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Model-based analysis of boundary layer
ingestion effect on lateral-directional
aerodynamics using differentiated
boundary conditions

Jing Zhang1, Xianfa Zeng2 and Lingyu Yang1

Abstract

The noteworthy feature of aircraft with distributed propulsion configuration is the integration of a blended-wing-body

type airframe and an embedded distributed propulsion system, thus inducing the specific boundary layer ingestion effect.

Different boundary layer ingestion effects on the distributed engines may generate asymmetric flow fields on the airframe

surface, and then lead to the unique lateral-directional aero-propulsive close coupling. To investigate the lateral-

directional aerodynamics influenced by boundary layer ingestion, a new comprehensive computational method based

on the differentiated boundary conditions is proposed. This method uses a synthetic three-dimensional computational

model including the airframe and multi-engine to analyze the aerodynamic characteristics, and the essential boundary

conditions can be extracted from the thermodynamic distributed propulsion system model to represent the different

boundary layer ingestion intensities on the left and right engines. Subsequently, detailed model-based analyses of bound-

ary layer ingestion influences on the lateral-directional aerodynamic characteristics are conducted, and the influence

regularities under different flight states are revealed. All the results demonstrate that the differentiated boundary layer

ingestion intensities on distributed engines can certainly affect the roll and yaw aerodynamic performance of the

distributed propulsion configuration aircraft.
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Introduction

Requirements for greener aviation have led to the
innovative design of civil aircraft. Distributed propul-
sion configuration (DPC),1–6 considered by some to
be the most probable trend for commercial airliner, is
a new integrated design provided for civil aircraft to
effectively improve fuel economy and reduce pollution
emission. Compared to the conventional configur-
ation with the tube-and-wing airframe and independ-
ently podded engines, the noteworthy feature of DPC
is the integration of a blended-wing-body (BWB) type
airframe and an embedded distributed propulsion
system (DPS), inducing the specific boundary layer
ingestion (BLI) effect.7–11 By ingesting the fuselage
boundary layer into the engines, potential benefits in
the aircraft efficiency and fuel consumption can be
distinctly obtained;12–15 however, the aerodynamics
and propulsion of the DPC aircraft are closely
coupled as well. Especially, DPC is composed of
multi-engine with individually adjusted control par-
ameters, and may form the different intensities of

BLI on the distributed engines. This will generate
the asymmetric flow fields on the airframe surface,
and then lead to the corresponding unique lateral-
directional aerodynamic characteristics. Hence, the
lateral-directional aero-propulsive coupling effect
becomes a unique feature for this type of aircraft.
As the most important characteristic of DPC, the
aero-propulsive coupling effect should be thoroughly
explored to precisely develop the comprehensive
model including flight and propulsion, and ultimately
to achieve the integrated flight/propulsion control of
the DPC aircraft. In view of this, it is therefore

Proc IMechE Part G:

J Aerospace Engineering

2017, Vol. 231(13) 2452–2463

! IMechE 2016

Reprints and permissions:

sagepub.co.uk/journalsPermissions.nav

DOI: 10.1177/0954410016667148

journals.sagepub.com/home/pig

1Science and Technology on Aircraft Control Laboratory, Beijing

University of Aeronautics and Astronautics, Beijing, China
2Beijing Institute of Control & Electronics Technology, Beijing, China

Corresponding author:

Jing Zhang, Science and Technology on Aircraft Control Laboratory,

Beijing University of Aeronautics and Astronautics, New Main Building

E602, No. 37, Xueyuan Road, Haidian District, Beijing 100191, China.

Email: zhangjing2013@buaa.edu.cn

https://uk.sagepub.com/en-gb/journals-permissions
https://doi.org/10.1177/0954410016667148
journals.sagepub.com/home/pig


necessary to systematically study the lateral-directional
aero-propulsive close coupling influenced by BLI.

