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Three-Dimensional Viscous Flow Analysis of an Advanced

Ducted Propeller Subsonic Inlet
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A time-marching Navier—Stokes code called PARC3D was used to study the three-dimensional viscous flow
associated with an advanced ducted propeller (ADP) subsonic inlet at takeoff operating conditions. At a free-
stream Mach number of 0.2, experimental data of the ADP inlet model indicated that the flow on the cowl
windward lip remained attached at an angle of attack of 25 deg, became unstable at 29 deg, and separated at
30 deg. An experimental through-flow test study (without propeller) using another, but similar, inlet indicated
that the separation occurred at an angle of attack a few degrees below the value observed when the inlet was
tested with the propeller. This evidence showed that the propeller exerted a favorable effect on the inlet low
speed and high angle-of-attack performance. A stationary blockage device was designed and tested with this
latter inlet to simulate the propeller effect. The test data showed that the blockage device helped prevent the
inlet flow from being separated at angle of attack a few degrees higher than the inlet through-flow, but was 1
deg lower than the inlet with the propeller. In the present numerical study, this flow blockage was modeled via
a PARC3D computational boundary condition (BC) called the screen BC. The principle formulation of this BC
was based on the ‘‘one-and-half dimensions’’ actuator disk theory. This screen BC was prescribed at the inlet
propeller face station. Numerical results were obtained for inlet flow calculations with and without the screen
BC. The results with the screen BC compared better with the ADP experimental test data than those obtained
without the screen BC, particularty when the inlet flow separated.

Nomenclature
A = flow area, m*
D = diameter, m
h = enthalpy per unit mass, J/kg
L = inlet length, m
M = Mach number
P = total pressure, Pa (N/m?)
p = static pressure, Pa (N/m?)
t = static temperature, K
W = mass flow rate, kg/s
X = distance, m
a = angle of attack, deg
8 = porosity, (A, — Ay )A,,
g = pressure loss coefficient
n = normal to the surface
p = fluid density, kg/m’
¢ = circumference position, deg
Subscripts
¢ = captured
flx = flux
loc = local value on surface
pf = propeller face
pk = peak
sep = separation
0 = freestream
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Introduction

CRITICAL flow condition associated with a subsonic

inlet is the onset of a flow separation during a steep
climb for a takeoff operation. Flow separation has been a
major concern for the designh of a subsonic inlet. It should be
avoided if at all possible for safety reasons, and to maintain
a good propulsive efficiency. Up to the present time, the angle
of attack « at which the inlet flow would separate has been
determined by relying on experimental studies. Design and
development then follow with a provision of an off-design
operation by increasing the thickness of the inlet cowl lip.
However, a thick lip would increase the inlet weight and
would generate high drag at cruise. Also, it could result in a
reduction of the critical flight Mach number beyond which
the divergent drag rise would occur. Therefore, it is desirable
to keep the inlet cowl lip as thin as possible for cruise, and
as thick as necessary to keep the flow attached for takeoff.
For a ducted propeller inlet the problem could become more
complex because of the presence of the propeller as part of
the propulsion front end flow ducting and directing system,
especially at low speed. A design procedure that depends on
experimental tests alone to achieve an optimized design of a
subsonic inlet could be too costly, and so it may be beneficial
to apply a CFD method to assist in the design process. For a
low-speed and high-angle-of-attack flow, a CFD analysis needs
to include the three-dimensional viscous effect if it is to predict
the inlet aerocharacteristics, which may include a separated
flow. For a ducted propéller system the inlet may need to be
analyzed as part of an integrated system including the nacelle
and the propeller since the latter may induce an effect that is
substantial on the inlet performance.

