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The aim of this experimental study is two-dimensional investigation of cargo behavior after separation
which is carried out in the subsonic wind tunnel. Given that the real separation occurs in threedimension, the results of this study may be widely used in numerical aerodynamic studies for
verification of new computational methods and they can be used as the reference results in this area. So
a mechanism has been used which is simulated in two-dimensional physic with three degrees of
freedom (x, y, θ) in the subsonic wind tunnel. A wing with NACA0012 airfoil as well as two circular
disks at both ends (to simulate two-dimensional flow) have been utilized and separated from the upper
surface of the test chamber. For parametric study, the tests have been experimented in the initial attack
angles of -10 to +10 degrees with step of 5 degrees at velocity of 15 m/s and at velocities of 10, 15 and
20 m/s at zero degree initial angle of attack. Each test has been repeated 3 times and if there were any
differences in the results, the number of repetitions have been increased. To extract the result, several
cameras have been installed around the test chamber which take pictures with high-speed shooting.
Then, using image processing techniques, x, y, and θ diagrams have been extracted over the time.
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NOMENCLATURE
a

Acceleration ( m/s2)

I

Moment of inertia (kg.m)

D

Drag force (N)

L

Lift force (N)

F

Force (N)

m

Mass (kg)

Fk
g

Kinetic frictional force (N)

M

Moment (N.m)

Gravity acceleration ( m/s2)

X , Y and Z

Directions of coordinate system

1. INTRODUCTION1
One of the needs of aerodynamic designers and
engineers has always been wind tunnel or flight testing
experimental tests to validate and ensure analysis. Due
to the high cost and risks involved in flight testing, the
wind tunnel tests are quite important [1]. The
implementation of the wind tunnel results with flight
testing is one of the major challenges in this area.
In a separation phenomenon, the design and analysis
need to be verified, due to the complexity of dynamic
and aerodynamic. There are various methods to analyze
*Corresponding Author’s Email: mdmanshadi@alum.sharif.edu (M.
D. Manshadi)

the separation phenomenon that one of the most
common methods is Computational Fluid Dynamic
(CFD). In the past years due to growth of software and
computer hardware, CFD methods became popular. In
analysis of separation phenomenon due to use of
moving mesh and combination of moving mesh method
with fluid flow solving methods, there are many
different methods and ideas and now researchers are
looking for faster and more reliable methods [2]. The
ideas put forward by the researchers usually first rise in
two-dimensional and after being approved, they are
extended for three-dimension. Therefore researchers
need to validate the results of experimental tests in twodimensional and three-dimensional as well. Many
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researches have been done in this area which are
generally three-dimensional but because of military
applications, the results have not been published as
detailed [3]. Therefore accurate presentation of results
and test conditions are very important for numerical
aerodynamic researchers.
There are various methods and mechanisms for
dynamic tests in wind tunnel. These mechanisms have
lots of variety generally in roll and pitch and are
improving day by day [4, 5]. But for separation
phenomenon testing, usually Captive Trajectory System
(CTS) is used. In this method, the separated object is
kept beside the main object (e.g. fighter jet) and six
components of force and torque are calculated on it.
Then according to the six components, dynamic
condition of the model, time step and the new position
of the object are calculated by the computer and the
moving holder transfer it to the new position [6]. Figure
1 shows a picture of CTS that is related to bomb
separation testing from F-35 fighter jet which was
carried in transition wind tunnel of Arnold Engineering
Development Complex (AEDC) [7].
One of the standard models in store separation used
by CFD researchers is a store/pylon model that
separates from a delta wing [8]. The results of this study
have been used as as a reference result in many
researches.
Other researches with military applications have
been done experimentally in store separation like Joint
Direct Attack Munition (JDAM) separation from
F/A18-C fighter jet in transonic regime [9] or Hyper-X
stage separation in supersonic wind tunnel [10]. All tests
have been conducted using CTS. Other methods used to
perform separation tests are commonly applied in
subsonic regimes.
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Here, the store separates from the main object, moves
freely and at the end of the test stops by the fence [11].
As mentioned, all the studies have been conducted in
3D space (6 degrees of freedom) and there is no
reference result from store separation in twodimensional space. While, 2D results are very important
for CFD researchers and they use them for validation of
new numerical methods. Therefore one of the aim of
this study is to present the reference results of store
separation in 2D space.
2. TESTS DESCRIPTION
In this study, a NACA0012 airfoil separation is
simulated from a flat plate (upper wall of wind tunnel
test chamber) in 2D space. For this purpose, two
electromagnets fixed the model in the initial condition
while the wind tunnel reaches to desired speed. Then
after cutting off the electricity, the model separates and
the test begins. According to 2D physic, the store has 3
degrees of freedom (3DOF) and can move freely on
mounted rails in X and Z directions and rotate around Z
axis. The movements have been limited at the bottom by
some limiters and springs and the test ends. The test
progress has been photographed by the high frequency
cameras and images have been processed. So the X, Y
and θ charts have been graphed over the time.
To investigate the effects of initial angle of attack,
the case has been tested at velocity of 15 m/s and at
initial angles of attack of -10 to 10 degrees with steps of
5 degrees. For this purpose, there are adjusted screws at
the two ends of the wings that allow adjustment of the
initial angle of attack. After adjusting and checking the
initial angle of attack by a precision angle gauge, the
adjusting screws are tightened and wings are fixed in
the position.
To evaluate the effects of airflow velocity, the case
has been tested at zero initial angle of attack and
velocity of 10, 15 and 20 m/s. For this purpose, the air
velocity is adjustable and fixed at the desired speed by
increasing and decreasing of the wind tunnel electro fan.
Each test has been repeated 3 times and in case of
noncompliance, the number of repetitions have been
increased up to 7 times. The initial distance of airfoil up
to upper wall of the test chamber is set to 15 cm. The
ambient pressure and temperature are 85400 Pa and 18
ºC, respectively.
3. TEST EQUIPMENT

