Proceedings of the

2016 12th World Congress on Intelligent

Control and Automation (WCICA)

June 12 — 15, 2016, Guilin, China
ISBN: 978-1-4673-8414-8
IEEE Catalog Number: CFP16496-ART

& IEEE



P315

P316

P317

P318

P319

P320

P321

P322

P323

P324

P325

P326

P327

P328

P329

P330

P331

P332

P333

P334

P335

Reactive Power Compensation in Microgrids via Distributed Control Strategy

Xiong Hu, Hong Zhou, Zhi-Wei Liu, Zhi-Hong Guan and Ming Chi 1635
Combustion Timing Control of HCCI Engine Based on FNN-PID and Black-box Model
Taixiong Zheng, Song Pan, Yongfu Li, Bin Yang, Lichen Shi and Zuyao Li 1641

Output Feedback Tracking Control of A Class of Continuous Nonlinear Systems via Adaptive Dynamic
Programming Approach

Yang Yang, Dong Yue and Jing Shi 1647
Analysis of Coupling Effects between Flight and Propulsion Systems for DPC aircraft

Jing Zhang, Xianfa Zeng and Lingyu Yang 1653
Rolling element bearing diagnostic based on EEMD and SVM

Nan Xie, Fei Ma and Beirong Zheng 1658
Imperialist Competitive Algorithm for Design Optimization of Crane Metallic Structure

Xiaoning Fan and Zhiyong Cui 1663
A Programmable Electrical Stimulator for Suppressing Pathological Tremor

Wei Xin, Yongsheng Gao, Shengxin Wang and Jie Zhao 1669
Exponential Stability of Impulsive Differential Systems with Variable Delays

Huamin Wang, Shukai Duan, Tingwen Huang and Lidan Wang 1675
Modeling of Spacecraft with Flexible Solar Panel Considering Thermally Induced Motion

Lijun Li and Liang Tang 1681
A Novel Spatial Approach for Classification of High-Resolution Image Scene

Yuxia Sheng and Xiaoyong Bian 1686

Event-Based Consensus of First-Order Discrete Time Multi-Agent Systems
Wei Zhu and Zhongyuan Tian 1692

Location Recommendation Algorithm Based on Temporal and Geographical Similarity in
Location-based Social Networks

Zhengwu Yuan and Haiguang Li 1697
Design of Fractional Order Smith Predictor Controller for Non-Square System

Shuai Lei, Zhicheng Zhao and Jinggang Zhang 1703
An Improved ORB, Gravity-ORB for Target Detection on Mobile Devices

Zhuqing Hu and Yongshi Jiang 1708

Multi-model switching control of hypersonic vehicle with variable-geometry scramjet inlet based on
adaptive neural network
Jingqi Gao, Ligian Dou and Peihua Su 1714

Selective Ensemble Kernel Partial Least Squares Method based on Dual Layer Genetic Algorithm
Optimization with Its Application
Jian Tang, Tianyou Chai, Zhiwei Wu, Zhuo Liu and Wen Yu 1720

Design and 2D Finite Element Analysis for a Novel Magnetic Gear Integrated Brushless Permanent
Machine

Lifei Zhang and Qingqing Ding 1726
Integrated Fault Detection and Control for 2-D Roesser Systems

Ren Yingying, Da-Wei Ding and Li Mo 1731
A Neural-Network-Based Model of Hysteresis in Magnetostrictive Actuators

Yu Shen, Lianwei Ma, Jinrong Li, Xinlong Zhao, Xiuyu Zhang and Hui Zheng 1737
Application of Weighted Evidence Theory in the Space-Earth Fault Diagnosis Result Fusion of
Spacecraft

Wenjing Liu and Baoyi Teng 1742

Design of H_infinity Optimal PID Controller Based on Multi-Agent Particle Swarm Optimization
Algorithm
Binquan Wang, Lingcheng Kong and Guoqi Ma 1749

XiX


ZJ
高亮


Analysis of Coupling Effects between Flight and Propulsion Systems
for DPC aircraft

Jing Zhang, Xianfa Zeng and Lingyu Yang

Abstract—The noteworthy feature of aircraft with distribute
propulsion configuration is the integration of the fuselage and
semi-embedded distributed propulsion system, which brings
strong coupling effects between flight and propulsion systems.
The aim of this article is to systematically investigate the
coupling effects due to boundary layer ingestion under different
flight states. As the basis, the definition of boundary layer
ingestion is put forward and the modeling process of distributed
propulsion system is described in detail. An analysis method
based on the distributed propulsion model and CFD
computation is proposed. By using this method, the coupling
characteristics between flight and propulsion system are
generally analyzed under different flight heights and velocities.
The results of this study demonstrate that the coupling effects
can significantly improve the aerodynamic performance.

