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Abstract

A turboprop aircraft is exposed to the risk of bird strikes during flight, which may have a
serious impact on flight safety once the bird is sucked into the engine. In this study, the
aerodynamic and bird exclusion characteristics of a branched turboprop inlet were tested
on a branched turboprop inlet-bird striking experiment system under ground suction
conditions. The ingestion processes of the bird were captured by a high-speed camera
system. The static pressure at the inner wall of the inlet during the ingestion process was
measured. The results indicate that when a low-speed bird at a large incident angle impacts
on the wall of the inlet near the lower lip under ground suction conditions, the bird is easily
sucked into the core duct. Conversely, it is more likely to be excluded by the bypass duct.
Moreover, when the bird moves into the inlet, the static pressure on the wall of the area
where it passes through increases significantly.

Keywords: branched turboprop inlet; bypass duct; aerodynamic characteristic; foreign
object exclusion; bird

1. Introduction

In recent years, the growth in demand for civil aviation transportation has led to
the rapid development of transport aircraft, especially turboprop aircraft. A turboprop
aircraft has the advantages of higher fuel efficiency and greater takeoff thrust [1-3] so that
it is widely utilized in short-haul commuter, military transport, and patrol aircraft [4,5].
However, turboprop aircraft may encounter harsh environments during flight in which a
variety of foreign objects (bird [6,7], hailstone [8], ice slab [8,9], raindrop [10], and sand [11])
can be sucked into the engine. Foreign objects may cause serious damage to the engine. For
example, sand can erode the blades of the propeller and internal structure of the engine,
causing a significant reduction in their performance [12,13].

Among these various foreign objects, the size of a bird is the largest, so that it produces
more serious damage to the engine. Once this occurs, it often results in a catastrophic
accident. First of all, the mixing of the airflow from the inlet and the bird will lead to a
decrease in the quality of the flow field, so that the aerodynamic performance parameters
of the inlet may be significantly reduced [6,14]. Furthermore, the birds may damage the
surface of the propeller and the inlet, so that significant degradation of the structural safety
of the aircraft and the aerodynamic performance of the propellers may occur. In addition, if
birds are not excluded from the engine, they will cause more serious damage to the internal
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structure of the engine [7,15,16]. Therefore, to prevent foreign objects from entering the
engine, a kind of branched turboprop inlet is being developed, which is composed of a
core duct and a bypass duct [6,17]. The core duct is located at the upper part of the inlet
to connect to the compressor; the bypass duct is located at the lower part of the inlet to
connect to the atmosphere. Foreign objects can be effectively excluded by the bypass duct
through its own inertial force, leaving clean airflow to be conveyed to the core duct.

At present, there has been significant progress in the studies of the aerodynamic char-
acteristics of the branched turboprop engine inlet [6,17-21], and numerical investigation
of foreign object exclusion (FOE) within the inlet has developed significantly. However,
the experimental investigation of FOE within the inlet remains in its early stages. The
research on foreign objects mainly focuses on the deformation of the aircraft structure
during the impact of foreign objects on the aircraft [22-26]. As for the study of the trajec-
tory of the foreign object, Michael Papadakis et al. developed a four-degree-of-freedom
(4-DOF) computational method to analyze the shedding process of ice slabs with different
shapes [27]. Later, they further developed a six-degree-of-freedom (6-DOF) trajectory calcu-
lation method to simulate the shedding process of ice slabs from the wing and fuselage of a
jet aircraft [28], and conducted a wind tunnel test to measure the trajectory of the ice slab
shedding in the airflow [29]. In addition, numerical research on the motion characteristics
of foreign objects within the inlet has advanced significantly. Mi et al. have conducted
a number of studies on the exclusion characteristics for the branched turboprop engine
inlet [9,30,31]. At first, they evaluated the performance of a certain type of turboprop engine
inlet with a bypass duct in 2019. A CFD combined with a six-degree-of-freedom simulation
method is proposed to comprehensively analyze the impact, exclusion, and interference
generated by rigid foreign objects in the inlet [30]. However, this simulation model is based
on a fully elastic collision, which is too idealized. In actual flight, the foreign objects will
be coupled with the internal flow field after entering the inlet, and the trajectory of the
foreign objects will be more complicated. Later, they simulated the process of hailstone
and ice slab ingestion into the engine using LSDYNA R10.1.0 in 2020. It was found that ice
slabs initially located at the lower lip were susceptible to being sucked into the core duct,
thus threatening the engine [31]. What is more, they established a numerical simulation
method for the motion of two kinds of fragile foreign objects (ice slab and hailstone) in the
turboprop inlet with a bypass duct by combining the unsteady CFD technique, 6-DOF, and
CSD impact theory. The exclusion characteristics of the ice-type foreign objects and their
impacts on the aerodynamic performances of the inlet were evaluated in detail [9]. Zheng
et al. also conducted a lot of studies on the bird exclusion characteristics in a branched
turboprop engine inlet [6,14]; they introduced a numerical simulation method coupling the
self-developed collision—-rebound model, overset mesh, and 6-DOF to calculate the bird
exclusion characteristics of a turboprop inlet under propeller interference at a large angle
of attack. And through the parametric design method, the exclusion performance of the
inlet was optimized [6].

