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Abstract

The turboprop service environment is variable, and its inlet characteristics are affected by various foreign
objects such as sand. In this paper, a numerical simulation method based on CFD-DPM for turboprop inlet
characteristics under the influence of sand is constructed, taking the inlet with a bypass duct as an example.
The effects of different sand particle concentration, particle incidence direction, incident velocity and other
parameters on inlet performance parameters are investigated, and the interference characteristics of
propeller slipstream are compared and analyzed. The results show that 10% volume fraction of sand has
little effect on the total pressure recovery coefficient after entering the inlet, but the distortion rate increases
by 3.2% due to the effect of the sand discrete phase of the mixed flow compared to the clean flow; The
greater the incident velocity, the greater the influence of sand on the inlet flow characteristics, with the
maximum difference in total pressure recovery coefficient up to 1.5% and the distortion rate up to 9%; When
the incident direction is changed, the inlet flow stability of hybrid sand decreases, the maximum reduction
difference of total pressure recovery coefficient reaches 0.868%, and the maximum increase difference of
distortion rate is 9.8%. The propeller slipstream increases the inlet flow rate, although the mass flow rate
increases, because it simultaneously accelerates the sand mixed in the airflow, increasing its ability to
perturb. The total pressure recovery coefficient decreases by 2.52% and the distortion rate increases by 9%
compared to the state without slipstream when the particle incident velocity is considered. The effect of
increasing particle angle under the influence of slipstream is similar to that without slipstream.
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1. Introduction

Turboprops have good environmental adaptability, and can take off and land normally under
conditions such as grass, ice and snow ground, sand and gravel road and even dirt runway [1]-[2],
so the application scenarios are diverse and the application fields are broad. Among them, when
taking off from the gravel runway, due to the effect and impact of the landing gear and propeller on
the sand and gravel ground, the turboprop inlet is in an extremely harsh operating environment, as
shown in Figure 1. Although the sand particles are small compared to other foreign objects, if the
concentration of sand in the air is excessive, it worsens the quality of the air entering the inlet,
potentially affecting turboprop intake performance [3]-[5].
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Figure 1 -Turboprop takes off in a sandy envirnment.

During the takeoff phase, the aircraft needs to accelerate to nose wheel raising speed as soon as
possible to climb off the ground. At this time, the engine's power output requires very high intake
air, and the air flow and quality should be as high as possible to ensure sufficient and stable thrust.
Obviously, due to the close distance between the engine and the runway at this time, either the
sand rolled up by the front landing gear during the sliding process or the sand generated by the
rotating suction of the propeller will inevitably enter the inlet and affect its internal flow
characteristics, resulting in fluctuations in the total pressure recovery coefficient and distortion rate
at the inlet port outlet, which will affect the thrust characteristics of the aircraft. Therefore, in view of
the influence of foreign bodies such as sand entering the inlet, many researchers have carried out
evaluation and analysis through numerical simulation or experimental methods, obtaining results of
interference of different sand parameters on the inlet characteristic [6]-[8]. However, most of these
studies focus on helicopters or jet-powered aircraft, and few studies have been done on turboprop
inlets under the influence of slipstream. On the one hand, the external flow conditions are complex
after the propeller slipstream couple the sand particles, on the other hand, the internal flow
characteristics of the turboprop inlets are highly specific due to the different turboprop inlet profile
from conventional jets, whose use scenarios require consideration of adverse environmental
requirements.

A typical turboprop inlet with a bypass duct is studied in this paper, and the internal flow
characteristics of the inlet under the influence of sand are mainly considered. Sand is treated as a
discrete phase based on the DPM model, coupled CFD method is used to carry out the effects of
its motion collision after the airflow enters the inlet, and the effects of different sand conditions with
or without propeller slipstream on the inlet performance are evaluated, providing a reference for
evaluating the inlet design boundary and flight performance.

