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Abstract: Motivated by outstanding aerodynamic performance and limited emissions, the blend-
wing-body (BWB) aircraft equipped with a distributed propulsion (DP) system has become a possible
layout for civil aircraft in the next generation. Due to the strong aero-propulsive interference (API)
between the DP system and the airframe, the conventional integration of pressure and friction stress
over the surface may fail to evaluate the aerodynamic power consumption of this layout. Here, the
aero-propulsive integrated power balance approach is used alternatively to obtain the aerodynamic
power consumption through flow data. We demonstrate that the API effects can enlarge both the lift
and aerodynamic power consumption of this layout. The increase in power consumption is attributed
to the enhanced viscous dissipation rate within the boundary layer. Wind tunnel experiments further
demonstrate that the operation of the DP system can improve the stall characteristics. Our findings
encourage limiting the inflow speed of the DP system to alleviate the enhancement in viscous
dissipation rate and thus reduce the power consumption.

Keywords: distributed propulsion; aero-propulsive interference; aero-propulsive integrated power
balance method; flight test; CFD

1. Introduction

The blended-wing-body (BWB) aircraft equipped with distributed propulsion (DP)
has gained continued attention due to its obvious potential in improving the performances
of aerodynamics, propulsion, flight control, noise, and emissions [1-4]. This configu-
ration is widely used in the concept design of many advanced aircraft [5-7], such as
N3-X and SAX-40. A BWB is a wing-body highly integrated aerodynamic layout and
its center body part has a larger volume, distinguishing it from the flying wing lay-
out [2]. It possesses the advantages of high aerodynamic efficiency, low emissions, and low
noise [2,8-10]. Distributed propulsion (DP) is a propulsion concept in which the propul-
sion units are distributed and installed in the airframe, changing the way of providing
thrust from centralized to distributed, featuring a higher bypass ratio, higher propulsion
efficiency, and lower noise [4]. The configuration of the BWB aircraft equipped with a
DP system can take advantage of the aero-propulsive interference (API) to improve the
overall performance [1,4,11-13].

Theoretical research has shown that the BWB aircraft equipped with a DP system
can improve its propulsion efficiency and reduce power consumption due to the effects of
boundary layer ingestion (BLI) and wake filling [14-18]. A study evaluating the benefits of
BLI on the common research model (CRM) showed that the engine power requirements are
reduced by 8% at cruise for the boundary-layer-ingestion configuration when compared
to the baseline geometry [17]. A numerical evaluation study showed that BLI achieved
power savings of more than 10% on STARC-ABL [18]. Due to the strong API effects, the
aerodynamic characteristics of this advanced layout are distinct from those of conventional
aircraft [19-24]. A computational investigation of the API effects on a multi-fan system
mounted on a simplified wing shows that both the thrust angle and level affect the lift,
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moment, and drag [19]. Wind tunnel experiments focusing on the complex propulsive-
airframe interactions of an overwing DP system with a BLI effect revealed the nonlinear
change of streamwise and stream-normal forces and pitching moment over the angle of
attack and throttle setting [21]. It was further shown that the nozzle deflection of the electric
DP system on a quasi-2D S8036 airfoil led to a significant increase in the stream-normal
force and the thrust direction also increases in the overall pitching moment [22]. A wind
tunnel study on the API between distributed electric propulsion (DEP) and wing showed
that DEP can significantly increase the lift direction force and reduce the streamwise force
of the wing [25]. These works considering the API effects, all pointed out the potential
of API in increasing the stream-normal force of the DPD. However, the impact of API
on the aerodynamic power consumption of the DPD has been discussed less. Moreover,
the potential of API effects in improving stall characteristics has also been neglected.
When studying the API effects on aerodynamics, propulsion, and control, the accuracy
of the computational fluid dynamics (CFD) simulations must be verified through parallel
experiments, in which a demonstrator for the BWB aircraft with a DP system is necessary.

In this paper, the aerodynamic characteristics of a typical BWB aircraft with a DP
system are studied using both experiments and numerical simulations. Both flight tests and
wing-tunnel experiments were conducted to measure the aerodynamic loads and further
simulations demonstrated the pressure distribution on the airframe. First, the flight tests
and simulations of an 11:1 scaled demonstrator of this configuration were carried out at
both gliding and climbing conditions to outline its prestall aerodynamic characteristics.
The CFD method was then verified using a comparison with flight tests. Based on the CFD
data, the aero-propulsive integrated power balance approach [26] was used to evaluate
the aerodynamic power consumption of the scaled demonstrator. Finally, wind tunnel
experiments of another 29:1 scaled model were conducted to evaluate the aerodynamic
performance of this configuration at large angles of attack, searching for any improvement
in stall characteristics. The key findings of this research are summarized in Section 4.

