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Abstract

This research is to find the characteristics of tandem wings in different configurations. We used an

existing wind tunnel which was designed for wind turbines tests. We measured the flow field of the wind

tunnel and chose the test section. A three-force balance device was designed for the test. Then we assembled

the 3D printing model single wing on the three-force balance and put in the wind tunnel to establish the baseline

data. The results agreed well with the theory. For the experiments on tandem wing, as we decrease the distance

between the front and rear wings, the expected lift increase becomes smaller. It demonstrated that the lift

decrease is due to the rear wing lift affected by the vortices shedding from the front wing.
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1 Motivation
The idea came from the US Air force report
“Energy Horizons” in 2012. In page 10, it proposed:
... Similarly, center of gravity (CG) controls
and lift

performance by

distribution control systems enhance

ensuring lift is efficiently
appropriated across the aircraft in relation to the
location of the carried weight.

How to ensure lift is efficiently across the gravity
centroid? This question makes us to construct a new
model to research and analyze the behavior of our
model.

Recently, there are some aircraft which can
change the position of lift like F-14, B-1, Tu-160, etc.
Precisely, those aircraft with variable-sweep wing
actually is to increase the critical speed and raise the
low speed control ability. When aircraft approach
critical speed, 0.8 Mach number, so-called transonic,

airflow on the wing will reach sonic speed and

generate shock waves. The result of shock waves will
include higher drag and control difficulty. In order to
solve it, the answer is swept wing. Most aircraft used
backward swept wing to increase critical speed. If
designer designs a high swept angle wing, it will
cause the divergence of air flow and make it difficult
to control in low speed such as landing. Some aircraft
like Convair B-58 with delta wing has very high
landing speed and cause many crashes. As a result,
variable-sweep wing can be a great answer for this
problem.

Although the variable-sweep wing gives aircraft
higher control ability, it also causes the disadvantage
of lift moving backward. When wings sweep back,
lift will move back and cause pitching moment. Then
the empennage must get involved to balance the
moment. The balanced force will cause more drag and
less fuel efficiency.

At first we proposed two designs. The first



design is illustrated as Fig. 1-1, which has a movable
and variable wing to change the position of lift. But
Fig. 1-1 shows that it may cause too large load on the
changeable mechanism and be too complex, we
proposed the second design as Fig. 1-2. In Fig. 1-2 is
a tandem wing design aircraft. The front wing is a
variable swept angle design and the other is a
changeable position wing. We chose the second
design for this paper.

Then we started to design our test model. The
model plane needs to have the design to change
configuration. The model shown in Fig. 3-1 displays
the ability to remove, add, or change the position of

the wings.
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Fig. 1-1.First design.
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Fig. 1-2. Second design.

Fig. 1-3. Plane model shows the ability to change

configuration.

2 Nomenclature

@ : It means the counterclockwise is positive
D : Total drag of the model plane.

d: The leg length of the three-force balance.

D1,2,3: drag of three-force balance and scales.

Fi: The force detect by scale 1.
F»: The force detect by scale 2.
F3: The force detect by scale 3.
Fa3: Fa3 is the sum of F; and Fs.
h: equivalent position of the plane drag(see Fig. 7-1)
L: Total lift force, equal to the sum of F;, F> and F3,
Lyw: Lift force generated by the front wing.
L Lift force generated by the rear wing.
n;: Coefficient of the front wing lift position.
ny: Coefficient of the rear wing lift position.
r1,12: Length of the three-force balance.
S: Length of the stick on the three-force balance.
Xi: Front wing trailing edge to middle plane body.
X>: Rear wing trailing edge to middle plane body.
Greeks:
AF1, AF2;: Fi and F»3 change as X; change to X;+Ax.
Ax: The change quantity of position X;.
0: The angle to set the three-force balance.
A: Chord length of the plane model.
XFy, ZF,: Net force on X-axis, Y-axis.
>Moi: Moment with respect to O1
YMo:: moment with respect to O2
3 Test Model
We used 3D printing to make our wing model.
We chose NACA4418 with chord length of 6cm. At
first we set O degree as the angle of attack, but the lift
was too weak (~4g) and the noise caused by wing
vibration made it hard to analyze. Then we increase
the angle of attack to 9 degrees (also shown in Fig.
1-3), the lift (~13g) became three times larger than the
0 degree case. The vibration noise became relatively
smaller so we were able to record and analyze the data.
We used 3M tape to keep the surface smooth in
order to reduce turbulence. The wings were designed
hollow to avoid shrinking during printing. We also
sealed up the wing tips to avoid turbulence. Fig. 3-1
shows that we smooth out the sharp corners to avoid

turbulence generation.



