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Abstract

The present investigation focuses on the analysis of the aerodynamic characteristics of a lift-fan under large
inflow distortion in the form of a fan-in-wing configuration. The flow distortion at the fan inlet is investigated
for a generic wind tunnel model, using unsteady computational fluid dynamics results. Due to the specific
arrangement of the fan being installed in the wing, flow separation occurs on the inlet lip and generates a
recirculation bubble above the rotor blades. A distortion of the total pressure distribution at the fan inlet
significantly influences the blade loading. The strong flow acceleration over the inlet lip induces an increase
of the axial velocity component and results in a reduction of incidence angle on the rotor blade. In the bubble
core region, the low axial velocity component enhances the blade incidence angle and provokes blade tip
stall. Steady Reynolds Averaged Navier-Stokes calculations, using an actuator disk approach, are then
conducted to identify the key parameters affecting lip boundary layer separation. The speed ratio and the
ratio of inlet lip radius to diameter influence the total pressure distribution at the fan inlet by modifying the
location of the flow separation. The angle of attack on the wing has a negligible impact on the inflow
distortion. An inlet guide vane located in the vicinity of the inlet lip contributes to reduce the extension of the
recirculation bubble but requires to be adjusted adequately to the operating conditions to avoid vane stall.

Nomenclature V. Freestream velocity, m/s
V, Axial velocity component, m/s
«  Wing angle of attack, deg Ve Circumfe_rential velocity component, m/s
 Duct inlet vane andle. de V; Jet velocity, m/s

& u‘_: inlet vane angle, deg z  Axial position, m
Y Swirl angle, deg AVG  Time-averaged results over 1 fan revolution
&  Flow coefficient, Q/(nD?) CFD  Computational Fluid Dynamics

. . - IGV Inlet Guide Vane

) ) ) . eference, fan alone without inlet distortion

0 Circumferential position, deg REF Ref f | ithout inlet distorti
0, Guide vane circumferential position, deg TRN Instantaneous results
p Density, kg/m3 URANS Unsteady Reynolds Averaged Navier-Stokes
ll} Pressure rise coefficient, APS/(p n2 D2) V/STOL Vertical/ Short Take Off and Landing
T  Torque coefficient, M/(p n® D°)
b Wing span, m 1. INTRODUCTION
¢  Wing root chord, m .
Cr lhrug.t coeI'ﬂment, T/(pn” D7) Vertical and Short Take-Off and Landing aircraft can be an

an diameter, m . alternative for short to medium range aircraft, to relieve
Imax Maximum radial length of the separation bubble, m congestion on airports and face the increase in air
M Ean to:qge, Nl.m d transportation traffic [1]. The lift-fan is a potential solution
r,\‘l FZE :gt:t:g:; zggg by igfn to provide additional lift for V/STOL capability [2]. For

Ps Local static pressure, Pa

Ps.. Freestream static pressure, Pa
Pt Local total pressure, Pa

Pt. Freestream total pressure, Pa
Q Mass flow through the fan, kg/s
r  Radial position, m

