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ABSTRACT

The large dual-channel wide-bodied aircraft has a long range and a high cruise Mach number. Therefore, its
aerodynamic design requires a high level of wind tunnel test refinement. Based on the requirements of aerodynamic
design for the future wide-bodied aircraft and the characteristics of high-speed wind tunnel tests, the error theory
is introduced to analyze the factors affecting the accuracy of the test data. This study carries out a series of
research on the improvement of refined aerodynamic test technology in an FL-26 wind tunnel, including design
and optimization of the support system of wide-bodied aircraft, model attitude angle measurement, Mach number
control accuracy, measurement and control system stability, test data correction and perfection, high-precision
force balance and standard model development. In addition, the effect of the standard specification of the refined
aerodynamic test is investigated to improve the data quality. The research findings have been applied in the standard
model test and subsequent models of wide-bodied aircraft. The results show that when Mach numbers are less than
0.9, the control accuracy of Mach numbers in the FL-26 wind tunnel is smaller than 0.001 and the measurement
error of attack angle is smaller than 0.01°. Therefore, it has the ability to correct the data influenced by factors, such
as support/wall interference, model deformation, floating resistance and airflow deflection angle. The repeatability
accuracy of the standard model’s comparison test shows that the lift coefficient is less than or equal to 0.0012, the
drag coefficient is less than or equal to 0.00004, pitching moment coeflicient is less than or equal to 0.0004. The
bending resolution of the model’s deformation measurement is less than 0.2 mm, and the tensional deformation
is smaller than 0.04°. The revised aerodynamic data and model deformation measurement results have good
agreement with that of the ETW wind tunnel. The results demonstrate that the improved technology presented
in this paper can significantly enhance the refined aerodynamic test of wide-bodied aircraft.
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1 Introduction

The world’s large passenger aircraft market, especially the wide-bodied aircraft market, has long
been dominated by Boeing and Airbus [1]. In order to break the monopoly, China and Russia plan to
develop wide-bodied aircraft jointly to compete with the A350 airplane and Boeing 787 airplane, with
a designed range of 12000 km, a typical cruising Mach number of 0.85, a maximum cruising Mach
number of 0.89. Due to the high technical demand for wide-bodied aircraft design, such as cruising

This work is licensed under a Creative Commons Attribution 4.0 International License,
@ @ which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.


https://www.techscience.com/journal/CMES
https://www.techscience.com/
http://dx.doi.org/10.32604/cmes.2023.026048
https://www.techscience.com/doi/10.32604/cmes.2023.026048
mailto:pengxin1987@163.com

2692 CMES, 2023, vol.136, no.3

efficiency (Lift-Drag ratio) should exceed 20.5, aerodynamic design is the critical factor to determine
the wide-bodied aircraft development, and the test data accuracy plays an important role for wide-
bodied aircraft design correspondingly.

In recent years, the rapid progress of computer technology and the continuous innovation
of computational fluid dynamics (CFD) and numerical solution methods [2,3] have significantly
promoted the development and application of CFD technology. Mature aerodynamic optimization
design of aircraft has been developed based on CFD technology, which plays a key role in aircraft
development and design at the conceptual selection stage. However, CFD still has some drawbacks
in solving specific engineering application issues. It remains to be improved for such issues as
turbulence/transition simulation, high-precision scheme, dynamic grid technology and computational
resource requirements. Aerodynamic design based on CFD needs to be verified through a reliable and
sufficient aecrodynamic data which can be obtained in wind tunnel test.

By far, wind tunnel test is one of the most important means to understand the aerodynamic
performance of an aircraft and carry out the aerodynamic design since civil passenger planes have
high requirements for economy, safety, comfort and environmental protection, designers face great
challenges in improving the refined high-speed wind tunnel test of wide-bodied aircraft [4,5] and
obtaining the test data with higher accuracy. The accuracy of the wind tunnel test data can be ensured
by improving the quality of wind tunnel flow field, the stability of the measurement and control
system, the processing quality of test model and the level of refined operation. The accuracy of wind
tunnel test mainly depends on the ability to correct the original wind tunnel data and the aerodynamic
characteristics of real flight conditions. Previous studies [6—10] showed that support/wall interference,
model deformation and flow field distortion (air deflection angle and floating resistance) are the main
factors affecting the accuracy of the test data, which can be revised by corresponding data correction
technology.

