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This paper describes the simplest hybrid configuration, called an aeroship, that integrates an airshipmodule and a

wing to meet demanding requirements in takeoff/landing, low-speed flight, and control/maneuver for certain

challenging flight missions. A flight performance analysis of an aeroship is given, particularly on the optimum ratio

between the aerostatic lift and the total weight to achieve the maximum lift-to-drag ratio. To critically examine the

conceptual design and performance analysis, a remote-controllable model aeroship is built and tested in flight. The

results obtained by using a stereo-videogrammetric system in flight testing are consistent with the performance

analysis.

I. Introduction

T HE idea of using a combination of aerostatic and
aerodynamic forces, such as with a winged airship and a

lifting-body airship, has been proposed [1–4]. The impetus for
this development of a hybrid air vehicle called an aeroship

originates from the need for air vehicles for personal flight,
planetary flight, and high-altitude flight that present formidable
technical challenges to conventional flight platforms. The idea of
personal flying machines such as flying cars seems to be as old as
aviation itself, yet it continues to attract considerable attention.
Personal air vehicles require some stringent features in takeoff/
landing, low-speed maneuverability and controllability, piloting,
and environmental impact [5]. The existing designs of air
vehicles cannot meet most of the necessary requirements for
personal flight. Unmanned planetary flight (e.g., Mars flight) and
high-altitude (near-space) flight at low speeds also pose unique
challenges. Several previously proposed concepts such as fixed-
wing aircraft [6–9], rotorcraft [10–14], flapping flyers [15,16],
and balloons [17] have serious problems in short takeoff/landing,
low-speed maneuverability, and long endurance in rarefied
atmospheres.

No single conventional flight platform can provide a satisfactory,
feasible, and economical solution to personal flight, planetary flight,
and high-altitude flight. Therefore, a hybrid platform that integrates
an airship and a wing into a single system seems feasible to achieve
the optimal performance in takeoff/landing, control, andmaneuver in
low-speed flight [18]. This paper describes an aeroship that is the
simplest integration of a conventional airship module and a straight
wing. A flight performance analysis for the aeroship is presented. To
validate the conceptual design and performance analysis, a remote-
controllable model aeroship is designed, built, and tested in flight.
The flight-testing results are compared with the performance
analysis.

II. Concept

The aeroship platform consists of a suitably sized airship module
and a wing/propulsion module. The total weightW of an aeroship is
partially supported by the aerostatic lift Lship from the airship
module, and the remaining weight�W �W � Lship is supported by
the aerodynamic lift Lwing from the wing/propulsion module. The
effective weight�W is an important factor in the performance of an
aeroship, providing a natural downward force for landing and
maneuver during flight. Figure 1 illustrates the simplest aeroship
configuration driven by propellers for personal flight and unmanned
high-altitude flight. For this configuration, a conventional axisym-
metrical streamlined hull is directly adopted for the airship module
[18], and a straight wing is installed beneath the hull at a sufficient
distance. This configuration is not only structurally simple, but also
feasible for a preliminary aerodynamic analysis in which
complicated aerodynamic interference between the airship module
and the wing/propulsion module is neglected as a second-order
effect.

The relevant parameters are introduced here. In a first-order
analysis in which the aerodynamic interaction between the airship
module andwing/propulsionmodule is sufficiently weak, the lift and
drag of the two modules can be considered independently in a
preliminary analysis. The buoyancy lift generated by the airship
module is given by

Lship � g��� �g�Vship

where Vship is the airship volume, and � and �g are the gas densities
outside and inside the airship, respectively. For example, in the earth
atmosphere, � and �g are the densities of air and a lifting gas such as
helium. Here, the buoyancy lift coefficient is defined as

CLship � Lship=g�Vship � 1 � �g=�

The drag coefficient for the airship is conventionally defined as

CDship
�Dship=��U2Sship=2�

where Sship is the characteristic area of the airship module, and U is
the flight speed. The volumeVship is generally related to the area Sship
by

Vship � aship�Sship�3=2

where aship is a factor depending on the airship geometry. In some
literature, Sship is defined as the frontal (or front-projected) area of

airship, and it is sometimes defined asSship � V2=3
ship. The conventional

definitions of the lift and drag coefficients are used for the wing: that
is,

CLwing � Lwing=��U2Swing=2�; CDwing
�Dwing=��U2Swing=2�
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where Dwing includes both the parasite drag and induced drag of the
wing.

