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ABSTRACT

An innovative experimental facility was developed testing flush-mounted,
diffusing serpentine inlets intended for use ombex-wing-body aircraft. The static
ground test facility was able to simulate the bargdayer profile expected to be
ingested by inlets mounted on the aft sectionbee aircraft. It generated Mach
numbers ranging from 0.19 to 0.4 and boundary ltyieknesses between 36% and 45%.
The circumferential distortions at the aerodynaimierface plane of the serpentine inlet
were also calculated, and ranged between 0.004Rédowest Mach number, to 0.0098
for the highest Mach number. Reynolds numbershietests ranged between 1.2 million
and 2.4 million depending on engine speed and Maaohber. The results of the
experiment were compared to a previous NASA reaoid, showed close agreement in

distortion patterns and pressure losses at a Mactbar of 0.25.
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1.0 Introduction

1.1 Background Information

With aircraft design moving forward in the twenityst century, a new program
was initiated by NASA to investigate revolutionamw designs for airplanes. This
initiative was titled the Ultra Efficient Engine @lenology program, and was tasked with
designing a next-generation hybrid wing aircrafhgeembedded engines (Owens et al.
2006). These airplanes are known as blended-waay-EBWB) aircraft because the
wings and fuselage are not separate and distim pthe airplane. Instead, these two
parts are blended together to form one solid, gudar-shaped design that incorporates
the fuselage and wings. The advantages of ara#tiftaving this design are an increase
in the lift-to-drag ratio of the plane, a reductiorthe empty and takeoff weights for the
plane, and smaller thrust requirements resultirgydecrease in fuel consumption. A
BWB transport plane design would also have capscaf up to eight hundred
passengers because of multiple cabin levels (Liebeal. 1998). Figure 1.1 below

shows a model of a planned BWB airplane design.



Figure 1.1 — Model of BWB Aircraft Design (CourtesyNASA)

While many benefits are realized by such an dirdtzere are also many
challenges that must be solved before the desigmeamplemented. As can be seen in
the figure above, one unique aspect of the BWBgiheisi that the engines can be
embedded on the aft section of the aircraft, redudrag. An alternate design has the
engines mounted on pylons either above the reaop#re airplane or on the sides below
the wings. With these podded designs, the engieesits in the freestream and is able
to ingest essentially uniform airflow. With an eeddled design, the engines are no
longer mounted in the freestream, but will ingebbandary layer flow produced by the
wing. The engines are mounted inside the airfravbstructing the ability of the engine
inlet to deliver flow to the engine. This problésrsolved by using serpentine inlets to
duct air flow into the embedded engine. A serpenitnlet typically has an elongated s-
shaped design that is able to offset the flow bgihg it through an enclosed duct. This
duct solves the problem of delivering flow to theledded engine, but creates other
problems because of the distortion and pressusedssociated with turning the air.
These pressure losses and distortions must be medno ensure stable and high

efficiency operation of the engine during flight.



As previously mentioned, another problem that nbesaddressed when mounting
serpentine inlets on the aft sections of BWB aftasathe boundary layer that develops
as air flows across the front portion of the aificrd his boundary layer increases the
flow distortion and pressure losses inside theesgme inlet because of the non-
uniformity of the flow entering the inlet. Becaube serpentine inlets on BWB aircraft
must ingest this wing-generated boundary layew; #re often referred to as boundary-
layer-ingesting (BLI) inlets. Although serpentiméets are currently in use on several
commercial and military aircraft such as the Boei@d, Lockheed Tristar L-1011,
General Dynamics F-16, and McDonnell-Douglas FH&rloff et al. 1992), the
problems associated with BLI inlets has not beadist in great detail (Berrier et al.
2005). This is because the serpentine inlets esetlircraft are mounted either on the
front portion of the aircraft, or away from the &lesge and aircraft body when aft
mounted, where they are able to ingest flow thatnsost uniform (Ting et al. 1975).

With possible future aircraft designs being basedhe BWB structure, a method
for testing and evaluating the inlets and engioesi$e in these airplanes must be
developed. The present thesis examines the dasdjdevelopment of a unique
experimental facility that can be used to testitiberaction between a simulated BWB
aircraft boundary layer developed at the front eégpentine inlet, and the resulting
effect it has on the distortion and pressure lo$seaengine-face aerodynamic interface
plane (AIP). It provides an important step towtre development of testing full-scale
inlets and engines that are integrated togethen@static ground test facility. After a
review of past literature containing information gnound test facilities and the

development of flow in serpentine inlets, this thesill detail the design of the



experimental facility used to test a diffusing sarjine inlet with large amounts of
boundary layer ingestion. It will review the metlscand calculations used to
characterize the flow at the front and at the Allfhe inlet, and will present experimental
results obtained showing the effectiveness of éledify at duplicating the boundary layer
growth expected along the surface of BWB airciafiy the associated flow effects in the
serpentine inlet. Finally, this thesis will shoavhthe experiments conducted benefit the
inlet design community by outlining future reseaticht can be performed based on the

knowledge and experience obtained here.

1.2 Literature Review

1.2.1 Static Ground Test Facilities

As new technologies and tools are developed fsigdeng and testing aircraft
systems and components, they lead to new ideaalteastandard designs and practices
that have been established for many years. Otleesé areas is the development of a
method for testing aircraft engines and inlets.tilWacently, the standard practice for
testing engine components was to test them indaligas isolated systems. This
process began with the aircraft manufacturer désigand testing an aircraft engine inlet
in a wind tunnel. Data were collected at the AtRhe inlet to describe the flow and
distortion that was generated. These measurememésthen provided to engine
manufacturers who designed a series of tests gshegns to duplicate the distortion
created by the inlet. Tests were then run at agrgonditions to develop the operating

lines and stall margin for the engine (Davis, e802).



A problem with conducting the tests on isolatedtge the inability to capture
and recreate certain interactions only present whepieces are coupled together. A
failure to test for these interactions and thesuteng effects on the performance of the
system has led to airframes being mated to engvhese certain desired operational
limits are unable to be reached (Anderson 1983 domplex interactions present at the
interface between inlets and engines were addrdss8&dith (1996) when he reviewed
the history and progress of ground test facilitiess work was focused on the
interactions between turbofan and turbojet engméstheir corresponding inlets, which
are the types of engines that would be installeBW®B aircraft. He found that the
interface affected the entire system in three magas; performance, operability, and
durability and reliability. Performanceadealt with the affect the engine-inlet interfaeel h
on successfully completing the tasks of a missiOperabilitylooked at how the engine-
inlet interface changed the expected responseed\ytstem when a pilot altered the
controls. Thelurability and reliabilityaspect examined how the interface affected the
readiness of aircraft for flight. Smith compiled extensive list of factors and
interactions for each of these three broad categdo show the complexity involved
when mating the two pieces. He outlined one cassued by the Lockheed Corporation
during World War 1l where the design process exauhithe engine-inlet connection
using a system level approach where ground tesitieswere used to test the
interactions. This cutting-edge idea appearecetthb future for designing airframes and
engines, but was slow to catch on because of tigelead times and large investments in

capital money required.



Davis, Hale, and Beale (2002) brought to lighteotissues not raised by Smith
concerning the integration of engines and inletsfstem level tests. Their study
involved a numerical approach to address the pnoblkessociated with variations in total
pressure during unsteady and transient operationg avith circumferential swirl created
at the AIP of inlets. Typically, manufacturer tebtave ignored these two phenomena.
However, recent engine tests showed that the peaioce of engines without inlet guide
vanes was highly sensitive to swirl at their inlet$e presence of swirl is a common
problem associated with serpentine inlet diffussErsause of rotating vortices that form
at the exit of the duct (Harloff et al. 1992). &BWB aircraft may implement
serpentine inlets, the need to develop a way toetaadd test this interaction becomes
even more important. An examination of wind turntest results also revealed that
transient distortion patterns and pressure losse$e much larger than those values
recorded at steady-state. Since most distortists gae run at steady-state for engines
and inlets, this creates a vacancy in the operatioformation for an inlet and engine
connection. Mating the components together fontegrated static ground test would
allow any problems generated to be noticed andeasddd. It has also been shown that
swirl combined with a total pressure distortiorfriont of a rotating fan can cause the
engine to surge even if the distortion was deenced@able by standard means (Davis et
al. 2002).

Beale (2001) proposed that integrating airfrangk @opulsion systems for static
ground tests is needed for further developmentaenadvanced aircraft. Because
airplanes today are able to operate at higher Maahbers and are more maneuverable

due to thrust vectoring capabilities, designershangng difficulty determining the



complex interactions between aircraft componeMsre advanced static ground test
facilities with integration capabilities are neededdesigners to continue to develop new

technologies and airplanes.

1.2.2 Flow in Serpentine Ducts

Flow through serpentine ducts has been examineddny different researchers
in many different ways over the years (Harloff etl®92; Wellborn et al. 1994; Berrier
et al. 2005; Plas et al. 2007). These investigatitave been both numerical and
experimental, and have involved a variety of geoegiand flow conditions. Most of
this research has been performed on ducts of aitteedar or square cross-sectional
areas that contain two curves in opposite direstiofhe ducts tested also typically have
some ratio of diffusion from the inlet area to thet area, causing the flow to decelerate.
This diffusion is useful for serpentine inlets thag installed on aircraft because the
diffused flow has a higher pressure and matchesrfae inlet flow velocity
requirements, which improves the performance ofgéhengine. Although the diffusion
of serpentine inlets helps engines, the ducts bter characteristics that affect the flow
so as to reduce the performance of engines, aslgeg®delow. This section will
summarize some of the key results from the previessarch that has been conducted
that are applicable to the experiment being peréatrimere.

Figure 1.2 below shows a typical shape used fdy &zsts on serpentine duct
geometries. The figure shows two opposing turrsgofal radius, and a constant circular

cross-sectional area. A series of experimentalramderical research was performed on



this duct, resulting in some early conclusions aloe flow through curved ducts.
Experimental results showed that as the speecdedfdiv through the duct was increased,
the thinner boundary layers developed inside tlet sisulted in smaller secondary flows
around the inflection points in the duct (Tayloaét1984). However, these secondary
flows were still large enough to create complexe¢hdimensional flow at the exit of the
duct. These secondary flows caused rotating \estadong the top surface of the duct

resulting in large flow distortions (Towne 1984).
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Figure 1.2 — Typical Geometry for Early Tests on Spentine Ducts (Towne 1984)

Another important investigation was performed karldft, et al. (1992) and
Wellborn, et al. (1994) that examined the effecttumflow when it passed through a
diffusing serpentine duct. Figure 1.3 below shawslf-shell model of the diffusing
duct tested in those experiments. The diffusiasheddanother layer of complexity not
seen in many tests up to that date. Altering theszsectional area of the duct generated

large streamline curvature. This streamline cumeathen created adverse pressure



gradients along the surface of the duct, leadingignificant secondary flows. These
secondary flows and adverse pressure gradienteadaignificant flow separation along
the bottom surface of the duct after the secondecuKnowledge of these regions of
flow separation is of critical importance to airfra and engine manufacturers. As
Reichert and Wendt (1994) pointed out, these segrftbws that form rotating vortices
at the exit of the duct are responsible for mucthefdistortion at the inlet AIP. Inlet
designers need to reduce the size of the sepa@tnbdistortion, while engine designers
must design engines capable of withstanding thertiiens and pressure losses created.
Wellborn et al. (1994) also concluded that the flbwough the duct was symmetrical by
examining oil flow patterns through the duct. Thsults of these studies are of
particular importance here because the diffusirggrggtry used in their experiments

closely resembles the inlet tested in the Welllmgperiment.

+

Figure 1.3 — Diffusing Serpentine Duct Geometry (W#orn et al. 1994)



Three recent research projects have been condusiegl similar experimental
methods to those being applied here. The firstpesformed by Rabe (2003) at Virginia
Tech, where a half-scale serpentine inlet for ngsailitary aircraft was tested. This
project used a jet engine to create suction thrdlglserpentine inlet, generating Mach
numbers up to 0.55 through the inlet, represerdinge conditions for the aircraft. The
second was conducted by Tournier (2005) at Massattsulnstitute of Technology,
where a small-scale model of an inlet used on subswuise missiles was tested. This
project used a one megawatt De Laval air comprdaesgenerate suction through the
serpentine inlet for Mach numbers up to 0.88. atidistortion screen was also placed
in front of the inlet opening to help generatefeén percent boundary layer thickness
for the entering flow. The last project was dogeNASA, and formed the basis for the
work being done here (Berrier et al. 2005). Thelkwmnducted by NASA focused on
experimental tests and numerical simulations dosbhfmounted, serpentine inlet. The
same inlet geometry was used here so that a cosopast results could be made for
validation. The NASA project resulted in severapers that were used here for
background information and as references (Allan@neéns, 2006; Allan et al. 2006;

Owens et al. 2006).

1.3 Summary

The previous sections provide some backgroundnmdtion and motivation for
the investigation reported here. The decision BN to start a program designing a
hybrid wing aircraft as the basis for the next gatien of airplanes created the need for

an experimental facility for testing candidate emginlet designs. As the background on
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the history of static ground test facilities showtiils new experimental facility should
seek to integrate the inlet and engine into oneesy$or testing, because of the complex
interactions not accounted for in individual tesBecause the engines in these BWB
aircraft will be embedded in the aft section of #idrame, serpentine inlets must be used
to duct the air into the engine. These inlets maléd to be able to ingest boundary layers
that form as air flows over the outer surface efairplanes. Many previous projects and
tests have been conducted on serpentine ducty, sakepling of which was covered
previously. These tests showed the flow separatmal vortices likely to form at the

AIP due to the adverse pressure gradients andsdifflcross-sectional area.
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2.0 Experimental Set-up

The following sections of this chapter will discuetails of the design and
development of the experimental set-up. It wileothe purpose of the facility, the
simulations performed to ensure the flow was gdrdraccurately and safely, and a
description of the components used in construdtiegexperimental rig. The
instrumentation plan including locations and typemeasurements taken will also be

covered, along with the test procedure followed nvbperating the engine and rig.

