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ABSTRACT

In this study, the RAE M2129 engine intake flow analysis will be carried out in steady flows.
Hammershocks that can form in the engine at high speeds will also be examined.
Hammershocks are a kind of reverse flow interaction in supersonic aircraft that causes a large
and transient pressure increase along the duct on the engine compressor face in the direction
opposite to the flow rapidly. The research was examine a supersonic aircraft intake which was
analyzed with computational methods. The solutions were found to be compatible with the
historically experimental and numerical data.

INTRODUCTION

As the air is introduced to the engine through the air intake, air intake design is considered one
of the most important performance parameters. The primary purpose of air intake is to provide
the compressor with a uniform airflow in certain conditions required by the engine while
maximizing efficiency. [Ramasamy, Mahendran, Vijayan, 2009] However, in some cases, the
angle of attack of the compressor vanes can change the angle of flow, which can cause a stall.
[Benser, Finger, 1957] In such a case, the effect of a wall on the surface of the compressor
occurs and shock waves called "hammershock" occur in the direction opposite to the flow. This
shock wave is one of the critical situations occurring in the input channel and its destructive
effect is much larger especially for aircraft flying at high speeds. [Menzies, 2002] This
phenomenon should be considered from the outset of preliminary design and necessary
analysis should be done to create the appropriate channel to withstand shock-related design
loads. Technically, a hammershock is an engine reverse that causes reverse flow between the
compressor surface and the inlet which creates a high transient pressure increase at the motor
compressor surface. [Nugent, Holzman, 1974] This reverse flow, which occurs after the
Hammershock, spreads rapidly towards the inlet. During this propagation, it creates high loads
and temperature differences on both the duct and the engine. This temporary pressure
increase is called a hammershock. [Menzies, 2002] During the design phase of the propulsion
system, the phenomenon of hammershock should be carefully studied and design criteria
should be set accordingly to minimize any reverse flow and pressure surge. [Becker,
Bergmann, Luber, 1994] The design of an aircraft intake often depends on the conditions under
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which the aircraft will operate but may also depend on the specific role of the aircraft, the layout
of the storage locations, and the location of the landing gear wells. [Laruelle, 2002] In previous
years, data on engine air intake design has mostly been derived from wind tunnel tests. Any
problems that occurred, such as damage to the entrance structures as a result of engine
surges, tended to be detected only after prototype testing and flight. Computational techniques
were also widely used, and CFD simulations of aircraft inflows contributed to the understanding
of inflow physics with the development of wind tunnel testing methods. [Hinton, Eastlake, 1998]
CFD methods have advantages over experimental techniques as they are generally cheaper
in terms of cost, time, and resources. However, some problems are difficult to study
experimentally, often at large expense and requiring a full-scale facility to do so, and in such
cases, CFD can be considered as a viable alternative. CFD can also aid in understanding
experimental problems that allow results to be verified. [Versteeg, Malalasekera, 1995]

In order to foresee these conditions, experiments and computational studies regarding the
case are demanded, and air intakes with maximum efficiency are required to prevent the
formation of a hammershock or minimize its effects. In this study, an S-Shaped inlet (S-Shaped
ducts) is examined and a CFD study is performed. RAE Model 2129 S-shaped inlet geometry
is used as a reference for the CFD analysis. Hammershock effects on this inlet and its
parameters will be examined. Results will be compared with historical experimental and
computational data.

METHOD
Geometry

Figure 1 shows the required parameters to define the geometry of the RAE M2129 model. In
order to construct the geometry, the curve equation of Equation 2 was used. [Anderson, Reddy,
Kapoor, 1993] The drawing is extruded since the values of the input and output fields are
determined. Then NACA 1-854-35 airfoil was used, except at the upstream section of the
intake. The three-dimensional configuration of the geometry was shown in Figure 2.
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Figure 1: RAE M2129 intake geometry
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Figure 2: RAE M2129 3D geometry

y=0.0 D
z=-0.15 (1.0 — cos (%)) 2)
where x takes values between 0 and L, where L is the duct length. The throat diameter and
the engine phase diameter are denoted by D;j,,q: @and Dy4,;p respectively. The location of the
aerodynamic interface plane is referred to as Xj;p. Required measurements are provided in

Table 1. [Anderson, Reddy, Kapoor, 1993]

Table 1: Dimensions of M2129 intake geometry [Anderson, Reddy, Kapoor, 1993]

Parameters Value (mm) Description
Dthroat 128.80 Throat diameter
Diax 168.68 Maximum diameter
Daim 152.40 Diameter at the engine face
L 457.20 Duct length
H 137.16 Distance between centers

Grid Generation

In order to generate a structure grid to the S-duct geometry of RAE M2129, first, the model
was drawn using Solidworks with the domain as shown in Figure 3. Subsequently, the model
was imported to ICEM CFD to generate the grid. A structure grid with O topology was created.
A total of 37 blocks were generated and ICEM CFD HEXA was used to compose the grid. A
value of unity or less was set for the y+ parameter and the first layer thickness was calculated
accordingly. A total of 8458232 elements were created. The maximum aspect ratio was found
as 903, which is normal due to the usage of small elements near the wall to model the boundary
layer.
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c)
Figure 3: a) Domain of the grid b) Face mesh on S-duct ¢) Grid density for z-axis cross-
section

Numerical Methods

To analyze the motion of a fluid element, the governing equations of fluid dynamics, Navier-
Stokes equations were used. The Navier-Stokes equations form a system of non-linear partial
differential equations in their full form, which is not analytically solvable. It is however possible
to obtain approximate solutions through computational methods, giving rise to Computational
Fluid Dynamics, or CFD. The k-w model has been widely used and successful results were
obtained for 2-dimensional flows with adverse and favorable pressure gradients. The
aforementioned model is going to be used in this work. It has also been found that the model
tends to be consistent with the calculated properties of the recirculating flow without altering
the basic model and its coefficients of closure. When used in flows with boundary layer
separation caused by an interaction with a shock wave, problems found with the model involve
unreliability. [Wilcox, 1689-1699] In the solution part of the analysis, a density-based solver
was selected and k-w (SST) was used for viscous settings. The boundary conditions were
calculated using the isentropic relations and were shown in Table 2.