A number of papers have been written about numerical
studies of flows associated with through-flow and powered
nacelles for takeoff and cruise operating conditions. Wie et
al.! recently performed an inlet nacelle design and analysis
study. This study explored the feasibility of designing a low
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drag hybrid-laminar-flow nacelle by using a combination of
an inverse Euler calculation and a two-dimensional flow pre-
diction of laminar-turbulent boundary-layer transition. Vala-
rezo®> performed an analysis of a ducted propeller using a
lower-order velocity panel method to study a circulation and
pressure loading on propeller blades for different gap sizes
between the blade tip and the shroud. Mendenhall and
Spangler’+ conducted a numerical study of a ducted fan per-
formance by using a potential flow method to estimate the
aerodynamics at various . Chen et al.,” Uenishi et al.,® and
Hirose et al.” applied the Euler method to analyze flow-through
and powered nacelles including the fan cowl, centerbody, and
fan exit duct for axial flow and moderate values of « for
takeoff and cruise flight conditions. For takeoff conditions,
Chen analyzed a nonseparated flow condition associated with
a powered nacelle at a freestream Mach number M, of 0.27,
and a of 25 deg. Nakahashi® developed a hybrid method of
finite difference and finite element to solve Reynolds-aver-
aged Navier-Stokes RANS equations and Euler equations,
respectively. This hybrid method was applied to predict three-
dimensional nonseparated viscous flows associated with an
-inlet nacelle for takeoff and cruise conditions. The validity of
this study was assessed based on the computational results
only. Srivastava® applied a hybrid implicit-explicit unsteady
scheme to solve the Euler equations to obtain prediction of
the aeroelastic characteristics of a ducted propeller at cruise.
Hall and Delany'” developed a three-dimensional Euler-based
computer code to predict flow characteristics associated with
a single-stage ducted propeller for axial and high « freestream
flows. Boldman et al.!' applied a panel method with a built-
in compressibility correction to evaluate several ducted pro-
peller inlets for takeoff conditions. By employing an empirical
method based on the inlet cowl peak Mach number M, the
results could provide an indication of the angle of attack at
which the inlet flow would separate. The panel method did
not account for the propeller effect. However, without sep-
aration the comparison with the test data showed that the
potential flow provided a good prediction of the static pressure
distribution on the inlet cowl windward and leeward sides.

Potential flow and Euler analyses are generally fast for
computer turnaround time solutions. Both are capable of pro-
viding good prediction of flows associated with inlet nacelles,
but are limited to certain flow conditions. Potential flow cal-
culations are limited to a subsonic nonseparated flow. Euler
calculations can handle both subsonic and supersonic flows,
but also are limited to a nonseparated flow.

As part of the advanced ducted propeller (ADP) research
program, NASA Lewis Research Center (LeRC) and Pratt
and Whitney (P&W) conducted experimental and numer-
ical studies of aerodynamics for a takeoff operation asso-
ciated with several inlet models. Each was tested with a
propeller for an ADP test, and one was selected to be tested
without the propeller for a through-flow test. The test data
from these studies'!-'> showed that the inlet through-flow
separated at an « value a few degrees lower than that of
the ADP inlet flow. This evidence indicated that the pro-
peller exerted a favorable effect on the inlet low-speed and
high-angle-of-attack aeroperformance. The nature of this
effect was not readily comprehensible due to the complexity
of the flow interaction between the propeller and the inlet
mainstream. However, knowledge of this flow interaction
could help advance the design methodology to incorporate
the propeller effect for the consideration of the inlet inter-
nal flow performance. Subsequently, in a later portion of
the through-flow test, the inlet was tested with a stationary
blockage device installed at the propeller face location to
simulate the propeller blockage effect on the inlet internal
flow. The test results showed that the blockage device was
able to sustain the inlet flow from being separated up to 1
deg below the separation angle of attack e, shown in the
ADP test data. This evidence indicated that the propeller
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blockage, among others such as swirl and suction, played
a significant role on the inlet performance.

The objective of the present numerical study was to apply
an existing three-dimensional RANS flow solver called the
PARC3D code to analyze the flow characteristics associated
with an ADP subsonic inlet. Flow calculations were made for
a freestream flow M, = 0.2, at three different angles of attack,
a = 25,29, and 30 deg. Grid configuration of the ADP inlet
did not include modeling of the actual propeller geometry, -
instead, a computational BC was applied to simulate the
blockage effect of the propeller.