Current research on the aero-propulsive coupling
effect usually focuses on the longitudinal aerodynamic
characteristics influenced by BLI. Lugo et al.16 inves-
tigated the effects of BLI on the aerodynamics of a
transonic wing using a two-dimensional (2D) compu-
tational model of a transonic airfoil with BLI propul-
sion system. A preliminary parametrical analysis of a
supercritical airfoil with BLI was conducted, and
effects of the mass flow ratio, Mach number, angle
of attack, and geometrical parameters on the longitu-
dinal aerodynamic performance of the aircraft wing
were analyzed numerically. Computational results
demonstrated that the high mass flow ratio enhanced
the acceleration on the upper surface of the airfoil,
thus had a beneficial effect on the aerodynamic lift.
Kerho17 conducted a computational investigation into
the aero-propulsive coupling effects of a set of bound-
ary layer ingesting fans mounted near the trailing edge
of a wing. A computational model of a 5-fan turbo-
electric distributed propulsion geometry based on a
NACA 643-618 section was developed to study the
aerodynamic/propulsive coupling effects and, subse-
quently, the effects of different fan thrust angels and
fan thrust levels were investigated. The results from
the investigation showed that varying the fan thrust
angle or the fan thrust level would significantly affect
the sectional lift, drag, and pitching moment. Wick
et al.18 selected three candidate distributed propulsion
configurations, including the upper trailing edge, the
lower trailing edge, and the embedded concepts to
integrate with a representative conventional aircraft,
and a baseline assessment of their aerodynamic per-
formance was performed by computational fluid
dynamics (CFD). The simplified 2D study and detailed
3D study were carried out in sequence, and the per-
formance was compared with conventional under wing
engine installations of equivalent fan propulsive areas.
To model the BLI effects, the modified CFD boundary
condition was also calculated that enabled the simu-
lation of fans running at constant power settings.
This research revealed that the development of an
embedded configuration had an 8% improved longitu-
dinal aerodynamic efficiency at transonic flight condi-
tions. Kang et al.19 conducted a preliminary research
on the aerodynamic lift and drag characteristics with
different BLI effects. Based on a simplified 2D sectional
model of the DPC aircraft, the detailed numerical ana-
lysis of BLI influences on the aerodynamics was carried
out. Computational results indicated that the BLI
effect had extraordinary potential to improve the aero-
dynamic lift and lift-to-drag ratio characteristics.

In all, the existing studies mostly concentrate on
the longitudinal aerodynamic performance of the
DPC aircraft; however, the literature on the lateral-
directional aero-propulsive coupling effect has still
rarely appeared. Aiming at this problem, the unique
lateral-directional aerodynamic characteristics due to

different BLI effects is primarily investigated in this
article. First, a general comprehensive computational
method based on the differentiated boundary condi-
tions is proposed. As DPC is still in the conceptual
design phase, the most feasible approach is to analyze
the aero-propulsive coupling by CFD computations.
In view of this, this article presents a model-based
3D computational method in which the essential
boundary conditions are extracted from the DPS
thermodynamic model to represent the different BLI
intensities on the left and right engines. Subsequently,
to validate the effectiveness of this proposed method,
model-based CFD computational analyses of BLI
influences on the lateral-directional aerodynamic per-
formance are carried out for a specific DPC aircraft.
And then the valuable regularities of computation
results under different BLI effects and flight states
are explored.

The article is organized as follows. The description
of the 3D computational method based on boundary
conditions is presented first. This section is then fol-
lowed by the determination of differentiated bound-
ary conditions for distributed engines. After which,
BLI influences on the lateral-directional aerodynamic
characteristics for a specific DPC aircraft at different
flight states are investigated by CFD. Lastly, conclu-
sions are stated in the final section.