The total lift and drag of an aeroship are, respectively,

L� CLshipg�Vship � CLwing ��U2Swing=2� (1)

D� CDship
��U2Sship=2� � CDwing

��U2Swing=2� (2)

The total drag coefficient of an aeroship can be defined as

CD �D=��U2Swing=2� � CDship
RS � CDwing

(3)

where RS � Sship=Swing is the ratio between the characteristics areas
of the airship and wing modules. Further, the total drag coefficient
can be written as

CD � CD;0 � KC2
Lwing

where the total parasite (zero-lift) drag of an aeroship

CD;0 � CDship
RS � CDwing;0

is the sum of the airship module drag and wing parasite drag. The
factor K � ��e��1 is related to the wing induced drag, where e is
the span efficiency, and  is the wing aspect ratio. Care should be
taken when defining the total-lift coefficient, because there is a
mixture of the two distinct mechanisms for generating lift. In fast
forward flight, the total lift coefficient of an aeroship is defined as

CL � L=��U2Swing=2� � CLshipRF � CLwing

where the parameter

RF � gVship=�U2Swing=2�

describes a balance between the buoyancy force and the aerodynamic
force. The total lift-to-drag ratio of an aeroship is

L=D� �CLshipRF � CLwing �=�CDship
RS � CDwing

�

III. Optimum Ratio Between Buoyancy Lift
and Weight at Maximum L=D

The performance analysis for the aeroship is parallel to that for
aircraft, as described in the Appendix [19]. Figure 2 shows the
diagrams of force balance on aeroship. In contrast to aircraft, the
effective weight�W of an aeroship, rather than the total weightW,
plays a key role in the performance analysis. Here, themaximum lift-
to-drag ratio L=D and the corresponding optimum ratio between the
buoyancy lift and the total weight are sought, which are useful for the
design of an aeroship. In general, the lift-to-drag ratio is

CL
CD
� L
D
� CL
CD;0 � K�CL � RFCLship

�2 (4)

For themaximumL=D, differentiating Eq. (4) with respect toCL and
then setting the result equal to zero, we have

CL �
���������������������������������������
CD;0=K � R2

FC
2
Lship

q
(5)

Substitution of Eq. (5) into Eq. (4) yields

Fig. 1 Basic aeroship configurations for a) personal flight and

b) unmanned high-altitude flight.

Fig. 2 Diagrams of force equilibrium on aeroship for a) level steady flight, b) climbing, c) gliding, and d) level turn.

668 LIU, LIOU, AND SCHULTE



�
L

D

�
max

�

���������������������������������������
CD;0=K � R2

FC
2
Lship

q
CD;0 � K�

��������������������������������������
CD;0=K � R2

FC
2
Lship

q
� RFCLship

�2
(6)

Equation (6) can be expressed by

�L=D�max � K�1f�RFCLship ; CD;0=K� (7)

where the function f�x; p� is defined as

f�x; p� �
���������������
p� x2

p
p� �

��������������
p � x2

p
� x�2

(8)

The function f�x; p� has a maximum point in x 2 �0; ����
p
p �. For a

givenCD;0=K, �L=D�max can be furthermaximized by differentiating
Eq. (7) with respect to RFCLship . Because a closed-form solution

cannot be obtained, the twice-maximized value �L=D�max 2 is found
by a standard numerical scheme for optimization. The optimum
value of RFCLship is found as a function of CD;0=K over a certain

range, and a regression to fit the numerical data is

�RFCLship�op � 0:761
����������������
CD;0=K

p
(9)

