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System studies show that a N3-X hybrid wing-body aircraft with a turboelectric
distributed propulsion system using a mail-slot inlet/nozzle nacelle can meet the
environmental and performance goals for N+3 generation transports (three generations
beyond the current air transport technology level) set by NASA’s Subsonic Fixed Wing
Project. In this study, a Navier-Stokes flow simulation of N3-X on hybrid unstructured
meshes was conducted, including the mail-slot propulsor. The geometry of the mail-slot
propulsor was generated by a CAD (Computer-Aided Design)-free shape parameterization.
A body force approach was used for a more realistic and efficient simulation of the turning
and loss effects of the fan blades and the inlet-fan interactions. Flow simulation results of the
N3-X demonstrates the validity of the present approach.

Nomenclature
A(x) = sectional area normal to the axial direction
B = number of blades in a row
BLI = Dboundary layer ingestion
CAD = Computer Aided Design
c = blade chord length
F = body force
A = set of line segments connecting control points (see Fig. 2)
H = height
HWB = hybrid wing-body aircraft
h = blade-to-blade gap-staggered spacing
K = Dbody force coefficient
/ = length
M = Mach number
MFR = mass flow rate
m = meridional coordinate
P = pressure
R = gas constant
r = radius
N = entropy
T = temperature
V = velocity
x, 0, r = cylindrical coordinates
o = blade camber angle
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v = ratio of specific heats

p = density

c = solidity

Subscripts

c = corrected

h = hub of blade

LE = leading edge

n = direction normal to local flow in a blade-to-blade section
P = direction parallel to local flow in a blade-to-blade section
rel = relative to the blade

TE = trailing edge

t = tip of blade

tot = total

I. Introduction

he Subsonic Fixed Wing Project of the NASA Fundamental Aeronautics Program has focused on research of

the next generations of civil aircraft. For the near term (N+1), midterm (N+2), and far term (N+3), specific
goals have been defined for reducing noise, emissions, and fuel burn from the current state-of-the-art aviation
technology.' To achieve our aggressive goals, especially for the N+2 and N+3 time frames, we need to explore
innovative design concepts in airframes and propulsion.

The hybrid wing-body (HWB) aircraft, although not new, is an alternative design concept to the conventional
tube-and-wing aircraft.” The fuselage and wings of the HWB are integrated into a flying wing, which has better
aerodynamic efficiency than tube-and-wing configurations. Also, the wide airframe body of the HWB configuration
is beneficial for shielding downward-propagating noise coming from the engines that are installed above the aircraft.

In comparison to conventional pylon-mounted engines, embedded engines with boundary-layer-ingestion- (BLI)
offset inlets reduce ram drag, wetted area, structural weight, and noise.”* Disadvantages of the embedded engines
are higher flow distortion and reduced pressure recovery at the engine faces because of the BLI-offset inlet.

The N3-X was proposed as a candidate to meet the N+3 goals.” The N3-X is a 300-passenger HWB aircraft
employing turboelectric distributed propulsion (TeDP), which utilizes superconducting electric generators, motors,
and transmission lines (see Fig. 1(a)). The TeDP system allows power generation and thrust generation to be
separated and enables a small number of turboshaft engines to drive any number of propulsors, each of which is
composed of an electric motor and a fan. The N3—-X was designed to have two large turboshaft engines at each wing
tip to feed the engines with uniform free-stream flows. In addition, BLI propulsors are distributed in the two-
dimensional mail-slot inlet/nozzle nacelle on the upper surface of the HWB near the trailing edge. A section view of
an electric-motor-driven propulsor is depicted in Fig. 1(b). According to the system study in Ref. 5, the N3-X is
expected to reduce mission fuel burn by more than 70 percent relative to a reference aircraft, a Boeing B777-200LR
flying 7500 nm with a cruise of Mach 0.84 and a 118,100-Ib payload.

~

Ny,

Superconducting motor driven fans in
a continuous nacelle

Wingtip mounted

superconducting <« Dii
turbogenerators e

(a) Overall configuration.