I. INTRODUCTION

ISTRIBUTED propulsion configuration (DPC) is the

most likely novel design of civil aircraft to effectively

reduce pollution emission and improve fuel economy.
Compared to the traditional large civil aircraft, the
noteworthy feature of DPC aircraft is the integration of
blended wing body (BWB) layout and a semi-embedded
distributed propulsion system, inducing the special
aerodynamic effect, i.e. boundary layer ingestion (BLI). This
effect can ingest the boundary layer flow of the upper
fuselage surface into engines, thus significantly improving
the aerodynamic performance. On the other hand, flight and
propulsion systems of DPC aircraft are strongly coupled due
to the BLI effect.

The coupling effects between flight and propulsion
systems are represented as two aspects: 1) Different flight
states have significant influence on the intensity of boundary
layer ingestion. 2) Different BLI intensities usually affect the
aerodynamic characteristics of DPC aircraft.

Current researches usually focus on the specific influence
of BLI effect to engine’s performance. To assess the
performance of BLI engines, propulsion benefits in terms of
wake parameters and propulsion properties are demonstrated
in [1]. The impacts of ingesting the boundary layer on the
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turboelectric distributed propulsion systems and off-design
performance are examined in [2]. Recently numerical and
experimental investigations of the BLI propulsion system are
conducted[3-8], and current results show that BLI propulsors
may offer power savings of up to 85% over the baseline
configuration [3]. These studies usually concern about the
performance of the BLI propulsion system, and limited
studies are available on the coupling effects between flight
and propulsion influenced by BLI. Reference [9] takes an
initial investigation into the effects of boundary layer
ingestion on the aerodynamic of a transonic wing. However,
the DPS model is not involved in the computational
procedure, thus the fidelity of computational fluid dynamics
(CFD) computation would be declined consequently.

As above, as the most important feature of DPC aircraft,
the coupling effects between flight and propulsion systems
due to BLI should be deeply investigated. Aiming at this
problem, this paper carries out a systematic research into the
specific coupling effect under different flight states and its
influence on the DPC aircraft’s acrodynamic characteristics.

This article is organized as follows. First, the concept of
BLI effect is put forward first, and then the detailed modeling
process of distributed propulsion system (DPS) is given.
After that, the analysis method based on DPS model and CFD
is described in section III. Then, the coupling effects between
flight and propulsion systems are systematically analyzed
under different flight states. Finally, analysis results and
conclusions are stated.

II. MODELING OF DISTRIBUTED PROPULSION SYSTEM

A. Definition of BLI effect

For 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 fuselage into distributed engines and
effectively improve fuel economy.

In this paper, the intensity of BLI 7, is defined as

4,

773u = (1)
4y

where A4, refers to the cross-section of the engine’s inlet; 4,

refers to a cross-section far ahead perpendicular to the air
flow velocity with the same mass flow rate as A4, . The

relationship between 4, and 4, is shown in Fig.1.

Air mass flow rate g, at A, is expressed by



q =KR)j*A01*Q(/101)

2)
VT
Air mass flow rate ¢, at A4, is similarly expressed by
P x4 %
qm =K 0 0 *q(ﬂ'(]) (3)

T
where P, T" are the total pressure and the total temperature,
respectively. The subscripts “0” and “01” represent the
entrance of the selected analysis region far ahead and the
entrance of the inlet. K is the flow coefficient, and
q(A) represents the flow function.
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Fig. 1. Definition of the BLI intensity

According to the model characteristics of engine, we have

R =R.T, =T, “4)
Then the intensity of BLI can be further expressed as
4, _q(Ay)
My, = -0 _ 101 (5)
Ay q(4)
In the above equation, the flow function g(A) is defined
as
e e
— — -1
q(ﬂ){y—“j’lﬂ Ay iy (©)
2 y+1

where ¥ is the specific heat ratio, and A is the velocity

coefficient and it is constrained with the Mach number Ma
as below

P=—2 (7)

B. Modeling process of DPS

As the most representative aircraft with distributed
propulsion configuration, SAX-40 is selected as the research
object in this paper. The distributed propulsion system of
SAX-40 is composed of three distributed engines. Each
engine has three separated tunnels in which a turbofan mainly
provides engine thrust. The control parameters of each engine
can be adjusted individually. The simplified structure of each
engine is shown as Fig.2.

