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Abstract: The unsteady aerodynamic loads generated by the thin-shell object separating from aircraft affects {lying
safety. To investigate the loads, a method combining numerical simulation and experiment is proposed. Firstly,
the motional tendency of the thin-shell object separating from aircraft is calculated, and then the high-speed air blo-
wing test on ground is designed. Thereafter, the external store is employed to avoid colliding with the thin-shell
object in air. Finally, the hanging and flight test is conducted by a high-speed unmanned aerial vehicle (UAV),
and the feasibility of the thin-shell object separating from aircraft at high speed is proved. Consequently, the sepa-

rating problem of a thin-shell object with an unconventional aerodynamic configuration is solved, and the collisions

Vol. 32 No. 1

with aircraft is prevented.
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0 Introduction

The external store is an essential supplement
to extend the function of aircrafts, and the whole
or partial separation is an effective way to realize
the function. At the beginning of separation, due
to the flow field around, the nacelle is influenced
by the force or moment, then the results of sepa-
ration are greatly affected, which may sometimes
threaten aircraft flying safety. Thus, analysis of
the interference effects of separating part is im-
portant., The aerodynamic problems, especially
those on the external pod with complex or uncon-
ventional aerodynamic shape, are particularly
prominent, and the calculation analysis and test
research on the separation process are practical
and effective.

The computational fluid dynamics (CFD)
method is mostly adopted in aerodynamic analysis
for the separation of aircraft external hanging na-

]

celle!™® . By the use of overset grid and Euler

equations, good results are obtained when ana-
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lyzed the objects with excellent aerodynamic

shapes™*™

, such as auxiliary fuel tanks and mis-
siles. The research of external stores separation
with conventional shape is usually based on struc-
tured grids, whose topological relation is simple,
and easy to generate body-fitted grid. The nodes
between the overset grids are corresponding to
each grid after the formation of the grid, which
ensures the data exchange between overset grids.
However, it is difficult for the structured grid to
be blocked. Especially for the objects with com-
plex shapes, it is difficult to generate and apply
the structured grid. As for unstructured grid it
has unique advantages of flexibility in managing
the objects with complex shapes. Therefore, the
flow around a complex shape object can be ana-
lyzed by solving the Euler and Navier-Stokes (N-
S) equations on the unstructured grid, thus re-
ducing the computational complexity'®. General-
ly, unstructured grid is suitable for calculating

and analyzing external stores with unconventional
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aerodynamic configuration.

Considering few documented researches on
the separation of a thin-shell object preciously,
this paper focuses on exploring this issue practi-
cally.

Here, the separation of thin shell object with
unconventional aerodynamic configuration from
aircraft is studied, during which unsteady aerody-
namic interactions are particularly outstanding.
Due to the poor reliability of sole theoretical cal-
culation, a method combing numerical calculation
and experimental research is developed to improve
the low accuracy, and to avoid the interaction be-
tween the aircraft and a separated thin-shell ob-
ject. Unstructured overset grids™ and dual-

Lr2) are adopted in the numerical calcu-

time step
lation, which absorb both advantages of the un-
structured grid in dealing with complex shape and
of the overset grid in solving separation between
aircraft and external store in air. Then the
process of separation between aircraft and a thin-
shell object with unconventional aerodynamic con-
figuration is calculated. In order to improve the
calculation accuracy and to reduce the flight tests
at risk, a high-speed air blowing test on ground is
firstly conducted. After the test, the calculation
results are modified. Finally, the hanging and
flight test is carried out by a high speed UAV. It
is shown that the developed method is highly ef-

fective for the study on the separation of thin-

shell object in air.

1 Numerical Method

To investigate the separation process of a
thin-shell object from aircraft, the N-S equations
based on unstructured overset grid method are se-
lected as the governing equations. By calculating
unsteady Euler/N-S and 6-DOF motion equations
of rigid body, a numerical method based on un-
structured overset grid and simulation of the flow
around body is developed to study the characteris-
tics of the flowfield around the objects with rela-

tive motion.