Based on the aerodynamic design requirements of the future wide-bodied aircraft and the
characteristics of high-speed wind tunnel test, the factors affecting the accuracy of wind tunnel test
data are analyzed. In recent years, China Aerodynamics Research and Development Center has
conducted a series of investigations on the improvement of refined aerodynamic test technology based
on the FL-26 wind tunnel, including the design and optimization of a wide-bodied aircraft support
system, model attitude angle measurement, Mach number control accuracy, stability of measurement
and control system, improvement of data correction, and high-precision balance.

2 Characteristics of High-Speed Wind Tunnel Test of Wide-Bodied Aircraft

Compared to narrow-body aircraft, wide-bodied passenger aircraft adopt supercritical and swept-
back (around 35°) wings and their wind tunnel test is conducted in the near-sonic regions, which leads
to several problems and challenges.

Requirement for a high-precision aerodynamic test. For a wide-bodied aircraft, the designed
cruising range is 12000 km and the cruise lift-drag ratio is required to be no less than 20.5. To meet
the requirement, high-speed wind tunnel test must have high drag coefficient resolution and the short-
term repeatability accuracy index must be less than 0.0001. Therefore, the equipment and technology
of wind tunnel test must be advanced.

Flow field sensitivity. When an aircraft with supercritical wings flies at near-sonic speed, shock-
induced separation will occur on the wing surface, which is particularly sensitive to flow. The slight
difference between flow fields may cause the change of shock position and strength as well as a flow
pattern, which will lead to a significant change in pitching moment and resistance characteristics of the
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test model. Wind tunnel test and numerical simulation research show that when the change of cruise
Mach number (around 0.85) is 0.003, the variation of drag coefficient is within 0.0001 to 0.0008 (as
shown in Fig. 1).
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Figure 1: Influence of different Mach number on drag coefficient for wide-body aircraft model (Mach
number M =0.85, Reynolds number Re= 5.0 x 10°)

Model vibration. Wide-bodied aircraft should be tested at a fixed Reynolds number (Re=
5.0 x 10°). The heavy model load, combined with the excitation of shock-induced separation flow,
is apt to cause severe model vibration, seriously affecting the accuracy of the test data and restricting
the test envelope.

Nonlinear coupling of support/wall interference, there may be obvious coupling between support
interference and wall interference when 0.8 < M <0.96. To get clean benchmark test data, it is
necessary to deduct support interference and wall interference simultaneously, rather than eliminate
them separately [11].

Shock wave interaction. In near-sonic region, the airflow is easily compressed to shock waves.
The strong shock waves in the main support system or auxiliary support system may seriously affect
the aerodynamic measurement results of the test model. Therefore, it is necessary to design the main
and auxiliary support systems carefully and analyze the surface flow pattern and affected area of the
support devices.

3 Influence of the Factors on the Accuracy of High-Speed Wind Tunnel Test Data

The accuracy of wind tunnel test data is usually represented by the accuracy of the resistance coef-
ficient. At present, high-speed wind tunnel test at home and abroad aim to obtain high measurement
accuracy of resistance coefficient. In order to identify the main factors affecting the accuracy of large
aircraft test data, the error transfer function of the resistance coefficient is adopted to determine the
basic error sources and the accuracy control indexes of each error source in wind tunnel test when the
measurement accuracy of the resistance coefficient reaches 0.0001. The calculation equation for the
resistance coefficient without a sideslip angle is shown, as follows:

C,=C,cosa+ Cysinux
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Differentiating the above equation:
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According to the error transfer function, we obtain:
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According to the calculation equation for velocity pressure:
qg=0.7pM’ 4)

The error transfer function of velocity pressure is obtained, as follows:
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The error transfer function of the Mach number in the sub-transonic range is supplemented, as
follows:

G =Ca) |3+ ()]

The meaning of each symbol above in Eqs. (1)—(6) is as follows:

C)—Drag coefficient in air coordinate system
C,—Lift coefficient in air coordinate system
C,—Axial coefficient in body coordinate system
Cy—Normal coefficient in body coordinate system
a—Attack angle of aircraft in air coordinate system
s—Referenced area of aircraft

¢—Dynamic pressure

M—Mach number

p—Static pressure

P,—Total pressure

It can be found that the measurement accuracy of drag coefficient is affected by not only the
measurement accuracy of attack angle, normal force of balance, axial force of balance, total pressure
and static pressure, but also the specific values of Mach number, attack angle, velocity pressure, lift
coefficient, drag coefficient and reference area of wing. In addition, model vibration and wind tunnel
background noise (which may be changed by the variation of open-close ratio of the perforated wall
test section) have an impact on the test accuracy, which remains to be determined.

