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Development of an Advanced Vaneless Inlet ~
Particle Separator for Helicopter Engines |

B. V. R. Vittal,* D. L. Tipton, and W. A. Bennett}
General Motors Corporation, Indianapolis, Indiana

Design and development of an advanced integral engine particle separator are presented to meet the challeng-
ing operational requirements of helicopter engines of the future. The vaneless, low-weight, high-efficiency
separator makes it possible to achieve new levels of engine reliability, durability, and life cycle costs. This paper
presents the analytical methods developed, the design process, and the extensive experimental validation of the

design.
Nomenclature
A =area of flow
Cy = coefficient of drag of the particle
o = skin-friction coefficient
d,,D =hydraulic and particle diameters, respectively
dp, =total pressure loss
en.er =normal and tangential particle restitution ratios,
respectively
IPS =inlet particle separator
M =Mach number
P = pressure
Pt =total pressure
t =time
Vs Vi =normal and tangential components of particle
velocity
V. V. Vs =flow velocity in axial, radial, and tangential
directions
x,r,0 =axial, radial, and tangential coordinates
Z =shape factor
B, = particle impingement angle
¥ =ratio of specific heats
PPy =gas and particle density, respectively

Introduction

NLET particle separators (IPS) are vital to the successful

operation of helicopter gas turbine engines in dust or sand
environments where ingestion of contaminated air can reduce
engine life and drastically affect its performance. The limited
operating life of unprotected engines gives rise to expensive
overhaul cost. This problem becomes more serious for ad-
vanced technology compressors with high specific flows,
which are more prone to erosion damage due to increased tip
speed, reduced blade thickness, and close running clearances.
The design requirements for gas turbine air cleaners are
therefore becoming more challenging.

Among the air-cleaning systems that have been used on
helicopters are barrier filters, vortex tube panels, and inertial
separators. Barrier filters have not proved successful due to
the necessity of frequent filter cleaning or replacement. The
barrier filters were also prone to dislodging particles from the
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filter into the engine due to aircraft vibration. The vortex tube
panel provides high separation efficiency but requires a
relatively large frontal area and installed volume. The integral
inertial separator has provided a good compromise for engine
protection from sand, dust, and foreign objects while main-
taining compactness and convenient anti-icing capability. The
two basic types of inertial separators currently in use are the
swirl and vaneless configurations. The swirl-type system uses a
vane row to introduce a swirl to the contaminated inlet flow.
The resulting centrifugal force field causes the heavier sand
particles to migrate to the outer wall and into the scavenge
duct. The vaneless separator is considerably simpler. It has
less core pressure drop, weight, and cost, and fewer deicing
power requirements, as compared to the swirl configuration.
Particle separation is achieved by contouring the inner and
outer walls to achieve rebound characteristics that direct the
particles to the scavenge duct. Particle separation is further
enhanced by introducing a linear momentum to the particles
as they flow over the hump of the centerbody. The inertia of
the particles then carries them into the scavenge duct. A
swirless or vaneless inertial separator is especially suitable for
engines in the 5-10-1b/s mass flow range. This paper presents
the analytical methods developed for vaned and vaneless parti-
cle separators, the design process, and the extensive ex-
perimental validation of the design of a vaneless separator.

IPS Design System/Process

A design system for inertial particle separators, which is
based on a building block of advanced analytical techniques
for through-flow and particle trajectory analysis, is shown in
Fig. 1.

Through-Flow Analysis

A through-flow analysis computer code VFLOW has been
developed! using a body-fitted grid system for detailed flow
analysis around the splitter, as well as hub and shroud sur-
faces. The code uses a stream-function formulation for ar-
bitrary coordinate systems. The stream-function approach is a
natural choice because it allows the specification of the flow
split between the core and scavenge ducts. Fabian and Oates?
and Hamed?® used the stream-function approach, but they
treated each duct independently by estimating the dividing
streamline upstream of the splitter. The analysis used here
simultaneously calculates the flow in the inlet core and
scavenge ducts. The governing equations for axisymmetric in-
viscid rotational flow were transformed to arbitrary curvilin-
ear coordinates and applied to a body-fitted coordinate
system.