2.1 Overview and Purpose of Experimental Facility

To test the serpentine inlet being used in thisassh, an experimental facility
needed to be designed and constructed. The pugbdisis facility was to generate a
flow entering the inlet that would be similar tetfiow encountered by the inlet under
actual flight conditions. The experimental fagilihay be described as a specialized
wind tunnel for serpentine inlet testing.

The flight conditions desired for this experimerdre/based on a National
Aeronautics and Space Administration (NASA) expemtwhere several different flush-
mounted serpentine inlets were tested (Berriel. 2085). The experiments were
performed in the 0.3-Meter Transonic Cryogenic Tallocated at the Langley Research
Center. The tunnel was closed-loop, fan-driven, lzad a thirteen inch by thirteen inch
cross-sectional test area. The AIP of the inketsed were vented to the atmosphere, so

flow through the inlet and tunnel was generatedhbyeasing and maintaining the air
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pressure inside the tunnel greater than atmosppergsure. To ensure continuous flow
through the inlets being tested, the ratio of fiiex@en total pressure to atmospheric
pressure was kept at a value of two or greatathimduration of the test. Maintaining the
conditions described above allowed NASA to test flitferent inlet designs at a range
of Mach numbers from 0.25 to 0.83 and a range ghBlels numbers from 5.1 million to
13.9 million. The AIP diameter was used as theattaristic length for calculating the
Reynolds number, and was a constant 2.448 inclesdl fof the inlet designs tested.
Figure 2.1 below shows one of the designs testb@eéd as inlet A. This was the inlet
design chosen to validate the new experimentaligetThe figure also shows a set of
fences in front of the inlet opening, along witket of probes used to measure the
boundary layer profile. The fences were instaltetielp generate a boundary layer
similar to what would be created as air flows abver fuselage of a BWB aircraft while
cruising at altitude (Berrier, et al. 2005). Thatalls of this boundary layer are described

below in more detail.

Figure 2.1 — NASA Inlet A Removable Test Section
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Using the NASA experiment as a reference alloweddta collected here to be
compared with a previous set of data and res@tsnparing the data and results
between the two experiments created an importesdlin@ of information about the new
facility that should prove beneficial in conductifuigure tests.

With knowledge of the NASA experimental set-up 8od/ conditions, a suction
wind tunnel was designed and developed for uskisneixperiment as a static ground test
facility. One unique aspect of the wind tunnel was use of a jet engine to create the
suction flow through the tunnel as opposed to eofatompressor. Using a jet engine
allowed for a more realistic representation offtbes that would be drawn in through the
serpentine inlet compared to the flow that wouldybrerated using a fan or compressor.
The jet engine used during the experiment was ta 8nd Whitney JT15D-1 turbofan

shown below in Figure 2.2.

In, =§ : & | “ |
Pratt and Whitney JT15D-1 Gas TurbineEngine

Figure2.2 -

The JT15D-1 contained a single-stage transonid taiaand a single-stage high

pressure centrifugal compressor for the core aw.fl The engine had a maximum mass
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flow rate of 73 pounds-mass per second when opkedteinety-nine percent rated
power. With a bypass ratio for the fan of 3.3ated flow is comprised of a mass flow
rate of 17 pounds-mass per second through theatwr@ mass flow rate of 56 pounds-
mass per second through the bypass. The maximenmalbeompressor pressure ratio for
the engine was 8.1:1. Power was delivered tonigene using a combination of high and
low pressure turbines. A single stage high pressubine was used to provide power
for the high pressure centrifugal compressor, whiteo stage low pressure turbine was
used to provide power to the fan (Pratt and Whit@agtomer Training Manual, 1999).

The engine was capable of delivering a maximumsthwéi2200 pounds with a
maximum thrust specific fuel consumption of 0.54Wpds per hour per pounds of
thrust. It had a dry weight of 516 pounds, and masinted to a steel sled containing the
latter part of the experimental set-up. The fléx#ngine mount for the JT15D-1
allowed it to move forward and backward during @pen, preventing a significant
amount of vibration from being transferred to tlelsand the experimental set-up.
Further damping and isolation of the engine vilmrativas achieved using a specially
designed inflatable seal around the engine inléie fan face had an inlet diameter of
twenty-one inches, which is important when considethe size of the serpentine inlet
being tested. Testing a serpentine inlet with allnexit diameter would change the
velocity and mass flow that could be pulled throtigh inlet, causing the engine to
possibly surge or stall. Precautions were takegréoent this from happening, and will
be discussed in the following sections (Pratt arfdtiiéy Customer Training Manual,

1999).
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Although the JT15D-1 is capable of running at nya@he percent power for the
fan and ninety-five percent power for the high ptee turbine for sustained periods of
time, installation of a rear plenum chamber andtinbntrol device (ICD) in front of the
fan inlet limited the engine to operation at ninpégycent high pressure turbine power.
The purpose of these two pieces of the experimeetalp will be discussed later.
Maximum power could not be achieved because tlee-tntbine temperature (ITT)
reached its maximum allowable continuous operataige of 680 degrees Celsius.

Because the serpentine inlet tested was intendadsé&in BWB aircraft, the
experimental facility needed to be able to geneadterty percent thickness boundary
layer profile. A thirty percent boundary layer fl@for the tests conducted here means
the air flow reaches its freestream velocity aiséashce from the bottom of the inlet that
is equal to thirty percent of the maximum heighthedf inlet. For the following sections,
this boundary layer profile will be referred tofally developed. Since the inlet tested
here had a maximum height of 8.375 inches atptgitie flow boundary layer needed to
be fully developed at a height of 2.513 inchestepresentation of the boundary layer

desired is shown below in Figure 2.3.

h max .

0.3*Nmax

Figure 2.3 — Desired Boundary Layer Profile at Inlé Lip
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In an actual aircraft installation, this boundaaydr would be caused by the
serpentine inlets being mounted on the aft secod®NB aircraft. As air flows over
the upper body of the airplane, a boundary layewgr The serpentine inlet then
swallows the resulting flow at the rear of the Eng@. Because the inlet has an entrance
flow that contains a boundary layer and is notamif across the entire height of the inlet
lip, the serpentine duct is referred to as a Bldtin The boundary layer profile shown
above needed to be present at the lip of the stngenlet for an accurate simulation of
the BWB cruise flight conditions.

In addition to the thirty percent boundary layesfpe, a Mach number of 0.5 was
desired across the front face of the serpentirg.infhis Mach number was chosen
because it represented a realistic flight spee®WB aircraft during operation. In the
initial tests of the wind tunnel-engine system mégwd here, a maximum Mach number
across the face of the inlet of 0.39 was achiev@dnerating this Mach number was done
by controlling the operating power of the JT15DnAbi@e. Allowing the engine to run at
seventy-five percent of rated fan speed resultegdermaximum Mach number above. It

is expected that a higher inlet face Mach numbérogiachieved in future tests.

2.2 Serpentine Inlet Geometry

The geometry for the serpentine inlet used in ¥pEeEmMental set-up was based
on the inlet A configuration that was tested in H&SA experiment. This inlet design

was developed for NASA by Boeing and was intendedie on BWB transport planes

17



and on certain military aircraft. A computer-geated perspective of inlet A is shown

below in Figure 2.4.

Figure 2.4 — Computer-Generated Perspective of Inld ested

The geometry shown is a diffusing serpentine ioégtable of ingesting large
boundary layers that are not fully developed.s iésigned to be mounted flush with the
outer skin of BWB aircraft, and is used to ductiaio the engines that are mounted
inside the frame of the airplane. The NASA ingsted had a maximum front throat
height of 1.703 inches, maximum throat width of4®2nches, and an AIP exit diameter
of 2.448 inches. The experiment conducted hered asarger scale version of the same
inlet design with a desired AIP exit diameter ofidéhes. The ratios for all other
dimensions were kept the same, resulting in a maxirfront throat height of 8.348
inches and maximum throat width of 15.926 inch&le front throat geometry for the
inlet was elliptical, but closely resembled a semtular area. Figure 2.5 below shows a

front view of the inlet throat looking downstreaBefrier et al. 2005).
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Figure 2.5 — Front View of Inlet A Throat Geometry

The diffuser design for the inlet was based onGlkdach shaping criterion
(Berrier et al. 2005). This design criterion helpketermine the desired cross-sectional
area of the inlet at different locations by coningl secondary flows. If the local speed
of the flow was too slow, the cross-sectional avaa decreased to help speed the flow
up, and if the local flow speed was too high, thess-sectional area was increased to
help slow the flow down. The result was a ductvaitcomplex curvature that
transformed from a partial elliptical shape atftloat to a circular shape at its exit. The
circular geometry at the AIP is important becatmeinlet must be able to be mounted in
front of an aircraft engine, which also has a dacinlet. The diffusion ratio of the
outlet area of the duct to the inlet area of thet dvas 1.083.

Due to the complex curvature of the inlet, it ia@sricated using four solid blocks
of high-density expanded polystyrene (EPS) thaeweachined to shape using a

computer numerical controlled (CNC) machine. Tloeks were then glued together and
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sanded smooth to form the final inlet geometrye €ompleted EPS inlet is shown below

in Figure 2.6.

Figure 2.6 — Complete EPS Machined Inlet

Because of the high-speed flows expected in tperent and the resulting
large pressure differentials, the strength of tR& Enlet was a concern. This was
resolved by covering the inlet with a special prirpaint and polyurethane coating. The
primer paint was needed to seal the surface ahtbeto prevent air from leaking
through, altering the chemical reaction and cupraress of the polyurethane coating.
Since the primer sealed the surfaces of the inletade the inlet airtight, preventing any
air from being pulled in through the inlet duriregting. Once cured, the polyurethane
coating created a hard structural outer shell cogehe EPS inlet, increasing its
strength. This extra structural support was imgarto provide the necessary strength of
the inlet to sustain the pressures created byitgievelocity internal flow. Four
polyurethane coatings were applied to the outdasarof the inlet, but only two coatings

were applied to the inner surface. Fewer coatmgie applied to the inside surface of
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the inlet to prevent the inner dimensions from beiftered due to the extra layers of
coating. In the testing reported herein, the abdiect demonstrated adequate strength,

and operated without incident.

2.3 Design of Experimental Facility

The design process followed to develop an expertahéacility (wind tunnel)
capable of generating the desired boundary laysdig@rmass flow, and freestream Mach
numbers are explained in detail in the followingtems. The design of the facility
included work in three major areas: computatiohatifdynamics (CFD) simulations,
three-dimensional computer aided drawing (CAD) nigdend finite element analysis

(FEA) simulations.

2.3.1 Computational Fluid Dynamics Simulations

The CFD simulations for the wind tunnel were pearfed by the project sponsor
United Technologies Research Center (UTRC) usiaggimmercial CFD code CFL3D
(Florea, 2008). These simulations were used terohete the internal flow path of the air
that was needed to generate the boundary layeredeSCFD was chosen as the preferred
method for determining the flow path required beeaof its ability to generate alternate
design solutions, and to close on an optimum gegniret relatively short amount of
time. The unique requirements of the experimdatality meant that several iterations
of different designs would need to be tested beddiral design would be selected.

Although the CFD simulations took between eight Bmdteen hours to converge
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depending on the size of the mesh and the spetbe dibw in the simulation, this time
was small when compared to the time that woulchlelved in constructing and testing
different designs. Three major design ideas westet using CFD. The first design
involved placing a flat plate even with the bottearface of the inlet inside a semi-
circular duct. This design produced a boundarghdlyickness of only eight percent and

almost no distortion at the AIP, as seen belowigufe 2.7.
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Figure 2.7 — Pressure Losses with Flat Plate Desig8ourtesy UTRC)

The second design tested placed the inlet atftlygoércent chord location of a
National Advisory Committee for Aeronautics (NACAiyfoil. The airfoil chosen was
from the NACA 65(10)16 series, which was placeddas conical inlet area as shown in
Figure 2.8. This design also resulted in a bountigrer thickness of less than ten
percent, similar to the flat plate design. Faliraaof the conical piece around the
NACA airfoil plate would have been challenging, igly another reason why this design

was not chosen.
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Figure 2.8 — NACA Airfoil Inlet Design (Courtesy UTRC)

The third major design idea involved placing aafale height flow ramp inside
of a semi-circular entrance duct. The concepttoascelerate the flow to a higher
Mach number where the area was a minimum at theftte ramp, and then allow the
flow to decelerate following the ramp, causing atwary layer to grow along the

diffusing surface. A CFD model illustrating thenocept is shown in Figure 2.9.