In summary, there are many numerical studies on the aerodynamic characteristics
and FOE of the branched turboprop inlet at the moment, whereas experimental studies
of FOE in the inlet have rarely been reported. As a result, in this paper, an experimental
study of the aerodynamic and bird exclusion characteristics of a branched turboprop inlet
with a bypass duct under ground suction conditions based on a branched turboprop inlet—
bird striking experiment system is conducted. The bird exclusion characteristics of the
inlet and the aerodynamic effects of bird striking on the inlet are discussed. Section 2
presents a detailed description of the experimental setup of the branched turboprop inlet—
bird striking experiment. Section 3 describes the terminological definitions in this paper.
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Section 4 presents a discussion of the experimental results. Section 5 draws a conclusion of
the present study.

2. Experimental Setup
2.1. Test Model

The test model of a branched turboprop engine inlet is composed of a core duct and a
bypass duct. The power extraction shaft passes through the core duct, forming a circular
cross-section of the core duct. The total pressure rake for the core duct is installed at the
aerodynamic interface plane (AIP, located at the outlet of the inlet and the entrance of the
compressor) between the inlet and the engine, and the total pressure rake for the bypass
duct is at the outlet of the bypass duct. Additionally, static pressure measurement points
are arranged on the outer surface of the model to collect the static pressure of the wall.
Since one side is used for capturing the motion trajectory of the bird dummy, 26 static
pressure measurement points are distributed along the other side, with 6 points on Linel
and 20 points on Line2. Linel is located on the upper wall of the inlet entrance, and Line2
is positioned on the side of the bypass duct. The test model is shown in Figure 1, and the
geometric parameters of the inlet are tabulated in Table 1.

Cross sgtlon‘ l‘-l(AIlﬂl

RI Rz

1-1 2-2

Total pressure rake

Figure 1. Test model.

Table 1. Geometry parameters of the test model.

Parameter Units Value
Core duct outside radius, Ry mm 48.3
Core duct inside radius, 71 mm 19
Bypass duct radius, Rp mm 43
Distance of entrance from AIP, L4 mm 352.8
Inlet throat area, Ag mm? 13,000
Core duct exit area, A; mm?2 6195

Bypass duct exit area, A mm? 5809
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2.2. Experimental System

A branched turboprop inlet-bird striking experiment system (Figure 2) is designed
to conduct the aerodynamic and exclusion experiment of the branched turboprop inlet
under ground suction conditions. The experimental system includes a low-pressure storage
tank suction experiment platform, a transparent turboprop inlet model, two total pressure
rakes connecting the two ducts, a launcher (Figure 2b), a pressure measurement device
(Figure 2c), and a high-speed camera system (Figure 2d).

Solenoid

-

/| Sabot

Figure 2. Experimental system: (a) branched turboprop inlet-bird striking experiment setup;
(b) launcher structure; (c) pressure measurement device; (d) high-speed camera system.

