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Particle Dynamics of Inlet Flowfields with Swirling Vanes
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The particle trajectories are investigated for the inlet flowfield of a helicopter engine with swirling vanes and
particle separator. The flowfield resulting from the swirling vanes is first computed on a hub-shroud midchannel
stream surface. The trajectories of the solid particles are then determined in this flowfield, including particle
impacts with the hub, tip, and vane surfaces. The particle rebounding velocity and direction after each impact is
determined using empirical correlations derived from experiments conducted in a special tunnel. Different
particle sizes are considered, and the resulting trajectories and separator effectiveness are presented.

and

Nomenclature
B = tangential space between blades
Cp — specific heat at constant pressure
F = vector normal to midchannel stream surface

proportional to tangential pressure gradient
H = stagnation enthalpy
TV = unit vector normal to the vane, hub, or tip
p = stagnation pressure
R = gas constant
r = radial distance from the axis
rc = radius of curvature of meridional streamline
5 = entropy
s = distance along orthogonal mesh lines in through-flow

direction
T = temperature
t = distance along orthogonal mesh lines in direction across

flow
T = unit vector tangent to the vane, hub, or tip
u = normalized stream function
V = flow velocity
Vp — particle velocity
z = axial coordinate
ot = angle between meridional streamline and axial direction
/3 = angle between flow velocity vector and meridional

plane
j87 = angle between impacting particle velocity and the

surface
6 = angular coordinate
p = gas density
pp = particle density
r =time
</> = angle between s line and axial direction

Subscripts
i = inlet conditions
m = component in direction of meridional streamline
TV = component normal to vane, hub, or tip surface
n —f»a rti r«1p»

r
s
t
T
Z

= particle
= component in radial direction
= component in s direction
= component in t direction
= component tangent to vane, hub, or tip surface
= component in axial direction
= component in tangential direction
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Introduction

MANY gas turbine engines operate in environments
where the ingestion of solid particles is inevitable. In

aircraft and naval installations the particles encountered can
be sand, dust, or salt. Solid particles are also ingested by gas
turbine engines in ground vehicles, auxiliary power units, and
tanks. Continued operation under these conditions adversely
affects the performance of these engines, as well as their life,
and can be detrimental to their reliability. Engine inlet
separators have been used to protect the jet engine com-
ponents from the erosion caused by the solid particles. These
separators eliminate most or some of the ingested particles
from the engine's mainstream. Depending on the application,
the separators can range from complex designs to simple
scrolls for scavenging the ingested particles. An integrated
inlet separator for the G.E. T700 helicopter gas turbine engine
was described in Ref. 1. The design of this separator combines
the swirling flowfield action produced by the inlet swirling
vanes with the reflecting action of a hump shaped annulus
hub. Both effects act to deflect the particles radially in order
to be collected at the scroll inlet.

It is very important to be able to calculate the effectiveness
of these devices if one is to determine the influence of the
remaining particles on the engine life and performance. The
particle trajectories in the inlet separators provide this in-
formation, in addition to the initial conditions for the sub-
sequent trajectories of the unseparated particles through the
gas turbine engine. The intensity and pattern of the com-
pressor and turbine erosion is dependent on these initial
conditions and on the separator effectiveness.

