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a root chord of 18 in. was selected to keep both the wing area and aspect ratio at
high values. This resulted in corresponding values of 1350 in”> and 7.14

respectively, shown in Figure 8 below.

Figure 8: The final design of the main wing

2.3: TAIL DESIGN

A plane has three rotational degrees of freedom (DOFs) while in flight.
Figure 9 below illustrates these characteristic DOFs. The tail is responsible for
controlling pitch with the elevators and yaw with the rudders while roll is

controlled with the ailerons on the outer areas of the main wing.

Figure 9: The three rotational freedoms; pitch, yaw,
and roll, of any aircraft [14]

The inverted tri-tail design, similar to an inverted version of image (h) in Figure

10, of last year’s aircraft was necessary to control steering on the runway. At
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lower speeds during take-off the central rudder behind the wash of the propeller
gave control while the outer rudders did not have enough authority to maneuver
the plane. This year’s design uses a similar upright H-Tail design, similar to
image (d) in Figure 10, without the need for the central rudder because of the

addition of a steerable landing gear.

(a) (b) (c) (d)
e) )] (&) (h)

Figure 10: Common tail designs of traditional aircrafts. The H-Tail
design used by last year’s team is represented most closely by image
(h). This year’s design was focused closely around (d) [6]

(

A large problem encountered in last year’s design was the weight build-up
of the servos in the tail. The tail's heavy weight, combined with its large moment
arm to the plane’s center of gravity, caused the need for 12 Ibs. of ballast weight
positioned in the nose of the plane to allow for empty flights. Design changes of
this year’s plane reduced the number of servos in the tail from five to two. One
servo is located in the horizontal stabilizer to control the rudders while a second
servo is at the aft end of the taill boom to control the pitch of the stabilator
(stabilator defined in the next paragraph). This resulted in a significant reduction

of weight in the tail.
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A traditional airplane uses elevators to control the pitch. Union College’s
design for this year’s plane will feature a stabilator as an alternative. A stabilator,
or “full moving tail,” combines the function of the horizontal stabilizer with the
elevators. Designed to rotate about its aerodynamic center (AC), there are
smaller pitching moments involved with a stabilator. The AC is the location along
an airfoil where the pitching moment is constant regardless of angle of attack
(0C,/da = 0). This allows a reduction in the amount of structural support and the
number of servos required in the tail, ultimately reducing its weight. Initially, the
distance between the main wing and the tail was proportionally decreased from
that of last year’s plane to abide by the reduction in size limitation. An appropriate
design change for this year’s plane involved decreasing the span of the main
wing to allow for a greater distance between the center of gravity and the tail.
This allowed for a slightly lighter tail/tail boom assembly that will provide much
more pitch and yaw control for the pilot. A cross sectional view of the stabilator

mechanism can be seen in Figure 11 below.

Figure 11: A cross sectional view of the stabilator mechanism.
The horizontal stabilizer will pivot about the AC of the airfoil.
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An area of concern throughout the conceptualization process was whether
or not deep stall would occur. Deep stall occurs when the elevator passes
through the wash of the main wing, resulting in a loss of pitch control. It is
imperative that deep stall and stall of the main wing do not occur at the same
instant. Last year's approach to avoiding deep stall was accomplished by
ensuring that the tail remains above the wash of the main wing at all flight
positions. This year’s design ensures the opposite. The stabilator will always
remain below the wash of the main wing. This design strategy used less overall
distance in the aircraft’'s height dimension, allowing more distance for the length
and width dimensions.

The process of sizing the tail utilized the tail volume coefficient method of
Daniel Raymer®. This method uses sizing coefficients of traditionally successful
aircrafts to determine an acceptable surface area for the vertical and horizontal
surfaces. Equations 4 and 5 were used for the horizontal and vertical tails,
respectively, with a horizontal tail sizing coefficient (Cy) of 0.55 and a vertical tail
sizing coefficient (Cys) of 0.038. Other variables such as the area of the main
wing (4,,), and the distances between the AC of the main wing and the AC’s of
the horizontal and vertical tails (Lys and Lyg) were used to find the required areas
of the tail surfaces.

cA @)
Anorizontal = CHSL_W
HS

A )
Avertical = CVSL_W
A
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The mean aerodynamic chord (MAC or ¢) is important in aerodynamic analysis to
determine the location of the AC. Using equation 6 below, the MAC of the final
wing was calculated to be 14 inches.