The launcher consists of a projection plate with a sabot, two springs, a solenoid, a slide,
and a triggering device. The solenoid is energized so that the projection plate is absorbed
by the solenoid. When the experiment is ready, the solenoid is de-energized by controlling
the triggering device, and the bird is launched using the elasticity of the spring at an initial
velocity of about 1-10 m/s.

The pressure measurement device is an electronically scanned pressure transducer
system (ESP-64HD) produced by the PSI company in the United States, with a measurement
accuracy of 0.05% of the full scale. Because the measurement range of the ESP modules
is 15 psi (103,421 pa), the maximum error of the pressure measurement device is approx-
imately £52 pa. The high-speed camera system consists of a high-speed camera and an
LED light. The high-speed camera is a Memrecam ACS-3 high-speed camera produced by
Nac Image Technology Inc. in Japan. It has a maximum of 1 megapixel. At this full frame
resolution, the frame rate is up to 30,000 fps, and the maximum speed is up to 220,000 fps,
with a maximum frame rate of 250,000 fps at 1280 x 896 resolution and 50,000 fps at
1280 x 448 resolution. The camera is placed on the side of the inlet and equipped with an
LED light to enhance the shooting effect. The resolution of the high-speed camera in the
experiment is adjusted to 1280 x 896, and the frequency is 10,000 fps.

During the aerodynamic experiment, the air source of the experiment is provided by
the low-pressure storage tank suction experiment platform. After reaching the required
pressure for the experiment by adjusting the valve, the wall pressure along the inlet and
the outlet pressure are collected by the pressure measurement device.

During the exclusion experiment, the wall pressure along the inlet and the outlet
pressure without the bird dummy are collected first. Subsequently, the bird dummy is
launched by controlling the triggering device. At the same time, the wall pressure along
the inlet and the outlet pressure during the motion of the bird are captured. In addition, a
high-speed camera system is used to monitor the trajectory of the bird in the inlet. Notably,
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a filter is installed at the outlet to prevent birds from entering the suction duct, and the total
pressure rakes are removed to protect the probe on the total pressure rakes in this process.
The operation conditions required are adjusted by the position of the valve.

2.3. Bird Dummy Selection and Preparation

The bird dummy is modeled as a cylinder made of gelatin with an aspect ratio of 2:1
in this study to keep it consistent with previous studies [22,24,32,33], as shown in Figure 3.
The geometry parameters of the bird dummy are shown in Table 2.

= ————
A

Iy

0.51,

-t >

Figure 3. Bird dummy model.

Table 2. Geometry parameters of the bird dummy.

Parameter Units Value
Bird dummy length, L, m 0.048
Bird dummy weight, M, kg 0.021

Based on the formulation of the bird dummy documented in the relevant literature [34],
gelatin is utilized to prepare the bird dummy. The elasticity and hardness of the bird
dummy are adjusted by modifying the ratios of the water, gelatin powder, and sodium
carboxymethylcellulose during the preparation process. Since the bird dummy made from
the literature [34] (10:1 ratio of water to gelatin) is too soft, a ratio of 5.5:1 water to gelatin
and 4:1 gelatin to sodium carboxymethylcellulose is used to make the bird dummy in
this paper. The density of the bird dummy is 950 kg/m?, and the process of preparation
is shown in Figure 4. First, 110 g of water, 20 g of gelatin powder, and 5 g of sodium
carboxymethylcellulose are weighed for each preparation. Subsequently, the water is
heated to 60 °C, the gelatin powder is stirred until completely dissolved, and then the
sodium carboxymethylcellulose is stirred until completely dissolved. Finally, the stirred
gelatin liquid is poured into the mold. After 8-10 h of refrigeration, the mold is opened.
The right length of the bird dummy is cut and wrapped with a plastic wrap for refrigeration.
The prepared bird dummies have a mass range of 2022 g, a length of 48 & 2 mm, and a
base diameter of 24 mm.
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Weigh the water, gelatin

powder, and sodium
carboxymethylcellulose.

Pour water into a beaker
‘ and heat to 60°C. N

Stepl: weighing |

Cut the right length of bird

:} Step2: heating | " Step3: stirring

First, add the gelatin
powder and stir;
then, add the sodium
carboxymethylcellulose
and continue stir.