Substitution of Eq. (9) into Eq. (7) yields

�L=D�max 2 � 1:241=
�������������
CD;0K

p
(10)

Compared with a classical relation

�L=D�max � 0:5=
�������������������
CDwing ;0

K
q

for aircraft, the achievable maximum L=D for the aeroship is

�L=D�max 2; aeroship

�L=D�max; aircraft

� 2:482������������������������������������������
1� RSCDship

=CDwing;0

q (11)

ForRSCDship
=CDwing;0

< 5:16, the aeroship has a higherL=D than that

for aircraft. Similarly, substitution of Eq. (9) into Eq. (5) leads to

CL � 1:257
����������������
CD;0=K

p
(12)

A comparative relation for CL at the maximum L=D is

�CL�aeroship
�CL�aircraft

� 1:257
������������������������������������������
1� RSCDship

=CDwing;0

q
(13)

Substitution of Eq. (12) into W � L� �U2SwingCL=2 yields an
expression for the velocity at �L=D�max:

U�L=D�max
� 0:891

�
2

�

���������
K

CD;0

s
W

Swing

�
1=2

(14)

Accordingly, a comparative relation with respect to aircraft is

U�L=D�max; aeroship

U�L=D�max; aircraft
� 0:891������������������������������������������

1� RSCDship
=CDwing;0

q (15)

As indicated byEqs. (13) and (15), the aeroship at themaximumL=D
has a larger lift coefficient, but a lower velocity, than with aircraft.
Furthermore, as a consequence of a constraint imposed by the
optimality condition equation (9) for �L=D�max 2, substitution of
Eq. (14) into Eq. (9) gives an optimum ratio between the buoyancy
lift and the total weight of an aeroship:

�Lship=W��L=D�max
� 0:6041 (16)

This is a useful relation for the preliminary design of an aeroship. For
a given airshipweight, the airshipmodule volumeVship can be further
estimated by using Eq. (16) to achieve the maximum L=D.

IV. Flight Testing of the Model Aeroship

A. Design

To validate the proposed concept and the performance analysis, a
remote-controllable model aeroship was designed and built for flight
testing [20]. Figure 3 shows the model aeroship on the ground and in
flight testing. Table 1 lists the design parameters of the components
of the model aeroship. The total weight of the model aeroship was
19 N. The airship module was a commercially available blimp or gas
envelope with a maximum length of 2.3 m and a maximum diameter
of 1.1m.A suitable airframemodulewas built in-house tofit with the
gas envelope.

In flight tests, the blimp supported 60% of the total weight of the
model aeroship, which is the optimum value given by the
performance analysis. Three fins made of 6-mm-thick Depron foam
were installed on the left, right, and top sides at the rear of the gas
envelope for required stability and control. The fin size was 0.46m at
the root, tapered to 0.3 m at the tip, with a 0.33 m span. The leading
edgewas swept at an angle of 25 deg. The straight wing had a span of
1.52 m and a chord of 0.203 m, and the wing section was the
NACA4312 airfoil section.

All structural components of the wing and tails were constructed
using balsa ribs and spars covered with thin white MonoKote sheets.
A fiberglass beam was used as a main frame on which all of the
components were attached, including the blimp, motor, with a

Fig. 3 Remote-controllable model aeroship a) on the ground and b) in

flight testing.
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gearbox connecting a propeller, batteries, servos,wing, and tails. The
HitecmodelHS-65HB servoswere used for actuating the tails, which
were capable of delivering torque of 0:19 N �m and weighed only
11 g. An electric motor (JustGoFly model 450TH) was chosen as the
power source for the model aeroship, which was capable of
producing up to 300W of power. To keep the motor cool and within
safety limits, the motor was only run below 200 W. A propeller of a
12 in. diameter with an 8 deg pitch was used in geared drive mode,
which was able to provide more than 18 N of thrust. A three-cell
lithium polymer battery pack was chosen for the power supply,
which had a higher energy density than many other commercial
batteries.