2. Analysis Methods

The effect of distributed propulsion on the aerodynamic performance of a low speed
BWB aircraft is analyzed in this paper. Flight test is mainly used to study the influence
of DP on the aerodynamic forces of a distributed propulsion demonstrator (DPD) and
verify the accuracy of CFD calculations. The flight time of the DPD is limited by the battery
capacity, so the test results do not include cruising status results. After the accuracy of the
CFD calculation is verified by the flight test, CFD are used for a more detailed aerodynamic
power consumption analysis in cruise state. Wind tunnel tests are used to study the stall
characteristics of a DPD at high angles of attack because they are safer than flight tests and
are closer to real flight conditions than CFD.

In this section, the components and geometric details of the scaled-down distributed
propulsion demonstrator (DPD) are first described. Second, the aero-propulsive integrated
power balance method [26] used in calculating the aerodynamic power consumption is
presented briefly. Then, the setup of CFD simulations is introduced. Finally, the data collec-
tion and postprocessing methods in flight tests and the setup of wind-tunnel experiments
are explained.

2.1. DPD Model

The DPD consists of a three-dimensional (3D) low-speed BWB airframe and a DP
system located around the rear end of the upper surface (Figure 1). The DP system consists
of four electric ducted fans, each of which is capable of producing a takeoff thrust of 11.5 kg.
The DP system is symmetrically positioned with respect to the central plane of the airframe.
Details for the design parameters of the BWB airframe and the geometry of the fans are
listed in Table 1.
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Figure 1. The scaled-down distributed propulsion demonstrator (DPD). (a) Actual model for flight
tests; (b) Schematic diagram showing the geometric parameters of the BWB airframe and the installa-

tion position of the fans.

Table 1. Detailed design parameters of the scaled-down DPD.

Parameters Values
Mass, m/kg 130
Span, b/m 6.1
Reference area, S,,r/m? 5.774
Reference length, L/m 1
Center of gravity, CG/m 1.31
Aerodynamic center, AC/m 1.39
Average aerodynamic chord length, c/m 0.863
Fan length, I, /m 0.341
Fan inner diameter, D;,,/m 0.241
Fan outer diameter, D,,; /m 0.253
Inlet area, A;,/m 0.0487
Outlet area, Ayy:/m 0.0322

2.2. Aero-Propulsive Integrated Power Balance Analysis

This section introduces the theoretical approach to assessing the aerodynamic power
consumption of the DPD. Given that the DPD experiences a strong API, a method of power
balance of the flow field was applied to evaluate the aerodynamic power consumption of
the DPD, instead of the traditional thrust drag bookkeeping method. The aerodynamic
power consumption in cruising is employed as an indicator of efficiency, and the smaller
the aerodynamic power consumption is, the higher the aerodynamic efficiency is. Our aero-
propulsive integrated power balance analysis follows the work of Drela [26], which derives
the power balance equation applicable to the low-speed flow field. The decomposition and
subcalculation of the total aerodynamic dissipation of the aircraft, as well as the method of
analyzing the strength of local dissipation, were also introduced in Drela [26].

2.2.1. Power Balance in Low-Speed Flow Fields

A control volume v is constructed to analyze the power balance of the flow field
around the DPD. The inner boundary Sg of the control volume covers the BWB surface and
the inlet and outlet planes of the DP system. The outer boundary S, is placed in the far
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field where the free flow conditions are satisfied (usually places S, several characteristic
lengths of the aircraft away from Sg), and the normal direction of S, points out of the
control volume (Figure 2).

Figure 2. Two-dimensional (2D) cross-section of the control volume v for power balance analysis.

Assuming that the flow is fully steady, the power balance in the control volume can be
expressed as
Py = —FxVeo + P — Py 1

where Pk represents the input power of the DP system into the flow field; Fx represents the
net streamwise force acting on the DPD, i.e., the balance of the drag of the BWB airframe
and the thrust of the DP system; V. represents the freestream velocity; —Fx V. represents
the power consumed or provided by changing the gravitational potential energy when the
aircraft deviates from cruising; ®« represents the viscous dissipation rate in the control
volume; and Py represents the volume power of pressure in the control volume, which is
negligible in a low-velocity flow. The terms in Equation (1) are defined as follows:

PK:gj?—{(p—rﬁooH;p(Vz—Vo%)}des )

Fx = § =[(p = poo)ft = T+ pVV,] - 8xdS ®)
Sp

O = [[[ (x- V) Vav 4)