Experimental Background

In 1990, NASA LeRC and P&W jointly conducted an ex-
perimental study to develop technology for a low noise/low
drag ADP propulsion system. Several inlet designs were tested
with a propeller for an ADP simulator test in the NASA
LeRC’s 9- x 15-ft Low Speed Wind Tunnel. The ADP test
data were taken for a nominal M, of 0.2, « from 0 to 35 deg,
and a propeller speed range from 7500 to 12,000 rpm. The
inlet captured mass flow rate W, ranged from 14.06 to 21.12
kg/s. Figure 1 shows schematics of two ADP inlets. The one
shown in Fig. 1a was called the baseline design, and the other
shown in Fig. 1b was called the midlength design. The two
inlets were very similar, the only difference was that the base-
line cowl length was about 5.0 cm longer than the midlength
cowl.

Shortly after the ADP wind-tunnel test was completed,
NASA LeRC further investigated the through-flow aeroper-
formance of the baseline inlet shown in Fig. 1a. The test was
conducted using the United Technologies Research Center’s
10 x 15-ft Subsonic Wind Tunnel. The effect of the propelier
on the ADP inlet could be determined by comparing the data
from the through-flow test with the data from the ADP test.
Figure 2 shows the through-flow static pressure distributions
on the cowl windward side for M, = 0.2 and W, = 17.41 kg/
s. At a = 25 deg, the inlet flow was attached as indicated by
a large expansion and diffusion around the highlight (Fig. 2a).
At a = 26 deg, the flow was fully separated (Fig. 2b) as
indicated by a relatively small expansion and practically no
diffusion around the highlight. The ADP data that is shown
in Fig. 3c, in open circles, indicated that the baseline inlet
separated at « = 30 deg. The difference in the values of «,,
shows that the propeller exerted a favorable effect on the inlet
aeroperformance. This propeller effect was further investi-
gated in the later portion of the test. The method used in this
investigation was to partially block the inlet internal flow by
employing a stationary blockage device installed at the pro-
peller face location. Figure 3 shows a comparison of static

Center body— _
b) . -

Fig. 1 Comparison of two ADP inlet configurations: a) baseline,
L/D, = 0.5 and b) midlength, L/D, = 0.4.
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a) before separation, &« = 25 deg and b) after separation, « = 26
deg.
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pressure distributions from the baseline inlet tested with the
blockage device and from the ADP test for M, = 0.2 and
W, = 17.41 kg/s. At a = 28 deg (Fig. 3a), the two static
pressure distributions are nearly the same, indicating that the
effect induced by the blockage device was similar to that
generated by the propeller. At o = 29 deg (Fig. 3b), the static
pressure distribution from the inlet with the blockage device
shows that the flow was separated, but the ADP data shows
that the flow was still attached. At « = 30 deg (Fig. 3c), both
static pressure distributions are similar and indicate that the
inlet flows in both cases were separated. A comparison of
Figs. 2 and 3 shows that the inlet with either the propeller or
the stationary blockage device performed better than the inlet
through-flow in terms of high-angle-of-attack operation. This
contribution by the propeller to the inlet angle-of-attack ca-
pability could be significant for an advanced subsonic inlet
design where a compromise needs to be made between a thin
cowl lip to achieve low drag and a thick cowl lip to prevent
lip separation.

The comparison in Fig. 3 shows that the stationary blockage
device was capable of simulating the effect of the propeller
to within 1 deg of the inlet . In the present numerical
study, the propeller blockage effect was simulated by means
of a CFD boundary condition (BC) called the screen BC. The
fundamental formulation of this boundary condition was based
on the one-and-half dimensions actuator disk theory. The inlet
used for this CFD study was the midlength design shown in
Fig. 1a. Note that only the baseline inlet and not the midlength
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Fig. 3 Comparison of baseline inlet windward static pressure distributions from experiments for M, = 0.2 and W, = 17.41 kg/s. « = a) 28,
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was tested in the through-flow/propeller blockage simulation
study. However, the ADP data showed that aeroperfor-
mances of both inlets were very similar. Therefore, if the
midlength inlet had been used in this test study, the aero-
performance data would be very similar to the data obtained
with the baseline inlet as shown in Figs. 2 and 3.

