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This paper presents first-of-a-kind measurements, and comple-
mentary computations, of the flow through the propulsion sys-
tem of a boundary layer ingesting, twin-engine advanced civil
transport aircraft configuration. The experiments were carried
out in the NASA Langley 14- by 22-foot Subsonic Tunnel, us-
ing a 1:11 scale model of the D8 “double-bubble” aircraft with
electric ducted fans providing propulsive power. Overall force
and moment measurements and flow field surveys at the inlet and
nozzle exit planes were obtained. The computations were carried
out with the NASA OVERFLOW code. The measurements and
computations were conducted for a range of aircraft angles of
attack and propulsor powers representing operating points dur-
ing the aircraft mission. Velocity and pressure distributions at
the propulsor inlet and exit, and integral inlet distortion metrics,
are presented to quantify the flow non-uniformity due to bound-
ary layer ingestion. The distorted inflow exhibits qualitative
and quantitative changes over the mission, from a unidirectional
stratified stagnation pressure at cruise to a streamwise vortex
structure at climb conditions. The computations capture these
flow features and reveal the interactions between airframe and
propulsor that create these three-dimensional flow variations.
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1 Introduction
1.1 Boundary Layer Ingestion

In an aircraft with boundary layer ingestion, or BLI, some
fraction of the airframe boundary layer flows through the propul-
sor, i.e., the propeller or fan. The average propulsor inlet velocity
is thus lower than the freestream velocity, which the propulsor
would ingest without BLI, and the main benefit of BLI can be
described based on this feature. For a given propulsor mass flow,
the propulsive force imparted to the aircraft scales as the velocity
increase, while the required power scales as the velocity increase
squared. Hence less propulsive power is required for a given
propulsive force if the inlet velocity is lowered by BLI [1,2].

The above is by no means a complete explanation,' but
it gives a qualitative description of the primary mechanism by
which BLI reduces the required propulsive power and thus air-
craft fuel burn. Calculations and detailed experiments have
shown that, for the configuration described below, an 8-10%
decrease in required power was achieved by ingesting 40% of
the upper surface fuselage boundary layer? [4,5]. Other con-
cepts seen in the literature include, for example, an axisymmet-
ric propulsor mounted at the rear of a fuselage and ingesting the
boundary layer from the whole fuselage [6, 7]. The benefits of
BLI are real and seem achievable, and a number of configura-

"More precisely, neither mass flow nor force are necessarily the same, and
there are other favorable consequences than those arising from the reduction in
inlet velocity [2,3,5].

This is the aerodynamic benefit only. There is also a roughly equivalent
benefit from other system level effects.
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tions are being investigated, at different levels of fidelity, to de-
fine guidelines and develop aircraft that integrate the airframe
and the propulsor to take advantage of BLI [8—13].

Along with benefits, there are challenges created by BLI.
For non-BLI aircraft, such as current civil transports, the flow
into the propulsor has uniform stagnation pressure, and the tur-
bomachinery sees a nominally axisymmetric flow with no large
regions of appreciable radial non-uniformity. With BLI, the fan
blades sweep through non-uniform fuselage boundary layer flow
in each revolution, giving a circumferential and radial distortion
that has the potential for detrimental aeromechanical and aero-
dynamic impact. For the former, the rotor is subjected to once-
per-revolution forcing in incidence and velocity magnitude, in-
cluding higher harmonics, that can excite blade resonances [14].
For the latter, the local (around the annulus) operating point of
the rotor can sweep through regimes of low efficiency, or even
stall conditions [15—-17]. Further, the interaction between fan
and nonuniform inflow can generate local swirl upstream of the
fan, which impacts the unsteady variation in rotor incidence an-
gle [18,19]. An aspect of the paper is to describe and quantify the
sources, and regimes of occurrence, of both types of distortion.

The non-uniform flow into the propulsor turbomachinery re-
sults from the interaction of the airframe and the engine, and this
interaction can be conceptually separated into two categories.
Upstream of the propulsor more than roughly one fan diame-
ter, which we refer to as the far-field, the interaction is one-way
downstream. In this region the non-uniformities in stagnation
pressure, streamwise vorticity, and other distortion parameters
are determined mainly by the aircraft operating condition. The
non-uniformities depend only weakly on engine operating point,
and, if a dependence exists it is one-dimensional, that is to say
due to the overall mass flow through the propulsor. Closer to the
propulsor, in the near-field, however, the velocity field depends
in a major way on local static pressure field non-uniformities re-
sulting from the non-uniform pressure-rise response of the tur-
bomachinery to the distorted inlet flow [18, 19].

For low hub-to-tip ratio fans, as in civil transport engines,
BLI inlet distortion typically includes circumferential and radial
non-uniformities in pressure, axial velocity, and swirl, and de-
pends on both engine and aircraft operating conditions, as will be
shown in Section 4. The upstream interaction due to the turbo-
machinery is well known for stagnation pressure distortion — see,
for example [15, 19, 20] — but has not been defined in depth for
the combined stagnation pressure and streamwise vortical distor-
tions encountered with BLI.

