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Analysis of a Split-Flow Inertial Particle Separator
by Finite Elements

D. S. Breitman,* E. G. Dueck,t and W. G. HabashiJ
Pratt & Whitney Canada, Ontario, Canada

This paper presents an analytical design method for inertial particle separators required for aviation gas
turbines applications to helicopters. The solution of the flowfield inside the separator is based on a finite element
code for the radial equilibrium equation. The aerodynamic forces calculated are then used to predict the
trajectories of solid particles of various sizes. Several separator designs are demonstrated and a very efficient
final configuration is determined.
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Nomenclature
= particle cross-sectional area
= blockage factor
= drag coefficient
= absolute velocity in r, z, and B directions,

respectively
= diameter of maximum cross-sectional area of

particle
= normal and tangential restitution coefficients,

respectively
= buoyancy force
= drag force in r, z, and B directions,

respectively
= gravitational force
= rothalpy, (total enthalpy - QrVo)
= global influence matrix
= element influence matrix
= Laplacian operator
= Mach number
= particle mass
= duct mass flow rate
= finite element shape function
= Reynolds number
= governing equation's residual,

= radial coordinate
= entropy
= particle shape factor
= temperature
= particle relative velocity, particle velocity

- flow velocity
= relative velocity in B direction, Q — fir
= particle normal velocity before and after

impact, respectively
= particle tangential velocity before and after

impact, respectively
= axial coordinate
= under-/over-relaxation parameter
= particle incidence angle
= change in stream function during one iteration
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Subscripts
i,j

= local undistorted coordinates within element
= sand separation efficiency by weight
= circumferential coordinate
= density of air
= inclination of engine axis to horizontal
= stream function
= vorticity
= angular velocity
= matrix
= vector

= nodal quantity

Introduction

HELICOPTERS, especially military ones, make numer-
ous takeoffs and landings from unprepared areas where

they are exposed to ingestion of large amounts of sand and
dust. This causes erosion of engine components, appreciably
reducing the engine's life expectancy. Early efforts to protect
the engine involved the use of filters located in the engine
inlet. These filters provide excellent separation, are light-
weight, and have a low initial cost. However, periodic
cleaning and replacement is necessary to maintain tolerable
pressure losses.

These considerations encouraged development of inertial
particle separators which can be wholly integrated with the
engine, are self-cleaning, and have a fixed pressure drop. To
create a large inertia field for exceptional separation, swirl
vanes have to be employed in the inlet. The inclusion of swirl
induces high performance penalties, and the vanes require
deicing.

Thus, simplicity, performance, and ruggedness are com-
pelling reasons to develop a swirl-free, low-loss inertial-type
particle separator which still provides effective engine

PARTICLE TRAJECTORIES

Fig. 1 Ideal operation of an inertial particle separator with small
(light) particles.
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protection. In this concept the entering airflow is turned
sharply inward to the engine center line. The larger inertia of
the sand and dust propels them to the outer periphery where
they are collected and dumped overboard, as illustrated in
Fig. 1. Larger particles, which do not follow the airflow
streamline; hit the inner hub wall, which is angled to deflect
the particles toward the outer periphery and, hence, out the
bypass, Fig. 2.

Analysis
The analysis objective for a specific design concept is to

predict the separation efficiency for a given sand distribution.
This requires trajectory prediction for various particle sizes as
they are acted upon by the separator aerodynamic forces. In
turn, this requires an aerodynamic flowfield solution inside
the separator.

The analytical model presented here consists of two main
codes: flowfield computation by a finite element through-
flow program and trajectory analysis by a particle trajectory
program.

Flowfield Numerical Computation
Governing Equations and Boundary Conditions

The flow is governed by the radial equilibrium equation1'2:

cA-^- dCr

By defining

d ( r C e ) TdS dl\
dr +~a7 ~a7/

m_
z 2 it prb dr

Cr=- 2-xprb dz

(1)

(2)

(3)

Eq. (1) can be rewritten as

d_ / 1 d*\ d_ / 1
dr \orb dr ) dz \orbdr \prb dr

2ir
mC7

dz \prb dz

d(rCe) TdS
dr dr 'Tr

(4)

- PARTICLE TRAJECTORIES

Fig. 2 Ideal operation of an inertial particle separator with large
(heavy) particles.

where the boundary conditions are (see Fig. 3):

Hub BG: ^ = 0

Shroud AC: ^ = 1

Separator DEF: = ^TO; a constant determined
by bypass ratio

Inlet AB:
dn

Exit CD,FG: — = 0

where n is the outward normal to the surface.