Description of the 3D computational
method based on boundary conditions

To accurately investigate the BLI effect on the lateral-
directional aerodynamics, a comprehensive 3D com-
putational method based on the boundary conditions
is proposed in this section. This method consists of
three main steps. The first step is to build a synthetic
3D computational model, which includes the blended-
wing-body airframe and the embedded distributed
propulsion system. The multiple distributed engines
have separate control parameters, in order to realize
the differentiated BLI on the left and right engines
respectively. The second step is to acquire the differ-
entiated boundary conditions based on the thermo-
dynamic DPS model. Boundary conditions at engine
inlet and nozzle exhaust outlet are provided by the
actual response surface parameters of the DPS
model. Synthesizing the 3D computational model
and differentiated boundary conditions, CFD compu-
tations can be conducted in the third step. By fully
utilizing the obtained boundary conditions, the flow
field with BLI is simulated, and then the roll and yaw
moment coefficients can be reliably calculated under
different BLI effects.

SAX-40 is selected as the object to further describe
the detailed computational process. SAX-40 is a prom-
inent achievement of the Silent Aircraft Initiative pro-
gram conducted by Cambridge University and MIT,4,5

which utilizes a representative 3-engine configuration
to achieve the benefits of distributed propulsion.
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Step 1: According to SAX-40’s shape construction,
a 3D blended-wing-body model is built initially, and
then three distributed engines are embedded in the
upper surface trailing-edge ingesting the boundary
layer. The synthetic 3D computational model in
CFD is illustrated in Figure 1.

The control parameters of SAX-40’s three distrib-
uted engines can be adjusted individually, such as the
pressure ratio of the fans �k, and the nozzle exit area
A8. Each control set (�k,A8) directly corresponds to a
specific boundary layer ingestion intensity �BLI, and
corresponds to the specific boundary conditions as
well. Boundary conditions include engine’s inflow
parameters (T1,P1,qm) and outflow parameters
(T8,P8,V8). T,P,V,qm represent respectively the static
temperature, the static pressure, the velocity, and the
air flow rate. Subscripts ‘‘1’’ and ‘‘8’’ refer to engine
inlet and nozzle exhaust outlet, respectively.

Step 2: According to the current flight altitude
h and Mach number M, the reference aerodynamic
parameters are obtained by CFD with a 3D
blended-wing-body model. Then the flight/propulsion
matching analysis with the DPS model is conducted to
determine the thrust range, as well as the correspond-
ing range of DPS control sets (�k,A8). After that, the
feasible differentiated boundary conditions are deter-
mined and set on the left and right engines separately,
in order to simulate different BLIs on the distributed
engines of the DPC aircraft. For the left engine, its
inflow and outflow parameters are set as (T1 left,
P1 left, qm left), (T8 left,P8 left,V8 left), with the corres-
ponding boundary layer ingestion intensity �BLI left.
Similarly, for the right engine, the boundary condi-
tions are set as (T1 right,P1 right, qm right), (T8 right,
P8 right,V8 right), with the corresponding ingestion
intensity �BLI right. By changing the engine’s inlet
and outlet feature parameters, the different BLI effects
on the left and right engines can be represented and

the impact to the lateral-directional aerodynamics can
be analyzed numerically. The differentiated boundary
conditions can be provided by the response surface
parameters of the thermodynamic DPS model,
which is described particularly in the subsequent
section.

Step 3: Based on the 3D computational model and
differentiated boundary conditions, the CFD analyses
are carried out subsequently. By fully using the differ-
entiated boundary conditions, such as (T1 left,
P1 left, qm left), (T8 left,P8 left,V8 left), (T1 right,P1 right,
qm right), (T8 right,P8 right,V8 right), computational
fluid dynamics simulations proceed. The flow fields
around the airframe and the embedded distributed
engines are obtained, and then the lateral-directional
aerodynamic characteristics, including the roll and
yaw moment coefficients, can be numerically calcu-
lated under differentiated BLI effects.

As mentioned above, the comprehensive 3D com-
putational method is gathered and illustrated in
Figure 2.

Determination of differentiated
boundary conditions

The differentiated boundary conditions are extracted
from SAX-40’s distributed engine model. SAX-40
utilizes a 3-engine configuration as shown in Figure
1, and 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.20

The components of each engine include the inlet, dis-
tributed fans, the core-engine compressor, the burner,
the turbine, and the variable exhaust nozzle. The
layout of each engine is illustrated in Figure 3.