_ 2(1+ 21+ 22 (6)
MAC == Crooz\ 7157

The AC of the wing is located approximately 25% of the MAC (3.5 inches) aft of
the leading edge. It is at this specific point that the pitching moment of the wing
does not change with the angle of attack.

Returning to the sizing of the tail surfaces, a moment arm of 38.5 in. and
chord lengths of 8.2 in. were chosen for both the vertical and horizontal tail
surfaces. This insured that the dimensional requirements were satisfied. These
dimensions led to a final aircraft configuration with a horizontal tail area of 270 in?

and a vertical tail area of 133 in®, shown in Figure 12 below.

Figure 12: The final tail design
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2.4: DESIGN REVIEW PROCESS

The most significant part of the review process for the aircraft was the
construction and test flight of a prototype in January. Initially a 110 inch wingspan
was used in the design; however, after constructing the prototype it was realized
that the plane had surpassed the dimensional limitations by just over 10 inches.
A computer generated rendering of the prototype alongside the final construction
can be viewed in Figure 13 below. The prototype featured a double tail boom
assembly, similar to that of last year’s plane with the tail booms connecting to the
outer ends of the fuselage. Additionally, the issue of deep stall was addressed in
the same way that last year's design had done. The tail was placed above the

wing where it would not pass through the wash.

e
Figure 13: A computer generated model of the prototype aircraft (left) above its final
construction (right)

In response to failing to meet the dimensional limitations, the wing was
reduced in span, while the tail was lowered and inverted from the prototype’s
design. The double tail boom was replaced with an aluminum tube tail boom for
multiple reasons. After moving the tail to a lower position, the unusual shape of
the tail boom shown in Figure 13, previously needed to prevent the boom from
passing through the wing, was no longer needed. The aluminum tail boom

proved to be stronger, simpler, and lighter than that of the wooden tail boom.
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The prototype never successfully flew during testing. This is due to an
issue, discussed later in Section 3.2, which prevented the plane from
successfully taking off. The rear landing gear was located too far aft, preventing
the plane from being able to pitch upwards and take off. The discovery of this
issue led to an appropriate design change that shifted the landing gear further
forward. Separate modifications in the final design from the prototype included
the following: Connecting the fuselage directly into the wing to improve structural
rigidity and designing an aluminum skeleton for the fuselage that is directly

welded to the landing gear.
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3.0: AERODYNAMIC PERFORMANCE

Estimates for the final take-off speed and maximum payload prediction
were calculated to determine the plane’s performance at competition.
Additionally, forward and aft limitations for the location of the CG were
established in order to ensure the longitudinal stability of the plane. The following

sections will discuss the methods for finding these key performance parameters.

3.1: PAYLOAD AND VELOCITY ESTIMATION
A major rule stated by SAE for the competition requires that no aircraft can
travel more than 200 feet down the runway before the landing gear lifts off the
ground. The relationship between the velocity of the plane and the distance it
travels is more complicated than one would initially think. The maximum
allowable payload weight was calculated by mathematically relating lift, gravity,
drag, thrust, and the inertial forces acting on the aircraft to eventually solve for
the plane’s mass. Equations 7 and 8 were used as the basis for finding this
mathematical relation where v is the plane’s instantaneous velocity, s is the
distance from the starting point along the runway, t is the time from leaving the
starting point, and a is the plane’s instantaneous acceleration.
v =ds/dt (7)
a=dv/dt (8)
Along with Newton’s Second Law, these equations can be substituted into

one another to give equation 9 where s, is the end of the runway at 200 feet, vf
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is the unknown final velocity of the plane at take-off, m is the plane’s maximum
allowable mass, and F,,,; is the net force acting on the plane.

S F v 9
7= dv ®)

Sf vy
ads = vdv = f ads = f vdv =
0 0 m 0 Fnet

The net force acting on the plane consists of four main component forces.
These forces include the drag force, thrust force, lift force, and gravitational force
(i.e. the weight). At takeoff, the weight and lift force are equal to one another.
Equation 10 below was used to calculate the lift (L) of the main wing where C,,,
is the lift coefficient at the plane’s takeoff angle of attack of 16°. Solving for the
final velocity of the plane at take-off with this relation gives equation 11, later
used for the upper limit of the velocity integral in equation 9.

