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Abstract

Purpose — Boundary layer ingestion (BLI) is one of the probable noteworthy features of distributed propulsion configuration (DPC). Because of
BLI, strong coupling effects are generated between the aerodynamics and propulsion system of aircraft, leading to the specific lift and drag
aerodynamic characteristics. This paper aims to propose a model-based comprehensive analysis method to investigate this unique
aerodynamic.

Design/methodology/approach — To investigate this unique aerodynamics, a model-based comprehensive analysis method is proposed. This
method uses a detailed mathematical model of the distributed propulsion system to provide the essential boundary conditions and guarantee the
accuracy of calculation results. Then a synthetic three-dimensional computational model is developed to analyze the effects of BLI on the lift and
drag aerodynamic characteristics.

Findings — Subsequently, detailed computational analyses are conducted at different flight states, and the regularities under various flight altitudes
and velocities are revealed. Computational results demonstrate that BLI can improve the lift to drag ratio evidently and enable a great performance
potentiality.

Practical implications — The general analysis method and useful regularities have reference value to DPC aircraft and other similar aircrafts.
Originality/value — This paper proposed a DPS model-based comprehensive analysis method of BLI benefit on aerodynamics for DPC aircraft, and
the unique aerodynamics of this new configuration under various flight altitudes and velocities was revealed.
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Nomenclature q¢» = air mass flow rate, kg/s;
@y = fuel flow, kg/s;
Symbols q(A) =flow function, kg/s;
A; = cross section of inlet, m?; R = gas constant, J/(kg-K);
As  =nozzle exit area, m% T = static temperature, K;
C;  =lift coefficient, dimensionless; T* = total temperature, K;
Cp =drag coefficient, dimensionless; vV = velocity, m/s;
E,, =power consumption, W; a = angle of attack, deg;
F = thrust, N; B = critical pressure ratio of nozzle, dimensionless;
f =tuelto air ratio, dimensionless; m = pressure ratio, dimensionless;
H, = enthalpy function, J; v = specific heat ratio, dimensionless;
h  =flight altitude, m; A =velocity coefficient, dimensionless;
K =flow coefficient, dimensionless; o = total pressure recovery coefficient, dimensionless;
M = Mach number, dimensionless; n = efficiency coefficient, dimensionless; and
P = static pressure, Pa; nprr = BLI intensity, dimensionless.
P*  =total pressure, Pa;
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Acronym, abbreviation
BLI =boundary layer ingestion;
BWB =blended wing body;
CFD = computational fluid dynamics;
DPS = distributed propulsion system; and
DPC = distributed propulsion configuration.