r, Guide vane radial position, m
nip Lip radius, m

R Fan radius, m

Re. Reynolds number based on the wing root chord
t Wing maximum thickness, m

T Fanthrust, N

U; Rotor tip speed, m/s
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example, a lift-fan was contained in the wing of the Ryan
GE XV-5A fan-in-wing NASA experimental aircraft to offer
hovering ability. A lift-fan is also currently used in the F-
35B fuselage for longitudinal stability purposes. A large
amount of experimental and numerical investigations have
been undertaken to study the effects of inlet distortion on
the performance of axial compressors. Non-uniform inflow
can induce compressor stall or surge resulting in a
significant drop of efficiency. The main sources of
distortions, related to each other, are the total pressure,
the total temperature and the swirl distortions [3]. The
effect of inlet circumferential distortion in a transonic
compressor rotor was studied by Hah et al. [4]. The
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distortion travels through the rotor blade passage and can
affect the stator. Pressure distortion can induce a swirl
distortion that is transmitted through the blade passage in
multistage fans [5]. Inflow distortion can be generated at
the compressor inlet due to specific installation. For
example, the shape of the hub-cap [6] or the nacelle droop
[7] can be a source of distortion. The non-uniform inflow
distribution is a critical issue for fighter aircraft at high
angle of attack [8]. Flow separation can occur on the
engine intake lip and can strongly affect the inlet total
pressure distribution. For V/STOL aircraft, inflow distortion
is also a major problem. For example, a large recirculation
area can be generated on the nacelle droop of a ftilt-
nacelle aircraft at severe freestream conditions [9]. The
inlet distortion is also critical for an axial fan installed
orthogonally to the freestream direction and can possibly
cause an excitation of the fan at its natural frequency and
provoke significant damage. On the F-35B under cross-
flow condition, separation can occur on the bellmouth inlet
affecting considerably the flow angularity and total
pressure distribution at the lift-fan inlet section [10]. In this
study, the design of the inlet lip is of major interest to
reduce the total pressure distortion. For a fan-in-wing
configuration in transition flight out-of-ground effect, a non-
uniform swirl angle distribution is observed, aggravating
the noise level [11]. Regarding cruise performance, the fan
has to be housed compactly thereby imposing significant
fan design constraints. The inflow depth and the inlet lip
shape are parameters influencing the inlet total pressure
and swirl distortions [12]. For fan-in-wing configurations,
guiding vanes above the fan inlet can improve the flow
ingestion [13-16]. Inlet guide vanes are also used for
various V/STOL applications, as for example a lift-fan fitted
in a nacelle [17]. However, the inlet guide vane wake
impinges on the rotor causing a spatial non-uniform
velocity distribution [18]. In a previous study, the
aerodynamic characteristics of a generic fan-in-wing
configuration were analyzed (Fig. 1). The situation studied
reflects a transition flight out-of-ground effect. A generic
wind tunnel model was build and the performance of the
wing with various fan arrangements was analyzed [19]. A
configuration, with a single fan located at the rear part of
the wing has been reproduced numerically. These
numerical results are in satisfying agreement with various
experimental data for the wing aerodynamics [20].
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FIG 1. Schematic view of the experimental setup

As previously stated, distortion due to inlet lip separation
appears in a wide range of V/STOL configurations.
However, a number of questions remain open concerning
the flow characteristics at the fan inlet (e. g. velocity and
total pressure distributions), useful for the design of such
lift-fans. All the previous fan-in-wing investigations are
experimental and provide limited access to the flow
topology and the configuration behavior. The use of state-
of-the-art CFD methods can contribute to provide further
information on the flow properties of a lift-fan being
installed in a wing and can allow a large spectrum of
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parameter variation.

In the present study, the total pressure and swirl inlet
distributions at the fan inlet will be analyzed using a
URANS approach. The aerodynamic characteristics of the
lift-fan integrated in the wing will be compared to steady
results of the fan-alone without inlet distortion. Then, using
an actuator disk approach to model the fan, the main
parameters affecting the inlet total pressure distortion will
be documented. This study intends to increase the design
sensitivity of lift-fan subjected to inlet distortion often
encountered in V/STOL applications.

2. DISTORTION CHARACTERISTICS

Using time-averaged URANS results of the entire generic
wind tunnel model geometry [20], the aerodynamic
characteristics of the inflow distortion are described and
compared to a simulation of the fan without distortion.

2.1. Wind tunnel model description

The model airfoil is of a NACA 16-020 type. The generic
semi-span wing model has an aspect ratio of 2.3, a semi-
span area of 0.683 m?, a taper ratio of 0.71 and a 0°
sweep of the 50% root chord line. A fan is installed inside
the wing rear part (Fig. 2). The model is installed on a
peniche to raise the wing out of the wind tunnel wall
boundary layer. The rear fan axis position is located at %
of the chord and at 0.12 b from the root chord.

FIG 2. Model in wind tunnel

The fan used during the experiment is originally employed
for radio/controlled purpose. It is composed of two stages,
a four-blade rotor and four-blade stator. The engine is
located inside the stator (Fig. 3a). Further details of the fan
geometry are given in Table 1. A constant lip radius to
diameter is used over the entire fan circumference (Fig.
3b).

FIG 3. Zoom a. on the nozzle, b. on the inlet lip
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Parameter Value
Fan diameter /c 0.13
Inlet lip radius to diameter ratio 0.083
Hub-tip ratio 0.42
Rotor blade aspect ratio 0.95
Solidity at hubttip (rotor) 1.1/0.43
Stagger angle at hub/tip (rotor) 15°/70°
Tip clearance (% span) 1