The body-fitted grid provides accurate resolution of the
high-velocity flowfield around the splitter. The method has
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been verified by comparing the analytical results with ex-
perimental data. Within the limits of the inviscid compressible
rotational flow approximation, excellent correlation between
the numerical solutions and the experimental data have been
obtained.

'For separators with swirl vanes, the NASA MERIDL?* pro-
gram was modified and integrated with the design system to
provide a detailed intravane flow analysis, including body
forces. This addition provides vane profile determination and
improved accuracy for three-dimensional particle trajectory
calculations, including particle impact on the vanes.

For more complex cases, intrablade three-dimensional flow
solutions can be obtained using the analysis of Denton,> which
computes three-dimensional inviscid flow using a finite-
volume time-marching scheme.

Wall Boundary-Layer and Pressure-Loss Analysis

Boundary-layer growth on hub, tip, and splitter surfaces of
the separator has a predominant effect on the total pressure
loss. Any separation of these boundary layers may drastically
affect the flow into the compressor, which consequently may
affect the surge margin of the compressor. A compressible
boundary-layer code, initially developed by McNally,® has
been modified and adapted to the IPS design system.

A computer code to calculate the total pressure loss in IPS,
using the surface boundary-layer data, is also part of the
design system. Considering a control volume in the duct and
making a force balance, a simple expression for the total
pressure loss is given by 7

b _ __71‘42_{4cf£+ dl }

P, 2 d, VayPAM?

where d/ is the internal drag representing the boundary-layer
momentum deficit. Knowing the boundary-layer data, the
total pressure loss is calculated by numerically integrating this
equation using the finite-difference method.

Particle Trajectory Analysis

The backbone of the IPS design system is the advanced
computer code VTRAJ developed to calculate the separation
efficiency for a wide range of particle sizes by simulating the
particle trajectories in a swirling flowfield. The particle
dynamics of a gas-solid suspension are determined by the gas-
particle interaction and particle-boundary impacts. The trajec-
tory of a particle in a moving fluid is governed by the vector
balance of its rate of change of momentum and the external
forces. The external force field, as established by the primary
airflow, is defined by the through-flow analytical code. The
three-dimensional Lagrangian equations of motion, including
centrifugal and coriolis acceleration terms, are given by’
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and x, r, and 0 define the particle location in axial, radial, and
tangential directions respectively. The coefficient of drag of
the particle C,; depends on the Reynolds number, which is
based on the relative velocity between the particle and fluid.
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Empirical correlations® for a wide range of particle Reynolds
numbers are used for drag calculation. The equations of mo-
tion are integrated numerically to calculate the particle trajec-
tories. Particles impacting on the surfaces change their
velocities both in magnitude and direction. The following em-
pirical relations for the rebound to impact restitution ratios
are used in the trajectory calculations®:

en=Vn,/Vx, =1.0-0.0211 §, +0.0002278 8,
—0.000000876§, 3

er=Vrg,/Vy, =0.953-0.000446 3, 2 +0.00000648 3,°
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Fig. 1 IPS design system/process.
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Fig. 2 Representative particle trajectories (without swirl vane im-
pact) for 2-u-diam particles.
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Fig. 3 Representative particles trajectories (without swirl vane im-

pact) for 354-u-diam particles.
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200 microns

Fig. 4 Typical particle trajectories (with swirl vane impact) for
200-p-diam particles.
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Fig. 5 Typical particle trajectories in the blade-to-blade plane for
50-p-diam particles.
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Fig. 6 Comparison of analytical and experimental separation effi-
ciency resuls for AC coarse dust.

The particle impacts on the vanes (if present), splitter, and
inner and outer annuli are accurately represented in the parti-
cle trajectory calculations. Provision is made for the
automatic computation of the separation efficiency as a func-
tion of both particle size and specified sand composition like
C-spec (0-10000 y) sand and AC coarse dust (0-200u). Separa-
tion efficiency is defined as the ratio of the weight of sand or
dust collected in the scavenge to that ingested at the inlet. Plot
procedures are incorporated into the code to give trajectory
plots showing rebound, acceleration, and deceleration of the
particles for different particle sizes. Figures 2 and 3 show
representative particle trajectories in a swirl vaned separator
for 2- and 354-u-diam particles.. These particles are moving
between the inlet swirl vanes without impacting on them.
Figure 4 shows the trajectories of 200-u-diam particles, with
the particles impacting the vanes. The particles are centrifuged
out in the radial plane, after hitting the swirl vanes, due to the
imposed tangential velocity. This activity can be seen in Fig. 5,
where representative trajectories are plotted for 50-u-diam
particles in the blade-to-blade plane.
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Fig. 7 Comparison of analytical and experimental separation effi-
ciency results for C-spec sand.
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Fig. 8 Aerodynamic flow path of the advanced vaneless separator
with the solution grid.