2.2.2. Decomposition of Viscous Dissipation Rate

The viscous dissipation in the flow field occurs mainly in the boundary layer and the
wake of the BWB airframe, the jet region of the DP system, and the trailing-edge vortex
(Figure 3). The viscous dissipation rate @ can be thus decomposed into four subterms
according to the regions where the dissipation occurs

Dy = (I)bl + chakg + Dyortex + cDjet (5)

where the trailing-edge vortex loss rate ®yo.x is associated with lift; the boundary layer
loss rate ®;; and subsequent wake loss rate @, are related to the shape of the BWB
airframe; and the jet loss rate ®@j,; is related to the jet of the DP system. The combination of
@y and Dy, corresponds to the profile dissipation rate of the BWB airframe @,

ch = Op; + Pyake (6)
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Figure 3. Viscous dissipation in different viscous regions.

The power balance relationship in Equation (1) is derived by placing the plane TP at a
downstream position where all dissipation processes have been completed. If the plane TP
is placed forward, for example, towards the exit of the DP system, the mixing dissipation
of the jet has not yet started at this position, and the mechanical energy still exists in the
plane TP in the form of perturbative mechanical energy. Therefore, the mixing dissipation
rate of the jet ®;,; can be calculated by integrating the perturbation energy deposited in the
jet region in the plane TP

Doy = ﬂ %p(Vi—Vm)andS @)

jet—plane

where V; is the jet velocity assuming an isentropic expansion to the ambient pressure.

The trailing-edge vortex dissipation rate ®yoex is calculated by placing the plane
TP at a downstream position where the pressure recovers to the ambient pressure. At
this point, the boundary layer and subsequent wake dissipation have been completed.
The only perturbation energy deposited in the plane TP is the energy contained in the
trailing-edge vortex.

Dyortex = JI %P (02 + w2> Vads (8)
TP

2.2.3. Dissipation Distribution in Boundary Layer and Wake

The profile dissipation rate ®, occurs in the boundary layer of the airframe surface
and the subsequent wake. To monitor the strength of the local dissipation rate in the surface
boundary layer, a local coordinate system in the airframe boundary layer and the wake is
established. In the local coordinate system of the airframe boundary layer, axes x and z are
located on the airframe surface, and axis y is perpendicular to the airframe surface (across
the boundary layer). In Figure 4, u and w represent the local velocity components in the x
and z directions, respectively.

Neglecting the spanwise flow in the boundary layer (w = 0), Equation (4) for the
viscous dissipation rate ® can be simplified as

o= fff Txyg;dxdydz 9)

Integrating the integrand in Equation (9) along the normal direction of the boundary
layer (y) then gives

0
¢(x,z) = /Txyidy (10)

and

D= jjf([)(x,z)dxdz (11)
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where ¢(x, z) illustrates the distribution of local dissipation rate on the aircraft surface. By
comparing the values of ¢(x, z) at typical locations, targeting the region that causes an
increase in the profile dissipation rate @, of the airframe is possible.

®, can be further decomposed as the product of two terms

§(x,2) = Gy (12)

Thus, the local dissipation rate ¢(x, z) is determined by the velocity at the outer edge of
the boundary layer u, and the local dissipation rate coefficient C4,. The former is influenced
by the local pressure gradient, and the latter is related to the shape of the boundary layer.

y

T o g
/ X, u
Z, W
airframe surface

Figure 4. The local coordinate system of the airframe boundary layer.

2.3. CFD Simulation
2.3.1. Solver Setups

The control equations of the flow field in this paper are three-dimensional, constant,
and incompressible RANS equations. A pressure-based solver is used to solve the control
equations with second-order spatial accuracy, and the turbulence model involved is the S-A
one-equation model. Given the freestream velocity, the velocity inlet condition is used for
the far-field boundaries. The symmetric plane of the model is set as a symmetric boundary
condition. No-slip wall boundary conditions are imposed on all surfaces of the DPD. The
velocity inlet condition is also used for the inlet and outlet of the DP system, which is
equivalent to setting the mass flow rate since the flow field is uncompressible. The inlet V;,
and outlet V,,; speeds of the DP system are obtained by the following one-dimensional
relational equation

1
P = 5pViaAju (Vi = V2) (13)
m= ijetAjet = pVinAin (14)

Using Equations (13) and (14), the speed of the inlet and outlet of the DP system can
be calculated under a given power.