TABLE 1. Fan specification

2.2. CFD simulations setup

2.2.1. Code description

The flow simulation software ANSYS CFX is used to
perform URANS simulations of this fan-in-wing
configuration. A second order discretization of the
convective terms is used throughout all calculations. The
temporal discretization is made using a second order
backward Euler scheme. The total energy model is used to
account for compressibility effects, particularly significant
at the blade tip and on the inlet lip. The k-w SST
turbulence model from Menter [21] is used for all
computations. The rotation of the fan is modeled using a
sliding mesh approach. A multiblock structured mesh is
generated around the geometry with ICEM CFD. The total
number of nodes is about 4 millions. The results are time-
averaged over a fan period after 5 computed revolutions.
A periodicity of the fan coefficients (e. g. thrust, torque) is
observed after 3 revolutions. A time history of the fan
coefficients is given in Fig. 9. Additional information on the
grid and the simulation features can be found in [20]. The
influence of the wires providing power (Fig. 3a) to the
engine is neglected in the numerical simulation. The fan
geometry is simplified to create a suitable blocking around
the geometry. The gaps between the rotor and stator and
the holes are removed. The rotor blade filets are also
neglected. Thus, the blade geometry in the hub vicinity is
extrapolated. Despite these changes, the geometry is
precisely modeled, including the tip clearance. The surface
mesh on the rotor blades is presented in Fig. 4. A
satisfactory agreement has been found between the
simulations and a wide range of experimental data
providing confidence to study the flow at the fan inlet
section [20].
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FIG 4. Surface mesh on the rotor blades and hub

As reference, a steady-state simulation of the fan-alone
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without inlet distortion is performed. Only one blade
passage is simulated and periodic conditions are imposed
on the sides of the domain to reduce the computational
resource requirements. An inlet mass flow condition is
imposed in the fan axial direction. The flow coefficient, ® =
0.87, is identical to the one obtained in the aforementioned
URANS simulation. The same node distribution (for the
medium grid defined in section 2.2.2), turbulence model
and flow properties are used for both simulations. Stage
interfaces are used to separate the domain surrounding
the rotating rotor blade to the rest of the fluid domain. The
stage interfaces average circumferentially the information
transferring between the different reference frames and
consequently provides a steady state solution [22]. All
maximum residuals (turbulence, heat transfer and
momentum quantities) are converged to 1x10*. A
converged solution is obtained in approximately 40 CPU
hours for the medium grid (cf. Table 2). Two processors on
a 12-nodes Altix cluster are used to carry out the
computations of the reference case.

2.2.2. Grid-dependence study

In this section, a grid-dependence study is presented for
the reference simulation. Three different meshes are
tested: a coarse grid of 4.2x10° nodes, a medium grid (with
the same distribution as in the URANS simulation) of 6.2
x10° nodes and a fine grid of 1.1x10° nodes. Relevant
dimensions of the grid are given in Table 2. The flow
coefficient is ¢ = 0.87 for all simulations.

Parameter (rotor/stator) | Coarse | Medium | Fine
Normal layers 33 38 46
Spanwise layers 55/38 64/44 78/56
Circumferential points 104/128 | 120/144 | 148/164
Leading edge spacing /e | 4 5119 | 13/1.6 | 1.1/1.4
(x10™)

Trailing edge spacing /¢ | o 54 1 | 051.1 | 0.5/1.1
(x107)

Y+ <1 <1 <1
Total number of nodes 4.2x10° | 6.2x10° | 1.1x10°
TABLE 2. Details of the grids employed

The solver performs an automatic near wall treatment as
the mesh is refined. To benefit from a near wall
formulation, the value of y. (less than 1) is kept constant
on the rotor and stator blades for all grids. The relative
difference between the fine and medium grid is about 1%
for the pressure rise and thrust coefficient (Table 3). A
mesh refinement has a negligible effect on the prediction
of the torque coefficient, T. A grid refinement affects the
pressure distribution on the blades surface. A comparison
of the static pressure ratio on the rotor blade is presented
in Fig. 5. The pressure distribution on the blade is
relatively complex but a graphical observation can give
some insight on the impact of grid refinement on the fan
coefficients. Slight lower pressure is predicted on the
upper side of the blade for the fine grid, especially near the
blade tip. A graphical evaluation of the pressure
distribution also indicates that higher pressure on the
blade lower side and on the front part of the blade near the
tip for the fine grid. For this reason, higher thrust
coefficient and pressure rise coefficient are predicted with
the fine grid. The relative difference remains however
small. A relatively coarse mesh can therefore be a good
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approximation of the pressure rise coefficient, llj as well
as of the thrust coefficient, C;, and can therefore be
sufficient for achieving a URANS fan-in-wing calculation.
Indeed, if the focus is on the wing aerodynamic behavior, a
coarse fan grid can give a satisfying prediction of the wing
loading at lower computational cost. In the next section,
results obtained with the medium grid are compared to the
fan-in-wing results.

