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Abstract

In order to meet the thrust and mass flow requirements of the new concept aero-engine within the
altitude range of 0-30 km and the Mach number range of 0-5, this paper proposes a new external
compression method which consists of isotropic compression and ramp compression. Firstly, the inlet
capture area is set as 2.0 m? based on the engine airflow requirements, and the inlet aerodynamic
schemes are designed at different design points (Ma2.5, Ma3.6, Ma5.0). The results indicate that inlet
aerodynamic scheme for the design point Ma3.6 is the best. Secondly, the variable geometry scheme
of the two-dimensional inlet within the Ma 0-5 range is studied. In order to improve the total pressure
recovery coefficient of the inlet, the throat Mach number of the inlet is controlled within the range of
Mal.2-Mal.5. The total pressure recovery coefficient of the design point inlet is 0.96 at throat section.
The maximum total pressure recovery at aerodynamic interface plane reaches 0.70, which is 5.9%
higher than the requirement. Finally, the velocity characteristics of the variable geometry inlet are
studied. The operation range of the inlet is widen through adjusting the angle of the second
compression ramp and the shoulder boundary layer suction. The results indicate that the inlet meets
the requirement of aero-engine at a wide range.
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Nomenclature (Tahoma 11 pt, bold)

Latin B — shock angle

A — Area & — ramp deflection angle
ICR — Internal compression ratio ¢— mass flow ratio

Ma — Mach number o— Total pressure recovery coefficient
P* — Total pressure Superscripts

T* — Total temperature H — A superscript

Ls — diffuser length Subscripts

Ys — diffuser offset 0 — far-field section

h — Altitude t — throat section

m — mass flow rate ¢ — inlet capture section
Greek

1. Introduction

As one of the important components of an air-breathing propulsion system, the inlet plays a critical role
in providing the uniform airflow for the aero-engine (131, For conventional fixed-geometry inlets, there
is a significant drop in the mass flow coefficient at the off-design points, and there is a large separation
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result in total pressure loss. The aerodynamic performance is poor at off-design pointsl. Therefore,
fixed-geometry inlets cannot meet the requirements of a wide Mach number and altitude range for
aircraft engines. In this case, variable geometry inlets have attracted widespread attention and research
from scholars all around the world due to their good inlet flow matching within a wide speed range and
advantages such as low Mach number self-starting. Among the different types of inlet, the two-
dimensional inlet, with its simple variable geometry structure and easy integration with the aircraft
design, has been widely used in the field of variable geometry inlets. Typical examples include the HYPR
engine two-dimensional inlet, the Scimitar engine two-dimensional inlet, and the two-dimensional inlet
developed by TechLand Research [,

The two-dimensional inlet is currently widely used and research. Wang [®] proposed a freely-shaped
two-dimensional inlet design method, and conducted a parametric study on the two-dimensional inlet.
The aerodynamic performance requirements for a wide range of Mach 2.5-8 were successfully achieved
without the need for design points. Zhu et al. used a reverse design method for the internally and
externally compressible curved compression inlet with controllable surfaces!”). They designed a new
two-dimensional curved compression inlet and obtained wide Mach number range performance. They
achieved a high total pressure recovery coefficient within the Mach number range of 2-4 at 3° angle of
attack. The two-dimensional variable geometry inlet with a Mach range of 0-6 was used in the Japanese
JAXA Turbojet and Ramjet Combined Cycle (TBCC) enginel®l. They controls the throat Mach number
around 1.5 by adjusting the second ramp compression angle, ensuring high performance throughout
the operating range. Sanders et al. designed an over/under two-dimensional inlet for TBCC engines in
the Mach range of 0-7°1. The compression ramp angle and lip angles are adjusted through a variable
geometry adjustment mechanism to achieve mode transition and ensure a good aerodynamic
performance.

To improve the starting ability of the inlet within a wide range Mach number, boundary layer bleeding
is an effective method™?, Yuan et al. "Jinvestigated a supersonic two-dimensional inlet with different
bleeding ratios and found that boundary layer bleeding can effectively reduce the starting Mach nhumber
of the inlet. Chen et al.[*?] studied the layout and bleeding slot angles effect on the total pressure
recovery coefficient, bleeding mass flow rate ratio, and throat pressure ratio. They found that at the
same bleeding area, total pressure recovery coefficient increases with the number of bleeding slots.
This paper aims to design a two-dimensional inlet to meet the requirements of wide Mach number
range aeroengine. Firstly, the mass flow requirement of the wide Mach number range aeroengine are
listed. Then a baseline variable geometry two-dimensional inlet was design according to the flow
requirement of the aeroengine. Finally, the flow characteristics and properties of the inlet at different
inflow condition and engine operation conditions are discussed.