1.2 Aircraft Configuration Examined

The aircraft configuration examined is the DS, shown in
Fig. 1. The D8 was designed for the single-aisle transport mar-
ket, with a design payload of 180 passengers and design range
of 3000 nautical miles. Aspects of the configuration, including
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the double bubble lifting fuselage and BLI, were chosen for min-
imum mission fuel consumption. The aircraft has two propulsors
next to each other inboard of twin vertical tails at the rear of the
upper fuselage surface. The fuselage carries approximately 19%
of the aircraft lift at cruise, compared to 14% in a conventional
transport aircraft. At cruise conditions, the propulsors ingest ap-
proximately 40% of the fuselage boundary layer, with a bound-
ary layer thickness of roughly half a fan diameter [10, 11].

1.3 Scope of the Paper

This paper uses both wind tunnel measurements and compu-
tations to show the features of BLI distortion and the mechanisms
of generation. The measurements were made on a 1:11-scale
powered model of the D8. The computations link the measure-
ments to the fluid dynamic processes that create the fan distor-
tion, to connect what happened with how the features of the inlet
distortion arise and why they look the way they do. The measure-
ments and computations were carried out for different operating
points (angle of attack and propulsive power) that represent a typ-
ical transport mission. To our knowledge, they are first-of-a-kind
reports on the distortion features, and they show qualitative and
quantitative changes in inlet distortion with aircraft angle of at-
tack, from an approximately vertically stratified inlet stagnation
pressure non-uniformity at simulated cruise (two degrees angle
of attack) to an embedded streamwise vortex at high angle of at-
tack (eight degrees). Information is also provided on the distor-
tion transfer, i.e., the relation between exit and inlet distortions.
Integral distortion properties are presented in terms of a standard
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Fig. 1 Three-view of the D8 advanced civil transport air-

craft [21]
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parameter used to correlate engine response to inlet distortion,
to provide a measure of the BLI distortions at different mission
conditions.

The paper is organized as follows. Section 2 describes the
methodology, including the facility, experimental set up, and
computational procedure. Section 3 gives detailed results for
the simulated cruise condition, including the inlet flow field, dis-
tortion transfer, and streamwise evolution of the ingested flow;
the applicability of the computational propulsor model is also
discussed. Section 4 illustrates variations in inlet distortion and
mechanisms of distortion generation with aircraft operating con-
dition and provides quantification of the measured distortions us-
ing an integral distortion metric. A summary and conclusions are
given in Section 5.

2 Methodology
2.1 Experimental Setup and Data Acquired

The experiments were carried out at the NASA Langley
14- by 22-foot Subsonic Tunnel, on a 1:11 scale (4.1-meter
wingspan) D8 aircraft model with electric ducted fans to pro-
vide propulsive power. The fan diameter was 14.6 cm. The
maximum freestream Mach number was 0.11 so the flow can be
considered incompressible. The geometric model blockage was
0.5%, and no wall corrections have been applied. The Reynolds
number based on average wing chord ranged between 3.6x 10°
and 6.8x10°, and the model was outfitted with boundary layer
trip strips on the wing, tails, and fuselage nose to better rep-
resent the fully turbulent flow expected at full-scale Reynolds
numbers [21].

For a given tunnel speed and propulsor nozzle geometry,
setting an operating point required fixing two parameters: air-
craft angle of attack, o, and propulsor power, controlled through
the ratio of fan rotational speed to freestream velocity, Qryp /Ve.
The simulated cruise condition was defined as two degrees angle
of attack and zero net streamwise force on the model, as mea-
sured by the tunnel balance. For other conditions, the opera-
tion was determined by setting the angle of attack and fan power
to obtain predetermined values of net streamwise force coeffi-
cient, Cy = Fx /(0.5pV.2S), and total stream-normal force co-
efficient, Cz = F7/(0.5pV.2Sf), where Fx and F7 are the axial
and vertical components of force in the wind tunnel coordinate
system.*

In traditional aircraft performance analysis, the total stream-
wise force is computed as Fx = Drag — Thrust. In the present
experiment, we do not decompose the measured force into contri-
butions from thrust and drag, and Fx is instead measured directly,
for two reasons: first, appropriate definitions of drag and thrust

3Multiple nozzle geometries were used to vary propulsor mass flow and
propulsive efficiency [5]. We present results here for a single nozzle area.

4The above assumes that yaw angle is zero. A few measurements were carried
out at non-zero yaw, and these required also setting the yaw angle.
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are ambiguous in the presence of BLI, and second, the stream-
wise force Fx is well defined and measureable, and it alone is
sufficient to determine whether the aircraft climbs, descends, or
is in level flight. For similar reasons, the total stream-normal
force, Fz, was also measured directly.

The measurements included forces and moments on the
model, fan rotation speed, motor electrical power, and flow sur-
veys on planes upstream and downstream of the propulsor inlet
and downstream of the nozzle exit. The results showed an 8.2%
reduction in cruise propulsive power (the power needed to ob-
tain Fy = 0), relative to a non-BLI model configuration. Further
information about the model, wind tunnel facility, test program,
and measured BLI benefit is given in [4,5,21].