Introduction

Distributed propulsion configuration (DPC) is a novel design
for civil aircraft that effectively improves fuel economy and
reduces pollution emission. Different from the traditional
transport aircraft with thrust-generating engines either under
the wings or on the fuselage to minimize aerodynamic
interactions on the vehicle operation, the concept of DPC is to
fully integrate a propulsion system within the airframe with the
feature of distributing thrust using many propulsors such that
the aircraft takes full synergistic benefits of coupling of airframe
aerodynamics and the propulsion thrust (Kim, 2010). DPC is
considered by some to be the future trend for commercial
aviation (Dangelo, 2010; Hileman ez al., 2007). Compared to
the conventional large civil aircraft (Liebeck, 2004), one of the
probable innovations for DPC is the integration of blended
wing body (BWB) layout and the semi-embedded distributed
propulsion system (DPS). Engines can ingest the boundary
layer on the upper surface of the fuselage, and then certainly
affect the flow fields on the airframe surface, featuring the
unique boundary layer ingestion (BLI) effect. The purpose of
BLI is to maximize the advantage of the coupling effect
between the aerodynamics and propulsion system of the DPC
aircraft. With this specific BLI effect, the lift and drag
aerodynamic characteristics of the DPC aircraft are
significantly improved by ingesting the boundary layer flow into
the engines, and the aerodynamics and propulsion system of
aircraft are closely coupled. As the most important
characteristic of DPC, the aero-propulsive coupling effect
should be thoroughly explored to achieve the integrated flight/
propulsion control of the DPC aircraft. In view of this, it is
therefore necessary to systematically study the unique lift and
drag aerodynamic characteristics influenced by BLI. Current
research on the BLI effect includes three main aspects:
assessments of the BLI effect on the engine’s performance
(Smith, 1993; Felder er al., 2011; Plas, 2006; Kok ez al., 2010),
inlet and nacelle design for the BLI effect (Rodriguez, 2002;
Lee and Liou, 2010; Carter et al., 2006) and active flow control
in the inlet to decrease the adverse impact of BLI (Gorton ez al.,
2004; Owens et al., 2006; Johnson ez al., 2010; Harrison ez al.,
2013). By performing a quantitative experiment on the
Cambridge-MIT “Silent Aircraft,” Plas found that BLI can
reduce fuel burn up to 3.8 per cent (Plas, 2006). Kok ez al.,
2010 found that the DPC configuration with three BLI engines
approximately had a 5 per cent performance improvement in
terms of fuel consumption over a strut mounted propulsion
system (Kok et al., 2010). For the inlet and nacelle design,
Rodriguez ez al. presented a design method that approached the
integration problem of a semi-embedded inlet and fuselage
with multidisciplinary optimization (Rodriguez, 2002). Lee et
al. investigated the discrete adjoint method to achieve shape
optimization of the surface geometry at the inlet entrance to
improve the quality of incoming flow into the engine. By using
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the optimization procedure, the new inlet could yield the
significant improvements of more than 50 per cent reduction in
flow distortion and 3 per cent increase in total pressure recovery
(Lee and Liou, 2010). For flow control on the BLI inlet, Owens
et al. presented a small-scale demonstration of an active flow
control system for a BLI inlet, and the data showed that the
flow control jets and the vortex generators can significantly
reduce circumferential distortion (Owens ez al., 2006). These
studies focused mostly on the internal characteristics of
engines, with little concern for the aero-propulsive cross
coupling effects.

In 2012, Lugo et al.,2012 investigated the effects of BLI on
the aerodynamics of a transonic wing using a two-dimensional
computational model of a transonic airfoil with BLI propulsion
system (Lugo ez al., 2012). However, the detailed DPS model
was not built in the computational procedure, and
consequently the detailed inlet and outlet boundary conditions
for computational fluid dynamics (CFD) solution cannot be
provided accurately. For the engine fan inlet, only the static
pressure was assumed as the boundary condition, which was
varied to change the mass flow entering the engine. Kang ez al.
also conducted a preliminary two-dimensional (2D) study on
the aerodynamic characteristics with different BLI effects
(Kang et al., 2014). Based on a simplified 2 D sectional model
of the DPC aircraft, numerical analysis of BLI influences on the
lift and drag aerodynamics was carried out. Borer Nicholas
et al. discussed the development of two design-order
approaches to capture the aerodynamic-propulsive benefits of
different types of distributed electric propulsion for NASA’s X-
57 flight demonstrator (Borer ez al., 2017). X-57 used multi-
propulsor distributed across the leading edge of the wing, which
was different from the aircraft configuration that produced the
BLI effect to some extent, and the BLI coupling effect was not
studied here. Kerho Michael and Wick et al. conducted the
computational investigation into the aero-propulsive coupling
effects on the distributed propulsion system. A computational
model of a five-fan turbo electric-distributed propulsion
geometry was developed. Subsequently the effects of different
fan thrust angles and thrust levels on the sectional lift, moment
were investigated (Kerho, 2015). Perry ez al., 2018, further
carried out wind tunnel experiments on a NACA 645;-618
airfoil model with an array of five ducted fans integrated across
the upper-surface trailing edge (Perry er al., 2018). On other
aspects, three candidate DP configurations, namely, the upper
trailing edge, the lower trailing edge and the imbedded
concepts, were selected and integrated with a representative
conventional aircraft to perform a baseline assessment of their
aerodynamic performance in 3 D (Wick ez al., 2015). To model
BLI effects, modified CFD boundary conditions were
developed that enabled the simulation of fans running at
constant power settings. The inflow boundary conditions
included the calculated total temperature and total pressure.
With a specified increment in the total temperature and an
assumed adiabatic efficiency, downstream boundary
conditions were then computed. This simplified CFD
boundary condition was inadequate in accounting for BLI on
the DPC aircraft.