Computations

PARC3D Code

The PARC3D code was selected for this numerical study.
It was a three-dimensional, multiblock Reynolds averaged
Navier-Stokes (RANS) solver. It utilizes the central differ-
encing scheme on a generalized curvilinear coordinate system.
The turbulence model used in the code is the Baldwin-Lomax
model. The PARC3D code was capable of computing flows
about complex geometries with computational boundary con-
ditions that could be specified on any portion of the grid
surfaces. The code incorporated a semiautomatic time-step
control function that could help to maintain the stability for
the flow solution being iteratively calculated. Additional de-
tails about the code can be found in Ref. 13.

Computational Grid

A general purpose CFD grid generating tool called GRID
GEN'* was utilized to generate the multiblock grid for this
study. An earlier CFD study by Iek et al.'” for a similar flow
calculation shows that using an embedded C-grid block around
the cowl lip improved the results significantly. For this study
this grid embedding method was also emloyed. Grid lines were
generated using a combination of the Bazier’s curve fit and
the transfinite interpolation. Grid clustering and orthogonal-
ity at and near the wall boundaries were generated using the
algebraic and the elliptic solvers to provide a streamwise dis-
tibution of y + between 2—5. The total number of grid points
was 7.6 x 10°.

Computational Boundary Conditions

Figure 4 shows computational BCs applied at various sec-
tions of the grid. The flowfield throughout the computational
domain was calculated in viscous mode. The external portion
of the flowfield terminated at the nacelle trailing edge; there-
fore, the computational results did not account for the effect
of the plume aft of the nacelle body. According to an analysis
study by Uenishi,® the effect of the plume propagates up-

Free-stream
Viscous

Free-stream

@
Prescribed
Boundaries BC's variables
1,8 Far field Free-stream = Mg, @
2 Centerline Singular
3,4,5 Cowl & center No-slip wall
body surfaces
6 Propeller face Screen 5
station
7 Exit Mass flux Wiix

Fig. 4
face.

PARC BCs applied in analyses using screen BC at the propeller
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stream, but not far enough to influence the inlet internal flow
performance that was the main subject in this study. The
nacelle surrounding flowfield was calculated using the com-
putational freestream BC. At the inlet nacelle surface, the
no-slip BC was specified. The screen BC and the mass BC
were specified at the inlet propeller face and the nacelle exit,
respectively. Mathematical formulations of freestream, no-
slip, and mass BCs are reported in Ref. 13.

Screen BC

This BC was developed based on the one-and-half dimen-
sions actuator disk theory by Horlock.'® It imposed a flow
disturbance that behaves similar to a wire-mesh screen. When
a flow passes through a screen there is some pressure loss.
The magnitude of this loss depends on the approaching flow
velocity and the screen porosity. In order to compute the flow
downstream of the screen, a pressure loss coefficient & was
determined based on an experimental study by Pinker and
Herbert.!” The fundamental governing equations for the screen
BC can be written

Disk

\ /

2

® @

P, = p-u, continuity

Py + pui = p, + pu3 x-momentum

PV = pallaVs 2 V) = v, y-momentum

he+ 8+ V)2 = ks + (1 + V)2
Sh, + ui/2 = h, + 3/2 energy

pilpity = palpot,  state

e = (p,— p.)/I(0.5p,u}) pressure loss coefficient

The pressure at the downstream side of the screen cannot
be determined analytically and is calculated based on the value
of pressure loss coefficient. The screen BC requires a speci-
fication of the screen porosity 8. The value of § is zero for a
100% flow blockage, and unity for a 0% flow blockage. From
Ref. 12 based on a one-dimensional flow calculation, an amount
of flow blockage that was effective in simulating the propeller
blockage effect induced a propeller face Mach number be-
tween 0.8—1.0. Based on this reference, a propeller face Mach
number of 1.0 was selected to determine the value of §. And
by using the value of W, of 21.12 kg/s, 8 was calculated to be
0.72. Note that the propeller face Mach number of 1.0 was
chosen simply for 51mphc1ty