2. Computational model and simulation method
2.1 Atypical turboprop inlet with a bypass duct

The object of this study is the turboprop nacelle configuration with a bypass duct, as shown in
Figure 2 [8]-[10]. The intake system consists of an inlet duct, an outlet duct, and a bypass duct.
The inlet is located behind the propeller and has an area of 0.16 m2. A triple channel is formed at a
distance of 2.5 m from the entrance, one connecting the inlet exit through the guide vanes and the
other connecting the bypass channel. The bypass duct is a special outlet whose main purpose is to
eliminate foreign object ingestion as much as possible during the operation of the system, and it
can also be used for flow control when the intake volume is too large. According to the design
requirements of this configuration, the maximum foreign object passing size of this bypass is no
more than 0.20m x 0.11 x 0.01m.

——>outletof intake

|tfrk;’*§\

/ bypass duct

Figure 2 -A typical turboprop inlet with a bypass duct.
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2.2 Diagrams and Figures Simulation method of effects of sand particles on turboprop inlet
characteristics based on the DPM model

Sand is a discrete foreign object, sand ingestion test is also one of the subjects that must be
completed in aero engine qualitative design. According to the requirements of relevant test
specifications, quartz sand is adopted for general sand ingestion test, and its particle size is shown
in Table 1. The engine and its components shall be capable of operating in a ground environment
containing 0.053g of sand and dust per cubic meter, with a volume fraction of about 10% converted
to the inlet configuration of the project, as required by the test specification.

Table 1 GJB2026 specifies the size and specific gravity requirements of sand for testing [11]
Size/um 1000 900 600 400 200 125 75
< Specific
gravity of 100 98~99 | 93~97 8286 46~50 18~22 3~7
sand of this
size /%

Because the particle size of sand is different, Rosin-Rammler distribution function [12] is used to
describe the particle size data specified by the national military standard, and the fitting formula is
as follows:

d 1.7724
F(d)=1-exp[ (0.3019) ]
Because the sand is trapped in the atmosphere, its initial velocity is consistent with the free flow.
Different from conventional foreign objects, sand particles are trapped in the air stream and enter
the inlet. Although the volume is small, the distribution is random, and the volume fraction
determines the quality characteristics of the air stream entering the inlet. In this paper, CFD
coupled discrete phase model (DPM) [13] is used to study the effects of sand particles on the
characteristics of the inlet internal flow, Turbulence model is selected as the model, which is widely

used in internal flow simulation. Its equation is as follows:
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When using a coupled discrete phase model simulation, it is necessary to ensure that the volume
fraction of sand particles mixed in the airflow does not exceed 10%, with the aim of ensuring that
the particles are independent of each other and there is no interaction. Sand particles are treated
as rigid particles in simulation, and their interaction with the boundary of flow field is divided into
two cases (Figure 3): 1) The particles rebound after colliding, that is. the sand particles rebound
after colliding with the inlet internal wall, and the velocity of the bounce motion is obtained from the
recovery coefficient set by the DPM model; 2) Particle crossing, that is, the sand particle crosses
after it touches a non-wall boundary.
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(a) sand rebound (b) sand crossing

Figure 3 -Sand-boundary contact condition.

The DPM model simplifies the moving particles as moving particles, modulates the particle shape

and volume, and ignores the flow details around the particles (such as vortex shedding, flow

separation, boundary layer, etc.) in the calculation. In actual simulations, particle drop locations are

located on a virtual delivery surface in front of the inlet, as shown in Figure 4, in order to ensure
3
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particle concentration entering the inlet and improve computational efficiency. According to the
premise of completely covering the inlet entrance, the particle release surface in this paper is
located at 2 m of the inlet lip, and its radius is 1 m.

virtual surface to
generate discrete phase

Figure 4 -Virtual particle drop surface.

(a) Stationary region (b) Moving area grid

Figure 5 -Computational Grid.

3. Analysis of effects of blowing sand parameters on inlet characteristics without
slipstream effects

When there is no slipstream effect, after the sand is released from the virtual delivery surface, the
mixed incoming stream impacts into the inlet. Subsequently, due to the flow characteristics in the
duct, the "motion-impact" phenomenon occurs in the interior of the inlet system (Figure 6),
eventually entering the main engine interior or exiting from the bypass. Sand entering the main
engine has a noticeable effect on the entire engine system, not only changing the airflow quality at
the inlet exit, but also affecting overall efficiency due to entering the main engine components. In
this paper, considering the actual flight situation, the interference effect of different sand
concentration, particle size, incident velocity and direction on the inlet flow is studied, and the
service boundary of the inlet form is evaluated under extreme wind and sand conditions.