2. Two-dimensional inlet geometry
2.1. Inlet requirement

The main inlet capture mass flow and total pressure recovery requirements are shown in Table 1. The
aero-engine operates from sea-level static to Mach number 5.0 at altitude 30km. It operates in turbofan
mode until Mach number 4.0. The mode transition from turbofan mode to turbojet mode between Mach
number 3.6 and 4.0. Then it operates in turbojet mode until Mach number 5.0.

Table 1. Inlet requirement

H Ma m(kg/s) o Po" (kPa) To" (K) Meor(Kg/S)
0 0 124.23 0.97 101325 288.15 128.07
11 0.8 46.26 0.97 22700 216.77 128.97
11 1.3 75.27 0.9529 22700 216.77 128.02
11 1.5 94.56 0.9415 22700 216.77 127.90
Turbofan
mode 20 24 64.83 0.8601 5529 216.65 128.92
20 25 70.22 0.8422 5529 216.65 116.19
23 3.2 68.44 0.7427 3467 219.56 79.38
26 3.6 57.81 0.664 2188 222.54 69.60
27 4.0 70.85 0.60 1880 223.54 64.36
Turbojet 26 3.6 59.75 0.664 2188 222.54 71.94
mode 27 4.0 78.95 0.60 1880 223.54 71.72
28 4.3 90.54 0.54 1616 224.54 71.56
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30 5.0 132.15 0.43 1197 226.51 71.83

According to aero-engine mass flow requirement from Table 1, the capture area of inlet is 4.8 m? at
least to meet the flow requirement at Ma 5.0. At this capture area, the mass flow capture by the inlet
is far more than engine requirement at the off-design point, as shown in Fig 1. For instance, at Ma 1.5,
aero-engine needs 94 kg/s airflow while inlet capture flow ratio reaches about 300 kg/s, two third of
the capture flow need to bypass the engine. If we aim at the engine requirement below Ma 3.6, the
require capture area is 1.7 m?. The require total pressure recovery at aerodynamic interface plane of
the inlet is illustrated in Fig 2. It is between Military specification MIL-E-5008B and Aerospace Industries
Association(AIA) specification. As we know, AIA specification is current level. Therefore, we need to
further reduce the loss during the inlet and improve its total pressure recovery.

Total pressure recovery
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Fig 1. Inlet capture area requirement Fig 2. Inlet total pressure recovery

requirement

Base on the inlet design requirement above, we design three different inlet schemes to meet the near
term, mid-term and long term goal. The design point Mach number is Ma 2.5, Ma3.6 and Ma5.0,
individually.

2.2. Baseline design point inlet geometry

The inlet with design point Ma 3.6 is selected as the baseline inlet. The design process of the baseline
inlet is described in detail. The inlet consists of external compression ramps, internal compression and
subsonic diffuser, which is shown in Fig. 3. The external compression ramps consists of a 10 deg curve
ramp and 10 deg ramp at the design point. The width of the inlet is 1.24m and height 1.61m. Total
compression ratio is 5.65 with internal compression ratio 2.65 at Ma 3.6. The deflection angle of cowl
is 7 deg. There are six bleed slots at the shoulder of the inlet with 20mm in width. The centerline of
the subsonic diffuser is set as rapid turning at the exit.

4F
- Two-dimensional inlet of design point Ma 3.6

3F

2 [~ Cowl angle 7° Throat H,

I J
T ) T
15 ramp 204 ramp Internal Diffuser Constant diffuser
compression

1 2 3 4 5 6 7 8 9 10

Fig 3. Two-dimensional inlet model at design point

2.3. Baseline off-design point inlet geometry

At the off-design point the inlet geometry is adjusted according to Fig 4. The first ramp angle is 10 deg
until Ma 3.6 and then it increases to 13.5deg at Ma 5.0. The second ramp increases from 0 deg to 10
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deg between Ma 0 and Ma 3.6 and then decreases to 7 deg. The internal compression ratio increases
from 1.36 to 2.15 during Ma 1.5 and 3.6. The throat Mach number is designed to between Ma 1.2 and
Ma 1.5, which is good to improve the performance of the inlet. The inlet geometry under Ma 3.6 and
above Ma 3.6 are shown in Fig 5 and Fig 6, respectively.

Ma3.6 design point-Ac=2.0m’

Fig 5. Variable inlet geometry under Ma 3.6
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Fig 6. Variable inlet geometry above Ma 3.6

3. Numerical simulation method

The flow is modeled by the compressible steady RANS equations. The integral Cartesian form for an
arbitrary control volume J with differential surface area dA as follows:

d

— | WAV +Q|F -G |-dA=| HdV 1

dt! $[F-G] I M
where the vectors W, F and G are defined as:
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P pv 0
pu pvu+p 7y
W=<pv i, F=<pw+p ,G= T, (2)
oW pPYW+ p T,
pE pPVE + pv TV, +q

and the vector H contains source terms such as body forces and energy sources. Here p,v, E
and p are the density, velocity, total energy per unit mass and pressure of the fluid, respectively.
7 is the viscous stress tensor and g is the heat flux.