In summary, the above established computational model and
the simplified boundary conditions cannot accurately reflect
the aerodynamic regularities influenced by the BLI effect.
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Nonetheless, as the most important feature of the new DPC,
the unique aerodynamics with the BLI effect should be
investigated systematically and thoroughly.

To overcome this, a DPS model-based comprehensive
analysis method is proposed to accurately investigate the BLI
effect. It uses a detailed DPS mathematical model to provide
the actual CFD boundary conditions and guarantee the
accuracy of the BLI simulation. Then a synthetic 3-D
computational model is built to analyze the aerodynamic
characteristics with different BLI intensities. Moreover, model-
based computational analyses are conducted at different flight
states, and the useful regularities under various flight altitudes
and velocities are revealed. As a general analysis method for
DPC, the common calculation process and regularities in this
paper have reference value to other similar aircrafts.

This paper is organized as follows. The illustration of the BLI
effect is presented first. This section is then followed by the
detailed modeling process of all the DPS components. Then,
the description of the comprehensive analysis method is
described in detail, after which, BLI influences on the
aerodynamic characteristics at different flight states are
investigated by the CFD computation. Finally, conclusions are
stated in the final section.

Illustration of the boundary layer ingestion effect

For the DPC aircraft, the distributed propulsion system is

usually semi-embedded on the upper rear edge of the BWB

fuselage, leading to the typical aerodynamic effect, BLI. The

initiative purpose of BLI is to ingest the wake flow on the upper

surface of the fuselage into distributed engines and effectively

improve fuel economy. The BLI effect is illustrated in Figure 1.
The BLI intensity 1 p; ;is defined as:

Ao
’r] = —
BLI= g

9]
where A, refers to the cross-section of the engine’s inlet and A,
refers to a cross-section far ahead perpendicular to the air flow
velocity with the same mass flow rate as A4;.

According to the air mass flow rate expression
gm = KP*A;q()\;)/ V' T+, the BLI intensity [equation (1)] can
be further expressed as:

2

Figure 1 lllustration of BLI effect
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where P* and T* are the total pressure and the total
temperature, respectively. K is the flow coefficient, and ¢(A))
represents the flow function, which is defined as:

1 1

+1\7 —1 )\

RARILS R (I A A
2 y+1 !

where 7y is the specific heat ratio and A; is the velocity
coefficient related to Mach number. The subscript 7 represents
the different cross sections.

q(Ai) = 3

Modeling process of distributed propulsion
configuration

A typical DPC aircraft with three engines is selected as the
research object in this paper (Hileman ez al., 2007). It uses a
three-engine configuration with nine fans to achieve the
benefits of distributed propulsion. Each engine has a single core
with one low pressure turbine to drive three fans. A
transmission system is used to divide and transmit the required
power from the turbine into the distributed fans (Blanco ez al.,
2007). The components of each engine include the inlet,
distributed fans, the core-engine compressor, the burner, the
turbine and the variable exhaust nozzle. The layout of each
engine is illustrated in Figure 2.

In which, “c0” represents the region in the undisturbed
airflow far ahead, “1” represents the entrance of the inlet, “2”
and “3” represent the entrance and exit of distributed fans,
respectively, “4” represents the exit of the core-engine
compressor, “5” and “6” represent the front and rear sections
of the turbine and “8” represents the exit of the exhaust nozzle.
The DPS model is built on the basis of the inherent
characteristics and the thermodynamic process of all
components, and the detailed modeling process of each engine
is described as follows.