The screen BC is analogous to a passive blockage dev1ce
that does not have any suction capability of generating airflow
through the inlet. In order to simulate a certain amount of
mass flow, a mass BC is needed downstream of the screen
boundary. As shown in Fig. 4, the screen BC was prescribed
at the propeller face (BC6) and a mass BC was at the inlet
exit (BC7). For the inlet through-flow simulation, the inlet
flow calculation was made simply without using the screen
BC and only with the mass BC.
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Results and Discussion

The PARC3D flow calculations were made to analyze flow
associated with the ADP midlength inlet (Fig. 1) for M, of
0.2, W_of21.12 kg/s, and a 0f 25,29, and 30 deg. The selection
of these three values of « was based on the ADP experimental
test data as shown in Ref. 11, which indicate that the inlet
flow was attached at @ = 25 deg, unstable at « = 29 deg,
and separated at @ = 30 deg. For a = 25 and 29 deg, the
flow calculations were made with and without the screen BC,
and for @ = 30 deg, the calculation was made only with the
screen BC. The computational results were evaluated by com-
paring the numerical results with the ADP experimental test
data for the midlength inlet.

Angle of Attack of 25 Deg—No Separation

Figure 5 shows the inlet flow Mach contours obtained from
the PARC3D calculations with and without the screen BC at
the inlet propeller face. The Mach contours show flow char-
acteristics on the inlet center plane comprised of the windward
(lower half) and the leeward (upper half) sides for M, = 0.2,
a = 25 deg, and W, = 21.12 kg/s. Without the screen BC,
Fig. 5a shows the flow stagnation points on the leeward and
the windward sides are located at the highlight and on the
external cowl surface just aft of the highlight, respectively.
On the cowl windward side around the inlet lip, the flow
experienced a rapid expansion and diffusion. In the expansion
part the flow developed a local supersonic flow with a local
peak Mach number M, of 1.27, and in the diffusion part the
flow speed locally reduced from M, of 1.27 to an M,,,. of 0.53
just upstream of the propeller face plane. On the leeward
side near the cowl highlight, the flow expanded and diffused
at a much slower rate than that on the windward side. As a
result, the boundary-layer thickness on the cowl leeward side
is considerably thinner than that on the cowl windward side.
The stagnation point on the centerbody is slightly off the
centerline, and the boundary-layer thickness on the upper
surface is similar to that on the lower surface. With the screen
BC, the flowfield in Fig. 5b shows similar characteristics to
those in Fig. 5a upstream of the propeller face. A comparison
of the Mach contours Figs. 5a and 5b shows the effect of the
screen BC on the inlet internal flowfield in vicinity of the
propeller face plane. The screen apparently induced a dis-
turbance that caused a redistribution of the flowfield to be-
come uniform in terms of Mach number. This disturbance
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Fig. 5 Mach contours over the inlet center plane for M, = 0.2,

a = 25 deg, and W, = 17.41 kg/s: a) with and b) without screen BC.
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behaved like a blockage in the inlet flow stream. On the
windward side the screen induced a perturbation in the bound-
ary layer resulting in a reduction of the boundary-layer thick-
ness. On the cowl leeward side and on the centerbody, a
similar perturbation is apparent, but the results are not ob-
vious since the boundary layers there are very thin.

Figure 6 shows a comparison of inlet cowl static pressure
distributions of the ADP experimental data with computa-
tional results. On the windward side (Fig. 6a), the calculated
pressure distributions with and without the screen BC are
practically the same. The two predicted static pressure dis-
tributions agree well with the test data. On the leeward side
(Fig. 6b), a good agreement is obtained on the external cowl
surface, but the predicted distribution on the internal cowl
surface is slightly lower than the test data. The effect of the
screen BC on the inlet flow, as shown in the Mach contour
plots, did not have a significant impact on the cowl axial static
pressure distribution upstream of the propeller face.