Table 2: Boundary Condition

Parameters Value Description
Mach Number 0.21 Inlet (Pressure Far-Field)

Gauge Pressure 98152.286 Pa Inlet (Pressure Far-Field)

Temperature 290.438 K Inlet (Pressure Far-Field)
Total Gauge Pressure  93928.28 Pa  Outlet (Pressure Outlet)
Temperature 293 K Outlet (Pressure Outlet)
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The pressure farfield, pressure outlet and wall boundary conditions were defined for the flow
domain inlet, engine face and the intake geometry, respectively. Second-order upwind was
selected for the solution method.

RESULTS AND DISCUSSION

In order to validate the results of this study, a test case of AGARD of a steady flow problem
was considered and the results were compared with previous experimental and computational
studies. This case is shown in Table 3.1

Table 3: AGARD Test Case 3.1

Test Case Mach Number Pressure Mass Flow Rate Contraction
Recovery (MFR) Ratio
3.1 0.21 0.9280 2.173 0.9312

55000 core-hours and 98 GB of disk data storage space were purchased from the National
High-Performance Computing Center (UHEM), which serves both academic and industrial
users, to perform the analysis provided by this study.

For comparison purposes, the upper and lower curves of S-shaped air intake geometry were
defined as the port and starboard sides, respectively. This was demonstrated in figure 5. The
Mach number contour was given in Figure 6.a and it was observed that the flow accelerates
immediately after the stopping point, on the leading edge of both the port and the starboard
part.

Port Side

Starboard Side

Figure 5: Demonstration of Port and Starboard sides

It was observed that results given in [Menzies, 2002] are quite compatible with the Mach
number contour obtained in Figure 6. The positions, sizes and shapes of the shock waves and
their interactions are matching. After the point where the S-shaped slope of the air intake
begins, flow separation occurs. It was observed that this current separation takes a larger area
up to the motor input and a similar current separation width occurs both in our study and in
[Menzies, 2002] numerical solutions.
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Figure 6: Mach contour a) This study (HMFR) b) Menzies [Menzies, 2002]

In Figure 7.a, the total pressure recovery contour was given in the circular section taken from
the engine face in the direction perpendicular to the flow. A circular region with low-pressure
recovery, shown in blue, was formed in the acquired contour. It was observed that the result
is quite compatible with Menzies' study shown in Figure 7.b. The circular area of the flow
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separation was noted to be larger in this study, resulting in the formation of a large circular
area where the pressure gain had its lowest values.
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Figure 7: Pressure recovery in the section taken at the engine face a) This study (HMFR) b)
Menzies [Menzies, 2002]

Finally, the pressure distribution taken along the port and starboard sides was given
comparatively, together with the results of the previous experimental and numerical results.
These experimental and numerical solutions were referenced from the Defense Evaluation and
Research Agency (DERA) and AGARD Test Report. [DERA, 2001] [Breuer, Servaty, 1996]
The experiments were referred to as "ARA Experiment" and "BAe Experiment”, respectively-
The results obtained were compared to the previously mentioned experiments, and the
numerical solutions of Menzies and ARA.
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The x-axis represents the dimensionless length X/D while the y-axis represents the
dimensionless pressure Ps/PT (Ps=Static pressure, PT=Total pressure at the inlet) for both
the port and starboard sides. The pressure distribution along the duct for the port side in Figure
9 and the starboard side in Figure 10 were shown comparatively. In both figures, experimental
data and numerical studies were illustrated as points and curves respectively. The numerical
solution (red curve) represents the solutions proposed in this study which appears to be in
good agreement with the experimental results of Bae, and the curve trend showed consistency
with all the results of the other studies.
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Figure 9: Comparison of pressure distribution along the channel for the port section (HMFR)
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Starboard Side
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Figure 10: Comparison of pressure distribution along the channel for the starboard section
(HMFR)

CONCLUSION AND FUTURE WORKS

To validate the results of this study, the test case of the high mass flow rate has been
examined. The k- w SST turbulence model was used in these analyses which has shown
successful results simulating these cases numerically. [Menzies, 2002] A complex flow regime
was found to be formed. This regime was associated with shock waves forming at the cowl lip
followed by shock reflections, a separation of the boundary layer beginning at the s-shape of
the inlet, and an increment of the separation area towards the engine face. The results of this
case showed a slight overprediction of the flow inside the inlet up to X/D=1.0, where the
complex flow regime was formed.

In conclusion, it has been remarked that the results obtained from steady flow analyses are
quite compatible with the previous experimental and numerical studies. Thus, it has been
determined that the methods used are correct. The next step will be to perform flow analyses
dependent on time. Then, it is planned to examine the Hammershocks that will occur in the
channel associated with these analyses.
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