Figure 2.9 — CFD Model of Inlet Ramp (Courtesy UTRQ

The first iteration on this design used a rampnaiheight of four inches. This
resulted in a boundary layer thickness of twentg-parcent, less than desired, but much

closer to the thirty percent boundary layer desiriélso resulted in more realistic
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distortions at the AIP of the serpentine inletgufe 2.10 below shows the predicted

pressure losses through the inlet and at the AIP.
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Figure 2.10 — Pressure Losses with 4” Ramp Desig@dgurtesy UTRC)

The second iteration of the ramp inside a senautar duct used a bump with a
maximum height at its peak of 5.5 inches. The ipted boundary layer thickness for
this design was between twenty-nine and thirtyqoereent, depending on the mass flow
through the serpentine inlet. A mass flow of §xidur pounds-mass per second resulted
in a 29.5 percent boundary layer profile, while asmflow of thirty-six pounds-mass per
second gave a boundary layer profile at the ialegfof 30.5 percent. The total pressure
losses through the inlet and at the AIP associatt#dthe 5.5 inch ramp is shown below

in Figure 2.11.
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Figure 2.11 — Pressure Losses with 5.5” Ramp Desig@ourtesy UTRC)

An examination of the Mach number contour plottfe 5.5 inch ramp with the
larger mass flow revealed the presence of locediystonic and supersonic flow around

the lip of the inlet in the bypass duct, as showilow in Figure 2.12.
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Figure 2.12 — Local Mach Numbers around Inlet and BAIP (Courtesy UTRC)

The possible presence of supersonic flow throbgholypass duct raised a
concern about the resulting local low static pressthat resulted. These static pressures
would cause local high forces on the wind tunnehponents, and raised concerns for
possible structural failure either in the serpentiret or in the walls and supports
making up the outer part of the flow path. To h&thigngthen the inlet, it was covered in

several layers of polyurethane coating as descipbedously. To ensure the structural
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strength of the outer walls of the wind tunnelpanplex FEA simulation was performed.
The details of the structural analysis are coveretlater section. As Figure 2.13 shows
below, the two main regions of concern are locatettie maximum height of the ramp

and around the lip of the serpentine inlet. Theespof the flow at these two locations is

predicted to approach supersonic velocity.
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Figure 2.13 — Static Pressures throughout Experiméal Facility (Courtesy UTRC)

A summary of the different boundary layer profigessociated with each design is

shown below in Figure 2.14. It shows that plaa@ngmp inside a semi-circular duct
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generates a boundary layer that best approximagdsaundary layer seen in the NASA
experiment. The four inch ramp height profile lizsse to the NASA profile for the first
twenty percent of the inlet throat height, but bees fully developed too quickly. In
contrast, the 5.5 inch ramp height profile doesfalbddw the NASA profile as close in
the bottom part of the throat, but becomes fullyaleped at approximately the same
point. Since achieving an inlet boundary layerfitgahat becomes fully developed at
thirty percent of the inlet throat height was miagportant, the design with the 5.5 inch

ramp height was chosen for construction.
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Figure 2.14 — Summary of Boundary Layer Profiles (Gurtesy UTRC)

In addition to the flow in front of the serpentiméet, one other concern was

addressed through the CFD simulations. This proltevolved the separation of the
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flow in the bypass duct along the upper surfaciefserpentine inlet. The first CFD
simulations were run with a constant semi-circalass-sectional area in the bypass
duct, similar to what was seen in front of the setme inlet. These simulations revealed
the presence of some flow separation due to tige lenanges in area behind the inlet.
The problems associated with this flow separatienewpropagating upstream, altering
the flow across the front face of the inlet. Teymnt this flow separation in the bypass
duct, the profile of the outer wall had to be cheshgAs can be seen below in Figure
2.15, the wall in the bypass duct was changed ftiaonstant diameter to a nozzle design
that was both convergent and divergent. The cagargrpart of the bypass wall
produced an expanding flow without separation. dikergent part then decelerated the
flow, increasing the air pressure and reducinglthe velocity to better match the engine

inlet requirements.

Figure 2.15 — CFD Model showing Revised Bypass Duetofile (Courtesy UTRC)

2.3.2 Detailed Description of Experimental Facility

Following the CFD-produced internal flow path oéthir, a three-dimensional
(3D), full-scale CAD model was generated to aithie engineering design of a structure

that could create and support the flow path neededb different 3D modeling programs
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were used for this task, AutoCAD and UnigraphicsSNXhe CAD model was needed to
specify sizes, types of connections to be madef@adl in visualizing the overall layout
of the facility. It also allowed fabrication dravgs of the individual pieces to be created
quickly, speeding up construction time. Figure6Zbgélow shows a side CAD view of the
overall experimental facility. Drawings showingcgened views of the air flow through

the facility at different axial locations are prded in Appendix D.

Inlet Inlet ramp Serpentine AIP JT15D-1
bellmouth cover inlet measurement engine
duct
5.5" inlet Removable Bypass Rear plenum
ramp Lexan section duct chamber

Figure 2.16 — Overall CAD Model of Experimental Fadity

Each piece of the experimental facility was créatethe 3D CAD model and
positioned in its correct location, as shown infigare. The first part of the model
created was the serpentine inlet, which then seageireference point for all other
pieces. Since the inlet was designed to be a-flustinted BLI inlet, a base plate was
created for through which the inlet was passedthAtAIP (discharge) of the inlet, a one-
half inch deep circular notch was cut into the dulthis notch accommodated a steel
pipe that was used to connect the serpentinetmkbie rear plenum. Figure 2.17 below
shows the serpentine inlet passing through the jplase with the steel pipe attached to

the discharge area.
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Figure 2.17 - Serpentine Inlet with Base Plate anilating Pipe

The rear plenum served as a sealed chamber wieegartexiting the serpentine
inlet and bypass duct could further diffuse. Tdiffusion and resulting pressure
recovery played an important role in maintaininfgsgperation of the jet engine during
testing. A large decrease in air pressure in fobrihe engine inlet could result in the
engine stalling or surging and possible damagbdahgine. The plenum is shown

below in Figure 2.18 with the rear cover plate hade plate attached.
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Inside of the rear plenum, an inlet control de\i€ZD) was attached to the front
of the engine inlet. The ICD served two major msgs in the experiment. The first was
to remove any swirl and to reduce the scale ofuhsulence in the flow so the engine
received clean, non-distorted airflow. The secaad to serve as a foreign object debris
(FOD) screen, preventing any loose pieces of natEdm being ingested through the
engine. The ICD accomplished these two functioitls &metal honeycomb mesh
around an inner supporting frame. The mesh wasdiough to stop foreign objects
from passing through, but was coarse enough tsignificantly restrict the airflow to

the engine. Figure 2.19 below shows the ICD malmtside the rear plenum.

Figure 2.19 — Inlet Conrol Device inside Rear Pleim

Flow into the plenum occurred through two openjmgee from the serpentine
inlet and one from the bypass duct. A wind tunplelhum junction plate was attached to

the front of the rear plenum, and two holes wetardo this plate. The upper hole
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allowed the tunnel bypass flow to exit into therpim, while the lower hole provided for
flow through the serpentine inlet into the plenuihis rear plate also served as a mount
for the steel pipe connected to the AIP of the esetipe inlet. Figure 2.20 below shows
the junction plate attached to the rear plenumgufnr clamps and two positioning tabs

on the bottom.

Figure 2.20 — Wind Tunnel-Plenum Junction Plate

Aluminum plates were machined to place over theeuppening in Figure 2.20
to control the mass flow ratios between the byplass and serpentine inlet. These
blockage plates allowed the boundary layer foredéht engine speeds to be controlled
by using different size blockages. The platesdadiform outer diameter, but varying
inner diameters that blocked a different percentddbe open area. These plates were
positioned behind the bypass duct but in fronhefjunction plate, making interchanging
plates fast and easy. A CAD drawing showing akdge plate installed in front of the

bypass duct opening is given below in Figure 2.21.
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Figure 2.21 — Bypass Duct Blockage Plate

The bypass duct contained a complex curvaturenthatdifficult to fabricate.
First, seven circumferential supports were madegu$i8”x1/8"x1” aluminum angle.
Notches were cut in the aluminum angle allowingghpports to be curved to shape.
Extra supports were placed around the throat logdatward the back of the duct and at
the front of the duct where the serpentine infeilas located because of the large
pressure losses expected in these regions. Theralm skin was then riveted to the
circumferential supports in five sections. Thendkad to be cut into sections to attach it
without wrinkling and distortion. The aluminum dsker the skin was a 6061 alloy that
was thirty-two thousandths of an inch thick. Heegerons made of 6061 aluminum
angle were then fabricated and riveted to the alumiskin to provide extra stiffening.
The longerons were attached at angles of zero degi@ty-five degrees, ninety degrees,

one hundred thirty-five degrees, and one hundrglateidegrees. These longerons can be
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seen running longitudinally along the duct. Thesihed structure is shown below in

Figure 2.22.

Figure 2.22 — Outer Structure of Bypass Duct

In front of the bypass duct was a twelve-inch reafide section of Lexan. The
transparent Lexan allowed the internal componehtiseoexperiment to be observed
during engine operation. The Lexan used was nithetysandths of an inch thick, and
had the same circumferential supports as the bygpags Only three longerons were
necessary to stiffen the Lexan since it had a kenfjbnly twelve inches; one at zero
degrees, one at ninety degrees, and one at oneduleighty degrees. This piece of
Lexan was designed to be removable if necessargtier experiments so that an
adjustable flow control “collar” can be installedits place. This collar will help control
the pitch and yaw angles entering the serpentile¢, iand also serve to control the mass

flow through the bypass duct. Figure 2.23 beloavghthe removable Lexan section.
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Figure 2.23 — Removable Section of Lexan

Forward of the Lexan section was the 5.5 inch raegded to generate the
boundary layer profile, and a cover over the ramguide the air through the duct. The
ramp design and fabrication technique was basdtestructure used to construct the
wings of airplanes. The inner support structure tneo struts running the length of the
ramp axially, and two stiffeners running horizohtdletween the two struts. An
aluminum skin thirty-two thousandths of an inclckhwas then riveted to the inner
supports, completing the ramp. The aluminum skas wut so that the ramp could slide
inside the duct cover, but with a close fit of #uges close to the inner duct wall so the
gap could be sealed, preventing air leakage dunjpegation. Figure 2.24 below shows

the completed ramp.
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Figure 2.24 — 5.5 inch Inlet Boundary Layer Generabn Ramp

The cover duct over the ramp was fabricated iméa manner to the bypass
duct cover. Seven circumferential supports madbetame 6061 aluminum angle were
cut to length and notched, forming the outer supgibucture for the duct. These
supports were also positioned at locations whezartaximum pressure differentials
were expected as predicted by the CFD static pregdot. One location of especially
large pressure losses was at the maximum heigheahlet ramp. CFD predicted low
pressure with locally transonic and possibly supsicsflow in this region, indicating the
need for extra supports. Five sets of longerome weluded to provide extra stiffness to
the aluminum skin between supports. These longan@ne once again located every
forty-five degrees circumferentially, as was dondlee bypass duct structure. The inlet

ramp cover is shown below in Figure 2.25.
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Figure 2.25 — Outer Structure of Inlet Ramp Cover

An inlet bellmouth was designed for the frontloé experimental facility
connected to the inlet ramp cover frame. Thismhellth was used to smooth the air flow
entering the front of the experiment, preventing tow separation that could distort the
boundary layer profile. The bellmouth was desigbased on standards included in the
American Society of Mechanical Engineers (ASME)wWMeasurement Engineering
Handbook (Flow Measurement Engineering HandbookdlBdition, 1996). The design
was based on the ISA 1932 nozzle, which has a deaablius contoured inlet. Figure

2.26 below shows the bellmouth in place at thetfafithe experimental facility.
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Figure 2.26 — Bellmouth on Front of Experimental Faility

The figure above also shows two threaded rodstathto the bottom of the plate
supporting the bellmouth. These rods and boltsadt the angle of the plate supporting
the inlet ramp and cover to be adjusted, ensuhiagekperiment was level. A similar
threaded connection was used for the base plapoding the bypass duct and
serpentine inlet. Two other parts of the experitaleset-up were contained inside the
bypass duct and were important in helping keesénpentine inlet in place during
testing. The first was an aluminum strap placediiad the outer surface of the inlet,
which prevented the inlet from lifting up or moviadnen subjected to the horizontal and
vertical forces created when turning the air inglteinlet. The second was a flat metal
plate that extended from the back of the inlet ramiie inside of the throat of the
serpentine inlet by two inches. This flat plateated a smooth surface for the air to flow
into the inlet, and also helped secure the lower gfahe reinforced EPS duct. This
metal plate prevented the serpentine inlet fronomheing during high speed tests.

Once all parts of the experimental facility wemegplace, the air gaps between

pieces were sealed using either silicone or anrelpg spray-on insulation. Silicone

38



was used for the small gaps and where keeping atsnpoofile was important in
preventing disruption of the flow, such as betwteninlet ramp and its cover. The
spray-on insulation was used for larger gaps wheaiataining a smooth flow was not as
important, such as sealing between the serpemtiaeand base plate. Since the Lexan
piece was a removable section, it was sealed @asingber gasket that fitted over the
stiffeners between the inlet ramp cover, the Lgxace, and the bypass duct cover. This
rubber gasket was then held in place using a caatibmof cleko clamps and c-clamps.

The completed experimental facility is shown belawrigure 2.27.

Figure 2.27 — Completed Experimental Facility

2.3.3 Structural Analysis of Experimental Facility

To ensure the structural strength of the experiaddacility, an FEA simulation
was performed on the upper structure made up ahtberamp cover, removable Lexan

section, and bypass duct cover. The need foathasysis was confirmed when
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examining the large static pressure losses inatiéty predicted by the CFD

simulations. A failure of the experimental fagilivould affect not only the experiment
being conducted, but could also lead to significiarhage of the jet engine being used to
create suction through the wind tunnel. This poaééfor failure and resulting damage

led to the decision to complete the structural ysialdescribed below to ensure the
experimental facility could withstand any forcespoessures it might see.