B. Flight Testing

Fight tests were conducted in the indoor tennis court at Western
Michigan University. To accurately determine the flight perform-
ance of the model aeroship, a two-camera videogrammetric system
was used tomeasure the three-dimensional (3-D) coordinates of three
black targets on the aeroship during flight at a rate of 15 frames per
second. The focal length of the camera was 8mm. Figure 4 illustrates
the two-camera system viewing the targets on the model aeroship.
Before tests, the camera system was calibrated to determine the
exterior and interior orientation parameters of the cameras based on a
known target field in a designated ground coordinate system [21].

For such a large measurement volume, a known target field was
established by sequentially placing a pole with two targets that were,
respectively, at 1 and 2 m in height from the ground at 5 known
ground locations. The volume of the target field was 6 m in width,
15 m in depth, and 2 m in height. The targets on it at these locations
were imaged by cameras. Thus, a 3-D target field and the
corresponding image coordinates were reconstructed by combining
these images. Camera calibration was done by using an optimization
method [22]. The calibration error in the image plane was about
0.008 mm, which was a relatively large error in such video-
grammetric measurements. When a target was placed at 20 m away
from a camera with an 8 mm focal length, this error would lead to an
error of 20 mm in the object space. A general uncertainty analysis of
videogrammetric measurements in aerodynamic testing was given
by Burner et al. [23].

The 3-D coordinates of the targets in the object space were
calculated by photogrammetric intersection from a time sequence of
image pairs recorded in flight. Then, from the 3-D coordinates of the
three targets, the position and attitude of the model aeroship in flight
were determined as a function of time. The data measured in flight
testing were compared with the performance analysis for the model
aeroship in Sec. III and the Appendix. Table 2 compares the
estimated and measured performance data for the model aeroship. It
is found that the first-order simplified performance analysis gives
consistent results with the measurements.

C. Flight Performance

The takeoff performance of the model aeroship was examined.
Figure 5 shows the rate of climb, speed, and position of the model
aeroship in takeoff. From Fig. 5, it can be seen that the takeoff
distance for the model aeroship was approximately 3 m and the
velocity at the time of takeoff was approximately 4:2 m=s. These
results are consistent with the estimated data given by the
performance analysis, as shown in Table 2. Because the power for
takeoff was significantly higher than that for cruising in flight tests,
the estimated 100% increased powerwas used in the takeoff analysis.
It should be noted that the measured takeoff data shown here was
taken from a normal takeoff. The pilot was actually able to perform
the takeoff maneuver in a much shorter distance.

The next maneuver measured using stereo videogrammetry was
the landing of the model aeroship. Figure 6 shows the landing
position, the descent rate (negative rate of climb), and the landing
velocity. The model aeroship had a descent rate of about 1 m=s
before touchdown. At approximately 3.5 m, the aeroship began to
have a positive vertical velocity, reflecting a bounce right after

Table 1 Design parameters for the model

aeroship

Parameters Values

Total weightW, N 19
Gas envelope
Volume, m3 1.08
Gross buoyancy lift, N 13.3, 70%W
Weight of envelope, kg 0.48
Front-projected area, m2 0.98
Vertical-projected area, m2 1.5
Maximum length, m 2.3
Maximum diameter, m 1.1
Horizontal fin area, m2 0.25
Vertical fin area, m2 0.126

Wing parameters
Wing section NACA4312
Span, M 1.52
Chord, M 0.203
Wing area, m2 0.309

Vertical tail parameters
Cross section Flat plate
Area, m2 0.053
Rudder area, m2 0.053
Vertical tail volume 0.102

Horizontal tail parameters
Cross section Flat plate
Area, m2 0.155
Elevator area, m2 0.155
Horizontal tail volume 2.09

Fig. 4 Illustration of stereo-videogrammetric measurements of an

aeroship flight.