Flow surveys, made using five-hole probes, provided infor-
mation on the three velocity components and the static and stag-
nation pressure at propulsor inlet and exit. The surveys were con-
ducted using a two-degree-of-freedom traverse system shown in
Figs. 2 and 3. A drilled elbow probe, 175 mm long with an L-
shaped probe head 4 mm long and 1.59 mm in diameter (custom-
made by Aeroprobe Corporation), was used at the inlet plane,
and a straight, 152 mm long, 3.18 mm diameter probe (Aero-
probe Corporation model PS5-C318-152), was used at the noz-
zle exit plane. Probe calibration for velocities between 10 and
40 m/s and probe-relative flow angles up to 60° were provided
by the manufacturer. For angles larger than approximately 45°,
the stagnation point on the probe approaches the side hole loca-
tions, causing errors when using the calibration, and results for
flow angles greater than 40° are not reported. The small regions
in which this occurred account for less than 2% of data points;
these appear as white areas near the vertical tails in the contour
plots in Figs. 13, and 14. The probe measurements are accurate
to within +1° in flow angle and 3% in stagnation pressure coef-

Fig.2 Boundary layer ingesting ducted fans integrated into
D8 wind tunnel model empennage with five-hole probe inlet
traverse system (photo credit: NASA / George Homich)
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ficient.

The probes were installed on traverse systems with two ro-
tating arms, whose angular positions were controlled by two
stepper motors with parallel rotation axes. This allowed accu-
rate placement of the probes on planes at the inlet and exit of the
propulsor. Two versions of the system were constructed to ob-
tain data at the planes indicated by vertical lines in Fig. 3. The
traverse system support was mounted to the wind tunnel model
support. Supports fixed to the nacelle for the inlet traverse, and to
the horizontal tail for the nozzle exit traverse, ensured the mea-
surement plane was normal to the aircraft model axis, indepen-
dent of model orientation. The inlet measurement plane was 8%
of the fan diameter forward of the highlight of the propulsor in-
lets, corresponding to 19% of the fan diameter forward of the fan
leading edge, and the nozzle exit measurement plane was 8% of
the exit nozzle diameter aft of the nacelle trailing edge.

Figure 3b and 3c show the measurement point grids at inlet
and exit planes. At the simulated cruise condition, each propul-
sor had 910 inlet measurement points, with higher resolution in
the lower half of the flow annulus to resolve the fuselage bound-
ary layer. The nozzle exit plane survey consisted of 943 points.
For conditions other than cruise, only inlet measurements were
collected; measurements at different aircraft angles of attack had
a coarser grid of 516 points for both propulsor inlets, and mea-
surements at different propulsor power at high angle of attack
(eight degrees) had a grid of 952 points.’

SHigher resolution inlet and exit data were required for assessment of the
mechanical flow power [21]; the coarser inlet measurements are still sufficient to
resolve BLI inlet flow features and define appropriate inlet distortion metrics.

Measurement planes
(a) P
Inlet plane Nozzle
(coarse) exit plane

fine)
~ = L= =

PN SN
e

(b) (c)

Fig. 3 Model-mounted survey systems and measurement

plane locations (a), measurement grids for BLI inlet (b), and
nozzle exit surveys (c)
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2.2 Computational Approach

Full aircraft calculations were carried out using the NASA
OVERFLOW Reynolds-Averaged Navier-Stokes code [22]. The
code uses second-order central differencing discretization with
matrix dissipation smoothing, low Mach number precondi-
tioning, and the Pulliam-Chausee diagonalized approximate-
factorization implicit solution algorithm [23]. Fully turbulent
flow was assumed in the computations, consistent with the use
of trips near the leading edges of the model surfaces. The k-w
shear stress transport turbulence model [24] was used.

The flow domain, shown in Fig. 4, included the wind tun-
nel test section and the aircraft model. The internal propulsor
flow was represented using an actuator disk inside the nacelle,
axially located at approximately the propulsor rotor mid-chord,
indicated by the vertical line in the inset view of the propulsor
in Fig. 4. The description imposes a uniform static pressure
rise across the actuator disk, while also satisfying continuity,
and with no change in the velocity components in the plane of
the disk. The pressure rise was adjusted to achieve a specified
net aircraft streamwise force coefficient, Cx. The mesh was an
overset grid with approximately 141 million points, and a y* of
unity or less on all solid surfaces. Half the geometry was mod-
eled, with a symmetry plane boundary condition. Single point
solutions were achieved on average in 200 CPU-hours on 600
Haswell CPU nodes on the NASA Pleiades supercomputer. The
grid generation and solution processes are described in [25,26].

2.3 Aircraft Operating Conditions

The measurements and CFD calculations were carried out
for operating conditions encountered during a transport aircraft
mission. The conditions are shown in Fig. 5, for a full-scale air-

Front View
(A-A)
Side View Actuator disk L
A <
—» Vx -
A <
Stagnation Static
Top View Pressure pressure outlet
inlet
—» Vx +

Fig. 4 Computational domain: three-view of wind tunnel
contraction, test section, and first diffuser; propulsive power
modeled by uniform static pressure rise actuator disk (inset)
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craft and for the wind tunnel model. The horizontal axis is the
stream-normal force coefficient, Cz, corresponding to the lift co-
efficient, and the vertical axis is the forward force coefficient, i.e.,
the coefficient of force in the direction of simulated flight, —Cy,
which is positive during climb, negative during descent, and zero
in level cruise. Compared to cruise, Cz is reduced during descent
and increased at takeoff, cutback, start of climb, and approach
at high lift. The lightly shaded area denotes the full-scale air-
craft operating conditions, and the darker shaded area denotes
the wind tunnel model operating envelope. The open squares in-
dicate the measurement points, and the open circles indicate the
CFD computations.

