constraints
and are mathematically expressed as:

§dz:§ Edg:O;Iimgzl
c.  Je.dg e dg

(14)

where C; and C, are contours about the airfoil and circle,
respectively. Thus, application of the constraints to Eq. (10)
suggests that the integral constrains are satisfied if and only if

1 2z
8=, Plods =0 )
a,=1["P(g)cospdp=1-¢
T

b, == [P (¢)singd ¢ =0
V4 0

The satisfaction of these constraint leads to a system of (N+3)
equations where N is the number of segments. As mentioned
earlier, the specification of the velocity distributions is not
completely arbitrary. It must contain an equal number of
unknowns (N+3) to obtain a solution of the problem.
Typically these unknowns are the velocity levels on (N-1)
segments, and the remaining 4 variables define the form of
the recovery and closure functions for flow at the trailing
edge along the upper and lower surfaces. Additional
constraints (dependent variables) such as pitching moment,
maximum thickness, camber, etc., can also be imposed and
satisfied through an iterative procedure by varying some
independent variables in the design. Simultaneous solution of
the constraints requires a multi-dimensional Newton iteration
scheme and is accomplished within 10-15 iterations. Details
of the mathematical formulation and various applications of
the method are described in (Ref. 15-17). The final solution
yields the airfoil geometry which is then used to determine
flow field and the resulting sand particle impingement
characteristics.

D. The Optimization Function

To carry out the optimization of the IPS system, an
appropriate objective function must be defined along with the
constraints.
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The objective function chosen in this study is the engine inlet
mass flow rate. The constraints could be in the form of
desired operational conditions, geometric shape or size,
scavenge efficiency, etc. Hence, the optimization problem at
hand could involve a vast number of variables that all need to
be linked to the objective function and simultaneously
accounted for. To accomplish this task, a multi-variable
optimization scheme is adopted. The airfoil positioning
(translation, orientation and scaling) and airfoil shape
parameters (airfoil camber, thickness, and/or airfoil pitching
moment) are communicated by the analysis function to the
optimization function to evaluate the objective function. A
new IPS geometry is obtained after each design iteration. To
optimize the IPS design for given operational conditions and
a given engine requirement mass flow rate, the output of the
objective function must be minimized to zero.

Since the objective function is non-linear and
non-continuous and contains non-linear constraints, the
design space needs to be searched in a random manner so that
it would not get locked to a local minimum. Such traits are
found in heuristic or constrained direct search methods (Ref.
39) since these methods do not require any information about
the gradient of the objective function. In MATLAB, the
direct search method is implemented in a generalized pattern
search algorithm or function in conjunction with the Genetic
Algorithm toolbox (Ref. 40). This method or function is
known as Pattern Search function and was chosen to optimize
the IPS design. The optimizer requires an initial guess (initial
design) which is close to or inside the feasible region so that it
would converge and would not get locked into a local
minimum. To solve this problem, an additional program
function is used which gives the designer the ability to
optimize only for the inlet mass flow rate required. Use of
this function has been found to yield a good initial design.
The function moves elements 2 and 3 in the y-direction,
changing the inlet area, and analyzes the IPS for the inlet
mass flow rate and results in a design with an inlet mass flow
rate very close to the design requirement

I1l. RESULTS AND DISCUSSION

This section presents some of the results on both analysis and
design of IPS system. The analysis examples are shown first
followed by a few design examples. The examples were
performed on a computer with a 3 gigahertz Intel Core 2
Extreme 6800, with a 2 gigabyte 800 MHz ram. In all the
problems, the angle of attack was kept at 0 deg and the free
stream velocity was set to 40 m/s. The type of sand particles
was set either to very fine or medium.

A. Airfoil design example

Consider the mapping shown in Fig. 12 where a circle is
divided into five segments and mapped to a five-segment
airfoil. The three integral constraints on the mapping Eq. (42)
require that three free parameters must be introduced to
satisfy these constraints. These free parameters arise from the
form of pressure recovery function used in the analysis. In
addition, to satisfy the four continuity constraints Eq. (40) at
the junction of the segments (s: through s, in Fig. 15), another
five free parameter must be introduced to obtain a solution.
These five parameters are the velocity levels at the junctions
based on the desired velocity distribution v*(¢) along each
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segment. Typically, only the first velocity level is specified
and the rest are obtained from the four continuity constraints.
Practically any desired airfoil property such as camber,
thickness and pitching moment coefficient can be
incorporated into the inverse design system with iteration on
some inverse design parameter. For example, the pitching
moment at a given angle of attack may be specified by
adjusting the first velocity level. Here the airfoil shape is
adjusted until the desired analysis property is obtained.

B. IPS Analysis & Design Example

Figure 13 shows results of analysis in which medium sand
particles were allowed to impact and rebound after impact.
As evident from the figure, the rebounding particle may
easily find their way into the core flow of the engine and
hence consideration of rebound characteristics is important
for both analysis and design of IPS system. The new analysis
routine has also been improved to consider only those
particles that enter the engine between elements #1 and #4 or
#5.

IV. CONCLUSION

Several important conclusions can be drawn from the present
investigation. A new and versatile method for the design of
an IPS system is now available. Details of development of
the efficient design method for aircraft engine sand separator
systems are presented along with the methodology used to
achieve practical designs of an IPS system. The design
method makes use of state-of-the-art and practical design and
analysis techniques, such as the inverse aerodynamic design
methodology that also takes into account viscous effects to
aid in the design of specific profile shapes for engine air
intakes. The sand separator design is achieved by giving a
specific contour to the intake profile (such as a highly curved
bend in the duct) that the contaminants because of their
inertial momentum are forced away from the central flow.
Since the sand particles can rebound of the air intake walls
and enter the engine, the method takes into account sand
particle rebound or restitution characteristics in the design.
The overall design is accomplished with the aid of
optimization techniques in both the inverse aerodynamic
design as well as in the sand separator system design. In
addition, to facilitate the design, several numerical programs
and graphical user interface have been developed to aid in the
design and analysis of aircraft engine sand separator systems
in an interactive manner. The method has the capability to: 1)
Design individual airfoil elements, 2) Orient and arrange
airfoils to form a multi-element airfoil based IPS system by
employing translational, scaling and rotational functions, 3)
Carryout 2D flow and trajectory analysis of multi-element
airfoil based IPS system including impact and rebound off
surfaces, and 4) perform design optimization using pattern
search — a genetic algorithm based optimization technique.
The study paves way for incorporating erosion in the design
in a follow-up project.
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(b) High pressure turbine blades

Fig. 1. Effects of sand erosion on high pressure turbine
(a) vanes and (b) blades of aircraft engines operating in
the Saudi Arabian desert environment. (Courtesy: Tariq
Jabr, Saudi Aramco Aviation)
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Fig. 2. Typical axisymmetric helicopter engine particle
separator (Adapted from Ref. 3)
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Fig. 3. A five-element airfoil configuration model for IPS
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Fig. 6. Map of soil grain sizes in the Middle East.
Courtesy of National Center for Atmospheric Research
(NCAR). (Adapted from Ref. 7)
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Fig. 13. IPS design example and its 3D rendering
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