In which, ‘‘1’’ represents the region in the undis-
turbed airflow far ahead, ‘‘1’’ represents the entrance

Figure 1. 3D computational model.
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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.

Boundary conditions, i.e. the inflow and outflow
parameters are determined by the inherent character-
istics and the thermodynamic process of all compo-
nents, described as follows.

Supposing the flight altitude h and Mach number
M, the static pressure, temperature, and the free-
stream velocity (P0,T0,V1) of the undisturbed airflow
can be obtained.21

Inlet: According to P0,T0, the entrance parameters
of the inlet can be calculated by

P�1 ¼ P0 1þ
� � 1

2
M2

� � �
��1

ð1Þ

T�1 ¼ T0 1þ
� � 1

2
M2

� �
ð2Þ

where � is the specific heat ratio, P�, T� refer to the
total pressure and temperature in this article, and
numbers in the subscripts represent the corresponding
stations in Figure 3.

Figure 2. 3D computational method for lateral-directional aerodynamics analysis.

Figure 3. Layout of each engine.
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The total pressure recovery coefficient �i is selected
to represent the loss of total pressure in the inlet, and
consequently the characteristic component equations
are expressed as

P�2 ¼ �i � P
�
1, T

�
2 ¼ T�1

Distributed fans and core-engine compressor:
Distributed fans include one core-engine fan and
two propulsor fans on each side. The air flow in the
distributed fans and core-engine compressor is
approximately considered as the isentropic process.
Then the thermodynamic equations of all fans and
compressor can be expressed as

P�3 ex ¼ �k ex � P
�
2, P�3 in ¼ �k in � P

�
2

T�3 ex ¼ 1þ �
��1
�

k ex � 1

� �
1

�k ex

� �
� T�2,

T�3 in ¼ 1þ �
��1
�

k in � 1

� �
1

�k in

� �
� T�2,

P�4 ¼ �c � P
�
3 in,

T�4 ¼ 1þ �
��1
�
c � 1

� �
1

�c

� �
� T�3 in

where �k,�k are the fan pressure ratio and efficiency,
�c,�c are the core-engine compressor pressure ratio
and efficiency, respectively. Subscripts ex,in refer to
the external propulsor fans and the internal core-
engine fan, respectively.

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

Assuming the fuel flow is qmf, and thus the burner
exit mass flow is qm5 ¼ qmf þ qm with the correspond-
ing fuel-to-air ratio being f ¼ qmf=qm. According to
the enthalpy function He ¼ gðT�, f Þ, the enthalpy
value of the burner entrance H4 can be determined
as H4 ¼ gðT�4, f Þ. Then the burner exit enthalpy
value H5 is calculated as follows

H5 ¼
qm �H4 þ qmf �Hu�b

qm5

where Hu is the fuel heat value. Correspondingly the
burner exit temperature T�5 is obtained.

Based on the characteristic parameter �b, the total
pressure at the burner exit is also calculated as

P�5 ¼ �b � P
�
4

Turbine: The purpose of the turbine is to trans-
mit the required power to distributed fans. On

the basis of the turbine entrance pressure and tem-
perature (P�5,T

�
5), the turbine exit parameters can

be computed by

P�6 ¼
P�5
�g

,

T�6 ¼ T�5 1� 1�
1

�
��1
�
g

0
@

1
A�g

2
4

3
5

where �g,�g are the turbine pressure ratio and effi-
ciency, respectively.

Nozzle: The air flow in the nozzles can be approxi-
mately regarded as the isentropic process. Then for
the internal and external nozzles, the total pressure
and temperature at the exit are obtained as follows

P�8 ¼ �n � P
�
n, T�8 ¼ T�n,

P�n ¼
P�6 for internal

P�3 ex for external

�
,

T�n ¼
T�6 for internal

T�3 ex for external

�

where �n represents the pressure loss in the nozzle.
P�n,T

�
n are the total pressure and temperature at the

entrance of the nozzle.
The compressed air at the nozzle exit should be

checked whether it fully expands, and the correspond-
ing expressions satisfy

P8 ¼
P�n
�cr

P�n
P0

4�cr

P8 ¼ P0
P�n
P0

5�cr

8<
:

where P8 refers to the static pressure of the nozzle

exit, �cr is the critical pressure ratio, and �cr ¼ ð
2
�þ1Þ

��1
� .