Characteristic equations of components

As the distributed engines are embedded on the upper surface

of the fuselage, the fan inlet is not freestream flow as in a

conventional aircraft but partly boundary flow. As a

consequence, the following assumptions are introduced in the

components modeling:

« All the inlet flows are fully mixed before entering
propulsors.

«  No fan efficiency drops because of inlet distortion (Liu
etal.,2012).

Inlet

Suppose that the flight altitude and Mach number are s, M
respectively, and then the static pressure, the static temperature
and the freestream velocity (Py, Tp, V) of the undisturbed
airflow can be determined. According to Py, Ty, the entrance
parameters of the inlet can be calculated by:

X

—1 y-1
P, =P, (1 o= MZ) @
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Figure 2 Layout of each engine
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where P and T are the total pressure and temperature,
respectively. Numbers in the subscripts represent the
corresponding stations in Figure 2.

The total pressure recovery coefficient o; is selected to
represent the loss of total pressure in the inlet, consequently the
characteristic component equations are expressed as:

P,=o0;xP], T, =T (6)
Distributed fans are shown in Figure 2. The distributed fans
include one core-engine fan and two propulsor fans on each
side. The air flow in distributed fans is approximately
considered as the isentropic process. Then based on
[equation (6)], the thermodynamic equations of all fans can be
expressed as below:

P, = Tfe*x P @)
P;Jn = 7Tf,in * P; (8)
" r=t 1 *
T3_ex =1+ Tf_ex -1 7 * T2 (9)
_ex
- =1 1 -
T; . =1+ (Wf,,'n v =1 ? * T, (10)
_in
27 k ¥ 7 * *
E,.;r= ﬁR(TS_ex — T2) * Qm_ex T ﬁR(TB_in - TZ)
*qm_in (1 1)

where P; and T3 are the total pressure and temperature at the
fan exit, 75 m, and g¢,, are the fan pressure ratio, the fan
efficiency and the air mass flow, respectively. Subscripts ex and
in refer to the propulsor fans and the core-engine fan,
respectively. R is the gas constant, E, is the total required
power of distributed fans.
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Core-engine compressor

For the internal duct, the air flow in the core-engine
compressor has the similar thermodynamic process to
the distributed fans. Hence, based on [equations (8) and (10)],
the parameters at the core-engine compressor exit can be
calculated by:

PZ :WC*P;JVL (12)
. x1 1 .

T4:<1+(7ch —l)—)*T3m (13)
UP N

Epe =—Y—R(T} — T5.) * dnin (14)
’y—l 4 3.n -

where 77, and 7, are the compressor pressure ratio and
efficiency, respectively. E,,. refers to the required power of the
core-engine compressor.

Burner
After the core-engine compressor, the high-pressure air enters
into the burner to fully mix with fuel flow. Two important
parameters of the burner are the total pressure recovery
coefficient o, and the burn efficiency 7.

Assume the fuel flow is g, thus the burner exit mass flow is
G5 = Gmf + @m_in With the corresponding fuel to air ratio is:

f = QMf/Qm,in (15)

According to the enthalpy function H, = (T, f), the enthalpy
value of the burner entrance H,; can be determined as
Hy =g(T;.f). Then the burner exit enthalpy value Hs is
calculated as below:

_ Qm_in * H4 + me * Hu My
Ims

Hs

(16)

where H,, is the fuel heat value. Correspondingly the burner exit
temperature 77 is obtained.

Based on the characteristic parameter o, the total pressure
at the burner exit is also calculated as:

P; =0, P} an

Turbine

The purpose of the turbine is to transmit the required power to
distributed fans. On the basis of the turbine entrance pressure
and temperature P;, T., the turbine exit parameters can be
determined as:

P*
P, == (18)
L
1
T, =T;|1- (1 v_1> ng} (19)
Ty ¥

where 7, and 7, are the turbine pressure ratio and efficiency,
respectively.
The power provided to distributed fans is calculated by:
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Eor = qus (8(T5.f) — (T4 1)) (20)

Nozzle

The air flow in the nozzles can be approximately regarded as
the isentropic process. Then for the internal and external
nozzles, according to [equations (7) and (9)], the total pressure
and temperature at the exit are obtained as below:

Tg_in = Tg’ Tg_ex = T;_ex (21)
Py, =0,xP, P, =0,%P; (22)

where o, represents the pressure loss in the nozzle. (Pg ;,, Ty ;,)
and (P ,., Tg ,) are the characteristic parameters of the
internal and external nozzles, respectively.