The airflow on the windward lip did not separate at a =
25 deg. Nonetheless, this inlet flow condition served as a test
case to study the flow characteristics resulting from PARC3D
calculations of the inlet with and without using the screen BC.
Evaluation of the computational results indicated that the
calculations predicted the inlet flow characteristics reasonably
well. However, it has not yet been demonstrated how well
this computational blockage could simulate the propeller
blockage effect as compared to the effect induced by the
stationary blockage device used with the baseline inlet (Figs.
2 and 3). To further assess the effectiveness of the screen BC,
subsequent calculations were carried out with two angles of
attack involving inlet unstable (about to separate) and sep-
arated flows, respectively, as shown in ADP test data dis-
cussed in Ref. 11.

Angle of Attack of 29 Deg— Unstable Flow

Figure 7 shows streamwise Mach contours on the inlet ver-
tical center plane. The flow characteristics for &« = 29 deg
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Fig. 6 Comparison of static pressure distributions between analyses
and experiment for M, = 0.2, & = 25 deg, and W, = 17.41 kg/s: a)
windward side, ¢ = 0 deg and b) leeward side, ¢ = 180 deg.
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Fig. 7 Mach contours over the inlet center plane for M, = 0.2,
a = 29 deg, and W, = 17.41 kg/s: a) with and b) without screen BC.

are similar to some aspects and differences from those ob-
tained for & = 25 deg that were shown in Fig. 5. The similarity
includes locations of stagnation points on cowl windward and
leeward sides, flow expansion and diffusion, and the blockage
effect induced by the screen BC at the propeller face. And
the differences include the local peak Mach number and the
boundary-layer thickness particular on the cowl windward
side. Without the screen BC, the local peak Mach number
on the cow! windward highlight decreased from M, = 1.27
at « = 25 deg (Fig. 5a) to M, = 1.25 at « = 29 deg (Fig.
7a). With the screen BC, the peak Mach number increased
from M, = 1.29 (Fig. 5b) to M, = 1.35 (Fig. 7b). The
reduction in the peak Mach number for the case without the
screen BC, based on Ref. 11, suggests that the flow at « =
29 deg may have separated. Flow separation in fact did occur
as shown in the velocity vector distributions on the inlet cowl
windward side in Fig. 8. Both calculations with and without
the screen BC predicted a lip-type flow separation that oc-
curred upstream near the highlight and continued down-
stream. Without the screen BC, Fig. 8a shows the flow sep-
aration extended past the propeller face. With the screen BC,
Fig. 8b shows the flow reattached about 5 cm upstream of
the propeller face and remained attached downstream of that.
This evidence reveals that the blockage effect induced by the
screen BC was capable of suppressing the separation before
the flow reached the screen.

Figure 9 shows a comparison of static pressure distributions
of the ADP experimental data with computational results for
M, = 0.2, a = 29 deg, and W_. = 21.12 kg/s. On the windward
side (Fig. 9a), the pressure distribution from the calculation
with the screen BC compares more favorably with the test
data than the results obtained from the calculation without
the screen BC, particularly around the inlet cowl highlight.
On the leeward side (Fig. 9b), the two predicted pressure
distributions are similar and compare favorably with the test
data on the inlet external surface, but are slightly off on the
internal surface.

The ADP experimental data'' indicated that the midlength
inlet flow fully separated at « = 30 deg. The inlet through-
flow (without any blockage) was expected to separate a few
degrees earlier. This was substantiated by the experimental
data associated with the baseline inlet (Figs. 2 and 3). The
PARC3D calculation without the screen BC (through-flow
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Fig. 8 Axial velocity vector distributions for M, = 0.2, &« = 29 deg,
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windward side, ¢ = 0 deg and b) leeward side, ¢ = 180 deg.

simulation) predicted cowl lip separation with the midlength
inlet at « = 29 deg, which concurs with the experimental
evidence. The level of the separation cannot be assessed due
to the lack of flowfield experimental data. The PARC3D
calculation with the screen BC also predicted inlet lip sepa-
ration, but the flow reattached about 5.0 cm upstream of the
propeller face where the screen BC was specified. The block-
age effect induced by the screen BC appears to agree with
the effect induced by the stationary blockage rods used with
the baseline inlet (Figs. 2 and 3).