Then according to the relationships between the
total pressure P�8 and the static pressure P8, the total

Table 1. Differentiated boundary conditions.

Left engine

�BLI left¼ 0:97

Right engine

�BLI right¼ 1:05

Engine inflow

parameters

T1 (K) 224.6 219.9

P1 (Pa) 27,036 25,129

qm (kg/s) 431.3 469.8

Engine outflow

parameters

T8 (K) 227 227

P8 (Pa) 26,436 26,436

V8 (m/s) 265.9 277.8
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temperature T�8 and the static temperature T8

P�8
P8
¼ 1þ

� � 1

2
M2

8

� � �
��1

ð3Þ

T�8
T8
¼ 1þ

� � 1

2
M2

8 ð4Þ

Mach number at the nozzle exit M8 and the cor-
responding static temperature T8 can be determined.

Figure 4. Velocity and pressure plots of �BLI left¼ 0:97 and �BLI right¼ 1:05: (a) pressure plot (Pa), �BLI left¼ 0:97,�BLI right¼ 1:05;

(b) sectional pressure plot on left engine (Pa); (c) sectional pressure plot on right engine (Pa); (d) sectional velocity plot on left engine

(m/s); (e) sectional velocity plot on right engine (m/s).
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Subsequently, the nozzle exit velocity V8 is
obtained as

V8 ¼M8 �
ffiffiffiffiffiffiffiffiffiffiffiffi
�RT8

p

where R is the gas constant. And with this, the out-
flow parameters (T8,P8,V8) are acquired.

The air mass flow rate qm can be expressed as

qm ¼ K
P�i � Ai � qðliÞffiffiffiffiffiffi

T�i
p

where K is the flow coefficient, A is the cross-sectional
area of the engine’s components. qðliÞ refers to the
flow function, which is defined as

qðliÞ ¼
� þ 1

2

� � 1
��1

li 1�
� � 1

� þ 1
l2i

� � 1
��1

ð5Þ

in which li is the velocity coefficient related to Mach
number.

Figure 5. (a) Lift and (b) drag coefficients.
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Therefore, the flow function qðl1Þat the entrance of
the engine inlet satisfies

qðl1Þ ¼
A8P

�
8

ffiffiffiffiffiffi
T�1

p
A1P

�
1

ffiffiffiffiffiffi
T�8

p qðl8Þ

Correspondingly, in accordance with equation (5),
the velocity coefficient and Mach number at the
engine inlet (l1,M1) are obtained.

Similar to equations (3) and (4), the static pressure
P1 and the static temperature T1 at the engine inlet are
calculated by

P�1
P1
¼ 1þ

� � 1

2
M2

1

� � �
��1

T�1
T1
¼ 1þ

� � 1

2
M2

1

As above, all the boundary conditions including
engine’s inflow parameters (T1,P1,qm) and outflow
parameters (T8,P8,V8) are determined.

For the left and right engines, the control param-
eters are set as (�k left, A8 left), (�k right, A8 right),
respectively. Then, the corresponding differentiated
boundary conditions (T1 left,P1 left, qm left), (T8 left,
P8 left,V8 left), and (T1 right,P1 right, qm right), (T8 right,
P8 right,V8 right) can be separately determined by the
calculation process mentioned above. And different
BLI intensities �BLI left, �BLI right are obtained as

�BLI left ¼
qðl1 leftÞ

qðl1Þ
, �BLI right ¼

qðl1 rightÞ

qðl1Þ

where l1 is the velocity coefficient of the undisturbed
airflow.