\ 4

dummy. \

Step6: refrigeration }:

| StepS: cutting }: ‘Step4: pour into molds

Figure 4. Process of the bird dummy preparation.

3. Terminological Definitions

Some basic concepts and terminologies need to be defined before the discussion of
the results.
The total pressure recovery coefficient, o, is defined as

0= par/Po- 1)

where pjp is the average total pressure at the AIP, and pj is the freestream total pressure.
The total pressure distortion index (DC60) is defined as

DCE0 — Pmined ~ Parp. @)
Jav

where p; . .o is the minimum total pressure in any sector region with the azimuthal angle
of 60°, and 4, is the average dynamic pressure at the AIP.
The Mach number at the AIP, Maaip, is defined as

2
Manprp = \/ —1

where papp is the static pressure at the AIP, respectively. The ratio of specific heat of air k
is 1.4.
The Mach number at the outlet of the bypass duct, Mag_qyt, is defined as

k-1
(Pap/parp) ¥ — 1]- 3)

2 k-1
Mag.guct = \/ 1 {(Pﬂ-duct/ PB-duct) © — 1]. 4)

where pg ..+ and pp.quct are the average total pressure and static pressure at the outlet of
the bypass duct, respectively.
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4. Results and Discussion

In this study, the aerodynamic and bird exclusion characteristics of the branched
turboprop inlet under ground suction conditions are comprehensively studied by adjusting
the outlet pressure of the core duct and the bypass duct. The following subsections extend
a detailed discussion of the aerodynamic and bird exclusion characteristics by changing
the Maap and Mag_quct-

4.1. Aerodynamic Characteristics of the Inlet

By controlling the valves to adjust the suction pressure downstream of the core duct
and bypass duct, the performance of the inlet under different Majp and different Mag_gyct
is obtained. Table 3 and Figure 5 show the total pressure recovery coefficient o and total
pressure distortion | DC601 of the AIP for different operating conditions, where the velocity
of the freestream is 0 m/s. First, it can be found that ¢ and | DC60| decrease as Maap
increases under ground suction conditions. The reason for the decrease in ¢ is that the static
pressure level in the core duct decreases with the increase in engine operating parameters,
which leads to an overall decrease in the quality of the outlet flow field, whereas the reason
for the decrease in | DC601 is that the airflow in the inlet is mixed more quickly with the
increase in engine operating parameters, which leads to a decrease in the uniformity of the
airflow. Second, Magp 4yt has a significant effect on the aerodynamic performance of the
branched turboprop inlet. As Mag 4, increases, o decreases, | DC60 | increases, and the
inlet aerodynamic performance decreases significantly. In addition, the friction loss in the
inlet increases with Maap and Mag 4, increasing, which also contributes to the decrease
in o of the inlet.

0.25
(2)1-000 e = 0167 (b) —o May ,, = 0.167
—0— MaB_duct =0.179 _O_MaB-dllCt =0.179
0.995 _A_MaB-duct =0.191 0.20 - A= MaB-duct =0.191
) —o— Mag 4, = 0.251 —o— Mag 4, = 0.251
Mag 4, =0.298] — Mag 4, = 0.298
S N
J 015
© 0.990 | &
=2
0.10 |
0.985
0.05 |
0.980 . - L s ! . |
0.2 0.4 0.5 0.6 0.2 0.3 0.4 0.5 0.6

Figure 5. Aerodynamic performance of the inlet at different Maap and Mag_quct: (a) o; (b) IDC601.