Angle of Attack of 30 Deg—with Separation

The inlet flow calculation for this case was made only with
the application of the screen BC to study its blockage effect
on the inlet internal flow, particularly on the windward side
where separation was expected to occur. Figure 10 shows
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Fig. 10 Mach contours over the inlet center plane for M, = 0.2,
a = 30 deg, and W, = 17.41 kg/s.
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Fig. 11  Axial velocity vector distributions for M, = 0.2, o = 30 deg,

and W, = 17.41 kg/s: a) on the cowl windward side and b) axial velocity
vectors distribution around the propellar face.

Mach contours from the PARC3D calculation for M, = 0.2,
a = 30 deg, and W, = 21.12'Ib/s. On the windward side
around the cowl lip, the inlet flow went through a rapid ex-
pansion and a quick diffusion similar to flow characteristics
discussed earlier for @ of 25 and 29 deg. In the expansion part
the local peak Mach number is M, = 1.05. A comparison
with the peak Mach number for a = 29 deg (Fig. 7b) shows
that M, dropped from 1.35 to 1.05 as the angle of attack
increased from « = 29-30 deg. This reduction in the peak
Mach number indicates that the inlet flow at « = 30 deg
separated. and the level of the separation was larger than that
at & = 29 deg. Figure 11a shows the flow separation on the
cowl windward side starting from the highlight, and extended
past the location 5.0 cm upstream of the propeller face plane
where the separated flow reattached for ¢« = 29 deg in Fig.
8b. Figure 11b shows that separation ceased and the flow
reattached at the location 1.7 cm upstream of the propeller
face plane. The screen BC induced a blockage effect that
forced the approaching flow to become uniform. It also in-
duced a perturbation in the flow boundary layer, resulting in

3D VISCOUS FLOW ANALYSIS

1.0 — -0—=0
ol 5

08 —

0.7 —

06 — G
Experiment

PARC analysis
With screen BC

05 —

0.4 —

Static pressure ratio, pjoe/Po

03 [~

02 | | | | J
-20 -16 -12 -8 -4 0

a) Distance from propeller face, Xy, cm

1.00

0.95

0.90

0.85

0.80

0.75 —

0.70 —

Static pressure ratio, pjoc/Po

0.65 —

0,60 | | | L |
- -20 -16 -12 -8 -4 o

b) Distance from propeller face, Xy, cm

Fig. 12 Comparison of static pressure distributions between analysis
and experiment for M, = 0.2, & = 30 deg, and W, = 17.41 kg/s: a)
windward side, ¢ = 0 deg and b) leeward side, ¢» = 180 deg.

a reduction in the boundary-layer thickness a short distance
downstream of the screen.

Figure 12 shows a comparison of static pressure distribu-
tions of the ADP experimental data with the computational
results. The test data on the windward side shows that the
inlet flow fully separated as indicated by the pressure distri-
bution towards the highlight, showing the flow experienced
a considerably smaller expansion than the two previous cases
for a of 25 and 29 deg. Downstream of the highlight, it ex-
perienced practically no diffusion. With the exception of around
the highlight region, a comparison on the cowl windward side
shows that the predicted static pressure distribution agrees
with the experimental data on the external and internal sur-
faces. Around the highlight the analysis predicted a peak static
pressure value that is significantly lower than the experimental
data. The reason for this difference has not been determined.
The comparison on the inlet leeward side shows good agree-
ment on the external surface and at the highlight, but a small
difference appears on the internal surface.