The most widely used code for the three-dimensional
particle trajectory calculations through turbines and com-
pressors was developed by Hussein and Tabakoff.2 This code
has been used extensively in axial flow compressor and tur-
bine stages,3'4 where the hub and tip radii do not change
considerably within the blade row. The success of this code is
attributed to its accurate representation of the blade airfoil
shape and the blade-to-blade flowfield at the mean radius.
This code is not suited, however, for particle trajectory
calculations in inlet flowfields, which are characterized by
significant hub and tip contouring. It can be seen from Fig. 1
that the hub and tip geometries of the G.E. T700 integrated
inlet separator are highly contoured. The hub is hump shaped
before leading to the deswirling vanes preceding the com-
pressor. The increase in the hub diameter, through the
swirling vanes, which prevails from the engine inlet to the
hump, helps to deflect the impacting particles in the radial
direction. On the other hand, the tip diameter is increased
gradually starting near the trailing edge of the swirling vanes,
to guide the scavenged flow. This configuration also helps to
reduce the possibility of particles reentering the engine after
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impacting the tip in this region. It can also be seen from Fig.
1, that the vanes have a considerable twist to produce a near
free vortex circumferential velocity distribution and to impart
larger tangential velocities to the impacting particles near the
hub. Since the code of Ref. 2 is based on a flowfield solution
at the mean radius, it will not represent the variation of the
flowfield and the vane shape in the radial direction.

Other existing studies5'6 of the particle trajectories in
analytically prescribed flowfields do not include the effect of
impacts with the solid boundaries. Particle impacts and
subsequent rebounds with the tip and the swirling vanes have
not been included in the calculations of Fabian and Gates7 for
the particle trajectories in the G.E. T700 integrated jet engine
separator. These impacts will be shown to have a significant
effect on the particle trajectories. The impacts with the vane's
concave surface leads to their consequent separation by
centrifugion. It will also be shown that the influence of the
particles' impacts with the separator's outer annulus wall is
very important, since they cause larger particles to reenter the
engine's mainstream.

In this paper the author presents a new method for particle
trajectory calculations. It includes the influence of the hub
and tip shapes, as well as the radial variations in the flowfield,
and the vane shape on the particle trajectories. The particle
impacts with the vanes and with the inner and outer annuli are
accurately represented in the three-dimensional particle
trajectory calculations. The code has been used to determine
the particle dynamics in the G.E. T700 helicopter gas turbine
engine integrated inlet separator. The computed trajectories
are presented for different particle sizes ranging between 5
and 1000 /* in diameter. The results are discussed to explain
the influence of the hub, tip, and swirling vane impacts on the
trajectory and separation of the different particle sizes.

Analysis
The particle dynamics in a gas solid suspension are

determined by the gas-particle interaction and particle-
boundary impacts. For the small particle concentrations, the
particle-particle interactions are not significant and the
flowfield is not affected by the presence of the particles. In the
trajectory calculations, the equations governing the particle
motion in the gas flowfield are integrated numerically and the
location of their impacts with the various boundaries are
determined. The particle rebounding velocity after each
impact depends on the magnitude and direction of the im-
pacting velocity, relative to the surface. The accurate
representation of the flowfield, and of the geometry of the
various boundaries, is essential to the success of any
trajectory calculations.

SECTION A-A

Fig. 1 Schematic inlet separator.

Flowfield
The three-dimensional flowfield through the engine inlet

with swirling vanes is very complex. It has been traditional ii?.
turbomachinery flow computations to divide the problem into
two, two-dimensional flow solutions, on blade-to-blade, and
hub-tip stream surfaces.8 The meridional solution is usually
chosen when significant variations in the flow properties exist
in the radial direction, or when the axial variations in the hub
and tip contours are significant. In the present analysis, the
flowfield solution was obtained on a midchannel hub-tip
stream surface. This surface has the same shape as the blade
mean camber, except near the leading and trailing edges,
where corrections are made to match the freestream flow.

The flow computations were performed using the code of
Ref. 9. This program combines the finite-difference method,
which is used to obtain subsonic flow solutions, with the
velocity gradient method, which extends the range to tran-
sonic flowfields. This code has been modified to provide
output data appropriate for particle trajectory calculations.

Governing Equations
The subsonic flow analysis is based on the stream function

formulation. Referring to Fig. 2, the momentum equation in
the t direction is given by9

dt

dH
-^-dt

. v
s

dST-Tdt

ds dt ' d t

(i)
where s and / are the distance along an orthogonal mesh, with
s in the streamwise direction and t normal to it, and </> is the
angle between s and the axial direction.