2.3.2. Mesh Setups

In this paper, the longitudinal aerodynamic characteristics of the DPD are studied,
and thus the flow field is symmetric about the symmetric plane. Therefore, the numerical
simulation is carried out using a half-mode C-H type mesh. The domain size is 40 times
of the root chord length ¢t from the aircraft in each direction to ensure the feasibility
of the far-field boundary conditions. The height of the first grid layer above the wall
is 1.2 x 10~° m, ensuring the requirement for the S-A model y* < 1. The mesh of the
symmetry plane is shown in Figure 5.
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Figure 5. Computational mesh for the CFD simulations.

2.4. Flight Test
2.4.1. Conditions and Data Collection

The flight test aims to evaluate the impact of the API of the DP system on the aero-
dynamic force of the BWB aircraft under a full-engine throttle climb and a small power
glide. The maximum field height is 130 m, and the maximum flight speed is 125 km/h.
The inertial navigation system in the onboard system incorporates GNSS signals to obtain
the attitude angle, flight speed, position, and other flight parameters. The atmospheric
data sensor in the onboard system measures the total and static pressure on the surface
of the aircraft and the nearby area, and thus obtains the flight altitude after being solved
by the atmospheric data computer. The atmospheric data sensor also integrates the angle
of attack and sideslip measurement devices. The accuracy of the atmospheric data sensor
used in this validator is less than 0.5° for the angle of attack and the sideslip angle, and the
measurement range can meet the test requirements. In addition, the electronic governor of
the power system can record the voltage and current parameters during the flight.

2.4.2. Data Postprocessing

In this section, the center-of-mass motion of the DPD is analyzed in the ground
coordinate system Ox,gy¢z, and the trajectory coordinate system Oxyyyzi. The overall
aerodynamic forces are obtained implicitly by solving the equations of dynamics. The
definition of the two coordinate systems is shown in Figure 6. In the ground coordinate
system Ox,y¢Z, the axis Ox, points in any selected direction in the horizontal plane H; the
axis Ozg points to the ground vertically; the axis Oy, is perpendicular to the plane Ox,z,,
and the direction is determined by the right-hand rule. In the trajectory coordinate system
Oxyxz, the axis Oxy points in the direction of ground speed Vj; the axis Oz is located in
the vertical plane V, perpendicular to the axis Oxy, and pointing to the ground; the axis Oyj
is perpendicular to the plane Ox;zy, and the direction is determined by the right-hand rule.
The relationship of Oxgyeze and Oxgyizk is thus described by the trajectory orientation
angley and the trajectory inclination angle?y. x refers to the angle between the projection of
V on the horizontal plane H and the axis Oxy. 7 is the angle between V} and the horizontal
plane H.
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Figure 6. Coordinate system definition in flight tests.

Since the longitudinal motion of the DPD is analyzed, the lateral and transverse
motions of the DPD are ignored. The longitudinal kinematic equations of the DPD in the
ground coordinate system Ox;y.z, are presented as follows:

d
% = Vi cosy
(15)
gy
7+ = —Vksiny
The derivation of Equation (15) yields
d (dx¢\ _ dv . d
E(Ttg) = S cosy — VsinygF »

d (dzg) _ av d
&(dif) = WSIH’Y‘FVCOS'}’T’Z

The airflow coordinate system is identical to the trajectory coordinate system Oxyyyzx
when the transverse and lateral motions are ignored. Thus, the propulsion thrust T is parallel
to Ox and takes the same direction as Ox;; aerodynamic drag D is parallel to Ox; but opposite
to Oxy; the aerodynamic lift L is parallel to Oz but takes an opposite direction; the gravity mg
is parallel to Oz, and takes the same direction as Ozg. The longitudinal dynamic equations of
the DPD in the trajectory coordinate system Oxyyxzx are thus derived as follows:

m‘é—‘t/ =T~—-D—mgsiny a7)
—mV% = —L+mgcosy

The data recorded by the onboard system include the time series of dzg/dt and V}, and
their derivatives d(dzg/dt)/ dt and dV/dt can be thus obtained using the finite difference
method. Bringing these variables into Equations (15) and (16), then obtaining «y and d-y/dt,
and takingy, dvy/dt, Vi, and dV}/dt into Equation (17) gives the aerodynamic lift L and the
streamwise net force F, (F, =T — D).