(b) Section view of nacelle including fan and electric motor.
Figure 1. N3-X configuration with turboelectric distributed propulsion.’

The conventional uniform-back-pressure boundary condition for fan faces has been used widely to simulate flow
for propulsion-airframe integration problems.”® However, for integration problems with highly distorted onset flows
at the fan faces, the assumption of uniform static pressure at the fan faces may not be valid. The low momentum at
the low-recovery region at a fan face causes a larger local incidence angle for the fan rotor blade. This causes the fan
to have a stronger suction effect, which, in turn, mitigates the flow distortion. Consequently, use of the uniform
back-pressure boundary condition has produced conservative results for the flow distortion at fan faces, although it
is still valid for the qualitative evaluation of inlet fan interaction problems when the diffuser flow separation does
not reach to the fan face.’

A direct coupling of the inlet and full-annulus fan blades in the computational domain would give a more
realistic simulation of the inlet-fan interaction, but the computational cost would be prohibitively large, especially
for shape-design applications, in which more than tens of flow simulations are usually required. The body force
approach’'? has been drawing attention as an alternative to simulating the coupling with full-annulus fan blades.
This approach uses body force terms to model flow turning and loss due to rotor/stator blade rows. The body force
terms are added as source terms in the flow equations for grid cells swept by blade rows. Body force coefficients or
parameters need to be fitted to, or interpolated from, single-passage Navier-Stokes flow simulation results or
experimental test data. The body force approach allows relatively accurate flow simulation of BLI inlet-fan
interaction problems that consider blade force effects without actual full-annulus simulation of the rotor/stator
geometry.

In the present study, we conducted high-fidelity flow simulations of the N3—X configuration to understand the
effects of the propulsion-airframe integration on the flow field and performance of the vehicle and the distributed
propulsion system. A CAD-free shape parameterization was used to efficiently generate and modify the complex
mail-slot nacelle geometry. A body force approach was used to incorporate the fan rotor effects of turning and flow
loss.

The remainder of this paper is organized as follows. Section II presents numerical approaches for simulating
flow, including the flow solver, mesh generation, and the body force method. Section III explains shape
parameterization and installation approaches for the mail-slot nacelle. Section IV gives simulation results for the
body force method validation as well as the flow simulation for the N3—-X configuration. Finally, Section V provides
the summary and conclusions.

II. Methodologies for Flow Simulation

A. Flow Solver

GO-flow,"” a finite-volume unstructured-grid Navier-Stokes solver, was used for the flow simulations. The
compressible Reynolds-averaged Navier-Stokes equations were discretized by the cell-vertex finite volume method.
Control volumes were nonoverlapping dual cells constructed around each node. Each edge connecting two nodes
was associated with an area vector of the control surface, at which flow fluxes were computed. For second-order
accuracy, a linear reconstruction of the primitive gas-dynamic variables inside the control volume was used in
conjunction with a limiter. The inviscid flux was computed using approximate Riemann solvers, and Menter’s two-
equation Shear Stress Transport (SST) model was used to incorporate turbulence effects.'*'> For the time
integration, the Lower-Upper Symmetric Gauss Seidel (LU-SGS) implicit method was adopted.'® Parallel
processing was accomplished by domain decomposition of the computational mesh and the Message-Passing
Interface (MPI).

B. Body Force Model

The body force model used for this study was based on the model developed by Gong,'" which makes the
assumption of an infinite number of blades and axisymmetric flow in each infinitesimal blade passage. The cascade
blade forces in the relative frame of reference are modeled as normal and tangential forces to the local flow, which
are similar to the lift and drag forces of an airfoil.