Scavenge Vane

Fig. 9 Separator flow streamline pattern.

The design and analysis system has been used to analyze ex-
isting separators, and the results have been compared with test
data, as shown in Figs. 6 and 7. The comparison for AC
coarse dust is good.

The experimental values of separation efficiency are lower
than predicted for C-spec sand. This difference may be due to
the shattering of the particles into smaller sizes due to impact
and/or due to the statistical nature of the particle rebound
phenomenon. These aspects are currently being studied.

In the final phase of the design iteration, the erosion
damage assessment program module is used to calculate the
erosion pattern on the swirl vanes as well as the hub, shroud,
and splitter surfaces of the separator.

Design of Vaneless Separator

The advanced inertial inlet particle separators are required
to achieve maximum separation efficiency for a wide range of
particle sizes, with minimum total pressure loss, low scavenge
airflow requirement, and minimal or no distortion to the air
entering the compressor. In addition, IPS needs to be compact
to reduce the frontal area and weight. These requirements are
sometimes in conflict with each other. The separator was
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Fig. 10 Particle trajectories for advanced inlet particle separator.

Fig. 11 Inlet particle separator hardware showing centerbody ramp
and scavenge vanes.

designed for a total mass flow of 6.0 1b/s, with 15% of it go-
ing to scavenge. The various dimensions of the separator were
carefully selected after a number of iterations with various
tradeoff studies. Figure 8 shows the aerodynamic flow path of
IPS with the solution grid imposed on it. The inlet hub and
shroud were selected to provide low inlet Mach numbers to
minimize entry loss. The splitter is hidden from the inlet by the
large hub ramp to obtain high separation efficiency. The axial
location of the splitter has been selected to achieve high
separation efficiency while maintaining acceptable surface
velocity around the flow splitter. The selected scavenge area
balances the need for a large trajectory target area against the
need for a reduced area to maintain linear momentum of the
particulate flow. The selected area also provides low Mach
numbers entering the scavenge vanes to minimize erosion and
aerodynamic loss. Scavenge vanes have been incorporated to
circumferentially direct the flow and the sand to the scroll inlet
with minimum loss. A scroll-type scavenge flow collector was

used to scavenge the particles. The flow streamline pattern is
shown in Fig. 9. Figure 10 illustrates the particle trajectories of
different-sized particles in the separator. The separator hard-
ware, illustrated in Fig. 11, shows the centerbody ramp and
scavenge vanes.

Test Program

Development of a successful inlet particle separator requires
full-scale testing. The pronounced effect of flow size on the ef-
fectiveness of separators prohibits the use of subscale devices
to acquire accurate separation efficiency measurements.
Scaled models, however, may be used for aerodynamic
measurement tests. The advanced vaneless separator was taken
through a series of tests using full-scale models for both
separation and aerodynamic measurements. The test program
is illustrated in Fig. 12.

Aerodynamic Measurements

A test rig was designed with enough flexibility to allow for
detailed measurements of the flowfields in all critical chan-
nels. Steam ejectors were used to provide the necessary suction
for primary and scavenge flow lines. Additional wall static
taps were provided for those areas of the flowfield in which
boundary-layer separation or reattachment was suspected.
The entire flowfield at the core exit was mapped by means of a
circumferential/radial traverse mechanism. A close-coupled
shrouded probe, a high-response hot-film probe, and a sub-
miniature high-response dynamic pressure probe were
mounted at the core exit. The shrouded probe and the hot-film
probe were mounted to a rack-and-pinion gear arrangement,
which under computer control accurately mapped the velocity
and total pressure fields at the core exit. A 1600-point survey
was taken at the core exit to determine the total pressure loss.