/ sands ‘Ifluw into the main
/ﬂengine

sands flow into
s . the bypass duct
L .

Figure 6 -Sand enters the inlet without slipstream effect.

3.1 Performance comparison of inlets after sand ingestion without slipstream effect

A 10% volume fraction of sand is generated from the virtual surface without the effect of slipstream,
and the internal flow characteristics of the inlet system are evaluated using a BPM model. The
calculated results are shown in table 2. The performance of the inlet is affected by the sand
entering the inlet. Sand with a volume fraction of 10% increases the distortion rate by 3.2%, and
decreases the total pressure recovery coefficient and exit flow by 0.85% and 3.55%, respectively.
Figure 7 shows the schematic diagram of particle tracking when the calculated sand concentration
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is 10%. It is found that among the 300 particles tracked, 20 enter the bypass channel and the rest
enter the main engine. The results show that the bypass plays a role of separating particles, of
course, because the suction effect of the bypass is not considered in the calculation model in this
paper, and the bypass also has its own total pressure recovery coefficient and other indicators. If
this condition is added, the effect of separating the foreign object may be more pronounced. The
effect of sand on the inlet performance is mainly reflected in the distortion of the airflow. Because
the particles are mixed into the airflow, the airflow uniformity is changed, and the friction with the
gas constantly consumes energy in motion. Therefore, the local airflow quality characteristics are
greatly changed. Figure 8 shows the total pressure distribution of the characteristic section without
sand in the incoming flow and with 10% sand by volume, from which the effect of sand
concentration on inlet performance can be seen more clearly.
Table 2 Effect of sand on inlet flow characteristics without Slipstream

the total Entry main Entry bypass
the distortion pressure Inlet exit mass engine exclusion
rate € (%) recovery flow kg/s particle particle
coefficient fraction fraction
Without sand 2.19 0.982426 12.936 — —
10% sand b
° y 2.26 0.974055 12.476 93% 7%
volume
:’EIMDEMF PT for Anthracite 1
H 1.722e+002
1.202e+002
B8.612e+001
| 4.306e+001
0.000e+000
[ms*1)
Figure 7 -the schematic diagram of particle tracking.
Total Pressure Te E’:‘Cﬁl"‘““m
7 544p+004 9.324e+004
T _ . st
g B e iz
Big rm
T 5
[Pa] [Pa]
(a) No foreign object interference (b) 10% sand by volume
Figure 8 -Effect of Sand on total pressure distribution of a typical section without the effects of slipstream.

3.2 Analysis of influence of sand ingestion parameters on inlet performance

Although the volume of sand particles is small, the sand particles are mixed in the incoming flow
into the inlet, on the one hand, the uniformity of the air flow is affected, and on the other hand, the
wall surface is eroded because of the roughness. In this paper, the parameters such as the
incident velocity and direction are analyzed. The volume concentration of sand is set to 10%, in
which the incident velocity is changed by adjusting the incoming flow velocity, and the incident
direction only requires changing the angle of the incoming flow. Figure 9 shows the change in total
pressure of the characteristic surface (the heart surface of a three-way pipe) at different sand
particle incident velocities. It can be seen that the mass flow rate at the same time basically
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presents a linear increasing trend with increasing incident velocity. As the mass flow rate with sand
particles mixed in the incoming stream decreases, the percentage reduction in mass flow rate will
stabilize around 3.5% with the increase of the incident velocity. Total pressure recovery coefficient
decreases with increasing incident flow rate, and the difference in total pressure recovery
coefficient with and without sand interference at Ma=0.4 increases by about 7% compared to
Ma=0.1. The main reason for this is that although the flow rate increases after increasing the
velocity, the heart surface is located at the inlet bypass junction, the flow of mixed sand particles
will enter the main engine or bypass at the junction area, so the rejection effect of the bypass is
enhanced after increasing the flow rate. In this article, the monitored bypass exhaust particles
increase from 20% of the incident velocity Ma=0.2 to 37% at Ma=0.4, so the total pressure is lost.
The distortion rate increases with the increase of the velocity of the mixed sand flow, which reflects
that the disturbance of the characteristic surface is more intense after the particle energy is
enhanced. The distortion rate of flow with and without sand disturbance decreases with the
increase of incident velocity, which may be due to the enhancement of local disturbance by sand
particles after the increase of airflow velocity. It makes up the difference between maximum and
minimum total pressures on the entire characteristic surface. Figure 11 shows the variation of flow
field characteristics at different incidence angles of sand particles. From the perspective of
configuration, the characteristic surface of the three-way pipe of this project has a certain angle
with the horizontal plane, and the change of particle incidence angle also changes the relative
angle between the air flow and the characteristic plane. As the angle of incidence increases, it is
more parallel to the characteristic surface, so the total pressure recovery coefficient, distortion rate,
and flow characteristics are improved. Compared with the calculation condition with or without sand
disturbance, because the volume fraction content is fixed, the difference between total pressure
recovery coefficient and mass flow rate is basically stable, with total pressure recovery coefficient
difference of about 0.86% and mass flow rate difference of about 3.5%. However, the distortion
rate varies significantly with the angle of incidence, as the flow tilt causes the particle to collide and
rebound inside the inlet after the angle of incidence increases. The larger the angle of incidence,
the more intense the particle motion collision in front of the crossing feature, and thus the effect on
the local total pressure is more obvious. When the incidence angle is increased from 0 to 12
degrees, the difference in the distortion rate of characteristic surfaces with and without sand
particles increases from 3.2% to 9.8%.