Figure 1. Bomb separation testing of F-35 fighter jet by CTS
[7]

The equipment that has been used in the tests is
presented in this section. Due to the limitations that
existed in this study, the low-cost equipment is used in
this test.
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3. 1. Wind Tunnel
A low-speed wind tunnel (0 to
100 meters per second) is used with a test chamber
dimensions of 100×80×160 cm which is located in Qadr
research center – University of Imam Hossein. Table 1
describes wind tunnel characteristics.

Secondly the store separates and it can freely moves in 3
DOF in 2D physic on mounted rails. 3 DOF of store
includes horizontal movement along X axis, vertical
movement along Y axis and twisting motion around Z
axis [3]. The schematic view of the mechanism is shown
in Figure 3.

3. 2. Separated Wing
A wing with NACA0012
airfoil has been used as a separated store. To create twodimensional flow, a constant wing at spin direction is
used (no taper ratio, no sweep angle nor twist angle) and
two disks are located at both ends of the wing to prevent
3D effects at wingtips. Figure 2 shows the mentioned
wing and Table 2 indicates wing specifications.

3. 4. Extracted Results
Desired results in this
study are airfoil position (x, y, θ) over the time. For this
purpose, there are various methods [12] that due to cost
effectiveness and for increasing the accuracy
photography is used [13]. A high frequency camera is
used with shooting of 1200 frames per second and the
behavior of the store is recorded by it. Then the pictures
separated frame by frame and image processing has
been done on each frame and finally the final results
have been obtained.

3. 3. 2D Physics Simulator Mechanism
To
simulate 2D physic with 3 DOF, a new mechanism has
been applied which has high safety and low cost. Firstly
the mechanism fixes the store beside the main object
until the wind tunnel reaches to the target velocity.

TABLE 1. Wind tunnel characteristics
Wind tunnel type

Open circuit

Power production

Electrofan

Test chamber dimensions

160×80×100

Velocity range

0-100 m/sec

4. TEST RESULTS
To investigate the effects of the initial angle of attack
and free flow velocity, 7 modes have been tested totally
and the characteristics of the modes have been shown in
Table 3. The tests have been repeated for at least three
times and maximum 7 times for each mode to ensure the
repeatability. So more than 30 dynamic tests have been
experimented in the subsonic wind tunnel. Figure 4
shows the test results of 1, 2 and 3 modes.