The Cx and Cz values were obtained in experiments without
the survey system installed [4,21]; the propulsor surveys were
taken separately at the same freestream velocity, angle of attack,
and fan angular speed. The maximum measured Cz was limited
by the stiffness of the model support to about 1.1 at an angle
of attack of eight degrees. The most negative measured Cy was
limited by the fan power at which the internal motor temperature
reached its limit; the most negative calculated Cx was limited
by a numerical instability in the jet shear layer at high power.
In addition to points at the corners of the operating envelope, to
assess effects of the airframe and propulsor on propulsor inlet
distortion, surveys were taken at multiple angles of attack for
fixed fan speed and multiple fan speeds for fixed angle of attack.

In the full aircraft computations (open circles in Fig. 5),
variation in angle of attack at fixed propulsor fan pressure
rise corresponds approximately to measurements at constant
non-dimensional fan rotation speed, Qryp / Ve, and variation in

0.3 1 o
b e D8 mission
&) m] Measurerr_lent
l- Computation takeoff »
"E 02 T .
0]
© D8 mission envelope
% Wind tunnel model envelope\
8 0.1-
o climb
(0] .
o
o
o -
= 0.0 cl'wse
3 descent
o .
L max Cr,
_01 T T T 1
0.0 0.4 0.8 1.2 1.6

Stream-normal force coefficient, C»

Fig. 5 Aircraft operating conditions: forward force coeffi-
cient, —Cyx, versus stream-normal force coefficient, C;; full-
scale aircraft mission, wind tunnel model, and computational
operating points
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propulsor fan pressure rise at constant angle of attack corre-
sponds to variations in non-dimensional rotation speed at con-
stant angle of attack. The computed Cz is 6% higher than the
measurements at the highest angle of attack, but the solutions
exhibit the features observed in the experiment (see Section 4).

3 Flow Field for Simulated Cruise Condition
3.1 Inlet Distortion

Figure 6 shows measured and computed distributions of in-
let stagnation pressure coefficient, static pressure coefficient, and
vertical and spanwise flow angles at the simulated cruise condi-
tion. The computed flow field is symmetric and only the right-
hand side (aft looking forward) is shown. The measurement and
computation plane is indicated by the upstream vertical line in
Fig. 3; the fuselage and vertical tail cross section at that location
is indicated by the gray shaded area, and the circumference of
the tip of each fan indicated by the dashed lines in Fig. 6. For the
measurements, the extent of the contours is limited to the interior
of the survey area. For the computations, contours outboard of
the vertical tails and below the fuselage are also shown to provide
a context of the overall aircraft flow field.

At the simulated cruise condition, the stagnation pressure
distribution is close to vertically stratified, consistent with planar
boundary layer development over the top of the fuselage. The
flow angles indicate the ingested streamtube contracts as it ap-
proaches the propulsor, with negative vertical (Z-direction) ve-
locities and spanwise (Y -direction) velocities pointed towards the
center of each propulsor.

The lower static pressure coefficient over the bottom half
of the fans (Fig. 6b) and negative Z-velocity (Fig. 6¢) are con-
sistent with a top-to-bottom flow redistribution, due to larger
acceleration of the low momentum boundary layer fluid. In
the rotor-relative frame, the negative Z-velocity results in fan
rotor incidence variation from local co- and counter-swirl, in
addition to incidence variation from the axial velocity non-
uniformity [15,20]. The propulsors on the D8 have a low offset
with respect to the fuselage (see Fig. 1 and 2) and small stream-
line curvature in the spanwise-normal plane; the two counter-
rotating streamwise vortices that characterize BLI with higher
offset [27] are thus not present.

Figure 7 shows the difference between the measured and
computed distributions of the quantities in Fig. 6 over the fan in-
let area. There is good agreement in the magnitude of the bound-
ary layer stagnation pressure loss and the shape of the stagnation
pressure distortion, with differences between measured and com-
puted stagnation pressure coefficient of less than 0.1 over most
of the inlet. There is qualitative agreement in the top-to-bottom
flow redistribution, but the computations overestimate the static
pressure and the vertical flow angle near the bottom of the fan
and underestimate the spanwise streamtube contraction. The dif-
ferences are mainly due to the approximation of uniform pressure

Copyright © 2021 by ASME and
The United States Government

220z Jequisidag 60 UO Jasn "yoa | JO Isu| spasnyoesselN Aq 4pd 6.065-1.202i6-01.0€10}L.00A/8Z0.S529/010V LOLLO0A/868Y8/LZ0Z LO/Pd-sBuipasdoid/ | ©/610"swse uoios|jooje)Bipawse//:djy woly papeojumog



I
o
(o]
o
coefficient, cp,

o

o
Static pressure
coefficient, ¢,

| |
e Qe
ENI N

20
10

) (degrees)

Vz
Vx

-10
=20

o
Vertical flow angle

) (degrees) tan™! (

I oD
= o o
Wi

-1 ( Wy

n! (Y2

8 o
o
Spanwise flow angle

Fig. 6 Measured (left) and computed (right) cruise inlet
stagnation pressure coefficient (a), static pressure coeffi-
cient (b), vertical flow angle (c), and spanwise flow angle (d)

rise across the actuator disk, which results in a smaller variation
in inlet static pressure than in the actual flow, so the strength of
the top-to-bottom flow redistribution is underestimated, leading
to the 5°-10° difference in vertical flow angle between measure-
ments and computations. We discuss the limitations of the uni-
form pressure rise approximation in Section 3.3.

Figure 8 provides information about the surface flow pat-
tern entering the propulsors. The image on the left shows tufts
attached to the model to indicate flow direction near the surface;
the image on the right shows computed surface streamlines. Both
indicate flow migration away from the strake separating the two
propulsors, consistent with the measured spanwise flow angles
near the bottom of the fans.