Fig. 3-1 Smooth corners to avoid turbulence

4 Wind Tunnel Flow Field Measurement

In order to studying the effects of air moving past

the wing, we put the model into the wind tunnel. With
fan and measurement equipment, we can get the data
from our model, including lift force and drag force.
The first step, we need to measure the flow field in
the tunnel. Then we can choose the test section which
has more stable and stronger wind.

We use a Hot-Wire Anemometer to measure the
wind speed in the wind tunnel. With the fan rotational
frequency at 30Hz, the Hot-Wire measured the wind
speed to be 2.4m/s to 4.8m/s. Fig. 4-1 showed the
speed in the middle is weaker because of the spindle
of fan. The wind speed on the edge of the tunnel is
also week. The upper middle of the tunnel is relative
strong and uniform. Therefore, we decided to choose
the upper middle part in the wind tunnel as the test

section for the model.

Wind Tunnel Flow Field(30Hz)
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After deciding the area where the wing will be
set up, we can reduce the measured range of wind
speed in the tunnel. The second time, we adjust the
measurement of range. In order to increase the
Reynolds number of the model, we increased the
rotational frequency to 40Hz. Using the Hot-Wire
Anemometer to measure the speed of wind, Fig. 4-2

showed the range of speed is about 5m/s to 6.2m/s.

Test Section Flow Field
(40Hz) x
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Fig. 4-2 The flow field of test section when the fan

is rotating at 40Hz.

5 Three-Force Balance Device
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Fig. 4-1. The flow field of the fan rotational
frequency at 30Hz.

Fig. 5-1.Three-force balance device.
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Fig. 5-1 shows the outline of the three-force
balance. The scale in front of the photo is F; scale,
and the other two scales are F, and F3. The sum of Fy,
F,, and F; is equal to the lift. More details will be
introduced in the following paragraph.

6 Experiments and Data Acquisition
6.1 Method of experiment

We moved the wings to the specific position and
stick a bubble level on the model. It can maintain the
level of model and the angle of attack. We also put a
small stick with cotton thread at the front of the model.
Once we put the model into the wind tunnel, we can
see whether the cotton threat floating in the wind is in

parallel with the model or not. As a result, we can

ensure the model is straight in the wind tunnel.
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Fig. 6-1. Data measurements.

The equipment of our experiment is a three
force balance. We put three electronic scales under
the legs of three-force balance. Then we put the model
and the support of three force balance into the wind
tunnel. Before starting the experiment, we turned on
the wind tunnel, slightly perturb the three force
balance and let the value of F, and F be checked, then
we turn off the wind tunnel. Until the model is stable,
we press the switches of the three electronic sales at
the same time and turn on wind tunnel to start the
experiment. Two digital cameras were in place to
record the three electronic scales. We also use Hot-
Wire to measure the wind speed and temperature to
ensure the temperature is stable during the experiment,
since the wind speed is also affected by the

temperature.

6.2 Data Acquisition

Ulead VideoStudio was used to read the camera
film. As a “I1% method”, we recorded the data of the
electronic scales for 20 seconds including Fi, F», F3,
temperature, and wind speed per second, thus we

have 20 samples in total.
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Fig. 6-2. The screenshot shows the way for record

the scale quantity of three-force balance.

Soon we noticed that the arbitrary time interval
we chose may cause errors. In order to obtain more
accurate result, as a “2™ method”, we recorded the
data for 93 seconds with 93 samples. It must be more
representative than the 20 sample data. Although “2™
method” would be more accurate, it will take us much
more time to deal with the heavy data. In Fig. 6-3, the
average data of F; versus time will have less than 3%
errors in different time intervals.

Therefore, we decided to try the “3™ method”.
We still take 20 samples but changing from taking
one sample per second to taking one sample every
five seconds. Then we acquire five groups of data, i.e.
(1,6,11,16...), (2,7,12,17...), (3,8,13,18...),
(4,9,14,19...), and (5,10,15,20...). For each group,
we checked all the samples, and we found the above
5 groups’ average values are less than 1% of errors,
as comparing with the average of 93 samples in Table.
1.

On the other hand, we used the 93sec data (“2™
method”) as the standard database. First we used “1%
method” to choose 5 groups of data with different 20
second intervals, and then we used “3™ method” to
choose another 5 groups of data. In Table. 1, we

compared the errors between the three methods. We



found all groups of “3" method” are within the errors
of 1% as comparing with the average of 93 samples.
Therefore, we used the “3" method” as our data

acquisition approach thereafter.