Figure 6 shows the distribution of the static pressure along the inlet when
Mag_quet = 0.191 and Magagp is different, whereas the distribution of the static pressure
along the inlet when Maaip ~ 0.5 and Mag gy is different is shown in Figure 7. First, it
can be seen from Figure 6 that as Map_g,t increases, the static pressure along Linel and
Line2 generally decreases. Similarly, it is also seen from Figure 7 that as Map_gyct increases,
the static pressure along Linel and Line2 decreases. In addition, it can be found from
Figure 7 that the static pressure along Linel when Mag 4t = 0.257 is smaller than that
when Mag_gyuct = 0.298, which is due to the small difference of Maagp. It also indicates that
there is a coupling effect between the core duct and the bypass duct.
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Table 3. AIP performance of the test results.
Run Maprp Mag_guct o IDC60 |
1 0.514 0.167 0.9883 0.0563
2 0.488 0.167 0.9890 0.0551
3 0.381 0.167 0.9918 0.0615
4 0.301 0.167 0.9937 0.0911
5 0.205 0.167 0.9960 0.1526
6 0.514 0.179 0.9880 0.0496
7 0.485 0.179 0.9889 0.0524
8 0.382 0.179 0.9912 0.0744
9 0.300 0.179 0.9933 0.1062
10 0.206 0.179 0.9952 0.1577
11 0.561 0.191 0.9862 0.0561
12 0.474 0.191 0.9881 0.0602
13 0.368 0.191 0.9913 0.0854
14 0.287 0.191 0.9933 0.1154
15 0.208 0.191 0.9949 0.1658
16 0.548 0.257 0.9835 0.0696
17 0.492 0.257 0.9849 0.0827
18 0.377 0.257 0.9886 0.1170
19 0.304 0.257 0.9906 0.1425
20 0.203 0.257 0.9929 0.2081
21 0.507 0.298 0.9831 0.0969
22 0.486 0.298 0.9835 0.1036
23 0.377 0.298 0.9870 0.1354
24 0.297 0.298 0.9893 0.1761
25 0.202 0.298 0.9914 0.2165
26 0.441 0.331 0.9832 0.1316
27 0.381 0.331 0.9853 0.1498
28 0.285 0.331 0.9886 0.1939
29 0.510 0.122 0.9897 0.0659
30 0.533 0.182 0.9871 0.0559
(a) 1.00 (b) 1.00
.
0981 e e S 0.98
0.96 - ;//‘j/‘/z/i—?_‘_; Linel
0.96
o o
\: 0.94 | O//‘O_Q Q‘
<
0.92 | /;;:561’ MaB-duct =0.191 0.94 i MaAIP = 0-561, MaB_d“ct =0.191
' —o— Ma,,p = 0.488, Mag 4, = 0.191 —o— Ma,p = 0.488, Mag 4, = 0.191
—— Ma,,p = 0.381, Mag 4, = 0.191 0.92 | —— Ma,,p = 0.381, May 4, = 0.191
0.90 . "
—0— Ma,p = 0.301, May 4, .= 0.191 —0— Ma,;p = 0.301, May ;. = 0.191
0.88 | Mayp = 0.205, Mag 4, = 0.191 0.90 . —0— Mayp = 0205, Mag . =0.191
0.06 0.08 010 012 014 0.16 0.18 0.0 0.1 0.2 0.5 0.6

X (m)

X %Igil)

Figure 6. Static pressure along the inlet at different Maajp: (a) Linel; (b) Line2.
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Figure 7. Static pressure along the inlet at different Mag_qy: (a) Linel; (b) Line2.

4.2. Exclusion Characteristics of the Inlet

By changing the suction pressure downstream of the core duct and bypass duct,
the motion of bird dummies in the inlet under different Maap and different Mag_quct is
obtained. Table 4 shows the motion and exclusion of the bird dummy in the inlet under
ground suction conditions with different engine operating parameters. In Table 4, the
repeatability tests were conducted for several operating conditions. The nominal Maap
and the nominal Mag g4, for Cases 4, 5, and 6 are 0.35 and 0.2, respectively. The nominal
Maa1p and the nominal Mag_qy,t for Cases 7 and 8 are 0.3 and 0.2, respectively. The nominal
Maaip and the nominal Mag_q,,; for Cases 9, 10, and 11 are 0.25 and 0.2, respectively. It can
be found that the exclusions are all the same when the incident angle of the bird is similar.
When the incident angle of the bird is more than 13°, it is easy for it to enter the core duct.

Table 4. The motion and exclusion characteristics of bird dummies in the inlet under ground suction
conditions with different engine operating parameters.