We take the test model of a reference aircraft which can represent the characteristics of wide-
bodied planes in a 2.4m wind tunnel as the research object. Under typical test conditions (ref-
erence area of 0.2562 m?, average aerodynamic chord length of 0.2082m, Mach number range of
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0.4~0.96, fixed Reynolds number Re=5.0 x 10°), the measurement accuracy of the wind tunnel’s
original parameters must reach a certain value (ca=0.01°, 6 Fy=9N, 0 F,=0.7N, c P=61.8 Pa,
o P, =103 Pa), so that the accuracy of drag coefficient in cruise state o C,, can reach 0.0001.

In addition, the inaccurate measurement of a characteristic parameter will affect other measure-
ments through the functional relationship between the aerodynamic force and a certain characteristic
parameter. For example, the drag measurement accuracy near the drag divergence Mach number is
closely related to the Mach number control accuracy, and the lift coefficient measurement accuracy
is closely related to the angle of attack measurement accuracy. When M = 0.8, 0.82, 0.85, 0.87 (near
M =0.85), the zero-lift drag coefficients calculated by CFD are respectively 0.0119, 0.0122, 0.0138,
0.0165, and the drag coefficients are 0.0205, 0.0205, 0.0203, 0.0234 (the lift coefficient C, =0.5). It
can be deduced that if AM =0.002 (Mach number control accuracy is 0.001), the difference of drag
coefficient will be about 0.00012. According to the calculation of the lift line slope (C,* ~ 0.125),
if the angle of attack measurement differs by Ao =0.01°, the lift coefficient difference will be about
AC,=0.0013.

As mentioned before, the test accuracy is mainly affected by tunnel wall and support interferences,
model deformation, and floating drag. From relevant research results of C919 model and published
technical data of CRM standard model, it can be roughly concluded that the resistance correction
of tail support interference may exceed 15 resistance units, the resistance correction of tunnel wall
interference is about 1 resistance unit, and the resistance correction of floating resistance is about 3
resistance units. The model deformation is closely related to aerodynamic load and Mach number in
the wind tunnel test.

To sum up, the measurement accuracy of drag coefficient is mainly influenced by the measurement
accuracy of basic parameters of wind tunnel test, such as angle of attack, normal force of balance,
the axial force of balance, total pressure and static pressure, Mach number control accuracy, and
other factors that lead to the measurement accuracy of these basic parameters (including real-time
measurement inaccuracy of angle of attack due to model shaking, and increased error of balance
measurement due to the instability of data acquisition system). The tunnel wall interference, support
interference, model deformation, and floating drag are the main factors that influence the test
accuracy.

4 Improvement of Refined Aerodynamics Experiment Technology
4.1 Support System Design and Applications of Active Vibration Reduction Technology

For the same wing span, the fuselage of wide-body aircraft is slenderer and the aerodynamic load is
larger than the C919 model. On the premise of meeting the support stiffness and strength, the model’s
tail is damaged seriously, and problems such as support interference are more prominent. In order to
ensure the reliability of test data, detailed optimization of test support system is needed.

(1) Main support system optimization

As the main support of wide-body aircraft under wind tunnel test, the tail support design impacts
the subsequent test directly. Wide-bodied On the premise of sufficient stiffness and strength, data
simulation is used for optimization of tail support by designing the angle of inclined tail support, the
expanding position and angle of straight section such as strut. The supporting interference device has
been carefully designed.

The main variables of tail shape design include the total length of strut, the diameter of equal
straight section, the length of an equal straight section, and the angle of tail support (as the upturn
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angle of the tail-shaped rear body of civil aircraft is large, the straight tail support will cause large tail
damage). The total length of a strut is fixed due to the restrictions such as the center of rotor of the
FL-76 wind tunnel test section, uniform flow field, model moment reference point, and balance size.
According to the model load and structural finite element analysis, the diameter of straight segment
is 76 mm, so the tail support angle and straight segment length are the main variables in the design. In
order to obtain better parameter values, we take the real shape of wide-bodied aircraft without pod
and tail support as configurations. The CFD simulation based on nested grid is adopted to study the
effect of tail support on aerodynamic coefficient under different tail support angles and equal segment
length. The design goal is to minimize the support interference (A (C,, C,, Cp)), and the calculation
conditions are: M =0.7,0.85, Re=5.0 x 10%, ¢ = —4°~4°, Aax =1°.