As the inherent characteristics of each tunnel is same, the
modeling process of one tunnel is described as follows.

1) Characteristic equations of components

The thermodynamic process of each component formulates
the following assumptions: (1) The pre-compression segment
is an adiabatic process. (2) There is a loss of total pressure in

the inlet and convergent nozzle respectively, and it can be
represented by the total pressure recovery coefficient.

According to the thermodynamic process, characteristic
equations of the components in each tunnel can be derived as
bellow [10]:

Turbo Shaft Engine
or Llectric Motor

Fig. 2. Components of each engine
Explanations: “0” represents the area located in the undisturbed airflow far
ahead; “01” represents the entrance of the inlet; “1” and “2” represent the
front and rear section of the fan respectively; “8” represents the exit of the
nozzle. The area between section “0” and “01” is pre-compression segment;
the component between “01” and “1” is inlet; the turbofan and nozzle are
located between sections “1” and “2”, “2” and “8” respectively.

a) Pre-compression segment: P, =P, , T, =T,
b)Inlet: B =0, *F,, T, =T,

<

L_l
¢o)Fan: P =7z, *P , T, =T *(ﬂ',:) 7
d)Nozzle: B, =0,*P, ,T, =T,
where 0,,0, are the total pressure recovery coefficients of

the inlet and the nozzle, respectively. Numbers in the
subscripts represent the corresponding sections in Fig.2.
2) Supplementary equations

As described in (2) and (3), the air mass flow rate at inlet
and outlet of each tunnel satisfies

o =gt At e o B A ()

= NV ®)

where A4, refers to the nozzle exit area.
Furthermore, the compressed air at 4, should be checked

whether it fully expands, and the corresponding expressions
satisfy

P 2 y+1
=1 = <
Q(ﬂs) ﬂs G *G,*T *P (}/_’_1}
N C)
P 7+l
188: . * *> 2 ’
o *o*m* B\ r+l

where P is the static pressure.
3) Thrust and power consumption
With the air velocity V,V; at the inlet and exit of each

R=hK




tunnel, the thrust /' and power consumption P, can be
obtained as
F=q,,*V=V)+4*(B-F)
P, =q,,*w,

(10)

L_l *
where w, =L1R*To** (7;) 7 —1|/n; means the power
}/_
consumption with unit air mass flow rate; R is the gas
constant, 7];: is the efficiency of power transmission.

As above, the mathematical model of each tunnel is built.
By synthesizing the feature equations of all tunnels, a whole
DPS model can be obtained. This model can provide essential
boundary conditions for CFD computation.

III. ANALYSIS METHOD BASED ON DPS MODEL

According to the boundary conditions provided by the DPS
component model, an analysis method based on the DPS
model and CFD is described in this section. In this method, a
synthetic 2D computational model is designed to simulate the
boundary layer ingesting process by using the boundary
section parameters, which are designated by the DPS model.

First, as the basis, a whole shape model including fuselage
and propulsion are built in the CFD environment. As the BLI
effect mainly occurs in the entrance of distributed engines, a
representative 2D model is captured at the longitudinal
section including the left engine. The whole shape model and
2D computational model are illustrated in Fig.3.
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(a) whole shape model

(b) 2D sectl del wi engmé
Fig. 3. CFD computation model

The 2D section model is mainly used to compute and
analyze the BLI effect, and the whole model can validate the
effectiveness and guarantee the accuracy of the
computational model. In the 2D section model, the boundary
section parameters contain engine’s entrance parameters
including the static temperature 7;, , the static pressure £,

the flow rate ¢,,, , as well as engine’s outlet parameters
including the static temperature 7, the static pressure F,, the

jet velocity V. These boundary parameters can be calculated

by the DPS mathematic model.