1 1
L =5 pv2C,A, (10)

2mg (11)
Ve = |———
4 pCL,wAw

The drag force (D) on the plane comes from drag on the main wing, the
tail, and the fuselage, calculated the same way that the lift force is in equation 10
using a drag coefficient rather than a lift coefficient. The main wing has the
additional effect of induced drag; however, the overall drag can be found in terms
of the velocity, for use in equation 9, using equation 12 below. It should be noted
that the subscripts “s” and “f" denote the tail (or stabilator) and fuselage

respectively in this equation. The drag coefficient used for the fuselage

corresponds to that of a rectangular flat plate with the same frontal area. This
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was done for the purpose of over-estimating the total drag and finding a
conservative allowable payload.

(12)

1 ) Ciw
D = Epl? CD,W + m AW + CD,SAS + CD,fAf

The drag force increases with velocity while the thrust force decreases. It
is for this reason that the plane will stop accelerating at a certain velocity, where
the thrust force and drag force are in equilibrium. The dynamic thrust of the
propeller (T) can be calculated in terms of a thrust coefficient (C;), the air density,
and the propeller's diameter (D,), RPMs (n,), and efficiency (n,) in equation 13
below.

T =n,CrpnaDy (13)
The thrust coefficient for the 18x8E propeller used in the final design is plotted

against the advance ratio (J), calculated with equation 14 and shown in Figure 14

below.
j=_" (14)
nyDyp
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Figure 14: A plot of the advance ratio versus the thrust coefficient. A straight line
approximation for the 18x8E propeller is indicated by the thick black line. [2]
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Using a straight line approximation for the relationship between thrust coefficient
and advance ratio, the thrust was re-written in terms of the velocity in equation
15. The propeller efficiency was determined using this relationship and the
experimental data (a thrust of 8.7 Ibs. at an advance ratio of zero).

v (15)

nyDy

T =n, (O.lO —0.1185 >pn§Dg

Once the drag and thrust were found in terms of the plane’s velocity, the
difference between the two opposing forces was defined as the net force acting
on the plane. After substituting equations 11, 12, and 13 into equation 9, the only
unknown value left was the maximum allowable mass. Since this function would
be exceedingly difficult to integrate by hand, the maximum allowable mass was
numerically solved for using Mathematica®, a computational software program.
Once the mass was found, the corresponding takeoff velocity was found by re-
using equation 11. Final values of the allowable payload versus density altitude,
corresponding to the final aircraft weight of 11.2 Ibs., are shown in Figure 15 on
the next page. The approximate takeoff speed is estimated to be about 35

feet/sec.
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Payload Weight Vs. Density Altitude
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Figure 15: A plot of the allowable payload weight versus density altitude with the
corresponding linear equation

3.2: LONGITUDINAL STABILITY

The stability of the plane mainly depends on the longitudinal static stability
and the longitudinal dynamic stability. Static longitudinal stability is the tendency
of the plane to instantaneously return to equilibrium after a disturbance in the
pitching plane. The dynamic longitudinal stability is a measurement of how
capable the plane is able to return to equilibrium in the pitching plane over time.

Figure 16 illustrates the different possibilities of longitudinal stability.
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Figure 16: Flight behavior associated with
different static and dynamic longitudinal
stability characteristics [17]

The static longitudinal stability is directly affected by the location of the
aircrafts CG. A CG located as far forward as possible will ensure static
longitudinal stability. However, without a large enough tail an aircraft with a far
forward placed CG will experience one of two failure modes. Upon takeoff, the
tail could potentially not have enough authority to lift the nose off of the ground.
This is the issue that was experienced with the prototype mentioned earlier.
Alternatively, once in flight, the plane has the potential to lose pitch control and
nose dive into a crash. Analysis of these failure modes was accomplished by
performing a force and moment balance on the aircraft. Moments were summed
about the AC of the wing (analyzing for the in-flight failure mode) and the rear

landing gear (for the takeoff failure mode). Both methods were performed with
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the CG at its forward limit and the horizontal tail at its maximum downward
deflection angle.

Figure 17 below displays the free body diagram used to perform the force
and moment balance explained in the paragraph above. All lift forces, drag
forces, and pitching moments correspond to the aircraft's geometry at an
airspeed of 35 feet/sec. This airspeed was estimated using the takeoff velocity
function mentioned in Section 3.1 with the tail at its maximum downward

deflection angle.

Figure 17: The free body diagram of the plane with all aerodynamic forces acting on their
respective control surfaces

Finding the forward CG limit of the plane using the free body diagram in
Figure 13 consisted of two different calculations. These two calculations involved
summing and setting equal to zero all of the moments about both the AC of the
main wing and the rear landing gear. Summing the moments about the rear
landing gear determined the forward limit of the CG that allows the plane to
perform a normal takeoff. If the CG exceeds this limit the plane cannot takeoff.