Parameter Coarse | Medium | Fine

U] 0.249 0.255 0.258
T 0.0102 | 0.0103 | 0.0103
Cr 0.339 0.343 0.347

TABLE 3. Comparison of fan coefficients for various
grid levels

Ps/Ps.,

1.036
1.029
1.021
1.013
1.006
0.998
0.991
0.983
0.976
0.968
0.960
0.953
0.945 p—

e Coarse grid

0.930

Fine grid

FIG 5. Static pressure ratio distribution on the rotor
blade for different grid levels (® = 0.87, N = 26,200 rpm)

2.3. Inflow distortion characteristics

In this section, the inflow distortion of the fan-in-wing wind
tunnel model is characterized. Axial and circumferential
velocities obtained in the URANS simulation are compared
to the reference simulation to document the properties of
this generic inflow distortion configuration. The angle of
attack on the wing is a = 0°, the freestream velocity is 40
m/s, corresponding to Re. = 2x10° and the fan rotational
speed is N = 26,200 rpm.

2.3.1. Blade dynamic loading

The fan has a strong influence on the flow topology of the
wing upper side. This topology is summarized in Fig. 6.
Boundary layer separation occurs on the inlet lip and
generates a recirculation bubble above the rotor blades.
Figure 7 shows the total pressure ratio distribution at an
inlet section located at z/t = 0.3 above the wing camber
line. These results are here time-averaged over one fan
revolution. Note that the fan rotates counterclockwise as
seen from above. The core of the recirculation bubble can
clearly be identified by a region of low total pressure ratio.
For this fan-in-wing configuration, the major part of the
inflow distortion originates from the inlet lip separation.
Thus, the total pressure distortion is localized in the front
part of the fan inlet. A retreating and advancing flow
condition on the rotor blades is responsible for the
asymmetric shape of the total pressure distribution.
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FIG7. Total pressure ratio distribution above the
rotor blades at z/t = 0.3 (V. = 40 m/s, N =
26,200 rpm and a = 0°). The incoming flow

direction is left to right.

The time-dependency of the flow, initiated by the fan
rotation, induces a significant unsteady behavior of the
total pressure distortion at the fan inlet. Reverse flow,
characterized by a negative axial velocity component, is
observed near the front part of the shroud. Figure 8
shows the static pressure distribution at 70% span in an
unwrapped blade-to-blade plane. It is an instantaneous
static pressure distribution taken at a given time (therefore
at given rotor position). A dynamic loading is observed on
the rotor blades consequently inducing significant time
variations of the thrust and torque coefficients (Fig. 9). The
mean values are Cy = 0.47 and T = 0.017. The blade
element passing in the front part of the inlet section
(approximately for 90° < 8 < 270° and between 20% to
75% of the span) is subject to a large suction on its upper
side. For this reason, a higher loading is observed on this
blade thereby generating more thrust than the blade in the
region of low total pressure distortion (roughly on the rear
part of the inlet section). The static pressure distribution on
the blade passing the non-distorted region is similar to the
pressure distribution on the blade of the reference
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FIG 9. Fan loads variation in time

2.3.2. Velocity distribution

The circumferential distributions, taken at the mid-span
position, of the axial and circumferential velocity
components are presented in Fig. 10 and compared to the
reference case. The transient velocity curve (TRN) is a
velocity distribution at a given time (or rotor location).
Comparable trends have been observed for the velocity
components at other times. It represents the peak-to-peak
variation of the axial and circumferential velocity
components, respectively. No significant changes are
observed in the time-averaged circumferential velocity with
respect to the reference solution (Fig. 10a). However the
peak-to-peak V. distribution suggests strong dynamic
behavior with a significant increase around 6 = 120° and a
reduction around 8 = 300°. The retreat of the blade results
in a significant decrease of V. in the surrounding flow.
Contrary to that, an increase of V. is observed around the
advancing blade. The standard deviation of the
circumferential velocity is approximately 15% of the mean
value. A positive shift is seen between the time-averaged
value of axial velocity component, V,, and the reference
(Fig. 10b). As for the circumferential component, the axial
the velocity is characterized by a significant dynamic
behavior. The strong velocity gradient occurring above the
inlet lip leads to a strong rise of the axial velocity
component in the front part of the inlet section and at
around mid-span. A maximum of the axial velocity
component is located at about 6 = 180°. A small area of
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reduced axial velocity, with respect to the reference value,
is present downstream of the hub-cap (-20°<6<60°). At
50% span, the standard deviation of the axial velocity
component represents 24.5% of the mean value. The
standard deviation of V, remains between 16% and 25%
of the mean value from 30 to 75% of the blade span. A
significant increase of the standard deviation is observed
near the shroud, in the recirculation region for all velocity
components.

