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Abstract

An experimental study is conducted in an effort to advance the understanding of flow physics as-
sociated with a boundary layer ingesting, distributed propulsion system. The influence of incoming
boundary layer thickness and flow distortions are studied on the flow downstream and the over-
all performance of the system. The propulsion model, fabricated using additive manufacturing and
integrated with electrical fans, is mounted on a flat plate and tested at subsonic speeds. Detailed char-
acterization of the incoming boundary layer and subsequent assessment of the downstream flow field
is performed using hotwire anemometry. Modification of the incoming boundary layer is achieved by
placing tripping devices, such as rods and vortex generating ramps, near the leading edge of the flat
plate. The overall performance of the system for different incoming flow conditions is analyzed by
comparing magnitudes of exhaust velocities as well as estimated propulsive power to the correspond-
ing baseline values. For a constant input power to the fans, smaller upstream flow distortions and
moderately thickened boundary layers result in marginal changes in the flow field downstream. On
the other hand, notable reductions in downstream flow velocities and propulsive power are observed
in the case of a significantly thicker and/or distorted incoming boundary layer. It is hoped that this
study will serve as a database for this technologically relevant flow field that has not been explored
adequately before.

I. Introduction

The aviation industry is continually striving to develop the next generation of subsonic transport aircraft capable
of meeting aggressive targets for fuel efficiency, emissions, noise, and range. While conventional aircraft designs with
podded engines have demonstrated greatly improved performance over the years, future aircraft concepts aiming at
dramatic leaps in increased efficiency, with improved drag characteristics and lower thrust requirements, heavily rely
on propulsion system/airframe integration [1]. One of the key enabling technologies for achieving targeted goals for
future subsonic transports is Boundary Layer Ingestion (BLI). The basic principle behind BLI is that a portion of the
slow moving boundary layer formed on the aircraft body is ingested, and consequently re-energized, by the propulsion
system. In theory, a net gain in overall propulsive efficiency is achieved through lowered drag and corresponding
reduction in thrust requirement. This effectively will result in fuel burn and emission benefits [2]. Compared to a
pylon mounted engine which takes in freestream air, an embedded propulsion system with BLI reduces the inlet or
ram drag which is the force required to decelerate the incoming air before it reaches the fan inlet plane. In addition, a
portion of the aircraft wake is ingested by the propulsors. This reduces the overall power requirement, thus providing
increased propulsive efficiency.

Theoretical analyses explaining the benefits of boundary layer ingestion on the overall power requirements are
discussed by Smith [3] and Drela et al. [4] among others. Plas et al. [2] provided one dimensional analysis comparing
BLI and non-BLI propulsors in terms of the total power added to the flow by the engine. For a flow that enters the
engine at velocity u;, and exits with velocity u;, mechanical power added to the flow is given by Eq. 1.

9 Au

(u2 = u,) = Tt +15)/2 = Twin + =) M

p=
2

Here, T = m(u; — win) is the propulsive force or thrust. Assuming constant mass flow rate, a constant thrust
requirement at cruise results in constant Au = u; — u;y, term. Therefore, in the case of a BLI engine, it follows
from Eq. 1 that a reduced incoming velocity (u;, ) requires lower power added to the flow to produce the same thrust.
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Propulsive efficiency is given by Eq. 2, where u, is the free stream speed [5].

2Uoo
- _ 2
= T+, 2)

For an idealized BLI case, the velocity at the engine exit is assumed to be equal to the free stream speed, u; =~
Uso. Therefore, in principle, a comparatively lower value of the denominator for a BLI engine results in increased
propulsion efficiency compared to a non-BLI configuration. Another implication of Eq. 1 is that for a constant thrust,
a reduced inlet velocity also results in a lower jet velocity, potentially providing noise benefits. This one-dimensional
analysis, although of an idealized case, provides the essence of potential BLI benefits.

One of the key features of aircraft with BLI is the engine placement with propulsors embedded in the airframe
at the back of the fuselage. A typical example is the D8 aircraft concept developed by Massachusetts Institute of
Technology (MIT) under NASA’s N+3 program. This is a collaborative effort among NASA, industry, and academia
partners to explore innovative designs and enabling technologies for future subsonic aircraft projected to enter service
between 2025-2035 [1, 6, 7]. The D8 ‘double-bubble’ features a wide fuselage for increased lift with engines mounted
at the aft end. The design is projected to meet aggressive targets of the N+3 program achieving 70% reduction in fuel
burn and 75% in emissions compared to the baseline B737-800 aircraft [1]. A recent experimental effort by Uranga et
al. [8] compared mechanical flow power required for the BLI version of the D8 aircraft with a corresponding non-BLI
design. The former, ingesting about 40% of the boundary layer, provided a flow power benefit of approximately 8.6%.
NASA’s STARC-ABL is another recent design that implements BLI on an otherwise traditional airframe by using an
aft mounted axisymmetric propulsor [9, 10]. The electric motor for the propulsor is powered using generators operated
by the wing mounted turbo-fan engines. An initial study of this configuration by Welstead and Felder [11] indicated
a potential gain in fuel burn saving compared to a conventional propulsion system. The Blended Wing Body (BWB)
design studied by Boeing under NASA’s Ultra Efficient Engine Technology/ Propulsion Airframe Integration Project
is another promising concept with high-lift wings and wide airfoil shaped body with integrated propulsion system
[12]. Besides ram drag and viscous drag benefits, system studies of the BWB with BLI have identified other potential
sources of performance gains from reduced weight and drag due to elimination of the pylon and a smaller nacelle
surface area, better positioning of the thrust reverser, and reduced thrust pitching moment [13]. Another example is
a joint effort by NASA Glenn and NASA Langley researchers on a hybrid wing body configuration integrated with a
turbo-electric distributed propulsion (TeDP) system. An array of propulsors spanning the entire upper fuselage enable
BLI. A comparison with corresponding non-BLI propulsors indicated increased propulsive efficiency with BLI [14]. A
numerical study for thrust optimization of the N3-X TeDP configuration with BLI enabling mail-slot propulsion system
was also recently carried out by Lee et al.[15]. In general, these system level assessments continue to demonstrate
potential benefits of BLI. This motivates research efforts towards proper understanding of this emerging technology
and its impact on the next generation of aircraft [2, 16].