Fig. 2 shows the corresponding calculation results. It can be found that the tail support increases
the lift of the whole aircraft. With the increasing of the tail support angle, the influence of the strut
on the lift decreases gradually. As the influence of tail support on the drag decreases gradually and
reaches a minimum at around 6°, the increasing of angle causes rising interference again. The influence
of tail support angle on the moment is similar to that of lift. After comprehensive consideration, the
tail support angle is selected as 6°.
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Figure 2: Influence of incidence angle on aerodynamic interference
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Fig. 3a shows the calculation grid of wide-bodied aircraft with different straight segment lengths
(corresponding to different expansion angles, numbered 1#~5#), and the corresponding results are
shown in Figs. 3b~3c. Overall, it is found that the tail corresponding to 3# has less interference on
aerodynamic characteristics.
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Figure 3: Influence of equal segment length on the interference of strut

(2) Support interference device optimization

Wingtip double support design. A more streamlined design is adopted to reduce aerodynamic
interference, and its flow interference characteristics are analyzed through CFD [12-14]. The support
is a w-shaped structure, containing a double support, support fairing cone, fairing cone cover, double
support struts, double support balance, balance wing connecting cover, sensor shield, and sensor shield
fairing (as shown in Fig. 4). The span distance of double supports can be adjusted (760, 888 and
1016 mm) to meet different test requirements.



2698 CMES, 2023, vol.136, no.3

Upper Cover Plate
Base Support

Fairing

FairingCone

Cover Plate Fairing

u'\ Do

Rear wn Cover Plate

Balance
Fairing

Locating
Key

Incidence Sensor
Shield

/ Fainng

Pin

Down Cover Plate

Sting

i \ Incidence Sensor

Support

Cover Plate

Figure 4: Sketch of wingtip dual support system structure and test photograph

(3) Application of model vibration active suppression technology

To some extent, the support system stiffness affects the data repeatability accuracy. Three tail
supports with different stiffness are used in the study on the repetitive influence. As shown in Fig. 5,
the stiffness of the support system becomes stronger after the diameter of the strut is increased. When
a > 0°, the repeatability accuracy of ¢ = 86 mm is improved obviously.
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Figure 5: Repeatability accuracy of strut with different diameters

Therefore, it is of great value in engineering applications to apply active vibration suppression
system to reduce model vibration and improve the repeatability accuracy of data for angle of
attack above medium values. Table 1 shows the influence when applying the system on testing the
repeatability accuracy of a freighter model test. It can be found that the active vibration suppression
system (AVS) of the model has little influence on the repeatability accuracy of the test within the angle
of attack of 4°. However, when the angle of attack is greater than 4°, the system can improve the
repeatability accuracy significantly.
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Table 1: Comparison of test data repeatability accuracy with and without AVS

of With AVS Without AVS
Oc¢, Ocm, O¢y, Oc¢, Ocm Ocp

-2 0.0032 0.00091 0.00011 0.0021 0.00054 0.00011
0 0.0027 0.00081 0.00006 0.0016 0.00039 0.00001
1 0.0029 0.00072 0.00007 0.0019 0.0011 0.00009
3 0.0024 0.0005 0.00016 0.0007 0.00073 0.0001
4 0.0015 0.00047 0.00011 0.0014 0.00088 0.00009
5 0.0007 0.00068 0.00009 0.0026 0.00141 0.00024
6 0.0005 0.00067 0.00009 0.0058 0.0054 0.00036
7 0.001 0.001 0.00023 0.012 0.01625 0.00047
8 0.0008 0.00184 0.00021 0.0169 0.0312 0.00084

4.2 Improvement of Model Attitude Angle Measurement Technology

In order to improve the real-time measurement accuracy of the model’s angle of attack, video
measurement attitude angle system (VMA) is perfected, and wind tunnel angle sensor (WTAS) suitable
for wind tunnel test is designed and developed (as shown in Fig. 6). In order to improve the working
stability and measurement accuracy of WTAS sensor, we select permanent magnet materials with
high remanence and low temperature coefficient and soft magnetic materials with high magnetic
permeability. In addition, the quartz pendulum and torque coil in the tilt sensor are improved to
reduce the mass of sensitive component sand increase the number of turns of torque coil. Therefore,
the overload range of WTAS tilt sensor reaches £40 g, and the angle measurement range is 45°,
which meet the requirements of accuracy and stability.