Preliminary analysis of BLI effect
on lateral-directional aerodynamics

Based on the 3D computational method with differ-
entiated boundary conditions, the direct influences of
BLI on the lateral-directional aerodynamic character-
istics 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. Dangelo1 and Hileman et al.4 indi-
cate that the cruise speed of the latest generation
SAX-40 is designed as Ma¼ 0.8, and the conceptual
baseline airliner B-20 is designed to cruise at
Ma¼ 0.6. Besides, the CFD computations for the typ-
ical conceptual DPC aircraft are conducted for flight
Mach numbers ranging from 0.5 to 0.85.4,6 In add-
ition, the usual cruising altitude range is mainly 8000–
12,000m for most civil airliners. On the basis of the
above analysis, two typical flight states h¼ 10,000m,
Ma¼ 0.6 and h¼ 10,000m, Ma¼ 0.8 are selected to
conduct the preliminary research on the aerodynamic
characteristics influenced by BLI.

First, the analysis of the lateral-directional aero-
dynamic characteristics influenced by BLI is con-
ducted under the typical flight state h¼ 10,000m,
Ma¼ 0.6. The differentiated boundary conditions
including engine’s inflow and outflow parameters for
different BLI intensities �BLI left ¼ 0:97, �BLI right ¼

1:05 are illustrated in Table 1. Figure 4 shows the
velocity and pressure plots of the DPC aircraft with
the above differentiated BLI intensities.

Figure 6. Roll and yaw moment coefficients.
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As can be seen, the asymmetric velocity and pres-
sure characteristics appear with the differentiated BLI
intensities �BLI left ¼ 0:97, �BLI right ¼ 1:05. Compared
to the plots of the left and right engines, it can be
easily seen that the flow velocity on the upper surface
of airfoil is obviously raised with the larger BLI inten-
sity �BLI right ¼ 1:05 and, in consequence, the static
pressure on the upper surface decreases apparently,
particularly near the inlet of the right engine. That

is, BLI has a direct effect on the velocity and pressure
distribution of the DPC aircraft. As a result of
the asymmetric velocity and pressure characteristics,
the lateral-directional aerodynamics including roll
and yaw moments are generated.

Then the influences of BLI on the aerodynamic
coefficients are investigated. The lift and drag coeffi-
cients CL,CD with different BLI intensities �BLI left ¼

0:97 and �BLI right ¼ 1:05, �BLI right ¼ 1:18 on the

Figure 7. Velocity and pressure plots of h¼ 10,000 m, Ma¼ 0.8: (a) pressure plot, (Pa), �BLI left¼ 0:97,�BLI right¼ 1:18; (b) sectional

pressure plot on left engine (Pa); (c) sectional pressure plot on right engine (Pa); (d) sectional velocity plot on left engine (m/s);

(e) sectional velocity plot on right engine (m/s).
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distributed engines are shown in Figure 5. And the
corresponding roll and yaw moment coefficients CM

with �BLI left ¼ 0:97, �BLI right 2 0:97, 1:18½ � are calcu-
lated and shown in Figure 6.

As can be seen, the different BLI effects can sig-
nificantly affect the lateral-directional aerodynamic
characteristics. While the BLI intensity of the right
engine is increasing, the differences in the lift, drag
coefficients of the two wings �CL, �CD generally
increase. And correspondingly, the negative rolling
and yawing moments are generated due to the

asymmetric aerodynamic lift and drag. The roll
moment coefficient with �BLI right 2 0:97, 1:18½ � usually
has an apparent change, and the variation range
induced by differentiated BLI effects is from
�0.0012 to 0. In comparison, the yaw moment coef-
ficient varies just to a relatively small extent with the
increasing BLI differences, and this reveals that the
negative roll moment is the main factor in the lat-
eral-directional aerodynamics induced by the differen-
tiated BLI intensities. In summary, these results
demonstrate that differentiated BLI intensities on

Figure 8. Comparisons of (a) roll and (b) yaw moment coefficients.
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the distributed engines can certainly affect the lateral-
directional aerodynamic characteristics of the DPC
aircraft, and the change regularity of the aerodynamic
roll and yaw moment coefficients due to BLI provides
a reference for other DPC aircraft.