(5)

Finite Element Discretization and Solution Procedure
Curvilinear eight-node isoparametric elements are used

where both the function ^ and geometry have parabolic
representation. In each element

(6)
NJ being the parabolic shape functions written in terms of the
local undistorted element coordinates £ and 77.

Applying the Galerkin-weighted residual method to Eq. (4)
results in the matrix equation

(7)

where

prb

= {(2^i (Y
' J J mC7 \ r

Ve d(rC6) . TdS
dr (9)

The numerical integration of Eqs. (8) and (9) is carried out
using a 3 x 3 Gaussian integration procedure.

The mesh generation of the current split flow is totally
automated and an illustrative grid is shown in Fig. 3. The
nonlinear algebraic system of equations represented by Eq. (7)
is recast in the form:

(10)

where K' is a symmetric, banded, matrix operator ap-
proximating the physics of the flow, [K], normally taken as
the Laplacian operator scaled by the "nodal" densities, i.e.,
[ L ] / ( p i ] . Matrix [Kf ] is decomposed at the first iteration by
the Cholesky decomposition and only the backward sub-
stitution step is needed at each iteration for the solution of Eq.
(10). All results shown in the paper are carried out to an L - 2
residual for R of less than 10 ~ 5 , where

(ii)
nodes

Fig. 3 Finite element discretization.

Typically, a solution requires 5 to 6 iterations and takes
approximately 20 s of CPU time on a CDC Cyber 175.

Particle Trajectories
Governing Equations

The particle motion within a given flowfield is determined
by a resolution of forces. These include the aerodynamic
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drag, buoyancy, gravity, and kinematic forces. The buoyancy
and gravitational forces are normally assumed to be
negligible. Written in cylindrical polar coordinates, the
equations of motion are

mz + FDz-(mg-FB)sm<t) =

mr+FDr-mr02 + (ragcos</>)sin0- (

(12)

= 0 (13)

= 0 (14)

where r, 0, and z define the particle location. The corres-
ponding drag forces, FDr, FD6j and FDz, are assumed positive
if the particle velocity in these directions is greater than the air
velocity. The angle </> gives the inclination of engine axis z
from the horizontal. FB is the buoyancy force. The complete
force diagram is shown in Fig. 4.

Aerodynamic Drag
The particle drag forces, in terms of a drag coefficient CD,

are

(15)

Many empirical formulations for the drag coefficient of a
spherical particle have been derived from experimental data.
The formulations, in the form of a correction to Stokes' drag
law, are valid for Reynolds numbers corresponding to the
entire flow region. The following is used in the present
analysis3 :

_
C°~Re

24 (l + 0.15Re°-687)
l+(M/Re) 28e~L25Re/M)

Typical ranges in the separator are between 0.001 and 0.2 for
Mach number and 0.1 to 10.0 for Reynolds number.

Shape Factor
Equation (16) has been derived for spherically shaped

particles. Irregular shaped, nonspherical particles will, for an
equivalent cross-sectional area, as in a flat plate, result in a
drag equivalent to that of the sphere but with a lower particle
mass. The larger mass of the spherical model gives a particle
excess momentum resulting in overprediction of the
separation efficiency. General Electric4 recognized this and
empirically derived a "shape factor" based on test results
from their R&D program. This shape factor is

= true volume of particle/d3 (17)

where d is the diameter of the maximum cross-sectional area.

ACCELERATION DIAGRAMS
2r6

FORCE DIAGRAMS
Y '

mre2

jnre
2mr6

For an exact sphere, s=ir/6. A shape factor of 0.26-0.28
was recommended for random particles.4 A shape factor of
0.2618(7r/12) is used in the present analysis. This number was
derived from a trial-and-error matching of the code prediction
with experimental results.

Bounce Characteristics
The collision/reflection of a particle from a hard duct wall

is, to some extent, a random process because of the irregular
shape of the particle. Considerable effort5"7 has been ex-
pended in deriving empirical expressions to model the
collision/reflection of typical sand particles. The following
expressions8'9 predict reflected normal and tangential
velocities as functions of impingement angle (/37) and im-
pingement normal and tangential velocities (V N ; VT).