The finite element analysis was completed usiegcttmmercial software
package ANSYS in conjunction with the 3D CAD modglsoftware Unigraphics NX5.
The first step in the analysis was to create a @#dalel of only the pieces being
analyzed. This CAD model was then meshed usimgiarfode, 3D tetrahedral element
type. One important factor when creating the meas to make sure the elements were
connected where the circumferential supports amehialum skin were riveted together.
This was done by examining the mesh to see if ag® were connected to only one
element. Figure 2.28 below shows a proper mesheixthe nodes on the aluminum
match the nodes on the circumferential supportss assures correct load transfer

between support and skin.
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Figure 2.28 — Mesh Between Circumferential Supportand Aluminum Skin

Once the model was meshed, material properties agplied to the supports and
skin. All pieces analyzed were made of Aluminund 50 A summary of the material
properties used in the analysis are provided inefyolx B. The skin for the entire
structure is thirty-two thousandths of an inch khiwhile the circumferential supports are
all made of 1/8"x1/8"x1” aluminum angle. Once thaterial properties were applied,
the loads and constraints were applied to the ma8ilce the structure was bolted to the
supporting base plates, a fixed boundary conditias applied to the two longerons
located on the bottom of the structure at zeroekgand one hundred eighty degrees.
This boundary condition prevented translational antdtional motion of the bottom two
longerons. When specifying the loads acting orsthecture, a normal pressure of 13.7
pounds per square inch (psi) acting toward theeteftcurvature was applied on all
surfaces. This pressure was used because it eepedsa worst-case scenario for the
experimental facility. Since the experimental fiacwas located at an elevation of 2,200
feet above sea level, atmospheric pressure atlinadtion was approximately 13.7 psi.

If the jet engine created a vacuum inside the destleicture at any point, the maximum
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resulting external pressure would be 13.7 psih@lgh the CFD predicted a maximum
static pressure loss of only seven psi during @gimum level of operation, running the
analysis with twice the expected pressure lossypaint created an additional factor of
safety. Figure 2.29 below shows the final load$ @mstraints applied to the assembled

three-piece model.

Figure 2.29 — FEA Model with Loads and Constraint®Applied

Once all loads and constraints were applied,iteegart of the structural analysis
was run. This part of the analysis focused omiagimum stresses and deflections that
occurred and the resulting factor of safety. Tiness analysis resulted in a maximum
local stress of 6,092 psi, which occurred in theglonsupported regions of the bypass
duct. Since the aluminum used in the structureahgsld strength of 35,000 psi, this
gave a factor of safety of 5.75. Figure 2.30 bestmws the resulting stresses on the

assembly, while the scale on the left side of tferé is in units of psi.
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Figure 2.30 — Resulting Stresses in Experimental Edity

In addition to the stresses, the displacements aso examined as part of the
analysis. The maximum displacement predictediferassembly was 0.00902 inches.
The resulting deflections are shown below in Figu@l, with the scale on the left being

shown in units of inches.

Figure 2.31 — Resulting Displacements in Experimeal Facility

In addition to the traditional stress analysibuakling analysis was also

performed because of the possibility of the alummrskin failing in the unsupported

43



regions. The buckling analysis was a more advastedlation that considered the
possibility of failure in a different manner undbe same loading conditions. The point
of the analysis was to find the load that wouldseathe structure to bypass its bifurcation
point where it was still in a state of stable eipuilm, and into a state of failure.
Buckling failure often occurs suddenly and dranalycwith little or no warning,
resulting in a special set of design conditions thast be followed (Hibbeler, 2000). A
Lanczos linear buckling analysis was performedei@iamine where the experimental
facility was predicted to fail. As Figure 2.32 ¥ failure was not expected to occur
until the back half of the bypass duct reachedspldcement of 1.128 inches. Since the
maximum expected deflection of the duct determmiie first part of the stress analysis
was 0.00902 inches, it was not anticipated thasthecture would fail due to buckling.

The units for the scale in the figure below areches.

Figure 2.32 — Resulting Displacements AssociatedtiviBuckling Failure

The last part of the structural analysis performad a test to determine if the

rivets would pull through the aluminum skin andistural support when subjected to a
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vacuum of 13.7 psi. Figure 2.33 below shows adespon with three types of rivets that
were tested. The National Aerospace Standard i were used for all inside
surfaces of the wind tunnel duct because they dosildountersunk and mounted flush
with the inner surface. The Mil Spec. 20426 rivadsld also be countersunk and
mounted flush with the inner surface, but they nexgllarger holes and countersinks
because of the larger rivet head size. They weteised during construction because the
larger holes would weaken the aluminum skin moaa tthe smaller holes. The Mil

Spec. 20470 large cap rivets were only used fareat connections during construction
because of the protruding rivet head. Figure 2I8#vs the back side of the rivets tested
and how the aluminum skin is attached to the supord longerons. The test was
performed by placing a rubber boot over the heddseorivets and hooking the rubber
boot into a vacuum pump. The vacuum pump was dised to reduce the pressure inside
the boot to a vacuum, subjecting the rivets to.& p8i pressure trying to push the rivets
through the supports. No rivets were pulled thiotige support, and no deformation or

change along the surface was observed.

Figure 2.33 — Internal View of Rivet Construction Technique

45



Figure 2.34 — External View of Rivet Construction Bchnique

2.4 Instrumentation

The design of the instrumentation for this fagiltas based on the need to
characterize the flow both at the inlet-throat ahthe AIP of the serpentine inlet. This
was done using a combination of sixty-four statid sotal pressure measurements. The
design of the individual probes was based on théedisensor modified Prandtl design
where the horizontal length of the probe was adtlé&aurteen times the diameter of the
tube. The long horizontal portion of tube madephwbe less sensitive to variations in
Mach number (www.unitedsensorcorp.com/). To urtdasthe flow at the inlet throat,
a boundary layer rake was installed along with €taéic pressure probe. The boundary
layer rake consisted of ten total pressure pradras$was positioned in the middle of the
inlet throat facing directly upstream into the flowhis rake was used to determine the
boundary layer profile entering the serpentinetinieable 2.1 below specifies the
vertical locations of the total pressure probesiassg zero to be the bottom of the
serpentine inlet throat. Figure 2.35 shows thendauy layer probe installed in the
experiment. Because of the long cantilevered desighe boundary layer rake, initial
tests revealed that the rake developed a horizeiftation at higher engine speeds. This

problem was solved by encasing the probe rake aeandynamic support strut.
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Table 2.1 —cdatdion of Probes on Boundary Layer Rake
Probe Vertical Location (inches)
0.100
0.210
0.420
0.756
1.285
2.056
3.084
4.318
5.614
6.961
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Figure 2.35 — Boundary Layer Rake Installed in Cerdgr of Inlet

To measure the flow velocities entering the byghsd, three sets of rakes each
containing three total pressure probes were irstallThese rakes were positioned at
circumferential locations of forty-five degreesnaety degrees, and one hundred thirty-
five degrees. Table 2.2 below lists the radiahtams for the probes, while Figure 2.36
shows the rakes installed in the bypass duct. Esdahcontains one probe at each radial

location.
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Table 2.2 — Rabliabcations of Bypass Duct Probes

Probe Radial Distance (inches)
1 10.875
2 11.688
3 12.500

Figure 2.36 — Bypass Duct Rakes Installed

To help determine what is happening to the flogida the serpentine inlet, a
series of static pressure taps were installedetAffour probes were installed at two
different axial locations along the inlet. TheaXocations were twelve inches from the
front of the inlet and twenty-four inches from tinent of the inlet. This divided the inlet
into three equal sections. The four taps at eachtion were positioned at ninety degree
increments; one probe on the top of the inlet, mode on the right side of the inlet, one
probe on the left side of the inlet, and one prob¢he bottom of the inlet. All static
pressure taps were mounted flush with the inndasearof the inlet. Figure 2.37 shows
the static pressure taps on three sides. The@sréwo taps on the far side of the inlet

that are blocked from view.
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Local velocities and Mach numbers were calculatecgfch of the probe
measurements based on the static pressure measuihedbase of the probe. While the
use of pitot-static probes at each measurementi¢éocaould have been desirable for
higher accuracy, it was not practical. Referewcthée CFD predictions showed that the
static pressure remained relatively constant atividdevalue for each of the probe

locations.

Figure 2.37 — Static Pressure Taps in Serpentine let

To help monitor the experimental facility duringesation, a series of static
pressure taps were installed at key locations Wlaege pressure losses were expected.
Referring to Figure 2.38, the key locations werthatmaximum height of the inlet ramp
(1), at the base of the boundary layer rake gaihgthe serpentine inlet (2), at the base
of the bypass probe rake going into the bypass @)cin the rear plenum (4), and in the
JT15D-1 fan casing (5). Special care was takemsure that the ends of the static

pressure taps were flush with the inner surfacesrevthey were mounted. The static
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pressure taps at the base of the boundary layeloygrass probe rakes were also used to

perform the calculations needed to determine thehMambers at these locations.

Figure 2.38 — Static Pressure Taps in Experimentdacility

The measurements at the AIP of the serpentinednlesisted of thirty-two total
pressure measurements. The locations of thessuypeasieasurements were based on
recommendations specified by the Society of AutavedEngineers (SAE) in their
Aerospace Recommended Practice (ARP) Report 1428 f8RP 1420). This report
states that probes should be located at the cdatobiequal area rings. For the initial
experiments reported here, the design for the AKe used four arms spaced every forty-
five degrees circumferentially for a total of eighms. Each of these arms contained
four probes positioned at the area centroids acugitd SAE ARP 1420. Table 2.3
below gives the radial locations for each probeleMAigure 2.39 shows the resulting
AIP rake installed in the experiment. The rakendeglow allowed the circumferential

and radial distortions to be quantified as willdescribed later.
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Table 2.3 — Radlabcations of Probes on AIP Rake

Probe Radial Location (inches)
1 2.121
2 3.674
3 4,743
4 5.612

Figure 2.39 — AIP Rake Installed

Standard procedures were established and follevhesh collecting data during
testing. The engine was brought to the desireddpad allowed to run unchanged for
three minutes to assure only steady-state dataxolested. At the end of the three
minutes, data were collected for thirty seconds faéquency of ten hertz. The data
collection frequency accommodated the long timestanmts of the long pressure

measurement tubular connections. This resultedt@tal of three hundred data points
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being collected for each pressure measuremenidocat hese three hundred data points
were then averaged for each measurement to obitaifireal average value that was used
in calculations. Data were collected using a RSt&n 8400 and a miniature electronic
pressure scanner that could record thirty-two pressieasurements simultaneously.
The transducer contained in the pressure scandea henge of zero to fifteen psi. The
system was calibrated using a deadweight testemgare the pressure measurements
were accurate. Since only thirty-two measuremeoitsd be collected at a time, the
pressure tubes collecting the measurements haglitddrchanged at each engine speed.
Humidity was also a concern during testing sinaiild lead to condensation forming in
the tubes collecting the pressure measurementsth&adests performed here, the
humidity never exceeded 57%, and no condensatierfavened inside the tubes. A test
log was kept which monitored the ambient tempeeatpressure, humidity, and engine

speed associated with each set of data collected.

2.5 Test Procedure

An additional standard procedure was followed whaming the experimental
facility to ensure that no damage was done eithéng experiment or the jet engine.
Each test began by starting the jet engine aneasing its speed to 50%, which
corresponded to its idle speed. A leak check was performed both on the engine and
the experimental facility to ensure that no air Wwasg drawn in from undesired
locations. Once this was done, the engine wasefs idle speed for three minutes so
that a set of data could be collected. This dats thhen immediately processed to check

the static pressures at the five key locations roeat earlier. If no large static pressure
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losses were seen, the engine was then increa&&d4speed, where if was left for
another three minutes for a set of data to bedelte The static pressures were again
processed immediately, and if all pressures weisfaetory, a full set of data was
collected including boundary layer and AIP datdne Engine was then increased in ten
percent increments, and the process repeatedallrdata were collected. The static
pressure loss in the fan casing was used as tmagyrindication of facility stability. A
pressure loss greater than two psi below atmosppegssure was established as
unacceptable and the engine would be shut dovinisithreshold were reached. Large
pressure losses in the fan casing would resuharfan stalling, which needed to be
avoided. Because of proprietary restrictions,ranfeap could not be obtained for the
JT15D-1, which would have helped determine the atp®y point during testing, further
ensuring the safety of the engine. All testing wadormed in a test cell at the Gas
Turbine Laboratory located on-site at the Virgifiech Montgomery Executive airport in

Blacksburg, Virginia.

2.6 Summary

The design of the experimental facility was angnéé part of this research. The
planned investigation required the integratedaébbth the test article (the serpentine
duct), and the unique facility that could genethterequired high speed dual flow
environment. The future goals of the research,ehathe demonstration of a robust flow
control design methodology for BWB BLI serpentinéets cannot be achieved without

the successful operation of this unique test figcili
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Thus, much effort was devoted to the correct desfghe facility, as reported
above. The facility construction was an importstep that took a great deal of time and
effort to complete. Combining several disciplisesh as CFD, FEA, and 3D CAD
models allowed more aspects of the design to beredwvthat otherwise would have been
possible with only one or two software packages.

The successful test of the completed facility vatberpentine duct in place, and
the validation of the acquired data by comparisith veported NASA results was
equally important In addition to the design andstruction, an instrumentation plan
was developed and installed that encompassed theeaisons for conducting the
experiment, which included the boundary layer peadind distortions at the AIP of the
serpentine inlet. As will be reported below, teeults compared favorably with the
available NASA data.