Furthermore, in order to compare the BLI influ-
ence between different velocities, another flight state
h¼ 10,000m, Ma¼ 0.8 is selected. With different BLI
intensities �BLI left ¼ 0:97, �BLI right ¼ 1:18 on the left
and right engines respectively, the velocity and pres-
sure plots of the DPC aircraft are shown in Figure 7.

Accordingly, comparisons of the BLI influences on
the aerodynamic roll and yaw moment coefficients CM

for different flight velocities M ¼ 0:6 and M ¼ 0:8 are
shown in Figure 8.

Similar to the flight states h¼ 10,000m, Ma¼ 0.6,
the asymmetric velocity and pressure distribution of
the DPC aircraft at higher velocity M ¼ 0:8 are also
distinctly appeared with the differentiated BLI inten-
sities, as shown in Figure 7. Comparisons between the
plots of the left and right engines show that a low-
speed turbulence region occurs near the left nacelle
with the smaller BLI intensity �BLI left ¼ 0:97, mean-
ing that the flow field on the upper surface may be
partly contaminated by this turbulence region.
However, as the BLI intensity of the right engine
increases to 1:18, the turbulence region near the
right nacelle disappears, and the airflow in front of
the engine inlet observably accelerates. Because of
the asymmetric velocity and pressure characteristics,
the aerodynamic roll and yaw moments are certainly
generated.

Comparisons of the two aerodynamic moment coef-
ficients illustrations in Figure 8 indicate that the vari-
ation range of the roll and yaw moment coefficients
induced by the differentiated BLI effects is generally
larger at higher velocity, which indicates that the influ-
ence of BLI on the lateral-directional aerodynamics
tends to be relatively enhanced. For the roll moment
coefficient, it will vary monotonously along with the
intensifying BLI difference, and the maximum vari-
ation range is up to 0.0023 approximately. Similarly,
the variation of the yaw moment coefficient related to
BLI apparently presents a three-fold increase at
M ¼ 0:8. Generally, the BLI influences on the roll
and yaw aerodynamic performance would be strength-
ened when the flight velocity increases.

In conclusion, all the results demonstrate that the
differentiated BLI effects on the distributed engines can
definitely affect the lateral-directional aerodynamic
characteristics of the DPC aircraft. The change regula-
rities illustrate that the influences of BLI on the aero-
dynamic roll and yaw moment coefficients appear to be
enhanced along with the increasing BLI differences and
flight velocity. These acquired regularities have certain
reference value to other similar aircrafts. By effectively
utilizing this unique lateral-directional aero-propulsive
coupling effect, integrated flight/propulsion optimal
control of the DPC aircraft can be achieved precisely.

Conclusion

The unique lateral-directional aero-propulsive cou-
pling effect is an important feature of the DPC air-
craft. Aiming at this point, this article conducts a
preliminary study on this particular lateral-direc-
tional aerodynamic characteristic due to BLI.
First, a general model-based 3D computational
method is proposed to analyze the aero-propulsive
coupling by the CFD computations. The determin-
ation of the essential boundary conditions is
described in detail according to the thermodynamic
DPS model. Then, a systematic analysis of BLI
effects on the lateral-directional aerodynamic char-
acteristics is carried out. The computational results
demonstrate that differentiated BLI effects on the
distributed engines can generate the aerodynamic
roll and yaw moments evidently. The valuable reg-
ularities of the computation results under different
BLI effects and flight states are concluded. The pro-
posed method and common regularities are espe-
cially useful for other DPC aircraft. A point to be
taken into further consideration is to achieve the
integrated flight/propulsion control of this type of
aircraft by taking advantage of the aero-propulsive
coupling effect.
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Appendix

Notation

A cross-sectional area
CL lift coefficient
CD drag coefficient
CM moment coefficient
h flight altitude
K flow coefficient
M Mach number
P static pressure
P� total pressure
qm air flow rate
R gas constant
T static temperature
T� total temperature
V velocity

� efficiency coefficient
�BLI BLI intensity
� specific heat ratio
l velocity coefficient
� pressure ratio
� total pressure recovery coefficient
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