In the present study, the formulation in Ref. 17 was used to model the normal force:

K
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where K, is the normal force coefficient. Equation (1) is similar to Gong’s formulation except for the second term of
the right-hand side. In Eq. (1), % is the blade-to-blade gap-staggered spacing given by
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where r is the radius, G is the solidity, a is the local blade camber angle, and B is the number of blades. In Eq. (1),
V, and V), are velocity components normal and parallel to the local cascade flow and are defined as follows:

V,=Vycosa—V,sina 3)
V,=Vicoso—Vysino 4

where V. and ¥ are velocity components in the axial and circumferential directions. In the second term on the

right-hand side of Eq. (1), ¢ is the chord length and Ao is the camber angle difference between the trailing edge 7E
and leading edge LE:

Ao = Olrg — Ol g (5)

Axial and circumferential components of the normal force are calculated by

v
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where V,,; is magnitude of the blade relative velocity.
Defoe'® suggested an empirical model for determining the normal force coefficient K:
2
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where 7, and r, are the hub and tip radius of the fan blade, respectively. The first expression in parentheses in
Eq. (8), an empirically obtained term suggested in Ref. 11, is multipled by the bracketed expression to adjust the
magnitude of K, along the spanwise direction. For this study, we adopted a formulation for K, that is very similar to
Eq. (8) but allows more flexibility:

K,=#42-330)f(r) )
where f{r) is a set of line segments connecting control points with a spanwise distribution as shown in Fig. 2. The
control points of f{r) were adjusted to match available computational fluid dynamics (CFD) or experimental data as

shown in Section IVA.
In Gong’s model, components of the body force for the flow loss F), are modeled by

K
F, ==V, (10)
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Figure 2. Definition of f{(r) for the body force coefficient K.

with K, = 0.05. In Eq. (10), for a constant K,,, F, is proportional to Vril,which means that the magnitude of F,
increases as the mass flow rate (MFR) increases for a fixed rotor speed. However, Chima'® showed that entropy
production across a blade zone decreases as MFR increases from a near-surge to a near-choking condition, and
entropy production is directly connected to F), as

V. ds
F =T % (11
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where 7 is the temperature, s is the entropy, and m is the coordinate along the meridional streamline and V,, is its
velocity component. For this study, we employed Eq. (11) for a better modeling of the flow loss. In Refs. 10 and 11,
spanwise distributions of the entropy production across the blade region were used to determine the flow loss. We
made the assumption that the entropy production is constant along the blade span and chord for a simpler modeling
procedure. Thus, we could easily calculate the averaged entropy change, either from test data or CFD results for the
total pressure P, and total temperature T, ratio of a blade row, by using the canonical equation of state:

As _ T Tiora |_[ Bor2 (12)
R Y_l Ttotl Ptotl
where R is the gas constant, vy is the specific heat ratio, and stations 1 and 2 refer to the entrance and exit of a fan
blade row, respectively. As an example, Fig. 3 shows entropy production values across a fan rotor blade row

calculated by Eq. (12) with the total pressure and total temperature ratios from test data.'” In a fixed-rotor-speed line,
the entropy production decreases until the minimum loss point and then increases as the MFR increases.
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Figure 3. Mass flow rate versus entropy production of the R4 fan rotor
blade row for different rotor speeds.



The entropy gradient in Eq. (11) is approximated by the entropy production of a blade row and the section chord
length in the meridional plane at each radial location:
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e (13)
am XTE —XLE
The three components of F,, are calculated as follows:
v, e v
F, =F, v F,o=F, v and F, =F, v (14)

The averaged entropy production of a blade row changes as the MFR is varied at a constant rotor speed. The entropy
production curves are fitted to quadratic or linear equations as a function of the corrected MFR. To make the actual
interpolation along the polynomial functions, we need an interpolation parameter. For structured-grid approaches
having axisymmetric grid sections, each grid section is treated as an independent axisymmetric flow section, and the
sectional MFR is used as the interpolation parameter for cases with a distorted inflow."" In unstructured grid
approaches, it is very hard to define axisymmetric sections in a three-dimensional unstructured grid. For this study,
we defined the local MFR parameter as

MFR " =pV, A(x) (15)

where p and V, are the local density and local axial velocity, respectively, and A(x) is the sectional area normal to
the axial direction. The local MFR parameter becomes very small for mesh points in the boundary layer near the
viscous wall where V, is very small. To prevent non-physically large amounts of the entropy production for low and

high MFRiocall values, the entropy production is limited by a maximum value, which is usually set as 2.0 to

2.5 times larger than the minimum entropy production for a constant rotor speed line.
A summary of the procedure for generating the body force model follows:

1) Obtain an entropy production curve for a given fan geometry and rotor speed from test data or single-
passage Navier-Stokes analyses as shown in Fig. 3.