Table 2 Estimated and measured performance parameters for
model aeroship

Parameter Estimated Measured in flight

Takeoff ground roll 5 m 3 m
Takeoff speed 4:6 m=s 4:2 m=s
Approach angle in landing 15 deg 16.7 deg
Touchdown speed in landing 4:6 m=s 3:3 m=s
Maximum R=C 3:1 m=s 2:5 m=s
Angle at maximum R=C 30 deg 32.3 deg
Velocity at maximum R=C 6:1 m=s 4:5 m=s
Descent rate in glide 2:3 m=s 1:4 m=s
Glide angle 15.4 deg 19.4 deg
Stall speed 4:2 m=s 4:2 m=s
Minimum level-turn radius 5.5 m 3.6 m, (left), 5.3 m (right)
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touchdown. The touchdown speed in landing was approximately
3:3 m=s, and the approach angle was 16.7 deg, which are consistent
with the analysis for landing.

The short-climbmaneuverwas also used to test the performance of
the model aeroship. Figure 7 shows the rate of climb, position, and
speed of the model aeroship in the short climb. The test was
conducted indoors, and therefore the climb maneuver had to be
stopped before the aeroship hit the ceiling. The model aeroship
climbed at an angle of 32.3 deg and reached the maximum rate of
2:5 m=s, consistent with the maximum climb rate and the
corresponding climb angle given by the performance analysis.
Although the short climb was not truly a steady climb, the test
indicated that there seemed to be no problem maintaining the
maximum climb rate if the ceiling was not present. During the test,
the velocity of the aeroship started out relatively slow and rose
sharply to 4:5 m=s.

In addition to the good climb performance, the aeroship design is
well suited for glide. This is because the aerostatic lift is always
present, and the buoyancy force created by the gas envelope tends to
stabilize the craft and keep it upright and nearly level. Figure 8 shows
the descent rate, position, and speed of the aeroship during power-off
glide. This test was conducted over 2.6 s and the aeroship lost
approximately 3 m of altitude. The descent rate was 1:4 m=s and the
glide angle was 19.4 deg. Again, these measured results were
consistent with those given by the analysis.

To test the turning performance, the pilotwas instructed tofly level
turns in both the left and right directions. During the test, the model
aeroship rose no more than 1 m. Figure 9 shows the trajectory of the
model aeroship in the horizontal plane (viewed from the top) during a
left turn. The measured positional data were incomplete because a
camera could not see the targets when the symmetrical axis of the
aeroship was approximately parallel to the camera’s optical axis.
Therefore, to determine the turn radius, a circle was used to fit the
available data as shown in Fig. 9. It is found that the turn radius was
3.6m for the left turn. However, a similar fit for the right turn gave the
turn radius of 5.3 m. Interestingly, the analysis gave the minimum
turn radius of 5.5 m. The smaller left-turn radius could be caused by
the torque generated by themotor and propeller, whichwas favorable
to a left-turn maneuver. Tests were also conducted to determine the
stall speed. The pilot was instructed to fly as slowly as possible
without losing altitude. It was found that the stall speed for themodel
aeroship was 4:2 m=s, which was in agreement the estimated value.

V. Conclusions

The simplest hybrid flight platform, called an aeroship, is a direct
integration of a conventional airship module and a wing/propulsion
module. Such a simple configuration allows the first-order analysis
offlight performance inwhich the aerodynamic interference between
the two modules can be neglected. The maximum lift-to-drag ratio
L=D can be achieved when 60% of the total weight is supported by

Fig. 5 Takeoff: a) rate of climb and b) speed of the model aeroship in

takeoff.

Fig. 6 Landing: a) rate of climb decent rate and b) speed of the model

aeroship in landing.

LIU, LIOU, AND SCHULTE 671



the aerostatic lift. It is indicated that an aeroship offers some
advantages over traditional flight platforms in challenging flight
missions. Compared with aircraft, the aeroship has a larger
maximum L=D, lower engine power required for cruise flight, lower
cruising speed and stall speed, larger rate and angle of climb, smaller
level-turn radius and speed, and shorter takeoff and landing ground
rolls. A remote-controllable model aeroship is designed and built for
flight testing. The flight trajectory and attitude of the model aeroship
are measured by using stereo videogrammetry. The flight
performance parameters measured in flight testing are consistent
with the performance analysis, validating the concept of an aeroship.