Case Vbira (m/s) Kbird Maayp Mag.quet Outcome Excluded?
1 3.81 —9.87° 0.494 0.208 A Yes
2 6.54 —1.43° 0.461 0.209 B Yes
3 5.27 1.26° 0.414 0.208 D No
4 3.82 —3.28° 0.355 0.215 A Yes
5 8.48 —2.95° 0.334 0.211 A Yes
6 5.34 —1.17° 0.333 0.200 C Yes
7 4.74 0° 0.320 0.210 A Yes
8 6.37 —3.83° 0.283 0.205 A Yes
9 6.73 -3.01° 0.247 0.208 A Yes
10 1.67 0° 0.221 0.202 C Yes
11 4.77 —13.83° 0.221 0.210 D No
12 5.77 —1.08° 0.352 0.173 A Yes
13 5.44 —9.94° 0.353 0.263 A Yes
14 4.32 —16.84° 0.450 0.176 D No
15 3.81 —10.01° 0.462 0.235 A Yes
16 3.76 —2.49° 0.452 0.259 A Yes

Note that in the outcome column, A represents “the bird dummy first impacted the bulge of the bypass duct, then
impacted the lower surface of the diverter and entered the bypass duct”, B “the bird dummy first impacted the
upper lip, then impacted the bulge of the bypass duct, and lastly impacted the lower surface of the diverter and
entered the bypass duct”, C “the bird dummy impacted the lower surface of the diverter and entered the bypass
duct”, D “the bird dummy entered the core duct”.
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Ma, = 0.247

M A quet=

=0.208

Furthermore, it is seen from Table 4 that there are three cases in which the bird dummy
enters the core duct in all the tests. Moreover, there are four categories (A, B, C, and D) of
impacting outcomes for the bird. A, B, and C are the situations in which the bird enters the
bypass duct, and D is the situation in which the bird enters the core duct. The first category
is that the bird impacted the bulge of the bypass duct, then impacted the lower surface
of the diverter, and entered the bypass duct (A) in Cases 1,4, 5,7, 8,9, 12, 13, 15, and 16,
as indicated in Figure 8a. It is worth noting that Figure 8 shows the position of the bird
dummy at intervals of 7.5 ms. The second category is that the bird impacted the upper lip,
then impacted the bulge of the bypass duct, then impacted the lower surface of the diverter,
and entered the bypass duct (B) in Case 2, as indicated in Figure 8b. The third category is
that the bird impacted the lower surface of the diverter, and then entered the bypass duct
(C) in Cases 6 and 10, as indicated in Figure 8c. The motion patterns entering the bypass
duct of the three categories are summarized in Figure 9.

3

“ Impéct area 2 ¥ o pact area 2
. ey X}"i

...... 2‘

‘ . \ 4 .
Ma,p=0.462 Ma,p=0.333
Mag_4,..=0.209 Mag_g,.¢= 0.200

Figure 8. Three categories of impacting outcomes for the bird dummy entering the bypass duct: (a) A
(b) B; (c) C.

y

............ > A
"""""" 2 ~—
............ » C
Upper lip ™= Impact area 2
(o

Impact area 1
Figure 9. Illustration of the motion of the bird entering the bypass duct in the inlet.

The fourth category is that the bird entered the core duct (D) in Cases 3, 11, and 14,
which consists of three specific situations: (1) the bird entered the core duct without any
contact with the wall in Case 3, as indicated in Figure 10a; (2) the bird impacted the upper
lip, then impacted the lower wall of the inlet, and entered the core duct in Case 11, as
indicated in Figure 10b; and (3) the bird impacted the lower lip, then entered the core duct
in Case 14, as indicated in Figure 10c. Notably, Figure 10 shows the position of the bird
dummy at intervals of 7.5 ms. The motion patterns entering the core duct of the three
situations are summarized in Figure 11.
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Figure 10. Three categories of impacting outcomes for the bird dummy entering the core duct: (a) D-1;
(b) D-2; (c) D-3.

Lower lip Impact area 1

Figure 11. Illustration of the motion of the bird entering the core duct in the inlet.