0.8
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FIG 10. Circumferential distributions at mid span of a.
circumferential velocity component, b. axial
velocity component and c. swirl angle. (z/t = 0.3,
V. =40 m/s, N = 26,200 rom and a = 0°)
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The variations in the axial and circumferential velocity
components have an impact on the swirl angle and
therefore on the blade incidence angle. A negative shift is
observed between the time-averaged swirl angle and the
reference swirl angle at mid-span (Fig. 10c). The strong
increase of the axial velocity component around 6 = 180°
results in a significant reduction of the swirl angle and
therefore in a decrease of the incidence angle on the
blade. Note that for 0<6<60°, the swirl angle slightly
increases due to an increase of V., combined with a
reduction of V,.
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FIG 11. Relative velocity component magnitude as
function of the blade spanwise position (z/t =
0.3, V. =40 m/s, N = 26,200 rpm and a = 0°)
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FIG 12. Sketch of the inlet section velocity distribution

Figure 11 represents the variation of the time-averaged
velocity to the reference steady state velocity at various
blade span positions. The values are averaged
circumferentially for a given blade span location. The
relative circumferential velocity remains fairly constant
along the entire span. Near the shroud, however, a slight
decrease of the relative circumferential velocity is
observed. The maximum relative axial velocity is obtained
around mid-span due to the large flow velocity gradient
occurring over the inlet lip. The relative axial velocity
considerably drops in the vicinity of the shroud inside the
recirculation bubble core.

To summarize these findings, the wing incoming boundary

©DGLR 2009

layer separates on the inlet lip and generates a
recirculation bubble at the fan inlet. Reverse flow is
observed on the front part of the shroud. The core of the
recirculation bubble is characterized by low pressure,
small axial velocity component and therefore large blade
incidence which induces blade tip stall. Downstream of the
bubble core, the axial velocity component is considerably
increased and consequently the blade incidence angle is
reduced. Compared to the reference, an increase of the
circumferential velocity component occurs near the
advancing blade whereas V. decreases in the flow
surrounding the retreating blade (Fig. 12).

3. DISTORTION PARAMETERS

Unsteady computations of the complete fan-in-wing
configuration require significant computational resources.
Replacing the fan by an actuator disk contributes to
reduce the computational costs, necessary for a
parametric study. The key parameters affecting the inflow
distortion, characterized in section 2, are reported to
provide additional design sensitivities.

3.1. Setup

As sketched in Fig. 13, the fan is removed from the
geometry and substituted by boundary conditions at the
fan inlet and exit. On the disk upper side an outlet
boundary condition is imposed with a uniform axial velocity
profile. On the disk lower side, an inlet boundary condition
is set with the same uniform axial velocity distribution. The
turbulent intensity prescribed is 7% according to the

URANS simulation.
\ )|\/ Hub cap

OUTLET boundary
condition

Flow direction

INLET boundary condition
FIG 13. Schematic view of the “actuator disk” setup.

Steady Reynolds Averaged Navier-Stokes calculations are
conducted using the k-w SST turbulence model similarly
as in the aforementioned URANS calculations. The spatial
discretization remains as in section 2.2. The residual
convergence depends on the velocity ratio. In most cases
max-residuals are converged to 1x10™. For V./V;> 1 and
V./V; < 0.5, unsteady flow tendency limits the maximum
residuals convergence between 10 and 10™.

A structured mesh is constructed around the geometry.
Details of the grid employed are given in table 4. Results
obtained with this actuator disk approach have been
compared to experimental data and to time averaged
URANS results. A satisfactory agreement has been found.
The actuator disk setup gives a good prediction of the
mass flow through the fan as well as of the pressure rise
coefficient. Therefore, the flow topology and the pressure
distribution on the wing (Fig. 14) are well represented.
Further details on the comparison can be found in ref. [23].
The outlet boundary condition is placed sufficiently far
away from the inlet observation section and affects slightly
the lip flow separation compared to the URANS simulation
results. This actuator disk approach does not account for a
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retreating and advancing flow condition due to the fan
rotation. However, this representation of the fan provides
a simple way to investigate the major parameters affecting
the inlet distortion of a fan-in-wing configuration. Grid
refinements in various directions have been realized.
Small changes have been observed on the results.
Therefore, all computations are performed with the grid
described in table 4. The surface mesh on a plane cutting
the fan center is showed in Fig. 15.