Figure 3. Schematic view of the mechanism in 3 DOF [3]
Figure 2. Wing with NACA 0012 airfoil
TABLE 3. Tests modes characteristics
TABLE 2. Wing specifications

Modes

Free flow
velocity (m/s)

Initial angle of
attack (degree)

Number of
repetition

Airfoil model

NACA0012

1

10

0

3

Chord length

25 cm

2

15

0

4

Span length

60 cm

3

20

0

5

6 cm from the leading edge

4

15

-10

5

Material

Composite

5

15

-5

4

Weight

2430 g

6

15

+5

3

Moment of inertia

3.7 g.m

7

15

+10

7

Axis of rotation
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The initial angles of attack have been set zero degree
and the freestream velocity has been considered as a
variable at the three modes. So the effects of freestream
velocity can be investigated by comparison of the
graphs. According to Figure 4, by increasing the air
velocity the drag force is increased and the wing travels
more horizontally. This behaviour is well seen in Figure
5. Figure 5 compares the path of movement (X over Y)
in three different modes for better understanding.
Figure 6 shows the test results of 1, 4, 5, 6 and 7
modes.

In these situations the freestream velocity has been set
constant (15 m/s) and the angle of attack is variable. So
the effects of initial angle of attack can be investigated
similarly. Figure 7 compares the path of movement (X
over Y) in five different modes for better understanding.
5. ERRORS ANALYSIS
One of the most important parameters in a wind tunnel
tests is a compliance testing condition (geometry,
dynamics and aerodynamic) with real state.

Figure 4. Test results of 1, 2 and 3 modes

Figure 5. The effect of free stream velocity on path movement
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Figure 6. Test results of 1, 4, 5, 6 and 7 cases
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TABLE 4. The needed parameters for modification on
formulation
Inertia moment of twisting rail

0.04 (g.m)

The weight of twisting rails

366 (g)

The weight of horizontal rails

3148 (g)

Friction coefficient of twisting

0.11

Linear friction coefficient in horizontal movement

0.18

Linear friction coefficient in vertical movement

0.14

6. CONCLUSION
Figure 7. The effect of initial angles of attack on path
movement

By using this mechanism, some differences between
real state and testing condition occurred which caused
errors in the results. The most important differences are:
1- In real state, the twisting motion around the axis that
is attended in the test may not be considered.
2- In the test state, the weight and inertia moment of
mechanism parts affect the behavior of airfoil.
3- In the test state, the friction between the mechanism
part affect the behavior of airfoil.
Given that the 2D separation does not exist in practice
and the purpose of this test is a criterion for validation
of numerical codes, the errors can be easily considered
in the calculations. To fix the first error, the torque
should be calculated around the test point (a quarter of
the chord) and the body should be moved around the
same spot. To modify the second error, it’s easy to
apply the weight and inertia moment of effective parts
on the formulation. The modified motion equations are
shown in Equations (1) to (3):
∑ 𝑀𝑧 = 𝛼𝑧 ∑ 𝐼𝑧 ⟹ 𝑀𝑎𝑒𝑟𝑜 = 𝛼𝑧 × ( 𝐼𝑤𝑖𝑛𝑔 +
𝐼twisting rail )

(1)

∑ 𝐹𝑥 = 𝑎𝑥 ∑ 𝑚𝑥 ⟹ 𝐷 = 𝑎𝑥 × ( 𝑚𝑤𝑖𝑛𝑔 +
𝑚twisting rail )

(2)

∑ 𝐹𝑦 = 𝑎𝑦 ∑ 𝑚𝑦 ⟹ 𝐿 − (𝑚𝑤𝑖𝑛𝑔 + 𝑚twist rail +
𝑚horizontal rails )
= 𝑎𝑦 × (𝑚𝑤𝑖𝑛𝑔 + 𝑚twisting rail +
𝑚horizontal rails )

(3)

To solve the third error the friction can be calculated
and applied on the formulations [3]. Further, equations
with fractional force corrections are shown in Equations
(4) to (6):
∑ 𝑀𝑧 = 𝑀𝑎𝑒𝑟𝑜 − 𝑀𝑘𝑡𝑤𝑖𝑠𝑡𝑖𝑛𝑔

(4)

∑ 𝐹𝑥 = 𝐷 − 𝐹𝑘ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙

(5)

∑ 𝐹𝑦 = 𝐿 − ( 𝑚𝑤𝑖𝑛𝑔 + 𝑚twisting rail + 𝑚horizontal rails )𝑔 −
𝐹𝑘vertical

(6)

Table 4 shows the needed parameters for modifications
on formulations.