The velocity components Vs and Vt can be expressed in
terms of the derivatives of the normalized stream function u
as follows:

ds

du rBp

(2)

(3)

where B represents the stream-filament thickness, which is
taken as the overall blade-to-blade spacing, and G is the mass
flow through one blade channel.

Substituting Eqs. (2) and (3) into Eq. (1) and using the
energy equation and the equation of state, one obtains

d2u 32u
dt2ds2

du /
ds\

7 dB 7 3p d<t> \
B dt p ds dt )

d/u 1 oB 1 op d(f)
B dt p dt ds

rBp

where
7 / R dp 1 dH
2\ C~p ~dt ~ H dt

HR dp

(4)

(5)

(6)

All the partial derivatives with respect to s and t in the above
equations represent the derivatives on the midchannel stream
surface shown in Fig. 2. The force component, Ft, is caused
by the hub-tip pressure gradient induced by the blades. It is
therefore equal to zero outside the blade passage and is
calculated from the following relation inside the blade
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Fig. 2 Stream surface and orthogonal mesh.

passage:

dt 36 (7)

The stream function calculations are performed using an
orthogonal grid which is generated using the method of Ref.
10. Two levels of iterations are used in the solution of the
resulting equations. The solution of the linearized finite-
difference equations is obtained using successive
overrelaxation, and the corrections to the nonlinear terms are
performed in the outer iterations. The values of the nor-
malized stream function are specified to be zero at the hub
and 1 at the tip. On the upstream and downstream bound-
aries, the derivative of the stream function normal to the
boundary is assumed to be zero. This implies that the up-
stream and downstream boundaries must be orthogonal to the
streamlines. After the stream function solution is obtained,
the velocity components Vs and Vt are calculated according to
Eqs. (2) and (3). The velocity components in the cylindrical
polar coordinates are calculated using the following relations:

Vz = K5cos</> —

Vr= K,cos0+

(8)

(9)

(10)

where (3 is the angle between the flow velocity vector and the
meridional plane.

The transonic flow solutions are obtained using the velocity
gradient method. These solutions are based on the integration
of the following velocity gradient equation in the t direction9:

dV
~dt

?/3 + cos(a-</>) sin2/3cos(/> . . d01
————————— — ————— -f sino:sin/fcos/3 —

rc r dt J
dV dV. dO

+ cos/3 —-— sin(« - 0) 4- rcos/3 -— -—dt dm dt
;rd(//,-//) ^
VI dt

where

(11)

(12)

The angle /3 is known only inside the blade channel. Outside
the blade channel, it is eliminated using the relation

30 60 9

IMPACT ANGLE (DEGREES)

Fig. 3 Particle rebound characteristics.

The solutions to the velocity gradient equations for transonic
flow are based on the information from the finite-difference
solution at a reduced mass flow rate.

Flowfield Computations
The core and scavenged flowfields were calculated

separately, using iterations to adjust the dividing streamline
by trial and error. In performing the flow computations, the
duct was extended upstream as shown by the dotted lines in
Fig. 3, and uniform axial flow conditions were imposed at the
inlet of the extended duct. The computations were performed
using a 40 x 8 grid for the core engine flow and a 40 x 4 grid
for the scavenged flow. The input for the twisted vane
geometrical data was specified at the hub and tip, where the
stagger angles are 30.1 and 22.5 deg, respectively.

Particle Dynamics
For the inlet flowfield, the drag represents the only force of

interaction between the two phases. The particle collisions
and the gravity force are not included because of their in-
significant effects on the particle dynamics in the engine inlet
separator. Under these conditions the equations governing the
particle motion are written in cylindrical polar coordinates as
follows:

dr2 dr dr (15)

(16)

where rp, dp, and zp define the particle location in cylindrical
polar coordinates, and Vr, VQ, Vz represent gas velocities in
the radial, circumferential, and axial directions, respectively.
The centrifugal force and Coriolis acceleration are
represented by the last terms on the right-hand side of Eqs.
(14) and (15). The force of interaction between the two phases
per unit mass of particles is represented by the first term on
the right-hand side of Eqs. (14-16). It is dependent on the
relative velocity between the particles and the gas flow, as well
as the particle size and shape.