While the prospect of reductions in fuel burn and emissions for aircraft concepts utilizing BLI is highly promising,
it is also realized that the integrated propulsion-airframe architecture is susceptible to numerous limitations that can be
detrimental to engine performance. Furthermore, study of such limitations in a highly integrated design is a daunting
task requiring system level studies identifying various factors that contribute to overall system performance. Some of
the critical issues that are known to arise from ingesting a slow-moving boundary layer include reduced inlet pressure
recovery, distorted flow patterns at the engine fan face, and swirl distortions [17]. Complex inlet configurations, such as
the one with an S-duct intake, only exacerbate the losses with possible flow separation in the duct [18]. In some cases,
reduced fan efficiency or engine performance degradation caused by excessive flow distortion can be severe enough to
cause operability and aeromechanical issues, thereby potentially offseting BLI gains [19, 20]. Therefore, a sustainable
implementation of BLI technology in future aircraft will greatly depend on two main factors, an optimized inlet design
and the ability of the propulsion system to operate under high levels of flow distortions. A significantly improved
inlet design by United Technologies Research Center (UTRC) under NASA’s Subsonic Fixed Wing Project fulfills
multiple objectives for an optimal inlet, maximizing BLI benefits without increasing weight and drag [20]. More
recently, NASA, UTRC, and Virginia Polytechnic performed a series of tests with a novel boundary layer ingesting
inlet/ distortion-tolerant fan (BLI2DTF) in NASA’s 8 x 6’ transonic wind tunnel [21, 22, 23]. Similarly, CFD-based
analyses of Liou and Lee [24] for a hybrid wing body and Lee and Liou [10] for the STARC-ABL configuration
underscore continued interest in designing optimal geometries to minimize distortion related penalties. In addition
to propulsion system optimization, utilization of promising active flow control (AFC) techniques could be crucial
for producing acceptable flow uniformity and adequate pressure recovery in the presence of a thick boundary layer.
Such benefits of flow control have been experimentally demonstrated in BWB-type configurations [25, 26]. CFD
aided studies have also pointed towards the possible benefits of AFC enabled BLI, with some configurations showing
potential for up to 10% reduction in fuel burn [13, 19].

NASA/TM—2019-220068 2



The current study takes a fundamental approach towards understanding the flow physics associated with a boundary
layer ingesting, distributed propulsion system. In particular, this research effort aims to understand how the incoming
flow condition, for example boundary layer thickness and level of distortion, influences the flow behavior downstream
of the propulsors. This study is an offshoot of a previous investigation by Zaman and Bridges [27] on ‘septa’ nozzles.
In this previous work, exhaust from an 8:1 converging rectangular nozzle was distributed into six passages using septa
inserts in the nozzle. The goal was to study possible adverse effects on noise since jets placed side by side can undergo
resonant interactions effectively amplifying noise radiation. The results indicated that noise radiated from the septa
nozzle (distributed propulsion) is in fact lower compared to that of the baseline rectangular nozzle. As a follow-up
of this previous study [27], small fans were added to the channels and the focus was shifted from noise to aspects
of boundary layer ingestion by placing a similar propulsor model on a flat plate inside a wind tunnel. The velocities
generated by these fans were low rendering flow field measurements difficult. Subsequently, larger and more powerful
fans were incorporated in a larger model leading to the present experiments. Even though the measurements are
performed at low Reynolds number conditions, it is hoped that the results would serve as a database for this emerging
technology that has not been explored adequately before.

II. Experimental setup and measurement techniques

A. Model description

The experiments are performed in a low-speed, open-loop wind tunnel at NASA’s Glenn research center. Detailed
information on tunnel operations and capabilities can be found in [28]. The experimental setup is presented in fig. |
and consists of a five channel, simplified distributed propulsion model mounted on a 16 in.x 16 in. flat plate fabricated
from 1/8th in. thick aluminum stock. The model and plate assembly is fixed to the wind tunnel floor using two vertical
support bars and a 10 in.x 10 in. bottom plate. The leading and trailing edges of the plates and the support bars are
chamfered to minimize flow blockage. The overall tunnel test section is 30 in. wide and 20 in. high, and therefore
negligible wall influences are expected. The origin of the coordinate system, as shown in fig. la, is defined at the
center of the model exit plane. It should be noted that streamwise distance, x, downstream of the model exit plane is
defined as positive.

a) b)

Figure 1: Experimental setup showing (a) the model mounted on the base plate. The origin of the coordinate system
is at the center of the model exit. (b) The front view of the model showing the inlets and two X-wires placed side by
side.