2) Conduct least-squares fitting of the entropy production curves with linear or quadratic polynomials. If there
is a minimum loss condition, as can be seen at speeds of 87.5, 95, and 100 percent in Fig. 3, divide the
entropy curve into two regions by the minimum-loss MFR position, and fit the left and right regions of the
curve to separate functions.

3) [Iteratively run a three-dimensional Euler solver with the body force model to adjust the entropy curve
functions to match the resulting entropy changes to the original entropy production input distribution.

4) TIteratively run the Euler solver with the body force model to adjust the multiplying factor to the control
parameters of the function f{r) in Eq. (9) to match the fan pressure ratio for the speed line. Adjust each
control point separately if spanwise swirl and total pressure distributions are available and need to be
matched to each other.

5) If the body force model will be used in Navier-Stokes simulations, run a few Navier-Stokes simulations
with the body force model to quantify the effects of the hub and shroud boundary layers on the resulting
entropy production. Pull down the entropy curve functions to compensate for the entropy increment in the
Navier-Stokes analysis.

C. Computational Mesh Generation

An unstructured computational mesh was generated with the Mixed-Element Grid Generator in 3 Dimensions
(MEGG3D) code.***" A triangular surface mesh was generated directly on a background unstructured mesh or from
stereolithography (STL) data, which can be exported from a CAD model. Then, advancing front/layer methods were
used to make a hybrid volume mesh. Layers of prismatic cells were generated near viscous walls, tetrahedral cells
were generated in the remaining computational domain, and pyramid cells were generated between the other cells
when necessary.



III. Geometry Generation of the Mail-Slot Nacelle

A. Shape Parameterization

A Fortran code was written that uses shape parameters to build mail-slot nacelles. The mail-slot nacelle shape
can be divided into outer cowl and flow passages, each of which is composed of an S-duct inlet, a nozzle, a
cylindrical duct connected to the inlet and nozzle, and a motor fairing center body. The S-duct, which is a
transitional duct, has a sectional shape that transitions from a rectangle to a circle. The nozzle, which is also a
transitional duct, has a sectional shape that transitions from a circle to a rectangle. In both the inlet and nozzle, the
flow passages are separated by splitters.

The mail-slot propulsor is built up by 173 surface patches. Each surface patch has a structured plot3D data
format. The neighboring patches are precisely joined without any gaps so that they share the same nodes and are
“water tight” and ready for unstructured surface grid generation. Figure 4 shows some parameters for the mail-slot
propulsor geometry. Other parameters such as sectional areas also are defined. Any new parameters can be readily
added if necessary. The computer code can be used for parametric design and optimal shape-design studies for
distributed propulsion systems with a mail-slot nacelle. Figure 5 shows a half model of a mail-slot nacelle that has
16 fans and is swept forward by 25°.

Once the water-tight nacelle surface patches are generated, the nacelle surface meshes are combined with an
airframe surface mesh for a clean HWB configuration. After this installation, a computational unstructured surface
mesh is generated on the combined configuration. The HWB airframe can be parameterized independently from the
propulsor then combined with the propulsor to build the full N3—X configuration.
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Figure 4. Side section view of schematic representation of the
propulsor parameterization.

B. Installation
The steps for generating the nacelle geometry and installing it on the upper surface of an HWB configuration
follow.