Supplementary equations

The propulsive power generated by the turbine is the sum of the
actual power to the propulsor fans and the required power in
the core-engine. The equation is expressed as:

EgT = Eref + Erec (23)

Furthermore, the compressed air at the nozzle exit should be
checked whether it fully expands, and the corresponding
expressions satisfy:

P P;
PS_in = Bi Fﬁ > :Bcr
cr P(j (24)
Psyy=P L<
8_ 0 PO Bcr
P; P;
Pg_ = o 2 > Bcr
Bcr PO
b 25)
P. o = P 3_ex
8_¢ 0 P() < Bcr

where Py ;, and Ps ., refer to the static pressure of the internal

nozzle and the external nozzle, respectively, B, is the critical
y-1

pressure ratio of nozzle, and 8, = (ﬁ) 7.

Thrust and power consumption

On the basis of the above characteristic [equations (21) and
(22)] and supplementary conditions [equations (24) and (25)],
the intrinsic net thrust F and the power consumption E,, of
each engine can be obtained:

2y
E,=—"_R(T}
re '}’*1 (3

_ex

{ F = quus(Vs_in — V1) + (Ps_in — Po)As_in + 2[qm_ex(Vs_ex — V1) + (Ps_ex — Po)As x|

—T) G + %R(T;‘ —TY) % Qi

(26)

where 1/} and Vg represent the inlet velocity and the nozzle exit
velocity, respectively. Ag is the nozzle exit area. Subscripts in
and ex refer to the internal and external nozzles, respectively.
By synthesizing the three-engine characteristic equations, a
complete DPS model can be obtained. This model describes
the relationships among flight states (%, M), control parameters
(75 Asg), and output variables of the propulsion system, i.e. the
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sectional parameters (7, P), net thrust and power
consumption (F, E,,) and the BLI intensity 9 g/ .

Description of the distributed propulsion
configuration model-based analysis method

To accurately investigate the BLI effect, a new
comprehensive analysis method based on the DPS
mathematical model and CFD is proposed in this section.

The DPS model designates sectional feature parameters at

the engine inlet and outlet as the actual boundary conditions

in CFD computation. A synthetic 3-D CFD model is
designed to fully use the provided boundary conditions to
simulate the boundary layer ingesting process. In view of the
comprehensive composition of the DPS model and CFD
computation, the BLI effect at different flight states can be
calculated reliably, thereby providing conclusive data in
support of the change regularities.

The overall scheme of the comprehensive analysis method is

shown in Figure 3.

As shown, the scheme has three major parts:

1 First is the overall shape model including the blended-
wing-body airframe and the embedded distributed
propulsion system. Each distributed engine has separate
control parameters to represent different intensities of BLI.

2 The second is the DPS mathematical model, which is
developed on the basis of the inherent characteristics of
engine components. The DPS model provides the actual
feature parameters at the engine inlet and nozzle exhaust
outlet. Different feature parameters correspond to
different BLI effects.

3 DPS model-based CFD
subsequently.

calculations  proceed

Based on the shape construction and the DPS mathematical
model, a synthetic 3-D computational model is built in the
CFD environment, which is illustrated in Figure 4.

By changing the engine’s inlet and outlet feature parameters,
different BLI effects are represented and the aircraft
aerodynamic characteristics, including lift and drag
coefficients, can be numerically calculated by CFD
correspondingly. The inlet and outlet boundary conditions of
DPS are set as the flow entrance and the velocity exit. The
boundary conditions contain engine’s inflow parameters
including the static temperature 7, the static pressure P; and
the air flow rate ¢,,, as well as engine’s outflow parameters

Figure 3 Scheme of the comprehensive analysis method

CFD Calculation

Simulation
Object

Boundary
Conditions

Shape Mathematical
Construction Model of DPS

Model Parameters
Adjustment
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including the static temperature 7Ty, the static pressure Pg and

the jet velocity Vs. These boundary parameters can be

calculated by the DPS mathematic model described above.
During CFD computations, there are six main procedures:

1  Current flight states including the altitude 2 and Mach

number M are determined.