The model is fabricated using additive manufacturing (3D printing) and integrated with five axial electric fans. The
inlet is printed as a separate piece and fitted with the main body using side latches. The mounting plate is designed
with a rectangular recess that allows the inlet piece to sit flush with the plate surface. The inlet has five entrances
each having a dimension of approximately 1.58 in.x1.58 in.. The width D = 1.58 in. will be used hereafter for
non-dimensionalization of all distances. Each inlet transitions into a circular cross-section guiding the flow to the
fan. Downstream of the inlets, each channel houses a fan, where the inlet area of the fan is approximately 1D x 1D.
Flow comes out of the model through rectangular exits with area A, = 1D x 0.6D. Transition from circular to
rectangular cross section is accomplished using contours defined with a third order polynomial. The overall dimension
of the model is 8.62 in. long in the streamwise direction with a width of 8.2 in. The wall thickness is maintained
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between 0.05-0.09 in. depending on locations on the model. Figure 2 shows multiple views of the model with relevant
dimensions. Exit channels 1 and 5 are labeled for reference. Although only a simple inlet design is considered in the
current study, the interchangeable inlet shown in fig. 2 offers the flexibility to study more complex inlet shapes.

The axial DC fans used in this study are manufactured by Orion fans (Model OD4028-12HBXCO01A). Each fan has
five blades and seven stators and produces a maximum flow rate of 26.5 cubic feet per minute. Fan rotational speed
is a function of supply voltage, where 8 and 10 VDC correspond to 4400 and 5400 revolution per minute (RPM),
respectively. A performance curve, flow rate versus static pressure, for the fan model used in this study can be found
on the manufacturer’s website. A variable power supply unit (Sorensen SRL 20-12) is used to operate the fans at
specified voltages. The supply voltage, total current draw, and the rotational speed of the fans during the experiment
are monitored using digital multimeters (Keysight model 34461A) and documented for every case.

Fan exit plane Fan slot inlet

——= 1% ¥ || ¥
,,,,,,,,,,,,,,, ju.‘(:::_ T i : '/,/

_______________ a5 N ||
NP

4D ! 1.5D

Exit channel Main body Interchangeable
inlet
(PP 4 4 4 LA AVA A 4
4
Rear view showing exit channels Front view (main body)

Figure 2: Computer aided renderings highlighting different views of the model with relevant dimensions. Exit channels
1 and 5 are labeled for reference.

B. Measurement conditions and techniques

As discussed in section I, the main objective of this study is to examine the effect of incoming boundary layer character-
istics on the performance of the distributed propulsion system. To that end, detailed flow field surveys are performed
upstream of the inlet as well as downstream of the model. Figure 3a shows a top view of the model highlighting
representative streamwise locations for flow field surveys. A single sensor hotwire probe (TSI 1210-10) is used to
perform velocity surveys of the incoming boundary layer at = —9.415 in. (z &~ —6D). This measurement location
corresponds to a distance 0.77 in. (0.5D) from the inlet. Each upstream velocity measurement is accompanied by
corresponding flow surveys downstream at z = 0.2D and 0.6D. Downstream velocity surveys mainly span regions
between y = —0.75D to 0.75D and z = —3.2D to 1.52D), effectively covering channels 2 through 5. In addition
to the single wire, flow downstream is also measured using two X-wire probes (TSI 1241-10), with one in ‘v — w’
and the other in ‘u — v’ configuration. The probes, separated by a distance of 0.44 in., are traversed through the same
grid points in space, and time-averaged values for all three components of velocity (u, v, w) and turbulence inten-
sities (Urms, Vrms> Wrms) are obtained. Subsequently, the in-plane velocity vectors (w and v) are used to calculate
streamwise vorticity (w,). The overheat ratios for the hotwire sensors are maintained between 1.4 and 1.6. Prior
to measurements, an in-situ calibration of the probes are performed. The wind tunnel free stream velocity (Us) is
calculated using a pitot-static probe.

Flow measurements for this study are performed at two different velocity ratios, (Us/Us), 1.3 and 2. The fan
speed (Uy) used in the velocity ratio calculation is the maximum mean velocity achieved by the fans at the model exit
plane with no tunnel flow. For a supply voltage (V45 ) of 8 VDC, Uy is approximately 40 ft/s, whereas for Vy,, = 10
VDC, Uy = 50 ft/s. For Vy,,, = 8 VDC, a tunnel free stream of 30 ft/s is chosen, resulting in Uy, /Use = 1.3. This
velocity ratio also approximately matches the value in a CFD-based study of a distributed mail-slot propulsion system
by Lee et al.[15]. At Uy, = 30 ft/s, in the absence of the model, the Reynolds number at the upstream measurement
location (z = —6.D) calculated based on the distance from the plate leading edge is approximately 100000. With V4,
=10 VDC, U, is set at 25 ft/s to obtain the other velocity ratio of 2.
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Figure 3: (a) Schematic showing representative locations for hotwire surveys, (b) relevant dimensions of devices used
as boundary layer trips, (c) a representative setup showing the position and orientation of an array of vortex generating
ramps near the leading edge of the plate.