In addition, it can be found by comparing Figures 8 and 10 that under the three
situations of entering the bypass duct, the position where the bird impacts the wall of
the inlet is relatively far away from the lower lip. However, under the three situations
of entering the core duct, the bird always impacted the wall of the inlet near the lower
lip, either in the first collision or the second collision. Therefore, for the birds that dive
downward, the profile of the lower surface of the inlet has a greater impact on the exclusion
performance of the inlet. In the future, the lower surface of the inlet can be optimized and
designed by using the parametric design method in the literature [6].

4.3. Aerodynamic Effects of the Bird on the Inlet

Table 5 provides the time-averaged results of the static pressure at the outlet with
and without the bird dummy under ground suction conditions, whereas Figures 12 and 13
compare the static pressure at the outlet with and without the bird dummy at different
Mapap and Mag_qyt, respectively. It can be found that when the bird dummy enters the
bypass duct, the static pressure of its outlet increases significantly, and the static pressure
at the outlet of the core duct also increases slightly. The reason for this is that there is a
blocking effect of the bird dummy on the airflow, and the flow rate in the bypass duct
decreases significantly. Similarly, when the bird dummy enters the core duct, the static
pressure at the outlet of the core duct increases significantly, and the static pressure at the
outlet of the bypass duct increases slightly.

Figures 14 and 15 compare the static pressure along the inlet with and without the
bird dummy (Map gyet =~ 0.21) in the inlet with different Maajp, and the static pressure
along the inlet with and without the gelatin bird (Maxip ~ 0.45) in the inlet with different
Mag_gyct, respectively. The static pressure along the inlet with the presence of the bird
dummy is a time-averaged result from the time of entry of the bird dummy into the inlet
up to the exclusion process.
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Figure 12. Comparison of static pressure at the outlet with and without the bird dummy at different
Maarp: (a) outlet of the core duct; (b) outlet of the bypass duct.
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Figure 13. Comparison of static pressure at the outlet with and without the bird dummy at different
Mag_gyuct: (a) outlet of the core duct; (b) outlet of the bypass duct.

It can be observed from Figures 14 and 15 that the static pressures on Linel and Line2
increase during the motion of the bird dummy in the inlet, regardless of which duct the bird
dummy enters. The reason for this is that when the bird enters the inlet, it blocks the flow
in the inlet, which leads to a reduction in the flow velocity in the inlet. Furthermore, for
the case where the bird enters the bypass duct, when the bird enters the inlet, the increase
in pressure on Linel is small, the increase in pressure on the first half of Line2 (x < 0.25) is
small, and the increase in pressure on the second half of Line2 (x > 0.25) is large, which can
indicate that the bird enters the bypass duct through the perspective of the aerodynamics
as well. For the case of the bird entering the core duct, after the bird enters the inlet, the
increase in pressure on Linel is larger, the increase in pressure in the first half of Line2
(x < 0.2) is larger, and the increase in pressure in the second half of Line2 (x > 0.2) is smaller.
Therefore, it can be concluded that when the bird moves into the inlet, the static pressure
on the wall of the area where it passes through increases.
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PPy

Table 5. Comparison of static pressure at the outlet under ground suction conditions with and

without the bird dummy.

Case Maayp Mag.quct parp/po PB-duct/Po  Is There a Bird?
0.8275 0.9643 No
1 0.494 0.208 0.8280 0.9672 Yes
0.8437 0.9643 No
2 0461 0.209 0.8450 0.9753 Yes
0.8668 0.9647 No
3 0-414 0.208 0.9077 0.9656 Yes
0.8959 0.9622 No
4 0.355 0.215 0.8961 0.9644 Yes
0.9061 0.9635 No
5 0.334 0.211 0.9066 0.9664 Yes
0.9068 0.9673 No
6 0.333 0.200 0.9067 0.9746 Yes
0.9132 0.9638 No
7 0.320 0.210 0.9142 0.9732 Yes
0.9311 0.9654 No
8 0.283 0.205 0.9318 0.9718 Yes
0.9487 0.9644 No
9 0.247 0.208 0.9497 0.9707 Yes
0.9619 0.9665 No
10 0221 0.202 0.9629 0.9770 Yes
0.9616 0.9637 No
1 0.221 0-210 0.9634 0.9635 Yes
0.8976 0.9758 No
12 0.352 0.173 0.8986 0.9804 Yes
0.8968 0.9465 No
13 0-353 0-263 0.8997 0.9742 Yes
0.8493 0.9750 No
14 0.450 0.176 0.9028 0.9753 Yes
0.8432 0.9555 No
15 0.462 0.235 0.8451 0.9692 Yes
0.8483 0.9477 No
16 0452 0.259 0.8519 0.9718 Yes
1.00 (b) 1.00
= =i
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Figure 14. Comparison of static pressure with and without the bird dummy along the inlet at different