ET=V'T2IV'Tl =1.0-2.12$! + 3.0775/3] -1. Ifi (18)

EN = V'N2/ V'Nl = 1.0-0.4159$! -0.49940] + 0.2920] (19)

Recently acquired test data revealed a discrepancy with
analysis for large particle sizes, where bounce is the
predominant separating mechanism. The much simpler
empirical expressions for restitution coefficients provide
better agreement with test results and are incorporated into
the analysis:

EN=V'N2/V'Nl=0.85

(20)

(21)

Two sample trajectory plots are presented. Figure 5 shows the
trajectory plots for 5-/mi particles. Of particular interest is
that the code shows some of the particles actually being
carried back around the splitter into the core; a result of the
stagnation point falling on top of the splitter.

Figure 6 shows the trajectory plots for 100-/xm particles.
Here, where the particle mass, and, therefore, momentum, is
much larger, a separation efficiency of 100% is predicted.

5 MICRONS

Fig. 5 Particle trajectory plot, 5 /*m.

Fig. 6 Particle trajectory plot, 100 jun.

Fig. 4 Acceleration and force diagrams. Fig. 7 Finite element program streamline prediction; lip design 2.
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General Description of Design
An axisymmetric inertial separator is designed such that the

entering airflow is turned sharply inward to the engine cen-
terline. The larger inertia of sand and dust propels them to the
outer periphery where they are collected and dumped over-
board. Large particles, which do not follow the airflow
streamlines, hit the inner hub wall, which is angled to deflect
the particles toward the outer periphery and, hence, out the
bypass.

Use of Finite Element Through-Flow Analysis Code
This rather unique geometry results in an unusual intake to

the engine core. Because of the splitter proximity and low
bypass ratio, there is a high positive splitter incidence in-
ducing the stagnation point to fall on top of the lip. As the
flow reverses and follows the sharp turn of the splitter lip, it
undergoes rapid acceleration followed by abrupt deceleration.
This may cause the flow to stall along the underside of the
splitter lip as it enters the core duct. With the aid of the finite
element through-flow analysis program, several splitter lip
designs were investigated with the objective to design a splitter
with correct leading-edge incidence. Streamline curvature
routines or programs requiring separate treatment of (or
iterative treatment between) core and bypass are not able to
model this region correctly.9'10 The unique capability of this
finite element method (FEM) program to model this region
correctly and consistently in one pass lends immeasurably to
the predictive capability of the total scheme.

Three splitter lip designs were selected for testing. Figure 7
shows a typical FEM streamline prediction. Figure 8 shows
the predicted splitter lip Mach number along the lower surface
of each design.

Lip 1 is simply a V2:l flat ellipse. If the stagnation point
were to fall on the leading edge of the ellipse, the flow would
experience constantly decreasing radii of curvature as it
negotiated the turn into the core duct. However, since the
stagnation point is off center, the flow will experience a large
acceleration back as it passes over the peak curvature,
combined with area convergence as flow is drawn into the
engine core, resulting in very high velocities throughout the
turn. This may cause the flow to separate on the underside of
the splitter lip as the flow diffuses from this Mach number
peak.

Lip 2 is a 2:1 ellipse inclined at an angle of 47 deg to have
the stagnation point fall on the leading edge of the ellipse.
Thus diffusion along the lower side is greatly reduced in
comparison to design 1. Note that the leading edge of the
ellipse is not the foremost axial location of the splitter.

Lip 3 is a 2:1 ellipse inclined at an angle of 80 deg and
extended 0.30 in. further upstream than lip 2. With this in-
creased inclination, as the lip is moved upstream, the
stagnation point can still be induced to fall on the lip leading
edge. The higher Mach numbers are due in part to the smaller
flow cross-sectional area into the core duct. The purpose of
this option is to further improve the separator "step/gap"
ratio, hence, improve particle separation efficiency while
exacting a small compromise on inlet pressure recovery.

Test Program
Testing of the particle separator was conducted at the Pratt

& Whitney Research and Development Center located in West
Palm Beach, Fla. A JT4 slave engine was used as an ejector to
provide the necessary suction for primary and scavenge flow
lines. Figure 9 shows a schematic of the test setup.
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Fig. 8 Splitter lip Mach number—lower side.

JT4 SLAVE ENGINE

2nd STAGE EJECTOR

JT4 EXHAUST FLOW

SCAVENGE FLOW CONTROL VALVE

PRIMARY FLOW CONTROL VALVE

SEPARATOR RIG INLET
SCREEN BASKET

Fig. 9 Schematic of test rig.

plates were used to monitor the airflows. This arrangement
facilitated the setting of each aerodynamic performance test
point.