For co-rotating fans with the same angular speed, the sym-
metric inlet spanwise flow creates a difference in rotor incidence
between the two fans. For fans with clockwise rotation (aft look-
ing forward) the left fan experiences co-swirl and a reduction
in incidence near the fuselage surface, while the right fan ex-
periences counter-swirl and an increase in incidence. This ef-
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Fig. 7 Difference between measured and computed cruise
inlet stagnation pressure coefficient (a), static pressure co-
efficient, (b), vertical flow angle (c), and spanwise flow an-
gle (d)

fect is evident from the asymmetry in measured static pressure in
Figs. 6b and 7b. In the wind tunnel experiments, this was man-
ifested as a difference in power between the two fans at equal
angular speed, due to increased pressure rise of the right-hand
fan [4]. This effect also has implications for differences in ef-
ficiency, operability, and unsteady force between the two fans.

3.2 Fan Distortion Transfer

We now examine conditions at the nozzle exit, which pro-
vide insight into fan distortion response and distortion transfer,
specifically attenuation of stagnation pressure distortion by the
fan. Figure 9 shows the measured and computed nozzle exit stag-
nation pressure coefficient at the simulated cruise condition. The
measurement and computation plane is indicated by the down-
stream vertical line in Fig. 3.

There are two principal differences between the measured
and computed distributions. One is the areas of low stagnation
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Fig. 8 Aft fuselage surface streamlines at simulated cruise
condition: wind tunnel model tufts (left) [4], and computed
surface streamlines (right)

pressure due to stator vane wakes and corner vortices, seen in
the measurements, but not the computations. The reason for the
difference is that the actuator disk model smears out the effect of
the vanes and does not describe the discrete vane wake structure.
The second difference is that the non-uniformity in stagnation
pressure, outside the vane wakes and end wall boundary layers, is
larger in the computation than the measurements; the difference
is roughly 20% of freestream dynamic pressure.

The stagnation pressure distortion at inlet and exit is illus-
trated more directly in Fig. 10, which shows the radial stagna-
tion pressure distribution at fan inlet and nozzle exit measure-
ment planes for the right-hand propulsor. The horizontal axis is
the stagnation pressure coefficient and the vertical axis is non-
dimensional distance along the vertical diameter, with O at the
fan axis and £1 corresponding to fan top and bottom. At the exit
station, the flow annulus covers from roughly 0.5 at the wall
of the centerbody to £1.0 at the nozzle trailing edge. The solid
lines are measurements and the dashed lines are computations.

To illustrate the distortion transfer, we have indicated in the
figure the difference in measured nozzle exit stagnation pressure
of the upper and lower parts of the annulus, at the points out-
side the end wall boundary layers, as the horizontal line, Ac,exit-
We have also marked the difference between freestream and inlet
boundary layer stagnation pressure at approximately the same ra-
dial location, Acy,in. Comparison of the measured exit and inlet
stagnation pressures shows that the difference has been reduced,
because the low stagnation pressure flow undergoes a larger stag-
nation pressure increase than does the high stagnation pressure
flow. The fan thus attenuates the distortion, resulting in a smaller
non-uniformity at fan exit. In the computations, however, the
actuator disk provides the same stagnation pressure rise for all
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Fig. 10 Measured and computed inlet and nozzle exit stag-
nation pressure coefficient on vertical cut through the
propulsor centerline (indicated in Fig. 9)

locations in the annulus,® and the non-uniformity is unchanged.

3.3 Suggestions for an Improved Distortion Attenua-
tion Description

It is useful to probe deeper into distortion attenuation as a
springboard for explanation of the behavior and to highlight fea-
tures of the modeling that should be incorporated in future anal-
yses. The present fan description was used because it made the
least demands on the information needed about the way in which
the fan processes the non-uniform flow. To improve on this de-
scription, we need to include an additional effect, namely link-
ing the changes in local fan pressure rise to the local dynamic
pressure and flow angle. The arguments start from the generic
fan behavior that, for a given rotation rate, the pressure rise de-
creases with increasing axial velocity. This is illustrated, for the
propulsors used in the experiments, in Fig. 11, which shows the

©The the flow is effectively incompressible, and a uniform static pressure rise
with no velocity change across the disk results in a uniform stagnation pressure
rise.
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non-dimensional pressure rise coefficient, Ap; /[p(Qryp)?], ver-
sus flow coefficient, Vx /(Qrp), for four angular speeds, mea-
sured in separate experiments to characterize propulsor perfor-
mance [28]. Extending this idea to non-axisymmetric inlet flow,
if we assume each streamline through the fan operates locally on
the pressure rise characteristic,” the implication is that the pres-
sure rise is larger where the inlet stagnation pressure and velocity
are lower, and the stagnation pressure distortion is thus attenu-
ated by the fan.?

The above behavior also implies an upstream flow redistri-
bution associated with inlet distortion. Suppose there is parallel
exit flow with no swirl at the fan exit, so the exit static pressure is
uniform. The variation in pressure rise just described means that,
at fan inlet, the static pressure is lower than the average in the low
velocity region and higher than the average in the high velocity
region. Far upstream (beyond the near-field), however, there is no
upstream influence of the fan. In the upstream near-field, there-
fore, there is acceleration in low stagnation pressure streamtubes
and deceleration in high stagnation pressure streamtubes, and,
for BLI type distortions, a top-to-bottom flow redistribution. As
with distortion attenuation, the uniform pressure rise fan model
does not describe this effect and will thus underestimate the inlet
static pressure non-uniformity and flow angles (Fig. 6).