The same process was performed at the AC location on the main wing. This
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determined the forward limit that the CG could be placed to keep the plane from
experiencing an unrecoverable downward pitch.
Equation 16 was used to determine the forward CG limit during takeoff.

Lift and drag forces correspond to the aircraft’s 7° angle of incidence.

1
Xco = 77 [M +T(r + yi6) + W — Ly (X6 — %) — DyYie
(16)

- Ls(xs - xLG) - Ds(yLG - ys)]
Alternatively, equation 17 was used to determine the forward CG limit of the

aircraft in flight.
1
Xce = W [Tyr + M + Wx,, — Ls(xs — x,,) + Dsys] (17)

With these two failure modes, the forward CG limit of the aircraft was determined
for all possible masses.

When analyzing how far aft the CG can be placed while maintaining static
longitudinal stability, the farthest aft that the CG can be placed is at the “neutral
point”. The neutral point is defined as the CG location that will result in a statically
neutral aircraft. If the CG is located behind the neutral point, the aircraft will be
statically unstable. Equation 18 defines the relationship between the location of
the neutral position with the AC location, the stabilizer efficiency (7;), the slope of
the main wing’s lift curve (a,, ), the slope of the stabilizer’s lift curve (a;), and the
change in stabilizer downwash angle versus change in wing angle of attack

(0e/0ay).

Ag(xs — xy) _&(1 B de ) (18)

Xp = Xy +
n = tw T s A, C a,, oa,
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Values for the stabilizer efficiency and the change in stabilizer downwash angle
versus change in wing angle of attack were chosen to be their typical values of
0.6 and 0.4 respectively. Using equations 16, 17 and 18 to determine the forward

and aft CG limits, the flight package envelope was plotted in Figure 18 below.

15
Aft Limit

/

10

T
g / Empty Weight
©
w5
oo
£ \
-
3 Forward
®
c 0
- 5 10 15 20 25 30 35 40 45
£
5
-10
Weight (Lbs)

Figure 18: The CG limit data plot used to find the aft and forward CG limits
of the plane

Table 1 calls out the appropriate CG limits for the fully unloaded plane of 11.2

Ibs.

Table 1: Displays the forward and aft CG limits for the empty aircraft,
measured aft of the main wing’s leading edge

Empty Forward CG Limit (in) 0.5

Empty Aft CG Limit (in) 10.5

The dynamic longitudinal stability of the aircraft refers to its ability to return
to level flight after an extended period of time. The analysis of this characteristic

has to do with the distribution of the weight of the plane about the CG. A plane
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with most of its mass centered about the CG or any of the extremities is likely to
portray negative dynamic stability. This is caused by the concept of moment of
inertia and the plane’s axis of rotation. Due to the nature of this competition, most
of the mass will be centered within the payload bay volume and within the main
wing. It is for this reason that the plane will most likely not be dynamically stable.
However, poor dynamic stability affects the plane’s flight performance much less
than poor static stability would. The pilot controlling the aircraft should be able to
correct the flight trajectory with the remote controls fast enough to eliminate the

issue.
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4.0: CONCLUSION

The core objective of this project was to successfully design an aircraft,
capable of lifting a maximum payload weight in stable flight, while abiding by all
SAE rules and regulations. This year’s team has worked towards a design best
suited for competition by building and improving upon the strategies conducted
by Union’s previous teams. Major objectives that were defined to maintain a
competitive design strategy consisted of abiding by all SAE rules and regulations,
generating sufficient lift to carry the target payload weight, possessing the ability
to maintain stable flight, and minimizing the unloaded weight of the plane.

The aircraft design for this year’s plane utilizes a fully tapered wing with a
100 inch wingspan with an upright H-Tail stabilator design 38.5 inches aft of the
main wing. The completion a full-scale fully-functioning prototype in the middle of
the project's progression revealed many important design flaws that helped
shape the final aircraft configuration. Had these issues not been addressed, the
performance of this year’s team would have been unfavorable. The final aircraft
will weight 11.2 Ibs. and be able to lift roughly 19 Ibs., resulting in a payload
fraction of 0.63.

Relevant research on the subject of induced drag and aerodynamic
performance was compiled to help aid the efforts of future teams. A function that
can be used to find any plane’s allowable payload and corresponding takeoff
velocity has been proven to be a useful tool. Additionally, information regarding
induced drag and wing shape will deter future teams from a rectangular wing

design and more towards a tapered design.
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