Aerodynamic reference values are obtained by CFD with

a 3-D computational model without engines.

Based on the reference values of aerodynamic parameters,

flight/propulsion matching analysis with the DPS model is

conducted to determine the range of thrust, as well as to

determine the range of DPS’s control parameters and the

corresponding BLI intensity.

According to the DPS’s parameters, the

corresponding boundary conditions are extracted from

the outputs of the DPS model.

The representative compute nodes are further extracted

from the boundary conditions.

CFD computations are conducted on each selected node,

and then the BLI effect can be explored.

2

control

Boundary layer ingestion benefits on
aerodynamics at different flight states

BLI benefits on aerodynamics under different flight states are
investigated systematically in this section. For the conceptual DPC
commercial airliner, the cruise Mach range is approximately from
Mach number 0.6 to 0.8. References indicate that the cruise speed
of the latest generation SAX-40 is designed as Ma =0.8, and the
conceptual baseline airliner B-20 is designed to cruise at Mach 0.6
(Dangelo, 2010; Hileman er al., 2007). Besides, the CFD
computations for the typical conceptual DPC aircraft are
conducted for flight Mach numbers ranging from 0.5 to 0.85
(Hileman et al., 2007; Hileman et al., 2010). In addition, the usual
cruising altitude range is mainly about 8,000-12,000 m for most
civil airliners. On the base of the above analysis, two typical flight
states 2=10,000 m, M=0.6 and ~2=10,000 2, M=0.8 are first
selected to conduct the preliminary benefit analysis on the BLI
effect. The descriptions of type of solver, mesh density and
turbulence model that we used to carry out CFD calculations are
presented in Table L.

Figure 5 shows the velocity and pressure plots of the DPC
aircraft with different BLI intensities ng;;=0.97,np,;=1.18,ath

Figure 4 3D computational model

- o
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= 10,000 m, M = 0.6. The lift and drag coefficients C;, Cp with
different BLI intensities 7 ;7€ [0.9,1.2] are calculated and shown
in Figure 6.

As can be seen in Figure 5, BLI has a significant effect on the
velocity and pressure characteristics of the DPC aircraft. Compared
to the plots of np;; = 0.97 to npr; = 1.08, it can be easily found
that the boundary flow in front of the engine inlet is sucked into the
engine, and the flow velocity on the upper surface of airfoil is
obviously raised with the larger BLI intensity. As a result, the static
pressure on the upper surface decreases apparently, especially an
ultra-low pressure area is appeared near the engine inlet.

Figure 6 shows that BLI can significantly affect the aerodynamic
characteristics. Although the BLI intensity is increasing, the lift
coefficient C; increases simultaneously, which is coordinated with
the CFD computation results shown in Figure 5. Comparisons
between different angle of attack & = 0 and « = 2 reveal that the
lift coefficient with & = 0 generally has a larger augment due to the
BLI influence. On the contrary, the drag coefficient Cp, decreases
just to a relatively small extent with the increasing BLI intensity,
and the maximum variation range inducing by BLI is up to 2 per
cent approximately. The influence of BLI on the drag coefficient is
mainly reflected in the pressure drag. As engines can ingest the
boundary layer on the upper surface of the fuselage, the static
pressure in front of the engine inlet decreases apparently and then
the pressure drag of the propulsion system also reduces. However,
the effect of BLI may also cause different pressure layers on the
airframe surface, and this phenomenon is more prominent with
the increasing BLI intensity and angle of attack. The different
pressure layers may cause the additional pressure drag. Therefore,
the change of the drag coefficient reflects the comprehensive
influence of the above two factors. In summary, these curves
indicate that the BLI effect can effectively raise the aerodynamic lift
coefficient and improve the lift to drag ratio of the DPC aircraft.