Overall, a unique facility was developed that wilbport research and
development of robust BLI inlets with flow contfolr AIP distortion control, and
eventually, with modifications, to an actual intaigd test of a fan engine directly

connected to a flow controlled inlet.
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3.0 Data Reduction and Calculations

The calculations performed to characterize the fieere centered on data from
two major locations on the serpentine inlet. Tih& focation was at the front of the inlet
around the throat, and the second was at theAfiRet The following two sections will

detail the equations and calculations used in #ta geduction.

3.1 Calculations at the Throat of the Serpentinerilet

The major variable of interest at the inlet thrwaks the Mach number measured
using the boundary layer rake and bypass duct rakiee rakes measured total pressures
at different vertical and circumferential locatipmgile two static pressure taps located at
the bases of the rakes measured local static pesssilihe combination of these two
pressures at one location was enough to calciiat®iach number of the flow. For the
calculations, the air was assumed to behave adecpgas, and the probe flow was
considered isentropic. Modeling the air as a peigas allowed the ratio of specific
heats to remain constant, as definedybyEquation 3.1.C, is defined as the specific
heat of a substance at constant pressure, @hilefers to the specific heat of a substance
at constant volume. A constant valueget.4 was used throughout the calculations (Hill

and Peterson, 1992).
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The Mach number relationship defined by the tatal static pressures at a point
is given below in Equation 3.2. The variaplgepresents the total pressure, whije

represents the static pressure.

9
g-1

Po - 1+—gél|\/|2 3.2

Ps
This equation was rearranged to solve for the Maohber as shown below in
Equation 3.3. This equation was used to deterthedach number at the ten probe

locations on the boundary layer rake and on theetprobes for each rake in the bypass

duct).

g1
g

P 7 3.3

M: i
g_l Ps

The Reynolds number of the flow was calculatedhfprobe measurements.

Equation 3.4 below defines the Reynolds numbettferflow through the experimental

facility.
Re=—2%—¢ 3.4

The density and dynamic viscosity of the aignd/m respectively, were
determined from a table listing air densities agdainic viscosities as functions of the
ambient temperature. The characteristic lengtltééculating the Reynolds numbéx;,
was based on the AIP diameter of the serpentiee. iflThis was the method used by

NASA in the original experiment, so similar praetscwere followed here. The average
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velocity of the flow,V,e Was determined using the average Mach numbeg alith the
temperature and gas constant for Ri{Cengel and Cimbala, 2006). Equation 3.5 shows
the initial form of the equation, which was reagad to solve for the average velocity, as
shown in Equation 3.6. The average Mach numberoatzsilated using a weighted
average that took into consideration the Mach numbeen at the ten probes along with

the vertical distance between probes on the boyridger rake.

M e = Vase 3.5
VIRT
Ve =M ed/gRT 3.6

The mass flow rates through the serpentine imidtlaypass duct were of interest
because the ratios of those two flows are direntlglved in determining the inlet
boundary layer that develops. Static pressuredafi®e entrance to the bypass duct and
serpentine inlet were used to determine the densitye air entering each part, and the
average velocity was determined as described aldwecross-sectional are®, was
also calculated at the entrance to both the byghastsand serpentine inlet. These three

variables were then combined to calculate the ril@ssrate using Equation 3.7.

m=rV,.A 3.7

3.2 Calculations at AIP of Serpentine Inlet

The calculations using the thirty-two total pregsmeasurements at the AIP of

the serpentine inlet were guided by the recommémuaprovided by the industry
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standard SAE ARP 1420. This standard is widelylusespecify the inlet flow distortion
guidelines for gas turbine engines. Since serpeniilets will be mounted in front of
turbofan engines on BWB aircraft, the distortioaated by the inlet expressed in
standard form is an important parameter. The oifevential position of the arms on the

AIP rake is defined below by Figure 3.1.

00
315°¢ 45¢

270° 90°

225° 135¢

180¢

Figure 3.1 — Circumferential Locations of Arms on AP Rake

The distortion at the AIP is defined by sever#fledent descriptor elements.
These elements are broken down into two main cagggaircumferential distortion
elements and radial distortion elements. The onfevential elements include the
intensity, extent, and multiple-per-revolution patt. The intensity element represents
the magnitude of the pressure deficiency for eadrmaf ring, the extent represents the

angular region where the pressure deficiency iatext; and the multiple-per-revolution
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pattern looks at the number of pressure deficiegions for each radial ring. The radial
distortion element is made up of only the radi&gmsity, which compares the average
pressure for the ring to the average pressurénéentire face of the AIP (SAE ARP
1420).

The circumferential distortion is calculated faich ring in the AIP rake, resulting
in an intensity, extent, and multiple-per-revolatialue for each ring. Figure 3.2 below

shows a typical total pressure plot for an eigint-&iP rake.

Figure 3.2 — Typical Ring Total Pressure Plot (SAEARP 1420)

Referring to the nomenclature from Figure 3.2,dineumferential size of the low

pressure region is given by the extent, descrileolbin Equation 3.8.

Q| :in - QL 3.8
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The circumferential distortion intensity, repretseg the level of distortion in the

flow, is then defined by Equations 3.9 through 3.11

DPC PAV - PAVLOW

= 3.9
P . PAV i
1 360
PAV =—— P(Q) d 3.10
=360, PQ)dQ
1 Qy
PAVLOW =— P(Q) dQ 3.11

i Qli

In the above equationBAV, represents the ring averaged total pressure, while
PAVLOW represents the average pressure in the low peessgion. The functioR(Q);
results from a linear fit between adjacent data{soi

The above equations assume the existenc®oédger-revolutiordistortion
pattern. This means there is only one pressuieieief region contained within one
circumferential revolution at the AIP, resultingamultiple-per-revolutiorvalue of one
for the ring. If multiple low pressure regions &ixia different set of equations must be
used to describe the multiple-per-revolution patten Figure 3.3 below, two low

pressure regions of exter@@g; andQj; are separated by two high pressure regions of

extentsQ*i; andQ"j,.
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Figure 3.3 — Typical Total Pressure Plot for a Muliple-per-Revolution Pattern
(SAE ARP 1420)
For patterns where the extent of the high pressgien following the low
pressure region is less than twenty-five degrdwestdtal extent is defined using Equation
3.12 where&Q is the number of low pressure regions in the patedk refers to the k-th

low pressure region.

Q
Q = Qu 3.12
k=1
Using Equation 3.8 defined above to describe ttoaimferential distortion
intensity,PAV is defined the same way, FRAVLOW s now defined using Equation
3.13.

PAVLOW = i ) P(Q), dQ 3.13

i k=l
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This new definition foPAVLOWT esults in the circumferential distortion
intensity described below in Equation 3.14. Ibaissults in a multiple-per-revolution
value of one for the case where the extent of ifjle pressure region is less than twenty-

five degrees.

e ppCc
DPC p
_ kel ik
S T 3.14
I Qik

k=1
If the extent of the high pressure region follogvihe low pressure region is

greater than twenty-five degrees, then the reguttinltiple-per-revolution pattern is

greater than one. The circumferential distortiatiensity is then the quantity%

ik

that yields the maximum value of the quantity% Q. . The extentis then the

ik

: : .DP :
Q; that results in the maximum value of the quantltyp—C Q, - The multiple-per-

ik

revolution value for this ring is then given belawEquation 3.15.

?  DPC

MPR =% ©
DPC

3.15

max

The radial distortion element is defined only bg tadial distortion intensity.
The definition is given below in Equation 3.16, asdased on the nomenclature in

Figure 3.4.
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DPR _ PFAV- PAV
P . PFAV

3.16

The variablePFAV refers to the area weighted face average totakpre, and is

defined below in Equation 3.17, with N being thentner of radial rings contained on the
AIP rake.
1 N

PFA ZN PAV, 3.17

i=1

Figure 3.4 — Typical Radial Distortion Intensity Graph (SAE ARP 1420)

The radial distortion can be either positive ogatéve for a given ring. A positive
value means the ring average total pressure igHassthe face average total pressure,
while a negative value means the ring average po&asure is greater than the face
average total pressure. Referring to Figure 3ov@pthe three data points on the left all

have negative radial distortion intensities, wliiile two data points on the right have
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positive distortion intensities. All of the equats, nomenclature, and graphs used to

define the flow distortion at the AIP in this sectiwere taken from SAE ARP 1420.

3.3 Summary

The equations and calculations provided in thevalsections were needed to
characterize the flow entering the throat of thgpeetine inlet, and exiting the inlet at the
AIP. The throat calculations will determine theftde of the boundary layer being
ingested by the inlet, which is one of the impotianteria used to determine the
effectiveness of the test facility. The AIP rakelaubsequent calculations will help
diagnose the effectiveness of the serpentine atletinimizing pressure losses and
distortions. Knowing how the flow behaves at fbisation is important for the BWB
application because the installed engine must agtmate the losses created by the

serpentine inlet while maintaining a stability martp prevent stalling or surging.
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4.0 Results

Tests were conducted with the JT15D-1 operatirigraspeeds of fifty-five
percent, sixty-five percent, and seventy-five petad rated maximum speed. Flow
blockages were installed over the bypass ductexibntrol the mass flow split between
the bypass and the serpentine test duct. A catibmof static and total pressure
measurements were collected at the sixty-four ionatdescribed earlier while the
engine was operating at these speeds. These degdtven processed according to the
data reduction techniques specified in the prevemation. The results from these tests
and calculations are presented below accordingedacations in the experimental

facility where the measurements were collected.

4.1 Boundary Layer Profiles entering Serpentine Inét and
Bypass Duct

The first data processed dealt with the boundaygr profile at the throat of the
serpentine inlet. This gave an indication of hawcessful the experimental facility was
at generating the thirty percent boundary layefilerdesired. Figure 4.1 below shows
the boundary layer developed when the engine waatriifty-five percent power, which
corresponded to an AIP diameter-based Reynolds euafld.2 million. For this test,
the bypass duct exit was left open to its maximueaa This created a bypass duct exit
area to serpentine inlet exit area of 2.1. Thalteg boundary layer profile was fully
developed at thirty-six percent of the overall Iigf the inlet throat, and showed good

agreement with the thirty percent boundary layefiler desired. This profile also had a

65



maximum Mach number of 0.19, which was smaller tieendesired value of 0.5. To
help compare these results with the CFD and otkgeranents run at different Mach
numbers, the non-dimensionalized boundary layefilershown in Figure 4.2 was
generated. This profile was created by dividinggMach numbers at the different probe
locations by the freestream Mach number. This diomensionalized profile showed
little variation from the original profile, and wasso fully developed at thirty-six
percent. The mass flow rate through the serpemtlaefor this case was calculated as
9.9 pounds-mass per second, while the mass flethedugh the bypass duct was 24.1
pounds-mass per second. This created a massdtamorf 2.4 favoring the flow through

the bypass duct.

Graph of Boundary Layer Profile at 55% N,
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Figure 4.1 — Boundary Layer Profile with Engine Opeating at 55% Speed
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Graph of Nondimensionialized Boundary Layer Profile at
55% N,
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Figure 4.2 — Non-dimensionalized Boundary Layer Priole with Engine Operating
at 55% Speed
The second engine fan speed tested was at sudypércent, resulting in a

Reynolds number of 1.5 million. For this initiakt at sixty-five percent speed, the
bypass duct exit area was again left fully opeeatng the same area exit ratio with the
serpentine inlet of 2.1. It generated a maximunciMaumber at the throat of 0.25,
which was larger than the 0.19 created when runthiegngine at fifty-five percent
speed, but was still well below the desired Machber of 0.5. This engine fan speed
resulted in a boundary layer profile that was mudlyyfdeveloped until eighty-three
percent of the inlet height, as shown below in Fegti3. Non-dimensionalizing this
profile with the freestream Mach number gave thmesaesults, similar to what was
observed at the lower engine speed. This bourldgey profile was much thicker than

the desired profile of thirty percent thickness.
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Graph of Boundary Layer Profile at 65% N
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Figure 4.3 — Boundary Layer Profile with Engine Opeating at 65% Speed
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Figure 4.4 — Non-dimensionalized Boundary Layer Prile with Engine Operating
at 65% Speed

The reason for this large boundary layer thickwess the increased mass flow
ratios through the bypass and the serpentine iflleé mass flow rate through the bypass

duct was calculated as 29.5 pounds-mass per sewbild,the mass flow rate through
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the serpentine inlet was only 11.9 pounds-massgmnd. This resulted in a mass flow
rate through the bypass duct that was 2.5 timestg@réhan the mass flow rate through
the serpentine inlet. Figure 4.5 below illustratdeat was happening to the flow. More
air was being pulled through the bypass duct, préwg the air in the center of the inlet
ramp from being pulled through the serpentine iatet forming the correct boundary

layer profile.

Figure 4.5 — Air Flow through Bypass Duct and Serpaine Inlet Generating a Thick
Boundary Layer Profile
To correct this problem, a blockage plate thatexias a flow control valve as
previously described was installed over the exdaarhere the bypass duct flow emptied
into the rear plenum. This blockage reduced thieagga for the bypass duct, restricting
the mass flow rate that could be pulled throughOperating at the same fan speed, this
caused the engine to increase the mass flow nadaegh the serpentine inlet, generating

an improved boundary layer profile. As expecteztednining the correct blockage for a
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certain engine speed was an iterative processillustration of the effect of restricting

the bypass flow is shown below in Figure 4.6.