The inviscid flux vector F'is evaluated by Roe flux-difference splitting scheme with the MUSCL
interpolation method used to determinate the inviscid fluxes at the control surfaces. Temporal
discretization of the coupled equations is accomplished by an implicit point Gauss-Seidel time-
marching algorithm. The turbulence is modeled by two equations shear-stress transport (SST)
k —@ model.

The near-wall modeling approach is adopted in the near-wall modeling in which the turbulence
models are modified to enable the viscosity-affected region to be resolved with a mesh all the way
to the wall, including the viscous sublayer. The air is modeled as an ideal gas with the specific heat
ratio of ¥ =1.4and the Sutherland’s Law is used to account for the temperature variation of the

molecular viscosity and the thermal conductivity.

The numerical simulations are performed by commercial solver. The inlet mesh and boundary
conditions are shown in Fig 7. Total elements of structure mesh are about 260,000. Inflow
boundary conditions are listed in Table 1. The simulations are considered converged when the
outlet mass flow becomes stable and the residuals for mass, momentum and energy equations

stop decreasing.
3.5

3.0 F

20 £

4
X/m
Fig 7. Inlet mesh and boundary conditions

4. Results
4.1. Design points capture mass flow comparison

To compare design point Mach number on the effect of inlet capture mass flow. We design three model
at Ma 2.5, Ma 3.6 and Ma 5.0. The capture area of inlet is 2.0 m2. The capture mass flow at different
design points is shown in Fig 8.The results indicate that capture mass flow under Ma 3.6 meet the
requirement. However, mass flow ratio of design point at Ma 3.6 is the best among these three inlet
schemes. It increases linearly from 0.35 to 1.0 with inflow Mach number. The mass flow ratio of design
point Ma 2.5 and Ma 5.0 decrease significantly at Ma 2.5.
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Fig 8. Inlet capture mass flow at different design points
Detail parameters of these three design points are shown in Table 2 to Table 4. The throat Mach number
of design point Ma 2.5 and Ma 5.0 is wider than Ma 3.6, which is between Ma 1.2 and 1.5. This feature
of throat Mach number within a small range at different inflow Mach number helps the improvement of
inlet performance at a wide range.

Table 2. Design point Ma 2.5 parameters

May mi(kg/s) Ma; Qinlet Pbleed
1.5 219.90 1.05 0.6808 0.0375
2.35 120.24 1.41 0.9752 0.0066
2.5 129.25 1.25 0.9854 0.0171
3.6 73.59 1.82 0.9977 0.0092
4.3 61.64 1.81 0.9516 0.0354
5.0 49.62 1.66 0.8934 0.0504

Table 3. Design point Ma 3.6 parameters

May mi(kg/s) May Qinlet Qbleed
1.5 126.95 0.87 0.3931 5.14
2.35 79.08 1.21 0.6414 3.16
2.5 86.89 1.34 0.6626 1.55
3.6 70.18 1.49 0.9517 6.07
4.3 62.70 1.39 0.9682 3.51
5.0 53.47 1.43 0.9627 9.20

Table 4. Design point Ma 5.0 parameters

Mag mi(kg/s) May Qinlet Qbleed
1.5 155.86 1.07 0.4825 4.40
2.35 66.18 1.38 0.5367 1.04
2.5 104.68 1.25 0.7980 0.76
3.6 58.42 1.57 0.7920 7.46
4.3 57.98 1.55 0.8951 8.14
5.0 54.89 1.45 0.9882 10.68

4.2. Design points Ma3.6 inlet flow characteristics

According to the result above, design point Ma 3.6 inlet scheme is selected. Then we analyze the flow
characteristics and performance of this inlet at different engine operation condition. We use
backpressure to simulate the inlet operates at different engine operation conditions.

As shown in Fig 9, the terminal shock move from downstream to the upstream with backpressure
increases from 0.7 to 0.88 times of inflow pressure. As inflow Mach number increase to Ma 1.5, a
deattach shock is form at the external compression ramp and it moves to the tip of the compression
ramp as the backpressure increases up to 3.3 times of inflow pressure. Meanwhile, a separation
bubble appears at the inlet shoulder.
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Fig 9. Flow characteristics of Ma 0 at different back pressure
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Fig 10. Flow characteristics of Ma 1.5 at different back pressure
As inflow increase further to Ma 2.5, the second compression ramp angle increase from 0 deg to
2 deg. As shown in Fig 11, there are two external shocks, the first one is curve compression shock
and the second one is oblique shock. The supersonic flow is then compression by cowl reflection
shock. As the back pressure increase the terminal shock move from downstream to the throat of
the inlet. The inlet operates at critical state at backpressure 12 time of inflow static pressure. Th
performance of inlet reaches its maximum 0.95.