The aim of this study is the presentation of reference
results in the store separation field on 2D and subsonic
regime. Considering the new proposed method by the
CFD researchers for solving the moving problems,
initially proposed as a 2D and then extends to 3D, the
experimental results in 2D mode are very important.
Thus the presented results in this study are very popular
for the CFD researchers. Also for better use, all the
information about geometric, dynamic and aerodynamic
detail have been given.
In this study the effect of freestream has also been
studied experimentally. Due to symmetric geometry of
airfoil and initial angle of attack of 0 degrees, there is no
lift and the wing falls under gravity. In the fall of the
store, the vertical velocity component is applied to the
wing and the angle of attack is set proportional to tan1
(V∞/h). The angle of attack causes the rotational
motion in wing and the angle of attack increases. The
rotational motion makes the lift force unlike the gravity
force. Therefore the decline of the wing decreases.
Given that the lift force is increased by the square of
velocity, at higher velocities the rate of fall decreases
that the obtained results approve it.
In addition, the effect of initial angle of attack is
studied. In non-zero angle of attack the drag force is
more and the moving on the horizontal axis (X)
increases. Also on the negative angle of attack, the lift
force is in direction of weight that increases the rate of
fall and on positive angle of attack, the lift force is
unlike the weight and decreases the rate of fall. The
obtained results confirmed this.
7. FUTURE RESEARCH
The effects of other parameters can be investigated by
using the mechanism. The parameters include:
- The initail distance of the airfoil up to the upper
surface of the test chamber.
- Changing the airfoil’s rotational axis (in chord
direction).
- Investigation of the ejector effect at the test start.
- The geometry changing of the upper surface
(carved or stepped).
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Figure 8. A schematic view of experiment in 3D mode

The 3D separation can be also simulated with a little
erorr by few changes in the mechanism. For this
purpose, a three-dimensional object should be used as
the main object in wind tunnel and the 3D cargo should
be installed on the torsional rail. A schematic view of
this situation has been shown in Figure 8 [3]. The
reference results in 3D mode can be presented by
consideration of the mentioned changes.
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هدف از این مطالعه بررسی جدایش یک محموله است که به صورت دو بعدی و در یک تونل باد صورت پذیرفته است .با در
نظر گرفتن این نکته که جدایش محموله به صورت سهبعدی صورت میپذیرد ،نتایج حاصل از این مطالعه میتواند بهطور
وسیعی جهت صحت سنجی نتایج عددی جدید و به عنوان مرجع قرار گیرد .به همین منظور از یک مکانیزم دوبعدی جهت
شبیهسازی فیزیک با سهدرجه آزادی ( )x, y, θدر تونل باد مادون صوت استفاده شده است .یک بال با ایرفویل
 NACA0012به همراه دو دیسک دوار در دو انتهای بال (به سبب شبیهسازی دوبعدی) مورد استفاده قرار گرفته است و
ازسطح باالیی محفظه تست مجزا گردیده است .به منظور بررسی پارامتریک ،آزمایشها در زاوایای حمله اولیه  -10و  +10با
گام زمانی  5درجه در سرعت  15متر برثانیه و همچنین در سرعتهای  15 ،10و  20متر برثانیه و زاویه حمله اولیه صفر درجه
صورت پذیرفته است .هر آزمون  3بار تکرار شده است و اگر تفاوتی در نتایج مشاهده شد ،تعداد تکرارها افزایش مییافت.
جهت استخراج نتایج از تعدادی دوربین با سرعت تصویر برداری باال در اطراف محفظه آزمون استفاده شده است .سپس با
استفاده از پردازش تصویر نمودارهای  xو  yو  θنسبت به زمان رسم شده است.
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