Figure 4.6 — Air Flow through Bypass Duct and Serpetine Inlet Generating the
Correct Boundary Layer Profile
To prove this boundary layer control process,oakdge plate was installed over

the exit area for the bypass duct and the engirseameelerated to sixty-five percent
speed. The new blockage installed reduced theaeadt by fifty-four percent, creating an
exit area that was only 1.1 times larger than grpentine inlet exit area. This was down
from the 2.1 exit area ratio from the first tessiaty-five percent engine speed. This test
resulted in a similar Reynolds number of 1.5 millend maximum Mach number of
0.25. However, as Figure 4.7 shows below, restgdhe bypass exit area altered the
boundary layer profile developed. It resulted incaindary layer profile that was fully
developed at a thickness of forty-five percentisTgrofile was fully developed at almost
half the height from the previous test at sixtyefprercent speed. Non-dimensionalizing

had a slight effect on the thickness, reducing futly developed at only forty-two
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percent of the inlet height, as shown in Figure £8amining the mass flow rates proved
that the ratio of the flow through the bypass digsus through the serpentine inlet was a
primary factor determining the thickness of thetary layer developed. The mass

flow rate through the bypass duct for this test @42 pounds-mass per second, while
the mass flow rate through the serpentine inlet 1#2a8 pounds-mass per second. This
resulted in a mass flow rate through the bypassttiat was only two times greater than
the mass flow rate through the serpentine inleyrdfsom the ratio of 2.5 for the first test

at sixty-five percent engine speed.

Graph of Boundary Layer Profile at65% N
with 54% Bypass Duct Blockage
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Figure 4.7 —Boundary Layer Profile with Engine Operating at 65% Speed and
54% Bypass Duct Blockage
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Graph of Nondimensionialized Boundary Layer Profile at65% N,
with 54% Bypass Duct Blockage
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Figure 4.8 — Non-dimensionalized Boundary Layer Prile with Engine Operating at
65% Speed and 54% Bypass Duct Blockage

A fourth test was run with the engine operatingeatenty-five percent speed with
the same fifty-four percent blockage in the byphisst exit area. This test had an AIP
area-based Reynolds number of 2.4 million, and @mam measured Mach number of
almost 0.4 at the serpentine inlet throat. Thi€Maumber was closer to the goal value
of 0.5. The increasing maximum Mach numbers wittieasing engine speed were
expected, and although no tests conducted herewstha Mach number of 0.5, the
engine had ten to fifteen percent rated fan speethining that could be used to conduct
tests at higher speeds that could result in Machbaus of 0.5. Running the engine at
seventy-five percent speed with the 54% bypassldoekage resulted in a boundary
layer profile that was not fully developed untigjety-two percent of the inlet height, as
shown in Figure 4.9. This result was similar tattbeen when the engine was run at
sixty-five percent speed with no flow blockage floe bypass duct. Non-

dimensionalizing gave a similar profile in Figurd@ which also was fully developed at
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approximately eighty-two percent of the inlet heigifihe mass flow rate through the
bypass duct was 31.0 pounds-mass per second, tvbileass flow rate through the
serpentine inlet was 18.3 pounds-mass per sedéodthis test, the flow rate through the
bypass duct was 1.7 times greater than the flooutyir the serpentine inlet. However,
the thick boundary layer shows that more blockagequired to reduce the mass flow
rate through the bypass duct even more. The @xactint of blockage needed would
have to be determined experimentally, but should gesults similar to those at sixty-

five percent speed.

Graph of Boundary Layer Profile at 75% N
with 54% Bypass Duct Blockage
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Figure 4.9 — Boundary Layer Profile with Engine Opeating at 75% Speed
and 54% Bypass Duct Blockage
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Graph of Nondimensionialized Boundary Layer Profile at 75% N,
with 54% Bypass Duct Blockage
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Figure 4.10 — Non-dimensionalized Boundary Layer Rifile with Engine Operating
at 75% Speed and 54% Bypass Duct Blockage

Using the data collected from the previous tes{wediction can be made
regarding the correct mass flow rates needed thrtheybypass duct and serpentine inlet,
along with the correct amount of bypass duct blgekaeeded to achieve the correct
boundary layer profile at seventy-five percent eegpeed. Based on the decrease in the
mass flow ratios, the bypass duct needs a masgéteiof 24.3 pounds-mass per second,
while the serpentine inlet needs a mass flow rafib@ pounds-mass per second. This
mass flow ratio can be achieved by blocking sevsityercent of the bypass duct exit
area. The extrapolations used to determine thalses are shown below in Figures 4.11

and 4.12.
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Figure 4.11 — Predicted Mass Flow Rates at 75% Entg Speed
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Figure 4.12 — Predicted Bypass Duct Exit Area at B Engine Speed

In addition to the boundary layer profile, theaaty profile of the air entering
the bypass duct was also examined. It was usedtémine the uniformity of the flow
entering the bypass duct, along with the speeccaged with that flow. As shown in

Figures 4.13, 4.14, and 4.15, air was enteringpytpass duct at a higher velocity at the
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circumferential locations of forty-five degrees andety degrees at engine speeds of
fifty-five percent and sixty-five percent. Howeyet seventy five percent engine speed
in Figure 4.16, that pattern reverses, with floweeing at highest velocity at a
circumferential location of one hundred thirty-fidegrees. Figures 4.13 through 4.16
also show the presence of a boundary layer thatddralong the inner surface of the
bypass duct. This was evidenced by the lower Machbers at the radial locations
closest to the wall, and then increasing Mach numéas the distance from the wall was
increased. We have to explain why the mach numbers different at 45 and 135
degrees.

With no blockage in place, the maximum Mach numirethe bypass duct at
fifty-five percent and sixty-five percent speed wgreater than the Mach numbers seen
at the throat of the serpentine inlet. The extessrflow being pulled through the bypass
duct was causing the air to accelerate more, reguft higher Mach numbers. However,
installing the blockage for the bypass duct redubedvelocity and Mach numbers of the
flow entering it. This can be seen by comparinguFes 4.14 and 4.15. In Figure 4.14
where no blockage was present, the maximum Maclbetsrbetween the three probes
ranged from 0.26 to 0.29. But, with the blockaggalled in Figure 4.15, the maximum
Mach numbers dropped to a range from 0.22 to 012fe extra mass flow being pulled
through the serpentine inlet caused the mass fldaeriag the bypass duct to reduce, and
therefore the velocity to decelerate. Figure 4l6ws a similar result at seventy-five
percent engine speed, where the maximum Mach nsnéege from 0.25 to 0.34.
These Mach numbers are substantially smaller thawobserved maximum Mach

numbers at the serpentine inlet throat of almast 0.
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Graph of Bypass Duct Profile at 55% N,
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Figure 4.13 — Bypass Duct Profile with Engine Opettang at 55% Speed
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Figure 4.14 — Bypass Duct Profile with Engine Opettang at 65% Speed
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Graph of Bypass Duct Profile at 65% N >
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Figure 4.15 — Bypass Duct Profile with Engine Opetang at 65% Speed and
54% Bypass Duct Blockage
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Figure 4.16 — Bypass Duct Profile with Engine Opeting at 75% Speed and
54% Bypass Duct Blockage
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The bypass duct profiles also revealed that the f/as not symmetrical entering
the duct. If the flow was symmetrical, the prdiikat the forty-five degree and one
hundred thirty-five degree locations would haverbegqual. As the figures above show,
the profiles were different at these two locatiéorsall of the tests run. Inspection of the
facility after the runs showed that the serpenintet and bypass duct blockages were not
perfectly aligned along the centerline of the expent. The lip of the serpentine inlet
had a 0.25 inch smaller circumferential openindhenside with the forty-five degree
probe. This smaller radius decreased the areffothidhad to enter the bypass duct on
that side, resulting in higher Mach numbers thaatwias seen on the opposite side.
This caused the profile differences for the runifigtfive percent and sixty-five percent
engine speeds. When the bypass duct blockagevwdeténstalled, the opening was
concentrated on the side containing the one hurttireg-five degree probe. This
resulted in more mass flow being pulled through side of the bypass duct, increasing
the Mach numbers at that probe. At sixty-five patcengine speed with the blockage
plate installed, the extra mass flow through the lbbandred thirty-five degree side caused
the Mach number close to the duct wall to be gre&asn the forty-five degree probe
side, but the smaller area on the forty-five degide caused larger Mach numbers in the
freestream for that side. When the engine speadmwaeased to seventy-five percent
speed, the extra mass flow through the one hurttirgg-five degree side overpowered
the smaller area on the forty-five degree sideylteg) in higher Mach numbers entering

the bypass duct at all three radial locations eptiobe.
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4.2 Static Pressures in Experimental Facility

The static pressures that existed in the experahéantility during operation were
needed for performing calculations, but were atgpartant because they gave an
indication of the local forces and losses pres@itiese pressures and losses load the
facility structure, so monitoring the pressures wasessary for safe tests. In addition to
providing information about the forces present,dtagic pressure plots helped to
estimate the stability margin of the engine by nammg the pressure just upstream of the
fan casing in the engine inlet. A large staticspree loss at this location would cause the
fan to stall, and could eventually lead to damag@e engine or experiment if operation
continued. Figures 4.17 and 4.18 below summahieestatic pressures present in the
facility at fifty-five percent and sixty-five peroeengine speed, respectively, with no

blockage in place for the bypass duct.

Graph of Static Pressures in Experimental Facility
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Figure 4.17 — Local Static Pressures in Experimentdacility at 55% Engine Speed
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Graph of Static Pressures in Experimental Facility
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Figure 4.18 — Local Static Pressures in Experimentdacility at 65% Engine Speed

Examining the above figures shows some unsteaglingbe facility. Because a
jet engine was used to generate the flow, a péyfetdady test could not be achieved.
The problem associated with the unsteadiness wasdsby calculating the average of
all the measurements taken to arrive at one avesrage for each measurement location.
When operating at fifty-five percent speed, the mmaxn static pressure loss below
atmospheric pressure was 0.9 psi, seen at the maximight of the inlet ramp. This
region was expected to see the largest staticymeegssses because it had the smallest
cross-sectional area, resulting in the highestaoigldlow. The fan casing saw a pressure
loss of only 0.3 psi below atmospheric pressurachvivas well within the two psi
pressure loss deemed acceptable. At sixty-fivegmtrspeed, the location at the
maximum height of the inlet ramp again saw the tgsastatic pressure loss of 1.5 psi.

The static pressure loss in the fan casing inctets8.7 psi, but was still within an
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acceptable level. In both cases, the minimum predsss was seen in the rear plenum.
This was expected because it contained the lowestdsflow and largest area, but also
showed the plenum acted as it was designed, seagiagdiffusion chamber for the flow
to decelerate and increase pressure prior to agtdre inlet of the turbofan engine jet
engine.

Installing the flow blockage for the bypass dumtiged several changes in the
static pressures seen in the facility at sixty-fpegcent engine speed. The maximum
static pressure loss still occurred at the maxinmenght of the inlet ramp, but the
magnitude of the loss decreased to 1.3 psi. Homveltbough the loss at the inlet ramp
was decreased, the loss measured at the fan ¢asregsed to 0.8 psi. It is an important
result to note that installing blockage in fronttleé bypass duct increased the losses in
the fan casing, because this affects the overdilgly and safety of the experimental set-
up and the jet engine. Installing blockage incesdbe losses of total pressure, resulting
in a reduced fan casing pressure. This reduceathstall margin. This result is shown

below in Figure 4.19.

82



Graph of Static Pressures in Experimental Facility
at 65% N, with 54% Bypass Duct Blockage

134

Inlet Bump

——— Bypass Duct

Rear Plenum

Fan Casing

Inlet Throat

= =Inlet Bump Average

12.6 — = Bypass Duct Average
== = Rear Plenum Average

124 = =Fan Casing Average
' = =Inlet Throat Average

12.2

Static Pressure (psia)

0 50 100 150 200 250 300
Measurement Number

Figure 4.19 — Local Static Pressures in Experimentdacility at 65% Engine Speed
with 54% Bypass Duct Blockage

The static pressures measured when running theeeagseventy-five percent
speed are shown in Figure 4.20. At that speedndesemum static pressure loss in the
facility increased to 2.2 psi and was again locatieitie maximum height of the inlet
ramp. The loss in the fan casing increased t@4i,Avhich approached the maximum
loss of two psi that was set as the thresholddée eperation. In addition to the static
pressure loss in the fan casing, another concere the spikes in static pressures seen
around measurement numbers one hundred ten, odedaueighty, and from two
hundred sixty to three hundred. Upon test ternonathe inlet ramp was found to be
distorted. This was deemed to be the cause ohtheased pressure losses. The inlet
ramp also produced audible vibrations during tisésteThe condition was deemed
unsafe, and the test was stopped before a congadetd data including AIP

measurements could be taken. For operation ata%efan speed level, extra reinforcing
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is needed to withstand the large static presssseithat exist on top of the inlet ramp

assembly.
Graph of Static Pressures in Experimental Facility
at 75% N, with 54% Bypass Duct Blockage
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Figure 4.20 — Local Static Pressures in Experimentdacility at 75% Engine Speed
with 54% Bypass Duct Blockage

4.3 AIP Data

The results at the AIP of the serpentine inletfaceised on the circumferential
and radial distortion intensities, along with thxtesmits of the distortion and the multiple-
per-revolution patterns. The circumferential distm elements for the two fan speeds
tested will be given first, followed by the raddistortion element. It is noted that the
reported distortions are influenced by the inlairdary layer thickness of the serpentine

duct flow.
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4.3.1 Circumferential Distortion Elements

The results of the circumferential distortion dgstors provide insight into the
magnitude and size of the distortion pattern. ifitensity and extent are both needed to
understand whether the pressure deficient regisraHarge or small magnitude, and
whether it is spread out over a large or smallalagigion. The multiple-per-revolution
pattern describes the number of low pressure reglomfan blades must pass through
during each revolution.