Figure 6: WTAS tilt sensor installed in cavity of model

A comparative test of different angles of attack measurement methods (WTAS, VMA and elastic
angle correction) is conducted to study the working characteristics of video measurement attitude
angle system and WTAS tilt sensor. The results indicate that the repeatability measurement accuracy
of WTAS and VMA is high (Table 2). The accuracy level in the main angle of attack measurement
range of wide-bodied aircraft in high-speed wind tunnel test is better than 0.01°. The measurement



2700 CMES, 2023, vol.136, no.3

accuracy of the traditional elastic angle correction method in some working conditions exceeds 0.01°.
In addition, there is an error in fitting the elastic angle formula because it is difficult to calibrate the
elastic angle by using the full-scale design load of the balance. Table 3 shows the angle measurement
comparison between WTAS and VMA, and the maximum difference between them is within 0.009°,
which indicates that the results of WTAS and VMA are reliable.

Table 2: Comparison of the angle of attack accuracy with different measuring ways

Am _20 00 10 20 30 40

O wrs 0.0067 0.0089 0.0086 0.0072 0.0027 0.0058
O vata 0.0057 0.0060 0.0072 0.0074 0.0031 0.0055
or 0.0125 0.0065 0.0109 0.0116 0.006 0.0050

Table 3: Comparison of measurement results by video measurement system and tilt meter

Mechanism angle/° VMA/° WTAS/® Measurement error/°
—4 —3.9825 —3.988 —0.0055

-2 —1.988 -1.99 —0.002

0 —0.003 —0.006 —0.003

2 2.013 2.014 0.001

4 4.021 4.024 0.003

6 6.026 6.028 0.002

8 8.022 8.026 0.004

10 10.023 10.024 0.001

12 12.026 12.028 0.002

The two attitude angle measurement methods established in this study can be extended to high-
speed wind tunnel test without main balance (such as pressure measurement, hinge moment, and
atmospheric data system test) to improve the test accuracy greatly.

4.3 Technical Improvement of Mach Number Control Accuracy

In order to meet the demand for flow field control accuracy in the high-speed wind tunnel
test of wide-bodied aircraft, much work has been carried out, including the research on grid finger
synchronous control strategy, the improvement of synchronous control of main exhaust valves, and
the optimization of Mach number control strategy based on model predictive control (MPC). As a
result, the control of flow field in wind tunnel can meet the requirements of wide-body aircraft test.
The improvements are as follows:

The positioning and synchronous control accuracy of the main exhaust valve control system has
been improved, with its synchronous positioning and control accuracy increased to 0.5 mm and 1 mm,
respectively;

The positioning and synchronization control accuracy of the grid finger system has been
improved, with its synchronization positioning and control accuracy increased to 0.3 mm and 0.5 mm,
respectively.
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Due to the abnormal sensitivity of transonic flow and the limitations of temporary wind tunnel
operation, the high-precision control requirements of Mach number in the near-sonic region cannot
be achieved by using conventional PID control method. Therefore, the research on the control
accuracy of Mach number in wind tunnel based on model predictive control has been carried out
innovatively. As shown in Figs. 7-10, the step response models of gate finger, resident flow valve and
main exhaust valve are constructed, and the online rolling optimization and control strategy based
on feed forward/feedback dynamic matrix is put forward [2], which greatly improves the accuracy of
Mach number near the sound speed. When 0.85 < M < 0.9, the control accuracy of Mach number
exceeds 0.001, and when 0.9 < M <0.96, it is better than 0.0015, which provides strong support for
high-precision force measurement in the near-sonic region of wide-bodied aircraft.
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Figure 9: Actual control effect of Mach number (M = 0.85)
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Figure 10: Actual control effect of Mach number (M =0.92)

4.4 Improvement of Test Data Correction Technology

International advanced wind tunnels (such as ETW, NTF and HST) have not only excellent flow
field quality and test system, but also mature wind tunnel test data correction technology, which
has played an important role in the development of Boeing and Airbus series aircraft. FL-26 wind
tunnel has established a large aircraft test data correction system through equipment upgrading and
technical improvement (Fig. 11). In this study, according to the characteristics of wide-bodied aircraft
in 2 m high-speed wind tunnel test, support/tunnel wall interference, model deformation and flow field
distortion are systematically corrected. Clean benchmark data of wind tunnel test are obtained, the
correction process and result analysis of test data are given, and technical improvements are realized
in the following aspects.