1) Build a nacelle geometry consistent with the airframe wing upper surface.—Since the upper surface of the
wing is curved, the mail-slot propulsor geometry needs to be generated from geometric information about the upper
surface of the curved wing. The propulsor and the upper surface of the wing are connected at three curves: the
leading edge curve of the bottom surface of the inlet entrance, the trailing edge curve of the bottom surface of the
nozzle exit, and the junction curve at the bottom of the nacelle side wall. The three curves are the left, right, and
upper side curves of the top view of the nacelle shown in Fig. 5(d). Vertical coordinates were obtained for the three
boundary curves of the upper surface of the wing by interpolation from the wing-surface geometry definition. At the
leading and trailing edge curves, the bottom surface slopes were also defined so that the connection is C'
continuous. The pitch angle of the cowl lip and center body of each flow passage also are set according to the local
slope at the inlet entrance.

2) Remove the upper-surface mesh cells of the wing that are overlapped by the nacelle in the top view,
Fig. 5(d).—Remove the surface cells located in the installation region to make space for the nacelle.

3) Fill the gap between the remaining upper-surface cells of the wing and the installed nacelle. In this study, we
used the hole-filling function of MEGG3D.***! With the gaps filled, we are ready to generate an unstructured
surface mesh. The mesh-generation methodology is presented in Section II1.



(a) Side view of transitional and cylindrical ducts. (b) Side view inside the duct and center body.

(c) Front view.

(d) Top view of nacelle surface. (e) Inactivated outer surface of nacelle.

(f) Inside the flow passages.

Figure 5. Half model of a mail-slot nacelle that has 16 fans and a 25° forward sweep.

Figure 6 illustrates steps 2 and 3. The whole procedure was very efficient and did not require any time-
consuming tailoring or fixing steps for the baseline geometry. Tailoring and fixing of poor quality baseline geometry
is usually needed for meshing processes that are based on complex CAD geometries.



Figure 7 shows the HWB configuration with the distributed propulsion nacelle installed on the upper surface. In
the present study, the installation was made so that the leading edge of the mail-slot nacelle is located at the 85%
chord position at the airframe center section. The streamwise location of the nacelle also can bemodified by
changing the parameter xXinee 1z in Fig. 4. As can be seen in Fig. 6(a), the nacelle cowl follows the spanwise variation
of the wing upper surface. Also, the cowl lips are twisted down in the outboard direction according to local slopes at
the inlet leading-edge on the wing surface.

After the installation procedure, the surface mesh was used as a background mesh on which a computational
mesh could be generated by any unstructured mesh generator. In this study, we adopted MEGG3D for mesh
generation, as mentioned in Section II. Figure 8 shows the computational mesh generated for the combined
configuration. About 20 million computational mesh points are in the half model of the N3—X configuration, and the
first nodes off the viscous walls are clustered to the wall so that the y+ values at the first nodes are less than 2. At
this point, the flow simulation could be conducted with the proper body force model for the fan blades.

(a) Remove the upper surface cells of the wing that
are overlapped by the nacelle to make holes
between the wing surface mesh and the installed
nacelle. The hole size is exaggerated for clarity.
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(b) Fill the holes between the upper surface mesh
and the installed nacelle.

Figure 6. Nacelle installation procedure.



(a) Half model. (b) Half model with mirrored image.

Figure 7. N3—X configuration with installed mail-slot propulsor.

(a) Overall view. (b) Inside view of a flow passage.

Figure 8. Computational surface mesh for N3-X.

IV. Results

A. Validation of the Body Force Model

The R4 fan rotor," which was designed by General Electric Aircraft Engines and tested by the NASA Glenn
Research Center, was selected to validate the present body force model. The R4 fan is a one-fifth scale-model
representation of the bypass stage of a current-generation high-bypass turbofan engine. The fan has a 22-in. diameter
and 22 wide-chord rotor blades. The stage design-point pressure ratio was 1.47 at a corrected speed of 12,657 rpm.