Figure 4.21 shows a graph of the total pressumethéprobes in each ring at the
AIP, along with the average total pressure andageetow pressure for the ring. Figure
4.22 below shows a contour plot of the total pres$nsses associated with the graphs
from Figure 4.21. The pressure losses in the corgmt were normalized using
atmospheric pressure. Table 4.1 summarizes thartilis intensities associated with

each ring. The total inlet pressure recovery wa8®for the case below.
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Graph of Total Pressures in Ring 1 at AIP Graph of Total Pressures in Ring 2 at AIP
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Figure 4.21 — Circumferential Distortion Graphs at55% Engine Speed
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Figure 4.22 — AIP Total Pressure Loss at 55% Engin8peed
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Table 4.1 — Circderential Distortion Intensities
at 55% Engine Speed

Ring DPCR
1 0.0030
2 0.0047
3 0.0052
4 0.0040

The average distortion seen across all rings w@42. The extent of the

distortion associated with each ring is given ifbl€4.2.

Table 4.2 — Circuerential Distortion Extents
at 55% Engine Speed

Ring Extent (degrees)
1 160
2 156
3 156
4 134

The graphs and tables above show that the maiptessure regions were
located at the bottom of the inlet. While the nsigies showed that the magnitude of
these pressure losses was small, the extents stibeyedere spread out across a wide
section of the AIP. Since there was only one loaspure region for each ring, the

multiple-per-revolution pattern for each ring wasepas shown below in Figure 4.23.
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Multiple-per-Revolution Pattern for 55% N,
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Figure 4.23 — Multiple-per-Revolution Pattern for Inlet at 55% Engine Speed

When the engine fan speed was increased to sudypercent speed with no
bypass duct flow blockage, the magnitudes of teeodions increased, but the profiles
stayed relatively constant. The total pressurevexy for the inlet dropped to 0.987, and
the average distortion intensity increased to (B00Figure 4.24 shows a graph of the
total pressures in the different AIP rings, whilgufe 4.25 shows a contour plot of these
pressure losses. Tables 4.3 and 4.4 summarizidioetion intensities and extents

associated with each ring, respectively.
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Figure 4.24 — Circumferential Distortion Graphs at65% Engine Speed
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Figure 4.25 — AIP Total Pressure Loss at 65% Engin8peed
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Table 4.3 — Circuerential Distortion Intensities
at 65% Engine Speed

Ring DPCR
1 0.0055
2 0.0084
3 0.0091
4 0.0068

Table 4.4 — Circuerential Distortion Extents
at 65% Engine Speed

Ring Extent (degrees)
1 168
2 165
3 163
4 146

The low pressure region in this case also occuatélde bottom of the serpentine
inlet, and was spread out over a slightly largdraiearea. The single low pressure region
in each ring meant the multiple-per-revolution eattwas once again one for all four

rings, as shown below in Figure 4.25.

Multiple-per-Revolution Pattern for 65% N
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Figure 4.26 — Multiple-per-Revolution Pattern for Inlet at 65% Engine Speed
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Installing the flow blockage for the bypass duteeed not only the boundary
layer profile, but also the circumferential distontelements. With fifty-four percent of
the bypass exit area blocked, the total pressumvesy for the inlet dropped to 0.982
while the average circumferential distortion inignsicreased to 0.0098. The extents
associated with this intensity also increased,ltiegun a pressure deficient region with a
larger magnitude distributed over a larger area@®AIP. Similar to the first two tests,
the low pressure region was concentrated in thtvohalf of the duct toward the
middle. Figures 4.27 and 4.28 along with Tabl&sahd 4.6 summarize the distortion at
the AIP when the engine was run at sixty-five petéan speed with the bypass duct

blockage installed.
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Figure 4.27 — Circumferential Distortion Graphs at65% Engine Speed
with 54% Bypass Duct Blockage
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Figure 4.28 — AIP Total Pressure Loss at 65% Engin8peed with 54%
Bypass Duct Blockage

Table 4.5 — Circdaerential Distortion Intensities at 65%
Engine Speed with 54% Bypass Duct Blockage

Ring DPCR
1 0.0078
2 0.0110
3 0.0114
4 0.0089

Table 4.6 — Circuerential Distortion Extents at 65%
Engine Speed with 54% Bypass Duct Blockage

Ring Extent (degrees)
1 174
2 168
3 164
4 153

With only one low pressure region per ring, thdtiple-per-revolution pattern is

again one for all rings. This matches the redubts the previous two tests where the
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engine was run at the same speed with no bypasbldegage, and when the engine was

run at a lower speed. Figure 4.29 shows the niedppr-revolution pattern.

Multiple-per-Revolution Pattern for 65% N,
with 54% Bypass Duct Blockage
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Figure 4.29 — Multiple-per-Revolution Pattern for Inlet at 65% Engine Speed
with 54% Bypass Duct Blockage

4.3.2 Radial Distortion Element

The radial distortion at the AIP can be describgidgionly the radial intensity.
At fifty-five percent engine speed, the radial ditibn intensity was negative for the first
three radial rings, resulting in ring average tptassures that were greater than the face
average total pressure. The outermost ring otRemeasured an average total pressure
that was less than the face average total presgsudting in a positive value. Figure
4.30 below shows a plot of the radial distortionkjle Table 4.7 summarizes the values

of the distortions.
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Graph of Ring Average Total Pressures versus Radial Location
at55% N,

13.71

13.7 ©
13.69 - o)
18368 | L o o L o o e e
13.67 -
13.66 -
13.65 -

13.64

Ring Average Total Pressure (PAV)

13.63 \ \ \ \

Radial Location of Ring (inches)

Figure 4.30 — Radial Distortion Graph at 55% EngineSpeed

Table 4.7 — Radiaistortion Intensities
at 55% Engine Speed

Ring DPRP,
1 -0.0017
2 -0.0009
3 -0.0006
4 0.0031

At an engine speed of sixty-five percent, the spateern of distortions existed,
but the magnitudes were larger. Again, the inhexd rings on the AIP rake all had ring
average total pressures that were greater thaiat¢keaverage total pressure, resulting in
negative radial distortion intensities. Only thegeymost ring on the AIP rake had a
positive radial distortion intensity where the riaigerage total pressure was less than the
face average total pressure. Figure 4.31 showsathal intensities, while Table 4.8

summarizes the values.
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Graph of Ring Average Total Pressures versus Radial Location
at65% N
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Figure 4.31 — Radial Distortion Graph at 65% EngineSpeed

Table 4.8 — Radiaistortion Intensities
at 65% Engine Speed

Ring DPRPR
1 -0.0026
2 -0.0014
3 -0.0010
4 0.0050

When the flow blockage was installed in the byphsd, the extra mass flow that
was pulled through the serpentine inlet affectedrédial distortion intensity. The
pattern of distortion intensities is shown belowrigure 4.27. Instead of having ring
average total pressures that are constantly deécgeas the radial position of the rings
increases, the pattern for this test varied adiessings. The first three rings again had

negative radial distortion intensities becauseritig average total pressures were greater
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than the face average total pressure, but theanegage pressures increased as the radial
position increased. This was opposite of the patteat occurred in the first two tests.
The outermost radial ring had the only ring averagal pressure that was less than the
face average total pressure, giving it the onlytp@sdistortion intensity. This was

similar to the data from the first two tests. Feyd.32 shows a graph of the distortions

while Table 4.9 summarizes the values calculated.

Graph of Ring Average Total Pressures versus Radial Location
at 65% N, with 54% Bypass Duct Blockage
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Figure 4.32 — Radial Distortion Graph at 65% EngineSpeed
with 54% Bypass Duct Blockage

Table 4.9 — Radiaistortion Intensities at 65%
Engine Speed with 54% Bypass Duct Blockage

Ring DPRPR
1 -0.0002
2 -0.0013
3 -0.0023
4 0.0038
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4.4 Wall Static Pressures in Serpentine Inlet

The wall static pressure measurements inside tipestne inlet help describe the
flow within the duct. Knowing the location of lagtatic pressure losses inside the inlet
can help in the design of a flow control systemtbar inlet. Large losses in static
pressures typically means the flow has separatégafpoint in the inlet, and adding
either suction or injection at that point couldghtie flow reattach and as a result,
increase the static pressure.

To report the results, the static pressure wasdimensionalized using the
atmospheric pressure to better understand thesldisaeoccurred. The axial location of
the static pressure taps along the indgtyas also non-dimensionalized using the overall
axial length of the inlet,.

The static pressure recoveries in the serpentleewith no bypass duct blockage
are shown below in Figures 4.33 and 4.34. Whigettbnds of the losses were consistent
between both engine speeds, the magnitudes obssed were greater at an engine speed
of sixty-five percent. One important charactecisti the flow was the large pressure loss
that occurred on the top surface of the inlet atsbcond axial location. This location
would be a good choice for inserting some typectia flow control to help reduce the
pressure loss. Otherwise, the flow behaved asctegewith the static pressure losses
decreasing as the flow was decelerated closeetd i of the inlet. The locations for

these static pressure taps can be seen in Appéndiigures C.4 and C.5.
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Graph of Static Pressure Lossesin Serpentine Inlet
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Figure 4.33 — Static Pressure Losses in Serpentitrdet at 55% Engine Speed
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Figure 4.34 — StaticPressure Losses in Serpentine Inlet at 65% Engingp8ed

When flow blockage was installed for the bypasst éuith the engine operating
at sixty-five percent speed, a similar trend irsEswas seen when compared to the
results obtained at sixty-five percent with no lBiage in place. The top surface of the
duct again saw the largest pressure loss, andheasly location where the pressure

decreased at a further axial location along the.dOmne important difference was the
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increase in the magnitudes of the losses at alimes. WWhen compared to the results
with no blockage in place, increasing the mass tlowugh the serpentine inlet caused
the static pressures to decrease at all locatibiggure 4.35 shows the resulting static

pressures.

Graph of Static Pressure Losses in Serpentine Inlet
at 65% N, with 54% Bypass Duct Blockage
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Figure 4.35 — StatidPressure Losses in Serpentine Inlet at 65% Engingo8ed
with 54% Bypass Duct Blockage

Because the number of pressure measurements fiacthiyy was limited to sixty-
four, only eight could be allotted to static prasstaps on the inner surface of the
serpentine inlet. It was difficult to draw manyaméngful conclusions from the flow

inside the duct because of this limited numbertaedarge gaps between measurements.

4.5 Comparison with NASA Results

Since experimental work had previously been peréation the serpentine inlet

geometry tested here, the results of that expeticanbe compared with the results of
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the experiment presented here. NASA performed tasthe inlet at a range of Mach
numbers between 0.25 and 0.83. Since the maximashMumber achieved at the inlet
throat when the engine was run at fifty-five petcgmeed was 0.19, no results were
available for comparison. When the engine wasatusixty-five percent speed with and
without flow blockage in the bypass duct, the maximMach number at the inlet throat
was 0.25 in both cases, allowing those result®todmpared with the NASA results.
Figure 4.36 below shows a comparison of the boynidger profiles obtained
between the NASA experiment and the experiment h&he profiles were non-
dimensionalized using the freestream Mach numloen the respective experiment. As
the figure shows, both boundary layer profilesfaty developed at approximately forty
percent, and match closely for the upper sixty @arof the inlet height. There was a
difference in profiles in the bottom part of théein as the NASA experiment had a
smoother parabolic shape, while the experiment fodieeved a linear trend. The
difference can be attributed in part to the loaadiof the boundary layer rakes. The rake
in the NASA experiment was placed outside of thetjiwhile the rake in the experiment
here was placed in the center of the inlet threbes upstream of the throat. By placing
the rake outside the opening in the inlet, the NASpAeriment assumed the boundary
layer had a constant profile across the width eftdst section. This is likely not the
case, because the lip of the inlet will have soffecton the flow, causing a slight
variation in boundary layer profile from what is aseired outside the inlet in the

freestream.
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Comparison of Nondimensionialized Boundary Layer Pr ofiles
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Figure 4.36 — Comparison of Nondimensionalized Boutary Layer Profiles

In addition to the boundary layer profiles, thstdition results at the AIP can also
be compared between experiments. Because ofaatiffe in AIP rakes, a comparison
on a ring-by-ring basis could not be done. The RASperiment used a forty probe AIP
rake which consisted of eight arms with five propesarm located every forty-five
degrees circumferentially. The thirty-two probkeaised here was similar except it only
used four probes per arm, positioning the probekffarent radial locations. Table 4.10

below contains a summary of the NASA experimerdaults.
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Table 4.10 — NASA Experimental Results

Ring DPCPR, Extent DPRPR MPR;
1 0.000 79 -0.009 1
2 0.004 111 -0.007 1
3 0.009 146 -0.003 1
4 0.014 150 0.002 1
5 0.013 119 0.017 1

The NASA average circumferential distortion intéynsver the five rings was
0.008. When this value was compared to the avesB@d075 over the four rings for the
test at sixty-five percent speed with no flow blagk conducted here, the result was a
difference of only six percent. A comparison te Hverage of 0.0098 obtained with the
engine at sixty-five percent speed and fifty-foargent bypass duct blockage resulted in
a difference of twenty-three percent. The extemtsrded for the NASA experiment
were smaller than the extents seen for both tedtsei experiment here, meaning the
NASA circumferential distortion intensity was loedtin a smaller angular region. The
radial distortion intensities also differed fronetresults obtained here, ranging from -
0.009 to 0.017 for NASA versus -0.003 to 0.005rforbypass duct blockage and from -
0.0023 to 0.0038 for fifty-four percent bypass liage. The inlet total pressure
recoveries agreed well for the two experimentsh\WASA observing an inlet recovery
ratio of 0.992. The present experiment with noasgduct blockage showed a recovery
ratio of 0.987 and with bypass duct blockage shoavestovery ratio of 0.982. The
multiple-per-revolution pattern was also one farialgs in the experimental tests at both
locations.