Future Study

A propeller is a rotating device in a flow medium, therefore,
it generates a centrifugal force on and adds energy to the
flow. The effects induced by the propelier on oncoming sub-
sonic flow include blockage, swirl, and suction. In this study
the screen BC only induced a blockage effect on the flowfield.
As a result of this blockage effect, a perturbation was gen-
erated in the flow boundary layer. This blockage effect was
passive and generates neither swirl nor suction on the oncom-
ing flow. Instead of adding energy to the flow, the screen BC
created a momentum deficit in the flowfield. Therefore, the
blockage effect was the only commonality between the pro-
peller and the screen. The suction in this numerical study was
generated using a mass BC downstream of the screen. There-
fore, the inlet flow calculation using the screen BC to simulate
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the propeller effect still neglected the swirl effect of the pro-
peller. A suggestion for future related work would be to in-
clude the swirl effect into the analysis in addition to the block-
age effect, e.g., the screen BC. The most viable location for
this swirl effect is at the propeller face plane.

Conclusions

This article summarizes a research study done by a coop-
erative effort of NASA LeRC and P&W to expand the tech-
nology base for an advanced ducted propeller system, spe-
cifically pertaining to the effect of the propeller on the inlet
aeroperformance at a low speed takeoff operating condition.
The study involved an experimental test of aeroperformance
and a numerical analysis of three-dimensional viscous flow
associated with an ADP inlet.

The experimental test data showed that the ADP inlet flow
remained attached up to an angle of attack a few degrees
higher than that of the inlet through-flow (without the pro-
peller). The inlet was tested with a stationary blockage device
installed at the propeller face location. The test data showed
that the blockage device induced an effect that was similar to
that generated by the propeller on the inlet aeroperformance
at a low speed and a high angle of attack. This evidence
indicated that the blockage effect induced by the propeller,
among others such as swirl and suction, could play a major
role on the inlet internal flow performance.

In the numerical analysis, the propeller blockage was sim-
ulated in terms of a computational boundary condition called
the screen BC that was developed based on the one-and-half
dimensions actuator disk theory. The screen BC was incor-
porated in a three-dimensional RANS flow solver called the
PARC3D code. The code was used for the ADP inlet analysis
for flow conditions including M, = 0.2, @ = 25, 29, 30 deg,
and W. = 21.12 kg/s. The three values of a were selected
based on an indication by the ADP test data for attached,
unstable, and separated flows, respectively. Three flow cal-
culations for individual & were made with the screen BC im-
posed at the propeller face plane and a mass BC imposed
downstream at the nacelle exit plane to simulate the required
amount of airflow through the inlet. Two additional flow cal-
culations were made without the screen BC, but with the mass
BC to simulate the inlet through-flow. The computational
results showed the screen BC induced a blockage effect that
forced the inlet flow to become uniform at and generated a
perturbation in the boundary layer around the location where
the screen BC was prescribed. The general flow characteristics
associated with the inlet for each value of « for calculations
with and without the screen BC could be described as follows:

1) At a = 25 deg, the predicted inlet flow was attached as
indicated by the ADP test data. Both flow calculations with
and without the screen BC provided static pressure distri-
butions that were in good agreement with the test data.

2) At @ = 29 deg, the predicted inlet flow was separated,
but the ADP test data showed the inlet flow was unstable or
just at the start of separation. The separation point was near
the highlight: Without the screen BC the separation persisted
downstream past the propeller face location. With the screen
BC the separation ceased and a reattachment point began a
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short distance, about 5.0 cm, upstream of the propeller face
plane. As a result, the predicted static pressure distribution
associated with the latter compared better with the ADP test
data than the former.

3) At @ = 30 deg, the predicted inlet flow was separated
as indicated by the ADP test data. For this case the flow
calculation was made only with the use of the screen BC. The
calculated flow reattached a short distance 1.7 cm upstream
of the propeller face plane. The predicted static pressure dis-
tributions were in good agreement with the test data, except
in the vicinity of the highlight where the prediction showed
a drop in static pressure substantially lower than that of the
test data. The cause for the difference had not yet been de-
termined.
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