"This approximation, known as parallel compressor theory, is a well devel-
oped approach to non-axisymmetric flow in compressors which serves to give
useful qualitative, and often quantitative, descriptions of compressors and fans
with inlet distortion.

8In contrast, if there were a constant pressure rise across the fan regardless of
inlet velocity, as represented by the dashed horizontal line in Fig. 11, the distor-
tion magnitude would be the same at exit as at inlet.
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The differences between measured and calculated distor-
tion response point up to requirements for additional accuracy
in modeling BLI propulsors in integrated vehicle computations.
The propulsor affects the upstream flow redistribution for the fan,
so velocities and flow angles at the fan face calculated using uni-
form pressure rise or constant static pressure outflow boundary
conditions cannot provide appropriate conditions at the turboma-
chinery leading edge. Improved propulsor models such as ac-
tuator disks with velocity-dependent pressure rise, or body force
methods, which replicate realistic blade row performance, should
improve prediction of these flow features with little or no addi-
tional computational cost [2,20,29].

As a final comment on this topic, we emphasize that the lim-
itations of the current description mainly affect the near-field ef-
fects of fan-distortion interaction and distortion transfer. More
than roughly a diameter upstream of the fan, there should not
be a substantial effect on the external flow aerodynamics. This
statement is supported by the good agreement, qualitative and
quantitative, between measured and computed inlet stagnation
pressure in Fig. 6; the fuselage boundary layer develops over a
much longer distance than the length scale of influence of the
propulsor, and the boundary layer loss and streamline pattern are
not appreciably modified by the fan-distortion interaction effects.
For this reason, we limit the remaining analysis to characteriza-
tion of the far-field flow behavior, the inlet stagnation pressure,
and the inlet streamwise vorticity.

3.4 Upstream Ingested Streamtube Behavior

Figure 12 shows computed propulsor capture streamtubes
on the aircraft fuselage at the simulated cruise condition. The
shaded areas indicate the streamtube cross-sections at axial lo-
cations along the aircraft, with the heavy dark lines showing the
streamtube boundaries. The figure illustrates the three dimen-
sional nature of the upstream flow and the spanwise (y-direction)
contraction of the streamtubes as they near the inlet. The fluid
that is ingested comes from under the nose and then moves
around the sides of the fuselage. As the streamtubes approach
the propulsor and respond to its pressure field, they increase in
height and decrease in spanwise extent, as seen in the final six
streamtube cross-sections upstream of the propulsor. Additional
aspects of evolution of the ingested boundary layer at different
operating conditions will be given in Section 4.3.

4 Inlet Distortions at Non-Cruise Conditions
4.1 Effect of Angle of Attack on Stagnation Pressure
Distortion
Figure 13 shows measured and computed inlet stagnation
pressure coefficient distributions at Qrp,/Vee = 2.7, the cruise
fan speed, for aircraft angles of attack of two, six, and eight
degrees. The quantitative differences in the measured and com-
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Fig. 12 Computed propulsor flow capture stream tube (image credit: NASA / Tim Sandstrom)

puted forces (Fig. 5) and the inlet stagnation pressure distribution
are larger than at the simulated cruise condition. The computa-
tions, however, describe the peak-to-peak variation in stagnation
pressure and relative changes in the shape of the distortion with
changes in angle of attack, and they provide useful insight into
the qualitative behavior of the ingested distortion at off-design
conditions. For the larger angles, the inlet distortion is no longer
vertically stratified and shows vortical structures with scale com-
parable to the fan diameter. The minimum stagnation pressure
coefficient is similar for all the cases, suggesting the change
with angle of attack is mainly an inviscid alteration in stream-
line shape; the viscous losses over the length of the fuselage are
similar, and the shape of the ingested boundary layer is altered
by the increased streamwise vorticity generated at larger angles
of attack.

4.2 Effect of Fan Power Level on Stagnation Pressure
Distortion

For the D8 mission, the largest variations in propulsor power

occur at higher angles of attack and Cz. We therefore examine

the effect of propulsor power on inlet distortion at eight degrees

angle of attack (the points at high Cz in Fig. 5). Figure 14 shows

V001TO01A010-9

the measured and computed inlet stagnation pressure coefficient
distributions at power levels near the high and low Cx corners of
the wind tunnel model operating envelope and, for reference, the
cruise power level. Again there is good qualitative agreement
between measurements and computations; the largest quantita-
tive differences are evident for the high power case, for which
the discrepancy in overall force was largest (see Fig. 5), and for
which, in the experiments, it was necessary to run the wind tun-
nel at a velocity half of that for the simulated cruise condition to
achieve sufficiently high non-dimensional fan speed, increasing
the probe error by a factor of four.