Sand Ingestion Tests

The sand ingestion system included a hopper with secondary
airflow supply to inject the sand particles. To control the sand
flow rate, the air pressure of the delivery line, the pressure in



442 VITTAL, TIPTON, AND BENNETT

IPS test program

1
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1
| Rig test measurementsj

Compressor--IPS test measurements
o Compressor performance map
with/without IPS
o Core flow total pressure profile

1

Flow measurement
o Static pressure distribution
on hub, shroud, and splitter
surfaces
o Core flow total pressure profile
o Scavenge flow total pressure loss
o Calculation of hub, shroud, and

AC coarse dust

C-spec sand

Sand ingestion measurements
o Separation efficiency of
individual particle sizes
o Separation efficiency of

o Separation efficiency of

Fig. 12

Test Program.

splitter Mach numbers
o Core flow stability using high
response instruments

|

Flow distortion measurements
o Losses due to blockage and
attenuation of these blockages
o Core flow stability

HeTEES

a) Sand ingestion rig.

b) Aerodynamic rig.

Fig. 13 IPS test setup.

the cavity above the dust, and the pressure at the seal fitting on
the bottom of the hopper were separately controlled. The sand
was ingested through eight tubes placed at the inlet. Sand was
collected in the scavenge system through the use of Donaldson
cannister-type separator/barrier filters. Separation efficiency
was determined using the ratio of the weight of sand collected
in the scavenge to the weight of sand ingested. A typical setup
is illustrated in Fig. 13.
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Fig. 14 Comparison of analytical and experimental Mach number
distribution on hub, shroud, and splitter surfaces.

0.8 — .
A 163 SCAVENGE
O 20%  SCAVENGE
[3 10% SCAVENGE
0.6 =
8
x
5
o
S o4 -
@
3
by
5
o~
&
0.2
o | .| | 1 | J

0 20 40 60 80 100 120
Design core flow — %

Fig. 15 Séparator demonstrates low core pressure losses and low sen-
sitivity to scavenge airflow. !

Results and Discussion

Good agreement was found between surface Mach numbers
predicted by the flow analysis code and those calculated from
experimental data (Fig. 14). As expected, deviation did occur
on the shroud surface upstream of the splitter, where
boundary-layer separation was predicted. The core perfor-
mance was baseéd on the mass-averaged total pressure loss
from the separator entrance to the core exit. The variation of
core pressure loss with core flow for different scavenge flows
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Fig. 16 Separator demonstrates low-scavenge pressure losses.
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is shown in Fig. 15. The predicted total pressure loss for 15%
scavenge flow was 0.7%. The scavenge system losses from the
inlet to the scavenge system scroll exit are shown in Fig. 16.

Inlet distortion testing on IPS demonstrated the IPS
system’s ability to attenuate distortion created by severe inlet
blockage. This ability is illustrated in Fig. 17. In all cases, the
core flow remained dynamically stable and the distortion at
the compressor inlet was reduced.

Separation tests were carried out for two types of sand par-
ticles: AC coarse dust (0-200x) and C-spec sand (0-1000p).
Figure 18 illustrates the measured values of separation effi-
ciency. The separator was designed to achieve a separation ef-
ficiency of 81% at 15% scavenge flow. The numerical codes
underpredicted the separation efficiency for AC coarse
dust.This separator demonstrated a very high separation effi-
ciency on AC coarse dust (85%) at a scavenge flow of 16.5%.

CLEAR iNLET 90-DEGREE SECTOR 120-DEGREE.SECTOR 120-DEGREE SECTOR
TOTAL BLOCKAGE TOTAL BLOCKAGE -30% SPAN TOTAL BLOCKAGE -30% SPAN
DISTORTION INDEX. D (%) 0 475 350 347
ATTENUATION, A (%) 0 0.74 039 0.29
CORE FLOW STABILITY  STABLE STABLE STABLE STABLE
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Fig. 17 Separator distortion characteristics.
%[ Conclusions
C-spec sand A building block of analytical/numerical codes has been
ok developed and integrated to form a complete inlet particle
separator design system. To validate the design system, a
vaneless separator was designed and extensively tested. These
] o tests demonstrated that a vaneless separator is able to achieve
= an efficiency of 85% on AC coarse dust with low total
g aul AC coarse dust pressure loss. Weak areas in particle trajectory computation,
2 such as rebound modeling and particle shattering, were ex-
kS posed and will be addressed in the future.
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