Lastly, various modifications of the incoming boundary layer are explored in order to understand the influence
of upstream conditions on the downstream flow behavior of the system. These modifications are achieved by using
boundary layer trips, such as rods and vortex generating ramps of different sizes, placed near the leading edge of the
flat plate. Two rods 0.25 in. and 0.5 in. in diameter are used where each rod is placed at z = —9.5D, spanning
the entire plate width. Similarly, ramp shaped vortex generators (VG) are placed with their apex facing the model
and bases at t = —9.5D. The VG at the center is aligned with the center of the middle inlet channel and the space
between two adjacent VGs is kept zero. Relevant dimensions for the boundary layer trips used in this study along
with their schematics are presented in fig. 3b. A representative image showing the placement of vortex generators on
the flat plate is shown in fig. 3c. As described in the above paragraph, detailed flow surveys using hotwire probes
are performed at locations upstream and downstream of the model as shown in fig. 3a. For a given velocity ratio, the
power supplied to the fans is kept constant and documented for every case.

III. Results

A. Fan flow characterization

Prior to integration into the BLI model, flow characteristics of an isolated fan are examined at ‘wind-off” conditions
(Usx = 0) using a single wire probe. The measurements are performed at supply voltages Vi, = 8 and 10 VDC
and at axial distances 2’ = 0.25D, 0.6 D, and 4.6D downstream of the fans, where z’ is measured from the fan exit
plane. Note that in the final configuration, the fan exit plane is approximately 4D upstream of the model exit plane
(see fig. 2 and recall that D = 1.58 in. is the width of each channel). Figure 4 presents contour maps of time-averaged
streamwise velocity (u, ft/s) for Vi, = 10 VDC. The velocity distribution is characterized by regions of high and
low velocities along the fan periphery. While the circumferentially periodic deficits are due to the fan struts, the low
velocity region in the center can be attributed to flow blockage by the hub. At 2’ = 0.25D, the maximum velocity
produced by the fan operated at 10 VDC is approximately 60 ft/s. At V4, =8 VDC, the corresponding maximum
velocity drops to about 50 ft/s, not shown for brevity. While streamwise vorticity was not measured for the current
isolated fan, previous measurements with a smaller but similar fan revealed no distinct streamwise vortical structures.
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Figure 4: Streamwise velocity (u, ft/s) for an isolated fan measured at various streamwise distances (z’) downstream
of the fan exit plane. The fans are operated at 10 VDC.

B. Flow field characterization of the BLI model at U, =0

The flow behavior downstream of the model was examined with no free stream flow (U,, = 0, ‘wind-off’ condition).
Figure 5 presents contours of mean streamwise velocity measured at axial locations of x = 0.2D and 0.6D for
Vian = 10 VDC. Relatively coarse grids were used for these measurements in order to capture the full flow field
while keeping the survey times reasonably short. In addition, flow surveys with higher spatial resolution were also
performed over a limited spanwise range downstream of the middle channel. These contours are included below the
primary plots in fig. 5 and provide accurate details of the flow structures. Note that when viewed from downstream,
the fan rotation is clockwise.

0 8 16 24 32 40 48

b) z =0.6D

Figure 5: Mean streamwise velocity field (u, ft/s) downstream of the model exit plane for U,, = 0 ft/s (wind-off
condition) and V4, = 10 VDC. Measurements with higher spatial resolution around a single exit slot are shown by
the insets at the bottom.

At x = 0.2D (see fig. 5a), the mean velocity field downstream of each channel is characterized by a velocity
deficit surrounded by high velocity fluid in the peripheral regions. This is observed more clearly in the isolated
view for a single channel, as shown by the lower right plot of fig. 5a. As the flow evolves downstream, the velocity
field is observed to consist of alternating regions of high and low velocities. The low velocity regions are centered
about the channels and, as also observed at x = 0.2D, are formed as a result of flow blockage by the hubs. The
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Figure 6: Mean streamwise vorticity (w,, Hz) downstream of the model for Uy, = 0 and V4, = 10 VDC.

high-velocity regions, on the other hand, congregate downstream of the channel partition walls. These high velocity
pockets appear to result from the merging or reorganization of high-speed fluid from the adjacent channels. This can
also be inferred from the velocity distribution at x = 0.2D, particularly as shown by the contour plot in the lower
left corner of fig. 5a. The high velocity pocket at the edge of the model (far left) is relatively small since there is
no reinforcement from another channel. Moreover, as it will be discussed in the context of fig. 6, the reorganization
of the flow field is promoted by the orientation of streamwise vortices that are formed as the flow exits out of the
channels. Upon comparison with the measurements for the isolated fan (see fig. 4c), it becomes evident that the flow
accelerates through the channels resulting in higher peak velocities compared to that produced by the isolated fan. As
noted before, the measurement location x = 0.6D from the model exit corresponds to the location ' = 4.6D away
from the isolated fan exit plane. Results for Vy,,, = 8 VDC exhibit very similar behavior, except the magnitudes of
velocity are lower at the lower RPM. Fan characteristics including RPM and total power are summarized later.

Figure 6 presents corresponding mean streamwise vorticity distribution at z = 0.2D and 0.6D for Uy, = 0
and V¢4, = 10 VDC. Closer to the model exit, z = 0.2D, formation of negative (clockwise) streamwise structures
at the center and positive structures along the edges of the rectangular channels are observed. These vortices are
somewhat reminiscent of streamwise vorticity formation in rectangular nozzles due to secondary flow resulting from
cross-sectional changes [29]. However, in the current case, the presence of fans imposes additional complexities and
the vortices most likely result from some combination of secondary flow in each channel and rotational motion of the
fans. As the flow evolves downstream, positive vortex structures from adjacent channels undergo reorganization and
merging. The end result is coherent, counter-rotating vortex pairs, as seen in the contour plot at z = 0.6D. It can
be noted that the positive streamwise structure formed at the edge of the model (far left in fig. 6b) does not have a
counter-rotating pair and is also smaller compared to the inner structures. Lastly, a preferential tilt exhibited by the
vortices is likely due to the influence of clockwise fan rotation.