Figure 7 (a)-(d) shows the velocity and pressure plots of
different BLI intensities at 2=10,000 m, M =0.8, and the
corresponding lift and drag coefficients C;, Cp are shown in
Figure 7 (e) and (f).

As shown in Figure 7, the velocity and pressure distribution of
the DPC aircraft at the higher velocity M=0.8 are also
significantly affected by BLI. Compared to the plots shown in
Figure 5, the air flow on the upper surface especially in front of the
engine inlet observably accelerates, and then the corresponding
static pressure decreases consequently. Moreover, a low-speed
turbulence region occurs near the nacelle, whereas the BLI
intensity is weak, meaning that the flow field on the upper surface
of the fuselage can be partly contaminated by this turbulence
region and thus the friction drag may be increased.

Comparisons of the curves in Figure7(e) indicate that its
variation range AC; inducing by the BLI effect is generally

Table | Description of solver, mesh density and turbulence model

Items Description

Type of solver
Turbulence model
Mesh density

Density-based implicit solver
Spalart-Allmaras

Reference length (RL) 25% MAC
Number of cells 5% 10°
Minimum mesh size 107> xRL
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Figure 5 Velocity and pressure plots of h=10,000 m, M =0.6
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Figure 6 Aerodynamic coefficients ath=10,000m, M =0.6
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Figure 7 Aerodynamic coefficients ath=10,000 m, M=0.8
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Figure 8 Aerodynamic coefficients under different flight altitudes
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larger at the higher speed, meaning that the improvement of the
aerodynamic lift by BLI tends to be relatively enhanced. For
the drag coefficient, its value just varies in a small range with the
increasing BLI intensity shown in Figure7 (f). The curves
reveal that the drag-reducing ability of BLI is not as obvious as
the lift. Generally, the ability of BLI to improve the lift to drag
ratio would be enhanced when the flight velocity increases.

Then the flight state 2= 5,000 2, M =0.6 is selected to analyze
BLI influences on aerodynamics under different flight altitudes.
The results for different altitudes are shown in Figure 8.

Comparing the two aerodynamic coefficients illustrations in
Figure 8, the common feature of the lift coefficient C; is that it
will increase monotonously along with the intensifying BLI
effect, whereas the drag coefficient Cp decreases
simultaneously. However, the differences are also obvious.
First, the aerodynamic parameters at 2 =5,000 m vary linearly
throughout the entire BLI intensity range np;; €[0.9,1.2].
Moreover, their variation ranges AC;,ACp related to BLI are
apparently larger at the lower altitude, which indicates that the
BLI effect would be strengthened at the lower altitude.

In conclusion, all the results demonstrate that the BLI
effect can definitely improve the aerodynamic lift and the lift
to drag ratio of the DPC aircraft at various flight states,
including different velocities and altitudes. The change
regularities illustrate that the influences of BLI on the
aerodynamic lift and drag coefficients appear to be
enhanced along with the increasing of velocity and
decreasing of altitude. By effectively using this unique aero-
propulsive coupling effect, the overall performance of the
DPC aircraft can be improved remarkably.

Conclusion

BLI effect is an important feature of the aircraft with DPC. Aiming
at this point, this article conducts a systematic research on the
aerodynamic characteristics of the DPC aircraft with BLI effect.
The propulsion-model based comprehensive analysis method is
proposed, which uses the detailed mathematical model of
distributed propulsion system to generate the boundary
conditions. Then a synthetic 3-D computational model is built to
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investigate the influences of BLI on the aerodynamic
characteristics at different flight states. Computational results
demonstrate that BLI can improve the lift to drag ratio evidently
and enable a great performance potentiality.

Further work

A point to be taken into further consideration is the benefit
analysis on the BLI effect under large angle of attack and other
flight phase, and it is essential to realize integrated flight/
propulsion control of the DPC aircraft.
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