For single-passage Navier-Stokes flow simulations of the R4 fan, the SWIFT code™ was used. The SWIFT code
is a three-dimensional, multiblock, structured-grid Navier-Stokes analysis code for turbomachinery blade rows. The
code solves the Navier-Stokes equations on body-fitted grids using an explicit finite-difference scheme. The
AUSM+ upwind scheme® was used for spatial discretization of the inviscid flux. For the thin-layer approximation,
viscous terms were included in the blade-to-blade and hub-to-tip directions and were neglected in the streamwise
direction. For turbulence effects, Wilcox’s 2006 k- model with a stress limiter was selected. The discretized
equations were solved with a multistage Runge-Kutta scheme with local time stepping and residual smoothing being
used to accelerate convergence.

An unstructured grid with tetrahedral cells was generated around the nacelle cowl, shroud, and hub of the R4 fan
test geometry, and GO-flow was run in an inviscid flow simulation mode with the body-force source terms added.
For the fan downstream exit boundary condition, static back pressure was imposed with the radial equilibrium
condition. Figure 9(a) shows the computational mesh for the clean-inflow R4 case, and Fig. 9(b) shows the total
pressure contours normalized by the free-stream total pressure. The total pressure increases along the streamwise
direction with an almost uniform slope.

Figure 10(a) compares the fan rotor pressure ratio versus the MFR, at 85 percent of the design rotor speed. The
test data agree very well with the results of the Swift code and the inviscid simulation with the body force model.
Figure 10(b) shows that the entropy production calculated by the Euler + body force model matches the test data
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well. The averaged entropy production of the R4 fan rotor decreases as the MFR increases until the peak efficiency
point—approximately 42 kg/s. For MFRs higher than the peak-efficiency MFR, entropy production is proportional
to the MFR because the incidence angle of the blade section deviates from the minimum loss angle.

(a) Computational mesh.

PUPL_inf
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(b) Normalized total pressure contours at a center section.

Figure 9. Euler simulation of R4 fan + nacelle with body force model.
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(b) Mass flow rate versus entropy production for 85-percent speed.

Figure 10. Comparison of body force model results with test data and the Swift code.

In Fig. 11, spanwise distributions of flow characteristics circumferentially averaged at the rotor exit plane are
compared for the Swift code and the present Euler + body force model. Actually, the control points of f{r) in
Section IIB are adjusted to closely follow the trend of the swirl and the total pressure distributions for the flow
conditions near the peak efficiency (MFR,. = 43kg/s). Therefore, the two results are in good agreement except near
the hub and shroud walls because inviscid simulations were used with the body force approach for a fast turnaround
time.

As the corrected MFR decreased to 38 kg/s, as shown in Fig. 12, deviations between the Swift code and
Euler+body force results became larger, but the trend was still well captured by the body force model approach. If
the control points of f{r) were interpolated from two or more simulation results (instead of using constant values),
the body force model approach results would be improved even further.
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condition (MFR, = 43 kg/s).

13



100 {F

90 4 —SWIFT H

80 - ~{}=Euler + body force ||

70

60

Percent Span

\
. \
40 \\“
. \!
. \!
. \\
: N

i,

0 20 40 60 80
Swirl angle (deg)

(a) Swirl angle distribution.

)
Il

. I

o I

" i

; /

30 j

20 /7

. //

0.9 1 1.1 1.2 1.3 1.4 15
Total pressure ratio

100

90 -+

—SWIFT

80 | =CEuler +body force

Percent Span

(b) Total pressure ratio distribution.

100

90

I’
80 I
70 [

I

[

I

—SWIFT 1
={=Euler + body force | |

60

50

Percent Span

30 [

20 ’r

10 I
!

1.2 13 1.4

Total temperature ratio

(c) Total temperature ratio distribution.