C. Flow characteristics with finite free stream flow

In this section, flow characteristics in the presence of free stream flow is examined for two different velocity ratios,
Us/Us = 1.3 and 2. Figure 7 presents mean streamwise velocity (u/Us ) and turbulence intensity (4,5 /Uso) profiles
for the incoming flow measured upstream of the inlets at x = —6.D and z = 0. Vertical dotted lines indicate the surface
of the plate and location of the inlet upper lip. In order to avoid accidental breakage of the single wire probe, a small
gap measuring approximately 0.03-0.05 in. is maintained between the plate surface and the first measurement location
in y. For this reason, these measurements can only capture a part of the thin boundary layer formed on the plate
surface. Profiles of mean streamwise velocity and turbulence intensity are observed to exhibit similar trends for both
velocity ratios. Following a rapid increase in flow speeds away from the plate surface, a region of constant velocity is
encountered where velocity magnitudes are lower compared to that of the free stream flow. As will be subsequently
demonstrated, flow blockage by the BLI model results in the low velocity region upstream of the inlets. As seen in
fig. 7, velocity magnitudes in this region are approximately 80% and 95% of the corresponding free stream speeds
for Uy /Us of 1.3 and 2, respectively. Relatively higher velocities for Uy /Us, = 2 is attributable to increased fan
power. At alarger y/D (> 1), there is a slight overshoot in the velocity before gradually relaxing to free stream speed.
Based on the results, the boundary layer thicknesses are estimated to be 0.19D and 0.17D for Uy /Uy, = 1.3 and 2,
respectively. Profiles for axial turbulence intensity show similar trends with peak values at about 8% for both velocity
ratios. In order to further understand the behavior of the incoming flow, contours of mean streamwise velocity are
examined next.
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Figure 7: Incoming boundary layer profiles on the flat plate measured at * = —6D and z = 0.
Figure 8 presents contours of mean streamwise velocity upstream (x = —6.D) and downstream (x = 0.6 D) of the

model. Outlines of the inlets and exit channels are overlaid on the contour plots to identify relative locations of the
channels and partition walls. Dotted lines added in the upstream plots represent the plate surface. Flow distribution
upstream of the inlet for velocity ratios of 1.3 and 2 can be compared between figs. 8a and 8c, where formation of thin
boundary layer near the plate surface can be observed. In addition, flow blockage by the model results in a ‘dome-
shaped’ distribution of velocities; the presence of the model is sensed upstream at these subsonic speeds. As discussed
with fig. 7, flow velocities in this region are lower compared to corresponding free stream speeds. An examination of
the upstream distribution reveals spanwise variation in velocity magnitudes. Suction by the fans results in pockets of
higher velocities upstream of the inlets and lower velocities in the proximity of the partition walls. These spanwise
variations are more prominent for the higher velocity ratio, Uy /Uso = 2, due to increased fan power. For the same
reason, the overall normalized velocities in the ‘dome’ are also higher for this case compared to that for Uy /Uy, =
1.3. Downstream of the model, as shown by figs. 8b and 8d, velocity distributions are qualitatively similar to that
of the wind-off conditions observed in fig. 5. Moreover, besides the differences in velocity magnitudes, the flow
pattern downstream does not exhibit significant dependence on velocity ratio. Figure 9 further presents distribution of
turbulence intensity (uyms/Uso) in the streamwise direction at z = 0.6D. A similar trend is noted for both velocity
ratios with higher u,.,,s levels localized in regions of high shear.

Figure 10 presents the evolution of mean streamise velocity and vorticity with increasing z downstream of the
model. The measurements are performed using two X-wire probes (see section II B) and the velocity results presented
here are from the uw probe. As expected, the overall trends captured by the X-wires are similar to that observed with
a single wire (see figs. 5 and 8). However, slight smearing or stretching of the flow structures are likely attributable
to a finite probe volume and influences from secondary velocity components (e.g., the influence of v component on a
uw wire). The X-wire results should be considered qualitative but adequate to show overall distributions of other flow
properties not measurable by the single sensor probe. Mean velocity distribution indicate that the flow from adjacent
channels interact and evolve rapidly close to the model exit (x < 0.6D). As discussed previously, high velocity
flow structures from the adjacent channels merge forming alternating regions of high and low velocities. As the flow
evolves further, these high velocity pockets are observed to develop independently with no significant interactions with
the neighboring structures. With increasing distances, the structures become diffused with reduced peak velocities. At
x = 4D, peak velocity is approximately 25% lower compared to that at x = 0.2D.