Appendix: Performance Analysis of an Aeroship

I. Thrust Required for Level Flight

The analysis of the flight performance of an aeroship is parallel to
the classical analysis of the aircraft performance [19]. As shown in
Fig. 2a, because the total drag and effective weight�W �W � Lship

of an aeroship in steady level flight is balanced by the thrustT and the
wing aerodynamic lift Lwing, respectively, the thrust required can be
described by

TR �D�
�
�U2Swing

2

�
�CDship

RS � CDwing ;0
� �

2KSwing
�U2

�
�W

Swing

�
2

(A1)

where CDwing ;0
is the wing parasite drag and the second term on the

right-hand side is the induced drag of the wing. Just as with aircraft, a
typical thrust-velocity curve given by Eq. (A1) for the aeroship is U-
shaped, which has a minimum point for the thrust required.
Compared with aircraft, however, the branch of the U-shaped curve

Fig. 7 Short climb of the model aeroship: a) rate of climb and b) speed.

Fig. 8 Glide of the model aeroship: a) descent rate and b) speed.

Fig. 9 Left level-turn position and projected turn circle of the model

aeroship.
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for the aeroship at higher speeds rises more rapidly as the speed
increases, due to the larger parasite drag, whereas the branch at lower
speeds decays more slowly, due to the smaller effective weight.

By solving Eq. (A1) for the velocity, a flight velocity is obtained
that depends on the effective wing loading �W=Swing, the effective
thrust-to-weight ratioTR=�W, and the total parasite dragCD;0. At the
minimum point of TR, there is only one solution for the velocity
under the optimality condition

�TR=�W�2 � 4CD;0K � 0

that is,

U�TR�min
�
�
2

�

���������
K

CD;0

s
�W

Swing

�
1=2

(A2)

Further, the lift-to-drag ratio derived from Eq. (A1) is

L

D
�
�

CD;0
�2=�U2���W=Swing� � RFCLship

� 2K

�U2

�
�W

Swing

��
�W

W

���1
(A3)

II. Power Required for Level Flight

The power required for steady level flight is

PR �
�������������������������������������
2W3C2

D=�SwingC
3
L

q
; PR /

�
C3=2
L =CD

��1
Hence, the minimum power required for the aeroship is achieved by

maximizingC3=2
L =CD with respect toCL. A relation at �C3=2

D =CD�max

is

CD;0 � �KCL=3� KRFCLship��CL � RFCLship�

A solution to this equation gives

CL �
��������������������������������������������
3CD;0=K � 4R2

FC
2
Lship

q
� RFCLship

The minimum power required can be obtained from these relations.

Calculations are needed to compare the value of C3=2
L =CD for the

aeroship and aircraft.
For level flight in which W � L� �U2SwingCL=2, a symbolic

expression for the cruising velocity is

U�C3=2
L
=CD�max

�
�
2

�

�
W

Swing

�
1��������������������������������������������

3CD;0=K � 4R2
FC

2
Lship

q
� RFCLship

�
1=2

(A4)

Equation (A4) is symbolic because the parameter

RF � gVship=�U2Swing=2�

depends on the velocity U. Therefore,

U�C3=2
L
=CD�max

is determined by an iteration scheme, and then it is used to evaluate
the minimum power required. Nevertheless, the effect of the
buoyancy force on the cruising velocity is evident in Eq. (A4). The
additional lift and drag due to the presence of the airship module
leads to a lower cruising velocity than with aircraft with the same
wing and total weight. Similar to conventional airship, the aeroship
with a lower cruising speed will be susceptible to strong winds,
which is a shortcoming of an aeroship.