In the trajectory calculations the particles are assumed to be
spherical, leading to the following expression for the in-
teraction force parameter:

F=3-±
dr

d6

sin(3=Ve/V (13) (17)
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where p, pp are the gas and solid particle densities, respec-
tively, d is the particle diameter, and CD is the drag coef-
ficient. The drag coefficient is dependent on the Reynolds
number, which is based on the relative velocity between the
particle and the gas. Empirical relations (3) are used to fit the
drag curve over a wide range of Reynolds numbers.

Particle Impacts with the Solid Boundaries
After impacting a solid boundary, the magnitude and

direction of the particle rebounding velocity is dependent on
the particle material, the surface material, and on the impact
conditions. Extensive experimental measurements of the
particle rebound characteristics were obtained using high
speed photography.11-12 These experimental studies were
carried out in special erosion tunnels, which were designed to
include the aerodynamic effects in the rebound charac-
teristics. The following empirical relations11 for the rebound-
to-impact restitution ratios were used in the trajectory
calculations:

Vp lVp = 1.0-2.12/37 + 3.0775/3^-1.1/3] (18)

VP2 lVpi =1.0 -0.4159/3; -0.4994^ + 0.292/3j (19)

Referring to Fig. 4, V and V represent the particlePN
velocity components normal and tangent to the solid surface,
and the subscripts 1 and 2 refer to the conditions before and
after impact, respectively. In the above equations, /37 is the
angle between the impact velocity and the tangent to the
surface in radians.

Trajectory Calculations
The particle trajectory calculations consist of the numerical

integration of Eqs. (1-4) in the inlet flowfield. During the
computations, the flow velocity and density are usually
required at points within the orthogonal mesh. These values
are computed from the grid point values using linear in-
terpolation. The geometrical boundaries are defined by the
(r,z) coordinates of the grid points at the inner and outer

Fig. 4 Representative trajectories of the 5-jt particles (r-z plane).

radii. The vane shapes are described by the 6 coordinates at
the grid points of the orthogonal mesh, and by the blade-to-
blade passage width in the 6 direction. Linear interpolation is
used for the determination of the blade surface coordinates at
other points.

For the specified initial conditions, the particle trajectory
calculations proceed using a fixed time step in the numerical
integration of Eqs. (14-17). The time step is reduced
iteratively preceding particle impacts, to determine the impact
location and the magnitude and direction of impact velocity.
The rebounding velocity is then determined according to the
empirical correlations of Eqs. (18) and (19). These
correlations were simulated in a three-dimensional form to
account for the three velocity components, and the twisted
blade surfaces. The data describing the surface near the
impact location are used to determine the unit vector N in the
direction of the local outward normal to the surface.

Referring to Fig. 3, the impacting velocity components in
the directions normal, and tangent to the surface, are
calculated from the following relations:

and

where

V>,N—
V = — V -TPIT PI l

T=
NX F7x7V

(20)

(21)

Knowing the rebounding velocity components VP2N> VP2J and
the direction cosines of the unit vectors N and T9 the
rebounding velocity components are determined in the
cylindrical polar coordinates. The impact locations and
rebounding velocities constitute the initial conditions for the
subsequent particle trajectory calculations. It is assumed in
this analysis that the particles are not shattered by impacts.