The average of F1 in different
time interval
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Lpy+ Lpw +F1+F>+F3=0 Eq. 7-2
2Moi=0: @
—Lsv + (S + cosO-ri+X;tA-nid)
—Lpw * (S * cosO—ri+Xo+I—n2h)
=D - (h+S - sinf+d )+ F; - (ri+r3)=0 | Eq. 7-3
IMop:=0.: ©
—Lpy - (S - cosO+r,+X;+A—nil)
—Lpw * (S * cosO+r+Xr+A—n2l)
=D - (h+S - sin0+d ) — F; - (ri+r)=0 | Eq. 7-4

Eq. 7-1 will not be used because we can’t
measure the quantity of drag. In the future, we may
solve this deficiency and it will be mentioned later.

Eq. 7-3 and Eq. 7-4 can be rewritten as:

Fig. 6-3 “1* method” caused errors in different

time intervals.

7 Basic Method of Analysis

The simple static calculation is essential. As in

Fig. 7-1, when the system is in static balance, the sum
of all forces and moments are equal to zero. We can
casily write 4 equations: net force equal to 0 on X-
axis (Eq. 7-1), net force equal to 0 on Y-axis (Eq. 7-2),
moment with respect to O, equal to 0 (Eq. 7-3), and
moment with respect to O, equal to 0 (Eq. 7-4).
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Fig. 7-1. Static balance.
2F=0:
D=D;+D,+Dj3 Eq. 7-1

2F,=0

Eq. 7-3:
—(Lpvt Low) « (S - cosO-r; +1)
—Lpo + (Xi—n12) —Lpnw = (Xo—n21)

=D - (h+S - sinf+d ) + F; - Eq. 7-5
(ri+rz)=0
Eq. 7-4:
—(Lgvt Lpw) + (S - cosO—r; +1)
—Lfv * (Xi—niA) —Low + (Xo—n24) Eq. 7-6

-D - (h+S . Sin9+d)—F23 .
(ri+r)=0
In our previous experience, we use single wing

to build up the data base. Eq. 7-5 and Eq. 7-6 can be

reduced to the single wing form:
Eq. 7-5:
—Lpy - (S + cosO-r; +A)—Ls, - (Xi—nil)

=D - (h+S§ - sinf+d) + F; - Eq. 7-7
(ri+r)=0
Eq. 7-6:
—Lsv - (S + cosO-r; +4)—Ls, - (Xi—nil) | Eq. 7-8

=D - (h+S - sinf+d ) — F»; -
(ri+r)=0

Furthermore, if the wing moves a distance Ax,

i.e., the position changes from X; to X;+Ax, F; and



F»3 will also be increased to Fi+AF; and Fa3+AFs. If
we assume that the position change of wings doesn’t
affect lifts, drags, and others, the changes of X, Fi,
F»; still satisfy Eq. 7-7 and Eq. 7-8 because of static
balance. We substitute into Eq. 7-7 and Eq. 7-8:

Eq. 7-7:

—Lsv + (S + cosO—r; +A)—Lgy = ( Xi+Ax—
niA)-D -+ (h+S - sinB+d )+(F,+AF)) -

(I’1+I’2):0

—[=Lgy = (S * cosO-r; +2)-Lp - ( Xi—
niA)-D - (h+S - sinf+d )+F; -

(l’]""}"z)]
—Lsy Ax+AF; - (V[‘H"z):O

[] equal
to 0

Eq. 7-9
. =Lpy » Ax+AF - (ri+r2)=0
Eq. 7-8:
—Ls, + (S - cosO—r; +1)—Lgy - ( Xi+Ax—
niA)-D - (h+S - sinf+d )—
(F23+A4F23) - (ri+r)=0

[] equal
to 0

—[=Lsy * (S * cosO-r; +2)—Ls, - ( Xi—
niA)-D - (h+S - sinf+d ) —F>; -

(ritri)]

—Lgy - Ax—AF>3 -

(}"H‘Vz)ZO Eq. 7-10

L =Lpe s Ax—AF53 - (r1+r)=0

Eq. 7-9 and Eq. 7-10 can be used in data analysis.

Using arbitrary chosen data of lift, Fi, F23, Xi, we can
use these equations to predict and check the
correctness of other data.

8 Results

8.1 Single Wing with 20cm Wingspan

The first experiment is the single wing case in
order to establish the base line. Then we can use this
data to compare with the double length wingspan and
tandem wings. We moved the wing position X; from

6¢cm to 9 positions, i.e. S5cm, 4cm, 3cm, Ocm, -3cm, -

6¢m, -9cm, and -10cm.

Fig. 8-1. Single wing configuration test.
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Fig. 8-2 Experimental data versus theory.

Fig. 8-2 shows all the points from -10cm to 6¢cm.
We can see F) increases from -10cm to 6¢cm, and Fa3
decreases from -10cm to 6cm.

