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Abstract

A boundary layer ingestion (BLI) test rig has been dewveloped by National Research Council of Canada in
Ottawa for studying a sub-scale BLI propulsion technology that has the potential to reduce aircraft fuel
consumption by improving the propulsion efficiency of aircraft engines. This paper provides details of the
aerodynamic design and analysis ofthe related test rig. This BLIrig is unique compared to mostknown projects
in that it is capable of achieving representative cruise flight altitudes and Mach numbers while most other
known studies have been performed at sea level and lower speeds. The results include CFD simulation of
applying an ejector to get high subsonic flow at the tunnel test section, as the first option, then modifying the
existing high altitude test rig at different parts, as a better option for a BLI test rig.
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1. Introduction

Boundary layer ingestion (BLI) is a concept where the engine ingests the boundary layer developed
over the length of the aircraft and is seen as a potential technique to improve the overall aircraft
propulsive efficiency and reduce fuel consumption. Aerodynamic and engine testing have
traditionally been done in isolation, but for these future aircraft designs, there would be a need to
have an integrated technology demonstrator that combine the testing of the intake with BLI and the
engine.

A constant effort is being made by aircraft engine manufacturers to reduce fuel burn through
technological advancements. Next generation aircraft — from business jets to wide-body aircraft —
are predicted to have distributed propulsion systems that use future propulsion concepts (e.qg.
hybrid/electric) and blended wing bodies. These designs use engines embedde d in the fuselage with
boundary layer ingestion. There are several architectures which allowthe ingestion of the boundary
layer [1- 5]. The technology operates through ingesting slow moving boundary layer flow into the
engines in order to produce the requisite thrust. The benefits are achieved by reducing drag,
decreasing the amount of required thrust, and improving overall propulsive efficiency. A list of
analysis was compiled showing between 3 and 10% benefit in applying BLI [6]. The wide range in
results reported on BLI potential performance was one reason that NRC prompted to undertake a
test campaign to get some validation data.

2. Test Rig Design Using Ejector

Initially for the test rig configuration, it was assumed that the use of existing ejectors were required
to reach the required Mach number at the test section. Ejector systems have the main advantage of
not containing any moving parts and have long been attractive in a wide range of applications such
as refrigeration, vacuum pumps, cooling, thrust augmentation, power generation, and chemical
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processing [7- 11]. The application of ejectors for wind tunnel has rarely been studied in the past
[12].

In this concept, the primary flowis supplied by high pressure air and accelerated through up to four
convergent-divergent nozzles that were designed and tested in the past at the NRC [13], Figure 1.
A high velocity jet is produced in choked condition at the nozzle exit. This entrains the secondary flow
which is ambient air at room temperature and pressure. The two air flows then combine by the end of the
mixing chamber.

The performance ofthe ejector was calculated using one-dimensional mass, momentum and energy
conservation equations by considering a few assumptions and applying some iterative means to
solve a set of simultaneous equations [14]. Figure 2 shows the preliminary dimensions of the test rig
obtained through the design procedure [15]. In this design, the total length of the test rig was
calculated to be about 18m.

The one-dimensional method provides a simple and reasonably accurate estimate, but with limited
geometrical information. The CFD simulation is used as a design tool to improve the operation of
ejectors by detailed analysis of the flow features within the ejector.

Primary mf=Skg/s

e
T

Secondary Air

Figure 2 — Schematic of the possible test rig configuration using ejector system

2.1 Numerical Analysis

The flowfield was studied using ANSYS FLUENT V2019. Figure 3 shows an example of Mach number
contours of the 2-D model applying two nozzles at a total pressure of 340 kPa and a total mass flow
rate of 5 kg/s. The CFD model was steady and density based. The solution method was implicit with
flux type of Roe-FDS. The k-epsilon turbulence model with standard wall functions was selected. The
entire solution domain was discretized using an unstructured grid. The results confirm that a Mach
number of about 0.7 is achievable at the test section.

Figure 4 shows the effect of nozzle total pressure on velocity profiles at mid test section and Figure 5
shows the ejector mass flow ratio, which is the ratio of the secondary mass flow to the primary mass
flow, w. By further analysis of the operating conditions such as nozzle pressure and geometrical
factors such as the length of the mixing chamber or the number of nozzles, the optimum ejector
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performance could be achieved.