By changing the parameters (T, , P, , q,,, ) (I3, B, V) of
DPS at different flight states, the coupling effects between
flight and propulsion systems can be simulated and computed
by CFD computation, and consequently the influence
regularity of the BLI effect on aerodynamic characteristics
can be determined.

IV. ANALYSIS AND RESULTS

Based on the DPS model and CFD computation, coupling
effects between flight and propulsion system are investigated.
Analyses of the BLI effect under different flight states and its
direct influence on aerodynamic characteristics are conducted
in this section.

A. Analysis of coupling effects under different velocities

Typical flight height H =10000m and different velocities
Ma=0.6 , Ma=0.8 are selected for comparisons. By
computing with CFD, the velocity and pressure plots of 2D
model with BLI effect at H =10000m , Ma=0.6 are
obtained, as shown in Fig.4.

(a) velocity plot of the intact section

(b) pressure plot of the intact section

Fig. 4. Velocity and pressure plots under H=10000m, Ma=0.6

In comparison, the velocity and pressure plots at the same
height and Ma = 0.8 are obtained, as shown in Fig.5.

lot of the intact section

(b) pressure plot of the intact section



Fig. 5. Velocity and pressure plots under H=10000m, Ma=0.8

As shown in Fig.4 and 5, we can discover that a shock
wave emerges on the upper surface at high speed Ma =0.8,
and consequently a low-pressure region occurs on the
entrance of the nacelle.

With different BLI intensities, the lift coefficient C, at

different flight velocities are shown in Fig.6.
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Fig. 6. Comparisons of aerodynamic coefficients at different velocities

As can be seen in Fig.6, the BLI effect can significantly
affect aerodynamic characteristics. With BLI effect
increasing, the lift coefficient increases sharply and then
reaches a limit at the certain extent of BLI intensity.
Comparisons between different velocities
Ma=0.6 , Ma=0.8 reveals that the lift coefficient at
Ma = 0.8 is generally larger than the lower speed, which is
coordinated with the CFD computation results shown in Fig.4
and Fig.5. Likewise, the variation range inducing by BLI
effect is larger at high speed, which indicates that the
improvement to aerodynamic lift of BLI effect would be
enhanced.

B. Analysis of coupling effects under different heights

Another typical flight state H =5000m , Ma=0.6 is
selected to analyze aerodynamic characteristics under various
heights. The velocity and pressure plots of 2D model with
BLI effect at H =5000m , Ma = 0.6 are shown in Fig.7.

Under this flight state, the lift coefficient C, with different
BLI intensities is shown in Fig.8.
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Fig. 7. Velocity and pressure plots under H=5000m, Ma=0.6

(b) pressure plot of the intact section

By comparison to results at former height 4 =10000m ,
we can find that the airflow velocity in the entrance of the
inlet is lower at height H =5000m , and another feature is a
lower jet velocity required due to more airflow ingested into
engines.
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Fig. 8. Aerodynamic lift coefficient under H=5000m, Ma=0.6

Compared to aerodynamic characteristics at H =10000m ,
Ma =0.8, the common feature of the lift coefficient C, is

that it will increase along with the intensifying BLI effect.
However, the differences are also obvious. First, the curves
distribute more tightly at the lower height, meaning that the
inducing effect of jet velocity is weaker at H =5000m .
Moreover, the lift coefficient varies linearly throughout the
entire BLI intensity range at H =10000m . However, there is

a slow-varying region 77,,, € [0.9,1.0] on the C, curve at

H =5000m , meaning that there is a retardation region as the
height is lower.

In conclusion, different flight states including velocity and
height have significant influence on the intensity of boundary
layer ingestion, forming variation pressure distribution of
airflow on the upper surface of fuselage, and this leads to a
further impact on the aerodynamic characteristics of DPC



aircraft.

V. CONCLUSION

The coupling effect between flight and propulsion systems
is an important feature of DPC aircraft. Aiming at this point,
this article presents a systematic research into the specific
coupling effect under different flight states. The regularities
of coupling effects are calculated based on the DPS model
and CFD computation.

A point to be taken into further consideration is the
comprehensive analysis method based on 3D computational
model. Compared to the 2D computational model in this
article, 3D model including the fuselage and all distributed
engines can generate more accurate computational results.
Furthermore, the lateral aecrodynamic characteristics due to
discrepant BLI effects can also be analyzed, which is
essential to realize integrated control of DPC aircraft.
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