Original data of
wind tunnel

Tunnel wall

Flow-deviation
angle

Influence of Influence of
Reynolds number | static elasticity

Figure 11: Correction system of high-speed wind tunnel test data of large aircraft

Streamline End-cavity Flow field
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(1) Model deformation correction technology

A mature model deformation measurement system (DMS) is established in FL-26 wind tunnel.
Based on the real-time measurement of deformation results and grid deformation technology, CFD
simulation method was used to correct the wing deformation of a wide-bodied aircraft model under
different working conditions. The reliability reached engineering application levels, and the data
distortion problem caused by load deformation of high aspect ratio aircraft model in wind tunnel
test for a long time was solved [15,16].
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The improved VMD system was used to measure the real-time deformation of the test model at
different angles of attack. Then, CFD method was employed to obtain the acrodynamic characteristics
of the wide-bodied aircraft test model before and after deformation. Since the large deformation of
the test model was the wing, the deformation influence correction was mainly carried out for the wing.

Fig. 12 shows the torsion angle and bending deformation of the wide-body model wing at different

e, 9

angles of attack when M =0.85 and Q (velocity pressure) = 54 kPa. The abscissa “n” in the figure
indicates the percentage of exposed wing span wise stations.
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Figure 12: Deformation of the wide-body model wing under different angles of attack (M =0.85,
Re=5.0 x10°, Q=54 kPa)

Table 4 shows the comparison of aerodynamic conductance and coefficient before and after the
model deformation. It can be found that after wing deformation, the lift coefficient decreases, the slope
of lift line decreases by about 0.005, the longitudinal static stability weakens, and the focus moves
forward by 0.021 MAC. Although the minimum drag changes little, the drag near the cruise point
increases by about 0.0006 and the maximum lift-drag ratio decreases by about 0.36. After the model
deformation, the influence on the lift line slope, focus and cruise lift-drag ratio should not be ignored,
but corrected.

Table 4: Comparison of aerodynamic conductance (coefficient) (—4° <o <4°, M =0.85)

CZ (o) CDmin CmO C,S t Kmax
Deformation  0.1243 —0.94 0.0251 0.062 —0.236 14.37
Rigid body 0.1293 —0.93 0.0251 0.063 —0.2573 14.73

The analysis shows that the wing model is deformed under load in the wind tunnel test, resulting
in a negative torsion angle, and lower local angle of attack. Furthermore, the deformation of the wing
closer to the wing tip is larger, and the lift loss of the outer wing part and the trailing edge of the
wing is larger, which leads to the decreasing of lift coefficient and the increasing of pitching moment
of the whole wing. With the increasing of the tested angle of attack, the aerodynamic load borne by
the wing model increases, and the deformation of the model increases correspondingly. The loss of lift
coefficient increases when the angle of attack is small, and the increment of the pitching moment also
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increases, which leads to the decrease of the slope of lift line and the forward focus of the model after
deformation. At a positive angle of attack, the main reason for the decrease of drag coefficient is that
the decrease of lift coefficient leads to the decrease of lift-induced drag at a constant angle of attack
after the wing is deformed at a negative twist angle. Meanwhile, when the local angle of attack of the
wing section decreases the profile drag of the wing section will decrease as well.

(2) Support interference correction technology

The traditional end-cavity pressure processing method of tail support interference test is improved,
and the influence of the end-cavity pressure measurement position, the position and diameter of the
dummy sting penetrating into the end cavity of the model on the test result is explored. The purpose is
to accurately deduct the end cavity interference of the wide-bodied aircraft model and determine the
test mode of the high-speed end-cavity interference test.

This study adopts the innovative three-balance support method (Fig. 13), in which the dummy
sting is not connected with the twin sting support system, and takes root in the tail support balance. The
simulation is basically consistent with the real tail support test, and the influence of strut is deducted
by the component balance, which solves the simulation problem of flow similarity in the model cavity.