Figure 12-13 shows the total pressure distribution of the inlet section with sand at different incident
velocities and angles. It can be seen that the impact of the incident velocity on the overall internal
flow characteristics is not as obvious as that of the incident angle. The large incident angle
changes the direction of the air flow and has obvious disturbance to the high and low regions of the
total pressure.

=@ (lean air =@ with sands —&— clean air —@— with sands

Distortion rate

Ma Ma

(a) Total pressure recovery coefficient (b) The distortion rate
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Figure 9 -Effect of sand particle incident velocity (at an angle of attack of 0°).
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Figure 10 -Relationship between incidence angle and characteristic surfaces.
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Figure 11.- Effect of angle of incidence of sand particles (Ma=0.2) .
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Contour 6
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| 9.255e+04
9.124e+04
8.993e+04
88626404
B.731e+04
[Pa]
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(a) Ma=0.2 (b) Ma=0.4

Figure 12 -Total pressure distribution inside the inlet at different incident velocities.
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Figure 13 - Total pressure distribution inside the inlet at different incidence angles.

4. Analysis of effects of blowing sand parameters on inlet flow characteristics with
propeller slipstream

The initial state of the sand entering the inlet changes as the propeller rotates. On the one hand,

some of the sand hits the propeller blades bouncing off the inlet and cannot enter the inlet, on the

other hand, the sand behind the propeller is affected by slipstream to produce rotation and

acceleration effects (Figure 14). At this time, the flow-sand two-phase flow characteristics at the

inlet are different from those without slipstream, so the movement and exclusion characteristics of

sand particles in the entire inlet are also different. In this paper, according to the actual engine

dynamic characteristics, the propeller working parameters are set, and the induced effect of

slipstream on the effect of sand entering the inlet is analyzed.

/ sands flow into the main
turbo englne

'

| \ /'

.

l

sands impact on E sands flow into
blade and reflect "\ the Bypass duct

Figure 14 - Sand enters the inlet with slipstream effect.

In this paper, the propeller speed is set to be 3000 r/min according to the actual situation in low
speed flight. Since the propeller slipstream needs to be evaluated using the unsteady calculation,
the simulation results of the flow characteristics in the characteristic surfaces in this paper are all
time averaged.
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4.1 Internal flow characteristics of a sand free inlet considering propeller slipstream

Inlet characteristics with and without propeller slipstream effects are shown in Table 3. It is clear
that the inlet mass flow rate is improved due to the acceleration of the slipstream, which makes the
flow into the inlet greater at the same flight speed. However, the rotation effect increases the non-
uniformity of the flow entering the inlet, so the distortion rate, which represents the flow equilibrium
of the characteristic surfaces, increases significantly and the total pressure recovery coefficient
decreases slightly. From the flow field diagram inside the inlet given in Figure 15, it can be clearly
seen that the increase in the degree of non-uniformity of the air flow on the monitored section.
Therefore, it is necessary to pay close attention to the rise of total pressure distortion caused by
slipstream for propeller aircraft.