Figure 12. Comparison of rotor exit flow characteristics
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B. Flow Simulation of N3—-X

The overall size and performance specifications of the propulsor fan for N3—X were interpolated from data in
Table 5 of Ref. 5: fan diameter = 1.02235 m (40.25 in.), MFR, = 150.8 kg/s, pressure ratio = 1.325, and rotor speed
= 5329.575 rpm,. So that a body force model could be built for an N3—X fan, the R4 fan was scaled up to have a fan
diameter ratio of 40.25/22 and the blade stagger angle and rotor speed were adjusted to match the specifications. The
blade stagger and rotor speed were modified, and the Swift code was run to check the modifed fan’s performance.
Through an iterative procedure, the stagger angle was reduced by 5° and the rotor speed was determined to be
5913.667 rpm,..

In Fig. 13, numerical results from the SWIFT code and the current Euler simulation with the body force model
are well matched by the body force model buildup except near high-MFR conditions. Because the body force model
will actually be applied here to a viscous flow simualtion of the N3—X configuration, Navier-Stokes simulations of
the modifed R4 rotor with the body force model were tested. The pressure ratio does not differ significantly for the
Euler and Navier-Stokes simulations, but entropy production was increased in the viscous simulation.
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(b) Mass flow rate versus entropy production.

Figure 13. Generation of the body force model for the scaled R4 fan installed on N3-X.

This is natural because the hub and shroud boundary layer effects were duplicated in the Navier-Stokes
simulation and the body force model. The body force model for the Navier-Stokes simulation was, therefore,
corrected by reducing entropy production by 0.003. The actual amount of entropy correction would be varied for
different flow conditions and computational meshes. The triangular symbols in Fig. 13 represent the results for the

15



corrected body force model. There is little difference in the pressure ratio, and there is good agreement in the
entropy production for the Swift code and the Euler and Navier-Stokes simulation with the body force model.

A flow simulation of the N3—-X HWB configuration was conducted for a cruise flight condition: Mach 0.84, an
altitude of 35,000 ft, and an angle of attack of 2°. Figures 14 and 15 shows sectional side views of local Mach
number and total pressure contours for the first (passage 1) and last (passage 8) propulsor passages in the spanwise
direction. The difference in the ingested boundary layer thickess can be noted from the total pressure contours. The
inner passages have thicker boundary layers than the outer passages have because of the difference in distances from
the airframe leading edge. Therefore, the outer passages have higher fan face recoveries and larger mass flow rates
than the inner passages have. The region that is swept by the fan blade and has the body force model applied can be
easily recognized as the steep axial gradient of the total pressure contours around the hub forebody. The duct and
hub afterbody shapes need to be improved to reduce flow blockages and partial supersonic flows.

PUPLinf

(a) Mach contours (b) Normalized total pressure contours

Figure 14. Center section contours for passage 1 (1* passage from the symmetric plane).

(a) Mach contours (b) Normalized total pressure contours

Figure 15. Center section contours for passage 8 (last passage from the symmetric plane in the
spanwise direction).
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As shown in Fig. 14, the first propulsor has a strong shock wave on the cowl surface and shock-induced flow
separation, which need to be removed for better aerodynamic performance. Meanwhile, Fig. 15 for passage 8 shows
shock-free Mach contours on the cowl surface. Figure 16 visualizes the separation bubbles with negative
streamwise velocity envelopes. Small separation bubbles exist at the outboard inlet splitters, the nacelle cowl trailing
edge for the vertical side wall and on the lower surface near the airframe trailing edge. The largest separation bubble
occurs near the symmetric plane on the nacelle cowl surface.

Figure 16. Surface pressure contours and visualization of separation bubbles with negative streamwise
velocity isosurfaces.

V. Concluding Remarks

High-fidelity flow simulations were conducted for the N3-X hybrid wing-body configuration with the
turboelectric distributed propulsion system using 16 fans in the mail-slot propulsor. The mail-slot propulsor
geometry was generated by an efficient CAD (computer-aided design)-free procedure. A body force model
generation procedure was suggested for efficient and accurate flow simulations of inlet-fan interaction problems.
Flow simulation results for the N3—X hybrid wing-body configuration with the body force model show the validity
of the present approach.
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