To help visualize the pressure losses at the AllRe@ NASA experiment, a

contour plot has been included below in Figure 4.Bfdis contour plot corresponds to

102



the data collected at Mach 0.25. The plot herebsacompared to the plot in Figure 4.28
which had a similar boundary layer profile entering serpentine inlet. The total
pressure losses for the two figures have similafilps and magnitudes, with the largest

pressure losses located in the center at the battdhe AIP.

1.00

0.99

0.98

0.97

0.96

Figure 4.37 — NASA Total Pressure Loss at AIP

When performing the comparison of results, it $tidie noted that the NASA
inlet geometry tested was a smaller-scale versidheosame inlet geometry. While the
inlet tested here had an AIP diameter of twelvé@s; the NASA experiment used an
inlet with an AIP diameter of only 2.448 incheshelReynolds numbers for the NASA
tests were also higher than the Reynolds numbstsddere. This was caused by the
pressurized air in the NASA tunnel increasing teagity of the air flowing through the
inlet. While the results obtained in this expennare considered to agree well with the
NASA results, a difference in individual values wexpected because the conditions

could not be matched exactly and a different ims&ratation arrangement was used.
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4.6 Summary

The results presented above showed that an expdeahiacility capable of
simulating actual flight conditions expected forpantine inlets on BWB aircraft was
successfully developed and tested. The results presented at three different engine
fan speeds (flow levels) and included a combinatibtests with and without flow
blockage for the bypass duct. The 30% boundamrlthickness desired was achieved at
an engine fan speed of fifty-five percent, andasvproved that the boundary layer could
be controlled at higher engine speeds by adjustiadlow blockage for the bypass duct.
By blocking the bypass duct opening into the réanym by fifty-four percent, the
boundary layer profile at sixty-five percent engspeed was altered to become fully
developed at forty-five percent of the inlet hejghsignificant change from the eighty-
three percent boundary layer thickness at the sangme speed with no bypass duct
blockage. At seventy-five percent engine speezlptiundary layer profile was again too
thick; showing that additional blockage in the bypduct was needed. The boundary
layer profiles proved the ability to control thewit by showing the change in Mach
number by installing blockage at the same engieedp A maximum Mach number of
almost 0.4 was achieved at the throat of the sérgemlet, which approached the
desired level of Mach 0.5. The static pressurdherfacility showed safe operation of
the engine and the experiment, while the statisqanees in the serpentine inlet provided
insight into the flow inside the duct. The measueats collected using the thirty-two
probe rake at the AIP allowed the distortion getegtd®y the serpentine inlet to be
described using a combination of circumferential eadial descriptors. This AIP data

collected was compared to previous experimentakirom NASA, and the results
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agreed well with the circumferential distortionansity, inlet pressure recovery, and
multiple-per-revolution pattern, but differed slighin the extent and radial distortion
intensity. Some differences were expected in ¢selts since NASA used a fan-driven
wind tunnel to blow air through a small-scale inlghile the experiment here used a jet
engine to create suction through a large-scalé. irdgen with these significant
differences in experimental facilities, the resualte considered to compare well within an

acceptable margin of error.
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5.0 Conclusions and Recommendations

The purpose of this project was to help developethod for testing engines and
inlets being installed on BWB aircraft using aregrated, system level approach.
Although this project used a scaled-down versioa sérpentine inlet for testing and
separated the inlet and engine using a rear pleamber, it resulted in valuable
research with results that can be used for cutests, and further development of
integrated static ground test facilities. An exmental facility of this type had never
been developed or built before, so the lessonadelaand experiences gained will be
beneficial for further research in this area. WNWASA placing an emphasis on BWB
aircraft as the airplanes of the future, methodddsting the aircraft components
including the engine installation will need to kevdloped. This project and its results

will help form the design basis for that new tdsategy.

5.1 Summary of Key Results

The experimental facility developed here was ablguiccessfully test a diffusing
serpentine inlet with large amounts of boundargtaggestion at a range of Mach
numbers from 0.19 to 0.39. At an engine speedtgfffve percent, a boundary layer
profile was created that was fully developed atyksix percent and had a maximum
Mach number at the serpentine inlet throat of 0.t 9esulted in an average
circumferential distortion intensity of 0.0042 aradiial distortion intensities ranging
between -0.0017 and 0.0031. At an engine spesikiytfive percent, it was proven that

the boundary layer profile could be controlled lyuating the blockage in front of the
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bypass duct exit into the rear plenum. This blgekeontrolled the mass flow ratio
between the bypass duct and serpentine inletedsang the bypass duct blockage
reduced its mass flow, allowing more air to be @dilhrough the serpentine inlet at the
same engine speed. With no blockage, an eighgetpbercent boundary layer profile
was developed having a maximum Mach number atetpestine inlet throat of 0.25.
This resulted in an average circumferential digtarintensity of 0.0075 and radial
distortion intensities between -0.0026 and 0.00B8talling a plate that blocked fifty-
four percent of the bypass duct area altered thadery layer profile so it was fully
developed at forty-five percent, but had no affacthe maximum Mach number at the
serpentine inlet throat of 0.25. The average anfeuential distortion intensity increased
to 0.0098 while the radial distortion intensitiemged from -0.0002 to 0.0038. At an
engine speed of seventy-five percent with fiftysfpercent blockage in the bypass duct,
the resulting boundary layer profile was not fudlgveloped until eighty-three percent,
resulting in a maximum Mach number at the serpentitet throat of almost 0.4. For
this test, a larger blockage was needed to redwecenass flow through the bypass duct
even more to give the boundary layer desired. Fathtime data that was collected and
processed, the most important results from theste teere achieving distortions close to
the NASA experimental data, and the demonstratfothe ability to control the
boundary layer profile at different flows produdegdifferent engine fan speeds by
altering flow blockages in the bypass duct. Thesekey results prove that a validated

experimental facility has been developed.
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5.2 Recommendations for Future Research

With the successful completion of this projecgrthare several modifications that
will improve the experimental facility developedhe first would be to install more
static pressure measurements along the inner sgrtdche serpentine inlet. The eight
static pressure taps used here were not suffitbemescribe the internal flow
characteristics for the inlet. Previous resealdwed that ducts of this geometry
typically have flow separation along the bottomface of the second curve. This
phenomenon could not be confirmed because of tge @istances between
measurements.

Another improvement that could be made to the exyntal facility would be to
install an inlet ramp with an adjustable heighhisTwould create another variable that
could be altered to help deliver different boundamer flows for test of the serpentine
inlet. Adjusting the blockage in the bypass doateduce its mass flow rate achieved a
similar result, but it also creates additional &sss the facility. These losses could
prevent the engine from running at its maximum dpesducing the maximum inlet
Mach numbers for test. Having an adjustable raeght would allow additional
boundary layer control, perhaps with reduced prestmsses in the system.

With the future of commercial airplanes implemegta BWB design with
embedded engines, a method for testing the sengeimiets on these aircraft must be
developed. The results of the research condu@esidre considered an important first

step in creating a static ground test facility ddpaf such tests.
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Appendix A: Uncertainty Analysis

Due to the limited resolution of the instrumensed to take measurements in
experimental work, there is always an uncertaisgoaiated with those measurements
and the resulting calculations. To fully undersitéime results presented, an uncertainty
analysis must be performed to identify sourcesi@ren the experiment. The
uncertainty for this experiment was calculated gsire propagation of uncertainty. It
takes into account the resolution of the instrummesed, and how the calculations can be
affected by that resolution.

The pressure measurements in this experimenteediected using a miniature
electronic pressure transducer with a range of wefifteen psig. The transducer had a
resolution of 0.05 percent of its full-scale valge;ing it a resolution of 0.0075 psig.

The uncertainty in the Mach number calculations thas found using Equation A.1.

2
My My

U, =
S A

Al

The partial derivatives are taken with respeddoation 3.3 above used to
calculate the Mach number. The variallleg andUps refer to the resolution of the
instruments used to take the measurements. Tduds k® an uncertainty in the Mach
number calculations of 0.0024.

A similar method is used to calculate the unceti@sé associated with the
distortion measurements at the AIP. Equation Al2udates the uncertainty in the
circumferential distortion calculation with the par derivatives based on Equation 3.9.

The resulting uncertainty was 0.00011.
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Equation A.3 calculates the uncertainty in theahdistortion calculation with the
partial derivatives based on Equation 3.16. Tleltimg uncertainty here was also

0.00011.
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Appendix B: Material Properties for Aluminum 6061

The following properties were used to completedinectural analysis of the wind
tunnel assembly consisting of the inlet ramp coxamovable Lexan section, and bypass

duct cover.

Table B.1 — Summary of Aluminur6061 Material Properties

Material Property Value (Units)
Mass Density 2.537 x 10(in%
Reference Temperature 70 (°F)
Young's Modulus 1 x 1Q(in°)
Poisson's Ratio 0.33
Thermal Expansion Coefficient 1.241 X 1QL/°F)
Thermal Conductivity 2.064 x 10(Ib/in%)
Yield Strength 35000 (psi)
Ultimate Strength 40001 (psi)
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Appendix C: Instrumentation Numbering Scheme

The instrumentation numbering scheme providetismdappendix was used to

develop a series of Matlab programs. These progaded data postprocessing by

performing calculations and generating graphs coséds that would have taken hours if

done by hand. The following figures also helpe@gwlabeling and installing tubes used

to collect the pressure measurements in the expatahfacility.
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Figure C.1 — AIP Rake (Looking through AIP from Upsream)
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Figure C.2 — Boundary Layer Rake
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Figure C.4 — Serpentine Inlet Static Pressure Tap&/iew 1 of 2)
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Figure C.5 — Serpentine Inlet Static Pressure Tap&/iew 2 of 2)
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Figure C.6 — Static Pressure Taps in Experimental &cility

The following two tables below show the coordisdi@r the locations of these
measurements. The coordinate system is centethd AP of the serpentine inlet, with
the x-axis oriented along the axial length of theility, the y-axis oriented vertically, and

the z-axis oriented into and out of the plane efgihge.
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Table C.1 — Measurement Locations in ExperimentdFacility

Measurement Number  [x location (inches) y(location (  inches) | z location (inches)
1A 39.90 8.73 0.00
2A 39.90 8.84 0.00
3A 39.90 9.05 0.00
4A 39.90 9.38 0.00
5A 39.90 9.91 0.00
6A 39.90 10.68 0.00
7A 39.90 11.71 0.00
8A 39.90 12.94 0.00
9A 39.90 14.24 0.00
10A 39.90 15.59 0.00
11A 36.90 16.32 -7.69
12A 36.90 16.89 -8.26
13A 36.90 17.47 -8.84
14A 36.90 19.50 0.00
15A 36.90 20.31 0.00
16A 36.90 21.13 0.00
17A 36.90 16.32 7.69
18A 36.90 16.89 8.26
19A 36.90 17.47 8.84
20A 24.60 15.13 0.00
21A 24.60 9.38 7.75
22A 24.60 3.63 0.00
23A 24.60 9.38 -7.75
24A 12.30 9.63 0.00
25A 12.30 3.38 7.25
26A 12.30 -3.00 0.00
27A 12.30 3.38 -7.25
28A 90.90 21.63 0.00
29A 36.90 21.63 0.00
30A -49.00 32.75 0.00
31A -83.63 20.83 0.00
32A 39.90 8.63 0.00
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Table C.2 — Measurement Locations at AIP of Serpeime Inlet

Measurement Number  [x location (inches) y(location (  inches) | z location (inches)
1B 0.00 2.12 0.00
2B 0.00 3.67 0.00
3B 0.00 4.74 0.00
4B 0.00 5.61 0.00
5B 0.00 1.50 1.50
6B 0.00 2.60 2.60
7B 0.00 3.35 3.35
8B 0.00 3.97 3.97
9B 0.00 0.00 2.12
10B 0.00 0.00 3.67
11B 0.00 0.00 4.74
12B 0.00 0.00 5.61
13B 0.00 -1.50 1.50
14B 0.00 -2.60 2.60
15B 0.00 -3.35 3.35
16B 0.00 -3.97 3.97
17B 0.00 -2.12 0.00
18B 0.00 -3.67 0.00
19B 0.00 -4.74 0.00
20B 0.00 -5.61 0.00
21B 0.00 -1.50 -1.50
22B 0.00 -2.60 -2.60
23B 0.00 -3.35 -3.35
24B 0.00 -3.97 -3.97
25B 0.00 0.00 -2.12
26B 0.00 0.00 -3.67
27B 0.00 0.00 -4.74
28B 0.00 0.00 -5.61
29B 0.00 1.50 -1.50
30B 0.00 2.60 -2.60
31B 0.00 3.35 -3.35
32B 0.00 3.97 -3.97
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Appendix D: Experimental Facility Section Views

This appendix shows the flow path of the air #fiedent axial locations in the
facility. Sectional views are shown at each ofdk&l locations in the figures that

follow.

Figure D.1 — Detailed Description of Experimental Rcility

Figure D.2 — Locations of Section Views in Experimgal Facility
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Figure D.3 — Section View A

Figure D.4 — Section View B

Figure D.5 — Section View C
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Figure D.6 — Section View D

Figure D.7 — Section View E
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Figure D.8 — Section View F

Figure D.9 — Section View G
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