However, due to space limitation for an 18m-length ejector rig, and to reduce the cost of fabrication,
it was found that an existing compressor rig [16, 17] could be adapted for a BLI test rig by making
some changes. The advantage was the possibility to test at high altitudes.
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Figure 3 — Mach number contour, two-nozzle, Po=340 kPa
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Figure 4 — Nozzle pressure effect on velocity profile at the middle of the test section
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3. Altitude Compressor Rig

The plenum used to create altitude pressure is shown in Figure 6. The plenum consists of an inlet

bell mouth, a series of flanged pipe sections in which the compressor is mounted, a gate valve to

throttle the inlet flow, perforated plates to further reduce pressure and turbulence, and a suction pipe

which is connected to an exhauster that creates the flow through the plenum. Suction is provided
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through the suction pipe to create a mass flow through the plenum. The gate valve is then
progressively closed to create the desired pressures. By varying the amount of suction pressure and
the gate valve position, different flow rates and plenum pressures can be achieved. The testrig is
capable of providing altitude up to 38000 ft and flight speeds of Mach 0.74.

Closed when operating

Inlet control valve 247 pipe

Flow conditioning section with turbulence

grids Connection to exhauster

Figure 6 — Altitude compressor rig

3.1 Plenum Modifications

Since the altitude plenum needs to provide the air flow as an internal flow to the propulsion system, the test
section diameter should be the same as the scaled propulsion system diameter which is 180 mm. A contraction
was designed to connect the 61 cm (24 inch) pipe to the test section, Figure 7. At the downstream, the test
section is connected to the U-shape exhaust tube.

Aboundary layer body representing the aircraft geometry with diameter of 90 mm is mounted within the plenum
to create a natural boundary layer due to skin friction.

After some CFD analysis, it was found that the boundary layer of the test section wall affects the velocity profile
at the inlet of the propulsion system. Therefore, the effect of test section walls was required to be removed. In
order to resolve the problem, a bypass nacelle was designed as shown in Figure 8. Based on the estimated
maximum  boundary layer of the test section walls, the diameter of the new test section was estimated as 250
mm, Figure 8.
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Figure 8 — Preliminary design of the bypass section

To achieve a better flow field, some more modifications were applied such as changing the test unit
shape at the bypass nacelle section to be more streamlined. Figure 9 shows the new model and the
dimensions that were used for the numerical analysis.

The applied CFD model was steady state and pressure based. The solution method was SIMPLE and
the k-epsilon turbulence model with standard wall functions was selected. The boundary conditions
included pressure-inlet, mass-flow-outlet, wall, and fan with pressure jump resembling the propulsion
system. The entire solution domain was discretized by an unstructured grid and a boundary layer mesh
applied adjacent to the walls, Figure 10.

In Figure 11, the velocity vectors at the mid plane of the test rig (y=0), and the velocity profiles at the
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fan plane (shown by red line in the pictures) are compared. The purpose was to check how changing
the exit mass flow rate can affect the fan mass flow rate and the velocity profiles. The inlet total pressure
was setto 24 kPa and the fan pressure rise was 7.2 kPa. The exit mass flow rate was varied between
1.2 to 2.5 kg/s. The velocity vectors results show that the flow is smooth passing through the bypass
nacelle except at the exit that due to the sharp trailing edge, where some vorticities are formed. The
fan mass flow rate increases by increasing the exit mass flow rate of the test rig, however, its
percentage relative to the exit mass flow rate is decreased. It means more flow also passes through
the bypass section. The growth of the velocity profiles in bypass section also confirms this.
Additional modifications were applied on the bypass nacelle geometry, as shown in Figure 12. The
circular leading and trailing edges were added to the profile. For the upper profile, a constant radius
curve tangent to the leading and trailing edges was added, and the lower profile followed the shroud
curve. The cross section view of the test rig with the modified bypass nacelle can also be seenin Figure
12.

0.000 1500 3,000 (m)
[ EE——  ESS—

0750 2.250

Figure 9 — CFD model for the modified bypass nacelle

Figure 10 — A view of the mesh for the model with bypass nacelle
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Figure 12 — Bypass nacelle profile modification

3.2 Effect of the Struts

The boundary layer body is supported with three nacelle struts, two forward struts and one aft bottom
strut. Theelectrical power and coolant are provided to the boundary layer body via these hollow struts that have
NACAO0015 cross sections with different chord sizes. They are positioned to create boundary layer
disturbances similar to those seen over a fuselage, such as those due to vertical tail and engine pylon
structures.

Figure 13 shows the model used for the numerical simulation. A cross-section of the geometry of the
boundary layer body with the struts and the applied meshing are shown in Figure 14. The results
including total pressure contour along with the streamlines and velocity vectors are plotted in Figure
15 for inlet total pressure of 24 kPa, fan pressure rise of 7.2 kPa, and exit mass flowrate of 1.5 kg/s. It
seems that struts do not disturb the flow and streamlines are smooth everywhere. In this case the
resulting mass flow rate of the fan is 0.82 kg/s. Figure 16 shows the non-dimensional total pressure
contour at the fan inlet face and the profiles along the radial locations of 12 and 3 o’clock and about 60
degrees which corresponds to the maximum distribution of the total pressure in fan plane. The total
pressure is normalized using the average total pressure at the fan face. The effect of vertical tail and
engine pylon on the total pressure pattern at the fan face is achieved using the upstream vertical and
two forward supporting struts.