-0

Actuator disk
------------- URANS

N - Exp. lower side
3 | - Exp. upper side

0 20 an 40 50 B0 0 80 a0 100

FIG 14. Chordwise pressure distribution on the wing at
1/3 b from the root chord (N = 26200 rpm, V.. =
40 m/s, and a = 0°)

Parameter Value
Wrap-around points 200
Leading edge spacing / ¢ 3x10°
Trailing edge spacing / ¢ 5x10™
Inlet lip spacing / rjp 0.083
Total number of nodes 1.4 x10°

TABLE 4. Details of the grid.

™11 111t R
SR e iy

FIG 15. Surface mesh at the fan middle plane

3.2. Effect of the lip radius to diameter ratio

Increasing the value of the inlet lip radius to diameter
contributes to diminish the suction peak on the inlet lip and
thereby reduces the adverse pressure gradient.
Consequently the relative location (angular position on the
lip, 0,) of the separation line on the curved inlet is
displaced downstream. The spatial extension of the
recirculation bubble is considerably reduced. Thus,
increasing the inlet lip radius to diameter ratio reduces the
total pressure inflow distortion (Fig. 16). The swirl
distortion is therefore decreased due to a lower axial
velocity component in the front part of the inlet section.
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The fan has to be housed compactly inside the wing to
obtain satisfying cruise performance. Consequently, the
value of lip radius to diameter is limited by design
constraints. A specific inlet lip design with a variable lip
radius to diameter remains an alternative to decrease the
inflow total pressure distortion.

o g o gk 5P o o o* o o0 o0 G) o I P P P otV
L R N R N R N N R N e R R N L R

FIG 16. Total pressure coefficient contours at the fan
inlet a. 8.3% and 16.7% lip radius to diameter
ratio (z/t = 0.3, V../ V; = 0.65, and a = 0°)

3.3. Effect of the velocity ratio

The velocity ratio, V./Vj, has a strong influence on the total
pressure ratio distribution at the fan inlet. V./Vj accounts
indirectly for the fan rotational speed and could be
replaced by the tip-speed ratio. A decrease of V./V,
(therefore an increase of the jet velocity and the mass flow
through the fan) results in a displacement of the
separation line on the front part of the inlet lip. As V../V; is
reduced, the separation point at the fan center line moves
downstream (Fig. 17). Accordingly, the stagnation region
on the rear part of the inlet lip is pushed downstream. At
higher jet speed, the stagnation area is located
downstream of the inlet lip, causing significant lift penalty
on the wing. The size of the recirculation bubble increases
with increasing V./V; (Fig. 18). The parameter I|na
represents the maximum radial extension of the
recirculation bubble measured from the shroud as
indicated in Fig. 18. As the velocity ratio is reduced, the
size of the bubble is significantly enhanced. |, varies
allmost linearly with respect to the velocity ratio.

Displacement of the
separation point

Displacement of the

| ing fl
neoming flow stagnation point

05 0.4

06 — T
0.75

Fiip

15 l REAR

FIG 17. Relocation of the separation and stagnation
point with respect to a decrease of the velocity
ratio at the fan center line (a = 0°)
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FIG 18. Influence of the velocity ratio on the radial
extension of the inlet lip separation bubble (a
= 0°)

The circumferential extension of the recirculation bubble is
also affected by a variation of the velocity ratio. As the jet
velocity decreases, the circumferential extension of the
bubble is enhanced. The total pressure ratio distribution
taken at the fan center line is shown in Fig. 19 and
characterizes the inflow pressure distortion. An increase of
the mass flow through the fan results in a higher velocity
gradient over the inlet lip. Consequently, a larger suction
peak is generated in the front part of the fan inlet. Due to
the large separation bubble created at high V./V;, the
pressure gradient is reduced from the shroud to the hub.
The major part of the circumferential extension of the flow
distortion is within 8 = 135° to § = 225°.

Summarizing, increasing the jet speed reduces the radial
and circumferential extension of the recirculation bubble.
However, the total pressure inflow distortion is locally
increased, near the front part of the inlet section, due to a
strong suction caused by a large velocity gradient over the
inlet lip.
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FIG 19. Radial pressure distribution at the fan inlet
section center line (z/t = 0.3, a = 0°)

3.4. Effect of the angle of attack

A change of the angle of attack has a negligible impact on
the total pressure distribution at the fan inlet as far as the
flow remains attached. Downstream of its inlet, the fan
maintains the flow attached at the trailing edge at a = 0°
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(Fig. 6). The trailing edge separation extends upstream as
the wing angle of attack is increased. However, no trailing
edge separation is observed in the region downstream of
the fan below a = 20° [19].
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FIG 20. Radial pressure distribution at the fan inlet
section center line (z/t = 0.3, V./ V; = 0.65)

The radial total pressure distribution (Fig. 20) at the fan
middle line confirms this conclusion. The boundary layer
separation on the inlet lip is not affected by a variation of
the angle of attack. The radial and circumferential
extension of the separation bubble is consequently similar
for all a investigated. The stagnation area located on the
rear part of the inlet lip remains also unchanged with
respect to a variation of angle of attack. Radial and
circumferential  distributions at the fan inlet are
consequently unchanged. The previous conclusions hold if
the wing is not stalled. According to [19], stall occurs at
about a = 26° resulting in fan surge.