The development of mean streamwise vorticity (right column in fig. 10) also shows a similar trend. The counter-
rotating pair of vortices evolve downstream while maintaining their coherent signature. At z = 0.6D, the vortex
pairs are titled, similar to that observed in fig. 6 for U, = 0. As the flow evolves downstream, the tilt diminishes
and disappears by z = 2D. Despite reduced amplitudes, the signature of these coherent vortex pairs remain evident
even at the farthest measurement station of x = 4D (fig. 10h). While the noise impact of BLI enabled propulsion
systems has not yet been explored, the presence of streamwise vortex structures suggests potential acoustic benefit.
Introduction of streamwise vorticity has been widely explored before as a means to enhance mixing and reduce noise.
The previous study by Zaman and Bridges [27] with septa nozzles also supports this notion.
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Figure 8: Contours of mean streamwise velocity (u/Us) showing the incoming flow (left) and flow downstream
(right) for two different velocity ratios (Uy /Uso).
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a) U /Uso = 1.3 b) Uy /Usc =2

Figure 9: The distribution of turbulence intensity (t,,s/Us) in the streamwise direction downstream of the model at
x = 0.6D for two velocity ratios (Uy/Us).

For both velocity and vorticity distributions, an interesting trend is exhibited by the structure on the far left side.
Due to the absence of a neighboring channel on the left, the high velocity pocket (and the positive streamwise vortex)
at the far left is smaller compared to the inner structures. In addition, as the flow evolves downstream, unlike the inner
structures that remain centered along the y = 0 line, it floats away in positive y.
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Figure 10: Contours of mean streamwise velocity (u/Us, left column) and vorticity (w, D /U, right column) show-
ing the evolution of the flow downstream for Uy /U, = 1.3.

D. Influence of upstream flow modification

In this section, the effect of incoming boundary layer characteristics on the downstream flow behavior is examined. As
discussed in section II B, upstream flow modifications are achieved by placing rods and vortex generating ramps near
the leading edge of the flat plate at x = —9.5D. The presence of these passive devices result in an incoming boundary
layer that is thicker and/or highly distorted. Figure 11 compares the incoming flow profiles for cases with and without
the rods. As in fig. 7, the profiles are measured just upstream of the inlets at + = —6D and z = 0. With the rods, a
thicker boundary layer is formed resulting in a larger region of low-velocity fluid near the plate surface. As expected,
the boundary layer is thicker for the larger rod (d = 0.5 in.). Further away from the plate surface, flow profiles for the
tripped cases exhibit increased velocity magnitudes compared to the corresponding baseline values. This local flow
acceleration is presumably due to combined effects of flow displacement by the rod and upstream blockage imposed
by the model. With the thicker rod, this results in an overshoot with velocity values exceeding the local free stream
speed, as shown by the blue profiles. As expected, further away from the model, velocity values for all cases approach
free stream speeds.

Figure 12 compares velocity distributions upstream and downstream of the model for various incoming flow condi-
tions. These data, shown similarly as in fig. 8, are for a velocity ratio of 1.3. Even though the baseline (flat plate) case
has been discussed earlier in section III C, the results are included for easy comparison. Mean streamwise velocity
distribution upstream of the inlets is characterized by a very thin boundary layer near the plate surface accompanied
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Figure 11: Comparison of boundary layer profiles upstream of the model inlets for cases with and without the rods.

by a ‘dome-shaped’ region of relatively constant velocities (v ~ 0.8U), as shown in fig. 12a. With the thin rod (d
= 0.25 in.), the boundary layer thickens with a larger region of low velocity fluid near the plate surface, as shown in
fig. 12c. As discussed with fig. 11, further away from the plate, flow velocities higher than the corresponding baseline
values are observed due to combined effects of flow displacement by the rod and blockage imposed by the model. With
the larger rod (d = 0.5 in.) the boundary layer becomes even thicker. In addition, increased flow displacement and
local acceleration leads to a much faster transition to free stream, as observed in fig. 12e. The mean velocity contours
downstream of the model (right column in fig. 12), show that the overall flow features for the tripped boundary layer
cases are similar to that of the baseline flow. As seen in fig. 12d, changes in downstream flow behavior in the presence
of the thin rod are limited to minimal reductions in peak velocities. However, with the thicker rod, notable reductions
in the velocity amplitudes can be observed (fig. 12f). From these result, it appears that for a fixed input power to the
fans, ingestion of a thick boundary layer results in overall reduced exhaust velocities. This suggests increased losses
in the fan most likely due to flow non-uniformities at the inlet face and will be further discussed subsequently in the
context of flow power.

Upstream flow fields in the presence of two different arrays of ramp shaped vortex generators are shown in figs. 12g
and 12i. The presence of these ramps not only thickens the boundary layer but also renders it highly distorted. Flow
features observed here are in agreement with the results of a previous study conducted using similar vortex generating
ramps on a turbulent boundary layer [28]. Counter-rotating pairs of vortices were shown to form downstream of each
VG such that an upwash between the two resulted in a ‘mushroom’ shaped structure. Similar structures are seen in the
current results, where larger structures are formed downstream of the larger VGs. The configurations explored here
may find significance in examining the response of a BLI system in the presence of a highly distorted boundary layer,
for example an integrated propulsion system with an S-duct inlet [18]. The resulting downstream flow fields in the
presence of these ramps are shown in figs. 12h and 12j. While marginal changes in peak velocity values are realized
with smaller VGs, larger vortex generators are found to cause notable reductions in the velocity magnitudes. As with
the thicker boundary layer case, these results are suggestive of higher fan losses when there is high level of distortion
in the incoming flow.