Mapgp. (a) Linel; (b) Line2.
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Figure 15. Comparison of static pressure with and without the bird dummy along the inlet at different
Mag_quet- (a) Linel; (b) Line2.

Overall, birds entering the core duct mainly have a significant effect on the static
pressure at the outlet and the static pressure along the core duct, while having little effect
on the bypass duct. Conversely, birds entering the bypass duct mainly have a significant
effect on the static pressure at the outlet and the static pressure along the bypass duct, while
having little effect on the core duct.

5. Conclusions

This paper presents an experimental study of the aerodynamic and bird exclusion
characteristics of a branched turboprop inlet on a branched turboprop inlet-bird striking
experiment system under ground suction conditions. Its ingestion outcomes were captured
and monitored by a high-speed camera system, and the aerodynamic effects of the bird
were monitored by a pressure measurement device. The conclusions are as follows:

(1) As Maagp increases, o and | DC60| gradually decrease when Mag_gyt is certain
under ground suction conditions. However, when Maxip keeps constant, o gradually
decreases and | DC60 | gradually increases as Map 4yt increases. Moreover, as both Maap
and Mag 4t increase, the static pressure along the inlet decreases.

(2) The exclusion of birds is most significantly affected by the incident angle, with all
birds excluded at incident angles less than 10°. The motion of the bird dummy entering
the bypass duct within the inlet is described in three categories, “impacting the bulge of
the bypass duct-impacting the lower surface of the diverter-entering the bypass duct”,
“impacting the upper lip-impacting the bulge of the bypass duct-impacting the lower
surface of the diverter-entering the bypass duct”, and “impacting the lower surface of the
diverter—entering the bypass duct”.

(3) When a low speed bird at a large incident angle impacts on the wall of the inlet
near the lower lip under ground suction conditions, the bird is easily sucked into the core
duct. Conversely, it is more likely to be excluded by the bypass duct. The motion of the
bird entering the core duct within the inlet can also be classified into three categories:
“impacting the upper lip-impacting in front of the bulge of the bypass duct-entering the
core duct”, “impacting in front of the bulge of the bypass duct-entering the core duct”, and
“impacting the lower lip—entering the core duct”.

(4) The static pressure on the wall of the area where it passes through increases
significantly as the bird is ingested into the inlet; birds entering the core duct mainly have
a significant effect on the static pressure at the outlet and the static pressure along the
core duct, while having little effect on the bypass duct. Conversely, birds entering the
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Nomenclature

Ap Inlet throat area

Aq Core duct exit area

Ay Bypass duct exit area

DC60 Total pressure distortion index

k Ratio of specific heat of air

Ly Bird dummy length

Lq Distance of entrance from the AIP
M, Bird dummy weight

Maap Mach number at the AIP
Mag gyt Mach number at the outlet of the bypass duct

PAIP Average static pressure at the AIP

Pamp Average total pressure at the AIP

PB-duct Average static pressure at the outlet of the bypass duct
PB-duct Average total pressure at the outlet of the bypass duct
Po Freestream static pressure

po Freestream total pressure

Piming0 Minimum total pressure in any sector region with the azimuthal angle of 60°
Jav Average dynamic pressure at the AIP

Ry Core duct outside radius

Ry Bypass duct radius

1 Core duct inside radius

Vbird Incident velocity of the bird

Kpird Incident angle of the bird

o Total pressure recovery coefficient

AIP Aerodynamic interface plane

CFD Computational fluid dynamics

ESP Electronically scanned pressure

FOE Foreign object exclusion

PSI PRESSURE SYSTEMS INTERNATIONAL INC.

6-DOF Six-degree—of-freedom
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