3.5. Effect of an inlet guide vane

As previously stated, the characteristics of the recirculation
bubble generated above the fan strongly depend on the
velocity ratio. An active lip-flow control device can
contribute to reduce the inflow distortion, and requires to
be adjusted to the operating conditions. A configuration
with an inlet guiding vane (IGV) positioned near the inlet lip
is investigated for this purpose (similarly, boundary layer
control slats are used in ref. [17]).

In this section, 2D calculations are performed to provide
IGV design sensitivity at cheap computational cost. The
2D domain investigated corresponds to a cut of the 3D
domain at the fan center. A 2D representation does not
account for any 3D effects that would be observed in an
actual fan-in-wing arrangement with IGV (e. g. retreating
and advancing flow condition, pressure gradient along the
IGV span, sideslip angle on the IGV element, spanwise
pressure gradient on the wing). However, at the fan center,
the effect of an IGV on the flow over the inlet lip and
particularly its influence on the separation bears strong
similarities with a 2D simulation. This statement has been
verified for a 3D actuator disk calculation including a 90°-
extension IGV located at the front part of the inlet section.
Numerous parameters are necessary to describe the
position of the IGV with respect to the inlet lip (Fig. 21). As
a first step of an IGV design, 2D simulations have been
preferred to highlight the major effects induced by a guide
vane on the flow near the inlet lip. A 3D investigation,
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more costly, of the IGV with an actuator disk approach
would then be an essential second step for the IGV

design.
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The IGV airfoil is of NACA 65-010 type, also used as in
ref. [16]. The guide vane chord to lip radius is 1. The
leading edge of the guide vane is located at a distance r,
and at an angle 0, from the lip center of curvature. In the

entire section, the radial distance of the IGV to the center
is kept constant, r,/rj, = 1.2.

FIG 21.
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FIG 22. Circumferential static pressure ratio distribution
for several IGV duct inlet vane angle (V./ V; =
0.5, a = 0°, the IGV leading edge is located at
0,=60°)

For the case without IGV, downstream of the suction peak
(around 0, = 75°), an adverse pressure gradient provokes
the separation of the lip boundary layer at about 0, = 54°
(Fig. 22). Introducing an IGV near the inlet lip induces a
secondary pressure peak due to a significant increase of
flow velocity near the vane leading edge. The adverse
pressure gradient causing boundary layer separation on
the lip is therefore delayed. As « is reduced, the
separation on the inlet lip moves downstream. However,
for o < 40° the inlet lip boundary layer separates
upstream of the IGV. The negative pressure gradient
occurring downstream reattaches the boundary layer on
the lip. The IGV contributes to increase the velocity near
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the inlet lip and re-energizes the boundary layer.
Therefore, the separation on the inlet lip is delayed
downstream compared to the case without guide vane.
Inlet lip flow separation can be avoided for a small o but
massive separation occurs on the guide vane upper side
(Fig. 23). Therefore, the problem is moved from the inlet
lip to the IGV. Note that in Fig. 23, the legend indicates
the angular position of the IGV leading edge. The
parameter A9, represents the angular displacement of the
separation point on the inlet lip.

An opposite trend is observed for an IGV leading edge
positioned at 0, = 30°. For o < 40° the IGV has a
negligible influence on the inlet lip separation. For low duct
vane angle, massive separation on the IGV upper side is
combined to the lip separation bubble. As ¢, increases, the
effective angle of incidence on the IGV decreases. For
> 54°, the flow remains attached on the inlet lip (Fig. 24). A
negative angle of incidence on the IGV provokes a large
suction peak on the lower side of the guide vane. A
significant velocity enhancement near the lower side of the
IGV leading edge re-energized the inlet lip boundary layer.
However, a large recirculation bubble is generated on the
IGV lower side. The origin of inflow distortion is also
transferred from the lip to the IGV lower side. The IGV
increases the mass flow rate near the inlet lip with respect
to the case without guide vane. For a large «, the velocity
is locally increased only near the IGV leading edge and
decreases rapidly as the relative distance between the IGV
and the inlet lip is rising. A cambered guide vane along
the inlet lip can maintain the flow attached on a larger
portion on the inlet lip. The airfoil section and the duct inlet
vane angle (therefore the effective IGV angle of incidence)
have to be carefully selected to avoid massive separation
on the IGV. Here, the small radius of curvature requires
setting the IGV with a significant effective incidence angle
to maintain attached flow along the lip. Therefore a
situation with attached flow on both inlet lip and guide vane
has not been achieved within the range of calculations
conducted. An inlet guide vane located near the inlet lip
remains a complex solution to control the lip separation
and therefore the total pressure distribution at the fan inlet
section. However, combining the inlet lip design and the
guide vane can be a suitable solute on for passive and
active lip flow control, respectively.
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FIG 23. Circumferential variation of the angular
separation point location for various duct inlet