For the sake of completeness, fig. 13 presents flow comparisons with modified incoming boundary layer for the
velocity ratio of 2. Most flow features remain similar to that discussed for the lower velocity ratio, Uy /Uy, = 1.3,
in fig. 12. As illustrated in figs. 13c and 13e, the rods result in thickening of the incoming boundary layer. For the
larger rod, increased flow displacement coupled with higher fan power produce flow pockets with velocity magnitudes
that are higher than the free stream speed. Upstream flow distribution in the presence of vortex generating ramps (see
figs. 13g and 13i) are once again characterized by ‘mushroom’ shaped structures. Downstream velocity fields exhibit
similar trends to that observed for the lower velocity ratio. Overall reductions in exhaust velocities are noted as a result
of upstream flow modification with the effects becoming more prominent with increased boundary layer thickness and
distortion levels.
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Figure 12: Contour plots of mean streamwise velocity (u/Us) for U I /Us =~ 1.3 showing various modifications
of the incoming flow (left column) and the corresponding changes in flow behavior downstream of the model (right
column).
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E. Estimates of power

Contour plots presented above allow visual inferences regarding the overall behavior of the BLI flow field. A further
examination is attempted via the estimation of ‘flow power’ entering and exiting the BLI model. In this context,
flow power is defined as Py = 1/2pAu®, where p is the density, A the cross-sectional area over which the power is
calculated, and u the mean streamwise velocity. The calculations are performed over channels 2 through 4, spanning
z distances between £1.52.D. Velocity field results acquired at upstream (z = —6D) and two downstream (x = 0.2D
and 0.6D) measurement planes are used. In the upstream measurement plane, the y limits span —0.29D to 0.71D
covering the entire inlet height. In the downstream region, the +y limits are defined such that the incoming mass flow
rate (11 = pAinUaug,in) €quals the outgoing mass flow rate, m = pAouiUavg,out. With this condition satisfied, flow
power is calculated over the same inlet and exit areas. It should be noted that this method only uses the streamwise
component of velocity. Possible spanwise and transverse flow exchanges between the primary flow and ambient are
not accounted for. In an ideal scenario, mass balance and flow power calculations would need to be performed at the
inlet and exit boundaries of the channels which was not possible with the current experimental setup. However, this
analysis hopefully provides some useful comparisons between the flow parameters for different incoming boundary
conditions. Note that all units here are converted to metric resulting in watts (W) or Joules per sec (J/s) [M L2T 3]
as the unit of power. Also, in order to avoid ambiguity, only cases with two dimensional boundary layer, i.e., flat
plate and rods, are considered. Table 1 summarizes flow power estimates for velocity ratios of 1.3 and 2. In addition,
total power supplied to the fans (Pyqy,, watt) for the corresponding cases is also included to facilitate comparison.
Furthermore, for all the flow conditions examined, a summary of relevant fan parameters is presented in table 2.

Table 1: Comparison of flow parameters for different upstream flow conditions

z=0.2D z =0.6D

Case Uf/Uoo m P; Pout,l Pout71 - B Pout,2 Pout72 - F Pfan
[kg/s] [J/s] [J/s] [J/s] [J/s] [J/s] [W]

F. plate 1.3 0.0421 | 1.053 | 1.984 0.931 2.032 0.979 16.6
Rod 1 1.3 0.0415 | 1.097 | 1.991 0.895 2.014 0.918 16.48
Rod 2 1.3 0.0352 | 0.969 | 1.572 0.603 1.559 0.590 16.39
F. plate 2 0.0421 | 1.046 | 2.809 1.763 2.742 1.696 27.10
Rod 1 2 0.0409 | 0.992 | 2.762 1.769 2.609 1.617 27.04
Rod 2 2 0.0358 | 0.846 | 2.274 1.428 2.208 1.362 26.91

Table 2: Relevant fan parameters for various flow conditions examined

Case Us/Us | Voltage (VDC) | Fan RPM | Pyqp (W)
Flat plate | Uy, =0 8.014 4440 16.63
Flat plate | Uy, =0 10.035 5340 27.3
Flat plate 1.3 8.014 4440 16.6
Flat plate 2 10.007 5340 27.1

Rod 1 1.3 8.012 4440 16.48

Rod 1 2 10.009 5340 27.04

Rod 2 1.3 8.002 4440 16.39
Rod 2 2 10.004 5340 26.91

VG 1 1.3 8.011 4440 16.55

VG 1 2 10.007 5340 27.17

VG2 1.3 8.006 4440 16.44

VG2 2 10.007 5340 27.28

Mass flow rates (10 = My, = Mout,1 = Mout,2, [Kg/s]) listed for different cases clearly show the velocity deficit
imposed by thicker incoming boundary layers. Here, subscripts 1 and 2 denote downstream measurement locations at
2 = 0.2D and 0.6D, respectively. For the thin rod (d = 0.25 in.), the overall change in 7h is limited to 1 — 2%. On
the other hand, a thicker boundary layer produced by the larger diameter rod (d = 0.5 in.) is observed to reduce the
mass flow rates by 15 — 17%. The ‘flow power’, calculated in the upstream (z = —6D) and two downstream planes,
2 = 0.2D and 0.6D, are listed as P, Pyy:,1 and P, 2, respectively. These show trends that are similar to what is
observed for the mass flow rates. A more relevant quantity is the propulsive power (net flow power), calculated as
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the difference between the output and input flow power, P,,; — P;,. Here, work is done by the fans on the incoming
flow resulting in increased flow power downstream. Differences in propulsive power between the baseline and thin rod
cases are low, with the rod resulting in a reduction of about 5% for velocity ratio of 1.3. With the thicker rod, much
larger reductions are noted, where net differences compared to the corresponding baseline cases are approximately
35% and 19% for velocity ratios of 1.3 and 2, respectively.