Lift force is the sum of F; and F»;. Fig. 8-2
shows lift forces are almost unchanged as we
expected, since the angle of attack is unchanged.

In order to compare the experimental data with
theory, we use the 6cm point data, as F;, L and Fa;3,
into Eq. 7-9 and Eq. 7-10 to obtain the ideal value of
other F; and F»; in different positions. As shown in
Fig. 8-2, the experimental data agrees well with the
theory, with errors of F; 6% and F23 10%.

8.2 Single Wing with 40cm Wingspan

Because we will add another pair of wings for



tandem design and thereby doubling the wing area, in
order to compare the two, we also need to study the

wing area effects by increasing the 20cm single

wingspan to 40cm.

Again, we moved the 40cm wing from X, at

6¢m to 3cm, Ocm, -3cm, -6¢cm, and -9cm.

8.3 Tandem Wing with 20cm Wingspan

For the tandem wing case, we set both wings on
the same horizon. Then we fixed the front wing at
X;=6cm and changing the rear wing position from

X5=0cm, to -3cm, -6¢m and -9cm.
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Fig. 8-3 Experimental data versus theory.

Fig. 8-3 shows the distribution of the 40cm
results. Eq. 7-9 and Eq. 7-10 are used to predict the
theoretical Fi, F23, and L versus the change of X;.

As shown in Fig. 8-3, the experimental data
agrees well with the theory, with the 40cm wingspan
results even better than the 20cm case.

The average lift of 40cm wingspan is 30g, as
compared to the 20cm case of 13g. Other words, the
40cm case lift per span is higher than the 20cm case.
It demonstrates that the aircraft with higher aspect

ratio wings will have large lift.

Fig. 8-4 Front wing at X;=6cm and the rear wing at

position X;=0cm.
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Fig. 8-5 Data distribution of tandem wing case.

As shown in Fig. 8-5, the lift of the tandem wing
design is reduced to 15g as we move the rear wing
closer to the front wing, which is close to the single
20cm wing case. It was demonstrated that the lift
decrease is due to the rear wing lift affected by the
vortices shedding from the front wing as they are
coming closer. However, as we move the two wings
apart, the combined lift can only reach 20g as

compared to 30g from the 40cm single wing case.



9 Conclusion

In this study, we set up a wind tunnel and use
Hot-Wire Anemometer to find the wind tunnel flow
field. We designed a three force balance and use 3D
painting to print the model plane wings. In the data
acquisition, we found that using the method that
taking one sample every five seconds is more
accurate than taking one sample every second. The
experimental results matched quite well with theory.

In the tandem wing case, it was demonstrated that the

lift decrease is due to the rear wing lift affected by the
vortices shedding from the front wing as they are
coming closer. As we move the two wings apart, the
combined lift can only reach 20g as compared to 30g
from the 40cm single wing case. In the future, we will
continue the tandem wing experiments by changing
the angles of attack for both the front and rear wings

as well as the gaps in-between.

4cm-4 Average 1 datum per 1sec and last 20sec (1* method) 1 datum per 5sec (3™ method)

Time interval 93sec 1~20 21~40 41~60 61~80 80~93 1~6... 2~7... 3~8... 4~9... 5~10...
F1 ave in the interval |(8.644946237 |8.6195 8.6475 8.679 8.61 8.68154 [8.64889 |8.64222 |8.62611 |[8.64667 |8.65167
F2 ave in the interval [-10.31924731 |-10.213 |-10.289 |-10.442 |-10.274 |-10.41 -10.293  [-10.288 |-10.339 |-10.294 |-10.345
F3 ave in the interval [-11.49215054 |-11.319 |-11.492 |-11.565 |-11.478 |-11.67 -11.497 |-11.465 |-11.447 |-11.47 -11.531
L ave in the interval -13.16645161 (-12.912 |-13.134 |-13.328 |-13.142 |-13.398 |[-13.141 |-13.111 |-13.161 |-13.118 |-13.224
Difference between F1 93sec-ave (%) |-0.29% 0.03% 0.39% -0.40%  [0.42% 0.05% -0.03% [-0.22% |0.02% 0.08%
Difference between F2 93sec-ave (%) |1.03% 0.29% -1.19%  (0.44% -0.88%  [0.26% 0.30% -0.20%  [0.24% -0.25%
Difference between F3 93sec-ave (%) |1.51% 0.00% -0.63%  [0.13% -1.55% [-0.04% |0.24% 0.39% 0.19% -0.33%
Difference between L 93sec-ave (%) |1.93% 0.25% -1.23%  [0.19% -1.76%  {0.19% 0.42% 0.04% 0.37% -0.44%
Table. 1
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