1.1 Governing equations

The three-dimensional compressible N-S-*
equations in integral form in moving meshes can
be written as

ij Wd(2+3g (F. — F.)ds =0 5
n 90

dt
where
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where p, p, E and H stand for the density, pres-

sure, unit mass energy and unit mass enthalpy of
fluid respectively, and u, v, w are the velocity
components along the x, y, 2z direction, respec-
tively. V. is the normal velocity of fluid and
grids, r; the viscous stress tensor, and @; the
combination of viscous stress power and heat con-

duction.
1.2 Time marching method

A dual-time stepping method is applied to
simulate the unsteady flow phenomenon. In this
method, the LU-SGS scheme'' based on grid re-
arrangement technique is employed at every pseu-
do-time step, which can be written as

Forward sweeping of LU-SGS
AW =
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where n indicates the real-time step, and m the
pseudo-time step. The specific expressions of

Egs. (2,3) can be referred to Ref. [14].
1.3 Surface function

The White-Christoph™* compressible surface

function used in this paper can be written as

wt :%{B+Qsin<¢+ij[2(5*so)ﬁLln(gI} .
S, +1
ﬁ”” €]
where

¢:arCSin7'%2@, Q=g +4y, S=y1+ay" ,
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_ 0 (dp/ds) v, _ (P
“ au, P Tk 2C,T,
Here, as B85 75 ¢, Q, S indicate the constants of

the model boundary conditions. The specific ex-

pressions of Egs. (2, 3) can be found in

Ref.[157.
1.4 Grid system

The isolated points are simply cleared in
structured overset grids, which may lead to the
poor quality of grid boundary. Therefore, an op-
timized method is applied to classify grid nodes
and define grid boundary"'®™. The definition of
grid boundary is divided into two steps, in which
different classification parameters are used. Con-
sequently, an optimized grid boundary can be ob-
tained. The overall carrier grid generated in this

paper is shown in Fig. 1.

Fig. 1 Overall grid of a carrier

The model of hatch cover of nacelle external
store is shown in Fig. 2, which will separate from

aircraft in a certain speed.
1.5 Calculation steps

Fig. 3 illustrates the flow chart of unsteady

Fig. 2 Grid of hatch cover of nacelle external store

flowfield calculation based on the unstructured
grid, mainly consisting of four modules: informa-
tion reading module, grid processing module,
flowfield calculating module, and data output

module.

To read unstructured
grid data of
subdomain

Preprocessing grid

To overlap -
unstructured Moving
grids grids

!

To solve and output

the flowfield of
nth real-time step

!

To calculate and output the
aerodynamic forces and moments

Inflow
data input

Motional olving the 6= N

parameters DOF motion
input equations

Results output

Fig. 3 Flow chart of unsteady flowfield calculation

based on unstructured grid

Dynamic calculation steps of unsteady flow-

field based on the unstructured grid are as fol-

lows:

Step 1 To read unstructured grid data of
subdomain;

Step 2 To obtain relevant data of unstruc-

tured overset grid and flowfield calculation by
preprocessing grid of subdomain;

Step 3 To overlap unstructured grids, in-
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cluding donor cell searching, interpolation bound-
ary confirming and nodes classifying;

Step 4 To solve and output the flowfield of
nth real-time step;

Step 5 To calculate and output the aerody-
namic forces and moments under the current con-
dition;

Step 6 To obtain the motion parameters on
(n+ 1) th real-time step by solving the 6-DOF
motion equations.

Step 7 To modify grid and motion informa-
tion according to the data received in step 6) ;

Step 8 To repeat Steps 3—7 until the con-

vergence occures.

2 Numerical Examples

For requirements of the flight environment
and the use of UAV, the flight conditions are set
to be the same in the two numerical examples.
Then the comparison of different separation
speeds of the hatch cover from UAV is analyzed
so as to study the optimum speed of the separa-
tion under the given conditions.

The parameters of the hatch cover are as fol-
lows: weight 11. 4 kg; center of gravity (0. 949,
0.16,0.09), with the origin located at the center
of disk; inertias I, =0. 465 kg » m*,I,, =4. 028
kg + m*,[.=3.713 kg + m”.

Computational cases under a variety of condi-
tions are conducted, and two representative ex-

amples are presented here.

2.1 Case 1 with initial separation speed of 3. 5

m/s

Calculation conditions are listed as follows:
the initial separation speed 3.5 m/s, the angle of
side slip 0°, the flight altitude 500 m, the flight
velocity 780 km/h, the initial attack angle 0°, and
the real-time step 0.002 5 s.

Fig. 4 shows the time history of aerodynamic
moments and mass center velocities during the
separation. Fig. 5 shows the evolution of the
hatch cover during separation process.

When the hatch cover is moving down at an

initial release speed of 3.5 m/s, the pitch aerody-

0.05 0.10 0.15 020 0.25
t/s

(a) Aerodynamic moments

0.1 0.2
t/s

(b) Mass center velocities

Fig. 4  Time history of aerodynamic moments and

mass center velocities during separation with

initial separation speed of 3.5 m/s

(a) 0.025 s

() 0.075 s

(c)0.125 s

Fig. 5 Evolution process of hatch cover during separa-

tion with initial separation speed of 3.5 m/s

namic moment is negative, then the head raising

motion of the hatch cover appeares. The angle of



No. 1 i hibo, et al. Numerical Simulation and Experiment on Thin-Shell Object---

head raising amplifies quickly because the mo-
ment of inertia of the hatch cover is small, and
then the hatch cover collides with the external

store, which is dangerous for flight safety.
2.2 Case 2 with initial separation speed of 5 m/s

The initial separation speed is 5 m/s, the an-

gle of side slip 0°, the flight altitude 500 m, the
flight velocity 780 km/h, the initial attack angle
0°, and the real time step 0.002 5 s.