2.4.3. Ground Test for the DP System

The mechanical power input to the flow field of the propulsion system Pk represents
the operation status of the DP system. In this paper, the electric ducted fan is selected for
the propulsion system, and the mechanical power provided by the propulsion system can
be calculated by the following equation,

Py = Pey (18)

where Pp is the electric power consumed by the propulsion system, and 7 is the motor
efficiency of the DP system.
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The electronic governor carried by the DP system can record the driving voltage V
and current I of the DP system during flight, and their product corresponds to the electrical
power Pr consumed by the propulsion system. To estimate the mechanical power Pk
provided by the propulsion system during flight, the motor efficiency 7 in Equation (18)
should be preknown. Here, 17 was first obtained through ground tests for the DP system.
In the ground tests, the DP system is mounted on a carrier and experiences different
freestream velocities Vy. The driving current I and voltage V of the DP system and the
mechanical power Pk generated by the DP system are recorded V), and the motor efficiency
1 at different V) are thus calculated by Equation (18). Therefore, a database 1 = (Pg, Vi) is
established, as plotted in Figure 7. Note that the numbers on the data lines inform the V.

0.6
0.5 GA?/A\
1Y
-
b D
o 18.4 |
- 0/ ZS.SM
o
0.3 *5\-6 1
w3
0.2
0.1 (/ ' .
0 2 4 6 8 10 12
PE (kW)

Figure 7. Motor efficiency database for the DP system.

The motor efficiency # of the propulsion system is assumed to be identical in both
flight tests and ground tests as long as the electrical drive power Pr and freestream velocity
Vy are the same. Thus, the motor efficiency # in flight tests can be obtained by interpolating
from the database 1 = (Pg, V), and the mechanical power Pk can be calculated according
to Equation (18).

2.5. Wind Tunnel Experiments

The wind tunnel experiments were performed in a 3.5 m x 2.5 m, low-speed, single-
closed-return wind tunnel, with a test speed of up to 73 m/s. The average turbulence
intensity of the experimental section was 0.19%. The scaled-down DPD (Figure 8) had
some trivial modifications around the rear part of the airframe, and the scaling ratio was
(3.4%). The span length of this DPD was 2.29 m and the scaled DP system consisted of six
ducted fans, the diameters all of which were 0.09 m. The maximum thrust of the scaled
fan was 50 N, corresponding to a maximum intake mass-flow rate of 0.701 kg/s, and the
maximum jet speed was 90 m/s.

Figure 8. The scaled-down DPD in the wind tunnel experiments.
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A six-component balance was used to measure the streamwise and stream-normal
forces (Cx and Cp) and pitching moment of the model. The streamwise and stream-
normal forces were used to define the forces produced by the model because the standard
decoupled definitions of lift, drag, and thrust on this aero-propulsive coupled model were
ambiguous. The model was mounted on a single strut support, which was at the middle of
the abdomen surface, and the relative position of the strut and the model was fixed. The
correction of support interference was carried out by a two-step method using the dorsal
support as an auxiliary support. Moreover, the model and the strut were then fixed on a
curved track in the wind tunnel to change the angle of attack.

3. Results and Discussion
3.1. Impact of DP on the Prestall Aerodynamic Forces of the DPD

To analyze the impact of the API effect of the DP system on the prestall aerodynamic
force of the DPD, two typical statuses were selected within the flight envelope, i.e., the
climbing state with a large mass flow rate and the gliding state with a small mass flow rate.
Due to the limited capacity of the battery, the DPD could not fly for a long time, so there
was no cruise result in the flight test. Despite this, the difference in mass flow rate between
the climbing state and the gliding state is obvious, and their comparison can illustrate the
change in aerodynamic force caused by the API effect of the DP system. In addition, this
comparison of the results obtained by flight tests and CFD simulations can also verify the
accuracy of our CFD setup. After verifying that the CFD calculation results were consistent
with the test flight results, subsequent studies were carried out using CFD, focusing on the
aerodynamic power consumption at cruise state.

In the CFD simulations, the lift force L was obtained by integrating the pressure and
friction forces on the BWB airframe surface and projecting them in the vertical streamwise
direction, while the streamwise force Fx was calculated using Equation (3), including the
BWB airframe surface and the DP system inlet and outlet planes. The DP system input
power P was calculated by Equation (2), and the integration was over the inlet and outlet
planes of the DP system. In discussion, L and Fx were normalized by 1/ 2pV02°Sref and
Px was normalized by 1/ 2pV02c,Sref. The input power coefficient Cpx of the two typical
statues is shown in Table 2, and the corresponding aerodynamic force coefficients Cp.
and Cx are shown in Figure 9. Here, “climb” and “glide” represent the results of the
climbing and gliding statuses; “exp” and ‘cfd” distinguish the results from flight tests and
CFD simulations.

Table 2. Cpk of the DPD aircraft at climbing and glide conditions.