Fixed with Fixed with twin
Balance sting support \\\
TN
{ \r[\ e
\ \\k\\\
== D / >
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Vo4
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//
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Figure 13: Support interference test of three balances

(3) Tunnel wall interference correction technology

The blockage degree of subsonic and transonic wind tunnel test models is generally controlled
within 1%, and the wall interference correction is usually not carried out at middle and low test angles
of attack. In order to accurately obtain the acrodynamic performance of wide-bodied aircraft and
explore the wall interference characteristics in the full-scale test section of the FL-26 wind tunnel, a
set of wall pressure measuring device was developed in particular, and the wall pressure information
method was applied to study the correction of the wall interference influence as shown in Fig. 14.

The results show that for the test model of wide-bodied aircraft, the wall of the full-scale test
section of the FL-26 wind tunnel makes the angle of attack larger and Mach number lower. Generally,
the influence of the wall interference on the lift, resistance and pitching moment coefficient of the test
model is small. The influence value of the lift coefficient is less than 0.002, the value of the resistance
coefficient is less than one unit at most angles of attack, and the influence of the wall generates the
lifting moment, with a value of less than 0.0025.
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Figure 14: Comparison of pressure distribution in model end cavity with different simulation methods

It is believed that there are two main reasons for the small interference of the wide-bodied aircraft
model in FL-26 wind tunnel wall. First, the scale of the test model is strictly controlled, with the
blockage degree at zero angle of attack less than 1%, and the wingspan less than 65% of the width of
the test section. Second, the angle of attack of the test model is relatively small, and the test angle of
attack is generally lower than 8 around the cruise Mach number. Due to the complicated preparation
and implementation of the tunnel wall interference test, and the slight overall influence of tunnel wall
interference, the existing correction results can be used before the aerodynamic layout of wide-bodied
aircraft changes significantly [17,18].

For the channel wall test section, the channel wall interference prediction technology based on
velocity potential equation can be directly applied to correct the test data.

(4) General correction

When the average air flow deflection angle is corrected, the microelectronic angle of attack
measuring instrument is used in the same position to measure the attitude angle of the forward and
reverse installation of the model, thus reducing the test error. When the influence of floating resistance
is corrected, the accurate calculation of test model volume can be realized by integrating the sectional
area of each component. Meanwhile, the flow field is calibrated according to the total test pressure of
5 x 10° Reynolds of the model (Fig. 15). The floating resistance of the model is accurately corrected,
and the difference between the total test pressure of 5 x 10° Reynolds and the floating resistance under
normal pressure is studied (Fig. 16).

Figure 15: Measurement of the axial gradient of flow field
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Figure 16: Buoyancy drag of wide-body aircraft model under different dynamic pressure (M = 0.85)

4.5 Development of High-Precision Force Balance and Standard Model
(1) Development of special high-precision six-point measuring force balance

Generally, the dimensions of a balance depend on the design range, model geometry and internal
structure of the strain balance. Under the same load condition, the advantages of the balance with a
large diameter are as follows: (1) When designing the structure, the strength check may meet the design
requirements easily; (2) The layout space of balance elements is large, which is beneficial to controlling
the processing accuracy and strain gauge sticking quality; (3) Large rigidity and good linearity of the
balance calibration formula enable the calibration results reach the development index easily; (4) As
part of the model support system, the stiffness of the balance contributes directly to the overall stiffness
of the system and can reduce the model vibration.

The X element of the balance is the key to the design. T-shaped beam structure is adopted, which
is symmetrically arranged on both sides of the longitudinal symmetry plane of the balance at the
center. The supporting plate consists of several vertical beams, which are arranged on both sides of the
longitudinal symmetry plane of the balance and in front of and behind the design center of the balance.
It aims to decompose resistance load and other loads, reduce interference and improve performance.
The Y element, M. element, M, element, Z element and M, element of the balance are rectangular
beams with simple structure, which is easy to be processed.