Figure 13 — The boundary layer body model with aft support
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Figure 14 — Geometry and mesh of the boundary layer body with three nacelle struts and aft support
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Figure 15 — Streamlines and velocity vectors, Po=24 kPa, APran=7.2 kPa, m,,;;=1.5 kg/s
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Figure 16 — Non-dimension total pressure distribution at the fan inlet face, Po=24 kPa, APran=7.2 kPa,
My =1.5 kg/s

3.3 Modification from Three-Strut Configuration into Two-Strut

It was suggested to replace the three struts holding the nacelle by two horizontal struts as sketched in
Figure 17. This way, they could be used for side-to-side adjustment and the vertical struts on the
boundary layer body could be used for up-down adjustments. However, this would require that all

instrumentation wiring such as probes, pressure sensors and speed sensor pass through only two
struts.

Figure 17 — The two-strut vs. three-strut holding the nacelle

With the new configuration, the CFD analysis was applied. The model with two horizontal struts and
the meshing is provided in Figure 18. To decrease the processing time, only the test section part was
modeled with the inlet and outlet boundary conditions as shown in Figure 18. The total pressure
contours along with the streamlines and the static pressure contours can be seenin Figure 19. Itseems
the flow is uniform and there is no flow reversal, so the modification was confirmed from an
aerodynamics point of view. The resulting mass flow rate of the fan is 0.78 kg/s.
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QOutlet

Figure 18 — Modified boundary layer body model for holding the nacelle by two struts
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Figure 19 — Streamlines and static pressure contours, Po=24 kPa, APran= 6.72 kPa, m,,;;=1.3 kg/s

The total pressure and velocity magnitude contours at the fan inlet face are plotted in Figure 20. The
corresponding velocity profiles along the radial locations of 12, 6 and 3 o’clock are sketched in Figure
21. The boundary layer thickness is about 40-50% of the span which is 45 mm.
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Figure 20 — Total pressure and axial velocity contours at the fan inlet face, Po=24 kPa, APsan= 6.72
kPa, m,,;;=1.3 kg/s
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Figure 21 — Velocity profile at the fan inlet face
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3.4 Nacelle Strut Modifications
It was required to reinforce and change the size of the nacelle struts because of some changesin
measurement instruments passing through them. Analyzing the flow field, it was realized that due to
the blunt shape of the trailing edge of the nacelle struts, some flow separation occurs. To avoid it, a
modification was applied at the trailing edge to make it sharper, as shown in Figure 22.
The contour of the total pressure along with the stream lines, and the contour of static pressure ratio
with respect to the inlet total pressure are plotted for the mid plane of the z-direction in Figures 23 to
25. The exit mass flow rates of the rig as well as the fan pressure rise are varied which results in
different mass flow rate of the fan and varying the pressure distribution. From Figure 23 and Figure 24,
it can be seen that the streamlines are smooth everywhere due to the favorable pressure gradient. The
resulting mass flow rates of the fan are 0.78 kg/s and 0.8 kg/s for the conditions of Figure 23 and Figure
24, respectively. However, as shown in Figure 25, with the exit mass flow rate of 1 kg/s, the static
pressure downstream of the nacelle increases, so this adverse pressure gradient results in flow
reversal in the by-pass section.
Figure 26 shows the variation of pressure ratio and by-pass-ratio with the exit mass flow rate of the rig.
For the lowest studied exit mass flow rate (i.e. 1 kg/s), the pressure ratio is very close to one and the
by-pass-ratiois very lowthat confirms the flow reversal in the by-pass section. To resolve this problem,
a blockage plate needs to be installed at the fan nozzle to force the flow passing through the by-pass
section.
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Figure 22 — Additional modifications on nacelle struts due to flow reversal effects
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Figure 23 — Total pressure and static pressure ratio contours and streamlines, m,,;=1.3 kg/s
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Figure 24 — Total pressure and static pressure ratio contours and streamlines, APran=5.76 kPa,

Mexit=1.7 kg/s, plane z=0
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Figure 25 — Total pressure and static pressure ratio contours and streamlines, APwan=7.44 kPa,
Meyir=1 Ka/s, plane z=0
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4. Concluding Remarks

Detailed design of the BLI rig capable of achieving representative cruise flight altitudes and Mach
numbers was provided. The remaining tasks involve fabrication of the models, facility setup, testing
and analysis. This work will serve as a test bed or proof of concept for future full-scale engine BLI
studies and understand the technology gaps that need to be overcome to implement this technology
into aircraft. Also it gives the capability to do further testing to investigate the effect of ingestion
events (e.g. rain, hail, ice ingestion) and different BLI fan designs.
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