The separator hardware was extensively instrumented to
evaluate the aerodynamic performance and study the flow
behavior in critical areas. A total of 119 channels were
recorded for each performance data point. Scani-valves and
transducers were used to read the aerodynamic data of which
a hard copy was immediately obtained from an on-line
computer.

Aerodynamic Performance Tests
The performance test procedure consisted largely of two

tasks: establishing the desired flow conditions and recording
the necessary aerodynamic data. The primary and scavenge
airflows were regulated by control valves positioned down-
stream of the test section and filters. Instrumented orifice

Sand Ingestion Tests
Sand ingestion tests were conducted using a variety of sand

types and mixtures. In particular, two sand types were ex-
tensively used: military C-spec sand comprised of 0-1000-^m
particles, and AC coarse test dust, comprised of 0-200-/mi
particles.
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SEPARATOR INLET PLANE the hopper. After each test, the filters are weighed again, and
the inlet basket inspected for any residual sand. The weight of
the residual sand is subtracted from the input sand weight and
the separation efficiency is computed as

weight of sand collected in filters

SCREEN BASKET weight of sand entering separator inlet

Fig. 10 Sand injection system for particle separator testing.
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Fig. 11 Predicted separation efficiencies (20% bypass ratio).
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Fig. 12 Comparison between predicted and measured efficiencies.

The sand injection setup consists of an ejector duct system
powered by shop air and a fine-mesh basket fixed to the
separator inlet bellmouth. Sand is introduced manually via a
hopper at the inlet of the ejector. From the hopper the sand
travels down a diffuser nozzle which dumps into the screen
basket. The basket is constructed from type 304 stainless steel,
twilled dutch weave filter cloth with a 75-/mi opening, spot
welded to the inside of a lightweave frame made of a 3/8-in.-
diam solid rod. The sand migrates approximately 3 ft inside
the basket to the separator inlet. Any sand that does not enter
the separator inlet is trapped inside the basket. Figure 10
shows a schematic of the sand injection system.

Only the bypass airflow is filtered. This is accomplished by
using two Donaldson ERA 15-0003 paper filter elements in
parallel. Before each sand injection test the filter elements are
cleaned and weighed and a known amount of sand is placed at

Any sand that cannot be accounted for is assumed to end up
in the core flow, thus the actual separation efficiency cannot
be less than the computed efficiency.

Results and Comments
Figure 8 gives a comparison of predicted and measured

splitter lip Mach numbers. The discrepancy in the prediction
of the peak Mach numbers for lips 2 and 3 can be attributed to
viscous flow effects since stall is observed in the area of large
diffusion along the shroud just past the hub apex. Since our
finite element code is inviscid, the large separation zone
located on the shroud must be simulated by using a displaced
geometry. Any inaccuracy in the modeling of this stalled
region would, of course, lead to inaccurate predictions. This
displaced geometry was defined by an inverse integral
boundary-layer routine and correlated with experimental test
measurements. This, and follow-on work, will be reported in
the future. In spite of this shortcoming, the analysis is suc-
cessful in that both lips 2 and 3 demonstrate better than a 10%
improvement in aerodynamic performance (i.e., engine inlet
total pressure drop) over lip 1.

To predict separation efficiency for a sand mixture, the
analysis must be performed for the complete range of particle
sizes in the sand mixture. The individual efficiencies are then
integrated for the size distribution of a specified mixture.
Figure 11 shows the predicted separation efficiencies
correlated with particle size for one of the configuration tests.

Fine dust or other particles follow the flowfield until they
negotiate the sharp downward turn toward the engine core.
When exposed to the inertial field created by the turn, the
particle's momentum causes its path to diverge from the flow
and, hence, on toward the bypass duct. For extremely fine
particles (<10 ^m diameter) the inertial forces are small
relative to drag forces, resulting in the particle following the
flowfield into the engine core.

For larger particles the aerodynamic drag force is small
compared to the inertia forces, resulting in the particle
trajectory being almost independent of the flowfield. These
particles collide with the duct walls which are designed to
direct the particles into the bypass duct. As can be seen in Fig.
11 for particles greater than 25 /zm, the separation efficiency
is predicted to be 100%.

Figure 12 compares predicted efficiencies with test results
from our test program. Good agreement exists between the
theory and test results. In the past, modeling of a particle
separator could only serve as a starting point, with hardware
testing providing actual sand separation efficiencies.
Although bench testing will always be a necessary part of any
development program, with the recent advances in numerical
methods, theoretical predictions are becoming increasingly
more accurate and reliable.
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