Finally, the measurement uncertainty level of normal force and axial force of the balance was
increased from 0.3% of conventional balance to 0.1%, which better met the test requirements of wide-
bodied aircraft (as shown in Fig. 17), the detail range of balance is presented in Table 5.
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Figure 17: High precision balance for wide-bodied aircraft model

Table 5: The range of high precision balance

Y/N M,/Nm X/N M,/Nm ZIN M,/Nm

Normal Pitch Axial force  Rolling Yawing force Yawing

force moment moment moment
Range +18000 £2000 +1800 +1200 +5000 +2000
Uncertainty  0.3% 0.3% 0.3% 0.3% 0.3% 0.3%

5 Comparative Test and Application of Wide-Bodied Aircraft Standard Model
5.1 Wide-Bodied Aircraft Standard Model Configuration

As shown in Fig. 18, the standard model of the wide-bodied aircraft in this test is the wing-body
combination configuration, which adopts the supercritical airfoil design and the designed cruise Mach
number is 0.85. The model is 1.6223 m long, with a wingspan of 1.564m and a reference area of
0.2555m’. It has been tested in ETW of Europe, T-128 of Russia and FL-26 wind tunnel of aero-
dynamic center, including longitudinal aerodynamic characteristics, model deformation measurement
and support interference.

Figure 18: Contour drawing of wide-body aircraft standard model
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5.2 Analysis of Test Results
(1) Test repeatability accuracy

Table 6 shows the aerodynamic repeatability accuracy of the wide-bodied aircraft standard
model for seven times. Fig. 19 displays the comparison of deformation measurement results of two
repetitive tests. It can be seen that the repeatability accuracy of the comparison test is o C;, < 0.0012,
o C, <0.00004, o C,, <0.0004, the bending resolution of the model deformation measurement is within
0.2 mm, and the tensional deformation is within 0.04.

Table 6: Repetitive accuracy of wide-body aircraft standard model (M = 0.85)

o —2° —1° 0° 1° 2° 3°

oc, 0.0012 0.0007 0.0011 0.0011 0.0012 0.0005
Oc, 0.00003 0.00003 0.00004 0.00003 0.00004 0.00004
O 0.00022 0.00017 0.00029 0.00022 0.00042 0.00030

05}
20

Blend/mm

1 1 1 1 I
0.2 04 06 0.8 1

n

Figure 19: Repeatability of model deformation measurement (M = 0.85)

(2) Comparison with the ETW test results of European transonic wind tunnel

(O Model deformation measurement results

The comparison of the deformation measurement test results of the wide-bodied aircraft standard
model in different wind tunnels is shown in Fig. 20. The results demonstrate that the deformation
measurement law and magnitude of the model’s wing are in good agreement in both wind tunnels.
When M =0.85, the maximum torsion difference is less than 0.1, and the maximum inversion
difference is about 0.4 mm. When M =0.89, the maximum torsion difference is less than 0.1, and
the maximum reverse deformation difference is about 1.3 mm.
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Figure 20: Deformation of wide-body aircraft standard model in FL-26 and ETW
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Figs. 21 and 22 show the comparison results of aerodynamic conductivity and coefficient of the
wide-bodied aircraft standard model after being revised in two wind tunnels [19]. After revision, it
correlates well in the two wind tunnels [20,21], and the test curve and the number of typical derivatives
(coefficients) differ slightly. Taking M =0.85 for example, the maximum lift-drag ratio difference is
0.01, the zero-lift drag coefficient difference is 0.0003, the lift line slope difference is 0.0013, the focus
difference is 0.0015, and the zero-lift moment difference is 0.0012, and the zero-lift angle of attack

difference 1s 0.04.
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Figure 21: Wind tunnel test results of wide-body aircraft standard model in FL-26 and ETW
(M =0.85)
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Figure 22: Comparison of typical dynamic derivative of test results for wide-body model in FL-26 and
ETW

6 Conclusions

The results show that the improved refined aerodynamic test technology in this paper has an
obvious effect on the repeatability accuracy of wide-bodied aircraft test data. The repeatability
accuracy of the resistance coefficient is less than 0.0001, the bending resolution of model deformation
measurement is less than 0.2 mm, and the torsion deformation is less than 0.04°. Meanwhile, it is
founded that the refined management and operation specifications explored in the comparison test
of the wide-bodied aircraft standard model are effective measures to further improve the repeatability
accuracy of the test. Thus, the repeatability accuracy of the drag coefficient exceeds 0.00005, reaching
the international advanced level. In view of the characteristics of FL-26 wind tunnel, the correction
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system of large aircraft test data is complete and reliable, and the revised aerodynamic test results have
a good correlation with ETW.
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