Fig. 6 shows the time history of aerodynamic
moments and mass center velocities during the
separation. Fig. 7 shows the evolution process of
the hatch cover during separation.

Numerical results show that the hatch cover
can be separated smoothly if the initial separation
speed is set as 5 m/s. It indicates that the initial
separation speed of hatch cover has a significant
effect on separation safety.

At the initial separation speed of 5 m/s with

0.05 0.10 0.15

t/s
(a) Aerodynamic moments

0.05 0.10 0.15 0.20
t/s
(b) Mass center velocities

Fig. 6  Time history of aerodynamic moments and
mass center velocities during the the separa-

tion with initial separation speed of 5 m/s

the angle of side slip of 0°, setting the pitch angu-

lar velocity as 1°/s (nose-down), Fig. 8 shows

the motion of the hatch cover during the process.
Results show that setting a pitch angular velocity

(nose-down) is beneficial for the separation of the

(a) 0.025 s

() 0.075 s

(c)0.125 s

Fig. 7 Evolution process of hatch cover during separa-

tion with initial separation speed of 5 m/s

(a) 0.025 s

(b)0.075 s

(¢)0.125 s

Fig. 8 Motion of hatch cover during separation process

with initial separation speed of 5 m/s and 1 °/s

pitch angular velocity of nose-down
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hatch cover and body, and can result in a gain in

flight safety.

3 Tests

According to the results of numerical calcula-
tion, an experiment is designed to reveal the sep-
aration mechanism of a hatch cover, and tests on

ground and in flight are separately conducted.
3.1 High-speed air blowing test on ground

For reducing the risk in flight tests, a high-
speed air blowing experiment is conducted on
ground to amend the numerical results and to im-
prove the success rate of hatch cover separation
from external store.

Fig. 9 shows the process of high-speed air
blowing test on ground recorded by a camera.
Thus the separation velocity can be adjusted ac-
cording to the actual condition.

In the air blowing test on ground, the nu-
merical value of the velocity at which the hatch
cover starts to separate is larger than the one ob-
tained from the test, indicating that the secure
separation velocity of the hatch cover can be re-

vised to 6 m/s.
3.2 Hanging and flight test

The external store is hanged on the high
speed UAV at a flying speed of 780 km/h with
the angle of side slip of 0°. The hatch cover is
thrown at the speed of 5 m/s. Fig. 10 shows the
process of separation, where the hatch cover sep-
arates from the store rapidly without any collision
with them.

Fig. 11 shows the comparison between the
numerical and flight test results. It demonstrates
that there is a slight difference between the re-
sults of numerical simulation and flight test. In
the flight test, the motion trajectory of hatch cov-
er is straighter. It means that the results of nu-
merical calculation are larger than that of the real
situation.

The theoretical value should be modified be-
cause the unsteady aerodynamic loads cannot be
accurately simulated. Therefore, the turbulence

model should be further studied. And it is neces-

(a) Blowing

(b) Separating process

(c) Separated state

Fig. 9 Process of high-speed air blowing test on

ground

sary for the tests on ground and in flight with re-
spect to the thin-shell object separation from ex-

ternal store.

4 Conclusions

Numerical simulation and experimental
method are proposed to investigate the separation
of a thin-shell object from aircraft. Analyzing the
previous data of flight tests and results of calcula-
tion, the following conclusions can be drawn:

(1) The movement of hatch cover during the
separation in air is greatly affected by the initial
separation speed and pitch angular velocity. The
faster the initial separation speed and pitch angu-

lar velocity, the safer the separation.



(d)

Fig. 10  Separation process of hatch cover at bottom of

store

(2) By the mbination of calculation and

measurement both on ground and in flight, the

separation of thin-shell object with unconvention-

al aerodynamic configuration in air can be solved

Theoretical values
Measured values

0.05 0.10 0.15 0.20 0.25
t/s

(a) Airflow direction

Theoretical values
Measured values

10 . . .
0.00 0.05 0.10 0.15

t/s
(b) Vertical direction

Fig. 11

effectively.

(3) Based on the unstructured overset grid,
the separation of thin-shell object from unconven-
tional aerodynamic configuration can be numeri-
cally simulated, thus presenting an initial design

benchmark of separation mechanism.
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