The measurements and computations both imply a large-
scale vortex structure near the outboard boundary of the propul-
sor. As the fan power level, and thus the propulsor mass flow,
increases, the vortex structure moves inboard from near the ver-
tical tails towards the propulsor centerlines. As with changes in
angle of attack, changes in propulsive power affect mainly the
shape and location of the stagnation pressure distribution, rather
than the magnitude of the stagnation pressure loss.
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4.3 Streamwise Evolution of the Stagnation Pressure
Field

The qualitative agreement between the measured and com-
puted inlet distortions in Figs. 13 and 14 suggests the computa-
tions correctly describe the upstream processes that generate the
distortion. We can thus examine the computed flow field for these
conditions at locations other than the measurement plane to gain
better insight into the evolution of the stagnation pressure distri-
bution upstream of the propulsor and connect the features of the
fan inlet conditions to physical mechanisms. To this end, Fig. 15
shows stagnation pressure coefficient distributions at axial loca-
tions along the fuselage for three different conditions: simulated
cruise (& = 2°) and high angle of attack (@ = 8°) at cruise fan
power, and high angle of attack (¢« = 8°) at high power.

At the simulated cruise condition (Fig. 15a), the boundary
layer growth is close to uniform over the top half of the fuselage,
with no indication of separation or streamwise vorticity. Com-
parison between the cruise condition and the case at eight degrees
angle of attack at the same power level (Fig. 15b) shows that, in
the latter, the low stagnation pressure fluid leaves the fuselage
and starts to roll up into a vortical structure with streamwise vor-
ticity. This roll-up of the separated fuselage boundary layer starts
forward of the wing leading edge, outside the influence of the fan.
Comparison between high and low power conditions at eight de-

V001TO01A010-10

T
|
.O
o

- 0.4

-0.6

|
I
2}

Stagnation pressure coefficient, cp,

Fig. 14 Effect of propulsor power level on inlet stagnation
pressure distortion: measured (left) and computed (right) in-
let stagnation pressure coefficient at o = 8°; (a) low power,
(b) cruise power, and (c) high power

grees angle of attack shows the roll-up starting at the same loca-
tion forward of the wing leading edge, with similar downstream
development until just upstream of the inlet.

From these observations, we conclude that the change in in-
let distortion, from a vertically stratified boundary layer flow to a
large-scale streamwise vortex, arises not from fan-distortion in-
teraction, but is a feature of the lifting fuselage at increased angle
of attack. The influence of the propulsor, as stated previously, is
largely a function of the fan mass flow, which determines the up-
stream area of the ingested streamtube and influences the trajec-
tory of the ingested flow structures in the near-field. This aspect
of the inlet stagnation pressure distortion is accurately described
in the computations, even with the uniform fan pressure rise ap-
proximation.

4.4 Inlet Streamwise Vorticity Distributions

Much of the distortion literature is concerned with stagna-
tion pressure defects in an essentially uni-directional flow, but the
measurements and computations here show that the distortion of
interest has an additional feature, the generation of streamwise
vorticity and the presence of swirl. Figure 16 shows measured
distributions of non-dimensional vorticity normal to the mea-
surement plane, i.e., approximately streamwise vorticity, at three
conditions. The vorticity was calculated via numerical differenti-
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Fig. 15 Streamwise evolution of fuselage boundary layer stagnation pressure coefficient: (a) simulated cruise condition,
(b) high angle of attack at cruise power, and (c) high angle of attack at high power

ation of a linear interpolation of the data on the two-dimensional
plane, introducing numerical noise in addition to the measure-
ment uncertainty; overall trends in the magnitude and distribu-
tion of the vorticity, however, are clear.

At the simulated cruise condition (Fig. 16a), the largest
streamwise vorticity is concentrated at the bottom of the ingested
boundary layer, consistent with the flow angularity observed in
Fig. 6d and the surface streamline patterns in Fig. 8. As the an-
gle of attack is increased, to six and eight degrees (not shown),
the the boundary layer fluid rolls up into a discrete vortex, and
the location of maximum vorticity in the boundary layer moves
outboard, following the trajectory of the region of minimum stag-
nation pressure in Fig. 13. Variations in power level at eight de-
grees angle of attack (Fig. 16b and 16¢) demonstrate that increas-
ing the power increases the vorticity because the vortex lines are

VO01TO1A010-11

stretched, and the discrete vortex structure thus becomes more
concentrated.

The vorticity distributions imply substantial transverse ve-
locity components, and these impact fan rotor incidence dis-
tributions. The average vorticity over the inlet is mostly anti-
symmetric, which, coupled with co-rotating fans, results in dif-
ferences between the fans, as discussed previously. Regions of
locally high vorticity, on the other hand, may lead to increased
circumferential or radial velocity non-uniformity. The vorticity
distributions are consistent with the behavior, suggested based
on the stagnation pressure data, of the fuselage boundary layer
rolling up into discrete structures ingested by the propulsors at
high angles of attack; the resulting three-dimensional velocity
fields have different circumferential and radial non-uniformities
at different operating conditions, which may have a strong im-
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pact on propulsor turbomachinery performance.

4.5 Integral Distortion Metrics

The discussion so far has focused on the physical features
of BLI-associated distortion at different aircraft operating con-
ditions. To quantify the severity of the distortion across these
conditions and to make connection with distortion arising from
causes other than BLI, we characterize the distortions in terms
of DC(60), an industry standard metric for inlet circumferential
distortion intensity [19]:

DC(60) _ pt|360O ]_ptlzworst60° ) (1)
ijx

where p;|3eo- is the area-averaged stagnation pressure over the
full annulus, Pylworsteoe is the lowest area-average over a 60-
degree sector, and % psz is the dynamic pressure based on the
mean velocity.