vane angles (V./ V;=0.5, a =0°)
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FIG 24. Velocity vector distribution around the inlet
guide vane (V./ V; = 0.5, a = 0°, a; = 55°). The

IGV leading edge is set as 0, = 30°.

3.6. Lip-separation control via injection

An inlet guide vane remains a complex solution to control
the boundary layer on the inlet lip. Concepts to control
actively the flow of an airfoil (e. g. blowing, suction) can be
applied to the present configuration. A lift improvement
can also be achieved by blowing on the cambered inlet lip
and exploiting the Coanda effect. In this section, a 2D
calculation is performed with a blowing slot upstream of
the inlet lip (located at 0, = 90°) to demonstrate the
capability of such a flow control solution to maintain
attached flow on the inlet lip. No particular optimization
has been realized on the blowing slot. The slot height is
here 2.5 x 107 fip- The slot-jet momentum coefficient is
about 0.02. Without blowing, separation occurs on the inlet
lip and generates a recirculation bubble above the fan
(Fig. 25a). Contrary, lip separation is avoided with the
presence of a wall jet blown from the slot (Fig. 25b). In
addition, the flow entering the fan is more effectively
turned. The swirl angle and the air ingestion at the fan inlet
are improved with a blown-lip device.
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FIG 25. Mach number contours superimposed with
streamlines (V./ V; = 0.67, a = 0°).

4. CONCLUSION AND OUTLOOK

The aerodynamic characteristics of a lift-fan under inflow
distortions in the form of a generic fan-in-wing
configuration have been studied. The total pressure and
the velocity distributions at the fan inlet have been
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analyzed by comparing results of Unsteady Reynolds
Averaged Navier-Stokes computations to steady results of
the fan-alone without inlet distortion. The main parameters
influencing this specific inflow distortion configuration have
been documented using an actuator disk approach. The
major conclusions are as follows:

1) The main part of inflow distortion originates from the
separation of the wing boundary layer on the inlet lip
which generates a recirculation bubble above the rotor
blades. In the front part of the inlet section around
mid-span, the axial velocity component is strongly
enhanced compared to the reference case without
inlet distortion. This results in a decrease of the swirl
angle as well as the blade incidence angle. In the
bubble core, low axial velocity component induces a
large local blade incidence angle. Therefore, the rotor
is subject to blade tip-stall in this region. The dynamic
behavior of the distortion is significant and impacts on
the blade loading.

The ratio of the freestream velocity to the jet velocity
notably affects the separation on the inlet lip and
therefore the total pressure distortion at the fan inlet.
Increasing the ratio of inlet lip radius to diameter
contributes to reduce the pressure gradient on the
inlet lip and delays the lip separation resulting in a
less distorted inflow. The angle of attack on the wing
has negligible influence on the total pressure
distribution at the fan inlet.

An inlet guide vane located near the inlet lip can be an
alternative to control lip flow separation. Compared to
a case without guide vane, the vane re-energizes the
inlet lip boundary layer and shifts downstream the lip
separation location. Depending on the vane effective
incidence angle, lip separation can be suppressed but
massive separation can occur on one side of the
guide vane. The guide vane requires particular
attention to be adjusted. The source of the distortion
is otherwise transferred from the lip to the vane.
Active airfoil flow control solutions can be
implemented to the inlet lip boundary layer. Blowing a
wall jet on the inlet lip can maintain attached flow and
can improve the air ingestion at the fan inlet section.

2)

3)

Additional work will be carried out on the design of an inlet
lip with variable lip radius to diameter. Further two-
dimensional calculations will then be conducted to select a
suitable guide vane and to increase the design sensitivity
of a blown-lip solution. Finally, 3D effects of an active flow
control device on the inflow distortion will be investigated.
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