Ma2.5-10P, Ma2.5-11P,

/ Mach 0.00.305081.01.31.51.82.02.3

Mach 0.00.305081013151.82.023 Mach 0.00.30.5081.01.3151.82.023

0

5

Fig 11. Flow characteristics of Ma 2.5 at different back pressure
As inflow increase further to Ma 3.6, the second compression ramp angle increase from 2 deg to
8 deg. The shock-on-lip condition is achieved at Ma 3.6, as illustrated in Fig 12. As the backpressure
increases up to 52 time of inflow static pressure, the inlet operates at critical state with total
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pressure recovery at aerodynamic interface plane 0.70.

Ma3.6-30P, Ma3.6-40P,

Mach 0.0040.71.11.51.82.2262933

Fig 12. Flow characteristics of Ma 3.6 at different back pressure

As the design point is selected at Ma 3.6, at Ma 4.3 a shear layer would be digested into the inlet.
Therefor, we increase the angle of the first ramp from 10 deg to 12 deg. As shown in Fig 13, shock-
on-lip condition is also achieved at Ma 4.3. The throat Mach is about 1.5. With the inlet shoulder
bleed, the shock/boundary layer interaction is weaken this improve the performance of the inlet.
As the backpressure of the inlet increases up to 110 time of inflow pressure, the inlet operates at
critical state and the total pressure recovery is 0.54.

As inflow increase further to Ma 5.0, the first ramp angle increase from 12 deg to 13 deg, with
internal compression ratio 3.26. To reduce the boundary layer from the inlet cowl, we add two
more bleed slots at the cowl side of the throat section, as shown in Fig 14.

Ma 00 05 1.0 14 1.9 24 29 33 38 43

aU=4.3, P‘jo h

Ma 00 1.0 20 30 40 50

8

Fig 14. Flow characteristics of Ma 5.0 at different back pressure
According to the flow characteristics analysis in previous, the total pressure recovery, mass flow ratio
and Mach number at AIP are summarized in Fig 15. As shown in Fig 15(a), total pressure recovery
increases with backpressure due to the terminal shock moves from downstream to the upstream of the

10
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inlet. As the terminal shock moves to the throat, the total pressure recovery reaches its maximum.
Then the mass flow ratio and total pressure recovery decrease with the terminal shock moves to the
upstream of the inlet cowl. Mass flow spillage increases downstream the terminal shock, the flow into
the inlet reduces. The match point mass flow and total pressure recovery are summarized in Fig 15(b),
the results indicate that the inlet performance meet the requirement of the inlet between Ma 0 and Ma
3.6. The detail results of the inlet at the match point are listed in Table 5.

Ma3.6 design point Ac=2m’ Ma3.6 design point-Ac=2.0m’

0.8} ° o sa H0.8

0.6

04

0.0 bt

Fig 15. Design point Ma 3.6 inlet scheme inlet performance

\\\\\

Table 5. Design point Ma 3.6 inlet scheme match point performance

0.4

0.2

—0.0

May m(kg/s) May Qinlet Ge Ma.
0.0 152.83 1.22 0.3188 0.9813 0.59
1.0 72.83 0.87 0.3382 0.9945 0.25
1.5 126.95 0.87 0.3931 0.9209 0.38
2.4 76.57 1.21 0.6414 0.9562 0.42
2.5 86.89 1.34 0.6626 0.9019 0.53
3.2 95.33 1.45 0.9231 0.7736 0.48
3.6 70.18 1.49 0.9517 0.6989 0.50
43 62.69 1.39 0.9680 0.5445 0.37
5.0 53.47 1.43 0.9627 0.4650 0.20

5. Conclusion

In order to meet the mass flow requirements of the new concept aero-engine within a wide range Mach
number, we design a variable geometry two-dimension inlet. The variable geometry scheme and flow
characteristics of the inlet are investigated. The results indicated that:

1. This paper presents the design of a mixed compression inlet with a combination of curved isentropic
compression and oblique compression. The throat Mach number is controlled to be around Ma 1.2-1.5
at different inflow conditions.

2. We compare three different design Mach number(Ma 2.5, Ma 3.6 and Ma 5.0) inlet scheme at the
same capture area. It was found that the flow characteristics of design point Ma3.6 inlet scheme is the
best among three inlet schemes.

3.The mass flow and total pressure recovery of the two-dimensional variable geometry inlet meet the
requirement of aero-engine below Ma 3.6, the total pressure recovery at Ma3.6 reaches about 0.70.
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