Table 1 gives values of DC(60) for the different conditions.
Results are shown for both the right and left propulsors, because
of the difference in operating point between the two (see Sec-
tion 3.1). The results are ordered from largest to smallest av-
erage DC(60) between the two propulsors. The condition with
the smallest DC(60) is the one with the highest vorticity (see
Fig. 16c); conversely, the case with the largest DC(60) has the
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Table1 Measured inlet DC(60) for various simulated D8 mis-
sion operating conditions

Condition a Qrg/V. DC60) (L) DC(60) (R)
High o, Idle 8° 1.28 0.437 0.617
Increased o 6° 2.71 0.442 0.479
Cruise 2° 2.70 0.390 0.442
High o 8° 2.71 0.342 0.454
Top of Climb ~ 2° 3.30 0.281 0.310
Start of Climb ~ 8° 5.70 0.132 0.142

smallest peak vorticity (albeit with moderate values over the en-
tire inlet, see Fig. 16b). These results highlight the fact that in-
formation about circumferential variations in stagnation pressure
alone is not sufficient to describe the three-dimensional flow in
BLI propulsors.

DC(60) has been used to correlate losses in compressor
surge margin for different magnitudes and extents of distortion.
There are, however, two important differences between its appli-
cation in that venue and the present context. First, the stagnation
pressure distortions that give rise to the correlations have been
mainly uni-directional stagnation pressure defects. Second, the
metric has been stall margin. In the present case the distortions
have both stagnation pressure defects and swirl, and so refer to
a qualitatively different type of flow. Further, a critical metric
for BLI is the decrease in efficiency due to distortion, which is
present even at the design condition, rather than the stall margin.
The point is that DC(60) is used out of context and should not
be considered a surrogate for characterizing effects of BLI on
propulsor fan efficiency; this conclusion applies to other distor-
tion descriptors based on circumferential variations in stagnation
pressure (see, e.g., [30]).

The arguments above imply to us that development of distor-
tion metrics which directly indicate BLI fan efficiency changes
would be a useful research area. Definition of such metrics is
beyond the scope of the current effort, but we can suggest ap-
propriate attributes based on our observations. Metrics used for
correlation to fan efficiency should describe the non-uniformities
that affect blade profile loss, namely incidence angle and Mach
number. Further, the non-uniformities should be captured on a
per-ring basis, similar to the ARP1420 metrics [30], to account
for radial variations in distortion. Finally, the metrics should de-
scribe not only local rotor loading, but also give indication of any
potential impacts of redistribution through the fan blade row, dis-
tortion fed to downstream guide vanes, and alterations in propul-
sor exit velocity.
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5 Summary and Conclusions

First-of-a-kind in situ measurements of propulsor inlet and
exit flow, as well as overall vehicle performance assessments,
have been carried out for a 1:11-scale model of the D8 boundary
layer ingesting (BLI) aircraft, with turbofan propulsors simulated
by electric ducted fans, at the NASA Langley 14- by 22-foot
Subsonic Tunnel. Complementary CFD computations connect
the measurements to the overall vehicle flow field. The measure-
ments and computations, obtained for a range of aircraft angles
of attack and propulsive power settings, provide insight into the
features of the fan inlet distortion due to BLI over the course of a
typical flight profile, including qualitative and quantitative infor-
mation about both the types of distortions encountered and the
mechanisms responsible for their generation.

The results show there are three mechanisms that determine
BLI propulsor inlet conditions. The first two, reduced stagna-
tion pressure in the ingested boundary layer and the generation
of streamwise vorticity through the rolling up of the fuselage
boundary layer, are external flow features set by the aircraft angle
of attack. The third mechanism, fan-distortion interaction, can be
conceptually divided into far-field and near-field effects. In the
far-field, the mass flow of the propulsor, i.e., the one-dimensional
fan behavior, determines the streamtube capture area far up-
stream and the bulk trajectory of the ingested flow features. In
the near-field, however, the three-dimensional effects associated
with the non-uniform response of the fan to the incoming distor-
tion result in axial velocity non-uniformity attenuation and asso-
ciated swirl generation upstream of the fan. Comparison of the
experimental and numerical results shows a uniform pressure rise
actuator disk describes the far-field effects of BLI, but a higher-
fidelity model is required to describe the near-field interactions
and distortion transfer across the fan.

The measured distortions have been characterized in terms
of DC(60), a commonly used inlet stagnation pressure distortion
metric, allowing comparison of distortion severity between op-
erating conditions. Based on comparison with the fan inlet flow
field, however, we find such metrics alone are inadequate for es-
timating the effects of BLI on fan performance, since they do not
capture non-uniformities in axial and swirl velocities.
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Nomenclature
Cx = streamwise force coefficient
Cz = stream-normal force coefficient
cp = static pressure coefficient ((p — pw)/(1pV2))

cp, = stagnation pressure coefficient ((p; — pree)/(3PV.2))

DC(60) = distortion coefficient (60-degree distortion sector)

dran = fan diameter

Fx = net streamwise aerodynamic force
Fz =total (vertical) stream-normal aerodynamic force

p = static pressure

p; = stagnation pressure

rip = fan tip radius

Sref = wing reference area

Vx,Vy,Vz = tunnel frame Cartesian velocity components
V.o = freestream velocity magnitude
x,¥,z = body Cartesian coordinate axes
X,Y.Z = tunnel and freestream Cartesian coordinate axes

yT = dimensionless wall distance

Greek Symbols
o = aircraft angle of attack
p = density

Q = fan angular rotation rate
@, = streamwise vorticity
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