Labels Cpk
climb-exp 0.100
climb-cfd 0.097
glide-exp 0.008
glide-cfd 0.007
(@ (b)
0.8 0.2,
— —climb-cfd — —climb-cfd
— —glidecfd - ,6 — —glide-cfd
0.6 o cl?mb-exp //w;op o cl?mbexp
O glide-exp P ; O glide-exp __ch I
> == )
T 0.4 {.acj X0 _———"
P, 7 2 N S50
7 7
P
0.2 -5
7
0 -0.2
0 2 4 6 8 10 0 0.2 0.4 0.6 0.8
() a

Figure 9. (a) Cr-o, (b) Cx-Cy.
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In Table 2, the values of Cpx obtained from flight tests and CFD simulations are
close under the same flight condition, indicating that the operating state of the DP system
simulated by CFD is consistent with that in the flight test. The Cy - curves of the DPD
aircraft under climbing and gliding conditions (Figure 9a) further verified the accuracy of
the CFD simulations. Compared to the flight test data, the error of Cy, in the CFD calculation
is within 5%. More importantly, the API effect of the DP system significantly increased
the Cp, at any angle of attack «. In the climbing status where the mass flow rate of the DP
system was higher, the APL effect (manifested as the BLI effects) was strong compared to
that in the gliding state where the mass flow of the DP system was lower. Within the range
of the prestall «, the average increase in Cy, with strong API effects was 0.05 compared
to that with weaker API effects, which was about 13% of the value of Cy, in cruise (0.38,
calculated from the balance of lift and gravity of the aircraft at cruising state). According
to Figure 9b, a slight discrepancy of Cx was observed between the CFD simulations and
the flight tests, which may be attributed to the error in  measurement in the flight tests
and the fact that the CFD simulations were performed under full turbulence conditions
(turbulent viscosity ratio was set to 1). This may be different from the actual flow field.
The Reynolds numbers with the wing root chord length and wing tip chord length as the
reference length were 4.8 x 10° and 6 x 10, respectively. Due to safety concerns, the flight
test had the angle of attack protection, and the test could not be carried out at a high angle
of attack.

3.2. Impact of the DP System on the Viscous Dissipation Rate of the DPD

In the analysis of aerodynamic power consumption, the landing gear, winglet, and
vertical tail that are far from the DP system were removed from the simplified models since
the operation of the DP system had less influence on these components. The difference in
Cx between the simplified model and the complete model was about —0.0149 at the same
Cr and Cpk. In this section, four simplified models for the DPD (Figure 10) are simulated.
Model Al and A2 both had a noninstalled DP system. The DP system of Al was set at a
through-flow condition while that of model A2 was powered up. The conditions of the DP
system of models B1 and B2 were identical to that of A1 and A2, respectively, while the
DP system was mounted to the BWB airframe. Here, the noninstalled DP system meant
that the airframe and the DP system were simulated separately, and the flow fields of the
two components did not interact with each other. The impact of the installation of the DP
system on the aerodynamic power consumption of the DPD could be evaluated through a
comparison between Al and Bl. In contrast, the impact of the operation state of the DP
system on the aerodynamic power consumption of the DPD could be analyzed through a
further comparison between A2 and B2.

The aerodynamic disturbances caused by the DP system installation were evaluated first
through a comparison between B1 and Al. The aerodynamic forces of the BWB airframe and
the DP system of Al were first calculated separately and then summed to obtain the total
values. The statues for comparison were set at o = 5° and Cr, = 0.38. The total aerodynamic
dissipation rate @, was obtained indirectly by Equation (1) and then decomposed into @,
and ®y by Equations (5) and (8), respectively. ®je; was set to zero because no fan was powered
in the through-flow models. The dissipation rate components were then normalized by
1/20V2S,,  to obtain their corresponding coefficients listed in Table 3.

Table 3. Comparison of the aerodynamic dissipation rate components.

o Cx Crk c3 cy Cist ch
Al 5 0.0329  —0.0020  0.0309 0.0106 - 0.0203
Bl 5 00326  —0.0025  0.0301 0.0104 - 0.0197
A2 5 —0.0145  0.0580 0.0435 0.0109 0.0114 0.0212
B2 4 —0.0134  0.0655 0.0521 0.0105 0.0158 0.0258
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Inlet Outlet

(c) (d) Inlet Outlet

4

Figure 10. Simplified models of DPD for the analysis of aerodynamic power consumption.
(a) Noninstalled through-flow model A1; (b) Noninstalled with powered fans model A2; (¢) Mounted
through-flow model B1; (d) Mounted with powered fans model B2.