Table 3 Effect of propeller slipstream on inlet internal flow characteristics without sand effect (Ma=0.2, at an
angle of attack of 0°, propeller speed 3000 r/min)

the distortion rate € the total pressure ,
o N Inlet exit mass flow kg/s
(%) recovery coefficient
without propeller
. brop 2.19 0.982426 12.936
slipstream effects
with propeller
IR PTOP 8.85 0.97977 14.566
slipstream effects
o
B
e 12
1.2158+05 1.215e+05
-
i 30 Hi on®
e ) HiEd >
bt <€ o
I 10300 I 103808
Hi LN s
[Pa] [Pa]
(a) without propeller slipstream (b) with propeller slipstream
Figure 15 - Inlet internal flow lines with and without propeller slipstream.

4.2 Analysis of influence of sand ingestion parameters on inlet performance with propeller
slipstream
Figure 16 — 17 shows the simulation results of propeller slipstream interference with inlet internal
flow characteristics at different particle incidence velocities and angles, respectively. When the
particle incidence velocity increases, it means that the number of particles entering the inlet
increases, but rebound off hitting the propeller blades are also more serious. The ratio of bouncing
particles hitting the propeller increased from 17% to 25% at the angle of attack of 0°, compared
with simulations at Mach 0.2 and 0.4. However, there was a significant increase in the absolute
amount of sand inside the inlet at Mach 0.4 due to the increased flow rate. Therefore, after
considering the influence of slipstream, with the increase of incident velocity, the increase of
particle number on the characteristic surface affects the overall total pressure of the flow, showing
a decreasing trend in the coefficient of total pressure recovery coefficient. The total pressure
recovery coefficient of the characteristic surface at Mach 0.4 decreases by 2.52% compared to
Mach 0.2. For the distortion rate, although sand particles mixed into the airflow affect the local total
pressure distribution, the effect of sand particles is not obvious compared with the gradient change
caused by the rotation effect of the propeller slipstream, and its primary role is reflected on the
propeller. As the incident velocity increases, the overall distortion rate decreases instead, mainly
due to the reduced proportion of the rotational velocity component of the propeller slipstream
compared with the incident velocity, and the greater energy distribution downstream of the airflow

9
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entering the inlet, so the local total pressure non-uniformity is weakened. It can also be seen that
slipstream and sand particles actually produce a mutually deterioration of the inlet internal flow,
increasing the maximum total pressure distortion rate by 9% compared with that without slipstream.

The law of incidence angle influence is basically similar to that of a clean atmosphere without sand.
The total pressure recovery coefficient increases with the angle of incidence. When sand particles
are mixed into the air flow, the quasi-linear increase law of the total pressure recovery coefficient
becomes strongly nonlinear. the total pressure recovery coefficient is slightly larger at small
incident angles without slipstream; At high angles of incidence, the total pressure recovery
coefficient of states with slipstream effects is greater, which is mainly caused by the greater
component of the velocity of the slipstream perpendicular to the characteristic plane direction. For
total pressure distortion, slipstream makes the distortion gap between the presence and absence
of sand larger, while the mass flow rate increases slightly with increasing incidence angle.
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Figure 16 - Inlet characteristics of different particle incident velocities under the influence of slipstream(at
an angle of attack of 0°).
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Figure 17 - Inlet characteristics of different particle incident angles under the influence of slipstream(at
an angle of attack of 0°).
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Figure 18 - Total pressure distribution inside the inlet at different incident velocities.
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Figure 19 - Total pressure distribution inside the inlet at different incident angles.

5. Conclusions

In this paper, the change of internal flow characteristics of turboprop engine inlets with and without
slipstream is analyzed, and the flow variation phenomena of turboprop inlets in sandy environment
are combed. Based on the CFD-DPM model, the numerical simulation method of turboprop inlet
flow field with and without slipstream effects is constructed, the quality characteristics of inlet flow
field with and without slipstream effects are studied, and the effects of different sand parameters
(concentration, incident velocity, size, etc.) on the inlet are obtained. The research in this paper can
provide support for turboprop inlet design and airworthiness verification.
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