III. Climb

As shown in Fig. 2b, the equations of motion for the climb of an
aeroship are

T � �Dship �Dwing� �W sin �� Lship sin �� 0

and

Lwing � Lship cos � �W cos �� 0

where � is the climb angle. Substitution of the expression for the drag
into the rate of climb

R=C� �T � �Dship �Dwing��U=�W

yields

R=C�U sin ��U
��

T

Swing
� �U

2

2
CD;0

��
�W

Swing

��1

� 2Kcos2�

�U2

�
�W

Swing

��
(A5)

The general behavior is that R=C increases as the relative wing
loading decreases. For a propeller-driven aeroship, the thrust
available is TA � �prP=U, where the effective power �prP can be
approximately considered as a constant, and �pr is the propeller
efficiency. Therefore, the climb angle is explicitly given by

sin ��
�
�prP

SwingU
� �U

2

2
CD;0

��
�W

Swing

��1
� 2Kcos2�

�U2

�
�W

Swing

�
(A6)

An iteration scheme is required for determining the climb angle from
Eq. (A6). When the climb angle is not large, under an approximation
of cos �	 1, differentiating Eq. (A6) with respect to U and then
setting the result equal to zero, we obtain an approximate solution for
the velocity to achieve the maximum climb angle:

U�max
� 4K

��pr�P=Swing�

�
�W

Swing

�
2

(A7)

Because the power available for a propeller-driven aeroship can be
reasonably treated as a constant, the cruising velocity given by
Eq. (A4) approximately equals the velocity for the maximum rate of
climb: that is,

U�R=C�max
	U�C3=2

L
=CD�max

where �R=C�max, can be calculated by substituting this
approximation into Eq. (A5), and then the climb angle at �R=C�max

can be evaluated by using

sin �� �R=C�max=U�R=C�max

IV. Glide and Stall

The equilibrium between the forces is shown in Fig. 2c. The
equations of motion for an aeroship in gliding flight are

Dship �Dwing � Lship sin � �W sin �� 0

and

Lwing � Lship cos � �W cos �� 0

where � is the glide angle. The equilibrium glide angle is then given
by tan �� CD=CLwing , and the decent rate (sink velocity) is

UV �
����������������������������������

2

�C3
Lwing

=C2
D

�W

Swing

s
(A8)

For �CL�max, the stall velocity of an aeroship is given by
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Ustall �
������������������������������������������������������������

2

��CLship
RF � �CLwing�max�

W

Swing

s
(A9)

V. Level Turn and Pull-Up Maneuver

The equilibrium between the forces in a level turn is illustrated in
Fig. 2d. The motion equations are

Lwing cos�� Lship �W

and

�W=g��U2=R� � Lwing sin�

where � is the bank angle and R is the turn radius. The bank angle is
given by �� cos�1�1=nr�, where nr � Lwing=�W is the effective
load factor. Based on the motion equations, the turn radius is

R� 2q1

�g��W=W�
��������������
n2r � 1

p (A10)

and the angular velocity !�U=R, where q1 is the dynamic
pressure. The expressions for the minimum turn radius and the
corresponding velocity are

Rmin �
4K��W=Swing�

�g�T=W�
�����������������������������������������������
1 � 4KCD;0=�T=�W�2

p (A11)

and

URmin
�

��������������������������������
4K��W=Swing�
��T=�W�

s
(A12)

VI. Takeoff and Landing

The distance s that an aeroship travels along the ground for takeoff
is governed by the differential equation

d s� dU2

2�dU=dt�

The acceleration is given by

dU

dt
� g

W
�T �D � �r��W � Lwing��

where �r is the ground-friction coefficient. Integration of the
differential equation can give the ground roll. For simplification,
assuming that

T 
 D� �r��W � Lwing�

we have an estimate

sg 	
1:21�W=Swing�

g��CLshipRF � �CLwing �max��T=W�
(A13)

For landing, the approach angle is given by sin �a � �D� T�=�W.
Similarly, an estimate the ground roll in landing is

sg 	
1:21�W=Swing�

g��CLship
RF � �CLwing �max��D=W � �r�1 � L=W��

(A14)
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