As shown in Table 3, the total dissipation rates Cg, of Al and B1 were almost the same,
with a difference of only 0.0008, 75% which was from the difference in C§, and 25% from
the difference in Cg. Therefore, the installation of the DP system has minimal effect on the
aerodynamic dissipation rate of the DPD. Afterward, the effect of the DP system operation
on the dissipation rates of the DPD was analyzed through A2 and B2, both of which had
powered fans in the DP system. The analysis was conducted under the cruise condition
(i.e., Cp, = 0.38 and Cx = —0.0149) and the negative Cx was chosen to balance the drag of
the components that were not involved in simplified models. The aerodynamic forces and
dissipation rate were calculated in the same way as the through-flow condition. The jet
loss @jet was calculated using Equation (7) with the integration plane placed at the exit of
the DP system.

As shown in Table 3, at the cruise condition, the total aerodynamic dissipation rate
coefficient Cg of B2 was remarkably higher than that of A2. The dissipation rate decom-
position in Table 3 shows that half of the increase in Cg came from the increase in Cg,

and the other half came from the concomitant increase in que: These results are different
from those of the propulsion airframe configuration which showed that the boundary
layer dissipation did not change significantly with BLI [15,27]. The increased Cf in B2
may be caused by the interaction between the aerodynamic outer flow around the BWB
airframe and the propulsive inner flow of the DP system. According to the power balance
equation (Equation (1)), if an identical value of Cx is obtained by B2 with A2, the input
power coefficient Cpk of B2 should be enlarged to balance the increase in Cg, and thus the

jet velocity Vijet is enlarged within a constant outlet area, which leads to the increase in C];Ie)t.
Furthermore, the distribution of the surface friction (Cy) near the inlet of the DP

system was compared between A2 and B2 to explain the increase in Cg. As shown in
Figure 11, the red and blue areas outline the regions with a large and low local dissipation
rate, respectively. The surface friction in front of the DP system inlet of B2 was significantly
larger than the local surface friction of A2. The streamwise range of the enlarged surface
friction was about the DP system length, which encountered a strong APL
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Figure 11. Comparison of the distribution of surface friction coefficient C iz

2.62 x 1073

To further relate this strong surface friction ahead of the DP system with the streamwise
velocity in the boundary layer, the local velocity profiles in the boundary layers of Al,
B1, and B2 were compared (Figure 12a) and the resulting velocity gradients in the normal
direction du/dy were calculated in Figure 12b. Compared to Al, the simplified model
B1 and B2 generated a flatter velocity profile at the inlet of the DP system, and thus the
near-wall velocity gradients of B1 and B2 increased significantly (Figure 12b). This resulted
in a strong local dissipation rate ¢ according to Equation (10).

(a) (b)
107! A7 107!
I —A1
1072 B1 1072 \ —B1
B2 N
~ 103 ~10°3 B2
g g
~107 1074
107 / 107 )
107 T , 107
107! 1 10 10% 102 103 10* 10° 106
u (m/s) Ou/dy (s)

Figure 12. Comparison of the velocity profiles (a) and the velocity gradients (b) in the boundary layer
at the DP system inlet of Al, B1, and B2.

The local dissipation rates ¢ at the DP system inlet of Al, Bl, and B2 were then
decomposed into 0.50u3 and Ce using Equation (12), as shown in Table 4. The value of
¢ at the DP system inlet of B1 was similar to that of A1, which was consistent with the
comparison results of the total dissipation rate @, (Table 3). However, the value of ¢ at the
DP system inlet of B2 was twice that of Al, indicating that the stronger dissipation rate of
B2 was strongly related to the API effect. The decomposition results in Table 4 further show
that the variation in 0.5pu> was the dominant factor of the change in ¢. This phenomenon
may be due to the fact that the high mass flow rate of the DP system increased the flow
velocity around the installation location, which thus increased the velocity on the outer
edge of the boundary layer and the local dissipation ¢. Therefore, it is suggested that an
improved design of the DP system should reduce the speed at the inlet to decrease local ¢.

Table 4. Decomposition of local dissipation rates ¢.

®(x, y) (kg/s®) 0.50u> (kg/s®) Cop
Al 46.7 1.96 x 104 0.0024
B1 51.8 1.53 x 10* 0.0034

B2 99.7 3.23 x 10% 0.0031




Aerospace 2022, 9, 704

14 of 17

3.3. Improvement of Stall Characteristics of a DPD at Poststall Angles of Attack

Wind tunnel experiments were further conducted to demonstrate the stall character-
istics of the DPD at large angles of attack. Here, the nozzle pressure ratio (NPR) of the
fan, defined as the ratio of total pressure of the fan outlet flow to the ambient pressure,
was employed to represent the throttle statuses and all six fans operate at a uniform NPR
level in each test. We defined the state “low throttle” in which the NPR was 1.008. and we
also defined the state “high throttle” in which the NPR was 1.029. Each measurement was
repeated two times to remove any random error.