Results and Discussion
The particle trajectory calculations have been performed

for various particle sizes ranging from 5 to 1000 ^ in diameter.
The trajectories are reported for particles which are in-
troduced at several inlet radial locations, corresponding to
intervals of 0.1 of the total mass flow rate. Sets of ten par-
ticles were introduced at each of these locations in the blade-
to-blade channel. This distribution was chosen in order to
easily interpret the results in terms of the percentage of
particles separated. A time step of 0.0001 s was used in all the
trajectory calculations except preceding impacts. The par-
ticles' initial velocities are taken equal to the gas flow velocity
at their initial locations. The results are presented for various
particle sizes to illustrate the generally different trajectory
characteristics through the range of particle sizes. The
projection of the trajectories on the r-z plane shows the
particle radial migration and reveals whether the particles are
separated or ingested. The projection of the trajectories on the
z-6 plane shows the particle motion in the circumferential
direction under the effect of the swirling flowfield and/or
vane impacts.

Fig. 5 Representative trajectories of the 5-p particles (z-0 plane).
Fig. 6 Representative trajectories of 500-/* particles not impacting
the vanes.
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Table 1 Effect of particle size on the G.E. T700 separator effectiveness

Particle
size, IJL

5
10
20
50

100
200
500

1000

Percentage
separated owing
to vane impacts

4
18
23
27
32
34
23
22

Percentage
separated owing
to hub impacts

0
10
18
25
30
17
5
5

Percentage
separated
without
impacts

51
71
58
47
36
39
38
34

Overall
separator

effectiveness,
%

55
99
99
99
98
90
66
61

Fig. 7 Representative trajectories of 500-/* particles impacting the
vanes.

Fig. 8 Representative trajectories of 500-/* particles.

Some representative particle trajectories are presented for
very small (5-/0 and very large (500-/z) particles. It can be
seen from Fig. 4 that the small particles do not impact the hub
or tip annulus, and that their radial migration increases after
passing through the swirling vanes. Figure 5 shows that these
small particles easily acquire a circumferential velocity
component from the swirling flowfield which causes their
centrifugion. Very few of these particles impact the vanes near
the leading edge. It can generally be observed however that
these vane impacts do not lead to a significant difference in
the trajectory pattern of these particles. One can conclude,
therefore, that neither hub nor vane impacts constitute a
mechanism for the separation of the small particles. The
centrifugion by the swirling flow is the main cause of small
particle separation.

The representative trajectories of the 500-/z particles are
shown in Figs. 6-8. The large relaxation times of these par-
ticles are responsible for the reduction in the influence of the
swirling flowfield on their trajectory. It can be seen from
Figs. 6-8 that more of these larger particles impact the hub,
tip, and swirling vanes. Furthermore, the trajectories of the

particles impacting the solid boundaries are drastically dif-
ferent from the rest in that they are mainly dominated by
these impacts and subsequent rebounds. It can be seen from
Fig. 6 that many of the particles impacting the hub reenter the
engine core flowfield after they impact the tip. This effect is
present in the trajectories of all particles greater than 100 .ju, in
diameter, and its influence increases with increased particle
size. This results in a reduction in the separator effectiveness
for particles larger than 100 ^ in diameter. On the other hand,
more of these large particles impact the vanes owing to their
higher inertia. Furthermore, their impact angles are generally
larger, resulting in larger circumferential rebounding velocity
components, as can be seen in Fig. 8. Figure 7 demonstrates
that the vane impacts constitute the major cause of separation
for these large particles.

The effect of the various mechanisms on the separation of
the different particle sizes are summarized in Table 1. It can
be concluded from the data in this table that, the smaller
particles are mainly separated through the influence of the
flowfield on their trajectories. The effect of the flowfield on
the particle trajectories decreases with increased particle size.
In the meantime, the impacts with the contoured hub and with
the vanes start to influence the particle trajectories, leading to
their separation. All three effects combine to result in the
highest separator effectiveness over a wide range of in-
termediate particle sizes. The separator effectiveness is
reduced for very large particles, since they tend to reenter the
core flowfield after tip impacts. The separator is also not
effective for the smallest particles which follow the flowfield
into the engine core.
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