It is reminded that for all the cases discussed, the total power supplied to the fans is kept constant, as listed under
Prtqy in table 1. A brief explanation is in order regarding the large difference between the power input to the fans and
the net flow power. In an ideal, no loss situation, a net difference in flow power between the upstream and downstream
planes would be in the order of the input fan power. However, in the current case, power supplied to the fans are
much higher compared to the net flow power (P,,; — P;;,,) presented in table 1. Several factors may be responsible for
the observed difference. First, power input to the fans (Py,,,) represents total power for five fans whereas flow power
calculations only cover channels 2 through 4. Therefore, only 3/5th of Py, can be considered for comparison with the
estimated propulsive power. Second, fan efficiency which is the aerodynamic ability of the fan to convert mechanical
shaft power to air power, comes into play. Losses incurred, such as due to friction and heat, result in a lower net useful
power. In addition, flow power calculation should also involve integral of static pressure flux terms at the inlet and exit
planes, which are neglected in the current study. This will be attempted in the future to complete the analysis for an
extended version of this paper. Lastly, as discussed above, flow exchanges between the primary flow and the ambient
between two measurement planes may have resulted in an underestimation of net flow power listed in table 1.

Upon examining the velocity distributions presented in figs. 12 and 13 and flow parameters summarized in table 1,
it can be concluded that for the simple system considered here boundary layer ingestion results in a reduced fan
efficiency. This is evidenced by overall lowered velocity magnitudes in the downstream flow accompanied by net
reductions in propulsive power. These changes, however, are small for moderate upstream flow modifications produced
by the thin rod and the smaller vortex generators. For the highly distorted incoming flow with VG2 or the thick
boundary layer with the larger rod, reductions in flow velocity downstream and the losses are quite significant. With
the thicker rod, the reduction in propulsive power is approximately 35% (table 1). These observations suggest that
the losses in fans are commensurate with the degree of upstream flow modification. Recalling the discussion in
section I, the primary benefit of boundary layer ingestion comes from reductions in ram and viscous drag. However,
performance penalties are also inevitable due to distorted upstream flow resulting in inlet losses as well as diminished
propulsor performance. While the ultimate goal is a net benefit in fuel burn, care must be taken to minimize severe
performance penalties that can potentially offset BLI gains and cause operability issues. With the thin rod and smaller
vortex generators, small changes in downstream flow despite measurable upstream distortions may show promise in
terms of potential reductions in overall drag. The significant loss in propulsive power as a result of larger upstream
distortions, for instance with the thicker rod, raises concern about potentially offsetting BLI benefits. However, these
are conjectures and no conclusions regarding net gains by BLI can be made without considering a system level study
for the entire vehicle. A system level study will take into account benefits from other factors, such as reduction in
viscous drag and ram drag, for an embedded propulsor geometry. The merit of the detailed flow field results for the
simplified model presented in this paper should be in their usefulness as a database for possible CFD validation of BLI
flows.

IV. Conclusion

A fundamental experimental effort investigating a boundary layer ingesting, distributed propulsion system is con-
ducted. The model, fabricated using additive manufacturing and integrated with five axial electric fans, is mounted
on a flat plate and tested at subsonic speeds. The study aims at advancing the understanding of BLI flow physics and
exploring the influence of incoming flow characteristics on the overall performance of the system. Detailed surveys
of the incoming boundary layer and flow field downstream of the model are carried out using hotwire anemometry.
Measurements are performed at two velocity ratios, Uy /Us = 1.3 and 2, where Uy and U, correspond to maximum
fan and free stream speeds, respectively. The power supplied to the fans is kept constant for a given velocity ratio. For
the baseline cases, a thin boundary layer is measured upstream of the model. Downstream, the flow is characterized by
alternating regions of high and low velocity pockets. Strong counter-rotating vortex pairs occur in the flow that remain
coherent far downstream from the model. These vortices are formed as a result of some combination of secondary flow
in the channels and rotary motion imposed by the fans. Increased flow mixing due to the presence of the streamwise
vortices may have potential benefits in the radiated noise levels.

Following the baseline flow studies, the incoming boundary layer is modified by using boundary layer trips, such as
rods and vortex generating ramps. The effect of the modified boundary layer on the propulsor is then documented. The
incoming boundary layer is made thicker and/or highly distorted by the tripping devices. For the thin rod and smaller
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VGs, despite measurable modifications of the incoming flow, the changes in downstream velocities are marginal. On
the other hand, larger upstream distortions imposed by the thicker rod and larger VGs result in notable reductions in the
exhaust velocities. A further examination of these results are performed by comparing propulsive power among various
cases. Propulsive power is defined as the difference between flow power estimated from mean velocity measured
downstream and upstream of the model. While only small changes in propulsive power are noted with the thin rod
relative to the baseline case, the thick rod results in approximately 35% reduction. Even though the current results
suggest a reduced propulsor efficiency in the presence of a thicker and/or distorted boundary layer, the net benefits of
BLI, for example from reduction in ram and viscous drag, can only be determined with system level assessment of
the entire vehicle. It is hoped that the detailed results presented in this study will serve as a database and aid future
numerical studies of BLI enabled propulsion systems.
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