Figure 13 shows the stream-normal force coefficient C; versus the change of angle of
attack a for both throttle statuses. The curve named “clean-airframe” corresponded to the
clean BWB airframe of the DPD, serving as the baseline case for subsequent comparisons.
The throttle status named “low throttle” was used to determine the minimum values of
NPR in gliding flight when the fans were installed in the nacelles to avoid a dangerous stall.
It was different from the windmilling state, in which no input power was applied to the
fans. The throttle status named “high throttle” corresponded to the climbing flight of the
DPD, which simulated the operation state of the DP system under strong API effects. Thus,
a comparison between “low throttle” and “high throttle” could demonstrate how the stall
characteristics of the model were changed by the DP system.

1.5 —»— clean-airframe
—+—low throttle
. high throttle _s****™
g 0.5
0
-0.5
-10 0 10 20 30 40

o)
Figure 13. Comparison of the C; — « curves at two throttle statuses.

As shown in Figure 13, the stall angle of attack amax of “clean-airframe” was approxi-
mately 21°, and the maximum stream-normal force coefficient Cy,max was about 1.02. As
o further increased into the poststall range, the increase of C; was leveled off and then
remained around 0.9 since o > 25°. However, at & = 12°, the Cy, at the “high throttle”
only experienced a short plateau period and then continued to increase witha. The stall
angle of attack amax of “high throttle” was about 30°, which was 9° larger than that of
“clean-airframe”. The Cp.max of “high throttle” was about 1.47, which was 0.45 larger than
that of “clean-airframe”, leading to a stall lift enhancement of over 47%. These results show
that the API effects of the DP system can remarkably increase the values of &max and Cp max
of the scaled-down DPD model, which is useful for improving stall performance.

To monitor the flow separation of the scaled-down DPD, some fluorescence minitufts
were pasted to the upper surface in the experiments of three statuses. Two angles of
attack were selected for analysis (18° and 35°). The shorter the length of the fluorescent
minituft, the more violent the minituft was, which indicated a more serious flow separation.
Moreover, the constant length of the minituft indicated that the local flow was attached.
Figure 14a—-d show that both the “low throttle” and “clean airframe” experienced surface
separation at the central plane, indicating that this throttle status led to trivial improvement
in the stall characteristics and was reasonable as the minimum operating throttle of the
DP system to ensure safety. Figure 14c—f illustrate that the “high throttle” status alleviated
the spanwise flow on the upper surface and the flow separation around the central plane,
especially at an angle of attack of 35°. The suppression of separated flow on the upper
surface of the” high throttle” status explains how the API effects of the DP system improve
the stall characteristics of the scaled-down DPD.
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(a) (b)

P '
V=33m/s b V=33m/s

clean airframe . clean airframe
a=18° o=35°

(c) (d)

Figure 14. Fluorescent minituft pictures of the wind tunnel experiments. (a) “clean airframe” at
o =18°; (b) “clean airframe” at o = 35°; (c) NPR = 1.008 at o = 18°; (d) NPR = 1.008 at « = 35°;
(e) NPR = 1.029 at « = 18°; (f) NPR = 1.029 at o« = 35°.

4. Conclusions

In this paper, the aero-propulsive interference (API) effects led by the distributed
propulsion (DP) on scaled-down blended-wing-body (BWB) airframes were examined
using both simulations and experiments. The aerodynamic forces of an 11:1 scaled-down
DP demonstrating aircraft (DPD) were compared between CFD simulations and flight
tests, confirming the accuracy of our numerical setup. Based on the CFD data, the aero-
propulsive integrated power balance approach was used to evaluate the aerodynamic
power consumption of the aircraft. In addition, wind tunnel experiments were conducted
to examine the stall characteristics of the aircraft at large angles of attack. Results show
that the API effect of the DP system can significantly increase the lift coefficient and
the overall power consumption of the aircraft. The lift coefficient of an aircraft with
strong API increased by 0.05 compared to one with a weak API, which was approximately
13% of the cruise lift coefficient (0.38). The high-speed inflow of the DP system enlarges
the normal gradient of the streamwise velocity within the boundary layer, which thus
improves the viscous dissipation rate of the boundary layer. For the stall characteristics,
the DP system can increase the critical angle of attack that triggers the stall, and the
maximum lift capacity of the aircraft is improved by over 47%. Additionally, not only is the
maximum lift coefficient improved, but the overall lift coefficient of the high-throttle model
is high throughout the test range. These findings may provide further insights into the
aerodynamic power consumption of a BWB airframe with a DP system, giving suggestions
for future designs.
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